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Preface

This volume summarizes some of the recent scientific works to characterize
the eruptive history, magmatic system and hazards associated with Volcán de
Colima (Mexico), one of the most continuously active composite volcanoes
on Earth during the historic era. Indeed, the history of scientific investigation
of Volcán de Colima parallels the history of volcano science as a whole. This
is not surprising, because from the very beginning of volcano science,
Volcán de Colima was recognized as a laboratory for observing and under-
standing fantastic and rare eruptive phenomena. The volcano has been the
subject of an impressive range of studies, which together, have increased our
knowledge of this beautiful stratovolcano, and thus provided a better chance
of an effective risk reduction strategy for the future. Many of the observations
and fresh theories that have been derived can easily be applied to similar
systems worldwide. Each chapter in this volume builds upon this record of
research, conducted by generations of scientists who have studied the vol-
cano. It provides an overview of the state of our knowledge, and will serve as
a launching point for new initiatives in the forthcoming years.

Medina (1983) reports that the earliest records of Volcán de Colima
eruptions were compiled in the ‘Archivo de Indias’, a library commissioned
in 1572 by Philip II in Seville (Spain). These records include reports on
eruptions in 1560 and large, possibly Plinian, eruptions in 1576 C.E. and
1585 C.E. The record of eruptive activity throughout the sixteenth–early
nineteenth centuries was compiled from scattered reports by Arreloa (1903,
1915), Bárcena (1887) and Ordonez (1897), and was later summarized
concisely by Mooser (1958, 1961). Charles Lyell mentions the 1818 C.E.
eruption of Volcán de Colima in his famous text, Principles of Geology
(Lyell 1830), but erroneously attributes the eruption to the reactivation of
Volcán Jorullo. He writes that 6 inches (15 cm) of tephra fell in the city of
Guadalajara as a result of the 1818 eruption, a figure that is possibly exag-
gerated! Nevertheless, it is clear from his description that Volcán de Colima
figured prominently in the earliest discourse about physical processes of
active volcanoes in the scientific literature.

Arguably, the first scientific monitoring of Volcán de Colima was
undertaken in 1893–1905 by Diaz (1906), with the support of José María
Arreola. During this time period, regular observations of the volcano were
made by the Observatorio Meteorológico y Vulcanológico de Zapotlán. Diaz
(1906) summarizes these observations in monthly notes and sketches of
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activity. At the time, these were among the best scientific records of eruptive
activity at any volcano in the world, certainly rivalling the contemporary
efforts of Thomas Jaggar (Kilauea, HI, USA) and Giuseppe Mercalli
(Vesuvius, Italy). The efforts of Arreola, Diaz and colleagues brought Volcán
de Colima more fully to the attention of the international volcano science
community and established the volcano as a dominant feature of the
Trans-Mexican Volcanic Belt. Their observations also provided important
context for understanding of the January 1913 eruption, which impacted a
large population then living in the region, especially due to tephra fallout in
Ciudad Guzman and nearby areas (Waitz 1936). It clearly demonstrated the
potential risks to those living near this massive volcano.

An understanding of the geology of Volcán de Colima and surrounding
terrain began to emerge in the mid-twentieth century. Herrera (1967) pro-
duced a geological map of the region, followed by regional maps and
descriptions by Luhr and Carmichael (1980) and Robin et al. (1987). After
the 1980 eruption of Mount St. Helens (WA, USA), a number of groups
quickly recognized the prevalence of volcano debris avalanches at Volcán de
Colima and Nevado de Colima, identifying debris flow deposits on the south
flank of Volcán de Colima (e.g. Luhr and Prestegaard 1988). Further studies
have located debris avalanche deposits from the older edifice, Nevado de
Colima (Robin et al. 1987; Capra and Macías 2002), and multiple deposits
(e.g. Roverato et al. 2011). These studies represent a significant shift in our
understanding of the volcanic system, which had been partially biased by the
limited range of volcanic activity observed historically. The recognition of
volcanic debris avalanches in the stratigraphic record of Volcán de Colima
(e.g. Stoopes and Sheridan 1992; Sheridan and Macías 1995; Cortes et al.
2010a) as well as state-of-the-art physical models of the process of flank
instability (Borselli et al. 2011) has resulted in significant revision of hazard
assessments.

Most recently, mapping of the Colima volcano complex has resulted in a
consistent set of chronostratigraphic units and a map that can be readily
applied to hazard assessments on a variety of spatial and temporal scales
(Cortes et al. 2010b). Important insights into the generation and emplacement
of pyroclastic density currents generated at Volcán de Colima from dome and
lava flow collapse have been made during detailed field studies, starting with
the 1991 eruption (Rodriguez-Elizarraras et al. 1991) up until the recent
eruptions (Saucedo et al. 2002; Reyes-Dávila et al. 2016). The hazard maps
have recently been updated with the consideration of different eruptive
scenarios, ranging from common Vulcanian eruptions and dome-collapse
events, through to large VEI 6 Plinian eruptions with possible debris ava-
lanches. Numerical modelling resulted in probabilistic maps, providing the
authorities with a range of versatile tools for emergency planning and the
construction of effective risk mitigation strategies (Varley et al. 2017).
Finally, in the first comprehensive ambient seismic noise tomography anal-
ysis, Spica et al. (2017) produce a 3D model of the Volcán de Colima
plumbing system providing thought-provoking clues to understand how and
where magmas are produced and stored at depth below Volcan de Colima.
Their new model remarkably shows a deep, large and well-delineated
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elliptic-shape magmatic reservoir below the Colima volcano complex at a
depth of about 15 km, in which magma is mainly stored in conduits or
inter-fingered dykes as opposed to a horizontally stratified magma reservoir.

Chapters in this volume continue this work of discerning the full range of
eruptive activity in this marvellously complex volcanic system. Crummy
et al. (Chap. 1) provide new insights into the Holocene tephra stratigraphic
record of the volcano, which is key to documenting its history of explosive
volcanic eruptions. Norini et al. (Chap. 2) tackle the complex topic of the
basement geology of the volcano and the impact of basement faults on the
stability of volcano edifices of the Colima Volcano Complex. Cortes et al.
(Chap. 3) clarify the stratigraphic record of volcano debris avalanche deposits
since the Pliocene, for both Volcán de Colima and Nevado de Colima.
Chapters 4, 5 and 6 investigate some of the most profound hazards of the
volcano produced by both eruptive and non-eruptive activity: tephra fallout,
pyroclastic density currents and lahars. Cumulatively, these chapters docu-
ment the state of knowledge for a broad range of activities.

In addition to modelling variations in the eruptive style at Volcán de
Colima and its eruptive products, a huge effort has been devoted to moni-
toring of the volcano and to forecasting potential future activity. Geophysical
monitoring began in the mid-1970s with the installation of portable seismic
networks. This network was made permanent early in the eruption crisis of
1991 (Núñez-Cornú et al. 1994). Varley (Chap. 7) and Arámbula-Mendoza
et al. (Chap. 8) describe a dramatic range of integrated monitoring efforts at
Volcán de Colima, including seismic, thermal and gas monitoring. These two
chapters document a substantial change in monitoring of the volcano over the
last 30 years, and demonstrate that it is one of the best monitored volcanoes
in North America, largely through the efforts of the Universidad de Colima
and its students, along with national and international collaborations. In
addition, Varley (Chap. 7) presents a detailed account of the 1998–2015
period.

At the same time as mapping and geophysical studies were underway in
the late 1970s, James Luhr and Ian Carmichael, together with colleagues,
began to unravel the magmatic history of the volcanic system in detail (e.g.
Luhr and Carmichael 1980, 1981, 1990). Fundamentally, they found that the
cyclicity in eruptive activity inferred from the eruption record was matched
by geochemical cycles, driven by crystal fractionation and magma mixing in
the volcano’s shallow reservoir. Reubi et al. (Chap. 9) and Lavallée et al.
(Chap. 10) expand upon this earlier work, and through the use of new and
innovative techniques, provide a 4D view of the magmatic system that is
otherwise inaccessible.

In the final chapters of the volume, de la Cruz et al. (Chap. 11) and
Rodríguez (Chap. 12) write extremely valuable perspectives on mitigation of
risk for those living near the volcano, both by providing long-term proba-
bilistic hazard assessment, and by investigating the social consequences and
response to this information. Risk mitigation at the volcano has provided
various challenges during recent years, such as the issue of it being located
on the border of two states, each with their differences, both in approach and
resources.
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As with any persistently erupting volcano, it is often difficult to draw the
line when reporting details of eruptions. In the case of this volume, the limit
is the July 2015 eruption, which proved to be the most important since the
last cataclysmic event in 1913. Details of this eruption appear in Chaps. 7 and
8. Between this eruption and the final production of this book, further
important activity occurred in 2016 and early 2017. At the end of September
2016, a large batch of magma filled the crater and produced another lava
flow, which was emplaced on top of the 2015 flow to the south. The event led
to a crisis response, with meetings at national level, increased observational
overflights and preparations for evacuations. Notably, the eruption was
purely effusive despite a fast ascent rate and evidence of a high volatile
content. Large volumes of sulphur dioxide were emitted, which coincided
with some heavy rainfall. This produced a considerable fallout of acid rain,
producing crop failure or damage at unprecedented levels at this volcano.

Early 2017 featured a series of larger Vulcanian explosions, with the
emplacement of a pyroclastic density current in La Arena ravine reaching
4.2 km. Smaller emplacements were observed to the north. Although smaller
in magnitude than previous explosions, most notably, those of 2005, they
produced an impressive shower of volcanic bombs and in one case, an
extraordinary shock wave that rattled windows in the capital Colima as well
as cities further afield.

Those of us who have worked in volcano science for many decades
recognize the profound changes in our understanding of volcanoes repre-
sented by the contributions in this volume. Tremendous advances have
occurred, both because of innovative scientific advances and through the hard
work of many individuals in the field, laboratory and observatory. We are not
finished, as major challenges remain to understand the nature of Volcán de
Colima, its activity and potential impacts, while improving our preparedness
for the potential future large eruptions. We hope this volume will be useful to
scientists engaged in these efforts for many years to come, as well as to the
general reader with a profound interest in volcanoes and what we can learn
about them. The compilation of state-of-the-art volcano science in this vol-
ume will undoubtedly contribute to improve risk perception and societal
resilience in the face of volcanic eruptions.

Colima, Mexico Nick Varley
Tampa, USA Charles B. Connor
Paris, France Jean-Christophe Komorowski
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Holocene Eruption History
and Magmatic Evolution
of the Colima Volcanic Complex

Julia M. Crummy, Ivan P. Savov, Carlos Navarro-Ochoa
and Dan J. Morgan

Abstract
The Colima Volcanic Complex (CVC) erupts
in both highly explosive and effusive fashion.
Detailed radiocarbon dating of tephra fallout
deposits exposed in road-cuts on the flanks of
Nevado de Colima reveal at least 25 major
Plinian eruptions occurred during the last
30,000 years. Deposits from these eruptions
are basaltic to andesitic in composition show-
ing an arc affinity in their immobile trace
element abundance patterns. Detailed studies
of the mineralogy, major and trace element
and isotope chemistry reveal two distinct
magma types erupted at the CVC during the
Holocene. Group I, which comprise the bulk
of eruption deposits, are calc-alkaline basaltic-
andesites to andesites, while Group II magmas
show strong petrological and geochemical
similarities to alkaline lamprophyric magmas
that formed monogenetic cinder cones to the

east and west of the northern CVC. The
presence of alkaline and calc-alkaline magmas
at the CVC has allowed us to investigate the
nature between these magma types in an arc
setting. Data presented here reveal that the
Group II magmas formed from pulses of
alkaline melts intercepting the magmatic stor-
age region of the CVC stratovolcanoes, mix-
ing with the calc-alkaline Group I magmas.
These pulses appear to have recurrence rates
on the timescales of a few thousand years.

Keywords
Volcan de Colima � Arc magmas � Magmatic
evolution � Magma mixing

1 Introduction

Historically, activity at Volcán de Colima is
dominantly effusive with rare explosive sub-
Plinian to Plinian eruptions, the last of which
occurred in January 1913 (Bretón González et al.
2002). However, throughout the late Pleistocene
and Holocene, numerous highly explosive erup-
tions occurred at the CVC, as revealed by tephra
deposits exposed on the flanks of Nevado de
Colima (Fig. 1; Luhr et al. 2010).
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Since the 1980s, Volcán de Colima has been
the focus of many studies investigating the geo-
chemistry and petrology of the erupted deposits,
largely focusing on the current phase of activity
and the 1913 eruption (Luhr and Carmichael
1980, 1982, 1990a, b; Medina-Martínez 1983;
Robin et al. 1991; Luhr 1993, 2002; Robin and
Potrel 1993; Komorowski et al. 1997; Righter
2000; Atlas et al. 2006; Luhr et al. 2006, 2010;
Reubi and Blundy 2008; Savov et al. 2008;
Saucedo et al. 2010; Verma and Luhr 2010).
Based on historical records and petrological and

geochemical studies, Luhr (2002) proposed a
cycle of *100 years for explosive Plinian
activity at Volcán de Colima.

Much of the work carried out on Volcán de
Colima is concerned with forecasting future
activity and monitoring current activity
(see Varley, this volume); however, few of these
studies consider the volcano’s explosive past, or
patterns of activity which may emerge from a
better understanding of the explosive Holocene
(and late Pleistocene) eruption deposits. These
deposits are largely unstudied and poorly

Fig. 1 Sample location map for the Holocene tephra
fallout deposits of the CVC. Locations are from new sites
sampled in 2010 and 2011 (yellow diamonds; Crummy
2013) and Luhr et al. (2010; white triangles). Also shown
are monogenetic cinder cone locations after Luhr and
Carmichael (1981) and Carmichael et al. (2006). The

majority of samples are located in access roads on the
upper slopes of Nevado de Colima. The image is a
Landsat image from the United States Geological Survey
(USGS). Red areas are forested, pink areas are farmland,
and blue areas are unvegetated

2 J. M. Crummy et al.



understood, with few attempts to characterize
them: the first by Luhr and Carmichael (1982),
and two further more detailed studies by Luhr
et al. (2010) and Crummy et al. (2014).

This work incorporates, and expands upon the
work of Luhr et al. (2010), focusing on the
stratigraphic relationships of the explosive
Holocene eruption deposits, and the petrological
and geochemical evolution of the erupted mag-
mas during the past 13,000 years. Detailed
petrological and geochemical investigations of
the erupted tephra fallout deposits presented here
reveal a link between the calc-alkaline volcanism
responsible for the CVC stratovolcanoes, and
alkaline volcanism that formed monogenetic
cinder cones to the east and west of the northern
CVC. New data, in combination with published
and unpublished datasets, are used to investigate
the nature of the CVC magmatic plumbing
system and the link between alkaline and
calc-alkaline volcanism in an arc setting.

2 Volcanic Activity of the CVC

Historical records of activity at Volcán de
Colima extend back to 1519 and the arrival of the
Spanish conquistadors (Bretón González et al.
2002). Prior to the establishment of volcano
observatories in the cities of Colima and Zapot-
lan in 1898, records of activity are from eye-
witness accounts. Bretón González et al. (2002)
presented a detailed history of volcanic activity
since 1519, summarized here in Fig. 2, in com-
bination with reports from the Smithsonian
Institute (Global Volcanism Program 2016).
Since 1519, there have been nine highly explo-
sive, VEI = 4 (Volcanic Explosivity Index after
Newhall and Self 1982) events, the last of which
occurred in 1913. Only the 1818 and 1913
eruptions are well-documented in historical
records, with detailed descriptions of thick
ash-fall and pyroclastic flows (Bretón González
et al. 2002; Luhr 2002). Tephra fallout deposits
from these two eruptions are the only historical
fallout deposits preserved in the tephra record
(Luhr et al. 2010). It is therefore assumed that the
1818 and 1913 events were larger-volume

eruptions than the seven other reported VEI = 4
historical events (Fig. 2; Bretón González et al.
2002; Luhr et al. 2010).

The February 1818 Plinian eruption of Volcán
de Colima produced a sustained ash column,
which resulted in ash-fall in Mexico City
*470 km from the vent, and pyroclastic flows
that travelled *14 km along ravines (Bretón
González et al. 2002). For 51 years after the 1818
eruption, activity at Volcán de Colima was
restricted to the rise of the magma within the
crater, and it was assumed that the volcano was
inactive (Luhr and Carmichael 1990b; Bretón
González et al. 2002). In January of 1913, Volcán
de Colima once again erupted explosively pro-
ducing a sustained ash column that reached an
estimated height of 18–23 km above sea level
(a.s.l.) and pyroclastic flows that travelled up to
15 km from the vent (Luhr and Carmichael 1980;
Saucedo et al. 2010). For more details of the 1913
Plinian eruption, please refer to Connor et al., this
volume. Following the 1913 explosive eruption,
the volcano again entered an effusive phase of
activity punctuated by small Vulcanian explo-
sions (Robin et al. 1987; Bretón González et al.
2002; Luhr 2002). This type of activity is ongoing
at the time of writing (September 2016), and is
termed here as interplinian.

2.1 Interplinian Activity

Interplinian deposits are poorly exposed at the
CVC having been buried or destroyed by sub-
sequent eruptions; therefore, the nature of such
activity is characterized by material erupted
between 1869–1909 and 1957–present day.
Luhr and Carmichael (1980) were the first to
study the Colima andesites, describing the
petrology and geochemistry of lava flows and
ballistics erupted in 1869, 1913, 1961–1962 and
1975–1976. Further studies on interplinian
activity focused on effusive and small explosive
(VEI 2–3) deposits erupted between 1961 and
2005 (Robin et al. 1987, 1991; Luhr and
Carmichael 1990b; Luhr 1993, 2002; Robin
and Potrel 1993; Navarro-Ochoa et al. 2002;
Savov et al. 2008).
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In 1869, 51 years after the large explosive
1818 eruption, lava erupted on the northeast side
of the Volcán de Colima edifice forming the
parasitic cone of Volcancito (Luhr and Carmi-
chael 1990b). Resulting lava flows travelled into
the northeast part of the caldera floor and along a
ravine to the southeast. Activity continued at
Volcancito until 1878 when activity in the main
crater resumed (Bretón González et al. 2002). For
the next 29 years, Volcán de Colima displayed
effusive activity punctuated by small explosive
eruptions that produced ash clouds above the
vent and block-and-ash flows down the flanks of
the volcano (Bretón González et al. 2002).
Records of these eruptions are from eye-witness
accounts, and no details of column height or flow
length were given. From 1904 to 1909 explosive
activity decreased and the volcano entered a
more fumarolic phase with occasional small
explosions (Bretón González et al. 2002).

In 1957, the first activity from the summit of
Volcán de Colima since the 1913 eruption was
recorded with the extrusion of a new lava dome,
followed by the production of lava flows and
weak explosions in 1960 and 1961 (Luhr and
Carmichael 1980). For the next 30 years, activity
was dominated by effusive lava dome extrusion

and partial dome collapses, resulting in lava
flows reaching up to 4 km in length (Luhr 2002).

A more explosive phase of activity com-
menced in 1999 with an explosion in February
that sent ballistic projectiles up to 3.5 km away
from the vent, and in July an eruption that pro-
duced an ash column 12 km a.s.l. and pyroclastic
flows down the southern flank (Bretón González
et al. 2002; Savov et al. 2008; Global Volcanism
Program 2016). This explosive phase of activity
is continuing at the time of writing (September
2016). For more details of recent activity the
reader is referred to Luhr (2002) and Savov et al.
(2008), and the chapters of Varley and Reubi
et al. in this book.

2.2 Plinian Activity

The tephra fallout deposit of the 1913 explosive
eruption blankets Nevado de Colima, varying in
thickness from 60 cm (*4 km from the vent) to
6 cm (*10 km from the vent; Luhr et al. 2010;
Saucedo et al. 2010; Connor et al., this volume).
The 1818 eruption deposit is much thinner and
less well-exposed (Luhr et al. 2010). These two
units form the top of a stratigraphy comprising

Fig. 2 Schematic diagram summarizing volcanic activity
at Volcán de Colima since records began in 1519 using
the data from Bretón González et al. (2002) in combina-
tion with reports from the Smithsonian Institute (Global
Volcanism Program 2016). There is very little information
in the records of lava flows from Volcán de Colima, and
effusive deposits exposed on the flanks are all post-1818
lava flows (Bretón González et al. 2002). Numerous

Vulcanian-type eruptions have occurred throughout his-
torical times and up to nine VEI = 4 eruptions have
occurred since the 1500s. Tephra is only preserved from
the 1818 and 1913 eruptions and there are numerous
eye-witness accounts of these eruptions; therefore, it is
assumed that these were larger eruptions than the other
seven
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numerous tephra fallout and ash-rich surge
deposits resulting from explosive sub-Plinian and
Plinian eruptions throughout the Holocene and
Late Pleistocene (Fig. 3; Luhr et al. 2010).

During the 1990s and 2000s, Jim Luhr, Carlos
Navarro-Ochoa and Ivan Savov sampled and
described CVC tephra fallout deposits preserved
and exposed on the flanks of Nevado de Colima
and in quarries and gullies on the rift floor (Luhr
et al. 2010). Through detailed sampling and

dating of charcoal found within ash horizons and
tephra units, they were able to identify and date at
least 25 deposits, erupted between *30,000 yrs
B.P. and the present day (Fig. 3; Luhr et al. 2010).
Further field campaigns carried out in January
2010 and February 2011 have built upon the work
of Luhr et al. (2010) on the tephrochronology and
granulometry of the CVC deposits (Crummy
2013; Crummy et al. 2014). To date, eruption
deposits have been described at 89 localities

Fig. 3 Composite
stratigraphic section and field
photographs of deposits
resulting from explosive
eruptions exposed in
road-cuts on the flanks of
Nevado de Colima. The unit
names and ages are as
reported in Luhr et al. (2010).
The Group II eruption
deposits (units N, F and D)
are highlighted in bold
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across an area of*500 km2, including exposures
in quarries on the rift floor (Fig. 1).

In total, 182 radiocarbon ages have been
obtained from the CVC eruptive stratigraphy,
yielding ages from 80 ± 50 to 29,930 ± 210 yrs
B.P. (Fig. 4; Luhr et al. 2010). Of these, 143 ages
represent the Holocene (0 to 9000 yrs B.P.).
Nevado de Colima is densely vegetated; therefore,
the eruption deposits on the volcano’s flanks are
only exposed in road cuts. Nevado de Colima is a
national park which has one main access road on
the northeastern flank. Once inside the national
park (entrance at 3480 ma.s.l.), there are many
more roads. Accordingly, the majority of the
tephra deposits are exposed at high elevations,
with the older units having been buried or eroded
by subsequent eruptions. There are a few roads on
the lower slopes; however, the area is prone to
landslides and the roads are not maintained.

Using a combination of radiocarbon dating,
together with field mapping, petrology and geo-
chemistry (Luhr et al. 2010; Crummy 2013;
Crummy et al. 2014), a detailed stratigraphy of
the CVC Holocene explosive eruption deposits
has been compiled up to 13,000 yrs B.P. (Fig. 3).

The field characteristics of the eruption units are
given in Table 1.

The stratigraphy of eruption deposits exposed
on the flanks of Nevado de Colima comprises
tephra fallout deposits varying in thickness from a
few centimetres (*10 km from the vent) to over
1 m (*3 km from the vent). The fallout deposits
comprise pumice or scoria horizons, with indi-
vidual clasts varying from <1 to 17 cm. The lar-
gest clast sizes are typically found in the most
proximal localities, *3 km from the vent.
Angular rock fragments are abundant in all the
erupted units, measuring up to 2 cm across (along
the long-axis). Interbedded with the tephra layers
are ash-rich surge or pyroclastic flow horizons
with thicknesses from 2 cm to over 1 m. These
ash beds are typically rich in charcoal fragments,
and commonly contain reworked pumice and
scoria from underlying tephra fallout deposits.

2.3 Monogenetic Cinder Cones

To the east and west of the extinct Volcán
Cántaro, located to the north of Nevado de

Fig. 4 Radiocarbon 14C ages for the explosive
Plinian CVC eruption deposits (Komorowski et al.
1997; Luhr et al. 2010). Out of a total of 182 dates, 143
of these were sampled between 9000 yrs B.P. and present.
The younger eruption deposits are well exposed high on

the flanks of Nevado de Colima, while the older eruption
deposits are less well exposed, confined to lower eleva-
tions where the slopes are densely vegetated and access is
difficult
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Colima and where volcanic activity at the CVC
began approximately 1.7 Ma (Luhr and Carmi-
chael 1990a), eleven cinder cones erupted on the
rift floor between 1.2 Ma and 62 ka (Fig. 1; Luhr
and Carmichael 1981; Allan and Carmichael
1984; Carmichael et al. 2006). The two oldest
cones erupted at 1.2 and 0.5 Ma, producing
<0.003 km3 of calc-alkaline basalt and
basaltic-andesite (Luhr and Carmichael 1981;
Allan and Carmichael 1984; Carmichael et al.
2006). Nine of the cinder cones are alkaline,
producing *1.3 km3 magma between 450 and
62 ka (Luhr and Carmichael 1981; Allan and
Carmichael 1984; Carmichael et al. 2006). The
majority of the alkaline mafic magmas (>99%)
erupted between 240 and 60 ka (Carmichael
et al. 2006). During this time, calc-alkaline

volcanism had migrated south from Volcán
Cántaro and was ongoing at the Nevado de
Colima volcano (Robin et al. 1987; Luhr and
Carmichael 1990a; Cortés et al. 2005, 2010).

The alkaline cinder cones were first described
by Luhr and Carmichael (1981), who classified
them as primitive basanites to minette lampro-
phyres with 47.6–50.3 wt% SiO2, 7.4–15.3 wt%
MgO and 2.5–4.4 wt% K2O. The occurrence and
source of the alkaline magmas is discussed in
detail in the geological literature (Luhr and
Carmichael 1981; Wallace and Carmichael 1989;
Lange and Carmichael 1990; Luhr 1997;
Carmichael et al. 2006; Maria and Luhr 2008;
Vigouroux et al. 2008; Cai 2009); however, the
relationship between the calc-alkaline and the
alkaline magmas remains poorly understood.

Table 1 Field characteristics of CVC tephra fallout deposits discussed in the text

Unit Eruption age
(yrs B.P.)

Group Color (dry) Thickness
(cm)

Max.
pumice
size (cm)

Max.
lithic size
(cm)

Sorting Composition

Y 4460 ± 40 I Cream 48–140 17 7 Inverse Andesite

W 4480 ± 60–
4540 ± 60

I Dark brown 8–28 6 5 Normal Basaltic-andesite

U 4740 ± 40–
4760 ± 70

I Dark orange 15–20 4 2 Normal Basalt/basaltic-andesite

S 5430 ± 50–
5500 ± 60

I Dark
brown-orange

12–46 4.5 2 Normal Basaltic-andesite

P 5980 ± 50–
6150 ± 40

I Cream 6–40 9 6 Normal Basaltic-andesite

N 6950 ± 50–
7070 ± 60

II Orange 12–60 12 2 Normal Basaltic-andesite

L 7520 ± 50–
7530 ± 80

I Dark brown 4–50 6 3 Inverse Andesite

J 7750 ± 60–
7760 ± 50

I Pale
orange-cream

7–15 6 3 Inverse Andesite

H 9770 ± 60–
10,310 ± 50

I Dark grey 15–42 5 2 Inverse Basaltic-andesite

F 11,840 ± 70–
12,080 ± 150

II Grey 30–90 5 8 Normal Basalt

D 12,460 ± 60–
13,350 ± 130

II Grey 32–180 4.5 3 Inverse Basalt

Eruption ages are from radiocarbon 14C dating of charcoal found within or between tephra fallout deposits (Komorowski et al.
1997; Luhr et al. 2010). Maximum lithic fragment and pumice clast sizes are found in sections 4–5 km from the currently
active vent
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3 Mineralogy of Erupted Deposits

The majority of CVC eruptive products are
basaltic-andesite to andesite in composition
(Fig. 5) with the typical mineral assemblage of
plagioclase + orthopyroxene + clinopyroxene +
hornblende + Fe–Ti oxides ± olivine (Luhr and
Carmichael 1980, 1982; Savov et al. 2008; Luhr
et al. 2010). Olivine phenocrysts are typically
present only in the most mafic units.

The interplinian lavas are typically highly
crystalline and have up to 52 vol% crystals
comprising the aforementioned mineral phases
(Luhr and Carmichael 1980). The groundmass is
also highly crystalline, comprising glass and a
mesostasis of the same minerals, with the

exception of hornblende, which is not found in
the groundmass (Luhr and Carmichael 1980).
Xenocrystic olivine displaying pyroxene and
oxide overgrowths occur in many samples (Luhr
and Carmichael 1980). Hornblende phenocrysts
all display disequilibrium with breakdown rims of
pyroxene and Fe–Ti oxides (Luhr and Carmichael
1980, 1990b; Luhr 2002; Savov et al. 2008).

The bulk of the tephra fallout deposits
exposed in road-cuts comprise pumice and scoria
clasts with 10–25 vol% phenocrysts and
microphenocrysts of the above mineral phases.
The groundmass comprises highly vesiculated
intermediate to felsic glass (54–74 wt% SiO2)
with abundant microlites of the same mineral
phases with the exception of hornblende. Pla-
gioclase, orthopyroxene and clinopyroxene

Fig. 5 Classification of the CVC eruption deposits.
a Total alkalis-silica (TAS) classification diagram after
Le Maitre et al. (2002) for CVC interplinian and Plinian
eruption deposits and the alkaline cinder cone magmas.
The dashed line separating the alkaline from calc-alkaline
fields is after Irvine and Baragar (1971). b K2O versus
SiO2 classification diagram after Le Maitre et al. (2002).

Data sources for the interplinian and Plinian deposits are
given in the text. Plinian tephra fall deposits range in
composition from picro-basalt to andesite. Interplinian
deposits are typically andesitic in composition. The
alkaline cinder cone magmas are high-K shoshonites
(Luhr and Carmichael 1981; Carmichael et al. 2006;
Maria and Luhr 2008; Vigouroux et al. 2008; Cai 2009)
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phenocrysts all display complex zoning patterns
interpreted to represent multiple magma recharge
events (Crummy et al. 2014).

Three of the tephra fallout deposits, units N, F
and D of the Luhr et al. (2010) stratigraphy,
which erupted c. 7000, c. 12,000 and c. 13,000
yrs B.P. (Fig. 3), are mineralogically distinct
from the rest of the CVC tephra deposits.
Samples from these units have low crystallinity
(10–15 vol%) comprising phenocrysts and
microphenocrysts of plagioclase + clinopyrox-
ene + olivine + hornblende + phlogopite + Fe–
Ti oxides + orthopyroxene. The groundmass
comprises highly vesiculated, dark, mafic to
felsic glass (49.5–66.9 wt% SiO2) with abundant
microlite crystal phases dominated by plagio-
clase and clinopyroxene.

Based on the mineralogy and whole-rock
geochemistry (see below), the explosive eruption
deposits have been divided into two groups.
Group I comprises the bulk of the tephra units,
while Group II comprises the three distinct
(phlogopite-containing) tephra units N, F and D
(see Table 2).

Each of the three units that make up the
Group II eruption deposits have phlogopite
phenocrysts and/or microphenocrysts, which are

not present in scoria and pumice from the
Group I deposits. The Group II units are, how-
ever, mineralogically distinct from each other
(Table 2). Unit N scoria phenocrysts comprise
predominantly plagioclase and clinopyroxene,
with up to 1 vol% olivine, and trace abundances
of hornblende and phlogopite. Scoria from unit
F has a lower crystallinity when compared with
units N and D, and the mineral assemblage is
dominated by clinopyroxene, olivine and phlo-
gopite with up to 1 vol% plagioclase and trace
hornblende. Unit D scoria has the highest
crystallinity, comprising predominantly horn-
blende and plagioclase, with clinopyroxene and
up to 1 vol% olivine and phlogopite. The
groundmass also appears to be more crystalline
in unit D, with abundant microlites. Fe–Ti oxi-
des are present in all samples from 1 to 3 vol%,
and are most abundant in unit D. As observed
within the Group I tephra samples, plagioclase
and clinopyroxene phenocrysts from Group II
scoria reveal crystallization histories involving
complex magma recharge and mixing events
(Crummy et al. 2014). For more detailed
descriptions of the mineralogy of the Colima
calc-alkaline tephra, the reader is referred to
Crummy et al. (2014).

Table 2 Mineralogy of pumice and scoria from the CVC Plinian tephra fallout deposits

Unit Group Crystallinity
(vol%)

Plag
(vol%)

Cpx
(vol%)

Opx
(vol%)

Hbd
(vol%)

Olivine
(vol%)

Phlog
(vol%)

Fe–Ti oxides
(vol%)

Y I 6–10 3–5 0–trace 0–trace 2–4 – – Trace–1

W I 13–19 7–10 1–2 1–3 2–5 Trace–1 – 1

U I 20–25 12–15 1–2 3–4 2–5 1–2 – 1

S I 12–17 7–10 1 1–2 1–3 1–2 – 1

P I 14–22 10–15 1–2 1–3 Trace Trace – 1

N II 9–13 5–10 1–2 Trace Trace Trace–1 Trace 1

L I 11–19 5–10 Trace 1 3–5 – – 1–2

J I 11–16 7–10 1 1–2 1 – – 1–2

H I 13–17 2–10 1–2 2–3 Trace–5 Trace–2 – 1

F II 7–12 Trace–1 2–5 – Trace 1–3 1–2 1–2

D II 10–15 1–3 Trace–2 Trace 3–7 Trace–1 0–1 1–3

The three units that comprise Group II contain lower abundances of plagioclase and contain phlogopite. The mineral
proportions are given as volume % of the whole sample, and were estimated from thin sections on the optical
microscope
Plag plagioclase; Opx orthopyroxene; Cpx clinopyroxene; Hbd hornblende; Phlog phlogopite
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The alkaline cinder cones were described by
Luhr and Carmichael (1981) as forming a tran-
sitional series from basanite to minette based on
the appearance and increasing abundance of
phlogopite, sanidine, leucite and apatite. The
typical mineral assemblage of the basanites, as
defined by Luhr and Carmichael (1981),
comprises phenocrysts and microphenocrysts of
olivine + clinopyroxene + plagioclase (labradorite
An50–70) + microphenocrysts of titanomagnetite.
Leucite-basanites have the characteristic mineral
assemblage of olivine + clinopyroxene phe-
nocrysts, and microphenocrysts of sanidine +
leucite + titanomagnetite + apatite + phlogo-
pite (Luhr and Carmichael 1981). The minettes
comprise phenocrysts of olivine + clinopyrox-
ene + phlogopite + apatite and microphenocrysts
of sanidine, leucite, titanomagnetite, apatite and
phlogopite (Luhr and Carmichael 1981).

4 Whole-Rock Geochemistry

A database of whole-rock major and trace ele-
ments for the CVC has been compiled from
newly collected data (Crummy 2013), as well as
from the CVC literature (Luhr and Carmichael

1980, 1981, 1982; Allan and Carmichael 1984;
Robin et al. 1991; Luhr 1993, 2002; Robin and
Potrel 1993; Komorowski et al. 1997;
Carmichael et al. 2006; Maria and Luhr 2008;
Savov et al. 2008; Vigouroux et al. 2008; Cai
2009; Luhr et al. 2010; Saucedo et al. 2010) and
unpublished data obtained by James Luhr and
Ivan Savov. The full database comprises 398
samples from the CVC, including the alkaline
cinder cones; of these 252 are from the Holocene
and late Pleistocene explosive tephra deposits.
The ranges of major element composition for the
Group I and Group II eruption deposits are listed
in Table 3.

4.1 Major Elements

The CVC eruptive products show a wide range in
composition from basalt to andesite based on the
Total-Alkalis Silica (TAS) and K2O versus SiO2

diagrams of Le Maitre et al. (2002; Fig. 5). The
majority of the deposits are calc-alkaline; how-
ever, some samples appear to be trending towards
the high-K alkaline cinder cone compositions.

The geochemical evolution of the CVC
eruption deposits is shown on time series plots

Table 3 Ranges of major element concentrations in weight % for the Group I and Group II calc-alkaline basalts to
high silica andesites

Unit SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5

Y 53.9–60.4 0.4–0.7 17.9–21.5 4.7–5.8 0.10–0.11 1.8–2.8 5.0–5.9 3.8–4.9 1.0–1.5 0.17–0.31

W 54.7–57.1 0.6–0.8 17.7–18.9 5.7–6.6 0.11–0.12 3.9–5.9 6.4–7.5 3.8–4.4 0.8–1.1 0.20–0.21

U 50.7–57.8 0.5–0.8 17.4–21.4 5.6–7.0 0.10–0.12 2.3–6.1 5.5–7.5 3.3–4.4 0.7–1.3 0.19–0.35

S 54.6–58.6 0.5–0.8 17.1–19.1 4.8–6.5 0.09–0.12 3.6–5.8 5.7–7.5 4.0–4.4 0.9–1.3 0.17–0.15

P 55.4–59.7 0.5–0.8 17.2–19.6 4.7–5.8 0.08–0.11 2.6–6.2 5.6–7.1 4.0–4.7 1.0–1.3 0.16–0.22

N 52.8–56.5 0.8–0.9 16.3–18.8 5.9–6.0 0.11–0.11 3.3–6.2 5.7–7.2 3.5–4.2 1.6–2.5 0.28–0.56

L 58.0–59.9 0.6–0.7 16.9–17.8 4.9–5.4 0.09–0.10 3.9–5.1 5.9–6.3 4.2–4.7 1.0–1.2 0.15–0.18

J 53.4–59.5 0.6–1.0 16.4–17.5 5.2–7.0 0.10–0.12 4.6–6.0 5.9–8.1 3.6–4.7 1.1–1.9 0.15–0.39

H 54.5–58.7 0.7–0.9 15.7–18.0 5.8–7.2 0.11–0.13 4.0–7.3 6.7–8.0 2.9–4.4 0.8–1.1 0.13–0.50

F 43.9–53.3 0.8–1.3 14.4–19.2 6.9–9.1 0.09–0.13 6.4–8.1 6.9–8.0 1.3–3.5 0.4–3.5 0.27–0.68

D 53.7–57.5 0.8–0.9 15.9–18.6 6.2–6.9 0.11–0.13 2.8–6.1 6.4–8.0 3.4–4.4 1.0–2.2 0.21–0.51

Data are from Luhr and Carmichael (1981, 1982) and Luhr et al. (2010) and unpublished data collected by Ivan Savov
and Jim Luhr related to the Holocene tephra fallout deposits, and by Julia Crummy as part of her Ph.D. thesis at the
University of Leeds (Crummy 2013)
The Group II units are in bold
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(Fig. 6). The interplinian eruption deposits show
little variation in whole-rock major element
geochemistry, while the explosive (Plinian)
eruption deposits show a wide variation in SiO2,
MgO, K2O and P2O5. Overall the MgO content
appears to increase from 30,000 yrs B.P. to
12,000 yrs B.P., and then decreases from
*10,000 yrs B.P. to the present. This pattern is
somewhat reflected in the SiO2 content, which
shows increases in the same samples that show
lower MgO (in the last 10,000 yrs). However,
there are fewer samples from 10,000 to 30,000
yrs B.P., so it is difficult to draw concrete con-
clusions from the available dataset.

The variations of K2O and P2O5 with time
reveal the majority of the eruption deposits show
little compositional variation; however, the
Group II samples, which erupted c.7000,
c.12,000 and c.13,000 yrs B.P., display distinctly
high K2O and P2O5 (Fig. 6).

The Group I tephra which, in terms of com-
position, incorporate the interplinian products,
are calc-alkaline basaltic-andesites to high silica
andesites with SiO2 contents ranging from 50.7
to 60.3 wt% (Fig. 5). Overall the whole-rock
major element systematics show an evolutionary
trend toward increasing K2O and Na2O and

decreasing MgO, CaO, FeOt, TiO2, MnO and
P2O5 with increasing SiO2 (Fig. 7). These trends
are consistent with evolution from a mafic
magma parent, where the crystallization of the
ferromagnesian minerals olivine, orthopyroxene,
clinopyroxene and hornblende, and the Ca-rich
plagioclase, leave residual melts that are more
and more depleted in MgO, CaO, FeOt, TiO2,
MnO, while increasing their SiO2 and alkalis.

The Group II units are more mafic than the
Group I deposits, comprising basalt to basaltic-
andesite with SiO2 contents ranging from 43.9 to
57.5 wt% (Fig. 5). Overall, the Group II eruption
deposits follow a similar differentiation trend to
the Group I calc-alkaline series, with increasing
K2O and Na2O and decreasing MgO, CaO, FeOt,
MnO and P2O5 with increasing SiO2 (Fig. 7).
However, the Group II eruption deposits are
geochemically distinct, with elevated K2O (up to
3.5 wt%) and P2O5 (up to 0.68 wt%) relative to
the Group I tephra (Figs. 6 and 7).

Figure 8 shows SiO2 versus MgO and SiO2

versus K2O variation diagrams for Group II tephra
with the main mineral phases determined via
electron microprobe analyses (Crummy 2013). As
minerals crystallize from a mafic parent melt, the
composition of the melt is driven away from the

Fig. 6 Time series plots showing the variations in
whole-rock major element geochemistry for the CVC
eruption deposits over the past 30,000 years. Also shown
is the composition of the current lava dome (2007–2010;

unpublished dataset). The deposits are divided into two
groups based on the geochemical distinctions; the
deposits with high MgO, K2O and P2O5 form Group II
(blue circles)
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composition of the extracted mineral assemblage,
towards higher SiO2 and K2O and lower MgO
concentrations. By projecting the differentiation
trend back from the groundmass glass composi-
tion, through the parental melt composition, it is
possible to determine the extracted mineral
assemblage. The Group I magmas follow a trend
defined by the extraction of plagioclase +
hornblende + clinopyroxene + orthopyroxene
(Fig. 8). The trend towards high K2O and low
MgO with increasing SiO2 displayed by the
Group II eruption deposits could be explained by
the fractionation of plagioclase + phlogo-
pite + clinopyroxene + orthopyroxene + olivine
+ hornblende from a mafic parent melt. However,
not all Group II samples follow this trend. For
example, some of the tephra samples from unit D
follow the differentiation trend displayed by the
Group I eruption deposits, while others lie along
the Group II fractionation trend (Fig. 8). Similar
variations are observed in the unit N and F

samples, with many lying off the differentiation
trends. These variation diagrams therefore reveal
that not all the Group II samples can be linked to
the Group I magmas through simple fractional
crystallization from a common mafic parent.
Accordingly, the wide range of K2O (and P2O5,
CaO, Al2O3) within the Group II units suggests a
magma mixing process between two composi-
tionally distinct magma batches.

The alkaline cinder cone deposits are charac-
terized by low SiO2 and Al2O3, and high TiO2,
MnO, MgO, CaO, K2O and P2O5 (Fig. 7). These
magmatic rocks show relatively little variation
in SiO2 content (47.6–50.3 wt%), but show
large variations in MgO (7.4–15.3 wt%), K2O
(2.5–4.4 wt%) and P2O5 (0.7–1.3 wt%). The high
MgO, K2O and P2O5 contents are reflected in their
mineralogy, with assemblages dominated by
mafic minerals, and the presence of phlogopite,
sanidine and apatite phenocrysts and micro-
phenocrysts (Luhr and Carmichael 1981).

Fig. 7 Whole-rock major
element variation diagrams
for interplinian and Plinian
eruption deposits of the CVC.
Also plotted are whole-rock
major element compositions
for the alkaline cinder cones
(Luhr and Carmichael 1981;
Carmichael et al. 2006; Maria
and Luhr 2008; Vigouroux
et al. 2008; Cai 2009). The
interplinian deposits are
typically more evolved with
higher SiO2 and Al2O3, and
lower MgO, FeOt, TiO2, CaO
and P2O5 contents relative to
the Plinian deposits
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The alkaline cinder cones form a distinct group
that lies off the calc-alkaline magma differentia-
tion trend indicating a separate source com-
position and subsequent fractionation trends
(Figs. 5 and 7).

4.2 Trace Elements

Incompatible trace element abundance patterns in
the Group I and Group II CVC eruption deposits
are consistent with those typical of subduction-
related magmas (Fig. 9a; Pearce 1982; Straub

et al. 2010 and references therein). All CVC
tephra samples show enrichments in large ion
lithophile elements (LILE: Rb, Ba, Th, and K)
relative to high field strength elements (HFSE:
Nb, Ta, Ti, Hf, Zr,) attributed to the addition of
slab-derived fluids/melts to depleted mantle
wedge sources (Vigouroux et al. 2008 and ref-
erences therein). The relative depletions in the
HFSE reflect the presence of stable mineral
phases in the subducting slab or mantle wedge,
such as ilmenite, titanite, rutile, zircon, apatite
and garnet (Pearce 1982). The Group II samples
display stronger enrichments in the incompatible

Fig. 8 K2O and MgO variation with SiO2 showing the
control of the main mineral phases on the chemical trends.
Projecting the melt composition from the groundmass
glass back through the parental melt reveals the fraction-
ating mineral assemblage driving magma differentiation.
Sample SAY-22E from a basaltic cinder cone east of the
CVC is used to represent the parental melt composition
(Luhr and Carmichael 1981; Luhr 1997; Verma and Luhr
2010). The Group I samples follow a trend of increasing
K2O (a) and decreasing MgO (b) with increasing
SiO2 reflecting the extraction of plagioclase (plag) +

hornblende (hbd) + orthopyroxene (opx) + clinopyrox-
ene (cpx) [+olivine] from a mafic parental melt. The
Group II eruption deposits reveal variations that cannot be
explained by fractional crystallization alone. Some of the
Group II samples follow the Group I trend; however,
some samples from the same eruption unit follow a trend
reflecting the extraction of plagioclase + phlogopite
(phlog) + clinopyroxene + orthopyroxene + olivine (ol)
+ hornblende, and some do not appear to follow any
fractionation trend
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trace elements relative to the Group I units, and
partially overlap the alkaline magma composi-
tions (Fig. 9a).

Chondrite-normalized rare earth element
(REE) abundance patterns in CVC magmas
reveal that the light REE (La to Nd) are always
enriched relative to the middle REE and heavy
REE (Sm to Lu; Fig. 9b), reflecting a control of
amphibole, clinopyroxene and garnet in the
mantle source (Hanson 1980). Again, the
abundances of the REE in the Group II eruption
deposits overlap the abundances in the alkaline
cinder cone magmas. These show very high
light REE abundances (Fig. 9b), possibly
reflecting lower degrees of partial melting
(Hanson 1980).

4.3 Sr–Nd Isotopic Compositions

The radiogenic isotopic composition of a magma
is inherited from its source during partial melting
and remains unchanged as fractional crystalliza-
tion progresses in the absence of contamination
by an isotopically distinct component (Faure and
Mensing 2005). However, isotopic variations
will occur if, during ascent, the magma interacts
with other batches of previously formed magma
or crystalline mush, or assimilates wall-rocks or
basement lithologies with isotopically distinct
compositions (Hawkesworth and van Calsteren
1984; Faure and Mensing 2005). Accordingly,
the 87Sr/86Sr and 143Nd/144Nd isotopic ratios
have been widely used to fingerprint magma
source(s) and identify open- and closed-system
processes occurring in the magma storage region
such as magma mixing, crustal assimilation and
fractional crystallization (AFC; e.g. Kempton
et al. 1991; Tatsumi et al. 1992; Straub et al.
2010; Verma and Luhr 2010; Schmidt and
Grunder 2011).

Within Group I eruption deposits, 87Sr/86Sr and
143Nd/144Nd show a narrow range, varying from
0.70338 to 0.70371 and 0.51290 to 0.51295,
respectively (Table 4; Fig. 10). The Group II units
display slightly higher 87Sr/86Sr and lower
143Nd/144Nd than the majority of the Group I
samples. Tephra units N and D display a narrow
range in 87Sr/86Sr and 143Nd/144Nd, varying from
0.70365 to 0.70372 and 0.51291 to 0.51294,
respectively (Fig. 10). Unit F displays a much
wider range in 87Sr/86Sr (0.70358–0.70408) and
143Nd/144Nd (0.51279–0.51293). However, there
is a clear distinction within unit F samples; two of
the samples have more radiogenic 87Sr/86Sr and
less radiogenic 143Nd/144Nd corresponding with
their lower SiO2 content (Fig. 10a, b). The clear
separation of these two samples from the rest of
the Group II eruption deposits suggests either a
separate source, or contamination from a magma
or crystalline mush with high 87Sr/86Sr and low
143Nd/144Nd values. The relatively flat trend dis-
played by the Group I and the majority of the
Group II samples suggest fractional crystallization
from a homogenous melt.

Fig. 9 Incompatible whole-rock trace element abun-
dances normalized to N-MORB and REE normalized to
Chondrite for the CVC eruption deposits. Normalizing
values are from Sun and McDonough (1989) and
Nakamura (1974), respectively. All the CVC eruption
deposits, including the alkaline cinder cones, have
subduction-related trace element abundance patterns
characterized by depletions in the HFSE (Ta, Nb) relative
to the LILE (Rb, Ba, K). The interplinian and Group I
Plinian samples have overlapping compositions, while
the Group II samples show stronger enrichments in all the
incompatible trace elements, partially overlapping the
alkaline cinder cone compositions
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Table 4 87Sr/86Sr and
143Nd/144Nd isotope ratio
compositions for the
Group I and Group II
eruption deposits

Sample Unit 87Sr/86Sr 2r error
(�10−6)

143Nd/144Nd 2r error
(�10−6)

VF95-09X Y 0.703627 ±4 0.512940 ±11

VF97-06D Y 0.703633 ±6 0.512912 ±4

VF97-13B Y 0.703623 ±6 0.512916 ±6

VF98-02W W 0.703582 ±4 0.512916 ±6

VF95-06W W 0.703574 ±6 0.512941 ±8

VF10-01U U 0.703586 ±4 0.512924 ±6

VF10-02U U 0.703593 ±4 0.512932 ±6

VF10-04U U 0.703635 ±5 0.512921 ±7

VF10-07U U 0.703594 ±4 0.512934 ±4

VF95-06P S 0.703555 ±4 0.512953 ±3

VF95-09T S 0.703592 ±4 0.512932 ±6

VF10-03Q P 0.703577 ±13 0.512948 ±5

VF10-07M3 P 0.703604 ±4 0.512927 ±5

VF10-01P P 0.703564 ±4 0.512948 ±7

VF10-03Pi P 0.703557 ±10 0.512902 ±7

VF10-07D N 0.703723
–3

0.512908
–6

VF95-09G N 0.703711
–4

0.512916
–4

VF10-03N N 0.703710
–5

0.512922
–4

VF95-09E L 0.703597 ±3 0.512909 ±5

VF10-03M2 L 0.703604 ±4 0.512932 ±8

VF10-03L J 0.703610 ±4 0.512937 ±6

VF00-06R H 0.703384 ±3 0.512952 ±5

VF94-06E H 0.703705 ±5 0.512913 ±5

VF97-01Di H 0.703689 ±5 0.512913 ±5

VF95-06E F 0.703576
–4

0.512927
–10

VF01-02Ps F 0.704084
–4

0.512791
–4

VF01-05PA F 0.704044
–4

0.512787
–5

VF10-04F F 0.703681
–4

0.512913
–5

VF95-01B D 0.703645
–5

0.512936
–5

VF01-02Ni D 0.703696
–4

0.512920
–10

VF01-05N D 0.703695
–4

0.512908
–5

Values are reported to 2r error on the 6th decimal digit, and have been normalized to the
NBS-987 and La Jolla standards for Sr and Nd, respectively

Holocene Eruption History and Magmatic Evolution of the Colima … 15



The cinder cone magmas have high 87Sr/86Sr
(0.70381 to 0.70417) and low 143Nd/144Nd
(0.51277 to 0.51287; Cai 2009) relative to the
Group I eruption deposits and the majority of the
Group II units (Fig. 10). Two samples from unit
F of the Group II eruption deposits have similar
isotopic compositions to two of the alkaline
magmas consistent with mixing between iso-
topically distinct magmas.

The variation of 87Sr/86Sr versus 143Nd/144Nd
for the calc-alkaline Group I and II eruption
deposits, and the alkaline cinder cones reveals that
all the CVC magmas fall within the mantle array
(Fig. 11; Zindler and Hart 1986). Collectively, the
CVC magmas appear to define a trend away from

the estimated mantle wedge composition (Nimz
et al. 1995; Gómez-Tuena et al. 2007) towards a
more enriched component, with the alkaline cinder
cone magmas having more enriched radiogenic
isotopic signatures. Our findings, based on the
new Sr and Nd isotope dataset, are in agreement
with the Pb isotope ratios characteristic for CVC
magmas reported by Verma and Luhr (2010).

5 Magmatic Evolution of the CVC

The geochemical and petrological variations
shown by the CVC magmas reveal a heteroge-
neous source region in the mantle wedge under

Fig. 10 87Sr/86Sr and 143Nd/144Nd variation with SiO2

for the CVC tephra deposits and the alkaline cinder cones.
Data for the alkaline cinder cones are from Cai (2009).
Isotopic data for the Group I and Group II samples were
analyzed on Triton series TIMS instrument at Univ. Leeds
as part of this study and analytical details can be found in
Crummy (2013). Error bars are smaller than all the
symbols used. Also shown are isotopic compositions for

Nevado de Colima and Volcán Cántaro rocks after Verma
and Luhr (2010). The Group I and the majority of the
Group II eruption deposits show little variation in
87Sr/86Sr and 143Nd/144Nd with SiO2 suggesting fractional
crystallization from a relatively homogenous source. Two
samples from unit F display isotopic compositions similar
to those of the alkaline cinder cones, suggesting a
common source, or mixing event
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the CVC. The trace element abundance patterns
displayed by CVC magmas are controlled by the
influence offluids from the subducting slab and the
resulting partial melting of the overlying mantle.
The fluid fluxing of the mantle wedge is respon-
sible for fluid mobile element and LILE enrich-
ments, while the relatively low HFSE abundances
are controlled by residual mineral phases in the
subducting slab (Tatsumi et al. 1992).

Incompatible trace element variation diagrams
for the Group I and Group II calc-alkaline erup-
tion deposits and the alkaline cinder cone magmas
are shown in Fig. 12. Overall, the Group I erup-
tion deposits form a cluster with no strong
slab-derived fluid or sediment melt component
(high Ba/Th, Ba/La, Ce/Pb and Th; Saunders et al.
1991; Schmidt and Poli 2004), and no strong
slab-melt, or residual garnet signature (low La/Yb
and Sr/Y coupled with Dy/Yb; Defant and
Drummond 1990). The Group II eruption deposits
display much stronger enrichments in Th sug-
gesting a higher sediment component relative
to the Group I samples (Fig. 12; Plank and
Langmuir 1998). The opposite is displayed by the
Ce/Pb ratio, with the Group II deposits containing
higher concentrations of both Ce (70–130 ppm)
and Pb

(9–24 ppm) relative to the Group I samples
(20–30 ppm Ce and 5–8 ppm Pb), indicating
enrichment by both sediment melts and fluids.
These deposits also show increasing Dy/Yb cor-
relating with increasing La/Yb and Sr/Y reflecting
contribution from a garnet-bearing source. The
alkaline cinder cone magmas follow a similar
trend to the Group II units, with a wide range of
compositions reflecting fluid and sediment melt
enrichment, and residual garnet in the source.

Several models have been proposed suggest-
ing that the lamprophyric CVC magmas result
from low degree melting of an enriched (veined)
mantle source (Wallace and Carmichael 1989;
Luhr 1997; Maria and Luhr 2008; Vigouroux
et al. 2008). Such enriched metasomatic veins of
phlogopite, clinopyroxene and apatite form as a
result of the interaction of fluids from the sub-
ducting slab with depleted mantle wedge peri-
dotites (Foley 1992). These veins have a lower
melting point than the surrounding dry peridotite
wall-rock, therefore low percentage melting is
capable of producing the highly incompatible
element-enrichments characteristic for the CVC
lamprophyric melts (Foley 1992).

The elemental and isotopic data presented
here supports models for alkaline mafic melt

Fig. 11 87Sr/86Sr versus 143Nd/144Nd diagram showing
the relation of the CVC tephra deposits and the alkaline
cinder cone magmas to the mantle reservoirs as defined by
Zindler and Hart (1986). Data sources and analytical
techniques and errors are the same as those on Fig. 10.
Also shown are the mantle xenolith compositions from
Northern Mexico (defined by dashed line; after Nimz
et al. 1995), the estimated Mexican mantle wedge
composition of Gómez-Tuena et al. (2007), and the

compositions of granodiorite (Verma and Luhr 2010) and
sandstone (Centeno-García et al. 1993) crustal rocks from
the western Trans Mexican Volcanic Belt. The CVC
magmas lie along the mantle array, trending towards a
more enriched mantle source. The Group I and Group II
eruption deposits appear to trend away from the mantle
wedge composition towards the composition of the
alkaline cinder cone samples
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generation through the involvement of enriched
(veined) mantle sources in the melting process:
i.e. enrichments in the fluid mobile elements,
LILE and light REE (Foley 1992; Maria and
Luhr 2008; Vigouroux et al. 2008). The
calc-alkaline Group I magmas do not show as
strong subduction-related component as the
alkaline cones; however, they are enriched rela-
tive to the estimated unmodified mantle wedge
composition of Gómez Tuena et al. (2007). Cai
(2009) estimated enrichments by *5% sediment
partial melts.

5.1 Calc-Alkaline—Alkaline Magma
Mixing

The Group II eruption deposits are calc-alkaline
basalts to basaltic-andesites distinct from the
Group I calc-alkaline units, characterized by the

presence of phlogopite, and high MgO, K2O and
P2O5 and strongly enriched LILE and LREE
abundances relative to the Group I deposits (see
Fig. 9). The alkaline cinder cones are composed
of primitive high-MgO magmas with high TiO2,
FeOt, CaO, K2O and P2O5 over a narrow range
of SiO2, forming a distinct group of CVC erup-
tive products.

Co-variations between K2O and P2O5 with
SiO2 for the CVC erupted magmas show that the
Group II eruption deposits lie compositionally
between the calc-alkaline Group I and alkaline
cinder cone magmas (Fig. 13). The calc-alkaline
and alkaline magmas follow separate differenti-
ation trends, and therefore cannot be linked
through fractional crystallization from a common
parental melt; however, they could represent a
mixing relationship.

This is supported by the Sr and Nd isotopic
data, which indicate that there is an involvement

Fig. 12 Incompatible trace element ratio plots for the
CVC magmas. The plots reveal the influence of subduc-
tion zone fluids, sediments and slab melts on the Group I
and Group II calc-alkaline magmas and the alkaline cinder
cone magmas (Luhr and Carmichael 1981; Carmichael
et al. 2006; Maria and Luhr 2008; Vigouroux et al. 2008;
Cai 2009). Only the mafic (<55 wt% SiO2) samples have

been plotted to remove the effects of AFC. The Mexican
mantle wedge composition is from Gómez-Tuena et al.
(2007). The bulk sediments are from DSDP Site 487
(Gómez-Tuena et al. 2003; LaGatta 2003), and the
sediment melt composition are from Gómez-Tuena et al.
(2007)
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of a slab-derived metasomatic component in
Group II magma sources which is absent or
extremely dilute in the sources of Group I mag-
mas (Fig. 11). Because of the temporal and
spatial proximity of the calc-alkaline CVC
central vents (Cántaro, Nevado, Paleofuego and
Colima) and the alkaline cinder cones, the
potential mixing relationship between these
magmas as a possible mechanism to create the
Group II eruption deposits should be considered.
We have explored this hypothesis by using the
two-component mixing model of Langmuir et al.
(1978), between end-member samples on a
87Sr/86Sr versus 143Nd/144Nd variation diagram
(Fig. 14). The majority of the Group II samples
contain up to 5% alkaline magma component;
however, two of the samples from unit F com-
prise very large (*50%) alkaline component
(Fig. 14).

The presence of an alkaline component in the
Group II magmas is supported by the whole-rock
trace element data. The results of mixing calcu-
lations involving the trace elements are shown on
Fig. 15. The trace element data reveal that
*20% alkaline component is required to repro-
duce the measured Group II abundances. How-
ever, the trace element abundance patterns for
the mixed magmas do not agree perfectly with
the Group II eruption deposits. For example, the
abundances representing a 50% calc-alkaline—

alkaline mixture agrees well with the majority of
the elements with the exception of Rb, Ba, Nb, P,
Zr and Hf which are all more enriched than in the
Group II samples. This may reflect the presence
of small amounts of accessory minerals in the
alkaline melts, such as sphene, rutile, zircon or
apatite which would result in relatively high
abundances of Nb, P, Zr and Hf (Tatsumi and
Kogiso 1997). Rb and Ba are highly mobile in
fluids, therefore intense metasomatism causing
enrichments in the alkaline parental melt could
account for the elevated Rb and Ba abundances
(i.e. Marschall and Schumacher 2012).

The mixing relationship between the two
magma types is also supported by the mineralogy
of the different eruption deposits. The typical
mineral assemblage of the Group I tephra is
dominated by plagioclase, orthopyroxene,
clinopyroxene and hornblende with olivine only
present in the most mafic deposits, while the
alkaline (minette) magmas predominantly com-
prise olivine and clinopyroxene with phlogopite,
apatite and sanidine (Table 5).

The Group II deposits are calc-alkaline basalts
and basaltic-andesites in composition, yet com-
prise mineral assemblages dominated by
clinopyroxene and olivine with phlogopite, that
are more akin to the basanites and minettes of the
alkaline cinder cones (Luhr and Carmichael
1981). Plagioclase is absent, or present only in

Fig. 13 Whole-rock major element K2O (a) and P2O5

(b) versus SiO2 plots showing the relationship between
the Group I and Group II eruption deposits and the
alkaline cinder cone samples. The Group II samples lie off
the fractionation trend of the majority of the CVC

calc-alkaline deposits (Group I), with higher K2O and
P2O5 concentrations trending towards the alkaline
magmas, which may represent mixing between the two
magma types
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the groundmass, in the alkaline cinder cone
magmas (Luhr and Carmichael 1981). Unit F of
Group II shows the strongest alkaline geochem-
ical signature, which is consistent with its

mineralogy, comprising a mineral assemblage
dominated by clinopyroxene, olivine and phlo-
gopite with minor plagioclase and trace horn-
blende. Units N and D show a weaker alkaline

Fig. 14 A simple mixing between the end member
magmas on a 87Sr/86Sr versus 143Nd/144Nd plot following
the model of Langmuir et al. (1978). The end-member
compositions used were a Group I calc-alkaline andesite
(sample VF10-01P) and an alkaline minette (sample
SAY-7E from El Carpintero Norte; Cai, 2009). The solid

line shows the percentage of alkaline component. The
Group II magmas appear to incorporate between 2 and
50% alkaline magma component, which is significant,
considering the rarity of CVC-like alkaline magmas
(basanites to minettes) in island and continental arc
environments

Fig. 15 An N-MORB normalized trace element abun-
dance diagram showing trace element patterns produced
by mixing between calc-alkaline (Group I; grey field) and
alkaline magmas (pale yellow field). N-MORB normal-
izing values are from Sun and McDonough (1989). The
mixed compositions are calculated using the end-member
calc-alkaline andesite (VF10-01P) and alkaline minette

(sample SAY-7E from El Carpintero Norte; Cai 2009)
following the two-component mixing model of Langmuir
et al. (1978). The bright blue line represents compositions
consisting of a mixture 95% calc-alkaline and 5%
alkaline; the pale blue, 20% alkaline and the grey-blue,
50% alkaline. The Group II magmas (dashed outline)
have between 20 and 50% alkaline component
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geochemical signature which, again, is reflected
in their mineralogy with lesser amounts of phl-
ogopite and higher plagioclase content.

The geochemical mixing models and miner-
alogical data reveal there is a petrogenetic rela-
tionship between the calc-alkaline and alkaline
erupted deposits of the CVC involving physical
mixing between the two types of magmas. Evi-
dence from the mineral compositions and zoning
patterns of phenocrysts within the Group I and
Group II eruption deposits reveal multiple
magma mixing events in the magmatic plumbing
system of the CVC (Crummy 2013; Crummy et
al. 2014). The appearance of the distinct Group II
eruption deposits within the calc-alkaline
stratigraphy suggests pulses of alkaline melts
intercepted the storage region of the volumetri-
cally dominant calc-alkaline magmas (Fig. 16).

The presence of high-K, alkaline magmas
(basanites to minettes) at the CVC is unusual in
arc settings, although not unique; alkaline mag-
mas have been documented in the Izu-Bonin-
Mariana arc (shoshonite volcanic province: see
Stern et al. 2003 and references therein), the
Sunda-Banda Arc, Indonesia (Wheller et al.
1987) and central Kamchatka (Koloskov et al.
1999), among others. However, the relationship
between calc-alkaline and alkaline volcanism in
these settings remains poorly understood.
The CVC sits in the fore-arc position within the
Colima Rift Zone. The extensional setting in the
western Trans Mexican Volcanic Belt, which
formed the Colima Rift Zone, may have provided
pathways for the exotic, low-volume alkaline
melts to reach the surface and form monogenetic
cinder cones surrounding the CVC (Luhr 1997;
Maria and Luhr 2008; Vigouroux et al. 2008).

The alkaline CVC rocks are primitive magmas
thought to represent direct melts of veined mantle
with little differentiation during ascent (Luhr
1997). The presence of alkaline cinder cones, and
the recognition of an alkaline component in
magmas erupted from the calc-alkaline CVC
stratovolcanoes, allows us to investigate the
details of the entire diversity and complexity of
the mantle wedge feeding arc volcanism.

6 Concluding Remarks

The CVC eruption deposits are typical
calc-alkaline basalts to andesites (Gill 1981) with
characteristic subduction-related trace element
abundances. During the Holocene, volcanic
activity is expressed as both highly explosive
(Plinian) and effusive (interplinian) eruptions.
Radiocarbon dating of charcoal fragments found
within ash horizons separating tephra fallout
deposits reveals an explosive history extending
as far back as 30,000 yrs B.P. Interplinian
activity is predominantly effusive with phases of
lava dome growth and collapse leading to lava
flows and intermittent small (<12 km a.s.l. plume
height; Savov et al. 2008) Vulcanian explosions.

Explosive Plinian eruption deposits can be
divided into two groups based on mineralogical
and geochemical distinctions. Group I comprise
the bulk of eruption deposits and represent
magma fractionation from a primitive mantle
melt, while Group II units comprise three tephra
fallout horizons which are characterized by the
presence of phlogopite, and contain high K2O
and P2O5 contents, and strongly enriched
incompatible trace element abundances.

Table 5 Comparison of the mineral assemblages of Group I, Group II and alkaline cinder cone pumice and scoria
samples

Deposit Mineral assemblage

Group I plag + opx + cpx + hbd + Fe–Ti oxides + ol

Group II cpx + ol + hbd + plag + phlog + Fe–Ti oxides + opx

Alkaline (minette) ol + cpx + phlog + apatite + sanidine + Fe–Ti oxides

A minette is used to represent the alkaline magma
The mineral abbreviations are: plag plagioclase; opx orthopyroxene; cpx clinopyroxene; hbd hornblende; phlog
phlogopite
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Whole-rock major and trace element geo-
chemistry, and radiogenic Sr and Nd isotopic
compositions reveal an alkaline lamprophyric
component in the Group II tephra. These mag-
mas are interpreted to represent mixing between
calc-alkaline Group I magmas, and alkaline
magmas which formed monogenetic cinder
cones on the rift floor to the east and west of the
northern CVC. The Group II magmas contain
between 5 and 50% alkaline magma component.

The appearance of these mixed units in the
tephra record at c.7000, c.12,000 and c.13,000
yrs B.P., interbedded within the Group I
calc-alkaline stratigraphy, indicate that pulses of
alkaline melts rise and intercept the magmatic

plumbing system of the CVC on timescales of a
few thousand years.
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Fig. 16 Cartoon of the petrogenesis of the CVC
calc-alkaline and alkaline magmas. Calc-alkaline magmas
form from partial melts of the slightly enriched mantle
wedge, which evolve through a complex crustal storage
system. The alkaline magmas form from highly enriched

mantle and rise through the crust forming cinder cones on
the Colima Rift floor. The Group II mixed magmas result
from the interception of alkaline magmas with the crustal
magma chambers, or sills, through which the calc-alkaline
magmas differentiate
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Structure of the Colima Volcanic
Complex: Origin and Behaviour
of Active Fault Systems in the Edifice

Gianluca Norini, Federico Agliardi, Giovanni Crosta,
Gianluca Groppelli and Maria Clara Zuluaga

Abstract
The Colima Volcanic Complex (CVC) is one
of the most prominent volcanic edifices within
the Tran-Mexican Volcanic Belt (TMVB). Its
evolution has been characterized by complex
interactions among regional tectonics, base-
ment geometry and rheology, and successive
volcanic edifices formed in several stages. In
the first part of this review chapter, the
state-of-the-art in the CVC structural and
geological knowledge is summarized and dis-
cussed. Such knowledge is based on published
structural, geological, geophysical, geodetic
and petrological data and models, which allow
identification of three main fault systems and
definition of the general geometrical properties
of the volcano plumbing system. The signifi-
cance and supporting evidence for the Colima
Rift faults, Tamazula Fault and volcano spread-
ing structures, as well as their interactions with
the CVC, are presented. In the second part of

the paper, numerical models are performed to
integrate previous knowledge and test the
effects of different structural scenarios and
different mechanical assumptions on the onset
of gravitational spreading of the volcanic
complex. Also, the state of activity of the three
fault systems and their control on the magma-
tism and flank instability are discussed. Finally,
the main findings on the CVC structural
arrangement are summarized, and the most
important requirements for improvement of our
understanding of the interaction between
regional tectonics, volcanic edifices and base-
ment rheology are suggested. Future investi-
gations are critical, as eruptions and sector
failures represent potential high risks for more
than 500,000 people.

Keywords
Volcano-basement-tectonics interplay
Gravitational spreading � Active faults
Numerical modelling

1 Introduction

Volcanoes are highly dynamic systems, whose
evolution is influenced by many factors, among
them the geology of the basement and the
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regional tectonics. In active volcanic regions, the
understanding of the relationship between vol-
canic edifices and the geological-structural set-
ting of the basement is crucial to project future
edifice behaviour. For large volcanic edifices, the
regional tectonics, the rheology of the basement,
the load of the volcanic pile and the geometry of
the plumbing (or magmatic system) system have
been recognized as the main factors conditioning
their structural architecture (e.g. Voight and
Elsworth 1997; Borgia and van Wyk de Vries
2003; Wooller et al. 2004; Norini and Lagmay
2005; Walter et al. 2005; Norini et al. 2008;
Norini and Acocella 2011). The interaction
among these factors plays a major role in the
migration of the magma toward the surface and
in the flank instability of large volcanoes or
volcanic complexes, with important implications
for the potential occurrence of hazardous erup-
tions and lateral collapses. Thus, the study of a
major active volcano is not possible without an
adequate knowledge of the structure and the state
of stress of the volcanic edifice and its basement.
The interpretations of data provided by geomor-
phological, geological, geophysical, geodetic and
geochemical studies and by continuous moni-
toring of active volcanoes should be integrated to
contribute to accurate volcano-tectonic models.

Despite this need, a reliable structural model is
lacking or incomplete for many of the major
active volcanoes worldwide. Such a structural
model should be based on the knowledge of the
geometry, kinematics and dynamics of the faults
and of the fault systems in the volcanic edifice,
and of their interactions with the magmatic sys-
tem of the active volcano. These data, often
supported by analogue and/or numerical mod-
elling (e.g. Borgia 1994; van Wyk de Vries and
Matela 1998; Apuani et al. 2005; Norini et al.
2010; Norini and Acocella 2011), can contribute
to the interpretation of the structural control on
magmatic intrusions and volcanic activity, and of
gradual and catastrophic edifice deformation.

The Colima Volcanic Complex (CVC) is one
of the most active volcanoes in the world (e.g.
Macías et al. 2006; Zobin et al. 2015; Capra et al.
2016). The CVC is a prominent volcanic system
within the Trans-Mexican Volcanic Belt
(TMVB) (Fig. 1). Although the CVC is regarded
as a severe hazard for the surrounding populated
area, very few works have focused on its struc-
ture and on the volcano-basement interplay (e.g.
Garduño-Monroy et al. 1998; López-Loera et al.
2010, 2011; Norini et al. 2010). The CVC is a
large Pleistocene-Holocene calc-alkaline andesi-
tic volcanic system, whose eruptions and sector

Fig. 1 Location of the Trans‐Mexican Volcanic Belt
(TMVB, in green) in the geodynamic framework of North
and Central America. Triangles in orange show major
volcanoes. Solid black lines are major faults. MX: Mexico

City. MAT: Middle American trench; CVC: Colima
Volcanic Complex; EPR: East Pacific Rise
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collapses pose high risk for more than 500,000
people (e.g. Capra et al. 2014). The volcanic
complex has been emplaced in the active N‐S‐
trending Colima Rift (e.g. Allan 1986) (Fig. 2).
This rift is filled by a sequence of
Plio-Quaternary alluvial, colluvial and lacustrine
deposits underlying the volcanic complex (Allan
1985, 1986; Allan et al. 1991; Serpa et al. 1992).
The understanding of the structural control on the
CVC evolution and its potentially hazardous
volcanic activity requires an accurate analysis of
the interaction among the regional tectonics, the
magmatic system, a weak basement and the load
of the massive volcanic edifice.

In this review chapter, we present and discuss
the previous works on the geodynamic, structural
and geological setting of the volcanic complex.
New numerical models of volcano deformation
under gravitational load are also presented.
Finally, we discuss the influence of the structural
architecture on the volcano evolution, and the
main future needs to improve the knowledge of
the volcano-basement-tectonic interplay in the
CVC.

2 The Western Trans-Mexican
Volcanic Belt
and the Colima-Tepic-Chapala
Triple Junction

The TMVB is an active continental volcanic arc
resulting from the subduction of the Cocos and
Rivera oceanic plates beneath the North Ameri-
can continental plate (Fig. 1). A detailed review
of the complex evolution and structure of the
TMVB has been published by Ferrari et al.
(2012). These authors show a subdivision of the
volcanic arc in four distinct sectors, with the
CVC located in the western sector (e.g. Ferrari
et al. 2012). The western sector of the TMVB is
separated from the central sector by a change in
the subducting plate, from the Rivera plate in the
northwest to the Cocos plate in the southeast.
These two oceanic plates are separated by the
trench-orthogonal Rivera-Cocos Plate Boundary,
a tear fault zone subducted under the North
America continental crust. Tomographic data
show that the Rivera slab dips at 40° in the
forearc region and 70° beneath the TMVB,
whereas the westernmost Cocos slab dips less,
beneath both the forearc and the TMVB (Pardo
and Suárez 1993; Yang et al. 2009; Ferrari et al.
2012).

The western TMVB basement comprises the
Guerrero Terrane to the east and the continental
Jalisco Block to the west (Fig. 2). The Guerrero
Terrane (also known as Michoacán block,
Rosas-Elguera et al. 1996) is mainly composed
of Triassic–Jurassic marine sedimentary sequen-
ces and Jurassic-Cretaceous volcanic arcs (e.g.
Centeno-García et al. 2011). The Jalisco block is
mostly made of Jurassic schists, a Late
Cretaceous-Palaeocene batholith, Cretaceous
marine sedimentary sequences and Cretaceous-
Eocene effusive and explosive volcanic units
(Schaaf et al. 1995; Ferrari et al. 2000, 2005,
2012; Frey et al. 2007; Valencia et al. 2009).

The western part of the TMVB is character-
ized by three main tectonic depressions forming
the Colima-Tepic-Chapala triple junction
(Demant 1981; Luhr et al. 1985; Allan 1986;
Allan et al. 1991; Garduño and Tibaldi 1991;
Ferrari et al. 1994, 2012) (Fig. 2). The Chapala

Fig. 2 Sketch map with the location of the Colima‐
Tepic‐Chapala triple junction and the Jalisco Block and
the Guerrero Terrane. Areas in light yellow are main
tectonic depressions filled by alluvium, colluvium and
lacustrine deposits (from Allan et al. 1991; Ferrari et al.
2012). CVC: Colima Volcanic Complex; NCG: Northern
Colima Graben; CCG: Central Colima Graben; SCR:
Southern Colima Graben; CL: Chapala Lake; G: Guadala-
jara City; C: Colima City; M: Manzanillo City
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Rift is a structure made of two half grabens with
active extensional deformation and a minor
left-lateral component of motion (Suter et al.
1992). Some authors suggest that the Chapala
Rift was inactive during the Pleistocene–
Holocene (Rosas-Elguera et al. 1989; Urrutia-
Fucugauchi and Rosas-Elguera 1994; Rosas-
Elguera and Urrutia-Fucugauchi 1998; Ferrari
et al. 2012). The Colima and Tepic rifts separate
the continental Jalisco Block to the west from the
North American Plate and the Guerrero Terrane
to the north-east and the east, although the exact
definition of their geometry and kinematics is
still a matter of debate (Luhr et al. 1985;
Bourgois et al. 1988; Allan et al. 1991; Garduño
and Tibaldi 1991; Serpa et al. 1992; Bandy et al.
1993, 1995, 2005; Ferrari et al. 1994, 2012;
Rosas-Elguera et al. 1996; Selvans et al. 2011)
(Fig. 2).

The active Tepic Rift, formed in the Mid-Late
Miocene, is located along the northern boundary
of the Jalisco block (Fig. 2). Two main models
have been proposed to explain its geometry and
kinematics. In the first model, the Tepic Rift is
made of grabens, pull-apart basins and strike-slip
faults, and has accommodated right-lateral dis-
placements during Plio-Quaternary times
(Nieto-Obregón et al. 1985; Barrier et al. 1990;
Bourgois and Michaud 1991; Garduño and
Tibaldi 1991; Michaud et al. 1991; Moore et al.
1994). The kinematics of the Tepic Rift would
thus be the result of active rifting induced by a
relocation of the East Pacific Rise, with the
Jalisco block moving toward the NW (Luhr et al.
1985; Allan 1986; Allan et al. 1991; Frey et al.
2007). According to the second and more recent
model, the Tepic Rift underwent two phases of
shearing in Mid- to Late Miocene time. In the
Plio-Pleistocene, the deformation of the Tepic
Rift would have been mainly extensional with a
NNE–SSW-oriented horizontal minimum prin-
cipal stress imparted by the Rivera, Cocos
and North American plates boundaries
(Quintero-Legorreta et al. 1992; Ferrari 1995;
Rosas-Elguera et al. 1996; Ferrari and
Rosas-Elguera 2000; Ferrari et al. 2012). The
second model seems to be supported by recent
geodetic GPS data, showing an active SW

movement of the Jalisco Block relative to the
North American plate (Selvans et al. 2011).

The southern branch of the triple junction at
the eastern end of the Jalisco Block is the Colima
Rift. The CVC is located inside this rift, so that
the structural evolution of the volcanic complex
is strictly associated to that of this regional
structure and to the geodynamic setting of the
area, as described in the following sections
(Fig. 2).

3 The Colima Rift

Previous authors have attributed the origin,
evolution and geodynamic significance of the
Colima Rift to several factors. Among these, an
active rifting of the Jalisco block produced by an
eastward jump of the East Pacific Rise beneath
the North American plate (Luhr et al. 1985; Allan
1986; Allan et al. 1991; Frey et al. 2007), a
passive rifting produced by the subduction of the
Rivera-Cocos Plate Boundary (Nixon 1982;
DeMets and Stein 1990; Ferrari et al. 1994;
Bandy et al. 1995), the activity of a hotspot
(Moore et al. 1994), and the combined SE
motion of the Guerrero terrane along the
Chapala-Tula fault system and the SW motion of
the Jalisco Block relative to the North American
plate (Rosas-Elguera et al. 1996; Suter et al.
2001; Selvans et al. 2011; Ferrari et al. 2012).

The Colima Rift involves Cretaceous marine
limestones, Jurassic–Tertiary metamorphosed
clastic and volcaniclastic sediments, Cretaceous–
Tertiary intrusive rocks, and Tertiary-Quaternary
volcanic deposits (Allan 1986; Serpa et al. 1992;
Bandy et al. 1995; Cortés et al. 2010). Parts of
this rock assemblage were folded and thrusted
during a Late Cretaceous–Paleogene compres-
sive and transpressive phase (Serpa et al. 1992;
Garduño-Monroy et al. 1998). A subsequent
extensional phase generated the rift, whose filling
is made of Pliocene–Quaternary lacustrine sedi-
ments, alluvium, colluvium and volcanic rocks
(Allan 1986; Allan et al. 1991; Serpa et al. 1992).

The Colima Rift consists of three structural
depressions, namely the Northern Colima Graben
(NCG), the Central Colima Graben (CCG),
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where the CVC is located, and the Southern
Colima Rift (SCR) (Allan 1986; Allan et al.
1991). The NCG is composed of two
N-S-aligned and well defined depressions
flanked by NNE-SSW-striking faults (Fig. 2).
The southern one is bounded to the west by sharp
parallel fault scarps that can be traced southward
along the aligned volcanic centres of the CVC.
The NCG is flanked by a high plateau of Late
Miocene-Pleistocene volcanic deposits, uncon-
formably overlying Jurassic-Eocene sedimentary
and intrusive rocks. To estimate the thickness of
the infilling sediments in the NCG, three-
dimensional two-body modelling of gravity
data was conducted by Allan (1985). The gravity
survey was conducted in the northern portion of
the graben and shows that the alluvial, colluvial
and lacustrine fill has a total thickness of about
1 km (Allan 1985).

Near the CVC, two topographic depressions
from the west and the east merge to form the
60-km-long, 50-km-wide CCG (Allan et al.
1991; Luhr 1997). Well defined N-S- to
NNW-trending active normal faults can be
detected only along its western boundary, where
displaced Cretaceous limestones crop out (Allan
et al. 1991; Bandy et al. 1995; Cortés et al. 2005,
2010; Norini et al. 2010). To the east, the
boundary of the CCG mainly consists of minor
normal faults and a progressive eastward rise into
highlands comprising surface exposures of Cre-
taceous limestone and Cretaceous to Miocene
igneous rocks (Bandy et al. 1995; Cortés et al.
2005, 2010; Norini et al. 2010). Inversion of
gravity data in the southern portion of the CCG
indicate that the Pliocene-Holocene sediment fill
of this tectonic depression is about 1–1.5 km
thick (Serpa et al. 1992).

The SCR was recognized on the basis of
mapped lineaments as a wide tectonic system
extending south of the CVC to the pacific coast
(Allan 1986; Allan et al. 1991; Luhr 1997). This
inferred extensional structure lacks an obvious
graben morphology and its existence has been
questioned on the basis of geophysical surveys
and geologic mapping (Serpa et al. 1992;
Rosas-Elguera et al. 1996; Ferrari et al. 2012).
Modelling of gravity data in the SCR area

imaged two major NE-SW-striking depressions
with a total width of 100 km and up to 8 km of
sediment fill. To the south, these structures
merge with the offshore Manzanillo trough. The
NE-SW-trending Manzanillo trough is a
60-km-wide depression with more than 1 km of
vertical offset, containing a sedimentary fan and
fault-controlled submarine canyons (Bourgois
et al. 1988; Michaud et al. 1990; Bourgois and
Michaud 1991; Bandy et al. 1995).

The geometry, kinematics and dynamics of
the Colima Rift have been studied on the basis of
field, seismic and geodetic data, mainly collected
in its northern (NCG) and central (CCG) sectors
(Fig. 2). Field structural analyses conducted on
the NCG and CCG reveal that these grabens are
bounded by sub-vertical crustal faults (Allan
1986; Allan et al. 1991; Norini et al. 2010). The
amount of vertical displacement of the NCG and
CCG is estimated to be at least 2.5 km by adding
the topographic relief of the bounding fault
scarps (1.5–1.6 km) to the calculated sediment
depth (Allan 1986; Serpa et al. 1992). Field data
and focal mechanism solutions are consistent
with a direction of opening of the NCG and CCG
oriented from E-W to NW-SE, with a mainly
normal and minor right-lateral displacements of
the bounding faults (Barrier et al. 1990; Suárez
et al. 1994; Rosas-Elguera et al. 1996; Gardu-
ño-Monroy et al. 1998; Norini et al. 2010). In
contrast to field and seismic evidence of
long-term slightly dextral oblique extension,
recent GPS geodetic measurements suggest a
possible sinistral oblique extension of the Colima
Rift (Selvans et al. 2011). In both cases, the
stress regime is mainly extensional, with an
approximately E-W orientation of the minimum
horizontal stress in the basement of the CVC
(Barrier et al. 1990; Suárez et al. 1994;
Rosas-Elguera et al. 1996; Norini et al. 2010;
Selvans et al. 2011).

The age of the first opening of the Colima Rift
has been estimated to be about 3.5 Ma on the
basis of the maximum vertical displacement
along the bounding faults and the mean vertical
movement rate of the NCG (Allan et al. 1991;
Rosas-Elguera et al. 1996). Geologic, seismic
and geodetic data also show that this extensional
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tectonic activity has continued into the Pleis-
tocene and Holocene and is still occurring
(Suárez et al. 1994; Rosas-Elguera et al. 1996;
Norini et al. 2010; Selvans et al. 2011). Thus, the
Colima Rift started to form prior to the formation
of the CVC and continued its extensional activity
throughout the evolution of this volcanic com-
plex up to the present.

4 Structure of the Colima Volcanic
Complex

Despite the importance of the volcano-tectonic
interplay in determining the potential hazard of
the active volcanism and the present and past
state of activity of the CVC, very few works have
been focused on the volcano structure and the
relationships between its evolution and the
regional tectonics. In this section we describe the
CVC geological setting and the main structures
and faults identified on the CVC by means of
geological, structural and geophysical data.
These structural analyses were based on the
remote sensing and field mapping of faults in the
basement and in the volcanic edifice
(Rosas-Elguera et al. 1996; Garduño-Monroy
et al. 1998; Norini et al. 2010), magnetic and
aeromagnetic surveys (López-Loera et al. 2010,
2011), and numerical modelling of the volcano
gravitational instability (Norini et al. 2010).
Other works exploited the available structural
data and models to support, interpret and discuss
geological maps (Cortés et al. 2005, 2010),
reconstructions of past volcanic activity (e.g.
Cortés et al. 2009; Roverato et al. 2011), seismic
data recorded in the volcano and the surrounding
regions (e.g. Núñez-Cornú and Sánchez-Mora
1999; Domínguez et al. 2001; Zobin et al. 2002;
Pacheco et al. 2003; Andrews et al. 2011), and
geodetic data (Selvans et al. 2011).

4.1 Geology of the Volcanic Complex

Since the 80s, few papers have been devoted to
the geology of the CVC and its surroundings
areas (e.g. Robin et al. 1987; Luhr and

Carmichael 1990; Rodríguez-Elizarraras 1995;
Cortés et al. 2005, 2010), producing geological
maps at different scales (from 1:500,000 to
1:100,000) and recognizing a long and complex
volcanic history. The CVC began its formation
about 1.7 Ma (Allan 1986) and consists of sev-
eral superimposed edifices aligned along a N-S
trend. The volcanic complex has a total volume
of about 900 km3, estimated by means of GIS
and based on interpolation of the volcano basal
surface (Norini et al. 2010). The most recent
geological maps (Rodríguez-Elizarraras 1995;
Cortés et al. 2010) defined lithostratigraphic units
allowing the identification of four stratovolca-
noes or volcanic complexes, named from north to
south and from the oldest to the youngest active
one: (1) El Cántaro, (2) Nevado de Colima,
(3) Paleofuego or Ancestral Volcán de Colima,
and (4) Volcán de Colima, sometimes referred to
as Fuego de Colima or Volcán de Fuego (Figs. 3
and 4).

The following description of the four con-
structional phases of the CVC is mainly based on
the most recent and detailed (1:100,000 scale)
geological map of Cortés et al. (2010) covering
an area of about 4000 km2.

El Cántaro volcano is made of lava flows and
pyroclastic deposits that are andesitic in compo-
sition, with some dacitic domes. Its total volume
is 71 km3 and its age spans from 1.66 ± 0.24 to
0.95 ± 0.17 Ma (Allen 1986). In the final stage,
the products of El Cántaro Volcanic Complex are
interlayered with those of the subsequent Nevado
de Colima Volcanic Complex (Robin et al. 1987;
Cortés et al. 2010).

Nevado de Colima is located south of El
Cántaro and evolved through different eruptive
phases or periods, the details of which vary
among authors. Mooser (1961) identified two
caldera structures, Robin et al. (1987) four
eruptive phases and three caldera structures,
Cortés et al. (2010) six eruptive periods. The
Nevado de Colima Volcanic Complex consists of
a large stratovolcano built during the first erup-
tive period and was affected by at least four lat-
eral collapses producing debris avalanches,
debris flows and pyroclastic deposits. The main
morphostructural collapse rim related to this
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complex is represented by a 7 km long semicir-
cular caldera rim open to SE and dated between
0.53 and 0.37 Ma (Robin et al. 1987). Estimates
for the total volume of the edifice range from
334 km3 (Cortés et al. 2010) to 450 km3 (Luhr
and Carmichael 1990) and the age spans from
0.53 ± 0.1 Ma (Robin et al. 1987) to about
18 ka (Komorowski et al. 1997; Stoopes and
Sheridan 1992).

The Paleofuego volcano or Ancestral Volcán
de Colima (hereafter Paleofuego) is located south
of the Nevado de Colima volcano and was
affected by numerous lateral collapses (six after
Komorowski et al. 1997, five after Cortés et al.
2010). The main visible scar is represented by a
5-km-wide semicircular caldera open to the south
and related to a large sector collapse associated to
a debris avalanche deposit uncertainly dated at
9370 B.P. (Robin et al. 1987), 4300 B.P. (Luhr
and Prestegaard 1988), 3600 B.P. (Komorowski
et al. 1997) and 2505 B.P. (Cortés et al. 2010,
Cortés, this volume). Its total estimated volume is
about 80 km3 (Cortés et al. 2010) and the summit
of the volcano is interpreted to have reached
4200 m a.s.l. (Roverato et al. 2011). The

estimated age of Paleofuego spans from 50 ka
(Robin et al. 1987) to 2500 B.P. (Cortés et al.
2010). Associated with this edifice, two small
andesitic lava domes named “Los Hijos del
Volcán” grew along its southern flank (Fig. 4).

Volcán de Colima is the youngest, active cone,
which was built inside the Paleofuego scarp. This
edifice is a stratovolcano, made of pyroclastic
flows, fall deposits, and lava flows. Its total vol-
ume has been estimated to be between 9 (Cortés
et al. 2010) and 10 km3 (Luhr and Carmichael
1990). During the past 400 years the Volcán de
Colima erupted more than 40 times and the last
major eruption occurred in 1913 (see chapters by
Crummy et al. and Connor et al. this volume).

The Paleofuego and possibly also the Volcán
de Colima cones were affected by numerous
catastrophic sector collapses, building a huge
volcaniclastic fan to the south of the volcanic
complex (Fig. 4) (Robin et al. 1987; Luhr and
Prestegaard 1988; Stoopes and Sheridan 1992;
Komorowski et al. 1997; Cortés et al. 2009, 2010;
Cortés et al., this volume; Roverato et al. 2011).

One of the main open and debated problems
concerning the CVC geological evolution is the

Fig. 3 Perspective views of the CVC. a View from the east of a Landsat ETM satellite image over a DEM. b View
from the NE and c view from the SE of a shaded image over a DEM of Nevado de Colima and Volcán de Colima
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nature of the boundary between Paleofuego and
Volcán de Colima. There is a general agreement
that the morphological scar located immediately
north to the present active cone represents the
final collapse of the Paleofuego volcano, but its
estimated age spans from 2500 yr BP (Cortés
et al. 2010) to more than 23 ky (Roverato et al.
2011). This difference in age estimates has con-
sequences for the timing of the onset and vol-
canological evolution of the Volcán de Colima
and on the edifice source of the debris ava-
lanches. In fact Cortés et al. (2010) consider that
Volcán de Colima has never experienced major

collapses, whereas others authors, among them
Roverato et al. (2011), assign to Volcán de
Colima numerous collapses. Thus, understanding
of the Paleofuego-Volcán de Colima boundary
has clear implications on the hazard assessment
for the potential for future lateral collapses.

4.2 The Rift-Parallel Faults

The Colima Rift, formed by the NCG, CCG and
SCR (Fig. 2), is a prominent morphostructural
feature, formed by several faults trending

Fig. 4 a Geological map
showing the main units of the
CVC, as interpreted from
Cortés et al. (2010). B:
basement of the CVC. Ca: El
Cántaro. NC: Nevado de
Colima. VD-N: debris
avalanche deposits from
Nevado de Colima. Mn:
monogenetic scoria cones in
the CVC area. PF:
Paleofuego. VD-C: debris
avalanche deposits from
Paleofuego. VC: Volcán de
Colima. GF: Quaternary
alluvial, colluvial and
lacustrine deposits. The trace
of the topographic profile of
Figs. 13 and 14 is shown.
b Perspective view of the
geological map of the
CVC (a)
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roughly N-S. These faults and the CVC were
simultaneously active during the Quaternary and
remain active today, with strong spatial and
temporal interaction (e.g. Cortés et al. 2010;
Norini et al. 2010).

The western boundary of the NCG is probably
the tectonic structure exerting the largest control
on the CVC evolution. The main evidence of this
volcano-tectonic interplay is the alignment of the
polygenetic volcanic centres of the CVC along
the continuation of the main western boundary
faults of the NCG. These volcanic centres are
(from north to south, and from the oldest to the
youngest): Cántaro, Nevado de Colima, Paleo-
fuego and Volcán de Colima. Also, Los Hijos
domes are located on the southern flank of the
active Volcán de Colima cone, along the same
alignment as the main volcanic centres (Figs. 3,
4 and 5).

One of the main sub-vertical faults of the
NCG western boundary displaces lava flows and
pyroclastic deposits on the northern flank of the
Nevado de Colima edifice, with the NW and NE
flanks of this volcano located at different eleva-
tions (Figs. 5, 6 and 7). The same fault cuts the
rim of the summit caldera C3 of Robin et al.
(1987) and Cortés et al. (2010), with a maximum
fault throw to the east of about 300–400 m
(Norini et al. 2010) (Fig. 6). The radiometric age
of the faulted volcanic rocks is 0.37–0.14 Ma
(Robin et al. 1987; Cortés et al. 2005), resulting
in a minimum vertical displacement rate of about
1–3 mm/yr during the Upper Pleistocene and
Holocene (Norini et al. 2010). This displacement
rate is in agreement with the velocity constraint
provided by a recent GPS geodetic study, which
allows for up to 5 mm/yr of extension across the
NCG (Selvans et al. 2011).

The CVC is mainly located inside the CCG.
The western boundary of this graben is formed
by a sharp and curved fault scarp, with a maxi-
mum height of 1600 m and the fault throw to the
east. The eastern boundary of the graben is less
defined and composed of an irregular eastward
topographic rise and small discontinuous fault
scarps, and lineaments (Fig. 5). The recognized
boundary faults of this graben are located far
from the CVC summit (Fig. 5). Field analysis at

the boundaries of this graben shows that recent
lacustrine and volcaniclastic deposits of the CVC
exhibit N-S-trending normal faulting (Gardu-
ño-Monroy et al. 1998; Norini et al. 2010). This
field evidence suggests that the whole CVC and
the volcano basement are subjected to an active
extensional stress regime, with an E-W orienta-
tion of the minimum horizontal stress imparted
by the tectonic activity of the NCG and CCG
(Allan 1986; Allan et al. 1991; Norini et al.
2010).

4.3 The Tamazula Fault

The occurrence of a major NE-SW-striking
regional fault system has been suggested in the
CVC area by some previous works. This structure
was first described by Rodriguez‐Elizarraras
(1995) and then named Tamazula Fault by
Rosas-Elguera et al. (1996) and Garduño-Monroy
et al. (1998). The Tamazula Fault was identified
through mapping of fault scarps and some parallel
lineaments on the CVC flanks and in the sur-
rounding region. This regional fault has been
interpreted as an active normal fault system,
extending for more than 160 km, bounding the
Jalisco Block to the SE and cutting the ColimaRift
and the CVC (Rosas-Elguera et al. 1996; Gardu-
ño-Monroy et al. 1998; Cortés et al. 2005, 2010).
Rosas-Elguera et al. (1996) and Garduño-Monroy
et al. (1998) stated that the alignment of some
crustal earthquakes in the Manzanillo area con-
firms the existence and activity of the Tamazula
Fault. More recently, various seismic events
indicative of E-W andNE-SW faulting in the CVC
and Manzanillo areas have been attributed to the
reactivation of crustal structures parallel to the
Tamazula Fault (e.g. Nuñez-Cornú and Sán-
chez-Mora 1999; Domínguez et al. 2001; Zobin
et al. 2002; Pacheco et al. 2003; Andrews et al.
2011).

Garduño-Monroy et al. (1998) described four
stages of tectonic deformation in the CVC area.
The first two stages pre-date the emplacement of
the CVC and the opening of the Colima Rift. The
third stage has been related to E-W-trending
tectonic extension along the Colima Rift. The last
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stage generated a NE-SW-trending depression,
named the graben of Alseseca-Atenquique, cut-
ting through the CVC and resulting from the
extensional activity of the Tamazula Fault
(Fig. 8). This phase is associated with a
NW-SE-trending tectonic extension (Garduño--
Monroy et al. 1998). Following Garduño--
Monroy et al. (1998), the CVC would have
been emplaced at the intersection between the
Colima Rift and the Tamazula Fault. Garduño--
Monroy et al. (1998) also suggest that the
NE-SW alignment of Volcán de Colima and the
Volcancito parasitic cone reflect the occurrence
of magma migration paths along the Tamazula
Fault (Fig. 3b, c). This fault and the associated
stress field were also thought to be responsible of
the flank instability of the CVC, with preferred
direction of lateral collapse toward the S and SE
(Garduño-Monroy et al. 1998) and toward the
SW (Cortés et al. 2009).

Some of the fault scarps and linear features
attributed to the Tamazula Fault by Garduño--
Monroy et al. (1998) and Cortés et al. (2009,
2010) have been alternatively interpreted as the
result of active gravitational spreading of the
volcanic complex by Norini et al. (2010), as
discussed below.

4.4 The E-W Trending
Volcano-Tectonic Fault
System

An E-W-trending fault system has been descri-
bed for the first time by Norini et al. (2010). This
volcano-tectonic structure is characterized by the
most prominent morphostructural features
affecting the CVC (Fig. 9). Previously, most
fault scarps attributed to this system were asso-
ciated to the Tamazula Fault (Sect. 4.3)

Fig. 5 Morphotectonic map
on a shaded relief image
showing the trace of the
Colima Rift faults (modified
from Norini et al. 2010). Ca:
Cántaro. NC: Nevado de
Colima. VC: Volcán de
Colima. NCG: Northern
Colima Graben. CCG: Central
Colima Graben. Location of
Fig. 7 is shown
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Fig. 6 Perspective view from the NNE of a fault scarp
cropping out on the northern flank of Nevado de Colima.
The fault displaces the C3 summit caldera rim (Robin

et al. 1987; Cortés et al. 2010) and the northern flank of
the volcanic edifice. The view was generated from DEM
and Landsat ETM satellite image

Fig. 7 Photograph of a structural control site with NNE-trending faults in pyroclastic deposits along the NCG. The
sequence has a 14C conventional age of about 20 ka (Norini et al. 2010). Location of the photograph is shown in Fig. 5

Structure of the Colima Volcanic Complex: Origin and Behaviour … 37



(Garduño-Monroy et al. 1998). The E-W fault
system crosses for 30 km the CVC, vanishing in
the area surrounding the volcanic complex. This
fault system is made of curved and discontinuous
fault scarps across the eastern and western flanks
of Nevado de Colima, striking from 70° to 115°
azimuth (Fig. 9). The fault scarps present heights
up to 500 m that decrease toward the volcano
periphery and their overall arrangement shows a
graben-like geometry (Fig. 9). Close to the
summit of the Nevado de Colima, lava domes
and flows of this volcano partially fill the graben
and cover its fault scarps (Fig. 9), suggesting a
decrease of the displacement rate beginning with
the final phase of activity of Nevado de Colima
(Norini et al. 2010). The available outcrops of
structures along the E-W fault system show fault
planes dipping 60° to 80° with pitch angles of
76° to 90°, confirming the normal faulting
(Fig. 10) (Norini et al. 2010). Based on age of

the faulted deposits and on the height of the fault
scarps, Norini et al. (2010) estimate for this fault
system a mean rate of vertical displacement of 1–
3 mm/yr in the last 500 ka, with a reduction in
activity since the final construction stage of
Nevado de Colima.

Using a high resolution DEM, GIS software,
and morphostructural and field data, Norini et al.
(2010) have interpolated the subsurface geometry
of the E-W fault scarps obtaining a set of straight
fault planes with listric geometry, striking E-W
and intersecting each other at shallow depth
(Fig. 11). The modelled fault planes confirm the
graben-like structure of this fault system (Norini
et al. 2010).

The lack of surface continuity of the fault
system beyond the volcanic complex indicates
that the E-W fault system is a local volcano-
tectonic structural feature, characterized by nor-
mal kinematics and N-S extension (Fig. 9).

Fig. 8 Morphotectonic map
on a shaded relief image
showing the trace of the
Tamazula Fault (modified
from Garduño-Monroy et al.
1998; Cortés et al. 2010). Ca:
Cántaro volcano. NC: Nevado
de Colima. VC: Volcán de
Colima. NCG: Northern
Colima Graben. CCG: Central
Colima Graben
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Norini et al. (2010) suggested that this fault
system was generated by the southward gravita-
tional spreading of the volcano, due to the
loading of the volcanic edifice (3000 m thick)
over a soft lacustrine and alluvial sequence
gently dipping to the south. This spreading pro-
cess and its origin related to the weak basement
show a similar structural setting and behaviour of
well-known cases described in the literature (e.g.
Wooller et al. 2004; Norini and Acocella 2011;
Acocella et al. 2012).

4.5 Other Recent Tectonic Structures
in the CVC Area

Recent magnetic anomaly surveys of the CVC
area revealed some sharp magnetic changes that
have been interpreted as linear features of
tectonic origin (López-Lorea et al. 2010, 2011).

The main four inferred faults have N-S-, E-W-,
NE-SW- and NW-SE-trending traces that extend
for tens of kilometers across and near the CVC.
Three of these faults were identified as magnetic
negative anomalies in some magnetic profiles,
one fault was recognized by an aeromagnetic
survey. The magnetic profiles are relatively far
from each other (López-Lorea et al. 2010), so
that the trace of the inferred faults is highly
interpretative. No data are provided about the
deep geometry, the kinematics and the signifi-
cance of these structures (López-Lorea et al.
2010, 2011). It is worth noting that there is an
apparent inconsistency among the faults inferred
by magnetic profiles (López-Lorea et al. 2010)
and the faults and lineaments identified by an
aeromagnetic survey (López-Lorea et al. 2011).
In both cases, these main faults are not related to
any clear surface expression of faulting. Also,
many clearly visible faults in the CVC and the

Fig. 9 Morphotectonic map
on a shaded relief image
showing the trace of the
volcanic spreading faults
(modified from Norini et al.
2010). Ca: Cántaro. NC:
Nevado de Colima. VC:
Volcán de Colima. NCG:
Northern Colima Graben.
CCG: Central Colima Graben.
Locations of Figs. 10 and 12
are shown
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surrounding area do not correspond to any
magnetic feature in either the magnetic profiles
or aeromagnetic survey of López-Lorea et al.
(2010, 2011) (e.g. Garduño-Monroy et al. 1998;
Norini et al. 2010). This suggests that the nature
of the linear magnetic anomalies described by
López-Lorea et al. (2010, 2011) is not definitive
and could have a different origin than recent
faults bisecting the CVC.

4.6 The Feeding System of the CVC

The geometry of the magmatic plumbing system
is a fundamental part of the CVC structural
architecture. The magmatic system interacts with
the tectonic and volcano-tectonic structures in the
volcano and its basement and can play an
important role in potentially hazardous volcanic
events, like lateral eruptions and sector collapses.
Thus, the geometry of the CVC magmatic system
and its interaction with the basement faults and

stress field need to be carefully evaluated.
Available data on the CVC magmatic system are
based on geophysical and petrologic constraints
on the depth and geometry of the magma reser-
voir and conduits, and on the location, alignment
and elongation of exposed volcanic centres and
dikes.

For the Volcán de Colima volcano a magma
chamber depth of about 6.3 km below the summit
was calculated based on the depth of the horn-
blende stability region for the 1998–1999 erupted
lavas (Luhr 2002). The gravimetric model of
Medina-Martinez et al. (1996) shows a
low-density body between 5 and 10 km depth
below the summit of Volcán de Colima. Also,
Nuñez-Cornú and Sánchez-Mora (1999) recog-
nized an aseismic zone for the 1991 eruption
between 4 and 7 km below the summit, and
suggested that this zone may correspond to the
depth of the magma chamber below the volcano.
Zobin et al. (2002) analyzed the location of
earthquake hypocentres for the 1997–2000 activ-
ity at Volcán de Colima and identified a zone of
possible magma storage at about 5–10 km depth.
A viscoelastic model of mass ejection applied to
the 1998–1999 eruptive period of Volcán de
Colima fits reasonably well with a magma
chamber with a volume of 30 km3, centred at
about 5.6 km below the summit crater
(Cabrera-Gutiérrez and Espíndola 2010). CVC
2¾D magnetic modelling performed to investigate
the deep structure of the CVC revealed that a
source of magnetic anomaly is related to a pos-
sible N-S-elongated magma chamber, located at a
4.8 km depth beneath the Volcán de Colima
summit. Also, this magnetic model suggests that
an older magma chamber with a N-S-elongated
shape is located at a depth of 5 km below the
Nevado de Colima summit (López-Loera et al.
2011). Ambient seismic noise tomography indi-
cates southward migration of magma, correlated
with the N-S trend of the stratovolcanoes of the
CVC (Escudero and Bandy 2017).

Above the 5–10 km deep magma chamber of
Volcán de Colima, the melt would continue its
rise through conduits or inter-fingered dikes, as
suggested by both the analysis of phenocryst-
hosted melt inclusions of the Volcancito and

Fig. 10 Photograph of a structural control site with
E-W-trending faults in volcaniclastic deposits along the
volcanic spreading faults. Location of the photograph is
shown in Fig. 9
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1890 lava flow samples, and by ambient seismic
noise tomography (Atlas et al. 2006; Escudero
and Bandy 2017). Melt inclusions from the
1998–2005 andesite lavas of Volcán de Colima
confirmed low-pressure crystallization (130–
10 MPa, corresponding to less than 5 km) of the
melt feeding the eruptions (Reubi and Blundy
2008). Most volcano-tectonic seismic foci asso-
ciated with the 1991, 1994, and 1997–1998
eruptions of Volcán de Colima occurred within
5–7 km from the surface, with the epicentres of
the 1997–1998 activity located in a slightly
N-S-elongated area south of the volcano summit
(Núñez-Cornú et al. 1994; Zamora-Camacho
et al. 2007).

At the surface, in the inner wall of the Pale-
ofuego collapse scar, three subvertical
N-S-trending dikes crop out with thickness of 5–
10 m (Fig. 12) (Norini et al. 2010). These dikes
lie along the N-S-striking alignment defined by

Nevado de Colima, Volcán de Colima, and Los
Hijos domes.

The above observations and analyses suggest
that the active CVC has one or more, probably
N-S-elongated, main magma chambers at a depth
of >5 km below the summit, which are drained
by a network of N-S-trending dikes.

Moreover, the CVC is not the only Quater-
nary volcanic feature in the region. The NCG and
CCG are punctuated by 11 monogenetic scoria
cones of Pleistocene age (Luhr and Carmichael
1981; Carmichael et al. 2006) (Fig. 4). The
geometry of the feeding system of these
mantle-derived, potassic magmas, was inferred
from the azimuths of the maximum elongation
axis and alignments of the scoria cones by Norini
et al. (2010). This study shows a sharp trend
along the N-S strike, indicative of N-S-trending
fractures through which these primitive magmas
rose to the surface.

Fig. 11 Perspective views of
the E‐W-trending spreading
fault planes inside the CVC
(modified from Norini et al.
2010). The surfaces are
depicted with different
colours to distinguish the
three main fault planes. The
topography is represented
with a topographic profile
(a) and a transparent DEM
(b). NC: Nevado de Colima.
VC: Volcán de Colima
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5 Numerical Modelling
of Volcano-Basement Interaction

In the previous sections, the relationships
between different fault systems and the evolution
of the CVC have been reviewed. While there is a
general consensus on the control of Colima
Rift-parallel structures on the geometry and
evolution of the volcanic complex, two con-
trasting hypotheses on the origin and influence of
the E-W/NE-SW-trending fault system have been
proposed in the literature: (1) the fault scarps
cutting through the CVC are expressions of the
regional Tamazula Fault system (Sect. 4.3; Gar-
duño-Monroy et al. 1998); (2) these structures
are originated by the southward gravitational
spreading of the volcanic complex (Sect. 4.4;
Norini et al. 2010). These two different expla-
nations on the origin of this fault system have a
significant impact on the overall interpretation of
the structural architecture and evolutionary
mechanisms of the CVC. Thus, they were tested

by 2D Finite Element stress-strain modelling.
The numerical analysis was aimed at investigat-
ing the geometrical, stratigraphic and structural
conditions promoting the onset and development
of this prominent fault system intersecting the
volcanic edifice. In particular, modelling was
used to test the hypothesis that the fault system
intersecting the volcanic complex has been
originated by gravitational spreading rather than
by regional active tectonics.

5.1 Numerical Modelling Set-up:
Method and Assumptions

Modelling was performed using a 2D Finite
Element software (Phase2, Rocscience Inc.)
designed for rock engineering applications, able
to simulate the stress-strain behaviour of soil and
rock masses accounting for different constitutive
models, boundary and initial conditions, and
individual discontinuities (Riahi et al. 2010).
Despite some limitations to advanced numerical
modelling (e.g. large strain, time-dependent
behaviour, thermal effects), this code is able to
successfully predict deformation and failure
mechanisms in even complex rock masses (Riahi
et al. 2010). Continuum-based interface elements
(Goodman et al. 1968) can be included to sim-
ulate the effects of individual discontinuities (e.g.
fault zones, master fractures) or joint networks
(Hammah et al. 2008).

We simulated the deformation of the volcanic
complex under gravitational load considering
two alternative scenarios (Fig. 13) corresponding
to two different tectonic settings: (a) regional
E-W extension associated to the active Colima
Rift (Norini et al. 2010; Model A); (b) N-S
regional extension associated to the Tamazula
Fault system (Garduño-Monroy et al. 1998;
Model B). Both 2D models A and B were based
on NNE-SSW trending cross sections through
the Nevado de Colima and Volcán de Colima
summits (Fig. 4).

Six units forming the CVC system (Fig. 13)
were defined by re-interpreting and simplifying
the available geological data into the following
units (e.g. Cortés et al. 2010): (1) Cretaceous

Fig. 12 Photograph of one of the three N-S-trending
dikes exposed in the Paleofuego sector collapse depres-
sion. Location of the photograph is shown in Fig. 9
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limestones and intrusive rocks forming the bed-
rock underlying the CVC (unit “B”); (2) Quater-
nary alluvial, colluvial, and lacustrine deposits
filling the NCG and CCG (unit “GF”); (3) vol-
canic rocks forming the remnants of the old
Cántaro volcano (unit “Ca”); (4) andesitic lavas
and pyroclastic deposits forming the Nevado de
Colima edifice (unit “NC”); (5) andesitic lavas
and pyroclastic deposits forming the
Paleofuego-Volcán de Colima edifice (unit
“VC”); and (6) volcaniclastic (pyroclastic and
epiclastic) deposits covering the southern flank
of the CVC (unit “VD”). The maximum thick-
ness of the graben fill (about 1 km) was derived
from the literature (Allan 1985; Serpa et al.
1992). In the B Model, accounting for the
Tamazula Fault, both the bedrock and the graben
fill are faulted forming a symmetric graben with
geometry and maximum vertical displacement

similar to the graben of Alseseca-Atenquique of
Garduño-Monroy et al. (1998).

Rock masses have been assumed to exhibit an
elastoplastic behaviour according to a Mohr‐
Coulomb failure criterion with post-peak dila-
tancy and cohesion loss. Typical material prop-
erties for units “B” and “GF” (Fig. 13 and
Table 1) were derived from the literature (Hoek
and Brown 1997; Marinos and Hoek 2000). For
volcanic materials (units “Ca”, “NC,” “VC” and
“VD”; Fig. 13 and Table 1), rock mass proper-
ties were estimated according to the approach
proposed by Del Potro and Hürlimann (2008).
Intact rock properties were assumed within the
range of literature values (Watters et al. 2000;
Hürlimann et al. 2001; Reid et al. 2001; Zim-
belman et al. 2004, Moon et al. 2005; Pola et al.
2010, 2012), whereas typical values of GSI
(geological strength index) were used to

Fig. 13 Finite element models. Model A: volcano
deformation under gravitational load with regional E-W
extension (after Norini et al. 2010); Model B: volcano
deformation under gravitational load accounting for
normal faults cutting through the edifice with regional
N-S extension (after Garduño-Monroy et al. 1998).
Bottom of the page: Stage 1: emplacement of Nevado

de Colima over the Colima graben fill deposits; Stage 2:
emplacement of the Volcán de Colima edifice and related
volcaniclastic sequence on the southern flank of Nevado
de Colima. Key to symbols (see text for explanation): B:
basement; GF: graben fill; Ca: Cántaro; NC: Nevado de
Colima; VC: Volcán de Colima; VD: volcaniclastic
deposits
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characterize rock mass structure (Hoek et al.
1995). This information allowed us to derive the
Hoek-Brown parameters and the equivalent
Mohr-Coulomb properties for the stress ranges
expected in the different sectors of the CVC
(Table 1). Values of peak rock mass cohesion
were obtained according to Bieniawski (1989) to
avoid overestimation, and are consistent with
those published by other authors for volcanic
rock masses (Watters et al. 2000; Moon et al.
2005). The lower values of strength parameters
and deformation modulus obtained for the “VC”
unit with respect to the “NC” are also consistent
with available geological data and field obser-
vations (Cortés et al. 2010), which suggest that
pyroclastic materials, characterized by lower
intact rock strength and rock mass quality, are
more abundant in Paleofuego and Volcán de
Colima. Residual parameters and values of dila-
tion angle were constrained by a series of para-
metric simulation runs with different assumed
post-peak behaviour (e.g. perfectly plastic, strain

softening), which however did not affect the
results significantly. Normal faults related to the
Tamazula fault system were considered in the B
Model, and have been explicitly included in the
model as four-noded Goodman FE interface
elements (Goodman et al. 1968). Stiffness and
frictional strength properties of faults (Table 1)
have been assumed considering involved mate-
rials and scale, and constrained by parametric
simulation runs.

Model domains A and B were discretized by
39,924 and 41,917 six-noded triangular finite
elements, respectively. The typical size of finite
elements was about 75 m in the regions of
interest, much finer than the one (about 400 m)
previously used by Norini et al. (2010). Bound-
ary conditions were imposed to the model in
terms of displacements, by fixing the model
bottom and preventing model side displacements
in the horizontal direction. A gravitational stress
field was then initialized in the model, and dif-
ferent combinations of horizontal pressure

Table 1 Rock mass and
joint mechanical properties
used in finite-element
models

Rock mass parameters B GF Ca NC VC VD

Unit weight, c (MN/m3) 0.026 0.018 0.022 0.022 0.017 0.015

Poisson’s ratio, m 0.30 0.35 0.32 0.32 0.30 0.32

Deformation modulus, Em (MPa) 3.6e4 1.5e3 1.0e4 1.0e4 1.4e3 1.7e3

Failure criterion Equivalent Mohr-Coulomb (from Hoek-Brown)

Tensile strength, rtm (MPa) 1.00 0 0.1 0.1 0.05 0.01

Cohesion, Cm (MPa) 5.00 0.1 0.5 0.5 0.3 0.03

Friction angle, / (°) 36 30 32 32 28 30

Dilation angle, w (°) 0 10 0 10 10 0

Residual friction angle, /r (°) 36 30 32 32 28 30

Residual cohesion, Cmr (MPa) 5.00 0 0.01 0.01 0.01 0

Fault parameters (Model B only)

Normal stiffness (MPa/m) 50,000

Shear stiffness (MPa/m) 5000

Slip criterion Mohr-Coulomb

Tensile strength (MPa) 0.01

Cohesion (MPa) 0.05

Friction angle (°) 30

Keys to units: B basement (cretaceous limestones and intrusive rocks); GF graben fill
(quaternary alluvial, colluvial and lacustrine deposits); Ca El Cántaro; NC Nevado de
Colima (andesitic lavas and pyroclastic deposits); VC Volcán de Colima (andesitic lavas
and pyroclastic deposits); VD Volcaniclastic deposits (pyroclastic, epiclastic)
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coefficient K values (ranging between 0.3 and
0.5) were imposed to the two models in order to
account for the different postulated regional
stress regimes, namely: E-W extension for
Model A (i.e. active Colima Rift), and N-S
extension for Model B (i.e. active Tamazula
Fault). Modelling was performed according to a
sequential approach by simulating the
stress-strain evolution of the CVC in two stages:
Stage (1) emplacement of Nevado de Colima
over the Colima Rift fill deposits; Stage (2) em-
placement of the Paleofuego-Volcán de Colima
edifice and related volcaniclastic sequence on the
southern flank of Nevado de Colima (Fig. 13).

5.2 Model Results

Model results are presented in terms of computed
values of maximum shear strain, horizontal dis-
placements, and vertical displacements (Fig. 14).
In Model A, during the first stage (i.e. emplace-
ment of Nevado de Colima) fairly continuous,
slightly asymmetric conjugate shear bands
develop under a gravitational stress field in the
Nevado de Colima edifice and in the underlying
weaker graben fill material (Fig. 14, A1). These
shear bands are associated with an asymmetric
spreading of the volcano edifice with dominant
S-directed horizontal displacements (Fig. 14,
A3) and a comparable downward displacement
of the volcano summit (Fig. 14, A5). Notwith-
standing small absolute values of computed dis-
placements, due to the small-strain solution logic
implemented in the code, these results suggest
that purely gravitational stress distribution in
Nevado de Colima is a convincing candidate to
trigger volcano spreading, whose evolution has
been constrained by the geometry of the under-
lying weak basement (i.e. the graben fill).

Explicitly accounting for the postulated
occurrence of active faults related to the Tama-
zula Fault (Model B) results in a more complex
pattern of shear strain localization during the first
stage (i.e. emplacement of Nevado de Colima),
and in enhanced vertical displacements of the
volcano summit, without significant differences

in the overall kinematic configuration of the
volcano spreading (Fig. 14, B1, B3 and B5). The
similar overall response of Model A and
Model B during the first modelling stage indi-
cates that gravitational spreading occurs in any
case. This gravitational spreading can explain the
N-S extension of the volcanic complex without
the need of invoking active regional tectonics. In
this context, tectonic structures related to the
Tamazula Fault provide geometrical and
mechanical constraints to the geometry of
spreading, and on the evolution of
morpho-structures observed at the surface.

The emplacement of Volcán de Colima and
associated volcaniclastic deposits in the second
model stage causes minor differential changes in
the strain and displacement patterns of Nevado
de Colima with respect to the first stage (Fig. 14,
A2, A4 and A6). Model results suggest that the
load of the Volcán de Colima cone upon the
southern flank of the Nevado de Colima edifice
may have exerted a confining effect, resulting in
an exhaustion of volcano spreading (Fig. 14, A4
and A6). This provides a dynamic reason for the
available geomorphological and neotectonic
data, suggesting a decreasing activity of the
gravitational spreading in recent times
(Sect. 4.4).

On the other hand, the emplacement of Vol-
cán de Colima shifted the gravitational instability
of the CVC towards the south: values of maxi-
mum shear strain and displacement computed for
the Volcán de Colima edifice are one order of
magnitude larger than those corresponding to the
spreading of Nevado, suggesting a high suscep-
tibility of Volcán de Colima to southward lateral
collapse (Fig. 14, A2, A4 and A6). This is con-
sistent with the volcano stratigraphic record,
where several southward collapses of both the
Volcán de Colima and Paleofuego edifices have
been described (Robin et al. 1987; Navarro et al.
1994; Komorowski et al. 1997; Cortés et al.
2009, 2010; Roverato et al. 2011; Cortés et al.
this volume).

These numerical models provide evidence that
gravitational spreading is almost completely
independent of the considered structural setting
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and tectonic regime, and is mainly controlled by
both the load and morphology of the volcanic
pile as well as the geometry and rheology of the
graben fill.

6 Discussion

6.1 Active Fault Systems
in the Volcanic Complex

Morphostructural, field and geophysical studies
of the CVC show that the style of deformation of
the volcanic complex and its basement is the
result of the coexistence of two nearly-

orthogonal active fault systems (e.g. Garduño--
Monroy et al. 1998; Norini et al. 2010). These
two main faults systems are: (1) the regional
NNE-SSW fault system linked to the opening of
the Colima Rift, and (2) a series of faults with
main NE-SW- or E-W trend, which have been
interpreted as a part of the regional Tamazula
Fault (Garduño-Monroy et al. 1998) or as the
result of the southward gravitational spreading of
the volcanic complex (Norini et al. 2010).

The regional Colima Rift generated pervasive
faulting of the volcanic complex and its base-
ment. NNE-SSW-trending crustal subvertical
faults displaced the whole CVC (Sect. 4.2 and
Figs. 5 and 6). The geological, geophysical and

Fig. 14 Finite element modelling results. Maximum
shear strain, horizontal displacement and vertical dis-
placement computed for the two considered tectonic
settings (Model A and Model B) and for different
modelling stages (Stage 1 and Stage 2) are compared.

Positive horizontal displacement is to the south (right on
the figure) and positive vertical displacement refers to
upward movement. Stage 2 results are incremental, i.e.
they portray shear strain and displacements accumulated
after the emplacement of the Volcán de Colima edifice
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geodetic data provides evidence of the long-term
and present state of activity of these mainly
normal faults, with an E-W-directed extension at
1–3 mm/yr mean vertical displacement rate
(Barrier et al. 1990; Suárez et al. 1994; Allan
1986; Allan et al. 1991; Serpa et al. 1992; Bandy
et al. 1995; Rosas-Elguera et al. 1996; Norini
et al. 2010, Selvans et al. 2011; Ferrari et al.
2012).

The other prominent fault scarps on the CVC
flanks have been geometrically modelled by
Norini et al. (2010), showing that they represent
E-W-striking listric faults forming a shallow and
small graben centred beneath Nevado de Colima
(Fig. 11). This graben was originated by the
southward gravitational spreading of the volcanic
complex (Fig. 9; Sect. 4.4). Parts of the same
fault scarps have also been attributed to the wider
and longer NE-SW-trending
Alseseca-Atenquique graben cutting throughout
the CVC and resulting from the extensional
activity of the Tamazula Fault (Garduño-Monroy
et al. 1998) (Fig. 8; Sect. 4.3). These fault scarps
sharply decrease in height toward the volcano
periphery and lack obvious continuity beyond
the volcanic complex (Sect. 4.4) (Norini et al.
2010). Also, the proposed kinematics of the
Tamazula Fault would require roughly
N-S-trending extension (Garduño-Monroy et al.
1998), with a strong difference in orientation of
the horizontal principal stresses compared to the
Quaternary and still active tectonic regime of the
area (E-W-trending extension associated to the
opening of the Colima Rift) (e.g. Barrier et al.
1990; Suárez et al. 1994; Norini et al. 2010;
Selvans et al. 2011; Ferrari et al. 2012). Finally,
the new numerical modelling presented in this
paper (Sect. 5) suggests that the southward vol-
canic spreading is likely to occur because of the
topographic configuration of the volcanic com-
plex, of the weakness of the underlying sedi-
mentary graben fill, and of the geometry of the
regional basement. The finite element modelling
shows that this process is independent of the
tectonic configuration of the region, so that even
in the case of pre-existing E-W or NE-SW faults
of tectonic origin (e.g. Tamazula Fault), most of
the N-S extension is originated by the slow

gravitational collapse of the volcanic complex
(Fig. 14).

All the above mentioned data are lines of
evidence supporting active spreading of the CVC
toward the south. In this case, the development of
an E-W-striking graben trending perpendicular to
the direction of the spreading depends on the
southward dipping regional topography and on
the buttressing effect of the basement (Fig. 9)
(e.g. van Wyk de Vries and Borgia 1996; Borgia
et al. 2000; Wooller et al. 2004; Norini et al.
2010; Norini and Acocella 2011).

The occurrence of a NE‐SW-trending fault
system crossing the basement of the CVC
(Tamazula Fault) is not questioned in this review
chapter, although the available data point to a
shallow N-S extension of the volcanic complex
originated by the slow gravitational southward
spreading. The mean displacement rate along the
spreading faults is in the range of 1–3 mm/yr
(Norini et al. 2010). Since 40 ka, this regular
spreading rate could have been reduced as a
consequence of the stabilizing effect imparted by
the lithostatic load of the Paleofuego-Volcán de
Colima edifices (Sect. 5) (Norini et al. 2010).

6.2 Growth of the Volcanic Complex

The CVC is made of different volcanic edifices
aligned along the NNE-SSW western boundary
of the NCG (Sect. 4.1). Available geophysical
and petrologic data indicate that these polyge-
netic volcanoes were fed by one or more magma
chambers located at >5 km depth below the
summit of the volcanic complex (Núñez-Cornú
et al. 1994; Medina-Martinez et al. 1996; Luhr
2002; Zobin et al. 2002; Cabrera-Gutiérrez and
Espíndola 2010; López-Loera et al. 2011). The
geodetic, geochemical, geophysical and
volcano-tectonic data suggest that the magma is
drained from this chamber to the surface by
̴N-S-trending dikes (Atlas et al. 2006; Núñez--
Cornú et al. 1994; Zamora-Camacho et al. 2007;
Norini et al. 2010). The elongation and align-
ments of the monogenetic cones in the sur-
rounding region also follow the same ̴N-S trend
(Norini et al. 2010).
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The above data indicate that the geometries of
the feeding systems of the Quaternary volcanic
activity in the CVC area are controlled by the
orientation of the NCG and CCG bounding faults
and by the extensional stress regime with an
approximately E-W orientation of the minimum
horizontal stress (Barrier et al. 1990; Suárez et al.
1994; Allan 1986; Allan et al. 1991; Serpa et al.
1992; Bandy et al. 1995; Rosas-Elguera et al.
1996; Norini et al. 2010; Selvans et al. 2011). On
the contrary, the E-W/NE-SW-striking fault
system does not show any clear geometric rela-
tionship with the feeding system of the polyge-
netic and monogenetic volcanism. Only the
Volcancito cone on the NE flank of the Volcán
de Colima cone (Fig. 3b, c) was interpreted as a
volcanic feature probably aligned along the trace
of the Tamazula Fault (Sect. 4.3) (Garduño--
Monroy et al. 1998). It is worth noting that this
parasitic cone is located on the higher flank of the
main Volcán de Colima cone, where lateral
intrusions are controlled by the radial stress field
imparted by both the conical topography and the
magma pressure, so that a clear relationship with
a tectonic or volcano-tectonic structure is more
difficult to establish (e.g. Muller and Pollard
1977; van Wyk de Vries and Borgia 1996;
Gudmundsson 2011). The consistency of the N-S
trend of the Quaternary volcanic features in the
CVC area can be explained considering that the
shallow and low angle spreading-related
E-W-trending faults have much less probability
to intercept and guide magma to the surface
compared to a sub-vertical crustal fault system
associated to the regional far stress field (e.g. the
Colima Rift).

6.3 Progressive Versus Catastrophic
Instability of the CVC

The stratigraphic data and geological maps of the
CVC (e.g. Cortés et al. 2010) show two different
instability behaviours of the Nevado de Colima
and the Paleofuego-Volcán de Colima edifices:

Nevado de Colima is a massive volcanic
edifice made of lava flows and domes, whose
evolution has been characterized by

caldera-forming destructive events (e.g. Robin
et al. 1987; Cortés et al. 2010) and several
southward and eastward sector collapses (Robin
et al. 1987; Luhr and Prestegaard 1988; Stoopes
and Sheridan 1992; Capra and Macias 2002;
Cortés et al. 2010). Also, the edifice was shaped
by active southward spreading, which probably
reduced the inclination and elevation of the vol-
cano flanks, thus diminishing the probability of
catastrophic sector and flank failures (Norini
et al. 2010). The direction of the few known
sector collapses of this volcano could have been
controlled by the eastward dipping normal
Colima Rift faults (mainly for the eastward sector
failures) (e.g. Vidal and Merle 2000; Acocella
et al. 2013) and by the Colima Rift topographic
confinement (for the southward sector and flank
failures) (e.g. Norini et al. 2008).

Paleofuego and Volcán de Colima are steeper
cones whose emplacement has been marked by
several catastrophic sector collapses directed
toward the south (e.g. Komorowski et al. 1997;
Roverato et al. 2011; Cortés et al. this volume).
The two cones grew rapidly on the southern
Nevado de Colima flank (Roverato et al. 2011)
(Fig. 3a). The inclination of the southward dip-
ping Nevado de Colima flank is the main topo-
graphic constraint generating the marked
instability of the Paleofuego-Volcán de Colima
cones (Sect. 5). The numerous southward catas-
trophic sector failures induced by this topo-
graphic constraint have been triggered by several
concurring factors, such as active spreading and
tectonic faults in the edifice interior, magmatic
intrusions, rock alteration, and hydrothermal
activity (e.g. Roverato et al. 2011; Cortés et al.
this volume).

The change in the instability behaviour from
the Nevado de Colima to the Paleofuego-Volcán
de Colima edifices could have been promoted by
the emplacement of the steep Paleofuego and
Volcán de Colima cones. As presented in Sect. 5,
these two recent edifices and their lithostatic
loads may have been responsible for a stabiliza-
tion of the southern flank of Nevado de Colima, a
southward shift of the gravitational instability
(from the Nevado de Colima edifice to the
Paleofuego-Volcán de Colima edifices) and a
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change towards more frequent catastrophic
events (Norini et al. 2010; Roverato et al. 2011).

7 Final Remarks and Future Needs

The structure of the CVC depicted by the studies
reviewed in this paper and by the numerical
modelling presented in Sect. 5 can be summa-
rized as follow:

1. Three main fault systems have been described
in the CVC and surrounding area: the
N-S-trending Colima Rift, the
NE-SW-trending Tamazula Fault, and a set of
E-W-trending faults generated by the south-
ward spreading of the volcanic complex. The
lasts two (Tamazula Fault and spreading
faults) are different interpretations of the same
set of E-W/NE-SW-trending faults cropping
out on the CVC flanks (Garduño-Monroy
et al. 1998; Norini et al. 2010);

2. The southward spreading of the volcanic
edifice, driven by the load of the volcanic pile
above the weak sedimentary fill of the Colima
Rift, is controlled by the geometry and rhe-
ology of the involved geologic bodies (Norini
et al. 2010). The numerical modelling pre-
sented in Sect. 5 suggests that this gravita-
tional spreading is a basic active process in
the evolution of the CVC;

3. The structural architecture of the volcanic
complex was shaped by the interaction
between the activity of the regional Colima
Rift and the gravitational spreading of the
volcano along the E‐W‐trending fault system.
The role of the Tamazula Fault seems to be
more controversial and not clearly identifiable
on the volcano and its basement (e.g. Ferrari
et al. 2012);

4. The two orthogonal Colima Rift and
spreading-related fault systems are active, and
to some extent independent one from the
other, because they originated at different
levels in the crust and have different
dynamics;

5. The crustal structures of the N-S-trending
Colima Rift control the rise of magma from

the >5 km deep magma chamber of the CVC,
and consequently the eruptions of the vol-
canic complex. The same tectonic structures
and the associated regional stress field control
the orientation of the N-S-trending dikes
feeding the mantle-derived magmas of the
monogenetic cones;

6. The southward catastrophic instability of the
Paleofuego-Volcán de Colima cones is
mainly promoted by the differential confine-
ment of the Colima Rift and the inclined
southern Nevado de Colima flank.

The understanding of the structural control on
the CVC evolution and volcanic activity is of
paramount importance, not only for the hazard
evaluation in the surrounding area, but also
because the CVC is an important natural labo-
ratory for the development of general models of
volcano-tectonic interaction. The few works
published on this important topic show that dif-
ferent structures are interacting in the CVC area,
providing an important control on the volcanic
activity and gravitational instability of the vol-
canic edifices.

In our opinion, the next steps to develop
knowledge of the CVC should be based on:
(1) continuous monitoring of active deformation
of the volcano and its surroundings, to track the
active volcanic spreading and tectonic processes;
(2) geophysical exploration of the volcano inte-
rior and its basement to detect the main faults and
the feeding system; (3) integration of geophysi-
cal, geological and petrological-geochemical data
in the light of the known tectonic and
volcano-tectonic arrangement of the CVC;
(4) analogue and numerical modelling to test the
proposed structural models, to assess the possible
future structural evolution of the CVC, and to
evaluate the volcanic hazard implications.
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Late Pleistocene-Holocene Debris
Avalanche Deposits from Volcán
de Colima, Mexico

A. Cortés, J.-C. Komorowski, J. L. Macías, L. Capra
and P. W. Layer

Abstract
Volcán de Colima has experienced numerous
partial edifice collapses with associated debris
avalanche deposits, widely distributed toward
the SW, S and SE sectors. According to new
40Ar/39Ar dates, activity began more than
97,000 years ago on the southern flank of
Nevado de Colima with the formation of the
so-called Paleofuego edifice. Several collapses
occurred prior to a catastrophic edifice
collapse event 7000 years ago, creating a
horseshoe-shaped avalanche crater, 5 km

wide, opened towards the south. After this
last lateral collapse of Paleofuego, the cur-
rently active cone began to grow in the central
part of the crater, which, during the Late
Holocene, has experienced two lateral col-
lapse events that generated debris avalanches.
Based on new fieldwork and stratigraphic
correlation of deposits supported by 14C dates,
we present a description and approximate
distribution of eight debris avalanche deposits
generated by Volcán de Colima during the last
30,000 years. These debris avalanche deposits
are exposed at 40 km to the S and 25 km in
the SW and SE sectors of the volcano, and
cover an area of 1200 km2 with an approxi-
mated volume of 86 km3. Field evidence
indicates that at least some sector collapses
were accompanied by magmatic activity. The
regional tectonic setting that consists of the
active N-S regional extension of the Colima
graben, as well as E-W, and NE-SW struc-
tures, such as the Tamazula Fault, also played
an important role in volcano instability. The
contribution of a volcanic spreading compo-
nent was also recently recognized. The
emplacement of the most voluminous debris
avalanches have obstructed the Armería and
Tuxpan-Naranjo rivers producing temporary
lakes, where thick lacustrine sediments were
accumulated. The recurrence times of these
sector collapses vary between 3000 and
6500 years during the Late Pleistocene and
1100–3400 years during the Holocene, with
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the youngest one having occurred *2.5 ka
BP. A future sector collapse of Volcán de
Colima on the scale of past events could be
catastrophic for up to about 350,000 inhabi-
tants (including the city of Colima) that
currently are located on top of ancient debris
avalanche deposits.

Keywords
Colima Volcanic Complex � Nevado de
Colima � Paleofuego � Volcán de Colima
Debris avalanche deposits

1 Introduction

After the 1980 eruption of Mount St. Helens, the
collapse of a volcanic edifice and the emplacement
of the associated debris avalanche have been rec-
ognized as common events at numerous volcanoes
around the world (Siebert 1984; Ui et al. 1986;
Siebert et al. 1987; Vallance et al. 1995; Francis
and Wells 1988). Since then, numerous debris
avalanche deposits (DADs) have been identified at
several volcanoes of the Trans-Mexican Volcanic
Belt (TMVB; Fig. 1a) (Capra et al. 2002) that
include: Cofre de Perote (Carrasco-Núñez et al.
2006; Popocatépetl (Robin and Boudal 1987;
Siebe et al. 1995b), Pico de Orizaba (Carrasco-
Núñez et al. 1993; Hoskuldsson and Robin 1993;
Carrasco-Núñez and Gomez-Tuena 1997), Joco-
titlán (Siebe et al. 1992a), Nevado de Toluca
(Macías et al. 1997; Capra and Macías 2000),
including the volcanoes of the Colima Volcanic
Complex (CVC) (Fig. 1b), (Luhr and Carmichael
1982a, b, 1990; Luhr and Prestegaard 1988;
Robin et al. 1987; Stoopes and Sheridan 1992;
Rodríguez-Elizarrarás et al. 1995; Komorowski
et al. 1994, 1997; Capra and Macías 2002; Cortés
et al. 2005, 2010a, b; Roverato et al. 2011).

Debris avalanches are large volumes of rock,
ash and soil that move at high speeds, generated by
the partial collapse of volcanic (or non-volcanic)
edifices (Ui 1983; Siebert 1984; Schuster and
Crandell 1984; Siebert et al. 1987). In a few
minutes, they can drastically modify the mor-
phology of the surrounding landscape, covering

extensive areas and obstructing and filling water
courses. Debris avalanche deposits consist of a
poorly sorted mixture of brecciated debris. The
most distinctive feature is their boulder-rich
surface morphology, hummocky topography
(mounds) with numerous small hills, longitudinal
and transverse ridges and enclosed depressions
(Ui et al. 1986; Glicken 1991, 1996) that often
form temporary lakes where thick sequences of
lacustrine sediments are deposited.

Debris avalanche deposits are characterized by
two primary facies: block facies and mixed
(matrix) facies (Glicken 1991; Ui et al. 2000).
The block facies is composed mainly of debris
avalanche blocks, which include large unconsol-
idated pieces of the volcano transported to its
place of deposition with little disruption. The
mixed facies consists primarily of debris ava-
lanche matrix and is a mixture of clasts and
interclast matrix and may contain clasts of all rock
types and of sizes from micrometres to metres.
Facies analysis was also recently used to better
describe geometrical relationships and relative
abundance among their constituents (e.g. Mehl
and Schmincke 1999; Roverato et al. 2011).

Debris avalanches are events that potentially
represent the most danger for the people living
within the zone of a volcano´s influence. Fortu-
nately, they are not commonly occurring and as
such are often ignored during risk analysis.
In this chapter, we present a summary of the
existing information about the debris avalanche
deposits (DADs) from Volcán de Colima, mainly
those associated with Paleofuego (name some-
times given to previous edifice of Volcán de
Colima) and the currently active cone. Also, we
present new stratigraphic sections and their
relationships along with new 40Ar/39Ar and 14C
dates that allow us to determine the distribution
of some of these debris avalanche deposits and
their sources. These new data provide us with a
better understanding of the evolution of Volcán
de Colima. It should be noted that debris ava-
lanche deposits associated with the evolution of
Nevado de Colima that have been discussed
elsewhere (Robin et al. 1987; Stoopes and
Sheridan 1992; Capra and Macias 2002) are not
considered in this chapter.
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Fig. 1 a Location map of the Trans-Mexican Volcanic
Belt (TMVB grey area) which shows the location of the
Colima Volcanic Complex (CVC). Open triangles repre-
sent the stratovolcanoes that have collapsed on several
occasions. Abbreviations are: NC, Nevado de
Colima; VC, Volcán de Colima; Ta, Tancítaro; Jo,
Jocotitlán; To, Nevado de Toluca; Iz, Iztaccíhuatl;

Po, Popocatépetl; Ci, Citlaltépetl; Cp, Cofre de Perote;
Co, Colima City; RFZ, Rivera Fracture Zone; OFZ,
Orozco Fracture Zone; OGFZ, O´Gorman Fracture Zone
(after García-Palomo et al. 2004). b Digital elevation
model that shows the Colima Volcanic Complex within
the Colima Graben. The solid yellow lines represent
major faults of the Colima graben
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2 Inset Box: Nomenclature Used

Block facies: facies of a debris avalanche deposit
that mainly consists of debris avalanche blocks,
which include large unconsolidated pieces of the
volcano transported to its place of deposition
with little disruption (Glicken 1991).

BP: Years before present, usually defined as
prior to 1950.

Clast: A “clast” is defined as a rock of any
size from microns to meters in diameter that
would not break if passed through an appropriate
sieve or immersed in water: a hard rock (Glicken
1991).

Debris avalanche: Is a rapidly moving inco-
herent and unsorted mass of rock and soil
mobilized by gravity (Schuster and Crandell
1984).

Debris-avalanche block: An unconsolidated
(or poorly consolidated) piece of the old moun-
tain transported to its place of deposition
(Glicken 1991).

Debris flow: Is a flowing mixture of debris
and water having sediment concentration
between 70 and 90% by weight (Pierson and
Costa 1987).

Lahar: General term for rapidly flowing
water-saturated mixture of rock debris and water
from a volcano (Smith and Fritz 1989).

Matrix: All components of the deposit com-
prising material <2 mm in diameter.

Megaclast: All components of the deposit with
a dimension from 2 mm to metres. Are often
highly fractured and show pervasive shattering,
sometimes exhibiting an irregular fracture pattern
termed jigsaw cracks (Ui 1983) due to decom-
pression during the sliding stage of movement (Ui
et al. 1986; Komorowski et al. 1991).

Mixed facies: Consists primarily of debris
avalanche matrix and is a mixture of clasts and
interclast matrix and may contain clasts of all
rock types and of sizes from micrometres to
metres. This facies is prominent in the middle,
distal and marginal areas of the deposit (distances
are highly variable) (Siebert 1984; Schuster and
Crandell 1984; Glicken 1991) and can still show
hummocky morphology (Glicken 1991) with
megaclasts surrounded by matrix.

3 Previous Studies

The presence of multiple debris avalanche
deposits south of the active cone of Volcán de
Colima has been a matter of multiple studies and
certain controversy during the last 30 years (i.e.
Cortés 2002 and references therein). Robin et al.
(1987) were the first authors to report a
32 km-long DAD to the south, that according to
them covered an area of 500 km2 with a volume
of 10–20 km3 (Fig. 2a). These authors related
the deposit to the 5 km-wide southward
horseshoe-shaped scar, within which grew the
current active cone. Robin et al. (1987) dated this
event at 9370 ± 400 BP, obtained from a pyro-
clastic flow deposit that directly overlays the
DAD. This same DAD was also described by
Luhr and Prestegaard (1988) who found the
deposit exposed up to 70 km towards the south
and covering a surface of 1550 km2 with a vol-
ume of *10 km3 (Fig. 2b). These authors dated
a charcoal fragment found in fluviatile deposits
below the DAD at 4280 ± 110 BP, which pro-
vided a revised maximum age for the event.
The DAD studied by these authors (Robin et al.
1987; Luhr and Prestegaard 1988) formed
superimposed aprons composed of volcanoclas-
tic deposits (several debris avalanches, lahar,
fluvio-lacustrine and pyroclastics). In fact,
through the years, several authors began to dis-
cover new debris avalanche deposits from new
fieldwork supplemented by 14C dating (Siebe
et al. 1992b; Navarro et al. 1994; Komorowski
et al. 1997; Cortés et al. 2005; Roverato et al.
2011). Komorowski et al. (1997) concluded that
during the past 45,000 years, Volcán de Colima
had experienced at least nine collapse events that
generated the same number of debris avalanches,
with ages of 2550 +110/−105 BP; 3600 ± 120
BP; 7040 ± 160 BP; 9671 ± 88 BP; 15–16,000
BP; 18,520 ± 260 BP; 21,545 +265/−260 BP;
27,800 +4140/−2720 BP and 45,030 +1470/
−125 BP (Table 1, the table also contains cali-
brated dates). All these new ages indicate that
Volcán de Colima experienced a complex evo-
lution with generation and destruction of vol-
canic edifices that generated debris avalanche
deposits as previously thought by Komorowski

58 A. Cortés et al.



et al. (1997). These authors interpreted that the
edifice remnants of the Paleofuego stage that
they called “the Playón caldera”, had been the
result of repeated lateral collapses the youngest
of which had occurred 2500 years ago. However,
Cortés et al. (2010a) concluded that the DAD of
3600 ± 120 BP, had been generated by the
sector collapse of the SW flank of the active cone
of Volcán de Colima. This conclusion implied
that the present Volcán de Colima edifice is older
than 3600 BP New field evidence supports the
idea that at least the two younger debris ava-
lanche deposits found (3600 and 2500 BP) are
associated with the current edifice of Volcán de
Colima.

Based on the analysis of previous works of
different authors, additional field evidence, and
new radiocarbon and 40Ar/39Ar dates, in this
chapter we present the distribution of eight
DADs generated by Volcán de Colima (Fig. 3).
These deposits dated back at least 30,000 years

and have ages of 2550 +110/−105 BP;
3600 ± 120 BP; 7040 ± 160 BP; 9671 ± 88
BP; 15–16,000, 18,520 ± 260 BP; 21,545 +265/
−260 BP and � 28,000 BP (Table 1).

4 Birth of the Current Volcán de
Colima Edifice

Although there were no published K-Ar dates of
lavas from Paleofuego, Robin et al. (1987) sug-
gested that this volcano had a maximum age of
50,000 years. Two lava flows from the Paleo-
fuego stage were recently dated with the
40Ar/39Ar method at the geochronology labora-
tory of the University of Alaska at Fairbanks,
following the methodology described by Layer
et al. (2009) (Table 2). The whole rock analyses
of these samples resulted in ages of 97 ± 13 ka
(sample M19), and 22 ± 6 ka BP (sample M12).
Based on these ages and new stratigraphic

Fig. 2 Distribution of the CVC debris avalanche deposits according to: a Robin et al. (1987); b Luhr and Prestegaard
(1988)
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Fig. 3 Simplified geological map that shows the most likely distribution of the debris avalanche deposits from both the
Paleofuego and active Volcán de Colima cones after Cortés et al. (2005, 2010b). Abbreviations are: VNC, Volcán
Nevado de Colima, PF, Paleofuego, VC, Volcán de Colima. The blue filled dots are the location of the reported sections
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relationships, it can be inferred that Volcán de
Colima began its activity more than 97,000 years
ago with the construction of the Paleofuego
ancestral cone on the southern flank of the
Nevado de Colima. Andesitic lava flows reached
distances of 21 km toward the SE sector, reach-
ing Tuxpan-Naranjo River and 22 km to the SW
reaching Armería River. Close to the source, the
lava flows cover debris avalanche deposits and
thick volcanoclastic sequences of Nevado de
Colima. The existence of several debris ava-
lanche deposits intercalated with thick volcan-
oclastic sequences in the SW, S and SE sectors of
Volcán de Colima, suggests that the Paleofuego
cone experienced several lateral collapses asso-
ciated with explosive eruptions. These volcan-
oclastic sequences are exposed along the main
ravines of Volcán de Colima. Excellent outcrops
of these sequences occur along the Armería and
Tuxpan-Naranjo rivers forming terraces of sev-
eral tens of metres in thickness. The Paleofuego
stage ended with a lateral collapse of the edifice
that occurred 7000 years ago leaving a 5 km
wide horseshoe-shaped wall, opened towards the
south. After this event, the current edifice began
to grow in the central part of the crater.

5 Debris Avalanche Deposits
Associated with the Paleofuego
Edifice

5.1 The >28,000 BP San Marcos
Debris Avalanche Deposit
(SM-DAD)

The SM-DAD of Paleofuego is exposed 15 km
towards the southeast, along the Arena-Rosario
and El Muerto ravines (Roverato et al. 2011). It
has a limited distribution (white broken line in
Fig. 3) because the deposit is covered by thick
volcanoclastic sequences. However, these
authors suggest that the SM-DAD has an extent
of 140 km2 with a volume *1.3 km3 (Table 3).
The SM-DAD is composed of angular and
sub-angular andesitic clasts (10–25 cm in diam-
eter) with jigsaw fit and jigsaw cracks, supported
by an indurated sandy matrix that presents red-
dish zones of hydrothermal alteration (Roverato
et al. 2011). These authors reported a 14C age of
23,890 +1075/−950 BP, obtained from a pale-
osol that separates the SM-DAD from a younger
debris avalanche deposit along the El Muerto

Table 2 Summary of the approximated areas and volumes estimated for the different debris avalanche deposits
generated by Volcán de Colima since late Pleistocene. The debris avalanche deposits have H/L ratios that vary from
0.08 to 0.21. Abbreviations of Debris Avalanche Deposits (DAD) are: SM = San Marcos, ET= El Tecuán, CA=
Cuauhtémoc-Aeropuerto, T = Tonila, MY= Mesa Yerbabuena, VAC= Villa de Álvarez-Coquimatlán, LG = La
Lumbre-Los Ganchos, ERA= El Remate-Armería

Volcanic edifice Avalanche Age (years B.P.) Area
(km2)*

Volume
(km3)*

H/L
ratio

Current edifice of
Volcán de Colima

El Remate-Armería 2505 ± 45 65.5 * 0.4 *0.15

La Lumbre-Los Ganchos 3600 ± 120 48 1.7 *0.13

Paleofuego
(ancient edifice of
Volcán de Colima)

Villa de Álvarez-Coquimatlán 7040 ± 160 400 16 *0.08

Mesa Yerbabuena 9671 ± 88 65 3 *0.17

Tónila 15675 ± 125 405 12 *0.14

Cuauhtémoc-Aeropuerto 18520 ± 260 1188 35 *0.08

El Tecuán 21545 +265/-260 805 16 *0.09

San Marcos >28000 140 1.3 *0.21

The areas and volumes calculated represent approximated values due to the fact that in most cases the deposits are
interdigitated making very difficult to obtain exact values
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ravine. This they define as the Tonila debris
avalanche deposit (T-DAD), with an estimated
volume *1 km3. Therefore this age represents a
minimum age for the SM-DAD. Similar strati-
graphic relationships were observed along the
Agua de Gallo ravine (Fig. 3). Here, three debris
avalanche deposits separated by paleosols where
found. At Sect. 9 (Fig. 3), about 27 km southeast
of Volcán de Colima summit, the older DAD is
covered by a paleosol dated at 26,210 +1450/
−1230 BP, suggesting that it should correlate
with the SM-DAD (Fig. 4). In this location the
SM-DAD has a thickness of 6 m and is com-
posed of angular and sub-angular andesitic clasts
(5–20 cm in diameter). Some clasts have a
jigsaw-fit texture and are supported by a grey
sandy to silty matrix. The two younger units are
separated by a paleosol dated at 22,470 +1590/
−1325 BP. The upper unit corresponds to the
21,545 +265/−260 BP, El Tecuan debris ava-
lanche deposit as described below, while the

middle unit could not be correlated with other
deposits described.

5.2 The 21,500 BP El Tecuan Debris
Avalanche Deposit
(ET-DAD)

The ET-DAD is exposed in the SE, S and SW
sectors of the volcano. This deposit covers an
area of about 805 km2 with an approximate
volume of 16 km3 (Table 2). The ET-DAD is
named after El Tecuan village, where the deposit
is well exposed. In the southeast sector along the
Agua de Gallo ravine (Sect. 9; Fig. 3), the
ET-DAD is *20 m thick, it is composed of
angular and sub-angular andesitic clasts 5–20 cm
in diameter. Some clasts present a jigsaw-fit
texture and are supported by a grey sandy-silty
matrix. The ET-DAD rests on top of an
80 cm thick paleosol that was dated at

Fig. 4 Correlation of stratigraphic columns of debris avalanche deposits exposed along the different ravines on the SE
sector

Table 3 Summary of 40Ar/39Ar dates obtained from two lava flows of Paleofuego volcano (ancestral cone of Volcán
de Colima)

Sample Coordinates Integrated
Age (ka)

Plateau
Age (ka)

Plateau Information Isochron
Age

Isochron Information

# of
Fractions

%39Ar
Released

MSWD (ka) # of
Fractions

(40Ar/36Ar)i MSWDN W

M12 19°
31’37.25”

103°
36’21.06”

15 ± 6 22 – 6 4 81 0.19 27 ± 17 5 292 ± 9 0.33

M19 19°
28’46.65”

103°
32’48.74”

91 ± 17 91 – 13 8 92 0.48 90 ± 13 10 298 ± 2 0.69

In bold preferred ages
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22,470 +1590/−1325 BP, (Sect. 9; Fig. 4). In
addition, in the southern sector, along the Grande
ravine, 25 km from the Volcán de Colima sum-
mit (Sect. 10; Fig. 3), a sample of charcoal found
in the ET-DAD was dated at 21,460 +400/−380
BP In this place, the ET-DAD is covered by the
younger 18,520 ± 260 BP, DAD (Robin et al.
1987; Stoopes and Sheridan 1992). In contrast, at
Sect. 11, 12 km southwest of the Volcán de
Colima summit, the ET-DAD is covered by the
3600 ± 120 BP, LG-DAD (Cortés et al. 2010a)
(Fig. 5). The ET-DAD is >20 m thick and
formed by angular and sub-angular andesitic
clasts (10–30 cm in diameter) and supported by a
grey sandy-silty matrix with reddish zones of
hydrothermal alteration (Fig. 5). Most clasts
have a porphyritic texture with phenocrysts of
feldspar, hornblende and pyroxene. At this site,
Komorowski et al. (1997) dated a charcoal
fragment found within the ET-DAD at 21,545
BP, which they considered to be the age of the
collapse. The ET-DAD is directly covered by a
pyroclastic flow deposit suggesting that this

failure was of Mt. St- Helens-type, thus associ-
ated with a magmatic eruption (Cortés et al.
2010a). In this sector, the debris avalanche
travelled 25 km to Armería River prior to stop-
ping against the Cerro Grande limestone (Cortés
et al. 2010a). The deposit dammed the Armería
River drainage forming a lake in which thick
sequences of lacustrine sediments were deposited
outcropping along Los Ganchos and El Huacal
ravines, at Sects. 24 and 28 (Fig. 6).

5.3 The 18,500 BP
Cuauhtémoc-Aeropuerto
Debris Avalanche Deposit
(CA-DAD)

This deposit is exposed to the S and SW of the
volcano at about 30 km from the source. It
covers an approximate area of 1188 km2 and has
an approximate volume of 35 km3 (Table 2),
making it the largest known DAD from Volcán
de Colima. The CA-DAD is exposed in matrix

Fig. 5 The 21,545 BP ET-DAD and 3600 BP LG-DAD separated by a yellow pyroclastic flow deposit (Sect. 11). The
3600 BP LG-DAD is also directly covered by a yellow pyroclastic flow deposit (After Cortés et al. 2010a)
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facies with abundant reddish zones of
hydrothermal alteration (Fig. 7a, b). In some
places the CA-DAD presents a coarser texture
with some andesitic clasts >2 m in diameter
showing jigsaw-fit cracks (Fig. 7a) and scoria
clasts with abundant phlogopite phenocrysts.
Cortés et al. (2005) reported a 14C age of
18,445 +135/−130 BP, obtained from charcoal
found in this deposit exposed at the San Juan
ravine (Sect. 13; Fig. 3).

Initially this deposit was related to the evo-
lution of a second stage of Nevado de Colima
and the formation of a 4 km wide crater open to
the east (Robin et al. 1987). These authors sug-
gested that the avalanche travelled towards the
east, then turned towards the southeast about
20 km from the summit, where it graded into
lahars between the towns of San Marcos and
Atenquique. Stoopes and Sheridan (1992) deter-
mined an age of 18,520 ± 260 BP, from a car-
bonized tree found within a debris avalanche
deposit, exposed south of Cuauhtémoc. They
concluded that the debris avalanche channelled
into the drainage of Naranjo and Salado rivers

travelling more than 120 km to the Pacific coast,
covering an area of 2200 km2 with a total vol-
ume of 22–33 km3. Capra and Macias (2002)
studied the same deposit and proposed that it had
a volume of 7 km3 and extended towards the
southeast only a distance of 45 km from the
source and stopped against the topographic bar-
rier (Cerro La Carbonera), obstructing the drai-
nage of Naranjo River, forming a temporary lake.
These authors suggested that the deposit exposed
between Naranjo River and the Pacific coast
(more than 90 km) was a debris flow deposit
derived from secondary remobilization of the
debris avalanche. However, more recently Cortés
et al. (2005, 2010b) and Cortes (2015), with
additional detailed field work and new 14C and
40Ar/39Ar dates, concluded that the DAD which
reached the pacific coast and the DAD dated by
Stoopes and Sheridan (1992; 18,500 BP) were
generated by two different events and different
edifices within the CVC. The debris avalanche
that travelled along the Naranjo and Salado rivers
as far as the Pacific coast, was generated by the
second edifice of Nevado de Colima more than

Fig. 6 a, c Lacustrine sediment deposits with an age
of <1940 ± 90 BP, covering the 3600 BP LG-DAD
(Sect. 24), b the pen points to a layer of evaporitic

minerals (gypsum?), d lacustrine sediments along the El
Huacal ravine, Sect. 28 (modified after Cortés 2002)
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184,000 years ago. The DAD dated by Stoopes
and Sheridan (1992) was generated by a collapse
of Paleofuego and not by Nevado de Colima.

In intermediate areas, 15 km from the source,
the CA-DAD is characterized by a pronounced
hummocky morphology, whereas in distal zones,
20–40 km from the source presents a more flat
morphology. In some places, the CA-DAD is
covered by younger debris avalanche deposits
discussed below, for example, northwest of

Comala, the deposit is overlaid by a 15,625 +285/
−275 BP, DAD. On the outskirts of La Caja town,
the CA-DAD is covered by the 9671 ± 88 BP,
DAD (Fig. 3). In the southeast sector at 10 km
from the summit of Volcán de Colima, Sect. 27
(Komorowski et al. 1997; Cortés et al. 2005) a
14C age of 17,960 +215/−210 BP, is reported for
a yellow pyroclastic flow deposit with fine ash
that is widely distributed in this sector, considered
to be associated with the CA-DAD.

Fig. 7 a Textural
characteristics of the 18,500
BP CA-DAD of the
Paleofuego cone [Sect. 12,
after Cortés et al. (2010b)],
b road cut near the village of
La Caja, southwest sector,
showing the texture of the
18,500 BP CA-DAD
(Sect. 14; Fig. 3)

66 A. Cortés et al.



5.4 The 15,000 BP Tonila Debris
Avalanche Deposit (T-DAD)

The T-DAD was described by Roverato et al.
(2011) in the eastern sector of Volcán de Colima
(discontinuous black line in the geologic map of
Fig. 3) along Los Lobos and Montegrande ravi-
nes, with a minimum age of 12,460 ± 70 BP, and
13,585 ± 135 BP, obtained from small charcoal

and organic fragments found in the pyroclastic
sequence that directly overly the T-DAD. Based
only on measured stratigraphic sections, a mini-
mum volume of 1 km3 for the T-DAD was cal-
culated (Roverato et al. 2011). However, based on
14C ages (Cortes et al. 2005) the same deposit
was also recognized in the southwestern sector.
Here the T-DAD is up to 10 m thick, mono-
lithologic and composed of sub-angular and

Fig. 8 Textural
characteristics of the
15–16 ka BP T-DAD
(Sect. 15; Fig. 3). a Matrix
facies of the debris avalanche
deposit (*10 m thick) with
small sub-angular and
sub-rounded andesite clasts
and reddish hydrothermal
alteration zones. Here the
deposit is resting on a 30 cm
thick paleosol, b small
andesite clast with a jigsaw
fit texture
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sub-rounded andesite clasts (10–30 cm in diam-
eter) set in an abundant brown-grey silty-sandy
matrix (Sect. 15; Figs. 3 and 8a). In some places
the deposit presents reddish patches of
hydrothermal alteration and clasts with a jigsaw
texture (Fig. 8b). At Sect. 15 (Fig. 3) the deposit
rests over a 30 cm thick paleosol that separates it
from the CA-DAD (Fig. 9a). Cortés et al. (2005)

reported two 14C ages for this deposit, obtained
from charcoal found imbedded in the DAD, one
at Sect. 16 along of the Mezcal ravine of
15,625 +285/−275 BP, and another at Sect. 17,
along of Las Trancas ravine of 15,675 ± 125 BP,
(Fig. 3). The T-DAD was estimated to be dis-
tributed over an area of 402 km2 with a total
volume of 12 km3 (Table 2).

Fig. 9 Textural
characteristics of the 9600 BP
MY-DAD, exposed at 18 km
SW of the source, which was
the Paleofuego cone
(Sect. 18; Fig. 3). a Two units
of the same debris avalanche
are separated by an irregular
contact (dashed line),
b megaclast with jigsaw
cracks
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5.5 The 9600 BP Mesa Yerbabuena
Debris Avalanche Deposit
(MY-DAD)

The MY-DAD extends southwest up to 20 km
from Volcán de Colima, covering an approxi-
mate area of 65 km2 with a volume of 3 km3

(Table 2). In intermediate areas, 10–12 km from
the source, the deposit is characterized by a
pronounced hummocky morphology of mounds

hundreds of metres high. It is massive,
matrix-supported, composed of angular to
sub-angular andesite clasts (10–30 cm in diam-
eter), set in a grey silty-sandy matrix poorly
indurated with reddish zones resulting from
hydrothermal alteration (Sect. 18; Fig. 9). At this
site, the outcrop exposes two debris avalanche
units defined by an irregular contact (dashed line
in Fig. 10a). Both units are massive, matrix
supported, with angular clasts and megaclasts

Fig. 10 a The 7000 BP
VAC-DAD overlying the
18,500 BP CA-DAD, towards
the S at 30 km from the
source (Sect. 21; Fig. 3). The
arrow points to a scoria
megaclast with abundant
phenocrysts of phlogopite.
b At Sect. 23 (Fig. 3) 43 km
from the source, the 7000 BP
VAC-DAD, rests on a 30 cm
thick paleosol dated at
8005 ± 50 BP Here, the
deposit is *10 m thick and
shows some clasts of
limestone (10–30 cm in
diameter)
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with jigsaw fractures (Fig. 9b). Komorowski
et al. (1997) reported a 14C age of 9671 ± 88
BP, for charcoal found within the deposit
(Sect. 19; Fig. 3). On the outskirts of La Yer-
babuena, 7.5 km southwest from the volcano’s
summit, Robin et al. (1987) reported a similar
age of 9370 ± 400 BP, for a DAD. Along the
Colomos ravine at Sect. 20 (Fig. 3), the ava-
lanche deposit rests directly on top of a 30 cm
thick paleosol dated at 12,040 +155/−150 BP by
Cortés et al. (2005), considered as the maximum
age for the MY-DAD. The MY-DAD is directly
covered by a pyroclastic flow deposit, which
could be associated with the failure event.

5.6 The 7000 BP V. Álvarez-
Coquimatlan Debris
Avalanche Deposit
(VAC-DAD)

The VAC-DAD is distributed towards the south
of Volcán de Colima up to a distance of 43 km
from the source, covering an approximate area of
400 km2 with a volume of 16 km3 (Table 2).
The deposit is massive matrix-supported made of
white, grey and reddish angular to sub-angular
andesite clasts (10–30 cm in diameter), imbed-
ded in a sandy-silty matrix (Sect. 21 in Figs. 3
and 10a). The DAD rests with a horizontal con-
tact directly over the CA-DAD that is here rec-
ognized for its content of scoria clasts with
abundant phenocrysts of phlogopite (Fig. 10a).
Cortés et al. (2005) reported an age of
7040 ± 160 BP, for a carbonized trunk found
within the CA-DAD at Sect. 22, 27 km from the
source (Fig. 3). At this locality, the avalanche
unconformably overlies thick volcanoclastic
sequences formed by sand, gravel and andesitic
boulders. The debris avalanche is covered by a
yellow pyroclastic flow deposit, suggesting that a
magmatic component could have been associated
with this collapse event. At Sect. 23, 43 km from
its source, the VAC-DAD rests above a 30 cm
thick paleosol, which was dated at 8005 ± 50
BP, (Fig. 10b). Here, the VAC-DAD is 10 m
thick and consists of sub-angular to sub-rounded
andesite clasts and exotic material, such as clasts

of limestones (10–30 cm in diameter) set in an
indurated sandy-silty matrix. The Colima and
Villa de Alvarez cities with a combined popula-
tion of 260,000 (Instituto Nacional de Estadística
Geografía e Informática 2010) are constructed
over this DAD. After this lateral collapse, the
active cone of Volcán de Colima began its con-
struction in the central part of the crater, with the
generation of lava flows that extended 10 km to
the SW. At around 4 ka BP, Volcán de Colima
had already reached elevations similar to the
present cone. Cortés et al. (2010a) have con-
cluded that the current Volcán de Colima cone
has experienced at least two lateral collapse
events, at 3600 and 2500 BP Both events are
associated with current debris avalanche deposits
that will discussed below. Unfortunately, no
scars or crater remnants of these edifice failures
are observable at the cone today, most likely
because they have been covered by material of
subsequent eruptions.

6 Description and Distribution
of the Debris Avalanche Deposits
from Current Cone of Volcán de
Colima

After the last lateral collapse of the Paleofuego
edifice occurred about 7000 years ago, the
modern cone of Volcán de Colima began its
construction within “the crater”, which is brea-
ched to the south, focusing deposits in that
direction.

6.1 The 3600 BP Los Ganchos Debris
Avalanche Deposit (LG-DAD)

The LG-DAD is exposed on the southwest flank
of Volcán de Colima up to a distance of 25 km
(Fig. 3). This DAD has been studied by Cortés
(2002) and Cortés et al. (2010a), who referred to
it as La Lumbre–Los Ganchos (LG-DAD). The
deposit covers a surface area of 48 km2, with a
volume of 1.7 km3 (Table 2) and an H/L ratio of
0.13 (Cortés 2002). This DAD was previously
dated by Navarro et al. (1994) and Komorowski
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et al. (1997) at 3600 ± 120 BP, with charcoal
fragments found within the debris avalanche. In
the proximal zones 12 km from the source, the
LG-DAD has an irregular topography with large
mounds and intermontane lakes, while in the
distal zones 20 km from the source, it presents
small mounds elongated in the direction of the
flow, that form terraces some tens of metres high
(Cortés 2002; Cortés et al. 2010a). The deposit is
massive, matrix supported, and constituted by
black, grey and reddish angular to sub-angular
andesite clasts (10–30 cm in diameter), although
also presents blocks up to 1.5 m in diameter with
jigsaw-fit fractures, embedded in a sandy-silty
matrix, again with reddish zones due to
hydrothermal alteration. The LG-DAD has both
block and mixed facies. The block facies is
exposed in proximal areas where the deposit is
composed of megaclasts of other pyroclastic flow
and lacustrine deposits (up to 30 m long) still
preserving the original stratification. In some
places, the presence of lacustrine sequences
below the LG-DAD suggests the existence of
small lakes formed in enclosed depressions of
previous debris avalanche deposits. Along La
Lumbre ravine, the LG-DAD formed a series of
isolated terraces with thicknesses that vary from
20 to 65 m. At Sect. 11 (Fig. 3), the deposit rests
either on top of a 60 cm thick paleosol (that in
some parts was partially eroded by the ava-
lanche), or directly over a *0.5 m-thick pyro-
clastic flow deposit (Fig. 5). This pyroclastic
flow deposit lies unconformably over the
ET-DAD (Komorowski et al. 1997). The
LG-DAD is directly covered by a pyroclastic
flow deposit 0.5–1.5 m thick (Fig. 5).

In Sect. 24 (Fig. 3), at the junction between
Los Ganchos ravine and Armería River, the
LG-DAD is about 60 m thick. It is composed of
sub-angular to sub-rounded andesite clasts, with
some limestone clasts, all of them with diameters
between 20 and 40 cm, immersed in a sandy to
silty matrix, which presents abundant mm to
cm-sized holes and cavities, made by burrowing
bees and reptiles (iguanas). In this zone, Cortés
et al. (2005) reported an age of 3925 ± 115 BP,
obtained from a carbonized trunk found within
the deposit. At this site, the LG-DAD is

unconformably covered by a hyperconcentrated
flow deposit (HFD) and by a thick (>40 m)
lacustrine sequence (Fig. 6a). The HFD contains
pottery shards and charcoal fragments dated at
1940 ± 90 BP (Cortés et al. 2010a). According
to these authors, the HFD also contains pottery
shards likely related to the Capacha people (820–
300 years BC) indicating that the region has been
inhabited during the last 3000 years. The lower
section of the lacustrine sequence presents thin
horizontal layers interbedded with evaporitic
minerals (gypsum), suggesting the existence of
periods of lake droughts (Fig. 6b). About 1 km
downstream along the eastern margin of Armería
River, LG-DAD is also covered by lacustrine
deposits (Fig. 6c).

Field evidence and stratigraphic relationships
suggest that during its emplacement, the LG-DA
impacted against the eastern flank of the Cerro
Grande limestones, which caused the avalanche
flow to stop. The deposit was ca. 100 m thick
and blocked the channel of Armería River,
forming a temporal lake. The absence of lacus-
trine sediment deposits in the lake zone formed
by the DAD, suggests that the lake’s permanence
was relatively short (Cortés et al. 2010a). The
breaking of the dam generated a secondary
remobilization of a part of the debris avalanche
deposit and the formation of a debris flow that
travelled 20 km along Armería River valley
(Fig. 3). The debris flow emplaced 70 m thick
sequences that today occur as isolated terraces
with flat surfaces. The debris flow deposit
(DFD) covers a surface of 6.38 km2 with a vol-
ume of 0.191 km3 (Cortés 2002). According to
the clay content in the matrix of the DFD, it can
be classified as a non-cohesive DFD (Crandell
1971; Scott 1985).

6.2 The 2500 BP El Remate-Armería
Debris Avalanche Deposit
(ERA-DAD)

The ERA-DAD extends 25 km to the SW of
Volcán de Colima resting upon the eastern flank
of the Cerro Grande limestones, and 10 km fur-
ther downstream along the Armería River valley.
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Despite its restricted distribution, we estimated
that this deposit covers an area of 65.5 km2 and
has a volume of *0.4 km3 (Table 2).

The ERA-DAD is massive matrix-supported
formed by black, grey and reddish angular-
subangular andesite clasts (10–30 cm in dia-
meter), some of them with jigsaw fractures,
embedded in an indurated sandy-silty matrix,
which presents reddish zones by hydrothermal
alteration (Fig. 11a). Along La Lumbre gully and
Armería River, the deposit is 10–30 m high,
whilst along the eastern margin of Armería River,
the DAD is covered by thick HFD sequences

(over 70 m thick), Sect. 25 (Figs. 3 and 11b),
which define a flat terrace. In this region, the
ERA-DAD resembles a debris flow deposit in
places, although it also features megaclasts with
jigsaw fractures and large reddish zones from
hydrothermal alteration, typical of DADs. Similar
14C dates of charcoal samples have been reported
in different places for this deposit (Komorowski
et al. 1997; Cortés et al. 2005, 2010a, b), for
instance, along La Lumbre gully and Armería
River (Sects. 25 and 26 in Figs. 3 and 11c). This
deposit seems to correlate in age with the
description made by Siebe et al. (1992b) of a

Fig. 11 a Textural
characteristics of the 2500 BP
ERA-DAD along the western
margin of Armería River
(Sect. 26; Fig. 3), b View of
the ERA-DAD along of the
eastern margin of Armería
River (Sect. 25; Fig. 3)
underlying a >70 m thick
volcanoclastic sequence,
c carbonized trunk dated at
2505 ± 45 BP
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DAD at Los Lobos bridge on the western margin
of Los Lobos gully (Sect. 7; Fig. 3), that yielded
an age of 2690 ± 40 BP. Although the main
extension of the deposit is to the southwest,
according to the age of Siebe et al. (1992b), it is
possible that the avalanche may have been dis-
tributed over a larger area.

The existence of HFD sequences resting on
top of the debris avalanche suggests that a period
of intense erosion took place after its emplace-
ment. These deposits could have been generated
by secondary remobilization of the 9600 BP
MY-DAD forming a semicircular structure
located towards the east of the El Remate village
(Fig. 3). Along the west margin of Armería
River, the HFD sequences form further isolated
terraces, upon one of which was established the
Zacualpan village.

Five kilometres upstream of this community,
at the junction between La Lumbre ravine and
Armería River, on the east margin (Sect. 29;
Fig. 3), a 150 m thick sequence of HDF overlie
the 2500 BP ERA-DAD. According to the ter-
races´ distribution and their stratigraphic rela-
tionship, we consider that their emplacement
could have caused the obstruction of Armería
River forming an upstream ephemeral lake, in
which the <1940 BP thick sequences of lacus-
trine sediments that overlie the LG-DAD were
deposited (Sect. 28; Fig. 6a, c; dashed line in the
geologic map, Fig. 3).

7 Discussion

7.1 DAD-Dammed Lake

The emplacement of debris avalanches can
drastically change the morphology of the terrain
surrounding a volcano, with catastrophic sec-
ondary effects (e.g. Mayer et al. 1983; Glicken
1996; Costa and Schuster 1988). The formation
of natural dams is a very common phenomenon
(Schuster and Crandell 1984; Capra 2007) and
their rupture can cause voluminous debris flows
(e.g. Pulgarin et al. 2005).

The existence of lacustrine horizons interca-
lated between debris avalanches deposits in the

SW-SE sectors suggests that the Armería and
Tuxpan-Naranjo rivers have been repeatedly
dammed by debris avalanches, forming tempo-
rary lakes where thick sequences of lacustrine
sediments were deposited (Komorowski et al.
1997; Capra and Macías 2002; Cortés et al. 2005,
2010a, b). Thick volcanoclastic sequences have
been recognized and associated with the rupture
of those impoundments (Capra and Macías 2002;
Cortés et al. 2010a). This phenomenon is quite
common at Volcán de Colima, due to is location
within the Colima Graben, along which the two
major rivers in the area, which drain into the
Pacific (Fig. 1). Stratigraphic evidence points to
a short duration of those temporary lakes (Cortés
et al. 2010a), probably due to the high discharge
rate of the rivers (*1000 m3/s at present; SPP
1981), that promotes rapid infilling and subse-
quent overflowing of the dam. Piping and over-
topping are the two main mechanisms of dam
failure, after which catastrophic debris flows
formed downstream. The last episode at Volcán
de Colima was generated by the 2500 BP debris
avalanche deposit in the Zacoalpan area, where
thick hyperconcentrated debris flow sequences
directly overlie the 2500 BP, ERA-DAD along
Armería River. A future event of edifice failure at
Volcán de Colima will likely be accompanied by
this type of secondary event with catastrophic
effects in distal areas, far away from the affec-
tation zone of the initial avalanche.

7.2 Triggering Mechanisms

A wide variety of factors contribute to edifice
failure (Campbell et al. 1995; McGuire 1996;
Siebert et al. 1987). One significant factor is
hydrothermal alteration, which can significantly
weaken an edifice and increase pore-fluid pres-
sures of rocks contributing to failure (López and
Williams 1993; Carrasco-Núñez et al. 1993; van
Wyk de Vries and Francis 1997; Reid et al.
2001). Other important factors are gravitational
spreading of the edifice (Borgia et al. 1992; van
Wyk de Vries and Francis 1997), or the intrusion
of a new magma body underneath the volcano
(Glicken 1996; Siebert et al. 1987). In the case of
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Volcán de Colima, several DADs are associated
with juvenile fragments with bread-crust textures
(e.g. CA-DAD, VAC-DAD, LG-DAD), imbed-
ded charred logs or emptied casts in the deposits
(CA-DAD, VAC-DAD, LG-DAD, ERA-DAD),
and underlying pyroclastic flow deposits (e.g.
21,500; 18,500; 7000 and 3600 BP DAD, see
Table 2). In fact, paleomagnetic data of some of
these DADs suggest that their emplacement
temperatures exceed 350 °C (Clement et al.
1993). Therefore, this evidence suggests that
most of the edifice failures have been accompa-
nied by magmatic activity. However, it is difficult
to define if the magmatic component was the
main or only factor inducing the instability of the
volcano, or if other elements such as climate or
the structural architecture of the volcano pro-
moted its failure.

Volcán de Colima has evolved within in a
complex tectonic framework, at the intersection of
two main regional structures: the N-S Colima
graben and the NE-SW Tamazula fault (TF)
(Garduño et al. 1998; Norini et al., this volume).
Evidence of volcano-tectonic interplay is wide-
spread (Siebert 1984; Siebe et al. 1992a; van Wyk
de Vries and Borgia 1996; van Wyk de Vries and
Merle 1998; Garcia-Palomo et al. 2000; Lagmay
et al. 2000; Tibaldi et al. 2005; Bellotti et al. 2006;
Lagmay andValdivia 2006;Merle et al. 2006), and
apparent at Volcán de Colima (Norini et al. 2010).
In theWSWsector, N-S normal faults are affecting
fluvial-lacustrine sediments and volcanoclastic
sequences associated with the volcanic activity of
CVC (Garduño et al. 1998). In addition, field
evidence shows that structures with a N-S orien-
tations are affecting both Nevado de Colima and
Volcán de Colima, contributing to the evolution
and southward migration of magmatic activity of
the CVC (Garduño et al. 1998; Loera et al. 2010;
Norini et al. 2010). The NE-SW Tamazula fault
that intersects both volcanic edifices, displaces
thick volcanoclastic sequences and lava flows
from both eruptive centres. This fact, suggests that
this structure is active, and that it represents an
important factor that has contributed to the insta-
bility of the volcanic edifices and the generation
of debris avalanches (Garduño et al. 1998;
Cortés et al. 2010b; Cortés. 2015). More recently,

the E-W-trending structures affecting the CVC
have been interpreted as promoting a southward
spreading of the entire volcanic complex (Norini
et al. 2010). That is a common mechanism con-
trolling volcano stability at large stratovolcanoes
(e.g. van Wyk de vries and Borgia 1996; Borgia
et al. 2000), with this spreading having been
identified at Volcán de Colima by means of cam-
paigns of GPS (Wooller et al. 2004).

Finally, the presence of andesite blocks on the
surface of the 18,500 BP DAD with evidence of
glacial striations, similar to those observed at the
Nevado de Colima summit (Luhr et al. 2010),
suggest that during late Pleistocene the summit
of Volcán de Colima was covered by an ice-snow
cap enhancing hydrothermal alteration and pro-
moting volcano instability (Roverato et al. 2011).

7.3 Volume and Frequency
of Debris Avalanches
at Volcán de Colima

After of the 1980 eruption of Mount St. Helens,
USA, giant landslides and debris avalanches
have been recognized to play an important role in
the evolution of stratovolcanoes throughout the
world (Ui 1983; Siebert 1984; Francis and Self
1987; McGuire 1996). Globally, during the past
500 years, major edifice failures have occurred at
a rate of about four per century (Siebert et al.
1987). However, there are some volcanoes that
have experienced failure events with intervals of
a few hundred years. For example, Augustine
volcano in Alaska, a low-volume volcano with a
high magma effusion rate, has collapsed twelve
times over the past 2000 years with an average
recurrence interval of about 150–200 years
(Begét and Kienle 1992). Similarly, Shiveluch
volcano in Kamchatka experienced eight or more
failure events during the Holocene, with the
emplacement of debris avalanches with volumes
between 0.1 and 3 km3 (Belousov et al. 1999;
Ponomareva et al. 1998, 2006). Siebert et al.
(2006) documented 40 possible edifice failures at
volcanoes in Central America, nine of them
occurred during the Holocene, with a regional
recurrence of *1000–2000 years.
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Komorowski et al. (1997) suggested that
Volcán de Colima collapsed at least nine times
during the last 45,000 years yielding a mean
recurrence of *5000 years. Based on new
detailed field mapping and supported by addi-
tional 14C ages we have defined eight of these
debris avalanche deposits that were generated
during the last 30,000 years, giving a mean
recurrence interval of *3750 years (Table 2
Considering the two separate stages of the vol-
cano, during the late Pleistocene-early Holocene,
the Paleofuego edifice had six failure events with
a mean recurrence interval of *3800 years,
whilst the current active cone has experienced
two lateral collapse events with a comparable
recurrence interval of *3500 years. Therefore,
the recurrence of failure events at Volcán de
Colima has been quite consistent, although, the
volumes generated were smaller during the late
Holocene.

Borselli et al. (2011), based on a stochastic
approach, that is to say, each event is taken to be
independent, with their occurrence in time
defined by a random process, defined a mean
failure recurrence interval of 2698 years, with an
uncertainty range of 180 years, for the Holocene.
In Chap. 11, the authors reassess the data avail-
able for defining the reoccurrence rate for large
eruptions. Most of their evidence comes from the
dating of debris avalanche deposits and

assumptions regarding the coincidence of large
eruptions. The small reoccurrence interval shows
that Volcán de Colima, after Mt. Augustine
volcano in Alaska, has produced the second lar-
gest number of Holocene debris avalanches in
North America.

Volume estimation of DADs at Volcán de
Colima always is very difficult. The irregular
topography of older DADs favoured that subse-
quent debris avalanches refilled depressions and
low-lying areas, leading to a complicated strati-
graphic relationship (Komorowski et al. 1997).
This makes it difficult to determine their exact
distribution and volume. Where the largest ava-
lanches filled up the main ravines that descend
the volcano, their deposits are some hundred
metres thick. Whilst in the lateral zones, their
thickness is of the order of only metres (Fig. 5).
Also, the extent of older DADs is usually
obscured by overlying younger deposits. To
determine an approximate volume of each debris
avalanche (Table 2), a minimum thickness of
30 m was considered, although in some places
some deposits are more than 100 m thick.

Zernack et al. (2012) observed that when
volcano instability is controlled by the magma
supply rate, a linear trend can be observed
between volume of DAD and frequency. How-
ever, in the case of Volcán de Colima, the
cumulative DAD volume over time does not

Fig. 12 Linear trend
observed between the volume
and frequency of the debris
avalanches of Volcán de
Colima (both the Paleofuego
and current cone)
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follow a linear trend, instead, there is a large
volume deviation between events (Fig. 12). This
evidence confirms that even if a magmatic com-
ponent was recognized in almost all the events,
other factors, such as the tectonic architecture of
the volcano, obviously played an important role
in volcano instability as previously described.

Finally, the cumulative debris avalanche vol-
ume can be used as a proxy of the magma supply
rate (Zernack et al. 2012). From data here pre-
sented, a value of 0.21 km3/100 years is obtained
for the Holocene, in agreement with the average
of 0.2 km3/100 years estimated by Luhr and
Prestegaard (1988) for the last *4000 years.

8 Conclusions

According to recent 40Ar/39Ar ages the Paleo-
fuego stage of Volcán de Colima began about
100,000 years ago on the southern flank of
Nevado de Colima. According to 14C ages, dur-
ing the Late Pleistocene-Early Holocene, this
edifice experienced six edifice collapses that
generated debris avalanches, which vary in
length and volume. Some of these avalanches
from the SW and SE sectors dammed the
Armería and Tuxpan-Naranjo rivers generating
temporary lakes where thick sequences of
lacustrine sediments were deposited. These
catastrophic collapse events present recurrence
intervals that vary between 3000 and 6500 years.
The Paleofuego edifice terminated with a lateral
collapse 7000 years ago, generating a debris
avalanche that travelled 47 km toward the south.
This event left a 5 km wide crater open in this
direction. Afterwards, the current active cone of
Volcán de Colima began its construction. This
new cone has collapsed twice generating small
debris avalanches (3600 and 2500 BP) yielding a
recurrence interval of *3500 years. We con-
sider that the absence of source area remnants of
the new cone associated with these events is due
to their burial by volcanic material from subse-
quent eruptions. The existence of abundant large
charred tree logs inside of some DADs, as well
as the presence of pyroclastic flow deposits
directly overlying some avalanche deposits,

suggest that some failure events were associated
with a magmatic activity.

The presence of andesite blocks on the surface
of the CA-DAD, with evidence of glacial stria-
tions, suggests the existence of a glacier at the
Volcán de Colima summit during the late Pleis-
tocene. This would have favoured hydrothermal
alteration and promoted the instability of the
volcanic cone before its collapse. Another factor
that surely contributed to instability is the active
NE-SW Tamazula fault that has played an
important role in the generation of debris ava-
lanches of the CVC (Norini et al., this volume).

The secondary remobilization of these debris
avalanche deposits has generated voluminous
lahar and debris flow deposits, which currently
form a series of terraces along of the valley of the
Tuxpan-Naranjo and Armería Rivers. Colima, the
capital city of the state of Colima, and many
smaller cities and towns are built upon primary and
secondary deposits of debris avalanches, therefore
in the future a massive edifice failure on the scale
of previous events could be catastrophic for the
inhabitants currently living on these deposits.
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Modelling Tephra Thickness
and Particle Size Distribution
of the 1913 Eruption of Volcán de
Colima, Mexico

C. B. Connor, L. J. Connor, C. Bonadonna, J. Luhr, I. Savov
and C. Navarro-Ochoa

Abstract
A crucial problem at most volcanoes is
reconstructing past eruptions from the geo-
logical record. The rapid erosion of many
volcanic terrains results in geologically recent
eruptions leaving a relatively sparse record
of the event. Here we consider the
tephra-stratigraphic record of the 1913

eruption of Volcán de Colima, a recent but
greatly eroded tephra fallout deposit. A total
of 38 stratigraphic sections of the 1913
deposit have been analysed for thickness,
granulometry and geochemistry. The 1913
scoria are hornblende and two-pyroxene
andesites with approximately 58 wt% SiO2,
providing a geochemical and petrographic
signature that is distinct from earlier (1818)
and later tephra fallout deposits. Tephra2, a
tephra dispersion computer code based on the
advection-diffusion equation, is used to model
thickness variation and particle size distribu-
tion of the pyroclasts for the 1913 deposit.
Based on computer simulations, the observed
tephra stratigraphy is best fit with a total
eruption mass of *5.5 � 1010 kg. Computer
simulations including reports of tephra accu-
mulation from the historical record produces
an alternative deposit model with a finer
median particle size (*1.77 /), a higher
eruption column (*25 km above mean sea
level, amsl), and a greater total eruption mass
(*1.4 � 1011 kg). This larger eruption mag-
nitude is supported by modelling the granu-
lometry of the 38 stratigraphic sections. The
models suggest a median deposit particle
size of at least 2/, a deposit mass of
1–5 � 1011 kg (VEI 4), and that significant
segregation by particle size as a function of
height occurred in the 1913 eruption column.
This analysis highlights potential bias in
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eruption magnitude estimates that use only
thickness of proximal deposits, and the advan-
tage of modelling the granulometry of the
deposit in such circumstances.

Keywords
Tephra � Fallout model � Numerical model
Advection-diffusion equation � Tephra
stratigraphy � Volatile content � Volcanic
eruption � Volcán de Colima � Eruption
volume

1 Introduction

Eruption volume and eruption column height are
traditionally estimated from interpolated isopach
and isopleth maps of tephra fallout deposits (Pyle
1989; Carey and Sparks 1986; Fierstein and
Nathenson 1992; Bonadonna and Houghton
2005; Burden et al. 2011; Bonadonna and Costa
2012; Burden et al. 2013). These techniques are
based on statistical models, e.g., exponential fit-
ting of the eruption deposit data and simplified
physics explaining the erupting column and the
dispersing wind field. More recently, numerical
simulations of eruptions have gained traction and
several models have been developed to forecast
the dispersion and deposition of tephra fallout,
given specific eruption conditions (Suzuki 1983;
Armienti et al. 1988; Searcy et al. 1998; Hurst
and Turner 1999; Macedonio et al. 2005;
Bonadonna et al. 2005; Jones et al. 2007;
Barsotti et al. 2008; Folch et al. 2009). These
models can be coupled to inversion algorithms that
seek to find a set of best-fit eruption parameters to
reproduce tephra thickness variations at sample
sites across a deposit (Connor and Connor 2006;
Magill et al. 2015; White et al. 2017), thus pro-
viding an alternative way of estimating eruption
volume and column height from field data.

Reconstruction of the 1913 eruption of Vol-
cán de Colima (Fig. 1) initially relies on the
identification and characterisation of its tephra
fallout deposit. For more than a decade, two of
the authors (J. L. and C. N.-O.) worked within

the Colima Volcano Complex to locate and
identify remaining deposit outcrops of the 1913
eruption, to measure deposit thicknesses, to col-
lect tephra samples from these outcrops and to
analyse the geochemistry and granulometry.
Their resulting data set, based on 38 sample
locations (Table 1), provides a geological record
of this eruption, located mostly on the edifice of
Nevado de Colima, immediately north of Volcán
de Colima (Fig. 1). All tephra samples have been
checked for stratigraphic consistency and trace
element characteristics provide unambiguous
geochemical identification of the tephra as a
product of the 1913 eruption, known as the a
layer (Luhr et al. 2010). Using these geochemical
observations along with models of magma
volatile content and ascent rate, our physical
volcanological models can infer fragmentation
conditions and potential eruption explosivity.

To improve upon basic statistical techniques for
estimating eruption parameters, we use a numerical
simulation of tephra dispersion (Tephra2) coupled
with an inversion algorithm, and model tephra
thickness and particle size variation at individual
sites in order to achieve an overall best-fit model of
the 1913 eruption in terms of total erupted mass (or
tephra volume), eruption column height, total par-
ticle size distribution of the pyroclasts, and wind
conditions at the time of the eruption. Tephra
thickness reports from cities and towns found in
various historical accounts are included with the
geological data to more accurately estimate realistic
atmospheric conditions on the day of this eruption.
By using the same modelling technique for each
class of particle size in our distribution (i.e., u size
fractions), the uniqueness of the mass and col-
umn height estimates are assessed. A comparison
of the resulting models, those that include his-
torical data with geological data and models that
use only thickness of measured stratigraphic
sections, indicates that some bias occurs.

Our results highlight uncertainties associated
with the reconstruction of eruption parameters
such as volume and column height, and hence
eruption magnitude or VEI (volcano explosivity
index), from limited outcrop data using any
method.Wefind that by inverting tephra fallout for
individual particle size fractions, we can identify
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Fig. 1 Location of Volcán de Colima (a) Nearby towns
with historical (1913) accounts of tephra fallout (b) are
indicated for reference. The source of the 1913 eruption,

Nevado de Colima, where most sampling localities
(circles with dots) for the 1913 deposit are located (c)
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Table 1 Tephra thickness and granulometry for 1913 tephra stratigraphic sections used for inversion. A bulk
scoria-fall-deposit density was measured and determined to be 1.043 g cm−3 and used to convert thickness to kg m−2.
Latitude/Longitude are converted to Easting/Northing, Universal Transver Mercator projection, UTM zone 13

Sample no. Easting Northing Sample
measures

−4
phi

−3
phi

−2
phi

−1
phi

0
phi

1
phi

2
phi

3 phi 4 phi

m m kg
m−2

cm (weight percent of each phi class)

VF95-06a 648,243 2,167,610 417.20 40 0.001 0.11 0.21 0.22 0.23 0.17 0.04 0.002 0.002

VF95-08a 647,017 2,166,184 312.90 30 0.006 0.13 0.19 0.24 0.25 0.16 0.03 0.002 0.002

VF97-20Q 650,610 2,166,811 208.60 20 0.017 0.07 0.14 0.21 0.26 0.21 0.06 0.007 0.006

VF98-01a3 647,775 2,167,142 239.89 23 0.044 0.13 0.18 0.21 0.23 0.15 0.03 0.003 0.002

VF98-02a 646,264 2,165,823 156.45 15 0.014 0.12 0.19 0.23 0.24 0.17 0.03 0.004 0.003

VF98-04a 644,555 2,165,754 104.30 10 0.027 0.12 0.19 0.19 0.20 0.14 0.05 0.020 0.020

VF98-05a 645,142 2,164,486 187.74 18 0.137 0.23 0.18 0.15 0.13 0.08 0.02 0.009 0.006

VF98-07a 646,028 2,165,268 208.60 20 0.008 0.14 0.19 0.23 0.24 0.15 0.02 0.004 0.004

VF98-08a 647,534 2,167,051 187.74 18 0.008 0.07 0.12 0.22 0.29 0.23 0.05 0.005 0.005

VF98-09a 649,727 2,168,287 187.74 18 0.025 0.04 0.10 0.19 0.29 0.26 0.09 0.004 0.003

VF98-10a 650,242 2,169,453 125.16 12 0.011 0.03 0.06 0.17 0.29 0.32 0.11 0.003 0.002

VF99-02B 647,629 2,164,406 260.75 25 0.035 0.15 0.21 0.22 0.22 0.13 0.02 0.002 0.001

VF99-03a 647,129 2,165,343 208.60 20 0.055 0.15 0.23 0.24 0.19 0.10 0.01 0.003 0.003

VF99-04as 645,335 2,166,568 125.16 12 0.017 0.06 0.13 0.21 0.28 0.20 0.06 0.013 0.014

VF99-05a 644,723 2,165,744 83.44 8 0.028 0.13 0.20 0.20 0.18 0.13 0.06 0.017 0.017

VF99-06as 648,089 2,167,144 292.04 28 0.036 0.08 0.15 0.22 0.26 0.20 0.04 0.003 0.002

VF00-04a 646,609 2,159,594 625.80 60 0.192 0.31 0.18 0.11 0.06 0.02 0.01 0.006 0.009

VF00-05a3 646,897 2,160,261 500.64 48 0.101 0.30 0.24 0.16 0.09 0.03 0.01 0.007 0.010

VF00-06a3 647,067 2,160,085 417.20 40 0.067 0.30 0.25 0.17 0.11 0.05 0.01 0.008 0.008

VF01-01a3 647,147 2,165,653 344.19 33 0.031 0.11 0.18 0.22 0.25 0.16 0.02 0.004 0.003

VF01-03a 650,933 2,162,032 135.59 13 0.026 0.13 0.19 0.22 0.24 0.15 0.03 0.005 0.004

VF01-07a5 649,798 2,163,484 365.05 35 0.020 0.17 0.23 0.23 0.21 0.12 0.02 0.003 0.002

VF01-09a3 649,447 2,164,123 584.08 56 0.036 0.18 0.22 0.21 0.19 0.11 0.02 0.002 0.002

VF02-01a 648,336 2,165,198 208.60 20 0.035 0.14 0.20 0.21 0.21 0.12 0.03 0.014 0.015

VF02-02a 648,622 2,164,957 187.74 18 0.021 0.14 0.25 0.23 0.20 0.12 0.02 0.004 0.005

VF02-03a 648,176 2,165,507 354.62 34 0.016 0.06 0.18 0.26 0.29 0.15 0.02 0.004 0.004

VF02-05a 648,462 2,165,255 344.19 33 0.022 0.15 0.22 0.23 0.22 0.13 0.02 0.003 0.003

VF02-06a3 647,397 2,165,932 344.19 33 0.017 0.16 0.22 0.23 0.22 0.12 0.02 0.003 0.003

VF05-02a 644,773 2,164,771 292.04 28 0.027 0.11 0.17 0.21 0.22 0.15 0.05 0.020 0.019

VF05-03a 644,524 2,165,676 73.01 7 0.019 0.08 0.15 0.20 0.23 0.18 0.06 0.018 0.018

VF05-05a3 643,671 2,164,740 62.58 6 0.016 0.10 0.16 0.18 0.19 0.15 0.06 0.026 0.027

VF05-08a3 643,437 2,161,240 125.16 12 0.100 0.22 0.24 0.16 0.10 0.04 0.02 0.008 0.008

VF05-13a 642,838 2,164,013 62.58 6 0.042 0.09 0.17 0.19 0.17 0.11 0.08 0.055 0.042

VF05-14a3 642,860 2,163,859 62.58 6 0.001 0.09 0.13 0.19 0.21 0.14 0.07 0.046 0.056

VF05-16a3 643,009 2,163,605 93.87 9 0.041 0.15 0.19 0.19 0.19 0.12 0.04 0.026 0.028

(continued)
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these biases, potentially improving volume esti-
mates from limited outcrop data. Also, by mod-
elling individual particle size fractions, insights
into the structure of the eruption column emerge,
which begin to suggest eruption mechanisms.

2 The 1913 Eruption

Two major explosive eruptions of Volcán de
Colima occurred on 18 February 1818 and 20
January 1913 (Bretón-Gonzalez et al. 2002)
(Fig. 2). The 1913 eruption produced the a layer
described and modelled in this paper. Both
eruptions left a large open steep-walled crater.
According to Waitz (1915), the crater following
the 1913 eruption was 450 m in diameter and
350 m deep. Both eruptions produced pyroclastic
flows on the south flanks of the volcano and
eruption columns that led to tephra fallout many
hundreds of kilometres to the north. Compara-
tively, these two eruptions had much in common,
which makes it all the more surprising that only
the younger eruption has left the a tephra unit
with apparently very little of the 1818 tephra unit
preserved as a deposit.

Historical accounts of the 1913 eruption
indicate that it was short-lived and are detailed in
Waitz (1915), Bretón-Gonzalez et al. (2002), and
Saucedo et al. (2010). Briefly, on 20 January, at
approximately 05:00, the citizens of the town of
Ciudad Guzman heard strong noises resembling
thunder coming from the direction of Volcán de
Colima. Later that morning it became clear that
the source was indeed the volcano as the eruption
column, and even lightning from within, was

visible. Tephra fallout in Ciudad Guzman was
strongest until about noon on that day. By about
20:00 the eruption column was no longer visible
and by 23:00 the sky was clear of visible ash.
During the next several days a few medium
(Vulcanian) explosions occurred, but by 28 Jan-
uary these explosions had stopped and tephra
was no longer visible in the atmosphere over the
volcano.

Saucedo-Girón (1997) and Komorowski et al.
(1997) were the first to suggest that unit a was
the product of the 1913 eruption, and they went
on to calculate the height of the eruption column
and volume of magma erupted. The erupted mass
of tephra fallout from the 1913 eruption has been
most recently estimated to be approximately 2–
6 � 1011 kg (Saucedo et al. 2011; Bonasia et al.
2011), based on tephra deposit sections
(Saucedo-Girón 1997), with a maximum eruption
column height of approximately 23 km (Saucedo
et al. 2010).

3 Petrology and Geochemistry

The petrology and geochemistry of the Volcán de
Colima 1913 eruption products (including bal-
listically transported pyroclasts, scoria and ash
samples) have been covered in significant detail
by Luhr and Carmichael (1990), Robin et al.
(1991) and more recently by Savov et al. (2008)
and Luhr et al. (2010). In addition, geochemical
and petrological information for the 1913 tephra
are presented in (Crummy et al., this volume)
where the 1913 eruption is contrasted with other
Holocene tephra deposits from Volcán de

Table 1 (continued)

Sample no. Easting Northing Sample
measures

−4
phi

−3
phi

−2
phi

−1
phi

0
phi

1
phi

2
phi

3 phi 4 phi

m m kg
m−2

cm (weight percent of each phi class)

VF05-17a 643,842 2,163,136 125.16 12 0.098 0.14 0.17 0.20 0.17 0.10 0.04 0.021 0.018

VF05-18a3 644,473 2,162,964 166.88 16 0.031 0.21 0.25 0.22 0.16 0.07 0.02 0.009 0.008

VF0
(6-03/5-09)

644,340 2,161,170 594.51 57 0.113 0.25 0.25 0.19 0.11 0.04 0.01 0.006 0.005
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Colima. Here we briefly describe the major
characteristics of the 1913 deposits and provide
new data on volatile contents of melt inclusions,
aiming to further clarify the nature of the erup-
tion. We concentrate on the petrography and rock
textures, mineral and glass chemistry and their
volatile contents. These aspects of
the 1913 deposits are key for understanding the
eruption dynamics and also for contrasting the
1913 tephra with older (Holocene-Pleistocene)
deposits found on the slopes of Nevado de

Colima (Luhr et al. 2010), which can have a
similar appearance in outcrop.

The textures of 1913 tephra are highly vesic-
ular and commonly porphyritic, with phenocrysts
(and microphenocrysts) of plagioclase, orthopy-
roxene, clinopyroxene, hornblende and oxide
minerals (usually Ti-magnetite) that may reach
2 mm in size. Importantly, olivine is not present
in any of the examined 1913 tephra samples
(n > 100). The range of mineral abundances (vol
%) was estimated after careful point-counting of

Fig. 2 Field photos of
Volcán de Colima
stratigraphic sections. The
1913 tephra, unit a, deposited
directly on top of the much
older (*3000 year BP) unit
Z. a In other areas, two units
are visible above unit Z.
b These are the 1818 and the
1913 deposits (bottom and
top, respectively). A paleosoil
horizon lies between these
two most recent pumice fall
deposits (Luhr et al. 2010)
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19 thin sections, with at least 1000 mineral grains
counted from each (phenocrysts and microphe-
nocrysts) (Table 2). The mineral abundances (in
vol%) for the phenocrysts and microphenocrysts,
respectively, are as follows: plagioclase (9.6 and
4.8), orthopyroxene (1.6–1.9), clinopyroxene
(1.5 and 1.1), hornblende (1.8–0.5) and oxide
mineral (0.6–0.8). The total phenocryst content
of the 1913 tephra is 14% and the sum of all
crystals is 23%. The total phenocryst content of
the 1913 dense lithics that are present in pyro-
clastic density current deposits and in the fall
deposits of unit a (representing the lithics of the
conduit or the former lava dome in the summit
before the explosive eruption), is 18.7% and the
sum of all crystals is 26.2%. The relative abun-
dance of plagioclase crystals against the sum of
all other crystals is *0.6 and the ratio, plagio-
clase/(sum of mafic minerals) is *1.8, essen-
tially the same ratio in the 1913 lithics as in the
1913 tephra samples. Overall, when compared
with the post-1913 eruption products (Luhr 2002;
Savov et al. 2008), the mineral modes charac-
teristic for the 1913 samples reveal less abundant
plagioclase, much more abundant hornblende
and oxides, and comparable orthopyroxene and
clinopyroxene content.

Using the major element composition of the
volcanic glass and assuming it is in equilibrium
with the measured major element composition of
pyroxenes and plagioclase crystal rims, one can
reconstruct the physical conditions of the erup-
tion. These include important parameters such as
the melt temperatures, pressures (source depth)

and the volatile contents of the magmas as they
were ejected from the conduit and quenched. The
18 orthopyroxene rims analyzed from 1913
tephra samples show MgO = 26.3–27.0(±0.33)
wt%; FeO = 16.4–16.9(±0.48) wt%; and CaO =
1.3–1.34(±0.1) wt%.; with Mg # *75. The 19
analyzed clinopyroxene rims from the 1913
Colima samples have MgO = 15.3–15.4(±0.4)
wt%; FeO = 8.5–8.7(±0.5) wt%; and CaO =
20.7–20.9(±0.3) wt%.; with Mg # *76. The
plagioclase rims analyzed in 1913 tephra samples
(n ¼ 24) have CaO contents of 12.1 wt% and
Na2O of 4.6 wt%, making their rims of anorthite
[An] content of 59.5 mol%. The volcanic glass
analyses of the 1913 tephra reveal andesite
composition and contains the following average
major element compositions (all in wt%): SiO =
62.93(±0.5), MgO = 1.78(±0.08); FeO = 4.63
(±0.25); CaO = 4.11(±0.28); Na2O = 5.07
(±0.32) and K2O = 1.96(±0.09) (Table 3).
These tephra glass analyses are in very good
agreement with those from 1913 lithic samples
(n = 24).

All of the above, the description of major
element compositions and the use of various
thermometers and published calibrations, reveal
the following temperatures for the 1913 melt:
984 ± 1 °C (plagioclase-glass; Putirka 2005);
982 ± 12 °C (2 pyroxenes; Wells 1977);
995 ± 7 °C and 1006 ± 13 °C (orthopyroxene-
glass and clinopyroxene-glass; Putirka 2008).

Using the Putirka (2005) plagioclase-glass
hygrometer we estimate that the minimum H2O
content of the 1913 melt was in the order of

Table 3 Groundmass glass composition of Colima 1913 scoria

Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total

VF9506a2gm-3 63.56 0.78 16.49 4.91 0.17 2.28 3.82 4.93 2.06 0.25 99.25

VF9506a2gm-7 63.30 0.75 17.28 4.34 0.10 1.30 4.46 5.53 1.50 0.23 98.79

VF9506a2gm-8 62.18 0.68 17.85 4.42 0.11 1.43 4.43 5.34 1.65 0.20 98.29

VF9506a1gm-1 62.70 0.80 16.25 4.76 0.11 1.94 3.83 4.52 1.89 0.23 97.03

VF9506a1gm-2 63.68 0.78 16.52 4.78 0.11 1.77 3.90 4.89 2.04 0.23 98.70

VF9506a1gm-4 62.93 0.80 16.72 4.32 0.12 1.93 4.10 4.95 1.93 0.23 98.03

VF9506a1gm-5 62.44 0.78 17.18 4.60 0.16 1.82 4.39 5.34 1.90 0.25 98.86

VF9506a1gm-9 62.64 0.78 17.03 4.91 0.05 1.77 3.95 5.03 2.03 0.22 98.41
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3.9 ± 0.1 wt%. Use of the Housh and Luhr
(1991) hygrometer (based on the plagioclase
Na–Ca–K concentrations) yields 4.3 ± 0.1 wt%.
When normalized, the orthopyroxene-hosted
melt inclusions have dacitic major element
composition. They have elevated K2O contents
(up to 2 wt%) and relatively low MgO (1.1–
1.6 wt%) (Table 4). Direct FTIR measurements
of these orthopyroxene- hosted melt inclusion
glasses reveals H2O contents reaching 4.4 wt%
in the 1913 magmas, also in excellent agreement
with the insights from the hygrometry based on
the Putirka (2005) and Housh and Luhr (1991)
methods. Finally, high quality ion probe (SIMS)
data for the same melt inclusions also reveals
H2O concentrations as high as 6.05 wt% (Luhr
et al. 2006).

The bulk rock composition of the 1913 tephra
is presented in Luhr et al. (2010) and references
therein, where it is discussed as unit alpha.
Briefly, the major element chemistry reveals that
the magmas erupted in 1913 are all low silica
andesites (SiO2 = 57.7 − 59.9 wt%) with
K2O = 1.2 ± 0.1 wt%, classifying them as
belonging to the medium K–series. Plotted on a
total alkali silica (TAS) diagram (Le Bas et al.
1986), all 1913 eruption products fall within the
andesite field. The MgO and FeO contents of the
1913 samples are elevated and, importantly, often
exceed 4.0 and 4.8 wt%, respectively, abun-
dances that are increasingly more common in the
post-1999 Volcán de Colima ash and lava samples
(Savov et al. 2008). Overall, the bulk rock major
element chemistry agrees very well with insights
from the petrography of the tephra and the mineral
modes. In particular, the high MgO and overall
low SiO2 are in agreement with the observed
lower plagioclase content and the elevated abun-
dance of hornblende in the 1913 samples.

When it comes to trace elements, the 1913
deposits contain light rare earth element (LREE)-
enriched chondrite-normalized patterns that are
very similar to all other products of Volcán de
Colima. However, it is important to note that the
1913 samples have slightly elevated Yb (al-
ways >1.58 ppm) and lower to much lower Ba
(*430 ppm) and Rb (*16 ppm) contents,
which Savov et al. (2008) suggested is a very

reliable tool for discrimination between the 1818
and 1913 pyroclastic fallout deposits. Otherwise
they are very difficult to discriminate both in the
field and in thin section. The high field strength
element (HFSE) systematics of the 1913 tephra
include distinct Nb and Ta negative anomalies
that are a characteristic feature of typical conti-
nental arc-derived andesites (Kelemen et al.
2003; Savov et al. 2008). For further discussions
on the geochemistry of the Colima arc andesites,
both modern and ancient, please refer to (Reubi
et al. and Crummy et al., this volume).

Cumulatively, high H2O contents of the 1913
eruption products are completely consistent
with the high abundance and lack of reaction
rims around hornblende crystals in this magma
(Fig. 3), because hornblende in equilibrium
with mafic melt necessitates H2O contents in
access of 4.3 wt% (Carmichael 2002). Assum-
ing that the Colima melt inclusions are usually
trapped at pressures 10–150 MPa (see Ruebi
and Blundy, this monograph), we can safely
assume that the melt both below the conduit of
Volcán de Colima and at the point of eruption
was H2O -rich (i.e., this melt experienced very
little degassing from source en route to the
surface). The petrology and geochemistry of the
1913 deposits therefore supports the ideas out-
lined in Savov et al. (2008), that the explosive
nature of the 1913 eruption was due to the very
fast ascent of volatile-rich andesitic melts orig-
inating deep in the mantle wedge (Luhr and
Carmichael 1990).

4 The Tephra2 Algorithm

A basic conclusion from geochemical analyses
and derived magma properties is that the 1913
eruption was explosive, with explosivity driven
by the exsolution of volatiles during rapid
magma ascent. The Tephra2 model (Bonadonna
et al. 2005; Connor and Connor 2006; Volentik
et al. 2010) was used to investigate the dispersion
and sedimentation of the 1913 deposit and hence,
its explosivity, from a physical volcanological
perspective. This model calculates total mass per
unit area, M (kg m-2), of tephra accumulated at a
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given location on the ground at map coordinates
(x; y) due to an explosive eruption.

The numerical simulation of tephra accumu-
lation is based on the advection-diffusion equa-
tion (Suzuki 1983; Armienti et al. 1988; Connor
et al. 2001), which is expressed in Tephra2 by a
simplified mass-conservation equation for which
an analytical solution can be determined (Suzuki
1983; Lim et al. 2008). This analytical solution is
written as

Mðx; yÞ ¼
XHt

i¼0

Xumax

j¼umin

Mo
i;jfi;jðx; yÞ ð1Þ

to illustrate the relationship between particle size
distribution, column geometry, and mass distri-
bution of tephra within the mapped deposit. The

right hand side of Eq. (1) consists of two parts.
Mo

i;j describes the distribution of tephra mass
within the eruption column as a function of
height and particle size. The eruption column is
discretized into i atmospheric layers. Initially,
tephra is distributed among these layers within
the eruption column between the vent and the
maximum column height, Ht. For example, a
uniform random distribution might be used to
reflect the structure of a well-mixed strong plume
(i.e., a volcanic plume that does not bend in the
wind, but is rather a strong enough jet to deflect
the wind; Sparks 1986), or a beta distribution
might be used to model particle segregation in
the plume as a function of particle size and set-
tling velocity. Thus, Mo

i;j is a one-dimensional
source term for tephra dispersion in the

Fig. 3 BSE image of Volcán de Colima tephra sample
VF97–02B. This sample is representative for the 1913
tephra. The image shows a large hornblende crystal
surrounded by very highly vesiculated volcanic glass (see
Savov et al. 2008). Note that the hornblende crystal lacks
reaction rim with the surrounding glass, indicating that the
crystal was in equilibrium with volatile-rich melt (glass).

Analysis of the glass volatile content indicates H2O
content of at least 4.5 wt%. Direct SIMS measurement of
the volatile contents of melt inclusions trapped in
orthopyroxene crystals from the 1913 tephra reveal H2O
contents of up to 6 wt%. Overall the high volatile contents
of the 1913 glasses are consistent with the explosive
nature of this andesitic eruption
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atmosphere, only varying as a function of height.
Different assumptions about the particle size
distribution in the eruption column, total mass,
and maximum height of the eruption column will
affect the distribution of mass in the deposit.
Numerical methods are used to investigate the
ranges of possible values of these eruption col-
umn parameters for a given deposit.

The variable fi;jðx; yÞ in Eq. (1) describes the
atmospheric diffusion of tephra particles of size j
that are released from column layer i and then
advected by the wind away from the erupting
column. Tephra particles of varying sizes have
varying settling velocities in the atmosphere,
which is ultimately reflected in their total fall
time; fall time is measured from a particle’s
release point in the eruption column to deposition
on the ground surface. For example, large parti-
cles with faster settling velocities will be less
dispersed in the deposit than small particles
with slower settling velocities, if both are
released from the same height. Similarly, parti-
cles of a given settling velocity will be more
dispersed when released from higher in the
eruption column than when released lower in the
column. The distribution of mass in the deposit is
strongly affected by the total fall time of parti-
cles, which in turn, depends on their settling
velocities. Modelling particles within a limited
range of settling velocities (particles of similar
size and density) allows values of fi;jðx; yÞ, and
hence Mo

i;j, to be better constrained for a given
mass fraction Mðx; yÞ mapped in a specific
deposit.

The settling velocity of a particle is a function
of multiple parameters including particle density,
particle volume (here characterized as an equiv-
alent sphere diameter based on sieve measure-
ments), particle shape, atmospheric properties,
gravitational acceleration, and local Reynold’s
number (Kunii and Levenspiel 1969; Bonadonna
et al. 1998; Bonadonna and Phillips 2003).
Tephra2 employs a formulation of settling
velocity proposed by Bonadonna et al. (1998)
that changes based on whether a particle settles

via a laminar, intermediate or turbulent regime at
different heights in the atmosphere,

vj ¼

qjgd
2
j

18l if laminar, Re \6;

dj
4g2q2j
225lqa

h i1=3
6�Re \500,

3:1qjgdj
qa

h i1=2
if turbulent,Re� 500;

0
BBBB@

ð2Þ

where qj is the density and dj the diameter of
particles of size class j, l ¼ 0:000018325 Pa s is
the air viscosity, g ¼ 9:81 m s−2 is gravity, qa is
the air density of layer k in the atmosphere, with

qa ¼ qstde
�hk=8200 ð3Þ

where qstd ¼ 1:293 kg m−3 at sea-level, and hk is
the height above mean sea level (AMSL) of the
centre of atmospheric layer k. Note the difference
in notation, i represents layers in the eruption
column and k represents layers in the atmo-
sphere, because these layers need not represent
the same elevation or have the same total number
of divisions.

Tephra particle density also varies as a func-
tion of particle size given that coarse particles
contain numerous vesicles and fine particles are
more likely to be made up of individual crystals.
Tephra2 uses a linear model to approximate this
change in particle density as a function of particle
size (Bonadonna and Phillips 2003),

qj ¼
qmin if coarse,uj\uC;

qmax� ðqmax�qminÞðuj�uFÞ
ðuC�uFÞ uC�uj\uF;

qmax if fine,uj�uF;

0
B@

ð4Þ

where qmin and qmax are the mean densities of the
coarsest and finest fractions of the deposit,
respectively. The coarse particle threshold is
defined as uC, the fine particle threshold is
defined as uF , with particle density varying lin-
early between the two. Tephra2 assumes fixed
densities for fine and coarse particles, so the only

Modelling Tephra Thickness and Particle Size Distribution … 93



factor affecting settling velocity is, dj, the particle
diameter.

The total fall time of a particle is thus estimated
by summing particle fall times through multiple
atmospheric layers, starting from a particle’s ini-
tial release height from the eruption column, Hi,
to its final resting place on the ground,

ti;j ¼
XHi

k¼0

zk
vj

ð5Þ

where zk is the thickness of layer k. The settling
velocity is assumed to be constant within a given
atmospheric layer, k, so the summation must be
done in sufficiently small steps to avoid large
settling velocity errors. Also, it is assumed that a
particle instantaneously reaches its settling
velocity within layer k. This assumption is rea-
sonable for low levels in the atmosphere, but not
necessarily true for high levels in the atmosphere
(e.g., >40 km), where low atmospheric density
creates very high settling velocities.

The total diffusion of particles of size j that are
released from height Hi with a total fall time, ti;j,
is estimated using a linear, Fickian, model for
coarse particles and a nonlinear model for fine
particles, with the switch between the two
models determined by a parameter, s, known in
the Tephra2 code as the fall time threshold
(FTT),

r2i;j ¼
4Kðti;j þ t0iÞ if ti;j\s;

8C
5 ðti;j þ t0iÞ5=2 if ti;j � s;

�
ð6Þ

where K is the Fickian diffusion coefficient, C is
a turbulent eddy constant, t0i is the increased
horizontal diffusion time accounting for the
broadening of the eruptive column with height.
For relatively coarse particles, ti;j\s, the diffu-
sion is assumed to be linear with respect to total
fall time. It has been shown (Suzuki 1983;
Bonadonna et al. 2005) that for small particles
found in tephra fallout deposits, ti;j � s, diffusion is
nonlinear with respect to total particle fall time.
Analysis of deposits suggests that a value for
s of approximately 1 h is often appropriate
(Bonadonna et al. 2005). In this formulation

diffusion is assumed to be isotropic in the hori-
zontal (X; Y) direction; vertical diffusion is
neglected.

The variable t0i reflects a change in width of
the eruption column with height, a feature of
eruption columns which effectively broadens the
area impacted by the resulting tephra fallout
deposit. Suzuki (1983) used,

t0i ¼ 0:2h2i
� �2=5 ð7Þ

and this formula is used here, acknowledging
that more complex formulations associated with
laterally spreading plumes are possible (Bursik
et al. 1992; Bonadonna and Phillips 2003;
Mannen 2014).

Given these important, albeit complex, details,
it is possible to estimate diffusion and advection
away from the eruptive column,

fi;jðx; yÞ ¼ 1
2pr2i;j

exp �ðx� �x2i;jÞþ ðy� �y2i;jÞ
2r2i;j

" #

ð8Þ

where

�xi;j ¼ x0 þ
XHi

k¼0

wx;kzk
vj; k

ð9Þ

and

�yi;j ¼ y0 þ
XHi

k¼0

wy;kzk
vj; k

ð10Þ

Particles originate from a point-release source
in the eruption column (x0, y0, Hi) and are
advected by the wind (velocity components wx;k

and wy;k). Thus, the wind direction and speed may
vary as a function of height, but for simplicity do
not vary as a function of horizontal distance.

Equation (8) shows that r2i;j represents the
variance of a Gaussian distribution, and Eqs. (5)
and (6) indicate that this dispersion term is
directly controlled by a diffusion model that
depends on particle settling velocity, and hence
upon particle size.
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Tephra2 assumes that the total particle size
distribution (for the entire erupted mass of
tephra) follows a lognormal distribution (i.e., is
normally distributed in units of u) (Inman 1952;
Fisher and Schmincke 1984). Therefore the
fraction of particles in size class j is

fjðuÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2p�ru

p exp �u� �lu
2�r2u

" #
ð11Þ

where �lu and �r2u are the estimated mean and
variance of the particle size distribution, respec-
tively. A simple plume model (Sparks et al.
1992; Woods 1995; Ernst et al. 1996; Sparks
et al. 1997; Bonadonna and Phillips 2003),

fiðzÞ ¼ U Hmin;Ht½ � ð12Þ

assumes that all particles are uniformly dis-
tributed within the eruptive column between Hmin

and Ht, regardless of particle size; for strong
plumes, Hmin and Ht represent the base and top of
the umbrella region, respectively. In this case,
tephra fallout associated with the development or
waning stages of the plume are not accounted
for, nor is sedimentation from the margins of the
plume during steady eruption (Ernst et al. 1996)
or ballistic transport (Fagents and Wilson 1993).
Alternatively, a probability density function may
be used to describe the distribution of tephra
released from the erupting column as a function
of height above the vent. Tephra2 employs a
plume model using the beta distribution,

fiðzÞ ¼ 1
Bða; bÞ z

a�1ð1� zÞb�1 ð13Þ

where

Bða; bÞ ¼ Cðaþ bÞ
CðaÞCðbÞ ; a[ 0; b[ 0 ð14Þ

and CðÞ is the gamma function. If a ¼ b ¼ 1,
then the beta distribution is the same as a uniform
random distribution (Eq. 12). For cases where
1� a� 2, when b\1, then particle release
heights are skewed toward the top of the erupting
column; when b� 1, particle release heights are

skewed toward the lower part of the column.
Thus the equation,

Mo
i;j ¼ Mumax

umin
fjðuÞfiðzÞ ð15Þ

describes the total mass of tephra, Mumax
umin

,

between size classes umin and umax.
Given these model assumptions, everything is

in place to calculate tephra mass loading,
Mðx; yÞ, using the model parameters just descri-
bed. Table 5 summarises the necessary model
inputs for 2 classes of simulations of the 1913
Colima deposit, models using collected strati-
graphic samples and models using collected
stratigraphic samples plus historical reports.
Output of Tephra2, Mðx; yÞ, is in units of mass
loading per unit area (kg m−2). This output is
appropriate for hazard assessments involving
mass loading effects such as roof collapse, crop
destruction, failure of power, water, and/or
mechanical systems, etc. Outputs can be com-
pared with field measurements of deposit thick-
ness by dividing Mðx; yÞ by a bulk deposit
density.

Tephra2 can be used in a forward modelling
approach where model inputs (Table 5) are
selectively changed so that model outputs match
the thicknesses of a tephra unit observed in
stratigraphic sections over a region. This
approach is laborious, however, and the problem
is ill-posed and ill-conditioned, meaning that
many different combinations of model inputs
result in outputs that match field observations.
For example, acceptable matches to observed
deposit thicknesses might be found by adjusting
model wind speed, eruption column height, or
both. In these circumstances, understanding the
range of input parameters that might account for
observed deposit thicknesses is difficult to
quantify. This situation is common in geophysics
and can be better addressed using nonlinear
inversion methods.

The nonlinear inversion method implemented
with Tephra2 is based on the downhill simplex
algorithm (Nedler and Meade 1965; Press et al.
1992; Connor and Connor 2006; Magill et al.
2015). This algorithm uses a simplex of Nþ 1
vertices or parameter sets, where N is the number
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Table 5 Estimating isomass, Mðx; yÞ, for a simulated explosive eruption of Volcán de Colima using Tephra2.
Inversion outputs include best-fit eruption parameters using geological data only (Table 1) and using geological data
plus data from historical accounts of tephra accumulation

Model Variable Model parameters and/or ranges

Parameter (units) Name Input Geological Geological + historical

Volcano

Easting (m) x0 645,110 – –

Northing (m) y0 2,158,088 – –

Elevation (AMSL) z0 3085 – –

Sample file – 38 samples 59 samples

Outputs

Total eruption mass (kg) Mumax
umin

108 � 1013 5:5� 1010 1:4� 1011

Eruption column

Integration steps i 200 – –

Outputs

Column level (km ASL) Ht fixed 24 24

bDistribution a 1:0� 2:0 1.02 1.0

bDistribution b 0:01� 3:0 1.56 0.96

Particle size

Integration steps j 100 – –

Maximum (u) umax −7.0 – –

Minimum (u) umin 7.0 – –

Density-fines (kg m−3) qmax 2700 – –

Density-coarse (kg m−3) qmin 1024 – –

Threshold-fines (u) uF 7.0 – –

Threshold-coarse (u) uC −1.0 – –

Outputs

Median (u) �lu −2:5� 2:5 −1.8 1.8

Sigma (u) �ru 0:5� 2:5 2.4 2.4

FTT (s) s 10� 1� 106 6458 5525

Atmosphere model

Eddy constant (m−2 s−1) C 0.04 – –

Wind velocity wx;k;wy;k

Wind levels (AMSL) k 12 – –

(Outputs)

Wind speed (m s−2) 0� 24:6 fixeda fixeda

Wind direction (° from N) 10:1� 156:0 fixeda fixeda

DC (m2 s−1) K 10� 1� 105 4016 4501
aAtmospheric model is the REANALYSIS Wind Model, 1-Jan-2013, mid-morning, found by running the inversion
with a set of 123 possible wind profiles and selecting the best-fit profile. Subsequent inversions use this wind model
(Figs. 8 and 10; wind profile shown in Fig. 11)
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of parameters to be estimated (Table 5), to iter-
atively search for an optimal set of model input
values that minimizes the error between model
output and measured observations. To evaluate
goodness of fit, a cost function is minimized. The
cost function is an equation that directly com-
pares the calculated and observed mass per unit
area for each sample location. Here we use the
root mean squared error (RMSE) as the goodness
of fit metric,

RMSE ¼ min
t!0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPP
p¼1

ðMp;obs �Mp;calcÞ2

P

vuuut
ð16Þ

where Mp;calc are the calculated values and Mp;obs

are the measured values at each sample location
p, for a total of P sample points where observa-
tions were made (e.g., Table 1), and t is the
tolerance of the downhill simplex algorithm.
The RMSE gives a greater weight to larger
observations. An alternative cost function
described by (Mannen 2014),

E ¼ min
t!0

XP
p¼1

log
Mp;calc

Mp;obs

� �� �2
ð17Þ

can be chosen when equal weighting of obser-
vations is desired. The quality of the resulting
solutions is compared using a normalized root
mean squared error

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPP
p¼1

ðMp;obs �Mp;calcÞ2=P
s

maxðMp;obsÞ �minðMp;obsÞ : ð18Þ

In practice, some eruption parameters are
more uniquely constrained than others by inver-
sion (Connor and Connor 2006; Volentik et al.
2010; White et al. 2017). Mass accumulated at a
point is linearly dependent on the total mass,
Mumax

umin
(Eq. 15); therefore total eruption mass is

often well constrained through inversion (Scollo
et al. 2008). Maximum eruption column height,
particle size distribution, and wind field are more
interdependent (Scollo et al. 2008) and model

output is non-linearly dependent on these
parameters; therefore unique minima in the cost
function do not necessarily occur when mod-
elling these parameters. This non-uniqueness of
model parameters increases uncertainty in the
model. Using inversion is one way to bound
these uncertainties.

Wind velocity and wind direction are a major
source of model uncertainty. For example, low
eruption columns in high velocity wind fields
might produce similar deposits to high columns
in lower velocity wind fields. The wind field
during the 1913 Colima eruption is basically
unknown, although seasonal wind profiles can be
inferred. During inversion, it is possible to
extract one possible wind profile or to run the
inversion using a fixed, pre-selected wind profile.
Because of the non-unique nature of determining
the most appropriate wind field, we chose to use
a fixed, pre-selected wind profile for all of the
inversions to reduce the atmospheric uncertainty.

Model uncertainty is further reduced by
inverting each sieved phi (u) size separately
(Volentik et al. 2010); this methodology reduces
the degrees of freedom in the inversion proce-
dure. Inversion using a single sieve size reduces
the uncertainty related to large variations in set-
tling velocities from particles of different sizes.
This approach adds additional information while
constraining eruption dynamics (e.g., the height
of the erupting column and the duration of
eruption) because model results from multiple
inversions can be compared, each representing a
fraction of the total parameter space. For exam-
ple, it may be possible to determine if fine par-
ticles are released from a greater height in the
eruption column than coarse particles.

Of course, a single binned phi (u) class does
not correspond to a unique settling velocity.
Particles within a given phi (u) class have a
range of sizes, densities, and shapes (Alfano et al.
2011a), but these correspond to a much narrower
range of settling velocities than represented by
the entire range of particle sizes in the deposit. In
practice, a single mean (�lu) and standard devi-
ation (�ru) is assumed for each binned phi (u)
range. This is done by choosing appropriate
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values for �lu and �ru, and fixing these parameters
as constants in the inversion. For example, to
model the mass loading of �1 phi (u ¼ �1)
particles in a deposit (particles trapped in a �1u
size sieve having passed through a �2u size
sieve), one can set �lu ¼ �1:5 and �ru ¼ 0:5.
This yields a range of model settling velocities
that is assumed to reflect actual settling velocity
variation for this size fraction.

In the following section, the 1913
tephra-stratigraphic data set is used to model
eruption parameters for the 1913 eruption of
Volcán de Colima. First, physical parameters of
the eruption, i.e. erupted volume and plume
height, were derived based on deposit thinning
(Pyle 1989; Bonadonna and Houghton 2005;
Bonadonna and Costa 2012) and on the distri-
bution of the largest scorias and lithics around
the volcano (Carey and Sparks 1986), respec-
tively. Second, the eruption style was classified
based on the scheme of Pyle (1989). Third, the
deposit was modelled using Tephra2 with

inversion based on the total deposit thickness.
Fourth, observed granulometry data was com-
pared with inversion results obtained from
individual phi (u) size modelling as outlined
above. Overall, this approach provides an
improved uncertainty estimate for the eruption
parameters that might have produced our 1913
tephra-stratigraphic data set.

5 Statistical Models of Deposit
Volume and Column Height

Total volume estimates of the 1913 tephra
deposit and the associated maximum eruption
column height were made by interpolating the
mapped deposits. First, an isopach map of unit a
was contoured based on data collected by Luhr
et al. (2010) (Fig. 4). Deposit volume was cal-
culated based on the integration of various thin-
ning fits plotted on semi-log plots of thickness
versus square root of isopach areas. Here, we use

Fig. 4 Isopach map of the
1913 Colima deposit, layer a
(red dots), contoured using
deposit thickness
(cm) reported in Table 1

98 C. B. Connor et al.



the integration of one exponential segment
(Pyle 1989) and the Weibull fit (Bonadonna and
Costa 2012). For the exponential model, the
estimated volume is 5.1 ± 1.1 � 107m3, with
95% confidence. This volume is considered to be
a minimum value for two reasons: (i) the space
discontinuity of deposit thinning suggests that
the deposit might have been subjected to erosion,
especially on the steep slopes of Nevado de
Colima and (ii) the poor deposit exposure in
distal areas only allows for one exponential
segment to be identified. As a result, the deposit
could be characterized only to the 10 cm isopach
line located approximately 13 km from vent. The
Weibull fit gives a similar volume estimate,
6.2 ± 2.4 � 107m3, with 95% confidence.
Again, this volume is likely a minimum because
of the erosion of the distal part of the deposit.
The larger volume found with the Weibull
method may reflect a more realistic model of the
proximal part of the deposit, but again this is
poorly constrained by the stratigraphic data.

Second, isopleth maps of both the largest
scorias and the largest lithics of unit a were also
compiled (average of the 5 largest clasts; Figs. 5
and 6) and an associated plume height of 14 and
15–17 km, respectively, above the sampling
height (i.e., about 18 km and 19–21 km amsl)
and maximum wind at the tropopause during the
eruption of 30 and 20 m s−1, respectively, were
inferred based on the application of the method of
Carey and Sparks (1986). Diameters of 0.8 and
1.6 cm and a density of 2700 kg m−3 were used
for the calculation with the largest lithics. Given
that the density of scoria clasts is *1000 kg m−3

the method of Carey and Sparks (1986) is applied
using the 2 and 4 cm isopleth lines (Fig. 5).
A plume height of 13 and 15 km above sampling
height (17–19 km amsl) was determined applying
the Weibull-based empirical equation of Bon-
adonna and Costa (2013) to the lithic and scoria
isopleth maps, respectively.

Third, using the method described by Pyle
(1989), thickness and clast half-distance are

Fig. 5 Isopleth map of the
1913 Colima deposit, layer a,
contoured using largest scoria
clasts (red dots), values are
largest clast dimension in cm
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estimated to be 1.0 and 1.6 km, respectively,
allowing us to classify the eruption that produced
unit a as sub-Plinian.

6 Numerical Models of Deposit
Volume and Column Height

Inversion was initially performed using the P ¼
38 sample points of unit a, identified in Table 1,
and the range of input parameters specified in
Table 5. For these inversions, goodness-of-fit
was 0.16 (NRMSE) while total eruption mass
varied between 2.7 � 1010 and 5.6 � 1010 kg,
median grainsize varied between −2.68 and
−0.81 /, and cumulative probability plots (99%
tephra release height) show that most tephra was
released at heights less than from between 14 and
26 km. In other words, a wide range of model
parameters could fit the deposit with equivalent
goodness-of-fit. This great uncertainty is not
unexpected, given the rather limited spatial

distribution of outcrops relative to the expected
area of the deposit. The best-fit models find a
relatively coarse deposit, also consistent with the
proximity of stratigraphic section locations to the
vent.

Historical accounts of tephra thickness are
available for the 1913 eruption, largely derived
from newspaper reports. We explored the impact
of incorporating historical data on the eruption
model by combining reported tephra thicknesses
with the measured geological data. These repor-
ted localities are much more widely dispersed
than the preserved geological sections. Trace
amounts of tephra fallout were recorded at some
localities located hundreds of kilometres from the
erupting volcano (Fig. 1). However, no locality
could be identified, where the distal facies of the
deposit is preserved in the geological record. The
eruption model changes significantly (Table 6)
when the historical estimates are added to the
measured data values. Again, a wide range of
possible eruption conditions emerge during

Fig. 6 Isopleth map of the
1913 Colima deposit, layer a,
contoured using largest lithic
clasts (red dots), values are
largest clast dimension in cm
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inversion due to model indeterminacy. Including
historical data, eruption masses range from
3.5 � 1010 to 1.5 � 1011 kg, including a wide
range of potential column heights and potential
median particle sizes.

As described previously, one source of model
uncertainty is the wind velocity profile. Tephra2
inversion can search for a best-fit wind profile as
a function of column height. This approach,
however, can lead to solutions that allow rapid
changes in wind direction or speed with height,
which is not necessarily realistic, especially
when these complex wind profiles are inferred by
modelling a limited sample point distribution.
Alternatively, the wind profile can be fixed using
12 atmospheric levels, and a particular wind
speed and wind direction specified for each
atmospheric level. We adopted this approach.
Selection of the most appropriate wind profile
was performed during initial inversions using
123 unique wind fields based on one month
(January 2013) of NOAA REANALYSIS wind
data (Kalnay et al. 1996). The inversion was
performed and a best-fit result obtained for each
of the 123 profiles. The REANALYSIS wind
profile giving the best-fit inversion solution
determined among all of these results became the
one wind profile used throughout the analysis. In
practice, we identified several wind profiles that
yielded equally good model fits. We selected one
of these and used this wind profile in subsequent

inversions to gain insights into the uncertainty of
the remaining model parameters. We note that
the model fits using the REANALYSIS wind
data are virtually the same as those obtained
using wind velocities estimated from the inver-
sion only, but the REANALYSIS profiles are
deemed to be more realistic.

Example best-fit inversion results with the
fixed wind profile are reported in Table 5. We
emphasize that for each data set a range of
solutions are of essentially equal best-fit. These
results are used to plot isomass maps and
goodness-of-fit plots. Inversion using the P ¼ 38
stratigraphic sample points, yields a model fit
with a NRMSE ¼ 0:16 (Fig. 7) and the isomass
map shown in Fig. 8. Inversion using the com-
bined geological and the historical data, yields a
model fit with a NRMSE ¼ 0:14 (Fig. 9) and the
isomass map shown in Fig. 10.

This difference in goodness-of-fit between the
two data sets, exemplified by these two solutions,
reflects uncertainty in characteristics of the
eruption column and particle size distribution
used in these models. Recall that these maps are
produced using the same wind profile, so model
differences must be related to eruption parame-
ters. Incorporating the historical data allows for
using a greater range of eruption parameters. For
example, excellent fits can be obtained using a
range of erupted masses, with finer median par-
ticle size estimates corresponding to greater

Table 6 Comparison of estimated eruption parameters for inversion by particle size fraction, with inversions on the
total deposit thickness (Geol + historical and geological). Note that median release height increases in the eruption
column for finer particle size fractions. For all size fractions, most particles are released at \21 km

Data set Total mass (kg) a b H50% (km) H95% (km) H99% (km) NMRSE

Geol + Historical 1:4� 1011 1.04 1.46 11.7 21.4 23.1 0.14

Geological 5:5� 1010 1.0 0.96 14.2 23.1 23.9 0.16

−4 u 2:2� 109 1.0 3.0 8.0 16.6 19.7 0.09

−3 u 5:9� 109 1.0 2.69 8.4 17.4 20.4 0.09

−2 u 6:3� 109 1.23 2.90 9.1 17.5 20.3 0.15

−1 u 6:4� 109 1.66 4.05 9.1 16.3 18.9 0.18

0 u 9:3� 109 2.0 4.25 9.8 16.6 19.1 0.20

1 u 9:0� 109 1.46 3.0 9.8 17.9 20.5 0.20

2 u 1:1� 1010 1.97 3.0 11.4 18.9 21.1 0.16
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erupted masses. Using the historical data allows
for a higher eruption column with particle release
concentrated in the upper part of the plume.
These inversions typically yield maximum col-
umn height of Ht [ 22 km AMSL. Column
shape parameters, a and b, are consistent with
particle release from a narrow umbrella region at
the top of the plume (Table 5). The implications
of this comparatively high release height from
the eruption column and fine particle size distri-
bution are clear in the isomass map (Fig. 10).
Much of the modelled deposit for the geologi-
cal + historical data is distal to the geological
sample localities, also reflecting high uncertainty.

To help differentiate between end-member
models of the eruption, one that is relatively
coarse grained and of shorter column height, the
other relatively fine grained and higher column
height, we modelled the mass accumulation at
the 38 stratigraphic sampling points by individ-
ual particle size. Again, in this procedure the
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wind profile remained constant (i.e. the fixed
wind field originally selected from January 2013
NOAA REANALYSIS data). The total eruption
column height (Ht) was fixed at 24 km AMSL,
the column shape parameters were given a fixed
range, a was allowed to vary between 1 and 2,
and b was allowed to vary between 0.01 and 3.0.
These value ranges allowed for the possibility of
a variety of particle release patterns, from major
release at the top of the erupting column to larger
releases nearer the vent. Total mass of erupted
tephra of a given size fraction (u class) was
allowed to vary between a potential minimum
volume of 1� 108 to a potential maximum vol-
ume of 9� 1011, the diffusion coefficient and
FFT were allowed to vary between 10 and
100,000.

Particle size fractions / ¼ �4;�3;
�2;�1; 0; 1 and 2 were each modelled inde-
pendently. The quality of model fit, indicated by
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NRMSE, deteriorates significantly for finer par-
ticle sizes outside of this range, so they were not
included. This result makes sense because all
measured stratigraphic sections are located rela-
tively close to the volcano and, therefore, show
little variation in the fine particle size fractions.

Inversion results are summarized in Table 6.
The modelled mass by particle size fraction
increases from −4 to 2/, suggesting that the
median particle size for the eruption may be
closer to 2/, significantly finer than the median
found based on the granulometry of the 38
sample stratigraphic sections.

Models by particle size fraction also indicate
there is some separation by particle size verti-
cally within the eruption plume. For relatively
coarse particles (/ = −4–−2), modal release
height is \6 km; / = −1 –1 particle size classes
have modal release heights of 7–9 km; and u ¼
2 modal release height is approximately 11 km.
The modal release height for each modelled
particle size fraction is located below the level of
maximum wind velocity, but finer particle size

fractions reach higher wind velocities propor-
tionately (Fig. 11). For all particle size models,
99% of particles are released from \21 km,
approximately (Table 6). This corresponds to a
minimum in the velocity of the wind field
(Fig. 11). For this distribution of sample points,
models are insensitive to greater column heights
because particles will experience low wind
velocities at these higher atmospheric levels.

7 Discussion

A central issue in volcanology is estimation of
the uncertainty in eruption magnitude, commonly
characterized using the volcano explosivity
index, from deposits preserved and identified in
the geological record (e.g., Klawonn et al. 2014;
Bonadonna et al. 2015; White et al. 2017). At
Volcán de Colima, the 1913 eruption products
are found over a very limited area proximal to the
vent. This situation is typical for many eruptions
(e.g., Longchamp et al. 2011; Burden et al.
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2011), which therefore makes it a pertinent case
study. Although the a layer is only 100 years old,
we have simply not been able to identify distal
facies.

We have used a variety of methods to recon-
struct eruption parameters from the 38 geologic
sections we have located and studied around the
volcano (Table 1) and have fingerprinted this
event using trace element geochemical analyses.
Maximum clast methods (Carey and Sparks
1986; Burden et al. 2011; Bonadonna et al. 2013)
and integration and extrapolation of the interpo-
lated isopach map (Pyle 1989; Bonadonna and
Costa 2012), yield a minimum column height of
18 km amsl (i.e. 15 km above vent height) and
volume of 5–7 � 107 m3. These results suggest,
confirmed by the classification scheme of Pyle
(1989) that the eruption was sub-Plinian. Results
of the numerical inversion of the total deposit,
and inversion by individual particle sizes rely on
completely different model assumptions and
techniques. Nevertheless, for the coarse fraction
of the deposit these methods yield similar col-
umn heights, with 99% of particles are released
from <21 km, and a similar range of volumes.

Results of modelling the 38 stratigraphic
sections are at odds with the modelling of Sau-
cedo et al. (2010) and Bonasia et al. (2011), who
found higher columns (approximately 23 km)
and much larger eruption volumes (approxi-
mately 2–6 � 1011 kg, or approximately
2–6 � 108 m3). This difference in volume and
column height estimates arises partly from dif-
ferences in section measurements on Nevado de
Colima, with the measured sections reported in
Saucedo et al. (2010) generally being thicker in
any given area. In addition, Saucedo et al. (2010)
identified the a layer in stratigraphic sections at
distances of >40 km from the volcano, which we
were unable to identify. Such sampling uncer-
tainty, illustrated by discrepancies between the
two data sets, is common and gives rise to
uncertainty in tephra volume estimates (Engwell
et al. 2013). Despite the inconsistency in mea-
sured section thickness, we can also obtain
greater deposit volumes and column height esti-
mates when we incorporate historical reports into
our inversions and use relatively fine median

particle size. Specifically, best-fit models at the
upper part of the range include volumes of
1 � 108 m3 and column height to approximately
25 km. That is, if historical data (Table 7) are
included in the analysis, and a fine particle size
distribution is assumed, the volume and column
height estimates can increase substantially, and
the 1913 eruption should be classified as Plinian.
Based on our measurements of the thicknesses of
the preserved deposit (Table 1), we appear to
have large uncertainty in the magnitude of the
eruption.

There are, however, clues in the granulometry
of measured stratigraphic sections that support
the finer total particle size distribution and larger
deposit volume. First, the modelled mass by
particle size fraction increases from �4/ to 2u,
suggesting that the median particle size for the
eruption may be closer to 2u. Second, the total
mass from these models, found by summing total
mass from −4 to 2u (Table 6), is 5.2 � 1010 kg.
This suggests that the total deposit mass might be
double this value, assuming a roughly normal
distribution of particle size. Thus, if we had no
historical record at all, the key to understanding
the deposit particle size distribution and mass is
modelling of the granulometry. Based on these
arguments we favour a deposit volume of
1–5 � 108 m3, meaning the 1913 eruption
should be classified as VEI 4. For comparison,
this estimated volume is smaller than the 1982
Plinian El Chichón eruption (VEI 5, De la
Cruz-Reyna and Martin Del Pozzo 2009; Bon-
adonna and Costa 2013) or the 2008 Chaitén
(Chile) eruption (Alfano et al. 2011b), and larger
than the 2010 Merapi (Indonesia) eruption
(classified as VEI 3–4; Solikhin et al. 2015).

Uncertainty in this estimate is high, because
we do not know the total particle size distribution
from the measured sections and uncertainty in
the modelled volume increases from coarse par-
ticles to fine particles because of the section
locations are close to the vent.

Features of the geochemistry of the eruption
appear to favour the finer total particle size dis-
tribution. The relatively high silica content of the
groundmass (Table 3) and comparatively high
magma viscosity favour a higher production rate
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of fine ash (Rose and Durant 2009). The high
volatile content of the magma (up to 6.05 wt%
H2O; Luhr et al. 2006), the high abundance of
small bubbles in individual scoria, and evidence
of rapid ascent rate from reaction rim studies all
point to deep and efficient magma fragmentation.
This deep fragmentation may also provide
increased opportunity for the generation of fine
particles due to high energy particle-particle
impacts in the conduit above the level of frag-
mentation (Dufek et al. 2012).

Interestingly, the high volatile contents of
melt inclusions from the Colima 1913 tephra (up
to 6.05 wt% H2O; Luhr et al. 2006) mimic the
elevated volatile contents of melt inclusions from
the Pleistocene La Erita alkaline scoria cone
(>5 wt% H2O; Maria and Luhr 2008), which is
associated with Volcán de Colima. However, La
Erita scoria cone erupted hot but highly degassed
(H2O * 0.2 wt%) basanite magma (Carmichael
et al. 2006), erupted as mostly low viscosity lava

flows. It is suggested here that the combined
study of the mafic Volcán de Colima magmas
(like the 1913 deposit) in combination with the
associated alkaline cones on the flanks of this
volcano may provide fruitful insights about the
impact of magma ascent rates and degassing on
mafic eruption style.

Finally, the question arises: why do the geo-
logical sections appear to yield biased results
toward a smaller eruption column and smaller
total volume, especially since maximum clast
studies and inversion of coarse particle sizes
generally yield consistently lower columns? One
possibility is that particle segregation by settling
velocity in the upper part of the plume was rel-
atively efficient. That is, rather than a well-mixed
plume ascending to a total column height,
upward velocity dropped sufficiently for the
coarse particles to fall out without reaching to top
of the plume (Fig. 11). Such segregation, and
departure from a bulk plume behaviour, may be

Table 7 Locations and
thickness of tephra reported
in historical accounts of the
1913 eruption. Data from
Waitz (1935) and
Saucedo-Girón (1997).
Thickness reported as
0.01 cm where “trace” and
similar terms used to
describe the deposit

Location Lat. (N) Long. (W) Thickness (cm)

Cd. Guzman 19.700 103.467 8

La Piedad to Yurecuaro 20.350 102.150 0.01

Tonila 19.418 103.567 0.01

Zacoalco 20.227 103.577 0.01

Zacatecas 22.782 102.577 0.01

Aguascalientes 21.881 102.288 1

Sayula 19.736 103.769 1

Teocaltiche (Jal) 21.436 102.577 3

Cuquio (Jal) 20.927 103.029 5

La Barca (Jal) 20.273 102.548 4

Lagos (Jal) 21.363 101.923 0.01

Ameca (Jal) 20.545 104.048 0.01

Fresnillo (Zac) 23.182 102.865 0.01

Yahualica (Jal) 21.182 102.894 0.01

Guadalajara 20.683 103.333 0.05

Guanajuato 21.018 101.260 0.01

Saltillo 25.436 100.990 0.01

San Luis Potosi 22.153 100.980 0.01

Mazamitla (Jal) 19.909 103.019 0.01

Tizapan el Alto (Jal) 20.145 103.048 0.01

Poncitlan (Jal) 20.373 102.942 3
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evidence of the role of post-fragmentation fining
of particles through collisions in the conduit
(Dufek et al. 2012).

Alternatively, it is possible that our under-
standing of the time varying nature of the 1913
eruption is simply insufficient. Given the impre-
cise nature of historical reports, an early
sub-Plinian eruptive phase may have occurred,
producing the a layer. Following this, fine ash
fallout that occurred in Ciudad Guzman and
elsewhere that was unrelated to the a layer fallout
event, but rather was due to the commutation of
particles in pyroclastic flows, and the generation
of a co-pyroclastic flow plume following the
sub-Plinian eruption. Modelling by individual
particle size fraction allows us to discount this
hypothesis, since we would not expect to see the
trends in volume and column structure by parti-
cle size (Table 6).

Overall, modelling the a layer deposits, in
light of the historical record, indicates there are
two ways to approach modelling such a layer
which can yield substantially different results. In
the first, inversion proceeds with the eruption
parameters (including particle size distribution)
estimated through best-fit. For the 1913 Colima
eruption, is appears to bias the result toward
lower volume, likely due to the limited spatial
distribution of reliable outcrops. Alternatively,
individual particle size fractions are modelled.
For 1913 Colima, this latter approach better
agrees with historical accounts, albeit with great
uncertainty in the estimated volume. A better
understanding of magma fragmentation and its
relationship to total particle size distribution
might also greatly improve our understanding of
the range of eruption magnitudes at many vol-
canoes where outcrops are limited.

8 Conclusions

Statistical and numerical models of the thickness
and maximum clast size distribution of the a
layer yield consistent volumes (*4–
6 � 107 m3) and column heights (*18 km
AMSL) compatible with a subPlinian eruption.
Much greater volumes and eruption column

heights for the 1913 Colima eruption are per-
missible by including the historical reports in the
inversion, or by fixing the total particle size
distribution to lu ¼ 2:0. Modelling by particle
size fraction of the a layer supports a
fine-grained, large volume eruption, with esti-
mated range 1–5 � 108 m3 tephra (VEI 4). This
suggests that if the deposit had not been widely
and largely eroded, maybe also the empirical
methods and the classification scheme of Pyle
(1989) could result in a Plinian eruption. Segre-
gation of mass by particle size in the eruption
column is suggested by modelling particle size
fractions separately, and can account for the
lower volumes found by modelling a layer
thickness, and lower column heights estimated
using maximum clast methods.

Geochemical analyses indicate magma vola-
tile content of approximately 4–6 wt%, rapid
ascent velocities, limited degassing during
ascent, and a high concentration of small bubbles
in scoria fragments, all consistent with the
occurrence of relatively deep fragmentation and
efficient production of fine ash.

These results indicate that for deposits found
in the geological record, especially those of
limited spatial distribution of outcrops, including
inversion by particle size fraction can improve
model resolution and help reduce potential bias
in estimation of eruption parameters.
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Pyroclastic Density Currents
at Volcán de Colima

R. Saucedo, J. L. Macías, J. C. Gavilanes-Ruiz, M. I. Bursik
and V. Vargas-Gutiérrez

Abstract
In the last *500 years, Volcán de Colima has
generated numerous small-volume pyroclastic
density currents (PDCs) that have been asso-
ciated with dome emplacement, either by a
partial collapse or by their explosive destruc-
tion. Large PDCs were generated by eruption
column collapse in 1690, 1818, and 1913. The
1913 eruption generated pyroclastic density
currents with maximum runouts of 15 km. The
small PDCs that occurred in 1991, 1994, 1998–
1999, 2003, 2004, 2005, 2013–2015 have been

extensively videoed and photographed, and
their deposits have been widely studied. In this
chapter, events that have generated PDCs
during the past 200 years are summarized.
Special attention is given to the generation of
small pyroclastic density currents between
1991 and 2005. We provide new, relevant
information regarding the development of
eruptive episodes, stratigraphy, textural char-
acteristics, and granulometric-component vari-
ations of the deposits, as well as inundation
areas, mobility (H/L), volumes, and runouts.
New observations allow us to understand the
effects of topography, fragmentation processes,
and better define some of the volumes, which
will improve the understanding of the mecha-
nisms of transport and deposition of these types
of pyroclastic density currents.

Keywords
Volcán de Colima � Small volume
block-and-ash flow � Pyroclastic density
current

1 Introduction

The generation of pyroclastic density currents
(PDCs) is a frequent and dangerous volcanic
phenomenon, particularly at andesitic volcanoes
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associated with subduction zones (Cas and
Wright 1987; Druitt 1998). Volcán de Colima is
characterized by the semi-continuous generation
of small-volume (<0.3 km3) PDCs (Saucedo
et al. 2004). Since 1576, this volcano has had
about 50 major eruptions, of which *28 formed
small-volume PDCs that originated by the col-
lapse of external parts of the dome (Merapi type;
Sato et al. 1992) or by the explosive destruction
of domes and unsteady collapse of the column
(Soufrière type; Sato et al. 1992). During the
same period, Volcán de Colima generated at least
three Plinian eruptions, in 1690, 1818 and 1913
(Luhr and Carmichael 1990; Saucedo et al. 2005,
2010) that generated PDCs with maximum run-
outs of 15 km from the summit, produced by the
collapse of an eruptive column (Saucedo et al.
2005, 2010).

The generation of PDCs at Volcán de Colima
has been the subject of numerous works
describing this volcanic phenomenon from dif-
ferent perspectives. Some of these works
emphasized the external anatomy and general
features of the PDC deposits (Rodríguez-Eli-
zarrarás et al. 1991; Saucedo et al. 2002; Macías
et al. 2005; Capra et al. 2016), while others
enabled the articulation of conceptual models of
transport and emplacement mechanisms, as well
as the role of the slope angle in the mechanism of
PDC deposition. These were based on detailed
stratigraphic and sedimentological analyses of
the deposits, laboratory experiments and mod-
elling (Saucedo et al. 2002, 2004; Sarocchi et al.
2011). In the past two decades, and particularly
since 1998, an increase in the frequency of PDCs
associated with the destruction of domes has
been of particular interest for volcanologists and
risk evaluation. Deposits have been studied in
association with seismic data, photographs and
videos, as well as various published studies on
different aspects of the events (Rodríguez-Eli-
zarrarás et al. 1991; Lermo et al. 1993; Nuñez--
Cornu et al. 1994; Saucedo et al. 2002, 2004;
Sarocchi et al. 2011; Capra et al. 2016). Some of
this data have been used to develop numerical
models aimed at understanding the mobility of
block-and-ash flows (Bursik et al. 2005). In
addition, computer codes like Flow3D and

Titan2D have been used to generate hazard maps
to define the areas that could be affected by the
emplacement of PDCs (Saucedo et al. 2005;
Rupp et al. 2006; Sulpizio et al. 2010; Varley,
this volume).

Pyroclastic density currents (PDCs) are
fast-moving, inhomogeneous mixtures of hot vol-
canic particles and gas that move across the ground
under the influence of gravity (Druitt 1998; Bran-
ney and Kokellar 2002). PDCs may form by the
gravitational collapse of lava domes, by the fall-
back or continuous fountaining of vertical eruption
columns, or by lateral blasts. The generation of
PDCs at Volcán de Colima has produced four
different types of deposits: (1) valley-confined
block-and-ash flow deposits (emplaced from
block-rich PDCs), (2) unconfined dilute ash cloud
surge deposits (emplaced from detached PDCs),
(3) pumice-and-ash flow deposits (emplaced from
pumice-rich PDCs), and (4) ash fall deposits (em-
placed from buoyant co-ignimbrite ash clouds).
Here, we use the term flow unit to describe indi-
vidual beds with distinct vertical grading bounded
by erosive or gradational contacts that are inter-
preted as deposited from individual PDC or indi-
vidual pulses in a continuous but unsteady flow
(Druitt 1998; Charbonnier and Gertisser 2011). In
this chapter, a summary is presented of the eruptive
activity of Volcán de Colima between 1818 and
1990, in which PDCs were generated. Special
attention is given to the stratigraphic and granulo-
metric variations of the deposits generated by the
1991 to 2005 eruptive episodes, as well as inun-
dation areas, mobility (H/L), volume and runout,
which have varied over time.

2 Historic PDCs (1818–1990)

The earliest eruption for which there is clear evi-
dence of the generation of PDCs at Volcán de
Colima is the 1818 Plinian eruption (Bárcena
1887). The historical accounts mention that on 15
February, at around 20:00, strong detonations were
heard at the volcano that increased in intensity until
*22:00 (Sartorious 1871; Arreola 1915; Waitz
1920). The explosions were heard up to a distance
of 235 km (Bárcena 1887), and were accompanied

112 R. Saucedo et al.



by the formation of PDCs that reach between 13
and 15 km from the summit on the southwestern
flank of the volcano (Bárcena 1887). During this
eruption eyewitnesses named this ravine as “La
Lumbre,” which means fire in Spanish, due to the
incandescence generated by the PDCs. The erup-
tion developed an eruptive column that dispersed
ash in central Mexico. In fact, at Ciudad Guzmán,
located 25 km northeast of the volcano inhabitants
were forced to sweep ash from house roofs
(Bárcena 1887; Arreola 1915).

Dollfus and Montserrat (1867) described the
morphology of the volcano summit as a crater
occupied by a blocky lava dome. A similar dome
was completely destroyed during the 15 February
1818 eruption. After the explosion, the summit
acquired a funnel-shape crater with depths varying
between 50 and 230 m. In plain view, the crater
had an oval shape with diameters of 500 and 450
m, to the northeast and northwest, respectively.

Between 1818 and 1913, there were many
observations of PDCs originating from the
explosive destruction of domes (1885, 1890,
1891, 1903, 1908, and 1909). At the beginning
of the 20th century, Volcán de Colima showed an
increase of activity that reached its climax on 17
January 1913, with a Plinian eruption (Ortiz
1944; Saucedo et al. 2010). The eruption occur-
red in three main phases, all of which generated
PDCs. Phase I started with explosions that
destroyed the external parts of the dome with the
generation of small-volume PDCs of limited
runout (4 km) toward the ravines located
south-southwest of the volcano (Fig. 1a).
Explosions increased in frequency and violence
destroying the dome and generating PDCs by
small collapse column (phase II) with runouts of
9–12 km. The activity peaked on the afternoon
of 20 January with the establishment of a Plinian
eruption column (Waitz 1915; phase III) that
lasted ca. 8 h. The Plinian phase generated a
*23 km high plume dispersed to the northeast
blanketing important cities in central Mexico.
The fall deposit covered an area of
*191,000 km2 and had a D.R.E. volume of
0.26 km3 (Saucedo et al. 2010). The column
collapse produced pumice-and-ash flows with

runouts up to 15 km (Saucedo et al. 2010;
Fig. 1b). These flows filled canyons with up to
35 m of mixed pumice, dense juvenile, and
accessory material (0.24 km3). The intensity of
the eruption declined through the night of 20
January and the eruption stopped on 24 January.
Eight human casualties were indirectly related to
the eruption, as were the destruction of several
farms and the death of cattle (Saucedo 1997;
Saucedo et al. 2010). This event represents a
multi-stage eruption that generated PDCs. Based
on column height and the volume of the ejected
magma, the 1913 eruption has a VEI (Volcano
Explosivity Index) of 4. After the 1913 eruption,
the summit area of Volcán de Colima had a huge
crater that was 450 m wide and 350 m deep
(Waitz 1935). In 1932, 29 years after the eruption,
Waitz (1935) observed that the upper surface of a
new lava dome was around 150 m from the crater
rim. In 1958, a new central dome already plugged
the crater, and grew as a blocky lava flow at a rate
of 20 cm/day (Mooser and Reyes 1961). Between
1961 and 1962, that dome began to spill over the
northern flank of the volcano with the formation
of a blocky lava flow that reached “El Playón” a
small plain between Volcán de Colima and the
Paleofuego collapse crater wall (Cortés et al.
2010; Cortés et al. this volume).

The next most important event after the 1913
eruption occurred in 1975–1976 with the extrusion
of several blocky lava flows. The collapse of the
external parts of the lava flow fronts developed
PDCs (Thorpe et al. 1977). These lavaflowsmoved
down the southeast and northeast flanks of the
volcano to an altitude of 2000 masl (to the SE) and
reached 4.5 km from the summit. Six years later, in
1982, a new 1-km long blocky lava flowdescended
the south flank of the volcano. This flow generated
PDCs that covered that flank to an undetermined
distance (Luhr and Carmichael 1990).

3 The 1991–2005 PDCs

The 1991 eruption marked the beginning of a
particularly active stage in the generation of
small-volume PDCs of Volcán de Colima.
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Between 1991 and 2005 seven sets of PDCs were
generated, with runouts between 3 and 6.1 km
for a total volume of ca. 0.01 km3 (Table 1),
which we describe below.

4 Dome Collapse PDCs

The last four effusive episodes of Volcán de
Colima that generated PDCs occurred in 1991,
1998, 2004, 2013–2015. These events involved
fast-growing domes that in a few weeks over-
filled the crater generating dome collapse PDCs.

On 1 March 1991, a new scoriaceous
dark-gray andesitic (59.7% SiO2) lava dome was
exposed at the old dome surface (Fig. 2a). On 16

April 1991 (16:00 local time) after a series of
shallow earthquakes, the southwestern portion of
the dome (formed from 1958 to 1962), collapsed
intermittently during a five-hour period produc-
ing a series of small-volume PDCs (Rodrígue-
z-Elizarrarás et al. 199), which moved as
granular mass flow (Iverson and Vallance 2001;
Saucedo et al. 2004; Bursik et al. 2005).
According to Rodríguez-Elizarrarás et al. (1991)
the 16 April dome collapse PDCs immediately
segregated into a dense basal avalanche and an
unconfined dilute ash cloud surge (Fig. 2b, c).
Transport of the basal part of the PDC was
controlled by topography and followed the Cor-
dobán ravines (west, central and east) reaching a
maximum runout of 4 km with a Heim

Fig. 1 View from the south of Volcán de Colima showing the maximum extent of the pyroclastic density currents
generated during the 1913 Plinian eruption. a Phase I and phase II, and b phase III
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Table 1 Volume-thickness, runout and coefficient of friction (H/L) of the PDC deposits of Volcán de Colima

Eruption Ravine H
(km)

Length
(km)

H/L Thickness
(m)

Area
(km2)

Volume
(km3)

Volume
(m3)

Eruption
type

1913

Phase I Playón 2.00 1.56 1.28 0.002 2,000,000 Partial
dome
callapse

Cordobán E 1.60 4.00 0.39 1.08 0.12 0.00013 130,000

Cordobán W 1.63 3.60 0.43 0.93 0.11 0.0001 100,000

Montegrande 2.00 0.11 0.000216 216,000

1.86 1.62 0.003 2,446,000

Phase II La Lumbre 2.47 9.00 0.27 6.00 0.27 0.00162 1,620,000 Column
collapseEl Zarco 2.48 9.50 0.26 6.00 0.285 0.00171 1,710,000

Cordobán 1.60 4.40 0.36 9.00 0.132 0.001188 1,188,000

San Antonio 2.35 9.00 0.26 4.00 0.27 0.00108 1,080,000

Montegrande 2.25 7.20 0.31 4.00 0.216 0.000864 864,000

El Muerto 2.15 7.90 0.27 3.00 0.237 0.000711 711,000

La Tuna 2.07 6.80 0.30 3.00 0.204 0.000612 612,000

La Arena 2.25 7.90 0.28 5.00 0.237 0.001185 1,185,000

Beltrán 2.35 8.65 0.27 7.00 0.2595 0.001817 1,816,500

El Playón 2.60 4.00 2.5 0.01 10,000,000

9.52 2.1 0.02 20,786,500

Phase
III

La Lumbre 2.85 13.50 0.21 12.00 4.05 0.02835 28,350,000 Plinian

El Zarco 2.70 12.50 0.22 10.00 3.75 0.0225 22,500,000

Cordobán 2.75 13.20 0.21 10.00 3.96 0.02376 23,760,000

San Antonio 2.39 10.20 0.23 7.00 3.06 0.01224 12,240,000

Montegrande 2.60 15.70 0.17 9.00 4.71 0.02826 28,260,000

Muerto 2.67 15.10 0.18 6.50 4.53 0.029445 29,445,000

Fresnal 2.55 9.70 0.26 2.00 2.91 0.00582 5,820,000

Tuna 2.65 14.70 0.18 4.00 4.41 0.01764 17,640,000

Cafesito 2.30 9.00 0.26 5.00 2.7 0.0135 13,500,000

Arena 2.77 15.00 0.18 9.00 4.5 0.02475 24,750,000

Beltrán 2.85 15.90 0.18 7.00 4.77 0.02385 23,850,000

Playón 2.50 5.00 1.8 0.009 9,000,000

4.42 45.2 0.2 239,115,000

1991 Cordobán W 1.76 4.00 0.44 5.00 0.2 0.001 1,000,000 Partial
dome
collapse

1994 Cordobán E 1.56 3.75 0.42 6.25 0.08 0.0005 500,000 Column
collapse

1998 Cordobán W 1.90 4.50 0.42 5.71 0.14 0.0008 800,000 Partial
dome
collase

Cordobán E 1.42 3.00 0.47 0.56 0.09 0.00005 5000

3.91 0.23 0.0009 805,000

(continued)
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Coefficient (DH/L) = 0.44 (Figs. 3a and 4;
Table 1). The use of the ratio DH/L to describe
the mobility of this type of gravity driven mass
flow is widespread (Heim 1932; Sheridan et al.
1979; Hayashi and Self 1992; Sheridan and
Macías 1995; Charbonnier and Gertisser 2011),
where DH is the difference in height between the
source and the distal limit and L is the maximum
runout distance. The deposits of the 1991 col-
lapse had a total volume of *1.0 � 106 m3,
including the unconfined dilute ash cloud surge
deposits (Rodríguez-Elizarrarás et al. 1991;
Saucedo et al. 2004). The 1991 eruption ended
with the extrusion of a lava flow that advanced
2.5 km down the southwestern flank of the
volcano.

During the first stages of generation of the 16
April 1991 PDCs, the currents moved down the
steep, upper slopes of the volcano (above a
prominent break in slope) launching large blocks
ahead of the moving flow front. PDC fronts were
often obscured by a dilute cloud of fine ash
(Fig. 2c). When observed, the flow front was thin
(of the order of a metre), and appeared as an
ash-rich cloud with a snout at ground level, with
poorly developed turbulence. Below the break

slope (in distal areas), the PDCs were fully tur-
bulent with an ash-rich flow front that overhung
the ground surface inside ravines, but was not
confined within them. Thick, buoyant ash clouds
often evolved behind the PDCs flow heads,
although these were not always observed
(Fig. 2c; Saucedo et al. 2004). Ashfall from these
clouds was reported as far as an airport located
*30 km from the volcano.

On 20 November 1998, a new dome had
formed in the southwestern part of the Volcán de
Colima summit (Fig. 5a). It was 30 � 50 m in
diameter and 15 m high with a volume of
3.8 � 105 m3 (Navarro et al. 2002). On 21
November the dome had developed into a lava
flow that was 150 m long. Three days later, it
was 370 m long, advancing toward the west,
central, and eastern branches of El Cordobán
ravines. On 22 November blocks collapsing from
the flow margins produced the first dome col-
lapse PDCs (Fig. 5b) with runouts of 3–4.5 km
towards the west, central and eastern Cordobán
and La Lumbre ravines (DH/L = 0.42–0.47,
Fig. 3) producing deposits with a total volume of
8.1 � 105 m3 (Table 1). The PDCs consisted of
two parts, a basal part composed of blocks and

Table 1 (continued)

1999 San
Antonio-Montegrande

1.48 3.30 0.45 3.48 0.23 0.0008 790,000 Column
collapse

La Lumbre 1.44 3 0.48 4.00 0.09 0.00036 360,000 Column
collapse

3.13 0.32 0.001 1,150,000

2003 San
Antonio-Montegrande

1.46 3.5 0.42 2.73 0.11 0.0003 300,000 Column
collapse

2004 La Lumbre 2.26 6.11 0.35 4.17 0.24 0.001 1,380,000 Partial
dome
collapse

2005 Montegrande 1.76 5.1 0.35 4.90 0.204 0.001 1,000,000 Column
collapse

La Arena 1.82 5.9 0.30 3.80 0.236 0.000897 862,000

4.55 0.44 0.002 1,862,000

2015a Montegrande 0.20 4,500,000 Partial
dome
collapse

Abbreviations are: H Drop in altitude, L Maximum runout, H/L Heim coefficient
aCapra et al. (2016)
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ash, which was valley confined and an uncon-
fined dilute ash-rich cloud of greater mobility,
composed of ash, later identified outside of the
ravines. On 1 December 1998, the lava flow had
divided into three advancing fronts (2.5, 2.8, and
3.1 km long), for a total estimated volume of
39 � 106 m3 (Navarro et al. 2002; Fig. 5c). On 8
December 1998, several BAFs deposits were

observed at El Cordobán east ravine (Saucedo
et al. 2002). On 9 February 1999, seismic activity
increased, ending with a strong explosion at the
summit dome in 10 February. This explosion
marked a change of activity from effusive to
explosive, which finished with the 17 July 1999
explosion that generated column collapse PDCs
that are described below (Saucedo et al. 2002).

On 30 September 2004, an overflight detected
the presence of a summit dome. Later, this dome
spilled over on the north and west-northwest
borders of the summit, forming two lava flows,
which on 31 October were 2.5 km long (Fig. 6a,
b) (Macías et al. 2005). On 6 October part of the
dome collapsed, generating PDCs that were
channelled through La Lumbre ravine, reaching a
distance of 6.1 km, the longest since 1913
(Macías et al. 2005; Sulpizio et al. 2010).

5 Deposits from Gravitational
Dome Collapses

The 1991 small-volume PDCs segregated into
valley-confined block-and-ash flows and uncon-
fined, dilute ash cloud surges (Fig. 2b, c). The
stratigraphic sequence consisted of a series of
deposits emplaced by at least three different
pulses, leaving deposits 0.5–2 m thick, generated
by dome collapses towards the Cordobán ravines
(Figs. 3a and 7a). These pulses were likely
generated by the retrogressive collapse of the
dome similar to that reported during the 2010
eruption of Merapi volcano (Komorowski et al.
2013). The first two pulses had runouts of 1.5
and 2.2 km (DH/L = 0.72 and 0.6), but the last
pulse was the longest of the 1991 PDCs with a
runout of 4.0 km (Table 1; Rodríguez-Elizarrarás
et al. 1991; Saucedo et al. 2004). The top of each
flow unit was characterized by a concentration of
aligned andesite blocks in the direction of the
flow (Fig. 7b). All deposits were composed of
the same components rich in grey old andesites
and juvenile clasts (Table 2). The later
bock-and-ash flow (BAFs) deposits were enri-
ched in red andesite clasts of the older dome and
crater, with respect to early BAFs, suggesting a
disruption of larger parts of the summit during

Fig. 2 a Aerial photograph of the summit dome at
Volcán de Colima that grew between February and April
1991. b Aerial picture that captured the moment when a
dome collapsed (Merapi-type) and immediately segre-
gated into a dense basal avalanche and an upper diluted
turbulent ash cloud. c Detail of the frontal part of the BAF
obscured by a diluted cloud of fine ash taken on 16 April
1999. (Photographs B and C by Ernesto Gómez Hoffman)
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this event, likely coupled with incorporation of
substratum clasts during the flow transport
(Table 2). The block-and-ash deposits produced
in 1991 are generally polymodal or bimodal
(Table 3), finer and better sorted as the distance
from source increases, although in general the
deposits are poorly sorted (3.5–2.8u; u = −
Log2d where d is the diameter of the particle in
millimetres) with reverse grading (Fig. 7b). They
are non-welded, being an unconsolidated mixture

of sub-rounded blocks suspended in a medium-
to-coarse ash sand-sized matrix (Table 3).
Abrasion marks on trees have been identified on
the flow path margins, suggesting that the
deposits were compacted in relation to the height
of the original moving debris. Vegetation was
totally stripped, sand-blasted, and bent in the
direction of flow, but was not burnt. The
valley-confined block-and-ash flow deposits
were characterized by superimposed, digitate

Fig. 3 Runout of the different PDC deposits generated between 1991 and 2005 and topographic profiles of the main
ravines. a Runouts of the 2005 and 1999, deposits, b 1998 and 2004, 1994 and 2003
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Table 2 Componentry analyses of the PDC deposits of Colima Volcano

Eruption Deposit
type

Sample
(section #)

Main components (wt %)

Juvenile
lithics 1913

Crystals Accessories Altered Juvenile
Pumice (1913)

Glass Juvenile
Scoria

Accesory
Pumice

1913 BAF F1 1.00 0.00 92.00 2.00 0.00 ? 5.00 0.00

Surge S1 0.00 0.00 95.00 4.00 0.00 ? 1.00 0.00

BAF F2 19.00 0.00 73.00 7.00 1.00 ? 0.00 0.00

BAF F3 0.00 0.00 65.00 34.00 0.00 ? 1.00 0.00

Surge S2 0.00 1.00 82.00 13.00 4.00 ? 0.00 0.00

BAF F4 0.00 0.00 77.00 3.00 17.00 ? 3.00 0.00

Ash fall C1 4.00 1.00 46.00 7.00 41.00 ? 0.00 0.00

Surge S3 0.00 3.00 81.00 6.00 9.00 ? 0.00 0.00

BAF F5 0.00 0.00 35.00 4.33 11.66 ? 49.00 0.00

1991 BAF F1 0.73 0.21 66.11 14.14 0.00 14.47 0.00 0.00

Surge S1 1.47 0.00 27.67 23.47 0.00 45.14 0.00 0.00

Surge S2 0.97 0.20 14.63 27.66 0.00 55.36 0.00 0.37

BAF F1 0.68 0.00 71.97 14.86 0.00 9.58 0.00 0.00

BAF F2 1.02 0.09 55.12 26.50 0.00 13.96 0.00 1.14

BAF 1 0.36 0.13 66.60 10.69 0.00 18.30 0.00 0.00

BAF F3 1.02 0.09 55.13 26.56 0.00 13.96 0.00 1.14

BAF F7 2.25 0.10 56.79 12.78 0.00 15.74 0.00 0.04

2003 Surge S 42.85 32.63 12.67 20.81 0.00 ? 0.00 0.68

BAF F1 42.85 32.63 12.67 20.81 0.00 ? 0.00 0.68

BAF F2 28.02 30.92 24.00 25.42 0.00 ? 0.00 1.20

Surge S1 39.77 35.20 6.85 17.37 0.00 ? 0.00 1.40

Surge S2 39.77 35.20 6.85 18.37 0.00 ? 0.00 1.40

BAF F3 47.05 32.93 7.81 15.38 0.00 ? 0.00 1.27

BAF F4 47.05 32.93 7.81 15.38 0.00 ? 0.00 1.27

2004 BAF FA 35.55 19.60 6.81 17.28 0.00 19.77 0.00 1.00

BAF FB 41.39 13.41 5.13 18.05 0.00 20.70 0.00 1.32

BAF F2A 32.63 13.79 9.04 19.95 0.00 18.64 0.00 5.96

BAF F3A 37.69 12.67 4.80 19.91 0.00 21.62 0.00 3.30

BAF F5A 35.34 16.90 5.81 15.59 0.00 24.37 0.00 1.99

BAF F5B 37.08 16.34 13.85 20.47 0.00 10.57 0.00 1.70

BAF F5C 29.34 18.27 13.74 24.03 0.00 12.96 0.00 1.66

BAF F6A 35.42 16.47 9.40 16.15 0.00 21.57 0.00 0.99

Surge F7A 38.54 20.93 5.98 15.28 0.00 19.27 0.00 0.00

BAF F7B 41.18 10.15 11.69 18.13 0.00 17.09 0.00 1.76

BAF F7C 35.09 17.74 11.78 19.51 0.00 14.00 0.00 1.76

BAF F7D 35.16 17.39 10.49 22.34 0.00 13.18 0.00 1.44

BAF F7E 30.53 17.14 10.96 24.12 0.00 17.25 0.00 0.00

BAF F8A 41.66 12.37 8.45 17.37 0.00 18.66 0.00 1.49

(continued)

Pyroclastic Density Currents at Volcán de Colima 119



lobes with steep fronts and fines-poor marginal
levees (Fig. 7a). The characteristics of these
deposits suggest that each of them was emplaced
by the passage of a single flow pulse, due to the
retrogressive collapse of the dome. These,
accreted to form metre-thick layered units inside
ravines, and where fluidization and the major
break in slope could have been important factors
in the mobility and sedimentation (Saucedo et al.
2004; Schwarzkopf et al. 2005; Bursik et al.
2005; Lube et al. 2007; Sulpizio et al. 2007,
2010; Komorowski et al. 2013). The detached
upper dilute turbulent ash cloud surge that
accompanied the development of the PDC left a
partly stratified horizon tan-pinkish in colour,
which was composed of medium to fine ash size
particles. Its thickness varied from 0.3 to 5.5 cm.
Occasionally, it showed inverse grading and a
lower erosive contact. In some sites, it was
composed of three thin horizons (1, 3, and
1.5 cm thick from bottom) and contained burned
vegetation (agave leaves) aligned in the direction
of the flow.

On 22 November 1998, a collapse of the lava
flow front generated a PDC that descended the
western, central and eastern ravines (Fig. 3b).
The 1998 PDCs rapidly segregated, as they did in
1991 (Saucedo et al. 2002; Fig. 8a). During the
1998 events, the accompanying, detached dilute
ash cloud surge had a higher mobility, being
emplaced outside of the ravines along with an
ashfall deposit (Fig. 8b). The PDCs were valley
confined in the Cordobán East ravine, which
contained five superimposed lobes, correspond-
ing to the same number of flow units with a total
thickness of 8 m, each with nearly the same
texture (Fig. 8c). All deposits observed had
similar componentry, in which grey, juvenile
clasts of andesitic composition predominated
over altered clasts of reddish tone of the same
composition. Each depositional frontal lobe was
1.5–2 m thick, matrix-supported with blocks up
to 1.7 m in diameter (Table 3), and having 0.7-m
thick levees with blocks up to 60 cm in diameter
with rare matrix (Fig. 8c). The small-volume
block-and-ash deposits were confined in El

Table 2 (continued)

2005 Surge S42(B) 77.54 ? 21.70 0.00 0.00 ? 0.00 0.75

Surge S42(B)
LOW

77.54 ? 21.70 0.00 0.00 ? 0.00 0.75

Surge F6-45 82.18 ? 15.48 0.00 0.00 ? 0.00 2.35

BAF F8-08 84.75 ? 12.43 0.00 0.00 ? 0.00 2.83

Surge F804(B1) 93.30 ? 6.53 0.00 0.00 ? 0.00 0.18

Surge F84(B2) 92.94 ? 7.06 0.00 0.00 ? 0.00 0.00

BAF F729(A) 62.98 ? 33.95 0.00 0.00 ? 0.00 3.08

BAF F8-05 (A) 88.20 ? 8.73 0.00 0.00 ? 0.00 3.08

BAF F8-05 (B1) 85.48 ? 11.45 0.00 0.00 ? 0.00 3.08

Surge F702(A) 86.80 ? 10.84 0.00 0.00 ? 0.00 2.36

BAF F703(A) 81.20 ? 15.26 0.00 0.00 ? 0.00 3.54

Surge S703(B) 86.52 ? 12.74 0.00 0.00 ? 0.00 0.74

BAF F705(A) 77.48 ? 22.28 0.00 0.00 ? 0.00 0.24

BAF F705(B) 88.66 ? 10.52 0.00 0.00 ? 0.00 0.82

BAF F720(A1) 69.10 ? 29.70 0.00 0.00 ? 0.00 1.20

BAF F720(A2) 84.64 ? 11.94 0.00 0.00 ? 0.00 3.42

BAF F77(A) 81.87 ? 17.57 0.00 0.00 ? 0.00 0.56

Surge S708(A) 72.84 ? 4.48 0.00 0.00 ? 0.00 22.68

Surge S78(B) 86.00 ? 13.10 0.00 0.00 ? 0.00 0.90

Abbreviatons are: BAF block-and-ash flow deposit, ? Not determined
2005 data, taken from Vargas-Gutiérrez (2009)
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Cordobán East and West ravines with runouts of
3 and 4.5 km (ΔH/L = 0.42), and a total volume
of 0.8 � 105 m3 (Fig. 3b; Table 1). Most
deposits did not present important granulometric
variations, being bimodal, poorly sorted with a
median (Md) of −1.2 to −0.3u (Table 3). The
unconfined dilute ash cloud surge deposits were
divided into three layers according to textural
characteristics (Fig. 8b) from base to top con-
sisting of a grey, massive, medium to coarse ash
layer (4 cm thick), a beige dune-bedded ash layer
(1 cm thick), and a tan, massive, well-sorted fine
ash layer 0.5 cm thick (Saucedo et al. 2002).

Eruptive activity of 6 October 2004 produced
a series of valley-confined block-and-ash flows
that were channelled along the bottom of La

Lumbre ravine, reaching a 6.1 km runout
(ΔH/L = 0.33; Figs. 3b and 4) with a total vol-
ume of 1.4 � 106 m3 (Table 1). The detached
PDC dilute ash cloud surge that developed over
the blocky basal avalanche (Fig. 9a, b) had a
high mobility. At around 3.5 km from the crater,

Fig. 4 Plot of the H/L [Height (km)/Length (km)]
coefficient of pyroclastic density currents. Data
for non-volcanic avalanches and high-volume ignimbrites
were taken from Druitt (1998), other data belong to Fuego
de Guatemala, Santiaguito, Unzen and Pico de Orizaba
were taken from Davis et al. (1978), Hayashi and Self
(1992), Rose (1977), Fuji and Nakada (1999), Yamamoto
et al. (1993) and Siebe et al. (1993). Data of Volcán de
Colima was summarized from previous studies (Saucedo
et al. 2002, 2004, 2010; Muñoz-Martinez 2007;
Vargas-Gutiérrez 2009)

Fig. 5 a View of a dome already extruded on 20
November 1998, in the southwestern part of the Volcán
de Colima summit. b Blocks collapsing from the lava
flow margins produced small-volume Merapi-type BAFs.
c The lava flow had divided into three advancing fronts by
01 December 1998, and January 1999
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the dilute ash cloud reached the break in slope
(from 20° to 10°), where it spread laterally to a
distance of *100 m out of the ravine (Fig. 9b),
bending the vegetation in the flow direction.
Here, the cloud was up to 50 m in height and
trunks 15–20 cm in diameter were broken
(Fig. 9c). Beyond the break in slope and inside
the ravines, the walls were completely eroded
and polished, presenting erosive marks *5 m
above the top of the deposits of the basal ava-
lanche (Fig. 10a). At *4 km from the vent,
some BAF units were separated by dilute ash
cloud surge deposits of 2.5 cm in thickness. The
trunks of trees located in the margins of the
ravines presented evidence of impacts and lost
foliage up to 1.5 and 2.7 m above the surface of
the deposits (Fig. 10b). Mainly at distal sites, the
deposits have *40-cm thick leveés (Fig. 10c).
The stratigraphy consisted of between three and

four matrix-supported units (each one emplaced
by a BAF) varying in thickness from 1.4 to 3 m,
and having volumes of between 3.1 and
3.7 � 105 m3. Flow velocity ranged from 70 to
83 m/s (Sulpizio et al. 2010). The units are
separated by concentrations of blocks (0.45–
1.6 m in diameter) and occasionally by an
unconfined, dilute ash cloud surge deposit
(Fig. 9a). The distal deposit (5–6 km) presents
two flow units (2–4 m thick) composed of
angular to subangular blocks set in an ash matrix.
The valley-confined deposit is monolithologic
and matrix-supported (54–74 vol.%) (Tables 2
and 3). The grain size distribution of the deposits
is polymodal and poorly sorted with median
diameters of (Md = −0.9 to 0.1 phi). The
unconfined dilute ash cloud surge deposit is
light-grey in colour, 0.7–10 cm thick, and con-
sists of clay and silt size ash, massive and

Fig. 6 a Dome observed in
the crater of Volcán de
Colima in 2004 (photo
September 2004). b PDC
generated towards
Montegrande ravine during
the March 2005 activity of
Volcán de Colima (Photos by
CUEIV, Universidad de
Colima and by Sergio
“Tapiro” Velasco)
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laminar, bimodal, with regular sorting and
Md = 3.5 phi (Table 3).

6 PDCs from Dome Explosion
and Column Collapse

The generation of PDCs from dome explosions
and column collapse at Volcán de Colima has
occurred approximately 25 times since 1576 (De
la Cruz 1993; Saucedo et al. 2005); and four
times during the past two decades. This type of
PDC has occurred during an eruptive episode
that begins with the growth of a summit dome,

followed by the emplacement of dome collapse
PDCs. These events ended with summit explo-
sions that destroyed the dome with the simulta-
neous development of 3–10 km high eruptive
columns that collapsed to generate PDCs

Fig. 7 a Aerial view of the front and levees of the 1991
BAF deposits. b Detail of individual units of the 1991
BAFs in proximal facies (Western Cordobán ravine,
photo January 1998). The units are massive and chaotic
with a rare ash matrix

Fig. 8 a View of one of the BAFs generated in
December 1998 that flowed towards the south of Volcán
de Colima (Western Cordobán ravine, photo December
1998), the flow had a tan-colour front and a light-grey
body. b The dilute ash clouds emplaced overbank
deposits that presented sand dune structures. c The
resulting BAF deposits had at least two fronts and levees
(box)
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(Macías et al. 2005; Saucedo et al. 2002, 2005;
Sarocchi et al. 2011). During the last two decades
this type of eruption has occurred in 1994, 1999,
2003, 2005, and 2013.

The 21 July 1994 explosion was preceded by
a seismic swarm that started on 17 July. On 21
July at 8:00 (local time) a sudden increase in
seismicity and small rock falls were registered,
ending at 20:00 with an explosion that

Fig. 9 View of the different facies of the block-and-ash
flow deposits (Montegrande-San Antonio ravines, photo
February 2000). a A basal massive matrix-supported
avalanche with dispersed blocks, b Fine massive to
stratified ash-rich layers with sand dune structures, and
c Broken tree trunks by the passage of the dilute ash
cloud surge, the trees are either broken or bend in the
direction of the flow

Fig. 10 a The La Lumbre ravine wall was completely
eroded and polished by the passage of the flow. Erosive
marks appeared *5 m above the surface of the basal
avalanche deposit. b Tree trunks had impact marks and
lost foliage up to heights of 1.5 and 2.7 m above the
deposit surface. c Levees with *40 cm thicknesses were
formed above the 2004 BAF deposits
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completely destroyed the dome formed during
the 1991 eruption. The explosion left a 135 m
wide and 40 m deep crater (Fig. 11). The gran-
ulometric and components analyses of the
deposits indicate that the activity of 21 July 1994
was a phreatic explosion, which generated
small-volume blocks-and-ash that were confined
into the central and east El Cordobán ravines,
reaching distances of 2–3.75 km, respectively
(Fig. 3c; Saucedo et al. 1994), with a total esti-
mated volume of *5 � 105 m3 (ΔH/L = 0.42
Fig. 4; Table 1).

During the first months of 1999, an increase in
seismic activity was noticed (Saucedo et al. 2002)
followed by a shift in volcanic activity from effu-
sive to explosive. On 9 February 1999 explosions
occurred at the summit dome. The noise produced
by these explosions was heard at the cities of
Colima andCiudadGuzmán located 32 and 26 km
from the volcano, respectively. The explosions
generated an ash-laden column that rose 3–4 km
above the crater. Ballistic projectiles thrown by the
explosion reached distances of 3.5–4 km to the
north and northeast. Their impacts formed craters
up to 2 m in diameter. Some eyewitness reports
suggested that this event emplaced PDCs that
reached the southwest and south-oriented San
Antonio and Montegrande ravines. On 10 May
another explosion occurred and was again heard at
the city of Colima, followed by the formation of a

6.5-km high ash column above the crater (Saucedo
et al. 2002). Ballistic projectiles were launched up
to 4.5 km from the summit, causing forest fires.
An eyewitness located at ca. 8 km from the sum-
mit reported BAFs heading towards La Lumbre
and El Cordobán ravines. Seismic activity and
discrete explosions continued until 26 May fol-
lowed by a repose period of a few days. On 3 June
1999, an inspection flight revealed that part of the
1998 lava dome was destroyed and a new crater
about 180–200 m in diameter, and *35 m deep
had formed (GVP 1999; Varley, this volume). On
17 July 1999, after 13 h of a seismic swarm, at
12:41 local time, the inhabitants of Colima heard
the volcano rumbling: a Vulcanian-type column
formed, reaching more than 10 km above the
volcano (Fig. 12a). This column deposited ash as
far as 30 km from the volcano. At a distance of
13 km, the ash layer was 3–5 mm thick.
Small-volume block-rich PDCs were produced by
this explosion and emplaced along the San Anto-
nio and Montegrande ravines up to 3.5 km from
the summit (Fig. 3b), although some reports
indicated that vegetation within La Lumbre ravine
was burnt up to distances of 5.5 km (Saucedo et al.
2002). The explosion left a 230-m wide and 70–
80 m deep crater (Fig. 12b), enlarging the previ-
ous 10May crater. After 19 July 1999, monitoring
indicated that volcanic activity returned to the
levels recorded prior to the eruption.

Fig. 11 Crater formed after
the explosion of 21 July 1994
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The eruptive activity between May 2001 and
July 2003 began with the formation of eight short
lava flows (*8.3 � 106 m3) followed by a period
of explosions (see Varley, this volume); the
explosion that occurred on 2 May developed a
*0.5-km-high column (Muñoz-Martinez 2007).
This eruptive phase ended with a series of three
explosions in July andAugust. Thefirst, on 17 July
developed a Vulcanian eruptive column higher
than 3 km. The column was sustained for a few
moments prior to collapse, producing small-
volume block-rich PDCs that were emplaced
within the San Antonio ravine up to a distance of

3.5 km (Fig. 3c). The deposits had a total volume
of 3 � 105 m3 and a ΔH/L = 0.42 (Fig. 4;
Table 1). The explosion destroyed the 2001–2003
dome (Fig. 13), launching ballistics up to 4 km
from the vent, and initiating a series offires on the
southwest flank of the volcano (Muñoz-Martinez
2007).

An explosive phase of Volcán de Colima began
in February 2005 and finished with some smaller
explosions in January and February, 2006
(Vargas-Gutiérrez 2009). This phase consisted of a
series of Vulcanian explosions that developed 2.5–
5 km high columns that launched ballistics beyond
to 2.5 km from the crater, producing small-volume
block-rich PDCs that reached distances of 1.5–
5.4 km in the southwest and southeast ravines of
the volcano (Vargas-Gutiérrez 2009; Table 1). In
May and June, the explosive violence increased
significantly; the most violent explosion occurred
on 5 June with shock waves that broke glass
windows of towns located 9 and 14 km away from
the volcano. Ash fall (wind speeds 30–35 km/h)
reached the City of Colima from a 5 km high
eruptive column. In addition, the explosion pro-
duced small-volume block-rich PDCs which were
channelled in the Montegrande ravine (Fig. 3a),
and reached up to 5.1 km from the source
(ΔH/L = 0.35; Fig. 4; Table 1). On 5 July a new
explosion produced BAFs with 4.8–5.9 km run-
outs (ΔH/L = 0.30; Fig. 4) that were confined to
the La Arena ravine on the southeast flank of the
volcano (Fig. 3a). This explosion was the last large
event reported in 2005 (Fig. 14).

7 Deposits from Dome Explosion
and Column Collapse

The 21 July 1994 BAF deposit had a maximum
extension of 3.7 km from the source and was
channelled in the El Cordobán ravines (Fig. 3b).
The deposit was 4 m thick (average) and con-
sisted of blocks with maximum diameters of 2–
4 m set in a medium-coarse ash matrix with
reverse grading (Saucedo et al. 1994). The mar-
ginal and frontal parts of the 1994 deposit had

Fig. 12 a A 10-km high eruptive column generated
during the 17 July 1999 explosion. b Crater produced by
this explosion that estimated 230 m in diameter and 70–
80 m in depth (GVP 1999, 24:8)
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levees and lobes 0.50 m and 2 m-thick on aver-
age, respectively. Small degassing pipes gener-
ated craters, of 0.30–0.40 m in diameter,
observed on the surface of the deposit, and
5 days after the explosion (26 July) the deposit
temperature ranged from 116 °C to 282 °C at a
depth of 0.30 m (Saucedo et al. 1994). The
detached PDC ash cloud or dilute phase gener-
ally formed a thin layer of ash a few millimetres
thick that spread laterally *50 m outside the
channels, blanketing the vegetation with a 1–
1.5 cm thick ash layer, including the bark of trees
up to a height of >5 m. The vegetation affected
by the passage of the ash cloud was bent in the
flow direction and dried without being burned.

The deposits generated by the explosion of 17
July 1999 were emplaced by a small-volume,
block-rich PDC that reached 3.5 km from the source
along La Lumbre ravine (3.6 � 105 m3), Monte-
grande and San Antonio (7.9 � 105 m3) ravines,
located in the southern and southwestern sector of
the volcano (Fig. 3a; Table 1). The latter two ravi-
nes were completely filled by deposits, so that it was
impossible to differentiate them at altitudes between
2400 and 2500 masl. The recognition of fronts or
lobes was also impossible. In some places erosion
partially cut the deposit, usually exposing a single
flow unit (Saucedo et al. 2002), although, subse-
quent work reported at least two flow units (Saroc-
chi et al. 2011).

The valley-confined block-and-ash flow
deposits in the San Antonio-Montegrande ravi-
nes had blocks of angular form with average
diameters of 0.70 m embedded in a medium to
coarse ash matrix (Saucedo et al. 2002; Table 3).
Flow units had thicknesses of 1.2–5 m (Fig. 15
a), reverse grading, monolithologic componen-
try, and were composed of at least two pulses
separated by a concentration of blocks at the top
(Sarocchi et al. 2011; Tables 1 and 3). In general,
deposits were polymodal, poorly sorted and
showed an increase of ash particles with distance
(Table 3). The lower unit had a consistent
increase in both blocks and fines with distance.
In general, samples showed an increase in the
fines content toward the deposit bottom with
values of Md = 1.4–0.2 phi (Table 3; Sarocchi
et al. 2011). The unconfined dilute ash cloud
surge deposits formed two units, a basal layer of
2 cm thick ash, massive with an erosive contact
at the bottom, and a layer of ash *9 cm thick
with massive and cross-bedded stratification that
also had a lower erosive contact (Fig. 13b).
These deposits in the proximal facies displayed a
unimodal grain-size distribution, asymmetric
towards the fine fraction, with a peak at 4 phi
(Table 3). In the distal facies, the deposits have
similar modes and medians (Table 3).

The valley-confined BAF deposits of the 17
July 2003 explosion reached a distance of 3.5 km

Fig. 13 Dome captured in
January 2002 in filling the
summit area of Volcán de
Colima
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in the San Antonio ravine (Fig. 3b). This was a
single flow unit of angular blocks (0.25–1 m in
diameter), supported by an ash matrix (Table 3).
The deposit had thicknesses varying from 3 to
1.5 m in the proximal to the distal facies,
respectively. It showed reverse grading and had
an estimated volume of 3.0 � 105 m3

(ΔH/L = 0.42; Fig. 4), with a polymodal grain
size distribution, median grain size decreasing
slightly with distance, and in general poor sorting
(Table 3). The deposit decreases in matrix con-
tent with distance from 28 to 25.5%, and
increases in fine ash from 23 to 32% (Table 3).

The unconfined dilute ash cloud surge deposits
covered foliage up to 10 m in height, and the
vegetation was inclined in the flow direction.
These deposits consisted of fine ash, 1–5 cm
thick, showing laminar and cross stratification,
erosional contacts and slight consolidation. These
deposits changed from bimodal to polymodal and
the median decreased with distance (Table 3).

The valley-confined 2005 block-and-ash flow
deposits were emplaced in the Montegrande and
La Arena ravines located on the south and
southeast flanks of the volcano (Fig. 3a). In the
Montegrande ravine BAFs had maximum run-
outs of 5.1 km following the 5 June explosion
(Table 1). These deposits consisted of a series of

overlapping flow units (thicknesses of 0.5–7 m).
The deposits were composed of reversely graded
angular to subangular andesitic blocks of 0.15–
3.5 m in diameter sustained by medium to coarse
ash matrix (Table 3). The granulometric distri-
bution of the deposit was bimodal and poorly
sorted, with Md = −3.7 to 0.67 phi
(Vargas-Gutiérrez 2009; Table 3).

The valley-confined block-and-ash flow
deposits in La Arena ravine reached a maximal
runout of 5.4 km during the 9 June explosion
(Fig. 3a). The deposits present several reversely
graded flow units of 0.7–3.5 m thickness, com-
posed of angular and subangular andesitic blocks
(0.05–1 m in diameter), embedded in a medium
to coarse ash matrix (Table 3). A few days after
the 5 July explosion, some blocks in the deposits
retained temperatures >300 °C. The deposits are
bimodal, poorly sorted and monolithologic
(Tables 2 and 3). In both ravines (Montegrande
and La Arena), the segregation of blocks was
common, as were the development of levees and
a deposit front, rich in blocks with maximum
diameters of 2–4 m. Unconfined dilute ash cloud
surge deposits were occasionally observed. The
deposits were 6 cm thick, and unimodal, with
Md = −0.03 to 1 phi (Vargas-Gutiérrez 2009;
Table 3).

Fig. 14 Explosion and
development of BAFs during
the 2005 eruptive crisis of
Volcán de Colima (Photo
March 2005 by Sergio
“Tapiro” Velasco)
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8 Discussion

Davies et al. (1978) described pyroclastic flows
as “glowing avalanches” produced during the
1974 eruption of Volcán de Fuego, Guatemala.
They concluded that the flows moved in two
parts: (a) the main mass of debris flowing in a
laminar fashion as a high concentration disper-
sion similar to normal debris flows, and (b) a

superjacent ash cloud. Since blocks 5 m in
diameter were transported up to 7 km from the
source, they suggested that flows moved as a
high yield-stress fluid. Nairn and Self (1978)
considered that hot avalanches produced by the
1975 eruption of Ngauruhoe volcano, New
Zealand, moved as a density modified grain flow,
since these flows had a fluid phase denser than
the ambient air between particles (Bagnold 1954;
Lowe 1976). These authors further advanced the

Fig. 15 Deposits emplaced
by the 17 July 1999 block and
ash flow along the
Montegrande-San Antonio
ravines. a Basal avalanche
and b Ash massive layer with
a lower erosive contact and
ingested roots, scale is 20 cm
long (photo of the San
Antonio-Montegrande
ravines)
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idea that convolute vortices produced on top of
the basal avalanche were caused by a low density
turbulent mixing layer. Beyond a break in slope,
the basal avalanche reduced its speed, causing
the turbulent layer to separate from the avalanche
and to rise as a cloud depositing fall material.
Since these pioneering studies, several authors
have considered the basal avalanches of these
pyroclastic flows to move as density modified
grain flows, in which grains are separated by
intergranular dispersive pressure (Denlinger
1987; Mellors et al. 1988; Boudon et al. 1993;
Fujii and Nakada 1999; Iverson and Vallance
2001) where there is some degree of fluidization
due to the gas liberated from particle break up.

Fluidization can play an important role in the
mobility of this type of pyroclastic density cur-
rent (Bursik et al. 2005). Fujii and Nakada (1999)
considered that dome collapse (sometimes
referred to as Merapi-type) pyroclastic flows
produced on 15 September 1991, at Mt. Unzen,
Japan, were formed by a basal turbulent current
of high concentration (main body), an interme-
diate fluidization zone, and an overriding con-
vecting dilute cloud. Entrained cold air, gas and
ash particles released from the basal zone pro-
duced a fluidization zone capable of moving
ahead or to the sides of the main body as an
independent gravity current. According to these
authors, the fluidization zone can move faster
that the main body on steep slopes, enhancing
detachment of the former when a flow encounters
gentle slopes and/or topographic barriers. Fisher
and Heiken (1982) were the first authors to
propose that a dilute density current decoupled
from the basal avalanche, destroyed the town of
Saint Pierre during the 1902 eruption of Mt.
Pelée, Martinique Island. Based on field obser-
vations, experimental work and theoretical cal-
culations, Takahashi and Tsujimoto (2000)
concluded that the 3 June 1991 Merapi-type
pyroclastic flow of Mt. Unzen, moved in the
proximal zone (0–1.6 km) as an inertial granular
flow, where the effect of gas released from par-
ticle collision was minimal, and deposition
occurred over a short distance on steep slopes.
The remaining flow, mainly composed of
mm-sized particles, was supported by upward

flow of gas released from the same particles. The
authors proposed that the flow consisted of a
lower, insufficiently fluidized layer and an upper
fluidized layer, where particles were sustained in
suspension by the upward gas flow.

9 Transport and Deposition
Processes

Recently, the frequent eruptive phenomena of
Volcán de Colima (De La Cruz 1993; Saucedo
et al. 2005) included the generation of
small-volume, block-rich PDCs produced from
collapse of external parts of fresh lava domes,
active lava flow fronts, or partial collapse of the
lower parts of an eruptive column. The deposits
generated by the different types of block-and-ash
flows (Sato et al. 1992), are similar in structure,
composition and internal features (Fisher and
Heiken 1982; Davies et al. 1978), independent of
the mechanism that generated them. However,
certain recent studies disagree with this statement
(Charbonnier and Gertisser 2011; Komorowski
et al. 2010; Charbonnier et al. 2013; Stinton et al.
2014; Ogburn 2008). The PDCs at Volcán de
Colima as well as other volcanoes immediately
separate into a basal dense flow and an upper
dilute turbulent ash cloud (Fisher and Heiken
1982; Mellors et al. 1988; Fuji and Nakada 1999;
Saucedo et al. 2002, 2004; Schwarzkopf et al.
2005; Lube et al. 2007). The basal flows, also
called basal avalanches, move as inertial granular
mass flows on steep slopes, where the interaction
between particles, pore pressure and confined or
unconfined channel morphology play an impor-
tant role in their propagation (Iverson and Val-
lance 2001; Lube et al. 2007). Given sufficient
volume, an initial steep slope, sufficient frag-
mentation to produce fine material in the matrix,
and suitable confined flow conditions, PDCs can
continue to move on gentler slopes, where there
is evidence for extensive clast break-up, and
fluidization either during or following propaga-
tion (Saucedo et al. 2004; Bursik et al. 2005;
Lube et al. 2007; Lube et al. 2011; Andrews and
Manga 2011; Cronin et al. 2013; Komorowski
et al. 2013; Kokelaar et al. 2014). In the proximal
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zone, most of the PDC travels as an inertial
granular flow or quasi-steady granular flows
(Schwarzkopf et al. 2005; Saucedo et al. 2004;
Sulpizio et al. 2007; Lube et al. 2007; Sarocchi
et al. 2011). A PDC in this zone may travel on a
slope that is greater than the angle of repose, and
so there can only be minor deposition (Saucedo
et al. 2004; Lube et al. 2007). These flows, once
moving on slopes below the angle of repose,
consist of a basal layer of depositing particles
and an upper flowing layer. These layers are
separated by a sharp internal interface, which
propagates with time towards the free surface.
Once it arrives, this signals the end of flow
(Takahashi and Tsujimoto 2000; Saucedo et al.
2004; Bursik et al. 2005; Schwarzkopf et al.
2005; Sulpizio et al. 2007: Lube et al. 2007). The
interface concept is the same as the flow
boundary layer used to explain progressive
aggradation in ignimbrites (Branney and
Kokelaar 1992, 2002). Between the internal
interface and the free surface, PDCs move like
granular mass flows and develop levees, steep
fronts, and reversely graded boulders, where
kinetic sieving, squeezing-out and differential
setting speeds through the flow play important
roles in the segregation of coarse clasts during
transport (Lube et al. 2007; Roux 2003; Sulpizio
et al. 2007; Sarocchi et al. 2011). These features
were observed at valley-ponded deposits after the
1991, 1998, 1999, and 2004 eruptions along the
Cordobans, La Lumbre, and Montegrande ravi-
nes (Saucedo et al. 2002, 2004).

When PDCs decelerate and eventually stop, the
superjacent turbulent ash cloud detaches, and is able
to move independently as a newly formed, uncon-
fined dilute PDC (Fujii and Nakada 1999; Taka-
hashi and Tsujimoto 2000; Woods et al. 2002; Carn
et al. 2004; Saucedo et al. 2004; Bursik et al. 2005:
Sulpizio et al. 2010). These PDCs are able to sur-
mount topographic barriers, emplacing an uncon-
fined dilute ash cloud surge deposit, with
fine-grained, massive/laminated, and dune-bedded
layers (Woods et al. 2002; Saucedo et al. 2004;
Dellino et al. 2004; Charbonnier and Gertisser
2011; Komorowski et al. 2013). When the detached
ash cloud surge stops or traverses a topographic
obstacle, a rising cloud of ash forms, depositing a

terminal ash fall (Saucedo et al. 2002, 2004; Sul-
pizio 2007, Sulpizio et al. 2010). Locally, uncon-
fined dilute ash cloud surge deposits may occur
overlying the valley-confined block-and-ash flow
deposits or lying just outboard of the channel
(Saucedo et al. 2002, 2004; Bursik et al. 2005). This
process has been observed during the 1902 eruption
of Mt. Pelée (Fisher and Heiken 1982) the 1991
events of Mt. Unzen (Fujii and Nakada 1999) as
well as the eruptions of Volcán de Colima in 1991,
1998–1999 and 2004 (Saucedo et al. 2002, 2004).

The development of the different facies
derived from the emplacement of BAF deposits,
associated with the destruction of domes at
Volcán de Colima, takes place when PDCs
propagate downslope, and particle break up is
sufficiently extensive to generate a significant
matrix fraction. This matrix increment is associ-
ated to the transition from clast support (inertial
granular flow in proximal facies) to matrix sup-
port (pseudo viscous flow in distal facies) within
the valley-ponded BAFs (Saucedo et al. 2002,
2004; Bursik et al. 2005; Lube et al. 2007;
Sarocchi et al. 2011). Pyroclast break up is more
common as a result of the following processes: as
dome destruction becomes progressively more
explosive, resulting from the movement of a
fragmentation wave within the dome (retrogres-
sive dome collapse), an increase in decompress-
ing gas volume, with progressively greater
pyroclast fragility, or with a greater volume
(hence weight) of flowing debris (Fink and
Kieffer 1993; Hayashi and Self 1992; Woods
et al. 2002; Komorowski et al. 2013). The pre-
dominant fraction of matrix supported BAF
deposits results from a greater degree of particle
break up, where both the kinetic sieving and
kinetic squeezing could be very important in the
segregation of coarse particles during transport
(Roux 2003; Schwarzkopf et al. 2005; Sulpizio
et al. 2007; Lube et al. 2007; Sarocchi et al.
2011). Analog deposits have been described at
numerous volcanoes, which show normal and
inverse grading, as well as segregation structures,
and having a lateral extent frequently defined by
levees and fronts lobes, where sorting is always
poor (Saucedo et al. 2002; Schwarzkopf et al.
2005; Lube et al. 2007; Figs. 7a, 8c, and 10c).
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The superjacent detached density currents that
emplace unconfined dilute ash cloud surge
deposits are laterally widespread and occur in
both proximal and distal facies (Saucedo et al.
2002, 2004; Schwarzkopf et al. 2005; Sulpizio
et al. 2007, 2010). These deposits have only been
observed in sections up to a few centimetres
thick, as those described at Unzen and others
volcanoes, including Volcán de Colima in the
eruptions of 1991, 1998–1999, 2004 and 2005
(Nakada and Fujii 1993; Saucedo et al. 2002,
2004; Schwarzkopf et al. 2005; Vargas-Gutiérrez
2009), where they can have an erosional lower
contact with underlying soil units (Figs. 9b and
15b). Singe and plant blow-down features are
often found at Volcán de Colima, which extend a
short distance (in the order of 100 m) beyond the
basal flow unit margins. Wherever the detached
PDC stops or surmounts topographic barriers, it
develops ash cloud deposits that are rarely more
than 1 cm in thickness. It is possible to find thin
coatings of probably correlative ash cloud fall to
distances of several kilometres from the flow
margin proper.

During the preparation of this chapter, Volcán
de Colima erupted on 10–11 July 2015. The
volcano generated block-rich PDCs with a
maximum runout of 10.5 km (Capra et al. 2016;
Varley, this volume). These PDCs were similar
to those generated during the second eruptive
phase of the 1913 Plinian eruption (Saucedo
et al. 2010; Table 1). This activity that began in
2007 and ended in 2015 has continued with
increasingly longer runout pyroclastic density
currents of the volcano recorded since 1991.
Such a scenario undoubtedly obliges scientists
and local authorities to re-evaluate eruptive sce-
narios associated with the gravitational collapse
and explosion of lava domes in terms of their
destructive potential and the hazards they can
pose to the population.
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Origin, Behaviour and Hazard
of Rain-Triggered Lahars at Volcán
de Colima

L. Capra, J. C. Gavilánes-Ruíz, N. Varley and L. Borselli

Abstract
Lahars represent a common phenomenon at
Volcán de Colima, directly associated with an
eruptive event, or occurring up to several
years after. Most common events are
rain-triggered lahars, which are generated
under different meteorological and eruptive
conditions in the main ravines on the flanks of
the volcano. Triggering mechanisms and flow
behaviour are highly influenced by rainfall
intensity and contemporaneous pyroclastic
activity, which can control both lahar volume
and frequency. Relationships have been estab-
lished between the textural features of lahar
deposits and the origin and behaviour of past
flows, using visual, rainfall and seismic mon-
itoring data. Physical characteristics of the
slope surfaces are important factors in deter-
mining the rate and amount of water runoff,
which controls the initial bulking of the lahars.

Since the last Plinian eruption in 1913,
rain-triggered lahars represent the volcanic
hazard that has caused the most damage to the
surrounding areas. Notable damage to bridges,
electricity-distribution pylons, and houses has
occurred during the last fifteen years. We
present a lahar hazard-zonation map to
provide updated data useful for decision-
making regarding possible future damage to
inhabited areas around the volcano.

1 Introduction

Lahars (sediment-water, gravity-driven flows)
are common phenomena on active or quiescent
volcanoes, with their frequency depending upon
the availability of loose material on the slopes
and the amount of precipitation or volume of
water from a glacial outburst or the breaching of
a crater lake. Commonly they are syn-eruptive,
formed coevally with volcanic activity,
post-eruptive, occurring after the termination of
the eruptive phase, but where the landscape
remains in disequilibrium regarding the sediment
balance as a consequence of the eruption, or they
can be inter-eruptive, without direct influence of
eruptive activity (Manville et al. 2009). During
the 20th century, the most catastrophic lahars
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were associated with magmatic activity, such as
during the 1985 Nevado de Ruiz eruption
(Colombia) and the 1991 Pinatubo eruption
(Philippines). In the former case, a small explo-
sive eruption partially eroded and melted ice
from several glaciers, initiating a sequence of
lahars that converged within the main drainage of
the Langunillas River, devastating the town of
Armero and killing more than 20,000 people
(Naranjo et al. 1986; Williams 1987). For more
than 10 years after the large Plinian Mt. Pinatubo
eruption, lahars have continued to occur during
every monsoon season, descending the volcanic
slopes, remobilizing pyroclastic material, and
inundating an area of hundreds of square kilo-
metres (Rodolfo and Arguden 1991; Torres et al.
2004).

In other cases, large lahars may not be asso-
ciated with eruptive activity. For example, the
1998 Hurricane Mitch triggered the collapse of a
portion of the upper flank of inactive Casita
volcano (Nicaragua), moving initially as a land-
slide and then suddenly transforming into a lahar
that devastated several towns and killing
approximately 2000 people (Van Wyk Vries
et al. 2000; Scott et al. 2005). Similarly, on 6
June 1994, after a period of heavy rainfall, a
tectonic earthquake at the base of Nevado del
Huila volcano triggered *3000 shallow land-
slides, which coalesced into a massive lahar
flowing down the Páez River, killing almost
1000 people, most of them in the towns of
Irlanda and Tóez, which were buried by lahar
deposits (Scott et al. 2001).

The above examples represent extraordinary
events, large in magnitude but infrequent.
Smaller but more frequent post-eruptive lahars,
generally triggered by heavy rains, are observed
every rainy season at a number of active volca-
noes that have recently had eruptions, such as
Merapi (Lavigne et al. 2000; Lavigne and
Thouret 2002; De Belizal et al. 2013) and
Semeru (Lavigne and Suwa 2004; Doyle et al.
2010) both on Java (Indonesia), and Soufriere
Hills on Montserrat (West Indies; Carn et al.
2004). Volcán de Colima has a history of both
larger eruption-related lahars and smaller
rainfall-triggered lahars following eruptive

activity. The purpose of the present chapter is to
present data regarding the triggering mechanism
and characteristics of post-eruptive rain-triggered
lahars at this particular volcano. The related
hazards are also discussed.

2 Volcano Hydrography
and Hydrogeological
Characteristics

The edifice of Volcán de Colima is 1640 m in
relief with respect to the surrounding area, and
the flanks of the volcano vary in slope from 40°
to 10°. Main drainages on Volcán de Colima are
on its E, S, and W flanks (Fig. 1). Only few of
these drainages host permanent water discharge;
these include Lower El Zarco, Cordobán (Santa
Cruz) and La Lumbre ravines (the latter has
water springs at 8 km from the volcano summit)
(Fig. 2a). The other ravines are not spring-fed
and contain ephemeral streams, discharging
water-sediment flows only during rainfall events.

The rainy season extends from June to Octo-
ber, with some isolated precipitation events in
January or February (for example, one initiated a
lahar in 1992, Table 1) producing an average
rainfall accumulation of 1000 mm/yr (Fig. 2a).
At the beginning of the rainy season, rainfall is
characterized by a low duration (less than
one hour) and high peak intensity events
(>50 mm/hr.), whilst in the late season, they are
associated with tropical cyclones with moderate
rainfall intensity (<50 mm/hr.) but with longer
duration (several hours). Based on rainfall mon-
itoring on the volcanic edifice, the rainfall totals
received are variable across the slopes of the
volcano, with an apparently higher amount on
the southern sector (Fig. 2a).

Eight main watersheds can be identified
(Fig. 2a, Capra et al. 2010), which feed the most
active ravines where lahars originate: La Lumbre,
El Zarco, Cordobán, San Antonio, Montegrande,
El Muerto, and La Arena. These have variable
surface areas, from 2 to 10 km2, and each can be
divided into smaller watersheds that during
rainfall events contribute to the overall volume of
water, with inflow at different distances along the
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ravines (Fig. 2b). The material making up the
river beds consists of loose material, mostly
gravel and sand in size, but punctuated by
meter-sized blocks. This material is highly per-
meable with infiltration rates of 1–3 mm/hr. but,

with the presence of large boulders, which
rapidly concentrate water around them, thus
contributing to water runoff (Capra et al. 2010).
The main cone is densely vegetated, including
pine trees and is mantled by organic soils, with

Fig. 1 a Simplified map of the Trans-Mexican Volcanic
Belt with the location of the Colima Volcanic Complex
(CVC) and other active or important volcanoes: 1: San
Juan; 2: Ceboruco; 3: Tancitaro; 4: Jocotitlán; 5: Nevado
de Toluca; 6: Popocatépetl; 7: Ixtaccíhuatl; 8: Malinche;
9: Pico de Orizaba; 10: Cofre de Perote; 11: San Martín;

12: Chichón. b Oblique, false-colour Aster image (RGB
composition of 123 N VNIR ASTER image) showing the
Colima Volcanic Complex. c 2-D view of the ASTER
image of the SW sector of the volcano showing main
ravines and where the steep south slope of the edifice can
be appreciated
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Fig. 2 Hydrological characteristics of Volcán de Colima.
a Watersheds (white lines) on the volcano feed the main
ravines, shown on a shaded relief map. Rainfall distribu-
tion is represented for June 2011 (obtained by interpolat-
ing the total rainfall accumulation measured at each rain
gauge), showing a major concentration on the southern
portion of the cone. Yellow dots represent the location of
the rain gauge stations and their altitudes. LMS: Lumbre
Monitoring Station; MgMS: Montegrande Monitoring

Station The inset represents the rainfall accumulated
during the past five years. b Photo showing the erosional
features that are typically observed within the lateral
terraces of the main ravines, associated with water inflow
from sub-basins (inset). The black dot on the grey
sub-basin in the inset refers to site illustrated in the photo.
c Panoramic view of the La Lumbre ravine showing
terraces with a different degree of vegetation
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the upper 10 cm often consisting of pine needles,
generating a hydrophobic behaviour mechanism
that enhances water runoff and lahar generation
even during low rainfall events (Capra et al.
2010). Along the ravine, this type of vegetation is
present on top of the older terraces (20–30 m
high) whilst younger terraces (from lahar
deposits emplaced during the last*10 years) are
vegetated with low subtropical vegetation
(Fig. 2c; Alanís 2011).

3 Lahar Events at Volcán de Colima

Lahars represent a very common phenomenon at
Volcán de Colima (Fig. 1b, c). Various types of
lahars and triggering mechanisms have been
documented: (1) sector collapses that create
debris avalanches, which in turn can transform to
lahars or form natural impoundments of rivers,
whose subsequent failures can form lahars (vol-
umes 109 − 1010 m3 and runout up to 100 km)
(e.g., Capra and Macías 2002; Cortés et al.
2010); (2) post-eruptive (rain-triggered) lahars
that follow major eruptions, whose magnitude
(volumes from 105 to 106 m3) and frequency
depend on the degree of landscape modification
by the eruption (Plinian eruptions with uncon-
fined, radially distributed pumice/scoria pyro-
clastic flow deposits or dome collapse producing
well confined block-and-ash flow; e.g. Saucedo
et al. 2010; Capra et al. 2010); (3) intra-eruptive
rain-triggered lahars from extreme hydrometeo-
rological events that mobilize landslides in older
deposits (volumes 106 − 107 m3 and runout up to
22 km; e.g., Saucedo et al. 2008).

This chapter focuses on rain-triggered,
post-eruptive lahars at Volcán de Colima, associ-
ated with dome collapse, dome emplacement
having represented the most common eruptive
scenario since the 1991 volcanic crisis. A sum-
mary of post and intra-eruptive lahars at Volcán
de Colima is presented in Tables 1 and 2, starting
with the 1913 Plinian eruption, after which several
lahars occurred starting a few months following
the eruption and continued up to 1916. Based on
the record of past events, lahars are more

frequently post-eruptive, occurring after dome
destruction episodes that have produced pyro-
clastic flow deposits, either non-explosive gravi-
tational collapse (Merapi-type events) or
accompanied by an explosive component
(Soufriere-type events). Vulcanian explosions
(small to moderate-sized volcanic outbursts pro-
ducing dense unsustained eruptive columns with
both accidental and juvenile fragments) are also
frequently followed by lahars. Detailed rainfall
data are available only for lahars that have
occurred since 2007, when rain gauge stations
were installed on the volcano, recording data at
1 min. intervals (Table 2 and Fig. 2a). In contrast,
for pre-2007 lahars, the ERIC II database
(Extractor Rápido de Información Meteorológica,
Instituto Mexicano de Tecnología del Agua 2008)
was used to report the daily or monthly rainfall
accumulation as available for each reported event.
Since 2007, the systematic detection of lahars has
been carried out using seismic data from the
RESCO network, the seismological network
managed by Universidad de Colima, based on
signal characteristics unique to lahars (Zobin et al.
2009; Arámbula et al., this volume). More recently,
two monitoring stations were installed in the
Montegrande and La Lumbre ravines, during
2011 and 2013, respectively. Both stations
include a camcorder, a geophone and a rain gauge
(Fig. 1b) (Vazquez et al. 2016b). This has made it
possible to correlate lahar occurrences with rainfall
amount (Capra et al. 2010) and to define their
magnitude, duration and a quantitative discrimina-
tion of flow behaviour based on their seismic
characteristics (Vazquez et al. 2014, 2016b). Based
on detailed data obtained since 2007, more frequent
episodes occur during the rainy season (from June
to October) and they are most frequent during the
first years following a major eruptive phase, when
the ravines are filled with fresh unconsolidated
material, then gradually decrease in frequency
during the following years (Dávila et al. 2007).
More catastrophic events that caused material
damage to infrastructure were recorded in 2000,
when a house in the Becerrera village located
12 km from the crater was buried by a lahar which
descended the Zarco ravine (Fig. 3a) or during the
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2015 Patricia hurricane, when a bridge and road
were completely destroyed leaving the same
village cut-off (Fig. 2b). An electricity pylon

located on the alluvial fan below the Monte-
grande ravine was destroyed on two occasions,
in 1999 and 2007 (Fig. 3b, c).

Table 2 Characteristics of selected rainfall and lahar events during 2008–2011

Rainfall Lahar Ravine

date start R3 (mm) R1 (mm) R (mm) I (mm/h) lahar start duration

01-07-2011 20:25 40 24 12.6 7 22:14 00:43 Montegrande

01-07-2011 21:00 15 0 2.6 26 22:14 00:36 Lumbre

02-07-2011 01:00 16 9 21.06 13 01:51 01:44 Lumbre

02-07-2011 00:55 54 37 34.2 21 01:36 01:21 Montegrande

06-07-2011 14:46 0 0 21 20 15:09 00:51 Lumbre

06-07-2011 17:45 21 21 35.8 32 18:08 01:38 Lumbre

06-07-2011 18:00 0 0.4 25.4 22 18:08 00:56 Montegrande

10-07-2011 06:56 27 21 21.8 21 07:20 01:03 Lumbre

13-07-2011 13:15 47 2.4 26.6 23 13:15 01:14 Lumbre

13-07-2011 12:55 62 0.6 31 17.4 13:16 01:16 Montegrande

26-07-2011 15:11 33.4 25 38 16 15:16 01:43 Montegrande

06-09-2010 15:17 33.8 13.4 37.8 28 16:08 01:36 Montegrande

15-09-2010 17:18 15.6 8.6 30.8 20 18:48 00:46 Montegrande

26-09-2010 13:54 9 0 6 6 13:42 01:02 Montegrande

21-07-2009 14:39 2.8 0 5.2 14 14:56 00:30 Montegrande

13-08-2009 18:32 0 0 6.2 17 18:12 01:23 Arena

26-08-2009 17:39 1.6 1.6 7 9 17:18 01:52 Arena

05-09-2009 12:05 25.6 0 39.4 44 12:10 01:09 Montegrande

09-09-2009 17:10 31 13.4 31.4 22 17:50 00:41 Montegrande

10-09-2009 12:14 57 36.8 14.8 18 13:12 00:24 Montegrande

15-09-2009 18:14 0 1 4.6 3 17:21 00:29 Montegrande

25-09-2009 18:11 1.2 0 6.6 18 18:09 00:30 Montegrande

27-09-2009 15:22 28.6 0 21.6 15 16:25 01:21 Montegrande

30-06-2008 16:40 8.4 8.4 40 40 15:05 00:44 Montegrande

17-07-2008 23:08 37 21 19 38 23:59 00:51 Montegrande

20-07-2008 17:02 2.8 2.8 6.8 24 17:26 00:38 Montegrande

25-07-2008 14:34 1 1 4.4 6 14:38 00:51 Montegrande

26-07-2008 17:50 14 13.8 23 23 18:18 01:30 Montegrande

20-08-2008 16:07 26 17 15 16 17:05 01:04 Montegrande

23-08-2008 17:16 28 0 23 16 17:40 00:28 Montegrande

29-08-2008 12:05 10 0 45 18 12:40 00:58 Montegrande

10-09-2008 15:32 89 38 24 18 16:44 01:32 Montegrande

20-09-2008 14:06 45 13 12 6 14:12 01:36 Montegrande

R3: rain accumulated 72 hrs before the event; R1: rain accumulated 24 hrs before the event; R: rainfall during the event;
I: rainfall intensity
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Fig. 3 Photos showing: a house at Becerrera village buried by a lahar in 2000; b damage to an electricity pylon within
the Montegrande ravine, which was rebuilt at the same location (c)
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4 Lahar Frequency and Magnitude
Versus Rainfall Characteristics

Lahars at Volcán de Colima are triggered under
variable meteorological conditions. Figure 4a
shows the occurrences of events based on the
accumulated rainfall and the average intensity
(Table 2). As noted in earlier studies (Capra et al.
2010), during the early rainfall season, with an
absence or very low amount of antecedent rain-
fall (<2 mm in the 24 h. prior to the lahar—“dry”
antecedent conditions), lahars can be triggered by
low rainfall accumulation (<10 mm) at variable
values of rainfall intensities (Fig. 4a). But if
antecedent conditions are “wet” (>*10 mm rain
in the preceding 24 h), lahars are triggered by
>10 mm of rain and with intensities that increase
as the total rainfall amount increases (Fig. 4a).
The high frequency of lahars at the beginning of
the rainy season has been ascribed to the
hydrophobic characteristics of soils under dry
conditions that favour rapid water runoff (Capra
et al. 2010) but also to the large amount of dry
and loose sediment that is available at the
beginning of the rainy season. This material
accumulates during the dry season when insta-
bilities are common on steep slopes. It should be
noted that the rainfall is recorded only at up to
four localities (Fig. 2a) and therefore does not
necessarily represent all the meteorological
variability on the volcano slopes. The rainfall
intensity is here calculated as the average inten-
sity during the rainfall episode (Fig. 4a), which is
much higher if computed in a smaller time
interval. In fact, by looking in detail at some of
these rainfall events (Fig. 4b) it seems that lahars
are triggered during the peak intensity (maximum
rainfall intensity calculated at 5 min intervals),
usually less than 10–20 min after the beginning
of the rainfall, and they last from a minimum of
30–60 min during short rainfall events (dry
antecedent conditions) to up to 2–3 h during long
duration rainfall episodes (wet antecedent con-
ditions) as recorded at the monitoring stations
(Table 2; Vazquez et al. 2014, 2016b). Lahars
are characterized by single or multi-pulses, con-
sisting of a block-rich front with detected seismic
frequency ranging between 10–30 Hz, followed

by the main flow body fluctuating between a
debris flow (>50% in sediment volume) and a
hyperconcentrated flow (20–50% sediment vol-
ume) with higher frequencies (30–50 Hz; Vaz-
quez et al. 2016b). The sedimentation rate varies
between 5 and 7 cm/min. (Vázquez et al. 2014).
Based on camcorder images and as observed
during field work, lahars left flooded cross-
section areas of 20–25 m2 on average with a
maximum depth of 3 m (Vázquez et al. 2016a).
Considering a mean flow velocity of 4 m/s, an
average peak discharge of 60 m3/s is estimated
(Capra et al. 2010; Vazquez et al. 2014, 2016b).
Average flow volumes were estimated to be in
the range 100–250 � 103 m3 (Dávila et al. 2007;
Capra et al. 2010).

5 Textural Characteristics

Deposits emplaced by post-eruptive rain-
triggered lahars have variable textures. In gen-
eral, the only evidence left by lahars in the upper
sections of ravines with river bed slope around
11° are lateral levees or remnants of old terraces,
demonstrating the dominance of erosional flow
behaviour. The most voluminous deposits typi-
cally can be observed in the medial-distal portion
of the ravines, where slopes decrease to around
4°–5° and the widening of gullies enhances
deceleration of the flow and hence deposition.
Figure 5 illustrates characteristics of the 2 July
2011 events in La Lumbre ravine at a distance of
6 km from the crater, close to the monitoring
station (Fig. 2a). Pictures were taken the day
after the event, so the depositional features are
well preserved. The associated rainfall event
started at 1:30 local time and reached a maxi-
mum intensity of 13 mm/hr. (Table 2). The lahar
was detected in the seismogram at 1:51 local
time and lasted for approximately 1.45 h
(Fig. 4b). The high-water mark was approxi-
mately 2–2.5 m, measured within the middle
portion of the channel (Fig. 5b), where its max-
imum width is 4 m. The well-preserved levee
was 1.2 m thick (Fig. 5c), with clasts up to
40 cm in diameter. The flat fill terrace in the
central portion of the channel was up to 70 cm
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thick, and was characterized by a massive deposit
with a bimodal grain-size distribution, with peaks
at −4 and 3 phi (Fig. 5d, e). These features

represent the main pulse of the flow, and as it
was diminishing, it left minor layers that were of
decreasing clast size, until finally it was covered

Fig. 4 Characteristics of the rainfall events that triggered
lahars. Data correspond to the rainfall measured at 1 min
intervals at the nearest gauge station, and rainfall intensity
represents the average value calculated for each episode.
a Diagram showing the relation between the rainfall
accumulated during each event and the average intensity.

Note as most of the “dry” episodes (with no or <2 mm of
rainfall during the previous 24 h.) are triggered by less
than 10 mm of rainfall and variable intensities, b examples
of individual lahars, comparing the rainfall characteristics
with the lahar duration
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by a “milky”-silty horizon from the diluted tail of
the flow (Fig. 5f). These textural features are
very common in all the ravines. Depending on
the magnitude of the episode, massive or
normally-graded units can be observed, but
studying older terraces it is very difficult to rec-
ognize a single event and correlate it with

deposits downstream (Fig. 6a). Typically, fill
terraces consist of massive debris flows, alter-
nating with intercalated fluvial horizons. But, the
vertical juxtaposition of these contrasting
deposits does not necessarily indicate that they
represent different pulses from the same event.
Instead they could represent a sequence of lahars

Fig. 5 Photos showing the characteristics of the deposit
that originated from the 2 July 2011 lahar within La
Lumbre ravine. a Panoramic view of the site;
b high-water mark on an older terrace; c lateral levee;
d section of the main portion of the deposit that shows a

bimodal granulometric distribution (e); f panoramic view
of the site, where it is possible to observe the feature
related to the flow diminishing (black arrows) and the
“milky”-silty horizon from the diluted tail of the flow
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separated by periods of normal streamflow and
exposed through erosion by a younger event.
In some cases, a layer of pine needles below a
lahar deposit clearly indicates a time gap between
events (Fig. 6b), but in general it is difficult to
interpret if the sequence represents a major event
or discrete single episodes.

The Montegrande ravine is the best place to
observe the frontal deposition of lahars. In fact,
major ravines such as La Lumbre and La Arena
gradually widen and are joined by other drainage
systems, so lahars that emplace deposits within
these ravines are considerably diluted within the
distal zone. In contrast, the Montegrande ravine,
at 15 km from the crater, opens abruptly onto a
plain (Fig. 6c), where the flow fronts rapidly

stop, depositing large blocks that were concen-
trated at the flow fronts. Such blocks have caused
damage to electricity pylons (Fig. 3b).

The post-eruptive lahar deposits associated
with the 1913 Plinian eruption, can be easily
distinguished, because they directly overlay the
pumice-flow deposits (Fig. 7a, b), and they
comprise the same components as the primary
pyroclastic-flow deposits, devoid of rounded
andesitic rocks eroded from the river bed. This
lack of bed-material contamination indicates
that lahars formed by eroding the surface of the
recently emplaced pyroclastic-flow deposits
that filled major ravines. They flowed as far as
20 km from the volcano (Table 1, Saucedo
et al. 2010).

Fig. 6 Lahar deposits along the Montegrande ravine.
a Section along the Montegrande ravine where different
depositional terraces can be observed; b pine needles
separating two different lahar deposits; c oblique repre-
sentation of the Montegrande ravine where it is possible

to appreciate the development of the ravine up to the fan
where the material transported by the lahar accumulates.
The white star indicates the location of the electricity
pylons that are periodically damaged by lahars
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6 Hazard Assessment

A hazard assessment for post-eruptive rain trig-
gered lahars has already been performed by
Dávila et al. (2007), based on LaharZ code
(Iverson et al. 1998), considering a range of
volumes from 0.5 � 105 to 5 � 105 m3, values
that represent the most common scenarios
observed since 2007, corresponding to the class
size 4 based on the Jakob’s classification (Jakob
2005). But those volumes are considerably
smaller than catastrophic post-eruptive lahars
associated with Plinian eruptions that have
reached volumes of between 1 and 5 � 106 m3

(corresponding to classes size 5–6, Jakob 2005)
as observed just after the 1913 Plinian eruption
(Saucedo et al. 2008; Table 1). Large volume
(>1 km3) debris flows related to volcano col-
lapses, are not here considered, since they rep-
resent “secondary” effects and result in
devastation of the entire area (Cortés et al., this
volume).

We present here a new hazard map that
include two possible post-eruptive lahar inunda-
tion scenarios considering the maximum
observed volume for typical rain-triggered lahars
(5 � 105 m3), which are more frequent after
dome collapse episodes; and secondly larger
post-eruptive lahars resulting from Plinian erup-
tions (5 � 106 m3) (Fig. 8). Smaller lahars that
are generated every rainy season can damage
bridges, electrical power lines, and small ran-
ches. For this smaller lahar scenario large set-
tlements are not threatened with inundation,
although it has been observed during past lahars
that confined diluted flows, still capable of
transporting large blocks, can reach towns, such
as La Becerrera, San Marcos and Quesería,
where they have been responsible for some
damage such as bank erosion and undermining of
structures near the river. In contrast, the areas
that could be exposed to large post-eruptive
lahars are more extensive, with flows potentially
reaching greater distances (up to 20 km) than the
primary pyroclastic flows from which they

Fig. 7 a and b Photos showing the deposit that originated from lahars during the 1913 Plinian eruption
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originate, as was observed during the 1913
eruption (Saucedo et al. 2010).

The growing human occupation of lahar
hazard areas has important implications for
future damage and loss. In 1913 the lahar inun-
dation area was not as developed as it is today, so
damage would be much greater if that 1913
Plinian eruption and associated post-eruptive
lahars occurred today. In fact, all the plains sur-
rounding the volcano are utilized for extensive
cultivation of sugarcane, avocado, corn, coffee,
blackberries, and agave for tequila production,
with a total of 300,000 inhabitants including
Colima city. So, in addition to an impact to
various human settlements, the economy of the
region could be drastically affected. In particular,
an important sugarcane refinery is located at
Quesería, very close to the Los Lobos (Monte-
grande) ravine, which could be affected by a
lahar (Fig. 8).

7 Discussion and Conclusion

Rain-triggered lahars represent a very common
phenomenon at Volcán de Colima. During the
last century, the most voluminous events were
associated with the 1913 Plinian eruption, being
still hot several months after the eruption, and
causing one reported death (Saucedo et al. 2010),
several cases of damage to coffee-houses within
the SW sector of the volcano, and some loss of
animals. An inter-eruptive lahar in 1955 at
Atenquique was an extraordinary rain-triggered
debris flow that resulted from the liquefaction
and coalescence of several landslides along a
narrow and deep valley and caused the deaths of
23 inhabitants (Saucedo et al. 2008). An addi-
tional risk factor could be the occurrence of a
strong tectonic earthquake occurring during a
period of heavy rain. One such event occurred in

Fig. 8 Hazard zonation for lahars at Volcán de Colima using the LaharZ code
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January 2003 with the epicentre of the 7.6 M
earthquake being in Tecoman (Colima). This
event triggered several small landslides in the
volcanic highlands, and resulted in the accumu-
lation of a large number of rocks at the foot of
various slopes (Keefer et al. 2006). Had this
happened during the rainy season, lahars could
have been generated. Our hazard zonation indi-
cates that annually occurring lahars will continue
to affect infrastructure to some degree, but they
do not pose significant danger to human settle-
ments. During the period 2006–2012 the volcano
presented a very low level of activity. A new
dome started to grow in January 2013, and dur-
ing May 2013 evolved into a lava flow with
frequent rockfalls and small pyroclastic flows
heading down the west flank (Chap. 7). As a
consequence, the 2013–2014 lahar seasons was
characterized by several lahars, varying in mag-
nitude depending on the accumulated rainfall
(Vazquez et al. 2016a). The 10–11 July 2015
block-and-ash flows generated from a catas-
trophic dome collapse (Capra et al. 2016;
Reyes-Dávila et al. 2016), engulfed and drasti-
cally changed the morphology of the Monte-
grande ravine. During the next rainy seasons the
frequency and magnitude of lahars will increase
substantially, as was observed just after the
2004–2005 eruptive activity. The occurrence of a
Plinian eruption could result in a large volume of
material being emplaced by column-collapse
pyroclastic flows, completely filling the main
ravines. In this case, large lahars could occur in
response to heavy rains for several years after the
eruption, potentially affecting the main towns
within a radius of 20 km from the volcano with
catastrophic effects.
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Monitoring the Recent Activity:
Understanding a Complex System

N. R. Varley

Abstract
The recent history (from 1998) of Volcán de
Colima witnessed the most intense period of
activity since the last catastrophic eruption in
1913. During this period, monitoring efforts
were increased, resulting in a large quantity of
data, whose integration is enabling significant
advances in the understanding of the eruptive
mechanism of the volcano. New insights have
been possible, like the definition of what
drives the multi-time-scale cyclicity. In this
chapter we summarize the different compo-
nents of the monitoring network on Volcán de
Colima and give an overview of some of the
most important data that has been generated in
recent years. Details of the activity during this
important period are reviewed, together with
the hazards associated with the different styles
of eruption.

Keywords
Monitoring � Precursors � Explosive activity
Effusive activity � SO2 flux

1 Introduction

Volcán de Colima has produced many periods of
eruptive activity during historic times. These
have varied from large Plinian (or sub-Plinian)
events, the last one being in 1913, to slow effu-
sive emplacement of lava domes, last observed in
2016. The complex produced even larger mag-
nitude events going back a few thousand years
(see Crummy et al., this volume). Each type of
activity has associated hazards, and for such an
active volcano, it is vital that probabilistic eval-
uations are undertaken to optimise risk mitigation
in the form of emergency plans, and land-use
planning. Geological investigation of the sur-
viving and accessible deposits has been aug-
mented with numerical models, allowing the
simulation of hazards, such as tephra fall or
pyroclastic density currents, with the final pro-
duct being zonation maps.

Activity since 1998 has been almost contin-
uous, with frequent transitions between eruption
styles. Detailed accounts of each eruption are
important for the definition of new scenarios,
which in turn should be incorporated into any
hazard evaluation. Recently, the available maps
have been greatly improved, providing a valu-
able resource for the Civil Protection Authorities.
The large eruption in July 2015 illustrated how
new scenarios are always possible, underlining
the need to frequently update the tools used as
part of hazard mitigation, such as zonation maps.
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To forecast an eruptive scenario a volcano
needs to be monitored, the goal essentially being
the detection and characterization of magma
bodies beneath the volcano. How much magma
is there? Where is it and how fast it is ascending,
if at all? This is done using a combination of
techniques, with much of the work involving the
analysis of time series of data, and identifying
and interpreting anomalies. The interpretation of
monitoring data requires a conceptual model of
the conduit processes. Certain factors can of
course be generalized between volcanoes, but
their inherent individuality emphasises the
importance of well documented chronologies of
past activity, in order to establish the context of
the monitoring data, allowing its incorporation
into any conceptual model.

The most recent activity of Volcán de Colima
can be divided into two periods, separated by one
and a half years of almost complete calm. The
first eruptive period lasted from late 1998 until
mid-2011, and the second started in 2013 and
continues until the present (September 2016).
These periods easily represent the most intense
phase since the 1913 sub-Plinian eruption, and
therefore their importance cannot be overstated.
This chapter summarizes the characteristics of
the recent activity at Volcán de Colima and how
it has been monitored.

2 Monitoring Volcán de Colima

To mitigate volcanic risk it is imperative to
ascertain how the activity of a volcano is
evolving. Some volcanoes tend to exhibit
extended periods with little or no signs of
activity, the aim of monitoring is to detect signs
of reawakening. In the case of persistently
erupting volcanoes, like Volcán de Colima,
monitoring has the objective of detecting varia-
tions in eruptive style. El Chichón, in SE Mexico
had no eruptions for over 500 years prior to the
large Plinian event in 1982 (Macías et al. 2008);
unfortunately there was no monitoring at that
time and over 2000 perished. To produce this
type of eruption, large volumes of magma have

to climb rapidly to the surface, and in doing so
will inevitably produce clear and large seismic
and geodesic signals that can be detected by a
monitoring network. If the ascent is rapid with
high concentrations of volatiles in the magma,
the scenario is set for a devastating Plinian
eruption, like that which occurred at El Chichón.

It is more of a challenge when the volcano is
more continuously active. In this case, the
activity might be evolving between different
regimes, and making an interpretation from the
signals generated from the monitoring network is
not trivial. A modern monitoring network con-
sists of various systems, which produce signals
over a wide range of sampling rates. The aim of
the network is to provide warning of a change in
the eruptive scenario. Scientists interpret the
warnings and then transmit their definitions of
most likely scenarios to the Civil Protection
authorities who make decisions to reduce the
risk, such as evacuations.

Monitoring of Volcán de Colima started in
1985 with the establishment of the RESCO (Red
Sismológica Telemétrica del Estado de Colima)
local seismic network at the University of
Colima, located in the state capital Colima,
35 km from the volcano. Since then, other
systems have been installed in two main initia-
tives fuelled by increasing activity: firstly by the
onset of a new eruptive period in 1998 and
secondly by the large explosions of 2005, in an
attempt to further our understanding of the
system and look for precursors to future
increases in activity. Figure 1 includes the field
locations for both permanent monitoring sta-
tions and sites used for periodic measurements.
Table 1 summarizes the different monitoring
systems installed as of 2016. These are sup-
ported by other tools, such as a network of
cameras and rain gauges for understanding lahar
generation. In this section, a summary of the
current monitoring network is presented, and
with a view to the future, some of its deficien-
cies are identified. Currently, as in many parts of
the world, financial limitations hamper the
efforts of the local scientists to improve the
mitigation of volcanic risk.
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Fig. 1 Map showing the main locations for monitoring
activites, unless otherwise mentioned, all stations are
maintained and measurements performed by the Univer-
sidad de Colima. Seismic stations: USBO—El Borbollon;
EFRE—Fresnal; JUBA—Juan Barragán; MNGR—Mon-
tegrande; USMO—Montitlán; Nevado—USNE; EZV6—
Yerbabuena (see Arámbula et al., this volume for further
details). Special Stations: DOPP—Doppler Radar (de-
stroyed in July 2015 eruption; installed by Hamburg

University); RN—Radon station; LLLS—La Lumbre
lahar station (installed and maintained by UNAM); Mont
LS—Montegrande lahar station (installed and maintained
by UNAM). Thermal/SO2 refers to sites where thermal
and SO2 flux measurements are taken periodically.
Nevado is the location for the USNE seismic station
and for Thermal/SO2 monitoring. Additionally, various
cameras are installed around the volcano

Table 1 Summary of monitoring network at Volcán de Colima

Technique Stations Sampling frequency Notes

Seismic 13 100 Hz 3 broadband stations co-located with 3 short period
instruments

Gas flux N/A Up to weekly Location depends upon current wind direction

Geodesic – EDM N/A Variable Recent activity destroyed prisms

Geodesic – tiltmeters 4 2 min.

Spring geochemistry 4 Monthly

Thermal monitoring N/A Up to weekly Imaging carried out from flights, flank locations
and Nevado de Colima

Acoustic 4 100 Hz Original stations (2 arrays and 2 single sensor)
no longer functioning. 4 new single sensor stations
installed during 2017

Doppler radar 1 � 15 Hz Destroyed in July 2015

Radon gas 2 15 min.

Lahar monitoring 2 Variable Include geophones, remote cameras and rain gauges
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2.1 Seismic Network

The seismic network started with short-period
instruments, but has since been expanded to
include nine broadband 3-component seis-
mometers. As is the case at many monitored
volcanoes, it has been the mainstay of the net-
work, benefitting from a much longer history and
level of investment than other monitoring
options. Chapter 8 covers in detail the seismicity
associated with Volcán de Colima. Attempts
have been made to correlate the seismicity with
other types of observations, such as the thermal
properties of explosions (Webb et al. 2014),
thermal emission from satellite-based sensors
(Fig. 2; Sorge2011); or petrological information
on the crystallisation depth of minerals (Reubi
et al. 2013).

Seismicity has played a key role in attempts to
decipher the mechanism that generates the Vul-
canian activity of different magnitudes (Varley
et al. 2010a; b) with the application of a variety
of analysis techniques to try and unravel the
complexities that characterize this type of system
(Arámbula-Mendoza et al. 2011).

Recently advanced statistical methods have
been increasingly applied to extract the intricate
insights that often lay hidden within the data
streams (Bebbington 2012). In the case of Vol-
cán de Colima; Varley et al. (2006) applied sta-
tistical techniques to the time series of explosion
occurrence, which confirmed an independent
generation mechanism for two distinct types of
explosion, distinguished by their seismic wave-
form. More recently techniques such as detren-
ded fluctuation analysis (Lachowycz et al. 2013)
and the quantification of the entropy within the
system (Lachowycz et al. 2016) have proved to
be useful prospects for the detection of changes,
and make a useful addition to the arsenal of
analytical techniques applied to monitoring data.
Lamb et al. (2014) specifically looked for evi-
dence of cyclicity within the seismic data. Two
types of explosion signature were separated
(emergent or impulsive waveforms) and exam-
ined along with long-period (LP) events as time
series. Some intriguing results emerged, with
cycles of 50 and 100 days being highlighted
within the explosion data. Examination of vari-
ations in the probabilistic distribution of the data

Fig. 2 Combined thermal data from GOES and MODIS
satellite systems (hourly excess radiance) from 2000 to
2009. Prolific cloud cover during the rainy season (June–
October) greatly reduced data availability. Periods of
higher thermal emission from the crater can clearly be

seen, i.e., periods of dome growth. Thermal anomalies can
also be seen during explosive episodes when a satellite
pass coincides with the period following the generation of
a pyroclastic density current (PDC). Data analysed by
Jolane Sorge, Simon Fraser University
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revealed periodic changes in the dominating
processes as was first shown with earlier data by
Varley et al. (2006). Lamb et al. (2014) were
unable to clearly relate many of their results to
specific processes, due to the lack of supporting
observations or complimentary time series of
other data. This highlights the need for multiple
data sets for reliable interpretation of monitoring
data.

Chapter 8 discusses many of the ways seis-
micity is being used to assess the activity at
Volcán de Colima. With recent expansions of the
network, there are abundant opportunities to
expand our awareness of some of the complexi-
ties of magma ascent and eruption, and improve
our detection and interpretation of precursors.

2.2 Geochemical Monitoring

Magma ascent, volcano explosivity, the genera-
tion of pyroclastic density currents (PDCs) and
the production of tephra are all determined by the
gases contained within the magma. Understand-
ably, monitoring the concentrations dissolved in
the magma, the generation of a separate gas
phase and the processes that occur during
decompression once the magma is making its
way towards the surface is critical for the
appreciation of the inner workings of any vol-
canic system. Many advances have been taking
place recently, with new methodologies finally
allowing the generation of time series of data
with sufficient sample rates to permit the critical
changes within the system to be identified and
quantified (e.g. Boichu et al. 2010).

Geochemical monitoring might include direct
measurement of gas fluxes or composition from
volcanic fumaroles (e.g. de Moor et al. 2016) or
indirect approaches, such as observing variations
in different parameters in local aquifers
(Lowenstern et al. 2006). Monitoring diffuse gas
emission also has proven successful, whereby
carbon dioxide, or a tracer gas such as radon, is
detected above permeable pathways, such as
faults, within the volcanic edifice (Cardellini
et al. 2017). Each of these methods has the
potential to detect precursors to an eruption.

The flux of sulphur dioxide has been mea-
sured at Volcán de Colima with a variable fre-
quency, largely dependent upon funding. Early
monitoring was carried out using the COSPEC
instrument, usually flown under the plume. Pre-
cursory increases in the flux were detected prior
to the eruption onset in 1998 (Taran et al. 2000).
Prior to the 2003 shift in activity style to multiple
daily Vulcanian eruptions, Volcán de Colima
produced a fairly steady 0.58 kg s−1 (50 t d−1) of
SO2. A visible plume could be seen on clear days
extending across the sky in a direction depending
upon the season. With the new regime of daily
explosions, a continuous plume could no longer
be seen from the volcano; instead periodic
plumes were produced by explosions, their col-
our controlled by the amount of ash emitted.

More recently, the more modern Flyspec is
being used, usually in ground-based scanning
mode. This device is built around a small-sized
UV spectrometer and includes a rotating mirror
to enable scanning through the plume (Horton
et al. 2006). More frequent measurements have
been possible, ideally weekly or greater, per-
mitting a clearer picture of how the SO2 flux
compares to other parameters. Figure 3 shows an
example of SO2 flux data between 2014 and June
2016. The relationship between flux and activity
is not always simple; there was a short-lived peak
in flux during the emplacement of the SW lava
flow in September 2014, but it dropped again,
only to increase after the large explosion on 21
November. The largest flux in this period
(43.8 kg s−1) was measured a few days after the
explosion in January 2015, although a precursor
was also recorded prior to this event. The flux
also increased prior to the explosion on 9
February 2016 and the large eruption on 10 July
2015.

Vulcanian explosions result from pressure
increasing as a result of permeability decreases at
the top of the ascending magma column. It is a
complex mechanism due to variations in a vari-
ety of factors related to magmatic processes, such
as its crystallisation, ascent rate, and its decom-
pression and degassing. The consequence are
deviations in the gas flux, possibly further com-
plicated by a flux of deeper sourced gas. The
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relationship between the gas flux and the gener-
ation of explosions can also be inconsistent.
Interpretation is often hampered due to a poor
temporal resolution of the data. Often it is
assumed that the gas flux is proportional to the
magma output, thus giving a convenient indirect
method to estimate it (e.g. Hirabayashi et al.
1995 for Unzen, Japan; Badalamenti et al. 2004
at Mt. Etna, Italy). Indications at Volcán de
Colima are that there is often a poor relationship
with much variation in the volatile-contents,
possibly related to multiple magma sources.

Attempts have been made to quantify the gas
emitted during explosions, but one major prob-
lem is the reduced transmission of the ultra-violet
light through the ash-laden plumes. All spectro-
metric methods measure the absorption of UV to
determine a column concentration of SO2. The
assumption of a direct path through the volcanic

plume has been showed to be somewhat false
(Kern et al. 2010).

Four springs are regularly monitored, each
located at a distance of between 5 and 6 km from
the crater. In the field, basic properties like
temperature, pH and conductance are measured
with samples returned to the laboratory for
analysis of major ions. The isotopic analyses of
helium and carbon dioxide in the dissolved gases
have shown that there is a magmatic component
to the waters, which elevates the temperature in
three of the four springs. The clearest precursor
signal has been presented by the volatile element
boron. An anomalous peak was first observed
prior to the effusive episode in 1998 in three of
the springs (Taran et al. 2000). Since, peaks have
been observed preceding almost all the effusive
episodes, usually between two and four months
before magma first emerges at the summit.

Fig. 3 SO2 flux time series from early 2014 to October
2016. Peaks relating to larger Vulcanian explosions can
be observed (21 November 2014, 03 January 2015 and 09
February 2016) as well as the large eruption of 10–11 July
2015. UdeC data (in red) was recorded using a
Flyspec UV spectrometer and processed in the

Universidad de Colima. The data after the July 2015
eruption, represented in blue, were collected using
COSPEC or a UV spectrometer and processed using
differential optical absorption spectroscopy (DOAS).
Thanks to Ramón Espinasa (CENAPRED) and Robin
Campion (UNAM)
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Diffuse degassing has been measured with
maps generated of both carbon dioxide and radon
(Varley & Taran 2003). Generally low values
were encountered, but there was a large anomaly
in La Lumbre ravine, probably indicating a fault.
A radon probe has been installed and is contin-
uously measuring its emission. It is hoped that
any large magma intrusion will be accompanied
by a peak in mass gas flow though the volcano’s
flanks. This should register as a radon anomaly;
however, no significant anomalies have been
detected during the past few years.

2.3 Geodesy

Factors related to the regional and local tectonics
combine to shape the topography, and have given
rise to the volcanism of the Colima Volcanic
Complex (see Norini et al., this volume). To
further our understanding of any volcanic sys-
tem, and for the detection of critical inflation
precursors, a permanent geodesic network is an
invaluable component of a monitoring system.
Unfortunately this continues to be a weakness of
the Volcán de Colima network due to a lack of
funding.

Geodetic monitoring in the form of Electronic
Distance Meters, or EDM, revealed a precursory
signal with positive deformation detected prior to
the eruption in 1998 (Zobin et al. 2002). Unfor-
tunately, however, this system has not been
maintained during recent years. A telemetered
tiltmeter network has shown inflation-deflation
cycles of the volcano, however, confidence in the
data has been undermined by variations observed
that can be more easily related to changes in
meteorological conditions, rather than the vol-
cano. Zobin et al. (2013) present a summary of
results. Some campaign geodesic monitoring has
been performed, e.g. repeated occupation of a
levelling line crossing the area to the north of the
volcano (Playón) has shown that the volcano
suffers slumping towards the south (Murray et al.
2002).

InSAR (interferometric synthetic aperture
radar) is a technique that uses radar data obtained
from a satellite platform to obtain quantified

differences in altitude between consecutive pas-
ses. Two studies have been carried out at Volcán
de Colima, both concluding that significant
inflation did not occur during either 2002–6
(Pinel et al. 2011) or 2007–11 (Chaussard et al.
2013), despite the emplacement of considerable
volumes of magma. This was interpreted as a
testament to an open-system, with unrestricted
ascent of magma within the upper edifice. In fact
Pinel et al. (2011) registered subsidence of
around 1 cm per year of the summit, thought to
represent a deflating magma source. More
recently, short-term variations were detected
prior to the explosions in January 2013 (Salzer
et al. 2014). These deformation results were
modelled, which resulted in the suggestion of
two sources for the magma.

2.4 Thermal Monitoring

Thermal monitoring is useful to gain an insight
into how energy is released during both effu-
sive eruptions, from the dome, and explosive
eruptions, from the eruption column. The
nearby Nevado de Colima peak affords a view
at the same altitude as the active peak. Regular
images taken from there using an infrared
camera have enabled the temperature of the
fumaroles to be monitored on a regular basis
(Stevenson and Varley 2008). A dramatic
decrease in temperature was registered between
2005 and 2008 (Fig. 4a). The higher values in
2005 were related to much higher gas fluxes
with a hotter magma body close to the surface.
Slow dome growth commenced in 2007 but the
magma was much more degassed than the
batch that generated large Vulcanian explo-
sions during 2005. Anomalous temperatures
might be related to variations in effusion rate
and the evolution of the near-surface plumbing
system. Figure 4b shows a later period, during
which two periods of effusion in 2015 and
2016 generated elevated temperatures in the
monitored fumaroles. Earlier dome growth and
lava flows, emplaced with a lower effusion rate
in 2013 and 2014 were not associated with
increased temperatures.
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Regular flights were carried out to maintain
thermal monitoring of dome growth during
2007–2011 (Fig. 5 shows a thermal image of an
early stage dome). Analysis of the images
determined that the emplacement changed from
exogenic to endogenic after the accumulation of
significant volumes of talus around the hot core,
and then back to exogenic with the emplacement
of a new lobe on the west side (Figs. 6 and 7;
Hutchison et al.2013). It is clear that the

accumulation of talus played an important role
by buttressing the enlarging dome and thus cre-
ating a high aspect ratio (height/radius; Bernstein
& Varley 2009). This could have implications to
the risk of partial dome collapse.

Recent advances in photogrammetry software
have made it far easier to combine photographs
taken from multiple angles to obtain a three-
dimensional model. James & Varley (2012) applied
the technique, known as structure-from-motion and

Fig. 4 Fumarole
temperatures on N upper flank
measured remotely using an
infrared camera located on
Nevado de Colima.
a Decreasing temperatures
over central fumaroles group
from 2006 until the end of
2008 (black line). This was
associated with decreasing
activity after the 2005
explosive episode. The red
line shows a control area on
the lower flank of the volcano,
where temperature
fluctuations correspond to
seasonal variation. Some
interesting anomalies occur,
e.g. at the start of the dome
emplacement in early 2007
there is a negative anomaly.
b Graph shows a later period
(2013–2016) during which
the moderately large eruption
occurred during July 2015
(shown as a dashed red line).
Two periods of effusive
activity are shown during
2015 and 2016, both
associated with higher
fumarole temperatures
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multi-view stereo (SfM-MVS) to demonstrate
deformation during the end of the lifetime of the
2007–2011 dome (see Fig. 8b). Regular flights
since 2013 have permitted the application of pho-
togrammetry to reproduce 3D models of the
growing lava domes and flows. When elevated gas

fluxes or meteorological clouds obscured the dome
for regular photographs, thermal images were used
to construct the model (Thiele et al. 2017).

During the 2013–2015 dome growth, thermal
images taken from flights have provided an
insight into magma extrusion processes, with

Fig. 5 a Thermal image of small dome superimposed on
top of photograph taken from flight on 09 February 2007
—first evidence of the new episode of effusion that was to
continue for 4.5 years. A thermal anomaly also can be
seen within the explosion crater in the NE of the main

crater. The white areas indicate apparent pixel tempera-
tures of >200 ° C. The diameter of the hot dome is about
68 m. b Thermal image of growing lava dome taken from
crater rim on 11 November 2007 with lobe being
emplaced towards the south
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important implications for the July 2015 erup-
tion. Thermal models created using photogram-
metry have greatly assisted in the visualization of
different anomalies both on the interior and
exterior of the crater. In May 2015, migration of
the effusion source occurred, with simultaneous
emission from two points, clearly shown in the
thermal model (Fig. 9). This preceded the large
eruption on 10–11 July.

Satellite-based sensors are gaining an
ever-increasing importance for volcano moni-
toring. An example is shown in Fig. 2, where
increased thermal emission can be explained by
either magma effusion, with the growth of lava
domes and later flows, or from the deposition of
hot PDCs associated with explosions and column
collapse. The largest peaks were associated with
the rapid onset of effusion in 2004 and the large
explosions of 2005. The MODVOLC (Koeppen
et al. 2011) and MIROVA (Coppola et al. 2016)
systems both are designed to quantify thermal
emissions from erupting volcanoes and are

contributing to the monitoring efforts at Volcán
de Colima. It is often not possible to carry out
overflights with the infrared camera, and the
satellite data can contribute to the data pool,
facilitating interpretation and the definition of
eruptive scenarios.

2.5 Lahar Monitoring

Lahars represent the most frequently occurring
hazard at Volcán de Colima, and have resulted in
damage to infrastructure in 2000, 2007 and 2015.
Two lahar monitoring stations have been instal-
led in La Lumbre and Montegrande ravines,
which generate photographic images of the
flows, record seismic data and include a rainfall
gauge. Vázquez et al. (2014) report on the
observation of one particular lahar event within
Montegrande in 2012. Advances in our under-
standing of lahar generation and transport will
assist in improving plans for risk reduction.

Fig. 6 Dome volume and heat flux density (from dome
top, sides and lobe) during 2007-2010 period (adapted
from Hutchison et al. 2013). The period was divided into
three stages according to effusion rate and emplacement
style (exogenic or endogenic). Stage I represents

endogenic growth when the volume is small, stage II is
exogenic with much less heat emitted from the sides, and
stage III includes the high flux from the lobe extruded in
that period
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Fig. 7 a The Western lobe formed as dome growth
returned to an exogenic emplacement style during 2010
(photo taken during flight on 26 December 2010).
Frequent rockfalls were produced down the W flank.

Diameter of upper flat dome surface was about 150 m.
b Thermal image also taken on 26 December 2010.
Maximum apparent temperature recorded was 525 °C
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Figure 10 shows how the activity in 2005
increased the potential for lahars on the flanks.
Increased instrumental observation is enabling
the possibility of forecasts given the rainfall
intensity and duration (Vázquez et al. 2016).

2.6 Other Monitoring Techniques

One critical monitoring parameter is the effusion
rate, this is particularly clear when considering
the most common scenario that can be termed as

Fig. 8 a Dome after June 2011 explosion. Photo taken
on 15 November 2011 showing view towards S with
various hummocks visible in the background that resulted
from Holocene debris avalanches (see Cortés et al., this
volume). Dome no longer has horizontal flat upper
surface. b Variation in profile obtained from

photogrammetry. A difference in the dome profile can
be noted between December 2010 and May 2011, which
is due to subsidence. The large reduction in height that
followed was due to the explosion on 21 June 2011 (see
James & Varley 2012 for further details)
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dangerous: a dome collapse. Large PDCs were
generated in 2004 and 2015, largely due to col-
lapses. An accelerating effusion rate, specifically
the integrated volumetric effusion rate, can result
in the collapse of a dome, either due the sheer
size of the magma body, or due to the accumu-
lation of pressure within. A gravity initiated
partial collapse can result in rapid decompression
and fragmentation within the dome, with result-
ing mobile PDCs (Sulpizio et al. 2010). It is
clearly important to obtain data that allows the
estimation of the effusion rate as frequently as
possible.

As previously mentioned, aerial photographs
or thermal images can be combined using pho-
togrammetric techniques, which permits a rea-
sonably accurate volume estimation of domes,
flows or a crater after explosive activity. An
example of results obtained using this technique
are shown in Fig. 8. The time series of dome
profiles permit detailed analysis of growth or
subsidence, with the potential for identifying
critical processes in the evolution of activity.

Another addition to the monitoring network
was a Doppler radar system installed on the south
flank in 2007. Although the installation was
dogged by technical issues, some useful results
were obtained of particle velocities during Vul-
canian explosions (Scharff et al. 2011). This
technique permits a detailed view of the complex
variation in velocity and revealed the presence of
pulses, separated by a few seconds (Scharff et al.
2015). Unfortunately the system was a major
casualty during the July 2015 eruption
(Fig. 23c).

3 Activity 1998–2011

Recent activity at Volcán de Colima has been
divided into two eruptive periods, the first lasting
12.5 years and the second which is ongoing at
the time of writing (September 2016), having so
far lasted three years and nine months. The
periods have included some intense eruptions,
prompting fears of a near-future escalation

Fig. 9 3D thermal model constructed using
structure-from-motion techniques showing thermal
anomalies during the flight on 07 June 2015. The view
is from the WSW. Two thermal anomalies can be

observed, indicating the emission of magma both to the
north and south of the crater. Two actively extruding
vents had not previously been observed at Volcán de
Colima
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towards the next cataclysmic event. To mitigate
the risk, several villages were evacuated during
different periods, with one small settlement
relocated in controversial circumstances (see
Rodríguez, this volume).

This section includes a summary of the
activity presented by Volcán de Colima during
its most active period since its last catastrophic
eruption in 1913, both in terms of duration and
intensity. The eruptive period lasted from
November 1998 until June 2011. Previously,
Volcán de Colima had been quiet for over four
years. The preceding effusion episode emplaced
a dome in 1991 (Rodríguez-Elizarrarás et al.
1991) and there was an isolated and somewhat
enigmatic explosion in 1994 (Jiménez et al.
1995). Seismicity occurring prior to this explo-
sive event (see Arámbula et al., this volume)
suggests magma ascent was occurring, though it
did not reach the surface.

3.1 Reactivation in 1998

The first signs of a new reactivation of the system
were increases in the seismicity with swarms of

events being detected during 1997 (Arámbula
et al., this volume). Changes were also observed
in three independent geochemical precursors
(Taran et al. 2000; Varley & Taran 2003). An
increasingly magmatic signature was detected
from July 1997 by analysing the isotopic ratios in
water samples obtained from the summit fumar-
ole discharge. In August 1998, 3 months prior to
the first appearance of the new lava dome, a peak
in boron was measured in spring waters. Finally,
three weeks before extrusion, at the end of
October 1997 an increase in the flux of sulphur
dioxide was recorded (Taran et al. 2000). In
November 1998, the emplacement of a new lava
dome was the first appearance of magma at the
surface since 1991. The initial effusion rate was
estimated to be 4.4 m3 s−1 (Navarro-Ochoa et al.
2002) filling the 1994 crater relatively quickly,
and heralding the start of lava flows which des-
cended the southern flanks. These flows reached
a maximum distance of 3.8 km before the erup-
tion terminated in February 1999.

Figure 11 shows the different lava flows that
have been emplaced and have remained visible
on Volcán de Colima since 1961, the date of the
first flow since the 1913 eruption. Prior to this,

Fig. 10 Total duration and number of lahar events
within La Lumbre and Montegrande ravines each year
(2004–2011) as recorded by the associated seismicity. As
the volume of material in the upper ravines available to be

remobilized progressively decreased after the 2005
explosive activity, so did the number and magnitude of
lahars
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the historical records are sparse, resulting in
many lava flows having an unknown age.
Important morphological features include the
dome of Volcancito formed with its associated
flow from a flank eruption in 1869, and the
complex of three domes to the south, known as
Los Hijos (both shown in Fig. 11). These are of
unknown age; however, given the scant vegeta-
tion cover on two of the domes, an age of a few
hundred years seems likely.

In 1999, three Vulcanian events occurred,
with eruption columns reaching 11 km in the
case of the largest, on 17 July (Savov et al.
2008). This sequence of events left a large crater
in the summit with dimensions of 230–261 m
diameter and 6–35 m in depth. These explosions
had been the largest since monitoring of the
volcano had started in the mid-1980s.

3.2 2001–2003 Effusive Phase

Following the 1999 explosions, the volcano was
relatively quiet until February 2001, when a

further major Vulcanian explosion occurred,
signalling the start of a new phase in the erup-
tion. This was somewhat atypical, since on this
occasion the explosion preceded dome growth,
which commenced in May 2001. Figure 12a
shows the early dome growing in the west side of
the crater. No precursors were identified and the
effusion rate was slow at the beginning
(<0.1 m3 s−1), decreasing further and possibly
stagnating in September, before a shift in the
effusive centre occurred within the summit crater.
The second phase of dome growth started with a
more crystalline magma batch, resulting in the
emplacement of a lava spine, in the NE sector of
the crater (Fig. 12b). After its collapse, an
acceleration of the effusion rate occurred (up to
0.7 m3 s−1) with the crater being filled by early
February 2002.

This effusive phase lasted 22 months, finally
finishing during March 2003. Table 2 compares
the effusion rate for the seven dome-building
phases of the recent eruptive period. During the
2001–3 period no significantly long lava flows
were formed due to the low rate the magma was

Fig. 11 Historic lava flows (from 1961–62 until the flows emplaced in 2015). Other lava flows subsequently buried by
more recent events were emplaced during the eruptive phases of 1981, 1991, 2001–03 and 2007–10
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Fig. 12 2001–3 dome. aMay 2001 dome – first phase of
growth originating from the west central vent (26 May
2001). Photo taken from NE rim of crater. The main crater
diameter was 230–260 m, with the inner crater diameter
estimated at 127 m. b Spine that formed in October 2001.

A change in the magma rheology resulted in it becoming
brittle at deeper levels within the conduit. Photo taken
from E rim of crater looking towards the SW. Diameter of
dome along N-S axis was 98 m
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Table 2 Effusive phases of recent eruption

Start date End date Period Peak effusion rate (m3 s−1) Max. lava flow length (km)

November 1998 February 1999 2.5 months 4.4a 3.6

May 2001 March 2003 22 months 0.07 1.2

September 2004 December 2004 2.5 months 6–8 2.15

May 2005 June 2005 Hours 1–5 N/A

January 2007 June 2011 54 months 0.02 0.43

January 2013 April 2015 27 months 9.7 2.61

May 2015 September 2015 5 months > 20 2.88

February 2016 October 2016 8 months 4–6 1.84
aNavarro-Ochoa et al. (2002). The case of 2005 was exceptional with larger magnitude Vulcanian explosions destroying
some small emplaced domes only hours after their first observation. The peak effusion rate for the May–September
2015 period is a minimum estimate. There was exceptionally fast dome growth and collapse to form large PDCs in July
2015

Fig. 13 Number of long period and explosions per day
during January 2005 to June 2011. Explosions have been
manually identified from the seismic records using a
complex series of criteria to differentiate between different
event types. The green period represents an episode of
dome growth with a very low effusion rate. Variations in
LP counts might be related to variations in effusion rate
(Varley et al. 2010a). The orange period represents the

most energetic explosive period at Volcán de Colima in
the last 100 years, lasting from February to September
2005 with the peak shown by the vertical dashed line on
05 June. The swarms of LP events that were associated
with each larger explosion can be distinguished. The
number of explosions per day typically varied between 5
and 10 during the same period
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emplaced. The dome overflowed the crater at
various points with very small flows extending in
several directions. For the final months, the rate
of formation of the different flows was matched
by rockfalls from the flow fronts, resulting in no
advance. These flows have mainly now been
covered by more recent effusive eruptions.
A new lobe was observed extruding on the
southern part of the dome during November
2002; the shift in effusion centre again coincided
with an increase in effusion rate. The longest
flow reached only 1.2 km from the summit.

An interesting period of seismicity occurred
during this phase with large amplitude tremor
detected in May and June 2002. Tremor of this
magnitude had not been recorded prior to this
period on the RESCO network and has not been
recorded since. This precedent resulted in the
evacuation of several close communities. The
mechanism that generated this tremor remains to
be identified, and although no increase in effusion
rate was observed, there were higher fluxes of
sulphur dioxide detected in the volcanic plume.

The end of effusion in March 2003 marked a
significant change in the activity of Volcán de
Colima. From this period until the end of the
eruptive period in June 2011, the volcano began to
produce far more Vulcanian explosions, but of a
smaller magnitude than those that resulted in the
rapid destruction of domes. The typical frequency
of events was around six per day, a number that
remained remarkably constant until they termi-
nated eight years later (Fig. 13). Figure 14 shows
a more recent example of one of the Vulcanian
events. These explosions were accompanied by a
varying volume of ash and were generated in
several locations within the crater. Lavallée et al.
(2011) proposed that the locations of the effusive
and explosive centres within the crater are con-
trolled by a denser block of lava, which remained
in the central conduit after the 1913 eruption.
Observations during both the recent eruptive
periods continue to reveal the presence of multiple
points of emission within the crater.

The 2001–3 lava dome was destroyed by three
larger magnitude explosions that occurred on the

Fig. 14 Example of ash-rich small magnitude Vulcanian explosion (30 April 2016). Many thousands of these
explosions have been produced during the recent activity, with a large variation in ash-contents and the energy liberated
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17 July, 02 and 28 August 2003. An extensive
study has revealed a greater density of impacts to
the north/north-east of the volcano. They reached
up to 2.5 km from the summit and the impact
craters had diameters of up to 8 m. Figure 15
shows some results of impacts from ballistics of the
2003 explosions. In some cases, branches of trees
were cut, which allowed an estimate of the trajec-
tory of the volcanic bomb on its way to impact the
ground. Many bombs showed the characteristic
bread-crust textures with a glassy outer layer, tes-
tament to rapid cooling during its flight.

3.3 2004—Large Lava Flow
to the North

In July 2004, another increase in boron in the
spring waters was detected, and a swarm of
long-period (LP) seismic events occurred

(Arámbula-Mendoza et al. 2011). Two months
later, during September 2004, magma was again
observed, with a lava dome filling the summit
crater in less than 2 days. Thermal images
recorded during a flight in early October con-
firmed that the effusion was centred on the north
side of the crater and subsequently this was the
side where lava overtopped the crater rim and
descended in two flows, one to the north, and the
other to the northwest (Table 2). Figure 16a
shows the growing dome, with intense gas dis-
charge from a zone lower on the East flank.
A faster effusion rate meant that the dome and
flows frequently suffered collapses, which resul-
ted in frequent small PDCs descending in the
same directions as the two flows, but not reach-
ing further than 2.5 km (Fig. 16b). Often called
block-and-ash flows, these often represent a
major volcanic hazard associated with dome
emplacement.

Fig. 15 a, b Examples of craters formed to the north of
the volcano as a result of ballistic impacts from explosions
in July and August 2003. Distance from the summit is

about 1.5–2 km. c Amazing highly fractured breadcrust
bomb, observed to north of volcano in August 2003
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One major collapse occurred from the north-
west flow on 06 October 2004 sending an esti-
mated 900,000 m3 of material down the La
Lumbre ravine to a distance of 6.1 km from the
volcano (Fig. 17). Although still far short of the
village of La Becerrera, which is located at
14.7 km along the ravine, the event served as an
important reminder of the hazards associated
with dome collapse. Figure 16c shows the PDC
front with large blocks having been transported
from the crater or remobilized from some point in
its trajectory. To assess the possible impact on
the local population computer simulations are

used to estimate where the flows might reach. For
the case of Volcán de Colima, using the TITAN
2D code, it was shown that no large community
would be threatened by a major dome collapse,
since the maximum distance they might reach is
7 km (Sulpizio et al. 2010). Subsequent activity
in 2015 has, however, demonstrated the limita-
tion of these models (see Sect. 4.1). Simplifica-
tions do not account for certain factors that can
greatly increase the mobility of this type of flow.

The north lava flow advanced at a faster
velocity than the northwest flow, mainly due to
differences in slope angles. The less inclined

Fig. 16 a Dome growing in the summit crater (16
October 2004). Note the intense fumarolic activity on the
eastern flank. Photo taken looking towards the NW; dome
diameter is about 280 m. b Small pyroclastic density
current descending NW flank (02 October 2004). c Flow
front of the October 2004 pyroclastic density current,

which was produced from a major collapse of the growing
lava dome. d 2004 lava flow from the air, flowing towards
the north in the Playón. Contrast in rheology with the
1961–62 flow to the left is very clear. The darker
colouration in the centre of the flow reflects a greater
vesicularity of the blocks in this zone
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northern slopes gave this flow front more sta-
bility, whereas the northwest flow descended the
steepest part of the whole edifice and was almost
continuously collapsing. After one month, the
north flow reached the relatively flat floor of the
area known as the Playón, located between the
current edifice and the wall, which marks the
boundary of the collapse of the previous edifice
(see Fig. 11). Figure 16d shows the flow devi-
ating to the west to follow the gentle slope in this
direction. The height of the flow front was 18 m
and the final volume was estimated at 7.45 x 106

m3. The effusion rate showed two peaks, with the
highest at 6–8 m3 s−1. Towards the end there
was a gradual decrease in its advance, with the

eruptive phase terminating during December
2004.

3.4 Multiple Vulcanian Explosions
in 2005

During 2005 the largest explosions occurred at
Volcán de Colima since the last major
sub-Plinian eruption in 1913. At least 30 explo-
sive eruptions occurred during the period 17
February–27 September, each producing a PDC
from the collapse of the dense columns. Their
run-out distances varied between 2.5 and 5.4 km
and they descended the ravines to the SW, S and

Fig. 17 Map showing most important pyroclastic den-
sity currents during the 1998–2011 and 2013–2017
eruptive periods. The flow in La Lumbre was from a
partial dome collapse in 2004 reaching 6.1 km, whilst the
largest runout during the 2005 Vulcanian explosion
period was in La Arena with 5.4 km. Finally, the July

2015 complex event is shown with 9.7 km runout to the
south in Montegrande, whilst the overbank diverted flow
that entered San Antonio reached 6.8 km (all distances are
straight-line along the ground distances). The two most
vulnerable communities are also shown: La Yerbabuena
in Colima and Juan Barragán in Jalisco
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SE of the volcano. Often evidence for multiple
pulses was observed in the field. The seismic
signal gives an insight into the Vulcanian pro-
cess, with the formation of an impermeable cap,
pressurization and then breaching, with frag-
mentation generating the ash fraction expelled
along with large ballistic bombs and blocks
(Varley et al. 2010a). Each explosion was pre-
ceded by a swarm of low magnitude LP seismic
events, lasting up to three days (Fig. 13). They
represented a remarkably reliable precursor for
the explosions, with no false positive occurring,
that is, every swarm was followed by a large
explosion. However, no correlation was observed
between swarm characteristics and the magnitude
of the explosion. Various parameters can be
applied to define the magnitude of an explosion,
including the magnitude of the related seismicity,
which also did not correlate with swarm char-
acteristics (Varley et al. 2010a). Figure 18 shows
no correlation between the magnitudes of these
swarms (determined in this case by the number
of LP seismic events constituting the swarm)
with the recorded maximum distance reached by
the PDCs, for those observed in the field. The
runout distance achieved by the PDCs represents
an appropriate measure when considering the
hazard associated with these events. The

maximum distance of 5.4 km was reached by the
PDC that followed La Arena ravine on the 09
June 2005 (Fig. 17). There had been a switch in
direction with previous PDCs reaching their
maximum runout along the Montegrande ravine
to the south.

Varley et al. (2010b) examined in detail the
relationship between the seismic swarms and the
explosion characteristics and proposed a gener-
ation mechanism based on brittle fracture asso-
ciated with the enhanced strain-rate found along
the conduit margins. Clearly there was a complex
relationship between magma ascent, the genera-
tion mechanism for the Vulcanian explosion and
the factors controlling PDC generation.

Magma was ascending during the entire per-
iod from February to September, but only made
it appreciably above the surface during the end of
May to the beginning of June 2005 period, when
small lava domes were observed to have formed
in the crater. They were then destroyed by the
Vulcanian explosions. No overflights were taking
place, but these domes reached sufficient height
to be observed above the crater rim from the
observation station on Nevado de Colima.
Although effusion rates were similar during 2004
and 2005, the latter episode featured large
explosions, absent in 2004. This was most likely

Fig. 18 The run-out distance of pyroclastic density
currents generated from column collapse during the
explosions of 2005 plotted against the count of LP events
in each swarm that pre-empted the explosion. No
correlation is present, reflecting the complexity of the

physical processes controlling the generation of the LP
events during magma ascent, explosion generation,
column formation and its collapse, and finally the
transport and deposition of the resulting PDC
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due to increased volatile-contents. Permeability
decreased within the ascending magma due to
crystallization, creating a seal. When pressuriza-
tion beneath such a seal reached critical levels,
Vulcanian explosions destroyed the embryonic
domes.

Large volumes of material, due to the PDCs,
were deposited in the ravines, which run south
from the volcano, principally Montegrande. This
loose unconsolidated material was readily

remobilized to form lahars during the 2005 and
subsequent rainy seasons, as reported by Dávila
et al. (2007) and discussed in Chap. 6. Lahars, or
mud-flows represent the most damaging phe-
nomena associated with the volcano during
recent years. Electric pylons were damaged and a
house was inundated during July 2000. In
Fig. 10, the correlation between the available
volume of material in the ravines and the inci-
dence of lahars is shown.

Fig. 19 a New crater formed
within the 2007-11 dome
from explosions on 06
January 2013 (diameter about
150 m). The photo is looking
towards the east, showing the
2005 crater rim behind the
dome. Vigorous fumarolic gas
emission can be seen in the
NE corner of the crater.
b New extrusion shown in
thermal image of crater
recorded during flight on 11th
January 2013
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3.5 Long-Lived Dome Extrusion
2007–2011

During 2005, the daily smaller Vulcanian events
continued with a similar occurrence rate. These
explosions continued into 2006 before a new
effusive phase commenced in early January 2007.
A small dome was spotted during a helicopter flight
with subsequent thermal imaging confirming that it
was an active emplacement of hot lava (Fig. 5a).
This phase was the longest lived, with the lowest
effusion rate of the 1998–2011 eruptive period.
Photogrammetry was used to calculate dome vol-
umes and hence the effusion rate between flights.

Analysis of thermal images taken during
overflights proved to be enlightening during the
2007–2011 episode. Thermal images taken from
flights permitted not only the observation of the
dome, but also the calculation of heat flux, and
variations in the temperatures of the fumarole
fields located on the inner and outer crater walls
(Hutchison et al. 2013). Based on this, the effusive
episode could be divided into three phases. Initial
emplacement (stage 1) was exogenic with high
temperatures recorded, due to the exposed magma
(Fig. 5). Towards the end of 2007, emplacement
switched to endogenic, due to the accumulation of
talus from material falling from the slowly
growing dome, which had reached 1 � 105 m3

(Fig. 6). This marked the start of stage II, which
continued until early 2010, with the surface tem-
peratures of the dome remaining relatively low
during its slow expansion. This was due to the
absence of hot material breaking through the
cooled dome exterior. The dome grew from a vent
located on the west side of the crater, which meant
that the first overflow occurred on that same west
side. Once the dome grew over the rim, rockfalls
became frequent, with material unloading that side
of the dome. This resulted in the deviation of the
magma flow direction. Rather than the dome
being fed in the centre, a lobe formed on the
western side, with a return to exogenic growth in
early 2010, shown as stage III in Fig. 6, with the
lobe shown in Fig. 7.

Rockfalls then became the principal fate for
any new magma, with the volume of the dome
not increasing appreciably. To continue quanti-
fying the effusion rate, it was necessary to esti-
mate the volume of the different size rockfalls
descending the steep western flank. The seismic
signal was compared with the thermal signature
of the rockfalls, as well as an estimate made of
the volume of material lost from the dome when
possible (Mueller et al. 2013). From an analysis
of the rockfalls it was determined that the
extrusion rate was not constant: it increased from
0.008 to 0.02 m3 s−1 during 2010 and dropped
down to 0.008 m3 s−1 again in March 2011.
Typical dome emplacements on stratovolcanoes
grow at rates faster by 2 or 3 orders of magni-
tude. This episode of activity at Volcán de
Colima was notable for its long duration and
exceptionally slow effusion rate. The morphol-
ogy of the 2007–11 dome was also different to
those emplaced in 2001–3 and 2004 (comparing
Fig. 12 with Figs. 16 and 19) with a higher
aspect ratio (height/diameter) indicating a dif-
ferent rheology.

The 1998–2011 eruption terminated in a sur-
prisingly abrupt fashion. With no warning a lar-
ger magnitude Vulcanian explosion occurred on
21 June 2011. This event destroyed only a part of
the dome, but signalled a remarkable and unex-
pected cessation of activity. The seismicity
dropped to almost nothing, the daily smaller
magnitude explosions stopped after eight years
of continuous activity, and only low values of
SO2 flux were then measured (<0.2 kg s−1). This
was a dramatic transformation, and the first time
activity had dropped to these low levels since
before the onset of this eruptive period in 1998.
Photographs taken during flights were processed
using structure-from-motion (Sfm) to calculate
volumes and reveal changes in the dome mor-
phology (James & Varley 2012). It was discov-
ered that the dome had started to subside prior to
the large explosion, possibly indicating the start
of magma withdrawal once the effusion rate had
dropped (Fig. 6).
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4 2013–2016 Eruption1

Following the abrupt cessation of activity in
2011, an 18 month period of quiet followed.
Because of this, the 2013–2016 activity is con-
sidered as a separate eruption. Comparing the
1998–2011 and 2013–2016 eruptive periods,
similarities can be observed, such as the
resumption of the small explosions several times
per day; however, important differences can also
be highlighted. The eruption is ongoing at the
time of writing (September 2016); it is proving to
be the most complex during recent times, with
multiple batches of magma reaching the surface
at different rates, initiating lava flows to multiple
directions (west, south-west, south, north-north-
east and north); a greater variation in the

frequency and magnitude of the Vulcanian
explosions (from one or two per day up to in
excess of 40); and the most important eruptive
event since the 1913 sub-Plinian eruption, the
July 2015 episode.

The volcano reawakened somewhat unexpect-
edly with an explosion on 06 January 2013. It was
preceded by three days of precursory seismicity
(see Arámbula et al., this volume). Initial reports
defined the eruption as phreatomagmatic, consid-
ering an influence of rainfall given the coinci-
dence with the short rains that typically occur in
January/February in this region. However, the
relatively low ash-content of the eruption column,
apparent from examination of photos, as well as
limited ashfall failed to support this idea.
Phreatomagmatic activity is characterized by more
efficient fragmentation of the magma and large
volumes of ash. The explosion was Vulcanian,
resulting from the ascent and decompression of a
relatively volatile-rich batch of magma.

Fig. 20 11 January 2013 PDC to west of Volcán de
Colima deposited in area known as Playón. Photo taken at
1.7 km from crater. This section of deposit comprised of
relatively small clasts with larger clasts concentrated in

levées. Unburnt vegetation is evidence of low emplace-
ment temperatures. Here the PDC deposit was about 20 m
in width

1The eruption is ongoing at the time of writing: September
2016.
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Figure 19a shows the crater that was excavated
within the 2007–11 dome, indicating a common
emission point within the crater for both eruptions.
The first sign of a new lava emplacement was
identified in the depths of the crater on 11 January.
The thermal image in Fig. 19b confirmed elevated
temperatures.

A further three larger explosions occurred
during January, with PDCs generated from col-
umn collapse travelling to the west on the 11
January, and to the south on the 29 January, with
the latter having the maximum runout of these
events at 2.4 km. Figure 20 shows the remark-
ably smooth convex surface of the western PDC.
Larger rocks can be seen in small levées running
down each side of the flow. Emplacement was at
relatively low velocity and temperature, evi-
denced by surviving unburnt vegetation on either
side of the deposit. The explosions expelled
ballistics within a radius of 2.5 km, mainly to the
north/north-east of the volcano.

Effusion continued with magma filling the
crater and forming a dome composed of partic-
ularly large blocks, many measuring several
metres in diameter. In early March, the dome
overflowed the rim to initiate a new lava flow
towards the west, following a similar path to
flows during 2010. The flow continued advanc-
ing at a slow rate through 2013 and 2014.
Observations of rockfall activity revealed that the
magma was ascending in pulses. Small volume
(<10,000 m3), slow-moving (<10 m s−1) PDCs
were sometimes observed descending the west-
ern flank when decompression in the dome after
a rockfall was sufficient to generate fragmenta-
tion. Figure 21 shows an early advancing lava
flow with the initiation of a rockfall.

An increase in effusion rate in September
2014 heralded the onset of a much faster
advancing lava flow that descended to the
south-west. Similarly to what was observed in
2004, a later magma pulse, with a significant

Fig. 21 Blocky dome and young lava flow growing towards west with small Vulcanian eruption. Large block can be
seen initiating a rockfall. Dome width as shown in photo was about 135 m, taken on 15 March 2013

184 N. R. Varley



increase in the effusion rate, initiated a second
flow emplaced on top of the earlier flow rather
than this flow increasing its flow-rate. The sec-
ond flow reached about 0.8 km, whilst the first
flow came to rest above the El Zarco ravine at a
distance of 2.61 km from the crater.

The next larger magnitude Vulcanian explo-
sion occurred on 21 November 2014, reflecting
the faster ascent of a gas-rich magma batch.
Again a PDC was generated from column col-
lapse, which reached 2.9 km in the Montegrande
and 3.0 km in the neighbouring San Antonio
ravine towards the south. There were a large
number of distinctly vesicular clasts found within
the deposit, unlike any observed within the 2005
or 2013 PDCs. It was assumed that they repre-
sented juvenile material and were evidence of
higher volatile-contents. A substantial dilute
cloud was associated with the eruption, a result
of more efficient fragmentation within the con-
duit. The cloud coated large parts of the forest on

the flanks of the two ravines, as can be observed
in Fig. 22.

Two larger magnitude Vulcanian explosions
occurred during January 2015, the first on 03
January. Observations of the PDC deposit again
implied a high volatile presence in the magma.
Small degassing vents were abundant within the
large volume of fine material. The PDC
(*100,000 m3) reached 1.6 km to the north in
the Playón, with negligible deposition to the
south. The second explosion occurred on 29
January and was followed by magma extrusion,
with a slowly forming dome extruding from a
vent in the southern section of the crater. This
dome had a much flatter morphology than pre-
vious domes in 2001–3, 2004 or 2007–11
(compare Fig. 23a, left panel, with Figs. 8, 12
and 16). This suggests a lower viscosity, which
most likely reflects higher temperatures and
volatile-contents of the magma. Further work is
in progress to constrain these variables. For the

Fig. 22 Deposition from PDC on 21 November 2014. There was a greater proportion of fine material generated
compared with previous PDCs in 2005 or 2013. Trees can be seen coated outside of the main ravine
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first time in recent eruptive history at Volcán de
Colima, effusion was observed originating
simultaneously from two vents: one to the south,
the other to the north. Both emissions eventually
overflowed the crater rim to form short lava
flows during June 2015.

4.1 July 2015 Eruption

The eruption that occurred over two days during
July 2015 can be described as enigmatic, with a
complex combination of fast magma ascent with
the collapse of newly emplaced material, along
with a portion of the previous crater rim. The
eruption generated a series of PDCs, concen-
trated within two periods separated by 15 h on

10 and 11 July. The furthest distance reached
was 10.7 km from the summit, travelling down
the Montegrande ravine (9.7 km considering a
straight line from the collapse site). This is an
incredible distance for a dome collapse, and it
was highly fortunate that there were no fatalities.
The longest run-out previously recorded for a
dome collapse was the October 2004 event,
which reached 6.1 km in the La Lumbre ravine.
As discussed in Sect. 3.3, its volume was esti-
mated at 9 x 105 m3, making it considerably
smaller. The deposits of major PDCs emplaced
since 2004 are shown in Fig. 17. These represent
the farthest reaching events recorded since the
sub-Plinian 1913 eruption, however, it is
important to note that little data exists regarding
PDC deposition prior to the 1990s. The enhanced

Fig. 23 a Comparison of the crater as viewed from the
south before and after the July 2015 eruptive episode
(photos from 07 June and 03 August 2015). A proportion
of the PDC deposit was composed of remobilised material
that collapsed forming the scar visible in the second
photo. b Still steaming PDC deposit within the Monte-
grande ravine in July 2015. Trees on the ridges have been
stripped of branches, much of their bark, and left charred
by the hot flow. Incredibly, many of these trees actually

survived and recovered with fresh leaves growing the
following year. c Destroyed Doppler radar station located
on a ridge *50 m above the base of the Montegrande
ravine and 2.8 km from the summit. The station was
destroyed by the PDCs generated in July 2015. Two
dishes were installed, one was sheared off its steel base
and carried for 25 m, whilst the other in the photo was
ripped from the ground, the concrete base for the legs
proving to be insufficient to sustain it
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mobility of the 2015 flow points to a high
gas-content, with high temperatures also
demonstrated by the burning of vegetation
(Fig. 23b) and the impact upon a monitoring
station that was located 2.8 km from the summit
(Doppler radar station; Fig. 23c).

Capra et al. (2016) and Reyes-Dávila et al.
(2016) both describe the main events, but with-
out fully elucidating to the mechanism. The
eruption followed an acceleration in the
emplacement of the summit dome. Inspection of
the PDC deposit revealed that at certain locations
along its length, the deposit is finer than would
be expected from a block-and-ash flow originat-
ing from a simple dome collapse. This suggests
extensive and efficient fragmentation associated
with some of the pulses. Finer-grained PDCs
have greater capacity to retain gas, which creates
fluidization within the flow and gives them
greater mobility (Druitt et al. 2007). The topog-
raphy and restrictions in the channel width may
also have combined to increase the PDC mobil-
ity. Further evidence to the mobile nature of the
flow was demonstrated at two bends in the ravine
at 3.8 and 4.1 km from the summit, where the
PDC continued in a straight line, leaping out of
the ravine. In the latter case, the flow made the
jump into the San Antonio ravine and continued
to a distance of 6.8 km (Fig. 17). Accumulated
deposits from previous PDC pulses meant the
flow no longer had a channel to follow in
Montegrande.

Observation before and after the events show
how a proportion of the crater rim collapsed
(Fig. 23a), but the volume is small compared to
the complete flow. Hydrothermal alteration of
this south-east section of the crater rim would
have contributed to its collapse. Figure 16a
shows intense degassing in this zone during the
2004 eruption. The volume of the July 2015 PDC
deposit was relatively large, when compared to
other Volcán de Colima PDCs within the last
25 years (current estimates range from 2–
8 � 106 m3). It cannot be totally accounted for
by a collapse of the growing lava dome along
with this section of the crater rim. Besides, the
suggestion of a high proportion of highly frag-
mented magma implies an explosion, although

no eruption column was observed. An initial
collapse would have decompressed the upper
conduit volume, sending a fragmentation front
down into the magma column. The absence of an
eruption column is due to the high density of the
expulsed material. There is a paradox, however,
since the high-mobility has been explained by a
large volatile component of the erupted mass,
whereby this would reduce the density, making
the development of an eruption column likely.

Reyes-Dávila et al. (2016) refer to a
boiling-over mechanism for the July PDCs. This
term has been used to describe PDCs that have
been generated with only a minimal column
height, and have been explained as resulting from
a high volume flux coupled with low exit velocity
(Dufek & Bergantz 2007). Another problem is
presented by the typical characteristics of this type
of PDC: due to their density they do not have high
mobility, creating short and thick deposits. A large
proportion of vesicular clasts would also be
expected with this mechanism, this was not
observed in the deposit. Numerical modelling has
shown that with increased leakage of volatiles
from the conduit through surrounding country
rock, the boiling-over mechanism can be pro-
duced (Clarke et al. 2002), a condition not com-
patible with this event.

Clearly further work is required with careful
analysis of deposits and other field evidence to
determine the mechanism of the July 2015
eruptive episode. Furthermore, eruptive scenarios
considered for the recent updating of hazards
maps for the volcano do not contemplate such a
mobile PDC (Varley 2017). This is a clear
example of the necessity to regularly update this
type of map.

5 Cyclicity & Transitions Between
Eruptive Regimes

At Volcán de Colima during recent years the
variations between eruptions styles have been
frequent, and at times, dramatic. Cyclicity is
being explored at one extreme to obtain a prob-
abilistic risk assessment of the larger eruptive
scenarios (Varley 2017; De la Cruz et al., this
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volume), whilst at the other end of the spectrum,
cycles of just minutes or hours are being con-
sidered in the quest to understand the Vulcanian
explosion process (Kendrick et al. 2016). Statis-
tics have also been applied to the repose period
between explosions in an attempt to highlight
variations in behaviour related to conduit pro-
cesses (Varley et al. 2006; Lachowycz et al.
2013; Lamb et al. 2014).

The transition between different eruptive
regimes is a complex phenomenon: what are the
factors whose variation can lead to a transition?
First, we need to define what is meant by an
eruptive regime, since it is possible to consider
transitions across a large range of scales. In terms
of mitigating volcanic risk, the most important
phenomena are explosive eruptions of a large
magnitude, which produce hazardous emissions
with the potential to impact the local population
and infrastructure. During recent activity at
Volcán de Colima, various periods of both effu-
sive and explosive activity have been experi-
enced, with clear variation between regimes.
These regimes can be defined, for example, by
considering the differences between fast and slow
emission of magma, or through variation in the
characteristics of explosions, such as the
ash-contents of the eruption column. One of the
factors that makes Volcán de Colima an exciting
prospect for study is its rapid variability in
eruptive characteristics. Herein lies the challenge
of explaining these transitions, which may be
achieved through modelling the conduit pro-
cesses. For the 2010 Merapi eruption in
Indonesia, for example, samples of different
eruptive products, along with monitoring data,
were used to create a schematic progression for
the eruption, explaining the transition between
effusive and explosive phases (Preece et al.
2016). This is a great example of how petrolog-
ical and geochemical data can provide much
insight into the eruptive processes, however, the
time required for analyses often restricts its use
as a monitoring tool.

The relationship between effusive and explo-
sive activity can show many patterns. The most
important factors that determine the style of an
eruption are the gas-content of the magma and

the rate at which it ascends the conduit: a faster
ascent rate meaning accelerated decompression
and a more likely explosive scenario. During
recent times, Volcán de Colima has shown a
pattern of dome-building, followed by their
destruction, with the delay between the end of
effusion and the explosivity varying from a
matter of days to several months. This sequence
of events occurred in 1999 and was repeated in
2003 and 2004–5. Partial dome destruction
occurred in 2011, which marked the end of that
eruptive period. The cause of this transition has
yet to be firmly identified, but was most likely
due to a late gas-rich batch of magma encoun-
tering an impermeable cap, which resulted in
pressurization and a Vulcanian explosion.

The magnitude-frequency relationship of
volcanic eruptions can be complex. Correctly
analysing the occurrence of rare large events can
be especially difficult. Deligne et al. (2010)
underlined the problem of underreporting of
eruptions in the records, and used extreme value
theory to characterize the issue. Based on the
observational records of Volcán de Colima, the
well-known Plinian or sub-Plinian eruption cycle
of around 100 years was highlighted some time
ago (Robin et al. 1991; Luhr 2002). At the time
of writing, the 100th anniversary of the most
recent eruption with a magnitude greater than
VEI 4 (Volcano Explosivity Index; Newhall &
Self 1982) was recently passed in January 2013.
Given the fact that only three cycles of Plinian or
sub-Plinian eruptions have been registered
(1622–1690; 1690–1818; 1818–1913), it would
not be prudent to consider this historical cycle
alone when pondering over the probability of the
next catastrophic eruption. The sub-tropical cli-
mate at Colima makes the identification of
eruptions in the geological record challenging.

One approach to fill in the gaps is the appli-
cation of statistical methods. Mendoza-Rosas &
De la Cruz-Reyna (2008) and De la Cruz-Reyna
(this volume) have combined historic observa-
tional records with information from the geologic
record, to greatly extend the record of eruptive
activity at Colima. The Colima Volcanic Com-
plex has produced a large number of debris
avalanches during the Holocene and Pleistocene

188 N. R. Varley



(Cortés et al., this volume). It is not always clear
whether these collapse events are associated with
a large eruption (�VEI 5) or if they might have
occurred during periods of calm, however, some
evidence points to a connection, and through
dating the deposits, a record of these large
eruptions is obtained. De la Cruz-Reyna et al.
(this volume) obtain recurrence intervals of
170 years for a VEI 4 eruption, 1283 for VEI 5,
and about 10,000 years for VEI 6.

The most generally accepted model for an
abrupt acceleration in activity to a Plinian event
is the injection of mafic, therefore hotter, more
buoyant magma into the magma chamber (Car-
icchi et al. 2014). The transition between other
eruptive regimes, which often occur in cycles, is
somewhat harder to define. Viscosity plays a key
role, with the efficiency of the degassing process
largely being responsible for style of the eruption
(Eichelberger 1995; Dingwell 1996). The physi-
cal properties of the magma, before and after
crystallisation, plays a crucial role in determining
how different monitoring signals will vary
reflecting changes in the conduit or surface
(Lavallée et al., this volume). Modelling of the
conduit conditions for silicic magma has shown
that an effusive and explosive solution are both
possible for similar magma conditions (Kozono
and Koyaguchi 2009).

Since the 1913 eruption, activity at Volcán de
Colima has produced further cycles on a several
year scale. Periods of effusive activity have been
followed by several years of quiet. Little is
known of the activity between 1913 and 1961,
often no activity is acknowledged in the litera-
ture; however, the 350 m deep crater formed
during the sub-Plinian event was being slowly
filled (Saucedo et al., this volume; Connor et al.,
this volume). Once the crater rim was overtopped
in 1961, a new lava flow descending the N flank
clearly evidenced a new eruption. Between 1961
and 1998 there were five effusive episodes with a
mean repose period of nine years between them.
Saucedo et al. (this volume) gives further details
of these eruptions.

Vulcanian eruptions are common at volcanoes
producing intermediate lavas (andesite and dacite;
definition based upon silica-content) and often

occur regularly over extended periods of time (e.g.
Santa Maria, Guatemala, Johnson et al. 2014;
Sakurajima, Japan, Semeru, Indonesia, Iguchi
et al. 2008; Tungurahua, Ecuador, Hall et al.
2015). They are often, though not exclusively,
generated during dome emplacement. A simple
model has been used to explain their generation,
whereby a permeability reduction is a conse-
quence of the crystallization of an ascending
magma body at shallow depth (<1 km; Self et al.
1979). This leads to gas accumulation, due the
continued decompression of the ascending
magma, subsequently pressurization, then failure,
producing the Vulcanian explosion. Inter-event
time is largely determined by complex variations
of physical magmatic properties that create mul-
tiple feedback loops, which modify the magma
viscosity, permeability and buoyancy (Gottsmann
et al. 2011; Dominguez et al. 2016).

Seismicity can also be used to gain an insight
into the Vulcanian explosion process (e.g. Inza
et al. 2014). In the case of Volcán de Colima,
different models have been presented to account
for the signals detected, including the long-period
(LP) swarms observed as a precursor (Varley et al.
2010b) and the low frequency onset of the
majority of explosions (Zobin et al. 2009; Varley
et al. 2010a; Varley 2016). Cole et al. (2014) have
divided events at Soufrière Hills Volcano,
Montserrat into two types: Vulcanian explosions
and ash-venting events, based upon seismicity and
the duration. Shear-induced fragmentation along
the conduit wall (Gonnermann & Manga 2003) is
cited as the mechanism for the ash-venting, such
as that identified at Volcán de Colima during the
2005 activity (Varley et al. 2010b). Explosions
have been divide into two categories at Volcán de
Colima using both the associated seismicity
(Varley et al. 2006) and the thermal signal from
the eruption column (Webb et al. 2014).

6 Modelling the Eruptive
Mechanism

Various questions arise from an examination of
the activity at Volcán de Colima during recent
years. What was the mechanism behind the large
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explosions of 2005? Why does the explosivity
decrease during effusive episodes? Why did
eruptive activity stop during June 2011 to
December 2012?

It is becoming increasingly clear that volcanic
systems are a far leap from the simplistic ideas
presented in older textbooks. Volcanoes are
likely to have more than one magma reservoir,
each with distinct magma composition and
volatile-contents. Evidence for this can be from
geochemical or geophysical data (e.g. Moretti
et al. 2013). At Volcán de Colima there has been
widespread evidence of the heterogeneity of the
magma, largely associated with variations in
degassing (Reubi et al. 2013). There is an
increasing body of evidence pointing to a com-
plex system of magma storage and ascent.
A study of disequilibria between members of the
U decay chain concluded that multiple magma
batches ascend via different pathways and at
different velocities in a complex system, possibly
stalling for periods of up to 10 years (Reubi et al.
2015). Multiple magma reservoirs, with a con-
trast in volatile-contents, has been used to
explain some observed inconsistencies, such as
the variation in the porosity of ash particles and
the eruption of magma batches with contrasting
ascent rates (Cassidy et al. 2015); results of
satellite-based InSAR deformation studies sug-
gest multiple sources for magma that ascended in
early 2013 (Salzer et al. 2014) and variations in
the characteristics of melt inclusions captured in
pyroxene crystals (Reubi et al. 2013).

Data from the monitoring network needs to be
processed quickly to provide insight into the
evolution of activity, and to forecast changes in
the eruptive scenario, which might necessitate
actions to reduce the risk related to the different
volcanic hazards. Interpretation of multiple data
sets is often a challenge and needs to be groun-
ded in models explaining the internal processes.
As summarized in Chap. 10, experimental work
is significantly expanding the potential for cre-
ating models whose divergence from the real
situation is increasingly negligible. Work at
Volcán de Colima is at the forefront of this
revolution in our understanding of volcanic sys-
tems. The importance of the relationship between

permeability of magma and other parameters is
ever clearer, since it is these relationships that
govern how the gas can escape from the magma,
which defines the eruption style (Heap et al.
2014; Farquharson et al. 2015, 2016).

The close examination of eruption products
and experimental determination of critical
magma parameters has become as critical as the
new technologies being applied in volcano
monitoring. The objective is to improve our
capacity to not only generate, but successfully
interpret observational data, and ultimately refine
our eruption forecasts.
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Abstract
Many different types of seismic events are
registered simultaneously at Volcán de
Colima, reflecting the variety of physical
processes that occur at the same time. Formal
recording of seismic activity began in 1989,
when seismic short-period sensors were
installed. This has been expanded to a network
of broadband sensors currently working on the
volcano. Seismicity associated with the most
recent volcanic activity has consisted of
Volcano-Tectonic events (VTs) and/or High
Frequency events (HFs), Long-Period events
(LPs), tremor, explosions with associated Very
Long- Period events (VLPs), rockfalls, pyro-
clastic flows and lahars. The time evolution of
these signals varies along with the depth and
its characteristics. The seismicity and related
energy release have been a good indicator of
the magnitude of volcanic activity. Combined

with other observations, seismic monitoring
has been a very efficient tool for forecasting
volcanic activity and helping to reduce vol-
canic risk at Volcán de Colima.

Keywords
Volcán de Colima � Volcano seismicity
Seismic monitoring � Seismic events
Forecast

1 Introduction

The objective of this chapter is to give an over-
view of the seismicity at Volcán de Colima and
its relationship with volcanic activity. The his-
tory of the seismic network is reviewed, along
with the different types of seismic signal and how
their presence is being interpreted in the context
of eruptive activity.

1.1 Seismic Monitoring Network

The Colima seismic network (Red Sísmica Tel-
emétrica del Estado de Colima or RESCO) was
established at the Universidad de Colima and has
been monitoring seismic activity of Volcán de
Colima since 1989, when five telemetered seis-
mic stations on and around the volcano were
installed. Each station was equipped with a
short-period (Ts = 1 s) vertical seismometer,
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with analogue recording. The first episode of
lava dome growth recorded by RESCO was in
1991.

During the 1998–1999 effusive episode,
RESCO was able to record seismicity digitally,
with continuous recording achieved since March
1999. The data generated has proved to be a
powerful tool for monitoring and studying the
volcanic activity. In recent years RESCO has
been upgraded with more stations and broadband
sensors. Figure 1, shows the current seismic
network: four short-period SS-1 Ranger vertical
seismometers, and five broadband seismometers
Guralp CMG-6TD and one broadband Guralp
CMG-40TD. Due to their location, stations
MNGR, WEST and EZV6 also record the
occurrence of lahars.

2 Seismicity Associated
with Volcanic Activity

2.1 Volcano-Tectonics Events (VTs)

Volcano-Tectonic events (VTs) generally take
place during the first stage of eruptive activity at
volcanoes (White and McCausland 2015). At
Volcán de Colima they appear in swarms, usu-
ally after extended periods of quiescence. Since
the start of seismic recording of volcanic activity,
the following episodes have produced this type
of event: 1991 (Núñez-Cornú et al. 1994), 1994
(Jiménez et al. 1995), and 1997–1998
(Domínguez et al. 2001; Zobin et al. 2002a, b, c;
Zamora-Camacho et al. 2007). Some of these
events have been linked with the Tamazula fault
(Domínguez et al. 2001; Zobin et al. 2002b). The
tensional tectonic regimen associated with the
Colima Graben can also produce VTs without a
clear relationship with the ascent of magma. As
is typical for this type of event, they have
well-defined P and S phases (Fig. 2a), meaning
their origin can be located. Their frequency
content is mainly between 1 and 15 Hz (Fig. 2b,
c), and their origin is typically at depths of up to
12 km below the crater (Zobin et al. 2002a, b, c).
During the recent eruptive period from 2013 to
present, a small number of isolated VTs have
also been observed, probably associated with an
open system, whereby the magma ascends
without significant resistance. Also, with the
more recently added broadband seismometers,
high frequency events (HFs) without a clear S
phase have been registered by the closest stations
to the crater. These events are likely to be asso-
ciated with lava dome growth as a brittle rupture
process at shallow depth.

During the 1991 episode, VTs were located to
the north of the summit, some of them relatively
deep (7–11 km below the summit), underneath
the saddle between Volcán de Colima and
Nevado de Colima (Núñez-Cornú et al. 1994).

Fig. 1 Current seismic monitoring network at Volcán de
Colima operated by RESCO. The EZV6 is a short-period
station. INCA, JUBA, MNGR and WEST are broadband
stations. At USNE, SOMA and EFRE there are both
short-period (EZV3, EZV4, EZV5) and broadband sen-
sors. All the signals are sent by radio to RESCO-
Universidad de Colima. Additionally, RESCO have
others seismic stations for monitoring tectonic seismicity.
‘VC = Volcán de Colima’
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In 1994 the earthquakes had hypocentres towards
the SSW of the summit and under the crater, with
depths of up to 6 km (Jiménez et al. 1995). The
location of the earthquakes during the years
1997–1998 lie within a 50 km2 area including
the active crater of Volcán de Colima and the
region that extends towards Nevado de Colima,
5.5 km to the north (Fig. 3). During 1997–1998
the majority of hypocentres within this area did
not exceed a depth of 5 km below sea level, and
were mainly distributed within the volcanic edi-
fices of Volcán de Colima and Nevado de
Colima (Domínguez et al. 2001; Zobin et al.
2002a, b, c).

2.2 Long-Period Events (LPs)

Long-period events (LPs), are the events that
most frequently occur at Volcán de Colima. They
are seismic events of short duration (<1 min in
most cases), with an emergent first arrival P
phase, but no observable second S phase
(Fig. 4a). Their frequency is mainly below 5 Hz
(Fig. 4b, c), and they are commonly located at
depths of less than 3 km (Jiménez et al. 1995;
Arámbula-Mendoza 2011a; Petrosino et al.
2011).

LP events have been observed mainly prior to
effusive activity and preceding explosions.

Fig. 2 Volcano-Tectonic event (VT) at SOMA (vertical
component), on 28 January 2013. a Velocity signal,
b spectrogram, where the exponential decay of the

amplitude can be observed and c normalized amplitude
spectrum of the signal
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A number were detected during the third seismic
crisis of the 1991 volcanic activity, coincident
with an increase in fumarolic activity (Núñez--
Cornú et al. 1994). Similarly they were detected
during the seismic swarm that preceded the
explosion of 1994 (Jiménez et al. 1995), and
within the swarm of earthquakes that preceded
the effusion of 1998. LPs preceded the 1999
Vulcanian explosions and were observed during
the 2001–2003 effusive activity. During
September 2004, an LP swarm announced the
beginning of an effusive stage (Arámbula--
Mendoza et al. 2011b). Between February and

September of 2005, low amplitude LPs known in
Colima as ‘pulgas’ occurred preceding episodes
of small lava dome growth and moderate
Vulcanian explosions (Fig. 5, Varley et al.
2010a, b; Arámbula-Mendoza et al. 2011b).
They appeared frequently during the 2007–2011
volcanic episode, as well as in January 2013 with
the reactivation and fresh lava dome growth (see
Varley, this volume).

Recent observations of abundant brittle–duc-
tile fault textures within silicic lavas, such as
andesite, has led to the hypothesis that seismic
events, including LPs, may be triggered by
fracturing and faulting within the erupting
magma itself (Tuffen et al. 2008). A trigger
mechanism of the earthquake within the conduit,
which could be the breaking of magma along the
conduit walls or within the dome itself, as has
been proposed by various authors as an expla-
nation for the generation of LP events (Goto
1999; Tuffen et al. 2003; Neuberg et al. 2006).
The LPs observed at Volcán de Colima are
probably generated by the fracturing of magma
during magma ascent. Observations during the
2005 eruptive period indicated that repetitive
sources are active for long durations in swarms
lasting hours to days (Varley et al. 2010a, b;
Arámbula-Mendoza et al. 2011b), generating LP
families, as is the case with other volcanoes
producing silicic lavas (e.g. Green and Neuberg
et al. 2006; Neuberg et al. 2006). Twelve families
were identified during the 2004–2005 episode
(Arámbula-Mendoza et al. 2011b).

During the 2004–2005 effusive and explosive
stages, another type of LP event was observed:
monochromatic LP events or ‘tornillos’ (Ará-
mbula-Mendoza et al. 2011b). These events were
characterised by having only one fundamental
frequency and a slowly diminishing coda, and
likely to be due to very strong pressure differences
within the conduit. A popular model that explains
the existence of this type of event is the resonance
of fractures associated with the pressurization
processes that precede Vulcanian explosions in
some cases, for example at Galeras volcano
(Stix et al. 1997; Kumagai and Chouet 1999).

Fig. 3 a Location of epicentres for VTs located during
the seismic crisis of 1997–1998. b Distribution of
hypocentres for the same interval projected onto an
E-W cross section through the summit of Volcán de
Colima. An earthquake-free zone is outlined as a possible
zone of magma storage. The error is about 0.6 km in
depth (after Zobin et al. 2002a, b, c)
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2.3 Volcanic Tremor

Another type of event frequently observed at
Volcán de Colima is volcanic tremor. It is a
continuous signal that can last seconds to hours
and sometimes days (Fig. 6a). The frequency
content is mainly between 1 and 5 Hz, although
this can be higher, up to 8 Hz, or as low as
0.5 Hz (Fig. 6b, c). At Volcán de Colima, three
types of tremor have been observed: harmonic
(with a clear fundamental frequency and har-
monics; Fig. 6), spasmodic (with large variation
in both the amplitude and frequency; Fig. 7), and
pulsating (formed of a series of discrete events
closely spaced in time; Fig. 8). For further
information on the classification of tremor see
Konstantinou and Schlindwein (2003).

Volcanic tremor at Volcán de Colima can be
associated with every observed episode of
volcanic activity, but variations in its character-
istics have been registered. Typically, tremor is
observed as a precursor, e.g. during the explosive
episode of 1999, harmonic tremor appeared a few
hours before the occurrence of large explosions.
During many episodes, the tremor has continued
up to the onset of the explosion. At times
occurrences do not coincide with clear variations
in eruptive activity, e.g. during the 2002 effusive
period, an isolated period of medium to small
amplitude monochromatic tremor was observed,
which was likely a consequence of the degassing
process or an interaction between the magma and
groundwater. Some episodes were continuous
with durations in excess of 24 h. During this

Fig. 4 Long-Period event (LP) at SOMA (vertical component) on 13 June 2013. a Velocity signal, b spectrogram and
c normalized amplitude spectrum. These kinds of events have energy mainly between 1 and 5 Hz
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period, gliding frequencies were observed similar
to those seen at Soufrière Hills volcano, Mon-
serrat (Powell and Neuberg 2003). This variation
in frequency is probably generated by changes in
the pressure within the conduit and/or an opening
and sealing processes. The source location of the
tremor is identical to that of the LPs and explo-
sions, mainly between 0 and 3 km below the
crater (Arámbula-Mendoza 2011a), although
some episodes of harmonic tremor in 2015 have
been located at a greater depth.

There are various models that aim to explain
the existence of tremor at volcanoes:
(a) fluid-flow-induced oscillations of conduits
transporting magmatic fluids; (b) excitation and
resonance of fluid-filled cracks; (c) bubble
growth or collapse due to hydrothermal boiling
of groundwater; (d) a variety of models involving
the oscillations of magma bodies with different
geometries (summarized in Konstantinou and
Schlindwein (2003)). Also, the similar frequency
content of LPs and tremor suggest they are
physically related, indeed tremor can be consid-
ered a continuous manifestation of LP events as
suggested for other volcanoes (e.g. Neuberg et al.
2000). At Volcán of Colima, it is models (a),

(b) and (c) that are the most likely processes to
occur, but further research is necessary to
understand the generation of tremor.

2.4 Explosion Events

Since the major eruption of 1913, volcanic
activity has largely consisted of periods of effu-
sive activity followed by explosive stages. The
characteristics of the seismic signals associated
with the explosive events vary depending on the
style and size of the eruption. Commonly for
Volcán de Colima, the seismic signals begin with
an emergent low frequency phase (LF, Fig. 9a),
followed by an impulsive high amplitude
phase (Zobin et al. 2002a, b, c); this last phase
can be attributed to magma fragmentation. The
energy is concentrated at low frequencies
(mainly 1–5 Hz) although we have observed
high frequency content related to the occurrence
of rockfalls and/or pyroclastic density currents
related to the explosions (Fig. 9b, c). Sometimes
the shockwave or airwave generates a
high-frequency pulse in the seismogram
(Fig. 9a).

Fig. 5 a Normalized spectrogram and b seismogram from 13 to 16 September 2005, from short-period station (EZV4).
Here the occurrence of low amplitude LPs (‘pulgas’) before an explosion can be observed
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Explosive events at Volcán de Colima occur
frequently when a fresh dome is emplaced in the
crater. During cooling of either the lava dome or
the magma column within the conduit there is an
acceleration of crystallization, resulting in the
formation of an impermeable cap within the vent
at a relatively shallow level. Gas pressure then
increases in the pore spaces beneath the cap until
the lithostatic pressure above is exceeded, the cap
fails, and a Vulcanian eruption occurs (Varley
et al. 2010a). The first arrival of the seismic
signal could reflect the breaking of the seal, but
the explanation of the LF phase is still open to
debate. Zobin et al. (2009) consider that it is due
to fragmented magma movement within the
conduit, whilst Varley et al. (2010b) suggest that
after the initial rupture of the plug there is a rapid
pressure drop and degassing of the magma,
which generates the LF phase.

The majority of the larger explosive events
tend to be associated with lava dome destruction.
The largest explosions in the most recent periods
of activity occurred in 1994, 1999, 2003, 2005,
2011, 2013, 2014 and 2015. In Table 1, the main
Vulcanian explosions can be observed with the
corresponding seismic energy calculated with the
methodology proposed by Boatwright (1980),
and subsequently used by Johnson and Aster
(2005). The energy was calculated using only the
vertical component of the EFRE station.

The largest explosions registered to date in
2005, with more than 30 significant events, the
majority with pyroclastic flows generated by
column collapse (Zobin et al. 2006b; Varley et al.
2010a, b; Varley, this volume). In a dense seismic
array installed at Volcán de Colima, an apparent
slowness variation of the first onset of the LF
phase associated with the explosions was

Fig. 6 Harmonic tremor at SOMA (vertical component) on 20 January 2013. a Velocity signal, b spectrogram and
c normalized amplitude spectrum. In this case, this tremor is practically monochromatic
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observed, with a possible upward migration of the
source, the depth of which has been identified
within a range of between 2.6 and 3.3 km below
the crater (Palo et al. 2009). The location of these
events in the last years, has been determined using
a method based on seismic amplitudes (Battaglia
and Aki 2003), whereby the attenuation of the
seismic energy with distance is considered, the
source being defined when the error between the
theoretical model of attenuation and the observed
data is a minimum for all the seismic stations.
During recent activity, the start of the
larger explosions (first 6 s of signal) have been
localized between 3 and 0 km beneath the crater
(Fig. 10).

Very-Long-Period events (VLPs) have also
been recorded, associated with moderate-large
Vulcanian explosions in 2003, 2005, 2011, 2013,
2014 and 2015. These events have been observed

once the signal is filtered, leaving just low fre-
quencies. The VLPs at Volcán de Colima have
periods of between 10 and 30 s, whereas in other
volcanoes these events have been seen to be
characterized by larger periods, e.g. at Popoca-
tépetl volcano, VLPs associated with Vulcanian
explosions were observed with periods between
25 and 100 s (Arciniega-Ceballos et al. 1999).
Other examples of VLPs associated with Vulca-
nian explosions have been observed at Strom-
boli, Italy (D’Auria et al. 2006), Tungurahua,
Ecuador (Kumagai et al. 2010, 2011), Augustine,
USA (Dawson et al. 2011) and Redoubt, USA
(Haney et al. 2012).

In Fig. 11, seventeen of these events can be
observed; regrettably they were only observed
with a single broadband sensor installed in 2005
(EFRE). The similar waveforms represent the
process of pressurization and depressurization

Fig. 7 Spasmodic tremor at EFRE (vertical component), on 01 February 2005, associated with an ash and gas
emission. a Velocity signal, b spectrogram and c normalized amplitude spectrum
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during the explosions. In 2013, 2014 and 2015,
VLPs were recognized at all the broadband
stations.

The source mechanism of VLPs observed at
many volcanoes is generally well reproduced by
inversion, assuming six moment tensor compo-
nents and three single force components in a
volumetric source (Chouet 2003), although De
Barros et al. (2013) mentioned that errors in both
source location and velocity modelling can lead
to strong spurious single forces. The moment
tensor represents expansion or contraction of
rock around a source, and a vertical single force
can be generated as a consequence of the release
of gravitational energy within the source volume
(Takei and Kumazawa 1994). In the case of
Vulcanian explosions, the recoil force generated
by a volcanic jet during an eruption can generate
one single force (Uhira and Takeo 1994; Chouet

2003), although this and other models are still
being debated. A more detailed study is neces-
sary to determine the origin of these events at
Volcán de Colima.

2.5 Rockfalls and Pyroclastic Density
Currents

In effusive episodes such as those observed at
Volcán de Colima, the lava dome expands within
the crater until it reaches the edges when it
begins to flow down the flanks of the volcano.
Due to the relatively high viscosity of andesite,
lava flows are blocky, which generate rockfalls
and possibly pyroclastic flows, particularly when
the slope is steep. This kind of activity has been
recorded in every episode of effusive activity at
Volcán de Colima since 1991 (Fig. 12).

Fig. 8 Pulsating tremor at short-period seismometer EZV4 on 20 September 2004. a Velocity signal, b spectrogram
and c normalized amplitude spectrum
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The seismic response to these events is an
emergent high frequency signal with a duration
of seconds to minutes. The generally symmetri-
cal seismic waveform starts as an emergent sig-
nal, reaching its maximum amplitude near the
centre, then finally decaying (Fig. 14a). The
waveforms are of high frequency (mainly 1–
15 Hz), but what is recorded is influenced by the
distance between the seismic station and the
source. Due to the generation of mainly surface
waves and being of high frequency, they atten-
uate rapidly with distance (Fig. 13b, c). Zobin
et al. (2009b) observed that seismic records of
pyroclastic density currents generated by either
the collapse of a lava dome or of an eruptive
column, have a similar spectral content. The
number and duration of rockfalls per day are

directly related to the emission rate of the
magma: when the rate increases, the number and
duration of rockfalls also increase (Mueller et al.
2013).

2.6 Lahars

The eruption rate of Volcán de Colima is one of
North America’s highest. During the last twenty
years, there have been more than ten episodes of
volcanic activity (see Varley, this volume). Fre-
quently, there are significant amounts of
non-consolidated material waiting to be remo-
bilised during the rainy seasons. Each year there
are around ten to fifteen lahars during the rainy
season but after a year of volcanic activity this

Fig. 9 Explosion event on SOMA (vertical component),
on 06 January 2013. a Velocity signal; LF phase at the
beginning and a shockwave that generates a high

frequency pulse. b Spectrogram and c normalized ampli-
tude spectrum for entire window
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Table 1 Details of the seismicity associated with the main Vulcanian explosions at Volcán de Colima during recent
activity (derived from the vertical amplitude of EFRE)

Date
(GMT)

Comment Energy � 109 (J)

10-02-1999 Explosion with incandescent blocks that showered the flanks out to 5 km,
forming impact craters and triggering numerous forest fires (Zobin et al.
2002a, b, c)

Short-period
seismometers saturated

10-05-1999 Explosion was felt and heard in Colima city; it was accompanied by two
small pyroclastic flows that mainly descended the SW flank, where they
entered into the ravines La Lumbre and Cordobán 04/1999 (BGVN 24:04)

Short-period
seismometers saturated

17-07-1999 Large explosion, column reached *11 km altitude. Pyroclastic flows had
4–4.5 km runout distances 08/1999 (BGVN 24:08)

Short-period
seismometers saturated

22-02-2001 Column reached *7 km altitude and produced ashfall at a distance
of *25 km from the volcano in Tuxpan, Jalisco. Small pyroclastic flows
formed in the SW sector and descended to 3000 m. 04/2001 (BGVN 26:04)

Short-period
seismometers saturated

17-07-2003 Explosion sent incandescent volcanic material to 500 m above the volcano,
and produced a SW-drifting ash cloud to a height of *7 km asl. At least
five pyroclastic flows travelled down the volcano’s flanks to a maximum
distance of *2 km. 08/2003 (BGVN 28:08)

0.27

02-08-2003 Large explosion was recorded on 2 August at 15:41. The
Washington VAAC reported a plume at *7.6 km altitude. 08/2003 (BGVN
28:08)

2.00

29-08-2003 The explosion produced an ash column at 7 km altitude with ashfall up to
60 km W-NW of the volcano and was accompanied by pyroclastic flows out
to 2.5 km. 08/2003 (BGVN 28:08)

0.98

10-03-2005 Major explosion whose eruptive column reached up to 9.1 km asl and its
pyroclastic flows travelled about 3 km into the Montegrande ravinea

0.48

13-03-2005 Column reached 8.9 km asl, with pyroclastic flows following principally the
Muerto, Montegrande, Cordobán and San Antonio ravines. Ashfall in Los
Mazos, Jalisco, located 12.5 km from the volcanoa

1.50

26-03-2005 Moderate explosiona 0.38

12-04-2005 Moderate explosiona 0.09

20-04-2005 Moderate explosion, aviation authorities report an ash cloud reaching a
maximum height of 6.1 km asla

0.73

10-05-2005 Major explosion occurs with an ash column of 7.6 km asla 0.99

16-05-2005 Major explosion with pyroclastic flows covering all the volcano’s slopesa 2.14

24-05-2005 Major explosion occurred, whose ballistics reached up to 2.5 km and whose
pyroclastic flows mainly travelled down the San Antonio and Montegrande
ravines, causing some forest firesa

5.38

30-05-2005 A major explosion occurred. The column reached 8.5 km asl with
pyroclastic flows mainly to the westa

7.13

02-06-2005 One major explosion occurred, causing ashfall in Colima citya 3.98

05-06-2005 Major explosion with a column of 8.9 km asl. Reports of broken glass were
received from Juan Barragan 9 km away and in San Marcos, Jalisco, at
14 km. The Buenavista National Airport located to SSE of the volcano,
remained closed for more than 12 h due to ashfalla

14.43

07-06-2005 Column reached a height of 8.5 km asl, the wind carried some of the ash to
Colima citya

1.47

10-06-2005 Major explosive event occurred at night; this explosion was audible within a
radius of 50 km, with probable pyroclastic flows up to 5 kma

0.94

(continued)
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can increase to as many as sixteen (see Capra
et al., and Varley, this volume). Lahars can last
from minutes to hours (Fig. 14a), and have sig-
nals with a broadband frequency range, from low
frequencies to 50 Hz or higher (Fig. 14b, c).
Similar to rockfalls, frequencies observed depend
on the distance to the source. Sometimes lahars
have many pulses or surges, associated with
variations in the intensity of rain. Recent studies
have observed that the amplitude and duration of
the seismic signal is proportional to the volume
of solid material and water (Vázquez et al. 2014).

3 Forecasting of Volcanic Eruption
Using Seismicity

Real-time Seismic EnergyMeasurements (RSEM;
De la Cruz-Reyna and Reyes-Dávila 2001) is the
variable that represents the volcano seismic
activity in a simple and effective way, although
sometimes the RSEM can be affected by wind,

noise, tides, etc. RSEM represents the RMS or
Root Mean Square of the seismic signal in a
defined period of time. It is proportional to the
seismic energy, and is only slightly different from
the RSAM (Real-time Seismic-Amplitude Mea-
surement) that is traditionally used at many vol-
canoes around the world, and is the mean of the
seismic signal amplitude. TheRSEM is defined as:

RSEM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

X

N

i¼1

A2
i

v

u

u

t ð1Þ

where A is the amplitude of the velocity of the
ground (m/s), and N is the number of samples of
the seismic signal. In Fig. 15, the accumulative
monthly RSEM can be observed, highlighting
the main periods of activity, 1998–1999, 2001–
2003, 2004–2005, 2007–2011 and 2013–present
(December 2016). In many cases, first lava dome
growth was observed (effusive stage), then
moderate-large explosions destroyed the lava

Table 1 (continued)

Date
(GMT)

Comment Energy � 109 (J)

05-07-2005 Major explosion with pyroclastic flows to 4.8 km to SE; there were reports
of ashfall in the Becerrera and Yerbabuena villagesa

0.89

27-07-2005 Major explosion, eruptive column reaching 9.1 km asla 0.22

16-09-2005 Major explosion with an eruptive column of 9.8 km asl, with ashfall in some
villages to the NW. Pyroclastic flows in all directionsa

1.17

27-09-2005 Explosion with an eruptive column that reached 7.6 km asl, depositing ash
in Comala, Villa de Alvarez and Colima citya

0.71

21-06-2011 Explosion with pyroclastic flows mainly to the west, this event destroyed a
small part of the lava dome formed during 2007–2011

0.11

06-01-2013 Explosion with pyroclastic flows mainly to west, the ash plume rose 2 km
above the crater. Ash fell on Ciudad Guzman

0.08

11-01-2013 Explosion with pyroclastic flows mainly to west; this event destroyed
another part of lava dome formed during 2007–2011

0.06

13-01-2013 Moderate explosion 0.02

29-01-2013 Explosion with ballistics covering the entire edifice, residents up to 20 km
away reported a loud noise, shaking ground, and rattling windows. The ash
plume rose to 6.5 km asl. 04/2013 (BGVN 38:04)

0.15

21-11-2014 Explosion with pyroclastic flows to the south and southwest 0.06

30-11-2014 Largest explosion during the period 2013–2015 0.23

03-01-2015 Explosion with pyroclastic flows to the north 0.04
aTaken from Arámbula-Mendoza et al. (2011b)
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dome (explosive stage). Only in 2001 and 2013,
has the period of activity started with one or
more explosions, followed by effusion with lava
dome growth then flows.

During July 2015, a major episode of lava
dome growth and two partial dome collapses
generated large deposits from pyroclastic density
currents within the Montegrande ravine up to
distances of 10 km (Reyes-Dávila et al. 2016;

Varley, this volume). This episode of activity
was preceded by an increase in rockfalls and LP
activity about two days before; only few VTs
were observed, indicating that the system was
“open” and the magma was easily able to reach
the surface.

The seismicity has been used for forecasting
eruptions, De la Cruz-Reyna and Reyes-Dávila
(2001), and Reyes-Dávila and De la Cruz-Reyna

Fig. 10 Location of the start (first 6 s) of the explosion
on 29 January 2013, using the seismic amplitudes
method; the star is the location with a minimum misfit
(difference between theoretical model and the data

observed). The dark red colours indicate a better fit or
less error. Further details of the method are available in
Battaglia and Aki (2003)
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(2002) used a continuum-mechanical model that
reproduces the observed increase of strain rate
preceding eruptions. The model is based on the

strain response of a generalized Kelvin-Voight
viscoelastic body with an exponential retardation
spectrum to forecast the time of eruptions at

Fig. 11 17 Seismograms filtered to show VLPs observed
in each of the three components of the broadband station
of Fresnal (EFRE) during the 2005 moderate-large

Vulcanian explosions. The signals are filtered between
30 and 10 s. The instrument response has been removed

Fig. 12 Example of small
pyroclastic density current
down southern flank of
Volcán de Colima on 11 July
2015
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Volcán de Colima. This is a representation of
how a material can undergo failure in a rigid state
when it is subjected to pressure. When the vol-
cano generates an explosion or a new emission of
lava, this model can be applied. To model the
process they used RSEM, which is a quantity
directly proportional to the rate of strain release
(De la Cruz-Reyna and Reyes-Dávila 2001). The
pattern of RSEM evolution preceding eruptions
at Volcán de Colima may be classified into three
groups: type A, no precursory patterns can be
recognized, type B precursory patterns are diffi-
cult to recognize or appear over time scales too
short to allow warning or response, and type C
precursory activity with patterns that can be
recognized several days before an eruption
(Fig. 16, Reyes-Dávila and De la Cruz-Reyna
2002). Seismicity during the precursory eruptive

periods analysed (1994–2001) was composed
mainly of HFs and LPs. Some of these eruptions
were predicted before of the event, e.g. the
extrusion in November 1998; others were anal-
ysed a posteriori as is the case for the explosion
in July 1994 (De la Cruz-Reyna and
Reyes-Dávila 2001). In these two cases the
forecast was successful.

In a posteriori study Arámbula-Mendoza et al.
(2011b) also observed an increase in the rate of
liberation of seismic energy, mainly comprising
of LPs, before each major explosion that occur-
red in 2005. The time of the explosion was
estimated by applying the material failure fore-
casting method (FFM, Voight 1988, 1989).
The FFM helps to forecast the time of failure in a
process of rupture, and is observed with the
growth of the accumulated seismic energy. In

Fig. 13 Rockfall event at SOMV on 14 March 2013. a Velocity signal, b spectrogram. High frequencies can be
observed here, c normalized amplitude spectrum
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Fig. 14 Lahar recorded at MNGR (vertical component),
on 12 June 2013; a velocity signal. Many pulses can be
observed reflecting the variation of mass flow rate within

the Montegrande ravine; b spectrogram; c normalized
amplitude spectrum

Fig. 15 Seismic activity observed at the short-period
station EZV4 with RSEM, from 1998 to 2016. The black
dots represent lava dome growth with lava flows (effusive

stages), and the red dots represent destruction of lava
domes (explosive stages). ‘C’ refers to lava dome
collapses in July 2015
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this case the Seismic Spectral Energy Measure-
ment (SSEM), was utilized, which is the RSEM
filtered between 1 and 3 Hz. The inverse SSEM
was calculated, giving a straight line. This was
extrapolated to a zero value, which provided a
posteriori forecast of the time of the explosion
that could be compared with that observed. For
the 2005 data, a systematic delay of a few hours
between the actual time of occurrence of the
explosions and the estimated time was observed,
which leads to the suggestion that more complex
processes than a simple disruption of a volcanic
plug occur prior to each event. For the 2005
activity, 53% of the major explosions could be
forecast. This methodology has been utilised at
many volcanoes around the world, with some
degree of success for forecasting explosions
(Ortiz et al. 2003; De la Cruz-Reyna et al. 2010).
It seems that forecasting can be improved by first
classifying the seismicity (Boué et al. 2015).

In Fig. 17, the accumulated RSEM of the
precursory seismicity can be observed in the
principal explosions of 1999, 2001, 2003, 2005,
2011 and 2013. This seismicity can be intense
with many LPs, HFs or tremor, or discrete with
few events, and can last a few hours or up to

several days. In many cases, a notable increase in
the seismic energy and number of events was
seen a short time prior to the explosions, some-
times with harmonic or spasmodic tremor. This
behaviour indicates that the associated seismicity
can be complex, due to multiple magma path-
ways, leading to different vents, or variations in
any combination of the following factors: gas
contents, permeability, or rheology (Lavallée
et al. 2008; Lavallée et al., this volume).

New techniques of seismic monitoring are
being tested at Volcán de Colima. Automatic
recognition of volcanic seismic signals based on
Hidden Markov Models (HMMs; Benitez et al.
2009; Cortés et al. 2009) is one such technique.
The classification of each seismic signal is done
automatically, the program based on HMMs can
recognize the signals without help from the
operator. First, however, the system must be
trained with many examples of each seismic
event, then, a process of recognition and evalu-
ation of the system is performed, until the pro-
gram classifies with a high level of accuracy. The
HMMs have the capacity to work in a continuous
way, unlike other algorithms. The use of auto-
matic recognition systems is very useful during

Fig. 16 The heavy curve represents cumulative RSEM
data in volts for the period 15-23 July 1994, at Volcán de
Colima. A ‘forecast’ was made in hindsight from part of
the observed cumulative curve by trial fitting. The dashed
curve is the prediction of the model, calculated from the
cumulative data of the first 5.76 days as indicated by the

horizontal arrow, counted from the beginning of the
swarm on 15 July 1994. The dashed vertical line is the
time of failure given by the model prediction from the data
in that interval (After Reyes-Dávila and De la Cruz-Reyna
2002)
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times of crisis. It allows a fast evaluation of the
activity, thus allowing time to be spent on other
analysis.

Currently the system is run continuously at
Volcán of Colima, whereby the software gener-
ates a seismogram with various colours repre-
senting different types of events (Fig. 18). The
implementation of the software in RESCO has
allowed the characterization of the last two
periods of volcanic activity: 2007–2011 (Fig. 19)
and the ongoing period of activity that began in
January 2013. This system is still in development
and currently its accuracy is about 82% (Ará-
mbula-Mendoza 2011a), when compared with
manual event picking.

The level of seismicity, as illustrated by the
RSEM, at Volcán de Colima can be variable and
depends mainly on the effusion rate. Eruptive
periods with a low effusion rate generate low
numbers of rockfalls per hour, and low explosive
activity as in 2001–2003 and 2007–2011. The
maximum extrusion rate during recent activity,
prior to July 2015 was between 6 and 8 m3 s−1 for
the last days of September and first few days of
October, 2004 (Varley et al. 2010a). With an
effusion rate at this level, large volume rockfalls
and small pyroclastic density currents are com-
monplace. For the most recent eruptive period
(2013–present), the maximum daily number of
rockfalls has been between 250 and 350 events,

Fig. 17 Precursory seismicity (RSEM calculated each
10 min) before each of the main explosions observed at
the short-period station EZV4 during the most recent
explosion episodes. Zero is the onset of each explosion,
the start time being taken as the occurrence of a notable
increase in the RSEM associated with the initiation of a

swarm. The explosions observed were: 10 Feb, 10 May,
17 Jul. 1999; 22 Feb. 2001; 17 July 2003; 10 Mar., 13
Mar., 26 Mar., 12 Apr., 20 Apr., 10 May, 16 May, 24
May, 30 May, 2 June, 5 June, 7 June, 10 June, 5 July, 27
July, 16 Sep., 27 Sep. 2005; 21 June 2011; 6 Jan., 29 Jan.
2013
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with an extrusion rate within the range 0.1–1 m3

s−1. The mean number of explosions was 8.5 per
day up to December 2014, with some days having
up to 30 events. Considering the activity over the
past century, the most important period of explo-
sive activity was between February and September
2005 (see Varley, this volume). During that time,
the number of explosive events per day was actu-
ally lower than certain other periods, but the mean
energy release by the explosions was greater,
indicating a variation in the generationmechanism
of the explosions, which remains undefined.

4 Discussion and Conclusions

Seismic monitoring is vital in the surveillance of
a volcano. Since 1989, when the first seismic
station was installed at Volcán de Colima, many
thousands of signals (VTs, LPs, explosions, tre-
mors, rockfalls and lahars) have been recorded
by the seismic network. These signals represent
different physical and geological processes,
which can happen both inside and outside the
volcano.

Fig. 18 Automated seismogram classified with Hidden
Markov Models (HMMs), the colours indicate the type of
seismic event; explosions (red), LPs (green), HFs (yel-
low), rockfalls (cyan), tremor (magenta), regional tectonic
event (black) and silence (blue). The station used is a

broadband sensor SOMA, located at 1.7 km from the
crater; the seismic signal is filtered between 0.5 and
50 Hz. Taken from Arámbula-Mendoza et al. (2017),
submitted
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VTs are usually the first seismic signals that
show up, indicating the beginning of a new period
of volcanic activity, for example prior to the 1991,
1994 and 1998 eruptions.During these periods, the
system is considered as closed or partially closed
after a long period of quiescence. The origin of the
VTs is related to changes in the stresses within the
volcano, as a consequence of the migration of
magma to the surface. At Volcán de Colima, the
tensional tectonic regimenassociated to theColima
Graben can also produce VTs without a clear rela-
tionship to the ascent of magma.

Usually, the next type of event to occur are
LPs. However, for the 2001, 2004, 2007 and
2013 periods, LPs were the first seismic signals

of reactivation. Evidence exists to indicate that
LPs are generated by the fracturing of magma
during its ascent to the surface. The occurrence
of LP events in swarms can be a precursor of the
emplacement of a lava dome and/or major
explosions. 2005 was a year with extensive LP
activity associated with magma ascent that ended
with moderate-large Vulcanian explosions (Var-
ley et al. 2010a, b; Arámbula-Mendoza et al.
2011b). Civil Protection authorities were warned
a few hours before several explosions occurred,
with the information based on the occurrence of
LPs.

Volcanic tremor is another seismic signal that
is often observed at Volcán de Colima. During

Fig. 19 a Daily RSEM, daily number of b rockfalls and
pyroclastic density currents (PDCs), c explosions, d LPs,
and e HFs, f tremor, duration in hours. ‘E = moderate

explosion’, ‘D = start of lava dome growth’ and ‘C =
lava dome collapse’. Taken from Arámbula-Mendoza
et al. (2017), submitted
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explosive episodes in 1999, spasmodic tremor
appeared a few hours before the occurrence of
large explosions. During the 2001–2003 effusive
period, we observed a lengthy period of har-
monic tremor in 2002, probably associated with
degassing processes or interaction of groundwa-
ter. This tremor was of low amplitude, which
could be associated with phreatic eruptions
(Benoit et al. 2013), a reflection of a small
diameter volcanic conduit (McNutt and Nishi-
mura 2008), or a low gas content of the magma
(Nadeau et al. 2011).

Rockfalls and pyroclastic flows are also
common events at Volcán de Colima, occurring
after the crater is filled with new material and
begins to overflow. The size and number of
rockfalls are both related to the emission rate.
Explosions can be accompanied by a large
energy release, with major events generating
pyroclastic flows due to column collapse. The
seismicity associated with explosions can be
complex. With the increase in the number of
broadband seismometers, VLPs have also been
observed during explosions, most likely resulting
from the liberation of gravitational energy during
a volcanic jet. Finally, during the rainy season,
lahars can occur due to remobilization of the
non-consolidated material on the volcano’s
slopes. The size of these events depends of the
amount of rain and the available material on the
volcano (see Capra et al. this volume). As the
occurrence of this type of event endangers the
people that live close to, or even within, the
ravines, seismic monitoring is a vital tool in
reducing the risk. The moment that a lahar event
is identified, state civil protection authorities are
notified. The message is then relayed to the
municipal civil protection offices who will advise
the people that live near to the rivers or ravines
and if necessary, carry out evacuations of the
most vulnerable population.

At Volcán de Colima many successful fore-
casts of volcanic activity have been carried out.
Seismic monitoring has been the vanguard of the
network since its introduction 27 years ago.
However, improvements in the observations of
others seismic parameters in real time such as Q
value (attenuation of the seismic waves for

changes in the medium; Domínguez et al. 2003),
b value (statistical relationship between the
magnitude and occurrence of VTs; Zobin et al.
2002a, b, c, anisotropy (variations in the fractures
associated with magmatic activity; Johnson and
Savage 2012), seismic noise (variations in the
velocity of the medium; Lesage et al. 2014), etc.,
could help to better our knowledge about the
process that accompanies the eruptions.
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Petrological Monitoring of Volcán de
Colima Magmatic System: The 1998
to 2011 Activity

Olivier Reubi, Jonathan Blundy and Joe Pickles

Abstract
Volcán de Colima’s nearly continuous activity
since 1998 has shifted repeatedly from effusive
to explosive Vulcanian eruptions. Strong explo-
sions occurred in 1999 and 2005, which raised
concerns that the current eruptive phase may
lead to a major Plinian eruption, as in 1913.
Understanding the processes controlling the
eruptive style and intensity, and identifying the
associated precursory signals, are essential for
hazard mitigation. Here we present an overview
of the petrology of the magmas erupted since
1998 and use these data to constrain the storage
conditions and pre-eruptive evolution of the
magmas. The potential of research strategies
linking underground magmatic processes with
geophysical and geochemical surface records,
an essential step to identify key precursory
signals, is established by comparing the melt
inclusion and volcanic earthquakes record. The
significance of the 1998–2011 activity in the
context of historical eruption cycles is addressed

by comparing the petrology of the 1998–2011
magmas with magmas from the 1913 Plinian
eruption. This demonstrates the importance of
mafic recharges before the major cycle-ending
Plinian eruptions.

Keywords
Petrology � Geochemistry � Magmatic system
Volatiles

1 Introduction

Over the last 200 years, Volcán de Colima’s
eruptive behaviour has encompassed highly
explosive Plinian eruptions, moderately explosive
Vulcanian eruptions, and gentle effusion of lava
domes and flows (Varley, this volume). The large
range of eruption styles and intensities involved
and the rapid transitions between them cause major
challenges for volcanic hazards mitigation. Under-
standing the processes controlling these transitions
and identifying the associated precursory signals is
essential to developing predictive models.

Factors that control eruption intensity include
physical factors such as magma temperature,
crystallinity, ascent and degassing rates, and
chemical factors such as dissolved volatile content
and melt composition (e.g. Eichelberger et al.
1986; Sparks 1997; Villemant and Boudon 1998).
The minerals crystallizing in the magmas and the
droplets of quenched melt trapped within the
crystals during growth (melt inclusions) record
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these factors as the magmas are ascending through
the Earth’s crust and evolve in response to chan-
ges in pressure and temperature. Advances in
petrological tools enable quantitative determina-
tion of the melt composition, volatile contents and
crystallinity, the depth and temperature of magma
storage, the nature of magmatic processes, and the
rates at which magmas evolve and ascend (Putirka
2008a; Blundy and Cashman 2008). The presence
and composition of coexisting minerals can con-
strain critical parameters (temperature, pressure,
and oxygen fugacity) (Putirka 2008b) during
magmatic evolution (crystallization, magma mix-
ing or mingling, etc.). Changes in critical param-
eters occurring during crystallization can also be
inferred from the compositional and textural
zoning of minerals (e.g. Ginibre et al. 2002a, b;
Streck 2008). Additional constraints on the
pre-eruptive conditions and evolution of the
magmas can be obtained from the chemistry of
melt inclusions. Melt inclusions are small
(<50 lm) droplets of melt trapped in minerals
during crystallization. Once sealed, melt inclusion
become physically disconnected from the sur-
rounding melt that continues to evolve in response
to changes in temperature and/or pressure, and
magmatic processes such magma mixing. Melt
inclusions, therefore, provide snapshots of the
chemical evolution of the melt while it is crys-
tallizing in the subvolcanic magmatic system
(Roedder 1984). Melt inclusions provide particu-
larly valuable information on the pre-eruptive
volatile contents of magmas, and on the degas-
sing and crystallization paths followed during
their ascent through the upper crust (e.g. Blundy
and Cashman 2005; Lowenstern 2003; Wallace
2005). Petrological studies, therefore, provide
an efficient means to document the pre-eruptive
evolution of the magmas. By comparing the
products of successive eruptions covering a
range of styles and intensities, the factors and
processes controlling the eruptive behaviour
may be indentified. The drawback is that
petrologists can only interrogate volcanic
products retrospectively, i.e. after an eruption
has occurred.

Monitoring of active volcanoes involves a
broad range of methodologies such as

seismology, gas fluxes and chemistry,
ground-deformation, microgravity, and thermal
imaging (McNutt et al. 2000; Sparks 2003).
These techniques effectively record changes
occurring in the magmatic or hydrothermal sys-
tems beneath the volcano. Relating unequivo-
cally the monitored signals to specific physical
processes and evaluating their influences on
eruption likelihood, style, and intensity is chal-
lenging. Linking the underground magmatic
processes identified on the basis of petrological
studies with surface manifestations of the type
that are routinely monitored, albeit after the
event, is essential to successfully interpret the
volcano monitoring record and develop eruption
forecast models, a critical goal in modern vol-
canology. Integrated research strategies, com-
bining the petrology and geochemistry of
magmas with the geophysical and geochemical
surface records, require persistently active vol-
canoes showing a range of eruption styles and for
which a continuous monitoring record capturing
these shifts in volcanic activity is available.
Volcán de Colima is amongst the few volcanoes
that match these criteria and, providing that the
volcanic activity continues, significant advances
in our understanding of the dynamics of sub-
volcanic magmatic systems, the processes con-
trolling eruption style and intensity, and the
associated surface warning signals may be
obtained from multidisciplinary studies of this
volcano.

This chapter provides an overview of our
understanding of Volcán de Colima’s active
magmatic system from a petrological point of
view, and discusses the link with surface moni-
toring data. Integrated multidisciplinary research
strategies linking underground magmatic pro-
cesses with geophysical and geochemical surface
records remains the goal of future projects. One
aim of this chapter is to lay the petrological basis
and outline the feasibility and potential of this
type of approach. Specific topics that are
addressed include: (I) petrology of the magmas
erupted at Volcán de Colima between 1998 and
2011; (II) constraints on the pre-eruptive state of
the magmas (temperature, volatile content, etc.)
and the nature of pre-eruptive magmatic
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processes (mixing, recharge, degassing, etc.);
(III) links between the petrological and moni-
toring records; (IV) significance of the 1998–
2011 activity in the context of historical eruption
cycles; (V) outline of future research directions to
address the dynamics of the magmatic system.

1.1 Historical Eruptive Cycles
of Volcán de Colima

Volcán de Colima has been persistently active
over at least the last 500 years flows (Varley, this
volume). Luhr and Carmichael (1980) proposed
the concept of historical eruptive cycles at Vol-
cán de Colima. Each cycle comprises an initial
period of dome growth followed by intermittent
eruptions of lava flows, and gas and ash-to-scoria
Vulcanian eruptions. These phases are dominated
by andesitic lavas with *61 wt% SiO2. The
cycles terminate with major explosive Plinian
eruptions involving relatively mafic andesites
with 58 wt% SiO2, as occurred in 1818 and 1913.
The frequency of the major Plinian or
sub-Plinian eruptions has been approximately
every 100 years, creating concerns amongst
volcanologists that the current activity may be
ramping up to a major cycle-ending Plinian
eruption.

1.2 1988 to 2011 Volcanic Activity
at Volcán de Colima

Detailed accounts of the volcanic activity
between 1998 and 2011 can be found in Varley
(this volume), Savov et al. (2008), or online at
Smithsonian Global Volcanism Program (http://
www.volcano.si.edu); only a brief outline is
given here and illustrated in Fig. 1. Lava extru-
sion in the summit crater started in late Novem-
ber 1998 following months of precursory seismic
and fumarolic activity (Zobin et al. 2002b; Taran
et al. 2002) that marked the end of 7 years of
repose. Lava flows and occasional block-and-ash
flows generated by collapse of the front of the
flows lasted until February 1999. An explosive
cycle that included several large explosions fol-
lowed from February until July 1999. From
August 1999 to February 2001 the activity was
characterized by sporadic low intensity explo-
sions. A new dome appeared in the summit crater
in May 2001. This effusive activity lasted until
February 2003 and gave way to a new explosive
phase with several strong Vulcanian explosions
in July, August, and November. Effusive activity
accompanied by frequent small explosions
resumed in September 2004 and lasted until
November 2004. From December 2004 to Jan-
uary 2007 the activity consisted of intermittent
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Fig. 1 Schematic depiction of Volcán de Colima vol-
canic activity between 1998 and 2011. Arrows mark the
most powerful Vulcanian explosions. The volumes of

magma erupted and the effusion rates for the different
periods of activity are also indicated
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steam and ash Vulcanian explosions. Large
explosions, associated with pyroclastic flows,
occurred in March, May, June, and September
2005. These eruptive events represent the most
explosive behaviour of the volcano since the last
Plinian eruption in 1913. A new dome appeared
in the crater in February 2007 and grew at a very
low rate until June 2011.

The total volume of magma erupted between
1998 and 2011 is estimated at 6.0 � 107 m3 or
5.0 � 107 m3 dense rock equivalent (DRE) as-
suming an average porosity of 16 vol% (Lavallée
et al. 2012). 66% of this volume was erupted
during the end of the 1998–early 1999 effusive
phase. The average effusion rates for the different
periods of activity range from 4.1 to 0.03 m3/s
during the 1998–1999 effusive and 2007–2011
dome growth periods, respectively (Fig. 1).

2 Petrology of the 1998–2011
Magmas

2.1 General Petrology

Descriptions of the post 1998 andesites are pre-
sented in several publications (Luhr 2002; Mora
et al. 2002; Reubi and Blundy 2008; Reubi et al.
2017; Savov et al. 2008). The lavas are
crystal-rich with 30–40 volume percent of
phenocryst-sized minerals (i.e. irrespective of
their origin) of plagioclase (23–34%), orthopy-
roxene (6–9%), clinopyroxene (3–8%), titano-
magnetite (1.3–2.1%), and rare (<0.5%) ilmenite
and resorbed hornblende (Fig. 2). Resorbed
hornblende show a rim where they are progres-
sively replaced by pyroxenes and titanomagnetite
indicating that they are out of equilibrium in the
magma at the conditions (pressure, temperature,
melt composition and H2O content) of crystal-
lization of the others phenocrysts. The ground-
mass comprises glass and the same minerals,
except that amphibole is lacking, and clinopy-
roxene and ilmenite are present in very small
amounts. Olivine crystals surrounded by reaction
coronas of pyroxenes and titanomagnetite
(Fig. 2a), as well as resorbed quartz crystals are
occasionally observed and have been interpreted

as xenocrysts owing to their pronounced
resorption textures (Luhr 2002; Mora et al. 2002;
Reubi and Blundy 2008). Crystal clots, up to few
mm in size, and showing a range of textures from
aggregates of touching crystals with vesiculated
interstitial glass to plutonic (i.e. fully crystallized)
fragments are observed in all lavas. Most crystal
clots are gabbroic and comprise strongly zoned
clinopyroxenes and orthopyroxenes, resorbed
olivines, and interstitial plagioclases ± glass
(Fig. 2c). These mafic clots represent up to 15%
of the total volume in the 1998–2011 magmas.
Crystal clots comprising plagioclase, orthopyrox-
enes, ± clinopyroxenes are also observed.

Like most andesites, Volcán de Colima have,
in detail, complex petrography comprising a large
range of mineral textures and zoning patterns
indicative of complex magmatic histories. Similar
general patterns are, nevertheless, observed in all
1998–2011 lavas and variations concern mostly
the relative proportions of the different types of
mineral textures and subtle variations in chemical
zoning across the crystals. The only exception is a
sample collected on 8 December 1998, at the
onset of the eruption, and presented in Mora et al.
(2002) (their sample 1). This sample comprises an
unusual amount of strongly resorbed
(sieved-textured) plagioclases and granodioritic
clasts, showing clear signs of melting with resor-
bed plagioclase and dark interstitial glasses. Sim-
ilar textures are not common in subsequent
magmas, including later 1998 lavas.

2.2 Plagioclase

Probably the most striking petrological feature of
the 1998–2011 magmas is the abundance of
euhedral plagioclase crystals showing relatively
limited variation in compositions (Figs. 2a, b and
3a), a feature further illustrated by the broad
unimodal main compositional population of
An60-40 (Fig. 4a). This contrasts with the bimodal
populations and strong resorption (sieve) textures
often observed in intermediate arc magmas (e.g.
Eichelberger 1978; Kent et al. 2010). All samples
show similar ranges of crystal interior composi-
tions with a main populations around An60-40 and
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subordinate Ca-rich plagioclases (to An82)
(Fig. 4a). Rim compositions are more variable in
the 1998–2002 samples (An63-40) than in the
2004–2007 samples (An54-40). The predominant
type of plagioclase show two superimposed types
of zonations, (1) oscillatory variations in An with
short wavelength (<10 lm) and amplitudes of 5–
10 mol% and (2) long wavelength (>100 lm)
variations in An with amplitudes of 10–15 mol%
(Fig. 3a). A significant proportion of phenocrysts
have a core with slightly lower average An%
delimited by a sharp increase in An% associated
with a more or less pronounced resorption zone
and surrounded by outer zones with higher
average An% (Fig. 3b)The Ca-rich plagioclases

(<5 vol%) have corroded high-An (An82-65)
cores in-filled in by low-An plagioclase (An55-45)
and melt inclusions, forming a patchy texture.
These resorbed high-An plagioclases have
oscillatory-zoned rims with the same range of An
as the oscillatory phenocrysts (Fig. 3c).
Groundmass microlite plagioclases range from
An53 to An32 (Fig. 4a).

2.3 Pyroxenes

As for plagioclase, orthopyroxene and clinopy-
roxene show similar ranges of compositions in
all samples with a broad main population around
Mg-number 76-70 and Mg-rich outliers to

(c) (d)

(b)(a)
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cpx

ol

pl

opx

pl
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Fig. 2 Photomicrograph illustrating the petrographic
features of Volcán de Colima 1998–2011 magmas.
a Euhedral plagioclase, orthopyroxene, and clinopyrox-
ene phenocrysts. A large resorbed olivine crystal mantled

by a rim of orthopyroxene can be observed at the bottom
left. b Large oscillatory zoned plagioclase. c Close-up
view of gabbroic fragment. d Resorbed amphibole
mantled by pyroxene, plagioclase and titanomagnetite
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Mg-number 88 (Fig. 4b, c) [Mg-number = molar
Mg/Mg+Fe, which gives an indication of how
mafic was the melt in which the crystal formed
(higher Mg-number correspond to more mafic
compositions)]. The rim compositions are more

variable and extend to higher Mg-number (80-66)
in the 1998–1999 magmas than in the subsequent
lavas (Mg-number 74-61) (Fig. 4b, c). The
majority of crystals show weak oscillatory zoning,
but pyroxenes displaying complex zoning with
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Fig. 3 BSE images and variations in An and calculated
Srmelt along traverses for selected plagioclases represen-
tative of the textural variability observed in the 1998–
2011 magmas. The core (C) to rim (R) traverses are
indicated on the BSE images by thick white and narrow
black lines. Sr contents of melts were determined from the
plagioclase Sr concentrations using the SrKD plag/melt

expression from Blundy and Wood (1991) for a temper-
ature of 990 °C. Error bars for calculated melt Sr contents

take into account the Sr measurement analytical standard
error and an uncertainty of ±40 °C on the temperature
estimates. a Plagioclase showing weak oscillatory zoning.
b Crystal showing weak oscillatory zoning with a
relatively pronounced resorption zone. c Plagioclase with
a corroded high-An core filled in by low-An plagioclase
(An55-45) and melt inclusions, forming a patchy texture.
Zoning style shown in (a) is predominant in the 1998–
2005 magmas
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several successive reverse (to Mg-number 88) and
normal zones are also observed. These pyroxenes
always have a low-Mg-number rim composition-
ally similar to the weakly zoned pyroxenes.
A small proportion of crystals had a narrow rim
with Mg-number higher than the crystal interior
(reverse zoning). Pyroxene microlites are
orthopyroxenes Mg-number 73-60 (Fig. 4b).

2.4 Amphibole

Amphibole phenocrysts are rare in the 1998–
2011 magmas (<0.5 vol%) and always show
disequilibrium textures. Two distinct types of
resorption are observed: (1) Subhedral crystals
with thin (10–50 lm) black, fine-grained “opa-
cite” reaction rims, (2) anhedral amphiboles
partially to completely replaced by fine- to
medium-grained pyroxene, plagioclase and
titanomagnetite forming gabbroic crystal clusters
(Fig. 2d). The first type of reaction rims occur in
the 1998–1999 lavas (Luhr 2002) but have not

been observed in later eruptions. Amphiboles are
hornblende with Mg-number 71-63.

3 Chemistry of the 1998–2011
Magmas

3.1 Bulk Rock Chemistry

Bulk rock compositions of post-1998 magmas
were published by Luhr (2002), Mora et al.
(2002), Reubi and Blundy (2008) and Savov
et al. (2008). The 1998–2011 magmas are fairly
homogenous calc-alkaline andesites with 59–
61.4 wt% SiO2 (Fig. 5). Broad linear correlations
are observed between most major elements. SiO2

correlates negatively with CaO, MgO, FeO, and
positively with K2O. No clear temporal trend is
observed between 1998 and 2011. Individual
lava flows and samples from single eruptive
phase show variations as large as the complete
data set. Wider compositional variations and
slightly more mafic magmas with lower SiO2 are
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observed in early 1999 and at the end of 2001 to
early 2002 (Fig. 5). These more mafic magmas
have compositions that approach those of the
mafic andesites erupted during the cycle-ending
Plinian eruptions, which raised concerns about
the imminence of a major explosive eruption
(Luhr 2002). This point is discussed later in this
chapter.

3.2 Melt Inclusion Chemistry

Detailed studies of melt inclusions (MI) in the
1998–2005 magmas were presented by Reubi
and Blundy (2008) and Reubi et al. (2013). Melt
inclusions in pyroxenes show a broad range of
compositions with SiO2 contents from 62 to 76
wt% (H2O-free) and can be divided into two
distinct chemical groups on the basis of their
K2O contents: termed “low-K” and “high-K” by
Reubi and Blundy (2008) (Fig. 6). Low-K MIs
show decreasing MgO, CaO, Al2O3 and Na2O,
and increasing K2O trends with increasing SiO2.
These trends are consistent with crystallization of
the phenocrysts assemblage, and overlap with the
groundmass glasses (Fig. 6), indicating that the
low-K MIs effectively record the composition of
the crystallizing melt. There is a compositional
gap between the least evolved MI (dacite) and
the most evolved bulk-rock (andesite) and the MI
and bulk-rock trends are oblique to each other on

most major element plots (Figs. 6 and 7). These
observations have important implications for the
petrogenesis of the magmas and are discussed
below. High-K melt inclusions are characterized
by higher K2O and lower CaO contents at a
given SiO2 content compared with the low-K
MIs. Their major and trace element (e.g. Ba, Sr,
Rb) contents are clearly distinct from the bulk
compositions of Volcán de Colima magmas, but are
similar to interstitial glasses found within the gab-
broic clots (Reubi and Blundy 2008). The high-K
MIs are thought to have formed by partial melting
of plutonic fragments. Although not representative
of the crystallizing melts, this group of inclusions
also provides important petrogenetic information.

The ranges of melt inclusion compositions
remain essentially constant in the 1998–2005
magmas. H2O and CO2 contents obtained by ion
probe analyses in the 1998–2005 low-K melt
inclusions are presented in Reubi et al. (2013). H2O
contents range from 4.1 to 0.1 wt% and CO2 range
from 236 ppm to below analytical detection limit
(12–28 ppm) (Fig. 8). Sulphur contents extend to
high values in Volcán de Colima MIs (� 1300
ppm) and Cl contents range from 1540 to
2600 ppm [microprobe measurements from Reubi
et al. (2013)]. No systematic differences in volatile
contents are observed between the effusive and
Vulcanian explosive eruptions.

4 Pre-eruption Magma Conditions

4.1 Temperature and Oxygen
Fugacity

Estimates of the temperature and oxygen fugacity
(fO2) of magmas during crystallization can be
obtained from the compositions of coexisting
minerals and melts (glasses). Two-pyroxene
geothermometers have been used extensively to
constrain the temperature of Volcán de Colima
post-1998 magmas. Temperatures between 979
and 1030 °C were obtained using the formula-
tion of Andersen et al. (1993) (Luhr 2002; Reubi
and Blundy 2008; Savov et al. 2008). Similar
ranges of temperatures were reported for calcu-
lations according to the methods of Wood and
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Fig. 5 Bulk-rock SiO2 contents versus eruption date.
Data are from Luhr (2002), Mora et al. (2002), Reubi and
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Banno (1973) and Wells (1977). Ilmenite is very
rare in Volcán de Colima’s historical magmas,
but temperatures of 938–993 °C and log(fO2)
values of −9.2 to −9.96 were calculated using the
method of Ghiorso and Evans (2008) for three
touching ilmenite-magnetite pairs (Mora et al.
2002; Reubi et al. 2013). Temperatures of crys-
tallization were also obtained by applying the
plagioclase-melt thermometer of Putirka (2005)
to melt inclusions and adjacent host plagioclase.
This method gives a range between 959 and
1015 °C (Reubi and Blundy 2008). All the
magmas investigated give the same range of
temperatures and no systematic temporal evolu-
tion has been identified since the onset of activity
in 1998.

4.2 Pressure and Depth
of the Magmatic System

Constraints on the pressure at which the magmas
crystallized can be obtained from the volatile
contents of melt inclusions using the known
solubility-pressure relations for mixed H2O–CO2

in silicate melts. This approach implicitly

assumes that the magmas were vapour-saturated,
i.e. vapour bubbles were present and in equilib-
rium with the melt at the time of crystallization
and sealing of the melt inclusions. In the case of
the 1998–2011 magmas this assumption is sup-
ported by experimental petrology results (Moore
and Carmichael 1998) and the degassing trends
recorded by the melt inclusions (Reubi et al.
2013). Pressures of melt inclusion entrapment
between 160 and 3 MPa were obtained using the
solubility model of Papale et al. (2006) and
assuming magma temperatures of 1000 °C
(Reubi et al. 2013) (Fig. 8). These pressures are
equivalent to depths of 8.4–0 km (below the
summit level) calculated using a lithostatic model
taking into account the edifice load (Pinel and
Jaupart 2000) (Fig. 9b). Significant and system-
atic variations in entrapment depths are obtained.
The 1998 and 2004–2005 magmas record max-
imum depths between 3 and 4 km, the 1999 and
2003 Vulcanian eruptions shows depths up to
9 km, whereas the 2001 and 2002 magmas
record maximum values <2 km (Fig. 9b).

5 Petrogenesis of the 1998–2011
Magmas

5.1 Fractional Crystallization
and Crustal Contamination

The origin of intermediate to silicic magmas in
subduction settings has been the subject of
debate and is widely attributed to two main
processes: differentiation of primary magmas by
crystallization within the crust or uppermost
mantle, and partial melting of older crustal rocks
(see Annen et al. 2006; Gill 1981; Tatsumi
2005). Nd–Sr–Pb isotope studies of Volcán de
Colima magmas have shown that assimilation of
old crustal rocks did not contribute significantly
to the production of the magmas (Luhr 1997;
Valdez-Moreno et al. 2006; Verma and Luhr
2010), although limited amounts (<10%) of
assimilation of granodiorites from the batholiths
(Cretaceous) forming the basement beneath
Volcán de Colima occurred (Valdez-Moreno
et al. 2006; Reubi et al. 2014). The short lived
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U-series isotopes further indicate that the time
scales of production of the historical andesites by
differentiation of primary magmas resulting from
melting of the mantle are short (less than few
thousand years) (Reubi et al. 2014). Overall, the
geochemical data indicate that crystal fractiona-
tion from mafic parent magmas is the primary
process that produced the silicic magmas at
Volcán de Colima, a process thought to be the
predominant producer of silicic magmas in arc
setting (e.g. Annen et al. 2006; Reubi and
Blundy 2008).

In the context of differentiation dominated by
fractional crystallization, the oblique chemical
trends exhibited by the bulk rock and melt
inclusions (Fig. 7) could reflect a change in the
assemblage of crystallizing minerals. Change
from high-pressure crystallization of basalt or
basaltic andesite parents to generate the dacitic
melt, to low-pressure vapour-saturated crystal-
lization of the dacitic melt to form rhyolitic melt
is a plausible cause (Annen et al. 2006). Luhr and
Carmichael (1980) have shown that crystal
fractionation models from prehistoric

olivine-andesites (57 wt% SiO2, 6 wt% MgO)
can reproduce the major-element variations in
historical andesites, but systematically fail to
predict sufficient concentrations of compatible
trace elements (Cr, Ni), an indication that magma
mixing or mingling and crystal fractionation
occurred simultaneously. These authors also
noted that the olivine-andesites themselves pre-
sent petrographic evidence indicative of magma
mixing, and that high-Al basalts erupted from
late-Quaternary cinder cones surrounding Volcán
de Colima likely represent the parental magmas
of the historical andesite suites. Additional sup-
port for mixing-mingling processes comes from
comparisons between the liquid lines of descent
produced experimentally for hydrous basaltic
melts and the rock compositions. The curved
experimental liquid lines of descent reproduce
the composition of the silica-rich melt inclu-
sions but fail to reproduce the bulk composi-
tion of historical andesites, which lie on linear
trends diagnostic of mixing processes (Fig. 7)
(Sparks and Marshall 1986; Reubi and Blundy
2008).
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The (low-K) melt inclusions with the lowest
SiO2 contents match the required silicic mixing
end-member responsible for the observed linear
trends (Fig. 7). The bulk composition of the
silicic magma that mixed or mingled with a mafic
component must, therefore, have been close to
these compositions. Starting from such compo-
sitions, the melt inclusion trends record up to
40% vapour-saturated crystallization of a crystal
assemblage, similar to the phenocryst assem-
blage (i.e. 20% plagioclase, 3% orthopyroxene,
0.7% clinopyroxene and 0.5% titanomagnetite)
(Reubi et al. 2013) (Figs. 6 and 7). Overall, this
indicates that the magmas feeding the upper
crustal magmatic system are dacitic in composi-
tion (*64 wt% SiO2) and that these magmas
mixed or mingled with a mafic component on
their way to the surface and started crystallizing
extensively in the subvolcanic system upon
reaching vapour-saturation (Fig. 10). The fact
that the starting point for crystallization to higher
SiO2 lies close to the proposed silicic
end-member for mixing implies that the mixing
process did not generate any truly hybrid liquids
that subsequently crystallized at low pressure. In
that case, we would expect low-pressure crys-
tallization trajectories originating along the mix-
ing array, rather than only from its most SiO2-
rich extremity. This mixing behaviour is sug-
gestive of mixing between evolved (dacitic) melt
and crystal residues at low SiO2, rather than
between dacitic and basaltic liquids. This style of
mixing is consistent with the petrographic evi-
dence presented above. We explore these possi-
bilities further below.

5.2 The Role of Magma Mixing
and Mingling

From a bulk-rock chemistry point of view
magma mixing (i.e. complete homogenization of
contrasting compositions resulting in magma
with intermediate properties) and magma min-
gling (i.e. mechanical juxtaposition of contrast-
ing compositions with limited chemical
homogenization) are equivalent. From a physical
(and volcanological) point of view these

processes can, however, have very different
implications. Transfer of heat and volatiles
associated with injection of basaltic magma into
silicic magmas is believed to be a common
mechanism for triggering explosive eruptions
(Sparks et al. 1977). At the other end of the
spectrum, entrainment in silicic magmas of par-
tially to fully solidified mafic crystal mush or
plutonic fragments formed during previous epi-
sodes of magmatism can be regarded as a passive
form of magma mingling, because the mafic end
member does not provide heat or volatiles.
Distinguishing between these processes is
essential to understanding the dynamics of the
magmatic system, and to assess the impacts in
terms of eruption likelihood and intensity.

The compositions of the gabbroic fragments
observed in Volcán de Colima 1998–2011
magmas match the composition of the putative
mafic mixing end-member (Fig. 7). The gabbroic
fragments do not show textural evidence for
quenching of the sort typically observed in mafic
enclaves. On the contrary, they show evidence
for heating and partial melting, the process dur-
ing which the high-K melt inclusions are inferred
to have formed (Reubi and Blundy 2008).
Entrainment and heating of gabbroic crystal
mush and plutonic fragments from Volcán de
Colima’s earlier episodes of magmatism, a pas-
sive form of magma mingling, is evidently an
important process in the evolution of the 1998–
2011 magmas. Mingling between these plutonic
fragments and a dacitic melt is capable of gen-
erating the linear trends observed in Fig. 7. In
such case the hybrid magma is a mixture of
gabbroic crystals, in various states of disequi-
librium, entrained in a dacitic melt. Subsequent,
post-mingling crystallization of this melt gener-
ates the more evolved melt inclusion and
groundmass glasses.

Chemical zoning of the phenocrysts may
indicate that mixing occurred concomitantly with
mingling. Major-element zoning of plagioclase
within the Anorthite-Albite binary system has
been widely used as a recorder of magma evo-
lution, although the causes of oscillatory zoning
of plagioclase are still a matter of debate (see
Ginibre et al. 2002a; Pearce and Kolisnik 1990).
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The major element composition of plagioclase
(An%) is a function of melt composition and
H2O content, temperature, and pressure. Thus, it
is difficult to discriminate unequivocally between
these rival factors on the basis of binary com-
positional variations. Minor and trace element
analyses have been used to address this issue. For
trace elements, for which the partitioning between
crystal and melt is reasonably well understood,
e.g. Ba and Sr (Blundy and Wood 1991) it is
possible to relate trace element variations in the
plagioclase to those in the coexisting melt, and
thus constrain the role of melt composition in
promoting plagioclase zoning (Blundy and

Shimizu 1991; Ginibre et al. 2002b; Singer et al.
1995). Sr measurements in plagioclase by ion
probe were presented in Reubi et al. (2013).

Two distinct patterns are observed in Volcán
de Colima 1998–2011 plagioclases. The oscilla-
tory variations in An% with short wavelength
(<10 lm) are not associated with resolvable
changes in Sr contents of equilibrium melts
(Srmelt) calculated on the basis of plagioclase Sr
contents, whereas the long wavelength
(>100 lm) variations are associated with chan-
ges in Srmelt (Fig. 3a, b). The causes of the first
type of oscillations are open to question and may
be ascribed either to changes in temperatures or
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H2O content, or to diffusion-limited kinetic
effects during crystallization. The second type of
variations in An% are related to changes in melt
composition and indicate mixing between con-
trasted melts in the subvolcanic system. The
predominant weakly oscillatory zoned plagio-
clases, as well as the crystals with more pro-
nounced resorption zones, record variations in
Srmelt within the range 250–350 ppm (Fig. 3a,
b), whereas the melt inclusion Sr contents vary
from 180 to 590 ppm. Changes in melt compo-
sitions during crystallization are, therefore, small
and within the range of the dacitic melt inclu-
sions. The presence of pyroxenes with reversely
zoned sectors or rims further indicates the
occurrence of magma mixing events. As with
plagioclase, changes in pyroxene composition
are limited (<5 Mg-number) (Fig. 4), implying
small changes in melt composition. Interestingly,
reverse zoning is more pronounced (up to
10 Mg-number increase) and the pyroxenes rim
compositions extend to higher Mg-number in the
1998 to early 1999 magmas than in the subse-
quent eruptions (Fig. 4), suggesting that the
mixing melts were more mafic and, potentially,
that mixing was more important at the onset of
the recent eruptive phase.

The high An% plagioclases crystallized in
mafic melts with high Srmelt (Fig. 3c) which are
also most certainly the source of the resorbed
olivines and high Mg-number pyroxenes
observed in all samples. Based on compositional
and textural similarities, these mafic crystals
were interpreted as coming from disaggregation
of the gabbroic clots (Reubi and Blundy 2008).
They may, nevertheless, also indicate mixing
with basaltic magmas. Considering that the mafic
crystals are ubiquitous, but that the phenocrysts
do not record evidence for extensive mixing with
basaltic magmas, mixing would in this case have
occurred before crystallization of the phe-
nocrysts. Moreover, if mixing with basaltic
magmas was predominant, the least evolved melt
inclusions would be expected to match the
bulk-rock compositions, as they should be rep-
resentative of the melt composition at the onset
of phenocryst crystallization after mixing. This

suggests instead that most of the mafic crystals
come from disaggregation of the gabbroic clots.

In summary, the petrology indicates that
mingling between dacitic melts and grabbroic
fragments is the principal process that controls
the linear chemical trends exhibited by the
bulk-rock compositions, although an early con-
tribution (i.e. before crystallization of phe-
nocrysts) from mixing with mafic magmas
cannot be excluded. On the other hand, mixing
between silicic magmas with limited contrasts in
composition is ubiquitous in the current subvol-
canic system. Volcán de Colima 1998–2011
andesites represent a case of mingling, where the
dominant heat and volatiles contributions come
from the ascending silicic melt that remobilizes
earlier mafic crystal mush or plutons. The
opposite scenario, where the ascending mafic
magma provides the heat necessary to remobilize
partially to fully crystallized silicic crystal mush
or plutons, is more commonly envisaged in other
andesite systems (e.g. Eichelberger et al. 2006;
Murphy et al. 2000). This situation is character-
ized by the presence of quenched mafic enclaves,
and strong resorption textures and chemical
zoning in phenocrysts. Volcán de Colima 1998–
2011 magmas may, in this regard, represent an
end-member scenario in andesite petrogenesis.
However, as discussed below, this is not a
characteristic of all Volcán de Colima historical
magmas, as the relative contribution of mixing
varied significantly over time.

5.3 Linking the Petrological
and Surface Monitoring
Records

5.3.1 Melt Inclusions and Seismicity
In the preceding sections, inferences on the
physical conditions and magmatic processes
prevailing in the magmatic system beneath Vol-
cán de Colima have been drawn on the basis of
petrological and geochemical data. A fundamen-
tal assumption subjacent to this approach is that
the phenocrysts and melt inclusions are repre-
sentative of the current state of the system. If the
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crystals formed hundreds or thousands of years
ago, this may not necessarily be the case.
Establishing a link between the petrological
record and the monitoring signal obtained at the
surface prior to the eruption is needed to
demonstrate a temporal connection and the fea-
sibility of integrated approaches.

The depths of volcano-tectonic seismic
swarms recorded prior to the eruption of the
1998–99 lava flow are in the range 8.5–0.5 km
(below the summit) (Zobin et al. 2002a) (Fig. 9
a). The source locations of long-period seismicity
recorded by broadband seismic stations between
November 2005 and May 2006 are in the same
depth range, with maximal probabilistic
hypocenter location between 1.5 and 4 km (Pet-
rosino et al. 2011). This is in good agreement
with the depth recorded by the melt inclusions
for the 1998–2005 period (Fig. 9b) (Reubi et al.
2013). This agreement supports the view that the
melt inclusion sealing depths correspond closely
to the region in the subvolcanic system, where
the magmas were stored before eruption. In other
words, both the seismic signals and the melt
inclusions record the ascent, degassing, and
crystallization of the volatile-saturated magma
before eruption. Interestingly, melt inclusions
from the 1913 plinian eruption have H2O con-
tents up to 6.8 wt% (Atlas et al. 2006; Luhr
2006) (Fig. 8) and yield pressures corresponding
to depths of 8–11 km, indicating that 100 years
ago the magmas crystallized in a region distinct
from the currently active seismic zone (Fig. 10).
This suggests that there is not only a spatial but
also a temporal correspondence between the
petrological and seismic records. A similar spa-
tial and temporal correspondence has been
established for the Mount St. Helens magmatic
system between 1980 and 2006 (Blundy et al.
2008). We note that this does not necessarily
imply late crystallization of the phenocrysts, but
could reflect predominant sealing of the melt
inclusions shortly before eruption. Textural
observations indicate that the cavities eventually
forming the inclusions are connected to the sur-
rounding melt by thin melt channels or necks.
Diffusion-exchange maintain equilibrium until
closure of the channel, which may happen long

after crystallization of the host and formation of
the cavity itself, and may often be caused by
magma ascent and decompression prior to erup-
tion (Blundy and Cashman 2005; Blundy et al.
2008).

The close correspondence between the melt
inclusion sealing depths and seismic source loca-
tions holds when the complete inclusion popula-
tion is considered. In detail, significant variations
are observed with time (Fig. 9b). Most significant
are the low melt inclusion pressures recorded in
2001 and 2002. On the basis of petrological
arguments, Reubi et al. (2013) argued that these
low pressures are melt inclusion artifacts resulting
from diffusive loss of H2O from the inclusions,
and that the magmas must have crystallized at the
same range of pressures as other 1998–2011
magmas. We suggested that the pressure corre-
sponding to preferential reequilibration of melt
inclusions may, nevertheless, indicate magma
stalling levels and could potentially provide
important information on the flow dynamics in the
magma conduit. Unfortunately, locations of seis-
mic sources are not reported for the 2001–2002
period, making it difficult to assess the signifi-
cance of the melt inclusions pressures of
re-equilibration. In addition, it remains to be
established over what time scales the melt inclu-
sion and seismic records are correlated. Volcán de
Colima data indicates that it is the case for decadal
time scales: establishing if this still holds when
time scales range from years to months needs to
be considered in future research.

5.3.2 Melt Inclusions and Gas Fluxes
Comparisons between gas fluxes from the vent
and the fluxes estimated from melt-inclusion
volatile contents, combined with the volume of
erupted magmas, can provide information on the
volume of magma degassing at depth and influx
of magmas in the system. Based on melt inclu-
sion S contents (up to 1300 ppm), the petrolog-
ical estimate of the output between 1998 and
2005 is 2.5 � 108 kg SO2 (Reubi et al. 2013).
This is approximately a quarter of the mass
derived from COSPEC measurements for the
same period (Varley, this volume). Excess of
degassed sulphur relative to petrological
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estimates is characteristic of arc volcanoes. The
excess calculated for Volcán de Colima is small
compared to the factor of ten to hundred obtained
for many intermediate stratovolcanoes (Shino-
hara 2008; Wallace 2005). S excess may have
several causes: larger volume of magma degas-
sing at depth than the erupted volume, degassing
of S before sealing of the melt inclusions, or
degassing of S-rich mafic magmas deeper in the
system. There are no constraints on the cause at
Colima, but assuming that S excess solely results
from larger volume of magma degassing at depth
and, consequently, reflects the volume of
degassing magma between 1998 and 2005, the
volume required is about 0.2 km3 (DRE). Prob-
abilistic hypocenter location analyses of the
2005–2006 seismic swarms indicate a seismic
source volume of about 1 km3 (Petrosino et al.
2011). The density of seismic sources in this
volume precludes the presence of a large magma
body and rather suggests that the magmas are
located in small reservoirs, likely a network of
dikes that occupy at most 20% of this volume
according to the petrological estimate.

210Pb–226Ra disequilibria in magmas offers
the opportunity to constrain the time scale of
degassing, since one of the intermediate isotopes,
222Rn, is highly volatile and fractionate into the
gas phase (e.g. Berlo and Turner 2010). Using
this method, Reubi et al. (2015) obtained time
scales of degassing between less than 4 month
(i.e. within error of the method) and 11 years for
Volcán de Colima 1998 to 2011 magmas.
Overall Volcán de Colima 210Pb–226Ra data
further suggest a complex subvolcanic magmatic
system comprising several conduits and indicates
that this system comprises multiple magma bat-
ches with variable degassing histories and
ascending rates (between >8 � 10−4 and
5 � 10−5 m s−1).

5.4 Will the Current Activity Ramp
up to a Plinian Eruption?

Several observations have been taken as indica-
tions that the current eruptive phase may termi-
nate with a major Plinian or sub-Plinian eruption.

These include; (i) the fact that the 2005 Vulca-
nian eruptions represent the most explosive
behaviour of the volcano since the last Plinian
eruption in 1913, (ii) some of the 1998–2011
magmas are approaching the composition of the
more mafic 1913 scorias, and (iii) compilations
of historical records suggest a 80 to 100 years
periodicity for recent Plinian eruptions at Volcán
de Colima (Bréton González et al. 2002; Luhr
2002; Luhr and Carmichael 1990). There are
strong indications that the eruptive cycles are
closely related to magmatic cycles, a link marked
by the systematic shifts to more mafic bulk-rock
compositions associated with the cycle-ending
Plinian and sub-plinian eruptions (Luhr 2002;
Luhr and Carmichael 1990; Robin et al. 1991;
Savov et al. 2008). The significance of these
shifts is a matter of debate. Robin et al. (1991)
argued that this results from an influx and mixing
of mafic magmas, whereas Luhr (2002) sug-
gested that the mafic magmas represent a mafic
layer situated at the bottom of a chemically
zoned magmatic chamber, progressively emptied
during the previous eruptive cycle. Distinguish-
ing between these scenarios and establishing the
significance of the more mafic magmas erupted
in 1999 and 2001–2002, that are close in com-
position to the 1913 scoria, is essential to antic-
ipate the future evolution of the volcanic activity.

Compared to the 1998–2011 magmas, the
1913 scorias are characterized by higher amphi-
bole and lower plagioclase proportions (plagio-
clase 12–22%, amphibole 3–6%, orthopyroxene
2–3%, clinopyroxene 2–5%, titanomagnetite
0.5–3%). The most significant differences are the
presence of euhedral resorption-free amphiboles,
higher proportions of resorbed plagioclase with
sieve-textures (70–80% of plagioclases), more
An-rich and broader compositional distribution
of plagioclases, more pronounced reverse zoning
of phenocrysts (plagioclase with up to 20 An%
increase), and significantly more mafic ground-
mass glass compositions (Fig. 11) (Pickles
2007). Ion probe measurements of melt inclu-
sions from the 1913 scorias indicate higher H2O
contents (up to 6.8 wt%) and lower CO2 contents
(30–88 ppm) (Atlas et al. 2006; Luhr 2006) than
in the 1998–2011 melt inclusions (Fig. 8).
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Temperature estimates based on two-pyroxenes
and the amphibole composition (Ridolfi et al.
2010) additionally indicate that the temperatures
of the 1913 magmas were lower (930–990 °C
compared to 980–1030 °C for the 1998–2011
magmas). The volume of magma erupted in 1913
is estimated at 0.64 km3 (DRE) (Saucedo et al.
2010), which exceeds the inferred volume of
magma in the current shallow magmatic system
(<0.2 km3). Similarities between the 1913 and
1998–2011 magmas include; the composition of
pyroxenes and melt inclusions (Fig. 11), as well
as the presence of gabbroic crystal clots and
resorbed olivines.

Several important conclusions can be drawn
from these observations. The melt inclusions
indicate that initially the 1998–2011 and 1913
magmas had similar compositions, despite the
distinct bulk-rock compositions, but the 1913
magmas had higher H2O contents and where
stored a higher pressure and lower temperature
(Figs. 8 and 10). Assuming that it will originate

within the currently active region of the subvol-
canic magmatic system (as imaged by the seis-
micity and petrology), the explosive potential
(reduced for magmas with low H2O content) and
the impact of a major explosive eruption termi-
nating the current eruptive cycle may, therefore,
be anticipated to be reduced compared to the
1913 eruption as previously suggested by Luhr
(2002). In addition, the groundmass composi-
tions that are more mafic than the melt inclusions
(Fig. 11) and the pronounced reverse zoning
shown by the phenocrysts indicate that mixing
with mafic melts was important prior to the 1913
eruption. Similar evidence for mixing with mafic
melts is lacking in the 1998–2011 magmas
(although there are indications for mixing
between silicic melts). The 1999 and 2001 mafic
spikes in bulk-rock chemistry are, therefore,
unlikely to represent a scenario similar to
pre-1913. We note also that the 1998–2011 and
1913 magmas exhibit distinct bulk-rock compo-
sitional trends (Fig. 11). As discussed above, the
steep 1998–2011 trend corresponds to a mingling
trend. The 1913 magmas also contain the min-
gled gabbroic clots, the displacement of these
magmas away from the mingling trend toward
the liquid lines of descent (i.e. lower SiO2)
indicates that magma mixing is an additional
factor (Fig. 11). Considering that the more mafic
1999 and 2001 lavas fall on the mingling trend
and are outliers in a dataset that does not show
any temporal evolution (Fig. 5), we suggest
instead that these mafic compositions result from
higher proportion of mingled mafic fragments.

The petrology and geochemistry of the mag-
mas indicate that not only the conditions of
storage, but also the magmatic evolution of the
1913 magmas differed significantly from the
evolution of the 1998–2011 magmas. It is also
worthwhile mentioning that no significant dif-
ferences in petrology, volatile-contents, and
degassing paths are observed between the 1998–
2011 Vulcanian and effusive eruptions, suggest-
ing that, in these cases, the transitions from
effusive to explosive result from non-linear
dynamics of conduit flow related to the com-
plex relationship between degassing and crys-
tallization (Cassidy et al. 2015; Reubi et al.
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2013; Varley et al. 2010). Based on the 1913
scenario, the cycle-ending Plinian and sub-Plinian
eruptions are anticipated to follow major perturba-
tions in the subvolcanic system related to the influx
of volatile-rich mafic magmas. The strong Vulca-
nian eruptions that occurred in 2005 are, therefore,
most likely not indicative of changes in the sub-
volcanic system leading to a major Plinian erup-
tion. We stress that if the likelihood of a Plinian
eruption emanating from the subvolcanic system
currently imaged by the seismicity and petrology
can reasonably be estimated to be lower than in
1913, the possibility that such an eruption may be
fed by deeper more volatile rich magmas remains
open. Seismic signals are induced by movements
of magmas or gas (e.g. McNutt 2000) and the
absence of seismicity below 8 km does not
exclude the presence of magmas at the level of the
1913 reservoir or below, particularly if these
magmas are vapour-undersaturated. Investigations
using ambient noise tomography have, indeed,
revealed the presence of an ellipsoidal low
velocity body at a depth of *15 km beneath
Colima volcanic complex (Spica et al. 2017).
Evaluating the exact nature, melt content and
eruptive potential of this low velocity body is, in
this context, of prime importance.

5.5 Open Questions and Future Work

The respectable number of petrological and
geochemical investigations of Volcán de Colima
historical magmas enables us to define the gen-
eral characteristics of the magmatic system
feeding this hyperactive arc volcano. As always
in science, these advances raise as many ques-
tions as they give answers. Here, we present a
non exhaustive list of some of the issues that in
our opinion need consideration.

At Volcán de Colima, like at most interme-
diate to silicic arc volcanoes, there are strong
indications that the phenocrysts crystallized at
relatively low pressure (i.e. in the upper crust)
and under vapour-saturated conditions (Annen
et al. 2006; Reubi and Blundy 2009). Consider-
ing that the melts are already dacitic in compo-
sition when they reach vapour-saturation, the

question arises: where does the initial step of
differentiation occur? Lower crustal hot zones are
potential candidates (Annen et al. 2006), but
mid-crustal reservoirs also need to be considered.
Of prime importance, from a volcanological
point of view, are the volumes of melt present in
these lower reservoirs, that are available to sus-
tain the volcanic activity and potentially feed
large explosive eruptions. In this regard, further
investigations are required to establish the
petrological and physical characteristics of the
low velocity body identified at mid-crust depth
beneath Volcán de Colima (Spica et al. 2017), to
evaluate its role in the evolution of magmas, and
to appraise its influence on volcanic activity.

If mixing with mafic magmas is one of the
driving forces behind the cycle-ending Plinian
eruptions, as inferred for the 1913 eruption, con-
straining the time lapse between the mixing events,
that may in the future be identified by enhanced
deeper seismicity, and the eruption itself is essential
to establish realistic eruption forecast models (e.g.
Saunders et al. 2012). The time scales of mixing
between silicic melts, documented for the 1998–
2011 magmas, and correlations between the
replenishment events and the surface monitoring
signal, also need to be established to characterize
the dynamics of the active magmatic system and
produce a baseline for future eruptions.

Magmas erupted during the sub-Plinian to
Plinian eruptions are more mafic than the lavas
emitted during effusive activity. This observation
holds for the recent eruptive cycles (1818–present)
but is also likely to be true for the Late-Holocene
activity for which the pyroclastic deposits are
relatively mafic (54–61 wt% SiO2) (Luhr et al.
2010; Crummy et al., this volume). There is a
need to investigate the reasons why more mafic
magmas, which are expected to have lower vis-
cosities, apparently systematically produce more
explosive eruptions. This may be a consequence
of magma mixing, as suggested above for the
1913 eruption. Several studies have, however,
suggested the opposite scenario, i.e. magma
mixing reduces the risk of explosive eruptions as
prevailing at intermediate to silicic arc volcanoes
(Koleszar et al. 2012; Ruprecht and Bachmann
2010). Determining the processes controlling the
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apparently systematic shift to more mafic com-
positions associated with major sub-Plinian to
Plinian eruptions at Volcán de Colima and
assessing the role and consequences of magma
mixing prior to these eruptions is essential to
understand the factors controlling eruptive cycles.

The close correspondence between the pres-
sures (depths) recorded by the melt inclusions
and the depths of seismic sources indicates that
the two records can be matched. This corre-
spondence implies that the melt inclusions and
their host-crystals (at least the sections between
the melt inclusions and the rims) are represen-
tative of the current state of the system, which is
an encouraging step toward integrated petrolog-
ical, geochemical, and geophysical monitoring
strategies. A key feature to integrate these
records is the application of diffusion chronom-
etry and short-lived U-series isotopes to constrain
the timescales of the petrological processes
recorded (e.g. Reubi et al. 2017; Costa et al.
2008; Cooper and Reid 2008). Significant
advances in our understanding of the architecture
and dynamics of magmatic systems can be
expected from these multidisciplinary research
strategies, and Volcán de Colima represents a
fantastic opportunity to do that.

6 Summary

Detailed petrological and geochemical studies of
Volcán de Colima historical lavas have provided
constraints on the production, storage conditions,
and pre-eruptive evolution of the magmas. Lavas
emitted between 1998 and 2011 are two-pyroxene
andesites showing relatively homogeneous
bulk-rock compositions (59.0–61.4 wt% SiO2).
These magmas had pre-eruptive temperatures
between 1030 and 940 °C, 4.1 to 0.1 wt% H2O
dissolved in the melt, and were stored at pressures
between 1.5 and 0 kbar, corresponding to depths of
up to 9 km below the summit of the volcano. The
most distinctive petrological features are the pre-
ponderance of oscillatory zoned plagioclase with
limited variations in An% and the presence of
gabbroic crystal clots. Melt inclusions representa-
tive of the crystallizing melts are dacite in

composition (>64 wt% SiO2) and exhibit compo-
sitional trends consistent with up to 40% crystal-
lization of the phenocryst assemblage under
vapour-statured conditions at pressures <1.5 kbar.
The bulk-rock compositional trends are oblique to
the melt inclusion crystallization trends, and appear
to result from entrainment-mingling in the
ascending dacite melt of gabbroic crystal clots and
mafic crystals formed during previous episodes of
magmatism. Compositional zoning of phenocrysts
indicates that, in addition to magma mingling,
magma mixing was important in the 1998–2011
magmatic system, but involved predominantly
dacitic melts with a limited range of compositions.
The last major Plinian eruption, in 1913, erupted
magmas clearly distinct from those of 1998–2011
in terms of storage conditions and pre-eruptive
magmatic evolution. The most distinctive features
of the 1913 magmas are the higher H2O contents
(and storage pressures) and evidence for mixing
with mafic magmas, indicating major disturbances
in the subvolcanic system prior to eruption. Taken
together this indicates that the Vulcanian-effusive
activity characteristic of the 1998–2011 period and
the 1913 Plinian eruption represent clearly distinct
pre-eruptive scenarios, rather than a continuum.
There is a close correspondence between the depths
calculated from the 1998–2005 melt inclusion
entrapment pressures and the position of volcanic
earthquakes recorded during the same period,
indicating that both datasets record the ascent,
degassing, and crystallization of the magma before
eruption. This correspondence offers potential to
integrate the petrological and surface monitoring
records to constrain the dynamics of the active
magmatic system and identify precursory signals
associated with changes in eruptive style.
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The Fragility of Volcán de Colima—A
Material Constraint

Yan Lavallée, Michael J. Heap, Jackie E. Kendrick,
Ulrich Kueppers and Donald B. Dingwell

Abstract
The accurate assessment of volcanic unrest
relies on a precise and timely interpretation of
the source mechanisms of the signals moni-
tored. Such an interpretation is facilitated by a
comprehensive description of the physico-
chemical properties of the geomaterials
involved. The current understanding of the
properties of the volcanic materials forming
Volcán de Colima include (1) the physical
properties of the erupted products (e.g., poros-
ity, elastic wave velocities, density, Young’s
modulus, and permeability), (2) the mechani-
cal properties and failure modes of the rocks
forming the volcanic edifice (e.g., compressive
and tensile strength, brittle-ductile transition)
and, (3) the rheology of recently erupted
magmas (e.g., viscosity, viscous-brittle transi-
tion). This attempt at a holistic physical
description of the volcanic materials involved

in eruptions at Volcán de Colima enables an
appraisal of the deformation mechanisms and
effective material strengths that regulate the
volcano edifice stability and the scale of
potential hazard scenarios.

Keywords
Volcán de Colima � Andesite � Lava dome
Eruption � Rock � Magma � Ductile-brittle
transition � Microstructure � Crack density
Vesicle size distribution � Uniaxial
compressive strength � Elastic moduli
Elastic wave velocity � Viscosity �
Thermal-stressing

1 Introduction

In the event of volcanic unrest, our ability to
mitigate the potential risk imposed during the
crisis relies on hazard assessment, defined by our
understanding of the source mechanisms of the
signals monitored. In such cases, accurate
knowledge of the properties of the materials
involved is essential. Simply speaking, an erup-
tion includes three fundamental ingredients: rock,
magma, and gas. Volcanoes, whether built as an
edifice or a depression in the crust, consist of a
complex succession of chemically and
microstructurally heterogeneous rocks, which may
exhibit variable states of physical coherence,
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alteration, and saturation with fluids. Magmas,
inherently viscoelastic materials, may equally well
exhibit limits to their coherence as, variably
charged with volatiles, they range in behaviour
from liquid to solid, intact or fragmental, on
ascent through the volcanic structure. It is this
extremely broad range of magma/rock properties
that makes volcanology very much a material
science, where the variable material response is
accountable for much of the exquisite detail and
variety exhibited in volcanic activity and products.

The fragility of volcanic materials may be
viewed as their ability to sustain coherence dur-
ing their deformation in response to the local
stress field (e.g., Dingwell 1996; Paterson and
Wong 2005). This material characteristic is
dependent on the strain rate, temperature, and the
timescale of interest. During periods of volcanic
unrest, the magnitude of these controlling
parameters varies widely, with the result that
both magmas and rocks cannot be simply
described in a rheological sense. Yet to improve
the accuracy of risk assessment it is imperative to
understand these changes in real time.

Multi-parameter monitoring arrays are yield-
ing a rapidly improving picture of the physical,
chemical, and thermal states of active volcanic
systems. These monitoring efforts offer ample
evidence that the relationships that exist between
the various precursor signals, both temporally
and spatially, ultimately hold the key to fore-
casting eruptive style. Such a goal must rely on a
description of the physical, mechanical, and
rheological properties of rocks and magmas
present at active volcanoes.

2 Volcán de Colima

2.1 Edifice Structure

Volcán de Colima is unstable due to two prin-
cipal factors: firstly it reaches 3850 m above sea
level (i.e., some 1600 m above the base of the
volcano; Fig. 1b); and secondly the volcano is
frequently subject to a high load provided by an
active lava dome. The potential instability of the
current edifice, in light of recurrent major

eruptions in the last centuries, remains an
important component of hazard assessment. The
upper part of the edifice raises concerns as it
exhibits an arcuate discontinuity focussing out-
gassing along the contact between the 1913
crater and the overlying lava fill (Fig. 1f).
Stochastic flank-collapse probability modelling
(Borselli et al. 2011) suggests that Volcán de
Colima has reached a state of instability and is
either: (1) 110 years overdue for a large-scale
flank collapse or, (2) that the next large-scale
flank collapse will occur 345 years from the
present. It has been argued that the relatively
high abundance of VEI 4 eruptions in the 19th
century may have helped excavate the summit
craters, and in turn removed some of the over-
burden, whilst not being too large to destabilise
lower parts of the edifice (De la Cruz-Reyna
et al., this volume).

2.2 Volcanic Activity

Recent volcanic activity at Volcán de Colima has
been extensively observed, characterised, and
summarised (Fig. 1; Luhr 2002; Zobin et al.
2002; Savov et al. 2008; Varley et al. 2010;
Arámbula-Mendoza et al. 2011; Lavallée et al.
2011; James and Varley 2012; Webb et al. 2014;
Lamb et al. 2014; Crummy et al., this volume,
Varley, this volume), owing to the potential
extent of related hazards (Bonasia et al. 2011;
Borselli et al. 2011; Capra et al. 2013; De la
Cruz-Reyna et al., this volume). The activity has
been described as occurring in cycles with
intervals of approximately 100 years (Luhr
2002); the last two cycles of which ended in
1818 and 1913 with Volcanic Explosivity Index
(V.E.I.) 4 eruptions. The volcano indeed appears
to be experiencing the end of this centennial
cycle, with unrest resuming with seismicity in
1997 (Lamb et al. 2017), to be followed by
protracted dome growth and explosive destruc-
tion. Since 1998, the activity has been nearly
continuous with only an 18 month period of
quiescence from June 2011 to January 2013, and
mainly characterised by effusive and endogenic
dome growth, although exogenic growth did
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Fig. 1 Volcán de Colima. a Photograph of Volcán de
Colima (looking west), displaying the 1975–76 lava flow
(arrow 3), the 2004 lava flow (arrow 2) and the fault scar
of an early sector collapse event (arrow 1; see Chapters 2
and 3, this volume). b Photograph of the active lava dome
and fumarole activity as of 17 February 2009 (looking
north). In the background, we can observe the fault scar
of the sector collapse, which hosts a dyke that aligns
between the summit of Volcán de Colima (foreground)
and Nevado de Colima (outside the view, beyond the
scar). c Photograph of the volcano’s south-eastern flank,
showing the 1975–76 lava flow as well as aprons of
recent pyroclastic deposits. d Photograph of the 2004 lava
flow (view from the dome looking north). e Photograph

of a small Vulcanian eruption on 18 February 2009
(looking west); during this dome-eruption period, such
explosive events approximately occurred every two
hours. f Photograph of the dome and the volcano’s
eastern flank, showing intense fumarolic activity below
the current crater rim (16 October 2004). This degasing
activity takes place along the discontinuity between the
1913 crater and subsequent lava fill. Photograph provided
by Nick Varley. g Thermographic image of the dome as
of 7 March 2012, showing a relatively hot core in places
which were exposed by slumping of blocks from the
talus. At the time of this survey, four fumaroles were
active along the crater rim. Thermographic image
provided by Nick Varley
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momentarily erect a spine in September 2001 as
well as favouring dome extrusion between 2009
and 2011. Dome growth has generally been
accompanied by the daily occurrence of 6 to 25
small, gas-and-ash explosive events (Fig. 1e),
but it has also been interrupted by the intersper-
sion of several larger, V.E.I. 2–3 explosive
events (see Varley, this volume).

As further discussed by Varley (this volume),
the unrest has been monitored extensively via
seismicity, gas geochemistry, and thermal ima-
gery. Vulcanian explosive eruptions have often
been accompanied by characteristic seismic
sequences of low-frequency events, with the
main explosive event being characterised by a
low-frequency onset associated with outgassing
through a ruptured dome carapace, followed by
the high-frequency portion, resulting from mag-
matic fragmentation (Varley et al. 2010). The
linking of the long-period events to magma
failure processes occurring at variable efficiency
offers a view into the level of complexity char-
acterising the mechanistic connections between
the dynamics of magma ascent, pressure
build-up, and rheological evolution.

Gas emissions have been periodically moni-
tored since the beginning of the recent eruptive
phase (Varley and Taran 2003; Varley, this vol-
ume). Outgassing has been variable and only
occasionally exhibited any characteristic out-
gassing trends preceding explosive events. It may
thus be that outgassing pulses best reflect local
fracture outburst events (Kendrick et al. 2016) as
witnessed at many active lava domes (e.g.,
Lavallée et al. 2015; Calder et al. 2015).

Thermal imagery has helped to resolve vol-
canic activity, both explosive (Webb et al. 2014)
and effusive (Walter et al. 2013) events, as well as
active outgassing structures. In 2001, fumaroles
were monitored to reach up to 820 °C (Varley and
Taran 2003). The upper volcanic edifice is fre-
quently characterised by relatively high tempera-
tures, owing to the presence of magma erupting at
960–1031 °C (e.g., Reubi and Blundy 2008;
Savov et al. 2008). The temperature of the outer
carapace of the lava dome (made of blocks) is
dependent on the size of the growing dome and can
reach>500 °Cwhen the dome is small and>200 °C

when large; thus displaying a crude correlation
with effusion rate (Mueller et al. 2013). The core of
the dome remains hot, as evidenced by routine
thermal imaging of internal dome structures,
occasionally exposed by the partial shedding of
the talus (Fig. 1g). The prolonged exposure of the
crater walls and conduit wallrock to continuous
volcanic activity may impact the properties of the
rock-forming edifice (Heap et al. 2014); yet, a
potential influence on the structural stability of the
edifice remains uncertain (Heap et al. 2018).

2.3 Eruptive Products

The erupted products of Volcán de Colima have
varied slightly in composition, but have remained
monotonously andesitic containing *58–61 wt
% SiO2 (Luhr 2002; Reubi et al., this volume)
and a low volatile content (Reubi et al. 2013) at
least for the last 50 years. Since the initiation of
dome growth in 1998, several pyroclastic density
currents have been shed down the flanks of
Volcán de Colima due to dome collapse or rel-
atively large explosive events. This activity has
afforded researchers the opportunity to efficiently
sample the materials involved in the current
eruptive period. The materials erupted are gen-
erally pristine, but some show a range of alter-
ation and oxidation (Fig. 2).

Petrographic analysis of the eruptive products
reveals rock with a range of crystallinities (phe-
nocrysts: 20–30 vol.% and microlites: 25–50 vol.
%), in which the groundmass constitutes as much
as 68 vol.% (Luhr 2002) and total glass content
generally ranges between 15 and 45 vol.%. The
andesites exhibit a porphyritic texture with pla-
gioclase (13–25 vol.%), orthopyroxene (2–4 vol.
%), clinopyroxene (3–4 vol.%), and minor
hornblende (< 0.5 vol.%) and Fe–Ti oxides (*2
vol.%) (Fig. 3). Rare olivine crystals are present
as xenocrysts. In explosive deposits, a fraction
(ca. 10 vol.%) of the pyroclasts show a certain
degree of oxidation and alteration with a devit-
rified groundmass and a-cristobalite partly
replacing plagioclase; a common feature of
vapour-phase altered andesitic rocks (Fang et al.
2003; Horwell et al. 2013).
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Some of the rocks contain annealed fractures,
whilst other rocks show the presence of tuffisite
veins that have undergone variable degrees of
sintering (i.e., densification as a result of surface
tension acting on fragmented particles; Kolzen-
burg et al. 2012; Kendrick et al. 2016; Far-
quharson et al. 2016a). The tuffisites present in
the pyroclasts can be up to 50 cm long and 0.3–
5 cm wide, consisting of coherent, sintered
holocrystalline aggregates of fragmented dome

material in an equally holocrystalline host rock
(Fig. 4a). These features preserve a range of
sintering efficiency, suggesting that they can
form over variable timescales and at different
depths within the conduit. During one of the
periods of eruptive quiescence in March 2012,
the dome was accessed to examine the rocks
exposed at their extrusion point and to assess the
state of the dome’s carapace. The dome mainly
consisted of large angular blocks exceeding

Fig. 2 Photos of eruptive products. a Pristine juvenile
dome rock (pen for scale). b Oxidised juvenile dome rock.
c Altered dome rock. d Rare flow banded dome rock.
e Exposed interior of poorly-sintered tuffisite veins,

showing a network of tuffisites within a host rock.
f Well sintered tuffisite veins in the rock of a 2005
block-and-ash flow (sunglasses for scale)
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30 cm in diameter (Kendrick et al. 2016). The
dome rocks/lavas (Fig. 4b) are very similar to
those exposed in the pyroclastic density current
deposits, although they are generally more oxi-
dised. The most surprising observation of the
dome rocks was the near ubiquity of tuffisites
preserved inside or on the surface of the blocks
(Kendrick et al. 2016). The veins were generally
0.5–3 cm thick, and occasionally up to *10 cm,
and commonly consisted of coherent ash parti-
cles (but not as sintered, nor as dense, as those
observed in the pyroclastic deposits; cf.
Kolzenburg et al. 2012; Farquharson et al.

2016a) (Fig. 4c), suggesting a shallow and per-
haps cooler origin (Kendrick et al. 2016). Cris-
tobalite is commonly present in these shallow
tuffisites (Kendrick et al. 2016); cristobalite and
tridymite were also found inside fractures in
pyroclasts found within the debris-flow tracks
(Farquharson et al. 2016a).

Microstructurally, the erupted products con-
tain both pores (vesicles) and microcracks in
varying proportions (Heap et al. 2014; Fig. 3);
the duality of the porosity microstructure has left
the rocks with substantial residual porosities,
reaching in a few instances up to 75 vol.%.

Fig. 3 Microstructures of eruptive products. a Photomi-
crograph of microtextures and microstructures typically
present in the andesites from Volcán de Colima (trans-
mitted cross-polarised light). We observe plagioclase
and pyroxene phenocrysts in a microlite-bearing ground-
mass (picture taken from Heap et al. 2014). b Photomi-
crograph of the same area as in panel A, but taken in
reflected light. Reflected light allows us to better observe

the pervasive microcracked nature of the rock (picture
taken from Heap et al. 2014). c Scanning electron
microscope image showing the complex microstructure
(vesicles and microcracks: picture taken from Heap et al.
2014). d Photomicrograph map of a sample impregnated
with a fluorescent dye to show the complex porosity
structure (reflected fluorescent light; picture taken from
Heap et al. 2014)
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Field-based density studies on 500 blocks in
pyroclastic deposits suggested that the porosity
of eruptive products exhibit bimodal porosity
distribution peaking at approximately 16 and 25
vol.% (Mueller et al. 2011; Lavallée et al. 2012).
Another field-based study revealed the porosity
of blocks collected from debris-flow tracks at La
Lumbre, Montegrande, and El Zarco to range
between 2 and 75 vol.% (based on 542 hand
samples; Farquharson et al. 2015) and, using the
weighted abundance method of Bernard et al.
(2015), that the dominant porosity class is
between 10 and 25 vol.%. This database was
extended by undertaking an extensive campaign
of density measurements on some 2635 fist-sized
blocks in an attempt to discriminate between

dome collapse and dome disruption events
(Fig. 5; Kueppers et al. 2009). In this analysis, a
density bimodality is not exhibited, although the
fact remains that the densest rocks are more
altered. Explosive events travelling down Mon-
tegrande ravine contain a higher fraction of
juveniles. La Lumbre, the ravine that has
accommodated most of the dome collapse
deposits during recent eruptions, hosts pyroclas-
tic deposits with a wide density distribution as
well as larger fraction of exotic clasts. Pyroclastic
deposits in La Arena ravine travelled the farthest
from their source. Their density is relatively high
and they appear to contain the largest fraction of
exotic lithics, presumably picked up during flow.
Although the density distribution does not

Fig. 4 a Photomicrograph showing the textural and
structural heterogeneity associated with the presence of
a healed tuffisite vein (tuffisite vein is perpendicular to the
long axis of the image, in the middle of the image; picture
taken from Kolzenburg et al. 2012). b Photomicrograph

showing the host rock microtextures and microstructures
collected from the lava dome during a period of
quiescence in 2012. c Photomicrograph showing a
poorly-sintered tuffisite vein *10 cm from the area
shown in panel b
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Fig. 5 Field-based density distribution survey. a Loca-
tions of the three main ravines (La Lumbre, Montegrande,
and La Arena) in which the density of clasts in pyroclastic
density current deposits was measured. b Density/porosity
distribution for each valley (porosity was calculated using
a skeletal density of 2.84 g/cm3, the average skeletal

density of five powdered samples; measurements were
made using a helium pycnometer). The survey was
complemented by an analysis of the clasts (juvenile versus
oxidised juvenile versus altered as shown in Fig. 2a–c) for
c Montegrande, d La Arena and, e La Lumbre. Data in
Fig. 5 are unique to this study
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provide a conclusive distinction between the
mechanisms causing pyroclastic density currents,
it does provide a fruitful reconstruction of the
magmatic architecture involved in the dome
eruption.

3 Rock Mechanics

3.1 Rock Physical Properties

The heterogeneous nature of dome rocks results
in highly variable rock physical properties
(Table 1)—parameters key to model seismic
activity, deformation, outgassing and pore pres-
sure augmentation, and volcano stability. Elastic

wave velocity, one such physical property, is a
useful tool to probe the physical state of rocks (a
low elastic wave velocity is indicative of high
porosities and/or high densities of microscopic
cracks), and provide valuable input data for
models designed to, for example, locate
volcano-tectonic earthquakes (e.g., Lesage et al.
2014). Room pressure and temperature elastic
wave velocities have been measured for a range
of samples. The P- and S-wave velocities range
between 2.34–3.11 and 1.09–1.45 km/s, respec-
tively. Vp/Vs ratios range between 1.90 and
2.39. Elastic wave velocity generally decreases
(whilst Vp/Vs ratio increases) as the porosity
increases (Table 1; Heap et al. 2014). In cases
where the samples were water-saturated, the

Table 1 Average physical properties of dome rocks (data from Heap et al. 2014): connected porosity, dry bulk sample
density, dry elastic wave velocities, dry Vp/Vs ratio, dry dynamic Young’s modulus and Poisson’s ratio, wet P-wave
velocity, and connected porosity and dry P-wave velocity after exposure to 450 °C

dry 
P-wave
velocity 

after 450°C  
 [kms-1]

2.71

2.52

2.85

2.31

1.89

connected 
porosity 

after 450°C  
[vol.%]

8.1

8.9

11.6

17.7

25.2

wet 
P-wave
velocity 
[kms-1]

4.84

4.98

4.97

4.30

3.91

dry
dynamic
Poisson’s 

ratio

0.39

0.31

0.33

0.35

0.36

dry
dynamic 
Young’s 
modulus 

[GPa]

11.8

13.0

13.3

8.8

6.4

dry Vp/Vs
ratio

2.39

1.90

2.21

2.07

2.15

dry
 S-wave
velocity 
[kms-1]

1.30

1.42

1.45

1.21

1.09

dry 
P-wave
velocity 
[kms-1]

3.11

2.69

3.11

2.56

2.34

dry bulk 
sample 
density 
[g/cm3]

2.48

2.48

2.40

2.13

1.96

connected 
porosity 
[vol.%]

7.9

8.6

11.2

17.6

25

“Dry” and “wet” refer to measurements on samples dried in a vacuum oven at 40 °C and samples saturated with distilled
water in a vacuum, respectively. Porosities were measured at ambient pressure and elastic wave velocities were
determined under an axial stress of 1.9 MPa
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P-wave velocity shifted to higher values
(Table 1; Heap et al. 2014), thereby influencing
the resultant dynamic Young’s modulus and
Poisson’s ratio; this effect requires due consid-
eration when deciphering velocity profiles in any
natural system, such as the location of dry and
wet zones in the edifice rock, necessary in order
to improve a description of the 3D velocity
structure.

The porosity of dome rocks consists of vesi-
cles (Fig. 6a) and microcracks (Fig. 6b). The
porosity of magma and the conduit wallrock

comprises an efficient permeable network, which
assists the outgassing of the magmatic column
(Mueller et al. 2008; Kolzenburg et al. 2012;
Kendrick et al. 2013a; Heap et al. 2014, 2015;
Farquharson et al. 2015, 2016a, b). The perme-
ability of rocks from Volcán de Colima has been
found to span a large range, from *10−17 to
*10−11 m2 (Fig. 7a), a range typical for volcanic
materials at lava domes (Mueller et al. 2005;
Ashwell et al. 2015; Farquharson et al. 2015). It
should be noted that the permeability (i.e., the
measure of the ability of a material to transmit
fluids) generally increases with porosity (e.g.,
Farquharson et al. 2015, 2016a; Kendrick et al.
2016), as previously demonstrated for dome rocks
from many volcanoes worldwide (e.g., Mueller
et al. 2005). Porosity-permeability relationships
in volcanic rocks have typically been described
using a single power law model (e.g., Mueller
et al. 2005). However, the permeability of the
rocks at Volcán de Colima has been found to fall
within two distinct families separated by a
statistically-relevant “porosity changepoint” at
about 14 vol.%, a consequence of a change in the
dominant microstructural element controlling
fluid flow: i.e., from crack- (<14 vol.%) to
pore-dominated (>14 vol.%) flow path geometries
(Heap et al. 2014; Farquharson et al. 2015,
2016a). Statistical analysis on the compiled data
(Fig. 7a) using the modified Bayesian Informa-
tion Criterion (BIC)—which penalises models of
increased complexity and determines whether or
not the data are better described by one power law
or two (see Main et al. 1999; Farquharson et al.
2015)—suggests that the data are best described
by power laws, with a changepoint porosity (x*)
of 21 vol.% (Fig. 7a). This changepoint is much
higher than those previously estimated (Heap
et al. 2014; Farquharson et al. 2015, 2016a) and is
likely due to the relative abundance of
high-porosity, high-permeability data (Fig. 7a).
Therefore, although these compiled data can be
statistically better described by a two power-law
model, the changepoint porosity value of 21 vol.
% may not represent a microstructural boundary,
as discussed in Heap et al. (2014) and Farquhar-
son et al. (2015, 2016a).

Fig. 6 Quantification of the porous network of a dome
rock with 17.9% porosity: a vesicle size distribution (nA is
the vesicle density) and, b crack area density calculated
using standard stereological techniques (after Underwood
1970). Data from Heap et al. (2014)
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(b)

Fig. 7 Permeability of dome rocks from Volcán de
Colima at room temperature. a Permeability as a function
of porosity on log-log axes. All TinyPerm measurements
(grey symbols) were measured using a TinyPerm II
(Farquharson et al. 2015; Kendrick et al. 2016). The intact
laboratory measurements include data from Mueller (2007),
Kolzenburg et al. (2012), Richard et al. (2013), Kendrick
et al. (2013a, b), Heap et al. (2014, 2015), and Farquharson
et al. (2015, 2016a, b, c, 2017). The Heap et al. (2014) data
are water permeabilities measured under a confining
pressure of 2 MPa and a pore fluid pressure gradient of
0.5 MPa. The Kolzenburg et al. (2012) and the Kendrick
et al. (2013a) data are water permeabilities measured under
a confining pressure of 5 MPa and a pore fluid pressure
gradient of 1 MPa. The Mueller (2007) data are gas (argon)
permeabilities measured under a confining pressure of
0 MPa using the pulse decay method (2.5 MPa on one side
and 0 MPa on the other). The low porosity samples of
Mueller (2007) were performed on lava samples from the
1999 block-and-ash flow deposit, and the high porosity

samples were pumice samples from the 1913 eruption. The
Richard et al. (2013) datum is for a sample collected from
the 1999 block-and-ash flow deposits; gas (argon) perme-
ability was measured under a confining pressure of 0 MPa
using the pulse decay method (4 MPa on one side and
0 MPa on the other). The Heap et al. (2015) and
Farquharson et al. (2015, 2016a, b, c, 2017) data are gas
(nitrogen) permeabilities measured under a confining
pressure of 1 MPa. All of the permeability data from
samples containing discontinuities (unfilled black squares)
are from Farquharson et al. (2016a, b, c, 2017) and are
therefore gas (nitrogen) permeabilities measured under a
confining pressure of 1 MPa. The red line is the two-slope
power law model, as defined by the modified Bayesian
Information Criterion (BIC), see text for details. The power
law for both slopes are given at the top of the panel. b The
influence of effective pressure on the permeability of dome
rocks. The Kolzenburg et al. (2012) and the Kendrick et al.
(2013a) data are water permeabilities measured using a pore
fluid pressure gradient of 1 MPa
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Measurements have been provided for the
permeability of poorly-sintered (Kendrick et al.
2016) and variably-sintered tuffisites (Kolzen-
burg et al. 2012; Farquharson et al. 2016a) from
Volcán de Colima. To investigate the influence
of poorly-sintered tuffisites (found ubiquitously
across the dome, Fig. 2e) on permeability,
in-situ permeabilities were measured using a
portable, hand-held air permeameter (Kendrick
et al. 2016). Permeability measured at an aper-
ture to an internally-hosted tuffisite vein was
*1.5 orders of magnitude higher than in the
surrounding rock, thereby promoting strong
permeability anisotropy within tuffisite-bearing
dome rocks (Table 2). Kolzenburg et al. (2012)
and Farquharson et al. (2016a) provide labora-
tory measurements of permeability for a suite of

variably-sintered tuffisites. Farquharson et al.
(2016a) find that these features can increase
permeability by up to three orders of magnitude,
depending on the degree of sintering (Table 3).
It was found that the permeability of a tuffisite
decreased as the degree of sintering increased
(Farquharson et al. 2016a). Indeed, very well
sintered tuffisites did not significantly alter
sample permeability (Kolzenburg et al. 2012).
In one case, the permeability of the sintered
fracture was found to be lower than the host
rock (Farquharson et al. 2016a; Table 3). The
presence of poorly-sintered tuffisites in the
shallow conduit and at the dome surface could
generate high gas-permeability and significantly
affect outgassing efficiency (Kendrick et al.
2016). However, at greater depths, where

Table 2 The permeability of dome blocks containing poorly-sintered tuffisites, as measured using a portable hand-held
air permeameter (measurements are averages of the values reported in Kendrick et al. 2016)

Block number Rock type Permeability (m2)

1 Host rock 1.1 � 10−13

Tuffisite vein 1
Tuffisite vein 2
Tuffisite vein 3

1.5 � 10−11

8.4 � 10−13

4.3 � 10−12

2 Host rock 1.1 � 10−13

Tuffisite vein 1
Tuffisite vein 2

1.4 � 10−11

2.7 � 10−12

3 Host rock 4.9 � 10−14

Tuffisite vein 1
Tuffisite vein 2

5.8 � 10−13

7.5 � 10−12

5 Host rock 3.8 � 10−13

Tuffisite vein 1 1.9 � 10−11

7 Host rock 3.2 � 10−15

Tuffisite vein 1 2.8 � 10−13

Table 3 The permeability of pyroclasts found within debris-flow tracks containing variably sintered
fractures/tuffisites, as measured using benchtop steady-state gas (nitrogen) permeameter under a confining pressure
of 1 MPa (data taken from Farquharson et al. 2016a)

Sample Host permeability (m2) Fracture/tuffisite permeability (m2) Relative change in permeability

COL-V-4 1.58 � 10−16 1.04 � 10−13 657.23

COL-L-1 1.36 � 10−17 3.90 � 10−16 27.68

COL-L-2 1.77 � 10−16 1.37 � 10−13 773.01

COL-L-4 2.40 � 10−13 6.67 � 10−14 −0.72
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tuffisites can heal efficiently (Kolzenburg et al.
2012; Farquharson et al. 2016a), the perme-
ability increase due to tuffisite formation is
likely transient.

Heap et al. (2015) explored the influence of
dilatant (brittle) and compactant (ductile) failure
modes on the permeability of porous andesite
(porosity = 18 vol.%) from Volcán de Colima.
The authors measured a permeability increase of
a factor of two following tensile macrocrack
formation (permeability measured parallel to the
fracture plane) and a permeability decrease of up
to an order of magnitude following axial com-
paction of 1.5% strain under triaxial conditions.

A recent study by Farquharson et al. (2016c)
showed that the permeability of samples of low
porosity andesite (porosity = 8 vol.%) collected
from the El Zarco ravine increases as a function
of increasing inelastic strain in the brittle regime.
Samples were deformed in compression under
triaxial conditions to inelastic strains ranging
from 1 to 11% and, following deformation, the
samples were unloaded and permeability was
measured. Sample permeability increased by
three orders of magnitude at the highest inelastic
strain (11%), relative to the initial permeability
(Farquharson et al. 2016c). Microstructural
observations show, with increasing inelastic
strain in the brittle regime, that narrow shear
fractures evolve into more permeable, thick shear
zones containing abundant gouge.

The influence of compactant deformation on
permeability evolution was recently extended by
Farquharson et al. (2017). High-porosity (porosity
= 19–23 vol.%) andesite collected from
debris-flow track La Lumbre (locality given in
Fig. 5a) was deformed triaxially under different
effective pressures within the compactant (ductile)
regime. It was found that permeability increased
slightly at modest axial strain (<0.05), due to an
increase in pore connectivity due to distributed
microcracking. Permeability decreased at pro-
gressively higher axial strains and, at an axial
strain of 0.20, sample permeability was reduced by
two orders of magnitude relative to the initial
values (Farquharson et al. 2017).

3.2 Uniaxial Compressive and Tensile
Strength

The monotonously andesitic nature of the rocks
forming the edifice of Volcán de Colima pro-
vides the opportunity to assess the mechanical
behaviour of the upper structural edifice and the
lava dome carapace on representative samples of
fresh eruptive products. Uniaxial compressive
strength (UCS) tests, employing a constant strain
rate of 10−5 s−1 until sample failure, have been
conducted to assess the mechanical response of
shallow edifice rocks (Heap et al. 2014; Figs. 8
and 9). When subjected to a constant compres-
sive strain rate, rock first accommodates defor-
mation through microcrack closure (the stress
increases non-linearly with increasing strain).
This is then followed by an elastic response
(where the stress-strain relationship is
pseudo-linear) and, finally, by microcrack
growth, coalescence, and sample failure (where
strain hardening precedes the peak stress which
is followed by the stress drop associated with
brittle failure; Fig. 8a). During UCS tests,
acoustic emissions (AEs, which are high fre-
quency elastic waves generated by the rapid
release of strain energy such as during microc-
racking) help monitor the nucleation, propaga-
tion, and coalescence of fractures leading to
failure. The onset of AE activity corresponds to
the onset of microcracking or dilation (com-
monly termed C′). Analysis of the frequency
distribution of the amplitude of AE (commonly
referred to as the b-value in seismology) shows a
progressive decrease as failure is approached
(from 1.6 to 0.6), which reflects an increase in
the magnitude (size, energy) of microcracks as
the sample approaches macroscopic failure,
usually associated with microcrack coalescence
and localisation (e.g., Smith et al. 2009; Fig. 8a).

The indirect tensile strength of rocks from
Volcán de Colima has been constrained using the
Brazilian disc method to range between 2.3–4.9
and 0.4–1.9 MPa for rocks containing porosities
of 20 and 30 vol.%, respectively (Fig. 9a), values
similar to those measured on rocks collected
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from other volcanoes (e.g., Rocchi et al. 2004).
These measurements are therefore in agreement
with the expected ratio of compressive to tensile
strength (approximately 12:1; Jaeger et al. 2007).
Tensile fracturing has been observed to decrease
P-wave velocity in the orthogonal direction with
respect to the fracture generated (Lamb et al.
2017). Similar seismic wave velocity decreases
across a volcanic edifice have been observed to
precede the onset of eruptions at many volcanoes
(e.g. Duputel et al. 2009; Anggono et al. 2012),
but analysis of the seismic record monitored
during eruption onset in 1998 at Volcán de
Colima shows no such velocity variations (Lamb
et al. 2017), suggesting that this forecasting
method may not be universal.

The rocks from Volcán de Colima show a
general increase in strength with decreasing
porosity (Figs. 8b and 9a)—an observation typ-
ical to all rock types (Paterson and Wong 2005).
The increased presence of microcracks and
vesicles (i.e., higher porosities) further affects the
elastic portion of deformation, the gradient of
which is referred to as the static Young’s mod-
ulus (or stiffness) of the rocks. The mechanical
data (Fig. 8b) shows that the static young’s
modulus increases with decreasing porosity; an
observation also made for the dynamic Young’s
modulus estimated from ultrasonic velocity
(Table 1). Micromechanical modelling of the
mechanical behaviour of the rocks has shown
that the abundance of microcracks and vesicles in

dome rocks prevents their simulation with cur-
rent models such as the pore-emanated crack
model (e.g., Sammis and Ashby 1986; Vasseur
et al. 2013) or the sliding wing-crack model (e.g.,
Ashby and Sammis 1990), demonstrating the
need for more refined models to constrain vol-
canic rock mechanics (as discussed in Heap et al.
2014). Although a recent micromechanical
model attempts to address the role of crystallinity
on the mechanical behaviour of volcanic rocks
(Heap et al. 2016), models that describe the
behaviour of volcanic materials must now con-
sider the influence of vesicle size, shape, and size
distribution.

3.3 Influence of Confining Pressure
(Depth)

Recent experiments have shown that increasing
the confining pressure (or depth) on porous
andesite from Volcán de Colima can result in a
switch in failure mode, from one dominated by
dilatancy (shear fracturing) to one dominated by
compaction (cataclastic pore collapse) (Heap
et al. 2015). Examples of the stress-strain curves
for deformation in each regime are provided in
Fig. 8f. The curve for an effective pressure (Peff,
where Peff = confining pressure (Pc) minus the
pore fluid pressure (Pp)) of 10 MPa has a similar
form to the UCS tests described in the previous
section. However, the Peff = 30 MPa curve does

b Fig. 8 Rock Mechanics. a Typical mechanical dataset
(black line) and the output of AE energy (red line)
associated with a uniaxial compressive strength
(UCS) test at a constant strain rate of 10−5 s−1 (dataset
from Heap et al. 2014). Seismic b-values shown as open
circles. The experiment was performed at room temper-
ature. The inset is a photograph of the post-failure sample.
b The influence of porosity on the UCS of dome rocks.
All dataset was collected using a constant strain rate of
10−5 s−1 at room temperature (the black curves are taken
from Heap et al. 2014; the green curve is unique to this
study). c The influence of strain rate (from 10−6 to 10−1

s−1) on the UCS of dome rocks under room temperature
conditions. All of these dataset are unique to this study
(see also Table 4). d The influence of thermal stressing (to
450 °C) on the UCS of dome rocks. All dataset was
collected using a constant strain rate of 10−5 s−1. e The
influence of (healed) tuffisites on the UCS of andesitic

magmas at 940 °C. The black curves are samples that
contain tuffisites and the dashed red curve is for a
tuffisite-free sample. All dataset was collected using a
constant stressing rate of 2 MPa min−1 (dataset from
Kolzenburg et al. 2012). f Stress-strain curves from
triaxial experiments performed at a constant strain rate of
10−5 s−1 and effective pressures of 10 and 70 MPa.
Experiment performed at 10 MPa was brittle and the
experiment performed at 70 MPa was ductile (dataset
from Heap et al. 2015). g 3D Failure envelopes for
andesitic lava from Volcán de Colima. Differential stress
(Q) at failure (peak stress in the brittle regime and the
onset of inelastic compaction in the ductile regime) and
the effective mean stress (P) are plotted alongside initial
connected porosity. Brittle and ductile experiments are
represented by blue and red symbols, respectively (dataset
from Heap et al. 2015)
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not exhibit a strain softening phase and stress
drop associated with the formation of a shear
fracture. Deformation in this regime is purely
compactant and is manifest as subplanar surfaces
of crushed pores (Heap et al. 2015). It is further
noted that the switch from dilatant to compactant
mode of failure occurs at lower pressure or depth
for higher porosity andesites; this is best depicted
on a three-axis graph of differential stress (Q),
initial porosity, and effective mean stress (P,
where P = ((r1 + 2Pc)/3) − Pp) (Fig. 8b; Heap
et al. 2015). The amplitude of the failure envel-
ope (the grey zone) is lower when the porosity is
higher, meaning that rock containing lower
porosity is intact (or pre-failure) over a much
larger stress space and requires higher confining
pressure to switch into the compactant regime.
As discussed in Heap et al. (2015), compaction
of the deep edifice may destabilize the volcano
and may impede outgassing of the volcanic
conduit.

3.4 Strain Rate Effects

Varying strain rate—a variable seldom employed
in rock mechanics, but of utmost importance in
volcanic environments as large fluctuations in
strain rates are expected to result from the highly
variable style of unrest (e.g., edifice inflation,
sector collapse, small versus large eruptions,
conduit versus dyke fed eruptions, faulting)—can
cause strong changes in rock strength and in the
deformation mechanisms dictating its behaviour
(Rutter 1986; Paterson and Wong 2005). From
the new tests conducted (in the Volcanology
Laboratory at the University of Liverpool), an
increase in strength is observed with an increase
in applied strain rate (Figs. 8c and 9a). As strain
rate is decreased, time-dependent deformation
mechanisms, namely subcritical crack growth
(Atkinson 1984; Brantut et al. 2013), appears to
become increasingly important, resulting in a
lowering of the compressive strength. Under the
conditions of these experiments (room tempera-
ture and ambient confining pressure) stress cor-
rosion cracking (a process that invokes fluid-rock
reactions between a chemically-active pore fluid

and the strained atomic bonds close to the crack
tips) is likely to be the dominant subcritical crack
growth mechanism, even under ambient humid-
ity conditions. Stress corrosion cracking has
previously been discussed in relation to
time-dependent cracking and failure in basalt
(Heap et al. 2011). At higher strain rates, not
only is the influence of time-dependent processes
diminished, but the stress on the rock is applied
faster than the microstructure can evolve; as a
result, the damage becomes increasingly loca-
lised as strain rate is increased. An apparent
increase in static Young’s modulus is also
induced by an increase in strain rate (Table 4),
which could be a result of increasing damage
build-up at slow rates, that have been shown to
systematically reduce elastic moduli (Ma and
Daemen 2004). This preliminary work illustrates
the need for more experiments at a slower strain
rate where time-dependent behaviour (e.g., stress
corrosion cracking, Brantut et al. 2013) may
affect the rock response that controls volcano
stability and magma transport.

3.5 Thermal Effects

Active volcanic environments harbour tempera-
tures that are vastly higher than regional averages
of the Earth’s geotherm. It is well known that the
stress exerted by the expansion/contraction of
phases during thermal stressing may induce
thermal microcracks, which alter the physical
and mechanical properties of the material (e.g.,
David et al. 1999; Vinciguerra et al. 2005).
Thermally stressing dome rocks from Volcán de
Colima to an intermediate temperature of 450 °C
(Heap et al. 2014) has yielded the observations
that the mineralogical assemblage remains stable
and that thermal stressing does not significantly
impact the most deleterious microcracks, which
play an important role in compressive failure. As
a result, uniaxial compressive strength remains
unchanged upon thermal stressing to 450 °C
(Fig. 8d), although it imparts a small increase in
the number of microcracks, reflected by small
changes in the porosity and P-wave velocity of
the material (Table 1). It remains to be seen
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Fig. 9 a Compilation of uniaxial compressive and indirect tensile strength as a function of porosity. Data from Heap
et al. (2014) were collected using a constant strain rate of 10−5 s−1 on cylindrical samples (40 mm in length and 20 mm
in diameter) at room temperature. Data from Kolzenburg et al. (2012) were collected using a constant stress rate of
2 MPa min−1 on cylindrical samples (50 mm in length and 25 mm in diameter) at 940 °C. The data of this study (green
circles) were collected using a range of strain rates (10−6–10−1 s−1, see Table 4) at room temperature. The indirect
tensile strength data were determined on rectangular prisms (160 mm in length and 40 mm in width and thickness) at
room temperature. The sample was placed on two static bearing edges (100 mm apart) and loaded in the centre until
failure using a hydraulically controlled punching tool (at a rate of 500 MPa s−1; data from Lavallée et al. 2012).
b Fragmentation threshold (minimum required gas overpressure in pore space to completely fragment a rock by rapid
decompression) for samples from Volcán de Colima. Curve shown is the fragmentation threshold modelled using the
equation presented in the figure, using an effective tensile strength S = 3.1 MPa (see text and Lavallée et al. (2012) for
details)
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whether thermal stressing to higher temperatures,
such as those experienced by conduit wall rocks,
would induce a strength reduction (e.g., Heap
et al. 2018), especially in conjunction with other
varying stress conditions imparted by the
movement of magma (e.g., Kendrick et al.
2013b).

3.6 Pore Pressure Effects

Pore pressures are likely to fluctuate within an
active volcanic edifice. To study the influence of
increasing pore pressure in andesites collected
from the 1998 block-and-ash flow deposits,
Farquharson et al. (2016b) performed triaxial
experiments on samples of andesite from Volcán
de Colima in which the pore pressure was
increased at different rates until macroscopic
failure. These authors found that increases in
pore pressure over a range of timescales (from
minutes to days) can cumulate in the brittle
failure of otherwise intact rock. Further, rock
deforming in a compactant (ductile) manner can
be shunted into the brittle regime through pore
pressure augmentation.

Heap and Wadsworth (2016) studied the
influence of closed system (“undrained”) defor-
mation on the mechanical behaviour of low and
high porosity andesites (porosities = 16.5 and
7.5 vol.%, respectively) from Volcán de Colima.

Pore pressure decreases during closed system in
the brittle regime, although the decrease in pore
pressure was insufficient to promote strengthen-
ing (“dilatancy hardening”), due, in part, to the
high pre-existing microcrack density. The
authors find that pore pressure increase during
ductile deformation of a rock subjected to a close
system. However, pore pressure does not
increase sufficiently to embrittle the rock: the
emergence of microcracking as the rock
approaches the compactant–dilatant transition
acts as a negative feedback and prevents the rock
from transiting into the dilatant field (Heap and
Wadsworth 2016). They employed a dimen-
sionless Darcy number that defines the condi-
tions (strain rate and permeability) required for
drained or undrained deformation for the
edifice-forming andesites of Volcán de Colima.

3.7 Strength of Tuffisite-Bearing
Rocks

The presence of fractures, and their potential
infilling by fragmented material, may influence
the response of rocks to stress and deformation.
A mechanical study of tuffisite-bearing rocks
found in pyroclastic density current deposits has
shown that, if strongly healed, these structures
may not necessarily have a lower strength
(Fig. 8e) or a higher permeability (Fig. 7c) than
the tuffisite-free host rock (Kolzenburg et al.

Table 4 Uniaxial compressive strength (UCS) experiments performed under a variety of constant strain rates (10−6–
10−1) on dome rocks until failure

Strain rate (s−1) UCS (MPa) Static Young’s modulus (GPa) Connected porosity (vol.%)

10−6 36.6 11.992 17.8

10−5 47.1 14.402 17.7

10−4 49.7 14.636 18.0

10−3 50.5 12.867 18.2

10−2 56.9 14.990 17.9

10−1 60.5 19.043 17.9

We also present the static Young’s modulus (calculated from the resultant stress-strain curves, see text for details) and
the connected porosity for each sample. All experiments were conducted on dry samples at room temperature (in the
Volcanology Laboratory at the University of Liverpool). Data in Table 4 are unique to this study. However, the static
Young’s moduli presented in this table were measured at axial stresses between 20 and 50 MPa, depending on the
strength of the sample. Therefore, direct comparison with the dynamic Young’s moduli of Table 1 (that are measured at
an axial stress of 1.9 MPa) is ill-advised (see Heap et al. (2014) for further details)
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2012). Kolzenburg et al. (2012) conclude that
healing may be efficient at depth (where tem-
perature enhancing viscous sintering and the load
driving compaction are higher) within the con-
duit and that the mechanical significance of the
presence of tuffisites may be restricted to the
window in which the particles heal a fracture.
The poorly-sintered tuffisites observed in-situ in
the dome (e.g., Kendrick et al. 2016) however
stand in stark contrast to those described in distal
pyroclastic deposits by Kolzenburg et al. (2012)
and Farquharson et al. (2016a). Their lower
degree of sintering means that the presence of the
tuffisite reduces their strength drastically and the
rocks are easily broken by hand, which has
contributed to the fragmented nature of the dome
carapace (Kendrick et al. 2016).

4 Magma Rheology

The rheology of erupted dome lavas at Volcán de
Colima has been the focus of several experi-
mental studies (Lavallée et al. 2007, 2008, 2012,

2013; Kendrick et al. 2013a, 2017). The rheology
was assessed via compressive deformation
experiments under constant uniaxial stresses at
magmatic temperatures (900–980 °C). Dome
lavas such as those erupted at Volcán de Colima
have been described to exhibit a non-Newtonian
rheology with a component of shear thinning
(Caricchi et al. 2007; Lavallée et al. 2007).
A rheological law for the dome lava has been
developed (Lavallée et al. 2012) where the stress,
r, can be related to the strain rate, _�; via:

Logr ¼ 0:5Log_�þ 606:9
T � Tg

þ 0:29 ð1Þ

valid for a range of temperature, T, down to the
glass transition, Tg, estimated at 710 °C
(Fig. 10). Such a rheology has a consequence
that the apparent viscosity of dome lava decrea-
ses with applied stress or resultant strain rate.
The relatively small range of crystallinities and
porosities of dome lavas (in contrast with other
types of eruptive products) restricts viscosity
variation and it has been suggested that the

Fig. 10 Lava rheology. Rheological data showing the
relationship between stress and strain rate (on log-log
axes) as a function of temperature. The data denoted by
coloured symbols were used to model flow curves, as
described by Eq. 1 (data from Lavallée et al. 2012). The

data denoted by black stars highlight the influence of
porosity, with higher strain rates resulting from a given
applied stress to more porous lavas (27.2% porosity) than
to denser lavas (9.5% porosity) (Kendrick et al. 2013a)
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rheological contribution of the interstitial liquid
is reduced to the extent of a pseudo-plastic rhe-
ology with important contributions from the
crystal fraction (Lavallée et al. 2012; Kendrick
et al. 2013a, 2017). The presence of crystals and
bubbles, which can deform, rotate, break, and
align during flow, add a further strain-weakening
effect (i.e., the viscosity decreases with strain).
At higher rates or loads these flaws nucleate
fractures that release seismic energy (Lavallée
et al. 2012), producing a complex evolution of
physical properties (Kendrick et al. 2013a).

Magma flowing at increasing strain rates may
undergo changes in its rheology (Fig. 11). In
crystal-bearing, bubbly magmas such as those
that drive dome eruptions, the mechanical con-
tribution of each phase induces important rheo-
logical complexities which complicate the direct
application of the concept of the glass transition
as a brittle limit and fragmentation criterion
(Lavallée et al. 2007; Cordonnier et al. 2009,
2012). Instead, at low strain rates, magma
deformation is macroscopically ductile (i.e., per-
vasive deformation with no strain localisation)
and is characterised by viscous deformation of
interstitial melt, physical reorganisation of its
phases, crystal plasticity, nucleation of microc-
racks in crystals leading to propagation, and
coalescence of microcracks distributed through-
out the sample (Fig. 11a; Lavallée et al. 2007,
2012; Kendrick et al. 2013a, 2017). At high strain
rates, magma deformation becomes macroscopi-
cally brittle (Fig. 11b) as high stresses accumu-
lates in, and partition between, the melt and
crystal phases (Deubelbeiss et al. 2011; Kendrick
et al. 2017) favouring strain localisation (Lavallée
et al. 2007), which promotes crack nucleation,
propagation and coalescence as deformation
evolves to rupture (Lavallée et al. 2008, 2013),
which may no longer be controlled by the melt
rheology, but rather by the strength of the magma
(Kendrick et al. 2013a; Coats et al. 2018). In this
deformation regime, failure occurs at low axial
strains and the strain rate increases exponentially
with strain (or time) at a constant stress (Fig. 11
c). This exponential acceleration is accompanied
by a decrease in the seismic b-value (as the
magnitude (size, energy) of the microcracking

increases, usually associated with microcrack
coalescence and localisation) and a non-linear
release in acoustic emissions (Fig. 11d). Such a
precursory signal trend provides the means to
potentially forecast the failure of magma
(Lavallée et al. 2008) and presumably of explo-
sive eruptions at Volcán de Colima (Arámbula--
Mendoza et al. 2011; De la Cruz-Reyna and
Reyes-Davila 2001; Boué et al. 2016) and other
active volcanoes (e.g. Cornelius and Voight
1996; McNutt 1996). The generation of microc-
racks has been observed to scale non-linearly
with applied stress or strain rate; thus the total
strain-to-failure decreases with applied stress
(Fig. 11). This accumulation of damage signifi-
cantly modifies the construction of the permeable
network that regulates outgassing of magma to its
surroundings, potentially alleviating the explo-
sive potential of extruding magmas (Lavallée
et al. 2013). Faulting near the conduit margins
may lead to spine formation (as observed in 2001
at Volcán de Colima)—a process resulting from
the rheological evolution of magma undergoing
rupture. The occurrence of rupture in the conduit
divides a magma ascent regime dominated by a
viscous control at depth to a fault control ascent
regime in the shallow conduit (Kendrick et al.
2014a, b; Hornby et al. 2015).

5 Magmatic Fragmentation

Failure due to gas bubble overpressure has also
been investigated to assess the conditions leading
to magmatic fragmentation that underlies the
generation of tuffisites, small magnitude ash-rich
explosions, and catastrophic explosive eruptions.
These experiments have been conducted by the
rapid decompression of pressurised magma and
assessment of the minimum pore pressure
required to completely fragment a sample (Alidi-
birov and Dingwell 1996a, b; Spieler et al. 2004;
Scheu et al. 2008; Arciniega-Ceballos et al. 2014
and references therein). We find that the potential
energy required to fragment these dome lavas (i.e.,
the pore pressure, Pth) non-linearly decreases
with sample porosity, u (Fig. 9b; Lavallée et al.
2012), following the relationship:
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Fig. 11 Stress- and strain-dependent deformation in
magmas. a Photographs of six post-deformation lava
dome samples deformed in the ductile regime under a
constant uniaxial stress of 20 MPa at 940 °C. The
samples were either undeformed (0% strain) or deformed
to axial strains of 7, 14, 21, 28, and 35%. All samples had
a starting porosity of about 7 vol.%. We note the
development of tensile fractures at the surface of the
samples after >20% axial strain. b Photographs of three
post-deformation lava dome samples deformed in the
brittle regime under constant uniaxial stresses, from left to
right, of 28.5, 46, and 76 MPa. The final axial strain,

indicated on the figure, decreases with increasing constant
stress. c Strain rate against time for the three experiments
shown in panel b. We note that the strain rate increases
when the sample approaches failure, and is higher at
higher constant stress. d Acoustic emission (AE) energy
and peak inverse energy against time for the three
experiments shown in panel b. AE energy accelerates as
sample failure is approached in each case. An exponential
acceleration in released AE can be used as a proxy to
forecast failure following the Failure Forecast Method
(Voight 1988). Data from Lavallée et al. (2013)
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Pth ¼ 2S3 1� uð Þ
3u

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u�1=3 � 1
p ð2Þ

where S3 is the effective tensile strength of the
material estimated at 3.1 MPa for andesites from
Volcán de Colima. We note that the fragmenta-
tion threshold of some samples may deviate from
the main trend, which may depend on the relative
amount of cracks and pores and on the degree of
alteration (Richard et al. 2013). During decom-
pression, the potential energy is consumed by
variably efficient fragmentation (Kueppers et al.
2006) and the remaining energy of the gas is
converted into explosive energy to drive the
fragments (Alatorre-Ibargüengoitia et al. 2010).
If little kinetic energy remains, it will simply
project the fragments into surrounding cracks,
producing tuffisites, while the gas, and some
fraction of ash, may escape the dome. If sufficient
kinetic energy remains, the fragments will
be erupted, triggering an explosive event.
Field surveys of erupted ballistics and charac-
terisation of impact sites utilising a ballistic
model (Alatorre-Ibargüengoitia et al. 2006, 2010)
have helped constrain the overpressure of large
explosive events to some 20 MPa (Lavallée et al.
2012).

6 Outlook

A thorough characterisation of eruptive products
representative of a period of unrest may provide
first order constraints on volcanic activity. The
experimental data obtained on Volcán de Colima
materials enable a description of the volcano and
its recent eruptions. This dataset includes a
summary of porosity (microcracks and vesicles),
crystallinity (phenocrysts and microlites), per-
meability (with pressure or depth), elastic wave
velocity, static and dynamic elastic moduli,
compressive strength (with stress, pressure,
temperature and heterogeneities), indirect tensile
strength, and fragmentation criteria. Although
our understanding of the material grows with

each experimental study, many aspects remain
poorly understood. It is worthwhile pointing out
that at this stage in experimental volcanology,
our description of multiphase magmas remains
somewhat rudimentary. Also, despite many
attempts, a general law combining the various
failure criteria eludes us, but it should be priori-
tised to reconcile the stress conditions that lead to
the range of eruption styles witnessed at Volcán
de Colima and other dome-building volcanoes.

Beyond our present experience is an under-
standing of mechanical properties of these
materials under confining pressure and high
temperature. The scarcity of such data prevent a
complete description of the deformation mecha-
nisms and failure modes (e.g., Heap et al. 2017),
which, for materials as heterogeneous as those
found in volcanic environments, are multiple and
complex. It is certain that additional efforts need
to be made if we wish to constrain the full range
of mechanisms underlying changes in monitored
signals and better forecast volcanic phenomena.
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Volcanic Hazard Estimations
for Volcán de Colima

Servando De la Cruz-Reyna, Ana Teresa Mendoza-Rosas,
Lorenzo Borselli and Damiano Sarocchi

Abstract
Volcán de Colima has one of North America’s
highest rates of eruption, producing a wide
range of eruptions ranging from effusive
episodes to Plinian phases and sector col-
lapses. Such activity potentially endangers
over 350,000 people dwelling within the reach
of volcanic products and runouts. To widen
the hazard assessment derived from this
activity, a statistical analysis of the volcano
past events must include as many historically
and geologically reported eruptions and debris
avalanches as possible. However, in doing
this, factors such as the complex dependence
of flank collapse avalanches with the eruptive
activity and other external factors, the
increased underreporting with age and the

uncertainties in the magnitudes, intensities,
and dates of past activity, as well as the
possible time dependence of the rate of
eruptions must be accounted for. This chapter
describes the statistical methods used to
estimate the probabilities of different hazard
scenarios for Volcán de Colima whilst
addressing those factors.

Keywords
Colima volcano � Volcanic hazards
Eruption statistics � Volcano flank collapse
Debris avalanches � Extreme volcanic events

1 Introduction

Volcán de Colima rises nearly 4 km above sea
level, and currently has one of the highest rates
of eruption in North America, as well as an
impressive history of flank collapses, generating
a potential risk for over 350,000 people dwelling
within the reach of its products, either primary or
remobilized: pyroclastic falls, pyroclastic flows,
lahars, and debris avalanches (Fig. 1). These
were some of the reasons that made it eligible as
one of the IAVCEI’s 15 International Decade for
Natural Disaster Reduction (IDNDR) laboratory
volcanoes since 1990. The perception of the
hazards from Volcán de Colima is not new. In
1893, volcano observatories were installed in
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Zapotlán (now Ciudad Guzmán) until 1903, and
in Colima between 1903 and 1905, as part of a
national net of meteorological and astronomical
observatories. Daily reports of the activity were
made by Arreola (1903, 1915) and Díaz (1906)
for about 12 years.

In 1913, this volcano produced its latest major
activity: a Plinian eruption that was monitored
and reported by those scientists (Arreola 1915).
Such an active volcano, surrounded by a large
population and infrastructure requires a precise
analysis of the hazards that may arise from any
possible type of activity. Estimating the current
and future hazards at Volcán de Colima poses
several problems arising from the postulate
inherent to all volcanic hazard analyses: the
future activity of the volcano is in some complex
way an extension of its past activity, including its
randomness, and whatever fluctuations and hia-
tuses that have occurred in the rate of eruptions,
i.e., the number of eruptions per unit time. It is
thus essential to construct a complete as possible
history of eruptions and collapses, in which the
events are well characterized by their dimen-
sions, as well as the time of their occurrences.
Clearly, addressing this issue is not always pos-
sible. The statistical methods used to estimate the
volcanic hazard, defined as the probability of
potentially destructive volcanic phenomena
occurring in a given time interval, should then
account for the small size and possible

incompleteness of the database, and for the errors
in estimating the size and date of past eruptions
and flank collapses.

2 Major-Event History of Volcan
de Colima

The analysis of hazard of an eruptive history
extending from the present through the Holocene
makes it convenient to separate the activity data
into two parts according to the nature of the
methods used to collect the information, first as
an account of the activity in the geological
time-scale, in which smaller events are usually
missing, dates have a variable degree of uncer-
tainty and the eruption dimensions (magnitude,
intensity) are indirectly estimated, or deduced if
pertinent data are missing, and secondly, as a
detailed score based on the historical database, in
which dates are exact, and magnitudes and
intensities are more precisely established. How-
ever, historical databases (perhaps fortunately)
usually lack major or extreme events.

2.1 Geological Time-Scale

Before the current edifice of Volcán de Colima
was formed, an ancestral Colima (Paleofuego)
volcano grew in the late Pleistocene on the

Fig. 1 Left: Hummocks or volcanic mounds evidencing
the debris avalanche events at Volcán de Colima (Photo
courtesy of Raúl Arámbula). Right: Massive avalanche

deposit at the Montegrande ravine on the upper part of the
vertical wall, at about 7 km south of the Volcán de
Colima summit (Photo by Lorenzo Borselli)
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southern flank of Nevado de Colima, the older
volcano located to the North of the current edi-
fice. Both, Nevado de Colima and Volcán de
Colima, have shown persistent activity during the
Holocene and beyond. Such activity has often
been characterized by frequent eruptions and
large sector collapses generating conspicuous
deposits of debris avalanche events (DAE; Bor-
selli et al. 2011). Komorowski et al. (1993,
1997a, b) identify as many as 12 major DAE’s
from the CVC in the last 45,000 years. More
recent studies (Cortés et al., this volume) attribute
six of the debris avalanche deposits to Paleo-
fuego, and two to the current edifice. The largest
of those avalanches, a massive Bezymianny–St
Helens type eruption with a southwards sector
collapse, destroyed the ancestral Paleofuego,
forming a 5-km-wide horseshoe- shaped caldera,
and generated a massive volcanic debris ava-
lanche that blanketed an area of about 1500 km2.
After the massive collapse, a long series of
eruptions (Lava dome, lava flows, pyroclastic fall
and pyroclastic flows), reconstructed the current
volcanic edifice within the caldera (Luhr and
Carmichael 1990b). The volume of that debris
avalanche deposit has been estimated at 10 km3.
The date of such major event is somewhat con-
troversial, as some authors set it at
4280 ± 110 yr BP (Luhr and Prestegaard 1988),
and others at 9370 ± 400 yr BP (Robin et al.
1987). Further studies set a likely date for that
event at 7040 ± 160 (Cortés et al., this volume)

Independently from that timing, other evi-
dence shows that the previous Paleofuego edifice
showed rather similar behaviour to the current
Volcán de Colima, particularly during the last
stages before its collapse, with frequent effusive
and explosive eruptions and partial sector col-
lapses. In fact, Luhr and Carmichael (1990b)
estimate that the average magma production rate
of Paleofuego and Volcán de Colima of about 2–
3 km3/kyr was unaffected by the Paleofuego
massive sector collapse, signifying that it was an
extreme event within a long duration volcanic
process of remarkable persistency. For example,
Luhr and Carmichael (1990a) estimate the total
volume of lava erupted since the 1818 Volcanic
Explosivity Index (VEI) 4 eruption at 1.9 � 106

m3/year, matching the long-term average, which
can thus be used to estimate the current rate of
cone-building at Volcán de Colima.

Furthermore, sector collapses may be trig-
gered by additional external factors other than
eruptions, such as major earthquakes, climatic
effects (Capra 2006; Roverato et al. 2011), and
others, provided that the volcanic edifice reaches
proportions that correspond to a certain level of
gravitational potential energy, and possesses an
instability condition in its structure.

Numerous studies on the Volcán de Colima
products by different authors over the last three
or four decades have rendered a large number of
eruption deposit ages (see Crummy et al. this
volume), which makes the reconstruction of the
eruptive history a complex task. Although
Crummy et al. (this volume) summarise at least
25 major Plinian eruptions during the last
30,000 years, no detailed account of the probably
numerous Holocene eruptions with intermediate
magnitudes (VEI 3–4) exists. However, reckon-
ing only major events leaving extensive deposits,
five distinct major (VEI � 5) Holocene erup-
tions may be identified. Most of those eruptions
have been widely acknowledged by the radio-
carbon datings assigned by one or another
author, even though the dated samples from the
related deposits extend over ample ranges. The
left column of Table 1 lists the “nominal”
radiometric dates commonly used in the literature
to characterize those eruptions.

However, to evaluate volcanic risk, we con-
sider it important to identify those events by their
actual ages, and by realistic estimates of their
uncertainties. Error ranges reported along with
uncalibrated radiocarbon dates usually represent
a dispersion of results in repeated readings on a
single sample, and they do not represent an
actual uncertainty of the deposit age, in the sense
that the dispersion of results from different
samples of the same deposit, collected and
reported by one or different authors does. In
addition, uncalibrated radiocarbon ages are cal-
culated on the assumption that the atmospheric
radiocarbon concentration has always been the
same as it was in 1950, and are always referred to
that date.
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We thus calculated the calibrated calendar
dates from the radiocarbon datings of Volcán de
Colima deposits reported in all of the literature
we could find, using the OxCal 4.1 program with
the IntCal 04 calibration curve (Bronk Ramsey
2009). This was done pooling together the indi-
vidual radiocarbon dates and error ranges
grouped according to the published stratigraphic
information prior to calibration. The program
provides a built-in chi-square statistical test for
whether the ages are from the same event with a
given level of confidence (95.4 as a default). It
then yields two dates defining an interval as the
most likely time for the event occurrence. In the
second column (from the left) of Table 1, we list
the intervals of calibrated calendar dates of
different groupings representing the Volcán de
Colima events. Negative numbers refer to
dates BC.

To acquire a more intuitive grasp of these
ages, we translated the calibrated calendar ranges
into calibrated ages before 2014, using the
median of each age range as the likely calendar
date of the event, and the half-width of the range
as a measure of dispersion. Such calibrated ages,
listed in the third column of Table 1 should thus
represent the most realistic estimate of the actual
ages of the events and their uncertainties.

2.2 Historical Time-Scale

Historical activity is relatively well documented
since 1560. Although the available record
includes 41 VEI � 1 eruptions in that period,
we shall not consider in this analysis eruptions in
the VEI range � 2. The main reasons of this
choice are: (a) eruptions in the lowest VEI range
are predominantly effusive, and thus difficult to
consider as single short-duration events; (b) it is
more convenient for hazard analysis purposes to
consider the significant explosions that destroyed
the products of such effusive processes; (c) minor
eruptions may have not been reported, as the
completeness of the catalogue usually decreases
as the eruption magnitude diminishes. Moreover,
to compensate for this, some catalogues assign a
default value VEI 2 to eruptions with doubtful

information, generating an artefact in that VEI
category; (d) it is unlikely that eruptions in the
VEI range � 2 represent a serious threat to the
population, and omitting them from the analysis
may not significantly affect the hazard analysis.
In addition, the difficulties of identifying and
dating small eruptions far in the past increase the
error in the rate of eruption estimations when
linking the historical and geological eruptive
histories (Mendoza-Rosas and De la Cruz-Reyna
2008).

The historical activity has been characterized
by alternate dome-emplacing effusive phases and
explosive events that have included major erup-
tions. Table 2 shows a record of 18 significant
eruptions with VEI � 3 that have been reported
in the past 439 years. The cumulative plot of
eruption occurrences shown in Fig. 2 reveals that
the overall average eruption rate since 1576
(18/439, thick solid line in the figure) may be
composed by two or more age-specific rates of
eruption (dashed lines in Fig. 2) suggesting that
the volcano shows regimes of more frequent
explosive activity alternated with regimes of
lower explosive eruption occurrence rate.

After the 1913 Plinian event, the deep crater of
the volcano started to slowly fill with lava,
showing several eruptive phases after the lava
reached the crater rim around 1957 (Mooser
1961). Since then, activity has been characterized,
as before, by lava and dome extrusions alternated
with dome-destruction explosions and Merapian
pyroclastic flows (Saucedo et al. 2005). At times,
partial collapses of summit domes and lava flow
fronts have produced frequent block-and-ash
flows. In the last 23 yr small to moderate erup-
tive episodes have been reported in 1991, 1994,
1998–1999, 2001–2003, 2004, 2005, 2007–2011
(Rodríguez-Elizarrarás et al. 1991; Saucedo et al.
2005; Sulpizio et al. 2010; Sarocchi et al. 2011;
Varley et al., this volume). During heavy rains,
which usually occur from June to October at this
latitude, these deposits are often remobilized,
producing lahars (Capra et al. 2010; Capra et al.,
this volume). So far, the products emitted during
the current post-1913 stage have not significantly
affected the surrounding inhabited area. The VEI 4
Plinian phase in 1913 (Saucedo et al. 2010, 2011)
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and the VEI 3 (based on column heights exceed-
ing 6 km above the crater) dome-destruction
sequence of events in 2005 (Savov et al. 2008;
Smithsonian Institution 2005, 2006; Varley, this
volume) are represented by the last two steps in
Fig. 2.

Was the 2005 event the last of a low age-specific
eruption rate, or does it mark the beginning of a
high rate episode? What are the probabilities of a
significant eruption (VEI � 3), a major eruption
VEI � 4, or a catastrophic VEI � 5, eruption
occurring in the foreseeable future? There is no
evidence of major flank collapses during historical
time. However the possibility of such a collapse
must also be considered in any hazard assessment

(Borselli et al. 2011). Is a flank collapse, related or
not to eruptive activity, likely in the near future?
Next, we attempt to answer, at least partially, such
questions.

3 Statistical Approach
to the Assessment
of Volcanic Hazard

In the present approach, we shall assume for
simplicity that there are only two main sources of
hazard from a volcano such as Volcán de
Colima: volcanic eruptions and flank collapses.
The latter, derived from the volcanic edifice

Table 2 Chronology and VEI estimates of the Explosive Historical activity (VEI � 3) of Volcán de Colima

Date AD
(dd-mm-yyyy)

VEI References

??-??-1576 3 Tello (1650), Arreola (1903), Medina-Martínez (1983), De la Cruz-Reyna (1993),
Bretón et al. (2002)

10-01-1585 4 Ibid.

14-01-1590 3 Ibid.

25-11-1606 4 Ibid.

15-04-1611 3 Ibid.

08-06-1622 4 Ibid.

??-??-1690 3-(4?) Arreola (1903), Medina-Martínez (1983), De la Cruz-Reyna (1993), Bretón et al.
(2002)

10-03-1770 3 Ibid.

15-02-1818 4 Ibid.

12-06-1869 3 Ibid.

26-02-1872 3 Ibid.

06-01-1886 3 Bárcena (1887), Arreola (1903), Medina-Martínez (1983), De la Cruz-Reyna
(1993), Bretón et al. (2002)

26-10-1889 3 Arreola (1903), Medina-Martínez (1983), De la Cruz-Reyna (1993), Bretón et al.
(2002)

16-02-1890 4 Arreola (1903), Waitz (1932), Medina-Martínez (1983), De la Cruz-Reyna (1993),
Bretón et al. (2002)

15-02-1903 3 Arreola (1903), Ordóñez (1903), Waitz (1932), Medina-Martínez (1983), De la
Cruz-Reyna (1993), Bretón et al. (2002)

18-12-1908 3 Waitz (1932), Medina-Martínez (1983), De la Cruz-Reyna (1993), Bretón et al.
(2002)

20-01-1913 4 Medina-Martínez (1983), De la Cruz-Reyna (1993), Bretón et al. (2002), Saucedo
et al. (2010, 2011)

24-05-2005 –

16-09-2005
3 Savov et al. (2008), Smithsonian Institution (2005, 2006), Varley, this volume

How most of the VEI values were assigned is described in De la Cruz-Reyna, 1993
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instability, may be induced by eruptive activity,
including deposition of voluminous pyroclastic
deposits on steep slopes (McGuire 1996),
hydromagmatic processes (Dzurisin 1998), and
phreatomagmatic activity (Bandai-type activity,
Moriya 1980; Siebert et al. 1987), or by other
causes that may perturb an unstable volcanic
edifice, such as direct magmatic intrusions into
the edifice (Bezymianny-type activity, Gorshkov
1963; Siebert et al. 1987) or into the crust under
the volcano (Day 1996; Elsworth and Voight
1996). Gravitational failure may also occur in
response to external and independent causes such
as progressive weakening of an edifice, and dis-
crete triggering mechanisms such as earthquakes
(Keefer 1984) and heavy rainfall (Sheridan et al.
1999; Capra 2006; Roverato et al. 2011).

We thus depart from the assumption that the
features significant to hazard associated with the
future behaviour of a volcano should reflect in
some degree the relevant lineaments of its past

history and since eruptions and flank collapses
may be related or not, we begin addressing the
problem by treating both phenomena separately.
First, we analyse the statistics of volcanic erup-
tions, then the statistics of flank collapses. Next,
we attempt to obtain an overall estimate of the
volcanic hazard.

4 Volcanic Eruption Hazard

The statistical approach to the assessment of
volcanic eruption hazards probably begins with
the early studies of volcanic time-series by
Wickman (1965, 1976) and Reyment (1969).
They used stochastic principles to study eruption
patterns on specific volcanoes. However, the
models presented by Wickman (1976) did not
distinguish between eruptions of different types,
and were not tested against observed records.
Other early studies, analysed specific volcanic

Fig. 2 Cumulative number of eruptions reported in the
period 1576–present (2014) in the magnitude class
VEI � 3 for Volcán de Colima. The solid vertical lines
separate four clearly recognizable regimes. The slopes of

the dashed lines represent the age-specific eruption rates
ki of each regime i, with i = 1, …, 4., and the thick line
slope represents the mean eruption rate (kglobal = 0.0410
er/yr) of the whole historical series
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eruption series, as was the case of the Hawaiian
volcanoes (Klein 1982), the global set of volca-
noes (De la Cruz-Reyna 1991, 1996) and Volcán
de Colima (De la Cruz-Reyna 1993). Bebbington
and Lai (1996a) examined the patterns of Mt.
Ruapehu and Mt. Ngauruhoe, and Bebbington
and Lai (1996b) also analysed Etna, Kilauea,
Yake-Dake, Aso, and St Helens volcanoes. More
recently, Bebbington (2010) studied trends and
clustering of a group of 14 volcanoes including
Volcán de Colima. The tendency of those studies
was to use renewal models, i.e., processes in
which the eruptions were considered statistically
independent events with negligible duration
when compared with the repose time between
them. If the distribution of the repose times fol-
lowed a simple exponential distribution the
eruption time series was said to be a stationary
Poisson process with a constant rate of eruptions
(Cox and Lewis 1966). However, although some
volcanoes showed stationary patterns, others had
a marked time dependence of the rate of eruption
occurrences. Subsequent studies have incorpo-
rated non-homogeneous behaviour of the
eruption sequences, including for instance
time-specific eruption rates (De la Cruz-Reyna
1996), transition probabilities of Markov chains
(Carta et al. 1981; Aspinall et al. 2006;
Bebbington 2007), change-point detection tech-
niques (Mulargia et al. 1987), Rank-order statis-
tics (Pyle 1998), Bayesian analysis of volcanic
activity (Ho 1990; Ho et al. 2006; Solow 2001;
Newhall and Hoblitt 2002; Marzocchi et al. 2008),
non-homogeneous models (Ho 1991; Bebbington
and Lai 1996b), a mixture of Weibull distributions
(Turner et al. 2008), the mixture of exponentials
distribution (Mendoza-Rosas and De la Cruz
Reyna 2009, 2010), geostatistical hazard-
estimation methods (Jaquet et al. 2000; Jaquet
and Carniel 2006), non-homogeneous Poisson
processes and extreme value theory
(Mendoza-Rosas and De la Cruz-Reyna 2008,
2010; De la Cruz-Reyna and Mendoza-Rosas
2015; Coles and Sparks 2006; Deligne et al. 2010;
Sobradelo et al. 2011), long-term hazard models
(Marzocchi and Bebbington 2012), statistical
analysis of explosions within an eruptive episode
to detect contrasting styles of activity (Varley

et al. 2006), and many others, that unfairly as it
may appear, are impossible to cite here consider-
ing the increasing productivity in this field.
A recent review of several of those methods may
be found in Bebbington (2013).

Different parameters have been used as ran-
dom variables to characterize the eruptive time
series. Among them, the most frequently used
are: the duration of eruptions, the repose interval
between eruptions, the effusion rate; the volume
or mass released, and the intensity of eruptions
(Klein 1982; Settle and McGetchin 1980; Walker
1980; Newhall and Self 1982; Fedotov 1985;
Mulargia et al. 1987; Carey and Sigurdsson
1989; Pyle 2000; Bebbington 2007, 2013). We
prefer to characterize the eruptions by a measure
of size that reflects their destructive potential, and
assuming that the impact and effects of an
eruption are proportional to both, the total mass
or energy release (magnitude) and the rate of
mass or energy release (intensity). The Volcanic
Explosivity Index VEI is the quantity based on
those parameters for which the eruption database
is most complete (e.g. Newhall and Self 1982;
Simkin and Siebert 1994, 2000; Siebert and
Simkin 2002), facilitating the comparison among
different volcanoes, even though reported VEI’s
do not always actually reflect both parameters.

For our purpose we shall consider here only
significant explosive eruptions, which are usually
short-duration events when compared with the
repose time between eruptions. The volcanic
eruption sequence of Volcán de Colima is thus
considered here as a point process developing
along the time axis, and both the distribution of
eruptions and the repose times between them are
analysed for different VEI classes. Long duration
effusive processes such as dome emplacements
are accounted for by associated dome destructing
explosions.

To obtain the most robust volcanic eruption
time-series possible we merge the historical
(describing more frequent smaller eruptions) and
the geological (describing larger, infrequent
eruptions) eruptive histories described in the
previous section. This is an important factor for a
proper estimation of the likelihood of more
damaging events (Marzocchi et al. 2004).
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To analyse the eruptive time series and its
renewal properties we first test the independence
between successive eruptions to detect possible
memory effects, and the stationarity or time
dependence of the eruption sequence to find a
possible non-homogeneity of the process. We
then use the Mixture of Exponentials Distribu-
tion (MOED, Mendoza-Rosas and De la
Cruz-Reyna 2009, 2010; Wehrmann and
Dzierma 2011) to study the distribution of repose
times between successive eruptions, and a
Non-Homogeneous Generalized Pareto-Poisson
Process (NHGPPP, Mendoza-Rosas and De la
Cruz-Reyna 2008) to obtain volcanic hazard
estimations. The probabilities of future eruptions
of Volcán de Colima within different VEI clas-
ses, and over suitable time intervals are estimated
using the different distributions, and the results
compared with those obtained from a simple
Poisson process.

5 Tests for Independence Between
Eruptions and Time Dependence
of the Eruptive Sequence

One of the simplest independence test for a
Poisson process is done by means of a serial
correlation scatterplot (Cox and Lewis 1966), in
which the duration of each interval Ti+1 between
two successive eruptions is plotted against the
previous repose interval durations Ti. This test
must be done on a complete time series, which in
the present case is the Volcán de Colima histor-
ical eruption data with VEI magnitude � 3.
Figure 3 shows the diagram with the features of a
sequence of independent events: a large disper-
sion, a concentration of points near the axes, and
low correlation coefficients: for each VEI cate-
gory 2, 3, 4, � 2, and � 3 are: −0.096, 0.256,
−0.156, 0.152, and 0.384 respectively, indicating
low serial correlations for all VEI categories
(Mendoza-Rosas and De la Cruz-Reyna 2008).
Therefore, this eruptive series may be charac-
terized as a random process of independent
events.

The analysis for time dependence of the
eruptive series of Volcán de Colima shows a

weak non-stationary behaviour visualized as a
succession alternating regimes with age-specific
rates of eruption fluctuating around a mean rate
in Fig. 2. A simple running mean test (Klein
1982) indicates that such fluctuations may not be
attributed to chance and reflect an underlying
process of alternating episodes of high and low
rates, although the difference in the rates is small
(De la Cruz-Reyna 1993, 1996; Mendoza-Rosas
and De la Cruz-Reyna 2008, 2009).

6 Analysis of Repose Times
Between Significant Explosive
Eruptions

This non stationary component of the eruptive
sequence of Volcán de Colima may be statisti-
cally represented by means of the shape param-
eter of the Weibull distribution with a value
different than one. An alternative way to describe
the distribution of repose intervals between
events of an eruptive sequence, characterized by
a succession of regimes with age-specific erup-
tion rates, is through the use of the Mixture of
Exponentials Distribution (MOED, Mendoza-
Rosas and De la Cruz-Reyna 2009). The
parameters of a MOED emphasize the effects of
the time dependence of the eruptive process
allowing clustering the eruption sequence in
regimens as discussed below. A MOED is a

Fig. 3 Serial correlation diagram of successive repose
intervals Ti and Ti+1 (from Table 1, measured in months)
between eruptions with magnitude VEI � 3 of Volcán
de Colima
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mixture of m exponential distributions that has
proved useful to describe the repose time distri-
bution of eruptive sequences with non-stationary
behaviour. The cumulative MOED function has
the form:

Fðt Kj Þ ¼
Xm
j¼1

wjð1� e�kj tÞ ð1Þ

with a survival function:

Sðt Kj Þ ¼ 1� Fðt Kj Þ ð2Þ

and probability density function:

f ðt Kj Þ ¼
Xm
j¼1

wjkje
�kjt ð3Þ

where K = (k1, …, km, w1, …, wm) > 0 is the
vector of parameters, and

Pm
i¼1 wi ¼ 1.

The k’s represent the age-specific rates of
eruption, namely the number of events per
duration of each identified regime j. Of particular
importance are the weighting factors wj’s, which
for our purpose are calculated as the normalized
complement of the corresponding proportions of
the duration of regimes, considering that regimes
of shorter duration tend to have higher rates of
eruption.

wi ¼ Dt � DiPm
i¼1 ðDt � DiÞ ð4Þ

where Dt is the duration of the sampled interval
(439 years for Colima), and Di is the duration of
the identified regime.

The hazard function, also known as the
age-specific failure rate or as the force of mor-
tality is a measure of the probability of an
eruption occurring immediately after a time
interval representing survival (i.e., no eruptions
occurring in that interval), and it is defined as the
ratio of the probability density function to the
survival function:

hðt KÞj ¼
Pm

j¼1 wjkje�kj t

1�Pm
i¼1 wjð1� e�kjtÞ ð5Þ

The MOED has been successfully applied to
eruptive series assumed complete for some vol-
canoes of México (Mendoza-Rosas and De la
Cruz Reyna 2009, 2010) and to the Chilean
Southern Volcanic Zone (Dzierma and Wehr-
mann 2010; Wehrmann and Dzierma 2011). For
Volcán de Colima, Mendoza-Rosas and De la
Cruz Reyna (2009) compared the probabilities of
occurrence of at least one eruption calculated
with MOED (with the parameters listed in
Table 3) and with the exponential and Weibull
distributions. Although the Weibull distribution
showed a better fit to the repose-time data than
the simple exponential function, the MOED
improved that fit, having the additional advan-
tage that its parameters may be easily obtained
from the inspection of the cumulative number of
eruptions plot when distinct rates of eruptions
may be recognized as age-specific regimes, i.e.,
as a succession of periods, each with a constant
rate, and clearly defined regime transition points,
as has been the case of other Mexican
and Chilean volcanoes (Mendoza-Rosas and
De la Cruz-Reyna 2009, 2010; Dzierma and

Table 3 Observed eruptive regimes and calculated parameters of the MOED for Volcán de Colima (VEI > 2)

Regime Time
period

Number of
eruptions

Duration of regime
(yr)

Annual rate
k

Weighting factor
w

1 1576–1622 6 47 0.127660 0.297646

2 1623–1868 3 246 0.012195 0.146545

3 1869–1913 8 45 0.177778 0.299165

4 1914–2014 1 101 0.009901 0.256644
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Wehrmann 2010). This makes its use more
physically intuitive. However, when the
specific-age changes cannot be clearly identified
as points between piece-wise linear regimes in
the cumulative number of eruptions plot, specific
statistical methods should be used to allow for a
mathematically objective determination of the
change points, using for example procedures of
change-point identification by data partitioning
based on two-sample Kolmogorv-Smirnov
statistics (Mulargia and Tinti 1985; Mulargia
et al. 1987), or applying hidden Markov models
methods (Bebbington 2007).

One important feature of the MOED hazard
function (5) is its time-dependence, as it decays
after a previous event, as shown in Fig. 4 for
Colima. This is a consequence of the Bayesian
character of the MOED that uses a prior belief
derived from the relevant prevalence of regimes
in the past. As more time passes since the last
eruption, the belief that we are in a high-rate

regime decreases. This is revealed by the Weibull
hazard function as well, also included in Fig. 4.
Finally, it is important to be aware that the
number of degrees of freedom of the MOED
increases with the number of identified regimes,
thus raising the number of required parameters.
This may demerit its measure of goodness of fit
when compared with other distributions,
according to the Akaike Information Criterion
(Akaike 1973; Bebbington 2007; Turner et al.
2008; Dzierma and Wehrmann 2010).

7 Assessing Eruption Hazard
Through the Linking of Historical
and Geological Eruptive
Sequences

To deal with the difficulties derived from using
an extended eruptive sequence that includes
records in the historical and geological time

Fig. 4 The time dependent Weibull and MOED hazard functions, and the time-independent Poisson hazard function of
Volcán de Colima
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scales, and the possible incompleteness of the
geological record, we apply a scaling law that
relates the eruption size Mvei with the logarith-
mic eruption rate of that magnitude class kvei.

log kveið Þ ¼ aMveiþ c ð6Þ

Such a scaling law holds rather well for
aggregations of volcanoes, and has proved useful
for linking historical and geological time scales
in specific volcanoes, allowing the expansion of
the database in time and in missing information
on eruption magnitudes (De la Cruz-Reyna 1991,
1993; Pyle 1995; De la Cruz-Reyna and
Carrasco-Núñez 2002; De la Cruz-Reyna and
Tilling 2008; Mendoza-Rosas and De la
Cruz-Reyna 2008, 2010). However it must be

used with care when attempting to transfer this
type of analysis to other volcanoes, as the scaling
may not hold for the available databases, or for
volcanoes behaving differently from the average.
Furthermore, in some cases, the scaling may hold
for a magnitude-related parameter other than the
VEI, as the tephra volume (Bebbington et al.
2008; Hurst and Smith 2010).

Using the scaling (6) on the Volcán de Colima
eruption data, we may construct models of the
distribution of large events using the available
geological and historical time series in Tables 1
and 2, assigning likely VEI values to the uncer-
tain data, and then select the model or models
which best fit the rates of eruption occurrences,
as shown in Fig. 5. The best fitting model in the
figure is the “Case 2”, and the most likely rates of

Fig. 5 Four possible models of the VEI magnitude
versus rate of eruption distributions for major Holocene
eruptions of Volcán de Colima. From the available VEI
values and from the scaling law (5) we searched and
tested for the most likely values of the eruption size
distribution: a Case 1 (diamonds), we assume that the
eight major geological eruptions listed in Table 1 were of
about the same size (VEI 5). b Case 2 (triangles). We
assume that one of the eruptions reached a VEI 6, while
the others had VEI 5. c Case 3 (squares). This model
assumes that six eruptions reached VEI 6 and two had

VEI 5. d Case 4 (circles). This model assumes that five
eruptions reached a VEI 6 and three had VEI 5. The best
fittings to those distributions are the lines log (kvei) =
−0.790 Mvei + 0.969 for case 1; log (kvei) = −0.879
Mvei + 1.285 for case 2; log (kvei) = −0.795 Mvei +
0.967 for case 3, and log (kvei) = −0.750 Mvei + 0.789
for case 4, with Pearson correlation coefficients 0.887,
0.953, 0.937 and 0.904 respectively. Case 2 has the best
fit. However, the other models yield comparable results
for the log (kvei) distribution
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eruption kvei for each VEI category obtained
from the model are listed in Table 4.

Although more precise estimates of the dis-
tributions and probabilities of future eruptions
may be obtained from the eruption rates calcu-
lated using the linked database, it is necessary to
keep in mind that this does not guarantee the
completeness of the whole database, and may
underrate the hazard related to very large, rare
events. To deal with this problem and obtain a
more accurate mathematical quantification of the
volcanic hazard we assume a Non Homogeneous
Poisson process with a Generalized Pareto
Distribution as intensity function (NHGPPP)
(Davison and Smith 1990; Coles 2001; Reiss and
Thomas 2001) to describe an eruptive sequence
(Coles 2001; Mendoza-Rosas and De la
Cruz-Reyna 2008, 2010; Sobradelo et al. 2011).
This method belongs to the extreme value theory,
in which the extreme values are atypical and rare
events located at the tail of the distribution. The
Generalized Pareto Distribution (GPD) is a
robust tool that allows modeling of extreme
values (Coles 2001; Davison and Smith 1990;
Beguería 2005; Mendoza-Rosas and De la
Cruz-Reyna 2008), such as the large-magnitude
eruptions or major sector collapses. The cumu-
lative GPD function is described by

Gk;a yð Þ ¼ 1� 1� ky
r

� �1=k
for k 6¼ 0

1� e�y=r for k ¼ 0
ð7Þ

where k is a shape parameter, r is a scale
parameter, y = x − u is the realization of an
excess over a threshold u (also called the location
parameter) and x is the exceedance over the
established threshold. The GPD thus considers
that an exceedance requires that an eruption

exceeds a given VEI (threshold) of a time-series
of magnitudes that may be stationary or not.

The NHGPPP depends only on the number of
very large events exceeding a certain threshold,
and not on the times of their occurrences, nor on
their precise magnitudes, thus reducing the
influence of time dependence and incomplete-
ness. Still, it is very important to consider in this
analysis that the VEI is not an open scale, ending
in 8. Therefore the GDP probabilities of erup-
tions exceeding VEI 8 must be subtracted from
the calculated probabilities to avoid an overesti-
mation of the exceedances. In an eruptive
sequence these data are represented by the right
tail of the repose-time distribution and indeed
influence any hazard estimation, as they repre-
sent events with very high destructive power.
This method has been applied to calculate the
probabilities of major eruptions in databases
containing few and incomplete data in volcanoes
of México (Mendoza-Rosas and De la
Cruz-Reyna 2008, 2010) and the Canary Islands,
Spain (Sobradelo et al. 2011). Homogeneous
Poisson, Weibull, MOED and NHGPPP proba-
bilities of occurrence of at least one eruption in
specific time intervals using the eruptive history
models of Volcán de Colima are summarized in
Table 5 and Fig. 6.

Contrasting with the MOED, both, the Pois-
son process and the NHGPPP have the memo-
ryless property. In both the magnitudes are
independent of each other, and of the eruption
timings. The distinction is that in the former the
VEI is taken from the empirical distribution of
the observed eruptive time series, whereas in the
latter it is smoothed using an extreme value
model which trades off some of the preservation
bias against a frequency-magnitude assumption.

Table 4 Expected
occurrence rates in the VEI
range 3–6, and mean
recurrence times obtained
from the best fit “Case 2”
model in Fig. 4

VEI kvei Annual occurrence rate (er/yr) 1/kvei Mean recurrence time (yr)

3 0.04457 22

4 0.00589 170

5 0.00078 1283

6 *10−4 *10,000
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8 Estimates of Debris Avalanche
Hazards from Flank Collapses
of Volcán de Colima

In the previous sections, the stochastic process of
eruption occurrences has been addressed by dif-
ferent statistical methods with a common factor:
all statistical distributions of occurrences have as
a main parameter the mean eruption occurrence
rate. Such parameter may be perceived as a
quantity that reflects the physical process

controlling the volcanic activity, i.e. the rate at
which the complex volcanic system is supplied
with magma and tries to reach equilibrium
releasing it through eruptions.

In contrast, occurrences of debris avalanche
events are conditioned by the instability of the
volcanic edifice derived from its growth until it
reaches a certain level of gravitational potential
energy. The edifice growth depends on the
magma production and accumulation rate, a
feature that has been rather stable through the
existence of Volcán de Colima (Luhr and

Table 5 Volcanic hazard as the probabilities of occurrence of at least one eruption with VEI � 3 over different time
intervals for Volcán de Colima

T YEARS MOED NHGPPP WEIBULL POISSON

10 0.5042 0.3787 0.4516 0.3364

20 0.6429 0.6140 0.6427 0.5596

50 0.7634 0.9075 0.8772 0.8713

100 0.8614 0.9914 0.9725 0.9834

200 0.9518 0.9999 0.9979 0.9997

500 0.9979 0.9999 0.9999 0.9999

Fig. 6 Probabilities calculated by MOED, NHGPPP, homogeneous-Poisson and Weibull distributions of at least one
eruption, with VEI � 3 in a given time interval for “Case 2” in Fig. 5 and Table 4
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Carmichael 1990), introducing a cyclic compo-
nent to the DAE occurrences. Such behaviour
has been observed in other volcanoes with stable
magma production rates, such as Mt. Taranaki in
New Zealand (Zernack et al. 2012). Departures
from a periodic cyclicity may be attributed to the
random character of DAE triggering events, such
as major eruptions, large earthquakes, or climatic
factors. Although the available evidence from the
DAE deposits indicate that most of the major
DAE’s at Volcán de Colima during the Holocene
may have been caused by large eruptions (Cortés
et al. this volume), we address the hazard derived
from DAE’s in a fashion different from the
eruption hazard assessment, using a technique of
analysis recently applied to Volcán de Colima by
Borselli et al. (2011), which offers new insights
for assessing the degree of instability in volcanic
edifices.

This approach combines three methodologies
(Borselli et al. 2011): (1) the analysis of the
relative mass/volume deficit of the volcano
structure, which was made using the VOLCA-
NOFIT 2.0 software; (2) a slope stability
assessment by limit equilibrium analysis
(LEM) of multiple sectors on the volcano, con-
sidering fluid internal overpressure and dissipa-
tion; (3) a separate statistical analysis of major
flank debris avalanche ages in the last 10,000 BP,
adapted from stochastic arithmetic methods
(Vignes 1993; Markov and Alt 2004) to the
estimated ages of the DAE’s and their error
ranges.

Here, we revisit this statistical analysis of
Borselli et al. (2011), now using radiocarbon
calibrated ages, and considering an extended
database of DAE’s. The columns to the left in
Table 6 shows the calibrated dates (and error
ranges) of major DAE’s, corresponding to dates
of the major volcanic events listed in Table 1. In
this approach, adding the mean interval between
DAE’s DTe to the last event, including error
propagation of the occurrence time yields a
stochastic number (Vignes 1993; Markov and Alt
2004) that may be regarded as the forecast for the
time of a future collapse. The method accounts
for the error and uncertainty propagation among

intervals between collapses, resembling the
method proposed by Akçiz et al. (2010) for the
assessment of large earthquakes recurrence times
at the San Andreas Fault.

To estimate the most probable interval after
the last DAE, the intervals between DAE’s
DTei = Tei−1 − Tei are first calculated (third
column in Table 6), where Tei are the
DAE’s averaged calibrated ages listed in the
left column. The uncertainty propagation
between events is then obtained as eDTei ¼
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðeTei�1Þ2 þðeTeiÞ2

q
, where ± ɛDTei is the

propagated band of uncertainty calculated from
the individual dating error bands ±ɛTei. The
expected value of the DAE next to the last is
calculated as the mean of the individual intervals
(bottom line of the third column in Table 6),
and its uncertainty or error is estimated as
the standard deviation of the propagated errors

eDTe ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

ðeDTeiÞ2

n

r
, listed at the bottom line

of the fourth column in Table 6. According to
these results, an avalanche generating event may

be expected in the time ðTelast � DTeÞ � eDTenext
¼ 2864 yr BP 2014ð Þ � 2686ð Þ� 383 yr. Trans-
lating this into calendar dates, the interval is
centred on 1836 AD, and ranges from to 1450 to
2222 AD. These results, presented in a graphic
form in Fig. 7 are remarkably consistent to those
based on uncalibrated radiometric ages reported
by Borselli et al. (2011). It is striking that the
effect of the added data points and calibrated ages
does not significantly change the forecast made.
These results may thus indicate that Volcán de
Colima is, and has been mature for a major flank
collapse for centuries.

9 Discussion and Conclusions
on the Hazard Assessment
of Volcán de Colima

Volcán de Colima is one of the most active
volcanoes in the North American continent. Its
wide range of eruptive styles, its propensity
to flank collapse (Fig. 1), and the growing
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population dwelling in areas that may be affected
by volcanic phenomena justifies the need for a
precise evaluation of the hazards it poses. The
analyses described in this chapter reveal some
features of the volcano’s past that may prove
insightful for more precise estimates of the
probabilities associated with different hazards
and for the design of preventive measures.

First in the list of such features are the
stochastic character of the eruption occurrences,
and the log-linear distribution of eruption rates as
a function of the VEI magnitudes according to
the scaling law described by Eq. (6). The com-
bination of these features with an eruptive history
made as complete as possible linking the histor-
ical and geological databases has allowed us to

Table 6 Ages of major debris avalanches in the Holocene

Calibrated age of
DAE-generating
collapse event
(years BP-2014)

Uncertainty
in calibrated
age of DAE
(yr)

Time interval
between DAE’s
(yr) DTei

Dating
uncertainty of
interval from
previous DAE
(yr) ɛDTei

References

2864 52 1096 178 Luhr and Carmichael (1982), Luhr
and Navarro (2002), Navarro and
Luhr (2000), Siebe et al. (1992),
Komorowski et al. (1993, 1997a,
b), Cortés et al. (2005, 2010a, b),
Cortés et al., this volume

3960 170 1071 349 Navarro and Luhr (2000),
Kiryanov and Kolosov (1986),
Komorowski et al. (1993, 1997a,
b), Cortés et al. (2002, 2005,
2010a, b)

5031 305 2897 336 Luhr and Prestegaard (1988),
Luhr and Navarro (2002), Robin
et al. (1984), Cortés et al., this
volume, Capra and Macías
(2002), Capra (2007), Luhr et al.
(2010)

7928 142 3197 232 Luhr and Carmichael (1982), Luhr
and Navarro (2002), Komorowski
et al. (1993, 1997a, b), Cortés
et al. (2005, 2010b), Cortés et al.,
this volume, Luhr et al. (2010)

11125 184 5167 642 Navarro and Luhr (2000), Robin
et al. (1984, 1987, 1991),
Komorowski et al. (1993, 1997a,
b), Cortés et al. (2005, 2010b)

16292 615 – – Robin et al. (1987), Cortés et al.
(2005, 2010a), Capra (2007)

Mean interval and
standard deviation
between DAE’s
DTe� StDevðDTeÞ
¼ 2686� 1703 yr

Uncertainty
associated to the
mean DAE
interval
ɛDTe = ± 383 yr

The uncertainties of intervals and their standard deviation were calculated with the method of Borselli et al. (2011).
A pre-Holocene event is added in the last row to estimate the first Holocene time interval
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estimate the probabilities of eruptions consider-
ing the complete potential range of VEI’s, as
summarized in Table 4. Of particular signifi-
cance is the increase in the probabilities of major
eruptions (VEI � 3) occurring in the interme-
diate time scale revealed by the NHGPPP
method, which emphasizes the influence of very
large events, despite the fact that very few are
documented, or if only one has occurred far in
the past.

Second, and referring to the hazard associated
to DAE’s, is the combined effect of the persistent
magma feeding of the volcanic system, which
translates into a magma production rate with a
well-defined mean value with some fluctuations
around it (see for example Fig. 2), combined
with highly stochastic triggering phenomena of
different nature (eruptive, seismic or climatic).

Referring to volcanic eruption triggers,
Table 2 shows that at least 6 VEI 4 eruptions
have been recorded in the historical timescale
(from the 16th century at Colima), and no sig-
nificant DAE has been reported in that period.
On the other hand, inspection of Tables 1 and 6
reveals that volcanic eruptions as triggers of
DAE’s have a threshold at VEI 5, meaning that
only eruptions with that index or larger are cap-
able of causing flank collapses at this volcanic
edifice.

The critical levels that climatic factors such as
precipitation must reach have not been docu-
mented for Volcán de Colima, and little may be
said about it, except that the recurrence of such
factors should exceed any historical climatic
extreme event, since no significant DAE’s have
occurred in the historical times scale even

Fig. 7 DAE’s as a function of the time since the previous
event at Volcán de Colima (diamonds). Horizontal error
bars represent the reported calibrated dating errors.
Vertical error bars represent the uncertainty in the
intervals calculated by the method of stochastic arithmetic
used by Borselli et al., (2011). The forecast for the next
DAE (largest triangle on the horizontal axis on the
Gregorian year 1836) result from the estimation of the

mean interval between DAE’s counted from the last
event. The uncertainty band (smaller triangles on the
horizontal axis covering the range ±383 yr) of the
forecast is also estimated using the stochastic arithmetic
method. The inclined dashed line represents the trend
from the best fit with the data points. The vertical arrow
marks the present time
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though the volcano may have been mature for a
flank collapse since the fifteenth century,
according to the arguments discussed in the
previous section.

Earthquakes seem to have a better defined
level of triggering in terms of the acceleration
they may cause on an unstable volcanic edifice.
The flank stability analysis of Borselli et al.
(2011) shows that triggering a flank collapse in
the volcano current configuration would require
an earthquake with a magnitude 7.5 or higher,
occurring at a hypocentral distance of 50 km or
less. This type of event has a mean recurrence
time of about 1200 yr (Mario Ordaz, Instituto de
Ingeniería UNAM. Personal Comm. 2011).
Curiously enough, this is about the same as the
mean recurrence time of eruptions with VEI
5 expected from the “Case 2” model, as shown
in Table 4. These values are within the standard
deviation of the intervals between DAE’s
(2686 ± 1703 yr), and may support the model of
a cyclic edifice building and a random DAE
triggering process.

One final consideration relates to the current
condition of the volcano. According to the
stochastic arithmetic analysis of the previous
section, Volcán de Colima should have reached a
condition of instability since the 15th century.
Although the time window of that forecasting
extends to the 23th century, one may wonder
why a significant sector collapse has not yet
occurred. A speculative, yet possible explanation
may be the relative abundance of VEI 4 erup-
tions, particularly in the 19th century. It is con-
ceivable that such eruptions may have a
stabilizing effect on the volcanic edifice since
they have enough power to remove the upper
parts of the volcanic cone, opening sizable cra-
ters, but are not strong enough to generate a flank
collapse. If this were the case, the relatively long
time since the previous VEI 4 eruption in 1913
may be considered as an additional hazard factor.
In this circumstance, the scenario of a future
VEI � 5 must be very carefully considered, as
an eruption of such dimension would probably
lead to collapse.
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Civil Protection and Volcanic Risk
Management in Colima

Hugo Ignacio Rodríguez García

Abstract
Volcanic risk depends not only on the prob-
ability of impact by one of the volcanic
hazards or by events derived from them.
Paradoxically, the risk can be increased if it is
evaluated, communicated and managed inap-
propriately, so the risk reduction strategy must
be constructed in full interaction between
at-risk populations, scientists and civil protec-
tion authorities. In this work, a review of the
strategies to manage the volcanic risk by Civil
Protection of the state of Colima is made; the
analysis is based on the concept of Integral
Risk Management proposed by Mexican leg-
islation. The evidence suggests that it should
perform a more social volcanic risk manage-
ment, this risk reduction must be multidisci-
plinary so that the decisions taken are more
effective and adequate, therefore the opinions
of social scientists will have to be considered
and included in the design and implementa-
tion throughout the risk management process.
Finally, it is suggested that a risk communi-
cation program be developed, including an
early warning system, updating hazard maps,
and operational and emergency plans, in

which the roles and responsibilities of each
party interested in volcanic risk management
are considered, and recommends the social-
ization of such maps and plans, as well as free
access to them by society.

Keywords
Volcán de colima � Civil protection
Volcanic risk � Integral risk management

1 Introduction

Risk is generated by the interaction between the
eruptive products of Volcán de Colima and nearby
human settlements; however, it is important to
remember that its origin is not limited to the
probability of physical damage. Volcanic risk can
imply other dimensions that are often ignored or
disparaged by those who study it, produced and
intensified both by those who manage it and those
people living nearby the volcano, which has also
been called by several local journalists The “Giant
of Fire (El Coloso de Fuego)”.

These dimensions are related to actions or
omissions attributable to different social actors
involved in the process of reducing the impact of
volcanic activity, and direct or indirect
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consequences of those actions. This chapter
considers that volcanic risk reduction goes
beyond studying and monitoring the physical
phenomena, meaning that geological and geo-
physical research does not provide a sufficient
basis for appropriate decision making regarding
risk management. The social, cultural, economic,
and political dimensions of the lives of the peo-
ple involved are crucial in enabling any institu-
tional risk management efforts to be effective.

These considerations will be fundamental to
the success of any institutional effort, since there
is considerable evidence of the necessity of a
multidisciplinary approach within physical sci-
ence, including sociological knowledge and
techniques to achieve a broader scope for
reducing volcanic risk. It is necessary that the
risk of volcanic eruptions be considered in a
broader context alongside other risks to social
and economic development, rather than as an
isolated phenomenon (Barclay et al. 2008).

Ironically, the actions implemented during
risk and disaster management can sometimes be
even more disastrous than the impact from the
natural phenomenon itself. In other words, the
social, economic, and political costs can be
higher for populations subjected to governmental
intervention than the direct physical impact
caused by the natural phenomena associated with
the disaster. This chapter critically analyses the
way in which volcanic risk management has been
implemented in Colima, during recent years. The
reduction of volcanic risk is a great challenge due
to the complexity of forecasting and evaluating
volcanic phenomena, as well as transmitting
these assessments in the form of scenarios to the
civil servants in charge of civil protection
(Marzocchi et al. 2012; Barclay et al. 2008).

It is necessary to establish the basic theoretical
elements needed to sustain risk-related research
at Colima. The chapter presents details of how
Civil Protection in the Mexican state of Colima
handles risk management. For this purpose, ref-
erence is made to the different stages of the
so-called Integrated Risk Management (Gestión
Integral de Riesgos, locally abbreviated as GIR)
which is defined in the 2012 law Ley General de
Protección Civil.

It is important to point out that Integrated Risk
Management (GIR), within the framework of the
Mexican Civil Protection, is derived partially
from the model of Emergency Management
constituted in the United States. The difference is
that the Emergency Management model covers
the whole process, including activities defined as
disaster phases (including prevention and prepa-
ration), whereas in the case of Mexico, GIR is
restricted to a greater or lesser extent to inter-
ventions during the emergency or immediately
after the manifestation of the disaster (Macías
2016). That is, the approach by the Mexican
Government is reactive rather than preventive.

Macías (2016) concludes that this GIR
approach was established without the considera-
tion of an organizational change in the structure
of Civil Protection. Instead it demands certain
additional activities to those already defined. The
challenge now is how to integrate all the orga-
nizations that participate in the process of civil
protection (Macías 2016). Currently the structure
defined in the Mexican legislation results in an
inefficient treatment of risk.

Until now, research dedicated to volcanic
hazards in Mexico has not analysed the specific
role of Civil Protection in reducing risk or the
organizational plans available to the authorities.
Usually relationships between the scientists and
the civil protection authorities are assumed to be
optimal. Although in the last two decades in the
case of Colima, some efforts to analyse this
problem in a critical way have been made
(Macías 1999, 2001; Gavilanes 2004; Cuevas
2005; Macías and Aguirre 2006; Gavilanes et al.
2009). This chapter further extends this critique
by scrutinizing volcanic risk management during
the recent eruptive period.

2 Volcanic Activity

2.1 The Context of Volcanic Risk

One of the most important characteristics of
Volcán de Colima in terms of its hazard is its
cyclicity for different types of activity (Varley,
this volume). An approximate cycle of 100 years
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for Plinian or sub-Plinian eruptions has been
described (Luhr 2002; see Crummy et al., this
volume). It could be more frequent, however,
with Mendoza-Rosas and De la Cruz-Reyna
(2008) identifying eruptions with a Volcanic
Explosivity Index 4 (VEI) in 1585, 1606, 1622,
1818, 1890 and 1913. Volcanologists have
recently expressed an increasing concern con-
sidering that over 100 years have now passed
since the last major eruption, combined with the
increased intensity of activity witnessed since
1998 (Varley 2015; Varley, this volume).

The eruption of 1913 began on 17 January and
culminated on the 20th of that same month
through a series of eruptive phases that intensified
in a period of 24 h (Saucedo et al. 2010; Saucedo
et al., this volume). The first phase, started with
Vulcanian explosions that emplaced small pyro-
clastic flows. In phase 2, the explosions increased
in intensity and frequency, generating large vol-
ume pyroclastic flows. In Phase 3, a Plinian col-
umn of *23 km in height was generated which
distributed ash to the NE. The Plinian column
collapsed generating pyroclastic flows radially
from the summit to a distance of 15 km (Saucedo
et al. 2010; Saucedo et al., this volume).

Saucedo et al. (2010) indicate that a Plinian
eruption is considered the most significant his-
torical eruption scenario that could affect the
population in the short and medium term, so it
has been taken as a reference for the discussion
of volcanic risks and risk scenarios, including the
development of hazard and risk maps.

An upcoming VEI 4 or greater event would not
have great significance, and would be observed
only as a natural phenomenon if there were no
population that could be directly or indirectly
affected. At present, within a radius of less than
15 km from the top of the volcano, approximately
15,000 people are exposed to volcanic activity
(Saucedo et al. 2005) and in a radius greater than
30 km more than 500,000 (INEGI 2010).

In the state of Colima, La Yerbabuena and La
Becerrera, in the municipality of Comala are the
communities closest to Volcán de Colima at 8
and 12 km, respectively. The two localities have
been catalogued as high risk areas by govern-
ment authorities and volcanologists (Martin del

Pozzo et al. 1995; Sheridan and Macías 1995;
Navarro and Cortés 2003; Gavilanes 2004;
Macías et al. 2006).

These two communities have their origin in
the agrarian reform. In the case of La Yerba-
buena, the ejido (a system of communal land
tenure in México) that gave rise to the commu-
nity is officially termed as ejido of ex-hacienda of
“San Antonio”. It was founded in 1968 (Gon-
zález 2000). As for La Becerrera, officially
known as “La Becerrera Ex-hacienda de San
Antonio”, it was constituted by a presidential
resolution in 1975 (File 23/61, File 1, File Gen-
eral Agrarian). Currently, 47 people live in La
Yerbabuena (resettled community, which will be
discussed in Sect. 3.3.1) and 283 people in La
Becerrera. It is important to consider that of these
two populations, the oldest one is La Yerbabuena
at 48 years, whilst La Becerrera has officially
existed for 41 years. This makes them very
recent, especially when compared with the
eruptive cycles of Volcán de Colima. This is
significant in terms of the relationship between
the population and the volcanic threat, as well as
its incidence in the perception of volcanic risk.

This interaction of volcanic phenomena with
vulnerable populations defines the local risk. It
can be said that the risk can be either generated,
eliminated, intensified or diminished as a result
of governmental actions related to volcanic risk
management.

3 Volcanic Risk Management
in Colima

In order to understand the way in which the state
of Colima’s Civil Protection authorities handle
volcanic risk, it is necessary to take into con-
sideration the concept of Integrated Risk Man-
agement (Gestión Integral de Riesgos GIR)
presented in the Ley General de Protección Civil.
GIR is defined therein as the set of actions
directed at identifying, analysing, evaluating,
controlling, and reducing risk, where the latter is
considered as being multi-faceted and in a state
of continual development. All three levels of
government (federal, state and municipal) are
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responsible for these actions in conjunction with
different sectors of civil society. They are classified
in different stages: identification of risk and/or its
process of formation, prevision, prevention, miti-
gation, preparedness, aid, recovery, and recon-
struction. The Ley General de Protección Civil also
includes references to those actions that the GIR
direct towards the creation and implementation of
public policies, strategies, and standardized proce-
dures aimed at achieving sustainable development
that considers the causes of disasters and their
relationship with social structure, and at the same
time strengthens the resilience of society.

In this context it becomes pertinent to ques-
tion how risk management in Colima is being
undertaken. In order to answer such a question,
only the stages of risk identification, prevention,
mitigation, preparedness, and aid will be con-
sidered. “Prevision” is defined separately in the
Ley General de Protección Civil, but will be
omitted because the distinction between this
concept and identification is unclear. Recon-
struction will also be left out because to date no
disaster caused by volcanic activity has taken
place in Colima.

Macías (2016) points out that risk identifica-
tion is not a phase or stage of the disaster process
as such, but a sub-stage, because this activity is
included within prevention. He considers that its
introduction as a phase within the GIR has been
driven more by an interest in increasing the
insurance market, that is, to move the emphasis
from “risk determination” to “risk transfer”
(Macías 2016).

However, in spite of this criticism, this study
includes both risk identification as a phase, and
GIR as a disaster management approach given
their presence in the legislation. One objective is
to analyse the preparation of the institutions
regarding volcanic risk management in Colima,
and their adoption of the strategies defined in
relevant documents.

It is important to point out that not all actions
taken by Colima’s Civil Protection authorities to
manage risk have been included in this chapter.
Some topics, such as risk communication, alert
systems, and evacuation drills, among others,
have been excluded. The following sections are

structured according to the identification, pre-
vention, mitigation, preparedness, and aid phases
of the GIR, using information from the “Volcán
de Colima” Organization and Operation Manual
and the Manual of Operations and Procedures in
Case of Emergency, which are not accessible to
the interested public or researchers, with no
indication of author or publication date.

3.1 Identification of Risk

It is stated in the aforementioned Ley General de
Protección Civil that the identification of risk
consists of “recognizing and assessing probable
loss and damage of affected parties and defining
their geographical distribution, through risk and
vulnerability analysis”. In the case of Colima, so
far only information regarding the identification
of volcanic threats has been officially released,
but an evaluation of probable losses or damage
has yet to be published, although one scientific
effort that estimates the former is available: the
Atlas Estatal de Riesgos de Colima, specifically
in the section dedicated to volcanic hazards. Here
some of the potential costs of a volcano-related
disastrous event have been calculated (Varley
et al. 2017).

3.1.1 Zoning and Risk Maps
In the Manual de Organización y Operación
“Volcán de Colima” (from now on the Manual
OOVC) a classification of human settlements at
risk is defined according to the degree of vol-
canic activity and the distance between these
populations and Volcán de Colima. Risk zones
were determined by concentric rings traced a
certain distance from the crater. In the Man-
ual OOVC, classification and zoning is very
simplistic, due to the fact that only geographical
locations of human settlements affected by vol-
canic risk are considered, without consideration
of populations’ forms of social organization,
productive activities, or cultural or political ele-
ments of their lives.

Among the populations classified as being at
risk of contact with pyroclastic material are listed
the villages of La Yerbabuena (8.2 km), La
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María (9.7 km), and La Becerrera (12 km) in the
municipality of Comala. At risk from ashfall are,
beside the aforementioned, Montitlán (12 km)
and Quesería (14.5 km) within the municipality
of Cuauhtémoc, and El Naranjal (12 km) within
the municipality of Villa de Álvarez. La Becer-
rera is also threatened by the formation of lahars.

The Manual OOVC also states that, in the
event of an eruption like the one that occurred in
1913, the following infrastructure could be
affected: the bridge over La Lumbre ravine; the
road that connects La Becerrera in Colima and
San José del Carmen in Jalisco; La Becerrera’s
Secondary School (which is beside La Lumbre
ravine); and the high-tension pylons of the
Comisión Federal de Electricidad located in the
Montegrande ravine.

Risk zones are classified as high, average, and
low. Those settlements located a distance of up to
8 km in a straight line from the crater are con-
sidered to be at a high level of risk, like La
Yerbabuena. Included in the medium risk zone
are those settlements located a distance of
between 8 and 15 km, like La Becerrera and
Quesería, La Lima, El Naranjal, and Nuevo
Naranjal. The category of low risk includes
communities located further than 15 km from the
crater, like Suchitlán, Agosto, La Caja, El Chi-
vato, El Carrizal, Buena Vista, Chiapa, Ocotillo,
Cerro Colorado, Palmillas and Alzada. The
effects on these villages would depend specifi-
cally on the direction of the wind (see Fig. 1).

It is important to outline that the Manual de
Organización y Operación “Volcán de Colima”
is not available to the general public, and it is
accessible for use only to Colima’s Civil Pro-
tection authorities. Also this manual does not
indicate the date when it was written and pub-
lished, nor who participated in its elaboration.

On the other hand, there is currently a publi-
cally available map that has served both as a
reference and scientific foundation for decision
making in terms of risk management. That map is
the geological map mistakenly labelled as “Mapa
de Peligros Volcán de Colima”, prepared by
Navarro Ochoa and Cortés Cortés, and published
in 2003 by the Universidad de Colima, in

collaboration with the government of the State of
Colima. In this map the geological fieldwork
carried out by the authors during a three-year
period with 525 field observation points is
reflected. It includes zones where pyroclastic
flows, debris avalanches, lava flows, lahars, and
ballistic projectiles were mapped, as well as
ashfall. Human settlements, water bodies, and
roads are also indicated on the map (see Fig. 2).

The cartographical information contained in
this map denotes it a geological map. In order to
be considered a hazard map, it would have to
provide information regarding probability of
recurrence and impact of each episode of vol-
canic activity. To be considered a risk map it
would have to feature information on conditions
of vulnerability for human settlements with
regards to volcanic activity.

As previously mentioned, the map illustrated
as Fig. 2 has served as a scientific reference for
decision making regarding volcanic risk man-
agement. An example of the latter is the decree
that declares La Yerbabuena as a settlement at
high volcanic risk, made acknowledgeable to the
general public on 24 May 2003 by the state
government of Colima. The first article of this
decree states the following:

The settlement of La Yerbabuena…is declared as
being at high risk, for being within a range of 8
kilometres from the summit of the volcano, a
distance at which that settlement is vulnerable to at
least 3 types of volcanic hazards, which have been
present in previous eruptions in the area, as shown
in the hazard map of the Volcán de Fuego de
Colima.

Despite being published a year after relocation
of the settlement’s inhabitants, it has provided
legal support during a series of social-political
and legal conflicts, generated and aggravated by
the relocation project. This will be explained
later in the mitigation phase section.

Let’s keep in mind that human relocations
have to be considered as the very last choice
when it comes to mitigation and prevention of
risk, due to the considerable social, economic,
cultural, and political costs that those processes
entail. For further information on the
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consequences of the relocation project, please
review Cuevas and Seefoó (2005) and Macías
(2001).

It has to be mentioned that some research has
been dedicated towards producing volcanic haz-
ard maps, and such maps were published prior to
the one produced by Navarro and Cortés. Nev-
ertheless, none of those other publications have

been regarded as official pieces of cartography
that can serve as a replacement for, or comple-
ment to the map produced by Navarro and Cortés
(i.e. Martin del Pozzo et al. 1996; Capra et al.
2015). On the other hand, it is well known that
risk and hazard maps have to be updated fre-
quently, or every time that there is an eruption
that modifies the relief around the volcano

Fig. 1 Zoning of “risk” by means of concentric rings.
This is the base map used by State Civil Protection to
determine the delimitation of evacuation and exclusion
zones in case of volcanic crisis and resultant scenarios.
Likewise, the routes of evacuation for ascent and descent
are shown, although in the volcanic crisis of July of 2015

these functioned as routes of evacuation in both direc-
tions, that is to say, each of them could be ascended or
descended. The map has not been published and is
without a date. Source Manual of organization and
operation ‘Volcán de Colima’
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(Guevara et al. 2004). In the case of Volcán de
Colima, this happened in July 2015 (Capra et al.
2016; Reyes-Dávila et al. 2016). Therefore, it is
vital that recent hazards zoning works (i.e. Capra
et al. 2015) be considered by the civil protection
authorities, in order to update volcanic hazards
maps. Meanwhile the official release of the Atlas
Estatal de Riesgos is still awaited. It includes a
series of maps on different volcanic hazards and
risks by taking into account the probability of

impact derived from different eruption scenarios
as well as social, economic, and natural variables
and indicators related to the vulnerability of
several settlements within the state of Colima
(see Fig. 3). Without a doubt, such an Atlas is
going to be very helpful for the local authorities,
because it dynamically integrates updated and
relevant information on the conditions of risk of
Colima’s risk-affected population, all of which
will allow better decision making to be carried

Fig. 2 Hazards map of
Volcán de Colima. It is a map
that summarizes the
geological work carried out
by researchers from the
University of Colima.
Although it has no data on
impact probability and
vulnerability factors, the map
has been used for government
decision-making. It possesses
several problems, some of
them technical, for example
there are areas where the
pyroclastic flows and lahares
overlap, which does not allow
clear distinction between
them. Another problem is that
the map is outdated, since its
publication in 2003, it has not
been updated, despite growth
both in the population and
agro-industrial activities in the
vicinity of Volcán de Colima.
Source Navarro and Cortés
(2003)
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out towards mitigation of volcanic risk in the
short, mid, and long term.

Finally, it is worth pointing out that several
aspects of the atlas risk analysis still have to be
improved, because only a few vulnerability
components, indicators and variables were stud-
ied for a few settlements, due to insufficient data
and time to do fieldwork (Varley, personal
communication). These limitations of the atlas
risk analysis, constitute a barrier preventing an
appropriate critical understanding of the real
dimension of vulnerability (considering that

alternative approaches are possible, other than
numerical statistics and indicators). However, the
work done on the atlas can be considered a big
step forward for risk management. A start has
been made to the study of risk, with the publi-
cation of an official risk map that includes
important indicators of vulnerability, and not
only geological and natural hazard cartography.

3.1.2 Monitoring the Volcano
Volcano monitoring is generally done by means
of various disciplines, of which the most

Fig. 3 Risk map associated with a VEI 4 eruption. This
map is the result of a combination of hazard data with
some elements of social vulnerability. This type of map

allows better decisions to be made in the development of a
volcanic risk management strategy. Source Varley et al.
(2017)
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common are seismology, ground deformation
and gas geochemistry (Donovan et al. 2012).
Volcano monitoring in Colima is conducted
mainly by an entity commonly and incorrectly
known as “Observatorio Vulcanológico” (it
cannot be considered as an observatory because
the monitoring is not continuous, 24 h per day)
officially named Centro Universitario de Estu-
dios e Investigaciones de Vulcanología, CUEIV
or University Centre for Study and Research in
Volcanology, and the Faculty of Science of the
University of Colima. Most seismic records from
the seismologic telemetric network of the state of
Colima, or RESCO, are received in the facilities
of the civil protection authorities. The seismic
data is obtained and processed, however, by the
staff of RESCO with the goal of maintaining a
monitoring capability (see Fig. 4).

Seismic monitoring of activity can therefore
be carried out from Civil Protection’s offices in

Colima, however, the training that operatives
have received is minimal so any interpretation
will highly limited, making critical decision
making difficult, if not impossible. This came to
light during the second evacuation caused by a
volcanic crisis in July 2015. The director of
CUEIV and RESCO was unavailable and since
that monitoring group has no continuous cover-
age or established communication protocol, the
General Director of the state unit of Civil Pro-
tection was requested to provide an interpretation
of the seismicity by the government communi-
cation centre (CECOM). The urgency of the
situation resulted in Civil Protection having to
make decisions regarding evacuation, without a
high level of certainty concerning the current
state of volcanic activity.

The aim of the CUEIV is to monitor Volcán
de Colima’s eruptive activity, to conduct sci-
entific research within the state’s volcanic

Fig. 4 State unit for Civil Protection’s communication
centre. Real time seismic volcanic data can be observed
on the lower and central screens. In theory, this centre
functions as a monitoring and communication station for
natural phenomena and the associated risk that occurs in

the state of Colima. However, like the CUEIV, there are
only staff during office hours. During times of crisis
additional volunteer staff are brought into handle tele-
phone and radio calls outside regular hours
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region, to coordinate the various groups of
researchers working on aspects of volcanology,
produce volcanic risk maps and strategize on
disaster prevention in cooperation with both
the state’s Civil Protection system and with
CENAPRED (Centro Nacional de Prevención
de Disastres or National Centre for the
Prevention of Disasters). In addition, they
prepare documents with which to publicize
technological and scientific development in
Earth Sciences including in social media,
organize local conferences and debates, etc.
Monitoring is carried out with the participation
of volcanologists from the Faculty of Science
(see Varley, this volume for details on moni-
toring instrumentation).

Regarding the first goal, monitoring volcanic
eruptions, it is important to point out that,
despite actions taken and data produced since
1994, the centre has been faced with a series of
problems that go beyond its scientific respon-
sibility. Political changes have had an impact, as
well as the economic consequences of the con-
stant reduction or cancelation of financial
resources destined to develop and maintain
consistent and precise volcanic monitoring. The
scarcity of funds means fewer staff available to
achieve constant monitoring 24/7. Therefore,
staff work only during normal business hours,
although during critical times they have had to
organize 24-h vigilance and continued moni-
toring from the university’s facilities or from
their own homes. Concerning the goal of con-
solidating a homogeneous group, with a clear
objective of performing monitoring tasks, it has
become necessary to strengthen bonds within
CUEIV and being more open to welcoming
researchers hailing from outside. In the case of
the previous Scientific Assessment Committee
and the current so-called Subcommittee of
Geological Phenomena (see Sects. 3.2.1 and
3.2.2), less biased and more inclusive coordi-
nation is necessary on the side of Colima state’s
Civil Protection authorities to include, for
example, social and behavioural science disci-
plines. From the viewpoint of this research, to

successfully reduce volcanic risk, more synergy
is required.

3.2 Prevention

Prevention is defined in the Ley General de
Protección Civil as the set of actions and mech-
anisms implemented prior to the onset of a haz-
ardous phenomenon, with the objective of
obtaining knowledge on the hazards or risk:
identifying them, subduing them, or eliminating
them; to prevent or mitigate their destructive
influence on people, economic goods, or infras-
tructure, and to be able to foresee and anticipate
the processes of social construction of risk. It is
important to outline that risk and disaster, being
social processes, imply a complexity that is
inherent to the classification of courses of action
within the process itself. Limits need to be
clearly defined so that the risk zoning, mapping,
and monitoring mentioned above also form a part
of prevention actions being undertaken in Colima
to achieve successful volcanic risk management.

One of the most important steps taken towards
volcanic risk management has been the joint
work of scientists and the official authorities.
Relationships between these two social actors,
for instance, resulted in the creation of agree-
ments with the University of Colima’s scientific
community to form a commission of expert
volcanologists, replacing the now defunct Sci-
entific Assessment Committee, with the Sub-
committee of Geological Phenomena.

3.2.1 The Scientific Assessment
Committee

The Scientific Committee for Risk Assessment
was formed in 1998, starting with the signing of
an agreement for cooperation between scientists
and Colima’s state civil protection system, in
order to consolidate seismological and volcanic
monitoring (Manual of Operational Proceedings
in Case of Emergency, section dedicated to
mitigation of volcanic risk). Scientific Assess-
ment Committee refers to a group of
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professionals committed to the study of any kind
of hazardous natural phenomena, and who pos-
sess the technical and scientific skills to be able
to understand the source, evolution, and potential
consequences of such phenomena (2nd Article,
agreement by which Scientific Assessment
Committees of the National System for Civil
Protection are defined as technical consulting
bodies in the matter of the prevention of disasters
originated by geological, meteorological, chem-
ical, sanitary, or social-organizational phenom-
ena; Diario Oficial de la Federación the official
Government document, published on 6 June
1995).

In the case of the state of Colima, the tech-
nical scientific committee is defined by the Law
of Civil Protection, decree no. 376, as the
“technical consultant group for Civil Protection
for integrated risk management at state level”
(4th Article, Agreement by which the Scientific
Assessment Committees of the National System
for Civil Protection are established for the pre-
vention of disasters, DOF, 6 June 1995). This
committee consisted mainly of earth science
experts and for a limited period, a few social
scientists, the latter component setting it apart
from the Scientific Committee from CEN-
APRED, which was constituted after the volcanic
crisis caused by Popocatépetl in 1994 (Macías
1999).

The Committee’s functions were to establish
a typological classification of potential
crisis-causing phenomena for Volcán de
Colima; evaluation of the data obtained from the
volcano’s monitoring networks in order to carry
out a forecast of the most probable eruptive
scenarios, and their consequences for Civil
Protection; establish a methodology to maintain
observation and follow up on eventual volcanic
eruptive events; to assess the information
obtained in the case of the occurrence of these
kinds of events, and finally, formulate advice to
the authorities about how to intervene in order
to reduce risk linked to volcanic eruptions
(Manual of Operational Proceedings in Case of
Emergency (section dedicated to mitigation of
volcanic risk), State System for Civil Protection,
Colima).

The Committee would convene at least once
monthly, or more frequently whenever existing
volcanic risk conditions warranted. Each session
of the Committee was organized in the following
manner: list of attendees, analysis on monitoring
parameters, consensus, recommendations, gen-
eral affairs, moderators’ signatures, meeting
minutes, and bulletin.

Starting in July 2011, a new body was created
to provide technical support to the State’s Civil
Protection System: the Scientific Assessment
Committee was terminated and replaced by a
new Technical Scientific Assessment Committee
on Natural and Man-made Hazardous Phenom-
ena. This new committee was formed by spe-
cialists in all five major categories of risk that
exist in the state of Colima: geological, sanitary,
chemical, social-organizational, and meteoro-
logical. In the case of geological phenomena, a
geologist was appointed, who in turn gathered
other specialists to form the subcommittee for
geological phenomena.

It is important to indicate that the Operational
Director of the State Unit of Civil Protection and
the spokesman for the subcommittee for geo-
logical phenomena stated that the emergence of
this new technical body was the result of a
change in the law on civil protection (personal
communication on 21 November 2014 and 4
August 2015, respectively). However, it has not
been possible to track that particular reform in
the context of the Ley General de Protección
Civil, the Ley Estatal de Protección Civil, the
Manual of Organizational Operations within the
Sistema Nacional de Protección Civil, or in the
Decree by which the Scientific Assessment
Committees of the Sistema Nacional de Protec-
ción Civil were created.

3.2.2 Subcommittee of Geological
Phenomena

It is worth outlining that the now-defunct Sci-
entific Assessment Committee for Volcán de
Colima was a large group of specialists in Earth
Sciences from both Colima and Jalisco, with
frequent participation from external researchers
and advisors at the national and international
level. The group who took up the task of
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evaluating the development of volcanic activity
sometimes numbered more than 20 people. It
was a group specifically formed to conduct
analysis on the volcano. In contrast, the current
Scientific Assessment Committee for Natural and
Man-made Hazardous Phenomena is made up of
a number of different scientists specializing in
each individual hazard area. The Subcommittee
for Geological Phenomena is formed by a group
of only six specialists in Earth Sciences and
volcanologists from the University of Colima,
and excludes specialists located in Jalisco,
though they have continued to participate in
sessions held with Civil Protection authorities at
the national level to evaluate activity during
times of crisis.

This new technical Subcommittee for Geo-
logical Phenomena, although different from its
predecessor in terms of structure and number of
members, is essentially in charge of the same
functions as was the former Scientific Assess-
ment Committee. The main difference in struc-
ture of the subcommittee is its tendency to being
more exclusive towards other researchers, whe-
ther from the University of Colima or external,
for example from the University of Guadalajara
(capital of Jalisco).

Until now, it is unknown whether there is
document where the functions and attributions of
the old Scientific Assessment Committee were
described in detail. Written protocols are
increasingly necessary in order to avoid poor
decisions that can result from a lack of experi-
ence, for example, decisions on social matters
being made by volcanologists in the midst of a
future volcanic crisis (they may find themselves
in a position where they are compromised to
make such decisions). This has been the case
when populations have to be evacuated, how-
ever, that is an action that the Civil Protection
authorities are responsible for taking.

In this regard, Donovan et al. (2012) point out
that the gap between risk assessment and risk
management is generally complex, especially
when the boundaries of the various actors are
unclear. This can be dangerous especially during
volcanic crisis situations, where scientists,

officials and the public are not properly prepared
and decisions have to be made under high levels
of uncertainty in both volcanic risk assessment
and decision-making. Therefore, it is suggested
that social scientific analysis within the genera-
tion of scientific advice could facilitate its
development by framing it within the political
context in which it is carried out.

3.3 Mitigation

Mitigation refers to actions whose goal is to
diminish the impact or damage caused by the
presence or occurrence of hazards. In this sense,
many stages of the disaster process and hence
risk are directly related to effective mitigation.

3.3.1 Relocation of People as a Means
of Risk Mitigation
and Disaster Prevention

The relocation of human settlements involves
extremely complex processes that go far beyond
the mere displacement and reestablishment of
human populations and the solution of their
housing needs, which is why it must always be
planned and executed with the active participa-
tion of the affected population involved, and
according to their actual needs. Otherwise the
social, economic, cultural, political, and envi-
ronmental costs may be unnecessarily high
(Barabás and Bartolomé 1992; Cernea 1995,
1997; Macías 2001, 2009; Oliver-Smith 2001).
There are five main factors to be taken into
account to ensure the success of relocation pro-
jects. These include the participation of the
population that is to be relocated during the
entirety of the process (even for making the
decision of whether or not to relocate), their
involvement in designing new housing (Macías
2001), physical and geographical aspects of the
new settlement, and the possibilities of achieving
the anticipated levels of social and economic
development (Coburn et al. 2009; Macías 2009).

The case of relocation of the settlement of La
Yerbabuena was a crucial action for risk man-
agement in terms of social, political, and
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scientific issues. In 1999, the Scientific Assess-
ment Committee declared the need for La Yer-
babuena to relocate after a series of evacuations in
the prior months (Cuevas and Seefoó 2005;
Macías 2001; decree by which the settlement of
La Yerbabuena is declared as a high-risk area).
The relocation of many of the people of La Yer-
babuena generated conflicts and aggravated
pre-existing ones. Some people chose to remain in
the established settlement rather than relocate, and
the resulting conflicts of interest produced dis-
ruption of the community’s inner organization.
The disruption was perceived by all the people
involved (i.e. both the relocated people and those
who chose to stay). For example, relationships
between the inhabitants who refused to be relo-
cated and the local government, especially the
Civil Protection authorities, became problematic
once cooperation on risk management between
the two parties broke down.

The 57 relocated families were forced to adapt
to a new environment, which was very different
from the traditional lifestyles that they had in La
Yerbabuena, and the 7 families that decided to
resist relocation were forced by circumstance to
commence new cultural and productive activi-
ties. They also had to implement a series of
resistance strategies to make a living and fend for
themselves in the context of new social dynam-
ics, and on the other hand, to resist what they
considered a flagrant violation of their human
and individual rights. They believed that the
claims by the authorities of the existence of
volcanic risk were merely an excuse for the
evacuation and relocation rather than a justifica-
tion for it. To learn more on the complexity of
this process, review the 2005 article (Cuevas and
Seefoó).

It is important to mention that some volca-
nologists of the former Scientific Assessment
Committee have insisted that they never partici-
pated in the formulation of the advice to relocate
the settlement, which is at odds with the official
version, indicated in the above-mentioned risk
zone decree. Such ambiguity concerning an
action of the magnitude of the relocation of a
human settlement highlights the need for ade-
quate and detailed ruling on the functions and

responsibilities that scientific committees and
subcommittees have in terms of risk manage-
ment. As mentioned, they are mostly or entirely
formed by earth-scientists with little or a total
absence of both knowledge and skills in social
research and hence, a very poor understanding of
the causes and consequences of a variety of
social phenomena relevant in actions such as
evacuations and permanent relocations.

3.3.2 Volcanic Alert Systems
The objective of volcanic risk communication is
to educate and to promote behaviour aimed at
mitigating the risk. To do this it is necessary to
link risk management and risk communication
with a more inclusive approach, involving all
stakeholders with robust methods that allow
dialogue between the community, authorities and
scientists at various levels (Barclay et al. 2008).

In Mexico, an instrument of communication
and alertness, generically known as the Volcanic
Warning Semaphore for Popocatépetl, has been
developed. In the case of Colima, the Manual of
Operational Proceedings in case of Emergency,
in its section regarding volcanic risk mitigation,
states that the traffic light warning system of
Volcán de Colima is the mechanism of the state
organization of Civil Protection, that keeps the
people informed about the different levels of
threat posed by volcanic activity. It also estab-
lishes that the alert system serves as a means to
protect the families and the community as a
whole. Each of its colours serves as an indicator
of the particular level of danger present in a
certain moment, and it is a reminder of things to
be done as a consequence. The current Sub-
committee for Geological Phenomena and Civil
Protection authorities are the entities in charge of
determining what colour the traffic lights should
display within each community.

No physical device, such as a traffic light, has
been installed in front of each vulnerable com-
munity to display colour signals in the state of
Colima. Instead, the current alert or colour status
has appeared in some press reports. The traffic
light is an analogy that represents the level of
danger and explains the actions that should be
taken. In contrast to the situation at Colima, the
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volcanic traffic light of Jalisco does exist in each
community as an actual device, and displays
coloured signals to the local population (see
Fig. 5). However, it is known that scientists from
the University of Colima are currently collabo-
rating with the Civil Protection authorities, in the
design of a new volcanic alert system.

The aforementioned manual states that the
volcanic alert system is the last link in the
information chain (but not the communication
chain) between the authorities and the people. In
other words, out of an entire chain of processes,
the traffic light’s red light ends up being the
means by which information resulting from the
risk analysis, previously performed by the gov-
ernment and the scientific community, is given to
the public, as well as the actions that must be
taken as indicated in Fig. 6.

Figure 6 shows the simple and linear model of
decision-making and risk management with
which Civil Protection in the state of Jalisco acts.

The population is considered as the last “link” in
the “chain” of command, whereby they are rep-
resented as a passive group that only receives
information, orders and is subject to government
intervention.

As for the colours shown by the traffic light,
the colour green indicates that normal, everyday
activities can continue. Nevertheless, they ask the
population to learn the different routes for
emergency evacuation, to be aware of where
meeting points determined by the authorities are
located, attend training courses offered by Civil
Protection units, partake in drills practiced in
their communities, and remember that housing
built on slopes and riverbanks is much more
prone to be damaged, due to the fact that they
represent the most common paths for volcanic
material. Lastly, people have been asked to be
aware of the benefits of building their houses
with strong and preferably steep sloping roofs, in
order to make them less vulnerable to ashfall

Fig. 5 Volcanic alert system or “traffic light” in the
community of Juan Barragán, Jalisco. The device indi-
cates the state of volcanic activity and courses of action

associated with the three colours: green, yellow and red.
They also present a sketch of the evacuation routes to be
followed by the various communities
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(Manual of Operational Proceedings in case of
Emergency).

The yellow colour means that people should
be in a state of alert, pay close attention to what
authorities declare through the media, and to
actually follow the directions given. The
authorities also recommend that families be
prepared with individual cards indicating their
names and addresses; close and shut down
electricity, water and gas services in homes; to
store drinkable water, food and medicine, as well
as the most important documents such as prop-
erty titles, birth and marriage certificates, military
service carnets, etc.; to have a radio with charged
batteries, a lantern, and house keys; and to cover
water and food storage areas to prevent con-
tamination by ash. Additionally, if they own
cattle or other animals, they are asked to make an
enquiry to Civil Protection officials on how to
best protect them.

The red colour indicates alarm. When the
signal is red, people must follow directions pro-
vided by authorities as a mandatory procedure. If
they order an evacuation, people must gather
together with their family members, have

everyone properly identified, make sure that all
doors and windows are closed, and before leav-
ing, extend a white sheet or blanket in front of
their houses to signal that their home is evacu-
ated. They are then asked to immediately evac-
uate to meeting centres, taking with them only
the essential items as listed in the previous
paragraph. If possible, they are asked to evacuate
diligently and without waiting for orders to be
given; to reach the temporary shelter and take the
place indicated to them. If medical attention is
required, they must attend the closest healthcare
facility. Once in the temporary shelter, they are
asked to cooperate with whatever tasks they are
assigned, to keep open communication with the
authorities during their occupancy of the shelter
and to pay attention regarding any developments
related to the emergency until its end. If they are
unable to locate the meeting centre, or if a means
of transportation out of the danger zone is
unavailable, they are asked to walk away from
the volcano using the highest paths available to a
safer place.

The intention is that both the current volcanic
activity and the related risk assessments made by

Fig. 6 Information flow and decision making for the
volcanic alert system. In the scheme it can be seen that the
alert system is considered the only mechanism for
informing the population, that is to say, there is no
further interaction between scientists, government author-
ities and Civil Protection and the population. The problem
is that up to now in Colima, this alert system has not

existed physically as an information mechanism. It is only
referenced in the procedural manuals, which are not
accessible to the public. Source Reproduction of the
outline contained in the “Manual of Operational Proceed-
ings in the Case of Emergency”. Source Manual of
operational proceedings in the case of emergency
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scientists are communicated through the analogy
with the traffic lights, the aim being that the
population take the appropriate protection mea-
sures. However, with a device such as the traffic
light, at best, it serves to inform people but it is
not a system that allows communication as such.
It has been documented that increased awareness
of hazards and knowledge related to the phe-
nomena within the population does not neces-
sarily lead to actions to reduce risks (Barclay
et al. 2008).

Therefore, the incorporation of social scien-
tists in the design and implementation of risk
communication programs is necessary, to ensure
that it is both appropriate and efficient. It is
important that any alert system considers the
communication and information needs of the
populations at risk. Effective communication of
volcanic risk needs to account for the socioeco-
nomic situation of the population (Barclay et al.
2008), but must also include the socioeconomic
and political conditions of the governmental
authorities responsible for risk management.

3.3.3 Evacuation Routes
Considering the evacuation routes, distances
between settlements and the most important road
junctions have been calculated. Distances from
La Yerbabuena on the evacuation route to La
María is 3 km; and to the crossroads with La
Becerrera it is 4 km; from there to El Cordobán
bridge it is 4 km, and so on.

Some sections of the main evacuation route get
blocked frequently, especially during the rainy
season, and two particularly critical locations for
hazards lie between El Cordobán bridge and La
Becerrera and the junction to Carrizalillos, due to
rockfalls and landslides in the area. This was clear
during the passing of hurricane Jova in 2011,
when La Becerrera and La Yerbabuena remained
isolated for almost a week due to the roads being
blocked. More recently, in 2015, after the impact
of hurricane Patricia, the evacuation route that
crosses El Zarco and El Cordobán bridges sus-
tained damage and became unusable, as was the
case with the road from La Becerrera to San José
del Carmen, Jalisco, due to lahars and the rising of
the river level (see Fig. 7).

Lastly, it is important to point out the fact that
there are alternative routes of evacuation out of
La Yerbabuena that have been defined by those
villagers resisting the relocations. Those routes
are different from the officially established ones
in that, according to those people, the official
routes pass closer to areas that could be affected
by volcanic hazards (see Fig. 8). It is clear that a
constant re-evaluation of the evacuation routes
and their condition is necessary. This should be
carried out jointly between scientists, civil pro-
tection and the population at risk. The improve-
ment of these emergency routes, as well as the
involvement of the population in their design and
maintenance, would be a good mechanism to
ensure their official recognition and appropriate
use.

3.4 Preparation and Aid

3.4.1 Preparation
Preparation is defined as all the actions and
measures implemented in advance to ensure a
more effective response to the impact of a hazard
in the short-, mid-, and long-term. As was
already mentioned, most actions undertaken by
the Civil Protection authorities can be classified
in more than one stage or phase within the dis-
aster process. In this sense, it can also be said that
all of the aforementioned actions such as estab-
lishing evacuation routes, volcano alert system
and relocation are part of the stage of
preparation.

A clear example is the creation of manuals
and emergency protocols described in previous
sections of this chapter. Their contents and
organizational charts are described below.

Manual of Procedures and Protocols in Case
of Volcanic Emergency
As it has been explained, in the particular case of
the state of Colima there is a series of official
measures intended to achieve efficient manage-
ment of volcanic risk. Large part of such mea-
sures are detailed in the Manual of Organization
and Operation ‘Volcán de Colima, as well as in
the Manual of Operational Proceedings in the
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Case of Emergency, the latter including a section
that addresses mitigation of volcanic risk.

In the Manual of Organization and Operation
‘Colima Volcano, a twelve-page booklet, a
variety of topics are briefly addressed such as:
general aspects of the volcano (mainly its phys-
ical and geographical features), the populations
at risk, risk zoning and classification, parameters
for volcano monitoring, the evacuation route map
(for the settlements of Colima, Comala and
Cuauhtémoc), details of communication options
(radio and telephone lines), an information bul-
letin (resulting from sessions held by the now
defunct Scientific Assessment Committee), an
estimation on the number of inhabitants at risk
due to volcanic activity, the location of a service
centre for the people affected, and a definition of
the governmental dependencies that participate in
the Operational Plan for evacuation of high risk

settlements. Included are the activities that each
of those entities is expected to perform.

The Manual of Operational Proceedings in
the Case of Emergency, which includes a section
dedicated to the mitigation of volcanic risk,
contains a subsection which includes a definition
of risk and ways to reduce it, through what is
conceptually referred to as active protection. It
also contains a subsection dedicated to explain-
ing how volcano monitoring in Colima is per-
formed. Other subsections feature digital maps
that present potential risk scenarios; one presents
the map of volcanic hazard by Navarro and
Cortés (2003). A description of the “volcano
observatory” (CUEIV) and the Scientific
Assessment Committee and its role within the
State System of Civil Protection are also descri-
bed. Lastly, a subsection summarises how ordi-
nary and extraordinary sessions of the committee

Fig. 7 Evacuation route damaged by a lahar. The
community of La Becerrera, Colima, is surrounded by
La Lumbre, El Zarco and El Cordobán rivers, which
experience lahars during almost every intense rainfall
event, with some of them affecting the communication
routes. The image shows a road that serves as an

evacuation route and the damage sustained due to a series
of lahars produced in El Zarco ravine during the impact of
Hurricane Patricia in October 2015. The lahars within La
Lumbre also damaged the road considerably, leaving La
Becerrera cut-off from both Colima and Jalisco

Civil Protection and Volcanic Risk Management in Colima 307



were held, the flow of information in the case of
an emergency related to the volcano, the volcanic
alert system, and evacuation routes.

It is necessary to emphasize that these docu-
ments are not available for the general public,
they are kept in the offices of Civil Protection.

Fig. 8 Evacuation routes in
the state of Colima. This
leaflet was prepared by the
University of Colima and
Civil Protection Colima, and
shows the evacuation routes
in case of a volcanic
emergency. Also the most
relevant communities and the
distances between them and
the crater of Volcán de
Colima are shown. Source
Colima State Civil Protection
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These documents are not updated, and have not
yet been approved by Colima’s elected governor,
who according to the law, is the President of the
State System for Civil Protection. These docu-
ments were developed based on the general
outlines of the Volcanic Emergency Management
manual of the United Nations Disaster Relief
Office (UNDRO 1985), which gives us an idea of
the implications of these international schemes,
for example, schemes were created based on the
experience gained in developed countries and
therefore are not fully applicable in so-called
third world countries. In that sense, successful
transfer of technology proposed by the UNDRO
model requires special attention to community
livelihoods, especially economic, family, social
and cultural subsystems. Likewise, the UNDRO
model needs to evolve to make disaster mitiga-
tion the responsibility of the people of these
communities working hand-in-hand with local
emergency management agencies, informed
public officials and scientific groups (Macías and
Aguirre 2006).

It is important to note that neither of the two
manuals of operational procedures (OOVC
Manual or OPCE) establish the criteria or the
basis on which a decision is taken to move from
one alert phase to another, nor do they establish
the parameters and criteria for deciding on an
evacuation or relocation of a population at risk,
nor who determines such decisions. These crite-
ria should be developed and established with the
full participation of the at-risk population.

3.4.2 Aid
The stage of aid is defined as the response
directed to the people at risk, or affected by a
emergency or disaster, and provided by public or
private specialized working teams, or by units of
Civil Protection, as well as all actions intended to
defend any other risk-prone populations.

In Colima, in the case of volcanic risk, the aid
phase is implemented when the Subcommittee of
Geological Phenomena identifies a significant
increase in volcanic activity that, because of its
nature and dimensions, could affect certain
human settlements; after that, they discuss with
the State unit of Civil Protection the evaluation

of the situation and any decision on which
actions shall be taken. In the case of evacuations
or any other specific orders, the Civil Protection
authorities at the state level report to upper
governmental entities via radio and telephone.
The municipal commissioner in charge of the
settlement to be evacuated is advised via radio,
so he and his support team can distribute the
information using loud speakers or by going
door-to-door. Transport is prepared to assist in
the evacuation. The inhabitants are placed toge-
ther in public parks and then transferred with use
of public transportation (see Fig. 9). A prelimi-
nary count of the evacuated population is done
during their transportation, and then again when
they arrive at the shelters.

It is important to note that the
decision-making process is inherently multidis-
ciplinary, for example a particular expertise is
required so that consideration can be given to the
way in which people are informed about volcanic
hazards. This is an aspect in which social sci-
entists and communication experts can play an
extremely important role (Marzocchi et al. 2012).

During the volcanic eruptions of July 2015,
evacuations were made once the pyroclastic
flows were generated from the eruption, and once
volcanic ash began to cover the populations of La
Yerbabuena and La Becerrera. The evacuation of
10 July 2015 was made based on the decision
taken only by the Operational Director of the
State Unit of Civil Protection. The next day, the
evacuation of 11 July was decided collectively
between the Subcommittee on Geological
Phenomena, Civil Protection officials and other
government authorities. It is important to note
that the two evacuations were reactive rather than
preventive.

The Secretaría de la Defensa National
(Ministry of Armed Forces, SEDENA) and local
councils take care of preparing, managing, and
operating the temporary shelters. Public security
personnel at both the state and local level support
the evacuation processes and guard the perime-
ters of the evacuated areas. The Secretaría de
Salud (Ministry of Health) is responsible for
performing check-ups of the evacuated people.
There is a long list of other governmental
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institutions that partake in this operational plan,
which includes the Dirección de Transportes
(Department of Transport), Comisión Nacional
del Agua (National Water Commission), Desar-
rollo Integral Familiar (Department for Family
Development), the Fire department, the Mexican
Red Cross, Secretarìa de Administración del
Gobierno del Estado (Department of Adminis-
tration of the State Government), Procuraduría
General de Justicia (Justice Department), Telé-
fonos de México (State Telephone Company),
Secretaría de Comunicaciones y Transportes
(Secretary of Communications and Transport),
Desarrollo Urbano (Department of Urban
Development), Rancho “El Jabalí” (a private
entity), and groups of volunteers.

Although in Colima there is a list of partici-
pating institutions and government agencies in
the event of a volcanic emergency, there is no
established protocol to follow, i.e. the mecha-
nisms by which the operational plan is

implemented and the procedures by which each
government agency is notified.

4 Conclusion

The understanding of volcanic risk must go
beyond the probability of impact of volcanic
hazards, and actions to reduce volcanic risk
should not be based solely on the monitoring of
the volcanic phenomenon. Many social, eco-
nomic, political and cultural factors related to the
populations at risk, civil protection personnel,
scientists and other authorities should be con-
sidered in the design of strategies to manage and
reduce volcanic risk. Otherwise, one only
addresses part of the problem, rather than its
complex entirety: in its construction as a process.
To do this, the risk management strategy must be
more socially engaging, through the integration
of social scientists in its design and

Fig. 9 People assembled in a public park in La Becer-
rera, before being evacuated in September 2016. The
photograph shows the moment in which the people of the
community were gathered in the main garden to receive

indications from the Director General of Colima State
Civil Protection (person with orange vest), before being
evacuated in anticipation of the increase in volcanic
activity
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implementation, and with the total participation
of the population in the process. In that sense, the
relationship and interaction between scientists,
Civil Protection and population must be much
closer and more active. These aspects are
detailed below with respect to each phase of
Integral Risk Management.

For risk identification, maps of volcanic haz-
ards should be regularly updated due to the
constant changes in the environment, such as the
volcano drainage pattern, due to the continuous
eruptions and often intense rainy seasons, as well
as the increase of agro-industrial activities in the
volcanic zone and the increasing construction of
ranches and country houses. Also worthy of note
is the release of the State Risk Atlas, in the
section on volcanic risk, where vulnerability
maps were constructed by integrating some ele-
ments of social vulnerability with volcanic haz-
ards. It is therefore suggested that such
information be integrated into the design of the
risk management strategy. With respect to mon-
itoring, it is necessary to employ more personnel
to enable 24 h a day, 365 days a year monitor-
ing, or at the very least during moments of
increased activity. The incorporation of univer-
sity students as volunteers could be an alternative
to achieve continuous monitoring.

With regard to prevention, the functions of the
Subcommittee of Geological Phenomena should
be established in detail, and social scientists
should be involved in risk assessment and
decision-making. It is important that actions to
reduce risks should be carried out mainly in
moments of volcanic calm, so that when the
activity increases, populations, scientists and
authorities are prepared.

In the mitigation phase, it is necessary to
consider the political, scientific and social expe-
riences acquired during the process of relocation
of La Yerbabuena, since criticism has arisen due
to the different perspectives of Civil Protection
and social scientists, but relocation could be the
only option for certain communities. In addition,
new mechanisms for the reduction of volcanic
risk must be sought with the full participation of

the target populations. With regard to the vol-
canic alert system, a broader and more permanent
volcanic risk communication program should be
developed to increase the efficiency of the system
currently under development. Alone it is not
enough to ensure an appropriate self-protection
reaction within the communities. The participa-
tion of social scientists will be of great impor-
tance to make any headway. Likewise, in this
communication program, social mechanisms
must be established so that communication is not
unilateral: from Civil Protection to the popula-
tion, but is multidirectional, in which the various
social actors can communicate and express their
needs and concerns, and that these are heard,
understood and answered. Finally, evacuation
routes should be re-evaluated and conditioned to
make them more effective and to reduce the risk
from other hazards during an eruption crisis.

For the preparation and assistance stages, the
existing operational and manual plans with def-
initions of procedures must first be re-evaluated
and updated. These documents are based on the
general schemes of the Volcanic Emergency
Manual prepared by the United Nations Disaster
Relief Office (UNDRO), and they require further
adaptation to the political, economic, scientific
and social context of Mexico and in particular
Colima. They should detail the roles and
responsibilities of each social actor involved in
risk management, and the capacities and resour-
ces available to deal with volcanic hazards. An
adequate decision-making mechanism corre-
sponding to the roles and responsibilities of each
participant should be detailed. This will avoid
conflicting situations, such as those experienced
in the relocation of La Yerbabuena, and will
allow actions to be more appropriate with respect
to the target population. Later, the documents
should be distributed to the population, with
continued availability to the public and the
research community.

These recommendations have the sole objec-
tive of creating a more social and therefore more
adequate and effective volcanic risk management
strategy.
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