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ABSTRACT

In the rhyolite system Qz-Ab-Or-(An-H,0) the position of the cotectic curve separating the
quartz and feldspar(s) stability fields depends on pressure, making it a potential geobarometer
applicable to high SiO, volcanic products if the melt H,O contents are known. Until the recent
years, the applicability of this geobarometer has been very limited, as the pressure effect can
be largely obscured by the near ubiquitous presence of normative anorthite (An, CaSi>Al;Os)
in the melt. In this study new phase diagrams are presented that make it possible to constrain
the position of eutectic points and cotectic curves at various pressures and melt normative An
contents. Data were derived experimentally by conducting crystallization experiments to
determine phase diagrams at following conditions: 200 MPa, 1.4 wt.% H,0, 3.5 wt.% An;
200 MPa, 1.3 wt.% H,0, 7 wt.% An; 500 MPa, 3 wt.% H,0, 3.5 wt.% An; 500 MPa, 1.4
wt.% H,0, 3.5 wt.% An and 500 MPa, 1.3 wt.% H,0, 7 wt.% An. Using this database and
previous results on phase equilibria, a geobarometer is constructed based on the effect of the
main parameters influencing the cotectic compositions in the rhyolitic system: pressure, melt
water content and melt An content. This new geobarometer DERP (Determining Eutectic
Rhyolite Pressures) is calibrated to calculate pressures of magma storage from the
compositions of cotectic glasses with up to 7 wt.% normative melt An. DERP is calibrated for
any melt H,O content in the pressure range 50 — 500 MPa and its application is restricted to
high silica rhyolitic systems saturated with respect to quartz and feldspar(s). DERP was tested
successfully against various independent methods of pressure estimation in rhyolites available
in the literature (with r2 > 80% and an overall error of less than 100 MPa). The comparison of
pressures estimated with DERP and rhyolite-MELTS, which are two barometers based on the
same approach, indicates that rhyolite-MELTS, calibrated using an old dataset,
underestimates the effect of An. With DERP now available, pressure estimates can be made
for the relatively dry rhyolites of the Snake River Plain, Yellowstone (SRPY), USA, where
this was hardly possible before. The SRPY was formed by the movement of the
northamerican Plate over a fix mantle plume. This process created over the course of the last
~ 17 Ma several eruptive complexes and caused numerous volcanic eruptions with huge
volumes of rhyolitic material deposited in the area. The eruptive centers are McDermit (McD,
16.5 Ma), Owyhee-Humboldt (OH, 15.3 Ma), Bruneau-Jarbidge (BJ, 12.7 Ma), Twin Falls
(TF, 10.5 Ma), Picabo (P, 10.2 Ma), Heise (H, 6.6 Ma) and Yellowstone Plateau (YP, 2 Ma).
DERP was used in combination with the independent TitaniQ geobarometer to estimate
magma storage pressures for four of these eruptive centers (BJ, TF, H and YP). A focus was
set to samples from the Twin Falls eruptive center, where a drill core obtained by ICDP
project HOTSPOT close to the city of Kimberly, Idaho (USA), allows for a detailed insight
into the stratigraphy. Results show that the magma storage pressure is constant within an
eruptive complex but decreases with time between different eruptive complexes among the
SRPY. Estimated pressures are 351 + 35 MPa for Bruneau-Jarbidge, 264 + 31 MPa for Twin
Falls, ~230 MPa for Heise and ~140 MPa for Yellowstone Plateau. Reasons for these abrupt
deacreases over time might lay in changes of the elastic thickness of the crust in the SRPY
and its geometry on its lower side during the interaction with the hot mantle plume.



ZUSAMMENFASSUNG

Im rhyolithischen System Qz-Ab-Or-(An-H,0O) ist die Position der kotektischen Kurve,
welche das Stabilitatsfeld des Quarzes von dem der Feldspéate trennt, direkt abhéngig vom
Druck, womit dieses System das Potential besitzt, als Geobarometer fir SiOj-reiche
Vulkanite zu dienen. Bis in die jingste Vergangenheit war der Nutzen dieses Effektes fiir die
Geobarometrie sehr beschrankt, da der Einfluss des Druckes durch andere Effekte tberlagert
werden kann, etwa durch die Anwesenheit normativen Schmelz-Anorthits (An, CaAl,Si,Og).
In der vorliegenden Arbeit werden neue Phasendiagramme vorgestellt, welche eine prazise
Bestimmung der Position von eutektischem Punkt und kotektischen Kurven fir verschiedene
Driicke und Schmelz-An Gehalte ermdglichen. Diese Daten wurden experimentell bestimmt,
wobei folgende Systeme untersucht wurden: 200 MPa, 1.4 wt.% H,0, 3.5 wt.% An; 200 MPa,
1.3 wt.% H,0, 7 wt.% An; 500 MPa, 3 wt.% H,0, 3.5 wt.% An; 500 MPa, 1.4 wt.% H,0, 3.5
wt.% An and 500 MPa, 1.3 wt.% H,0, 7 wt.% An. Diese neuen Daten ermdglichen die
Konstruktion eines Geobarometers, das auf dem nun vertieften Verstandnis des Einflusses der
drei Parameter Druck, normativer An-Gehalt der Schmelze und H,O-Gehalt der Schmelze
beruht. Dieses neue Geobarometer, im weiteren bezeichnet als DERP (Determining Eutectic
Rhyolite Pressures), ist dazu kalibriert, den Equilibrierungsdruck von Schmelzen aus der
Zusammensetzung kotektischer Glaser zu berechnen, die bis zu 7 gew.% normativen
Schmelz-An enthalten. Die Kalibration von DERP gilt fur jeden beliebigen Schmelz-H,0
Gehalt und Uber einen Druckbereich von 50 bis 500 MPa. Die Anwendung von DERP
beschrankt sich dabei auf SiO,-reiche Systeme, die saturiert sind mit Quarz und mindestens
einem Feldspat. DERP wurde erfolgreich getestet bei einem Vergleich mit verschiedenen
unabhangigen, in der Fachliteratur beschriebenen geobarometrischen Methoden, deren
berechnete Driicke fiir Rhyolithe mit einer Genauigkeit r2 > 80% und einer durchschnittlichen
Abweichung von unter 100 MPa reproduziert werden konnten. Der Vergleich von Driicken,
die mit DERP und der rhyolite-MELTS Software berechnet wurden, zeigt, dass rhyolite-
MELTS den Einfluss des normativen Schmelz-Anorthits klar unterschatzt. Mit Hilfe von
DERP lassen sich nun Dricke selbst fur relativ trockene Rhyolithe wie die der Snake River
Plain, Yellowstone, (SRPY), USA berechnen, wo dies bisher nur schwer moglich war. Die
SRPY ist durch den Kontinentaldrift der nordamerikanischen Platte in stidostlicher Richtung
uber einen ortsfesten Mantel-Hotspot entstanden. Im Zuge dieses Prozesses bildeten sich im
Verlauf der letzten etwa 17 Millionen Jahre (Ma) eine Reihe vulkanischer
Eruptionskomplexe. Fur vier dieser Eruptionskomplexe (Brunea-Jarbidge, BJ; Twin Falls, TF;
Heise, H; Yellowstone Plateau, YP) wurden mit DERP und dem TitaniQ barometer Driicke
berechnet. Ein Schwerpunkt der Untersuchung lag dabei auf Proben des Twin Falls
Komplexes, aus dessen Gebiet ein Bohrkern aus einer Bohrung des ICDP Projektes
HOTSPOT vorlag. Fur die untersuchten Eruptionskomplexe wurden die folgenden Driicke
berechnet: 351 + 35 MPa fur BJ, 264 + 31 MPa fir TF, ~230 MPa fur H und ~140 MPa fur
YP. Innerhalb eines Komplexes variieren die Driicke jedoch kaum. Der Grund fir diese
abrupten Wechsel in der Kristallisationtiefe konnte mit Anderungen der mechanischen
Eigenschaften der kontinentalen Kruste zusammen hangen, zum Beispiel der Elastizitat oder
der Dicke aber auch mit der Topographie ihrer Unterseite.



Schlagworte: Rhyolith, experimentelle Petrologie, Geobarometrie, rhyolite, experimental
petrology, geobarometry
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The system quartz-albite-orthoclase-anorthite-H,O
as a geobarometer: experimental calibration and
application to rhyolites of the Snake River Plain,

Yellowstone, USA

CHAPTER I - Experimental investigation of the
system Qz-Ab-Or-An-H,0O

I-1 Introduction

I-1.1 Geobarometry in rhyolites

Rhyolites represent a very common volcanic material and are often related to explosive
volcanism with strong environmental impacts (e.g. Newhall & Self, 1982; Wilson & Walker,
1985; Fierstein & Hildreth, 1992; Bonadonna et al., 2005; Blundy & Cashman, 2008;
Branney et al., 2008; Castro & Dingwell, 2009; Ellis et al., 2013). Eruptive styles depend on
ascent mechanisms, on magma storage conditions such as temperature (T) and pressure (P)
and on compositional parameters such as melt volatile content. However, despite an excellent
knowledge of the petrology of rhyolitic systems, it is not trivial to obtain information on the
depth of magma chambers for a natural system. Methods commonly applied are the
amphibole geothermobarometry (Anderson & Smith, 1995; Bachmann & Dungan, 2002;
Ridolfi & Renzulli, 2012) and the calculation of fluid saturation pressures (e.g. Liu et al.,
2006). However, Ca- and water-poor rhyolites are devoid of amphibole. Furthermore, the
application of the fluid saturation approach implies that the H,O and CO, content of glass is

representative of pre-eruptive storage conditions, which is not necessarily the case. Another
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approach in quartz-bearing volcanic rocks is to exploit the sensitivity of the titanium content
of quartz to pressure and temperature, the TitaniQ geothermobarometer (Thomas et al., 2010;
Huang & Audétat, 2012). Titanium-in-quartz geobarometry is widely applied for rhyolitic
systems, but its accuracy is still under debate (Thomas & Watson, 2012; Wilson et al., 2012;
Thomas et al., 2015): the two different models which are available in literature yield very
different results for the same input parameters (Thomas et al., 2010; Huang & Audétat, 2012).
Regardless of which calculation model is applied, the TitaniQ approach also requires an
accurate knowledge of T from independent geothermometers (see Putirka, 2008 for a review),

and aTiO; (Ghiorso & Gualda, 2013, Kularatne & Audétat, 2014).

I-1.2 The haplogranite system Qz-Ab-Or

One alternative for constraining pressure in rhyolitic systems is to apply the knowledge of
phase relationships in these systems. Phase diagrams in the haplogranite system quartz (Qz,
Si0,) — albite (Ab, NaAlISi3Og) — orthoclase (Or, KAISi3Og), considered as the best simplified
system to interpret granites and rhyolites, have been investigated experimentally in detail for
more than 60 years. In particular, early experiments at water-saturated conditions (e.g. Tuttle
& Bowen, 1958; Luth et al., 1964; Luth, 1969; Steiner et al., 1975) showed that increasing
pressure leads to a shift of the cotectic curves separating the quartz and the feldspar(s)
primary fields away from the Qz apex. Thus, in a first approximation, if the calculated CIPW
normative Qz-Ab-Or content of a rhyolitic melt saturated with quartz and feldspar is plotted
on a ternary diagram, its position can be used to constrain the pressure at which those phases
equilibrated. This procedure, usually referred to as the “ternary projection”, is widely used in
the recent literature to constrain the depth of rhyolitic magma chambers (e.g. Blundy &
Cashman, 2001; El-Sayed, 2003; Almeev et al., 2012; Gualda & Ghiorso 2013a, 2013b, 2014;

Putirka et al., 2014; Bolte et al., 2015).




Dissertation of Soren Wilke

(@)

— An-free
=== 100 MPa

aH,0 = 1

7.5 Wt.% An

I
L]
J
’

3.5 wt.% An © Wt-% An

170554, 0.07

/7 r 8 7 7 ] 4 7 7 7 20
0 10 20 30 40 50 60 70 80
_—

aH,O decrease

Figure 1: (a) Ternary projection of cotectic curves and minimum points at various levels of P and normative
melt An. Black squares and lines are free of An and only differ by pressure as noted in the diagram and contain
data from Tuttle & Bowen (1958) and Luth et al., (1964). Grey circles and lines represent the effect of different
levels of normative melt An as noted in the diagram at 100 MPa constant P. Data from James & Hamilton
(1969). (b) Ternary projection of An-free eutectic points with varying aH,O as noted in the diagram at 200 and
500 MPa. Data from Tuttle & Bowen (1958), Holtz et al. (1992b) and Becker et al. (1998).

I-1.3 The effects of water and normative melt anorthite
Although the pressure effect on the position of the quartz-feldspar cotectic has been known
for more than 60 years, applying the early studies to constrain pressures in natural systems

remained difficult because the position of the cotectic curves also varies as a function of melt
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H,0 and normative anorthite contents (An, CaAl,Si,Og). The effect of water activity on phase
equilibria was not systematically quantified until the 1990s (Holtz et al.,1992b; Pichavant et
al., 1992; Becker et al., 1998; Holtz et al., 2001a; Kirschen & Pichavant, 2001). These studies
confirmed that a decrease in pressure shifts the eutectic point in the Qz-Ab-Or projection
towards the Qz apex, reducing the size of the Qz stability field, and discovered that a decrease
in water activity reduces the size of the sanidine stability field in favor of albite with little
changes to the Qz stability field. However, all these experimental studies were carried out in
the simplified haplogranite system, including only SiO,, Al,O3, Na,O and K,;O and their
application to natural rhyolites, containing mainly FeO and CaO as additional oxides, is
restricted. This limitation was initially overcome by the experiments of James & Hamilton
(1969), conducted in the quaternary system Qz-Ab-Or-An, which demonstrated that the
presence of CaO leads to a shift of the eutectic point away from the Ab-apex, which is
comparable, yet not similar, to the effect of decreasing pressure, as illustrated in Figure 1(a).
These observations thus indicate that the well-known pressure dependence of the cotectic
curves in the haplogranite system cannot directly be implemented for the description of
natural rhyolites. Blundy & Cashman (2001) proposed a correction procedure that accounts
for normative melt An in order to overcome this issue. The approach proposed by Blundy &
Cashman (2001) relies mainly on the three phase diagrams determined by James & Hamilton
(1969) and was implemented in rhyolite-MELTS (Gualda & Ghiorso, 2014) and this model
has since then been applied intensively to estimate magma storage pressures in various

locations (Bégué et al., 2014a, 2014b; Gardner et al., 2014; Pamukcu et al., 2015).

Although the correction proposed by Blundy & Cashman (2001) improved significantly the
accuracy of pressure determination from cotectic compositions, recent experimental results
from Wilke et al. (2015) indicate that this approach based on the experimental database of

James & Hamilton (1969), only obtained at 100 MPa and more importantly under water-
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saturated conditions, are insufficient to establish an accurate geobarometer from the
composition of Ca-bearing cotectic melts. In particular, it is known that the effect of water
activity plays a significant role on the composition of plagioclase (e.g. Lange et al., 2009),
which may affect the primary field of plagioclase and the position of cotectics in the system

Qz-Ab-Or-An (c.f. Figure 2).

(An) CaALSIi,O,

(Ab) NaAlSi,0, f (Or) KAISi,0,

Figure 2: The quarternary system Qz-Ab-Or-An after James & Hamilton (1969). The drawn lines connecting a,
b and c illustrate the position of the quartz stability field, while the lines connecting d, e, f and g mark the
position of the sanidine field. The dash-dotted line represents a hypothetical projection section for a system with
~5 wt.% normative An plotted into the ternary Qz-Ab-Or diagram. Dotted lines indicate the position of the
cotectic curves, where the section is cutting the phase stability fields.

In this study, the composition of cotectic melts (melts coexisting with quartz and one feldspar)

and eutectic melts have been determined for water-undersaturated, Ca-bearing rhyolitic
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systems at 200 and 500 MPa. The low water activities (equivalent to H,O contents of ~1.3
and 3 wt.% ) have been chosen so that the results can be directly applied to water-poor, high
temperature rhyolitic systems such as those observed in the Snake River Plain, Yellowstone,
USA (e.g. Bonnichsen et al., 2008, Almeev et al., 2012, Bolte et al., 2015). The results,
combined with those of previous studies, are used to propose an empirical approach to
determine the pressure of magma storage from the composition of melts in equilibrium with

quartz and feldspar(s).

I-2 Experimental and analytical procedure

I-2.1 Preparation of the starting material and experimental procedure

I-2.1.a) Experimental outline

For the investigation of phase relationships in multicomponent systems, such as the system
Qz-Ab-Or-An(-H,0), the determination of the primary fields of mineral phases, of the
eutectic composition and of the position of the cotectic curves can best be determined by
performing crystallization experiments focusing on the determination of the liquidus phase
and the liquidus temperatures in various compositions. In rhyolitic systems the experimental
compositions have typically different proportions of the main components Qz, Ab, Or and An.
Wilke et al. (2015) demonstrated that this method is applicable to systems that are closer in
composition to natural rhyolites and contain a fixed concentration of FeO and TiO,. In this
study five phase diagrams obtained at 200 MPa and 500 MPa are described for three different
compositions: 3.5 wt.% An and 1.4 wt.% H,O (Table 1, A & D), 3.5 wt.% An and 3 wt.%
H.O (Table 1, C), 7 wt.% An, 1.3 wt. H,O (Table 1, B & E). A sixth phase diagram with 3.5
wt.% An and 3 wt.% H,0 was investigated at 200 MPa by Wilke et al. (2015) and is listed in
Table 1 as system F as it closely complements the experiments of this study. Small amounts

of FeO (1 to 2.5 wt.%) and TiO; (0.2 to 0.4 wt.%) were added to better simulate conditions
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close to natural rhyolites. For each phase diagram obtained at a fixed pressure and at fixed
H,0, An, FeO and TiO, contents in the system (Table 1), experiments were carried out at
various temperatures in order to determine the respective liquidus phase and liquidus
temperature of several compositions with different Qz-Ab-Or ratios. The starting materials
were pre-hydrated glass powders with known H,O concentrations and no additional volatile
components were added in the experimental capsules. This approach was applied to obtain
phase diagrams at well constrained water activities and differs from previous studies on phase
relations in the system Qz-Ab-Or(-An-)H,O (Tuttle & Bowen, 1958; Luth et al., 1964; James
& Hamilton, 1969; Manning, 1981; Pichavant, 1987; Holtz et al., 1992b). In these previous
studies, either gels or dry glasses were used and volatiles were added in the capsules to ensure
the presence of a fluid phase. For experiments at water-saturated conditions this procedure
was not problematic since water activity was unity in the presence of an excess of water. For
water-undersaturated conditions, CO, was added to reduce the water activity of the fluid
phase. However, to avoid high proportions of a fluid phase in the capsule, which would lead
to incongruent dissolution of silicates into the fluid phase and would modify the melt
composition, the amounts of CO, and H,O which should be added are very low (see Figure 1
in Holtz et al., 1992b) and the uncertainty on the resulting water activity is rather high. Thus
in this study it was preferred to apply a fluid absent approach, in which the water activity can
be hold perfectly constant for a series of experiments by preparing hydrous glasses with well

characterized H,O concentrations.

[-2.1.b) Synthesis of the starting material

The glasses were synthesized by mixing oxide (SiO,, TiO,, Al,0O3;, Fe,O3) and carbonate
(CaCO3, Na,CO3;, K,CO3) powders in the desired proportions and melting them twice at
1600°C in a 1 atmosphere furnace using a platinum crucible. Each melting step was followed

by crushing the derived glass in a steel mortar and then grinding it in an agate mortar. Dry
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glass powders were then sealed with the desired amount of H,O by arc welding in AugoPdzo
capsules (30 mm in length and 6 mm in diameter). In order to generate hydrous starting
materials the capsules were held at 1200°C and 200 MPa for 24 hours in an internally heated
pressure vessel (IHPV, see Berndt et al., 2002 for description) pressurized with Ar (200 or
500 MPa). A slow speed saw was used to cut top- and bottom parts of each hydrous glass
cylinder in order to check for homogeneity in major element and H,O-contents. The
remainder of each pre-hydrated glass cylinder was once more crushed and ground as
described above and then used as a starting material for the crystallization experiments.

Table 1: List of experimentally investigated systems.
No P[Mpa] H,O [wt%] An[wt%]® SM°

A 200 1.4 3.5 HYW
B 200 1.3 7 HYS
C 500 3 3.5 REF*
D 500 1.4 3.5 HYW
E 500 1.3 7 HYS
F 200 3 3.5 REF®

* Normative melt anorthite content
® Starting Material
“ described by Wilke et al (2015)

A total of 26 different starting compositions containing approximately 1.3 wt.% H,O were
synthesized for this study (Table 2a). The 18 starting compositions named HYS1 to HYS8 as
well as HYS15 to HYS21 and HYS23 to HYS25 contain 7 wt.% An, 2.5 wt.% FeO and 0.4
wt.% TiO,. These compositions were used to constrain phase diagrams at 200 and 500 MPa
for the systems B and E (Table 1). The eight compositions named HYW1 to HYWS8 contain
3.5wt.% An, 1 wt.% FeO and 0.2 wt.% TiO,. The FeO and TiO, contents were lower than for
the compositions with 7 wt.% An considering that the expected liquidus temperatures were

lower and that less Fe and Ti is incorporated in melts at lower T. HYW compositions were
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used for phase diagrams at 200 and 500 MPa in systems A and D (Table 1). The experiments
for system C at 500 MPa (see Table 1) were conducted with the glasses AC50, BA5, BC5,
BD25, C, DC5 and D, containing ~3 wt.% H,0O and 3.5 wt.% normative An, 1 wt.% FeO and
0.2 wt.% TiO,. They were synthesized for and described in the study of Wilke et al., (2015).
The composition of starting materials used for the investigation in system F as described in
Wilke et al., (2015, their Table 1) are listed here as Table 2b for completeness. During the
progress of experimental work for system D (see Table 1), it was observed that starting
materials HYW1-8 were insufficient for determining eutectic points with satisfactory
precision. In order to investigate compositions closer to the eutectic point, 50:50 mixtures of
the starting materials HYW3+5, HYW3+6, HYW3+8 and HYW5+8 were created by mixing
appropriate amounts of each material in an agate mortar. The composition of these mixed
starting materials is known only from stoichiometric calculations. For crystallization
experiments, approximately 30 mg of pre-hydrated glass powder was loaded into a AugoPdzo
capsule (12 mm in length and 2.8 mm in diameter) that was closed subsequently by arc-

welding. For every experiment, eight capsules were placed next to each other in the IHPV.

I-2.1.c) Experimental procedure

The experiments for systems A to E were conducted in in an IHPV in a temperature range of
870 to 1050°C which was reached with a heating rate of 50°C min™. The duration of the
experiments varied between ~160 h (~6 days) and 340 h (~14 days) depending on T.
Experiments were quenched at isobaric conditions (200 or 500 MPa) by switching of the
furnace, resulting in a cooling of ~300°C within the first minute. The intrinsic oxygen
fugacity (fO,) of the IHPV as calculated using the model of Pitzer and Sterner (1994) was
between QFM +1.75 and +1.85 for experiments conducted at 200 MPa and between QFM +2
and +2.3 for experiments conducted at 500 MPa. It is known however, that in an IHPV the

fO, in the sample container decreases with the water activity (e.g. Botcharnikov et al., 2005).
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From comparisons with previous studies (Berndt et al., 2002, Botcharnikov et al., 2005,
Almeev et al., 2012), the effective fO, in the experiments was approximately QFM -1.2 for

the systems A and B, QFM -0.3 for the system C and QFM -1 for the systems D and E.

The experimental investigation of system F was not conducted in the frame of this phd thesis
but served as master thesis of Carolin Klahn (Klahn, 2013) and the results were published
later by Wilke et al. (2015). As a result of this circumstance the experimental procedure used
for the investigation of system F deviates slightly from the procedure applied for the other
systems. Although not considered likely, it cannot be precluded that these processing
differences have an impact on the results obtained for system F. The experimental procedure
applied for the investigation of system F is therefore repeated here for completeness. For
experiments in the system F (200 MPa, 3 wt.% H,0, 3.5 wt.% An, see Table 1) 40 mg of
hydrated starting glass (Table 2b) was loaded in each capsule that in this case consisted of
Auigo and was also 12 mm in length and 2.8 mm in inner diameter. After sealing the capsules
by arc welding they were loaded into cold seal pressure vessels (CSPV) pressurized with
water. The experiments took place in a temperature range between 790 an 875°C at 200 MPa.
All CSPV were calibrated under pressure prior to the experiments using three thermocouples
arrayed in a distance of 20 mm. Only vessels with a temperature variation <10°C in the
monitored hot zone were used for experiments. Following the method of Holtz et al., (1992b),
the samples were heated directly from room T to the desired T which was reached within 30
to 60 min. Time-dependent experiments in a comparable system conducted by Becker et al.,
(1998) suggest that this heating ramp is sufficient as crystallization does not occur until 8 h of
experimental run time. The intrinsic fO, at water saturated conditions in the vessels is
corresponding to the Ni/NiO buffer, translating into QFM+0.66. However as it was mentiond
above, fO, decreases in water-undersaturated environments. The effective fO, for experiments

in System F is estimated to be QFM+0.4. During the experiments T was monitored by a K-

10
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type thermocouple (Ni-CrNi) with an accuracy of £5 °C. Up to 6 capsules were loaded into
one vessel for each experimental run and each run lasted four weeks, a concession to the
relatively low run T. After this time the experiments were quenched by removing the
autoclave from the furnace and by cooling it in a stream of compressed air under isobaric

conditions. Under these quenching conditions, T <200°C was reached within the first 5 min.

11
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Table 2a: List of starting material prepared for this study

Name HYS1 HYS2 HYS3 HYS4 HYS5 HYS6 HYS7 HYS8 HYS15 HYS16
wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo [wt%] 1o [Wt%] 1lo [wWt%] Ilo [wt%] Ilo

SiO, 75.35 0.63 75.04 054 7145 043 7584 022 7267 062 69.12 066 70.17 024 7289 035 7828 049 7871 0.74

TiO, 042 0.04 042 004 0.44 0.02 0.41 0.02 0.42 0.03 040 0.03 043 0.02 042 0.02 041 003 0.41 0.03

Al,O; 12.19 0.23 12.01 0.23 1476 0.12 12.09 0.11 1336 0.21 16.40 0.26 1548 0.13 1444 0.10 10.79 0.14 9.72 0.21

FeO 217 023 2.01 0.26 1.59 0.39 260 010 223 0.34 198 0.23 227 0.20 1.91 0.10 1.59 0.32 1.91 0.63

CaO 141 014  1.34 0.07 1.34 0.05 1.36 0.03 1.40 0.08 1.39 0.09 1.38 0.03 1.40 0.03 1.35 0.07 1.38 0.07

Na,O 3.79 0.17 1.42 0.10 2.36 0.11 2.55 0.09 194 0.14 552 020 3.82 0.12 4.45 0.12 2.03 011  0.00 0.00

K,0 3.17 0.08 6.63 0.11 7.48 010 499 0.07 6.94 0.08 4.48 0.09 593 0.08 3.90 0.04 4.47 0.08 6.60 0.13

Total 98.49 151 9887 135 9942 122 99.85 0.64 9896 150 99.28 155 99.49 0.81 9941 0.77 9893 124 98.73 1.80

n 30 30 40 36 30 30 40 40 60 60

H,O 1.23 1.27 1.44 1.00 1.34 1.12 1.32 1.34 1.32 1.38

Qz 36.74 37.23 25.27 37.19 30.34 15.65 20.79 27.84 45.50 49.27

Ab 32.04 12.04 19.93 21.60 16.42 46.68 32.30 37.67 17.14 0.00

Or 18.75 39.16 44.24 29.48 41.01 26.45 35.06 23.04 26.44 38.99

An 6.88 6.65 6.63 6.75 6.94 6.78 6.85 6.95 6.71 6.85

Cor® -0.04 0.06 0.36 0.02 0.11 -0.04 0.27 0.35 0.16 0.07

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

#negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite

® calculated composition of glass powder mixture
¢ for detailed description see Wilke et al. 2015

12
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Table 2a: Continued

Name HYS17 HYS18 HYS19 HYS20 HYS21 HYS23 HYS24 HYS25 HYW1 HYW?2
Wt.%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] lo

SiO, 77.01 047 7461 029 7422 022 7208 030 73.01 024 79.37 039 77.12 039 78.65 0.17 79,51 0.35 78.48 0.32

TiO, 0.41 0.02 041 002 0.42 0.02 0.44 001 044 002 042 002 043 002 042 002 021 001 0.21 0.02

Al,Os 10.84 0.12 12,05 0.10 11.84 0.09 13.19 0.11 13.33 0.14 10.31 0.13 12.81 0.11 11.40 0.08 10.58 0.15 10.37 0.13

FeO 1.74 0.53 1.76 0.17 238 014 237 009 234 014 203 032 1.75 0.39 235 0.09 093 0.11 1.25 0.11

CaO 1.36 0.05 1.37 0.04 1.37 0.04 1.37 0.03 1.35 0.03 1.38 0.05 1.37 0.05 1.39 0.04 0.70 0.02 0.69 0.03

Na,O 0.75 0.06 0.00 0.00 0.76 0.05 124 0.08 3.09 010 321 0.10 5.88 0.20 5.01 0.18 3.13 0.12 1.16 0.08

K,0 6.69 0.08 8.84 0.09 7.68 0.07 8.02 0.07 521 0.06 220 005 0.00 0.00 0.00 0.00 3.63 0.08 6.52 0.10

Total 98.81 1.33 99.05 0.71 98.67 0.62 9872 0.69 98.78 0.73 9893 1.07 99.36 1.16 99.22 058 98.70 0.85 98.68 0.80

n 25 31 20 20 20 20 19 20 40 40

H,0 1.49 1.36 1.44 1.43 1.36 1.45 1.30 1.33 1.32 1.55

Qz 43.11 36.73 35.97 29.64 30.65 47.99 38.86 44.95 45.31 44.42

Ab 6.31 0.00 6.46 10.52 26.14 27.12 49.79 42.39 26.46 9.82

Or 39.53 52.24 45.39 47.42 30.79 13.02 0.00 0.00 21.47 38.54

An 6.48 6.77 6.20 6.73 6.70 6.87 6.80 6.89 3.47 3.45

Cor? -0.11 -0.01 -0.22 -0.02 0.15 0.14 0.64 0.63 0.24 0.14

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite

b calculated composition of glass powder mixture
¢ for detailed description see Wilke et al. 2015
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Table 2a: Continued

Name HYWS3 HYW4 HYWS5 HYW6 HYW?7 HYWS8 HYW3+5°  HYW3+6°  HYW3+8° HYW5+8°
Wt%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [WL%] 1o [wt%] 1o [wt%] Io
Sio, 7265 0.32 76.48 0.31 76.60 0.39 75.80 0.30 77.73 0.31 73.86 0.28  74.62 74.22 73.25 75.23
TiO, 022 001 021 001 022 002 022 002 022 002 022 001 0.22 0.22 0.22 0.22
Al,05 13.83 0.15 11.59 0.12 1224 019 12.06 0.15 11.04 0.17 1410 0.12  13.03 12.94 13.97 13.17
FeO 1.14 008 096 0.12 095 024 1.14 009 1.00 012 0.74 0.07 1.05 1.14 0.94 0.84
Ca0O 0.70 0.03 0.68 0.03 0.67 0.04 0.70 0.04 068 003 0.65 0.02 0.68 0.70 0.67 0.66
Na,O 229 012 000 0.00 279 013 1.70 0.10 059 0.08 4.63 0.14 2.54 1.99 3.46 3.71
K,0 7.99 010 880 0.08 581 009 7.22 0.08 7.60 0.11  4.41 0.07 6.90 7.60 6.20 5.11
Total 98.81 0.81 98.79 0.71 99.28 1.09 98.85 0.76 98.87 0.84 98.61 0.71  99.05 98.83 98.71 98.95
n 40 25 40 20 40 20 calc. calc. calc. calc.
H,0 1.18 1.45 1.32 1.39 1.52 1.16 1.25 1.29 1.17 1.24
Qz 26.50 40.71 36.07 36.00 43.10 28.22 31.29 31.25 27.36 32.14
Ab 19.35 0.00 23.65 14.40 4.97 39.20 21.50 16.88 29.28 31.43
Or 47.22 52.01 34.32 42.66 44.94 26.04 40.77 44.94 36.63 30.18
An 3.45 3.37 3.33 3.49 3.38 3.22 3.39 3.47 3.33 3.27
Cor® 0.15 0.83 0.14 0.17 0.60 0.54 0.15 0.16 0.34 0.34

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

% negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite

® calculated composition of glass powder mixture
¢ for detailed description see Wilke et al. 2015
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Table 2a: Continued

Name AC5* ACT* BA5® BC2° BC5* c* D¢ DC5°
Wt.%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [wt%] Ilo

SiO, 74.45 0.25 75.80 76.97 0.22 7354 023 75.63 0.19 7258 0.22 74.16 0.23 7295 0.20

TiO, 0.20 0.01 0.19 0.19 001 019 001 020 0.02 0.21 0.02 018 0.01 0.20 0.01

Al,Os 11.89 0.12 11.65 11.31 011 1251 0.10 1233 0.13 13.15 0.09 13.78 0.10 13.26 0.10

FeO 0.58 0.11 0.91 093 006 070 006 081 0.07 0.79 0.03 0.99 0.07 0.69 0.05

CaO 0.66 0.02 0.69 0.67 005 066 003 065 004 067 003 0.69 004 0.68 0.02

Na,O 1.68 0.09 1.65 2.80 0.15 2.30 0.09 2.76 0.11 1.79 0.05 4.83 0.14  3.27 0.09

K,0 7.14 0.11 6.42 440 005 6.67 007 548 005 808 004 3.06 0.03 5.56 0.06

Total 96.59 0.71 97.41 97.37 0.65 96.57 059 97.86 0.60 97.27 0.48 97.80 0.63 96.61 0.54

n 20 calc. 10 20 10 10 27 20

H,0 2.76 2.85 3.10 3.43 2.88 2.66

Qz 35.59 39.56 44.13 32.78 36.71 29.29 34.06 30.75

Ab 14.22 13.94 24.65 19.46 23.32 15.17 42.32 27.71

Or 42.18 37.94 27.02 39.41 3241 47.77 18.73 32.84

An 3.30 3.43 3.44 3.28 3.23 3.31 3.57 3.39

Cor® 0.19 0.74 0.76 0.31 0.68 0.24 1.32 0.61

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite

b calculated composition of glass powder mixture

¢ for detailed description see Wilke et al. 2015
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Table 2b: List of starting materials used for system F (Klahn, 2013) and published in Wilke et al. (2015, their Table 1)

A B C D AC5H BA5 BC2 BC5 AC2 BD5 DA2 DA77 DC5 DC7
Glass name | start lo start lo start lo start lo  start lo start lo start lo  start lo  start start start start start start

hydr hydr hydr hydr hydr hydr hydr hydr calc calc calc calc calc calc
SiO, 76.86 0.36 7758 062 7258 0.22 7416 0.23 7445 025 76.97 0.22 7354 0.23 75.63 0.19 73.47 7587 76.32 74.97 73.39 73.08
TiO, 019 001 o018 001 021 002 0.18 001 020 0.01 019 001 019 001 020 0.02 018 0.18 019 0.18 0.18 0.18
Al,O4 11.14 0.18 1145 0.30 13.15 0.09 13.78 0.10 1189 0.12 11.31 0.11 1251 0.10 1233 0.13 12.79 12.62 11.67 1299 13.49 13.37
FeO 090 0.10 093 010 0.79 003 099 007 058 011 093 006 070 006 0.81 007 094 096 092 0.9 0.97 0.96
MgO 0.11 0.02 009 002 010 001 0.10 0.02 0211 0.02 010 0.02 0112 002 0.0 002 010 010 011 010 0.10 0.0
CaO 069 005 069 006 067 003 069 004 066 002 067 005 066 003 065 004 069 069 069 069 069 0.69
Na,O 161 010 366 018 179 005 483 014 168 009 280 0.15 230 0.09 276 011 173 424 225 386 330 2.68
K,0O 6.04 005 272 0.04 808 004 306 003 714 011 440 005 6.67 007 548 005 724 289 545 395 530 6.20
H,0 (nIR) 2.84 3.05 2.88 2.66 2.76 3.10 3.43
H,O (KFT) | 2.48 2.83 3.02

100.3 100.3 100.2 100.4 100.4 100.1
Total 8 5 5 6 99.46 7 2 97.96 97.14 9755 97.59 97.72 97.42 97.26
n 24 17 10 27 20 10 20 9
Qz 42.16 43.66 29.29 34.06 35.59 44.13 32.78 36.71 33.45 37.88 40.13 35.14 31.64 31.50
Ab 13.62 30.97 15.17 42.32 14.22 24.65 19.46 23.32 14.64 35.88 19.04 32.66 27.92 22.68
Or 35.70 16.08 47.77 18.73 42.18 27.02 39.41 32.41 42,79 17.08 32.21 23.34 31.32 36.64
An 3.42 3.42 3.31 3.57 3.30 3.44 3.28 3.23 342 342 342 342 342 342
Co 0.70 1.23 0.24 1.32 0.19 0.76 0.31 0.68 085 126 081 1.11 1.07 1.00

Starting material measured by EPMA (hydr.) or calculated (calc) stoichiometrically. 10 = standard deviation, n = number of analyses, NIW = near infrared, KFT = Karl-Fischer
Titration, Qz = normative quartz content, Ab = norm. Albite content, Or = norm. orthoclase content, An = norm. anorthite content, Co = norm. corundum content
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I-2.2 Analytical techniques

[-2.2.a) NIR-spectroscopy

The water content of all HYS and HYW starting glasses was determined by Near-Infrared
(NIR) spectroscopy (Bruker IFS88 FTIR spectrometer coupled with an A590 IR microscope).
The procedure was identical to that applied by Wilke et al. (2015) and is briefly summarized
here. The samples were prepared as doubly polished glass plates of ~300 um thickness and
the analyzed spot size was 100 x 100 um. The water concentration was calculated using the
absorption bands at 5200 cm™ and 4520 cm™ that are assigned to stretching and bending
combination modes of H,O molecules and vibration modes of hydroxyl groups respectively.
A tangential background correction and the absorption coefficients £4520 = 1.41 mol™ * cm™
and £5200 = 1.66 mol™ * cm™ as determined by Withers & Behrens (1999) for rhyolitic glass
were used. The density of the material was estimated to be 2.35 + 0.02 g/cm?® and the effect of
compositional variation on the glass density in the investigated rhyolitic system (Withers &
Behrens, 1999) leads to a variation of the calculated glass H,O content of less than + 0.02
wt.%. Parts from the top and the bottom of the synthesized starting materials HYS 1, 2, 5 and
6 were also analyzed by Karl Fischer Titration (KFT) measurements to confirm the NIR
results. The titration procedure is described by Behrens et al. (1996). The results of the KFT

measurements agree within error with the findings from NIR spectroscopy.

[-2.2.b) Electron Probe Micro Analyzer
The Cameca SX 100 Electron Probe Microanalyzer (EPMA) of the Institute for Mineralogy of

the Leibniz University of Hannover was used to determine the chemical composition of
starting materials and experimental samples. Minerals that formed during crystallization
experiments were analyzed using a focused beam with 15 kV excitation voltage, 15 nA beam
current and 10 s counting time for all elements. At each session standard minerals were

measured as a reference material and these measurements were used to correct the data from
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the experiments for the daily shift of the machine. Whenever possible, five measurements
were taken on different grains for every feldspar phase per sample. Quartz was only
determined qualitatively. For the analysis of glasses two different measurement settings where
used. In an early stage a 15 kV excitation voltage, 4 nA beam current, a beam diameter
defocused to 10 um and 10 s counting times for each element was employed. In a later stage
another analytical setting with a 15 kV excitation voltage, 15 nA beam current, a beam
diameter defocused to 10 um and counting times of 4 s for Na and K and 10 s for other
elements was applied. This second setting with higher beam current did not lead to observable
loss of alkalis, but significantly increased counting statistics. All glass measurements were
standardized using measurements of a rhyolitic glass standard, a natural high-silica obsidian
named “MM-3” that was well characterized by Nash (1992). In general, 20 glass
measurements were taken per sample. In some cases, however, the high sample crystallinity
restricted the number of glass analyses to lower values. Samples that were found to be above
the liquidus were analyzed ten times in order to check for homogeneity and to confirm that
they were identical with the starting glasses, which was used as an indication that no crystals

were present elsewhere in the capsule.
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I-3 Results

\\ quartz

plagloolase

Flgure 3: BSE images of experlmental samples (a) is an |mage of sample Y X140 from an experimental run at
990°C and 500 MPa for 280 hours using starting material HYW3, leading to sanidine crystallization. (b) is an
image of sample YX52 from an experimental run at 1050°C and 500 MPa for 191 hours using starting material
HYS4, leading to quartz crystallization. (c) is an image of sample YX19 from an experimental run at 990°C and
200 MPa for 168 hours using starting material HYS3, leading to quartz crystallization. (d) is an image of sample
Y X71 from an experimental run at 1020°C and 500 MPa for 216 hours using starting material HY S24, leading to
crystallization of both quartz and plagioclase. The images were edited digitally to increase the contrast for better
visibility of the crystals.

I-3.1 Crystallization experiments

More than 200 successful experiments are used to constrain phase relationships for the six
different systems listed in Table 1. Glass was observed in all run products. Most experimental
samples were containing one or two solid phases, which were identified as quartz (qtz, if
addressed as a crystallized mineral phase), sanidine (san) or plagioclase (plg). BSE images in
Figure 3 show typical phase assemblages resulting from the experiments. Note that the size of

the feldspar crystals seldom exceeds 10 um. In some cases, especially where intergrowth of
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feldspar and quartz occurs, feldspar crystals or fragments of them are smaller than 1 um,
making a reliable analysis by microprobe challenging and in some rare cases impossible. For
samples that were derived from experiments directly below the liquidus (max. 30°C) the
degree of crystallization is usually <10 vol% (calculated by mass balance). The evolution of
crystal volume in the sample and of crystal size is shown in Figure 4 for different
temperatures. The experimental results and the Ab-Or-An contents of feldspars are given
together with run duration and temperatures in Tables 3 — 8. The compositions of the
experimental glasses of systems A — E are given in Appendix Tables 1 — 5. The composition
of experimental glasses of system F is published in Wilke et al. (2015). The compositions of
the feldspars from systems A — E are listed in Appendix Table 6. As the composition of
feldspars from system F was not published by Wilke et al. (2015) it is listed here in Appendix
Table 7. The composition of the feldspars is plotted in Figure 5. The Qz-Ab-Or content of
glasses, normed to 100%, is plotted in ternary diagrams in Figures 6 — 11 where different
symbols indicate the composition of the coexisting mineral assemblage. Feldspars that contain
~ Or>35 wt.% are referred to as sanidine. Other feldspars are referred to as plagioclase, to
avoid confusion from more complex nomenclature. This rule of discrimination for feldspars
leads to two easily distinguishable populations for all experimental systems with the
exception of system D (c.f. Figure 5). Reasons for this behavior are discussed below in the
system D section. In rare cases small amounts of magnetite crystallized in some samples but
the results of glass measurements indicate that Fe may also alloy with the Pd of the container
material. Therefore, the amount of magnetite present in the run products is difficult to discuss
in this study. The problem of Fe loss in the samples is further addressed in the discussion
section of this paper. In the following descriptions and discussions samples will be referred to
as above the liquidus, if no tectosilicate phases are present as run product. The experimental

products obtained in the different starting materials with identical An and water contents are
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used to draw ternary phase diagrams for the investigated conditions and to bracket the cotectic

curves separating the primary fields (Figures 6 — 11).
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YX 24: 7.3 wt.% Plg at 990°C YX 16: 11.1 wt.% Plg at 960°C YX 8: 15.4 wt.% Plg at 930°C

Figure 4: BSE images of crystallization experiment samples from starting glass HYS 8 (6.95 wt.% normative An). The experiments were conducted at 200 MPa (system B). The
amount of crystallized plagioclase, the only crystal phase in this row of experiments, was calculated by mass balance. Normative An contents of the produced glasses are Y X24:
5.6 wt.%, YX16: 5.1 wt.% An, YX8: 4.4 wt.% An. The images were edited digitally to increase the contrast for better visibility of the crystals.
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Figure 5: Ternary plot of the composition of feldspars produced. The letters (a) to (f) correspond to the
experimental systems as listed in Table 1. Dashed lines indicate the solvus position at the highest and lowest
experimental T (Elkins & Groove, 1990). Systems A, C, E and F show two distinct populations of feldspars.
System B shows no signs of sanidine crystallization. In system D the subdivision in two distinctly different
feldspars is less sharp, a problem extensively discussed in the results section devoted to this system.
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I-3.2 Detailed descriptions of the investigated experimental systems

[-3.2.a) System A: 200 MPa, 1.4 wt.% H:0, 3.5 wt.% normative An content

Experiments in this system were undertaken over a temperature range between 960 and
870°C. Products and run conditions are listed in Table 3. Two feldspar populations can be
clearly distinguished (Figure 5). Qtz was observed as the only stable tectosilicate phase in
eight samples, only plg in four samples and only san in three samples (all with starting
composition HYW3). A considerable amount of samples were found to be cotectic and either
host both gtz and plg (six samples) or gtz and san (three samples). No sample was found to
contain both plg and san. The fitted liquidus lines in Figure 6 agree with the experimental
results from all samples except for products from starting material HYWS8, an indication that
equilibrium might not have been reached for these samples. One possible reason might be that
the liquidus temperature of the composition of HYWS8 is much higher than the investigated
ones and that equilibrium conditions would only be reached if high proportions of plg would
crystallize (note that this would also strongly change the An composition of the coexisting
melt; see discussion below). It can be concluded that the position of the eutectic point in a
rhyolitic system with 3.5 wt.% An at an aH,0 of ~0.15 and 200 MPa should be approximately
Qz41Ab190r4. This is in good agreement with the eutectic composition of Qz4,Ab,;0r3;
obtained in a previous study for a comparable system with~3 wt.% H,O (Wilke et al., 2015).
According to previous results on the effect of aH,O on the eutectic composition (Holtz et al.,
1992b, 2001a), changing water activity is mainly affecting the Ab/Or ratio. The minimum

temperature is estimated to be at 885 + 15°C.
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Table 3: Run conditions an products of system A

t T H,0 melt feldspar

Run [h] [°C] Products [wt.%] Qz Ab Or An Cor* Ab Or An
HYW1 24 1200 starting glass 132 453 265 215 35 0.2

YX98 286 960 qtz 380 314 250 31 -01

YX90 310 930 qtz, plg 406 296 231 39 01 625 9.4 281
YX122 275 900 qtz, plg 372 284 265 29 03 645 172 183
YX130 340 870 qtz, fsp” 36.0 281 287 24 0.1 notpossible
HYW2 24 1200 starting glass 155 444 98 385 34 0.1

YX99 286 960 qtz 427 101 399 38 0.1

YX91 310 930 qtz 408 108 416 38 0.2

YX123 275 900 qtz 410 100 411 35 03

YX131 340 870 gtz, san 39.1 104 425 36 05 113 868 1.9
HYW3 24 1200 starting glass 118 265 194 472 34 0.2

YX100 286 960 - 279 196 468 36 03

YX92 310 930 san 299 198 440 36 02 232 717 51
YX124 275 900 san 332 181 408 34 06 214 751 36
YX132 340 870 san 373 173 386 28 06 221 751 28
HYW4 24 1200 starting glass 145 407 00 520 34 08

YX101 286 960 - 41.1 00 512 34 10

YX93 310 930 - 40.9 00 509 35 10

YX125 275 900 qtz 41.7 0.0 503 34 11

YX133 340 870 gtz san 41.0 00 507 36 12 00 989 11
HYW5 24 1200 starting glass 132 361 237 343 33 0.1

YX102 286 960 - 353 240 346 35 0.0

YX94 310 930 plg 357 239 344 35 00 536 121 343
YX126 275 900 qtz, plg 366 216 350 27 04 581 163 256
YX134 340 870 qtz, plg 363 214 356 24 04 574 210 217
HYW6 24 1200 starting glass 139 360 144 427 35 0.2

YX103 286 960 - 365 146 424 34 0.2

YX95 310 930 - 36.2 148 430 34 -01

YX127 275 900 - 370 140 419 34 04

YX135 340 870 gtz, san 374 137 423 34 04 162 806 3.3
HYW?7 24 1200 starting glass 152 431 50 449 34 06

YX104 286 960 - 43.6 52 443 34 06

YX96 310 930 qtz 41.6 57 459 36 04

YX128 275 900 qtz 414 51 455 36 0.7

YX136 340 870 qtz 40.0 51 471 35 0.7

HYW8 24 1200 starting glass 116 282 392 260 32 05

YX105 286 960 plg 275 403 272 23 -01 734 99 16.7
YX97 310 930 plg 301 374 281 18 00 705 192 104
YX129 275 900 plg 347 313 283 18 05 701 206 94
YX137 340 870 qtz, plg 347 321 281 18 03 664 247 89

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum
gtz = quartz minerals present in the sample, plg = plagioclase minerals present, san = sanidine

® negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An
® microprobe analyses of feldspar composition failed due to small crystal size
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Figure 6: Ternary projection (Qz+Ab+Or = 100) of melt compositions derived from experiments in the system
A with 1.4 wt.% H,0, 3.5 wt.% An, 200 MPa. Different symbols represent melts coexisting with different
mineral phase assemblages. Drawn lines represent cotectic curves in areas where sufficient data is available to
constrain their position. Dashed lines indicate a projection of the cotectic curves, not verified by existing data.
Dotted lines represent liquidus lines.

[-3.2.b) System B: 200 MPa, 1.3 wt.% H20, 7 wt.% normative An content

Experiments in this system were undertaken over a temperature range between 1020 and

930°C. Products and run conditions are listed in Table 4. Plg was found to be the only
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feldspar phase crystallizing in this system (Figure 7). This indicates that the system has no
eutectic composition at which qgtz, san and plg may coexist but rather a cotectic T-minimum.
Qtz was observed as the only stable tectosilicate phase in five samples and only plg in 21
samples. Six samples were found to be cotectic hosting both gtz and plg. The fitted liquidus
lines agree with most samples except for products with low Qz and high Ab values that differ
the most in composition from the eutectic points position (Figure 7). This can be an indication
that equilibrium might not have been reached for these samples. It is concluded that the
position of the thermal T-minimum point in this rhyolitic system with 7 wt.% An at an aH,O
of ~0.15 and 200 MPa should be approximately Qz4sAb120r43. The minimum temperature is

estimated to be at 945 + 15°C.

Table 4: Run conditions an products of system B

t T H,O melt feldspar
Run [h] [°C] Products [wt%] Qz Ab Or An Co* Ab Or An
HYS1 24 1200 starting glass 1.23 36.7 320 188 6.9 0.0
YX25 168 1020 - 384 320 183 7.3 0.0
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YX17 168 990 plg 385 309 201 6.9 0.0 552 26 422
YX9 180 960 qtz, plg 387 299 220 50 02 621 48 331
YX1 157 930 qtz, plg 364 29.9 243 43 0.1 629 86 284
HYS2 24 1200 starting glass 1.27 372 120 392 6.6 0.1
YX26 168 1020 - 370 127 401 64 -0.2
YX18 168 990 - 375 124 394 66 -0.2
YX10 180 960 - 377 117 392 6.8 -01
Y X2 157 930 plg 375 118 394 65 -01 309 73 618
HYS3 24 1200 starting glass 1.44 253 199 442 6.6 0.4
YX27 168 1020 plg 250 21.0 439 6.7 0.2 354 120 526
YX19 168 990 plg 252 19.7 439 6.8 04 386 7.6 539
YX11 180 960 plg 260 19.0 452 53 0.2 437 123 440
YX3 157 930 plg 27.0 18.7 455 47 0.2 438 191 37.1
HYS4 24 1200 starting glass 1.00 372 216 295 6.7 0.0
YX28 168 1020 - 387 218 292 7.2 0.0
YX20 168 990 - 385 211 293 7.1 0.1
YX12 180 960 qtz, plg 381 212 303 59 -01 466 51 483
Y X4 157 930 qtz, plg 370 205 334 45 00 481 201 318
HYS5 24 1200 starting glass 1.34 303 164 410 6.9 0.1
YX29 168 1020 - 314 162 416 6.9 0.1
YX21 168 990 - 316 153 416 70 0.2
YX13 180 960 plg 319 153 417 69 02 328 6.2 610
Y X5 157 930 plg 324 154 427 5.8 0.2 374 84 54.2
HYS6 24 1200 starting glass 1.12 157 46.7 265 6.8 0.0
YX30 168 1020 plg 168 472 282 49 04 673 75 253
YX22 168 990 plg 187 426 299 48 -01 700 86 214
YX14 180 960 plg 204 406 310 42 -01 708 115 177
Y X6 157 930 plg 218 381 315 33 -03 716 135 150
HYS7 24 1200 starting glass 1.32 208 323 351 6.9 0.3
YX31 168 1020 plg 208 343 358 64 0.0 538 6.3 400
YX23 168 990 plg 222 311 369 56 0.3 56.7 124 309
YX15 180 960 plg 224 304 376 50 0.0 584 168 248
Y X7 157 930 plg 234 292 380 42 -01 603 170 226
HYS8 24 1200 starting glass 1.34 278 377 230 7.0 0.3
YX32 168 1020 - 275 404 234 65 -0.2
YX24 168 990 plg 302 36.3 243 56 05 632 6.0 308
YX16 180 960 plg 30.1 352 250 51 02 666 7.7 257
Y X8 157 930 plg 31.3 340 258 44 00 692 74 234
Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum
gtz = quartz minerals present in the sample, plg = plagioclase minerals present
# negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An
Table 4: Continued

t T H20 melt feldspar
Run [h] [°C] Products wt.%] Qz Ab Or An Cor® Ab Or An
HYS15 24 1200 starting glass 132 455 171 264 67 0.2
DYX9 161 1020 gtz 441 178 267 74 0.1
DYX5 164 990 qtz 430 176 273 75 0.2
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DYX1 187 960 qtz, plg 398 186 307 59 0.0 426 47 526
HYS16 24 1200 starting glass 1.38 493 00 39.0 6.8 0.1
DYX10 161 1020 gtz 46.4 00 404 76 0.2
DYX6 164 990 qtz 45.9 00 422 76 0.2
DYX2 187 960 qtz, plg 42.4 00 453 70 01 00 81 919
HYS17 24 1200 starting glass 149 431 6.3 395 65 -01
DYX11 161 1020 - 43.3 6.1 388 71 01
DYX7 164 990 - 43.1 6.2 384 71 -01
DYX3 187 960 qtz 41.3 65 400 71 -01
HYS18 24 1200 starting glass 136 36.7 00 522 6.8 0.0
DYX12 161 1020 - 37.2 00 516 71 01
DYX8 164 990 - 37.3 00 512 72 01
DYX4 187 960 plg 36.9 00 517 69 00 00 159 84.1

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum
gtz = quartz minerals present in the sample, plg = plagioclase minerals present
® negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An

HYS-Starting Material
gtz-bearing melt
plg-bearing melt
gtz+plg-bearing melt

* > 0

7 wt.% An
200 MPa
x 40
30
80
20
90 Ab90 OrQO 10

0 1(3 2(3 36 4(; 5(3 6(; 7(3 80 90
Cotectic T-minimum: Qz,,Ab,,Or,,

Figure 7: Ternary projection (Qz+Ab+Or = 100) of melt compositions derived from experiments in the
system B with 1.3 wt.% H,0, 7 wt.% An, 200 MPa. Different symbols represent melts coexisting with
different mineral phase assemblages. Drawn lines represent cotectic curves in areas where sufficient data is
available to constrain their position. Dashed lines indicate a projection of the cotectic curves, not verified by
existing data. Dotted lines represent liquidus lines.

I-3.2.c) System C: 500 MPa, 3 wt.% H:0, 3.5 wt.% normative An content
Experiments in this system were undertaken over a temperature range between 930 and

870°C. Products and run conditions are listed in Table 5. Two feldspar populations can be
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clearly distinguished in this system (Figure 8). Qtz was observed as the only stable
tectosilicate phase in seven samples, only plg in three samples and only san in two samples.
Three samples were found to be cotectic and either host both gtz and plg (one sample) or gtz
and san (two samples). No sample was found to host both plg and san. The fitted liquidus
lines agree well with all samples. It is concluded that the eutectic point position of a rhyolitic
system with 3.5 wt.% An at an aH,O of ~0.3 and 500 MPa should be approximately

Qz35Ab250r37. The minimum temperature is estimated to be at 840 + 15°C.

Table 5: Run conditions an products of system C

t T H,0 melt feldspar
Run [h] [°C] Products [Wt%] Qz Ab Or An Cor Ab Or An
AC7 24 1040 starting glass 273 396 139 379 34 07
YX81 286 930 qtz 365 143 424 34 03
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YX57 261 900 qtz 36.7 141 407 34 03
YX73 196 870 qtz, san 347 159 386 46 05 150 841 0.8
AC5 24 1040 starting glass 276 356 142 422 33 0.2
Y X58 261 900 - 356 142 422 33 0.2
YX74 196 870 qtz, san 344 140 437 34 02 114 877 09
BAS 24 1040 starting glass 310 441 246 270 34 08
YX83 286 930 qtz 398 229 287 34 07
YX59 261 900 qtz 364 250 293 36 04
YX75 196 870 qtz 349 245 310 38 05
BC5 24 1040 starting glass 295 367 233 324 32 07
Y X84 286 930 - 36.7 233 324 32 07
YX60 261 900 qtz 353 241 322 34 04
YX76 196 870 gtz 339 239 338 34 05
BC 25 24 1040 starting glass 342 328 195 394 33 03
YX61 261 900 - 328 195 394 33 03
YX77 196 870 - 324 196 405 33 0.2
C 24 1040 starting glass 295 293 152 478 33 0.2
Y X85 286 930 - 293 152 478 33 0.2
YX62 261 900 san 301 153 463 33 02 114 877 09
YX78 196 870 san 323 151 441 36 02 121 870 0.9
DC5 24 1040 starting glass 281 307 277 328 34 06
YX63 261 900 - 307 277 328 34 06
YX79 196 870 plg 302 273 340 33 04 638 156 20.6
D 24 1040 starting glass 266 341 423 187 36 13
Y X86 286 930 plg 328 397 193 31 12 759 39 202
Y X64 261 900 plg 340 377 203 25 10 785 74 140
Y X80 196 870 qtz, plg 335 363 220 22 08 803 83 114

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum
gtz = quartz minerals present in the sample, plg = plagioclase minerals present, san = sanidine
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Figure 8: Ternary projection (Qz+Ab+Or = 100) of melt compositions derived from experiments in the
system C with 3 wt.% H,0, 3.5 wt.% An, 500 MPa. Different symbols represent melts coexisting with
different mineral phase assemblages. Drawn lines represent cotectic curves in areas where sufficient data is
available to constrain their position. Dashed lines indicate a projection of the cotectic curves, not verified by
existing data. Dotted lines represent liquidus lines.

[-3.2.d) System D: 500 MPa, 1.4 wt.% H;0, 3.5 wt.% normative An content

Experiments in this system were undertaken over a temperature range between 1050 and
930°C. Products and run conditions are listed in Table 6. Distinguishing between two
different feldspar populations works for all but two samples (Figure 5). The feldspars found in
samples Y X156 and Y X164, both produced from HYW3+8, lay within the san field (barely in
case of YX156) but have the lowest Or contents of san recorded for this study. This makes the
classification these feldspars somewhat arbitrary. The melt composition of Y X156 obtained at
960°C is considerably depleted in normative An. The initial value of ~3.5 wt.% An in the
starting material has decreased down to 2.75 wt.%, which is usually an indicator for plg

crystallization. This phenomenon could be explained as a result of cotectic co-precipitation of
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san and plg on a scale below the resolution of the microprobe. The sample is excluded from
Figure 9 because of its unclear phase assemblage but the Qz-Ab-Or coordinates given in
Table 6 fit a position where the san-plg cotectic curve for this system could occur, considering
the An depleted nature of the sample. Sample Y X164, obtained at a lower temperature of
930°C, shows the uncommon feldspar composition and also contains qtz. The glass
composition can be interpreted as a near eutectic composition, albeit for a melt An content of
2.59 wt.%. A similar explanation can clarify a problem concerning sample Y X167 produced
from starting material HYWS5. Five experiments in a temperature range from 1050°C to
930°C were conducted with HYWS5. This composition has a liquidus temperature below
1050°C (Y X118), gtz is the liquidus phase (YX110; 1020°C) and later cotectic precipitation
of gtz and plg occurs at 960°C (YX159). The identification of plagioclase in YX159 is
unproblematic with a composition of Abs;Ori;gAn,s. However, in an experiment at 930°C with
composition HYWS5 (YX167), a feldspar composition that could be attributed to san is
observed, although it is suspiciously low in Or (Table 6). It is not possible however, that plg
would vanish and be completely replaced by san as a result of further cooling. Considering
the vastly undercooled nature of YX167, the unusual and heterogeneous composition of its
constituent feldspar and the known crystallization history of HYWS, it is thus concluded that
Y X167 is a eutectic sample comparable to YX164 with qtz coexisting with two potentially
intergrown feldspar phases that are indistinguishable by microprobe. As Y X167 is only
moderately depleted in An, containing 3.12 wt.% (c.f. Appendix Table 6), its potential to
indicate the position of the eutectic point if system D is, however, substantially higher.
Sample YX167 is excluded from figure 9 as well, as a clear phase identification by
microprobe was not possible. Although the problematic experiments Y X156, Y X164 and
Y X167 do provide some information about the phase relations in system D, the focus is layed

on the samples with clear phase identification to determine the cotectic curves and the eutectic
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point. Qtz was observed as the only stable tectosilicate phase in 13 samples, only plg in two
samples and only san in two samples as well. Some samples were found to be cotectic and
either host both gtz and plg (five sample) or gtz and san (six samples). The fitted liquidus
lines agree well with all samples. It is concluded that the eutectic point position of a rhyolitic
system with 3.5 wt.% An at an aH,O of ~0.1 and 500 MPa should be approximately

Qz35Ab250r39. The minimum temperature is estimated to be at 1005 + 15°C.
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Table 6: Run conditions an products of system D

t T H,O melt feldspar

Run [h] [°C] Products [wt.%] Qz Ab Or An Cor® Ab Or An
HYW 1 24 1200 starting glass 132 453 265 215 35 0.2

YX114 213 1050 qtz 405 291 234 39 04

Y X106 214 1020 qtz 365 323 246 40 00

Y X138 280 990 qtz 356 312 253 41 03

HYW 2 24 1200 starting glass 155 444 98 385 34 01

Y X115 213 1050 qtz 42.0 99 400 38 04

Y X107 214 1020 qtz 39.7 108 420 40 03

Y X139 280 990 qtz 381 106 436 39 04

HYW 3 24 1200 starting glass 118 265 194 472 34 0.2

Y X116 213 1050 - 41.7 05 505 33 1.0

Y X108 214 1020 - 277 193 469 34 0.2

Y X140 280 990 san 286 184 460 35 06 179 791 30
Y X158 230 960 san 327 187 424 35 05 217 760 22
Y X166 257 930 gtz san 331 188 406 3.7 06 239 722 39
HYW 4 24 1200 starting glass 145 407 0.0 520 34 08

Y X117 213 1050 - 41.7 05 511 33 09

Y X109 214 1020 - 414 04 512 33 09

Y X141 280 990 qtz 40.0 05 525 34 10

HYW 5 24 1200 starting glass 132 361 237 343 33 0.1

Y X118 213 1050 - 373 224 339 35 03

Y X110 214 1020 qtz 3.1 236 339 35 01

Y X142 280 990 qtz 352 234 350 35 03

Y X159 230 960 qtz, plg 335 234 369 33 03 570 176 253
Y X167 257 930 qgtz, san” 331 233 373 31 03 347 607 46
HYW 6 24 1200 starting glass 139 360 144 427 35 0.2

Y X119 213 1050 - 373 141 422 35 03

YX111 214 1020 - 365 149 425 34 0.2

Y X143 280 990 qtz 374 139 421 34 04

Y X160 230 960 qtz 353 142 441 35 04

Y X168 257 930 gtz, san 349 148 431 40 04 156 823 21
HYW 7 24 1200 starting glass 152 431 50 449 34 0.6

Y X120 213 1050 - 43.9 50 442 34 06

Y X112 214 1020 qtz 41.6 53 456 34 06

Y X144 280 990 qtz 39.9 52 473 36 0.6

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum

gtz = quartz minerals present in the sample, plg = plagioclase minerals present, san = sanidine

% negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An
® this crystallization of sanidine is intensively discussed in the text
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Table 6: Continued

t T H,0 melt feldspar
Run [h] [°C] Products [wt.%] Qz Ab Or An Cor® Ab Or An

HYW 8 24 1200 starting glass 116 282 392 260 3.2 0.5
YX121 213 1050 - 28.0 403 256 3.6 0.3
Y X113 214 1020 plg 271 417 262 29 01 745 84 171

Y X145 280 990 plg 306 36.3 27.0 25 04 750 124 126
Y X161 230 960 qtz, plg 315 349 281 23 04 721 177 101
Y X169 257 930 qtz, plg 30.0 359 285 25 02 706 213 81
HYW3+5 24 1200 starting glass 125 313 215 408 34 0.1

Y X154 230 960 qtz, san 329 201 405 35 04 277 675 438
Y X162 257 930 qtz, san 334 208 389 34 04 282 682 36
HYW3+6 24 1200 starting glass 129 313 169 449 35 0.2

Y X155 230 960 qtz, san 335 159 443 34 05 174 799 27
Y X163 257 930 qtz, san 341 170 416 3.8 05 190 784 26
HYW3+8 24 1200 starting glass 117 274 293 36.6 3.3 0.3

Y X156 230 960 san” 315 266 361 2.8 05 539 369 92
Y X164 257 930 qgtz, san” 312 274 359 26 04 470 462 6.8
HYW5+8 24 1200 starting glass 124 321 314 302 33 0.3

Y X157 230 960 qtz, plg 33.0 295 320 25 04 652 216 132
Y X165 257 930 qtz, plg 326 286 332 24 03 623 269 1038

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum
gtz = quartz minerals present in the sample, plg = plagioclase minerals present, san = sanidine

# negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An
® this crystallization of sanidine is intensively discussed in the text
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Figure 9: Ternary projection (Qz+Ab+Or = 100) of melt compositions derived from experiments in the
system D with 1.4 wt.% H,0, 3.5 wt.% An, 500 MPa. Different symbols represent melts coexisting with
different mineral phase assemblages. Drawn lines represent cotectic curves in areas where sufficient data is
available to constrain their position. Dashed lines indicate a projection of the cotectic curves, not verified by
existing data. Dotted lines represent liquidus lines.

[-3.2.e) System E: 500 MPa, 1.3 wt.% H20, 7 wt.% normative An content

Experiments in this system were undertaken over a temperature range between 1050 and
930°C, with no experiments conducted at the 960°C T step. Products and run conditions are
listed in Table 7. Two feldspar populations can be clearly distinguished in this system (Figure
5). Qtz was observed as the only stable tectosilicate phase in five samples, only plg in 11
samples and only san in one sample. Some samples were found to be cotectic and either host
both gtz and plg (seven samples) or gtz and san (two samples). No sample was found to host
both plg and san. The fitted liquidus lines agree well with samples that are close in
compositions to the cotectic point but disagree with more Ab bearing samples. This effect

appears to be the same as the one observed for system B. Apparently it is related to the higher
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normative An content of the system, either by increasing the compositional distance between
starting material and eutectic point or by a change in the distance between two liquidus curves
of the same T. It is concluded that the eutectic point position of a rhyolitic system with 7 wt.%
An at an aH,0O of ~0.1 and 500 MPa should be approximately Qz3sAb;gO0rs4. The minimum

temperature is estimated to be at 960 + 15°C.

Table 7: Run conditions an products of system E

t T H,O melt feldspar
Run [h] [°C] Products Wwt%] Qz Ab Or An  Cor* Ab Or An
HYS 1 24 1200 starting glass 123 367 320 188 69 0.0
YX49 191 1050 qtz, plg 36.3 328 207 6.7 01 595 41 364
YX33 162 1020 qtz, plg 348 330 227 59 01 628 92 280
YX41 186 990 qtz, plg 323 321 255 46 -01 626 19.0 184
HYS 2 24 1200 starting glass 127 372 120 392 6.6 0.1
YX50 191 1050 - 381 123 390 6.9 -01
YX34 162 1020 gtz 36.7 122 399 7.0 00
Y X42 186 990 qtz 346 130 407 6.7 -0.3
HYS 3 24 1200 starting glass 144 253 199 442 6.6 04
YX51 191 1050 - 265 201 429 69 05
Y X35 162 1020 plg 256 207 438 67 04 419 103 479
Y X43 186 990 plg 262 194 442 55 02 442 182 37.7
HYS 4 24 1200 starting glass 100 372 216 295 6.7 0.0
Y X52 191 1050 qtz 36.8 230 298 6.6 -0.2
YX36 162 1020 qtz, plg 350 233 317 64 -01 501 101 399
Y X44 186 990 qtz, fsp 325 225 343 51 -0.3 notpossible
HYS 5 24 1200 starting glass 1.34 303 164 410 6.9 0.1
YX53 191 1050 - 311 166 410 6.8 -0.1
Y X37 162 1020 - 31.3 165 413 69 0.1
Y X45 186 990 - 319 161 418 65 0.1
Y X87 286 930 san 332 153 414 54 00 178 781 4.2
HYS 6 24 1200 starting glass 112 157 467 265 6.8 0.0
YX54 191 1050 plg 174 451 284 53 -02 70.7 100 193
YX38 162 1020 plg 183 450 298 36 -06 716 117 16.7
Y X46 186 990 plg 189 419 300 32 -07 716 149 135
HYS 7 24 1200 starting glass 132 208 323 351 69 03
Y X55 191 1050 plg 212 338 358 61 -01 572 84 344
YX39 162 1020 plg 214 331 372 50 -02 593 144 263
Y X47 186 990 plg 231 311 371 41 -03 592 220 1838
HYS 8 24 1200 starting glass 134 278 377 230 7.0 03
Y X56 191 1050 plg 272 395 230 67 -01 631 41 328
Y X40 162 1020 plg 288 382 243 57 -01 680 73 247
Y X48 186 990 plg 294 364 250 42 -04 710 92 1938

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum
gtz = quartz minerals present in the sample, plg = plagioclase minerals present
# negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An
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Table 7: Continued

t T H,O melt feldspar
Run [h] [°C] Products [wt.%] Qz Ab Or An Cor® Ab Or An
HYS 17 24 1200 starting glass 149 431 6.3 395 65 -0.1
Y X65 216 1020 qtz 39.4 65 415 75 -0.1
HYS 18 24 1200 starting glass 136 36.7 00 522 68 00
Y X66 216 1020 - 374 04 519 66 -0.1
HYS 19 24 1200 starting glass 144 393 79 528 65 0.0
YX67 216 1020 - 373 6.3 449 66 -0.1
Y X88 286 930 gtz, san 34.6 69 464 65 -02 63 917 20
HYS 20 24 1200 starting glass 143 36.0 65 454 6.2 -0.2
Y X68 216 1020 - 309 100 467 70 01
Y X89 286 930 gtz, san 343 104 451 61 0.0 114 846 4.0
HYS 21 24 1200 starting glass 136 306 261 308 67 0.2
YX69 216 1020 - 320 249 308 70 03
HYS 23 24 1200 starting glass 145 480 271 130 69 0.1
YX70 216 1020 qtz 388 317 160 80 03
HYS 24 24 1200 starting glass 130 389 4938 00 68 06
YX71 216 1020 qtz, plg 38.3 4938 00 57 11 810 0.2 1838
HYS 25 24 1200 starting glass 133 449 424 0.0 6.9 0.6
YX72 216 1020 qtz, plg 39.0 48.6 00 6.2 1.0 789 02 21.0

Qz = normative quartz content, Ab = n. albite, Or = n. orthoclase, An = n. anorthite, Cor = n. corundum

gtz = quartz minerals present in the sample, plg = plagioclase minerals present

® negative corundum values reflect the amount of Cor that is missing to convert all available CaO to An
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Figure 10: Ternary projection (Qz+Ab+Or = 100) of melt compositions derived from experiments in the system
E with 1.3 wt.% H,0, 7 wt.% An, 500 MPa. Different symbols represent melts coexisting with different mineral
phase assemblages. Drawn lines represent cotectic curves in areas where sufficient data is available to constrain
their position. Dashed lines indicate a projection of the cotectic curves, not verified by existing data. Dotted
lines represent liquidus lines.

[-3.2.f) System F: 200 MPa, 3 wt.% H;0, 3.5 wt.% normative An content
System F was investigated experimentally by Klahn (2013) and the results are published in

Wilke et al. (2015) and only a brief summary shall be given here. Experiments in this system
were undertaken over a temperature range between 850 and 790°C. Products and run
conditions are listed in Table 8. The glass composition data from Wilke et al. (2015) is plotted
in a ternary diagram in Figure 11 that is not from Wilke et al. (2015) but was redrawn to
match the style of the other ternary diagrams presented here, making a comparison between

the different systems easier. Wilke et al. (2015) state that the eutectic point position of a
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rhyolitic system with 7 wt.% An at an aH,O of ~0.1 and 500 MPa should be approximately

Qz4,Ab10r37. The minimum temperature is estimated to be at 795 + 10°C.

Table 8: Run conditions an products of system F (Wilke et al 2015,
their Table 2)

Exp. Run T[°C] Products

A start (Qz4551 Ab1s 75) 1040 starting glass
A3 850 gl + mt

A7 830 gl + mt+qtz
A4 810 gl + mt+qtz
AC2 start (Qza7.29 Abig01) 1040 starting glass
AC27 830 gl + mt + san
AC25 810 gl + mt + san
ACS start (Qz,3.95 Ab1s5) 1040 starting glass
AC53 850 gl + mt
AC55 810 gl + mt + san
AC56 790 gl + mt + san
B start (Qz4g57 Abszgs) 1040 starting glass
B3 850 gl + mt +qtz
B4 810 gl + mt + gtz + plg
BAGS start (Qz46.05 Abos.73) 1040 starting glass
BA58 850 gl + mt+qtz
BA55 810 gl + mt+ gtz
BC2 start (Qz3s,89 Absy g5) 1040 starting glass
BC25 810 gl + mt + san
BC26 790 gl + mt + san
BC5 start (Qz37.95 Abag 44) 1040 starting glass
BC54 810 gl + mt
BC56 790 gl + mt + plg
BDS5 start (Qz4,.15 Absg 1s) 1040 starting glass
BD58 850 gl + mt + plg
BD57 830 gl + mt + plg
C start (Qza4.06 Abyg.32) 1040 starting glass
C3 850 gl + mt

C7 830 gl + mt + san
C4 810 gl + mt + san
D start (Qzas.g1 Abasso) 1040 starting glass
D3 850 gl + mt + plg
D4 810 gl + mt + plg
DAZ2 start (Qz44.38 Abyggg) 1040 starting glass
DA25 810 gl + mt+qgtz
DA26 790 gl + mt + gtz + plg
DAT7 start (Qzzg.03 Abss54) 1040 starting glass
DA78 850 gl + mt + plg
DA77 830 gl + mt + plg
DCS5 start (Qzzs.39 Abszg43) 1040 starting glass
DC58 850 gl + mt
DC54 810 gl + mt + plg
DC56 790 gl + mt + plg
DC7 start (Qzzs.22 Abysgg) 1040 starting glass
DC72 790 gl + mt + san
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Figure 11: Ternary projection (Qz+Ab+QOr = 100) of melt compositions derived from experiments in the system
F with 3.0 wt.% H,0, 3.5 wt.% An, 200 MPa. Different symbols represent melts coexisting with different
mineral phase assemblages. Drawn lines represent cotectic curves in areas where sufficient data is available to
constrain their position. Dashed lines indicate a projection of the cotectic curves, not verified by existing data.
Dotted lines represent liquidus lines. The experiments for system F displayed here were conducted by Klahn
(2013) and published by Wilke et al. (2015). This figure is a redrawn ternary diagram of the data presented in
Wilke et al. (2015).

I-4 Discussion
I-4.1 Attainment of equilibrium and limitations for the interpretation of data

[-4.1.a) Attainment of equilibrium

Experimental petrology on highly viscous rhyolitic systems is always confronted with the
question of the attainment of equilibrium. Possible problems are nucleation delay due to
undercooling and sluggish crystal growth. As nucleation occurs preferably at grain boundaries
of the initial starting glass (Pichavant, 1987; Becker et al., 1998), the use of finely grained
glass powders as starting material in experiments helps to avoid nucleation delay related to

undercooling. Another significant factor for the attainment of equilibrium is the experimental
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run duration. Becker et al. (1998) conducted experiments comparable to the ones presented in
this study on rhyolitic melts with 1 wt.% H,O at 960 — 1180°C and concluded that near-
equilibrium conditions slightly below the liquidus are attained within 72 hours. The viscosity
of the melt, calculated using the model of Hess & Dingwell (1996), ranges from 10°"* to 10*%
poise which is only slightly lower or in the same range than the melt viscosity in this study
(10%* to 10**® poise). Thus, the diffusivity of cations in the silicate melt is similar in both
experimental studies. The run duration of the experiments of this study (157 to 261 hours) is
higher than the 72 hours duration set by Becker et al., (1998) and the longer duration was
intentionally chosen to compensate the slightly higher melt viscosity.

Different tests can be conducted to check for the attainment of equilibrium in the experiments.
One is to examine the relationship between plg and melt composition in the samples. Figure
12 shows a plot of the molar Ca/Na ratio of melt and coexisting plg in samples in which both
phases coexisted. As pointed out by Sisson & Grove (1993) the partition coefficient
KoCa/Napiagioclase-meit depends only on melt water content. The samples in this study (systems
A to E) fall on a Kp line of ~1.7 (see Figure 12), which is consistent with existing data in
systems bearing ~2 wt.% H,O (Baker & Eggler, 1983; Sisson & Grove, 1993). The samples
from the comparatively water-rich system D show no distinct deviation from this trend, yet
have little variety and very small Ca/Na ratios for both phases. This might be related to the
constantly low CaO content of all starting materials in this system, as the trend is clearest for
the CaO rich systems B and E. The overall agreement of the dataset to a constant Kp value of
1.7, especially as this value is in excellent agreement with literature results mentioned above,
can be regarded as evidence that equilibrium was approached during most experiments.
Feldspars that are in varying states of disequilibrium with their host melt would be expected

to scatter strongly in their Kp values.
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Figure 12: Plot of Ca/Na (molar) of plagioclase and coexisting glass phase from the experimental systems A - E
of this study. The black line shows the approximate Ky value of 1.7.

To further investigate the attainment of equilibrium, reversal experiments were also
performed following the approach described by Pichavant (1987). Four compositions were
selected for which the liquidus conditions were bracketed between 1020 and 1050°C (Y X34,
Y X35, YX112 and YX113). Thus, the run products of these experiments (all performed at
500 MPa) contained gtz (YX34, YX112) or plg (YX35, YX113) at 1020°C and were crystal
free at 1050°C. The run products obtained at 1020°C were sealed in AugyPd, capsules and
heated again to 1050°C at 500 MPa for 336 h in an IHPV. If near-equilibrium conditions are
attained, the products of these reversal experiments should be crystal-free. Liquidus
conditions were obtained for the reversal runs (1050°C) with Y X34, Y X35 and YX112. In the

product of the reversal run with YX 113 however, plagioclase was still present. One possible
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reason for this discrepancy could be technical, for example due to slight differences in
temperature during the crystallization and reversal runs at 1050°C that might occur due to
potential inhomogeneous temperature distribution within the IHPV hot zone. More likely,
however, is that the failed attempt of resorbing the minerals in YX113 means that the
crystallization experiment with YX113 starting material HYW8 at 1050°C (YX121) that
showed no sign of crystallization, was indeed undercooled and not in a true state of
equilibrium. It can be assume that the reason why the reversal of Y X113 failed while the other
reversal experiments succeeded is related to the bigger compositional distance between
YX113 (and HYWS), and the system’s eutectic point. This effect potentially affects other
samples that deviate substantially in composition from their eutectic point. Fortunately, this is
not a significant problem when determining cotectic curves, as the melt compositions are still
directly linked to the coexisting phase(s) and hence indicative of the stability field position.
However, disequilibrium does make the determination of liquidus line positions more
difficult: if the sample was quenched before the attainment of equilibrium, then the melt
composition of an experimental product derived at a certain T is not indicative of the liquidus.
The liquidus lines on Figures 6 — 10 were drawn bearing this in mind, but it must be
emphasized that, especially at lower system T, some samples with a great compositional

distance to the eutectic point were discarded when doing so.

[-4.1.b) An content of melts in experiments containing plagioclase

A problem for the correct determination of the position of cotectic curves and eutectic points,
as already mentioned in the results section of this study, can be the change in the melts
normative An content with crystallization. The crystallization of plg leads to a depletion of the
host melt in Ca causing a drop in the melt An content. As a main goal of this study is to
describe rhyolite systems at a certain level of normative melt An it is imperative to be aware

that a sample with changed melt An, when compared to the standardized An content of the
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starting material, will reflect the situation of the system at the samples An level, inevitably
deviating from the system intended to investigate in the first place. As James & Hamilton
(1969) have pointed out, a decrease in normative melt An will cause the eutectic point of a
system to shift towards the Ab apex. The opposite effect can be observed in a few samples
that underwent significant crystallization of qtz and are now enriched in An. As the
experiments are designed to observe the situation in a system close to the liquidus, extensive
gtz crystallization is rather uncommon but has to be addressed where it happened. The
problem of changing An contents can be tackled by closely examining especially those
samples of high interest for the fixing of the cotectic curves and, if serious deviations are
found, consider them less reliable for an exact determination of the positions. It is worth
noting that due to the available knowledge on the impact of An (James & Hamilton, 1969;
Wilke et al., 2015) even samples with altered melt An deliver the information that the position
of a cotectic curve (separating gtz and a feldspar) at this position is shifted to higher or lower

Qz values, depending on the original An content of the starting material.

[-4.1.c) Water concentration of melts

As water-undersaturation affects the position of the eutectic point (Holtz et al., 1992b),
differences in the water content between samples could in principal lead to problems when
determining such a point. The use of pre-hydrated glass powders with known water contents
as starting materials instead of adding water to a dry glass for every sample is one approach to
minimize such differences. Although carefully prepared, the different starting material groups
show differences in their water content determined by NIR spectroscopy. For the starting
materials of the HYS group the average water content is 1.33 = 0.12 wt.% with the lowest
value measured for HYS4 (1 wt.%) and the highest value for HYS17 (1.49 wt.%). For the
starting materials of the HYW group that were intended to be identical with the HY'S group in

respect to water, the mean water content is 1.36 £ 0.13 wt.% with the lowest value measured
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for HYW8 (1.16 wt.%) and the highest value for HYW?2 (1.55 wt.%). The mixed powders
were created by a combination of glasses described by Wilke et al. (2015) and span a range of
water contents from 2.48 wt.% to 3.43 wt.% with the original intention of having a water
content of 3 wt.%. Reasons for such variations could be the relatively high mass of material
processed for the creation of the starting material (typically 0.7 g) that required the use of a
comparably large and therefore less precise syringe for the transfer of water. Differences in air
moisture, preparation time and welding losses are other potential sources of errors at the time
of preparation. Variations in the material density are only likely to affect water content
calculated using the Lambert-Beer law by 0.02 wt.% H,O and are not a major source of

uncertainty in water contents (Withers & Behrens, 1999; Wilke et al., 2015).

[-4.1.d) Loss of Fe

The systems investigated in this study contained FeO and TiO; in order to reflect the behavior
of natural rhyolitic melts. EPMA measurements of the starting glasses from crystallization
experiments, however, show considerable variations in FeO contents for starting materials
with an identical initial FeO concentration. It was also noted that FeO contents may vary
significantly within an investigated sample. For example, HYS24, which was designed to
contain ~2.5 wt.% FeO, yields a value of 1.75 wt.% with an unusually high standard deviation
of 0.39 wt.% (see Table 2a). Alloying between Fe in the rhyolitic charge and Pd of the
capsules is most probably responsible for this drop in FeO content (Barr & Grove, 2010). It is
to be assumed that the FeO depletion is a function of the distance to the capsule material. As
the fragments of the run products used for preparation (polished section) were randomly
picked, the initial position in the capsule and especially the distance from the sample
container is not known and no systematical correction is possible. Variations in FeO content
in the analysis therefore cannot be used to investigate the crystallization of Fe-bearing phases

as any systematic effect potentially suffers from a random overlying alloying influence.
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I-4.2 Comparison with previous studies in An-bearing systems

The expanded database of phase equilibria in An-bearing rhyolitic systems is useful to predict
quantitatively the effect of normative An on eutectic and cotectic compositions at various
pressures and aH,O. Table 9 lists all eutectic compositions that are known to the author and
relevant for the following discussion. The error on the Az-Ab-Or proportions listed in Table 9
is difficult to estimate accurately, considering that several factors which are difficult to
quantify need to be taken into account. For example the position of the eutectic point is
depending on the shape of the isotherms in the Figures 6 — 11. The exact composition of
cotectic melts in this study is constrained from microprobe analyses but glass analyses were
not performed in early studies (Tuttle & Bowen, 1958; Luth et al., 1964, James & Hamilton,
1969; Steiner et al., 1975). Using the same approach, except for the aH,O which is probably
more accurate in this study (see above), Holtz et al. (1992b) estimated uncertainties of + 2 to
2.5 wt.% on the normative Qz, Ab and Or contents. A similar error is also realistic for this
study even if the aH,O is better constrained, since an additional source of error (compared to
Holtz et al., 1992b) is the possible variation of An content in the melt in run products

containing plg.
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Table 9: List of known minimum points

Eut. P. Reference Ref. P aH,O T An Qz Ab Or Ab-join Or-join
No No. [MPa] [°C] [wt.%] [wt.%] [wt.%] [wt%] [wt.% Qz] [wt.% Qz]
#1 Tuttle & Bowen 1958 a) 50 1 760 O 39 29 32 43 47
#2 Tuttle & Bowen 1958 a) 100 1 720 O 37 37 26 41 46
#3 Tuttle & Bowen 1958 a) 200 1 685 O 35 39 26 38 43
#4 Tuttle & Bowen 1958 a) 300 1 680 O 32 42 26 35 41
#5 Steiner et al. 1975 b) 400 1 660 O 30 47 23 32 43
#6 Luth et al. 1964 c) 500 1 650 O 27 50 23 31 37
#1 Luth et al. 1964 c) 1000 1 630 O 22 56 22 26 n.a.
#8 Holtz et al. 1992b d) 200 1 685 0 36 39 25 40 43
#9 Holtz et al. 1992b d) 200 05 775 0 35 36 29 40 41
#10 Holtz et al. 1992b d) 200 025 830 O 35 34 31 n.a. n.a.
#11 Holtz et al. 1992b d) 500 1 645 O 31 47 22 32 43
#12 Holtz et al. 1992b d) 500 055 735 O 32 43 25 n.a. n.a.
#13 Holtz et al. 1992b d) 500 04 79 O 32 40 28 n.a. n.a.
#14 Becker et al. 1998 e) 500 0.07 990 O 32 35 33 32 38
#15 James & Hamilton 1969 @) 100 1 730 3 39 30 31 n.a. n.a.
#16 James & Hamilton 1969 @) 100 1 745 5 42 22 36 n.a. n.a.
#17 James & Hamilton 1969 @) 100 1 780 75 48 10 42 n.a. n.a.
#18 This study* h) 200 015 885 35 41 19 40 n.a. 44
#19 Wilke et al. 2015* i) 200 047 790 35 42 21 37 n.a. n.a.
#20 This study** h) 200 013 945 7 45 12 43 n.a. 48
#21 This study* h) 500 0.09 1005 3.5 36 25 39 n.a. n.a.
#22 This study* h) 500 0.28 840 35 35 28 37 n.a. n.a.
#23 This study** h) 500 0.08 975 7 38 18 44 46 n.a.

*+1wt.% FeO + 0.2 wt.% TiO,
** 4+ 2 wt.% FeO + 0.4 wt.% TiO,

In Figure 13 (a) to (c) the An-bearing eutectic compositions (#15 to #23, Table 9) are plotted
together with An-free eutectics (#2, #10 and #14) for given P and aH,0. The experimental
results from this study confirm the trend already known from the data of James & Hamilton
(1969): The increase of the An component in the melt causes the eutectic point to shift away
from the Ab apex as the plg stability field expands. However, a detailed investigation of the
results of James & Hamilton (1969) and of the datasets obtained in this study and that of
Wilke et al. (2015) reveals significant differences. Figure 13 (a) to (c) indicates that the effect
of An on the shift of the eutectic point that is deduced from the experimental dataset at 200
MPa (c.f. Figure 13(b)) with aH,O range 0.13 - 0.25) and 500 MPa (c.f. Figure 13(c)) with
aH,0 range 0.07 - 0.09) is more pronounced than that observed by James & Hamilton (1969)

(c.f. Figure 13 (a)) with aH,O = 1). The main reason for this difference is likely to be related
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to a higher uncertainty in the determination of the eutectic points in the study of James &
Hamilton (1969). In particular, the seminal results of James & Hamilton (1969) were obtained
almost half a century ago using significantly less accurate analytical instruments. This may
explain the apparently very small effect on of An on the eutectic composition when
comparing the systems with 0 and 3.5 wt.%, the relatively strong effect when comaring
systems with 3.5 and 5 wt.% An and an intermediate effect when comparing systems with 5
and 7.5 wt.% An (Figure 13(a)). This strongly non-linear effect of An on the eutectic
composition predicted by the results of James & Hamilton (1969) is difficult to reconcile in
the light of more recent knowledge on plagioclase crystallization and may simply be due to a

larger uncertainty of the eutectic points.
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Figure 13: Ternary projection of known An-bearing minimum points plotted together with a comparable An-free
minimum point obtained at similar P and aH,O. Data from (a) Tuttle & Bowen (1958) and James & Hamilton
(1969) (b) Holtz et al. (1992b) and this study (c) Becker et al. (1998) and this study.
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Figure 14: (a) Difference in Qz content between An-bearing minimum points and correlated An-free reference
minimum points obtained at the same pressure (AQz). J.&H. refers to James & Hamilton (1969) and W. et al.
includes point from both Wilke et al. (2015) and this study. (b) to (d) comparison between minimum points
estimated either by the method described by Blundy & Cashman (2001) (grey symbols) or the correlation
equation noted in figure (a) (AQz [wt.%] = 1.25 An [wt.%]; hollow symbols). Black symbols represent the actual
experimentally determined Qz content of a minimum point at the given An-content.

In addition to a shift of the Ab/(Ab+Or) ratio of the eutectic point as a function of the An
content of the system, the results confirm the slight increase of Qz content with increasing An
content already described by James & Hamilton (1969). Figure 14(a) shows a plot of the
increase in Qz of the eutectic points with increasing An content relative to An-free reference
point obtained at the same pressure. The effect of aH,O on the Qz content of the eutectic
point was considered to be negligible, as already demonstrated by Pichavant (1987) and Holtz
et al. (1992b). To create Figure 14(a) the Qz content of all investigated eutectic compositions
in the An-bearing systems was compared to the Qz content of the water-saturated minimum at

the given pressure. For the 100 MPa dataset from James & Hamilton (1969) the 37 wt.% Qz
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of #2 (Tuttle & Bowen, 1958; c.f. Table 9) was used as An-free reference. For eutectic points
from An-bearing systems at 200 MPa (Wilke et al., 2015; this study) the 35 wt.% Qz of #3
(Tuttle & Bowen, 1958; c.f. Table 9) was chosen. For eutectic points from An-bearing
systems at 500 MPa (this study) the 31 wt.% Qz of #11 (Holtz et al., 1992b, c.f. Table 9) was
chosen. There is another determination of the position of the eutectic point in the water-
saturated haplogranite system by Luth et al. (1964, #6 in Table 9), claiming its Qz content to
be 27 wt.%. As this determination was made more than 50 years ago without the assistance of
a microprobe (see discussion above) and disagrees with results from Holtz et al. (1992b),
Becker et al. (1998) and the results from this study, the eutectic point positions of Luth et al.
(1964) are neglected in all following considerations. The general trend observed in Figure
14(a) indicates that the presence of 1 wt.% normative An in a melt causes a shift in Qz content

of the eutectic composition by ~1.25 wt.% and can be described by the formulation:

[1]  Qzan-free [Wt. %] = Qz[wt. %] — 1.25 * An [wt. %]

In equation [1] Qz refers to the normative Qz content of the eutectic point of an An-bearing
system projected on the Qz-Ab-Or-plane (Qz + Ab + Or = 100) while Qzan-free represents the
Qz value of a hypothetical, An-free eutectic point at the same pressure. An is the normative
An content of system. The coefficient of determination calculated for this formula r2 ~ 0.75 is
modest. However, calculating equation [1] using the James & Hamilton (1969) only results in
a factor of 1.26 * An (r2 = 0.93) while using only the results from this study and from Wilke
et al (2015) results in 1.24 * An (r? = 0.58). It is concluded from this that equation [1] is
correct within expectable error and additional data is unlikely to cause dramatic changes.

Equation [1] can be compared with the An-correction equation given by Blundy & Cashman
(2001) which can also be used to estimate the effect of An on the shift of the eutectic point. In

order to do so, An free eutectic point #2 determined by Tuttle & Bowen (1958) at 100 MPa
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was used to calculate the Qz content of an eutectic point at 3, 5 and 7.5 wt.% An,
corresponding to the existing experimental dataset from James & Hamilton (1969) (see Figure
14(b)). The An-free water-saturated eutectic points #8, 200 MPa, and #11, 500 MPa, both
from Holtz et al. (1992b), were used to predict the Qz content of an eutectic point at 3.5 and 7
wt.% An, corresponding to the experimental results of Wilke et al. (2015) and this study (see
Figures 14(c) and (d), respectively). For the plot of the experimental data at 200 MPa and 3.5
wt.% An in Figure 14(c) (black symbol), an average Qz value of 41.5 wt.% was estimated
from two experimentally determined eutectic points, one with aH,O = 0.47 (42 wt.% Qz, #19,
Table 9) and the other one with aH,O = 0.15 (41 wt.% Qz, #18, Table 9), as the two points
differ only in water activity, which should not lead to a shift in the Qz component of the
eutectic point (Holtz et al., 1992b). Similarly, the Qz content of a system with 3.5 wt.% An at
500 MPa was assumed to be 35.5 wt.% for the plot of experimental data in Figure 14(d). The
Blundy & Cashman (2001) equation predicts accurately the Qz content of the eutectic points
determined by James & Hamilton (1969) for 3 and 5 wt.% An at 100 MPa (#15 and #16,
respectively, Table 9) but underestimate the Qz content at 7.5 wt.% An (#17) (c.f. Figure
14(b)). This partial agreement with data of James & Hamilton (1969) could be expected, since
the model of Blundy & Cashman (2001) is based on that dataset. However, the Qz content of
the eutectic points determined in this study (#18 + #20 to #23, Table 9) are systematically
slightly underestimated by an average value of ~ 3 wt.% Qz, which is not the case for
equation [1] with an average variation of ~ 1 wt.% Qz (c.f. Figure 14(c) and (d)). Using the
Blundy & Cashman (2001) equation to predict Ab and Or values of the experimentally
determined eutectic points yields differences considerably higher compared to the Qz content
calculations, but this discrepancy does not affect strongly the pressure estimated from the

cotectic composition of rhyolitic melts (Gualda & Ghiorso, 2013a).
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CHAPTER II - Construction of a new geobarometer

II-1 DERP - Determining Eutectic Rhyolite Pressures

As equation [1] accounts for the influence of An on the Qz content of eutectic and cotectic
compositions, it is now possible to link the normative Qz content of natural, eutectic melts to
the P at which they formed. A series of equations based on a combination of linear fits to the
data listed in Table 9 is presented here that improve geobarometry based on the position of
cotectic curves in the system Qz-Ab-Or-An-H,O and on the projection of natural sample
compositions on a reference Qz-Ab-Or system.

Important for this procedure is to note that the position of any composition in the ternary
projection Qz-Ab-Or can be described exactly using only the two parameters: Qz and the
feldspar ratio Ab/(Ab+Or) (Qz+Ab+Or = 100). If the effects of P, H,O content and normative
melt An content variability on both parameters are known and if a rhyolitic melt is coexisting
with quartz and one or two feldspars (cotectic or eutectic), then the composition can be linked

to a unique P, as described below.

II-1.1 General formulation of the barometer for An-free eutectic compositions

The twelve eutectic points #1 to #5 and #8 to #14 (Table 9) were used to fit P as a linear
function of the Qz content of eutectic points. The 500 MPa and 1000 MPa experiments from
Luth et al. (1964, #6 and #7, Table 9) were discarded because of the large error on Qz
contents and likelihood that the relationship between Qz and P becomes non-linear at
pressures higher than 500 MPa. Note that the eutectic points from the water-undersaturated
systems #8 to #14 can be used here as melt water content does not affect the Qz content of the
eutectic point (Holtz et al., 1992b). The relationship between Qz content of An-free eutectic
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(QZAn—free [Wt%] -38.2 6)
(-1.45)

2 P [MPau=( )*100

Where Qzan-free [Wt.%] is the normative Qz content (Qz + Ab + Or = 100) of a melt that is
either free of CaO or has been corrected for the presence of An using equation [1]. The
coefficient of determination for equation [2] is r> = 0.81. It is emphasized that equation [2] is

only valid for eutectic compositions.

P increase
P increase aH,0=0
aH,0 =1

Ab/(Ab+Or) = 0.44
Ab : Or

Figure 15: Minimum points calculated for dry systems with aH,O = 0 (black dots) using equation [3]. Grey
diamonds indicate the position of the corresponding minimum points determined experimentally in water
saturated systems.

II-1.2 Eutectic compositions in the H20-free Qz-Ab-Or reference system

As emphasized, equation [2] can only be applied for eutectic melts. Such eutectic quenched
melts (glasses) are not often encountered in eruptive products and most rhyolitic rocks
represent magmas that are saturated with only one or two tectosilicate phases. Thus, the
position of the cotectic curves in the system Qz-Ab-Or needs to be modeled. Since the

position of eutectic points is shifting with water activity, its evolution has to be modeled first.
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It is assumed that the Qz contents of eutectic points are not affected by H,O activity, which
was already observed by Pichavant (1987) and Holtz et al. (1992b) and which is also
confirmed in this study (Table 9). The effect of H,O activity on the feldspar ratio is described

in the following equation:

[3]  Ab/(Ab + Or)ay = Ab/(Ab + O7)real — 0.028 = H20 [wt. %]

where Ab/(Ab+Or),e, refers to the actual feldspar ratio of a water-bearing eutectic
composition at given pressure. Equation [3] was fitted using the points #9 and #10 obtained at
200 MPa with point #8 serving as H,O-saturated reference and points #12, #13 and #14
obtained at 500 MPa with point #11 serving as H,O-saturated reference. In order to calibrate
equation [3], the maximum amount of water that can be incorporated into eutectic water
saturated compositions (aH,O = 1) at a given pressure was estimated using the P only
dependent model of Liu et al. (2005) (c.f. Holtz et al., 2001b). Equation [3] can be used to
extrapolate the feldspar ratio of all water bearing eutectic points from haplogranitic systems in
Table 9 (#1 to #14) for H,O-free conditions. The result is a constant average feldspar ratio of
0.44 (= 0.03) for all dry, haplogranitic eutectics regardless of pressure (see Figure 15). This
extrapolation is extremely difficult to verify experimentally because absolutely dry systems
can hardly be realized. However, the constant Ab/(Ab+QOr) feldspar ratio of 0.44 for dry
eutectic melts, independently on pressure, was a prerequisite for a simple formulation of this

empirical barometer (see below).

II-1.3 Extension of the model to cotectic compositions

To make the geobarometry applicable to not only eutectic but also cotectic melts it is
important to model the position of the cotectic curves for the dry reference system shown in

Figure 15. Since the feldspar ratio of dry eutectics is at constant 0.44 independently from
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pressure (see above), the position of the cotectic curves can be easily modeled from the phase
relations in the H,O-free and An-free Qz-Ab-Or system.

To fix the position of the cotectic curves separating the quartz and the feldspar primary fields
in the dry Qz-Ab-Or system, the effect of pressure on the shift of the eutectic points of the dry
ternary Qz-Ab-Or and the binary systems Qz-Ab and Qz-Or was assumed to be identical
(same increase of Qz content as a function of increasing pressure, see equation [2]). The
cotectic curves separating the quartz and the feldspar primary fields were assumed to be
straight lines conntecting the eutectic point of the ternary system with eutectic points in the
binary systems Qz-Ab and Qz-Or (Figure 15). Based on the observations in the phase
diagrams established previously (systems #1 to #5, #8, #9, #11 and #14, see references in
Table 9), equations [4] and [5] were formulated to predict the difference in quartz content
between a given cotectic composition and the corresponding eutectic point as a function of the
ADb/(Ab+Or) ratio in a dry system.

If Ab/(Ab+Or)eor > 0.44:

Ab
((Ab+0r)corr)_o'44
0.56

[4] 4Qz (Ab — Q2) [wt. %] = 2.88(

Whereas, if Ab/(Ab+Or)qor < 0.44:

0.44

_(—_Ab
51 AQz (0r — Qz) [wt.%] = 8.6 (““ (<Ab+or>corr>>

In these equations, AQz is the difference in Qz between a cotectic composition and the
eutectic point corresponding to that particular cotectic curve. Ab/(Ab+Or)c . is the feldspar
ratio of any H,O- and An-free cotectic composition, thus a composition that has been
corrected for the effect of these influence parameters. The effect of water on a natural cotectic

composition can be corrected using equation [3]. A procedure to correct the feldspar ratio for
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the effect of An is described below. If Ab/(Ab+Or)qr is > 0.44, then the sample is located
along the Ab-Qz cotectic line and equation [4] has to be applied. If Ab/(Ab+Or)co is < 0.44,
the sample is located along the Or-Qz cotectic line and equation [5] has to be applied. The
reference value of 0.44 is fixed for any pressure, since it is assumed that the feldspar ratio of

dry eutectic points does not vary with pressure (c.f. Figure 15).

II-1.4 Applying the reference system to natural compositions - the geobarometer

The dry reference system established above and shown in Figure 15 has the important
advantage that any composition constrained by normative Qz content and Ab/(Ab+Qr) ratio
can, after the subtraction of the effects of H,O and normative melt An, only correspond to a
single definite P value. In other words, the cotectic lines separating the quartz and feldspar
primary fields never overlap in the dry Qz-Ab-Or system. This condition, which was a
prerequisite for this empirical barometer, could only be fulfilled by assuming the same effect
of pressure on the Qz content of the ternary and binary eutectic points and by calculating the
constant average Ab/(Ab+Or) value of dry haplogranites of 0.44 using equation [3]. Having
defined this reference system, cotectic compositions free off or corrected for H,O and
normative melt An content can now be used for geobarometry. Correcting feldspar ratios for
the presence of H,O is achieved using equation [3] and a H,O correction for Qz content is not
necessary. Correcting Qz contents for normative melt An is achieved using equation [1]. The
effect of normative melt An ond the feldspar ratio Ab/(Ab+Or) can be corrected using the

equation:

[6] Ab/(Ab + OT)An -free — Ab/(Ab + Or)dry + 0.041 * An [Wt- %]

Equation [6] was created in a procedure similar to that of equation [1]. A linear fit was

applied to the experimentally determined eutectic points #15 to #23, using the An-free points
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#2, #9, #10, #13 and #14 that have similar P and H,O contents as reference points. For

practical purposes, equations [3] and [6] can be combined:

[7] Ab/(Ab + OT)corr = Ab/(Ab + OT')real 4+ 0.041 * An [Wt. %] —0.028 * H,0 [Wt. %]

Taking AQz into account, equation [2] can be extended to make it applicable for cotectic

compositions:

(Qz [wt.%]- 1.25 * An [wt.%]- 4Qz [wt.%]—38.26))
(~1.45)

(8] P[MPa]= 100(

This geobarometer, henceforth referred to as DERP (Determination of Eutectic Rhyolite
Pressures), is applicable to rhyolitic glass compositions in equilibrium with quartz and at least
one feldspar for pressures up to 500 MPa, with normative melt An contents of up to 7 wt.%
and any amount of dissolved H,O. The only inputs required are the normative melt Qz, Ab,
Or, An and H,O contents. However, note that these values may change also with variations in
TiO,, FeO and MgO contents, owing to the CIPW calculation scheme. An MS-Excel sheet
will be provided in the electronic Appendix of this study that will allow P calculations either
directly from glass major element compositions, using an implemented CIPW calculation

mechanism, or from Qz, Ab, Or, An and H,O contents.

II-2 Constraints with respect to accuracy

II-2.1 Compositional restrictions

Although the experiments presented in this study simulate natural compositions more closely
than any other systematic investigation known to the author, natural rhyolites contain a
number of components which may have potential impacts on the Qz-Ab-Or-projection. As an
example, both F and B are known to shift the eutectic point in the ternary projection in a

comparable way to the pressure effect (Manning, 1981; Pichavant, 1987). While the effect of
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B is probably negligible for common rhyolites containing less than 1 wt.% B, small amounts
of F in the melt may cause a significant error predicting crystallization pressures with DERP
(Manning, 1981). Manning (1981) experimentally investigated three rhyolitic systems with
different F contents and the results indicate that even 0.25 wt.% F in a melt will lead to an
overestimation of ~100 MPa. It was chosen not to implement the effect of F directly into
DERP because three experimentally investigated systems (100 MPa) are deemed an
insufficient database to extent the DERP barometer. The formulation of DERP implies that
excess aluminum (normative corundum) does not affect the pressure estimation. This
assumption is justified by experiments testing the effect of excess aluminum on the phase
relation in haplogranitic system and showing that the liquidus temperatures may be slightly
lower in peraluminous melts but that the position of the cotectic curves of systems saturated
with an Al-rich phase (mullite) is not significantly different from that of the haplogranitic

system (Holtz et al., 1992a).
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Table 10: P estimates of natural samples from independent geobarometers and from DERP

4

Sample Type1 Barometer Poroposed lo Ppoerp lo Pvc-perp lo Source

(glass) [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Young Toba Tuff matrix Amphibole 300 40 370 58 318 122 Chesner & Luhr 2010
Bishop Tuff inclusion  QUILF 270 60 302 140 303 144 Frost & Lindsley 1992
Oruanui matrix Amphibole 132 63 130 66 146 199 Allan et al. 2012
Oruanui inclusion  FI. sat.? 120 31 52 54 n. p. Liu et al. 2006
Mamaku inclusion  FI. sat.? 95 35 75 12 69 58 Bégué et al. 2014b
Blacktail Creek Tuff matrix TitaniQ® 175 75 235 90 198 102 Bolte et al. 2015
Hideaway Park Topaz Rhyolite inclusion  FI. sat./TitaniQ® 290 n.a. 239 174 n.p. Mercer et al. 2015
Bandelier Tuff inclusion  TitaniQ® 193 40 251 100 251 90 Audétat 2013
Central Plateau Member Rhyolite  matrix TitaniQ® 241 46 298 21 291 76 Vazquez et al. 2009
Chalk Mt. Rhyolite inclusion  TitaniQ® 190 70 173 47 181 101  Audétat 2015
Whakamaru eruption matrix Amphibole 119 51 129 51 113 121 Matthews et al. 2012

! Type of glass used for P determination in this study. Inclusions in both quartz and feldspar were used depending on available data
% Fluid saturation pressure
® TitaniQ pressures included in this Table exclusively calculated by the method proposed by Huang & Audétat (2012)

* P calculated with DERP by Monte-Carlo simulation with mean composition and 1o of published rhyolite data; 1000 r-norm distributed compositions.
n.a. = not available; n.p. = not possible
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II-2.2 Comparison with independent geobarometers

In order to evaluate the accuracy of DERP geobarometry, it is useful to compare the
calculated results with independent pressure estimates from other geobarometers, as far as
possible. A problem is the general lack of existing data from other barometers, especially for
amphibole free rhyolitic melts. Gualda & Ghiorso (2013a) provide a number of studies where
independent data are listed that are suitable to check for the accuracy of geobarometry using
the compositions of cotectic rhyolitic melts. Starting from this list rhyolitic melt data is
compiled in Table 10 from various locations suitable for DERP geobarometry for which P
estimates are available. These independent P estimates are derived from different methods,
including amphibole-, TitaniQ-, QUILF-geobarometry and fluid saturation pressures (see
references in Table 10). DERP was used in two ways to calculate pressures for these samples.
One approach consisted in calculating the pressure from the glass compositions for the
corresponding petrological units (Table 10, Coloumn Ppggp). However, when several
compositions were available, this approach can lead to high uncertainties, especially for
strongly heterogeneous datasets. To avoid such a problem, a second P value was calculated
(listed as Pmcperp in Table 10) using a Monte-Carlo approach. In this approach, 1000
normally-distributed compositions were calculated based on the mean compositions and
standard deviations given in the publications. Each of these compositions was then used to
calculate P with DERP. The mean value and standard deviation of the 1000 calculated
pressures is then given in Table 10. This method leads to a higher standard deviation on the
pressure but minimizes possible strong inaccuraties due to a few erratic data or too strongly
heterogeneous datasets. To illustrate the accuracy of DERP, the Pproposed Of Table 10 is plotted
against both pressures calculated with DERP in Figure 16. Both calculation approaches
manage to reproduce the independently calculated P within reasonable error. The mean

difference between the independent P and the P calculated by DERP is 41 MPa for Ppgrp and
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29 MPa for Pyc.pere. FOr Pperp the highest difference with an independent geobarometer is
70 MPa for the Young Toba Tuff (Chesner & Luhr, 2010). In this case Pperp predicts a value
(370) MPa which is higher than estimated by amphibole geobarometry (300 MPa), whereas ~

320 MPa are calculated with Pyc-pere.
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Figure 16: Plot of pressures from literature with pressures calculated with DERP as listed
in Table 10. In (a) the P for DERP was calculated as the mean value of P calculated for all
available compositions in the dataset. In (b) mean composition and standard deviation of a
sample were used for a Monte-Carlo-simulation and the P was calculated with DERP for
1000 random normal distributed compositions resulting from that simulation.
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II-3 Constraints with respect to precision

The uncertainty of pressure estimation using DERP is mainly related to two factors: the
accuracy of the phase diagrams that are used to construct the barometer as well as the
analytical uncertainties related to the determination of natural glass analyses. As explained in
detail before, the approach to constrain the position of the eutectic points in the ternary phase
diagrams Figures 6 — 11 is resulting from a number of observations (analysis of residual melts
in the experiments, constraints from liquidus temperature isopleths, constraints from liquidus
phase) which are taken into account in the final representation of the phase diagram. The
resulting uncertainty on the compositions of the eutectic points is estimated to be at least £2 to
2.5 wt.% (see above) but may be higher for cotectic curves which are sometimes poorly
constrained in some parts of the Qz-Ab-Or diagram, especially for Ab-Qz and Ab-Or rich
compositions. Additional errors may arise from the assumption of linear shape of cotectic
curves in the Qz-Ab-Or diagram and the assumption that the effect of water on the shift of the
eutectic point is linearly correlated with melt water content (see equation [3]). The second
major source of error related to the analytical uncertainty of the investigated natural glass
compositions may differ depending on the quality of the data. DERP is based on calculation
of a CIPW-norm and a systematic error on the measurement of SiO,, Al,O3, CaO, Na,O and
K->0 concentrations may substantially change the calculated pressure. The calculated pressure
may be significantly affected if analytical errors lead to a shift of a cotectic glass composition
recalculated for the projection in the dry reference system Qz-Ab-Or, from a position on the

Qz-Ab cotectic curve to a position on the Qz-Or cotectic curve (eutectic transit) or vice versa.
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Table 11: Major element composition of natural rhyolitic glass of the Blacktail Creek Tuff
(BCT) from Bolte et al. (2015)

BCT nat. gl. wt.% ox. std.dev relative (%)
Sio, 77.02 0.82 1.1
TiO, 0.18 0.01 5.6
Al,0, 11.95 0.18 1.5
FeO 1.21 0.11 9.1
MgO 0.13 0.06 46.2
Ca0 0.50 0.03 6.0
Na,O 2.93 0.17 5.8
K,O 5.70 0.25 4.4
H,0 2.00 0.50 25.0

A natural glass composition analyzed in one sample of the Blacktail Creek Tuff (BCT, Table
11, see also Table 1 in Bolte et al., 2015) was chosen to illustrate the precision that can be
obtained with the cotectic approach and to simulated the effect of random errors in
composition that occur inevitably either due to analytical uncertainties or as a result of natural
inhomogeneities (Gualda & Ghiorso, 2014) on the results of DERP-geobarometry. The BCT
sample analyzed by Bolte et al. (2015) was chosen as a reference because the melt was
coexisting with quartz and two feldspars and the quenched glass matrix was extensively
measured (n = 58), but also because the P of this system was estimated with a wide variety of
methods including TitaniQ and an independent experimental approach (phase relationships of
natural sample). It is assumed here that the determined P range of 130 — 240 MPa given by
Bolte et al. (2015) represents the state of the art in current petrological methods. If the mean
value of the BCT composition (Table 11) is used to calculate P with DERP, the resulting
pressure is 235 MPa. For the Monte-Carlo-simulation a set of 1000 normally distributed
compositions was generated based on the mean value and standard deviation given for the
BCT by Bolte et al. (2015) for the relevant oxides SiO,, Al,O3;, FeO, MgO, Ca0, Na,0, K,0
and H,O using the statistic software R. Figure 17 shows a histogram of calculated pressures

with all these oxides allowed to vary independently. The overall scatter is large with
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calculated pressures from ~ -200 to 500 MPa. The peak of calculated pressures with
frequencies >100 is, however, clearly centered in the range 100 to 300 MPa. For this Monte-
Carlo-simulation of pressures, the mean value is 198 MPa with 1c of 102 MPa (see Table 11),
a result that falls within the pressure range proposed by Bolte et al. (2015). While the mean P
calculated with the Monte-Carlo simulation matches the P proposed in Bolte et al. (2015)
more accurately than the P calculated from the mean melt composition only, the high 1o of
102 MPa seems not to reflect the performance of the DERP geobarometer in respect to

reproducibility and overall error considering the results shown in Figure 16.
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Figure 17: Histogram of calculated pressures for 1000 compositions derived for the
Blacktail Creek Tuff (BCT) (see Table 11) by normally-distributed Monte-Carlo-
simulation.

To demonstrate the implications of compositional shifts and of the precision of analytical
datasets on pressures calculated with DERP, Monte-Carlo simulations were performed to
check for the individual role of the main oxide components (SiO,, Al,03,FeO, MgO, CaO,

Na,O, K,0 and H,0), applied to the BCT composition described above. In these simulations
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only one of the oxides was allowed to vary normal distributed while all others were held
constant at the mean value. The results are shown in Figure 18. Figure 18(a) shows that a
variation of SiO; content of 1 wt.%, which would correspond to approximately 0.7 wt.%
normative Qz in case of the BCT rhyolite, results in a change in P of ~ 45 MPa. The change in
pressure with changing SiO; is linear since the ratio of all other parameters influencing the
normative contents (Ab, Or, An) and the H,O content remain constant. The histogram in
Figure 18(b) shows that SiO, alone cannot be responsible for the full range of pressures
determined in the multivariant Monte-Carlo simulation shown in Figure 17. The role of Al,O3
is shown in Figure 18(c) and (d). At high Al,O3 contents, there is a range of compositions
where Al,O3 does not influence P because the CIPW norm predicts normative corundum and
the proportions of Qz/Ab/Or/An remain constant. In the compositional range without
normative corundum, the calculated P decreases with decreasing Al,O3 because the amount of
normative An is decreasing with a concomitant very slight increase in normative Qz (the
CiPW norm calculates small amounts of wollastonite). The small variation of the slope of the
curve in Figure 18(c) observed at ~ 11.7 wt.% Al,O3 is a result of a change of the reference
cotectic curve with changing An content (eutectic transit). The compositions with more than
11.7 wt.% Al,O3 plot along the Qz-Or cotectic, whereas compositions with less Al,O3 plot
along the Qz-Ab cotectic. The interplay of subtle changes in the CIPW norm and of
projections either on the Qz-Ab or the Qz-Or cotectics also explain the various trends
observed in the diagrams with changing CaO, Na,O and K,O (Figures 18(e) to (k)). A
detailed analysis of figures 18(g) to (k) shows that the correct analysis of the alkalis is crucial
for an accurate determination of pressure. Figures 18(g) and (i) show that the most extreme P
calculations are likely related to changes in Na,O and K,O content. In the BCT composition,
variations of 0.1 wt.% Na,O can affect the P estimated with DERP by ~ 50 MPa. This strong

effect is observed in the Na,O range ~2.6 to 3 wt.%. In this compositional range, the
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compositions are peraluminous and plot on the Qz-Ab cotectic. The effect of water on DERP
is illustrated in Figure 18(m) and (n). The two different slopes of the curves in this figure are
related to projections of the BCT composition on the Qz-Ab cotectic on one hand (for low
water contents) and on the projections on the Qz-Or cotectic on the other hand (for high water
contents). For samples plotting on the Qz-Or cotectic, a change of 1 wt.% H,O results in a
variation of the predicted P of ~ 35 MPa, whereas the effect is lower for samples plotting on
the Qz-Ab cotectic. As illustrated above, problems with the determination of Na,O and KO
contents can have strong consequences on P estimated by DERP. However, depending on the
compositional field of the glasses (projection onto the Qz-Ab or Qz-Or cotectic;
peralouminous composition or not) small compositional changes may be negligible or may
have important implications for the pressure estimation. As a consequence, a unique
uncertainty value on the pressure estimation cannot be proposed and it is recommended to test
the effect of possible compositional variations with DERP (available as MS-Excel sheet in the

electronic appendix of this study) for each case study.
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Figure 18: Illustration of the impact of varying different oxides on the calculated pressure. For each relevant
oxide pressure was calculated for 1000 Gaussian normal-distributed values, while the others were held constant
at their mean value (BCT, Table 11). Circled numbers correspond to changes in Pressure-Oxide-dependency
predicted by DERP that can be explained as follows: (1) Linear Qz-P dependence (2) Corundum deficit limiting
An formation (3) Corundum deficit after eutectic transit (change from Qz-Ab cotectic to Qz-Or cotectic) (4)
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II-4 Comparison with the rhyolite-MELTS model

As mentioned above the rhyolite-MELTS pressure estimation procedure is based on the same
properties of the granitic system (positions of cotectic lines as function of pressure) as DERP.
It is therefore interesting to test if the calibration (and calculation mechanism) presented in
this study, based on new experimental constraints, leads to a significant improvement when
compared to rhyolite-MELTS. Figure 19(a) and (b) compare P calculated with rhyolite-
MELTS (x-axis) and DERP (y-axis). The rhyolite-MELTS P are derived from Bégué et al.
(2014a) in case of Figure 19(a) and from Pamukcu et al. (2015) in case of Figure 19(b). In
both cases the pressures calculated with DERP are significantly higher than the ones
calculated by rhyolite-MELTS. For the glasses analyzed by Bégué et al. (2014b) 3 wt.% H,0
was used to calculate pressures with DERP, the smallest geologically relevant amount for the
Taupo Volcanic Zone. It is also emphasized that Pamukcu et al. (2015) determined pressures
from glasses considered to be eutectic compositions that coexisted with quartz and two
feldspars. To evaluate the reason for the P gap observed between rhyolite-MELTS and DERP,
the difference in P estimates between the two geobarometers for the data given by Pamukcu et
al. (2015) is plotted against normative An content in Figure 20. The results show that there is
a general positive correlation between the pressure difference from the two models and the An
content of the glasses. It can be concluded that the differences in pressure estimation between
DERP and rhyolites-MELTS can largely be accounted to the different handling of the effect
of normative melt An content on eutectic compositions. To the knowledge of the author,
rhyolite-MELTS applies a correction for the influence of An based on the model of Blundy &
Cashman (2001). However, as demonstrated above 14(b) to (d), the Blundy & Cashman
(2001) correction underestimates the effect of An on the position of thermal minima in the

ternary projection. It has to be assumed that this problem is reflected in the rhyolite-MELTS
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barometer, implying that pressures calculated with this model from An-rich glasses may be

underestimated.
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Figure 19(a): Plot of pressures estimated either with rhyolite-MELTS by Bégué et al. (2014) (x-axis) or DERP (y-axis). Every data point refers to a rhyolitic eruption in the
Taupo Volcanic Zone (see Bégué et al. (2014b) for geological details. The error bars represent 1o of the average of numerous samples analyzed for every eruption. For the
calculation with DERP, the water content was assumed to be 3 wt.%. (b) Plot of pressures estimated for Peach Spring Tuff either with rhyolite-MELTS by Pamukcu et al. (2015)
(x-axis), Q2F-condition, or DERP (y-axis). As Pamukcu et al. (2015) implied water saturation for their calculations, the results of the calculations with DERP were obtained
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calculated for the DERP estimated pressures.
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CHAPTER 111 - Geobarometry in the Snake River
Plain, Yellowstone, USA

III-1 General aim of the chapter
The DERP geobarometer described in chapter Il of this study provides petrologists with a

powerful new tool to determine magma storage pressures of rhyolites. In this chapter it shall
be demonstrated how DERP can contribute valuable information to an extensive petrological
field study and help developing a better understanding of the geology and the processes that
lead to its formation. The prerequisites for DERP geobarometry are fulfilled by a comparably
large number of rhyolites that only need to host a glass matrix in equilibrium with quartz and
at least one feldspar. The required input data: the rhyolite-glass content of normative Qz, Ab,
Or, An and of H,O is comparably easy to obtain with petrological standard analyses. This
makes DERP an ideal candidate to estimate pressures for large numbers of samples of
different origin, allowing to closely investigate complex volcanic processes even over long
distances and long periods of time. An example for such a province of complex volcanic
history is the Snake River Plain, Yellowstone USA (SRPY), where a hot mantle plum has
produced several eruptive complexes in the overlaying north american plate during its drift
towards SW. Twin Falls is one of these eruptive complexes of the SRPY. It was active during
a time interval of ~12.7 — 8.5 Ma (Cathy & Nash, 2009) and has been described extensively in
a considerable number of studies, most notable probably Bonnichsen et al. (2008) and Ellis et
al. (2010). In the frame of the ICDP project HOTSPOT several deep drilling operations have
been carried out in the SRPY. One of these, the Kimberly drillhole that was realized close to
the city of the same name, Idaho, USA, produced a core that allows access to rhyolites that
are thought to be not exposed on the surface. They therefore were, prior to the drilling

operation, not accessible for investigations. The combination of core samples, samples
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collected from outcrops in the field and published literature data provides a high resolution
record of Twin Falls eruptive history over time. To understand this history, two central
problems shall be investigated in depth here. 1%: what exactly is the stratigraphic order of the
Twin Falls eruptive complex? And 2"%: what were the magma storage conditions of the Twin
Falls rhyolites, did they change over time and do they differ from the ones of neighboring
eruptive complexes? To solve these questions 9 samples from the Twin Falls area and one
sample of each of the younger eruptive complexes Picabo (10.2 — 9.2 Ma), Heise (6.6 — 4.4
Ma) and Yellowstone Plateau (2.0 — 0.6 Ma; Cathey& Nash, 2009) were investigated by
electron microprobe. The compositions of the phases are compared with literature data for
possible correlations between eruption units and then used to estimate magma storage
temperatures and pressures. Besides DERP, the TitaniQ geobarometer (Thomas et al., 2010;
Huang & Audetat, 2012) is used to both compare the performance of the geobarometers in a

practical application and increase the reliability of pressures estimated for the eruption units.

III-2 Geological background

III-2.1 Structure and origin of the Snake River Plain, Yellowstone (SRPY)

The Snake River Plain, Yellowstone (SRPY), located mostly in southern ldaho, USA, is an
excellent example of a study area, where DERP geobarometry can provide important
contributions to the investigation of structure and development of rhyolitic magma chambers.
Formed by the southwest movement of the northamerican plate over a fix mantle plume,
usually referred to as “hotspot”, for at least the last 16 Ma, the SRPY has been and still is in
the focus of an enormous amount of publications from various contributors (e.g. Hildreth et
al., 1991; Honjo et al., 1992; Perkins et al., 1995; Perkins & Nash, 2002; Cathey & Nash,
2004; Nash et al., 2006; Bindeman et al., 2007; Andrews et al., 2008; Bonnichsen et al.,

2008; Branney et al., 2008; Vazquez et al., 2009; Almeev et al., 2012; Ellis et al., 2013; Bolte
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et al., 2015 and many more). The volcanism of the SRP is bimodal, producing large volumes
of both basalts and rhyolites (Ellis et al., 2013). The rhyolitic volcanism that shall be the
primary focus of this study was broadly time-transgressive (Pierce & Morgan, 1992) and
formed several volcanic eruptive centers of ~100 km in diameter: McDermitt (16.5 Ma),
Owyhee-Humboldt (15.3 Ma), Bruneau-Jarbidge (12.7 Ma), Twin Falls (10.5 Ma), Picabo
(10.2 Ma), Heise (6.6 Ma), Yellowstone Plateau (2.05 Ma) (Cathey & Nash, 2009; see Figure
21). The abbreviations introduced in Figure 21 for the eruptive centers are used in the
following text. It must be noted, however that exceptions to the time-transgressive eruption
trend exist on several scales (Bonnichsen et al., 2008) and the attribution of some eruptive
units to a specific eruptive center is still under debate. Rhyolites from SRPY in general show
a number of distinctive features, such as low water contents, hot storage T and an evolved
mineral assemblage consisting mainly of pyroxene, feldspar, quartz and sometimes magnetite
and/or ilmenite. This mineral assemblage can be used for constraining magma storage
temperatures but is not suitable for traditional geobarometry as neither amphibole-
geobarometry nor a fluid saturation pressure approach is practicable (Cathey & Nash, 2009;
Ridolfi et al., 2010; Almeev et al., 2012; Bolte et al., 2015). Branney et al. (2008) list a
number of additional characteristics for this “SR-type” volcanism of which the elevated
content of HFSE and halogens, the large and devastating character of the rhyolitic eruptions

and the unusual lack of pumice lapilli shall be mentioned here.
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Figure 21: Image showing the position of major rhyolitic volcanic eruptive centers in the SRPY with their time
of activity (Cathy & Nash, 2009). HLP = High Lava Plains, LO = Lake Owyhee, HRD = High Rock Desert,
McD = McDermitt, OH = Owyhee-Humboldt, BJ = Bruneau-Jarbidge, TF = Twin Falls, P = Picabo, H = Heise,
YP = Yellowstone Plateau.

The structure of the magma plumbing system beneath the SRPY is the object of ongoing

research. Ellis et al. (2010) proposed that volcanic eruptive centers such as Twin Falls are fed
by a network of multiple, interconnected magma chambers of comparable, yet not similar
composition. During an eruption, several, if not all, magma chambers contribute melts that
mix prior to or during eruption. Bonnichsen et al. (2008) state that the energy for those
magma chambers does indeed come from the intrusion of huge volumes of basaltic magma
into the crust, which is also reflected in the younger rhyolites produced in the SRPY.
Bonnichsen et al. (2008) further emphasize that the SRPY magmatic system is active for
several eruptive centers simultaneously, despite the time-transgressive trend observed in the
large scale perspective. The SRPY magmatic system would therefore be best described as a
swath of active rhyolite chambers over a wide regional range with merely a local focus

determined by the plates position over the mantle plume.
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Figure 22: Generalized stratigraphy of the Rogerson and Cassia Formations, Twin Falls eruptive center, SRPY,
as observed in the Cassia Mountains, close to the triple border point Idaho-Utah-Nevada. From Ellis et al.
(2010, their Figure 2)
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Figure 23: General vertical section through the Rogerson Formation, Twin Falls eruptive center, SRPY, as
observed in the Rogerson Graben, west of the Cassia Mountains. From Andrews et al. (2008, their Figure 2)
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III-2.2 The Twin Falls eruptive center

The volcanic stratigraphy of rhyolitic volcanites from the Twin Falls eruptive center is
complex and the object of ongoing research. Major investigations have been carried out in the
Cassia Mountains (Wright et al., 2002; Ellis et al., 2010) (see Figure 22) and in the Rogerson
Graben (Andrews et al., 2008) (see Figure 23) to identify and describe numerous rhyolitic
units. The Rogerson Formation, beeing older than the Cassia Formation, is usually described

to begin with the ~11.3 Ma old Magpie Basin Member (Bonnichsen et al., 2008; Ellis et al.,

Rogerson Formation
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2010), although Hughes & McCurry (2002) see this unit not as an early member of the Twin
Falls but as a late member of the older Bruneau Jarbidge eruptive complex. The same
disagreement between Ellis et al. (2010) and Hughes & McCurry (2002) is found for the next
unit, the Big Bluff Member (10.98 = 0.07 Ma, Ellis, 2009). Bonnichsen et al. (2008) agree
with Ellis et al. (2010) that the Big Bluff Member is part of the Twin Falls eruption history
but also mention that it might be identical with what has been described as Jackpot Rhyolite
Member 1 to 6 by Andrews et al. (2008). The Steer Basin Member, 10.63 + 0.07 Ma in age
(Ellis, 2009), is acknowledged by Hughes & McCurry (2002) and Bonnichsen et al. (2008) as
a product of Twin Falls and linked by Bonnichsen et al. (2008) to the Jackpot Rhyolite
Member 7 from Andrews et al. (2008). According to Ellis et al. (2010), based on their
observation in the Cassia Mountains, the Rogerson Formation ends with the Steer Basin
Member and the next rhyolite unit, the 10.63 to 10.13 Ma old Deadeye Member, marks the
beginning of the Cassia Formation. Andrews et al. (2008) as well as Andrews & Branney
(2011) and Ellis et al. (2015), however, count the Greys Landing ignimbrite as part of the
Rogerson Formation, backed up by unambiguous observation in the Rogerson Graben
locality. Unfortunately, no accurate age determinations are available for the Greys Landing
Ignimbrite but from stratigraphic considerations it must be much younger with an age
between ~9 to 7.5 Ma (Bonnichsen et al., 2008). Andrews & Branney (2011) mention that the
Rogerson Formation and the Cassia Formation are at least partially correlated, as some units
of both localities are thought to have been produced by the same eruption event. However, as
the Greys Landing Ignimbrite is not present in the Cassia Mountains outcrop (Ellis et al,
2010), probably because it has been eroded in this locality, the situation remains not entirely
clear. As mentioned, in the Cassia Mountains the Steer Basin Member is not followed by the
Greys Landing Ignimbrite but by the Deadeye Member (Ellis et al, 2010). The next rhyolitic

unit in this locality is the Wooden Shoe Butte Member, dated as 10.13 = 0.03 Ma old by
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Perkins & Nash (2002). The youngest preserved unit in the Cassia mountains is with 8.94 +
0.07 (Nash et al., 2006) the McMullen Creek Member. As its end has not been observed, it is
yet unclear whether it marks the end of the Cassia Formation and if it is overlain by the

missing Greys Landing Ignimbrite.

Table 12: Schematic summary of the stratigraphy of the Twin Falls
eruptive center as described by Hughes & McCurry (2002), Andrews
et al. (2008), Bonnichsen et al. (2008), Ellis et al. (2010), Andrews
& Branney (2011) and Ellis et al. (2015).

Age [Ma] Member Formation Eruptive Center
~11.3 Magpie Basin Rogerson Twin Falls or B-J
Big Bluff or .
10.98 £ 0.07 R T -
0.98+0.0 Jackpot 1 - 6 ogerson win Falls or B-J
Steer Basin or
10.63 £ 0.07 R i
0.63+0.0 Jackpot 7 ogerson Twin Falls
10.63 -10.13 Deadeye Cassia Twin Falls
10134003  \VoodenShoe Cassia Twin Falls
Butte
8.97 £ 0.07 McMullen Creek Cassia Twin Falls
8.97-75 Greys Landing Rogerson Twin Falls
7.5-5.5 Sand Springs Rogerson Twin Falls
7.5-5.5 Shoshone Falls unknown Twin Falls
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I11-3 Detailed description of the samples

Table 13: List of phases observed in the investigated samples. Sorted by age.

Sample Unit glass| Qtz | San | Plg | Aug | Pig | Mgt | IIm |Other
SRP12-A05A Steer Basin X X X X X X X X
SRP12-19B  Arbon Valley X X X X X X |Bt
SRP12-A02a Wooden Shoe B. X X X X X X X X
SRP12-A02b Wooden Shoe B. X X X X X X X
KRH1-2052  Kimberly Rh. 1 X X X X X

SRP09-24c  Greys Landing X X X X X X X X
KRH2-1946  Kimberly Rh. 2 X X X X X X X
KRH2-1796  Kimberly Rh. 2 X X X X X X
KRH2-1401 Kimberly Rh. 2 X X X X X X

KRH3-716 Kimberly Rh 3 X X X X X
SRP09-13 Wolverine Ck. X X X X X

SRP09-10E  Huckleberry R. X X X X X X X Fa

Qtz = quartz, San = sanidine, Plg = plagioclase, Aug = augite, Pig = pigeonite, Mgt =
magnetite, Ilm = ilmenite, Bt = biotite, Fa = fayalite

In total, 12 different samples have been investigated. Table 13 gives an overview of the
abundant phases. Quartz, sanidine, plagioclase, augite, pigeonite, magnetite and ilmenite were
found to be very common in most samples with however a few notable exceptions. Most
samples also hosted accecory zircon and apatite and rare pyrite but a systematic investigation
of these phases is beyond the scope of this study. Biotite was found in the Arbon Valley tuff
of sample SRP12-19B that is lacking pyroxene in return. This result is in good agreement
with observations from Kellogg et al. (1994) that describe Arbon Valley as one of the rare
locations in the SRP where biotite is a common mineral in a rhyolite. A single fayalite crystal
was found in the sample SRP09-10E from Huckleberry Ridge tuff. As at the same time quartz
is a common phase in that sample it is safe to assume that the fayalite did not crystallize from
the rhyolitic magma but entered from another source directly prior to or even during the
eruption. Whether this is a consequence of the increasing mafic influence in younger rhyolites

of the SRP described by Bonnichsen et al. (2008) or whether the fayalite crystal was simply
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gripped from wallrock during ascend or older, underlaying basalts after expulsion yet remains

unclear.

III-3.1 The Kimberly drill core
The Kimberly drill core was retrieved in the frame of project HOTSPOT, supported by ICDP,

between January 2011 and June 2011 in the Twin Falls eruptive center (Shervais et al., 2013).
It provides a continous record of almost 2 km rhyolitic ignimbrites seperated in three different
units, labeled rhyolite units 1, 2 and 3 (KRH1-3) in the following description (Figure 24).
Note that the numbers that distinguish KRH samples of the same unit refer to the depth of the
samples position in feet within the drillcore. Five samples from the Kimberly drillcore were
selected for analysis by EPMA. One sample sample from 625 m (2052 ft) belonging to KRH3
and located at its top, close to the border to KRH2, one sample from 218 m (716 ft) belonging
to KRH1 and located at its bottom, close to the border of KRH2 and three samples belonging
to KRH2 located at 427 m (1401 ft), 547 m (1796 ft) and 593 m (1946 ft). The focus on
KRH2 was chosen because of its potential to shed light on the stratigraphy of the Cassia
Formation above the McCullen Creek Member and its suitability for DERP geobarometry.
Rhyolite unit 3 (KRH3) was recovered between 122 and 244 m depth. This rhyolitic lava flow
contains plagioclase, k-feldspar, pigeonite, augite, magnetite, sparse ilmenite and accessory
apatite but no preserved glass matrix (Christiansen et al., 2013). It is tentatively correlated
based on stratigraphic considerations with the rhyolite of Shoshone Falls by Christiansen et
al. (2013).

Rhyolite unit 2 (KRH2) was recovered between 427 and 600 m depth. The high-silica rhyolite
lava flow contains quartz, plagioclase, k-feldspar, augite, pigeonite, magnetite, sparse ilmenite
and accessory apatite and zircon in a glassy matrix. However, a detailed look at several thin
sections from this unit does reveal some internal differences. While KRH2-1946 and KRH2-

1401 show the same phase assemblage with only ilmenite missing, ilmenite was observed for
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sample KRH2-1796 that in return lacks pigeonite and a glass phase. That no glass could be
found in KRH2-1796 does however not mean the sample is of a distinctly different material
than the other two KRH2 samples. BSE images of KRH2-1796 (e.g. Figure 25) show a matrix
of glassy morphology that is visualized with two different shades of grey. These two different
phases form swathes that change in size, often in a radial pattern. The composition of the
swathes is feldspathic. The reason of the formation of this kind of matrix, in contrast to the
preserved glass in the other two KRH2, could be a difference in the cooling temperature after
eruption. The samples KRH2-1946 and KRH2-1401 come from the bottom and the top of the
unit (c.f. Figure 24). It is likely that after the eruption they were deposited in close contact to
the underlaying ground or the atmosphere, respectively. That would lead to a faster cooling
rate, while in the middle of the ignimbrite flow the heat is preserved over a longer period,
causing the glassmatrix of sample KRH2-1796 to crystallize. Anyway it is clear that at least in
parts of the Kimberly Rhyolite unit 2 glass was preserved. Christiansen et al. (2013) mention
that no matching eruptive unit is known for KRH2 from the outcrops. A possible candidate
could be the Greys Langing Member, considering the position of the Kimberly stratigraphy
relative to the Cassia formation and the missing of the Greys Landing Member on Top of it as
a link to the Rogerson formation. Beeing the only rhyolite unit in the drillcore to contain
quartz, feldspar and a glass phase, Rhyolite unit 2 is the only unit suitable for DERP
geobarometry.

Rhyolite unit 1 (KRH1) was recovered between 610 m and the end of the borehole at 1958 m
depth with no indication of the actual thickness of that unit. Rhyolite 1 is a low-silica
ignimbrite with plagioclase, pigeonite, augite, magnetite and accessory apatite, zircon, and
pyrite. It is tentatively correlated with the tuff of McMullen Creek by Christiansen et al.
(2013). This claim is backed up with additional evidence here, as the rather unusual phase

assemblage of KRH1-2052, with quartz and sanidine both missing, is reported from fieldwork
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in the Cassia and Rogerson Formation only for the McMullen Creek Member (Ellis et al.,
2010). If that correlation is correct, the Kimberly drillcore could help to complete the

stratigraphy of the Cassia formation by providing the units of the missing top (c.f. Figure 22).
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Figure 24: Generalized illustration of the Kimberly drillcore. Modified after Christiansen et al. (2013)
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Figure 25: BSE image of the glassmatrix of sample KRH2-1796.

I1I-3.2 Surface samples from the Rogerson and Cassia formations

During two mapping campaigns in the SRPY carried out by the Institute for Mineralogy of the
Leibniz University of Hannover in 2009 and 2012, an extensive collection of rocks was
collected, including rhyolites from Bruneau-Jarbidge, Twin Falls, Heise and Yellowstone
Plateau eruptive complex. From this collection samples suitable for DERP geobarometry
(quartz, feldspar(s), glass phase) were chosen for EPMA analyses. Two samples from the
Twin Falls eruptive complex were chosen in order to investigate, together with the samples
from the Kimberly drillcore, potential variations in magma storage depth within one eruptive
complex over time.

One of these samples comes from tuff of the Steer Basin Member (SRP12-A05A), the last
unit of the Rogerson Formation observed in the Cassia Mountains (Figure 22). The Steer
Basin Member is described by Ellis et al. (2010) as a highly rheomorphic ignimbrite and was
dated to be 10.63 Ma old (Ellis, 2009). Microscopy examination reveals a phase assemblage
containing quartz, sanidine, plagioclase, augite, pigeonite, magnetite and ilmenite and a
preserved glass phase, which agrees with the description from Ellis et al. (2010) and makes

this sample a fruitful target for geothermobarometry.
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The second investigated sample of Twin Falls is an ash flow from the Greys Landing Member
(SRP09-24c) that might be correlated to the Rhyolites of the Kimberly drillcore (KRH-2). The
Greys Landing Member is described intensively by Ellis et al. (2015) and sample SRP09-24c
was found to host the same phase assemblage as the Steer Basin Member (c.f. Table 13). No
data from an accurate age dating of the Greys Landing Member is available but its age can be
bracketed between 8.97 and 7.5 Ma from stratigraphic considerations.

In addition to these two samples formerly unpublished data are presented here collected in
two samples from the Wooden Shoe Butte Member (c.f. Table 12 and 13) that were measured
by Peter Nowaczyk in the frame of a student project. The two samples SRP12-A02a and
SRP12-A02b of the Wooden Shoe Butte Member, described as an intensely welded
ignimbrite by Ellis et al. (2010), both contain glass, quartz, sanidine, plagioclase pigeonite,
magnetite and ilmenite, while augite was observed only in SRP12-A02a. Ellis et al. (2010) list
the same phase assemblage including augite. The age of the Wooden Shoe Butte Member has

been dated as 10.13 Ma by Perkins & Nash (2002) using the “°Ar/**Ar method.

I11-3.3 Surface samples from other eruptive complexes

Three samples were investigated that each were derived from other eruptive centers than Twin
Falls in the SRPY. The reasoning behind this decision is that the comparison of these samples
with the ones from Twin Falls might help distinguish variations in processes within a single
eruptive complex and between different ones.

The Tuff of Arbon Valley (SRP12-19B) is by most authors regarded as a product of the
Picabo eruptive complex (Pierce & Morgan, 1992; Kellogg er al., 1994). Among a glass
phase it contains quartz, plagioclase, sanidine, no pyroxenes but magnetite, ilmenite and, most
notably, abundant biotite (see Table 13). The presence of biotite is highly unusual for
rhyolites of the SRPY and indicates a significantly higher amount of water present in the melt.

Because of this remarkable difference Morgan & Mclintosh (2005) suggested that the Arbon
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Valley Tuff might be a producte of basin and range volcanism and not directly be connected
to the eruptive complexes of the hotspot volcanism that the other rhyolites are attributed to.
The age of the Arbon Valley Tuff was found to be 10.20 Ma by Kellogg et al. (1994) using
the “°Ar/*°Ar method.

The Wolverine Creek Tuff (SRP09-13) from the Heise eruptive complex (Morgan and
Mclintosh, 2005) contains quartz, plagioclase, augite, magnetite and a preserved glass matrix
(see Table 13). It was dated 5.95 Ma old (Morgan & Mcintosh, 2005).

With an age of 2.13 Ma the Huckleberry Ridge Tuff (SRP09-10E) from the Yellowstone
Plateau volcanic eruptive center is the youngest unit investigated in this study (Ellis et al.,
2012). Its phase assemblage consists of quartz, sanidine, plagioclase, augite, pigeonite and
magnetite as well as a glass phase (see Table 13). A single fayalite crystal was found in this
sample. As at the same time quartz is a common phase in that sample, it is safe to assume that
the fayalite did not crystallize from the rhyolitic magma but entered from another source
directly prior to or even during the eruption. Whether this is a consequence of the increasing
mafic influence in younger rhyolites of the SRP described by Bonnichsen et al. (2008) or
whether the fayalite crystal was simply gripped from wallrock during ascend or older,

underlaying basalts after expulsion yet remains unclear.

I1I-4 Analytical procedure

For the EPMA analyses described in this chapter the same Cameca SX-100 is used as for the
analyses described in Chapter 1. As the natural samples investigated in this chapter are more
complex than the synthetic experimental products analyzed in Chapter I, the analytical
routines for the microprobe had to be enhanced. The changes on the setting for glasses were
minor as still 15 kV excitation voltage, 15 nA beam current, a beam diameter defocused to 10

pm and counting times of 4 s for Na and K and 10 s for other elements was applied. The
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natural obsidian MM-3 described by Nash (1992) once more served as reference standard.
The only change on the glass setting was to include MnO and MgO to the measured oxides.
Feldspars and pyroxenes were measured using 15 kV excitation voltage, 15 nA beam current,
a focused beam and 10 s counting time on all elements. Unlike the mineral setting in Chapter
I, this setting for natural minerals included the measurement of MnO, MgO and BaO.
Magnetites and ilmenites were measured using 15 KV excitation voltage, 40 nA beam current,
a focused beam and 10 s counting time on all measured elements.

Titanium contents in quartz were measured alongside with Si, Al and Fe using a high beam
current of 100 nA, a defocused 10 pum beam diameter, a long peak time of 360 s and a
background peak time of 180 s on both sides. This approach is comparable to the one used by
Zhang et al. (2014) and accompanied by measurements of a reference quartz calibrated by

Audétat et al. (2015) to contain 52 + 3 ppm Ti to check for reproducibility of the results.

I1I-5 Geothermobarometrical methodology

Several models are employed in this study to derive information on magma storage T, P,
oxygen fugacity, water content and aTiO, from compositional features of the samples. Five
different thermometers are used. The plagioclase-melt geothermometer (equation 24a) and the
plagioclase-sanidine thermometer (equation 27b) from Putirka (2008) are applied to derive T
information from feldspars. The T calculations from pyroxenes are based on the QUILF
software from Andersen et al. (1993). The ILMAT model from Lepage (2003) and the
method described by Ghiorso & Evans (2008) are used to estimate T and fO, and the model
from Ghiorso & Evans (2008) provides in addition values to calculate the aTiO,. aTiO; is an
important input parameter for the TitaniQ geothermobarometer (Thomas et al., 2010; Huang
& Audetat, 2012) that is used here as a geobarometer and therefore also requires the input of

T. Note that there are currently two different calculation models for TitaniQ available
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(Thomas et al., 2010, Huang & Audetat, 2012) and their validity is still under debate (Huang
& Audetat, 2012; Thomas et al., 2012; Wilson et al., 2012; Thomas et al., 2015). In this study
both models are applied and the estimated pressures are compared with the independent
DERP geobarometer. As mentioned, TitaniQ requires knowledge of aTiO,. Not all
investigated samples however contained suitable pairs of magnetite and ilmenite for a
calculation of aTiO, with the model of Ghiorso & Evans (2008). Therefore a second model
from Kularatne & Audetat (2014) that calculates aTiO, from melt composition of a sample
and its magma storage T, is also used. The melt water content, which is important for DERP
geobarometry, can e.g. be calculated from a plagioclase-melt hygrometer (Putirka, 2008;
equation 25b). The function of the DERP geobarometer is discussed in great detail in Chapter
Il of this study. Just as a quick reminder: DERP calculates magma storage pressures of
rhyolites in a pressure range up to 500 MPa and requires the composition (including H,O-
content) of a cotectic melt (glass) in equilibrium with quartz and at least one feldspar as input

parameters.
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I1I-6 Results
III-6.1 Microprobe data
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Figure 26: (a) Ternary composition of natural feldspars of all feldspar bearing samples listed in Table 13. (b)
Ternary composition of feldspars from the Kimberly drill core samples and the potential correlative, the Greys
Landing Member ignimbrite. Dashed lines drawn following the model of Elkins & Groove (1990).

The composition of minerals measured by microprobe in the natural samples is listed in the
Appendix Tables 8 to 13. Figure 26(a) shows a ternary projection of the feldspar components
for the natural samples. The feldspars in their composition mostly follow a path along the
border of the miscibility gap for T < 930°C (which is used to draw the dotted curve). A
notable exception are the feldspars from the Arbon Valley tuff (SRP12-19B) who tend to be
remarkably rich in the albite component (Ab > 80 wt.%). Besides this group of feldspars from
the Arbon Valley Member, three more groups can be distinguished. A group of feldspars with
Or ranging ~40 to 80 wt.% that is referred to here as sanidine, following the
denominationscheme used in the chapters I and Il of this study. Another group of feldspars is
identified with Or < 10 wt.% and Ab < 80 wt.%. The third group that consists solely of
feldspars from KRH2 samples has Or > 10 wt.% but also Ab < 80 wt.% (c.f. Figure 26(b)). A
comparison between the feldspars from Greys Landing and KRH2 shows a good agreement

for the sanidines, while in case of plagioclase, where Or < 30 wt.% the situation is more
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complex (see Figure 26(b)). The matching sanidine compositions are especially remarkable as
the composition of sanidines from KRH3 significantly differs, while in KRH1 no sanidines
were observed at all. Plagioclases from KRH2 seem to be divided into two compositionally
different subgroups as mentioned above. The larger group is depleted in the An component
with only ~15 wt.%, significantly differing from the other feldspars in Figure 26(b). The
second, smaller group with An contents > 20 wt.% matches largely with the other plagioclases
from KRH1, KRH3 and Greys landing. Note that the relative size of the two plagioclase
subgroups could be an effect of the relatively small totally number of measured minerals and
does not necessarily reflect the relative abundance of these populations correctly. Minerals
from both subgroups were measured in all three investigated samples from KRH2 (c.f.

Appendix Table 8).
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Figure 27: (a) Ternary composition of natural pyroxenes of all pyroxene bearing samples listed in Table 13. (b)
Ternary composition of pyroxenes from the Kimberly drill core samples and the potential correlative, the Greys
Landing Member ignimbrite. (c) Variation of figure 27(a) with the non-Twin Falls samples Wolverine Creek
Tuff (WCT) and Huckleberry Ridge Tuff (HRT) highlighted in red and blue, respectively. Dashed T-lines
redrawn from Lindsley (1983) calculated for 5 kbar. These lines are for relative orientation only. Precise
temperature estimates from pyroxene composition can be found in the geothermometry section of this study.
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The composition of pyroxenes, shown in Figure 27(b) gives additional evidence for the KRH2
— Greys Landing correlation hypothesis. The compositions of both pigeonites and augites
from the two samples match well, while the pyroxenes from KRH1 and KRH3 appear to have
formed at higher temperatures. Remarkable also that piegeonites from KRH1 and KRH2 show
the highest enstatite contents of all investigated samples, an evidence for higher magma
storage T that will be investigated further in the geothermometry section of this study. Note
that both the most enstatite-poor and ferrosilite-poor pyroxenes come from samples of other
eruptive complexes than Twin Falls. As it is highlighted in Figure 27(c), the three augites and
the pigeonite measured in the sample SRP09-10E from Huckleberry Ridge Tuff contain the
least amount of En of all investigated samples, indicating a lower magma storage T. Augites
from Wolverine Creek Tuff (sample SRP09-13) that are highlighted in red in Figure 27(c)

contain the lowest amounts of Fs.

Table 14: Glass composition of the natural samples

Name SRP12-A05A SRP12-19B SRP12-A02a SRP12-A02b KRH1-2052

Member Steer Basin Arbon Valley  Wooden S. B.  Wooden S. B.  Kimberly Rh. 1
[wt.%] lo [wt.%] lo [wt.%] lo [wt.%] lo [wt.%] lo

SiO, 75.06 0.34 75.28 0.22 7484 0.31 74.68 0.45 76.00 0.33

TiO, 0.27 0.03 <0.04 0.26 0.01 0.25 0.03 0.36 0.02

Al,O3 11.62 0.11 1291 0.14 11.65 0.13 1157 0.11 1159 0.12

FeO 1.66 0.12 0.78 0.10 159 0.17 1.40 0.18 1.21 0.16

Ca0O 0.63 0.06 0.43 0.04 0.61 0.05 0.65 0.14 0.40 0.03

Na,O 249 0.13 3.74 0.15 264 0.11 251 031 2.82 0.13

K,0 6.02 0.21 468 0.14 5.70 0.13 6.19 0.47 5.36 0.10

total 97.82 97.83 97.30 97.26 97.79

n 22 40 20 19 20

Qz 35.0 34.1 35.2 34.3 375

Ab 21.1 31.7 22.4 21.2 23.8

Or 35.6 27.6 33.7 36.6 31.7

An 2.8 2.1 3.0 2.0 2.0

Cor -0.1 0.9 0.0 -0.4 0.4
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Table 14: Continued

Name SRP09-24c KRH2-1946 KRH2-1401 SRP09-13 SRP09-10E

Member | Greys Landing Kimberly Rh. 2 Kimberly Rh. 2 Wolverine Ck. Huckleberry R.
Wt.%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [wt%] o

Sio, 75.46 0.33 73.85 0.32 73.70 0.37 7491 0.31 75.40 0.39

TiO, 0.26 0.02 0.28 0.02 0.31 0.02 0.12 0.02 0.12 0.03

Al,O; 11.66 0.15 11.43 0.12 11.34 0.09 11.98 0.17 11.94 0.14

FeO 169 0.24 1.76 0.08 1.86 0.09 1.20 0.07 149 0.12

CaO 0.52 0.04 0.56 0.03 0.63 0.03 0.48 0.03 0.51 0.05

Na,O 2.84 0.15 3.05 0.14 3.23 0.17 322 011 3.06 0.13

K,0 573 0.09 5.10 0.06 466 0.12 498 0.09 497 0.11

total 98.16 96.04 95.74 96.89 97.49

n 66 10 20 93 23

Qz 34.8 34.3 34.6 35.2 36.4

Ab 24.0 25.8 27.3 27.3 25.9

Or 33.9 30.1 275 29.4 29.4

An 2.1 2.4 2.7 2.4 2.6

Cor -0.2 -0.1 -0.1 0.4 0.6

In Table 14 the glass composition of the natural samples are listed, including the normative
Qz, Ab, Or and An content calculated from the CIPW norm. The SiO, content of the glasses
ranges from 73.7 wt.% to 77.23 wt.% and the normative Qz content from 34.1 wt.% to 37.5
wt.% while the normative An content varies from 1.9 wt.% to 3 wt.%. The normative Qz-Ab-
Or content of the glasses is plotted in Figure 28. As explained in detail in chapter | and 11 of
this study, natural compositions plotted into the ternary Qz-Ab-Or system cannot directly be
used to obtain pressure information, as they usually contain normative melt An and H,O. The
equations that were used to construct the DERP geobarometer in chapter Il, however, allow
for a correction of these effects. To demonstrate this, the compositions of the glasses that are
represented in Figure 28 as black diamonds were corrected for the effect of H,O and An using
the equations [1] and [7] from chapter II. For this demonstration an overall water content of 2
wt.% of all samples was assumed. The corrected Qz-Ab-Or values are plotted in Figure 28 as
grey diamonds. The grey diamonds are directly comparable to the (H,O-corrected!) cotectic

curves that were drawn into the diagram. Figure 28 shows that the investigated samples in
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general plot close to the 200 MPa cotectic, with a few exceptions that will be discussed in
detail in the geobarometry section of this study. While this Figure is due to its resolution not
really suited to distinguish between different glasses, it is a good illustration of the

fundamental working process behind DERP.
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Figure 28: Ternary projection of the CIPW-calculated normative quartz — albite — orthoclase content (normed to
Qz+0r+Ab=100%). Black diamonds represent the measured average glass composition of one sample (number
of analyses given in Table 14). The glasses were recalculated to contain no normative melt An and no H,0O
using DERP equations listed in Chapter Il and described in the text. These corrected compositions are plotted as
grey diamonds. They can be used to constrain pressure from the projection in the Qz-Ab-Or system assuming
that the glasses represent cotectic melts coexisting with quartz and at least one feldspar. 2 wt.% H,O was
assumed for all compositions. The cotectic lines are drawn for H,O-free conditions and are extrapolated from
the datasets of Tuttle & Bowen (1958) and Holtz et al. (1992b). The grey diamonds can be directly compared to
the cotectic lines to estimate the magma storage pressure of the melt.
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Titanium contents in quartz were measured for samples SRP12-A05A, SRP12-19B, SRP09-
24c, KRH2-1401, KRH2-1796, SRP09-13 and SRP09-10E and the results are listed in detail
in Appendix Table 16. At least three measurements were taken on every quartz crystal and the
number of analysed crystals ranges from 6 in sample KRH2-1796 to 17 in sample SRP12-
AO5A. For every sample at least one quartz crystal was checked for homogeneity by
measuring a traverse of constant point distance over the whole grain. While some
inhomogeneities were found in some quartz crystals, these variations are minor compared to
the variations in Ti content of different quartz grains within one sample (c.f. Appendix Table
16).

For the Arbon Valley Tuff (SRP12-19B), the Wolverine Creek Tuff (SRP09-13) and the
Huckleberry Ridge Tuff (SRP09-10E) the vast majority of quartz crystals was found to have
Ti contents below the detection limit of 13 ppm. In both SRP09-13 and SRP09-10E, however,
one single crystal was found to host exceptional high Ti contents, 191 ppm Ti and 187 ppm
Ti, respectively (c.f. Appendix Table 16). In the other four samples the Ti contents were
found to be significantly higher, with an average of 232 ppm Ti for the Tuff of Steer Basin
(SRP12-A05A), 176 ppm Ti for Kimberly Rhyolite 2 in the -1401 and 196 ppm Ti in the -
1796 sample and 238 ppm Ti for the quartz of Greys Landing Ignimbrite. Considering
standard deviations for these measurements range between ~15 to 30 ppm these Ti
measurements neither support nor deny directly the Greys Landing — Kimberly Rhyolite 2
correlation hypothesis. Quartz crystals that differ significantly in Ti content from the majority
of crystals within a sample were discarded to calculate the averages but are nonetheless listed

in Appendix Table 16.
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I1I-6.2 Geothermobarometry

Magma storage temperatures have been calculated for all natural samples using the 5 different
thermometers described above. The results are listed in Table 15. All estimates were
calculated from compositions published in this study, either in Table 14 or Appendix Tables 8
— 13. For temperature estimations with the feldspar based thermometers from Putirka (2008)
and the QUILF program (Andersen et al., 1993), where the input of P is required, 200 MPa
was used, considering that this pressure is a rough average value for the natural samples as
deduced from Figure 28. These three thermometers are relatively insensitive to a change in P
within 200 MPa and no significant impact on the T estimates has to be expected. Calculated
temperatures in general span a range from ~800 to 930°C with sometimes considerable
disagreement between thermometers within a single sample. In some cases such disagreement
can be clearly attributed to disequilibrium between two phases, e.g. in sample KRH2-1946 the
plagioclase-sanidine thermometer yields a value of 575°C. Where calculated temperatures
from many thermometers are available such outliers are spotted easily and can be discarded
for future considerations. They are written in italics in Table 15. In some cases however,
especially in samples with only few phases suitable for the applied geothermometers, it is
hard to judge whether the actual magma storage T was calculated correctly. As the samples in
Table 15 are sorted by relative eruption age one might be tempted to search for a possible
evolution of the temperature over time, which can, however, from this table not be confirmed.
The vast majority of calculated temperatures for samples from the Twin Falls eruptive
complex lay between ~850 and 900°C, with the Fe-Ti-oxide thermometers showing a bit
wider of a spread. Notable exceptions with two independent geothermometers (plagioclase-
sanidine and magnetite-ilmenite) giving significantly lower values are KRH2-1796 and the
relatively young Huckleberry Ridge tuff SRP09-10E. KRH2-1796 is assumed to have been

stored at the same T as the other KRH2 samples. All samples from that rhyolite unit KRH2,
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however, seem to produce questionable T estimates from feldspars, probably due to the two
different plagioclase populations observed in Figure 26(b) of which one might be xenocrysts
not in actual equilibrium with the rest of the system. QUILF based pyroxene thermometry and
the magnetite-ilmenite thermometers for sample KRH2-1946 estimate T to be on the usual
850 - 900°C level.

The 850 — 900°C calculated as magma storage temperature at the Twin Falls eruptive
complex is distinctively lower than the ~950°C estimated for the Bruneau Jarbidge eruptive
complex by Honjo et al. (1992) and Cathey & Nash (2009). Only a single geothermometer
(plagioclase-melt) is applicable on the SRP09-13 sample from Wolverine Creek Tuff yielding
867°C. This agrees with the 825 — 875°C temperature range that was determined by Bolte et
al. (2015) for the Blacktail Creek Tuff that originated from the same eruptive complex
(Heise). The huckleberry Ridge tuff, a product of the Yellowstone Plateau eruptive complex,
might have formed at even lower temperatures of 800 — 825°C as indicated by QUILF and
plagioclase-sanidine thermometry, although that is in disagreement with the 886°C estimated
by the plagioclase-melt Thermometer. Vazquez et al. (2009) calculated some temperature
estimates for very young (72 — 257 ka) rhyolites of Yellowstone Plateau and although their
results span a wide range of 150 °C, this estimated range starts as low as 750°C and is
interpreted by them as a time transgressice cooling process. From these findings one might
speculate if the melt storage temperature within the SRPY is overall decreasing with time.

P estimates were calculated for most natural samples using DERP and TitaniQ. No estimates
were made for samples of the KRH1 and KRH2 units, as their lack of quartz unfortunately
makes them unsuitable for both geobarometers. DERP was used to calculate P from the glass
compositions listed in Table 14 following the procedure explained in detail in Chapter Il of
this study. For the calculation it was assumed that the melts contain 2 wt.% H0O, a reasonable

water content for rhyolites of the SRP (Almeev et al., 2012; Bolte et al., 2015). As discussed
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in chapter 11, the water content has not a major influence on pressures estimated with DERP.
The choice to work with constant 2 wt.% H,O rather than using the water contents estimated
by the plagioclase-geohygrometer of Putirka (2008) listed in Table 15 was made because at
least some plagioclases may be xenocrysts not in equilibrium with the host glass matrix (see
Figure 26). Any error in DERP P estimation produced by assigning individual but inaccurate
water contents to the glasses would therefore likely be higher than working with a constant

realistic value.
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Table 15: Results of geothermometrical calculations for the natural samples

plg-melt* plg-san' pig-aug’ magnetite-ilmenite magnetite-ilmenite

eqn. 24a eqn. 24b eqgn. 27b QUILF Ghiorso & Evans (2008) ILMAT; Lepage (2003)

T lo H,0 lo T lo T lo T lo fO2 lo aTio2 lo T lo fO2 lo
Name [°C] [°C] [wt%] [Wt%] [°C] [C] [°C] [°C] [°C] [°C] NNO NNO [°C] [°C] NNO NNO
SRP12-A05A 880 1 0.9 0.1 926 46 870 31 999 17 -0.73 0.00 0.56 0.01 1022 38 034 0.76
SRP12-19B 872 2 3.6 0.1 661 11 - - 914 11 -1.30 0.02 0.45 0.00 935 18 -1.44 0.44
SRP12-A02a 845 3 1.9 01 911 19 876 102 939 37 -137 0.01 0.48 0.02 948 43  -254 0.35
SRP12-A02b 843 2 1.9 01 912 26 - - 943 39 -128 0.20 0.49 0.03 926 11 -150 0.27
KRH1-2052 861 0 0.3 0.0 - - 887 52 - - - - - - - - - -
SRP09-24c 867 5 1.0 0.4 916 36 887 79 746 53 -1.55 0.20 0.39 0.03 742 25 -2.09 0.83
KRH2-1946 994 4 3.0 0.1 575 108 887 71 893 11  -1.10 0.13 0.48 0.02 893 28 -141 0.68
KRH2-1796 - - - - 825 28 - - 796 25 -212 0.01 0.32 0.01 808 28 -2.19 0.64
KRH2-1401 909 13 2.1 0.2 810 17 881 94 - - - - - - - - - -
KRH3-716 - - - - 853 32 917 45 796 41  -2.05 0.14 0.34 0.03 788 58 -2.66 1.05
SRP09-13 867 1 2.2 0.2 - - - - - - - - - - - - - -
SRP09-10E 886 14 2.2 0.1 827 12 800 43 - - - - - - - - - -

!see Putirka (2008)
“see Andersen et al. (1993)
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Table 16: Results of geobarometrical calculations for the natural samples

TitaniQ - input TitaniQ - results DERP
G&E* K&A" input® H & A (2012)°  Thomas (2010)"
Age' aTiO, aTiO, aTiO, #aTi0, T +T Ti +Ti p lo P lo pe

Name [Ma] [°C] [°C] [ppm] [ppm] | [MPa] [MPa] [MPa] [MPa] | [MPa]
SRP12-A05A  10.63 + 0.07 056 038 045 0.05 900 25 232 16 98 34 715 95 251
SRP12-19B°  10.21 +0.03 045  0.05 0.1 0.05 900 25 12° 5 916 538 2579 598 351
SRP12-A02a  10.13 +0.03 - - 246
SRP12-A02b  10.13 +0.03 - - 307
SRP09-24c 75-9 039 046 045 005 875 25 238 23 66 28 612 99 233
KRH2-1946 75-9 0.48 - - 250
KRH2-1796 75-9 0.32 - 045 0.05 875 25 196 34 107 47 722 120 -
KRH2-1401 75-9 - 053 045 0.05 875 25 176 16 128 43 777 100 243
SRP09-13° 5.59 + 0.05 - 022 022 0.05 875 25 12¢ 5| 1599 583 1883 245 227
SRP09-10E® 2.13+0.01 - 033 033 0.05 825 25 12° 5| 2189 683 2111 234 144

%aTiO, calculated using the model of Ghiorso & Evans (2008); "aTiO, calculated using the model of Kularatne & Audetat (2014)
“aTiO2 used for the TitaniQ P estimation; “calculated assuming 2 wt.% H,0

*Ti concentration in quartz below the 13 ppm detection limit the calculated TitaniQ P is therefore a minimum value

fages from Morgan & Mclntosh (2005), Bonnichsen et al. (2008), Ellis et al. (2010), Ellis et al. (2012)
9Huang & Audétat (2012); " Thomas et al. (2010)
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Using TitaniQ for P estimates requires a careful choice of the input parameters T and aTiO,.
Temperatures for every natural sample are available from Table 15. The estimates of different
thermometers were combined, sometimes neglecting the results from single problematic
estimates due to disequilibrium. The magnetite-ilmenite geothermometer of Ghiorso & Evans
(2008) already listed in Table 15, can also be used for the determination of aTiO,. Table 15
and BSE images, however, show that the Ti-Fe-oxides in the samples are not always in
equilibrium. Therefore a second approach of Kularatne & Audétat (2014) is employed that is
based on the experimental calibration of rutile saturation in melts of a given T. For the aTiO,
calculations after Kularatne & Audétat (2014) the T listed in Table 16 was used and also
served as input parameter for the P determination via TitaniQ. For the samples of the Twin
Falls eruptive complex both methods (Kularatne & Audétat (2014) and Ghiorso & Evans
(2008)) mostly agree within error for an overall aTiO, of 0.45. For all investigated samples
from other eruptive complexes the Ti content in quartz was below the 13 ppm detection limit,
except for few xenolite crystals. Logically this should be caused by a very low aTiO..
Consequently the samples SRP09-13 from Heise and SRP09-10E from Yellowstone Plateau
contain no ilmenite, rendering the model of Ghiorso & Evans (2008) inapplicable, while the
model from Kularatne & Audétat (2014) produces reduced values compared to Twin Falls
samples, due to very low melt TiO, contents (c.f. Table 14). In case of the Arbon Valley tuff
(SRP12-19B), presumably originating from Picabo, the situation is comparable. Here Ti was
below detection limit not only in quartz but also in the melt, although the detection limit for
Ti in melt is with 0.04 wt.% TiO, way higher for the glass measurement setting. Still this is
matchless amongst the natural samples investigated in this study and translates into an aTiO2
<0.06 when using the model of Kularatne & Audétat (2014). A single ilmenite crystal was
found in sample SRP12-19B. When used to calculated aTiO2 after Ghiorso & Evans (2008)

the resulting 0.45, while matching nicely the Twin Falls values, is in sharp contrast to the very
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low Ti contents of the samples phases. That ilmenite therefore is likely a xenolite not in
equilibrium with the Arbon Valley melt and probably even derived from a Twin Falls rhyolite
during eruption.

TitaniQ was used to calculate P with both the calibrations of Thomas et al. (2010) and Huang
& Audétat (2012). The first thing that catches the eye when examining those pressures is that
TitaniQ is obviously not helpful for calculating P in samples where there is virtually no Ti in
quartz. The TitaniQ pressures calculated for non-Twin Falls samples are clearly not reflecting
any real natural situation. Comparing the results for the Twin Falls samples reveals that even
there the results calculated after Thomas et al. (2010) with ~600 to 800 MPa seem to be
unreasonably high. Results calculated after Huang & Audétat (2012) however range with 60
to 130 MPa well within what is geologically plausible. The pressures calculated after Thomas
et al. (2010) are therefore discarded and only the results of TitaniQ calculated after Huang &
Audétat (2012) are considered for further discussions. Results from DERP are with ~200 to
300 MPa somewhat higher than the Huang & Audétat (2012) TitaniQ estimates but actually
not too far away, considering the uncertainties that come with both barometers. Exceptions for
DERP calculated pressures are the Arbon Valley tuff, with 351 MPa noticeably higher and the
Huckleberry Ridge tuff, with 144 MPa noticeably lower in P, so the lack of suitable amounts
of Ti for geobarometry in these samples comes in especially unfortunate. The disagreement
between DERP and TitaniQ could be attributed to problems calculating precise T and aTiOs.
If e.g. P is recalculated for KRH2-1401 with TitaniQ (Huang & Audétat, 2012) using only
slightly elevated values of 925°C and aTiO, = 0.5, by no means an unrealistic stretch of the
calculated estimates, the resulting 263 + 69 MPa are matching the DERP result (243 MPa)
quite precisely. If it weren’t for the sake of the comparison of the two geobarometers, it would
probably be a better use of TitaniQ to calculate T, using DERP calculated pressures as input

parameters.
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III-7 Discussion

Regardless of the slight disagreement of the absolute values of P from TitaniQ and DERP,
both geobarometers estimate constant P within the expectable error margin for the samples of
Twin Falls eruptive center. Considering the large volumes of pyroclastic material erupted in
the SRPY, it appears remarkable that the vertical position of a magma storage area apparently
has been fixed over the whole lifetime of an eruptive center. This raises the question if the
magma storage P is uniform over the whole SRPY or whether the situation in Twin Falls,
with a mostly constant magma storage pressure of 264 + 31 MPa over a lifetime of more than
2 Ma, is a singular phenomenon. With DERP there is now an excellent tool available to
investigate this question. Table 17 lists all rhyolites of the SRPY with coexisting quartz,
feldspar(s) and glass matrix of known composition either from literature or from this study.
The number of available samples unfortunately varies strongly between the different eruptive
centers. For the Bruneau-Jarbidge and the Twin Falls eruptive center several suitable
compositions are available (Cathey & Nash, 2004; Ellis et al., 2010; this study). The database
for younger eruptive complexes is sparse, comprising besides the Wolverine Creek Tuff and
the Huckleberry Ridge Tuff only the Blacktail Creek Tuff of Bolte et al. (2015). P estimates
from DERP indicate that the average P of the eruptive centers is 351 + 35 MPa for Bruneau-
Jarbidge and 264 + 31 MPa for Twin Falls. For the three younger samples from Heise and
Yellowstone Plateau no meaningful average can be calculated, but the two samples from
Heise lay close to or slightly below the level of Twin Falls while the youngest sample from
Huckleberry Ridge Tuff indicates a considerably lower magma storage P with 144 MPa. The
P in table 17 was calculated with DERP assuming 1 wt.% H,O for Bruneau-Jarbidge samples
(Almeev et al., 2012) and 2 wt.% H,O for all other samples. Calculating P for the Bruneau-
Jarbidge samples with 2 wt.% H,O would result in ~25 MPa higher P, not closing but

widening the gap towards the Twin Falls samples.
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Table 17: Ages and pressures of rhyolites from the Snake River Plain

Name center age lo Poere  Source: Age Source: Composition
[Ma] [Ma] [MPa]

CPT HI BJ 12.7 0.3 409 Bonnichsen et al. (2008) Cathey & Nash (2004)

CPTV BJ 12.15 0.3 326 Bonnichsen et al. (2008) Cathey & Nash (2004)

CPT VII BJ 11.8 0.1 311 Bonnichsen et al. (2008) Cathey & Nash (2004)

CPT IX BJ 11.6 0.1 404 Bonnichsen et al. (2008) Cathey & Nash (2004)

CPT XI BJ 11.35  0.15 339 Bonnichsen et al. (2008) Cathey & Nash (2004)

MBM TF 11.3 - 261 Ellisetal. (2010) Ellis et al. (2010)

BBM TF 1098  0.07 324 Ellis (2009) Ellis et al. (2010)

CPT XIllI BJ 10.85 0.15 347 Bonnichsen et al. (2008) Cathey & Nash (2004)

SRP12-A05A TF 10.63  0.07 251 Ellis (2009) this study

CPT XVj BJ 1055 0.15 362 Bonnichsen et al. (2008) Cathey & Nash (2004)

CPT XVb BJ 1055 0.15 314 Bonnichsen et al. (2008) Cathey & Nash (2004)

SRP12-19B P 1021  0.03 351 Perkins & Nash (2002) this study

SRP12-A02a TF 10.13  0.03 246 Perkins & Nash (2002) this study

SRP12-A02b TF 10.13  0.03 307 Perkins & Nash (2002) this study

SRP09-24c TF 825 0.74 233 Bonnichsen et al. (2008) this study

KRH2-1946 TF 8.25 0.74 250 relative stratigraphy this study

KRH2-1401 TF 825 0.74 243 relative stratigraphy this study

BCT H 6.62 0.03 235 Morgan & Mclintosh (2005) Bolte et al. (2015)

SRP09-13 H 559  0.05 227 Morgan & Mclintosh (2005) this study

SRP09-10E  YP 213 0.01 144 Ellis et al. (2012) this study

Eruptive centers: BJ = Bruneau-Jarbidge, TF = Twin Falls, P = Picabo, H = Heise, YP = Yellowstone Plateau
CPT = Cougar Point Tuff, MBM = Magpie Basin Member, BBM = Big Bluff Member, BCT = Blacktail
Creek Tuff,

The estimated P listed in Table 17 is plotted against the age of the samples in Figure 29. It
shows that most units of Bruneau Jarbidge and Twin Falls eruptive centers can be
discriminated by P. Two units from Twin Falls, the Wooden Shoe Butte Member, although
only in one of two samples from that unit (SRP12-A02b) and the Big Bluff Member,
however, partially overlap with the Bruneau-Jarbidge Domain. The unusual high pressure
calculated for Wooden Shoe Butte sample SRP12-A02b can be seen as an indicator that local
chemical heterogeneities within a single unit are very well possible. In case of the Big Bluff
Member: whether this unit is part of the Twin Falls or Bruneau-Jarbidge eruptive center is
actually not clear (see Table 12) (Hughes & McCurry, 2002; Bonnichsen et al., 2008). The
results displayed in Figure 29 might therefore be a valuable indicator that the Big Bluff

Member originated from last activity stages of the Bruneau-Jarbidge eruptive center.
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Figure 29: Plot of age and DERP calculated P as listed in Table 17.

The trend towards lower magma storage P for younger rhyolites observed in Figure 29 suffers
somewhat from the lack of available data for material younger than 7 Ma. While the existence
of a correlation between depth of magma storage and age will be used here as a working
hypothesis to increase our understanding of the structure of the magma storage system
underneath the SRP, it is clear that a better database on the younger units of the Heise and
Yellowstone Plateau eruptive centers would enhance our general view of the evolution of the
SRP volcanic systems. Following the assumption that rhyolitic melts of the SRP over time
were stored at ever shallower depth inevitably leads to the question of the cause for this
change that must be reflected in the entire structural architecture of the SRP. The storage of

rhyolites underneath volcanic eruptive centers is thought to take place in swathes of magma
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chambers of considerable lateral extend, likely >100 km that feed eruptions not only within
but sometimes beyond the borders of their eruptive centers (Bonnichsen et al., 2008). This
rhyolitic magma chamber network is proposed to be a product of ever-repeated crystallization
and liquid separation to a point were interconnection and mixing of magmas is discontinued
and compositionally different suites of minerals form as a result of differences in T and P
(Ellis et al., 2014). The vertical extend of these magma chamber networks appears to be
limited. The variation in DERP calculated pressures of more or less £50 MPa for rhyolites of
Twin Falls and Bruneau-Jarbidge suggests it is ~3 Km. Whether the source of the rhyolitic
melts is recycling of older continental crust (Bonnichsen et al., 2008) or fractional
crystallization of an underlaying basaltic magma body (Whitaker et al., 2008; Szymanowski
et al., 2015) with subsequent ascend of the derived liquids is under debate. It appears however
that seismic evidence strongly supports the existence of a huge basaltic magma body at 20 to
50 km depth at least underneath Yellowstone Plateau (Huang et al., 2015) that could easily
provide heat and material to cause the formation of a wide rhyolitic magma chamber network
at shallower depths. The basaltic magma body is thought to be a product of heat and extension
accompanying the mantle plume but having formed by remelting of lower crust without
physical contact to the mantle plum which stays below the moho at depth of ~70 km.
Szymanowski et al. (2015) state that such a basaltic magma body involved in producing
rhyolites by fractional crystallization would itself not directly extrude basaltic material to the
surface but remain stuck underneath the rhyolites it is feeding. This is consistent with findings
from Ellis et al. (2013) who propose that the source of mafic influence in the rhyolites of the
SRPY is different from the actual basalt erupted in that area. It is possible that the volcanic
eruptive centers of the SRP mark the areas where large basaltic magma bodies (LBBs) have
formed in the lower crust during its path over the hotspot. The question where and at which

depth a LBB forms is likely controlled by the physical properties of the crust. Jean et al.
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(2014) have registrated stepwise changes in Pb-Sr ratios along the SRPY track not unlike the
stepwise changes in DERP calculated P observed in this study and they link it to abrupt
changes in elastic thickness of the crust observed by Lowry & Pérez-Gussinyé (2011). The
abrupt change in P observed between Bruneau-Jarbidge, Twin Falls and potentially
Yellowstone Plateau would therefore be a consequence of a LBB forming in an ever thinner
continental crust. This somewhat speculative propose of a SRPY architecture of course needs
backup from additional data. Besides organizing the missing P estimates for Heise and
Yellowstone Plateau further detailed geophysical investigations like the one described by
Huang et al. (2015) to search for LBBs underneath all volcanic eruptive centers would be

useful to shed light on the complex history of rhyolitic melt generation in the SRP.

Concluding remarks

This study showed that the impact of normative melt An on the position of the eutectic point
and the cotectic curves in the rhyolitic system has formerly been underestimated. This is
problematic as the effect of P on the haplogranitic system Qz-Ab-Or is currently widely in use
as a geobarometer for natural rhyolites, which will inevitably lead to P estimates
systematically too low. A broadened experimental database on the effect is presented here that
allows to model the effect of An way more precise. The data indicates that an increase in P of
100 MPa decreases the normative Qz content of the eutectic point in a rhyolitic system by
1.45 wt.%. An increase in normative melt An by 1 wt.% on the other hand which equals as
little as 0.2 wt.% CaO, given a sufficient amount of Al,Os3 is available for anorthite formation,
will increase the Qz content of the eutectic point by 1.25 wt.%. The precise experimental
calibration of this effect now allows for the development of a new generation of improved
ternary-projection based geobarometers. One such geobarometer is DERP (Determining

Eutectic Rhyolite Pressures) that is described here. It allows for the calculation of magma
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storage pressures of rhyolites with quartz and feldspar(s) coexisting with a preserved glass
phase. The composition of the glass and the water content at magma storage conditions are
the only necessary input informations. DERP is tested by reproducing 10 P estimates from
independent geobarometers and able to do so within £41 MPa and extensive Monte-Carlo
simulations examining in detail the effect of every variable on the calculated result. It is
concluded that DERP is a profound tool that enables the scientist to make quality P estimates
quick and easily in situations where getting P estimates at all was formerly an extremely
difficult task. DERP is used to investigate the formation of rhyolites in the Snake River Plain,
Yellowstone (SRPY), USA where new insights are possible from project HOTSPOTS
Kimberly drillcore samples of the Twin Falls eruptive center. The drillcore bears three
rhyolite units and microprobe data presented here can play an important role in linking these
rhyolites to correlatives observed in the field. P estimates based on DERP are presented for
natural samples not only from Kimberly drill core but all major eruptive products of the Twin
Falls center. They show that the magma storage P underneath Twin Falls was at constant 260
+ 40 MPa over a period of at least 2 Ma which is equivalent to a depth of ~6 to 9 km. For the
older Brunea-Jarbidge eruptive center literature data was used to determine the magma
storage P by DERP as 330 + 50 MPa indicating the presence of a magma chamber network at
~8 to 12.5 km depth. For the younger eruptive centers Heise and Yellowstone Plateau the
available data suitable for DERP geobarometry is currently sparse but what is available
indicates that the trend towards shallower magma storage in younger eruptive centers might
continue. These new insights in the architecture of the SRPY magma plumbing system
provided by DERP are integrated in the models existing in the literature. They fit the idea of
large basaltic magma bodies controlling the formation of overlaying, relatively flat but
extensive rhyolitic magma chamber networks that at the surface form the discrete eruptive

centers observed in the field. Abrupt changes in the mechanical properties of the continental
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crust towards northeast of the Snake River Plain together with these discrete large basaltic
magma bodies can explain the stepwise decrease of magma storage depth of rhyolites of the

SRP.
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APPENDIX

Appendix Table 1: Glasscomposition of samples for system A

Name Y X90 YX91 Y X92 YX93 YX94 YX95 Y X96 Y X97 Y X98 YX99

SM HYw1 HYW2 HYW3 HYW4 HYW5 HYW6 HYW?7 HYW8 HYW1 HYW2
Wwt%] 1o [Wt%] 1o [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] 1o [wWt%] 1o [wt%] 1o [Wt%] Io

SiO, 7784 0.17 7748 0.28 7426 057 76.03 0.14 76.49 0.19 76.21 0.18 77.30 032 7539 0.33 78.06 0.43 77.81 0.51

TiO, 0.24 0.01 0.23 0.01 0.23 0.02 0.21 001 022 001 023 002 022 001 025 001 023 001 023 0.02

Al,O; 11.82 0.12 11.27 0.13 1344 0.12 1158 0.08 1221 0.13 1199 0.08 1120 0.09 13.09 0.12 11.45 0.10 10.81 0.19

FeO 1.08 0.12 1.01 0.08 1.02 0.07 096 005 092 008 078 006 093 007 096 007 089 013 097 0.08

CaO 0.70 0.03 0.77 004 0.72 0.02 0.70 002 072 002 073 002 072 003 039 002 078 0.02 0.77 0.05

Na,O 3.71 0.20 1.27 0.11 2.34 011  0.00 0.00 2.82 0.15 1.75 0.07 0.67 0.04 442 013 350 0.13 1.20 0.06

K,0O 423 007 704 006 745 010 861 0.05 582 0.09 7.27 0.07 7.76 0.09 476 005 390 0.06 6.75 0.09

Total 99.60 0.73 99.08 0.72 99.46 1.01 98.16 0.39 99.19 0.67 98.97 049 98.80 0.65 99.26 0.73 98.81 0.89 98.54 1.00

n 19 20 20 5 20 5 20 20 20 20

Qz 37.97 40.81 29.94 40.94 35.70 36.22 41.56 30.05 40.55 42.73

Ab 31.38 10.77 19.76 0.00 23.86 14.84 5.66 37.43 29.60 10.12

Or 24.98 41.63 44.04 50.90 34.42 42.95 45.89 28.11 23.06 39.90

An 3.13 3.82 3.59 3.49 3.46 3.38 3.57 1.82 3.87 3.84

Cor® -0.12 0.16 0.22 0.98 -0.03 -0.08 0.39 -0.05 0.05 0.13

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Tablel: Continued

Name Y X100 Y X101 Y X102 Y X103 Y X104 Y X105 Y X122 YX123 Y X124 Y X125

SM HYW3 HYW4 HYW5 HYW&6 HYW?7 HYW8 HYW1 HYW2 HYW3 HYW4
Wwt%] 1lo [Wt%] 1o [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] 1o [wWt%] 1o [wt%] 1o [Wt%] Io

SiO, 73.66 0.27 76.18 0.25 76.32 0.28 7596 0.29 77.90 0.31 74.27 041 75.95 0.17 76.56 041 74.07 0.33 76.15 0.25

TiO, 0.22 0.01 0.21 0.01 0.23 000 021 001 021 002 023 002 025 002 022 002 024 001 021 0.02

Al,O; 1398 0.21 1159 0.03 1229 0.10 12.07 0.07 10.94 0.10 1365 0.16 11.71 0.09 11.06 0.30 12.81 0.11 11.56 0.09

FeO 0.75 003 079 008 089 003 076 005 0.89 003 075 0.10 1.20 0.07 0.93 0.07 095 0.08 0.74 0.10

CaO 0.72 0.03 0.69 0.02 0.72 0.02 0.69 002 069 003 050 003 059 003 070 006 0.69 003 0.69 0.02

Na,O 231 013 0.00 0.00 284 0.05 173 011 061 005 477 010 335 0.14 1.18 0.07 213 0.08 0.00 0.00

K;0 793 010 866 003 585 006 7.17 0.03 750 0.06 4.60 0.08 4.49 0.06 6.96 0.09 690 0.07 850 0.08

Total 99.57 0.77 98.17 045 99.13 054 9859 058 98.74 0.60 98.76 0.89 97.54 0.58 97.62 1.02 97.78 0.72 97.90 0.58

n 5 4 5 5 5 20 19 19 16 20

Qz 27.87 41.06 35.33 36.51 43.57 27.47 37.20 40.95 33.19 41.67

Ab 19.58 0.00 24.02 14.65 5.19 40.32 28.38 9.99 18.07 0.00

Or 46.85 51.20 34.58 42.39 44.34 27.17 26.55 41.13 40.75 50.26

An 3.56 3.42 3.50 3.40 3.42 2.29 291 3.49 341 3.41

Cor® 0.29 0.96 -0.02 0.21 0.56 -0.08 0.26 0.31 0.58 1.10

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 1: Continued

Name Y X126 Y X127 Y X128 Y X129 Y X130 Y X131 YX132 YX133 Y X134 Y X135

SM HYW5 HYW6 HYW?7 HYW8 HYW1 HYW2 HYW3 HYW4 HYW5 HYW6
Wwt%] 1lo [Wt%] 1o [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] 1o [wWt%] 1o [wt%] 1o [Wt%] Io

SiO, 7599 022 7572 025 76.43 0.34 76.05 040 7582 0.31 76.11 0.34 76.09 0.34 76.06 040 7579 0.39 76.05 0.30

TiO, 0.22 0.01 0.22 0.02 0.21 001 025 002 025 002 022 001 025 002 021 002 022 002 021 001

Al,O; 12.02 0.14 1205 0.11 1132 0.16 1241 019 11.74 010 1158 0.21 1206 0.19 11.85 0.15 1194 0.14 12.10 0.15

FeO 1.01 0.07 078 0.05 0.82 0.16 1.06 0.13 1.25 0.08 1.10 0.09 1.10 0.08  0.98 0.08 1.05 0.06  0.61 0.07

CaO 0.55 0.02 0.69 0.02 0.72 003 037 003 049 002 072 004 056 003 073 003 048 002 0.69 0.03

Na,O 2.55 0.07 165 010 060 0.06 3.70 010 333 0.11 1.23 0.07 204 012 0.00 0.00 253 0.12 1.62 0.10

K,0O 593 0.07 7.09 0.07 7.70 0.09 479 009 486 007 720 0.11 6.53 0.08 859 0.08 6.03 0.08 7.16 0.09

Total 98.26 0.61 98.20 0.63 97.81 0.85 98.63 0.95 97.73 0.71 98.17 0.88 98.63 0.86 98.48 0.79 98.04 0.83 98.44 0.75

n 20 8 20 8 20 20 10 20 20 19

Qz 36.62 37.03 41.39 34.72 35.99 39.12 37.32 40.98 36.26 37.37

Ab 21.56 13.99 5.11 31.33 28.15 10.42 17.29 0.00 21.42 13.73

Or 35.05 41.89 45.52 28.29 28.73 42.55 38.56 50.74 35.64 42.34

An 2.74 3.42 3.58 1.82 2.42 3.57 2.78 3.64 2.38 3.40

Cor® 0.41 0.40 0.68 0.48 0.12 0.46 0.62 1.23 0.37 0.43

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 1: Continued

Name Y X136 Y X137

SM HYW?7 HYW8
[wt%] 1o [wt%] Ilo

Sio, 76.20 0.34 76.24 0.56

TiO, 0.21 001 0.26 0.01

Al,O4 11.63 0.14 12.33 0.50

FeO 0.97 0.08 0.88 0.33

CaO 0.70 0.02 0.36 0.04

Na,O 0.60 0.05 3.79 0.20

K,0 7.97 0.08 4.75 0.12

Total 98.29 0.73 98.61 1.76

n 19 4

Qz 40.03 34.72

Ab 5.09 32.09

Or 47.12 28.06

An 3.49 1.79

Cor® 0.73 0.30

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 2: Glasscomposition of samples for system B

Name YX1 YX2 YX3 YX4 YX5 Y X6 YX7 YX8 YX9 YX10

SM HYS1 HYS2 HYS3 HYS4 HYS5 HYS6 HYS7 HYS8 HYS1 HYS2
Wwt%] 1o [wt%] 1o [Wt%] lo [wt%] Ilo [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWtL%] lo

SiO, 76.09 0.34 7545 0.21 7247 026 76.19 0.29 7408 035 71.13 038 7130 0.25 7438 030 76.90 0.23 7550 0.24

TiO, 042 0.02 040 0.02 049 002 042 002 043 002 053 002 046 002 046 0.02 045 0.02 040 0.01

Al,O; 1198 0.11 1190 0.08 13.84 0.13 11.77 0.12 13.19 0.14 1437 0.09 1419 0.15 1294 0.12 1182 0.11 1195 0.09

FeO 230 0.08 2.13 0.10 1.79 0.10 2.12 0.09 1.52 0.08 1.93 027 210 0.09 1.87 0.10 198 0.15 2.02 0.11

CaO 0.87 0.04 139 0.03 094 0.05 0.93 0.03 1.17 0.04 084 0.06 0.89 0.05 0.89 0.04 1.01 0.04 1.44 0.03

Na,O 3.53 0.11 1.39 0.09 2.21 0.08 2.43 0.09 1.82 0.10 450 0.06 345 0.11 402 009 353 0.09 1.39 0.06

K,0O 411 0.05 6.67 0.07 7.70 0.08 5.66 0.07 7.23 007 533 0.04 644 007 436 007 372 007 6.64 0.06

Total 99.29 0.75 99.34 0.61 9945 0.71 9951 0.71 9944 081 98.63 091 98.83 0.73 9891 0.74 99.41 0.72 99.34 0.60

n 17 20 15 20 20 14 17 16 18 20

Qz 36.39 37.50 27.04 37.03 3243 21.81 23.37 31.26 38.71 37.70

Ab 29.90 11.78 18.72 20.55 15.38 38.05 29.23 33.99 29.87 11.74

Or 24.32 39.43 45.49 33.44 42.71 31.48 38.04 25.75 21.97 39.22

An 4.30 6.53 4.67 4.50 5.81 3.30 4.20 4.40 5.01 6.79

Cor® 0.13 -0.14 0.16 -0.04 0.25 -0.32 -0.07 0.00 0.15 -0.13

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 2: Continued

Name YX11 YX12 YX13 YX14 YX15 YX16 YX17 YX18 YX19 YX20

SM HYS3 HYS4 HYS5 HYS6 HYS7 HYS8 HYS1 HYS2 HYS3 HYS4
Wwt%] 1o [wt%] 1o [Wt%] lo [wt%] Ilo [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWtL%] lo

SiO, 7170 032 76.33 0.32 7337 0.28 71.07 0.35 7103 023 73.79 023 76.76 064 7568 030 71.05 0.23 76.32 0.23

TiO, 045 0.02 042 0.02 042 002 050 003 046 002 045 002 042 003 044 0.02 045 0.02 041 0.03

AlL,O3 1413 0.08 11.86 0.12 13.27 0.12 15.09 0.17 14.65 0.08 13.46 0.10 1222 0.19 12.04 0.08 14.72 0.10 12.13 0.09

FeO 1.74 0.08 211 0.07 1.62 0.11 157 019 2.01 0.09 1.73 0.08 1.66 0.33 1.89 0.06 1.66 0.07 1.99 0.08

CaO 1.06 0.03 1.23 0.05 1.38 0.03 0.90 0.05 1.00 0.03 1.03 0.02 1.39 0.15 1.45 0.04 1.37 0.03 1.43 0.03

Na,O 224 0.08 251 0.07 181 0.12 479 0.08 359 0.11 416 0.09 3.66 0.21 146 0.07 233 010 249 0.10

K,0 7.65 0.07 513 0.06 7.05 0.08 5.24 0.07 6.36 0.05 422 0.04 340 0.10 6.66 0.09 742 0.08 4.96 0.07

Total 98.98 0.68 99.58 0.72 98.92 0.77 99.17 0.94 99.10 0.61 98.86 0.58 9950 1.65 99.61 0.65 99.00 0.64 99.74 0.63

n 20 17 20 16 16 17 31 10 18 20

Qz 26.03 38.12 31.92 20.36 22.37 30.12 38.47 37.51 25.17 38.48

Ab 18.97 21.21 15.28 40.57 30.40 35.24 30.94 12.35 19.69 21.11

Or 45.23 30.34 41.66 30.98 37.57 24.96 20.08 39.36 43.86 29.29

An 5.26 5.94 6.86 4.17 4.98 5.13 6.89 6.62 6.80 7.09

Cor? 0.23 -0.05 0.15 -0.11 0.03 0.16 -0.01 -0.22 0.37 0.06

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 2: Continued

Name YX21 YX22 YX23 YX24 YX25 YX26 YX27 YX28 YX29 YX30

SM HYS5 HYS6 HYS7 HYS8 HYS1 HYS2 HYS3 HYS4 HYS5 HYS6
Wwt%] 1o [wt%] 1o [Wt%] lo [wt%] Ilo [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWtL%] lo

SiO, 73.13 0.17 7057 0.26 70.92 0.24 74.03 0.25 76.56 0.57 7599 047 7128 050 76.69 0.79 73.15 0.49 70.39 0.68

TiO, 043 0.02 046 0.02 044 001 044 001 040 003 041 005 042 0.03 040 0.03 042 0.03 041 0.03

AlL,O3 1332 0.10 1554 0.12 1510 0.15 14.04 0.09 1227 0.27 12.15 0.23 14.80 0.28 12.24 0.22 1342 0.26 16.16 0.27

FeO 1.70 0.11 1.68 0.13 1.70 0.09 1.24 0.07 184 024 219 0.14 1.04 0.52 152 0.52 1.26 0.25 1.00 0.39

CaO 1.41 0.03 1.02 0.03 1.13 0.03 1.13 0.04 147 0.11 1.39 0.11 1.34 0.12 1.46 0.11 1.39 0.11 1.19 0.12

Na,O 181 008 504 012 367 011 429 010 3.78 0.21 150 0.10 248 0.17 258 0.16 191 0.14 558 0.16

K,0 7.04 0.09 5.06 0.07 6.24 0.07 411 0.06 3.10 0.06 6.78 011  7.42 0.13 495 0.10 7.04 0.09 477 0.08

Total 98.84 0.59 99.37 0.74 99.20 0.70 99.28 0.63 99.42 1.49 ##### 121 9879 175 99.84 194 9859 1.38 99.50 1.73

n 20 19 19 17 20 20 20 20 20 20

Qz 31.59 18.74 22.21 30.20 38.36 37.01 25.04 38.71 31.37 16.82

Ab 15.30 42.62 31.07 36.34 31.99 12.65 20.99 21.80 16.20 47.20

Or 41.63 29.92 36.90 24.32 18.33 40.07 43.86 29.22 41.60 28.21

An 6.98 4.84 5.58 5.58 7.30 6.41 6.67 7.23 6.92 4.95

Cor? 0.17 -0.07 0.25 0.47 0.02 -0.18 0.24 -0.01 0.12 -0.35

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 2: Continued

Name YX31 YX32 DYX1 DYX2 DYX3 DYX4 DYX5 DY X6 DYX7 DYX8

SM HYS7 HYS8 HYS15 HYS16 HYS17 HYS18 HYS15 HYS16 HYS17 HYS18
Wwt%] 1o [wt%] 1o [Wt%] lo [wt%] Ilo [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWtL%] lo

SiO, 70.83 0.65 7354 047 76.21 0.27 76.08 0.34 76.20 0.30 7440 0.27 76.96 030 77.46 0.66 76.56 0.27 74.48 0.26

TiO, 042 0.04 043 0.05 045 0.02 043 002 042 002 041 002 043 002 044 002 042 0.02 041 0.02

AlL,O3 1556 0.21 1452 0.24 1142 0.11 11.00 0.14 1120 0.10 12.00 0.11 11.37 0.09 10.68 0.10 10.83 0.12 12.07 0.08

FeO 1.00 0.27 0.67 0.14 1.90 0.17 1.98 0.19 1.98 0.14 1.69 0.10 1.60 0.05 1.58 0.48 1.90 0.10 157 0.24

CaO 1.29 0.12 141 0.11 1.19 0.04 1.41 0.04 1.50 0.03 1.41 0.05 1.51 0.03 1.53 0.09 1.47 0.02 1.45 0.05

Na,O 405 019 477 016 219 011 0.00 0.00 0.77 0.07 0.00 000 208 007 0.00 0.00 0.73 0.05 0.00 0.00

K,0 6.06 013 3.96 0.10 5.20 0.07 7.67 0.07 6.77 006 874 011  4.62 0.07 7.15 0.13 650 0.06 8.66 0.12

Total 99.21 161 99.30 1.26 9855 0.78 98.56 0.80 98.86 0.72 98.64 0.65 9857 0.62 98.83 147 98.42 0.65 98.64 0.77

n 20 20 20 25 20 25 20 20 10 10

Qz 20.79 27.47 39.82 42.43 41.35 36.87 42.96 45.87 43.09 37.26

Ab 34.31 40.38 18.56 0.00 6.54 0.00 17.62 0.00 6.19 0.00

Or 35.82 23.42 30.71 45.33 40.03 51.66 27.31 42.24 38.43 51.18

An 6.36 6.48 5.90 6.98 7.09 6.92 7.49 7.57 7.07 7.19

Cor? -0.01 -0.20 0.02 0.14 -0.13 -0.03 0.20 0.17 -0.08 0.06

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 2: Continued

Name DYX9 DYX10 DYX11 DYX12

SM HYS15 HYS16 HYS17 HYS18
[Wwt%] 1o [wWt%] 1o [Wt%] 1o [wt%] Io

SiO, 77.84 027 7720 0.34 76.89 0.35 74.61 0.31

TiO, 042 0.01 042 0.02 041 001 041 0.02

AlL,O3 11.19 0.08 10.32 0.10 10.94 0.15 12.13 0.07

FeO 159 0.10 2.08 0.10 1.85 0.08 1.59 0.06

CaO 1.49 0.05 1.53 0.03 1.43 0.04 1.43 0.03

Na,O 211 013  0.00 0.00 0.72 0.07 0.00 0.00

K,0 452 0.06 6.83 0.09 6.56 0.12  8.73 0.09

Total 99.16 0.70 98.39 0.69 98.80 0.81 98.89 0.58

n 21 20 10 10

Qz 4411 46.43 43.33 37.16

Ab 17.82 0.00 6.08 0.00

Or 26.72 40.37 38.79 51.57

An 7.41 7.57 7.10 7.10

Cor? 0.12 0.15 0.05 0.08

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 3 Glasscomposition of samples for system C

Name YX57 YX58 Y X59 Y X60 YX61 YX62 YX63 Y X64 YX73 YX74

SM AC7 AC 50 BA5 BC5 BC 25 C DC5 D AC7 AC50
Wt.%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [Wt%] Ilo

SiO, 7468 0.29 7445 025 7447 017 7457 031 7354 023 7247 020 7295 0.20 7453 041 73.30 0.27 74.27 0.26

TiO, 0.20 0.01 0.20 0.01 0.22 0.01 0.20 0.02 0.19 0.01 0.20 0.01 0.20 0.01 0.21 0.02 0.23 0.01 0.21 0.02

Al,O4 11.72 0.11 11.89 0.12 11.96 0.10 12.25 0.10 1251 0.10 1291 0.10 13.26 0.10 1293 0.11 1238 0.13 12.17 0.12

FeO 0.70 0.06 0.58 0.11 0.70 0.06 0.58 0.06 0.70 0.06 0.70 0.06 0.69 0.05 0.72 0.06 1.09 0.04 0.69 0.06

Cao 0.69 0.03 0.66 0.02 0.72 0.03 0.68 0.02 0.66 0.03 0.67 0.02 0.68 0.02 0.50 0.02 0.93 0.02 0.69 0.03

Na,O 1.66 0.10 1.68 0.09 2.95 0.10 2.85 0.13 2.30 0.09 1.81 0.10 3.27 0.09 4.46 0.18 1.88 0.07 1.66 0.08

K,0 6.89 0.09 7.14 0.11 4,95 0.07 5.45 0.07 6.67 0.07 7.83 0.09 5.56 0.06 3.43 0.06 6.52 0.08 7.39 0.07

Total 96.55 0.69 96.59 0.71 9596 055 96.57 0.70 96.57 0.59 96.60 0.60 96.61 0.54 96.78 0.85 96.33 0.62 97.08 0.64

n 20 20 20 20 20 20 20 20 20 20

Qz 36.74 35.59 36.40 35.35 32.78 30.09 30.75 33.97 34.68 34.45

Ab 14.09 14.22 24.96 24.09 19.46 15.31 27.71 37.74 15.89 14.03

Or 40.69 42.18 29.26 32.24 39.41 46.30 32.84 20.25 38.55 43.66

An 3.42 3.30 3.59 3.35 3.28 3.35 3.39 2.48 4.63 3.44

Cor 0.28 0.19 0.43 0.43 0.31 0.22 0.61 0.98 0.53 0.18

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

128



Dissertation of Soren Wilke

Appendix Table 3: Continued

Name YX75 YX76 YXT77 YX78 YXT79 Y X80 Y X81 YX83 Y X84 Y X85

SM BA5 BC5 BC25 C DC5 D AC7 BA5 BC5 C
Wwt%] 1o [wt%] 1o [Wt%] lo [wt%] Ilo [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWtL%] lo

SiO, 73.99 0.33 74.08 0.27 7392 0.28 7318 0.19 7286 021 7417 031 7571 028 76.13 0.33 75.63 0.19 7258 0.22

TiO, 0.22 0.02 020 0.010 0.19 0.02 0.21 002 0.21 002 023 002 021 002 021 0.02 020 0.02 0.21 0.02

AlL,O3 1239 0.12 1256 0.14 1266 0.11 1251 0.15 13.17 0.13 1270 0.13 1211 0.09 11.65 0.12 12.33 0.13 13.15 0.09

FeO 0.78 0.08 0.67 0.07 0.65 0.04 069 011 071 012 083 011 0.74 005 0.79 0.07 0.81 0.07 0.79 0.03

CaO 0.77 0.04 070 0.03 0.67 0.02 0.72 0.03 0.66 0.02 044 002 069 004 069 004 0.65 0.04 0.67 0.03

Na,O 290 0.12  2.83 0.12 2.32 0.12 1.78 0.09 323 009 429 011 169 0.08 270 0.10 2.76 0.11 1.79 0.05

K,0 524 0.06 572 0.06 6.85 0.08 746 0.08 575 0.07 3.73 005 717 0.07 485 0.07 548 0.05 8.08 0.04

Total 96.29 0.77 96.74 0.69 97.27 0.66 96.56 0.67 96.59 0.66 96.40 0.75 9832 0.62 97.02 0.75 97.86 0.60 97.27 0.48

n 20 20 10 19 20 19 19 20 10 10

Qz 34.95 33.86 32.36 32.32 30.23 33.48 36.54 39.85 36.71 29.29

Ab 24.52 23.92 19.64 15.08 27.31 36.34 14.26 22.88 23.32 15.17

Or 30.97 33.79 40.51 44.06 34.01 22.02 42.37 28.69 3241 47.77

An 3.84 3.45 3.32 3.59 3.26 2.18 341 3.43 3.23 331

Cor 0.54 0.45 0.21 0.20 0.44 0.80 0.33 0.69 0.68 0.24

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
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Table 3: Continued

Name Y X86

SM D
[wt.%] 1o

Sio, 74.48 0.28

TiO, 0.20 0.01

Al,O3 13.59 0.08

FeO 0.73 0.07

Ca0O 0.63 0.03

Na,O 4,69 0.12

K,0 3.27 0.04

Total 97.59 0.63

n 20

Qz 32.85

Ab 39.70

Or 19.35

An 3.14

Cor 1.18

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
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Appendix Table 4: Glasscomposition of samples for system D

Name Y X106 Y X107 Y X108 Y X109 YX110 YX111 YX112 YX113 YX114 YX115

SM HYW 1 HYW 2 HYW 3 HYW 4 HYW 5 HYW 6 HYW 7 HYW 8 HYW 1 HYW 2
[Wt.%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] Ilo

SiO, 76.74 0.26 7653 0.21 73.02 024 76.44 0.26 76.18 0.29 75.96 0.29 76.57 0.29 74.41 0.23 77.47 0.23 76.80 0.30

TiO, 0.25 0.01 0.24 0.01 0.22 0.02 0.22 0.02 0.22 0.01 0.22 0.02 0.22 0.02 0.23 0.02 0.23 0.02 0.23 0.02

Al,O4 12.29 0.10 1153 0.11 13.80 0.12 1153 0.06 12.21 0.09 12.07 0.09 11.19 0.14 1397 0.14 11.73 0.08 11.06 0.10

FeO 0.69 0.11 0.84 0.08 0.48 0.06 0.45 0.06 0.70 0.08 0.48 0.11 0.63 0.06 0.65 0.07 0.32 0.07 0.73 0.06

Cao 0.81 0.03 0.80 0.03 0.68 0.02 0.67 0.02 0.71 0.03 0.68 0.02 0.69 0.02 0.62 0.02 0.78 0.03 0.77 0.03

Na,O 3.82 0.08 1.28 0.07 2.28 0.09 0.05 0.03 2.79 0.10 1.76 0.05 0.62 0.07 493 0.12 3.44 0.10 1.17 0.06

K,0 4.16 0.08 7.11 0.07 7.93 0.09 8.66 0.07 5.74 0.06 7.19 0.07 7.71 0.08 4.43 0.05 3.96 0.07 6.76 0.09

Total 98.76 0.65 98.33 0.58 98.41 0.64 98.02 0.51 9856 0.67 98.37 0.65 97.63 0.67 99.23 0.64 97.93 0.58 97.52 0.66

n 17 20 20 20 20 20 20 17 17 20

Qz 36.50 39.65 27.74 41.37 36.07 36.51 41.61 27.14 40.53 42.03

Ab 32.32 10.81 19.26 0.42 23.59 14.88 5.27 41.70 29.09 9.88

Or 24.57 42.02 46.87 51.16 33.91 42.51 45.56 26.17 23.42 39.98

An 4.02 3.99 3.37 3.34 3.52 3.38 3.42 291 3.88 3.84

Cor? 0.04 0.27 0.24 0.86 0.13 0.15 0.56 -0.06 0.36 0.41

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 4: Continued

Name Y X116 Y X117 Y X118 Y X119 Y X120 YX121 Y X138 Y X139 Y X140 Y X141

SM HYW 3 HYW 4 HYW 5 HYW 6 HYW 7 HYW 8 HYW 1 HYW 2 HYW 3 HYW 4
[wWt%] 1o [wt%] 1o [wt%] 1lo [Wt%] Ioc [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo

SiO, 76.50 0.34 76.81 025 76,53 024 76.05 026 77.71 022 7412 032 7559 0.34 7566 0.27 73.04 0.23 76.04 0.22

TiO, 0.21 0.02 0.20 0.01  0.21 0.02 0.20 0.01 020 001 021 002 023 001 023 002 021 002 021 0.02

AlL,O3 1158 0.09 1157 0.11 1218 0.12 12.08 0.11 1090 0.08 14.13 0.12 1251 0.12 1188 0.11 13.83 0.13 11.94 0.09

FeO 0.49 0.05 040 0.06 058 0.07 049 009 054 006 056 006 075 013 069 013 081 006 0.48 0.06

CaO 0.67 0.02 0.67 0.02 071 003 0.70 0.02 0.69 002 072 003 083 003 079 002 0.70 0.02 0.68 0.02

Na,O 0.06 0.03 0.06 0.03 2.65 0.09 1.67 0.04 059 005 476 017 3.68 0.12 1.25 0.06 218 0.10 0.05 0.03

K,0 855 0.08 864 009 574 0.07 7.14 0.08 749 0.07 433 006 429 0.06 7.37 0.08 7.78 0.09  8.89 0.08

Total 98.06 0.64 9836 057 9859 0.64 9833 0.62 98.10 051 98.83 0.76 97.88 0.80 97.87 0.69 98.53 0.64 98.30 0.53

n 19 20 20 20 20 20 20 20 20 20

Qz 41.75 41.73 37.32 37.27 43.85 28.03 35.55 38.07 28.60 39.99

Ab 0.50 0.55 22.42 14.13 4.98 40.25 31.16 10.57 18.42 0.45

Or 50.53 51.08 33.90 42.17 44.24 25.58 25.33 43.58 45.95 52.53

An 331 3.33 3.52 3.46 3.43 3.56 4.10 3.94 3.49 3.39

Cor? 1.02 0.89 0.32 0.34 0.57 0.32 0.32 0.40 0.55 0.99

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 4: Continued

Name YX142 YX143 Y X144 Y X145 Y X154 Y X155 Y X156 Y X157 YX158 Y X159

SM HYW 5 HYW 6 HYW 7 HYW 8 HYW3+5 HYW3+6 HYW3+8 HYW5+8 HYW3 HYWS5
[wWt%] 1o [wt%] 1o [wt%] 1lo [Wt%] Ioc [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo

SiO, 75.68 030 76.01 0.30 76.05 029 7470 0.27 7510 0.18 7522 0.34 7498 052 7566 0.24 75.09 0.30 75.57 0.28

TiO, 0.21 0.01 0.21 0.02 0.21 001 0.22 0.02 0.21 002 022 001 023 003 024 001 024 002 023 0.01

AlL,O3 1258 0.11 12.06 0.10 1166 0.11 13.34 0.13 13.04 0.13 1293 0.14 1334 039 1290 0.21 13.16 0.12 12.87 0.18

FeO 055 013 057 021 068 009 089 008 092 007 0.89 0.08 1.01 010 0.89 0.09 0.98 0.04 1.02 0.05

CaO 0.71 0.03 069 004 0.74 0.03 0.50 0.02 0.70 0.03 069 003 055 006 051 006 071 0.04 0.67 0.04

Na,O 2.76 0.11 1.64 008 061 006 429 010 238 0.11 1.88 0.10 3.15 0.18  3.49 0.08 221 0.07 276 0.08

K,0 5.92 0.09 712 010 801 0.08 457 008 6.86 0.07 750 010 6.11 0.12  5.41 0.08 7.17 0.09 6.24 0.07

Total 98.41 0.78 9830 0.83 9796 0.68 9852 0.69 99.21 0.61 99.34 0.81 99.37 140 99.11 0.77 99.56 0.68 99.36 0.72

n 20 20 20 19 15 15 12 10 15 15

Qz 35.16 37.40 39.85 30.60 32.92 33.54 31.45 33.03 32.66 33.50

Ab 23.35 13.88 5.19 36.31 20.15 15.92 26.62 29.50 18.70 23.39

Or 34.98 42.10 47.32 27.03 40.52 44.31 36.11 31.98 42.36 36.89

An 3.51 3.43 3.65 2.49 3.47 3.43 2.75 2.53 3.53 3.34

Cor? 0.35 0.39 0.65 0.42 0.43 0.46 0.55 0.38 0.48 0.34

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 4: Continued

Name Y X160 YX161 YX162 Y X163 Y X164 YX165 Y X166 Y X167 YX168 Y X169

SM HYW&6 HYW8 HYW3+5 HYW3+6 HYW3+8 HYW5+8 HYW3 HYW5 HYW&6 HYW8
[wWt%] 1o [wt%] 1o [wt%] 1lo [Wt%] Ioc [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo

SiO, 75.76 030 7536 0.26 75.09 0.30 7503 031 7497 036 7546 0.21 7467 0.33 7542 0.18 7536 0.18 75.01 0.46

TiO, 0.23 0.02 0.26 0.01 0.26 0.02 0.26 001 025 002 025 002 027 002 027 001 025 002 026 0.04

AlL,O3 1258 0.11 13.14 032 1287 0.09 1279 0.21 1323 035 1277 0.08 13.05 0.18 1276 0.14 12.64 0.13 13.34 0.50

FeO 0.91 0.06 1.08 0.10 1.10 0.06 1.02 0.09 1.03 0.10 1.12 0.10 1.19 0.08 1.23 0.08 0.99 0.08 1.18 0.18

CaO 0.71 0.03 046 007 069 004 077 003 052 0.06 048 0.03 0.74 003 0.63 0.04 0.80 0.04 050 0.11

Na,O 168 0.06 4.12 0.21 246 011  2.00 008 324 016 338 011 222 010 276 0.13 1.75 0.09 424 0.28

K,0 7.46 0.09 475 0.09 6.59 006 7.04 013 6.07 013 561 010 687 021 631 010 730 0.07 4.83 0.30

Total 99.31 0.68 99.17 1.07 99.05 0.68 9893 0.86 99.30 1.17 99.07 0.65 99.01 0.95 99.37 0.70 99.09 0.60 99.36 1.87

n 15 11 8 10 12 10 14 10 15 7

Qz 35.33 31.53 33.39 34.13 31.16 32.55 33.13 33.10 34.90 30.02

Ab 14.22 34.90 20.79 16.96 27.37 28.63 18.76 23.32 14.84 35.89

Or 4411 28.06 38.94 41.61 35.85 33.16 40.60 37.27 43.13 28.55

An 3.50 2.27 3.43 3.83 2.59 2.38 3.69 3.12 3.97 2.48

Cor? 0.45 0.39 0.43 0.47 0.39 0.25 0.62 0.26 0.40 0.23

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite

134



Dissertation of Soren Wilke

Appendix Table 5 Glasscomposition of samples for system E

Name YX33 Y X34 Y X35 YX36 Y X37 YX38 YX39 YX40 YX41 YX42

SM HYS1 HYS2 HYS3 HYS4 HYS5 HYS6 HYS7 HYS8 HYS1 HYS2
[wWt%] 1o [wt%] 1o [wt%] 1lo [Wt%] Ioc [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo

SiO, 75.70 0.34 7516 038 7171 048 7536 043 7335 054 70.86 0.32 71.14 046 73.87 041 7428 0.26 73.96 0.27

TiO, 0.44 0.06 040 004 042 004 042 004 042 004 045 003 045 003 042 003 050 003 042 0.02

Al,03 12.84 0.26 1225 0.29 14.87 0.28 12.68 0.21 1343 032 1551 020 15.06 0.26 1394 0.31 12.61 0.07 12.44 0.10

FeO 1.69 0.18 1.83 0.18 1.10 0.10 1.63 0.24 152 019 0.95 0.33 1.18 0.18 1.14 0.12 2.11 0.15 1.66 0.11

CaO 1.18 0.10 1.44 0.12 1.35 0.10 1.35 0.10 1.40 0.10 1.04 0.06 112 0.12 1.20 0.08 1.00 0.05 1.50 0.03

Na,O 3.90 0.14 1.44 0.11 2.45 0.17 2.75 0.13 195 013 531 021 391 018 451 021  3.80 0.15 1.54 0.06

K,0 3.84 0.11 6.75 0.11 7.41 0.12 5.36 0.12 6.99 011 504 009 629 010 411 006 432 007 6.89 0.08

Total 99.59 1.19 99.28 122 99.31 1.28 9956 1.27 99.07 142 99.16 124 99.15 134 99.21 121 98.61 0.77 98.42 0.67

n 19 19 18 17 17 15 18 18 20 20

Qz 34.77 36.70 25.63 34.99 31.32 18.33 21.44 28.78 32.26 34.57

Ab 32.96 12.20 20.72 23.31 16.51 44.96 33.08 38.16 32.14 13.00

Or 22.70 39.91 43.79 31.67 41.33 29.80 37.18 24.31 25.53 40.72

An 5.87 7.00 6.71 6.40 6.95 3.57 4.96 5.65 4.59 6.69

Cor? 0.12 -0.05 0.36 -0.11 0.11 -0.58 -0.21 -0.12 -0.14 -0.28

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 5: Continued

Name YX43 YX44 Y X45 YX46 YX47 YX48 YX49 YX50 YX51 Y X52

SM HYS3 HYS4 HYS5 HYS6 HYS7 HYS8 HYS1 HYS2 HYS3 HYS4
[wWt%] 1o [wt%] 1o [wt%] 1lo [Wt%] Ioc [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo

SiO, 7120 0.27 73.80 0.23 7320 0.24 70.08 0.34 7121 0.38 7353 0.33 7567 045 7548 0.17 7153 0.18 7559 0.28

TiO, 0.46 0.02 0.46 0.02  0.43 0.02 050 0.03 050 002 046 003 046 003 043 002 045 001 043 0.02

Al,03 1414 012 1251 0.14 1331 0.14 1482 0.27 1435 0.11 1319 021 1268 0.11 12.04 0.11 1477 0.10 1235 0.10

FeO 1.21 0.16 197 0.12 0.86 0.06 1.83 0.34 142 0.18 1.43 0.26 1.11 0.25 119 0.09 0.89 0.06 1.30 0.07

CaO 1.11 0.04 1.20 0.05 1.31 0.04 1.01 0.08 0.98 0.04 1.06 0.06 1.34 0.05 1.46 0.05 1.40 0.04 1.44 0.04

Na,O 229 0.10 2.65 0.10 191 0.07 495 0.22 3.67 014 431 012 3.88 0.14 1.45 0.11 238 0.07 2.71 0.09

K,0 7.48 0.06 5.80 0.08 7.07 010 5.08 014 6.28 0.08 423 0.07 350 0.09 6.59 0.06 7.26 0.06  5.05 0.05

Total 9790 0.78 9840 0.75 98.09 0.66 98.28 142 9841 0.95 9821 1.08 98.63 1.12 98.64 0.60 98.68 0.52 98.86 0.64

n 20 16 10 13 25 25 20 10 10 20

Qz 26.20 32.52 31.85 18.93 23.10 29.42 36.27 38.09 26.53 36.79

Ab 19.40 22.46 16.15 41.92 31.05 36.44 32.84 12.29 20.14 22.96

Or 44.22 34.30 41.76 30.03 37.12 25.03 20.66 38.98 42.88 29.82

An 5.51 5.08 6.52 3.19 4.14 4.15 6.66 6.86 6.93 6.61

Cor? 0.25 -0.32 0.14 -0.67 -0.26 -0.41 0.07 -0.14 0.47 -0.20

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 5: Continued

Name YX53 Y X54 YX55 YX56 YX65 Y X66 YX67 Y X68 YX69 YX70

SM HYS5 HYS6 HYS7 HYS8 HYS17 HYS18 HYS19 HYS20 HYS21 HYS23
[wWt%] 1o [wt%] 1o [wt%] 1lo [Wt%] Ioc [wt%] 1o [wt%] lo [Wt%] 1o [wt%] 1o [Wt%] lo [wWt%] lo

SiO, 72.83 021 69.83 020 7058 0.30 7266 022 7501 024 7470 039 7446 044 7216 0.28 73.16 0.23 75.27 0.40

TiO, 0.40 0.02 0.45 0.02  0.45 0.02 0.42 0.02 045 0.02 042 002 042 002 045 002 044 002 048 0.02

Al,03 1323 0.09 1593 0.16 1537 0.11 1433 0.10 1161 0.13 12.00 0.10 11.86 0.12 13.13 0.18 13.38 0.14 1232 0.17

FeO 1.31 0.04 1.09 0.07 0.80 0.09 0.99 0.07 1.60 0.09 0.99 0.35 1.44 0.33 1.71 0.10 1.65 0.06 149 0.14

CaO 1.43 0.03 1.20 0.04 1.26 0.04 1.40 0.03 1.58 0.03 1.39 0.06 1.39 0.07 1.40 0.03 1.41 0.03 1.61 0.03

Na,O 196 0.10 533 018 399 013 4.66 0.12 0.77 005 0.05 003 0.74 0.05 1.18 0.09 295 0.09 375 0.14

K,0 6.94 0.06 4.81 0.07 6.06 0.09 390 008 7.02 007 877 011 760 009 791 010 521 006 270 0.05

Total 98.10 0.56 98.65 0.73 9852 0.78 98.36 0.64 98.05 0.63 98.32 1.06 97.91 1.13 97.95 0.81 98.21 0.64 97.63 0.95

n 10 20 20 20 20 18 11 10 10 18

Qz 31.12 17.42 21.19 27.19 39.39 37.44 37.29 30.95 32.05 38.84

Ab 16.58 45.08 33.75 39.45 6.52 0.39 6.27 10.02 24.94 31.73

Or 40.99 28.45 35.82 23.03 41.48 51.86 44.92 46.74 30.80 15.96

An 6.82 5.32 6.13 6.66 7.49 6.63 6.59 6.96 6.99 7.96

Cor? -0.11 -0.24 -0.05 -0.11 -0.13 -0.09 -0.11 0.07 0.33 0.31

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum

# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 5: Continued

Name YX71 YX72 Y X87 YX88 YX89

SM HYS24 HYS25 HYS5 HYS19 HYS20
[Wt%] 1o [wt%] 1o [wt%] 1o [Wt%] lo [wWt%] Ilo

SiO, 75.75 031 7593 032 74.02 020 73.67 023 7424 0.64

TiO, 051 0.05 051 005 043 011 034 0.03 044 0.16

Al,03 12.86 0.10 12.70 0.19 1254 0.08 12.23 0.11 1254 0.27

FeO 1.47 0.10 1.49 0.17 1.86 0.15 1.95 0.15 1.63 0.20

CaO 1.14 0.04 1.25 0.04 1.10 0.04 1.42 0.04 1.22 0.18

Na,O 588 020 574 0.19 1.81 0.09 0.82 0.06 1.23 0.08

K,0 0.00 0.00 0.00 0.00 7.01 008 7.86 010 7.63 0.22

Total 97.62 0.79 97.63 096 98.76 0.75 98.28 0.73 9892 1.75

n 18 11 19 14 14

Qz 38.28 39.02 33.16 34.59 34.31

Ab 49.78 48.60 15.28 6.94 10.37

Or 0.00 0.00 41.43 46.43 45.08

An 5.65 6.20 5.42 6.48 6.06

Cor? 1.11 0.98 -0.01 -0.20 0.04

n = number of analyses, Qz = normative quartz content calculated by CIPW-norm, Ab = albite , Or = orthoclase , An = anorthite, Cor = corundum
# negative corundum values reflect the amount of corundum that is missing to convert all available CaO to anorthite
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Appendix Table 6 — Composition of feldspars from this study (Systems A — E)

Name YX1 YX2 Y X3 Y X4 Y X5 Y X6 Y X7 YX8 YX9 YX11 YX12

SM HYS1 HYS2 HYS3 HYS4 HYS5 HYS6 HYS7 HYS8 HYS1 HYS3 HYS4
Wt.%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [wt%] Iloc [wt%] 1o [wt%] 1o [wt%] 1o [wWt%] Ilo

SiO, 70.88 090 55,57 167 5766 135 7052 149 56.37 1.17 6495 025 6295 0.11 64.16 0.74 62.38 0.16 57.98 040 58.17 0.63

TiO, 0.27 0.03 0.08 005 0.07 001 019 009 0.04 002 0.09 0.01 0.08 0.00 0.08 0.04 0.08 001 0.06 002 0.05 0.00

AlL,O; | 16.75 059 27.76 140 24.49 0.92 16.75 0.82 27.68 0.83 2198 0.05 23.12 0.46 2251 107 23.74 0.86 2588 0.78 26.37 0.18

FeO 155 0.11 0.81 020 0.47 0.19 1.08 0.31 0.61 0.10 0.36 0.06 0.38 0.02 048 0.13 047 001 039 0.04 058 0.02

CaO 3.00 045 1228 089 7.44 090 468 021 1098 051 319 018 475 006 473 051 6.71 0.18 9.09 045 9.80 0.35

Na,O 406 066 339 009 486 020 391 043 419 025 842 0.10 6.99 015 7.74 0.37 6.96 027 499 0.08 522 0.25

K,0 2.29 042 122 034 322 111 2.49 0.85 1.43 0.29 2.41 0.06 3.00 0.07 126 025 082 014 213 026 0.87 0.10

Total 98.81 101.10 98.19 99.62 101.30 101.40 101.28 100.96 101.17 100.53 101.04

n 4 5 4 3 4 3 3 3 2 3 3

An 28.4 61.8 37.1 31.8 54.2 15.0 22.6 23.4 33.1 44.0 48.3

Ab 62.9 30.9 43.8 48.1 374 716 60.3 69.2 62.1 43.7 46.6

Or 8.6 7.3 19.1 20.1 8.4 13.5 17.0 7.4 4.8 12.3 5.1

n = number of analyses

An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name YX13 YX14 YX15 YX16 YX17 YX19 Y X22 YX23 YX24 YX27 YX30

SM HYS5 HYS6 HYS7 HYS8 HYS1 HYS3 HYS6 HYS7 HYS8 HYS3 HYS6
Wt.%] 1o [wt%] 1o [wt%] 1o [Wt%] loc [wWt%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [wt%] Ilo

SiO, 54.13 0.43 64.74 0.48 6354 081 64.18 053 59.18 0.71 5524 0.49 63.30 059 61.61 0.53 62.49 0.99 57.67 62.72 0.21

TiO, 0.04 003 010 001 0.14 0.06 0.12 0.03 0.07 002 0.06 0.01 0.08 0.01 012 0.02 0.09 0.02 0.09 0.09 0.04

AlLO; | 2879 0.45 2248 021 2238 1.06 2240 0.60 2593 0.65 27.97 0.24 2321 0.24 2358 0.38 23.63 0.65 27.33 23.36 0.49

FeO 054 005 031 009 050 0.16 045 0.04 0.44 004 030 0.07 0.27 0.04 053 0.01 0.42 0.06 0.08 0.27 0.08

CaO 1241 036 366 017 497 052 505 035 875 049 11.11 025 456 026 6.24 050 6.26 0.44 10.37 529 0.34

Na,O 369 0.16 810 0.10 6.47 0.63 725 051 632 013  4.40 0.27 8.24 0.06 6.32 0.02 7.08 0.13 3.86 7.77 0.23

K,0 1.06 0.09 2.00 011 2.82 0.34 1.28 0.19 0.45 0.09 1.31 0.05 153 0.10 211 0.23 1.03 0.17 1.98 1.31 0.15

Total | 100.66 101.38 100.82 100.73 101.13 100.39 101.21 100.51 100.99 101.37 100.80

n 3 5 5 3 5 3 4 3 5 1 5

An 61.0 17.7 24.8 25.7 422 53.9 21.4 30.9 30.8 52.6 25.3

Ab 32.8 70.8 58.4 66.6 55.2 38.6 70.0 56.7 63.2 35.4 67.3

Or 6.2 115 16.8 7.7 2.6 7.6 8.6 12.4 6.0 12.0 75

n = number of analyses
An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name YX31 DYX1 DYX2 DY X4 Y X33 Y X35 Y X36 Y X38 Y X39 Y X40 YX41

SM HYS7 HYS15 HYS16 HYS18 HYS1 HYS3 HYS4 HYS6 HYS7 HYS8 HYS1
Wt.%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWt%] 1o [wt%] 1o [wt%] Il [Wt%] 1o [wt%] Ilo

SiO, 58.54 0.42 67.55 5479 0.40 5226 0.35 68.06 0.95 57.17 0.96 63.46 1.27 64.60 0.44 62.09 0.46 63.89 0.46 71.64 1.46

TiO, 0.05 0.01 0.07 0.06 0.03 0.10 0.02 0.27 011 0.07 004 0.0 0.06 0.08 0.03 0.08 0.02 0.09 0.02 0.27 0.02

Al,O; | 26.10 0.28 20.27 28.12 0.25 28.77 049 19.44 0.68 26.59 0.97 2241 1.15 2194 050 2358 0.49 2256 0.68 1597 0.19

FeO 0.24 0.04 0.52 0.95 0.08 0.90 0.17 0.40 037 0.12 0.08 0.31 0.04 0.20 0.06 0.26 0.05 0.33 0.06 1.11 0.36

CaO 8.40 0.32 7.90 15.70 0.44 15.15 0.06  4.55 0.89 9.76 0.53 751 067 3.53 0.28 551 0.37 501 029 278 0.15

Na,O 6.24 0.18 3.54 0.06 0.02 0.07 001 573 074 454 032 516 0.41  8.33 0.27 6.80 0.22 7.63 024 525 0.29

K,0 1.11 0.07 0.60 1.17 0.59 2.41 0.06 1.62 0.65 1.91 0.40 1.47 057 207 0.17 2.28 0.17 1.25 0.12 242 0.49

Total | 100.68 100.44 100.85 99.65 100.08 100.16 100.42 100.76 100.60 100.75 99.44

n 5 1 3 3 3 4 5 6 5 5 3

An 40.0 52.6 91.3 83.5 27.0 48.2 404 16.7 26.8 24.7 18.4

Ab 53.8 42.6 0.7 0.7 61.5 40.6 50.2 715 60.0 68.0 62.6

Or 6.3 4.7 8.1 15.8 11.5 11.2 9.4 11.7 13.2 7.3 19.0

n = number of analyses
An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name YX43 Y X44 Y X46 Y X47 YX48 YX49 Y X54 Y X55 Y X56 Y X62 Y X64

SM HYS3 HYS4 HYS6 HYS7 HYS8 HYS1 HYS6 HYS7 HYS8 C D
Wt.%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [wt%] Iloc [wt%] 1o [wt%] 1o [wt%] 1o [wWt%] Ilo

SiO, 59.40 0.76 73.25 153 65.08 055 6394 040 6539 123 67.38 098 6392 0.22 6022 0.77 60.84 0.13 6531 0.20 67.38 0.34

TiO, 0.07 0.01 0.30 0.01 0.08 002 0.07 000 0.10 0.04 0.06 0.01 0.09 001 0.05 001 0.05 001 0.03 001 0.05 0.02

AlL,O; | 2481 054 1455 158 21.12 051 21.86 0.15 21.15 0.61 20.36 0.96 22.18 0.23 24.78 0.33 2458 0.23 18.69 0.12 20.98 0.46

FeO 0.32 0.02 124 002 031 009 025 005 044 015 0.31 0.07 0.19 0.04 0.20 002 0.21 0.07 0.12 0.04 0.24 0.02

CaO 750 036 281 030 283 027 391 034 4.01 0.28 6.31 051 4.08 017 6.97 0.12 6.92 024 018 0.02 264 0.12

Na,O 497 028 330 033 827 025 6.80 0.05 793 046 570 0.15 8.25 0.14  6.67 0.11 7.36 0.11 1.23 0.02 817 0.25

K,0 3.31 0.27 3.89 011 261 025 3.85 0.28 156 0.21  0.59 0.07 1.78 0.10 151 013 0.73 0.04 14.38 0.08 1.18 0.09

Total | 100.39 99.33 100.31 100.68 100.57 100.71 100.50 100.41 100.68 99.94 100.64

n 5 2 5 3 3 3 3 4 3 5 4

An 36.7 20.9 13.5 18.8 19.8 36.4 19.3 33.4 32.8 0.9 14.0

Ab 44.0 44.5 71.6 59.2 71.0 59.5 70.7 57.9 63.1 11.4 78.5

Or 19.3 34.6 14.9 22.0 9.2 4.1 10.0 8.6 4.1 87.7 7.4

n = number of analyses
An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name YX71 YX72 YX73 YX74 YX78 YXT79 YX80 Y X86 Y X87 Y X88 Y X89

SM HYS 24 HYS 25 AC7 AC50 C DC5 D D HYS 5 HYS 19 HYS 20
Wt.%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [wt%] Iloc [wt%] 1o [wt%] 1o [wt%] 1o [wWt%] Ilo

SiO, 66.79 0.47 70.15 051 76.25 0.36 66.21 048 66.19 055 63.75 0.08 6824 0.14 6359 0.23 64.36 0.27 64.66 0.31 65.89 0.58

TiO, 0.10 0.03 016 0.02 0.09 001 0.03 001 0.05 002 0.02 0.01 0.04 001 0.03 001 0.07 002 0.09 005 0.16 0.03

AlL,O; | 21.03 0.33 18.90 0.68 13.10 0.24 1822 0.32 17.84 0.45 2256 0.37 20.18 0.42 22,82 0.22 19.02 0.10 18.38 0.15 17.12 0.40

FeO 0.43 0.07 0.40 0.04 011 001 0.12 001 0.18 004 0.20 0.05 0.26 001 019 003 021 004 048 030 058 0.17

CaO 3.52 0.09 354 016 012 001 0.18 0.06 0.17 006 4.13 0.43 2.18 0.03 416 011 083 0.09 0.38 005 0.71 0.09

Na,O 8.26 035 7.36 0.39 1.17 0.04 1.20 0.03 1.26 0.03 7.09 0.06 851 0.11  8.63 0.10 1.96 0.04 0.68 0.05 1.12 0.05

K,0 0.03 0.00 0.02 0.00 994 0.23 14.09 049 13.80 0.65 2.64 0.85 133 0.03 0.67 0.01 13.13 0.15 15.05 0.31 12.59 0.65

Total | 100.15 100.53 100.76 100.05 99.49 100.40 100.75 100.08 99.59 99.73 98.17

n 4 4 4 3 12 2 3 5 4 4 4

An 19.0 21.0 0.8 0.9 0.9 20.6 11.4 20.2 4.2 2.0 4.0

Ab 80.8 78.9 15.0 11.4 12.1 63.8 80.3 75.9 17.8 6.3 114

Or 0.2 0.2 84.1 87.7 87.0 15.6 8.3 3.9 78.1 91.7 84.6

n = number of analyses
An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name YX90 YX92 Y X94 Y X97 Y X105 Y X113 Y X122 Y X124 Y X126 Y X129 Y X131

SM HYW 1 HYW 3 HYW 5 HYW 8 HYW 8 HYW 8 HYW 1 HYW 3 HYW 5 HYW 8 HYW 2
[wWt.%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wWt%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [WtL%] 1o [wt%] Ilo

SiO, 66.40 1.17 65.34 0.77 63.69 0.11 70.85 205 66.76 0.98 66.07 0.27 74.62 64.70 0.32 68.18 68.79 65.81 0.39

TiO, 0.07 0.02 0.05 0.01 0.06 000 0.11 0.03 0.06 0.02 0.04 0.01 0.10 0.06 0.01 0.04 0.09 0.05 0.02

AlL,O; | 2092 1.08 19.25 040 21.22 0.21 18.88 150 21.98 1.04 22.71 0.03 14.48 18.54 0.38 17.98 18.72 17.55 0.38

FeO 0.49 0.08 0.13 0.06 034 0.07 048 0.12 0.24 005 0.11 0.01 0.55 0.14 0.07 0.27 0.47 0.25 0.06

CaO 5.14 0.49 1.01 042  6.42 0.02 1.84 029 335 037 358 0.23 2.38 0.69 0.17 411 1.65 0.35 0.10

Na,O 6.31 0.37 255 025 554 0.06 6.91 0.92 8.12 057 8.60 0.10 4.64 2.28 0.07 5.15 6.79 1.16 0.04

K,0 1.45 0.31 11.99 0.76 1.89 0.04 2.85 0.37 1.66 0.32 1.46 0.04 1.88 12.18 0.47 2.19 3.03 13.59 0.51

Total | 100.78 100.31 99.17 101.91 102.17 102.56 98.66 98.59 97.92 99.54 98.76

n 5 6 2 4 4 3 1 6 1 1 3

An 28.1 5.1 34.3 10.4 16.7 17.1 18.3 3.6 25.6 9.4 1.9

Ab 62.5 23.2 53.6 70.5 73.4 74.5 64.5 21.4 58.1 70.1 11.3

Or 9.4 71.7 12.1 19.2 9.9 8.4 17.2 75.1 16.3 20.6 86.8

n = number of analyses
An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name Y X132 Y X133 Y X134 Y X135 Y X137 Y X140 Y X145 Y X154 Y X155 Y X156 Y X157

SM HYW 3 HYW 4 HYW 5 HYW 6 HYW 8 HYW 3 HYW 8 HYW3+5 HYW3+6 HYW3+8 HYW5+8
wt.%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wt%] 1o [wt%] 1o [wWt%] 1o [wt%] Ilo

SiO, 66.16 0.99 64.40 0.52 63.29 65.05 1.11 69.55 64.09 0.53 65.57 65.04 0.35 6459 0.11 6520 045 66.24 0.56

TiO, 0.09 0.02 0.06 0.01 0.06 0.06 0.01 0.11 0.04 0.02 0.02 0.04 002 005 001 004 001 0.07 001

Al,O; | 1752 0.49 18.24 0.25 21.67 17.94 0.63 18.25 18.90 0.09 20.74 19.15 0.19 1892 0.04 20.02 0.26 20.09 0.38

FeO 0.29 0.11 0.12 0.03 0.30 0.19 0.02 0.64 0.07 0.02 0.13 0.10 0.03 0.06 0.03 0.15 0.04 0.27 0.05

CaO 052 0.18 0.22 0.06 4.28 0.61 0.06 1.39 0.59 0.14 2.56 0.96 0.16 054 0.07 1.88 0.03 255 0.14

Na,O 226 011  0.00 0.00 6.27 1.68 0.04 571 1.95 0.10 8.43 3.09 0.02 191 0.03 6.08 0.01 6.93 0.19

K,0 11.67 0.71 16.00 0.26 3.48 12.73 0.44 3.22 13.15 0.16 2.12 1143 0.19 13.38 0.06 6.34 0.22 349 0.11

Total 98.51 99.03 99.35 98.27 98.87 98.80 99.57 99.83 99.45 99.71 99.63

n 5 5 1 3 1 5 1 4 4 3 4

An 2.8 11 21.7 3.3 8.9 3.0 12.6 4.8 2.7 9.2 13.2

Ab 22.1 05 57.4 16.2 66.4 17.9 75.0 27.7 17.4 53.9 65.2

Or 75.1 98.4 21.0 80.6 24.7 79.1 12.4 67.5 79.9 36.9 21.6

n = number of analyses

An = anorthite component, Ab = albite component, Or= orthoclase component
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Table 6: Continued

Name Y X158 Y X159 Y X161 YX162 Y X163 Y X164 Y X165 Y X166 Y X167 Y X168 YX169

SM HYW3 HYWS5 HYW8 HYW3+5 HYW3+6 HYW3+8 HYW5+8 HYW3 HYWS5 HYW6 HYW8
Wt.%] 1o [wt%] 1o [wt%] 1o [Wt%] 1o [wt%] 1o [wt%] 1o [wt%] Iloc [wt%] 1o [wt%] 1o [wt%] 1o [wWt%] Ilo

SiO, 65.14 0.11 62.49 090 67.66 021 65.08 0.36 6557 049 66.15 046 66.51 0.78 65.30 0.60 66.68 0.10 65.09 0.19 67.74 0.37

TiO, 0.05 0.01 0.03 0.01 0.06 001 0.06 001 0.06 001 0.06 0.03 0.06 0.02 0.07 003 0.08 002 0.05 001 0.06 0.02

AlL,O; | 1840 0.12 2287 0.64 19.88 0.18 18.71 0.41 18.73 0.30 19.08 0.49 19.77 0.60 18.73 046 1796 0.14 18.67 0.20 19.47 0.37

FeO 0.15 005 019 003 030 004 012 001 0.6 000 0.17 004 027 003 017 010 025 001 0.15 0.05 0.34 0.08

CaO 0.43 010 515 0.75 196 0.05 071 015 0.51 0.19 134 014 211 022 077 020 0.85 0.05 0.41 0.08 1.58 0.04

Na,O 233 005 641 009 770 0.14 310 0.09 2.07 008 512 0.25 6.70 0.35 2,58 0.22 3.58 0.13 1.69 010 7.62 0.36

K,0 12.40 0.14 3.01 0.67 2.88 0.06 1137 0.28 12.99 0.15 766 028 439 022 1185 040 953 0.13 1356 0.19 350 0.03

Total 98.91 100.15 100.45 99.14 100.09 99.58 99.80 99.46 98.93 99.63 100.32

n 4 4 3 3 2 5 5 4 2 5 3

An 2.2 25.3 10.1 3.6 2.6 6.8 10.8 3.9 4.6 2.1 8.1

Ab 21.7 57.0 72.1 28.2 19.0 47.0 62.3 23.9 34.7 15.6 70.6

Or 76.0 17.6 17.7 68.2 78.4 46.2 26.9 72.2 60.7 82.3 21.3

n = number of analyses
An = anorthite component, Ab = albite component, Or= orthoclase component
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Appendix Table 7: Composition of feldspars of system F from the Master Thesis of Klahn (2013)

Name | BD58 DA78 DA77 BD57 AC27 C7 BC26 BC56 DA26 DCS6 ACS5 AC25 D3 B4 C4 D4 DC54
SM | BD5 DA7 DA7 BD5 AC2 C BC2 BC5 DA2 DC5 AC5 AC2 D B c D  DC5

[Wt.9%] [wt9%] [wt96] [wt96] [wt9%] [wt9%] [wt9%] [wt9%] [wt%] [wt%] [wt%] [wt%] [wto%] [wt.%] [wt.%] [wt.%] [wt.%]
Sio, | 6317 6114 6533 64.17 6544 6600 6527 6170 5995 64.06 64.32 6587 6456 64.89 66.33 66.55 62.34
Tio, | 002 003 005 002 003 005 002 00l 00l 003 003 004 003 003 003 003 003
ALO, | 2331 2454 2121 2317 1877 1861 1901 2384 2486 2211 1028 1865 2238 2219 1836 2103 23.64
FeO 034 035 043 041 025 020 031 041 042 031 015 016 037 033 024 025 031
Ca0 496 609 383 428 032 022 036 576 732 369 023 014 358 449 022 266 4.96
Na,O | 7.64 7.02 754 738 134 116 217 692 600 693 136 132 830 731 121 840 7.2
K,0 055 082 162 058 1386 1375 1286 137 144 288 1463 1383 077 077 1361 108 160
An 255 308 197 234 17 12 18 289 368 188 11 07 183 241 12 139 251
Ab 711 642 704 729 126 113 200 629 546 638 122 125 770 710 118 794 652
or 34 50 99 38 88 85 781 82 86 175 866 8.7 47 49 8.0 67 97

An = anorthite component, Ab = albite component, Or= orthoclase component
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Appendix Table 8: Composition of plagioclase from natural samples

SRP12-A05A Steer Basin SRP12-19B Arbon Valley SRP12-A02a Wooden Shoe Butte

Mineral Plgl Plg2 Plg3 Plg4 Plgl Plg2 Plg3 Plg4 Plgl Plg2 Plg3

wt% 1o wt% 1o wWt% Ic wWt% 1o |[Wwt% 1o wt% 1o wWt% Ilc wWt% 1o | W% Ic wt% 1o wt% lo
SiO, 59.50 0.36 59.70 0.21 59.53 0.11 60.13 0.28| 65.21 0.24 64.96 0.35 65.16 0.27 65.14 0.33| 60.48 0.14 59.15 0.09 59.95 0.33
Al,O; 2470 032 2438 0.20 2432 0.16 24.05 0.13| 21.30 0.25 21.08 0.20 20.82 0.13 21.30 0.16| 24.61 0.08 2522 0.12 24.81 0.11
FeO 0.37 005 037 005 037 005 0.33 0.03| <0.22 <0.22 <0.22 <0.22 0.34 0.05 0.49 0.05 0.35 0.01
CaO 700 034 651 025 660 010 625 0.13| 228 004 235 012 211 0.06 230 0.12 6.48 0.03 7.40 0.11 6.70 0.17
BaO 0.18 0.03 015 003 021 0.02 0.16 0.02| <0.09 <0.09 <0.09 <0.09 0.17 0.09 0.19 0.05 0.14 0.07
Na,O 6.49 009 6.74 009 6.76 007 690 0.10| 954 0.04 945 013 944 0.09 939 0.10 6.94 0.06 6.59 0.07 6.80 0.04
K,0O 116 0.07 1.26 0.06 124 0.02 137 004| 1.12 0.04 107 004 1.26 0.02 140 0.05 1.33 0.03 1.09 0.05 1.25 0.06
total 99.41 99.12 99.03 99.19 99.45 98.90 98.79 99.53 100.39 100.16 100.03
n 5.00 5.00 5 5 5 10 4 5 4 4 5
Appendix Table 8: Continued

SRP12-A02b Wooden S. B. KRH1-2052
Mineral Plgl Plg2 Plgl Plg2 Plg3

wt% 1o wt% 1o wt% 1o wt% 1o wt% lo
SiO, 60.14 0.16 59.38 0.24 59.70 0.29 59.99 0.29 59.38 0.16
Al,O4 2461 0.09 2524 013 2523 0.23 2497 0.15 2542 0.10
FeO 0.35 0.03 0.32 0.04 0.42 0.06 0.42 0.04 0.44 0.07
CaO 6.70 0.16 7.27 0.13 7.09 0.19 6.82 0.19 7.20 0.07
BaO <0.09 <0.09 <0.09 <0.09 <0.09
Na,O 6.95 0.08 6.73 0.03 6.53 0.12 6.65 0.10 6.48 0.14
K,0 125 0.03 1.02 0.03 1.12 0.05 1.19 0.05 1.08 0.03
total 100.00 99.98 100.08 100.03 100.00
n 5 5 10 10 5
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Appendix Table 8: Continued

SRP09-24c Greys Landing KRH2-1946 KRH2-1796

Mineral Plgl Plg2 Plg3 Plg4 Plgl Plg2 Plg3 Plgl Plg2 Plg3 Plg4

wt% lo wt% Ic wWt% 1o wt% Ilo | wt% loc Wwt% 1lo wt% lo | Wt% 1o wWt% 1lo wt% 1o wt% Ilo
SiO, 59.99 0.14 62.22 0.19 62.07 0.06 58.63 0.32| 6149 043 64.20 053 64.32 0.04| 6448 0.06 61.83 0.28 64.17 0.15 64.83 0.23
Al,O3 2548 0.12 23.89 0.15 2392 0.09 25.63 0.27| 24.23 0.25 21.63 0.22 2198 0.22| 2225 0.12 2390 0.10 2191 0.13 2230 0.19
FeO 0.27 0.05 0.35 0.04 0.39 0.05 0.31 0.07 0.27 0.05 <0.22 <0.22 0.24 0.01 0.28 0.06 0.28 0.04  0.28 0.02
CaO 6.94 0.08 5.01 0.13 525 0.16 7.84 0.18 542 031 263 019 275 0.10 2.76 0.12 5.09 0.16 2.77 0.09 2.97 0.04
BaO 0.20 0.02 0.31 0.02 0.25 0.02 0.15 0.03| <0.09 <0.09 <0.09 0.49 0.00 0.25 0.02 0.64 0.01 0.41 0.02
Na,O 6.83 0.17 7.67 0.06 7.88 0.07 6.61 0.08 743 012 7.13 042 748 0.17 8.01 0.17 7.76 0.09 7.33 0.07 8.16 0.04
K,0O 1.05 0.03 1.49 0.13 1.01 0.06 0.75 0.12 139 0.14 388 0.70 3.40 0.16 3.00 0.48 1.53 0.05 3.82 0.10 2.61 0.11
total 100.77 100.94 100.78 99.92 100.22 99.45 99.94 101.22 100.63 100.93 101.57
n 3 4 3 3 13 5 5 4 4 4 4
Appendix Table 8: Continued

KRH2-1401 KRH3-716

Mineral Plgl Plg2 Plg3 Plg4 Plgl Plg2 Plg3 Plg4 Plg5

wt% 1o wt% 1o wt% Ic wWt% 1o | wt% Ilc wt% 1o wt% Ic wt% 1o wt% Io
SiO, 63.89 0.20 64.01 0.13 6237 0.16 63.41 0.14| 60.93 0.18 60.52 0.19 60.77 0.30 61.44 085 61.79 0.46
Al,O4 2166 0.13 2152 0.16 23.13 0.05 21.75 0.16| 24.18 0.28 2456 0.17 24.39 0.13 2398 056 23.87 0.21
FeO <0.22 <0.22 0.32 0.04 <0.22 0.39 0.04 0.37 0.02 0.36 0.03 0.38 0.05 0.37 0.03
CaO 285 0.22 274 0.07 447 0.12 3.04 0.05 6.09 0.24 6.65 0.15 6.39 0.10 5.87 0.62 5.82 0.19
BaO <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <0.09
Na,O 710 021 7.06 010 763 0.17 7.16 0.13 7.49 0.05 6.87 0.09 7.01 0.08 7.26 0.17 7.50 0.11
K,0 394 032 411 010 190 0.06 3.61 0.09 0.96 0.03 1.25 0.09 1.20 0.03 121 025 0.79 0.02
total 99.44 99.45 99.82 98.96 100.03 100.21 100.12 100.14 100.14
n 5 5 5 5 5 5 5 5 5
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Appendix Table 8: Continued

SRP09-13 Wolverine Creek

SRP09-10E Huckleberry R

Mineral Plgl Plg2 Plg3 Plgl Plg2
wt% 1o wt% lo wt% 1o |wt% 1o wt% lo
SiO, 63.03 0.23 64.30 0.31 6351 0.26| 63.39 0.24 63.67 0.09
AlLO; | 2255 0.23 2192 0.20 2228 0.19| 2159 0.26 2245 0.13
FeO 0.24 0.03 0.23 0.01 <0.22 0.24 0.03 0.25 0.05
CaO 411 012 327 0.05 3.88 0.08| 298 0.12 3.88 0.10
BaO 0.13 0.03 <0.09 0.14 0.02| 1.09 0.08 <0.09
Na,O 8.17 0.13 842 026 816 0.15| 7.26 0.10 8.17 0.09
K,0 142 007 172 0.08 155 0.02| 3.38 0.13 1.69 0.05
total 99.66 99.86 99.53 99.92 100.10
n 10 5 8 6 5

Appendix Table 9: Composition of sanidine from natural samples

SRP12-A05A Steer Basin SRP12-19B Arbon Valley
Mineral Sanl San2 San3 San4 Sanl San2 San3 San4 San5
wt% 1o wWt% 1o wt% Ic wWt% Iloc |[Wt% 1o W% 1o W% 1o wt% 1o wt% Io

SiO, 63.80 0.26 64.09 0.49 64.18 0.07 6355 0.21| 65.32 0.19 6560 0.16 65.19 0.05 65.26 0.12 65.29 0.12
Al,O4 19.37 0.15 1896 0.25 18.86 0.14 19.16 0.11| 1852 0.12 18.70 0.14 1831 0.09 1843 0.20 18.52 0.09
CaOo 0.71 0.03 054 0.04 046 003 069 002| 011 001 041 0.03 012 001 0.11 003 0.15 0.01
BaO 198 007 177 006 137 0.07 1.89 0.06 n.d. n.d. n.d. n.d. n.d.

Na,O 423 0.08 398 0.13 388 0.13 4.17 0.07| 3.87 0.07 390 0.07 394 0.07 3.87 006 3.97 0.04
K,0 9.09 0.11 9.49 0.04 997 010 9.13 0.16| 11.09 0.10 11.02 0.05 11.01 0.03 11.04 0.10 10.90 0.03
total 99.18 98.82 98.71 98.59 98.91 99.34 98.57 98.71 98.83

n 5 10 5 5 10 5 4 5 6
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Appendix Table 9: Continued

SRP12-A02a Wooden Shoe Butte SRP12-A02b Wooden Shoe Butte

Mineral Sanl San2 San3 San4 Sanl San2 San3

wt% lo wt% 1o wt% Ilo wt.% lo | Wt% 1o wWt% 1o wt% Ilo
SiO, 64.17 0.18 65.25 0.31 64.07 0.21 65.10 0.09| 65.19 0.16 64.37 0.09 64.71 0.06
Al,O4 19.74 0.08 19.43 0.19 19.81 0.08 19.30 0.09| 19.27 0.10 19.64 0.07 19.69 0.05
CaOo 0.71 0.02 0.48 0.02 0.69 0.03 0.42 0.01| 033 0.02 0.73 0.03 0.69 0.03
BaO 1.79 0.09 1.17 0.09 1.84 0.09 1.34 0.16| 1.14 0.08 1.88 0.04 152 0.08
Na,O 428 0.02 517 048 4.61 0.13 4,14 0.05| 4.18 0.04 461 0.03 5.09 0.09
K,O 9.03 0.04 8.44 060 8.66 0.04 9.75 0.06| 9.84 0.09 856 0.04 8.09 0.07
total 99.72 99.93 99.67 100.06 99.96 99.80 99.78
n 5 5 5 5 4 5 3
Appendix Table 9: Continued

SRP09-24c¢ Greys Landing KRH2-1946

Mineral Sanl San2 San3 San4 Sanl San2 San3

wt.% lo wt% lo wt% lo wt% 1o | W% 1o wt% 1lo wt% lo
SiO, 64.62 0.13 6458 0.22 64.76 0.20 64.85 0.19| 64.61 0.30 64.38 0.24 64.67 0.24
Al,O4 19.79 0.28 20.10 0.17 19.87 0.15 19.24 0.14| 19.83 0.17 19.77 0.13 19.89 0.13
CaOo 0.67 0.07 0.83 0.05 0.69 0.08 0.58 0.05| 098 0.08 096 0.08 0.97 0.02
BaO 1.95 0.06 2.07 0.03 1.89 0.07 1.79 0.04 n.d. n.d. n.d.
Na,O 494 0.13 5.65 0.18 5.03 0.24 4.81 0.18| 5.27 0.14 511 0.07 557 0.09
K,0 8.19 0.27 7.30 0.25 8.05 043 8.25 0.16| 7.68 0.28 7.89 0.16 7.25 0.15
total 100.16 100.53 100.29 99.52 98.37 98.11 98.35
n 4 4 4 4 17 5 4

151



Dissertation of Soren Wilke

Appendix Table 9: Continued

KRH2-1796 KRH2-1401

Mineral Sanl San2 San3 Sanl San2 San3 San4 San5

wt% lo wt% lo wt% lo |wt% 1o wt% 1lo wWt% 1lo W% 1o wt% Ilo
SiO, 63.88 0.10 64.73 0.17 65.18 0.32| 63.85 0.25 64.09 0.10 63.76 0.31 63.82 0.08 63.95 0.20
AlL,O; |[19.32 0.06 19.64 0.13 20.04 0.13| 19.84 0.09 1954 0.21 19.65 0.18 19.89 0.13 19.84 0.23
CaO 0.91 0.02 0.74 0.03 0.94 007 1.20 0.06 091 016 099 010 1.15 0.06 1.16 0.05
BaO 1.23 0.04 1.29 0.06 1.14 0.10 n.d. n.d. n.d. n.d. n.d.
Na,O 5.69 0.07 455 0.10 5,74 028 551 011 506 016 524 005 559 019 545 0.11
K,O 7.48 0.07 9.13 0.14 744 060 7.28 011 803 042 758 012 7.21 010 7.29 0.13
total 98.51 100.08 100.48 97.68 97.63 97.22 97.67 97.68
n 4 4 4 3 3 3 5 5
Appendix Table 9: Continued

KRH3-716 SRP09-10E Huckleberry Ridge

Mineral Sanl San2 San3 San4 Sanb5 Sanl San2 San3 San4 San5 San6

wt% lo wWt% 1lo wWt% 1o wt% 1lo wt% 1lo [ Wt% 1lo W% 1o wWt% 1o wt% 1lo wt% 1lo wt% lo
Sio, 65.75 0.14 66.00 0.41 64.00 020 64.80 0.24 64.06 0.24| 65.46 0.26 63.81 0.11 65.29 0.29 66.00 0.33 64.95 0.35 65.88 0.16
Al,O4 18.60 0.25 18.89 0.08 19.10 0.20 18.98 0.33 19.61 0.04| 19.28 0.11 20.17 0.10 19.21 0.15 19.09 0.11 1956 0.17 18.88 0.19
CaO 048 0.02 055 0.05 062 006 065 010 0.97 008 054 0.02 111 0.07 052 001 053 002 0.78 007 0.45 0.04
BaO n.d. n.d. n.d. n.d. n.d. 091 003 236 009 110 001 042 005 1.34 006 0.47 0.03
Na,O 342 017 447 0.01 253 010 339 0.03 497 0.16| 4.95 008 546 016 480 0.07 501 011 524 005 4.92 0.09
K,O 11.03 0.18 9.83 0.08 11.78 0.15 1052 0.17 790 0.19| 8.11 010 6.67 014 849 006 841 005 7.70 0.17 896 0.05
total 99.28 99.73 98.04 98.34 97.51 99.25 99.57 99.39 99.45 99.57 99.56
n 3 2 3 2 5 5 6 6 6 6 6
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Appendix Table 10: Composition of augite from natural samples

SRP12-A05A Steer Basin SRP12-A02a Wooden Shoe Butte
Mineral Agtl Agt2 Agtl Agt2 Agt3

wt% 1o wt% lo [Wwt% 1o wWt% 1o wt% lo
SiO, 49.62 0.24 4931 0.24| 49.42 0.18 49.87 0.13 49.54 0.29
TiO, 0.27 002 034 002 031 0.01 036 001 037 001
Al,O3 0.67 0.07 077 0.04| 0.70 0.03 0.82 0.03 0.82 0.03
FeO 2227 0.33 2296 0.37| 2254 030 2253 0.24 2222 0.28
MnO 062 009 068 0.08| 058 0.05 0.64 0.07 0.63 0.07
MgO 855 0.12 845 0.09| 822 011 847 010 827 0.09
CaO 1754 020 17.21 0.14| 17.24 0.13 16.86 0.10 17.41 0.14
Na,O 0.23 0.03 024 0.03| 0.20 0.03 0.22 0.05 0.26 0.00
Total 99.79 99.95 99.22 99.77 99.53
n 10 8 5 5 3
Appendix Table 10: Continued

KRH1-2052 SRP09-24c¢ Greys Landing

Mineral Agtl Agt2 Agt3 Agtd Agtl Agt2 Agt3 Agtd Agt5

wt% 1lo wt% 1o wt% Iloc wt% lo |[Wt% 1o W% 1o wt% 1o wt% lo wt% 1lo
SiO, 51.16 0.13 51.12 0.25 50.66 0.16 51.13 0.29| 49.31 0.16 49.20 0.07 49.18 0.16 49.72 0.22 49.19 0.34
TiO, 0.34 002 033 002 054 001 038 0.03] 041 0.02 033 002 0.37 001 0.34 0.01 0.39 0.02
Al,O; 092 0.04 093 008 141 0.07 112 0.17| 0.94 0.02 0.73 0.02 0.84 0.02 0.79 0.02 091 0.01
FeO 15.84 0.07 15.89 0.15 1599 0.17 1555 0.18| 23.77 0.34 2456 0.19 2351 045 2425 051 24.05 0.15
MnO 057 005 055 002 056 0.05 058 0.06| 072 0.05 082 0.10 0.75 0.06 0.76 0.05 0.79 0.11
MgO 1198 0.15 1194 0.16 1181 0.09 11.87 0.17| 7.47 0.12 6.86 0.06 7.64 0.02 733 0.05 7.43 0.19
CaO 18.36 0.10 18.22 0.17 18.30 0.07 18.37 0.19| 16.71 0.14 16.56 0.05 16.80 0.08 16.57 0.12 16.34 0.07
Na,O 032 005 029 002 033 0.02 031 0.03| 028 0.06 022 005 0.21 0.03 0.24 0.05 0.00 0.00
Total 99.48 99.28 99.61 99.31 99.59 99.29 99.31 100.00 99.10
n 5 5 5 6 4 4 4 5 4
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Appendix Table 10: Continued

KRH2-1946 KRH2-1796 KRH2-1401

Mineral Agtl Agt2 Agt3 Agtl Agt2 Agt3 Agtl Agt2 Agt3

wt% 1o wt% 1o W% lo |[Wt% 1o wt% 1o W% lo |[wWt% 1o wt% 1o wt% lo
SiO, 49.07 0.15 49.09 0.25 49.23 0.11| 4897 0.06 49.07 0.11 49.23 0.09| 48.88 0.11 4894 0.13 48.78 0.14
TiO, 032 0.02 031 001 029 002 032 001 030 002 030 0.02| 027 002 029 001 0.29 0.02
Al,O4 0.67 004 064 003 062 0.04| 065 0.02 058 002 062 0.02| 060 003 062 0.03 0.62 0.05
FeO 2511 0.38 25.80 0.07 25.31 0.43| 25.84 0.29 2489 047 2505 0.17| 26.22 042 2593 0.35 25.87 0.25
MnO 1.00 0.06 1.04 010 101 0.05| 1.07 006 094 018 1.01 0.11| 098 0.07 0.99 005 100 0.03
MgO 6.39 019 614 006 633 0.11| 578 0.08 6.22 010 6.28 0.13| 6.29 011 6.20 0.11 6.35 0.12
CaO 16.44 0.15 16.25 0.04 16.48 0.05| 16.52 0.12 16.79 0.07 16.72 0.07| 16.42 0.16 16,51 0.06 16.58 0.07
Na,O 025 0.03 0.27 003 024 0.04| 027 003 025 004 023 0.03| 022 006 024 0.04 022 0.01
Total 99.24 99.54 99.51 99.42 99.03 99.43 99.88 99.74 99.71
n 14 5 5 4 4 4 5 5 5
Appendix Table 10: Continued

KRH3-716 SRP09-13 Wolverine Creek SRP09-10E Huckleberry Ridge

Mineral Agtl Agt2 Agt3 Agtl Agt2 Agt3 Agtd Agts Agtl Agt2 Agt3

wt% 1o wt% lc wt% 1o |wt% 1o wt®% 1o wt% 1o wt% lc wt% lo |wWt% 1o wt% 1o wt% Io
SiO, 5091 0.10 51.13 0.29 5252 0.36| 53.05 0.29 51.13 0.19 50.70 0.16 48.73 0.10 53.31 0.07| 47.64 0.17 48.06 0.28 48.33 0.22
TiO, 0.34 0.02 0.33 0.02 037 0.04| 0.24 0.04 071 0.02 0.68 0.04 1.10 0.03 0.19 0.02| 035 002 0.35 0.02 0.28 0.02
Al,O3 0.84 0.05 082 0.04 215 0.15| 1.16 019 217 0.07 268 0.12 526 0.11 1.10 0.05| 0.67 0.06 0.61 0.07 0.68 0.10
FeO 1793 0.16 1846 0.21 1547 0.36| 6.06 0.30 9.69 0.17 8.80 0.17 9.07 020 5.13 0.07| 29.08 0.32 28.84 0.21 2730 0.28
MnO 0.66 0.05 0.66 0.09 059 0.04| 0.16 0.03 023 0.01 0.25 0.05 0.18 0.12 0.17 0.03| 0.97 0.07 093 006 095 0.07
MgO 10.76 0.22 10.65 0.09 15.22 0.14| 1756 0.35 1548 0.15 1491 019 13.60 0.17 1753 0.15| 231 0.11 238 0.06 4.11 0.27
CaO 17.75 0.06 17.71 0.13 9.60 0.19| 21.22 0.24 1991 0.15 21.14 0.14 21.83 0.34 2220 0.19| 17.69 0.12 1751 0.07 17.16 0.30
Na,O 0.27 0.04 0.28 0.05 158 0.35| 0.36 0.06 0.36 0.03 0.33 0.03 0.39 0.03 024 0.04| 029 0.05 031 004 029 0.02
Total 99.46 100.04 97.49 99.81 99.67 99.50 100.16 99.87 99.02 98.99 99.10
n 5 5 5 9 5 5 4 3 9 8 10
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Appendix Table 11: Composition of pigeonite from natural samples

SRP12-A02a Wooden Shoe Butte

SRP12-A02b Wooden Shoe Butte

Mineral Pigl Pig2 Pig3 Pigl Pig2 Pig3

wt% 1o wt% 1o wWt% Ilo | wt% 1o wt% Iloc wt% Ilo
SiO, 48.75 0.15 4853 0.09 4892 0.17| 48.72 0.11 48.85 0.20 48.76 0.09
TiO, 023 0.01 022 000 0.22 0.02 0.20 0.02 0.20 0.02 0.16 0.02
Al,O3 037 0.02 035 003 0.34 0.03 0.38 0.02 0.34 0.02 0.30 0.03
FeO 36.08 0.26 35.77 0.28 35.36 0.48| 36.13 0.17 36.29 0.51 36.34 0.13
MnO 1.04 0.09 100 0.08 0.99 0.09 1.03 0.02 1.08 0.01 1.05 0.03
MgO 9.40 0.07 9.38 0.12 9.65 0.10 9.47 0.06 9.28 0.12 9.97 0.10
CaO 408 0.08 4.18 0.08 4.07 0.08| 4.08 0.04 4.16 0.08 3.58 0.05
Total 99.96 99.44 99.56 100.00 100.20 100.17
n 5 3 3 3 4 4
Appendix Table 11: Continued

KRH1-2052 SRP09-24c Greys Landing KRH2-1946 KRH2-1401

Mineral Pigl Pig2 Pig3 Pigl Pig2 Pigl Pig2 Pig3 Pigl Pig2 Pig3

wt.% lco Wwt% 1o Wwt% 1o |[Wwt% 1o wt% 1o |[wt% Ic wWt% 1o wt% 1o | wt% lc wt% 1o wt% lo
SiO, 50.99 0.25 51.00 0.35 50.94 0.18| 48.22 0.12 48.48 0.23| 48.15 0.25 4825 0.17 4822 154| 47.70 0.23 48.01 0.30 47.68 0.25
TiO, 0.24 0.02 023 002 0.18 0.01| 021 0.01 0.24 001| 020 0.01 0.19 001 0.20 0.01 0.18 0.01 0.20 0.02 0.9 0.01
Al,O4 0.47 0.02 046 0.02 035 004| 038 0.06 0.34 003| 028 0.04 029 002 032 014 0.28 0.02 0.27 0.02 0.28 0.01
FeO 29.22 0.26 2855 0.30 2852 0.13| 37.11 0.40 36.95 0.35| 38.00 0.45 37.72 0.26 3757 1.12| 38.97 0.22 3859 0.38 38.52 0.29
MnO 094 0.08 093 005 1.10 0.07| 121 0.07 1.27 0.14| 156 0.06 157 012 156 0.09 150 0.08 156 0.14 1.64 0.03
MgO 16.66 0.11 16.58 0.08 1543 0.08| 7.79 0.16 7.95 0.03| 6.80 013 7.05 005 7.11 0.46 7.14 0.05 6.86 0.12 7.00 0.09
CaO 171 0.03 184 0.10 347 0.02| 444 006 457 0.07| 430 005 424 0.07 429 0.32 432 0.07 437 0.07 437 0.09
Total 100.23 99.59 99.99 99.36 99.79 99.29 99.30 99.28 100.09 99.87 99.67
n 10 5 5 4 5 5 5 15 5 5 5
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Appendix Table 11: Continued

KRH3-716 SRP09-10E
Mineral Pigl Pig2 Pig3 Pigd Pigl
wt% lo wt% 1o wt% lc wt% 1o |wt% Ilo
SiO, 50.73 0.08 50.55 0.36 51.02 0.14 51.46 0.23| 47.08 0.28
TiO, 0.19 0.02 0.20 0.00 0.19 0.02 0.22 0.01| 0.15 0.02
Al,O; 0.33 0.03 0.33 0.02 0.31 0.02 0.45 0.09| 0.25 0.04
FeO 30.25 0.18 30.75 0.43 30.58 0.28 30.30 0.32| 42.31 0.24
MnO 1.09 0.06 1.11 0.08 1.10 0.11 1.09 0.10| 1.64 0.04
MgO 13.33 0.15 13.24 0.19 13.73 0.13 13.38 0.21| 4.36 0.06
CaO 3.71 0.07 3.67 0.05 3.75 0.05 3.71 0.02| 393 0.14
Total 99.64 99.84 100.68 100.61 99.71
n 5 5 5 3 8

Appendix Table 12:

Composition of magnetite from natural samples

SRP12-A05A Steer Basin

SRP12-19B Arbon Valley

Mineral Magl Mag?2 Mag3 Mag4 Magl Mag?2 Mag3 Mag4
wt% 1o wit% 1o wt% Iloc wt% lo |{Wt% 1o W% 1o wt% 1o W% Io
SiO, 0.12 001 012 002 010 0.01 012 002| 014 0.01 025 012 017 009 0.5 0.04
TiO, 25.93 054 21.04 081 7.97 035 2212 0.69| 21.33 0.38 528 0.05 20.48 0.98 6.55 0.08
Al,O4 131 021 126 008 219 013 147 007 191 0.05 243 003 186 0.11 1.00 0.04
V,0; 054 005 050 002 033 001 051 000| 056 0.01 045 001 053 003 011 0.01
FeO 69.68 1.00 72.08 1.04 83.39 025 71.12 0.58| 69.76 0.58 8230 0.42 69.42 2.13 85.07 0.98
MnO 066 016 061 003 031 001 065 004 130 010 0.60 0.05 0.63 0.17 143 0.05
MgO 0.67 0.02 056 003 031 002 054 0.03| 060 0.05 1.26 0.07 1.02 0.14 <0.06
Total 98.90 96.16 94.60 96.52 95.59 92.57 94.12 94.32
n 4 9 3 5 5 5 5 10
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Appendix Table 12: Continued

SRP12-A02a Wooden Shoe Butte SRP12-A02b Wooden Shoe Butte
Mineral Magl Mag? Mag3 Mag4 Magl Mag2 Mag3
wt% 1o wt% 1o W% 1o wt% 1o |wt% 1o wt% lo wt% lo
SiO, 0.26 009 022 0.09 046 011 099 0.08| 0.07 0.03 <0.05 <0.05
TiO, 22,70 051 23.75 2.65 20.72 190 23.75 0.94|49.40 0.15 50.99 0.19 49.98 0.10
Al,O; 143 003 134 008 154 0.06 149 0.08| 0.06 0.02 0.06 0.01 0.09 0.00
V,0; n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeO 69.03 0.50 67.44 238 70.80 1.74 63.63 0.91|47.40 030 46.92 0.33 48.20 0.13
MnO 0.66 0.02 0.68 0.01 <0.12 <0.12 0.98 0.06 1.25 0.06 0.97 0.06
MgO 0.44 0.02 0.16 0.02 045 0.03 027 0.03| 0.71 0.04 0.79 0.02 0.77 0.04
Total 94.53 93.58 93.97 90.14 98.63 100.02 100.02
n 3 3 5 3 4 4 3
Appendix Table 12: Continued
KRH1-2052 SRP09-24c¢ Greys Landing
Mineral Magl Mag?2 Mag3 Magl Mag2 Mag3 Mag4
wt% 1lo wt% 1o wt% Iloc |[Wt% 1o W% 1o wWt% 1o wt% Ilo
SiO, 055 018 0.15 004 047 0.28| 015 003 008 0.02 011 001 0.17 0.13
TiO, 1776 019 17.90 0.04 17.67 0.30| 13.74 0.19 16.37 041 1540 0.01 1263 0.34
Al,O4 188 0.09 184 003 179 0.03| 191 0.03 158 0.04 166 0.05 1.82 0.07
V,0; n.d. n.d. n.d. 034 0.01 037 000 035 001 031 0.02
FeO 70.60 0.77 7294 0.14 69.61 0.28| 78.03 0.04 7755 0.02 78.42 0.58 79.01 1.08
MnO 265 119 090 023 456 0.16| 050 004 054 0.03 044 002 038 0.07
MgO 0.76 027 114 003 049 0.15| 0.26 000 027 0.04 027 001 024 0.03
Total 94.19 94.86 94.60 94.93 96.75 96.64 94.56
n 4 4 4 2 2 3 4
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Appendix Table 12: Continued

KRH2-1946 KRH2-1796

Mineral Mag1l Mag2 Mag3 Mag4 Mag1l Mag2 Mag3

wt% 1o wt% 1o wt% Ilc wWt% 1o |[wt% 1o wi% 1o wt% |lo
SiO, 071 059 013 002 040 045 049 036| 0.10 0.04 0.13 0.08 0.10 0.01
TiO, 20.62 0.46 19.31 0.11 19.25 093 20.03 0.14| 21.60 0.08 19.54 0.15 18.30 0.07
Al,O; 138 0.03 136 004 151 0.09 142 0.04| 092 0.02 0.90 004 0.84 0.05
V,0; n.d. n.d. n.d. n.d. 043 0.01 041 0.02 0.38 0.01
FeO 7184 201 7561 035 7332 149 7329 1.09| 67.81 0.77 73.04 0.17 74.68 0.39
MnO 111 035 0.67 003 087 019 085 0.15| 392 074 1.00 0.08 0.83 0.02
MgO 0.26 010 035 0.02 032 0.03 036 004 022 003 022 0.03 0.08 0.01
Total 95.91 97.43 95.67 96.44 95.00 95.24 95.21
n 5 5 5 8 3 3 2
Appendix Table 12: Continued

KRH2-1401 KRH3-716 | SRP09-13 SRP09-10E Huckleberry Ridge

Mineral Magl Mag? Mag3 Mag4 Mag5 Mag6 Magl Magl Magl Mag? Mag3

wt% 1o wt% 1o W% Iloc wWt% 1lo wt% Ilo W% Ilo |[Wt% lo |wWt% lo [Wt% 1o wWt% 1o wt% lo
SiO, 0.14 0.07 016 003 0.12 001 010 000 0.12 001 041 001 013 0.01| 0.12 0.04| 0.10 0.02 0.07 0.04 0.11 0.02
TiO, 22.60 0.12 2254 0.14 2214 0.02 2257 0.05 2234 005 2240 0.14| 12.76 0.70| 13.57 0.20| 21.32 0.86 20.87 0.17 23.69 1.98
Al,O4 123 0.05 121 003 121 0.03 1.22 0.02 123 0.01 125 0.03| 1.24 0.36| 1.26 0.03| 107 014 115 0.09 119 0.13
V,0; n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.58 0.01| 052 0.03 048 0.01 0.58 0.03
FeO 7186 141 7154 138 73.78 055 7271 0.11 73.14 040 7251 0.40| 8159 157| 77.32 0.88| 71.43 0.89 7163 0.29 70.01 2.26
MnO 159 1.18 207 092 079 0.05 0.80 002 0.75 0.03 0.92 0.22| <0.12 0.00| 0.58 0.03| 0.69 0.07 0.68 0.09 0.68 0.22
MgO 0.36 0.07 037 002 041 001 041 001 041 003 045 0.02| 037 001 056 0.01| 0.14 0.02 015 0.02 0.16 0.03
Total 97.80 97.90 98.45 97.81 97.98 97.64 96.09 93.99 95.27 95.03 96.43
n 3 3 3 3 3 4 2 4 10 4 9
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Appendix Table 13: Composition of ilmenite from natural samples

SRP12-
AO05A SRP12-19B SRP12-A02a Wooden Shoe Butte SRP12-A02b Wooden Shoe Butte
Mineral IIm1 IIm1 lIm1 IIm2 IIm3 IIm4 IIm1 1Im2 1Im3
wt% lo | wWt% 1o |WL% lo wt.% lo wt% 1o wt% 1o |[wt% 1o W% lo wWt% lo
Sio, <0.05 0.08 0.02| 0.07 0.02 <0.05 <0.05 <0.05 0.07 0.03 <0.05 <0.05
TiO, 48.23 0.09| 48.71 0.22| 49.18 0.21 50.41 0.03 49.61 0.19 49.21 0.25|49.40 0.15 5099 0.19 49.98 0.10
Al,O4 <0.05 0.00| 0.13 0.01| 0.05 0.01 0.09 0.27 0.09 0.03 0.08 0.04| 0.06 0.02 0.06 0.01 0.09 0.00
V,0; 0.87 0.01| 1.00 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeO 48.58 0.23| 45.91 0.21| 48.07 0.38 47.92 0.04 48.06 0.26 48.23 0.18| 47.40 0.30 46.92 0.33 48.20 0.13
MnO 0.89 0.05| 266 0.06| 0.93 0.05 0.73 0.00 0.72 0.07 0.89 0.07| 0.98 0.06 1.25 0.06 0.97 0.06
MgO 1.02 0.03| 058 0.01| 0.32 0.02 0.90 0.00 0.82 0.06 068 0.04| 0.71 0.04 0.79 0.02 0.77 0.04
Total 99.60 99.07 98.62 100.06 99.30 99.09 98.63 100.02 100.02
n 10 6 5 5 6 5 4 4 3
Appendix Table 13: Continued
SRP09-24c Greys Landing KRH2-1946 KRH2-1796 KRH3-716
Mineral IIm1 IIm2 IIm3 IIm1 1Im2 1Im3 IIm1 IIm2 IIm1
wt% lo wt% 1lo wt% 1o (W% 1o wt% lo wt% lo | W% 1o wt% 1o | wt% lo
SiO, <0.05 0.07 0.01 0.10 0.00| 0.08 0.05 0.26 0.38 0.11 0.02| <0.05 <0.05 <0.05
TiO, 49.06 0.86 49.94 0.39 49.56 0.07|49.53 0.17 49.65 0.22 49.49 0.07| 49.71 0.16 52.29 0.25| 50.82 0.29
Al,O4 0.09 0.05 0.08 0.04 0.05 0.00| 0.06 0.01 0.08 0.04 0.08 0.02| <0.05 <0.05 <0.05
V,0; 0.95 0.03 095 005 1.01 0.01 0.90 0.02 0.93 0.02
FeO 4751 0.36 47.21 050 47.09 0.12| 4850 0.47 4856 051 4955 0.29| 4550 0.66 43.68 0.45| 48.18 0.30
MnO 0.84 0.03 0.80 0.03 0.82 0.07| 0.87 0.04 0.89 0.05 0.85 0.03| 3.00 0.08 091 0.17 0.22 0.09
MgO 0.64 0.02 063 003 067 0.01| 0.72 0.03 0.73 0.03 0.71 0.05| 0.21 0.01 <0.06 1.42 0.01
Total 99.09 99.69 99.29 99.75 100.17 100.78 99.31 97.81 100.63
n 4 4 2 5 5 5 3 4 3
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Appendix Table 13: Continued

KRH2-1796 KRH3-716
Mineral IIm1 IIm2 lIm1
wt% 1lo wt% 1o | wt% lo
Sio, <0.05 <0.05 <0.05
TiO, 49,71 0.16 52.29 0.25| 50.82 0.29
Al,O4 <0.05 <0.05 <0.05
V5,05 0.90 0.02 0.93 0.02 n.d.
FeO 4550 0.66 43.68 0.45| 48.18 0.30
MnO 3.00 0.08 091 0.17 0.22 0.09
MgO 0.21 0.01 <0.06 1.42 0.01
Total 99.31 97.81 100.63
n 3 4 3

Appendix Table 14: Composition of biotite from natural samples

SRP12-19B Arbon Valley

Mineral Btl Bt2 Bt3 Bt4
wt% 1lo wt% 1o wt% Iloc wt% lo
Sio, 3554 050 3791 0.77 40.76 1.08 39.41 0.32
TiO, 3.10 011 290 014 183 0.12 2.04 0.08
Al,O4 1383 0.62 14.48 1.45 19.47 1.03 16.05 0.54
FeO 30.76 1.14 2434 163 19.31 096 23.08 0.71
MnO 0.83 0.08 058 0.03 057 014 0.62 0.07
MgO 265 016 260 011 174 0.08 145 0.08
Na,O 0.38 0.05 024 0.06 0.23 0.04 0.19 0.03
K,O 782 030 6.00 019 4098 0.28 5.89 0.16
Total 94.91 89.05 88.88 88.74
n 5 5 6 12
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Appendix Table 15: Composition of fayalite from natural samples

SRP09-10E
Mineral Fal

wt.% lo
SiOo, 29.77 0.25
FeO 65.33 0.34
MnO 2.05 0.11
MgO 2.19 0.02
CaO 0.25 0.01
Total 99.59
n 5

Appendix Table 16: Titanium contentcs in quartz

Qtz | SRP12-A05A Steer SRP12-19B Arbon  SRP09-24c Greys L. KRH2-1401 KRH2-1796 SRP09-13 Wolv. SRP09-10E Huck.
No. Ti lo n Ti lo n Ti lo n Ti lo n Ti lo n Ti lo n Ti lo n
[ppm]  [ppm] [ppm]  [ppm] [ppm]  [ppm] [ppm]  [ppm] [ppm]  [ppm] [ppm]  [ppm] [ppm]  [ppm]

1 247 14 3 <13 - 3 198 20 3 147 8 6 200 6 3 24 11 3 26 9 3
2 244 2 3 <13 - 3 260 11 3 184 13 6 179 53 <13 - 3 <13 - 3
3 217 1 3 <13 - 3 222 3 3 178 6 6 191 8 3 <13 - 6 <13 - 3
4 233 4 3 <13 - 3 218 13 3 199 10 6 176 12 3 <13 - 3 <13 - 3
5 234 7 4 <13 - 3 224 6 3 169 13 13 178 8 5 <13 - 3 187 53
6 133 59 3 25 13 275 6 3 181 12 6 218 33 191 145 3 <13 - 3
7 220 14 3 <13 - 3 241 18 3 1213 4 3 - - - <13 - 3 65 58
8 216 4 3 <13 - 3 255 26 10 193 11 6 - - - <13 - 3 <13 - 3
9 482 38 3 <13 - 3 225 17 3 179 10 6 - - - <13 - 3 - - -
10 216 13 3 <13 - 3 253 8 3 179 9 6 - - - - - - - -
11 53 33 3 <13 - 6 245 9 3 175 10 6 - - - - - - - -
12 238 17 10 <13 - 3 237 14 10 164 9 6 - - - - - - - -
13 248 13 3 <13 - 3 231 16 9 - - - - - - - - - - -
14 223 3 3 <13 - 3 238 1 3 - - - - - - - - - - -
15 249 7 3 29 2 3 227 6 3 - - - - - - - - - - -
16 252 11 3 - - - - - - - - - - - - - - - - -
17 216 6 3 - - - - - - - - - - - - - - - - -
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