
 

Commonalities in the emplacement 

of cooling-limited lavas: insights 

from the 2011-2012 Cordón Caulle 

rhyolitic eruption 

Presented for the degree of Doctor of Philosophy by 

Nathan Alec Magnall MESci (Lpool) 

Initial submission January 2018 

Final submission July 2018 

Lancaster Environment Centre, 

Lancaster University 

  



 

Declaration 

I, Nathan Alec Magnall, hereby declare that the contents of this thesis result from my 

own work, and that no part of the work has been submitted in substantially the same 

form for the award of a higher degree elsewhere. 

 

  



 

 

 

 ñThe entire universe has been neatly divided into things to (a) 

mate with, (b) eat, (c) run away from, and (d) rocksò 

ï Terry Pratchett, Equal Rites ï 
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Abstract 
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Abstract 

Lava flows pose a risk to infrastructure and communities near many volcanoes. 

Although the emplacement processes of low-viscosity basaltic lava flows are relatively 

well studied, the infrequency of silicic eruptions has limited our understanding of the 

emplacement of high-viscosity rhyolitic lavas. The 2011-2012 eruption of Puyehue-

Cordón Caulle in southern Chile provided a unique opportunity to make scientific 

observations of an active rhyolitic lava flow. The thesis utilises a multiscale approach 

to draw comparisons between the emplacement of mafic and silicic lavas by building 

on the established understanding of basaltic flows. The thesis demonstrates the 

similarities and differences in the emplacement of cooling-limited lavas at contrasting 

ends of the compositional spectrum. 

Observations and quantitative models of lava flow lengthening demonstrate that 

advance of the Cordón Caulle lava flow was controlled in its latter phases by a cooled 

surface crust, which suggests similarities to the rheological control of cooling-limited 

basaltic lava flows. Cessation in flow advance was followed by breakout formation, the 

first such observations in a rhyolitic lava flow. Breakout formation was triggered by a 

pressure build-up at the flow margins, due to continued supply of lava along preferential 

thermal pathways, as well as late stage vesiculation of the flow core. The breakouts 

developed a morphological range classified into domed, petaloid, rubbly and cleft-split, 

which reflect the results of advance and inflation processes. Many silicic lavas show 

pumice diapirs and crease structures at their surface, but such features were rarely 

observed at Cordón Caulle. The inferred strong surface crust of the Cordón Caulle lava 

flow, as well as higher viscosity than other rhyolite lava flows, may have locally 

impeded upwelling to the lava surface, so favouring breakout formation. Insights gained 

from Cordón Caulle will aid the interpretation of ancient silicic lava flows, and help 

anticipate the hazards posed by future eruptions of rhyolitic lava. 
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1 Introduction 

Volcanic eruptions produce a number of hazards that can pose a risk to local and distal 

communities. These include the products of explosive eruptions, such as ash, 

pyroclastic density currents and bombs, as well as the production of lava flows and 

domes in effusive eruptions. Unlike the hazards presented by explosive eruptions 

(Nakada, 2000; Prata and Rose, 2000), effusive eruptions rarely present a risk to 

human life (Peterson and Tilling, 2000) due to their slow advance rate (from metres up 

to ~2 kilometres per hour). However, lava flows present a direct hazard to infrastructure 

and, as a consequence, communities can require evacuation, particularly if attempts 

to halt or divert the lava flows fail (Pinkerton, 1987). In contrast, where lava flows and 

domes emplace on steep slopes, collapse of their front can represent a direct threat to 

life by generating highly hazardous pyroclastic density currents (e.g. Nakada et al., 

1995; Sparks et al., 2000; Watts et al., 2002). 

Extensive studies of frequently erupted basaltic lava flows have facilitated attempts to 

reduce the potential risk of lava flow inundation through mitigation strategies (Williams 

and Moore, 1983; Barberi et al., 1993; Williams, 1997). Such strategies have included 

spraying seawater onto lava flows during the eruption of Eldfell on Heimaey (Iceland) 

in 1973, with the aim of cooling the lava, thus increasing the viscosity and promoting 

the development of a restraining surface crust (Williams and Moore, 1983; Williams, 

1997). Attempts have also been made to block lava tubes in the upper reaches of the 

1991-1992 Mt Etna lava flow in order to trigger proximal breakout formation, reducing 

the volume of lava that reached the flow front (Barberi et al., 1993). Artificial barriers 

have also been used to some success to reduce the advance rate of a lava flow 

(Barberi et al., 1993). The success of such mitigation strategies is predicated on a 

thorough understanding of the processes that control lava flow emplacement. 
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In addition to direct mitigation strategies, numerous attempts have been made to model 

likely areas of lava inundation, in order to assess the most at risk areas (Crisci et al., 

1986; Hidaka et al., 2005; Vicari et al., 2007; Hérault et al., 2011). Such flow modelling 

studies have primarily focussed on the emplacement of frequently erupted higher 

temperature, low-viscosity, and low-silica (basaltic) lava flows. Fewer studies have 

modelled the emplacement of high-viscosity, high-silica content (e.g. dacitic and 

rhyolitic) lava flows (e.g. Manley, 1992; Castruccio et al., 2013), partially due to the lack 

of observable, contemporaneous eruptions with which to compare modelled results.  

The 2011-2012 eruption of Puyehue-Cordón Caulle provides a unique opportunity to 

build upon established models of the emplacement of rhyolitic lava flows. This eruption 

began on 4 June 2011 with an explosive Plinian phase (Silva Parejas et al., 2012; 

Castro et al., 2013). The Plinian activity subsided into an explosive-effusive eruption 

with the production of an extensive rhyolite lava flow (Schipper et al., 2013). Advance 

of this lava flow was observed to stall whilst effusion continued, and numerous (>80) 

breakouts formed (Tuffen et al., 2013; Farquharson et al., 2015). Effusion from the vent 

ended in March 2012, as indicated by the ceasing of seismicity at the vent, but the lava 

flow was observed to still be advancing in January 2013 (Tuffen et al., 2013). Breakouts 

have been previously documented from basaltic flows, and thus their presence at 

Cordón Caulle points towards commonalities in cooling-limited flow development that 

transcend orders of magnitude differences in magma rheology (Tuffen et al., 2013).  

This work aims to understand potential process similarities in the emplacement of mafic 

and silicic cooling-limited lava flows. To this end, the focus on Cordón Caulle provides 

novel information on the emplacement of a cooling-limited silicic lava flow. The three 

papers presented in this thesis aim to improve our understanding of the rheological 

controls on the emplacement of the Cordón Caulle lava flow, the processes that 

contributed to breakout formation, and the processes that occurred during the 
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emplacement of comparable Holocene rhyolite lava flows in the western USA. Finally, 

commonalities in the emplacement processes, and subsequent flow features, between 

mafic and silicic lava flows are suggested.  

The results presented within this thesis can aid our forecasting of the outcomes from 

future eruptions of silicic lava flows. The relative infrequency of such eruptions means 

that a more immediate opportunity would be in the re-interpretation of ancient volcanic 

facies, for which considerable effort has already been expended (Section 2; Fink, 

1980a; Fink, 1980b; Bonnichsen, 1982; Fink, 1983; Bonnichsen and Kauffman, 1987; 

Manley and Fink, 1987; Stevenson et al., 1994a; Stevenson et al., 1994b; Smith and 

Houston, 1995; Smith, 1996; Castro and Cashman, 1999; Castro et al., 2002a). Finally, 

the analysis of the processes that contribute to breakout formation in silicic lava flows 

may prove useful for the forecasting of breakout locations during flow emplacement, 

as such features pose a challenge when predicting lava advance patterns. 

1.1 Glossary of terms 

For clarity, a glossary of terms as used in the thesis is as follows: 

- Breakout ï A new lobe that forms from a stalled or slowed portion of a lava flow. 

Breakouts are associated with cooling-limited lava flows, and usually form when 

flow advance slows or stops whilst magma supply continues. Under these 

conditions, the internal flow pressure increases until it exceeds the strength of 

the restraining surface crust and a breakout is formed. 

- Cooling-limited lava flow ï A lava flow that has ceased to advance due to the 

formation of a strong cooled surface crust, despite continued effusion at the 

vent. 

- High-silica/silicic lava ï Lavas with a SiO2 content greater than ~60%, i.e. dacitic 

and rhyolitic lavas.  

- High-silica rhyolite ï Rhyolite lavas with a bulk SiO2 content greater than 70%. 
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- High-viscosity ï Lavas with a viscosity/apparent viscosity greater than ~107 Pa 

s; note that this is linked to composition. 

- Lava coulée ï A thick (up to 250 m) body of lava formed when a lava dome has 

started to spread and advance downslope. 

- Lava dome ï A domed build-up of lava over the vent. The lava typically has a 

substantial yield strength. 

- Lava flow ï Lava that, when effused, flows away from the vent, forming a long 

and thin morphological shape, i.e. not a dome that has spread and advanced 

downslope. 

- Lava tube ï Where a lava channel has developed a self-supporting roof that 

retains its shape when lava drains from within. These are mostly associated 

with pǕhoehoe lava flows, but have been observed in 'a'Ǖ flows. 

- Low-silica/mafic ï Lavas with a SiO2 content less than ~60%, i.e. basaltic and 

andesitic lavas. 

- Low-silica rhyolite ï Rhyolite lavas with a bulk SiO2 content between 68 ï 70%. 

- Low-viscosity ï Lavas with a viscosity/apparent viscosity less than ~107 Pa s; 

note that this is linked to composition. 

- Preferential thermal pathway ï A connected region of mobile lava beneath a 

static surface crust along which most lava is supplied to a flow front. Unlike a 

lava tube, when lava drains from the thermal pathway there will not be a self-

supporting roof. 

- Surface crust ï The confining outer portion of a lava flow. This includes the 

brittle surface clinker or rubble, which has little strength, and the more influential 

underlying cooled visco-elastic layer, which merges with the core of the lava. 

- Volume-limited lava flow ï A lava flow that stalls due to the cessation of effusion 

at the vent. 
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2 Lava flows and their emplacement 

Our understanding of the emplacement processes of basaltic lava flows is relatively 

strong due to almost continuous, easily accessible, eruptions at volcanoes in locations 

such as Hawaii (e.g. Macdonald, 1953; Shaw et al., 1968; Swanson, 1973; Peterson 

and Tilling, 1980), and Italy (e.g. Pinkerton and Sparks, 1976; Guest et al., 1980; 

Kilburn and Lopes, 1988; Polacci and Papale, 1997). These lavas, typically divided into 

pǕhoehoe and 'a'Ǖ morphological types (Macdonald, 1953), can advance as lobes or 

channel-fed flow fronts (of order decimetre to metres in width for pǕhoehoe, and metres 

to tens of metres for 'a'Ǖ) that stall due to the presence of a cooled surface crust. The 

lobes can then inflate, due to the continued supply of lava, and the surface crust 

ruptures, leading to the development of a secondary flow, or breakout (Pinkerton and 

Sparks, 1976; Blake and Bruno, 2000; Lyman et al., 2005a). In contrast to basaltic lava 

flows, our understanding of the emplacement of high-viscosity and high-silica lavas has 

been hampered by a lack of observable eruptions. However, our understanding of the 

controls on the emplacement of andesitic and dacitic lava flows has been improved 

partly due to observations of recent eruptions (Kerr and Lyman, 2007; Castruccio et 

al., 2013; Castruccio and Contreras, 2016). These include the 1988-1990 Lonquimay 

eruption in Chile (Naranjo et al., 1992; Kerr and Lyman, 2007), eruptions at Arenal 

Table 2.1: Contemporary eruptions of rhyolite lava flows and domes 

Volcano Country Year Volume Reference 

Novarupta USA (Alaska) 1912 ~0.005 km3 Fierstein and Hildreth 

(1992), Hildreth and 

Fierstein (2012) 

Puyehue-

Cordón Caulle 

Chile 1921-1922 ~0.4 km3 Singer et al. (2008) 

Tuluman Papua New Guinea 

(St Andrew Strait) 

1953-1957 N/A Johnson and Smith (1974), 

Reynolds et al. (1980) 

Puyehue- 

Cordón Caulle 

Chile 1960 ~0.25 km3 Katsui and Katz (1967), 

Lara et al. (2004) 

Chaitén Chile 2008-2009 0.8 km3 Bernstein et al. (2013), 

Pallister et al. (2013) 
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volcano in Costa Rica (e.g. Linneman and Borgia, 1993), and the ongoing effusion from 

Santiaguito volcano in Guatemala (Harris and Flynn, 2002; Harris et al., 2003). 

Rhyolite lava flows and domes are relatively rare eruptive products, with four such 

eruptions in the 20th century (Table 2.1), for which only limited observations were made 

during their emplacement. The recent eruption of Chaitén, Chile, in 2008-2009, allowed 

for detailed observations of the emplacement of a rhyolite lava dome, including both 

endogenous and exogenous growth, and a phase of spine extrusion (Bernstein et al., 

2013; Major and Lara, 2013; Pallister et al., 2013). The rarity of effusive rhyolitic 

eruptions means that our understanding of the emplacement of rhyolite lava flows is 

reliant on interpreting observations of ancient flows from the USA (Fink, 1980a; Fink 

and Manley, 1987; Manley, 1992; Befus et al., 2015), New Zealand (Dadd, 1992; 

Stevenson et al., 1994a), Australia (Smith and Houston, 1995; Smith, 1996), and Japan 

(Furukawa et al., 2010; Furukawa and Uno, 2015). The following sections first outline 

the concepts of lava flow emplacement at their broadest, before providing details on 

the emplacement processes and features generated by mafic lava flows. The present 

understanding of the emplacement processes and features generated in silicic lava 

flows are then outlined. Finally, the factors influencing lava rheology are discussed, as 

rheology can have substantial impacts on lava emplacement processes and flow 

development. 

2.1 Lava emplacement 

Lava flows have been documented in a multitude of volcanic settings and show a 

variety of morphologies and types. The following sections outline current 

understanding of lava flow emplacement in both low and high-viscosity systems, 

focussing on late stage emplacement processes (e.g. breakout formation) and the 

development to cooling-limited lava flows. 
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2.1.1 Lava flow types 

Lava flows are classified by morphology into three main types (Macdonald, 1953; 

Harris et al., 2016): pǕhoehoe, 'a'Ǖ, and blocky (Fig. 2.1). PǕhoehoe flows are 

characterised by a smooth coherent surface crust, and develop as thin toes that are 

later inflated, often due to supply by a lava tube (Macdonald, 1953; Hon et al., 1994; 

Anderson et al., 1999). Many pǕhoehoe flows have a ropy texture on their surface 

caused by compression of a ductile surface crust (Fink and Fletcher, 1978; Hon et al., 

1994), while others have a slabby surface crust (Guest and Stofan, 2005). These 

surface crusts insulate the hotter flow interior (Swanson, 1973). 'A'Ǖ flows lack a 

smooth coherent surface crust and are instead covered in rubble and clinker (Fig. 2.1B) 

relating to constant breakup of the surface crust (Macdonald, 1953; Kilburn, 1981; Hon, 

2003). This clinker insulates a hotter flow core (Hon, 2003) and has no tensile strength, 

but the clinker can act to slow the advance of the flow front where it forms a barrier 

(Applegarth et al., 2010a). PǕhoehoe and 'a'Ǖ are terms typically limited to mafic lava 

flows and are classifications derived from observations of the surfaces of Hawaiian 

lava flows. Numerous terms exist to further sub-divide these lava types, such as slabby 

pǕhoehoe and spiny pǕhoehoe (Harris et al., 2016; Pedersen et al., 2017) as well as 

toothpaste lava (Fig. 2.1; Rowland and Walker, 1987; Sheth et al., 2011). 

In some cases, pǕhoehoe surface morphologies transition into 'a'Ǖ morphologies as 

they move away from the vent (Peterson and Tilling, 1980; Kilburn, 1981; Lipman and 

Banks, 1987; Kilburn, 1993; Hon, 2003). This partly occurs due to the changing 

rheology of the surface of the lava, with the lava cooling, crystallising and developing 

a yield strength at its surface, favouring brittle failure of the surface lava (Cashman et 

al., 1999; Sehlke et al., 2014). The transition to 'a'Ǖ morphologies can also be triggered 

by an increase in the strain rate (Soule and Cashman, 2005), caused either by a 

localised increased effusion rate, flow rate (Pinkerton and Sparks, 1976), or the lava 
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advancing over steeper topography, which all lead to brittle failure of the lava surface 

(Hon, 2003). Under certain conditions, a break in slope from steep to less steep 

reverses the transition, i.e. from 'a'Ǖ to pǕhoehoe surface morphologies, due to the 

associated reduction in strain rate (Hon, 2003).  

 

Many high-viscosity and intermediate to high-silica lava flows are termed blocky flows 

(Fig. 2.1D). Such flows are covered in fractured blocks tens of centimetres to metres 

in size, formed from disruption of the surface crust, and these blocks insulate the flow 

core (Macdonald, 1953; Kilburn and Lopes, 1991; Linneman and Borgia, 1993; Harris 

and Flynn, 2002). PǕhoehoe, 'a'Ǖ, and blocky lavas are usually treated as separate 

flow types but there are many similarities in their formation processes and 

Figure 2.1: (A) PǕhoehoe lava from Hawaii, image from the USGS. (B) 'A'Ǖ lava flow erupted during 

the 2001 Mt Etna eruption. (C) Toothpaste lava from the flow front of the 1991-1992 Mt Etna lava flow. 

C. Blocky rhyolite lava flow, Little Glass Mountain, Medicine Lake Volcano, California. 
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characteristic features. All of the flow types develop surface folds on differing scales, 

from wavelengths of centimetres to tens of metres (pǕhoehoe ï ropes, 'a'Ǖ and blocky 

ï ogives), due to slowing of the flow front and folding/buckling of the cooled surface 

crust, whether intact or broken into blocks (Fink and Fletcher, 1978; Fink, 1980a; Gregg 

et al., 1998). The variation in scale of the surface folds reflects the mechanical 

properties of the lava (under similar conditions of a slowing flow front), and surface fold 

size has been used to infer lava viscosity (Fink and Fletcher, 1978; Fink, 1980a; Castro 

and Cashman, 1999). The difference between 'a'Ǖ and blocky flows can be 

characterised purely by block size and morphology, with 'a'Ǖ clinker typically smaller 

(centimetres to tens of centimetres) with a rough spinose surface compared to blocky 

lava, which is usually larger (tens of centimetres to metres), more angular and less 

spinose (Macdonald, 1953). However, the flow mechanism in both cases relates to 

advance of a sheet or channel with a steep flow front that continuously collapses, with 

the cooled surface lava fragmented to form clinker and blocks during flow emplacement 

(Macdonald, 1953; Kilburn and Lopes, 1991). 

Lava flows can be further divided into channelized and non-channelized flows. Many 

'a'Ǖ and blocky flows are channelized (e.g. Applegarth et al., 2010c) by levées that stop 

lateral spreading (Sparks et al., 1976) and, at their front, have an area of dispersed 

flow as well as the flow toe (Lipman and Banks, 1987; Kilburn and Lopes, 1991). 

Channelized flows are more prevalent on steeper slopes (Favalli et al., 2010). Non-

channelized mafic flows are not constrained by levées and are commonly associated 

with pǕhoehoe lava (e.g. Swanson, 1973; Mattox et al., 1993; Hon et al., 1994; Hon, 

2003). PǕhoehoe lava flows can develop lava tubes that supply lava to the flow front 

and continue the flow field advance or inflation (e.g. Guest et al., 1980; Guest et al., 

1984; Sakimoto and Zuber, 1998). Non-channelized silicic lava flows develop on low 

gradients and have a domed pancake-like morphology, where the lava has spread out 
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from the vent without developing levées (Fink, 1983; Fink et al., 1993; de Silva et al., 

1994; Stofan et al., 2000). 

2.1.2 Volume and cooling-limited lava flows 

Lava flow advance is initially controlled by the rate at which lava is effused from the 

vent (Pinkerton and Wilson, 1994). A volume-limited lava flow will advance until the 

supply of fresh lava to the flow front ceases, often due to cessation of the eruption. 

When lava continues to be supplied, a cooled surface crust will form, this crust will 

retard flow advance and eventually halt the flow, at which point the flow is considered 

cooling-limited (Walker, 1971; Pinkerton and Sparks, 1976; Calvari and Pinkerton, 

1998; Cashman et al., 1998; Blake and Bruno, 2000). Lava still being effused at the 

vent is added to the stalled flow front, which causes a pressure build-up and flow front 

inflation until the surface crust ruptures and a secondary flow, or breakout, forms from 

the stalled flow front and margins (Calvari and Pinkerton, 1998; Blake and Bruno, 2000; 

Hon, 2003). Some cooling-limited lava flows can develop into compound flows that 

have multiple channels, which can lead to flow superposition whereby flows override 

one another. Superposition can lead to the reactivation of the underlying channel due 

to the added pressure from the overlying lava flow (Applegarth et al., 2010b). Although 

Tuffen et al. (2013) referred to the Cordón Caulle lava flow as a compound lava flow, 

the lava appears to lack the characteristic multiple divergent channels typical of 

compound mafic lava flows (e.g. Walker, 1971; Pinkerton and Sparks, 1976; Blake and 

Bruno, 2000; Applegarth et al., 2010b), thus I prefer the use of the term cooling-limited 

lava flow. 

Channelized volume-limited flows are characterised by well-developed levées often 

with sections of drained channel that formed when the supply of fresh lava ceased. 

These flows commonly have well developed transitions from snout frontal zone to rear 
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frontal zone to channel zone (Kilburn and Lopes, 1991). Cooling-limited flows are 

characterised by the presence of breakouts from the flow front or margins (Pinkerton 

and Sparks, 1976). However, it is worth noting that some cooling-limited flows share 

similar features of volume-limited flows, such as sections of drained channel, partly 

due to the complex variability in lava effusion (Applegarth et al., 2010c). 

Lava advance can stall when a lower slope angle is encountered or when a sufficiently 

strong crust or core yield strength is developed. Lavas are further impeded by 

topographic barriers, which can cause lava flows to diverge (Dietterich and Cashman, 

2014). This is particularly pronounced on steeper gradients, where flows thin due to 

increased flow velocity. As such, smaller barriers can cause lava flows to split, 

influencing the final flow field pattern (Hamilton et al., 2013; Dietterich and Cashman, 

2014). It is not known how influential topographic barriers were in the development of 

the Cordón Caulle lava flow (discussed in Sections 3 and 4). Contact of lava flows with 

ice, particularly on stratovolcanoes, can further influence the morphology of a lava flow, 

with lavas infilling the available space in the ice, leading to the formation of a lobate 

margin (Lescinsky and Fink, 2000). 

Numerous observations have been made of cooling-limited mafic lava flows (e.g. 

Calvari and Pinkerton, 1998; Blake and Bruno, 2000; Hon, 2003), but cooling-limited 

behaviour is rarely discussed in the literature for silicic lava flows, potentially due to 

their inability to form a dominant surface crust, and the paucity of observational studies. 

The 2011-2012 Cordón Caulle lava flow allowed for some of the first detailed 

observations of the onset of cooling-limited behaviour in a silicic lava flow (Tuffen et 

al., 2013; Farquharson et al., 2015). In mafic lavas, such transitions are suggestive of 

a dominant surface crust, with a yield strength, capable of stalling flow advance; 

whether this was also the case for the 2011-2012 Cordón Caulle lava flow is discussed 

in Section 3. 
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2.1.3 Modelling lava flows 

Analogue materials, such as paraffin wax, have been used to inform lava emplacement 

processes (Fink and Griffiths, 1990; Blake and Bruno, 2000; Gregg and Fink, 2000). 

Analogue models have successfully represented the formation and influence of lava 

cooling, leading to the development of a surface crust (e.g. Fink and Griffiths, 1990; 

Griffiths and Fink, 1993; Stasiuk et al., 1993; Griffiths and Fink, 1997; Lyman et al., 

2005b), as well as crystallisation and the development of a yield strength (Hulme, 1974; 

Lyman et al., 2005b; Soule and Cashman, 2005). Analogue models have also been 

used to study the potential influence of slope angle (Gregg and Fink, 2000) and 

topographic barriers on flow advance (Dietterich et al., 2015), as well as the influence 

of channel morphology (Cashman et al., 2006). Ultimately these analogue models aim 

to improve the suitability of applied numerical models, and provide insight into lava 

advance processes. 

Few quantitative models of lava emplacement have been applied to high-silica lava 

flows (e.g. Manley, 1992). However, numerous models of lava emplacement have been 

applied to mafic lava flows, ranging in complexity from simple models that indicate flow 

length (e.g. Pinkerton and Wilson, 1994; Harris and Rowland, 2001; Kerr and Lyman, 

2007; Castruccio et al., 2013; Castruccio and Contreras, 2016; Chevrel et al., 2018), 

to more complex 2D and 3D models that can indicate likely regions of lava inundation 

for a given eruption (e.g. Crisci et al., 1986; Hidaka et al., 2005; Vicari et al., 2007; 

Connor et al., 2012; Richardson et al., 2017). Testing the validity of these models is of 

critical importance for indicating possible at risk areas during an eruption (Dietterich et 

al., 2017). Numerical models of lava inundation require understanding of properties 

such as the lava rheology (and how this may change through time and space), the 

effusion rate, and the topography underlying the flow (Dietterich et al., 2017), as well 

as their inherent uncertainties in each of these. Some of these models are 
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dimensionless, or use dimensionless values, and can thus be applied across the 

compositional spectrum (e.g. Griffiths and Fink, 1997). Many quantitative models of 

flow advance are focussed towards the emplacement of mafic lavas, with relatively few 

extending their application to silicic lava flows. In Section 3, I extend the use of simple 

quantitative models of lava length to attempt to model the lengthening of the Cordón 

Caulle lava flow. 

2.1.4 Emplacement processes in mafic lava flows 

2.1.4.1 PǕhoehoe 

PǕhoehoe lavas advance as small toes, which stall and inflate prior to breakout 

formation; a new toe then undergoes the same process (Macdonald, 1953; Swanson, 

1973; Anderson et al., 1999). Large pǕhoehoe flow fields are emplaced when 

preferential pathways develop, forming lava tubes, which continue to feed lava to the 

flow front, insulated from the atmosphere (Guest et al., 1980; Polacci and Papale, 

1997; Calvari and Pinkerton, 1998). Such insulation leads to cooling rates of ~1 °C/km 

(Swanson, 1973; Cashman et al., 1994; Sakimoto and Zuber, 1998), and potentially as 

low as 0.02-0.04 °C/km (Ho and Cashman, 1997), compared to ~7 °C/km in an open 

channel (Cashman et al., 1999). Continued supply through lava tubes can lead to 

inflation of the lava to form large flow units, contributing to the formation of large 

igneous provinces (Mattox et al., 1993; Anderson et al., 1999; Duraiswami et al., 2003; 

Vye-Brown et al., 2013).  

The importance of preferential thermal pathways and lava tubes is well documented in 

mafic lava flows, but our understanding of their influence on the emplacement of silicic 

lava flows is limited. The presence of breakouts at Cordón Caulle and prolonged 

endogenous flow to the lava front (Tuffen et al., 2013), could indicate that preferential 

thermal pathways had developed. It is further possible that enhanced supply to one 
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breakout could lead to a change in supply to another region of the lava flow (discussed 

in Section 4). 

2.1.4.2 'A'Ǖ 

'A'Ǖ lava flows are characterised by a surface comprised of rounded or angular clinker. 

They typically advance with a caterpillar track motion, whereby clinker cascades down 

the flow front before being overridden by the main channel (Walker, 1971). These lava 

flows form channels bounded by levées formed from a mixture of clinker and coherent 

lava from channel overflows (Sparks et al., 1976). Unlike pǕhoehoe lava flows, 'a'Ǖ 

lavas are not typically associated with extensive lava tubes, although they have been 

observed (Calvari and Pinkerton, 1998). Instead, preferential thermal pathways supply 

fresh lava to the flow front beneath the surface crust. 'A'Ǖ lava advance stalls either 

due to a ceasing of supply or when a sufficiently cooled surface crust develops (Guest 

and Stofan, 2005; Lyman et al., 2005a; Castruccio et al., 2013). Once a flow front stalls, 

the continued supply of lava leads to the development of a number of features including 

breakouts, tumuli, squeeze-ups and toothpaste lavas (Rowland and Walker, 1987; 

Applegarth et al., 2010c; Sheth et al., 2011). Squeeze-ups and toothpaste lava are 

associated with the extrusion of lava with a yield strength and are common on Mt Etna 

(Applegarth et al., 2010c; Sheth et al., 2011). 

2.1.4.3 Surface and flow front features 

The following section outlines the processes that lead to the formation of features of 

mafic lava flows, including breakouts, squeeze-ups, spines, and tumuli. Of interest 

within this thesis are the potential similarities of these features, and the processes that 

drive their formation, to those observed on silicic lava flows. 
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Breakouts are observed in many basaltic lava flows and breakout formation is a 

common process in the development of pǕhoehoe and 'a'Ǖ lava flow fields (e.g. Walker, 

1971; Pinkerton and Sparks, 1976; Mattox et al., 1993; Blake and Bruno, 2000). 

Breakouts originate from pervasive weaknesses in the ductile and brittle portions of the 

surface crust, or where a portion of the flow front talus collapses and exposes the hotter 

core lava (Pinkerton and Sparks, 1976). Many breakouts develop with a similar 

morphology to that of their main channel, but some develop a substantially different 

morphology (Fig. 2.2). Breakouts from the 2001 Mt Etna lava flow are of variable sizes 

and morphologies (Applegarth et al., 2010c; Favalli et al., 2010), with the largest being 

~1.8 km long, branched, 'a'Ǖ lavas. The smallest breakouts are only 50-100 m long and 

have a substantially different surface morphology (Fig. 2.2), comprising blade-like 

fragments (top one metre) that become fragmented away from the bocca (Applegarth 

et al., 2010c). These are similar to the toothpaste extrusions documented for other 

basaltic lava flows, thought to reflect extrusion of lava with a higher yield strength 

Figure 2.2: Schematic representation of breakout/squeeze-up morphology in basaltic lava flows. If the 

lava is assumed to behave as a Bingham fluid then apparent viscosity can take into account both the 

Bingham viscosity and the yield strength (Kilburn, 1981). The lines here likely represent diffuse 

transitional regions, rather than absolute transitions. From Applegarth et al. (2010c). 
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compared to the rest of the lava (Rowland and Walker, 1987; Sheth et al., 2011). The 

morphology of breakouts from the Cordón Caulle lava flow could similarly be influenced 

by the rheological properties of the lava, or the strain rate that it experiences (discussed 

in Section 4).  

Spines and squeeze-ups are found at the surface of some basaltic lava flows, and 

reflect locations where core lava has risen up through the surface crust of the lava 

(Applegarth et al., 2010c; Sheth et al., 2011). Spines on basaltic 'a'Ǖ lava flows are 

somewhat rare but, where observed, they can be up to ~2 m high and form in 

association with a hillock on the surface of the lava (Applegarth et al., 2010c). Spines 

are thought to form due to the ramping of core lava to the surface along inclined shear 

planes behind a stalling flow front (Christiansen and Lipman, 1966). In silicic lava flows 

spines are more common and are of a similar scale to those in basaltic lavas (Fink, 

Figure 2.3: (A) Squeeze-up on the surface of the 2001 Mt Etna lava flow. (B) Linear squeeze-up on 

the 2001 Mt Etna lava flow. (C, D) Tumuli on the 1792-1793 Mt Etna lava flow, the tumuli have variably 

morphologies and can vary substantially in size.  
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1983; Griffiths, 2000; DeGroat-Nelson et al., 2001; Latutrie et al., 2016). Squeeze-ups 

have variable morphologies (Fig. 2.3A, B) and form in both pǕhoehoe and 'a'Ǖ lava 

flows. They typically protrude from the surface of the lava flow in discreet patches or 

as more linear features (Hon et al., 1994; Harris et al., 2009; Applegarth et al., 2010c; 

Sheth et al., 2011). Squeeze-ups of the 2001 Mt Etna lava flow often have a spiny 

appearance and can form complex shapes; the squeeze-ups are thought to represent 

the late extrusion of pressurised core lava though the surface of the flow (Applegarth 

et al., 2010c; Sheth et al., 2011). Thus, squeeze-ups could be considered a type of 

vertically orientated breakout. 

Tumuli are found at the surface of some basaltic pǕhoehoe and 'a'Ǖ lava flows and 

comprise elevated areas of inflated and upturned surface crust (Guest et al., 1984; 

Walker, 1991; Calvari and Pinkerton, 1998). Tumuli can vary in size from a few metres 

to one kilometre in width, over a network of tubes (Fig. 2.3C ,D), and can be tens of 

metres high (Guest et al., 1984). Tumuli form above lava tubes, typically where there 

is a reduction in slope, due to a pressure build-up in the tube that leads to inflation of 

the surface, lava can then push through the fractures between surface slabs (Guest et 

al., 1984; Walker, 1991; Calvari and Pinkerton, 1998). Tumuli often have an axial split 

(a.k.a. cleft) parallel to the orientation of the underlying lava tube (Walker, 1991). As a 

tumulus is associated with an underlying tube it can be hollow where lava has drained 

from the tube system (Guest et al., 1984). These inflationary features are common in 

mafic lava flows; of interest is whether similar features form in silicic lava flows because 

the formation of tumuli can act to accommodate pressure within the lava flow core, 

reducing the pressure available to form breakouts. However, as silicic lava flows are 

not thought to form lava tubes, due to their very large viscosities, tumuli may not form 

in these lavas, but inflation of silicic lava flows could conceivably lead to simpler 

features such as the ñlava-inflation cleftsò observed by Walker (1991). 
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2.1.5 Emplacement processes in silicic lava flows 

The effusion of viscous magma can lead to the formation of lava domes, coulées, and 

flows. Lava domes, comprising lava with a high yield strength or effused at a very low 

rate, can build-up over the vent to form prominent features that range in size from tens 

of metres to over a kilometre in width (Fink and Anderson, 2000). Dome morphology 

ranges from slabbed to relatively rubbly, and domes can also form features such as 

spines, whalebacks, and lobes during their emplacement (Swanson et al., 1987; 

Anderson and Fink, 1990; Nakada et al., 1995; Ryan et al., 2010; Pallister et al., 2013). 

When a lava dome begins to spread and advance downslope it is termed a lava coulée 

(de Silva et al., 1994; Fink and Anderson, 2000). The point at which a lava dome 

becomes a coulée lacks formal definition, but the term coulée is usually applied when 

a dome has undergone significant (order kilometres) lateral advance. The point at 

which a coulée could be considered as a lava flow is also unclear. Numerous 

observations have been made of the emplacement of lava domes at Mt St Helens 

(Swanson et al., 1987; Anderson and Fink, 1990) and Mt Unzen (Nakada et al., 1995; 

Hale and Wadge, 2008; Cichy et al., 2011). However, these domes developed over the 

vent, and underwent little lateral advance, so provide limited insight into the 

emplacement of the Cordón Caulle lava flow. Here, the primary interests are the 

Figure 2.4: Schematic cross section through a rhyolite lava flow in southwestern Idaho. Large gas 

cavities can be seen beneath the flow surface. Lobes are also observed at the flow margin. Adapted 

from Bonnichsen (1982). 
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processes that contributed to the advance and emplacement of silicic lavas, whether 

or not they are best termed coulées or flows.  

Detailed structural analysis of ancient rhyolite flow facies in the Western USA (Fink, 

1980b; Fink and Manley, 1987; Castro et al., 2002a), New Zealand (Stevenson et al., 

1994a), and Australia (Smith and Houston, 1995) have led to models whereby these 

flows advance with a caterpillar track motion (Manley and Fink, 1987), similar to 

observed dacite lava flows at Santiaguito (Harris and Flynn, 2002). During their 

emplacement, slowing of the flow front formed large-scale (hundreds of metres long, 

tens of metres in wavelength, and metres in amplitude) surface folds, or ogives (Fink, 

1980a; Fink, 1983). These lavas can also form a lobate margin, with lobes observed in 

some ancient dissected rhyolite lava flows (Fig. 2.4; Bonnichsen, 1982). Whether these 

lobes were as a result of breakout formation is unknown, and may be difficult to 

determine post-emplacement.  

 

Figure 2.5: (A-C) Emplacement model of the Puy de Cliergue silicic lava flow (France). Note the shear 

zones and the ramping of core lava to the surface. From Latutrie et al. (2016). 
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Not all high-viscosity lava flows emplace with a caterpillar track motion. The advance 

of crystal-rich andesite and dacite lava flows can, in some cases, be approximated as 

a flowing plug, whereby there is little shear distributed over the bulk of the flow depth. 

Instead, the shear is accommodated at the base of the lava flow (Fig. 2.5) and the main 

flow body undergoes little strain. A basal breccia is observed in these lavas, which 

likely relates to limited collapse at the front of the lava flow (Latutrie et al., 2016). This 

different advance style likely relates to the crystallinity of the lava, with the onset of a 

yield strength limiting flow in the bulk of the lava (Latutrie et al., 2016). This 

emplacement model has similarities with the emplacement of glaciers, whereby they 

advance over a basal shear zone (Ives et al., 1976; Benn and Evans, 2014), as well 

as with plug flow in conduits, where much of the shear is accommodated in a thin region 

near the conduit margins (e.g. Kendrick et al., 2012). 

 

Figure 2.6: (A) Thermal map of the Santiaguito dacitic lava flow front in January 2000. Hot spots show 

portions of collapsed flow front talus or where the flow core has extruded through the flow front. (B) 

Cross section through the flow front of the dacitic lava flow, the lava is inferred to advance in a 

caterpillar-track style, whereby the collapsed flow front talus is overridden by the bulk of the lava flow. 

Adapted from Harris and Flynn (2002). 
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2.1.5.1 Observations of emplacement 

Observations made during the emplacement of a crystal-rich dacitic lava flow on 

Santiaguito Volcano in Guatemala (Anderson et al., 1995; Harris and Flynn, 2002; 

Harris et al., 2003) have yielded insights into the emplacement of laterally extensive 

silicic lava flows. These observations identified that the lava flow advanced in a 

caterpillar track motion, whereby flow surface blocks would cascade down the flow 

front to form a talus apron (Fig. 2.6). The core of the flow then advanced over this talus 

apron (Harris and Flynn, 2002; Harris et al., 2004), similar to the advance of basaltic 

'a'Ǖ lava flows (e.g. Walker, 1971). During collapse of the flow front, the hotter flow 

interior was exposed (Fig. 2.6) and thermal imagery showed that the flow core 

underwent little cooling from vent to flow front, giving blocky lava flows the potential to 

travel large distances (Harris and Flynn, 2002). Furthermore, during emplacement, 

Figure 2.7: The three distal zones of an emplacing channelized 'a'Ǖ or blocky lava flow. These are the 

flow toe, transitional channel (which usually has incipient levées), and stable channel (with developed 

levées). Adapted from Kilburn and Lopes (1991). 
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toothpaste-like extrusions of core lava formed from the base of the flow front (Harris 

and Flynn, 2002), potentially promoting flow front collapse. These small extrusions are 

unlikely to be breakouts, as they formed synchronous with the main flow advance. This 

dacitic lava produced a channelized flow comprising a flow toe (Fig. 2.7), transitional 

channel/dispersed flow zone (with incipient levées), and stable channel (Harris et al., 

2004), analogous to the flow zones observed in channelized basaltic 'a'Ǖ lava flows 

(Lipman and Banks, 1987; Kilburn and Lopes, 1991). Initial observations of the Cordón 

Caulle lava flow suggest this flow may be similarly channelized, with observed shear 

zones between stalled margins and a more mobile central channel (Tuffen et al., 2013).  

2.1.5.1.1 Observations of the 2011-2012 Cordón Caulle rhyolitic lava flow 

The 2011-2012 eruption of Puyehue-Cordón Caulle allowed for the first detailed 

scientific observations of an emplacing rhyolitic lava flow. The lava was erupted 

between June 2011 and March 2012. Field and satellite observations indicated that the 

0.4 km3 lava flow developed a blocky morphology and advanced in a caterpillar track 

motion (Tuffen et al., 2013). When advance ceased, numerous breakouts formed from 

the flow front and margins, these breakouts had a slabbier and blockier morphology 

compared to the main channel (Tuffen et al., 2013; Farquharson et al., 2015). The 

breakouts were observed to inflate, resulting in the fracturing of the breakout surface 

slabs (Tuffen et al., 2013; Farquharson et al., 2015). Field observations indicated that 

some breakouts were still advancing in January 2013 (Tuffen et al., 2013), suggesting 

substantial thermal insulation and slow cooling (Fig. 2.8) of the core of the lava flow by 

the overlying surface crust (Manley, 1992; Farquharson et al., 2015). Camera-derived 

digital elevation models of breakouts during their emplacement indicated a breakout 

viscosity for Cordón Caulle of ~1×1010 ï 4×1010 Pa s (Farquharson et al., 2015). The 

observation of breakout formation from a rhyolite lava flow suggests that its advance 

was cooling-limited. Such cooling-limited behaviour is indicative of the flow becoming 
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dominated by a retarding surface crust and Section 3 explores whether the Cordón 

Caulle lava flow was controlled in its latter phases by a cooled surface crust. 

Furthermore, it is currently unclear whether the processes that drove the formation of 

breakouts at Cordón Caulle were similar to the process that contribute to breakout 

formation in mafic lava flows. The potential similarities, and differences, between the 

formation of breakouts in mafic and silicic lava flows are discussed in Sections 4 and 

6. 

Figure 2.8: Quantitative modelling of a cooling rhyolitic lava body from an initial temperature of 900 

°C. Panels show time since emplacement of 1, 2.5, 6, 12, 24, 36 and 48 months. Shaded areas show 

cooling of the crust below the inferred glass transition temperature, Tg (grey band). Adapted from 

Farquharson et al. (2015). 














































































































































































































































































































































































































































































































































































































