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Abstract Eruptive dynamics is influenced by gas escape from the ascending magma. Gas pathways form in
the magma via bubble coalescence, leading to gas channeling. Magmatic crystals play a key role in gas channel
formation. This work constrains experimentally decompression-induced coalescence in high-crystallinity silicic
magmas without external deformation, focusing on low gas content and bimodal crystal size (microlites and
phenocrysts). All percolating samples have permeabilities of 10~'* m? at bulk porosities of 710 vol% and bulk
crystallinities up to 75 vol%. Our results demonstrate the possibility of coalescence-related outgassing at high
pressure (120-350 MPa) and without external strain, which corresponds to magma stagnating deep in a volcanic
conduit. Channeling at such low gas content implies that bimodal crystallinity favors effusive over explosive
volcanic behavior. It may also be the missing physical mechanism explaining gas transfer across magmatic
systems despite high melt viscosity and low or absent magma extrusion.

Plain Language Summary The way volcanoes erupt is mainly controlled by the ability of gases to
escape from the magma (outgassing). An efficient way to outgas is to connect bubbles together (coalescence) up
to the point where channels form in the magma (channeling) in which gas can circulate toward the surface. We
investigate experimentally how coalescence and channeling happen in immobile, crystal-rich viscous magma in
conditions (pressure and temperature) similar to those found in deep volcanic conduit, where only a small
amount of gas (<10%) is present. Our experiments demonstrate that bubble connections are possible thanks to a
large amount of crystals on which bubbles can lean, deform, and join each other. That gas can escape from
magma at depth could favor effusive eruption over volcanic explosions and even bring new insights on
degassing in immobile magma.

1. Introduction

Magma outgassing plays a crucial role in eruptive dynamics. When the gas phase remains in the conduit, con-
ditions propitious to fragmentation can be met, leading to explosive behavior (Gonnermann & Manga, 2007). If
the permeability is sufficiently high within the magma, outgassing can evacuate enough gas from the ascending
magma to remain below the fragmentation threshold. In the case of silica-rich magmas often involved in eruptions
prone to behave effusively and explosively during a single eruptive episode, the melt is so viscous (>10* Pa.s)
(Hess & Dingwell, 1996) that gas bubbles cannot ascend within the conduit by buoyancy alone (Lindoo
et al., 2017), calling for alternate outgassing mechanisms. Many active volcanoes show near-constant outgassing
at the vent, even without magma extrusion (Christopher et al., 2015; Edmonds et al., 2010). This implies out-
gassing without magma ascent into the conduit and without magma deformation along the conduit margins. In
addition, many crystal-rich samples coming from deep conduit zones (~5-10 km) and ejected during Vulcanian
eruption present gas content substantially lower than theoretically predicted by closed system degassing (Col-
lombet et al., 2021; Drignon et al., 2016), suggesting that a non-negligible amount of gas has already been
extracted before eruption despite being at great depth.

Several processes can lead to outgassing. At low gas volume fraction (<10 vol% bulk), the gathering and coa-
lescence of several bubbles alongside can lead to the development of narrow gas pathways that enable the gas to
extract itself efficiently from the magmatic column. We refer to this process as channeling to distinguish it from
the highly interconnected bubble networks forming at high gas volume fraction (>30 vol%, Giachetti et al., 2019).
Crystals serve as a framework that fosters the peculiar form of bubble coalescence characteristic of channeling
(Burgisser et al., 2020; Céaceres et al., 2022; deGraffenried et al., 2019; Parmigiani et al., 2017) by reducing the
space in the melt where bubbles can nucleate and grow, thus promoting proximity.
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Numerical and empirical models have given rise to different hypotheses on the role of crystals in gas channel
formation; crystals sizes, volume fraction, shape and orientation are all likely to control coalescence (Bretagne
et al., 2023; Collombet et al., 2021; Degruyter et al., 2019; Klug & Cashman, 1996; Mueller et al., 2005; Par-
migiani et al., 2017; Vasseur et al., 2022; Wadsworth et al., 2021). It is yet unclear which of these geometrical
factors are key in promoting gas percolation at very low gas content in the absence of strain. In this study, we
performed decompression experiments in an internally-heated pressure vessel to investigate the influence of
crystal content and sizes on channeling development in synthetic magmas and, thus, on permeability in immobile,
gas-poor magmas. We evidence percolation by channeling at low gas content and high pressure that implies a new
mechanism of deep outgassing for stagnant magmas.

2. Materials and Methods
2.1. Materials

Our three-phase magmas contain liquid (melt), gas (bubbles), and solid (crystals). The melt was made of an
anhydrous powder of haplotonalite glass (HTN in wt%: 69.0 SiO,, 19.9 Al,053, 3.5 CaO, and 7.6 Na,0O), which is a
good proxy for a high viscosity rhyolitic melt (Mollard et al., 2012). Distilled pure water was used to model the
gas phase. Enough water was added to the HTN glass at initial pressure (350 MPa) to exsolve about 10 vol% bulk
of water bubbles at final pressure (120 MPa) following Jaupart & Allegre, 1991. The solid phase was composed of
a mixture of three crystal sizes commonly observed in natural volcanic samples: phenocrysts (hundreds of pm)
mostly growing in magma chambers, microphenocrysts (~50-100 pm) and microlites (<50 pm) crystallizing
under low and high undercooling, respectively, during magma ascent toward the surface. The phenocryst and
microphenocryst populations were represented by equant alumina crystals (insulating powder from Friatec AG,
Germany) manually sieved to ~300 and ~50 pm, respectively. These two populations of alumina crystals were
added to the HTN glass to reach targeted proportions from 0 to 50 vol%. The microlite population was represented
by plagioclases directly growing from the water-saturated HTN melt during hydration at initial pressure and
temperature. Of the eight starting materials, two contain only plagioclase microlites, two contain plagioclase
microlites plus alumina microphenocrysts, two contain plagioclase microlites plus alumina phenocrysts, and two
contain plagioclase microlites plus both sizes of alumina crystals (Table 1).

2.2. Experimental Procedure

Gold capsules of 15 mm in length and 5.4 mm in inner diameter were filled with about 50 mg HTN powder, the
alumina crystals when relevant, and water. Each capsule was subjected to mass balance and leakage tests to
guarantee that it was hermetically sealed. The eight capsules were oriented vertically and loaded in a Kh furnace
that was inserted in a vertical pressure vessel (Martel, 2012). The pressure medium was pure argon and pressure
was measured using a transducer calibrated against a Heise Bourdon gauge (accuracy of £0.2 MPa). The tem-
perature was continuously measured by K-type thermocouples (precision of +£3°C). The autoclave was heated at
850°C and pressurized to 350 MPa and maintained at these conditions for at least 18 hours (overnight) to ensure
water diffusion in the melt and plagioclase crystallization. After this hydration and crystallization step, we
performed an isothermal decompression from 350 to 120 MPa at 1.3 MPa/s (about 4 min) to cause bubble growth.
The result of this decompression is described in Figure S4 in Supporting Information S1. Samples were then held
at 120 MPa and 850°C during 1 h 30 min before being rapidly cooled down to room temperature at a rate of 2°C/s.
At 250°C, well below the solidus, the autoclave was decompressed to ambient pressure, and the capsules were
extracted, weighed to test for possible leakage, and opened carefully to recover the sample as one piece.

2.3. Analytical Methods

To image the samples, we used a Phoenix Nanotom 180 X-ray computed microtomograph (uCT; ISTO) with a
molybdenum target, a tungsten filament, a variable operating voltage of 68-94 kV and a filament current of 50—
210 nA. Samples were rotated over 360° during the exposure to the X-radiation. The 3D volumes were recon-
structed using in-house Phoenix software. The average resolution (voxel edge length) of the volumes is 3 pm. This
resolution is insufficient to image plagioclase microlites (Figure la) accurately. Moreover, as the density of
plagioclase is very similar to that of glass, the two phases share the same range of attenuation intensity (voxel
greyscale value) and are, therefore, indistinguishable. To overcome this, we also imaged polished sections of all
samples by Scanning Electron Microscopy (SEM) with a JEOL JSM-6400 microscope operating at 15-20 kV
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Table 1
Sample Description

Crystals® Gas bubble® Melt©

Run Crystal size (um) @, vol% (DPlag vol% @, . Plag vol% ®g,, vol% Pg,c vol% logBND long Dy VOI%
1 10 + 50 50.1 21.2 71.3 9.8 71 11.6 -13.9 18.9
2 10 + 300 44.8 254 70.2 7.1 74 104 -14.0 22.7
3 10 + 50+300 37.9 28.4 66.3 8.5 8.3 113 -13.8 25.2
4 10 - 453 453 14.5 13.6 11.3 No 40.2
5 10 + 50 48.7 22.0 70.7 9.7 7.2 11.6 -13.9 19.6
6 10 + 300 41.1 27.7 68.8 6.5 7.7 10.3 No 24.7
7 10 + 504300 50.6 22.7 73.4 6.4 6.6 10.4 No 20.2
8 10 - 45.0 45.0 15.0 13.6 11.5 No 40.0

Note. Bold lines correspond to permeable sample. “Crystals consist of plagioclase microlites (Plag) of ~10 pm, alumina
microphenocrysts and phenocrysts (Al) of ~50 and 300 pm, respectively. Contents of Plag (®py,,) and Al (® ) are calculated
on a bulk (bubble-bearing) basis. @p,,, ; o combines Dp,, and D, PPredicted melt bubble content (D,,,0) is first calculated
at 850°C after the equation of Jaupart and Allegre (1991) with the water content introduced in the capsule as initial water
content and 120 MPa as final pressure, and then recalculated on a bulk (crystal-bearing) basis. The bulk bubble content (®,,,)
and bubble number density (BND) recalculated on a melt basis are determined from pCT analyses. The permeability (K) is
determined from the pCT images using the Palabos software. “The bulk melt content (@) is 100-@py,e 4 AP, Label

g'dS'
“No” means that no continuous voxel chain connects two opposite ends of the sample, that is, there is no percolation.

acceleration voltages (ISTO). The resolution (pixel edge length) of our SEM images (Figures 1c and 1d) ranges
from 1.5 to 0.01 pm. SEM images were primarily used to constrain plagioclase microlites size, shape, number
density, and orientation. They allowed us to ensure the homogeneity of the microlite crystallization across the
series, thus enabling robust comparisons between samples.

All additional analyses were performed on the pCT and SEM images acquired using FiJi/ImageJ software phase
segmentation. We used the Palabos model to check face-to-face percolation of the volumes (Figure 1b) and
calculate the permeability of the gas phase in all three directions by solving the Lattice-Boltzman equations as
detailed in Burgisser et al. (2017).

3. Results
3.1. Sample Textures

After decompression from 350 to 120 MPa, all samples were three-phased (crystals, melt, gas) in proportions and
properties reported in Table 1. SEM observations of the plagioclase microlites show a monodisperse crystal size
distribution between 5 and 20 pm for long axes (Figure S1 in Supporting Information S1, Morgan & Jerram, 2006)
and up to 3 um for the short axis (hereafter referred to as 10 pm microlites). Plagioclase proportion is system-
atically 53 + 3 vol% with respect to the melt. Visual inspection of the volumes suggests that alumina crystals are
homogeneously distributed throughout the samples. Microlites are particularly present along alumina crystals that
act as preferential nucleation sites for plagioclase. In alumina-free samples, microlites are distributed homoge-
neously in the melt. The SEM images (Figures 1c and 1d) also reveal that plagioclase crystals surround nearly all
the bubbles; very few bubbles are in direct contact with alumina crystals. Some alumina crystals are fractured but
not displaced. We attribute these cracks to contact points between larger crystals during the high pressure syn-
thesis (Forien et al., 2011). These cracks are only visible on the SEM images due to their minimal thickness. They
do not participate in the permeable network as no crack is longer than the typical crystal size.

There are four bubble populations based on their texture and sizes, ranging from an isolated, 1-4 pm population to
a 5-8 pm population displaying incipient coalescence that transitions into a 8—100 pm population featuring
coalesced bubbles. The last population is composed of a few bubble chains that cause percolation when spanning
the sample length (Figure S2 in Supporting Information S1). Isolated bubbles and bubble chains are homoge-
neously distributed within the melt-microlite mixture.
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Figure 1. Vizualisation of the samples. (a) Reconstructed volume of a sample via p-tomographic images (run 1, scale bar is
200 pm) (b) Rendering of gas flow (white gradient is velocity magnitude) in a permeable sample obtained from numerical
simulation (run 1, scale bar is 200 pm) (c) Scanning Electron Microscopy (SEM) image showing percolating bubble chain
when coalescence just happened (run 6, scale bar is 20 pm) (d) SEM image showing multiple bubble clusters (already
resulting from coalescence) close to coalesce with each other (run 7, scale bar is 50 pm).

3.2. Permeability Occurrence

Among the eight samples, four are permeable with mean values of 10~'* m? (Table 1). Samples are permeable in
one or two directions with no preferential orientation of the permeability nor significant trend in the direction of
gravity. Permeability is isotropic and it ranges from 1 x 107 to 1.55 x 10™"* m?. All permeable samples have
less than 10 vol% bulk gas, which corresponds to a melt vesicularity of 24-34 vol%. None of the samples without
alumina crystals is permeable and neither are the samples with less than 7 vol% bulk gas. This permeability is
made possible by the coalescence of juxtaposed bubbles which form long chains across the samples (Figure 1b).
We therefore demonstrate experimentally that channeling leads to possible gas percolation through the medium.

Our experiments were conducted in a non-deforming environment. It is known that shear deformation of magma
leads to strong deformation of the bubbles, possibly enhancing coalescence (Burgisser & Gardner, 2004; Caricchi
etal., 2011; Daffos et al., 2024; Laumonier et al., 2011; Lavallée et al., 2022). This deformation elongates bubbles
in the shear direction, which reduce surface tension forces along their long edges. Low surface tension forces
facilitate coalescence at the expense of areas of the bubble where higher forces dominate (i.e., where the curvature
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is greatest). Shear deformation of magma can therefore cause channeling
(Daffos et al., 2024; Okumura et al., 2008, 2009) and hence fosters perme-
ability. Our results imply that coalescence and subsequent channeling can
take place at low porosity (albeit higher than 7 vol% bulk) and without shear
deformation.

4. Discussion
4.1. Role of Crystals in Controlling Percolation

As explained below, the channeling we observe cannot easily be related to

previous findings despite being in similar ranges of crystal and gas pro-
portions. One reason is that gas escape cannot be captured by a single mea-
sure, such as permeability, connectivity, or percolation because it is a
dynamic process. Connectivity (ratio of connected gas volume over total gas
volume), for instance, is only loosely linked to percolation and permeability

N —— because clusters of coalesced bubbles may still be isolated from one another
10™ 10 102 (Giachetti et al., 2019). Permeability can occur at low connectivity (0.06-0.54
Bubble overpressure (M Pa) in Graham et al., 2023; 0.1-0.3 in this study), whereas high connectivity does

not imply percolation (Okumura et al., 2012).

Figure 2. Theoretical estimates of the timescales of gas extraction (z,) and
bubble growth by viscous relaxation (z,) in crystal-rich magma as a function Previous decompression experiments carried out with 20-50 vol% pheno-

of bubble overpressure.

crysts in the 50-355 pm size range yield contrasting results. Some studies

concluded that crystal fraction, size, and shape play a modest control on gas
percolation, making the critical melt vesicularity vary from 48 to 55 vol% (deGraffenried et al., 2019; Graham
et al., 2023), which is well above the 24-34 vol% range we observe. Another study found no percolation up to 60
vol% melt vesicularity (Okumura et al., 2019) and a series of numerical studies extending the crystal content range
to 40-75 vol% with 3—5 mm phenocrysts concluded that much lower percolation thresholds could be achieved (10
vol% melt vesicularity; Degruyter et al., 2019; Parmigiani et al., 2017). All the explanations proposed to resolve
these apparent discrepancies put forward that high crystal contents foster multiple phenomena resulting in bubble
coalescence. Crystals reduce the space in which bubbles can nucleate (deGraffenried et al., 2019; Graham
et al., 2023) and, as they grow through viscous relaxation and/or exsolution, most find themselves constrained by
the surrounding crystals, which force them to change from the spherical shape acquired at nucleation to a distorted
shape with high local curvature (Degruyter et al., 2019; Parmigiani et al., 2017).

4.2. Surface Tension-Driven Process

The coalescence leading to the channeling described by Parmigiani et al. (2017) and Degruyter et al. (2019) was
caused by viscous fingering due to high viscosity contrast of the phases and it was driven either by buoyancy or
injection. These studies quantified the role of buoyancy by the Bond number (Bo = 0.1-1), which is the ratio of
gravity forces over surface tension. In our samples, Bo ranges between 4 x 107 and 4 x 10™* (with a melt-gas
surface tension of 0.07 N/m) because of the small size of the bubbles (Figure S1 in Supporting Information S1).
Surface tension forces thus dominate gravity forces by far in driving the coalescence we observe.

Another mechanism occurring during slow decompression of crystal-rich rhyolitic melts is gas segregation, which
leads to porosity heterogeneities (Kobayashi et al., 2023; Okumura et al., 2019). We calculated (Figure 2) the
timescales of gas extraction (t.,) and bubble growth by viscous relaxation (t,) in our experiments as, respec-

. 2 . . . . .. .
tively, 7o, = kaA*‘P" and 7, = ﬁ , where [ is the length scale, @gis the volume fraction of the interstitial fluid phase,

ky is the permeability of the solid network, AP is the pressure difference between the bubble and the medium, and
n is the strain-dependent magma viscosity (product of liquid viscosity and relative viscosity, Caricchi et al., 2007).
Following Okumura et al. (2019), 7., corresponds to the duration of migration of the gas-melt mixture by
permeable flow through the crystalline matrix due to a sample-wide pressure gradient caused by differential
bubble growth. The resulting long durations suggest that gas segregation is not operating in our experiments
because our crystal population yields too low a solid network permeability.

Bubble growth by viscous relaxation, z,, is controlled by the ratio of magma viscosity over the degree of
decompression. Following Okumura et al. (2019), two estimates of the magma viscosity were done. The first case
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assumes that only the microlites (53 vol.%) oppose the bubble viscous relaxation. The second case assumes that
both microlites and alumina (70 vol.%) oppose the bubble viscous relaxation. In both cases, we considered the
minimum (negligible expansion) and maximum (deformation rate approximated by the maximum gas volume
expansion, 10 vol.%, divided by decompression time) relative viscosity. Figure 2 shows the increase in pressure
difference between the bubbles and the medium caused by decompression if the bubbles are unable to grow fast
enough to keep pace with the decreasing ambient pressure. Considering our decompression rate, such over-
pressure is unlikely to have been >1 MPa.

Bubble spherical relaxation, 7., is calculated similarly to 7., but the driving pressure force is the overpressure due
to surface tension once the bubble has reached chemical and mechanical equilibrium (AP =4¢/d, where 6 = 0.07 N/
m is the surface tension and d = 2/ is the bubble curvature diameter). This mechanism assumes that capillary forces
modified the shape of the bubbles that were not at their equilibrium shape because of the constraining effect of the
microlite network. As 7., depends on the viscosity of the surrounding material, we calculated it for three cases: (a)
bubbles are smaller than a microlite, the viscosity considered is that of the melt and bubble mixture (microlite-free
and alumina-free, Pal, 2003, ~ 10 Pa s); (b) bubbles are larger than a microlite but smaller than a phenocryst, the
0%7 Pa s); (c) for the largest
bubbles, the viscosity considered is the melt-microlite-alumina viscosity (le‘O’] 1 pa s). In Case 1, relaxation
should occur between 30 s and 5 min, which is on the same order as 7,.. The corresponding small bubbles are thus ina
relaxed state at the beginning of the dwelling time. In Case 2, it would take between 40 min and a month to recover a

viscosity considered is that of the melt-bubbles-microlite mixture (Pal, 2003, =~ 1

spherical shape. It is thus likely that, during dwelling time, ongoing relaxation causes these medium-sized bubbles
to move within the interstitial melt and even move somewhat the microlites. Capillary forces are thus likely to have
driven coalescence before this relaxation time is reached, possibly fostering channel formation. This first-order
estimate assumes that the curvature relevant to estimate the capillary forces driving the relaxation of these me-
dium-size coalesced bubble chains is at least that of their equivalent spherical diameter. In Case 3, the time torelax a
bubble by moving the alumina matrix is 10'2~'# s. This estimate is consistent with our observations that no bubble
larger than a microlite relaxes into a spherical shape after 1 h 30 min.

The percolation we evidenced differs thus from that starting at higher porosity (Figure S3 in Supporting Infor-
mation S1), which is proposed to operate relatively high up in the conduit and could be followed by the outgassing
of a significant part of the magmatic gases near the sub-surface level. The low porosity thresholds (6—7 vol.%
bulk) could be due to an interplay between gravity and surface tension (Parmigiani et al., 2017), or solely due to
capillary forces (this study). Percolation in deep parts of volcanic conduits has thus to be considered as a dynamic
process even in a stagnant magmatic column.

5. Conclusion: Implication for Volcanic Outgassing

The experimental evidence for primary permeability onset through gas bubble channeling in silicic magmas
having at least a bimodal crystal size distribution and gas content lower than 10 bulk vol% has important im-
plications for ascending magmas and eruptive dynamics. We show that the percolation phenomenon is partic-
ularly sensitive to the presence of phenocrysts, but less to their sizes. We also see that percolation does not seem to
be fostered by a crystalline charge containing only microlites, although this might be due to the unique dwelling
time we explored. Even with no deformation, the mechanisms underlying coalescence and the channeling leading
to percolation remain dynamic. Therefore, more investigations on the influence of time on percolation process are
essential to fully understand permeability at low gas content in deep conduit conditions.

Our permeability values are comparable to those reported in the literature for natural samples (Figure S3 in
Supporting Information S1), particularly in dome-forming eruptions like at Merapi, Indonesia (Kushnir
etal., 2016). However, it appears that such natural permeabilities correspond to microcracks due to high stress rate
occurring relatively high up in the conduit (Shields et al., 2014). This fortuitous match builds on previous works
(Heap et al., 2014; Kushnir et al., 2016) that demonstrated the non-unicity of permeability responses because
several mechanisms yield similar permeability values. Permeabilities at such low porosity, however, have
generally been attributed to microfractures/microcracks (Figure S2B in Supporting Information S1, Kushnir
etal., 2016; Shields et al., 2014) that are generally posterior to higher porosity percolation phenomena. In contrast,
we attribute the present permeability values to primary percolation (linked to direct coalescence processes) and
not to posterior percolation resulting of buoyancy, deformation, or fracturing. It could even imply that the gas
channels we observed are preferential sites for subsequent fracturing (Crozier et al., 2022). Here we show that
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those permeability values are also consistent with a deep conduit location at rest, that is, coalescence and
channeling related percolation.

Our experiments demonstrate the ability of magmas to form permeable channels at low gas content with
negligible buoyancy effects (Parmigiani et al., 2017) and without brittle-viscous dynamics (Colombier
et al., 2020). This implies that outgassing is possible much deeper in the conduit (Collombet et al., 2021) than
previously thought and, in particular, even at the low gas content typical of stagnant magmas (i.e., during repose
or inter-eruptive phases, Christopher et al., 2015). Outgassing at such depths requires a high crystallinity
composed of at least two populations: phenocrysts inherited from the chamber (Graham et al., 2023; Lindoo
et al., 2017) and microlites that typically would have grown in response to the ascent from the chamber into the
conduit thanks to the ensuing decompression and a residence time of at least several hours in these new condi-
tions. Efficient outgassing at depth would ultimately delay magma fragmentation as the magma rises to the
surface (Gardner et al., 2013; Kendrick et al., 2013; Kushnir et al., 2016). The combination of phenocryst content
in the chamber and crystallization conditions near the conduit inlet thus adds an hitherto unrecognized control to
the explosive versus effusive behavior of silicic volcanoes in addition to variable speed of ascent through the vent.
In this view, phenocrysts act as a primer for outgassing; a necessary but not sufficient condition to gas percolation
without magma extrusion. This may be the missing physical mechanism explaining gas transfer across the entire
depth of magmatic systems (Collombet et al., 2021; Edmonds et al., 2010; Oppenheimer et al., 2009) despite
sometimes very high magma viscosity and low or absent magma extrusion.
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