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Chlorine Heterogeneity in Volcanic Glass as a Faithful
Record of Silicic Magma Degassing
Shumpei Yoshimura' (2 and Mitsuhiro Nakagawa'

'Department of Earth and Planetary Sciences, Hokkaido University, Sapporo, Japan

Abstract Degassing processes occurring within silicic magma, such as bubble growth, bubble
resorption, the welding of magma fragments, and open-system gas loss are crucial in the control of
volcanic eruption and lava emplacement, yet their details are still debated. To examine the possibility that
these degassing processes are recorded in volcanic glass as heterogeneous Cl distribution patterns, we
experimentally simulated these processes by heating rhyolitic obsidian and analyzed the distribution of

Cl content in the recovered sample. The results showed that, for bubble growth, Cl diffused toward the
bubble interface, leading to Cl depletion around the bubble. For bubble resorption, Cl was discharged from
the bubble to the melt, leading to Cl enrichment in the ambient melt. For welding of magma fragments,

Cl was depleted near the welded interface because each fragment had degassed Cl at the surface before
the welding took place. For open-system gas loss, Cl exsolved at the bubble interface while the bubble
itself was being collapsed into a chain of small bubbles and a Cl-depleted tail. These results indicate

that Cl distribution is a reliable record of the experienced degassing processes. We then analyzed the Cl
distribution in silicic lava from Naruko volcano, Japan, to study the gas flow mechanism. We observed that
the glassy matrix was progressively corroded into porous crystalline material. The interface of the glass
was highly enriched in Cl. We conclude that a Cl-rich gas fluxed through hot lava and corroded the glass,
developing a porous, gas-permeable region.

1. Introduction

Silicic magma erupts in a wide spectrum of styles, ranging from violent explosions that discharge a mixture
of high-temperature gas with pyroclasts to non-explosive eruptions that effuse lava gently. Recently, hybrid
activity, in which explosive eruption occurs simultaneously with lava dome formation from a common
vent, has also been recognized (Castro et al., 2012; Schipper et al., 2013). The variation in eruption style is
controlled by degassing processes that occur during magma ascent. As the magma ascends and the pres-
sure decreases, volatile solubility decreases and magma vesiculates. This results in increasing buoyancy
and driving eruption forces. In contrast, bubbles interconnect to produce permeable networks resulting
in open-system gas loss and a decrease of driving force for eruption (Eichelberger et al., 1986; Gonner-
mann & Manga, 2007). A shear-induced network of fractures formed within magma may also contribute
to the open-system gas loss (Cabrera et al., 2011; Castro et al., 2014; Gonnermann & Manga, 2003; Holland
et al., 2011; Kushnir et al., 2017; Saubin et al., 2016; Stasiuk et al., 1996; Tuffen & Dingwell, 2005; Tuffen
et al., 2003, 2008). In addition to these processes, bubble resorption and welding of shattered magma frag-
ments may play a significant role in eruption dynamics and formation of dense pyroclasts (e.g., Gardner
et al., 2017, 2018, 2019; Rust & Cashman, 2007; Watkins et al., 2012, 2017; Westrich & Eichelberger, 1994)

The abovementioned degassing processes are also important for controlling structural development and
self-explosion (explosive disintegration) of hot silicic lava. Silicic lava exhibits a complicated structure com-
posed of the vesicular pumiceous region, dense obsidian region, and crystalline region in a single lava lobe
(Fink, 1983; Fink & Manley, 1987). Such structural variation may be produced through gas generation and
transport processes (Fink & Manley, 1987; Fink et al., 1992). In addition, silicic lava often causes violent ex-
plosions during emplacement because of gas accumulation causing a resultant pressure build-up in bubbles
and void spaces. Such explosions are considerably violent and often generate devastating pyroclastic flows
and block-and-ash flows (e.g., Castro et al., 2002; Fink & Kieffer, 1993; Navon et al., 1998; Sato et al., 1992).

To understand these degassing-related processes within silicic magma, the chemical heterogeneity of vol-
canic glass has been extensively investigated. Diffusion profiles of H,0, CO,, and semivolatile metals, such
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(b) as Li and ore-forming elements (e.g., Cu, Pb, and Zn), within volcanic

glass have been analyzed to estimate timescales of vesiculation (Castro
et al., 2005), magma ascent (Watkins et al., 2012, 2017), and gas fluxing
through fractures (Berlo et al., 2013; Heap et al., 2019; Paisley et al., 2019;
von Aulock et al., 2017). However, the use of diffusion profiles has been
limited to samples with low vesicularity where bubble-bubble or bub-
ble-void distances are sufficiently long (a few hundred micrometers) that
diffusive heterogeneity can be well characterized. For samples where ve-
sicularity is high and bubble-void distance is short, these volatiles diffuse
so rapidly that the heterogeneity is hardly detected. We recently proposed
that the Cl-content mapping analysis is useful for investigating the de-
gassing processes of vesiculated lava because Cl has low diffusivity and
may be analyzed with a high spatial resolution using an electron probe
: . microanalyzer (EPMA) (Yoshimura et al., 2019). Cl is a major volatile in
compaction magmatic systems and partitions into the gas phase as a “passive” com-
eXperiment ponent when other major volatiles such as H,O and CO, exsolve (Fortin
et al., 2017; Watson, 2017). The occurrence and behavior of Cl are pre-
sented by Aiuppa et al. (2009). In silicic volcanoes, a flux of Cl (HCI)
gas emission significantly increases during periods of lava extrusion (e.g.,
Christopher et al., 2010; Edmonds et al., 2008). Cl degassing during mag-
ma ascent has not been well theorized because of lack of Cl solubility
data under low pressure and low Cl content conditions (conditions of
brine undersaturation) (Shinohara, 2009). For Cl diffusivity, recent ex-
periments showed that the Cl diffusivity in silicic melt is much lower

decreasing

H;O in melt

than that of H,0 and CO,, especially under low-H,O conditions (<1 wt%)
(Feisel et al., 2019; Yoshimura, 2018). Therefore, Cl diffusive heterogene-
ity generated through the shallow-part degassing processes may persist
in a vesicular glass without being erased, even after other volatiles are
lost or completely homogenized. Yoshimura et al. (2019) actually demon-

B

distance strated that Cl content was highly heterogeneous in groundmass glass of

Figure 1. Schematic illustration of (a) the vesiculation experiments

and (b) the compaction experiments. C: MgO capsule, D: MgO disk, P:
stainless-steel piston. See Appendix A for the entire illustration of the
spring-pressuring device. (c) Close-up image of the rectangular area in
(a) and the conceptual model of H,O distribution. “S” denotes the sample

a rhyolitic lava from Mukaiyama volcano, located in Niijima Island, and
proposed a new degassing model regarding the non-explosive eruption of
silicic magma.

In this paper, we present a new investigation on Cl degassing in silicic

surface and “B” denotes the approximate position of the boundary between ~ Magma. In the first half of this study (Sections 2-5), we experimentally
the bubble-rich region and the bubble-free region. The boundary moves simulated degassing-related processes that may occur in silicic magma:
inwards over time as the outermost bubbles resorb. bubble growth, bubble resorption, open-system gas loss, and the welding

of magma fragments. Thereafter, we analyzed the Cl-content distribution

in the experimental samples and demonstrated that the Cl distribution
pattern was specific to each process. This establishes a guide for interpreting Cl-content distribution in a
natural silicic glass. In the second half of this study (Section 6), we applied the Cl-content map analysis
to a natural silicic lava from the Naruko volcano, Northeast Japan, to investigate the gas flow mechanism
within silicic lava. We propose that the Cl content mapping analysis is a promising method to investigate
shallow-part degassing of silicic magma.

2. Experimental and Analytical Technique

Two types of experiments were performed to reproduce degassing-related processes occurring in silicic mag-
ma. The first experiment was a vesiculation experiment in which the growth and resorption of bubbles were
simulated by heating hydrous obsidian (Figure 1). We used this method because it allowed us to observe
both bubble growth and resorption in a single experiment, as demonstrated and theorized previously by
Yoshimura and Nakamura (2008). The second experiment is the compaction experiment in which obsidian
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Table 1

Glass Composition (Wt% + 1c)

fragments were uniaxially pressurized at high temperatures (Figure 1b).
In this experimental series, both the welding of fragments and open-sys-

tem gas loss were observed.

Components  Wada-Pass obsidian Toyagamori lava, Naruko volcano
Sio, 76.83 £ 0.08 78.26 + 0.12
) 2.1. Vesiculation Experiments
TiO, 0.08 £+ 0.01 0.27 = 0.02
ALO; 12.58 + 0.05 11.99 + 0.06 Vesiculation experiments were conducted to simulate the growth and re-
FeOt* 0.54 + 0.05 151 + 0.05 sorption of bubbles. Natural rhyolitic obsidian that was collected from
a working quarry in Wada Pass, Nagano (Japan) was used as the start-
MnO 0.09 = 0.03 0.08 = 0.01 . . . e . .
ing material. The chemical composition of this obsidian was measured
MB0 O = @ U28E2002 with a JEOL JXA-8350f field-emission electron probe microanalyzer
Ca0 0.53 +0.01 1.78 £0.03 (FE-EPMA) at Hokkaido University and is listed in Table 1. The water
Na O 3.30 + 0.07 3.85 +0.05 content of the glass was 0.59 wt% (measured with a micro-FTIR; see Sec-
K0 513 + 0.07 1.66 + 0.03 tion 2.3). We confirmed that both H,0 and CI contents were homogene-
a 1150 £ 30 ppm 1,070 % 70 ppm ous throughout the sample by analyzing multiple points of the obsidian.
Cylindrical cores (diameter = 4.8 mm, length = 8 mm) were prepared
P,O not analyzed 0.03 £+ 0.02 L. . . . .
from the obsidian chunk and placed in an MgO cylindrical capsule (inner
HO" 0.75 £ 0.01 0.17+0.01 diameter = 5 mm, length = 13 mm). The capsule was then placed in a
co,’ <0.1 ppm <0.1 ppm stainless-steel pressure vessel, and the obsidian core was pressurized uni-
Total® 100.00 100.00 axially with a piston in a spring-pressurizing device under a pressure of
“Total Fe as FeO. "Measured with FT-IR under vacuum. “Normalized to 1-3 MPa (Figure 1a; see Appendix A for the entire design of this device).
100%. The vessel was then heated at 1000 °C in an electric furnace for 3-24 h.
This temperature was chosen because it causes the obsidian to vesiculate
immediately. This was essential to study the diffusion behavior of vola-
tiles. The experimental conditions are summarized in Table 2. Note that
neither Cl nor H,0 was externally added to the experimental capsule; we focused on volatiles originally
dissolved in the obsidian.
During heating, the growth and resorption of bubbles occur in the following, somewhat complicated, man-
ner (Figure 1c). Upon heating, the obsidian immediately softens and vesiculates into a bubbly foam because
the initial H,O content is much higher than the H,O solubility at 1 atm and 1000 °C. The vesiculated melt
soon fills the MgO capsule and the bubbly melt achieves a static condition. Meanwhile, the outer surface
of the sample (i.e., the surface melt that is in contact with the MgO) is kept dry and water-undersaturated
because the MgO capsule is open (not welded shut). Bubbles near the outer surface therefore resorb into the
undersaturated melt, forming a bubble-free region at the margin. The thickness of this bubble-free region
increases with time because surface dehydration and the outward water diffusion continue. If the pressure
were maintained at a constant level, the inner bubbles would not grow any further after the gas-melt equi-
librium is attained. However, preliminary experiments revealed that the
pressure gradually decreased and therefore bubbles grew in the following
Table 2 manner. At a certain time in the run, the bubble-free marginal region

Experimental Conditions

began to bolster the sample itself against the uniaxial stress, because the

Run# Temperature (°C)

Heating viscosity of dry, bubble-free melt significantly increases (to a value of

Initial pressure (MPa)*  duration(h) 10’-10° Pa s, as estimated from Giordano et al., 2008). This viscous crust

Vesiculation experiments

ves07
ves13

vesl4

1000
1000
1000

Compaction experiments

cpt01
cpt02
cpt03

900
900
1000

is so rigid that the sample volume is thereafter maintained nearly con-
stant. Because the outermost bubbles continue to resorb while the total

25 7 sample volume is kept constant, the pressure within the sample gradually
12 3 decreases, leading to the growth of inner bubbles (the water content in
29 24 the inner melt also decreases). Therefore, three processes: the dissolution

of the outermost bubbles, the decrease in pressure, and the growth of the
39 6 inner bubbles, proceed simultaneously during heating. A model calcula-
Al 16 tion showed that the pressure decreases to reach approximately 80% of
s 6 the initial value within 20 h (Yoshimura & Nakamura, 2010). However,

despite the complexity and somewhat uncontrolled conditions, the pres-

“Estimated from spring length and Hooke's law at the beginning of the  ent experiments successfully demonstrated the growth and resorption of
experiment (see Appendix A).

bubbles and the associated behavior of CI.
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2.2. Magma Compaction Experiments

Magma compaction experiments were performed to simulate the welding of magma fragments and
open-system gas loss. Obsidian fragments were prepared as the starting material by crushing a chunk of
the Wada-Pass obsidian in an iron mortar. The fragments were then sieved to obtain particles of 0.25-1 mm
in diameter. Approximately, 100 mg of the sieved fragments was placed into an MgO cylindrical capsule,
and they were pressurized uniaxially with the spring-pressurizing device under pressure of ca. 4 MPa (Fig-
ure 1b). The vessel was then heated in a furnace at 900-1000 °C for 6-19 h. The experimental conditions are
summarized in Table 2. Unlike vesiculation experiments, the pressure in this experimental series was con-
sidered to have been constant because no specific structures that could have bolstered the sample against
the uniaxial pressure were observed in the experimental sample.

2.3. Analytical Technique

When the time expired, the vessel was quenched in a water bucket. The glassy sample was carefully re-
covered from the MgO capsule and was cut into two pieces longitudinally. One piece was stored and the
other mounted in epoxy and polished to a mirror finish for the optical and electron microscopic observa-
tion. For vesiculation experiments, the mean bubble radius was measured by analyzing optical images.
Back-scattered electron images (BEIs) were acquired with a JEOL JXA-8350f FE-EPMA at Hokkaido Uni-
versity. Cl-content mapping analysis was performed with the same FE-EPMA with a 100 nA electron beam,
15 kV accelerating voltage, dwell time of 500 ms, and x-y steps of 2 x 2 um. The map size was typically
0.84 X 0.63 mm (420 steps X 315 steps). Although we used a 2-um electron beam, the spatial resolution of
this mapping analysis is >2 pum because the excitation volume is larger than the beam diameter. For beam
calibration, natural and synthetic crystals were used as follows: halite for Cl, SiO, for Si, TiO, for Ti, AL,O;
for Al, Fe,0; for Fe, MnO for Mn, MgO for Mg, wollastonite for Ca, jadeite for Na, and alkali feldspar for K.
The Cl count was measured using a PETH crystal, which enabled us to obtain higher count rates (~330%)
compared to those of a traditional PET crystal. Following the mapping analysis, the CI count rate at each
point was converted to absolute Cl content based on a calibration line, which was established by comparing
the CI count rate at several points to the absolute Cl content at the same points (Appendix B). The absolute
Cl content was determined via standard quantitative analysis; the acceleration voltage and beam current
were 15 kV and 10 nA, respectively, and a ZAF correction method was applied. The beam diameter was
2 um. We note that such a thin beam generally causes significant sodium loss from the glass. However,
nearly all of the sodium had already been lost in the 100 nA mapping analysis (which was confirmed by
analyzing the map-analyzed portion with a 10-nA, 10-um defocused beam) and thus no further sodium loss
occurred in this 2-um spot analysis. Cl and K did not show any loss both in mapping analysis and spot anal-
ysis. No correction concerning sodium loss was done when measuring the absolute Cl content. When we
analyzed starting material, groundmass of lava, and melt inclusions (Section 6), we used a 10-um, defocused
beam to mitigate sodium loss.

For analysis of the H,0 content, we used a JASCO IRT-5200VC Fourier transform infrared spectrometer (FT-
IR) installed at Hokkaido University. The glass sample was removed from the epoxy mount that was used
for the FE-EPMA analysis and then prepared as a doubly polished thin wafer (thickness was 120-150 pum)
such that the FE-EPMA-analyzed surface constituted one side of the wafer (so that the Cl-content distribu-
tion could be directly compared with the H,O-content distribution). The aperture size of the infrared beam
was 10 X 10 um or 20 x 20 pum. For vesiculation experiments, the total H,O content (OH + H>O molecule)
was determined based on the “species-dependent €3500 method” developed by McIntosh et al. (2017). We
measured absorbances at 3,550 and 1,630 cm ™" and calculated OH and H,O contents by using molar absorp-
tivity from Newman et al. (1986) (55 L-mol ™ cm™" for H,O molecules at 1,630 cm™, 100 L-mol ™" ¢cm™ for
end-member values of OH at 3,550 cm ™, and 56 L-mol ™" cm™ for end-member values of H,O molecule at
3,550 cm ™). For the welding experiments, we used a fixed molar absorptivity of 75 L-mol™" cm™" (Okumura
et al., 2004) to calculate the total H,O content because the species-dependent €3500 method was unsuccess-
ful (OH content was negative in all calculations and thus the total H,O content was not correctly calculated,
although all spectra were well shaped). The use of different methods however did not change the conclu-
sion. All FT-IR data are provided in Supporting Information.
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Figure 2. Optical microscopic images of the run products of vesiculation
experiments. (a) ves07 (1000 °C, 2.9 MPa, 7 h); (b) ves13 (1000 °C,

1.2 MPa, 3 h); (c) ves14 (1000 °C, 2.9 MPa, 24 h); (d) Close-up view of the
rectangular area in (c). All samples showed a structure composed of a
bubble-free marginal region and a bubble-rich central region. In (d), “S”
denotes the sample surface, and “B” denotes the approximate position of
the boundary between the bubble-free region and the bubble-rich region.
Bubbles just at the boundary (marked with arrows) are small compared to
those in the central region (Table 3), indicating that they are resorbing.

Table 3
Results of Vesiculation Experiments

Final Final Bubbles
H,O content  pressure  pressure  incentral Outermost
at central (MPa) (MPa) region bubbles
Run# region (wt%) (Liu)* (Duan)® (um) (um)
ves07 0.51 3.0 8.8 158 + 27 27 £ 10
vesl3 0.41 2.0 7.0 348+ 79 16 £ 4
vesl4 0.49 2.8 8.5 233+ 70 25+9

“Estimated from H O content at central region and solubility model of Liu
et al. (2005). "Estimated from H,O content at central region and solubility
model of Duan (2014) and equation of state by Duan and Zhang (2006).

3. Results
3.1. Vesiculation Experiments

The experimental products of the vesiculation experiments were com-
posed of two distinct regions (Figure 2). The first was a bubble-rich re-
gion at the central part of the sample and the second was a bubble-free
marginal region. The size of the bubbles was larger and roughly identical
within the central region, while the outermost bubbles (bubbles on the
boundary between the two regions) were significantly smaller (Table 3).
The H,O content decreased toward the surface of the glass within the
bubble-free marginal region, while it was constant within the bubble-rich
central region (Figure 3; profile a—@). These results are typical of vesic-
ulation experiments in open systems, in which the outermost bubbles
resorb while the bubbles in the central region grow (Yoshimura & Na-
kamura, 2008). The absence of an H, O-content gradient between the
bubbles (profiles y-8, e-¢, and n-6 in Figure 3) indicated that the rate of
pressure decreases and of bubble growth was sufficiently small that gas—
melt quasi-equilibrium was maintained with respect to H,O. The average
rate of pressure decrease can be in principle estimated based on the initial
pressure (calculated from spring length and Hooke's law; Appendix A),
final pressure (calculated from H,O content at the bubble-rich central re-
gion, and H,0 solubility law), and experimental duration. However, this
attempt was unsuccessful because the calculated values of final pressure
were higher than the initial pressures with various extent depending on
the solubility law used (Table 3).

Figures 4a-4d show the BEIs and Cl-content maps. In the bubble-rich
central region, the Cl content decreased toward the bubble interface
(profile y-8), indicating that bubbles are growing by absorbing Cl (and
H,O0) from the nearby melt through diffusion. In contrast, the CI content
near the smaller bubbles (marked with arrows in Figures 4c and 4d) in-
creased toward the bubble interface (profile e-{). This Cl enrichment was
the result of bubble resorption. The C1/H,O0 ratio of the gas progressively
increases during resorption because H,O diffuses out by 3-4 orders of
magnitude faster than Cl does, meaning that diffusive fractionation oc-
curs (e.g., Watson et al., 2017). The CI chemical potential of the gas soon
exceeds that of the nearby melt, and the CI begins to diffuse back into
the melt.

3.2. Compaction Experiments

Figures 5a-5f show typical BEIs and Cl-content maps of the compaction
experiments. In the 900 °C experiments, obsidian fragments were de-
formed and welded into a glass aggregate (Figures 5a and 5b). The degree
of welding varies according to the location; some of the grain interfaces
are only partially welded and the original interface is still visible in the
BEIs, while others are apparently completely welded and coherent. In
addition, various degrees of welding were observed even on a single in-
terface (Figures 3b, 5a and 5b). Such non-uniform welding may indicate
that there was local variation in the stress exerted on the contact inter-
face (Quane & Russel, 2005) or surface roughness (Yoshimura & Naka-
mura, 2010). In the 1000 °C experiment, the obsidian fragments became
completely fused and the original interfaces could no longer be identified
in the BEI (Figure 5c).

YOSHIMURA AND NAKAGAWA
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Figure 3. Optical image of the doubly polished glass wafer of (a) the vesiculation experiment (ves07) and (b) the
compaction experiment (cpt02). The rectangles indicate the field of the Cl-content maps (Figures 4c and 5d). In (a), “S”
denotes the sample surface and “B” denotes the approximate position of the boundary between the bubble-rich region
and the bubble-free region. In (b), the interfaces between the obsidian fragments are visible in black dots, because the
welding is imperfect and thin spaces are present along the interface. (c) The H,O content profiles.

In Figures 5d and 5e, the Cl content was significantly low near welded interface compared to that of the
inner portion. This indicates that each obsidian fragment had begun Cl degassing at the surface before the
fragments were welded into a glass aggregate. The Cl-content profile across a less-strongly welded interface
(profile -—x in Figures 5d and 5g) was V-shaped and deep, indicating that the interface was still open and the
Cl degassing continued. In contrast, the Cl-content profile across an apparently completely welded interface
(profile A-u) was U-shaped and shallow, indicating that the interface was practically closed and that the
profile was under homogenization by diffusion.

An important observation from the magma compaction experiments is that bubbles formed in the melt
often showed the shape of a teardrop. An example of this is the two bubbles marked with arrows in Fig-
ure 5b. These bubbles are identified as two independent bubbles in the BEI, but they are connected through
a Cl-depleted “tail” in the Cl-content map (Figure 5e). This indicates that the two bubbles were originally
a large single bubble, which later collapsed into two bubbles under deformation. The CI content decreased
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Figure 4. (a and b) BEIs; (c and d) Cl-content maps of the vesiculation experiments. (a and c) ves07 (1000 °C, 2.9 MPa,
7 h); (b and d) ves13 (1000 °C, 1.2 MPa, 7 h). “S” denotes the sample surface and “B” denotes the approximate position
of the boundary between the bubble-rich region and the bubble-free region. Arrows in (c) and (d) indicate resorbing
bubbles. (e) The Cl-content profiles along the traverses shown in (c). The red line indicates the best-fit profile calculated
based on simple diffusion degassing (Appendix C1). The blue line indicates the best-fit profile calculated based on the
initial diffusive degassing and the subsequent resorption (Appendix C2).

toward the bubble-melt interface, indicating that gas was exsolving at the bubble interface. The fact that
gas exsolution is still occurring while the bubble itself has collapsed indicates that the gas in these bubbles
was evacuated to the outside, meaning that the open-system gas loss was occurring. The gas is considered to
have escaped in a direction perpendicular to the paper, probably through interconnected bubble channels
or a void network between imperfectly welded fragments.

In Figures 5d and 5e, several small spots with high Cl contents were notably observed in the welded glass
(marked with arrows). As similar to those observed in vesiculation experiments, these are interpreted as
representing the remnants of resorbed bubbles. This resorption is caused due to dehydration of the melt,
as was observed in the vesiculation experiments. Bubble resorption due to repressurization (Westrich &
Eichelberger, 1994) was unlikely in the present experiments because the pressure of the sample chamber
‘was constant.
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Figure 5. BEIs, Cl-content maps, and Cl-content profiles of the compaction experiments. (a, b, d, and e): cpt02 (900 °C,
4.1 MPa, 19 h), (c and f): cpt03 (1000 °C, 4.4 MPa, 6 h). The white arrows in (d) and (e) indicate the Cl-enriched spots,
which represent the remnants of resorbed bubbles. The white arrows in (b) represent drop-shaped bubbles, which

had been originally a single large bubble, but later collapsed into two smaller bubbles through open-system gas loss
(see Section 3.2). (g) The Cl-content profiles in (d). The red line indicates the best-fit profile that is calculated based on
simple diffusion degassing (Appendix C1). The green line indicates the best-fit profile that is calculated based on initial
diffusive degassing and the subsequent homogenization after welding (Appendix C3).

4. Discussion
4.1. Vesiculation Experiments

The results showed that the Cl distribution pattern remaining in the glass around a bubble varies depending
on whether a bubble is growing or dissolving. If a bubble is growing, then the Cl content decreases toward
the bubble interface. If a bubble is resorbing, then the Cl content increases toward the bubble interface.
Therefore, Cl-content distribution patterns are used as a new tool to diagnose the behavior of bubbles.
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In addition, Cl heterogeneity is useful to estimate timescales (or diffusivity) of related processes through
diffusion analysis. For a Cl-content profile near a growing bubble (profile y-3, Figure 4e), we used a simple
diffusive degassing model (Appendix C1) and estimated the diffusivity to be 1.7 x 107" m’/s. Here, we as-
sumed that this bubble was formed at the beginning of the run and continued diffusive uptake throughout
the run (¢t = 7 h). The obtained diffusivity is consistent with the value that was estimated for 1000 °C by
extrapolating the low-temperature (950-650 °C) Cl diffusivity data for rhyolitic melt (Yoshimura, 2018). We
then analyzed the diffusion profile around a resorbing bubble (profile -, Figure 4e). These bubbles are
considered to have had initially grown and then resorbed. Applying a model incorporating initial diffusive
degassing and subsequent backward diffusion (Appendix C2) to the profile e-¢, and using a Cl diffusivity of
1.7 X 10" m?/s (obtained above), we estimated the timescale of the initial degassing (bubble growth) (fuegs)
to be 5.1 h and the timescale of resorption (f.g,) to be 1.9 h. Here, we fixed fgeges + fresp at 7 h (run duration)
on an assumption that the bubble was formed at the beginning of the run. The relative error for timescales is
considered to fall within ~85% based on the propagation of error of Cl diffusivity (~80%; Yoshimura, 2018)
and Dt (~30%). For reference, if the total duration is not fixed at 7 h, then we obtain fyeg,s = 9.3 h and
tresp = 2.5 h as the best-fit values.

The Cldistribution in the glass is not necessarily identical to the H,O-content distribution. Along the profile
v-3, a clear gradient in Cl was observed around the growing bubbles (Figure 4e), while the distribution of
H,0 was homogeneous (Figure 3c). This indicates that a gas-melt quasi-equilibrium was maintained for
H,0 because of its high diffusivity (~10_11 m?/s at 1000 °C; estimated based on Zhang & Ni, 2010), while
Cl did not attain equilibrium because the diffusivity of Cl is significantly low (~10"* m?¥s at 1000 °C). For
resorbing bubbles, H,0 in the gas resorbed into melt and produced a diffusion profile decreasing toward the
dry outer surface of the sample (profile a—@ in Figure 3c), while Cl was discharged in a short-length scale
radially away from the resorbing bubble (profile e-¢ in Figure 4e). This difference arises because rapid-dif-
fusing, dominant component (H,0) governed the total behavior of bubble resorption while slow-diffusing
Cl was only subordinately concentrated in the gas and resorbed back in the ambient melt.

4.2. Compaction Experiments

Cl diffusive heterogeneity is useful for estimating timescales and the diffusivity of degassing for each glass
fragment and its subsequent homogenization after the interface is welded. For a profile across an unweld-
ed interface where diffusive degassing only occurred (profile 1-x, Figure 5g), we used the simple diffusion
model (Appendix C1) and obtained a Cl diffusivity of 5.5 x 107'® m?/s. This diffusivity is similar to the CI
diffusivity at 900 °C for dry rhyolitic melt (Yoshimura, 2018). Here, we assumed that the diffusive degassing
continued throughout the run (fgeg.s = 19 h). We then analyzed the Cl-content profile across a welded inter-
face where the profile showed a U-shape (profile A-u, Figure 5g). Applying a model that incorporates the
initial diffusive degassing and subsequent homogenization (Appendix C3) to the profile A-u and assuming
a diffusivity of 5.5 x 10™'® m?/s, we estimated that the timescale of the initial degassing (fsegss) Was 1.5 h and
the timescale of subsequent homogenization (fposeweia) Was 17.5 h. Here, we assumed that the total timescale
Laegas + fpostwerd Was fixed at 19 h because the experimental duration was 19 h for this run. We also assumed
that the welding occurred instantaneously at ¢ = fyg.s. The assumption that welding occurs instantaneously
within a short duration has been validated in our previous experiments (Yoshimura & Nakamura, 2010).
For reference, if the total duration is not fixed at 19 h, then we obtain fyeg,s = 1.9 h and fyestwela = 28 h as the
best-fit values.

The Cl distribution in the glass is again not necessarily identical to the H,O-content distribution. Along
the traverse 1-x the H,O-content profile shows a wide (>50 pm), U-shaped profile, while Cl shows a nar-
row (~20 um) V-shaped profile (compare Figure 3c with Figure 5g). Although this difference is mainly
due to the difference in diffusivities, we consider that a difference in the spatial resolution of the analyt-
ical techniques used (FT-IR vs. EPMA) also contributes to the difference in the shape of the profiles. For
the ClI analysis with an FE-EPMA the sample surface was scanned with a 2-um beam, while for the H,O
analysis with FT-IR, a 10 X 10 um infrared beam was transmitted through a ca. 120-um thick wafer. H,O
content was the average value for the ca. 12,000 um?® optical path. For the H,O content profile along the trav-
erse A-u (Figure 3c), a monotonic slope was observed while the CI profile showed a symmetrical U-shape
(Figure 5g). This difference may indicate that the interface had been closed off in an earlier stage in the
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Figure 6. Schematic illustrations of the Cl-content distribution patterns
of fundamental degassing processes. For bubble growth, Cl diffused toward
the bubble interface, leading to Cl depletion around the bubble. For bubble
resorption, Cl was discharged from the bubble to the melt, leading to C1
enrichment in the ambient melt. For the welding of magma fragments,

Cl was depleted near the welded interface because each fragment had
degassed Cl at the surface before the welding took place. For the open-
system gas loss, Cl exsolved at the bubble interface while the bubble itself
was being collapsed into a chain of small bubbles and a Cl-depleted tail.

experiment (calculation showed that it is 1.5 h after the onset of heating)
and a new boundary condition was established, which soon resulted in a
new H,O distribution. Meanwhile, the Cl continued homogenizing near
the welded interface because the change in the boundary conditions did
not readily affect the Cl chemical potential distribution because of its low
diffusivity.

5. Summary of Experiments and Applicability to
Natural Processes

The experimental results demonstrated that the CI distribution pattern
is specific to the process occurring in silicic melt (Figure 6). For bubble
growth, the Cl content in the melt decreased toward the bubble interface
as a result of diffusive degassing. For bubble resorption, the CI content
was elevated near the bubble interface because the Cl1/H,O ratio of the
gas increased as a result of diffusive fractionation, and the CI diffused
back to the melt. For welding of magma fragments, Cl was depleted
near the welded interface because each fragment had degassed Cl at the
surface before the welding took place. For the open-system gas loss, the
bubbles showed signs of both ongoing ClI diffusion toward the bubbles
and ongoing compaction of the bubbles. The ongoing compaction was
identified as a chain of smaller bubbles with a Cl-depleted tail. These re-
sults suggest that the distribution patterns of CI are useful to explore the
degassing processes in both experimental and natural systems.

Cl diffusive heterogeneity was useful to estimate the timescale of the
above processes. The range of timescales estimated in the above exper-
iments was a few hours at 900-1000 °C for a diffusion distance of a few
tens micrometers. At temperatures typical of natural silicic magma (such
as 720-850 °C), the range of Cl diffusion timescales is increased to a few

days to a month because the Cl diffusivity decreases by 1-2 orders of mag-
nitude. Therefore, degassing processes occurring in ascending magma,
which continues for a few hours or longer during explosive eruption and
for a few days to a month during the non-explosive eruption, are suitable targets for this analysis. We cau-
tion however that Cl heterogeneity produced through degassing occurring in a deeper part of the conduit
tends to be easily erased because Cl diffusivity significantly increases with increasing H,O content of the
melt (Watson, 1991; Yoshimura, 2018). Degassing processes occurring in much shorter time scales, such as
degassing of each fragment after magma fragmentation during an explosive eruption, or degassing occur-
ring in much longer duration such as bubble formation in the magma chamber, are inappropriate subjects
for this method. Degassing of welded tuff or lava may be well investigated through Cl-content mapping
analysis because these processes continue for a long duration under a slowly cooling condition.

6. Application to Natural Silicic Lava

Finally, we investigated the gas flow process occurring within natural silicic lava by applying the Cl-content
mapping analysis to Toyagamori lava from the Naruko volcano, located in Northeast Japan. This lava is dac-
itic to rhyolitic in bulk composition (Ban et al., 2005) and the groundmass glass is rhyolitic (Table 1). The
eruption date of this lava is not well known, although it must be younger than 11,800 years (Omoto, 1993).
The magmatic temperature has been estimated to be 850 °C based on a magnetite-ilmenite geothermom-
eter (Ban et al., 2005). The interior structure of this lava is partly exposed at several small craters that may
have formed through either phreatic explosions that are assumed to have occurred in 837 CE (Tsuchiya
et al., 1997) or self-explosions that often occur during emplacement of lava as a result of gas generation and
accumulation (Castro et al., 2002; Fink & Manley, 1987). Although the entire lithology of the Toyagamori
lava is unclear, this lava exhibits a variety of degassing-related structures, such as vesiculation bandings,
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Figure 7. Interior structure of the Toyagamori lava from the Naruko volcano, Japan. (a) Pull-apart layers and gas
cavities. (b) Interlayered structure of black glassy region (Gls) and red-gray porous crystalline zone (PC). (c¢) Close-up
view of the cut surface of the Gls-PC interlayer. Arrows show crystal-bearing bubbles (CB). (d) BEI of a thin section.
Gray represents the glassy region (glass + plagioclase + quartz) and black represents void space (crystal-free bubble).
The colored area represents the porous crystalline region (red), crystal-bearing bubbles (yellow), and bubble channels
(cyan).

pull-apart layers, and gas cavities (Figure 7a), offering an exceptional opportunity to study the gas transport
mechanisms.

6.1. Results of Textural Observation

The Toyagamori lava typically showed an interlayered structure composed of two contrasting regions: a
glassy region where groundmass is composed of bubble-bearing dense glass and a porous crystalline region
where groundmass is composed of a mixture of fine-grained crystals, small glass fragments, and pores
(Figures 7b and 7c).

6.1.1. Glassy Region

In the glassy region, bubbles with varieties of size and shape were formed in the groundmass. Smaller bub-
bles are spherical to ellipsoidal in shape, while larger bubbles are more elongated or complicated in form
(Figure 7d). The average vesicularity was ~30%, although the spatial distribution of bubbles was heteroge-
neous. Microlite banding structure (plagioclase and Fe-Ti oxides) was formed along the interlayered struc-
ture of the lava. As will be shown in Section 6.2.1, the Cl content of the glass varied from 1,100 to 2,400 ppm
depending on location. The H,0 content of glass was 0.18 wt% and was homogeneous at least in a small chip
(ca. 2 mm). F and S were not detected in the EPMA analysis.

Bubbles are classified into two types: crystal-free bubbles and crystal-bearing bubbles (Figure 8a-8c, 9a,
and 9b). Most bubbles were crystal-free and they had a smoothly rounded glass wall. In contrast, other
bubbles contained crystalline material within void spaces. These bubbles (crystal-bearing bubbles) were
formed preferentially near the porous crystalline region and bubble channels (the latter will be shown later)
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Figure 8. BEIs (a-d) and Cl-content maps (e-i) of the Toyagamori lava. Symbols: Crystal-bearing bubbles (CB), porous
crystalline region (PC), bubble channels (Ch), glassy region (Gls), clinopyroxene phenocryst (Cpx), apatite phenocryst
(Ap), and plagioclase phenocryst (P1). A crystal-free bubble is unmarked. Some bubbles were completely occluded with
crystalline materials. In the Cl-content maps, it is obvious that the Cl content is highly elevated at the rim of crystal-
bearing bubbles and glass edge at the boundary between Gls and PC (f-i). Cl content along the traverses v-£, o-m, and
p-o in (f) is provided in Figure 10.

(Figure 7d). The crystalline material within the crystal-bearing bubble showed a concentric layered struc-
ture composed of the outer layer in which acicular to dendritic plagioclase crystals formed a diktytaxitic
texture, and the inner layer in which SiO, minerals, plagioclase dendrites, and a small amount of Fe-ox-
ide minerals produced an intergrowth texture. At the central void space of the crystal-bearing bubbles,
well-shaped prismatic SiO, crystals developed (Figure 9a). The average composition of this mineral was
Si0O, = 98.87 wt%, Al,O; = 0.65 wt%, Na,O = 0.26 wt% (n = 10). Although the phase of this SiO , mineral
was not determined through spectroscopy, this mineral is most likely cristobalite because it was colorless in
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Figure 9. Microscopic texture of the Toyagamori lava (BEIs). (a and b) Crystal-bearing bubbles. Pl: plagioclase
diktytaxitic layer; SiO,: the SiO, mineral that is presumably cristobalite; SiO ,~Pl: the layer with SiO, mineral-
plagioclase graphic texture. Arrow in (b) shows a thin plagioclase diktytaxitic layer, which may have been originally a
thin melt (glass) film separating two adjacent bubbles. (c) Bubble channel (Ch) developed in the glassy region. Arrows
indicate SiO, (most likely cristobalite) and plagioclase crystals, which formed within and along the bubble channel.
(d) The boundary between the glassy region (Gls) and the porous crystalline region (PC). Arrow indicates finger-like
structure extruding into the glassy region.

plane-polarized light while being dark in cross-polarized light. In addition, fish-scale cracks were formed in
some of the larger crystal grains. The wall of these crystal-bearing bubbles was wavy and irregularly curved,
rather than smoothly rounded, indicating that the bubble interface was being corroded (Figure 9a). In Fig-
ure 9b, it was observed that a thin glass film separating two neighboring bubbles transformed to the material
with a diktytaxitic texture, which is identical to the outer plagioclase layer of crystal-bearing bubbles. This
observation indicates that the outer plagioclase layer had been originally glassy but later transformed to the
plagioclase layer through corrosion reactions (referred to as the corrosion rim).

In the glassy region, chains of small, highly deformed bubbles often formed a channel-like structure (Fig-
ures 8c and 9c; hereafter referred to as the “bubble channel”). SiO, crystals (again possibly cristobalite) were
formed along these channels.

6.1.2. Porous Crystalline Region

The porous crystalline region is red-gray and powdery in hand specimens (Figures 7b and 7c). BEIs show
that this region is composed of a mixture of SiO, crystals, plagioclase grains, SiO,-plagioclase intergrowths,
asmall amount of Fe-Ti oxides (possibly hematite), and thin, unshaped glass fragments (Figures 8d and 9d).
The crystals were distributed randomly without forming any specific layered structure. The image analysis
demonstrated that the porosity of this region is 52 vol%, and the two-dimensional connectivity, defined as
(area of largest interconnected void)/(area of total void) (Nakamura et al., 2008), was 91%, indicating that
this region was potentially gas permeable.

BEIs indicate that the boundary between the porous crystalline region and the glassy region was wavy and
irregularly curved. In addition, the porous crystalline region formed a finger-like structure intruding into
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Figure 10. Cl-content profiles around crystal-free bubbles (profile v—§ and
o—m) and crystal-bearing bubbles (p-o). The position of profiles is shown
in Figure 8f. For profiles v—§ and o—n Cl-content was weakly enriched at
the interface of crystal-free bubbles (high-Cl halo). The timescale obtained
through simple diffusion analysis (red curve) was 48 h for profile v—& and
2.1 h for profile o—n (Cl diffusivity is set to 1.7 x 107'° m*/s at 850 °C;
Yoshimura, 2018). For profile p—g, the rim of a crystal-bearing bubble was
extremely enriched in Cl. Because the interface is progressively destroyed
by ongoing corrosion, simple diffusion analysis does not provide any
appropriate timescale; If we erroneously apply the simple diffusion model
to data (purple curve), then we obtain the timescale of 2.0 h, which is
much shorter than the timescale estimated from a thickness of corrosion
rim and the corrosion rate (see Section 6.3.3).

the glassy region (Figure 9d). These observations indicate that the glassy
region was being corroded and the porous crystalline region extended its
“territory”.

6.2. Results of Cl-Content Analysis
6.2.1. Glassy Region

The Cl-content maps of the Toyagamori lava showed that Cl distributed
heterogeneously in the groundmass glass. In the glassy region, striped
patterns with high-Cl contents (1,100-1,300 ppm) and low-Cl contents
(1,050-1,150 ppm) were formed in a direction subparallel to the layered
structure of the lava (Figures 8e-8h). These Cl-content stripes did not
necessarily extend too far afield but were often broken or forked into two
bands.

Around crystal-free bubbles, CI content was slightly elevated compared
to that of the low-Cl stripes, forming a high-Cl “halo”. This high-Cl halo
was blurred and the Cl content decreased radially away from the bubble
interface, indicating that Cl is diffusing out of the bubble (Figures 10a
and 10b). The width and sharpness of the halo were various; for some
bubbles, the halo was well identified while for others the halo was only
ambiguously observed. An important observation is that the high-Cl halo
was continuously transitioned into a high-Cl stripe. Some bubbles formed
at the central part of the high-Cl stripe and others formed at the end of
the stripe. These observations indicate that crystal-free bubbles and the
Cl-rich stripes were intimately related in origin, as will be discussed later.

For crystal-bearing bubbles, the CI content was highly elevated at the
bubble interface (1,400-2,400 ppm). This extremely Cl-rich rim was dif-
ferent from the high-Cl halo around crystal-free bubbles in that its Cl
content was extremely high and that it was discontinuous to the Cl-con-
tent striped patterns (Figure 8f). These observations indicate that the
crystal-bearing bubbles experienced different (or additional) processes
than those of the crystal-free bubbles.

Along the bubble channel, the Cl content was 1,300-2,200 ppm, much
higher than that of the Cl content of background groundmass (high- and
low-Cl stripes). This Cl-content range overlaps that of the extremely Cl-
rich rim around crystal-bearing bubbles (Figure 11).

6.2.2. Porous Crystalline Region

In the porous crystalline region, Cl was only contained in glass fragments
(minerals are devoid of Cl). Figure 8i shows that the surface of the indi-
vidual glass fragment was enriched in Cl compared to the inner portion.

In addition, at the boundary between the glassy region and the porous crystalline region, the glass edge was
also enriched in CI. The Cl content at these interfaces and edges is 1,600-1,900 ppm, overlapping with the
Cl content of the extremely Cl-rich rim around crystal-bearing bubbles (Figure 11).

6.2.3. Melt Inclusion

We analyzed the Cl content of melt inclusions trapped within quartz and plagioclase phenocrysts to obtain
information regarding the initial Cl content within the magma chamber. The CI content of most of the
inclusions was 1,460-2,100 ppm (on average 1,620 ppm; n = 14), being much greater than that of the Cl
content of background groundmass (high- and low-Cl stripes) but similar to that of extremely Cl-rich rim
around crystal-bearing bubbles and Cl-rich glass edges at the boundary of the two regions (Figure 11). F and
S were not detected in melt inclusions.
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[ Crystal-bearing bubbles

It is widely recognized that cristobalite occurs in void spaces and
groundmass of silicic lava. Such cristobalite crystals are considered
as a product of either vapor-phase mineralization or devitrification of
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Cl content (ppm)

groundmass glass (e.g., Baxter et al., 1999; Boudon et al., 2015; Horwell
et al., 2010, 2013, 2014; Schipper et al., 2015, 2017). According to Horwell
et al. (2013), the mechanism of vapor-phase mineralization is subdivid-
ed into two extremes: “local redistribution”, in which the bubble wall is
corroded and minerals precipitated from vapor within the same bubble,
and “bulk transport” in which minerals precipitated from deep-derived
flowing vapor. Schipper et al. (2015, 2017) showed the three-dimensional
structure of cristobalite crystals and pores in bombs from Cord6n Caulle
and White Island by using X-ray CT and demonstrated that cristobalite
was produced in isolated bubbles through the local redistribution. Below
we discuss the formation of crystalline materials and gas flow processes
in the Toyagamori lava based on the above observations.

2000 2500

6.3.1. Porous Crystalline Region

Figure 11. Histogram of Cl-content at the interface (1im) of crystal-free The key observations regarding the formation of the porous crystalline

bubbles, crystal-bearing bubbles, the interface of bubble channels, glass
edge at the boundary between the glassy region and porous crystalline

region, and melt inclusions.

region include: (1) that the porous crystalline region was highly gas per-
meable, (2) the boundary between the porous crystalline region and the
glassy region was wavy and irregularly curved and finger-like structure
was formed, and (3) the Cl content of glass edge at the boundary between
the glassy region and the porous crystalline region was extremely high.
These facts indicate that a Cl-rich, reactive gas was introduced and flowed through the porous crystalline
region, corroding glass interfaces. Thin, unshaped glass fragments in the porous crystalline region may rep-
resent the remnant of the original glass. We thus propose that the lava had been originally glassy, but later
it transformed into a porous crystalline region through corrosion. The origin of this Cl-rich gas is discussed
in Section 6.3.3.

The observation that Cl content was elevated at the interface of bubble channels indicates that the bubble
channels represent the infant stage of the porous crystalline region; the Cl-rich gas was introduced in this
channel and enlarged the corroded area. The bubble channel may have been formed through shear localiza-
tion in the flowing lava, as was experimentally demonstrated by Okumura et al. (2010, 2013).

For the formation of porous crystalline texture, we propose that partial leaching of glass and subsequent
devitrification were the dominant processes. As the corrosive gas attacked the glass, most of the ions were
scavenged to the gas while corrosion-resistant components such as silica and alumina may have preferen-
tially remained. The remaining components may have devitrified into SiO, mineral and plagioclase. One
supportive observation is the result of Yoshimura (2018), in which rhyolitic obsidian reacted with pure Cl,
or CL,-H,0 gases at 800-950 °C, and a porous SiO,-mineral layer was formed on the surface of obsidian.
However, we note that the gas composition of these experiments was different from that of natural Cl-rich
gas. In addition, the mineral assemblage was different (the SiO, mineral was only formed in the work of
Yoshimura (2018)). Further corrosion experiments under natural magmatic conditions are required to un-
derstand the detailed mechanism.

An alternative hypothesis for the formation of the porous crystalline texture is that the glass phase was
preferentially scavenged away whilst corrosion-resistant microlites remained. This hypothesis is however
eliminated in this work because SiO, minerals did not occur as microlite in this lava.

Generally, F plays a significant role in glass corrosion and transport of the silica component (de Hoog
et al., 2005). However, we consider that contribution of F is subordinate in the present case because no F
was detected in groundmass glass or melt inclusions.
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6.3.2. Crystal-Free Bubbles

Important observations for understanding the behavior of crystal-free bubbles include: (1) that the high-Cl
halo was formed around these bubbles and (2) that these bubbles seemed to be isolated as they are generally
spherical to subspherical in shape and vesicularity is low (~30%). Existence of the high-ClI halo indicates
that the Cl content of the gas in these bubbles was elevated after the bubbles were formed. This gas was
not however corrosive as evidenced by the smoothly rounded bubble wall. Such Cl enrichment cannot be
explained through simple decompressive degassing because the Cl content should decrease, rather than
increase, during the degassing (Villemant & Boudon, 1998, 1999). (Note however that some studies showed
Cl enrichment in decompressed magma at 50-200 MPa (Gardner et al., 2006; Lukanin, 2015).) We propose
that bubble resorption and associated diffusive fractionation are the cause for this Cl enrichment as was
demonstrated by experiments (Section 3.1). The fact that the high-Cl halo continuously transitioned into
the high-Cl stripes indicates that the bubbles had been deformed and elongated in one direction under
dynamic magma flow and then they resorbed, leaving elongated high-Cl stripes. The remaining bubbles
then became subspherical to ellipsoidal in shape owing to surface tension when the ambient environment
became static (e.g., lava flow ceased). Bubble resorption can be caused by either repressurization (Westrich
& Eichelberger, 1994) or melt dehydration. Repressurization may occur if the lava undergoes a conveyor
belt motion. Melt dehydration is also likely to occur because the porous crystalline region serves as an open
pathway for gas and the water content of nearby melt decreases. The fact that the width and sharpness of
high-Cl halo vary depending on bubbles indicates that the timing for the onset of bubble resorption varied,
rather than being simultaneous. This is more compatible to melt dehydration because the timing of bubble
resorption is various depending upon the distance from the open paths. (We do not confirm any clear rela-
tion between Cl enrichment and distance from the paths in two-dimensional images.) If repressurization
were the cause, then all bubbles should show a nearly identical extent of Cl diffusion. The possibility that
bubble resorption caused by a solubility increase due to cooling (McIntosh et al., 2014) is excluded because
the timescale of lava cooling is much longer than that of H,0 and ClI diffusion and no diffusive heterogene-
ity should remain around bubbles.

The timescale of the resorption of crystal-free bubbles is estimated through diffusion analysis of high-Cl
halos surrounding the bubbles. Applying the model of simple one-dimensional diffusion to the profiles, we
estimate the timescale to be 1-48 h. This timescale indicates that these bubbles began resorption 1-48 h
prior to practical quenching of lava. Note that this timescale is the minimum because temperature gradually
decreases in cooling lava. If the temperature is 750 °C, then the timescale increases by an order of magni-
tude because Cl diffusivity decreases to one-tenth of that at 850 °C.

6.3.3. Crystal-Bearing Bubbles

Crystal-bearing bubbles displayed a rim that was much Cl-richer than those around crystal-free bubbles.
This indicates that the crystal-bearing bubbles contained a gas much richer in Cl than the gas in crystal-free
bubbles. We examined several scenarios that may explain such Cl enrichment. The first scenario is that this
extremely Cl-rich gas was produced through bubble resorption, similar to Cl-rich gas in crystal-free bubbles.
This scenario is however excluded because such Cl enrichment can be accomplished only when resorption
proceeded to such a high extent that these bubbles become much smaller than crystal-free bubbles. This
is inconsistent with the observation that size of crystal-bearing bubbles is apparently similar to crystal-free
bubbles (Figure 7d). The second possibility is that crystal-bearing bubbles were formed in an earlier stage
and thus contained a Cl-rich gas while crystal-free bubbles were formed in a later stage from a Cl-depleted
melt. This possibility is also excluded because if this were the case, then crystal-bearing bubbles should be
significantly larger than crystal-free bubbles. The third possibility is that the Cl content of the bubble in-
creased as a result of microlite crystallization of nearby melt (as similar to the idea of Schipper et al., 2017;
see discussion presented later in this section). This possibility is excluded because the type of bubbles (crys-
tal-free or -bearing) seems to be unrelated to microlite crystallinity. The final possibility is that the extremely
Cl-rich gas was imported from the porous crystalline region. This possibility is supported by several obser-
vations. First, crystal-bearing bubbles exist preferentially near the porous crystalline region and bubble
channels. Second, the Cl content of the extremely Cl-rich rim around the crystal-bearing bubbles overlaps
the Cl content of the glass edge at the boundary between the glassy region and the porous crystalline region
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(and interface of glass fragments in the porous crystalline region) (Figure 11). These observations suggest
that Cl-rich gas in the porous crystalline region corroded glass and flowed into nearby bubbles. However,
an inlet of the gas is at present unidentified; in two-dimensional images, most of the bubbles seem to be
isolated and no pathway is formed between the bubble and porous crystalline region. We propose that the
inlet was a small, tiny hole produced through corrosion and it is rarely observed in two-dimensional images.
This idea should be examined in three-dimensional space based on X-ray CT.

Once the extremely Cl-rich gas was introduced into a bubble, the gas began corrosion of bubble wall and
formation of crystalline materials. Existence of the concentric layered structure indicates that the crystal-
line material precipitated from a stagnant gas in a calm environment, most likely in a local-redistribution
manner; if the gas were vigorously flowing in these bubbles and the bulk transport was dominant, then
such a layered structure would not be produced as in the case of the porous crystalline region. To maintain
a stagnant environment, the gas inlet must be narrow enough to block turbulent gas transfer from the po-
rous crystalline region. This is again consistent with the fact that the inlet is rarely seen in two-dimensional
images. To strictly confirm whether local redistribution was dominant, a mass balance calculation involving
chemistry of corrosion rim and background groundmass is necessary (Schipper et al., 2015).

The timescale of corrosion (and formation of crystalline materials) is difficult to estimate through C1 diffu-
sion analysis because the Cl diffusion profile around crystal-bearing bubbles is progressively destroyed by
ongoing corrosion. To strictly calculate the timescale, a moving-boundary diffusion model involving surface
reaction is necessary. However, for rough, first-order estimation, it is convenient to compare the corrosion
rate and thickness of the corrosion rim (diktytaxitic layer). The thickness of the corrosion rim was typically
10-30 um. For the corrosion rate, because systematic data at magmatic temperatures are non-existent, we
tentatively use the value of 0.3 um/h, which was obtained in reaction experiments of rhyolitic obsidian
in Cl-rich gases at 850-950 °C (Yoshimura, 2018). Using these values, we determined the timescale to be
100-300 h. Interestingly, this timescale is similar to the previous estimation by Schipper et al. (2015, 2017) in
which 10 um corrosion rims could be produced in hours to days, although Schipper used a low-temperature
corrosion rate because of lack of data at magmatic temperatures. For further understanding of corrosion
mechanism, corrosion experiments under realistic magmatic temperatures and gas compositions should be
necessary.

It must be noted that the above scenario concerning the origin of crystal-free and -bearing bubbles is incon-
sistent with (or opposite to) the work of Schipper et al. (2015, 2017), in which crystal-bearing bubbles are
isolated while crystal-free bubbles are interconnected. Schipper et al. (2017) showed that the Cl content of
residual melt in groundmass was higher than that of melt inclusion and proposed that the gas in bubbles
became Cl-rich as a result of microlite crystallization associated with closed-system degassing. This gas
then corroded the bubble wall and precipitated cristobalite in a local-redistribution manner. However, a
completely different scenario, in which isolated bubbles resorbed and increased the CI content of the gas
because the water content of glass decreased through diffusive degassing toward interconnected bubbles
(open-system pathway), is also applicable. Because these authors only presented the average Cl content of
most evolved parts of interstitial glass and did not show the location of an analyzed point, it is hard to fur-
ther discuss whether and how the Cl-rich gas was produced.

6.3.4. Origin of Cl-Rich Corrosive Gas

The origin of Cl-rich gas flowing through the porous crystalline region is presently unidentified. Simple
decompressive degassing of the magma cannot produce such a Cl-rich gas because the Cl content of both
melt and gas should decrease significantly from the original value during degassing (Villemant & Bou-
don, 1998, 1999). An alternative scenario is that the Cl-rich gas originated from the magma chamber. The
gas stored in the magma chamber ascended through magma in the volcanic conduit (through a permea-
ble network of interconnected bubbles or shear-induced fractures) and then laterally flowed to the distal
part of the lava. This possibility is proposed because the Cl-content range of melt inclusion (1,460-2,100
ppm) overlapped that of extremely Cl-rich rim around crystal-bearing bubbles, the interface of bubble
channels, and Cl-rich edge at the boundary between glassy and porous crystalline regions (Figure 11).
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However, the production mechanism of Cl-rich corrosive gas is a future issue dealt with by detailed Cl
solubility law.

6.3.5. Entire Scenario

Finally, we propose the following scenario based on the presented observations and considerations
(Figure 12). The Toyagamori lava was initially glassy and basically gas impermeable at the initial stage
of emplacement. Bubble channels have been formed only locally (possibly because shear localization
occurred in the flowing lava) and the gas permeability was elevated at these channels. An extremely Cl-
rich gas, which possibly originated from a magma chamber, was then introduced into the lava and flowed
through the bubble channel. Because of its high reactivity, Cl-rich gas corroded the glass and transformed
it into the porous crystalline region. The porous crystalline texture was formed through partial leaching
of glass and subsequent devitrification. As the corrosion occurs, Cl-rich gas was introduced to nearby
closed bubbles through corrosion-induced tiny holes on the bubble wall. The inner wall of these bubbles
was corroded and the interface became wavy. The scavenged components precipitated within the same
bubble in a local-redistribution manner and formed concentric-layered crystalline materials. This has
begun 100-300 h prior to practical quenching of the lava. In the meantime, bubbles far from the porous
crystalline region maintained the closed system and contained the original Cl-poor gas. However, these
bubbles began resorption because the water content of the nearby glass decreased through diffusive de-
gassing toward the porous crystalline region. This resorption started 1-48 h prior to practical quenching
of lava. During resorption, the glassy region had been flowing dynamically, as is evidenced by the exist-
ence of high-Cl stripes.

In the above scenario, the corrosive nature of the Cl-rich gas plays a significant role in the development
of lava structure. As glass is corroded by the Cl-rich gas, the permeability of the lava increases. Once the
permeability increases, a greater amount of the corrosive gas is introduced and the permeability further
increases. Because of this positive-feedback effect, the gas-flow system in the lava may develop rapidly. The
gas in the lava may be released smoothly to the outside because of its high permeability. This reduces excess
gas pressure in void spaces and thereby prevents the self-explosion of lava.

The above idea could be applied to the gas flow process occurring within ascending magma. If a Cl-
rich gas stored in a magma chamber flows through ascending magma, then fluid-mobile elements in
melt near the gas pathway are scavenged. This process changes melt composition (alkali loss, Webster
& Holloway, 1988) and possibly induces crystallization, increasing magma viscosity. Therefore, the gas
pathway may be maintained for extended durations and allows further gas escape. We thus propose that
corrosion is a new mechanism to promote open-system gas loss and weaken the explosivity of a gas-rich
magma.

- Fresh glass

- Cl-rich glass edge under corrosion

e - Porous crystalline region

n Crystal-free bubbles

u Crystal-bearing bubbles

—
m -« Flow of Cl-rich gas

Figure 12. Model of gas flow and corrosion of glass within silicic lava. The Cl-rich gas flows through pre-existing
pathways such as bubble channels and corrodes glassy wall, increasing the total permeability. This allows for the
introduction of a greater amount of gas into the lava, further increasing permeability. Owing to this positive-feedback
effect, the interior structure of the lava may develop rapidly.
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Appendix A: Spring-Pressuring Device

Figure Ala shows the spring-pressurizing device used in this study. The MgO capsule (C) containing sam-
ple (S) was placed in the stainless-steel pressure vessel (V). A thin MgO disk (D) was placed on the top of
the sample so that the stainless-steel piston (P) did not touch the sample directly. The pressure is gener-
ated through the tension of two springs (Sp). Displacement of the springs can be adjusted by rotating the
supporting nut (N) around the screw-threaded part of the piston. The pressure exerted on the top of the
sample was calculated based on the spring length-pressure relationship (Figure Alb).

Sp

—_
o

)

Pressure (MPa)

60 80 100 120
Spring length (mm)

D
C

Figure Al. (a) Schematic image of the spring-pressuring device. C: MgO capsule, D: MgO disk, N: nut used for
adjusting the pressure (spring elongation). P: stainless-steel piston (upper part is screw-threaded), S: Sample space,
Sp: Iron wire spring, V: stainless-steel (SUS304) pressure vessel (composed of a bolt and long nut). (b) Spring
length-pressure relation for the spring “SR-2135". A linear relation (Hooke's law) is confirmed except in the range
65-70 mm.

Appendix B: Calibration Line for Converting Cl Count to Concentration

We established a calibration curve to convert the Cl intensity at each point of the analyzed map to absolute
Cl content. We assumed that a linear relationship exists between the Cl intensity and absolute Cl content.
Applying a fitting calculation to the data, we obtained CI (ppm) = 8.93 (£0.39) X c—295.7 (+60.3) for Wa-
da-Pass obsidian (Figure Bla) and Cl (ppm) = 5.75 (£0.42) X ¢ + 253.5 (£69.7) for Toyagamori lava (Fig-
ure B1b). Here, ¢ represents counts per 500 ms for Cl obtained using a PETH crystal and 100 nA beam. The
gradient and intercept of the equation are different between the samples, which may have arisen because of
the difference in glass composition (matrix effect).
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Figure B1. Calibration lines were used to convert the CI count rate to absolute concentration for (a) Wada-Pass
obsidian and (b) Toyagamori lava.

Appendix C: Calculation of Timescales Based on Cl Diffusive Heterogeneity

To calculate the timescales of bubble growth and resorption, it is reasonable to solve the bubble-growth
equations constructed in a polar coordinate system while taking the moving boundary effect into account
(e.g., Proussevitch & Sahagian, 1996). However, for simplicity, we used one-dimensional equations in a
semi-infinite medium without considering the moving boundary effect. Such simplification may result in
large inaccuracies in the calculation, but this is not a significant disadvantage in terms of demonstrating
the usefulness of Cl diffusion for calculating the timescales. For the degassing and welding at the surface
of the obsidian fragments, the one-dimensional simple model is more realistic because the surface of the
fragment is relatively flat.

C1. Diffusive Degassing Model

The Cl diffusion in a semi-infinite medium is described by (Crank, 1975):

C= Cboundary

X
+ (Cinilial - Cboundary )erf [ﬁ] (C1)

where C is the concentration, D is the Cl diffusivity, ¢ is the time, and x is the distance from the interface.
The subscript “initial” represents the Cl content before diffusion, and “boundary” represents values at the
bubble interface or at the surface of an obsidian fragment. Dt, Coundary and Ciniis Were determined simul-
taneously by fitting Equation C1 to the observed Cl-content profiles. D (when the experimental duration
is given) or t (when diffusivity is assumed) was then determined. The resulting value of Dt typically has an
error of 30% relative.
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C2. Diffusive Degassing and Bubble Resorption Model

For bubble resorption, we assume that the bubble initially grew by taking up Cl (and H,O) from the nearby
melt and then turned to resorb when the surrounding melt became water-undersaturated. We thus assumed
that Cl diffusive degassing first occurred during the period of 0 <t <t g4, and then backward Cl diffusion
(resorption) followed during tgegas <t < (f gegas + tresp)- Here, tgegas and teq, represent the timescale of diffusive
degassing and resorption, respectively. For this calculation, we numerically solved the original form of the
one-dimensional diffusion equation using the finite difference method:

2
o€ _pZc ©2)
ct ox?

At 0 <t <t gegas» Equation C2 was solved under the initial conditions of C (t = 0) = Cipu and boundary con-
ditions of C (x = 0) = Cpoundary- FOr Ciniia1, the average content at the plateau of the Cl-content profile was
used. For Cpoundary because it was difficult to estimate its value from the observed Cl profile, we instead used
the value of Gyoundary that was obtained from the simple diffusion model (Appendix C1) and the Cl-content
profile of nearby growing bubble. At ¢ = f4egs the boundary condition was changed to C (x = 0) = C pouna-
ary-high (Cooundary-high > Choundary) t0 cause backward diffusion (resorption). Here, note that we assumed that
the change from growth to resorption coincides with the change in the Cl boundary conditions at t = fyegas,
although there is actually a small time delay between those two events because the increase in the C1/H,0
of the gas through diffusive fractionation takes some time. The value of Cyoundary-nignWas set to the Cl content
near the interface of the resorbing bubble. Equation C2 was further solved until ¢ = fegas + tres By testing all
possible combinations of fgeg.s and tesp, we determined the Dt gegosand Dt e such that the calculation profile
best fits the observed data. fueg,s and ts, were then determined using the value of D that was pre-determined
by applying the simple diffusion model (Appendix C1) to a Cl-content profile near a growing bubble.

C3. Diffusive Degassing and Welding Model

For the welded interface of an obsidian fragment or the bubble walls in a natural lava, it is considered that
the diffusive degassing initially occurs to produce a V-shaped profile across the interface, after which the
interface was welded and the profile was being homogenized to a U-shaped. We assumed that the initial
diffusive degassing toward the interface occurred at 0 <t <t gegas, and that diffusive homogenization fol-
lowed at faegas <t < (f degas + tpostweld)- HETe, faegas is the timescale of the diffusive degassing and fpostwela is the
timescale for the homogenization after welding. Note that we assumed that welding occurs instantaneously
at t = taegas. This assumption is valid, as was confirmed in the fracture healing experiments of Yoshimura
and Nakamura (2010). At 0 <t <t gegas, Equation C2 was solved numerically under the initial condition of C
(t = 0) = Ghitial and the boundary condition of C (x = 0) = Choundary- FOr Cinitia, We used the average content
at the plateau of the Cl-content profile. For Cioundary, because it was difficult to estimate its value from the
observed Cl profile, we instead used the value of Cyoundary that was obtained from the simple diffusion model
(Appendix C1) with the Cl-content profile near the open interface. At t = tgegs, the boundary condition was
removed in order to simulate the disappearance of the bubble-melt interface (namely, welding occurred),
and the diffusive homogenization was then calculated until ¢ = taegas + fostweld - Dliegas aNd Dtpostweld Were
determined such that the calculation profile best fits the observed data.

Data Availability Statement
All Cl and H,0 data used in this study are archived at http://dx.doi.org/10.17632/mvwzré6cxnw.1
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