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Paper III

Pyroxene standards for SIMS oxygen isotope analysis and their
application to Merapi volcano, Sunda arc, Indonesia

Oxygen isotope ratios in common silicate minerals are increasingly analysed
by secondary ion mass spectrometry (SIMS). However, matrix effects can be
problematic during analysis of minerals that are part of solid solution series
with large compositional spectrums, which limits the widespread application
of SIMS analysis. In order to correct for these matrix effects and to ensure
accurate results, standards that are matrix matched to the unknowns need to
be characterised through repeated analysis. We performed SIMS homogenei-
ty tests on a new augite standard (NRM-AG-1) from Stromboli, Italy, and an
enstatite standard (NRM-EN-2) from Webster, North Carolina to widen the
current applicability of SIMS to igneous solid solution mineral groups. Oxy-
gen isotope ratios in the mineral standards were first measured by laser
fluorination (LF). Randomly oriented fragments of the pyroxene crystals
were then repeatedly analysed by SIMS, yielding a standard deviation in
880 of less than +0.42 and +0.58%o (26) for NRM-AG-1 and NRM-EN-2,
respectively. Further tests verified both standards to be homogeneous on the
20 pum scale and independent of crystallographic orientation, qualifying them
as routine mineral standards for SIMS §'*0 analysis. We then tested our new
standard materials during SIMS analysis of recently erupted pyroxene crys-
tals from Merapi volcano, Indonesia. SIMS §'*0 values for pyroxene from
Merapi overlap within error with LF oxygen isotope ratios, but differ from
bulk mineral and whole rock §'*0 values measured by conventional fluorina-
tion. The latter can be explained by mineral and glass inclusions that may
reflect crustal contamination processes and that can shift 'O to higher val-
ues. Merapi pyroxene SIMS data exhibits a frequency peak at 5.8%o, which
corresponds to a primary mafic magma value of ~6.1%o0 when assuming
closed system differentiation at Merapi. We also applied clinopyroxene
composition barometry after Putirka (2008; Eq. 32b after Nimis 1995) to all
Merapi pyroxene analysed in this study. Assuming a H,O content of 6 wt%,
crystallisation pressures between 253 to 601 MPa with a frequency peak at
470 MPa are obtained (Figure 5).
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Figure 5. Results of clinopyroxene composition barometry after Putirka (2008, Eq.
32b). The data show that the main pyroxene growth interval was located broadly at
16 km depth beneath Merapi, i.e. within the mid to deep crystalline arc crust. The
schematic sketch of the magma plumbing system beneath Merapi (left) is drawn
based on Chadwick et al. (2013), Preece et al. (2014), and this study. The Moho
depth is taken from Wolbern and Riimpker (2016). While the analysed pyroxene
have dominantly grown in the midcrust, upper crustal storage and assimilation has
also been identified in previous studies, especially in whole-rock and late grown
plagioclase (e.g. Chadwick et al., 2013; Troll et al., 2013) and is likely reflected in
some of the pyroxene 3'%0 values reported here. Caption and figure reproduced after
Deegan et al. 2016.
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Paper IV

Multi-level magma plumbing at Agung and Batur volcanoes increases
risk of hazardous eruptions

Large volcanic eruptions not only affect populations and infrastructure in
their proximity, but can also affect global climate and hence human society
as a whole. An understanding of active volcanoes and their magma plumbing
systems is hence of paramount importance to support hazard mitigation ef-
forts. Agung and Batur are two active stratovolcanoes on the island of Bali
in Indonesia. Despite being densely inhabited and a popular touristic destina-
tion, the magma plumbing systems feeding Agung and Batur are relatively
little studied. We characterise magma storage depths and isotopic evolution
by employing mineral(-melt) equilibrium thermobarometry and oxygen and
helium isotope analyses to minerals from the 1963 and 1974 eruptions of
Agung and Batur (Figure 6; Agung). Olivine records average §'*0 values of
4.8%0 and hence crystallised from a primitive magma. Clinopyroxene, in
turn, shows mantle-like helium (8.62 Ra) and oxygen (5.0-5.8%o) isotope
values. For the 1963 eruption of Agung, clinopyroxene crystallised at the
crust-mantle boundary between 18 and 22 km depth. In case of Batur, crys-
tallisation depths of 12 to 18 km and 15 to 19 km are obtained for the 1963
and 1974 eruptions, respectively. Plagioclase records magma storage in
upper crustal reservoirs at depths of 3 to 7 km for the 1963 eruption of
Agung, 2 to 4 km for the 1963 Batur eruption, and 3 to 5 km for the 1974
Batur eruption. Oxygen isotope values for plagioclase range from 5.5 to
6.4%o. These results overlap with available seismic and InSAR studies that
point to upper crustal magma storage in the region. Such multi-level plumb-
ing systems could potentially drive replenishing magmas to volatile satura-
tion and exsolution, and hence increase the explosive potential of future
eruptions and the consequent hazard impact for the population of Bali.
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Figure 6. A possible model for the plumbing system beneath Agung based on min-
eral-melt thermobarometry of the 1963 lavas. Two major magma storage regions are
apparent in the frequency plot: one at 18 to 22 km depth, around the Moho, and
another at 3 to 7 km depth, likely at the boundary between the upper crustal sedi-
mentary units and the tectonised oceanic-type middle to lower crust. The calculated
melt §'%0 values based on clinopyroxene and plagioclase mineral analysis average at
5.8%o for the lower reservoir and 6.0%o for the shallow storage level. Caption and
figure reproduced after Geiger et al. 2018.
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Paper V

Forensic Probe of Bali’s Great Volcano

After 54 years of dormancy, Agung volcano on the island of Bali erupted in
November 2017 for the first time since 1963 (Gertisser et al. 2018). This
eruption resulted in the evacuation of 150,000 inhabitants in the volcano’s
direct vicinity, but was relatively harmless compared to the 1963 event that
had a death toll of at least 1,100 people. With the renewed activity at Agung,
it is imperative to understand its underlying magma plumbing system. Geo-
chemical evidence was collected from crystals embedded in 1963 Agung
lavas to reconstruct the magma plumbing architecture and its isotopic evolu-
tion (see Paper IV). The resulting model of a multi-level plumbing system is
similar to results of other studies for volcanoes in the area that exhibit
plumbing system geometries that involve deep storage around Moho level
and shallow-level storage regions in the mid and upper crust (Figure 7). The
shallow arc storage systems (SHARCS) of these magmatic systems is of
special significance as this storage region is where magma evolves, crystal-
lises, and volatiles exsolve, potentially driving the system to an eruptive state
with relatively little forewarning, as was witnessed during e.g. the 2014
eruption of Kelut volcano, Indonesia.
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Figure 7. Sketch of Batur and Agung volcanoes with their underlying magma
plumbing systems based on data by Geiger et al. (2018) (map courtesy of NASA).
(b) Magma plumbing at Anak Krakatau (Sunda Strait), Merapi (Central Java), Kelut
(East Java), and Agung and Batur (Bali) based on data presented in Geiger et al.
(2018) and references therein (map courtesy of Google Earth). Note the ubiquitous
presence of shallow arc storage systems (SHARCS) throughout the region. Moho
refers to the Mohorovi¢i¢ discontinuity, the boundary between Earth’s crust and
mantle. Caption and figure reproduced after Deegan et al. 2019.
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Paper VI

Felsic magma storage in the core of an ocean island (Gran Canaria,
Canary Islands)

Products erupted on ocean islands have traditionally been viewed as probes
of the Earth’s mantle. However, some islands show large compositional va-
riety which reflects magmatic differentiation processes. Gran Canaria, Ca-
nary Islands, exhibits large amounts of evolved, felsic material in Miocene
and Pliocene ignimbrite deposits and in the island’s exposed syenite core.
The latter provides a rare opportunity to reconstruct the plumbing system
that fed the highly explosive Miocene volcanism. We employed clinopyrox-
ene-melt thermobarometry coupled with major and trace element and oxygen
isotope geochemistry in order to determine storage conditions and evolution
of the syenite core on Gran Canaria. Samples of eroded-out, fresh nepheline
syenites show enrichment of alkali elements as well as elevated Zr and Nb
concentrations (up to 955 and 247 ppm, respectively). Oxygen isotope ratios
in syenites range from 6.4 to 8.1%., which is consistent with magma frac-
tionation trends for syenite generation with possible assimilation of older
crustal plutonic material. Results from thermobarometric modelling imply
syenite crystallisation depth of 5 to 13 km, which coincides with the upper
crust beneath Gran Canaria (Figure 8). Based on these results we propose
that repeated injection of magmatic material stored at shallow depth during
the Miocene facilitated syenite differentiation, re-melting, and distillation
towards highly differentiated compositions that fed violent eruption of felsic
ignimbrites.
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Figure 8. Proposed model for the Miocene magma plumbing system below the cur-
rent-day Tejeda caldera based on the results of clinopyroxene-melt thermobarometry
in this study (left), which point to a main Fataga-age syenite magma storage region
between 5 and 13 km depth (centre). Oxygen isotope data for the oceanic crust be-
low Gran Canaria are plotted on the right (data from Hansteen and Troll, 2003)
along with new data for fresh, eroded-out syenites in this study. The new syenite
data show elevated 8'%0 values (compared to MORB) of 6.4 to 8.1%o and trace ele-
ment ratios similar to other Fataga magmatic products. We propose that repeated
injections of magma at depth potentially triggered syenite re-melting and distillation
in the upper parts of the plumbing system, driving magma to highly differentiated
compositions. Caption and figure reproduced after Geiger et al. (in prep.).
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Paper VII

Explosive ocean island volcanism explained by high magmatic water
content in OIB magmas

Ocean island volcanism rarely exhibits explosive eruptions due to the anhy-
drous (<1 wt. % H>0) and dominantly mafic nature of the magmas that feed
eruptions. The explosive events that do occur on ocean islands are either
driven by volatile segregation processes during magma storage and differen-
tiation (Cashman 2004) or by rapid ascent of volatile-enriched primary man-
tle melts (Sides et al. 2014). Here we report on crystal-rich ankaramite erup-
tive products from Tangansoga volcano that is located in the El Golfo giant
collapse embayment on El Hierro, Canary Islands, Spain. Tangansoga pro-
duced explosive pyroclastic eruptions in the past and it has been suggested
that these eruptions were triggered by rapid unloading (Manconi et al. 2009)
as a result of the El Golfo giant landslide ca. 87 to 39 ky ago (Masson 1996;
Longpré et al. 2011). To determine if a deep magma source was tapped dur-
ing these eruptions, we analysed water contents in clinopyroxene and olivine
from Tanganasoga ankaramite bombs and lavas using Fourier Transform
Infrared Spectroscopy (FTIR). After employing water partition coefficients
for clinopyroxene and olivine, we find that H O content in Tanganasoga
clinopyroxene is exceptionally elevated, but the calculated magmatic water
content correlates with fractionation indices. In addition, we applied clinopy-
roxene-melt thermobarometry to compositional data obtained from Tan-
ganasoga clinopyroxene in lava bombs and ankaramite lavas. Crystallisation
pressures that correspond to depths between 26 and 45 km for clinopyroxene
in lava bombs and between 12 and 25 km for clinopyroxene in ankaramite
lavas were obtained, which points to magma storage and fractionation at and
below the crust-mantle boundary below El Hierro. Our findings hence do
not support a water-rich mantle source, but favour a water-rich upper mantle
underplating zone where crystal-laden, mush-type OIB magmas reside and
fractionate prior to ascent and eruption (Figure 9).
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Figure 9. Simplified model of the magma plumbing system underneath El Hierro
based on comcepts in Manconi et al. (2009), Stroncik et al. (2009), Gonzalez et al.
(2013), Carracedo et al. (2015), Oglialoro et al. (2017) and on our new results.
Thermobarometry reveals that clinopyroxene of this study grew dominantly between
12 and 45 km depth, implying that hydrogen incorporation into clinopyroxene struc-
tural defects occurred in the upper mantle and up to ~35 km below the Moho be-
neath El Hierro. The dense and crystal-rich ankaramite magmas are usually ham-
pered in their ascent due to the load of the volcanic edifice (e.g. Pinel & Jaupart,
2000, Carracedo et al. 2015b) and thus underplate the island. Vertical unloading
causes a pressure change at depth (Manconi et al. 2009) and allows crystal- but H,O-
rich ankaramite magmas to rapidly ascend and erupt explosively within and around
the landslide embayment. Unroofing due to landslide activity thus enables us to
better constrain the processes during magma underplating beneath active ocean
islands. Caption and figure reproduced after Weis et al. (in prep.).
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Paper VIII

Mechanical weakening due to hydrothermal alteration leads to failure at
andesitic volcanoes

Hydrothermal alteration modifies the mineralogy of affected rocks and
changes their mechanical strength. Dome building volcanoes are often af-
fected by progressive interaction with hydrothermal fluids at temperatures
between ~50 and ~500 °C (Ball et al. 2015). This interaction reduces rock
strength, dissolves the dome rock, and elevates pore pressure and can lead to
potential catastrophic failure of summit domes and flanks without major
precursory volcanic unrest. To improve our understanding of how hydro-
thermal alteration affects dome rocks and promotes mechanical weakening
and resulting failure, we investigated mineralogical changes and differences
in associated mechanical strength of progressively altered dome rocks from
the summit dome complex of Merapi volcano. Merapi is the most active and
hazardous volcano in Indonesia. It frequently displays dome building epi-
sodes that lead to dome collapse, explosive eruption, and pyroclastic flows.
Hydrothermal alteration of Merapi’s current dome was first mapped by
drone photogrammetry in 2017 and subsequently sampled in 5 zones, repre-
senting fresh, slightly altered, moderately altered, highly altered, and fully
altered dome rocks (Figure 10). In order to investigate the mechanisms that
lead to mechanical failure of the altered dome rocks, we employed wave-
length dispersive X-ray spectroscopy (WDS) mapping, X-ray diffraction
(XRD), oxygen isotopes, porosity measurements, and mechanical strength
tests. Our results show that hydrothermal alteration leads to progressive re-
placement of the original dome rock with sulfate-dominated alteration min-
erals, an increase of 8'%0 values from 7 to 12%o, and a ten-fold reduction in
the rock strength. The latter is sufficient to trigger dome or flank collapse at
dome-building, andesitic volcanoes independent of magmatic activity.
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Figure 10. a) Photomosaic of drone images acquired in 2017 used to map hydro-
thermal alteration at Merapi summit. b) Map of hydrothermal alteration, structures
and active fumaroles at Merapi summit, and the sample location of the Merapi dome
rocks that are used in this study. ¢) The Merapi dome rock samples show different
degrees of alteration from fresh to intensely altered, as identified by their color
changes. Caption and figure reproduced after Darmawan et al. (in prep.).
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Conclusions

This thesis investigates magma plumbing systems in various volcano-
tectonic settings by using a combination of petrological, geochemical, and
isotopic analytical techniques, with a major focus on thermobarometric
modelling. The results contribute to our understanding of magma plumbing
architecture by underlining the common occurrence of multi-level magma
storage and especially the presence of upper crustal magma reservoirs in
tectonic settings as diverse as subduction zones to intraplate volcanism. No-
tably, crustal stratigraphy was found to play an important role during magma
emplacement across all volcanic settings studied. Improved understanding of
shallow magma bodies may provide vital information in order to explain and
better assess sudden and explosive volcanic eruptions and is therefore of
relevance to hazard mitigation efforts around the world. Summaries of con-
clusions from the respective papers and manuscripts are as follows:

Paper I provides petrological insights into magma storage and long-
distance lateral magma transport on Iceland. The 2014-2015 Holuhraun
eruption was supplied from a complex magmatic plumbing system beneath
Bardarbunga volcano. Crystal resorption and dissolution textures point to
magma mixing, likely in mid-crustal reservoir regions as recorded by ther-
mobarometric modelling. After ascending to upper crustal levels, magma
interaction with crustal rocks is evident in the presence of gabbro fragments
with lower §'®0 values than MORB. Lateral drainage of magma from shal-
low levels eventually led to eruption at the Holuhraun site some 45 km away
from Bardarbunga central volcano.

Paper Il shows that a multi-tiered magma plumbing system fed the 1999
and 2000 eruptions of Mt. Cameroon. Magma for both eruptions was stored
around and below the Moho, while shallow-level storage was only recorded
by clinopyroxene in lavas from the 1999 eruption. Such temporally evolving
shallow magma pockets could potentially trigger future eruptions with little
to no warning when intersected by ascending mafic melts, similar to e.g. the
widely discussed 2010 Eyjafjallajokull events on Iceland.

Paper 111 characterises new pyroxene SIMS standards for oxygen isotope
analysis and applies them to clinopyroxene from the 2006 eruption of Mera-
pi volcano, Indonesia. Mineral-melt thermobarometry on those clinopyrox-
ene points to a crystallisation peak around 16 km, which is within the mid-
level arc crust. Lithological boundaries likely placed constraints on magma

36



ascent by providing a density barrier between the crystalline middle crust
and overlying sediments of the upper crust at ~10 km depth.

Papers IV and V examine the magmatic systems beneath Agung and Ba-
tur volcanoes on Bali, Indonesia. Results from a set of mineral(-melt) ther-
mobarometric models suggest a polybaric magma storage system for both
volcanoes, with crystallisation levels around the Moho and at the transition
between sedimentary rocks and the tectonised oceanic basement in the upper
crust that is in agreement with InSAR and seismic data. Petrological evi-
dence point to two similar, but separate magma plumbing systems. Recent
renewed seismic activity originating below Batur as well as the recent (2018)
eruption of Agung, however, point to a present day connection between the
two magmatic systems and hence attest to the dynamic and evolving nature
of magmatic plumbing systems. In addition, the frequent occurrence of shal-
low arc storage systems (SHARCS) on Bali and along the Sunda Arc seem
to play important roles in potentially facilitating sudden and violent explo-
sive eruptions due to volatile exsolution at these levels.

Paper VI studies the Miocene syenite core of Gran Canaria, Canary Is-
lands. Clinopyroxene-melt thermobarometry points to emplacement of
magma between 5 and 13 km depth, which spans most of the lower crust and
extents to the upper portions of the oceanic crust beneath the island. Oxygen
isotope values are in-line with magma fractionation and syenite recycling at
these storage levels, which supplied violent explosive eruptions of ignim-
brites at the surface.

Paper VII further examines explosive ocean island volcanism on El Hier-
ro, Canary Islands, that occurred in connection with a major landslide event.
In contrast to Paper VI, this study looks at mafic and ultramafic magma
compositions. Results from FTIR water contents analysis on clinopyroxene
and olivine, and clinopyroxene-melt thermobarometry point to deep, mantle
origin of the crystal cargo in lavas from Tanganasoga volcano. However, the
obtained elevated H>O content is in line with regular fractionation and does
not point to a water-rich mantle source. Instead, a water-rich, mush-type OIB
magma underplating zone may be a viable alternative explanation. This pa-
per provides unique insights into magma plumbing for a mafic magmatic
system that underwent rapid decompression due to a mass unloading event
(landslide).

Paper VIII focuses on the uppermost part of a volcanic plumbing system
and its transition to surface volcanism by investigating near-surface process-
es at dome volcanoes. This work finds that dome-building volcanoes are
prone to sudden and catastrophic dome or flank collapse due to prolonged
hydrothermal alteration of dome rocks. Hydrothermal alteration replaces
primary minerals with sulfate-dominated alteration minerals, which, in turn,
induces mechanical weakening and hence dramatically reduces rock strength
and triggers dome or flank collapse at dome-building, andesitic volcanoes.
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The research in this thesis thus addresses plumbing systems from mantle
depths to shallow crustal levels, and, finally, to surface volcanic phenomena.
The results obtained underscore the ubiquity of multi-tiered magma reservoir
systems across diverse tectonic regimes.
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Summary in Swedish

Magmatiska tillforselsystem bestar av magmakammare, lagerintrusioner och
kanaler som forbinder vulkaner med jordens djupa inre. Saledes bildar de det
strukturella ramverket for transport och forvaring av magma som styrs av
komplexa fysikaliska och kemiska processer i magmareservoarer samt ge-
nom interaktion med omgivande bergarter i jordskorpan, pé tidsskalor fran
nagra timmar till flera miljoner ar. Dessa geologiska processer spelar i sin tur
en viktig roll for typen av vulkanutbrott samt magnituden av de tillhdrande
naturkatastrofer som utgdr ett stindigt hot mot véra samhéllen. Var kunskap
om hur magmatiska rorsystem fungerar och hur de dr uppbygda &r fortfa-
rande bristfallig. Denna kunskapsbrist kan delvis forklaras av den laga upp-
l6sningen i de geofysiska méitmetoder som anvidnds och delvis av geoke-
miska osédkerheter i tillhorande modeller. Pdgaende utveckling av analysme-
toder har okat den optiska, temporala och kemiska upplosningen, vilket gor
det mgjligt for oss att fa en mer detaljerad kunskap om strukturen och dyna-
miken av magmatiska system inom individuella vulkaner samt om deras roll
under den langsiktiga utvecklingen av vulkaniska provinser och i slutdndan
av hela jorden. Den hér processinriktade avhandlingen undersoker fossila
och aktiva magmatiska rorsystem pé Island, Indonesien, Kamerun och Kana-
riedbarna genom att kombinera traditionella och nyframtagna petrologiska
och geokemiska metoder, termobarometrisk modellering samt isotopana-
lyser. Resultaten bidrar med nya insikter i flerskiktade magmatiska rorsy-
stem i en rad olika vulkaniska-tektoniska omraden, och de understryker vik-
ten av ytndra magmaforvaring och dess inflytande pa4 magmautveckling och
farliga vulkanutbrott.
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