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Crystallization timescales in subvolcanic systems and the consequences of interaction between ascending
magmas and gases remain largely unconstrained, as do links between these processes and monitoring
signals at restless volcanoes. We apply diffusion chronometry to radially-oriented plagioclase and
associated olivine in a glomerocryst from Tolbachik volcano (Kamchatka, Russia) to elucidate such
processes. We show that cm-size glomerocrysts grow in a few days prior to, or during, eruption.
Melt inclusions from these glomerocrysts show no compositional evolution during crystallization,
implying growth in a melt-rich and dynamic environment. Volatile elements in melt inclusions show
significant variability, with increasing CO, as H,O decreases. This behaviour is inconsistent with normal
degassing processes, and more likely reflects CO,-fluxing. On the basis of short residence timescales
of glomerocrysts and sharp changes in melt inclusion volatile abundances, we propose that rapid
(pre-)eruptive crystallization is controlled by rhythmic fluxing of magmatic HO and CO, through the
sub-volcanic conduit. This implies that compositional zoning in plagioclase, from resorption textures
to oscillatory zoning, record short-term CO;- and H,;O-fluxing episodes, consistent with strombolian
eruption dynamics. We propose that volcanic glomerocrysts represent the counterpart of vertical igneous
layering (or comb layering) in shallow plutons. Magmatic layering and glomerocrysts dominated by radial
plagioclase offer novel ways of targeting short-term crystallization and degassing processes in subvolcanic

systems.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction namic settings (Métrich et al., 2010; Blundy et al., 2010; Caricchi
et al,, 2018).

The low solubility of CO, in magmas compared to H,O (New-
man and Lowenstern, 2002; Papale, 2005; Ghiorso and Gualda,
2015) implies that ascending CO;-rich fluids exsolve from deep

reservoirs and interact with HyO-rich shallower magmatic systems

Volcanic eruptions are controlled by two fundamental pro-
cesses: advection of fresh batches of hot magma from deep reser-
voirs towards the surface (e.g. Sparks et al., 1977; Bouvet de
Maisonneuve et al., 2013); and degassing of dissolved volatiles

(CO,, Hy0, SO,) from magmas during ascent (Woods and Car-
doso, 1997). Magmatic H,O is a key component controlling the
stability of different mineral assemblages and crystallization dy-
namics during their emplacement in the crust (e.g. Feig et al,
2006; Annen et al., 2006). Magmatic CO;, on the other hand, has
only recently become the focus of attention, as illustrated by the
elevated CO, abundances in melt inclusions in a variety of geody-
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(Papale 2005; Blundy et al.,, 2010; Yoshimura, 2015; Caricchi et
al., 2018). A consequence of the low solubility of CO, compared
to H,O is that a small addition of CO, to HyO-saturated mag-
mas can have a significant effect on the confining pressures of
magmatic reservoirs (Blundy et al., 2010; Caricchi et al., 2018). As-
cent of volatiles through arc crust is thought to occur on short
(hourly-monthly) timescales and is well recorded by intra-crustal
earthquake swarms (Chouet, 1996; Shapiro et al., 2017) and vol-
canic gas emissions. However, long-lived magmatic systems tend
to erase petrological evidence of such events. Thus, finding petro-
logical evidence in fossil volcanic and plutonic environments for
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such transient magmatic processes is instrumental to better con-
strain the conditions leading up to, and accompanying, volcanic
eruptions.

Tolbachik volcano, Kamchatka, Russia, was the site of the Great
Fissure Eruption (GTFE) of 1975-1976, one of the largest basaltic
eruptions of the 20th century (Fedotov et al., 1980a,b; Punin et
al., 2010; Churikova et al., 2015). During the initial months of the
GTFE, extensive strombolian activity formed four large scoria cones
southwest of Plosky Tolbachik (55.832°N, 160.326°S) (Fedotov et
al,, 1980a). Explosive eruptions of scoria, ash, bombs and gas-rich
pyroclastic clouds occurred rhythmically (period of 0.5-1 seconds,
Fedotov et al., 1980a). Explosive activity of scoria cones continued
during subsequent effusive-style eruptions from multiple fissures
(Fedotov et al., 1980a). Eruption of cruciform and spherical crystal-
lapilli (or glomerocrysts) were recorded during the initial stages of
explosive, strombolian activity of the GTFE which led to the forma-
tion of large scoria cones (Fedotov et al., 1980a; Punin et al., 2010)
(Fig. 1).

We employed diffusion chronometry of Sr in plagioclase and
P in olivine to retrieve residence timescales, as well as major-,
trace- and volatile analysis of melt inclusions. We show that these
radial glomerocrysts result from rapid crystal growth as a conse-
quence of decompression-driven crystallization in shallow conduits
on volcanic timescales. We argue that resorption and growth of
plagioclase are controlled by pre- to syn-eruptive rhythmic CO5-
and H,O-fluxing and discuss possible consequences regarding pla-
gioclase zoning and igneous layering in shallow plutons.

2. Methods

A representative 3 cm-wide plagioclase glomerocryst was im-
pregnated with epoxy resin and cut into two equal hemispheric
parts using a wire saw. The surface of interest was then pol-
ished stepwise down to 1 nm diamond paste, and carbon coated.
Panchromatic cathodoluminescence (CL) images were taken at the
University of Lausanne, using a CamScan MV2300 SEM operated
at 20 kV and ~10 nA. Because of the large size of the sample,
scanning was carried out on a mosaic grid of several hundred
fields, and reconstructed using AutoPano Giga® 4.2.3 software. CL
imaging allowed us to constrain the zoning patterns in a con-
stituent crystal of the glomerocryst using imaging processing soft-
ware (Fig. 1 and electronic appendix Figs. S1, S2).

Analyses of major elements in plagioclase (electronic appendix
Fig. S2) and olivine were acquired on a JEOL 8200 SuperProbe at
the Institute of Earth Sciences, University of Lausanne. Analytical
conditions were 15 kV, 15 nA, and 1 pm beam size. Counting times
were 30 s on the peak and 15 s on the background on either side
of the peak. Natural silicates were used as standards. Step size of
profiles was 10 pum. Additional analysis of plagioclase at higher
spatial resolution prior to SIMS analysis were carried out using the
JEOL JXA8530F HyperProbe FEG-EPMA at the School of Earth Sci-
ences, University of Bristol, with analytical conditions 15 kV, 15 nA
and <1 pm beam size and 1 pm step size.

High-resolution profiles of “Li, 22Na, 26Mg, 27Al, 28sj, 39K, 40(a,
49Ti, 88sr, 138B3 in plagioclase were acquired on Au-coated pol-
ished mounts by secondary ion mass spectrometry (SIMS) at the
NERC ion-microprobe facility, University of Edinburgh, using a
Cameca IMS-4f instrument. Prior to acquisition, a pre-sputtering
raster along the length of the profile with a nominal 10 kV pri-
mary beam of O~ ions and 10 nA beam was applied. Analyses
were then performed with a 0.02 nA beam current to achieve a
~1 pm diameter spot at the sample surface.

Melt (glass) rimming the plagioclase crystals, and as inclusions
and embayments in olivine and plagioclase was analysed using the
Cameca SX100 EPMA of the School of Earth Sciences, University of
Bristol. Analytical conditions were 20 kV, 4 nA, 5 pym beam size;
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Fig. 1. (a) Panchromatic cathodoluminescence (CL) of a radially-oriented plagioclase
glomerocryst from Tolbachik volcano; (b) Close up SEM image of a plagioclase crys-
tal with oscillatory zoning, resorption textures followed by higher-Anorthite plagio-
clase (white arrows), and local inclusions of melt, olivine or oxides (red arrows);
(c) Close-up of anhedral olivine crystals (light grey) with melt inclusions and em-
bayments in between plagioclase crystals in the glomerocryst. (For interpretation of
the colours in the figure(s), the reader is referred to the web version of this article.)

Na and K were measured first. Standards were silicates, oxides and
metals (Fig. 2).

Trace elements and H,O contents of matrix glass and melt in-
clusions (electronic appendix Fig. S3) in plagioclase and olivine
were acquired on Au-coated polished mounts by secondary ion
mass spectrometry (SIMS) at the NERC ion-microprobe facility,
University of Edinburgh, using a Cameca IMS-4f instrument. Anal-
yses were performed with a nominal 10 kV primary beam of O~
ions and 5 nA beam current focused to a ~10-15 pm diameter spot
at the sample surface. A small raster was applied prior to acquisi-
tion to limit charging. H,O was measured as 'H* secondary ions
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Fig. 2. Major elements composition of melt inclusions in plagioclase and olivine, glass in plagioclase embayments, and external glass rimming the glomerocryst; a-c) K,0,
Al,03 and TiO, wt% versus SiOy wt%; d-f) K;0, Al,03 and SiO, wt% versus glomerocryst rim-core distance (0 = rim of the plagioclase); g-i) K20, Al;03 and SiO, wt% versus
H,0 wt%. (errors are 20'). Some compositional variation such as higher SiO; in occasional melt inclusions nearer the core of the glomerocryst are not unexpected as shown
by the compositional variation of erupted tephra and lavas that occurred during the formation of scoria cones during the GTFE (Fedotov et al., 1980a).

at a nominal mass resolving power (M/AM) of 300 and 25 pm im-
age field. Trace elements were analysed simultaneously with 'H.
For H0, calibration involved a working curve of 'H/30Si versus
H,0 (r? > 0.99) based on glasses of known H,O concentration
(0-2.82 wt%). Analytical uncertainty of H,O for each analysis is
between 0.55-7.50%, 20.

CO, contents of glasses are very low and require special sam-
ple preparation and analytical approaches. A section of the pla-
gioclase glomerocryst was mounted in indium (to reduce back-
ground), cleaned with acetone and ethanol and gold-coated. CO;
in melt inclusions was analysed by SIMS using a Cameca 7f-GEO
ion-probe at Caltech (California, USA). A 10 keV Cs* primary ion
beam of ~4-5 nA (~15 pm in diameter) was used to sputter the
samples and produce secondary ions. Negative secondary ions of 9
keV were collected with Faraday cups (10~ and 28Si~) or an elec-
tron multiplier (EM, for '2C~) in peak-jumping mode. The energy
bandwidth for the secondary ions was ~45 eV. A mass resolving
power (MRP) of ~5000 was used to separate '0H~ from 70~.
A field aperture was utilized to limit secondary ion signals to the
centre ~10 pm of the crater. Any possible edge effect was fur-
ther eliminated with a 36% (in area) electronic gating. lon images
of 12C~ and '®OH~ were examined on each spot to avoid possi-
ble contaminations from tiny holes or cracks on the samples. Each
measurement consisted of 120 s pre-sputtering and 20 cycles of
data collection, with counting times of 2 s for 2C~ and 1 s for all
other ions (10—, 10H—, 28Si) in each cycle. Data were corrected
for detector backgrounds and EM deadtime. The CO, background
of the instrument was checked with a San Carlos olivine grain or
the Suprasil 3002 glass (~0.2 ppm CO»). Two in-house basaltic
glass standards (WOK5-4, 64 ppm; WOK16-2, 184 ppm) were used
to calibrate CO; concentrations. Replicate analysis of one melt in-
clusion gave values of 39.2 and 40.8 ppm, within the analytical
uncertainty of each analysis (+2 ppm, 20).

Wavelength-dispersive spectroscopy (WDS) X-ray mapping of P
in olivine was carried out at the School of Earth Sciences, Uni-

versity of Bristol, using a Cameca SX100 electron probe microan-
alyzer (EPMA) operated at 20 kV and 200 nA, with 1 pm beam
and step size, and a dwell time of 0.15 ms. Phosphorus was mea-
sured on all five spectrometers and counts were accumulated to
enhance signal/background ratios (electronic appendix Fig. S4). In
addition, high spatial resolution profiles of P were acquired using
the JEOL JXA8530F HyperProbe operated between 7-10 kV and 20-
100 nA, with a <1 pm beam size. Phosphorus was standardized
on Durango apatite; olivine MongOL Sh11-2 was analysed (nomi-
nal 66 + 20 ppm P; Batanova et al., 2019) as an internal standard
prior to measuring profiles, giving a value of 94 ppm (47 ppm) for
P at 100 kV and 100 nA. Measurements were performed on four
spectrometers with counts cumulated and counting times of 60 s
or 120 s (electronic appendix Fig. S4).

Profiles of P in olivine were acquired by nano-SIMS using the
Cameca N50L of the Ecole Polytechnique Fédérale in Lausanne,
(electronic appendix Fig. S4). Samples were previously coated with
a 10-15 nm gold layer to prevent the build-up of charge on the
sample surface. A Cs* primary beam was used to sputter the
olivine and the ion species 60—, 28si—, 31p—, 24Mg'%0~ were
extracted and measured at the same time using electron multi-
pliers, at mass resolution sufficient to resolve any potential mass-
interferences. The location of the line-scans was selected to be per-
pendicular to the zonation previously identified using WDS X-ray
maps of P. A pre-sputtering phase was performed on a 30 x 30 pm
area of interest at a larger beam size (diaphragm D1-2, 4.5 pA
for the Cs™ primary beam) with a dwell time of 1 ms/pixel. This
was followed by a line scan of 2 cycles to clean up the profile
of interest with beam conditions of D1-3 and 2 s/pixel. Acqui-
sition of high-resolution line scans was performed using a finer
beam. These include longer profiles (D1-3, ca. 150 nm beam diam-
eter, 2 pA CsT™ beam, 20 scans with 2 s/pixel) as well as shorter
profiles (D1.5, 80 nm beam diameter, 0.1 pA Cs™ beam, 45 scans
with 2 s/pixel). 2#Mg!'®0~ was monitored for possible variations
in the ionization and extraction processes as it is expected to be
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Fig. 3. (a) All-Euler Electron Back-Scatter Diffraction (EBSD) map and (100) pole figures for the plagioclase glomerocryst, together with the traces of Sr profiles measured
by SIMS. Note that (010) twins belonging to the same grain (coded with different colours as they have different Euler angle triplets) have identical orientations of (100)
poles. Pole figures in a and b are represented on lower hemisphere equal area projections; (b) Two representative BSE images and SIMS profiles of Sr (and anorthite), with
diffusion timescales calculated at 1100°C and 1075 °C for two profiles from the Tolbachik glomerocryst. All measured Sr and anorthite profiles and calculated Sr-diffusion
timescales can be found in the electronic appendix. The dashed line shows the equilibrium Sr profile based on the measured An profile, calculated following Dohmen and
Blundy (2014). The limited diffusion of measured Sr towards the equilibrium profile is indicative of short timescales.

homogenous in the olivine measured. In order to minimize po-
tential instrumental drift, we normalize profiles to 28Si~, based
on EPMA analysis of olivine and chemical mapping. As the spa-
tial resolution of nano-SIMS is higher than FEG-EPMA (electronic
appendix Fig. S5), the residence timescales based on modelling dif-
fusion profiles of P in olivine have been calculated exclusively from
the nano-SIMS profiles.

Crystallographic orientation of olivine and plagioclase was de-
termined by electron backscatter diffraction (EBSD) at the Institute
of Earth Sciences, University of Lausanne, using a Tescan Mira II
LMU FEG-SEM equipped with the Symmetry EBSD detector and
the Aztec® 3.4 software package (Fig. 3a and electronic appendix

Fig. S4). Analyses were done at 20 kV and 1.1 nA, on a sample tilted
at 70° with respect to the horizontal. As EBSD requires a pristine
crystal lattice up to the sample surface, additional surface finish
using colloidal silica suspension was used to remove any mechani-
cal damage induced by diamond polishing. No carbon coating was
applied to ensure optimal EBSD pattern quality. Olivine ([100] =
4,756 A, [010] = 10.207 A, [001] = 5.980 A, o =90.0°, 8 =90.0°,
y =90.0°) and plagioclase ([100] = 8.194 A, [010] = 12.897 A,
[001] = 14.190 A, o = 93.0°, 8 = 115.8°, ¥ = 91.2°) reference files
from the HKL and American Mineralogist databases, respectively,
were used for indexing. Points of analysis were characterized by
three Euler angles (¢1, ®, ¢2) which could be compiled into pole
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figures to display the orientation of the crystal axes with respect
to a sample reference frame.

3. Results

CL (Fig. 1) and EBSD (Fig. 3a) mapping indicate that plagio-
clase glomerocrysts are formed of radially-oriented, twinned pla-
gioclase crystals growing from a central part of the glomerocryst
towards the exterior, similar to experimental work on glomero-
crysts by Arzilli et al. (2015). Sections of micron-wide oscilla-
tory zoning in plagioclase (Fig. 1 and electronic appendix Figs. S1,
S2) are rhythmically interspersed with resorption zones (Figs. 1,
3b). Plagioclase crystals vary in composition between Anss-Angs,
with occasional sharp increase to Anyo along resorption zones
(Fig. 1 and Fig. S2). The textural and compositional characteris-
tics are consistent with previous observations of Tolbachik pla-
gioclase glomerocrysts from the GTFE (Punin et al., 2010). Plagio-
clase crystals have abundant melt, olivine and oxide inclusions,
and are coated by quench glass with no evidence of (micro)-
phenocrysts, implying rapid cooling upon eruption (Fig. 1b, c).
Olivine is found as small grains in plagioclase or as larger (ca.
500 microns) anhedral grains with abundant melt inclusions and
melt embayments (Fig. 1c). These larger olivine grains occur at
the outer rims and at the centre of the glomerocryst between
elongated plagioclase crystals (Fig. 1). Olivine is unzoned in ma-
jor elements (Fo71.6 to Fo73.6) but shows well-defined phosphorous
zoning patterns. Basaltic-andesitic melt inclusions in plagioclase
and olivine as well as the external glass coating the minerals
are overall homogenous in major and trace element compositions
(Fig. 2 and electronic appendix Fig. S3). One inclusion from the in-
ternal part of the glomerocryst has an andesitic composition and
lower TiO; concentration (Fig. 2). The variation in melt inclusions
resembles more differentiated tephra erupted during the forma-
tion of scoria cones of the GTFE (e.g. Fedotov et al., 1980a). Such
exceptions aside, melt inclusion chemistry remains almost con-
stant, for both compatible and incompatible elements (e.g. Al;0s3,
K,0 Fig. 2, Zr, Ba, La/Ce, electronic appendix Fig. S3) across the
entire suite and shows no correlation with H,O abundances or
distance from the core to the rim of the glomerocryst (Fig. 2).
This observation indicates that there has been very little (if any)
post-entrapment crystallisation of melt inclusions. Moreover, the
similarity of melt inclusions and matrix glasses indicates that the
melt composition in the system as whole changed little during
glomerocryst crystallisation. This observation has implications for
the size of the system in which the glomerocrysts grew (see be-
low).

CO, abundances in most glass inclusions in plagioclase remain
low (<80 ppm), except for one inclusion at 1200 ppm. CO, abun-
dances show an inverse correlation with H,O with H,O decreasing
by ca. 0.3 wt% as CO, increases by ca. 50-60 ppm (see discus-
sion). It is possible that post-entrapment volatile loss could occur,
leading to low-H,O abundances at constant CO, concentrations.
Although we cannot discount post-entrapment modification, this
is unlikely for several reasons. Quenched glass coating the glom-
erocrysts is consistent with their eruption as crystal-lapilli during
Strombolian activity of the GTFE (Fedotov et al., 1980a; Punin et
al., 2010) rather than in basaltic lava flows, thus implying rapid
cooling upon eruption. We also note that glass inclusions and em-
bayments in olivine show generally lower H,O abundances than
plagioclase glass inclusions, consistent with their growth shortly
upon - or during - eruption at low H,O abundances and after
the growth of plagioclase at higher H,O activity (see discussion).
Moreover, the systematic increase in CO; abundances with de-
creasing HpO is inconsistent with simple post-entrapment dehy-
dration or rehydration that should occur at constant CO5.

Earth and Planetary Science Letters 552 (2020) 116596

4. Numerical modelling

Magma temperatures: The temperature of the melt was esti-
mated using the major element chemistry and HyO abundances
of glass inclusions in plagioclase (Dataset S3) with the model
of Sisson and Grove (1993). Average calculated temperatures are
1083 426 °C (2SD). Note that one SiO;-rich glass inclusion yielded
a lower temperature at 1030 °C. Considering the uncertainty on the
temperature, diffusion timescales in olivine and plagioclase have
been computed at 1100°C and 1075 °C.

Sr diffusion in plagioclase: The initial Sr profiles in plagioclase
were computed using known plagioclase/melt partition coeffi-
cients (Kpsy); Dohmen and Blundy, 2014) which is a function
of melt composition (Ca0 = 719 + 0.98 wt% (20), measured
on plagioclase-hosted glass inclusions), plagioclase composition
(Xan) and temperature (1100-1075°C). An Sr melt concentration
of 247 £ 15 ppm (20 ) measured on plagioclase-hosted melt inclu-
sions was used.

The diffusion coefficients of Sr in plagioclase depend on both
temperature and chemical composition (Cherniak and Watson,
1994; Giletti and Casserly, 1994). More specifically, most experi-
mental datasets report a constant activation energy on the order
of 265 kJ/mol, whereas the pre-exponential factor, log(Dg), varies
linearly with the molar proportion of anorthite (Xap).

We have compiled the Sr diffusion in plagioclase measurements
of Cherniak and Watson (1994) and Giletti and Casserly (1994). A
multiple linear regression of the 97 diffusion measurements (T =
550-1300°C; Xap, = 0.01-0.96) yields the following parameters
for the Arrhenius equation (fitting parameter uncertainties given
at 1o):

D, = 10-5-204) =330 XAn oy —264(£8) 0
RT

with a residual standard error of 0.4 log units on 94 degrees of

freedom (electronic appendix Fig. S6).

Diffusion anisotropy of Sr in Angp.7o plagioclase has been
shown experimentally to be minimal, with values either falling
within experimental uncertainty (Giletti and Casserly, 1994) for all
crystallographic orientations, or peaking at ~0.7 log units (Cher-
niak and Watson, 1994) for diffusion normal to the (010) and (001)
planes, respectively. Whenever possible and for the sake of consis-
tency, plagioclase grains were selected so that (100) poles were
oriented within the same plane as the Sr profile traces (Fig. 3a),
although no explicit correction for crystallographic orientation was
made.

Strontium diffusion in plagioclase was modelled at 1100 °C and
1075°C, using a finite difference scheme according to Costa et
al. (2008) and Dohmen et al. (2017). In order to improve model
stability on regions of steep anorthite gradient, we used a half
grid between the normal grid spaces (Dohmen et al., 2017). The
thermodynamic parameter for Sr (As;) representing the non-ideal
interaction of Sr with the major components of plagioclase (anor-
thite and albite) was computed according to Dohmen and Blundy
(2014). Time steps (At) and space steps (Ax) were of 1 h and
1 pum, respectively, to ensure that the Courant condition was ful-

filled for each grid points at all time ((DA‘QE < 0.5; mostly <0.03).

For each profile Sr diffusion was modelled using the computed ini-
tial Sr profile as described above and two types of boundary condi-
tions: (i) no flux at the boundary (closed system) with [Sr]%!me —
[Sr]glitime and [sr]dlltime — [grjalltime; or (ij) exchange at the bound-
ary with a reservoir of constant Sr content, [Sr]¢!tme — [gr|initial
and [Sr)alltime — [r)initial (open system) (Fig. 3b, Table 1 and elec-
tronic appendix Figs. S7, S8, S9, $10).

The accuracy of the partitioning model of Dohmen and Blundy
(2014) was estimated on the order of 50% relative; the precision
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Table 1

Earth and Planetary Science Letters 552 (2020) 116596

Calculated residence timescales (in hours) of nine plagioclase profiles at 1100°C and 1075 °C. Quoted uncertainties include analytical uncertainty of
the Sr measurement (+20 ppm, 20 ) propagated onto the diffusion time with a Monte Carlo method by generating 1000 starting profiles for each
measured profile and assuming a normal error distribution. All the results given in hours at 95% confidence level. All profiles can be found in the

electronic appendix.

1100°C M Prq M; Pry M;Rim M;Prq M;Prg M;Prg M;Prig M;Pry3 M;Pryq
Closed system 407134 33+ 63 25128 25149 314231 727418 155733 1141133
Open system 397176 3811% g3 30153 2173 181192 731331 343725 102112
1075°C M Prq M1 Pry M;Rim M;Prq M;Prg M;Prg M;Prig M;Pry3 M;Priq
Closed system 601176 49731 6+81 37138 3518} 501322 991173 2297148 172122
Open system 5g+a78 57158 12178 44787 30%5 261324 967229 4947313 1511183

——
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Fig. 4. Violin plots summarizing the calculated Sr diffusion timescales in plagioclase for a total of nine profiles (closed and open system) at 1075 °C. See Table 1 and supple-
mentary materials for timescales at 1100 °C. This probabilistic representation results from the propagation of the analytical uncertainty of the Sr measurement (+20 ppm,
20') onto the diffusion time with a Monte Carlo method by generating 1000 starting profiles for each measured profile and assuming a normal error distribution (see meth-
ods section for further details). Bold red bars represent the median diffusion timescale of the 1000 Monte Carlo replicas (grey bars). Note that the timescale of the plagioclase

rim (M2_Rim) overlaps with that of late-stage olivine (Fig. 5).

of the method, based on normal error propagation of the rele-
vant fit parameters in Dohmen and Blundy (2014), is considerably
better, ~3% relative. Therefore, while the absolute partition coef-
ficient and computed initial Sr concentration in plagioclase may
differ by 50% from the true value, the relative internal variation
of the starting profile is considerably less. Thus, in order to com-
pare the measured and computed diffusion profiles we normalized
each profile to its mean value. Diffusion times were estimated
by root-mean-square error minimization of the normalized mea-
sured and computed diffusion Sr profiles. Analytical uncertainty
of the Sr measurement (+20 ppm, 20 ) was propagated onto the
diffusion time with the Monte Carlo method by generating 1000
starting profiles for each measured one and assuming a normal
error distribution. For each of the 1000 generated profiles (per
measured profile), a diffusion time could be estimated (by root
mean-square error minimization), allowing us to estimate the un-
certainties. We report the results at 95% confidence (Table 1). We
calculated precise timescales for 9 out of 14 SIMS profiles, with
five other profiles showing similar values but larger uncertainties
as a result of smaller variations in plagioclase anorthite and Sr
abundances (electronic appendix Figs. S7, S8, S9, S10). The calcu-
lated timescales are as short as 6 h for the plagioclase rim and
vary between 35 and 230 h for profiles in plagioclase interiors (Ta-

ble 1, Figs. 3b, 4). As expected, from crystal interior to crystal rim,
Sr diffusion profiles in plagioclase record increasingly shorter du-
rations (e.g., see MPry, MPrg and M;Rim) (Figs. 3, 4), confirming
the suitability of our modelling approach. This also allows us to
estimate crystal growth rates. The distance between these profiles
is ca. 0.3 cm (M3Pry, MyPrg and MRim, Fig. 3a), corresponding
to an average time interval of ca. 18-30 h (closed and open sys-
tem, Table 1), suggesting an average growth rate ranging between
2.7-107% and 4.6-10% cmy/s.

Phosphorous-diffusion in olivine: seven nano-SIMS 3'P/28Si pro-
files were fitted to an error function by nonlinear weighted least-
squares regression using a Levenberg-Marquardt type fitting al-
gorithm (Fig. 5 and Figs. S4, S5). Weighting uncertainties were
estimated using the standard deviation of the flat parts of the sig-
nal (on both sides of the step) and propagated linearly to each
point as a function of the count ratio intensity. Experimentally-
derived diffusion coefficients (Watson et al., 2015) at T° of 1100°C
and 1075°C (see next paragraph) were applied (Table 2). Uncer-
tainties on the fitted diffusion profiles and durations are given at
20; they correspond to regression uncertainties only and do not
account for uncertainties of the P diffusion coefficient. Diffusion
anisotropy of P in olivine is within experimental error (Watson et
al,, 2015) and, therefore, is not considered in the calculations. Cal-
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in the electronic appendix.

Table 2

Calculated residence timescales of seven olivine profiles (in hours) based on phosphorous diffusion as a function of different
temperatures (in °C). All profiles can be found in the electronic appendix.

10_BC_2 11_BC_2 12_BC_4 14_BC_2 15_BC_2 17_BC_2 20_PBC_10
1100°C 129+ 11 25+12 6.6 1.7 155 89+ 16 29+10 130+ 34
1075°C 187+ 16 3618 9.5+25 22+8 129+ 23 42+15 188 £49

culated timescales vary between 130 and 6.6 h at 1100°C, and
188 and 9.5 h at 1075°C (Table 2). The shortest timescales based
on P-diffusion in olivine are less than most timescales estimated
for Sr-diffusion in plagioclase interiors, but overlap with calculated
timescales for the plagioclase rim (Table 1).

Rhyolite-MELTS modelling: The starting composition of Rhyolite-
MELTS modelling was based on the average glass composition of
glass inclusions in plagioclase, with conditions of QFM+1, con-
sistent with moderately oxidized magmas found at Tolbachik
(Kamenetsky et al., 2017). Variations in CO, and H,O abundances
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were set to cover the range of volatile abundances measured
in glass inclusions, with saturation in different proportions of
volatiles calculated using MagmaSat (Ghiorso and Gualda, 2015).
The initial temperature stability of plagioclase at different CO;-
H,0 conditions (1150-1063°C) calculated using Rhyolite-MELTS
overlaps the temperature estimates using Sisson and Grove (1993)
and measured temperatures for lava flows from the southern cone
during the GTFE (1030-1070 °C, Fedotov et al., 1980a).

Thus, our objective is to evaluate the effect of changing H,0
and CO, on the stability and composition of plagioclase and high-
lighting mechanisms leading to the growth of radial glomerocrysts
on short timescales.

5. Discussion
5.1. Glomerocrysts record daily to weekly magmatic timescales

Glomerocrysts are frequently interpreted as remobilized frag-
ments of pre-cursor crystal mush (Cashman et al, 2017) im-
plying relatively long pre-eruptive residence times in hot intra-
crustal systems. Shallow magmatic systems, however, are prone
to conditions that promote disequilibrium crystallization, namely
rapid crystal growth as a result of abrupt changes in magmatic
undercooling, occasioned by shifts in pressure, temperature, or
volatile concentration (Blundy and Cashman, 2005; McCarthy and
Miintener, 2016). Unlike blocky, euhedral plagioclase indicating
near-equilibrium crystallization at low undercooling, Tolbachik
glomerocrysts comprise 1.5 cm-long radiating plagioclase crys-
tals (Figs. 1, 3). Such textures have been shown experimentally
to result from rapid, disequilibrium crystallisation (e.g. Lofgren
and Donaldson, 1975; Arzilli et al., 2015). This is consistent with
the well-developed twinning of each elongated plagioclase crystal
(Fig. 3a), which results from elevated anisotropy in crystal growth
rates leading to radiating plagioclase glomerocrysts (Punin et al.,
2010). Olivine associated with these glomerocrysts is anhedral and
shows well-defined, sharp P zoning patterns (Fig. 1c). The anhedral
habit of olivine with subangular to rounded rims and the presence
of abundant embayments and melt inclusions is further evidence
of rapid-growth (e.g. Mourey and Shea, 2019). Such conditions of
rapid crystal growth are consistent with the well-defined phospho-
rous zoning in these olivine grains, a characteristic likely arising
because of the low diffusivity of phosphorous in the melt (Fig. 4b)
(e.g. Milman-Barris et al., 2008).

Calculated timescales from Sr diffusion in plagioclase at 1075
to 1100°C yield hourly to weekly residence timescales (Table 1,
Figs. 3 and 4). Timescales for olivine based on phosphorous-
diffusion are as short as 6-42 h (Table 2, Fig. 5). The overlap
between olivine and plagioclase rim timescales is consistent with
textural observations indicating that olivine crystallizes after initia-
tion of plagioclase growth, likely a consequence of decompression-
driven crystallization (e.g. McCarthy and Miintener, 2016) (see be-
low).

Volatile abundances in melt inclusions show a maximum esti-
mated saturation pressure of 200 MPa (Fig. 6b). Assuming a resi-
dence time of a week, based on the residence timescale of these
plagioclase crystals (Table 1), this implies minimum steady ascent
rates on the order of ~30 MPa/day. Experimentally-determined
growth rates of texturally similar, near-liquidus alkali feldspar
glomerocrysts peak at 1.4 to 2.4-10~% cm/s (Arzilli et al, 2015),
whereas plagioclase crystallized from decompression experiments
between 10-200 MPa on basaltic-andesites reach lower growth
rates of 2.9-10~7 cm/s (Shea and Hammer, 2013). The character-
istic radial texture of these glomerocrysts likely reflects heteroge-
neous nucleation as a consequence of a prior event of superheating
of the melt which has led to the resorption of pre-existing min-
erals and nuclei (e.g. Arzilli et al,, 2015). Under such conditions,
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Fig. 6. (a) H,0 abundance in melt inclusions and embayments in a plagioclase glom-
erocryst as a function of distance from the rim of the host crystals; (b) CO> (ppm)
vs HyO (wt.%) of the same melt inclusions. Inset shows a melt inclusion with sur-
prisingly elevated CO, (1200 ppm) at low H,0 (<800 ppm) within the central part
of the plagioclase glomerocryst. The analytical standard deviations (20°) for H,0
and CO; generally lie within the symbol size. Vapour isopleths and isobars (MPa)
are calculated using MagmaSat at FMQ+1 log unit for the average composition of
Tolbachik melt inclusions; (c) Rhyolite-MELTS modelling of plagioclase anorthite
content as a function of Si0, and CO,-H,0 abundances; Note the histogram of pla-
gioclase anorthite composition of the Tolbachik glomerocryst (light-blue histogram)
and melt composition (grey histogram). In (c), HO-loss in the melt as a result of
CO,-fluxing will lead to a shift in plagioclase composition as well as an increase in
the upper temperature stability of plagioclase. The red and blue arrows indicate the
effect of CO,- and H,O-fluxing, respectively, whereas the green arrow represents a
shift to lower H,O without a concomitant decrease in CO, as a consequence of dis-
equilibrium degassing (Pichavant et al., 2013; Yoshimura, 2015) or post-entrapment
diffusive H,O loss.

mineral growth is favoured over nucleation, leading to the for-
mation of radially-oriented mineral aggregates at elevated growth
rates (Arzilli et al, 2015) very similar to our estimated growth
rates. Thus, growth rates of plagioclases forming glomerocrysts are
likely to be on the order of 10~% cm/s (Arzilli et al, 2015). Such
elevated growth rates imply that 3 cm-diameter spherical glomero-
crysts could have grown in as little as 7-23 days, consistent with
the short residence timescales calculated (Figs. 3, 4, 5) and well
within the eruption timescale of the GTFE (Fedotov et al., 1980a,b).
We conclude that these short timescales and rapid growth condi-
tions imply that radially oriented plagioclase glomerocrysts record
syn-eruptive magmatic processes.

5.2. Plagioclase: a monitor of short-term volatile-fluxing?

The concentrations of major and trace elements, both compat-
ible and incompatible, in plagioclase remain relatively constant
(Fig. 2, electronic appendix Fig. S3). The near-constancy of major
and trace elements during growth is consistent with crystalliza-
tion in a melt-dominated environment whereby crystal growth
results in little change in melt fraction. Conversely, melt inclu-
sions in plagioclase show significant HO variations (<0.1-0.9 wt%
H,0; Fig. 6a), and CO, abundances increase as H,O abundances
decrease (Fig. 6b). This inverse correlation between CO, and H,0
abundances is unlike equilibrium, closed-system degassing, which
should lead to rapid loss of CO, and near-constant H,O as a con-
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sequence of the lower solubility of CO, in the melt (e.g., Papale,
2005).

Two distinct processes could lead to shifts to lower HO at
constant or increasing CO;, namely disequilibrium degassing and
CO,-fluxing. The lower diffusivity of CO, compared to HO implies
that in dynamic subvolcanic systems, disequilibrium degassing
could result in melt inclusions losing H,O whilst retaining ele-
vated concentrations of CO,, as shown experimentally by Picha-
vant et al. (2013). This is a process especially likely to occur in
shallow volcanic systems affected by rapid, decompression-driven
crystallization. By combining high-resolution CO, and H,O analysis
of melt inclusions and numerical modelling of magma degassing
upon ascent, Yoshimura (2015) showed how CO,/H,0 might in-
deed shift to higher values as a result of such a kinetic effect.
However, Yoshimura (2015) illustrated that such kinetic effects
are strongly dependant on ascent rates, with significant shifts to-
wards high CO,/H;0 ratios requiring abnormally high ascent rates
(>1000 m/s). Thus, although such kinetic effects are likely to oc-
cur, Tolbachik melt inclusions reach a maximum of 1200 ppm
CO, at <800 ppm H;O0, suggesting an alternative mechanism is
likely.

This second mechanism, CO,-fluxing, is likely to result from
competing CO,-H,O solubility in a volatile-saturated system,
where the addition of CO, will lead to a decrease in the sol-
ubility of HyO (e.g. Caricchi et al., 2018). Melt inclusion data
from diverse volcanic systems has shown that significant shifts
in CO3/H20 can result from CO, being added to the system as a
gas fluxing through the magmatic reservoir en route to the sur-
face, either during or between eruptions (Métrich et al., 2010;
Blundy et al., 2010; Yoshimura, 2015; Caricchi et al., 2018). Loss of
CO, from deep magmatic reservoirs allows for pulses of CO;-rich
fluid to rise through the crust, interacting with shallow magmatic
reservoirs and shifting melt compositions towards H,O-poor, CO,-
rich compositions (Blundy et al., 2010; Caricchi et al,, 2018). Such
conditions are likely at Tolbachik, where pre-1972, CO,-rich mag-
mas (500-1000 ppm CO;) have been identified (Kamenetsky et al.,
2017).

As the composition and stability of plagioclase is very sensitive
to variations in melt composition and P-T conditions (e.g. Feig et
al., 2006), zoning patterns are traditionally ascribed to rejuvena-
tion by hotter mafic magmas, melt differentiation or crystallization
kinetics (Singer et al., 1995; L'Heureux and Fowler, 1996; Stew-
art and Fowler, 2001). However, the growth of glomerocrysts in
a dynamic, melt-rich environment with melt inclusions of similar
composition throughout the glomerocryst precludes such processes
(Fig. 2). An alternative explanation, consistent with our obser-
vations, is that crystallization and resorption of plagioclase and
olivine is controlled by the rhythmic interplay of H,O and CO,
abundances serving to alternately suppress and elevate liquidus
temperature, respectively, so driving undercooling and superheat-
ing of the magma at roughly constant temperature. Rhyolite-MELTS
(Gualda et al., 2012) modelling indicates that a shift from XH,0 =
1 to XCO, = 1 at 5-20 MPa captures the overall range of ob-
served plagioclase composition (Fig. 6¢). Intermittent resorption
zones in plagioclase are rimmed by higher-An contents reaching
An7o whereas mm-wide segments dominated by oscillatory zoning
vary primarily between Anss and Angs. Thus, one mechanism al-
lowing for both oscillatory zoning and the antithetic variation in
CO; and H,0 abundances is interplay between CO,-rich and H,0-
rich gases fluxing the system. Increasing H,O in the system will
lead to more calcic plagioclase and, at elevated H,O abundances,
resorption as a result of the sensitivity of plagioclase stability to
increasing H,O abundance (e.g. Feig et al., 2006). Such resorption
textures followed by an increase in Xa, are common in plagioclase
glomerocrysts of the GTFE (Figs. 1 and 3b). Conversely, H,O loss as
a consequence of CO;-fluxing will lead to undercooling and rapid
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crystallization of plagioclase (oversaturation) with more sodic com-
positions.

Due to variation in H,O and CO; solubility in silicate melts as a
function of pressure (e.g. Ghiorso and Gualda, 2015), degassing of
magmas at variable depths in intracrustal magmatic systems (e.g.
Cashman et al.,, 2017) can lead to release of both CO, and H,O-rich
gases. Pulses of high-pressure CO,-bearing gas waves will expel
H,0 out of shallower stored magmatic reservoirs, thereby creating
a compositionally and temporally heterogeneous gas column be-
neath the volcano. In this way, competition between CO;-rich and
H,O-rich gases fluxing shallow volcanic reservoirs can control the
textures, compositions and growth rates of plagioclase glomero-
crysts. Rapid growth of plagioclase glomerocrysts as a consequence
of volatile-fluxing during the more explosive stages of the GTFE is
consistent with strombolian explosive activity being controlled by
an important gas-component fluxing the system from below (e.g.
Chouet et al., 1974; Kondo et al., 2019).

Experimental investigations into plagioclase crystallization sug-
gest that higher growth rates (Shea and Hammer, 2013) occur
at an undercooling (AT) on the order of 50-100°C, whereas
alkali-feldspar glomerocrysts crystallizing from initially super-
heated melts show higher growth rates at lower AT of ca 40°C.
At 5 to 20 MPa (Arzilli and Carroll, 2013). Rhyolite-MELTS indi-
cates that the saturation temperature of plagioclase in Tolbachik
melts is increased by 30-65°C when driving the melt from H,0-
saturated to CO,-saturated conditions (Fig. 6). This AT of 30-65°C
is equivalent to the loss of ca. 0.5-1 wt% H,O at constant pres-
sure, consistent with the observed fluctuations of volatiles in our
melt inclusions (Fig. 6). CL imaging of plagioclase crystals indicates
that oscillatory-zoning patterns are <10 to 180 pm wide (Fig. 1
and electronic appendix Figs. S1, S2). Within these zones, plagio-
clase composition varies on the order of <5 An, interspersed with
occasionally larger variations of 5-10 An. Although we cannot fully
discount boundary layer effects in the formation of such rhythmic
oscillatory zoning patterns (e.g. L'Heureux and Fowler, 1996), the
dynamic as well as melt- and volatile-rich conditions of the Tol-
bachik magmatic system suggest that boundary layers would likely
be unstable. In addition, the 10-100 micron-scale growth and re-
sorption zones of plagioclase (Fig. 1, electronic appendix Fig. S1)
imply that these minerals were alternately growing and dissolv-
ing on short timescales. Pulses of plagioclase growth over a <10
to 100 um due to loss of HO would have been short prior to the
cessation of growth or initiation of resorption. Consequently, an
alternative interpretation is that oscillatory layering reflects CO,-
and H,O-fluxing through the volcanic conduit on the order of min-
utes to hours, assuming previously discussed high crystal growth
rates.

5.3. Hy0 and CO,-fluxing as a control on strombolian eruptions?

The mechanisms involved in the formation of Tolbachik glom-
erocrysts are illustrated schematically in Fig. 7. Formation of new
scoria cones during strombolian and effusive volcanic activity dur-
ing the initial months of the GTFE were generally preceded by
ground deformation and an increase in recorded volcanic tremors
down to 10-20 km depth within 2 weeks prior to eruption (Fe-
dotov et al., 1980a,b). Such timescales of seismic activity followed
by eruption, lava discharge and rapid decrease in seismic activ-
ity are consistent with the growth rates and residence timescales
inferred from plagioclase and olivine, suggesting that Tolbachik
plagioclase glomerocrysts formed in a dynamic, melt-rich environ-
ment as a response to pre- to syn-eruptive fluctuations in volatile
abundances.

The fact that CO,-H,0 in melt inclusions do not track simple
isobars (Fig. 6), as would be expected for fluid-melt interactions at
fixed pressure, imply that addition of CO, on the order of 60 ppm
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of crystal aggregates reflect magmatic reservoir systems (3); * = Timescales in-
ferred from McCarthy and Miintener (2016) and Antonelli et al. (2019). ** = Longer
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gates that likely reflect remobilized crystal mush fragments (e.g. Cashman et al.,
2017); (b) Recorded seismic activity from July to September 1975 during the Great
Tolbachik Fissure Eruption (GTFE). Top graph represents the daily number of earth-
quakes with Magnitude > 2. The lower graph represents the maximum energy
class of earthquakes (Ks™3*) determined from short-period S waves. Formation of
eruptive vents is illustrated with small cone symbols (modified from Fedotov et al.,
1980a,b).

leads to pressure variations between 5 and 15 MPa (Fig. 6). Over-
pressure of magmatic reservoirs to exceed the tensile strength of
overlying rocks is an essential mechanism to trigger and drive vol-
canic eruptions and is generally proposed to be related to mag-
matic rejuvenation, passive degassing or second boiling through
crystallisation (e.g. Tait et al., 1989; Jellinek and DePaolo, 2003;
Gudmundsson, 2012).

In the case of strombolian activity, the ascent of gas pulses or
waves of gas layers control the rhythmicity of eruption dynamics
(e.g. Chouet et al., 1974; Kondo et al., 2019). As recorded by plagio-
clase zoning and melt inclusions, CO,-fluxing on hourly timescales
might have a significant impact on the confining pressure of the
small and shallow magmatic reservoirs beneath Tolbachik, within
the range of over-pressure triggering volcanic eruptions (Tait et al.,
1989; Jellinek and DePaolo, 2003). Fluxing of CO,, and concomi-
tant displacement of H,O from solution, induces an increase in the
volume of the magmatic reservoir that can trigger volcanic un-
rest (Caricchi et al., 2018), especially for melt-rich systems and

10
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short-term fluxing. Such conditions are consistent with shallow
earthquake swarms and ground deformation on the weeks prior
to the formation of scoria cones during the GTFE (Fedotov et al.,
1980b) as well as with cyclical ground deformation contemporane-
ous with explosive strombolian eruptions (e.g. Kondo et al., 2019
and references therein).

Hence, extensive oscillatory zoning of radial plagioclase glome-
rocrysts interspersed with high-anorthite resorption zones can be
used as archives of rhythmic pressure fluctuations of shallow sub-
volcanic reservoirs feeding strombolian explosive activity driven by
short-term CO,- and H,O-fluxing through a compositionally het-
erogeneous gas column.

5.4. Glomerocrysts and orbicular rocks: the plutonic and volcanic
connection

Decompression-driven crystallization leading to the growth of
plagioclase glomerocrysts may be a ubiquitous phenomenon in
(sub)volcanic systems. Magmatic layering found in arc-related, sub-
volcanic settings show similar crystallization conditions to Tol-
bachik plagioclase glomerocrysts, namely comb layers and orbicu-
lar rocks (e.g. Moore and Lockwood, 1973) (Figs. 7, 8). This type of
igneous layering is characterized by elongated plagioclase crystals
forming plagioclase crescumulates on pluton walls (Fig. 8a, b) and
around rock fragments (Fig. 8c, d). Comb layers and orbicular rocks
are generally found along 100s m-wide zones at the rims of oth-
erwise homogenous plutons (e.g. Moore and Lockwood, 1973). The
combination of a cumulate signature for each crescumulate layer
implying the loss of residual melt upon crystallization (McCarthy
and Miintener, 2017), the predominance of plagioclase as the ini-
tial and main crystallizing phase (Moore and Lockwood, 1973; Mc-
Carthy and Miintener, 2017), and the lack of significant mineralog-
ical or compositional evolution of minerals over tens to hundreds
of comb layers (McCarthy and Miintener, 2016, 2017) implies that
comb layers and orbicules, like Tolbachik glomerocrysts, form in
dynamic, subvertical conduits in melt- and volatile-rich conditions
(Moore and Lockwood, 1973, McCarthy and Miintener, 2016, 2017)
(Fig. 6). Such dynamic conditions are also consistent with mag-
matic breccias, as well as remobilized fragments of pre-existing
comb layers and orbicular rocks upon which new generations of
crescumulates form (Moore and Lockwood, 1973). As at Tolbachik,
orbicular rocks grow in near-isothermal conditions >950-1000 °C
(McCarthy and Miintener, 2016, 2017), requiring an additional
mechanism (gas fluxing) to promote crystal growth (and resorp-
tion; Arzilli et al, 2015, McCarthy and Miintener, 2016, 2017).
Estimated timescales of growth of comb layers and orbicular rocks
based on comparison with experimental datasets and kinetic frac-
tionation of Calcium isotopes in plagioclase indicate timescales of
weeks to months (McCarthy and Miintener, 2016; Antonelli et al.,
2019). Such timescales are thus similar to those recorded in Tol-
bachik glomerocrysts.

The comparable mineral textures and growth mechanisms im-
ply a similar origin for both subvolcanic (comb layers, orbicular
rocks) and volcanic (glomerocrysts) magmatic lithologies (Fig. 7a).
While long timescales and slow cooling in magma chambers or
large reservoirs are the more commonly invoked mechanisms re-
sponsible for magmatic layering (e.g., Wager and Brown, 1967) our
data rather support the conclusion that comb layering, orbicular
rocks and volcanic glomerocrysts are a rapid growth phenomena.
Thus, vertical, radial magmatic layering dominated by elongated
plagioclase offers new avenues for understanding the dynamics of
shallow, dynamic melt extraction zones in terms of rapidly fluc-
tuating P-T-H,0-CO, conditions within sub-volcanic systems on
eruptive timescales.
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Fig. 8. (a, b) Examples of plagioclase-dominated crescumulates growing on pluton walls (comb layering) from (a) the granodiorite Pyramid pluton (Volcanic Lakes, central
Sierra Nevada) (scale is a 30 cm long ruler); (b) from the north flank of Cornone de Blumone, Adamello intrusive complex (northern Italy). Note pegmatitic amphibole-gabbro
patch in upper right of photo. In both (a) and (b) white crystals growing perpendicular to the layering are plagioclase; black crystals are predominantly amphibole; (c, d)
radially oriented plagioclase-crescumulates growing on gabbro xenoliths forming orbicules from (c) the Fisher Lake pluton (Northern Sierra Nevada, California), and (d) from
the San Marcos gabbro (Pine Valley, Southern California); the interstitial reddish mineral associated with radial plagioclase is orthopyroxene whereas amphibole (in black) is
generally found in the matrix (e.g. Moore and Lockwood, 1973; McCarthy and Miintener, 2017).

6. Conclusions

Mineral aggregates are generally thought to represent the re-
mobilization of variably long-lived, crystal-bearing magmatic reser-
voirs. Based on mineral aggregates from the Great Tolbachik Fis-
sure Eruption of 1975-1976, we show that cm-wide, radially-
oriented plagioclase glomerocrysts can form on short, eruptive
timescales. As a consequence, radial plagioclase records short-term
processes, such as pre-to syn-eruptive CO,- and H;O-fluxing in
melt-rich (sub)volcanic conduits. Such short-term CO,-fluxing, as
reflected in both melt inclusion data and in the compositional vari-
ations in plagioclase, may control the dynamics of volcanic erup-
tions by generating significant overpressure. Volcanic plagioclase
might, therefore, offer a novel way of targeting transient processes
of volatile migration in modern and ancient arc systems and their
role as eruption triggers. Additionally, plagioclase comb layering
and orbicular rocks showing similar growth conditions as plagio-
clase glomerocrysts, imply that certain types of vertical, plutonic
layering might form on volcanic timescales.
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