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Resumen 

El Volcán Colima es uno de los volcanes más activos en América del Norte, perteneciente 

al sector occidental del Cinturón Volcánico Transmexicano. La actividad eruptiva histórica 

de Colima se ha caracterizado por una compleja sucesión de erupciones efusivas de domos 

de lava y/o flujos de lava asociados a flujos de bloques y cenizas, y erupciones explosivas 

de diversa magnitud que han producido numerosos y diversos tipos de flujos piroclásticos y 

caídas de tefra . Este proyecto de tesis analiza fotografías aéreas e imágenes térmicas de 

domos de lava en el Volcán de Colima de 2013 a 2016, junto con un estudio de las tasas de 

efusión para el crecimiento de un domo de lava en 2016. En base a los cambios 

morfológicos, definimos cuatro fases diferentes de actividad efusiva y explosiva del volcán 

durante todo el período de 2013 a 2016. Incluye fases de crecimiento, colapso y destrucción 

de un domo de lava acompañado de cambios en los procesos de crecimiento, temperaturas 

y texturas de lava. Los datos térmicos mostraron que durante el período 2013-2016, las 

temperaturas máximas observadas varían de 150ºC a 500ºC. La temperatura más alta se 

registró durante la última etapa del crecimiento del domo de lava de 2016, el 4 de octubre. 

Finalmente, las tasas de efusión calculadas para el crecimiento del domo de lava de 2016 

indican un valor máximo de ~ 3.08 × 104 m
3
 día

-1
. El crecimiento del domo de lava de 

2016 se dividió en cuatro etapas según la velocidad de efusión, la temperatura, el tipo de 

material extruido y el proceso de crecimiento. Nuestros resultados proporcionan 

información importante sobre los procesos subyacentes del movimiento y el emplazamiento 

del magma a niveles poco profundos, así como una evaluación de riesgos y peligros. 
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Abstract 

Volcán de Colima is one of the most active volcanoes in North America, belonging to the 

western sector of the Trans-Mexican Volcanic Belt. The historical eruptive activity of 

Colima has been characterized by a complex succession of effusive lava-dome and/or lava 

flow eruptions with associated block and ash flows, and explosive eruptions of varying 

magnitude that have produced numerous and diverse types of pyroclastic flows and tephra 

falls. This thesis project analyses aerial photographs and thermal images of lava domes at 

Volcán de Colima from 2013 to 2016 along with a study of effusion rates for a lava dome 

growth in 2016. Based on the morphological changes, we defined four different phases of 

effusive and explosive activity of the volcano during the whole period 2013-2016. It 

includes phases of growth, collapse and destruction of a lava dome accompanied by 

changes in growth processes, temperatures, and lava textures. Thermal data showed that 

during the period 2013-2016, the maximum observed temperatures vary from 150ºC to 

500ºC. The highest temperature was recorded during the last stage of the 2016 lava dome 

growth, on 4
th

 of October. Finally, effusion rates calculated for the 2016 lava dome growth 

indicate a maximum value of ~3.08×10
4 

m
3
days

-1
. Growth of the 2016 lava dome was 

divided into four stages depending on the effusion rate, temperature, type of extruded 

material, and process of growth. Our results provide important information on the 

underlying processes of magma movement and emplacement at shallow levels, as well as 

an assessment of risk and hazard.  
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1. Introduction 

Lava domes are volcanic features formed when viscous magma cools relatively quickly 

after emerging onto the surface. Similar to lava flows, they do not have enough pressure 

from gases to produce an explosive eruption. Despite that, effusive eruptions of lava domes 

can be preceded or followed by explosive activity. They themselves can generate rock falls, 

debris avalanches and pyroclastic flows due to their unstable structure. This stability can be 

affected by gravity, internal gas overpressure, intense rainfall, a switch in extrusion 

direction, topography under the dome, hydrothermal alteration, dome growth (dynamic or 

explosive) and tectonic faulting (Harnett et al., 2018). Lava domes are diverse in shapes 

and habits. Their morphology is principally controlled by magma rheology, substrate 

topography, ascent dynamics, and the mechanism of dome growth (Calder et al., 2015). 

There are two dome growth mechanisms: endogenous, in which the lava dome increases in 

size due to intrusion of new magma below its surface, and exogenous growth where the 

dome increases its size due to magma forcing its way to the surface, forming lobes of lava 

that pile on top of, or adjacent to each other (Fig. 1.1).  

 

 

Fig. 1.1. Sketch showing the difference between exogenous and endogenous growth of a lava dome. 

 

According to Fink (1990), a dome-building eruption is a type of volcanism which is very 

common in convergent margin settings, with domes forming in the crater of volcanic cones, 

or within a dome cluster or dome complex. The composition of lava forming domes can 

range from basaltic to rhyolitic, although most domes have intermediate composition 
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(andesitic and dacitic). Petrographically speaking, there are two types of lava domes: 

obsidian domes which are crystal-poor and rhyolitic to rhyodacitic in composition, and 

crystal-rich domes with a basaltic andesite composition (Calder et al., 2015).  

Over the last three decades, the contribution of dome-building eruptions to the 

understanding of magma transport and eruptive styles has been extremely rich and 

important in the volcanology field (Calder et al., 2015). Some of the events that provided 

comprehensive data sets to create models of crystal-bearing magma ascent and lava dome 

eruption dynamics were Mount St. Helens, USA (1980 – 1986 and 2004 – 2008), Soufrière 

Hills, Montserrat (1995 – 2013), and Unzen in Japan (1990 – 1995). In particular, during 

the 1980 – 1986 eruption of Mount St. Helens, advances in our understanding of 

morphological evolution and kinetics of lava domes (crystal growth and nucleation) were 

made (e.g. Cashman, 1988; Geschwind et al., 1995). Moreover, the breadth of eruptive 

styles and improvements in monitoring techniques helped to improve and refine models of 

lava dome growth (Calder et al., 2015).  

The ascent of magma in volcanoes is typically accompanied by numerous earthquakes, the 

release of magmatic gases, and surface deformation. A systematic volcano monitoring 

network to detect these phenomena is therefore needed. During the last years, detection 

systems and techniques have improved, reaching a high level of sophistication. In addition, 

the creation of advanced models for volcanic processes is improving the interpretation of 

monitoring data. Some of the techniques commonly used are: seismic monitoring, 

deformation monitoring (interferometric synthetic aperture radar InSAR and/or GPS), gas 

emissions monitoring (DOAS, ultraviolet cameras), and observations through regular 

cameras. All these techniques can be combined to give a much more complete and 

informative picture of a volcano’s behavior. Other monitoring techniques include 

magnetometry (Fougere et al., 1980; Nakamura et al., 1912), gravimetry (Battaglia et al., 

2008), portable ground radar (Gómez-Ortiz et al., 2006) and infrasound (Fee and Matoza, 

2013). The last two are already being deployed to document explosive eruptions and ash 

clouds. Muon tomography, a non-invasive technique that uses cosmic ray muons to image 

internal structures, can also be used (Gómez, 2019). It holds promise for imaging the 

subsurface of lavas, but this method will need further development to become widely used 

(Sparks et al., 2012). Finally, thermal imaging is employed to detect surface manifestations 
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of volcanic unrest, such as increased fumarole or vent temperatures due to magma ascent 

from depth (Carn, 2015). 

Taking into account all the monitoring techniques aforementioned, it is obvious that one of 

the required and useful techniques to study lava domes is imaging. Because surface 

deformation is important during lava dome growth, aerial photographs are a good record to 

look at these changes and compare them through time. In addition, changes in surface 

temperature, and other thermal features should be monitored with thermal surveillance. 

Volcanoes can generate a wide variety of events that represent risks for the environment, 

living beings and infrastructures. Effusive eruptions of lava domes can be dangerous, 

exposing populations to prolonged periods of hazards ranging from ash falls to violent 

dome collapse events. Hazards associated to these lava dome collapses include pyroclastic 

flows and surges, and sometimes lateral blasts, lahars, and debris avalanches (e.g. Belousov 

et al., 2007; Calder et al., 2015; Komorowski et al., 2013; Maeno et al., 2019; Ogburn et al., 

2015; Reyes-Dávila et al., 2016). Lava domes associated to explosive eruptions can 

produce ash falls, ballistic showers, and sometimes, eruptive column collapse and 

pyroclastic flows. Other hazards are strongly linked to external forces such as rainfall 

and/or regional earthquakes (Calder et al., 2015). In tropical regions, seasonal episodes of 

heavy rain can lead to lahars if loose material is readily available, and dome complexes 

made of old and hydrothermally altered lavas are prone to sector collapses forming debris 

avalanches (e.g. Sparks et al., 2002). The complexity of lava dome eruptions from 

dynamics of magma ascent in conduits to extrusion, emplacement, and associated-related 

hazards, make the study of lava domes challenging, requiring an integrated 

multidisciplinary effort from monitoring to hazard mitigation (Calder et al., 2015). 

In this work, a thermal and morphological analysis of a lava dome at Volcán de Colima will 

be done for the period 2013 to 2016. We will use aerial photographs taken during flights 

around the volcano to describe and define important phases during the process of growth, 

as well as identify the principal features of the dome such as shear lobes, spines, talus, 

carapace, blocks, explosion pits, and compressional ridges. This analysis will help to have a 

better understanding about the eruptive dynamics occurring during the different growth 

phases of the lava dome. Additionally, thermal images taken during the same flights with a 

thermal camera will be used to detect changes in volcanic heat distribution, fumarole fields 

and other details of the lava dome surface such as hot vents, incandescent cracks, etc. 
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Finally, a combination of digital photographs and thermal images will be used to calculate 

effusion rates of the 2016 lava dome. It will provide important information of the 

relationships between effusion rate and dimensional or morphological characteristics, such 

as flow length and area, types of lava transitions, and tube formation and size (Harris et al., 

2007). A further motivation to develop this study is to contribute to the understanding of 

the processes behind the growth and destruction of a lava dome in one of the most active 

volcanoes in Mexico.  

1.1. Statement of the Problem 

Lava domes are important components of the long-term activity of many volcanoes, and 

major explosive activity occurs in association with dome growth, causing the most 

significant and deadly eruptions such as Unzen, 1993 (Gomez, 2006) and Merapi, 2010 

(Surono et al., 2012). In addition, lava dome behavior includes surprising shifts between 

effusive and explosive activity, fast changes in lava composition, and changes in the growth 

process (exogenous or endogenous) during their formation. To better mitigate the hazards 

caused by lava domes, it is fundamental to understand the processes that govern their 

stability, and unpredicted behavior. In this case, Volcán de Colima is one of the most 

hazardous volcanoes in Mexico, with an important effusive activity associated with growth 

of lava domes in the summit crater. It is therefore important to study the processes involved 

in dome growth, and the causes that lead to their destruction.  

1.2. Objectives  

Understanding the causes, effects and possible patterns of dome formation will help to 

apply a better assessment of risk and hazard in the two states around the volcano, Colima 

and Jalisco. Therefore, there are three main objectives for this project: 

 To describe physical and morphological changes during the growth phases (2013-

2016) of the lava dome in Volcán de Colima using high resolution photographs 

taken on monitoring flights. The aim is to detect changes in surface deformation, 

features which precede or come after the formation of the dome, and textural 

changes of the material.  

 To study the thermal evolution of the growing lava dome, and to extract quantifiable 

temperature data from thermal surveys in order to understand processes that govern 

the overall development and stability of the lava dome (Hutchison, 2011). 
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 To calculate effusion rates for the 2016 lava dome, using dimensions of the crater 

and lava dome at the beginning, during, and at the end of its formation.  
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2. Volcán de Colima  

Volcán de Colima is one of the most active volcanoes in North America (Navarro-Ochoa et 

al, 2002), belonging to the western sector of the Trans-Mexican Volcanic Belt (TMVB) 

(Hutchison, 2011). The volcano is located on the border between the states of Colima and 

Jalisco, 485 km west of México City (Fig. 2.1). Its coordinates are 19°30' N and 103°37' W. 

It is part of a chain of three composite volcanoes located at the center of a large N-S 

oriented graben known as the Colima Volcanic Complex (CVC) (Fig. 2.2).  

 

 

Fig. 2.1. Location of Volcán de Colima. (A) Location map of México showing the Colima state. Retrieved 

from pickatrail.com (B) Aerial picture of Volcán de Colima, located on the border between Colima and 

Jalisco states (Google Maps, 2019). (C) Aerial SE-NW view of the Volcán de Colima summit 2019. 

 

2.1. Geological Background  

According to Ferrari et al. (2011), the Trans-Mexican Volcanic Belt is the largest Neogene 

volcanic arc in North America, which comprises an area of approximately 160,000 km
2
 and 

a length of almost 1000 km in central Mexico (Fig. 2.2). The Quaternary volcanism of the 
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western part of the TMVB is the result of two tectonic processes that affect the region: (1) 

the subduction of the Rivera plate beneath the North American plate (Fig. 2.2), and (2) the 

development of the rift triple junction (Fig. 2.3) (Cortés et al., 2010).  

 

 

Fig. 2.2. Location of Volcán de Colima in the western part of the Trans-Mexican Volcanic Belt (TMVB). MC: 

Mexico City, M: Morelia, MAT: Middle American Trench. Taken from Saucedo et al. (2005). 

 

The triple junction located in the western sector of the TMVB is the intersection of three 

long fault systems, with orientations approximately N-S, E-W and NW-SE (Campos-

Enríquez and Alatorre-Zamora, 1998). The fault system defines three elongated depressions 

called the Colima, Chapala, and Tepic-Zacoalco grabens which are separated by angles 

approximately 100º, 115º and 145º, counterclockwise from the Colima Graben (Fig. 2.3) 

(Cortés et al., 2010; Luhr et al., 1985). The northern Part of the Colima Rift is delineated by 

NNE-SSW oriented faults. In the southern part of the CVC, the Colima rift cuts the 

limestone platform of the Colima Basin (Cortés et al., 2010). According to Garduño-

Monroy et al. (1998), the northern and southern parts of the Colima Rift seem to be 

separated by the CVC. However, the trace of a structure that could be controlling the 

geometry of the Colima Rift and the volcanic activity of the CVC has been observed on 

both NE and SW sides of the CVC. This structure was denominated the Tamazula Fault 

(Fig. 2.4). It is a basement structure with NE-SW direction and a length greater than 160 
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km. Tamazula fault has governed the geometry of the Colima rift, and the volcanic 

evolution of the CVC (Garduño Monroy et al., 1998). 

 

 

                                            

 

Fig. 2.3. Map of the western 

part of the TMVB that shows 

the graben triple junction, 

and Colima volcanic 

complex. 1: Volcán de 

Colima; 2: Nevado de 

Colima; 3: Volcán Cántaro; 

T: Tepic; PV: Puerto 

Vallarta; Tq: Tequila; G: 

Guadalajara; CG: Ciudad 

Guzmán; C: Colima; M: 

Manzanillo. Edited from Luhr 

et al. (1985). 

 

Fig. 2.4. Digital elevation 

model of the Colima 

volcanic complex that shows 

steeper slopes in dark-red 

and gentler slopes in pale 

gray. The image displays the 

NE-SW trace of the 

Tamazula fault and the 

Alceseca-Atenquique graben 

across the southern portion 

of the Colima volcanic 

complex. EC: EL Cántaro; 

NC: Nevado de Colima; PF: 

Paleofuego; CV: Colima 

Volcano. White asterisks 

indicate 
14

C dates in years 

before present (BP). Edited 

from Cortés et al. (2010). 
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The Colima Rift is filled by a ∼1 km‐thick sequence of quaternary lacustrine sediments, 

alluvium, and colluvium, covering the ~3000 m‐thick volcanic pile from the CVC (Fig. 2.5) 

(Norini et al., 2010). Based on Luhr & Carmichael (1980) the Quaternary Colima Volcanic 

Complex is roughly circular with a radius of approximately 12 km. During the past 1 My, 

calc-alkaline volcanic activity has been primarily confined to the southern graben floor, 

building a north-south oriented chain of three andesitic composite volcanoes. From the 

youngest to the oldest, these are: Volcán Cántaro (~ 1-1.7 Ma; 2900 masl), Nevado de 

Colima (~ 0.53 Ma; 4255 masl), and Volcán de Colima or Volcán de Fuego (in the last ~50 

ka; 3860 masl) (Cortés et al., 2010; Luhr et al., 1985; Norini et al., 2010).  
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Fig. 2.5. Schematic map of the Colima Rift and the Colima Volcanic Complex. Ca: Volcán Cántaro; NC: 

Nevado de Colima; FC: Fuego de Colima. Edited from Norini et al. (2010). 

 

Volcán de Colima (Fig. 2.6) is the most active volcano in México. The current edifice is a 

stratovolcano displaying interbedded lava flows and pyroclastic layers that occupies an area 

of 20 km
2
 with a total volume of ~9-10 km

3
. Pyroclastic flows have traveled up to 15 km 

downslope, while lava flows reached up to 5 km from the summit (Cortés et al., 2010). The 

dominant eruptive product of Volcán de Colima is hornblende-andesite.  
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Fig. 2.6. Aerial photograph of the south-eastern flank of Volcán de Colima in August 2019, showing the 

1975-76 lava flow (red arrow) as well as aprons of recent pyroclastic deposits. A) Zoom-in of the crater. B) 

Gas emissions in the crater. Pictures: Andrea Tonato.  

 

The historical eruptive activity has been characterized by a complex succession of effusive 

lava dome or lava flow eruptions with associated block and ash flows, and explosive 

eruptions of varying magnitude that have produced numerous and diverse types of 

pyroclastic density currents (PDCs) (Navarro-Ochoa et al., 2002). At least 29 significant 

eruptions have been recorded during the last 400 years (Luhr and Carmichael, 1980). As a 

result of this activity, the volcano is covered by a thick mantle of hornblende-bearing 

pyroclastic deposits (Luhr and Carmichael, 1980), while the summit consists of unsorted 

lava blocks (Taran et al., 2002).  

Based on all the registered eruptions, this volcano tends to have three types of eruptions: 

Pelean, that results from gravitational collapse of domes; Vulcanian, which is an explosive 

eruption due to a plug of the conduit by the lava dome; and Plinian, that is a sustained 

Vulcanian eruption (Alle, 1983; Navarro-Ochoa et al., 2002; Saucedo et al., 2005). 

Additionally, the activity of Volcán de Colima has shown a ∼100 year cycle, characterized 

by lava flow effusion, dome growth and moderate explosions (Zorn et al., 2019). The last 

large eruptions occurred in 1818 and 1913 which were the first well documented Plinian 

eruptions (Macías et al., 2017). The 1818 eruption destroyed a lava dome, and its slag and 
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ash reached the cities of Guadalajara, Zacatecas, Guanajuato, San Luis Potosí and México 

City (Macías et al., 2006). The 1913 eruption removed about 100 m of the existing edifice 

and left a summit crater that was 450 m in diameter and at least 350 m deep (Waitz, 1935). 

In 1931, the presence of a large active lava dome inside the 1913 crater was discovered, and 

quasi-continuous extrusion was observed over the following 29 years, sometimes resulting 

in overflowing over the crater rim (Navarro-Ochoa et al., 2002).  

Other effusive eruptions occurred in 1975-1976 (Fig. 2.6) and 1981-1982, both preceded by 

emplacement of block and ash flows (Navarro-Ochoa et al., 2002). Events occurred in 

2004-2005 that were characterized by several episodes of dome growth and collapse, 

accompanied by the emplacement of pyroclastic density currents that reached up to 7 km 

from the volcano’s summit (Capra et al., 2016). Activity in recent years comprised lava 

dome growth and destruction, which will be detailed in the next section.  

 

2.2. Lava Dome Growth 

A study of lava dome growth at Volcán de Colima from 2007 to 2011 was performed by 

Hutchison (2011). It involved the use of a high spatial resolution infrared dataset collected 

during airborne surveillance to investigate the thermal evolution of the growing lava dome. 

As a result, Hutchison (2011) proposed a three stage eruption chronology on the basis of 

notable changes in growth patterns, styles and morphologies. Stages I and III were defined 

by exogenous growth, while Stage II involved endogenous growth. In addition, thermal 

image analysis provided clear precursors to the formation of thermal features around the 

lava dome, and to the eruptive stages.  

Moreover, physical and thermal observations were linked to heat models, to explain the 

governing physics during lava dome growth. An 18 month-long period of volcanic and 

seismic quiescence started in June 2011 (Fig. 2.7), following this 2007-2011 episode of 

dome growth (Zobin et al., 2015).  
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Fig. 2.7. Seismic activity at Volcán de Colima associated with the 2007-2011 lava dome building and the 

2013-2014 eruption episode. Taken from Zobin et al. (2015).  

 

The activity picked up from 6
th

 to 29
th

 January 2013, with vulcanian explosions resulting in 

the formation of a new crater within the 2007-2011 lava dome (Arámbula-Mendoza et al., 

2018; Reyes-Dávila et al., 2016; Zobin et al., 2015). From February to October 2013, the 

new lava dome was built, and from October onwards, effusive activity accompanied by 

minor explosive events occurred (Reyes-Dávila et al., 2016; Zobin et al., 2015). At the end 

of November 2013, the building of the lava dome was practically finished, and the activity 

of the volcano decreased until June 2014 (Zobin et al., 2015). In September 2014, Reyes-

Dávila et al. (2016) reported increased activity at the volcano. On 3
rd

 of January 2015, 

explosive activity occurred, generating a 2 km-long block and ash flow to the N flank 

causing the gradual destruction of the dome. A new dome was emplaced in May 2015 

(Reyes-Dávila et al., 2016).  

Finally, without strong precursors, on the 10
th

 and 11
th

 of July 2015, the dome collapsed 

during an explosive eruption, forming a PDC of 9.1 km in length (Fig. 2.8) (Capra et al., 

2016; Zobin et al., 2015). Moderate activity, including vulcanian explosions, dome growth 

and lava flow effusion, continued until February 2017, when the most recent active period 

terminated (Zorn et al., 2019).  
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Fig. 2.8. Satellite image of Volcán de Colima showing the distribution of the July 2015 PDCs along the 

Montegrande and San Antonio ravines. The yellow stars show the locations of nearby communities and 

towns. Edited from Reyes-Dávila et al. (2016). 

 

2.3. Effusion Rate 

The effusion rate is the rate at which lava is erupted, or in this case, the rate at which a lava 

dome is emplaced within the crater (Harris et al., 2007). This rate controls the way in which 

a lava body grows, extends and expands, influencing its length, width, thickness, volume 

and/or area, no matter whether the growth process is exogenous or endogenous (e.g. Baloga 

and Pieri, 1986; Harris et al., 2007; Murray and Stevens, 2000). Estimating the effusion rate 

is one of the primary objectives of monitoring effusive volcanic activity. Changes in the 

rate can be used to determine whether activity is increasing or decreasing, or to assess the 

long-term behavior and hazard associated with the system (Calvari et al., 2010; Harris et 

al., 2007, 2000).  
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3. Methodology   

The data used for this project was provided by Centro de Investigación e Intercambio en 

Vulcanología (CIIV) which belongs to the Faculty of Science in the University of Colima 

in México. CIIV has been running since 2004, with a main aim of increasing knowledge of 

Volcán de Colima and other volcanoes in México.  

3.1. Monitoring flights 

Over-flights take place at Volcán de Colima once every 1-2 months. It has been an 

important monitoring technique for CIIV since February 2007, the time of dome growth 

onset. In order to obtain good data during the flight, the weather should be clear with no 

clouds on the summit, and it has to be early in the morning (7-8 am local time) in order to 

optimize sunlight and minimize solar heating of the edifice which could obscure the 

volcanic thermal signature (Hutchison, 2011).  
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Fig. 3.1. Map showing flight trajectories on June and December 2009. Flight trajectories depend on the 

summit conditions. The blue line shows a typical flight where there is a clear summit. The red line shows the 

path that must be taken when a degassing or explosive event is occurring. The yellow star marks Volcán de 

Colima, and the turquois star marks Nevado de Colima. Lower images show a 3D perspective of the flight 

paths at the exact altitude. Digital photographs show the condition at the summit on the day of flight. Edited 

from Hutchison (2011). 

 

Flights last 20 to 30 minutes, and cover in circles the entire edifice, giving complete spatial 

coverage of the summit (Fig. 3.1). When there is high volcanic activity during the flight 

such as degassing or explosive events, the trajectory must be altered due to dispersed ash or 

gas plumes. There are three main datasets that are collected during the flight:  

 Photographs using digital cameras (always) 

 Infrared images from a hand-held thermal camera (always) 

 GPS tracks of the flight path (infrequently) 
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3.2. Digital Photographs 

Aerial photography is the most basic and cheapest method for volcano monitoring. It is 

used during volcanic unrest to quantify areas of surface deformation, and at erupting 

volcanoes to quantify the volume of erupted material such as lava flows, volcanic domes 

and pyroclastic density currents. At Volcán de Colima, photographs are taken as many as 

possible around the volcano. It is important to record every structure such as lava flows, 

lava domes, vent areas, and other eruptive products in order to get a better vision of the 

morphological changes through time. In addition, concentration and a steady hand are some 

of the traits that permit good data collection.  

For this project, blurred photographs were not considered, nor those where the summit or 

lava dome were not visible.  At the end, we analyzed approximately 2400 good digital 

photographs. The typical time spacing for a set of good photographs (~66) is a month, 

having the largest time gap of 3 months.  

 

3.3. Thermal Monitoring  

Thermal cameras have been introduced in volcanology to analyze a number of volcanic 

processes. According to Calvari et al. (2004), this method allows the detection of changes 

in heat distribution on volcanic surfaces which can be used to:   

 Recognize magma movements within the summit conduits, and detect the upward 

movement of shallow fractures in the ground filled by hot magma 

 Distinguish active lava flows and lava tubes 

 Analyze the evolution of fumarole fields and eruption plumes 

 Obtain effusion rates for active lava flows 

 Recognize storage of magma at shallow depth 

 Reveal failure planes and instability on the flanks, and the opening of fissure 

systems just before flank collapse at active volcanoes 

The thermal dataset of Colima provides high spatial resolution images offering a complete 

coverage of the summit crater and domes whenever present. It permits a study of the long-

term (3 years) evolution of the lava dome. In this case, a Jenoptic VarioCAMHR was used 

to collect the datasets (Fig. 3.2). This camera has a wavelength range of 8-14 μm, lens of 75 
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mm, field view of 12×9 º and 640×480 pixels (Hutchison, 2011). According to Hutchison 

(2011), six sources of error which can affect the raw temperature data are identified: 

1. Instrumental uncertainties such as: noise in the equipment and poor focus. Jenoptic 

reports ±1.5 ºC accuracy for targets at 0 – 100 ºC, and ±4 – 8 ºC for volcanic 

features at 200 – 400 ºC. Correction: there are no corrections; however, these 

uncertainties are typically small relative to the magnitude of the measurements. It is 

possible to activate the auto-focused tool so that poorly focused images are 

discarded prior to processing. 

2. Atmospheric transmissivity: attributed to weather conditions and path length which 

attenuate the original signal. Correction: we assume path-length is 100 m and that 

relative humidity and ambient temperature are constant along this path.  

3. Solar radiance which contributes to heating the dome surface. Correction: 

monitoring flights must take place early in the morning between 7 to 8 am local 

time. 

4. Variable path length: pixels covering the ground are not constant because 

measurements are taken at different distances representing an error of ±40 ºC 

(Hutchison et al., 2013). Correction: GPS data are not available for each flight; 

therefore, it is not possible to correct maximum temperatures for each image 

individually. This represents the largest uncertainty in maximum temperatures. 

5. Emissivity constant which changes with the viewing angle. Correction: we assume 

that a default camera value of 0.95 is relevant, and constant. 

6. Volcanic ash and gas can also attenuate the signal. Correction: No correction in the 

camera. 
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Fig. 3.2. Handheld Jenoptic Thermal camera used in this study. The figure shows the camera that operated 

during monitoring flights at Volcán de Colima (2013-to present). Pictures: Andrea Tonato.   

 

Collected images are uploaded to the IRBIS 3 Professional
®
 software and assessed for 

quality. In order to use images in the analysis, they must fulfill the following criteria: 

 Images must be well focused. Images where the camera is out of focus or where 

volcanic processes distort the image must be rejected.  

 For this study, the image must have a complete coverage of the entire dome.  

 Images must contain only the volcanic edifice, the ones which show plane wing 

must be deleted.  

To use the data as a monitoring tool, regions of interest (ROI) were picked. ROI can be lava 

dome top, lava dome sides, lava dome lobes, the whole dome, fumaroles and volcano flanks 

(Hutchison, 2011), from which the temperatures are extracted. 

 

3.4. Effusion Rate Calculations  

For the effusion rate calculation, we chose to analyze the lava dome growth in 2016 only, 

because of the clearness of the growth process in digital photographs. It allows a more 

accurate measurement of distances between points of reference in order to calculate 

volumes. The principal features taken as reference points were the crater diameter (~300 m) 

and depth (~60 m), and lava dome width (~25 m) and height (~10 m) from February 2016 

(Varley, 2016) (Fig. 3.3).  
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Fig. 3.3. Measurements of reference used to estimate the volume of the growing lava dome in 2016 for 

effusion rate calculations. The figure shows the estimated dimensions taken during a monitoring flight 

(Varley, 2016). CD: crater diameter; D: depth; W: lava dome width; H: lava dome height.  

 

In order to calculate the volume of the dome, we defined two main geometries due to the 

changes in morphology during growth. From February to April 2016, we assumed that the 

shape of the lava dome was a half-sphere, thus the formula used to calculate the volume 

was: 

 𝑉𝑑 =
2𝜋𝑟3

3
 Eq. 3.1 

Where Vd represents the lava dome volume, and r is the radius of the lava dome. On the 

other hand, for the period between May and the end of 2016, the best representation of the 

lava dome shape is a frustum (Fig. 3.4), thus the formula used to calculate the volume was: 

 𝑉𝑑 =
1

3
𝜋ℎ(𝑟2 + 𝑟𝑅 + 𝑅2) 

Eq. 3.2 

Where h is the height of the lava dome, r is the shortest radius of the lava dome, and R is 

the longest one. 
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Fig. 3.4. Frustum of a circular cone. The figure shows the structure of a frustum and the required lengths 

needed in order to calculate its volume. AA’/2 = r; BB’/2 = R; H: height of the lava dome. Edited from: 

Simmons (2017). 

 

Using the difference in dome volume and the time during which these changes occurred, it 

is possible to obtain the effusion rate. However, the obtained values represent the bulk 

volume without considering vesicularity of the neither lava nor void space between the 

blocks of the dome. To correct for this we convert from measured volume to dense rock 

equivalent (DRE). In this work, conversion to DRE volumes was made using a 

multiplicative correction of 0.844 which was calculated by Sparks et al. (1998) assuming 

that andesitic lava has a density of 2600 kg/m
3
, an average vesicularity of 13% and 3% void 

space (e.g. Hutchison, 2011; Ryan et al., 2010). However, the bulk vesicularity and pore 

space in the dome (including talus) vary through time and cannot be measured continuously 

(Ryan et al., 2010; Sparks et al., 1998). According to Sparks et al. (1998), the photographic 

method to estimate volume of the lava dome are better than 15% accurate. Indeed, their 

photographs were taken from fixed GPS positions, so they could observe topographic 

features of known height which was useful to established scales between photographs using 

trigonometry and triangulation. In this thesis, uncertainty was higher due to the little 

information about the first estimate of the crater size, and the random direction and distance 

of the position where the pictures were taken. Additionally, considering the unknown 

position and angle of the diameter and depth measured by Varley (2016), and the error 

caused by the multiple measurements in the photographs, we assumed an uncertainty of 

20 % for our calculations of volume and effusion rates.   
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4. Results  

4.1. Morphological Changes 

Digital photographs showed important changes in short periods of time. In February 2013, 

a new lava dome started to grow rapidly within the crater. By June 2013, the lava dome 

reached its maximum height, completely filling the old lava dome crater (Fig. 4.1).  
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Fig. 4.1. Morphological changes of the lava dome during 2013. The figure shows the flanks of the volcano that 

have been taken as a reference of change due to their sharp morphologies. Black empty spaces are due to the 

lack of clear and/or high-resolution photographs. 

From June onwards, the collapse of the new lava dome started. Degassing during 2013 is 

relatively low, and it is possible to see that the common zones for fumaroles are the crater 

rim and the summit of the new lava dome. During 2014, there was a continuous extrusion 

of material that fell on the flanks during the collapse of the new lava dome. Since July 

2014, degassing increases, so that at the end of the year observations of the crater are 

difficult. Between August and October, new material with different blocky-surface texture 

was extruded (Fig. 4.2).  
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Fig. 4.2. Morphological changes of the lava dome during 2014. The pictures clearly show high degassing 

starting in July. 

In 2015, there is continuous degassing in the summit, but the most representative changes 

occur in the morphology of the whole volcano summit. By February, the new lava dome is 

completely gone, leaving a small portion of the old dome edifice with a concave shape 

crater. In June, the crater is filled again by extruded blocky material which is evacuated 
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very rapidly. This creates an almost empty crater by August where the whole old dome has 

completely disappeared, leaving the volcano summit with a concave shape (Fig. 4.3).  

 

 

Fig. 4.3. Morphological changes of the dome and summit during 2015.  

The most important event during 2016 is the growth of a new lava dome starting in 

February (Fig. 4.4). This lava dome grew slowly until April, after which the extrusion rate 
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increased, completely filling the crater by July. Some of this material is evacuated during 

the following months, with a less-filled crater in September.  

 

 

Fig. 4.4. Morphological changes of the volcano summit during 2016. The figure shows that since February, a 

new lava dome starts growing.  

Growth started again in October and persisted until November, with material falling down 

the flanks. A crater-like shape is observed at the center of the lava dome in December, 
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contrasting with the convex shape of the rest of the dome. We can observe a low 

continuous degassing throughout the year. 

To summarize, we observed changes in the Colima crater morphology during the period 

2013-2016, which are related to different phases of lava dome formation such as growth, 

collapse and destruction. We also detected changes in the degassing regime, with the most 

abundant degassing occurring in 2014-2015.  The changes in the texture of the extruded 

material at the summit will be detailed in the next section. It is noteworthy that all these 

processes are complex and occur in very short periods of time.  

 

4.2.  Changes in lava texture  

The different and complex processes of growth, collapse and destruction at Volcán de 

Colima manifest through changes in the texture of the extruded lavas (Fig. 4.5). During the 

whole period 2013-2016, we define four different textures of lava: 

 Type I 

It is characterized by a fractured lava surface, and grey-angular blocks which varies their 

size in different phases. This lava represented the most viscous material extruded during 

2013-2016 (Fig. 4.5A, C and E). It principally occurred during the growth of lava domes, 

and their collapsing phases (February 2013-August 2014, June 2015, February-April 2016, 

and November 2016).  

 Type II 

It is characterized by fragments of spongy lava surface and black-angular clinker fragments 

(uniform in size) which are smaller than the previous type. This indicates a decrease in 

viscosity of the magma, and increase in temperature (Fig. 4.5B). This type of material was 

observed during periods of high explosive activity (September 2014-January 2015). 

 Type III 

It is characterized by a rough lava surface similar to a fresh concrete mixture. No blocks are 

visible; the extruded material is grey with shallow curvilinear fractures and seems to be fine 

material (Fig. 4.5D). This occurred during July-October 2016, when new material was 

filling the crater. 
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Fig. 4.5. Digital photographs of the period 2013-2016 at Volcán de Colima summit. The figures show the 

differences in texture of the extruded material of Volcán de Colima. North is represented by the white arrow.  

A) Representative picture of texture type I; B) Representative picture of texture type II; C) Representative 

picture of texture type I, and finer material; D) Representative picture of texture type III; E) Representative 

picture of texture type I, and smaller blocky material.  

 

4.3. Thermal Changes  

Thermal images were taken during monitoring flights to observe changes in temperature 

with time at Volcán de Colima. During the whole period 2013 - 2016, the maximum 

observed temperatures vary from 150 ºC to 500 ºC. Three images were chosen as 
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representative of the growing new lava dome during the period of observation in 2013 (Fig. 

4.6 - Fig. 4.8).  

In January 2013, we can see that the maximum temperature is 201 ºC, and it is located on 

the S top flank of the old lava dome (Fig. 4.6). In general, the hottest parts are located at the 

S upper part of the old lava dome. Other hot locations are around the crater and lava dome 

rims where fumaroles can be seen. 

 

 

Fig. 4.6. Thermal image from January 2013. The figure shows temperatures of the old lava dome (2007-

2011).  

 

By February 2013, a drastic increase in temperature occurred, reaching 469 ºC (Fig. 4.7). 

The hottest area corresponds to the new extruded material forming the new lava dome, and 

is located principally at the center inside the old lava dome crater where the growth is 

occurring.  

N 
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Fig. 4.7. Thermal image from February 2013. The figure shows temperatures of the new lava dome that is 

starting to grow.  

 

In March 2013, new material was extruded at a fast rate. The hottest area (409 ºC) is 

located at the summit along the S flank (Fig. 4.8). 

 

 

N 

N 
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Fig. 4.8. Thermal image from March 2013. The figure shows temperatures of the extruded material due to the 

growth of the new lava dome. 

During 2014, the most noticeable thermal anomaly is the high temperatures around the 

flanks of the old lava dome, and the maximum temperature is much lower (269 ºC) 

compared to March 2013 (Fig. 4.9). On the other hand, the temperatures within the crater 

are not homogenous, but have concentrations of hotter material on the northern flank. The 

bigger area of hot material is located on the upper part, and falling through the S flank, 

implying a quite filled crater. 

 

 

Fig. 4.9. Thermal image from February 2014. The figure clearly shows changes in temperature around the 

flanks of the old lava dome, and the temperatures of the material correspond to the collapse of the new lava 

dome.  

 

Two images were chosen to represent 2015. In January 2015, we observe concentration of 

hottest points on the upper part of the new lava dome, and on the material overflowing the 

S flank. Maximum temperature recorded is 473 ºC, and it belongs to the new material and 

the hot gases emitted (Fig. 4.10). In September 2015, the hottest point recorded was 262 ºC, 

and it corresponds to the most vigorous fumaroles observed in digital photographs        

N 
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(Fig. 4.3). Interestingly, temperatures are quite hot on the SW side of the inner crater where 

there is not much gas emission (Fig. 4.11).  

 

 

Fig. 4.10. Thermal image from January 2015. The figure shows temperatures of the material being extruded 

and material from the collapse of the old dome along its flanks.  
 

 

Fig. 4.11. Thermal image from September 2015. The figure shows temperatures of the inner crater surface 

after the eruptive phase.  

N 

N 
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The following images show changes in temperature during the growth phase of a new lava 

dome in 2016 (from Fig. 4.12 to Fig. 4.14). The year 2016 registered the highest 

temperatures since 2013. Maximum temperatures during the process of growth range from 

330 ºC to 530 ºC.  

In March 2016, hottest points are surrounding the extruded material, and in the eastern 

walls of the crater (Fig. 4.12).  

 

 

Fig. 4.12. Thermal image from March 2016. The figure shows temperatures of the new lava dome surface.  

 

By May 2016, the hottest area has increased in size but decreased in temperature to 362 ºC 

(Fig. 4.13).  

N 

N 
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Fig. 4.13. Thermal image from May 2016. The figure shows temperatures of the new lava dome surface.  

Finally, in October 2016, the maximum temperature recorded was 529 ºC at the center part 

of the extruded material within the crater. In the rest of the lava dome, temperatures are 

homogenous, being slightly higher at areas close to the crater rim (Fig. 4.14).  

 

 

Fig. 4.14. Thermal image from October 2016. The figure shows temperatures of the new lava dome surface. 

 

N 
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4.4. Effusion Rate, 2016 Lava dome 

Digital photographs were used to estimate lava dome diameter and height in order to 

calculate dome volume through time during 2016. In addition, DRE was calculated 

obtaining the effusion rate during the growth process (Table 4.1).  

Table 4.1. Measured dome volumes using Inkscape for the 2016 dome growth. The table shows the calculated 

volume and effusion rate with and without DRE. For 16 February and 12 March volumes, we used the 

formula of a half-sphere. For the rest of months, volume was calculated with the formula of a frustum.   

Date 
Time between 

measurements (days) 

Measured 

Volume (m
3
) 

Effusion Rate 

(m
3
/days) 

Volume 

DRE (m
3
) 

Effusion Rate 

DRE (m
3
/days) 

16-feb 16 4.09E+03 2.56E+02 3.45E+03 2.16E+02 

12-mar 25 7.53E+04 2.85E+03 6.35E+04 2.40E+03 

30-apr 49 2.62E+05 3.81E+03 2.21E+05 3.21E+03 

14-may 14 5.98E+05 2.40E+04 5.05E+05 2.03E+04 

08-sep 117 8.28E+05 1.97E+03 6.99E+05 1.66E+03 

14-oct 35 2.11E+06 3.65E+04 1.78E+06 3.08E+04 

25-nov 42 2.25E+06 3.46E+03 1.90E+06 2.92E+03 

The volume increase is more or less constant during the beginning of the year with a fast 

increase between 8 September and 14 October. During this time, the lava dome increases its 

volume to 1.78×10
6
 m

3
, filling the whole crater (Fig. 4.15).  

 

 

Fig. 4.15. Changes in dome volume during 2016. 

 

From 16 February to 30 April, effusion rates are the lowest during the whole period of 

growth, reaching an average of 1.94×10
3
 m

3
days

-1
 (Figure 4.16). From 30 April to 14 May, 

the effusion rate increases rapidly to 2.03×10
4
 m

3
days

-1
. From 14 May to 8 September, the 

effusion rate decreases to 1.66×10
3
 m

3
days

-1
. By the 14

th
 of October, a sharp increase in 
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effusion rate was calculated, reaching a maximum value of 3.08×10
4
 m

3
days

-1
. It represents 

the filling of the whole crater. Finally, from 14 October to 25 November, the effusion rate 

decreases to 2.92×10
3
 m

3
days

-1
. However, there is a less quantity of material being 

extruded overflowing the S flanks which underestimate our effusion rate calculation for this 

period.  

 

 

Fig. 4.16. Effusion rate calculated for lava dome growth during 2016. 

5. Discussion 

5.1. Phases of Growth, Collapse and Destruction, 2013-2016  

The combination of digital and thermal images allows us to distinguish various phases of 

dome growth, collapse and destruction during 2013-2016. In addition, degassing and lava 

texture changes can be observed. In this section, phases and related changes will be 

described in detail.  

5.1.1. Growth Phase of a New Lava Dome, February-June 2013  

After 18 months of quiescence, a sequence of intermediate to small vulcanian explosions 

started in January 2013. In February 2013, episodes of effusive activity resulted in the 

growth of a new lava dome (Fig. 5.1). The new lava dome grew inside the crater of the old 

lava dome of 2007-2011. Thermal images suggest that the initial growth phase of the new 

lava dome was exogenous because the hottest material was observed on the flanks and at 

the top of the lava dome, highlighting extrusion at the surface of the dome (Fig. 4.7 andFig. 

4.8). This material is composed principally of blocky lavas (Type I), and as the material is 

coming out, parts of the old lava dome fall down along the flanks. In addition, a depression 
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inside the crater floor of the old lava dome can be seen (Fig. 5.1). Despite this area being 

mostly cold, some hotter parts can be observed (Fig. 5.2). This is interesting given that no 

new material seems to be extruded in this area from digital images. These hot spots may 

thus be related to localized gas emissions through fractures in the old dome. 

 

 

Fig. 5.1. Initial phase of the new lava dome growth on 25th February 2013. Both figures show the principal 

structures of the summit at Volcán de Colima; yellow arrows indicate the direction of the material falling 

from different flanks of the volcano. A) D: depression; ND: new lava dome; OD: old lava dome; CR: crater 

rim. B) ODR: old lava dome rim. 

 

Fig. 5.2. Thermal image from 25th February 2013. The figure shows the thermal image overlying digital 

photograph, and maximum temperate of the summit.  

 

Until March 2013, the lava dome presents exogenous growth where blocks constantly pile 

on top and adjacent to each other. Beginning in April 2013, endogenous growth can be 

observed by the way that the lava dome is being inflated (Fig. 4.1). This growth occurs at a 

slower rate compared to the dome formation during February-March 2013. The new lava 
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dome reached its highest height in June 2013 (Fig. 5.3), filling the whole crater of the old 

lava dome. In June 2013, the growth rate decreased and due to the steepness of the S, SW, 

and SE flanks, the fresh material falls by gravity. Additionally, the depression at the 

summit disappeared due to the inflation of the lava dome, and temperatures between 40ºC 

to 60ºC can be seen around the crater rim and old dome rim (Fig. 5.4). These temperatures 

are related with an increase in fumarolic emissions. From July to November 2013, growth 

rate, fumarolic emissions and rock falls seem to be constant (Fig. 4.1). 

 

 

Fig. 5.3. Digital photographs of the summit of Volcán de Colima on 20th June 2013. The figures show 

changes that have occurred in the Volcán de Colima summit; yellow arrows show the direction of the 

material falling along the flanks. A and B) F: fumaroles; EM: extruded material; NDR: new lava dome rim; 

ODR: old lava dome rim; CR: crater rim.  

 

 

Fig. 5.4. Thermal image from 20
th

 June 2013. The figure shows the thermal image overlying a digital 

photograph, and maximum temperature at the summit.  
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During the whole growth period of the new lava dome, we identify a maximum temperature 

at the beginning of the growth phase, reaching over 400ºC. This could be given by the 

exogenous growth which allowed the fresh and hot material goes out to the surface. From 

March onwards, temperatures and growth rate show a gradual decrease (Fig. 5.5).   

 

 

Fig. 5.5. Maximum temperatures of the fresh material of the 2013 lava dome. The figure shows maximum 

temperatures reached during the growth phase of the new lava dome. Temperatures were recorded by 

thermal camera during monitoring flights.   

 

5.1.2. Collapsing Phase of the New Lava Dome, December 2013-August 

2014  

In December 2013, an explosive event was recorded (Fig. 5.6A). This explosive event acted 

as a precursor of dome collapse causing material to fall on the S, SE, and SW flanks (Fig. 

5.6B). A more volatile-rich magma may be feeding the system during this period, leading 

to the explosive eruption when the conduit was plugged.  
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Fig. 5.6. Thermal image and digital photographs on 2nd December 2013. A) The image shows an explosive 

event at the summit of Volcán de Colima. B) Thermal image overlying digital photograph, and the maximum 

temperature at the summit after the explosive event.  

 

A depression at the summit is observed again, and erosional channels appeared on the old 

lava dome sides (Fig. 5.7).  

 

 

Fig. 5.7. Digital photographs of the summit at Volcán de Colima on 2nd December 2013. The figures show 

changes in the summit during the first phase of the new lava dome collapse; in addition, blocky material can 

be clearly seen. Yellow arrows show the direction of the material falling along the flanks. A) EM: extruded 

material; NDR: new lava dome rim; CR: crater rim; F: fumaroles; C: erosional channels. B) D: depression.   

These structures can be due to the long-term interaction of water (meteoric and/or 

groundwater) with magma beneath the lava dome which results in the development and 

persistence of active hydrothermal systems (Ball et al., 2013). In these systems, rocks can 

be altered to clay minerals, weakening portions of the edifice. Additionally, it is important 

to know that precipitation in Volcán de Colima and the surrounding areas increased during 

June to November of 2013 (CONAGUA, 2013), which may explain the formation of the 
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depression and erosional channels by December 2013. The continuous explosive activity, 

and continuous growth caused the 2013 lava dome to start collapsing through the flanks (S, 

SE and SW flanks) as can be observed in Fig. 5.8.  

 

 

Fig. 5.8. Digital photographs of the Summit at Volcán de Colima 2014. A) Southeastern flank of the lava 

dome in January 2014. B) Southwestern flank of the lava dome in February 2014. Yellow arrows show the 

direction of the material falling down along the flanks. 

 

From January to June 2014, the growth rate decreased, and the remains of the 2013 lava 

dome continued falling along the flanks, leaving a flat surface in the upper part of the old 

lava dome (Fig. 5.9). 

 

Fig. 5.9. Digital photograph at the summit of Volcán de Colima in June 2014. The figure shows the flat 

surface at the top of the old lava dome.  

In July 2014, the lava dome presented a short phase of elevated gas emissions. Fumaroles 

are commonly observed around the crater rim, and in the summit of the old lava dome (Fig. 

5.10). The clouds of gas are white which indicate elevated water vapor content, and may be 

related to rainfall percolating into the hot rocks and being evaporated. This is supported by 
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the darker color of the flanks from July to October due to the material being wet because of 

the precipitation season from May to November 2014 (CONAGUA, 2014). We suggest that 

the increase in degassing is given by the change in gas composition to elevated water vapor 

content. This change could be due to an increase in magma convection rate in a shallow 

magmatic system induced by meteoric water penetrating volcanic edifice after heavy 

rainfalls (Korzhinsky et al., 2002).   

 

 

Fig. 5.10. Digital photograph from 8th July 2014. The figure shows a pronounced increase of degassing at 

the summit. F: fumaroles.  

 

In terms of temperature, high temperatures (312 ºC) were observed during December 2013 

to January 2014. It can be associated with the registered explosive activity (Fig. 5.6A) 

providing fresh hot material to the surface (Fig. 5.7). Temperatures during the process of 

collapse of the new lava dome tend to be constant from February to June 2014, suggesting 

low rates of extruded material, and low magmatic activity.  
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Fig. 5.11. Maximum temperatures of the lava dome, Dec 2013-Aug 2014. The figure shows maximum 

temperatures per month during the collapsing phase of the new lava dome. Temperatures were recorded by 

thermal camera during monitoring flights. 

 

Starting in July 2014, it is possible to see an increase in temperatures at the surface of the 

dome, and the southern east side of the crater rim, which could be associated with the 

increase of degassing related to rainfall percolating into the hot rocks and being evaporated 

(Fig. 5.10). Finally, an increase in temperature (339 ºC) towards August is likely related 

with newly extruded material of Type I on the western part of the upper lava dome surface. 

Lastly, thirteen major lahars were recorded from two monitoring stations from June to 

September, the local rainy season, with no reported damage (Global Volcanism Program, 

2015). These lahars may be related to the collapse of the lava dome that occurred from 

December 2013 to July 2014, providing fresh and loose material that is easy to remobilize 

during heavy rain events. 

5.1.3. Destruction Phase of the Old Lava Dome, September 2014-

December 2015.  

At the beginning of this phase, the 2013 lava dome is not visible anymore. The major part 

of the blocky material forming the lava dome has completely fallen down the flanks, and 

other portions of it are weathered to fine material due to hydrothermal alteration caused by 

degassing of water vapor, and acidic gases. However, there is no evidence of a complete 

disappearance of the 2013 lava dome due to the presence of gas clouds, which make 

observation of the summit difficult (Fig. 5.12).  
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Fig. 5.12. Digital photograph from 20th of September 2014. The figure shows newly extruded material falling 

along the S flank, and gas clouds which make observation difficult.  

 

A major explosive event occurred in September 2014, causing new extruded material to go 

down the SW and S flanks (Fig. 5.12). The newly extruded material had a different texture 

than lavas extruded in previous phases. This new material is composed of smaller black 

blocks of type II (Fig. 4.5B). Explosive activity leaves the vent free which may allow hotter 

material to reach the surface faster. Thus, magma is less viscous due to the highest 

temperatures, and it allows the new extruded material to overflow the summit easily 

compared to the previous more viscous material (Type I). By late November 2014, it is 

possible to see notable changes in the volcano summit (Fig. 5.13). Newly extruded material 

and portions of the old lava dome edifice almost fill the principal crater of the volcano.  
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Fig. 5.13. Digital photographs of the summit at Volcán de Colima on 26th November 2014. The figures show 

the newly extruded material and the collapsing of the old lava dome along the flanks; yellow arrows show the 

direction of the material falling from the summit. A) EM: extruded material; OD: old lava dome; CR: crater 

rim; F: fumaroles. B) TEM: top of the new extruded material.   

 

5.1.3.1. Increase of Explosive Activity 

During November and December 2014, Volcán de Colima presented an explosive eruptive 

sequence which destroyed the whole dome formed at the beginning of the eruptive episode 

in 2013 (Global Volcanism Program, 2015). The strongest eruptions were recorded on 21
st
 

and 30
th

 November. Both eruptions were vulcanian (Fig. 5.14). The eruptive sequence was 

accompanied by ash plumes, pyroclastic density currents, dome destruction and high 

concentration of gases at the summit (Fig. 5.15). Given that this sequence took place during 

the dry season, we suggest that the increase of gases may be of magmatic origin. A more 

volatile-rich magma may be feeding the system during this period, leading to an explosive 

eruption if the conduit is plugged and to intense degassing in open-conduit conditions.  

 

 

Fig. 5.14. Volcán de Colima's eruption on 30th November 2014. The resulting plume rose to ~5 km. Taken 

from Global Volcanism Program (2015) 
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Fig. 5.15. Digital photographs of the summit at Volcán de Colima on 16th December 2014.  The figure shows 

degassing at the summit. 

 

Explosive vulcanian activity during 2015 was intense, associated with rock falls, lava flows 

and PDCs (Fig. 5.16). Ash plumes produced during the most explosive events reached 

heights over 7 km, and often reached distances of 150 kilometers or more from the volcano. 

Two significant eruptions happened during this year, on 21
st
 January and 10

th
 July (Global 

Volcanism Program, 2015).  

 

 

Fig. 5.16. Vulcanian eruption recorded on 31st March 2015 at Volcán de Colima. 
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By January 2015, the old lava dome and the whole summit have changed their morphology. 

As we can see in Fig. 5.17, the summit of the old lava dome has collapsed, filling its whole 

talus edge.  

 

Fig. 5.17. Digital photographs showing the changes in the summit area between November 2014 and January 

2015 due to explosive activity. Black dashed line indicates the crater rim. White arrows show the north. 

 

The extruded material during the destruction phase presents a variety of textures, being 

more blocky and bigger in size in the upper rounded part of the summit (Fig. 5.18). The 

darker material along the flanks possibly extruded with the first pulse of magma, followed 

by the light colored blocky material, and finally in January the darker part at the center of 

the summit was filled by magma. This indicates exogenous growth, with the newly 

extruded lava being emplaced at the center while older material forms a circle around it. If 

the dome continues to extrude magma and inflate, this process will repeat itself and 

additional concentric layers can be emplaced (Calder et al., 2015).  
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Fig. 5.18. Digital photograph of the summit at Volcán de Colima on 4th January 2015. The figure shows 

abrupt changes of the whole summit, and degassing before 21
st
 January eruption.  Light blue dashed line: 

first pulse of magma; Yellow dashes line: blocky material extruded (intermediate pulse); Orange dashed line: 

last pulse of magma.  

Since February 2015, the summit of the old dome area formed a depression. It looks 

completely different because the blocky extruded material and the top of the old lava dome 

have disappeared. The crater is covered by a layer of fine material with small depressions in 

different parts of the inner crater (Fig. 5.19A).  
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Fig. 5.19. Digital photographs of the summit during 2015. All figures show changes at the summit during 

2015; pink dashed line shows the crater rim, and light blue polygon shows extruded material. A) Depression 

formed after the lava dome has been destroyed. B) The crater floor after being exposed by 31
st
 March 

eruption. C) New lava dome emplacement. D) Inner crater after June lava dome was erupted by July 10th-

11th eruption. E) Crater after being highly altered by acidic gases, stratigraphy of the inner walls is visible. 

F) Fine material falling along the inner crater walls. In addition, the crater floor is subsiding, forming a 

concave shape.  

 

All those changes occurred after the 21
st
 of January 2015 vulcanian eruption which 

removed the dome material, leaving the crater almost empty. Acidic gases emitted during 

this eruption altered the inner crater walls, and blocky lavas to fine material. On 31
st
 March 

2015, a small vulcanian eruption was registered. This was the last event that leaved the 
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crater completely empty with a concave shape. From April to May 2015, low activity, 

degassing and alteration of the inner crater walls to finer material can be seen (Fig. 5.19B). 

Beginning in June 2015, fast emplacement of a new lava dome is observed (Fig. 5.19C). 

The crater floor is covered by Type I material (Fig. 4.5C), and sandy material which fills 

some depressions inside the crater. Due to the crater being almost completely filled, with 

little extruded material visible, we suggest that the emplacement of the dome started in May 

with a fast exogenous growth followed by an endogenous process. According to Reyes-

Dávila et al. (2016), during July 10
th

-11
th

 2015, Volcán de Colima had the most intense 

eruptive phase since its 1913 AD Plinian eruption (Fig. 5.20). This event presented two 

phases of dome collapse. The second one was the largest, and produced a series of PDCs 

that were mostly channelized by the Montegrande and San Antonio ravines (Fig. 2.8), 

reaching a distance of approximately 10.3 km. The eruption and dome collapse formed an 

amphitheater-shaped crater open towards the south (Fig. 5.19D). 

 

 

Fig. 5.20. Digital photograph of the second PDCs on July 11
th

, 2015, taken from the east. The absence of an 

eruptive column rising vertically is clear from this picture which suggests it is not a vulcanian eruption, but a 

pyroclastic flow sweeps down the flank due to a Pelean eruption. Taken from Reyes-Dávila et al. (2016). 

 

For the rest of 2015, the intensity of the explosions decreased, but ash plumes were emitted 

nearly every day until the end of the year. These explosions excavated parts of the crater 

exposing its inner walls, and blocky material was replaced by finer material. This might be 

due to removal of the blocky material during explosive events, coupled with alteration due 

to the acidic gases being constantly emitted, as well as the blanketing of ash following the 
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explosions (Fig. 5.19D to F). Finally, weak fumarolic activity was present with gas plumes 

which rose from vents outside the crater, and in the SE part within the crater.  

In terms of temperature, the phase of destruction of the old lava dome includes an important 

variation in temperature (Fig. 5.21). We first observe a decrease in temperature from 

August until October 2014 due to a low activity phase in the volcano. Consequently, it is 

possible to see a cyclic increase-decrease of temperature associated with the most explosive 

phase during earlier November 2014 to March 2015. In that period, abrupt changes in 

morphology also occurred due to the vulcanian eruptions. In June 2015, an increase in 

temperatures can be related to the lava dome emplacement and the beginning of the most 

intense eruptive phase since 1913. Increased heat flow associated with the ascent of magma 

toward the surface is clearly observed. However, temperatures in June are quite low 

compared to the November-January 2015 registered temperatures. This could be due to the 

strong influence of the effusive activity (Nov-Jan) which constantly extruded fresh and hot 

material at the surface. After that, an eruption in January removed the entire lava dome, and 

temperatures at the surface cooled rapidly by radiative heat loss (Aries et al., 2001).  

 

 

Fig. 5.21. Maximum temperatures of the fresh material, lava dome and the crater, Aug 2014 - Dec 2015. The 

figure shows maximum temperatures per month during the collapsing phase of the old lava dome. 

Temperatures were recorded by thermal camera during monitoring flights. 

 

Finally, following the July 2015 eruption, temperatures decreased steadily until the end of 

the year because of the fast cooling of the surface. It may be related with the endogenous 

growth which does not allow the extrusion of fresh material to the surface.  
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5.1.4. Growth Phase of a New Lava Dome January 2016-December 2016  

In 2016, we can observe that the old dome has been completely destroyed by the last 

episodes of explosive activity (Fig. 5.22). 
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Fig. 5.22. Growing phase of a new lava dome during 2016. Figures show morphological changes of the 

summit during the growing phase of a new lava dome; yellow arrows show direction of the material flow. CR: 

crater rim; TND: top of the new lava dome; D: depression.  

Since January 2016, Volcán de Colima was very active, presenting constant ash emissions. 

In February 2016, a new lava dome started growing (Fig. 5.22A to G), with a constant rate 

of growth until late April, followed by a rapidly increasing effusion rate until 14 May (Fig. 

4.16). After that, activity and the effusion rate decreased until September, although multiple 

explosions with ash plumes still took place almost weekly during that period. The 

occurrence of explosive events during dome-forming periods of low effusion rates can be 

explained by the formation of a solidified dome cap or the attachment of magma to conduit 

walls, which increases pressurization in the conduit (Ogburn et al., 2015). 

From October to November 2016, the lava dome overflowed the crater rim, producing a 

slowly moving lava flow goes down the SW flank (Fig. 5.22F) (Global Volcanism 

Program, 2017). In addition, beginning in October 2016 the extruded material has a texture 

of Type III (Fig. 4.5D), but by latest November 2016, the texture of the extruded material is 

of Type I (Fig. 4.5E). This could represent a change in the magma composition and 

temperature.  

From September to October, the dome rate of growth increased, filling quite fast the whole 

crater, and reaching the maximum effusion rate of the whole growth period 

(3.08×10
4
 m

3
days

-1
) (Fig. 4.16).  

In November, the rate of growth decreased, and the inflation process started. Although, a 

few newly material is being extruded, from late September to November, there is a 

continuous loss of material flowing down the S flank which underestimates our effusion 

rate calculation.  

Temperatures during the growth phase of the new lava dome increase with time, reaching a 

maximum temperature of 511 ºC on 14
th

 of October (Fig. 5.23). The increase of 

temperature in February is associated with emission of hot lava at the surface at the 

beginning of the lava dome growth. Another increase of temperature can be seen in April.  

It could be given by a fast magma output which rapidly increases the diameter of the lava 

dome (Fig. 5.22C and D).  

From late April to September 2016, an endogenous growth is defined by the low extrusion 

rate of material and the inflation of the dome. Later, from September to October, there is a 
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fast extrusion of material, following an exogenous growth that filled the whole crater (Fig. 

5.22E and F). It could explain the highest temperature reached on 14 October (Fig. 4.16). 

Increasing temperature produces less viscous magma, which is able to flow easier through 

the conduit causing an increase of discharge rate.  

 
 Fig. 5.23. Maximum temperatures of the extruded material forming the new lava dome during 2016. The 

figure shows maximum temperatures per month during the growth phase of the new lava dome. Temperatures 

were recorded by thermal camera during monitoring flights. 

 

According to our results of effusion rates and temperatures, we suggest that they are related 

to changes in lava texture. Thus, growth of the 2016 lava dome has been divided into four 

stages, summarized in Fig. 5.24. These stages depend on the effusion rate, temperature, 

type of extruded material, and process of growth (exogenous or endogenous). 
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Fig. 5.24. Stages of lave dome growth in 2016, according to calculated effusion rates and observed textures.  

 

Stage I is characterized by a maximum effusion rate of ~3.21×10
3 

m
3
days

-1
 (Table 4.1), 

average temperature of ~404 ºC, extruded material of Type I and exogenous growth. Stage 

II is defined by a higher effusion rate between May and June reaching the highest value in 

14 May (~2.03×10
4 

m
3
days

-1
), and a lower extrusion rate between May and September 

(~1.66×10
3 

m
3
days

-1
) (Table 4.1). Temperatures reached ~341 ºC, and the extruded material 

belongs to Type I. The lava dome has an endogenous growth during this stage. Stage III is 

characterized by the highest effusion rate during the whole period (~3.08×10
4 

m
3
days

-1
), the 

highest temperatures reaching ~511ºC, less viscous extruded material of Type III, and 

exogenous growth. Finally, stage IV is defined by a decrease of effusion rate 

(~2.92×10
3 

m
3
days

-1
), and a continuous loss of material falling down the flanks.  

Temperatures reached ~418 ºC; Type I material was extruded and exogenous growth 

occurred. According to Sparks et al. (1998), lower effusion rates (Stages I and IV) can be 

explained by degassed and highly viscous lavas, which slows down the flow rate and can 

restrict the conduit by solidification reducing the discharge rate. In addition, temperatures 

during these stages are the lowest which can be related with cooler, more viscous lavas. On 

the other hand, high extrusion rates (Stages II and III) during shorter periods of time can be 

associated with ascent of increasingly fluid and gas-rich magma (Ryan et al., 2010; Sparks 

et al., 1998). Higher surface temperatures of the extruded material during this period agree 

with emplacement of less viscous lavas.  
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5.1.5. Eruptive Chronology  

Using all the information extracted from digital and thermal images, we define the 

following growth processes, eruption phases and lava texture changes. During 2013-2016, 

Volcán de Colima presented different phases of lava dome growth (Fig. 5.25). The growth 

processes for both the 2013 and 2016 lava domes began with lava extrusion, followed by 

mainly endogenous growth, characterized by inflation of previously erupted lavas. 

Consequently, these lavas fall along the flanks, and changes in the textures of extruded 

material are observed, due to changes in composition, temperature and behavior. The 

endogenous growth gradually slows down but persists until an eruption or collapse occurs.  

Based on the eruptive activity that occurred at Volcán de Colima, we divided the 2013-

2016 period into phases (Fig. 5.25). Volcán de Colima is characterized by its effusive 

activity (lava domes), but also its explosive activity (Vulcanian and Pelean eruptions). 

Between these phases, there is a transition phase between effusive-explosive, explosive-

explosive, and effusive-effusive events where the volcano does not present activity. During 

this quiescent period, the volcano keeps a constant low volcanic activity.  

In order to determine the type of eruption for the all of the processes that occurred during 

2013-2016, the following statements were considered: 

 Growth of a lava dome is a common style of effusive eruption which can occur 

before or after explosive events. In addition, the magma discharge and effusion rates 

are much smaller than in explosive events, and can continue at a low rate for long 

durations (Pallister et al., 2013). 

 Explosive eruptions include high emission rates but short duration impacts (Nakada 

et al., 2016). 
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Fig. 5.25. Sketch showing the type of eruptive activity and growth process in chronological order of Volcán 

de Colima from 2013 to 2016.  
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6. Conclusions 

Lava domes forming at Volcán de Colima show growth processes that evolve with time. 

For the 2013 and 2016 lava domes, we observed that they started with exogenous growth, 

and then changed to endogenous growth, with a continuous fall of material around the 

flanks. In addition, during the endogenous growth period there were intermittent short 

periods of extrusion of material overflowing the crater down the flanks. 

Volcán de Colima is characterized principally by its effusive eruptive activity. However, 

during the period 2013-2016, it experienced different eruptive phases: effusive which is 

recognized by the lava dome formation, and explosive which is defined by variable sized 

vulcanian eruptions, and one Pelean eruption that destroyed the whole 2007-2010 lava 

dome. Between these phases, periods of quiescence were recognized, characterized by low 

activity and lack of morphological changes in digital images.  

The highest temperatures, between ~350 and ~500 ºC, are related to the preliminary phase 

of lava dome growth, and strong explosive events. During the other phases, average 

temperatures range from ~200 to ~350 ºC.  

Finally, using temperatures, type of extruded material and effusion rates calculated, we 

defined four stages for the lava dome growth of 2016. We found that the maximum effusion 

rate in this period was ~3.08×10
4 

m
3
days

-1
, related to increased temperature, and extruded 

material of type III, which is unique to this 2016 growth process.  

For future work, we recommend to continue to monitor these changes. Furthermore, 

combining these analyses with geochemical studies would allow one to have a better idea 

of the magma composition, and thereby more accurate estimates of the conditions such as 

depth and temperature at which these lavas are being formed. Additionally, taking good 

GPS points during monitoring flights will help to provide more accurate measurements of 

the different dimensions of the crater (diameter and depth), which would allow us to 

calculate more precise effusion rates.  
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