Eur. J. Mineral., 37, 413-435, 2025 European Journal of /[/—
https://doi.org/10.5194/ejm-37-413-2025 : < 7
© Author(s) 2025. This work is distributed under Inralogy

the Creative Commons Attribution 4.0 License. peén Access

Vesiculation dynamics — Part 2: Decompression-induced
H,>O vesicle growth, onset, and progression of
coalescence

Patricia Louisa Marks and Marcus Nowak

Department of Geosciences, Eberhard Karls University of Tiibingen, Tiibingen 72074, Germany

Correspondence: Patricia Louisa Marks (patricia.marks @uni-tuebingen.de)

Received: 29 October 2024 — Revised: 31 March 2025 — Accepted: 4 April 2025 — Published: 4 July 2025

Abstract. Supersaturation of H,O during magma ascent can drive efficient degassing through the formation of
fluid vesicles within phonolitic melt, with high vesicle number densities (VNDs) ranging from a logVND of 4 to
6 mm~3. Rapid vesicle formation and growth reduces magma density and may significantly influence eruption
style. However, the behavior of vesicle-bearing melt under continued decompression remains poorly understood.
This study aims to investigate vesicle growth as well as the onset and progression of vesicle coalescence during
decompression in the well-characterized phonolitic Lower Laacher See melt.

Synthetic phonolite melts were hydrated in an internally heated gas pressure vessel at 200 MPa with 5.7 wt %
or 5.0 wt % H;O, establishing conditions of saturation and slight undersaturation prior to decompression. The
hydrated melts were continuously decompressed at a superliquidus temperature of 1323 K with rates ranging
from 0.064 to 1.7 MPas~!, reaching final pressures between 70 and 30 MPa before being rapidly quenched to
vesiculated glass.

As expected, our results indicate that the pressure range for uniform vesicle formation differs between initially
H,O saturated and undersaturated melts, with coalescence starting at higher pressures in saturated melts. The
onset of coalescence is also influenced by the decompression rate, occurring at higher pressures with slower
decompression rates. The coalescence process transforms the quenched opaque samples with maximum VND,
characterized by nebula of small vesicles sized between 2 and 16 pm into transparent samples with larger vesicles
ranging from 37 pm up to ~ 500 um and VNDs reduced by orders of magnitude, depending on decompression
rate, final pressure, and initial HyO concentration. The sizes of these coalesced vesicles are inversely related to
the decompression rate, with larger vesicle sizes occurring at slower decompression rates.

While the maximum logVNDs of initially formed vesicle volumes remain constant across different decom-
pression rates, with high values of 5.1 to 5.7, compatible with the theory of spinodal decomposition, the logVNDs
of sample volumes with coalesced vesicles drop markedly by 1.2 to 4.1 log units. The lowest logVNDs, between
0.5 and 0.8, occur at the slowest decompression rate of 0.064 MPas~!, while the highest logVNDs, between 3.1
and 3.7, are observed at the fastest decompression rate of 1.7 MPas™!. This coalescence driven pattern mimics
the expected decompression rate dependence of initial VND in cases of vesicle nucleation.

These experimental results suggest that significant vesicle coalescence can occur in phonolitic magmas even
at relatively fast ascent rates, influencing eruption dynamics. In the case of open-system outgassing, vesicle
coalescence creates channel structures with high permeability, allowing fluid to percolate and escape at the top
of the magma column. In contrast, in a closed system, vesicles can accumulate as foam with closed porosity
at the top of the magma chamber, forming large, gas-pressurized pockets. This buildup may lead to significant
disruptions and violent, explosive eruptions. During volcanic activity, transitions between these two systems may
occur.
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1 Introduction

Explosive volcanic eruptions are mainly driven by the rapid
vesiculation of supersaturated hydrous melts, primarily re-
leasing HoO from the melt into fluid vesicles before and
during the magma fragmentation process (e.g., Gonnermann
and Manga, 2007). As magma ascends, the solubility of
volatiles, such as H>O, decreases with the reduction in pres-
sure. The formation and growth of vesicles in the silicate
melt, caused by decompression-induced supersaturation, are
crucial for determining the eruption style (e.g., Sparks, 1978;
Hurwitz and Navon, 1994; Mourtada-Bonnefoi and Laporte,
2004; Iacono-Marziano et al., 2007; Hamada et al., 2010;
Gardner and Ketcham, 2011; Preuss et al., 2016; Shea,
2017; Hajimirza et al., 2019). The vesicle number density
(VND), which is the number of vesicles per unit volume
of vesicle free melt, determines the distance between vesi-
cles and affects the efficiency of melt degassing (e.g., Cash-
man and Mangan, 1994; Gardner et al., 1999; Toramaru,
2006; Gonnermann and Manga, 2007; lacono-Marziano et
al., 2007; Allabar and Nowak, 2018). As magma vesiculates
and ascends, its total density decreases rapidly, which fa-
cilitates sudden volatile expansion and fragmentation (e.g.,
Kueppers et al., 2006; Genareau et al., 2012).

Despite the potential for high melt porosity at ambient
pressure, several volcanic products exhibit lower porosities
than expected by the pre-eruptive volatile content, indicat-
ing that significant outgassing from the magma is facilitated
by vesicle coalescence and percolation (Jaupart and Allegre,
1991; Gardner et al., 1996; Giachetti et al., 2019). The coa-
lescence process is essential for the development of the per-
meability of vesiculated melts and the dynamics of volcanic
eruptions. In a simplistic view, it determines whether erup-
tions are explosive, when volatiles are retained in the magma,
or effusive, when volatiles escape during ascent (Eichel-
berger et al., 1986; Jaupart, 1998). As vesiculation within the
magma continues to increase, the growing network of inter-
connected vesicles may reach a percolation threshold that en-
ables permeability, allowing fluid to flow through the porous
structure (Klug and Cashman, 1996; Sahimi, 1994; Saar and
Manga, 1999). The relationship between porosity and per-
meability, essential for understanding magma degassing and
eruption dynamics, depends on the VND, as well as sizes,
shapes, and connectivity of vesicles (Saar and Manga, 1999;
Blower et al., 2001; Gardner et al., 2006; Gonnermann and
Manga, 2007).

Understanding how vesicle numbers and size distributions
evolve in silicate melts is of critical importance in under-
standing eruption behavior and in interpreting pumice and
lava textures (Mangan et al., 1993; Cashman et al., 1994;
Cashman and Mangan, 1994; Klug and Cashman, 1994,
1996). After vesicle formation and initial growth, Ostwald
ripening and vesicle coalescence become the key processes
that significantly influence vesicle size distributions in sili-
cate melts. Ostwald ripening involves the diffusive exchange
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of volatiles between vesicles of different sizes, driven by dif-
ferences in internal pressure (DeVries, 1958; Sahagian et
al., 1989; Proussevitch et al., 1993; Cashman and Mangan,
1994). Vesicle coalescence occurs when the melt film be-
tween two adjacent vesicles thins to a critical thickness, lead-
ing to rupture and relaxation (Cashman and Mangan, 1994;
Klug and Cashman, 1996; Navon and Lyakhovsky, 1998).
These processes have been estimated and studied in vari-
ous melt compositions like basaltic, rhyolitic and phonolitic
melts (Sahagian et al., 1989; Proussevitch et al., 1993; Klug
and Cashman, 1996; Larsen et al., 2004). Vesicle coalescence
rates are influenced by factors such as the approach of neigh-
boring vesicles (Fortelny et al., 1999), the thinning of the
melt film to a critical thickness that separates vesicles, the
subsequent rupture of this film, and vesicle shape relaxation
processes (Cashman and Mangan, 1994; Klug and Cashman,
1996; Navon and Lyakhovsky, 1998). Previous studies have
investigated the determination of the critical film thickness
in various silicate melts (Proussevitch et al., 1993; Klug and
Cashman, 1996) and attempted to estimate the timescales
required for film rupture once this critical thickness is at-
tained (Toramaru, 1988; Sahagian et al., 1989; Proussevitch
et al., 1993; Klug and Cashman, 1996; Herd and Pinkerton,
1997; Navon and Lyakhovsky, 1998). These estimates typi-
cally range from 1 to 10*s, contingent upon factors such as
melt viscosity, vesicle dimensions, and the critical film thick-
ness (Klug and Cashman, 1996). Coalescence behavior dif-
fers depending on whether the vesicle emulsion or foam is
“static”’, maintaining constant external pressure, or “‘expand-
ing”, where vesicles grow during decompression of the melt
(Candela, 1991; Navon and Lyakhovsky, 1998). Vesicle coa-
lescence rates can vary significantly between these two sce-
narios (Barclay et al., 1995; Navon and Lyakhovsky, 1998).

The purpose of this study is to investigate the vesicle co-
alescence behavior of a phonolite melt during continuous
decompression. The phonolite melt is representative of the
composition of the Lower Laacher See (Harms et al., 2004).
This study complements an existing dataset on vesicle for-
mation in the same phonolite composition under identical
decompression rates and experimental conditions (compan-
ion paper Part 1; Marks and Nowak, 2025). Therefore, both
papers are closely related and provide fundamental data on
vesicle formation processes and subsequent coalescence be-
havior.

2 Experimental and analytical techniques

2.1 Starting material

Synthesized Lower Laacher See Tephra (LLST) glasses were
used from a previous synthesis from the study of Marks and
Nowak (2025). For the decompression experiments, glass
cylinders of 5 mm in diameter and 5.8—7.4 mm in length were
placed into Au80Pd20 capsules, with an outer diameter of
5.4mm and an inner diameter of 5.0 mm. We ensured that
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the capsule volume was sufficiently large to accommodate
the melt with equilibrium porosity (®eq) without rupturing
during decompression to low final pressures (Pr). To deter-
mine the expected ®¢q at each Py, the porosity equation from
Gardner et al. (1999) was employed. Calculations considered
the glass cylinder lengths, HyO solubility from Marks and
Nowak (2025), the hydrous melt density calculations from
Ochs and Lange (1999), and the H,O equation of state (EOS)
from Duan and Zhang (2006). These calculations were then
used to determine the necessary capsule lengths. Two ex-
perimental series were performed, with initial conditions be-
ing either saturated or slightly undersaturated, achieved by
adding 5.7 wt % or 5.0 wt % H;O (cn,0i) to the capsule, re-
spectively. The top of each capsule was crimped into a tri-
dent star and sealed by welding while being cooled with lig-
uid nitrogen to prevent H,O loss through vaporization. To
check for leakage, the capsules were heated in a compart-
ment dryer at 383 K for at least 1 h, pressurized to 200 MPa
at ambient temperature in a cold-seal pressure vessel, and re-
heated to 383 K, with weighing after each step to confirm
their integrity.

2.2 Decompression experiments

Combined hydration and decompression experiments were
performed using an internally heated argon pressure vessel
(IHPV) (Marks and Nowak, 2025). The melts were hydrated
at 200 MPa and 1523 K for 96 h. After hydration, the tem-
perature was isobarically reduced at a rate of 10 Kmin™! to
1323 K, where the samples were thermally equilibrated for
30 min. The hydrous melts were then isothermally decom-
pressed at rates of 1.7, 0.17, and 0.064 MPa s~ to Pr values
of 70, 60, 50, 40, and 30 MPa. Upon reaching P, the sam-
ples were directly quenched isobarically at rates of 150 K s~
(Berndt et al., 2002) or 97 K s~} (Marks and Nowak, 2025) to
room temperature. The minimum recorded pressure ( Ppin) iS
also listed alongside the desired Pr (Table 1). One additional
sample (LLST_41D) was isothermally held at Py for about
20s and was then quenched at 16 Ks™! by turning off the
furnace (Allabar et al., 2020b).

The quenched capsules were reweighed to confirm they re-
mained sealed. For subsequent sample analysis, the capsules
were prepared as described in Marks and Nowak (2025).

2.3 Analytical methods

The samples were analyzed for residual H>O concentra-
tion in glass (cH,0t) using Fourier transform infrared (FTIR)
spectroscopy, while vesicle parameters, including vesicle
number and size, were quantified through quantitative im-
age analysis (CSDcorrections) and transmission light mi-
croscopy (TLM). All measurements were conducted un-
der the same conditions as described in Marks and Nowak
(2025).
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Figure 1. Onset of uniform vesicle observation, partial coalescence,
and complete coalescence in decompression samples (data from
Marks and Nowak, 2025, are included). Coalescence depends on
CH,0i, P, and on the decompression rate. Open symbols represent
samples where no vesicles formed during decompression. Dotted
symbols show samples with homogeneous vesicle formation at Py,
while filled square symbols represent samples with both coalesced
volumes and pristine vesiculated volumes. Filled symbols indicate
samples containing only coalesced vesicles.

3 Results

3.1 \Vesicle textures

This study examines the transition from initial vesicle for-
mation to subsequent vesicle growth and the onset of vesi-
cle coalescence during decompression. Textural features and
their corresponding conditions are presented in Figs. 1, 2, and
3, incorporating part of the data on initial vesicle formation
from Marks and Nowak (2025) to provide a comprehensive
overview of both studies. An all-encompassing set of sample
images is provided in the Supplement.

The supersaturation pressure (Pss) required for the for-
mation of uniform vesicles depends on c,0i and on the de-
compression rate (Fig. 1; Marks and Nowak, 2025). In the
decompression series (Fig. 2), vesicles are observed within
each sample, with P; ranging from 70 to 30 MPa. The stage
of maximal vesiculation in the samples is characterized by a
high VND with uniform vesicles sizes, appearing as a milky
white opacity in reflection mode under the optical micro-
scope for the embedded sample halves, and as opaque dark
areas in thin sections imaged in transmission mode. Decom-
pression samples with Pr lower than that of the maximum
vesiculation stage appear transparent with a brownish color
in optical microscope images and are characterized by a sig-
nificantly lower VND. The red colored vesicles in the thin
sections are large vesicles that were cut during the prepa-
ration process and subsequently filled with glue and epoxy
resin (Fig. 2, e.g., 48D, 38D; Fig. S1). As P decreases, the
proportion of strongly vesiculated volumes declines, while
vesicle coalescence progresses. Coalesced vesicles are gen-
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Figure 2. Coalescence behavior of the phonolitic melt during de-
compression. Hydrous melts with initially ~ 5.7 wt % or 5.0 wt %
HyO were decompressed from 200 MPa with 0.064, 0.17, or
1.7MPas™! to Pr of 60, 50, 40, and 30 MPa. Left image of each
sample shows the in epoxy embedded sample half, and the right
image shows the thin section of ~ 200 um thickness. Each sample
had an original diameter of 5 mm. Samples from Marks and Nowak
(2025) are marked with *.

erally characterized by an increased vesicle size and signifi-
cantly decreased logVNDs. A logVND range of 4 to 5.7 indi-
cates homogeneously distributed small vesicles formed dur-
ing the initial homogeneous vesicle formation process, while
at lower Pr values logVNDs between 3.7 and 0.5 indicate co-
alesced vesicles (Fig. 3). The logVND values correlate with
measured vesicle sizes. High logVNDs correspond to small
vesicles sizes, ranging from 2 to 16 um, depending on the
decompression rate, Py, and ch,0i. The onset of coalescence
is indicated by increased vesicle sizes, starting at 37 um and
increasing up to ~ 500 um (Fig. 3, Table 1). The glass porosi-
ties correlate with the increasing logVND and vesicle sizes.
The glass porosities in Fig. 3 are plotted separately, present-
ing individual values for both initial uniform vesicles and co-
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alesced vesicles within the same sample. The glass porosity
increases with continuing coalescence and Ps.

3.2 Decompression rates

To further analyze the coalescence behavior, the experimen-
tal results of the different decompression series are presented
individually. Coalescence behavior varies among the three
decompression rates, while showing similar behavior at cy,0;
of 5.7wt% and 5.0 wt %. A complete overview of all sam-
ples from the decompression series, including the samples
from Marks and Nowak (2025), is included in the Supple-
ment (Figs. S1 and S2).

3.2.1 dP/dt of 0.064 MPas~"

Samples decompressed at the slow rate of 0.064 MPas™!
are characterized by the appearance of large vesicles within
the initially homogeneously vesiculated volumes during pro-
gressing decompression. In the series with 5.7wt% cn,0i,
coalescence starts at a Py of 70 MPa (Fig. 1). The capsule de-
formed during quenching. This deformation affected all coa-
lesced vesicles, rendering their sizes unanalyzable. However,
samples at lower P; remained nearly undeformed, with vesi-
cle sizes of ~ 300 um at a Py of 60 MPa and ~ 500 um at a Ps
of 50 MPa. Despite the presence of large coalesced vesicles,
sample volumes with small homogeneous vesicles of 9 um in
diameter are still present in the glass interstices (Fig. 2a). At
the lowest Py of 40 MPa in this series (LLST_39D), homoge-
neously formed small vesicles are no longer observable, and
the vesicle size of the coalesced vesicles can no longer be
measured. Due to the large vesicle sizes and partial sample
damage during preparation, the sample volume can no longer
be evaluated, as the vesicles are no longer individually sepa-
rated.

In the decompression series with a chy,o0; of 5.0wt%
(Fig. S2), the sudden appearance of large vesicles also oc-
curs within initially homogeneously formed vesicle volumes.
However, in this lower H>O concentration series, coales-
cence starts at a lower Py of 40 MPa. Volumes containing
homogeneously formed vesicles with diameters of 13 um
are still present between the large coalesced vesicles, which
measure ~ 480 um. A consistent feature across all coalesced
samples is the VND, with low logVND values ranging from
0.83 and 0.56 for the 5.7 wt % series at Pr of 50 and 40 MPa,
respectively, and a logVND of 0.53 at Pr of 40 MPa in the
5.0 wt % series.

3.2.2 dP/dt of 0.17MPas™'

A different vesicle coalescence behavior is observed in the
0.17MPas~! decompression series. Across all coalesced
samples at this decompression rate, logVNDs ranging from
1.8 to 0.92 were determined. In the series with 5.7 wt %
CH,0i, coalescence starts at a Pr between 70 and 60 MPa, with
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Figure 3. Combined logVND data plots of decompressed and quenched samples (Marks and Nowak, 2025). Data points of the same label
correspond to both uniformly distributed vesicles and, if present, coalesced vesicles. The DRM corresponds to the calculated decompression

rate meter of Toramaru (2006) (see Sect. 4.4).

large vesicles measuring 140 um in diameter and smaller ho-
mogeneous vesicles of 7 um in diameter still preserved be-
tween the larger vesicles (Fig. 2a). Decompression to a lower
Pr of 50 MPa results in increased vesicle sizes of 422 pm for
the coalesced vesicles and 10 um for the preserved homo-
geneously formed small vesicles (LLST_4D). Upon further
decompression to a Pr of 40 MPa, initially homogeneously
formed vesicles are erased by coalescence (LLST_26D).
However, due to the large size of the coalesced vesicles and
their deformation during cooling, accurate diameter mea-
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surements could not be obtained. The vesicle size of 314 um
determined using CSDcorrections (Higgins, 2000) is likely
incorrect, as the vesicles appear significantly larger at a Pt
of 40 MPa compared to 50 MPa based on macroscopic ob-
servations. This discrepancy affects the VND, which should
not exceed the previous logVND of 0.92 at higher P;. This
discrepancy might relate to the cut number of 61 vesicles
in sample LLST_26D which is insufficient for CSDcorrec-
tions to generate statistically significant values. Marxer et
al. (2015) determined that a minimum of 200 cut vesicles

Eur. J. Mineral., 37, 413-435, 2025
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is required in CSDcorrections analysis to achieve reliable re-
producibility. Consequently, the current CSDcorrections data
should be handled with caution and regarded only as a pre-
liminary approximation based on the actual vesicle number
and size.

In the decompression series with a cy,0; of 5.0wt%
(Fig. 2d), the extending coalescence dependence cannot be
determined, as coalescence only occurs at the lowest Py of
30 MPa (LLST_45D). However, an interesting feature of this
sample is the preservation of the initial homogeneous vesi-
cle formation stage in the innermost sample center, with a
maximum logVND of 5.6, while the outer areas exhibit coa-
lesced vesicles with a logVND of 1.52 and large diameters of
~ 330 um. Additionally, volumes with small homogeneously
formed vesicles are still preserved between the large coa-
lesced vesicles, not only in the innermost part.

3.2.3 dP/dt of 1.7MPas™'

The third series, with the fastest decompression rate of
1.7MPas™!, reveals a different coalescence behavior. In the
5.7 wt % series, coalescence starts at a Py of 60 MPa (Fig. 1).
In contrast to the other samples, vesicles start to coalesce
from the outer part of the sample towards the sample center.
The sample centers at Pr of 60, 50, and 40 MPa exhibit uni-
form and finely vesiculated volumes with consistently high
logVNDs of 5.2 to 5.4 and vesicle sizes ranging between 7
and 9 um in diameter, indicating the preservation of the initial
vesicle formation stage (Table 1, Fig. 2b). However, the coa-
lesced volumes expand inward towards the sample center as
Pr decreases. At Py of 60 MPa (LLST_50D), coalesced vesi-
cles have a diameter of 37 um and a logVND of 3.42. This
coalesced volume spans a horizontal width of ~ 600 pm.
As Py decreases, this width extends to an average of about
1000 um at Py of 50 MPa and ~ 1200 um at Pr of 40 MPa
(LLST_13D and LLST_25D, respectively). Determining the
width at lower Pf is challenging due to slight sample inclina-
tion related to preparation, as seen in LLST_13D, and cap-
sule deformation during quenching, as seen in LLST_25D.
Nonetheless, an increase in coalescence width is observed
with decreasing Py, showing coalesced vesicle diameters of
53 to 66 ym and logVNDs of 3.31 to 3.11. The final sample
in the 5.7 wt % cn,0i series exhibits coalescence of the com-
plete sample volume at a P of 30 MPa (LLST_44D, Fig. 2b).
Only vesicles with diameters of 120 um remain, but with a
relatively high logVND of 3.68.

Similarly, in the 5.0wt% decompression series at
1.7MPas™!, coalescence starts from the outer shell at a Pf
of 30 MPa (Fig. S2, LLST_42D). In this sample, the coales-
cence width extends to ~ 400 um towards the sample center,
with vesicle diameters of 44 um and a logVND of 3.19, while
the inner part of the sample still shows a high logVND of
5.35 with initially homogeneously formed vesicles measur-
ing 8 um.
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3.3 Onset of coalescence

Comparing the vesicle textures across the three series at
the onset or completion of coalescence reveals distinct dif-
ferences in coalescence behavior. In initially HyO saturated
melts, coalescence starts at a higher pressure than in under-
saturated melts (Fig. 1). This pressure difference correlates
with the difference in H,O saturation pressures (Psa, from
Marks and Nowak, 2025) of 198 and 156 MPa for 5.7 wt %
and 5.0 wt %, respectively. Additionally, the onset of coales-
cence partially depends on the decompression rate, occurring
at higher Py with decreasing rates. The first coalesced vesi-
cles appear in the samples of the 5.7 wt % series at a Pr of
70 MPa at the slowest rate of 0.064 MPas—! and at a P of
60 MPa for the 0.17 and 1.7 MPas™! rates (Fig. 1). In con-
trast, coalescence in the samples of the 5.0 wt % series oc-
curs at a Py of 40 MPa for the 0.064 MPas~! decompression
rate and at a Pr of 30 MPa for the faster rates of 0.17 and
1.7MPas~!.

Samples quenched at the onset of coalescence exhibit both
pristine homogeneous vesiculated sample volumes and the
first coalesced vesicles, represented by two data points in
Fig. 3: one for the homogeneous vesiculated volumes with
maximum logVNDs of 5.1-5.7 and another for the volumes
with coalesced vesicles with significantly lower logVND val-
ues between 3.7 and 0.5. It is important to note that the
logVND of the pristine homogeneously formed vesicles de-
creases with the onset of coalescence at the slow decompres-
sion rates of 0.064 and 0.17 MPas~!.

3.4 Special case: equilibration at £~

A special case regarding the coalescence behavior can be ob-
served when comparing sample LLST_42D and LLST_41D
(Fig. 4). Both samples had a cy,0; of 5.0 wt % and were de-
compressed at 1.7MPas~! to Py of 30 MPa. Sample 42D
was quenched immediately upon reaching Pf, whereas sam-
ple 41D was held at run temperature and Py for 20 s before
quenching. This resulted in different vesicle textures of the
two samples. The center of sample 42D is completely filled
with small, uniformly distributed vesicles, with sizes ~ 8 ym
and a logVND of 5.35, formed during initial vesiculation
(Fig. 4). Coalescence is observed only in the intermediate
zone between capsule wall and sample center, where vesicle
diameters increase to 44 um and the logVND decreases to
3.19. This represents the regular degassing behavior with the
beginning of coalescence during continuous decompression.
In contrast, sample 41D shows small, uniformly distributed
vesicles only in the innermost sample center, with a reduced
logVND of 4.77 and larger vesicle sizes of 16 um. Between
these vesicles, as well as in the outer parts of the sample, co-
alesced vesicles with large diameters of ~ 100 pm and a low
logVND of 2.39 are present. Therefore, as expected, the 20 s
equilibration time at Py of sample LLST_41D led to an in-

https://doi.org/10.5194/ejm-37-413-2025
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Figure 4. TLM images of samples LLST_42D and LLST_41D. Both samples were decompressed at 1.7 MPa s~ to a Pp of 30 MPa. Sample
42D was quenched immediately upon reaching Py and shows a homogeneous vesicle appearance throughout the glass (a—e). In contrast,
sample 41D was held at P for 20 s prior to quenching, exhibiting coalescence structures throughout the sample volume with only a few fine
homogeneous vesicles remaining in the center (f-j). The images were captured from the inner part of the samples, except for (¢2) and (h2),
which show the outer and coalesced areas. Scale bars are valid for vertically aligned images.

creased stage of vesicle coalescence and consequently to a
decrease in VND.

3.5 CH,0t

H>O concentrations of decompressed samples are presented
in Fig. 5. Data of decompression series are plotted separately
based on cn,0; of 5.7wt% and 5.0 wt % and the respective
decompression rates of 0.064, 0.17, and 1.7 MPa sl The
data span from the Ps related to the first vesicle observation to
the lowest Pr in the series, capturing the onset and full extent
of coalescence during continuous decompression applied in
this study.

FTIR measurements conducted through pristine, initially
vesiculated sample volumes, encompassing both interstitial
glass and vesicles in the beam path, show ch,o¢ close to
the initial H,O concentrations (Fig. 5a, b). In samples with
a cH,0i of 5.7wt% and dP/dt of 0.064 and 0.17 MPa s—L,
the cy,0¢ values through vesiculated sample volumes remain
near 5.0 wt % at Pr of 70 and 60 MPa. In contrast, vesicle free
interstitial glass measured between coalesced vesicles at P¢
of 70-60 MPa shows ch, 0 reductions to 4.9-4.3 wt %, a de-
crease of 0.4-1wt% (Fig. 5a). At lower Py of 5040 MPa,
cH,0t could only be analyzed between coalesced vesicles,
yielding values of 4.4 wt %—3.4 wt % as pristine vesiculation
was erased by coalescence. This indicates a continuous de-
crease in cy,o¢ With lower Pr and increased coalescence.

In samples with a ch,0; of 5.0wt% and decompression
rates of 0.064 and 0.17 MPas™!, cH,0r measured through
pristine vesiculated sample volumes exceeds cy,0i, Whereas
cH,0r in interstitial glass between coalesced vesicles remains
below cp,0i. At Pr values of 50-40 MPa, cn,o through
glass with pristine vesicles ranges from 7.9 wt %—4.5 wt %,
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while glass between coalesced vesicles shows lower values
of 4.2 wt %—2.7 wt % (Fig. 5d, e). During continuous decom-
pression to Py of 30 MPa, cy,or measured through pristine
vesiculated sample volumes varies with maximum (¢H,0max)
and minimum (cH,0min) H20 concentrations of 8.2 wt % and
5.2 wt %, respectively, while interstitial glass in zones of co-
alesced vesicles stabilize at 3.8 wt %.

Samples decompressed at 1.7 MPas™! exhibit distinct co-
alescence behavior, with coalescence starting at the outer re-
gions of the vesiculated melt. Cross-sectional concentration
profiles reveal significant H,O variations (Fig. Sc, f). In the
5.0 wt % series (Fig. 5f), the main vesicle formation stage,
corresponding to the highest VND, occurs at the lowest P¢
of 30 MPa. Three horizontal cross-sections were measured,
showing ch,0¢ of 4.1 wt %—4.9 wt % between coalesced vesi-
cles in the outer regions, with cp, oy increasing to a maximum
of ~ 10wt % in pristine vesiculated volumes at the sample
center.

A similar cp,0¢ distribution is observed in samples with a
¢H,0i of 5.7 wt % decompressed at 1.7 MPa s~ 1. Partial coa-
lescence is observed at a Pr of 60 MPa. It was not possible to
measure interstitial vesicle free glass volumes even in the re-
gions with coalesced vesicles. Here, cp,or slightly increases
towards the sample center, reaching cn,0; of 5.7 wt %, while
decreasing to 5.0 wt % in the outer regions (Fig. 5c). At Pt
of 50 and 40 MPa, similar trends appear, with high cn,0¢ of
4.7 wt % in fringe zones near the capsule walls, followed by a
decrease to 3.7 wt %—4.3 wt % between coalesced vesicles in
outer sample regions. Measurements through glass with pris-
tine vesicles show a steady ch,0¢ increase towards the sam-
ple center, reaching a maximum of 6.4 wt %—6.9 wt %. For
the sample at Py of 40 MPa, cy, 0 rises more steeply towards
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Figure 5. cy,oy profiles of decompression samples, supplemented by data from Marks and Nowak (2025): (a) cy,0; of 5.7 wt % and
dP/dt of 0.064 MPas™!, (b) 5.7wt % and 0.17 MPas™!, (¢) 5.7 wt % and 1.7MPas~!, (d) 5.0 wt % and 0.064 MPas~!, (e) 5.0 wt % and
0.17MPas~ !, and (f) 5.0 wt % and 1.7 MPas™!. Solid colored symbols represent ¢y, through homogeneous vesicles, while pale-colored
symbols with black edges represent cy, oy in glass between already coalesced vesicles. The two-colored data points in (¢) and the data in
(f) correspond to horizontal measurements taken from the left capsule rim, passing through regions with partially coalesced vesicles, homo-
geneous vesicle areas, and again through coalesced vesicle areas near the right capsule rim. The image in (f) represents sample LLST_42D
from Fig. 4, with data points corresponding to the measurement points in the image. Error bars are provided for each dataset. cy, o represents

the initial HyO concentration of 5.7 wt % (a—c) and 5.0 wt % (d-f).

glass with pristine vesicle volumes, peaking at 6.4 wt % in
the profile. Additional measurements in vesiculated volumes
show maximum cp,or values of 7.5 wt % (Table 1). The sam-
ple decompressed to the lowest Pr of 30 MPa exhibit only
coalesced vesicles, with an average cn,0¢ of 3.5 wt % in in-
terstitial glass.

Residual cp,0¢ in interstitial glass of decompressed sam-
ples are presented in Fig. Al. Additionally, cy,0; of 5.7 wt %
and 5.0 wt % were plotted, along with the expected equilib-
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rium HyO concentration (cH,0eq), calculated based on sol-
ubility data (Marks and Nowak, 2025). Measurements of
samples containing vesicles within the beam path were ex-
cluded; only samples where the NIR beam exclusively passed
through interstitial glass were included in the plot. The newly
added data for coalesced volumes indicate that, even at a
low Pr of 30 MPa, no sample achieved the cy,0eq predicted
by the solubility measurements, irrespective of ch,0i. The
data consistently show cn,0o¢ values approximately 1.5 wt %—
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2 wt % higher than the cy,0eq calculated using Eq. (5) therein
(Fig. Al).

4 Discussion

4.1 VND evolution

In all samples prior to coalescence, a constant VND was
observed across various decompression rates, with uniform
vesicle sizes within each sample. This feature is an indi-
cation of spinodal decomposition, where the critical wave-
length of H,O concentration fluctuations, enhanced by up-
hill diffusion, and determines the uniform and spontaneous
formation of vesicles throughout the melt during decom-
pression (Allabar and Nowak, 2018; Sahagian and Carley,
2020). As a result, spinodal decomposition produces a high,
decompression-rate-independent VND along with consis-
tently uniform vesicle sizes (Allabar and Nowak, 2018; Al-
labar et al., 2020b; Sahagian and Carley, 2020; Gardner et
al., 2023).

While the process appears consistent across all samples, a
deeper analysis has uncovered specific trends that are now
being examined in detail. The evolution of VND with Pt
for the decompressed and quenched samples demonstrates at
sufficient H>O supersaturation an apparent initial increase in
logVND from ~ 4 to maximum values of 5.1 to 5.7 related
to homogeneous vesicle formation, followed by a rapid de-
crease by orders of magnitude related to progressing coales-
cence, irrespective of the decompression rate and H,O con-
tent (Fig. 6a, b). Notably, all series start with logVND values
of ~ 4 when the first um-sized vesicles are observable in the
quenched glasses, primarily in samples with Pr values of 80
and 70 MPa. The reduced initial VND is suggested to be at-
tributed to quenching of the vesiculated melt, where not all
vesicles formed during decompression survived due to mini-
mal size variations (Marks and Nowak, 2025). Quenching of
the melt causes shrinkage of the vesicles, possibly to a scale
below the optical resolution or complete disappearance re-
lated to the reduction in the molar volume of HyO (Marxer et
al., 2015) and the resorption of HoO from the fluid vesicles
into the melt (Mclntosh et al., 2014; Allabar et al., 2020a),
driven by the increasing solubility of H»O in phonolite melt
with decreasing temperature (Schmidt and Behrens, 2008).
However, their presence cannot be entirely ruled out, as they
may persist beyond the limits of the applied imaging tech-
nique. This step is indicated by number 1 in Fig. 6.

The subsequent increase of logVNDs to maximum values
of 5.1-5.7 (Table 1) with decreasing P represents the true
initial VND of homogeneously formed vesicles due to a suf-
ficient size, allowing them to persist despite the rapid cool-
ing process (number 2 in Fig. 6). The propagating decrease
in VND with decompression (number 3 in Fig. 6) is related
to the onset and progression of coalescence, showing both
volumes of pristine, small and uniform vesicles with high
VND as well as volumes with larger coalesced vesicles un-
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til the stage of complete coalescence is reached (number 4
in Fig. 6). With the onset of coalescence, the logVND drops
drastically by 1.2-4.1 log units to low values depending on
the decompression rate (Table 1, Fig. 6).

We emphasize that, particularly in the 1.7 MPas™! series
(Fig. 6a), the transition from the initial appearance of ob-
servable vesicles in the glass to the onset of coalescence is
achieved within ~ 6 s in the 10 MPa P interval. The bimodal
stage, characterized by persistent initial VND alongside pro-
gressive coalescence, spans a pressure interval of 30 MPa.
Complete coalescence is reached at a Py of 30 MPa, with the
logVND decreasing to ~ 2. A more pronounced reduction
in logVND, coinciding with the onset of coalescence, is ob-
served in the samples of the 0.17 MPa s~! series (Fig. 6b).
With the onset of coalescence, the logVND decreases from
5.1 to a value of 4.3, while the logVND of the coalesced vol-
umes ranges from ~ 1 to 2. The coalesced vesicle volumes
exhibit significantly lower logVND values than those ob-
served in the faster-decompressed samples, indicating a more
advanced stage of coalescence. At the slowest decompres-
sion rate of 0.064 MPas ™!, this process is further intensified,
resulting in the lowest logVND values, as low as 0.5. These
observations suggest that the logVND of coalesced vesicle
volumes is influenced by P and the rate and duration of de-
compression.

4.2 Onset of coalescence: melt porosity

As displayed in Fig. 1, the onset of coalescence is partially
dependent on the decompression rate. Within the 10 MPa
pressure intervals, it starts at a pressure that is 10 MPa higher
at the slowest decompression rate compared to faster rates
in both cn,0; series. In the 5.7 wt % series, HyO supersatu-
ration starts almost immediately after decompression begins,
as the saturation pressure (Pgy = 198 MPa) is nearly identi-
cal to the starting pressure of 200 MPa. In contrast, samples
of the 5.0 wt % series require a pressure drop of ~ 40 MPa
before supersaturation initiates (Pgy; = 156 MPa, Marks and
Nowak, 2025). This accounts for the observed 30 MPa delay
in the onset of coalescence in the 5.0 wt % series compared
to the 5.7 wt % series (Fig. 1). Due to the lower Pgy in the
5.0 wt % series, only partial coalescence is achieved at the
lowest Pf, whereas samples of the 5.7 wt % series undergo
full coalescence, reaching a constant VND without residual
pristine vesiculated volumes.

At the onset of coalescence, a mean vesicle diameter of
6.7+ 1 um and glass porosity (®glass) of 2.3 =1 vol % for the
5.7 wt % series were measured (Table 1). In contrast, samples
of the 5.0 wt % series show higher and more variable values,
with vesicle diameters ranging from 8.3-13.9 um and ®gjass
of 6-35.6 vol %. It is important to note that ®gj,s5 does not
represent melt porosity prior to quenching, as vesicle shrink-
age occurs during cooling related to the decreasing molar
volume of H;O, as well as due to HyO resorption (McIntosh
et al., 2014; Marxer et al., 2015; Allabar and Nowak, 2018;
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Table 1. Conditions and results of decompression experiments. Decompression experiments were hydrated at 200 MPa for 96 h at 1523 K and thermally equilibrated for 30 min at

1323 K prior to decompression.
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LLST Py Prin  Quenching rate ¢y, 0eq at CH,Omax ~ CH,Ot in pure CH,0¢ in glass  Vesicle size  Vesicle size I tgife/Td Dglass Dglass Deq logVND logVND
[MPa] [MPa] [Ks 1] Pr [wt %] [wt %] glass [wt%]  through vesicles [wt %] hom. [um] coal. [um]  [um] hom. [vol %] coal. [vol%] [vol%] hom. ?::\J coal. T:E\ﬁ

dP/dr of 1.7MPas™!

cH,0j of 5.7 Wt %

50D 60 55 MQ 2.66 5.48+0.27 5.26+0.26 74 36.5 7.8 0.31 32 6.3 38.0 5.19 342

13DP 50 45 MQ 233 6.941+0.27 4.70+£0.27 5.00+0.27 7.7 65.5 9.6 0.37 23 16.0 435 4.99 3.11

13D® 50 45 MQ 233 6.944+0.27 4.70+0.27 5.00+0.27 74 65.5 9.6 0.37 6.1 16.0 43.5 5.42 3.11

40DP 50 49 RQ 247 4.434+0.24 3.98+0.24 8.5 57.6  10.1 0.45 2.6 16.0 39.4 491 3.28

25D 40 39 MQ 2.15 7.46+0.28 4.844+0.28 9.0 53.0 6.1 0.14 7.1 13.6 47.7 5.30 3.31

44pP 30 26 MQ 1.69 4.53+0.25 3.29+0.23 119.6 119.6 n.e. 1.76 81.3 81.3 56.0 3.68

CH,0i of 5.0 wt %

42D%b 30 28 MQ 1.78 10.02+0.38 7.98+0.33 8.3 44.0 6.0 0.11 6.3 6.5 53.2 5.35 3.19

41DP 30 28 NQ 1.77 591+£0.28 2.88+0.23 4.86+0.26 15.8 102.9 8.0 0.19 10.9 12.4 55.8 477 2.39

dP/dr of 0.17 MPas !

CH,0i of 5.7wt %

3D? 70 68 MQ 3.01 5.13+0.27 4.95+0.27 2.0 10.1 0.98 0.1 335 5.24

49pa-b.c 60 60 MQ 2.79 5.254+0.27 5.08+0.26 74 139.2 9.2 0.51 23 83 319 5.05 1.80

4pb-e 50 50 RQ 2.49 5.18+0.27 4.36+0.26 4.95+0.27 10.0 4220 174 1.37 1.1 14.8 46.2 4.33 0.92

26DP:¢ 40 40 MQ 2.19 4.46+0.31 3.434+0.30 314.0 n.e. n.e. 45.8 32.7 1.46

CH,0; of 5.0 Wt %

17D? 40 40 MQ 2.18 10.60£0.33 4.25+0.26 7.67+0.34 7.6 4.1 0.06 9.9 419 5.68

17D? 40 40 MQ 2.18  10.60£0.33 4.25+£0.26 7.67+0.34 10.8 2.6 0.02 25.3 41.9 5.59

45pa-b.c 30 30 MQ 1.84 8.21£0.32 3.75+0.23 6.57+0.29 13.9 328 1.5 0.01 35.6 37.8 45.8 5.60 1.52

dP/dr of 0.064 MPas™!

CH,0j of 5.7 Wt %

37D%b 70 70 MQ 3.06 5.26+0.27 4.86+£0.26 5.14+0.26 5.8 n.e. 9.2 1.3 21.1 5.12

48pa-b.c 60 60 NQ 2.78 5.15+£0.27 4.28+£0.25 5.02+0.26 9.9 2955 128 2.0 2.3 9.9 27.1 4.62 0.83

38pb-¢ 50 50 MQ 2.50 4.74+0.25 4.20+£0.24 8.5 502.0 329 73 0.1 16.4 28.7 3.67 0.56

39DP 40 39 MQ 2.15 434+0.24 3.944+0.24 n.e. n.e. 27.0

CH,0;j of 5.0 Wt %

20D? 50 50 MQ 2.50 7.87+0.28 4.47+0.27 5.344+0.28 6.0 4.3 33.0 5.60

21pabe 40 40 MQ 2.19 4.71+0.28 4.15+£0.26 4.49+0.27 129 484.0 9.7 1.24 6.0 20.4 36.6 475 0.53

Included are data from Marks and Nowak (2025), marked with 2. Samples with ® are partially or completely coalesced. ¢ determined by CSD; n.e.: not evaluable. Py = final pressure; Py = recorded minimum pressure during ¢ pression; dP/dr =d p ion rate; Q hing rates: RQ =~ 150K s~ !,
MQ=~97 Ks™, NQ=~16 Ks™1; CHy01 = initial HyO concentration; CHyOeq =equilibrium H»O concentration; CHyOt = measured HyO concentration in glass; / = inter-vesicle distance; rg;gr = diffusion ti cale; g = ion ti le; @gjags = glass porosity; Peq = equilibrium melt porosity; VND: vesicle

number density.
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Figure 6. The logVND evolution vs. Py related to decompression time (¢ in s). (a) Experimental series with 5.7 wt % cy,0; and a decom-
pression rate of 1.7 MPa L) experimental series with cy,oj of 5.7 wt % decompressed with 0.17 MPa s~1. Numbers represent the stages
of vesicle textures: (1) first vesicle formation observed in quenched glasses influenced by vesicle shrinkage and resorption; (2) samples with
vesiculated volumes indicating the highest initial VNDs; (3) Decrease in VND due to the onset and progression of coalescence in sample
volumes with pristine vesicles and sample volumes with coalesced vesicles; and (4) complete coalescence stage where volumes with homo-
geneously formed pristine vesicles are erased. The blue arrows indicate the evolution of the initial VND, while the red arrows highlight the
difference within a single sample between the VNDs in the homogeneous and coalesced VND fields.

Allabar et al., 2020b). Equilibrium melt porosities ($eq) at
Pr were calculated using Eq. (1) (Gardner et al., 1999), in-
corporating melt density (pmelt) from Ochs and Lange (1999)
and the molar volume of H>O fluid (ViyH,0) from Duan and
Zhang (2006):

T Vint,0 - (CH,01 — CH, Oeq)
Qg = 2 ()
eq —
1+ (—jﬁ‘:{?g - Vink,0 - (en,0i — CHZOeq)>

Significantly higher porosities were calculated, with a mean
Deq of 30.3 vol % for the 5.7 wt % series and a mean ®q of
46.1 vol % for the 5.0 wt % series (Table 1). Only completely
coalesced samples of the 5.7 wt % series exhibit @y, val-
ues exceeding the predicted ®eq. This suggests that in the fi-
nal coalesced stage at low Pf, the CSDcorrections-predicted
Dglass Will be close to Deq, as the influence of shrinkage due
to back diffusion of H>O into the melt is less pronounced at
low VND due to increased vesicle distances.

Vesicle shrinkage can be calculated if the conditions prior
and during quenching are known. Resorption shrinkage re-
quires adjusting the H>O concentration (cH,0eq) in the melt
prior to cooling (Ryan et al., 2015). Otherwise, if the cooling-
induced increase in H>O solubility does not exceed the level
of H,O supersaturation, no driving force exists for H,O
resorption from the fluid phase back into the melt. As a
first approximation, for maximum logVNDs ranging from
5.1 to 5.7 (Table 1, Fig. 3), a mean center of vesicle dis-
tance (vg) of ~ 7 to 9 um was calculated using Hertz (1908)
(vg = 5/9- VND~1/3) for a random vesicle distribution. This
inter-vesicle distance is sufficiently small to enable cy,0eq

https://doi.org/10.5194/ejm-37-413-2025

and ®.q within seconds via H>O diffusion from the melt into
the vesicles during further decompression, as estimated us-
ing the H,O diffusivity for phonolite melt (Schmidt et al.,
2013). To determine the contribution of each vesicle shrink-
age mechanism, we first calculate the shrinkage solely due to
the Equation of State (EOS, Duan and Zhang, 2006) assum-
ing a constant number of H,O molecules in the vesicle.
Vesicle deformation is particularly evident in larger vesi-
cles, making the evaluation of coalesced vesicle sizes in
sample LLST_37D impossible (Fig. 2). Larger vesicles are
more influenced by deformation due to their greater diame-
ter, whereas smaller vesicles tend to maintain their spherical
shape during quenching (Fig. 2). The relaxation time for de-
formed vesicles to return to a spherical shape depends on the
vesicle radius (Toramaru, 1988), as well as the melt viscosity,
and surface tension. Allabar et al. (2020b) determined this
relaxation time to be more than 10 times longer for vesicles
with radii of several hundred micrometers compared to vesi-
cles with only a few micrometers in diameter. Assuming the
amount of exsolved H,>O in the vesicle remains constant, the
decrease in ViyH,0 results in a vesicle volume reduction by
a shrinkage factor (Bs), corresponding to the ratio of ViyH,0
before and after rapid quenching (Marxer et al., 2015):
Bg = V20l min: Teql @)
VmHgO[Pmin, Tf]
Teq represents the experimental temperature during decom-
pression. Based on calculations by Allabar et al. (2020b)
for Vesuvius AD 79 phonolite, the fictive temperature (7t),
at which vesicle shrinkage ceases is up to 200 K above the
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glass transition temperature (1) at a cooling rate of 44 K s~
Marks and Nowak (2025) applied these parameters to their
dataset, and determined a Tt of ~ 965 £ 20K, covering all
samples.

The VinH,0 at Pmin and Teq or Tt was calculated using the
EOS of H,O (Duan and Zhang, 2006). We calculated Bs
for samples with a cp,0i of 5.7 wt % to range from 2.26 to
1.73 and for samples with a cp,0;i of 5.0 wt % to range from
2.01 to 1.65. With decreasing Pr and residual cp,0¢, Bs de-
creases. This factor can be incorporated into Eq. (3) to cal-
culate melt porosity (Pgos) at 7f when shrinkage starts from
®eq (Marxer et al., 2015):

Deq '
Beq — Bs - (Peq — 100)

Spos = 100. 3)
The resulting ®gps values are between the measured ®gjags
and the calculated ®¢q. The calculated ®gps ranges from
9 vol % to 43 vol %, with increasing values as Pr decreases.
The ®gps remains consistently ~ 10 vol %—15 vol % below
®eq but aligns closely (~ 5 vol %) with CSD-corrected @ gjass
in strongly coalesced samples (Table 1).

Allabar et al. (2020b) combined shrinkage by EOS and
H»O resorption, which resulted in a ~ 10 vol % decrease in
®gos at a cy,0i of 5.3 wt % and a quenching rate of 44 K s—L.
It was found that the value of the measured ®gass is within
this determined range. Due to the similar composition and
similar cy,0i, we assume that a range of ~ 10 vol % with the
maximum at ®gpg is also possible for the samples in this
study. The actual melt porosities are therefore between the
measured ®gla5s and Pros, while the calculation of ®eq sig-
nificantly overestimates the porosities.

Returning to melt porosity at the onset of coalescence,
the required porosity decreases with decreasing decompres-
sion rate but increases with decreasing cp,0i. For a cp,0i
of 5.7wt%, the ®gos values are 23vol% at a decom-
pression rate of 1.7 MPa s7! and Py, of 55MPa, 17 vol %
at 0.17MPas~! and Py, of 60MPa, and 11vol% at
0.064 MPas—! and Py, of 60 MPa. In the cH,0i of 5.0 wt %
series, the porosity values increase as Ppin decreases: Pgos
values are 43 vol % at a decompression rate of 1.7 MPas™!
and Ppi, of 28 MPa, 34 vol % at 0.17 MPas™! and P, of
30 MPa, and 25 vol % at 0.064 MPas~! and Py, of 40 MPa
(Table 2).

4.3 Onset of coalescence in the intermediate zone at
dP/dt of 1.7 MPas™'

The observed onset of coalescence in the intermediate zone
of the samples, close to the capsule wall, in the 1.7 MPa 571
series might be related to slight cp,or gradients (Fig. 2).
The H>O solubilities (cH,0eq) Were calculated in Marks and
Nowak (2025). We experimentally determined H>O solubil-
ities and derived an empirical formula to predict cy,0eq be-
tween pressures of 200 and 30 MPa at 1323 K. Additionally,
we determined cy,0eq at the hydration temperature of 1523 K
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and 200 MPa, which was found to be 5.45 £0.26 wt %. At
1323 K, cH,0eq increased by ~ 0.4 wt % to 5.83+0.26 wt %.
This is consistent with the increased H,O solubility at
lower temperatures observed in phonolite melts (Schmidt and
Behrens, 2008). The increase in cH,0eq With decreasing tem-
perature is relevant during the 30 min temperature equilibra-
tion time after hydration at 1523 K for 96 h. The outer melt
volumes are expected to build up a slightly higher H,O con-
tent during the 30 min dwell time compared to the central
part of the melt prior to decompression. It is assumed that
the excess HyO of 0.25 wt % at ch,0i of 5.7 wt % is evenly
distributed between the capsule wall and melt during the hy-
dration at 1523 K. The excess amount of H,O dissolves in the
outer melt volumes during the dwell time at 1323 K. An esti-
mation of Dy,0 related to 5.45 wt % H;O during the 30 min
at 1323 K and 200 MPa, without considering the initial onset
diffusion during the cooling phase from 1523 to 1323 K, re-
sulted in 651 um diffusion length by applying the diffusion
equation provided by Schmidt et al. (2013). This distance
exceeds the width of the coalesced volume at Pr of 60 MPa,
which is ~ 600 um. Therefore, it cannot qualitatively account
for the coalescence observed beginning in the outer regions.

At a cH,0i of 5.0wt%, the complete amount of H,O
is homogeneously dissolved throughout the melt already at
1523 K. In this case, the enrichment of H>O in the outer melt
shell fails to explain the onset of coalescence at the sample
rim in sample LLST_42D at P of 30 MPa. Therefore, we
cannot fully explain this unique vesicle coalescence behav-
ior, which warrants further investigation.

4.4 VND adjusted by coalescence follows the
decompression rate meter of Toramaru (2006)

The general trend of the VND development with decreas-
ing Ps is consistent across all samples analyzed in this study
(Fig. 3). However, the VND of the initially formed (logVND
of 5.1-5.7) and partially extinct (logVND of 4.5-5.0) homo-
geneous vesicles remains constant across all decompression
rates, consistently exhibiting uniform vesicle sizes within
each sample, suggesting that their initial formation occurs
via spinodal decomposition (Allabar and Nowak, 2018; Al-
labar et al., 2020a; Sahagian and Carley, 2020; Gardner et
al., 2023; Marks and Nowak, 2025). This observation sup-
ports an alternative degassing mechanism to classical nucle-
ation theory, in which VND depends on the decompression
rate, and vesicle formation is limited to the extent necessary
to reduce supersaturation. As a result, a range of vesicle sizes
is present within a single sample, as new vesicles form only
when existing ones are insufficient (Navon and Lyakhovsky,
1998). Upon the onset of coalescence, the VND decreases
significantly by several orders of magnitude, 1-2 log units
below the predicted VND using the DRM (decompression
rate meter) line (Figs. 3, 7), calculated by Eq. (4) accord-
ing to Toramaru (2006). The DRM is based on nucleation
theory, which predicts an increasing nucleation rate with an
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Table 2. Samples with volumes showing maximum VND at the onset of coalescence. Data are given for pristine homogeneously vesiculated

volumes.
LLST  cH,0i dp/dt Py Vesiclesize  Vesiclesize  Pglags Deq dEos [ logVND
[wt%] [MPa s_l] [MPa] [um] [um] [vol%] [vol%] [vol%] [um] [mm_3]
d>glass PEos
50D 5.7 1.7 55 7.4 15.1 3.2 37.9 23.1 7.8 5.19
42D 5.0 1.7 28 8.3 13.7 6.3 55.8 43.3 6.0 5.35
49D 5.7 0.17 60 7.4 16.5 2.3 31.9 174 9.2 5.05
45D 5.0 0.17 30 139 23.1 35.6 45.8 33.7 1.5 5.60
37D 5.7 0.064 60 5.8 12.6 1.3 21.1 11 9.2 5.12
21D 5.0 0.064 40 12.9 22.5 6.0 36.6 24.9 9.7 475
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Figure 7. VND vs. decompression rate plot of decompressed samples using hydrous phonolitic or trachytic melt. The samples are presented
as follows: this study (including data from Marks and Nowak, 2025) is represented by blue triangles, Allabar and Nowak (2018) by red
circles, Allabar et al. (2020b) by orange circles, Preuss et al. (2016) by crossed green squares, Marxer et al. (2015) by yellow diamonds,
and lacono-Marziano et al. (2007) by open squares. For a better overview, data from other authors were slightly shifted in dP/dt by 0.03
at 0.17MPas—! and 0.3 at 1.7MPas~! to mitigate overlapping. The DRM line is calculated for the LLST composition using the surface
tension o = 0.053Nm~! calculated by Shea (2017) according to Toramaru (2006). Successful decompression experiments are plotted in the
area of homogeneous VND, indicating degassing by spinodal decomposition. Data following the DRM line are influenced by coalescence,
due to pre-existing bubbles, or due to an unsuitable capsule design.

increasing decompression rate leading to a decompression-
rate-dependent VND of homogeneously nucleated vesicles.
This method can be used to derive the magma ascent veloc- VND
ity using VNDs of volcanic ejecta.
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melt interface [N m~1]; k: Boltzmann constant (1.38 x 10723
[J K’]]); T: temperature [K]; Pg,: HpO saturation pressure
[Pa]; D: HoO diffusivity in the silicate melt [m2 s_l]; Vin:
volume of an H>,O molecule in the melt (=3 x 107% m>)
(Burnham and Davis, 1971); dP/d¢: decompression rate
[Pas™!]

The model assumes that each H;O molecule is a poten-
tial vesicle nucleation site and that nucleation ceases during
decompression when the VND reaches a level where vesicle
distances are sufficiently small for a diffusion-controlled de-
crease in H>O supersaturation below the threshold necessary
for further vesicle nucleation (Toramaru, 2006). Assuming
nucleation as the formation process of vesicles, the DRM can
be used to calculate the VND as a function of d P /d¢ by con-
sidering the surface tension (o), HoO content, and diffusivity
defined by the H,O saturation pressure (Marks and Nowak,
2025). The surface tension was calculated by Eq. (5) ac-
cording to Shea (2017) and was predicted to be 0.052N m™!
for 5.7 wt % H»O and 0.053 N m~! for 5.0 wt %. For the pa-
rameters oyef, Iref, Pref, and SiOopper (surface tension, tem-
perature, pressure, and SiO, content), values of a reference
melt are chosen and taken to be oref = 0.06 Nm™!, T.ef =
900 °C, Prer =200MPa, and SiOger = 66.5 wt %. The re-
quired H>O diffusivity (logD) (in m*>s~') was given in
Eq. (6) by Schmidt et al. (2013) with cy,o (in wt %) and T
(in K).

0 = or-exp[ (<22 x1072) - (5103, — Si02)

—5x 1070 (Tres = T)+2 % 107> - (Pre — Peat) )
log D = (—6.001 — 0.277 - cp,00)
— (6281 —565.6 - cp1,00)/ T (6)

While the maximum logVND of the homogeneous vesicle
volumes show independence from different decompression
rates with consistently high values of 5.1-5.7 (Table 1), the
logVNDs of coalesced sample volumes tend to follow the
DRM, with the lowest logVNDs of 0.5-0.8 at the lowest de-
compression rate of 0.064 MPas~! and the highest logVNDs
of 3.1-3.7 at the highest decompression rate of 1.7 MPas™!.
In each series, the onset of coalescence was observed, but
complete coalescence — defined in this study as the advanced
degassing stage where no pristine homogeneous vesicles re-
main — was only observed in the cn,0; series with 5.7 wt %
H»O. This occurred at a Pr of 40 MPa for rates of 0.064 and
0.17MPas~! and at a P; of 30 MPa for the 1.7 MPas™! rate.

Therefore, coalescence is a progressive process that re-
sults in decreasing VND with P;. Several decompres-
sion experiments with phonolitic and trachytic melts have
already been carried out, which both confirm and par-
tially refute the behavior observed here by encompassing
both decompression-rate-independent and decompression-
rate-dependent VND. However, the decompression-rate-
dependent VNDs observed in melts with compositions iden-
tical to those exhibiting decompression-rate-independent be-
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havior were produced using an alternative experimental de-
sign (Allabar and Nowak, 2018; Allabar et al., 2020a; Preuss
et al.,, 2016; Marxer et al., 2015; Iacono-Marziano et al.,
2007).

For example, VAD79 experiments by lacono-Marziano et
al. (2007) and Marxer et al. (2015) revealed that small cap-
sule diameters (2.4-2.5 mm) inhibited uniform vesicle for-
mation due to H,O diffusional loss towards fringe vesicles
at the capsule walls, compounded by coalescence at low Ps.
Only the highest decompression rate of 1.7 MPas™!, pre-
sented in the study of Marxer et al. (2015), produced uni-
formly distributed small vesicles (logVND of ~ 4.3) due to
shorter diffusion times. In contrast, Preuss et al. (2016) used
larger glass cylinders (5 mm) of Campi Flegrei trachytic and
VAD79 phonolitic melts, achieving high logVNDs of ~ 5.6
with decompression-rate-independent VNDs. However, us-
ing powdered starting material at the same experimental con-
ditions reduced VNDs significantly due to pre-existing HyO—
N, vesicles and degassing by diffusive growth of these pre-
existing vesicles. The samples in which powder was used as
starting material are therefore not included in Fig. 7. Allabar
and Nowak (2018) and Allabar et al. (2020a, b) also ob-
served decompression-rate-independent behavior in hydrous
VAD79 melts, with high logVNDs (4.6-6.4) consistent with
spinodal decomposition and deviating from the DRM trend
(Fig. 7). This underscores that sample geometry, initial start-
ing material, and experimental conditions can critically in-
fluence VNDs. Specifically, VNDs can be lower by orders of
magnitude if the sample size is too small, if powder is used
as the starting material, or if the decompression rate is too
slow. A detailed description of the experiments referenced in
Fig. 7 is included in Appendix B.

Fitting the DRM to the VNDs related to coalesced samples
of this study and to samples of Marxer et al. (2015) result in
o values of 0.09 and 0.035Nm™~!, respectively. According
to Eq. (4), the slope of the DRM remains constant at 3/2,
reflecting its dependency on the diffusion coefficient of H,O.
This relationship allows Eq. (4) to be simplified to Eq. (7):

logVND = 3/2-log(dP/dt) + y, @)

where y represents the intercept on the logVND y axis
(Fig. 7). This y-axis intercept is influenced by the surface
tension, which in turn depends on both the H,O concentra-
tion and the composition of the melt, leading to a vertical
shift of the DRM line.

The question remains why the vesicle coalescence behav-
ior adheres to the DRM line. Vesicle coalescence occurs
in three primary stages: (1) the approach of vesicles, fa-
cilitated by external and/or internal forces such as vesicle
growth (e.g., Maruishi and Toramaru, 2022); (2) the drainage
of the melt film between vesicles to a critical thickness un-
til it ruptures; and (3) the relaxation to a spherical shape
driven by surface tension (e.g., Eri and Okumura, 2010). Var-
ious forces contribute to film drainage in magmas, includ-
ing gravitational forces (Proussevitch et al., 1993), capillary
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forces (Nguyen et al., 2013; Proussevitch et al., 1993), vesi-
cle growth (Castro et al., 2012), and shear deformation in
conduit flow (e.g., Caricchi et al., 2011).

In our samples, we observed only the initial and final
stages of vesicle coalescence. Only spherical and separated
vesicles are observed in the homogeneous vesiculated ar-
eas that grew during ongoing decompression (Maruishi and
Toramaru, 2022) as well as the final stage of the complete re-
laxation to spherical shapes in coalesced vesicles (Eri and
Okumura, 2010). While evaluating the vesicle shapes in
quenched glass, it is important to consider the effects of
shrinkage. Most large coalesced vesicles exhibit nearly per-
fect spherical shapes. Although the VND decreased during
coalescence, convergence of vesicles was not observed in the
quenched samples.

A recent study by Ohashi et al. (2022) suggests that vari-
ations in VND during decompression can be explained by
the capillary number (Ca = nR /o), which depends on the
liquid viscosity (1), the vesicle growth rate (R"), and the sur-
face tension (o). The capillary number represents the inter-
play between the viscous force arising from vesicle growth
and the capillary force. At Ca < 1, two adjacent vesicles re-
tain their spherical shapes until the film between them rup-
tures, a process governed by capillary forces. Conversely, at
Ca>> 1, vesicles flatten with a constant film thickness, and
vesicle growth drives film drainage. This distinction catego-
rizes the coalescence process into capillary-dominated and
growth-dominated regimes. An increase in vesicle growth
rate and liquid viscosity prolongs the drainage timescale,
consequently affecting the percolation threshold, which is
defined as the porosity at which the vesiculated magma be-
comes permeable.

Ohashi et al. (2022) stated that Ca varies significantly with
the eruption style of volcanoes. As the viscosity of magma
increases due to the exsolution of dissolved H,O and as vesi-
cle growth accelerates towards the fragmentation depth, Ca
varies considerably, spanning multiple orders of magnitude.
In high-viscosity melts, a high Ca leads to the development
of larger vesicles, which increases the resistance to coales-
cence. This can elevate the percolation threshold and explain
why such magma erupts explosively without significant out-
gassing. According to Castro et al. (2012), an increase in the
ratio of vesicle size also increases the inter-vesicle pressure
gradient, resulting in the formation of a dimpled structure.
This distinctive geometry may be notable for Ca < 1, where
the Laplace pressure determines the pressure within vesicles.

Ohashi et al. (2022) found a correlation between VND and
Ca at the final pressure, where Ca decreases with decreas-
ing VND. The range of Ca where VND changes drastically
(0.1 < Ca < 100) coincides with the range where the non-
dimensional drainage timescale varies steeply. However, they
were unable to apply the scaling of Ca to calculate the tem-
poral change of VND. They plan to address this calculation
in future studies. Furthermore, their concept does not pro-
vide a tool to explain our observed behavior of the VND ten-
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dency in the coalesced stage according to the DRM of Tora-
maru (2006). Based on their investigations, it is evident that
variations in viscosity and surface tension during the vesi-
cle growth significantly influence coalescence behavior in the
melt.

Numerous models exist to calculate or simulate vesicle
growth during decompression or equilibration at specific
pressures (e.g., Gardner, 2007; Castro et al., 2012; Huber
et al.,, 2014; Mancini et al., 2016; Giachetti et al., 2019;
Coumans et al., 2020; Ohashi et al., 2022). However, no cur-
rent equations or models can predict a specific VND at which
vesicle coalescence will commence. For instance, Mancini
et al. (2016) developed a growth-coalescence model based
on the coalescence model by Castro et al. (2012). This ki-
netic model statistically describes vesicle growth due to de-
compression, volatile exsolution, and coalescence of a poly-
disperse vesicle population. However, their model assumes
steady-state vesiculation processes and does not account for
changes in viscosity and H,O diffusivity during decompres-
sion and exsolution of H,O.

The volatile content in magma significantly influences its
bulk density (e.g., Wilson et al., 1980) and bulk viscosity
(e.g., Mader et al., 2013). Additionally, H>O diffusivity and
viscosity strongly affect vesicle formation, growth, and co-
alescence. HyO diffusivity controls the diffusive growth of
vesicles, while the expansion of vesicles due to pressure—
volume-temperature (PVT) changes is influenced by melt
viscosity (Sparks et al., 1994), which itself is affected by
the concentration of dissolved H,O (e.g., Giordano et al.,
2008). Furthermore, cy,0 significantly impacts the surface
tension of vesicles (Shea, 2017), a critical factor in determin-
ing the work required for critically sized vesicle formation
in the DRM model proposed by Toramaru (2006). However,
the DRM model utilizes only a single value for o to predict
VND across various decompression rates.

To explain and predict the measured VND during ongoing
decompression and its dependency on decompression rate,
a model that accounts for dynamically evolving parameters
such as H>O content, surface tension, viscosity, vesicle size,
and growth rate is required. Specifically, understanding how
surface tension changes when vesicles begin to coalesce is
crucial. We assert that a substantial amount of experimental
work, involving varying melt compositions, decompression
rates, and H,O contents, is essential for developing a com-
prehensive prediction model for coalescence. This work can
contribute to understanding why coalescence is evidently de-
compression rate-dependent, while the initial number of vesi-
cles is decompression rate-independent.

4.5 The behavior of HoO during decompression

The evaluation of the absorption spectra of degassed samples
reveals further effects of resorption. The H,O concentrations
measured in the glass do not correspond to the cy,o¢ in the
melt state. Even if the actual cy, oy in the residual melt is un-
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known, according to Hajimirza et al. (2019) the relative im-
portance of H,O diffusion during decompression can be de-
termined by the ratio of the diffusion timescale (zg4ifr) to the
timescale of decompression (zq). If the diffusion timescale
is shorter than the decompression timescale (tgifr/7q < 1),
near-equilibrium degassing is facilitated, and degassing is
controlled by the decompression rate. For experiments where
Tgiff/Ta > 1, HyO diffusion into vesicles will be too slow to
significantly affect saturation within the bulk of the sample.
The high logVNDs during the homogeneous vesicle stages
are expected to represent near-equilibrium melt degassing
due to the rapid reduction of H,O supersaturation during
further decompression from the melt into surrounding vesi-
cles (Marks and Nowak, 2025). In the decompression ex-
periments, vesicles are observed in the glass at Pr ranging
from 80 to 50 MPa, depending on the decompression rate and
CH,0i, SO T4 can be asserted to the time between the pressure
at which phase separation occurs and Pr. The z4ir (Eq. 8)
is dependent on the characteristic diffusion length / (in mm)
and the total H,O diffusivity (Dp,0) in (mm?s~!) (Eq. 6),
calculated according to Schmidt et al. (2013) (in m2s~1).
The [ factor is defined by the inter-vesicle distance calculated
according to Eq. (9) (Hajimirza et al., 2019).

taite = 1?/ Do, (8
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For a consistent calculation, we use ®gps as porosity. A
conservative estimate of Dy,0, and thus of 4, is real-
ized using cm,0eq at the Pt of each experiment (Table 1),
resulting in the slowest possible H,O diffusivity. For the
onset of vesiculation, we used 80 MPa for both cy,0o; at
rates of 1.7 and 0.17 MPas~!, 70 MPa for cH,0i of 5.7wt %
and 0.064 MPas~—!, and 50 MPa for cH,0i of 5.0wt% and
0.064 MPas~!. These starting pressures provide a conserva-
tive estimate of tgifr/ g, as it is likely that vesiculation started
earlier at higher P and vesicles were completely resorbed in
the high P experiments (Allabar et al., 2020b; Marks and
Nowak, 2025). The calculated mean / values of ~ 7.2 ym in
Table 2 fit very well to the estimated inter-vesicle distances
vg of 7-9 um according to Hertz (1908). The obtained g/ g
values, with ratios of < 1, indicate equilibrium degassing
in the homogeneously vesiculated melt volumes with high
logVNDs > 4.7 and AP > 20 MPa for the 1.7 MPas™! de-
compression series. In contrast, an increased A P of 30 MPa
is necessary for the slower decompression rates.

Data from the coalesced volumes have tg4ifr/ 74 ratios > 1
(Fig. 8, Table 1), falling within the field of disequilibrium
degassing. This is related to an increase in / due to an ongo-
ing decrease in logVND and cp, 0, correlated with the Dy,0
dependence on cp,or in the melt (Schmidt et al., 2013). As
coalescence continues, the supersaturation between the ex-
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isting vesicles increases, potentially leading to a second de-
gassing process in the residual melt (Allabar et al., 2020a).
The H,O diffusion from the interstitial melt into the large
vesicles will not be fast enough to effectively reduce the H,O
supersaturation that builds up during further continuous de-
compression. This may result in a secondary homogeneous
vesicle formation event at cy,0t < cH,0i and lower Pr com-
pared to the initial vesicle population, resulting in lower ®¢qy
and lower ®gj,55. However, no evidence of a secondary vesi-
cle formation event was observed in the samples of this study.
Therefore, if we had decompressed these samples further to
lower Py, a second vesicle formation event would be expected
between the large coalesced vesicles, as the diffusion of HoO
would no longer be fast enough in the H,O-depleted melt.
However, most of the capsules are already significantly ex-
panded, so further decompression lower than 30 MPa would
not have been feasible as the capsule would burst (Figs. S1
and S2).

In addition to the resorption of H,O from fluid vesicles
back into the melt during quenching, the increasing / with
progressing coalescence and decreasing VND contributes to
the high cp,0¢ values measured in glasses between coalesced
vesicles (Fig. 5). The ch,0r measurements in the residual
glass are substantially higher than cy,0eq, €xceeding it by
1 wt %—-2 wt %. Measurements through homogeneous vesic-
ulated areas with vesicles in the beam path yielded cn, 0o val-
ues as high as 10 wt % H;O, which surpass the solubility of
the LLST melt by more than 8 wt % (Fig. 5, Table 1). The
supercritical H,O fluid in the vesicles is quenched to water
and gas phase at room temperature (Allabar et al., 2020b).
Therefore, absorption spectra collected through highly vesic-
ulated volumes should be evaluated using the appropriate ab-
sorption coefficients, glass density, and the presence of H,O-
filled vesicles. Absorption coefficients for liquid H,O are
in the range of 5 and 10Lmol~! cm™! in the near-infrared
region (Bertie and Lan, 1996), whereas the molar absorp-
tion coefficients of LLST glass were determined to eHq,0om =
1.2740.04 and eopg = 1.15+0.07 L mol ! ecm™—! (Marks and
Nowak, 2025). Further adjustments to the evaluation of the
NIR spectra would be necessary to eliminate the effect of lig-
uid H»>O in the vesicles. For this reason, only measurements
in vesicle-free glass volumes should be evaluated.

The samples in Fig. 5 that show almost cp,0; were also
measured through H,O vesicles. However, due to the low
porosity and small vesicle size, the effect of liquid H,O cap-
tured in vesicles is negligible here. Samples of Fig. 5d, e, and
f demonstrate how strongly the measured HO content of the
samples depends on VND, porosity, and vesicle size. As the
proportion of HyO vesicles in the beam path increases, the
measured HoO content also increases. This case illustrates
the importance of accurately analyzing the sample volume
to ensure pure glass conditions when assessing the residual
melt conditions.
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Figure 8. Ratio of diffusion timescale to decompression timescale (tgiff/7q) as a function of VND. Blue symbols indicate a cy,0; of

5.7wt %, while green symbols show experiments with cy,0; of 5.0 wt %. Decompression rates are represented by circles for 1.7 MPa s
diamonds for 0.17 MPas ™!, and triangles for 0.064 MPa s—L. Bright symbols show coalesced volumes, whereas dark symbols represent

pristine uniformly vesiculated volumes.

5 Implications for volcanic eruptions

The rapid transformation of initial VND from decompres-
sion rate independence with high logVNDs of ~ 5.5 towards
the stage of coalescence, with orders of magnitude lower
VNDs that became decompression rate dependent, aligns
with the VND prediction according to DRM (Toramaru,
2006). This shift has important implications for understand-
ing magma dynamics during ascent in volcanic conduits. In
general, when a homogeneous magma becomes supersatu-
rated in volatiles, vesicle formation occurs through the rapid
exsolution of H,O. High VNDs result in a rapid reduction
of the H>O supersaturation, with vesicle growth proceeding
through diffusional H,O uptake during decompression.

In this study, in the first vesiculation stage high logVNDs
of 5.1-5.7 were observed, which align with previous findings
of log VNDs of 4-6 in both experimental and natural phono-
litic and trachytic samples from Vesuvius and Campi Flegrei
(Marxer et al., 2015; Allabar et al., 2018; Gurioli et al., 2005;
Mastrolorenzo et al., 2001). At these high VND levels, near-
equilibrium degassing from the melt into the vesicles is an-
ticipated. Further vesicle expansion during magma ascent is
driven by continued H,O diffusion into vesicles, facilitated
by the reduced solubility of H>O in the silicate melt and the
expansion of the fluid phase under decompression. As vesic-
ulation progresses, decompression rates may increase, driven
by buoyancy forces acting on the melt, and decreasing den-
sity as vesicles expand (e.g., Wilson et al., 1980). Addition-
ally, vesicles may rise relative to the magma, according to
their size and the magma’s viscosity, thereby undergoing co-
alescence and decompressive expansion (Proussevitch et al.,
1993).

In open systems, vesicle coalescence can result in high
permeability, allowing H,O to escape at the top of the
magma column. Recent experimental studies indicate that
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the presence of crystals, such as phenocrysts and microlites,
promotes vesicle coalescence and reduces the percolation
threshold (Céceres et al., 2022; DeGraffenried et al., 2019).
In contrast, in closed systems, vesicles may accumulate as
foam at the top of the magma chamber, forming large gas-
pressurized pockets that may lead to a final disruption and
eruption of the magma. Foams with higher melt viscosity
are less likely to disrupt quickly, leading to less frequent but
more energetic eruptions compared to lower-viscosity foams,
as is typically observed (Proussevitch et al., 1993).

With increasing decompression rates, the time available
for vesicle coalescence is reduced, potentially allowing the
initially high VND to be preserved up to the surface. Fig-
ure 9 illustrates the increase in ¢eq as final pressure de-
creases. The porosity values reflect the evolution of the as-
cending melt. During ascent, the melt becomes supersatu-
rated, without vesicle formation and no reduction in super-
saturation (Fig. 9d1). Upon reaching sufficiently low pres-
sures necessary for vesicle formation, the porosity undergoes
a rapid increase due to the exsolution of H,O from the melt
over a very brief time interval. This interval decreases with
higher decompression rates (Fig. 9d2).

At the highest decompression rate of 1.7 MPas™! applied
in this study (Fig. 9c), porosity increases from 0vol % to
~ 35vol % over a pressure decrease of 10-20 MPa (depend-
ing on cH,0;i), Which corresponds to a time span of roughly
6 to 12 s. Although these values are derived from experimen-
tal conditions, it is expected that such an extreme increase
in porosity, along with the associated buoyant forces, would
limit the time available for coalescence and hinder the re-
duction of magma chamber overpressure. Despite this, if the
coalescence stage is reached, @eq increases at a more gradual
rate (Fig. 9d3). However, the viscosity of silica-rich melts
increases by orders of magnitude as H,O exsolves (Prous-
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Figure 9. Porosity increases with decreasing final pressure at decompression rates of (a) 0.064 MPa s_l, (b) 0.17 MPa s_l, and
(¢) 1.7MPas~!. The equilibrium melt porosity, calculated according to Eq. (1), is shown in blue for a cy,0; of 5.7wt % and in green
for a cy,0j of 5.0wt%. The EOS porosity, calculated according to Eq. (3), is depicted with filled gray symbols for 5.7 wt % and unfilled
gray symbols for 5.0 wt %. Panel (d) illustrates the general trend of increasing porosity with decreasing final pressure. The numbers indi-
cate: (1) supersaturation of the melt without degassing, where supersaturation continues to increase; (2) onset of degassing, characterized
by a rapid increase in porosity and the attainment of maximal VNDs within short timescales; (3) vesicle coalescence, during which porosity

increases at a more gradual rate.

sevitch et al., 1993; Sparks, 1978), reducing the ascent rate
of vesicles. This observation corresponds with findings by
Gardner (2007), where a VND dependence on melt viscos-
ity was noted: in high-viscosity melts, such as rhyolites, the
initial high VND tends to be preserved, whereas in lower-
viscosity melts like phonolite, coalescence significantly de-
creases the original VND by one to two orders of magnitude.

Our study supports this VND overprint in low-viscosity
phonolitic melt, as similar VND values were observed at var-
ious decompression rates during the initial phase of phase

Eur. J. Mineral., 37, 413435, 2025

separation, followed by significant decrease at the onset of
coalescence. Consequently, VND values in natural pumice
may not directly correlate with decompression rates, given
that VND can vary substantially during magma ascent. Thus,
the bulk composition of the melt exerts a substantial influ-
ence on the vesiculation process under decompression, and
thereby, on ascent dynamics within volcanic conduits.
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Figure A1. Extended diagram of Marks and Nowak (2025). The residual cy, 0y in the glass is plotted against the final pressure (Pf) of the
decompressed samples. Only samples that were able to be measured undisturbed by vesicles in the beam path are shown. The equilibrium
H; O content (cy,0eq) curve was calculated according to Eq. (5) therein.

Appendix B: Description of the experiments in Fig. 7

The first superliquidus decompression experiments using
Vesuvius white pumice phonolite (VAD79) were conducted
by Iacono-Marziano et al. (2007). Utilizing a similar ex-
perimental setup, which employed vertically operating TZM
(titanium-zirconium—molybdenum alloy) cold-seal pressure
vessels, the initial glass cylinders were subjected to decom-
pression under superliquidus conditions at 1323 K within a
pressure range of 200—10 MPa. Although four different de-
compression rates were tested, only the fastest two rates
of 0.17 and 4.8 MPas~! were applied via continuous de-
compression and are thus represented in Fig. 7. Their study
demonstrated that the experimental investigation of hydrous
melt phase separation at low decompression rates (0.0028
and 0.024 MPas~!) was limited by the capsule size. The
small capsule diameter of 2.4 mm inhibited the formation
of homogeneously formed vesicles in the sample center
due to the diffusional loss of HyO towards heterogeneously
nucleated fringe vesicles at the capsule wall, nucleated at
low supersaturation during decompression. However, in sam-
ples subjected to rapid decompression, a high logVND of
~5.8mm~> was observed at a AP of 125 to 130 MPa,
with no clear dependence of VND on decompression rates
ranging from 1.7 to 4.6 MPas~!. Experiments conducted to
lower Py indicated that vesicles expanded rapidly at a AP
of about 150 MPa, reaching the process of coalescence at
AP > 180MPa. This coalescence led to a significant reduc-
tion in VND, with values dependent on P, resulting in very
low VNDs.

https://doi.org/10.5194/ejm-37-413-2025

While the data from Iacono-Marziano et al. (2007) exhibit
a variable VND distribution due to increasing coalescence,
the data from Marxer et al. (2015) show a trend similar to the
predicted DRM. This trend can be attributed to the capsule
design. Marxer et al. (2015) examined the same phonolitic
VAD79 composition at the same superliquidus temperature
of 1323 K in an IHPV. Capsules with diameters of 2.5 mm
and 5.0 mm were used, which were filled with glass cylinders
and H;O to achieve slightly supersaturated and slightly un-
dersaturated melt conditions, respectively. The hydrous melts
were decompressed from 200 to 75 MPa at rates ranging
from 0.0028 to 1.7 MPas~!. Only the continuous decom-
pression experiments were included in Fig. 7, as the single-
step and multi-step methods do not represent a true decom-
pression pathway (Marxer et al., 2015).

Analysis of the experimental results showed that the
2.5 mm capsules were too small in diameter. Early degassing
of the sample due to heterogeneous vesicle nucleation and
growth at the capsule-melt interface can prevent homoge-
neous formation in the sample center if the nominal decom-
pression rate is sufficiently low (Mangan and Sisson, 2000;
Tacono-Marziano et al., 2007). H,O diffusion into heteroge-
neously nucleated vesicles leads to a depletion of H,O in
the sample center, thereby preventing homogeneous vesicle
formation. The samples achieved homogeneous vesicle for-
mation in the central melt volume only at the fastest rate of
1.7MPas~!, with logVNDs of ~ 4.3, due to the shorter dif-
fusion time. Therefore, it is essential to clearly distinguish
the VND between homogeneous vesicle formation observed
at a decompression rate of 1.7MPas~! and heterogeneous
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nucleation at the capsule melt interface observed at decom-
pression rates of 0.0028, 0.024, and 0.17 MPa s~ 1 which are
too slow for the used capsule diameter. In this case, the VNDs
follow the DRM.

Preuss et al. (2016) utilized slightly H,O-undersaturated
trachytic Campi Flegrei and phonolitic VAD79 melts. De-
compression experiments in the IHPV with either glass cylin-
ders of Smm in diameter or glass powder used as starting
material were decompressed at a superliquidus temperature
of 1323 K from 200 MPa to Pr of 100, 75, and 60 MPa using
continuous decompression rates of 0.024 and 0.17 MPas~!.
Decompression of all samples with glass cylinders as start-
ing material led to homogeneous vesicle formation with high
logVNDs of ~ 5.6. The supersaturation pressures for homo-
geneous vesicle formation were estimated to be < 76 MPa
for the trachytic and < 70 MPa for the phonolitic melt. The
decompressed samples with powder as starting material re-
sulted in reduced logVNDs by several orders of magnitude
due to initially entrapped air in the powder pore space. This
led to the formation of tiny H,O-N, vesicles throughout
the melts prior to decompression. Degassing of these sam-
ples was facilitated by diffusive growth of these pre-existing
vesicles. Thus, an H,O supersaturation of the melt was not
achieved. The samples with glass powder used as starting
material are therefore not included in Fig. 7. The VNDs ob-
served in samples with glass cylinders as the starting material
exhibit degassing behavior similar to the results of this study
that is independent of the decompression rate.

Similar observations were made by Allabar and Nowak
(2018) and Allabar et al. (2020a). They conducted de-
compression experiments with hydrous phonolitic melts
of VAD79 composition at undersaturated, saturated, and
slightly supersaturated H,O conditions at superliquidus tem-
peratures of 1323 and 1373 K. Samples with glass cylin-
ders with diameters of 5 mm used as starting material were
decompressed at rates ranging from 0.024 to 1.7MPas™!.
They reported high logVNDs, covering a range of 4.6 to
6.4mm~3, resulting in a mean logVND of ~ 5.3 across the
entire dataset. Consequently, the data plotted consistently in
the field of homogeneous vesicle formation (Fig. 7) and ex-
hibited a decompression-rate-independent VND, consistent
with the concept of spinodal decomposition, deviating sig-
nificantly from the DRM trend.
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