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Abstract Nucleation of H,O vapor bubbles in magma requires surpassing a chemical supersaturation
threshold via decompression. The threshold is minimized in the presence of a nucleation substrate
(heterogeneous nucleation, <50 MPa), and maximized when no nucleation substrate is present (homogeneous
nucleation, >100 MPa). The existence of explosively erupted aphyric rhyolite magma staged from shallow
(<100 MPa) depths represents an apparent paradox that hints at the presence of a cryptic nucleation substrate. In
a pair of studies focusing on Glass Mountain eruptive units from Medicine Lake, California, we characterize
titanomagnetite nanolites and ultrananolites in pumice, obsidian, and vesicular obsidian (Brachfeld et al., 2024,
https://doi.org/10.1029/2023GC011336), calculate titanomagnetite crystal number densities, and compare
titanomagnetite abundance with the physical properties of pumice to evaluate hypotheses on the timing of
titanomagnetite crystallization. Titanomagnetite crystals with grain sizes of approximately 3—33 nm are
identified in pumice samples from the thermal unblocking of low-temperature thermoremanent magnetization.
The titanomagnetite number densities for pumice are 10"8 t0 10*° m™3, comparable to number densities in
pumice and obsidian obtained from room temperature methods (Brachfeld et al., 2024, https://doi.org/10.1029/
2023GC011336). This range exceeds reported bubble number densities (BND) within the pumice from the same
eruptive units (average BND ~4 x 10'* m™3). The similar abundances of nm-scale titanomagnetite crystals in
the effusive and explosive products of the same eruption, together with the lack of correlation between pumice
permeability and titanomagnetite content, are consistent with titanomagnetite formation having preceded the
bubble formation. Results suggest sub-micron titanomagnetite crystals are responsible for heterogeneous bubble
nucleation in this nominally aphyric rhyolite magma.

1. Introduction

Vesiculation in magmas is initiated by the nucleation of bubbles in response to a progressive decrease in the
solubility of volatiles (e.g., H,O, CO,, S) during decompression. However, bubbles do not nucleate instanta-
neously because energy is required to create an interface between the exsolved fluid and silicate liquid (Mangan &
Sisson, 2000). The existence of this energy barrier means that there is generally a lag between attainment of a
volatile saturation pressure and the formation of bubbles (usually termed the supersaturation pressure APy; e.g.,
Mourtada-Bonnefoi & Laporte, 2002). The supersaturation pressure may be reduced if nucleation is assisted by a
solid substrate (heterogeneous nucleation), and otherwise high if no such energy reducing agent is present (ho-
mogeneous nucleation). When occurring early during magma ascent, heterogeneous nucleation of bubbles on
existing crystals ultimately fosters efficient degassing (Mangan & Sisson, 2000). This swift response of gas
exsolution to decompression maintains the system closer to melt-gas equilibrium (Figure 1). Late homogeneous
nucleation unaided by crystals delays degassing until shallow levels, at which point degassing occurs abruptly,
increasing the likelihood of explosive fragmentation (Mangan & Sisson, 2000). Differences in nucleation style
and timing can therefore result in drastically different magma ascent and eruption scenarios.

Both homogeneous and heterogeneous nucleation suffer from observational inconsistencies. The large super-
saturation pressure required for homogeneous nucleation (APy > 150 MPa for high silica magmas; Hurwitz &
Navon, 1994; Klug et al., 2002; Mourtada-Bonnefoi & Laporte, 2002) prescribes magma storage depths of >6 km
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assuming a lithostatic pressure gradient (i.e., storage pressure needs to exceed APy). However, some Plinian
eruptions involving rhyolite magma were fed by magma stored at pressures between 50 and 150 MPa (2-6 km),
too low or barely sufficient for homogeneous nucleation to take place (determined by Classical Nucleation
Theory, Hirth et al. (1970); summarized in Shea (2017)). Examples of shallow to moderate storage depths for the
reservoirs supplying magma to large explosive eruptions include Novarupta 1912 CE (1.8-4.1 km depth, 13—
14 km? DRE, dense rock equivalent; Coombs & Gardner, 2001), Askja 1875 CE (~5 km depth, 0.2 km?> DRE;
Clark, 2012), Crater Lake 7.7ka (~5 km depth, 60 km? DRE; Buckland et al., 2020), and Taupo ~180 CE (6-8 km
depth, 18 km® DRE; Dunbar & Kyle, 1993). Heterogeneous nucleation on crystal substrates occurs at much lower
APy (<50 MPa) and seems more likely for magmas stored at these shallow depths (Shea, 2017). However, the
magmas feeding many large-scale rhyolitic eruptions are crystal-poor, thus lacking obvious substrates for het-
erogeneous bubble nucleation. For heterogeneous nucleation to dominate in crystal-poor rhyolites, the numeric
abundance of crystals should be similar to typical bubble number densities (BND) (Caceres et al., 2020), which
are on the order of 10'*~10'” m™ (Shea, 2017). The apparent absence of sufficient numbers of crystals in many
silicic eruptions could be due to the detection limits of conventional observational methods (e.g., petrographic
microscope, X-ray tomography) and/or 2D sectioning effects (Sahagian & Proussevitch, 1998; Shea, 2017; Shea
et al., 2010). Optimal conditions with X-ray tomography yield approximately 0.5-1 pm per voxel resolution, and
subsample a volume less than 9 mm?>, severely limiting the ability to detect sub-um sized particles, especially in
highly porous materials such as pumice. Electron microscopy can reach sub-pm resolution but is limited to 2D
observations. Alternative means of detecting sub-um particles are available for magnetic minerals. For example,
Worm and Jackson (1999) used low-temperature magnetic measurements on the Yucca Mountain Tuff to quantify
the abundance of superparamagnetic (sub-um) titanomagnetite through their remanence behavior.

Titanomagnetite is a common and early-forming mineral phase in silicic magmas (Butler, 1992). Titanomagnetite
aids bubble nucleation by lowering the melt-vapor interfacial energy, and therefore the APy required for bubble
nucleation to <25 MPa through its influence on the melt-vapor interfacial energy (Cluzel et al., 2008; Gardner &
Denis, 2004; Hurwitz & Navon, 1994). It is possible that in crystal-poor magmas, titanomagnetite crystals are
present at the nanometer scale, undetectable by petrographic means, yet enabling heterogeneous bubble nucle-
ation. However, few comparisons between bubble and oxide number densities have been carried out thus far in
experimental and natural samples, and they are limited to oxide grains on the order of pm(s) in size (Burgisser
et al., 2020; Cluzel et al., 2008; Colombier et al., 2020; Gardner, 2007; Gardner & Denis, 2004; Giachetti
et al., 2010; Shea et al., 2010), within the spatial resolving power of petrographic imaging methods. Using
magnetic techniques similar to those applied by Worm and Jackson (1999), we aim to determine the number
densities of nanometer-scale titanomagnetite crystals in crystal-poor silicic pumice. A first step in evaluating the
role of nm crystals in the eruption process is to compare titanomagnetite number densities (TND) to BND. The
next critical step is to evaluate the relative timing of crystal and bubble formation.

In order to influence bubble nucleation, titanomagnetite formation has to precede magma ascent. Determining the
timing of titanomagnetite's appearance during the eruptive sequence is challenging. If the majority of titano-
magnetite particles form late in the magma ascent history, or after tephra deposition, clearly they cannot be
involved in catalyzing bubble nucleation. There are at least three mechanisms through which the late titano-
magnetite formation can occur. First, tephra that remains hot after deposition in an oxidizing atmosphere can
crystallize oxides (Mandeville et al., 1994; Till et al., 2011; Wallace et al., 2002). This problem can be avoided by
selecting for analysis only the small (lapilli-sized or smaller) rapidly cooled tephra clasts from fall deposits for
analysis rather than coarser pumices from slowly cooled pyroclastic density current deposits (Worm & Jack-
son, 1999). Second, exsolution dissociates volatiles such as H,O into hydrogen and oxygen. If oxygen were to
migrate from the bubble back into the melt (e.g., a retrograde solution reaction; Burgisser et al., 2015; Waters &
Lange, 2016), local changes in Fe**/Fe* could stabilize titanomagnetite (Colombier et al., 2020; Rust &
Cashman, 2011). Arguing against the viability of this effect is the finding by Waters and Lange (2016) that water
exsolution does not change the redox state of the surrounding melt. Titanomagnetite is therefore unlikely to form
due to degassing-induced melt oxidation. Third, permeable outgassing and fluxing of oxidizing vapors through an
open network could induce the formation of oxides along bubble walls. If titanomagnetite formed after vesicu-
lation, vesicularity and/or permeability would likely correlate with titanomagnetite abundance; the absence of any
such textural correlation would be consistent with titanomagnetite formation having preceded vesiculation. In
addition, the materials produced by eruptions that span a range of explosive intensities are anticipated to contain
similar abundances of titanomagnetite particles, if those crystals formed prior to bubble nucleation. For example,
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Bubble Content (vol %) obsidian and pumice from a given eruption would contain similar titano-
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e 0 magnetite populations, if those populations existed in the deep conduit. The
eruptive processes that produced obsidian flows and pumice-forming
explosive units at Glass Mountain clearly represent different ascent his-
tories and degrees of outgassing. However, they are inferred to have origi-
nated from the same storage reservoir (Heiken, 1978) and thus sample the
same “initial” conditions.
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Figure 1. Possible degassing paths of water-saturated rhyolite as a function
of bubble nucleation mechanism. Water exsolves from the melt into vapor as
it ascends to the surface and decompresses. The purple region designates the

temperature remanence-based method for calculating titanomagnetite num-
ber density that makes no a priori assumptions about the grain sizes present.
We then compare titanomagnetite and BND measured in Glass Mountain

solubility limit of a rhyolite at 850°C from 250 to 0 MPa. A delay in subplinian pumice, obsidian, and vesicular obsidian. Finally, using MELTS
degassing can be caused by a delay in nucleation as magma decompresses models and the textural characteristics of vesicles and titanomagnetite in
(here shown as the supersaturation pressure required to initiate vesiculation, natural pumice and obsidian, we evaluate whether titanomagnetite formation
APy). The efficiency by which the system retumns to equilibrium is likely preceded bubble nucleation. There are three possible outcomes

determined by the style of nucleation, with heterogeneous nucleation (green)
allowing the system to track equilibrium conditions better than
homogeneous nucleation (blue). Modified from Shea (2017) and Mangan

and Sisson (2000).

regarding the relative number densities of crystals and bubbles in the studied
pumice: (a) nm-scale titanomagnetite is absent or present with number den-
sities near our minimum detection limit, (b) nm-scale titanomagnetite is
present but at number densities below those of the bubbles, and (c) nm-scale
titanomagnetite is present in similar or larger number densities than the bubbles. Outcomes 1 or 2 would support
the petrographic assessment that homogeneous bubble nucleation dominates magma degassing, and an alternative
explanation for the large differential pressure and disequilibrium required for bubble nucleation is needed. If Case
3 is correct, our assumptions about homogeneous bubble nucleation in the context of the ascent and degassing
behavior of aphyric rhyolite systems need to be reevaluated with heterogeneous nucleation in mind.

2. Materials and Methods
2.1. Sample Selection

In this study, we used nearly crystal-free rhyolitic pumice and obsidian from the 1060 CE Glass Mountain
eruption of Medicine Lake Volcano, California, USA (~3% of plagioclase microlites and rare phenocrysts of
plagioclase and orthopyroxene; Grove et al., 1997). The Glass Mountain eruption occurred on the eastern rim of
the Medicine Lake caldera, producing 1 km® volume (DRE) of obsidian flows/domes and fall deposits. The tephra
deposits represent the early stages of the eruption, and are dominated by aphyric pumice, with proximal deposits
several meters in thickness, thinning to less than 1 cm about 40 km away from the vent (Heiken, 1978). The
selected pumice is a high silica rhyolite (74 wt% SiO,, Table 1) characterized petrologically by Grove et al. (1997)
and examined for residual magmatic water content by Giachetti et al. (2020; 0.2-0.5 wt% H,O, Table 1). The
obsidian samples come from thick lava flows that traveled down the east flank of the volcano, from the same
eruptive center that also produced the tephra deposits. The obsidian flow range in texture from dense and glassy
block flows to more vesicular. Dacite magma was involved in the latter stages of the eruption but was ignored for
our sampling, which focuses on the earlier rhyolitic phase.

Tephra samples were taken from a quarry located about 2 km northeast of the inferred vent and obsidian flows,
where the early explosive phases are easily accessible. Pumice A2, B,,,,, and C2 are from the same sample
location but from different beds, and pumice-labeled M comes from the same quarry but from a different location
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Table 1 (Figure 2). In total, 210 clasts were analyzed for this study. Bulk rock
Pumice and Obsidian Glass Geochemistry chemistry is essentially constant between pumice clasts, and there is little
Oxides Pumice® (wi%) n Obsidian® (wt%) + difference in Ves1?ular1ty and pfarmeablhty among clasts (Tal?le 2). The
average DRE density of the pumice determined by pycnometry is 2,390 kg/
§i0, 73.74 0.30 73.62 043 m®. The pre-eruptive water content is estimated to be 4-6 wt% H,O (Grove
TiO, 0.28 0.02 0.27 0.02  etal., 1997). Pumices with visible fractures were avoided as they could give a
AlL,O, 14.00 0.06 13.94 0.14  misleading permeability reading. In addition, pumice with any yellow/pink
FeO 1.74 0.07 171 0.04  coloring was avoided as it may have experienced a longer cooling time and
MnO 0.03 0.01 0.03 0.01 forme{d seconde.lry sets of oxides after eruption. The average pumlce‘ size used
MeO 097 0.03 097 0.01 for this analysis was 2-3 cm. The average bubble number density of the
g ’ ’ ’ ’ pumice clasts is on the order of 10" to 10" m™3 (Giachetti et al., 2015;
CEY Sl it = 003 Trafton & Giachetti, 2021).
Na,0 4.20 0.11 4.11 0.11 o . ,
The obsidian samples selected for this analysis come from a northern and
K,O0 4.35 0.05 4.35 0.05 . . . .
southern rhyolite flow lobes and were chosen for their apparently microlite-
P,0; e Biee i e free glassy character (Figure 2). A glassy block of obsidian was sampled
SO, 0.01 0.01 0.01 0.01 from both northern and southern locations, with an additional vesicular flow
Cl 0.02 0.02 0.07 0.01 block sampled from the southern location (~0.005 m® of material from each
Total 100.03 99.72 sample site). Studying both vesicular and dense obsidian allows for a range of
Max H,0 0.50° 0.11° textures to be examined. All were formed during the effusive phase of the
. & Glass Mountain eruption, but the vesicular sample provides an opportunity to
Min H,O 0.20 0.10°

Glass compositions determined by EPMA at UH Manoa. °Giachetti
et al. (2015). “Measured by Allan Lerner at the University of Oregon.

draw comparisons to the bubble-rich pumice which was formed during the
explosive phase, in the context of total vesicularity. The obsidian has a DRE
density of 2,430 kg/m® (Giachetti et al., 2015) and FTIR measurements yield
a total water content of 0.10-0.11 wt% (measured by Allan Lerner at the

University of Oregon; Table 1). Samples of the N. obsidian were cored out of the main clasts into 5-mm-diameter,

70-mm-long cylinders for analysis. Samples of the S. obsidian and S. vesicular flow were sliced into 1 cm pieces.
In total, 54 pieces of obsidian were analyzed for this study.

2.2. MELTS Modeling

We performed thermodynamic modeling of the saturation conditions of titanomagnetite in Glass Mountain
rhyolite using MELTS at 200 MPa, oxygen fugacity (fO,) values corresponding to the FMQ buftfer and above,
with H,O sufficient for near-liquidus saturation of an H,O-rich volatile phase (Ghiorso & Gualda, 2015; Gualda
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Figure 2. Map of the Glass Mountain 1060 CE eruption obsidian flow field
(dark blue) and sampling areas. The main vent location is marked by a cross
symbol and sample locations are marked by white dots. All pumice samples
were collected at the quarry to the north (cyan dashed region). This eruption
produced 10 domes (pink), which were not analyzed for this study.

et al., 2012). These conditions are consistent with the environment of the
rhyolite's genesis, as ascertained by the laboratory experiments of Grove
et al. (1997). The pumice and obsidian studied are nearly identical in
composition, and the composition of the pumice (Table 1) was used as the
starting composition for the MELTS models. The relevant model outputs are
the temperature at which the liquid saturates with a spinel-structured phase
(titanomagnetite solid solution), and the mass of titanomagnetite crystallized
at each temperature step along the isobaric cooling path, calculated in 2-
degree increments.

2.3. Textural Characterization: Density, Volume, Vesicularity, and
Permeability

Characterization of vesicle textures yields information on the vesicularity and
permeability of the samples. We quantity the vesicularity of 189 pumice clasts
using Archimedes' method (e.g., Houghton & Wilson, 1989; Shea et al., 2010)
and helium-pycnometry (e.g., Formenti & Druitt, 2003). In addition, 14 pieces
of the S. vesicular obsidian were measured using only Archimedes' method, as
total vesicularity and bulk density were necessary for our study. Archimedes'
method yields the bulk density of the sample, which can be converted into total
vesicularity of the sample using the density of the solid phase (the above-
mentioned DRE). Pycnometry provides targeted information about the solid
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Table 2
Physical Characteristics of Pumice Clasts Used for Magnetic Analysis
Sample Statistic ¢r (Vol%)* ¢c (vol%)® 2 &, (vol%)* Log(kl) (m?)° Log(k2) (m)"
GMA2 Avg® 65.11 77.06 84.29 11.96 —11.63 =7.72
" 8.14 5.77 6.50 4.73 0.48 0.73
%rsd! 12.5 7.49 7.71 39.56 —4.09 -9.39
n 78 78 78 78 3 3
GMBmax Avg 60.73 70.52 85.82 9.79 - -
c 8.93 6.44 7.56 4.78 - -
%orsd 14.70 9.13 8.81 48.84 - -
n 92 92 92 92 - -
GMC2 Avg 70.94 78.53 90.39 7.60 —12.05 —8.40
c 2.41 3.15 3.06 2.57 0.37 0.53
%orsd 3.40 4.01 3.39 33.85 -3.10 —6.28
n 6 6 6 6 6 6
Quarry Avg 66.12 73.80 89.47 7.68 —12.10 —8.24
o 8.22 6.63 5.96 4.13 0.44 0.50
%rsd 12.43 8.98 6.67 53.79 —3.64 —6.08
n 10 10 10 10 10 10

“Total porosity, measured using Archimedes' method. Connected porosity, measured using pycnometry. “Ratio of con-
nected/total porosity (unitless). “Isolated porosity, measured using pycnometry. “Darcian permeability, measured using
permeameter, calculated using the Forchheimer equation. Non-Darcian permeability, measured using permeameter,
calculated using the Forchheimer equation. $Average value. "Standard deviation. ‘Relative standard deviation. 'Population
number.

and isolated pore volume of a sample and therefore its isolated and connected vesicularities. This is an important
distinction because only connected vesicularity can contribute to the overall permeability of the clast, whereas
isolated vesicles cannot. A summary of the measured vesicularity can be found in Table 2.

Permeability provides a proxy for the efficiency of gas flow within a pyroclast. Like connectivity, permeability
can be compared with titanomagnetite abundance to check for covariations. Measured permeability provides
information on the efficiency of gas flow within a small parcel of ascending magma, under the assumption that the
pyroclastic texture is representative of the magma at fragmentation. Sample preparation and measurement follow
the methodologies of Takeuchi et al. (2005, 2008) and Klug and Cashman (1996). Samples (19 total) were cored
into cylinders, and the sides sealed with a heat shrinking tube to allow for the permeability to be measured from
end to end. These jacketed samples were then hermetically fixed to a plexiglass disc for analysis in a PMI
Capillary Flow Porometer at the University of Oregon.

Permeability was calculated using the Forchheimer equation:

PP _u_ P,
Lol K, 4P 1
WPl k0T k'O M

where input pressure is P; (Pa), exit pressure is B, (Pa), L is sample length (m), x is fluid dynamic viscosity (Pa.s),
and v, is air flow velocity (m/s) (Equation 1; Rust & Cashman, 2004). This form allows for the calculation of
viscous permeability (Darcian; k;; log m?) as well as inertial permeability (non-Darcian; k,; log m) by varying the
applied pressure and measuring air flow velocity. A summary of permeability measurements can be found in
Table 2.

2.4. Magnetic Measurements

Low-field magnetic susceptibility (the induced magnetization per unit applied field) was measured on 249
samples at Montclair State University, as described in Brachfeld et al. (2024). Each measurement was normalized
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by mass and reported as y in units of m’/kg. Low temperature remanence data for 5 pumice samples and 1
obsidian sample were measured on a Quantum Design Magnetic Properties Measurement System (MPMS-XL) at
the Institute for Rock Magnetism, University of Minnesota. In a field cooled-zero field cooled (FC-ZFC)
experiment (after Moskowitz et al., 1993), a low temperature remanence was imparted at 5 K after cooling from
300 K in the presence of a 2.5 T field. This is termed a FC experiment and represents a thermoremanent
magnetization (TRM, a signal acquired when a sample cools below its blocking temperature in the presence of an
ambient magnetic field) for nanoparticles that have blocking temperatures below 300 K. The intensity of
remanence was measured during warming to 300 K. The experiment is repeated by cooling from 300 to 5 K in
zero applied fields (ZFC, zero-field cooling) and applying a 2.5 T field at 5 K to induce an isothermal remanent
magnetization (IRM, a signal acquired by subjecting a sample to a DC field). The intensity of the IRM is then
measured during warming to 300 K. This FC-ZFC pair of experiments has been applied to investigate order—
disorder transitions, domain state, and blocking volumes in titanomagnetite (Dunlop & Ozdemir, 1997; Mos-
kowitz et al., 1993, 1998).

2.5. Titanomagnetite Grain Size Distribution and Number Density

We calculate titanomagnetite number density (TND) using the method presented in Worm and Jackson (1999),
which is based on Néel theory (Néel, 1949) and assumes an assemblage of N particles, identical in shape and
composition, and varying only in grain volume (v,icie)- The number of particles present in a sample is derived
from the thermal decay of a low-temperature TRM using the interplay of relaxation time (), blocking temperature
(Tp), and blocking volume (Vj).The relaxation time 7 is the time required for the magnetization of a particle to
decay in the absence of an ambient magnetic field, or the time required for the magnetization of a particle to
change directions when subjected to an applied magnetic field. When 7 is short, <100 s (an upper limit for
instrumental analyses), changes in magnetization can be manipulated and observed in laboratory experiments.
When 7 is very long, on the order of billions of years, the magnetization is stable and described as “blocked,”
yielding familiar magnetizations in igneous rocks that are the basis for plate tectonic reconstructions and other

paleomagnetic applications (e.g., Butler, 1992 and references therein).

The relaxation time given by Néel theory depends on temperature according to:

Ho HkV;MS
el @

where 7, is the pre-exponential frequency factor, with experimentally determined values of 1078 to 10713 s for

ferritin, maghemite, and titanomagnetite (Berndt et al., 2015; Dickson et al., 1993; Moskowitz etal., 1997, Worm &
mkg
s2A72?

the carrier mineral (calculated as the macrocoercivity H. X 2.09 in A/m (Stoner & Wohlfarth, 1948)), which
represents the energy barrier to magnetization changes, V is grain volume, My is saturation magnetization for the

Jackson, 1999), p, is the permeability of free space and equal to 1.257 x 1076 H, is the microcoercivity of

23 mkg

carrier mineral in A/m, k is the Boltzmann constant 1.38 X 107 =52,

and T is temperature (K).

At temperatures above T, the energy barrier to changes in magnetization is small, 7 is short, and even a weak
applied magnetic field can produce a net alignment of magnetic moments parallel to the applied field. Upon
cooling below T}, the energy barrier becomes sufficiently large that the net alignment is preserved and t increases
by orders of magnitude, “blocking in” the TRM. While traditional applications of TRM in tectonics and
paleomagnetism focus on the magnetic behavior of stable single domain (SSD) and larger grains at and above
room temperature, the same relationships between 7, Ty and Vj in Equation 2 also hold for nanoparticles below
room temperature.

Ty varies with grain volume. Each Tz has a corresponding Vs, the volume above (below) which 7 rapidly increases
(decreases) and energy barriers to magnetization changes rapidly increase (decrease). A sub-micron titano-
magnetite grain may exhibit either superparamagnetic behavior (SP, 7 < 100 s) or SSD behavior (z > 10° years)
depending on the combination of particle volume, ambient temperature (7") and observation time (7). At a given
blocking temperature 75, Vp represents the volume at which a particle transitions from SSD (below Tp) to SP
behavior (above T}), and represents the condition at which a stable remanence is acquired upon cooling below 7.

For a given v the particle can be forced to exhibit SSD behavior by lowering its temperature below T or

particle»

MCCARTNEY ET AL.

6 of 17

9SUQOIT suowwo)) dAneaI) d[qesrjdde oy Aq pauIdA0S are S[O1IR Y (2SN JO SO[NI 10} A1eIqI dul[uQ) A2[IA\ UO (SUOHIPUOI-PUB-SULIRY/WO0d A3[1m  AIeIqI[aul[uo//:sdiy) SuonIpuo)) pue sua ], 3y} 998 “[+707/+0/€7] uo Areiqry autjuQ A[Im ‘8E€ET10DDEZ0T/6201 0 1/10p/wod Kofim AreiqiourjuosqndnSe,/:sdny woly papeojumod ‘v ‘$70T ‘LT0TSTS |



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011338

shortening the measurement duration below z, and can be forced to exhibit SP behavior by raising the temperature
above T or using a measurement duration longer than 7.

Exploiting the interplay between volume, temperature, and time in order to extract particle volume begins with
rearranging Equation 2 to solve for the blocking volume and setting T equal to the experimental measurement
time (z,,):

2kT T,
Ve = —In| -2 3
i ”ngMS n<Tu) ( )

We use the term “carrier mineral” to indicate the magnetic mineral composition. We set 7,, to 3 s, the mea-
surement time for remanence in the MPMS instrument. We use a T, value of 10™° s™', consistent with direct
observations of Moskowitz et al. (1997) for magnetoferritin, and with Worm and Jackson (1999) and Berndt
et al. (2015) for the Tiva Canyon Tuff. We note that using a smaller value of 7, slightly increases Vj values by
approximately 3.5% and decreases TND by approximately 9% for each order of magnitude, which does not
substantially alter the grain size range or the order of magnitude of the TND.

We assign two carrier mineral macrocoercivity (H) values at 5 K, 10 and 100 mT for all of our samples (which
are subsequently converted to H,, in units of A/m). Low-temperature hysteresis capabilities were not available due
to helium supply challenges in Montclair, and the necessary instrumentation was not yet reinstalled during our
visit to the Institute for Rock Magnetism following their relocation, necessitating this strategy for H-. We selected
10 and 100 mT (approximately 10 and 100 times the room temperature H - value) to examine the impacts of H; on
Vg and TND. Room temperature Mg values for the carrier mineral composition are determined from Curie
temperature measurements, which are empirically calibrated through compilations of M data for titanomagne-
tites (Bleil & Petersen, 1982).

To determine the number of grains of each v present, we calculated the change in magnetic moment (Am, in

particle
units of Am?) between each successive pair of temperature steps 7; and T, in the FC remanence experiment
during warming to 300 K. We solve for the number of particles at each blocking volume V (from Equation 3),

defined as the volume bin bounded by Vp 7y and Vppyy, required to account for the loss of remanence.

The magnetic moment () of an individual particle is given by
mpa\rticlc = Vparlicle X MSCme, mineral (4)

The saturation remanent moment (m,) of an assemblage of N identical particles randomly oriented in the sample
and at temperatures below the blocking temperature (7 < Tp) is given by

©)

m,, = 0.5 X N x Vparticle X M

Scarrier mineral

For an assemblage of non-identical particles, the change in moment (Am,,,) between two successive temperature
steps is the signal carried by the particles within the blocking volume bin, v;, bounded by the two temperatures:

Am,,, = 0.5 X N; X v; X Mg

carrier mineral

(6)

where v; is the blocking volume given by Equation 3, and the term N, X v, represents the total volume of the bin.

varies with temperature, represented as M(T). M(T) is modeled as a Bloch Law below 300 K as per

Scarrier mineral

Worm and Jackson (1999), and given by:
M(T) = Mg(0 K) x (1 - c%) )

where M (0 K) is determined from M (298 K) for the carrier mineral composition, which in turn is determined
from Curie temperature measurements (see Brachfeld et al., 2024), and C is the Curie Constant (a dimensionless
constant of 107°).
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Using these relationships, the number of particles present in the sample within the ith blocking volume bin, N, is
determined by rearranging Equation 6 and substituting Equations 3 and 7 to obtain:

2Am
Np= B (®)
v, X Mg(T)
The number of particles per unit volume for each bin is determined by dividing N; by the volume of the sample,
which is nominally 0.2 mL for the MPMS-XL sample holder:

2Am,
, ©)

VB, X MS(T) X Vsamplc

NWV) =

The TND (in units of m™ of sample) is the sum of all N(V,) determined from the field-cooled remanence
experiment. The TND value is adjusted to a vesicle-free basis (i.e., DRE) via the total vesicularity (expressed as
volume fraction) according to:

TND = LN (10)

=9

where ¢ = is the total vesicularity. The DRE-adjusted TND value represents the availability of titanomagnetite
substrate particles present prior to vesiculation as sites for heterogeneous bubble nucleation.

This method requires the absence of crystallographic order-disorder transitions, for example, the Verwey tran-
sition in pure magnetite at 120 K or 50-70 K order-disorder transitions observed in moderate to high-Ti tita-
nomagnetite (Moskowitz et al., 1998) and titanomagnetite with other cation substitutions (Brachfeld &
Hammer, 2006), which would cause a large decrease in remanence during warming that is unrelated to blocking
volume. Therefore, we restrict this calculation to FC-ZFC samples for which these transitions and multidomain
(MD) behavior are absent.

3. Results
3.1. Physical Characterization

Glass Mountain pumices exhibit a range of vesicularities typical of rhyolite material. Total vesicularities
represent 55-90 vol.% (average 74 vol.%), and connected vesicularities 45-85 vol.% (average 63 vol.%) of the
sample volume. The pumice clasts have an average connected-to-total vesicularity ratio of 85%, which is typical
for subplinian pumice (Table 2; Colombier et al., 2017; Thomas et al., 1994) and in agreement with previously
published values for pumice clasts of the same eruptive units (Gonnermann et al., 2017). The analyzed clasts have
an average bulk density of 630 kg/m> and a DRE density of 2,390 kg/m>, similar to previously reported values
(Giachetti et al., 2021). Samples prepared into cores for permeability analysis have Darcian permeability values of
107" to 107" m?, and non-Darcian permeability values of 10™° to 10~ m (Table 2), also in agreement with the
literature (Gonnermann et al., 2017). The sampled pumice comes from several fall deposits representing different
periods of time during the eruption. The vesicularity, permeability, and density are consistent between the fall
deposits, indicating that the pumices produced by this eruption represent the products of an eruption with minimal
fluctuations in eruptive conditions. This makes the Glass Mountain pumice a relatively simple sample set to study
the role of magnetic particles in the vesiculation of silicic magmas. Both whole and cored clasts were charac-
terized using magnetic methods (Brachfeld et al., 2024) to determine whether increasing vesicularity or
permeability influences the total magnetic content. The 14 S. vesicular obsidian pieces studied show a range of
69-82 vol.% for total vesicularity, with an average of 74 vol.% of the sample volume. The average bulk density of
the S. vesicular obsidian pieces is 636 kg/m>. The DRE is assumed to be 2,430 kg/m>, the same as the obsidian
reported by Giachetti et al. (2015).

3.2. MELTS Modeling

Micron-scale magnetite crystals are observed in both the pumice (via X-ray computed tomography by Jessica
Maisano at the University of Texas Computed Tomography laboratory) and obsidian (imaged via scanning
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Table 3
Maximum-Minimum Ranges of Volume % Titanomagnetite
Eruptive product Average k..., (SI) Min volume (%) Max volume (%)
Pumice 4.97E-05 0.0017 0.0080
Northern Obsidian 1.92E—05 0.0006 0.0031
Southern Obsidian 9.38E—05 0.0031 0.0151
Southern Vesicular Obsidian 1.02E-04 0.0034 0.0165

electron microscopy by Francisco Céceres at the University of Miinchen) but in relatively low volumetric
quantities and numerical crystal abundances (Figure S1 in Supporting Information S1). Did these crystals
form during magma ascent or did they exist in the magma prior to its eruption? Chemical modeling (MELTS;
Ghiorso & Gualda, 2015; Gualda et al., 2012) is used to evaluate the likelihood that Glass Mountain magma
contained magnetite prior to eruption by evaluating its thermodynamic stability at relevant magma storage
conditions (Grove et al., 1997). Modeling reveals that magnetite saturation occurs at 749°C at fO, corre-
sponding to FMQ reaction buffer, 827°C at NNO (i.e., FMQ + 0.5) and 900°C at FMQ + 2. This result is
corroborated by the presence of spinel in experimental runs performed at 880-1000°C, fO, corresponding to
NNO, and 100 MPa at H,O saturation on putative parental materials (Grove et al., 1997). Moreover,
coexisting Fe-Ti oxides in the obsidian indicate that pre-eruption temperature and fO, (expressed as AFMQ)
of the rhyolite magma range from 900 to 980°C and 0.7-2.1, respectively (Carmichael, 1967, 1991).
Thermodynamic modeling, together with experimental constraints and Fe-Ti thermobarometry, supports the
petrographic observation of magnetite and suggests that the Glass Mountain rhyolite contained magnetite
crystals prior to ascent.

3.3. Magnetic Mineral Characterization

Brachfeld et al. (2024) present detailed room temperature and high temperature analyses that constrain
titanomagnetite mineralogy and domain state. A summary is given here. Glass Mountain pumice, obsidian,
and vesicular obsidian acquire an anhysteretic remanent magnetization whose intensity is dependent on the
applied field bias strength (Hpc). This indicates the presence of a remanence-carrying mineral, necessitating
that a portion of the grain size distribution is within the SSD or larger size range, >50-80 nm for magnetite
and titanomagnetite. In pumice samples, a portion of the grain size distribution is also superparamagnetic (SP,
<50-80 nm), as evidenced by very low coercivities (H) and very low remanence ratios (My/Ms) observed
during hysteresis measurements, and by room temperature frequency-dependence of magnetic susceptibility
(Brachfeld et al., 2024). Glass Mountain obsidian hysteresis parameters are generally more SSD-like, though
with some SP content. The titanomagnetite composition determined from thermomagnetic analyses is vari-
able, ranging from Fe;0, to Fe, 4Tiy¢O,. Minimum and maximum values of titanomagnetite volume fraction
were determined by dividing the average volume-normalized ferromagnetic susceptibility (kg,.,) of each
eruptive product by the susceptibilities of Fe;O, (3 SI) and Fe, 4Ti ( 404 (0.62 SI). Volume fraction was then
converted to volume % (v%). Both eruptive and effusive products contain titanomagnetite with a range of
magnetic domain states spanning SP through MD. Titanomagnetite v% ranges overlap for all eruptive and
effusive products (Table 3).

3.4. Low Temperature Remanence Behavior

Samples that display room temperature signatures of superparamagnetism were selected for low-temperature
field-cooled zero-field cooled (FC-ZFC) remanence experiments. We observed three types of results: (type 1)
samples for which the ZFC curve is stronger than the FC curve, consistent with low temperature observations of
MD magnetite (Brachfeld et al., 2001, 2002; Carter-Stiglitz et al., 2006; Figure 3a); (type 2) samples that display
an order-disorder transition at ~55-65 K, consistent with MD titanomagnetite and other cation-substituted iron
oxides (Brachfeld & Hammer, 2006; Moskowitz et al., 1998) (Figures 3a—3c); (type 3) samples for which the FC
curve is stronger than the ZFC curve, consistent with SSD titanomagnetite (Moskowitz et al., 1993) (Figures 3d—
3f). MD signals dominate type 1 and type 2 behavior and overwhelm nanoparticle signatures. Therefore, only type
3 samples, which lack MD features and lack the 55-65 K feature (checked by observing the first derivative of the
Mg-T curve), were used to calculate grain size distributions (Figures 3d-3f).
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Figure 3. Low-temperature field-cooled zero-field cooled (FC-ZFC) results for pumice and obsidian. Some samples that
show SP characteristics at room temperature are dominated by multidomain characteristics in the FC-ZFC experiment (a—c).
Samples whose low temperature FC-ZFC profiles have stable single domain characteristics and for which crystallographic
transitions are absent in the first derivative of the field cooled curve (d—f) are candidates for determining grain size
distribution according to Worm and Jackson (1999).

3.5. Blocking Volume Approximation and Number Density

The FC curves for three pumice samples were used to determine titanomagnetite blocking volumes, grain edge
lengths (assuming cubic particles), and number densities using Equations 3 and 9 (Figure 4, Tables S1-S3). Grain
edge lengths span approximately 3—33 nm. For each sample, we calculate the V distribution and TND assuming
all particles are Fe;O, and a second time assuming all particles are titanomagnetite (Fe; Ti,O,), with the
highest X parameter determined from the Curie temperature measurements. We use H (5 K) values of 10 and
100 mT for both compositions, which become H, values of 16.6 and 166 kA/m, respectively. The pumice samples

yield number densities of 10'® to 10%° m™.

4. Discussion

In the following sections, we discuss the magnetic characteristics of the pumice and obsidian and compare
quantities of magnetic crystals with quantities of vesicles in the framework of heterogeneous nucleation. We then
consider the timing of titanomagnetite formation over the magma storage, ascent, and eruption history and
evaluate the impacts of this study on the use of decompression rate meters and conduit models.
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Figure 4. The method described in W6rm and Jackson (1999) was applied to determine the number of titanomagnetite
particles in each size bin per m°® of sample (N(Vp)) for (a) GM-A2-51 pumice, (b) GM-C2-6 pumice, and (¢c) GMBmax26
pumice. For each pumice specimen, we explored the effects of composition and macrocoercivity (H, from which
microcoercivity H, is determined) variations. Black and red curves were calculated assuming that all particles have
composition Fe;0,. Green and blue curves were calculated assuming that all particles have composition Fe;_, Ti, O, using the
most Ti-rich composition (the highest X parameter) observed in Curie temperature measurements (Brachfeld et al., 2024).
The smallest V, detected using this method is constrained by the temperature at which the remanence is imparted, 5 K for this
study. The largest Vj is constrained by the highest blocking temperature (7) for the coarsest SP particles in the assemblage.
The DRE-adjusted TNDs in Glass Mountain pumice, 10'® to 10°° m™ for these specimens, are several orders of magnitude
greater than the range of bubble number densities for Glass Mountain pumice (10" to 10" m™>; Giachetti et al., 2015).

4.1. Presence and Abundance of Nano to Micron Scale Titanomagnetite in Pumice and Obsidian

Using the Worm and Jackson (1999) method, blocking volume measurements at a range of temperatures from 5 K
to room temperature yielded magnetic particle sizes of 3-33 nm in diameter in the Glass Mountain pumice. This
method assumes that magnetization changes from paramagnetic ordering and IRM carried by MD grains is small
compared with Am,, due to SP particles, which is reasonable given the absence of room-temperature MD
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signatures in the selected samples. While these contributions, if present, would raise the TND, we note that this
method does not detect coarse SP through SSD (up to 1,000 nm) and larger grains and so we consider our TND to
be minima. The Worm and Jackson (1999) method yields pumice TNDs that are similar to pumice and obsidian
estimates derived from titanomagnetite vol.%, assuming a monospecific grain size assemblage for 1,000 to 10 nm
particles (10" to 10°° m™>) or a power law grain size distribution spanning 10 nm to 50 pm (10'® to 10" m™)
(Brachfeld et al., 2024). We therefore consider the TND range of 10'® to 10?° m™ to be robust. Magnetic methods
allow us to resolve the titanomagnetite in silicate glass within a size range below the detection limits of con-
ventional imaging techniques (petrographic and field emission gun electron microscopy, X-ray tomography).

4.1.1. Is Titanomagnetite Abundant Enough to Fully Foster Heterogeneous Bubble Nucleation?

Using a combination of 3D microtomography and 2D textural data, Burgisser et al. (2020) recently discussed the
extent to which oxides affect the efficiency of bubble nucleation, distinguishing three scenarios: (a) oxides
outnumber vesicles, (b) oxides and vesicles are roughly equally abundant, and (c) vesicles outnumber oxides. The
first two scenarios likely imply that fully heterogeneous bubble nucleation is possible, while the third scenario
leaves the possibility of hybrid homogeneous-heterogeneous nucleation during degassing. They further showed
that beyond the relative abundance of oxides and vesicles, assessing their textural relationship (adjoined or
isolated) was important in determining the dominant nucleation mechanism, particularly in cases where vesicles
are equally or more abundant than oxides. In Glass Mountain pumice, the calculated TNDs (10'® to 10*° m™)
exceed BNDs by several orders of magnitude (BND on the order of 10'? to 10'> m™; Giachetti et al., 2015;
Trafton & Giachetti, 2021). Comparable magnetic susceptibility values and vol.% titanomagnetite in both the
pumice and obsidian samples suggest that titanomagnetite was present over the duration of the eruption, both in
the early explosive phase (producing the pumice) and the later effusive. The titanomagnetite present in the Glass
Mountain pumice and obsidian is therefore present and in abundances great enough to fully foster heterogeneous
bubble nucleation in this eruption. Magnetic techniques allowed us to access the nm-scale and could prove
essential in re-assessing the respective abundances of oxides and vesicles in samples from other eruptions of
differing styles and magma compositions (e.g., Burgisser et al., 2020). Whether fully heterogeneous nucleation
dominates in nature or whether nucleation is, in certain cases, hybrid (both heterogeneous and homogeneous, e.g.,
Gardner et al., 2023) will best be ascertained by integrating traditional sample imaging techniques and magnetic
measurements. Current applications of X-ray computed tomography can successfully detect micron scale objects
and provide 3D textural context (e.g., Giachetti et al., 2011; Gualda & Rivers, 2006), whereas magnetic meth-
odologies excel at the detection of nm scale oxides. Combining magnetic methodologies and X-ray computed
tomography scans bridges the detection limit gap of the two methods and finally provides a new path toward
characterizing the relationship between bubble nucleation and titanomagnetite.

4.2. What Is the Timing of Titanomagnetite Formation?

Titanomagnetite must be present prior to vesiculation in order to act as a heterogeneous nucleation site for
bubbles. To investigate whether titanomagnetite crystals predate bubble nucleation and are not a result of post-
eruption oxidation or syn-ascent permeable gas fluxing, we compare the magnetic and textural properties of
obsidian and pumice. The N. obsidian and S. obsidian samples represent a fully outgassed magma whose bubble
framework has disappeared. Pumice, on the other hand, is a record of vesicularity, permeability, and bubble
number density near the fragmentation level. The S. vesicular obsidian represents a lava flow sample that still
preserves a significant bubble framework and provides an opportunity for a textural comparison to the pumice.
All three sample types originated from the same magma reservoir, started with the same chemical compositions
and presumably water contents, and only differed in their outgassing history. If titanomagnetite formed before
magma ascent, degassing and outgassing, it should be in similar abundance within the dense obsidians, vesicular
obsidian, and the pumice. By assessing the presence and abundance of titanomagnetite crystals in both obsidian
and pumice, we can test if titanomagnetite formation is independent of the development of vesicularity and
permeable pathways and rule out the formation of titanomagnetite as a result of post- or syn-eruptive oxidation.

Here, we use magnetic susceptibility as a proxy for magnetic mineral abundance and compare it with vesicularity
and permeability to investigate the timing of titanomagnetite nucleation. As air-filled void space will act as a
“dilutant” and decrease volume-normalized susceptibility (k), we conduct this test using mass-normalized sus-
ceptibility () to ensure that any trends are solely due to the properties of the solids. There was no correlation
between susceptibility and vesicularity or permeability (Figures 5a-5c), indicating that the formation of
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Figure 5. Mass-normalized magnetic susceptibility (y) versus total vesicularity and permeability for individual pumice clasts (cored and whole). (a—c) There are no
discernible trends in increasing vesicularity or permeability with susceptibility. In addition, N. obsidian, S. obsidian, and S. vesicular flow samples overlap with the
majority of pumice samples, indicating that titanomagnetite abundance is similar between the range of samples analyzed. (d—g) This indicates that titanomagnetite was
likely an early forming mineral phase that could act as a heterogeneous nucleation site, and vesiculation and development of permeable pathways did not form

titanomagnetite as a result of oxidation.

titanomagnetite was not contingent upon the development of bubbles or permeable pathways. In addition, N.
obsidian, S. obsidian, and S. vesicular flow samples overlap with the majority of pumice samples, indicating that
titanomagnetite abundance is similar across the explosive and effusive eruption styles represented by the samples
analyzed.

The comparable susceptibility ranges detected for Glass Mountain pumice, N. obsidian, S. obsidian, and S.
vesicular obsidian, as well as the lack of correlation between vesicularity and permeability with susceptibility
indicate that titanomagnetite most likely was unaffected by gas circulation in a permeable magma. That is,
titanomagnetite was likely present prior to vesiculation (Figure Se) in all ascending magma, and thus available to
act as heterogeneous nucleation sites for bubbles. The presence of magnetite in both low-permeability pumice
(Figure 5f) as well as high-permeability pumice (i.e., at highly sheared areas of the conduit, Figure 5g) is therefore
not contingent upon gas circulation through (and oxidation of) gas-permeable magma (Figure 5d). In addition,
MELTS modeling affirms early titanomagnetite stability in the Glass Mountain system, supporting the likelihood
that titanomagnetite formed prior to the eruption. This relative timing is corroborated by additional lines of
evidence, including vesicularity-independent magnetic susceptibility and an observed anisotropy of magnetic
susceptibility (Brachfeld et al., 2024), in which the highest degree of anisotropy coincides with high vesicularity.
Degassing, outgassing of magma, and the cooling history of the samples at the surface are therefore unrelated to
titanomagnetite formation, and the magnetite particles were available in abundance prior to vesiculation.
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4.3. What Changes if nm-Scale Titanomagnetite Acts as a Heterogeneous Nucleation Mechanism?

This study shows that nm-scale titanomagnetite is present in number densities greater than BND in the studied
pumice and obsidian of the 1060 CE Glass Mountain eruption. With new applications of magnetic methodologies,
we now need to reevaluate the bubble nucleation style that occurs in similar systems, as the presence of abundant
nm-scale magnetic particles would change the application of decompression rate meters and help reconcile BND
and eruption dynamics in previously identified “homogeneous” systems.

Bubble nucleation is the dominant control on degassing efficiency. Current decompression rate meters (Tor-
amaru, 1989, 1995, 2006) and conduit models (Gonnermann & Houghton, 2012) based on classical nucleation
theory or its derivatives yield results that depend disproportionately on the choice of a value for vapor-liquid
surface tension (oyg). The value of oz is 0.06-0.1 N/m if homogeneous nucleation takes place, and 0.01—
0.04 N/m if heterogeneous nucleation takes place. Decompression rates can vary by orders of magnitude
depending on this choice (Shea, 2017). “Effective” values for surface tension have largely been extracted using
bubble textures produced in laboratory decompression experiments, both for oxide-bearing and oxide-free melts
(e.g., Cluzel et al., 2008; Gardner & Ketcham, 2011; Hurwitz & Navon, 1994; Mangan & Sisson, 2005) thought to
foster heterogeneous and homogeneous bubble nucleation respectively. The relationship between the decom-
pression rate and measured BNDs within these two groups of experiments is not always obvious and calculated
surface tensions display substantial scatter even for similar experimental starting compositions and decom-
pression strategies (Fiege & Cichy, 2015). Explanations for experimental discrepancies have often focused on the
role of cryptic melt structure, atomic clusters, or unresolved oxides in the starting material that may be present or
absent depending on super- or sub-liquidus annealing of experimental charges prior to decompression (Hurwitz &
Navon, 1994; Larsen, 2008; Preuss et al., 2016; Shea, 2017). Magnetic techniques could be applied both in pre-
and post-decompression experimental charges to carefully test whether cryptic variations in oxide abundance are
responsible for the scattering in key nucleation parameters.

The presence of nanolites prior to bubble nucleation has ramifications for our understanding of volcanic conduit
processes through their influence on liquid and magma viscosity, the timing of volatile exsolution (through in-
fluence on bubble nucleation), the concentrations of dissolved volatiles and ultimately, the rheology of magma as
a multiphase fluid. These interrelated consequences of nanolites exert a complex influence on the ascent rate and
thus the explosivity of magma. For example, Di Genova et al. (2020) and Céceres et al. (2020) examine the role of
nanolites in the evolution of a magmatic system. If they facilitate bubble nucleation, even dense titanomagnetite
nanolites drive a tremendous increase in magma buoyancy, which causes magma ascent to accelerate (Caceres
etal., 2020, 2022). The decrease in the dissolved volatile content increases the liquid viscosity, moving the system
toward the viscous-brittle regime (Céceres et al., 2020, 2024). Compounding this effect, the formation of tita-
nomagnetite locally increases the liquid SiO, content and thus increases the liquid viscosity. Both factors push the
system closer to the viscous-brittle regime and explosive eruption.

5. Conclusions

The results of our magnetic characterization resolve the observational inconsistency associated with heteroge-
neous bubble nucleation by expanding the realm of direct titanomagnetite observation toward sub-microscopic
(i.e., nm) sizes. Rhyolitic pumice from the 1060 CE Glass Mountain subplinian eruption contains titano-
magnetite ultrananolites with 10'® to 10°° m™ in the 3-33 nm size range, comparable to TNDs determined for
obsidian and vesicular obsidian via room temperature methods. These number densities are interpreted as minima,
and so the TND present in the obsidian and pumice therefore far exceeds the BND range of Glass Mountain
pumice (10" to 10'> m™; Trafton & Giachetti, 2021). Thus, titanomagnetite crystals are numerically abundant in
both pumice and obsidian, and occur in quantities that are sufficient to serve as heterogeneous nucleation sub-
strates for every bubble in the quenched pumice.

Comparable number densities alone are insufficient to support a causation relationship between crystals and
bubbles; crystals must precede the bubble formation in order to exert an influence on the bubble formation. The
results of our textural characterization and petrologic (MELTS) modeling are consistent with the appearance of
titanomagnetite crystals before the appearance of bubbles.

Our detection of nm-scale titanomagnetite crystals in the products of eruptions previously thought to be driven by
homogeneous bubble nucleation should refocus attention on studies of other eruptions, particularly those that do
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not meet the criteria consistent with homogeneous nucleation (e.g., Hajimirza et al., 2021; Shea, 2017). Magnetic
techniques provide a means to identify the presence of nanometer scale heterogeneous nucleation sites in erupted
material. The methodologies described herein and in Brachfeld et al. (2024) permit critical evaluation of the
potential role of titanomagnetite in bubble nucleation, with implications for the application of BND-based
decompression rate meters (e.g., Toramaru, 1989, 1995, 2006), and viscosity parameters in eruption models
(Caceres et al., 2020, 2024; Di Genova et al., 2020).
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Low-temperature remanence data and room-temperature magnetic susceptibility data are archived through the
Magnetics Information Consortium Database at https://doi.org/10.7288/V4/MAGIC/20019 and https://doi.org/
10.7288/V4/MAGIC/20020, respectively. Physical Characterization data of the pumice (i.e., mass, density,
vesicularity, and permeability) are archived at (McCartney, 2024) https://hdl.handle.net/10125/107683.
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