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We analyzed two historical lava flows from the Southern Andes of Chile: The lava flows from the 1971 Villarrica
volcano eruption and the 1988-1990 Lonquimay volcano eruption. The 1971 lava flow has a volume of 2.3 x 107
m?, a maximum length of 16.5 km and was emplaced in two days, with maximum effusion rates of ~800 m?/s.
The lava has a mean width of 150 m and thicknesses that decrease from 10 to 12 m at 5 km from the vent to
5-8 m at the flow front. The morphology is mainly ‘a‘a. The 1988-1990 lava flow has a volume of 2.3 x 108
m?>, a maximum length of 10.2 km and was emplaced in 330 days, with peak effusion rates of ~80 m?/s. The
flow has a mean width of 600 m and thicknesses that increase from 10 to 15 m near the vent to >50 m at the
front. The morphology varies from ‘a‘a in proximal sectors to blocky in the rest of the flow. We modelled the
advance rate and thickness of these flows assuming two possible dynamical regimes: An internal rheology
regime modelled as a Herschel-Bulkley (HB) fluid and a Yield Strength in the Crust (YSC) regime. We compared
our results with the widely used Newtonian and Bingham rheologies. Our results indicate that the 1971 flow
can be modelled either by the HB, Bingham or Newtonian rheologies using a single temperature, while the
1988-1990 flow was controlled by the YSC regime. Our analysis and comparison of models shows that care
should be taken when modelling a lava flow, as different rheologies and assumptions can reach the same results
in terms of advance rate and flow thickness. These examples suggest that the crustal strength should be taken
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into account in any model of lava flow advance.
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1. Introduction

Lava flow morphology depends on different factors acting on the
evolution of the flow such as topography, rheology, cooling effects and
effusion rate. Different lava morphologies such as pahoe-hoe, ‘a‘a and
Blocky, result from the interplay between these factors. In consequence,
any model that tries to simulate the advance rate or thickness of a lava
flow should take into consideration the type of flow that is being
modelled, as the dominant dynamics could be different for each case.
During the last decades, numerous models have been applied to simu-
late the advance of lava flows (e.g. Ishihara et al., 1992; Del Negro et
al., 2008; Vicari et al., 2009; Fujita and Nagai, 2015). Typically, these
models use relationships that calculate the temperature and rheology
of the lava in order to calculate the advance rate using a Newtonian or
Bingham rheology. These models consider the external crust only for
the dynamics of cooling but do not include the effects of the crust on
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the balance of forces that drives the flow advance, although many
authors pointed out the importance it could have (Iverson, 1992;
Griffiths and Fink, 1993; Kerr and Lyman, 2007; Takagi and Huppert,
2010, Castruccio et al., 2013). Another issue is that the flow advance is
concentrated at the flow front, a zone with a complex thermal structure,
where the cooling rate could be different from the channel that is feed-
ing it. Finally, numerous studies have shown that crystal-bearing lavas
possess a rheology that has both a pseudoplastic behaviour and/or
yield strength (i.e. Pinkerton and Sparks, 1978; Pinkerton and Norton,
1995; Ishibashi, 2009; Vona et al., 2011). Consequently, any model of
lava flow advance should take into account these considerations.

In this work we analyze the field characteristics of two lava flows
from volcanoes of the Southern Andes of Chile: the 1971 lava flow
from Villarrica volcano and the 1988-1990 Lonquimay flow. These
flows were emplaced under very different conditions. The Villarrica
flow was the result of a Hawaiian eruption with a very high peak effu-
sion rate (>500 m?3/s) and was emplaced in two days, reaching
16.5 km from the vent. The Lonquimay lava flow was generated by a
long lasted eruption (~1 year), with a lower peak effusion rate (<100
m?>/s), reaching a distance of 10 km from the vent. In order to investigate
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if these differing conditions implied a different dynamical control, we
simulated the advance rate and thickness of the flow with two models:
A 2-D model for Herschel-Bulkley fluids presented in Castruccio et al.
(2014) and a crustal yield strength regime (Castruccio et al., 2013).
We also compared the results with the widely used Newtonian and
Bingham rheologies in order to analyze the possible advantages
of each model. Our results indicate that the dynamical control was
different in each case.

2. The lava flows from the 1971 and 1988-1990 eruptions from
Villarrica and Lonquimay volcanoes

Villarrica and Lonquimay volcanoes are located in the Southern
Andes of Chile and are 2 of the most active volcanoes of this area
(Fig. 1a). Villarrica volcano (39°S) is composed mainly by products of
basaltic-andesite composition. The last eruptions were in 2015, 1984,
1971, 1964, 1963 and 1948. The styles of these eruptions were mainly
Hawaiian-Strombolian, with the occurrence of lava flows, lahars and
limited ashfall (Moreno and Clavero, 2006). Lonquimay volcano
(38°S) is composed essentially by andesitic products. Its last eruptions
were in 1988-1990, 1887-1889, 1853 and ~1750. These events were
characterized by the emission of voluminous (~0.1 km?) lava flows
and moderated ashfall. These eruptions were not emitted by the main
stratocone, but from lateral vents in the NE flank of the volcano.

2.1. The 1971 eruption

The eruption began on 29 October 1971 with very weak activity,
consisting on small Strombolian explosions and the effusion of small
lava flows that reached the base of the edifice (Gonzilez, 1995;
Moreno and Clavero, 2006). This activity continued intermittently for
2 months. The eruptive cycle culminated during the night of December
29, when a 2 km long eruptive fissure opened across the volcano, gener-
ating 2 lava fountains in the NE and SW flanks with an estimated height
of 600 m (Fig. 1b). This activity melted the ice and snow covering the
volcano, generating lahars in almost all the drainage of the volcano,
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causing the loss of at least 20 lives and destruction of infrastructure
(Moreno and Clavero, 2006). The intensity of the activity decreased
considerably after the initial 6-8 h (Moreno, pers. commun.) and
the eruption finished 48 h after the beginning of the lava fountaining.
The eruption generated 2 lava flows (Fig. 1¢): a 6 km long lava flow in
the Pedregoso valley (NE flank) and a 16 km long lava flow in the
Chaillupen valley (SW flank) with a total estimated volume of ~50 x
10° m? of basaltic-andesite (52% SiO-) lavas.

2.1.1. Chaillupen valley lava flow

The lava that flowed down through the Chaillupen valley reached a
distance of 16.5 km from the main crater of the volcano and it is classi-
fied as a simple lava flow according to the nomenclature of Walker
(1972). The flow was strongly confined by the valley topography, with
widths rarely exceeding 150 m (Fig. 2). Lava thicknesses vary between
4 and 12 m, depending mainly on the confinement of the flow. The
lava was emplaced on slopes that vary between 2° and 5°. The morphol-
ogy of the flow is mainly ‘a‘a, but in many places there are characteristics
that resemble the slabby and rubbly pahoe-hoe textures described by
Guilbaud et al. (2005). The emitted lavas have a 52% of SiO, (Moreno
and Clavero, 2006) and macroscopically they have a hypocrystalline
and porfiric texure with 20-30% of plagioclase and olivine phenocrysts
and about 5-20% of vesicles. According to the distance to the vent,
geometry and morphology of the flow, we divided the lava in 3 sectors:
proximal, intermediate and distal.

2.1.1.1. Proximal sector. This section extends from 5 km from the vent
(there are no exposed lava in sections closer to the vent) to 9 km. The
mean slope of the terrain is 6.7°. The mean thickness of the lava is
12 m and the mean width is 180 m. In this sector, the exposed lava
corresponds mainly to levees that are developed on the lateral edges
of the valley, as the central channel was almost totally drained and it
is covered in many places by late lahar deposits (Fig. 3a). The levees
have external walls up to 4 m high, with slopes of 30°. These walls are
composed by a matrix-free, moderately to well sorted breccia. The
blocks are red to reddish brown and have a mean diameter of 30 cm

Fig. 1. A) Map of Chile and location of Lonquimay and Villarrica volcanoes. B) ~ 500 m high lava fountain at Villarrica volcano during the night of 29-30 December 1971C) Front of the 1971
flow in the Chaillupén valley. Flow is 5-7 m high. D) 1988-1990 eruption at Lonquimay volcano. The eruption formed a new pyroclastic cone located 3.5 to the NE of the volcano summit.
E) Front of the 1988-1990 lava flow in the Lolco valley. Flow is 10-15 m high. (Figs. B) and C) with permission of the Ilustre Municipalidad de Villarrica. D) and E) with permission of www.

enlonquimay.com).
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Fig. 2. Cartoon showing the main morphological features of the 1971 lava flow at Villarrica volcano in the Chaillupén valley. Numbers indicate the location of photographs from Figs. 3 and

4.

with bigger blocks up to 1 m (Fig. 3b). These blocks are angular to
subrounded with irregular faces. The internal walls of the levee are typ-
ically much steeper, with slopes >60° and thicknesses up to 15 m from
the central channel floor. These walls are usually composed by different
levels of massive lava and welded fragments forming a very irregular
surface (Fig. 3d). In some places the inner walls are covered by a
10—12 cm thick vertical crust of massive lava which is coating the
levee inner walls which are convoluted and ropy (Fig. 3d). After 7 km
from the crater the levees appear only above the valley walls, showing
the typical breccia-massive-breccia texture of ‘a‘a flows in the inner
walls. There are some small overflow lobes <200 m long, 50 m width
and 3-4 m thick (Fig. 3c). The blocks and fragments that compose
these lobules are welded, showing vertically arranged slabs and extru-
sions of small spines (<1 m), with little loose rubble.

2.1.1.2. Intermediate sector. This section extends from 9 km from the vent
to 12.5 km. The mean slope of the terrain is 4.3°. The mean thickness of
the lava is 6-8 m (Fig. 3e) and the mean width is 270 m. In this sector,
the lava is less confined by the channel, reaching widths up to 330 m.
The central channel has widths of 70-80 m and the top of this channel
is only a couple of meters lower than the levees. The central channel is
characterized by a tenuous development of transversal ridges, with a
wavelength of <5 m and amplitude of <1 m. In some sections of
the channel zone, the surface texture of the lava is very similar to the
slabby pahoe-hoe surface defined by Guilbaud et al. (2005), with slabs
of 15-30 cm thick and between 1 and 2 m of length and width with
ropy textures on the upper part (Fig. 4a) and groove marks in the
lower face (Fig. 4b). These slabs are usually rotated and emplaced in
an imbricated position (Fig. 3f). The levees are much wider than in the
proximal sections with widths up to 150 m. The levee surface is charac-
terized by the presence of open fractures up to 1 m wide, usually with a
direction perpendicular to the direction of the flow (Fig. 4c). In most of
the levees, the surface texture is characterized by irregular, moderately

welded clinker ranging in size from 5 cm to 2-3 m (Fig. 3e). This clinker
is usually more vesicular in the outer zone (outer 10 cm), with up to 10—
20% of vesicles up to 2-3 cm which can be spherical or elongated.

2.1.1.3. Distal sector. The distal sector extends from 12.5 km to 16.5 km
from the vent. The mean slope of the terrain is 4°. The mean thickness
of the lava is 5 m and the mean width is 250 m. This zone is character-
ized by the continuous disappearance of the levees, with a disperse flow
morphology according to the definition of Lipman and Banks (1987).
The front of the flow is divided in 3 lobules, with the western lobule
reaching 800 m further downstream (Fig. 2). The internal vertical
structure of the front consists in a single flow unit with the typical brec-
cia-massive-breccia structure of ‘a‘a lava flows (Fig. 4d). The levees in
this zone are very limited in dimensions and confined to the first
kilometer of this sector, with widths of <10 m. The surface of the
outer wall of these levees is composed by spherical and rounded rubble
up to 30 cm in diameter. In the central part of the flow the fragments are
larger (up to 2 m) and correspond to clinker with more irregular forms.
In this zone the presence of slabs in the upper part is also common and
they usually are rotated and lifted up.

2.1.2. Petrography

We collected 15 samples from 8 points along the flow. The samples
were taken at the levees, as they represent lava from the front at the
moment the lava first passed through the sample location. Samples
were taken from vesicular and non-vesicular parts of breccia fragments
as well from massive sections of the lava flow when possible, to see if
there are variations in crystal content. Hand samples are dark grey,
with a porphyritic texture, with 15-20% of phenocrysts, mainly
plagioclase and olivine (Fig. 5a). Vesicularity varies between 5 and
20%. Vesicles are usually spherical with sizes up to 1-2 cm.

Optical microscopy and SEM images show phenocrysts (>1 mm)
and microphenocrysts (<1 mm and >0.1 mm) of clinopyroxene and
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Fig. 3. Photos from the 1971 lava flow in the Chaillupén valley. A) 5 km from vent. Drained central channel and 10 m high lateral levees. B) 5.3 km from vent. Outer wall of lateral levee,
composed mostly by rounded rubble. C) 5.5 km from vent. Flow front of a small overflow from the main flow unit. Rubble and slabs are welded. D) 5.5 km from vent. Central channel.
Notice the 10-12 cm thick layer of crust that is covering the loose rubble beneath it in the inner wall of the levee. E) 9 km from vent. Outer wall of levee. Rubble is semi-welded and
composed by blocks of up to 2 m. F) 12 km from vent. Central channel. Notice the imbricated slabs up to 3 m long.

Fe-Ti oxides in addition to plagioclase and olivine crystals (Fig. 5b
and c). Plagioclase crystals are usually euhedral to subhedrals, with
sizes <5 mm and aspect ratios (length/width) between 2 and 4. Olivines
are <2 mm, euhedrals and with aspect ratios between 1 and 2. The
groundmass shows the same mineralogy than the phenocrysts, with
very minor amounts of glass. Plagioclase microlites are acicular with
aspect ratios between 4 and 10, while clinopyroxenes and Fe-Ti oxides
are equant.

Crystal content (phenocrysts + microphenocrysts) varies between
20 and 30%, without showing a clear tendency with distance from the
vent (Fig. 5d).

2.2. The 1988-90 Lonquimay eruption

The eruption was preceded by approximately a week of intense
seismicity (Moreno and Gardeweg, 1989). The first activity started on

25 December 1988, in a new vent located at 3.5 km to NE of the main
summit of the volcano (Fig. 2c). This vent consisted in a 400 m long
fissure and the eruption generated an initial column of 5 km of height.
During the next days the eruptive column reached 9 km above the sur-
face. The eruptive activity during these first days was mainly vulcanian
and was concentrated in the western part of the fissure. A pyroclastic
cone started to form reaching a height of 100 m in couple of weeks
(Moreno and Gardeweg, 1989). On 27 December, a lava flow started
to flow into the Lolco valley, located to the N of the volcano. During
the first weeks of January 1989, the intensity of the eruption started to
wane and the eruption style shifted to a more Strombolian type and
with a continuous supply of lava. During April the cone reached its max-
imum height of 200 m above the base. The eruption continued during all
the year with a progressive decrease in the intensity, with eruptive col-
umns <1 km. Finally in January of 1990 the activity ceased completely
(Gonzaélez, 1995).
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Fig. 4. A) 10 km from vent. Central channel. Upper part of slabs with ropy texture. B) Lower face of an slab with groove marks. C) 14 km form vent. 50 cm wide open fracture perpendicular
to the direction of flow. D) 16 km from vent. Flow front with single flow unit with typical breccia- massive-breccia structure of ‘a‘a flows.
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Fig. 5. A) Scan with crossed polar of a thin-section of a sample from the 1971 lava flow. Phenocrysts of plagioclase and olivine. Notice the slight alignment of plagioclase crystals. B) Optical
microscope photograph with crossed polar. Phenocrysts of plagioclase and olivine. Notice the abundance of microlites in the groundmass. C) SEM image of the same sample shown in A)
and B). Microphenocrysts of olivine and plagioclase in a holocrystalline groundmass composed by microlites of plagioclase, olivine, clinopyroxene and Fe-Ti oxides. D) Crystal content v/s
distance of samples from the 1971 flow.
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2.2.1. Lolco valley lava flow

The lava flow generated during the 1988-1990 eruption reached a
maximum distance of 10.2 km to the N of the vent (Fig. 6). It is also clas-
sified as a simple lava flow (Walker, 1972), although in very proximal
facies (<1 km from the vent) many subunits are superimposed and a
small lobe advanced 1.5 km to the W from the main flow at 2 km
from the vent. The flow width was controlled by the valley topography
and by the edges of previous lava flows emplaced in the valley. It has a
medial width of 600 m, but it reached 1.6 km at the front. The valley
slope varies between 6.3° and 0.7°. The thickness of the flow increases
from 10 m close the vent to >50 m at the front. The general morphology
of the flow corresponds to a blocky lava, although in the proximal
sectors the general texture resembles more an ‘a‘a flow. The lava has
an andesitic composition with a 58% of SiO, (Moreno and Gardeweg,
1989). Macroscopically, it has an aphyric texture with <5% of pheno-
crysts of plagioclase, pyroxene and olivine with a microcrystalline
groundmass.

Naranjo et al. (1992) made an excellent description of the main mor-
phological features of this lava flow and here we synthesized some of
their observations in addition to our findings of this flow.

2.2.1.1. Proximal sector. The proximal sector covers the lava flow from
the vent to 4.5 km downstream. The mean slope of the terrain is 3.5°
with a mean flow thickness of the flow of 10 m but in very proximal
areas (<200 m from the vent), the thickness could be up to 30 m, with
many flow units superimposed. The mean width of the flow is 300 m,
although in zones where the flow is bended the width could be up to
800 m (Figs. 6, 7a). In this zone the flow morphology is characterized
by a narrow central channel 100-200 m wide, surrounded by up to 4
sets of levees formed by a progressive decrease in the extrusion rate
(Fig. 7a, Naranjo et al., 1992). The top of the central channel is usually
at a much lower (>5 m) level than lateral levees, with a surface texture
of a ‘a‘a breccia. In the first meters of the flow (500 m from the vent),
Naranjo et al. (1992) describe an “armadillo structure” characterized

Lonquimay
volcano

by an updoming of the surface and Reidel shear structures. The presence
of transversal ridges on the surface is very common, with an amplitude
of 2-3 mand a length of 15-20 m. Levée surfaces are composed by vary-
ing amounts of irregular and vesiculated clinker, typical of ‘a‘a lavas, and
more dense and angular blocks. The internal structures of levees could
be very complex as usually is composed by many units with different
textures such as ‘a‘a (breccia-massive-breccia) or sheared foliated lava
(Naranjo et al., 1992).

2.2.1.2. Intermediate sector. The medial sector extends from 4.5 km to
8 km from the vent. The mean slope is 3.3°, with a mean width of
600 m, varying between 1000 and 300 m. The thickness of the flow
increases gradually from 12 to 35 m. This sector is characterized by a
single flow unit and a straight channel. The left side of the flow is con-
fined by the valley topography while the right side is self-confined by
its levees (Fig. 7b). The width is strongly dependent on the slope as in
a sector with a slope of 6-7° at 7 km from the vent, the flow reaches
its minimum width (300 m). The central channel-levee morphology is
fully developed, but levee structures are simpler as the flow is com-
posed only by one flow unit. The central channel surface is composed
by a series of ridges with an amplitude of 5-12 m and a length of 30—
50 m (Fig. 7d). The texture of both central channel and levees is mainly
typical of blocky lavas, with angular blocks with smooth surfaces and up
to 2-3 m, although in some places the surface texture of the lava flows is
closer to ‘a‘a (Fig. 7¢), with clinker and smaller blocks. In this sector
there are some occasional spines protruding from levees, with heights
that can be up to 6 m.

2.2.1.3. Distal sector. The distal section extends from 8 to 10.2 km
from the vent. The mean slope of the terrain is 1.8°. The flow widens
progressively from 680 to 1790 m, being confined mainly by the valley
topography. The thickness of the flow increases from 35 to 55 m
towards the front. In this zone, the central channel-levee division
gradually disappears towards the front and the morphology is similar
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Fig. 6. Cartoon showing the main morphological features of the 1988-90 lava flow at Lonquimay volcano in the Lolco valley. Numbers in circles indicate the location of photographs shown

in Fig. 7.
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Fig. 7. A) View from the crater of the 1988-1990 pyroclastic cone. Notice the set of levees to the left of the central channel. B) View from top of lateral levee with central channel to the left
in the intermediate sector. Levee is 15 m high. C) 18 m outer levee wall from the intermediate sector. Darker clasts have an ‘a‘a texture, while lighter blocks are denser, more typical of a
blocky morphology. Notice persons for scale in circle D) 11 m high ridge in central channel at 8.5 km from the vent. E) Sharp contact between central channel and lateral levee at 8.5 km
from vent. Inner walls of lateral levees are mostly massive. F) Flow front at 10.2 km from vent. The flow is 55 m high. Notice the presence of spines 5-10 m high towards the top of the flow.

to the “disperse flow” region of Lipman and Banks (1987). The contact
between the levees and central channel is very sharp, separated by
deep fractures (Fig. 7e). The internal walls of the levees are vertical
and massive, opposed to the blocky texture of the rest of the flow. The
surface texture of the lava is mainly blocky, with fragments up to 5-
6 m (Fig. 7d-f). In the surface, ridges are up to 12-14 m in amplitude
with lengths of 30-40 m. Spines are abundant in the levees and at the
front, with heights up to 10 m (Fig. 7f).

2.2.2. Petrography

We collected 16 samples from 10 points along the flow. Samples
were taken from vesicular and massive parts of fragments in order
to compare their textures. Hand samples have a dark grey color with
an aphanitic texture, with 1-2% of phenocrysts of plagioclase which
are <5 mm length (Fig. 8a). Vesicularity varies between 0 and 11%,

with individual vesicles <6 mm. Vesicles are mainly spherical but in
some places are elongated in the direction of flow.

Optical microscopy and SEM images reveal a porphyritic texture
(Fig. 8b and c), with phenocrysts (>1 mm) and micro-phenocrysts
(<1 and >0.1 mm) of plagioclase, olivine and clinopyroxene and Fe-Ti
oxides. Plagioclase phenocrysts are euhedral, 5 mm maximum length,
with a length/width ratio between 4 and 10. Olivines and clinopyroxene
are anhedral, with sizes <0.3 mm and a mean aspect ratio of 2.The
groundmass has an intergranular texture and it is composed by
microlites of plagioclase, clinopyroxene and Fe-Ti oxides and minor
amounts of glass. Microlites of plagioclase usually are euhedral and acic-
ular, with aspect ratios between 3 and 10, while the rest of microlites
are subhedral and with equant shapes.

The estimated crystal content for each sample is shown in Fig. 8d.
The content of phenocrysts and micro-phenocrysts varies between 28
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Fig. 8. A) Scan with crossed polar of a thin-section of a sample from the 1988-90 lava flow with microphenocrysts of plagioclase. Notice the alignment of plagioclase crystals. B) Optical
microscope photograph with crossed polar. Phenocrysts of plagioclase. Notice the abundance of microlites in the groundmass and the large length/width ratios of plagioclases. C) SEM
image of the same sample of A) and B). Microphenocrysts of clinopyroxene and plagioclase in a holocrystalline groundmass composed by microlites of plagioclase, clinopyroxene and

Fe-Ti oxides. D) Crystal content v/s distance of samples from the 1988-1990 flow.

and 37%. There is a slight decrease of crystal content with distance from
the vent and there are no noticeable differences between samples taken
from brecciated and more vesicular parts compared with massive
sections of the lava flow.

3. Advance modelling of lava flows

For the two lava flows studied in this work, we noticed that the 1971
Villarrica flow has an ‘a‘a morphology, a flow thickness that decreases
with distance, an almost empty central channel in proximal facies and
extensional structures in the surface. On the other hand, the 1988-
1990 Lonquimay flow has a transitional morphology from ‘a‘a to blocky,
with a thickness that increases towards the front and compressional
structures such as notorious ridges and spines in distal facies. In order
to understand better the possible mechanisms that originate these
morphological characteristics, we simulated the advance rate and
dimensions of these two flows with 2 models that consider different
controls on the advance of a flow. During the last decades, numerous
lava flow models have been used to replicate the advance of flows
(e.g. Ishihara et al., 1992; Wadge et al., 1994; Harris and Rowland,
2001; Proietti et al., 2009; Cordonnier et al., 2015; Del Negro et al.,
2015; Kelfoun and Vallejo-Vargas, 2015). Most of these models simulate
lava flows as Bingham fluids and calculate the rheological parameters
(plastic viscosity and yield strength) as a function of composition,
temperature and crystal content of the fluid. Despite the usually
good matches between the actual and predicted advance rates of the
simulated flows, these models do not incorporate the effects of a grow-
ing crust on the advance resistance and the estimation of the yield
strength of a lava from its crystal content could be highly problematic

(e.g. Hoover et al., 2001; Mueller et al., 2009; Castruccio et al., 2010).
Here we followed the approaches of Castruccio et al. (2013 and 2014)
in order to discriminate if the two lava flows studied here are controlled
by the internal rheology or by the external growing crust.

Castruccio et al. (2014) showed that the rheology of many lava flows
can be approximated with the Herschel-Bulkley (HB) model:

=7, +Ky" (1)

Where 7 is the applied stress and +y- is the strain rate. The rheological
parameters are K = consistency, 7, = yield strength and n, which is a
power law exponent. The same authors showed that for a 2-D
flow (which is a good approximation when the width of the flow >
thickness) the mean velocity is:

ﬂ_Hng sin 3 3n pg sin 3 "
a 3K Hn+1) K

 (HH=ho® = B (™) @

Where H = flow thickness, p = lava density, 3 = terrain slope and
he = ng#B is the thickness of the plug region (Dragoni et al., 1986).
Notice that if h. = 0 and n = 1 (Newtonian fluid) we recover the
well-known Jeffreys' equation:

_ H?pgsinB
=73k )
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If h. >0 and n = 1 we get the 2-D mean velocity of a Bingham fluid
(Dragoni et al., 1986):

(4)

- 3K 2H 213

. H?pg sinB (1_3Hc N H? )

On the other hand, Griffiths and Fink (1993), Lyman and Kerr
(2006), Takagi and Huppert (2010) and Castruccio et al. (2013) have
shown through scaling analysis that under certain conditions, the
yield strength of a diffusively growing crust can control the advance of
a flow. Castruccio et al. (2013) presented the following relationship:

L _Q (pg sinﬁf )

T W\oevkt

Where, o, = yield strength of the crust, k is the thermal diffusivity of
the lava and W is the width of the flow.

Thus, the advance of a lava flow could be controlled by the internal
rheology that we are modelling as a Herschel-Bulkley fluid (Eq. (2)) or
the flow could be dominated by the yield strength of an external crust
that is growing due to conductive cooling (Eq. (5)).

Here we modelled the advance of the 1971 and 1988-90 lava flows
using Eqs. (2) and (5), in order to reproduce the advance rate and thick-
ness of the flow. We used the following assumptions:

i) The width of the flow is much greater than the thickness of it (2-

D assumption)

ii) The advance of the flow is focused at the front region

iii) The flow front is feed by lava coming from the central channel
from behind. The central channel is limited laterally by static
levees that were originated during the passing of the flow front.

iv) The effusion rate at the vent is equal to the flow rate of lava from
the central channel that is feeding the front. This could be not
true as a loss of lava could occur during the passing of
lava through the channel due to solidification or deviation on
secondary flow units. We approximate effusion rate as Q =
mean velocity = height « width.

v) The height of the external levee at certain point is correlated with
the height that the flow front had at the time it passed through
the point.

We discretized the terrain where the lava flowed in a series of cells,
the size of each one depending on the variations of slope and width of
the flow, assigning to each one a mean terrain slope and width of the
flow (Supplementary Material 1). We applied Egs. (2) and (5) in each
step, calculating the thickness of the flow and the time it took for the
flow to cover the distance of the cell. The new effusion rate is then cal-
culated according to the time that has passed since the start of the erup-
tion and the process is repeated in the next step.

We stress that modelling of lava flows requires the knowledge of
parameters such as initial crystal content, cooling rates, crystallization
gradient, etc. that are difficult to constrain and in many cases are
taken from data of other volcanoes and can have high uncertainties.
Consequently, our results should be seen mainly as a qualitative analysis
made to compare the suitability of different rheological models and
dynamical controls on lava flow advance rather than an attempt to
precisely determine the rheological parameters of each lava flow.

3.1. 1971 Villarrica flow

There are few observations of the 1971 Villarrica eruption regarding
the effusion rate and lava advance. Moreno and Clavero (2006) and
Moreno (Personal communication) affirm that the eruption lasted 40-
48 h and the lava flow in the Chaillupen valley reached its maximum
length in the same time, advancing the first 2/3 of its final length very

quickly. Considering that the lava has an approximate volume of 23 x
10° m this gives a mean effusion rate of 133-160 m>/s. The same au-
thors claim that the most intense phase lasted 6-8 h at the beginning
of the eruption with an intensity of 500-800 m>/s. After this time, the
effusion rate decayed very quickly. Wadge (1981) noticed that the effu-
sion rate of many basaltic effusive eruptions follows an exponential
decay of the form:

Q = Qo exp(—Br) (6)

Where Q (m?/s) is the effusion rate, t (s) is time, Q, is the initial
effusion rate and B is a constant depending on the magmatic system
properties. Using the data shown previously, we can approximate the
evolution of the effusion rate of the 1971 eruption with:

Q(m3/s) = 800 exp(—3.2x1o*5t(s)) (7)

In order to use Eq. (2) we need to estimate parameters K, n and 7.
For a mixture of a Newtonian liquid phase plus a crystal fraction, &, K
and n can be calculated as (Castruccio et al., 2010):

K(@) = 1, (1 - %) - 8)
1 (2
n(e) = { 1413 (“’C(P—;‘P> o0, (9)

Where L, is the liquid viscosity, &, is the maximum packing fraction.
@, is the crystal fraction when non-Newtonian behaviour starts to occur
and was empirically determined to be &, = 0.44 ¢, (Castruccio et al.,
2010).

The yield strength is the most problematic parameter to determine
and multiple relationships have been proposed to estimate it (e.g.
Ryerson et al., 1988; Hoover et al., 2001; Saar et al., 2001; Mueller et
al., 2009; Castruccio et al., 2010; Moitra and Gonnermann, 2015).
Furthermore, there are differences between results from laboratory
experiments and measurements on lava flows in the field. Here we
chose the parametrization of Dragoni and Tallarico (1994) as it accounts
for the limiting value it can attain when @ = &, and reproduces well
the measured yield strength of basaltic lavas in the field (Chester et
al,, 1985):

q:%(erf{%Jﬂ} +1> (10)

Where we chose the constants inside the erf function in order to
make that the yield strength begins to appear when ¢ = ¢ and reaches
its maximum value when @ = @,,. T, is the maximum yield strength the
lava can attain, which we estimated at 7000 Pa for the 1971 flow based
in the flow thickness of overflow lobes from the main channel.

The liquid viscosity depends mainly on composition and tempera-
ture. We calculated the liquid viscosity following Giordano et al.
(2008) using the chemical composition of the groundmass (Supple-
mentary Material 1). In this case, the liquid viscosity can be written as:

1478.2
log(ko) = =707 (11)

Where Tis the temperature in (°C) and L, is the viscosity in Pa-s. The
initial temperature was estimated at 1123-1143 °C by Morgado et al.
(2015). We chose a value of &,,, = 0.65 (Castruccio et al., 2014). Crystal
content & depends on initial content and temperature. We write ¢>(T)
as:

d
0 =@+ o (Te=T) (12)
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Where &, and T, are the crystal content and temperature at the vent
during eruption and d&/dT is the crystal content variation with temper-
ature. Supplementary Material 1 shows a compilation of d&/dT from the
literature. We chose @, = 0.1 (Phenocryst content) and d&d/dT =
0.008%/°C, as this value was obtained with the closest conditions to
the 1971 flow (Cashman et al., 1999).

In order to simulate the flow, we fitted the stopping time (2 days)
and flow thickness by varying the flow temperature. Temperature
controls the HB parameters K, n and 7, through Egs. (8), (9), (10),
(11) and (12). We use a flow density of p = 2500 kg/m>. Fig. 9 shows
the simulation with the HB model.

The results indicate that the stopping time (2 days) and thickness of
the flow can be replicate with a single temperature of 1087 °C (Fig. 9a
and ¢, Table 1), which implies a crystal content of 0.47. In this case,
K = 1.3 x 10° Pa-s", n = 0.63 and T, = 3600 Pa. For the case when
dd/dT = 0.003d/°C (see Supplementary Material 2 for simulation
results), the temperature that best fit the data is 1033 °C with a crystal
content of 0.4. The rheological parameters are K = 2.6 x 10° Pa.s",
n=0.77 and 7, = 1054 Pa.

For comparison, we also simulated the advance rate and flow thick-
ness with a simplified Newtonian and Bingham rheologies (Egs. (3) and
(4), Fig. 9a and c, Table 1). The best fit with a Newtonian rheology is
using a single temperature of 1076 °C, which implies a crystal content
of 0.55 and a viscosity of 6.7 x 10° Pa-s. The Bingham rheology can fit
the data with a lava temperature of 1079 °C, which means a crystal con-
tent of 0.53, a plastic viscosity of 3.7 x 10° Pa-s and yield strength of
5770 Pa. Table 1 also shows the parameters with d&/dT = 0.003%/°C
(see results in Supplementary Material 2).

Next, we simulated the flow with the YSC model (Fig. 9b and d). We
simulated the advance of the lava flow with different values of o.. The
best fit of the duration of the advance (2 days) is done with a 0, =
7.7 x 10° Pa. However the observed trend in flow thickness cannot be
matched with any crustal yield strength value, as field measurements
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Table 1
Parameters used in the simulations of the 1971 Villarrica flow with the HB, Bingham and
Newtonian models.

Villarrica 1971 lava flow

simulations (best fits) K (Pa-s™) n 7y (Pa) © T(°C)
Herschel-Bulkley

do/dT = 0.008 1.30E + 05 0.63 3600 0.47 1087
do/dT = 0.003 2.60E + 05 0.77 1054 04 1033
Bingham

do/dT = 0.008 3.70E + 05 1 5770 0.53 1079
do/dT = 0.003 5.36E + 05 1 2166 0.44 1021
Newtonian

do/dT = 0.008 6.70E + 05 1 0 0.55 1076
do/dT = 0.003 6.54E + 05 1 0 045 1018

indicate a decrease in flow thickness from 15 m at 5 km form vent to
7 m at 16 km, but the modelled thicknesses show an increment with
distance from the vent. For example, flow thicknesses for the simulation
with 0. = 7.7 x 10° Pa are 3-6 m for the first 10 km, while measured
thicknesses in this distance range are all over 10 m and only after the
first 10 km from the vent the thicknesses are better fitted by the model.

3.2. Lonquimay 1988-90

The Lonquimay 1988-90 eruption emitted 0.32 km> (DRE) of mate-
rial in 13 months of eruption, of which 0.23 km? were lava flows
(Naranjo et al.,, 1992). In this case the best approximation of the effusion
rate of lava based in the data of Naranjo et al. (1992) is (see Supplemen-
tary Material 1):

Q(m?/s) = 90,000 x t(s)°° (13)
x10"
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Fig. 9. A) Advance rate simulation of the 1971 flow with the HB, Bingham and Newtonian models. Parameters used are shown in Table 1. B) Advance rate simulation of the 1971 flow with
the YSC model using different values for 0. C) Flow thickness results of simulations shown in Fig. 9A. Thicknesses measured in the field are shown as green circles D) Flow thickness results

with the YSC model simulations shown in Fig. 9B.
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Table 2
Parameters used in the simulations of the 1988-1990 Lonquimay flow with the HB,
Bingham and Newtonian models.

Lonquimay 1988 Final K Finaln Final7, Finalo T.(°C) T;(°C)
lava flow simulations (Pa-s") (Pa)

(best fits)

Herschel-Bulkley

do/dT = 0.008 3.87E + 06 0.5 12,935 041 1080 1067
do/dT = 0.003 8.20E + 06 0.55 11,357 0.39 1054 1019
Bingham

do/dT = 0.008 6.80E 4+ 08 1 14,935 049 1076 1058
do/dT = 0.003 6.19E + 08 1 14,864 0.48 1041 991
Newtonian

do/dT = 0.008 3.94E + 09 1 0 0.49 1071 1057
de/dT = 0.003 333E+4+ 09 1 0 0.48 1037 989

We calculated the liquid viscosity using the glass composition
(Supplementary Material 1) and the equations of Giordano et al.
(2008):

2368.6

log(u,) = T-576.6 (14)

We used T, = 1100 °C (Moreno and Gardeweg, 1989) and L, is in
Pa-s. We chose a maximum packing fraction of 0.5 as crystals are
much more elongated, with aspect ratios up to 10 (Mueller et al.,
2009; Ishibashi, 2009). We set p = 2500 kg/m°.

In the case of the HB model, we noticed that a reasonable fit of the
data can be done with 2 temperatures (Supplementary Material 2): a
temperature of 1077 °C for the first 9 days and a second temperature
of 1059 °C for the rest of the flow advance time. That the advance rate
and thickness of the flow can be modelled with only two temperatures
suggest that the flow front temperature reached equilibrium after some
time. Next we simulated the flow choosing arbitrarily the following
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relationship for the front temperature:

T=Ts+ (Te—Tj) x e« (15)

Where Tris the equilibrium temperature and C is a constant. The
parameters used for the best fit of the data are shown in Table 2
and the results are shown in Fig. 10a and c. Additional results with
dd/dT = 0.003%/°C are shown in Supplementary Material 2.

The YSC regime gives an excellent fit of the data for both the advance
rate and flow thickness (Fig. 10b and d) with a value of 0. = 3 x 10° Pa
for the crustal strength. See Supplementary Material 2 for results with
changing values of o.

4. Discussions
4.1. Rheological models of lavas

Our simulations indicate that the advance rate and thickness of the
1971 lava flow can be simulated by the HB, Bingham and Newtonian
models with a constant temperature. The lava temperature and crystal
content are within a range of 11 °C and 0.08 between the three models.
It is not possible to select the best fit between the models as the
differences observed in thickness and advance rate are within the errors
associated to the measurements of these parameters. Similarly, the
differences in the temperatures and crystal content obtained from the
simulations are also within the uncertainties and errors associated.

The fact that the three rheological models can simulate equally well
the 1971 flow would be indicating that the conditions of stress and
strain rate of the flow are relatively constant during the fast advance
of the flow in the initial stages as according to our simulations 2/3 of
the final length of the flow was reached in the first 12 h of the eruption
and velocity was almost constant between 5 and 12 km form vent. If the
eruption would have lasted longer, then the stress and strain rate condi-
tions would have changed and the results with each model would have
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Fig. 10. A) Advance rate simulation of the 1988-1990 flow with the HB, Bingham and Newtonian models B) Advance rate simulation of the 1988-1990 flow with the YSC model C) Flow
thickness results of simulations shown in Fig. 10A D) Flow thickness results of simulation shown in Fig. 10B. Insets in Figs. 10A and B show the same data of the same graph but in

logarithmic scale.
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been different in distal sectors. These results suggest that for fast, short
lived lava flows (<2 days) with a short waning phase for the effusion
rate, any of the three rheologies are a good approximation for the
modelling of the flow.

The YSC proved to be inadequate to model the 1971 lava flow as for
none of the simulations was possible to fit the thickness of the flow for
the first 10 km, where field measurements show a decrease of thickness
with distance, opposed to the simulation results.

In the case of the 1988-1990 Lonquimay lava flow, the three internal
rheology models are capable of replicate the advance rate and thickness
of the flow. However the crystal content needed in the second half of the
flow for both Newtonian and Bingham models is very close to the
maximum packing fraction (& = 0.49 for &, = 0.5). This high crystal
content implies that K will be very sensitive to very small changes
in crystallinity as K increases asymptotically to infinity when &
approaches @,

On the other hand, the Lonquimay lava flow can also be modelled by
the YSC model, with a good fitting for the entire advance rate and thick-
ness of the flow data with a single Yield strength of 3 x 10° Pa. Kerr and
Lyman (2007) reached the same conclusions but without considering
the terrain slope and with a higher yield strength (2 MPa). Here we
showed that the YSC model can also fit the entire thickness of the
flow. It is surprising how well the YSC model can predict the sudden in-
crement in thickness from 7500 m of distance from the vent onwards.
The yield strength value of 3 x 10° Pa is consistent with previous
estimates of the yield strength for siliceous lava flows and domes
(Blake, 1992; Fink and Griffiths, 1998; Kerr et al., 2006), which are in
the order of 10° Pa.

In order to discriminate which of the two models (HB or YSC) is re-
sponsible for the advance rate and thickness of a lava flow, we analyzed
the forces that act in each case. The yield strength in the crust will
dominate over the internal rheology (Herschel-Bulkley) when:

.n
o. g»ry +K (%) (16)

Where we approximate the strain rate as ~u/H. Notice that this
inequality depends on the rheological parameters, and also on the
flow velocity and thickness, that in turn depends on the effusion rate.
Fig. 11 shows the minimal effusion rate necessary for the domination
of the internal rheology over the YSC regime using different rheological
parameters for the Villarrica and Lonquimay cases. In the Villarrica case
(Fig. 11a) the HB rheology dominates until ~2 days if 0. = 5 x 10 Pa,
1.5 days if 0. = 10° Pa or 0.7 days if 0. = 5 x 10° Pa. In the Lonquimay
case (Fig. 11b) the crustal yield strength will dominate after a few days
(maximum 6 days) for all the cases simulated. This supports our simu-
lation results. For example, in the 1971 Villarrica simulations with the
YSC model, the modelled thicknesses cannot reproduce the field mea-
surements for the first 10 km which means the first 12 h approximately.
In the case of the Lonquimay case, the YSC can fit the data after the first
2 days (see the insert of Fig. 10B).

It is also interesting to compare the final Graetz number for both the
Villarrica and Lonquimay lava flows. Graetz number (Gz) is a dimen-
sional number that can be written as:

_de

Gz—"Ze
2kt

(17)

Where d_ is the equivalent diameter (Pinkerton and Wilson, 1994).
According to Pinkerton and Wilson (1994) cooling-limited lava flows
stop when Gz reached a value between 280 and 370. This means
that the flow will stop when the crust thickness is only 5-6% of the
equivalent diameter or ~10% of the flow thickness when W > H. This
reinforces the idea that the external crust controls the global rheology
of a lava flow (Wilson, 1993). In the case of the 1971 Villarrica flow,
the lava stopped when Gz = 1058, while the 1988-1990 Lonquimay

flow stopped when Gz = 269. These calculations suggest that the
Lonquimay lava flow is cooling-limited while the Villarrica flow is vol-
ume-limited (Pinkerton and Wilson, 1994; Harris and Rowland, 2009).
Thus, according to our results, the modelling of advance rate of
cooling-limited lava flows should consider the effects of the growing
crust in the balance of forces. Recently, Cordonnier et al. (2015)
reviewed different numerical codes to simulate the advance of lava
flows and none of them includes the effects of the crust on the dynam-
ical analysis. The results presented here have shown that the lava flow
advance rate can be modelled equally well by different rheological
models with the appropriate selection of parameters. Thus it is extreme-
ly important to analyze the flow conditions of lava before modelling it,
as the selection of a lava model based only in the fitting of the advance
rate can lead to false conclusions.

4.2. Applicability to ancient flows

The estimation of the eruption rate of ancient flows from lava mor-
phology has been investigated since the pioneering work of Hulme
(1974). After him, numerous works have studied the composition and
eruption rate of ancient lava flows (e.g. De Silva et al., 1994; Deardoff
and Cashman, 2012) or extra-terrestrial lavas (e.g. Hulme and Fielder,
1977; Gregg and Fink, 1996). With the equations presented here,
which are a refinement of the work of Castruccio et al. (2014), we can
estimate not only the mean eruption rate, but also the variations of
this parameter during flow emplacement by measuring lava thickness
and width with distance.

For volume limited flows controlled by the internal rheology, the
main sources of error are the estimations of the temperature of the
flow and crystal content. Flow temperature can be estimated by geo-
thermometers (Cashman et al.,, 1999; Putirka, 2008) using glass compo-
sitions and crystal content can be estimated from counting it on selected
samples. However is not simple to estimate how many crystals were
originated after emplacement as in the Villarrica samples the ground-
mass is almost full of microlites, with only traces of glass. We made
the exercise of trying to recover the effusion rate for thickness and
width data of the 1971 flow using the HB model. Fig. 12a show the
results for different estimations of T and ®. We assume an effusion
rate of the form of Eq. (7) and we fitted the thickness data with param-
eters Q, and B using a non-linear regression (nlinfit function in MatLab).
Results with @ = 0.5 are closer to the best estimation of the effusion rate
(Eq. (11)) and duration of the eruption, with flow durations of 2.5-
3.5 days and mean effusion rates of 80-115 m>/s. On the other hand,
results with & = 0.4 show shorter flow durations (0.4-0.6 days) and
mean effusion rates between 700 and 1100 m>/s. Thus the estimation of
the crystal content during flowing of the lava is critical to better estima-
tions of the effusion rate as it is very sensitive to this parameter.

In the case of the YSC model, it is not possible to estimate the crustal
yield strength from lava composition or crystal content, although
numerous studies suggest that the value is restricted in the order
of ~10° Pa (Blake, 1992; Fink and Griffiths, 1998; Kerr et al., 2006).
Another possible limitation is the measurement of the terrain slope to
estimate velocities and flow rates, as for ancient flows only the post-
eruption slope can be measured. For short-lived, high effusion rate
basaltic eruptions such as the 1971 Villarrica flow, the error will be
low as usually the thicknesses of the flow are thin (~10 m) and the
slope at macro-scales (100 s of meters) does not change appreciably.
However, for thicker lava flows such as the Lonquimay 1988-1990
flow, the changes in the slope can be noticeable. We tested the error
in the recovered effusion rate from the 1988-1990 using only the
post-emplacement lava thickness data measured in the field (Fig. 12,
see Supplementary Material 2 for advance rate estimation and compar-
ison with data from Naranjo et al,, 1992) and terrain slope calculations
from the Google Earth elevation model. We assumed an effusion rate of
the form Q = Q,t*. We fit thickness data with different values of o,
(Fig. 12b). The best result is with a crustal yield strength of 3 x 10° Pa.
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Fig. 11. Minimum effusion rate necessary (blue lines) for the internal HB regime to dominate over the YSC regime for different selection of rheological parameters. Fig. 11A shows the
Villarrica 1971 effusion rate (red line) and Fig. 11B shows the Lonquimay 1988-1990 effusion rate.

The calculated duration of the eruption is ~700 days with a mean effu-
sion rate of 6m°>/s. However this is due to an extreme slowing down of
the modelled flow in the last 500 m, as according to the fit the flow
reached 9.7 km in 300 days, which compares much better with the
264 days of the actual flow. If we considered only the first 95% of the
flow, the calculated mean effusion rate is 9m>/s which compares well
with the 10.5 m?/s calculated from data of Naranjo et al. (1992).

5. Conclusions

Our results indicate that short-lived lava flows (<2 days) can be
modelled with a single temperature for the entire flow. Although
numerous studies have shown that lavas have yield strength and
pseudo-plastic behaviour, the HB rheology does not represent a real
advantage in terms of modelling as the differences between the HB,
Bingham and Newtonian models are inside the errors associated to
measurements of advance rate, thickness of the flow, crystal content
and temperature.

The 1988-1990 Lonquimay lava flow can be modelled by the three
previously mentioned models assuming an exponential decay in the
frontal temperature of the flow. However the Bingham and Newtonian
models need crystals contents to be very close to the maximum packing
fraction. On the other hand the YSC model can model the advance rate
and thickness of the flow with a single parameter for the entire flow.

Analysis of the internal rheology versus the yield strength in the
crust show that the YSC regime would dominate after a few days in
the case of the Lonquimay flow. Further estimations of the Graetz num-
ber for both lavas suggest that cooling limited flows should consider the
effects of the growing crust in the advance modelling.

Field analysis reveals that the Villarrica lava has a decrease of thick-
ness with distance, a predominance of ‘a‘a texture and few structures.
On the other hand, the Lonquimay flow shows a clear increase of
thickness with distance, numerous compressional structures such as
spines and ridges and a transition from ‘a‘a to blocky morphology.
These differences can be useful to discriminate the character (cooling
versus volume limited) of ancient lava flows. This is critical when
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Fig. 12. A) Effusion rates obtained for the 1988-1990 eruption using the YSC model and the thicknesses and width of the flow in the field. The blue line is the best fit of the data of Naranjo et
al. (1992). Dashed lines indicate different values for the crustal strength. B) Effusion rates obtained for the 1971 eruption using the HB model and the thicknesses and width of the flow in
the field. Blue line indicates the effusion rate based in the accounts of Moreno and Clavero (2006). Dashed and pointed lines indicate the results with different values of flow temperature
and crystal content. Insets in both figures show the same data of the main graph but in logarithmic scale.

estimating the effusion rate as these two types of flow are dynamically
controlled by different forces acting on distinct parts of the flow.

Estimation of effusion rate from ancient lavas is simpler in the case of
cooling limited flows as it requires the estimation of only one rheological
parameter, opposed to volume limited flows that requires the estimation
of eruption temperature, crystal content and melt composition.
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