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Supplemental Material 3.  

METHODS FOR GEOTHERMOBAROMETRIC AND 
HYGROMETRIC CALCULATIONS 

Geothermometers or geobarometers are designed to find some chemical balance where 
there is a significant difference between entropy (ΔSr) (for a thermometer) or volume (ΔVr) 
(for a barometer) of products and reactives (Putirka, 2008). When thermometers or 
barometers based on equilibrium constants are used, the balance between the phases in 
question must be considered, for which an equilibrium test can be applied, otherwise the 
calculated P-T conditions have no meaning (Putirka, 2008). 

Olivine, plagioclase, clinopyroxene, and orthopyroxene geothermometers are based on 
exchange conditions between mineral and melt in equilibrium. Therefore, in order to apply 
them strictly, only those crystals that do not show evidence of disequilibrium (e.g., sieve 
textures and reaction rims) can be considered. Thus, calculations based on mineral-liquid 
equilibria have been limited to compositions obtained in those mineral areas without 
disequilibrium textures and which are in contact with groundmass (Losantos et al., 2014), 
assuming that the bulk rock composition roughly represents the magma composition in 
equilibrium with phases it contains. 

In this case, the geochemistry re-calculation presents significant uncertainties, due to the 
widely described magma mixing, because it is actually difficult to estimate the residual 
liquid composition before mixing, and the particular composition of this liquid for each 
crystallization stage in different batches of magma. 

 

Olivine-liquid geothermometer 

For estimating the crystallization temperature of olivine in samples of the Nealtican lavas, 
we chose the olivine-liquid geothermometer based on the exchange of Fe-Mg between the 
olivine and the liquid where the olivine crystallized. For this, we applied equation 22 from 
Putirka (2008), which is a modification of the thermometer from Beattie (1993), to correct 
the systematic overestimation of the temperature. 

T °C   15294.6  1318.8P GPa   2.4834 P GPa 2  / 8.048  2.8352 ln D /   

2.097 ln 1.5 C  2.575ln 3 X  1.41NF  0.222H2Oliq  0.5P GPa  
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When using the liquid-olivine thermometer we took the pressure values from Witter et al. 
(2005) and Roberge et al. (2009), where it is indicated that the pressure estimates in melt 
inclusions hosted in olivines rarely exceed 400 MPa. Based on this, we took this value as 
the maximum pressure limit for crystallization of olivine and anhydrous conditions. 

Similarly, we assume that the rim composition of the olivine is in balance with a liquid that 
has the composition of the total rock. In turn, the equilibrium was corroborated considering 
the exchange coefficient of Fe-Mg, between the olivine and the liquid: KD(Fe-Mg)ol-

liq=0.30±0.03, which is independent of the temperature and composition. Moreover, we 
applied an equilibrium test based on the Rhodes diagram (Dungan et al., 1978; Rhodes et 
al., 1979; Fig A1), where we plotted Mg#olivine vs. Mg#liquid. The thermometer's estimated 
precision is ±45ºC. 

 

Figure A1. Rhodes diagram of the olivine-liquid equilibrium test. If the olivine crystals are in equilibrium 
with the co-existing bulk-rock composition, then the assumed liquid-olivine pair should plot along the solid 
line (yellow circles), within an established error limit, which corresponds to KD(Fe-Mg)ol-liq=0.30±0.03, while 
the olivine crystals falling outside this limit are discarded (red crosses). 
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Flow 1 (Sample PO09): 

The rim of an olivine  phenocrystal (Fo80) in equilibrium (KD=0.32) indicates a 
temperature of 1125 ºC at 400 MPa. 

Flow 1 (Sample PO41): 

The rim of an olivine  phenocrystal (Fo82) in equilibrium (KD=0.27) indicates a 
temperature of 1119 ºC at 400 MPa. 

Flow 2 (Sample PO54): 

The rims of 2 olivine phenocrystals (Fo80) in equilibrium (KD=0.31±0.001) indicate 
a temperature of 1124±0.3 ºC at 400 MPa. 

 

Plagioclase-liquid geothermometer 

In order to estimate the temperature of plagioclase crystallization of samples from 
Nealtican lavas, we chose the plagioclase-liquid geothermometer based on the exchange 
between the anorthite (CaAl2Si2O8) and albite (NaAlSi3O8) components. We applied the 
equation 24a from Putirka (2008), considering the presence of water in the liquid (estimated 
with the hygrometer of Waters and Lange, 2015), thus reducing the systematic errors: 

10
T K

  6.4706 0.3128ln
X

X X
.

X
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For pressure calculations, the equation 25a from Putirka (2008) could be used: 

P kbar
42.2 4.94x10 2T K 1.16x10

2T K ln .
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.

 

Nevertheless, according to Putirka (2008) this pressure estimation is not the most 
appropriate, because the calibrations did not yield good results, hence we discard it in the 
present study. 

As a possible equilibrium test, we considered the exchange coefficient of Ab-An, between 
plagioclase and the liquid: KD(An-Ab)plg-liq = 0.27±0.11. 



For water percentage estimates we used the plagioclase hygrometer calibration of Waters 
and Lange (2015). Calculations were made using a spreadsheet that we downloaded from 
the American Mineralogist data repository (http://www.minsocam.org). Here, we also 
assumed that plagioclase crystals crystallized in equilibrium with a liquid having a bulk 
rock composition. In addition, we used temperatures previously obtained with the 
plagioclase-liquid thermometer and a pressure value of 150 MPa estimated from MELTS 
simulations with Popocatépetl magmas (Witter et al., 2005). The estimate of the standard 
error in the hygrometer model is 0.35 wt% H2O, while the estimated accuracy of the 
thermobarometer is ±36ºC. 

Flow 1 (Sample PO09): 

The core of a plagioclase phenocrystal (An46) in equilibrium (KD=0.24) indicates a 
temperature of 1069 ºC and 0.9 wt.% H2O at 150 MPa. 

The rim of a plagioclase phenocrystal (An43) in equilibrium (KD=0.27) indicates a 
temperature of 1065 ºC and 0.9 wt.% H2O at 150 MPa. 

Flow 1 (Sample PO41): 

The core of a plagioclase phenocrystal (An49) in equilibrium (KD=0.22) indicates a 
temperature of 1073 ºC and 0.9 wt.% H2O at 150 MPa. 

The rims of two phenocrystals (An42-44) and a micro-phenocrystal (An44) of 
plagioclase in equilibrium (KD=0.27±0.01) indicates a temperature of 1064±3.5 ºC 
and 1.0±0.06 wt.% H2O at 150 MPa. 

Flow 2 (Sample PO54): 

The cores of two phenocrystals (An42-47) and a micro-phenocrystal (An45) of 
plagioclase in equilibrium (KD=0.26±0.03) indicate a temperature of 1068±5.3 ºC 
and 0.9±0.06 wt.% H2O at 150 MPa. 

The rim of a plagioclase phenocrystal (An46) in equilibrium (KD=0.25) indicates a 
temperature of 1071 ºC and 0.9 wt.% H2O at 150 MPa. 

Flow 3 (Sample PO28): 

The cores of a phenocrystal (An43) and two micro-phenocrystals (An44-45) of 
plagioclase in equilibrium (KD=0.25± 0.01) indicate a temperature of 1048±1.0 ºC 
and 1.3 wt.% H2O at 150 MPa. 

The rims of two phenocrystals (An41-46) and a micro-phenocrystal (An45) of 
plagioclase in equilibrium (KD=0.25±0.03) indicate a temperature of 1049±2.5 ºC 
and 1.3 wt.% H2O at 150 MPa. 

  



Flow 3 (Sample PO32): 

The cores of two plagioclase phenocrystals (An42-44) in equilibrium (KD=0.28± 0.01) 
indicate a temperature of 1048±1.4 ºC and 1.4 wt.% H2O at 150 MPa. 

The rims of four plagioclase phenocrystals (An44-47) in equilibrium (KD=0.25±0.02) 
indicate a temperature of 1055±4.2 ºC and 1.3±0.05 wt.% H2O at 150 MPa. 

Flow 4 (Sample PO18): 

The cores of a phenocrystal (An45) and two micro-phenocrystals (An42-44) of 
plagioclase in equilibrium (KD=0.24± 0.02) indicate a temperature of 1046±2.5 ºC 
and 1.3±0.05 wt.% H2O at 150 MPa. 

The rims of three phenocrystals (An43-45) and two micro-phenocrystals (An42-44) of 
plagioclase in equilibrium (KD=0.24±0.01) indicate a temperature of 1046±1.1 ºC 
and 1.3 wt.% H2O at 150 MPa. 

Flow 4 (Sample PO16): 

The cores of two phenocrystals (An42-45) and a micro-phenocrystal (An46) of 
plagioclase in equilibrium (KD=0.24± 0.02) indicate a temperature of 1044±4.4 ºC 
and 1.3±0.06 wt.% H2O at 150 MPa. 

The rims of three phenocrystals (An38-42) and a micro-phenocrystal (An45) of 
plagioclase in equilibrium (KD=0.26± 0.03) indicate a temperature of 1040±5.1 ºC 
and 1.4±0.05 wt.% H2O at 150 MPa. 

 

Clinopyroxene-liquid geothermobarometer 

In order to estimate the temperature and pressure of clinopyroxene crystallization of 
samples from Nealtican lavas, we chose the clinopyroxene-liquid geothermometer. We 
applied equation 33 from Putirka (2008), considering the presence of water in the liquid 
(estimated with the hygrometer of Waters and Lange, 2015), thus reducing the systematic 
errors: 
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7.53 0.14ln
X X X

X X X
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For pressure estimates we use the equation 32c from Putirka (2008): 



P kbar 57.9 0.0475T K 40 X 47.7 X 0.676 H O
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Considering the exchange coefficient between Fe-Mg, between clinopyroxene and liquid, a 
possible equilibrium test is: KD(Fe-Mg)cpx-liq=0.28±0.08 (Fig. A2 A). Additionally, the 
models of Putirka (1999) are used to predict the equilibrium values for the clinopyroxene 
components DiHd, EnFs and CaTs (Fig. A2 B). The estimated precision is ±42 °C and 
±150 MPa. 

 

Figure A2. Clinopyroxene-melt equilibrium tests. A. Equilibrium test of KD(Fe-Mg)cpx-liq=0.28±0.08. B. 
Equilibrium test of DiHd: diopside-hedenbergite, EnFs: enstatite-ferrosilite, and CaTs: Ca-Tschermak 
components. Equilibrium associated with observed components in pyroxene crystals are paired with predicted 
components in respective hosting melts (±0.1). 

 

Flow 1 (Sample PO09): 

The core of a clinopyroxene phenocrystal in equilibrium (KD=0.26) indicates a 
temperature of 1074 ºC and 440 MPa with 0.9 wt.% H2O. 
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The rims of a phenocrystal and two micro-phenocrystals of clinopyroxene in 
equilibrium (KD=0.26±0.001) indicate a temperature of 1076±7.6 ºC and 400±70 
MPa with 0.9 wt.% H2O. 

Flow 1 (Sample PO41): 

The cores of three clinopyroxene phenocrystals in equilibrium (KD=0.26±0.001) 
indicate a temperature of 1071±4.0 ºC and 360±50 MPa with 0.9 wt.% H2O. 

The rims of two phenocrystals and a micro-phenocrystal of clinopyroxene in 
equilibrium (KD=0.25±0.001) indicate a temperature of 1056±3.8 ºC and 340±40 
MPa with 0.9 wt.% H2O. 

Flow 2 (Sample PO54): 

The cores of two clinopyroxene phenocrystals in equilibrium (KD=0.26±0.004) 
indicate a temperature of 1075±20.5 ºC and 370±130 MPa with 0.9 wt.% H2O. 

The rims of three clinopyroxene phenocrystals in equilibrium (KD=0.26±0.001) 
indicate a temperature of 1074±8.6 ºC and 410±40 MPa with 0.9 wt.% H2O. 

Flow 3 (Sample PO28): 

The core of a clinopyroxene phenocrystal in equilibrium (KD=0.25) indicates a 
temperature of 1031 ºC and 270 MPa with 1.3 wt.% H2O. 

Flow 3 (Sample PO32): 

The core of a clinopyroxene phenocrystal in equilibrium (KD=0.25) indicates a 
temperature of 1039 ºC and 260 MPa with 1.4 wt.% H2O. 

The rim of a clinopyroxene phenocrystal in equilibrium (KD=0.25) indicates a 
temperature of 1037 ºC and 200 MPa with 1.3 wt.% H2O. 

Flow 4 (Sample PO18): 

The rim of a clinopyroxene micro-phenocrystal in equilibrium (KD=0.25) indicates a 
temperature of 1034 ºC and 290 MPa with 1.3 wt.% H2O. 

Flow 4 (Sample PO16): 

The core of a clinopyroxene phenocrystal in equilibrium (KD=0.25) indicates a 
temperature of 1040 ºC and 360 MPa with 1.3 wt.% H2O. 

The rims of two clinopyroxene phenocrystals in equilibrium (KD=0.25) indicate a 
temperature of 1034±0.4 ºC and 310±40 MPa with 1.4 wt.% H2O. 

 

 



Orthopyroxene-liquid geothermobarometer 

For estimating the crystallization temperature and pressure of orthopyroxene in the 
samples, we chose the orthopyroxene-liquid geothermobarometer. We applied the equation 
28a of Putirka (2008), considering the presence of water in the liquid (estimated with the 
hygrometer of Waters and Lange, 2015), thus reducing the systematic errors: 
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For pressure calculations we use the equation 29a from Putirka (2008): 
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X
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We also assumed that the composition of orthopyroxene rims is in balance with a liquid 
that has the bulk rock composition. The equilibrium was corroborated by considering the 
exchange coefficient of Fe-Mg between orthopyroxene and liquid: KD(Fe-Mg)opx-

liq=0.29±0.06. We were also assisted by an equilibrium test based on the Rhodes diagram 
(Dungan et al.,1978; Rhodes et al., 1979; Fig. A3), where we plotted the Mg#Orthopyroxene vs. 
Mg#Liquid. Estimated accuracy is ±39 ºC and ±260 MPa. 



 

Figure A3. Rhodes diagram of the orthopyroxene-liquid equilibrium test. If the orthopyroxene crystals are in 
equilibrium with the co-existing bulk rock composition, then the assumed liquid-orthopyroxene pair should 
plot along the solid line (yellow circles), within an established error limit, which corresponds to KD(Fe-
Mg)opx-liq=0.29±0.06, while the orthopyroxene crystals falling outside this limit are discarded (red crosses). 

Flow 3 (Sample PO32): 

The core of a phenocrystal and a micro-phenocrystal of orthopyroxene in 
equilibrium (KD=0.31±0.01) indicates a temperature of 1055±1.3 ºC and 250±160 
MPa with 1.3 wt.% H2O. 

Flow 4 (Sample PO18): 

The core of an orthopyroxene micro-phenocrystal in equilibrium (KD= 0.30) 
indicates a temperature of 1049 ºC and 310 MPa with 1.3 wt.% H2O. 
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Fe-Ti oxides geothermometer 

Because chemical diffusion in iron and titanium oxides is very rapid (e.g. Freer and 
Hauptman, 1978), Fe-Ti oxide geothermometers provide good results by recording 
temperatures just before an eruption (Takeuchi, 2011). In some cases, a magma mixing 
temperature can even be estimated just after the magma mixing event (Venezky and 
Rutherford, 1999). However, Fe-Ti oxides can also be easily rebalanced during the cooling 
process of lava flows, which makes it difficult to measure the temperature for pre-eruption 
conditions (Takeuchi, 2011). 

In Nealtican lavas we were also able to estimate some temperatures based on the model of 
the Fe-Ti oxide thermometer by Ghiorso and Evans (2008), which estimates the 
temperature of magma based on the chemistry of iron-titanium oxide minerals, represented 
in this case by magnetite and ilmenite. This model can be applied to data sets of natural 
oxide pairs from siliceous volcanic rocks (Ghiorso and Evans, 2008). 

The temperature estimates of this geothermometer can be obtained by using the exchange 
of Fe+2Ti↔(Fe+3)2 or Fe+2↔Mg between the two oxides. The estimated accuracy is ±50 
°C. 

The Fe-Ti oxide geothermometer discussed in Ghiorso and Evans (2008) is available as an 
online calculator: http://melts.ofmresearch.org/CORBA_CTserver/OxideGeothrm/OxideGe 
othrm.php, which was used in this work. 

It should be mentioned that only those pairs in equilibrium between titanomagnetite and 
ilmenite that passed the Mg/Mn partition equilibrium test from Bacon and Hirschmann 
(1988) were used. 

Flow 4 (Sample PO18): 

A pair of magnetite/ilmenite in equilibrium indicate a temperature of 925 ºC. 
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Supplemental Material 4.  

METHODS FOR ESTIMATING RHEOLOGICAL 
PROPERTIES OF LAVA FLOWS AND THEIR 

EMPLACEMENT TIMES 
 

Lava viscosity estimated by the petrological approach 

The apparent viscosity (η ) of a mixture of polydisperse particles (crystals and bubbles 

of various shapes and sizes) in a liquid phase (corresponding to silicate melt) can be 
defined by: 

η η ∙ η η 𝑇, 𝑋 ∙ η 𝜙, 𝑟, 𝛾       (1) 

where the melt viscosity (η ) is Newtonian and depends on temperature (𝑇) and 
composition (𝑋); the relative viscosity (η ) depends on the volumetric abundance (𝜙) and 
the particles aspect ratio (𝑟), as well as the flow velocity (𝛾) (Chevrel et al., 2013). 

The interstitial melt viscosity was estimated using the model of Giordano et al. (2008). This 
model was chosen over other models (e.g. Shaw, 1969; Bottinga and Weill, 1972; Hui and 
Zhang, 2007) because it considers a wider range of chemical compositions: 

log η 𝐴                              (2) 

where 𝐴 is a constant representing the lower limit of the silicate melt viscosity at high 
temperature; and 𝐵 and 𝐶 are adjustment parameters depending on the chemical 
composition (Giordano et al., 2008). 

For the estimates we used a spreadsheet available online 
(https://www.eoas.ubc.ca/~krussell/VISCOSITY/grdViscosity.html) in which we input the 
composition of some glasses (interstitial liquid) that were measured by electron 
microprobe, as well as the temperatures estimated by geothermobarometry. In turn, we 
assumed a low dissolved water content (0.1 wt.% H2O) for the estimation of the interstitial 
liquid at the time of the eruption, while water content estimated from Waters and Lange 
(2015) and the bulk groundmass composition obtained by subtracting the phenocrysts 
chemical composition using the average mass density of the bulk phenocrysts and 
groundmass was used for magma conditions (see Table A4). 

The crystals grow as the magma cools, adding a population of solid particles to the mixture. 
The relative viscosity was calculated considering a bimodal mixture with fine particles 
(micro-phenocrysts and microlites) modelled in a bubble-free Newtonian interstitial silicate 



melt, taking into account the best fitting parameters of the equations described below, and 
considering similar aspect ratios to our mineral phases. 

The effect of crystals was calculated using the model of Costa et al. (2009), which is useful 
for high crystal contents. This model is based on a non-Newtonian semi-empirical 
association for a highly concentrated solid-fluid mixture, taking into account particle shape 
and strain rate dependence: 

η 𝜙
, ,

                         (3) 

where: 

𝐹 1 𝜉 𝑒𝑟𝑓 √

∗
1

∗
       (4) 

where ϕ is the crystalline fraction, ϕ  is the maximum packing, 𝜉(<<1), 𝛿 and 𝛾 are 
empirical parameters that vary according to the strain rate and particle shape, 𝐵 is the 
Einstein coefficient (i.e., the intrinsic viscosity; ) with a nominal value of 2.5 and ϕ∗ is the 
critical solid fraction where the exponential increase in viscosity begins. 

The erf error function describes a rheological transition below and above the maximum 
packing limit. The Costa model is used here with the fitting parameters reported in 
Cimarelli et al. (2011) based on analogous experiments of polydisperse suspensions 
including coarse, equidistant, and fine and oblique particles in a bubble-free Newtonian 
liquid (analogous to interstitial silicate melt). This model allows us to quantify the 
remaining rheological evolution of the crystalline lava above the critical crystalline fraction 
where the behaviour of the mixture is controlled by the solid network (Chevrel et al., 2013). 
Thus, for the samples from the Nealtican lavas, the plagioclase crystals were considered to 
be angular prolate (aspect ratio of 8.50, maximum packing of 0.32, 𝛿= 12.90, 𝛾= 0.10, 
ϕ∗=0.24 y 𝜉= 30×10-3), while pyroxene and olivine crystals were considered angular 
equant (aspect ratio of 1.82, maximum packing of 0.47, 𝛿= 11.48, 𝛾= 0.69, ϕ∗=0.51 y 𝜉= 
0.05×10-3). 

Concerning strain rate, Caricchi et al. (2007) showed experimentally that at relatively low 
strain rates (10-6-10-5 s-1) particle-silicate melt suspensions behave as a Newtonian liquid. 
Increasing strain rate (𝜉), and consequently the applied stress, beyond these values induces 
a transition to non-Newtonian behavior caused by a decrease of the degree of randomness 
of the particle distribution (Costa et al., 2009). At high enough strain rates (~10-3 s-1), a 
maximum degree of ordering is reached and the effective viscosity is no longer strain rate-
dependent. This high strain rate rheological behavior was observed in several particle-
bearing suspensions and was defined as a pseudo-Bingham behaviour (e.g., Barnes, 1999; 
Costa et al., 2009). In this case we took the calculations estimated at a high deformation 
rate of 10-4 s-1, thus considering that the samples have not a trachytic texture, i.e. the 



crystals apparently  did not suffer any deformation and were not oriented in a preferential 
direction, considering the shape and aspect ratio of our crystals. 

 

Effusion rates and emplacement duration estimated from the morphological 
parameters 

Jeffreys equation 

Jeffreys (1925) introduced an equation to calculate the average velocity (𝑢) of a Newtonian 
liquid flowing in a channel that is much wider than its thickness (5): 

           𝑢   
                                         (5) 

Here, 𝐻 is the depth of the lava in the channel, 𝜌 is lava density, 𝑔 is acceleration due to 
gravity, 𝛼 is the angle of the slope down which the lava is flowing and η is the lava 
viscosity. Here we use this equation where the viscosity is the one obtained from the 
petrological characterisation. 

Note that the Jeffreys equation is for Newtonian fluids, specifically water. Such fluids will 
flow when an infinitesimal amount of force or shear stress is applied. For a Bingham fluid, 
however, the shear stress must exceed a critical value before it begins to flow. An 
alternative method is then to use the equation proposed by Moore (1987).  

Grätz-number approach 

The lava flow length (𝐿) is related to its velocity (𝑢) through the dimensionless Grätz 
number (𝐺 ; Knudson and Katz, 1958; Guest et al., 1987; Pinkerton and Wilson, 1994), 
which considers the ratio of heat advection along the flow length to conductive heat losses 
(Chevrel et al., 2013): 

              𝐺                                                 (6) 

where 𝑢 (m/s) is the mean velocity, 𝑘 the thermal diffusivity (equivalent to 4.21x10-7 m/s2; 
Kilburn and Lopes, 1991), 𝐻 the thickness and 𝐿 the lava flow length.  

Several studies have described the relationship between eruption rate and flow lengths 
(Walker, 1973; Pinkerton, 1987; Pinkerton and Sparks, 1976; Pinkerton and Wilson, 1994) 
and have concluded that cooling-limited flows halt when 𝐺  falls in a critical value of 300 
(Chevrel et al., 2013). Eruption rate is defined here as values averaged over the flow unit 
eruption. 

Here we assume the equation proposed by Moore (1987) for eruption rate (𝑄): 

                𝑄 𝑢𝑊𝐻                                            (7) 



And we re-organised, using the Eq. 6 and 7 as follows: 

                𝑄                                             (8) 

To estimate the emplacement times, we simply divide the flow volume by the eruption rate.  

Kerr et al. (2006) 

Considering that the flow advance is controlled by the yield strength of a growing crust 
regime, Kerr et al. (2006) show that the cross-slope flow distance from the channel center-
line (i.e., half of the channel width) can be described as a balance between parameters that 
contribute to flow spreading and the restraints provided by crustal cooling (Deardorff and 
Cashman, 2012): 

                   𝑤 2                          (9) 

Here we re-organised Eq. 9 to extract the eruption rate as follows: 

                      𝑄
 

                            (10) 

Where 𝜏  is the yield strength of the crust, here we use a 𝜏 =2×106 Pa (best fit of Kerr and 
Lyman, 2007) and η is the lava viscosity as obtained from the petrological parameters. 

Kilburn and Lopes (1991) 

Kilburn and Lopes (1991) derived an equation that relates the emplacement time (𝑡 ) to 
the final dimensions of the flow, independently of the eruption rate, lava intrinsic properties 
(viscosity, density), and driving forces (gravity) (Chevrel et al., 2016): 

              𝐻 sin 𝛼 𝑛𝑘𝑡                              (11) 

and therefore: 

  𝑡                                         (12) 

Where 𝑊  and 𝐿   are the maximum width and lava flow length (here we use an average 
width calculated from various profiles along selected flows), 𝑛 is a factor equal to 3 for 
flows with width < depth (inherited from the Jeffreys equation) (Chevrel et al., 2016).  

In this model, the motion of the flow’s core is treated as steady, uniform, and laminar and 
behaves as a Newtonian fluid under low deformation rates (Chevrel et al., 2016). Kilburn 

and Lopes (1991) estimated errors for 𝑡 are 10% and 70% for 𝐻 sin 𝛼. 
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