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We investigate the rates of magmatic processes using clinopyroxene diffusion chronometry on volcanic products
erupted in August 2017 at the end of the 9-month eruption of Bogoslof volcano. The eruptive products contain
plagioclase, clinopyroxene, and amphibole, all of which exhibit sharp chemical boundaries and are occasionally
observed in multi-phase crystal clots with shared zoning boundaries across different mineral phases. At the
shared boundaries in crystal clots, clinopyroxene and plagioclase continued to grow but abruptly changed
composition from Mg# 81.7 + 5.8 to 72.9 + 3.0 and Angy5:1.4 to Ane; 3157, respectively. Additionally, the
sharp boundary marks where amphibole became unstable and began forming a reaction rim. Synthesizing these
observations, we were able to determine that the shared boundaries formed as a result of rapid decompression
during magma ascent, followed by storage in a shallow cryptodome, where magma accumulated prior to
erupting.

In order to determine the timescales of magma ascent and subsequent crystal residence times, we applied
diffusion chronometry on zoned clinopyroxene phenocrysts using Mg# concentrations at 1056 °C determined
from Fe—Ti oxide pairs. Our diffusion modeling results show that diffusion began at the stepwise boundaries in
clinopyroxenes no more than180 days before the final explosive event.

These results were then used to calculate crystal growth rates for shared plagioclase and amphibole rims, as
shared zones in crystal clots indicate that the boundaries in all three phases formed contemporaneously. We
calculate growth rates of plagioclase crystals (1.7 £ 0.99 x 10°° um/s) and amphibole reaction rims (2.8 + 0.47
x 107% um/s). The calculated natural growth rate of plagioclase was then used to constrain additional magmatic
timescales from growth rate chronometry, results of which support our diffusion timescales.

Our results indicate that the distinct boundaries in all three mineral phases formed due to ascent-driven
decompression followed by shallow emplacement of mafic magma that occurred continually throughout the
course of the eruption. By subtracting diffusion timescales from the date that the samples were erupted, the
oldest crystal boundaries correspond to March 2017, seemingly correlating with increases in both seismicity and
SO, emissions. These observations may suggest that our petrochronometric results are supported by interdisci-
plinary observations.

1. Introduction the abrupt compositional boundaries can be used to characterize the

timescales of the magmatic processes that triggered their formation (e.

Phenocrysts in magmas can act as record keepers, providing infor-
mation about the timing of pressure, temperature, and/or compositional
perturbations that occurred prior to and during eruptions. Such changes
in magmatic systems can be reflected as chemical gradients recorded in
crystal cargo, sometimes creating distinct boundaries between the initial
cores and subsequent rims. Diffusivity of chemical compositions across
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g., Dohmen et al., 2002; Costa and Dungan, 2005; Costa et al., 2008;
Chakraborty, 2008; Kahl et al., 2011; Kahl et al., 2013; Kilgour et al.,
2014; Till et al., 2015; Ruth et al., 2018; Costa et al., 2020). When
synthesized with data from other disciplines, results from diffusion
chronometry allow us to refine and better characterize the links between
petrologic processes and interdisciplinary monitoring data (Kilgour
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et al., 2014).

A wide variety of minerals have been utilized in diffusion chro-
nometry studies to constrain magmatic timescales, such as: olivine
(Gerlach and Grove, 1982; Martin et al., 2008), clinopyroxene (Morgan
et al., 2004), orthopyroxene (Ruth and Costa, 2021; Kilgour et al.,
2014), plagioclase (Zellmer et al., 1999; Druitt et al., 2012), sanidine
(Till et al., 2015; Charlier et al., 2012), and quartz (Shamloo and Till,
2019; Gualda et al., 2012). When crystal timescales are compared with
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geophysical and gas monitoring data, retrospective “petrological
monitoring” is possible (Saunders et al., 2012a, 2012b). In this case, the
petrological and geophysical data from one eruption may be combined
to help improve monitoring and forecasting of future eruptions.

The Alaska-Aleutian volcanic arc results from subduction of the Pa-
cific plate beneath the North American plate. Jicha et al. (2006) suggest
the age of the onset of subduction and subsequent magmatism in the
Aleutians to be approximately 46 Ma, based on *°Ar/>°Ar age
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Fig. 1. (a) Google Earth image depicting the location of Bogoslof within the Aleutian Arc. White arrows indicate approximate rate and direction of subduction of the
Pacific plate, after Demets et al. (1994). (b) Photograph depicting a northeast-facing view of Bogoslof on July 14, 2019, from Pavel Izbekov. (c) April 20, 2018
WorldView-3 image of Bogoslof, after Chris Waythomas, Alaska Volcano Observatory / U.S. Geological Survey.
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determinations coupled with pre-existing K—Ar ages. Extending to the
west from the Gulf of Alaska, the Alaska-Aleutian Arc intersects with the
Kamchatka-Kuril Arc, which continues southward for approximately
another 2000 km. This complex is also connected to neighboring areas of
subduction, such as the Japan, Izu-Bonin, and Mariana trenches (Rup-
pert et al., 2007).

Subduction rate varies along the Aleutian Arc. The slowest rate
(about 60 mm/yr) occurs in the eastern portion, then increases by about
10 mm/yr for the central portion, and then again for the very western
zone of the arc, where the Pacific plate subducts beneath Kamchatka at
around 80-90 mm/yr (Fig. la) (Demets et al., 1994; Ruppert et al.,
2007; Scholl and von Huene, 2007). The transition to transform plate
movement in the far western Aleutian ridge creates a complex shear
zone which significantly decreases the abundance of volcanoes between
Bowers ridge and the Kamchatka peninsula (Scholl, 2007).

Along the Alaskan portion of the Aleutian Arc, there are >130 vol-
canoes and volcanic fields which have been active within the last two
million years. Of these volcanic features, about 90 have been active
within the Holocene, and over 50 since the 18th century (www.avo.ala
ska.edu). Generally, the area of greatest magmatic output within the
Aleutian Arc is thought to be the center of the arc. This is supported both
by volume of volcanoes and by the frequency of eruptions (Fournelle
et al., 1994).

The mid December 2016 to late August 2017 eruption of Bogoslof
Island, Alaska, (Bogoslof; Bogoslof volcano) presents an opportunity to
use crystal compositions, textures, and the diffusion chronometry
technique to examine the pre and syn-eruptive timescales of magmatic
processes. Bogoslof is a predominantly submarine stratovolcano with
low elevation above sea level, and is located approximately 50 km
behind the main volcanic front of the Aleutian Islands (Fig. 1a). Bogoslof
possesses two main subaerial landmarks: Bogoslof Island and Fire Island
(Fig. 1b and c). The authors acknowledge that Bogoslof Island is known
by multiple Indigenous names: Agashagok, Agasaagux, and Tanaxsi-
daagux (Marsh and Leitz, 1979; Miller et al., 1998; Waythomas and
Cameron, 2018). For the context of this work, the volcano will be
referred to as Bogoslof, but we express our deepest respect and gratitude
for our Indigenous neighbors.

Bogoslof eruptions are typically characterized by the effusion of
basalt to basaltic andesite lava domes along with explosive eruptions
generated by water-magma interactions that result in the formation of
tuff rings, and eruption clouds that are broadly ash-poor, with fallout
present predominantly within 100 km of the vent (Waythomas et al.,
2020). The most recent eruption of Bogoslof began on December 12,
2016, and continued until August 30, 2017 (Waythomas and Cameron,
2018). The vent was submerged during the majority of the 2016-2017
eruption, resulting in seawater playing a significant role in eruption
dynamics (Fee et al., 2019). There were, however, several longer-lasting
events that led to the formation of lava domes, thereby allowing the vent
to shift above sea level and produce plumes that were more ash-rich (Fee
et al., 2019; Schneider et al., 2020). At least 70 explosive events
occurred during the eruption, as well as two dome-building periods
(Coombs et al., 2018; Coombs et al., 2019; Tepp et al., 2019; Van Eaton
et al., 2020). Although there is no seismic network on the remote
Bogoslof, the Alaska Volcano Observatory monitored the eruption using
seismic stations on neighboring Umnak and Unalaska Islands, a regional
infrasound network, and satellite data providing visual and gas
geochemistry data. Coombs et al. (2019) provide a distinction of two
main phases to describe the eruption: phase one, which took place from
December 12, 2016 through March 13, 2017, and phase two, from May
17, 2017 to August 30, 2017. The two phases are separated by a 65-day-
long eruptive hiatus. The final events of the eruption (August
27-282,017) consisted predominantly of short explosions (<6 min),
with the exception of the final event on August 30, 2017, which lasted
almost an hour (Coombs et al., 2019).

This study builds on the work of Loewen et al. (2019), which pro-
vides a comprehensive overview of the geochemistry and petrology of
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the 2016-2017 Bogoslof eruptive products. Here we add new informa-
tion about the mechanics and timescales of magma replenishment and
discuss evidence for the fusing and recycling of trachytic magma. We use
the timescales determined from diffusion chronometry applied to the
multi-phase crystal clots to calculate the rates of plagioclase rim growth
and amphibole reaction rim formation. Our results indicate that the
stepwise boundaries in crystalline phases of the magmas erupted by
Bogoslof in August 2017 initially formed due to decompression during
the ascent of mafic magma which was subsequently emplaced in a
shallow storage area (Loewen et al., 2019; Waythomas et al., 2020). The
range in diffusion timescales indicates that the shallow cryptodome
storage area experienced continuous magma replenishment throughout
the course of the eruption, with varying diffusion timescales recording
the individual residence times of crystals. Activity at Bogoslof during the
times indicated by diffusion results is additionally characterized by
increased seismicity and SO, rates, suggesting that our results are
consistent with multiple interdisciplinary observations.

2. Methodology
2.1. Samples

This study focuses on 17 petrographic thin sections, which include
11 samples of basaltic scoria, 5 trachyandesitic dome fragments, 2
trachyte pumices, and 3 mafic enclaves.

Compositional transects for diffusion modeling were measured on
clinopyroxene phenocrysts from 8 petrographic thin sections: 6 of
basaltic composition which erupted on August 30, 2017, and 2 tra-
chyandesites which uplifted between mid-December 2016 and July
2017 (Waythomas et al., 2020). Additional descriptions of these sam-
ples, including sample metadata, whole rock and glass geochemistry, are
available in Loewen et al. (2019) and with this paper in the electronic
supplementary material.

2.2. Analytical methods

We used the JEOL JXA8530F electron probe micro-analyzer (EPMA)
hosted at the University of Alaska Fairbanks Advanced Instrumentation
Laboratory to conduct quantitative analyses of mineral phases. This
EPMA is automated with Probe for EPMA software (Donovan et al.,
2011). We used a 15 keV, 10 nA, and 10 mm working distance focused
beam for analyses of all mineral phases. High-resolution backscattered
electron (BSE) images were acquired using the same analytical condi-
tions. Initial mineral analyses of the erupted products of the 2016-2017
eruption of Bogoslof are described by Loewen et al. (2019). In this paper,
we will briefly summarize and subsequently build upon their results. We
add analyses of detailed core-rim transects across clinopyroxene,
plagioclase, and amphibole phenocrysts, as well as analyses of phases
hosted in amphibole reaction rims. To obtain minor element concen-
trations in plagioclase, secondary analyses that specifically targeted
stark chemical boundaries were set to 20 keV and 40 nA. Please refer to
the Electronic Appendix for counting times, assigned calibration stan-
dards, and analytical uncertainties.

The primary criteria considered when targeting clinopyroxene phe-
nocrysts for diffusion analyses is the apparent presence of a sharp
boundary between the crystal core and rim. This boundary may be
observed in samples under petrographic microscopes, but is most readily
seen in back scattered electron imagery, where the greyscale of images
serves as an indicator of chemical composition. We targeted crystals that
possess either euhedral or subhedral core-rim boundaries. The euhedral
boundaries are associated with normal zoning: decreasing Mg# from
core to rim, whereas subhedral boundaries exhibit reverse zoning, with
rims of higher Mg# relative to cores.

EPMA transects were taken across the distinct core-rim boundaries of
crystals with 2 pm increments between each analyzed point. Each tar-
geted crystal was analyzed with 2-5 core-to-rim transects in order to
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select the most favorable profile from each crystal. We performed Monte
Carlo simulations to account for the beam interaction with the targeted
crystal (Drouin et al., 2007). The three-dimensional nature of the EPMA
analyses indicates that curvature of measured profiles may be artificially
smoothened or straightened, depending on the orientation of crystallo-
graphic axes relative to the way the crystal has been cut during sample
manufacturing. Monte Carlo simulations aided in determining the most
accurate profile from the 2-5 transects per phenocryst by accounting for
these potential artificial changes in measured profiles.

When determining the most desirable profile, we additionally
considered selected the goodness of fit of our model paired with cali-
brated grayscale transects acquired from annotated BSE images of
analyzed phenocrysts showing the precise locations of EPMA analyses
from the open-source software ImageJ in order to compare calibrated
profile values to the transects of measured EPMA data (Abramoff, 2007;
Saunders et al., 2012a; Ruth et al., 2016). This comparison is helpful in
determining obliquity of the boundary. If the EPMA transect produces a
profile that is significantly more curved or off-set relative to the profile
from the calibrated BSE image, this can be interpreted as evidence
suggesting the boundary between core and rim is not perpendicular to
the cut of the crystal. This could result in an artificial curve in the EPMA
profile, due to the three-dimensional nature of the electron beam
interaction. Due to their high resolution and two-dimensional nature, it
is likely that calibrated BSE profiles will always result in steeper profiles
relative to EPMA transects, but comparing the two can aid in the process
of selecting the most desirable EPMA transect.

While calibrated grayscale values may theoretically be used for
diffusion modeling, the short distance between measured EPMA points
made grayscale calibration on larger phenocrysts difficult. It is for this
reason that we use the calibrated grayscale transects only to better
determine the relative shape of the profiles to our diffusion modeling
results, while using the Mg# values from EPMA analyses directly for the
modeling. All BSE images of clinopyroxene used for diffusion modeling,
along with the corresponding conditions of the images, are included in
the electronic supplementary material.

2.3. Diffusion modeling

One drawback of thin section manufacturing and the analysis of in
situ crystals is that phenocrysts are rarely cut precisely along the a-, b-,
or c- axes. The results of Schwandt et al. (1998) indicate that diffusion in
pyroxene occurs most rapidly along the c- axis. We targeted diffusion
gradients which appeared to be perpendicular to the c-axis of exposed
crystals by aspect ratio, in order to measure diffusion across the shorter
a- or b- axes. This means that our diffusion modeling results would
provide a more representative timescale, whereas diffusion along the c-
axis often results in erroneous underestimates due to the rapid diffusion
along this axis (Costa and Dungan, 2005; Allan et al., 2013; Dohmen
et al., 2017). A similar technique was applied by Allan et al. (2013) for
orthopyroxene diffusion studies, where rim growth was observed to be
considerably faster parallel to the c- axis, hence only profiles approxi-
mately parallel to the a- or b- axis were considered (Dohmen et al.,
2017). We additionally verified that the modeled gradients were the
sharpest observed compositional boundary.

Diffusion coefficients can be determined based on a single Arrhenius
relation:

D = Dy exp (— Q/RT) M

where D is the diffusion coefficient, D is a pre-exponential factor, Q is
the activation energy, R is the universal gas constant, and T is the ab-
solute temperature. To determine the diffusion coefficient for Fe—Mg
interdiffusion in clinopyroxene used in this study, we use the following
equation from Miiller et al. (2013) where Dy and Q have been deter-
mined experimentally along the c-axis of clinopyroxenes:
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DM =2772£4.27 x 10 exp (—320.7 £16.0 kJ /mol /RT) m* /s @)

Analogous results for Dy and Q values are shown by Dimanov and
Wiedenbeck (2006), with the exception of a slightly lower activation
energy (297 kJ/mol). This difference, however, is negligible when we
consider the uncertainty provided by Miiller et al. (2013).

Results of Miiller et al. (2013) indicate that there is no detectable
dependence of D8 on clinopyroxene composition over a range of
800-1200 °C and Fe/Mg ratio between Digs—Digs used in their experi-
ments. These results overlap with and are comparable to the tempera-
tures and composition used in this study. Dimanov and Wiedenbeck
(2006) note that there may be a dependence on fO, relating to aluminum
content of experimental clinopyroxene, which then required a Fe®*
substitution for charge balance. The substitution of Fe>* subsequently
affected the diffusion coefficient. Although this is noteworthy, further
experimental studies on pyroxene crystals with overlapping Fe contents
and a range of Al contents are necessary to quantify the dependence of
DF Mg on Al (Miiller et al., 2013).

The modeled composition of diffusion from core to rim across a
stepwise boundary can be calculated using eq. 3, after Philpotts and
Ague (2009):

7(C0*C1) . X
C(x,r)—C, = 2 erfe (2\/5;) 3)

where Cp and C; represent the two different compositional plateaus, x is
relative distance (pm), D is the diffusion coefficient determined from eq.
2, and tis time. In addition to the center of each profile, the values of Cy,
C;, and time (age of the diffusion boundary, days) are determined
numerically using the algorithm of Lasdon et al. (1974), implemented in
the Solver routine of the 2016 Microsoft Excel software.

Diffusion is highly dependent on temperature. We used the temper-
ature of 1056 °C 4+ 20 °C to model diffusion, based on Fe—Ti oxide
thermometry results of Loewen et al. (2019). The uncertainty of our age
calculations is determined by applying the diffusion model at three
different temperatures, based on the potential error based on the un-
certainties of the magnetite-ilmenite geothermometer described by
Ghiorso and Evans (2008). Higher temperatures initiate faster diffusion,
resulting in younger timescales. The opposite is true for lower temper-
ature modeling. By propagating the thermal uncertainty of +20 °C in
our diffusion models, we may assume that the system is at a constant
temperature while accounting for the possible range in temperatures
with the included error bars.

3. Results
3.1. Overview of eruptive products

The magmas produced by the 2016-2017 eruption of Bogoslof are
diverse, including basaltic scoria, trachyandesite dome lava, and
trachyte pumice. Basaltic scoria dominates the erupted material found
on the island surface. Trachyandesites are more evolved than the
basaltic scoria, and were thought to have been erupted primarily as an
uplifted cryptodome at the early phase of the eruption in December
2016, with minor fragments incorporated into subsequent explosive
events (Loewen et al., 2019; Waythomas et al., 2020). Both the basaltic
scoria and the trachyandesite contain a primarily plagioclase-
amphibole-clinopyroxene mineral assemblage, while the trachyte con-
tains plagioclase, clinopyroxene, and relic amphibole structures, along
with biotite, sanidine, quartz, and titanite (Loewen et al., 2019). Cli-
nopyroxene is abundant in the basalt, with many phenocrysts exhibiting
distinct compositional boundaries between the cores and rims. Multi-
phase crystal clots show simultaneous growth of compositionally
distinct rims in plagioclase and clinopyroxene that appear to have
formed at the same time as reaction rims in the amphiboles. Pairs of
Fe—Ti oxides found in the trachyte provide estimates of temperature
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and oxygen fugacity, which are critical for accurate petrological
modeling of the pre and syn-eruptive processes (Loewen et al., 2019).

3.2. Phenocryst compositions and textures by lithology

Phenocrysts within the 2016-2017 erupted products frequently have
outer rims separated from predominantly homogeneous and clean
crystal cores by sharp compositional boundaries. Across the three li-
thologies, these distinct boundaries are present in plagioclase, clino-
pyroxene, and amphibole. Plagioclase is present in all three erupted
lithologies, while the distinctly zoned clinopyroxenes and amphiboles
are found only in the basalt and trachyandesite. Representative BSE
images of zoned mineral phases are provided in Fig. 2. Compositional
ranges of the phenocryst assemblage are shown in Figs. 3 and 4. Vari-
ance in crystal compositions are presented as means, plus or minus one
standard deviation. We will briefly describe the chemical boundaries
present in the trachyandesite and trachyte, but focus primarily on those
exhibited within phenocrysts hosted in basalt, as it was the most
abundant lithology erupted.

3.2.1. Basalt

Plagioclase compositions in the basalt range from Ang; 2 to Angye
and plagioclase occurs as phenocrysts (>500 pm), microphenocrysts
(50-500 pm), and microlites (<50 pm). Typical plagioclase core com-
positions are Angs 5.1 4, with fine oscillatory zonation. Cores occasion-
ally exhibit a dip in anorthite content from Angss to Anyy 4 as they

CPx (Reverse)

Basalt

Basalt

Basalt

Trachyandesite

Biotite (Euhedral)

A8

Trachyte

Fig. 2. Back-scattered electron images of phenocrysts from the eruptive prod-
ucts of Bogoslof. Row 1 shows both normally and reversely zoned boundaries in
clinopyroxene (CPx), and zones in plagioclase (Plag) in basalt. Rows 2 and 3
show the variety of reaction rim (Rxn Rim) widths on amphiboles (Amph),
along with microstructures in reaction rims. Row 4 displays both normally and
reversely zoned boundaries in clinopyroxene, and sharp boundaries in Plag in
trachyandesite. The bottom row shows minor phases found in trachyte pumice.

Journal of Volcanology and Geothermal Research 435 (2023) 107741

Plagioclase Cores

Frequency
w F- 8
(=] v

—
w
i

b =1

40 45 50 55 60 65 70 75 B8O 85 90 95 100
An (mol. %)

Plagioclase Rims

— B
w L=
L ;

Frequency
[y
=)

40 45 50 55 60 65 70 75 80 85 90 95 100
An (mol. %)

Clinopyroxene Cores
200

-
w
o

Frequency
8

0 ) I_l

50 55 60 65 70 75 80 8 90 95 100
Mg#

Clinopyroxene Rims
350

Frequency
= —_ [.¥] (2] s
& 8 8 8 8 8

[=]

50 55 60 65 70 75 80 85 90 95 100
Mg#

Fig. 3. Histograms depicting the compositional ranges of plagioclase and cli-
nopyroxene cores and rims from samples of basaltic scoria.
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Fig. 4. Histograms depicting the range of elemental compositions of amphibole
phenocrysts in samples of basaltic scoria.

approach the core to rim boundary, until abruptly dropping to Ang; 357
in the normally zoned rims. Loewen et al. (2019) note the presence of
plagioclase phenocrysts which exhibit anhedral, sometimes sieved
~Angs core, followed by a dissolution boundary marking an increase to
about Angg. Such crystals also exhibit sharp boundaries separating the
inner crystal from the lower anorthite rims. Interestingly, despite the
presence of these plagioclase crystals which exhibit reverse zoning be-
tween their anhedral cores and calcic mantles, we do not see any
plagioclase which exhibit reverse zoning between cores and final rims
(Fig. 3).

Clinopyroxene phenocrysts, microphenocrysts and microlites are
euhedral with magnesium numbers (Mg#) that range from 61.3 to 88.7
(Fig. 3). We calculate Mg# as molar Mg/(Mg + Fe) where all Fe is
treated as Fe®" (following Ruth and Costa, 2021). We observe both
normally and reversely zoned clinopyroxene phenocrysts within basalts
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(Fig. 2). Normally zoned crystals exhibit a core with Mg# = 81.7 + 5.8
that is followed by a euhedral boundary and a subtly oscillatory zoned
rim with an average Mg# = 72.9 + 3.0. Reversely zoned clinopyroxenes
exhibit a homogeneous core with a significantly lower Mg# = 69.0 +
2.1. The cores are predominantly subhedral to anhedral, surrounded by
a dissolution boundary that separates them from their distinct rims.
Rims are characterized by a higher Mg# = 75.5 + 2.4 and often exhibit
sector zoning (Hollister and Hargraves, 1970).

In basalts, amphiboles occur as phenocrysts which are predomi-
nantly magnesio-hastingsite in composition (Leake, 1978). Fig. 4 shows
the compositional range of major elements of amphibole phenocrysts
from basalt samples. Further classification of all analyzed amphiboles is
provided in the electronic supplementary material. The cores of am-
phiboles are characterized by 11.13-14.65 wt% MgO and 9.95-15.09 wt
% FeO(t), while their rims range from 12.84 to 14.25 wt% MgO and
9.45-11.87 wt% FeO(t). The compositionally sharp boundaries sepa-
rating cores and contrasting rims are seemingly less abundant in am-
phiboles than within the clinopyroxene and plagioclase.

Amphibole phenocrysts are regularly surrounded by 10-100 um
wide reaction rims. Within amphibole reaction rims, the microlite
mineral assemblage comprises clinopyroxene, orthopyroxene, plagio-
clase, and Fe—Ti oxides. Approximate modal percentages suggest that
clinopyroxene and orthopyroxene are the most abundant phases,
ranging within 25-35% and 28-30%, respectively. Plagioclase ranges
12-24%, whereas the abundance of Fe—Ti oxides is <20%. Clinopyr-
oxene microlites in amphibole reaction rims range from 68.5 to 73.7
Mg#, with an average of 70.3 Mg#. Orthopyroxene microlites have a
broader range of 54.8-70.9 Mg#, averaging Mg# 63.9. Composition of
plagioclase microlites varies in the range of 37.8-51.9 mol% anorthite,
and has an average of Anys o.

3.2.2. Trachyandesite

Within the trachyandesites, plagioclase with noticeable core-rim
boundaries exhibit normal zoning: Angg 4.2 4 cores that drop to a rim
composition of Ansg ¢+56. The composition of the calcic cores overlaps
with those of the basalt-hosted plagioclase, while the plagioclase rims in
the trachyandesites trend slightly more sodic than basaltic plagioclase
rims, remaining consistent with a more evolved bulk rock composition
(Loewen et al., 2019).

Sharp chemical boundaries in clinopyroxenes hosted in the tra-
chyandesite are similar to those hosted in basalt with two broad zoning
populations. Phenocrysts within the first population are normally zoned
and with a core of Mg# 73.6 + 2.5 that transitions abruptly to a weakly
oscillatory zoned rim with an average Mg# 67.5 + 2.3. The second
population of clinopyroxene in trachyandesite exhibit an opposite
pattern; characterized by reverse compositional zoning and a texturally
heterogeneous Mg# 63.2 + 0.8 core that is often patchy and subhedral,
followed by a subtle oscillatory zoned rim of Mg# 68.5 + 1.3.

Amphiboles in the trachyandesites are compositionally heteroge-
neous. Phenocryst cores have 10.94-13.12 wt% MgO and 11.45-14.69
wt% FeO(t), and rims 9.93-10.36 wt% MgO and 14.96-16.55 wt% FeO
(t), separated by a euhedral to subhedral core-rim boundary. Amphi-
boles within this lithology occur both with and without reaction rims.

3.2.3. Trachyte pumice

Plagioclase phenocrysts exhibiting sharp boundaries within the
trachyte pumice exhibit sharp normal zoning, with euhedral Angs 1 g96
cores that change abruptly to oscillatory-zoned Angg 4 357 rims. The
composition of these rims overlaps with the overall composition and
zoning pattern found in the other population of trachyte-hosted
plagioclase that lack a core-rim boundary. In addition to plagioclase,
phenocrysts and microlites of sanidine are also present in trachyte. The
sanidine microlite compositions are 58.2 + 1 mol% orthoclase.

Unlike plagioclase, clinopyroxenes within the trachyte pumice
possess relatively constant composition of Mg# = 69.8 + 2.3. The
composition of clinopyroxene in trachyte matches the rim compositions
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of the clinopyroxenes found in trachyandesite (Mg# = 68.5 + 1.3)
(Loewen et al., 2019).

Fe—Ti oxides in the trachyte pumice include ilmenite and titano-
magnetite. Loewen et al. (2019) measured the composition of six
magnetite-ilmenite pairs as 0.25-0.27 ulvospinel and 0.72-0.75
magnetite for titanomagnetite, and 0.57-0.63 ulvospinel and 0.37-0.43
magnetite for ilmenite (Fig. 5).

3.3. Fe—Ti Oxide and two feldspar thermometry

Temperature has a first-order control on the rate of chemical diffu-
sion, and we do not directly know the temperature of the dominant
basaltic lithology of erupted samples. Although there are multiple
methods that we may apply to attempt to constrain the temperature of
the basalt, abundant ilmenite-magnetite pairs are found in the trachyte
pumice which erupted both alongside the basalt and as preserved in-
clusions within the basalt. These ilmenite-magnetite pairs occur as
microlites (<50 pm). The pairs pass the Mn/Mg equilibrium test of
Bacon and Hirschmann (1988), thus we can apply the revised ilmenite-
magnetite geothermometer of Ghiorso and Evans (2008). We found that
the pre-eruptive temperature and oxygen fugacity of trachyte pumices
range from 977 to 1056 °C and NNO + 1.27 to NNO -+ 1.65 respectively
(Loewen et al., 2019; Fig. 5).

Although the trachyte pumice made up <5% of surface cover during
the island visit in 2018, it remains a crucial constituent in understanding
the processes that lead to the most recent eruption. The pumices are
highly vesicular and have a microlite-free glassy groundmass, but on a
vesicle-free basis are 90% crystalline. Trachyte samples show a eutectic
assemblage of sanidine, plagioclase, clinopyroxene and quartz, low
temperature accessory minerals such as titanite and biotite, and include
relict amphibole pseudomorphs. A number of hand samples of the
trachyte pumice exhibit macroscopic evidence of magma mixing and
reheating, such as pumice coated in a mafic rind and samples of physi-
cally mingled pumice and basaltic components (Fig. 6a). Trachyte
pumice hand samples additionally exhibit textural evidence for
recharge-induced remelting; there are observable small (2-8 mm) in-
clusions in the pumice, usually found suspended by glassy strands of
trachyte in the center of a vesicle significantly larger than those found in
the overall groundmass of the trachyte (Fig. 6b). These inclusions are
dense and angular, suggesting that they are lithics which were incor-
porated into the host magma in a solid state and did not re-melt due to a
higher melting point of the lithic inclusions. The glassy strands and
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Fig. 5. Results from Loewen et al. (2019) showing the pre-eruptive tempera-
ture and oxygen fugacity of trachyte pumice based on the revised calibration of
the ilmenite-magnetite geothermometer by Ghiorso and Evans (2008). The pre-
eruptive temperature and oxygen fugacity range from 977 to 1056 °C and from
NNO + 1.27 to NNO + 1.65, respectively. Circles represent data points from 6
mineral pairs from trachyte pumice, compared to the modeled dashed lines
showing NNO and QFM buffers.
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larger vesicles surrounding the lithic inclusions likely formed due to the
preferred nucleation of vesicles on the surface of inclusion. This phe-
nomenon is known as heterogeneous nucleation and it has been docu-
mented for magnetites (Gardner and Denis, 2004). These observations
all suggest that the trachyte magma was a near-solidus resident magma
that was rejuvenated by the dominant basalt lithology during the
2016-2017 eruption.

Ilmenite-magnetite pairs rapidly equilibrate at magmatic tempera-
ture, even recording cooling timescales of extruded lava flows (e.g.,
Venezky and Rutherford, 1999). Thus, this thermometer can reliably
record eruption temperatures in rapidly quenched lavas but has a short
memory for earlier pre-eruptive magmatic conditions. We suggest that
the upper 1056 °C temperature of ilmenite-magnetite pairs in
2016-2017 trachyte records equilibration with the temperature of the
rejuvenating host, and thus provides at least a lower bound constraint on
the basalt temperature for diffusion modeling.

The two-feldspar thermometer of Putirka (2008) provides an alter-
native method to estimate the temperature of the trachyte. Using
measured sanidine and plagioclase microlite compositions we calculate
a temperature of approximately 870 °C assuming shallow storage con-
ditions (i.e. < 3 kbar). Given that the two-feldspar thermometer re-
equilibrates slower than that of Fe—Ti oxides, we interpret the feld-
spar thermometer results to capture a range of temperatures spanning
between the original cold temperature of the resident trachyte and the
contrastingly hot temperature of the juvenile basalt from the most recent
eruption.

Compositional similarity to the 1796-1804 Castle Rock eruption
suggests that the 2016-2017 trachyte could be a residual magma from
the old eruption (Loewen et al., 2019). An analogous process occurred
during the 2018 eruption of Kilauea Volcano, where the first and only
observed eruption of andesite lava in Hawaii was inferred to be the
result of an isolated pocket of fractionated and highly crystalline sili-
ceous magma being brought to the surface by the down-rift propagation
of fresh mafic magma (Gansecki et al., 2019).

3.4. Diffusion modeling results

One profile was selected from the 2-5 profiles measured on each
clinopyroxene phenocryst; Fig. 7 shows an example of our measure-
ments. By applying eq. 3, where T = 1056 °C, we calculated a diffusion
coefficient (logD) for Fe—Mg interdiffusion in clinopyroxene of —15.17
cm?/s. Our diffusion modeling results show that distinct compositional
boundaries in Bogoslof clinopyroxenes are <180 days old (Table 1;
Fig. 8). By subtracting our resulting timescales from the day the samples
were erupted, the oldest diffusion timescales correspond to March 2017
(Fig. 8; Fig. 9). The process of diffusional relaxation is driven by the
chemical gradient between crystal zones. The smoothening of the
initially stepwise profiles thereby records the date of formation of each
boundary (Fig. 10). Diffusion timescales from normally and reversely
zoned clinopyroxene phenocrysts overlap, suggesting that the processes
that formed the final rims occurred nearly simultaneously, regardless of
chemical zonation (Table 1). Additionally, assuming a similar modeling
temperature, diffusion timescales from crystals hosted in trachyandesite
are similarly short (Table 1). Evidence described in Loewen et al. (2019)
shows that the trachyandesite was not a juvenile lava of the 2016-2017
eruption. Because of this, the resulting timescales from diffusion
modeling in trachyandesite-hosted phenocrysts are not included in the
temporally synthesized interdisciplinary monitoring data (Fig. 10).

3.5. Multi-phase crystal clots and growth rates

The preservation of similar chemical changes recorded within the
core-rim boundaries across multiple phases in crystal clots indicates that
the distinct boundaries within all three mineral phases (clinopyroxene,
plagioclase, and amphibole) formed contemporaneously. An analogous
observation of an olivine grain reacting to form a rim of orthopyroxene
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Fig. 6. Images of 2017 eruptive products that exhibit macroscopic (a-b) and microscopic (c-e) evidence of fusing and recycling of trachytic material by basaltic
magma. (a) Photograph of trachyte bomb mingled with dark basaltic scoria. (b) Photograph of trachyte pumice sample with small (2-8 mm) mafic inclusions
suspended by glassy strands of trachyte in the center of a distinctly large vesicles. This texture is likely due to the heterogeneous bubble nucleation at the surface of
the lithic fragment (e.g. Gardner and Denis, 2004). (c) BSE image of a quartz crystal in trachyte pumice. The dissolution rim of the quartz likely formed as a result of
heating. (d) BSE image of a quartz xenocryst with a reaction rim composed mostly of clinopyroxene, hosted in basalt. (e) BSE image of amphibole pseudomorph in
trachyte pumice sample 18CW100-28. The heating of the trachyte reservoir caused by rejuvenation of mafic magma may have triggered trachyte-hosted amphiboles

to dissolve into the observed pseudomorphs.

while affixed to the calcic core of a plagioclase phenocryst was made by
Izbekov et al. (2004) at Karymsky volcano. The strong evidence sup-
porting contemporaneous rim formation in crystal clots justifies our use
of diffusion timescales from clinopyroxene to calculate growth rates for
plagioclase phenocrysts and amphibole reaction rims.

Minerals within multi-phase crystal clots share similar chemical
changes between core and rim compositional zones. This may suggest
that the cores originally were part of the same magma storage system,
then experienced a change in the conditions of the magmatic system
simultaneously. One crystal clot from a basaltic scoria sample (Fig. 10a)
depicts a shared boundary between clinopyroxene, plagioclase, and
amphibole. In this clot, the outermost rims of clinopyroxene and

plagioclase seemingly correspond with the amphibole reaction rim, and,
relative to their cores, have lower Mg# and anorthite content, respec-
tively. Another crystal clot (Fig. 10b) exhibits plagioclase and clino-
pyroxene phenocrysts with a shared core-rim boundary. Fig. 10c shows a
crystal clot where the distinct boundary in a normally zoned clinopyr-
oxene may be traced across to the demarcation separating the amphibole
phenocryst core from its reaction rim.

The presence of the shared boundary traceable across attached
phenocrysts provides a unique opportunity to determine rates of
plagioclase growth and amphibole reaction rim formation. Our diffusion
model for the boundaries in clinopyroxene provides a timescale estimate
for shared rims in the attached plagioclase and/or amphibole from
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Fig. 7. (Top left) back-scattered electron image of a clinopyroxene phenocryst showing the locations of electron microprobe transects by red lines. The location of the
corresponding transects from EPMA analyses and results of diffusion modeling with the calculated age of the chemical boundary is indicated by the yellow box.

which we can calculate natural apparent growth rates.

With the textural and chemical evidence shown by the zoned crystal
clots supporting our hypothesis of contemporaneous rim formation, we
utilized diffusional timescales in clinopyroxene to calculate applicable
growth rates for the outermost rims of plagioclase (1.7 + 0.99 x 107°
um/s). We utilize the shortest rim width of plagioclase phenocrysts,
assuming that wider sections are products of either faster growth rates
due to crystallographic preference or of the crystal having been cut
obliquely. Our calculated plagioclase growth rate is comparable to
published growth rates of 3.5 x 107%-6.06 x 107> um/s (Larsen, 2005).
Additionally, the work of Kirkpatrick (1977), which studies the pro-
cesses of basaltic crystallization at Hawaiian lava lakes, describes
plagioclase growth rates perpendicular to (010) to range from 1.7 X
107%to 1.1. X 107 um/s. It is assumed that crystal growth occurs more
rapidly than the internal Fe—Mg interdiffusion, thus, our plagioclase
growth rate calculated from clinopyroxene diffusion timescales may be
an underestimate of the true rate.

We additionally used crystal clots to calculate the rate of reaction rim
formation in amphiboles to be 2.8 + 0.47 x 107° um/s. We use a
calculated mean width for amphibole reaction rims, after the rim-width-
measuring methodology of De Angelis et al. (2013). The implication of
amphibole reaction rims is that an original crystalline rim must form
before subsequently breaking down into a reaction rim. Our rim for-
mation rate in natural amphiboles thus serves as a maximum, in that the

reaction rims may have formed significantly more rapidly during
magma ascent or shallow storage, when magmas exited the range of
amphibole stability. It is due to these uncertainties that we do not utilize
our amphibole reaction rim growth rate to independently determine
magmatic timescales using growth rate chronometry.

3.6. Growth rate chronometry

Using the timescales of clinopyroxene diffusion, and relating these to
the growth rate of shared rims in crystal clots, we infer additional
timescales from rim width of plagioclase crystals. Eighteen plagioclase
rims were measured and had widths ranging from 7.8 to 36.0 um, cor-
responding to growth ranging from 43 to 200 days. Overall, both cli-
nopyroxene diffusion and plagioclase growth rate chronometry result in
similarly short timescales ranging weeks to months before the cessation
of the eruption (Fig. 8; Fig. 9d).

Growth rate chronometry may be a particularly useful tool to
constrain timescales of magma processes. Computing magmatic time-
scales from growth rate chronometry is significantly faster than per-
forming diffusion studies, due to the fact that growth rate chronometry
requires only phenocryst imaging, while diffusion studies require
detailed quantitative core-rim transects. The analytical time and cost
required for growth rate chronometry is nearly negligible, thereby
allowing us to rapidly analyze many crystals and constrain the
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Table 1
Results from diffusion modeling in clinopyroxene.
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Sample ID Clino- pyroxene Profile # Zonation type Timescale (+) Uncertainty (—) Uncertainty
Crystal ID Days Days Days
Basaltic Scoria
18CW100-10A 1 1 Normal 46 16 -25
18CW100-10A 2 1 Normal 77 27 —42
18CW100-10A 3 3 Normal 36 12 —-21
18CW100-10A 4 2 Normal 8 3 -4
18CW100-13B 1 5 Reversed 11 6 -2
18CW100-13B 5 1 Reversed 180 64 —98
18CW100-19 6 1 Normal 96 34 -53
18CW100-19 7 1 Normal 112 41 -59
18CW100-19 8 1 Reversed 96 34 —53
18CW100-19 9 1 Normal 55 19 -30
18CW100-19 10 2 Normal 145 51 —-80
18CW100-19 11 3 Reversed 10 3 -7
18CW100-19 12 3 Normal 23 8 -13
18CW100-24 1 2 Reversed 11 4 -6
18CW100-24 2 1 Reversed 174 61 —96
18CW105-3 la 1 Normal 8 3 -4
18CW105-3 2 3 Reversed 44 16 —24
18CW105-3 3 1 Normal 1 0 -2
18CW105-3 4 2 Reversed 19 6 -11
18CW105-3 5 2 Reversed 84 30 —46
18CW105-3 6 2 Reversed 6 2 -4
18CW105-3 7 5 Normal 96 34 —53
18CW105-3 CcC1 3 Normal 43 15 —24
18CW105-3 CC2 3 Normal 59 21 -33
18CW105-3 CC3 2 Normal 117 41 —64
Mafic Enclave
18CW105-1B 2 2 Normal 59 21 —-32
Trachyandesite
18CW100-6 (Cco1 4 Reversed 90 32 —49
18CW100-6 3 4 Normal 178 79 —-58
18CW105-1A 3 2 Normal 103 36 —58

Clinopyroxene

Count

Plagioclase

4 -
34
24
1 -

100
Age (days)

150

200

Fig. 8. Histograms of resulting timescales from clinopyroxene diffusion chro-
nometry and plagioclase growth rate chronometry. Curves above the histo-
grams are kernel density estimates utilizing 30-day bin widths to accommodate
for average uncertainties in the timescale results.

timescales of magmatic processes more efficiently than with diffusion
chronometry. Our plagioclase timescales largely mirror our clinopyr-
oxene diffusion timescales: lacking any distinctive long or short time-
scale populations (Fig. 8). This provides us with additional confidence
that we do not miss a population in the limited number of analyzed

10

clinopyroxene crystals. In the future, growth rate chronometry may aid
in analyses of the timescales of magmatic processes in addition to the
well-established diffusion chronometry.

4. Discussion
4.1. Sharp chemical boundaries

The volcanic products of 2016-2017 eruption of Bogoslof include
phenocrysts of clinopyroxene, plagioclase, and amphibole, all of which
exhibit compositional and/or textural zoning which separates their
cores from the distinct rims. The growth and stability of minerals are
controlled by multiple factors, including but not limited to changes in
temperature, pressure, magma composition, volatile content, and
oxidation state. Evidence from multi-phase crystal clots indicates that
the distinct boundaries in all three mineral phases formed contempo-
raneously (Fig. 10). By synthesizing the wealth of knowledge from
petrological experiments, we may determine one single process which
caused all three mineral phases to react and form new rims. Below, we
list a variety of theoretical magmatic processes which may be respon-
sible for observed sudden changes in the mineral phases. One by one, we
will rule out the magmatic processes until we are left with one simple
explanation: the sharp compositional gradients found between crystal
cores and outer rims in clinopyroxene and plagioclase, along with the
contemporaneous breakdown of amphibole, are best explained by the
rapid ascent-driven decompression of hot basaltic magma.

Heating caused by magma recharge is not consistent with the
continuous growth of sodic plagioclase and Fe-rich clinopyroxene rims
and apparent absence of dissolution boundaries (Waters et al., 2015).
We also rule out the possibility of rapid cooling, as this would not lead to
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amphibole decomposition. Similarly, a rapid transfer of crystal cargo
from a high-temperature domain to a low-temperature environment
with evolved melt composition would not affect the stability of amphi-
bole. Although change of melt composition due to the assimilation of
trachyte cannot be excluded, and therefore it could have potentially
affected compositions of clinopyroxenes and plagioclases, this would not
affect the stability of amphiboles (King et al., 2018). While gradual
change of melt composition due to cooling and protracted crystallization
could theoretically explain a difference between core and rim compo-
sitions, it is not consistent with the observed sharp compositional

11

boundaries, as extended crystallization would likely produce non-
stepwise compositional gradients.

With evidence suggesting that the amphibole reaction rims may have
formed contemporaneously with the outer rims of clinopyroxene and
plagioclase, an explanation for the source of the abrupt change may be
recorded in the composition and textures of amphibole breakdown rims.
The amphibole reaction rims possess a microlite mineral assemblage of
plagioclase, clinopyroxene, orthopyroxene, and Fe—Ti oxides. The
experimental results of De Angelis et al. (2013) and Browne and Gardner
(2006) attribute the crystallization of clinopyroxene in reaction rims to
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Fig. 10. BSE images of crystal clots with compositional / textural boundaries, which can be traced across clinopyroxene (CPx), plagioclase (Plag), and amphibole
(Amph). The outer rims of clinopyroxene and plagioclase correlate with amphibole reaction rims (Rxn Rim). Both (a) and (c) are found in basalt, while (b) is found in
trachyandesite. Red lines on BSE images represent measured EPMA core-rim transects taken across distinct zonal boundaries in clinopyroxene. BSE images in (a) and
(b) are stitched together from two separate BSE images in order to visualize detailed zoning in all mineral phases, which is why plagioclase appears brighter than the
other phases in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

heating events, and orthopyroxene to decompression. While the
complexity of natural amphiboles often exceeds those of experimental
studies, we suggest that the presence of both clinopyroxene and ortho-
pyroxene in observed reaction rims may indicate that Bogoslof amphi-
boles in basalts experienced a combination of ascent-driven
decompression and slight change in melt composition prior to eruption,

Legend
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I 2016-2017basatt

- Uplifted trachyandesite

[_] Rejuvenatedtrachyte

- Older basalts

- Old trachyte reservoir

[] conduitfor2016-2017 eruption?

face. Figure is schematic and is not drawn to scale.

which may be attributed to the rejuvenation and minor incorporation of
older trachytic magma (Fig. 6; Fig. 11). Notably, amphibole reaction
rims display a variety of textures: Some display small-structured
microlites near the edge of the amphibole, with larger-structured
microlites farther away, and some display the exact opposite, with
larger structure near the amphibole and a sharp change to smaller

Fig. 11. Conceptual cross-section cartoon of
Bogoslof, after Loewen et al. (2019). Details
regarding locations A-D are shown to the right.
A) Is the shallow basalt pre-eruptive storage
area, where plagioclase (pl), clinopyroxene (cp)
and amphibole (am) begin/continue to crystal-
lize. This is likely where the relatively low Al,O3
zones grew in amphibole. B) Depicts ascent-
driven decompression of the magma, triggering
abrupt compositional changes in clinopyroxene
and plagioclase, and bringing amphibole out of
its range of stability, thereby forming breakdown
rims. C) Shows where the old trachyte reservoir
is partially reheated and recycled. This is where
Fe—Ti oxides re-equilibrate to the high basalt
temperatures, and magmas mingled to create the
observed hand samples, xenocrysts, and crystal
textures (Fig. 6). This could also be where am-
phiboles hosted in the trachyte are turned into
pseudomorphs. D) Is the shallow cryptodome
where diffusion across newly formed stepwise
boundaries records the residence times of the
crystals. The range in diffusion ages indicate that
magma continually rejuvenated the cryptodome
storage area over the weeks to months before the
cessation of the eruption, meaning that the
products of each eruptive episode possess crystal
cargo which exhibit a spectrum of ages across
their chemical zones, depending on how long
they spent in area D before erupting to the sur-

C. trachyte
rejuvenated
and recycled

B. decompression:
crystals begin to
form distinct rims
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structure farther away (Fig. 4).

While most of the outer rims of amphiboles have broken down, some
amphiboles retain an area of lower Al,O3 rims. Transects across the
compositional boundaries in such amphiboles reveal that cores are high
Al,O3 relative to the rims. The cores and rims additionally exhibit
inverted relationships between MgO and FeO (Loewen et al., 2019). The
boundary separating high Al,O3 cores from low Al;03 rims indicate that
amphibole phenocrysts with this distinct compositional zoning initially
crystallized in a high pressure reservoir and were later brought to a
second reservoir of lower pressure where the low AlyO3 rims formed,
similar to the observed compositional variations at Bezymianny Vol-
cano, Kamchatka (Turner et al., 2013). The shared boundaries between
the distinct rims of clinopyroxene and plagioclase with amphibole re-
action rims indicate that the Al,O3 zonation in amphibole phenocrysts
records events before the formation of stepwise boundaries in other
mineral phases. We suggest that the high AlyO3 cores of amphiboles
formed in a mid crustal storage area, and that the presence of lower
Al,03 zones record evidence for the path of magma ascent into a second
storage area of slightly lower pressure than that of the mid-crustal
reservoir (Fig. 11). These amphiboles crystallized low Al,O3 zones
while clinopyroxene and plagioclase crystallized in the second storage
area, and all phases then formed their outermost rims (including
amphibole reaction rims) during final ascent-driven decompression
(McCanta et al., 2006). Ultimately, this ascent of magma led to either
immediate eruption or temporary stalling in shallow cryptodomes for
weeks-months. The presence of amphiboles with low Al;O3 rims which
lack the outermost breakdown rim can be explained by rapid ascent and
eruption, suggesting that these amphiboles did not reside at a shallow
depth long enough to begin the breakdown process.

An abrupt decrease in pressure triggered by magma ascent followed
by a residence at a shallow depth remains the only possible explanation
for the contemporaneous formation of sodic plagioclase, Fe-rich clino-
pyroxene, and amphibole reaction rims. Rapid decompression drives
water out of the melt, triggering simultaneous crystallization of stable
mineral phases and decomposition of amphiboles. Decompression of this
nature is most commonly caused by the vertical ascent of magma
through the crust. Temperature of the magma remains relatively con-
stant, causing the system to leave the field of amphibole stability as
pressure decreases. Meanwhile, stable phases continue to crystallize in a
chemically distinct composition. Diffusion across compositionally con-
trasting zones of stable phases may be used to estimate residence times
of crystals in the shallow pre-eruptive cryptodome.

As conceptualized in Fig. 11, the basalt continually replenished a
shallow storage chamber, forming cryptodomes before subsequently
erupting to the surface. The continuous injection of basalt into the
shallow cryptodome storage area, coupled with the rejuvenation and
subsequent mingling of trachytic magma, is likely responsible for the
presence of both normally and reversely zoned clinopyroxene crystals.
The deeper clinopyroxene crystals hosted in the fresh basalt experienced
rapid decompression, triggering the formation of distinctly lower Mg#
rims (normal zoning), while shallow clinopyroxene cores hosted in the
shallow cryptodome area experienced heating from the fresh basalt and
formed higher Mg# rims (reverse zoning). These processes occurred
nearly simultaneously, and thus our diffusion models result in similar
timescales, regardless of chemical zonation (Table 1).

4.2. Implications of diffusion chronometry results

Accounting for the range of temperatures associated with the un-
certainty of Fe—Ti thermometry, the lowest temperature suggests that
the oldest diffusion ages may even correspond to late November/early
December 2016 (Fig. 9). Knowing the timing of eruption for samples
allows us to date the individual zones in magmatic phenocrysts, as pre-
eruptive magmatic processes trigger the formation of new, chemically
distinct rims, and diffusion between the core and subsequent rims begins
immediately.
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Our diffusion results suggest that the zonal boundaries within the
phenocrysts of the 2016-2017 eruption of Bogoslof formed in the weeks
to months prior to the cessation of the eruption. Similarly short time-
scales have been observed in both clinopyroxene and orthopyroxene
diffusion studies. For example, Kilgour et al. (2014) present diffusion
timescale results from both clinopyroxene and orthopyroxene erupted at
Ruapehu volcano, timescales of which also range weeks to months prior
to eruption. Saunders et al. (2012b) use diffusion in orthopyroxene to
study magmatic timescales leading up to the 1980-1986 series of
eruptions at Mount St. Helens, again establishing that the time elapsed
between final rim formation and eruption ranges from days to months. It
is notable that the eruptions of Ruapehu and Mount Saint Helens
behaved similarly to the most recent eruption of Bogoslof, in that all
three eruptions formed domes/cryptodomes, and additionally all
display short diffusion timescales recorded in their erupted products. We
interpret these short timescales at Bogoslof as evidence that the distinct
boundaries within the main mineral phases were not inherited from
prior eruptions, but rather record changes that occurred during the
2016-2017 period of activity.

Samples used in this study were collected from the surface <1 year
after the end of the eruption, thus, we assume that all basalt and trachyte
samples used in this study are the products of the final explosive event
on August 30, 2017. Our diffusion models in clinopyroxene result in a
value of days since the chemical core-rim boundary was formed. By
subtracting these values from the day the samples were erupted, we may
approximate the dates when the magmatic processes that created the
distinct boundaries occurred. Our clinopyroxene diffusion modeling
ages indicate that changes in the magmatic system may have begun
around March 2017, seemingly overlapping with increases in both SO,
mass flux (Lopez et al., 2020) and seismicity (Wech et al., 2018) that
occurred during a pause in eruptive events around March (Fig. 9a and b).
The correlation between gas monitoring data and our diffusion time-
scales indicates that degassing of magma during ascent and shallow
emplacement is responsible for the observed increase in SO, and the
formation of new distinct crystal rims. It is reasonable to infer that the
increased seismic activity, which overlaps with other monitoring data
and our results, was also triggered by the movement of magma through
the crust and into the shallow cryptodome.

4.3. Trachyte rejuvenation and shallow magma emplacement

Volcanic eruptions are frequently triggered by the injection of mafic
magma into an upper crustal magma storage area (Murphy et al., 1998;
Eichelberger et al., 2000; Eichelberger and Izbekov, 2000; Leonard
et al., 2002; Edmonds et al., 2010). We suggest that for the most recent
eruption of Bogoslof, the repetitive decompression and subsequent
emplacement of fresh mafic magma into a shallow magma reservoir can
explain our observations. The magma experienced ascent-driven
decompression which created distinct rims in mineral phases. Distinct
chemical zoning ubiquitous in samples reflects magma stalling in this
region, and timescales estimated from diffusion and crystal growth rate
chronometry show that this occurred throughout the course of the
2016-2017 eruption (Fig. 9). During the eruption, basalt rejuvenated
and recycled old trachytic material. In addition to macroscopic hand
samples, further evidence to support the mingling of basalt and trachyte
are trace quartz xenocrysts with reaction rims found in basalt (Fig. 6d).
The mingling of magmas additionally created a bimodal population of
normally and reversely zoned crystals.

The second line of evidence supporting the rejuvenation of trachyte
by mafic magma is the composition of the trachyte pumice. The oldest
recorded eruption at Bogoslof of Castle Rock in 1796-1804 was of a
nearly identical composition to the 2016-2017 trachyte (Loewen et al.,
2019). The high crystallinity of the recently erupted trachyte further
suggests that the basalt which dominated the 2016-2017 and other
historical eruptions at Bogoslof reheated and rejuvenated unerupted
Castle Rock magma (Fig. 6; Fig. 11).
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The presence of amphibole pseudomorphs in trachyte pumice may
also support the heating of the trachyte by the intrusion of fresh magma,
as experimental results show that heating of amphiboles favors the rapid
formation of pseudomorphs (De Angelis et al., 2013).

Additionally, temperature calculations on Fe—Ti oxide pairs in the
trachyte from Loewen et al. (2019) indicate a high temperature expected
of amphibole bearing basalts (980-1056 °C), while our two-feldspar
thermometer calculations result in temperatures approximately
100-200 °C cooler. This can be explained by comparing the rates of re-
equilibration of Fe—Ti oxides and feldspars.

Volcanic products of trachytic composition were not observed in
January, March, or May distal ashfall samples. This suggests that the
trachyte only erupted toward the end of the 2016-2017 eruption. Loe-
wen et al. (2019) use this as evidence for magma rejuvenation, where
the highly crystalline subsolidus trachyte, possibly residual from the
1796 eruption, was reheated in the first weeks-months of the eruption
and began mingling and erupting with juvenile basalt in the final
months of the eruption. The first weeks-months of the eruption serve as
a sufficient window of time for the Fe—Ti oxides in the trachyte to
thermally re-equilibrate to basaltic temperatures (Venezky and Ruth-
erford, 1999).

Given that feldspars do not thermally re-equilibrate as rapidly as
Fe—Ti oxides, we interpret the difference in resulting temperatures
between the two as further evidence to support heating of the trachyte.
The Fe—Ti oxides re-equilibrated to the temperature of the intruding
mafic magma, while the feldspars record an intermediate temperature
between that of the hot juvenile basalt and that of the trachyte reservoir
before experiencing any heating.

5. Conclusions

The 2016-2017 eruption of Bogoslof produced basalts, which have a
mineral assemblage including plagioclase, clinopyroxene, and amphi-
bole. All three of the dominant mineral phases exhibit sharp chemical
boundaries, which can be cross-correlated in plagioclase-clinopyroxene-
amphibole crystal clots, thereby suggesting that the distinct zones in the
three phases formed simultaneously. At these shared boundaries, cli-
nopyroxene continued growing, but suddenly changed composition
from Mg# 81.7 + 5.8 to 72.9 + 3.0. Plagioclase continued growing, but
abruptly changed composition from Angzsi14 to Ang;sisy. At
approximately the same time, amphiboles became unstable and formed
reaction rims. The continued growth of clinopyroxene and plagioclase,
their compositional changes, as well as instability of amphibole allowed
us to narrow down the possible origin of the shared boundaries and
propose that they were formed as a result of rapid, ascent-driven
decompression, followed by crystallization at a shallow cryptodome
depth, where magma accumulated prior to explosions and chemical
diffusion recorded residence times of crystals.

The presence of ilmenite-magnetite pairs in the associated trachyte,
which was fused and thermally re-equilibrated with the host basalt,
allowed us to put constraints on the temperature of the basaltic magma.
We were able to model Mg—Fe interdiffusion across the distinct zones in
clinopyroxenes and to determine their ages, which ranged from weeks to
months. Samples analyzed in this study were erupted during the final
explosive episode on August 30, 2017, when the diffusion in resident
crystals stopped. Using our timescales from clinopyroxene diffusion
chronometry, we were able to date the shared boundaries in multi-phase
crystal clots, which, coupled with rim width measurements, allowed us
to calculate a plagioclase rim growth rate of 1.7 + 0.99 x 10~® um/s,
which is comparable to prior estimates for Karymsky magma system
(Izbekov et al., 2004) and experimental results (Larsen, 2005). In
addition, we estimated the rate of amphibole reaction rim formation to
be 2.8 + 0.47 x 10~° um/s. Importantly, in the case of the 2016-2017
Bogoslof eruption, the amphibole reaction rims formed in response to
decompression, not temperature increase, which is suggested by the
simultaneous and continuous growth of plagioclase and clinopyroxene.
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In summary, a rich mineralogy, the known age of eruptive products,
and independent constraints for the temperature of the 2016-2017
Bogoslof magma provided us with a unique opportunity to identify the
processes responsible for the formation of chemical boundaries and to
determine their timing. Both diffusion chronometry and growth rate
chronometry serve as powerful tools to analyze individual zones in
phenocrysts by constraining the timescales of the magmatic processes
which formed them. By combining our compositional and temporal
petrologic information with the data of other disciplines, we may
perform petrologic monitoring in order to aid in the interpretation of
interdisciplinary monitoring signals. Our results indicate that changes in
traditional monitoring data, such as seismicity and volcanic degassing,
directly relate to perturbations in the conditions of the magmatic system
(Kahl et al., 2013).
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