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ABSTRACT

Nevado de Toluca volcano is an andesitic-
dacitic composite volcano of Late Pliocene—
Holocene age located in the central-eastern
sector of the Trans-Mexican Volcanic Belt,
an active continental arc. The latest stage
of Nevado de Toluca evolution, in the past
50 k.y., has shown an interplay between vol-
canic activity and kinematics of the basement
structures. Geological mapping, stratigraphic
analysis, morphological and structural inter-
pretation, and analogue modeling were used
to investigate these complex volcano-tectonics
relationships. In the past 50 k.y., Nevado de
Toluca volcano underwent at least three sec-
tor collapses on the east, east-southeast, and
west flanks because of faulting and destabili-
zation of young dacitic domes at its summit.
Field and remotely sensed data supported by
analogue models of transtensive basement
tectonics revealed that these catastrophic
events were strongly correlated to the pres-
ence of the east-west—striking active Tenango
fault system. The geometry, kinematics, and
dynamics of the basement structure con-
trolled the growth of a dome complex in the
volcano summit and its destabilization. As a
consequence of the active basement tectonics,
the most probable sector collapse directions
in the case of future gravitational failures of
the volcano summit will be east-southeast,
west-northwest, east, and west. Nevado de
Toluca poses potential hazards to more than
25 million inhabitants; the analysis presented
in this paper can improve hazard mitigation

on the basis of better knowledge of growth
and collapse mechanism of the volcano. The
numerous examples of composite volcanoes in
continental and island volcanic arcs with sim-
ilar structural-volcanological characteristics
of Nevado de Toluca volcano imply that the
model results can also act as a guide to study
the growth and collapse of other composite
volcanoes affected by basement structures.

INTRODUCTION

Composite volcanoes are highly dynamic
structures characterized by alternating periods of
growth and quiescence, both marked by episodes
of instability that can lead to slope failures rang-
ing from moderate and localized to voluminous,
involving a significant portion of the edifice. The
instability can develop over thousands of years, or
over only a few days. A slowly developing insta-
bility may be accelerated by a discrete event and
culminate in catastrophic failure. In many cases,
destabilization is produced by a combination of
circumstances and events, rather than a single
cause (Voight and Elsworth, 1997). A volcano
can be rendered unstable by flank overloading
from deposition of volcanic products (Murray,
1988), dike intrusion (Siebert, 1984; Elsworth
and Voight, 1996), cryptodome growth beneath
and inside the volcano (Lipman and Mullineaux,
1981; Donnadieu and Merle, 1998), hydrother-
mal alteration (Day, 1996; Voight and Elsworth,
1997; Finn et al., 2004), steepening of slopes
(Siebert, 1984), gravitational spreading (Borgia
et al., 2000) and tectonic activity of the base-
ment (Moriya, 1980; Siebert, 1984; Ui et al.,

1986; Tibaldi, 1995; Lagmay et al., 2000; Vidal
and Merle, 2000; Norini and Lagmay, 2005).
Stress-field orientation has been recognized as
an important factor governing the directions of
collapse in composite volcanoes since 1977,
when Nakamura showed that cone elongation,
fractures, strike of dikes, and alignments of
flank vents occur parallel to the regional maxi-
mum horizontal stress. Moriya (1980) applied
Nakamura’s (1977) model to 30 volcano amphi-
theater craters in Japan, and concluded that dike
intrusions promote lateral collapses perpendicu-
lar to the maximum horizontal stress direction.
Siebert (1984) noted from the global database of
volcano sector collapses that dike swarms par-
allel to the maximum horizontal stress induce
instability, often promoting collapses normal
to the dominant direction of dike emplacement.
Not all volcanoes, however, share the same rela-
tionship between regional stress and instability.
In a study of 52 Japanese Quaternary volca-
noes with associated debris avalanche depos-
its, Ui et al. (1986) found no relation between
the direction of amphitheater craters and the
maximum horizontal stress. Bahar and Girod
(1983) showed that in Indonesian volcanoes the
direction of dikes and the alignments of vents
and volcanic cones tend to form at an angle
relative to the direction of maximum horizon-
tal stress, and are related to regional structures.
These observations suggest that the relationship
between regional stress and volcano instability is
more complex than previously thought, and that
other factors may govern the direction of sector
collapses. One such factor may be the role of
tectonic structures in the basements underlying
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volcanoes. Francis and Wells (1988) examined
the influence of structural setting and tectonic
activity in generating volcano instability in 28
examples of breached cones in the Andes. In
most cases, breaching occurred perpendicular to
the main lineaments and fractures. In contrast,
cone breaching and lateral collapse parallel to
the fault strike are more common in regions of
transcurrent and transtensive faulting (Tibaldi,
1995). Van Wyk de Vries and Merle (1998) and
Lagmay et al. (2000) studied the effects of trans-
current faulting on the stability of volcanoes by
performing analogue model experiments that
demonstrated that edifice instability can be gen-
erated by an underlying active strike-slip fault.
The instability and consequent landslides were
oriented ~10°-30° from the trend of the main
strike-slip fault (Lagmay et al., 2000; Wooller,
2004; Norini and Lagmay, 2005; Lagmay and
Valdivia, 2006).

NEVADO DE TOLUCA VOLCANO

The Late Pliocene—Holocene age Nevado de
Toluca volcano, one of the most prominent vol-
canic features within the Trans-Mexican Volca-
nic Belt, is the fourth highest peak in Mexico; it
has an altitude of 4680 m above sea level, and
is located 80 km west-southwest of Mexico
City and 23 km southwest of the city of Toluca
(Fig. 1). Its past activity has affected an area
now inhabited by more than 25 million people;
thus, the hazards it poses are of serious concern.
The latest phase of volcanism started ca. 50 ka
and consists of dacitic domes mantled by pyro-
clastic and epiclastic deposits (Garcia-Palomo et
al., 2002; Bellotti et al., 2006). During the past
50 k.y., five major plinian eruptions and at least
five dome collapses with major events of block
and ash flows at 37 and 28 ka yielded a thick
sequence of pyroclastic deposits surrounding the
volcano (Bloomfield and Valastro, 1974, 1977,
Macias et al., 1997; Garcia-Palomo et al., 2002;
Arce et al., 2003, 2005; Capra et al., 2006). The
volcano is located at the intersection of three
fault systems, the Taxco-Querétaro, the San
Antonio, and the still active Tenango (Garcia-
Palomo et al., 2000; Bellotti et al., 2006; Norini
et al., 2006) (Fig. 1B).

MOTIVATION AND OBJECTIVES

This study was prompted by the recent avail-
ability of a complete stratigraphic and structural

record of Nevado de Toluca volcano (Bellotti
et al., 2004, 2006; Norini et al., 2004, 2006).
Numerous composite volcanoes like Pico de
Orizaba, Popocatépetl, Nevado de Toluca, and
the Colima Volcanic Complex are built along
the Trans-Mexican Volcanic Belt, an active con-
tinental volcanic arc (Ferrari, 2000) (Fig. 1A).
Each of these volcanoes has undergone sector
failures in the past, and it may undergo debris
avalanches and lahars again (Capra et al., 2002).
Thus, better understanding of these catastrophic
events with respect to time of recurrence dur-
ing the lifespan of a volcano and their relation to
underlying basement structures is necessary.
Previously, the relationships between volcano
edifice collapse and tectonics were mainly based
on statistical studies of several natural cases and
on analogue modeling (Moriya, 1980; Siebert,
1984; Ui et al., 1986; Francis and Wells, 1988;
Tibaldi, 1995). Here we propose a model based
on the spatial and temporal interaction of volca-
nic processes and fault mechanics within a sin-
gle well-known natural example, the Nevado de
Toluca volcano. Our approach is to complement
geometric relationships between fault lines and
direction of collapse and detailed stratigraphic
and structural data collected in the field with
analogue modeling in order to develop a model
for the growth and collapse of the volcano that
matches the present volcano structure as well as
mechanism of collapse during the past 50 k.y.

FIELD METHODS

How Nevado de Toluca volcano evolved over
the past 50 k.y. and how the structural history of
the basement affected the stability of its edifice
were determined from extensive field mapping
at a scale of 1:25,000, reduced to 1:50,000 in the
new geological map (Bellotti et al., 2004). All
these data were used as input for a geographic
information system (GIS) from which the maps
presented in this paper were extracted (Supple-
mental File 1'). The past 50 k.y. of Nevado de
Toluca evolution is the most important period
for hazard evaluation and the main focus of
this paper. We studied lithostratigraphic units
belonging to this phase in detail, with emphasis
on the structures of the summit dacitic domes
and stratigraphic relationships of debris ava-
lanche deposits. A paleosol layer at the base of
a debris avalanche deposit on the eastern flank
of the volcano (Arroyo Grande deposit) was
14C dated. The volumes of the debris avalanche

deposits were estimated by means of interpola-
tion in a GIS using deposit thickness measure-
ments. Linear interpolation of the deposit thick-
ness among outcrops resulted in a raster file
representing the spatial variation of thickness,
from which the total volume was obtained.

Structural analyses of Nevado de Toluca vol-
cano and surrounding areas were performed by
Garcia-Palomoetal. (2000), Bellotti et al. (2006),
and Norini et al. (2006). Previously published
descriptive analysis and kinematic interpreta-
tion of morphostructural lineaments and struc-
tural stations revealed the age and kinematics of
the complex set of faults that cross the volcanic
edifice and its basement (Garcia-Palomo et al.,
2000; Bellotti et al., 2006; Norini et al., 2006).
We performed supplementary morphostructural
and geological analyses at the volcano and cra-
ter scales to account for the effect of the active
Tenango fault system on Nevado de Toluca vol-
cano. At the volcano scale, analysis of a digital
elevation model obtained by interpolation of
the 1:50,000 Instituto Nacional de Estadistica
Geografia y Informatica (INEGI) contour lines
with an interval of 20 m was used to delin-
eate the major structures affecting the volcano
edifice. At the same scale, a GIS was used as
the basis for spatial analysis of the lithostrati-
graphic units. The GIS database incorporated
all the geological data representing the growth
of the volcano and led to visualize the feeding
system geometry. At the crater scale, morpho-
structural analysis of the summit dacitic domes
was performed to constrain the orientations of
measured structural lineaments, which were
probably derived from the most recent phase of
basement tectonics. Dome feeding systems are
not visible in the field, and erosion and tectonic
dissection have obscured eruptive fissures. We
used the directions of dome elongation as proxy
to identify the local tectonic grain. In fact, even
if the morphology of domes is also controlled by
topography and explosive volcanic activity that
shaped the crater area, the elongation of these
monogenic edifices mainly reflects the feeding-
system orientation and the direction of the tec-
tonic structures that controlled dome growth and
faulting (Nakamura, 1977; Fink and Pollard,
1983; Anderson and Fink, 1990; Pasquaré and
Tibaldi, 2003; Schilling et al., 2006). Therefore,
the azimuths of summit dome elongations were
measured in aerial photographs with GIS soft-
ware and plotted in rose diagrams to support our
structural interpretation.

!Supplemental File 1. Geographic information system (GIS) database. Geological map of the domes and debris avalanche deposits younger than 50 ka, main struc-
tures of the Tenango fault system traversing the Nevado de Toluca edifice, and topography (contour lines every 100 m, Instituto Nacional de Estadistica Geografia y
Informatica [INEGI]). The database files are in shapefile format (ESRI) and are compatible with free and open source software (e.g., Quantum GIS, http://download
.qgis.org/downloads.rhtml). If you are viewing the PDF of this paper or reading it offline, please visit http://dx.doi.org/10.1130/GES00165.S1 (Supplemental File 1)
or the full-text article on www.gsajournals.org to view Supplemental File 1.
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Figure 1. (A) Location of the Trans-Mexican Volcanic Belt (TMVB) in the geodynamic framework of North and Central Amer-
ica. Triangles show major volcanoes. O—Pico de Orizaba; P—Popocatépetl; C—Colima Volcanic Complex. Solid black lines are
major faults. (B) Outline map with the location of the Tenango, San Antonio, and Taxco-Querétaro fault systems and the main vol-
canoes in the Nevado de Toluca area. MX—Mexico City; TQFS—Taxco-Querétaro fault system; SAFS—San Antonio fault system;
TFS—Tenango fault system (locations of fault systems are from Garcia-Palomo et al., 2000).
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DATA COLLECTION AND ANALYSES
Geological Data

The geological data collected during this
work, integrated with those in the literature
(Cantagrel et al., 1981; Macias et al., 1997;
Garcia-Palomo et al., 2002; Bellotti et al., 2004;
Norini et al., 2004), reveal that Nevado de Toluca
volcano mainly consists of a stratocone with an
age of 2.6-1 Ma (Fig. 2). After a period of qui-
escence, a small dome complex formed atop
the stratovolcano beginning 50 ka, periodically
interrupted by explosive activity. The last major

plinian eruption of the volcano, dated as 10.5 ka
(Bloomfield and Valastro, 1974; Bloomfield and
Valastro, 1977; Macias et al., 1997; Arce et al.,
2003), produced a fall deposit, the Upper Toluca
Pumice, which covers nearly the entire Nevado
de Toluca edifice and vicinity. This deposit is
drawn separately as Figure 2A because it hides
the underlying geology, which is revealed in
Figure 2B. A cross section (Fig. 2C) derived
from the geology and the Tenango fault system
geometry (Norini et al., 2006) shows the sum-
mit dome complex above the older stratocone,
whose flanks are partly covered by more recent
volcaniclastic deposits. The dome complex con-

sists of 14 individual domes that are stratigraphi-
cally well constrained because they are above
the unconformity that bounds the top of the old
stratovolcano (Fig. 3; Supplemental File 1 [see
footnote 1]). Stratigraphic relationships between
individual domes are not always clear because
their contacts are usually masked by thick talus
deposits. Tephrochronology suggests an age of
42 ka as the most probable start of the volcanic
activity in the crater area, represented by the Pink
Pumice Flow deposit (Macias et al., 1997). A “C
age of 37 ka for the dome complex was obtained
indirectly from a block and ash flow deposit that
is geochemically related to the El Fraile dome
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Figure 2. (A) Regional isopachs for thickness of fall deposit of the Upper Toluca Pumice (UTP) (modified from Arce et al., 2003).
SA—San Antonio Volcano. (B) Schematic geological map of the Nevado de Toluca (NdT) Volcano. (C) Schematic geological cross

section of Nevado de Toluca Volcano.
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Figure 3. Geological map of the dacitic dome complex (contour every 200 m) and stratigraphic relationships among domes.

(Macias et al., 1997; M. D’ Antonio, 2005, per-
sonal commun.). The El Ombligo dome exposed
in the summit crater of the volcano is the young-
est element of the dome complex and has a mini-
mum age of 9100 + 500 yr (Arce et al., 2003).
To summarize, the activity of the summit dome
complex was mainly concentrated between
ca. 42 ka and 9 ka.

The geological map compiled during this
work allows an accurate analysis of the spatial
and temporal distribution of the lithostratigraphic
units (Fig. 3; Supplemental File 1 [see footnote
1]). It shows that the dome complex (younger
than 50 ka) is mainly confined to the crater area,
although some domes, including the Gordo, are
rather far from the summit (Figs. 2B and 3).
The evolution of the crater area can be divided
into three stages based on the stratigraphic and
geometric relationships among summit domes
(Fig. 3). In the first stage the domes, including the
El Fraile dome, that compose the southern and
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northern crater rims were emplaced, whereas in
the second stage at least two major domes were
emplaced along the present western wall of the
crater rim (Fig. 3). During the third stage of evo-
lution, at least two domes, including the E1 Omb-
ligo, formed in the central portion of the crater,
representing the youngest effusive products of
volcano (Fig. 3). An estimate of the actual vol-
ume of the dome complex was performed con-
sidering its base at 3900—4000 m above sea level
(Fig. 2C). The volume estimate of 5-6 km? was
obtained by subtracting the actual topography
from the dome complex base in a GIS. Among the
volcaniclastic deposits emplaced on the volcano
flanks in the past 50 k.y., those that are directly
related to sector and flank collapses are the
debris avalanche deposits. The only previously
described debris avalanche deposit younger than
50 ka was deposited on Nevado de Toluca’s east-
ern flank (Macias et al., 1997; Arce et al., 2003).
Our field work identified three debris avalanche
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deposits on the volcano for which stratigraphic
analysis and '“C dating revealed a young age
indicating that they are related to gravitational
instability of Nevado de Toluca during the past
50 k.y. These catastrophic events emplaced vol-
caniclastic deposits in deep gullies such as the
Arroyo Grande and El Zagudn, which funneled
the debris 5-9 km away from the source. We
have named the three debris avalanche depos-
its the Arroyo Grande, El Zagudn, and Nopal
lithostratigraphic units, which are respectively
distributed to the east-southeast, east, and west-
northwest of the summit (Fig. 4; Supplemental
File 1 [see footnote 1]).

The Arroyo Grande unit crops out along the
Arroyo Grande ravine and has a maximum
thickness of ~60 m and an estimated volume
of 0.35 km’. Hummocky morphology is still
recognizable, although a sequence of volcani-
clastic products covers the deposit. The Arroyo
Grande unit is composed of both matrix and
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block facies, is massive, poorly sorted, and well
consolidated. The matrix is gray-pinkish sand,
and the clasts are essentially monolithologic,
angular gray dacitic fragments to 1 m in maxi-
mum diameter (Fig. 5A). Clasts with jigsaw
cracks are common throughout the unit, and
some accidental clasts of laminated silty sedi-
ments crop out near the base of the deposit. The
stratigraphic position of the Arroyo Grande unit
was observed in some sections (Fig. 6A). At the
base of the unit, a paleosol layer yielded a radio-
carbon (**C) date of 40,985 +1370/-1170 yr B.P.
This unit underlies a block-and-ash pyroclas-
tic flow deposit '“C dated as ca.13 ka (Macias
et al., 1997; Garcia-Palomo et al., 2002). Clast
lithologies have a distinct affinity with the EI
Fraile dome in the crater area (Casartelli, 2004),
indicating that the debris avalanche was gener-
ated by an east-southeastward sector collapse of
a dome in the crater area, probably the El Fraile
dome (Fig. 3), between ca. 40 and 13 ka.

The El Zaguan lithostratigraphic unit was first
reported by Macias et al. (1997). New observa-
tions revealed that is extensively exposed on the

eastern flank of the volcano, along several ravines,
including the El Zagudn and Cienaga gullies
(Fig. 4). This deposit has a maximum thickness
of ~30 m and an estimated volume of 0.4 km?.
Hummocky morphology is still clearly recogniz-
able even though the deposit is partly covered
by volcaniclastic deposits. The El Zagudn unit
comprises at least three discrete flow units of dif-
ferent colors, textures, and degrees of alteration
(Fig. 5C). The boundaries between individual
flow units are usually deformed where the lower
unit intrudes the upper one. It is composed of both
matrix and block facies, and is massive, unsorted,
and unconsolidated. The clasts are angular to sub-
angular gray-pinkish dacitic fragments to 3 m in
maximum diameter, embedded in an ochre-gray-
pinkish sandy matrix. Clasts with jigsaw cracks
are common throughout the unit. Some acciden-
tal clasts, to 1-2 m in maximum diameter, consist
of laminated silty lacustrine sediments squeezed
and compacted due the load of the overhang-
ing deposit. The stratigraphic position of the
El Zagudn unit was observed in some sections
(Fig. 6B), but no datable paleosol horizon was

found. This unit overlies the 37 ka block-and-ash
pyroclastic flow deposit, and is directly overlain
by the 28 ka pyroclastic block-and-ash deposit
that is discontinuously exposed along the Cienaga
gully (Macias et al., 1997; Garcia-Palomo et al.,
2002; Caballero and Capra, 2004). In these out-
crops, the 28 ka block-and-ash pyroclastic flow
deposit is 10 m thick, laminated, with abundant
matrix, and with dilutes pyroclastic gravity cur-
rents of the surge type. This entire sequence is
capped by the 21.7 ka Lower Toluca Pumice plin-
ian fall deposit (Capra et al., 2006). Petrographic
and geochemical analyses by Casartelli (2004)
revealed a close similarity between the El Zaguan
unit and the Cienaga summit dome (Fig. 3);
together with stratigraphic evidence, this indi-
cates that the epiclastic deposit was generated by
an eastward sector collapse of the Cienaga dome
immediately prior to the emplacement of the
28 ka block-and ash pyroclastic flow deposit. The
magmatic activity associated with the extrusion
of a new lava dome and the consequent overload-
ing of the whole structure, probably promoted
and triggered the sector collapse. Subsequently,
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Figure 4. Distribution map of the three debris avalanche deposits younger than 50 ka recognized on
Nevado de Toluca Volcano. Locations of pictures and stratigraphic sections represented in Figures 5 and

6 are shown.
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Figure 5. (A) Outcrop of the Arroyo Grande debris avalanche deposit along the Arroyo Grande gully. (B) Outcrop of the Nopal debris
avalanche deposit along the unpaved road to the crater, on the northwestern flank of the volcano; hammer in the black circle is 35 cm in
length. (C) Outcrops of the Zaguan debris avalanche deposit along the Cienaga gully. Insets are, from top to bottom, clastic dikes at the
base of the debris avalanche deposit, fragment of deformed lacustrine sediments imbedded in the deposit, and clasts with jigsaw cracks.
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Figure 6. Stratigraphic sections showing stratigraphic position of the Arroyo Grande (A) and Zaguan (B) units.

Merapi-type eruptions generated the main part of
the 28 ka block-and-ash flow deposit, with radial
distribution on the volcano flanks.

The Nopal lithostratigraphic unit is a debris
avalanche deposit that crops out discontinuously
within a limited portion of the western flank of
the volcano (Fig. 4) with exposed thicknesses
ranging between 2 and 15 m. The deposit sur-
face exhibits linear ridges aligned along the
290° azimuth, parallel to the flow direction. The
unit is massive, poorly sorted, and well consoli-
dated. It is both matrix and clast supported. Its
matrix is variably gray-pinkish and sandy, and
its subangular clasts are monolithologic, gray-
pinkish dacite to 2 m in maximum diameter
(Fig. 5B). Jigsaw cracks are common through-
out the deposit. The stratigraphic position of the
unit is difficult to define, but geometric relation-
ships suggest that it is above the 28 or 37 ka
block-and-ash pyroclastic flow deposit (Macias
et al., 1997; Garcia-Palomo et al., 2002). The
Nopal unit is covered by the 10.5 ka Upper
Toluca Pumice deposit. Petrographic and geo-
chemical analyses (Merlini, 2004) revealed a
strong correlation between the Nopal unit and

the Nieve summit dome (Fig. 3), indicating that
the Nopal debris avalanche was generated by a
west-northwestward sector failure of the Nieve
dome between 37 and 10.5 ka.

Morphological and Structural Data

During the last eruptive phase of Nevado
de Toluca volcano (after 50 ka), the tecton-
ics of the area was dominated by the Tenango
fault system, the youngest and most active
fault system in the area (Fig. 1B). It consists of
main fault planes striking along the 90°-120°
azimuths and minor faults and fractures strik-
ing at 30°-60° azimuths (Garcia-Palomo et al.,
2000; Norini et al., 2006). Norini et al. (2006)
suggested an active left-lateral oblique-slip tran-
stension for this system with a ratio of sinistral
to normal slip between 3:2 and 5:2, a minimum
age of 700-800 ka, and a Holocene slip rate
of ~0.3-0.5 mm/yr. Morphostructural analysis
has revealed a strong influence of this tectonic
activity on Nevado de Toluca volcano (Norini et
al., 2004). In shaded relief images, lineaments
of the Tenango fault system strike across the
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edifice approximately along the 110° azimuth,
defining a narrow graben-like structure (Fig. 7),
reflecting the geometry and style of deformation
in the edifice interior (Fig. 2C). Topographic
profiles show how the surface expression of this
graben is marked by small sharp scarps in the
lower flank of the volcano, while on the summit
itis almost masked by the recent dome complex,
which defines an area of very steep outward
sides (Fig. 7). The graben is partially filled by
the most recent (younger than 50 ka) pyroclastic
and epiclastic deposits of the volcano (Fig. 2B),
and these deposits are faulted by the Tenango
fault system (Norini et al., 2006). The volcanic
activity in the past 50 k.y. and the deformation
along the Tenango fault system were contem-
porary and the close temporal and spatial asso-
ciation between recent volcanism and brittle
deformation structures suggests a control of
the tectonics on the evolution of Nevado de
Toluca. This interplay is manifested by con-
structional features like the dome complex
as well as the distribution of debris avalanche
deposits, which are spatially correlated with the
active faults in the area (Fig. 8). Although in the
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Figure 7. Shaded relief image (A) and contour map (B) of the studied area showing the narrow graben-like structure that strikes east-west
and west-northwest—east-southeast across the Nevado de Toluca Volcano. (C) Topographic profile depicts the morphology of the graben
in the middle-lower flank of the volcano (black arrows).

summit region of the volcano the topographic
gradient of the flanks is similar in all the direc-
tions, debris avalanche deposits were emplaced
only toward east and west along the Tenango
fault system (Figs. 7 and 8). Therefore the distri-
bution of these deposits shows there is a control
of the tectonics over the directions of sector col-
lapses. The 13-km-long and 4-km-wide spatial
distribution of the dome complex trends paral-
lel to the Tenango fault system (Figs. 2B and
3; Supplemental File 1 [see footnote 1]). This
configuration indicates that a feeding system
aligned along the Tenango fault system struc-
ture acts as a preferential pathway for magma. A
detailed morphostructural analysis of the sum-
mit also shows the control of basement tectonics
on the development of the dome complex. From
aerial photographs stereopairs, we drew the
morphological boundary related to each summit
dome (Fig. 9); then, using an image processing
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program (Imagel]), we obtained the smallest
elliptical envelop of every dome. In the pro-
cessed image we measured essential parameters
of the dome geometry as the azimuths of the
major axis of the elliptical envelopes (elonga-
tion axis) (Table 1). The rose diagrams showing
the length and orientation of the elongation axis
of the domes depict two main structural trends:
azimuths ~85° and ~120° (Fig. 10). Other iden-
tifiable lineament trends are oriented roughly
along azimuths 5° and 40° (Fig. 10). Geologi-
cal data support identification of age relation-
ships among these different structural trends.
In Nevado de Toluca volcano, domes with a
major axis oriented at azimuth ~5° and ~40° are
younger than domes oriented along azimuths
~85° and ~120° (Figs. 3 and 9; Table 1). Thus,
the structural evolution of the crater area in the
past 50 k.y. underwent a sharp change in the ori-
entation of the feeding system from about east-
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west to north-south in response to Tenango fault
system tectonics. This fault system influenced
the crater morphology of the summit of Nevado
de Toluca, creating an offset in the southwest-
ern rim of the present crater and forming a ridge
at the western flank of the volcano’s summit
(Norini et al., 2006) (Fig. 11).

ANALOGUE MODELING OF
VOLCANO-BASEMENT INTERACTION

To gain insights about the evolution of Nevado
de Toluca volcano, the geological and structural
data from the field were applied to construct a
brittle-analogue model of a cone made of granu-
lar material on a sheared basal layer. This model
is similar to those of van Wyk de Vries and
Merle (1998), Lagmay et al. (2000), Wooller
(2004), and Norini and Lagmay (2005). The
movement vector is at an angle relative to the
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Figure 8. Geological map depicting the volcanic and tectonic activity in the Nevado de Toluca volcano in the past 50 k.y.
(see Supplemental File 1 [see footnote 1]). Outcrops of the debris avalanche deposits and dacitic dome complex are
shown as well as the main structures of the Tenango fault system.

Figure 9. (A) Outline map of the domes recognized in the crater area on a black and white
1:75,000 aerial photograph [Instituto Nacional de Estadistica Geografia y Informatica (INEGI)];
the boundaries represent the morphological appearance of each dome (see Table 1).
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TABLE 1. MORPHOLOGICAL
PARAMETERS OF THE DOMES
COMPOSING THE SUMMIT

DOME COMPLEX

Dome Rinax! Azimuth Maximum
Rmin (0) Iength
(km)
El Fraile 1.80 126 1.5
Matador 1.95 116 1.9
Cienaga 1.94 117 3.7
Nieve 1.41 129 0.8
Sella 1.36 125 0.7
Corno 1.11 87 0.6
Luna 1.23 91 1.0
Nunca 1.92 95 0.7
Rojo 1.66 4 1.3
Volcan 1.68 19 1.5
Pico 1.87 41 1.5
Cerro 1.81 77 1.2
Ombligo  1.15 92 0.5

Note: Ryax/Rmin—ratio between the major
and minor axes of the smallest elliptical
envelope of the dome outline. Azimuth—

orientation of the major axis of the

envelope. Maximum length—maximum
length of the dome along the major axis of
the envelope.

270

0°

90°

Norini et al.

long dimension of the basal plate (Fig. 12), and
a transtensive left-lateral motion is generated,
mimicking that of the Tenango fault system that
deforms Nevado de Toluca, as suggested by
Norini et al. (2006). The experimental appara-
tus consists of a basal plate attached to a vertical
side plate that in turn is fastened to a screw jack.
Rotation of the screw, controlled by computer,
induces movement of the basal plate. A ratio of
sinistral to normal slip measured in the field was
between 3:2 and 5:2 (Norini et al., 2006), and so
the length of the basal plate was positioned at a
25° angle relative to the movement vector, simu-
lating an ~2:1 ratio between transcurrent move-
ment and extension normal to the fault. Both
the cone and substrate were made of stratified
layers, alternately dyed in contrasting colors,
consisting of the identical mixture of two sizes
(0-70 and 70-200 um) of dry quartzose granu-
lar sand. This mixture has an angle of internal
friction (®) of ~30° and cohesion (C) of ~25 Pa.
Resting on the base plate, the substrate for the

0°

270 90°

180° Number

El Fraile

cone was simulated with a 3.5-cm-thick layer of
the mixture with plan dimensions of 50 x 40 cm.
The experiments were photographed to record
the structures that developed during progressive
transtensive movement. Completed experiments
were wetted and then sliced parallel and perpen-
dicular to the fault strike, to reveal the structures
within the cone in three dimensions as seen in
deformations of the colored layers.

Model Scaling

Model parameters have to be geometrically,
kinematically, and dynamically scaled in order
to ensure similarities between natural proto-
type and experimental results (Hubbert, 1937;
Ramberg, 1981; Galland et al., 2006). The main
forces to consider for correct scaling are body
forces due to gravity and stresses. The dimen-
sionless ratio between body forces and stresses
can be defined:

= pxgx!
s, )]

where p is the rock density, g is the gravity, /
is the linear dimension, and G is the tectonic
stress. The ratio IT must be similar in nature
and in the model for the scaling of the analogue

<
<

Figure 10. Rose diagrams showing azimuth of
the major axis of the smallest elliptical enve-
lope of the domes forming the summit dome
complex (Table 1). The azimuths are plotted
based on length and number of domes.

— TFS

Figure 11. Effects of Tenango fault system (TFS) faulting on the crater of Nevado de Toluca revealed by perspective views from north
and east of the volcano; both views were generated from digital elevation model and Aster satellite images. Arrows indicate the TFS trace
and offset in the southwestern rim of the present crater.
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Quaternary sector collapses of Nevado de Toluca volcano

Plan view of the analogue model

7cm

3.5cm

Cross section perpendicular to the fault line

sliding plate

Figure 12. Schematic plan view and cross section of the analogue model, show-
ing the substrate layer of sand and cone that represent the volcanic edifice.
The layer of sand partly rests on top of a sliding plate, which is attached to
a side plate. The side plate is pulled by a screw jack, which moves according
to a desired rate specified by a computer. Oblique-slip shearing is generated
along the tilted margin of the basal plate when the screw jack is pulled.

experiment to be correct. Therefore, the stress
ratio (6*) between model and nature can be cal-
culated from:

O* = p* X g* x [*, 2)

where p* is the density ratio, g* is the gravity
ratio, and [* is the length ratio between model
and nature. The experiments were conducted
in the Earth’s field of gravity; consequently the
model/nature ratio for the gravitational acceler-
ation (g*) was unity. The length ratio, which is
on the order of 107°-10~, varies with the model
dimension and can be used to fit the required
stress ratio considering the density of the ana-
logue material. The Nevado de Toluca summit
is 4680 m above sea level, the surrounding
Lerma basin is at 2600 m elevation, and there-
fore the height of the volcanic cone is ~2000 m.
The experimental cone was 7-8 cm high and
the resulting length ratio (I*) was 4 x 107 (geo-
metric scale 1:25,000). The rocks in a com-
posite volcano like Nevado de Toluca include
high-density mafic lavas and very low density
pyroclastic deposits (Bellotti et al., 2004), and
so the mean density is difficult to estimate.

An andesitic-dacitic stratovolcano reasonably
similar in dimension, composition, and erup-
tive style is Mount St. Helens (Lipman and
Mullineaux, 1981), for which a mean density
of 2.15 g/lcm?® was calculated using geophysical
methods (Williams et al., 1987). The sand used
in the analogue experiments has a density of
1.4 g/cm® and so the density ratio (p*) was 0.65.
Therefore, the dimensionless stress ratio (G*)
between the brittle analogue model and Nevado
de Toluca volcano was ~2.6 x 10~°, meaning that
the model was ~38,000 times weaker than its
natural counterpart. For the rocks of the volca-
nic edifice, we assume a linear Mohr-Coulomb
failure criterion, where the parameters are the
cohesion C and the angle of internal friction ®
(Byerlee, 1978). For competent volcanic rocks
the cohesion is in the order of 10’103 Pa and
the angle of internal friction is ~30°-35°, but
for incompetent rocks the cohesion can be more
than two orders of magnitude smaller (Schel-
lart, 2000). Nevado de Toluca is primarily an
altered and a faulted and fractured stratovol-
cano composed of alternating lava and uncon-
solidated volcaniclastic deposits (Capra and
Macias, 2000; Bellotti et al., 2004), and so the
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cohesion we assumed was 10° Pa. As the cohe-
sion has the dimension of stress, the ratio for
cohesion C* is in the same range as 6*. In our
experiments C* must be scaled at ~2.6 x 107°
to be equal to the stress ratio 6*. This requires
the use of a material with C = 26 Pa, which fits
the properties of the granular material we used
to simulate the volcanic edifice (C =25 Pa, ® =
30°). The fault velocity in the experiments was
1 cm/h and the total amount of displacement
was 2 cm. Considering the geometric scale of
the analogue model (1:25,000), the equivalent
fault displacement in nature was 500 m. In
agreement with the structural data on the kine-
matics of the Nevado de Toluca basement, this
value has a magnitude similar to that of the total
displacement estimate along the Tenango fault
system (Norini et al., 2006). The mean slope of
Nevado de Toluca is ~10°-15°, but we do not
choose to reproduce exactly the geometry of the
volcano, but rather to build the analogue cones
at the ~30° maximum angle of repose in order
to introduce an incipient instability. As demon-
strated previously (Norini and Lagmay, 2005),
this was necessary because the very low mass
of the collapsing sector in analogue models
implies that the correct scaling is valid for the
structural analysis, but it became less accurate
in the analysis of the collapse event. Also, in
the analogue models effects such as pore pres-
sure and grain-size reduction along fault zones
cannot be taken into account. Considering the
balance of forces in the sand models, the mass
of the analogue cone is much too small for
gravitational pull to induce enough acceleration
to simulate the flow of debris avalanches. Fur-
thermore, the steep flanks and the consequent
higher mass of the cone slightly improve the
scaling of the model, yielding a better repro-
duction of the effect of volcanic edifice load
both on the volcano and on the basement.

Modeling Results

We conducted 10 experiments in which a
cone was subjected to basal left-lateral transten-
sion. Boundary conditions, materials, and dis-
placement rates were the same in all the experi-
ments, and the results invariably show the same
structures in terms of geometry and kinematics.
Thus, the analogue modeling is repeatable. In
the experiments, after 3—4 mm of basal plate
movement, fractures and faults developed in the
cone and basement above the underlying shear,
seen both in plan views and cross sections. The
deformation in each experimental analogue
cone and its substrate was confined to a narrow
graben on its surface, bounded by faults paral-
lel to the basal shear (Fig. 13; Animation 1). In
the basement, two sets of faults and minor frac-
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Figure 13. Stages of surface deformation of an analogue cone that is sheared at its base by a left-lateral oblique-slip fault. (A)
The cone without deformation. (B) The cone after 0.8 cm of deformation. (C) The cone after 2 cm of deformation. (D) Sche-
matic structural map of the experiment after 2 cm of displacement.
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tures developed inside the graben, one oriented
parallel to the basal shear, the other ~20°-40°
from the main oblique-slip fault line direction.
The structures at an angle relative to the basal
shear are interpreted as R shears and T fractures,
structural terms given to faults characteristic of,
but not limited to, strike-slip faulting (Wilcox
et al., 1973). As the cone was progressively
deformed, the graben consistently bounded
unstable areas, which were characterized by a
complex set of evolving faults and fractures. At
~1 cm of basal displacement some curvilinear
faults and fractures at an angle of ~30° with
respect to the main graben boundary developed
on the upper flanks of the cone and caused its
summit to subside. Between 1 and 2 cm of basal
faulting, these curvilinear faults rotated coun-
terclockwise to become perpendicular to the
main shear. All the structures on the cone flanks
and summit ended sharply at the graben bound-
ary (Fig. 13; Animation 1). Cone instability
was promoted by the normal high-angle faults
perpendicular to the basal shear confined to the
graben and directed toward the cone periph-
ery; thus, sector collapses of the analogue cone
were subparallel to the main shear. Orienta-
tions of fault and fracture sets developed on
the analogue cone were analyzed using rose
diagrams. The pictures and data of the models
were rotated to make the simulated basal shear
parallel to the Tenango fault system; thus, the

Animation 1. Surface deformation of an
analogue cone that is sheared at its base by a
left-lateral oblique-slip fault. The video is in
compressed AVI format and can be viewed
using most free and open-source video
player software, such as VLC media player
(http://www.videolan.org/vic). If you are
viewing the PDF of this paper or reading it
offline, please visit http://dx.doi.org/10.1130/
GES00165.SA1 (Animation 1) or the full-
text article on www.gsajournals.org to view
Animation 1.

comparison between the natural prototype and
the experiments is easier. At the model scale,
the main azimuth direction of faults and frac-
tures is ~115° and subparallel to the basal shear
(Fig. 14A). In the summit area of the model
cone, several structural trends became appar-
ent. Rose diagrams depict four fracture trends
at the summit of the cone, with azimuth direc-
tions of 15°,45°, 80°, and 115° (Fig. 14B). The
azimuth 80° and azimuth 115° fractures closely
follow the first deformation step and are formed
only after 3-4 mm of basal shear. The 15° and
45° trends were last to form and developed
after 1 cm of displacement (Fig. 13; Animation
1). In terms of internal structure, the basement
outside the cone periphery exhibits high-angle
faults that displace marker levels. These struc-
tures form a narrow graben (Fig. 15A). Simi-
lar faults affect the basement beneath the cone
flanks and throughout the cone up to the surface
(Fig. 15B). Beneath the cone summit, several
subvertical faults displace marker levels in the
cone interior and basement, causing the upper
part of the cone to subside (Fig. 15C).

COMPARISON BETWEEN NEVADO
DE TOLUCA VOLCANO AND THE
ANALOGUE MODELS

Three main features that characterize the
Nevado de Toluca volcano can be found in
the scaled analogue experiments: similar ori-
entations of fracture sets that serve as magma
feeding paths during dome emplacement; age
relationships of fracture sets developed at the
edifice; and type of brittle deformation struc-
tures within the edifice. The Nevado de Toluca
crater area is composed of elongated domes,
preferentially elongated at 5°, 40°, 85°, and 120°
azimuths, suggesting that the magma feeding
systems are similarly oriented (Fig. 10). Like-
wise, fracture sets in the analogue experiments
are invariably developed at surface orientations
of 15°, 45°, 80°, and 115° azimuths (Fig. 14B).
Such fracture sets in the cone interior may act as
conduits that guide magma toward the surface.
The Nevado de Toluca domes elongated parallel
to 85° and 120° azimuths are older than domes
with 5° elongation. Similarly, in the analogue

A 0° Whole experiment 0°
90° 270° 90°
180° Length 180° Number

B 0° Cone summit 0°

270° 90°

180° Length

Number

180°

Figure 14. Rose diagrams showing direction of the structures formed at the experiment
surface in consequence of left-lateral oblique-slip displacement. The directions are plotted
based on length and number of lineaments for the whole experiment (A) and for the sum-
mit of the analogue cone (B). The rose diagrams were rotated to make the simulated basal

shear parallel to the Tenango fault system.
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Figure 15. Vertical cross sections of a deformed analogue cone cut perpendicular to the basal shear. Cross sections progress from cuts on
the basement (A) toward the summit of the cone (C).
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Figure 16. Comparison among instabilities developed on analogue experiments of (A) left-lateral oblique-slip faulting,
(B) left-lateral strike-slip faulting (Norini and Lagmay, 2005), and (C) the Nevado de Toluca Volcano in the past 50 k.y.
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experiments, faults and fractures that strike 85°
and 115° develop earlier than faults and frac-
tures with 15° and 45° strikes. Sections across
the deformed analogue experiments display
brittle deformation similar to that of the volcano
as reconstructed from field and morphostructural
data. In both the model and nature, the main
structure is a narrow graben that deeply dissects
the cone and bounds the sector where magma
migrates toward the surface and structural insta-
bility can occur (Figs. 2C and 15). In the case
of transtension, the collapse directions are nearly
parallel to the basement structure (Fig. 16A).
Previous analogue modeling of pure transcur-
rent movements demonstrated that progressive
basal displacement leads to collapsing sectors on
the cone, with a bisector at an oblique angle of
~30° relative to the underlying strike-slip fault
(Lagmay et al., 2000; Norini and Lagmay, 2005)
(Fig. 16B). The three documented sector col-
lapses of summit domes occurring on Nevado de
Toluca after 50 ka were directed toward the east-
southeast, east, and west-northwest, two parallel
to the Tenango fault system, the other ~30°—40°
from it (Fig. 16C). The sector collapses directed
toward the east-southeast and west-northwest
were promoted by structures developed on the
volcano summit, and the flow of the debris ava-
lanches may have been limited by the sides of
the graben. In the case of the El Zaguan debris
avalanche deposit, oriented 30°—40° from the
Tenango fault system, the collapse direction was
mainly controlled by transcurrence-related struc-
tures, and the topographic control of gullies may
have not been a dominant factor in the general
distribution of this deposit (Fig. 16C; Supple-
mental File 1 [see footnote 1]). Thus, it appears
that transtension tectonics played a significant
role in the evolution of Nevado de Toluca dur-
ing the past 50 k.y., especially with respect to
dome emplacement and sector collapses. The
tectonic control on dome growth and faulting
also accounts for crater morphology. Fractures
and faults that developed on the summit of the
analogue cone generated a square-shaped struc-
ture (Fig. 13D), resembling the actual shape of
the Nevado de Toluca crater (Figs. 7 and 11).
The outline of the crater may be related to the
cone load that focuses the initial development of
extensional structures, which later evolve toward
a transtensional pull-apart basin.

DISCUSSION

The last stage of activity of Nevado de Toluca
volcano started ca. 50 ka. During that time, a
dome complex formed at the volcano summit
and a sequence of volcaniclastic deposits on its
flanks was emplaced, including three debris ava-
lanche deposits originating from sector collapses
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of summit domes. Geological and structural
data and analogue modeling clearly show that
the edifice was shaped by interaction between
the volcanic and tectonic processes, especially
activity of the Tenango fault system. Tectonics
generated pervasive structures in the cone inte-
rior, which may control the rise of magma and
consequent eruptions. As a result, the spatial dis-
tribution of effusive products younger than 50 ka
is confined along the intersections between the
Tenango fault system structures and topographic
surface (Figs. 2 and 3; Supplemental File 1 [see
footnote 1]). The timing of the growth of the
dome complex follows the propagation of the
Tenango fault system structures inside the vol-
canic edifice. Magma ascent to the surface is
made possible through older transtensive faults
subparallel to the Tenango fault system base-
ment fault zone, with azimuth of ~85° and 120°,
and younger secondary, mainly normal faults,
with azimuths of ~5° and 40°. As revealed by
analogue modeling, the mainly normal faults
are commonly found directly beneath the vol-
cano summit, sharply bounded at high angles
by the transtensive ones. The first domes to be
emplaced used structures parallel to the Tenango
fault system (azimuth 85° and 120°) as the feed-
ing system. Subsequent effusive events gener-
ated domes elongated along azimuths 5° and 40°
and were probably emplaced along faults that
were formed at later stages of continuous activ-
ity of the Tenango fault system. The geometry
and kinematics of Tenango fault system not only
controlled the volcano growth, but also affected
the stability of Nevado de Toluca edifice. The
normal faults intersecting at high angles on
the volcano summit probably promoted sector
collapses in the crater, and the graben in the
volcanic cone and its basement guided debris
avalanches along this west-northwest—oriented
structural depression. Resulting magmatic and
nonmagmatic sector collapses affected limited
portions of the volcano summit, usually single
domes, and formed small monolithologic debris
avalanches that deposited the Arroyo Grande, El
Zaguan, and Nopal units, each with a volume of
~0.3-0.4 km?. The collapses were triggered by
exogenous or endogenous factors, such as mag-
matic activity in the case of the El Zaguédn debris
avalanche deposit, and were guided by struc-
tures developed in the cone as a consequence of
Tenango fault system transtensive kinematics,
including T, R, and R' in the sense of Wilcox et
al. (1973). These structures produced collapses
directed parallel to the Tenango fault system as
well as at an angle of ~30° counterclockwise
with respect to the basement fault zone (Lag-
may et al., 2000; Norini and Lagmay, 2005),
as was the case in the collapse of the Cienaga
dome that produced the El Zaguan deposit. The
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topographic gradient of the graben seems to
have no major role in the direction of the sec-
tor collapses, but only partial control on flow
and spatial distribution of the debris avalanche
deposits. This is because the morphological
expression of the Nevado de Toluca graben is
limited to the middle-lower flank of the volcano
and not on its summit, where the collapses orig-
inated (Fig. 7). Thus, the expected sector col-
lapse directions in case of future gravitational
failures are east-southeast, west-northwest, east,
and west. Conversely, load-induced stresses
from Nevado de Toluca edifice probably add to
regional stresses on the Tenango fault system,
affecting its geometry, kinematics, and dynam-
ics. The volcano load can generate an anomaly
in the regional stress field, slightly increasing
the normal component of motion in the Tenango
fault system kinematics and focusing deforma-
tion in the crater area. This is because the ver-
tical stress is incremented beneath the volcano
in response to the load of the ~2000-m-high
volcanic pile (van Wyk de Vries and Merle,
1998; Marques and Cobbold, 2002). The model
for the growth and collapse of the Nevado de
Toluca volcano presented here accounts for the
entire volcano structure, as well as for its sector
collapses during the past 50 k.y. From a hazard
perspective, the numerous examples of compos-
ite volcanoes in continental and island volcanic
arcs with similar structural-volcanological char-
acteristics of Nevado de Toluca volcano imply
that our model may be used to predict not only
collapse directions, but also the mechanism of
growth and failure of several active and inactive
volcanoes. For such volcanoes, hazard monitor-
ing and vigilance must not be limited to periods
of activity, because debris avalanches may occur
during their periods of quiescence, when threat-
ened populations are not alert.
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