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straight-line length in the direction of flow, which has 
been commonly used to quantify flow, or diffusion along 
porous media (Suman and Ruth 1993; Shanti et al. 2014; 
Backeberg et al. 2017; Cooper et al. 2016). Tortuosity 
is measured from skeletonized data using finite element 
analysis or finite difference calculation on meshed data 
(Shanti et al. 2014). Unfortunately, the skeletonization of 
the porous network of our samples is too complex and 
chaotic for this type of calculation (Fig. 3D). As such, a 
tortuosity factor calculation is better suited for modelling 
more complex pore networks such as those in our clasts 
(Backeberg et al. 2017; Cooper et al. 2016).

In a system where the cross-sectional area of the 
flow path remains constant, tortuosity factor is equal to 
the square of tortuosity (Tjaden et al. 2016; Backeberg 
et al. 2017). Given an average variation of ~ 13% in the 
cross-sectional area of the flow represented by the 2D 
porosity changes (Supplementary Material B.4), we use 
Eq. 4 as an approximation.

The tortuosity factor and tortuosity both increase as 
pathways become more contorted. Both parameters 

(4)� � � � � �

approach 1 when the cross-sectional area of the flow 
pathways remains constant and the direction of flow fol-
lows the axis that is orthogonal to that cross-sectional area 
(Backeberg et al. 2017).

TauFactor also computes 2D volume fractions, 3D phase 
volume fraction (vesicularity), effective diffusivity ( � �� �  ), 
directional percolation, tortuosity factor ( � �  ), and a provides 
a visual representation of the flux during steady state (an 
example is shown in Supplementary Material B.3).

Permeability calculations

One of the most widely used relationships between perme-
ability and tortuosity is the Kozeny�§Carman relation for 
the Darcian permeability k1 (Kozeny 1927; Carman 1937; 
Yokoyama and Takeuchi 2009; Matyka et al. 2008; Farqu-
harson et al. 2015; Berg 2014; Bernard et al. 2007; Wei 
et al. 2018),

where �  is the porosity, �  is the tortuosity, S is the surface 
area per unit volume, and c is the Kozeny constant. Bernabe 

(5)� � �
� �
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�

Fig. 3  3D visualization of L4. 
All three volumes have the same 
size and correspond to one VOI. 
(A) 3D reconstruction of L4. 
Darker voxels correspond to 
vesicles and the brighter ones 
correspond to the solid phase 
(B) Segmentation of the porous 
media represented in cyan color. 
(C) Separation of the vesicle 
phase. Every color represents a 
single bubble. (D) 3D visualiza-
tion of the skeletonization of 
sample L4. The convoluted 
shape and the chaotic distribu-
tion of the purple matrix struc-
ture make it difficult to calculate 
classically defined tortuosity
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et al. (2010) define two idealized Kozeny constants: a crack-
controlled medium where c = 12, and a pore-controlled 
medium where c = 8 (Farquharson et al. 2015). We use c = 8 
due to the nature of the porous network. Given the complex-
ity of the porous media observed in the skeletonized data 
(Fig. 3D) and the low variation in the cross-sectional area 
of the flow path, we combined Eq. (4) and Eq. (5) to find a 
relationship between permeability and tortuosity factor

We compare our estimates of permeability based on the 
Kozeny-Carman model (5), and the measured vesicularity 
and estimated tortuosity, with direct numerical simulation of 
3D flows in one of the VOIs using the Palabos open-source 
lattice Boltzmann flow solver (Latt et al. 2021). Lattice 
Boltzmann methods have often been used to compute the 
pore-scale flow field in volcanic porous media to estimate 
permeability from direct numerical simulations (e.g., Wright 
et al. 2009; Polacci et al. 2009; Degruyter et al. 2010). The 
flow simulation is conducted with a prescribed pressure 
gradient on the OSCAR computer cluster at Brown Univer-
sity. The flow field was simulated until it converged (Sup-
plementary Material B.4). For this comparison, and owing 
to memory limitations, we chose one VOI from sample L4 
(closest sample parameters to the average results calculated 
for Unit 1) reducing the volume by a factor of 2 to a domain 
of 820 × 820 × 410 voxels for both the TauFactor and lattice 
Boltzmann calculations. This comparison does not address 
whether the imaging resolution is sufficient for a meaning-
ful estimate of permeability but does address whether the 
Kozeny-Carman model is a good model for our samples as 
imaged.

Decompression and discharge rates

Given the lack of clear evidence for shear-induced coales-
cence (no preferential elongation of vesicles or preferential 
orientation of microlites), we use the bubble number density 
decompression rate meter proposed by Toramaru (2006) to 
calculate decompression rates (dP/dt) from volumetric bub-
ble number densities (Nv) for basaltic magmas undergoing 
heterogeneous nucleation (Shea 2017; Toramaru 2006):

Additionally, if we assume a cylindrical conduit geom-
etry, we can estimate mass discharge rates (ṁ) as a func-
tion of bulk magma density (�m) , decompression rate, pres-
sure gradient in the conduit (dP/dz), and conduit radius (r) 
(Shea 2017):

(6)k1 ≃
�3

c�∗S2

(7)dP

dt
=

(

Nv

5(±3.5) × 10
3

)
2

3

We approximate the pressure gradient in the conduit with 
the magmastatic gradient. For a mafic magma at 1200 °C, 
dP/dz = 0.026 MPa  m−1 (Cas and Simmons 2018). We used 
the bulk magma density (�m) (i.e., melt + bubbles + crys-
tals) as the average density of our pyroclasts for Unit 1, 
�bulk ∼ 1290kgm−3(Marshall et al. 2021). For the radius, 
we considered that Plinian eruptions require larger con-
duits radius, between 10 and 150 m, to explain the rela-
tionship between mass discharge and decompression rates 
(Shea 2017). To address uncertainty in r, we calculated three 
discharge rates for radii of 25, 50, and 100 m.

Forchheimer and Stokes numbers

We calculated the Stokes and Forchheimer numbers for Unit 
1 following Degruyter et al. (2012) to compare our results 
with other explosive eruptions. The Stokes number (St) is 
a non-dimensional number that represents the ratio of the 
magma response time scale and the gas phase characteristic 
flow time, in this case, the flow of gas through the perme-
able magma,

where μg is the viscosity of the gas phase, r is the conduit 
radius, and U0 is the velocity. Velocity is calculated as the 
ratio between the mean decompression rate and the magma-
static gradient in the conduit. When St is small, magma and 
gas are coupled and ascend at similar velocities, limiting 
gas loss from the magma. For larger St, the degree of cou-
pling decreases permitting gas loss (Degruyter et al. 2012; 
La Spina et al. 2017). The Forchheimer number (Fo) is the 
ratio of the inertial and viscous term in Forchheimer’s law 
(Eq. 10; Degruyter et al. 2012; La Spina et al. 2017)

where the density of the gas ρg0 is calculated from the ideal 
gas law

and k2 is the inertial permeability, P0 is the pressure in the 
conduit at a certain depth, and R is the specific gas constant. 
The inertial permeability is calculated using the Gonner-
mann et al. (2017) relationship between Darcian and Inertial 
permeabilities (in SI units)

(8)ṁ = 𝜌m

(

dP

dz

)−1
(

dP

dt

)

𝜋r2.

(9)St =

�mk1

�g

r

Uo

(10)Fo =
�g0k1Uo

k2�g

(11)�g0 =
P0

RT
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For small Fo, outgassing is controlled by the viscous per-
meability (Darcian). For larger Fo, the inertial permeability 
dominates (Degruyter et al. 2012; La Spina et al. 2017).

In order to obtain values of Fo and St, we assumed that 
the temperature in the conduit is constant. We used a temper-
ature of 1100 °C (1375 K), which represents the mean tem-
perature for the Curacautín Ignimbrite pre-eruptive magma 
(Lohmar 2008). Gas viscosity and velocity throughout the 
conduit are assumed constant as well, while conduit radius 
and reference depth are variable between 25 and 100 m, and 
between 100 and 1000 m, respectively.

Results

Each measurement and analysis provide distinct results. The 
joint analysis and interpretation of the complementary meas-
urements are provided in the discussion.

Plagioclase microlite number densities and crystal 
size distributions

Plagioclase microlite CSD results are summarized in 
Table 1. We analyzed three pyroclasts for Unit 1, and one 
pyroclast each for Units 2, 3, and 4. Unit 1 plagioclase have 
tabular to rectangular prism habits and S:I:L axes between 
1:6:10 and 1:8:10 (R2 = 0.68–0.83). Units 2 and 3 micro-
lites have rectangular prism habits and S:I:L axes of 1:6:10 
(R2 = 0.80 and 0.85, respectively). Unit 4 plagioclase have 

(12)log10
(

k2
)

= 1.353log10
(

k1
)

+ 8.175. a tabular habit and S:I:L axes of 1:6:10 (R2 = 0.86). Plagio-
clase microlite number densities are available in Table 2.

All CSD curves are concave up (Fig. 4). We identified two 
size populations of microlites based on linear regression. 
The first regression (segment A, Fig. 4) is fit to the smallest 
crystal size population and produces the steepest slopes. The 
second regression (segment B, Fig. 4) is fit to the largest 
crystal size population and has shallower slopes. The y-inter-
cept n° is the nucleation density  (mm−4). All CSDs exhibit 
a downturn at the smallest size bins (i.e., abrupt decrease in 
microlite CSD; Fig. 4). Because our data were collected at 
1500–2000× magnifications, these downturns likely reflect 
the reduced probability of intercepting small crystals and not 
inadequate image resolution (Cashman 1998; Marsh 1998). 
Data from downturns are not included in segment A regres-
sions (Fig. 4).

Reconstruction and measurements of vesicle 
textures in 3D

We analyzed 40 VOIs from 10 representative pyroclasts, 4 
VOIs per sample. The reconstructed volumes obtained using 
synchrotron x-ray microtomography allow us to visualize 
and quantify the vesicle network of Llaima pyroclasts in 
3D (Fig. 5). All samples show high vesicle interconnectiv-
ity (99%) and no clear signs of preferential vesicle elonga-
tion. From a gas transport perspective, there are two main 
populations of vesicles: (1) a contorted connected vesicle 
network produced by coalescence of smaller vesicles (> 99% 
of porosity network, yellow color in Fig. 5A), and (2) a pop-
ulation of very small and completely isolated vesicles (< 1% 

Table 2  Summary of x-ray microtomography results of vesicle textural analysis. Microlite number densities and density values extracted from 
Marshall et al. (2021)

a Minimum and maximum values of 2D porosity considering 4 VOIs per sample. bAverage porosity values. Numbers in parentheses indicate ± 1σ 
(n = 4). cMinimum average bubble number densities. Numbers in parentheses indicate ± 1σ (n = 4). dAverage specific surface area, surface 
area per volume. Numbers in parentheses indicate ± 1σ (n = 4). eAverage tortuosity factor values considering the 3 axis of interest. Numbers in 
parentheses indicate ± 1σ (n = 12). fNv corresponds to plagioclase microlite number densities (Marshall et al. 2021). gSample density (Marshall 
et al. 2021). Numbers in parentheses indicate the uncertainty

Sample ID (unit) 2D poros-
ity range 
(vol%)a

3D porosity 
(vol%)b

BND ×  103 
 (mm−3)c

Specific surface 
area  (mm−1) Sd

Tortuosity factor 
τ* e

Nv ×  106 
 (mm−3)f

Density (kg  m−3)g

L5 (1) 45–68 57.02 (3.96) 7.96 (3.75) 81.69 (3.37) 2.72 (0.55)
L1 (1) 56–77 68.21 (3.14) 13.93 (5.12) 61.15 (5.84) 1.89 (0.24) 9.72 1320 (280)
L2 (1) 41–63 53.00 (1.99) 4.13 (2.53) 68.99 (2.66) 3.99 (0.48) 1350 (300)
L3 (1) 42–73 54.53 (4.74) 5.89 (2.25) 99.13 (15.83) 2.81 (0.64) 9.55 1210 (230)
L4 (1) 45–59 51.83 (1.86) 8.83 (8.43) 92.15 (5.13) 3.743 (0.52) 13.3 1310 (280)
L12 (1) 44–63 51.97 (4.77) 13.00 (8.02) 128.17 (27.46) 4.57 (1.36)
L6 (1) 47–65 56.28 (1.87) 7.88 (4.43) 74.68 (4.44) 3.09 (0.22) 8.21 1260 (270)
L8 (2) 39–56 47.44 (1.68) 1.09 (0.42) 86.27 (3.61) 4.03 (0.39) 7.95 1320 (320)
L10 (3) 39–55 48.11 (2.59) 23.06 (12.43) 111.86 (9.13) 3.75 (0.28) 16.6 1390 (370)
L18 (4) 42–59 51.07 (4.23) 2.18 (1.51) 83.38 (8.74) 4.40 (0.82) 18.4 1410 (310)
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