'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

Geochemistry, Geophysics,

Geosystems’

RESEARCH ARTICLE
10.1029/2023GC011336

Key Points:

e Magnetic methods document
titanomagnetite nanolites in rhyolitic
materials from Glass Mountain,
Medicine Lake Volcano, California

e Titanomagnetite number densities for
pumice, obsidian, and vesicular
obsidian span 10'? to 10 m™ of solid
material

e Titanomagnetite crystals already
existed in extremely high number-
abundance at the time of magma ascent
and bubble nucleation

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

S. Brachfeld,
brachfelds @montclair.edu

Citation:

Brachfeld, S., McCartney, K. N., Hammer,
J. E., Shea, T., & Giachetti, T. (2024).
Evaluating the role of titanomagnetite in
bubble nucleation: Rock magnetic
detection and characterization of nanolites
and ultra-nanolites in rhyolite pumice and
obsidian from Glass Mountain, California.
Geochemistry, Geophysics, Geosystems,
25, €2023GC011336. https://doi.org/10.
1029/2023GC011336

Received 7 NOV 2023
Accepted 17 FEB 2024

Author Contributions:

Conceptualization: Stefanie Brachfeld,
Kelly N. McCartney, Julia E. Hammer,
Thomas Shea, Thomas Giachetti

Formal analysis: Stefanie Brachfeld, Julia
E. Hammer, Thomas Shea,

Thomas Giachetti

Funding acquisition: Stefanie Brachfeld,
Julia E. Hammer, Thomas Shea
Investigation: Stefanie Brachfeld, Julia
E. Hammer, Thomas Shea,

Thomas Giachetti

© 2024 The Authors. Geochemistry,
Geophysics, Geosystems published by
Wiley Periodicals LLC on behalf of
American Geophysical Union.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

Evaluating the Role of Titanomagnetite in Bubble o
Nucleation: Rock Magnetic Detection and Characterization

of Nanolites and Ultra-Nanolites in Rhyolite Pumice and
Obsidian From Glass Mountain, California

Stefanie Brachfeld'
Thomas Giachetti®

, Kelly N. McCartney* ©©, Julia E. Hammer?, Thomas Shea® 1, and

"Montclair State University, Montclair, NJ, USA, 2University of Hawai‘i at Manoa, Honolulu, HI, USA, 3University of
Oregon, Eugene, OR, USA

Abstract We document the presence, composition, and number density (TND) of titanomagnetite nanolites
and ultra-nanolites in aphyric rhyolitic pumice, obsidian, and vesicular obsidian from the 1060 CE Glass
Mountain volcanic eruption of Medicine Lake Volcano, California, using magnetic methods. Curie
temperatures indicate compositions of Fe, 4,Ti, 0O, to Fe;O,4. Rock-magnetic parameters sensitive to domain
state, which is dependent on grain volume, indicate a range of particle sizes spanning superparamagnetic (<50—
80 nm) to multidomain (>10 pm) particles. Cylindrical cores drilled from the centers of individual pumice clasts
display anisotropy of magnetic susceptibility with prolate fabrics, with the highest degree of anisotropy
coinciding with the highest vesicularity. Fabrics within a pumice clast require particle alignment within a fluid,
and are interpreted to result from the upward transport of magma driven by vesiculation, ensuing bubble growth,
and shearing in the conduit. Titanomagnetite number density (TND) is calculated from titanomagnetite volume
fraction, which is determined from ferromagnetic susceptibility. TND estimates for monospecific assemblages
of 1,000 nm—10 nm cubes predict 10'> to 10°° m™ of solid material, respectively. TND estimates derived using
a power law distribution of grain sizes predict 10'® to 10" m™. These ranges agree well with TND
determinations of 10'® to 10*° m™ made by McCartney et al. (2024), and are several orders of magnitude larger
than the number density of bubbles in these materials. These observations are consistent with the hypothesis that
titanomagnetite crystals already existed in extremely high number-abundance at the time of magma ascent and
bubble nucleation.

Plain Language Summary We use magnetism experiments to prove that nanometer-sized magnetic
particles are present in volcanic rocks with low iron content and few visible crystals. Nanolites (particles
between 30 and 1,000 nm) and ultra-nanolites (particles smaller than 30 nm) are extremely difficult to detect in
volcanic rocks composed mainly of glass using conventional methods such as optical and electron microscopy.
Titanomagnetite nano-particles may play a role in controlling the explosiveness of volcanic eruptions. The
magnetic signatures of minerals can be used to determine their chemical composition, particle size range, and
particle abundance. Pumice and obsidian contain the mineral titanomagnetite, with no evidence of prolonged
crystallization at high oxygen levels at the Earth's surface. Observed magnetic behaviors are very similar to
those of previously published studies of titanomagnetite in the 10—1,000 nm size range, and similar to
mathematical models that simulate this size range. We find that pumice clasts have a magnetic fabric, suggesting
that the nanolites and ultra-nanolites were aligned in spatial patterns before the magma solidified, with stronger
alignment coinciding with high degrees of vesicularity. Our results indicate that titanomagnetite crystals are
highly abundant, and had crystallized in the magma chamber before the eruption.

1. Introduction

Nanolites, crystalline particles with diameters <1,000 nm, have been described in a variety of volcanic rocks and
proposed as drivers of increased eruption explosivity through increasing magma viscosity and impeding the
release of volatiles, and by facilitating bubble nucleation (Aubin et al., 2023; Céceres et al., 2020, 2021; Di
Genova et al., 2017; Gardner & Denis, 2004; Giachetti et al., 2010, 2011; Hajimirza et al., 2021; Knafelc
et al., 2022; Mujin et al., 2017; Mujin & Nakamura, 2014; Pistone et al., 2022; Sharp et al., 1996; Shea, 2017;
Vigliotti et al., 2022; Yoshida et al., 2023), motivating interest in quantifying the composition and number density
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of nanolites in eruptive and effusive volcanic rocks. Petrographic detection and compositional analysis of coarse
nanolites and microlites is possible via transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and Raman spectroscopy, particularly when particles are abundant (>0.5 vol.%). Petrographic detection
and compositional analyses are extremely challenging for ultra-nanolites, defined as particles <30 nm (Mujin &
Nakamura, 2014), and generally not productive in aphyric volcanic rocks unless a substantial number of TEM
fields of view are examined. Consequently, while microlite abundances in volcanic rocks have been reported
(e.g., Giachetti et al., 2010, 2011), quantifying nanolite and ultra-nanolite abundance remains elusive.

Titanomagnetite (Fe;_, Ti,0,) is a crystal phase likely to enhance bubble nucleation in magma (Aubin et al., 2023;
Céceres et al., 2021; Di Genova et al., 2020; Gardner & Denis, 2004; Giachetti et al., 2010, 2011; McCartney
et al., 2024; Shea, 2017). Even at very low abundances (<0.01 vol.%), the distinctive magnetic signatures of
titanomagnetite can be used to confirm its presence and constrain its mineralogy, domain state, and abundance.
Titanomagnetite is a ferrimagnetic mineral that carries a spontaneous magnetization in the absence of an applied
magnetic field. Ferrimagnetic minerals display a progression of magnetic behavior as a function of domain state,
which in turn is a function of mineralogy and grain volume. Superparamagnetic (Superparamagnetic particles
(SP)) behavior is exhibited by magnetite (Fe;0,) and titanomagnetite particles <20-50 nm and <~80 nm,
respectively (Dunlop & Ozdemir, 1997). SP particles display high values of susceptibility (y) at room temper-
ature, a measurement made in the presence of a weak applied field, but cannot carry a stable remanence at or
above room temperature. Stable-single-domain (stable single domain (SSD)) particles (~50-1,000 nm for tita-
nomagnetite) carry strong natural and induced remanent magnetizations such as thermoremanent magnetization
(TRM) and anhysteretic remanent magnetization (ARM) at temperatures below their blocking temperatures, and
are stable over geologic time. SSD grains exhibit high values of coercivity (H) and lower values of y (Argyle &
Dunlop, 1990; Dunlop, 1986, 2002a, 2002b; Dunlop & Argyle, 1997; Dunlop & Ozdemir, 1997; Maher, 1988;
Ozdemir & Banerjee, 1982). Titanomagnetite in the 1-10 pm size range, historically referred to as transitional
“pseudo-single-domain” (PSD) particles, display single vortex and multi-vortex behavior (Dunlop 2002a, 2002b;
Egli, 2021; Roberts et al., 2017; Tauxe et al., 2002; Williams & Dunlop, 1995), and display multidomain (MD)
behavior in particles larger than 10 pm (Day et al., 1977; Dunlop & Ozdemir, 1997), with amplitudes of TRM,
ARM, and H - gradually decreasing as particle size coarsens above 1 pm and y increasing slightly between 1 and
100 pm for moderate- to high-Ti titanomagnetite (Day et al., 1977; Hartstra, 1982; Parry, 1965).

Mapping a single value of TRM, ARM, H, y, or any other magnetic parameter to a specific particle size is not
possible due to the multiple controls on magnetic behavior, including grain volume, mineralogy, particle shape,
degree of oxidation, degree of cation substitution, and presence of defects and dislocations, all of which impact
energy barriers to magnetization changes (which is the basis for measuring magnetic parameters), and degree of
particle interactions, which can create constructive or destructive interactions that impact the amplitudes of these
parameters (e.g., Sugiura, 1979). However, combinations of rock magnetic observations can confirm the presence
of ferrimagnetic minerals and constrain their abundance, range of compositions, and range of domain-states
present in a mixture (such as rocks, sediment, and soil), allowing us to estimate plausible titanomagnetite
number densities. In a pair of companion papers, we use rock magnetic methods to document the presence of
nanolites and ultra-nanolites in aphyric rhyolitic pumice, obsidian, and vesicular obsidian from the 1060 CE Glass
Mountain eruption of Medicine Lake Volcano (California) and calculate estimates of their number density (this
study). In the companion paper, McCartney et al., 2024 present a low-temperature method for titanomagnetite
number density (TND) calculations that targets ultra-nanolites and compares ultra-nanolite abundance with
pumice physical properties to evaluate hypotheses concerning the timing of titanomagnetite crystallization and
evaluate the role of titanomagnetite crystals in bubble nucleation.

2. Materials

This study examines pumice, obsidian, and vesicular obsidian from the 1060 CE Glass Mountain eruption of the
Medicine Lake Volcano, CA, USA (Figure 1). McCartney et al. (2024), provide a synthesis of the body of
knowledge concerning magma chemical composition, volatile content, eruptive style, volume of eruptive
products, as well as the petrography, textural and physical properties, and bubble number densities of the eruptive
products. In brief, the 1060 CE eruption produced rhyolitic pumice fall deposits, followed by rhyolitic and dacitic
obsidian flows and a series of domes (Grove et al., 1997; Heiken, 1978). Pumice clasts studied here are rhyolitic
(~70-75% SiO,) and have been described in the literature as colorless glass that is crystal-poor to crystal-free,
with the exception of trace amounts of plagioclase and orthopyroxene microlites (Heiken, 1978).
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Figure 1. (a) Location of Glass Mountain in northern California, western United States (image generated using GeoMapApp,
http://www.geomapapp.org). (b) Google Earth image showing the 1060 CE Glass Mountain obsidian flow (gray and dark
gray areas) and pumice quarry (light gray area marked by the dashed white ellipse). Red circles show the obsidian sample
collection areas. (Google Earth v. 10.43.0.2 (7 October 2017-newer data), Glass Mountain, California). 41° 36.03"N, 121°
30.17"W. Eye alt. 17 km, Landsat/Copernicus, https://earth.google.com/web/ [3 January 2024].

Rock magnetic analyses were carried out on pumice clasts from subunits of the main fall deposit (designated here
as A2, B,..,, C, F, and M), cylindrical cores drilled from pumice clast interiors, obsidian pieces from two flow
lobes designated as the northern and southern obsidian flows, and a vesicular obsidian flow adjacent to the
southern obsidian flow lobe (Figure 1). Pumice clasts analyzed range in mass from ~1 to 11 g, are generally white
or gray and crystal-poor to crystal-free glass (Giachetti et al., 2021; McCartney et al., 2024; Trafton & Gia-
chetti, 2021). We avoided clasts with visible surface staining or pink/brown color changes that could indicate
weathering rinds and/or formation of secondary oxides after the eruption during cooling at the Earth's surface
(e.g., Knafelc et al., 2022). Vesicularities and densities of individual clasts are reported in McCartney
et al. (2024). Obsidian samples from the Northern flow consist of 3-mm diameter and ~5-10-mm-long cores
drilled from a single block of obsidian chosen for the absence of microlites. Samples from the southern obsidian
flow and the southern vesicular obsidian flow consist of ~1-cm pieces.

3. Methods
3.1. Room Temperature Magnetic Measurements

Room temperature rock magnetic analyses were conducted at Montclair State University to characterize the
magnetic mineral domain state, composition, and abundance. Low-field mass-normalized magnetic susceptibility
(yip) was measured on an AGICO MFK2-FA Kappabridge in an applied field of 200 A/m and a frequency of
976 Hz. y; p amplitude is a function of ferrimagnetic mineral abundance relative to paramagnetic and diamagnetic
material abundance. Mass-normalized y; r Was converted to volume-normalized k using individual specimen bulk
densities for pumice clasts and southern vesicular flow pieces (see McCartney et al., 2024) and a density of
2,430 kg/m3 for obsidian (Giachetti et al., 2015).

A modified frequency dependence of susceptibility parameter (%y;;) was determined by making a second y

measurement at 3,904 Hz and calculating:

%}(f,d =100 % ()(976 Hz —X3,904 Hz). )

X976 Hz

This parameter is described as “modified” because %y, is historically calculated from y measurements at fre-
quencies of 470 and 4,700 Hz, the two frequencies available on the Bartington MS2B sensor. Our %y’ values are
interpreted as minima for this parameter due to the narrower frequency range. %y, is a rapid detection tool for SP
content, where values of several % or higher are interpreted to reflect the presence of SP particles (Dearing
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Figure 2. Mass-normalized low-field magnetic susceptibility (y; ) for Glass Mountain eruptive and effusive products
(circles), with values given on the left-hand vertical axis, and the average volume-normalized ferromagnetic susceptibility
(Kgerro» SQuares) plotted on the right-hand vertical axis (see Table 1). Although the number of specimens for each sample set
varies, the eruptive products generally have overlapping ranges of values. Average kg, values are used to calculate the
volume fraction of titanomagnetite (Table 1).

etal., 1996). We report %y, = 0 for samples where Equation 1 yields negative values (Table S1, Brachfeld et al.,
2024).

Anhysteretic Remanent Magnetization (ARM) acquisition allows detection of ferrimagnetic particles in the SSD
or larger domain state. ARM was measured on cylindrically cored pumice, obsidian cores and pieces, and ve-
sicular obsidian pieces on an AGICO JR-6 Spinner Magnetometer. These samples were used for ARM because
they could be oriented in the sample holder. ARM was imparted on a D-tech 2,000 Alternating Field and ARM
unit in a peak alternating field of 100 mT and direct current (DC) bias fields (Hpc) of 0.05-0.20 mT. ARM
intensity was converted to susceptibility of ARM (ysgrnm) by dividing the mass-normalized ARM value by the
intensity of Hp in units of A/m.

Hysteresis loops and first order reversal curves (FORCs) were measured on a Princeton Measurements Corp.
Vibrating Sample Magnetometer. Hysteresis loops were mass normalized and the high-field slope of the M-H
curve (yyp) was calculated using the induced magnetization values between 0.7 and 1 T. yr was used to remove
the diamagnetic and paramagnetic contributions from both the induced magnetization and low field susceptibility.
Saturation magnetization (M), saturation remanence (My), and bulk coercivity (H-) were determined from the
diamagnetic/paramagnetic corrected hysteresis loops. The coercivity of remanence (Hcg) was determined from
the DC demagnetization of an initial 1-7 isothermal remanent magnetization. FORC data were processed with
FORCinel software version 3.08 using the VARIFORC smoothing protocol (Egli, 2013; Harrison & Fein-
berg, 2008; Harrison et al., 2018).

3.2. High-Temperature Magnetic Measurements

Thermomagnetic curves were measured on an AGICO MFK2-FA Kappabridge in a flowing argon gas atmo-
sphere. Approximately 500 mg of sample was powdered and susceptibility was measured continuously during
heating and cooling between 20 and 700°C in order to detect temperature-dependent order-disorder transitions.
The Curie temperature (1), the transition from ferrimagnetic ordering below 7 to paramagnetic behavior above
T, manifests as an abrupt drop in the amplitude of susceptibility across the transition temperatures of the minerals
present in the sample. Naturally occurring titanomagnetite typically displays compositions of Fe, ,Tij 40O, to
Fe;0,, with Curie temperatures of ~150-200°C through 580°C, respectively (Lattard et al., 2006). The transition
temperature and width of the transition is affected by the range of compositions present in the sample, degree of
oxidation, magnetic particle size distribution, and degree of cation substitution for Fe. We use Curie temperature
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determinations to infer the magnetic mineralogy using the compilation of Lattard et al., 2006 and the polynomial
expression for 7 of Bleil and Petersen (1982).

3.3. Titanomagnetite Volume Fraction

Average titanomagnetite volume fraction for pumice and obsidian is determined in two ways: (a) by dividing the
sample set's average volume-normalized ferromagnetic susceptibility (k..,) by the volume-normalized sus-

ceptibility of the carrier mineral (k, ), and (b) by dividing the sample set's average volume-normalized

carrier
saturation magnetization (Mg, corrected for the paramagnetic and diamagnetic contributions) by the volume-
normalized Mg of the carrier mineral (Mg_.,ie)- The paramagnetic contribution to bulk susceptibility ranges
from ~7% to 94% in these rhyolitic materials (Table S1). Therefore, using k..., and paramagnetic-corrected Mg to

calculate the volume fraction prevents the inflation of TND values.

Our low-field susceptibility (y; p) and Mg measurements were mass-normalized because the majority of samples
are irregularly shaped clasts (Figure 2, Table S1). We use the following steps to convert mass-normalized y;
values to volume-normalized k.., values:

Xferro = XLF — XHF @)

where y¢...o 1S the mass-normalized ferromagnetic susceptibility, y; p is the low-field mass-normalized suscep-
tibility measured at 976 Hz, and yyp is the high-field magnetic susceptibility calculated from the slope of the
hysteresis loop between 0.7 and 1 T (Table S1). g, in m>/kg is then converted to volume-normalized k.,
(dimensionless SI) according to:

kferro = Xferro X /)sample (3)

where pgmple 18 the measured bulk density for individual pumice and vesicular obsidian samples, and the dense
rock equivalent (DRE) of 2,430 kg/m> for the northern and southern obsidian flow samples (McCartney
et al., 2024). Similarly, My is converted to volume-normalized units (A/m) by multiplying Mg in Am>/kg by
sample density in m>/kg.

The average volume fraction of titanomagnetite for each sample type is calculated as

. Average k,
volume fraction = AVETAEE Ferro

4)

carrier mineral
and

. Average M
volume fraction = Average Vs

©)

S-carrier mineral
where the carrier mineral composition is determined from the Curie temperature.

3.4. Anisotropy of Magnetic Susceptibility

Seven cylindrical pumice cores were analyzed for anisotropy of magnetic susceptibility (AMS) on an AGICO
KLY4 Kappabridge, the instrument available at the beginning of this project. Pumice cores were trimmed after
susceptibility measurements to fit the JR6 spinner magnetometer sample holder for ARM analyses. These
trimmed samples were not remeasured on the new MFK2-FA instrument, which was acquired during this project,
as their lengths had changed, and some cores fractured during trimming or had already been subjected to high-
field treatments. AMS is a petrofabric technique that characterizes the orientation of paramagnetic and ferri-
magnetic minerals in geologic samples in order to relate the alignment of magnetic particles to an environmental
process, for example, flow direction in lava flows or pyroclastic density currents, and locating ancient volcanic
vents (Ellwood, 1982; Ort et al., 2015; Palmer et al., 1996; Wolff et al., 1989). Pumice clasts are comprised of
volcanic glass, which is magnetically isotropic. Therefore, fabrics in pumice clasts may indicate spatial ar-
rangements of magnetic particles within the glass. In addition, clasts formed from air fall deposits are unoriented,
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Table 1
Titanomagnetite Volume Fraction and Number Density
“Min vol “Max vol "Min vol "Max vol
Average fraction from fraction from Average fraction fraction “TND range: monospecific “TND range: power law
Sample set kg, (SI) Keerro Kferro Mg (A/m) from M from Mg assemblage (m™) distribution (m™?)
Pumice 4.97E-05 1.66E—05 8.02E—05 6.42 1.34E—-05 5.14E—-05 10" to 10" 10"8 to 10"
Northern ~ 1.92E—05 6.40E—06 3.10E—05 3.47 7.23E-06 2.78E—05 10% to 10*° 10'8
obsidian
flow
Southern  9.38E—05 3.13E—05 1.51E—04 15.49 3.23E-05 1.24E—04 10" to 10%° 10'® to 10"°
obsidian
flow
Southern  1.02E—04 3.40E—05 1.65E—04 11.78 2.45E—05 9.42E—05 10" to 10%° 10'® to 10"°

vesicular
obsidian

“Minimum and maximum titanomagnetite volume fractions were calculated using & values of 3 SI and 0.62 SI for Fe;0, (TMO0) and Fe, ,Ti 4,0, (TM60), respectively
(values from Dunlop & Ozdemir, 2015), where the TM number is the x parameter in Fe;_ Ti O, multiplied by 100. ®"Minimum and maximum titanomagnetite volume
fractions calculated using My values of 480 and 125 kA/m for Fe;0, (TMO) and Fe, ,Ti, 5,0, (TM60), respectively (Dunlop & Ozdemir, 2015). “TNDs were calculated
using the volume fraction derived from kg, due to the larger data set.

and have not experienced flow, compaction, or post-depositional rheomorphism. Therefore, this study focuses on
the degree of anisotropy, that is, the degree to which the AMS ellipsoid deviates from a sphere, rather than
absolute orientations of magnetic fabrics.

Each AMS analysis consisted of measuring the specimen in three orientations while the specimen is rotated within
the applied field. The final step is a bulk susceptibility measurement. AMS measurements were used to construct a
tensor that is defined by its three Eigenvectors (the principal axes) with lengths K; > K, > K3, and which can be
visualized as an ellipsoid (Tarling & Hrouda, 1993). The amplitudes and orientations of the maximum, inter-
mediate, and minimum susceptibility axis, denoted K, K, and K5, respectively, are used to construct parameters
that describe the fabric type and degree of anisotropy including:

Lineation parameter L = K, / K, (6)

Foliation parameter F = K, / Ks @)

Total anisotropy P = K, / K, (8)
(2’12 — M — M3

)

Shape parameter T =
(’71 - ’73)

where 7, is the natural log of K, and n = (1, + 1, + 13)/3.

T values between —1 and O indicate a prolate fabric, and 7 values between 0 and +1 indicate an oblate fabric.

3.5. X-Ray Microscopy

A whole pumice clast (0.26 cm®, 67.2% total vesicularity) was examined on a ZEISS XRadia 520 Versa at 50 kV
and 4W at resolutions of 7 pm/vx (vx = voxel, a cubic pixel), 1.8 pm/vx and 0.7 pm/vx, with a field of view of
14x14,3.5%x3.5,and 1.4 x 1.4 mm?, and scan times of 10.5, 4.5, and 15 hr, respectively. For each scan, we used
a cubic subset of 500° voxels to perform a 3-dimensional (3D) oxide size distribution. Pixels with high gray scale
values (white to bright gray) were assumed to be oxides. Only objects larger than 20 voxels were processed in
each analysis to avoid noise, which sets the smallest detectable grain size at ~2.4 pm in equivalent diameter on the
0.7 pm/vx stack.
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Figure 3. Anhysteretic remanent magnetization (ARM) acquisition versus direct current bias field strength (Hp¢) for
(a) northern obsidian flow microcores, (b) southern obsidian flow pieces, (c) southern vesicular obsidian pieces, and
(d) pumice cores. All eruptive and effusive products acquire an ARM whose intensity increases with Hp,~ amplitude,
indicative of remanence-carrying stable single domain or larger particles.

4. Results
4.1. Magnetic Mineral Abundance

Glass Mountain pumice and obsidian samples have y;  values spanning 10~° to 10~ m*/kg (Figure 2, Table S1).
The pumice sample set has the largest number of unique samples (N = 198) and the greatest degree of variability.
Obsidian and vesicular obsidian sample sets are smaller (N = 8§ to 26) and have lower variability due to specimens
being cut from single blocks of obsidian. Using Equations 2-5 we calculate a maximum volume fraction of
magnetic material for each sample set assuming all particles are Fe, ,Tij 04 With kg yppier = 0.62 SI and
My comier = 125 kA/m, and a minimum volume fraction by assuming all particles are Fe;0, with ki, = 3.0 SI
and Mg ., 1ier = 480 kA/m (Dunlop & Ozdemir, 2015). Volume fractions derived from k., and Mg are very
similar, generally within ~3 to 43% of each other (Table 1). The maximum-minimum ranges for the eruptive
products overlap, with an absolute minimum volume fraction of 6.4 X 107° for the northern obsidian flow, and an
absolute maximum of 1.65 x 10™* for the southern vesicular obsidian (Figure 2, Table 1).

4.2. Magnetic Domain State

Glass Mountain pumice, obsidian, and vesicular obsidian all acquire an ARM whose intensity is dependent on
Hp (Figure 3, Table S2, Brachfeld et al., 2024). This indicates the presence of remanence-carrying particles,
necessitating that a portion of the magnetic mineral assemblage is within the SSD or larger size range, >50-80 nm
for magnetite and titanomagnetite, respectively. SP particles (<50-80 nm) are also present in pumice, as sug-
gested by hysteresis parameters, including very low coercivities (H- < 3 mT) and very low remanence ratios (My/
Mg < 0.05) (Figure 4, Table S3, Brachfeld et al., 2024). A portion of both the pumice and obsidian sample sets plot
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Figure 4. Day-Dunlop plot of Glass Mountain eruptive and effusive products compared with modeled two-component
mixtures (Dunlop, 2002a, 2022b). Glass Mountain samples generally plot near the SSD 4+ MD mixing lines and within the
SP + PSD field.
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Figure 5. First order reversal curve diagrams for pumice (a, b), northern obsidian (c, d), southern obsidian (e, f), and southern
vesicular flow samples (g, h). Pumice samples show low values of H and no central ridge, consistent with SP behavior.
Northern obsidian samples have stable single domain features. Southern obsidian and vesicular obsidian magnetic
assemblages display vortex features, indicating mixed assemblages that extend to coarser particle sizes.
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Figure 6. Thermomagnetic curves measured between 20 and 700°C during heating (red curves) and cooling (blue curves). Abrupt decreases in susceptibility indicate
order-disorder transitions arising from ferrimagnetic minerals. Arrows at the top of each panel show the Curie temperatures predicted for stoichiometric titanomagnetite
(expressed as TM number) using the expression of Bleil and Petersen (1982). All eruptive and effusive products (those shown here and other unpublished samples)
contain one or more titanomagnetite compositions between Fe, ,Ti, ¢,O4 (TM60) and Fe;O, (TMO). The compositions shown here are interpreted as TM50 (AB), TM25
to TM20 (ABCEF), TM25 to TMO05 (EF), and TMO (CDF).

along the SSD + MD mixing lines on a Day-Dunlop Plot, and a portion plot within the SP + PSD mixing region
(Dunlop 2002a, 2002b) (Figure 4). These mixing lines and regions are defined by experimental samples (Day
et al., 1977; Parry, 1965) and modeled M-H curves with grain sizes of 10—1,000 nm for SP and SSD magnetite,
respectively (Dunlop 2002a, 2002b).

FORC diagrams for pumice samples (Figures 5a and 5b) have coercivity distributions (H) below 10-20 mT and
no central ridge, consistent with SP particles. Northern obsidian samples have H peaks near 5 mT and 1545 mT,
reaching maximum values up to 60—80 mT, consistent with a mixture of SP and SSD particles (Figures 5c and 5d).
Southern obsidian and southern vesicular obsidian FORC diagrams are very similar, with peak H - distributions of
5-20 mT and with increased vertical spread of the contours along the H, axis at low values of H, indicative of a
mixture of SSD, vortex and MD particles (Figures Se-5g) (e.g., Egli, 2021).

Additionally, pumice samples display %y, values of several % up to 26% (Table S1). Vesicular obsidian samples
show low values of %y,,’, and obsidian samples generally do not display frequency dependence of susceptibility
(Table S1). In aggregate, pumice samples display consistent SP signatures, whereas obsidian magnetic signatures
are consistent with a mixture of particle sizes spanning SP nanoparticles and extending to coarser particles in the
SSD, vortex, and MD ranges.

4.3. Magnetic Mineralogy

Thermomagnetic curves for all samples show one or more drops in the amplitude of ) between approximately
~200 and ~600°C, which represent Curie temperatures of titanomagnetite with variable Ti content (Figure 6).
Curie temperatures above 580°C suggest slight oxidation of magnetite (Readman & O’Reilly, 1972). We also
observed samples with gradual decreases in ) over broader temperature ranges (Figure 6a), which may be due to
mixtures of titanomagnetite compositions and mixtures of grain sizes with different unblocking temperatures. The
Curie temperatures are consistent with Fe, ,Ti, 6O, through Fe;0, using the data set of Lattard et al., 2006 and
the polynomial expression for 7 of Bleil and Petersen (1982).
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Figure 7. Anisotropy of magnetic susceptibility results from seven
cylindrically cored pumice samples (Table S6). (a) All but one sample plot in
the prolate region of a lineation (L) versus foliation (f) diagram. (b) Shape
parameter (T') versus degree of anisotropy (P) shows that the prolate fabric is
independent of the degree of anisotropy (P). (c) Darcian permeability versus
total vesicularity (from McCartney et al., 2024) with associated P values. The
seven pumice cores span the full range of porosity and permeability values
observed in the pumice sample set. The highest P values generally coincide
with the highest total vesicularity.

4.4. Anisotropy of Magnetic Susceptibility

Glass Mountain pumice cores have L values of 1.004—-1.060 and F values of
1.009-1.099. Six of the seven cores have L values that are greater than F
values (Figure 7, Table S4, Brachfeld et al., 2024) and negative T values,
indicating prolate fabrics. Only one sample displays a high F (1.099), low L
(1.004), and positive T value, indicating an oblate fabric (Figures 7a and 7b).
The degree of anisotropy is high, with P values ranging from 1.035 to 1.104
(Figures 7a and 7b). Although the AMS sample set is small, the available
cores span the full range of pumice vesicularity and permeability values in
the full physical properties data set (McCartney et al., 2024). The highest P
values coincide with the highest vesicularity (Figure 7c).

4.5. Microscopy

Inspection by optical microscopy reveals that the glass in Glass Mountain
pumice is fresh and contains no evidence of devitrification such as felty
groundmass texture or optical anisotropy. Published SEM examinations of
pumice (Gonnermann et al., 2017; Trafton, 2021; Trafton & Giachetti, 2021)
and obsidian (McCartney et al., 2024) report homogeneous glassy textures
with rare microlites. In X-ray microscopy images, pixels with high gray
scale values (white, bright gray) are interpreted as oxides. Crystals with
equivalent grain diameters of 2.4 to ~53 pm are present in pumice. Abun-
dances determined from image analysis yield crystal number densities of
10" to 10® crystals m™ of solid material, respectively (Figure 8a).

5. Discussion
5.1. Titanomagnetite Assemblage and Origin

The presence of superparamagnetic iron oxides (<50-80 nm) in pumice clasts
and vesicular obsidian is indicated by high values of %y,,’, hysteresis loops
with very low H and very low My/Mg values, and FORC diagrams with very
low B distributions. The presence of mixtures of SP, SSD (50-80 to
1,000 nm), PSD (1-10 pm), and MD (>10 pm) particles in pumice, obsidian,
and vesicular obsidian is indicated by the acquisition of ARM, hysteresis
ratios that plot along the SSD + MD mixing lines and within the SP + PSD
mixing region of a Day-Dunlop plot, and FORC diagrams with central ridges,
higher H . distributions, and vertical spread of contours at low values of H..
SEM images of Glass Mountain obsidian that capture rare microlites reveal
equant oxides in the 2—-20 pm size range (McCartney et al., 2024, Figure S1).
These observations suggest coarsening of the existing SP population in the
obsidian, likely due to the slow-moving obsidian flow remaining hot for a
longer period of time than did the fragmenting pumice. However, we note that
previous studies of Glass Mountain eruptive and effusive products (Giachetti
etal., 2021; Grove et al., 1997; Trafton & Giachetti, 2021) have not reported
devitrification textures, the mechanism proposed for the post-eruptive pop-
ulation of Fe-Ti oxides in the Tiva Canyon Tuff, a 100-300 m thick ash flow
sheet that likely cooled over years to decades (Schlinger et al., 1988, 1991), in
contrast to the rapidly cooled Glass Mountain pumice airfall deposit.

Iron oxide compositions of Fe, ,Tij 00,4 through Fe;O, are indicated by Curie temperatures, which are generally
below 580°C, with maximum observed Curie temperatures of 590-595°C. Thermomagnetic curves for both

pumice and obsidian are generally reversible with minimal alteration of the sample during heating (Figures 6a,

6¢—6¢). One sample displays a cooling curve that is stronger than the heating curve (Figure 6b), indicative of the

conversion of paramagnetic material to ferrimagnetic material during heating. However, the heating and cooling
curves have the same Curie temperature features (Figures 6b and 6f). These observations argue against pervasive
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Figure 8.

maghemitization of titanomagnetite, which would be recognized by elevated
Curie temperatures in the range of 620-640°C, inversion of maghemite to
hematite at high temperatures, resulting in cooling curves that are weaker than
the heating curves (Gehring et al., 2009; Ozdemir & Banerjee, 1984), and/or
the presence of new Curie features in the cooling curves as titanomaghemite
inverts to a Ti-rich and a Ti-poor phase (Dunlop & Ozdemir, 1997). These
behaviors have been observed and attributed to the post-eruptive population of
(titano)maghemite in the Tiva Canyon tuff (Rosenbaum, 1993), but are absent
in Glass Mountain pumice clasts and obsidian. In aggregate, this suggests that
the Glass Mountain titanomagnetite formed in the magma chamber prior to
the eruption rather than in the Earth's atmosphere during or after the eruption.

Pre-eruption crystallization is also suggested by the presence of prolate fabrics
in individual pumice clasts. Glass Mountain pumice clasts represent airfall
deposits, and have not undergone post-emplacement transport, compaction,
welding, or deformation that may occur within a pyroclastic density current
and their resulting tuffs and ignimbrites. The pumice clasts are glassy mate-
rials with rare microlites due to very rapid cooling. We therefore interpret the
observed fabrics to have been acquired while magnetic particles were free to
rotate within a fluid, that is, prior to complete solidification of the magma. The
highest degree of anisotropy coincides with the highest values of vesicularity.
The prolate fabrics may have been imparted via alignment of elongated par-
ticles during the upward transport and shearing or stretching of magma
following bubble nucleation, growth, and expansion at the onset of the
eruption (e.g., Polacci et al., 2001; Rust et al., 2003; Shea et al., 2014).
Alternately, the prolate fabric could be caused by distribution anisotropy
generated by elongation of bubbles rimmed by titanomagnetite.

Bubbles rimmed by titanomagnetite, whose crystallization was facilitated by
the volatiles within the bubbles, would manifest as a positive correlation
between vesicularity and susceptibility. McCartney et al. (2024), tested this
hypothesis and found no evidence that titanomagnetite abundance is corre-
lated with vesicularity. However, even if this mechanism were responsible for
the prolate AMS fabrics, this similarly requires that the titanomagnetite pre-
dates the passage of the liquid through the glass transition, as bubble defor-
mation can only occur in a fluid medium.

5.2. Titanomagnetite Number Density

We use the minimum and maximum particle sizes from the Dunlop (2002a,
2002b) mixing models, 10-1,000 nm, to bracket plausible ranges of TND for
each sample type. We use two methods to estimate TND. TND is first

Figure 8. (a) Number of crystals per m™ of solid material derived from x-ray
microscopy analysis of a Glass Mountain pumice clast. Red, blue, and green circles
denote sample scans at resolutions of 0.7, 1.8, and 7.0 pm per voxel (vx = cubic
pixel), respectively. Small gray circles are excluded from the power law fit to the
data set (dashed gray line). (b) Maximum (solid lines) and minimum (dashed lines)
titanomagnetite number densities (TND) for monospecific assemblages of cubic
particles derived from the kg, volume fraction in Table 1. The black rectangle
shows the TND range for monospecific assemblages of 10 nm (10*° m™>) through
1,000 nm (102 m™3) particles (Table S5). The blue rectangle shows the TND results
from McCartney et al. (2024), 10'® to 10?° m™3, for particles up to ~33 nm.

(c) Number of crystals per m™> of solid material derived from the power law
equation in panel a. The sum of all N(V) from 10 nm to 50 pm is the TND, which
ranges from 10'® to 10' m™>. The two methods presented here and the low
temperature method of McCartney et al. (2024) all yield consistent TND values.
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calculated by assuming a monospecific assemblage of cubic particles (i.e., all particles are the identical size,
shape, and composition), and dividing the maximum and minimum titanomagnetite volume fraction by the
volume of a single cube. We use the titanomagnetite volume fractions derived from kg, (N = 249) rather than Mg
(N = 57) due to the larger susceptibility data set (Tables S1 and S3). For pumice and vesicular obsidian only, we
then divide by 1 — ¢, where ¢ is the total vesicularity expressed as a volume fraction. Average ¢ values are 0.7377
for the pumice sample set and 0.7382 for the vesicular obsidian sample set (McCartney et al., 2024). This results
in TND values per m~> of solid material (the DRE), that is, on a vesicle-free basis. This form of the TND rep-
resents the number density prior to vesiculation within the magma. For monospecific assemblages of 1,000—
10 nm cubes, this translates to TNDs of 10'* to 10%° particles per m>, respectively (Figure 8b and Table 1,
Table S5).

As monospecific assemblages do not occur in nature, we present a second method of estimating TND that
extrapolates the trend determined from the analysis of X-ray microscopy microlite observations in Glass
Mountain pumice. Summing the particles in all bins in Figure 8a yields a microlite number density of
~2.95 x 10'* m™ of solid material. As a sensitivity test, we filtered out the smallest size bin in each of the
three resolution scans. For overlapping size bins, we retained the higher resolution data set and excluded the
lower resolution data set. Summing the particles in the filtered data set yields a microlite number density of
1.90 x 10" m™ of solid material. The variation is less than a factor of two due to the finest size bins
controlling the number density. We fit a power law equation y = Ax* to the filtered data set and extrapolated
the size distribution to 10 nm, which results in an oxide number density of ~10** m™ for the analyzed
pumice clast. We then use the power law equation to generate a grain size and volume distribution between
10 nm and 50 pm. Using the kg -derived average volume fraction for eruptive and effusive products
(Table 1), we allocate the volume fraction contained within each grain size bin. We then calculate the
number of cubic particles necessary to generate each volume fraction at each grain size. The sum of all
particles between 10 nm and 50 pm is the TND. This method yields TNDs of 10'® to 10" m™ of solid
material for Glass Mountain pumice, obsidian, and vesicular obsidian (Figure 8c, Table S6).

A low-temperature TND determination for pumice of 10'® to 10?° m ™ is presented in McCartney et al. (2024), in
which the distribution of magnetic particle blocking volumes is determined from the thermal unblocking of a
TRM imparted below room temperature at 5 K (Worm & Jackson, 1999). This method exploits the transition in
nanoparticle SP behavior at room temperature to SSD behavior below room temperature. This method makes no a
priori assumptions about the particle sizes present or the size distribution. The two TND calculations presented
here are comparable to the results of McCartney et al. (2024). All three methods support the hypothesis that sub-
micron titanomagnetite crystals are abundant in these aphyric and silicic rocks and potential sites for bubble
nucleation during magma ascent.

6. Conclusions

We use magnetic methods to document the presence of titanomagnetite nanolites and ultra-nanolites in
aphyric rhyolitic rocks. Magnetic methods enable the characterization of titanomagnetite composition,
domain state, and number densities in materials with extremely low volume fractions of magnetic material,
6.4 x 107% to 1.65 x 10™* for Glass Mountain effusive and eruptive products, respectively, and in samples
where conventional petrographic characterization is extremely challenging. ARM, hysteresis properties, and
frequency dependence of magnetic susceptibility indicate a range of domain states are present in pumice,
obsidian, and vesicular obsidian, spanning superparamagnetic nanoparticles through multidomain microlites.
Prolate magnetic fabrics were observed in pumice clasts, with the highest degree of anisotropy coinciding
with the highest vesicularity. This may represent a flow fabric acquired at the onset of the eruption as
bubble nucleation drove magma ascent. TND determinations for monospecific grain size assemblages range
from 10" to 10°° m™ for cubic particles with edge lengths of 1,000-10 nm, respectively, and 10'® to
10" m™ for a power law grain size distribution spanning 10 nm to 50 pm, in agreement with the results of
McCartney et al. (2024). This demonstrates that plausible TND estimates can be obtained from rock
magnetic measurements made at room temperature. In aggregate, our results support the hypothesis that
titanomagnetite is an abundant and early forming phase in rhyolitic magma from Glass Mountain, with the
potential to influence eruption dynamics.
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