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Abstract Pacaya is an active stratovolcano located 30 km
south of Guatemala City, Guatemala. A large (0.65 km?)
sector collapse of the volcano occurred 0.6-1.6 ka B.P.,
producing a debris avalanche that traveled 25 km SW of
the edifice. The current cone has since rebuilt within the
scarp of this ancestral collapse. The structural setting of the
volcano, along with two recent smaller-volume collapses in
1962 and 2010, suggests gravitational instability of this
volcano. To assess Pacaya’s stability and potential for an-
other large lateral collapse of the active cone, standard
engineering methodologies for studying non-volcanic slopes
were used to examine the SW flank of the edifice. A
geomechanical model was developed based on the physi-
cal-mechanical material properties of Pacaya’s intact rocks
and rock mass characteristics found through field observa-
tions and laboratory tests. Slope stability was analyzed in
several scenarios with the Limit Equilibrium Method (LEM)
and Finite Element Method (FEM), including static condi-
tions (i.e., under gravity forces only), and considering the
application of magma pressure and seismic force as trigger-
ing mechanisms for slope failure. Results show that the
edifice remains stable under gravity alone; however, a
large-scale collapse could be triggered by reasonable ranges
of magma pressure (>7.7 MPa if constant along a dyke) or
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peak ground acceleration (>460 cm/s”). Results also suggest
that a layer of pyroclastics beneath the edifice could have
controlled the ancestral sector collapse. Structural analysis
shows that a transtensional stress regime is causing a NW—
SE orientation of aligned features at the surface, and may be
a controlling mechanism for the direction of a future col-
lapse. FEM results are concordant with those from LEM and
reveal that maximum shear strain patterns within the edifice
may account for long lava flows erupted from lower vent
elevations.

Keywords Volcanic slope stability - Limit Equilibrium
Method - Finite Element Method - Pacaya volcano

Introduction

Volcanic landslides, which have caused over 20,000
fatalities in the past 400 years (Siebert et al. 1987),
are extremely hazardous geologic processes due to their
size and velocity. The largest events (sector collapses)
can travel at speeds of 50 to 150 m/s (Ui et al. 1986;
Siebert et al. 1995), emplacing several cubic kilometers
of debris up to tens of kilometers away from the vol-
cano. Geological and structural studies revealed that
some volcanoes are prone to repeated lateral collapse
events (see review in Tibaldi and Lagmay 2006). These
events can be a serious threat to the conterminous areas,
especially for those volcanoes that have suffered multi-
ple collapse events in their history.

The past occurrence of catastrophic collapse, continual
eruptive activity, and inherent geologic features of Pacaya
volcano (Guatemala) demand an evaluation of potential
future collapse hazards. Furthermore, Pacaya is surrounded
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by several communities totaling approximately 9,000 peo-
ple within 5 km of the active cone, and which have been
evacuated 11 times in the past 24 years (Matias Gomez
2009). A collapse of the active cone would greatly expand
the hazard zones; therefore, it is critical to understand the
factors affecting slope stability. Recently, standard engineer-
ing methodologies for studying non-volcanic slopes using
geomechanical models have been applied to studying vol-
canic slopes (see del Potro and Hiirlimann (2008) and ref-
erences therein). However, numerical data on the relevant
mechanical properties remain a major source of uncertainty
due to the lack of direct measurements (Thomas et al. 2004;
del Potro and Hiirlimann 2008). This paper investigates the
possibility of merging different techniques in the field and
laboratory to better characterize rock mass behavior for
slope stability evaluation. We report new geological, struc-
tural, rock mechanical and geotechnical data on Pacaya.
These data are integrated with laboratory tests to better
define the physical-mechanical rock mass properties.
Finally, these data are used in numerical models for the
quantitative evaluation of lateral instability of large sector
collapses and shallow landslides.

Background
Tectonic setting

Pacaya is an active stratovolcano in the Central American
Volcanic Arc, associated with the subduction of the
Cocos tectonic plate beneath the Caribbean plate
(Fig. la). Regionally, the study area is located south
of the active Motagua and Polochic left-lateral fault
zones on the Caribbean tectonic plate, which is
subjected to about 8 mm/year of crustal extension
(Burkhart and Self 1985; Guzman-Speziale 2001;
Lyon-Caen et al. 2006; Franco et al. 2012). This has
formed a series of north-striking grabens, including the
Guatemala City Graben (GCG), which presently absorbs
most of the E-W extensional deformation. Additionally,
this area is split by the WNW-striking right-lateral
strike-slip Jalpatagua fault zone (JFZ), which has a slip
rate of 10-14 mm/year (Carr 1976; Lyon-Caen et al.
2006; Franco et al. 2012). Pacaya is situated at or near
the intersection of the GCG and the JFZ on the south
rim of the Amatitlan caldera (Fig. la, b). The exact
location and width of the JFZ are not well defined,
but the available geologic maps for the area (IGN and
Eggers 1969; Eggers 1972; Carr 1976; IGN and Bonis
1993) show a system of faults that run parallel to the
main (and most obvious) topographic expression of the
fault trace, and which if projected would intersect
Pacaya to the N'W.
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Evolution of the Pacaya complex

Pacaya is a volcanic complex composed of several cones
with a maximum elevation of 2,500 m above sea level (asl),
described by four major phases proposed originally by
Eggers (1972) and modified by Bardintzeff and Deniel
(1992) as follows: (1) an ancestral andesitic volcano which
is heavily eroded and capped with pyroclastics from the
Amatitlan caldera; (2) the initial cone comprised of large
lava flows, dated to about 0.5 Ma; (3) the emplacement of
the Cerro Chino scoria cone and Cerro Grande and Cerro
Chiquito domes on the NE flank about 0.16 Ma; and (4) the
modern post-collapse MacKenney cone (Fig. 1b). Sometime
between 0.6 and 1.6 ka B.P., the SW sector of the initial
cone failed in a major edifice collapse, forming a debris
avalanche that traveled 25 km SW and contained about
0.65 km® of debris (Kitamura and Matias Gémez 1995;
Vallance et al. 1995). This event left a large arcuate scarp
whose western side is covered by younger lava, within
which the modern cone was constructed (Fig. 1b) through
historical times up to the present. After intermittent activity
in the nineteenth century, Pacaya entered a period of repose
(Feldman 1993). Activity renewed in 1961 and has since
loaded lava flow and tephra material totaling a thickness of
100 to 150 m, primarily on the SW flank of the cone. This
formed the active MacKenney cone (Fig. 1b), with the most
recent activity occurring in 2010. The post-collapse cone is
predominately composed of interbedded lava, breccia, and
pyroclastics (mainly tephra fall and spatter). There are no
significant petrographic differences between the prehistoric,
historic, and modern lavas, which consist of porphyritic
basalt with olivine and plagioclase phenocrysts (up to
45 wt%) and microphenocrysts, and minor clinopyroxene
and magnetite microphenocrysts (Bardinezteff and Deniel
1992; Matias Gémez et al. 2012). Further details of the
edifice’s physical properties are described in Schaefer
(2012) and references therein.

Factors contributing to slope instability and failure

Several factors at Pacaya can be considered potentially
hazardous to the edifice’s stability. One is a thick (10 to
200 m) sequence of tephra and ignimbrite layers that was
deposited over the region prior to the formation of the initial
cone (Fig. 1b; Eggers 1972; Wunderman and Rose 1984;
Vallance et al. 1995). The local stratigraphy below Pacaya is
poorly constrained, but from regional studies (e.g.,
Wunderman and Rose 1984) we can assume that this stra-
tigraphy is dominated by these ignimbrites, tephra fall de-
posits, and volcaniclastic deposits reworked by secondary
processes. The presence of a weak basal layer beneath a
volcanic edifice such as this is considered a strong control
on spreading and deformation that could eventually lead to
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slope failure (Borgia et al. 1992; Merle and Borgia 1996;
Delcamp et al. 2008). For example, the presence of a basal
pyroclastic layer was noted as a factor inducing edifice
collapse at Bandai volcano (Nakamura 1978).

Another consideration is that Pacaya is constructed
over a south-sloping substrate (Vallance et al. 1995).
Modeling by Wooller et al. (2004) demonstrated that
volcanic collapse is more likely to occur in the direction
of regional slope. For Pacaya, this would be to the
southwest, which is the direction of the ancestral col-
lapse and of current lava accumulation. Additionally,
because the MacKenney cone has been built within the
scarp of an old edifice, the north side is acting as a
buttress. In analog modeling, asymmetry was demon-
strated to enhance flank instability on the side with a
lack of confinement, i.e., the southern side of Pacaya
(Norini and Acocella 2011). As discussed above, geo-
logical and structural studies revealed that some volca-
noes are prone to repeated lateral collapse events (see
review in Tibaldi and Lagmay 2006), so the ancestral
collapse could increase the possibility of another large
collapse in the future.

An additional factor is the recent coincident summit
Strombolian eruptions, collapse features, and flank lava
eruptions that suggest the possibility of a magma reservoir
high in the cone, an idea that has been hypothesized previ-
ously (Eggers 1983; Vallance et al. 1995; Matias Goémez
2009). The existence of a magma chamber shallow enough
to cause subsidence high in the cone has serious hazard
implications for collapse events, lateral or otherwise, as a
larger eruption could cause significant changes in the cone
shape, leading to collapse. This shallow magma chamber
could have been an influencing factor in 1962 when an oval-
shaped area, 300 by 200 m, subsided near the summit. This
event followed the eruption of a long lava flow from a vent
at the base of the cone only months before (see “1961 vent”
in Fig. 2). This depression has since been filled with
material from later eruptions. During eruptions in May
2010, a second collapse occurred when a linear trough
developed on the NW side of the cone during eruptive
activity (Figs. 1c and 2). This collapse trough, which is
approximately 50-80 m deep and 100 m wide, extends
600 m from the summit. The exact timing of the trough
formation is not known, but it seems to have happened
between a large explosive eruption on May 27, 2010
and the eruption of a large lava flow on the SE of the
Pacaya complex a few days later. This large lava flow
erupted from a series of vents outside the ancestral
collapse scarp, making these the first vents to erupt
outside the scarp since the nineteenth century or earlier
(see “2010 vents” in Fig. 2).

The origin of the collapse trough is not clear, but plausi-
ble scenarios include either horizontal extensional faulting,
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Fig. 2 Location of major vents and recent collapses suggests a pref-
erential NNW orientation of magma ascent (shown by pink box),
facilitated by the regional stress regime. The location of vents of older
flows are marked by OL-1, OL-2, and OL-3

which formed a mini-graben, or vertical subsidence
caused by magma withdrawal from within the edifice.
In the first case, a substantial horizontal movement of
the SW flank of the MacKenney cone would be im-
plied, and in the second case, migration of a large
volume of magma, perhaps to feed the effusive eruption
to the SE, would be expected. Another possible mech-
anism of trough formation that cannot be completely
ruled out is explosive excavation by a linear fissure-
type vent during the most intense phase of the explosive
eruption. The trough could also have formed by the
opening of a vent at the base of the MacKenney cone
at the NW end of the collapse trough. This could have
caused subsequent landsliding and erosion of the loose
cone material from upslope into the crater formed at the
trough’s distal end. We do not find any clear evidence
for the latter two hypotheses and therefore prefer the
first two as possible explanations. The combination of
historic shallow collapses, the past occurrence of a
catastrophic collapse, a layer of pyroclastics beneath
the edifice, sloping basement substrate, buttressing of
the edifice to the north, and recent asymmetrical accu-
mulation of new material on a preexisting cone all
increase the potential for slope failure.
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Methodology and results direction (Fig. 2). This orientation coincides with the open-
ing of the new 2010 vent that formed on the SE flank of the
Structural analysis volcano, and with older important vents, e.g., Cerro Chino,

and the vents of older flows partially mapped by Eggers

We performed structural surveys to analyze brittle discontinu- ~ (1972) and re-mapped in this study based on aerial
ities, and additionally collected morphostructural data of vol-  orthophotographs (OL-1, OL-2, and OL-3 in Fig. 2).
canic features. The former were performed in the field to Nakamura (1977) also suggested that the elongation of
determine the local stress regime and most likely location of  volcanoes might reflect the regional state of stress parallel to
a potential slope failure. Along the scarp, fractures and joints  the opmax. A volcano can grow under the influence of
were measured at the geomechanical survey sites (Fig. 3). The  parallel feeder dykes and aligned vents, assuming an orient-
results for the brittle discontinuities indicate that both north- ed elongation that coincides with the oyyna,. This also ap-
striking planes parallel to the regional grabens and NW-  plies to Pacaya, as can be seen from the shape of the
striking planes parallel to the Jalpatagua shear zone are  elevation contours (Fig. 2), which coincides again with the
reflected in the fracture and joint patterns measured along the ~ NNW orientation noted above. Moreover, the direction of
scarp. Mapped fault orientations within 50 km from Pacaya  the ancestral edifice collapse to the SW is almost perpen-
(compiled from Carr 1976; IGN and Bonis 1993) also reflect  dicular to the direction of cone elongation (NNW). This was
the orientation of the main tectonic features so far described. observed at many other collapsed volcanoes worldwide

Morphometric analyses of volcanic features by field  (e.g., Moriya 1980; Siebert 1984; Tibaldi 2001), although
work and study of aerial photographs identified weakness  several other factors may be contributing to the collapse
zones possibly used as magma paths. Following Nakamura  orientation (e.g., Lagmay and Valdivia 2006; Siebert et al.
(1977), the orientation of fissures and the distribution of  2006; Tibaldi et al. 2010).
dykes and parasitic vents can be related to the state of the
regional stress. A system of dykes radiating from a central =~ Geotechnical analysis
conduit will tend to “bend” and align parallel with the
direction of the (regional) horizontal greatest principal stress Geotechnical model
(oHmax), Or equivalently, perpendicular to the least principal
stress (03). In the case of Pacaya, the orientation of the  Figure 4a shows a geological cross section of the volcano,
trough formed during the May 2010 eruption is in a NNW  with the geometry of the SW flank obtained from Digital

Fig. 3 Rose diagrams show the N N N N
geometry of the joints and
fractures at survey sites along
Pacaya’s scarp, with n being the
number of joints and fractures
measured
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Fig. 4 Geological and geotechnical cross sections. a Geological cross
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Elevation Models from 2001 (JICA et al. 2003). A geotech-
nical model of the volcano was then constructed for use in
modeling using Limit Equilibrium (LEM) and Finite
Element Methods (FEM; Fig. 4b). For numerical modeling
purposes, geological units were simplified and categorized
into lithotechnical units (Fig. 5a—d) according to their me-
chanical characteristics, based on field observations and
geological maps, as follows:

1. Lava (L): predominately lava (>60 %) alternating with
autoclastic breccia layers;

2. LavatBreccia (LB): alternating lava (40—60 %) and
breccia layers;

3. Breccia (B): predominately autoclastic breccia alternat-
ing with lava layers (<40 %); and

4. Pyroclastics (P): prevailing pyroclastics.

Although the material properties undoubtedly vary
among these units and throughout the edifice due to
rock and structural heterogeneity, the unknown distribu-
tion and lack of continuity of individual units require a
simplification of the rock mass for the purpose of con-
ceptual modeling. Pacaya has been characterized as
having similar geochemical and petrologic properties
throughout its growth (Eggers 1972; Walker 1989;
Bardinezteff and Deniel 1992; Vallance et al. 1995).
Therefore, the rock mass at Pacaya was grouped into
the Lava—Breccia unit (LB), which represents the most
prevalent percentage of lava to breccia in the studied
outcrops (Fig. 5b). The rock mass properties for this unit are
assumed uniform, representing an intermediate value of lava

@ Springer

include the magmastatic pressure (p,,) due to magma weight which
increases with depth, and magma overpressure (p.) which is constant
along the interface height at 2 MPa. The area of interest is marked with
a dashed box; however, the actual lower boundaries of the model are
extended to avoid boundary effects during modeling

and breccia rocks found through geomechanical surveys and
tests performed along the collapse scarp (location given in
Fig. 1b). Because the geometry of the ancestral collapse is
unknown, an additional simplification is made in the model-
ing by not considering the possibility of a discontinuity be-
tween the post-collapse edifice and the modern cone, which
could act as a zone of weakness and as a preferential fluid
pathway (e.g., Frank 1995).

An additional complexity to the model involved the
incorporation of the thick regional layer of dacite-rhyolitic
tephra and ignimbrites. For the purpose of this work, we
assume that the presence of a hypothetical layer of tephra
and intercalated paleosols with an aggregated thickness of
30 m, similar to the exposed sequences that can be found to
the north of the Amatitlan Caldera (Wunderman and Rose
1984). Since the mechanical properties of this pyroclas-
tic material were not tested in the field, data from the
literature for similar products were used (Thomas et al.
2004; Apuani et al. 2005a, b; del Potro and Hiirlimann
2008). The LB unit and the layer of pyroclastics are
modeled according to an elasto-plastic constitutive law.
Analyses of the ancestral debris avalanche revealed no
basement material in the deposit (Vallance et al. 1995);
therefore, the edifice was modeled as sitting on top of a
“basement” represented by undifferentiated volcanics,
which was assumed to be a rigid body. In FEM analy-
sis, boundary conditions on the sides of the model are
fixed in both the “x” and “y” direction. A zoomed view
of the model is shown in many figures (i.e., Fig. 4b,
Fig. 7, Fig. 9, Fig. 10, and Fig. 11b) to display details



Bull Volcanol (2013) 75:720

Page 7 of 18, 720

>
@©
Geological Strength Index " 2
g £5 ?
© =3 =
8 g B 25| %
£ 2 ko] S & @
2 z 5| =5 &
@ » © T & ®
o = o O © -
5 £ S 2% g
o < == 5}
= 2 = > =
L2 A © = 5 >
5 > 3 5] ©° =
= = = ® =85 55
S| 2 = 5] 5 £ = £
5 © = B 38 - =
°S18% 5 E 88 |535
8 |8 | 2 | =8| 2% |3z28
[=J O8|=x & X =
5 |55 |83 |5ES|825 |52
D == o Cha3|ldam 8 |25 8
Structure Decreasing surface quality —
Py ’ ’ ¥
/ / ,' J', : "l q
Blocky- very well interlocked undisturbed rock 80 YA (R !
mass consisting of cubical blocks formed by ! ’i" 4 Fs
three orthogonal discontinuity sets " 'r' :
’ 4
i a * /; i o
' i ! "
/ I ." q /
7
60
.t‘ Very Blocky- interlocked, partially disturbed rock Lava ci
f mass with multifaceted angular blocks formed by
% four or more discontinuity sets _% 50
: / /
o
o
e
kS
2 M
|| Blocky/disturbed- folded and/or faulted with kS
angular blocks formed by many intersecting L2
discontinuity sets _*E
=) 3
£
& re
<]
5 !
2 / / 2
1 Disintegrated- poorly interlocked, heavily broken
{| rock mass with a mixture of angular and rounded
1 rock pieces 10
ﬂ P)qroc sfic
Foliated/laminated/sheared- thinly laminated or /
foliated, tectonically sheared weak rocks; closely NA NA
spaced schistosity prevails over any other 5
discontinuity set, resulting in complete lack of e
blockiness /
I

Fig. 5 Field-based rock mass characterization. a—d Four lithotechnical
units were defined at Pacaya, based on the relative percentage of lava
and breccia, or the presence of pyroclastic material: Lava, Lava-

of the “Area of Interest” marked in Figs. 1 and 4.
However, the lower boundaries were extended during
modeling to avoid boundary effects. Data for the local
water table are not available; therefore, all model con-
ditions were considered dry.

Rock mass characterization

In order to provide a physical-mechanical dataset representa-
tive of a large volcanic edifice as a whole, it is fundamental to

Breccia, Breccia, and Pyroclastics. e Geological Strength Index (GSI)
classification of the different lithotechnical units. Classification table
modified from Marinos and Hoek (2000)

couple the intact rock properties with the characterization of
the rock mass geomechanical quality at outcrop conditions by
evaluating the Rock Mass Rating values (Bieniawski 1989)
and the Geological Strength Index (GSI, Hoek et al. 2002).
The rock mass strength and deformability parameters at in-
creasing confining stress are extrapolated by applying the
Hoek—Brown failure criterion (Hoek 1994; Hoek et al.
2002), which enables the computation of the equivalent
Mohr—Coulomb cohesion and friction angle as a function of
the stress range of the analysis. The generalized Hoek and
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Brown’s non-linear strength law (Hoek et al. 2002) for jointed
rock masses is defined by the equation:

Ccl

! a
/ ’ g
0y =03+0¢; (mb—3+s> (1)

where o} and o} are the maximum and minimum effective
stresses at failure, o', is the uniaxial compressive strength of
the intact rock, s and a are constants that depend upon joint
conditions and the degree of fracturing for the rock mass
expressed as:

GSI — 100
s=eo (G 5p7) )
I 1/ et _x
a:§—|—g(e 5 —e 3) (3)

The value my,, is a reduced material constant for the rock
mass expressed as:

GSI — 100)

28 — 14D )

my = m; exp(

The GSI introduced by Hoek (1994) and developed by
Marinos and Hoek (2000) uses visual characterizations of
the rock mass structure and discontinuity surface condition.
When combined with intact rock properties, the GSI can be
used to extrapolate the rock mass strength and deformability
parameters by applying the Hoek—Brown failure criterion.
Using the GSI classification, the LB unit can be described
by a good to fair surface quality and slightly disturbed
structural integrity, which is a GSI value of 40-60
(Fig. 5e). The disturbance factor (D) is a numerical value
of the degree of disturbance to which the rock mass has been
subjected by blast damage, varying from zero (no distur-
bance) to unity (most disrupted). This disturbance factor
originated from experience in the design of slopes in large
mines, where the Hoek—Brown criterion tended to
overestimate the rock mass strength (Hoek 2007). It is still
unclear how to characterize volcanic rock masses in terms of
D (Thomas et al. 2004); therefore, this study uses D=0 in
considering the entire rock mass.

Another input parameter necessary for the Hoek—Brown
criterion is the intact rock strength, which was measured in

the field using a Schmidt hammer. The Schmidt hammer
measures the rebound of a spring-loaded mass impacting
against the rock surface, which is hit with a defined
energy. The rebound of the hammer is dependent on the
hardness of the sample. The test was repeated 20 times
at each survey site, and an average value was taken.
These values were converted to equivalent uniaxial
compressive strength (o) values using the following
empirical correlation:

o = 2.75(N — 36.83) (5)

obtained exclusively from testing volcanic rocks (Dinger
et al. 2004), with N being the Schmidt hammer rebound
value. Using this relation, the uniaxial compressive
strength is 88.03+£29.92 MPa for lava rocks (reported
as average+standard deviation) and 47.6+£11.97 MPa for
breccia rocks (Table 1).

The physical-mechanical properties summarized in
Table 2 show the ranges and chosen input values (in
brackets) used in numerical modeling, representing the pre-
dominate values found through field observations and labo-
ratory tests. Laboratory uniaxial strength and bulk volume
tests were completed by Manzoni (2012). Table 2 includes
both the rock mass properties necessary for the Hoek—
Brown failure criterion (Hoek 1994) and the calculated
Mohr—Coulomb rock mass equivalent parameters that are
typically used for LEM and FEM analysis. The generalized
Mohr—Coulomb criterion describes a linear relationship be-
tween normal and shear stresses at failure and is described
by:

T=c+otan @ (6)

where 7 is the shear strength, o is the normal stress, ¢ is the
intercept of the failure envelope with the 7 axis and repre-
sents the cohesion, and ¢ is the slope of the failure envelope
and represents the friction angle. In converting the Hoek—
Brown to equivalent Mohr—Coulomb parameters, it is nec-
essary to specify a range for the upper limit of confining
stress (0'3max) (Hoek et al. 2002). For Pacaya, this was
calculated using Phase2 8.0 code (Rocscience 2011) using
an empirical relationship considering the height of the slope
and the unit weight of the rock mass, resulting in a range of
0'3max=59—15 MPa. This is representative of the extent of the

Table 1 Uniaxial compressive strength (o;) from Schmidt hammer and uniaxial compressive tests, and unit weight (y) of volcanic samples

Sample Schmidt hammer tests Laboratory uniaxial tests Unit weight

n e (MPa) n oo (MPa) n ~ (KN/m®)
Lava 18 88.03+29.92 12 47.62+16.01 17 26.82+0.11
Breccia 10 47.6+£11.97 17 33.08+11.26 17 22.92+0.91

Values are given as the mean+the standard deviation, with n being the number of specimens tested

@ Springer
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Table 2 Physical and mechanical properties of the lava-breccia (LB) and pyroclastics lithotechnical units

Lithotechnical units

Lava-Breccia
40-70 % lava 30-60 % breccia

Pyroclastics
Pyroclastic deposits

Intact rock, o.; (MPa) 52 S, Lb 10-20 (20)*
Geological Strength Index, GSI 45-60 (50) S 8-20(15) S
Material constant, my 2245 (22) Tr 13+£5 (13) Tr
Disturbance factor, D 0S 0S

Unit weight, y (kN/m®) 25.65Lb 8-20 (15)*
Mohr—Coulomb equivalent parameters calculated in the range 0'3,,.,=5-15 MPa

Reduced material constant, mz, 3.689 0.625

Rock mass constant, s 0.004 0.0001
Rock mass constant, a 0.506 0.561
Apparent cohesion, ¢ (MPa) 1.7-3.6 0.53-1.09
Friction angle, ¢ (°) 45.3-36.1 21.9-15.6
Tensile strength, o', (MPa) —0.054 —0.003
Uniaxial compressive strength, o,,, (MPa) 3.132 0.1

Global strength, o', (MPa) 13.273 1.552
Young’s Modulus, £, (MPa) 3686 437

Laboratory analyses and results from Manzoni (2012)

S in situ direct tests and evaluations, 7i theoretical data, Lb laboratory results

#Values from the literature (see text)

Values chosen for input in brackets when ranges are given

model at depth. The Mohr—Coulomb parameters were cal-
culated using RocLab 1.0 (Rocscience 2011).

Slope stability analysis
Methodology

Volcano slope stability was analyzed with LEM using the
Rocscience Slide 6.0 code. The outcome for the determin-
istic analysis is the Factor of Safety (FS), which is a ratio of
the resisting and driving forces and describes the stability of
the slope. Because of the presence of weak rocks and
complex interior magmatic plumbing systems in volcanic

Table 3 Deterministic analysis trial conditions and outcomes

environments, the slope can be assessed as stable (FS>1.5),
moderately unstable (1.3<FS<1.5), inherently unstable (1<
FS<1.3), or at failure (FS<1) (Hoek 2007).

In this study, the stability of the volcanic slope was
analyzed as a two-dimensional (2-D) plane strain problem.
Previous studies have shown that this assumption provides
lower estimates of stability and FS compared to three-
dimensional (3-D) analyses (Michalowski 2010). Future
studies would benefit from considering the 3-D effects to
better constrain the out of plane extent and volume of
potential slope instability.

Slip surfaces in LEM were calculated using the Janbu
Simplified method. This method tends to be more

Input Output
Models  Pyroclastic unit? ~ Unit weight, y  UCS, o.; (MPa)  Static = Magma pressure, p (MPa)  Seismic coefficient, k& FS SRF
(kN/m?)

A-1 yes 25.65 52 X 1.81 199
A-2 no 25.65 52 X 255 279
B-1 yes 25.65 52 2-17 (top—bottom) 0.88 0.87
B-2 no 25.65 52 2-17 (top—bottom) 1.70  1.78
C-1 yes 25.65 52 0.15 1.20 132
C-2 no 25.65 52 0.15 1.94 2.15
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Table 4 Sensitivity and probabilistic analysis inputs

Parameter Unit Mean Standard deviation Absolute minimum Absolute maximum
Unit weight, y: Lava-Breccia kN/m? 25.65 2.08 21.58 26.98

Uniaxial compressive strength, o.;: Lava-Breccia MPa 52 23 35 140

Magma pressure (constant), p MPa 9.5 - 0 24.56

Seismic coefficient, k - 0.15 - 0 0.3

These values were assumed with a statistical distribution defined by the mean, standard deviation, and absolute minimum and maximum

conservative than others (Hungr et al. 1989), which is justifi-
able for hazard assessments. The slip surface was not pre-
defined, but found using an auto-refined, non-circular
search method. This method uses an iterative algorithm
to find the “global minimum” slip surface, or the sur-
face with the lowest FS, and is suitable for considering
irregular slip surfaces.

To follow stress and strain variations within the model
when applying different disturbance factors (i.e., factors that
influence the degree of disturbance in a rock mass), a 2-D
FEM analysis was performed using the Phase2 8.0 code
(Rocscience 2011). This 2-D elasto-plastic numerical model
uses the Shear Strength Reduction method, which system-
atically reduces the strength parameters of a slope by a
Shear Reduction Factor (SRF) and then computes the finite
element stress analysis. This process is repeated for different
SRF values until the deformations are unacceptably large, or
the FEM does not converge to a solution within the speci-
fied tolerance. This determines the critical stage (i.e., insta-
bility) and the critical SRF value of the slope, a value
equivalent to the FS (Rocscience 2011). Conclusions can
be made by analyzing the “plasticization” of the model,
which refers to a process of failure and fracturing in accor-
dance with engineering mechanics. In particular, “plasticity
indicators” show the zones in which the stresses satisfy the
yield criterion. This type of analysis allows for a visualiza-
tion of the development of failure mechanisms and elimi-
nates the need for assumptions on the type, shape, and
location of failure surfaces.

In both LEM and FEM analyses, models were evaluated
in the following conditions:

Model A: under gravity forces only;

Model B: with magma pressure acting on a dyke;
Model C: applying horizontal acceleration due to a
seismic shock.

These were sub-grouped into models with a layer of
pyroclastics (A-1, B-1, and C-1) and models without (A-2,
B-2, and C-2), as outlined in Table 3. For each of these
conditions, material properties were kept constant. The
mean values for the material properties are given in
Table 4. The same models and model properties adopted

@ Springer

for the LEM analyses were used in FEM analyses for direct
comparison of the results.

For several parameters, LEM results were assessed using
sensitivity and probabilistic analyses. Sensitivity analyses
explore the effect on the FS due to variations in one param-
eter at a time within a range while keeping all the other
variables constant. This assesses which parameters have the
greatest influence on stability. Probabilistic analyses are
performed to assess the probability of occurrence of a cer-
tain event (e.g., FS<1.5), expressed by cumulative proba-
bility distribution functions. The inputs for these analyses
were sampled with the Monte Carlo technique, with an
assumed statistical distribution defined by the mean value,
standard deviation, and absolute minimum and maximum
values (Table 4).

Magma pressure (p) acting on a dyke includes the
magmastatic component (p,,) and an excess-pressure (or
overpressure) component (p.) (Voight and Elsworth 1997):

P = Pm + Pe (7)

Magmastatic pressure is a product of mean magma unit
weight (v,,) and height of the dyke (z). The value of
magmastatic pressure increases with depth, reaching a max-
imum at the bottom of the edifice and grading to minimum
to null at the summit. A mean magma unit weight of
22.56 kN/m® was derived from the mean magma body
density based on gravity studies at Pacaya by Eggers
(1983). Assuming the dyke is 1,000 m high (extending from
the base of the volcano to the summit), a maximum of p,,=
22.56 MPa can be calculated based on the following relation
from Iverson (1995):

Pm=VmZ (8)

Following suggestions by other authors (Apuani et al.
2007; Apuani and Corazzato 2009), the maximum
magmastatic pressure was reduced by 1/3 to p,,=15 MPa
for modeling. This accounts for situations that could reduce
the pressure, such as magma moving through multiple con-
duits or changes in bulk density due to the presence of
gaseous or solid phases.
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Magmatic overpressure values for dykes feeding erup-
tions are not well constrained; however, Iverson (1995)
suggested 0<p.<10 MPa as a reasonable range for excess
magmatic pressure. This study adopted an excess pressure
of 2 MPa that is applied as constant with depth in addition to
the p,, values. This value is an estimate that falls within the
range of the actual volcano behavior as recommended in
previous studies (Rubin and Pollard 1987; Apuani and
Corazzato 2009). The total magma pressure (p) values used
in modeling ranged from 2 MPa for the top load to 17 MPa
for the bottom load. For both LEM and FEM modeling,
these values of magma pressure were applied as an outward-
directed pressure on both sides of the “interface” surface.
This simulates the presence of a magmatic feeding dyke
extending 1,000 m from the base of the edifice to the main
active vent at the summit (Fig. 4b). For sensitivity and
probabilistic analyses, magma pressure was kept constant
along the dyke interface.

To model the effects of earthquake loading in LEM and
FEM analysis, a pseudo-static load was applied, which is a
dimensionless coefficient that represents the maximum
earthquake acceleration as a fraction of the acceleration
due to gravity. A horizontal seismic coefficient (k) was
applied as a body force directed out of the slope, or in the
direction of failure. A recent seismic hazard analysis of
Central America (Benito et al. 2012) gives a peak ground
acceleration (PGA) range of 500 to 610 cm/s*> with a return
period of 500 years for the region where Pacaya is located.
The horizontal seismic coefficient can be modeled as half
PGA when expressed as a fraction of the gravitational ac-
celeration (Hynes and Franklin 1984); therefore, a range of
0.25-0.3 appropriately describes the largest expected seis-
mic event in the study area for a 500-year return period. To
model a more probable earthquake event, or an earthquake
with a lower return period, a lower value of 0.15 (PGA of
300 cm/s®) was used for deterministic analysis.

LEM results

In static conditions, the SW flank is always stable (FS>1.5).
Sensitivity analysis shows that material properties would
have to be increased (in the case of unit weight) or reduced
(in the case of uniaxial compressive strength) to unrealistic
values to induce the slope to fail under gravity alone
(Fig. 6a, b). Both the uniaxial compressive strength (UCS),
i.e., the capacity of a material to withstand axially directed
pushing forces until the material fails, and the unit weight of
the rock samples were considered. In model A-1, the UCS
value for the LB unit would have to be reduced to
18.17 MPa (friction angle equivalency of 23.52°) for FS=
1.5, and 1.94 MPa (friction angle of 11.45°) for FS=1, a
reduction of 65 and 96 %, respectively, from the input
values. These reductions are even greater in model A-2,

with UCS reduced to 11.4 MPa for FS=1.5 and 0.64 MPa
for FS=1. Additionally, inputting a realistic range of unit
weight based on laboratory tests, from 21 to 27 kN/m?, does
not reduce the FS below 1.5. These values suggest that any
reasonable change in material property values should not
initiate a deep-seated landslide. However, magma pressure
in a dyke can act as a destabilizing factor: if kept constant
along the dyke, the slope reaches an unstable range (FS<
1.5) when magma pressure reaches 2.9 MPa, and failure (FS
<1) at 7.7 MPa in model B-1 (Fig. 6¢). In model B-2, these
pressures are 8.4 and 15.6 MPa, respectively. These values
are well under the expected maximum of 17 MPa.

The inclusion of pyroclastics beneath the edifice greatly
increases the depth of the potential slip surface and the
amount of material predicted to fail (shown in Fig. 7a, b).
This change in geometry is observed in all three models A,
B, and C. The resulting failure surface in the models with a
basal pyroclastic layer more closely resembles that of vol-
canic landslides elsewhere, which are described by Siebert
(1984) as being deeper relative to the length of the depres-
sion, with high sidewalls and a gently sloping floor. This is
in contrast to the shallower, spoon-shaped failure profiles of
the models without the basal pyroclastic layer, which more
closely resemble non-volcanic landslides (see comparison of
volcanic vs. non-volcanic landslides, Fig. 5 in Siebert 1984).
In all cases, the probability of the mass reaching instability
is considerably higher in models that incorporate a layer of
pyroclastics, as seen in the probabilistic analyses (Fig. 8).
This emphasizes the effect that weak basal units can have on
edifice stability.

Seismic acceleration can also cause the slope to become
unstable. For model C-1, FS<1.5 when the seismic coeffi-
cient reaches 0.06, and FS<1 at 0.23 (Fig. 6d). Again, these
values are well under the expected range of 0.25-0.3 for the
maximum seismic coefficient. The seismic loading required
to destabilize model C-2 without the pyroclastic unit is
slightly higher than the expected maximum range, with
FS=1 at 0.31 and FS=1.5 at values >0.4. This suggests that
an earthquake capable of producing much larger accelera-
tions would be required to destabilize the slope in this
scenario, corresponding to a much longer return period,
probably longer than 1,000 years (Benito et al. 2012).

Cumulative probability analysis shows that the prob-
ability of the slope reaching instability (FS<1.5) is
90 % for model B-1 and 30 % for model B-2 if magma
pressure is constant along the dyke interface (Fig. 8),
the former being a considerably higher probability. In
models where seismic force is applied, the mass reaches
instability (FS<1.5) with a probability of 78 % for
model C-1, and of only 4 % for model C-2. The
significance of these results lies in the difference be-
tween the models with and without a basal layer of
pyroclastics. The cumulative probability values indicate
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4 Fig. 6 Limit Equilibrium Method (LEM) sensitivity analysis results of
several parameters, including a unit weight, b uniaxial compressive
strength (UCS), ¢ magma pressure if kept constant along the dyke
interface, and d seismic coefficient. The UCS and unit weight of the
lava-breccia unit would have to be changed to unrealistic values to
induce failure. However, magma pressure in a dyke and seismic accel-
eration can result in instability (FS<1.5) within expected ranges

that unless a weak layer exists beneath the edifice, the
probability of these external triggers alone causing a
large slope failure is relatively low.

FEM results

Unless otherwise stated, results discussed are for the critical
SRF stage, which describes the point when results do not
converge in FEM and the model reaches instability. The
location of maximum shear strain within the edifice and
the amount of displacement vary significantly for models
with and without the basal layer of pyroclastics (Fig. 9a—h).
For the models with a layer of pyroclastics, the area of
maximum shear strain is concentrated within this layer and
develops towards the surface at a steep angle (50°) during
failure propagation (Fig. 9a, ¢). In contrast, models without
a layer of pyroclastics tend to develop shallower areas of
shear strain within the upper half of the cone (Fig. 9c, g).

When magma pressure is applied, the shear strain in
model B-1 is concentrated within the layer of pyroclastics
and deformation (outlined in grey, Fig. 10) occurs as the
edifice slides and spreads along this layer. In contrast, model
B-2 develops deformation as a bulge in the middle of the
cone that ultimately collapses (Fig. 10). The application of
seismic acceleration produces areas of maximum shear
strain and deformation patterns that are similar to those
observed in models A and B. However, the models with
seismic force have lower SRF values (Table 3) and higher
shear strain and displacement values than models with a
dyke intrusion (Fig. 9e-h).

Discussion
The lesson from the previous geological history

The previous history of the volcano allows predictions of
the most plausible preferential direction of failure. The field
geological-structural data indicate the presence of brittle
discontinuities that strike N—S and NW-SE. Their strike
and dip angle indicate that they are parallel to regional
structures, comprising the north-striking Guatemala City
Graben (GCQG), and the NW-striking right-lateral strike-
slip Jalpatagua fault zone (JFZ). The orientation of the
GCG is consistent with an E-W-trending least principal
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stress (o3), which is in turn consistent with the orientation of
o3 along the JFZ. In concert, these features could indicate an
ENE tensional component in a transtensional setting, per-
haps resulting from the superposition of the right lateral
shearing of the JFZ and the extension happening to the north
of Pacaya, at the GCG. These inferences are compatible
with research on the regional tectonic deformation and stress
state in the area (Guzman-Speziale 2001; Caceres et al.
2005; Lyon-Caen et al. 2006; Alvarez-Gémez et al. 2008;
Franco et al. 2012).

Our morphometric analysis of the orientation of past
and recent volcanic craters and fissures indicates that
the currently active MacKenney vent, the ancestral
Cerro Chino vent, the new 2010 vents outside of the
ancestral collapse scarp, and the 2010 trough feature are
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Fig. 8 Limit Equilibrium Method (LEM) cumulative probability of
failure for each model condition. Magma pressure for the probability
analysis is kept constant along the dyke interface. Unstable zone
(Factor of Safety from 1 to 1.5) marked in grey

all aligned in a NNW-SSE pattern (outlined by pink
box, Fig. 2). We consider these aligned features as the
expression of a weakness zone that favors magma up-
welling to the surface. This volcanic rift zone is per-
pendicular to the regional ENE-WSW o3; thus, we
consider that the geometry of the NNW-trending volca-
nic rift of Pacaya may be controlled by regional tecton-
ics. Moreover, the SW orientation of the ancestral
collapse may have been structurally controlled by the
orientation of the NNW weakness zone.

If we take into consideration all of the structural features,
the most likely direction of a future collapse is aligned
roughly NE-SW. The large Cerro Grande and Cerro
Chiquito lava domes on the NE flank of the volcano likely
act as a buttressing agent and this, paired with recent loading
of lava flow material on the SW flank of the MacKenney
cone, suggests that the most likely direction for a possible
future collapse will be to the SW. This inference is addition-
ally supported by the N to S sloping regional basement
(Vallance et al. 1995).

Slope stability evaluation

In studying the stability of the SW flank of the Pacaya
volcano using LEM and FEM approaches, various
destabilizing processes were considered. Sensitivity analy-
ses show that weakened rock properties, such as a reduction
of uniaxial compressive strength through hydrothermal al-
teration, are unlikely to induce a large-scale failure and
landslide. This is especially true at Pacaya given the rela-
tively young age of the edifice, making it unlikely that
extensive hydrothermal alteration has occurred. Therefore,
the slope is highly unlikely to have a catastrophic failure
under gravity alone, unless affected by another mechanism.
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Fig. 9 Finite Element Method (FEM) results from the injection of
magma (a—d) and application of seismic force (e-h). Results include
both the location of maximum shear strain (/eft column) and the

However, the consistent LEM failure surface and FEM shear
strain pattern through failure propagation for each model
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location of displacement with the resulting deformation mesh (right
column). The presented shear strain represents one stage past the
critical SRF to analyze the progression of failure

condition (under gravity, magma pressure, and seismic
forces) indicates that the material properties and geometry
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Fig. 10 Development of maximum shear strain within the edifice and
deformation of the slope (in grey) during magmatic application. a—c¢ A
layer of pyroclastics beneath the edifice causes the cone to slide and
spread along this layer, developing thrusts at the base of the edifice. d—f
Without a basal layer of pyroclastics, deformation develops as a

of the slope, and not the specific triggers, are the main
factors controlling the failure geometry patterns.

Some models show that shear strain is concentrated at
elevations around 1,600—1,800 m asl. This is the same eleva-
tion occupied by the 2010 vent and other older vents on the
SW slope of Pacaya. Maximum shear strain zones can partial-
ly explain this trend as shear fractures can act as conduits for
magma to drain out at lower vents (Fig. 11). The differences in
the location of shear strain and types of displacements seen
between the two model subcategories (1 and 2) in models A—
C provide important insight into collapse behavior. If indeed

0.4 Model B-2
Failure progression

concentrated bulge. Models are shown progressing through different
stages of perturbation, from the initial stage with no magma pressure
(top), to the critical SRF stage (middle), to the development of maxi-
mum shear strain during failure (bottom)

there is a layer of pyroclastics beneath the edifice, geodetic
studies will likely show an overall deformation of the slope as
the cone slides and spreads along this layer of pyroclastics,
leading to the development of thrust faults at the base of the
edifice (Fig. 10a—c). If this layer does not exist, or is not the
controlling factor for collapse, deformation may develop as a
concentrated bulge on the slope where the magma pressure is
being applied within the edifice (Fig. 10d—f). This situation is
similar to the cryptodome intrusion seen at Mount St. Helens
(Moore and Albee 1981). This hypothesis merits further
investigation.
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Fig. 11 Flank vent parameters and locations. Vents that have produced
large lava flows (1,000,000 m> or greater) are clustered at the top of the
cone and at elevations of 1,600 to 1,800 m (circles in red). a Plot of
lava flow volume vs. vent elevation modified from Matias Gomez et al.
(2012). b Finite Element Method (FEM) analysis shows shear strain

Reasonable values of both magma pressure and seis-
mic activity can destabilize the SW slope, with magma
pressure having the strongest effect among the cases
analyzed. Although the slope can fail in what is con-
sidered to be the unstable range (1<FS<I1.5), values
necessary to reach more definite slope failure (FS<1)
suggest that a larger magma intrusion (magma pressure
>7.7 MPa if constant along a dyke) or seismic event
(PGA>460 cm/s®) is needed to trigger a catastrophic
collapse. The high values of maximum displacement in
models B and C, ranging from 84 to 240 m, suggest
that these triggers are capable of inducing displacements
of large amounts of material. The current PGA values
used to determine the horizontal seismic coefficient for
the pseudostatic analysis are from a national study that
has not considered possible local sources. Therefore, a
more detailed seismic hazard analysis of local sources
and site effects is needed to verify the PGA value at
Pacaya. Additionally, the effects of ground deformation
caused by fault rupture and movement from a potential
seismic fault underneath the Pacaya edifice, e.g., an
extension of either the strike-slip JFZ or extensional
GCG normal faults, could also cause the collapse of
the volcanic edifice; such possibilities have not been
considered in this study.

The unstable geometry described by models incorpo-
rating a layer of pyroclastics (models A-1, B-1, and C-
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patterns from 1,600 to 1,800 m asl during magma pressure application.
¢ The vents that produced large lava flows are in this same elevation,
suggesting that shear fractures are acting as conduits for magma to
drain out at lower vents

1) resembles the mass that is expected of the large
ancestral collapse, estimated at 0.65 km® of debris by
Vallance et al. (1995). This suggests that the basal layer
of pyroclastics could have controlled the ancestral fail-
ure, and could be an important controlling factor for a
future collapse. Additionally, models with the layer of
pyroclastics have a higher probability of reaching insta-
bility than those without. Therefore, it is important to
better determine the mechanical properties of such hy-
pothesized layers, and to obtain better estimates of their
locations and thicknesses beneath the edifice. It is nec-
essary to note that the MacKenney cone has not been
reconstructed to the edifice’s pre-failure configuration,
hence the future collapse, although potentially quite
large, might be expected to be of somewhat smaller
volume. However, a collapse of this anticipated size
would still cause a significant impact to settlements
surrounding the volcano.

The presence of vents aligned across the Pacaya
cone, defining a potential NNW-SSE structurally weak
zone, indicates that dyke injection is a plausible geom-
etry for the surface magma plumbing system, similar to
those at Stromboli volcano or at Reunion Island
(Corazzato et al. 2008; Bonali et al. 2011). Dyke intru-
sion produces strong deformations and lateral displace-
ments. The evidence of a structurally weak zone due to
dyke intrusion, combined with our numerical modeling
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results, suggests that future large magma upwelling
events at Pacaya might strongly destabilize both deep
and shallow parts of the cone, particularly in the SW
sector. We thus conclude that the development of land-
slides is a serious threat to the area.

Conclusions

The analysis of the regional tectonic setting, as well as the
local structures at Pacaya, suggests that the local stress
regime is transtensional with an ENE-WSW o5 component.
The past history of the edifice sector collapse, the potentially
structurally weak zone oriented NNW-SSE, and the recent
lava accumulation suggest that the SW flank could be more
prone to possible future failures. Limit Equilibrium Method
and Finite Element Method analyses of slope stability of the
SW flank show that:

— The edifice remains stable under gravity alone;

— A large-scale collapse could be triggered by reasonable
ranges of magma pressure (>7.7 MPa if constant along a
dyke);

— A peak ground acceleration of >460 cm/s* could also
produce a large lateral failure;

—  The pyroclastic deposits beneath the edifice could have
influenced the depth and geometry of the ancestral
collapse, as the resulting failure surface in the models
with a basal pyroclastic layer more closely resembles
that of large volcanic landslides documented elsewhere;

— Numerical models reveal that maximum shear strain
patterns within the edifice may account for long lava
flows erupted from lower vent elevations between 1,600
and 1,800 m asl, as shear fractures can act as conduits
for magma to drain out at lower vents.
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