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Mount Sinabung, Sumatra, Indonesia initiated eruptive activity in 2010 with
the addition of a magmatic component in 2013, after a 3 year period of quiescence.
Observations of magmatic activity began with phreatomagmatic eruption starting July
2013 closely followed by extrusion of andesitic lava in December 2013. Lava
effusion has persisted through the eruptive phases (December 2013 – present) with
periodic dome building events with partial to complete failure of the dome and
production of pyroclastic density currents (PDCs). Since a magmatic component
began erupting in 2013, Mount Sinabung has been producing predominately andesite
lavas that evolve in composition as the eruptive phases progress (from 57 wt% SiO2
in 2013 to 65 wt% SiO2 in 2015). In May 2016, when the lava dome collapsed and
successively generated PDCs, the resulting magmatic clasts contained intermingled
enclaves. This was the first reported observation of these magmatic enclaves and
were thought to be evidence for magmatic recharge that may affect eruptive style and
longevity of subsequent activity.
This microanalytical forensic investigation was an effort to determine if
magmatic enclaves from the May 2016 dome collapse were evidence of mafic
recharge in the system. Petrographic analysis was used to for detailed textural
description of the samples collected. Phase chemistry was collected on electron
microprobe to discern multiple compositional populations of mineral constituents.

Sample textures are highly variable are resulted in the division of the samples into
four textural units: andesite host (AH), enclave type-I (ET1), enclave type-II (ET2),
and enclave type-III (ET3). Mineral compositions were probed to assess if there were
multiple mineral populations present and displaying exchange between the enclaves
and host. These analyses found that phenocrysts in all four units were broadly similar
with small deviations in plagioclase core composition and amphiboles analyzed in
ET3.
Multiple geothermobarometers were employed to determine pressure and
temperature conditions of pre-eruptive magmas at Mount Sinabung. Temperature
estimates for Fe-Ti oxides, pyroxene, and amphibole range from ~825 to 1100 °C.
Pressure estimates from pyroxene and amphibole indicate crystallization depths from
~5 to 32 km, with two main regions of crystallization occurring between ~5 to 16 km
and ~24 to 32 km. Magmatic inclusions and pyroxene-rich glomerocrysts likely
represent magma of a similar composition crystallizing deeper in the system. Ascent
of this magma where it intermingled with the AH magma. Mingling was long enough
to grew similar composition rims on plagioclase in all four units before it was erupted
on the surface during dome formation. The complex data presented here builds an
image of the intricate petrological processes occurring beneath Mount Sinabung and
contributes to our understanding of pre-eruptive conditions at the volcano.
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Chapter 1 – Introduction
Over 800 million people live in the shadow of hazardous volcanoes (Loughlin et al.,
2015). These volcanic systems represent dynamic environments that present significant hazards
to infrastructure and human life (Blong, 1996; Myers et al., 1998; Tilling, 2005). Hazards can
occur with both dormant and active volcanoes (e.g., lahars, flank collapse, debris avalanches),
but most hazardous activity is associated with the eruptions (e.g., lava flows, ash fall, pyroclastic
density currents, vog, acid rain). While volcanologists cannot currently predict a volcanic event,
estimating the likelihood and timing of an eruptive event remains a goal of the volcanology
community. Constraining magmatic processes of arc volcanoes is necessary for understanding
magma storage in the crust and what may initiate volcanic eruptions. Although though storage
and remobilization are of vital importance to understanding volcanic systems, there are still
relatively unconstrained. Of particular interest lately, is whether magmas in these systems are
stored near or above the solidus (cold or warm storage) (cf. Bachmann and Bergantz, 2008;
Barboni et al., 2016; Burgisser and Bergantz, 2011; Cooper and Kent, 2014; Druitt et al., 2012;
Hildreth, 1981; Hildreth, 2004; Marsh, 1981).
The study of volcanic rocks becomes particularly essential when looking to understand
the processes and conditions shaping magmatic systems that cannot be observed directly. These
volcanic rocks once erupted, represent a mixture of crystals, which record processes or changes
in system conditions during their crystallization history, and rapidly quenched liquid. These
components can build an image of conditions within the magma reservoir, leading up to the
eruption (Bachmann and Bergantz, 2008). Our understanding of rejuvenation of long-lived
magmatic systems, in many cases, deals with large-silicic systems like Toba (Vazquez and Reid,
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2004) or Fish Canyon Tuff (Bachmann et al., 2002) where eruption initiation involves the
rejuvenation of a primary crystalline mush (reviewed by Cashman and Giordano, 2014) and there
may only be localized evidence of injected magma (Bergantz et al., 2015; Paterson, 2009). For
smaller systems, evidence for rejuvenation can appear as homogeneous or heterogeneously
mixed magmas of intermediate composition, like at El Misti (Ruprecht and Wörner, 2007;
Tepley et al., 2013) or Unzen volcano (Sato et al., 1999).
The degree of heterogeneity of the erupted magmas is dependent of the compositions of
the interacting magmas, depth of interaction, and the difference in temperature between the
magmas (Marsh, 1981). In some cases, heterogeneity is observed in macroscopic textures, like
banded pumices or fine-grained, ellipsoidal inclusions. While the banded pumices represent
evidence of two coexisting liquids erupted, the texture of the inclusion, or enclave, gives clues to
its petrogenesis. For example, ellipsoidal, fine-grained inclusions are widely accepted as having
magmatic origin due to textural components, like high vesicularity, crenulated or mingling
boundary with host, and groundmass crystallization texture (Bacon, 1986). Combining textural
analysis with crystal chemistry and estimation of intensive parameters can improve our
understanding of pre-eruptive conditions and can provide perspective on magmatic processes and
eruption initiation events.
On 21 May 2016, a lava dome collapse at Mount Sinabung produced four pyroclastic
flows that resulted in the death of seven people. Lava samples collected from this dome collapse
contained magmatic enclaves. To understand the significance of these enclaves, we employed
petrological and geochemical approaches (textural analysis, mineral compositional data, trace
element partitioning, and mineral thermobarometry) on the 21 May 2016 dome lavas and
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magmatic enclaves. These approaches were used to understand the textural, mineralogical, and
chemical significance, as well as the P-T-fO2 characteristics of the host, enclaves, and
glomerocrysts. The information gained is used to determine if mafic recharge initiated magma
ascent to the surface, forming the lava dome that collapsed on May 22, 2016, by 1) constraining
the magma system feeding the volcano and 2) determining the origin of the enclaves. Knowledge
gained can be used to build an image of the magma system feeding the current eruptions and
build on the current framework for eruption forecasting.
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Chapter 2 – Geologic Background
Sumatra is the northernmost island of the Indonesian archipelago characterized by a chain
of 35 active volcanoes, many of which are located on or close to the Sumatran Fault system
(Figure 2.1). The crust of the Sumatra region is roughly 25-40 km thick depending on area
(Kieckhefer et al., 1980; Kopp et al., 2001; Matsturyono et al., 2001; Simoes et al., 2004; Chlieh
et al., 2008; Hippchen and Hyndman, 2008) and basement rocks are siliciclastic and carbonate
sediments, and granitoids (Barber et al., 2005). Samples erupted in the Sumatran arc are largely
medium-K calc-alkaline lavas with some systems producing high-K calc-alkaline, as well
(Figure 2.2). Mount Sinabung is one of the most northern volcanoes in Sumatra, Indonesia
(3.1696 °N, 98.3930 °E) located just west of Mount Sibayak (3.2 °N, 98.5167 °E) and 30
kilometers north of Toba Caldera (Figure 2.1). Until recently, Mount Sinabung was considered
dormant with no confirmed historical eruptions (Gunawan et al., 2017; Nakada et al., 2017).
Most studies of Mount Sinabung have been exploratory and focused on mapping deposits
and structural features, and little work has been done to understand the eruptive past at the
volcano. Recent mapping done by the Center for Volcanology and Geological Hazard Mitigation
(CVGHM) shows a complex history of both effusive and explosive eruptive activity (CVGHM,
2011). Currently, the summit crater complex consists of a migrating vent along an N-S line
(Gunawan et al., 2017; Nakada et al., 2017).
Previous work has focused on mapping and describing historical deposits for hazard
assessment; recent studies have focused on describing the new eruptive phases and tracking
changes in the system. The volcano lied dormant for over 400 years allowing more than 20,000
people to build their homes and livelihood within 6 km of the volcano’s summit (Primulyana et
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al., 2017). When the volcano violently and surprisingly reawakened in 2010, the government
needed to mobilize quickly because there had been no previous assessment of the volcano’s
possible hazards. On August 29, 2010, Sinabung erupted hot ash into the stratosphere. Activity at
the volcano continued until September 2010 with a series of phreatic eruptions, but no evidence
magmatic activity (Table 2.1). After activity ceased, the volcano remained in a period of
quiescence for three years. In September 2013, activity resumed with period phreatomagmatic to
magmatic eruptions. Lava flow eruptions, explosive ash eruptions, dome building, and
Pyroclastic Density Currents (PDC) -forming collapse events have characterized the most recent
eruptive phases (Table 2.1). At the current time of writing, the volcano remains in a state of
unrest and has left more than 38,000 citizens displaced or permanently resettled.
Since new magmatic material started erupting in 2013, the compositions of erupted
material have generally increased in SiO2 with following eruptive events (Gunawan et al., 2017;
Primulyana et al., 2017; Figure 2.2). In 2013, erupted materials were ~57 wt% SiO2 (low-Si
andesites) and with each progressive eruption, the eruptive materials became slightly more
evolve with samples from 2015 eruptions being ~ 65 wt% SiO2 (dacitic in composition).
Samples for this study fall in the middle of this evolutionary trend ~60 wt% SiO2 for the andesite
host and 56.9 wt% SiO2 for the enclave, the least evolved composition erupted at the volcano
since the activity began in 2013. Lavas and pyroclastics erupted at Mount Sinabung follow a
similar trend to other Sumatran arcs and strongly overlap the compositional sub-trend of the
Toba volcanics [Youngest Toba Tuff (YTT) and post-YTT lava domes] (Figure 2.2).
Previously unpublished data has shown that Sinabung has a shared geochemical history
with the resurgent volcanics at Toba Caldera. Mucek et al. (2017) applied a two-prong approach,
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looking at geochemistry and the zircon history between Sinabung and the Toba resurgent
volcanics, to further investigate this similarity. When looking at the Sr isotopes of the volcanics
in the region (Figure 2.3a), the Sr signature for the Sinabung samples (in red) is more similar to
and overlaps with the resurgent volcanics at Toba (in blue), than the arc volcanoes along Sumatra
(light blue and green). Assimilation and fractional crystallization trends (shown by lines and
arrows on Figure 2.3a lavas from Mount Sinabung to Toba volcanics, both resurgent lava domes
and tuffs. For zircon crystallization history, Mucek et al. (2017) compared the U-Th
crystallization ages of the outer most rim (or surface) of the zircons. These ages represent the
youngest timing of zircon growth for each zircon analyzed (Figure 2.3b). These ages show three
things: (1) zircon crystallization at Sinabung overlaps with both the zircons crystallized at the
resurgent lava domes, as well as from the YTT, (2) there is a younging of zircon crystallization
between each resurgent lava dome eruption and even younger at Sinabung, and (3) there are even
younger individual zircon analyses at Sinabung. When geochemically comparing the Sinabung
volcanics to the individual resurgent lava domes, Sinabung overlaps with the more mafic end
members of the Toba resurgent volcanism (Sipisupisu, Singgalang, and Sosoba; Figure 2.4) and
on mixing trend between Sipisupisu and the YTT (Figure 2.4). Mucek et al. (2017) interpret the
overlap in zircon crystallization history combined with geochemistry implies that the Sinabung
eruptions are tapping the magma system at depth and may be the continuing activity related to
the period of resurgence at Toba. Suggesting a northern migration of resurgence activity would
mean that the resurgence footprint at Toba Caldera is extending north beyond the caldera outline
and what was initially thought (Figure 2.3c).
The May 2016 dome collapse lavas were of particular interest due to the macroscopic
observation of enclaves in the lavas. For this study, 20 samples were collected from the
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pyroclastic fan and divided up into groups based on the visible presence of enclaves and
abundance of enclave(s) in the sample. Of these samples, seven were utilized for textural and
geochemical analysis. Textural and geochemical results reported in this study are from thin
sections of these selected samples.
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Figure 2.1 Geographic setting of Sinabung Volcano, Sumatra, Indonesia. (A) Map showing the location
of Sinabung in Sumatra, Indonesia with respect to Toba Caldera. Inset map shows the location of
Sinabung/Toba in Southeast Asia. The red square indicates the study location. (B) Satellite imagery of
Sinabung and extent of new flow deposits. (C) Photograph of Sinabung taken from the east side of the
volcano looking northwest during the August 2017 eruption (credit: Shan de Silva) illustrating the
hazards associated with the explosive volcano.
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Figure 2.2 Total alkali versus silica (TAS) diagram for whole-rock and glasses (by EMPA) from
Sinabung Volcano’s current eruptive period that began in 2010 and their positions relative to older
Sinabung deposits, a complete sampling of the Sunda-Banda Arc, and Toba Caldera volcanic complex
(supplementary table 1). Most rocks are medium-K calc-alkaline.
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Figure 2.3 Published data and possible interpretations of the relationship between Mount Sinabung and
the Toba Caldera magma system. a. Sr-isotope systematics for Sinabung and Toba samples modified
from Mucek et al. (2017). A-B: Assimilation trend; C-D: Fractional Crystallization trend. Note that
Sinabung is distinct from Indonesian arc volcanoes but overlaps with data from Toba post-YTT lava
domes and even YTT compositions. b. U-Th disequilibrium ages from the surface of zircons plotted for
Sinabung, three post-YTT lava domes, and YTT eruption modified from Mucek et al. (2017). Note
progressive young of eruption ages from YTT ignimbrite to post-YTT lava domes and even younger at
Sinabung. Sinabung zircon surface ages show overlap in ages, spanning across those from YTT (yellow
bar: YTT eruption age ~74 ka (width of bar incorporates YTT ages from Mark et al. (2014) and Storey et
al. (2014)) to as old as the U-Th disequilibrium age (350 ka). c. A schematic illustrating two possible
magma reservoir configurations pertaining to the Sinabung/Toba magma system(s). The isotope data
(panel a) is equivocal on whether Sinabung and Toba are linked, but when combined with the overlapping
zircon crystallization history (panel b), a model for a continuous magma system (red dashed line) is
plausible.
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Figure 2.4 Sinabung whole rock chemistry placed in the context of the Toba system. All available data
(Chesner (1988), Jones (1993), and Mucek et al. (2017)) for the Youngest Toba Tuff and younger postclimatic centers are included.
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Table 2.1 Eruptive phases including the initiation of activity in August 2010 through to present eruptions
(observations from Gunawan et al. (2017)). Samples discussed in this study are from eruptive phase 5 and
produced by the collapse of the lava dome on May 22, 2016, which formed a PDC. PDC: Pyroclastic
Density Current
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Chapter 3 – Methods
Polished thin sections (standard 30 μm thickness) of representative May 2016 dome lava
samples were made for chemical analysis. These thin sections are used to understand differences
amongst host lava, enclaves, glomerocrysts, and megacrysts through both textural analysis and
mineral phase chemistry. The petrographic analysis was performed on a Leica DM750 P
polarizing petrographic microscope and attached to a Leica DFC420 camera. The camera was
attached to Microsoft Surface Pro with 12” ClearType Full HD Plus resolution 2160 x 1440
utilizing Leica Application Suite (LAS) to obtain photomicrographs. Petrographic analyses were
done in both plane polarized and cross-polarized light. Sample containing two or more of these
components were preferentially selected for further analysis.
All new phase compositional data presented here were measured via the CAMECA SX
100 Electron-Probe MicroAnalyzer (EPMA) at Oregon State University (OSU). Major element
analyses (Si, Na, Ca, Fe, Mg, Ti, K, Mn, Al, Cr, Ni, Cl) were conducted on four carbon coated,
polished 30 μm-thick thin sections using wavelength dispersive spectrometry (WDS). The
background-corrected intensities are processed based on the ZAF method to produce quantitative
analyses. Operation conditions were: (1) 15-kV acceleration voltage, (2) 30-nA sample current,
(3) Kα lines were used, and (4) focused 1-μm beam diameter for mineral phases and 10-μm
unfocused beam for groundmass phase. Count times varied from 10 to 60 s based on the element
and targeted detection limit. To reduce alkali migration effects, we corrected the collected data
using zero-time intercept functions. Back-scattered electron (BSE) images were obtained using
the same instrument. The quality of the analyses was checked by measuring synthetic and natural
standards, as well as by recalculation of the mineral stoichiometry. For most elements, the
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accuracy and precision were approximately 2-5%. For elements with lower abundances in the
targeted phase, count times were varied and(or) multiple detectors were used to increase the
signal and decrease uncertainties.
Three representative samples for the host and one for the enclaves were analyzed for
whole rock composition. The bulk compositions of the Sinabung dome lavas were obtained using
the low dilution Li-tetraborate fused bead technique for X-ray fluorescence analysis (XRF) for
27 major and trace elements at the GeoAnalytical Laboratory of Washington State University.
Analyses of major elements were normalized before analyzing the data (Supplementary Table
1).
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Chapter 4 – Petrography
Host Andesite
The May 2016 dome lavas are predominantly composed of a light gray, crystal-rich (~65%
crystals) andesite (~60 wt% SiO2) (Figure 4.1a; Table 4.1). The andesite host is fine-grained,
hypocrystalline lava with prominent phenocrysts of plagioclase, pyroxene, oxides, and rare
amphibole (Figure 4.1c; Table 4.2). Compositionally these fall in the middle of the range of
compositions erupted at Sinabung Volcano from 2013 to 2017.
Plagioclase is the most abundant phase in the host and occurs as subhedral to euhedral, tabular
phenocrysts ranging in size from 500 μm to many millimeters in length. These grains display
varying degrees of textural complexity including crystals with clear cores, sieved mantles, and
clear rims, as well as others with resorbed cores, mantles with alternating zones of sieved and
clear rims. Pyroxene phenocrysts are subhedral to anhedral and less than 500 μm in length.
Amphibole phenocrysts are usually brown, pleochroic and anhedral to euhedral. Amphibole is a
rare phase and occurs mostly as reacted megacrysts (> 1.5 mm) with a small grouping of heavily
reacted, < 250 μm phenocrysts in the host lavas (Figure 4.2f). Some of these large amphiboles
are oikocrysts with plagioclase chadacrysts (Figure 4.2f). Reaction rims of plagioclase +
pyroxene + Fe-Ti oxides vary in thickness and grain size. Oxides occur either as clusters within
the glomerocrysts, inclusions within pyroxene phenocrysts, or individual grains.
The andesite host contains ubiquitous dark enclaves and polymineralic glomerocrysts.
Mafic Enclave Types
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There are three main enclave types distinguishable by differences in textures and composition.
Enclaves found in the May 2016 dome lavas are oblong and less than 6 cm in length. Enclaves
entrained within the host andesite are darker in color than their host lavas (black) and generally
more crystalline. At the macroscopic scale, they appear homogenous and have sharp boundaries
when in contact with the host (Figure 4.1a,b). Microscopically, these enclaves vary texturally
leading to the following classification of three enclave types (Figure 4.1d,e,f).
Enclave type-I. Enclave type-I is predominantly found as smaller inclusions within andesite
host lava. These enclaves are hypocrystalline inclusions (> 80 vol%) of interlocking crystals of <
0.1 to 1 mm in size of plagioclase, acicular and strongly pleochroic amphibole, pyroxene, and
Fe-Ti oxides in clear glass (Figure 4.1d; Table 4.2). A few percent vesicles are present. A finegrained boundary on the enclave is absent.
In some cases, plagioclase phenocrysts are aligned parallel to the margin. Plagioclase is the
dominant phenocryst phase and occurs as subhedral to anhedral laths and tabular grains less than
1.5 mm length. Plagioclase textures include compositional zoning, finely sieved cores, mantles
with an alternating clear and sieved region and a clear, euhedral rim. Clear rims enclose all of the
plagioclase phenocrysts. Acicular amphibole crystals (up to 1 mm) are observed and are free of
reaction rims. Two pyroxenes are present, generally up to 500 μm in diameter. Orthopyroxenes
are observed with amphibole overgrowth rims. Fe-Ti oxides (up to 200 μm) are abundant and
distributed throughout the enclave but tend to occur frequently as inclusions within the pyroxene
grains.
Enclave type-II. Type-II enclaves are phaneritic lavas with approximately 65% phenocrysts
consisting of plagioclase, pyroxene, and oxides with rare amphibole in a light tan glassy
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groundmass (Figure 4.1e; Table 4.2). These enclaves could be described as vitrophyre with little
to no microlites present in the glassy groundmass. Tabular plagioclase, up to 1 mm in length,
display textures such as coarsely sieved or clear resorbed cores and mantles with oscillatory
sieving. Pyroxenes (less than 600 μm) occur as subhedral to anhedral individual grains and in
minor glomerocrysts. Rare prismatic amphiboles are subhedral to anhedral less than 400 μm with
thin to thick reaction rims. Fe-Ti oxides (up to 500 μm) are abundant and distributed throughout
the enclave.
Enclave type-III. Enclave type-III are comprised of 65-70 vol% phenocrysts of plagioclase,
pyroxene, amphibole, and Fe-Ti oxides with quenched crystals in a brown intersertal glass with
~15-20 vol% vesicularity (Figure 4.1f; Table 4.2). Tabular and irregular shaped plagioclase
(less than 500 μm) are more common but can be up to 1 mm. These plagioclase grains show
similar variable and disequilibrium textures like those found in the other samples. Clinopyroxene
occurs as anhedral grains up to 1.5 mm in length. While less common, orthopyroxene occurs in
glomerocrysts or minor subhedral phenocrysts with amphibole overgrowth rims. Rare prismatic
amphiboles are less than 200 μm in length and display reaction rims. Long, lath-like megacrystic
amphibole are rare but observed (Figure 4.2e).

Fe-Ti oxides (less than 250 μm) occur

throughout the enclaves but slightly cluster in the glomerocrysts.
Glomerocrysts
Glomerocrysts occur in all lithologies except enclave type-III. These crystal clots are
distinguished from the rest of the rock by their higher modal abundance of pyroxene or
amphibole and dissolution of grains. Polymineralic glomerocrysts range in size from 400 μm to
2.5 mm. Glomerocrysts are composed of pyroxenes + plagioclase + Fe-Ti oxides (Figure
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4.2a,b,c) and tend to contain minerals with subhedral edges that protrude out into the matrix.
Interstices, or vesicles, and interstitial glass are absent. Less frequently, these glomerocrysts are
observed with both pore space and interstitial glass (Figure 4.2c). The mineralogy of these
glomerocrysts can be the same as previously listed or occasionally composed of amphibole and
plagioclase (Figure 4.2d).
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Figure 4.1 Photographs and photomicrographs of Sinabung Volcano May 2016 dome lavas (a) Hand
sample image of representative host andesite and enclave type-I. (b) Hand sample of a representative
mafic enclave type-II and type-III. (c) Typical andesite groundmass texture comprising of plagioclase,
pyroxene, and oxides. (d) Interlocking crystals of acicular amphibole and plagioclase in enclave type-I.
(e) Glassy texture of enclave type-II. (f) Crystalline enclave type-III with abundant interstitial glass. (g)
Contact between host andesite and enclave type-I. (h) Contact between enclave type-II and type-III. plg =
plagioclase, amph = amphibole, opx = orthopyroxene, cpx = clinopyroxene, ox = oxides, glom =
glomerocryst
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Figure 4.2 Photomicrographs of representative polymineralic glomerocrysts and megacrystic amphibole
textures. (a) Two-pyroxene and oxide glomerocryst in the host. (b) Glomerocryst of plagioclase, twopyroxenes, and oxides in the host. (c) Glomerocryst of plagioclase, two pyroxenes, oxides, and interstitial
glass in the host. (d) Amphibole, plagioclase, and oxide glomerocryst with interstitial glass in enclave
type-II. (e) Megacrystic acicular amphibole in enclave type-III. (f) Megacrystic amphibole oikocryst with
plagioclase, oxides, and pyroxene chadacrysts in the host. plg = plagioclase, amph = amphibole, opx =
orthopyroxene, cpx = clinopyroxene, ox = oxides
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Table 4.1 Whole-rock major and trace element compositions from May 2016 dome collapse of Sinabung
Volcano.
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Table 4.2 Summary of petrography and compositions of the host, enclave types, and glomerocryst.
Temperatures recorded in the table are calculated using Fe-Ti thermometry, as well as pyroxene and
amphibole thermobarometry techniques (further discussed in chapter 6).
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Chapter 5 – Mineral Chemistry
Plagioclase
Plagioclase compositions from all of the components of the May 2016 dome lavas are
summarized in Table 5.1 and on a frequency diagram of An content (Figure 5.1; Figure 5.2).
Plagioclase grains are complexly zoned and define a large, continuous compositional range from
Anorthite to Labradorite (An53 to An92; Figure 5.1). Oscillatory zoning is the most common
compositional pattern observed.
Plagioclase in the host andesite has a compositional range between An49 and An81 with cores
(An73 to An81) higher than the rim (An54 to An71). Plagioclase crystals in enclave type-I have a
compositional range between An56 and An85 with cores (An84 ± 1.37) higher than the rim (An65 ±
4.8). Plagioclase crystals in the enclave type-II have a compositional range between An53 and
An91 with cores (An79 ± 7.23) higher than the rim (An63 ± 7). Plagioclase crystals in the enclave
type-III have a compositional range between An71 and An92 with cores (An84 ± 3.7) higher than
the rim (An72 ± 9.2). Compositionally, the cores of the plagioclase phenocrysts found in the host
and enclave type-II are similar with their mean compositions being within error of each other.
The same goes for the cores of plagioclase crystals found in enclave types I and III. The rim
compositions are relatively similar in composition except enclave type-III (Figure 5.2).
Plagioclase compositions from glomerocrysts range from An56 and An91 with rim compositions
ranging from An59 and An68 and cores from An67 and An80.
Utilizing whole rock compositions and the plagioclase-melt trace element partitioning
experiments of Bindeman et al. (1998) and Tepley et al. (2010), equilibrium partitioning
concentration curves of MgO and FeO are modeled (Figure 5.3). Each model includes two
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curves that represent equilibrium partitioning of a targeted trace element into the crystallizing
plagioclase based on the specified whole-rock composition and temperature. For each plot, there
are two curves: (1) one representing the equilibrium compositions of plagioclase crystallizing in
the andesite whole-rock compositions and (2) those forming in the basaltic andesite whole-rock
composition. Curves are labeled low-T (low-temperature; 850°C) and high-T (high-temperature;
1200°C), respectively, and will be referred to as that hereafter. Figure 5.3 plots both MgO and
FeO compositions of plagioclase phenocrysts, as well as the modeled low-T and high-T curves
on the variation diagram. With respect to MgO, one main population of compositions is
observed, containing both host and enclave compositions, and falls along the low-T partitioning
curve (Figure 5.3a). The high-T curves modeling temperature is increased to 1200°C to capture
a minor population of plagioclase core data from the enclaves. It is important to note, a
temperature of 1200°C is higher than any estimated temperature obtained from geothermometry
(further discussed in chapter 6). For FeO, compositions display a vertical trend where anorthite
content is quite variable, but the iron content only varies ~0.2 wt% (Figure 5.3b). Two endmember processes affect An-Fe variation in plagioclase: open vs. closed system. Iron
partitioning in plagioclase is controlled by melt composition and fO2 while An content can be
affected by changes in melt composition and temperature (cf. Ruprecht and Worner, 2007). In a
closed system, changes in pH2O and temperature can increase or decrease the An content of the
crystallizing plagioclase. In these cases, Fe content remains relatively similar except for small
adjustments in fO2 caused by changes in temperature or pH2O (e.g., Couch et al., 2001; Blundy
et al., 2006; Ruprecht and Wörner, 2007). In an open system, compositional mixing affects
plagioclase composition in a way that the An content records combined changes of temperature,
water, and composition while FeO (and MgO) record changes in composition.
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Amphiboles
There are two types of calcic amphiboles found in the samples: edenites and pargasites
(Figure 5.4). Both types are found in the host, as well as enclave types -I and -II and cover a
broad compositional range from Mg# 0.58 to 0.78 (Table 5.2; Figure 5.4). Enclave type-III
amphiboles are only pargasitic and form a tight cluster with a slightly higher Mg# (0.76-0.83)
than pargasites found in the other samples (Figure 5.4). The cores and rims of the amphiboles
found in the host andesite are similar in composition (Mg# 0.58-0.74 and Mg# 0.63-0.73,
respectively). The rim compositions of amphiboles found in enclave type-I and type-II (Mg#
0.63-0.73 and Mg# 0.63-0.7, respectively) are similar to those found in the host. The
corresponding core compositions are slightly higher in Mg# (Mg# 0.69-0.75 for both enclave
type-I and -II). Amphiboles found in glomerocrysts have core compositions of Mg# 0.61 to 0.67.
Amphiboles analyzed in the host can be split into two groups: a low-Si group (42.7-43.3 wt%
SiO2) and a high-Si group (44.3-46.6 wt% SiO2). The high-Si group of amphibole analyses
shows the most variation. These amphibole analyses decrease ~ 2 wt% in Al2O3, slightly increase
in CaO (10.4-11 wt%), and broadly vary 2.5 wt% in FeO* and ~2.5 wt% in MgO, all with
increasing SiO2 (Figure 5.6). When looking at cation site occupancy, values for AlVI, sum of the
A site, Ti, and Ca are plotted against AlIV (Figure 5.7). The same two groups (high-Si and lowSi) are seen in these plots as well. AlVI content and Ca broadly varies along a horizontal trend of
approximately 0.2 pfu and < 0.1 pfu, respectively (Figure 5.7a,d). Ti and Sum A display slightly
increasing trends with increasing AlIV, from 0.19 to 0.27 pfu and 0.48 to 0.66 pfu, respectively
(Figure 5.7b,d). The second group represented by the tight cluster of host amphibole
compositions shows a horizontal variation of about 0.12 pfu for AlVI and 0.07 pfu for Sum A, as
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well as subtle increasing trends of 0.03 pfu for Ti and 0.15 for Ca (Figure 5.7). This second
compositional group lies in between the primary compositions of host amphiboles and
amphiboles found in the enclaves.
Amphibole compositions for the enclaves are divided into three groups. Group 1 amphiboles
are from ET1 and show a horizontal trend varying less than 1 wt% for CaO and MgO with
increasing SiO2 (Figure 5.6). FeO content shows a horizontal trend varying less than 1 wt%
from 39.4-40.7 wt% SiO2, followed by a sharp increase of about 2 wt% FeO* from 41-42 wt%
SiO2. Al2O3 shows a similar trend to FeO, except the content, decreases at 39.3 wt% SiO2 rather
than increasing. AlVI and Mg# both display increases of 0.15 pfu and 0.1 pfu, respectively. Sum
A and Ti contents display horizontal trends. Group 2 amphiboles are from ET3 and
compositionally overlap with the high-Si amphiboles analyzed in the host (Figure 5.6, Figure
5.7). The third group of amphiboles are from ET3 and are similar to those found in ET1 (~1 wt%
variation in Al2O3, ~0.5 wt% in CaO, 0.15 pfu in AlVI, and 0.05 pfu in Ti and Sum A), but differ
in FeO* (decreases ~2 wt%), MgO (increases ~1.2 wt%), and Mg# (increases from 0.76 to 0.83).
There are a few compositions from type-I and type-II enclave amphiboles that overlap in a tight
cluster with the host amphiboles that diverge from the main compositional group.
Glomerocrysts containing amphiboles are rare in the Sinabung May 2016 dome lavas. The
amphiboles analyzed in the glomerocrysts compositionally overlap with the high-Si group of
host amphiboles. These amphiboles show little variation in CaO (0.2 wt% variation), FeO* (~1
wt%), and MgO (~1 wt%). Al2O3 content decreases from 10.7 to 9.14 wt%. Amphibole
megacrysts analyzed in AH and ET1 compositionally overlap with the high-Si amphibole group.
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Megacrystic amphiboles analyzed in ET3 overlap with the low-Si amphibole group characterized
by other ET3 amphiboles.
Pyroxene
Clinopyroxene is more common throughout the samples than orthopyroxene, which is found
primarily in glomerocrysts and enclaves. The augite clinopyroxenes in the glomerocrysts and as
individual grains are indistinguishable in composition, typically as Wo35En50Fs15 to
Wo44En41Fs15 (Table 5.3; Figure 5.8). The core and rim compositions are similar for all of the
lithologies ranging from En41-46 and En39-49, respectively. The rims have a slightly broader
compositional range and suggest slight zonation in the crystals. Orthopyroxene phenocrysts are
reasonably homogenous and occur as enstatite, defining a tight cluster from Wo1En63Fs36 to
Wo4En64Fs32 (Figure 5.8). While overall the compositional range of the pyroxene crystals is
broad in some cases (e.g. < 3 wt% variation in MgO for orthopyroxene and < 4 wt% in MgO for
clinopyroxene; < 2 wt% variation in CaO for orthopyroxene and < 5 wt% in CaO for
clinopyroxene), the magnitude in variation of pyroxene compositions found in the host is much
smaller and in the middle of the compositional trend (e.g., < 2 wt% variation in MgO). Pyroxene
crystals analyzed in the glomerocrysts overlap in composition with pyroxenes analyzed in the
enclaves.
Oxides
Fe-Ti oxides are commonly identified petrographically with pyroxenes and occur in
glomerocrysts with these phases. Fe-Ti oxides analyzed are titanomagnetites and ilmenites;
representative compositions are presented in Table 5.4. Ilmenite was challenging to locate in the
Sinabung lava samples, especially within the enclaves. Titanomagnetite is common in all
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samples as isolated phenocrysts and inclusions within pyroxene and hornblende. Although
individual crystals of ilmenite or titanomagnetite were observed, the most common occurrence of
ilmenite was as exsolution lamellae in the titanomagnetite grains. Ilmenite grains with
titanomagnetite exsolution lamellae were rare. Pure ilmenite crystals are rare in ET1 and ET3.
Glass
A more significant difference between the host and each enclave type is the modal abundance
of glass and its texture. Glasses found in the Sinabung lavas range in composition from 66.7 to
79 wt% SiO2 and show a general decrease in wt% FeO from enclave type-III to host andesite
(Table 5.5). Enclave type-III marks the top of decreasing wt% FeO trend and is mainly variable
(66.7 to 71.1 wt% SiO2 and 3.13 to 2.19 wt% FeO). Glass analyzed in enclave type-I forms a
slightly tighter cluster from 74 to 75.4 wt% SiO2 and decreases from 2.4 to 1.86 wt% FeO. Glass
analyses from the host and enclave type-II are similar (72.5-79 wt% SiO2) and generally
decrease in FeO (1.89-0.87 wt%).
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Figure 5.1 Compositions of plagioclase from the May 2016 Sinabung lava dome collapse (n = 265),
which classify as labradorite, bytownite, and anorthite.
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Figure 5.2 Anorthite frequency diagram of plagioclase found
in the host andesite (avg. An73 ± 8.4), enclave type-I (avg.
An77 ± 11.3), enclave type-II (avg. An72 ± 9.6), and enclave
type-III (avg. An74 ± 8.4). Two kernel density curves are
plotted one representing core (grey) compositions and one for
rim (black) compositions. For glomerocrysts, rim (dashed)
and core (solid) color corresponds to sample type
glomerocryst was analyzed in.
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Figure 5.3 Trace element (a. MgO; b. FeO) variation versus anorthite content in plagioclase. Also plotted
are equilibrium-partitioning curves for a high temperature (T) equation (basaltic andesite whole rock
composition, 1200 °C) and a low T equation (andesite whole rock composition, 850 °C). Included are
uncertainties for the partitioning curves, the detection limit of the trace elements, and 2s errors.
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Figure 5.4 Compositions of amphiboles from the May 2016 Sinabung lava dome collapse which classify
as edenites and pargasites (n = 238).
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Figure 5.5 Mg# frequency diagram of amphibole found in the host
andesite (avg. Mg# 0.66 ± 0.03), enclave type-I (avg. Mg# 0.68 ±
0.04), enclave type-II (avg. Mg# 0.66 ± 0.04), and enclave type-III
(avg. Mg# 0.81 ± 0.02). Two kernel density curves are plotted one
representing core (grey) compositions and one for rim (black)
compositions. Lighter color bars represent compositions of
megacrysts.
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Figure 5.6 Compositional variations of amphibole phenocrysts in the 2016 deposits. The plots denote
different major oxides (a. Al2O3, b. CaO, c. FeO*, d. MgO). Color and shape indicate phenocrysts
analyzed in the host, enclaves (separated by type-I, -II, and –III), glomerocrysts, and megacrysts.
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Figure 5.7 Cations (a.p.f.u., atoms per formula unit) representing intensive parameter sensitive
coupled substitutions plotted against Aliv. (a) Al-Tschermak pressure-sensitive exchange; (b)
Edenite temperature-sensitive exchange; (c) Ti-Tschermak temperature-sensitive exchange; (d)
Plagioclase temperature-sensitive exchange.
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Figure 5.8 Compositions of clinopyroxene and orthopyroxene from the May 2016 Sinabung lava dome
collapse. Clinopyroxene classify as augite (n = 131) and orthopyroxene classify as enstatite (n = 62)
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Table 5.1 Representative compositions of plagioclase phenocrysts from different rock types and
populations in samples from the Sinabung May 2016 dome lavas analyzed on the electron microprobe.
See supplementary data for compilation of all analyses. C: core; M: mantle; R: rim
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Table 5.2 Representative compositions of amphibole major elements and structural formulae from
different rock types and populations in samples from the Sinabung May 2016 dome lavas analyzed
on the electron microprobe. See supplementary data for compilation of all analyses.
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Table 5.3 Representative compositions of pyroxene major elements and end member proportions from
different rock types and populations in samples from the Sinabung May 2016 dome lavas analyzed on the
electron microprobe. See supplementary data for compilation of all analyses.
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Table 5.4 Representative compositions of Fe-Ti oxide major elements, recalculated proportions including
Fe2+ and Fe3+, and intensive parameter estimates calculated using ilmat.xls from different rock types and
populations in samples from the Sinabung May 2016 dome lavas analyzed on the electron microprobe.
See supplementary data for compilation of all analyses.
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Table 5.5 SiO2 and FeO compositional ranges of glass analyses from May 2016 lava dome collapse lavas.
See supplementary data for compilation of all analyses and complete oxides.
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Chapter 6 – Properties of Magma System
Fe-Ti Oxides Geothermometry
The first technique utilizes the Fe-Ti oxide thermometer from Anderson and Lindsley (1985)
and Ghiorso and Evans (2008). For Fe-Ti oxide geothermometry, we analyzed titanomagnetite
and ilmenite pairs that appeared to be in equilibrium, the validity of their equilibrium was then
tested using the log (Mg/Mn) equilibrium envelope from Bacon and Hirschmann (1988). Fe-Ti
oxide pairs were primarily touching crystals and if not available, grains consisting of ilmenite
exsolution lamellae inside titanomagnetite. Ilmenite exsolution in magnetite grains is the product
of oxidation exsolution (Haggerty, 1991). Magnetite and ilmenite pairs that were within 2σ of the
Bacon and Hirschmann (1988) equilibrium envelope. Despite Bacon and Hirschmann (1988)’s
observation that exsolution pairs usually fall outside the acceptable window of equilibrium based
on log (Mg/Mn) plot, the exsolution pairs we used are within the equilibrium envelope (Figure
6.1). The ILMAT spreadsheet (LePage, 2003) was used to recalculate ferric and ferrous iron
contents, crystallization temperatures, and oxygen fugacity of the pairs. Both Andersen and
Lindsley (1985) and Ghiorso and Evans (2008) temperatures are reported with the temperatures
generally agreeing with each other (R2=0.968, p-value < 0.00001, linear regression).
Magnetite and Ilmenite pairs yielded oxygen fugacities ranging from NNO + 0.8 to NNO +
1.2 and temperatures ranging from 800–1175°C and (Table 6.1, Figure 6.2, Figure 6.3). Fe-Ti
oxide equilibration temperatures for the host range widely, 900-1050°C with those found within
glomerocrysts in the host overlapping 975-1050°C (Figure 6.3). Overall, Fe-Ti oxide pairs found
within each of the three enclave lithologies fall in a similar temperature range (Table 6.1; Figure
6.3). A few pairs from enclave type-II found as individual phenocrysts and in glomerocrysts
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yield temperatures < 850°C. With a temperature spread of > 150 °C for the host, they suggest the
samples have erupted from a batch of magma that was not thermally equilibrated or hint to a
thermal gradient of the slow cooling lava dome. Fe-Ti oxide re-equilibration is rapid, on the
order of days to weeks, and can lead to large spreads in temperature estimates (Venezky and
Rutherford, 1997).
Two-pyroxene Geothermobarometry
The second technique used the revised calculations of Putirka (2008) for clinopyroxeneorthopyroxene pairs. Two pyroxene pair geobarometers are controlled by the transfer and
exchange reaction of Fe2+ and Mg2+ between an orthopyroxene and clinopyroxene pair that is in
equilibrium (Brey and Kohler, 1990). Element exchange between the two minerals is less
dependent on compositional effects, making it a better-constrained system than a single-phase
calibrated geothermobarometer (Brey and Kohler, 1990). We analyzed coexisting pairs of
orthopyroxene-clinopyroxene phenocrysts. These coexisting pairs of two-pyroxenes mostly
consisted of touching pairs found in glomerocrysts analyzed in four samples from the Sinabung
May 2016 dome lavas. Putirka (2008) revised the calibrations of the previous thermometer by
Brey and Kohler (1990) and barometer by Mercier et al. (1984) by treating the experimental data
as two compositional groups and refitting regression lines. The equilibrium between pairs was
established using a test similar to Roeder and Emslie (1970), which compares the Fe-Mg
exchange coefficients of clinopyroxene and orthopyroxene in the natural samples with
experimentally determined equilibrium exchange coefficients. Pairs are rejected if they fall
outside the Fe-Mg exchange coefficient of the equilibrium value of 0.7±0.2 for the subsolidus
system (cf. Two-pyroxene_2015.xls from Putirka (2008)). For temperature estimates, the
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thermometer (equation 37 for Mg#(cpx) < 0.75 Putirka (2008)) has a standard error of the
estimate of ± 56°C. The temperature-dependent barometer (equation 39 Putirka (2008)) used for
pressure estimates has a standard error of the estimate of ± 280 MPa.
Clinopyroxene-orthopyroxene pairs yielded temperatures ranging from 950-990 °C with
small variability between samples (~10 °C) (Figure 6.4). Temperatures estimated are similar for
all lithologies. Temperature estimates for each lithology do not significantly differ. Calculated
crystallization pressures range from 590-770 MPa for single pairs, and pressure estimates do not
differ between samples (Figure 6.5). The pyroxene pairs presented have Fe-Mg proportions
consistent with equilibrium, but that does not mean that the grains grew in equilibrium with the
surrounding, quenched melt. Putirka (2008) indicates that error is difficult to estimate for this
thermobarometer. Considering all the temperature data, the standard deviation of the calculated
temperatures is ± 22 °C. For pressure data, the standard deviation of the calculated pressures is
±107.3 MPa. These deep pressures may represent the central region of pyroxene crystallization
being in hotter and higher pressure regime with pyroxene re-equilibration in mafic and
intermediate magmas being on the order of hundreds of to tens of thousands of years (Brady and
McCallister, 1983).
Amphibole Geothermobarometry
For amphibole compositions (Table 5.2), pressure and temperature estimates were calculated
using the empirical amphibole thermobarometer from Ridolfi and Renzulli (2012) (here forward
referred to as the RR method). Single phase amphibole geobarometers are dependent on the
relationship between partitioning of aluminum into the crystal structure and pressure. The
thermometer has a standard error of the estimate of ± 23.5°C. The barometer, on the other hand,
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has a standard error of the estimate of ± 11.5%, which means uncertainty is smaller at lower
pressures and increases with increasing pressure.
Temperature estimates fall in a broad range of 830-1050 °C overall. Amphibole phenocrysts
found in the host fall into two groups: a low temperature (830-900°C) and higher temperature
(920-950°C). Amphibole megacrysts analyzed in the host lithology yield temperatures in the
lower range (Figure 6.6). For enclave type-I, the low-temperature range (850-900°C) is defined
by amphibole megacrysts and is similar to the low-T group in the host, while the phenocrysts
define a higher and broader temperature range (950-1050°C). Amphibole phenocrysts analyzed
in enclave type-II yield temperatures similar to the low-temperature group in the host (850900°C; Figure 6.6). There are a few analyses that fall outside of this range but overlap with the
higher-T group in enclave type-I. Amphibole phenocrysts and glomerocrysts in enclave type-III
yield temperature estimates of 1000-1050°C. Temperatures yielded are consistent with other
geothermometers used in the study.
Pressures range from 145-800 MPa (Figure 6.7). Calculated pressure estimates for host
amphiboles range from 145 to 400 MPa, but can be split into two ranges, 145-260 MPa and 330400 MPa (Figure 6.7). There are three groups of yielded pressures for amphiboles found in
enclave type-I, 160-240 MPa for the megacrysts, as well as 400-630 MPa and 750-870 MPa for
the phenocrysts. Amphibole phenocrysts and megacrysts in enclave type-II and within
glomerocrysts found in the lithology yield pressure estimates similar to the host (160-260 MPa)
(Figure 6.7). For enclave type-III, amphibole phenocrysts yield a pressure range of 660-800
MPa.
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Since the Ridolfi and Renzulli (2012) thermobarometer is a single-phase thermobarometer,
there are significant assumptions made to limit the degrees of freedom of the system. If the
degrees of freedom are not limited, pressure, temperature, and water pressure of the system
cannot be determined. Previous literature has established that calibrations of the RR method
yield reliably realistic temperature estimates (cf. Walker et al., 2012; Shane and Smith, 2013;
Erdmann et al., 2014; Putirka, 2016). However, there have been discrepancies with the
relationship between experimental pressures and estimated pressures using the RR method (cf.
Walker et al., 2012; Shane and Smith, 2013; Erdmann et al., 2014; Putirka, 2016; Zhang et al.,
2017). The degrees of freedom assumptions and cherry-picked experimental calibration dataset
cause calculated pressures to be near the liquidus causing it not to yield realistic pressures for
amphiboles that grow at a steady pressure with varying temperature (amphiboles grown well
within the amphibole stability field). These concerns bring in to question the validity of
amphibole absolute pressure estimates calculated using the RR method, especially when
calculated estimates disagree significantly with experimental pressures.
Pressures calculated utilizing barometric calibrations are estimates of pressures a targeted
constituent would have formed under assuming equilibrium. Anything beyond this is an
interpretation which is best supported by multiple lines of evidence. The presence of
disequilibrium rims on a subset of the erupted amphibole population and differences in
amphibole compositions suggest that the erupted population is a collection of amphiboles that
grew in magmas under different storage conditions (cf. Gilde, 2009; Walker et al., 2012). For the
majority of amphiboles, there is a decrease in estimated pressures from the core to rim
representing a realistic and systematic change in equilibrium conditions of the system they are
crystallizing in (Figure 6.8). In a minor population (< 5% of analyzed amphiboles), the

47

estimated pressure is higher, exceeding the range for uncertainty, for the rim than the core. These
amphiboles are visibly zoned with the rims seeing a 2-4 wt% increase in Al2O3. The RR method
bases its estimates on the temperature- and pressure-dependent components, AlIV and AlVI, so the
substantial increase in Al2O3 at the rim, it is more likely the rims crystallized from a more Al-rich
melt rather than crystallizing at significantly higher pressures than the core. These values should
be disregarded when interpreting amphibole pressures. In comparison, higher pressure
amphiboles record comparable crystallization pressures to those calculated using the Putirka
two-pyroxene method.
Based on this discussion, amphibole pressures are interpreted as relative pressures and are
used to distinguish between low and high-pressure crystallization conditions. Conclusions later
drawn about magmatic architecture are heavily based on interpretations of 1) pyroxene pressure
estimates, 2) textural observations of glomerocrysts and enclaves, and 3) recorded seismic
activity from 2010-2015. Further discussion of these observations can be found in Chapter 8.
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Figure 6.1 Mg/Mn (atomic) for ilmenite-magnetite pairs (dots) in May 2016 Sinabung lava dome collapse
lavas. Linear regression by Bacon and Hirschmann (1988) gives log(Mg/Mn) mt = 0.9317 x log(Mg/Mn)il 0.0909, R = 0.990 (middle solid line). Error envelope given by log(Mg/Mn)mt = 0.9430 x log(Mg/Mn)il 0.0124 (upper limit) and log(Mg/Mn)mt = 0.9213 x log(Mg/Mn)il - 0.1696.
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Figure 6.2 T (°C) vs fO2 (left panel) and T (°C) vs H2Omelt (wt %) (right panel) based on the amphibole
reduction of Ridolfi et al. (2010) and Fe-Ti oxide exchange of Andersen and Lindsley (1985), showing
the data from amphiboles and Fe-Ti oxides (left panel only) residing in each lithology.
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Figure 6.3 Graphical representation of center and spread of calculated Fe-Ti oxide temperatures using the
Fe-Ti oxide touching pairs thermometer of Anderson and Lindsley (1985). Calculations are divided by
whether the analyzed Fe-Ti oxide pairs were phenocrysts or part of a glomerocryst. These were
subdivided further by the lithology the Fe-Ti oxide pairs were identified in: host (H), enclave type-I
(ET1), enclave type-II (ET2), and enclave type-III (ET3). Crystallizations cover a broad range of
temperatures. Significant variance in the Fe-Ti oxide equilibrium temperatures may be a result of the fast
rate of re-equilibration (on the order of days to weeks) of Fe-Ti oxides and the cooling gradient of the
extruded lava dome. The whiskers extend to 1.5 times the interquartile range (IQR; middle 50% spread)
of the data.
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Figure 6.4 Graphical representation of center and spread of calculated pyroxene pressures using the twopyroxene touching pairs thermometer modified from Putirka (2008). Calculations are divided by whether
the analyzed pyroxene was a phenocryst or part of a glomerocryst. These were subdivided further by the
lithology the pyroxenes were identified in: host (H), enclave type-I (ET1), enclave type-II (ET2), and
enclave type-III (ET3). These results indicate one high-temperature crystallization regime. The whiskers
extend to 1.5 times the interquartile range (IQR; middle 50% spread) of the data.
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Figure 6.5 Graphical representation of center and spread of calculated pyroxene pressures using the twopyroxene touching pairs barometer modified from Putirka (2008). Calculations are divided by whether the
analyzed pyroxene was a phenocryst or part of a glomerocryst. These were subdivided further by the
lithology the pyroxenes were identified in: host (H), enclave type-I (ET1), enclave type-II (ET2), and
enclave type-III (ET3). These results indicate one high-pressure crystallization regime overlapping with
the high-pressure crystallization amphibole group. The whiskers extend to 1.5 times the interquartile
range (IQR; middle 50% spread) of the data.
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Figure 6.6 Graphical representation of center and spread of calculated amphibole pressures using the
Ridolfi and Renzulli (2012) equations discussed in Putirka (2016). Calculations are divided by whether
the analyzed amphibole was a phenocryst, part of a glomerocryst, or a megacryst. These were subdivided
further by the lithology the amphibole was identified in: host (H), enclave type-I (ET1), enclave type-II
(ET2), and enclave type-III (ET3). Only “invalid” amphiboles were rejected. These results indicate two
distinct groups based on the estimated center and spread: (1) recording lower temperature crystallization
regime and (2) recording higher temperature conditions. The whiskers extend to 1.5 times the interquartile
range (IQR; middle 50% spread) of the data. Phen = phenocryst; Glom = glomerocrysts
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Figure 6.7 Graphical representation of center and spread of calculated amphibole pressures using the
Ridolfi and Renzulli (2012) equations discussed in Putirka (2016). Calculations are divided by whether
the analyzed amphibole was a phenocryst, part of a glomerocryst, or a megacryst. These were subdivided
further by the lithology the amphibole was identified in: host (H), enclave type-I (ET1), enclave type-II
(ET2), and enclave type-II (ET3). Only “invalid” amphiboles were rejected. Standard error estimates for
amphibole is 11%, meaning Perror increases exponentially with Pestimate (Ridolfi and Renzulli, 2012). These
results indicate two distinct groups based on the estimated center and spread: (1) recording lower pressure
crystallization regime and (2) recording higher pressure conditions. The whiskers extend to 1.5 times the
interquartile range (IQR; middle 50% spread) of the data. Glom = glomerocrysts
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Figure 6.8 Estimated amphibole pressures plotted as core and rim values. Core and rim values on the
same amphibole phenocryst are connected by a tie line to show the majority of estimated values show a
systematic decrease in equilibrium pressures from the core to rim. A few amphiboles show the opposite
trend and highlight the importance of scrutinizing the validity of calculations. Shapes indicate lithology
amphibole was analyzed in and color indicates whether it was a host or enclave phenocryst, in a
glomerocryst or a megacryst.
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Chapter 7 – Summary of Petrology
Significant observations of each lithology are:
•

Crystal-rich, andesite host (AH) has restricted phenocryst compositions and lower
temperature and pressure estimates than all of the other lithologies

•

Enclave type-II (ET2) are similar to AH in modal abundances and groundmass texture,
only differing in groundmass color in PPL (light tan vs. light gray)

•

Hypocrystalline enclave type-I (ET1) is characterized by the abundance of acicular
amphibole and little to no interstitial glass.

•

Enclave type-III (ET3) is more crystal-rich than AH and ET2 with the distinguishing
characteristic of dark brown intersertal glass

•

Pyroxene + plagioclase + Fe-Ti oxides glomerocrysts are abundant in AH, ET1, and ET3

•

Pyroxene-rich glomerocrysts usually occur with no pore space or interstitial glass, but a
minor subgroup found in AH have pore space and interstitial glass.

•

Amphibole + plagioclase + Fe-Ti oxide glomerocrysts with pore space and interstitial
glass are only observed in ET2.

Chemically, there is considerable overlap between the host, enclaves, and glomerocrysts, but
there are some critical differences to highlight. Plagioclase phenocryst compositions range from
An50 to An92 and display simple to complex normal and oscillatory zoning, whereas reverse
zoning is rare. The plagioclases found in the host and enclave type-II represent a low-An core
group (An55 to An91) and the plagioclases from enclave type-I and type-III are the high-An group
(An64 to An92). The plagioclase rims are lower in anorthite than the cores (An49 to An76). The
partitioning of MgO in plagioclase shows the majority of the phenocrysts crystallized under
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equilibrium conditions in a melt composition similar to the whole rock composition of the
andesite and around ~900 °C. There is a small population of plagioclase analyses from the
enclaves that can be captured by a higher temperature equilibrium curve (~1200 °C). For
amphiboles, there are two compositional groups: (1) high-Si and (2) low-Si. Amphiboles
analyzed in the host and enclave type-II (this includes megacrysts and glomerocrysts)
characterize a high-Si group, and the amphiboles analyzed in enclave types –I and –III (this
includes megacrysts found in enclave type-III) characterize a low-Si group. There are two
pyroxenes present in the rock (augite and enstatite) as components of glomerocrysts and rare
phenocrysts. In ET1 and ET3, orthopyroxenes are observed with amphibole overgrowth rims.
There is no variation in pyroxene chemistry across the four lithologies.
Intensive parameters vary for each sample, but there are a few critical observations in the
calculated temperatures and pressures. Amphiboles in the host and enclave type-II, as well as in
glomerocrysts and megacrysts throughout the samples (excluding those megacrysts in enclave
type-III) record similar pressure and temperature ranges 144-260 MPa and 830-900 °C and
slightly higher pressure group of just host amphiboles ranging from 328-393 MPa and 924-952
°C (Figure 6.6; Figure 6.7). These pressures and temperatures come from the cores of strongly
zoned amphiboles and heavily reacted amphiboles found near the boundaries of enclaves. There
is a small group of amphiboles from enclave type-I that record pressure and temperature ranges
of 405-545 MPa and 948-980 °C, respectively (Figure 6.6; Figure 6.7). There is a second
prominent group of pressure and temperature values that includes amphiboles from ET1 and
ET3, megacrysts from ET3, and pyroxenes from ET2 and glomerocrysts. They record pressure
and temperature ranges of 760-951 MPa and 1015-1045 °C (Figure 6.4; Figure 6.5). Fe-Ti
oxide temperatures overlap with the previously outlined temperature ranges.
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Chapter 8 – Discussion
Here the hypothesis of mafic recharge forming the magmatic enclaves and initiating
eruption of the Mount Sinabung lava dome is evaluated based on both textural and compositional
observations, as well as comparison of the three geothermobarometers. Evaluating the chemical
compositions and crystallization temperatures and pressures of the quenched inclusions and
glomerocrysts may shed light on their magmatic origin. Understanding the magmatic origin will,
in turn, provide a better understanding of the plumbing system beneath Mount Sinabung.
Origin of Glomerocrysts
The three types of glomerocrysts in the Sinabung lavas analyzed are (1) pyroxene-rich with
no glass or pore space, (2) pyroxene-rich with glass and pore space, and (3) amphibole-rich with
glass and pore space. Glomerocryst origin is interpreted based on texture and comparison of
crystal chemistry to individual phenocrysts in the system. Initially, glomerocrysts were thought
to be the anhydrous products of amphibole breakdown (Stewart, 1975) with critical
characteristics being the presence of anhydrous mineralogy and retention of relict amphibole
crystal form. The amphibole-dominant glomerocrysts fall short of this interpretation due to the
presence of the hydrous amphibole phase and absence of anhydrous phases, like pyroxene. While
both types of pyroxene-rich glomerocrysts include an anhydrous phase, they do not display the
relict crystal form of an amphibole. So, it is unlikely that the pyroxene-dominant glomerocrysts
formed from the anhydrous break down of amphibole.
Other studies found glomerocrysts to be clusters of phenocrysts from somewhere in the
magma system (Garcia and Jacobsen, 1979), more specifically, pieces of chilled magma from the
reservoir margin of the reservoir (Arculus, 1976) or dislodged cumulate material included in the
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melt body (Arculus and Wills, 1980). If the glomerocrysts were from the chilled margin of the
magma reservoir, then finer-grained phenocrysts would be expected, but the coarse grain size of
all three types of glomerocrysts suggests these glomerocrysts are not coming from fragmented or
dislodged portions of chilled magma along the wall rocks. The pyroxenes in the glomerocrysts
are similar in composition to the individual phenocrysts analyzed in the samples suggesting they
are clusters of phenocrysts from somewhere else in the magma system.
Thermobarometry estimates for the pyroxene-dominant glomerocrysts record a significant
level of crystallization at ~26 to 30 km depth at high temperatures of 1015 to 1045°C. These
higher pressures and temperatures combined with the similarity in composition to individual
phenocrysts analyzed in the lavas suggests that these glomerocrysts are crystallizing from the
same melt but in a hotter and deeper portion of the reservoir. Absence or presence of interstitial
glass and pore space suggests that these are coming from two different environments of the same
area. Those without interstitial glass or pore space are likely dislodged cumulate material that is
included in that magma. Glomerocrysts with pore space have a higher modal abundance of
plagioclase and may represent clots of phenocrysts in a more liquid part of this cumulate region.
Another possibility is pyroxenes within these clots were dislodged from the cumulates, and the
glomerocrysts are an aggregate of the ascending material as a result of clumping.
Glomerocrysts containing plagioclase, amphibole, ilmenite, and magnetite occur within the
dome lava samples. Amphiboles and plagioclase analyzed in the glomerocrysts are
compositionally similar to those found in AH and ET2. Mineral thermobarometry records
crystallization at similar depths and temperatures to individual euhedral phenocrysts in the host.
Similarities in composition and crystallization depths combined with the presence of pore space
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and interstitial glass suggest these amphibole-dominant glomerocrysts are crystal aggregates of
the host magma.
Origin of Mafic Enclaves
Understanding the origin of the quenched inclusions and their relationship to one another and
the host lava is essential for removing the noise of the complex magma system and for
simplifying the magma dynamics at Sinabung Volcano. Evidence for magma mixing in a system
includes the presence of quenched inclusions (e.g., Eichelberger, 1975; Furman and Spera, 1985;
Wiebe et al., 1997; Clynne, 1999). This discussion will highlight the distinguishing features of
each enclave type and their significance to the petrogenesis and architecture of the magma
system.
Magma mingling: If mechanical mixing of two different magmas occurred, a combination of
crystals and liquid would have exchanged from one magma source to the other. Investigation of a
range of crystal populations in each representative sample should draw out individual magmas or
connections between magmas. For plagioclase phenocrysts, there are two central populations,
one with high-An cores and one with low-An cores. ET1 and ET3 have plagioclase populations
with high-An cores while AH and ET2 have plagioclase population with the low-An cores. In
addition to the differences in core compositions, there is a small population of MgO analyses that
plot on the second equilibrium partitioning curve based on the basaltic andesite composition at
1200 °C. In enclave type-III, there is a population of higher Mg# pargasites, which can suggest a
more mafic or higher temperature melt. Most phenocrysts compositions are primarily the same.
Variations in temperature can reconcile deviations in crystal population compositions. These

61

quenched inclusions likely tell more about the architecture of the system than the introduction of
new magma into the system.
Magma accumulation: Another hypothesis for the quenched inclusions is that they all
originated from the same magma source as the host but areas of varying temperatures and melt
content. Simple trace element partitioning in plagioclase shows similarity in plagioclase
populations for each representative sample. The advantage of using trace element discriminators
is that regardless of where the plagioclase is found when coupled with the An content can reveal
the original environment of crystallization. The correlation between MgO and anorthite content
in the plagioclase populations suggests that the plagioclase grew mostly in a fractionated melt.
The scatter about the equilibrium-partitioning curve indicates either a minor mixing component
or variation in temperature. Mineral textures like sieved plagioclase, orthopyroxene overgrown
by amphibole, and amphibole megacrysts derived from andesite with significant reaction rims
suggest some phenocryst exchanged occurred between different areas of the magma reservoir.
While there are the high- and low-An groups based on core compositions, the majority of the
plagioclase crystals display clear, euhedral rim overgrowth of similar compositions and lower in
Ca than their cores. One explanation for the considerable variation in An content is closed
system evolution associated with small variations in H2O, as well as the temperature of the host
magma. For the smaller population that deviates from the primary plagioclase cluster and fits the
basaltic andesite, the equilibrium curve can also be captured by increasing the temperature of the
andesite equilibrium curve to 1350 °C. Also, higher Mg# pargasites suggest slightly hotter
conditions, not necessarily more mafic melt (Rutherford and Devine, 2003).
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Enclave type-II is similar to the host in textural appearance, as well as mineral and glass
compositions. Average plagioclase amphibole compositions overlap for the host and enclave
type-II analyses. They also record similar crystallization pressures and temperatures. Enclave
type-III appears to be from the deepest hottest part of the magma system at Sinabung Volcano.
Plagioclase phenocrysts with the highest An contents and amphiboles with the highest Mg#
originate here. Glass compositions of these enclaves are slightly higher in FeO and lower in SiO 2
content than the other enclaves and the host.
Pre-eruptive Storage Conditions
Based on the presented crystallization temperature and pressures estimations, a petrological
model for the assemblage of magma at Sinabung Volcano before the May 2016 dome collapse
can be inferred where there are two dominant regions of crystallization. The magma system
occupies the region between 5.5 and 30 km depth in the crust (~145-800 MPa) (Figure 8.1).
We envision that the host andesite, three enclave types and glomerocrysts represent varying
regions of a complex arc magma reservoir. Andesite host magma lacks a stable hydrous phase,
with the only amphibole occurring as rare prismatic megacrysts and smaller, reacted phenocrysts,
suggesting that the majority of the andesite melt extruded during the dome-forming eruptions
came from a low-pressure, shallow crustal residence of ~3 km depth. Those rare amphiboles
found in the andesite show a dominant region of crystallization between 6 and 10.5 km and ~900
°C (Figure 8.1). Amphibole megacrysts and oikocrysts crystallize in this region and represent
late-stage crystallization. The last area of residence before magma is erupted likely occurs
between 3 and 10 km with late-stage amphibole crystallization occurring below the pressure
stability (Figure 8.1). Enclave type-II may represent the outer reaches of this region melt where
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temperature and pressures are slightly higher due to similarities in texture as well as glass and
mineral compositions. Pyroxene-rich glomerocrysts and amphiboles from ET1 and ET3 record
another dominant level of crystallization between 26 and 30 km (Figure 8.1). These barometric
results suggest a region of crystal mush and crystal cumulate in the lower crust. The continental
crust is between 24 and 40 km thick in the Toba Caldera region of Sumatra (Matsturyono et al.,
2001). Enclave type-I represents an incorporated portion that was more of a melt-poor crystal
aggregate while enclave type-III was more liquid based on the difference in modal abundance of
glass but overlap in mineral and glass compositions. Also, enclave type-I experienced a more
significant degree of undercooling than enclave type-III due to the presence of interstitial bladed
amphiboles. For the glomerocrysts, once the two pyroxenes grew together, there would be no
further equilibration of the Fe-Mg system, making them record the equilibration at the time of
accumulation. No further exchange between pyroxene phases and melt is likely why the
pyroxene touching pairs thermobarometry records one confined regime of crystallization in the
system and cooler temperatures (~960-980 °C) than newer crystallization like the bladed
amphiboles in enclave types –I and –III (1015-1050 °C). Based on the higher temperatures
recorded in newer amphibole growth and incorporation of cumulate features, this 26-30 km
region may be the interface between the reservoir and reheating or rejuvenation events.
These thermobarometric estimations are within error of seismic signals record at Sinabung
Volcano. Published interpretations of seismic data indicate the main reservoir of the volcano is
somewhere between 7 and 10 km below sea level (Figure 8.2; McCausland et al., 2017; Nugraha
et al., 2017; Indrastuti et al., 2019; White and McCausland, 2019). Deep and distal volcanic
tremor and low-frequency tremor are observed as deep as 35 km in the crust beneath Mount
Sinabung. Seismic data shows patterns of possible magma movement from a deep reservoir (>20
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km) to a shallow reservoir (<10 km) periodically through the years leading up to the magmatic
eruptions initiating in 2013 (Figure 8.2).
Amphibole Textures
Further characterization of dynamics operating within the magma system is possible by
combining thermobarometric estimations with textural and compositional variations observed in
the phenocryst populations. Textures like amphibole reaction rims and late-stage high-Al bladed
amphibole growth as well as amphibole overgrowth on Ca-poor pyroxenes provide insights to
interactions and movement of melts before eruption (e.g., Garcia and Jacobsen, 1979; Barclay et
al., 1998; Rutherford and Hill, 1993; Rutherford and Devine, 2003).
Reaction rims on amphibole occur only where the crystal edges are in contact with the melt.
Amphibole reaction rims are generally interpreted as resulting from loss of water during magma
decompression during movement to or storage at shallow depth (e.g., Garcia and Jacobsen, 1979;
Rutherford and Hill, 1993; Rutherford and Devine, 2003; Beard et al., 2005). There are two types
of reaction rims identified on amphiboles in the samples: thin, finer grained rims and thick, highCa pyroxene-rich rims. Thinner (5-20 μm) reaction rims result from loss of water, or exsolution
of volatiles, during decompression of the melt. However, the coarser grained rims are distinctly
different from these decompression rims. Rutherford and Devine (2003) showed in experiments
on Soufrière Hills’ andesites that amphiboles developed Ca-rich pyroxene reaction rims due to
changes in thermal conditions. These thermal rims are caused by heating the amphiboles above
the amphibole stability limit (~880 °C) (e.g., Barclay et al., 1998; Rutherford and Devine, 2003).
In the Rutherford and Devine (2003) experiments, amphiboles that displayed similar textures
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experience temp range of 870-925 °C for 12-36 hours and coarser and thicker rims experienced
higher temperatures.
As previously pointed out, Ca-poor pyroxenes found in enclave type-I and type-III occur
with amphibole overgrowth rims. Hydration crystallization is described as opx + cpx + oxides +
calcic plag + hydrous melt = amphibole + quartz + sodic plagioclase and occurs as a hydrous
magma cools (Beard et al., 2004). Crystallization of some of these phases depends on the
composition of the cooling melt. Hydration crystallization is observed in calc-alkaline suite rocks
by the partial replacement of pyroxene by amphibole.
Bladed shaped crystals found in enclave type-I that are compositionally similar to other
pargasites observed in the other enclaves and host could represent growth of new crystals in the
inclusion as a result of changing pressure and temperature conditions. Variance in amphibole
abundance may be related to the degree of undercooling (Blundy and Sparks, 1992). In addition
to these observations, there is a large spread in calculated Fe-Ti oxide temperatures, which
overlap with other calculated crystallization temperatures. Spread in temperatures support the
observations indicating temperature variations amongst the different areas of the magma system.
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Figure 8.1 Schematic representation of textural observations and multiple mineral phase barometry,
supported by observed seismic data (Indrastuti et al., 2019; McCausland et al., 2017; Nugraha et al., 2017;
White and McCausland, 2019). A. Inferred magma plumbing system beneath Mount Sinabung prior to
February to May 2016 lava dome extrusion (see figure 8.2). B. Illustration of magma reservoir prior to
underplating and reheating event. C. Magma reservoir after reheating initiates convection and partial
melting of the cumulate area resulting in glomerocrysts and blobs of warmer material.
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Figure 8.2 Seismic events at Mount Sinabung from October 2010 to July 2013 shown in the left panel by
circles with the color varying by year. Volcanic-tectonic tremor depths agree with theorized magmatic
plumbing system beneath Mount Sinabung shown by petrologic observations (shown in the right panel).
Data was collected using several temporary, three-component seismic stations. The standard error on
depth location is ± 2 km. Errors are related to network geometry, picking of phases, and velocity model.
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Chapter 9 – Conclusions
A glimpse into the architecture and dynamics of the plumbing system below Mount
Sinabung has been uncovered through petrological forensics. Textures of the whole-rock and
minerals, as well as mineral compositions, reveal evidence for a reheating event before eruption
which motivated a pocket of hotter, wetter magma deeper in the reservoir to ascend into
shallower, colder, and dryer area of melt within the Sinabung pluming system. Before a
reheating event, the temperature of the shallow (3-10 km depth) magma reservoir interpreted as
the origin of the host andesite is inferred to be 900 °C (Figure 8.1). A new heat source
underplated the base of the reservoir (~26 km depth) heating the cumulate/mush region and
convecting pyroxene-dominant glomerocrysts into a melt-rich area. Variation in plagioclase
composition suggests the temperature of the magma varied from 850 °C to 1000 °C. Higher
temperatures come from plagioclase that grew in a hotter region of the magma, and intermediate
temperatures are observed in the host and enclaves showing thermal mixing. Amphiboles grown
in the cooler magma batch were introduced into a melt higher than 925 °C allowing for thick,
coarse pyroxene-dominated reactions rims to form. Hotter and deeper magma was from a less
degassed part of the reservoir giving the melt a higher water content (~ 7-8 wt% H2O) and
subsequently began to cool when it was introduced to the dryer (~ 4.5-5.5 wt% H2O), host
andesite resulting in bladed amphibole growth and hydration crystallization of amphibole
overgrowth rims on orthopyroxene.
While the observations stated in this study provide a line of evidence for a reheating
event that resulted in the mixing and intermingling of magma from different areas of the overall
reservoir, the timing of this reheating event is unclear. Plagioclase phenocrysts do not show
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evidence of an increase in An content at the rims, but instead crystallization of euhedral, lower
An rims. Published SO2 observations of the plume at Sinabung Volcano show no increase in SO2
before or during the significant dome building events that formed the lava dome that collapsed in
May 2016.
Future work would involve putting these samples into the context of other lavas erupted
during the recent magmatic activity (2013 – 2018). These inclusions could be a result of a
reheating event that occurred early in the eruptive sequences, such as before the increase in dome
building activity and pyroclastic flow events in late 2014 or even before the beginning (2010) or
renewal (2013) of eruptive activity at the volcano.
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APPENDIX
Appendix Table 2.1 Complete data set of geochemistry for Mount Sinabung
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Appendix Table 5.1 Complete data set of plagioclase microprobe analyses
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Appendix Table 5.2 Complete data set of amphibole microprobe analyses
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Appendix Table 5.3 Complete data set of pyroxene microprobe analyses
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Appendix Table 5.4 Complete data set of glass microprobe analyses
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Appendix Table 6.1 Complete data set of Fe-Ti oxide microprobe analyses with calculations

