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ARTICLE INFO ABSTRACT

Editor: Dr C. M. Petrone Amphibole reaction rims record critical pre-eruptive magmatic processes, including storage and ascent dynamics.
Although decompression and heating are traditionally viewed as key triggers for amphibole breakdown, varia-
tions in rim textures and mineralogy indicate that multiple or fluctuating processes often operate simultaneously.
This study presents experimental results demonstrating significant impacts of CO; flushing and redox (fO2)
conditions (versus heating and decompression) on amphibole reaction rim formation in rhyolitic and rhyodacitic

melts at shallow crustal conditions. In experiments at 830 °C and 120 MPa, the presence of a mixed XH0:XCO,
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silicic magma fluid (XCO2 = 0.3-0.7) rapidly induced a reaction, with rim thickness, grain size, aspect ratio, nucleation rate
Volcanology and crystal number density all increasing with CO, concentration. In contrast, rims produced by heating (880 °C

for up to 48 h) had distinct characteristics, while decompression (120 MPa to 65 MPa over 120 h) from the same
starting conditions did not produce reaction rims. Increasing oxygen fugacity (fOz from NNO-+1 to RRO
[NNO+2]) led to rapid rim formation within 24 h, accompanied by distinct mineralogical changes that favoured
the stability of Fe3* phases. These findings demonstrate that CO,, fO,, heating and decompression each exert
unique influences on amphibole breakdown; thus, quantitative textural analysis of amphibole rims can help
differentiate the driving mechanisms. Recognising the full range of factors affecting amphibole stability and an
understanding of the multi-parametric controls is essential for accurately interpreting pre-eruptive conditions,
enhancing our ability to reconstruct magmatic histories, and for assessing volcanic hazards.

1. Introduction volcanic systems, is particularly sensitive to variations in pressure,

temperature and chemical composition of the system (P-T-X; e.g.,

Crystal cargoes in volcanic systems serve as vital petrological records
that capture the evolution of magma as it ascends from source-to-
surface. These crystalline phases dynamically interact with the sur-
rounding melt and volatiles, recording changes in magmatic conditions
over time (e.g., Mollo and Hammer, 2017). Crystal disequilibrium tex-
tures, which form when the system undergoes perturbations, can pro-
vide records of changes in pressure, temperature and/or volatile content
(Tepley et al., 2000; Rutherford and Devine, 2003; Cashman and
Blundy, 2013; La Spina et al., 2016). Disequilibrium features manifest as
zoning patterns, dissolution and resorption textures, and reaction rims at
the crystal-melt interface, with their occurrence and characteristics
providing crucial clues about the processes preceding and accompa-
nying volcanic eruptions (e.g., Streck, 2008).

Amphibole, a prevalent hydrous mineral in intermediate to silicic
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Ridolfi et al., 2010; Erdmann et al., 2014). When amphibole shifts
outside of its stability field (Fig. 1a) it undergoes destabilisation, form-
ing disequilibrium textures such as resorption and/or reaction rims
composed of anhydrous phases that may include orthopyroxene, clino-
pyroxene, plagioclase and Fe-Ti oxides. As such, these textures offer a
window into the changing magmatic environment (Rutherford and Hill,
1993; Browne and Gardner, 2006; Plechov et al., 2008; Kiss et al., 2014;
De Angelis et al., 2015). Understanding the mechanisms behind the
formation of amphibole reaction rims, with their intricate textures and
diverse mineral assemblages, offers a powerful tool to unravel the timing
and conditions of pre-eruptive magmatic processes, enabling more ac-
curate interpretations of magma evolution and potential eruption
triggers.
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Fig. 1. (a) Experimentally determined amphibole stability fields derived from
phase equilibria studies of five well-known silicic volcanic systems: Soufriere
Hills Volcano (SHV, Lesser Antilles), Mount St. Helens (MSH, Cascade Arc),
Redoubt volcano (RDT, Aleutian Arc), Unzen (UNZ, Japan) and Santiaguito
(SG, Guatemala). The stability curves were systematically modelled using
rhyoliteMELTS thermodynamic calculations to determine the predicted equi-
librium compositions of interstitial melts along the stability boundaries under
varying pressure-temperature conditions. The diagram integrates data points
from all previously published experimental investigations examining amphibole
stability and breakdown mechanisms during both decompression and heating
scenarios, with distinct symbols denoting the specific pressure-temperature
conditions employed in each study. This compilation allows for direct com-
parison between natural systems and experimental constraints on amphibole
stability fields. (b) Visualisation of rhyoliteMELTS thermodynamic modelling
results illustrating the relationship between dissolved H,O and CO, contents
and pressure during isothermal fractional crystallisation at 830 °C using a
starting composition representative of SHV andesitic magma. The superimposed
amphibole stability curve demonstrates that under isothermal conditions of 830
°C, amphibole becomes thermodynamically unstable at pressures below 110
MPa, corresponding to conditions where the dissolved H,O content of the melt
drops below ~4 wt. % and the residual melt composition becomes increasingly
evolved, exceeding 74 wt. % SiO,. This relationship highlights the critical role
of melt H,O content in controlling amphibole stability during magmatic evo-
lution. Schematic plumbing system modified from Cashman et al. (2017). (c)
H,0-CO, fluid-melt equilibria in rhyolitic magmatic systems as a function of
varying XCO, (molar fraction of CO, in the fluid phase). Isobars (solid lines)
and fluid isopleths (dots) were calculated with VolatileCalc (Newman and
Lowenstern, 2002). The diagram illustrates how systematic increases in fluid
XCO; from 0.3 to 0.7 fundamentally alter fluid-melt equilibrium conditions by
triggering enhanced H,0O exsolution from the melt phase. This process neces-
sitates the establishment of new equilibrium dissolved volatile contents at a
given pressure condition, as demonstrated by the shifting positions of isopleths.
The relationship demonstrates the complex interplay between mixed volatile
species controlling fluid-melt equilibria and, by extension, the stability of hy-
(irous phases such as amphibole in evolving magmatic systems.

1.1. Current models of amphibole breakdown

Early investigations by Garcia and Jacobson (1979) laid the
groundwork for understanding reaction rims by classifying them into
‘black rims’ and ‘gabbroic’ rims. The formation of ‘black’ rims, typically
fine-grained and dominated by Fe-Ti oxides and pyroxenes, was thought
to reflect high-oxygen fugacity (fO;) environments at low pressures
where amphibole undergoes dehydrogenation and reacts with sur-
rounding melt. Conversely, ‘gabbroic’ rims were believed to reflect
decompression as the HyO solubility of the melt decreases, forcing the
amphibole to enter a metastable state and break down.

Subsequent work established a link between the characteristics of
natural amphibole reaction rims and those formed during ascent-style
decompression experiments, leading to decompression initially being
recognised as the primary mechanism for reaction rim formation
(Rutherford and Hill, 1993; Browne and Gardner, 2006). Based on am-
phiboles from Mount St. Helens (USA), Rutherford and Hill (1993)
experimentally demonstrated that reaction rim thickness and texture
can serve as proxies for magma ascent rate, with rapid decompression
leading to thin rims with acicular microlites dominated by orthopyr-
oxene, or no breakdown at all, and slower decompression rates resulting
in thicker, coarser grained rims. Browne and Gardner (2006) refined this
understanding by showing that different styles of ascent (i.e., multi-step
vs. single-step decompression) and final storage pressures (i.e., degree of
undercooling, AT) resulted in different reaction rim microlite sizes and
shapes in samples from Redoubt Volcano (USA). These experimental
observations have been widely applied to interpret natural amphibole
rims in various volcanic systems (Devine et al., 1998; McCanta et al.,
2007; Scott et al., 2012; Kiss et al., 2014).

However, decompression alone cannot account for all observed re-
action rims. Natural reaction rims often exhibit complex textures likely
associated with different disequilibrium conditions. Experimental
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studies by Rutherford and Devine (2003) and De Angelis et al. (2015)
showed that heating can also play a significant role in amphibole
breakdown. Heat-driven reactions lead to thicker, blocky rims with
mineral assemblages that include -clinopyroxene, orthopyroxene,
plagioclase and Fe-Ti oxides, indicating thermal destabilisation beyond
amphibole’s stability field (Fig. 1a). These findings revealed that ther-
mal input (e.g., from hotter, mafic magma injections/underplating or
shear-induced heating) can trigger breakdown, producing distinct tex-
tures to those formed purely by decompression. This differentiation
expanded the framework for interpreting amphibole breakdown,
showcasing that multiple conditions and underlying magmatic processes
can contribute to rim formation (e.g., Kiss et al., 2014; D'Mello et al.,
2021).

1.2. Unexplored influence of COz and fO variability

Despite significant progress in understanding the role and impact of
decompression and heating as mechanisms for amphibole breakdown,
other factors influencing amphibole stability have been hypothesised
but remain unexplored. One such factor is the impact of COy-bearing
fluids. In magmatic systems, HoO and CO3 are the most abundant vol-
atile components and their ratios vary across magmatic systems owing
to their contrasting solubilities in silicate melts. Their presence as a
dissolved and exsolved phase plays a crucial role in the physicochemical
properties of magma, modulating magmatic processes (Caricchi et al.,
2018; Pistone et al., 2021). Arc volcanoes are particularly important CO5
emitters (Burton et al., 2013; Aiuppa et al., 2019). Magmas stored at
shallow crustal depths often experience depletion in CO, owing to its
lower solubility compared with that of HoO (Fig. 1b), causing prefer-
ential exsolution during decompression (Fig. 1b; Newman and Low-
enstern, 2002; Ghiorso and Gualda, 2015). However, evidence suggests
that CO4 can be reintroduced into shallow magmas through deep-seated
magma recharge (Papale and Polacci, 1999; Newman and Lowenstern,
2002; Blundy et al, 2010) or decarbonation reactions of
carbonate-hosted systems (e.g., Deegan et al., 2010; Arzilli et al., 2023).
The interaction of COs-bearing fluids (herein termed CO; flushing) with
shallow magmas would likely have implications for the stability of hy-
drous mineral phases, such as amphibole, because it impacts the volatile
budget of the melt, consequently impacting the fluid-melt equilibrium
by triggering moderate CO dissolution and excessive H,O exsolution
(Fig. 1c; e.g., Newman and Lowenstern, 2002). While some studies have
highlighted the effects of CO,-bearing fluids on melt and crystal textures
(e.g., Rader and Larsen, 2013; Riker et al., 2015; Giuffrida et al., 2017),
the specific impact on amphibole breakdown has not been experimen-
tally quantified.

Another important variable that could influence amphibole break-
down is fO,, a measure of the availability or potential of oxygen in a
magmatic system; in other words, fO», represents the partial pressure of
oxygen that would be in equilibrium with the magma at a given tem-
perature, pressure and composition (Carmichael and Ghiorso, 1990).
The fO5 of a magmatic system is influenced by various factors, including
the source region composition, degree of partial melting, extent of
magma differentiation, chemistry of dissolved and exsolved volatiles,
and interaction with crustal rocks (e.g., Carmichael, 1991; Frost and
McCammon, 2008; Sun and Lee, 2022). Even within a single volcanic
system it can vary by up to several orders of magnitude during crystal-
lisation (Kolzenburg et al., 2018). The redox state of a magma,
commonly expressed in terms of fOs, plays a crucial role in defining the
crystallisation sequence, stability of ferromagnesian phases, degassing
behaviour of volatiles and physical properties of magmas (Dingwell and
Virgo, 1987; Scaillet et al., 1998; Kolzenburg et al., 2018; Tollan and
Hermann, 2019; Hughes et al., 2024). Despite this, most experimental
studies on amphibole breakdown have been conducted at fixed fO,
conditions, typically near the nickel-nickel oxide (NNO+1) buffer
(Rutherford and Hill, 1993; Rutherford and Devine, 2003; Browne and
Gardner, 2006). This limited experimental focus restricts understanding
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of how variations in redox conditions influence amphibole reaction rim
formation.

1.3. Complexity of natural systems

In natural volcanic systems, amphibole reaction rims often display
complex, multifaceted textures that suggest multiple destabilising con-
trols acting simultaneously or sequentially. These textures can be chal-
lenging to interpret, and owing to the limited scope of experimental
work to date, there is an overwhelming bias in the literature towards
either heating or decompression. Detailed studies of amphibole rims
from various volcanoes, including Soufriere Hills Volcano (Montserrat;
Devine et al., 1998; Rutherford and Devine, 2003; Buckley et al., 2006),
Mount St. Helens (USA; Rutherford and Hill, 1993) and Ciomadul Vol-
cano (Romania; Kiss et al., 2014) have revealed mineralogical and
textural variability pointing to multi-mechanism, multi-stage processes,
challenging the adequacy of single-mechanism interpretations. Given
the complex and interacting nature of these influences, interpretations
based solely on decompression or heating inevitably involve some de-
gree of oversimplification.

This study aims to integrate CO» flushing and fO, variability into the
current dichotomous amphibole breakdown model (i.e., decompression
or heating), expanding the experimental framework to enable more
accurate reconstructions of natural magmatic systems. The implications
of these findings extend beyond proof of concept, as they can contribute
to broader assessments of magmatic conditions by offering new insights
into magma-fluid interaction during transport that influences eruption

styles.
2. Materials & methods

To investigate the effects of CO; flushing, fO9, heating and decom-
pression on amphibole breakdown and reaction rim formation, we
designed a series of controlled experiments to simulate natural
magmatic conditions and systematically isolate the influences of each
variable on amphibole stability.

2.1. Starting materials

We conducted experiments using three sets of starting materials
(Table 1): (1) Amphibole-seeded rhyolite at fO, = NNO+1; (2)
Amphibole-seeded rhyodacite at fO, = NNO+1; (3) Amphibole-seeded
rhyolite at fO, = Re-ReO (RRO). For sets (1) and (2), we added a
XH50:XCO;, fluid with molar ratios of 0, 0.3, 0.5 and 0.7 XCO,, with or
without a heating or decompression step. Set (3) was performed with a
pure HyO fluid phase. These conditions span the range of fluid compo-
sitions found in natural volcanic systems.

All starting materials were crystal-poor, with rhyolite from Panum
Crater, California (Mangan and Sisson, 2000; Burgisser, 2003) and the
rhyodacite from Aniakchak Volcano, Alaska (Larsen, 2006). These
compositions span the typical range for natural high-silica melts found
in evolved, amphibole-bearing magmatic systems. Each were ground to
fine powders to ensure homogeneity. Magnesio-hornblende amphibole
crystals were manually separated from an andesitic block with a rhyo-
litic interstitial glass erupted from Soufriere Hills Volcano, Montserrat
(Fig. 2a; De Angelis et al., 2015). Amphibole grains were lightly crushed,
cleaned in a 63-pm sieve, and hand-picked under a binocular microscope
to ensure size and purity. In each experiment, ~5 wt. % amphibole was
mixed with ~0.05 g of glass powder to simulate natural amphibole-melt
interactions.

Phase equilibria experiments and thermodynamic models (Fig. 1b)
indicate that at typical shallow magma storage conditions (830 °C, 120
MPa/~5 km depth), close to amphibole’s lower stability limit, the
interstitial melt composition is rhyolitic-rhyodacitic (Fig. 1b; Barclay
et al., 1998; Rutherford and Devine, 2003; Andrews, 2014). At these
conditions, previous work has shown that the melt and amphiboles are
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Table 1
Experimental conditions and mean reaction rim measurements.

Experimental setup Average (std. dev.) reaction rim measurements (n = > 4 rims per experiment)

Exp.” XCOy fOy Initial conditions Second Width Grain size ym Aspect ratio INa mm2 Ui *G
T/P/t conditions T/P/t um mm® 57! mm st

RL_1 0.0 NNO-+1 830/120/24 - n/a n/a n/a n/a n/a n/a

RL 32 0.3 NNO+1 830/120/24 - 5(2) 2(1) 3(2) 6.1(4.5)x10° 33.2 1x107
RL33 0.5 NNO+1 830/120/24 - 9(6) 54 9(6) 2.3(1.7)x10* 55.4 5x 107
RL_3_4 0.7 NNO-+1 830/120/24 - 8(7) 54 13 (7) 3.0(3.1)x10* 64.0 5x107®
RL_ 4 0.3 NNO-+1 830/120/24 880/120/24 10 (6) 7 (4) 2(2) 4.1(3.5)x10° 35 7 x 1078
RL 2 0.0 NNO+1 830/120/24 880/120/24 n/a n/a n/a n/a n/a n/a
RL_22 0.0 NNO-+1 830/120/24 880/120/48 25 (10) 15 (9) 32 1.5(2.5)x10? 0.1 3 x 107
RL7 0.0 NNO-+1 830/120/24 830/65/120 n/a n/a n/a n/a n/a n/a
RD_2 0.0 NNO-+1 830/120/24 880/120/48 n/a n/a n/a n/a n/a n/a
RD_3 0.3 NNO+1 830/120/24 - 32 33 3@ - - -
RD_3.2 0.5 NNO-+1 830/120/24 - 4(2) 21 4(2) - - -
RD_3.3 0.7 NNO-+1 830/120/24 - 3D 1) 3D - - -

RD_11 0.0 NNO+1 830/120/24 830/65/120 n/a n/a n/a n/a n/a n/a

RL 5 0.0 RRO 830/120/24 - 6 (1) 3 7 (5) - - -

RL 6 0.0 RRO 830/120/24 880/120/24 10 (8) 11 (8) 7 (6) - - -

Notes:.

" All experiments initially held at T = 830 °C and P = 120 MPa for t = 24 h. Heating experiments subsequently heated to T = 880 °C for t = 24 or 48 h. Decompression

experiments subsequently underwent single-step decompression to P = 65 MPa for 120 h.

Na = crystal number density.
5T = nucleation rate.
#G = growth rate.

in equilibrium and the amphibole remains stable (e.g., Rutherford and
Devine, 2003), forming perfect starting conditions to constrain P-T-X
controls on reaction rim formation. Full compositions of the starting
materials are provided in the Electronic Supplementary Materials.

2.2. Experimental methods

Each experimental charge was loaded into a 5 mm Ag capsule
(Fig. 2b). Experiments with XH;0 = 1 were loaded with ~15 wt. % de-
ionised H,O to ensure vapour saturation. For experiments conducted
with fluid compositions of XH20O < 1 on a molar basis (i.e., XCOy =
0.3-0.7), CO2 was added by proportionally mixing (by weight) Ag,CO3
powder with H»0 to achieve the desired XCOs, following the method of
Rader and Larsen (2013). For NNO+1 runs, capsules were placed in
cold-seal pressure vessels with Ni rods to buffer fO; near the nickel-
-nickel oxide (NNO+1) level (Eugster, 1957). For RRO (~NNO+-2) runs,
a double-capsule method was used: an Ag;oPd3y capsule with a 1:1
molar mixture of rhenium and rhenium oxide was added to the main Ag
capsule. All capsules were sealed with a Puk 3 precision arc welder.
Capsules were then loaded into externally heated Waspaloy® cold-seal
vessels and placed in a horizontal tube furnace (Fig. 2c). Prior to ex-
periments, temperature calibrations were performed along the length of
the tube furnace using K-type thermocouples to identify and correct for
any temperature offsets at the capsule position. The Waspaloy® auto-
claves include an internal thermocouple well that positions a K-type
thermocouple in close proximity to the sample capsule, allowing accu-
rate monitoring of run temperatures throughout each experiment.

Pressure-temperature conditions (Table 1) were chosen to approxi-
mate shallow crustal magmatic environments. A 24 h baseline experi-
ment (rhyolite set 1) at 830 °C, 120 MPa, NNO+1 and XH»0 = 1
confirmed amphibole stability, consistent with known phase equilibria
for several well-known silicic volcanic systems (Fig. 1a), including
Soufriere Hills Volcano (Barclay et al., 1998; Rutherford and Devine,
2003), Santa Maria/Santiaguito (Andrews, 2014) and Mount St. Helens
(Rutherford et al., 1985). We then performed 24 h isobaric-isothermal
experiments at 830 °C and 120 MPa to test the effect of adding a mixed
XH50:XCOs fluid (using set 1 and 2) or changing fO, (NNO+1 vs. RRO
using set 3) on amphibole stability (Fig. 2d). For heating experiments,
samples were first equilibrated at 830 °C/120 MPa for 24 h, then heated
to 880 °C for an additional 24 or 48 h at XH;O = 1 or 0.7. Finally, a

single-step decompression experiment was conducted for both rhyolite
and rhyodacite compositions: samples were held at 830 °C/120 MPa for
24 h, decompressed to 65 MPa in one step, and held for 120 h (5 days).
These decompression conditions follow Browne and Gardner (2006),
who showed that a single-step decompression to 65 MPa promotes re-
action rim growth over several days.

Each experiment was rapidly quenched (<1 min) using compressed
air, followed by water immersion, to preserve textural and mineralogical
features. Capsules were weighed before and after welding and again
after quenching; experiments showing any mass loss were discarded and
repeated. The charges were then extracted, mounted in resin, polished,
and carbon-coated for compositional and textural analyses.

2.3. Analytical methods

2.3.1. Image acquisition and textural quantification

Backscatter electron (BSE) images of amphibole reaction rims were
acquired on a Hitachi TM3000 SEM (15 kV, 10 mm working distance) at
the University of Liverpool. We selected 4-7 rimmed magnesio-
hornblende crystals per experiment and used ImageJ (Schneider et al.,
2012) to measure rim width (11-34 equally spaced measurements from
the amphibole edge to the rim edge), grain size and aspect ratio (Feret’s
length of >10 representative grains), and orientation (each of amphi-
bole’s long axis normalised to one of the 60°/120° cleavage planes).
When microlites formed along these cleavage planes, rose diagrams
show two orientation peaks (e.g., 0-180° and ~60-240°), although only
one plane was used as the reference if both were visible.

Crystal number density (Na) was determined by counting crystals in
2-5 regions of interest (ROI) around the rim (following De Angelis et al.,
2013), and area fraction (®) was obtained by grid-based point counting
in the same ROIL Finally, nucleation (I) and growth (G) rates were
calculated following Brugger and Hammer (2010).

2.3.2. Electron probe microanalysis

Major-element compositions of glass, amphibole and reaction rim
microlites were measured on a JEOL 8200 superprobe at the University
of Geneva, with five WDS and one EDS. For amphibole, a ~5 pm, 15
keV/15 nA focused beam was used (10-30 s on peak; 5-15 s on back-
ground). For glass, a ~10 pm, 15 keV/6 nA defocused beam was used
(20-30 s on peak; 10-15 s on background). For full compositions,
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Fig. 2. Experimental apparatus and methodology. (a) Andesitic block from Soufriere Hills Volcano used for the manual extraction of amphibole crystals used for
experiments. (b) Experimental capsule configurations showing the systematic loading of silver (Ag) capsules with either rhyolitic glass (Panum Crater) or rhyodacitic
glass (Aniakchak), each seeded with amphibole crystals from Soufriere Hills Volcano andesite. All capsules contained sufficient H,O (i.e., >5 wt. %) to ensure
saturation at 120 MPa, with some experiments including Ag,CO3 powder to achieve variable XH,0:XCO, molar ratios in the fluid phase. Additional experiments
targeting more oxidising conditions utilised an Ag;oPd3o capsule (crimped only) containing rhenium-rhenium oxide (RRO) powder. All capsules were precision-
welded to maintain closed-system conditions throughout the experiments. (c¢) Schematic illustration of the horizontal cold-seal pressure vessel and autoclave sys-
tem used in this study. The experimental assembly uses water as the pressure-transmitting medium within a Waspaloy® vessel. (d) Backscatter electron (BSE) image
of the baseline experiment conducted at 830 °C, 120 MPa, NNO+1 and XH,0 = 1 in a rhyolitic (RL) melt confirmed amphibole stability under baseline conditions,

establishing control parameters for subsequent experimental variations.

methods and analytical precision and accuracy, see the Electronic Sup-
plementary Materials.

Reaction rim microlites were analysed on a Cameca SX100 EPMA at
Ludwig-Maximilians-Universitat in Munich, with a 15 keV, 40 nA, ~1
pm focused beam. As many microlites were small and acicular (<10 pm),
only the largest were measured for accuracy. To better characterise rim
mineralogy, EDS mapping was performed on a scanning electron mi-
croscope at 15 keV with scan times of 20-30 min. These maps were
collected for a subset of experiments to illustrate mineralogical differ-
ences under various experimental conditions.

3. Results

The rhyolite baseline experiment (830 °C/120 MPa/NNO+1/XH>0
=1 for 24 h) produced no observable reaction rims around amphibole
crystals (Fig. 2d), confirming amphibole stability under these conditions
and establishing a reference point for subsequent experiments.

3.1. Effects of CO, concentration on reaction rim formation

Introducing CO; into the system (varying XH30:XCO;) caused
marked changes in amphibole reaction rim development at 830 °C, 120
MPa and NNO+1 for <24 h. Additionally, groundmass microlite crys-
tallisation increased proportionally with XCOy in all COj-bearing

experiments.

3.1.1. Rhyolite melt, XCO2 = 0.3 (low CO2)

At XCO;3 = 0.3, thin rims (up to 5 um) formed around amphiboles,
composed mainly of clinopyroxene microlites with minor Fe-Ti oxides
but no orthopyroxene (Fig. 3a). Microlites (<5 um) are elongated and
tabular, with aspect ratios up to 8 (Fig. 3b). Crystal number densities
range from ~440 to 10,670 mm2. Microlites are strongly aligned with
one amphibole cleavage plane, and where amphiboles were cut
perpendicular to the c-axis, microlites are generally more equant, indi-
cating preferential alignment parallel to the c-axis.

3.1.2. Rhyolite melt, XCO2 = 0.5 (moderate CO2)

At XCOy = 0.5, rims thickened up to 19 uym (Fig. 3c); microlites
reached 23 um and are acicular, with aspect ratios up to 32 (Fig. 3d).
Clinopyroxene dominates with minor Fe-Ti oxides. Na increased mark-
edly to 41,980 mm™, reflecting higher nucleation and growth rates.
Microlites remain strongly oriented along the amphibole cleavage
planes, forming a denser texture.

3.1.3. Rhyolite melt, XCO, = 0.7 (high CO2)

At XCO3 = 0.7, rims reached 17 ym (Fig. 3e), and microlites grew to
19 pm (Fig. 3f) with aspect ratios up to 26. Mineral assemblages are
similar to that in the lower-CO5 runs. Despite similarities to XCO, = 0.5
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Fig. 3. Textural and quantitative analysis of experimental amphibole breakdown in a rhyolite melt as a response to CO. (a, ¢, e) Backscatter electron (BSE) images
show the systematic evolution of amphibole reaction rim textures developed under constant temperature-pressure conditions (830 °C, 120 MPa, NNO+1) but varying
fluid phase compositions (XCO, = 0.3, 0.5 and 0.7). BSE images reveal distinctive systematic changes in reaction rims as a function of increasing CO, content. (b, d, f)
Corresponding quantitative analysis of reaction rim microlites, highlighting the relationship between microlite size and aspect ratio for each XCO condition. Inset
rose diagrams quantify the preferential orientation of reaction products relative to visible amphibole crystallographic axis planes. These results are contextualised
through comparison with previously published textural data from heating-induced breakdown experiments (light grey dots; De Angelis et al., 2015) and decom-
pression studies conducted at various final pressures (grey lines; 10, 30 and 65 MPa; Browne and Gardner, 2006), enabling direct comparison between different

mechanisms of amphibole destabilisation.

runs, Na rose further to 71,610 mm™2. A strong microlite orientation
persists, reflecting a pronounced response to higher CO,.

3.1.4. Rhyodacite melt, XCOz = 0.3-0.7

Shifting to rhyodacite altered reaction rim textures (Fig. 4a-F).
Microlites generally did not exceed 5 um, except for occasional grains
(~15 um) at XCO, = 0.3. Their aspect ratios rarely surpass 10, although
strong preferential orientations persist. Groundmass crystallisation
increased systematically with CO, concentration, exceeding that
observed in rhyolite runs.

3.2. Effect of heating

3.2.1. Rhyolite heating at 880 °C for 24 h

No reaction rims formed after 24 h at 880 °C (Fig. 5a,b), indicating
that short-term heating at 120 MPa without added CO, does not induce
amphibole reaction rim formation. However, amphibole edges are
curved rather than straight as in baseline experiments, suggesting minor
resorption.

3.2.2. Rhyolite heating at 880 °C for 48 h
Extending heating to 48 h at 880 °C produced substantial rims, up to
~40 pm thick (Fig. 5¢). These rims contain large, blocky microlites up to

50 um in size, with aspect ratios <5 (Fig. 5d) and a moderate two-
direction orientation (~60° and 120°, offset by ~15° from the nor-
malised 0° direction). Crystal number densities are relatively low (<300
mm2). Some microlites are zoned core-to-rim (Fig. Sla), reflecting
evolving syn-breakdown conditions. The rim assemblage include
orthopyroxene, clinopyroxene and minor Fe-Ti oxides, contrasting with
the clinopyroxene-dominated rims from COs-flushed experiments.

3.2.3. Rhyodacite heating at 880 °C for 48 h

Rims did not form on amphibole in rhyodacite melt following 48 h at
880 °C; amphibole remained stable, and the conditions even promoted
new amphibole overgrowth at the amphibole-melt interface (Fig. S1b).

3.2.4. Rhyolite combined XCO2 = 0.3 and heating at 880 °C

Combining XCO5 = 0.3 and heating to 880 °C produced rims with
features intermediate between COs-only and heating-only experiments
(Fig. 5e). Rims average 9 um thickness and contain both fine and blocky
microlites up to 21 pym, with aspect ratios <5 (Fig. 5f). Microlites are
strongly oriented but less so than in CO2-only runs. The rims contain
orthopyroxene, clinopyroxene and minor Fe-Ti oxides, revealing dual
influences from both thermal and CO»-flushing processes.
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Fig. 4. Textural and quantitative analysis of experimental amphibole breakdown in a rhyodacite melt as a response to COs. (a, c, e) Backscatter electron (BSE) images
show the systematic evolution of amphibole reaction rim textures developed under constant temperature-pressure conditions but varying fluid phase compositions
(XCO, = 0.3, 0.5 and 0.7). (b, d, f) Corresponding quantitative analysis of reaction rim microlites, highlighting the relationship between microlite size and aspect
ratio for each XCO, condition. Inset rose diagrams quantify the preferential orientation of reaction products relative to visible amphibole crystallographic axis planes.
These results are contextualised through comparison with previously published textural data from heating-induced breakdown experiments (light grey dots; De
Angelis et al., 2015) and decompression studies conducted at various final pressures (grey lines; 10, 30 and 65 MPa; Browne and Gardner, 2006).

3.3. Effects of fO2 in a rhyolite melt

3.3.1. Increased fO2 conditions (RRO)

At NNO+1 (830 °C, 120 MPa, XH,0 = 1), amphibole remains stable
with no reaction rims (Fig. 2d). However, at more oxidising conditions
(NNO+2, or RRO), thin reaction rims (up to 6 um) formed (Fig. 6a).
Unlike NNO+1 experiments, these rims are dominated by biotite with
additional Fe-Ti oxides and plagioclase and only minor orthopyroxene.
Biotite microlites (<6 pum) display acicular morphologies (aspect ratios
up to 20) with minimal preferential orientation compared with CO»- and
heating-induced rims (Fig. 6b).

3.3.2. Combined heating and fO2

More oxidising conditions (RRO; XH;0 = 1) combined with addi-
tional heating for 24 h at 880 °C produced reaction rims up to 19 ym
containing large, randomly oriented biotite microlites up to 30 um
(Fig. 6¢,d). Despite their high aspect ratios (up to 20), these microlites
display lower ratios at a given size than those in non-heated RRO ex-
periments, mirroring the effect of heating under other conditions.
Overall, these rims differ from purely fOs-driven ones, indicating that
combined heating and higher fO, produced intermediate textures, with
fO2 exerting a strong mineralogical control and heating having a
dominantly textural control.

3.4. Decompression experiments

Two decompression experiments (from 120 MPa to 65 MPa at 830 °C
and NNO+1/XH,0 = 1) were conducted with rhyolite and rhyodacite
powders, but neither produced clear amphibole reaction rims after 5
days (120 h) at final pressure. In the rhyolite experiment, amphibole
edges show subhedral-rounded morphologies (Fig. 6e), indicating par-
tial resorption. In the rhyodacite, amphiboles remain euhedral, sug-
gesting an absence of (or minimal) reaction with the melt (Fig. 6f). The
absence of decompression-induced rims contrasts sharply with the rims
observed in heating, CO4 and fO2 experiments, implying that at 830 °C
decompression from 120 to 65 MPa alone may not sufficiently desta-
bilise amphibole under the given timescale.

3.5. Effect of experimental conditions on melt and pyroxene composition

3.5.1. Melt composition

All experiments starting with Panum Crater rhyolite (76.1 wt. %
SiO2) produced melt compositions ranging from 75.7 to 78.1 wt. % SiO,
(Fig. 8a). The baseline experiment (830 °C, 120 MPa, NNO+1, XH,0 =
1) yielded a narrow range of 77.1-77.8 wt. % SiO2. When the temper-
ature was raised to 880 °C for 24 h, the melt composition varied from
76.9 to 77.5 wt. % SiO2, whereas extending the heating period to 48 h
shifted the melt to 76.1-77.0 wt. % SiO. In CO,-flushing experiments
(XCO3 = 0.3-0.7), the SiO5 content of 76.5-77.9 wt. % was similar to



P.A. Wallace et al.

RL 880°C X1 HO (+24h)

Earth and Planetary Science Letters 667 (2025) 119532

(b) = (d) v (f) W
35 35 35 " .
880°C X1 HO 880°C X1 HO 880°C X0.3 CO,
30 [(+24 h) 270° 90° 30 | (+48 h) 270° 90° 30 | (+24 h) 270° 90°
o - o]
© g T g T 180°
8 50 180 8ol 180 Sl
5 NO REACTION RIM S B
2 15 g 15 g
g 10 MPa <UE) <U(>
10 10 o
30 MPa
5 5 X Qxf XXX x X
65 MPa Fxxx
0 - . 0 - :
0 10 20 30 0 10 20 30 30

Microlite size (um)

Microlite size (um)

Microlite size (um)

Fig. 5. Amphibole breakdown textures in rhyolitic melt during heating experiments. (a) Backscatter electron (BSE) image showing amphibole following heating to
880 °C, exhibiting curved crystal edges without reaction rims (b). (c) BSE image of amphibole after 48 h at 880 °C showing thermally-induced reaction rims
characterised by the development of coarse-grained, well-formed microlites surrounding remnant amphibole cores. Note the zoned pyroxene microlite at the bottom-
left of the BSE image. (d) Textural analysis of reaction rim microlites showing microlite size against aspect ratio, demonstrating textural characteristics consistent
with previous thermal breakdown experiments (light grey dots; De Angelis et al., 2015). Grey lines previously published textural data from decompression studies
conducted at various final pressures (10, 30 and 65 MPa; Browne and Gardner, 2006). Inset rose diagrams quantify the preferential orientation of reaction products
relative to visible amphibole crystallographic axis planes. () Multi-variable experiment showing the combined influence of elevated temperature (880 °C) and mixed
volatile conditions (XCO, = 0.3) after 24 h, with corresponding quantitative textural analysis of reaction products presented in (f).

that of the baseline but showed a broader compositional range. Glass
composition for the XCO5 = 0.7 experiments showed subtle effects of
microlite crystallisation, particularly evident in the elevated K20 con-
tents (Fig. S2). Combining heating with CO4 led to compositions with
lower SiO3 (75.7-77.1 wt. %), reflecting the influence of both processes.
Under more oxidised conditions (RRO), melt compositions clustered
within 77.6-78.0 wt. % SiO,, whereas the combination of elevated fOy
and heating shifted this range to 77.0-77.8 wt. % SiO5 (Fig. 8a). Vari-
ations in FeO total concentrations proved particularly noteworthy across
experimental conditions. Relative to the Panum Crater rhyolite (1.0 wt.
% FeOy) and baseline experiment (1.0-1.2 wt. % FeOy), experiments that
involved an additional heating stage showed elevated FeO; content
(1.2-1.6 wt. %), except when combined with increased fO.. Melts at
RRO contained the lowest FeO; concentrations (0.8-1.0 wt. %), though
these values increased slightly when combined with heating (1.0-1.2 wt.
% FeO,). Variations in CaO and MgO followed broadly similar patterns
to FeO; (Fig. S2).

Experiments using Aniakchak rhyodacite (70.6 wt. % SiO2) yielded
melts enriched by approximately 6 wt. % SiO compared with the
starting material (Fig. 8a). Because of extensive microlite crystallisation,
glass analyses were only possible in runs with sufficient interstitial melt.
Heating produced more evolved compositions of 72.1-72.8 wt. % SiOq,
whereas CO,, flushing increased SiO to 75.8-76.4 wt. %, yielding values

comparable to those seen in the rhyolite experiments.

3.5.2. Reaction rim pyroxene composition

Pyroxenes in the reaction rims varied systematically across different
experimental conditions. Under heating alone, most microlites were Mg-
enriched and fell near the enstatite-pigeonite boundary (Fig. 8c),
although a few contained higher Ca contents and plotted in the augite
field. In contrast, CO flushing produced a range of pyroxene composi-
tions with a distinct linear trend from augite through pigeonite to fer-
rosilite (Fig. 8d). When heating was combined with CO; flushing,
pyroxene compositions spanned a broader range, encompassing diop-
side, augite, pigeonite and enstatite (Fig. 8e), reflecting the dual influ-
ence of both variables. Under elevated fO, (RRO), pyroxene was rare
and exhibited low Ca contents and elevated Mg content relative to Fe,
plotting in the enstatite field (Fig. 8f).

4. Discussion
4.1. Interpreting amphibole reaction rim textures
Our results show that heating, decompression, CO, flushing and

redox shifts can produce characteristic textural and mineralogical sig-
natures in amphibole reaction rims, highlighting the diagnostic roles of
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Fig. 6. Influence of changing oxygen fugacity (fO;) on amphibole breakdown textures in a rhyolite melt. (a) Backscatter electron (BSE) image showing amphibole
breakdown with fO, buffer NNO+2 (RRO) under baseline conditions (830 °C, 120 MPa, XH,0 = 1). (b) Quantitative textural analysis of reaction rim microlites
produced at RRO conditions. (c) Multi-variable experiment showing the combined influence of increasing fO, (RRO) and heating to 880 °C for 24 h, characterised by
the development of coarse-grained, biotite lathes and Fe-Ti oxides. (d) Quantitative textural analysis of reaction rim microlites showing microlite size against aspect
ratio, alongside preferential microlite orientation relationships displayed in the inset rose diagrams. (e-f) BSE images of amphibole crystals following single-step
decompression experiments from 120 to 65 MPa and holding at final pressure for 5 days (120 h), performed in a rhyolite (RL) and rhyodacite (RD) melt. These
results are contextualised through comparison with previously published textural data from heating-induced breakdown experiments (light grey dots; De Angelis
et al., 2015) and decompression studies conducted at various final pressures (grey lines; 10, 30 and 65 MPa; Browne and Gardner, 2006).

microlite size, aspect ratio, crystallographic orientation and mineralogy
in revealing magmatic processes. Although rim thickness and miner-
alogy have previously been proposed to distinguish heating- from
decompression-induced rims, thickness alone proves to be an unreliable
indicator, because rims produced by different processes overlap in
thickness (Fig. 7b,c).

Microlite size and aspect ratio offer a potentially more robust initial
diagnostic tool. COs-induced breakdown consistently yielded fine-
grained, acicular microlites with high aspect ratios, whereas heating
favours larger, more equant crystals. Decompression-induced rims
appear more complex, because their textures vary with the degree of
undercooling (AT; Browne and Gardner, 2006). At high AT, decom-
pression produces small, high-aspect-ratio microlites similar to
COo-flushed rims; at low AT, the larger, low-aspect-ratio microlites
resemble heating-induced rims (De Angelis et al., 2015). Our results
suggest that crystallographic orientation may further distinguish the
formation mechanism. CO»-triggered rims typically contain microlites
strongly aligned parallel to amphibole c-axis, whereas
decompression-induced rims display random orientations at any AT
(Rutherford and Hill, 1993; Browne and Gardner, 2006). Amphibole
breakdown has been proposed as a topotactic reaction, in which
microlites forming within the rim inherit aspects of the crystallographic
structure of the parent amphibole (De Angelis et al., 2015). The

contrasting orientation relationships observed between CO»-induced
and decompression-induced reaction rims may therefore reflect differ-
ences in the rate or timescale of amphibole breakdown. Specifically, the
development of crystallographic alignment in CO»-triggered rims may
result from more rapid breakdown (<24 h), whereas the absence of such
alignment in decompression experiments may indicate slower reaction
kinetics operating over longer timescales (>3 days).

When texture alone is inconclusive, defining the mineralogy be-
comes essential. Heating and COg-induced rims are both pyroxene-
dominated but differ in Ca content: heating produces more low-Ca py-
roxenes (i.e., orthopyroxene), while CO2 promotes high-Ca varieties (i.
e., clinopyroxene). Decompression-induced rims typically contain low-
Ca orthopyroxenes (Rutherford and Hill, 1993; Browne and Gardner,
2006). Even in hybrid scenarios, such as simultaneous heating and CO4
flushing, mineralogy reveals mixed pyroxene compositions, reflecting
the combined influence of these triggers.

fO5 adds another dimension to rim interpretation. Under high fO,
(RRO), rims develop biotite-rich assemblages, with or without heating,
demonstrating the important role of redox. Consequently, fO, should be
assessed first, followed by textural features and pyroxene compositions
to determine the primary breakdown trigger.

Melt composition also plays a key role, mainly by affecting rim
thickness and texture. The absence of reaction rims in CO»-flushed or
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Fig. 8. Chemical evolution of experimental products across varying destabilisation conditions. (a) Major element trends in interstitial glass compositions (SiO vs.
Al,03) from rhyolitic and rhyodacitic experiments, tracked against initial starting powder compositions, showing melt evolution during amphibole breakdown. (b)
Classification of amphibole compositions following the scheme of Leake et al. (1997) using 13-cation normalisation, showing compositional ranges of seeded
magnesio-hornblende amphiboles across all experiments and newly formed amphibole overgrowths from rhyodacite heating experiments, demonstrating compo-
sitional continuity between natural and experimental amphiboles. (c-f) Reaction rim pyroxene compositions plotted in classification quadrants, comparing microlites
formed during: (c) heating, (d) CO, flushing, (e) combined heating and CO flushing, and (f) elevated oxygen fugacity (RRO) conditions. Accompanying backscatter
electron (BSE) images and energy-dispersive X-ray spectroscopy (EDS) elemental maps illustrate spatial variations in reaction rim mineralogy, notably the variations
in low-Ca and high-Ca pyroxenes and the formation of biotite under more oxidising conditions.
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Fig. 9. Classification scheme for interpreting amphibole breakdown mechanisms based on reaction rim textures. Systematic experimental investigation of individual
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classification framework provides a basis for interpreting breakdown mechanisms in natural systems, though application requires consideration of additional
complexities in volcanic systems including varying melt compositions and the potential for multiple, concurrent or sequential destabilisation processes.

heated rhyodacite experiments, unlike the rhyolite equivalents, in-
dicates that amphibole-melt compositional relationships can suppress
rim formation. Thus, interpretations should account for both melt
composition and oxidation state when determining whether heating,
decompression, CO2 flushing or hybrid processes drove amphibole
breakdown.

This new interpretative framework provides a practical approach for
determining the cause of amphibole breakdown in natural systems
(Fig. 9). However, these experimental textural and mineralogical sig-
natures represent end-member and simultaneously operating processes,
with the latter more likely in natural systems. Moreover, natural systems
commonly involve sequential processes that can produce zoned reaction
rim textures. Therefore, natural reaction rim textures require careful
evaluation of the full suite of diagnostic features for accurate interpre-
tation. Ultimately, the key to successful interpretation lies in the sys-
tematic assessment of microlite size, aspect ratio, orientation and
mineralogy across the full transect of the rim, while also considering the
potential effects of undercooling, redox state and melt composition.

4.2. Amphibole reaction rims as a record of pre-eruptive volatile
fluctuations

After H>0, COg is the second most abundant magmatic volatile across
diverse melt compositions (e.g., Lowenstern, 2001; Wallace, 2005). As
CO, is less soluble than Hy0, it exsolves preferentially during ascent,
leaving shallow silicic melts highly depleted in CO; but saturated in HoO
(Fig 1b; Papale and Polacci, 1999; Newman and Lowenstern, 2002;
Wallace, 2005; Ghiorso and Gualda, 2015; Edmonds et al., 2022).
Moreover, CO, may be introduced into shallow silicic magmas, typically
as a fluid phase, when interacting with primitive basaltic magmas (e.g.,
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Papale and Polacci, 1999; Roberge et al., 2009; Blundy et al., 2010),
which commonly contain substantial CO,, or if carbonate host rocks
calcinates (Deegan et al., 2010; Dallai et al., 2011; Preece et al., 2014;
Mason et al., 2017; Arzilli et al., 2023). As this COg-bearing fluid in-
teracts with shallow silicic melts, it triggers significant HyO exsolution
and minor CO; dissolution (Fig. 1c), often resulting in dynamic crys-
tallisation (Cashman and Blundy, 2013; Rader and Larsen, 2013; Riker
et al., 2015; Giuffrida et al., 2017).

Our experiments show that CO; can strongly destabilise amphibole
in shallow magma reservoirs, as revealed by systematic increases in Na
and preferential microlite alignment, along with an increase in crystal
nucleation rates (I) and decrease in growth rate (G) in the reaction rims
(Fig. 3 and Fig. 7a). Reducing H20 activity and creating local chemical
potential gradients enhance I (Papale and Polacci, 1999; Lowenstern,
2001; Blundy et al., 2010), while the persistent alignment of microlites
with parent amphibole crystallographic planes suggests topotactic
growth. The dominant occurrence of clinopyroxene and minor Fe-Ti
oxides in COs-driven rims contrasts with other breakdown mecha-
nisms (Fig. 8d), affirming the key role of CO5 flushing in amphibole
destabilisation.

This process likely sets up transient chemical gradients and can
release latent heat, mirroring thermal instabilities associated with
decompression-induced crystallisation (Blundy et al., 2006; Caricchi
et al., 2018). Monitoring CO, in magmatic systems commonly relies on
gas emissions (Mason et al., 2017; Edmonds et al., 2022) and volatile
contents in the groundmass glass and melt inclusions (Wallace, 2005;
Blundy et al., 2010). Combining these approaches with mineral textures,
such as those of amphibole reaction rims, offers a powerful means to
track CO> fluctuations through the crust.

While our experiments show that CO2 can destabilise amphibole
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under shallow crustal conditions, this effect is likely depth- and
composition-dependent. Amphibole stability in silicic melts requires
dissolved HoO concentrations of typically >3.5-4.0 wt. % (e.g., Eggler
and Burnham, 1973; Holloway, 1973), and the reduction of melt HoO
below this threshold by CO5 influx would require substantial fluid vol-
umes, particularly at small to moderate XCOy values (Ghiorso and
Gualda, 2015). Volatiles by difference values derived from EPMA totals
of the experimental glasses (following the approach of Hughes et al.
(2019); see Electronic Supplementary Material) are consistent with
amphibole breakdown in the presence of CO, occurring near the lower
H,O0 stability limit (<3 wt. % H»0) supporting this interpretation. Such
conditions are more easily achieved in magmas that have already
ascended into the upper crust, where pressure-limited HyO solubility
makes amphibole less stable. Thus, CO2-induced amphibole breakdown
is most likely to occur in magmas that have already ascended into the
shallow crust, and may be less effective at greater depths where melts
remain strongly HoO-saturated.

Studies have shown that injection of CO5 into shallow crustal magma
chambers may significantly alter magma properties and promote
explosive eruptions (e.g., Caricchi et al., 2018; Feignon et al., 2022). The
2009 Redoubt Volcano eruption illustrates this phenomenon: elevated
COs, flux occurred weeks before the March 15 eruption (Werner et al.,
2013), and a circulating vapor phase of ~75 mol. % H>0 and 25 mol. %
CO; was identified in upper crustal storage zones (Coombs et al., 2013).
Amphiboles in the early eruptive products formed distinct reaction rims
attributed to HyO-driven decompression (Coombs et al., 2013). How-
ever, our findings suggest that XCO, = 0.25 is sufficient to destabilise
amphibole at upper crustal pressures, indicating that COy-rich vapor
phases should not be ruled out in amphibole breakdown scenarios at
volcanoes with evidence for an excess fluid phase if volumes are suffi-
cient (e.g., from melt inclusions or gas monitoring data).

4.3. Thermal destabilisation of magma

In volcanic systems, heating commonly occurs during the recharge of
high-temperature magma (Sparks and Marshall, 1986), but also via
crystallisation (Blundy et al., 2006) and shear associated with ascent
(Lavallée et al., 2015), transferring heat and destabilising amphibole.
Pre-eruptive magma recharge has been inferred at Soufriere Hills Vol-
cano (e.g., Murphy et al., 2000), Unzen (Nakada and Motomura, 1999),
Ciomadul (Kiss et al., 2014), Bezymyannyi (Plechov et al., 2008) and
Merapi (Erdmann et al., 2014). Our heating experiments replicate the
textures typical of such recharge events (Fig. 5c,d) and differ markedly
from those generated by CO; (Fig. 3a,b). Prolonged heating at 880 °C for
48 h produced thick, coarse-grained rims dominated by blocky,
low-aspect-ratio microlites with preferential orientations. These rims
contain high-Mg, low-Ca pyroxenes (+ minor high-Ca pyroxene;
Fig. 8c), reflecting enhanced diffusion rates at elevated temperatures
that favour Mg incorporation and the formation of more equant, ther-
mally stable phases compared to COg-driven rims. These findings
confirm earlier interpretations of heating-induced rims (Rutherford and
Devine, 2003; De Angelis et al., 2015).

At Unzen Volcano, granular and symplectitic reaction rims in am-
phiboles within the dome products have been attributed to magma
mixing (Nakada and Motomura, 1999) and/or localised heating via
shear/frictional processes (Wallace et al., 2019). The resemblance of our
experimental textures to those at Unzen underscores the applicability of
our results to natural systems. Similarly, at Soufriere Hills, thick,
coarse-grained rims dominated by clinopyroxene, orthopyroxene and
Fe-Ti oxides have been linked to repeated recharge and heating events
(Barclay et al., 1998; Murphy et al., 2000; Rutherford and Devine,
2003), closely matching the textures observed in our heating
experiments.

Previous studies that identified pre-eruptive heating based on
petrological evidence often assume a purely thermal origin for amphi-
bole rims, with little consideration of simultaneous volatile interactions.
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Our combined COs-heating experiments yield hybrid textures with
features of both CO5-driven and thermally-induced rims (Fig. 5e,f). The
resulting pyroxenes cover a broad compositional range from Ca- to Mg-
rich, while retaining notable Fe enrichment (Fig. 8e). These observations
highlight the complexity of natural magmatic systems, where concur-
rent processes (particularly in recharge events) can lead to more diverse
reaction rim textures and mineral compositions than either process
would produce alone.

4.4. Role of fO2 in amphibole stability

Our experiments show that oxygen fugacity (fO3) can critically in-
fluence amphibole stability and reaction rim textures in silicic magmas.
Under more oxidising conditions (RRO), amphibole breakdown yielded
thin, fine-grained, randomly oriented microlites dominated by biotite,
low-Ca pyroxene and Fe-Ti oxides (Fig. 6a,b). This outcome differs
markedly from other breakdown conditions and reflects how redox state
controls Fe speciation, crystal chemistry and phase equilibria (e.g.,
Burgisser and Scaillet, 2007; Moussallam et al., 2014). The biotite-rich
rims at high fO, demonstrate that oxidising conditions favour
Fe3*-bearing phases at the expense of Fe?"-rich minerals (Toplis and
Carroll, 1995; Frost and McCammon, 2008). As a result, Mg-rich py-
roxenes likely arise because less Fe?" is available. These compositional
differences underscore how changes in fO, alone can drastically alter
amphibole reaction rim assemblages and offer a potential means of
reconstructing magmatic redox states (Tollan and Hermann, 2019; Sun
and Lee, 2022). It is important to note that the breakdown of amphibole
observed in our experiments reflects the specific composition of the
magnesio-hornblende used as a starting material, derived from Soufriere
Hills Volcano. Amphiboles from more oxidised magmas (e.g., El
Chichén, Pinatubo, or the Fish Canyon Tuff) may exhibit greater sta-
bility at higher fO,, even under conditions near the magnetite-hematite
buffer (Luhr, 1990). Thus, the destabilisation of amphibole from NNO+1
to RRO in our study should not be taken as universally representative,
but rather compositionally dependent.

Natural magmatic systems experience redox fluctuations driven by
processes such as magma mixing, crustal assimilation, crystallisation of
Fe-bearing phases, volatile fluxing and degassing (e.g., Carmichael,
1991; Sun and Lee, 2022). Variations in fO; can thus serve as a
stand-alone trigger for rim formation, especially in arc volcanoes subject
to repeated injections of oxidised fluids (e.g., Kiss et al., 2014), conse-
quently impacting the rheological properties of magma (Dingwell and
Virgo, 1987; Kolzenburg et al., 2018). Near-surface oxidation can
further promote the formation of fine-grained, Fe-Ti oxide-rich rims, a
common feature of dome-building systems (Garcia and Jacobson, 1979;
Plechov et al., 2008; Wallace et al., 2019).

At Ciomadul Volcano, Kiss et al. (2014) recorded amphibole zona-
tion attributed to decompression, heating and variable fO5. Our iso-
baric-isothermal experiments confirm that changing fO, can affect
amphibole stability significantly. Unzen Volcano provides another
example: the various lobes that form the lava dome contain widespread
biotite breakdown, forming pargasitic amphibole in its rim products
(Nakada and Motomura, 1999). This observation suggests that if biotite
experiences heating and reduction with minimal Hy0 exsolution, as was
interpreted (Venezky and Rutherford, 1999), Fe®" transforms into Fe2+,
favouring amphibole formation. Our experiments show the reverse re-
action is also possible, where elevated fO, conditions drive amphibole
breakdown to biotite, with combined fO» shifts and heating producing
hybrid rim textures (Fig. 6¢,d). The redox state exerts a primary influ-
ence on mineral assemblage, while temperature predominantly affects
crystal size and morphology.

4.5. Insights into decompression and magma ascent

Decompression inevitably accompanies magma ascent, lowering
volatile solubility in the melt and rendering amphibole unstable if the
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magma ascends to sufficiently shallow depths or erupts (Fig. 1b). Early
studies by Rutherford and Hill (1993) showed that
decompression-induced rims typically consist of acicular orthopyroxene
microlites, which can serve as proxies for ascent rates. This mechanism
has been widely documented in amphibole-bearing dacites at Mount St.
Helens (Rutherford and Hill, 1993), Soufriere Hills Volcano (Rutherford
and Devine, 2003) and Redoubt Volcano (Browne and Gardner, 2006),
where the degree of undercooling and final storage pressure notably
influence rim textures. More recent work indicates that CO5-rich vapor
fluxing may also destabilise amphibole by dehydrating the melt, as
evidenced by complex plagioclase zoning and elevated CO; in melt in-
clusions at Mount St. Helens (e.g., Cashman and Blundy, 2013).

In our decompression experiments, pressure was reduced from 120
MPa to 65 MPa and was held at final pressure for 5 days. Although
amphibole in the rhyolite runs showed partial resorption (Fig. 6e,f), no
reaction rims formed. This outcome does not contradict the established
role of decompression in amphibole breakdown but highlights the
importance of ascent rate, extent and duration of pressure reduction,
final storage pressure (if magma stalls during ascent or erupts at once),
and melt composition (Rutherford and Hill, 1993; Browne and Gardner,
2006). Previous decompression experiments (Browne and Gardner,
2006) produced rims within 3—4 days even at final pressures of 65 MPa,
likely a result of different undercooling paths (e.g., higher starting
pressures) or melt compositions that were more conducive to rim for-
mation, suggesting that small changes in ascent conditions can signifi-
cantly influence kinetic pathways, underscoring how different
timescales and conditions drive distinct breakdown mechanisms.

4.6. Role of melt composition in amphibole stability

Our experiments show that melt composition strongly influences
amphibole stability and reaction rim development, with marked dif-
ferences between rhyolitic and rhyodacitic compositions. Under the
same heating conditions, amphiboles in rhyolitic melts developed sub-
stantial rims, whereas those in rhyodacitic melts remained stable and
even showed overgrowth (Fig. 8b; Fig. S1b), highlighting how melt
structure and chemical potentials can override other destabilising fac-
tors and profoundly affect phase equilibria. Moreover, amphibole
breakdown itself feeds back on melt composition by releasing Fe, Mg
and Ca into the interstitial melt, thereby modifying its chemistry in a
direction that may influence subsequent phase equilibria (Fig. S2).
These results underscore the bidirectional coupling between amphibole
stability and melt composition, with implications for both the kinetics
and pathways of melt evolution in hydrous silicic systems.

In natural systems, melt composition commonly evolves through
fractional crystallisation typically creating more silicic, MgO- and FeO-
depleted melts (e.g., Ghiorso and Gualda, 2015). These processes can be
further complicated by magma mixing or assimilation events that
generate hybrid melt compositions, introducing complex phase stability
relationships (Sparks and Marshall, 1986; Murphy et al., 2000; Morgavi
et al., 2013). The extensive groundmass crystallisation observed in
rhyodacitic experiments, especially at higher CO2 concentrations,
highlights how melt composition can control crystallisation kinetics (e.
g., Brugger and Hammer, 2010). Such compositional shifts can produce
feedback loops, enhancing or hindering amphibole breakdown, and may
help explain the texturally zoned amphibole rims often noted in natural
samples (e.g., McCanta et al., 2007; Plechov et al., 2008).

As reaction rim formation depends on melt composition as well as
pressure and temperature, interpretations based solely on single vari-
ables risk oversimplification. A comprehensive approach that includes
melt compositional effects is thus essential for deciphering the infor-
mation preserved in rim textures. This expanded framework would
reconcile contradictory interpretations from volcanic systems and pro-
duce more robust indicators of pre-eruptive processes. Such steps are
critical given that amphibole reaction rims can preserve evidence of
magmatic evolution on timescales relevant to volcanic hazard
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assessment.
5. Implications and conclusions

The results presented here provide new perspectives on amphibole
reaction rim formation and its importance for interpreting pre-eruptive
magmatic processes. By systematically examining the roles of COg2
flushing, fO,, heating and decompression on amphibole stability in two
high-silica melts—a rhyolite (76.1 wt. % SiO5) and a rhyodacite (70.6
wt. % SiO2)—we have shown that each control imparts distinct textural
and mineralogical signatures in amphibole reaction rims, which can be
distinguished even when acting simultaneously. This outcome moves
beyond the traditional focus on single triggers, underscoring the
complexity of amphibole breakdown and highlighting the significant
influence of volatile interactions (particularly CO;) and redox
conditions.

Recognising these distinct reaction rim signatures has important
implications for volcanic hazard assessment. In natural systems, differ-
entiating between textures produced by CO; influx, heating, decom-
pression or changing oxidation conditions can refine our ability to
interpret shifts in magma storage and ascent conditions. The strong role
of CO, flushing, in particular, suggests that rim textures can record
volatile influx events, aligning with independent evidence from gas
emissions or melt inclusion studies. Likewise, the biotite-rich rims
formed under high fO, conditions indicate that shifts in redox state alone
can be sufficient to destabilise amphibole. Combining reaction rim an-
alyses with geochemical monitoring, such as real-time gas flux mea-
surements and melt inclusion compositions, may therefore offer a more
robust means of identifying and tracking the processes that lead to
eruptions.

Collectively, our experiments emphasise that amphibole stability in
silicic magmas is governed by the combined effects of temperature,
pressure, melt composition and redox state, each of which plays a crit-
ical and often interdependent role in destabilising amphibole. While
decompression remains a well-documented mechanism of amphibole
breakdown, our findings highlight how under certain con-
ditions—especially those involving slower ascent rates, specific melt
compositions or significant CO, concentrations—reaction rims may be
absent or develop differently. Heating experiments confirm that pro-
longed high temperatures can produce distinct blocky, low-Ca pyroxene
rims, while elevated fO, conditions can yield thin, biotite-dominated
rims. The capacity of CO; alone to induce strongly oriented, acicular
microlites demonstrates how even short-lived volatile flushing can
destabilise amphibole.

By refining our capacity to interpret these indicators, this study re-
fines petrological models of magma storage and ascent, contributing an
essential tool for future volcanic hazard assessment efforts. More
comprehensive monitoring programs that integrate crystal texture an-
alyses, gas flux observations and melt inclusion geochemistry will help
reveal the interplay between multiple processes in the final stages before
eruption. Such an integrated approach promises a deeper understanding
of how amphibole breakdown mirrors critical transitions in magma
evolution, ultimately enhancing eruption forecasting and potentially
contributing to the development of eruption style prediction methods.
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