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Abstract. The injection of mafic magma into a hydrous felsic magma chamber is a potential trigger mech-
anism for bimodal explosive volcanism. As H2O is the most abundant volatile component in magmas, the
interaction and the degassing behavior of mildly peralkaline hydrous rhyolitic melt in contact with hydrous
basaltic melt were investigated by decompression experiments. Preparatory hydration experiments and bimodal
magma decompression experiments, as well as reference experiments, were carried out in an internally heated
argon pressure vessel. Pre-hydrated rhyolite and basalt cylinders were perfectly contacted together in a precious-
metal capsule, heated to 1348 K at 210 MPa, and thermally equilibrated for 10 min. The initial sample properties
were determined by a bimodal reference experiment, quenched immediately after equilibration. To simulate the
magma ascent, three bimodal samples and a decompression experiment with two contacted rhyolite cylinders
for testing the experimental setup were decompressed with 0.17 or 1.7 MPa s−1 to the final pressure of 100 MPa
and then quenched.

All decompression experiments resulted in vesiculated samples. The H2O vesicles observed in the de-
compressed sample of the monomodal rhyolite–rhyolite reference experiment are homogeneously distributed
throughout the sample. The former interface between the contacted glass cylinders is invisible after decompres-
sion and quench. This reference experiment proves that the two-cylinder design does not influence the degassing
behavior of the hydrous melt, e.g., an increased formation of vesicles at possible nucleation sites at the contact
plane of the cylinders.

The undecompressed bimodal rhyolite–basalt sample shows crystal-free rhyolitic glass, whereas 3 µm sized
idiomorphic magnetite crystals coexist with glass in the basaltic part of the sample. Within the 10 min run time,
a ∼ 300 µm wide hybrid composition zone developed between the hydrous rhyolitic and basaltic endmembers,
caused by diffusion-induced mixing processes.

Decompression and quenching of the bimodal melts resulted in vesiculated glass samples. A ∼ 100 µm wide
zone of alkali-depleted rhyolitic glass as part of the∼ 300–560 µm wide hybrid zone is covered with an enhanced
number of H2O vesicles compared to the pristine rhyolitic and basaltic glass volumes. We suggest that this
enhanced vesiculated zone forms by a rapid diffusional loss of alkalis from the mildly peralkaline rhyolitic melt
into the basaltic melt of the sample. The reduced alkali concentration significantly reduces the H2O solubility
of the rhyolitic melt. This process enhances the H2O supersaturation necessary for vesicle formation during
decompression.

In summary, the new findings imply that convective magma ascent driven by the injection of hot basaltic
magma into a hydrous peralkaline rhyolitic melt reservoir leads to enhanced H2O vesicle formation near the melt
interface and thus to efficient degassing. This in turn can accelerate buoyancy-driven magma ascent and mingling
and mixing processes that induce further degassing and potentially trigger explosive volcanic eruptions.
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1 Introduction

Explosive volcanic eruptions are driven by the formation
and growth of volatile vesicles, mainly H2O and subordi-
nate CO2, in hydrous silicic melts. The formation of fluid
vesicles requires supersaturation of volatiles dissolved in the
silicate melt. Vesicles in hydrous rhyolitic melt form by nu-
cleation (e.g., Sparks, 1978; Navon and Lyakhovsky, 1998;
Gonnermann and Manga, 2007; Hajimirza et al., 2019; Gard-
ner et al., 2022) or, as recently suggested for phonolitic Vesu-
vius melt composition, by spinodal decomposition (Allabar
and Nowak, 2018; Allabar et al., 2020; Sahagian and Car-
ley, 2020; Gardner et al., 2022). However, vesicle formation
and growth lead to an overpressure that might burst the ceil-
ing of a magma chamber (e.g., Sparks et al., 1977; Sigurds-
son and Sparks, 1981; Miller and Wark, 2008; Spera et al.,
2016). The resulting sudden pressure (P ) drop enhances the
further formation and growth of vesicles, which significantly
reduces magma density. Accelerated magma ascent and rapid
expansion of vesicles lead finally to magma fragmentation.
These fundamental mechanisms hold to small explosive sili-
cic eruptions, such as the 1875 eruption of Askja in Iceland,
which produced ∼ 0.2 km3 of rhyolitic magma (Sigurdsson
and Sparks, 1981) with a volcanic explosive index (VEI)
of 4. They also apply for catastrophic explosions, e.g., the
74 ka supereruption of Toba on Sumatra with a VEI of 8,
which ejected ∼ 2800 km3 of rhyolitic magma, equivalent to
∼ 8000 km3 of volcanic ash (Rose and Chesner, 1987; Self
and Blake, 2008).

Under the pressure and temperature conditions of subvol-
canic magma chambers, silicate melts can dissolve several
weight percent (wt %) of the main volatile H2O. Several pro-
cesses to achieve volatile supersaturation and vesicle for-
mation are discussed: (1) decompression by magma ascent
(e.g., Sparks et al., 1977), (2) sudden pressure drop by earth-
quakes rupturing hydrous magma chamber roof rocks, (3) en-
richment of volatiles that exceed the saturation limit of sili-
cate melt due to partial crystallization (e.g., Bachmann and
Bergantz, 2008; Scaillet and Pichavant, 2003), (4) thermal
vesiculation induced by the latent heat of partial crystalliza-
tion and frictional heating (Lavallee et al., 2015), and (5) the
injection of hot mafic magma into differentiated volatile-
rich silicic magma accompanied by mechanical mingling and
chemical mixing processes (Miller and Wark, 2008; Spera et
al., 2016; Murphy et al., 1998; Leonard et al., 2002; Druitt et
al., 2012; Perugini et al., 2012; Laumonier et al., 2014; Picha-
vant et al., 2018), as well as (6) dispersion of partially crys-
tallized mafic fragments acting as heterogeneous vesicle nu-
cleation sites in hydrous silicic melts (Paredes-Marino et al.,
2017). While the first points have already been extensively
studied (e.g., Martel et al., 2017), experimental approaches
to the last points are rare. Therefore, this experimental work
focuses solely on the effects of magma degassing triggered
by magma injection.

1.1 Geological background of explosive volcanic
eruptions triggered by magma injection

Bimodal basaltic–rhyolitic volcanism in Iceland was first de-
scribed by Bunsen (1851). In recent literature partially crys-
tallized mafic streaks, glass fragments, blebs, and enclaves
are described as common features in products of explosive
felsic volcanic eruptions (e.g., Sparks et al., 1977; Troll et
al., 2004; Miller and Wark, 2008; Arienzo et al., 2010; Druitt
et al., 2012; Paredes-Marino et al., 2017; Jarvis et al., 2021).

Injection of hot basaltic magma into a rhyolitic magma
chamber may induce local temperature differences of up to
500 K that shift the system out of equilibrium (e.g., Sparks
et al., 1977; Snyder, 2000; Miller and Wark, 2008). Accom-
panied mechanical magma mingling significantly increases
the contact surface of the two melts (e.g., Perugini et al.,
2012; Jarvis et al., 2021). This enhances the transfer of heat
and mixing by chemical diffusion. Two important effects
are triggered by heat transfer at the interface: (1) volatile-
bearing hot basaltic magma cools down and may partially
crystallize. The possible exceedance of the volatile satura-
tion limit by sufficient enrichment in the residual melt can
lead to vesicle formation and growth. (2) Volatile-rich sili-
cic magma can be superheated. This may lead to the forma-
tion and growth of fluid vesicles as H2O solubility decreases
with the temperature at pressures of ≤ 300 MPa (Holtz et al.,
1995; Lavallee et al., 2015). In both scenarios, the vesicle for-
mation and growth significantly decrease the magma density,
which is controlled by the pressure–volume–temperature
(PVT) behavior of H2Ofluid. The decrease in magma den-
sity may trigger buoyancy-driven convection and a large-
scale overturning of an initially stratified magma chamber
within timescales of days or weeks (Sparks et al., 1977; Sny-
der, 2000; Phillips and Woods, 2002). Further vesicle for-
mation and expansion accelerate magma ascent. The rapid
build-up of internal fluid pressure during the growth of bub-
bles and the increase in melt viscosity induced by H2O loss
may cause melt fragmentation, followed by explosive vol-
canic eruptions.

1.2 Experimental investigation of the interaction of
felsic and mafic magmas

Yoder (1973) investigated experimentally the physicochemi-
cal interaction of H2O-saturated basaltic and rhyolitic melts.
The fusion of mixed fine-grained rock powders and H2O at
100 MPa and 1473 K resulted in complete melt miscibility.
In contrast, melting of layered basaltic and rhyolitic rock
powders resulted in separated glasses with a narrow diffusion
zone with an intermediate (hybrid) composition of∼ 300 µm
across the interface after 2 h of fusion and quench. This in-
dicates that silicate melts of different compositions can be
maintained in direct contact at least for a short time. John-
ston and Wyllie (1988) confirmed these results with coupled
hydrous basaltic and rhyolitic melt reaction experiments at
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1 GPa and 1193 K. They demonstrated that alkali diffusion
is orders of magnitude faster than the diffusion of divalent
cations that is limited by the diffusion of the network form-
ers Si and Al (Watson, 1982).

Experimental mingling of basaltic and silicic melts was
successfully conducted by the mechanical torsion of two
contacted melt disks at 1483 K and ambient P (Kouchi and
Sunagawa, 1985). Laumonier et al. (2015) mingled hydrous
basaltic and tonalitic magmas by torsion in a Patterson ap-
paratus at 300 MPa and ≤ 1293 K. The experimental prod-
ucts show entrainment of mafic crystals into the felsic melt,
mafic–felsic banding, and enclave formation similar to the
textures observed in bimodal volcanic rocks. Perugini et
al. (2012) and Morgavi et al. (2013) used a rotating crucible
and a rotating inner cylinder based on the so-called journal
bearing system (JBS) to mingle granitic and basaltic melts
at 1623–1673 K. The observed chaotic mingling by stretch-
ing and folding induces a significant increase in the interface
of the silicate melts within hours and enhances diffusional
exchange between the two melts. Wiesmaier et al. (2015)
demonstrated magma mingling of nominally volatile-free
rhyolitic and basaltic melts at ambient P and 1723 K with-
out external forces. Air bubbles were intentionally entrapped
at the coarsely ground interface of the two glass cylinders
stacked on each other. During the experiment, the initial air
bubbles ascended from the melt interface into the overlying
rhyolitic melt. The bubbles dragged filament-like mafic melt
streaks into the rhyolitic melt. Furthermore, numerical sim-
ulations of Montagna et al. (2015) show that the mingling
of volatile-rich shoshonitic and partially degassed phonolitic
magma develops over a short timescale of hours.

Despite these numerous experimental studies on bimodal
melts, experiments to simulate degassing processes driven
by magma injection are still lacking. Therefore, this study
aims to find an experimental approach to investigate H2O
degassing processes by simulating the injection of volatile-
bearing basaltic melt into an H2O-saturated differentiated
felsic melt. The main questions that we try to answer in
this study are as follows: how do interdiffusion processes
between the rhyolitic and basaltic melt influence the H2O
solubility in the developing intermediate melt composition?
Would this further affect the vesicle nucleation? Which zone
of bulk melts is influenced by the degassing and mixing pro-
cesses, dependent on time and decompression rate?

2 Experimental and analytical methods

2.1 Starting material

Rhyolitic and basaltic glasses similar to the bimodal magma
compositions of the Askja volcanic complex (Sparks et al.,
1977) were synthesized. A modification was implemented on
the rhyolitic composition to obtain a simplified and slightly
peralkaline haplogranitic composition (Ab38Or34Qz28, in

wt %; Holtz et al., 1992) with a Na2O excess of 2 wt %.
The modification was chosen to obtain a nearly bubble-
free glass and a distinct interface between the intense, dark
brown basaltic glass and the iron-free colorless and trans-
parent rhyolitic glass to best visualize the expected bubble
textures and possible mixing effects. The basaltic composi-
tion was synthesized according to the analyses of Philpotts
and Ague (2009) (Table 1). To receive homogeneous start-
ing glasses of rhyolitic and basaltic composition, the glass
syntheses were conducted following the experimental proto-
col of Marxer et al. (2015) and the improvement described in
Allabar and Nowak (2018). This procedure ensured crystal-
and tension-free homogeneous glasses that are nearly free of
air bubbles. Cylinders up to 13 mm in length and 5 mm in
diameter were drilled from the glasses. The sharp edges of
each glass cylinder were sanded and rounded to prevent cap-
sule damage during pressurization. The glass compositions
were confirmed with electron microprobe analysis (EMPA)
(Table 1).

2.2 Hydration experiments

Rhyolitic and basaltic glass cylinders were used as start-
ing material for preparatory hydration experiments. Previ-
ous studies indicated that hydration experiments at high P
and T (temperature) using glass powder induced the for-
mation of numerous small vesicles in the sample volume
due to excess H2O fluid in the case of saturated conditions
(e.g., Gardner et al., 1999; Iacono-Marziano et al., 2007) or
due to H2O–N2 vesicles in the case of H2O-undersaturated
conditions (e.g., Preuss et al., 2016). Annealed and cleaned
Au80Pd20 tubes (outer diameter: 5.4 mm; inner diameter:
5.0 mm), with lengths depending on the specific glass cylin-
der lengths, were closed at the bottom with Au80Pd20 lids
while the other side was crimped to a star shape, to stabilize
the shape of the capsules at high P and T (Marxer et al.,
2015).

To ensure H2O saturation of the melt during the hydration
experiments, 6 wt % to 7 wt % water was welded together
with the rhyolite or basalt glass cylinders into the capsules
(Fig. 1). Under hydration conditions of 200 MPa and 1523 K,
calculated H2O solubilities are 5.7 wt % H2O in the mildly
peralkaline rhyolitic melt (Allabar et al., 2022) and 4.8 wt %
H2O in the basaltic melt (Berndt et al., 2002). Consequently,
the excess water added to the capsules ensured complete H2O
saturation for both melt compositions. To check for possible
leakage, the sample capsules were reweighed after heating
to 383 K and after pressurization in a cold seal pressure ves-
sel to 100 MPa at room temperature and again after storing
at 393 K at ambient pressure. In the case of constant weight,
the capsules were used for hydration experiments.

The hydration experiments were performed in an inter-
nally heated argon pressure vessel (IHPV) at 1523 K and
200 MPa for 96 h at an intrinsic oxygen fugacity close to
1logQFM=+3.5 (Berndt et al., 2002). After hydration, the
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melts were quenched isobarically with a moderate quench
rate of ∼ 16 K s−1 (NQ; Allabar et al., 2020) to room tem-
perature by switching off the IHPV furnace. This ensured
the production of crack-free glass cylinders that were used
for the magma injection experiments. The capsules were then
punctured and heated at 383 K for at least 24 h to gravimetri-
cally determine the amount of released free water to calculate
the H2O content of the glass (Table 2).

2.3 Preparation of hydrated samples

The hydrated glass cylinders were prepared for further de-
compression experiments and analysis. The cylinders were
unwrapped from the capsule material. The 500 µm slices
were cut from the middle of the samples perpendicular to
the cylinder axis for the preparation of double-sided polished
thin sections to be used for sample characterization. The re-
maining sample halves were ground and polished each on
one cylinder face. This procedure enabled an ideal contact
surface of two glass cylinders required for the bimodal de-
compression experiments.

2.4 Bimodal decompression experiments

For each bimodal magma injection (MI) experiment, a hy-
drated rhyolite cylinder and a hydrated basalt cylinder were
inserted into a new Au80Pd20 capsule, oriented as rhyolite
on top of basalt or basalt on top of rhyolite (Table 2). The pol-
ished faces of both glass cylinders were horizontally aligned
to prevent air entrapment between the cylinder faces. Air en-
trapment could cause the formation of pre-existing vesicles
between the two cylinders during the melting process (e.g.,
Wiesmaier et al., 2015), which may affect the degassing pro-
cess during subsequent decompression as an experimental ar-
tifact. To test this experimental design, a reference sample
was prepared where two rhyolite cylinders of one hydrated
sample were contacted in a capsule (Fig. 1).

The bimodal experiments were conducted in the IHPV
equipped with a rapid quench device (Berndt et al., 2002).
Five experiments were performed:

– one decompression reference experiment (rhyolite–
rhyolite Rt–Rt: MI_Rt_1) to validate the new experi-
mental procedure

– one bimodal reference experiment (rhyolite–basalt Rt–
B: MI_5) to determine the initial melt conditions after
thermal equilibration and before decompression

– three bimodal decompression experiments (Rt–B:
MI_T_3, MI_6 and MI_7) to study H2O degassing in
a bimodal magma system.

All samples were heated isobarically at the initial pres-
sure (Pi) of 210 MPa at 25 K s−1 from room temperature to
the run temperature (Tr) of 1348 K or 1403 K (Table 2). The
P and T conditions ensured H2O undersaturation to prevent

H2O loss during the temperature equilibration of 10 min. Ex-
cept for experiment MI_5, the hydrous bimodal melt assem-
blages and the Rt–Rt melt assemblage were decompressed
isothermally, using a high-pressure valve optimized for con-
tinuous decompression (e.g., Nowak et al., 2011; Allabar and
Nowak, 2018). Decompression rates of 0.17 or 1.7 MPa s−1

were applied until the final pressure (Pf) of 100 MPa was
reached. To minimize partial crystallization of the basaltic
melt, all MI samples were quenched at a medium quench rate
(MQ) of ∼ 44 K s−1 (Allabar et al., 2020). Because rhyolitic
melt is not as prone to the quench-crystal formation, the Rt–
Rt sample was quenched more slowly at ∼ 16 K s−1 to room
temperature by switching off the furnace. After re-weighing
the capsules to determine possible H2O loss due to leakage,
the decompressed samples were cut parallel to their cylinder
axes. One-half of each sample was embedded in epoxy resin,
ground, polished, and sputtered twice with a 5 nm carbon
coating for EMPA and scanning electron microscopy (SEM)
analysis, while the other half was used for the preparation
of double-sided polished thin sections of∼ 200 µm thickness
(d; measured with a Mitutoyo digital micrometer (± 3 µm);
Table 2) for Fourier transform infrared (FTIR) spectroscopy
and optical microscopy.

2.5 Analytical methods

2.5.1 Electron microprobe analysis

The bulk compositions of the nominally dry starting glasses
were analyzed with a JEOL JXA 8900 R electron microprobe
(EMP). Wavelength-dispersive X-ray spectroscopy analyses
were conducted by using an acceleration voltage of 15 kV, a
beam current of 3 nA, and a defocused beam with a diame-
ter of 20 µm to optimize for Na analysis (e.g., Morgan and
London, 2005; Stelling et al., 2008). Beam counting times
were 10 s (Na), 16 s (K, Si, Ca, Al, Mg, Fe), and 30 s (Mn,
Ti). To test the homogeneity of the glasses and the agreement
with the desired glass composition, 15 points were measured
across an entire glass cylinder section of each composition.
In sample MI_T_3, one concentration profile was measured
across the hybrid zone from the lower basalt to the overly-
ing rhyolite. The samples MI_5, MI_6, and MI_7 were an-
alyzed using a JEOL JXA 8230 electron microprobe under
the same conditions but with a beam current of 10 nA. Con-
centration profiles were measured across the samples, from
the initial basaltic composition to the initial rhyolitic compo-
sition. EMPA data are given in Table S1 in the Supplement.

2.5.2 Scanning electron microscopy

The experimental samples were examined with a Hitachi
TM3030plus Tabletop SEM, an electron beam current of
50 nA, and an acceleration voltage of 15 kV. Backscattered
electron (BSE) images of the samples were acquired at up to
5000× magnification (Fig. S1). The overview images of the
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Table 1. Glass composition of rhyolite and basalt, measured by EMP, similar to the compositions of the 1875 Askja bimodal eruption
(Sparks et al., 1977). Averaged magnetite composition of eight crystals measured in the basalt of MI_T_3. Intermediate melt composition of
MI_T_3, MI_7, and MI_6 in the region of enhanced vesicle formation in the hybrid zone. The data of all EMP measurements are given in
weight percent (wt %).

Oxides Rhyolite Basalt Magnetite MI_T_3 Hybd MI_7 Hybd MI_6 Hybd

MI_T_3 B

SiO2 75.16 54.75 0.75 71.87 71.06 71.35
TiO2 1.97 3.64 0.02 0.03 0.01
Al2O3 12.76 13.87 2.92 12.24 11.99 12.29
FeOa 11.84 80.13 1.53 2.01 1.56
MnO 0.20 0.52 0.11 0.04 0.04
MgO 4.05 5.83 0.58 0.74 0.66
CaO 7.93 0.30 1.48 1.54 1.31
Na2O 6.54 3.16 0.08 4.70 4.65 4.44
K2O 5.5 1.46 0.07 4.56 4.18 4.28

Total 99.96 99.23 94.25c 97.09e 96.24e 95.94e

xb
ex 0.03 −0.04 0.003 0.001 −0.002

a Total Fe concentration is given as FeO. b xex is the difference between mole fractions of alkalis and those of alumina
((Na2O+K2O–Al2O3) / 100) (Allabar et al. 2022). c FeO converted to FeO and Fe2O3 (Carmichael, 1967) gives a
total of 100.3 wt % and 100.1 wt % without considering alkali oxides, respectively. d Zone where enhanced vesicle
formation is observed. e Total < 100 wt % due to the H2O content of the hydrated glass.

Figure 1. (a) Glass cylinders of rhyolite (Rt_5_h) and basalt
(B_4_h), each rounded at the edges, are welded separately into an
Au80Pd20 tube (outer and inner diameter: 5.4 and 5.0 mm) with
7 wt % or 6 wt % H2O, respectively. Hydration experiments were
conducted in the IHPV at 200 MPa and 1523 K and equilibrated for
96–168 h. (b) The quenched glass cylinders were unwrapped, cut
perpendicular to the cylinder axis, and ground and polished at one
side of each cylinder face. Contact of a pair of hydrated rhyolite
cylinders or a hydrated rhyolite and a hydrated basalt glass cylinder
in a new Au80Pd20 tube. Decompression experiments were con-
ducted in the IHPV at 1348 and 1403 K with decompression from
210 to 100 MPa and with rates of 0.17 or 1.7 MPa s−1.

entire samples were generated by adjusting the grey values
of individual images and stitching (Fig. 2). BSE images were
used to estimate vesicles in the central volume with a num-
ber density (VND) using ImageJ and CSD corrections (Hig-
gins, 2000) as described in Marxer et al. (2015) and Preuss
et al. (2016).

2.5.3 FTIR spectroscopy

The total H2O concentrations (cH2Ot ) of the hydrated and de-
compressed rhyolite glasses were determined by FTIR spec-
troscopy. The samples were analyzed in the near-infrared
range (4000–6000 cm−1) with the Bruker Vertex v80 FTIR
spectrometer coupled with the HYPERION 3000 IR micro-
scope by using a tungsten halogen light source, a CaF2 beam
splitter, a liquid-N2-cooled InSb single-element detector, a
15× Cassegrain objective, and the OPUS 7 software pack-
age. Overview images of the thin sections were recorded,
and the positions of the measuring points were programmed
and subsequently automatically measured. With a knife-edge
aperture set to 50× 50 µm, the samples were measured with
50 scans per spectrum in transmission mode at a spectral res-
olution of 4 cm−1. Air was measured as a reference. Each
measurement location was tested to be free of fluid vesicles
in the analyzed glass volume by focusing through the thin
section. To determine spatial variations in the H2O concen-
trations throughout the sample, profiles were measured along
the longitudinal and transverse cylinder axes. The infrared
data are given in Table S1 in the Supplement.

The cH2Ot of the hydrated rhyolite samples was de-
termined by measuring the peak heights of the ab-
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sorbances (A) of the combination modes of molecular
H2O (H2Om) at ∼ 5210 cm−1 and hydroxyl groups (OH)
at ∼ 4470 cm−1. A linear-tangential baseline correction
(Behrens et al., 1996) was applied by setting points at
∼ 5400 and ∼ 4700 cm−1, ensuring that the straight line is
tangential to the spectrum between the absorption bands
at 5210 and 4470 cm−1. For evaluation, the linear molar
absorption coefficients (εH2Om = 1.50 L mol−1 cm−1, εOH =

1.59 L mol−1 cm−1) and the density correlation (ρAOQ2
[g L−1]= (2351± 2)− (12.3± 0.6) · cH2Ot ) from Allabar et
al. (2022) were used. Because near-infrared measurements
in transmission mode were impossible for basaltic glasses,
the total H2O concentration was determined gravimetrically
(cH2Og ) (Table 2).

2.5.4 X-ray diffraction

For the identification of crystals of the partially crystallized
basaltic hydration and MI samples, a Bruker D8 Discover
µ-XRD (X-ray diffraction) with a VÅNTEC 500 2D detec-
tor was used together with a cobalt radiation source (λ=
1.79 Å), a HOPG primary monochromator, and a 500 µm
monocapillary optic. All basaltic samples were measured for
180 s with an acceleration voltage of 30 kV and an electric
current intensity of 30 mA. The angle of incidence of the X-
ray beam was set to 10◦ and the detector to 25◦. The diffrac-
tion patterns of the crystalline phases were evaluated using
the Bruker software DIFFRAC.EVA.

2.5.5 Transmitted light microscopy

Vesicles in transparent sample thin sections were quantified
using the Zeiss Axio Imager M2M microscope and the soft-
ware “Trackworks”. Each measurement was performed by
focusing through the sample in a predefined area, resulting
in an analyzed sample volume that was used to normalize the
number of vesicles to 1 mm3 of vesicle-free glass. The errors
in the transmitted light microscopy (TLM) analyses were cal-
culated using error propagation, assuming errors of 5 % for
vesicle size and vesicle number, as well as± 3 µm for sample
thickness.

3 Results

3.1 Hydration samples

All quenched capsules were punctured after 96–168 h of hy-
dration. Since all samples showed a weight loss after 24 h in
the compartment drier (383 K), water in the punctured cap-
sules evaporated, showing that a free H2O-fluid phase during
the entire experiment duration was ensured. The mass of the
evaporated excess water was used to calculate by difference
the dissolved H2O concentration in the melt under the given
experimental conditions (Table 2).
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However, during the welding of precious-metal capsules, it
may happen that tiny droplets of molten metal form and stick
as metal beads to the outside of the welded capsule. At some
point, these beads may fall off and cause a weight loss of sev-
eral milligrams. The associated precious-metal loss cannot
be distinguished from any possible water loss during weld-
ing. This affects the gravimetric determination of the H2O
content dissolved in the melt. To account for this uncertainty,
a maximum (cH2Og -max) and minimum (cH2Og -min) H2O
concentration in the melt was calculated under the respec-
tive assumption that the weight loss measured after welding
is related to total capsule material or total water, respectively.

The lowest cH2Og was calculated for the sample Rt_4_h
(max: 5.14 wt %; min: 3.92 wt %). FTIR spectroscopic mea-
surements provide a cH2Ot of 4.35± 0.16 wt % H2O. FTIR
measurements of samples Rt_1_h, Rt_3_h, and Rt_5_h re-
sult in cH2Ot of 5.67± 0.54 wt %, 5.38± 0.19 wt %, and
5.11± 0.18 wt % H2O, respectively. The calculated H2O
solubility of 5.7 wt % under hydration conditions was not
reached in samples Rt_3_h, Rt_4_h, and Rt_5_h. This could
be related to the longer hydration time of more than 96 h re-
quired for the sample cylinder length of 11 mm compared to
6.5 mm (Preuss et al., 2016; Allabar and Nowak, 2018). Nev-
ertheless, FTIR spectroscopic measurements confirmed that
a homogeneous H2O distribution was ensured in the rhyolite
glass cylinders (Rt_1/3/4/5_h).

FTIR spectroscopic measurements of basaltic samples
were not possible because of the partially crystallized
glasses. The samples are opaque to the near-infrared ra-
diation. Even reducing the section thickness of B_3_h to
∼ 50 µm does not allow the infrared radiation to penetrate
the sample. However, the cH2Og calculations of B_2_h with
4.88 wt % (max) and 4.85 wt % (min), as well as sample
B_3_h with 5.41 wt % (max) and 4.66 wt % (min), agree suf-
ficiently well with the expected solubility of 4.8 wt % (Berndt
et al., 2002). After hydration of sample B_4_h, the capsule
had a noticeable weight loss of 9.06 mg, which is attributed
to H2O leaking out during the hydration process. Neverthe-
less, still some H2O escaped after puncturing the capsule and
during drying in the compartment drier. A calculated cH2Og

(max–min) of 4.00 wt %–3.65 wt % resulted for this sample.
However, the reduced H2O concentration in the undersat-
urated basalt samples does not significantly affect the de-
gassing mechanism of the bimodal experiments, as explained
in the following discussion.

The investigation of the hydrated samples with XRD
showed that all rhyolitic samples were crystal-free, while
the basaltic samples contain magnetite and pyroxenes. This
crystal analysis was confirmed by investigating the basaltic
samples with the SEM. The BSE images also confirm that a
significant volume of the basalt samples is partially crystal-
lized. Idiomorphic magnetite crystals up to 2 µm in size are
surrounded by dendritic pyroxene quench crystals (Fig. S1).

Optical inspection and SEM analysis confirmed that all hy-
drated samples were vesicle free. Furthermore, all hydrated

rhyolitic and basaltic samples had a cylindrical shape and
were therefore ideally suited for the subsequent bimodal de-
compression experiments.

3.2 Reference experiments

3.2.1 Decompression reference experiment

The reference decompression experiment MI_Rt_1 was in-
tended to validate the new experimental procedure of con-
tacting two hydrous glass cylinders without air entrapment
in between. Images of the embedded sample halves and the
thin section show heterogeneously nucleated fringe vesicles
attached to the capsule wall with a vesicle-free drainage
zone (Navon and Lyakhovsky, 1998; Iacono-Marziano et al.,
2007). Homogeneously distributed vesicles formed in the en-
tire center sample volume (Fig. 2a). The former interface
(indicated by a small kink at the capsule wall) between the
two hydrous rhyolite cylinders is no longer visible and en-
hanced vesicle formation at the former interface is not ob-
served. Therefore, the developed experimental design can be
used for further magma injection experiments. The sample
contains a VND of 1.8×102 mm−3 with a mean diameter of
∼ 75 µm, determined by TLM. The cH2Ot was measured as a
vertical profile from the sample top to the sample bottom and
results in 4.22± 0.14 wt %.

3.2.2 Bimodal reference experiment

The bimodal reference experiment MI_5 shows the initial
melt conditions after heating and thermal equilibration for
10 min at 1348 K and 210 MPa before decompression. Due
to the fast quench rate of 44 K s−1, glass tensions in the sam-
ple induced cracking and only a small piece of initially con-
tacted bimodal composition volume was preserved (Fig. 2a).
No vesicles formed during the experiment, neither in the rhy-
olitic nor in the basaltic part of the sample. The basalt is
partially crystallized with 1–3 µm sized magnetites. Quench
crystals attached to the magnetites as found in hydration sam-
ples quenched at 16 K s−1 (Fig. S1) are not observed. FTIR
measurements of the upper rhyolitic glass result in a mean
cH2Ot of 5.25± 0.18 wt % and are therefore slightly lower
than the initial cH2Ot of Rt_1_h with 5.67± 0.54 wt %.

The zone between the rhyolitic and basaltic glass that de-
veloped during the experiment can be optically character-
ized by its color transition towards the endmember compo-
sitions. While the rhyolitic glass is colorless and transparent,
the contact zone turns transparent brownish to nearly black
and opaque towards the basaltic part (Figs. 2a, 5). The onset
of crystal occurrence corresponds to the black coloration in
the optical image. EMP analysis across the sample, parallel
to the cylinder axis, shows the development of an intermedi-
ate melt composition at the former contact zone of rhyolitic
and basaltic melt. The diffusing species are charged ions
and complicated multicomponent interdiffusion processes of
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oxygen and cations with different charges, as well as differ-
ent concentrations, and mobilities are expected to maintain
charge neutrality (e.g., Watson, 1982; Baker, 1992; John-
ston and Wyllie, 1988; Zhang et al., 2010). For a simpli-
fied illustration of the interdiffusion processes, we refer to
the concentration profiles of oxide components. Figure 3
shows concentrations of oxide components normalized to a
range between 0 (lowest concentration) to 1 (highest con-
centration). This highlights the similarities and differences
in the concentration–distance profiles for all measured ox-
ides. Na2O, K2O, and SiO2 concentrations decrease from the
rhyolitic glass in the direction to the basaltic glass. Al2O3,
TiO2, FeO, MgO, and CaO concentrations decrease from the
basaltic glass in the direction to the rhyolitic glass. Na2O and
K2O show asymmetric concentration profiles and a signifi-
cantly greater length compared to SiO2, TiO2, FeO, MgO,
and CaO. The normalized Al2O3 concentration is character-
ized by a strong variation over the entire profile, caused by
the small difference in the initial concentration of the start-
ing compositions of 1.11 wt % (Table 1). MnO concentra-
tions are close to the detection limit and are not shown in
Fig. 3. For a subsequent assessment of all samples, the SiO2
concentration profiles of all samples were evaluated to define
the length of the mixed hybrid zone. For the reference sample
MI_5, the SiO2 concentration profile extends over 0.3 mm
(Table 3, Fig. 3).

To examine a cH2Ot concentration profile across the hybrid
zone, the FTIR spectra were baseline-corrected according
to Ohlhorst et al. (2001). Straight lines were fitted through
the minima on both sides of the NIR combination bands re-
lated to H2Om and OH to evaluate the peak heights. As this
baseline correction systematically underestimates the OH ab-
sorption (Ohlhorst et al., 2001), standard samples of rhy-
olitic composition (AOQ2, from Allabar et al., 2022) were
baseline-corrected according to Behrens et al. (1996) and
Ohlhorst et al. (2001) for comparison. The differences in
cH2Ot , calculated with the εH2Om and εOH of both corrections,
are within the error in the cH2Ot of each sample, except for
sample Std_2_7 with the highest H2O content of 6.9 wt %
(Table S1).

Ohlhorst et al. (2001) developed a parabolic equation
(Eq. 1) to predict the linear molar absorption coefficients (ε)
as a function of the SiO2 content of the glass, valid for com-
positions from rhyolite to basalt:

ε = a+ b× cSiO2
2. (1)

ε values are given in liters per mole per centimeter
(L mol−1 cm−1), a =−0.13, b = 0.000257 (given param-
eters for the baseline correction used), and cSiO2 is in
weight percent (wt %), resulting in rhyolite absorption coef-
ficients of εH2Om = 1.57 and εOH= 1.32 L mol−1 cm−1. For
the initial basaltic composition, εH2Om = 0.76 and εOH =

0.64 L mol−1 cm−1 were calculated. The cSiO2 concentration
profile of MI_5 matches with the cH2Ot profile, since the in-
flection point of the cSiO2 profile coincides with the first mea-

surement in the color transition from brownish to transparent
glass (hereafter referred to as the “midpoint”). To calculate
the cH2Ot of the FTIR-measured profiles across the hybrid
zone, each measurement point was assigned the correspond-
ing SiO2 concentration from the EMP measured profile. For
the presented profile of MI_5 (Fig. 4), this corresponds to
73.0 wt % SiO2 for the first measurement in the rhyolitic
part to 60.8 wt % SiO2 for the midpoint and 55.8 wt % SiO2
for the last measurement in the basaltic part of the pro-
file (Table S1). Using these concentrations, respectively, ab-
sorption coefficients of εH2Om = 1.47/0.97/0.80 and εOH =

1.24/0.82/0.67 L mol−1 cm−1 were calculated with Eq. (1).
The same procedure was used for all other measurement
points.

The glass density, necessary for the calculation of cH2Ot

with the Beer–Lambert law, at the corresponding measure-
ment point was calculated according to the equations of Al-
labar et al. (2022, Eq. 2), Yamashita (1997, composition
no. 43gm, Eq. 3), and Ohlhorst et al. (2001, Eq. 4) for rhy-
olite, dacite, and basalt, respectively. The equation for the
density of dacite was chosen because the hybrid composition
at the midpoint is quite similar to the dacite of the Unzen
volcano given in Chen et al. (1993):

ρRt = (2351± 2)− (12.3± 0.6) · cH2Ot , (2)
ρD = (2515± 6)− (11.8± 2.0) · cH2Ot , (3)
ρB = (2819± 13.5)− (20.8± 6.6) · cH2Ot , (4)

where ρ is in grams per liter (g L−1) and cH2Ot is in weight
percent (wt %). The dependence of the glass density on the
H2O content in the glass required an iterative calculation. As
the composition changes over the total profile, Eqs. (2)–(4)
were only applied for three data points. Equation (3) was ap-
plied to the midpoint. Depending on the length of the hybrid
zone determined by EMPA, the measurement points in the
hybrid composition were iteratively calculated by interpolat-
ing the density between the dacite density of the midpoint
and the rhyolite density or the basalt density. This whole pro-
cedure was also applied to the other MI samples to be able to
determine the H2O concentrations across the hybrid zone of
the samples.

FTIR measurements with absorbance values greater than 1
were excluded from evaluation because less than 10 % of the
light penetrates the samples in these measurements, which
may result in a nonlinear behavior where the Beer–Lambert
law is no longer valid (Mayerhöfer and Popp, 2019). This
is especially relevant in the zone with increasing basaltic in-
fluence. Such measurements are still displayed in the cH2Ot

profile but marked as open circles (Fig. 4). FTIR measure-
ment points to which no cH2Ot data point was assigned, as in
MI_7 and MI_6, did not yield analyzable NIR spectra due to
crystals in the basalt glass.

The cH2Ot profile in Fig. 4 across the hybrid zone of the
undecompressed sample MI_5 shows an increase towards the
basaltic composition. The profile starts with a mean cH2Ot of
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5.36± 0.20 wt % in the rhyolitic part, followed by a slight
decrease in cH2Ot towards the transition to the hybrid zone
down to 5.08± 0.21 wt % in the middle of the hybrid data
points at 0.38 mm. Further on, cH2Ot significantly increases
up to 6.15± 0.30 wt %. With this data point, an H2O con-
centration is reached that exceeds the initial H2O content
(cH2Oi ) of the rhyolite melt by 0.5 wt %. If the last data points
with excessive absorbance (> 1) were included, cH2Ot up
to 6.71± 0.37 wt % would be reached, exceeding the initial
concentration by 1 wt %. Besides the cH2Ot profile, the hybrid
zone is also characterized by the SiO2 concentration profile,
marked in grey, scaled on the right y axis. The hybrid zone
extends over a length of 0.3 mm.

3.3 Bimodal decompression experiments

In samples MI_T_3 and MI_6, a slight indentation of the
basalt into the overlying rhyolite can be seen in the central
sample area. A gravitationally induced convective movement
of the melts is preserved in sample MI_7. The basalt over-
lying the rhyolite sank into the rhyolite melt, squeezing the
rhyolitic melt into the upper part of the capsule. This effect is
visually enhanced by cutting the thin section slightly inclined
from the cylinder axis (Fig. 2).

The decompressed MI samples (Fig. 2b, c, d) contain in
the rhyolitic part heterogeneously nucleated fringe vesicles
attached to the capsule walls with a vesicle-free drainage
zone (Navon and Lyakhovsky, 1998; Iacono-Marziano et al.,
2007) and a homogeneously vesiculated center volume. Vesi-
cles close to the drainage zone are mostly deformed or ellipti-
cally shaped, whereas vesicles in the rhyolitic sample center
are spheres. The basaltic parts of the samples MI_7 and MI_6
are not vesiculated. The sample MI_T_3 (Fig. 2b) contains
vesicles distributed over the whole basaltic part. The vesi-
cles near the capsule wall have small diameters of ∼ 25 µm
and increase in size towards the center of the sample up to
∼ 250 µm, whereas the number of vesicles decreases towards
the center. Opposite to the rhyolitic glass part, no vesicles
nucleated heterogeneously at the capsule wall in the basaltic
part of the sample.

The VND and the mean vesicle diameter of the sectioned
vesicles in MI_T_3 were determined using the BSE image as
described by Marxer et al. (2015) and Preuss et al. (2016). As
the thin section was polished down to 53 µm thickness, each
vesicle in the sample was cut and therefore not measurable
under uncut conditions with TLM. The VND results in 1.9×
102 mm−3 and ∼ 74 µm diameter in the rhyolitic glass and
1.1×102 mm−3 and∼ 98 µm in the basaltic glass. VNDs and
vesicle diameters of MI_7 and MI_6 were determined with
TLM. The VND in the rhyolitic part of the samples MI_7
and MI_6 are 2.2× 102 and 1.2× 103 mm−3, respectively.
The mean diameter of uncut vesicles in MI_7 is∼ 69 µm and
in MI_6 ∼ 41 µm (Table 3).

FTIR spectroscopic analysis of the central rhyolitic
parts results in cH2Ot of 4.07± 0.18 wt % for MI_T_3,

4.53± 0.17 wt % for MI_7, and 4.65± 0.2 wt % for MI_6
(Tables 2 and S1). Measurements in the basaltic sample parts
were not successful.

Minerals detected by X-ray diffraction in the partially
crystallized basaltic glasses are magnetites, supported by
EMPA. The crystals have sizes of 1–5 µm. Small dendritic
quench crystals have grown around the magnetite crystals
during quench (Fig. 6). EMP measurements of eight idiomor-
phic magnetite crystals in MI_T_3 (Table 1) result in a mean
concentration of 80.13 wt % FeO∗ (∗total Fe), 5.83 wt %
MgO, 3.64 wt % TiO2, 2.92 wt % Al2O3, 0.75 wt % SiO2,
and 0.52 wt % MnO. Very low concentrations of 0.3 wt %
CaO, 0.08 wt % Na2O, and 0.07 wt % K2O were measured.
The total sum of oxides is 94.25 wt %. Calculation of FeO
and Fe2O3 from FeO∗ according to Carmichael (1967) re-
sults in an oxide sum of 100.3 wt % or 100.1 wt % without
the alkali oxides. Based on the main oxide components of
the composition, the crystals can be assigned to spinel and
are hereafter referred to as magnetite. The quench crystals at-
tached to the magnetite crystals are probably pyroxenes due
to the dendritic texture and the depletion of SiO2 in the resid-
ual glass composition. These quench crystals could not be
measured with the EMP as they are too small for analysis
due to the fast cooling rate of 44 K s−1 and are present in
concentrations that are too low for XRD analysis.

Hybrid zone

A compositional hybrid zone developed during the experi-
ments between the rhyolitic and basaltic melts (Figs. 2, 3).
All decompressed MI samples show an increase in VND
or vesicle size near the contact zone of the two compo-
sitions. In the upper rhyolitic part of the contact zone of
MI_T_3, the still transparent glass is indicated by a series
of large vesicles with a mean diameter of ∼ 99 µm and a
VND of 4.1× 102 mm−3, elongated along the contact bound-
ary (Fig. 6). The situation is different for samples MI_7 and
MI_6, where a ∼ 0.2 mm wide vesicle-free zone is observed
in MI_7 and a ∼ 0.3 mm wide vesicle-free zone is visible
in MI_6 at the former contact zone (Fig. 7). In MI_7 and
MI_6 the mean vesicle diameter near the contact zone de-
creases down to ∼ 61 and ∼ 16 µm, respectively. The VND
in MI_7 increases from 2.2× 102 mm−3 in the rhyolite vol-
ume to 4.3× 102 mm−3 in the hybrid zone. The VND in
MI_6 increases from 1.2× 103 mm−3 in the rhyolite volume
to 7.0× 103 mm−3 in the hybrid zone (Table 3). Strikingly,
the zone with the enhanced VND occurs in all bimodal de-
compressed samples in the rhyolite-dominated region of the
hybrid zone (Fig. 4).

A color change from nearly opaquely black to semitrans-
parent brownish to transparent colorless shows the develop-
ment of intermediate melt compositions at the former contact
zone of rhyolite and basalt, exemplarily shown for sample
MI_7 in Fig. 5. The width of the hybrid zone related to cSiO2

from the initial rhyolitic to the initial basaltic composition is
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Table 3. The cH2Ot measured by FTIR spectroscopy from rhyolite to hybrid zone to basaltic composition. The cH2Ot values based on
measured absorptions (A)> 1 are listed in a separate column. Hyb. signifies hybrid.

Sample Mean cH2Ot ± Max cH2Ot ± Max cH2Ot ± Max cH2Ot ±

Rt [wt %] [wt %] hybrid [wt %] [wt %] hyb. incl. [wt %] basalt incl. [wt %]
A> 1 [wt %] A> 1 [wt %]

MI_Rt_1 4.22 0.14 – – – – – –
MI_5 5.36 0.20 6.15 0.30 6.71 0.37 – –
MI_T_3 4.02 0.20 5.00 0.30 7.7 0.39 8.48 0.43
MI_7 4.24 0.19 4.93 0.27 5.54 0.31 – –
MI_6 4.80 0.23 5.55 0.31 6.19 0.35 – –

Sample Width of VND Rt VND hyb. VND B Vesicle Vesicle Vesicle
hyb. zone [mm−3] [mm−3] [mm−3] ∅ Rt ∅ hybrid ∅ basalt

[mm] [µm] [µm] [µm]

MI_Rt_1 – 1.8× 102 – – 75 – –
MI_5 0.30 – – – – – –
MI_T_3 0.39 1.9× 102 4.1× 102 1.1× 102 74 99 98
MI_7 0.31 2.2× 102 4.3× 102 – 69 61 –
MI_6 0.56 1.2× 103 7.0× 103 – 41 16 –

0.39 mm for MI_T_3, 0.31 mm for MI_7, and 0.56 mm for
MI_6 (Fig. 3, Table 3).

The cH2Ot profiles over the hybrid zone of MI_T_3, MI_7,
and MI_6 show an increase in cH2Ot in the transition from
the rhyolitic- to the basaltic-dominated composition. Sample
MI_T_3 has a mean cH2Ot of 4.02± 0.20 wt % in the rhyolitic
part. The cH2Ot in the hybrid zone starts at 3.89± 0.21 wt %
and increases up to 5.00± 0.30 wt %. The last NIR measure-
ments in the direction of the basaltic composition result in
absorptions > 1. An evaluation of the data points with ab-
sorbances > 1 provides cH2Ot up to 7.70± 0.39 wt % in the
hybrid zone and even a cH2Ot of 8.48± 0.43 wt % in the
basaltic-related composition (Table 3). Therefore, the last
five measurements are not reliable and were discarded from
further discussion. The appearance of the enhanced VND
starts at the ∼ 0.37 mm position in the profile, which cor-
responds to the onset of the decrease in SiO2 concentration
(Fig. 4).

In sample MI_7, the data points in the rhyolitic composi-
tion yield an average cH2Ot of 4.24± 0.19 wt %, while the
concentration decreases towards the hybrid zone (Fig. 4).
The minimum cH2Ot of the hybrid zone is 4.03± 0.18 wt %
and increases up to 4.93± 0.27 wt % towards the basaltic
part. One data point representing 5.54± 0.31 wt % was dis-
carded from further discussion due to an absorption> 1. Two
further spectra, one in the hybrid and one in the basaltic com-
position, were not evaluable because of the magnetite content
in the glass. The enhanced vesiculated zone in the sample
starts at the 0.64 mm position of the profile, which corre-
sponds to the first third of the SiO2 concentration profile.

The cH2Ot profile of sample MI_6 starts with a mean cH2Ot

of 4.80± 0.23 wt % in the rhyolitic part and decreases at the
beginning of the hybrid zone to 4.63± 0.22 wt %. An in-

crease of up to 5.55± 0.31 wt % is observed over the hybrid
zone towards the basaltic composition. The last measurement
(6.19± 0.35 wt %) in the hybrid zone was excluded because
of the NIR absorption measurements > 1. The zone with the
enhanced VND in MI_6 starts at the 0.64 mm position in
the profile, which corresponds to the onset of the decrease
in cSiO2 (Fig. 4).

4 Discussion

4.1 Initial sample material

The pre-hydrated sample material was examined to evalu-
ate the starting conditions just before decompression. For
the evaluation of decompression experiments, the homo-
geneity and the initial glass porosity are important proper-
ties for the degassing and nucleation processes, as shown in
Preuss et al. (2016). Using glass cylinders with porosities be-
low the critical value of 6 % (Preuss et al., 2016) excludes
the effect of growing pre-existing hydration bubbles by the
uptake of H2O during decompression (Iacono-Marziano et
al., 2007). Macroscopic and microscopic examinations of
thin sections of hydrated rhyolitic and basaltic glasses yield
vesicle-free glasses. This ensures melts without pre-existing
vesicles prior to decompression.

While the rhyolitic glasses are crystal free, and the hy-
drated basaltic glasses quenched at 16 K s−1 contain mag-
netite and pyroxene crystals, the basaltic MI samples show
only magnetite crystals after quenching at 44 K s−1. A com-
parison of the crystal phases in the hydration samples and
the MI experiments provides a dissolution of pyroxene dur-
ing the reheating and the 10 min thermal equilibration of the
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Figure 2. Microscope, BSE, and reflected light images of MI samples, cut and polished along the cylinder axis. BSE and reflected light
images were captured from the embedded sample halves, while the microscope images show the IR slides in transmission or reflection mode.
All basaltic glasses contain magnetite crystals. The hybrid melt zone of the MI experiments developed between the rhyolitic melt and the
basaltic melt. (a) The reference experiment MI_Rt_1 with two hydrated rhyolitic glass cylinders was thermally equilibrated at 210 MPa and
1348 K for 10 min and then decompressed with 0.17 MPa s−1 to 100 MPa. Vesicles are homogeneously distributed with mean diameters of
∼ 75 µm. No enhanced vesicle formation occurred at the previous contact plane. The undecompressed reference sample MI_5 was thermally
equilibrated at 210 MPa and 1348 K for 10 min and subsequently quenched to room temperature. A narrow hybrid melt zone formed between
the endmember compositions (Table 3). (b) The sample MI_T_3 was thermally equilibrated at 210 MPa and 1348 K for 10 min, followed by
decompression at 0.17 MPa s−1 to 100 MPa. The upper rhyolitic glass is homogeneously vesiculated (mean vesicle diameter of ∼ 74 µm).
The basaltic glass volume contains vesicles with different sizes ranging from 56 to 224 µm, with an average of 98 µm. The hybrid zone is
decorated by a series of ∼ 99 µm sized vesicles, elongated along the contact boundary. (c) The sample MI_7 with basalt on top of rhyolite
was thermally equilibrated at 210 MPa and 1348 K for 10 min and then decompressed with 0.17 MPa s−1 to 100 MPa. The basalt is nearly
vesicle free, while the rhyolite is highly vesiculated (mean vesicle diameter of ∼ 69 µm). Towards the contact zone of rhyolite and basalt, the
VND increases, while the vesicle diameter decreases to ∼ 61 µm. (d) The sample MI_6 was thermally equilibrated at 210 MPa and 1403 K
for 10 min and then decompressed with 1.7 MPa s−1 to 102 MPa. The rhyolite glass is homogeneously vesiculated with vesicle diameters of
∼ 41 µm. The basalt is nearly vesicle free. The images show an increased VND in the hybrid zone, while the vesicle diameter decreases to
∼ 16 µm.

melt. This suggests that pyroxene crystallized during quench
at the normal quenching rate of ∼ 16 K s−1 and was there-
fore not present in the melt before and during decompres-
sion. This observation is confirmed by calculations of the
phase relations under experimental conditions using the soft-

ware “Easymelts v.1.2.0”. The phase relations of basalt at
210 and 100 MPa, 1550–1050 K, and total H2O content in
the system (H2Osys) from 0 wt % to 6 wt % are presented in
Fig. 8. Calculated but not shown is the phase diagram of
basalt at 200 MPa, relevant for the preparatory hydration ex-
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Figure 3. EMPA-measured concentration–distance profiles of oxide
components between initial rhyolitic composition (left) and initial
basaltic composition (right) of MI_5, MI_T_3, MI_7, and MI_6.
The concentrations of the individual oxides were normalized to a
range from 0 to 1.

periments, since the equilibrium curves of the crystal phases
overlap except for a few Kelvin. Under hydration condi-
tions of 200 MPa and 1523 K, spinel (spl) is the only crystal
phase that coexists with melt, corresponding to the idiomor-
phic magnetites observed in all hydrated basaltic samples
(Fig. S1). At H2O concentrations > 5.4 wt %, H2O would be
present in the system as a fluid phase, along with hydrous
melt and spinel. This calculated value is above the H2O sol-
ubility of 4.8 wt % given by Berndt et al. (2002), which can
be explained by a slightly different melt composition. Thus,
it can be concluded that the dendritic pyroxenes in the hy-
dration samples crystallized during the cooling process. This
is unavoidable due to the melt composition and the cooling
rate of 16 K s−1 since an intact sample cylinder is essential
for the subsequent contact with a rhyolitic glass cylinder for
the MI experiments.

From the phase diagram in Fig. 8, H2Osys can be con-
fined under decompression starting conditions of 1348 K and
210 MPa to a range of 2.65 wt %–5.2 wt %, since neither py-
roxene nor H2O fluid coexisted with hydrous basaltic melt
and spinel. This accounts for the reference sample MI_5.
For sample MI_T_3 it can be inferred from Fig. 8 that at
least 3.2 wt % H2O was dissolved in the basaltic melt sys-
tem (B_3_h), since a significant number of H2O vesicles
formed during decompression to 100 MPa. This is consis-
tent with the equilibrium degassing of basaltic melt exper-
imentally demonstrated by Le Gall and Pichavant (2016).

Figure 4. CH2Ot –distance profile from rhyolite to basalt through
the hybrid melt zone of bimodal samples MI_5 (undecompressed),
MI_T_3, MI_7, and MI_6. The cH2Ot in rhyolite is colored in vi-
olet, measurements in the hybrid melt zone are in red, and cH2Ot
in basalt is shown in blue. Open circles illustrate cH2Ot based on
NIR measurements with absorbances > 1 that were excluded from
evaluation. Data points of the concentration–distance profile are vi-
sualized in the shaded transmission microscope images of the sam-
ples at the bottom of each plot. The initial H2O concentrations of
the hydrated rhyolite (cH2Oi ; determined by NIR) and the hydrated
basalt (cH2Og ; determined gravimetrically) are displayed by the
dashed lines (see Table 2). The hybrid zone is also characterized by
the SiO2 concentration profile (cSiO2 ), marked by grey solid lines,
scaled on the right y axis. Illustrated by blue ellipsoids is the be-
ginning of the enhanced vesiculated zone of the rhyolite-dominated
part of the sample.

As in sample MI_7, only a few vesicles formed near the
drainage zone, and in MI_6 only one vesicle is present in
the decompressed glass, so the range of possible H2O con-
tent in the basalt cylinder (B_4_h) can be assigned less
clearly. At least 2.25 wt % H2O was dissolved in the melts,
as neither pyroxene nor feldspar crystallized. Possibly the
H2Osys was at a maximum of 3.2 wt % so that a free fluid
phase could not develop, as the equilibrium H2O content of
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Figure 5. Microscope image of sample MI_7. Alignment of the im-
age is identical to the capsule during the experiment. The basaltic
glass is partially crystallized by magnetite (arrows). The hybrid
zone is characterized by a color transition from opaquely black
(basalt) to semitransparent brownish to transparent colorless (rhy-
olite).

Figure 6. (a) Hybrid zone of MI_T_3 with a sharp boundary of the
magnetite crystals (Mag) in the basaltic-dominated volume towards
the rhyolitic-dominated glass. (b) BSE image of dendritic growth of
quench crystals on idiomorphic magnetite (Mag).

3.3 wt % at 100 MPa final pressure, corresponding to Berndt
et al. (2002), is higher than the actual dissolved H2O content
of the basaltic melt. Hence, the basaltic melts of MI_6 and
MI_7 were not supersaturated with H2O during decompres-
sion, and thus no vesicles formed in the basaltic melt volume.

4.2 MI decompression experiments

4.2.1 Vesicle formation

The images of the decompressed samples (Fig. 2) show sim-
ilar textures of the vesicles. The sample volumes can be di-
vided into four different zones: (1) the peripheral zone con-
taining vesicles at the contact of the capsule wall with rhy-
olite, referred to as fringe vesicles (Navon and Lyakhovsky,
1998; Iacono-Marziano et al., 2007); (2) partially crystallized
basaltic glass with vesicles in the central volume; (3) rhy-
olite glass with vesicles in the central volume (Navon and
Lyakhovsky, 1998); and (4) the hybrid zone with an in-
creased VND compared to the rhyolite volume (Table 3),
with a smaller or larger vesicle diameter, depending on the
cH2Oi of the pre-hydrated rhyolitic and basaltic glasses (Ta-
ble 2).

Based on classical nucleation theory (e.g., Navon et al.,
1998), vesicles nucleate from H2O-supersaturated melt by

Figure 7. BSE images of the hybrid zones of MI_7 (a) and
MI_6 (b). A ∼ 200 µm wide vesicle-free zone developed in MI_7
and a ∼ 300 µm wide vesicle-free zone developed in MI_6 as part
of the hybrid zone (marked by the dotted line). In the rhyolitic-
dominated part, vesicles of ∼ 61 µm in MI_7 and vesicles of
∼ 16 µm in MI_6 formed.

Figure 8. Phase relations of basalt at 210 and 100 MPa as a func-
tion of T and H2Osys, calculated using the software Easymelts
v.1.2.0. spl+, cpx+, fsp+, and H2O+ are the spinel, clinopyrox-
ene, feldspar, and H2O in curves. The oxygen fugacity was set to
log fO2 =QFM+ 3, corresponding to the intrinsic conditions in
the IHPV (Berndt et al., 2002). Further phases occurring at lower
temperatures were excluded.

exceeding the critical size of molecular clusters and grow
into vesicles. Diffusion of additional H2O molecules into the
existing vesicles reduces the energy of the entire system,
which further drives the diffusion process during decom-
pression (Hurwitz and Navon, 1994). Diffusion-driven H2O
transfer from the H2O-supersaturated melt volumes through
the depleted melt–vesicle interface into the vesicles leads to
an increase in vesicle size. The four vesiculated zones may
have been the result of different nucleation mechanisms.

Numerous fringe vesicles in the rhyolitic melt form hetero-
geneously at the interface between the capsule and the melt
due to a low wettability of hydrous rhyolitic melt. This re-
duces the required energy to form vesicles at a low degree
of supersaturation during decompression (e.g., Mangan and
Sisson, 2000; Iacono-Marziano et al., 2007). Due to the dif-
fusion of H2O from the melt into the fringe vesicles, homo-
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geneously nucleated vesicles can no longer form in the H2O-
depleted melt zone, which is referred to as the drainage zone
(Mangan and Sisson, 2000). The observation that only a few
vesicles nucleated at the capsule wall in the basaltic part of
sample MI_T_3 may be due to good wettability of Au80Pd20
capsule material with hydrous basaltic melt. In this case, en-
ergy required to nucleate vesicles is not reduced (e.g., Gualda
and Ghiorso, 2007; Edmonds et al., 2015).

Images of sample MI_T_3 show magnetite crystals in di-
rect contact with vesicles in the basaltic part of the sam-
ple (Fig. 6). During hydration, magnetite crystals formed in
the basaltic melt. This suggests that, during reheating fol-
lowed by decompression within the stability field of mag-
netite, these crystals served as nucleation sites for the forma-
tion of the H2O vesicles in the melt. The reduction in energy
required for heterogeneous vesicle nucleation on magnetites
was observed in hydrous rhyolitic melt (Hurwitz and Navon,
1994; Mangan and Sisson, 2000, 2005; Gardner and Denis,
2004; Gardner, 2007; Gardner and Ketcham, 2011), as well
as in andesitic and basaltic melts (Edmonds et al., 2015).

Vesicle nucleation in the basaltic part was not observed
in the samples MI_7 and MI_6 due to the initially H2O-
undersaturated basaltic melts (Table 2). Despite the mag-
netite nucleation seeds, the supersaturation pressure was not
yet reached for the lower H2O contents during the decom-
pression to final pressure of 100 MPa.

As the rhyolite melts in the experiments of this study
were free of pre-existing crystals or inhomogeneities, ho-
mogeneous vesicle nucleation has occurred in the central
volume of the rhyolitic melts. According to nucleation the-
ory, the VND increases strongly with the decompression
rate dP / dt (Toramaru, 2006). This is confirmed by the
MI samples where the rhyolitic part of MI_6 at the fastest
decompression rate of 1.7 MPa s−1 has the highest VND
of 1.2× 103 cm−3 compared to MI_T_3 and MI_7 decom-
pressed with 0.17 MPa s−1 and having similar VNDs of
1.9× 102 and 2.2× 102 cm−3, respectively (Table 3).

All decompressed MI samples differ in their vesicle tex-
tures and VNDs in the hybrid zone from the initial rhyolitic
central melt volume. It can be excluded that vesicles, nucle-
ated heterogeneously at magnetite crystals, have ascended
from the basalt into the hybrid zone. This is proven by ex-
periment MI_7, where the basalt was placed on top of the
rhyolite. Due to the difference in density, the basalt has sunk
into the rhyolite, but the zone with the enhanced VND is
clearly contained in the lower rhyolite-dominated region of
the hybrid zone and is therefore positioned below the par-
tially crystallized basalt.

The position and the size of vesicles in the hybrid zone
may depend on the initial cH2Oi conditions. In the hybrid
zone of MI_T_3, the vesicles of ∼ 99 µm are bigger than
in the rhyolitic melt center (Table 3) but positioned in the
vicinity of the previous contact plane of the two cylinders.
This can be attributed to H2O-saturated rhyolitic and basaltic
melt conditions before decompression. This was different for

MI_6 and MI_7. Since the basalt of both samples was H2O-
undersaturated, H2O diffused from the rhyolitic melt via the
developing hybrid melt into the basaltic region of the sample.
This H2O depletion resulted in an extended vesicle-free zone
in the hybrid region of samples MI_6 and MI_7, as shown
in Fig. 7. Compared to MI_T_3, however, a higher 1P (re-
duced pressure during decompression) was required to form
vesicles, related to the lower cH2Ot in the melt. This resulted
in a smaller vesicle size observed in the hybrid zone com-
pared to the rhyolitic melt volumes. The later onset of the
vesicle nucleation process during decompression did not al-
low the vesicles to grow as much as in MI_T_3, which ex-
plains the reduced vesicle size in MI_7 of∼ 61 µm. The vesi-
cle size of MI_6 with a decompression rate of 1.7 MPa s−1

may not be directly comparable to that of MI_T_3 and MI_7
with decompression rates of 0.17 MPa s−1 due to the higher
VND related to the faster decompression rate in the case of
nucleation (Toramaru, 2006).

4.2.2 Concentration profiles of melt components

The melt between rhyolite and basalt developed as an in-
termediate composition through multicomponent interdiffu-
sion processes of ions, depending on their concentrations,
charges, specific diffusion coefficients, and the requirement
to maintain charge neutrality over the sample. The alkalis
Na+ and K+ diffuse orders of magnitudes faster than other
network-modifying cations like Ca2+, Mg2+, Fe2+, Fe3+,
and Ti4+ and network formers with the lowest mobility like
Si4+ and Al3+ coupled to O2− diffusion (e.g., Watson, 1982;
Baker, 1992; Johnston and Wyllie, 1988; Zhang et al., 2010).
In particular, the cations Na+ and K+ diffused much faster
than Si4+ in the direction of the basalt, resulting in a signifi-
cant depletion of Na2O and K2O components in the rhyolite-
dominated hybrid area. Counter flux Ca2+, Mg2+, Ti4+,
Fe2+, Fe3+, and Al3+ diffused towards the rhyolitic compo-
sition. The asymmetric concentration profile of Na2O with
a greater length on the rhyolitic profile side is suggested to
be caused by different Na+ diffusion coefficients in basalt
and rhyolite melt, as Na+ has a higher diffusivity in rhyolitic
composition (Zhang et al., 2010). This effect is enhanced by
the higher H2O content in the rhyolite, since the mobility
increases with increasing H2O content in the melt (Watson,
1981). Except for the alkalis, the other oxide components
show concentration profiles with a symmetric pattern in the
hybrid zone (Fig. 3).

The SiO2 concentration profiles were evaluated for their
length to compare the hybrid zones of the different sam-
ples. The differences in the length of the hybrid zones
are striking when comparing samples MI_T_3 and MI_7
with sample MI_6. The higher temperature of ∼ 50 K
during thermal equilibration and decompression of MI_6
caused an increase in diffusivities of components (Zhang
et al., 2010). Based on experiments on the self-diffusion
of Si4+ in dry dacitic melts, Tinker and Lesher (2001)
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show that the diffusion coefficient of Si doubles at 1 GPa
between 1628 and 1683 K, from 1.45× 10−14

± 0.45 to
3.75± 1.13× 10−14 m2 s−1. This corresponds to the T dif-
ference of 50 K between MI_T_3 and MI_7 and that of MI_6.
The linear trend of lnD with the reciprocal of T provides
a first estimate of the differences in the Si4+ diffusion co-
efficients for the experiments shown here, via extrapolation
of the data of Tinker and Lesher (2001) with the equation
of Zhang et al. (2010, Eq. 37 therein). Despite the longer
diffusion time of MI_T_3 and MI_7 (1247 s) compared to
MI_6 (665 s) related to the slower decompression rate, the
higher T of MI_6 of 1403 K results in a slightly higher diffu-
sion coefficient of 2.5(+0.9/−0.6)× 10−17 m2 s−1 compared
to 5.5(+1.9/−1.4)× 10−18 in MI_T_3 and MI_7 at 1348 K.
These calculations demonstrate that the 50 K temperature
difference did indeed result in a longer diffusion distance.
However, this corresponds only to the assumption of dry
melts. Due to the influence of H2O on the Si4+ diffusion co-
efficient (up to a factor of 10; Baker and Bossanyi, 1994)
and the multidimensional behavior of the interacting melt
components, further decomposition of the temperature de-
pendence of the diffusion of Si4+ cannot be presented within
the scope of this project.

4.2.3 The cH2Ot profiles

The H2O concentrations measured between the vesicles of
the zone with high VNDs are generally slightly higher than
the calculated equilibrium solubility at final pressure. Due to
increasing H2O solubility with decreasing T at P<300 MPa
(Holtz et al., 1995), part of the H2O fluid diffused from vesi-
cles back into the melt during quench, causing vesicle shrink-
age (McIntosh et al., 2014; Allabar et al., 2020). As a result,
resorption halos formed with increased H2O concentrations
in the melt surrounding the vesicles, recorded in the glasses
(McIntosh et al., 2014; Allabar et al., 2020). Vesicle shrink-
age is reinforced by the decrease in the molar volume of
H2O fluid during the isobaric quench (Marxer et al., 2015;
Allabar et al., 2020). The size of the halos around the vesi-
cles depends on the cooling rate and is therefore comparable
in all bimodal decompression samples. A high VND favors
fast H2O resorption during cooling due to the high number
of H2O fluid sources per melt volume. Due to an increased
VND in the hybrid melt zone within a decompressed sample,
it can be assumed that H2O resorption was most efficient in
the hybrid melt zones.

Resorption of H2O from vesicles back to the melt might
also be an explanation for the high cH2Ot in the hybrid area
with dacitic composition. It could be possible that vesicles
also nucleated in the basaltic-dominated hybrid zone during
decompression. Assuming similar temperature dependence
of H2O solubility in dacite, already formed vesicles in the
basaltic-dominated hybrid region might have dissolved again
during cooling due to resorption of H2O from vesicles into
the melt. Therefore, hybrid melt that resorbed H2O indi-

cates a much higher cH2Ot in the glass than in the rhyolite-
dominated vesiculated hybrid regions (Fig. 4). Based on the
EMPA data, the hybrid melt evolved to a dacitic composition,
comparable to that of the Unzen dacite (Chen et al., 1993).
Sato et al. (1999) showed experimentally that 5.7 wt % H2O
is soluble at 98 MPa and 1303 K, which is quite similar to our
final experimental conditions of 100 MPa and 1348 K. There-
fore, at Pf the solubility of H2O in dacitic melt is much higher
than in rhyolitic or basaltic melt, with 3.8 wt % and 3.3 wt %,
respectively (Allabar et al., 2022; Berndt et al., 2002). This
may explain the increase of ∼ 1 wt % H2O in each hybrid
cH2Ot profile.

However, the evaluation of cH2Ot is prone to errors. A cru-
cial point is the use of Eq. (1) of Ohlhorst et al. (2001) for
the determination of the absorption coefficients. The com-
position and the structure of the glasses are decisive factors
for the application of the calibration. Liu et al. (2004) found
that Eq. (1) given by Ohlhorst et al. (2001) is only applicable
to the rhyolitic, dacitic, andesitic, and basaltic compositions
that were also used for calibration due to the Fe2+ /Fe3+

ratio on the calibration. In our case, the bulk compositions
of the individual measurement points differ from those used
by Ohlhorst et al. (2001). The bimodal compositions are in
the compositional range between the rhyolite and dacite of
Ohlhorst et al. (2001). Nevertheless, due to the continuous
change in composition, the method of Ohlhorst (2001) is ap-
propriate for calculating approximations of the actual H2O
content. Gaussian background correction was also tested to
evaluate the spectra, as described in Ohlhorst et al. (2001),
Yamashita et al. (1997), and in Liu et al. (2004). However,
the required punctual overlap of the spectrum with the Gaus-
sian curve between ∼ 4500 and ∼ 5200 cm−1 is not possi-
ble for all NIR spectra collected along the hybrid zone. Due
to the changing bulk composition, the slope of the spectra
changes (Supplement Fig. S2). For the rhyolitic composi-
tion, it is not possible to tangent the minimum between 4500
and 5200 cm−1. Similarly, in the dacite zone, the minimum
between 4500 and 5200 cm−1 cannot be reached. Only for
spectra with significant basaltic influence is it possible to tan-
gent to the minimum and thus to perform the Gaussian back-
ground correction as proposed by Ohlhorst et al. (2001) and
Yamashita et al. (1997). Since the same background correc-
tion must be applied for the use of absorption coefficients
like for the determination of absorption coefficients, they
cannot be used if the Gaussian correction cannot be applied
on the spectra. Thus, the background correction according to
Ohlhorst et al. (2001) with the straight lines under the bands
of 4500 and 5200 cm−1 is useful to determine the absorp-
tions of OH and H2Om, even if the Fe2+ /Fe3+ ratio of the
bimodal decompressed samples does not exactly match the
calibration.

Another problem is that the error in the absorption coeffi-
cients calculated according to Ohlhorst et al. (2001) increases
with cH2Ot (Table S1). The slight decrease in cH2Ot between
the rhyolite and the hybrid region is probably caused by the
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density interpolation between the two compositions, as the
density changes more than the SiO2-dependent absorption
coefficients along the rhyolite-dominated region. However,
since there is no cSiO2 -dependent density formula for hydrous
rhyolitic to basaltic glasses, the interpolation of density be-
tween two known compositions is the simplest way to evalu-
ate cH2Ot trends.

For a first check of the validity of the cH2Ot profiles cal-
culated by the NIR absorption spectra, an uncalibrated “by-
difference” method was performed on the EMPA bulk con-
centration profiles (Devine et al., 1995). The difference in the
sum of the oxides to 100 wt % was considered H2O content.
Although this is a semiquantitative method for determining
the H2O content in the glasses, the data show a systematic
increase in cH2Ot in the hybrid zone towards the basaltic
compositions (Table S1). Data of the mean, minimum, and
maximum cH2Ot of each sample in rhyolite, hybrid composi-
tion, and basalt data correlate remarkably well with the H2O
contents determined from the absorption spectra. The maxi-
mum cH2Ot in dacitic composition, measured by FTIR spec-
troscopy and EMPA, differs by 3 % (MI_5), 34 % (MI_T_3),
and 6 % each for MI_7 and MI_6.

Despite the errors in determining H2O contents with both
methods, the increase in the H2O contents across the hybrid
zone towards basalt may be possible. However, H2O contents
up to ∼ 6 wt % in the zone with dacitic composition are sur-
prising and need further investigation. An improvement for
the determination of H2O contents with NIR spectroscopy
would be the synthesis of hydrous glass standards with inter-
mediate compositions in several mixing steps between rhy-
olite and basalt that match bulk compositions of the hybrid
zone. However, this procedure is very time-consuming and
considerably beyond the scope of this paper. The H2O con-
tents in the hybrid range shown here can therefore be re-
garded as a first approximation of the actual values.

4.2.4 Alkali depletion as the crucial factor for
enhanced vesicle nucleation in the hybrid zone

The enhanced VND occurs in all decompressed bimodal
samples in the rhyolite-dominated region of the hybrid zones,
as presented in Figs. 2 and 4. As a new approach to vesi-
cle nucleation investigated for the first time, alkali diffu-
sion and the accompanying alkali depletion in the rhyolite-
dominated region of the evolving hybrid zone between rhy-
olite and injected basalt are now discussed. We suggest that
the enhanced vesiculated zone forms due to rapid diffusive
loss of alkalis, from the mildly peralkaline rhyolitic part
into the basaltic part of the sample (Fig. 3). The decreased
Na2O concentration significantly reduces the H2O solubil-
ity of the rhyolite and promotes H2O supersaturation in the
alkali-depleted rhyolitic melt near the contact zone during
decompression. Dingwell et al. (1997) showed that H2O
solubility depends on alkali excess (xex = (Na2O+K2O–
Al2O3) / 100), which is the difference between mole frac-

tions of alkalis and those of alumina. The effect of the peral-
kalinity on the H2O solubility in silicate melts was recently
confirmed and refined by Allabar et al. (2022). They found
a linear increase in the H2O solubility with increasing Na2O
excess or, in general, for alkali excess. Based on the provided
calculation tool by Allabar et al. (2022), the alkali excess was
calculated for the melt composition of the hybrid zone in the
bimodal samples with enhanced VND. The glass composi-
tion of each sample in the region of enhanced vesicle for-
mation is presented in Table 1. While the initial xex content
in mildly peralkaline rhyolite was 0.03, xex decreased dur-
ing the decompression experiments by more than 90 % close
to the H2O solubility minimum at xex = 0. This reduced the
H2O solubility of the melt by ∼ 0.4 wt % so that a lower 1P
was required to induce vesicle formation in the contact region
of the developing hybrid melt compared to the pristine rhy-
olite. Further decompression allowed these vesicles to grow,
whereas in the pristine rhyolitic melt the vesicles formed and
grew at a higher 1P (Fig. 9), resulting in VNDs about half
the size of those in the hybrid melt zones (Table 3). From
this, it can be concluded that besides P and T , also the alkali
concentration is a decisive factor for the H2O solubility and
thus for the vesicle nucleation in silicate melts.

5 Implications and examples for natural bimodal
volcanism

The injection of a mafic melt into a hydrous rhyolitic magma
chamber cannot be directly observed in nature at the time of
its occurrence. However, experiments can give insight into
such processes. This experimental study is based on the basic
melt compositions of the Askja volcano in Iceland (Sparks et
al., 1977), considering the composition of basalt enclaves and
a slightly simplified rhyolite composition. To relate these re-
sults to other natural alkaline volcanic systems, further natu-
ral bimodal compositions were analyzed for their alkali con-
tent using the method of Allabar et al. (2022) to calculate xex,
as well as the classical molar alkali oxides (Na2O+K2O) to
alumina oxide (Al2O3) ratio. Nine further natural bimodal
systems of rhyolitic and basaltic to andesitic compositions
were analyzed – De Rosa et al. (2002) (Salina Island: rhy-
olite and andesite); Smithies et al. (2015) (Mount Palgrave:
rhyolite (187 077, 195 670) and basalt (194 662, 195 640));
Sparks et al. (1977) (Askja: rhyolite and basalt); Saito et
al. (2002) (Satsuma-Iwojima: rhyolite (S-1–S-4) and basalt
to basalt–andesite (SM-1b, SM-2, SM-3)); Leat et al. (1986)
(Parys Mountain: rhyolite (P5) and basalt (P2)); Lacasse et
al. (2007) (Katla Caldera: rhyolite (KAT02-18) and basalt
(KAT02-17)); Pritchard et al. (2013) (Yellowstone: rhyolite
(GR-1-R) and basalt (GR-1-B)); Jahn et al. (2009) (eastern
Central Asian Orogenic Belt: basalt and rhyolite); and Ngou-
nouno et al. (2000) (Kapski plateau: rhyolite and basalt) (Ta-
ble S1) – all resulting in higher xex and alkali / alumina ra-
tios of the rhyolitic composition compared to the more mafic
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Figure 9. Schematic illustration of the development at the contact surface of the melts during magma injection. (a) (t0): intrusion of a
partially crystallized basaltic melt into a peralkaline rhyolitic magma chamber. The rhyolitic melt is saturated in H2O. (b) (t1): interdiffusion
processes start. A hybrid melt forms at the contact area. The rhyolitic melt becomes rapidly depleted in alkalis (Na+ and K+ diffuse into
basalt), while cations such as Mg2+, Ca2+, Fe2+, Fe3+, and Ti4+ diffuse slowly from the basalt into the rhyolite melt, leading to an incipient
dissolution of magnetite crystals (Mag) in the basalt. H2O solubility decreases in the alkali-depleted zone. (c) (t2): during magma-ascent-
induced decompression vesicles form in the rhyolite-dominated region of the hybrid melt because the solubility of H2O is significantly
reduced due to alkali depletion. The dissolution of magnetite in the basaltic-dominated melt is progressing. (d) (t3): vesicles in the hybrid
zone grow and accelerate buoyancy-driven magma ascent and mingling and mixing processes that induce further vesicle nucleation.

compositions (xex ratio Rt /B: 0–0.8; alkali / alumina ratio
Rt /B: 1.3–3.6). Although, according to the model of Allabar
et al. (2022), the peralkalinity of the melts is not ensured, as
xex<0, we suspect from the distinct ratio of alkalis in rhyolite
and basalt in each natural example that, in the case of injec-
tion of mafic melt, alkalis will diffuse from the felsic toward
the mafic melt. It has been shown that the depletion of alkalis
in the rhyolitic region of the contact zone reduces the solubil-
ity of H2O. Moreover, this concept is not limited to peralka-
line rhyolitic compositions only. Other bimodal volcanic sys-
tems with compositions of rhyodacite, dacite, and andesite –
e.g., Gertisser et al. (2009) (Santorini: rhyodacite and basalt);
Di Muro et al. (2008) (Mount Pinatubo: dacite and andesite);
and Sigmundsson et al. (2010) (Eyjafjallajökull; trachyan-
desite and basalt) (Table S1) – show a ratio of xex, as well as
the alkali to alumina ratio, on the felsic magma composition
side (xex ratio Rt /B: 0.4–0.8; alkali / alumina ratio Rt /B:
1.3–1.7). It can therefore be assumed that in these cases, the
alkalis also diffuse from the felsic melt into the mafic melt
and thus lead to rapid depletion in the felsic part of the con-
tact zone. The depleted melts become supersaturated in H2O
because the H2O solubility decreases strongly with the de-
creasing alkali concentration of the melt (Dingwell et al.,
1997; Allabar et al., 2022). Vesicles form in the hybrid zone
at an early stage during the injection of mafic melt, leading
to an increased contrast in density and viscosity compared
to the pristine rhyolitic magma. The density contrast and the
viscosity contrast between rhyolitic and basaltic melt are cru-
cial for magma mingling and therefore enlarge the contact
zone and thus the chemical magma mixing processes (Hup-
pert et al., 1982). The resulting vesicle formation in the con-
tact zone can accelerate buoyancy-driven magma ascent and

mingling as shown by Wiesmaier et al. (2015). Extensive
magma mingling could increase the possibility of mafic crys-
tals being entrained into the felsic melt (e.g., Laumonier et
al., 2015; Paredes-Marino et al., 2017), which would then act
as nucleation sites and trigger further heterogeneous vesicle
nucleation processes. Therefore, it can be generally consid-
ered that injection of a mafic melt into a felsic magma cham-
ber can trigger explosive volcanic eruptions. The experimen-
tal results presented here and their compatibility with natu-
ral bimodal volcanic systems demonstrate the importance of
alkali diffusion for H2O solubility and the resulting H2O su-
persaturation of melts in the contact region. Consideration of
this aspect could open new perspectives on degassing behav-
ior in such complicated volcanic systems.
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