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Abstract

Volcanoes of the Trans-Mexican Volcanic Belt (TMVB) have yielded numerous sector and flank collapses during
Pleistocene and Holocene times. Sector collapses associated with magmatic activity have yielded debris avalanches
with generally limited runout extent (e.g. Popocate¤petl, Jocotitla¤n, and Colima volcanoes). In contrast, flank collapses
(smaller failures not involving the volcano summit), both associated and unassociated with magmatic activity and
correlating with intense hydrothermal alteration in ice-capped volcanoes, commonly have yielded highly mobile
cohesive debris flows (e.g. Pico de Orizaba and Nevado de Toluca volcanoes). Collapse orientation in the TMVB is
preferentially to the south and northeast, probably reflecting the tectonic regime of active E^W and NNW faults. The
differing mobilities of the flows transformed from collapses have important implications for hazard assessment. Both
sector and flank collapse can yield highly mobile debris flows, but this transformation is more common in the cases of
the smaller failures. High mobility is related to factors such as water content and clay content of the failed material,
the paleotopography, and the extent of entrainment of sediment during flow (bulking). The ratio of fall height to
runout distance commonly used for hazard zonation of debris avalanches is not valid for debris flows, which are more
effectively modeled with the relation inundated area to failure or flow volume coupled with the topography of the
inundated area. = 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The occurrence of the 1980 sector collapse and
debris avalanche at Mount St. Helens triggered
the recognition of uniquely hummocky deposits
of many analogous debris avalanches at volcanoes
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worldwide (Siebert, 1984; Ui et al., 1986; Siebert
et al., 1987; Vallance et al., 1995; Francis and
Wells, 1988). Subsequent studies revealed the oc-
currence of edi¢ce collapses and the £ows trans-
formed from them at several of the better-known
volcanoes of the Trans-Mexican Volcanic Belt
(TMVB) (Fig. 1): Nevado de Colima and Volca¤n
de Fuego volcanoes (Robin et al., 1987, 1990;
Luhr and Prestegaard, 1988; Stoopes and Sheri-
dan, 1992; Komorowski et al., 1994, 1997),
Jocotitla¤n v. (Siebe et al., 1992, 1995a), Nevado
de Toluca v. (Mac|¤as et al., 1997; Capra and
Mac|¤as, 2000), Popocate¤petl v. (Robin and Bou-
dal, 1987; Siebe et al., 1995b; Lozano-Velazquez
and Carrasco-Nu¤n‹ez, 1997), Las Derrumbadas
(Siebe et al., 1995a) and Pico de Orizaba (Car-
rasco-Nu¤n‹ez and Gomez-Tuena, 1997; Carrasco-
Nu¤n‹ez et al., 1993; Hoskuldsson and Robin,
1993). Debris avalanche and debris £ow deposits
of probable similar origin are known from the
stratigraphic record at many other Mexican vol-
canoes but remain to be described in detail. The
magnitude and frequency that can be inferred
from the known deposits (Table 1) clearly indicate
that £ows of this origin are a signi¢cant volcanic
hazard in the TMVB.
The aim of this paper is to present a bibliogra-

phy of the occurrences of debris avalanche depos-

its and other kind of £ows transformed from vol-
cano collapses in Mexico and to analyze the
hazard implications of these occurrences. We de-
scribed each case history based on the available
bibliography, by stratigraphy, textural character-
istics, the dimensions of the deposits (runout dis-
tance, area, and volume), and on what is known
about the source area.
In addition, Landsat Thematic Mapper (TM

bands 3, 4 and 7) images have been elaborated
to provide further information about the distribu-
tion and the morphological characteristics of the
debris avalanche deposits described in the text.

2. Terminology

A debris avalanche is a rapidly moving incoher-
ent and unsorted mass of rock and soil mobilized
by gravity (Schuster and Crandell, 1984). The ter-
minology proposed by Glicken (1991) is used here
to describe the deposits deriving from it. Two
end-member facies de¢ne deposit texture: block
facies and mixed (matrix) facies. The block facies
is composed mainly of debris avalanche blocks
(an unconsolidated piece of the old mountain
transported to its place of deposition) with practi-
cally no matrix. The mixed facies is a mixture of

Fig. 1. Sketch map of the TMVB showing the location of the volcanoes with known sector collapse: Colima Volcanic Complex
(CVC), Milpilla (Mi), Patamban (Pa), Estribo (Es), Tanc|¤taro (Ta); Zirahuato (Zi), Jocotitla¤n (Jo), Nevado de Toluca (NT),
Zempoala (Ze), Ajusco (Aj), Iztacc|¤huatl (Iz), Popocate¤petl (Po), Cerro Las Navajas (CN), Las Derrumbadas (De), Pico de Ori-
zaba (PdO), Las Cumbres (LC), and Cofre de Perote (CdP). Santa Martha (StM), San Martin Pajapan (SMP) and Los Tuxtlas
Volcanic Field (TVF) not in the TMVB are also shown.
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Table 1
Location and characteristics of the known cases of debris avalanche deposits in Mexico

Name (acronym) Latitude,
longitude

Elevation
(m asl)

Type of collapse-
related activity

Type of deposit D A
(km2)

L
(km)

V
(km3)

H/L Age Ref.

Nevado de Colima
(NC)

19‡33P48QN,
103‡36P30QW

4240 Bezymianny-type Block and matrix facies DAD,
average thickness of 15 m,
monolithologic with andesitic
lava fragments.

E 2200 120 22^33 0.04 18 520P 260 yr BP 1, 2

Volcan de Colima
(VC)

19‡30P40QN,
103‡37PW

3820 Bezymianny-type Block and matrix facies DAD,
mean thickness of 10 m,
monolithologic with andesite
lava fragments.

SW 1200 43 6^12 0.09 9 370P 400 yr BP
4 280P 110 yr BP

2
3

Nevado de Toluca
(NT)

19‡09PN,
99‡45PW

4565 Non-volcanic
(water-saturated,
hydrothermally
altered volcano)

Pilcaya deposit. Matrix-
supported cohesive DFD,
average thickness of 20 m,
heterolithologic with clasts of
basalt, dacite and secondary
fragments from bedrock.

S 100 55 2 0.054 Pleistocene 4, 5

Nevado de Toluca
(NT)

19‡09PN,
99‡45PW

4565 Non-volcanic
(water-saturated,
hydrothermally
altered volcano)

Mogote deposit. Matrix-
supported cohesive DFD,
average thickness of 10 m,
heterolithologic with clasts of
basalt, dacite and secondary
fragments from bedrock.

S 120 75 0.8 nd Pleistocene 4, 5

Jocotitla¤n (Jo) 19‡43P25QN,
99‡45P25QW

3950 Bezymianny-type Block facies DAD, with
hummocks up to 185 m high,
monolithologic with dacitic
lava fragments.

NE 80 12 2.8 0.11 9 690P 89 yr BP 6

Zempoala (Ze) 19‡03PN,
99‡20PW

3800 Non-volcanic
(water-saturated,
hydrothermally
altered volcano)

Matrix-supported DFD,
average thickness of 10 m,
heterolithologic with clasts of
basalt, dacite and secondary
fragments from bedrock.

S 400 80 4 0.04 Pliocene 5

Popocate¤petl (Po) 19‡03PN,
98‡35PW

5452 Bezymianny-type Block and matrix facies DAD,
average thickness of 15 m,
heterolithologic with clasts of
andesite and dacite and
fragments of older pyroclastic
deposits.

S 600 70 9 0.064 22 875+915/
3820 yr BP

7, 8
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Table 1. (continued)

Name (acronym) Latitude,
longitude

Elevation
(m asl)

Type of collapse-
related activity

Type of deposit D A
(km2)

L
(km)

V
(km3)

H/L Age Ref.

Iztacc|¤huatl (Iz) 19‡10PN,
98‡38PW

5285 nd nd SW 50 nd 0.5 nd nd 7

Pico de Orizaba
(PdO)

19‡02PN,
97‡17PW

5675 nd Jamapa deposit. Block and
mixed facies DAD, average
thickness of 50 m,
heterolithologic in composition.

ENE 350 95 20 nd Pleistocene 9, 10

Pico de Orizaba
(PdO)

19‡02PN,
97‡17PW

5675 Non-volcanic
(water-saturated,
hydrothermally
altered volcano)

Tetelzingo deposit. Matrix-
supported cohesive DFD, with
mean thickness of 12 m,
heterolithologic in composition
with clasts of andesite and dacite.

ENE 143 85 1.8 0.055 27 000^13 000 yr
BP

9, 10

Las Derrumbadas
(De)

19‡18PN,
97‡28PW

4240 Dome growth First generation deposit. Block
and mixed facies DAD,
heterolithologic composed of
obsidian, fragments of pyro-
clastic deposits, and rocks from
the bedrock.

nd nd 9 nd 0.1 nd 11

Las Derrumbadas
(De)

19‡18PN,
97‡28PW

4240 Dome instability
(hydrothermally
altered portions
of domes)

Second generation deposits.
Mixed facies DAD, mono-
lithologic in composition with
rhyolitic clasts.

nd nd 4.5 nd 0.2 nd 11

Cofre de Perote
(CdP)

19‡30PN,
97‡10PW

4282 nd nd ESE nd nd nd nd 6 0.24P 0.05 Ma 12

Las Cumbres (LC) 19‡10PN,
97‡15PW

3940 nd Mixed facies DAD, mono-
lithologic in composition with
rhyolitic clasts.

E nd nd nd nd 40 000 yr BP 13

Cerro Las Navajas
(CN)

20‡12PN,
98‡33PW

3180 nd Block and mixed facies DAD,
up to 100 m thick, hetero-
lithologic in composition with
clasts of rhyolite, basalt and
fragments of older pyroclastics
sequences.

NW 560 nd 35P 10nd s 1.8 Ma 14

Ajusco (Aj) 19‡13PN,
99‡15PW

3906 Bandai-type Block and mixed facies DAD,
heterolithologic in composition
with clasts of andesite and
dacite.

NE nd 16 1.7 nd nd 15
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Table 1. (continued)

Name (acronym) Latitude,
longitude

Elevation
(m asl)

Type of collapse-
related activity

Type of deposit D A
(km2)

L
(km)

V
(km3)

H/L Age Ref.

Tanc|¤taro (Ta) 19‡22PN,
102‡21PW

3600 Non-volcanic
(water-saturated,
hydrothermally
altered volcano)

Matrix-supported DFD,
average thickness of 20 m,
heterolithologic in composition
with clasts of andesite and
dacite.

NE 176 60 3.52 nd 6 10 000 yr BP 16

Patamban (Pa) 19‡45PN,
102‡20PW

3400 Bezymianny-
type(?)

Block and mixed DAD,
average thickness of 10 m,
monolithologic in composition
with andesitic clasts.

SW 25 9 0.25 nd nd 16

Zirahuato (Zi) 19‡31P30QN,
100‡32PW

2750 Bezymianny-
type(?)

Block and mixed DAD,
average thickness of 10 m,
monolithologic in composition
with dacitic clasts.

SW 1.5 2 0.07 nd 50 000 yr BP 16,
17

Milpilla (Mi) 20‡09PN,
103‡23PW

2150 Non-volcanic
(tectonic-induced)

nd SW 4 3.5 0.07 nd 6 5 000 yr BP? 16

Estribo (Es) 19‡30P45QN,
101‡38P30QW

2500 Non-volcanic
(tectonic-induced)

Block facies DAD,
average thickness of 50 m,
monolithologic in composition
with andesitic clasts.

N 4 9 0.2 nd 6 45 000 yr BP 16

San Martin Pajapan
(SMP)

18‡16PN,
95‡44PW

1250 nd nd S nd nd nd nd nd 5

Santa Martha (StM) 18‡20PN,
95‡35PW

1000 nd Mixed facies DAD,
average thickness of 15 m,
heterolithologic in composition
with clasts of basalt and
andesite.

NE 73 20 1 nd 6 1 Ma 5

DAD: debris avalanche deposit ; DFD: debris £ow deposit; D : collapse direction; A : area; L : maximum runout distance; V : volume; nd: not determined.
References: 1: Stoopes and Sheridan (1992); 2: Robin at al. (1987); 3: Luhr and Prestegaard, 1988; 4: Capra and Mac|¤as (2000); 5: this work; 6: Siebe et al.
(1992); 7: Siebe et al. (1995b); 8: Robin and Boudal (1987); 9: Carrasco-Nu¤n‹ez et al. (1993); 10: Hoskuldsson and Robin (1993); 11: Siebe et al. (1995a); 12:
Lozano-Vela¤zquez and Carrasco-Nu¤n‹ez (2000); 13: Rodr|¤guez-Elizarrara¤s and Komorowski, 1997; 14: Nelson and Lighthart, 1997; 15: Cervantes et al. (1994);
16: Gardun‹o-Monroy et al., 1999; 17: Demant (1978).
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clasts and interclast matrix and may contain clasts
of all rock types and of sizes from micrometers to
meters.
In proximal areas the surface of volcanic debris

avalanche deposits generally consists of mounds
(hummocks or cerrillos) consisting of single debris
avalanche blocks; in distal areas the surfaces are
generally £at, with fewer mounds but with lateral
levees and, in the cases of £ows that did not trans-
form to debris £ows, an abrupt front. Mounds are
the most distinguishing characteristic of volcanic
debris avalanches and are the primary basis for
recognition of several hundred large deposits of
the £ows around the world.
Debris £ow de¢nes a £owing mixture of debris

and water having sediment concentration between
70% and 90% by weight (Pierson and Costa,
1987). When the clay fraction is s 3% in weight
of the matrix (sand+silt+clay), they are de¢ned as
cohesive debris £ows (Scott et al., 1995). This rel-
atively clay-rich texture commonly de¢nes debris
£ows originating as volcanic collapses or land-
slides, with the clay formed by hydrothermal al-
teration within the edi¢ce. Cohesive debris £ows
contrast with noncohesive £ows which originate
as meltwater surges during eruptions, yielding
granular, relatively clay-poor deposits. Cohesive
debris £ow deposits are commonly matrix-sup-
ported, massive, graded, and commonly exhibit
a distinct trend in sedimentological characteris-
tics, such as improvement of sorting with distance
and decrease or increase of the mean grain size
values depending on the processes acting during
£ow transport. In contrast, debris avalanche de-
posits generally have less signi¢cant variations in
sedimentological parameters with distance. This
di¡erence re£ects the di¡erent mechanisms of
transport and emplacement for these two types
of £ows.
Lahar is a general term for a volcanic debris

£ow or, more generally, any rapidly £owing
water-saturated mixture of rock debris and water
from a volcano (Smith and Fritz, 1989). This def-
inition considers a lahar as an event and does not
refer to the deposit produced by it, as also
pointed out by Vallance (2000) who de¢nes lahar
as a process for the formation of a debris £ow,
transitional £ow or hyperconcentrated £ow from

a volcano. Here, we use the term lahar only to
specify the origin of the £ow, as in the case of a
deposit originating from the remobilization of un-
consolidated volcanic material.
Sector collapses are large volcanic landslides

that remove the summit of the failed volcano,
leave an open, horseshoe-shaped crater, and gen-
erally have a volume in excess of 1 km3, in cases
as much as several tens of km3. We distinguish as
£ank collapses the smaller failures that do not
include the volcano summit.

3. Origin of edi¢ce instability and triggering
mechanisms

The instability of a volcanic edi¢ce is promoted
by many factors directly related to volcanic activ-
ity as well as exogenous processes such as weath-
ering. These factors include direct magmatic
intrusion into the edi¢ce (Bezymianny-type activ-
ity, Gorshkov, 1962) or subvolcanic crust (Els-
worth and Voight, 1996; Day, 1966), deposition
of voluminous pyroclastic deposits on steep slopes
(McGuire, 1996), hydromagmatic processes
(Dzurisin, 1998), and phreatomagmatic activity
(Bandai-type activity, Moriya, 1980).
Progressive weakening of a volcanic edi¢ce by

hydrothermal alteration is the fundamental indi-
rect factor leading to collapse (Frank, 1983; Car-
rasco-Nu¤n‹ez et al., 1993; Vallance and Scott,
1997). Cohesive debris £ows mobilize directly
from £ank collapses of saturated, highly altered
and clay-rich material (Scott et al., 1995, 2001;
Crowley and Zimbelman, 1997; Vallance and
Scott, 1997). This direct transformation from a
debris avalanche to a cohesive debris £ow may
be associated with: (1) failure within a soil,
rock, or sediment mass; (2) partial or complete
liquefaction of the mass by high pore-£uid pres-
sures; and (3) conversion of landslide translation-
al energy to internal vibrational energy (see Iver-
son, 1997, for a summary of failure mechanics).
In addition, cohesive debris £ow can also origi-
nate in other ways, such as: (1) transformation
during transport of the distal portion of a
water-saturated debris avalanche (Palmer and
Neall, 1989); (2) post-depositional remobilization
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of water-saturated portions of a debris avalanche
(Glicken, 1998); and (3) rupture of natural dams
originating as debris avalanches (Costa, 1988;
Costa and Schuster, 1988).
The tectonic setting of the volcano may in£u-

ence the direction of collapse (Siebert, 1984), and
in some cases faulting may trigger collapse
(McGuire, 1996). In addition, the mass of the
volcano can induce isostatic £exure, compaction,
and deformation that can lead directly to collapse
(Borgia et al., 1992; van Wyk de Vries and Bor-
gia, 1996).
Although simple gravitational failure may oc-

cur in response to progressive weakening of an
edi¢ce, discrete triggering mechanisms are com-
monly independent of the processes producing ed-
i¢ce instability. Keefer (1984) established that nu-
merous large landslides during historic time were
triggered by earthquakes. Schuster and Crandell
(1984) determined that approximately 35% of
landslides causing natural dams were seismogenic.
The most recent example of a catastrophic seis-
mogenic £ow from volcanic terrain occurred in
1994 in Colombia in response to a tectonic earth-
quake of 6.4 M (Scott et al., 2001). Saturated by
recent rainfall (Avila et al., 1995; INGEOMI-
NAS, 1995), more than 3000 shallow failures co-
alesced with £ank collapses of Nevado del Huila
volcano to produce a single wave of cohesive de-
bris £ow that traveled over 100 km and caused as
many as 1000 fatalities. Other triggering mecha-
nisms include phreatic explosions and precipita-

tion. Hurricane-induced rainfall triggered £ank
collapse at Casita volcano in Nicaragua in 1998
that killed 2500 people (Sheridan et al., 1999;
Scott et al., 2002).

4. The Colima Volcanic Complex

The Colima Volcanic Complex (CVC, Figs. 1^
3, Table 1) is located at the western end of the
TMVB, at the southern limit of the Colima Gra-
ben. It consists of three andesitic composite cones,
Ca¤ntaro, Nevado de Colima and Volca¤n de Col-
ima.
Nevado de Colima volcano (4240 m asl) has an

Fig. 2. Distribution of the debris avalanche deposits at the
CVC (after Robin et al., 1987; Luhr and Prestegaard, 1988).

Table 2
14C radiocarbon ages (yr BP) obtained from paleosol layers
interbedded with debris avalanche deposits (after Komorow-
ski et al., 1997)

Volca¤n de Colima Nevado de Colima

2 565
3 699
7 000
9 700
14 885
18 240 18 553
21 500
27 800
35 780
39 092
45 030
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approximate age of ca. 600 000 years. A paleosol
overlying a pyroclastic £ow deposit yields an age
of 8100 radiocarbon years (Robin et al., 1990), a
limiting minimum age for volcanic activity at this
cone. No younger deposits are known. Three
main episodes characterized this edi¢ce (Nevado
I, II and III; Robin et al., 1987). During the Ne-
vado II period a sector collapse yielded a debris
avalanche deposit, probably associated with an
east-facing horseshoe-shaped crater, 4 km in
width (Robin et al., 1987; Stoopes and Sheridan,
1992). Stoopes and Sheridan (1992) determined
the age of this deposit as 18 520P 260 yr BP,
based on a carbonized tree found in the deposit.
Volca¤n de Colima (3820 m asl) is the active

composite cone, with a maximum age of about
50 000 years (Robin et al., 1987). Major eruptions
occurred in 1913, 1981, 1991 and 1998^99/2000.
Paleofuego is the older part of the edi¢ce, which
consists of a south-facing horseshoe-shaped crater
on which the active cone has been constructed.
Luhr and Prestegaard (1988) described a debris
avalanche deposit exposed south of the edi¢ce
with an age of 4280P 110 yr BP, contrasting
with an age reported by Robin et al. (1987) of
9370P 400 yr BP for the same deposit. The age
reported by Luhr and Prestegaard (1988) was ob-
tained from charcoal found in a pyroclastic surge
deposit directly overlying the debris avalanche de-
posit, while the age reported by Robin et al.
(1987) was obtained from a charcoal found on a
pyroclastic £ow deposit below the avalanche unit.
These two ages are contrasting and they likely
represent the maximum and minimum ages of
the deposit.
Komorowski et al. (1997) presented a di¡erent

scenario for both volcanoes, proposing that col-
lapse has occurred at least 12 times in the last
45 000 years and perhaps as many as nine times

from the younger edi¢ce. Their hypothesis is
based on radiocarbon ages of paleosols and lacus-
trine deposits interbedded with debris £ow units
interpreted as debris avalanche deposits. Table 2
presents the radiocarbon ages related to those col-
lapse events. Because of the unknown extent of
these deposits, we do not present correlations be-
tween individual units.
Robin et al. (1987) described the V18 ka BP

debris avalanche deposit at Nevado de Colima
volcano as a Bezymianny-type event. They deter-
mined that the £ow extended up to 20 km south-
east of the edi¢ce, transforming to lahars between
the towns of San Marcos and Atenquique (Fig.
2). Stoopes and Sheridan (1992) believed that the
£ow traveled up to 120 km from the summit,
covering an area of 2200 km2 with a total volume
of 22^33 km3 (Fig. 3). The deposit exhibits hum-
mocky morphology to within 3 km of the coast-
line, with individual mounds up to 10 m high. The
deposit consists of both block and matrix facies,
with andesite blocks and juvenile andesite blocks
with bread-crust texture. In some outcrops a teph-
ra layer lies directly on the avalanche deposit
(Stoopes and Sheridan, 1992). Stoopes and Sher-
idan (1992) measured an H/L of 0.04 and applied
energy-line concepts (Hsu, 1975) to calculate aver-
age velocities of 78 m/s at 42 km and 44 m/s at
90 km from the volcano. These authors ascribed
the high mobility of the £ow as re£ecting a mag-
matic component with a large amount of gases
and hydrothermal £uids. The topography of the
runout area is another factor that may have facili-
tated speed and mobility. Although Robin et al.
(1987, 1990) and Stoopes and Sheridan (1992)
considered the huge deposit to have come from
collapse of Nevado de Colima volcano, Capra
and Mac|¤as (1999, 2002) concluded that the ¢rst
30 km of the deposit was a debris avalanche, but

Fig. 3. Landsat image of the CVC showing the distribution of the Nevado de Colima (NC) (black-and-white dashed line) and
Volca¤n de Colima (VC) (black dotted line) debris avalanche deposits after Stoopes and Sheridan (1992). The black dashed line
indicates the southern limit of the debris avalanche deposit according to Capra and Macias (2002). According to these authors
the deposit formed a temporary dam (white closed line) which ruptured forming a 10-km3 break-out debris £ow deposit along
the Naranjo River (black-and-white arrow indicates the £ow direction). Secondary lahars also formed from the dewatering of the
debris avalanche itself (black arrows). The Ca¤ntaro Volcano (Ca) is the oldest volcanic center of the CVC. Main towns are Coli-
ma (Co), San Marcos (SM) and Tecoma¤n (Te).
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from the Naranjo River outcrops to the Paci¢c
coast (more than 90 km) the deposit was a debris
£ow derived from secondary remobilization of the
debris avalanche (Fig. 3). Texture and sedimentol-
ogy of the deposit along the Naranjo River sug-
gest that this unit represents a cohesive debris
£ow deposit derived from a water-saturated de-
bris avalanche after that £ow was emplaced. Evi-

dence includes the massive structure, a matrix-
supported texture, the longitudinal variation of
the sedimentological parameters (improving of
mean grain size and sorting), and imbrication of
secondary clasts bulked into the £ow during its
transport (Capra and Mac|¤as, 2002). In addition,
the debris £ow deposit contains clasts with typical
jigsaw puzzle texture, characteristic of a debris

Fig. 4. Landsat image of the Jocotita¤n volcano (Jo). The black dotted line indicates the limit of the debris avalanche deposit
which is characterized by a well de¢ned hummocky morphology (HM) and lateral ridges (LR) (after Siebe et al., 1992). The
main town is Acambay (Ac) located within the Acambay Graben (F: fault which limits the graben).
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avalanche deposit. Capra and Mac|¤as (2002) pro-
posed that the collapse formed a debris avalanche
deposit which had a volume of 7 km3 and ex-
tended up to a distance of 45 km. The debris
avalanche then stopped against a topographic
barrier (Cerro La Carbonera), temporarily dam-
ming the Naranjo River (Fig. 3). The super¢cial
remobilization of the debris avalanche deposit
¢rst formed a secondary lahar that inundated
the southern plain and entered the Salado River
drainage. Subsequently, the blockage on the Nar-
anjo River may have failed and become remobi-
lized as a series of debris £ows which possibly
coalesced to create a catastrophic £ow that
reached the Paci¢c coast more than 90 km from
the volcano with a volume of 10 km3 (Capra and
Mac|¤as, 2002). If we estimate that approximately
1.5 km3 of the debris avalanche deposit was re-
mobilized, the downstream debris £ow increased
in volume up to six times due to bulking of ma-
terial from the basement and from the river bed.
A V4000 yr BP debris avalanche deposit ex-

tends from the Volca¤n de Colima edi¢ce to a dis-
tance of 70 km, covering an area of 1550 km2

with a volume of 10 km3 and an H/L of 0.06
(Fig. 2). Stoopes and Sheridan (1992) and Robin
et al. (1987) obtained lower ¢gures for those pa-
rameters, and they also calculated a higher H/L,
0.09 (Figs. 2 and 3). The deposit is composed of
an unsorted, unstrati¢ed mix of angular, brecci-
ated andesite clasts, with small (0.5^1.0 m) debris
avalanche blocks of the same lithology. In con-
trast to the interpretation of these deposits as
those of numerous primary, untransformed debris
avalanches (Komorowski et al., 1997), our ¢eld
reconnaissance suggests that many of them corre-
spond to debris £ow units that may have origi-
nated from dewatering of debris avalanche depos-
its after their emplacement, or as lahars formed
after failures of river blockages as occurred at the
Nevado de Colima volcano during the 18 500 yr
BP collapse event.
The relation of collapses to eruptive activity at

the CVC has not been studied in detail. However,
Robin et al. (1990) described pyroclastic surge
deposits directly associated with the debris ava-
lanche deposits at Volca¤n de Colima and Nevado
de Colima volcanoes which show a bimodal com-

position of the juvenile material. From this obser-
vation, they concluded that the collapse events
may relate to major changes in the petrologic evo-
lution of the volcanoes, with the injection of a
ma¢c magma in a strati¢ed andesitic or dacitic
magma chamber, followed by the start of a new
magmatic cycle.

5. The Jocotitla¤n volcano

The Jocotitla¤n volcano (Jo, Figs. 1 and 4, Table
1) is a dacitic composite cone, with the most re-
cent activity dated as 680 radiocarbon years by
Siebe et al. (1992). A horseshoe-shaped crater
faces NE, clearly associated with the debris ava-
lanche deposit at the base of the edi¢ce (Fig. 4).
This unit covers an area of 80 km2, has a max-
imum runout distance L of 12 km, and a maxi-
mum fall height H of 1150 m, corresponding to
an H/L of 0.11. The surface of the debris ava-
lanche is characterized by a pronounced hum-
mocky morphology and steep margins. There
are 256 conical hummocks up to 185 m high,
most of them consisting of individual megaclasts.
The deposit is monolithologic and consists of de-
bris avalanche blocks of dacitic lava. It is associ-
ated with a 3-m-thick blast deposit intimately
mixed with the uppermost 1^2 m of the avalanche
deposit and capped by a tephra layer. Charcoal
fragments found in the tephra unit yielded a ra-
diocarbon age of 9690P 89 yr BP, which can be
assumed to be the age of the collapse and debris
avalanche.
Based on stratigraphic evidence, Siebe et al.

(1992) consider that Bezymianny-type activity
caused the edi¢ce collapse. The direction of the
failure is probably related to the predominantly
E^W tectonic trend of the area (Acambay Gra-
ben) (Fig. 4). The emplacement of the debris ava-
lanche deposit was followed by explosive activity
that formed pyroclastic surges and fall units
which ended with the formation of a dacitic
dome. Considering the morphology of the deposit
and its stratigraphic characteristics, Siebe et al.
(1992) suggest a sequence of initial disaggregation
of a large block into elongate ridges, and ¢nal
disruption into large blocks which then separated
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into individual megaclasts, and then were eroded
to form the present conical hummocks. The col-
lapse of the edi¢ce started as a rockslide but ¢nal
emplacement involved £uid-like spreading over
the irregular topography.

6. The Nevado de Toluca Volcano

The Nevado de Toluca Volcano (NT; Figs. 1
and 5, Table 1) is an andesitic to dacitic strato-
volcano at which activity started 2.6 Myr ago
(Garc|¤a-Palomo et al., 2002). After a ¢rst stage
of e¡usive activity, during which andesitic and
dacitic lava £ows constructed the central edi¢ce,
two major sector collapses destroyed the southern
£ank of the volcano (Mac|¤as et al., 1997). During
the last 37 000 years at least ¢ve dome collapses
(at about 37 000, 32 000, 28 000, 26 000 and 15 000
yr BP) yielded huge block-and-ash £ows sur-
rounding the volcano, and four major plinian
eruptions formed the Ochre Pumice fall (36 000
yr BP, Garc|¤a-Palomo et al., 2002), the Lower
Toluca Pumice (24 000 yr BP), the White Pumice
Flow (12 500 yr BP), and the Upper Toluca Pum-
ice (10 500 yr BP) pumice fall deposits (Bloom¢eld
and Valastro, 1974, 1977; Mac|¤as et al., 1997).
Mac|¤as et al. (1997) recognized two debris ava-

lanche deposits extending E^SE from the volcano
to a distance of 55 km during Pleistocene time.
Subsequent study (Capra and Mac|¤as, 2000) re-
vealed that the younger sector collapse produced
deposits which reached 75 km from the edi¢ce,
covering an area of 220 km2 with a total volume
of 2.8 km3 (Fig. 5). Two deposits constitute the
sequence: the Pilcaya (PDF) and the El Mogote
(MDF) cohesive debris £ow deposits.
The PDF deposit starts to crop out 20 km from

the volcano and extends up to 55 km, covering an
area of 100 km2. Estimating a minimum height of
drop of 3000 m, an H/L=0.054 is obtained. It

overlies the local basement and has a £at surface.
Only in the medial area is hummocky morphology
evident, with mounds up to 20 m high. The thick-
ness of the PDF varies from 6 m in the proximal
section to 40 m in the medial portion. Estimating
an average thickness of 20 m yields a total volume
of 2 km3.
The PDF unit consists of a massive, matrix-

supported deposit containing megaclasts up to
15 m in diameter, some with jigsaw puzzle struc-
ture. It is heterolithologic and contains clasts of
andesite and dacite from the edi¢ce and secondary
fragments of rocks from the local basement, such
as andesite and basalt of the Basal Sequence,
limestone of the Balsas Formation, schist of the
Ixtapa¤n^Teloloapan Formation, rhyolite from the
Tilzapotla Formation, and conglomerate and la-
custrine fragments of the Tepoztla¤n Formation.
The matrix is sandy (up to 80% sand), but con-
tains up to 16% clay in the proximal areas. Sort-
ing improves, and mean grain size decreases
downstream.
The MDF deposit rests directly on top of the

Pilcaya unit, cropping out at a distance of 40 km
and extending up to 75 km from the edi¢ce with
an average thickness of 10 m and maximum thick-
ness of 15 m. It covers an area of 120 km2 with a
total volume of 0.8 km3. It consists of a massive,
matrix-supported deposit, contains clasts up to
1 m in diameter, and has the same composition
of the Pilcaya deposit. The matrix is sandy (up to
78% sand) and contains up to 6% clay.
Based on the textural and sedimentological

characteristics of the PDF, we infer that collapse
of Nevado de Toluca volcano occurred due to the
intense alteration (hydrothermal and weathering)
and tectonic dissection of the edi¢ce. A rapid
change in topographic gradient in the medial
zone (40 km from the volcano) provoked a de-
crease in the velocity of the £ow, accompanied
by abrupt thickening and deposition of large

Fig. 5. Landsat image of the central portion of the TMVB that shows, from left to right: Nevado de Toluca (NT), Sierra de
Zempoala (Ze), Ajusco (Aj), Popocate¤petl (Po), Iztacc|¤huatl (Iz) and their relative debris avalanche/debris £ow deposits (black-
and-white dashed lines). The limit of the Ajusco debris avalanche deposit is uncertain because it is now buried by a thick vol-
canic sequence from the San Miguel dome complex (SM). Other volcanic centers are: Chichinautzin Volcanic Field (CVF) and
Telapon (Te). Main cities are: Toluca (To), Cuernavaca (Cu), Mexico City (MC), and Puebla (Pu).
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blocks preserved as hummocks. Capra and
Mac|¤as (2000) speculate that, after some hours
or days the upper part of the deposit mobilized
to create the MDF.

7. Popocate¤petl volcano

Popocate¤petl volcano (Po, Figs. 1 and 5, Table
1) is a snow-capped andesitic composite cone.
During the past 23 000 years activity has been
characterized by at least seven large plinian erup-
tions producing pumice fall and ash £ow deposits
(Siebe et al., 1996). The last two eruptions oc-
curred circa 2300 and 1200 yr BP. Although a
horseshoe-shaped crater is not preserved, debris
avalanche deposits were recognized by Robin
and Boudal (1987), who reported a deposit prob-
ably less than 50 000 years old on the southern
£ank (Fig. 5), covering 300 km2 with a volume
of 28^30 km3. The H/L ratio is 0.116. Siebe et
al. (1995b) recognized three distinct debris ava-
lanche deposits that traveled at least 70 km south,
much farther than the example reported by Robin
and Boudal (1987). These deposits are very sim-
ilar in extent, lithology and internal structure.
They covered over 600 km2 of the southern plain.
Siebe et al. (1995b) assumed a height H of 4500 m
for the cone prior to the collapse, obtaining an H/
L of 0.064. Hummocks up to 300 m in height are
present in the proximal area, but the southern
distal plain is characterized by a £at surface.
The deposits are heterolithologic, with clasts of
andesite and dacite and fragments of older pyro-
clastic sequences. Both block and mixed facies are
present, and the estimated average thickness is
15 m for each deposit, which yields a total volume
of 27 km3.
Siebe et al. (1995b) concluded that the younger

debris avalanche originated from Bezymianny-
type activity, accompanied by a lateral blast, fol-

lowed by a plinian column yielding thick pumice
and ash £ow deposits. The ‘blast’ deposit is re-
markable for its thickness, its distance from the
source, and clast size (up to several meters in di-
ameter more than 10 km from the source).
The deposit consists mostly of sand, gravel, and
boulders, with cross-strati¢cation and an erosive
basal contact. The age of the event is 22 875P 915
yr BP. The age of the older debris avalanche de-
posit is unknown.
More recently, Lozano-Vela¤zquez and Car-

rasco-Nu¤n‹ez (1997) recognized a cohesive debris
£ow on the southern £ank of the volcano, extend-
ing up to 45 km and covering an area of 200 km2

with a volume of 0.5 km3. They infer that the £ow
originated on the medial slopes of the volcano
and that its course was controlled by the distribu-
tion of the older debris avalanche deposits.

8. Las Derrumbadas dome complex

The Las Derrumbadas dome complex (De,
Figs. 1 and 6, Table 1) is an example of debris
avalanche generation during dome growth (Siebe
et al., 1995a). The rhyolitic dome complex is lo-
cated in the Serdan basin (Puebla State) and con-
sists of two monogenetic dome structures (Fig. 6).
Several debris avalanche deposits surround the
domes to a distance of 9 km. Two types of depos-
its are recognized. The ¢rst-generation deposits
were derived from 60^90‡ sector collapses. Depos-
its are heterolithologic and consist of a chaotic
mixture of juvenile obsidian, blocks of faulted py-
roclastic and surge £ow deposits, as well as blocks
of non-volcanic rocks such as Cretaceous lime-
stones and partly consolidated lake sediments in
a whitish clayey matrix. They display a typical
hummocky topography and have H/L ratios of
0.1 and maximum runout distances of 9 km (Siebe
et al., 1995a). The second-generation deposits are

Fig. 6. Landsat image of the Las Derrumbadas rhyolitic dome complex and other volcanic centers. The black dotted line delimits
the distribution of the ¢rst-generation debris avalanche deposits while the black-and-white dashed lines delimit the second-genera-
tion debris avalanche deposits (after Siebe et al., 1995a). Other volcanic centers: Cerro Xalapasco tu¡ cone (CX), Cerro Pinto
dome (CP) and Cerro Pizarro (CPz) which presents a horseshoe-shaped crater opened to the west. Main towns are: Zacatepec
(Za) and Guadalupe Victoria (GV).
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Fig. 7. Landsat image of the Pico de Orizaba volcano showing the £ow trajectories on proximal zone for the Jamapa debris ava-
lanche deposit (white dotted line) and the Tetelzingo lahar (white dashed line). Las Cumbres volcano (LC), north of Pico de Ori-
zaba, shows a horseshoe-shaped crater associated with a debris avalanche deposit (see Table 1). Main cities are: Orizaba (Or),
Coscomatepec (Co) and Ciudad Serdan (CC).
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stratigraphically on top of the ¢rst-generation de-
posits, and originated from 20^30‡ sector collap-
ses. They are monolithologic in composition, con-
sist of gray microcrystalline rhyolite, and are
¢ner-grained than the ¢rst-generation deposits.
They form £at surfaces and have steep terminal
scarps. They have a runout distance of 4.5 km

and an H/L ratio of 0.2. The ¢rst-generation de-
bris avalanches originated during initial growth of
the dome and the associated uplift of bedrock.
The second-generation £ows originated after
dome formation from hydrothermally altered por-
tions of the domes, marked by intense modern
fumarolic activity.

Fig. 8. Distribution of (a) the Jamapa debris avalanche deposit and (b) the Tetelzingo lahar at the Pico de Orizaba volcano (after
Carrasco-Nu¤n‹ez et al., 1993; Carrasco-Nu¤n‹ez and Gome¤z-Tuena, 1997).
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9. Pico de Orizaba

Pico de Orizaba volcano (PdO, Figs. 1 and 7,
Table 1) is an ice-capped, andesitic stratovolcano
that at 5675 m asl is Mexico’s highest peak (Fig.
7). The volcano has been active since the early
Pleistocene, with its most recent activity dated at
AD 1437^1687 (Simkin et al., 1981). The evolu-
tion of Pico de Orizaba during Pleistocene^Holo-
cene times has been divided into three main stages
(Carrasco-Nu¤n‹ez and Gomez-Tuena, 1997):
(1) construction of the ancestral stratovolcano
Torrecillas (Pleistocene); (2) construction of the
superimposed cone Espolo¤n de Oro (0.21 Ma);
and (3) construction of the present cone (Early
Holocene). Flank collapse has occurred between
these major stages. Hoskuldsson and Robin
(1993) described four separate debris avalanche
deposits, one of which was interpreted as a
block-and-ash £ow deposit by Siebe et al.
(1993), and two of them ^ the Jamapa avalanche
and the Tetelzingo lahar ^ have been recognized
to be related to collapses of the ancestral volca-
noes on which the present cone has been built
(Carrasco-Nu¤n‹ez et al., 1993; Carrasco-Nu¤n‹ez
and Gomez-Tuena, 1997).
The Jamapa avalanche originated from a sector

collapse of the Torrecillas cone during the Pleis-
tocene (Figs. 7 and 8a). It extends eastward, up to
a distance of 105 km, covering an area of 350 km2

with a volume of approximately 20 km3. The de-
posit is massive, ungraded, heterolithologic, with
boulders, gravel and cobbles in a silty^clay ma-
trix. At a distance of about 75 km this unit
changes laterally to a debris £ow deposit. Consid-
ering the extension of the debris avalanche deposit
a H/L of 0.05 is obtained.
The Tetelzingo lahar (Figs. 7 and 8b) originated

from the £ank failure of the Espolo¤n de Oro cone
between 27 000 and 13 000 yr BP. It also £owed
toward the east from the volcano, reaching a dis-
tance of about 75 km, spreading over an area of
143 km2 with a total volume of 1.8 km3. H/L is

0.055. It is worth mentioning here that the low H/
L values obtained for these two deposits might
re£ect the impressive height di¡erence of 4000 m
between the Pico de Orizaba Volcano and the
coastal plain.
The deposit represents a cohesive debris £ow

preserved as a single massive, poorly sorted mix-
ture of heterolithologic pebbles, cobbles, and
boulders in a characteristic yellow^brown sandy
matrix with up to 16% clay fraction. It reached
a maximum thickness of about 100 m in the prox-
imal zone, with hummocky morphology extending
in the medial zone to 30 km. Mounds are up to
15 m high (Carrasco-Nu¤n‹ez et al., 1993).
The authors attribute collapse to the instability

of the edi¢ce resulting from hydrothermal altera-
tion and to glacial erosion that exposed more ex-
tensive areas of unstable, hydrothermally altered
rock.

10. Other cases

Table 1 summarizes all the known cases of de-
bris avalanche deposits from volcanoes of the
TMVB, some of which are shown on the Geologic
Map of Michoaca¤n State (Gardun‹o-Monroy et
al., 1999).

10.1. Sierra de Zempoala

The Sierra de Zempoala (Ze, Figs. 1 and 5,
Table 1) belongs to the N^S Las Cruces^Ajus-
co^Zempoala volcanic chain which separates the
Mexico basin from the Toluca basin (Fig. 5). It is
composed of a sequence of andesitic lava £ows
(Zempoala Andesite, Fries, 1960) with alternating
volcaniclastic deposits in which clasts range in
composition from andesite to rhyodacite. Its age
ranges from Late Miocene to Pliocene (De Cserna
et al., 1987). Fries (1960) has described a 200-m-
thick volcaniclastic sequence (Cuernavaca Forma-
tion) but no more information on collapse-related

Fig. 9. Landsat image of the Tanc|¤taro volcano. Note the huge fan formed by a debris £ow deposit which originated from the
collapse of the eastern £ank (white arrow shows the debris £ow trajectory). Black dashed line indicates the southern limit of the
deposit. Main town is Uruapan (Ur).
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debris £ow deposits has been given for this area.
Our observations suggest that during the Pliocene
the eastern £ank of the Zempoala volcano col-
lapsed creating a large debris £ow (Fig. 5). It ex-
tends 80 km toward the south, over an area of
approximately 400 km2 with an average thickness
of 10 m that yields a volume of 4 km3. The de-
posit is massive, matrix-supported, and is domi-
nated by dacitic clasts. Secondary clasts are all
eroded from the bedrock, which ranges in compo-
sition from limestone, chert, sandstone, fragments
of conglomeratic and lacustrine deposits, and ba-
saltic lavas (rocks that constituted the basement
of the area, ranging in age from Cretaceous to

Miocene). The content of the secondary compo-
nents laterally change in abundance according to
the exposure of the bedrock. The areal distribu-
tion of the deposit suggests that the paleotopog-
raphy determined the emplacement behavior of
the debris £ow as it ¢lled depressions to a max-
imum thickness of 40 m between limestone hills,
on top of which are deposited overbank-like
layers (up to 2 m thick).

10.2. Tanc|¤taro volcano

The Tanc|¤taro volcano (Ta, Figs. 1 and 9, Ta-
ble 1) is an andesitic to dacitic composite cone

Fig. 10. Landsat image of the Patamba¤n volcano showing the distribution of the debris avalanche deposit (black-and-white
dashed line) emplaced towards the southwest.
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that is the most spectacular volcanic edi¢ce in
Michoaca¤n State. It is located at the intersection
of two tectonic structures, the NW^SE Chapala^
Oaxaca fault system and the NE^SW fault system
that characterizes the TMVB (Suter et al., 1992).
Its morphology is characterized by U-shaped, gla-
cially incised valleys on the northern £ank (Gar-
dun‹o-Monroy et al., 1999), which are cut by an

east-facing horseshoe-shaped crater up to 4 km
wide and containing a resurgent dome (Fig. 9).
A debris £ow deposit is directly associated with
this structure and extends 60 km toward the
southeast, covering an area of approximately
176 km2 with an average thickness of 20 m, which
yields a volume of 3.5 km3. It is massive, with
dacitic and andesitic clasts embedded in a silty^

Fig. 11. Landsat image of the El Estribo cone and the limit of its debris avalanche deposit (black-and-white dashed line). Note
the morphological expression of the E^W fault (F) responsible for the collapse, and the hummocky morphology (HM) which
characterizes the deposit.
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clay matrix. Based on the morphological relations
between the crater and the glacial valleys, the col-
lapse event is probably younger than 10 000 yr BP
(Gardun‹o-Monroy et al., 1999).

10.3. Pata¤mban volcano

The Pata¤mban volcano (Pa, Figs. 1 and 10,
Table 1) is an andesitic composite cone with a
2-km-wide horseshoe-shaped crater open to the
southwest (Fig. 10). This structure is associated
with a debris avalanche deposit that extends for
9 km, covering an area of approximately 25 km2

with an average thickness of 10 m (Table 1). The
deposit is clast-supported and shows pervasive hy-
drothermal alteration. This deposit is directly as-
sociated with a plinian fall unit which probably
represents the activity that followed the collapse
(Gardun‹o-Monroy et al., 1999). The age of this
event is unknown.

10.4. El Estribo cone

El Estribo cone (Es, Figs. 1 and 11, Table 1) is
an andesitic monogenetic cone associated with the
volcanic ¢eld of the Corredor Tarasco, in Mi-
choaca¤n State. On its northern £ank it has been
in£uenced by a E^W normal fault which caused
its partial collapse, forming a scarp extending
100 m above the level of the adjacent Lake of
Patzcuaro (Fig. 11). The debris avalanche deposit
extends 3 km along the shore of the lake and
continues below the surface. The deposit has
well-de¢ned hummocky morphology, with elon-
gated mounds in the £ow direction as much as
40 m high and forming small islands in the lake
(Huecorio, Uranden and Tzentze¤nguaro Islands).
The hummocks are composed of andesite with
typical jigsaw puzzle texture, separated by a small
proportion of a sandy matrix. Lacustrine layers
found at the base of the deposit yielded an age
of 45 000 yr BP (Bradbury, 1998).

10.5. Santa Martha volcanic ¢eld and San Martin
Pajapan

The Santa Martha volcanic ¢eld and San Mar-
tin Pajapan volcano belong to the so-called ‘Los
Tuxtlas Volcanic Field’, a sodium-rich alkaline
volcanic ¢eld located in eastern Mexico and iso-
lated from the TMVB (Fig. 1). Nevertheless, these
two volcanoes are described here because of spec-
tacular morphological features that are directly
related to debris avalanche deposits.
The Pliocene Santa Martha volcanic complex is

located in Veracruz State (StM, Figs. 1 and 12,
Table 1), southwest of the Tuxtlas alkaline vol-
canic ¢eld, which contains more than 250 mono-
genetic cones. In contrast to the alkaline compo-
sition of the Los Tuxtlas volcanic ¢eld, the Santa
Martha complex ranges in composition from al-
kaline basalt to calc-alkaline basaltic andesite
(Nelson and Gonzalez-Caver, 1992). Two horse-

Fig. 12. Landsat image of the Santa Martha Volcanic Complex (StM) that exhibits the two main horseshoe-shaped craters facing
E^NE and the fans formed by their respective debris avalanche deposits (DA). Note the San Martin Pajapan volcano (SMP)
that has a crater open to the southeast.

Fig. 13. Rose diagram for directions of the Mexican collap-
ses in this study. The dashed lines represent the main tecton-
ic stress directions on the TMVB, which are perpendicular to
the main collapse directions.
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shoe-shaped craters, each 3.5 km in diameter,
characterize the complex. The associated debris
avalanche deposits extend for 20 km into the
Gulf of Mexico (Fig. 12).
The San Martin Pajapan volcano (SPM, Figs. 1

and 12, Table 1) is located southwest of the Santa
Martha complex. It is a Pliocene composite cone
composed of calc-alkaline basaltic andesite rocks
(Nelson and Gonzalez-Caver, 1992). Two craters
open to the south are associated with debris ava-
lanche deposits (Fig. 12).
The directions of the collapses at both the San-

ta Martha and San Martin Pajapan volcanoes are
parallel to a NE^SW axis that possibly represents
a paleodirection of tectonic stress that di¡ers from
the present tectonic regime of the TMVB.

11. Tectonic implications

Structural factors may predispose volcanoes to
fail in a particular direction. From the studied
cases within the TMVB, it is evident that the pre-
ferred directions of failure were southwards and
northeastwards. Fig. 13 is a rose diagram with all
the Mexican case histories, showing that the pre-
ferred directions of collapse are N^S and NE^SW.
Some deviations from those principal trends,
mainly in the E^W direction, are probably due
to the local tectonic setting. This phenomenon
can be explained by considering the main tectonic
structures that characterize the TMVB. According
to previous studies (Demant, 1978; Suter et al.,
1992) the TMVB is mainly a¡ected by two prin-
cipal normal fault systems oriented E^W and
NW^SE respectively. This implies that N^S and
NE^SW are the directions of maximum distention
(c3 vector). As observed in other volcanoes of the
world (Siebert, 1984) the c3 direction corresponds
with the main dispersal axis of debris avalanche
deposits. The Nevado de Toluca volcano is af-
fected by the E^W active Tenango normal fault
(Garc|¤a-Palomo et al., 2000), with a N^S direction
of distention that corresponds to the direction of
the collapse described by Capra and Mac|¤as
(2000). Popocate¤petl volcano, with a southern
£ank that has su¡ered at least three collapses
(Siebe et al., 1995b), is a¡ected by the La Pera

E^W normal fault (Delgado et al., 1997) that ac-
cording to these authors has a southwards exten-
sive component. The Jocotitla¤n volcano is located
10 km south of the E^W Acambay Graben, and
the main collapse direction corresponds with the
direction of c3 (Siebe et al., 1992). The Colima
Volcanic Complex is intersected by the normal
Tamazula fault system (Gardun‹o-Monroy et al.,
1998), oriented SW^NE and possibly responsible
for the trends of the main collapses of the Volca¤n
de Colima and Nevado de Colima volcanoes
(mainly toward the south and southeast).
The Pico de Orizaba, Las Cumbres and Cofre

de Perote volcanoes, which form a N^S chain, are
probably located on the trend of the N^NW nor-
mal Oaxaca fault (Nieto-Samaniego et al., 1995;
Alaniz-Alvarez et al., 1996). Collapses of those
edi¢ces are all directed east or northeast.
We note that collapse may re£ect the local

stress ¢eld as well as the regional tectonic frame-
work (Siebert, 1984).

12. Debris avalanche vs. debris £ow: mobility and
hazard assessment

Edi¢ce collapse has occurred from a variety of
volcanic structures in the TMVB ^ stratovolca-
noes (e.g. Nevado de Toluca), composite cones
(e.g. Popocate¤petl, Colima and Pico de Orizaba),
compound cones (e.g. Iztacc|¤huatl) and dome
complexes (e.g. Las Derrumbadas). The sector
collapses mainly were related to magma intrusion
(e.g. Popocate¤petl, Jocotitla¤n and Colima volca-
noes) and generated debris avalanche deposits.
Smaller £ank collapses, mainly re£ecting hydro-
thermal alteration of the edi¢ce, are less certainly
associated with magmatic activity and were more
likely to yield cohesive debris £ows (e.g. Pico de
Orizaba and Nevado de Toluca) than the larger
failures. In both cases the directions of collapses
were strongly related to the regional tectonic
stress ¢eld.
From the TMVB examples, it appears that de-

bris avalanche deposits originate from magmati-
cally triggered sector collapse, and that cohesive
debris £ows are more commonly associated with
smaller £ank failures. However, at other volca-
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noes, debris avalanches and their characteristi-
cally mounded deposits may form from both sec-
tor and £ank collapses. For example, at Mt.
Rainier, a debris avalanche with mounded depos-
its occurred from a small £ank collapse in 1963
(Crandell and Fahnestock, 1965; Scott et al.,
1995). Also, cohesive debris £ows can be the
product of a direct transformation from a debris
avalanche, or can result from post-depositional
remobilization of a debris avalanche deposit, as
in the case of the North Fork Toutle River lahar,
which formed from the 1980 Mt. St. Helens debris
avalanche deposit about 5 h after emplacement
(Janda et al., 1981). Cohesive debris £ows may
also originate from rupture of a natural dam, as
occurred with emplacement of the 18 500 yr BP
debris avalanche deposit at Nevado de Colima
volcano. From the above Mexican case histories
the predisposition of a sliding mass to transform
directly to a cohesive debris £ow is strongly de-
pendent on conditions prior to failure such as
water content and hydrothermal alteration. Such
conditions are common in the large, ice-capped
stratovolcanoes of the TMVB.
The mobility of both debris avalanches and de-

bris £ows produced from volcano collapse is crit-
ical to evaluating the areas at risk from future
events. Factors that control runout distance of

£ows commonly described as debris avalanches
are the fall height (Hsu, 1975), the volume of
the sliding mass (Siebert, 1984), and its coe⁄cient
of friction (Dade and Huppert, 1998). The Heim
parameter H/L represents the coe⁄cient of fric-
tion of a landslide mass (Hsu, 1975) and a debris
avalanche (Siebert, 1984). The drop height H is
the di¡erence in vertical elevation of the debris
avalanche source and its ¢nal position; the runout
distance L is the horizontal distance from source
to terminus. The H/L ratio de¢nes a line repre-
senting the energy transformation (potential-ki-
netic) of an avalanche mass during £ow. It has
been used to describe the mobility, to estimate
the velocity, and to predict £ow paths in debris
avalanche hazard assessment (Siebert et al., 1987;
Crandell, 1989; Schuster and Crandell, 1984).
Many volcanic debris £ows originate by col-

lapse of hydrothermally altered parts of an edi¢ce.
The failed mass transforms directly into a cohe-
sive (s 3% in clay fraction) debris £ow, with mo-
bility that can be attributed to the presence of
abundant clay-size material in the matrix and to
a high water content. Grain interactions are cush-
ioned by clay aggregates that adhere to larger
particles and reduce near-boundary interaction
between clasts. In addition, the clayey matrix re-
tards the settling of coarse-phase particles and

Fig. 14. Diagram of H/L vs. V (volume) for the Mexican cases in this study and some examples of cohesive debris £ows (3: Os-
ceola Mud£ow, Mt. Rainier, Vallance and Scott, 1997) and volcanic debris avalanche deposits of the world (from Siebert et al.,
1987). 1: Bezymianny. 2: Mt. St. Helens. 4: Socompa. 5: Shasta. The Nevado de Colima data is plotted twice: (1) based on the
model proposed by Stoopes and Sheridan (1992), and (2) based on the interpretation proposed by Capra and Mac|¤as (1999,
2002).
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their di¡erential movement, promoting and facil-
itating the transport of the mass over great dis-
tances with respect to other types of £ows (e.g.
granular or noncohesive debris £ows) (Scott et al.,
1995). It is also important to note that the vol-
umes of these £ows may enlarge during £ow
(bulking) by incorporating additional sediment
eroded from the £ow boundary. Bulking observed
in the examples reported here is as much as six
times in the case of Nevado de Colima (Capra
and Mac|¤as, 2002).
Debris £ows normally ¢ll depressions, and may

attain their maximum thickness some distance
from the edi¢ce, where valleys widen and gra-
dients become lower, as observed at Nevado de
Toluca volcano (Capra and Mac|¤as, 2000). Dur-
ing peak £ow, debris £ows may leave overbank
deposits, as observed in the case of the Tetelzingo
lahar deposit at the Pico de Orizaba (Carrasco-
Nu¤n‹ez et al., 1993).
Debris £ow behavior is related to many dif-

ferent variables and would be substantially
underestimated by use of the H/L parameter.
Debris £ows are far more mobile with respect to
debris avalanches. H/L values calculated for the
debris £ows described here (0.03^0.05) are very
low compared to the average values for debris
avalanches (0.13^0.09). In particular, debris £ows
from Nevado de Toluca, Pico de Orizaba and

Nevado de Colima represent the most mobile
£ows, and their H/L ratios are approximately
0.04 (Fig. 14).
Vallance and Scott (1997) and Iverson et al.

(1998) proposed that the relation of inundation
area vs. £ow volume is a better indication of
£ow mobility than runout distance vs. £ow vol-
ume. In a plot of this parameter for cohesive de-
bris £ows, the deposit of the Nevado de Colima
volcano is the most mobile event (Fig. 15). Iver-
son et al. (1998) proposed a model to delineate
hazard zonation for debris £ows in which they
established that the area covered by a £ow is pro-
portional to its volume by the relation of A=0.05
V2=3. By knowing the volumes of previous debris
£ows, it is possible to delineate the potential fu-
ture inundation area around a volcano. It is im-
portant to note that the topography of the inun-
dated area is crucial to the behavior of both
debris £ows and debris avalanches. As observed
at Nevado de Colima volcano (Capra and
Mac|¤as, 1999), the debris avalanche stopped
against a topographic barrier, forming a tempo-
rary dam, the failure of which produced a huge
cohesive debris £ow. This fact indicates that par-
ticular topographic conditions around a volcano
can be responsible for a secondary £ow that can
a¡ect a far larger area than was inundated by the
primary £ow. This phenomenon is relatively com-
mon and has been observed in cases such as the
1980 Mt. St. Helens eruption, where the debris
avalanche deposit formed at least three di¡erent
dams that did not fail only because they were
drained by engineering works (Costa, 1984).

13. Conclusions

Stratovolcanoes of the TMVB have yielded up
to three collapse events at each center, as in the
case of Popocate¤petl volcano. In particular, Popo-
cate¤petl, Jocotitla¤n and Volca¤n de Colima volca-
noes could collapse in the future at the time of
renewed magmatic activity. Popocate¤petl and Col-
ima volcanoes are now characterized by dome
formation (Smithsonian Institution’s Global Vol-
canism, 1996, 1999), and the probability of a £ank
collapse is increased, especially considering their

Fig. 15. A/V diagram for the studied debris £ow deposits
and other known cases. Abbreviations are: Mogote deposit
(MD), Pilcaya deposit (PD), both from the Nevado de Tolu-
ca (Capra and Mac|¤as, 2000); Tetelzingo lahar (Te), Pico de
Orizaba (Carrasco-Nu¤n‹ez et al., 1993); Tanc|¤taro debris £ow
(Ta) (this work); Zempoala debris £ow deposit (Ze) (this
work). The Colima value is plotted based on the interpreta-
tion proposed by Capra and Mac|¤as (2002). Other know
cases: Electron Mud£ow (1), Paradise lahar (2) and Osceola
mud£ow (3), Mt. Rainier (Crandell, 1971; Vallance and
Scott, 1997).
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steep £anks, sloping between 35‡ and 40‡. Nevado
de Toluca and Pico de Orizaba volcanoes are at
lower risk of collapse because of their present in-
activity. Pico de Orizaba, however, has a large ice
cap and a pervasive zone of hydrothermal activity
(Hubbard et al., 1999) and has potential to fail
from such causes as increase in pore water pres-
sure from heavy rains and hurricanes, phreatic
explosions, and earthquakes. In particular, the
1998 sector collapse of the Casita volcano (Nicar-
agua) demonstrates that abnormal and prolonged
rainfall can induce the failure of a hydrothermally
altered portion of an edi¢ce, without any precur-
sory signs.
The products of volcano collapse are classi¢ed

as debris avalanche and debris £ow deposits, de-
pending on their origin, texture, and sedimento-
logical characteristics. Based on runout distance
and inundation areas, debris £ows are more mo-
bile than debris avalanches. The H/L ratio re-
mains the basic parameter delineating the areas
at risk from debris avalanches. This method has
been correctly used in the case of Popocate¤petl,
Colima, and Tres Virgenes volcanoes (Mac|¤as et
al., 1995; Del Pozzo et al., 1996; Capra et al.,
1998). In the case of volcanic edi¢ces where fac-
tors such as an ice cap, hydrothermal alteration,
water saturation, and strong regional tectonic
stress could promote £ank failure, as has been
the case with Nevado de Toluca and Pico de Or-
izaba volcanoes, the relation of V/A better de-
scribes the potential £ow behavior. This parame-
ter is most useful when combined with analysis of
the pre-existing topography. We suggest particu-
lar caution for hazard zonation of debris £ows,
with special attention to changes in topographic
gradient and transitions from channeled to £at
areas that could signi¢cantly a¡ect the inundated
area. We also suggest consideration be given to
the possibility of blockages of river valleys by
debris avalanches and consequent formation of
debris £ows when the avalanche deposit fails or
is overtopped. Finally, we note that both debris
avalanches and debris £ows are volcanic hazards
that occur from both active volcanoes, as well as
those that are inactive or dormant volcanoes, and
may by triggered by earthquakes, precipitation, or

simply gravity. There will be no precursory warn-
ing in such cases.
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