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Abstract

Kawah Ijen volcano in East Java, Indonesia is an active stratovolcano capped by the worlds
largest hyper-acidic lake. The lake composition is the combined product of rainwater, rock
dissolution from the country rock, and magmatic gas input. The volcano has generated
hazards including lava flows, lahars and acidified tephra falls in the past. Kawah Ijen also
generates extreme environmental pollution as a result of leakage of extremely acidic-saline
brines affecting vast areas of crops and water resources. Recent events are characterized
by phreatic activity, with one phreatomagmatic eruption that threw out the entire lake in
1817. Given the potential hazards that Kawah Ijen can generate and combined with a rising
population density around the volcano, the risk to human lives has increased considerably.
Monitoring at Kawah Ijen is critical but requires a detailed record of past volcanic activity.
Lake chemistry is an effective tool to monitor volcanic lakes, but there is currently a severely
limited record of lake chemistry at Kawah Ijen. The mineral gypsum can be used to recon-
struct lake chemistry history because gypsum is a direct proxy of its fluid’s composition as it
precipitates in equilibrium, and is abundant at Kawah [jen, forming a plateau and stalactites
that preserve past conditions in growth zoning. This research investigates the potential for
gypsum as a mineralogical tool to reconstruct a historical record of lake chemistry. Trace el-
ement composition, noble gas content and uranium series dating of a cross-sectional transect
across a growth-zoned gypsum stalactite yields a 50-year, high resolution record of Kawah
[jen lake chemistry. Input from rock dissolution shows seasonal variations, as well as rock-

slides and falls. Volatile metals track input from the shallow and deep magma reservoirs.



The transition metal records a combined input from rock dissolution and magmatic gases.
Analysis of the 1817 gypsum records substantially increased input from the deep-seated mafic
magma, indicating mafic magmatic recharge as having driven the catastrophic 1817 erup-
tion. Moreover, the oxygen isotopic composition of gypsum preserves isotopic disequilibrium
between the sulfate and water in the lake fluids. Gypsum-reconstructed temperatures show a
much stronger magmatic gas input in 1817, in agreement with trace element results. In con-
clusion, gypsum can be used to reconstruct lake water compositions and thermal conditions
of crater lakes and build the historical record that allows monitoring to be set up. In the
case of Kawah Ijen, it suggests that a catastrophic eruption, similar to that of 1817, should
be accompanied by a strong signal in the volatile metals (high Cu/Rb and low T1/Cu) and

increase in lake temperature.
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Résume

Le volcan Kawah Ijen dans l'est de Java (Indonésie) est un stratovolcan actif surmonté par le
plus grand lac hyperacide du monde. La composition du lac est un mélange d’eaux de pluie,
des roches encaissantes dissoutes, et d'un apport en gaz magmatiques. Par le passé, le volcan
a déja généré des coulées de lave, de lahars, et de chutes de tephra acides. Kawah Ijen peut
également génerer la pollution de I'environnement extréme par suite de la fuite des saumures
acides et salines qui affectent les ressources en eau et agricole. Les récentes activités du volcan
ont été caractérisées par une activité phréatique, avec une éruption phréato-magmatique qui
a expulsé le lac entier en 1817. Le danger potentiel représenté par Kawah Ijen, combiné avec
une densité de population qui ne cesse de croitre entraine une augmentation du risque pour
les vies humaines. Kawah Ijen est donc nécessite détre sous surveillance constante, mais
cette surveillance demande une connaissance accrue de I’historique du volcan. La chimie
du lac est un outil efficace pour surveiller les lacs volcaniques, mais les rapports sur la
chimie du lac de Kawah Ijen sont malheureusement extrémement limités. Un outil peut
cependant étre utilisé pour reconstruire 'histoire de la chimie du lac: le gypse. En effet, ce
minéral est un estimateur direct de la composition du fluide lors de la précipitation puisquil
est alors en équilibre avec le fluide. Le gypse est aussi relativement abondant au bord du
volcan, format un plateau et des stalactites qui préservent donc les conditions des zones de
croissances. Ce projet ici propose de tester le potentiel du gypse comme outil minéralogique
dans la reconstruction de I'histoire de la chimie du lac. L’utilisation des éléments traces,

des gaz rares, et des séries d’uranium pour dater une coupe transversale prise dans une

il



stalactite de gypse correspondant a une zone de croissance a révélé la chimie du lac de
Kawah Ijen, avec une résolution sans précédent pour une période de 50 ans. L’apport de
la dissolution des roches indique des variations saisonnieres, ainsi que des glissements de
terrain et des chutes de roches. Les métaux volatiles retracent I’apport jusqu’aux réservoirs
magmatiques. Les métaux de transition enregistrent un apport provenant de la dissolution
des roches et des gaz magmatiques combinés. L’analyse du gypse datant de 1817 montre une
augmentation subsentielle de I'apport provenant d’'un magma mafique profond, indiquant que
la recharge magmatique mafique a été la cause de ’éruption de 1817. De plus, la composition
isotopique du gypse en oxygene préserve le déséquilibre isotopique entre the sulfate et 'eau
présents dans les fluides du lac. Les températures qui ont pu étre reconstruites a ’aide du
gypse montrent un apport en gaz magmatiques extréemement important pour 1817, ce qui
corrobore les données apportées par les éléments traces. En conclusion, le gypse peut étre
utilisé pour reconstruire les compositions des eaux lacustres et les conditions thermales des
lacs de cratere. Ceci permet donc une reconstruction de I’historique du volcan, élément
indispensable pour effectuer la surveillance actuelle. Dans le cas de Kawah Ijen, les données
suggerent qu’une catastrophe similaire a celle de 1817 devrait étre accompagnée d’un fort
signal dans les métaux volatiles (forts taux de Cu/Rb, faibles taux de T1/Cu), ainsi qu'une

augmentation de la température du lac.
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Chapter 1

Introduction

Evaporite minerals are abundant minerals on Earth, and their presence within the geolog-
ical record provides evidence for the role played by water on the surface water on the surface
or near-surface of the Earth back to the Archean (Hagemann et al. 1994). Evaporation
of an aqueous solution leads to progressive concentration of the solution to its saturation
point, after which the solution proceeds to precipitate evaporite minerals (Hardie and Eu-
gster 1980). Given that evaporite minerals are closely linked to their original solution, and
assuming that the minerals precipitate in chemical equilibrium with it, we can use evaporite
minerals as a proxy of the composition of the original solution, or if element partition coeffi-
cients are known, to quantitatively reconstruct this composition. Knowledge of the original
composition of the solution allows us to infer the fluid source, contributions to its overall
composition, and track its chemical evolution through time. Applications of these tools
range from reconstructing the hydrothermal fluids responsible for ore formation (Migdisov
et al. 2014; Williams-Jones and Migdisov 2014) to determining the potential for water and
life on Mars (Tosca and McLennan 2006; Tosca et al. 2008). Hence evaporite minerals are

ideal tools to constrain fluid compositions, sources and their evolution through time.

Evaporite minerals have been used to reconstruct the composition of their original flu-

ids, and from this deduce the tectonic, environmental and climatic controls influencing the



chemical composition of the original fluids in a variety of settings (e.g. Hardie 1996; Sell-
wood and Price 1994; Warren 2010). For example, the composition of marine non-biogenic
evaporites was used to infer oscillations in seawater chemistry (Blattler et al. 2012; Farkas
et al. 2007; Kendall and Schlager 1981). Evaporite minerals precipitated from saline mete-
oric groundwater in salt pans, such as the Salar de Atacama in Chile, have been found to
record past groundwater influx variations and lake level changes (Bobst et al. 2001; Li et al.
1997). The assemblages of evaporite minerals found on Mars is indicative of the presence
of water in its geological history, and their composition has been shown to be controlled by
the weathering of basalts (Gendrin et al. 2005; Madden et al. 2004; McLennan et al. 2005).
Soluble evaporite minerals such as schwertsmannite form incrustations around acidic rivers
and lakes affected by acid drainage, and their chemical composition can be used to monitor
the effect of contaminants on major rivers such as the Tinto river in Spain (Bigham and

Nordstrom 2000; Cénovas et al. 2010; Nordstrom et al. 2000).

One important application of evaporite minerals as tools to reconstruct fluid composition
is in volcanology, specifically in water-gas-rock interaction processes. Volcanogenic miner-
als range from hydrothermal mineral incrustations around fumaroles to evaporite deposits
around acidic springs (Kawano and Tomita 2001; Stoiber and Rose 1974). The fluid compo-
sition in these systems reflects interaction between a variety of fluxes, including rainwater,
groundwater, rock dissolution, and hydrothermal fluids formed by the interaction between
magmatic gases and groundwater systems (Hinsberg et al. 2010a,b). Interaction between
ground /rainwater and magmatic gases, which are typically rich in SOy and HsS results in
low pH and high ionic strength systems (e.g. Christenson (2000); Martinez et al. (2000)).
The low pH leads to rock dissolution and leaching of elements from the surrounding rocks,
thus contributing large amounts of cations to its elemental load (Hinsberg et al. 2010b;
Varekamp et al. 2009). Where surface topography intersects these hydrothermal aquifers,

surface outlets appear, comprising acidic springs, acidic rivers and in exceptional cases, vol-



canic lakes (Delmelle and Bernard 2000; Palmer 2009; Rowe et al. 1995). Evaporite minerals
precipitate from these fluids, and given the abundance of SO, and HsS from magmatic gas,
the evaporite mineralogy is commonly dominated by sulfate minerals including gypsum,
K-alum, jarosite and alunite (Delmelle and Bernard 2000; Zimbelman et al. 2005). These
minerals can be used to reconstruct the chemistry of the acid waters, and can be used to
track fluctuations in their composition through time. In turn, this allows for investigating

and monitoring of the volcano-hydrothermal system and volcanic activity.

Kawah Ijen volcano in East Java, Indonesia is the system to apply this approach. This
arc volcano hosts the world’s largest, natural hyper-acidic lake and from which a hyperacidic
river originates, the Banyu Pahit river (Delmelle and Bernard 1994). Abundant evaporite
minerals are present around the lake and along the Banyu Pahit river valley. The largest
evaporite deposits are found at lake seepage springs on the western flank of the volcano, which
are composed of gypsum (Kemmerling 1921). This gypsum occurs as a cascading gypsum
plateau, and growth-zoned gypsum stalactites. The presence of these gypsum stalactites
presents a unique opportunity to reconstruct a continuous, high-resolution record of fluid
chemistry for this volcano, and in doing so, track variations in element input to the lake. In
particular, the input flux from the degassing magma can be used to construct a historical
record of volcanic activity, which aids current monitoring attempts of the volcano. This
thesis presents an investigation of gypsum’s potential as a mineralogical tool to record fluid
chemistry, and the first application of this tool to a volcanic system, Kawah [jen. The thesis
is structured around two manuscripts. Manuscript 1 (Chapter 2) presents the results of an
analysis of a growth-zoned stalactite from Kawah Ijen volcano using noble gases composition,
210Ph disequilibrium dating, and trace element compositions of consecutive growth zones to
build a compositional time-series for Kawah Ijen crater lake water, relating fluctuations in
concentration to changes in the input fluxes in the Kawah Ijen hydrothermal system. I show

that the volatile metals best track volcanic activity and are therefore the best target for



monitoring efforts. Moreover the T1/Cu ratio allows for input from deep mafic magma to be
differentiated from shallow dacite magma input, with the latter appearing to be responsible
for small-scale phreatic activity, whereas the catastrophic 1817 eruption involved the deep
mafic magma. Manuscript 2 (Chapter 3) uses disequilibrium in the §'80 composition of SO,
and HoO in the crater lake as a thermometer and investigates whether this disequilibrium

isotopic signal is preserved in gypsum.
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Contribution of Authors

This thesis consists of two co-authored manuscripts of which I am the first author. In
all aspects of the research presented here, as well as in the writing, I took the lead. I
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2.1 Abstract

Analysis of trace element and noble gas composition and ?'°Pb activity from consecutive
growth zones in a gypsum stalactite are used to construct a historical record of crater lake
chemistry spanning 52 years at Kawah Ijen volcano in Indonesia. Rock-forming elements, in-
cluding the rare earth elements and Mg originating from dissolution of crater wall rocks show
trends that are consistent with seasonal variations and increased rock input from landslides.
Transition elements such as Zn and Pb show trends that are most consistent with trends
observed in the rock-forming elements, suggesting that these are derived mostly from rock
dissolution. However, they show peaks during periods of reported unrest, indicating that in-
put from magma degassing is also important. The volatile metals track magmatic degassing
input with Tl and Sb recording variations in input from a shallow dacitic magma reservoir,
whereas Cu is controlled by input from a deep-seated sulfide-saturated mafic magma. Peaks
in the volatile metals occur around the same time as increases in seismicity, and are followed
by sharp increases in lake temperature and tremor. Based on these findings, the volatile
metals are prime candidates to monitor volcanic unrest at Kawah Ijen. Comparison of 1817
gypsum with the compositions reconstructed for 1964-2006, shows similar rock-forming and
transition element contents, but markedly different volatile metal concentrations. The 1817
gypsum has the lowest T1/Cu value and the highest Cu/Rb value compared to the gypsum
stalactite. In combination with evidence of magma mingling in the 1817 pumice bombs, we

therefore interpret the 1817 phreatomagmatic eruption as driven by mafic magma recharge.

Keywords: gypsum, trace elements, noble gas, U-series geochemistry, volcanic lakes

2.2 Introduction

Volcanic lakes are naturally occurring lakes that form inside depressions and craters of ac-

tive and inactive volcanoes, and can be divided into two broad categories based on their
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geochemistry. Marini et al. (2003) experimentally determined that compositions of volcanic
lakes naturally tend to two distinct pH ranges. The first type of lakes are circumneutral
lakes (pH 6-6.5) that may be dominated by meteoric water input, or are buffered by dis-
solved COq and HCOj ions. The second type of lakes are hyper-acidic lakes (pH j2) buffered
by HCl and HSO, ions that cap active volcanoes, and are considered to be the surface
expressions of magmatic-hydrothermal systems. Circumneutral lakes are formed either by
rainwater input following caldera forming eruptions infilling the caldera with water, such
as in lake Toba (Indonesia) and Crater Lake (USA) (Chesner 2012; Nelson et al. 1994), or
in combination with meteoric water input seeping through permeable sediments along with
magmatic COy gas, such as Lake Nyos and Monoun (Cameroon)(Kling et al. 1987; Tassi
and Rouwet 2014). Hyper-acidic lakes on the other hand are lakes capping active volcanoes
directly receiving elemental load from volcanic emissions that in turn originates from the
underlying magmatic-hydrothermal system. The crater lake water comprises a concentrated
aqueous solution with a low pH, composed of a wide variety of cations (e.g. Mg?t, Hg?T,
Zn?*) and anions (C1=, F~, SO7 ") that leads to high ionic strength conditions. The chem-
ical composition of many hot volcanic lakes reflects the interaction of inputs including rock
alteration supplying cations; magmatic gases supplying anions; and ground- and rainwater
as the aqueous medium (Delmelle et al. 2000; Hinsberg et al. 2010a,b; Reed 1997; Varekamp
and Kreulen 2000).

Both circumneutral and hyperacidic volcanic lakes have the potential to generate several
types of volcanic hazards that pose significant risks to human life. Catastrophic hazards
generated from circumneutral volcanic lakes in historical times are exemplified by the Lake
Monoun and Nyos (Cameroon) disasters in 1984 and 1986, respectively (Kling et al. 1987;
Sigurdsson et al. 1987). Limnic eruptions occur in stratified circumneutral volcanic lakes
when these lakes harbour a deep-seated dense supersaturated gas-rich layer that has the

potential to overturn in the event of a disturbance applied to this layer, such as landslides
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and heavy precipitation (Kling et al. 1987; Kusakabe et al. 1989; Sigurdsson et al. 1987; Tassi
and Rouwet 2014). Exsolution of gases following the overturning event allows the gases to
ascend and disperse quickly to the surroundings, causing death by asphyxiation. In the case
of Lake Nyos, the deep-seated layer is rich in magmatic COs gas, and the limnic eruption
overturned the CO,-rich layers, exsolving up to 1 km? of CO, gas, leading to the demise
of nearly all inhabitants of the nearby Nyos village (Kusakabe et al. 1989). Hyper-acidic
volcanic lakes often cap craters of active volcanoes, and it is the presence of the lake that can
amplify the hazards associated with volcanic eruptions. These include explosive phreatic and
phreatomagmatic eruptions as the volcano erupts through the lake and associated hazards
such as surtseyan jets and base surges, as observed in eruptions of Mount Ruapehu (New
Zealand) and Taal volcano (the Philippines)(Kilgour et al. 2010; Manville 2015; Mastin and
Witter 2000; Waters and Fisher 1971). Moreover, the involvement of hyper-acidic highly
concentrated lake waters can also generate hazards such as mudflows, lahars and ash falls
that deposited away from the volcano contaminating agricultural soil and water with elevated
levels of toxic elements such as fluoride ions (Cronin et al. 1997, 2003). As well, eruptions
can generate flows such as lahars and floods that, when channeled into valleys, can destroy
settlements in the way of their flow or travel large distances (Mulyana and Effendi 2006).
In addition, volcanic crater lakes can act as sources of natural pollution even when not in
eruption. Seepage of crater lake brine occurs in volcanic lakes such as Pdas and Rincon de
la Vieja (Costa Rica) and Kawah Ijen (Indonesia), where element-laden brines feeds into
springs around the volcano flanks, which may end up being used for irrigation, human and
animal consumption or feed into large river systems (Palmer et al. 2011; Rouwet et al. 2008;
Rowe et al. 1992). Given that the brine contains elements toxic to humans and other living
organisms, harmful side-effects have been observed including fluorosis of bones and teeth
and accumulation of elevated levels of these elements as observed at Ruapehu after its 1995
eruption, Ambrym volcano (Vanuatu), Iceland and Kawah Ijen volcanoes (Cronin and Sharp

2002; Cronin et al. 1998; D’Alessandro 2006; Lohr et al. 2005; Lohr et al. 2007; Rotterdam-
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Los et al. 2008). With an increase in population density in settlements near hyper-acidic
volcanic lakes, more humans are now in close proximity of toxic emissions from volcanic
lakes, or are situated in settlements in pathways of potentially lethal hazards from volcanic
lake eruptions. Therefore, monitoring and hazard mitigation of volcanic lakes is important
in order to identify signs of volcanic unrest and provide early warnings in the event that
the unrest escalates into an eruption,as well as investigating the effect of volcanic lakes and
volcanic outgassing on the biosphere. Hence the focus of this study is on the hyper-acidic

volcanic lakes.

Volcanic crater lakes display various signs of unrest, in addition to direct observations, and
these can be monitored for changes in the system’s behaviour. Increasing volcanic tremors,
volcano-tectonic earthquakes, changes in lake temperatures, level, colour and chemistry have
all been indicated as signals of impending eruptions, and these may appear in days to months
prior to the start of unrest or reported eruptions (Bryan and Sherburn 1999; Caudron et
al. 2015a; Christenson 2000; Martinez et al. 2000). However, each volcanic lake system is
different and no universal indicators for unrest have been identified. Effective monitoring
requires a continuous and detailed monitoring record as possible using a variety of techniques.
In addition to monitoring geophysical parameters such as seismicity and ground deformation,
monitoring lake chemistry has become one of the most effective monitoring techniques for
volcanic lakes (Martinez et al. 2000; Rouwet et al. 2014; Takano et al. 2004). Measuring
specific elements and chemical species in the lake water can provide geochemical proxies
for volcanic processes, for instance by measuring changes in polythionate concentrations as
proxies for SOy and Hy gas input from subaqueous fumaroles (Martinez et al. 2000; Takano
et al. 2004). Volcanic lakes continuously receive direct input from the degassing magma,
and the degassing magma brings with it elements that vary with magmatic degassing and
thus are sensitive to changes in the magma body, for example mafic magmatic recharge that

can trigger an eruption (Kent et al. 2010; Tepley et al. 2000). Only a minor proportion of
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volcanic lakes is systematically monitored; many are unfortunately not being monitored at
all or have only been monitored in isolated campaigns, often after the volcano showed signs
of increasing activity. These limited, and potentially biased, time-series do not allow for
background quiescent activity levels to be properly defined. Nor are they likely to allow for
identification of the early signals of pending unrest or eruption. Therefore, the main challenge
when starting a monitoring program is the lack of a continuous historical record. Without
it, the background variability is unknown and hence the probability of false positives is high,
whereas the probability of recognizing early warning signs is low. This is commonly regarded
as an insurmountable problem, given that the parameters and fluids needed to build such a
historical record are no longer available for either measuring or sampling. In this study we
therefore turn to the rock and mineral assemblages records, which are preserved, to provide
this missing information. In particular, we explore the use of gypsum precipitates at Kawah

[jen volcano in Indonesia.

Gypsum has not only been continuously precipitating from springs fed directly by the
seepage brine from the crater lake capping Kawah Ijen volcano for at least 200 years (Cau-
dron et al. 2015a; Palmer 2009), it has also been shown to precipitate in equilibrium with
its fluids (Hinsberg et al. 2008), thereby acting as an accurate proxy for past lake brine
composition. As a result gypsum has the potential to provide a continuous record of lake
chemistry for Kawah I[jen volcano. In this contribution, we show that a growth zoned gyp-
sum stalactite precipitated from crater lake seepage at Kawah Ijen volcano provides this
historical record and when complemented with seismic and thermal records, allows us to
define natural background variability in composition and identify compositional signals of

pending unrest.
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2.3 Kawah Ijen volcano

Kawah Ijen is an active basaltic to dacitic stratovolcano located on the eastern end of the
island of Java, Indonesia (Figure 2.1a), and is part of the Sunda-Banda arc (Handley et al.
2007; Hinsberg et al. 2010a,b; Kemmerling 1921; Sitorus 1990). It is the only currently active
volcano within the Ijen Volcanic Complex (IVC) (Figure 2.1b), which occupies the caldera
of the original Ijen stratovolcano that collapsed during the Pleistocene (Kemmerling 1921;
Sitorus 1990). Kawah Ijen is capped by the world’s largest natural hyper-acidic crater lake;
the current lake formed after the 1817 eruption that expelled the previous lake entirely, and
now comprises approximately 27.5 million m?® pH <0.3 SO4-Cl rich brine with an elemental
load of > 100 g kg' (Caudron et al. 2015a; Delmelle and Bernard 1994; Takano et al.
2004). The surface of the lake measures approximately 1000 m x 800 m, with a depth of
up to 200 m, forming a steep-sided basin (Caudron et al. 2015a; Takano et al. 2004). The
composition of the lake appears to be homogeneous with depth (Takano et al. 2004), except
for seasonal dilution by rainwater (Delmelle et al. 2000; Varekamp and Kreulen 2000). It is
bounded on the sides by completely altered magmatic deposits and lake sediments, and likely
contains a liquid sulphur pool at depth, as evidenced by the presence of slicks of sulfur and
sulfide rich spherules floating on the lake surface (Delmelle et al. 2000; Takano et al. 2004).
Thermodynamic calculations of lake brine composition predict the brine is saturated in native
sulfur, a-cristobalite, barite, anglesite, celestite, gypsum and amorphous silica (Delmelle and
Bernard 1994). The lake and its composition is the product of a dynamic system with several
input and output fluxes that can be compositionally characterized (Figure 2.2a), which vary
seasonally and most importantly, with volcanic activity (Figure 2.2b). Water-rock interaction
and magmatic gases comprise the main elemental inputs into the lake, whereas rain- and
groundwater constitutes the main water inputs into the lake (Hinsberg et al. 2010a,b; Van
Hinsberg et al. 2015). Volatiles from the underlying magma contribute anions into the
lake and this flux produces the extremely low pH of the lake water (Delmelle and Bernard

1994). Berlo et al. (2014) showed that the degassing magma bodies also contribute metals,
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in particular Cu and Zn from a deep-seated basaltic magma and volatile metals (such as
Tl and Sb) from a shallow dacitic magma body (see also Figure 2.7). Dissolution of rocks
falling and sliding into the lake and landslides due to the weakening of steeply dipping
crater walls contribute rock-forming elements e.g. Na, K, Fe and Mg (Hinsberg et al. 2010b)
(Figure 2.7). Elemental output fluxes from the lake include evaporation, seepage and mineral
precipitation. Three sets of seepage springs are present at increasing distance from the lake,
with the furthest one having the largest discharge (Palmer 2009). However, only the first
springs are dominantly lake seepage (95% lake water diluted with 5% meteoric water), while
the other springs tap into the underlying hydrothermal system (Palmer 2009). These springs
make up the headwaters of the Banyu Pahit river, which flows out from the caldera through a
canyon onto the northern plains of East Java (Palmer et al. 2011). Cooling and evaporation
drives the precipitation of evaporite minerals at the seepage springs and is dominated by
gypsum with some Al-sulfates present as the late stage precipitated minerals at the spring

outlets.

2.4 Gypsum at Kawah Ijen

The largest gypsum deposits are found around the first seepage springs closest to the lake,
where they form a cascading gypsum plateau 50 m wide and 100 m long (see Figure 2.3a).
Aside from gypsum, minor Al-sulfates including potassium alum and tamarugite are present

just above the waterlevel.

Gypsum precipitates as in situ surface growths on its substrate, which was initially the
valley floor, forming cascading gypsum covered terraces. At present new gypsum crystals pre-
cipitate mainly on top of these pre-existing gypsum terraces. This leads to continuous, slow,
growth of the gypsum plateau, both upward and outward. More rapid growth is observed
as stalactites of gypsum present on slopes and overhangs of the gypsum plateau (Figure

2.3b). Continuous flow of a thin layer of brine on the surface, evaporation and competi-
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tion for open space during crystal growth promotes the formation of a variety of crystalline
framework fabric texture (Spencer 2000). Common textures observed are elongated bladed
gypsum crystals with varying lengths (up to 3 c¢cm for new growths) and thickness (up to
6 cm), forming laterally continuous beds of syntaxial growths of gypsum growing upwards
from the substrate as described by Spencer (2000). These regular layered gypsum deposits
are interbedded with sediment and mud layers, indicating periods where sediments were
washed onto the plateau. Stalactite growth commences with transparent bladed gypsum
crystals growing outwards from a substrate, mostly on the gypsum plateau. Where actively
growing, these are covered with a thin coating of brine. If the brine continues to coat the
gypsum blade and flow, the blade provides additional substrate for smaller surface growth
of gypsum crystals, whereupon progressive syntaxial growth produces a stalactite with a
zoned cross-section which provides a time record of growth. Gypsum has also been found
as cement in phreatomagmatic deposits downstream of the dam (Figure 2.5), where it is
present as clear subhedral to euhedral crystals in a layered fall deposit that is overlain by
a pumiceous layer. We interpret this sequence as deposited in the 1817 eruption of Kawah

[jen, likely as a pumice fall into acidic crater lake effluent.

2.5 Existing Record of Volcanic Activity at Kawah Ijen

Prior to discussing the existing record of volcanic activity, we shall define the terminology
used to describe the different states of volcanic activity at Kawah Ijen. Volcanic activity is
hereby defined as activity at an active volcano that occurs during periods of both quiescence
and unrest, where the activity may be expressed in various measurable parameters such
as as seismicity, volcanic emissions, and in the case of volcanic lakes, lake temperature and
chemistry. If a volcano is in a state of quiescence, then that volcano may still exhibit volcanic
activity, but the activity falls within the range of background variability. This variability

can be quantified by calculating a background envelope for a given parameter measured
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from the volcano that is based on existing records, for example tremors, lake chemistry
or fumarolic emissions. When a volcano is in a state of unrest, then the activity exceeds
the range of background variability. States of unrest in the parameter being measured can
vary from one period to another in both magnitude and its physical manifestations, such
as enhanced fumarolic emissions and phreatic explosions, but as long as the variations falls
outside of the background envelope then the volcano is classified as being in a period of
unrest. Arguably the most important state is when a volcano is during eruption, and this
definition is dependent on individual volcanoes based on their eruptive histories. For Kawah
[jen, eruptions in the past involved ejection of solid juvenile magmatic material out of the
immediate crater area. Moreover, we can then classify whether the occurrence is an event
or an episode based on the period of time that the volcano is in a given state. An event
is defined as a short, self-contained and distinct occurrence when the volcano experiences a
sudden change in activity but returns quickly back to its background level of activity. On the
other hand, an episode or a period is defined as an occurrence when the volcano experiences
a change in activity that exceeds background variations for an extended length of time. In
the context of this study due to the inherent time lag in the lake chemistry record, which is

in turn built into the gypsum record, only episodes of unrest are recorded.

Field studies at Kawah Ijen yield several types of deposits corresponding to three main
modes of volcanic activity (Hinsberg et al. 2010a,b; Kemmerling 1921; Sitorus 1990). The
main mode of volcanic activity in the immediate vicinity of the crater lake corresponds to
the cone-building phase of the volcano, characterized by a series of inter-bedded lava flows,
scoria, and lapilli and ash deposits covered by a layer of sulphur-bearing mud from recent
phreatic activity. These deposits can be observed on the exposed crater wall surrounding
the lake and vary in thicknesses and degree of alteration, gently sloping away from the
summit following the underlying topography. Moreover, large basaltic to andesitic lava

flows, similar in composition to that of the lava flows near the volcanic edifice, are exposed
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on the flanks of the volcano where they flowed towards Gunung Blau volcano and channeled
into the eastern flanks of the Ijen caldera (Figure 2.1¢). The final mode of volcanic activity
comprises a series of hydrothermal, phreatic and phreatomagmatic deposits suggestive of
interaction between magma and lake water. The hydrothermal and phreatic eruptions are
composed of altered material, native sulphur, ash fall deposits interbedded with charcoal-rich
soil. Additionally magmatic ballistics, such as blocks and bombs, are found interspersed in
the deposits or overlie them. Phreatomagmatic deposits, composed of fine-grained ash to
lapilli sized deposits and block-and-ash deposits, are also found on the western flanks of the
volcano in the Banyu Pahit river valley. These deposits are interbedded with deposits similar
to that of the cone-building phase along with mud- and pyroclastic flows. Stratigraphic
relationships between the three modes of volcanic activity indicate that the cone-building
phase appears first, followed by alternating extrusion of lava flows and the deposition on
phreatomagmatic material. Secondary deposits such as lahars and mudflows have been found
around the flanks of the volcano.The presence of these deposit indicates that the volcano
has had several significant explosive and potentially lethal eruptions in its geological history,
with a combination of extrusion of juvenile magmatic material, phreatic/phreatomagmatic

eruptions and generation of secondary hazards such as lahars and mudflows.

Historical records of Kawah Ijen volcano date back to the end of the 18" century, although
they have only become continuous in the late 20" and early 21" century. Activity during
this period mostly ranged from increased seismicity, tremors and changes in lake colour to
phreatic events and one phreatomagmatic eruption in 1817. Caudron et al. (2015a) compiled
an up-to-date and comprehensive overview of volcanic activity at Kawah Ijen. Reports by
Tour (1811) dating back to the early 18" century indicate that Kawah Ijen crater lake was
smaller than the present lake, bordered to the east by a plateau with fumaroles 8-10 m above
the lake level. The level of activity appears to have been similar to that at the present time.

The crater wall was steepest to the north, and gently sloping everywhere else. The lake
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flowed out through a gap in the western crater rim, and fed directly into the hyper-acidic

Banyu Pahit river. Gypsum deposits were present along this outflow.

In 1817, this lake was thrown out in a phreato-magmatic eruption, which is the only known
historic eruption of juvenile material at Kawah [jen. Junghuhn (1853) and Bosch (1858),
based on witness accounts and reports, wrote that the period of volcanic activity began
with earthquakes and the formation of an eruption column that distributed ash as far away
as the city of Banyuwangi and causing trees and huts to collapse. Additionally, the first
eruption pulse generated cold lahars, flowing down the outer flanks of the volcano before
being channelized in three directions: north through the Banyu Pahit-Banyu Putih valley;
east to the city of Banyuwangi and depositing onto plains south of the then settlement; and
northeast to the sea south of the Baluran Volcanic Complex 30 km away from Kawah [jen
(Figure 2.1b). After a short period of repose lasting 16 days, despite the sustained presence
of the eruption column, a second eruption pulse triggered further ashfall followed by several
mudflows, abetted by heavy rain. The mudflows deposited toxic sulphur-laden mud and
debris on plains, rendering the soils unsuitable for growing crops and the water undrinkable.
No human fatalities were reported owing to the low population density at the time. The
morphology of the crater lake changed significantly. The crater deepened and the lake size
increased together with a steepening of the eastern crater rim, and direct outflow from the
lake was cut off. Seepage together with occasional spillover became the headwaters of the

Banyu Pahit river.

During the 20" century, activity at Kawah Ijen was characterized by predominantly
phreatic events and accompanied periods of unrest between 1917 to 1940, with a phreatic
eruption in 1917 that damaged a dam in the western crater wall constructed to regulate the
overflow of acidic brine from the lake. The periods of unrest were characterized by significant
and often sharp fluctuations in lake temperature accompanied by vigorous gas upwelling on

the lake surface; fluctuations in lake levels; shift in lake colour from blue-green to milky
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white; water fountains up to 10 m high and vapour clouds visible on the surface. A possible
trigger for the phreatic eruption in 1917 was the earthquake on the nearby island of Bali
prior to the phreatic event (Kemmerling 1921), which might have destabilized the hydrother-
mal system, thus inducing the observed unrest and seismically triggering the phreatic event
(cf.Manga and Brodsky 2006). Unrest at Kawah Ijen in the 1990s is better documented
and consisted of intermittent bursts of tremors, gas bubbling, temperature fluctuations, and
changes in lake colour, with minor blasts reported. In 1993-1994, phreatic eruptions occurred
with increasing energy after a period of unrest involving a series of volcano-tectonic events,
although their deposits were still confined to the crater area. Unrest re-commenced in 1997
with increased fumarolic activity, sustained seismic tremors and changes in lake colour. In
1999, heightened seismicity typefied by "VB’-type volcano-tectonic earthquakes and tremors
were accompanied with explosions and enhanced fumarolic emissions; such unrest continued
until 2004. The most recent unrest occurred in 2011 to 2014, with sharp fluctuations in
temperature by as much as 17 °C and increased seismicity above background values. This
latest unrest led to the establishment of a permanent monitoring network for lake level, lake
temperature and seismicity (Caudron et al. 2015a), and this work is part of an effort to

extend this network to continuous lake composition monitoring (cf. Gunawan et al. 2015).

2.6 Methodology

Gypsum stalactites were sampled on the gypsum plateau (Figure 2.3a) during the August
2009 dry season by cutting them at the base. These included both actively growing and
"extinct” stalactites (Figure 2.3b). The former were white and commonly had a clear, often
widening upwards bladed crystal with euhedral prismatic terminations, whereas the latter
were grey and more rounded. These stalactites were sectioned perpendicular to their long axis
to reveal their growth zoning. The gypsum stalactite (KV09-505) analyzed in this study was

one of the largest actively growing stalactites in the sample suite and was selected for both
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its long and continuous cross-sectional growth history, as well as having growth zones wide
enough for sampling. In addition, gypsum grains were sampled from the gypsum-cemented
pumice fall attributed to the 1817 eruption. The base of the gypsum stalactite was set in
urethane resin, and cut into three sections of around 1 cm thickness each. A polished section
of disc was explored by back-scattered electron imaging and EDS compositional analysis on
a JEOL 8900 Superprobe. The selected stalactite was shown to be composed of gypsum with
some (Na,K)-Al-sulfates on outer surfaces and minor interstitial syngenite. Gypsum powder
was sampled in situ from each growth zone for 2'Pb radiometric measurements and noble

gas analyses. The opposite side of the disc was polished and analysed for trace elements.

2.6.1 ?"Pb analyses

210Ph activity was determined by alpha spectrometry of the daughter product of 2!°Pb decay,
20Po (e.g.  Ghaleb 2009). 0.1g of ?®Po tracer was dried at 85°C for 15 minutes until
completely evaporated and added to 0.1g of clean, finely powdered gypsum. This mixture
was dissolved in approximately 100 ml 0.5 M HCI solution at 90°C for 15 minutes while
continuously stirring. HCIl was chosen as it dissolves gypsum readily, but cannot digest
potential silicate or oxide inclusions. No residue was however observed indicating that the
gypsum samples were clean. A silver disc was lowered into the solution, and the mixture
was stirred overnight for the sample and spike to plate onto the disc. The activity of 2!°Po
was measured by alpha spectrometry using an EGG-Ortec Type A576™alpha spectrometer

for a period of 7-14 days until a minimum of 100 counts was reached.

2.6.2 Noble gases

Approximately 500 mg of each growth zone was put into a steel cylinder with a steel ball,
pumped to a high vacuum (circa. 5 x 107 Pa)and purified overnight using Ti and St707
getters prior to analyses. The cylinder was subsequently gently agitated to crush the sample

and release its noble gases with unspiked isotopic analyses of He, Ne, Kr, and Xe using a
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Quadrupole mass spectrometer PRISMA from Pfeiffer-200. Calibrations were performed on
in-house standard pipettes of purified air from Montréal (Pitre and Pinti 2010). Precision
was determined using 3®Ar (average composition = 4.28 x 101% cm? STP), and was better
than 5 % for all samples. Noble gas fractions were normalized to the *Ar composition of

air.

2.6.3 Trace elements

The trace element composition of a core-to-rim transect spanning the 4 main consecutive
growth zones analyzed for 2!°Pb and noble gases was measured using a NewWave 213 nm
Nd-YAG laser coupled to a Thermo Finnigan iCAP-Qc quadrupole ICP-MS. This same setup
was used to analyze gypsum cement grains from the 1817 fall deposit, which was mounted in
a 1-inch block of resin and polished. The gypsum disc was triply polished and the transect
was analyzed for a suite of 57 trace elements with Ca as the internal standard elements, and
60 elements for the gypsum cement. Laser operating conditions were a fluence of 3-7 J cm™,
repetition rate of 10 Hz and ablation pit diameter of 120 pum for the stalactite transect, and
80 pm width and 1 mm length through for the grains in the 1817 deposit. Trace element data
were processed using the Iolite software (Paton et al. 2011). Preliminary analysis with wt. %
-levels of K, Na and/or Al were excluded, because these likely represent mixed analyses with
Al-sulphates or syngenite inclusions. This resulted in removal of only 8 out of 89 transects
spots. The relative standard deviation (RSD) for 'light” elements up to Cd is up to 0.62%,

while for the remaining 'heavy’ elements is up to 0.31% in the transect.

2.7 Results

A summary of the trace element concentrations are given in Table 2.1 for the gypsum sta-
lactite, and Table 2.2 for the 1817 gypsum cement. Each element analyzed for this study

has been selected to represent the reservoirs within the Kawah Ijen lake system. From these
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concentrations, elemental ratios are calculated from and grouped according to the source
reservoirs during quiescence (Figure 2.2a) and unrest (Figure 2.2b).2!°Pb activities are given

in Table 2.3 and noble gases in Table 2.4.

2.8 Discussion

2.8.1 Gypsum Age

The gypsum stalactite displays concentric outward growth zoning from its core, indicating
that it records a continuous time progression from core to rim. To obtain absolute ages for
these growth zones, we determined their 2'°Pb activity, based on the premise that 2!°Pb
activity would decrease with age as it decays with a half-life of 22.6 years assuming there
is no in-growth of 2!°Pb from the decay of its parent isotope ***Rn (Ghaleb 2009). Prior to
calculating model ages of gypsum growth zones using 2!°Pb disequilibrium, we must consider
the validity of the assumption of constant initial concentration that is inherent within the
decay equation. For the gypsum stalactite investigated in this study, the constant initial
210Ph activity assumption cannot be valid because the flux of its parent isotope varies,
resulting in 21°Pb activity that does not correlate with age as inferred from zone position

(Table 2.3).

The main source of 21°Pb in the Kawah Ijen system is the volatile intermediary parent
isotope 222Rn. Given that ??2Rn is emitted from the degassing magma under active volcanoes
(Condomines et al. 2010), and **?Rn decays to ?'°Pb with a relatively short half-life of 3.8
days (Bourdon et al. 2003), variations in degassing and hence #*?Rn flux will thus lead to
variations in 2!°Pb initial activity. Due to the short half-life of ?*?Rn and its fluctuating
flux is dictated by the degassing rate from the underlying magma, 2'°Pb activities measured
do not decay from the same initial activities. The measured activities therefore need to be

corrected for variations in the ??2Rn flux. Given that the parent isotope of 2°Pb, ???Rn, is
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a noble gas we propose a correction method for the fluctuating ?**Rn flux using heavy and
stable noble gas isotopes. In particular we use the heavy noble gases Kr and Xe. Kr and Xe
concentrations show the same core-to-rim pattern as the 2!°Pbh activity (Figure 2.6a) which
is a strong argument for a dominant control on '°Pb activity by variations in ?2Rn flux, in
addition to age. Correction factors for variations in Rn flux were calculated from the average
enrichment factor of 3 Kr and 1*2Xe weighted to their respective analytical uncertainty. These
were normalized to a 2'°Pb activity with known age, which was determined by analyzing
the 219Pb activity of gypsum needles grown in 2008 at the tips of stalactites (these tips
were broken off in 2007 and had regrown by 2008 -Hinsberg et al. (2008)). The corrected
growth zone ages young systematically from core to rim and indicate that the stalactite
records at least 37.6 T15Y years of growth (Figure 2.6b). The age of the core could not
be derived, as an accurate noble gas measurements could not be obtained. This core may
either be significantly older, or may be similar due to rapid initial outward growth from
the substrate. It is important to note that the non-linear progression of time in gypsum
means the time resolution for the most recent year, for example 2006, is particularly high
and progressively decreases with age; thus it is possible to observe long-term (6 months) and
short-term (monthly) changes in the compositional record. The corrected model ages for

gypsum were fitted to the gypsum trace element transect, and used to calculate the age of

each transect ablation spot (Figure 2.6¢).

2.8.2 Gypsum as an elemental recorder of fluid chemistry

Combining the absolute ages derived from noble gas-corrected ?!°Pb activities with the com-
position of each growth zone allows for a continuous time-series of gypsum composition to
be determined. Hinsberg et al. (2008) has shown from element partitioning systematics that
gypsum grows in equilibrium with the seepage spring water, and the gypsum time-series
therefore provides a record of the composition of these seepage waters. Given that the

seepage waters at this location are made up of 95 % lake seepage with 5% dilution from
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groundwater (Palmer 2009), gypsum can be taken to record lake composition. The transect
chosen for trace element analysis represents the longest uninterrupted growth cross-section
from the stalactite, with no evidence of re-dissolution and re-precipitation textures that
would otherwise concentrate compatible elements and re-dissolve the incompatible elements
into the fluid phase. The variations in composition are interpreted in terms of the differences
in compositional signature among the various sources in the crater lake system as defined in

our Kawah Ijen model, outlined below.

2.8.2.1 The Kawah Ijen model

Due to the complexity of the variations in the gypsum stalactite record, interpretations
of signals within the fluid chemistry must be made in the context of a model for Kawah
[jen volcano. In this study, a model of the magmatic-hydrothermal system of Kawah Ijen
volcano has been constructed modified after the model proposed by Christenson (2000) for
Ruapehu volcano and its lake (Figure 2.2a). Following findings by Hinsberg et al. (2010Db)
and Berlo et al. (2014), the elemental budget of the lake is derived from two main input fluxes:
dissolution of the andesitic to dacitic rocks from surrounding flanks introduced through rock
falls and flank failure, and input from a deep degassing mafic magma as well as a shallow,
evolved dacitic magma. These elemental input fluxes are diluted seasonally by input of
rainwater and to a limited extent, groundwater discharge from the adjacent Merapi volcano.
The main output fluxes are evaporation of the brine from the lake surface, and mineral
precipitation in and around the lake (Figure 2.2a). Of the output fluxes, evaporation and
dilution are expected to only affect absolute concentrations, not element ratios, unless it leads
to changes in the saturation state of precipitate minerals. The appearance or disappearance
of a precipitate mineral will lead to a sharp change in the abundance of its constituent
elements, whereas changes in volcanic gas or rock input are likely to show up as a more
gradual change, because the lake is a very large element reservoir that buffers small changes,

and thus is not easy to disturb.
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In order to apply the model of Kawah [jen to the record of fluid chemistry from gypsum,
several assumptions must be made to enable us to interpret the geochemical signals from
gypsum as representative of that of the fluid chemistry at the time of crystal growth. The
first assumption for this model is that the lake composition is completely homogeneous at 40
m depth, which equates to the elevation of the springs relative to lake surface. This means
fluctuations in elemental ratios from the gypsum growth zones reflect changes in the entire
lake composition. Another assumption is that there is minimal lag time between the signal
appearing in the lake composition and the signal being recorded in the gypsum growth zone
composition. Takano et al. (2004) attempted to constrain the travel time from the lake to
the springs using polythionates, and found that the travel time may be as long as 1000 days,
although these authors point out that rate constants are not available for the Ijen water
compositions and pH. Such a long travel time is difficult to reconcile with the short distance
and the flow rate of 1 L s7!, as measured by Palmer et al. (2011). Nonetheless, as the brine
needs to seep through the flanks before flowing out at the springs, there is an inherent lag
time built into the gypsum record. However, given that 2'°Pb, used to measure the age of
the gypsum, should be affected equally to the trace elements, this should cancel out any lag
time. A third assumption is continuity of growth, which allows us to fit a smooth age model
to the 4 age measurements that we obtained (Figure 2.6b). Whereas sediment horizons were
observed in some stalactites, as well as in the gypsum plateau, which can be interpreted
as breaks in growth, the stalactite investigated here does not contain these, and visually

appears to show continuous growth.

2.8.2.2 Compositional time-series

The gypsum stalactite transect provides a 50-year record of lake water composition at a
resolution from 1 to 6 months. It allows us to investigate both short-term behaviour and
long-term trends of individual elemental concentration in the lake over time, and as shown

in Figure 2.8. there are significant trends in the long-term behaviour of certain elements
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in the lake. When examining the absolute concentration record, only long-term trends are
examined, because short-term variations may be affected by processes other than changes in
the source fluxes into the lake, the most significant of which is dilution. Dilution effects can

be expected to average out over the long-term, making the large-scale trends robust.

Elements derived from rock-dissolution, such as Mg, Rb and the rare earth elements
(REE) (Figure 2.7) show broadly similar fluctuations in concentrations, with significant
peaks observed between 1980 to 2000, and an increase in overall concentration background
levels between 1990 to 2000 (Figure 2.8a-2.8c). The gradual increase in background levels
likely corresponds to increasing overall elemental load in the lake (cf. Van Hinsberg et al.
2015). In contrast, the volatile metals Cu (Figure 2.8d), Sb (Figure 2.8¢), and T1 (Figure
2.8f) show their own set of peaks, which may correspond to increased input from the deep
basaltic and shallow dacitic magma. Thallium is the most sensitive of the volatile metals
to fluctuations and shows the most number of peaks. Interestingly, Cu and Sb show similar
peaks, even though Cu is dominantly derived from sulfide breakdown in the deep basaltic
magma and Sb comes from the shallow dacitic magma. This suggests that the peaks reflect
an overall increase in gas input, rather than a change in gas source. The transition metal Zn
(Figure 2.8g) shows a hybrid signal with peaks that correspond both to the rock dissolution
input signal and volcanic degassing, reflecting its contribution from both sources (Figure 2.7).
Lead (Figure 2.8h) shows a gradual increase to a maximum in 1985 followed by a consistent
decrease thereafter, which is not obvious for any of the other elements and indicates a
significant change in Pb input in the system. This source cannot be rock dissolution or

degassing, because it is not recorded by rock-forming elements nor volatile metals.

Absolute concentrations of elements are influenced by seasonal dilution and evaporative
concentration at the site of gypsum precipitation. To eliminate this effect, trace element
concentrations have been divided by an element that behaves conservatively in the Kawah

[jen lake. Rubidium is suitable for this purpose because it does not form a precipitate mineral
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in the lake, and is not volatile during evaporation from the lake surface. Its concentration
in the volcanic gas is negligible (cf. Van Hinsberg et al. 2015), it is a trace element in the
rocks, and the Rb concentration in the lake is high enough that rock-dissolution will not
easily disturb the Rb concentration. Eliminating the effect of variable dilution by dividing
by Rb uncovers trends that more directly reflects variations in the input fluxes (Figure 2.9).

It also removes the long-term trends in Pb.

The record presented by the gypsum transect consists of two components; background
noise and peaks, which, in its application to volcanic monitoring can be regarded as noise
and signal, respectively. Background noise is defined here as activity that corresponds to
the volcano at its passively degassing state; any activity above or below this background
activity is identified as corresponding to the volcano in a heightened state of activity or
unrest. The background activity for each element or ratio is defined by a probability envelope.
Where necessary, this probability envelope has a slope to accommodate long-term trends (e.g.
Mg/Rb - Figure 2.9a). A 75 % probability interval was chosen, which means that 75% of data
are assigned to background, as this appears to be a suitable interval for all elemental ratios;
a higher interval would likely mask significant events, whereas a lower interval decreases
the ability to discriminate between periods of passive degassing and unrest, and thereby
lead to false positives in volcano monitoring. Conceptually, concentrations within the 75%
probability envelope represent natural variability in background activity, or state of passive
degassing at the volcano. Both peaks above and troughs below this background envelope are
considered as periods of significantly increased elemental input from either rock dissolution or
magmatic degassing, With the background established, we can identify peaks and correlate
these with known periods of unrest, as well as with other records such as seismicity and lake
temperature. This allows us to not only identify what elements track changes in volcanic
activity, but also to determine the signals that indicate an impending eruptions at Kawah

[jen. In the following sections, the peaks observed for the various elements are discussed.
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2.8.2.3 Rock dissolution flux

Leaching and dissolution of crater wall rocks is a major contributor of cations to the lake
(Hinsberg et al. 2010b) (Figure 2.7). This material is mainly derived from rock falls from the
steep walls bounding the crater lake, which are continuously weakened by acidic deposition
from the fumaroles. Punctuated events also take place in the form of landslides, which can be
spontaneous or triggered by rain thereby potentially having a seasonal occurrence, or tremors,
which would link them to periods of unrest. The crater walls are composed of andesitic
and dacitic rocks and contain the main minerals ortho- and clino- pyroxenes, plagioclase,
titanomagnetite and olivine. As shown in Figure 2.7, the rock component dominates the
flux of elements including Mg, Ca, and the rare earth elements (REE). These elements are
therefore used to monitor variations in the rock-dissolution flux in the gypsum record. We

will refer to this group of elements as the rock-forming elements in the following discussion.

The rock-forming elements show variation, but lack strong excursions in the Rb-normalized
time-series. As a result, we attribute most variation to background noise resulting in a
relatively large background envelope. The time-series shows a small, but significant positive
slope in agreement with the 200-year increasing elemental load in the lake (Van Hinsberg
et al. 2015). In more detail, the time-series shows seasonal variations with peaks in Mg/Rb
and YREE/Rb corresponding to months in the dry season (May-September), and troughs
occur during months in the rainy season (October-April). Troughs that fall outside the
background envelope occur in December 1998 and January 2003, and going further back
to the beginning of the gypsum record almost consistently fall in months when the rainy
season peaked, although it is worth noting that the age uncertainty increases with time.
The presence of seasonal effects despite the concentrations being ratioed to Rb indicates
that Rb does not act as a perfectly conservative element. This is likely because gypsum
incorporates high concentrations of Rb relative to the crater lake seepage (Van Hinsberg

2001). Therefore, during periods of enhanced evaporation and gypsum precipitation, such
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as the dry season, there is preferential extraction of Rb from the seepage spring brine into
gypsum, thereby lowering the concentrations in the brine. This effectively leads to a higher
Mg/Rb peak during dry seasons. Conversely, the troughs observed in the rainy season are

characterized in some years by stronger dilution at the deposition site.

The rock-forming element input flux varies by two mechanisms: rocks falling into the
lake after being dislodged by volcanic tremors, and hence linked to variation in activity, or
from gradual slope destabilization. Caudron et al. (2015b) have shown that during periods
of unrest, for example in 2011-2012, volcano-tectonic (VT) earthquakes and tremor occur,
which have the potential to dislodge rocks that fall into the lake and largely dissolve. A
correlation between peaks in rock-forming elements and periods of unrest may therefore
be observed. In contrast, peaks during periods of quiescence can be attributed directly
to slope instability. Indeed, large land-slides have been observed at Kawah Ijen in 2014
during a period when no seismicity or increased tremor was recorded (Pers. comm. Corentin
Caudron). Comparison of the Mg/Rb record with accounts of unrest in 1990-2006 yields
a large peak above background that likely correspond to volcanic tremor-driven rock falls,
for example in 2001-2002. However, there are many small peaks occuring in periods of
quiescence, likely reflecting gradual slope destabilization. Both mechanisms thus appear to

be active.

A first-order estimate of the rock flux can be obtained by comparing the bathymetry of
the lake and its volume in 1922 with the lake volume at present, assuming that this change
is exclusively due to sediment infill. Caudron et al. (2015a) showed that the lake volume
decreased by a total of 16 million m?® since 1922. Using the density of silica sand (1522 kg
m~ %), the calculated mass of equivalent silica sand is 2.44 x 10'" kg. Hinsberg et al. (2010b)
determined a 39% mass loss in complete leaching of fresh rock. Therefore, the sediment
requires input of 6.24 x 10 kg of fresh rock. Assuming that this is composed of andesite,

with a density of 2660 kg m™3 (Johnson and Olhoeft 1984), the volume of material from
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rock slides and falls into the lake bottom is 2.35 x 107 m? over this 89-year period. Finally,
assuming that the crater has a circular cone shape, and the edifice recedes with the same
amount along its radius, the slope has receded by as much as 25.4 m on all sides, equating
roughly to a rate of 0.29 m yr ~!. Our assumptions mean that this is a maximum estimate,
and the growing sulphur pool proposed to exist at the lake bottom (Delmelle and Bernard
1994)) is for example not accounted for. Moreover, slope recession will not be uniform around
the crater, with comparison of historic topographic maps suggesting extensive recession of
up to 60m of a triangular area jutting out from the southern crater wall. The recession value
is high, but not unreasonable, indicating that a significant continuous rock flux is present
and suggesting that the dominant control on the rock-forming elements is by landslides and

slope failure.

2.8.2.4 Volatile metals

The second major contributor of elements to the lake is volcanic gases entering the lake
via subaqueous fumaroles (see Figure 2.2a). These fumaroles supply the lake with SOy, HsS,
HF and HCI gases and volatile metals including Cu, T1, and Sb (Berlo et al. 2014; Delmelle
et al. 2000; Takano et al. 2004; Van Hinsberg et al. 2015) (Figure 2.7). Volatile elements
originate from two different magma reservoirs underlying the crater lake: a deep-seated
sulphide-saturated basaltic magma and a shallow dacitic magma (Berlo et al. 2014). Dacitic
lava has been found to occur in a small dome on the lake shore, where the most intense
fumarolic activity occurs (Hinsberg et al. 2010a). According to Berlo et al. (2014), the
shallow dacitic magma is the primary source of the volatile metals Tl and Sb whereas based
on the reconstruction of sulfide liquid from deep-sourced mafic melt inclusions, transition
metals such Cu, Pb and Zn are sourced primarily from this deep mafic magma. The metal
signature of the fumarole gases cannot be produced from one of these magma reservoirs,
therefore concluding that interaction occurs when gases released from the basaltic magma

pass through the shallow dacitic melt. This makes the volatile metals ideally suited to
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monitor Kawah [jen because they track the magmatic degassing and hence magmatic activity,
but they also allow us to differentiate between the deep mafic and shallow dacitic reservoirs.
We will use T1/Rb, Sb/Rb and Cu/Rb (Figure 2.9i-2.9h) for the former, and T1/Cu (Figure
2.9¢-2.9f) for the latter.

Figures 2.9i-2.91 show that both Rb-corrected T1 and Sb records have several peaks above
the background envelope between 1960-2006 indicating increased input from the dacitic
magma. In particular, peaks are observed for 1970-1985, as well as 1990, 1998 and 2000-
2004. Comparison with the existing record of unrest as compiled by Caudron et al. (2015a)
from 1990-2006 shows that T1/Rb peaks occur prior to unrest. However, the uncertainty in
the age does not preclude that they are contemporaneous or even postdate the unrest. The
most recent and highest recorded peaks within this time frame are found prior to the 2001
and 2004 unrests. Sb (Figure 2.9k-2.91) behaves broadly similar to Tl, meaning that the

other volatile metals can be used to complement the record provided by TI.

In order to determine whether there is input from the basaltic magma, we need to examine
elements that are derived from the basaltic magma and behave similarly to the volatile
metals. Berlo et al. (2014) showed that Cu is most suited for this. Copper (Figure 2.9g-
2.9h)) behaves similarly to the volatile metals (Figure 2.7) rather than transition metals.
Comparison of Cu/Rb and TI/Rb shows that peaks in T1/Rb appear to precede or are
coeval with peaks in Cu/Rb above the background variations, such as the peaks observed
in 2000-2002. There are also some peaks observed in T1/Rb that do not correspond with a
peak in Cu/Rb, such as the peak around 1998 that coincides with a drop in Cu/Rb that
falls outside of the background variation. Similarly for the period of 2002-2003, the T1/Rb
and Sb/Rb are elevated but Cu/Rb shows background envelope. We can track the relative
contribution of the deep and shallow magma in time using the T1/Cu ratio (Figure 2.9¢-2.9f).
A peak in T1/Cu indicates a relatively increased input from the shallow dacitic magma,

whereas a trough suggests an increase in input from the deep-seated basaltic magma.This
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suggests variable input to the fumarole gas flux from the two magma reservoirs. This can
be observed in 2000-2004, where there is a large drop in T1/Cu followed by a sharp increase
peaking around 2002-2003, suggesting that there is increased input from the deep-seated
magma followed by increased input from the shallow magma. This sequence of signals may
be explained by increased deep magmatic activity during the period of unrest, possibly
magmatic intrusion or recharge, producing enhanced degassing and interaction with the
overlying dacitic magma. These trends also indicate that there are instances of shallow
magmatic input with no enhanced input from the deep-seated magma, as well as events
where both are involved. There does not appear to be a correlation with style or severity of
unrest, although no large events have taken place in the time period covered by our gypsum

stalactite.

2.8.2.5 Transition metals

Transition metals are controlled by both input from rock-dissolution (Hinsberg et al.
2010b) and input from the deep, sulfide-saturated mafic magma (Berlo et al. 2014) (see
also Figure 2.7). Comparison among Zn, Mg and Cu concentrations and ratios to Rb shows
that Zn appears to be more consistent with Mg rather than Cu. As such, Zn is more in-
fluenced by mechanisms controlling rock dissolution, as well as seasonal variations in this
record. There are also peaks in Zn/Rb that occur at the same time as Cu/Rb, such as in
2000-2002 indicating the degassing magma also exerts control on the overall Zn/Rb signal.
We cannot as of yet constrain the relative contributions from rock dissolution and degassing

magma, which makes Zn non-ideal as a monitoring element.

Pb concentrations increase steadily until around 1985 after which they decrease contin-
uously, except for a large peak observed in the early 2000s (Figure 2.8h). This large-scale
trend is partially removed when Pb is divided by Rb, after Pb/Rb (Figure 2.90) largely
follows YREE/Rb (Figure 2.9¢). Given that the REEs and Pb ratios behave similarly, rock-

35



dissolution exert the dominant control on Pb concentration. Some of the Pb/Rb peaks
coincides also with peaks in the volatile metals, suggesting that the degassing magma Pb
input is significant during certain periods of unrest. The long-term trend in Pb with the
small peak around 1985 is not observed in any of the other elements, suggesting an addi-
tional, external source of Pb, which could be anthropogenic emissions. The trend is similar
to the record of Indonesia’s Pb emission from leaded gasoline, which although incomplete,
shows a strong increase until around 1985 and a more gradual increase until 1995, followed
by decreasing emissions until the present day (Lee et al. 2014). This trend in Pb concentra-
tion in the atmosphere may have been reached Kawah Ijen through long-range transport of
aerosols, precipitation or wind (e.g. Lelieveld et al. (2001). Without additional information,
for example from Pb isotopic composition, it is not yet possible to determine whether this
is a possible contribution. An alternative explanation could be a change in the amount of
barite precipitation from the lake, which is an important sink for Pb (Hinsberg et al. 2010b).

However, this is not supported by the record of Ba concentrations.

2.8.2.6 Comparing chemical and physical indicators of unrest at Kawah Ijen

Limited monitoring data are available for Kawah Ijen in the form of seismicity, lake level and
lake temperature (see Caudron et al. (2015a)). These records are by no means continuous
and only rarely include a complete record prior, during and after unrest. Nonetheless, sharp
fluctuations in lake level and an increase in lake temperature and seismicity have been noted
prior and during episodes of unrest (Caudron et al. 2015a; Kemmerling 1921). Volcano-
tectonic seismicity at Kawah Ijen is subdivided into VA (earthquakes generated by brittle
fracturing from a magmatic intrusion, movement of magma, or pressure from geothermal
fluids) and VB (earthquakes generated from the passage of seismic waves traveling through
the crust)(Caudron et al. 2015b; Scott 1989). Additionally, volcanic tremor is observed
consisting of monochromatic and/or harmonic vibrations generated from the interaction of

steam or gas with the shallow aquifer (Caudron et al. 2015a).
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Comparing the T1/Rb and Cu/Rb record with the physical (seismicity and lake tempera-
ture) records shows moderate to good correspondence between peaks in the volatile metals
(Figure 2.10a-2.10b) and sharp changes in temperature (Figure 2.10c), and elevated seismic-
ity in both types of VT earthquakes (Figure 2.10d-2.10e) and tremors (Figure 2.10f). Best
correspondence is observed for the biggest unrest events (e.g. those in 2003 and 2004). This
is not surprising given that the large lake water reservoir requires a big change in input for

it to be noticeable in the overall composition.

Compared to the seismic records, T1/Rb peaks at the same time as the number of VA starts
to rise, whereas peaks in Cu/Rb correspond to maximum tremor amplitudes, which peak
during the reported events themselves. This is often accompanied by a significant increase
in VB earthquakes (Figure 2.10e). Given that we have interpreted Cu to be dominantly
derived from degassing of a deep basaltic magma whereas a shallow dacite contributes TI,
this meant that as input from the deep-seated magma increases we see a rise in temperature,
and it is preceded by a rise in Tl input into the lake from the shallow magma. The agreement
with seismic and lake temperature records, which are more established methods of volcano
monitoring, shows that lake water composition tracks volcanic activity and can thus be
used in monitoring Kawah Ijen. Moreover, the gypsum-reconstructed record of lake water
composition extends much further back in time to before reliable and continuous seismic and

temperature data are available.

2.8.2.7 Insights into the 1817 eruption from the gypsum record

The gypsum found in a 1817 fall deposit provides us with a unique opportunity to assess the
state of the system prior to the phreatomagmatic eruption of 1817, when the volcano erupted
and threw out the lake (Bosch 1858; Junghuhn 1853; Kemmerling 1921). The 1817 gypsum
is similar in terms of elements derived from rock dissolution and the transition metals. The

similarity in concentrations for these elements is in agreement with a total dissolved solute
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content for the lake in 1805 which is the same as that at present (Van Hinsberg et al. 2015),
and suggests that the lake composition had reached a similar steady state to that of the
current lake. In contrast, the volatile metal contents are very different. In particular, T1/Cu
and Cu/Rb show the lowest and the highest recorded ratios respectively. The Cu/Rb exceeds
background levels by over an order of magnitude, suggesting significantly increased input of
volcanic gas compared to 1960-2006. Moreover, the T1/Cu ratio is at least 1 magnitude lower
than the lowest ratio from 1964-2006, indicating that the volcanic gas is dominated by input
from the deep-seated basaltic magma. Strong involvement of the deep mafic magma may
point to mafic magmatic recharge driving the eruption. Episodes of magmatic recharge and
mixing between mafic and silicic magmas have been linked to the eruption of andesitic lava
(Davidson and Tepley 1997; Kent et al. 2010), and this has been observed in eruptions in
other volcanic lakes such as Ruapehu and El Chichén (Gamble et al. 1999; Tepley et al. 2000).
Further support for such a scenario is the abundance of 1817 pumice fragments with mingling
textures (K. Berlo, pers. comm.). The drastic difference in volatile metal concentrations,
and hence degassing input, in 1817 indicates that the magmatic-hydrothermal system was
in a different state prior to this large eruption. The peaks in the 1964-2006 record are much
less pronounced and show that a state similar to 1817 was not encountered. We therefore
interpret recent unrest as involving mainly the shallow magmatic reservoir, whereas large

eruptions are triggered by involvement of the deep mafic magma.

2.9 Conclusion and implications

Growth-zoned gypsum precipitated from crater lake seepage yields a wealth of information
on the past fluid chemistry of the volcanic lake at Kawah Ijen volcano, and allows a historical
geochemical record spanning 50 years to be reconstructed. This record shows that elements
derived primarily from rock dissolution, in particular Mg and the REE, track rock falls into

the lake and seasonality in evaporation, which ultimately drives gypsum precipitation. The
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volatile metals act as indicators of increased gas input from the basaltic and dacitic magma
reservoirs that underlie Kawah Ijen and these correlate with periods of volcanic unrest. The
transition metals combine both of these sources and Pb may further be affected by anthro-
pogenic input. Comparison with the limited seismic and thermal records that are available
indicates that the geochemical record complements these records, with peaks in T1/Rb and
Cu/Rb preceding or coeval with increased seismicity and tremors. Therefore, the lake com-
position complement current volcano monitoring efforts at Kawah Ijen, and the historical
record derived from gypsum indicates that in particular the elements Cu (representing the
deep-seated basaltic magma) and T1 (representing the shallow dacitic magma) are effective
indicators of volcanic activity. Finally, gypsum allowed us to characterize the geochemistry
of the lake prior to the 1817 eruption, indicating a significantly elevated input of volcanic
gas from the deep basaltic magma that is highly suggestive of mafic magmatic recharge and
mixing driving this eruption. The gypsum tool developed here is not restricted to use at
volcanic systems such as Kawah Ijen, and can be applied to reconstruct a record of fluid com-
position wherever gypsum grows in equilibrium with its parent fluid. As such, the approach
presented here can be applied to other systems, for example gypsum stalactites in caves and
even gypsum depositing from industrial efluent (e.g. Garcia-Ruiz et al. 2007; Rutherford
et al. 1994; Tayibi et al. 2009).
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2.11 Table captions

Table 1: Summary of the trace element transect across growth zones A-D from stalactite
KV09-501 growth zones. All concentrations are in ppm, except where indicated. '<d.l.’
means the trace element composition is below the detection limit of the instrument. Hg

concentrations are in counts per second (cps).

Table 2: Trace element concentrations for the 1817 gypsum cement. All concentrations
are in ppm unless specified. Hg concentrations are in counts per second (cps). '<d.l.” means

the trace element composition is below the detection limit of the instrument.

Table 3: 21°Pb activities of growth zones A-D, representing the oldest to youngest, respec-

tively.

Table 4: 34Kr and '3?Xe compositions of stalactite KV09-501 with growth zones A - D. F-
values are the relative enrichment or depletion of each zone with respect to the atmospheric

noble gas composition.

2.12 Figure Captions

Figure 1: A) Map of East Java with Kawah Ijen highlighted. B) Landsat8 image of the
[jen Volcanic Complex (dashed outline). Solid arrows show the pathways of major lava flows
and lahars from Kawah [jen volcano. C) Topographical map of Kawah Ijen and the Blau and
Papak volcanoes. The study site is highlighted. Solid and dashed arrows show the pathways

of major lava flows from Kawah [jen volcano.
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Figure 2: A) Model of the magmatic-hydrothermal system at Kawah Ijen in its pas-
sive degassing state, modified after (Christenson et al. 2010). B) Model of the magmatic-

hydrothermal system at Kawah Ijen volcano during periods of unrest.

Figure 3: A) The Kawah Ijen gypsum plateau at the uppermost seepage springs looking
back to the lake . B) Typical occurrence of gypsum stalactite growing downwards from brine

flowing over its surface and showing the euhedral habit of the gypsum crystals.

Figure 4: A) Photo of stalactite KV09-501, analysed in this study. B) Cross-section of
the base of the stalactite with growth zones chosen for ?!°Pb and noble gas analyses. C)

Location of the Trace element transect.

Figure 5: Gypsum cemented fall deposit from the 1817 eruption of Kawah Ijen. The book

is 19.5 cm in length.

Figure 6: A) Variations in ?'°Pb, F(¥Kr) and F(!3?Xe) in each growth zone in the KV09-
501 cross-section. B) Age model after correction using the weighted averages of F(3*Kr) and

F(1%Xe).

Figure 7: Compositions of average Kawah Ijen rock and fumarole gas relative to lake
water, normalised to their respective Mg contents, showing the dominant source for each
element. Whereas the REE and HFSE are mainly derived from rock dissolution, the volatile

metals are characteristically enriched in the volcanic gas.

Figure 8: Time-series record of trace element concentration representative of each type
of trace element group in the Kawah Ijen system: rock dissolution elements (blue), volatile

metals (red) and transition metals (purple).

Figure 9: Record of elemental ratios from 1964-2006, with a close-up for the 1990-2006

period for which reliable records of volcanic activity are available.
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Figure 10: T1/Rb and Cu/Rb, representing dilution corrected input from the shallow
dacitic magma and deep basaltic magma respectively, compared with thermal record and

volcano-tectonic seismicity (VA, VB and tremor).
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Table 2.1: Summary of the trace element transect across growth zones A-D from stalactite
KV09-501 growth zones. All concentrations are in ppm, except where indicated. ’'<d.l.’
means the trace element composition is below the detection limit of the instrument. Hg
concentrations are in counts per second (cps).

Element Total Spots Minimum Maximum Median 25" Percentile 75" percentile

Li 111 0 1.67 0.119 0.054 0.323
Na 123 11.5 1640 177 99.2 308
K 123 4.6 041 65.2 31.9 127
Rb 122 0.008 0.82 0.246 0.13875 0.41
Cs 119 0 0.0422  0.0036 0.00063 0.0083
Mg 123 1.2 249 24.4 10.14 68.4
Ba 123 0 3800 17.1 2.43 195
La 123 0.769 21.3 7.38 5.06 10.73
Ce 123 3.9 96.6 28 19.68 37.19
Pr 123 0.755 8.29 4.09 2.93 5.36
Nd 123 3.82 34.6 17.18 12.31 21.8
Sm 123 0.704 6.03 2.83 2 3.45
Eu 123 0.153 1.5 0.66 0.55 0.809
Gd 123 0.293 2.7 1.51 1.09 1.98
Th 123 0.0311 0.392  0.1326 0.104 0.168
Dy 123 0.153 1.85 0.561 0.42 0.748
Ho 123 0.0248 0.302  0.0848 0.065 0.1086
Er 123 0.0397 0.63 0.191 0.13 0.244
Tm 123 0.0024 0.069  0.0165 0.0103 0.0217
Yb 123 0.01 0.334 0.085 0.06 0.116
Lu 123 0.0023 0.039  0.0085 0.0062 0.0116
Hg* 123 19 186 71 52 90
Tl 123 0.0041 0.263  0.0741 0.044 0.117
Pb 123 3.36 40.76 16.24 13.89 23.2
Bi 123 0.0026 0.969 0.304 0.177 0.407
In 115 0 0.0108 0 0 0.0011
Se 65 0 7.3 0.34 0.16 0.6
As 107 0.01 4.7 0.34 0.05 0.29
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Element Total Spots Minimum Maximum Median 25" Percentile 75" percentile
Sh 122 0 1.03 0.047 0.19 0.59
Cr 65 0 1.51 0.14 0.05 0.29
Cu 121 0 9.5 0.41 0.21 0.74
/mn 122 0.02 46.3 3.5 1.1825 8.15
Ti 115 0.05 122 1.5 0.62 4.8
Mn 123 0.02 15 1.46 0.55 3.71
Sn 123 0 0.86 0.072 0.04 0.142

\Y 115 0 1.77 0.196 0.095 0.49
Cd 123 0 0.014 0 0 0
Fe 123 260.4 595 321 297.3 359
Co 119 0.01 0.69 0.154 0.125 0.183
Ni 123 1.29 3.5 1.83 1.64 2.01
Al 123 3.3 9200 122.2 59.1 322
Sc 84 0.01 5.43 0.415 0.23 0.835
Ga 122 0 140 0.107 0.039 0.8825
Ge 121 0 1.33 0.18 0.08 0.31
7r 123 0 1.34 0.065 0.0112 0.177
Hf 123 0.00 0.08 0.00 0.00 0.01
Nb 123 0.00 0.01 0.00 0.00 0.00
Ta 123 0.00 0.00 0.00 0.00 0.00

Y 123 0.42 22.02 1.96 1.37 2.92

U 123 0.00 0.02 0.00 0.00 0.01
Th 123 0.03 0.96 0.14 0.10 0.21
Ag 71 0.00 0.25 0.01 0.00 0.02
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Figure 2.1: A) Map of East Java with Kawah Ijen highlighted. B) Modified Landsat8 image
of the Tjen Volcanic Complex (dashed outline). Solid arrows show the pathways of major
lava flows and lahars from Kawah Tjen volcano. C) Topographical map of Kawah ITjen and
the Blau and Papak volcanoes. The study site is highlighted. Solid and dashed arrows show
the pathways of major lava flows from Kawah Ijen volcano.
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Figure 2.2: A) Model of the magmatic-hydrothermal system at Kawah Ijen in its pas-
sive degassing state, modified after (Christenson et al. 2010). B) Model of the magmatic-
hydrothermal system at Kawah [jen volcano during periods of unrest.
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(a) gypsum plateau

(b) gypsum stalactites

Figure 2.3: A) The Kawah Ijen gypsum plateau at the uppermost seepage springs looking
back to the lake. B) Typical occurrence of gypsum stalactite growing downwards from brine
flowing over its surface and showing the euhedral habit of the gypsum crystals.
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(c) Cross-section for trace element analysis
Figure 2.4: A) Photo of stalactite KV09-501, analysed in this study. B) Cross-section of

the base of the stalactite with growth zones chosen for ?!°Pb and noble gas analyses. C)
Location of the trace element transect.
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Figure 2.5: Gypsum cemented fall deposit from the 1817 eruption of Kawah Ijen. The book
is 19.5 cm in length.
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Figure 2.7: Compositions of average Kawah Ijen rock and fumarole gas relative to lake water,
normalised to their respective Mg contents, showing the dominant source for each element.
Whereas the REEs and HFSEs are mainly derived from rock dissolution, the volatile metals
are characteristically enriched in the volcanic gas.
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Table 2.2: Trace element concentrations for the 1817 gypsum cement. All concentrations are
in ppm unless specified. Hg concentrations are in counts per second (cps). ’<d.l.” means
the trace element composition is below the detection limit of the instrument.

Elements Concentration
Li <d.L
Na 0.21
Mg 0.051
Al 6.3
Si <d.L
K 0.036
Sc <d.l
Ti 0.018
A% 0.0012
Cr 0.0019
Mn 0.0015
Fe 1.5
Co 0.00077
Ni 0.015
Cu 0.043
/n 0.0080
Ga 0.0025
Ge 0.0085
As 0.0075
Se <d.l
Rb 0.00031
Sr 30
Y 0.13
Zr 0.0052
Nb <d.lL
Mo <d.l
Ag <d.l.
Cd 0
In <d.lL
Sn 0.001
Sb 0.00018
Cs <d.L
Ba 0.0018
La 0.37
Ce 1.26
Pr 0.18
Nd 0.95
Sm 0.17
Eu 0.039
Gd 0.084
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Table 2.2 — continued from previous page

Elements Concentration
Tb 0.0092
Dy 0.0453
Ho 0.0066
Er 0.015
Tm 0.0013
Yb 0.0073
Lu 0.00076
Hf 0.00020
Ta 0.000014
W 0.00014
Hg (cps) 164
Tl 0.00012
Pb 0.25
Bi 0.0080
Th 0.0032
U 0.0000097
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Table 2.3: 21°Pb activities of growth zones A-D, representing the oldest to youngest, respec-
tively.

Sample Name Growth Zone Stratigraphic Position Activity (dpm/g) =+ total

KV09-501-3A A Core (Oldest) 1.17 0.09
KV09-501-3B B 1.23 0.09
KV09-501-3C C 0.65 0.06
KV09-501-3D D Rim (Youngest) 0.73 0.07

KV09-501 Present Day Value 1.25 0.04
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Table 2.4: 3 Kr and ¥?Xe compositions of stalactite KV09-501 with growth zones A - D. F-
values are the relative enrichment or depletion of each zone with respect to the atmospheric
noble gas composition.

Sample Name Growth Zone Stratigraphic Position ~ 8Kr 4 total — ¥2Xe 4 total F(3'Kr) =+ total F('?Xe) = total
x 101 x 10" x 10  x 10¥°

KV09-501-3A A Core (Oldest) 6.67 0.44 1534 299 1.42 0.2 9.11 1.9
KV09-501-3B B 1.08 0.07 127 30 1.43 0.2 4.70 1.2
KV09-501-3C C 7251 268 274025 27135 1.05 0.2 1.11 0.1
KV09-501-3D D Rim (Youngest)  0.076 0.01 6.12 0.74 0.51 0.1 1.14 0.2

KV09-501 100.86 5.86 4201 161 1.30 0.0 1.51 0.1
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Bridging Statement

In manuscript 1, I established that a growth zoned gypsum stalactite can be used to recon-
struct a historical record of past crater lake chemistry at Kawah [jen volcano in East Java,
Indonesia. Input from rock-dissolution elements (e.g. Mg, Rb) shows seasonal variability
related to variations in evaporation, whereas volatile metals (T1, Sb, Cu) track input from
shallow and deep magma. In combination with seismicity and lake temperature, chemical
signals preceding periods of unrest and phreatic events in the last 20 years were identi-
fied. Moreover, gypsum from the 1817 fall deposit provided insights into the only historical
phreatomagmatic eruption recorded at Kawah Ijen in 1817 (Bosch 1858). The trace element
signature of this gypsum cement points to mafic magmatic recharge as a trigger of the erup-
tion. These findings have important implications for volcano monitoring of Kawah Ijen and

can further be applied to other volcanic crater lakes.

In manuscript 2, I investigate the potential of gypsum to preserve the lake water disequi-
librium O-isotopic composition in the §'80 of its sulfate group and crystalline water. Given
that this isotopic disequilibrium in water is temperature dependent (Chiba and Sakai 1985),
we can use gypsum O-isotopic composition as a geothermometer to potentially provide a

thermal record, in addition to the compositional record that I presented in chapter 2.
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3.1 Abstract

The §'80 of crystalline water and sulfate in gypsum, as well as the Kawah Ijen acid volcanic
lake fluid from which it formed, preserves evidence of oxygen isotopic disequilibrium within
the lake brine, which can be used as a geothermometer to track variations of the temperature
of the magmatic-hydrothermal system. The fractionation factors of HoO and SO, between
gypsum and the brine indicate that gypsum incorporates an isotopically lighter 80 signa-
ture from the brine. Applying these fractionation factors to gypsum deposited as a result of
the 1817 eruption of Kawah Ijen, it is possible to reconstruct the §'%0 isotopic lake water
composition. The temperature derived from this reconstructed brine is 182-188 °C, which
although lower than the temperature for present-day fumarole gases of 400 °C (Van Hinsberg
et al. 2015), shows a marked increase from the averaged lake brine temperature of 145°C from
the 1993-1996 period (Delmelle et al. 2000). The significant increase in temperature is likely
due to the increased input of volcanic gas prior to the 1817 eruption. Therefore, gypsum is
potentially a useful tool to estimate temperature changes within the lake, with implications
for volcano monitoring of the Kawah I[jen system as well as other volcanoes and crater lakes.

Keywords: gypsum, oxygen isotope, geothermometer, volcanic lake

3.2 Introduction

Sulfate is an important constituent of magmatic-hydrothermal and geothermal fluids, and
can contain almost 10% of all oxygen in these fluids in extreme cases (e.g. Pdas - Martinez
et al. 2000). Oxygen isotopes exchange between the dissolved sulfate group ions and water
molecules (Chacko et al. 2001; Sofer 1978). The oxygen isotopic equilibrium exchange reac-
tion is temperature and pH dependent, and in high temperature and low pH systems typical
of magmatic-hydrothermal systems the reaction rate is high enough that isotopic equilibrium
is attained within hours (Chiba and Sakai 1985). At low temperatures, the isotope equilib-

rium exchange reaction proceeds slowly, such that equilibrium is only attained in the time
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scales of 107 years, far exceeding the residence time of the fluids. Therefore, as these ascends
towards the surface, the isotopic composition of the sulfate group and water are progres-
sively frozen in, and the SO4-H,O pair is at 60 disequilibrium with respect to surface fluid
conditions. An important application of this SO4-H5O disequilibrium is in geothermometry
(Lloyd 1968; Mizutani and Rafter 1969). Several §'80 geothermometric formulations have
been derived for the SO4-H5O pair (Fowler et al. 2013; Lloyd 1968; McKenzie and Truesdell
1977; Mizutani and Rafter 1969). Given the very slow equilibration at low temperature,
even in extremely low pH solutions (Chiba and Sakai 1985), the 'O of the SO4-H,0 pair
in surface emissions can be used to estimate the temperature at depth in the hydrothermal
system, which is an important parameter in both geothermal and volcanic settings. A limi-
tation of this geothermometer is that it is based on fluid isotopic composition. Fluid samples
are almost exclusively available for the present, and therefore do not allow this tool to be
used to reconstruct temperatures in the past. In contrast, the geological record is abundant
in solid samples, with rocks and minerals that preserve evidence for the presence of water
dating back to the earliest geological history (e.g. Schroder et al. 2008). A mineral that could
record the SO4-H,0 pair’s 6'80-isotopic disequilibrium would therefore greatly expand the
applicability of this thermometer, allowing it to be used to reconstruct past temperatures
and even to track the thermal evolution of a system through time. Hydrous sulfate evaporite
minerals such as gypsum are common in magmatic-hydrothermal and geothermal systems.
In this contribution, we investigate the potential of gypsum to record the isotopic compo-
sition of both the sulfate and crystalline water of its parent fluid. Gypsum is a hydrated
sulfate with the formula CaSO4-2H,0O and has the potential to capture the sulfate isotopic

composition in its structural SO4-group and the HyO 9,50 in its crystalline water.

An ideal system to investigate the potential of gypsum as a recorder of §'80 disequilibrium
in a hydrothermal fluid is the crater lake of Kawah Ijen volcano in East Java, Indonesia.

Kawah Ijen volcano is capped by the world’s largest, natural hyper-acidic crater lake with 32
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million m? of pH less than 0.1, SO4-rich brine (Delmelle et al. 2000). Gypsum precipitates on
the lake shore from the lake water by evaporation, but the largest gypsum deposits are found
around lake water seepage springs where gypsum forms a 20m wide, 100m long cascading
plateau with stalactites growing from overhangs (Chapter 3) (Figure 3.1a). Historical records
indicate that gypsum has been precipitating from acid waters at this location for more
than 200 years (Tour 1811), although the present plateau formed after the catastrophic
1817 eruption of Kawah Ijen, which threw out the lake and deposited extensive phreato-
magmatic volcanoclastics (Bosch 1858). The fall deposit of this 1817 eruption contains
abundant gypsum as clear, colourless needles and interstitial grains that cement the well-
sorted vesicular tephra. We interpret this as ash to lapilli-sized tephra falling into 1817
lake effluent, which became overlain by a pumice fall. The evaporation of the lake effluent
within the fall deposit led to gypsum precipitation. As such, this gypsum can potentially
provide temperature information on the lake prior to the 1817 eruption, and hence whether
the lake temperature was elevated from increased magmatic input. In this study we shall
therefore address the following questions: does present-day gypsum record the O-isotopic
disequilibrium from its parent brine in its crystalline water and sulfate group? If so, can
older gypsum from Kawah Ijen be used to reconstruct the brine oxygen isotopic composition

and estimate the temperature of the system in the past?

3.3 Methodology

Actively-growing gypsum stalactites and associated seepage spring water were sampled on
the gypsum plateau in the 2009 dry season at Kawah Ijen volcano. The water was filtered in
the field through a 0.45 m disposable filter. Gypsum cement from the 1817 fall deposit was
sampled in 2014. Approximately 1g of material from the clear tip of a gypsum stalactite was
ground and dehydrated in a glass tube at 180-200°C for up to 120 minutes, with its crystalline

water captured in an attached cold trap for analysis. Gypsum cement grains were hand-
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picked from the crushed fall deposit and also ground and dehydrated. Water samples were
equilibrated with injected COy for 7 hours at 40°C, and analyzed on a Micromass Isoprime
universal collector isotope ratio mass spectrometer (IRMS) in dual inlet mode to obtain
the 60 of the crystalline water. Three internal water standards were included. Two O
international standards, TAEA-601 (60 = 23.3 4+ 0.3 %o V-SMOW) and TAEA-602 (§'%0
= 71.4 £ 0.5 %0 V-SMOW) benzoic acid standard solutions and one laboratory standard
(an AgzPO, standard, see e.g. Fourel et al. 2011) were used to calibrate the instrument.
Powdered gypsum from the stalactite tip and the fall deposit were dehydrated at 450 °C
and the solid residue analyzed at the Environmental Isotope Laboratory at the University

of Waterloo to obtain the 6**O of the sulfate-group.

3.4 Results

The 580 values of gypsum are given in Table 3.1. All §'®0 isotopic signatures show
enrichment of heavy 80 oxygen isotopes relative to V-SMOW. Duplicates indicate a lo
uncertainty on the data of 0.05 %o. Gypsum-water fractionation factors for SO, and HyO
are shown in Table 3.2. The fractionation factor between crystalline and brine water is lower
than the fractionation factor between the gypsum sulfate group and the brine sulfate. Both
fractionation factors suggest that gypsum incorporates an isotopically light 6**O composition
relative to the brine. The temperature recorded by gypsum in 2009 based on the averaged
60 composition measured by Delmelle et al. (2000) is 146 4+ 0.01 °C. The reconstructed
1817 brine §'**Op,o composition is comparable to that reported by Delmelle et al. (2000) for
1993-1996, but the sulfate 6’30 is lower (Table 3.3).

3.5 Discussion

Palmer 2009 found that the §'®O of the spring water (8.21 %) show a significant isotopic

shift from groundwater composition (-8.55%0), which is consistent with typical values pre-

74



viously measured at Kawah Ijen volcano and similar volcanoes such as Keli Mutu and Poas
(Delmelle et al. 2000; Palmer 2009; Rowe 1994; Varekamp and Kreulen 2000). Furthermore,
Delmelle et al. 2000 report a 620 for H,O in the crater lake of 8.72 %o, which is also signifi-
cantly higher than local groundwater and magmatic water (up to +5%o- Delmelle et al. 2000;
Van Hinsberg et al. 2015), indicating evaporative enrichment in O of the lake. Measure-
ments in 2014 showed that the Ijen upper springs recorded a §'80 of 7.25-7.27 %o, whereas
the acid lake water collected from the western lake shore had a 680 of 8.56 %o; the south-
eastern lake shore near the fumarolic field had a §'®0 of 8.51 %o (M. Martinez, pers. comm.)
Therefore the §'0 composition of the spring brine water reflects a mixture of groundwater
and magmatic water that is enriched by evaporation. Delmelle et al. 2000 also measured the
580 of the dissolved SO, at the crater lake water surface and at different depths, with an
average 080 for SOy4 of 21.9 %o. This means the %0 of the SOy in the gypsum stalactite
reflects the §'%0 for the dissolved SO, in crater lake, which shows strong magmatic input
given that the source of SO, in the lake comes from degassing magma. This is reflected in
the strong enrichment in §'¥0O composition in SO, of crater lake, which exceeds the 680
of crystalline water, groundwater and magmatic water. The 60O for SO, in the gypsum
stalactite is comparable to the §'%O for the crater lake SO,. Thus the 6'¥0O composition of
the crater lake SO, and H,0 is preserved in gypsum, as the 680 of both the composition of
crystalline water from the gypsum stalactite and cement also have isotopically heavy oxy-
gen signatures. This is consistent with findings from Sofer 1978, who concluded that the
gypsum 0O composition reflects the 680 of the parent fluids. Furthermore, Gonfiantini
and Fontes 1963 shows that there is no evidence for §'80 isotopic exchange between sulfate
and crystalline water in gypsum, making re-equilibration of 80 within the gypsum structure
unlikely. Therefore it is possible to derive the original §'¥0O composition of the brine from
the sulfate and crystalline water of gypsum, given the required fractionation factors between

gypsum and water for SO, and H,O.
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The calculated fractionation factors («) for the 2009 gypsum stalactite (Table 3.2) using
the 0*¥O values for water and sulfate in the lake brine from Delmelle et al. 2000, show that
gypsum incorporates an isotopically light §'®0O signature compared to the brine for both
SO, and HyO (Figure 3.1b). No fractionation factors have been previously reported for SOy,
but the value we obtain for HyO is inconsistent with experimental data from Gonfiantini
and Fontes 1963, who found gypsum to be isotopically heavy by 3%o. There are a number
of possible explanations for this discrepancy: 1) The isotopic composition of the fluid in
2009 could be different from that in 1993-1996, although a §'80 for lake H,O in 2008 of
+7.8%0 (Palmer 2009) makes this unlikely; 2) An analytical issue introduced by using §'%0
fluid values from the literature rather than analyzing these using the same methods and
analytical instruments as for the solid samples; 3) The highly concentrated nature of the
Kawah Ijen crater lake water reduces the fractionation factor compared to the simplified
compositional system used in the experiments (see Chacko et al. 2001). For lack of the 480
isotopic composition of the 2009 lake water, we cannot investigate this further. However,
this does not affect our ability to calculate the isotopic composition of the 1817 lake waters,

because the alpha factors cancel out in this calculation.

Temperature calculations of the 5O of the reconstructed brine is based on the geother-
mometer equation by Seal et al. (2000), which is based on a revision of the equation de-
rived by Lloyd (1968) and Mizutani and Rafter (1969). The temperature calculated from
the averaged 1993-1996 8O composition of the brine from Delmelle et al. (2000) is 145°C.
This temperature is significantly lower than the temperature of last equilibration for the
volcanic gases in Kawah Ijen’s fumaroles (400 °C, Van Hinsberg et al. (2015)) and higher
than the 40°C lake temperature. We interpret the 145°C §'80 temperature to reflect the
interaction between hot magmatic vapours from subaqueous fumaroles and the colder lake
water (Figure 3.1c). As such, this temperature likely does not correspond to a reservoir at

this temperature, neither in the lake nor in the hydrothermal system. It is worth noting
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that this temperature exceeds the melting temperature of sulfur (116 °C), which potentially
promotes the growth of sulfur pools on the lake bottom to act as a seal on the volcano’s
conduit (Takano et al. 1994). The seal would then prevent subsequent heat and gas release,
resulting in pressurization of the shallow hydrothermal system, thus increasing the volcano’s
propensity for phreatic activity. Given the temperature range from the 1817 eruption also
exceeds sulfur’s melting temperature, this scenario is plausible during the early stages of
the 1817 eruption. Although this makes the absolute temperature derived meaningless for
direct volcanics monitoring purposes, relative variations in temperature will track changes in
the temperature and/or amount of volcanic gas entering the lake, especially during periods
of unrest and/or an eruption. The reconstructed 6'*0O composition of the water from the
lake brine prior to the 1817 eruption is comparable to the §'**O measured in 1993-1996. Its
SO, 680 is however 3 %o lighter. This corresponds to a temperature of 182-188°C, which
is significantly higher than in the 1993-1996 period (see Table 3.4). Given that the §'%0
of the water is strongly influenced by evaporation but this value was identical, and that
SOy is derived from magmatic degassing, this indicates that there is increased input of hot
magmatic gas into the lake to produce this temperature change. The increase in volcanic gas
input, or its temperature, must have been significant because the brine temperature between
1993-1996 only varies between 130-150 °C, despite this period being characterized by elevated
phreatic activity (Caudron et al. 2015a). Hence, by using the temperature change derived
from the reconstructed 6'*0O composition of SO, and H,O in gypsum, we can construct a
thermal record at Kawah Ijen volcano, identifying periods of increased input of magmatic

gas that could have triggered unrest and/or eruption.

3.6 Implications

We have shown that gypsum records the oxygen isotopic disequilibrium in its parent fluid

in the sulfate and crystalline water of its mineral structure. Gypsum is isotopically light for
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both water and sulfate, although it cannot be excluded that this is an artefact of the data
sources used. Nonetheless, we can use these apparent fractionation factors for sulfate and
water between gypsum and brine to reconstruct the original brine’s isotopic composition.
Applied to gypsum precipitating from the Kawah Ijen crater lake in Indonesia, we have been
able to reconstruct its lake water isotopic composition for 1817. As in the 1993-1996 period,
SO, and H5O are found to be in isotopic disequilibrium. The temperature derived from this
disequilibrium is 130-150°C for 1993-1996 and 182-188 °C for 1817. The significantly higher
in temperature in 1817 compared to 1993-1996 suggests an increase in magmatic gases input
into the lake, or in gas temperature. Such a change in the gas input would be detectable and
this shows the promise of gypsum as a potential geothermometer to inform monitoring efforts
at Kawah [jen and at similar volcanic lakes. More generally, we have established gypsum as
a recorder of the isotopic composition of both the sulfate and water of its parent solution,
and gypsum’s abundance in the geological record means that this tool can be applied to a

wide variety of geological environments.
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3.8 List of Figure caption

Figure 1: A) top of the gypsum plateau, with stalactites growing on overhangs. B) A
typical gypsum stalactite recording the oxygen isotopic disequilibrium between the sulfate
and water from its parent fluids. C) The pathway (dashed line with circles) that the SOy
and HyO molecules take from the magmatic-hydrothermal system to the gypsum plateau as

reflected in the 6'¥O composition.

3.9 List of Table captions

Table 1: §'80 compositions of gypsum stalactites, brine and gypsum-cemented fall deposit.
Table 2: Calculated a values of gypsum and spring brine with uncertainty set at 1 sigma.
Table 3: Reconstructed brine §'80 composition for the 1817 lake water.

Table 4: Derived temperatures from the reconstructed brine compositions. Temperatures
are derived using the revised geothermometer derived by (Seal et al. 2000), after (Mizutani

and Rafter 1969) and (Lloyd 1968).
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Figure 3.1: A) Top of the gypsum plateau, with stalactites growing on overhangs. B) A
typical gypsum stalactite recording the oxygen isotopic disequilibrium between the sulfate
and water from its parent fluids. C) The pathway (dashed line with circles) that the SO,
and HyO molecules take from the magmatic-hydrothermal system to the gypsum plateau as
reflected in the 6'¥0O composition.
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3.10 List of Tables

Table 3.1: Table of 5O compositions of gypsum stalactites, brine and gypsum-cemented
fall deposit.

Sample Type 6%0p,0 1o 680s0, 1o
Gypsum stalactite
KV09-505 crystalline water 3.44 0.05
KV09-505-TIP dehydrated gypsum 20.88 0.25
Gypsum-cemented fall deposit
KS14-H20-0X4 crystalline water 3.59 0.05
KS14-H20-0X5 crystalline water 2.64 0.05
KS14-001-DEOX2 gypsum cement 17.34 0.25
KS14-001-DEOX3 gypsum cement 16.81 0.25
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Table 3.2: Calculated a values of gypsum and spring brine with uncertainty set at 1o

Q lo

HsObrine - HoOpgypsum  0.996  0.02
SO4prine = SOugypsum  0.999  0.01
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Table 3.3: Reconstructed brine §**O composition for the 1817 lake water.

Sample Brine year 60,0 1o 6050,

lo
KS14-001 (min.) 1817 7.9 0.2 17.8 0.3
KS14-001 (max.) 1817 8.9 0.2 184 0.3
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Table 3.4: Table of derived temperatures from the reconstructed brine compositions. Tem-
peratures are derived using the revised geothermometer derived by (Seal et al. 2000), after
(Mizutani and Rafter 1969) and (Lloyd 1968).

Sample Brine year Temperature (°C)

KV09-505 2009 141
KS14-001 1817 182
KS14-001 1817 188
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Chapter 4

General Summary and Conclusions

Monitoring the crater lake chemistry at Kawah Ijen volcano can potentially be used to
identify precursor geochemical signals of volcanic unrest. However, the lack of data on past
lake chemistry mean that there is a severely limited record of past signals that can be used
to inform current monitoring efforts. Moreover, the limited crater lake chemistry record
does not allow for the integration of geochemical signals from the crater lake with other
monitoring records (e.g. seismicity and lake temperature). In this research, I have shown
that it is possible to use growth-zoned gypsum, precipitating from lake water seepage on the
western flank of Kawah Ijen, as a mineralogical tool to reconstruct a near continuous record
of past lake chemistry, which can complement the current lake chemistry record. The trace
element content of gypsum has been shown to record historical variations in input fluxes into
the lake from rock dissolution and magmatic input. Gypsum also records key information in
its oxygen isotopic composition, where it preserves isotopic disequilibrium within its sulfate
and crystalline water. This disequilibrium can be used to reconstruct the original isotopic
composition of the parent fluids, and from this derive a HyO-SO, disequilibrium temperature.
Changes in disequilibrium temperature primarily indicate variations in magmatic gas input.
With a detailed geochemical record provided by gypsum, and by integrating this with the

existing seismic and thermal records, we can identify precursor signals of unrest and eruption

38



at the volcano, and link these signals to processes occurring in the magmatic-hydrothermal

system.

In manuscript 1 (Chapter 2), a growth-zoned gypsum stalactite from Kawah Ijen volcano
was shown to record 50 years of lake chemistry. Using Rb-corrected trace element records,
it was possible to track inputs from the degassing magma and rock dissolution fluxes, rep-
resented in volatile metals and rock dissolution elements, respectively. Rock dissolution
element ratios (Mg/Rb, YXREE/Rb) records seasonal variability and rock falls and slides
into the lake. The volatile metals records input from the deep (Cu/Rb) and shallow magma
(T1/Rb, Sb/Rb), as well as the relative input from both magma reservoirs (T1/Cu). Peaks
in these records preceded periods of volcanic unrest, and also preceded or were coeval with
seismicity and thermal fluctuations. The transition metals (Zn/Rb and Pb/Rb) combined
both input fluxes, although the rock dissolution flux dominates the input. An exception
to this is in the Pb/Rb record, which could record changes in barite saturation or leaded
gasoline input, although more work is needed to constrain the Pb source reservoirs further.
The same ratios were used to evaluate the lake chemistry prior to the 1817 eruption from
gypsum cement found in the 1817 fall deposit. The T1/Cu and Cu/Rb ratio both point to
highly elevated input from the deep seated magma. The peaks in the T1/Cu and T1/Rb
record from the last 50 years were minor compared to the 1817 values, indicating not only
the massive input from the deep magma that occurred prior to this, but also that the es-
calation to such an event should be conspicuous in the lake chemistry. The gypsum record
shows that variations in lake chemistry reflects volcanic activity, and that the element ratios
T1/Rb, Cu/Rb, and T1/Cu are most sensitive to volcanic activity. Monitoring of lake water
chemistry at Kawah I[jen should therefore focus on these element ratios, and can use the
envelop of background variability established from the gypsum record to define the thresh-
old values to trigger warnings. This gypsum-based approach can be applied to other active

volcanoes to identify their geochemical signals of unrest, as well as any other setting, natural
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or industrial where gypsum precipitates.

In manuscript 2 (Chapter 3), the §'80 composition of gypsum is shown to preserve the 60
of the SO4 and H,O in the crater lake water, both of which show strong enrichment in the
heavy 20 isotope pointing to a magmatic source of the oxygen. Gypsum also preserves the
isotopic disequilibrium between the SO4 and H5O in the crater lake water. Hence, by deriving
the fractionation factors () it was possible to reconstruct the §'0 of the parent brine from
gypsum 0¥O composition. This disequilibrium is temperature-dependent and can be used
as a geothermometer. Temperatures for the period 1993 to 1996 show minimal variation
from 130 to 150°C, despite numerous phreatic events occurring during this time. In contrast
gypsum-reconstructed crater lake prior to the phreatomagmatic 1817 eruption of Kawah
[jen records a much higher temperature (180-188°C). This indicates a significant magmatic
gas or thermal input into the lake from subaqueous fumaroles in excellent agreement with
trace element data, which was likely reflected in subaerial fumaroles and lake temperature,

monitoring of which is presently being considered.

I have shown that gypsum as a mineralogical tool yields a wealth of geochemical infor-
mation on the Kawah I[jen system from chemistry to temperature. This approach can be
extended to other volcanoes, as well as other environments where gypsum forms, for exam-
ple gypsum stalactites found in caves, gypsum depositing from industrial efHuent, and even
gypsum on other planets. More directly, the volatile metals have been identified as most
sensitive as markers of pending unrest, and this can be expected to be true for other volcanic
systems. Although the approach has proven highly successful, a range of questions remains
and more work is needed to explore the tool, as well as the Kawah Ijen system further. For
example it has yet to be determined how to pinpoint the source for the transition metals or
establish proportions of rock dissolution and magmatic gas input for to their concentrations.
Additionally the absolute temperature derived from 6**0 disequilibrium does not appear to

represent the magmatic-hydrothermal system and more work is needed to understand what
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this temperature means. More work is needed to explain trends in Pb concentrations to de-
termine whether gypsum records leaded gasoline emissions or barite saturation. Moreover,
experiments are needed to constrain the partitioning of elements between gypsum and brine.
Finally the record of activity at Kawah Ijen could be extended even further back in time
using different dating systems, as lake-precipitated gypsum and barite have been identified

in older phreatic deposits.
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Appendix 1: Supplementary
Information for Manuscript 1

(Chapter 2)

Summary of the trace element transect across growth zones A-D from stalactite KV09-501
growth zones. All concentrations are in ppm, except where indicated. ’<d.l.” means the
trace element composition is below the detection limit of the instrument. Hg concentrations

are in counts per second (cps).
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