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Abstract 
 

Volcán de Colima is an active, continental arc stratovolcano in western Mexico, and its 

persistent activity presents hazards to >750,000 people near the volcano. The volcano 

has a history of Plinian eruptions, the most recent in 1818 and 1913, and less intense 

interplinian activity characterised by transitions between effusive and explosive events, 

such as the most recent 2013-17 eruption. The processes which control these eruptive 

style changes and timing of eruptions is still poorly understood. The relationship between 

pre-eruptive magmatic processes, such as magma storage, recharge and mixing, and 

volcano monitoring data is also poorly known, yet it is key to accurately interpreting 

monitoring data and understanding future hazards. In this study, mineral chemistry, 

petrography and diffusion modelling of the crystal cargo were combined to investigate 

the role of magma recharge during the 2013-17 eruption, and to investigate the 

relationship between recharge events and the monitoring record. The findings show that 

these andesites contain a diverse crystal cargo, recording complex pre-eruptive magmatic 

processes, and formed in a mid-crustal storage plumbing system at c.15 km depth. Here, 

evolved magmas are stored within a heterogeneous crystal mush and are occasionally 

recharged and mixed by mafic magmas before migrating into shallower reservoirs prior 

to eruption. Despite evidence of mafic recharge, a change in bulk composition towards 

mafic compositions was not observed. Long residence timescales of decades to centuries 

are recorded in evolved magmas, in contrast to shorter residence times of weeks to 

months in mafic magmas, indicating that mafic injections are ephemeral events within the 

evolved crystal mush. Placing these recharge events in time shows a strong relationship 

between some recharge events and features in the volcano monitoring record, which may 

be useful for interpreting monitoring data in the future. The findings suggest that Volcán 

de Colima is an open-system, steady-state volcano, where the magmas and crystal mush 

are kept in a persistently warmed and near-eruptible state, a feature recognised at an 

increasing number of arc volcanoes. 
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1.1  Changing viewpoints - from magma chambers to crystal mush 

Volcanic and magmatic systems represent one of the principal forms of interaction 

between interior and surface of the Earth, by transferring thermal energy from the interior 

to the exterior of the planet (Wright and Flynn, 2004), presenting short- and long-term 

influences on atmospheric and biogeochemical cycles (Robock, 2000; Delmelle et al., 

2015), and modulating the long-term evolution and composition of the continental crust 

(Rudnick and Gao, 2014). For human societies, volcanoes are drivers of social change, 

with over 800 million people living within 100 km of potentially active volcanoes 

worldwide (Brown et al., 2015). These populations are exposed to both the rewards and 

potential risks from volcanic hazards (McNutt, 2015). The immediacy of their impacts 

and the vulnerability of those they affect drives scientific research in this field and has 

spurred volcanology towards more effective and applied goals. Away from the purely 

utilitarian means, volcanoes are some of the most awe-inspiring and sublime natural 

phenomena and providing inspiration to many fields, from entire cosmologies (McNutt, 

2015) to the work of this interested author.  As a result, there is great interest to 

understand volcanic phenomena, both to understand how volcanic systems work and to 

mitigate their associated volcanic hazards.   

Nowhere is the intersection of global tectonics, magmatic processes, and unpredictable 

hazards more apparent than in volcanic arcs. Arcs represent the surface expressions of 

subduction processes at the plate margin, which involve the destruction and recycling of 

oceanic lithosphere, the transfer of volatiles and sediments into the deep Earth, and the 

formation of complex magmatic systems on the overriding plate which generate violent 

volcanic eruptions (e.g., Arculus and Powell, 1986; Hildreth and Moorbath, 1988; 

Hawkesworth et al., 1993, 1994; Plank and Langmuir, 1993; Gaetani and Grove, 1998; 

Sisson et al., 2005; Tatsumi, 2005; Reubi and Blundy, 2009; Straub et al., 2020). Subducted 

crust and sediments are transported into the asthenospheric mantle (Tatsumi, 2005; 

Straub et al., 2020) and subjected to dehydration reactions that drive off volatiles and 

fluids into the overlying mantle wedge (Hawkesworth et al., 1993, 1994; Plank and 

Langmuir, 1993). This flux of fluids causes a reduction in the solidus temperature 

(Gaetani and Grove, 1998), generating partial melts in the mantle wedge, as well as the 

addition and incorporation of partial melts from subducted sediments and, in rare cases, 

altered crust (Arculus and Powell, 1986; McDonough, 1991; Hawkesworth et al., 1993, 

1994; Tatsumi, 2005). These processes are the ultimate origin of magmas at volcanic arcs.  
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However, in the distance between the locus of melt generation in the mantle wedge to 

eruption at the surface, often only 20-80 km, significant changes occur to these primary 

magmas. In recent years, the understanding of this section of magmatic systems has 

changed profoundly.  A consensus has emerged that challenges a central paradigm in 

volcanology, that of the long-lived crustal magma chamber that feeds volcanic eruptions 

(Figure 1.1A). The melt-dominated magma chamber model has been a central concept in 

volcanology for over a century (Bowen, 1928). It proposes that relatively large, discrete 

storage regions exist in the upper crust, dominated by melt with small quantities of 

crystals and dissolved gases. Primitive melts from the mantle ascend and recharge into 

the chamber; and within the chamber, crystals fractionate, magma compositions evolve, 

and magmas are periodically erupted from the system. Crucially, these large reservoirs 

reside beneath the volcano for its entire lifetime, only at certain volcanoes are eruptions 

large enough to cause the chamber to collapse, creating calderas. When the supply of 

magma to the chamber diminishes and volcanic activity wanes, the magma chamber 

eventually solidifies into a pluton. 

However, as analytical, geophysical, and numerical modelling methods and techniques 

have advanced, closer scrutiny has been applied to the ‘magma chamber’ model and the 

model has undergone extensive re-evaluation and re-examination (e.g., Bachmann and 

Bergantz, 2004; Cashman et al., 2017; Sparks et al., 2019). Advances in analytical methods 

and microanalytical techniques such as electron microprobe analysis (EMPA), laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), secondary ion 

mass spectrometry (SIMS) and thermal ion mass spectrometry (TIMS) have allowed for 

more detailed analysis of crystal chemistry and characterisation of mineral textures (e.g., 

Blundy and Shimizu, 1991; Reed, 2005; Charlier et al., 2006; Davidson et al., 2007; 

Cashman and Blundy, 2013; Carlson, 2014; Ireland, 2014; Ubide and Kamber, 2018; 

Chew et al., 2021). Evidence provided by these detailed microanalytical studies shows 

that, despite the whole-rock geochemical homogeneity of arc lavas, the textures and 

geochemistry of crystals testify to complex multi-stage crystallization, mixing, melting, 

fractionation, storage, remobilisation, and homogenisation events that occur throughout 

the history of the crystals from formation to eruption. These findings force us to 

reinterpret crystals within magmas from being hosted in a static magma chamber towards 

being a constituent part of crystal ‘cargoes’, comprising diverse groups of crystals each 

with distinct histories and petrological pathways, within a dynamic magmatic system. 
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Figure 1.1. Contrasting models of magmatic systems. 1.1A shows the melt-

dominated magma chamber model of Bowen (1928), comprising a long-lived, large 

reservoir of melt beneath the volcanic centre, fed by dykes from the base of the 

crust. 1.1B is the ‘Trans-Crustal Magmatic System’ or ‘crystal mush’ model of 

magma storage, composed of a network of small, ephemeral reservoirs, in the form 

of dykes or sills, within a ‘mush’ of crystals with small degrees of melt, extending 

from the base of the crust to the surface. Adapted from Cashman et al. (2017).  

Although the magma chamber model suggests the presence of liquid bodies of magma at 

every volcano, geophysical and geodetic studies have only identified discrete magma 

chambers in a small number of active systems (Magee et al., 2018; Paulatto et al., 2019; 

Segall, 2019). This suggests that the ‘magma chamber’ model is only applicable under 

certain conditions. Instead, geophysical studies (Koulakov et al., 2011; Ward et al., 2014; 

Koulakov et al., 2016; Spica et al., 2017) frequently identify broad low-velocity zones 

beneath many volcanoes. Geophysical and numerical modelling (Gelman et al., 2013; 

Annen et al., 2015) also suggest that large liquid-dominated magma bodies in the shallow 

crust would be mechanically and thermally difficult to sustain on long timescales. Thus, 

a model of more dispersed, small-volume melts within a broader framework of solid 

crystals satisfies both the theoretical models and the geophysical data for many magmatic 

systems.   
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An alternative interpretation of the petrological, geochemical and geophysical data is the 

‘trans-crustal magmatic system’, also known as the ‘magma mush’ or ‘crystal mush’ model 

of magma storage in the crust as shown in Figure 1.1B (Bachmann and Bregantz, 2004; 

Annen et al., 2006; Cashman and Blundy, 2013; Cooper and Kent, 2014; Cashman et al., 

2017; Jackson et al., 2018; Cooper et al., 2019; Edmonds et al., 2019). This model 

proposes that magmatic systems comprise long-lived storage regions dominated by 

crystals with small (<25%) amounts of interstitial melt, fluids and exsolved volatiles. 

Interstitial melt rises through the crust via a ‘plumbing system’ of thin ephemeral lenses 

or melt reservoirs connected by a network of dykes, which promote storage and growth 

of crystals. However, these semi-solid bodies may be unstable, with new magma 

occasionally injected into the reservoirs resulting in mixing with extant magma and 

remobilisation of crystals. This process may occur several times as the magma ascends to 

the surface. On short timescales, magmas may intrude into these reservoirs and mix, 

fractionate, remelt, remobilise previously crystallised materials and exsolve volatiles 

before being erupted. On longer timescales, repetitive recharge and reactive melt 

transport through the crystalline framework may alter the bulk composition of the magma 

(e.g. Jackson et al., 2018; Bennet et al., 2019; Lissenberg et al., 2019). Arrival of new melt 

at the base of the system may result in a more widespread disruption and overturn of the 

mush, releasing interstitial melt and resulting in sudden ponding of melt in the upper crust, 

leading to large-volume eruptions in certain systems.  

From a petrological perspective, these two models present incompatible modes of magma 

storage and evolution, and so this discrepancy needs to be addressed to understand 

volcanic systems and their evolution. The crystal mush model is also being increasingly 

adopted to explain other volcanic plumbing systems at mid-ocean ridges (e.g., Lissenberg 

et al., 2019), ocean islands (e.g., Albert et al., 2019; Wieser et al., 2019), rift volcanoes (e.g., 

MacDonald et al., 2008; Gleeson et al., 2017) and continental hotspots (e.g., Girard and 

Stix, 2009; Shamloo and Till, 2019). This also has a direct application to volcano 

monitoring, as understanding the dynamics of the plumbing system at active volcanoes is 

key to accurately interpreting volcano monitoring data and to interpret changes in styles 

of activity as precursors to imminent eruptions (Pritchard et al., 2019). This is especially 

true of continental arc volcanoes, which are some of the most explosive volcanoes on 

Earth and hence pose the most significant hazards to surrounding communities. 
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1.2 What can crystal cargoes tell us about magmatic systems?  

Crystal cargoes are collections of crystals within magmas, including phenocrysts, 

antecrysts (crystals grown from melts which existed at different times and places in the 

magmatic system), and xenocrysts (crystals considered to have been sourced from outside 

the magmatic system) (Davidson et al., 2007; Bachmann and Huber, 2016; Ganne et al., 

2018; Holness et al., 2019; Mangler et al., 2020; Zellmer, 2021). Crystal cargoes therefore 

represent a record of the processes that have occurred in the magmatic system, 

information which is otherwise inaccessible from whole-rock compositions due to 

efficient homogenisation of arc magmas (e.g., Charlier et al., 2007; Davidson et al., 2007; 

Huber et al., 2009; Burgisser and Bergantz, 2011; Mangler et al., 2020). Hence, the 

physico-chemical conditions of the magma plumbing system can be reconstructed, such 

as the magma composition, temperature, pressure, oxidation state, the presence or 

saturation of volatiles, and the timescales of magmas storage and mixing (e.g., Blundy and 

Cashman, 2008; Costa et al., 2008, 2020; Putirka, 2008). Understanding these basic 

variables is critical to interpret petrological and geochemical data, to form accurate 

models of plumbing systems, and to distinguish the role played by different magmatic 

processes.  

Magmatic processes occur on different timescales and in different parts of the magmatic 

system (e.g., Cooper et al., 2019; Costa et al., 2020). Whilst constraining intensive 

magmatic variables such as T, P, fO2, Xvolatiles is relatively straightforward, determining the 

timescales of the different processes is more challenging and has profound implications 

for interpretation. One method for timing magmatic processes is ‘diffusion chronometry’ 

(e.g., Zellmer et al., 1999; Costa et al., 2003; Morgan et al., 2004; Costa et al., 2008; Petrone 

et al., 2016; Cooper et al., 2019; Costa et al., 2020).  

Whenever a change occurs in the intensive conditions of the magma, the composition of 

the growing crystal will be altered. This change in composition forms a zone within the 

crystal, with different compositions on either side of the boundary. Diffusion 

chronometry uses the diffusion of elements across these boundaries to calculate a 

residence timescale for the crystal. The known diffusion rate of elements is used to 

reconstruct the diffused zone boundaries and to calculate the time required to produce 

these diffuse boundaries. This allows us to constrain how long the crystals were stored in 

the magma between the change in magmatic conditions and the eruption. 
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The method has been successfully used in several mineral species (e.g., olivine, plagioclase, 

pyroxene, quartz), element diffusion systems (e.g., Fe-Mg diffusion in olivine and 

pyroxene, Ca-Na in plagioclase, H in olivine and pyroxene, and Ti and Al in quartz), 

timescales (e.g., very short timescales of hours to hundreds of years and millennia) and 

different magmatic settings (e.g., arc volcanoes, mid-ocean ridges, ocean islands; Costa et 

al., 2008; Dohmen et al., 2017, Costa et al., 2020) (Fig. 1.2). Of particular interest are 

pyroxenes, which grow over a significant range of T-P-X conditions, and can effectively 

record the pre-eruptive magmatic conditions over large parts of the plumbing system. 

Diffusion coefficients for Fe-Mg interdiffusion in pyroxenes are also relatively well 

constrained (e.g., Schwandt et al., 1998; Dimanov and Sautter, 2000; Dohmen et al., 2016). 

Finally, the timescales seen in this system are suitable for investigating the timescales of 

magmatic processes at arc volcanoes.  

Constraining the timescales of different magmatic processes is essential to understanding 

their role in magma migration, changing the composition of the magmas, and triggering 

eruptions. Magma recharge and mixing are key processes which modify the composition 

of magmas and their constituent minerals (e.g., Streck, 2008).  Mafic recharge into evolved 

magma reservoirs can also provide additional heat and volatiles that can trigger eruptions 

(e.g., Anderson, 1976; Sparks et al., 1977; Murphy et al., 2000; Eichelberger et al., 2006; 

Ruprecht and Bachmann, 2010; Ruprecht and Plank, 2013; Cashman and Giordano, 

2014), and can lead to disaggregation and fragmentation of the crystal mush.  

Diffusion chronometry can therefore provide good constraints on the timescales of 

mixing and storage and the timing of eruptions, and has been used extensively for this 

purpose (e.g., Zellmer et al., 1999; Morgan et al., 2004; Kahl et al., 2011, 2013, 2016; 

Druitt et al., 2012; Saunders et al., 2012; Allan et al., 2013; Kilgour et al., 2014; 

Chamberlain et al., 2014; Petrone et al., 2016, 2018; Hartley et al., 2016; Flaherty et al., 

2018; Pankhurst et al., 2018; Mutch et al., 2019a, 2019b; Metcalfe et al., 2021). For 

example, mixing between two contrasting magmas results in the growth of an outer rim 

of a different composition to the interior of a crystal (Costa et al., 2008; Costa et al., 2020). 

Diffusion will then occur efficiently at magmatic temperatures, with the extent of 

diffusion and re-equilibration across the boundary proportional to the amount of time 

spent in the reservoir. Following eruption, diffusion will effectively cease, and this process  
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Figure 1.2. Application of diffusion chronometry to volcanic systems over 

different timescales, mineral species, and volcanic systems. Adapted from Costa et 

al. (2020). 1.2A shows the range of resolvable timescales for different diffusion 

systems in different minerals, either in basaltic (T = 1200ºC) or rhyolitic (825ºC) 

systems, taken from a suite of experimental studies (Costa et al., 2020 and 

references therein). 1.2B shows the application of diffusion chronometry to resolve 

mixing-to-eruption timescales of different mineral systems in different volcanoes 

and bulk magma chemistry (Costa et al., 2020 and references therein).  
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will be recorded in the crystal as a diffuse boundary between the rim and interior. 

Modelling this boundary allows us to calculate how long the crystal resided in the 

reservoir prior to eruption, and, if the eruption time is known, then the time when the 

mixing event occurred can be estimated (Costa et al., 2008; Costa et al., 2020).  

As recharge and mixing are key processes of magma interaction with different parts of 

the crystal mush, this has wider implications for how the dynamics of the crystal mushes 

are interpreted. Crystal cargoes and their zoning patterns record not only simple mixing 

between two magmatic end-members, but complex patterns revealing multiple episodes 

of recharge and mixing with magmas of different temperatures and evidence of 

remobilisation and disaggregation of previously crystallised crystal mush (e.g., Davidson 

et al., 2007; Ubide and Kamber, 2018; Di Stefano et al., 2020). The simple zoning 

assumption also considers the magmas to be isothermal, however complex zoning shows 

the system to be more dynamic and often non-isothermal (e.g., Petrone et al., 2016, 2018; 

Petrone and Mangler 2021). Thus, advanced diffusion models are required to capture this 

variation in magmatic conditions. Evidence for multiple recharge events in some 

volcanoes increasingly suggests that simple mixing may not trigger eruptions and 

destabilisation and disaggregation of the mush, and that multiple events may be required 

to gradually tip the system towards eruption (e.g., Bergantz et al., 2015). This has 

important implications for the controls, timing and style of eruptions, and hence linking 

timescales of magmatic processes with the eruption timing, changes in style, and volcano 

monitoring data important for hazard assessment. Diffusion chronometry provides an 

invaluable tool to unlock the story of magmatic processes and address key goals in 

modern volcanology, such as why, how and when do arc volcanoes erupt. 

1.3  Volcán de Colima, Mexico  

Volcán de Colima is a highly active stratovolcano in western Mexico that presents a 

significant hazard to nearly a million local residents (Gavilanes-Ruiz et al., 2009) (Fig. 1.3). 

The populations immediately surrounding the volcano are mostly small rural settlements, 

and large eruptions could present a major hazard to the cities of Colima (30 km southwest 

of the volcano, population ~700,000) and Ciudad de Guzmán (25 km northeast of the 

volcano, population ~100,000) (INEGI, 2021), and could cause widespread disruption 

throughout the states of Colima and Jalisco. A large eruption at Volcán de Colima, similar 

to the most recent Plinian eruption in 1913, would impact several million people, as well 

as impacting aviation, transport and food systems throughout central Mexico. 
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Figure 1.3. Location map and aerial photographs of Volcán de Colima. 

Photographs of Volcán de Colima, taken during an overflight of the volcano during 

fieldwork in May 2018 by Gerallt Hughes. Note the fumarolic activity in the crater 

resulting in a plume of volcanic gas trailing to the east away from the crater. 1.3A 

shows the cone with lava flows clearly present on all sides, and set within the 

collapse scar bounding the Playón (looking N). Inset map shows the location of 

Volcán de Colima within Mexico and the Trans-Mexican Volcanic Belt (TMVB). 

1.3B shows the volcano at dawn with prominent plume trailing towards the east, 

and the peak of Nevado de Colima in the distance (looking N). 

Volcán de Colima exhibits different eruptive styles which may be cyclical (Luhr and 

Carmichael, 1980, 1990; Robin et al., 1991). Interplinian eruptive periods are characterised 

by effusive lava flows, slow dome growth and destruction cycles, with small-to-medium 

sized Vulcanian explosive eruptions and pyroclastic flows. Interplinian periods are 

separated by highly explosive sub-Plinian and Plinian eruptions, generating ash columns, 

long-runout pyroclastic flows and ashfall over a wide region (Luhr and Carmichael, 1982; 

Luhr et al., 2010; Crummy et al., 2014; Connor et al., 2019). The most recent Plinian 

events occurred in 1818 and 1913 (Saucedo et al., 2005), hence understanding the most 

recent 2013-17 interplinian period may be timely and provide an insight into recent 

changes in the magmatic system approximately one century after the last Plinian eruption.  

The relatively small eruptions in 2013-17 presented several volcanological hazards, such 

as pyroclastic flows, ashfall, lava flows, and lahars. Because of potential risks to the local 
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populace, a monitoring programme has been run by the University of Colima since the 

late 1980s, comprising a permanent seismic and observational camera network and 

periodic gas monitoring.  

Significant effort has been made to understand the eruptive activity of Volcán de Colima. 

Petrological studies have identified upper crustal reservoirs and vapour-saturated 

conditions at depths of typically <8 km for magmas erupted during previous interplinian 

phases of activity (Atlas et al., 2006; Reubi and Blundy, 2008; Reubi et al., 2013). 

Experimental data also suggests shallow storage in the upper crust (Moore and 

Carmichael, 1998). However, these studies considered ‘complexly zoned’ crystals to be 

antecrysts from another part of the magmatic system and were not included in their 

studies. Thus, this neglects certain parts of the crystal cargo which can provide the most 

valuable information. Furthermore, geophysical studies indicate that a significant, broad, 

low velocity body (LVB) in the mid-crust contains a significant proportion of melt (Spica 

et al., 2017; Sychev et al., 2019), which has not been studied from a petrological 

perspective.  

Therefore, the key questions on the nature of the plumbing system can be summarised 

in three broad gaps in the knowledge:  

1) Better constraints on the dynamics of the plumbing system are required, especially 

below the shallow storage region in the upper crust. Although the nature of the 

shallow storage region is relatively well constrained, and significant work has been 

made into the origins of melts (Carmichael et al., 2006; Verma and Luhr, 2010), 

comparatively little work has been done to constrain the magmatic conditions 

within the plumbing system as recorded by the crystal cargo, which is rich in 

evidence of zoning and disequilibrium. This is especially true if the LVB within 

the mid-crust is a crystal-mush type body (Spica et al., 2017; Sychev et al., 2019). 

A detailed study of the crystal cargo, especially the zoned crystals, of the most 

recent eruptions is required. 

2) Role of mafic magma recharge during eruptions and degree of influence on 

eruption timing and style are poorly known.  Most authors agree that injection of 

mafic melts from deeper parts of the volcanic system (e.g., Atlas et al., 2006; 

Macías et al., 2017) and occasionally unrelated alkalic melts (Luhr et al., 2010; 

Crummy et al., 2014), can trigger Plinian eruptions at Volcán de Colima. Whilst 
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the precise role of magma recharge and mixing during Plinian eruptions has been 

discussed elsewhere (Atlas et al., 2006; Savov et al., 2008; Luhr et al., 2010; 

Saucedo et al., 2010; Crummy et al., 2014; Macías et al., 2017), the role of magma 

recharge during the interplinian phases has been given little attention, despite its 

importance for forecasting future eruptions. In addition, the timescales of magma 

storage in the crystal mush have yet to be constrained and links between the 

mixing events and timing of eruptions have yet to be explored.  

3) The link between magmatic processes, particularly magma recharge, and 

monitoring data is still largely unclear. The mechanisms which generate the signals 

collected at monitoring stations are not fully known. This is partly due to the lack 

of a robust model of the magmatic system from which to interpret the monitoring 

data. Therefore, the model for Volcán de Colima requires reassessment to 

consider processes deeper within the crystal mush. A better understanding of the 

role played by mafic recharge and timing of recharge and mixing processes will 

be required; along with a direct comparison between timed recharge and mixing 

events and monitoring data.  

The postulated 100-year cyclicity of Plinian activity at Volcán de Colima, and the century 

that has elapsed since the last Plinian event, makes this study timely and necessary from 

a hazard perspective. Luhr and Carmichael (1980, 1990) suggested that activity becomes 

gradually more mafic prior to a Plinian event, implying that magma recharge and mixing 

must occur during the interplinian phase. These continuous processes make it critical to 

study the most recent volcanic deposits for insights into the current state of the magmatic 

system and to understand the role of possible mafic injections during the most recent 

activity. Volcán de Colima also provides an ideal case study to explore the relationship 

between the timescales of mafic recharge and mixing, mush disaggregation, eruption 

timing and style and the monitoring data; and these findings can be applied to other arc 

volcanoes which also display these classic interplinian styles of activity. 

1.4  Motivation for study 

Assessment of the hazards associated with volcanic activity is based on an accurate 

understanding of the volcanic system and potential for future eruptions, and monitoring 

volcanic activity requires both appropriate methods and correct interpretation. Using an 

incorrect geological model to interpret volcano monitoring activity can lead to 
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misinterpreted data, inaccurate analysis, and potentially to incorrect hazard planning and 

mitigation. Whilst whole-rock compositions can provide valuable information such as 

greater mafic input leading up to eruptions (Luhr and Carmichael, 1990), detailed mineral 

population studies are essential to unlock more subtle information about magma 

dynamics and to build an accurate model of the plumbing system. The storage conditions 

and magma mixing processes need to be constrained and the relationship between the 

timescales of residence and mixing needs to be determined.  

This study aims to address these questions directly by applying petrological, geochemical 

and modelling tools to understand the conditions of magma storage and mixing and to 

define the main magmatic environments in the plumbing system. This work aims to 

address the current lack of data on these storage, mixing and remobilisation processes 

through the use of diffusion chronometry modelling and integrating petrological data 

with timescales. This will allow for accurate modelling of the plumbing system with a 

better understanding of timescales of pre-eruptive processes. Finally, this work aims to 

link timed magmatic processes directly with volcano monitoring data to better understand 

this relationship in past eruptions and improve volcano early-warning systems, hazard 

and long-term risk reduction planning for future eruptions.  

1.5 Aims, objectives and research questions  

The specific aims of this project are therefore to: 

1) Constrain the different magmatic environments within the plumbing system using 

microanalytical and textural studies of the crystal cargo. 

2) Quantify the intensive variables (particularly temperature and pressure) of the 

magma storage regions using mineral chemistry and thermobarometry models. 

3) Understand the dynamics of the plumbing system, especially below the shallow 

storage region in the upper crust.  

4) Quantify the storage timescales of crystals within different magmatic 

environments using diffusion chronometry modelling. 

5) Understand the role of magma recharge and mixing during eruptions and 

understand the relationship between mixing events and eruption timing and 

changes in style.  
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6) Link magmatic processes with volcano monitoring data to assess the extent to 

which mafic recharge events can be recognised in the monitoring record.  

The key questions this study aims to address are: 

1) Under what conditions (T, P, X, fO2) are the different crystals of the crystal cargo 

formed within the magmatic system? 

2) What processes are recorded in the crystal cargo, and are there differences in 

processes through the 2013-17 eruptive period? 

3) What do the petrological processes recorded in the crystal cargo tell us about the 

magma plumbing system? Are current models accurate? 

4) What are the timescales of magma storage of the phenocrysts? 

5) Does the crystal cargo record a range of timescales of storage, are there systematic 

differences between crystals with different textures, and what does this tell us 

about the magmatic system?  

6) Do the mafic recharge and mixing events correlate with volcano monitoring data 

and what is the temporal and physical relationship between them? 

1.6  Structure of the thesis 

In Chapter 2, the geological context and current understanding of the magmatic system 

of Volcán de Colima are reviewed and the main gaps in understanding are identified. The 

literature on diffusion chronometry is also briefly reviewed to discuss the fundamental 

principles and how these can be applied to magmatic systems and linking magmatic 

timescales to monitoring data. The broad knowledge gaps identified in this chapter and 

key areas of interest will be discussed.  

Chapter 3 presents the methods and techniques used in the data collection, analysis and 

modelling. The specific requirements, assumptions and limitations for the diffusion 

chronometry modelling used in this study are also considered. 

In Chapter 4, the petrological and geochemical data for samples erupted during the 2013-

17 interplinian phase are presented, and the storage, evolution and magmatic recharge 

processes recorded in the crystal cargo are discussed. These findings are interpreted 
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within the current understanding of the plumbing system, the significance of magma 

mixing events in the system is discussed; and the mixing events are interpreted in light of 

the recent interplinian activity and what this may mean for cyclic volcanic activity. These 

findings have been published as an article in the Journal of Volcanology and Geothermal 

Research. 

In Chapter 5, elemental diffusion modelling is used to calculate the timescales of 

magmatic processes, a discussion on their meaning and further interpretation of 

magmatic system processes, and implications for eruption timing and eruptive style.  

In Chapter 6, the results of the diffusion chronometry modelling and the timed 

interpretation of the recent magmatic events are compared with the monitoring data. The 

data will be interpreted to understand the temporal and physical relationships between 

mixing events and their appearance in the monitoring record, and to gain insights into 

the magmatic system and how unrest can be interpreted. 

Chapter 7 provides a synthesis of the findings of this study and places the implications 

within the larger context of the volcanic system at Volcán de Colima, along with a 

discussion on the potential for future avenues of research.  
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2.1 Introduction 

This chapter will outline the context of this research, summarise the current activity and 

understanding of the volcanic system at Volcán de Colima and highlight the gaps in our 

current knowledge. The theoretical background to the main method used in this study, 

diffusion chronometry, is considered and the examples of where this has been previously 

applied at other volcanic systems are discussed, and how this useful tool can be applied 

to the Volcán de Colima magmatic system.  

2.2 Volcán de Colima 

2.2.1 Geological and geodynamic context 

Volcán de Colima is a 3860 m high stratovolcano in western Mexico and is the youngest 

edifice of the Colima Volcanic Centre (CVC), one of several volcanic centres throughout 

the Trans-Mexican Volcanic Belt (TMVB). The TMVB is formed by subduction of the 

Rivera and Cocos plates in a north-east direction beneath the North American plate (Luhr 

and Carmichael, 1980; Allan and Carmichael, 1984), with the Cocos plate subducting at a 

shallow angle in a NE direction at between 52 and 59 mm/a, and the Rivera Plate 

subducting at a steeper angle in a N-NE direction at approximately 24 mm/a (Dougherty 

et al., 2012). 

The TMVB is a 1000 km long, east-west trending continental volcanic arc, and has a 

complex tectonic and geodynamic history as reflected in the diversity of volcanic activity 

within the belt (Fig. 2.1) (Gómez-Tuena et al., 2011; Ferrari et al., 2012; Petrone et al., 

2014). Volcanic activity at the TMVB initiated in the Oligocene at approximately 30 Ma 

(Gómez-Tuena et al., 2007). By the mid-Miocene, a volcanic arc of basaltic-andesite 

composition formed, and volcanic activity migrated away from the Middle America 

Trench (MAT) due to flattening of the subducting Cocos plate beneath the North 

American plate (Gómez-Tuena et al., 2007; Ferrari et al., 2012). By the late Miocene, an 

episode of mafic volcanism occurred in the arc and may have been the result of slab 

detachment (Ferrari, 2004; Orozco-Esquivel et al., 2007; Petrone et al., 2014). By the early 

Pliocene, volcanism again changed to more silicic, caldera-forming eruptions dominated 

by dacite and rhyolite, and since the late Pliocene to the present, rollback of the Cocos 

slab due to increasing dip has resulted in a change to basaltic andesite and andesitic 

volcanism, and a shift in volcanism towards the trench (Gómez-Tuena et al., 2007; Ferrari 

et al., 2012, Petrone et al., 2014).  
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Figure 2.1. Location maps of the Colima Volcanic Complex. Caption overleaf.  
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Figure 2.1 (overleaf). Location maps of the Colima Volcanic Complex, adapted 

from Ferrari et al. (2012). 2.1A shows the tectonic setting of the western part of 

the Trans-Mexican Volcanic Belt (TMVB), along with the major volcanic terranes 

on the North American Plate. Inset box shows the extents of 2.1B and the triangle 

denotes the Colima Volcanic Complex. 2.1B shows a more detailed map of the 

major tectonic blocks, rift zones, and volcanic regions of the western (TMVB). The 

CVC (inset box) is located at the western end of the Trans-Mexican Volcanic Belt 

(TMVB, brown), comprising a number of volcanic centres through the central belt 

of Mexico. Abbreviations include TZRZ: Tepic-Zacoalco Rift Zone; ChRZ: 

Chapala Rift Zone; CRZ: Colima Rift Zone. White dashed lines mark approximate 

boundaries of each rift zone. As is shown, the volcanic deposits and centres are 

close to major population centres (yellow), including Colima City, Tepic, and 

Guadalajara. Abbreviations from NW-SE, MG: Mecatán graben, SJ: San Juan 

volcano, LN: Las Navajas volcano, Sa: Sangangüey volcano, SP: San Pedro volcano, 

Tp: Tepeltitic volcano, SPC: San Pedro-Ceboruco graben, Ce: Ceboruco volcano, 

ACHg: Amatlán de Cañas half-graben, PB-CM: Plan de Barrancas-Cinco Minas 

graben, PVG: Puerto Vallarta graben, SS: San Sebastián volcanic field, Tq: Tequila 

volcano, LP: La Primavera caldera, SM: San Marcos fault, ZAC: Zacoalco, ZFZ: 

Zacoalco fault zone, CG: Citlala graben, CVC: Colima volcanic complex, MGVF: 

Michoacán-Guanajuato volcanic field, Ta: Tancítaro volcano. 

The western end of the TMVB is located on the Guerrero terrane, composed of 

Precambrian basement (1.5–1.2 Ga, Centeno-García et al., 1993; Urrutia-Fucugauchi and 

Uribe-Cifuentes, 1999) and overlain by mid to late Mesozoic volcanic arcs (Campa and 

Coney, 1983). The terrane is split into three subterranes comprising arc volcanic and 

sedimentary sequences (Telaloapan subterrane) in the east, basalts and sedimentary 

sequences (Arcelia-Palmer Chico subterrane) in the centre, and island arc and sedimentary 

sequences (Zihuatanejo-Huetamo subterrane) in the west (Campa and Coney, 1983; 

Mendoza and Suastegui, 2000). The CVC is underlain by the latter terrane, and hence the 

basement underlying the volcanic complex comprises mostly andesitic to dacitic lava 

flows, volcaniclastic and pyroclastic sequences (Mendoza and Suastegui, 2000).  

The rollback of the Cocos plate under the western part of the TMVB has resulted in the 

extensional forces on the overriding North American Plate, forming several rift zones 

and tectonic blocks (Gómez-Tuena et al., 2007; Gómez-Tuena et al., 2011; Ferrari et al., 
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2012; Petrone et al., 2014). The westernmost margin of the plate split to form the Jalisco 

block, separated from the rest of the plate by the northwest-southeast trending Tepic-

Zacoalco rift zone. Further east, another tectonic block, the Michoacán block, was 

separated from the plate by the east-west trending Chapala rift. The two blocks are 

themselves separated by another rift, the north-south trending Colima rift zone, in which 

the CVC is located (Allan and Carmichael, 1984; Ferrari et al., 2001; Cortés et al., 2010; 

Ferrari et al., 2012; Cortés et al., 2019). As a result of these rifting events, there exists a 

triple junction between the Chapala, Tepic-Zacoalco, and Colima rift zones 

approximately 100 km to the north of the volcano (Norini et al., 2019).  

The Colima Rift itself is well defined in the north (Fig. 2.2), with clear normal faults 

marking the boundaries of the rift, however these faults are less clear in the southern part 

of the graben (Norini et al., 2019).  The CVC itself is cross-cut by several faults including 

north-south trending faults related to rifting, collapse scars, and the Tamazula fault which 

is of uncertain provenance (Garduño-Monroy et al., 1998; Norini et al., 2010, 2019). The 

role that the Tamazula fault plays in the geological structure of the area is still debated, 

with some arguing that it represents shallow fractures related to slumping of the edifice 

(Norini et al., 2010, 2019), whereas others argue that it is a basement structure and a 

controlling factor in the long-term development of the volcanic centre (Garduño-Monroy 

et al., 1998; Spica et al., 2017; Sychev et al., 2019). 

Within the Colima rift zone itself (Fig. 2.2), and mostly associated with early activity CVC, 

are a series of cinder cones scattered across the northern part of the Colima rift and 

towards the junction between the Colima and Tepic-Zacoalco rift zones (Luhr and 

Carmichael, 1981; Allan and Carmichael, 1984; Carmichael et al., 2006). These cinder 

cones represent some of the oldest volcanism in the CVC, and erupted over an extended 

timespan from 12 Ma to 62 ka (Luhr and Carmichael, 1981; Allan and Carmichael, 1984; 

Carmichael et al., 2006). Their chemistry varies between basaltic compositions to alkaline 

basanites and minettes (Luhr and Carmichael, 1981; Allan and Carmichael, 1984; 

Carmichael et al., 2006). These rocks comprise < 1% of the erupted volume of volcanic 

rocks at the CVC but represent some of the most primitive and highly enriched magmatic 

material in the volcanic centre, and it has been argued that these may be primitive 

materials formed from low volume melts of mantle material (Luhr and Carmichael, 1981; 

Allan and Carmichael, 1984; Carmichael et al., 2006; Verma and Luhr, 2010; Crummy et 

al., 2014, 2019). 
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Figure 2.2. Map of the Colima Volcanic Complex. The complex contains several 

volcanic edifices, cinder cones, and major tectonic features. Volcanic edifices are, 

from north to south, Volcán Cántaro, Nevado de Colima and Volcán de Colima, 

as denoted by the white triangles. Cinder cones, marked by the white circles, are 

generally located to the northwest of the current volcanic complex and to the west 

of Volcán Cántaro, though some are present to the north and northeast. Rift-

related faults are present trending generally north to south, and E-W trending 

normal faults dissect Nevado de Colima and the active edifice, including the 

Tamazula fault. Adapted from Norini et al. (2010) and Luhr and Carmichael (1981), 

using satellite imagery from Google Earth.  
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The oldest mature edifice of the CVC, Volcán Cántaro, comprises a composite 

stratovolcano erupted at approx. 1.7 Ma (Luhr and Carmichael, 1980; Allan, 1986; Luhr 

and Carmichael, 1990). Volcanism migrated southward to form the larger and more 

complex Nevado de Colima edifice, c. 15 km to the south of Cántaro (Luhr and 

Carmichael, 1980; Robin et al., 1987; Luhr and Prestegaard, 1988; Robin et al., 1990; 

Stoopes and Sheridan, 1992; Cortés et al., 2010, 2019) at c. 0.53 Ma. The volcanic history 

at Nevado de Colima comprises lava flows and explosive eruptions, but was notably 

punctuated by large gravitational collapse events, resulting flank collapses to the south 

and south east, deposition of debris avalanche deposits, formation of collapse scars, and 

faulting on the edifice (Robin et al., 1990; Stoopes and Sheridan, 1992; Cortés et al., 2010; 

2019). The final stages of activity at Nevado de Colima overlapped with the formation of 

the ancestral edifice to the current Volcán de Colima edifice, sometimes referred to as 

Paleofuego, at c. 40 ka (Luhr et al., 2010), although some have argued for volcanism at 

Volcán de Colima at 97 ka or earlier (Cortés et al., 2019). 

The activity at Paleofuego appears to have been similar to Nevado, with effusive and 

explosive eruptions punctuated by multiple large gravitational collapse events and larger 

explosive eruptions (Luhr and Carmichael, 1980; Robin et al., 1987; Luhr and Prestegaard, 

1988; Luhr and Carmichael, 1990; Stoopes and Sheridan, 1992; Cortés et al., 2010; Luhr 

et al., 2010). The volcanic edifice is thought to have been approximately the size of the 

current Nevado edifice (c. 4200 m a.s.l.) at the time of collapse events, including one at c. 

7 ka which may have formed the collapse scar or fault structure between the peaks of 

Volcán and Nevado, and the plateau area between the scar and the current edifice known 

as the Playón (Cortés et al., 2019; Fig. 1.2A). Although Cortés et al. (2019) argues that the 

current edifice grew within the collapse structure, the presence of debris-avalanche 

deposits, dated at c. 3.6 and 2.5 ka, suggest that the modern edifice has also experienced 

at least partial destruction and collapse, and that the scars from these events are buried 

beneath later volcanic deposits (Cortés et al., 2019). 

Volcanism initiated at Volcán de Colima at c. 4 ka and, similar to the previous Nevado 

and Paleofuego volcanoes, the edifice currently comprises a composite stratovolcano of 

andesitic lava flows, tephra, and pyroclastic deposits (Cortés et al., 2010) and volcanic 

activity is ongoing. The current edifice has an area of approximately 20 km2 and a volume 

of approximately 9 km3 (Cortés et al., 2010), relatively small compared to the estimated 

volume of the volcanic complex of approximately 900 km3.  
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2.2.2 Historical activity at Volcán de Colima 

A summary of the historical (16th Century) to present activity is presented in Figure 2.3, 

identifying the recorded eruptions at the volcano. At least five major eruptions as well as 

numerous accounts of interplinian activity have been recorded at Volcán de Colima 

Whilst evidence for past activity at the volcano, also known as Tzapotlán or Tzapotépetl 

in Nahuatl (Breton-González et al., 2002), survives anecdotally in indigenous knowledge 

and beliefs, the lack of written records limits our knowledge of the volcanic activity to 

after the Spanish invasion in the mid-1500s (Breton-González et al., 2002). 

 

Figure 2.3. Summary of major eruptions at Volcán de Colima since the 16th 

Century. Adapted from Crummy et al. (2019), using data from Breton-González et 

al. (2002) and Luhr et al. (2010). 

Details of post-sixteenth century eruptions until the late 19th century are, in general, 

anecdotal but give an insight into the eruption dynamics during this period. The written 

records show several periods of activity which could be classed as Vulcanian, as well as 

periods of incandescence and effusive activity (Breton-González et al., 2002 and 

references therein). Several other periods of larger eruptions (e.g., Plinian eruptions in 

1585, 1606, 1622, 1690; Breton-González et al., 2002; Global Volcanism Program, 2021) 

may indicate more intense sub-Plinian and Plinian activity, but this is difficult to 

determine without more data and reliance on sparse eyewitness information. More 

detailed observations are recorded for the eruptions after the 1818 Plinian eruption. 

The first modern scientific observations were recorded during the 1818 and 1913 Plinian 

events (Waitz, 1915; Breton-González et al., 2002; Saucedo et al., 2010). 
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The 1818 event started at approximately 20:00h on 15 February 1818 (Breton-González 

et al., 2002). The event is considered to have ended the previous cycle of interplinian 

activity in the 18th and early 19th centuries and opened the new cycle in the rest of the 19th 

century which ended in the Plinian event of 1913 (Barcena, 1887; Arreola, 1915; Waitz, 

1915; Luhr and Carmichael, 1990). Explosions and ash clouds were noted by the evening 

of 15 February, with ash fall by later that night in nearby towns (Waitz, 1915). Ash also 

fell to the NE of the volcano in the towns of Zapotlán (25 km NE from the volcano), 

Guadalajara (140 km NNE), Guanajuato (310 km NE), Querétaro (360 km NE), 

Zacatecas (385 km NNE), San Luis Potosí (425 km NE), and Mexico City (470 km E) 

(Barcena, 1887; Orozco and Berra, 1888; Breton-Gonzaléz et al., 2002). Incandescence 

and ballistic ejecta were reported and ash fall in nearby towns caused structural damage, 

as seen in Zapotlán close to the volcano (Barcena, 1887), and pyroclastic flows are 

thought to have flowed down Barranca del Muerto on the south eastern flank of the 

edifice. Following the eruption, a plug formed in the crater and several explosions were 

noted in 1819 (Medina-Martinez, 1983), followed by fumarolic activity (Barcena, 1887; 

Arreola, 1915). Although some reports indicate refilling of the crater in the mid-19th 

century, the first confirmed activity occurred during the flank eruption of Volcancito in 

1869 (Barcena, 1887; Luhr and Carmichael, 1990; Breton-Gonzaléz et al., 2002).  

The 1913 Plinian event is one of the most important recent events at Volcán de Colima 

as it is the last major eruption (estimated at Volcanic Explosivity Index (VEI) = 3-4; 

Newhall and Self, 1982) but also it is the largest eruption we know most about from 

reliable eyewitness evidence and subsequent scientific work (Breton-Gonzaléz et al., 

2002). The eruption started in the early hours of the 20 January 1913, with a number of 

small magnitude explosion, before a large explosion and ash cloud formed at 

approximately 11:30h. The ash discharge, formation of large ash column, heavy ashfall, 

pyroclastic flows in multiple ravines, and lightning within the ash column continued until 

the evening (Arreola, 1915; Waitz, 1915; Breton-Gonzaléz et al., 2002). Ashfall, 

pyroclastic flows, and rockfalls were reported for several days following the eruption 

(Waitz, 1915). It is estimated that the top 100 m of the crater was removed during the 

eruption (Waitz, 1915). Ashfall was widely reported in the region and was reported as far 

away as Saltillo, Coahuila State, 725 km NE of the volcano (Waitz, 1915).  

Following the 1913 eruption, effusive activity slowly refilled the crater throughout the 

early 20th Century, and significant lava flows and small explosive eruptions occurred 
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during eruptive periods in 1961-62, 1975-76, 1981-82 and 1991, followed by more recent 

periods of intense effusive and explosive activity in 1998-2005, slow dome growth in 

2007-2011, and, most recently the activity in 2013-2017.  

Volcanic activity recommenced in November 1998, following a 24-year quiescence, when 

a small dome grew within the crater (Luhr, 2002). In the following months, the dome 

overtopped the crater and flowed down the southwestern flanks of the cone to form 

three voluminous lava flows on the southwestern flanks (Varley, 2019). This was followed 

by slow dome growth and explosive activity until 2002, when a new effusive phase of 

activity led to emplacement of short lava flows on the southern to western and eastern 

parts of the cone near the crater (Varley, 2019). Throughout 2003 to September 2004, 

slow dome growth and explosive activity continued, followed by eruption of a large lava 

flow into the Playón to the north in September 2004, then a return to slow dome growth 

(Varley, 2019). Explosive activity resumed and became particularly strong during 2005, 

leading some to question whether a Plinian event was imminent (Varley, 2019). Slow 

dome growth (e.g., Figure 2.4) and occasional small-to-medium explosive activity 

continued until 2006, when the frequency and magnitude of eruptions abated until slow 

dome growth and quiescence in 2011.  Within the literature, the 1998-2005 period is 

considered to be a more active eruptive phase, whereas the 2005-11 period was 

characterised by slow dome growth and quiescence.  

 

Figure 2.4. Photographs of the dome after the 1998-2011 eruptive phase. 2.4A is 

the dome taken on the 26 December 2010 and 2.4B is from the 15 November 2011. 

Both from Varley (2019). 
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2.2.3 2013-17 activity at Volcán de Colima 

The 2013-17 activity is similar to many previous interplinian eruptive periods, such as 

1998-2005, within the overall ‘volcanic cycle’ of Luhr (2002), and had an average 

extrusion rate of c. 0.2 m3/s and peak eruption rates of over 4 m3/s during effusive phases 

in 2014 and 2016 (Thiele et al., 2017; Massaro et al., 2018; Varley, 2019). For the purposes 

of this study, the activity is split into six broad phases on the basis of eruptive style and 

these phases are summarised in the timeline in Figure 2.5.  

These phases comprised effusive lava flows and phases of dome-building and destruction 

via small to moderate explosive activity and associated ashfall (Arámbula-Mendoza et al., 

2018, 2020; Varley, 2019), as shown in Figures 2.6 to 2.10 and the map in Fig. 2.11. A 

summary of the activity during the last five years is presented below, compiled from a 

variety of sources (Capra et al., 2016; Arámbula-Mendoza et al., 2018, 2020; Macorps et 

al., 2018; Varley, 2019; Global Volcanism Program, 2021). 

 

Figure 2.5. Summary of activity during the 2013-17 period of activity at Volcán de 

Colima. The eruptive phase is split into 6 phases for the purposes of this study, 

according to the broad activity at the volcano. Light grey shading in ‘Slow dome 

growth and explosions’ indicate periods where the dome is no longer increasing in 

volume (e.g., during lava flows from the crater) or periods of very slow growth but 

with small explosions. Line extending from Phase 6 refers to continuing seismic 

activity and fumarolic activity following the cessation of eruptive activity. PDCs: 

pyroclastic density currents. Information from the Smithsonian’s Global 

Volcanism Program, Arámbula-Mendoza et al. (2018, 2020), Varley (2019), and 

references in the text.  
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Phase 1 (January 2013-September 2014). Eruptive activity recommenced with explosive 

events on the 6 January 2013, which partially destroyed the previous dome, and resulted 

in small explosions, ash falls and short run-out pyroclastic flows (up to c. 3 km from the 

vent) throughout January and February (Fig. 2.6.) (Arámbula-Mendoza et al., 2018). The 

presence of a new dome was later confirmed on the 11 January during an overflight (Zorn 

et al., 2019). Throughout the remainder of the year, small explosions and slow dome 

growth towards the west occurred and, following the overtopping of the western margin 

of the crater in early April, small rockfalls occurred as the dome and short lava flow 

continued to grow.  This short lava flow is known in this study as the “2013 Crater West 

Lava Flow”. Slow dome growth and explosive activity continued unabated until the end 

of August 2014, but with a reduced rate of extrusion between April and July 2014 

(Arámbula-Mendoza et al., 2018; Varley, 2019; Zorn et al., 2019).  

 

Figure 2.6. Photographs of the 2013 dome-forming effusive and explosive 

eruptions in early 2013. 2.6A is the dome starting to overtop the crater rim with a 

small Vulcanian explosion, taken on the 15 March 2013 (which becomes the 2013 

Crater West Lava Flow). 2.6B is the 11 January 2013 pyroclastic flow deposit (2013 

PDC) in the Playón. Both from Varley (2019). 



Chapter 2: Literature Review 
 

 50 

Phase 2 (September 2014-June 2015). Increased effusive activity in June 2014 resulted in lava 

overtopping the crater in September 2014 and the formation of several lava flows to the 

south-west, west and north-west, and later to the north by June 2015, along with 

intermittent Vulcanian explosions (Arámbula-Mendoza et al., 2018). By early September 

2014, two of the largest lava flows during this current eruptive phase flowed down on the 

western and southwestern sides of the edifice (Fig. 2.7) (Arámbula-Mendoza et al., 2018; 

Global Volcanism Program, 2021). For reference, the southwestern flow is referred to as 

the “2014 El Zarco Lava Flow”, as the lava flow started to flow into the upper reaches 

of the El Zarco ravine; and the western flow is referred to as the “2014 West Playón Lava 

Flow”, as the toe of the flow is located on the westernmost part of the Playón (this flow 

is also referred to in the literature and field reports as the 2014 WNW Lava Flow).  A 

smaller pulse of lava erupted on the southwestern part of the cone in early November, 

forming a short lava flow, the “2014 Crater SW Lava Flow”, and the activity became more 

explosive in December 2014 with small daily explosions continuing into 2015 (Zorn et 

al., 2019).  Activity in the first quarter of 2015 was characterised by multiple daily 

explosions and ash fall over several areas downwind of the volcano (Arámbula-Mendoza 

et al., 2018; Varley, 2019; Zorn et al., 2019), and a new crater was hollowed out of the 

emplaced dome material by the end of January 2015 (Zorn et al., 2019). This sustained 

explosive activity continued throughout February, March and April, with ash clouds and 

ash fall reported in communities within 30 km of the volcano (Global Volcanism Program, 

2021). From May to end of June, there was a general decrease in the frequency of 

explosions and coincided with a period of lava dome growth in the crater, which 

overtopped the rim resulting in rockfalls (Zorn et al., 2019). Between the 30 June and 10 

July, just prior to the large event, an increase in gas emissions, landslides, rockfalls and 

PDCs up to 2.5 km to the northern, western and southern flanks of the volcano was 

recorded (Arámbula-Mendoza et al., 2018), suggesting an increase in activity. 
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Figure 2.7. Photograph of the 2014 lava flows on the western flanks of the edifice. 

Photograph is taken looking a NE direction. The 2014 El Zarco lava flow degassing 

in the weeks after eruption. Obtained from Photovolcanica (2021). 

Phase 3 (10-11 July 2015). Due to its high intensity (VEI 3; Newhall and Self, 1982; Reyes-

Dávila et al., 2016), the 10-11 July 2015 event is separated into its own phase. The 

eruption was complex, with a significant increase in magma effusion rate resulting in the 

rapid collapse of lava domes, generating multiple pulses of PDCs in two principal 

episodes over two days. This was one of the largest and most powerful explosions seen 

at Volcán de Colima since the 1913 Plinian event, emplacing long-runout PDC deposits 

in Montegrande and upper San Antonio ravines on the southern flank of the edifice 

(Fig. 2.8; Macorps et al., 2018), caused multiple extensive ash falls, and prompted 

evacuations. At midday on the 10 July 2015, a large explosion at the crater formed an ash 

plume which extended c. 4 km above the crater (Global Volcanism Program, 2021), and 

sustained explosions throughout the day resulted in pulses of PDCs flowing down into 

Montegrande ravine (Capra et al., 2016), and ash fall was reported in communities within 

20 km of the volcano (including 50 mm of ash in La Yerbabuena, c. 8 km SW of the 

volcano) by the evening (Global Volcanism Program, 2021). This culminated in PDCs, 

reaching up to 10 km from the crater by the 11 July (Capra et al., 2016). In the following 

four days, landslides, rockfalls, ashfall and incandescence were reported until the end of 

the event on the 15 July. The pyroclastic flow emplaced c. 7.7 million m3 of material 

(Macorps et al., 2018).   
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Figure 2.8. Photographs showing the effects of the 10-11 July 2015 eruption. 2.8A 

shows the ash plume above the pyroclastic flow, photographed by Sergio Tapiro-

Velazquez. 2.8B shows the trail of the pyroclastic deposit filling the Montegrande 

ravine, photographed by Raúl Arámbula-Mendoza, and obtained via the 

Smithsonian’s Global Volcanism Program (Global Volcanism Program, 2021). 

2.8C shows the dome in June 2015 and 2.8D shows the crater in August, with the 

dome excavated out and the collapsed southern rim of the crater, which was 

destroyed during the eruption. 2.8E shows the pyroclastic deposit soon after the 

eruption, and 2.8F shows the remnants of the Doppler radar station destroyed by 

the flow. Images C, D, E, F are from Varley (2019).  
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Phase 4 (mid-July 2015-December 2015). Following the July 2015 eruption, a lava flow 

descended the southern flank of the cone from July to September 2015 on the upper 

parts of Montegrande ravine. Effusion stopped by late September 2015 but occasional 

explosions continued until January 2016. The lava flow, referred to as the “2015 

Montegrande Lava Flow”, is similar in appearance to the lava flows from 2014 

(Arámbula-Mendoza et al., 2020). Small explosions, emitting ash plumes up to 3 km 

above the summit crater with ashfalls, were recorded for the remainder of 2015 and into 

early 2016. 

Phase 5 (January 2016-December 2016). Effusive activity recommenced in January 2016 with 

new dome growth and small explosions emitting small ash clouds up to 3 km above the 

summit crater with ashfall, which persisted through most of the year (Arámbula-Mendoza 

et al., 2020). A new lava dome, reported on the 19 February, was estimated to be 25-30 m 

wide and 10 m in height (Global Volcanism Program, 2021). Explosive activity continued 

with intermittent explosions, ejecting ash clouds up to 3 km above the crater, throughout 

March and April. The frequency of explosions decreased throughout May to June before 

briefly ceasing in early July (Global Volcanism Program, 2021). Explosions resumed in 

mid-July, and the combination of explosions, small ash clouds and slow dome growth 

continued throughout July, August and into early September (Global Volcanism Program, 

2021).  

This activity culminated in eruption of a voluminous lava flow on the southern flank of 

the edifice on top of the earlier 2015 flow, which continued until the end of 2016 

(Arámbula-Mendoza et al., 2020). At the end of September 2016, incandescence was 

reported in the crater, and the following day landslides of incandescent material from the 

lava dome started to descend from the southern flank of the cone (Arámbula-Mendoza 

et al., 2020). By the 30 September, the lava dome had overtopped the crater rim and 

started to flow down the southern to southwest flank of the cone (Fig. 2.9), and the lava 

flow continued to grow down the southern flank into Montegrande ravine in phases 

throughout the end of 2016 (Global Volcanism Program, 2021). This effusive activity was 

also accompanied by explosions, ash fall and minor pyroclastic flows. Explosions 

preceded minor pyroclastic flows on the 1 October, and ashfall was recorded in La 

Yerbabuena and other surrounding villages.  Due to the increase in activity, nearby 

villages were evacuated as a precaution (Global Volcanism Program, 2021).  
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Figure 2.9. Photograph of the erupting 2016 Montegrande lava flow. 

Incandescence on the cone due to rockfalls is shown during the eruption of the 

lava in October 2016. Photographed by Raúl Arámbula-Mendoza and obtained via 

the Global Volcanism Program (Global Volcanism Program, 2021).    

The lava flow continued to grow throughout October, with accompanying rockfalls of 

cooled and incandescent material, occasional small pyroclastic flows from collapses, and 

occasional explosions (Global Volcanism Program, 2021). Explosions on the 4 October 

and 15 October generated ash clouds which rose up to 4.5 km above the crater. By the 

21 October, the lava flow extended 2.3 km down the southern flank and was estimated 

to be 320 m wide (Global Volcanism Program, 2021). At the start of November, the 

explosive activity at the crater ceased and the crater continued to erupt effusively without 

explosions until the end of the month. A new pulse of lava was observed in November 

and continued to flow down the flank of the volcano until it was c. 1.7 km long by early 

December (Arámbula-Mendoza et al., 2020; Global Volcanism Program, 2021). There 

was also a brief explosive period in late November, with explosions emitting ash clouds 

to < 2 km above the crater (Arámbula-Mendoza et al., 2020; Global Volcanism Program, 

2021). 

Phase 6 (January 2017-March 2017). From the end of 2016 to the last explosions in February 

2017, a number of powerful explosions resulted in emplacement of small PDC deposits 

in the Playón area and La Arena ravine on the north and eastern sides of the edifice 

respectively (Fig. 2.10). Explosive and effusive activity ceased in spring 2017.  
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Figure 2.10. Photograph of the 2017 vulcanian activity and the 2017 La Arena 

PDC. Image taken from a webcam located near La Yerbabuena and posted online 

by Webcams de México and accessed via Global Volcanism Program Bulletins 

(Global Volcanism Program, 2021) 

2018 to 2021. Since the last explosive eruptions in March 2017, fumarolic activity and 

passive degassing is ongoing at the volcano. Small explosions were recorded in April and 

May 2019, possibly related to the release of trapped gases and steam within the upper 

conduit, caused a small explosion (Vargas-Bracamontes, 2021).  

A summary of the flows and deposits is presented in Figure 2.11 overleaf. 
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2.2.4 Volcano monitoring strategy at Volcán de Colima  

Interpretation of the seismic data without accurate knowledge of the magmatic transfer 

to shallow reservoirs severely limits our ability to accurately understand the significance 

of monitoring data.  Nevertheless, an established volcano monitoring network is required 

to provide a baseline of unrest and activity to help interpret petrological activity and build 

geological models.  

The volcano monitoring network at Volcán de Colima is composed of a network of 

permanent, continuous monitoring programmes, regular sampling, observational 

campaigns, and ad hoc focused research studies. These often combine several different 

techniques to observe the volcano and monitor the activity. 

Seismic Monitoring 

Volcán de Colima has been continuously monitored since installation of the Red 

Sismológica Telemétrica del Estado de Colima (RESCO) seismic network by the 

University of Colima in the late 1980s (Arámbula-Mendoza et al., 2019; Varley, 2019). It 

was expanded in the late 1990s to 2000s and has been continuously recording since 1999 

(Varley, 2019) (Figure 2.12). The network is maintained by the Centro Universitario de 

Estudios Vulcanológicos (CUEV, formerly Centro Universitario de Estudios y 

Investigaciónes Vulcanológicos CUEIV) at the University of Colima. The monitoring 

system currently comprises four short-period SS-1 Ranger seismometers (EZV3, EZV4, 

EZV5, EZV6), five Güralp CMG-6TD broadband seismometers (SOMA, WEST, INCA, 

MNGR, JUBA) and one Güralp CMG-40TD broadband seismometer (EFRE) 

(Arámbula-Mendoza et al., 2019, 2020; Vargas-Bracamontes, 2021) (Figure 2.12).  

Since the installation of monitoring stations at the volcano, several studies have focused 

on the shallow seismic activity and seismic activity relating to processes such as dome 

growth, collapse, and explosions (e.g., Zobin et al., 2002; Varley and Taran, 2003; Varley 

et al., 2006; Stevenson and Varley, 2008; Varley et al., 2010; Arámbula-Mendoza et al. 

2011, 2018, 2020; Lachowycz et al. 2013; Reubi et al., 2013; Lamb et al., 2014). 
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Figure 2.12. Permanent seismic monitoring stations surrounding Volcán de 

Colima. Station names and locations from Arámbula-Mendoza et al. (2018, 2020) 

and Varley (2019). Satellite imagery from Google Earth.  

Various seismic events are regularly recorded by seismic stations (Figs. 2.12 and 2.13A). 

Long-period (LP) events are of short duration (<1 min) and low frequency (<5 Hz) with 

a discernible P phase but no S phase (Arámbula-Mendoza et al., 2019). They are the most 

common type of seismic event at Volcán de Colima, and have been observed preceding 

effusive and explosive eruptions in 1991, 1994, 1998-2005, 2007-2011, as well as the 2013-

17 eruptive phase (Núñez-Cornú et al. 1994; Jiménez et al. 1995; Zobin et al., 2002; 

Arámbula-Mendoza et al., 2011; Petrosino et al. 2011; Arámbula-Mendoza et al., 2018, 

2019). They have been recorded alongside increases in fumarole activity (Núñez-Cornú 

et al., 1994), and typically occur < 3 km depth below the crater (Núñez-Cornú et al. 1994; 

Jiménez et al. 1995; Zobin et al., 2002; Petrosino et al. 2011; Arámbula-Mendoza 2011, 

2019). Volcanic tremors, consisting of a continuous signal typically 1-5 Hz with signals 

lasting from seconds to hours (Arámbula-Mendoza et al., 2019), are also regularly 
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recorded and represent a continuous form of the more discrete LP events. With the recent 

addition of broadband seismometers, High Frequency (HF) events without a clear S 

phase have been registered by the closest stations to the crater. Volcano-tectonic events 

are comparatively rare but occur at depths of up to 12 km below the crater (Zobin et al., 

2002). 

Gas (SO2) Monitoring 

Direct measurements of SO2 flux are undertaken regularly by the Colima Intercambio e 

Investigación en Vulcanología (CIIV) from several locations around the volcano (e.g., 

Juan Barragan and La Joya villages and near the peak of Nevado de Colima, Fig. 2.13B), 

with the frequency of collection depending on weather and seasonal conditions (Varley, 

2019). These data are collected using a ground-based FLYSPEC ultraviolet (UV) 

spectrometer system (Horton et al., 2006), where SO2 flux was estimated by scanning 

across the plume. The raw spectral data are processed using a MATLAB code by CIIV 

to extract estimated plume concentrations and total gas SO2 flux. Additional methods of 

gas and geochemical monitoring include sampling of spring water properties (e.g., 

temperature, pH, conductance, B, He and CO2 isotopes) and diffuse degassing of CO2 

and Rn (Taran et al., 2001; Taran et al., 2002; Varley and Taran, 2003; Varley, 2019). 

Thermal Monitoring 

Thermal monitoring is undertaken by taking calibrated images from infrared cameras 

during flights over the volcano and from a stationary location near the peak of Nevado 

de Colima (Stevenson and Varley, 2008; James and Varley, 2012; Hutchison et al., 2013; 

Webb et al., 2014; Thiele et al., 2017). In most cases, the imaging has targeted the lava 

dome in the crater, ash plumes, or the fumaroles which have mostly been located within 

the crater and on the crater rim during the latest eruptive phase. Data from the thermal 

monitoring has been used to infer eruption dynamics and monitor fumarole temperatures 

(Stevenson and Varley, 2008; Hutchison et al., 2013; Webb et al., 2014) as well as being 

an indirect monitoring tool for measuring dome growth when the dome is obscured by 

cloud or plume cover (e.g. Fig. 2.13C) (James and Varley, 2012; Thiele et al., 2017). 

Remote Sensing 

Remote sensing has provided invaluable insights into various facets of activity at Volcán 

de Colima, particularly when combined with other sources of information. Thermal  
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Figure 2.13. Different methods of volcano monitoring at Volcán de Colima. 2.13A 

shows a typical seismogram for one day (16 August 2015) collected by CUEV, 

University of Colima. Colours refer to different types of seismicity (e.g., LP, 

Tremor etc) classified according to the Automatic Hidden Markov model-based 

classification system used at the University of Colima. Adapted from Arámbula-

Mendoza et al. (2018). 2.13B shows a CIIV volunteer operating the FLYSPEC. 

Image taken by Gerallt Hughes in May 2018. 2.13C shows a thermal camera image 

from Varley (2019) of the side of the 2010 dome with hot magma appearing as 

warmer colours within an ambient temperature crater. 2.13D shows the relative 

displacements rates calculated from InSAR interferogram from Lesage et al. (2018) 

covering the six month period prior to the 10-11 July 2015 eruption.  
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emissions can be monitored by the MODVOLC (Koeppen et al., 2011) and MIROVA 

(Coppola et al., 2016) systems and, aside from being a useful monitoring tool, it has been 

used to investigate effusion rates and provided inputs for modelling studies of the 

magmatic system (e.g., Massaro et al., 2019). 

A number of studies have combined InSAR techniques with 3D models from 

photogrammetry and structure-from-motion models (Salzer et al., 2014), seismic data 

(Lesage et al., 2018; Zorn et al., 2019), time-lapse photography (Walter et al., 2019), and 

infrared thermal measurements (Salzer et al., 2017). Most of the remote sensing 

concerned the degassing, cooling, contraction and surface dynamics of the dome at the 

time of eruption (e.g., Salzer et al., 2014; Salzer et al., 2017; Walter et al., 2019; Zorn et 

al., 2019); however some studies have focused on constraining the volume of emplaced 

eruptive material (e.g., Macorps et al., 2018; Carrara et al., 2019), subsidence (e.g., Carrara 

et al., 2019; Mason et al., 2021), and the relationship between ground movements and 

eruptive activity and/or unrest (Fig. 2.13D) (e.g., Pinel et al., 2011; Chaussard et al., 2013; 

Lesage et al., 2018; Mason et al., 2021). 

2.2.5 Geophysical constraints on the Volcán de Colima magmatic 
system 

As Volcán de Colima has a history of large eruptions with significant consequences for 

nearby communities, the volcano was designated as a ‘Decade Volcano’ by IAVCEI in 

the 1990s. Since then, significant work using geophysical, petrological and monitoring 

techniques has been applied to understanding the magmatic system in detail.  

Shallow Seismic Data 

Volcano monitoring and seismic monitoring have been utilised at Volcán de Colima since 

their installation in the late 1980s. Whilst this has lead to publication of a significant body 

of literature on the volcanic system, most of these findings relate to shallow conduit 

processes and tell us little about the magmatic system at depth. Monitoring data will be 

the focus of Chapter 6, and hence in this section we will focus on what the shallow seismic 

data can tell us about the deeper magmatic system. This also highlights one of the 

limitations of the monitoring data at Volcán de Colima as the focus is often on shallow 

processes, and there is clearly a need for a more comprehensive dataset which covers the 

deeper parts the magmatic system.  
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Shallow seismic data have provided key insights into the shallow plumbing system 

beneath the volcano. Earthquake localisations for events during the 1990s, and during 

the most recent 1998-2005 and 2013-17 phases, show earthquakes occurring at depths of 

generally less than 8 km (Núñez Cornú et al., 1994; Domínguez et al., 2001; Zobin et al., 

2002; Arámbula-Mendoza et al., 2018, 2020), and Zobin et al. (2002), using data from 

1998 eruptions, identified a seismic shadow in the crust at approximately 5 km depth. 

This was interpreted to represent a lack of brittle behaviour in the crust and hence the 

presence of liquid melt or magma storage.  Some events were noted at depths of 9-12 km 

(Dominguez et al., 2001; Zobin et al., 2002) and it has been suggested that these 

earthquakes link with melt inclusion sealing depths (Reubi et al., 2013), implying a zone 

of crystallisation within the shallow crust, resulting in a change from ductile or fluid 

behaviour towards brittle behaviour as the magma crystallises in the reservoir.  

This idea of a zone of magma storage in the shallow crust was expanded upon by Zobin 

et al. (2011) using seismic and tiltmeter data and proposed that the zone of shallow 

magma storage within the first few kilometres of the crust extended to the south of the 

current centre of magmatic activity. This follows the overall trend of north-south 

migration of the volcanic centre and possibly related to the presence of the enigmatic Los 

Hijos domes on the southern flank of the volcano.  

 Deep Seismic Data 

Whilst shallow seismic data provides some constraints on very shallow processes, they 

are limited by the low energy of small earthquakes in the volcanic centre and hence 

gaining information on deeper processes requires different seismic techniques. A plethora 

of studies using teleseismic data from regional and local seismic arrays and ambient 

seismic noise have focused on the western margin of Mexico and the CVC in recent years, 

and their findings have important implications for the interpretation of the magmatic 

system (e.g., Soto et al., 2009; Yang et al., 2009; Andrews et al., 2011; Dougherty et al., 

2012; Taran et al., 2013; Spica et al., 2014, 2017; Ochoa-Chavez et al., 2015; Abbott and 

Brudzinsku, 2015; Suhardja et al., 2015; Escudero and Bandy, 2017; Sychev et al., 2019).  

Investigations into the structure of the crust and the subducting plate show the Cocos 

plate is located directly beneath the CVC, and different subduction angles between the 

Rivera and Cocos plates results in a mantle window to be present (Yang et al. 2009; Spica 

et al., 2014). The additional heat flow and volatiles provided by this mantle window may 

in part explain the location and heightened activity of the CVC. These studies have also 
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confirmed the depth of the crust at 35-40 km (Spica et al., 2014, 2017; Suhardja et al., 

2015; Sychev et al., 2019). 

Several seismic tomography studies have identified regions of low velocity in the crust 

beneath the CVC and confirmed the presence of differential dip between the two 

subducting plates and the presence of a mantle window (Yang et al., 2009, Spica et al., 

2014, 2017; Escudero and Bandy, 2017; Sychev et al., 2019).  However, Perton (2021) has 

argued that the slab window is present further west than the volcanic centre and, as a 

result, the inputs from the slab window may be less important than previously assumed. 

This suggests that perhaps two deeper plumes feed the CVC, one above 30 km depth and 

a deeper feeding system related to processes on the Cocos Plate at depths of up to 80 km. 

Using the regional MARS and local CODEX seismic arrays, Spica et al. (2014) and Spica 

et al. (2017) used seismic ambient noise tomography and seismic anisotropy to constrain 

the deep architecture of the magmatic system and Volcán de Colima (Figure 2.14). These 

studies show that there are at least two low velocity bodies (LVB) present in the crust 

beneath the volcano, a deep LVB at approximately 15 km depth and a shallow LVB 

between approximately 6 km depth and the surface. Radial anisotropy suggests a vertically 

aligned anisotropic feature is present between depths of 10 km and 25 km in the crust, 

which is interpreted to represent the presence of vertical dykes feeding from deeper down 

in the crust to the deep LVB at 15 km and up to the shallow body (Spica et al., 2017) 

(Figure 2.14A). These are interpreted as hot zones indicating bodies of magma or crystal 

mushes with small amounts of melt underneath the volcano. Spica et al. (2017) suggested 

that the two separate LVBs represent a higher density magma storage region or crystal 

mush zone replenished by mafic injections at 15 km depth, and a shallow storage zone, 

which is fed by the body from depth and occasionally tapped during eruptions. This 

shallow storage region was also noted by Escudero and Bandy (2017) and was interpreted 

in this case to be the shallow storage region for the magmas; and agrees with the presence 

of earthquakes in the crust from shallow seismic monitoring data (Zobin et al., 2002, 2011; 

Reubi et al., 2013).  

Using the same MARS and CODEX dataset (Yang et al., 2009) and a different seismic 

tomography code, Sychev et al. (2019) also found a shallow reservoir system at depths 

between 10 km and the surface (Figure 2.14B). This was interpreted as the volcanic, 

volcaniclastic, and debris flow comprising the first few kilometres of the shallow crust, 

followed by the presence of the shallow storage system as noted by other studies. The 
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shallow storage region also appears to extend further south, complementing the seismic 

and tilt data seen by Zobin et al. (2011), gravimetric data (e.g., Medina et al., 1996 and 

Lopez-Loera et al., 2012) and the seismic imaging findings from Spica et al. (2017).  A 

deeper magma storage region is interpreted to be present, extending from the base of the 

crust through to depths of 15-20 km, and appears to follow the NE dip direction of the 

Tamazula Fault. It is therefore interpreted that the mantle beneath the CVC partially melts 

and magmas percolate, mix, and evolve through a ‘spongy’ plumbing system, following 

the Tamazula Fault up through the crust. Differences in P and S wave velocities and 

VP/VS ratios indicate that magmas at depth are mafic and become gradually more silicic 

in this section (Sychev et al., 2019). These magmas pond at 15-20 km depth where 

injections of magma from depth mix with resident magmas, before migrating to the 

shallow storage system to be tapped by eruptions (Sychev et al., 2019).  

 

Figure 2.14. Models of the volcano plumbing system at Volcán de Colima 

interpreted from teleseismic studies. 2.14A shows the findings of teleseismic and 

seismic anisotropy studies on the Volcán de Colima plumbing system by Spica et 

al. (2017) and 2.14B shows the findings from Sychev et al. (2019).  
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Gravity and Magnetic Anomalies 

The inversion of gravity and magnetic anomalies to build geological models of the 

magmatic system is a useful tool which can complement other forms of geophysical 

studies such as seismic tomography. To this effect, a number of gravimetric, magnetic 

and magnetotelluric studies have been applied to the Volcán de Colima magmatic system. 

Medina et al. (1996) and Lopez-Loera et al. (2012) used gravity and magnetic anomalies 

respectively to infer the presence of magma chambers at 7-10 km and 4-10 km depth 

beneath the edifice respectively, in agreement with seismic studies suggesting the presence 

of the shallow reservoir. The magnetic data also suggests the presence of a smaller, 

remnant magma feeding system associated with ancient activity at Nevado de Colima at 

7 km depth (Lopez-Loera et al., 2012).  

A combined gravity and magnetic survey by Alvarez and Yutsis (2015) also found 

reservoirs at 3-10 km beneath the vent at Volcán de Colima, and southern extension and 

migration of the magmatic activity as found by Zobin et al. (2011) (Fig. 2.15). Their data 

also indicates that more complex systems with multiple chambers down to 15 km were 

interpreted for the deeper magmatic system. This work was expanded on by Guevara et 

al. (2021a, 2021b) with important implications for the system. Using gravimetric and 

magnetic survey data, they show a circular low gravitational anomaly beneath Volcán de 

Colima and Nevada edifices, and a smaller anomaly for Volcán Cántaro. 3D inversion of 

the gravimetric data shows a low-density anomaly is present down to a depth of 10 km 

beneath Volcán de Colima and Nevado de Colima, interpreted to represent the liquid 

portion of the magma currently feeding the active edifice (Guevara et al., 2021a). 3D 

inversion of the magnetic data similarly shows a high magnetic susceptibility body linking 

Volcán de Colima and Nevado de Colima, except this feature slopes from depths of 

20 km to the north of the volcano to 5 km beneath the edifice, indicating the presence of 

crystallising melts within this body (Guevara et al., 2021a). This model suggests the 

presence of a magmatic body in the mid- to lower crust, with dykes feeding melt to higher 

levels, crystallising and forming the magma mush through the volcanic system to be 

erupted at the volcano. 3D magnetotelluric data on a regional scale across western TMVB 

(Guevara et al., 2021b) indicates the presence of a body between 25-30 km depth which 

could be associated with the anisotropic features noted by Spica et al. (2017) as the 

possible feeder system from the top of the mantle to the LVB at 15 km; and the structure 
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of the magnetotelluric features follow the boundaries of the Michoacan block (Guevara 

et al., 2021a).  

 

Figure 2.15. Model of the volcano plumbing system at Volcán de Colima 

interpreted from gravity and magnetotelluric studies. Studies show several inferred 

magma reservoirs and the location of reservoirs to the south of the current cone 

ins edifice is evidence of southward migration of volcanism. From Alvarez and 

Yutsis (2015).   

These studies further strengthen the argument from seismic tomography for a ‘hot zone’ 

of partially crystalline material with small degrees of partial melt through the crust which 

brings melts up from depth. These melts are generated in the mantle and migrate along 

deep-seated fractures (e.g., Michoacan Block boundary faults, Tamazula Fault; Sychev et 

al., Guevara et al., 2021a,b) crystallising on their way up from depth to form a crystal 

mush system with small degrees of interstitial melts, which fractionate to generate 

different melts, and periodically migrate and mix with melts further up (Sychev et al., 

2019; Guevara et al., 2021). These melts and magmas may stall at different points through 

the system (e.g., at c. 15 km and 5 km) forming larger LVBs and storage regions, before 

migrating and erupting at the edifice (Spica et al., 2017; Sychev et al., 2019). These 

observations provide an architecture and a framework for the plumbing system and these 

interpretations can be tested by comparing these results to constraints from petrology.  

2.2.6 Petrology and the magmatic system at Volcán de Colima  

The first systematic, detailed petrological study of the volcano was conducted by James 

Luhr and colleagues in the late 1970s and 1980s (Luhr and Carmichael, 1980; Luhr and 

Carmichael, 1981; Luhr and Carmichael, 1982), and further work has built upon these 

initial observations (including Luhr and Prestegaard, 1988; Luhr and Carmichael, 1990; 
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Luhr, 2002; Saucedo et al., 2005; Reubi and Blundy, 2008; Savov et al., 2008; Reubi et al., 

2013; Crummy et al., 2014, Reubi et al., 2015, 2017; Macias et al., 2017).  

 Geochemistry, Petrography, and Mineral Chemistry 

Geochemically, the interplinian deposits are medium-K (calc-alkaline) andesites (using 

the classification of Le Maitre et al., 1989) and display a typical subduction-related 

signature, with relative enrichment in the fluid-mobile elements and light rare-earth 

elements (REEs) relative to the high-field strength and heavy REEs (Luhr and 

Carmichael, 1980; Luhr and Carmichael, 1982; Carmichael et al., 2006; Savov et al., 2008; 

Vigouroux et al., 2008; Cai, 2009; Luhr et al., 2010; Verma and Luhr, 2010; Crummy et 

al., 2014). The interplinian eruptive material has a restricted range of whole-rock 

compositions with SiO2 contents typically between 59-62 wt.% (Luhr, 2002; Reubi and 

Blundy, 2008; Savov et al., 2008; Reubi et al., 2019). Plinian deposits mostly show a similar 

range of compositions, with slightly more mafic compositions in some units (Luhr and 

Carmichael, 1982; Luhr et al., 2010; Saucedo et al., 2010; Crummy et al., 2014; Macias et 

al., 2017). Occasionally, more alkaline Plinian units with elevated K2O contents and small 

quantities of phlogopite are present in the stratigraphy units, but these have not been 

encountered in the interplinian deposits of Volcán de Colima (e.g., Crummy et al., 2014).   

Previous studies have shown that the crystal cargo of Volcán de Colima contain a diverse 

assemblage of crystals typical of continental arc andesitic magmas (Luhr and Carmichael, 

1980, 1990; Reubi and Blundy, 2008; Crummy et al., 2014). The rocks typically comprise 

plagioclase, clinopyroxene, orthopyroxene and amphibole phenocrysts with reaction rims, 

Fe-Ti oxides microphenocrysts, resorbed olivine antecrysts and a groundmass containing 

microcrystalline glass, microlites of plagioclase, clinopyroxene, orthopyroxene and Fe-Ti 

oxides. The clinopyroxene, orthopyroxene and plagioclase phenocrysts display textures 

suggesting crystallisation in different conditions and at different parts of the magmatic 

system (e.g., Reubi and Blundy, 2008; Reubi et al., 2013; Crummy et al., 2014). 

Plagioclase is the dominant phase, occurring as phenocrysts, microphenocrysts and 

groundmass crystals and as constituent phases in the glomerocrysts. Textures in the 

phenocrysts include sieved cores and bands, oscillatory zoning surrounding these cores, 

and phenocrysts entirely composed of oscillatory zoned plagioclase (Luhr and Carmichael, 

1980; Reubi and Blundy, 2008; Savov et al., 2008; Crummy et al., 2014). Pyroxenes, both 

orthopyroxene and clinopyroxene, are present as phenocryst phases, microphenocrysts 
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and in glomerocrysts, with dissolution and sieve textures and normal and reverse zoning 

(Luhr and Carmichael, 1980; Savov et al., 2008; Luhr et al., 2010; Crummy et al., 2014), 

and these textures testify to a variety of complex magmatic processes within the plumbing 

system. Multimodal glomerocrysts, comprising zoned plagioclase, orthopyroxene, 

clinopyroxene and Fe-Ti oxides are common throughout Volcán de Colima volcanic 

products. Amphiboles are present in small quantities in the interplinian and Plinian 

deposits and amphiboles in the interplinian deposits typically have thick reaction rims, 

however the presence of amphiboles without reaction rims is limited only to Plinian 

deposits (Macias et al., 2017). In rare occurrences, phlogopite has been described in the 

ancient alkaline Plinian tephra deposits (Luhr and Carmichael, 1982; Luhr et al., 2010; 

Crummy et al., 2014). Olivine is present as a rare phase in the interplinian rocks and are 

mostly only present as a heavily resorbed phase surrounded by reaction rims of 

orthopyroxene and Fe-Ti oxides.  

 Shallow Magmatic System 

Using these petrological constraints, several models attempt to explain the current 

dynamics of the magmatic plumbing system at Volcán de Colima.  

Using phenocryst crystallisation depths estimated from entrapment of melt inclusions, 

several studies have attempted to constrain the entrapment depths and hence depths of 

crystallisation within the plumbing system. Using samples from activity in the 1800s to 

1913, Atlas et al. (2006) proposed a network of conduits in the upper crust, with 

entrapment and crystallisation occurring between throughout the system at depths of 

12 km. Within these conduits, the mafic magma from depth interacts with stagnant, 

relatively degassed and evolved magma which reside in these conduits, remobilising them 

to shallow levels and the surface (Atlas et al., 2006). A similar model of mingling between 

different magmas was proposed by Reubi and Blundy (2008), which argued against the 

presence of mafic melts in the zones of entrapment (i.e., depths of generally < 5 km), 

instead opting for a model of more evolved dacitic magmas incorporating ‘gabbroic clots’ 

of crystallised, more mafic material in the mid-crust, explaining the lack of mafic melts in 

trapped melt inclusions and the homogeneous bulk compositions. They also argue that 

partial melting of these gabbroic clots as the source of enriched high-K melts found in 

certain populations of melt inclusions. Despite the issues of post-entrapment 

modification and diffusion in melt inclusions (Kent, 2008), these studies provide useful 

frameworks for the shallow architecture of the plumbing system at Volcán de Colima.  



Chapter 2: Literature Review 
 

 69 

Whilst these interpretations provide valuable constraints on the shallow plumbing system, 

they have often focused on the unzoned or weakly zoned crystals as they are interpreted 

to represent the ‘true’ phenocryst assemblage in the shallowest part of the system (Atlas 

et al., 2006; Reubi and Blundy, 2008; Reubi et al., 2013). These ‘true phenocrysts’ include 

low-An (An40-An60) plagioclase and low Mg# (Mg# 65-75) pyroxenes exhibiting 

oscillatory textures in the former and unzoned to weakly-zoned variations in Mg# in the 

latter (e.g., Reubi and Blundy, 2008; Reubi et al., 2013). It is argued these ‘true phenocrysts’ 

record the final stages of crystallisation within the shallow magma chamber, whereas the 

complexly zoned crystals are antecrysts which are a remnant of an earlier phase of 

crystallisation deeper in the plumbing system. The focus only on the homogeneous 

crystals restricts us to only one population of crystals which do not record major changes 

in magmatic conditions and focus only on the shallowest magmatic processes. As a result, 

the complexly-zoned crystals have been overlooked despite being clear recorders of 

complex magmatic processes throughout the plumbing system.  

Further work using this model on melt inclusions (Reubi et al., 2013) and U-series 

timescales of magma degassing and storage for bulk rock and crystals (Reubi et al., 2015, 

2017) argued that the crystals in the magmas formed over a range of temperature, pressure 

and volatile conditions, and proposed that the magmatic system is composed of a network 

of small, interconnected magma reservoirs connected by conduits (Reubi et al., 2013, 

2015, 2017). While this overall model was proposed in earlier studies, the age data argue 

for small magma batches of magma that reside in these small reservoirs on timescales of 

a maximum of 11 years based on 210Pb-226Ra disequilibria (Reubi et al., 2015).  Plagioclase 

crystal ages from Reubi et al. (2017) also indicate that the crystals themselves are 

comparatively young with ages of thousands of years and maximum ages of 8500 years 

for the anorthite-rich cores of some crystals. This suggests that the magmas form, 

crystallise and migrate through the magmatic system relatively quickly on timescales of 

decades, and crystals only reside in the magmas for a maximum of hundreds to thousands 

of years (Reubi et al., 2017), unlike the ‘cold storage’ model with crystals residence times 

of tens of thousands to hundreds of thousands of years (cf. Cooper and Kent, 2014). 

While decadal residence timescales (e.g., U-series dating, Reubi et al., 2015, 2017) are 

useful to understand processes in terms of constraining medium- to long-term pre-

eruptive magmatic activity (and to be of use for volcano monitoring); diffusion modelling 

techniques may be able to provide finer-scale resolution of magma mixing and storage 

events, and better understand their relation to eruptive activity and style. The implications 
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of the short timescales of magmas and crystals also suggest that whilst long storage 

timescales are seen at other volcanic systems (e.g., Cooper and Kent, 2014), this model 

may not be as applicable for Volcán de Colima and universally applicable to all volcanoes. 

Magma mixing 

Models have also been proposed which incorporate mixing of magmas from wider within 

the CVC at different scales. The general model proposed by Luhr and Carmichael (1980) 

based on interpretations of interplinian (i.e., 1818 to 1913 and post-1913 Plinian activity) 

effusive samples and Plinian tephra samples, proposes a dynamic system of crystal 

fractionation and occasional injections of more mafic magmas into a shallow magmatic 

system, as evidenced by reverse-zoned pyroxenes; and trace element modelling indicating 

that compatible element concentrations (Cr, Ni and Zn) observed in these rocks must 

require an additional input of mafic magma. Luhr and Carmichael (1990) went further to 

suggest that minor changes in the bulk chemistry of the interplinian erupted materials 

from evolved to mafic composition the start of a run up towards an eruptive phase which 

would terminate in a Plinian eruption.  

The relationship between magma mixing and the most recent 1818 and 1913 events have 

been proposed by several authors (e.g., Atlas et al., 2006; Savov et al., 2008; Saucedo et 

al., 2010; Macias et al., 2017) based on melt inclusion chemistry, presence of banded scoria, 

and the presence of groups of amphiboles consistent with crystallisation from more mafic 

sources. For example, Macías et al. (2017) describe groups of amphiboles consistent with 

mixing between the resident magmas which erupt during interplinian events, and 

amphiboles higher in AlIV and MgO, consistent with growth from a more mafic melt than 

proposed for Volcán de Colima, suggesting mixing provides the additional volatiles, heat, 

melt (and diverse amphibole) during the Plinian eruptions. 

On a broader scale, Luhr and Carmichael, (1982) proposed that, whilst the majority of 

the scoria and ashfall deposits at Volcán de Colima are calc-alkaline, a small number of 

alkaline scoria deposits were a result of intrusion and incorporation of small amounts of 

highly alkalic basanite-minette magmas (Luhr and Carmichael, 1982) associated with the 

cinder cone volcanoes further north (Fig. 2.2).  Whilst Luhr et al. (2010) have argued that 

these intrusions of highly alkalic magma may have ceased by approx. 12.5 ka, Crummy et 

al. (2014, 2019), proposed that the magmatic plumbing system may still be open to 

occasional pulses of alkaline magmas into the magmatic system on timescales of 
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thousands of years, as evidenced by mafic rims in pyroxenes and dissolution textures in 

plagioclase and pyroxenes and an enriched alkaline geochemical signature. They argued 

that these alkalic and basaltic magmas may represent the primary composition of the 

magmas. However, the dominance of calc-alkaline tephra deposits over alkaline units 

suggests that alkaline intrusions may only play a second-order mechanism for eruptions.  

Whilst this information is useful for understanding the role of magma mixing on long 

timescales and large eruptions, this information is less pertinent to understanding short-

term changes in eruptive cycles during interplinian periods and in the run-up to a Plinian 

eruption. These recharge events are proposed to be on timescales of thousands of years, 

whereas large calc-alkaline eruptions occur on approximate timescales of centuries (Luhr, 

2002). Hence, understanding the role of magma recharge processes both for Plinian and 

interplinian periods are necessary to understand their role and mechanism in triggering 

large eruptions, and understanding the role of short-term, low-volume magma 

movements will be important to understand plumbing system dynamics.  

 Conduit Processes 

Shallow-level and conduit processes also have been proposed as eruption triggers and not 

all studies have pointed towards arrival and mixing of fresh magma into shallow reservoirs. 

Cassidy et al. (2015) argue that, based on the presence of ash particles and microlites with 

different textures, two forms of magma exist through the conduit - a degassed, crystalline, 

less buoyant fraction versus a buoyant, fast-ascending gas-rich magma. These two forms 

of the magma have different ascent rates due to the relative amount of time they have 

each experienced to degass and crystallise microlites; and that magma mixing was not 

involved in controlling the magma movements on short timescales. This suggests that 

ascent rates in the conduit may have a greater influence on the overall style of the eruption 

on short weeks to months timescales than mixing at depth, and this can be tested by 

comparison with timescales from diffusion chronometry. 

Blockage and pressure build up in the conduit has been suggested as a mechanism to 

govern timescales of eruptions and eruptive periods (Savov et al., 2008; Lavallée et al., 

2012), and it is argued that Vulcanian eruptions during the 1998-2011 period were caused 

either by blockage and pressure build-up in the conduit, resulting in formation of larger 

Vulcanian explosions and formation of new vents in the crater. Savov et al. (2008) also 

suggested introduction of phreatic water into the shallow system.  



Chapter 2: Literature Review 
 

 72 

 Cyclic Activity 

In a model proposed by Luhr (2002), the typical recent volcanic cycles at the volcano 

begin after a period of quiescence following a Plinian eruption ending the previous cycle 

(Fig. 2.16). The activity then proceeds through cycles of interplinian activity, with lava 

flows and dome growth, punctuated by occasional vulcanian eruptions forming 

pyroclastic flows, block-and-ash flows and destruction of the dome (Luhr and Carmichael, 

1980; Luhr et al., 2010). These volcanic cycles terminate with a cataclysmic Plinian 

eruption (Luhr, 2002) on average every 100 years. During this period, it is proposed that 

the bulk magmas become more mafic until the eruption occurs. Understanding if the 

most recent activity indicates that there is an ongoing build-up towards a Plinian eruption 

is crucial for scientists and hazard planners monitoring the volcano. Therefore, assessing 

whether the magmas are becoming more mafic, either in bulk composition or in the 

mineralogy and mineral chemistry, is an important aim for this study. 

For clarity, the term ‘volcanic cycle’ or ‘eruptive cycle’ will refer to the proposed 100-year 

cycle of activity ending in a Plinian eruption as defined by Luhr (2002), whereas the term 

‘eruptive phase’ will refer to a period of interplinian activity during these volcanic cycles, 

such as 1998-2011 and 2013-17. 

                                                                                                                       

Figure 2.16. Schematic description of the proposed 100-year cyclical eruption 

phases at Volcán de Colima, adapted from Luhr (2002). Stage 1 represents the rise 

of the magma through an open conduit, before dome growth in Stage 2. Stage 3 

represents growth of domes and lava flows over the crater rim, before a phase of 

small explosions and dome growth (Stage 4). Finally, Stage 5 ends the eruptive cycle 

with a large Plinian eruption, similar to 1818 and 1913, before quiescence.  
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  Numerical Modelling 

Numerical modelling of the volcanic system at Volcán de Colima has been pioneered by 

Massaro et al. (2018, 2019, 2020), using constraints from eruptive history, geophysics, and 

petrology. These have investigated the triggers of Plinian eruptions (Massaro et al., 2018), 

the cyclic nature of interplinian activity (Massaro et al., 2019), and the relationship 

between the volcanic system and its regional stress state (Massaro et al., 2020).  

Massaro et al. (2018) investigated transitions between the eruptive activity from effusive 

to highly explosive during the 1913 eruption to identify a triggering mechanism for Plinian 

eruption. They identified the likely trigger as either an increase in magma chamber 

overpressure from injection of new magma, or the decrease in overburden pressure as a 

result of lateral spreading or minor collapse and resultant decompression. They concluded 

that they could not distinguish which mechanism caused the trigger, but that magmatic 

recharge followed by partial collapse could both have feasibly played a role, confirming 

findings from petrology. Massaro et al. (2019) reconstructed the discharge rates over a 

20-year period from 1998 to 2018 using satellite data and published discharge rates to 

investigate the non-linear cyclic behaviour for the volcano by modelling the presence of 

a single shallow magma chamber and a shallow and deep magma chamber. Their findings 

indicate that periodicities of yearly timescales are likely related to magma inputs from the 

deep reservoir to the shallow reservoir; periodicities of monthly timescales can be 

controlled by the activity in the shallow magma chamber; and periodicities of weekly 

timescales can be controlled by fluctuations in the pressure of the conduit feeding the 

vent. Massaro et al. (2020) used finite-element modelling to model the stress field of the 

shallow and deep chambers, considering overburden pressure, tectonic forces, local 

faulting, and the behaviour of host rocks. Results suggest the current configuration of the 

magmatic system is in equilibrium with the regional stress state at least since the 1913 

event. 

All of these findings have significant implications for the volcanic system. Triggering of 

the Plinian event due to overpressure and/or partial collapse has been suggested by 

petrology as being the cause of the 1913 event (Saucedo et al., 2010; Macias et al. 2017); 

and the stress state of the lithosphere has implications for future eruptions. However, 

most important for this study are the results of Massaro et al. (2019), which propose that 

different processes may influence the timing and change in eruptive style of recent 

interplinian eruptions. As they suggest different monthly, weekly and yearly periodicities 
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and timescales for magmatic processes, an understanding on the timescales of volcanic 

processes can help constrain which processes are occurring in which part of the system.  

2.2.7 Gaps in understanding of the petrological system at Volcán de 

Colima 

Although several decades of petrological and geophysical work have helped constrain the 

nature and architecture of the magmatic system at Volcán de Colima, many questions 

remain unanswered about the processes occurring at depth and the true nature of the 

volcanic system.  

• No petrological and geochemical investigation of the most recent 2013-17 

eruption has been conducted. Such an investigation should be done to understand 

the drivers of the most recent eruptive episode and the pre-eruptive processes 

which occurred prior to the events.  

• One of the key unknown areas of interest is the nature of the low velocity bodies 

imaged by geophysical data in the mid-crust at Volcán de Colima. These seismic 

data give us an important insight into the dynamics and architecture of the 

magmatic plumbing system at the volcano. Several large-scale seismology studies 

indicate presence of at least two magma chambers, a shallow storage region and 

deep storage region at depths of approximately 5 km and 15 km (Spica et al., 2017; 

Sychev et al., 2019). Whilst petrological studies have constrained the conditions 

of the former relatively well, we have very little information on the nature of the 

deep storage region. Whilst these data can provide some constraints, such as the 

suggestion that it may be a porous, crystalline structure with small amounts of 

melt, these need to be confirmed petrologically. As has been indicated, this may 

be the region it is most likely that evolved melts and mafic magmas come into 

contact and where magma mixing is most important. Therefore, understanding 

the nature of this region in the Volcán de Colima plumbing system is of 

paramount importance to our studies.  

• The focus of previous studies on the ‘true phenocrysts’ records only final stages 

of crystallisation and relatively shallow magmatic processes. Focusing on the 

zoned crystal groups will allow for a more comprehensive study of the various 

magmatic environments, and a more detailed insight into the plumbing system.   
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• Making direct estimates of melt content or the volumes of recharging magma is 

also a very important factor, however this may be difficult to constrain (Koulakov 

et al., 2020). Constraining these parameters would greatly improve the 

interpretations of data and would allow for better physical modelling of the 

Volcán de Colima magmatic system. 

• The short-term timescales as indicated by the U-series systematics suggest that 

magmas do not reside for long periods within the Volcán de Colima plumbing 

system (Reubi et al., 2015, 2017). This has important implications as to how we 

interpret the magmatic system in terms of the hot zone model of Annen et al. 

(2005) and the Trans-Crustal Magmatic System (TCMS) model (Cashman et al., 

2017) with reference to this volcanic system. The short-term timescales of 

magmas storage and relative differences between magma environments and 

individual batches can be tested by comparison with diffusion chronometry of 

zoned crystals. 

• Whilst the shallow monitoring system at Volcán de Colima is useful, it is limited 

to the upper few kilometers of the crust and struggles to distinguish deeper 

magmatic processes from very shallow signals, and there is clearly a need for a 

more comprehensive dataset which covers the deeper parts the magmatic system, 

particularly in the mid-crust.  

• A continuous record of geophysical monitoring data is available to compare to 

the observed activity and petrological interpretations of the volcanic system for 

the most recent eruptive phase. However, no consistent, integrated study has yet 

included all these sources of monitoring data into the interpretations of volcanic 

activity with the petrology.  

• Finally, cycles of activity of Volcán de Colima are thought to occur on timescales 

of c. 100 years. Luhr and Carmichael (1990) and Luhr (2002) suggested that a 

trend in the bulk chemistry and mineralogy of the rocks towards mafic 

compositions signals the run-up to a powerful eruption. As the centenary of the 

1913 eruption has passed, is of paramount importance to understand whether an 

eruption is imminent. This theory therefore needs to be tested for the most recent 

eruptive phase in 2013-17. 
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2.3 Constraining timescales of volcanic processes using diffusion 
chronometry 

Diffusion chronometry is a tool which allows for quantification of the timescales of pre-

eruptive magmatic processes by modelling diffusion of elements between different 

compositional zones within crystals (Zellmer et al., 1999; Costa et al., 2003; Morgan et al., 

2004; Costa et al., 2008; Petrone et al., 2016; Cooper et al., 2019; Costa et al., 2020). This 

technique has the advantage that the same approach can be applied to investigate a range 

of magmatic conditions to constrain timescales in different parts of the magmatic system. 

In combination with petrology, geochemistry, and/or radiometric dating, diffusion 

chronometry can be a powerful tool to investigate pre-eruptive processes (Dohmen et al, 

2017; Cooper et al., 2019). 

2.3.1 Core concepts of diffusion chronometry 

Diffusion is defined as the process by which a flux of atoms is transported through a 

system due to the net movement of atoms by random atomic motion of the individual 

atoms (Crank, 1979). In magmatic systems, this may refer to the random movement of 

atoms or molecules through melts or solid-state diffusion within crystals.  

Under equilibrium crystallisation, the composition of the melt is reflected by the 

composition of crystals or parts of crystals, and the resulting crystal is compositionally 

homogeneous. If there is a change in the physico-chemical condition of the magmatic 

reservoir (e.g., decompression, sudden burst of crystallisation, the arrival of magma with 

different composition and temperature, or transfer of a crystal to a  different portion of 

the plumbing system), the crystal will record the event in the growth of a compositionally 

distinct outer portion (or zone), forming a zoned crystal. The core represents the oldest 

portion, and the compositional zones mantling the core represent progressively younger 

phases of crystallization under different magmatic conditions (Streck, 2008). In the case 

of mixing between two contrasting magmas, this can lead to the crystallisation of zoned 

crystals with two different zone compositions reflecting the different magmas from which 

they crystallised. The composition of these zones can be used to estimate the temperature 

and pressure conditions of storage of these crystals using geothermobarometers and 

textures, and inferences can be made about their crystal histories and the petrological 

processes they record. In this way, key information on their magmatic history can be 

accessed and the parameters for diffusion modelling and can be constrained. 
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Diffusion processes are random and occur even within chemically homogeneous crystals; 

however in zoned crystals the presence of a compositional gradient allows for elements 

to diffuse across this initially sharp compositional boundary. Although diffusion on an 

individual element level will be random, the available spaces on either side of the 

compositional gradient sets up a chemical potential across the compositional boundary 

within the crystal structure, and allow for the bulk movement of elements across this 

boundary (Costa et al., 2008; Dohmen et al., 2017). 

This results in a net movement of atoms, or flux, across the boundary in the direction of 

lower concentration, at a rate primarily governed by temperature, the rate of diffusion (or 

the diffusion coefficient, D), and the gradient of the compositional boundary (Ganguly, 

2002; Chakraborty, 2008; Costa et al., 2008; Dohmen et al., 2017). Diffusion is also 

modulated by factors such as the composition of the crystal, the diffusive behaviour of 

the specific element within the mineral and the orientation of the diffusion front relative 

to crystallographic directions (Costa et al., 2003, 2008; Dohmen et al., 2017) amongst 

other factors.  

The result is a relaxation of an initially sharp compositional boundary into a smooth, 

sigmoidal compositional profile, and is termed the “diffusion profile” (Figure 2.17). This 

diffusion profile therefore effectively records the time that a crystal has spent at magmatic 

temperatures. Sudden cooling of the crystal, such as during eruption, results in a dramatic 

reduction in the diffusion rate and for practical purposes, diffusion effectively stops at 

the moment of eruption (Morgan et al., 2004). 

As the rate of diffusion is a function of time as well as gradient, the diffusion equation, 

or Fick’s second law, describes how the initially sharp compositional gradient relaxes as 

a function of time to become a sigmoidal curve (as seen in most diffusion studies) and 

eventually to homogenise the boundary: 

𝜕𝜕𝐶𝐶(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷 𝜕𝜕2𝐶𝐶(𝑥𝑥,𝑡𝑡)
𝜕𝜕𝑥𝑥2

    (Equation 2.1) 

where C is the concentration of the element in the crystal at point x and time t, and D is 

the diffusion coefficient for the element in that crystal, x is the distance along a 

concentration gradient and t is time (Costa et al., 2008).  



Chapter 2: Literature Review 
 

 78 

What should be highlighted is that this is a time-constrained process which requires the 

input of a concentration gradient (∂C/∂x) and a diffusion coefficient. The latter can be 

obtained experimentally. Mathematical modelling, based on solutions to the diffusion 

equation, allow us to approximate a diffusion curve (or concentration gradient) observed 

in zoned crystals formed from magmas (Costa et al., 2003; Costa et al., 2008; Dohmen et 

al., 2017) and compare a modelled concentration gradient to one seen in natural crystals.  

 

 

 

Figure 2.17. Fundamental principles of diffusion modelling for constraining 

timescales of magmatic processes. Crystals (in this case, olivine, 2.17A) are 

transferred from the intruding magma (red plume in the schematic magma reservoir) 

into the new magmatic environment (yellow). The crystal grows a rim on the 

outside (2.17B) and a sharp boundary between the core and the rim forms. Over 

time, the sharp boundary becomes diffuse, and the Mg profile becomes a sigmoidal 

curve (the diffusion profile) (2.17C). Adapted from Costa et al. (2020).  
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If the initial conditions (shape of the initial profile, assumed to be a sharp stepped profile) 

and boundary conditions (compositions of either side of the boundary prior to diffusion) 

are known, then the diffusion profile can be modelled to match the observed profile and 

Fick’s second law can be solved for t by the solution proposed by Crank (1979) using a 

semi-infinite plane-sheet: 

𝐶𝐶(𝑥𝑥, 𝑡𝑡) =  𝐶𝐶0
2

= 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑥𝑥
√4𝐷𝐷𝑡𝑡

  (Equation 2.2) 

where C0 is the initial composition of both sides of the compositional boundary, and erfc 

is the complementary error function. The time t represents the time from the initiation 

of diffusion to end of diffusion (i.e., the time between the start of the petrological process 

which formed the diffusive boundary, magma mixing for example, and the crystal being 

erupted and cooled to ambient conditions).   

In this case, the amount of time taken to form the diffusion profile in natural crystals is 

modelled from an initial sharp starting boundary. By running the model forward in time, 

the modelled diffusion profile is fitted to the observed diffusion profile from the crystal, 

the timescale required to fit the relaxation of that profile is calculated (Fig. 2.17). The 

sigmoidal shape of the profile is a function of the amount of time elapsed since the 

formation of the outer zonation profile, and hence the amount of time elapsed since the 

process that created the boundary (e.g., mixing, remobilisation, decompression-related 

crystallisation). 

For a model to be set up, appropriate parameter values for the crystal phase and diffusion 

system is required to approximate the observed diffusion curve. This requires several 

factors to be constrained, including the initial conditions and boundary conditions.  

The rate of diffusion within a diffusion system (i.e., the diffusion of an element or pair of 

elements within a specific mineral) is described as the diffusion coefficient (D). This is 

defined as the rate at which elements are transported through crystals by the process of 

diffusion, and is governed by a modified version of the Arrhenius equation: 

𝐷𝐷 = 𝐷𝐷0 𝑒𝑒−(𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅)    (Equation 2.3) 

where D is the diffusion coefficient in m2/s, D0 is the pre-exponential factor in m2/s, ∆H 

is the activation energy in kJ/mol, R is the gas constant (8.314 J/K/mol), and T is the 

temperature in K. 
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The diffusion coefficient is governed by several factors. These factors can be intrinsic to 

the crystals themselves (e.g., specific estimates of D0 from experimental studies, mineral 

species and composition, concentric vs. sector zoning, crystallographic orientation, 

diffusion mechanism) and within the host magmas (i.e., the intensive conditions of 

temperature, pressure and fO2). 

For many of the common mineral species used in diffusion studies, temperature, the 

choice of the pre-exponential factors and activation energy, the crystallographic 

orientation of diffusion, and assumptions about the initial and boundary conditions have 

the greatest influence on the diffusion coefficient and hence on timescales (e.g., Costa et 

al., 2008; Dohmen et al., 2017). These are described in greater detail in Chapters 3 and 5. 

Choice of appropriate mineral system for Volcán de Colima 

The appropriate element-mineral system for modelling magmatic processes may be 

determined by the minerals present in the samples, concentration of the element in the 

crystals, the availability and accuracy of the model parameters for the system, and the 

petrological context (Dohmen et al., 2017). For example, Fe and Mg end-members of 

olivine can be imaged using Scanning Electron Microscopy (SEM), and Electron 

Microprobe Analysis (EMPA) traverses are frequently used to obtain the diffusion profile 

from the crystal. Whilst this is one of the most widely used systems (e.g., Costa et al., 

2003; Rae et al., 2016; Lynn et al., 2017; Rasmussen et al., 2018, Ruth et al., 2018), olivine 

is rarely present in the Volcán de Colima samples in sufficient quantities to be useful in 

this study, and what olivine is present is highly resorbed and recrystallised, suggesting that 

the olivines in these samples are not representative of the recent petrological processes 

recorded in the magmas (Luhr and Carmichael, 1980). As diffusion in olivine is strongly 

anisotropic, Electron Backscatter Diffraction (EBSD) would be required to understand 

constrain the orientation of the cut surface relative to the crystallographic axes. 

Plagioclase was one of the earliest minerals where diffusion chronometry in volcanic 

systems was applied by Zellmer et al. (1999) and has been subsequently followed by a 

number of studies using the mineral as a diffusion system (Costa et al., 2003; Cooper and 

Kent, 2014; Faak et al., 2014; Singer et al., 2016). Plagioclase is a common phenocryst 

phase in Volcán de Colima rocks, however the interdependence of CaSi and NaAl (Costa 

et al., 2003) and complex textures such as oscillatory zoning (Streck, 2008) make 

modelling of diffusion in plagioclase more difficult compared to other phenocryst phases.  
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Fe and Mg diffusion processes within pyroxenes have also been employed with much 

success to investigate magmatic systems, particularly in mafic (Petrone et al., 2016; 

Petrone et al., 2018) and intermediate systems (e.g., Morgan et al., 2004; Saunders et al., 

2012; Chamberlain et al., 2014; Kilgour et al., 2014; Singer et al., 2016; Metcalfe et al., 

2021; Petrone and Mangler, 2021). Similar to the Fe-Mg system in olivine, a combination 

of microprobe analysis and BSE-SEM imaging can be used to obtain observed diffusion 

profiles (Petrone et al., 2016) and these observed profiles are modelled with relatively 

well-constrained modelling parameters (Schwandt et al., 1998; Dimanov and Sautter, 

2000; Dohmen et al., 2016) to obtain timescales.  

Pyroxene is an early-forming and abundant crystal phase within the andesites at Volcán 

de Colima and hence Fe-Mg interdiffusion in these crystals would be the most 

appropriate diffusion system to use. The multiple zoned crystals noted in samples at 

Volcán de Colima (e.g., Luhr and Carmichael et al., 1980; Reubi and Blundy, 2008; 

Crummy et al., 2014) suggest multiple magmas with different temperatures. Typically, an 

isothermal approach (i.e., one model input temperature for the magma) would be 

sufficient, but with the presence of multiple magmas with different temperatures, more 

advanced models, incorporating multiple timesteps, are required. A non-isothermal 

approach would be more suitable for diffusion to capture the complexity of several zones. 

Hence, the approach of Petrone et al. (2016) would be most appropriate to allow the 

uncertainties due to the overprinting effects of multiple phases of magma injection to be 

modelled. The clear cleavage and patterns and shapes of pyroxenes and euhedral to 

subhedral nature of the crystals at Volcán de Colima means that the orientation of the 

cut surface relative to the crystallographic axes could be constrained by visual inspections 

and does not require EBSD.  

 Multiple Dimensions and Multiple Timesteps 

Diffusion modelling techniques for magmatic processes were first developed in the late 

1990s and have since advanced and proliferated. One-dimensional models of diffusion 

across a zone boundary are most commonly used (e.g., Zellmer et al., 1999; Costa et al., 

2003; Morgan et al., 2004; Kahl et al., 2011, 2013; Petrone et al., 2016, 2018). More 

complex, two-dimensional and three-dimensional models could be considered, however 

a balance must be found between the need for accuracy and the limitations of modelling 

and analysis (Costa and Chakraborty, 2004), and one-dimensional modelling has typically 

been considered as sufficient. 
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2.3.2 Applying diffusion chronometry to volcanic processes 

Diffusion chronometry has been applied successfully to constrain timescales of magma 

storage in several studies at other volcanic centres (e.g., Santorini, Zellmer et al., 1999; 

Volcán San Pedro, Costa et al., 2003; Vesuvius, Morgan et al., 2004; Etna, Kahl et al., 

2011; Stromboli, Petrone et al., 2018; and many others).  

Recent studies have used diffusion chronometry to link large eruptions to sudden 

extraction of melt from crystal mushes at large silicic magmatic systems (Bachmann and 

Bergantz, 2004; Cashman et al., 2017). Fe-Mg diffusion in pyroxenes was used by Allan 

et al. (2013) to show that extraction of magma from a mush-dominated storage region of 

the Oruanui eruption in New Zealand experienced a runaway acceleration related to 

decompression, forming an ephemeral, melt-dominated magma chamber prior to 

eruption. Diffusion of Fe and Mg in orthopyroxene, Ba and Sr in sanidine and Ti in quartz 

systems were used by Chamberlain et al. (2014) to propose mixing and storage throughout 

the mush zone of the Bishop Tuff magma body prior to storage in the final magma 

chamber leading to eruption. Astbury et al. (2018) similarly used diffusion chronometry 

to constrain the pre-eruptive dynamics of Campi Flegrei caldera, and similar work by 

Druitt et al. (2012) and Fabbro et al. (2017) used diffusion chronometry to constrain the 

timescales of magma supply and transition from effusive activity to caldera formation at 

Santorini. Cooper et al. (2017) identified at least three mixing events through the crust at 

the Kidnappers Rock and Rocky Hill silicic deposits in New Zealand, using Fe-Mg in 

pyroxene and Ti in quartz to constrain timescales of the arrival of a less evolved magma 

< 30 years prior to eruption and timed the assembly of the ephemeral magma chamber 

to within 20 years before the eruption. These studies demonstrate the value of diffusion 

modelling when investigating the dynamics of large volcanic systems.  

Diffusion studies of crystals within mafic magmatic systems have also been used to 

constrain the pre-eruptive storage conditions of magmas and magma mixing. The 

entrainment of olivine within 6 to 10 days prior to the 1783-84 Laki eruption in Iceland, 

timed by Fe-Mg diffusion in olivine, was interpreted by Hartley et al. (2016) to be the 

disaggregation of the crystal mush and the arrival of magma into the shallow magma 

reservoir prior to the eruption. Further work by Mutch et al. (2019a,b) has constrained 

the timescales of very different magnitudes at the Borgarhraun eruption in Iceland, with 

millennial scale timescales of magmas ultramafic nodules constrained from diffusion in 
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spinel; to very rapid ascent from the top of the mantle to the surface constrained from 

olivine crystals.  

Information on magma recharge and storage in systems which are open and have a 

continuous supply or magma batches may be very useful to this study. Such studies have 

been undertaken at Stromboli (Petrone et al., 2016; Petrone et al., 2018) and Etna (Kahl 

et al., 2011, 2013, 2016; Ubide and Kamber, 2018). Diffusion studies of intermediate 

volcanic systems have proposed that interaction of evolved magmas with intruding mafic 

magmas is a key process in the eruptions at San Pedro and Irazú volcanoes in Costa Rica 

(Costa and Chakraborty, 2004; Ruprecht and Plank, 2013), Novarupta in Alaska (Singer 

et al., 2016), Popocatépetl (Petrone and Mangler, 2021) and La Soufriere de Guadeloupe 

(Metcalfe et al., 2021). Constraining the storage and mixing histories of crystals is 

therefore critical to testing hypotheses of how the magma is stored in the crust and what 

triggers eruptions at these volcanoes. 

Crystals erupted by Volcán de Colima comprise a mixture of phenocrysts with complex 

histories (Luhr and Carmichael, 1980; Luhr, 2002; Reubi and Blundy, 2008; Savov et al., 

2008; Reubi et al., 2013; Crummy et al., 2013 and others) and samples of the 2013 to 

present products also display similarly complex textures and zoning patterns. Models of 

the volcanic plumbing system at Volcán de Colima have been proposed which mostly 

envisage a network of small reservoirs supplying magmas to shallow reservoirs prior to 

eruption (Atlas et al., 2006; Reubi and Blundy, 2008; Reubi et al., 2013, Crummy et al., 

2014; Reubi et al., 2015). However, the timescales of magma recharge in these reservoirs 

are still poorly constrained and the role these magma recharge and storage events play on 

the eruptive style at Volcán de Colima is still unknown. 

The models discussed in Section 2.1.4 highlighted a number of areas where our 

knowledge of the pre-eruptive processes at Volcán de Colima are limited. The only 

published estimates for timescales of replenishment of shallow reservoirs are by Reubi et 

al. (2015) who proposed 10-year timescales of storage in the shallow reservoir. Given that 

changes in eruption style between effusive lava flow/dome eruption to vulcanian 

eruptions occur on timescales of months to years, and effusive-vulcanian to highly 

explosive Plinian occur on timescales of several decades to centuries, these timescales 

need to be resolved in greater detail. As is demonstrated by the studies at other volcanoes, 

diffusion chronometry provides a powerful tool to study volcanic eruptions. The 
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proposed diffusion chronometry methodology and a discussion of the uncertainties and 

choice of parameters are discussed in Chapter 3. 

2.3.3 Linking timed magmatic processes to volcano monitoring 

At Volcán de Colima, despite monitoring by RESCO and the University of Colima, most 

publications which use seismic data are for monitoring purposes and to provide accounts 

of activity (e.g., Zobin et al., 2002, 2008, 2009; Arámbula-Mendoza et al., 2011; Zobin et 

al., 2015; Arámbula-Mendoza et al., 2018, 2020 and others) and often do not attempt to 

link magmatic processes to monitoring data. This discrepancy needs to be addressed 

through an integrated combination of petrological studies and monitoring data. With an 

improved knowledge of the timing of pre-eruptive processes, timed using diffusion 

chronometry, this could provide great potential in improving our understanding and 

interpretation of volcano monitoring data.  

The great potential for integration of timescales of magmatic processes and time-series 

data of seismicity, gas emission and deformation from monitoring has been demonstrated 

at other active volcanoes, and the models of magma storage and movement obtained 

from timescale data can provide a framework to interpret monitoring signals at volcanoes 

(Saunders et al., 2012).  Most diffusion studies which have linked timed magmatic 

processes to seismic and other monitoring data have done so by comparing the timescales 

of processes to recorded events. For example, Saunders et al. (2012) determined that the 

timing of injection of hotter magma in the shallow magma chamber at Mount St Helens 

correlated with recorded episodes of seismicity, suggesting that swarms of small 

earthquakes occurred as the new magma ascended into the reservoir. At El Hierro in the 

Canary Islands, Martí et al. (2013) determined that the timescale of replenishment of the 

magma reservoir prior the 2011-12 submarine eruption, obtained by modelling of 

diffusion in olivine, coincided with a period of seismic unrest. 

Recently, a more systematic and integrated comparison of diffusion timescales and 

monitoring data has been presented. Intensively monitored volcanoes such as Mount 

Etna have yielded successful studies linking magmatic processes constrained by 

timescales to monitoring data.  Diffusion modelling of multi-zoned olivine erupted during 

the 1991-93 eruption of Mount Etna in the seminal work by Kahl et al. (2011) identified 

distinct batches of magma residing in three reservoirs throughout the crust with different 

timescales of interaction and mixing between them.  Early transfer of magma to shallow 
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reservoirs and mixing coincided with increased SO2 emissions from Mt Etna, and 

recharge of the shallowest reservoir just prior to eruption also coincided with increasing 

frequency and intensity of shallow earthquakes, decreasing depth of the earthquake 

hypocentres and sudden tilting of the ground surface (Kahl et al., 2013). These authors 

also showed that magma recharge events during the 2006 eruption of Etna correlated 

with gas monitoring data, showing a rise in gas emissions associated with arrival of magma 

into the plumbing system.  

Studies by Rae et al. (2016) at Kīlauea volcano in Hawai’i and Kilgour et al. (2014) at 

Ruapehu in New Zealand have also shown that an integrated approach is valuable to the 

reinterpretation of monitoring data at active volcanoes. Timescales of magma recharge 

and mixing into shallow reservoirs at Kīlauea, estimated from Fe-Mg diffusion in olivine 

by Rae et al. (2016), proposed that mixing within the shallow reservoir was occurring 

weeks to months prior to the eruption, and this correlated with swarms of deep 

earthquakes recorded by seismometers and inflation recorded by tiltmeters. A similar 

approach for Piton de la Fournaise in Réunion was also undertaken by Sundermeyer et al 

(2019). Diffusion timescales of 3-5 months were calculated using Fe-Mg diffusion in 

pyroxenes at Ruapehu by Kilgour et al. (2014) coincided with swarms of deep earthquakes 

prior to eruptions in 2006-07, interpreted to be due to pressurisation of the system due 

to the arrival of new magma. A combination of several methods, including diffusion 

chronometry, seismic activity, observational data, and melt inclusion entrapment depths 

were used to identify several periods of irregular mixing events and an absence of 

significant seismic activity in the months prior to the 1999 eruption at Shishaldin volcano 

by Rasmussen et al. (2018). Such an interdisciplinary approach was also taken by Ruth et 

al. (2018) using diffusion chronometry and volcano monitoring data, tracked magma 

migration through the plumbing system prior to the 2008 eruption at Llaima volcano in 

Chile and linked magma mixing with earthquakes at depth in the volcanic system.  

Interpretation of the seismic data without accurate knowledge of the magmatic transfer 

to shallow reservoirs limits our ability to accurately understand the significance of these 

data. This discrepancy needs to be addressed through an integrated combination of 

petrological studies including timescale modelling and use of monitoring data, particularly 

at dangerous volcanoes such as Volcán de Colima. 
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2.4 Conclusion 

Since the first dedicated scientific research on Volcán de Colima in the 1980s, the volcanic 

system and surrounding region have been studied in detail and some of the findings have 

been important not only for understanding the regional geology of western Mexico, but 

have been applicable to many analogous volcanic systems worldwide. However, many 

questions remain to be answered, and one of the key unknown features of the volcanic 

system is the supply of mafic magma into the volcanic system, especially on timescales 

relevant to periods of intense eruptive activity. Recent geophysical studies have also shed 

new light into the deeper processes at Volcán de Colima, and it is clear the role played by 

mid-crustal processes requires attention. In the following chapters, the nature of the 

magmatic system will be investigated, the timescales of magmatic processes will be 

constrained, and by combining timescales with monitoring data new insights will be 

gained on the magmatic system and implications for hazard assessment at Volcán de 

Colima. 
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3.1 Introduction 

This chapter describes the various analytical and modelling techniques used in this study. 

Whole-rock major and trace element geochemical analysis was used to characterise the 

rock type and to understand bulk magmatic evolution through the eruptive phases. The 

combined microanalytical techniques (EMPA) and imaging (SEM) used in this study 

provide detailed information on the chemical variations within crystals to understand 

magmatic processes in greater detail. Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS) provides useful information on the distribution of minor and 

trace elements within crystals to interrogate magmatic processes more closely. Calculating 

the intensive variables (temperature, pressure, fO2) of the crystallising phases using 

mineral thermobarometers and thermodynamic modelling (MELTS) provides constraints 

on the physico-chemical conditions of the magmatic system and these methods are 

discussed in this Chapter. Finally, the specifics of elemental diffusion modelling used for 

constraining timescales are discussed as well as outlining some of the key screening 

criteria for crystals and discussion of some of the limitations and assumptions of the 

method. All tables in this Chapter will be placed at the end. 

3.2 Sample collection and preparation 

3.2.1 Sample collection 

Samples for this study were collected during fieldwork at Volcán de Colima in April to 

June 2018. Twenty-seven rock samples (comprising lava, crystalline pyroclastic material, 

and ballistic ejecta) were collected in the field (Figure 3.1). A further 67 samples of lava 

and pyroclastic material and 25 samples of volcanic ash were selected from the collection 

of the Colima Intercambio e Investigación en Vulcanología (CIIV), University of Colima. 

Contextual data was provided by CIIV for the collection samples, as well as eruption date, 

units and locations (Figure 3.1, Appendix I). Samples collected from the field have the 

suffix “-NHM” and samples from the collections of CIIV have the suffix “-CIIV”. 

Crystalline material within the pyroclastic deposits are fragments of the recently erupted 

dome, based on the typical interplinian dome-growth and destruction patterns at Volcán 

de Colima, and the vesicularity and crystallinity of the samples. All the available ash 

samples in the collections were selected, and these comprise 1 from 2013, 1 from 2014, 

10 from 2015, and 11 from 2016.  
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Figure 3.1. Map of sample locations collected from Volcán de Colima. 3.1A shows 

the samples locations collected during fieldwork in April to June 2018 (“-NHM” 

suffix samples, red dots and text) and “-CIIV” samples with available coordinates 

(green dots, black text in main map, white text in inset) collected during field 

campaigns at various points between 2013 and 2018. Base map: NASA Shuttle 

Radar Topographic Mission (SRTM) 30 m global Digital Elevation Model (DEM). 

3.1B (inset) shows samples collected in the crater and selected samples in the 

Playón. Base map from Google Earth.  

 

Further information on the samples, including hand sample and thin section 

descriptions, is presented in Appendix II. 
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3.2.2 Polished thin-section and grain mount preparation 

Sample preparation was undertaken at the Natural History Museum (NHM), London. 

Polished thin-sections of the lavas and crystalline pyroclastic and ballistic material were 

produced from rock chips of the sample material and mounted on glass slides. For ash 

samples, the ash was first passed through a 250 μm sieve to remove larger particles and 

fragments of rock and debris, then the >250 μm portion was washed in deionised water 

to remove fine dust particles. The leftover material was dried, and mounted in 38 mm 

diameter epoxy resin blocks.  

3.2.3 Whole-rock preparation 

Samples for whole-rock analysis were crushed and milled into fine powders. Except for 

samples COL-93-NHM and COL-94-NHM, all samples were fresh and free of any 

alteration of weathering. COL-93-NHM and COL-94-NHM, collected from the crater, 

which showed signs of alteration of the lavas to a salmon-pink colour (COL-93-NHM) 

and deposition of sulfur (COL-94-NHM), creating a yellowed surface. These surfaces 

were cut off prior to crushing and only COL-93-NHM was further processed to assess 

the impact of alteration on bulk chemistry. All sample preparation was undertaken in the 

rock preparation laboratory at the NHM.  

Hard samples such as lavas and crystalline pyroclastic fragments were washed, split and 

altered surfaces removed. These fragments were repeatedly crushed in a Fritsch 

Pulverisette 1 jaw crusher until all material passed through a 2 mm sieve. The equipment 

was cleaned thoroughly with compressed air and wiped with ethanol to minimise 

contamination before and after each sample. 

To ensure the samples are milled to a fine powder and homogenised, the samples were 

milled with a Retsch PM100 planetary ball mill. Approximately 100 ml of sample was 

milled using an agate vessel and grinding balls, at 3500 rpm for typically 50-60 minutes 

for lavas and crystalline pyroclastic material and typically 10-20 minutes for ash samples.  

To minimise contamination from any previous samples, 100 ml of clean sand, its surface 

wetted with deionised water, was set to run for 6 minutes at 3500 rpm to clean the mill 

before the start of each batch, the sand disposed, and the equipment was recleaned before 

milling the samples. The agate vessel, balls, lid and seals were cleaned with water and 

dried between each sample. 



Chapter 3: Methods 

 92 

3.3  Analytical techniques 

3.3.1 Whole-rock major element geochemistry – XRF 

Whole rock analysis was undertaken on 62 rock samples and 25 ash samples of sufficient 

volume. The homogenised powdered samples were analysed for whole rock major 

elements using a PANalytical Axios Advanced wavelength-dispersive XRF analyser by 

Activation Laboratories Ltd, Ancaster, Canada (ActLabs) using X-ray fluorescence (XRF) 

techniques. 

To assess the amount of volatiles within the sample and remove them from further 

analysis, the sample was heated and the Loss on Ignition (LOI) was determined. The 

samples are first heated to 1000°C for 2 hours to remove water, CO2 and other volatiles, 

and the change in weight is reported as loss on ignition (LOI) using the equation:  

𝐿𝐿𝐿𝐿𝐿𝐿 =  𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝐼𝐼𝑀𝑀𝑀𝑀−𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝐼𝐼𝑀𝑀𝑀𝑀
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝐼𝐼𝑀𝑀𝑀𝑀

∗ 100   (Equation 3.1) 

Samples with a high LOI (i.e. > 1 wt.%) may have been altered and hence were excluded 

from further analyses. The crystalline pyroclastic, ballistic ejecta and lava samples had <1 

wt.% Loss on Ignition (LOI). Only two ash samples had significantly high LOIs (>4 wt.%) 

and were removed from further study; the remaining ash samples had ≤1 wt.% LOI. The 

results of the analyses are shown in the whole-rock data in Appendix III, and have been 

normalised to 100% on an anhydrous basis. Major element concentrations are reported 

as wt. % oxides. 

The samples were prepared by preparing a fusion disk by combining 0.75 g of the sample 

with 9.75 g of a mixture of lithium metaborate, lithium tetraborate and lithium bromide. 

They were then fused in platinum crucibles and poured into moulds and analysed 

following the lithium borate flux-fusion technique of Norrish and Hutton (1969). 

Six reference materials (AN-G, BE-N, AC-E, BIR-1a, NCS DC73304 and GBW 07109) 

were included in the analytical run and prepared in the same preparation method as the 

natural samples to assess the quality of the analysis. Duplicates of natural samples COL-

441-CIIV, COL-616-CIIV, and A16/009, along with procedural blank samples, were 

included in the analytical runs. The results of the analysis are precise to within 5% for 

most elements and most detection limits were ≤ 0.01 wt. %. Details of detection limits, 
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errors and relative deviation of the analysis are in Table 3.1 at the end of this chapter and 

in Appendix IV. 

3.3.2 Whole-rock trace element geochemistry - ICP-MS 

Whole-rock trace elements were analysed using inductively coupled plasma mass 

spectrometry (ICP-MS) at the Open University, Milton Keynes, UK, using an Agilent 

8800 ICP-QQQ-MS. The samples were prepared and processed for trace element data in 

three batches, in December 2018, January 2019 and September 2019 (ash samples).  

The samples were prepared using HF-HNO3 acid digestion and made into 1000-fold 

dilution solutions. Approximately 0.1 g of the samples were measured out using a balance 

and placed in washed Savillex Teflon containers. The samples were then dissolved in a 

mixture of 0.5 ml 15M HNO3 and 2 ml concentrated HF and sealed. These were then 

boiled at 120°C for 24 hours and placed in a sonic bath and sonicated for 20 minutes 

twice during the dissolution process. The solutions were then allowed to evaporate to 

near dryness before being dissolved in 2 ml of concentrated HCl and boiled at 120°C 

overnight. They were evaporated to near dryness before being dissolved in a mixture of 

2 ml 15M HNO3 and 2 ml Milli-Q grade deionised water and boiled at 120°C for 4 hours. 

The solutions were then added to Milli-Q grade deionised water and made up to a volume 

to ensure 1000-fold dilution of the dissolved sample. 

For Batches 1 and 2, five reference materials (BIR-1, W-2, DNC-2, BHVO-2, AGV-1) 

were used, and an additional two reference materials (BCR-2 and RGM-1) were used for 

the ash samples in Batch 3.  For each batch, an additional digest of the USGS reference 

standard BHVO-2 plus a natural sample was selected at random from the batch to act as 

a duplicate unknown monitor to assess accuracy and precision. COL-92-NHM was 

selected as the natural sample monitor for the first batch, COL-545-CIIV for the second 

batch, and A15/033 for the third batch. A procedural blank was also processed at the 

same time as the samples and analysed within the analytical run.  

At the start of the analytical runs, monitoring solutions, including 2% HNO3 solution, Zr 

solutions at concentrations of 25 ppb, 50 ppb, 100 ppb, and 150 ppb, were included along 

with BHVO-2 and the natural sample monitor. Between each c. 5 samples analysed during 

the analytical run, the reference material monitor, a natural sample monitor, and a 2% 

HNO3 solution monitor was run. The corrected repeat measurements of the reference 
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material BHVO-2 were then used to assess precision and accuracy. Preferred BHVO-2 

values from the Open University were used to assess accuracy, and published values from 

the USGS and the GeoREM database (Jochum et al., 2007) were used for the reference 

materials.  

Analysis was undertaken without gas and in He collisional gas mode for most elements, 

but in some cases in O2 reactive gas mode for the Rare Earth Elements (REEs). The use 

of He and O2 gases in the collision cell may reduce the precision of the analysis but can 

reduce the molecular interference and hence improves the accuracy of the analysis. In 

some cases (e.g. the REEs), the choice of gas mode is recommended to reduce known 

interferences, whilst for others with similar accuracy and precision between gas modes, a 

mode is chosen based on the improved accuracy and/or precision. For all three batches, 

Li, Sc, Ti, Cr, Co, Ni, Cu, Zn, Ga, Ge, Rb, Zr, Cd, Sn, Sb and Ba were analysed in no gas 

mode; Mg, V, Mn, Sr, Nb, Y, Mo, Ta and W were analysed in collisional He gas mode. 

The REEs, Te, Se and S were analysed in reactive O2 mode. Cs and Pb were analysed in 

both no gas and He gas modes, depending on which mode provided the best accuracy 

and/or precision in that batch. Be, Rh, In, Tm and Bi were used as internal reference 

standards. 

For the three batches, accuracy of the analysis is better than 5% relative error (RE) for 

most of the elements analysed. Notable exceptions include Cr (9.1 and 7.4% RE for 

Batches 1 and 2), Ti (6.85% in Batch 3), heavy elements including Yb (5.06-7.04% in all 

three batches), W (10.8-37.5% in Batches 1 and 2), Tl (18.6-29.4% in all three batches), 

and Pb (7.53-19.7% in all three batches); and elements close to or below the detection 

limit (e.g., Se, Te). Within-run precision was assessed by the variation in the reference and 

natural monitor samples, as a percentage Relative Standard Deviation (% RSD). The 

BHVO-2 reference standard was used as the monitor for all three batches, and precision 

is better than 5% RSD for most elements for the BHVO-2 reference standard in all of 

the batches. Exceptions to these include Li, Mg, Yb and W (5.20, 5.56, 5.53, and 11.36% 

RSD respectively) in Batch 2, and Te in Batches 1 and 2 (11.54 and 13.42% RSD 

respectively), although this may be due to values below or near the detection limit.  

Procedural blanks were below detection limits for all elements in all three batches.  

The full details of the accuracy and precision relative to the monitoring standards and 

reference materials, as well as the gas modes used the analysis is provided in Appendix V 

and a summary is presented in Table 3.2 at the end of this chapter. 
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Six samples were rerun due to anomalous results, notably samples that were higher than 

expected in Ta and did not see comparatively higher concentrations in Nb as expected. 

The behaviour of Nb and Ta in geological systems are similar and thus concentrations of 

the two elements should vary in tandem as a result of natural processes; however, the 

significant differences between Nb and Ta in the same sample may point towards another 

factor such as contamination or analysis issues. Five samples (COL-449-CIIV, COL-543-

CIIV, COL-558-CIIV, COL-584-CIIV, COL-652-CIIV, COL-699-CIIV) were 

reanalysed in February 2020, and the reanalysed samples did not contain the deviances 

between Nb and Ta seen previously.  

3.3.3 Crystal imaging - Scanning Electron Microscopy (SEM) 

High-resolution Backscatter Electron (BSE) Scanning Electron Microscope (SEM) 

images were collected for detailed characterisation, identification and description of 

crystal textures, to identify and target zoned crystals for microprobe analysis, and to 

acquire high-resolution greyscale images for diffusion modelling in pyroxenes. 

Backscatter electron (BSE) SEM imaging was undertaken using an FEI Quanta 650 FEG 

SEM and a JEOL IT500 SEM at the NHM (Fig. 3.2). 

SEM imaging is based on the interaction between a beam of electrons and elements in 

the sample (Reed, 2005). Electrons are fired from the electron source, either a tungsten 

filament for the JEOL IT500 (Fig. 3.2A) or a field-emission gun for the FEI Quanta 650 

(Fig. 3.2B), and impact and interact with the sample. Using the backscatter detector mode, 

the number of backscattered electrons reaching a detector is proportional to their mean 

atomic number (Reed, 2005). As a result, the gain on backscatter electron (BSE) images 

in different parts of the crystal is proportional to compositional variations within the 

crystal.  Chemical zoning patterns in crystals appear as areas of different brightness or 

gain, and can be considered as a proxy for composition of Mg- and Fe-rich zones in 

pyroxene crystals (Petrone et al., 2016).   

Polished thin sections of the samples were coated in a thin (10 nm) film of carbon to 

increase conductivity between the electron beam and the sample. To assist in the 

acquisition of SEM images, images of the thin-sections were first taken using a Zeiss 

Axioscope to produce thin-section photomicrograph mosaics in plane-polarised light and 

crossed-polars at 5x magnification of the entire thin section.    
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Images were taken at a working distance of approximately 10-15 mm between the sample 

surface and the detector, a voltage of 15 kV, a dwell time of approximately 30 µs and 

variable magnification depending on the feature and desired resolution. Lower resolution 

SEM mosaics were also acquired using the FEI MAPS SEM-mosaic software (on the FEI 

Quanta 650) and SEM Support software (on the JEOL IT500). Map stitching was 

accomplished either within the mosaic software or using MS Image Composite Editor. 

 

Figure 3.2. Photographs of the JEOL IT500 SEM and FEI Quanta 650 FEG SEM. 

3.1A shows the JEOL IT500 and 3.1B is the FEI Quanta 650 FEG SEM. 
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3.3.4 Crystal analysis - Electron Microprobe Analysis (EMPA) 

Electron microprobe analyses (EMPA), or electron probe microanalysis (EPMA), is a 

non-destructive technique widely used to determine the in-situ composition of single 

point in a crystal and is used to determine the chemical composition of spots targeted on 

a sample. This allows the composition of crystal zones to be determined and the crystal 

groups to be characterised by chemistry. Once the crystal populations had been 

characterised, transects were made across diffused zone boundaries to provide a 

compositional profile for the zone.  

The instrument uses a beam of accelerated electrons which interacts with the atoms in 

the sample, emitting X-rays which are focused and analysed by a set of wavelength 

detectors. These wavelengths are characteristic of the atoms interacting with the electron 

beam, and the magnitude of the peaks of these wavelengths are proportional to their 

concentration, which can be determined by calibrating the peaks to a known calibration 

sample.  

Electron microprobe analyses was undertaken on selected samples for major and minor 

elements using the Cameca SX100 electron microprobe at the NHM. The instrument is 

equipped with 5 WDS (wavelength dispersive spectrometers) and 1 EDS (energy 

dispersive spectrometer), using an electron gun voltage of 20 kV and current of 20 nA. 

Beam size and counting times varied depending on the mineral or element being analysed, 

and as such analytical settings were defined before analysis. A focussed beam of ~2 μm 

was used for pyroxenes and Fe-Ti oxides, 5 μm for plagioclase feldspar, and 20 μm 

defocussed beam for amphibole and glass (in thin sections). Due to the migration of Na 

under the electron beam (Reed, 2005), Na was analysed for 10s at the start of each run, 

followed by 20s for the major and minor elements (Si, Mg, Al, Ca, Ti, Cr, Mn, Fe, Ca and 

Ni). Glassy ash particles, due to their small size and vesicular texture, were analysed using 

a narrower 10 μm defocussed beam rather than the typical 20 μm for glass to ensure the 

beam analysed the vesiculated glass. Detection limits for most elements were < 0.1 wt.%, 

and standard deviation of the analyses was typically <0.5 wt.%. The parameters, including 

data on the calibration and standards used, are summarised in Table 3.3. Matrix effects 

were corrected using the Cameca PAP procedure (Pouchou and Pichoir, 1984) built-into 

the microprobe.  
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Oxygen was calculated by stoichiometry, and pyroxene, plagioclase and olivine analyses 

outside of the range 98.5-101.5 wt.% oxide totals were excluded. Totals for amphibole 

and glass analyses are typically 96-98 wt.%, reflecting small amounts of structural water 

in the former and volatiles in the latter. Totals for Fe-Ti oxides are typically 94-96 wt.%, 

reflecting the presence of both FeO and Fe2O3 in the oxide grain. Once recalculated, the 

correct totals could be used to assess the quality of analyses.  

The results of the analysis are discussed in Chapter 4 and presented in Appendix VI. 

3.3.5 Laser Ablation ICP-MS (LA-ICP-MS) Mapping 

Laser ablation Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS) is a 

destructive analytical method whereby a pulsed, short wavelength, deep-UV laser is fired 

at the sample surface, removing the topmost layer of the solid and generating a plume of 

aerosol from the ablated material. This small amount of aerosol is captured within 

ablation cells and extracted towards a conventional ICP-MS analytical system through a 

network of tubes, where the aerosol material is ionised into charged particles and analysed 

within the ICP-MS system (Chew et al., 2021). This method allows for quantitative 

microanalysis of minor and trace elements within the crystals at much higher resolution, 

precision, and accuracy than is possible using EMPA techniques.  

Although LA-ICP-MS is typically employed to analyse a vast array of elements at a single 

static point on the sample, recent technological advances have allowed for more rapid 

acquisition of LA-ICP-MS analyses on a single sample (Chew et al., 2021). These include 

smaller, two-volume cells and improved tubing assemblies, which minimise the dispersion 

of the aerosols and allow for faster washout times (< 5 ms) between spot analyses; the 

development of high repetition rate lasers which allow for more precise analysis and 

better statistics; and improved software capabilities which allows for more efficient 

reduction of large amounts of data and more detailed control over the analytical setup 

(Van Malderen et al., 2016; Woodhead et al., 2016; Chew et al., 2021). This has led to the 

development of novel techniques for LA-ICP-MS, including an analysis of the spatial 

distribution of elements within a sample in the form of elemental and isotopic maps (e.g., 

Astbury et al., 2018; Ubide et al., 2015; Ubide and Kamber, 2018; Chew et al., 2021). 

LA-ICP-MS maps are generated by keeping the laser beam static whilst the ablation cell, 

which includes the stage and mounted sample, can be moved and controlled.  To create 
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an elemental raster map, spot analyses are conducted by the laser where the ablation cell 

is moved beneath a stationary pulsed laser, creating line scans across the sample surface. 

These line scans are then time-resolved within the LA-ICP-MS data processing software 

to produce time-resolved line scans which can be built into raster images of the element 

distribution (Ubide et al., 2015; Chew et al., 2021). However, unlike traditional spot-

analyses, the number of elements that can be analysed within a run is limited for LA-ICP-

MS, typically restricted to < 10, as total analytical time increases with each element added. 

This limits the effective usage to a few important elements chosen prior to mapping. 

The ablation is undertaken with a MLase laser source system using an ultraviolet (193 nm 

wavelength) laser, which generates a high energy, short pulse (~5 ns) laser beam which 

ablates the sample surface without causing melting. N2 gas was used within the self-

contained laser assembly. Helium was used as the carrier gas through the ablation cell and 

tubing assembly to the ICP-MS system. The laser system was controlled using the 

Teledyne Chromium software package, and the data reduction and imaging were 

undertaken using the HDIP software package.  

For this study, selected major and trace elements in minerals were analysed using a 

Teledyne Cetac Iridia laser ablation system linked to an Agilent 8900 ICP-QQQ-MS at 

the NHM. Only a small number of maps (n=13) from two samples (COL-616-CIIV and 

COL-453-CIIV) were made due to time constraints, however these crystals were selected 

to be representative of the different crystal groups within the samples.  

Nine pyroxene crystals, representative of different types of pyroxene groups seen in the 

samples, one plagioclase crystal, and three multimodal glomerocrysts containing 

plagioclase, pyroxenes, glass and Fe-Ti oxides, were imaged to produce multi-elemental 

maps.  Data were collected for Mg, Al, Ca, Ti, Cr, and Ni for pyroxene and Na, Ca, Mg, 

Al, Ti, Sr, Ba, for plagioclase.  A standard spot size of 4 μm was used, along with a 

repetition rate of 250 Hz at 12 shots per unit area, a scan speed of 83.3 μm/s, and a 

fluence of 3.5 J/cm2. To ensure the quality of the data during the run, reference materials 

NIST RM612 and USGS BCR-2G were used as the standards, and natural pyroxene 

crystals from Volcán de Colima were used as calibration standards for quantification. The 

accuracy of the LA-ICP-MS samples can be assessed by comparing transects of LA-ICP-

MS maps to EMPA analysis for the same transect. As is shown in Figure 3.3 for Cr, the 

LA-ICP-MS mapping is mostly within the error of the EMPA transect.   
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Figure 3.3. Comparison between Laser ablation ICP-MS data and EMPA data. 

Transects of a zoned area area were conducted on LA-ICP-MS maps and compared 

to EMPA data. LA-ICP-MS map transect data (orange spots) are mostly within the 

uncertainty of the EMPA transect (blue spots) for a Cr rich zone boundary. Error 

bars for the LA-ICP-MS generally smaller than the spot size.  



Chapter 3: Methods 

 101 

3.3.6 Point counting  

To assess the proportions of different minerals and phases within the rocks, point 

counting studies were undertaken to count the number of different minerals in samples 

and calculate their abundance. To facilitate this, whole-thin section optical light thin-

section mosaics were taken using a Zeiss Axioscope in plane-polarised light and crossed-

polars at 5x magnification.  

Ten samples were point counted using transmitted light and BSE-SEM thin section 

montages to ascertain the percentage of different mineral phases and phenocryst types. 

The manual point counting function in the ImageJ software was used for the procedure. 

An average of 1120 points were counted for each sample using polished thin sections. 

Although a minimum 1000 points were attempted for each sample, in some cases (3 out 

of 10 samples) this was not possible due to the paucity of phenocrysts within the sample. 

Point counting for mineral phases (i.e., populations of plagioclase, clinopyroxene, 

orthopyroxene etc) was undertaken on 6 samples and more detailed point counting of 

the pyroxene and plagioclase phenocryst groups on 5 samples. The point counts are 

included in Table 3.3. 

3.4 Thermobarometry 

Thermobarometric models use the chemistry of minerals, melts, glasses, or whole rock 

compositions to calculate the intensive variables or pre-eruptive conditions (e.g., 

temperature, pressure, oxygen fugacity, water content etc) within magmas. Experimental 

studies of minerals, melts, and coexisting mineral phases are kept under equilibrium 

conditions at known temperature, pressure, volatile conditions etc; and these physico-

chemical constraints are used as inputs for linear regression equations. These equations 

provide the basis for the thermobarometry models which can then be used predictively 

to calculate equilibrium pre-eruptive conditions in natural samples.  

The pre-eruptive conditions can be constrained when the chemistry of natural crystals or 

melts are used as inputs in mineral-mineral and mineral-melt thermobarometers (e.g., 

Wells, 1977; Andersen at al., 1993; Putirka, 2008; Ridolfi et al., 2010; Neave and Putirka, 

2017), and these models typically require equilibrium between the two components (i.e., 

mineral-mineral or the mineral-melt) (Putirka, 2008). The choice of thermobarometer 

depends on the mineral assemblage, composition of the sample, and the calibration 
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conditions for thermobarometer to be representative of the likely equilibrium conditions 

for the magmatic system.  

Thermobarometers are typically calibrated for equilibrium conditions between two 

elements – the mineral and melts, or mineral and other minerals (Putirka, 2008). 

Equilibrium is usually assessed in natural samples by comparison of the chemistry of the 

minerals with the other melts or minerals. For two-pyroxene thermobarometers, the 

relative partition of Fe and Mg (or diopside and enstatite) is used as a test of equilibrium 

𝐾𝐾𝐷𝐷(𝐹𝐹𝐹𝐹 −𝑀𝑀𝑀𝑀)𝑐𝑐𝑐𝑐𝑐𝑐−𝑜𝑜𝑐𝑐𝑐𝑐 =
�𝑋𝑋𝐹𝐹𝐹𝐹

𝑐𝑐𝑐𝑐𝑐𝑐/𝑋𝑋𝑀𝑀𝑀𝑀
𝑐𝑐𝑐𝑐𝑐𝑐�

�𝑋𝑋𝐹𝐹𝐹𝐹
𝑜𝑜𝑐𝑐𝑐𝑐/𝑋𝑋𝑀𝑀𝑀𝑀

𝑜𝑜𝑐𝑐𝑐𝑐�
= 1.09 ± 0.14  (Equation 3.2) 

and once the equilibrium criteria are fulfilled (i.e., the 𝐾𝐾𝐷𝐷(𝐹𝐹𝐹𝐹 −𝑀𝑀𝑀𝑀)𝑐𝑐𝑐𝑐𝑐𝑐−𝑜𝑜𝑐𝑐𝑐𝑐 lies between 

0.95 and 1.23; Putirka, 2008), the following equations are used to calculate temperature 

(Eq. 36, Putirka, 2008): 
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𝑇𝑇(°C)
= 11.2 − 1.96 �𝑋𝑋𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸

𝑐𝑐𝑐𝑐𝑐𝑐

𝑋𝑋𝐸𝐸𝐸𝐸𝐹𝐹𝐸𝐸
𝑜𝑜𝑐𝑐𝑐𝑐 � − 3.3�𝑋𝑋𝐶𝐶𝐼𝐼

𝑐𝑐𝑐𝑐𝑐𝑐� − 25.8�𝑋𝑋𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝑇𝑇𝑀𝑀
𝑐𝑐𝑐𝑐𝑐𝑐 � + 33.2�𝑋𝑋𝑀𝑀𝐼𝐼

𝑜𝑜𝑐𝑐𝑐𝑐� −

23.6�𝑋𝑋𝑁𝑁𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐� − 2.08�𝑋𝑋𝐸𝐸𝐼𝐼

𝑜𝑜𝑐𝑐𝑐𝑐� − 8.33�𝑋𝑋𝐷𝐷𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐� − 0.05𝑃𝑃(kbar)  (Equation 3.3) 

where T is temperature in °C, 𝑋𝑋𝐸𝐸𝐼𝐼𝐹𝐹𝑀𝑀
𝑐𝑐𝑐𝑐𝑐𝑐  is the Enstatite-Ferrosilite (EnFs) components 

(MgSiO3 and FeSiO3 respectively) in clinopyroxene, 𝑋𝑋𝐸𝐸𝐼𝐼𝐹𝐹𝑀𝑀
𝑜𝑜𝑐𝑐𝑐𝑐  is the Enstatite-Ferrosilite 

(EnFs) components in orthopyroxene,  𝑋𝑋𝐶𝐶𝐼𝐼
𝑐𝑐𝑐𝑐𝑐𝑐is the Ca cation proportion in clinopyroxene, 

𝑋𝑋𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝑇𝑇𝑀𝑀
𝑐𝑐𝑐𝑐𝑐𝑐  is the Cr-Ca-Tschermak’s (CaCr2SiO6) component in orthopyroxene, 𝑋𝑋𝑀𝑀𝐼𝐼

𝑜𝑜𝑐𝑐𝑐𝑐 is the 

Mn cation proportion in orthopyroxene, 𝑋𝑋𝑁𝑁𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐  is the Na cation proportion in 

orthopyroxene, 𝑋𝑋𝐸𝐸𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐 is the Enstatite (En) component in orthopyroxene,  𝑋𝑋𝐷𝐷𝐼𝐼

𝑜𝑜𝑐𝑐𝑐𝑐 is the 

Diopside (Di) component (CaMgSi2O6) in orthopyroxene and P is pressure in kbar .  

Similarly pressure can be calculated using the following equation (Eq. 39, Putirka, 2008): 

𝑃𝑃(kbar) = −94.25 + 0.045𝑇𝑇(°C) + 187.7�𝑋𝑋𝐴𝐴𝐼𝐼(𝑉𝑉𝐼𝐼)
𝑜𝑜𝑐𝑐𝑐𝑐 � + 246.8�𝑋𝑋𝐹𝐹𝐹𝐹2𝑆𝑆𝐼𝐼2𝑂𝑂6

𝑜𝑜𝑐𝑐𝑐𝑐 � −

212.5�𝑋𝑋𝐸𝐸𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐� + 127.5�𝑎𝑎𝐸𝐸𝐼𝐼

𝑜𝑜𝑐𝑐𝑐𝑐� − �1.66
𝐾𝐾𝑓𝑓
� − 69.4�𝑋𝑋𝐸𝐸𝐼𝐼𝐹𝐹𝑀𝑀

𝑐𝑐𝑐𝑐𝑐𝑐 � − 133.9�𝑎𝑎𝐷𝐷𝐼𝐼
𝑐𝑐𝑐𝑐𝑐𝑐�  

 (Equation 3.4) 

where T is temperature in °C, 𝑋𝑋𝐴𝐴𝐼𝐼(𝑉𝑉𝐼𝐼)
𝑜𝑜𝑐𝑐𝑐𝑐  is the AlVI cation proportion in orthopyroxene, 

𝑋𝑋𝐹𝐹𝐹𝐹2𝑆𝑆𝐼𝐼2𝑂𝑂6
𝑜𝑜𝑐𝑐𝑐𝑐  is the Fm2Si2O6 component in orthopyroxene, 𝑋𝑋𝐸𝐸𝐼𝐼

𝑜𝑜𝑐𝑐𝑐𝑐  is the Enstatite (En) 
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component in orthopyroxene,  𝑎𝑎𝐸𝐸𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐 is the activity of En component in orthopyroxene, 

𝐾𝐾𝑓𝑓 =  𝑋𝑋𝐶𝐶𝐼𝐼
𝑜𝑜𝑐𝑐𝑐𝑐/(1− 𝑋𝑋𝐶𝐶𝐼𝐼

𝑐𝑐𝑐𝑐𝑐𝑐) , 𝑋𝑋𝐸𝐸𝐼𝐼𝐹𝐹𝑀𝑀
𝑐𝑐𝑐𝑐𝑐𝑐  is the Enstatite-Ferrosilite (EnFs) component in 

clinopyroxene, 𝑎𝑎𝐷𝐷𝐼𝐼
𝑐𝑐𝑐𝑐𝑐𝑐 is the activity of Diopside (Di) component in clinopyroxene. Cation 

proportions in clinopyroxene and orthopyroxene are calculated on the basis of 6 oxygens.   

In other thermobarometers, such as clinopyroxene-melt thermobarometers (Putirka, 

2008), the calculated components of clinopyroxene from the melts (jadeite and diopside-

hedenbergite) are compared with observed clinopyroxene components in the crystal to 

assess equilibrium and the temperature can be calculated. A similar test is used for 

components of albite and anorthite content for the plagioclase-melt geothermometer 

(Putirka et al., 2005).   

This requirement for equilibrium between mineral and melt, which is the basis of most 

thermobarometers, presents a challenge in arc volcanic systems. The host glass 

compositions are typically much more evolved than the whole-rock and crystal cargo at 

many arc systems (Reubi and Blundy, 2009; Cashman et al., 2017) and, this is especially 

the case for the interplinian deposits at Volcán de Colima (Reubi and Blundy, 2008; 

Crummy et al., 2014). This places a major constraint on the use of mineral-melt 

thermobarometers (and hygrometers) such as clinopyroxene-, orthopyroxene-, and 

plagioclase-melt thermobarometers, especially for the less evolved portions of 

phenocrysts (e.g., high-Mg# pyroxenes, high-An plagioclase). Mixing and mingling of 

compositionally different melts and crystals in the magmatic system can also significantly 

affect the mineral-melt equilibrium, and minerals can be in equilibrium with a melt of 

different composition from the residual groundmass liquid. The net result of this means 

that mineral-melt thermobarometers and hygrometers may not be the most appropriate 

for interplinian magmas at Volcán de Colima, but have been successfully used for Plinian 

units where the glass composition is more representative of the equilibrium melt 

composition (e.g., Crummy et al., 2014).  

Since the equilibrium can be tested only between rims of coexisting minerals or between 

rim and melt, only pre-eruptive intensive variables relating to the final conditions of the 

rim can be usually constrained (Putirka, 2008). To overcome this problem, the approach 

of Mangler et al. (2020) is employed in this study using the two-pyroxene 

thermobarometer of Putirka (2008). One requirement of this type of thermobarometer is 

that the two pyroxenes should be touching, as this implies co-crystallisation. However, 
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pyroxenes may be remobilised and mixed at any point during growth to eruption in 

magmatic systems, as is attested by complex disequilibrium and remobilisation textures 

widely found in crystals. The similar Mg# and identical inclusion, zoning and textural 

patterns strongly suggest that both orthopyroxene and clinopyroxene in Volcán de 

Colima magmas co-crystallised under the same conditions. This suggests that, although 

the pyroxene portions are not touching, they probably co-crystallised under the same 

conditions through the crystallisation sequence. By cross-calibrating the entire 

orthopyroxene dataset (n = 1513 points) against the entire clinopyroxene dataset (n = 

1334 points), the temperature and pressure from pairs in Fe-Mg equilibrium (KD(Fe–

Mg)cpx−opx = 1.09 ± 0.14; Putirka, 2008) could be estimated. 

This method provides a larger data set of temperature and pressure estimates of pre-

eruptive condition, a better statistical basis for interpretation, and can reduce relatively 

large model error of the temperature estimate (from ±45 in the original model to ± 18°C). 

This also provides constraints on the crystallisation conditions for the interior portions 

of the crystal, which would otherwise be inaccessible using the traditional two-pyroxene 

method. 

Estimates of water content and oxygen fugacity can be constrained by using other mineral 

oxythermometers and hygrometers. Oxygen fugacity (and temperature) can be calculated 

using ilmenite-magnetite partitioning in Fe-Ti oxides (e.g., Anderson and Lindsley, 1988). 

However, ilmenites are generally rare in Volcán de Colima magmas, and touching pairs 

of ilmenite and magnetite are very rare. Thermometry estimates based on ilmenite-

magnetite oxythermometry are also susceptible to re-equilibration, and hence the lower 

temperature constraints in the published literature using this method are considered to 

represent the final stages of storage or syn-eruptive temperatures rather than the whole 

magmatic system (Ghiorso and Sack, 1991; Ghiorso and Evans, 2008). As ilmenites were 

not found in these samples, a constraint of oxygen fugacity from the literature using 1998-

2005 samples was used for the 2013-17 eruptions.  

Amphibole thermobarometry (Ridolfi et al., 2010) has the benefit of a different system 

to compare to pyroxene-based thermobarometry, and only requires amphibole 

compositions rather than partitioning between two different elements. The model is 

based on the partition of Al into the amphibole structure and that amphibole crystallises 

over specific pressure, temperature and water contents, such that these conditions can be 

calculated from amphibole composition alone. This method also constrains oxygen 
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fugacity and gives an estimate of the water content of the melt. Whilst pressure estimates 

using the Ridolfi et al. (2010) model can be influenced by melt compositions (Erdmann 

et al., 2014); temperature, water content, and oxygen fugacity estimates are relatively 

robust and can be used to compare to the pyroxene-based results. 

3.5 Diffusion chronometry  

Magmatic systems are far more dynamic than assumed in previous models, and the 

presence of multiple stages of mixing recorded in crystals means that using only one 

temperature in the timescale calculation may not be sufficient for all cases. Thus, a non-

isothermal approach, using different temperatures and diffusion coefficients for different 

zone boundaries, is required to constrain timescales more accurately. 

3.5.1 NIDIS model (Petrone et al., 2016) 

Conceptual Approach 

The non-isothermal diffusion incremental step (NIDIS) model of Petrone et al. (2016) 

provides such an approach. A conceptual summary of the method, using the example of 

a pyroxene crystal with three zones representing different magmatic environments, a core, 

a band, and a rim, is presented in Figure 3.4, where crystals have been stored in two or 

more magmatic environments. The model incorporates a backward modelling approach 

to include diffusion during storage in the magmatic environments, represented by 

different zones within the crystal, with different inputs of the diffusion coefficient, D, 

and temperature for each zone. To accommodate for overlapping diffusion and constrain 

the contribution of diffusion from storage in different magmatic environments, the 

model employs a workflow to calculate timescales of diffusion across the different zones 

boundaries. This is illustrated in Figure 3.4 using the example of a pyroxene crystal with 

a core, band and a rim, with diffusion across the core-band and band-rim boundaries: 

Step 1. The model first produces a diffusion profile across the rim-interior 

boundary using the temperature estimates and diffusion coefficients 

suitable for the magmatic environment which formed the rim. The 

modelled profile is fitted to the grey values data of the observed profile 

and produces a timescale for rim-interior diffusion, ∆t2, or the time 

between rim crystallisation and eruption. 
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For crystals with simple zoning, i.e., only a core and a rim, then ∆t2 

represents the total residence timescale ∆t2 = ∆t. Only one mixing event 

is recorded hence for simple zoned crystals, modelling is completed at 

this step. Further steps are to be taken with complexly zoned crystals. 

Step 2. In complexly zoned crystals, diffusion occurs first in the magmatic 

environment of the band, and is later overprinted by diffusion during 

storage in the magmatic environment of the rim. This results in two 

overlapping diffusion patterns, which formed at different temperatures 

and hence different diffusion rates, and need to be disentangled.  

This is achieved by creating two fictitious timescales and the actual 

timescale is obtained via the difference between them, as explained in 

steps 3-5.  

Step 3. A new diffusion profile is created by reproducing the rim-band diffusion 

profile but using the boundary conditions, D and T, of the band. The 

fictitious timescale calculated to form this termed ∆t3. This could be 

described as the replicate the overprinting effect of the crystal residing in 

the reservoir represented by the rim (Step 2 in Fig 3.4C). 

Step 4. Step 4 involves creating a profile which matches the grey values of the 

observed profile for the core-band boundary using those same D and T 

conditions for the band. The fictitious timescale calculated from this 

profile is termed ∆t4. This effectively represents the original core-band 

diffusion profile plus the overprinting effect of ∆t3.  

Step 5. Step 5 would then be to subtract ∆t3, the overprint, from the total ∆t4, 

giving the timescale needed to produce the original core-band diffusion 

profile ∆t1. The total residence time of the crystal in the reservoir, from 

the (first) mixing event to eruption, can then be calculated by summing 

∆t1 and ∆t2 to produce ∆t. 
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Figure 3.4. Conceptual summary of the non-isothermal diffusion incremental step 

(NIDIS) model of Petrone et al. (2016). Crystals are stored within different 

magmatic regions and grow compositionally distinct zones. The boundary is 

assumed to be sharp (t0) and relaxes to a sigmoidal shape (t1) at a timescale of ∆t1. 

If the crystal moves into another different magma and grows a second rim, then 

the new boundary is assumed to be sharp (t1) and relax to a sigmoidal shape (t2) at 

a timescale of ∆t2. The residence at magmatic temperatures also causes further 

diffusion on the first boundary, leading to inaccurate timescales if not accounted 

for. Using the NIDIS model, timescales are determined for both boundaries using 

diffusion on the outer rim, and then the timescale of the inner boundary is 

determined by taking into account diffusion due to residence in both magmatic 

reservoirs. Adapted from Petrone et al. (2016). 
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This method allows for a timed history of storage in different magmatic environments 

recorded within the crystal. It can give us robust estimates for both the initial storage 

timescales in the ‘band’ magmatic environment and later storage timescales in the ‘rim’ 

magmatic environment. Differences between these timescales can tell us about the 

relative differences between storage in different magmatic reservoirs and the relationship 

between storage, mixing, crystal remobilisation from crystal mush and eruption timing 

(Petrone et al., 2016, 2018; Petrone and Mangler, 2021).  

Practical Approach 

The NIDIS model uses three MATLAB scripts to extract data for modelling and 

modelling this data to generate these timescales: 

• greyvalues, for extracting grey value profiles from BSE images; 

• createfit, to fit the diffusion equations in the NIDIS model to the extracted grey value 

profiles;  

• createfit_FS, to fit diffusion equations to profiles for a reservoir of limited extend (i.e.,  

very narrow or non-existant plateau). 

Typically only the greyvalues and createfit scripts are used when modelling crystals with 

wide enough plateaus to produce a well constrained starting boundary condition. In 

certain instances, such as when a very narrow band is present between wider zones, 

diffusion may have progressed to the extent that the grey values profile of the band is no 

longer a flat plateau bound by two diffused boundaries, but a bell-shaped curve without 

a distinguishable plateau, i.e. reservoir of limited extent. In this instance, createfit_FS is 

used to fit the diffusion equation by inferring the plateau grey value. 

Extracting Data from SEM Images using greyvalues 

A major constraint in diffusion modelling is in capturing a natural profile with enough 

precision such that the diffusion model can be fitted with the smallest error. The accuracy 

of the resulting timescale estimate is dependent on how well the model can fit the zoning 

profile. The main disadvantage of using EMPA traverses to creating diffusion profiles is 

the lack of resolution captured for the natural profile. Depending on the crystal being 

analysed and the chosen spot size, EMPA spot sizes can range from 2 to 20 μm in 
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diameter. To avoid overlapping and any convolution effects from positioning points too 

close together, a minimum step size must be used (Ganguly et al., 1988). In the case of 

pyroxenes, a 2 μm spot size requires a minimum of 5 μm distance between spots. This 

greatly reduces the resolution of the profile and hence would increase the uncertainty for 

sharp boundaries with short diffusion profiles.  

The relationship between the greyscale values in backscatter SEM images of pyroxene 

zones is related to the Mg# within the crystal, and can therefore be used as a proxy (e.g., 

Morgan et al. 2004; Allan et al. 2013; Petrone et al. 2016). The advantage of using greyscale 

values is that the extracted profiles have a much finer resolution. Pixel resolution for SEM 

images taken for this study have pixel sizes of <0.1 μm, resulting in much more detailed 

images. This allows for a much better constrained natural diffusion profile than can be 

achieved using EMPA traverses alone, leading to reduced uncertainties when modelling. 

This method only captures the relative variation in composition within a crystal, so an 

actual chemical composition must be calibrated using electron microprobe analysis (e.g. 

Figure 3.3); however as has been demonstrated by several studies (e.g. Allan et al., 2013; 

Chamberlain et al., 2014; Petrone et al., 2016, 2018) this relationship between SEM 

brightness/gain and Mg# is robust and well constrained in many studies which have used 

this method for diffusion modelling.   

Using the greyvalues script, grey values along a transect within the image are extracted 

and exported into a .csv file. The script generates a number of adjacent parallel profiles 

within the image and the grey value for each point along the transect is averaged, 

generating a final weight-averaged grey value profile with a much greater reliability than 

one profile across the image. A minimum of 200 lines is considered to be sufficient 

(Petrone et al., 2016). The final profile is produced and can be checked and used as the 

compositional profile for modelling.  

Fitting diffusion model to grey value profiles using createfit and createfit_FS 

The NIDIS model script createfit (and, if required, createfit_FS) is used to model the 

diffusion process, fit the model to the compositional curve, and calculate a residence 

timescale (Petrone et al., 2016). 

The script fits the diffusion equation using a non-linear, least-squares method, and fits 

the calculated model profile to a compositional profile iteratively assuming diffusion 
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along a semi-infinite plane sheet (i.e., diffusion in one dimension across a boundary where 

the plateaus are considered to be effectively infinite) (Petrone et al., 2016). The script uses 

a modified solution from Eq. 2.14 of Crank (1975): 

𝑦𝑦 = 𝑦𝑦0 + 𝐶𝐶0
2

 𝐹𝐹𝑒𝑒𝑒𝑒 �𝑐𝑐−𝑐𝑐0
√4𝐷𝐷𝐼𝐼

�   (Equation 3.5) 

where y is the grey value at point x (μm), and x0 and y0 are the coordinates of the flex point 

of the grey profile, i.e., halfway between the two plateaus, and erf is the complementary 

error function. The factor √4Dt is calculated from the temperature and the diffusion 

coefficient and is used to calculate the residence time for diffusion to progress from time 

t0 to forming the observed profile. To propagate the errors using this method, the createfit 

script calculates the errors for both D and temperature and applies these to the model, 

and presented as a percentage of the timescale.  

3.5.2 Assumptions, limitations and uncertainties 

Although diffusion modelling methods can be powerful tools to constrain magmatic 

processes and have great explanatory potential, significant assumptions and limitations 

exist that cannot be avoided, and can lead to increased uncertainty on the modelling 

results.  

Temperature 

Diffusion behaviour of elements in minerals is heavily temperature dependent, and 

uncertainty on temperature estimates presents the most significant source of uncertainty 

in diffusion modelling (Costa et al., 2008; Petrone et al., 2016; Dohmen et al., 2017). 

Potential ways to mitigate this are to carefully choose well-established and appropriate 

geochemical thermometers for the mineral assemblage and magmatic conditions, to take 

repeated estimates to reduce variability, and for some systems, statistical treatment of 

experimental datasets and thermodynamically derived equations can be used to calibrate 

a thermobarometer specific for that system (e.g. Icelandic volcanoes, Neave and Putirka, 

2017; Stromboli, Scarlato et al., 2021). For example, an improved thermometer by 

Scarlato et al. (2021) specifically for the magmatic system at Stromboli improved the 

timescale estimates for an example zoned crystal from 5.6 ± 28.5 years to 4.2 ± 1 year, a 

dramatic improvement in the error on the timescale. By using the method of Mangler et 

al. (2020) and the two-pyroxene thermometer of Putirka (2008), the model error can be 
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reduced from the usual ±45ºC to ±18ºC, which drastically reduces the resulting error in 

the calculated residence timescale. Nevertheless, this still propagates to an average relative 

error 47% on the diffusion coefficient, which translates to an average error of 49% on 

the timescale. This demonstrates that even with well constrained temperature estimates, 

uncertainty on timescale estimates can still be considerable. 

The temperatures used for each compositional zone, relating to the specific temperatures 

of the magmatic environment which crystallises the zones, can be calculated individually 

and applied directly to the modelling procedure. Whilst having a bespoke temperature 

estimate for each zone may be desirable, the dynamic thermal environments formed by 

magma mixing processes may not be captured adequately by the compositional zones 

(Petrone et al., 2018). Laser-ablation ICP-MS studies (e.g., Astbury et al., 2018; Ubide and 

Kamber, 2018) show that trace element distributions, even in homogeneous and unzoned 

crystals, record cryptic mixing between magmas with no record in the Mg# of the crystal. 

This is also seen in zoned crystals, with Mg# and grey values showing compositional 

zones with consistent compositions or grey value plateaus but trace element distributions 

indicating a much more dynamic mixing event which formed the zone (Astbury et al., 

2018; Ubide and Kamber, 2018). In this case, using one measurement for the zone near 

to the boundary may lead to different temperature estimates, and hence timescales, for 

the same batch of mixing magma.  

In either case, the assumption of a uniform temperature for a magma batch in which 

diffusion occurs is a simplification and at best only describes a limited number of crystal 

types, recording the limited set of conditions surrounding the crystal. As temperature is 

one of the most significant factors influencing D, an inaccurate or imprecise measurement 

of the temperature of the magma can lead to misleading timescales or place large 

uncertainties on the timescale estimates. In this case, if the magmatic environments are 

well constrained, it may be more appropriate to use an average value for the magmatic 

environment (and hence the magmas crystallising the zones) rather than modelling the 

individual crystals temperatures.   

Uncertainties on diffusion coefficient values  

The diffusion coefficient values, specifically ∆H and D0, also present the large source of 

uncertainty in diffusion modelling (Chakraborty, 2008; Dohmen et al., 2017; Petrone and 

Mangler, 2021). Significant work has been done in recent years to constrain diffusion 
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coefficient values but significant uncertainty still may be present in the resulting timescale 

(Chakraborty, 2008; Dohmen et al., 2017). As demonstrated by Petrone and Mangler 

(2021), significant variability in the experimental constraints on the diffusion coefficient 

values, when extrapolated to conditions relevant for most magmatic systems, are either 

unrealistic or introduce substantial errors themselves, and should therefore be considered 

as a more serious source of uncertainty than other factors, such as temperature. Diffusion 

coefficients in some species (e.g., major elements in plagioclase, Costa et al., 2003) may 

also not be independent of composition, and the choice of the appropriate diffusion 

coefficient is crucial for accurate timescale estimates. For this study, the diffusion 

coefficients of Dimanov and Sautter (2000) and Dohmen et al. (2016) are used for 

clinopyroxene and orthopyroxene, respectively, as they represent the most robust 

available constraints on the diffusion coefficients for those minerals. Further discussion 

on these diffusion coefficient parameters is given in Chapter 5.  

Spatial resolution of the profile 

SEM image analysis can resolve profiles at greater spatial resolutions than EMPA 

traverses, but this method is a proxy and still requires calibration to obtain the observed 

diffusion profile (Petrone et al., 2016). Nevertheless, if SEM images are of high enough 

resolution and calibration is robust, these can be used to extract high resolution profiles 

and significantly reduce the uncertainty of the natural profile.  

Poorly constrained boundary conditions 

Variation in the composition of the zone plateaus can result in poorly constrained 

boundary conditions and uncertainty over the end of the diffusion curve, potentially 

leading to overestimation of the timescale. This risk can be reduced by having good 

constraints on the zoned profile through assessing the textures and compositional profiles 

where available, and not using crystals with poorly-constrained or inconsistent zone 

plateaus. High-resolution imaging techniques should provide a clearer section of the zone 

plateaus, allowing for better assessment of the boundary conditions (Petrone et al., 2016).  

Cut Sections 

Sections through crystals should ideally be perpendicular to the zone boundary and 

parallel to the diffusion direction which is to be modelled, however it is often difficult to 

cut sections through crystals precisely perpendicular to certain crystallographic planes. 
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Even slightly oblique, small angle cuts from the crystallographic plane can lead to 

artificially thicker boundaries and result in overestimation of the timescales. Sectioning 

issues are particularly acute in andesitic lavas, as extracting individual crystals from 

samples is difficult and instead crystals within thin sections were used.  

For pyroxenes, distinguishing between the (001) crystallographic plane (i.e., perpendicular 

to the c-axis) and the (010) and (100) (perpendicular to the a- and b-axes) planes is 

comparatively straightforward, however distinguishing between (010) and (100) planes is 

more difficult. As diffusion anisotropy is a feature of these minerals (Dohmen et al., 2016), 

in orthopyroxene where diffusion is anisotropic between the a- and b- axes, this is 

mitigated by using the slowest diffusion coefficient and hence the larger value of timescale 

estimate is used as a maximum timescale.  

These factors can be mitigated by carefully screening the images of crystal sections prior 

to modelling. In addition to screening for the orientation of cut sections relative to 

crystallographic planes, zone boundaries should also be straight and congruent to crystal 

edges, and dissolution features or crystal edges should be avoided if accurate timescales 

are to be obtained.  

3.6 Conclusions 

As has been demonstrated, combining different analytical techniques with diffusion 

modelling can provide useful insights into magmatic processes. The petrological and 

geochemical techniques will now be applied in Chapter 4 to constrain the petrology and 

magmatic conditions, and the diffusion methodology will be applied in Chapters 5 and 6.  
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Table 3.1. Detection limits, errors and relative deviation of the whole-rock major element 

analysis. 

Whole-Rock Major Elements: Information relative to reference materials 
 
Reference Materials 
 
AN-G Anorthosite, Greenland 
BE-N Basalt, Essey la Cote, France 
AC-E Granite, Ailsa Crag 
BIR-1a Basalt, Icelandic Rift 
GBW 07106/NCS DC73304 Sandstone, China 
DR-N Diorite, France 
DNC-1a Dolerite, North Carolina 

 
BDL =  Below Detection Limit 
 

Report Date Analyte Symbol SiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 

Report Date: 
30/10/2018 

AN-G Meas 46.8 30.2 3.35 0.04 1.88 16.3 1.65 0.14 0.22 0.02 0.01 
AN-G Cert 46.3 29.8 3.36 0.04 1.79 15.9 1.63 0.13 0.22 0.01 0.01 
Relative Error (%) 1.1 1.2 0.3 5.0 5.0 2.6 1.2 7.7 0.0 100.0 0.0 

Report Date: 
30/10/2018 

BE-N Meas 38.0 10.1 13.1 0.20 13.1 14.0 3.12 1.39 2.67 1.07 0.07 
BE-N Cert 38.2 10.1 12.8 0.2 13.1 13.9 3.18 1.39 2.61 1.05 0.05 
Relative Error (%) -0.4 -0.2 2.0 -1.5 0.3 0.9 -1.9 0.0 2.3 1.9 40.0 

Report Date: 
16/8/2019 

BE-N Meas 38.8 10.2 13.1 0.20 13.2 14.2 3.25 1.36 2.71 1.08 0.05 
BE-N Cert 38.2 10.1 12.8 0.2 13.1 13.9 3.18 1.39 2.61 1.05 0.05 
Relative Error (%) 1.5 0.8 2.7 1.0 1.1 2.0 2.2 2.2 3.8 2.9 0.0 

Report Date: 
30/10/2018 

AC-E Meas 70.8 14.9 2.56 0.06 0.04 0.36 6.74 4.55 0.11 - - 
AC-E Cert 70.4 14.7 2.56 0.058 0.03 0.34 6.54 4.49 0.11 - - 
Relative Error (%) 0.7 1.4 0.0 1.7 33.3 5.9 3.1 1.3 0.0 - - 

Report Date: 
16/8/2019 

AC-E Meas 70.3 14.8 2.53 0.06 0.07 0.37 6.77 4.47 0.11 - - 
AC-E Cert 70.4 14.7 2.56 0.058 0.03 0.34 6.54 4.49 0.11 - - 
Relative Error (%) 0.1 0.4 1.2 0.0 133.3 8.8 3.5 0.4 0.0 - - 

Report Date: 
30/10/2018 

BIR-1a Meas 47.4 15.3 11.7 0.18 9.76 13.3 1.89 0.04 0.97 0.03 - 
BIR-1a Cert 48.0 15.5 11.3 0.175 9.7 13.3 1.82 0.03 0.96 0.021 - 
Relative Error (%) 1.3 1.5 3.4 1.1 0.6 0.3 3.8 33.3 1.0 42.9 - 

Report Date: 
16/8/2019 

BIR-1a Meas 48.2 15.7 11.8 0.18 9.75 13.5 1.81 0.02 0.98 0.02 - 
BIR-1a Cert 48.0 15.5 11.3 0.175 9.7 13.3 1.82 0.03 0.96 0.021 - 
Relative Error (%) 0.4 1.2 4.2 1.1 0.5 1.4 0.5 33.3 2.1 4.8 - 

Report Date: 
30/10/2018 

NCS DC73304 (GBW 
07106) Meas 91.5 3.49 3.33 - - 0.33 0.09 0.65 - 0.23 - 

NCS DC73304 (GBW 
07106) Cert 90.4 3.52 3.22 - - 0.3 0.061 0.65 - 0.222 - 

Relative Error (%) 1.2 0.9 3.4 - - 10.0 47.5 0.0 - 3.6 - 

Report Date: 
30/10/2018 

GBW 07109 Meas 54.3 17.8 7.47 0.12 0.57 1.41 7.17 7.57 0.47 0.01 0.01 
GBW 07109 Cert 54.5 17.7 7.41 0.12 0.65 1.39 7.16 7.48 0.48 0.02 - 
Relative Error (%) 0.4 0.6 0.8 0.0 12.3 1.4 0.1 1.2 2.1 50.0 - 

Report Date: 
16/8/2019 

GBW 07109 Meas 54.8 18.0 7.46 0.12 0.63 1.46 7.25 7.56 0.47 0.02 BDL 
GBW 07109 Cert 54.5 17.7 7.41 0.12 0.65 1.39 7.16 7.48 0.48 0.02 - 
Relative Error (%) 0.6 1.5 0.7 0.8 3.1 5.0 1.3 1.1 2.1 0.0 - 

Report Date: 
16/8/2019 

DR-N Meas 53.6 17.9 9.76 0.22 4.39 7.11 3.08 1.72 1.06 0.24 - 
DR-N Cert 52.9 17.52 9.7 0.22 4.4 7.05 2.99 1.7 1.09 0.25 - 
Relative Error (%) 1.4 2.1 0.6 0.5 0.2 0.9 3.0 1.2 2.8 4.0 - 

Report Date: 
16/8/2019 

DNC-1a Meas 46.7 18.4 10.01 0.15 10.20 11.41 - 0.24 0.49 0.07 - 
DNC-1a Cert 47.2 18.34 9.97 0.15 10.13 11.49 - 0.234 0.48 0.07 - 
Relative Error (%) 1.1 0.1 0.4 3.3 0.7 0.7 - 2.6 2.1 0.0 - 

Report Date: 
30/10/2018 Method Blank BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

  Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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Table 3.1 (cont’d). Detection limits, errors and relative deviation of the whole-rock 

major element analysis. 

Whole-Rock Major Elements: QA information relative to natural duplicates 
 

Report Date Analyte Symbol SiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 

Report Date: 
30/10/2018 

COL-29 Orig 54.0 20.0 5.80 0.10 2.14 5.30 4.15 1.04 0.47 0.28 0.02 
COL-29 Dup 54.5 20.1 5.84 0.10 2.16 5.35 4.21 1.05 0.48 0.28 0.01 
Relative Error (%) 0.6 0.6 0.5 0.7 0.7 0.7 1.0 0.7 1.5 0.0 47.1 

Report Date: 
30/10/2018 

COL-67 Orig 56.7 17.6 6.59 0.11 4.84 6.59 4.24 1.05 0.68 0.19 0.02 
COL-67 Dup 56.1 17.4 6.54 0.11 4.79 6.53 4.21 1.04 0.68 0.19 0.02 
Relative Error (%) 0.8 0.6 0.5 3.2 0.7 0.6 0.5 0.7 0.0 0.0 0.0 

Report Date: 
30/10/2018 

COL-441-CIIV Orig 60.5 17.4 5.83 0.10 3.61 5.98 4.62 1.37 0.60 0.19 0.01 
COL-441-CIIV Dup 60.5 17.3 5.83 0.10 3.62 5.98 4.59 1.36 0.60 0.19 0.01 
Relative Error (%) 0.0 0.2 0.0 0.7 0.2 0.0 0.5 0.5 0.0 0.0 0.0 

Report Date: 
30/10/2018 

COL-616-CIIV Orig 60.5 17.2 5.97 0.11 3.78 6.01 4.62 1.36 0.61 0.19 0.01 
COL-616-CIIV Dup 60.7 17.3 5.95 0.11 3.72 6.02 4.61 1.36 0.62 0.19 0.01 
Relative Error (%) 0.2 0.4 0.2 0.7 1.1 0.1 0.2 0.0 1.1 0.0 0.0 

Report Date: 
16/8/2019 

A16/009 Orig 60.5 17.0 6.19 0.11 3.85 5.93 4.53 1.33 0.62 0.19 0.01 
A16/009 Dup 60.4 17.2 6.26 0.11 3.90 5.96 4.63 1.33 0.62 0.19 0.01 
Relative Error (%) 0.1 0.8 0.8 0.0 0.9 0.4 1.5 0.0 0.0 0.0 0.0 

Report Date: 
30/10/2018 Method Blank BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

  Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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Table 3.2. Detection limits, errors and relative deviation of the whole-rock trace element 

analysis.  

Whole-Rock Trace Elements: Accuracy and precision information relative to 

BHVO-2 and natural material 
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Whole-Rock Trace Elements: Accuracy and precision Information relative to 
reference materials 
 
Reference Materials 
 

BIR-1 Basalt, Icelandic Rift 
W-2 Diabase, Virginia 
DNC-1 Dolerite, North Carolina 
BHVO-2 Basalt, Hawaiian Volcano Observatory 
AGV-1 Andesite, Guano Valley, Oregon 
BCR-2 Basalt, Columbia River 
RGM-1 Rhyolite/Obsidian, Glass Mountain, California 

Batch 1 – December 2018 
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Batch 2 – January 2019 
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Batch 3 – Ash, September 2019 
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Table 3.3. Point counting data of minerals in Volcán de Colima samples. 
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4.1 Introduction 

Understanding the present dynamics of the Volcán de Colima magmatic system allows 

for the contribution of different magmatic processes to the overall dynamics of the 

system to be determined and to assess whether this may result in a major eruption in the 

future.  The crystal cargo provides a clearer insight into magmatic processes, and hence 

the focus of this chapter will be to decipher the crystal cargo and unlock this information.  

Important constrains are needed on the different magmatic environments present within 

the plumbing system, where in the plumbing system they are located, and under what 

conditions the magmas are stored. A detailed understanding of the interaction between 

different magmatic environments is also required. To constrain these phenomena, 

microanalytical and textural studies of the crystal cargo were undertaken and the storage 

conditions of the magmas were constrained using geochemical thermobarometers. 

This chapter presents the first petrological and geochemical data for samples erupted 

during the 2013-17 interplinian eruptive phase; and discusses the storage, evolution and 

magmatic recharge processes recorded in the crystal cargo. These findings are interpreted 

within the current understanding of the plumbing system, the nature of mixing events are 

interpreted in light of the recent interplinian activity, and what implications this may have 

for cyclic volcanic activity at Volcán de Colima.  

The findings presented in this Chapter have been published in the Journal of Volcanology 

and Geothermal Research as: 

Hughes, G.E., Petrone, C.M., Downes, H., Varley, N.R, Hammond, S.J., 2021. Mush 

remobilisation and mafic recharge: A study of the crystal cargo of the 2013–17 eruption 

at Volcán de Colima, Mexico. Journal of Volcanology and Geothermal Research 416, 107296. 

https://doi.org/10.1016/j.jvolgeores.2021.107296  

  

https://doi.org/10.1016/j.jvolgeores.2021.107296
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4.2 Results 

4.2.1 Whole-rock compositions 

Whole-rock major and trace element concentrations for the erupted materials are 

provided in Table 4.1 at the end of this Chapter and presented in Appendix III. Most of 

the samples are homogeneous medium-K (calc-alkaline) andesites with 59-62 wt.% SiO2 

(Fig. 4.1). The samples mostly follow linear differentiation trends with SiO2, with MgO, 

FeO, and CaO correlating negatively with SiO2 and clear positive trends with Na2O and 

K2O, and less clear trends are shown with Al2O3, P2O5, and TiO2 (Fig. 4.2). However, the 

data are tightly clustered for most of the samples. Details of the preparation and analysis 

methods are presented in Chapter 3. 

 

Figure 4.1. Chemical classification of Volcán de Colima andesites. 4.1A is the 

chemical classification according to scheme of Le Maitre et al. (1989), showing that 

the majority of samples are andesites. 4.1B (inset) is a  K2O vs SiO2 classification 

scheme for calc-alkaline rocks (Le Maitre et al., 1989), and demonstrates that 

samples are medium-K andesites and overlap with typical Colima compositions. 

Light grey field represents historical Colima samples obtained from the GeoROC 

database (Moorbath et al., 1978; Luhr and Carmichael, 1980, 1990; Robin et al, 

1987, 1991; Luhr and Prestegaard, 1988; Luhr, 1992, 1997, 2002; Mora et al., 2002; 

Reubi and Blundy, 2008; Savov et al., 2008; Luhr et al., 2010; Saucedo et al., 2010; 

Verma and Luhr, 2010; Reubi et al., 2013, 2017, Crummy et al., 2014). 
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A heavily altered sample from the 2017 Playon PDC, COL-93-NHM, is a pink-reddish 

sample present in the pyroclastic flow material and dispersed within the crater. It has been 

included in the data set to demonstrate the effect of pervasive alteration from fumarolic 

activity at the crater. When compared to the other samples, the geochemical patterns of 

alteration seen in COL-93-NHM are not seen in the other samples (e.g., S contents of c. 

1150 ppm versus an average of 13 ppm for the rest of the dataset), confirming the 

petrographic observations in Section 4.2.2 that the rest of the samples are fresh and free 

of alteration.  

Plotted against whole-rock Mg# (Mg# = [100 x (Mg/(Mg+Fetot)]), Al2O3 increases with 

decreasing Mg#, whereas TiO2 displays a broadly opposite trend (Fig. 4.3); however, in 

both cases most of the data is tightly clustered between Mg# 51-54.  Most of the trace 

element compositions, like the major elements, are tightly clustered; Cr show clear 

negative trends against decreasing Mg#, consistent with progressive fractionation of 

pyroxenes (and to some extent olivine), while Sr shows a more scattered trend. Positive 

yet scattered trends are seen in incompatible elements such as Rb and Zr with decreasing 

Mg# (Fig. 4.3).  

The bulk rock data show considerable overlap with andesites from the 1998-2005 phase 

and other historical Volcán de Colima andesites (Moorbath et al., 1978; Luhr and 

Carmichael, 1980, 1990; Robin et al., 1987, 1991; Luhr and Prestegaard, 1988; Luhr, 1992, 

1997, 2002; Mora et al., 2002; Reubi and Blundy, 2008; Savov et al., 2008; Luhr et al., 

2010; Saucedo et al., 2010; Verma and Luhr, 2010; Reubi et al., 2017).  

The primitive-mantle normalised multi-element plots (Figure 4.4A) have a distinctive 

subduction-related signature with negative Nb, Ta and Ti anomalies and enrichment in 

Large Ion Lithophile (LILE) and fluid-mobile elements. LILE and fluid mobile elements 

are also enriched relative to Light Rare Earth Elements (REE) (e.g., Ba/La= 34-64) and 

both are enriched relative to High Field Strength Elements (HFSE) (e.g., Ba/Nb = 84-

197, La/Nb = 2.4-3.9).  

The REEs show typical subduction-related trends (Fig. 4.4B) with LREE enriched over 

HREE (LaN/LuN = 4.2-5.8), and samples have a steep LREE (LaN/NdN = 1.5-2.7) and 

MREE slopes (SmN/DyN = 1.6-2.1) with flat HREE (HoN/LuN = 1.0-1.4). The samples 

also have a negligible Eu anomaly (EuN/[SmN x GdN]0.5) of 0.92-1.12. These plots show 

the same pattern for all samples and are similar to other contemporary and historical calc-
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alkaline andesites at Volcán de Colima (e.g., Luhr and Carmichael, 1980, 1990; Luhr, 2002; 

Savov et al., 2008; Luhr et al., 2010; Verma and Luhr, 2010; Crummy et al., 2014). To 

assess the contribution of different mantle sources, selected incompatible trace element 

ratios for the samples are plotted against element ratios for Plinian and nearby alkaline 

cinder cones from Crummy et al. (2019) (Fig. 4.5). The 2013-17 samples show affinities 

to the calc-alkaline Plinian deposits of the Colima Volcanic Centre (Group I of Crummy 

et al., 2014, 2019) as would be expected for interplinian deposits at Volcán de Colima, 

and not related to the mixed alkaline-calc-alkaline Plinian deposits and alkalic cinder 

cones (Group II of Crummy et al., 2014, 2019, and cinder cones).  

A time-series of whole-rock compositions throughout the six eruptive phases from the 

2013-17 eruption shows that the samples broadly fit in the range of post-1913 (1961-

2005) compositions (Fig. 4.6). The data are relatively homogeneous and show little 

evidence for any significant, consistent trend towards more mafic compositions with time. 

However, whilst Eruptive Phases 1 and 2 have average compositions that are slightly 

more evolved than the post-1913 average, there are periods of apparent reversals towards 

more mafic compositions. Prior to the start of Eruptive Phase 3, ash and lava samples 

have slightly reduced SiO2 content and higher Mg# and Cr contents. Ash samples erupted 

between the lavas of Eruptive Phases 4 and 5, which also have a slightly reduced average 

SiO2 content and a higher Mg# and Cr content. PDC clasts from Eruptive Phase 6, 

although mostly having a similar SiO2 content, show a wide range of Mg# and Cr contents. 

The mafic sample from a PDC erupted in 2017 in La Arena ravine, which contains the 

lowest SiO2 content (c. 54 wt.%) and the highest whole-rock Mg# (59) and Cr content (c. 

200 ppm) is particularly noteworthy and will be discussed in Section 4.4.2. 
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Figure 4.2. Whole-rock major element vs. SiO2 (Harker) diagrams. Selected major and 

trace element plots of whole-rock compositions for Volcán de Colima andesites erupted 

the 2013-17 eruption.  
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Figure 4.3. Selected whole-rock major and trace element vs Mg# plots. Whole-

rock compositions for Volcán de Colima andesites erupted the 2013-17 eruption 

are plotted against an index of differentiation (Mg-number). Symbology as in Figure 

4.1. Red shaded areas indicate liquid Mg# ranges which would crystallise 

equilibrium pyroxenes in the mafic (M) and evolved (E) end members (see Section 

4.4.3). Equilibrium Mg# ranges for E extend to the left of the axis extents in these 

plots, and ranges for M extend off to the right of the axis extents. 
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Figure 4.4. Normalised trace element plots for 2013-17 Volcán de Colima 

andesites. 4.4A is a chondrite-normalised rare earth element (REE) plot, using 

normalisation values from Sun and McDonough (1989), showing light REE 

enrichment distinctive of arc magmas. 4.4B is a primitive mantle-normalised multi-

element plot, also using normalisation values from Sun and McDonough (1989), 

showing enrichments in fluid-mobile elements and depletions in slab-related 

elements.  

 

Figure 4.5. Incompatible element ratio plots for Volcán de Colima and the Colima 

Volcanic Centre. Plots showing the different source components during the 

formation of magmas at the Colima Volcanic Centre, adapted from Crummy et al. 

(2019), with the 2013-17 data shown in white circles as a comparison. The samples 

mostly show affinity to Group I calc-alkaline Plinian deposits, as expected for 

interplinian deposits at Volcán de Colima. 
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Figure 4.6. Time series of selected sample compositions showing whole-rock SiO2, 

Mg# and Cr versus time. With the exception of minor deviations (see Section 4.4.2), 

most of the time series shows a relatively homogeneous bulk composition of these 

magmas. Analytical error for all three plots is smaller than the individual points.  

‘Pn’ refers to the Eruptive Phase number for the eruptive period of 2013-17 as 

described in Chapter 2.  Blue solid (average) and grey dashed (minima and maxima) 

lines represent the range of compositions from the post-1913 (1961 to 2005) 

samples erupted at Volcán de Colima, using data obtained from the GeoROC 

database (Moorbath et al., 1978; Luhr and Carmichael, 1980, 1990; Robin et al, 

1987, 1991; Luhr and Prestegaard, 1988; Luhr, 1992, 1997, 2002; Mora et al., 2002; 

Reubi and Blundy, 2008; Savov et al., 2008; Saucedo et al., 2010; Luhr et al., 2010; 

Verma and Luhr, 2010; Reubi et al., 2013, 2017).  

4.2.2 Mineralogy and Mineral Chemistry  

The crystalline pyroclastic, ballistic ejecta and lava samples from the 2013-17 eruption are 

crystal-rich (c. 40-50 vol.%) with porphyritic seriate textures. The phenocrysts are 

generally plagioclase (25-40 vol.%), orthopyroxene (3-10 vol.%), clinopyroxene (2-8 

vol.%), Fe-Ti oxides (1-2 vol.%) and rare amphibole and resorbed olivine (≤1%) (Fig. 

4.7). Glomerocrysts, comprising clinopyroxene + orthopyroxene + plagioclase + Fe-Ti 

oxides ± resorbed olivine, are ubiquitous and often include interstitial glass with meniscus 

structures and acicular plagioclase needles. Similar glomerocrysts or agglomerations of 

pyroxene + plagioclase + Fe-Ti oxides ± olivine have been described by previous authors 
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(Reubi and Blundy, 2008; Saucedo et al., 2010; Crummy et al., 2014) and are a ubiquitous 

feature of Volcán de Colima andesites. The general mineralogy is similar to that described 

for the 1998-2005 erupted products (Luhr, 2002; Reubi and Blundy, 2008; Savov et al., 

2008; Reubi et al., 2019). Details of the preparation and analysis methods for SEM 

imaging and EMPA and LA-ICP-MS analysis are presented in Chapter 3. Representative 

mineral chemical compositions for the different mineral phases are shown in Table 4.2 at 

the end of this Chapter and the whole data set is presented in Appendix VI (Electronic).  

4.2.2.1 Plagioclase 

Plagioclase crystals range from large (up to 3 mm) elongate to tabular euhedral 

phenocrysts to groundmass microlites (≤ 30 μm) and occur as constituents in 

glomerocrysts (Fig. 4.8). Their compositions typically range between An40 and An80 (Fig. 

4.9). Disequilibrium textures include high-An (An60-80) sieved cores, infilled with lower-

An plagioclase and inclusions; and dissolution surfaces on low-An (An40-60) plagioclase 

mantled by thick higher-An (ΔAn > 5) plagioclase. These high-An sieved cores may be 

mantled by low-amplitude, high frequency oscillations in anorthite content (ΔAn < 5). 

The two most abundant plagioclase phenocryst forms include those with high-An cores, 

(Figure 4.8A), and phenocryst forms composed of mostly oscillatory, low-An portions 

with occasional higher-An bands (Figure 4.8B). The latter type is the most abundant and 

these phenocrysts and microphenocrysts are ubiquitous low-An plagioclases. 

Groundmass plagioclase crystals typically have compositions of An30-50. 
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Figure 4.7. Photomicrographs of Volcán de Colima samples. 4.7A is an amphibole 

phenocryst displaying reaction rim of plagioclase, pyroxene and Fe-Ti oxides. 

Image taken in plane polarized light (PPL). 4.7B is a pyroxene-dominated 

glomerocryst, along with plagioclase, Fe-Ti oxides, and glass. Image taken in 

crossed polars (XP). 4.7C is a plagioclase phenocryst displaying a sieve textured 

core, mantled by later overgrowth rim. Image taken in XP. 4.7D is a zoned 

pyroxene showing compositional bands, image taken in XP. 4.7E is an image of 

the typical groundmass and microphenocrysts seen in the Volcán de Colima lavas, 

image taken in PPL. Images taken using Zeiss AxioImager photomicrograph.  
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Figure 4.8. Plagioclase phenocryst textures as shown in backscatter SEM Images. 

Lighter shades reflect a greater proportion of the anorthite (An) component in the 

crystal versus darker, more albite-rich portions. 4.8A is a typical plagioclase 

phenocryst with seived patchy core mantled by lower An, oscillatory rim. 4.8B is a 

plagioclase phenocryst with pronounced bands of high and low-An content with 

superimposed oscillations.  
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Figure 4.9. An–Ab–Or (Anorthite–Albite– Orthoclase) triangular plot, showing 

the composition of plagioclase feldspar present in Volcán de Colima rocks. The 

vast majority of the plagioclase ranges from Andesine to Bytownite in composition. 

 
4.2.2.2 Pyroxenes 

Pyroxenes (orthopyroxene > clinopyroxene) are present as subhedral to euhedral 

phenocrysts (Fig. 4.10) (300 μm to 1 mm) and microphenocrysts (30-300 μm) and in 

glomerocrysts (Fig. 4.10B). Crystals are often homogeneous, but normal and reverse 

bands and rims are common. They display a variety of disequilibrium textures and zoning 

types, including dissolution surfaces, rounded cores, and bands with high Mg# (75-88) 

and Cr2O3 (up to 1.2 wt.%). Blurred boundaries between zones of contrasting 

composition are also a common feature among some zoned pyroxene phenocrysts. 

Orthopyroxene phenocrysts range in composition from En60 to En86 (Fig. 4.11) with Mg# 

of 65-88. Clinopyroxenes are typically augitic, with Wo37-45 (Fig. 4.11) and Mg# ranging 

from 69 to 88.  In the low-Mg# (69-76) cores and homogeneous crystals, glassy inclusions, 

Fe-Ti oxides and apatite are relatively common and often align parallel with the crystal 
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edges, particularly for the orthopyroxene. In the more mafic cores and rims, mineral 

inclusions are absent and melt inclusions are rare. Pyroxenes are also present in the 

reaction coronae of amphibole and as a minor phase in the groundmass.  

On the basis of the textural characteristics, three main types of pyroxenes are recognised 

irrespective of ortho- or clinopyroxene composition (Tab. 4.3): 1) homogeneous; 2) 

normal zoned and 3) reverse zoned.  

The most abundant phenocryst type is the Homogeneous type (Fig. 4.10A), which 

constitutes most of the microphenocrysts and phenocryst assemblage. It is also abundant 

in glomerocrysts (Fig. 4.10B). This type is inclusion-rich with abundant glass, apatite and 

oxide inclusions, and has a low-Mg# and low Cr2O3 content with little or no change in 

Mg# (≤ 5) across the crystal. 

Normal zoned (NZ) pyroxenes are split into three types according to the chemistry and 

zoning patterns (Tab. 4.3; Figs. 4.10C-E, 4.12A-C, 4.13A-C). Type 1 (NZ-T1) crystals 

have a rounded low-Mg# core with inclusions of Fe-Ti oxides and apatite, mantled by 

dissolution surface and a high-Mg#, high-Cr2O3 band, and rimmed by low-Mg# rim with 

inclusions near the exterior of the crystal (Fig. 4.10C, 4.12A, 4.13A). The interface 

between the mafic band and the evolved rim is blurred. Type 2 (NZ-T2) cores have a 

similar zoning pattern (Fig. 4.10D, 4.12B, 4.13B), but the core itself is more Mg-rich and 

mostly lacks the oxide and apatite inclusions in Type 1. Type 3 (NZ-T3) has a high-Mg#, 

high-Cr2O3 core and a low-Mg# rim (Fig. 4.10E, 4.12C, 4.13C), with an intermediate 

band between, though this is sometimes obscured by blurred boundaries between the 

core and outer zones. All three zoning groups are found within the glomerocrysts, 

however NZ-T3 type is the most abundant. 

Reverse zoned (RZ) phenocrysts display core zoning patterns similar to the normal zoned 

crystals, but with a characteristic high-Mg# rim (Tab. 4.3). Type 1 (RZ-T1) has an 

inclusion-rich, low-Mg# and low-Cr2O3 core, mantled by the high-Mg rim (Fig. 4.10F, 

4.12D, 4.13D). Type 2 (RZ-T2) is similar to the normal zoned Type 2, with an 

intermediate core, mantled by an inner high-Mg# band, an outer low-Mg# band, and the 

final high-Mg# rim (Fig. 4.10G, 4.12E, 4.13E). Type 3 (RZ-T3) has a high-Mg#, high-Cr 

core mantled by an evolved band, and rimmed by high-Mg# rim (Fig. 4.10H, 4.12F, 

4.13F).  
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Figure 4.10. Pyroxene phenocryst types described in Volcán de Colima samples 

from the 2013-17 eruption. Images are backscatter electron (BSE) images, where 

darker shades or greyscales reflect the abundance of lighter elements in the crystal. 

In pyroxenes, the larger proportion of Mg (vs Fe) in the crystal, the darker the crystal 

in BSE. 4.10A is a typical low-Mg# homogeneous microphenocryst, with small 

apatite inclusions near the rim. 4.10B is a typical pyroxene assemblage within a 

glomerocryst. The agglomeration contains Normal Zoned, mostly Type 3 crystals, 

along with remnant olivine, plagioclase, oxides and interstitial melt. 4.10C is a 

typical Normal Zoned Type 1 phenocryst with rounded, low-Mg# core mantled by 

high-Mg# band and low-Mg# rim. 4.10D is a Normal Zoned Type 2 crystal with 

a rounded core of intermediate composition mantled by high-Mg# band and low-

Mg# rim.  The reverse-zoned crystals have a similar categorisation, but with the 

presence of a high-Mg# rim. 
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Figure 4.10 (cont’d). Pyroxene phenocryst types described in Volcán de Colima 

samples from the 2013-17 eruption. Images are backscatter electron (BSE) images, 

where darker shades or greyscales reflect the abundance of lighter elements in the 

crystal. In pyroxenes, the larger proportion of Mg (vs Fe) in the crystal, the darker 

the crystal in BSE. 4.10E is a Normal Zoned Type 3 crystal with a high-Mg# core 

rimmed by as low-Mg# rim. 4.10F is a Type 1 Reverse-Zoned crystal with a low- 

Mg# core rimmed by high-Mg# rim, with sharp core-rim boundary. 4.10G is a 

typical Type 2 Reverse-Zoned crystal with a complexly zoned crystal, with a low-

Mg# core, high-Mg# inner mafic band, low-Mg# outer evolved band, and rimmed 

by high-Mg# rim, with sharp core-rim boundary. Red line is an EMPA transect line 

plotted on image during data collection. 4.10H is a Reverse Zoned Type 3 crystal 

with a high-Mg# core, surrounded by a low-Mg# band and rimmed by a by high-

Mg# rim. 
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The presence of normal zoned crystals has been documented by Reubi and Blundy (2008) 

in the 1999-2005 lavas. In contrast, reverse zoning is a common feature for pyroxene of 

Plinian deposits (Crummy et al., 2014; Luhr et al., 2010; Luhr and Carmichael, 1982), but 

a rare occurrence in interplinian products (various units to 1975-76, Luhr and Carmichael, 

1980; 1998-99 lavas, Mora et al., 2002). This is in contrast with the abundance of RZ 

crystals in some of the 2013-2017 products.  

Laser ablation ICP-MS mapping, presented in Figure 4.14 and in Appendix VIII, show 

similar patterns of chemistry as seen using EMPA for the different crystal groups (e.g., 

Fig. 3.3). Normal zoned crystals with high Mg cores and bands show clear zonation with 

high Cr, Ni and Al contents, in agreement with electron microprobe analyses of these 

bands.  For reverse zoned crystals, the trace element mapping shows high Al, Cr and Ni 

concentrations associated with the Mg-rich rims, as well as a negative relationship with 

Ti. Interestingly, within the Cr contents of the rims, higher and lower Cr banding can be 

seen. Most importantly, within the ‘homogeneous’ crystals, clear successive thin zones 

with higher Cr, Ni can be recognised without any notable changes in Mg content or 

brightness contrasts in the SEM images. Mapping of plagioclase shows high An zones 

correlate with higher concentrations of Al and Sr, and lower concentrations of Ti and Ba.  

 

 

Figure 4.11. Clinopyroxene and orthopyroxene compositions plotted on a 

pyroxene quadrilateral. All orthopyroxenes are enstatites and the vast majority of 

the clinopyroxenes are augitic, with a small number plotting in the diopside field. 
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Table 4.3. Summary of pyroxene crystal groups 

Illustration Description Zoning ( Mg#) Abundance 

 Homogeneous 
Inclusion-rich, low-Mg-number crystal with 
low magnitude changes in Mg-number 
across crystal. Common as phenocrysts, in 
glomerocrysts and as microphenocrysts. 

Core, Band and Rim 
69-75. Changes of ≤ 
5 across crystal. 

Average: 71% (range 62-86) 
of total phenocrysts, 96% of 
microphenocrysts, and in 
40-65% of glomerocryst 
pyroxenes. 

 Normal Zoned – Type 1 
Rounded, sometimes embayed, low-Mg core 
with inclusions mantled by high-Mg band 
and low-Mg rim. 

Evolved Core: 69-75 
High-Mg Band: 75-
88 
Evolved Rim: 69-75 

Average: 5% (range 1-10) of 
total phenocrysts. Very rare 
(<1%) as microphenocrysts. 

 Normal Zoned – Type 2 
Rounded, core with rare melt inclusions 
mantled by high-Mg band and low-Mg rim. 
Core has an intermediate composition 
between band and rim.  

Intermediate Core: 
74-84 
High-Mg Band: 76-
88 
Evolved Rim: 69-75 

Average: 2% (range 0-3) of 
total phenocrysts. Absent as 
microphenocrysts. 

 Normal Zoned – Type 3 
Rounded, high-Mg core with rare melt 
inclusions. Band occasionally present at 
intermediate compositions. Rimmed by a 
low-Mg rim with occasional inclusions.  

High-Mg-number 
Core: 77-89 
Intermediate Rim: 
77-83 
Low-Mg-number 
Rim: 69-76 

Average: 17% (range 7-25) 
of total phenocrysts. Most 
abundant zoned 
microphenocrysts (3%). 
Most abundant zoned 
glomerocryst phase (~57%)  

 Reverse Zoned – Type 1 
Inclusion-rich, occasionally rounded low Mg 
core rimmed by high-Mg rim, with sharp 
core-rim boundary. Core similar to the 
‘Homogeneous’ crystal type. 

Core Mg-number 69-
76 
Rim: Mg-number 77-
87  

Average: 4% (range 0-10) of 
total phenocrysts. Most 
abundant RZ type. Very 
rare (<1%) as 
microphenocrysts. Most 
abundant post-2015 (up to 
10%). 

 Reverse Zoned – Type 2 
Rounded, intermediate core with rare melt 
inclusions mantled by inner high-Mg band 
and outer low-Mg band. Rimmed by high-
Mg rim, with sharp core-rim boundary. 

Intermediate Core: 
74-84 
High-Mg-number 
Band: 76-88 
Low-Mg-number 
Band: 69-75 
High-Mg-number 
Rim: 78-84 

Average: <1% of total 
phenocrysts. Rarest crystal 
type. Absent as 
microphenocrysts. 

 Reverse Zoned – Type 3 
Rounded, high-Mg core with rare melt 
inclusions mantled by low-Mg band. 
Rimmed by high-Mg rim, with sharp core-
rim boundary. 

High-Mg Core: 77-86 
Low-Mg Band: 69-76 
High-Mg Rim: 77-83 

Average: 1% (range 0-2) of 
total phenocrysts. Absent as 
microphenocrysts. 
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Figure 4.12. Mg# distributions for the major normal and reverse zoned pyroxene 

phenocryst types, split according to subtype. Box plots show the average (black horizontal 

bar) and 1 standard deviation distributions at the top and bottom of the box. Pink field 

shows the typical range of Mg# for Homogeneous-type crystals.  
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Figure 4.14. Laser ablation ICP-MS maps of selected pyroxene and plagioclase crystals, 

showing trace and minor element concentrations and distributions. Caption overleaf.  
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Figure 4.14. Laser ablation ICP-MS maps of selected pyroxene and plagioclase crystals, 

showing trace and minor element concentrations and distributions. Elements in crystals 

are presented as counts in 4.14B, H, I, J; and quantified in 4.14D and F. Note different 

colour schemes for A-F and G-J. 4.14A shows an SEM image of a plagioclase crystal, and 

4.14B shows the same crystal with Sr distribution (in counts), showing a correlation with 

high An content in the plagioclase crystal. 4.14C shows an SEM image of a supposedly 

homogeneous pyroxene crystal, however the Cr concentrations (4.14D) show a core of 

high Cr content, along with concentric bands of higher Cr content, suggesting that these 

sections were in contact with crystallising mafic melts but not recorded in the major 

element concentrations. 4.14E and 4.14F are SEM images and Cr concentrations of a 

reverse zoned crystal respectively. Note that the flat greyscale shade in the SEM image 

hides a range of Cr concentrations, compositional reversals, and overall gradual reduction 

in Cr towards the rim.  Note the different colour scheme for G-J. 4.14G and 4.14H are 

SEM images and Cr distributions for  a NZ-T2 crystal, with a pronounced Cr rich mafic 

rim. 4.14I shows a multi-modal, but pyroxene-dominated, glomerocryst with different 

forms of zoning (in this case Ni, but Ni, Ti, Al and Cr are often zoned in these pyroxenes). 

4.14J shows Ni distrubutions in an NZ-T3 crystal. The slow diffuser Ni confirms that the 

zoning profiles are formed by diffusion and not by concomitant growth. 
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4.2.2.3 Amphibole 

Amphibole phenocrysts are rare (< 1 vol.%) with typically 1-3 large phenocrysts (0.5-

4.0 mm) per thin section. They show extensive reaction rims of pyroxenes, plagioclase, 

oxides and interstitial glass (Fig. 4.15A, 4.15B). Amphibole phenocrysts are 

magnesiohastingsites and Ti-rich magnesiohastingsite in composition (Appendix VII, 

Leake et al., 1997; Hawthorne et al., 2012) (Fig. 4.16A). All amphiboles have resorbed 

textures (rounded crystal edges in larger amphiboles and small rounded amphibole 

crystals) and have either opacitic or coarse-grained reaction rims, as noted in 1998-99 and 

earlier samples (Luhr, 2002; Macías et al., 2017). Crystals displaying opacitic rims are 

typically rounded, subhedral amphiboles with phenocryst reaction rims composed of fine-

grained pyroxenes and oxides, often displayed as a black rim in PPL (Fig. 4.15A). These 

amphiboles are typically smaller than the other type, and the thickness of the reaction rim 

ranges from 50 μm to, in rare cases, a completely altered fine-grained pseudomorph. In 

contrast, the coarse-grained type of reaction rims has extensive resorption of the crystal, 

forming remnant anhedral amphibole crystals and a thick reaction rim of fine to medium 

grained pyroxene, plagioclase and Fe-Ti oxide crystals (Fig. 4.15B). In some cases, finer 

crystals of this assemblage are present rimmed by larger phenocrysts of pyroxene and 

plagioclase, indicating these crystal assemblages may be pseudomorphs of former, 

reacted-out amphibole.  

4.2.2.4 Fe-Ti Oxides 

Fe-Ti oxides are ubiquitous as microphenocrysts (50-250 μm), either isolated or in 

glomerocrysts. They also occur as small inclusions within pyroxenes and plagioclase, and 

in the groundmass. Small crystals also occur as reaction products in olivine coronae and 

amphibole reaction rims (Fig. 4.15C). All the oxides found in this study are 

titanomagnetites (Fig. 4.16B). Ilmenites were not found in this study and are thought to 

be rare in interplinian Volcán de Colima andesites (Mora et al., 2002; Reubi and Blundy, 

2008), and this has previously been attributed to low TiO2 contents of the Colima magmas 

(Luhr and Carmichael, 1980; Mora et al., 2002).  

4.2.2.5 Olivine 

Olivine phenocrysts are exclusively present as anhedral, heavily resorbed and embayed 

phenocrysts (300-600 μm) (Fig. 4.15D) and have compositions of Fo68-77 (Fig. 4.16C). 
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They are surrounded by coronae of orthopyroxene and peritectic/symplectitic 

overgrowths of Fe-Ti oxides at the boundary between the olivine and orthopyroxene 

crystals. These peritectic/symplectitic Fe-Ti oxides have a ‘wormy’ texture, distinct from 

the blocky or rounded oxide inclusions seen in pyroxenes not associated with olivine, and 

can be used to discriminate between orthopyroxenes crystallised from melt and reacted-

out olivines. These corona-rimmed olivine phenocrysts can occur individually or as part 

of larger glomerocrysts. 

4.2.2.6 Groundmass 

The groundmass comprises small (≤ 30 μm) plagioclase, orthopyroxene and Fe-Ti oxide 

crystals, with abundant glass and very minor clinopyroxene. Groundmass crystals range 

from euhedral, blocky/prismatic to acicular plagioclases needles and euhedral, blocky to 

elongate orthopyroxene microlites (4.15E and 4.15F).  

4.2.2.7 Glass 

Groundmass and ash glass compositions for Volcán de Colima samples are much more 

evolved than the bulk rock (60-79 wt.% SiO2, Fig. 4.17), consistent with previous studies 

of ash and groundmass glasses and melt inclusions (Luhr, 2002; Mora et al., 2002; Atlas 

et al., 2006; Luhr, 2006; Reubi and Blundy, 2008; Reubi et al., 2013; Cassidy et al., 2015). 

Groundmass glass and interstitial glass in glomerocrysts are the most strongly 

differentiated, with high SiO2 (65-79 wt.%) and K2O (2-4 wt.%) contents and low MgO 

(typically <1 wt.%). Glassy inclusions in pyroxenes and plagioclases broadly overlap with 

the composition of groundmass glass and interstitial glass in glomerocrysts. Plagioclase-

hosted glass inclusions typically range between 67-77 wt.% SiO2, with inclusions within 

sieve-textured cores being less evolved (67-73 wt.% SiO2). Pyroxene-hosted inclusions 

vary depending on the zoning type, with inclusions in Homogeneous and NZ-T1 cores 

having SiO2 contents up to 76 wt.%, but inclusions on the band-rim boundaries and rims 

of NZ-T2 and NZ-T3 types have 66-71.5 wt.% SiO2 and lower K2O contents (2.0-2.6 

wt.%). Though melt inclusions are not the focus of this study, these compositions broadly 

agree with compositions in other studies (Atlas et al., 2006; Reubi and Blundy, 2008; 

Reubi et al., 2013) and indicate more evolved melt compositions when crystallising the 

lowest Mg# pyroxene crystal rims.  

  



Chapter 4: Present State of the Volcán de Colima Plumbing System: Insights from the crystal cargo 
 

 146 

 

Figure 4.15. SEM images of amphibole, oxide and olivine phenocrysts and groundmass 

textures. 4.15A is an ‘opacite’ texture (Luhr, 2002) with thin, fine grained rims and 

relatively intact amphibole crystal; 4.15B is a the more common amphibole texture, with 

pervasive resorption and medium-grained pyroxene, plagioclase and oxides; 4.15C is an 

Fe-Ti oxide microphenocryst; 4.15D is an olivine phenocryst with the characteristic 

embayed dissolution surfaces, rimmed by orthopyroxene and symplectitic/peritectic Fe-

Ti oxide. 4.15E is an image of the groundmass with acicular plagioclases needles and small 

crystals of oxide and pyroxene. 4.15F is an image of blocky/prismatic groundmass 

plagioclases crystals and euhedral, blocky orthopyroxene microlites.  
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Figure 4.16. Mineral classification and compositional variation diagrams for 

amphibole, Fe-Ti oxides, and olivine in Volcán de Colima samples. 4.16A is an 

amphibole classification diagram according to Leake et al. (1997), showing that 

most of the amphiboles are magnesiohastingsites. 4.16B is a TiO2–FeO–Fe2O3 

triangular plot showing the composition of Fe-Ti oxides and their titanomagnetite 

composition. 4.16C is a linear plot of the Fosterite (Fo) and Fayalite (Fa) end 

members of olivine, showing the olivines are typically forsteritic. The tephroite 

content of these samples are typically <1% and as such are shown as a linear 

variation between the other two end members rather than a triangular plot cf. 4.16B.  
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Figure 4.17. Glass compositions in Volcán de Colima samples. Compositions 

show progressive change with differentiation from more mafic to evolved 

compositions and mixing. Grey dashed lines are Liquid Lines of Descent (narrow 

dashes) and mixing lines (wide dashes). Liquid lines of descent are from Reubi and 

Blundy (2008) and are inferred from a primitive basalt crystallising the typical bulk 

mineralogical assemblage of 1998-2005 Volcán de Colima rocks, mineralogically 

identical to 2013-17 rocks. The liquid lines of descent from Reubi and Blundy (2008) 

are averages based on several experimental studies on basalts crystallising over a 

range of pressures. Mixing line inferred from mixing between primitive basalt and 

1998-2005 glasses. The liquid line of descent estimated from MELTS modelling 

(this study, blue line) suggests a roughly similar trend to the literature data. The 

whole-rock compositions for the 2013-17 samples lie along the mixing line and ash 

glass compositions also indicate a degree of mafic input from mixing. Further 

information on the parameters for the MELTS modelling are detailed in the caption 

of Figure 4.22. 
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Analyses of glass from ash fragments were undertaken on small, highly-vesiculated shards 

as these are more likely to represent vapour-saturated melt prior to eruption rather than 

fragments of partially degassed and evolved conduit material and dome rock, akin to the 

‘vesicular’ and ‘dense’ fragment types of Cassidy et al. (2015). Although the analyses show 

a considerable spread in composition, 60-77 wt.% SiO2, they are on average the least 

evolved glass compositions (two-thirds are <68 wt.% SiO2) and have compositions 

intermediate between the whole-rock and the groundmass glass.  

4.3 Crystallisation Conditions 

4.3.1 Temperature 

The results of the modelling for individual points are shown in Figure 4.18, organised by 

pyroxene type. Temperatures of the evolved NZ-T1 cores and rims, NZ-T2 and NZ-T3 

rims are estimated at 980-1010°C, and the intermediate cores of NZ-T2 are estimated at 

1000-1030°C. The mafic bands in both of these types have temperatures on average 1030-

1040°C, similar to the average temperature of NZ-T3 mafic cores. Homogeneous crystals 

record a temperature of c. 980 °C, overlapping with the evolved NZ composition and in 

agreement with their petrography. Similarly, low-Mg# compositional zones of reverse 

zoned crystals have temperatures in the same interval: RZ-T1 cores, 980-1000°C; RZ-T2 

low-Mg# bands, 990-1000°C; and RZ-T3 low-Mg# bands, 980-1000°C. The more mafic 

portions (high-Mg#) internal portions of RZ-T2 have temperature of 995°C, slightly 

lower than NZ equivalent; and the high-Mg# core of RZ-T3 record temperatures of 

1010-1040°C. For all three RZ types, the mafic rims have temperature estimates between 

1010-1050°C, averaging at 1020-1030° (± 18°C). 

When considering these temperature results, a calibration curve of temperature vs 

pyroxene compositions (i.e. Mg#) (Fig. 4.19) was defined using these data.  At least two 

magmatic end-members can also be identified and defined: a mafic, high-Mg# (Mg# > 

77) member and an evolved low-Mg# (Mg# 69-75) member. The average temperatures 

for the evolved end-member is 980-1000°C, whereas the mafic end-member shows a 

relatively wide range, typically c. 1020-1080°C. Temperature estimates from this study 

agree well with those from previous studies (Luhr and Carmichael, 1980; Luhr and 

Carmichael, 1990; Luhr, 2002; Mora et al., 2002; Reubi and Blundy, 2008; Savov et al., 

2008; Crummy et al., 2014; Cassidy et al., 2015), although the temperature estimates for 

the highest Mg# are slightly lower than estimates by Reubi and Blundy (2008). This may 

potentially be due to small amounts of mixing with more evolved melt during injection 
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and crystallisation of mafic bands and rims. Experimental data by Moore and Carmichael 

(1998) also give temperatures of 950-978°C for the most evolved rocks, within error of 

the estimates reported here for the most evolved pyroxene compositions.  

4.3.2 Pressure 

Pressure estimates using the two-pyroxene thermobarometer (Putirka, 2008) and the 

same method as above, show estimates of 1.9-7.5 kbar (Fig. 4.20) (with an error of ± 2.8 

kbar, as per Putirka, 2008), with average pressure estimates for all groups and zones 

between 4 and 6 kbar.  

Using the few equilibrium clinopyroxene-melt pairs available, the performance of the 

two-pyroxene method was compared to the clinopyroxene-liquid and clinopyroxene-only 

thermobarometers of Putirka (2008) (Appendix IX). The results show good agreement 

with the estimates calculated with the two-pyroxene method and are therefore considered 

to be reasonable when the model error is taken into account. 

4.3.3 Constraints from other methods 

Whilst thermobarometric estimates from pyroxene are the main focus of this study, 

supplementary information using amphibole compositions and apatite saturation 

temperatures can aid interpretation of crystallisation conditions. The Al-in-amphibole 

model of Ridolfi et al. (2010) suggests crystallisation temperatures of c. 930-1000°C and 

2.9-5.0 kbar pressure for the amphiboles (Fig. 4.21).  

However, pressure estimates using the Ridolfi et al. (2010) model should be treated with 

caution. Erdmann et al. (2014) interrogated the Ridolfi et al. (2010) model using 11 

experimental studies and concluded that, although the temperature estimates derived 

from the model are reasonably reliable, the relationship between the relationship between 

Si and Al in the amphibole compositions is strongly correlated with the starting 

composition and temperature and not with the pressure. In addition, they question the 

reliability of the chosen studies for the pressure calibration, due to the fact that the mafic 

to intermediate experiments were moderate to high pressure experiments, and conversely 

intermediate to silicic experiments were performed at low pressure (Erdmann et al., 2014). 

Thus, even if the pressure estimates from Ridolfi et al (2010) agree with the pyroxene-

based thermobarometry, these results should be read with caution.  
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Apatite saturation temperatures, using SiO2 and P2O5 content from whole-rock 

compositions and using the method of Piccoli and Candela (1994), suggest 930-950°C 

(Appendix X). These temperatures are cooler than those estimated from the two-

pyroxene thermometry and rely on less reliable parameters (whole-rock composition), but 

are within the errors of the thermometry model and overlap with apatite crystallisation 

predicted by MELTS modelling. Together, these support the interpretation of the 

presence a cooler evolved end-member.  

Estimates of the oxidation state of the magmas have been made in previous studies using 

two-oxide oxythermometry using the method of Andersen and Lindsley (1988). Ilmenites 

are rare in Volcán de Colima magmas, and touching pairs of ilmenite and magnetite are 

very rare.  Estimates from previous studies vary between log fO2 -11.4 to -9.2 (NNO-

NNO+2) (Luhr and Carmichael, 1980; Mora et al., 2002; Reubi and Blundy, 2008). Whilst 

no ilmenite was found in this study to give a comparative constraint, these values are 

broadly in agreement with estimates using the amphibole-based model of Ridolfi et al. 

(2010) (log fO2 -10.5 to -9.5; ~NNO+1; Fig. 4.21). Equilibrium water contents for the 

amphiboles are estimated at c. 5.0-6.5 wt. % H2O (Fig. 4.21). 
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Figure 4.19. Modelled temperature ‘calibration curve’ using the two-pyroxene 

geothermobarometer of Putirka (2008), grouped by Mg#. Box represents the mean 

of temperature estimate values and bar represents 1 standard deviation. Point 

colours as per the legend in Fig. 4.12.       

 

Figure 4.20. Modelled pressure estimates using the two-pyroxene 

geothermobarometer of Putirka (2008), grouped by crystal zone. Box represents 

the mean of pressure estimate values and bar represents 1 standard deviation. 

Colours as per the legend in Fig. 4.12.   



Chapter 4: Present State of the Volcán de Colima Plumbing System: Insights from the crystal cargo 
 

 153 

 

Figure 4.21. Temperature, pressure oxygen fugacity and melt H2O content 

estimates for amphiboles using the models from Ridolfi et al. (2010) using Al in 

amphibole. Red arrows indicate 12-35% crystallinity used in the model.  
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4.4 Discussion 

4.4.1 Summary of results and paragenesis 

The 2013-2017 eruptive phase at Volcán de Colima is characterised by andesites with a 

very restricted range of whole-rock compositional variability (Figs. 4.1 to 4.6), similar in 

many respects to the preceding 1998-2011 interplinian phase (e.g., Luhr, 2002; Mora et 

al., 2002; Reubi and Blundy, 2008; Savov et al., 2008). All samples contain plagioclase + 

orthopyroxene + clinopyroxene + Fe-Ti oxides, along with groundmass glass, amphibole 

with reaction rims, antecrystic resorbed olivine, and glomerocrysts comprised of all the 

main crystallising phases. Petrographic and textural evidence suggests a general 

crystallisation sequence of antecrystic olivine → high-Mg# clinopyroxene + high-Mg# 

orthopyroxene + high-An plag + oxide (in glomerocrysts) ± amphibole → low-Mg# 

clinopyroxene + low-Mg# orthopyroxene + plag + oxide ± amphibole → low-Mg# 

orthopyroxene + plag + apatite + oxide ± low-Mg# clinopyroxene.  

However, whole-rock compositions and textural evidence also suggest significant 

disequilibrium. Fractionation modelling of whole-rock compositions have failed to 

replicate the bulk composition of these rocks, notably that MgO content recorded in the 

bulk rock is higher than that generated only by fractional crystallisation from a mafic 

parent (Fig. 4.22). This agrees with the observation for the 1998-2005 rocks by Reubi and 

Blundy (2008). Textural information recorded in the dissolution/resorption surfaces and 

zoning profiles of crystals also indicate significant disequilibrium and crystallisation in 

different magmatic environments, suggesting mixing of remobilisation and magmas.  

4.4.2 Insights from whole-rock data  

The whole-rock geochemical data (Figs 4.1-4.6) show that the 2013-17 rocks are calc-

alkaline andesites with compositions typical for recent interplinian eruptive products at 

Volcán de Colima. Predicted liquid lines of descent calculated from MELTS modelling 

(Ghiorso and Sack, 1995; Antoshechkina and Asimow, 2010; Gualda et al., 2012) from a 

mafic component (the proposed parental magma for the Colima magmatic system, using 

magma composition SAY-22E from Luhr and Carmichael, 1981; or a homogenised 

gabbroic fragment from Reubi and Blundy, 2008) show that the whole rock values lie 

between the mafic parents and the evolved glass compositions (Fig. 4.22). This feature 

was also noted by Reubi and Blundy (2008) and suggested mixing between an evolved 

component and a more mafic component, although they proposed mechanical mingling 
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of gabbroic material into dacitic melts rather than mixing of the two magmatic end 

members.  

 

 
 

Figure 4.22. MELTS modelling to constrain the liquid line of descent for Volcán 

de Colima magmas. Caption overleaf. 
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Figure 4.22 (overleaf). MELTS modelling to constrain the liquid line of descent 

for Colima magmas. Starting melt composition for fractionation modelling was a 

primary basalt composition (SAY-22E primitive basalt sample from Tezontal 

cinder cone composition, from Luhr and Carmichael, 1981), which is considered 

to be representative of the primary magmas fractionating at Volcán de Colima. 

MELTS model output (blue line) roughly follows the estimated liquid line of 

descent from literature (from Reubi and Blundy, 2008, and is an average liquid line 

of descent based on several experimental studies on basalts over a range of 

pressures). The whole-rock data lie on a mixing line between groundmass and 

interstitial glomerocryst glass compositions (yellow diamonds and red dashes) and 

ash glasses (grey dashes) and the mafic parental magmas. Sample PF17/007A-CIIV, 

considered to be an olivine andesite clast similar to that described by Luhr and 

Carmichael (1980) is shown to lie between SAY-22E starting material (and average 

glomerocryst composition from Reubi and Blundy, 2008) and the bulk andesitic 

rock, suggesting this magma incorporated more mafic material rather than being a 

mafic end-member itself. Starting conditions for the MELTS modelling were a 

temperature range from 1300-1000ºC, reducing in increments of 1ºC; pressure of 

5 kbar (500 MPa) and water content of 1 wt.%. Modelling undertaken using 

alphaMELTS 2 (Ghiorso and Sack, 1995; Antoshechkina and Asimow, 2010; 

Gualda et al., 2012). 

The trace element data also have similar trace element characteristics to subduction zone 

volcanoes and other interplinian deposits at Volcán de Colima. Whilst the patterns of 

enrichment in LREE and fluid mobile elements suggest some input of fluids and 

sediments into the mantle wedge beneath the volcanic centre, the element ratios show 

the samples do not show a significant contribution from sediment or slab melts or fluids, 

akin to the mixed alkaline-calc-alkaline magmas of Group II (Crummy et al., 2014, 2019).  

Assessing the mantle petrogenesis of these samples is beyond the scope of this study, 

however it appears that these samples appear to have the same provenance as past 

interplinian and Plinian deposits of the Group I (calc-alkaline) Plinian eruptions at Volcán 

de Colima, and the whole rock data precludes a significant contribution of enriched alkalic 

material into the present magmatic system, as suggested by Crummy et al. (2014, 2019) 

for the alkalic magmas occasionally intruded into the plumbing system.  
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The restricted range of whole-rock compositions suggests that mixing is efficient and 

buffers the whole-rock compositions from large chemical variations. While there appears 

to be increases in whole-rock Mg# (outside the range of error) in some ash samples from 

Eruptive Phases 4 and 5 (2015-16, ΔMg# ~ 4, Fig. 4.6) and some fluctuation toward the 

end of Eruptive Phase 2 and initial Eruptive Phase 4, these correlate with only moderate 

decreases in SiO2 and moderate increases in whole-rock Cr content. The 2015-16 ash 

samples clearly lie on a trend towards clinopyroxene+orthopyroxene and not towards the 

mixing trend with the mafic component (Fig. 4.23). This trend may be explained by these 

particular samples being more crystal-rich (and/or glass-poor) compared to other samples, 

and the trend may be accounted for by accumulation of clinopyroxene and orthopyroxene 

crystals of ≤ 10% clinopyroxene+orthopyroxene. Similarly, some ash samples from 

Phase 3 have anomalously low MgO, which may be due to the opposite effect of these 

samples being relatively crystal-poor and/or glass-rich, unrelated to simple mixing with 

the mafic components. Much greater changes in bulk composition, notably SiO2, would 

be expected for a reversal to more mafic bulk compositions of the erupted products.  

 

Figure 4.23. Mixing model between average whole-rock (whole-rock compositions 

in green), ash compositions (grey squares) and different mineral and bulk 

components. Trends for Mg-enriched ash samples can be accounted for by 

accumulation or mixing of pyroxene rather than a bulk mixing of mafic 

components. Blue line is the Liquid Line of Descent from MELTS modelling as 

shown in Figure 4.22. 
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In contrast, the mafic sample (COL-PF17/007A-CIIV) from the 2017 PDC deposit in 

La Arena ravine, has much lower SiO2 content (54 wt.%) and higher Mg# (59) and plots 

on a mixing line between ‘average’ whole-rock compositions in this study and the 

proposed mafic parental magmas (Fig. 4.23). Petrographically, however, this sample 

contains embayed olivines without the peritectic orthopyroxene overgrowths seen in all 

the other samples, and is much more akin to the prehistoric ‘olivine andesites’ (i.e., 

samples Col-9 and Col-11) of Luhr and Carmichael (1980). As this particular clast was 

obtained from a pyroclastic flow deposit, this sample may be a xenolithic fragment of an 

older olivine andesite lava flow and possibly unrelated to the present activity at Volcán 

de Colima. Whilst this sample may be petrogenetically useful, representing a potential 

spectrum of the Volcán de Colima mafic end-member, it is unlikely to be representative 

of the current magmatic environment recorded in the chemistry and petrology of the 

other samples.  

4.4.3 Magmatic Environments 

Clear evidence of magma mixing is revealed by the complex chemical composition, 

zoning and textures of the crystal cargo, that suggest an active system defined by 

disequilibrium and mixing of different melts and growth and storage in compositionally 

distinct magmatic environments.  

At least two magmatic environments can be discerned from the pyroxene compositions 

and textures. Based on the low-Mg#, very low Cr2O3 compositions (< 0.1 wt.%), and 

inclusions of phases such as apatite and abundant Fe-Ti oxides, the Homogeneous type 

crystallised from a relatively evolved magma, saturated with respect to apatite and Fe-Ti 

oxides, alongside plagioclase of An40-60. NZ-T1 and RZ-T1 crystal cores have a low-Mg# 

and rich in inclusions (including abundant glassy inclusions, which may indicate pervasive 

resorption), which also suggest crystallisation from this evolved magmatic environment, 

alongside the evolved rims of NZ crystals (Figs. 4.12, 4.13; Tab. 4.3). Due to the 

abundance of the Homogeneous crystal type (>60% phenocrysts and >80% 

microphenocrysts) and the frequency of low-Mg# compositions, the evolved magmatic 

end-member is considered to be dominant in the magmatic system, consistent with the 

homogeneous ‘weakly-zoned’ crystals (Reubi and Blundy, 2008) thought to be the 

primary crystallising phase for the evolved magmas in the shallow system from previous 

studies (Mora et al., 2002; Reubi and Blundy, 2008; Savov et al., 2008). A temperature of 

c. 980-1000°C ± 18°C is estimated for this magmatic environment. 
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By contrast, the rims of RZ crystals, cores of RZ-T3 and NZ-T3, bands and some cores 

of NZ-T2, alongside bands of NZ-T1 and RZ-T2 are comparatively mafic, with high 

Mg# and Cr2O3 contents (Figs. 4.12, 4.13; Tab. 4.3), and represents a second separate 

mafic magmatic environment, constrained at a temperature of c.1020-1040°C ± 18°C 

using the two-pyroxene geothermometer. Other mineral phases co-crystallising in this 

environment are high-anorthite (An60-80) plagioclase and oxides, and may be associated 

with olivine, although there is no clear evidence that it was crystallising in this 

environment. Cores in NZ-T1 and -T2 are often rounded and bounded by resorption 

surfaces, and are mantled by bands with the highest Mg# and Cr2O3 content, suggesting 

mixing between the evolved and mafic end-members upon heating and dissolution of the 

evolved cores during entrainment and crystallisation of mafic bands.  

As is demonstrated by the laser ablation ICP-MS mapping (Figure 4.14, Appendix VIII), 

the mafic nature of the normal zoned cores can be confirmed with high concentrations 

Cr, Ni and Al contents. In addition, for NZ-T3 crystals, Al correlates with Cr and Mg, 

suggesting that the zonation is due to mixing rather than concomitant growth. The mafic 

nature of the rims in reverse zoned crystals also supports the EMPA data, showing high 

Al, Cr and Ni concentrations in the rims. The variation in Cr and Ni contents of the rims 

suggest rapid, perhaps chaotic mixing after intrusion and during mixing, as the crystal 

comes into contact with melts of different compositions. Interestingly, the ‘homogeneous’ 

crystals also show this banding but in reverse, where very thin Cr and Ni rich bands are 

present in the crystal, despite no noticable changes in Mg content or brightness contrasts 

in the SEM images. This suggests that this ‘cryptic’ mixing, where melts may be injected 

or crystals come into contact with intruded melt, may be common and is not recorded in 

the major element analyses or crystal images. This has important implications for the 

interpretation of the magmatic end members as dynamic and can be subject to variations 

thoughout time around a mean composition and temperature. It can be argued in this 

case that characterising magmatic environments temperatures using individual points can 

be misleading, and an averaged approach should be used for characterisation and choice 

of temperature, e.g. for diffusion modelling.  

To summarise, two dominant magmatic environments are present in the plumbing system 

beneath Volcán de Colima: (1) An evolved magmatic environment (hereafter also referred 

to as low-Mg#), crystallising low-Mg# orthopyroxene and clinopyroxene (Mg# 69-75), 

An40-60 plagioclase, amphibole, and saturated in Fe-Ti oxide and apatite at 980-1000°C, 
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and (2) a mafic magmatic environment (hereafter also referred to as high-Mg#), 

crystallising high-Mg# (77-89) and high-Cr2O3 (0.2-1.2 wt.%) pyroxene, high An (An60-80) 

plagioclase and olivine at 1020-1080°C. Assessing the mantle source of these melts is out 

of the scope of this study, however it can be speculated that the original source of the 

mafic melts may be parental basaltic melts (Luhr and Carmichael, 1981; Carmichael et al., 

2006; Verma and Luhr, 2010), which are compositionally similar to the compositions of 

the gabbroic clots described by Reubi and Blundy (2008), and do not reflect the alkaline 

melts hypothesised by Crummy et al (2014) and Luhr et al. (2010). A possible third, 

intermediate magmatic environment crystallising pyroxene of (Mg# 74-84) and 

plagioclase, which only occurs as cores of NZ-T2 and RZ-T2 crystals, and mostly lacks 

any inclusions typical of the evolved type cores, may be present. Alternatively, this 

intermediate zoning types may be explained by long-term storage and diffusive re-

equilibration of mafic crystals in an evolved melt environment, as elsewhere in the TMVB 

described in the Popocatépetl volcanic system by Mangler et al. (2020). 

4.4.4 Magma mixing dynamics 

The variety of chemistry and textures of minerals observed in this study, clearly indicates 

that magma dynamics at Volcán de Colima are influenced by mixing between mafic and 

evolved magmatic end-members leading to a complex interplay between the different 

magmatic environments. A summary of the magmatic end-members and their relation to 

crystal textures is shown in Figure 4.24 and the petrological model Figure 4.25. 

Within the mafic magmatic end-member, high-Mg# pyroxenes crystallise alongside 

olivine and high-An plagioclase. Injection of melts from the mafic end-member 

remobilises these crystals, and the mafic magmas migrate into the reservoirs hosting the 

evolved end-member magmas. These injections remobilise the high-Mg# pyroxenes and 

associated crystals (i.e., cores of NZ-T3) of the mafic end-member, and can therefore be 

considered antecrysts when injected in the evolved reservoir (e.g., Davidson et al., 2007). 

These recharge events not only remobilise and entrain mafic crystals, but also remobilise 

resident evolved crystals (i.e., cores of NZ-T1) and partially re-equilibrated mafic crystals 

from previous recharge events (i.e., cores of NZ-T2), both already present within the 

evolved end-member. Injection and entrainment by the mafic melt in this reservoir cause 

heating and disequilibrium conditions, and results in resorption of extant pyroxene cores 

followed by the formation of a high-Mg# and high-Cr band (Fig. 4.24). Entrainment also 

results in pervasive resorption and sieve textures in plagioclase, as the high-An portion 
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dissolves and lower-An plagioclase from the evolved end-member infills the voids (Streck, 

2008). Olivine phenocrysts, which may have been stable in the high-temperature mafic 

environment, begin to break down in the new magma to form peritectic coronae. 

 
 

Figure 4.24. Schematic model of the interactions between resident evolved melts 

and injections of mafic melts from depth in the plumbing system of Volcán de 

Colima.   

Formation of the high-Mg# and high-Cr band around the evolved (NZ-T1), partially re-

equilibrated (NZ-T2) and mafic antecrystic cores (NZ-T3) is a result of crystallising from 

an initially more mafic melt. As mixing proceeds, following a process of comparatively 

efficient mixing as seen at other volcanoes (e.g., Popocatépetl, Mangler et al., 2020; 

Stromboli, Petrone et al., 2018), the magmatic environment around the crystal changes 

from mafic to the evolved composition, reflecting the chemistry of the resident magma. 

In most cases this results in the formation of an evolved rim, but in rare cases 

homogenisation and fractionation may occur as the magma evolves towards the evolved 
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end-member, capturing the on-going mixing (Petrone et al., 2018). Within this evolved 

end-member, low-Mg# pyroxene and low-An plagioclase crystallise along with saturation 

and crystallisation of Fe-Ti oxide and apatite (the latter present as inclusions). Storage in 

the evolved end-member results in growth of low-Mg# rims of the NZ-type crystals, 

along with the indigenous Homogeneous type crystals. These crystals may stall and 

develop blurry zone interfaces by diffusion before being remobilised by a later mafic 

injection shortly before eruption.  

Small-scale local variations in crystallisation conditions (temperature, pressure, volatile 

content etc) lead to low-amplitude, high frequency oscillations in anorthite content (ΔAn 

< 5) textures which are abundant in plagioclase (Ginibre et al., 2002; Streck, 2008).  

Subsequent mafic injections may either result in the same processes, forming additional 

mafic bands, or may trigger or prime the system for eruption, resulting in the 

crystallisation of a final mafic rim in pyroxene (i.e., RZ-type crystals). In plagioclase, the 

presence of dissolution surfaces typically on low-An (An40 to An60) portions mantled by 

thick higher-An (ΔAn > 5) bands are evidence of these later injections of hotter magmas 

and dissolution of the resident low-An plagioclase (Ginibre et al., 2002; Streck, 2008). 

Finally, these phenocryst-bearing magmas rise towards the surface, crystallising evolved 

microphenocrysts and groundmass in shallow storage regions and as they rise through 

the conduit and erupt (Reubi and Blundy, 2008; Savov et al., 2008; Reubi et al., 2013; 

Cassidy et al., 2015).  

Amphibole phenocrysts, which may have been stable at depth in the plumbing system 

(Moore and Carmichael, 1998; Reubi and Blundy, 2008; Crummy et al., 2014; Macías et 

al., 2017) encounter disequilibrium conditions during storage and ascent and form 

reaction rims (Rutherford and Hill, 1993; Rutherford and Devine, 2003; Macías et al., 

2017). The presence of two different amphibole reaction rims and rims of different 

thicknesses may suggest variation in the storage conditions and processes during ascent. 

Experimental studies on amphibole reaction rims (e.g., Rutherford and Hill, 1993; 

Browne and Gardner, 2006; Plechov et al, 2008; De Angelis et al., 2015) concluded that 

reaction rims can form during both heating and decompression. Decompression-induced 

reaction rims are typically thin and fine-grained (e.g., Rutherford and Hill, 1993; Browne 

and Gardner, 2006) as opposed to the thick, coarse-grained reaction rims associated with 

heating (Rutherford and Devine, 2003). However, this simple characterisation may be a 
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more complex in natural systems relating to the physico-chemical conditions of the host 

magma (Browne and Gardner, 2006; De Angelis et al., 2015). For example, experimental 

work by De Angelis et al. (2015) on amphiboles from Augustine volcano found that 

heating could produce reaction rims similar to those seen from decompression 

experiments, except that clinopyroxene was present in the reaction rim formed during 

heating. They concluded that this may be a useful way of discriminating between heating 

and decompression, but cautioned that storage timescales are also an important factor, 

with a decrease in the proportion of clinopyroxene and an increase in the proportion of 

orthopyroxene with time.  

The amphiboles in Volcán de Colima magmas contain both types of reaction rims - thin, 

fine-grained ‘opacite’ rims, previously associated with decompression (Rutherford and 

Hill, 1993; Browne and Gardner, 2006); and thick, coarse-grained reaction rims, thought 

to be formed by heating (Rutherford and Devine, 2003), although the formation of both 

types is debated (De Angelis et al., 2015). The coarse-grained rims contain both 

clinopyroxene and orthopyroxene, suggesting that heating was involved in the 

remobilisation of these phenocrysts (De Angelis et al., 2015), in agreement with the 

interpretation of the pyroxene phenocryst groups. The presence of both types and 

variable rim thicknesses within samples is also suggestive of mingling or mixing of 

different magmas (Rutherford and Hill, 1993; De Angelis et al., 2015), in agreement with 

the interpretation from other phases. Nevertheless, disentangling the relative contribution 

of heating and decompression in the formation of these reaction rims in the Volcán de 

Colima interplinian magmas will be a useful parameter to constrain ascent rates and 

storage of the amphibole phases (e.g., Macías et al., 2017).     

Given the similarities between the zoned textures of glomerocryst and free crystals, the 

glomerocrysts and remnant amphibole and olivine are interpreted as fragments of the 

mush remobilised during recharge events and portions of free crystals represent 

disaggregated parts of these agglomerations.  
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Figure 4.25. Petrological model of the plumbing system at Volcán de Colima. 

Model combines petrological information from the findings of this study and 

published literature, along with geophysical evidence. General abbreviations 

include px (pyroxene), plag (plagioclase), ol (olivine), EQ (earthquake), DADs 

(Debris Avalanche Deposits), MI (melt inclusion). ‘Gp II’ refer to Plinian events 

with an alkalic component as described by Crummy et al. (2014). δ-ve dVp refer to 

relative negative dVp values, and δ+ve dVs refer to relative positive dVs values, 

and used as evidence for silicic magmas in this part of the crust by Sychev et al. 

(2019).  References as in the text.   

Geophysical studies have indicated that a significant low velocity zone (LVB) is present 

beneath the volcano and that most of this body is liquid (Spica et al., 2017; Sychev et al., 

2019).  The textural and chemical evidence from this study is consistent with a semi-

molten, mushy magma body beneath the volcano (Fig. 4.25). Geothermobarometry 

estimates for the pre-eruptive conditions also suggest that these crystals form at 

overlapping depths with the proposed LVB. In fact, these observations of a complex 

variety of the crystal types suggesting repeated growth, storage, remobilisation and 

disaggregation in a heterogeneous mush, is consistent with the model of small, ephemeral 

amounts of mafic melt passing through a semi-crystalline, mostly evolved magma body 

via conduits to small reservoirs (Atlas et al., 2006; Reubi et al., 2013, 2015).  
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Such structures of small ephemeral reservoirs within a subsolidus mush are now 

recognised as a common feature in many volcanic systems (Cashman et al., 2017; 

Edmonds et al., 2019). For example, within the TMVB, Mangler et al. (2020) describe 

similar populations of crystals reflecting homogenisation and remobilisation of older 

crystalline material within the volcanic plumbing system of Popocatépetl, along with 

storage zones in the mid and upper crust. Weber et al. (2020a) describe similar 

hybridisation between a resident upper crustal evolved crystal mush and intruding basaltic 

andesite magmas from depth. Wallace et al. (2020) and Scott et al. (2013) interpret 

plagioclase textures and mineral chemistry in rocks erupted at Santiaguito, Guatemala, as 

representing mixing between more and less evolved melts within a chemically stratified 

mush zone; with ascent of these magmas remobilising previously crystallised portions of 

the crystal mush. Similar processes of mafic recharge, remobilisation, mixing and 

homogenisation within trans-crustal mush systems have also been described in the 

Tongariro Volcanic Centre in New Zealand by Kilgour et al. (2014), Coote and Shane 

(2016) and Shane et al. (2019). Crystal-rich andesites at volcanoes in other continental 

arcs, for example, Cascades volcanoes such as Mount St. Helens (Kiser et al., 2016; Wanke 

et al., 2019) and Mound Hood (Koleszar et al., 2012), similarly record patterns of mixing, 

homogenisation and remobilisation in a polybaric plumbing system, as do island arc 

volcanoes such as Santorini (Fabbro et al. 2017), Soufrière Hills (Paulatto et al., 2019), or 

Methana in the Aegean arc (Popa et al., 2019; 2020).  

4.4.5 Storage depths in the Colima magmatic system 

Pressure estimates from two-pyroxene barometry suggest that most of the crystallisation 

occurs at 4-6 kbar, or 12-18 km depth. Given that the thickness of the crust beneath 

Volcán de Colima is 30-35 km (Wallace and Carmichael, 1999; Spica et al., 2017), this 

places most of the crystallisation of complexly zoned crystals, and hence mixing and 

remobilisation, in the mid-crust. These estimates conflict with studies based on melt 

inclusions, which consistently show melt inclusion entrapment depths in vapour-

saturated conditions of typically < 8 km for interplinian activity (Atlas et al., 2006; Reubi 

and Blundy, 2008; Reubi et al., 2013). Experimental data also indicates a shallow (0.7-1.5 

kbar) rather than deep storage (Moore and Carmichael, 1998).  

The reason for this discrepancy may be the large errors inherent with geobarometry tools, 

in particular the ±2.8 kbar error for the two-pyroxene model (Equation 39 of Putirka, 

2008). If an average pressure of 5 kbar is used, the range approaches 1.8 kbar, near to the 
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upper estimates of entrapment pressures. Nevertheless, this highlights the inherent 

uncertainty in the technique for estimating pressure.  Melt inclusions themselves also have 

limitations, such as the inherent errors associated with analysing small volumes of material, 

the influence of post-entrapment modification through the formation of vapour bubbles 

or crystals or diffusion with surrounding host, and whether the inclusion itself is 

representative of the trapped melt or is sampling boundary layer or exotic melts (Kent, 

2008). Of particular relevance is the final sealing conditions of the inclusions, as they may 

record where the inclusions were sealed rather than the entire crystallisation sequence, 

and melt inclusions are also prone to re-equilibration which may result in unrepresentative 

pressure estimates (Kent, 2008). In particular, Reubi et al. (2013) have suggested that the 

crystallisation level estimated by inclusions may in fact represent a shallow storage level 

of the magmatic system, where magmas stall and melt inclusions re-equilibrate, giving 

instead a final storage or stalling level before eruption. Whilst upper to mid-crustal 

reservoirs in this context may be vertically extensive (e.g., Sychev et al., 2019 at Volcán 

de Colima; Kiser et al., 2016 for Mount St. Helens), it is clear that the pressure estimates 

of magma batches need to be better constrained at Volcán de Colima for a more complete 

picture of the plumbing system processes. 

Geophysical constraints on the magmatic system also present an unclear picture. Seismic 

data such as volcano tectonic seismic swarms (Núñez-Cornú et al., 1994; Zobin et al., 

2002) and the hypocentres of long period seismic events (Petrosino et al., 2011) have 

been used as evidence to pinpoint the crystallisation of the hosts and sealing of the 

inclusions, at depths of between 0.5 and 8.5 km (VT swarms) and 1.2 to 4 km depth (LP 

hypocentres). These depths have been proposed as approximate levels where magmas 

ascend, degass and crystallise from a volatile-saturated magma in the subvolcanic storage 

region or shallow reservoir. However, ambient noise tomography has shown a clear low-

velocity body at c. 15 km beneath the volcano, interpreted to be a partially crystallised 

magma mush zone with small pockets of interconnected melt-rich reservoirs (Spica et al., 

2017). Sychev et al. (2019), using similar methods, corroborated these interpretations, and 

added that mixing between melts of contrasting compositions is likely to occur in the 

mid-crust prior to migration to a ‘spongy’ shallow magma reservoir. These are in close 

agreement with the petrological and thermobarometric interpretations of this study, 

which indicates magma mixing, crystallisation and remobilisation at c. 5 kbar or 15 km 

depth in the mid-crust (Fig. 4.25). 
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Discrepancy between melt inclusion and geobarometric-derived crystallisation pressures 

and depths has been noted at other arc volcanoes. Fractionation at relatively low 

entrapment pressures was observed for Popocatépetl (Atlas et al., 2006), however 

Mangler et al. (2020), using the same method as this study, describe deeper crystallisation 

in the upper to mid-crust.  Studies of the Ruapehu magmatic system in New Zealand 

have also reported different storage pressures and depths using melt inclusions and 

geobarometers.  Kilgour et al. (2014) reported melt inclusion entrapment pressures of 

0.5-3 kbar and depths of c. 2-9 km; whereas mineral-based geobarometry estimates by 

Conway et al. (2020) yield pressures of 3.6 kbar and depths of c. 13 km. These studies 

highlight that differences in pressure and depths of crystallisation can be obtained using 

different methods, which can have a significant influence on the interpretation of the 

magmatic system.  

It is possible that the depth estimates record different processes and polybaric 

crystallisation (e.g., Santiaguito; Wallace et al., 2020). Spica et al. (2017) note that whilst 

the low-velocity body is present in the mid-crust, magma storage may occur at shallower 

depths, which correspond to entrapment depths by Reubi and Blundy (2008), Reubi et al. 

(2013) and other studies. As noted earlier, these studies in particular have focused on the 

‘true phenocrysts’ and may have overlooked the ‘complexly-zoned’ phenocrysts, 

potentially overlooking information relating to the deeper system by focussing on the 

latest, degassing-related crystallisation in the shallow reservoir(s). Reubi et al. (2017) cite 

the young crystal ages (< 8500 years) for oscillatory-zoned plagioclase crystals as evidence 

against a protracted, cold-storage type mushy system (e.g., Cooper and Kent, 2014) at 

Volcán de Colima; whilst the ‘antecrystic’ high-An plagioclase are considered outliers, 

similar to the high-Mg# pyroxenes.  These observations may be reconciled by a polybaric 

magma storage system where injection, mixing and remobilisation occurs extensively in 

the reservoirs of the deeper mushy storage region, before being transported to shallower 

depths inducing degassing-crystallisation as indicated by melt inclusion studies. Whilst the 

mechanics of magma movement through and interaction with crystal mushes is widely 

debated (Bergantz et al., 2015; Edmonds et al., 2019), a persistently active volcano such 

as Volcán de Colima with young crystal ages may be explained by a particularly active 

mush system, with melts and magmas being transported, crystallised and erupted 

relatively efficiently and at a high flux, and kept at a relatively high temperature. As 

pointed out by Reubi et al. (2019), this may indicate that Volcán de Colima is a possible 

hyperactive ‘end-member scenario’ for these types of open-system, steady-state volcano.  
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4.4.6 Mafic injections during the 2013-17 phase 

Much like the 2005 event (Varley, 2019), the intense 2015 eruption prompted concerns 

of an increase in activity towards a major Plinian event (Capra et al., 2016; Macías et al., 

2017; Reubi et al., 2019). The cause of the event is uncertain, but it has been suggested 

that it was related to the arrival of a new batch of gas-rich magma in the upper conduit, 

which erupted as a series of pulses (Capra et al., 2016; Reyes-Dávila et al., 2016).  

The arrival of new, mafic magma in the plumbing system would supply additional heat 

and possibly volatiles, and could drive more intense eruptions. Such an event could be 

recorded in the crystal cargo by an increase in the number of reverse zoned crystals in the 

erupted products following the eruption. Point counts of the pyroxene crystal types (Tab. 

3.3) suggest that in Eruptive Phases 1 and 2, prior to the 2015 eruption, few reverse zoned 

crystals were encountered (≤ 3 % of total crystals). Following the eruption on 10-11 July 

2015, reverse zoned crystals become more common in Eruptive Phases 4 and 5 

(increasing to 10% of the crystal population), and supports the idea of increased injection 

and mixing of a mafic magma priming or even triggering larger eruptions during 

interplinian periods.  

However, whilst mafic recharge is considered to be a key factor in the timing and 

influencing the style of volcanic eruptions, other factors such as ascent rate (Cassidy et 

al., 2015; 2018), the thermal regime of the reservoirs (Ruprecht and Bachmann, 2010); 

the rheological state of the reservoir (Kozono and Koyaguchi, 2009; Koleszar et al., 2012; 

Cashman et al., 2017), and the crystallinity and volatile behaviour in the reservoir (Popa 

et al., 2019, 2020) can modify the influence of mafic recharge and how an eruption 

proceeds. For example, whilst it is often considered that fresh undegassed mafic magma 

may act more explosively as it reaches shallower reservoirs, the additional heat may reduce 

the viscosity of the magma allowing for more efficient degassing (Ruprecht and 

Bachmann, 2010; Koleszar et al., 2012); and a higher crystallinity may slow ascent rates 

facilitating degassing and lowering explosivity (Popa et al., 2019, 2020), resulting in 

effusive eruptions from high-volatile content magmas. These examples highlight how 

interpretations of processes following recharge should be mindful of complex 

interactions in the plumbing system. Accurately constraining magmatic volatile contents, 

careful modelling, and an understanding of the timescales of magmatic processes will 

provide the more accurate picture of the plumbing system. 
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A comparable increase in the proportion of reverse-zoned crystals was observed, 

although not described quantitatively, at the start of the eruptive phase in 1998-99 (Luhr, 

2002). This perhaps indicates that magma mixing triggered the onset of the eruptive phase 

in 1998 and agrees with these observations for the 10-11 July 2015 event. This may 

suggest that small injections, with little change to bulk chemistry, might be a common 

process in triggering the start of interplinian eruptive phases in agreement with previous 

authors (Macías et al., 2017; Reubi et al., 2019).  

4.4.7 Implications for cyclic activity at Volcán de Colima 

Luhr (2002) suggested that a future event that might terminate this current cycle may not 

be as intense as the 1913 Plinian eruption, based on the lack of non-destabilised 

amphibole and lower plagioclase contents observed in the magmas from the current cycle 

compared to those erupted leading up to 1913. Given the intensity of the 10-11 July 2015 

event and the length and volume of the emplaced PDCs, comparisons could be made 

between the 10-11 July 2015 event and the 1913 or 1818 Plinian eruption itself; and 

whether the 10-11 July 2015 event may in fact represent a possible smaller end-cycle event 

than previous Plinian events. However, based on the findings presented in this study, the 

evidence does not appear to support this hypothesis.  

Firstly, no non-destabilised amphibole crystals (i.e., lacking reaction rims) were found in 

these rocks, despite being abundant in the erupted material from the Plinian eruptions, in 

agreement with descriptions by Capra et al. (2016) and Reyes-Dávila et al. (2016). 

However, this may also be a function of the faster ascent rates during Plinian eruptions 

at Volcán de Colima, hindering the formation of significant reaction rims. Macías et al. 

(2017) reported the presence of ‘Group 1’ amphiboles with higher AlIV and MgO contents, 

and interpreted the origin of these amphiboles to be from magmas which triggered the 

Plinian event, compared to the resident Groups 2+3 amphiboles. All the amphiboles 

examined in this study were more akin to the Groups 2 and 3 amphiboles rather than 

Group 1, suggesting that they represent amphiboles typically resident in the magmatic 

system. The most vesicular sample from the 10-11 July 2015 event encountered in this 

study has a porosity of c. 40%, however the majority of the material has a much lower 

porosity, in contrast to the more porous scoria and pumice from Plinian eruptions. 

Although storage depths estimated from pyroxene thermobarometry are deeper than 

those from the literature, there appears to be no significant difference in pre-eruptive 

storage between the 10-11 July 2015 event and less intense effusive activity before and 
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after, where it is expected that material from deeper in the plumbing system would be 

injected and mush material remobilised during an event more akin to a sub-Plinian or 

Plinian eruption. An abundance of reverse-zoned crystals, which would be expected 

following a large injection event from depth, was not seen here where reverse-zoned 

crystals are mostly rare and only make up a small percentage in some units after the 10-

11 July 2015 event. Finally, the phase assemblage and proportions in the samples from 

the 10-11 July 2015 event are consistent with the rest of the 2013-17 eruptive phase, and 

unlike those from 1913 or 1818.  

It is therefore concluded that the 10-11 July 2015 event, despite being intense, is unlikely 

to represent a cycle-ending eruption as proposed by Luhr (2002). Instead, the model 

proposed by Reyes-Dávila et al. (2016) may be more applicable, a model that involves 

less degassed, fresh magmas ascending through the system along with resident, degassed 

magma in the shallow system. The appearance of reverse-zoned pyroxene crystals, 

reflecting mafic recharge followed by eruption, suggests mafic recharge likely played a 

role in priming and potentially triggering the ascent and eruption of this batch of magma. 

Reyes-Dávila et al. (2016) also argue that the 10-11 July 2015 event may represent an ‘end-

member example’ of variation in normal interplinian activity at Volcán de Colima. 

4.5 Conclusions  

The 2013-17 eruptive phase at Volcán de Colima was characterised by typical interplinian 

activity comprised of effusive lava flows, Vulcanian explosions, ashfall, PDCs and ballistic 

ejecta. The magmas erupted during this period were geochemically and mineralogically 

homogeneous andesites, similar to previous interplinian phases. To understand the 

volcanic system, the results discussed in this chapter reveal a more complex picture of 

resident evolved melts injected by more mafic magmas within a mushy subvolcanic 

plumbing system.   

The crystal cargo of pyroxenes reveals a heterogeneous magma mush, with crystallisation 

from melts which are mostly evolved with periodic recharge of mafic melts and 

remobilisation of crystalline mush material. Thermobarometers provide robust 

constraints on the thermal conditions of storage and give some insight into the depth of 

crystallisation and storage. These interpretations of a melt-rich mushy body in the mid-

crust are consistent with geophysical evidence suggesting such a body at this depth.  
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Magma mixing and storage depths in the mid-crust suggest that geophysical monitoring 

should also actively include this region as well as shallower depths. The increased 

frequency of reverse zoned crystals, suggesting the injection of new mafic melts, in the 

eruption deposits for the 10-11 July 2015 event and 2016 lava flow suggests that better 

constraints are needed to understand the relationship between the frequency and volume 

of mafic recharge and evidence in the crystal record. Insights on this relationship can be 

attained by constraining the timescales of residence and mixing of these mafic magmas, 

as is discussed in Chapter 5.  

  



Chapter 4: Present State of the Volcán de Colima Plumbing System: Insights from the crystal cargo 
 

 172 

Table 4.1. Whole-rock major and trace element compositions for 2013-17 samples. 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
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Table 4.1. Whole-rock major and trace element compositions (cont’d). 
 

 
* Below Detection Limit    † Calculated on an anhydrous basis for major elements 
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Table 4.2. Representative mineral compositions obtained via EMPA.  
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Table 4.2. Representative mineral compositions obtained via EMPA (cont’d).  
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Table 4.2. Representative mineral compositions obtained via EMPA (cont’d).  
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5.1 Introduction 

The petrological evidence presented in Chapter 4 testifies to a dynamic magmatic 

plumbing system at Volcán de Colima. Whilst the bulk of the system is interpreted to be 

broadly evolved, the crystal cargo of pyroxenes reveals overlapping petrological processes 

including crystallisation from evolved magmatic environments, periodic injection and 

recharge of mafic melts, and remobilisation of heterogeneous crystalline mush material. 

These magma injections have important implications for the thermal and chemical state 

of the magmatic system, the timing and style of eruptions, and implications for the 

interpretation of monitoring data.  

It is therefore crucial that the storage timescales of crystals within different magmatic 

environments are constrained. Differences between crystal groups can provide an insight 

to magma storage and mixing timescales in the plumbing system; while differences in 

storage timescales throughout the 2013-17 eruptive phase can shed light on changes in 

the magma mixing dynamics of the plumbing system over the last few years.  Together, 

these will allow for a clearer understanding of the role played by mafic recharge events in 

the latest period of volcanic activity.  

In this chapter, the practical application of diffusion chronometry is described, including 

the parameters and selection criteria used for the modelling. The results of the diffusion 

modelling are presented, and timescales will build upon the petrological interpretations 

presented in Chapter 4. The temporal relationship between the timed magmatic processes 

presented here and the volcanic activity and monitoring data will be explored further in 

in Chapter 6. 

5.2 Methods 

5.2.1 Sample selection for diffusion modelling  

Crystals were chosen from samples erupted across the 2013-17 eruptive phase to capture 

the relative changes in storage timescales and occurrence of mixing events, and both 

clinopyroxene and orthopyroxene phenocrysts were used for diffusion chronometry 

modelling. Typically, in diffusion modelling studies, crystals are extracted from pumices 

or scoria by manually crushing the sample and extracting the phenocrysts from the weaker 

matrix. However, unlike pumices or scoria, crystal separates cannot be efficiently 

extracted from the lavas as the crystals break and fragment easily during crushing and 
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mineral separation, leaving behind fragmentary pieces of crystal and groundmass, and 

rendering them unsuitable for diffusion modelling. For the lavas, crystalline pyroclastic 

and ballistic material, phenocrysts were instead chosen from thin sections of the samples.  

For the ash samples, the grain-mounted samples were screened for suitable crystals. As 

noted in Chapter 4, the clast types within the ash samples comprised two primary types 

– a ‘vesicular’ type and a ‘dense’ type, where the former represent rapidly cooled 

fragments of primary magma whereas the latter represents crystallised material from the 

conduit and dome during ascent, and fragmented during explosions.  However, no 

suitable zoned phenocrysts were identified within ‘vesicular’ type clasts and only 

homogeneous microphenocrysts were identified. Hence, no suitable crystals were 

identified in the ‘vesicular’ clasts.  For the ‘dense’ type, it was difficult to distinguish 

fragments from previously erupted dome material and fresh material. Conflating freshly 

erupted material with older remobilised clasts could have significant implications to the 

interpretation of the timescale data and, therefore the ash samples were not considered 

for further timescale modelling.  

Thin sections from the samples were screened and total of 28 thin sections contained 

crystals deemed suitable crystals for further consideration.  

5.2.2 Acceptance criteria and choice of crystals  

Diffusion chronometry assumes that diffusion is the only process that causes variations 

across a compositional boundary, and that the crystal initially formed from a sharp, step-

like profile following magma mixing. The relaxation of this step-like profile to a sigmoidal 

curve is assumed to be entirely due to diffusion and it is the curve which is modelled. 

However, as discussed in Chapter 3, other factors such as concomitant growth can result 

in a ‘blurred’ initial boundary due to progressive crystallisation and fractionation, which 

could be mistaken for forming entirely due to diffusion (Costa et al., 2008). Distinguishing 

between these two processes is crucial to generate meaningful model results. Examples 

of suitable and unsuitable crystals are presented in Figure 5.1. 

Crystals chosen for diffusion modelling must be carefully screened before they can be 

considered for timescale modelling according to the following acceptance criteria:   
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1. Distinguishing diffusion from other processes using Mg# and slow diffusers   

One method to test if the 'blurry' boundaries are due to diffusion or due to additional 

concomitant growth is by comparing Mg# of the pyroxene crystal with the Al or Ca 

(a.p.f.u.) content. As Fe-Mg interdiffusion is much faster than Al or Ca diffusion in 

pyroxenes (e.g., Costa et al., 2008; Cherniak and Dimanov, 2010), the latter can be 

considered effectively immobile on timescales of < 10,000 years (Sautter et al., 1988; 

Smith and Barron 1991; Saunders et al., 2012). A comparison between Mg# and Al or Ca 

in a traverse can be used to distinguish between diffusion and growth. Diffusion only 

following mixing (and crystallisation of zones of contrasting compositions) would appear 

as a sloped curve in Mg# versus a sharp step in Al and Ca in the same zone (Appendix 

XI). Growth and fractionation would instead manifest as a sloping profile in both Mg# 

and Al or Ca, and would reflect growth + fractionation, along with possible later 

overprinting by diffusion (Appendix XI). Profiles with the latter pattern were discarded. 

2. Crystal cut orientation should be parallel to (100) or (010) crystallographic 

planes 

As diffusion is anisotropic in pyroxenes (Schwandt et al., 1998; Dimanov and Sautter, 

2000; Costa et al., 2008, Dohmen et al., 2016), diffusion will proceed fastest along the c-

axis, with significantly slower diffusion along the a- and b-axes. Only sections cut parallel 

to the (100) or (010) crystallographic planes (i.e., perpendicular to the a- and b-axes) were 

used. Sections cut parallel to the (001) crystallographic plane (i.e., perpendicular to the c-

axis) were not used.  

Oblique cuts through crystals can lead to artificially inflated timescale estimates by 0.2 to 

10 times the true diffusion time if oblique sections are modelled (Shea et al., 2015). The 

nature of randomly orientated crystals within lavas means that slight oblique cuts are, 

however, difficult to avoid within natural samples. Sections with clear oblique cuts were 

avoided, and the generated timescales are assumed to be maximum timescales. 

Zone boundary sectors displaying dissolution and uneven or patchy growth were also 

avoided as these are unlikely to have congruent edges. 
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Figure 5.1. Examples of pyroxene crystals with suitable and unsuitable boundaries 

for diffusion modelling. 5.1A is an orthopyroxene NZ-T3 crystal with congruent 

boundaries cut parallel to the (010) plane looking down the b-axis. The congruent 

boundaries and cut parallel to a suitable crystallographic plane means this section 

would be suitable for modelling. 5.1B is an orthopyroxene NZ-T1 crystal with 

congruent inner, core-band boundary but an incongruent, partially dissolved outer 

boundary. In this case, the inner boundary can be modelled but the outer boundary 

would be unsuitable. Only a partial Δt4 timescale would for the core-band boundary 

would be able to be calculated. 5.1C is an RZ-T3 crystals with incongruent and 

partially dissolved boundaries on all boundaries. This crystal would not be suitable 

for modelling. 5.1D is an obliquely cut orthopyroxene RZ-T3 crystal. Although the 

interior-rim outer boundary is congruent, the clearly oblique cut of the crystal 

means it is unsuitable for modelling. The majority of crystals in these samples are 

either obliquely cut or have incongruent boundaries, and as such limits the number 

of suitable crystals.   
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3. Compositional plateaus satisfy the boundary condition requirements 

The modelling procedure requires robust constraints on the boundary conditions, i.e., the 

compositions (or their proxies) of either side of the diffused boundary. These 

compositional plateaus need to be of a consistent composition to achieve well-

constrained starting compositions for modelling. Only crystals with well-constrained 

compositional plateaus were used and ones with variable compositional plateaus were 

avoided. 

4. Checking the robustness of the model fit using R2 and visual assessment 

Once diffusion modelling was undertaken, a check on the robustness of the data was 

applied. Deviation from the curve (e.g., concomitant growth or diffusive exchange 

between crystal exterior and melt; Costa et al. 2008) from the ideal may be recorded as a 

lower R2 value.  Using the NIDIS model (Petrone et al., 2016), an R2 value for the 

goodness of the model fit to the grey values profile was produced for each diffusion 

profile.  Although no minimum R2 value criteria was defined, the modelling aimed for the 

highest possible R2 value and values with low R2 values should be disregarded. An 

assessment was made both using the R2 value itself and a visual assessment of the how 

well the modelled curve fits the grey value profile. The smallest R2 value of all the 

modelled crystals was c. 96%. 

5. Comparison of timescales in crystals with complex zoning (n > 2 zones)  

For crystal groups in which multiple zones are present, e.g. the core-band boundary and 

the band-rim boundary, the formation of the outer boundary always occurs after the inner 

boundary, and hence the inner boundary diffusion timescales must be always longer than 

the outer boundary timescale (within error). If the timescales of the inner boundary are 

shorter than the outer boundary, then it indicates that the outer boundary may have been 

subjected to another process, such as growth and fractionation, as well as diffusion. A 

post-modelling check of the data can be implemented where the Δt3 and Δt4 can be 

compared, and if Δt3 > Δt4, then this indicates another processes as well as diffusion is 

occurring at the outer boundary. The use of the outer boundary should be avoided and 

the partial Δt4 used as an estimate for the core-band residence timescale (see Section 5.4.1, 

Petrone et al., 2016).  
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5.2.3 Model Input Values 

Fe–Mg diffusion coefficients (D)  

The diffusion coefficients represent the most important factor for calculating timescales 

and one of the largest sources of error and uncertainty (Costa et al., 2008; Petrone and 

Mangler, 2021). It is therefore critical that a robust D is chosen for the timescale 

modelling. Experimental diffusion studies have constrained D as well as the pre-

exponential factor D0 and the activation energy ∆H; and attempted to define their 

relationship to other factors such as the composition of the mineral, the crystallographic 

direction of diffusion, temperature, and in the case of orthopyroxene, oxygen fugacity 

(Ganguly and Tazzoli, 1994; Schwandt et al., 1998; Dimanov and Sautter, 2000; Costa et 

al., 2008; Allan et al., 2013; Dohmen et al., 2016; Costa et al., 2020; Petrone and Mangler, 

2021).  

The storage temperatures estimated using the two-pyroxene geothermobarometers 

presented in Chapter 4 have been used, along with specific values for D0 and ΔH from 

experimental studies, to calculate the diffusion coefficients D. The D is calculated using 

a modified form of the Arrhenius equation: 

    𝐷𝐷 =  𝐷𝐷0𝑒𝑒
−∆𝐻𝐻
𝑅𝑅𝑅𝑅     (Equation 4.1)  

Where R is the gas constant (8.3145 J/mol/K) and T is temperature in Kelvin. 

Clinopyroxene 

For clinopyroxene, the D0 (9.55 x10-5 m2/s) and ΔH (406 kJ/mol) values from Dimanov 

and Sautter (2000) were used to calculate D. These experiments were undertaken at 

temperatures (900-1240°C) and compositions (Mg# ~ 52-94) which are relevant to the 

magmatic system, and hence can be considered suitable for diffusion modelling of Volcán 

de Colima rocks.  

Orthopyroxene 

Different studies have attempted to constrain diffusion rates in orthopyroxenes under a 

variety of conditions. Ganguly and Tazzoli (1994) first constrained the Fe-Mg 

interdiffusion behaviour in orthopyroxene, however these experiments were conducted 

at much lower temperatures and more reduced conditions than seen at Volcán de Colima. 
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Schwandt et al. (1998) similarly carried out experiments in orthopyroxene at higher 

temperatures more suitable to the magmatic system at Volcán de Colima, but still under 

much more reducing conditions. Petrone and Mangler (2021) have shown that there is a 

significant influence of temperature on the pre-exponential factor D0, such that when 

extrapolated to temperatures suitable for the magmatic system at Popocatépetl gave a 

situation where the diffusion would be fastest along the a-axis and slowest along the c-

axis, contrary to what is observed in both the diffusion profiles and the zoning patterns. 

They concluded that, based on this influence, the diffusion coefficients used by Schwandt 

et al. (1998) would not be suitable for higher temperature, intermediate arc volcanoes. As 

Volcán de Colima exhibits a similar range of temperatures to Popocatépetl, is it similarly 

considered these ∆H and D0 values would also be unsuitable for diffusion modelling. 

The study by Dohmen et al. (2016), using a larger experimental dataset than previous 

studies and over a range of different magmatic conditions, confirmed that diffusion is 

anisotropic in orthopyroxene and went further to show that DFe-Mg
 along the a-axis is 3.5 

times slower and DFe-Mg
 along the b-axis is 1.7 times slower than the diffusion along the 

c-axis of the crystal. The range of experimental conditions under which diffusion was 

measured in pyroxenes in this study (temperatures of 870 − 1100°C and fO2 of 10-11 − 

10-7) are within the range that is applicable to the magmatic system at Volcán de Colima, 

and other arc volcanic systems, and hence are suitable for diffusion modelling. 

For orthopyroxene, a modified version of the NIDIS code calculates D using the 

diffusion equation from Dohmen et al. (2016) along the c-axis of the crystal: 

𝐷𝐷𝐹𝐹𝐹𝐹−𝑀𝑀𝑀𝑀𝑐𝑐 =  1.12 x 10−6 (𝑓𝑓𝑓𝑓2)0.053 ± 0.027 𝑒𝑒�
∆H
𝑅𝑅𝑅𝑅� (Equation 4.2) 

With ∆H = 308 ± 23 kJ/mol and fO2 (in Pa) as an input calculated from natural samples 

(see below). As the diffusion is anisotropic, the DFe-Mg
 is calculated along the c-axis and 

then converted to the a- and b-axis, and can be calculated using the above equation. 

As diffusion along the a- and b-axes is slower than along the c-axis, the timescale is first 

calculated for the c-axis then would be divided by 3.5 for the a-axis and 1.7 for the b-axis 

respectively. As it is not always possible in thin sections to correctly identify which section 

is being modelled, all opx timescales are calculated assuming diffusion proceeds along the 

a-axis and assumes a maximum timescale. 
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Temperatures and Oxygen Fugacity 

Temperature estimates were calculated using the two-pyroxene thermobarometers 

outlined in Chapter 4 for the different crystal zones. For the mafic magmatic 

environments (ME), the range of temperatures was estimated at 1020-1080°C, and 

therefore an average model input value of 1040°C was used for the mafic portions of the 

crystals. For the cooler evolved magmatic environments (ME), estimated at 980-1000°C, 

an average model input value of 980°C was used. This lower value reflects the fact that 

the majority of the evolved rims were on average closer to 980°C. The reduced model 

error of ± 18°C was used as the temperature error for the model input. 

The value of D in orthopyroxene is a function of the oxygen fugacity in the storage 

conditions. As noted in Chapter 4, the oxidation state of the Colima magmas is relatively 

well constrained from the literature, ranging between log(fO2) of -11.4 and -9.3 (Mora et 

al., 2002, Reubi and Blundy, 2008). An average value for fO2 of -10 was used as the model 

input for orthopyroxene.   

To assess the influence a chosen value for fO2 has on the timescale estimates, a test was 

undertaken on a diffusion profile across the interior-rim boundary of a reverse zoned 

OPX crystal (Appendix XII). A temperature of 1040 ± 18ºC (corresponding to the mafic 

end member) and a ∆H of 308 ± 23 kJ/mol were chosen as the input parameters; and 

the oxygen fugacity was varied between log(fO2) -12 and -8. The results of the test show 

a difference of 0.1 log units in DFe-Mg between the model value of -10 and the extreme 

values of -8 and -12. Changing the oxygen fugacity results in a change in timescales, 

increasing the timescale estimate by up to c. 27% at log(fO2) = -12, however, this oxygen 

fugacity is not seen in the natural samples at Volcán de Colima and is outside of the range 

of applicability from Dohmen et al. (2016) (an applicable range of log(fO2) = -11 to -7). 

Modelling using log(fO2) of -8 is within the range of applicability for the Dohmen et al. 

(2016) model and yields a timescale c. 20% shorter than that calculated at an oxygen 

fugacity of log(fO2) = -10, but this oxygen fugacity is generally more oxidised than that 

seen in Volcán de Colima magmas. Using the range of log(fO2) values for Volcán de 

Colima magmas from the literature (-11.4 to -9.2), the calculated variation of the timescale 

estimate is ± 10-15% of that calculated at an oxygen fugacity of log(fO2) = -10. All of 

these values are well within the error of the timescale at log(fO2) = -10, and as such we 

can conclude that oxygen fugacity appears to only have a minor effect on the timescale 

estimates and well within the error of the model value. 
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5.3 Results 

A total of 98 timescales were obtained from 81 crystals, and the data are presented in 

Table 5.1 and Figure 5.2. Overview images of modelled crystals, detailed zone boundary, 

and modelled diffusion profiles for each crystal are provided in Appendix XIII. These 

crystals were obtained from a total of 26 samples from 11 units across the six Eruptive 

Phases. Figure 5.2 shows the timescale data organised by Eruptive Phase and 

subcategories showing timescales of each phenocryst group. In the following sections, 

the results are presented for each Eruptive Phase, with reference to the different crystal 

groups.  

5.3.1 Eruptive Phase 1 

Very few suitable crystals were identified in samples from Eruptive Phase 1 (January 

2013-September 2014), and all the crystals identified were normal zoned. Only one 

boundary was suitable for modelling from one NZ-T3 crystal (from the 2013 Crater West 

Lava Flow) with mafic crystal cores surrounded by evolved rims, is suggestive of storage 

within the evolved melt reservoir. The Δt2 timescale of this crystal in the evolved 

magmatic environment (ME) is 47 ± 20 years (Fig. 5.3). 
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Figure 5.2. Residence timescales of pyroxenes in the plumbing system at Volcán 

de Colima. Data organised by Eruptive Phase (EP) and phenocryst groups (right). 

Red triangles refer to Δt2 residence timescales on the interior-rim boundary. Blue 

circles refer to core-band Δt4 residence timescales. Error bars refer to 1 SD errors.   
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Figure 5.3. Examples of pyroxene diffusion modelling for crystal in NZ-T3 crystal 

from Eruptive Phase 1. 5.3A is an overview image of modelled crystal. 5.3B shows 

a detailed view of core-band boundary, with parallel profiles across zone boundary 

represented by blue field. 5.3C shows a plot of average greyscale values (blue points) 

and the modelled diffusion profile (red line), along with the results of the modelling. 

 
5.3.2 Eruptive Phase 2 

For Eruptive Phase 2 (September 2014-July 2015), a total of 28 diffusion profiles were 

taken from 25 crystals obtained from 9 samples (Fig. 5.4). The majority of the zoned 

crystal types encountered in these samples were of the NZ-T3 type and the other crystal 

types were very rare, and this is reflected in the number of suitable crystals for timescale 

modelling. 

B 
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Figure 5.4. Results of diffusion modelling on crystals from Eruptive Phase 2. 5.4A 

is a plot of residence timescales, with symbology as in Figure 5.2. Examples of 

pyroxene diffusion modelling for crystal in NZ-T1 crystal from Eruptive Phase 2 

are also shown. 5.4B shows an overview image of modelled crystal. 5.4C shows a 

detailed view of band-rim boundary, with parallel profiles across zone boundary 

represented by blue field. 5.4D is a plot of average greyscale values (blue points) 

and the modelled diffusion profile (red line), along with the results of the modelling 

for this diffusion profile.   
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More zoned crystals are present in these samples than Eruptive Phase 1, and the pyroxene 

phenocryst types are also more diverse. The core-band boundaries on two NZ-T1 crystals 

were successfully modelled with timescales reflecting storage in the mafic ME with the 

three timescales ranging from 1.4 ± 0.8 to 3.1 ± 1.6 years, however these should be 

considered minimum timescales as the exterior band-rim boundaries could not be 

modelled due to uneven boundaries.  Conversely, one crystal had uneven core-band 

boundaries and congruent band-rim boundaries, and a Δt2 residence timescale in the 

evolved reservoir of 11 ± 6 years was calculated from this crystal. Similarly, only one 

timescale could be calculated from one NZ-T2 phenocryst in these samples due to the 

lack of suitable boundaries. The modelled core-band boundary yielded a storage 

timescales of 6.3 ± 3.3 years for this crystal. 

In contrast to the other two subgroups of normal zoned crystals, NZ-T3 phenocrysts are 

much more abundant and the residence timescales have a significant ranges and as such 

17 crystals were modelled, generating 17 timescales ranging from 22 ± 12 years to 278 ± 

122 years. The majority of these timescales, 11 of 18 timescales, were less than c. 150 years 

and a significant number (8 of the 18, or 44%) ranged from c. 20 to 95 years. All of these 

timescales represented core-rim boundaries without the presence of mafic bands, 

representing Δt2 residence timescales in the evolved ME. Reverse zoned crystals are 

mostly absent in these units, however a few timescales were modelled from the suitable 

available crystals. All four modelled reverse zoned crystals were RZ-T1 crystals and 

modelling was undertaken on the core-rim boundaries, yielding six Δt2 residence 

timescales in the mafic ME ranging from 3.6 ± 2.4 to 7.2 ± 3.6  months and one outlier 

at 1.1 ± 0.5 years.   

5.3.3 Eruptive Phase 3 

A total of 13 timescales from 12 normal zoned crystals were calculated from phenocrysts 

from Eruptive Phase 3 (Fig. 5.5). As in Phase 1, very few suitable NZ-T1 crystals were 

suitable and only one core-mafic band timescale of 11 ± 6 years was obtained. Similarly, 

only one NZ-T2 crystal was suitable and a minimum residence timescale of 5.4 ± 2.1 

years in the mafic reservoir. A total of 11 timescales were calculated from 10 NZ-T3 

crystals, with timescales ranging from short timescales of 1.8 ± 0.5 years to 475 ± 202 

years. Similar to Eruptive Phase 2, over half (8 of 13, or 62%) were less than 100 years 

and ranged from years to decades. All the timescales modelled had no apparent band  
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Figure 5.5. Results of diffusion modelling on crystals from Eruptive Phase 3. 5.5A 

is a plot of residence timescales, with symbology as in Figure 5.2. Examples of 

pyroxene diffusion modelling for crystal in RZ-T1 crystal from Eruptive Phase 3 

are also shown. 5.5B is an overview image of modelled crystal. 5.5C shows a 

detailed view of core-rim boundaries, with parallel profiles across zone boundaries 

represented by blue field. 5.5D and 5.5E are plots of average greyscale values (blue 

points) and the modelled diffusion profiles (red line), along with the results of the 

modelling for these diffusion profiles.    
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present and the timescale modelled was a Δt2 timescale, reflecting storage in the evolved 

magmatic environment over varying timescales. 

Particular attention was paid to the reverse zoned crystals in Eruptive Phase 3 to test the 

hypothesis that magma mixing was temporally related to the 10-11 July 2015 eruption. A 

total of 22 timescales on 13 reverse-zoned crystals were undertaken. Residence timescales 

for some crystals were calculated on different parts of the crystal to ensure an accurate 

timescale was calculated. The timescales for RZ-T1 crystals (13 timescales from 10 

crystals) range from very short timescales of 11 ± 3 days to timescales of 7.2 ± 3.7 months. 

Clusters of residence timescales appear to range from c. 0.5 to 2 months and 3 to 6 months. 

These timescales were on the core-rim boundaries of the RZ-T1 crystals and therefore 

reflect storage in the mafic magmatic environment. No RZ-T2 crystals were encountered 

in these samples. Only three RZ-T3 crystals were encountered, and only interior-rim 

profiles were suitable for modelling due to the lack of suitable internal boundaries. Eight 

timescales were calculated ranging from 2.2 ± 0.8 months to 9.8 ± 5.3 months, with 

similar clusters at c. 3-4 months and 6-7 months, and one long timescale at 1.3 ± 0.8 years. 

As with the RZ-T1 type, these timescales were on the interior-mafic rim boundaries and 

hence reflect storage in the mafic magmatic environment.  

5.3.4 Eruptive Phase 4 

 Only two normal crystals were suitable for diffusion modelling, both NZ-T3 crystals, 

yielding a total of two Δt2 timescales of 120 ± 51 years and 135 ± 96 years in the evolved 

magmatic environment (Fig. 5.6). A total of four timescales were obtained from three 

reverse zoned RZ-T1 crystals; one crystal with timescales of 33 ± 18 days and 29 ± 15 

days, and the other crystals yielded timescales of 37 ± 26 days and 8.4 ± 4.8 months. No 

other reverse-zoned phenocryst types were encountered. All the timescales were 

modelled from diffusion on the core-rim boundaries, reflecting storage in the mafic 

magmatic environment.  
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Figure 5.6. Results of diffusion modelling on crystals from Eruptive Phase 4. 5.6A is a 

plot of residence timescales, with symbology as in Figure 5.2. Examples of pyroxene 

diffusion modelling for crystal in NZ-T3 crystal from Eruptive Phase 4 are also shown. 

5.6B shows an overview image of modelled crystal. 5.6C is a detailed view of core-rim 

boundary, with parallel profiles across zone boundary represented by blue field. 5.6D is 

a plot of average greyscale values (blue points) and the modelled diffusion profile (red 

line), along with the results of the modelling for this diffusion profile.   
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5.3.5 Eruptive Phase 5 

A total of 26 timescales from 19 crystals were modelled for Phase 5 (Fig. 5.7). Although 

the proportion of normal crystals in this Eruptive Phase was not significantly different 

from the previous phases, few crystals were suitable for timescale modelling. Only one 

normal zoned crystal, a NZ-T2 crystal was analysed for Phase 5. The core-band 

boundaries on the interior crystal could not be modelled and hence only a band-rim Δt2 

timescale was estimated at 7.3 ± 3.7 years. The rim compositions in NZ-T2 crystals are 

low-Mg# and hence these timescales represent storage in the evolved ME.  

Reverse zoned crystals are abundant in samples from this eruptive phase. A total of 24 

timescales from 20 reverse-zoned crystals were modelled.  Of the RZ-T1 type, 14 crystals 

were analysed yielding 19 timescales ranging from 44 ± 26 days to 11 ± 6 months, with 

notable clusters at c. 50 days, 3-4 months and 9-10 months, and an outlier at 1.6 ± 0.9 

years. Only one RZ-T2 crystal was modelled, yielding an interior-rim Δt2 timescale of 37 

± 22 days. Four timescales were calculated for three RZ-T3 crystals, with two interior-

rim Δt2 timescales of 3.6 ± 2.4 months and 7.2 ± 3.6 months for two crystals. Modelling 

of the interior core-evolved band timescale on one crystal yielded timescales of 1.3 ± 0.6 

years and 1.6 ± 0.8 years. 

5.3.6 Eruptive Phase 6 

Few suitable candidate crystals were identified in these samples (Fig. 5.8). Only two 

crystals were modelled in Eruptive Phase 6, both RZ-T1 reverse zoned phenocrysts, 

yielding two timescales of 3.2 ± 1.7 months and one 7.0 ± 3.8 months. As with the other 

RZ-T1 phenocrysts, these timescales were Δt2 timescales between the core and the rim, 

reflecting storage in the mafic magmatic environment. 
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Figure 5.7. Results of diffusion modelling on crystals from Eruptive Phase 5. 5.7A 

is a plot of residence timescales, with symbology as in Figure 5.2. Examples of 

pyroxene diffusion modelling for crystal in RZ-T3 crystal from Eruptive Phase 5 

are also shown. 5.7B is an overview image of modelled crystal. 5.7C is a detailed 

view of band-rim boundary, with parallel profiles across zone boundary 

represented by blue field. 5.7D is a plot of average greyscale values (blue points) 

and the modelled diffusion profile (red line), along with the results of the modelling 

for this diffusion profile.   
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Figure 5.8. Results of diffusion modelling on crystals from Eruptive Phase 6. 5.8A 

is a plot of residence timescales, with symbology as in Figure 5.2. Examples of 

pyroxene diffusion modelling for crystal in RZ-T1 crystal from Eruptive Phase 6 

are also shown. 5.8B is an overview image of modelled crystal. 5.8C shows a 

detailed view of core-rim boundary, with parallel profiles across zone boundary 

represented by blue field. 5.8D is a plot of average greyscale values (blue points) 

and the modelled diffusion profile (red line), along with the results of the modelling 

for this diffusion profile.   
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5.4 Discussion 

5.4.1 Interpreting the diffusion timescales 

Interpreting residence times from diffusion chronometry modelling requires an 

understanding of what the timescales at different boundaries represent, especially if a 

non-isothermal approach is used. For relatively simply zoned crystals, the residence time 

calculated from diffusion across core-rim boundary, termed Δt2 according to the NIDIS 

model, is equivalent to the total residence time of the crystal (i.e., Δt2 = Δt). In the data 

presented in this section, this situation corresponds to pyroxene textural groups RZ-T1 

and NZ-T3 which generally lack bands. As these crystal types only have one 

compositional boundary, corresponding to storage in the rim magmatic environment 

(ME) only (mafic for the RZ-T1 and evolved for NZ-T3), a single value for T and D 

pertaining to the rim is required to calculate the timescale, and hence this modelling 

procedure is considered to be isothermal, although the NIDIS code can still be used to 

calculate diffusion across this boundary (Petrone et al., 2016). In this case, the Δt2 

residence timescale represents the final mixing and storage event in the rim ME.  

For more complexly zoned crystal types, such as the other crystal types with core-band 

and band-rim boundaries, more than one timescale calculations is performed to calculate 

the total residence time, Δt. This total timescale Δt is composed of the residence timescale 

for the core-band boundary, Δt1, and the timescale for the band-rim boundary, Δt2; and 

a total residence time is Δt= Δt1+ Δt2. However in many cases, one of the boundaries 

may not be suitable for modelling due to anomalous profiles or features on the crystal 

near the boundary (e.g., cracks, inclusions), and as such only a partial timescale can be 

calculated. Interpreting these correctly can provide a partial insight into the residence 

timescales but interpreting them incorrectly can result in an under- or over-estimation of 

the residence time. 

In the case where a core-band boundary is unsuitable for modelling, but the band-rim 

boundary is suitable, then only the band-rim Δt2 timescale is modelled and an isothermal 

approach is used and is the same as the simply-zoned crystals. The diffusion on the inner 

boundaries cannot be modelled and is unknown. In this case where a core-band boundary 

is suitable for modelling, but the band-rim boundary is unsuitable or the profile cannot 

be resolved, then only the core-band timescale can be estimated, representing the first 

mixing event which produced the band. This presents a problem as the bands reflect non-

isothermal mixing of magmas of different temperatures. Instead, the partial timescale Δt4 
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represent the storage timescale in the ME of the band, and whether these partial 

timescales are minima or maxima depends on the zone composition being modelled 

(Petrone et al., 2016, 2018).  

For example, for a core mantled by a high T mafic band and rimmed by a lower T evolved 

rim, the partial timescale Δt4 assumes that diffusion across the core-band boundary occurs 

only at the high T (and hence higher D) of the mafic band throughout the history of the 

crystal from formation of the band to eruption (Petrone et al., 2018). Storage in the more 

evolved rim, likely formed at a lower T and hence lower D, will likely result in a lower 

rate of diffusion at the boundary than would occur if the band was assumed all to be a 

higher temperature mafic band (Petrone et al., 2018). As we cannot estimate the 

proportion of diffusion provided by the evolved ME, we can only assume that the 

timescale of the core-band boundary is a minimum timescale. The most common 

occurrence of this phenomenon in these samples is in the normal zoned groups, whereby 

the band-rim boundary is unsuitable for modelling due to anomalous diffusion profiles 

or incongruent boundaries. In the NZ-T1 and NZ-T2 types (Tab. 4.3, Chapter 4), the 

core is mantled by a mafic band, reflecting mixing following recharge; and rimmed by an 

evolved rim, reflecting subsequent storage in the evolved ME. In some cases the band-

rim boundary is not resolvable or anomalous, potentially due to hybridisation or 

concomitant growth and mixing. In this case, only a partial Δt4 of the core-band boundary 

is resolvable and represents a minimum timescale (blue circles in Figs. 5.2-5.9).  

In the opposite case, whereby an evolved band is mantled by a mafic rim (e.g., RZ-T2 

and RZ-T3) and the band-rim boundary is not resolvable, then the core-band boundary 

can be estimated, then the partial Δt4 should be assumed to be a maximum timescale, as 

the diffusion would occur both at the lower T of the evolved band and the higher T of 

the mafic rim.  

5.4.2 What do the residence timescales tell about the origin of the 

crystal types? 

The residence timescales constrained by diffusion chronometry modelling of zoned 

crystals clearly record a range of timescales of magma storage in different magmatic 

environments, with systematic differences between zoning types and crystal textural 

groups (Fig. 5.9). This suggests that each phenocryst group represents different magmatic 

processes  
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Figure 5.9. Residence timescales of pyroxenes in the plumbing system at Volcán 

de Colima, organised by crystal type and residence time. These data are the same 

dataset presented in Figure 5.2, but organised according to phenocryst type rather 

than eruptive phase. Red triangles refer to Δt2 residence timescales on the interior-

rim boundary. Blue circles refer to core-band Δt4 residence timescales. Error bars 

refer to 1 SD errors. Crystal illustrations as described in Table 4.3 in Chapter 4. 
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operating on different timescales, and provide important insights into the roles played by 

different overlapping magmatic processes with important implications for the dynamics 

of mixing, mush remobilisation and magma movements through the plumbing system. 

Although there is less of a systematic difference throughout the different eruptive phases 

(Figs. 5.2, 5.9), the abundance of the different phenocryst types combined with the 

timescale estimates provide important information about the timing of processes through 

the 2013-17 eruption.  

The key finding of the diffusion modelling is the order of magnitude difference between 

normal zoned and reverse zoned crystals. Almost all the modelled reverse zoned crystals 

have short timescales of less than 1 year, with majority ranging from month to c. 9 months. 

In contrast, normal zoned crystals typically have timescales ranging from 20 years to 

centuries, suggesting much longer storage within the evolved magmatic end member.  

As discussed in Chapter 4, the zoning patterns of NZ-T1 and NZ-T2 crystals record 

recharge and mixing (mafic band) and return to evolved compositions (evolved rim), and 

so the timescales provide an insight into past mixing and homogenisation events. Of the 

small number of timescales modelled, only Δt4 timescales were calculated, i.e. minimum 

residence timescale in the mafic magmatic environment after mixing. These range from 

1.5 to 11 years, typically 5-7 years. This range provide a constraint on the dynamics of 

past mixing events, and suggest these crystals represent reverse zoned crystals which were 

not erupted, and instead stored in the magmatic system long enough for the mafic magma 

to be completely homogenised and the magmatic environment to return to an evolved 

composition. Based on these estimates, the homogenisation process should take between 

a minimum of 1.5-2 years (the longest residence timescales in the evolved magmatic 

environment from RZ type crystals) and c. 5-7 years (average values for the NZ-T1 and 

T2 mafic bands). This suggests that, unlike some systems where homogenisation is 

indicated to be rapid (e.g., days to few years in the case of Stromboli; Petrone et al., 2018), 

homogenisation within the magmas at Volcán de Colima may take a minimum of a few 

years to 11 years.   

Residence timescales for NZ-T3 type were modelled on core-rim boundaries, hence 

modelling storage in the evolved ME only, and estimates range from a few years to several 

centuries. This range of timescales appears to be overwhelmingly associated with storage 

in the evolved ME and is a particular feature of these normal-zoned crystals. Protracted 

storage in relatively evolved magmatic environments at open-system arc volcanoes is 
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noted elsewhere (e.g., Mangler et al., 2020; Weber et al., 2020a), and overlaps with the 

lower end of timescale estimates for storage at more silicic volcanic systems, at as 

discussed further in Section 5.4.3. The observations that the majority of the pyroxene 

phenocrysts and almost all microphenocrysts seen at Volcán de Colima are homogeneous 

low-Mg# crystals (Chapter 4 of this study, Luhr and Carmichael, 1980, 1990; Atlas et al., 

2006; Reubi and Blundy, 2008; Savov et al., 2008; Reubi et al., 2013, Crummy et al., 2014) 

and the highly-evolved glass compositions observed (e.g., Atlas et al., 2006; Reubi and 

Blundy, 2008; Reubi et al., 2013) support the model that the evolved ME is a persistant, 

long-lived, and continuous feature of the crystal mush and plumbing system. 

In contrast, residence timescales in the mafic ME, in particular the rims of the reverse 

zoned crystal types, record distinctly shorter timescales of 11 days to 1 year, with notable 

peaks or clusters of timescales several months apart (Figs. 5.2, 5.9). The short timescales 

suggest that, following injection and mixing of the mafic magma in the evolved ME and 

formation of the reverse-zoned crystal types, the magmas were stored for weeks to 

months before being erupted, similar to that seen at other volcanic systems (e.g., Kahl et 

al., 2011; Saunders et al., 2012; Kahl et al., 2013; Kilgour et al., 2014; Barker et al., 2016; 

Rae et al., 2016; Singer et al., 2016; Rasmussen et al., 2018; Ruth et al., 2018). This suggests 

that the mixing-to-eruption timescales are short; and the high ratio of crystals with single 

mafic rims compared to multiple bands, suggests that the presence of the mafic magma 

is a transient and ephemeral component in the evolved ME.  

The clustered nature of the data also suggests that several small mafic recharge events 

may have occurred during the 2013-17 phase that led to the eruption, a feature noted at 

other magmatic systems (e.g., Taupo, Barker et al., 2016; Stromboli, Petrone et al., 2018; 

Shishaldin, Rasmussen et al., 2018; Novarupta-Katmai, Singer et al., 2016). Together these 

interpretations indicate that small but frequent mafic injections may prime the magmatic 

system, loading the evolved reservoirs with batches of mafic magma, heat, and volatiles 

in the run up to eruption, followed by a triggering injection event which drives the 

eruption. Alternatively, the range of timescales between a 1 month to 1 year may represent 

one injection event where the crystals encounter the mixing melt at different times before 

eruption, leading to a distribution of timescales (e.g., Cheng et al., 2020). Distinguishing 

between the two scenarios can be difficult, but knowledge of the absolute residence time 

can be insightful, and this is discussed further in Chapter 6.   
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From these observations, the schematic mixing and crystal storage model presented as 

Figure 4.25 in Chapter 4 can be updated and modified to include the new temporal 

constraints (Figure 5.10). Mafic magmas are injected into the evolved ME and transfer 

crystals, melt, and volatiles into the evolved reservoir. The small volume of magma may 

mix in with the larger evolved ME, forming RZ-T1 crystals with existing crystals in the 

evolved ME; and the mafic crystals form the mafic cores of NZ-T3 types and then 

transferred in this evolved ME. The short Δt2 timescales seen in RZ-T1 crystals suggest 

that mixing to eruption typically occurs in the weeks to months prior to an eruption. The 

melts are thoroughly mixed into the evolved ME, resulting in a reversion to evolved 

compositions. This results in the growth of evolved rims on the transferred mafic crystals, 

forming the NZ-T3 crystal type; and of the RZ-T1 crystals which were not erupted, these 

are rimmed by evolved rims and are stored in the reservoir (NZ-T1 and NZ-T2) for a 

few years to decades. The range of Δt2 timescales seen in the crystals suggest that these 

crystals can be remobilised by later injections shortly after eruption, or in decades or 

centuries after their formation. Eventually, a new recharge event results in mixing with 

more recharging mafic magma, which remobilises previously mixed crystals (e.g., NZ-T1, 

NZ-T2, NZ-T3) and the new melts may form mafic rims on some of these types (e.g., 

NZ-T2  RZ-T2, NZ-T3  RZ-T3) as well as the existing evolved homogeneous 

crystals (e.g., RZ-T1). These diverse crystal types are subsequently erupted in a short time 

period (weeks to months), ejecting the existing crystals and forming new crystals in an 

ongoing cycle of open-system recharge and mixing.  

5.4.3 Are these timescales representative of andesitic arc volcanoes? 

Timescales at different magmatic systems can range from very short timescales (e.g., 

Icelandic volcanoes, Hartley et al., 2016; Mutch et al., 2019a,b) to very long residence 

timescales (e.g., Oruanui, Allan et al., 2013; Okataina, Flaherty et al., 2018). The lengths 

of residence timescales can be related to the silica content and rheology of the magmatic 

system, with the shortest residence times typically associated with basaltic and basaltic 

andesitic systems, versus timescales orders of magnitude longer for large, caldera-forming 

silicic magmatic systems (Cooper and Kent, 2014; Cooper et al., 2019; Costa et al., 2020). 

Intermediate arc volcanoes can span the entire range of plumbing system compositions 

and timescales (e.g., Saunders et al., 2012; Cooper et al., 2019; Costa et al., 2020).   

As Volcán de Colima is an intermediate arc volcano, comparable intermediate analogues 

can be used to understand how these timescales estimates relate to processes seen at  
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similar volcanic centres. Weber et al. (2019) used diffusion chronometry to constrain the 

timescales of magma storage at Nevado de Toluca stratovolcano, further east in the 

TMVB, using Fe-Mg interdiffusion in orthopyroxenes. Their work found that the 

timescales of crystal storage in the low-Cr, evolved magmatic environment is in the range 

of decades to centuries. These estimates were constrained from normal zoned crystals, 

analogous to NZ-T3 crystals in this study, and shows a range of timescales from 

approximately 1 year to c. 270 years with one crystal at c. 400 years, overlapping with 

estimates presented here for Volcán de Colima. Weber et al. (2020a) also argue for a 

similar magmatic architecture to Volcán de Colima, that of a dominantly silicic magmatic 

environment and crystal mush recharged by basaltic andesite magmas. Parts of the 

magmatic plumbing system at Popocatépetl, even further east in the TMVB, comprises a 

crystal mush with prolonged storage in an evolved magmatic environment, on the order 

of decades to centuries; along with shorter residence times of days to months for mafic 

injections which remobilize crystals and mix with the resident silicic melts (Mangler et al., 

2020; Petrone and Mangler, 2021). Although there are differences between these volcanic 

centres, such as the persistent volcanic activity at Volcán de Colima and Popocatépetl 

versus long repose periods at Nevado de Toluca; the similar timescale ranges and 

associations with different magmatic environments suggests that this type of open-

conduit, steady-state plumbing system architecture and range of residence times is a 

common feature in TMVB volcanoes. 

These plumbing system architectures are not necessarily limited to TMVB, and similarities 

can be seen at other arc volcanoes (Edmonds et al., 2019), and the disparity in timescales 

between short- and long-term storage in different magmatic environments has been 

noted at other magmatic systems. Although the plumbing system organisation is different 

and the magmatism is much more silicic, a study of the crystal cargo of the 1912 

Novarupta-Katmai eruption by Singer et al. (2016) envisaged mixing between mafic 

magmas and more evolved resident magmas and estimate mixing-to-eruption timescales 

of between 1 and 14 weeks for the reverse-zoned orthopyroxene crystals; whereas the 

storage of high-An, mafic plagioclase cores in a evolved ME crystallising low-An 

plagioclase is estimated at around 100-400 years, roughly correspondent with the 

timescales observed at Volcán de Colima. A similar range of timescale estimates between 

centuries-scale residence of normal zoned crystals and month- to year-scale residence of 

reverse-zoned crystals was noted by Saunders et al. (2012) at Mt St Helens, a similar 
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continental arc volcano with a predominantly dacitic or evolved magmatic system, 

although a significant overlap between the two zoning patterns was noted in this system.  

5.4.4 Implications for the magmatic system 

The evidence for repeated mixing events between the mafic and evolved magmas reflects 

observations of a similar ‘priming’ sequence occurring prior to a ‘triggering’ event seen at 

other magmatic systems, such as the repeated mafic recharge events identified in the run 

up to the 1912 Novarupta-Katmai eruption (Singer et al., 2016). At Stromboli, repeated 

injections of a low-porphyritic, mafic magmas into a crystalline, more evolved magma 

indicate frequent recharge into the slightly more evolved domain and residence time in 

this mafic environment was typically less than 1 year, and down to less than 1 day in some 

cases (Petrone et al., 2018). Repeated mixing between recharge mafic magmas and 

resident evolved magmas in the plumbing system was identified by Conway et al. (2020) 

at Ruapehu volcano, New Zealand, who found that, following recharge of high-Mg 

andesites and dacites into an evolved magma body, the mixing-to-eruption timescales 

were mostly on the order of less than 10 days. A similar feature was noted for the Taupo 

volcanic centre by Barker et al. (2016), with repeated injections of mafic magma leading 

to priming and triggering of the system; however in contrast the timescales of storage was 

much longer on the timescales of years, as is typical of high silica, large caldera volcanic 

systems (e.g., Druitt et al., 2012; Allan et al., 2013; Barker et al., 2016; Cooper et al., 2017; 

Fabbro et al., 2017).  

As has been demonstrated in these samples, these mafic magma can be injected into 

reservoirs and mixed in, resulting in quick and complete homogenisation and a return to 

original composition without affecting the overall composition of the reservoir, a feature 

noted at other volcanic systems (e.g., Stromboli, Petrone et al., 2018). This suggests these 

magmas are volumetrically small quantities in comparison with the resident magmas. In 

addition to providing crystals and melts, mafic recharge events also supply heat and 

volatiles to the resident magma that can result in eruption or a change of eruptive style, 

depending on the thermal regime, state of volatile exsolution and rheology of the 

magmatic system (e.g., Ruprecht and Bachmann, 2010; Popa et al., 2019; Weber et al., 

2020b).  Such injections, if they are of sufficient size, can also result in disruption of the 

crystal mush if heating is sufficient and the crystal mush is sufficiently eruptible (Bergantz 

et al., 2015). Mafic recharge events do not necessarily have to be large enough to change 
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the chemical composition of the bulk reservoir to change its eruptability (Ruprecht and 

Bachmann, 2010).  

Small volumes of injected melt supplied during recharge events into a much larger 

reservoir are unlikely to supply sufficient heat by themselves and produce the 

overpressure needed to drive the eruptions directly. However, if such recharge events are 

relatively frequent, then this may indicate the system is persistently kept at high, 

potentially eruptible, temperatures and that the rate of injections may be a key control in 

keeping the magmatic system in an eruptible state. The model of ‘warm storage’ (Barboni 

et al., 2016; Petrone and Mangler, 2021) proposes that some magmatic systems may be 

kept at eruptible temperatures for protracted periods (>10,000 years) as opposed to be 

ephemerally active but generally kept under subsolidus ‘cold storage’ conditions (Cooper 

and Kent, 2014).  

This may be a plausible mechanism to explain a number of observations at Volcán de 

Colima. Repeated and regular injections of mafic melts, along with concomitant 

crystallisation, would keep the plumbing system near the eruptible temperature for 

protracted periods of time by consistently supplying heat. The temperature estimates 

suggest crystallisation and storage in the crystal mush as being comparatively constant 

within the magmatic environment, without significant deviations until eruption. As noted 

by Reubi et al. (2017), the absence of plagioclase older than few hundred to a few 

thousand years suggest that the system produces relatively young crystals, which are 

erupted either during Plinian or interplinian eruptions. Comparatively ‘old’ crystals of 

several tens to hundreds of thousands of years are not kept (or at least erupted) for such 

long periods of time, as would be consistent with the model of cold storage (Cooper and 

Kent, 2014).  

This study demonstrates that magmas from both magmatic environments are kept at high 

temperatures of c. 980-1080ºC, and the timescales indicate the longest storage times of 

hundreds rather than thousands of years, suggesting storage at high temperatures for 

extended periods. Combined with the short timescales of mafic magma residence in the 

plumbing system and a high eruption rate and activity, this supports a model of a 

perpetually ‘warm’ magmatic system rather than one which is reawakened after protracted 

periods of subsolidus ‘cold’ storage. From a geophysical perspective, the lack of 

significant seismicity below c. 10 km, approximately at the location where mixing of 

different magmas is indicated to occur, suggests that this region does not exhibit brittle 
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behaviour. The presence of a significant fraction of melt and high temperatures of the 

crystal mush at this depth may explain the lack of seismicity where mechanical 

remobilisation is proposed to occur. Finally, the high heat flux necessary to keep the 

magmatic system under these ‘warm storage’ conditions may help explain the apparent 

‘hyperactive’ nature of the volcano (Reubi et al., 2017) and its persistent activity. A similar 

argument has been made for the magmatic system at Popocatépetl (Mangler et al., 2020), 

suggesting that this may be a common thermal state in arc magmas. 

5.4.5 Implications for the eruptive style and activity 

A number of previous diffusion modelling studies have identified a temporal relationship 

between magma mixing and the change from explosive to effusive modes of activity on 

other volcanoes, showing short residence and mixing timescales of days (even hours) and 

months leading up to volcanic eruptions (e.g., Kahl et al., 2011, 2013; Saunders et al., 

2012; Kilgour et al., 2014; Barker et al., 2016; Rae et al., 2016; Singer et al., 2016; 

Rasmussen et al., 2018; Ruth et al., 2018; Sundermeyer et al., 2019; Metcalfe et al., 2021). 

It is therefore clear that mafic recharge and mixing can provide the priming and trigger 

for eruptions, and that there is need for this relationship to be investigated. The 

relationship between recharge and a change in the eruptive style is also a crucial 

mechanism to be understood as well as the timing of eruptions. For the 2013-17 activity, 

the relationship between recharge and mixing and eruptive style and timing will be 

considered further in terms of the in Chapter 6; but here we consider the potential 

implications of recharge events to the overall interpretation of the magmatic system. 

Where mafic magma is injected into evolved magma, the timescales recording this event 

are typically very short timescales, suggesting that these recharge events played a role in 

priming and triggering eruptions following the injection. The clustered nature of the data 

further suggests discrete events which may be resolvable several months apart, indicating 

that the frequency of injection is a key factor. As discussed, mafic recharge events supply 

reservoirs with melts, volatiles, crystals, and increase the pressure within the reservoirs. 

Individual recharge events or injections are unlikely to be enough to trigger an eruption, 

and therefore successive events may be needed to prime and trigger eruptions. Therefore, 

the frequency of recharge events is likely to be the key factor in controlling whether the 

magma reservoirs will trigger an eruption.  
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A higher frequency of recharge events during a period of mafic magma replenishment 

will supply a significant amount of melt, heat and volatiles. Additional heat, sourced 

directly from the magmas as well as the crystallising melt, increases the buoyancy of the 

magmas and induces ascent; while addition of new magma and exsolving volatiles will 

cause overpressure in the reservoir. Conversely, during periods of lower frequency of 

mafic recharge events, less thermal energy and volatile input is supplied into the system, 

and results in less overall pressurisation of the reservoirs and slower ascent rate. However, 

this conventional assumption may not be applicable, as discussed in Chapter 4. The 

additional heat may reduce the viscosity of the mingled magmas, allowing for the magmas 

to efficiently degass and erupt more effusively (Ruprecht and Bachmann, 2010; Koleszar 

et al., 2012). Higher crystallinity in the resident magmas may also influence the eruptive 

potential by allowing volatile-rich recharge magmas to stall and degas, resulting in effusive 

eruptions from highly-volatile magmas (Popa et al., 2019, 2020). 

Therefore understanding both the thermal and rheological regime of the reservoirs is an 

important constraint to understand the system. This is beyond the scope of this work, 

but inferences can be made from the activity of the 2013-17 phase. The more explosive 

10-11 July 2015 PDC event was followed a year later by the more effusive eruption of the 

2016 Montegrande Lava Flow. As we can see in the data for Eruptive Phases 3 and 5 

(Figs. 5.2, 5.5, 5.7), clusters of short timescales may suggest multiple mafic recharge events. 

However, prior to Eruptive Phase 3, there is little evidence for significant mafic injections 

before this period, indicating that the reservoir may not have been heated in the years 

before Eruptive Phase 3.  In contrast, multiple pre-eruptive injections may have heated 

the reservoir prior to Eruptive Phase 5, resulting in a warmer, less viscous magma in the 

reservoir and allowing for more efficient degassing and a predominantly effusive eruption. 

These scenarios are discussed further in Chapter 6. 

The ‘eruptive cycle’ model of Luhr and Carmichael (1990) and Luhr (2002) suggests that 

the system becomes more mafic over time leading up to a Plinian eruption. Within the 

context of frequency of mafic recharge events, a clear, long term increase in the frequency 

of injections would provide this change to more mafic compositions and herald the lead 

up to a cycle-ending eruption. As this study is the first to focus on magma recharge and 

mixing, it is difficult to make comparisons with previous periods of eruptive activity and 

hypothesise whether the frequency of injections is increasing according to the model. 

Further work will be required to constrain the past activity, both recent interplinian and 
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historical eruptions, in terms of magma mixing dynamics as well as incorporating studies 

of mixing dynamics and timescales into future petrological monitoring campaigns. 

5.5 Conclusions  

The diffusion chronometry modelling of zoned crystals provides the first temporal 

constraints on magma recharge and mixing at Volcán de Colima, and shows that there 

are distinct differences between short term storage in mafic magmas and long term 

storage in evolved magmatic environments. These differences can be interpreted as 

discrete batches of mafic magma intruding into the evolved magmatic system, and 

residing there for very short timescales of weeks to months before being erupted. In 

contrast, storage in the evolved magmatic environment is on much longer timescales of 

decades to centuries, testifying to the long-term storage of evolved melts in the magmatic 

system.  

Intruding mafic magmas entrain and remobilise crystals during the recharge event, some 

crystals are erupted whilst others fail to erupt and are returned to the mush. The absence 

of a significant proportion of multiple banded crystals, indicating multiple mafic melt-

crystal interactions, suggest that the intruding magmas are of a small volume and the 

range and clustering of timescales suggest that they may be relatively frequent. Small 

volume, repeated injections may prime the system before triggering the event. If frequent 

injections are a common feature of Colima eruptions, then this may indicate the system 

is persistently kept at high, potentially eruptible, temperatures and that the rate of 

injections may be a key factor in controlling release the volatiles from the magma and 

keep the magma at eruptible temperatures and viscosity.  

Recognising these recharge events occurring in real-time would be extremely valuable for 

hazard assessment but remains difficult. In Chapter 6, we build upon the findings 

presented here to assess the relationships between recharge events and monitoring data, 

with particular focus on the lava flows in late 2014, the 10-11 July 2015 PDC and 2016 

Montegrande Lava Flows as different styles of eruption at Volcán de Colima.  
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Table 5.1. Timescale Estimates from Diffusion Chronometry. 
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Table 5.1. Timescale Estimates from Diffusion Chronometry (cont’d). 
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Table 5.1. Timescale Estimates from Diffusion Chronometry (cont’d). 
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Table 5.1. Timescale Estimates from Diffusion Chronometry (cont’d). 
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6.1 Introduction 

Improving the interpretation of volcano monitoring data is key to improving hazard 

assessment at active volcanoes. To achieve this, timed magmatic processes need to be 

integrated with volcano monitoring data, incorporating information from petrological 

studies, seismic and gas monitoring campaigns, ground deformation studies, and 

observational data. 

The storage conditions, paragenesis, and petrological processes in the plumbing system 

beneath Volcán de Colima were determined in Chapter 4 and provided evidence for mafic 

recharge and mixing events. In Chapter 5, the timescales of these recharge events and 

crystal residence times were constrained and the results suggest that injections of mafic 

magma are periodic and ephemeral, residing in the plumbing system for only weeks to 

months before eruption, and are interpreted to be of low volume compared to the 

dominantly evolved system. 

In this chapter, the relative timescales of magma storage are converted into a time-series 

of magma recharge events and integrated with volcano monitoring data to interrogate the 

relationship between recharge events and their record in the monitoring data. Detailing 

the relationship between recharge events at depth, the monitoring data at the surface and 

the eruptive activity will provide insights into the dynamics of the plumbing system and 

its response to magma recharge events. These insights will be helpful for interpretation 

of future monitoring data, short- and long-term hazard assessment and risk reduction for 

future eruptions at Volcán de Colima.  

6.2 Time-series of recharge events during the 2013-17 eruptive phase 

Timescales calculated from the reverse-zoned pyroxenes provides us with a relative time 

between the mixing event which formed the rim and the eruption of the crystal. As noted 

in Chapter 2, diffusion effectively stops when the crystal is erupted and records the time 

since the mixing event. As the dates of eruption of the crystals are known, the relative 

timescales between mixing and eruption can be converted into absolute time, and a time-

series of recharge and mixing events within the magmatic system can be reconstructed 

from the diffusion chronometry data (Costa et al., 2020).  
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Figure 6.1. Timescale measurements converted to a timeline of mixing events, with 

density curves shown above the individual data points on the x-axis. The data 

points in detail along with uncertainty is shown in Figs 6.3 and 6.4. Coloured 

transparent boxes refer to broad periods of magma injection which are inferred 

from the timeline of magma mixing. Periods of eruption of each Eruptive Phase 

are shown in the red fields in Figures 6.2 and 6.3 and the red dashed lines in Fig. 

6.4. 

Timescale data of the reverse-zoned pyroxenes from Eruptive Phases 2 to 6 presented in 

Chapter 5 have been converted to a time-series (Figure 6.1) using the equation: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝐷𝐷𝑖𝑖𝐷𝐷𝑖𝑖𝑜𝑜𝑖𝑖  =  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝐷𝐷𝑖𝑖𝑜𝑜𝑖𝑖 −  𝑒𝑒𝐷𝐷𝑟𝑟𝑖𝑖𝑟𝑟𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷 𝐷𝐷𝑖𝑖𝑡𝑡𝐷𝐷𝑟𝑟𝑖𝑖𝐷𝐷𝑡𝑡𝐷𝐷 𝑖𝑖𝑖𝑖 𝑡𝑡𝐷𝐷𝑜𝑜𝑖𝑖𝑖𝑖 𝑀𝑀𝑀𝑀 

Each Eruptive Phase contains the timescales of reverse-zoned pyroxenes from samples 

of one or more units. The distribution of timescales is shown as a density plot for each 

Eruptive Phase. Density plots with the individual timescale ranges are shown in Figures 

6.2 to 6.3.  

 



Chapter 6: Linking magma storage to volcano monitoring at Volcán de Colima 
 

 227 

6.2.1 Eruptive Phase 1 

Only one timescale was obtained from crystals in Eruptive Phase 1, and this recorded a 

residence timescale of a normal-zoned crystal of c. 47 years. This is far beyond the 

timescale for any monitoring data at Volcán de Colima and so Eruptive Phase 1 will not 

be considered further.  

6.2.2 Eruptive Phase 2 

Data from the two samples in Eruptive Phase 2 were combined to produce one 

probability distribution, due to the overlap in mixing timescales indicating that the 

estimates record the same mixing event. Figure 6.2 shows that a mixing event occurred 

in the plumbing system c. 180 ± 96 days prior to the 2014 eruption of the El Zarco and 

West Playon Lava Flows, indicating that the mixing event occurred during March-April 

2014. One additional timescale estimate suggests an earlier mixing event occurred 

between October 2013 to January 2014.  

6.2.3 Eruptive Phase 3  

Eruptive Phase 3 comprises the 10-11 July 2015 event which emplaced the voluminous 

pyroclastic flow deposit in the Montegrande ravine. More reverse-zoned pyroxenes are 

present in these samples, and hence more residence timescale data is available for 

Eruptive Phase 3. The longest timescale indicates a mixing event c. 480 ± 250 days before 

the eruption and is distinctly longer than the rest of the dataset for Eruptive Phase 3.  

Two main mixing events may have occurred prior to the July 2015 eruption (Fig. 6.2). A 

cluster of timescales suggest a mixing event occurred 170-300 days (6-10 months) before 

the eruption, suggesting mixing occurred between September 2014 and January 2015; and 

although the estimates overlap within uncertainty, the timescales are dispersed across this 

four-month period. A second mixing event appears to have occurred c. 40-130 days (1-4 

months) prior to the eruption, between end-February to end-May 2015. The timescale 

estimates appear to form clusters of c. 60 days, 90 days and 120 days, however these all 

overlap within uncertainty and could represent heterogeneous timescales from the same 

event (cf. Cheng et al., 2020), and could alternatively suggest a continuous input of new 

magma over the course of months rather than discrete injections. A cluster of short 

timescales 12-36 days before the eruption was also recorded, potentially indicating a third 

mixing event within a month prior to the eruption.  
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Figure 6.2. Detailed timeline density curves for Eruptive Phases 2, 3 and 4. As 

noted in the text, no similar diagram is provided for Eruptive Phase 1 due to the 

lack of suitable crystals. Triangles below axis are the individual mafic recharge and 

mixing to eruption timescale data, along with uncertainty below the x-axis for each 

individual phase. Coloured transparent boxes represent periods of recharge and 

mixing as in Figure 6.1. Red boxes along each axis mark the duration of eruption 

for each phase. Circular arrows above or below the density plot refer to inferred 

individual mixing events based on peaks in the density distributions and clusters of 

data, representing individual mixing events within a broader recharge period, with 

black arrows represent priming injections and red arrows representing triggering 

injections.   
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6.2.4 Eruptive Phase 4 

Eruptive Phase 4 comprises the 2015 Montegrande Lava Flow, which erupted shortly 

after the 10-11 July event. Only four data points are available for Eruptive Phase 4 (Fig. 

6.2). The longest timescale indicates that a mixing event occurred c. 260 ± 150 days before 

the eruption (i.e., November 2014), versus three timescales suggesting a later mixing event 

c. 15-30 days before eruption, translating to June to early July 2015.  

6.2.5 Eruptive Phase 5 

Timescales from crystals erupted during Eruptive Phase 5, the 2016 Montegrande Lava 

Flow which erupted in October 2016, have a wider distribution of inferred mixing events. 

Three relatively long timescales indicate mixing c. 470-600 days (c. 15-20 months) before 

eruption, translating to events from January to June 2015.  

Similar to Eruptive Phase 3, several clusters of timescales suggest that potentially up to 

three mixing events may have occurred prior to the eruption, although there is some 

overlap within uncertainty (Fig. 6.3). A cluster of timescales suggest a mixing event 

occurred c. 290-340 days (i.e., 9.5-11 months) before the eruption, indicating that recharge 

and mixing occurred between end-October 2015 and December 2015. A later recharge 

and mixing event appears to have occurred c.100-190 days (3.5-6 months) prior to the 

eruption, although these timescale estimates overlap with the first mixing event within 

uncertainty. This translates to a possible second mixing event between March and June 

2016. A cluster of short timescales, 45-53 days before the eruption, suggests a final 

recharge and mixing event occurred in August 2018, two months prior to the eruption.  

6.2.6 Eruptive Phase 6 

Samples from Eruptive Phase 6 comprise ballistic ejecta erupted following the end of 

Eruptive Phase 5. As they were collected over several weeks at the end of 2016 to early 

2017, there is some uncertainty in their eruption date, and hence these timings should be 

treated with caution (Fig. 6.3). Only three timescales were calculated for these samples, 

ranging from 213 ± 117 days (7 ± 3 months) to two at c. 100 ± 50 days, translating to 

mixing events in June and September 2016, respectively. 
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Figure 6.3. Detailed timeline density curves for Eruptive Phases 5 and 6. Triangles 

below axis are the individual mafic recharge and mixing to eruption timescale data, 

along with uncertainty below the x-axis for each individual phase. Coloured 

transparent boxes represent periods of recharge and mixing as in Figure 6.1. Red 

boxes along each axis mark the duration of eruption for each phase. Circular arrows 

above or below the density plot refer to inferred individual mixing events based on 

peaks in the density distributions and clusters of data, representing individual 

mixing events within a broader recharge period, with black arrows represent 

priming injections and red arrows representing triggering injections.  
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6.3 Volcano monitoring data for 2013-17 period 

Time-series data sets of different forms of monitoring data were kindly provided by the 

University of Colima (seismic monitoring data from CUEV and gas monitoring data from 

CIIV). The seismic data is separated by the different types of seismic events (Rockfalls, 

Explosions, LPs, HFs, and duration of Tremor; Fig. 6.4A-E), and the SO2 flux is provided 

as a comparison (Fig. 6.4F). All the data are presented on a timeline from the start of the 

2013-2017 eruptive period. For comparison with the timescales, all the mixing events 

suggested by timescale estimates, irrespective of eruptive phase, are shown on the density 

plot in Figure 6.4H. A detailed comparison between the mixing events and monitoring 

data will be discussed in Section 6.5.1.  

6.3.1 Rockfalls 

From the start of January 2013, the number of rockfall events increased to a level of c. 

250 per day until the end of 2013, before decreasing to 200, and later to <100 by June 

2014 (Fig. 6.4A). This period correlates with the growth of the dome in the crater with 

lava flowing over the crater edge, along with collapses and small explosions (Eruptive 

Phase 1). From August to September 2014, the number of rockfall events increased 

rapidly to c. 400 per day until the beginning of 2015, when they decreased sharply to <50 

per day from January to March 2015. This correlates approximately with the eruption of 

three lava flows on the western and south-western flanks in Eruptive Phase 2. Rockfalls 

continued at this low level until July 2015, when a rapid increase to 450 events per day 

occurred, correlating with the 10-11 July 2015 PDC event (Eruptive Phase 3). From the 

end of July 2015, the number rockfalls per day fell to <50 until the end of 2016 (across 

Eruptive Phases 4 and early Phase 5), when they increased to 700, in two pulses during 

October and November-December 2016, correlating with the two pulses of eruption of 

the 2016 Montegrande lava flow (Eruptive Phase 5). After this eruption, rockfall events 

fell to < 50 per day and then became negligible from early 2017 (Eruptive Phase 6). 

6.3.2 Explosions 

The number of explosions per day increased gradually from January 2013 to a consistent 

level of c. 20 from April 2015 to the end of 2013, followed by a gradual decrease to c. 10 

by June 2014 (Figure 6.4B). From June to September 2014, the number of explosions 

increased to a maximum of 20 per day, followed by a sudden decrease until the end of  
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Figure 6.4. Seismic (6.4A-E) and gas (6.4F) monitoring data compared to the 

timeline of mixing events (density curve of all data, 6.4G). A detailed description 

and discussion of the patterns of these results and the significance of these 

correlations is discussed in section 6.4. Coloured transparent boxes as in Figure 6.1. 

Circular arrows above the density plot refer to inferred individual mixing events 

based on peaks in the density distributions and clusters of data, representing 

individual mixing events within a broader recharge period, with black circles 

represent priming injections and red circles representing triggering injections. Red 

dashed lines represent the start date of the eruption (cf. the red fields in Figs. 6.2 

and 6.3) with the Eruptive Phase marked as the italicised number on the top of the 

line.   
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2014, corresponding to the eruption of the lava flows of Eruptive Phase 2. Explosions 

gradually increased from November 2014 up to a maximum of 50 per day in January 2015, 

followed by fluctuations throughout 2015. The number of explosions gradually increased 

up to c. 30 per day by April-May 2016 and then varied between periods of low activity (10 

events per day) and higher activity (30-40 events per day in July and September). From 

September onwards, there was an increase up to 50 events per day until the start of 2017, 

before explosions stopped completely by March 2017. 

6.3.3 Long Period (LP) Events 

From January 2013 to August-September 2014, the number of LP events were at a 

consistent level of c. 25 events per day, decreasing to < 10 per day between September 

2014 and early 2015 (Figure 6.4C). In January 2015, the number of events increased to 

c. 50 per day, with significant peaks of >100 in May, July, and August 2015, and the trend 

continued until the end of 2016. The number of LPs per day varied from 25-50 until 

March 2016, where two period of more frequent events, up to a maximum of 100 events 

per day, were recorded in February-March and April-May 2016. Between June and 

September 2016, the frequency of LPs decreased to 10-30 per day. This was followed by 

an increase in activity of up to c. 100 events per day until the end of October, and a second, 

smaller increase between November and December 2016. A large peak of >100 events 

per day was recorded in January, before decreasing to <10 by February 2017 and 

remaining at this level for most of 2017. 

6.3.4 High Frequency (HF) Events 

On average, the number of HF events were typically <10 per day at the start of 2013, but 

with many spikes of >100 (Fig. 6.4D). The frequency of HF events from March 2013 

until September ranged from <10 to 20 per day, with peaks up to 30 in June and 

November 2013. A gradual increase to c. 20 events per day was recorded throughout 2014 

until September, when the frequency of events remained at a very low level until 

December 2014. A sudden rise was recorded in February 2015 with a maximum of c. 100 

events per day, decreasing to c. 30 by June 2015. From July to September 2015, there were 

peaks and troughs in the data with variations between 10 and 40-50 events per day, before 

decreasing to a very low frequency of c. 10 events per day from March 2016 to October 

2016. An increase in the frequency of HF events was seen from August 2016, reaching 

an average peak of c. 50 and one notable spike of >100 in early September. This trend 
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decreased until October 2016, and a second increase started in December 2016, peaking 

in January 2017 with c. 40 events per day, before decreasing to <10 after March 2017.  

6.3.5 Tremor 

From January 2013 to January 2015, tremor was at a very low level of <1 hour of tremor 

per day (h/d), despite recommencement of volcanic activity, explosions, dome growth 

and significant lava flow activity (Fig. 6.4E). From January 2015, a significant increase in 

tremor was seen, peaking in April with an average of c. 8-10 h/d, reaching up to 15 h/d 

on some days. These spikes of tremor of over 10 h/d were seen until early June, when 

the tremor decreased until an absence of data was recorded during July 2015. From the 

end of July to early August 2015, a sudden increase in tremor up to 8 h/d was recorded, 

followed by a decreases to c. 1-2 h/d until October 2015, where an absence of tremor is 

recorded for most of the month. This trend of 1-2 h/d with spikes up to 8 hours was 

observed until early 2016. From January 2016 onwards, tremor increased to an average 

of 4 h/d, with peaks of 7-8 h/d, until the end of June, when the level of tremor reduced 

to c. 2 hours until September 2016. For the rest of 2016 and start of 2017, tremor was 

very variable, ranging from days with <1 hour of tremor up to a maximum of 12 h/d. 

From February 2017 onwards, tremor was typically consistent at <1 h/d. 

6.3.6 Gas Monitoring (SO2 flux)  

SO2 flux measurements (Figure 6.4F) were taken from the crater and fumaroles on a 

regular basis, however they were not consistently monitored as was the case with the 

seismic data. As a result, there are periods in the time-series where data were not collected 

due to adverse weather conditions obscuring measurements of the plume or ash particles 

within the plume which hindered the accurate estimation of SO2 flux. 

Measurements from the start of 2013 showed an increase in SO2 flux from February 2013, 

which increased to 4-5 kg/s (c. 345-430 tonnes/day, or t/d) in April to June 2013 before 

dropping to <2 kg/s (170 t/d) in July 2013. From July 2013 to late 2014, the 

measurements were sparse with only a few measurements in February, March and August 

2014 recording SO2 flux of <1 kg/s (80 t/d). From November 2014 onwards more 

regular measurements recorded an increase from <2 kg/s (<170 t/d) to an average peak 

of c. 10 kg/s (c. 850 t/d) by December 2014, with individual measurements of up to 20 

kg/s (1730 t/d) in January 2015. This period of increased flux continued until September 
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2015, when measurements were not recorded between October 2015 and January 2016. 

Measurements in January 2016 were low flux of <1 kg/s (80 t/d).  In May 2016, a sudden 

increase to 7 kg/s (600 t/d) occurred, followed by a gradual increase from June 2016 to 

July 2017, peaking in December 2016 at 5 kg/s (430 t/d). 

6.4  Discussion 

6.4.1 Comparison of recharge and mixing events with monitoring data 

This timed sequence of recharge and mixing events can now be integrated with the 

monitoring data. To simplify the interpretation of the recharge and mixing timeline and 

integrate with monitoring data, the three broad periods of mafic recharge and mixing will 

be treated separately.  

6.4.1.1 Recharge Period 1: October 2013-April 2014  

The timescale data from Eruptive Phases 2 and some timescales from Eruptive Phase 3 

suggest a recharge and mixing event in the plumbing system occurred from October 

2013-April 2014. Although these timescales represent only a small dataset (n=6 

timescales), they strongly indicate a mixing event occurred in the plumbing system at this 

time (within error).  

When compared to the monitoring data (Fig 6.4), the October 2013-April 2014 mixing 

event show little correlation with any change in the monitoring data at this time. The 

frequency of rockfalls and explosions continued a long-term reduction which started in 

early to mid-2014, and LPs, HFs, and tremor appear unchanged before, during, and after 

the mixing event is indicated to have taken place.  

The lack of any notable changes in the monitoring record, as well as the paucity of 

reverse-zoned pyroxenes, suggest that there may have been insufficient pre-eruptive 

‘priming’ of the reservoir, potentially indicating a small volume of magma recharge, 

especially compared to the resident evolved magma and subsequent recharge events in 

later years (Singer et al., 2016; Rasmussen et al., 2018; Petrone et al., 2018) prior to 

triggering of eruptions during this eruptive phase (Fig. 6.5A).  
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6.4.1.2 Recharge Period 2: September 2014-June 2015  

Understanding Eruptive Phase 3, the 10-11 July 2015 event, is of particular importance 

to hazard assessment at Volcán de Colima as it was one of the largest and intense 

eruptions since the 1913 Plinian event (Capra et al., 2016; Reyes-Dávila et al., 2016; 

Macorps et al., 2018; Varley, 2019). It has been proposed that the 2015 event was driven 

by the arrival of a new batch of magma in the conduit (Capra et al., 2016; Reyes-Dávila 

et al., 2016), resulting in the destruction and collapse of the dome, the eruption of the 

magma and the emplacement of the pyroclastic deposit (Capra et al., 2016; Reyes-Dávila 

et al., 2016). 

The timescale data from Eruptive Phases 3 and 4, and some timescales from Eruptive 

Phase 5 suggest mixing events occurred in the months prior to the 10-11 July 2015 event. 

Figure 6.4 shows that the timescale data for the 10-11 July 2015 event suggest at least two 

main mixing events occurred within c. 10 months of the eruption. This early mixing event, 

c. 6 to 9 months before the eruption, was synchronous with the effusive eruption of lava 

flows of Eruptive Phase 2, followed by more explosive activity until January 2015. During 

this period, effusion rates increased significantly in August 2014 (Massaro et al., 2019) 

and rockfalls increased dramatically and remained at a high frequency due to brecciation 

of the lava flows during overtopping and flowing down the flanks (Figure 6.4A; 

Arámbula-Mendoza et al., 2019; Varley, 2019). Explosions and other seismic activity (LPs, 

HFs, and duration of tremor) were negligible during this period (Figure 6.4B-E), perhaps 

reflecting the effusive eruption and passive release of gases (Chouet and Matoza, 2013; 

Arámbula-Mendoza et al., 2019; Varley, 2019). SO2 flux increases from approximately 

end of September onwards from <2 kg/s (< 170 t/d) to 8 kg/s (680 t/d) by the end of 

2014 (Fig. 6.4f). The end of the effusive eruptions was marked by a slight decrease in 

rockfalls and an increase in explosions and gas flux, suggesting that progressive 

crystallisation of the dome material during eruption may have increased its viscosity 

causing pressurisation of gases within the dome (Arámbula-Mendoza et al., 2018).  

From January to July 2015, a second recharge and mixing event is inferred in the 6 months 

before the eruption, and in particular a cluster of very short timescales indicate mixing 

< 1 month before the eruption. This mixing event is synchronous with rapid increases in 

seismic events (LPs, HFs and particularly tremor) from January 2015 onwards. SO2 flux 

also increased to a peak of 22 kg/s in January and, although SO2 flux decreased with time, 

it remained at higher levels than previously recorded until the summer of 2015. Weekly 
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effusion rates during January to May 2015 were generally lower than in the previous year, 

reflecting the initial slow growth of the dome before a period of increased growth in May 

2015 (Massaro et al., 2019; Arámbula-Mendoza et al., 2018; Varley, 2019). Interestingly, 

during this period, InSAR observations from Lesage et al. (2018) found no detectable 

inflation or ground movement at the Volcán de Colima in the six months prior to the 10-

11 July 2015 eruption (i.e., November 2014-June 2015).  

Evidently the two recharge and mixing events in the plumbing system were very different 

in the way in which they relate to the monitoring data. Comparison between the recharge 

and mixing timescales of the first mixing event do not show a strong correlation with any 

particular change in the monitoring data. During ascent, SO2 flux and seismicity can 

reasonably be expected to increase as the new, hotter, gas-rich magma reaches the surface 

(Pritchard et al., 2019). We observed a gradual increase in explosions and seismicity until 

the end of the year, along with a steady level of rockfalls. The gas data suggest an 

increasing flux of SO2 as the mixing event goes on. These observations are instead 

consistent with syn-eruptive effusive activity during the eruption of lava flows at the 

surface in 2014, although the increase in SO2 flux towards the end of the eruption and 

the end of 2014 suggest that the mixing events may be related to volatile transfer and 

degassing.  

On the other hand, the good correlation between the monitoring data and the second 

mixing event from January to June 2015 is robust, and the magma mixing appears to have 

been temporally related with significant increases in seismic events, particularly LP events 

and tremor duration, as well as SO2 gas flux. LP events and tremor can be attributed to 

several mechanisms, including fracturing within the magma or against the conduit 

margins during ascent, resonance of fluids within the shallow conduit and magma, 

interactions between magma and hydrothermal fluids, degassing, and magma movements 

(Varley et al., 2010; Arámbula-Mendoza et al., 2011; Chouet and Matoza, 2013; Arámbula-

Mendoza et al., 2019; Pritchard et al., 2019). Volcanic tremor, on the other hand, is often 

seen as a precursor in the short time periods before and during eruptions, and has been 

also associated with degassing or magma-water interaction, pressure changes within the 

conduit, and opening or sealing of the vent and dome (Arámbula-Mendoza et al., 2011, 

2019). At Volcán of Colima, both LP and tremor is typically seen at depths <3 km, 

overlapping the source region of the explosions and in the shallowest parts of the magma 

chamber and conduit (Arámbula-Mendoza et al., 2019).  
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The close correlation between mixing events and increases in shallow seismic data and 

SO2 flux may indicate a causal relationship between the injection and mixing of new 

magma. Increases in SO2 flux, deep and shallow seismic data, ground deformation and 

surface Strombolian activity have been temporally linked to magma mixing events 

constrained from diffusion chronometry at Etna (Kahl et al., 2011), whereas in other 

volcanic systems, we see a correlation between shallow seismicity and mixing but a lack 

of deep seismicity (e.g., Redoubt volcano, Roman and Cashman, 2018). The presence of 

reverse zoned crystals with clear mafic signatures, along with short timescales of weeks 

to months before a major eruption, suggests that the recharge of new magma into the 

system is temporally linked.  

As noted in Chapter 4, recharge and mixing are indicated to have occurred at depths of 

c. 15 km, whereas we see close correlations with shallow (<3 km) seismic activity, some 

12 km vertical distance apart. This is puzzling as it would imply a very fast ascent of 

magma batches into the shallow plumbing system and conduit, and such an ascent would 

be associated with a more explosive eruption than occurred (Cassidy et al., 2015, 2018; 

or a similar situation at Merapi, Chaussard et al., 2013). The implications for the mixing 

dynamics at Volcán de Colima are discussed further in Section 6.5.5 and in the model in 

Fig. 6.5B. 

6.4.1.3 Recharge Period 3: November 2015-September 2016  

The activity of Eruptive Phase 5 mainly comprises the eruption of the 2016 Montegrande 

Lava Flow, which started erupting in September 2016. It is the most voluminous lava 

flow in the 2013-17 eruption and was emplaced in two main pulses, the first from 

September-November 2016 and the second from November-December 2016. Timescale 

estimates from Eruptive Phases 5 and 6 suggest that mixing events occurred in June and 

September 2016. These were synchronous with the mixing events recorded in the 2016 

Montegrande Lava Flow, and hence will be considered together here.  

As with the 2014-2015 eruptions, at least three main mixing events occurred within the 

year before to the eruption. However, unlike the very clear correlation between magma 

injection and mixing events and monitoring data for the January to July 2015 mixing 

events, there is a less clear correspondence between mixing events in 2016 and the 

monitoring record (Fig. 6.4). The first mixing event suggested by the timescales in these 

samples occurred c. 12-9 months before the eruption in October 2015-January 2016. The 
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monitoring record shows little deviation from the earlier trends in the seismic data during 

this early mixing event, suggesting that the system did not significantly respond to mixing 

events at depth. Few SO2 flux measurements were collected between August 2015-April 

2016 and therefore it is difficult to assess any changes during this period.  

A second event occurred c. 3-6 months before the eruption, in March-June 2016, although 

the overlap between uncertainties in the first and second mixing events means that they 

could be part of the same injection event. During this second mixing event, an increase 

was seen in the duration of tremor and the number of LPs, as well as an increase in the 

SO2 flux, suggesting migration of magmas and/or degassing and transfer of volatiles to 

the surface (Varley et al., 2010; Arámbula-Mendoza et al., 2011, 2019; Pritchard et al., 

2019). Finally, the short diffusion timescales indicate a mixing event of c. 1 month before 

the eruption in August 2016. At this time in the monitoring data show a small increase in 

HF events and a general increase in SO2 flux, however there was little change in the 

number of LPs and duration of tremor in the month before the eruption. Although there 

is evidence of recharge with mafic magmas within a short period of time before eruption, 

the clear pattern seen in the 10-11 July 2015 eruption was not repeated for this eruption, 

despite having broadly similar mixing patterns (Fig. 6.5C).  

6.4.2 Why is each recharge and mixing period so different? 

Each eruptive phase clearly shows different patterns in the monitoring data, which may 

represent different pre-eruptive mixing regimes in the plumbing system (Fig. 6.5) and may 

be related to the frequency of magma injections, the volume of recharge events, and the 

thermal state of the reservoir.  

The eruption of the Eruptive Phase 2 lavas in 2014 was preceded by a mixing event in 

the plumbing system in October 2013-April 2014 (Recharge and Mixing Period 1, Section 

6.4.1.1). These flows are some the most silicic in the 2013-17 samples (c. 60-62 wt.% SiO2), 

and reverse zoned crystals are rare in these lavas. This suggests that the magmas erupted 

in this period did not have extensive contact or mixing with mafic magmas (or, at least, 

less than the later mixing events), or else we may expect to see a higher abundance of 

reverse zoned crystals. The timescales also reveal only one mixing event with timescales 

relatively closely clustered and do not suggest successive periods of mixing as seen in later 

mixing events. Taken together, this could be interpreted as representing only one pre-

eruptive mixing event, perhaps with a smaller amount of mafic magma involved 
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compared to later events. As a result, the magmas may not have had significant quantities 

of volatiles or heat, and hence did not have any significant influence on the monitoring 

record. The net result may have been that the mixing event increased the effusion rate of 

relatively silicic magma in the shallow storage region and conduit (Fig. 6.5A). This resulted 

in the change from slow dome growth (Eruptive Phase 1) to lava flows (Eruptive Phase 

2) of similar magma without significant change to the monitoring record.  

 

Figure 6.5. Hypothetical models of the plumbing system during different mixing 

periods during 2013-17 eruption. 6.5A shows the interpreted sequence of events 

between the injection of new magma (October 2013-April 2014) and the eruption 

of the lava flows in September-November 2014 (Section 6.4.1.1). 6.5B shows the 

interpreted sequence of events between the injection of new magma batches 

between September 2014 and June 2015 and the 10-11 July 2015 eruption and PDC 

deposit, with a more detailed discussion in Section 6.4.1.2. 6.5C shows the 

interpreted sequence of events between the injection of new magma (November 

2015-September 2016) and the eruption of the lava flows in October-November 

2016 (Section 6.4.1.3). 
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In comparison, the recharge and mixing of two new magma batches in September 2014-

June 2015, as well as those in October 2013-April 2014, may have resulted in a much 

more active, eruptible and ‘primed’ system prior to eruption (Recharge and Mixing Period 

2, Section 6.4.1.2, Fig. 6.5B). The early injections primed the system in August-December 

2014, and a second, possibly more voluminous batch was injected around January 2015. 

The clear increase in gas emissions and seismic activity around this time may have been 

a result of shallow magma movements, or possibly due to volatile transfer from the 

mixing magma towards the surface. The final mixing event came in May-June 2015, and 

provided the trigger for eruption. In contrast, despite having a similar pattern of recharge 

and mixing, the recharge and mixing events preceding the eruption of the 2016 lava flow 

(Recharge and Mixing Period 3, Section 6.4.1.3, Fig. 6.5C) have a very different response 

in the monitoring data, and show little clear correlation.  

One explanation for a difference between more explosive and more effusive eruption 

with similar recharge and mixing patterns may be due to the thermal state of the reservoir 

(cf. Ruprecht and Bachmann, 2010; Popa et al., 2019, 2020). Following the mixing events 

in the previous years, the reservoir may have had a higher temperature than before these 

events and as a result the magma might have been less viscous (Ruprecht and Bachmann, 

2010). Thus, the recharge magma may have mixed more thoroughly into the host magma 

and volatiles may have been transferred more easily from the melt towards the shallow 

system. Following the successive recharge events, the now less volatile-rich, less viscous 

magma may ascend and erupt more effusively (cf. Popa et al., 2019, 2020), explaining the 

more effusive nature of these flows and lack of notable sudden escalation in volatiles and 

shallow seismic events, potentially relating to degassing. Alternatively, the patterns in the 

seismic and gas monitoring data may reflect legacy degassing associated with the previous 

eruption in 2015. 

6.4.3 Extended timescales in reverse-zoned crystals – heterogeneous 

timescales or different mixing events? 

The timeline of magma recharge events shows several broad periods of magma injection 

throughout 2013-17 (Figs. 6.1 and 6.4 ) and within each period, clusters of data may point 

to recharge and mixing events. Within each phase there are also a small number (n=1-4) 

of timescale estimates which are notably longer (c. 1 year before the eruption) than the 

rest of the timescales (weeks to months before eruption).  
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These ‘staggered’ long timescales are typically synchronous with previous recharge and 

mixing events. For example, the longest timescale in Eruptive Phase 3 suggests mixing in 

March-April 2014 (Recharge and Mixing Period 1), overlapping with the main cluster of 

timescales in Eruptive Phase 2, which also indicate mixing in early 2014 (Fig. 6.2). This 

suggests that the longer timescale may instead represent a remnant crystal from the 

Recharge and Mixing Period 1, which was only erupted during a later Eruptive Phase. 

Similarly, the timescales from Eruptive Phase 3 (excl. the long timescales) and from 

Eruptive Phase 4 are synchronous, suggesting they formed during the same event 

Recharge and Mixing Period 2. Long timescales seen in Eruptive Phase 5 are also 

synchronous with Recharge and Mixing Period 2 seen in the other samples, and it can be 

inferred that these samples formed during this mixing period. The notably long timescales 

and their agreement and synchronicity with previous recharge and mixing periods 

strongly suggests that they represent remnants of the earlier recharge event in the 

magmatic systems. In this scenario, recharge mafic magmas are injected into the reservoir 

and some crystals are erupted, whilst others stall, and are only remobilised and erupted 

during a later mixing period. This was noted to be the case for abnormally long timescales 

in the Ruapehu magmatic system, where magmas were interpreted to have stalled within 

the reservoir and remobilised during a subsequent mixing event (Kilgour et al., 2014). 

Petrone et al (2018) similarly find crystal populations at Stromboli which formed during 

the same injection event but were stored then remobilised and erupted at different times 

during subsequent recharge events. 

Alternatively, the distribution of timescales may reflect the mixing dynamics in the 

reservoir and the time between the start of the recharge event and the formation of the 

rim in different parts of the reservoir (Cheng et al., 2020). According to their coupled 

fluid-dynamical and diffusion modelling, a range of timescales can be generated by 

intrusion and mixing of recharge magma into a crystalline reservoir (Cheng et al., 2020). 

As mixing proceeds, crystals in the mush will encounter the melt (which forms the rims) 

at different times, with those furthest away from the intrusion forming later than those 

closer to the injection site. Once these proximal and distal crystals are erupted during the 

same event, it would appear as if there was a range of timescales from short residence 

time (distal crystals) to long residence time (proximal crystals). When considering the 

distribution of timescales recorded here, such a scenario may be misconstrued as 

representing several mixing events or a prolonged period of recharge and mixing. An 
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additional consideration is the time between the intrusion of magma, and the formation 

of the rim and start of diffusion (delay time, Cheng et al., 2020) 

Clearly, distinguishing between the two scenarios has important implications for the 

interpretation of the monitoring data. For the scenario where magma stalled and was later 

remobilised, these long timescales will represent previous recharge events and can be 

considered separate from the recharge events recorded by the main population of 

timescales. Shorter timescale estimates represent the ‘priming’ of the system, and the 

shortest timescales represent the triggering of the eruption. On the contrary, the scenario 

proposed by Cheng et al. (2020) suggests that the longest timescales represent the first 

crystals to encounter the recharge magma, with timescales becoming shorter as the melt 

migrates and mixes through the mush. In this case, the implication could be that the 

shortest timescales represent the last crystals to encounter the melt and may not represent 

the triggering of the eruption at all.  

Distinguishing between heterogeneous storage of the same magma (cf. Cheng et al., 2020) 

or related to previously unerupted batches of magma (cf. Kilgour et al., 2014; Petrone et 

al., 2018) is difficult. However, we see the pattern of long residence time crystals 

overlapping and synchronous with previous mixing periods repeated at least twice in the 

timeline of mixing events. A heterogeneous distribution of storage timescales is unlikely 

to generate this repeated pattern, as the data is likely to be more widely spread. Although 

the Cheng et al. (2020) model challenges our preconceptions about recharge and mixing 

(e.g., that delay time is assumed to be very short, and that crystal zones grow immediately 

after intrusion), the authors note that this scenario is unlikely to be representative of 

particular volcanic systems, but does allow us to interrogate the assumptions on magma 

mixing timescales used in this type of study.     

Alternatively, we cannot exclude the possibility that these crystals may simply be artefacts, 

and the long residence times are artificially extended due to slight sectioning effects (e.g., 

Shea et al., 2015).  

6.4.4 Recharge and Mixing Events in the 2013-17 eruption 

As has been demonstrated, recharge and mixing events have been constrained in time 

and at least three broad periods of magma recharge occurred at Volcán de Colima in 

2013-17 in the different units (Fig. 6.4). Within each broad period of recharge, clusters of 
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timescales suggest discrete mixing events, although some of these overlap within error. 

Short mixing-to-eruption timescales of weeks may have provided the trigger, as noted in 

many different systems (e.g., Anderson, 1976; Sparks et al., 1977; Eichelberger et al., 2006; 

Ruprecht and Bachmann, 2010; Ruprecht and Plank, 2013; Petrone et al., 2018; Caricchi 

et al., 2021).  

Multiple injections prior to an eruption could supply the heat and volatiles necessary to 

drive the system to eruption, but may require several injections to ‘prime’ the system prior 

to the eruption (Barker et al., 2016; Singer et al., 2016; Petrone et al., 2018; Rasmussen et 

al., 2018). For example, similar irregular mixing events, suggested by diffusion 

chronometry data, coupled with an absence of significant seismic activity were identified 

in the months prior to the 1999 eruption at Shishaldin volcano (Rasmussen et al., 2018). 

The data presented in this study for Volcán de Colima indicate that pre-eruptive recharge 

and mixing events typically occur c. 3-10 months before an eruption. Only after the initial 

priming recharge and mixing events have provided the conditions for an eruption can a 

final injection trigger magma ascent and eruption. These triggering events occur on a 

characteristic c. 2-8 week timescale between recharge and eruption.  

These timescales are similar to those from other magmatic systems. To use Ruapehu, 

New Zealand as an example, Kilgour et al. (2014) compared the findings of diffusion 

chronometry modelling to monitoring data during the eruptions in 2006-07 and showed 

that magma recharge occurred c. 6 months prior to the eruption, and found good 

correlations between seismic activity and mixing between resident evolved magmatic 

environments and mafic recharge magmas (Kilgour et al., 2014; Conway et al., 2020).  

These results provide us with some useful insights into the dynamics of magma recharge 

at Volcán de Colima, especially to compare different Eruptive Phases. For example, we 

only see strong evidence for one recharge event prior to the 2014 lava flows of Eruptive 

Phase 2, two or three events for the 10-11 July 2015 event (Eruptive Phase 3) and three 

for the 2016 lava flow of Eruptive Phase 5. 

Another consideration is: what influence do factors such as volume and frequency of 

recharge have on these eruptions in the long term? Modelling of long-term magma 

recharge rates may also provide insights into the relationship between mafic recharge and 

homogenization on shorter timescales. Thermal and petrological modelling by Weber et 

al. (2020b) suggests that low magma recharge rates into a hot system produce less 
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chemical variability in the erupted magma compared to a cold system intruded by a large 

volume of hotter mafic magma. This is interesting as the high temperatures of the 

magmatic environments and the homogeneous bulk chemistry of the erupted magmas at 

Volcán de Colima suggest that low long-term magma recharge rates into a hot magmatic 

environment may be realistic for this system. On short timescales, a low magma input 

rate over thousands of years could comprise either infrequent and voluminous injections, 

low-volume and frequent injections, or both low-volume and infrequent injections of 

mafic magma.  

As has been demonstrated above, there appears to be at least 3 mafic recharge events 

within c. 3 years at Volcán de Colima, suggesting that magma recharge is not infrequent. 

The lack of variability in the samples, as well as low abundances of reverse-zoned crystals, 

suggests that the recharge volumes are low, as argued in Chapter 4, and hence this 

supports the interpretation that the magmas are fed by low-volume, frequent injections. 

Nevertheless, the events in the model of Weber et al. (2020b) are on much larger physical 

and temporal scales than those inferred for individual recharge events or short periods of 

frequent recharge. As with the long timescales, more detailed physical and thermal 

modelling on timescales relevant to individual magma batches at Volcán de Colima may 

allow for quantitative constraints on intrusion volume and flux, which would be useful 

for monitoring data. 

6.4.5 Significance of the lack of observed deep seismicity during the 

2013-17 eruptive period 

The seismic data discussed here are from shallow regions (typically <3km), rather than 

from depth in the crust. As noted in Chapter 4, the magma recharge and mixing processes 

are interpreted to occur in the mid-crust, and hence an important constraint (and test on 

these recharge and mixing depths) would be the availability of deep (>8 km) seismic data. 

Correlation of mixing timescales with deep seismic data (e.g., Etna, Kahl et al., 2011, 2013; 

Mt St Helens, Saunders et al., 2012; El Hierro, Martí et al., 2013; Kīlauea Iki, Rae et al., 

2016; Shishaldin, Rasmussen et al., 2018; Llaima, Ruth et al., 2018) has allowed for the 

direct tracking of magmas moving through the magmatic system. Such deep seismicity is 

often classed as deep LP events (Rasmussen et al., 2018) or volcano-tectonic (VT) events.  

VTs at Volcán de Colima typically occur as seismic swarms that precede the start of a 

new eruptive phase (Arámbula-Mendoza et al., 2019). They are interpreted as brittle 



Chapter 6: Linking magma storage to volcano monitoring at Volcán de Colima 
 

 246 

fracture which occur when magmas (or, in some cases, gases and volatiles) intrude into a 

mechanically strong material (Chouet and Matoza, 2013). This often represents the 

fracture of mechanically strong and brittle crystal mush as magmas intrude into the 

reservoir. 

VT swarms are rare at Volcán de Colima, but they have been recorded up to a maximum 

depth of 12 km below the crater (Núñez-Cornú et al. 1994; Zobin et al., 2002; Arámbula-

Mendoza et al., 2019). During the 1991 seismic swarms, VTs were recorded at 7-11 km 

below the crater (Núñez-Cornú et al., 1994). VT swarms in 1994 occurred at shallower 

depths of up to 6 km and located directly beneath and to the SSW of the crater (Jiménez 

et al., 1995); and during the 1998-99 eruptive phase, earthquakes were more widely 

distributed, but at a shallower (< 5 km) depth (Domínguez et al., 2001; Zobin et al., 2002). 

VTs may even relate to non-magmatic activity on the Tamazula Fault (Domínguez et al. 

2001; Zobin et al., 2002), however the Tamazula Fault itself may act as a pathway for 

magmas from depth (Sychev et al., 2019; Guevara et al., 2021a). Very few isolated VTs 

were recorded during the 2013-17 eruptive phase (Vargas-Bracamontes, 2021), and no 

VT swarms were recorded during the main periods of recharge and mixing between c. 

2014-2016. 

As discussed in Chapter 5, the magmatic system could be envisaged as a ‘warm-storage’ 

system where the magmas and the crystal mush are kept at high, potentially eruptible 

temperatures for an extended period of time (Barboni et al., 2016; Petrone and Mangler, 

2021). In this case, the crystal mush is unlikely to be as mechanically rigid as it would be 

for a colder magmatic system (cf. cold storage, Cooper and Kent, 2014), and hence 

magmas may intrude and mix into the mechanically weak magmatic system aseismically. 

In this case, VT swarms would be mostly absent except for extended periods of 

quiescence where cooling, degassing and crystallisation could progress and mechanically 

strengthen the mush. Although VT (and LP) events were recorded at the 2004 Mt St 

Helens, 2009 Redoubt, and the 2006 Augustine eruptions, Roman and Cashman (2018) 

argued that precursory seismicity was present at levels much shallower than the 

anticipated magma storage region and with little evidence for shallowing seismicity from 

depth as magmas migrated to the surface. This suggests that, whilst deep seismicity can 

be extremely valuable in tracking magma migration from depth (e.g., Kahl et al., 2011, 

Rae et al., 2016, Rasmussen et al., 2018, Ruth et al., 2018), this may not apply to all 
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volcanoes, especially to open-system, steady-state, ‘warm-storage’ volcanic systems such 

as Volcán de Colima.  

6.4.6 Absence of significant pre-eruptive ground deformation at 

Volcán de Colima 

Inflation and deflation of volcanic edifices can be attributed to the recharge (and 

draining/eruption) of large volumes of fresh magma, and pressurisation of shallow 

reservoirs due to accumulation of magma (or volatiles) prior to an eruption (Segall et al., 

2019). The findings in this study indicate repeated input of new magma into the plumbing 

system, however InSAR studies have shown that ground deformation around Volcán de 

Colima during eruptive phases is typically not above background levels (Pinel et al., 2011; 

Chaussard et al., 2013; Lesage et al., 2018). Thus, pre- and syn-eruptive ground 

movements appear to be absent at Volcán de Colima.  

Pinel et al. (2011), using SAR data, argued against a large injection of new magma into 

the magmatic system from 2003-06 on the grounds that the subsidence rate did not vary 

over the observed period, and inflation was absent before and during the emplacement 

of a major lava flow in 2004. However, they also noted that a low injection rate (or, 

alternatively, a smaller volume of injected magma) could not be ruled out. Lesage et al. 

(2018) similarly found no convincing evidence for surface deformation and ground 

deformation in the six months preceding the intense 10-11 July 2015 event.  

The absence of observable ground deformation can be explained by several factors. 

InSAR data may not be sensitive enough to capture very small changes over a larger area. 

As argued by Mason et al. (2021), InSAR relies on the presence of persistent reflectors, 

but in natural landscapes these reflectors are ephemeral and introduce larger uncertainties 

and regions of coherence. Mason et al. (2021) used an averaging algorithm across large 

areas to reduce the coherence loss from reflectors, to show that Volcán de Colima edifice 

itself can be surprisingly dynamic, even within periods of purported quiescence (2017-

19). However, several studies using different acquisition and processing techniques have 

found an absence of significant deformation, suggesting that the lack of ground 

movements is not an artefact of the data (Pinel et al., 2011; Chaussard et al., 2013; Lesage 

et al., 2018).  
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It can be argued that pressurisation of a deep magma reservoir, whereby inflation of the 

deep reservoir would result in minimal deformation at the surface, could also explain the 

absence of deformation (e.g., Rivalta and Segall, 2008). Whilst there is evidence for 

migration and mixing of magmas at this depth, as argued in this study, the presence of 

shallow reservoirs indicated by geophysical data (e.g., Zobin et al., 2002; Spica et al., 2017; 

Sychev et al., 2019) and entrapment depths of melt inclusions at <6 km (e.g., Atlas et al., 

2006; Reubi and Blundy, 2008; Reubi et al., 2013) argues against significant pressurisation 

within the deep reservoir and the absence of pressurisation in shallow reservoirs.  

Insights can also be gained by comparing these observations to other volcanic systems. 

Whilst synchronous mafic recharge and inflation is observed at some volcanoes, notably 

more basaltic systems (e.g., Etna, Kahl et al., 2011, 2013; Piton de la Fournaise, 

Sundermeyer et al., 2019; Kīlauea Iki, Rae et al., 2016), the absence of pre- and syn-

eruptive ground deformation has also been recorded at several other open-system, steady-

state arc volcanoes, e.g., Popocatépetl (Pinel et al., 2011; Chaussard et al., 2013), Merapi 

(Chaussard et al., 2013) and Llaima (Ruth et al., 2018). The absence of significant pre-

eruptive ground deformation further strengthens the argument that Volcán de Colima 

represents an open-system, steady-state volcano, which is “permanently in a state of near 

eruption” (Chaussard et al., 2013), whereby even small recharge events can tip the 

persistently active system into eruption. 

6.4.7 What does the monitoring data tell us about the open-system at 

Volcán de Colima? 

As is argued in Chapter 4 and 5, the observations suggest that Volcán de Colima is an 

open magmatic system with an evolved crystal mush. Mafic magmas are intruded into the 

plumbing system at mid-crustal depths, mixing occurs between these end-members and 

remobilise crystals, and the magmas transfer upwards from deep storage regions (c. 15 

km) to shallow reservoirs (c. 5 km) (this study, Zobin et al., 2002; Atlas et al., 2006; Reubi 

and Blundy, 2008; Reubi et al., 2013, Crummy et al., 2014; Spica et al., 2017; Arámbula-

Mendoza et al., 2019; Sychev et al., 2019). The absence of volcano-tectonic (VT) seismic 

events suggest that the system is mechanically weak due to the high temperature, and 

magma batches can ascend aseismically through the system. The absence of ground 

deformation further suggests that no pressurisation and inflation due to volatile storage 

closer to the surface occurs (Pinel et al., 2011; Lesage et al., 2018), and that persistent 

open-system degassing allows for gases to be released. 
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Incorporation of volcano monitoring data and timescales provides a new perspective on 

this magmatic system. Although mixing between the evolved mush and magmas and the 

mafic recharge magmas is a relatively regular feature (at least 3 times in 3 years), the 

eruptive and monitoring behaviour is different between the different recharge and mixing 

periods, with some showing strong correlations between increases in seismic activity and 

gas flux with synchronous recharge events, whilst others show less clear patterns or no 

discernible relationships.  

The coincidence between the recharge and mixing of new, gas-rich, mafic magma, and 

sudden increases in gas emissions as well as LPs and tremor (both seismic events related 

to degassing and transport of volatiles) suggests that arrival of new magma at depth can 

release its volatile load (Edmonds and Woods, 2018; Caricchi et al., 2021). Melt inclusions 

suggest volatile-saturated crystallisation at least within the upper conduits as recorded in 

the ‘true phenocrysts’ (Reubi and Blundy, 2008; Reubi et al., 2013), with experimental 

data indicating volatile saturation to depths of c. 10 km (Moore and Carmichael, 1998). 

This suggests degassing is already happening throughout the upper crust and down to 

near the depths of mixing indicated by this study.  

Recharge and mixing processes at c. 15 km could provide additional volatile input, but 

the additional heat could also reduce the viscosity of mixing and mingling magma 

(Ruprecht and Bachmann, 2010; Popa et al., 2020). Reducing viscosity could allow for 

more efficient transfer and release of volatiles, allowing them to ascend to the upper parts 

of the system, where they generate seismic activity (LPs and tremor especially) and the 

gases are released at the surface through venting, fumarolic activity, and explosions, and 

the exsolved volatiles may even allow a degree of compressibility of the magmas, 

diminishing the effect of ground deformation (e.g., Voight et al., 2010; McCormick 

Kilbride et al., 2016; Biggs and Pritchard, 2017; Edmonds and Woods, 2018; Edmonds 

et al., 2019). This mechanism would be invoked to explain the observation of seismic 

activity and gas release in close temporal association with recharge and mixing prior to 

the 10-11 July 2015 eruption. A more ‘heated’ reservoir, with lower thermal and viscosity 

contrasts, may allow for easier mixing and volatile release, resulting in less clear 

relationships before the more effusive 2016 lavas and may reflect more efficient and 

thorough degassing of recharge magmas during this period.  

However, as has been argued by Popa et al. (2019), explosive eruptions may occupy a 

volatile concentration space between lower and higher volatile contents where high 
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volatile content magmas may be as likely to erupt effusively as volatile-depleted ones (as 

discussed in Chapter 4). This highlights that more work must be done to constrain the 

fundamental relationships between magma mixing, volatile contents, thermal state of 

magma bodies, and explosive-explosive transitions (Edmonds et al., 2019; Popa et al., 

2019, 2020). At Volcán de Colima, constraining the volatile contents at depths of c. 15 

km, degassing processes, and rates and timescales of volatile separation and migration 

through the plumbing system would be a key constraint required to test this hypothesis. 

If this model is accurate, then the lag time between intrusion, volatile separation, and 

eruption would then be constrained and may prove to be a useful monitoring tool for 

future eruptions. 

6.5 Conclusions 

In this chapter we compared the results of the diffusion chronometry modelling, 

presented in Chapter 5, with volcano monitoring data to provide insights into the 

influence of mixing events on the monitoring data and what a combined approach can 

tell us about the volcanic system. The relative timescales calculated from diffusion 

chronometry were used to reconstruct a timeline sequence of recharge and mixing for the 

2013-17 eruption. The results indicate at least three separate periods of recharge and 

mixing occurred during this time, each with smaller mixing events, leading up to eruptions 

within weeks to months of the eruptions. We find evidence for discrete injection periods 

in October 2013-April 2014, September 2014-June 2015, and November 2015-September 

2016. Comparison with volcano monitoring data shows different patterns for different 

eruptions, suggesting a simple mixing-eruption relationship is insufficient.  

To help explain the patterns seen between the timing of mixing events and monitoring 

data, we envisage a scenario where mixing occurs within the plumbing system at c. 15 km 

depth, as suggested by thermobarometry. Low frequency or volumes of injection may 

result in the ascent and eruption of magmas which do not contain many reverse zoned 

crystals, and that there is a lack of correlation with any change in the monitoring data. In 

contrast, ‘priming’ of the reservoir by more frequent injections may result in lower 

viscosity, promoting volatile separation and ascent ahead of the magma body, resulting 

in mixing, followed closely by seismic activity and increased gas flux, and then magma 

eruption. Finally, a more extensively ‘primed’ reservoir may result in even smaller viscosity 

and heat contrasts between intruding and host magmas, and as a result more volatiles are 

released before the magma finally ascends in a more degassed state. Although tentative, 
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this model explains some of the integrated monitoring and mixing timeline patterns in 

the data.  

Although these findings shed light on the magmatic system at Volcán de Colima, it is 

evident that many gaps exist in our knowledge of the volcano. Some of these gaps provide 

fruitful areas of future research and will be discussed in Chapter 7.  
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7.1 Introduction 

In this thesis, petrography, mineral chemistry, thermobarometry and diffusion 

chronometry were used to constrain the magmatic conditions and timescales of magmatic 

processes in the Volcán de Colima plumbing system. Additionally, findings were 

integrated with those from previous studies and volcano monitoring data. The study 

found evidence for magma recharge, mixing and homogenisation on range of timescales, 

and argued that Volcán de Colima is an open-system, steady-state volcano; and integrating 

these findings with the volcano monitoring data provides insights into the dynamics of 

mafic magma recharge and mixing processes. These findings have improved our 

understanding of the volcanic system, as well as being of interest and use to the volcano 

monitoring campaign at Volcán de Colima and hazard assessment to the surrounding 

region.  

Volcán de Colima was introduced in Chapter 1 and that chapter set the scope for this 

study. An in-depth review of the relevant literature was provided in Chapter 2, which 

outlined the key unresolved questions about Volcán de Colima. In Chapter 3, the 

methods used in this study were outlined and discussed. The findings of the study were 

discussed in Chapters 4, 5 and 6. 

Here the main conclusions of this work are outlined, the findings of the study are placed 

within the context of the scope of the work and the wider questions relating to the Volcán 

de Colima magmatic system, and finally some of the key avenues for future research at 

Volcán de Colima are discussed.  

7.2 Summary of main findings  

7.2.1 Unlocking the crystal cargo: the present state of the Volcán de 

Colima plumbing system  

In Chapter 4, petrology, mineral chemistry and thermobarometry were used to 

understand the plumbing system and constrain several important variables relating to the 

magmatic system.  

The following aims were addressed: 

1) To constrain the different magmatic environments within the plumbing system 

using microanalytical and textural studies of the crystal cargo. 
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2) To quantify the intensive variables (particularly temperature and pressure) of the 

magma storage regions using mineral chemistry and thermobarometry models. 

3) To understand the dynamics of the plumbing system, especially below the shallow 

storage region in the upper crust.  

And the following questions were addressed: 

1) Under what conditions (T, P, X, fO2, chemical, depth) are the different crystals of 

the crystal cargo formed within the magmatic system? 

2) What processes are recorded in the crystal cargo, and are there differences in 

processes through the 2013-17 eruptive period? 

3) What do the petrological processes recorded in the crystal cargo tell us about the 

magma plumbing system? Are current models accurate? 

In this chapter, the first petrological, whole-rock and mineral chemistry data for samples 

from the entire 2013-17 eruptive phase were presented. The samples are andesites, typical 

of Volcán de Colima, with relatively homogeneous whole-rock compositions. The bulk 

chemistry of the samples is similar to previous interplinian periods of activity, such as in 

the 1998-2005 period of similar activity and the 2007-11 period of slow dome growth. 

Whilst there are minor deviations in the whole-rock Mg# and Cr content in some ash 

samples from 2015-16, this can be explained by pyroxene accumulation rather a genuine 

trend toward more mafic compositions.  

From a petrographic and mineral chemistry perspective, the abundant pyroxene 

phenocrysts record the complex internal magmatic processes and provide insights on the 

crystal mush and plumbing system. These pyroxene phenocrysts have varied core 

compositions (Mg#~69-88), reflecting crystallisation from different melts. Most crystals 

formed from an evolved melt, crystallising Mg# 69-75 pyroxene, low An plagioclase, Fe-

Ti oxides, apatite and amphibole; but the presence of disequilibrium textures and high-

Mg# and Cr2O3 mafic zones in pyroxenes reflect periodic interactions with mafic magmas, 

containing high-Mg# pyroxene, high An plagioclase and olivine. Recharge of this mafic 

magma into the evolved reservoir also remobilises crystals from the heterogeneous crystal 

mush into the ascending magmas. The net result of these mixing and remobilisation 

events is that the erupted rocks have homogeneous andesitic whole-rock compositions, 
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where the magmatic system is buffered against major changes in bulk composition from 

small recharge events of a more mafic composition.  

Thermobarometry was used to constrain the temperature of these two magmatic 

environments. The temperature of the relatively evolved end-member is estimated to be 

980-1000°C (± 18°C uncertainty), whereas the temperature of the mafic magmatic end-

member is estimated to be 1020-1080°C (± 18°C). The pressure estimates suggest pre-

eruptive crystallisation and storage is at 4-6 kbar or c. 12-18 km depth. These depth 

estimates are deeper that those proposed from melt inclusion studies, but coincide with 

geophysical evidence which suggests a melt-rich mushy body at these depths in the mid-

crust.   

The abundance of different phenocryst groups, in particular the overwhelming 

abundance of low-Mg homogeneous crystals and relative scarcity of reverse-zoned 

crystals, suggest that the system is evolved, with only small or infrequent recharge events 

of mafic magma. The variability in the abundance of reverse-zoned crystals, indicative of 

recharge events, suggests that recharge events vary in frequency or volume through the 

eruptive phase, and may be linked to the different styles of activity in different phases. 

The powerful eruption in 10-11 July 2015 at Volcán de Colima was unlikely to be the 

terminal ‘end-cycle’ eruptions noted by Luhr and Carmichael (1990), although routine 

petrological monitoring should be undertaken alongside other forms of volcano 

monitoring to monitor changes in the magmatic system. 

The findings presented in this Chapter have been published in the Journal of 

Volcanology and Geothermal Research as:  

Hughes, G.E., Petrone, C.M., Downes, H., Varley, N.R, Hammond, S.J., 2021. Mush 

remobilisation and mafic recharge: A study of the crystal cargo of the 2013–17 eruption 

at Volcán de Colima, Mexico. Journal of Volcanology and Geothermal Research 416, 107296. 

https://doi.org/10.1016/j.jvolgeores.2021.107296  

7.2.2 Timed magmatic processes: new constraints on the Volcán de 

Colima magmatic system  

In Chapter 5, diffusion chronometry was used to constrain the timescales of magma 

mixing during the 2013-17 eruptive phase.  

https://doi.org/10.1016/j.jvolgeores.2021.107296
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Within this chapter the following aims were addressed: 

4) To quantify the storage timescales of crystals within different magmatic 

environments using elemental diffusion chronometry modelling. 

5) To understand role of magma recharge and mixing during eruptions and 

understand relationship between mixing events and eruption timing and changes 

in eruptive style.  

And the following questions were addressed: 

4) What are the timescales of magma storage of the phenocrysts? 

5) Does the crystal record a range of timescales of storage, are there systematic 

differences between crystals with different textures, and what does this tell us 

about the magmatic system?  

Building upon the findings in Chapter 4, the zoning patterns in the pyroxene crystal 

groups and the temperature constraints calculated from thermobarometry were used as 

inputs for diffusion chronometry modelling. These results provide the first constraints 

on the timescales of magma recharge and mixing at Volcán de Colima.  

The key finding is that there are distinct differences between normal-zoned and reverse-

zoned crystals, with short term storage in mafic magmas and long-term storage in evolved 

magmatic environments. Crystals in mafic magmas reside there for weeks to months 

before being erupted, compared to timescales of decades to centuries for crystals in the 

evolved magmatic environments.  

These findings built a clearer picture of the magmatic system as one where discrete 

batches of mafic magma intrude into the evolved magmatic system. Intruding magmas 

entrain and remobilise extant crystals, some of which are erupted whilst others fail to 

erupt and are returned to the mush, to be stored or remobilised during a later recharge 

event. This recycling contributes to the formation of the heterogeneous mush. The near 

absence of multiple banded crystals, indicating multiple mafic melt-crystal interactions, 

suggests that most crystals do not interact with the intruding magmas and if they do it is 

only once. This suggests that most of the volume of injected magma does not interact 

with the evolved magmatic environment and that the intruding magmas are either of a 

small volume or infrequent. The range and clustering of timescales, however, suggest that 
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injection events may be relatively frequent, hence making it likely they are of a small 

volume.  

This interpretation has significant implications for the volcanic system. Small volume, 

repeated injections may prime the system with new magma, heat and volatiles, before also 

providing a triggering event which causes the magma to ascend and erupt. If frequent 

injections are a common feature of Volcán de Colima eruptions, then this may indicate 

the system is persistently kept at high, potentially eruptible, temperatures; and that the 

rate of injections may be a key factor in controlling the rheological and thermal state of 

the magmatic system, controlling volatile transfer, and potentially impacting ascent rate 

of magma through the system.  

7.2.3 Towards integrating petrological studies and volcano monitoring 

at Volcán de Colima 

Finally, in Chapter 6, the timed magmatic processes were combined with volcano 

monitoring data.  

Within this chapter the following aim was addressed: 

6) To link magmatic processes with volcano monitoring data, to assess the extent to 

which mafic recharge events can be recognised in the monitoring record.  

And the following question was addressed: 

6) Do the mafic recharge and mixing events correlate with volcano monitoring data 

and what is the temporal and physical relationship between them? 

The findings from diffusion chronometry modelling of reverse zoned crystals provide 

evidence for short mixing-to-eruption timescales following mafic recharge and mixing. 

Converting these relative timescales into an absolute timeline allows us to better 

understand these mixing events as they occurred during the 2013-17 eruptive phase.  

The reconstructed sequence of recharge and mixing events indicates that at least three 

separate periods of recharge and mixing occurred during this time, in October 2013-April 

2014, September 2014-June 2015, and November 2015-September 2016, each with 

smaller mixing events indicated by clusters in the data. Mixing appears to occur within 

the months leading up to an eruption, with a final mixing event, interpreted to represent 
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an eruptive trigger, recognised within the final weeks leading up to eruption in two of the 

three periods of recharge and mixing. 

Comparison of the timeline of mixing events with the volcano monitoring data shows 

different patterns for different eruptions. Two of the three periods of magmatic recharge 

and mixing are terminated with a discrete mixing event in the weeks before eruption, 

suggesting that magma recharge is clearly a factor in triggering these eruptions. However, 

it is also clear that concomitant factors other than mixing alone are responsible for 

eruptions, and that pre-eruptive ‘priming’ mixing events are recorded in the crystals but 

not in the monitoring data. Building on the model of a magmatic system with frequent 

mafic recharge events from evidence presented in Chapters 4 and 5, it is argued that the 

frequency of the ‘priming’ recharge events in the reservoir and volatile separation may be 

key influences on the eruptive style as well as the seismic activity and gas emissions.  

It is tentatively argued that a low frequency or low volume of injection results in the slow 

ascent of magma without much additional heat or volatiles, resulting in a lower abundance 

of reverse zoned crystals, little increase in seismic activity and gas emissions, and an 

effusive eruption. More frequent injections may heat the reservoir sufficiently to lower 

the viscosity of the magma, promoting volatile separation and ascent ahead of the magma 

body, and resulting in an increase in seismic activity and increased gas flux shortly after 

injection, and an explosive eruption months later. An even more extensively ‘primed’ 

reservoir may result in even lower viscosity and more heating, more volatile release, and 

before the magma ascends it is more degassed and erupts effusively. However, it is 

highlighted that this model only explains some of the integrated monitoring and mixing 

timeline patterns in the data, and that this is a tentative explanation of the complex 

interplay between magmatic processes and the monitoring record. 

7.3 How does this work help address the gaps in the knowledge? 

Several key gaps in our knowledge of the Volcán de Colima magmatic system were 

identified in Chapters 1 and 2. Here we discuss how these findings help address these 

gaps: 

Nature of the Low Velocity Body (LVB)  

While petrological and geophysical work has constrained the nature of shallower low 

velocity body at c. 5 km depth (e.g., Zobin et al., 2002, 2011; Reubi and Blundy, 2008; 
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Lopez-Loera et al., 2012; Reubi et al., 2013; Escudero and Bandy, 2017; Spica et al., 2017; 

Sychev et al., 2019), little is known about the deeper LVB beneath Volcán de Colima. 

This body has been identified at c. 15 km by geophysical methods (Spica et al., 2017; 

Sychev et al., 2019), and was interpreted to comprise a dominantly silicic crystal mush 

(Sychev et al., 2019). 

Petrological constraints and thermobarometry results confirm that a dominantly evolved 

crystal mush is present at this depth and that mixing between evolved and mafic magmas 

also occur within this region, supporting the interpretations from geophysical data that 

this region comprises a crystal mush zone. Whilst these findings support this 

interpretation, confirmation of the depth estimates from melt inclusion studies on these 

zoned phenocrysts would be particularly useful, as well as providing constraints on the 

chemistry and nature of melts at this depth. In addition to the petrology and geochemistry, 

more detailed geophysical work and seismic tomography studies are needed to constrain 

the volume of the crystal mush and potentially the amount of melt, constraints which 

could be very useful for modelling of the magmatic system. 

Petrology of the zoned phenocrysts 

Previous studies of the magmatic system during interplinian phases mostly focused on 

the ‘true phenocrysts’, i.e. unzoned crystals formed during late crystallisation (e.g., Atlas 

et al., 2006; Reubi and Blundy, 2008; Savov et al., 2008; Reubi et al., 2013), whilst the 

majority of the zoned crystals were not considered in great detail. This study focused 

primarily on the zoned phenocrysts, and has yielded a more comprehensive 

understanding of deeper magmatic processes and provided constraints on the deeper part 

of the magmatic system and the LVB.   

Role of mafic magma recharge during eruptions and degree of influence on eruption timing and 

style are poorly known.  The links between magmatic processes, particularly magma recharge, 

and monitoring data is still largely unclear. 

This work has gone some way to constraining the timescales of recharge events and the 

timing of the mixing events with respect to the monitoring data, as described in Sections 

7.2.2 and 7.2.3.  
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Estimates of recharge magma volume and/or frequency 

Quantifying the melt content of the magmas or the volumes of the recharging magma is 

a vital factor for future interpretations but very difficult to constrain (Koulakov et al., 

2020). We have identified at least three periods of magma recharge within three years in 

the Volcán de Colima magmatic system, which provides us with some indication of the 

recharge and mixing frequency during eruptive phases. However the volume of recharged 

magma has not been quantified, although it is considered to be of a ‘low’ volume 

compared to the bulk of the system. Corroborating the injection frequency using other 

methods and constraining the volume of magmas, both of the recharge magma and the 

bulk evolved magma, would allow for accurate physical modelling of the Volcán de 

Colima magmatic system and would help improve interpretations of the mixing and 

timescales. 

210Pb-226Ra disequilibria suggest degassing histories on monthly-yearly life cycle of magma batches.  

The degassing histories and 210Pb-226Ra disequilibria suggest that magmas do not reside 

for long periods within the Volcán de Colima plumbing system (Reubi et al., 2015, 2017). 

The findings presented in this study corroborate these studies in that batches of mafic 

magma from depth mix with the evolved magma and ascend on timescales of months, 

up to years in some cases. However, as argued in Chapter 6, understanding the degassing 

histories of these magmas and especially the timescales of volatile exsolution and transfer 

should be considered an important future goal for research at Volcán de Colima. 

Testing the ‘eruptive cycle’, meaning of the mafic increases, and petrological monitoring in future  

Cycles of activity of Volcán de Colima are thought to occur on timescales of c. 100 years 

(Luhr and Carmichael, 1990; Luhr, 2002). This is particularly relevant for volcano 

monitoring as recognising changes in the magmatic system prior to an ‘end-cycle’ 

eruption is of paramount importance.  

For the 2013-17 eruption, although we see evidence for input of mafic magma, we see no 

significant change in the bulk chemistry and mineralogy of the rocks from previous 

periods towards the mafic compositions which signals the run-up to a powerful eruption. 

Nevertheless, the mafic recharge and mixing events identified here should be put in the 

context of interplinian and Plinian eruptive phases, and further work should constrain 

the magma mixing timescales for both previous interplinian eruptions (e.g., activity from 
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1961-1991, 1998-2005, and the eruption of Volcancito in the 19th century) and the Plinian 

eruptions (especially the 1818 and 1913 eruptions).  

7.4 Plumbing system dynamics at arc volcanoes: the perspective from 

Volcán de Colima  

One of the key arguments of this work is that the ‘warm-storage’ model for volcanic 

systems (Barboni et al., 2016; Petrone and Mangler, 2021) is likely applicable for Volcán 

de Colima. Low volumes of hot, mafic magmas are frequently injected into the magmatic 

reservoirs, and this persistently injected crystal mush is kept at a high, potentially eruptible, 

temperature for extended periods of time. This may, in fact, represent the baseline 

behaviour for this ‘hyperactive’ volcano (Reubi et al., 2017). The ascending magmas can 

rise aseismically, mix and remobilise the resident evolved crystal mush, potentially 

releasing heat and volatiles on its way to the surface.  

This form of arc volcanism may be widespread, with Popocatépetl (Petrone and Mangler, 

2021), Merapi (Chaussard et al., 2013) and Llaima (Ruth et al., 2018) volcanoes displaying 

similar features. The implications of these processes are wide-ranging, from the model of 

the storage regions and interpretations of how magmas are transferred through trans-

crustal magmatic systems at these types of storage regions, to the interpretation of the 

monitoring data at these active volcanoes.  

7.5 What use is this to volcano monitoring and hazard assessment? 
 

A key motivation behind research in volcanology is to benefit those monitoring the 

volcano and, by extension, those affected most directly by the volcano.  This study has 

shown that there is some relationship between the timescales between mixing at depth 

and eruption at the surface, with priming occurring in the months before eruption and a 

final triggering event within a month of eruption. This is also reflected to a degree in the 

monitoring record; however, further work must be done to better understand the 

relationship between magmatic processes and the monitoring record at Volcán de Colima. 

Nevertheless, these findings can be useful for improving future interpretation of volcano 

monitoring at Volcán de Colima.  
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7.6 Future avenues for research 

This study has provided an insight into the dynamic magmatic processes at Volcán de 

Colima particularly with respect to processes within the crystal mush and magma mixing 

in the plumbing system. However, the sections above demonstrate that more work is 

clearly required to improve our knowledge of the plumbing system, as noted below: 

7.6.1 Constraining the magmatic processes of the 1998-2011 eruptive 

phase 

As demonstrated here, combining petrology with volcano monitoring data can help us to 

understand magmatic processes at Volcán de Colima, and this should also be applied to 

the 1998-2011 phase.  The 1998-2011 and 2013-17 eruptive phases share many features 

in common, so constraining the timescales of magmatic processes and linking processes 

with volcano monitoring for the 1998-2011 eruptive phase would provide a good 

comparison to solve inconsistencies. For example, why were VT and LP events recorded 

at depths up to 8 km during the 1998-99 eruption, but absent during the most recent 

eruptive period? Detailed petrological work and estimation timescales of magma mixing, 

especially for the start of the 1998-99 eruption, would be of great use as a comparison 

and provide a baseline to compare with other activity. 

7.6.2 Constraining the timescales of magma recharge and mixing 

during Plinian eruptions, and comparison with interplinian 

magmatic processes 

The role of magma mixing in Plinian eruptions at Volcán de Colima has been proposed 

by various authors (e.g., Luhr and Carmichael, 1980; Luhr and Carmichael, 1990; Crummy 

et al., 2014; Macias et al., 2017); however, the style and timing of mixing as well as the 

origin and storage conditions of the magmas which triggered the Plinian events are not 

well understood. Diffusion chronometry would provide a good starting point to further 

investigate these mixing dynamics. Did the mixing mechanism which triggered the Plinian 

events differ from the interplinian dynamics? Understanding these processes and 

comparing them with interplinian phases (the results presented here and future results 

from the 1998-2011 phase) would inform volcano monitoring researchers and hazard 

assessors for the geophysical signs of an impending Plinian eruption.  
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A good starting point would be to study the two most recent Plinian eruptions, in 1913 

and 1818, for which historical observations and data are available. However, more 

powerful Plinian events are known to have occurred at Volcán de Colima (Crummy et al., 

2014). A systematic study of the past activity, focusing on magma mixing, would be a 

useful comparison, and should provide good constraints. Understanding why the Colima 

Volcanic Complex also changed from the powerful eruptions of the past to the smaller 

eruptions today is also an outstanding fundamental question. 

7.6.3 When will the next Plinian eruption be, and how will it appear in 

the monitoring data? 

This is one of the most important questions for hazard assessment at Volcán de Colima. 

Answering this question will require studies which take an integrated approach, 

combining a thorough understanding of the 1998-2011 period, the 2013-17 period and 

the past Plinian eruptions.   

7.6.4 Understanding the deep LVB in the mid-crust 

Not much is known about the mid-crustal LVB, but based on the findings of this work 

and geophysical studies, it is likely to be very important to controlling both short- and 

long-term activity at Volcán de Colima. Understanding this region of the plumbing system 

should be an important long-term goal of studies at the volcano. Constraining the 

magmatic (melt compositions, crystallisation, mixing dynamics, depths, volatile content) 

and physical variables (crystallinity, melt content, viscosity, volume, temperature regime, 

compressibility) would be useful for modelling the region and understanding its role in 

magmatic evolution in greater detail.  

7.6.5 Petrological monitoring as an increasingly promising tool for 

observing volcanic activity at Volcán de Colima 

As demonstrated by the Fagradalsfjall eruption, which started in March 2021, workflows 

for petrological and geochemical analysis have improved to the point where, in some 

circumstances, petrological monitoring of active volcanoes and ongoing eruptions can be 

undertaken reasonably quickly and regularly, with results produced within hours or days 

after eruption. Although the circumstances of Iceland and Mexico are different, it is now 

possible that authorities and volcano observatories could include petrological monitoring 

in their volcano monitoring techniques. Such an approach would require considerable 



Chapter 7: Synthesis and Future Work 
 

 266 

investment and resources, but may provide unprecedented insights into the eruption 

dynamics at Volcán de Colima and be invaluable during future volcanic crises. 

7.6.6 What is the influence of the regional stress state? 

Modelling indicates that the volcanic system is in equilibrium with the current regional 

stress state (Breton-González et al., 2002; Massaro et al., 2020). This implies that, should 

the stress state change in future, the system may be out of equilibrium and hence has the 

potential to erupt. Historical descriptions of earthquakes and volcanoes are often 

conflated in the records of Volcán de Colima, however the coincidence of large 

magnitude eruptions and earthquakes tectonic earthquakes suggest that there is a delicate 

balance between the regional stress state and volcanic system (Breton-González et al., 

2002). Future work should attempt to understand this relationship between earthquake 

and volcanic activity and the potential hazards involved. A double crisis of a powerful 

earthquake combined with a volcanic eruption could cause significant problems for 

authorities and should be researched for future hazard assessment. 

7.6.7 Detailed ground deformation studies with improved InSAR 

methods 

Ground deformation studies using InSAR (e.g., Pinel et al., 2011; Chaussard et al., 2013; 

Salzer et al., 2014, 2017; Lesage et al., 2018) have suggested that there is little ground 

deformation at Volcán de Colima, despite powerful and voluminous eruptions. On the 

other hand, the application of the averaging algorithms such as those by Mason et al. 

(2021) to the eruptive periods at the volcano has shown that there are still sizeable ground 

movements even during periods of quiescence. Applying those averaging algorithms to 

periods of eruptive activity may provide a more detailed insight into inflation and 

deflation of the ground surface at Volcán de Colima, and provide insight into the 

processes controlling these ground movements.   

7.6.8 Melt inclusions in phenocrysts 

Unlike the ‘true’ unzoned, relatively shallow phenocrysts, melt inclusions in the zoned 

free crystals and the glomerocrysts have not been studied in great detail. A dedicated 

study of the melt inclusions from these zoned crystals would provide useful constraints 

on the melt chemistry, sealing depths and volatile contents of the melts deeper in the 

plumbing system.  
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7.6.9 Volatile separation 

As discussed in Chapter 6, the behaviour of volatiles in the magmatic system may be a 

key control on eruptive activity at Volcán de Colima and on the volcano monitoring 

record. Therefore, the timescales of volatile separation, exsolution and transfer to the 

shallow reservoirs are important constraints which need to be addressed. These have 

implications for eruptive style, interpretation of volcano monitoring data, and dynamics 

of the plumbing system (Stock et al., 2018).  

7.6.10 Ascent rate 

As argued by Cassidy et al. (2015), ascent rate is considered to a key determinant of 

eruptive style during the dome-building phase in early 2013. However, this work was 

based mainly on conduit processes, and ascent rates of magmas from the mid-crustal 

storage regions have so far been neglected. Although amphibole has been used to 

constrain ascent rates, a more comprehensive method of calculating ascent rate needs to 

be applied.   

7.7 Conclusions 

This study has provided the first constraints on the petrology and geochemistry of the 

rocks erupted during the recent 2013-17 eruption at Volcán de Colima, and provide 

improved constraints on the nature of the volcanic plumbing system beneath the volcano. 

Using diffusion modelling within zoned pyroxene crystals, the timescales of magma 

storage, recharge and mixing have been quantified, and the comparison with the volcano 

monitoring data have shown pre-eruptive patterns in the monitoring data which can be 

ascribed to certain processes. By taking this integrated, multidisciplinary approach, the 

petrology and timescale estimates can be placed in a wider context and provide a useful 

reference for future work at Volcán de Colima and the insights gained from this study 

can be of use for volcano monitoring and hazard assessment at the volcano.  
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Key 
 
* Below Detection Limit  
† Calculated on an anhydrous basis for major elements 
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Appendix IV. Detection limits, errors and relative deviation of the whole-rock major 

element analysis. Available in MS Excel format as Appendix IV (Electronic). 

Whole-Rock Major Elements: Information relative to reference materials 
 
Reference Materials 
 
AN-G Anorthosite, Greenland 
BE-N Basalt, Essey la Cote, France 
AC-E Granite, Ailsa Crag 
BIR-1a Basalt, Icelandic Rift 
GBW 07106/NCS DC73304 Sandstone, China 
DR-N Diorite, France 
DNC-1a Dolerite, North Carolina 

 
BDL =  Below Detection Limit 
 

Report Date Analyte Symbol SiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 

Report Date: 
30/10/2018 

AN-G Meas 46.8 30.2 3.35 0.04 1.88 16.3 1.65 0.14 0.22 0.02 0.01 
AN-G Cert 46.3 29.8 3.36 0.04 1.79 15.9 1.63 0.13 0.22 0.01 0.01 
Relative Error (%) 1.1 1.2 0.3 5.0 5.0 2.6 1.2 7.7 0.0 100.0 0.0 

Report Date: 
30/10/2018 

BE-N Meas 38.0 10.1 13.1 0.20 13.1 14.0 3.12 1.39 2.67 1.07 0.07 
BE-N Cert 38.2 10.1 12.8 0.2 13.1 13.9 3.18 1.39 2.61 1.05 0.05 
Relative Error (%) -0.4 -0.2 2.0 -1.5 0.3 0.9 -1.9 0.0 2.3 1.9 40.0 

Report Date: 
16/8/2019 

BE-N Meas 38.8 10.2 13.1 0.20 13.2 14.2 3.25 1.36 2.71 1.08 0.05 
BE-N Cert 38.2 10.1 12.8 0.2 13.1 13.9 3.18 1.39 2.61 1.05 0.05 
Relative Error (%) 1.5 0.8 2.7 1.0 1.1 2.0 2.2 2.2 3.8 2.9 0.0 

Report Date: 
30/10/2018 

AC-E Meas 70.8 14.9 2.56 0.06 0.04 0.36 6.74 4.55 0.11 - - 
AC-E Cert 70.4 14.7 2.56 0.058 0.03 0.34 6.54 4.49 0.11 - - 
Relative Error (%) 0.7 1.4 0.0 1.7 33.3 5.9 3.1 1.3 0.0 - - 

Report Date: 
16/8/2019 

AC-E Meas 70.3 14.8 2.53 0.06 0.07 0.37 6.77 4.47 0.11 - - 
AC-E Cert 70.4 14.7 2.56 0.058 0.03 0.34 6.54 4.49 0.11 - - 
Relative Error (%) 0.1 0.4 1.2 0.0 133.3 8.8 3.5 0.4 0.0 - - 

Report Date: 
30/10/2018 

BIR-1a Meas 47.4 15.3 11.7 0.18 9.76 13.3 1.89 0.04 0.97 0.03 - 
BIR-1a Cert 48.0 15.5 11.3 0.175 9.7 13.3 1.82 0.03 0.96 0.021 - 
Relative Error (%) 1.3 1.5 3.4 1.1 0.6 0.3 3.8 33.3 1.0 42.9 - 

Report Date: 
16/8/2019 

BIR-1a Meas 48.2 15.7 11.8 0.18 9.75 13.5 1.81 0.02 0.98 0.02 - 
BIR-1a Cert 48.0 15.5 11.3 0.175 9.7 13.3 1.82 0.03 0.96 0.021 - 
Relative Error (%) 0.4 1.2 4.2 1.1 0.5 1.4 0.5 33.3 2.1 4.8 - 

Report Date: 
30/10/2018 

NCS DC73304 (GBW 
07106) Meas 91.5 3.49 3.33 - - 0.33 0.09 0.65 - 0.23 - 

NCS DC73304 (GBW 
07106) Cert 90.4 3.52 3.22 - - 0.3 0.061 0.65 - 0.222 - 

Relative Error (%) 1.2 0.9 3.4 - - 10.0 47.5 0.0 - 3.6 - 

Report Date: 
30/10/2018 

GBW 07109 Meas 54.3 17.8 7.47 0.12 0.57 1.41 7.17 7.57 0.47 0.01 0.01 
GBW 07109 Cert 54.5 17.7 7.41 0.12 0.65 1.39 7.16 7.48 0.48 0.02 - 
Relative Error (%) 0.4 0.6 0.8 0.0 12.3 1.4 0.1 1.2 2.1 50.0 - 

Report Date: 
16/8/2019 

GBW 07109 Meas 54.8 18.0 7.46 0.12 0.63 1.46 7.25 7.56 0.47 0.02 BDL 
GBW 07109 Cert 54.5 17.7 7.41 0.12 0.65 1.39 7.16 7.48 0.48 0.02 - 
Relative Error (%) 0.6 1.5 0.7 0.8 3.1 5.0 1.3 1.1 2.1 0.0 - 

Report Date: 
16/8/2019 

DR-N Meas 53.6 17.9 9.76 0.22 4.39 7.11 3.08 1.72 1.06 0.24 - 
DR-N Cert 52.9 17.52 9.7 0.22 4.4 7.05 2.99 1.7 1.09 0.25 - 
Relative Error (%) 1.4 2.1 0.6 0.5 0.2 0.9 3.0 1.2 2.8 4.0 - 

Report Date: 
16/8/2019 

DNC-1a Meas 46.7 18.4 10.01 0.15 10.20 11.41 - 0.24 0.49 0.07 - 
DNC-1a Cert 47.2 18.34 9.97 0.15 10.13 11.49 - 0.234 0.48 0.07 - 
Relative Error (%) 1.1 0.1 0.4 3.3 0.7 0.7 - 2.6 2.1 0.0 - 

Report Date: 
30/10/2018 Method Blank BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

  Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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Appendix IV (cont’d). Detection limits, errors and relative deviation of the whole-rock 

major element analysis. 

Whole-Rock Trace Elements: Accuracy and Precision Information relative to 

BHVO-2 and natural material 

 
Report Date Analyte Symbol SiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 

Report Date: 
30/10/2018 

COL-29 Orig 54.0 20.0 5.80 0.10 2.14 5.30 4.15 1.04 0.47 0.28 0.02 
COL-29 Dup 54.5 20.1 5.84 0.10 2.16 5.35 4.21 1.05 0.48 0.28 0.01 
Relative Error (%) 0.6 0.6 0.5 0.7 0.7 0.7 1.0 0.7 1.5 0.0 47.1 

Report Date: 
30/10/2018 

COL-67 Orig 56.7 17.6 6.59 0.11 4.84 6.59 4.24 1.05 0.68 0.19 0.02 
COL-67 Dup 56.1 17.4 6.54 0.11 4.79 6.53 4.21 1.04 0.68 0.19 0.02 
Relative Error (%) 0.8 0.6 0.5 3.2 0.7 0.6 0.5 0.7 0.0 0.0 0.0 

Report Date: 
30/10/2018 

COL-441-CIIV Orig 60.5 17.4 5.83 0.10 3.61 5.98 4.62 1.37 0.60 0.19 0.01 
COL-441-CIIV Dup 60.5 17.3 5.83 0.10 3.62 5.98 4.59 1.36 0.60 0.19 0.01 
Relative Error (%) 0.0 0.2 0.0 0.7 0.2 0.0 0.5 0.5 0.0 0.0 0.0 

Report Date: 
30/10/2018 

COL-616-CIIV Orig 60.5 17.2 5.97 0.11 3.78 6.01 4.62 1.36 0.61 0.19 0.01 
COL-616-CIIV Dup 60.7 17.3 5.95 0.11 3.72 6.02 4.61 1.36 0.62 0.19 0.01 
Relative Error (%) 0.2 0.4 0.2 0.7 1.1 0.1 0.2 0.0 1.1 0.0 0.0 

Report Date: 
16/8/2019 

A16/009 Orig 60.5 17.0 6.19 0.11 3.85 5.93 4.53 1.33 0.62 0.19 0.01 
A16/009 Dup 60.4 17.2 6.26 0.11 3.90 5.96 4.63 1.33 0.62 0.19 0.01 
Relative Error (%) 0.1 0.8 0.8 0.0 0.9 0.4 1.5 0.0 0.0 0.0 0.0 

Report Date: 
30/10/2018 Method Blank 

< 
0.01 

* 

< 
0.01 

* 

< 
0.01 

* 

< 
0.001 * 

< 
0.01 

* 

< 
0.01 

* 

< 
0.01 

* 

< 
0.01 

* 

< 
0.01 

* 

< 
0.01 

* 

< 
0.01 * 

  Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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Appendix V. Detection limits, errors and relative deviation of the whole-rock trace 

element analysis. Available in MS Excel format as Appendix V (Electronic). 

Whole-Rock Trace Elements: Accuracy and Precision Information relative to 

BHVO-2 and natural material 
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Whole-Rock Trace Elements: Accuracy and precision Information relative to 
reference materials 
 
Reference Materials 
 
BIR-1 Basalt, Icelandic Rift 
W-2 Diabase, Virginia 
DNC-1 Dolerite, North Carolina 
BHVO-2 Basalt, Hawaiian Volcano Observatory 
AGV-1 Andesite, Guano Valley, Oregon 
BCR-2 Basalt, Columbia River 

RGM-1 
Rhyolite/Obsidian, Glass Mountain, 
California 

Batch 1 – December 2018 
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Batch 2 – January 2019 
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Batch 3 – Ash, September 2019 
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Appendix VI. Mineral and glass compositions obtained via EMPA. 
 
This appendix is an explanatory sheet for the Appendix VI (Electronic), containing the 
mineral and glass compositions analysed using EMPA techniques for this project.  
 
Due to the amount of collected analyses, mineral and glass compositional data is only 
presented in an MS Excel spreadsheet, with sheets for different phases: 
 

1. Plagioclase EMPA Data, with recalculations of mineral formulas undertaken on 
the basis of 32 oxygens and the Anorthite-Albite-Orthoclase end-members are 
calculated. 

2. Clinopyroxene EMPA Data, with recalculations of mineral formulas undertaken 
on the basis of 6 oxygens and the Enstatite-Ferrosilite-Wollastonite end-
members are calculated. 

3. Orthopyroxene EMPA Data, with recalculations of mineral formulas 
undertaken on the basis of 6 oxygens and the Enstatite-Ferrosilite-Wollastonite 
end-members are calculated. 

4. Fe-Ti Oxide EMPA Data, with recalculations of mineral formulas undertaken 
on the basis of 3 oxygens and the TiO2-FeO-Fe2O3 ternary end-members are 
calculated. 

5. Amphibole (hornblende) EMPA Data, with recalculations of mineral formulas 
undertaken on the basis of 23 oxygens and organised according to their 
crystallographic sites, and a calculation of the Fe3+ for the amphiboles. 

6. Olivine EMPA Data, with recalculations of mineral formulas undertaken on the 
basis of 4 oxygens and the Forsterite-Fayalite-Tephroite end-members are 
calculated. 

7. Glass EMPA Data, recalculated on a volatile-free basis.  
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Appendix VII. Mineral Classification Diagrams 
 
 

 
 

An–Ab–Or (Anorthite–Albite– Orthoclase) triangular plot, showing the 

composition of plagioclase feldspar present in Volcán de Colima rocks. The vast 

majority of the plagioclase ranges from Andesine to Bytownite in composition. 

 

 

 
 

Clinopyroxene and orthopyroxene compositions plotted on a pyroxene 

quadrilateral. All orthopyroxenes are enstatites and the vast majority of the 

clinopyroxenes are augitic, with a small number plotting in the diopside field. 
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Mineral classification and compositional variation diagrams for amphibole, Fe-Ti 

oxides, and olivine in Volcán de Colima samples. 4A is an amphibole classification 

diagram according to Leake et al. (1997), showing that most of the amphiboles are 

magnesiohastingsites. B is a TiO2–FeO–Fe2O3 triangular plot showing the 

composition of Fe-Ti oxides and their titanomagnetite composition. C is a linear 

plot of the Fosterite (Fo) and Fayalite (Fa) end members of olivine, showing the 

olivines are typically forsteritic. The tephroite content of these samples are typically 

<1% and as such are shown as a linear variation between the other two end 

members rather than a triangular plot cf. B. 
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Appendix VIII. Laser Ablation ICP-MS Maps  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps. 
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 Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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 Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
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Appendix VIII (cont’d). Laser Ablation ICP-MS Maps.  
 
 

 
COL-443-C-CIIV GL01 
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Appendix IX. Two-pyroxene and cpx-melt thermobarometry comparison. 
 

Although mineral-based barometers are indispensable tools for constraining magma 

storage pressures and depth, many suffer from large model errors when calibrated (e.g. a 

standard model error of ±2.8 kbar for Equation 39 of Putirka, 2008). This raises questions 

on the precision and therefore validity of the barometers when applied to natural systems.  

We applied the two-pyroxene thermobarometer of Putirka (2008), using the method of 

Mangler et al (2020) as used in this study, on the results of melting experiments by Moore 

and Carmichael (1998). Five experiments are reported to have crystallised both 

orthopyroxene (opx) and clinopyroxene (cpx), and so the thermobarometer was applied 

directly (i.e. the calculation is undertaken on cpx and opx which grew in the same 

experiment) and across (i.e. a calculation is done using one cpx against all the other opx, 

repeating the process for each cpx) for consistency with the method used in this study.  

Moore and Carmichael (1998) state that equilibrium was achieved in their experiments 

based on the lack of zoning in the crystals and euhedral crystal shapes. The Putirka (2008) 

model instead uses a test of equilibrium based on Kd(Fe-Mg) for opx-cpx pairs. However 

in all cases here equilibrium between the crystal pairs (measured by Kd(Fe-Mg) of 1.09 

±0.14 for opx-cpx pairs) was not achieved. As these crystal pairs do not do not satisfy 

the test of equilibrium of Putirka (2008) , we cannot use these data to validate pressure 

using this method.  

Alternatively we applied the cpx-liquid and cpx-only thermobarometers as an additional 

check on the two-pyroxene thermobarometers (Supplementary Data 4). As we noted in 

the manuscript, cpx-liquid thermobarometers are not very effective at constraining PT 

conditions for Colima samples from this study due to the fact that the glass compositions, 

i.e. melt or liquid compositions, are not in equilibrium with the vast majority of the 

crystals. In addition, we preclude the use of whole-rock compositions as representative 

liquid compositions as abundant disequilibria and zoning textures attest to mixing and 

fractionation, making whole-rock compositions unrepresentative of a valid liquid 

composition. Supplementary Figure 6 shows the glass compositions with respect to the 

liquid line of descent and mixing trends. The least evolved glass compositions are the 

glass compositions from highly-vesiculated ash fragments. 
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We therefore applied the cpx-liquid and cpx-only thermobarometers from Putirka (2008) 

using ten of the least evolved ash compositions and compared against the cpx database.  

A H2O content of 1% was used, a reasonable value in agreement with the typical ranges 

from 0-3 wt.% water content estimated from several melt inclusion studies at Colima for 

interplinian rocks (Atlas et al., 2006; Reubi and Blundy, 2008; Reubi et al., 2013).  

The cpx-liquid uses two methods to determine equilibria - a Kd(Fe-Mg) cpx-liquid of 

0.27±0.03; and the observed cpx components vs those predicted from liquid 

compositions (Putirka, 2008). For this test we first screened the cpx-liquid pairs for 

Kd(Fe-Mg) equilibrium of 0.27±0.03, and then screened for between 0.8-1.2 (i.e. 20%) 

of the observed vs the predicted cpx components. For this test, DiHd and EnFs pairs 

were checked as they form the largest components in cpx. Using both methods ensures 

that equilibrium is attained for the pairs and the estimates should be relatively robust, and 

Putirka (2008) states that these two should be coincident for equilibrium pairs.  

As expected, the number of equilibrium pairs is small compared to the larger two-

pyroxene data set, due to the more evolved nature of the glass compositions being out of 

equilibrium for most cpx compositions. However, a small number (87 pairs from 37 cpx 

points) satisfy both the Kd (Fe-Mg) for cpx-liquid and predicted v. observed cpx 

components checks, and are therefore considered to be in equilibrium using this model.  

The results show that over two-thirds of the pressure estimates using the Eq. 32b cpx-

only barometer are within 20% of the estimate calculated using the two-pyroxene method 

in this study using Eq 39 of Putirka (2008). Similarly, well over half of the estimates using 

Eq. 30 cpx-liquid are within 20% of those calculated by this manuscript using two-

pyroxene methods. The absolute difference between the estimates is < 1 kbar for the 

majority of the estimates for both cpx-liquid and cpx-only barometers, within the error 

of the models. It therefore suggests that the pressure estimates calculated from the two-

pyroxene method used here are in agreement with the cpx-liquid and cpx-only barometers.  

We do however note that the temperatures calculated using the cpx-liquid and particularly 

the cpx-only thermometers give anomalously high temperatures. For a cpx with Mg# of 

~72, cpx-liquid thermobarometers estimate a temperature of ~1050°C, and cpx-only 

calculate ~1180°C, which contrasts with lower temperatures of ~990°C calculated the 

2px method. We note that the literature data using different methods find a range of 
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temperatures but for this Mg# range, the lower value of ~990°C is more likely compared 

to temperatures in excess of 1050°C for low Mg# pyroxene. 

Although this is based on a small number of data points for comparison, we can conclude 

that the two-pyroxene method is reasonably robust if the errors on the model are taken 

into account. Improving the thermobarometric estimates could be attained by calibrating 

a thermobarometer specific for this volcanic system/setting (e.g. Perinelli et al., 2017 for 

Etna). Such a calibration may result in a modified Kd and a more precise 

thermobarometer, but would be outside the scope of this study. 
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Appendix X. Apatite saturation temperatures. (Piccoli and Candela, 1994). 
Apatite saturation temperature: 
T (K)= (26400C1SiO2 − 4800)12⋅4C1SiO2 − ln(C1,0P2O51 − X/100) − 3⋅97T = (26400CS
iO21 − 4800)12⋅4CSiO21 − ln(CP2O51,01 − X/100) − 3⋅97 
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Appendix XI. Diffusion vs growth patterns in pyroxene zones 

Figure shows differences between a growth profile (with changes in Mg#) (A and B) with 

a true diffusion profile (C and D). In the former, a clear slope is seen from the core to 

the rim in Al content, effectively a non-diffuser on timescales we are interested in, 

whereas a clear band is seen in the Mg#. This suggests that the band may not be due to 

magma mixing, and may be due to local changes in crystallisation conditions and growth. 

C and D show a sharp step in Al and a slope in Mg#, indicating diffusion without growth. 



 



Appendix XII: Influence of oxygen fugacity on opx diffusion 
 

 353 

Appendix XII. Influence of oxygen fugacity on opx diffusion. 

To assess the influence of oxygen fugacity on the timescale modelling, a diffusion profile 

across the interior-rim of a representative orthopyroxene crystal was modelled at a set 

input temperature of 1040 ± 18ºC (corresponding to the mafic end member, appropriate 

for this RZ crystal), a ∆H of 308 ± 23 kJ/mol, and a range of oxygen fugacities from 

log(fO2) -12 and -8, in steps of 1 log unit. The results of the test show a minor difference 

of 0.1 log units in DFe-Mg between the model value of -10 and the extreme values of -8 and 

-12. Changing the oxygen fugacity results in a minor change in the timescale estimates, 

increasing the timescale estimate by up to c. 27% at log(fO2) of -12, however, this oxygen 

fugacity is not seen in the natural samples at Volcán de Colima and is outside of the range 

of applicability for this model as stated by Dohmen et al. (2016) (log(fO2) of -11 to -7). 

Modelling using a log(fO2) of -8 is within the range of applicability for the Dohmen et al. 

(2016) model and yields a timescale c. 20% shorter than a timescale for the profile 

calculated at an oxygen fugacity of log(fO2) = -10. However, this oxygen fugacity of 

log(fO2) = -8 is generally more oxidised than that seen in Volcán de Colima magmas. 

Using the range of log(fO2) values for Volcán de Colima magmas from the literature             

(-11.4 to -9.2), the timescales estimates vary between ± 10-15% of the timescale calculated 

at the most appropriate oxygen fugacity of log(fO2) = -10.  

All of these values are well within the error of the timescale at log(fO2) = -10, and as such 

we can conclude that oxygen fugacity appears to only have a minor effect on the timescale 

estimates and well within the error of the model value. 
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Appendix XIII. Diffusion modelling results and crystal images. Overview images, 

profiles and modelled curves displayed for each modelled crystal. 

 



COL-98-NHM PX07 
Eruptive Phase 1 
Crystal Type: NZ-T3 

 

Crack 
(grey values 

removed) 
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COL-PF15/011B-CIIV PX03 
Eruptive Phase 2 
Crystal Type: NZ-T1 
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COL-558-CIIV PX04 
Eruptive Phase 2 
Crystal Type: NZ-T1 
 

 
  

Appendix XIII: Diffusion modelling results and crystal images

358



 
 

Appendix XIII: Diffusion modelling results and crystal images

359



 

Appendix XIII: Diffusion modelling results and crystal images

360



COL-558-CIIV PX07 
Eruptive Phase 2 
Crystal Type: NZ-T1 

Δ 
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COL-96-NHM PX10 
Eruptive Phase 2 
Crystal Type: NZ-T1 
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COL-374-CIIV PX02 
Eruptive Phase 2 
Crystal Type: NZ-T2 
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COL-373-CIIV GL01-B 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-563-CIIV PX05 
Eruptive Phase 2 
Crystal Type: NZ-T3 

 

Appendix XIII: Diffusion modelling results and crystal images

365



COL-88-NHM PX06 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-88-NHM PX17 
Eruptive Phase 3 
Crystal Type: NZ-T3 
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COL-558-CIIV PX08 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-PF15/011-B-CIIV PX07 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-373-CIIV PX05 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-456-CIIV PX02 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-373-CIIV GL01A  
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-88-NHM PX15  
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-373-CIIV GL01-D 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-456-CIIV PX04 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-558-CIIV PX12 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-88-NHM PX13 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-99-NHM GL02-A 
Eruptive Phase 4 
Crystal Type: NZ-T3 
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COL-88-NHM PX14 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-456-CIIV PX01 
Eruptive Phase 2 
Crystal Type: NZ-T3 
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COL-563-CIIV PX12 
Eruptive Phase 2 
Crystal Type: RZ-T1 
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COL-558-CIIV PX09 
Eruptive Phase 2 
Crystal Type: RZ-T1 
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