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Abstract

Every volcanic eruption is unique, and creates opportunities for scientists to gain in
sights on magma processes. Studying active volcanoes not only adds to our understanding

of fundamental processes that shape our planet, but it is also importantly aids the scientific
community to assess and mitigate the many hazards that volcanoes pose. The products of
the 2016-2017 eruption of Bogoslof Volcano provide a unique opportunity for the application
of diffusion chronometry, due to the abundance of distinct, stepwise boundaries within three

mineral phases: clinopyroxene, plagioclase, and amphibole. Given that diffusion is driven
by the presence of a chemical gradient, the compositionally stepwise boundaries between

distinct zones can be used to investigate the diffusion of elements within the crystals in
order to constrain timing of the magmatic processes that created them, as well as crystal

residence times. Here we present our analyses of these stepwise boundaries, and discuss the

potential correlation of acquired diffusional timescales from clinopyroxene with the other
two mineral phases, in order to determine what magma processes lead to the formation of

these boundaries, and when these processes occurred. Our results suggest that the stepwise
boundaries in crystalline phases of the magmas erupted by Bogoslof in August 2017 formed

due to mafic recharge that resumed in March 2017 and occurred repeatedly until the cessa
tion of the eruption in August 2017. Activity at Bogoslof during March 2017 is additionally

characterized by increased seismicity and SO2 rates, suggesting that our petrologic results
are consistent with multiple interdisciplinary observations.
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General Introduction
1.1 Introduction
Active volcanoes are fascinating and natural laboratories. Every eruption provides sci

entists a unique opportunity to understand fundamental processes of volcanism, which ul
timately contribute to shaping our planet Earth. While they are intriguing, volcanoes are

also dangerous, and pose a major threat to aviation and local communities. Volcanic ash is
infamous for the extreme ways that it can affect components of plane engines, which could

ultimately lead to the endangerment of passengers and others. Our work is therefore moti
vated by a combination of both of these factors; to better understand fundamental processes
that shape the Earth, and to aid in assessing and mitigating the potential hazards that

volcanoes create.
Volcanic eruptions are often triggered by the injection of primitive hot magma into a

pre-existing reservoir, causing changes in its temperature, pressure, and possibly chemical
composition (Edmonds et al., 2010; Costa et al., 2008; Izbekov et al., 2004; Eichelberger

and Izbekov, 2000). When changes are both drastic and rapid, this process may favor
the formation of stepwise compositional boundaries in growing crystals. These boundaries

are characterized by sharp compositional gradients, which drive solid-state diffusion across

phenocrysts. With enough time, diffusion is capable of eliminating such gradients, however,
volcanic systems rarely reach a state of equilibrium. Diffusion stops when a crystal is brought

to the surface during an eruption and cools down. This effectively freezes the boundary,
thereby preserving the compositional gradients at the time of eruption. These diffusional

profiles, formed by the incomplete re-equilibration of phenocrysts, provide an opportunity

to determine crystal residence times. If the time of eruption is known, the absolute age of
the stepwise boundaries can be determined via diffusion chronometry. This technique has

been applied successfully in several important studies (Morgan et al., 2004; Costa et al.,

2008; Kahl et al., 2011; Kilgour et al., 2014; Till et al., 2015; Ruth et al., 2018). We follow
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similar procedures to apply diffusion chronometry to the products of the 2016-2017 eruption
of Bogoslof Volcano to constrain the time between the magma replenishment event and the

subsequent eruption. Acquired timescales from this technique can be applied to volcanic

products globally to aid in the assessment and mitigation of volcanic hazards.

2

1.2 How Volcanoes Work

On Earth, there are three main sources of volcanism: subduction zones, divergent plate

boundaries, and mantle plume hot spots. Subduction and plate divergence are directly
correlated to the relative movement of tectonic plates, while the third source is considered to
act independently of tectonic plate boundaries. In order to understand volcanism, one must
understand these processes individually, but due to subduction being the source of volcanism
that has led to the formation of Bogoslof and the other Aleutian volcanoes, we focus solely

on the background of this source.
Subduction zones are key constituents in the processes of plate tectonics, melt generation,

crustal formation, and recycling of geologic material (e.g. Jicha, et al. 2006). The process

of subduction occurs when one lithospheric plate comes into contact with another, and
one of the two is forced beneath the other. This process is connected to the descent of

segments of mantle convection cells, and acts as a major driving force for plate tectonics

(Stern, 2002). When the subducting slab is overridden by the opposing plate, it undergoes a

continuous increase in both pressure and temperature, triggering metamorphism that alters
the mineralogy and causes hydrated minerals in the subducting plate to expel water from

their crystalline structure. Water expelled from the subducting lithosphere interacts with the
mantle wedge between the two plates, dramatically lowering the melting point of the mantle

rock by a process known as freezing point depression. An analogous process can be witnessed
on the surface, by adding salt to ice. The flux of hydrous fluid into the mantle wedge triggers
the initiation of partial melting of the mantle, eventually leading to the formation of lines of

volcanic features on the surface that run generally parallel to the subducting plate (Arculus,

1994; Hawkins, 2003).
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Timescales of Magmatic Processes from Diffusional Profiles Recorded in Minerals of the

2016-2017 Eruption of Bogoslof Volcano, Alaska

2.1 Abstract
The most recent eruption of Bogoslof Volcano began in December of 2016 and lasted

until August 2017. The erupted products provide a unique opportunity for the application
of diffusion chronometry, due to the abundance of distinct, stepwise boundaries within three

mineral phases: clinopyroxene, plagioclase, and amphibole. Given that diffusion is driven
by the presence of a chemical gradient, the compositionally stepwise boundaries between

distinct zones can be used to investigate the diffusion of elements within the crystals in
order to constrain timescales of the magmatic processes that created them. Here we present

our analyses of these stepwise boundaries, and discuss the potential correlation of acquired

diffusional timescales from clinopyroxene with the other two mineral phases, in order to
determine what magma processes lead to the formation of these boundaries, and when these
processes occurred. Our analyses focus primarily on stepwise boundaries exhibited within

the zoned phenocrysts of basalt, as it was the most abundant and juvenile lithology erupted.
Our results suggest that the stepwise boundaries within clinopyroxene crystals formed due
to mafic recharge that began in March 2017, and occurred repeatedly until the cessation
of the eruption in August 2017. Activity at Bogoslof during March 2017 is additionally

characterized by increased seismicity and SO2 rates, suggesting that our petrologic results
are consistent with multiple interdisciplinary observations.
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2.2 Introduction
Injection of fresh magma into a pre-existing reservoir can often lead to volcanic eruptions

(Edmonds et al., 2010; Costa et al., 2008; Izbekov et al., 2004; Eichelberger and Izbekov,
2000). The presence of stepwise boundaries in crystals indicates a rapid change in the

magmatic system, such as magmatic recharge or decompression. Diffusion chronometry is a

technique that helps us to measure the ages of crystals: specifically the timescales required

to form the individual stepwise zones. This technique has been applied successfully in several
important studies (Morgan et al., 2004; Costa et al., 2008; Kahl et al., 2011; Kilgour et al.,

2014; Till et al., 2015; Ruth et al., 2018). We follow similar procedures to apply diffusion
chronometry to the products of the 2016-2017 eruption of Bogoslof Volcano.

Over time, various techniques in petrology have been increasingly applied to better un
derstand the complex processes relating to magma storage and eruption triggers (Cashman

and Sparks, 2013). Many processes can occur within and around a magmatic reservoir, such
as mixing/mingling of multiple magmas (Anderson 1976; Browne et al., 2006), assimilation
of country rock into the host magma (Clarke and Carruzzo, 2007), and the formation of

strata based on compositional variation (Kazami et al., 2016). Topics relating to magma
processes such as these are complicated and dynamic, but can be more effectively constrained

via petrologic studies (Cashman and Sparks, 2013).

An example of one of the many petrologic tools used to study magmatic processes is

the technique of modeling diffusion of elements in response to a chemical gradient in order

to constrain timescales of magmatic processes (Dohmen et al., 2017). An example of such
a magmatic process is the injection of hot, fresh magma to an older reservoir: a process
commonly associated with the onset of volcanic eruptions (Kilgour et al., 2014; Murphy et

al., 1998; Leonard et al., 2002). Through the transfer of heat and mass, the influx of fresh
magma is attributed to the rejuvenation of the pre-existing reservoir (Izbekov et al., 2004).

Because of the distinct chemical zones that can form within crystals as a result of multi
magma interaction, the products of magma recharge are frequently utilized to determine
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the timescales at which these processes occur (Morgan et al., 2004; Kilgour et al., 2014).

The approximate age of formation of stepwise chemical boundaries within a crystal can
be constrained via diffusion chronometry, assuming that the relevant diffusion coefficient
values of the target elements within individual mineral phases are available (Costa et al.,
2005). Gaining an understanding of the timescales of such magmatic processes is incredibly

beneficial, as this information can aid in eruption forecasting and potential hazard mitigation
(Kilgour et al., 2014).

When a crystal is growing in a magmatic reservoir, the zones growing within the crystal

act as record keepers for changes within the system. Evidence of change is recorded by tex
tural and compositional variation within crystals. A number of studies have been conducted

in the past to constrain the magmatic history of crystals by interpreting such compositional
zones. For example, crystal zonation can be used to study magma processes using Fe-Mg
interdiffusion in olivine (Gerlach and Grove, 1982), clinopyroxene (Morgan et al., 2004), and

orthopyroxene (Kilgour et al., 2014), or Sr diffusion in plagioclase (Zellmer et al., 1999). As
mentioned by Kilgour et al. (2014), diffusion studies can also be applied to observe how

crystals react to being exposed to and shifted between various magmatic chambers (Kahl et
al., 2011, 2013), to constrain how long it takes to accumulate and erupt a magma reservoir

(Morgan et al., 2004; Druitt et al., 2012), and to determine lag time between magma rejuve
nation and eruption (Zellmer et al., 2003; Martin et al., 2008., Charlier et al., 2012; Druitt
et al., 2012).

Diffusion chronometry studies have been done on a wide variety of minerals, such as

olivine, clinopyroxene, orthopyroxene, plagioclase, sanidine and quartz. With temperature
of the system and composition of the material playing large roles in controlling the rate of

diffusion, the variety of crystals used in past studies attests to the validity of the technique,
and indicates that it is applicable to a comprehensive range of magmatic conditions and

volcanic settings (Kilgour et al., 2014).
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2.3 Geologic Background
2.3.1 The Alaska-Aleutian Arc

The Alaska-Aleutian Arc results from subduction of the Pacific Plate beneath the North

American plate. Jicha et al. (2006) suggest the age of the onset of subduction and sub
sequent magmatism in the Aleutians to be approximately 46 Ma, based on 40Ar/39Ar age

determinations coupled with pre-existing K-Ar ages. The center of magmatism along the

Aleutian Arc has migrated northward over the last 46 million years, so it is also suggested
that there may be older (greater than 40 Ma) Aleutian crustal material to the south of the

current Aleutian front (Jicha et al., 2006). Extending to the West from the Gulf of Alaska,
the Alaska-Aleutian Arc intersects with the Kamchatka-Kuril Arc, which continues south

ward for approximately another 2,000 km. This complex is also connected to neighboring
areas of subduction, such as the Japan, Izu-Bonin, and Mariana trenches (Ruppert 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 (Figure 2.1 A) (Larson et al., 1997; DeMets et al., 1994;

Scholl, 2007; Ruppert et al., 2007). It should be noted, however, that the relative plate
motion changes in the western portion of the arc to transform, rather than trench-normal
(Ruppert et al., 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 more than 130 active volcanoes 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 (since the last glacial period), and over
50 have been active since the 18th century (www.avo.alaska.edu). Generally, the area of
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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; Waythomas et al., 2020).

2.3.2 Bogoslof Volcano
Bogoslof Volcano is an active stratovolcano offset behind the main Aleutian Island vol

canic chain in the Southern Bering Sea. Bogoslof exhibits a total of 1700-1800 m of relief to

the seafloor, and is categorized as a predominantly submarine stratovolcano, with 100 m as
the greatest elevation above sea level. The base of the cone has a diameter of about 18 km,
and the slopes of the volcano rise towards the surface with an angle of approximately 12-14
degrees (Waythomas et al., 2019; Smith, 1937). The volcano is 130 cubic kilometers in vol

ume, and possesses two main subaerial landmarks: 1) the primary vent, commonly referred

to as Bogoslof Island, and 2) Fire Island, a small sea stack which is the present-day remains
of a volcanic dome that extruded in 1883, located about 610 m northwest of Bogoslof Island

(Figure 2.1 B) (www.avo.alaska.edu; Waythomas and Cameron, 2018).
Fire Island has also been referred to as Grewingk by Dall (1884 and 1885) and as New
Bogoslof by Diller (1884and1885)(Byers, 1959). As mentioned by Waythomas and Cameron

(2018), Bogoslof possesses multiple indigenous names, such as Agashagok, Agasaagux, and
Tanaxsidaagux, but for the context of this work, the volcano will be informally referred to as
Bogoslof or Bogoslof Volcano, as these are the names the scientific community has utilized

most abundantly when discussing the combination of the primary vent (Bogoslof Island) and
nearby subaerial volcanic feature, Fire Island.
Bogoslof Island possesses numerous distinguishable surface features, all of which were

erupted during historical time. From oldest to most recent, the three most notable features

are the 1796 Castle Rock, the 1992 lava dome, and the 1927 lava dome, referred to as Kenyon
dome by the United States Fish and Wildlife Service. In 1796, a submarine eruption caused
a volcanic dome to rise above sea level, creating the first historical surface feature of the
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Figure 2.1: Aleutian Arc and Bogoslof Volcano
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). Google Earth imagery
acquired on December 12, 2015. B) Taken from Loewen et al., 2019. WorldView-3 image of
Bogoslof Island acquired on January 26, 2019. Main surface features are labelled, as well as
sample locations shown in red circles.
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island (Marsh and Leitz, 1979). The remnants of the 1796 lava dome extrusion: Castle Rock

is a steep-sided, twin-peaked pinnacle, located on the southwest side of Bogoslof Island. The
1992 lava created a small (approximately 150 m by 275 m) basaltic dome on the northern
side of the main island, closest in proximity to Fire Island (www.avo.alaska.edu). The 1927
lava dome is contrasted from Fire Island and the 1992 lava by its predominantly convex

shape (Miller et al., 1998). Though originally 40 m high and 300 m in diameter, the 1927
lava dome has since decreased in size due to continuous erosion caused by ocean tides and

more recent volcanic eruptions.
Back-arc volcanoes such as Bogoslof are rare in Alaska and the Aleutians, and the rea
sons behind their formation are still debated. The only subaerial and potentially analogous

volcano to Bogoslof within the Aleutians is Amak Volcano, which is also located approxi
mately 50 km north of (or “behind”) the main volcanic front, and lacks any other surface

features between the main volcanic front and the back-arc volcano (Marsh and Leitz, 1979).
Despite being similar in distance behind the main Aleutian Arc, Amak and Bogoslof differ

from each other in that the erupted basalts of Amak are more mineralogically consistent
with the tholeiites of the Aleutian Arc, including plagioclase, pyroxenes, and Fe-Ti oxides,
whereas Bogoslof erupts amphibole bearing basalts, an eruptive product that is considerably

more unique, even on a global scale (Loewen et al., 2019; Sigurdsson and Shepherd 1974;
Arculus et al. 1983; Luhr and Carmichael 1985; Barclay and Carmichael 2004).

The erupted lithologies of back-arc volcanoes such as Amak and Bogoslof provide a unique
opportunity to study subarc mantle properties relating to areas of greater slab depth within
the Aleutians (Loewen et al., 2019).
With at least nine documented eruptions since the island-forming eruption of 1796, Bo-

goslof Volcano is one of the most active volcanoes in the Aleutians. Confirmed eruptions

have began in 1796, 1806, 1883, 1906, 1907, 1909, 1926, 1951, and 1992, an eruption that
effusively produced a basaltic lava dome (Miller et al., 1998; Loewen et al., 2019). Typical

eruptions of Bogoslof Volcano involve the effusive formation of lava domes, generally basalt

10

to basaltic andesite in composition (Waythomas et al., 2020). These eruptions frequently
include the formation of tuff rings, and have been suggested to possess eruptions clouds

that are broadly ash-poor, with fallout present predominantly within 100 km of the vent
(Waythomas et al., 2020).
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2.4

The 2016-2017 Eruption of Bogoslof Volcano
The most recent eruption ofBogoslofVolcano began on December 12, 2016, and continued

until August 30, 2017 (Waythomas and Cameron, 2018). Counting all events that were
detectable during this time frame, the volcano experienced a series of at least 70 explosive

events, and two dome-building events (Coombs et al., 2018; Coombs et al. 2019; Tepp et
al. 2019). Previous knowledge of the common eruption style of Bogoslof was paired with

visual and satellite observations to infer that the majority of the events between December

2016 and August 2017 were likely Surtseyan in nature (Fee et al., 2019). Although the exact
terminology to describe the eruption style is still debated, we are certain that these eruptions

were water-rich. As a predominantly submarine volcano with low elevation above sea level,
the vent of Bogoslof was submerged for the majority of the 2016-2017 eruption, resulting in
seawater playing a significant role in eruption dynamics (Coombs et al., 2019; Waythomas
et al., 2019; Loewen et al., 2019). There were, however, several longer-lasting events that

led to the formation of a subaerial edifice, thereby allowing the vent to shift above sea level
and produce volcanic clouds that were more ash-rich (Schneider et al., 2020; Coombs et al.,

2019).

2.4.1 Chronology of the 2016-2017 Eruption

The most recent eruption of Bogoslof Volcano lasted for 9 months, beginning in December

2016 and ending in August 2017. Coombs et al. (2019) provide a distinction of two main

phases to describe the eruption: phase 1, which took place from December 12, 2016 through
March 13, 2017, and phase 2, from May 17, 2017 to August 30, 2017. The two phases are
separated by an eruptive hiatus beginning in March 2017 (Figure 2.2).

Precursory seismicity began in September 2016 and was followed by onset ofthe eruption
in December (Tepp et al., 2019). On December 12, the first infrasound signal marked the
start of event 1 of the eruption, which was followed less than 24 hours later by another event

with infrasound data that suggest the presence of a subaerial vent, due to a relatively high
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Figure 2.2: Events During the 2016-2017 Eruption
Histogram showing amount of detected events over the course of the 2016-2017 eruption
of Bogoslof. Data from Coombs et al. (2019), image after a graph made by Christopher
Waythomas.
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frequency index (Fee et al., 2019; Lyons et al., 2020; Coombs et al., 2019). Seismic signals
suggest that the eruption began passively, but then increased in strength on December 14

(Searcy and Power, 2019; Tepp et al., 2019).

A Sentinel-2 satellite image on December 14 provides additional evidence to confirm

the start of the eruption: a white plume of steam emitting from Bogoslof, accompanied by
apparent deposits of fresh material of the east and west sides of the island (Waythomas,
2020). Mid December also marked the uplift of a lava dome to the surface, but this feature

is believed to have formed prior to its uplift, based off of field work done on the island in 2018
(Waythomas, 2020). Additionally, evidence of volcanic lightning was recorded for multiple
of the earlier events, and frequently throughout the course of the eruption (Haney et al.,

2018; Haney et al., 2020; Van Eaton et al., 2019).
The eruption continued with a series of explosive events that occurred repeatedly at a

mean rate of once every 58 hours through mid-March 2017 (Coombs et al., 2019). The

first ash-rich cloud within the eruption sequence occurred on January 18 2017, reaching up
to 8.5 km, and producing 1.9 kilotons of sulfur dioxide (Lopez et al., 2020). During the

first phase of the eruption, explosions were often preceded by repeating earthquakes. These
earthquakes were observed to characteristically increase in both magnitude and recurrence

over time leading up to each explosion, and likely occurred in the shallow crust (Wech et al.,

2018; Tepp et al., 2019; Tepp and Haney, 2019).
March 2017 marked the beginning of an eruptive hiatus lasting 6 weeks until May 17,

when volcanic activity began again. Unlike the first phase of the eruption, events occurring
between May 2017 and August 2017 were rarely preceded by detectable precursory seismic

signals, preventing AVO from forecasting upcoming volcanic activity (Coombs et al., 2020;
Coombs et al., 2018). Phase 2 of the eruption is also characterized by events producing
less detectable lightning (Van Eaton et al., 2020). The events within the second phase

not only consisted of a series of explosions, but additionally included the formation of at

least two subaerial lava domes in June and August (Coombs et al., 2019). Three out of
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the four events with the greatest mass flux of SO2 occurred during the second phase of
the eruption, the fourth being the event with the largest SO2 mass flux from the entire
eruption, which occurred in March 2017 at the end of phase 1 (Lopez et al., 2020). The end

of the eruption consisted predominantly of short explosions (less than 6 minutes), with the

exception of the final event on August 30 2017, which lasted just under an hour (Coombs et

al., 2019). Following the cessation of the eruption, the area surrounding the vent began to

cool, returning to quiescence by the end of 2017 (Coombs et al, 2018). Since then, steady
erosion from waves and weather have continued to alter the shape of the island (Waythomas
et al., 2019; Coombs et al., 2019).

2.4.2 Eruptive Products
The most recent petrological study of Bogoslof, Loewen et al. (2019) provided details

on the overall petrology, texture, and geochemical analyses of the physical products of the

2016-2017eruption. This included details on mineral componentry of each erupted lithology,
tephra analyses of the January 31, March 8, and May 17 ash falls, and geochemistry onboth

whole rock and glass compositions.
The erupted lithologies of the 2016-2017 eruption can be separated into three dis

tinct varieties: basaltic scoria, dense trachyandesitic dome lava, and trachytic pumice.
Both the basaltic scoria and the trachyandesite contain a primarily plagioclase-amphibole-

clinopyroxene mineral assemblage, while the trachyte contains plagioclase, clinopyroxene,

and relic amphibole structures, along with biotite, quartz, potassium feldspar, and titanite. Within all three lithologies, crystals exhibit a variety of compositional zoning patterns

(Loewen et al., 2019). A conspicuous group of crystals exhibit a stepwise textural and com
positional boundary, e.g. their cores have a composition (C0) that then changes drastically

to a different composition (C1). These stepwise boundaries exist in clinopyroxene, plagio

clase, and amphibole. Plagioclases that possess stepwise boundaries can be found in all
three lithologies, while clinopyroxenes and amphiboles with the sharp compositional zones
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are found in the basalt and trachyandesite lithologies.
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2.5

Methodology

2.5.1

Samples

On August 15-16 2018, approximately one year after the cessation of 2016-2017 eruptive

activity, Bogoslof Island was visited by geologists of the Alaska Volcano Observatory (AVO).

Given that Bogoslof Island was repeatedly reshaped by subsequent explosive events, it is

reasonable to say that early eruptive products had not yet been exposed by oceanic erosion
during the sample collection in August 2018. We suggest that only deposits from the last
explosive events (late Summer, 2017) were exposed and sampled, representing the final phase

of the eruption (Loewen et al., 2019). Of the samples collected, 33 were selected for bulk

whole rock analysis. Based on the whole rock composition, 20 representative samples were
selected for manufacturing polished petrographic thin sections and were used in the study of

Loewen et al. (2019) for a detailed whole-rock geochemical study, as well as for preliminary

petrological investigation. The same suite of thin sections was used in this study (Table 2.1).

2.5.2

Target Selection

Eight of the twenty thin sections used in the study of Loewen et al. (2019) were manu
factured at the University of Alaska Fairbanks in the Fall of 2018. All samples were carefully

examined using a petrographic microscope. Thin sections were placed into a high-resolution
Nikon Coolpix IV slide scanner to create digital thin section maps. This was done for each

sample in both plain polarized and cross polarized light. Petrographic examination lead to
the identification of clinopyroxene, plagioclase, and amphibole phenocrysts exhibiting con

trasting core and rim compositions. Exercising care to avoid crystals with oblique core-rim

boundaries, targetable phenocrysts were then marked on digital thin section maps. By cali
brating stage coordinates of the electron microprobe to the scanned specimen maps, selected

areas of interest can then be more readily located, seeing that the observation window of the

electron microprobe is small at such high magnification (Reed, 2005).

17

Latitude

Longitude

Description

53.93247
53.93247
53.93247
53.93247
53.93247
53.93247
53.93247
53.93247
53.93358
53.93358
53.93158

-168.03113
-168.03113
-168.03113
-168.03113
-168.03113
-168.03113
-168.03113
-168.03113
-168.03036
-168.03036
-168.03839

Dark grey scoria
Dark scoria
Dark scoria
Dark grey scoria
Dark scoria
Dark grey scoria
Dark grey scoria
Dark grey scoria
Medium grey scoria
Medium grey scoria
Medium grey scoria

Dome Fragments
18CW100-6
18CW100-7
18CW100-12
18CW105-1A
18CW105-2

53.93247
53.93247
53.93247
53.93158
53.93158

-168.03113
-168.03113
-168.03113
-168.03839
-168.03839

Light grey crystal-rich dome
Light grey crystal-rich dome
Medium grey dome
Light grey dome
Medium grey dome

Pumice
18CW100-27
18CW100-28

53.93247
53.93247

-168.03113
-168.03113

Light pumice
Light pumice

Enclaves
18CW100-13B
18CW103-2
18CW105-1B

53.93247
53.93358
53.93158

-168.03113
-168.03036
-168.03839

Quenched mafic enclave
layered frothy pumice
Gabbroic amph inclusion

Sample ID
Basaltic Scoria
18CW100-9
18CW100-10A
18CW100-10C
18CW100-11
18CW100-13A
18CW100-19
18CW100-24
18CW100-30
18CW103-3
18CW103-4
18CW105-3

Table 2.1: List of Samples
List of samples from the 2016 - 2017 eruption used in this study. All samples collected by
Christopher Waythomas and Kristi Wallace in 2018.
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2.5.3 Analytical Methods

A JEOL JXA8530F electron microprobe was used for quantitative analyses of glass and
minerals at the University of Alaska Fairbanks Advanced Instrumentation Laboratory (UAF

AIL). It is equipped with a field emission gun, five wavelength-dispersive spectrometers, and
automated with Probe for EPMA software (Donovan et al., 2011). Analytical conditions

used on the electron microprobe varied slightly throughout the study, depending on the
target phase(s) for each session (Tables 2.2 and 2.3). The majority of microprobe analyses

for this study utilize analytical conditions that are identical to those used by Loewen et al.
(2019), e.g. a 15 keV, 10 nA, focused beam was used for mineral phases such as feldspars,
pyroxenes, and amphiboles, biotites, and oxides. However, electron microprobe sessions that

specifically targeted stark chemical boundaries in plagioclases for diffusional analyses used a

20 keV, 40 nA, focused beam to obtain trace element data within the crystals. Composition
of clinopyroxene crystals was measured in 2 micron increments in 2-5 core-to-rim transects

on each crystal. High-resolution BSE images were acquired before point analyses, and used

to select core-to-rim transect locations.
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Element/
Line
Si ka
Ti ka
Al ka
Fe ka
Mn ka
Mg ka
Ca ka
Na ka

Spectrometer

Crystal

5
2
5
1
3
4
2
4

TAPL
PETL
TAPL
LiFL
LiFL
TAPL
PETL
TAPL

OnPeak
Time
10
10
10
40
40
10
10
10

OffPeak
Time
10
10
10
30
30
10
10
10

Standard

Diopside USNM 117733
307 Sphene1A
Hornblende USNM 143965
Hypersthene USNM 746
Spessartine (SPGA)
Diopside USNM 117733
Diospide USNM 117733
Augite USNM 122142

Table 2.2: Routine for Diffusion in Clinopyroxene
5 keV, 10nA, focused beam.

Element/
Line
Si ka
Ti ka
Al ka
Fe ka
Mn ka
Mg ka
Ca ka
Na ka
K ka
Ba la
Sr la

Spectrometer

Crystal

4
2
5
1
1
5
3
4
3
2
4

TAPL
LiFL
TAPL
LiFL
LiFL
TAPL
PETL
TAPL
PETL
LiFL
TAPL

OnPeak
Time
15
40
20
60
60
120
90
20
90
80
80

OffPeak
Time
14
40
20
60
80
100
40
20
40
100
80

Standard

Anorthite USNM 1370412
321 SrTiO3
Anorthite USNM 137041
Olivine USNM 11132127444
Spessartine (SPGA)
Olivine USNM 11132127444
Anorthite USNM 1370412
TALBITE
OR10 CT
313 Barite
321 SrTiO3

Table 2.3: Routine for Diffusion in Plagioclase
20 keV, 40nA, focused beam.
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2.5.4

Diffusion Modeling

Crystals chosen for diffusion modeling were selected based on the presence of distinct

boundaries between core and rim, visible under both petrographic microscope and backscattered electron (BSE) imagery. BSE images display chemical boundaries by using varia

tions of greyscale, which are strongly linked to Fe-Mg content in clinopyroxene (Kilgour et

al., 2014; Saunders et al., 2012). The diffusion coefficient for Fe-Mg interdiffusion in clinopy
roxene used in this study was determined based on a single Arrhenius relation (Equation 2.1)

from Müller et al. (2013). The modeled composition of diffusion from core to rim across a
step-wise boundary is predicted by Equation 2.2, after Philpotts and Ague, 2009, where C0
and C1 represent the two different compositional plateaus, x is relative distance in microns,
D is the diffusion coefficient and t is time. The center of each profile must be determined

to differentiate between C0 and C1. These values can be determined manually or by using
the Solver function in Microsoft Excel. In addition to the center of each profile, the values
of C0, C1, and time (age of the diffusion boundary, days) are determined numerically using

the algorithm of Lasdon, Fox, and Rater (1974), implemented in the Solver routine of the
2016 Microsoft Excel software. Once determined, the center of the profile is subtracted from

the original value of relative distance in order to make the center of the profile equal to zero
along the x-axis (Figure 2.3).

When data points were collected, BSE images of the target crystals were captured and

calibrated to the stage of the electron microprobe. Creating calibrated transect maps allows
us to visualize the precise location of each collected data point, which aids in the process of

filtering out compromised data from our calculations (e.g. beam interaction with a crack in
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the crystal). Each targeted crystal was analyzed with 2-5 EPMA core-to-rim transects. This
was done in order to select the most representative profile from each crystal. 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. This is another variable to account for,

given that diffusion can occur at different rates along the various axes of minerals. Diffusion
in pyroxene occurs most rapidly along the c- axis, and it is for this reason that we have

taken care to target clinopyroxene crystals that appear to have been cut perpendicular to
the c- axis, suggesting that our resulting diffusion timescales are better described by the
slower diffusion rates of the mineral, which may lead to a slight over-estimation of the
ages of measured boundaries. A similar technique was applied by Allan et al. (2013) for

orthopyroxene diffusional studies, where rim growth was observed to be considerably thicker
parallel to the c- axis, hence only profiles approximately parallel to the a- or b- axis were

considered (Dohmen et al., 2017).
To determine uncertainty of our age calculations, we chose a representative profile from

one of the analyzed crystals and used the Solver to create three different results to fit the

measured data. By holding the center of the transect and the diffusion coefficient constant,
the Solver was used to manipulate three remaining variables: model compositions for C0

and C1, and the resulting timescale of the boundary. This process was then performed for
three different temperatures: 1096oC, 1056oC, and 1016oC, that result in three separate
diffusion coefficients of -14.80, -15.17, and -15.56, respectively. We chose the value of 1056oC

as our modeling temperature based off of the magnetite-ilmenite geothermometer results of

Loewen et al. (2019). The low and high temperature range was then selected based off ofthe
magnetite-ilmenite geothermometer uncertainty as described by Ghiorso and Evans, (2008).

An average was then taken of three slightly varying value combinations of C0 and C1,
then a standard deviation of the resulting timescales from the three distinct temperatures

was calculated to serve as an uncertainty value that includes both the uncertainty associated

with our model, and the uncertainty in the temperature calculation acquired by Loewen et al.
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(2019). The timescale uncertainty of about 45 days has been provided as a one-sigma error
bar in our results. To address an additional measure of analytical uncertainty, the results

of Monte Carlo simulations can be coupled with measured values of EPMA clinopyroxene
data by creating a moving average which includes the linearly interpolated values in both
the negative and positive direction of measured points.
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Figure 2.3: Diffusion Modeling

Two examples of diffusional profiles with BSE images shown to the left of their corresponding
profile. Red lines on the BSE images indicate the locations of core to rim transects analyzed
on the electron microprobe. On the graphs, yellow dots represent measured values from
EPMA results, while orange lines represent the best fit from diffusional modeling. The
resulting timescales calculated by using the Solver (not including +/- 45 day uncertainty)
are provided at the top right of each graph.
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2.6

Results

2.6.1

Lithologies

Basalts

Basalts were the dominant lithology produced during the most recent eruption of Bogoslof
Island. When samples were collected in 2018, predominantly scoria and dense blocks were

found on the surface of the island (Loewen et al., 2019). As described in the work of Loewen
et al. (2019), typical vesicle-free calculation of modal composition of the basalts are 30
40% plagioclase, 10-15% clinopyroxene, 3-10% amphibole, and 3-6% Fe-Ti oxides, with the

remaining 35-45% of microlitic groundmass consisting of glass, plagioclase, clinopyroxene,
Fe-Ti oxides, orthopyroxene, and rounded olivine.

Trachyandesites
Trachyandesites from the 2016-2017 eruption of Bogoslof were brought to the surface as

dense, uplifted domes. Within this lithology, modal analyses suggest that the samples are

25-50% plagioclase, 3-10% clinopyroxene, 3-10% amphibole, 2-4% Fe-Ti oxides, with trace
apatite. The remainder of the sample is light-colored groundmass composed of microlites

of potassium and plagioclase feldspar, an amorphous silica phase, and irregular void space
(Loewen et al., 2019).

Trachytes
Light-colored pumiceous trachytes possess approximately 60% vesicularity. Vesicle-free
calculation of modal composition is 61% plagioclase, 11% glass (lacking microlites), 9% Fe-

Ti oxides, 5% potassium feldspar, 5% relic structures of amphibole, 4% clinopyroxene, 4%
biotite, and trace amounts of quartz and titanite (Loewen et al., 2019).

The Fe-Ti oxides within the trachyte pumice consist of titanomagnetite and ilmenite.
Loewen et al. (2019) measured the composition of six magnetite-ilmenite pairs as 0.25-0.27
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ulvospinel and 0.72-0.75 magnetite for titanomagnetite, and 0.57-0.63 ulvospinal and 0.37
0.43 magnetite for ilmenite. Loewen et al. (2019) also applied the Mn/Mg test of Bacon and
Hirschmann (1988) to suggest that the pairs are in equilibrium. Following the calibrations of

the ilmenite-magnetite geothermometer by Ghiorso and Evans (2008), Loewen et al. (2019)
found a temperature range of 977 to 1056

o

C and an oxygen fugacity range of NNO+1.27

to NNO+1.65 to characterize the pre-eruptive conditions of the trachyte.
Although the trachyte pumice made up less than 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. Bogoslof Volcano predominantly erupts basalt. A silicic lithology such
as the 2016-2017 trachyte has not been observably produced by the volcano since the island
forming eruption of Castle Rock in 1796. It is notable that the major and trace element
compositions of the recent trachyte overlap with the composition of Castle Rock, but range

to higher silica content (Loewen et al., 2019).
Modal analyses of the trachytes suggest approximately 90% crystallinity relatively to the

proportion of melt (Loewen et al., 2019). According to the work of Marsh (1981), this would
suggest that the trachyte was essentially solid and therefore immobile as a fluid. Loewen et al.

(2019) also highlight the presence of potassium feldspar, as well as trace quartz and titanite

to support low-temperature eutectic crystallization. Contrastingly, the groundmass of the
trachyte is microlite-free glass. It is notable that Loewen et al. (2019) additionally show

that the high temperatures acquired from the Fe-Ti oxide pairs overlap with temperatures
that would be expected for amphibole and plagioclase bearing basalts.

Furthermore, a

number of hand samples exhibit macroscopic evidence of multi-magma interaction, such
as trachyte pumice coated in a mafic rind, and samples of physically mingled pumice and

basaltic scoriaceous components (Loewen et al., 2019).
The compilation of all of this evidence strongly suggests that the highly crystalline tra
chyte was stored beneath the volcano, remaining un-eruptible until it was entrained in the

fresh, hot basalt of the most recent eruption. The basalt rapidly heated the trachyte, creat-
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ing a limited amount of melt and causing inflation of residual volatiles (Loewen et al., 2019).

The reheating and remobilization of the trachyte via the influx of fresh basaltic magma sug
gests that the temperature calculated from the magnetite-ilmenite equilibrium pairs in the

trachyte can also be applied to describe the pre-eruptive temperature of the host basalt.

2.6.2

Stepwise Boundaries

Phenocrysts within the 2016-2017 erupted products frequently exhibit stepwise bound
aries. Across the three lithologies, these boundaries are present in plagioclase, clinopyroxene,
and amphibole (Figures 2.4, 2.5, and 2.6, respectively). Of the aforementioned phases that

all possess stepwise boundaries, plagioclase is present in all three of the erupted lithologies,

while the distinctly zoned clinopyroxenes and amphiboles are found only in the basalt and
trachyandesite. We will briefly describe the stepwise boundaries present in the trachyandesite and trachyte, but focus primarily on those exhibited within the phenocrysts of basalt,

as it was the most abundant and juvenile lithology erupted.

Basalts

The most abundant mineral in the basalts, plagioclases range from 47 to 92 mol% anor
thite (An, mol%) and occur as phenocrysts, microphenocrysts, and microlites (Loewen et

al., 2019). A typical stepwise boundary exhibited in the plagioclases of the basalts begins
with an average core composition of approximately 83 mol% anorthite. The cores often show

fine oscillatory zonation (Figure 2.4 A), and occasionally possess inner cores which exhibit

textural and subtle compositional heterogeneity (Figure 2.4 B), reminiscent of cores from
the “type 3” plagioclase at Augustine Volcano, which are described as sub- to anhedral with

oscillatory zonation (Larsen et al., 2010). Closer to the rim, cores frequently experience a

slight dip (from 83 to about 77) in anorthite content as they approach the stark boundary

differentiating the two prominent zones. The rims then drastically decrease to approximately
61 An, mol%. Rims are predominantly homogeneous, but occasionally exhibit subtle normal
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Figure 2.4: Plagioclases with Stepwise Boundaries
BSE images of representative plagioclase phenocrysts from each erupted lithology that ex
hibit stepwise boundaries. A) is the first population found within basalts, B) is the second
population in basalts, C) is within trachyandesites, and D) is in trachytes. Red dots or yellow
arrows indicate the locations of core to rim transects analyzed on the electron microprobe.
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Figure 2.5: Clinopyroxenes with Stepwise Boundaries
BSE images of representative zoned clinopyroxene phenocrysts from each erupted lithol
ogy. A) is the first population found within basalts with a Mg-rich core, B) is the second
population in basalts with a relatively Mg-poor core, C) is the first population within trachyandesites with a Mg-rich core, and D) is the second population in trachyandesites with a
Mg-poor core, and E), which does not exhibit a stepwise boundary, is found within trachytes.
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Figure 2.6: Amphiboles with Stepwise Boundaries

BSE images of representative amphibole phenocrysts from each erupted lithology. A) is
found within basalts, B) is within trachyandesites, and C) is an amphibole pseudomorph,
found in the trachytes.
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zoning.

Clinopyroxenes are euhedral phenocrysts, microphenocrysts and microlites, ranging from
a Magnesium number (Mg #) of 61 to 89. Mg#s were calculated by dividing the oxide

weights of MgO and FeO by their corresponding molecular weights, and then dividing the
resulting magnesium value by the sum of the magnesium and iron values. Two populations

of clinopyroxenes that possess a stepwise zone can be distinguished within basalts. The first

exhibits a homogeneous core characterized by a Mg# of approximately 78, that is followed
by a euhedral stepwise boundary and a subtly oscillatory zoned rim with an average Mg#
of 73 (Figure 2.5 A). The second population also exhibits a homogeneous core, but with a

significantly lower average Mg# of 69. The cores are predominantly subhedral to anhedral,
surrounded by a dissolution boundary that separates them from their distinct rims. Rims
of the second variety are characterized by a higher Mg# of approximately 77, and are often
sectorally zoned (Figure 2.5 B) (Hollister and Hargraves, 1970).

In basalts, amphiboles predominantly occur as phenocrysts. The cores of amphiboles are
characterized by 11-12 wt% MgO and 13-15 wt% FeO(t), while their rims are characteristi
cally 13.5-14 wt% MgO and 10-11 wt% FeO(t) (Figure 2.6 A) (Loewen et al., 2019). The

stepwise boundaries separating cores and contrasting rims are seemingly less abundant in am
phiboles than within the other two mineral phases, but amphiboles are regularly surrounded

by 40-100 um wide reaction rims, indicating that the amphiboles have also experienced some

amount of change within the magmatic system.
Within basalts, the sharp transition from core to rim composition appears within plagio

clase, clinopyroxene, and amphibole. Back-scatter-electron (BSE) imaging and observations

from a petrographic microscope reveal a number of crystal clots that exhibit two mineral
phases growing simultaneously. Within these bi-phase crystal clots, each mineral possesses
a distinct boundary between a core and the rim of contrasting composition. The cores seem

to have grown simultaneously while affixed to one another, and then formed their distinct
rims upon undergoing a change in the system which affected all three mineral phases. One

31

crystal clot (Figure 2.10) depicts an amphibole phenocryst with one side attached to the
calcic core of a plagioclase phenocryst and the other rimmed by its own reaction rim. The
amphibole (including the reaction rim) has been overgrown by the contrastingly sodic rim

of the plagioclase. The other crystal clot exhibits plagioclase and clinopyroxene phenocrysts

crystallizing with a shared core boundary.

Trachyandesites
Within the trachyandesites, plagioclases with stepwise boundaries possess cores of higher
mol% anorthite (79-87%) that then drop to a rim composition averaging 53 An, mol%

(Figure 2.4 C). The composition of the calcic cores overlaps with those of the basalt-hosted

plagioclases, while the rims within trachyandesites are more sodic than basaltic plagioclase
rims, which remains consistent with a more evolved bulk rock composition (Loewen et al.,

2019).

Similarly to the clinopyroxenes found in the basalts, trachyandesite-hosted clinopyroxenes
that possess stepwise boundaries are present in two diverse populations. Phenocrysts within
the first variety possess a predominantly homogeneous core with an approximate Mg# of 75,

that transitions abruptly to a weakly oscillatory zoned rim averaging a Mg# of 65 (Figure 2.5

C). Exhibiting an opposite pattern in composition, the second population of clinopyroxenes

in trachyandesite is characterized by a texturally heterogeneous Mg# 66 core that is often
patchy and subhedral, that is followed by an subtly oscillatory zoned rim with an average

Mg# of 71 (Figure 2.5 D).

Amphibole composition within trachyandesites is largely heterogeneous. Phenocrysts
possess cores of 11-13 wt% MgO and 11-15 wt% FeO(t), with rims of 10.2-10.4 wt% MgO
and 14-18 wt% FeO(t), separated by a euhedral to subhedral boundary (Figure 2.6 B).
Amphiboles within this lithology occur both and without reaction rims (Loewen et al.,
2019).
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Trachytes
Plagioclase phenocrysts with stepwise boundaries within trachytes possess euhedral cores

of 82-91 mol% anorthite that change abruptly to oscillatory-zoned rims with approximately
65 An, mol% that then gradually changes to more sodic values towards the rim (Figure 2.4

D) (Loewen et al., 2019). The nature of these rims overlaps with the overall composition
and zoning pattern found in the other population of trachyte-hosted plagioclases that do not

possess a stepwise boundary.
Unlike plagioclase, clinopyroxenes within the trachyte pumice possess relatively constant

composition, as described by Loewen et al. (2019) (Figure 2.5 E). The composition of
clinopyroxenes in trachytes is strongly comparable to the rims of the clinopyroxenes found

in the trachyandesites (Loewen et al., 2019). Although amphibole is not observed in the

trachyte pumice, there are abundant pseudomorphs of amphibole present (Figure 2.6 C).

2.6.3

Diffusion Modeling Results

Of the 2016-2017 samples that were available for analysis, 8 petrographic thin sections

were selected for analysis of diffusion boundaries. From those selected samples, 26 clinopy
roxene phenocrysts were selected, and 1-5 core to rim transects were collected within each

of them (Figure 2.7). For diffusion timescale calculations, one most representative transect
was selected from amongst the transects that were analyzed on each of the crystals.

The one representative profile selected from the 2-5 profiles measured on each phenocryst
was determined by considering multiple factors. The goodness of fit of our model was paired

with calibrated grayscale transects acquired from BSE images of analyzed phenocrysts from
the open-source software ImageJ in order to compare calibrated profile values to the transects
of measured EPMA data (Abramoff et al., 2007; Saunders et al., 2012). This comparison

is helpful in determining obliquity of the stepwise boundary. If the data collected using a
calibrated BSE image in ImageJ produces a profile with a steeper boundary between the core
and rim than EPMA results, this can be interpreted as evidence that suggests the boundary
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Figure 2.7: Whole Rock Composition

Whole-rock composition of the historical eruptive products of Bogoslof Volcano. The year of
eruption is indicated by symbols and colors. The 2016 Samples that were used in diffusion
calculations are shown by larger red circles.
between core and rim is not perpendicular to the cut of the crystal, resulting in an artificial

curve in the profile, due to the three-dimensional nature of the electron beam interaction.

This interpretation is often supported by results of our Monte Carlo simulations.
In order to account for the spatial resolution of the beam and its smoothing effect on
the compositional boundaries, we ran a series of Monte Carlo simulations that, given the

target composition and beam parameters, predict the electron trajectory in the solid upon

beam interaction (Drouin et al., 2007). The volume of excitation increases from 2-micron-

diameter to 5-micron-diameter as the accelerating voltage of the electron beam is increased
from 10 keV to 20 kV (Figure 2.8). Monte Carlo simulations suggest that, for a target of
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Figure 2.8: Monte Carlo Simulations

Monte Carlo simulation graphs depicting secondary (blue) and backscattered (red) electron
beam interactions with pure Mg2 Si2O6 . A = 10 keV, B = 15 keV, C = 20keV. Clinopyroxene
phenocrysts for this study were analyzed with a 15 keV beam, suggesting that an area of
approximately 3 microns beneath the surface of the targeted phenocryst is affected by the
electron beam.
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Figure 2.9: Diffusion Results

Timescale results acquired from diffusion modeling in clinopyroxenes. Each circle represents
an analyzed phenocryst.

pure enstatite, a 15 keV beam affects an area of approximately 3 microns beneath the surface

of beam interaction.
To determine pre-eruptive conditions of the system, we applied results of Loewen et al.
(2019), who obtained the pre-eruptive temperature and oxygen fugacity of trachyte pumice

of the most recent eruption using Fe-Ti Oxide pairs to range from 977 ◦C to 1056 ◦ C and
from NNO + 1.27 to NNO + 1.65, respectively. We justify the use of the higher temperature

of 1056 ◦C to calculate the diffusion coefficient for clinopyroxene in basalts by referring to
the multiple lines of evidence that indicate the trachytes yielding this temperature have

re-equilibrated to the temperature of the basalt that rejuvenated them.
By applying Equation 2.1 where T = 1056 ◦C, a diffusion coefficient (logD) that is

applicable to the clinopyroxenes of the 2016-2017 Bogoslof erupted products was found to
be -15.17 cm2/second. We utilize this value in our diffusion calculator to create graphs that

depict measured microprobe values with the best fit results from our diffusion model. The

collective results of analyzed profiles produce a range of ages for diffusion boundaries in the
Bogoslof clinopyroxenes (Figure 2.9). The most frequent timescales are within approximately

1-30days,with asecondpeakoccurringbetween80-120days. More broadly, our results thus

far suggest that the diffusional boundaries have formed within approximately 180 days.
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2.7

Discussion
The sharp compositional gradients found in minerals of 2016-2017 erupted products

of Bogoslof were created by changes in the magmatic system. Assuming that the initial

boundary between the zones was stepwise, timescales of these magmatic processes can be
constrained by calculating how long it would take to generate the observed profiles via

diffusional relaxation. The target phase and its temperature are the most important variables

to be taken into account for diffusional studies, because particles possess greater energy at
higher temperatures, causing diffusion rates to increase. Our results suggest that the diffusion
boundaries within the clinopyroxenes of the 2016-2017 eruption of Bogoslof Volcano are less

than 180 days old and therefore have been formed during the course of the most recent
eruption.
Given the short timescales of our diffusional analyses, we suggest that the observed

stepwise boundaries have not been inherited from prior eruptions, but rather, record com
positional changes during the 2016-2017 period of activity. Similarly short timescales have
been observed in both clinopyroxene and orthopyroxene (OPx) diffusional studies. Kilgour
et al. (2014) present both CPx and OPx diffusion timescale results for Ruapehu Volcano,

ranging only weeks to months prior to eruption. Saunders et al. (2012a) use diffusion in

OPx to study magmatic timescales at Mount Saint Helens, again establishing that the time

elapsed between final rim formation and eruption ranges from days to months.
The compositional changes experienced by the magmatic reservoir beneath Bogoslof Vol
cano are made evident by the presence of stepwise boundaries in clinopyroxene, plagioclase,

and amphibole phenocrysts within the products of the most recent eruption. Thin sections
of these samples have been carefully examined with both petrographic microscope and BSE

imaging, and several multi-phase crystal clots were identified that show more than one min

eral phase possessing a core composition with a stepwise boundary to a contrasting rim
composition.
These crystal clots aid in the description of two minerals that are attached to one another
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Figure 2.10: Plagioclase and Amphibole Crystal Clot

Photomicrograph (upper) and sketched representation (lower) of a crystal clot depicting
plagioclase (plag) and Amphibole (Amph) growing simultaneously. The label ”Amph 2”
refers to the reaction rim of amphibole that corresponds to the more sodic plagioclase rim.
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and were growing simultaneously, that then experienced a change in the magmatic system
causing both phases to start growing a rim of contrasting composition to their original cores.

Given that the boundary shared between the cores of the two phases remains intact, we use
the presence of these zoned crystal clots as evidence to support our assumption that the

stepwise boundaries within the three main mineral phases have formed contemporaneously
(Figures 2.10 and 2.11). An analogous observation of an olivine grain reacting to form a rim

of orthopyroxene while affixed to the calcic core of a plagioclase phenocryst was made by
Izbekov et al. (2004) at Karymsky Volcano.

If we consider the end of the eruption in late summer of 2017 to be when time = 0, and
use acquired timescales to work backwards from then, results from our diffusion modeling in

clinopyroxene indicate that chemical changes must have begun sometime in or around March

2017. Using approximately 180 days as the endmember, along with the most frequently
observed timescales of about 120 and 30 days, these three approximate timescales seemingly

coincide with apparent lulls in explosive activity during the 2016-2017 eruption of Bogoslof

Volcano (Coombs et al., 2018; Wech et al., 2018). These timescales are also followed by
increases in SO2 mass flux from the volcano (Lopez et al., 2020). These changes could be

interpreted as a “second pulse”, or resurgence of mafic magma in or around March 2017.
This is also supported by the presence of a single swarm thought to be an intrusion of magma

that occurred in April of 2017, shortly after the initiation of the eruptive hiatus that began
in March (Tepp et al., 2019).
The recent eruption of Bogoslof was likely triggered by the injection of mafic magma into
an upper crustal magma storage area, as is frequently observed (Eichelberger and Izbekov,

2000; Edmonds et al., 2010). We suggest that the repetitive input of fresh mafic magma,
particularly during apparent lulls in explosive activity, can explain many of our observations.

Firstly, the basalt was injected into the trachytic system, creating a bimodal population of
both normally and reversely zoned phenocrysts with stepwise boundaries separating cores
from rims. This is supported by the presence of crystals that possess euhedral mafic cores
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Figure 2.11: Plagioclase and Clinopyroxene Crystal Clot

BSE image (upper) and sketched representation (lower) of a crystal clot depicting plagioclase
(plag) and clinopyroxene (CPx) growing simultaneously. The BSE is a combination of two
images taken at varying beam intensities in order to better see the zonation in each phase.
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rimmed by less mafic rims, and subhedral relatively felsic cores, surrounded by contrastingly

mafic rims.
The second line of evidence supporting mafic recharge and magma-mixing is the eruption

of the trachyte pumice. A lava of trachytic composition has not been erupted at Bogoslof
since the island-forming Castle Rock eruption of 1796. The 2016-2017 trachyte and Castle
Rock are overlapping in chemical composition, and the high crystallinity of the recently
erupted trachyte further suggests that magmatic rejuvenation from fresh hot material was

required to rejuvenate the trachytic reservoir.
Thirdly, a recharge of mafic magma could explain the recorded increase in SO2 flux

observed from the volcano beginning in and continuing after March of 2017. Our longest
timescale from diffusional profiles is approximately 180 days, correlating to March 2017. As

shown by results of Coombs et al. (2018), Wech et al. (2018) and Lopez et al. (2020),
the eruption dynamics of Bogoslof changed after the hiatus that began in March, made

evident by increases in both the number of earthquakes and the mass of SO2 emissions from
Bogoslof. As seen in Figure 2.12, the eruptions with greatest SO2 mass flux occurred around

the same time or shortly after the diffusional ages acquired from this study. The presence of

boundaries 180 days old and younger suggests that the input of fresh mafic magma began
around March 2017 and then occurred repeatedly until the cessation of eruptive activity in

August 2017.
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Figure 2.12: Compiled Interdisciplinary Results

From top to bottom: Compiled results from the work of Wech et al. (2018), Lopez et al.
(2020), and this study. Graphs have been edited to be on the same time scale in order to
display correlation of data. Diffusion timescales seem to correlate with lulls in explosive
activity, increased seismic activity, and greater mass flux of SO2.
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General Conclusion
The most recent erupted products of Bogoslof Volcano provide an interesting opportunity

to constrain the elapsed time between the formation of the outermost rims of phenocrysts
and eruption. Timescales have been acquired from the abundant stepwise boundaries within
clinopyroxene crystals, and although diffusion in plagioclase and amphibole is more complex,

we argue that calculated timescales from clinopyroxene may be applied to the other mineral
phases, assuming that all stepwise boundaries have been formed contemporaneously, as sug

gested by the presence of the aforementioned crystal clots. This suggests that an event that

causes a shift in the magmatic system, such as mafic recharge, can be recorded in the form
of stepwise boundaries within multiple phases of the same magmatic system.
We have presented results constraining timescales of magmatic processes by applying

a Mg-Fe interdiffusion rate which is relevant for the clinopyroxene phenocrysts within the

lithologies brought to the surface during the most recent eruption of Bogoslof Volcano. Our
results suggest that these stepwise boundaries have formed due an influx of fresh, hot, mafic
magma that began in or around March2017, and then occurred repeatedly until the cessation

of the eruption in August 2017.
Bogoslof Volcano is merely one of many active volcanoes located along the Aleutian
Islands. Every active volcano is fascinating in its own ways. When a volcano erupts, it

provides scientists with the opportunity to study processes that not only contribute to the
shaping and formation of our planet, but also pose a great threat to aviation and local
communities. We are motivated by both factors, and hope that our results may aid the

Alaska Volcano Observatory in assessing and mitigating the potential hazards that volcanoes
create.
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