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strongly dependent on the experimental approach. Possible 
explanations are given for this discrepancy which may have 
strong impacts on the choice of appropriate experimental 
approaches for the determination of magma storage condi-
tions. The comparison of the composition of natural phases 
and of experimentally synthesized phases confirms magma 
storage temperatures of 845–875  °C. Melt water contents 
of 1.5–2.5 wt% H2O are required to reproduce the natural 
Blacktail Creek Tuff mineral assemblage at these temper-
atures. Using the Ti-in-quartz barometer and the Qz–Ab–
Or proportions of natural matrix glasses, coexisting with 
quartz, plagioclase and sanidine, the depth of magma stor-
age is estimated to be in a pressure range between 130 and 
250 MPa.

Keywords  Rhyolite · Yellowstone hotspot · Heise · Snake 
River Plain · Thermobarometry · Phase equilibria · Magma 
storage conditions

Introduction

Rhyolitic volcanism related to the track of the Yellow-
stone hotspot along the Snake River Plain in Idaho, USA, 
is the focus of a large number of studies, beginning with 
the descriptions of the voluminous volcanism of the central 
Snake River Plain by Bonnichsen (1982a, b) and Bonnich-
sen and Citron (1982) and ongoing with many studies on 
the petrology and geochemistry of the Yellowstone hotspot 
(e.g., Cathey and Nash 2004; Morgan and McIntosh 2005; 
Nash et al. 2006; Bindeman et al. 2007; Bonnichsen et al. 
2008; Leeman et al. 2008; Cathey and Nash 2009; Girard 
and Stix 2009; McCurry and Rodgers 2009; Vazquez et al. 
2009; Ellis et al. 2010; Girard and Stix 2010; Watts et al. 
2011; Drew et  al. 2013; and many others). However, a 

Abstract  The magma storage conditions of the 6.62 Ma 
Blacktail Creek Tuff eruption, belonging to the Heise vol-
canic field (6.62–4.45 Ma old) of the Yellowstone hotspot 
system, have been investigated by combining thermobaro-
metric and experimental approaches. The results from dif-
ferent geothermometers (e.g., Fe–Ti oxides, feldspar pairs, 
apatite and zircon solubility, and Ti in quartz) indicate 
a pre-eruptive temperature in the range 825–875  °C. The 
temperature estimated using two-pyroxene pairs varies in a 
range of 810–950  °C, but the pyroxenes are probably not 
in equilibrium with each other, and the analytical results 
of melt inclusion in pyroxenes indicate a complex history 
for clinopyroxene, which hosts two compositionally dif-
ferent inclusion types. One natural Blacktail Creek Tuff 
rock sample has been used to determine experimentally the 
equilibrium phase assemblages in the pressure range 100–
500  MPa and a water activity range 0.1–1.0. The experi-
ments have been performed at fluid-present conditions, with 
a fluid phase composed of H2O and CO2, as well as at fluid-
absent conditions. The stability of the quartzo-feldspathic 
phases is similar in both types of experiments, but the pres-
ence of mafic minerals such as biotite and clinopyroxene is 
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petrogenetic model for the formation of the rhyolites is still 
under debate. The continental crust has clearly contributed 
to the formation of Snake River Plain rhyolites, which is 
confirmed by isotopic and trace element compositions indi-
cating a change in the magma source at the western edge of 
the Snake River Plain. This variation is marked by the tran-
sition from accreted oceanic terranes in the west to Precam-
brian basement in the east (Leeman et al. 1992), located in 
the western Idaho border region. On the other hand, Sr and 
Nd isotopic data preclude a simple partial melting of the 
Precambrian basement underlying much of the Yellowstone 
hotspot volcanic province (Nash et al. 2006; Leeman et al. 
2008; Christiansen and McCurry 2008), and a contribution 
of mantle-derived mafic material needs to be taken into 
account.

The processes occurring in the crustal zones in which 
rhyolitic melts are assembled in magma reservoirs are 
also complex. For example, oxygen isotope data indicate 
that hydrothermal fluids modified the isotopic composi-
tion of rhyolite source materials probably during multiple 
caldera-forming cycles (Bindeman et al. 2007). The geo-
chemistry of Snake River Plain rhyolites indicates that 
their compositions correspond to metaluminous ferroan 
granites following the classification proposed by Frost 
and Frost (2011). However, the products of single erup-
tive events and the evolution of volcanic rocks with time 
cannot be simply described by classical crystal fractiona-
tion of ferroan systems or by two member magma mix-
ing processes (mafic–felsic). For example, the existence 
of different pyroxene populations in selected rhyolitic 
samples indicates that magma mixing or mingling of sev-
eral rhyolitic batches occurred either at depth or during 
the eruptive process (Cathey and Nash 2009; Ellis et  al. 
2010).

The typical Snake River Plain anhydrous mineral assem-
blage is consistent with high magma temperatures. Using 
classical geothermometers (compositions of mineral pairs, 
zircon and apatite saturation), a general decrease in tem-
perature with time has been observed over the history of 
the Yellowstone hotspot system. The earliest erupted silicic 
magmas in the western part of the Yellowstone hotspot 
province (16–17  Ma) were probably extremely hot—up 
to 1,080 °C (Perkins and Nash 2002). Temperatures in the 
central Snake River Plain, including the Bruneau–Jarbidge 
and Twin Falls eruptive centers, active between ~13 and 
8  Ma, were typically in the range 900–1,000  °C (Honjo 
et al. 1992; Cathey and Nash 2004, 2009; Ellis et al. 2010; 
Almeev et  al. 2012), whereas younger rhyolites (<7  Ma) 
in the eastern part (particularly Heise and Yellowstone) are 
more compositionally evolved and have lower pre-eruptive 
temperatures (typically 800–900  °C), and at Yellowstone, 
the 1.3 Ma Mesa Falls Tuff and the 0.64 Ma Lava Creek 
Tuff contain biotite and/or hornblende (Christiansen 2001; 

Watts et al. 2011), indicating a change in magma formation 
and/or storage conditions with time and space. In addition 
to temperature, one crucial parameter that needs to be deter-
mined to characterize magma storage conditions and erup-
tive mechanisms is the water content of the melts (H2Omelt). 
From results in synthetic systems, H2Omelt of high-tem-
perature rhyolitic magmas can be extremely low because 
temperatures as high as 900–1,000  °C are close to the 
dry melting of quartzo-feldspathic systems. Results from 
Almeev et al. (2012) confirm this hypothesis, and H2Omelt 
as low as 0.7–1.3 wt% H2O for Snake River Plain high-
temperature rhyolites from the Bruneau–Jarbidge eruptive 
center (950–975  °C) is realistic. With decreasing temper-
ature, silicate melts can only be stable at higher H2Omelt 
(Holtz et  al. 2001), and thus, H2Omelt should be higher in 
the younger, lower-temperature magmas, particularly those 
including biotite (and hornblende) in the phase assemblage. 
Although much work has been conducted on Snake River 
Plain rhyolite magma, parameters such as depth of magma 
storage and H2Omelt—which are crucial to the interpretation 
of eruptive mechanisms—are not well quantified for most 
eruptive units. This study is focused on the determination 
of the pre-eruptive conditions of the Blacktail Creek Tuff, 
which belongs to the younger Yellowstone hotspot mag-
mas from the Heise volcanic field. Classical tools such as 
thermobarometry from mineral compositions, composi-
tions of natural glasses and melt inclusions are used. The 
information from natural assemblages is complemented by 
the experimental determination of phase equilibria at high 
pressure and temperature (100–500  MPa; 680–900  °C) 
which is one of the methods commonly applied to constrain 
pre-eruptive conditions (e.g., Rutherford et al. 1985; Scail-
let and Evans 1999; Holtz et al. 2005) and is well suited to 
constrain water activities and depth of magma storage.

Heise volcanic field

The Heise volcanic field, active from 6.6 to 4.5  Ma, is 
the second youngest of the eruptive centers of the Yel-
lowstone hotspot system and is located west of the Yel-
lowstone National Park at the eastern border of Idaho. 
The Heise field is a well-preserved, large nested cal-
dera complex with a surface area of approximately 
100 km × 100 km (Morgan and McIntosh 2005; Binde-
man et  al. 2007; Watts et  al. 2011). Usually, Heise tuff 
exposures are densely welded ignimbrite (Branney et al. 
2008). All Heise magmas are erupted through Archean 
crust, confirmed by the location of the Heise volcanic 
field 300 km east of the Sr 0.706 isopleth that defines the 
transition from Mesozoic accreted terranes on the west to 
the eastern Precambrian craton of North America (Farmer 
and DePaolo 1983; Fleck and Criss 1985).
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The eruptive activity of the Heise volcanic center 
occurred in late Miocene and early Pliocene between 6.62 
and 4.45  Ma. The 6.62  Ma Blacktail Creek Tuff, the ini-
tial large-volume eruption at the Heise eruptive center, 
launched the Heise cycle with a 1,200 km3, caldera-forming 
eruption (Morgan and McIntosh 2005; Watts et  al. 2011, 
this study). The Blacktail Creek Tuff is a densely welded, 
homogeneous ignimbrite with phenocryst contents up to 17 
vol% and is in the focus of this study. Two intermediate cal-
dera-forming eruptions, also in the eruption category (VEI 
7 + 8), occurred at 6.27 Ma and 5.51 Ma, the 750 km3 Wal-
cott Tuff and the 300 km3 Conant Creek Tuff. The 5.57 Ma 
Tuff of Wolverine Creek seems to be subordinate and char-
acterized by non-welded deposits. The final eruption of 
the Heise caldera cycle was the Kilgore Tuff (1,800 km3) 
which is characterized by a highly welded, phenocryst-poor 
ignimbrite. The crystal content is as low as ~1  %. Expo-
sures of the 4.45 Ma Kilgore Tuff span ~20,000 km2 across 
parts of Idaho, Montana and Wyoming, and range from <3 
to >120 m thickness, with the thickest deposits located near 
the three inferred source vent areas along the northern and 
southern margins of the Kilgore caldera (Morgan and McI-
ntosh 2005). It is emphasized that the time interval between 
each large-volume eruption of the Heise center increases 
from the oldest to the youngest events. The study of Watts 
et al. (2011) extended the Heise cycle by a group of post-
Kilgore Tuff rhyolitic eruptions with minor volumes. These 
are the Juniper Buttes, Long Hollow, Indian Creek and 
Sheridan reservoir rhyolites, with ages down to 3.96  Ma. 
However, the following ~2 Ma are without any major erup-
tions until the onset of activity on the Yellowstone volcanic 
plateau to the east marked by eruption of the voluminous 
2.11 Ma Huckleberry Ridge Tuff (Christiansen 2001; Ellis 
et al. 2012).

Investigated sample

One sample of the Blacktail Creek Tuff has been selected 
for detailed analytical and experimental studies. It is col-
lected from the Blacktail Creek Tuff outflow facies at the 
shoreline of the Blacktail Creek Reservoir; the type sec-
tion of this unit is well described in Morgan and McIntosh 
(2005). The investigated sample is a rhyolitic tuff com-
posed predominantly of a welded glass matrix containing 
approximately 16 vol% of phenocrysts (Fig.  1) as deter-
mined by point counting (8,642 points in one thin sec-
tion). The phenocryst assemblage consists of ~37.8 vol% 
plagioclase (Pl), ~18.1 vol% sanidine (Sa), ~33.7 vol% 
quartz (Qz), ~3.9 vol% augite (Aug), ~2.5 vol% pigeonite 
(Pgt) and ~4.0 vol% magnetite (Mag) and ilmenite (Ilm). 
Accessory minerals that have been identified are apatite 
(Ap) and zircon (Zrn) (abbreviations after Whitney and 

Evans 2010). One biotite (Bt) grain has been identified in 
the thin sections of the investigated sample, but the min-
eral is surrounded by a reaction rim and may not be rep-
resentative of the magmatic assemblage prevailing in the 
magma chamber prior to eruption. Some minerals, espe-
cially oxides, pyroxenes as well as quartz grains exhibit 
rounded shapes which may indicate resorption. Fracturing 
of minerals, typical for explosive rhyolites, is widespread. 
Tectosilicates and augite also have abundant melt inclu-
sions. The distribution of the phenocrysts is homogeneous 
in the starting material, which is confirmed by the sepa-
rate whole-rock geochemical analyses of three fragments 
initially belonging to one large sample (Table 1). The bulk 
Zr content varies in the range of 292–323  ppm and the 
bulk Ba content ranges from 1,059 to 1,280  ppm (elec-
tronic supplement Table 2). The bulk major element geo-
chemical composition of the investigated sample is given 
in Table 1.

Fig. 1   Photomicrographs (non-polarized and polarized) of the natu-
ral sample Blacktail Creek Tuff used as starting material for the 
experiments and for natural phase analysis. The phases that can be 
observed are labeled
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Experimental and analytical techniques

Crystallization experiments were performed using finely 
powdered glass made by melting ~70 g natural rock pow-
der of the sample Blacktail Creek Tuff. This initial starting 
glass was prepared by three successive fusion steps per-
formed in a Pt crucible at 1,600 °C and 1 atm in air for at 
least 3 h. Glass fragments collected from different parts of 
the glass block after the third fusion were analyzed sepa-
rately by electron microprobe (see analytical methods), and 
the composition is identical within error (within the stand-
ard deviation). The average composition (162 analyses) is 
given in Table 1, and the data show that Fe and Na losses 
during fusion were minimal (Fe may form an alloy with Pt; 
Na may be lost in the gas phase in the furnace). The highest 
difference between bulk rock and experimental glass com-
position is observed for Al2O3 (Al2O3 in experimental glass 
is 0.3 wt% higher) and for FeO (value for experimental 
glass is 0.3 wt% lower). The starting glass contains minor 
amounts of Cl after fusion (~0.03 wt% Cl, the detection 
limit for Cl in glass measurements varies in the range of 
75–100 ppm at 40-nA beam current).

The glass synthesized at 1  atm was crushed in a disk 
mill to a grain size <10 μm and was used for pre-hydration 
experiments. Pre-hydration experiments were conducted 
in an internally heated pressure vessel (IHPV) at 300 MPa 
and 1,050 °C in voluminous gold capsules (inner diameter: 
8 mm at 3.5 cm length) to produce a high amount of homo-
geneous water-bearing glass for the following crystalliza-
tion experiments. Three pre-hydration experiments were 
conducted in order to synthesize glasses containing approx-
imately 1, 1.5 and 2.5 wt% H2O. In addition, seven smaller 
glass samples containing 2.3–8.2 wt% H2O were prepared 
at pressures above 500  MPa and 1,100  °C in Pt capsules 
to calibrate the determination of water concentrations by 
microprobe measurements.

Crystallization experiments were conducted in cold-seal 
pressure vessels (CSPV) pressurized with H2O at 200 MPa 
and in a temperature range of 680–875  °C. The intrinsic 
redox conditions are near the nickel–nickel oxide buffer 
(hereafter labeled ~NNO) which are equivalent to the oxy-
gen fugacity of the quartz–fayalite–magnetite solid oxygen 
buffer (hereafter labeled QFM) +1 log unit. Another set of 
experiments was conducted in an IHPV pressurized with 
a mixture of Ar and H2 gases and equipped with a Shaw 
membrane (see Berndt et  al. 2002 for description of the 
apparatus). IHPV experiments were conducted at 900  °C 
and at pressures of 100, 300 and 500  MPa. Considering 
that magnetite–ilmenite pairs from the Blacktail Creek Tuff 
indicate conditions close to the QFM buffer (see below), 
the amount of hydrogen added to the Ar pressure medium 
was chosen so that redox conditions of ~QFM are reached 
at water-saturated conditions. Hydrogen diffuses through 

the noble metal of the sample container (capsules), and in 
the presence of water, the oxygen fugacity is controlled 
by the equilibrium reaction of water formation (H2  +  ½ 
O2 ↔ H2O). As a result, at a given fH2, the fO2 decreases 
with decreasing water activity in the experimental charge. 
The fO2 in the water-undersaturated experiments is lower 
than that in water-saturated experiments (see, for example, 
detailed discussion in Schuessler and Botcharnikov 2008) 
and can be estimated using the relation logfO2 = logfO2 (at 
aH2O =  1) · aH2O

2 (Botcharnikov et  al. 2005). We esti-
mate that the overall error in the calculated fO2 is about 
~0.2 log units (Botcharnikov et al. 2005).

Most of the experiments were conducted at low water 
activities and high temperature (800–900  °C). Such con-
ditions represent the most geologically relevant condi-
tions because the rhyolites are devoid of hydrous minerals 
and geothermometry of Snake River Plain rhyolites pre-
dict temperatures above 800  °C (see below, e.g., Perkins 
and Nash 2002; Nash et al. 2006; Cathey and Nash 2004, 
2009; Ellis et al. 2010; Watts et al. 2011). The starting pre-
hydrated glasses or mixtures of two pre-hydrated glasses 
were used for the crystallization experiments in CSPV at 
200 MPa (temperature range 680–875 °C) and in IHPV at 
100  MPa (900  °C). The glasses were sealed in gold cap-
sules (~15  mm length, 2.8  mm internal diameter and 
0.2  mm wall thickness). For water-saturated experiments, 
10 wt% H2O was added to the dry glass powder. For water-
undersaturated experiments, no additional volatile phase 
was added to the capsule. The amount of water in the pre-
hydrated glasses was always lower than the water solubility 
at 200 MPa which is around 6 wt% H2O in rhyolitic melts 
(Tuttle and Bowen 1958; Moore et al. 1998). Thus, in most 
of our 200 MPa water-undersaturated experiments, the con-
ditions were fluid-absent and the prevailing water activity, 
aH2O, can be determined from the amount of water present 
in the glasses after the experiment using the model of Burn-
ham (1994). The experiments at 300 and 500 MPa in IPHV 
were conducted with dry glasses, and different amounts of 
water were added to the capsules. Water-undersaturated 
conditions were obtained by adding amounts of water 
which are lower than required for water saturation (<6.9 
wt% for 300 MPa and <8.8 wt% for 500 MPa).

Some experiments were conducted at nominally dry 
conditions using dry glasses previously stored at 110  °C 
(no fluid added). It is emphasized that such experiments are 
not strictly water-free because (1) it is nearly impossible 
to avoid adsorbed water on the surface of the glass powder 
grains during the capsule preparation and (2) hydrogen of 
the pressure medium may diffuse through the noble metal 
capsules. Thus, in nominally dry experiments, a fluid phase 
was not present, but the silicate melts contained small 
amounts of water mainly dissolved as OH groups (~0.3–1.0 
wt% depending on pressure).
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A series of experiments at 200 MPa (765–875 °C) was 
also conducted at water-undersaturated conditions in the 
presence of a H2O–CO2-bearing volatile phase. For these 
experiments, pre-hydrated glasses and Ag2C2O4 were 
sealed in Au capsules.

The run duration varied with temperature and was 
always more than 336 and up to 1,368 h for runs at 680–
875 °C (CSPV experiments). Experiments at 900 °C were 
performed for at least 226 and up to 332  h. All experi-
ments were performed by applying directly the desired 
temperature at isobaric conditions. Two-step experiments 
with a first stage at a superliquidus temperature were not 
performed to enhance the nucleation of crystals along the 
grain boundaries of initial glass fragments (e.g., Holtz et al. 
1992). Maximal temperature variations during the experi-
ments were ±5  °C. The CSPV experiments were cooled 
with a flux of compressed air, and the typical time needed 
to quench the samples down to ~400  °C is <3 min. Con-
sidering that the investigated compositions are high-silica 
rhyolites, this cooling rate is sufficient to avoid the forma-
tion of quench phases. The cooling rate in IHPV is faster 
than in CSPV.

Analytical methods

Electron microprobe

The natural phases (crystals, matrix glass and glass inclu-
sions) and the experimental products were analyzed with 
a Cameca SX100 electron microprobe at the University 
of Hanover, Institute for Mineralogy. The major element 
composition of the mineral phases was analyzed using 
the following analytical conditions for crystalline phases: 
accelerating voltage of 15  kV, beam current of 15  nA, 
counting time 10 s on peak for all elements. Glasses were 
analyzed using a defocused beam (10-µm beam diameter) 
with 15 kV accelerating voltage and beam current of 4 or/
and 15 nA. To avoid loss of Na and K, the counting time 
for these elements was reduced to 4  s at 15 nA. Hydrous 
glasses were double-checked by using both 4- and 15-nA 
beam current to quantify alkali losses. For calibration, 
internal standards as well as external standards were used 
for each microprobe session. A natural well-characterized 
rhyolite glass standard was used for dry glass calibrations, 
and pre-hydrated samples of natural Blacktail Creek Tuff 
have been applied for hydrous glass compositions (Elec-
tronic supplement Fig.  1). Lake County plagioclase for 
feldspars and Kakanui augite for pyroxenes were com-
mon standard samples as well. Ba, Mn, Zr, Cl, F, S and P 
in glasses were analyzed at a second beam condition with 
40-nA beam current to improve the detection limit. Count-
ing times varied from 10 to 30  s. For the measurements 

of Ti in quartz, the Ti peak was measured only on LPET 
analyzer crystal at 150 nA and a counting time of 360 s on 
peak to get high resolution of <13 ppm. Ti-in-quartz meas-
urements were re-checked with standard sample material 
provided by Andreas Audetat applied in Huang and Audetat 
(2012). Special conditions given by Parat and Holtz (2005) 
were also used to analyze Cl, F and S in apatites.

In this study, the composition of glasses was used to 
estimate the depth of storage conditions using the propor-
tions of quartz and feldspar components (Qz, Ab, An, Or). 
Therefore, the possible loss of alkalis in water-rich glasses 
must be controlled carefully. The microprobe settings for 
this study were checked and optimized, but loss of Na 
could not be avoided completely for some glasses contain-
ing more than 3 wt% H2O. The loss of Na could be quanti-
fied by using calibration measurements on standard glasses 
with known Na2O and H2O contents but was only found to 
be serious for glasses with very high water contents (e.g., 
8.8 wt% H2O, synthesis at 500 MPa, loss of 1.3 wt% Na2O 
absolute). Most experiments constraining the pre-eruptive 
conditions were made of glasses with 3 wt% H2O or less, 
and corrections for Na loss were not applied.

In most experimental studies on crystallization of rhy-
olitic melts, the measurement of the composition of small 
crystals is a challenge. Microprobe measurements on 
crystals smaller than 2–3  µm always show contamination 
by elements from the surrounding glass. For the analyses 
with obvious high contamination, the analytical informa-
tion was limited to the reporting of the presence of the 
mineral phase. For most titanomagnetite and for some 
pyroxene crystals, the crystal composition is recalculated 
by mass balance, excluding all non-stoichiometric ele-
ments (corrected compositions are specified in electronic 
supplement Table 4). If three or more measurements in one 
single experiment yielded the same result, even at differ-
ent degrees of contamination, the values were used for the 
interpretations.

Analysis of water concentration in glasses

The exact determination of the water concentration in the 
glasses is crucial in this study considering that the natural 
systems are water-undersaturated and that water activity is 
one main parameter influencing phase stabilities and the 
crystal proportions. The water contents of the pre-hydrated 
glasses were determined by Karl Fischer titration (KFT) 
(for this method, see Behrens et  al. 1996), and Fourier 
transform infrared spectroscopy (FTIR). The water contents 
of experimental glasses were determined by near-infrared 
(NIR) and mid-infrared (MIR) spectroscopy if a suitable 
amount of glass was available or was determined with the 
electron microprobe “by-difference.” Detailed information 
of the apparatus is given in electronic supplementary A.
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Molar absorption coefficients of 1.41 and 
1.66  l  cm−1  mol−1 for the 4,520 and 5,230  cm−1 bands, 
respectively, were used to calculate the total water con-
tents from NIR measurements (coefficients were deter-
mined for rhyolitic glasses by Withers and Behrens 1999). 
The water contents for MIR measurements (3,550  cm−1) 
were calculated using a molar absorption coefficient of 
78  l  cm−1  mol−1. This value was determined from Snake 
River Plain rhyolitic glasses containing <2 wt% H2O syn-
thesized in experiments above the liquidus in which the 
water content was determined by Karl Fischer titration 
(Almeev et  al. 2012). The value is slightly higher than 
most of the molar absorption coefficients mentioned in the 
literature ranging from 61 to 70 (Mandeville et  al. 2002). 
However, the dataset published by Mandeville et al. (2002) 
does not contain data for high-silica rhyolites, and this 
dataset clearly shows that the molar absorption coefficient 
increases from basaltic to dacitic melts.

The water content of experimental glasses was also esti-
mated using the classical “by-difference” method based on 
the sum of the EMPA, which has a relatively high uncer-
tainty of ±0.5–0.7 wt% H2O (e.g., Parat et al. 2008). In this 
study, we used pre-hydrated standard glasses with known 
water contents (2.3–8.2 wt% H2O) determined by FTIR to 
calibrate the “by-difference” method. A representative cali-
bration plot is given in electronic supplement Fig.  1, and 
such calibration plots were systematically established for 
each microprobe session. Using this method, the uncer-
tainty, which corresponds to the standard deviation of the 
analyses, is estimated to be ±0.35 wt% H2O.

Analytical results of Blacktail Creek Tuff sample

Geothermometry/Geobarometry

The individual analysis of mineral phases and matrix glass 
from the natural Blacktail Creek Tuff sample are given in 
the electronic supplement (electronic supplement Tables 1 
and 2). The temperatures estimated from oxide pairs, 
pyroxene pairs and plagioclase pairs are summarized in 
Table 4. All measured mineral pairs were in direct contact 
with each other or exhibiting crystal intergrowth. The glass 
analyses were used to estimate temperature using plagio-
clase–melt compositions (Putirka 2008) and apatite and zir-
con solubility models (Harrison and Watson 1984; Watson 
and Harrison 1983).

The pyroxene compositions are shown in Fig.  3. 
Pigeonite components vary from Fs44Wo3En53 to 
Fs54Wo4En43. Augites are more homogeneous and vary 
from Fs21Wo41En37 to Fs24Wo42En34. The Fe/Mg ratio 
of augite is constant with a value of 0.6, whereas the Fe/
Mg ratio of pigeonite varies in the range of 0.8–1.2. The 

mineral pair temperatures from pyroxenes (Aug–Pgt) cal-
culated by QUILF (fixed at 200  MPa) range from 829 to 
934  °C with high uncertainties up to 59  °C. Calculations 
of the temperature and oxygen fugacity (fO2) were con-
ducted by including the measured pyroxene components 
and a pressure fixed at 200 MPa. The used pairs are given 
in Table 4. It has to be mentioned that all pyroxene pairs 
were in direct contact with each other, except for the first 
pair in Table 4. The first pyroxene pair from Table 4 is an 
average value of all analyzed augites and pigeonites from 
the Blacktail Creek Tuff sample. In a second step, equi-
librium temperatures were calculated by QUILF keep-
ing χEn, χWo of one phase constant and pressure fixed at 
200  MPa and allowing the program to calculate tempera-
ture, fO2, χEn and χWo of the coexisting pyroxene. The cal-
culated temperatures and oxygen fugacities are also given 
in Table 4. Although all analyzed pyroxene crystals do not 
show any obvious chemical zoning, temperatures calcu-
lated with fixed pigeonite components range from ~843 to 
~955 °C and are significantly higher than temperatures cal-
culated with fixed augite components ranging from ~825 to 
~861  °C. The pairs (c) and (f) yield the best overlapping 
results with 860 and 839 °C for recalculated pigeonite com-
position and 857 and 843 °C for recalculated augite com-
position, respectively. Calculations according to Putirka 
(2008) yield lower temperatures (809–848 °C). The test for 
equilibrium using the calculated KD(Fe–Mg) values of pyrox-
enes (Putirka 2008) indicates that minerals do not lie along 
an equilibrium line. After Putirka (2008), the value of the 
KD(Fe–Mg) Aug/Pgt should be 1.09 ±  0.14, but the Fe/Mg 
values are significantly higher for pigeonite than for augite, 
resulting in KD(Fe–Mg) Aug/Pgt values <0.69. Assuming that 
the KD(Fe–Mg) melt/aug and KD(Fe–Mg) melt/Pgt should be 
similar, we checked our values with the dataset of Bédard 
(2010) for high-silica melts. Keeping in mind the low Fe 
and especially the low Mg contents for the natural Black-
tail Creek Tuff glasses, we determined KD(Fe–Mg) melt/cpx 
in a range of 0.10–0.13 and KD(Fe–Mg) melt/Pgt in a range 
of 0.18–0.22. Published values for melt/cpx, summarized 
in Bédard 2010, range from 0.08 to 0.25. From the com-
parison with the dataset of Bédard (2010), we can conclude 
that pyroxene and melt compositions are within values usu-
ally observed in experiments. However, the low KD(Fe–Mg) 
Aug/Pgt value indicates that the temperatures estimated 
from pyroxene pairs need to be treated with caution.

The normative components of plagioclase vary from 
Ab65An30Or5 to Ab69An22Or9 and for sanidine from 
Ab37An3Or57Cls3 to Ab46An2Or49Cls2 (Fig.  4; Table  4), 
where Cls is the Celsian component (BaAl2Si2O8). The 
calculated temperatures for feldspar pairs (plagioclase–
sanidine) range from 830 to 861  °C. Generally the ana-
lyzed feldspars do not show any zonation in major ele-
ment composition and are assumed to be homogenous. Pair 
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(e) (Table  4) only shows distinct zoning with higher An 
(+5 %) and lower Or (−2 %) contents in the core, result-
ing in a higher crystallization temperature for the core 
(+22 °C). Average compositions of seven crystal pairs (in 
contact or aggregated) were used for calculations. The scat-
tering of temperatures may be affected by slight core-rim 
variations in major element compositions, depending on 
the cutting angle of the analyzed crystal. Plagioclase-liq-
uid temperatures are slightly higher and range from 860 to 
867  °C (both after Putirka 2008) (Fig.  4). The calculated 
temperatures given by the oxide geothermometers ILMAT 
and ilmenite–magnetite (Andersen et  al. 1993; Lindsley 
1983; Stormer 1983; Ghiorso and Evans 2008) range from 
853 up to 895  °C for the three analyzed individual pairs. 
Calculations with average composition of all analyzed 
ilmenite and Ti-magnetite yield 865 °C (after Ghiorso and 
Evans 2008) and 854 °C following the calculation method 
of Andersen and Lindsley (1985). The calculated oxygen 
fugacity is in the range of log fO2 −12.2 to −13.5 (~QFM) 
and corresponds with the average range obtained from 
pyroxene compositions varying from ~ −12.4 to −13.5. 
The Ti activity (aTiO2) is at a relatively constant value 
of 0.54 ±  0.02. Temperatures estimated from the solubil-
ity models for apatite and zircon (Harrison and Watson 
1984; Watson and Harrison 1983) are calculated for the 
bulk composition (Table 2) as well as for the single glass 
analyses (electronic supplement Table  1). Estimated tem-
peratures for the glasses are 867 and 862 °C, respectively, 
and slightly higher than calculated for the bulk composi-
tion (~−15 °C for apatite solubility and ~−10 °C for zir-
con solubility). Keeping in mind the high uncertainty for 
P2O5 and ZrO2 determined by microprobe (see standard 
deviation of microprobe analyses, Table  3 and electronic 
supplement Table  1), our results from glasses need to be 
interpreted with caution but are consistent with the results 
from bulk rock analyses. The zircon saturation temperature 
determined from the bulk rock composition for the sample 
investigated in this study (852 °C) is nearly identical to that 
determined by Watts et  al. (2011) for the Blacktail Creek 
Tuff (848 °C).

Matrix glass and glass inclusions

Up to 14 individual glass shards have been analyzed (3–7 
analysis each) to check for the homogeneity of the matrix 
glass (see average values in Table 2). No significant com-
positional variations are observed (Fig.  5). FeO and TiO2 
concentrations, which may reflect different degrees of dif-
ferentiation, do not change significantly (Electronic sup-
plement Table  1). The FeO contents are in the range of 
0.99–1.42 wt%, but most glass shards have concentrations 
between 1.1 and 1.3 wt%. TiO2 concentrations are in the 
range of 0.16–0.21 wt%.

The mineral phases of the Blacktail Creek Tuff rock sam-
ple are rich in glass inclusions (Fig. 2), especially in augite, 
feldspars and quartz. The results listed in Electronic sup-
plement Table 5 show a wide range of glass compositions. 
Inclusions trapped in augites often show more evolved 
chemical compositions, with lower FeO contents than matrix 
glasses (Fig.  5). In contrast, inclusions in quartz and feld-
spars have the same compositional range as matrix glasses. 
Most inclusions in augite have higher K2O concentrations 
than in the glass matrix as well as inclusions in quartz and 
feldspars. The results of CIPW norm calculations, given 
in Table  5, are plotted in the ternary Qz–Ab–Or diagram 
(Fig.  6) and confirm that several glass inclusions in augite 
are shifted toward the Qz–Or sideline of the ternary system. 
From the database obtained in this study, two separate pop-
ulations of glass inclusions in augite may be distinguished. 
One population has high K and low Na; the second popula-
tion has a compositional range similar to that of the matrix 
glass (Fig. 5). In several cases, both types of inclusions can 
be observed in a single mineral grain (see Electronic supple-
ment Table 5). Different tests have been performed to check 
whether the two populations may result from analytical 
problems such as contamination by the host mineral during 
electron microprobe analysis. Binary oxide plots in which 
the composition of the host mineral was also reported clearly 
show that this is not the case. However, it cannot be excluded 
that some small daughter crystals other than the host mineral 
may have formed after entrapment in some inclusions.

Titanium in quartz

We applied the revised Ti-in-quartz thermobarometer of 
Huang and Audetat (2012) to estimate magma storage 
conditions, focusing on pressure determination. The equa-
tion of Huang and Audetat (2012) allows pressure to be 
determined whether temperature and the titanium activity 
(aTiO2) in the system are fixed. The aTiO2 of the Black-
tail Creek Tuff magma system has been calculated by using 
the titanomagnetite–ilmenite geothermometer of Ghiorso 
and Evans (2008) and aTiO2  =  0.54  ±  0.02 (Electronic 
Supplement Table  6). The temperature range used for the 
pressure calculations was derived from the results of geo-
thermometry (see above, Table  2). The Ti concentrations 
determined by microprobe in 14 quartz grains range from 
141 to 181  ppm without any measureable zoning in indi-
vidual quartz grains. The standard deviation for each grain 
is shown in Fig. 7 and Electronic Supplement Table 6. Con-
sidering a temperature range varying from 821 to 876  °C 
(average of pyroxene pairs and of oxide pairs, respec-
tively), the estimated pressure range is 100–250  MPa. 
Since pressure is negatively correlated to temperature (at 
fixed aTiO2), the estimated pressures are the lowest for the 
temperature estimated from pyroxene pairs.
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Experimental results

Phase assemblages and proportions

Experimental results are listed in Tables 3 and 4. Most of 
the experimental temperatures were chosen to reproduce 
the temperature range determined from thermometry (800–
900 °C). Only experiments, with no significant weight loss 
observed post-run, are listed in Tables 3 and 4 (no volatile 

loss from the capsule during experiment). The run products 
of the crystallization experiments were examined by opti-
cal microscope and electron microprobe analysis (EMPA). 
The mineral compositions were used for mass balance cal-
culations to estimate the crystal proportion on the one hand 
and to check for undetected mineral phases on the other 
hand. In some cases, the phase compositions could not 
be determined accurately with microprobe (small phases 
or intergrowth of several phases) and assumptions on the 

Fig. 2   Backscattered electron images of picked natural Blacktail 
Creek Tuff phases as labeled. Ti-Mag titanomagnetite, Aug augite, 
Pgt pigeonite, Pl plagioclase, Sa sanidine, Ap apatite, Zrn zircon. 

Observable glass inclusions are surrounded with a white line. In some 
cases, the penetration of the microprobe beam is visible

Table 1   Chemical composition of Blacktail Creek Tuff bulk and glasses normalized to 100 %

Bulk analysis performed by FUS ICP, ACTLABS Laboratory, Ontario, Canada; Standard deviation (std. dev.) in wt%. Single values normalized 
to 100 % dry mass

Sample SiO2 TiO2 Al2O3 FeO MnO MgO CaO BaO Na2O K2O P2O5 ZrO2 Cl Total of analysis

Bulk (09_018) wt% ox 74.57 0.30 12.82 2.25 0.05 0.25 1.14 0.12 3.12 5.26 0.08 0.04 97.23

Bulk (BCT 1) wt% ox 74.49 0.31 12.90 2.25 0.05 0.29 1.28 0.14 3.12 5.08 0.04 0.04 97.49

Bulk (BCT 2) wt% ox 74.53 0.29 13.06 2.19 0.05 0.29 1.29 0.15 3.08 4.99 0.04 0.04 96.70

Exp glass wt% ox 74.64 0.30 13.18 1.90 0.06 0.29 1.22 0.18 3.00 5.16 0.06 0.00 0.03 99.62

EPMA n = 162 std dev 0.33 0.02 0.14 0.09 0.01 0.03 0.04 0.02 0.08 0.09 0.02 0.00 0.01 0.42

Natural glass wt% ox 77.02 0.18 11.95 1.21 0.08 0.13 0.50 0.09 2.93 5.70 0.05 0.04 0.12 98.22

EPMA n = 58 std dev 0.82 0.01 0.18 0.11 0.07 0.06 0.03 0.01 0.17 0.25 0.01 0.02 0.01 0.99
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composition of phases were used to estimate phase propor-
tions. Moreover, mass balance calculations were also useful 
to check for loss of alkalis during microprobe measurement 
of water-rich glasses.

The experimental products are similar to those described 
in other experimental studies on phase relationships in rhy-
olitic systems with typical size of <5 to 40 µm for pyrox-
enes and feldspars (for typical pictures of run products, see 
Almeev et  al. 2012). In experiments with very low water 

contents or at nominally anhydrous conditions, the crystal 
content was often very high (up to >90 %) and the strong 
undercooling resulted in an intergrowth of different phases, 
making accurate microprobe analyses of pure phases dif-
ficult. In addition, the phase compositions may be far from 
equilibrium. Such experimental products were not used for 
interpretations and have been excluded from all plots and 
tables.

The experimental results were used to establish three 
phase diagrams (Figs.  8, 9, 10) for the following condi-
tions: fluid-present conditions at 200 MPa (T vs. melt H2O 
content, Fig. 8), fluid-absent conditions at 200 MPa (T vs. 
added H2O, Fig. 9) and fluid-absent conditions at 900 °C (P 
vs. added H2O, Fig. 10). The phase diagram established at 
fluid-present conditions shows the stability field of phases 
as a function of the melt water content (which is propor-
tional to aH2O), following the representation used by Cle-
mens and Wall (1981) and several other studies on rhyolitic 
systems (e.g., Scaillet et al. 1995; Klimm et al. 2008). Pla-
gioclase is the first tectosilicate phase which crystallizes, 
followed by sanidine and quartz. In the high temperature—
low aH2O range, pigeonite (in addition to magnetite) is 
observed as the stable Fe–Mg-bearing phase. The experi-
mental results indicate that augite is stable at lower tem-
peratures, but the coexistence of augite and pigeonite could 
not be detected in the experimental products. Biotite is 
observed at lower temperatures and higher aH2O.

The phase diagram established at fluid-absent conditions 
and 200 MPa is presented as a function of the added water 
content in the charge, following the classical diagrams 
established by Wyllie (1971) and Whitney (1988). Although 
the two types of representations of phase diagrams (fluid-
absent vs. fluid-present) cannot be directly compared, the 
experimental data obtained at fluid-absent conditions given 
in Table  3 are in general good agreement with the fluid-
present experiments for the stability of tectosilicate phases. 
In contrast, the stability of the Fe–Mg-bearing phases dif-
fers in the fluid-present and fluid-absent experiments. 
Augite was not observed in fluid-absent experiments over 
the experimental range of 680–875 °C at 200 MPa, whereas 
augite was detected in six experiments at fluid-present con-
ditions in the same temperature range (Figs. 8, 9, 10). In the 
fluid-absent experiments, biotite is present as the Fe–Mg-
bearing phase at low temperatures, and the coexistence of 
pigeonite and biotite was noted in one experiment (850 °C, 
2.8 wt% added water). As for fluid-present experiments, 
pigeonite is the high-temperature Fe–Mg-bearing phase. 
Possible explanations for this difference between fluid-pre-
sent and fluid-absent conditions are given in the discussion.

The experiments at 900 °C and 100, 300 and 500 MPa 
were conducted mainly to check for the effect of pressure 
on the composition of melts coexisting with tectosilicates. 
The results in Fig.  10 show that liquidus conditions are 

Fig. 3   Ternary En–Fs–Wo plot of Blacktail Creek Tuff pyroxene 
compositions; filled rhombs represent the compositions of natural 
Blacktail Creek Tuff pyroxenes. Crosses are experimental results 
with high water activity (aH2O > 0.25) over the full experimental PT 
range. Circles represent experiments containing low amounts of water 
(aH2O < 0.25). The isotherms are taken from Lindsley (1983)

Fig. 4   Ternary Ab–An–Or plot of Blacktail Creek Tuff feldspar com-
positions. Filled rhombs represent the natural phase composition of 
Blacktail Creek Tuff plagioclases and sanidines. Crosses are experi-
mental results with high water activity (aH2O  >  0.25) over the full 
experimental PT range. Circles represent experiments containing low 
amounts of water (aH2O < 0.25). Isotherms are taken from Fuhrman 
and Lindsley (1988). Numbers in boxes are temperatures in °C for 
feldspar pairs
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Table 2   Chemical composition of Blacktail Creek Tuff phases and used pairs for temperature calculations

Mineral n Normative components Calculation method

Usp Ilm Mg# Andersen Ilmat Ghiorso and Evans (2008)

T °C calc fO2 T °C calc fO2 aTiO2

Ti-magnetite all 51 0.42 1.79 854 −13.03 865 −13.09 0.53

Ilmenite all 21 0.90 5.26

Ti-magnetite pair a 8 0.41 1.74 875 −12.43 895 −12.15 0.56

Ilmenite pair a 5 0.88 5.16

Ti-magnetite pair b 5 0.45 1.99 877 −12.60 889 −12.52 0.55

Ilmenite pair b 5 0.90 4.99

Ti-magnetite pair c 5 0.42 1.73 840 −13.39 853 −13.46 0.52

Ilmenite pair c 5 0.91 4.70

862 −12.86 876 −12.81 0.54

En Fs Wo Jd/Aeg Putirka Quilf Pigeonite calculated Augite calculated

T °C calc T °C calc fO2 T °C calc fO2 T °C calc fO2

Pigeonite all 29 44.5 52.1 3.4 0.0 47.4 827 892 (47) −12.58 842 −13.55 926 −11.98

Augite all 104 35.0 22.5 41.4 1.1 62.3

Pigeonite pair a 3 48.0 48.5 3.5 0.0 51.2 828 931 (22) −11.90 841 −13.56 955 −11.50

Augite pair a 3 34.0 23.7 41.2 1.2 60.4

Pigeonite pair b 1 48.0 48.5 3.5 0.0 51.0 848 934 (18) −11.86 862 −13.15 955 −11.50

Augite pair b 7 34.5 23.6 40.7 1.1 60.9

Pigeonite pair c 3 43.3 53.9 2.8 0.0 45.9 828 843 (47) −13.51 860 −13.19 857 −13.25

Augite pair c 4 35.1 22.8 40.9 1.1 62.1

Pigeonite pair d 5 44.1 53.1 2.8 0.0 46.7 809 835 (59) −13.68 825 −13.89 861 −13.17

Augite pair d 5 36.2 20.6 42.1 1.2 65.2

Pigeonite pair e 2 47.9 49.1 3.0 0.0 50.8 824 885 (18) −12.71 836 −13.66 903 −12.39

Augite pair e 5 35.2 22.0 41.6 1.2 63.0

Pigeonite pair f 5 44.8 52.6 2.6 0.0 47.4 815 829 (46) −13.81 839 −13.61 843 −13.53

Augite pair f 5 36.0 21.0 41.7 1.2 64.6

Pigeonite pair g 5 52.7 44.3 3.0 0.0 55.8 832 915 (13) −12.17 861 −13.17 929 −11.94

Augite pair g 5 36.9 20.5 41.3 1.3 65.9

826 883 −12.8 846 −13.5 904 −12.4

An Ab Or Cls Putirka

Plag san Plag liq

Plagioclase all 58 24.5 66.5 8.8 0.1 860 866

Sanidine all 72 2.7 39.3 55.1 2.9

Plagioclase a 6 24.0 67.0 8.8 0.1 847 865

Sanidine a 3 2.9 39.7 54.4 3.0

Plagioclase b 2 25.2 65.6 9.2 0.0 856 867

Sanidine b 3 3.0 39.4 54.6 3.0

Plagioclase c 6 24.2 66.6 9.1 0.1 858 866

Sanidine c 10 2.6 38.4 55.8 3.2

Plagioclase d 4 25.2 65.6 9.1 0.1 861 867

Sanidine d 5 2.7 37.3 56.7 3.3

Plagioclase e rim 5 24.7 68.3 7.0 0.0 838 861

Sanidine e 5 2.4 43.8 51.7 2.1

Plagioclase e core 5 30.0 65.1 4.9 0.0 860 861

Sanidine e 5 2.4 43.8 51.7 2.1
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reached with ~4 wt% H2O in the melt at 500 MPa, whereas 
~1.5 wt% H2O is necessary at 100  MPa. It can also be 
noted that titanomagnetite is not present in the experi-
ments at 900 °C which is due to the lower oxygen fugac-
ity prevailing in these experiments conducted in an IHPV 
(Table  3). From the experiments slightly below the liqui-
dus, it can be noted that the stability of feldspar phases is 
strongly dependent on pressure. At 500  MPa sanidine is 
the first occurring phase, whereas plagioclase is the first 
to occur at 100  MPa. At 300  MPa and ~1.0 wt% H2O in 
the melt, the experiments do not allow us to determine the 
crystallization sequence, and both phases probably start to 
crystallize within a small temperature interval.

Phase compositions

The compositions of experimental pyroxenes are given in 
Electronic Supplementary Table 4 and Fig. 3. The composi-
tion of augite, obtained experimentally at fluid-present con-
ditions only, ranges from Fs18Wo41En39 to Fs26Wo46En31, 
and this compositional range is within that of the natural 
augites (Fig.  3). The compositions of pigeonite obtained 
experimentally cover a broader range and vary from 
Fs34Wo3En63 to Fs69Wo9En24. A systematic effect of tem-
perature is not observed within the investigated range. 
The high variation in En and Fs components of pigeonite 
seems to be mainly related to variations in water activity, 
as already noted by Almeev et al. (2012) for a more Fe-rich 
high-silica rhyolite. Pigeonite crystallizing at low water 
activity has higher Fs contents than pigeonite crystallizing 
at high water activity. However, the natural pigeonites are 
within the experimentally generated compositional trend 
(Fig.  3). Pigeonites from our experiments often contain 
slightly higher Wo than the natural phases (high Wo con-
tents of ~2 %).

The compositions of experimental feldspars are given in 
Electronic Supplementary Table 4. In addition to Ab, Or and 
An components, the feldspars contain non-negligible pro-
portions of Cls (Celsian component) which can reach values 

up to 5 % in sanidine. The Cls component in plagioclase is 
lower (<1 %). Figure 4 shows the proportions of Ab, An and 
Or components in experimental and natural phases, where the 
Cls component is added to the Or component. The An con-
tent of plagioclases ranges from 16 to 36 mol % and is simi-
lar to the range of natural samples (An22–An30). From Fig. 4, 
it can be noted that plagioclases from experiments at low 
water activity have higher Or components than natural pla-
gioclase. However, high Or contents in plagioclase are only 
observed in run products with high crystallinity that contain 
two feldspars. In such products, an intergrowth of both feld-
spar phases is commonly observed, and the measured high 
Or contents may be related to analytical problems because 
the composition of individual phases cannot be determined 
accurately. The Or contents of plagioclases determined in 
run products of fluid-absent experiments with low crystal-
linity and containing plagioclase only are systematically low 
and range from Or7 to Or11, consistent with natural phases 
(Or5–Or9). The sanidines obtained experimentally cover the 
natural compositional range. The experiments containing san-
idine with high Or contents (Or70 and above), which are not 
observed in the natural sample, were conducted at low tem-
peratures (<800 °C) and at high water activities.

Oxides (titanomagnetite and ilmenite) that crystallized 
in nearly all experiments are usually too small to obtain 
accurate EMPA. To get compositional information about 
oxide compositions, we recalculated the Fe, Ti and Mg con-
centrations of titanomagnetite and ilmenite by excluding 
all other elements for normalization. The resulting values 
were used only to determine ulvöspinel or ilmenite compo-
nents, but were not used to determine experimental redox 
conditions (Table  4; Electronic supplement Table  4). The 
conditions in IHPV experiments are more reducing than in 
CSPV experiments, which are confirmed by the presence 
of ilmenite in IHPV run products. In CSPV experiments, 
oxides are also enriched in Ni, especially in long-duration 
experiments at temperatures above 800 °C, which is caused 
by Ni diffusion through the gold capsules from the Ni steel 
rod of the vessel.

Table 2   continued

An Ab Or Cls Putirka

Plag san Plag liq

Plagioclase f 3 23.1 69.4 7.5 0.0 833 860

Sanidine f 3 2.8 45.5 49.2 2.6

Plagioclase g 1 21.9 69.3 8.5 0.3 830 862

Sanidine g 3 2.6 42.6 52.1 2.7

849 864

Usp Ulvospinell, Ilm Ilmenite, Mg# Mg number, En Enstatite, Fs Ferrosilite, Wo Wollastonite, Jd/Aeg Jadeite/Aegirine, An Anorthite, Ab Albite, 
Or Sanidine, Cls Celsian, plag san two-feldspar thermometer and plag liq plagioclase–melt thermometer, and values in boxes are average tem-
peratures depending on the method
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Experimentally grown biotite is very small, and the 
minerals also often contain inclusions of oxides. It is 
therefore difficult to obtain accurate analyses with EMPA. 
The analytical results of phases which could be analyzed 
are given in Table  3 and Electronic supplement Table  4, 
but it is emphasized that the compositions need to be 
interpreted with caution. However, it can be noted that the 
Ti concentration is relatively high (~4.00 wt%) as well as 
the Mg# ranging from 0.39–0.83. The Mg# of the natu-
ral biotite which could be detected is at the low end of 
the range (0.38), which could indicate that the oxygen 
fugacity in the natural system is lower than that in our 
experiments. However, only one small biotite grain, with 
resorption texture, was found in the thin section of the 
natural sample, and this observation needs to be treated 
with caution.

The composition of experimental glasses is given in 
Table 4 and Electronic supplement Table 4 and plotted in 
selected binary diagrams in Fig. 5. Our experimentally gen-
erated glasses follow the natural compositional evolution 
trend with ongoing enrichment in SiO2. The experimental 
glass compositions that best reproduce the natural glass 
matrix are obtained at low water contents. The elements 
incorporated in tectosilicate oxides such as Al, Ca, Na, K 
plot within the natural matrix glass field. Mafic elements 
(Fe, Ti) show slight shifts when compared to the natural 
glasses (see Fig.  5). Matrix glass compositions are best 
reproduced at low water contents (<2wt% H2O) and tem-
peratures >800  °C. The composition of some glass inclu-
sions, especially the K2O-rich inclusions in augite, could 
not be reproduced in our experiments.

Discussion

Attainment of equilibrium

Reaching equilibrium in crystallization experiments at low 
water activities and in SiO2–rich starting compositions 
is challenging. The low diffusivities of network-forming 
elements (Si, Al) control the kinetics of crystallization. A 
detailed discussion on the conditions necessary to attain 
near-equilibrium conditions at fluid-present conditions with 
the same type of starting composition (high-silica rhyolite 
of Snake River Plain) is given in Almeev et al. (2012) and 
is not repeated here. In particular, compositional equilib-
rium between all phases and equilibrium in terms of melt/
crystal proportions is very difficult to achieve in experi-
mental runs, especially in highly crystalline products and 
for rhyolitic systems (e.g., Pichavant et  al. 2007). Taking 
these limitations into account, Almeev et al. (2012) demon-
strated that near-equilibrium conditions can be reached in 
experimental products with crystal fractions below 30 vol% 

within the run durations and the experimental temperatures 
applied in this study.

Experiments at fluid-absent conditions were not per-
formed by Almeev et al. (2012), and the difference between 
the two phase diagrams determined at fluid-present and 
fluid-absent conditions may be related to kinetic prob-
lems. Problems related to nucleation are probably similar 
in both approaches. The best method to minimize strong 
undercooling and to enhance nucleation throughout the 
whole charge is to use powder as starting material because 
nucleation preferentially occurs at the boundary between 
the initial glass grains as demonstrated by Pichavant (1987) 
at fluid-present conditions and by Becker et  al. (1998) at 
fluid-absent conditions. The best evidence indicating that 
nucleation and growth should not be a severe problem at 
the experimental conditions applied in this study (long run 
durations) is the observation of experimental products with 
very high crystallinity (up to ~90  % crystals) when the 
water content and/or the temperature was low. In case of 
significant problems related to crystal growth, such high 
crystallinity would not be observed.

Assuming that nucleation and growth in general is not a 
problem in both types of experiments (the starting material 
was glass powder), problems specifically related to crystal 
growth or to the nucleation of augite may have occurred 
at fluid-absent conditions. The crystallization process in 
a pre-hydrated glass (fluid-absent) and in a dry glass in 
the presence of a H2O–CO2-bearing fluid is not identical, 
and some phases may nucleate preferentially in the pres-
ence of a fluid. The results in this study would indicate that 
the nucleation of augite is inhibited in fluid-absent experi-
ments and/or that the nucleation of biotite is inhibited in 
fluid-present conditions. Although biotite often forms very 
tiny crystals in experimental products of granitic systems, 
nucleation problems in fluid-present experiments are not 
expected, taking into account previous observations indi-
cating that biotite grows preferentially from the fluid (Puz-
iewicz and Johannes 1988). The crystals of augite in the 
fluid-present experiments have idiomorphic shapes and do 
not show resorption textures, excluding a fast growth in 
the first stages of the experiment and subsequent dissolu-
tion. Thus, there is no evidence for disequilibrium in the 
fluid-present experiments. In addition, augite is observed in 
preliminary experiments conducted with a slightly different 
bulk composition (slightly more evolved with less Ca than 
the composition Blacktail Creek Tuff, Bolte et  al. unpub-
lished results). The experimental procedure was similar 
(with pre-hydrated glasses), and for this composition, the 
approach using fluid-absent conditions does not seem to be 
critical for the nucleation of augite. Thus, we conclude that 
the different mafic mineral assemblage in fluid-absent and 
fluid-present experiments is not primarily related to kinetic 
problems.
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Phase diagrams

Two significant differences between the two types of exper-
iments, fluid-present and fluid-absent, are observable: (1) 
There is no stability field for augite in fluid-absent experi-
ments (H2O only) and (2) the stability field for biotite shifts 
toward lower temperatures in fluid-present experiments 
when compared to the fluid-absent experiments (Figs. 8, 9). 
This difference is surprising but experiments with the two 
approaches (fluid-present and fluid-absent) using the same 
bulk composition have not been done previously. Assum-
ing that the differences are not due to kinetic problems (see 
above), different reasons may cause this discrepancy. (1) 
The presence of CO2 may change the melt structure and 
affect the crystallizing phases. This is not expected to be 
the case because the solubility of CO2 is low in rhyolitic 
melts and because C is incorporated as molecular CO2 
(e.g., Tamic et  al. 2001; Fogel and Rutherford 1990). (2) 
The water activity is different in the fluid-absent and fluid-
present experiments. Using a H2O–CO2-bearing fluid, the 
water activity or melt water content is controlled by the 
composition of the coexisting fluid. In contrast, in fluid-
absent experiments, the water content of the melt is con-
trolled by the amount of crystals present in the charge. 
This difference can have a significant effect on the phase 
assemblage because the evolution of water activity with 
increasing crystallinity differs if systems crystallize along 
a fluid-present or a fluid-absent path. For example, follow-
ing the phase diagram in Fig. 8, and assuming a tempera-
ture of 800 °C in a H2O–CO2-bearing fluid-present system, 
the crystallinity can vary from nearly 100 % crystals, if the 
water content of the melt is ~2 wt%, to nearly 0 % crystals 
(liquidus) if the melt water content is ~4 wt%. A progres-
sive evolution of crystallinity with the melt water content 
(or water activity) is expected over this interval (4–2 wt% 
H2O in the melt). In a fluid-absent system at 800 °C, crys-
tallization is expected to start at the same melt water con-
tent of ~4 wt% H2O (Fig. 9), but the crystallinity increases 
at nearly constant melt water content as a result of decreas-
ing added water contents. For example, in case of an eutec-
tic system, a crystal content of ~50  % would be reached 
with 2 wt% water added. At this value of 2 wt% added 
H2O, the minimum amount of water which can be incor-
porated into silicate melts is reached (~3 wt% at 200 MPa 
and 800 °C; Holtz et al. 2001). Thus, even if <2 wt% water 
is added to the system, the melt water content remains at ~3 
wt% H2O and the water activity will remain constant in the 
high crystallinity range. Consequently, in the crystallization 
interval investigated in the phase diagrams in this study, 
with most experiments containing 30 % crystals or less, the 
water activity should be higher in fluid-present conditions 
at the same crystal content and same temperature.

The smaller stability field of biotite at slightly higher 
water activities in fluid-present conditions may be sur-
prising. However, phase relationships established for sev-
eral rhyolitic or granitic compositions have demonstrated 
that the crystallization temperature of biotite is not clearly 
dependent on water activity, but rather on temperature or 
other compositional parameters (e.g., Naney 1983; Scaillet 
et al. 1995; Dall’Agnol et al. 1999; Klimm et al. 2003). On 
the other hand, water activity is known to affect strongly 
the crystallization temperature of plagioclase (e.g., Scail-
let et al. 1995; Dall’Agnol et al. 1999; Klimm et al. 2003). 
Thus, at higher water activity, a mafic Ca-bearing phase 
such as augite may crystallize before the crystallization of 
plagioclase, which is indeed observed in the fluid-absent 
phase diagram at 800 °C (Fig. 8).

Magma storage conditions from mineral composition 
and phase equilibria

Temperature

Our 200 MPa experiments at fluid-present conditions indi-
cate that all natural phases (Aug, Pgt, Ilm, Ti-Mag, Pl, Sa 
and Qz) can only coexist in a restricted field. Assuming that 
biotite is not stable in the natural assemblage, the tempera-
ture of magma storage conditions is most probably above 
750–800 °C. Experiments containing higher water contents 
(>3 wt% H2O) at low experimental temperatures (<800 °C) 
do not reproduce the natural assemblage. The fluid-present 
phase diagram (Fig. 8) indicates that pigeonite and augite 
stability fields may overlap over a temperature range of 
800–875  °C, depending on the melt water content (1–2.5 
wt% H2O, respectively). Considering that the low-tempera-
ture boundary of the stability field of pigeonite is similar at 
fluid-present and fluid-absent conditions, this temperature 
can be considered as minimum value.

The temperature range 800–875  °C is within that con-
strained by the Plag-liquid and two-feldspar thermometers 
indicating temperatures in a range 830–870 °C with aver-
age temperatures of 849 and 864 °C, respectively (Table 2). 
These temperatures are also in agreement with the data 
from zircon and apatite solubility models at ~860 °C. The 
ilm-magnetite thermometer (Andersen et  al. 1993; Linds-
ley 1983; Stormer 1983; Ghiorso and Evans 2008) predicts 
temperatures ~15  °C higher (876  °C). Thus, taken as a 
whole, a pre-eruptive temperature of ~860 ± 15 °C is prob-
ably realistic. The comparison with the two-pyroxene tem-
peratures is difficult. Temperature calculations with natural 
Aug–Pgt pairs yield a large temperature variation and large 
errors, which indicates disequilibrium between the two 
phases, possibly related to different sources for the pyrox-
enes (e.g., different magma batches, see below).
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Melt water content

Assuming temperatures of ~860 ± 15 °C and a pressure of 
200 MPa, the constraints given by the fluid-present phase 
relationships (coexistence of Aug and Pgt) indicate that 
the water content of the melt is above 2 wt% H2O. At low 
water contents (aH2O < 0.25), the Or content in experimen-
tal sanidine and the En content in experimental pigeonite 
are higher than in the natural minerals (Figs.  3, 4). The 

composition of mineral phases is best reproduced at water 
activities (aH2O) ~0.25 (Figs.  3, 4) which correspond to 
a water content of ~1.5–2 wt% H2O. Assuming a water 
content of 1.5 wt% and a temperature in the range 850–
870, the crystal content is expected to be higher than that 
observed in natural samples (16 vol%). Thus, a water con-
tent of ~2 wt% is probably realistic and would reproduce 
the phase assemblage, the phase proportions and the phase 
compositions. Using the Ti-in-quartz thermobarometer and 

Fig. 5   Binary plots display-
ing Blacktail Creek Tuff bulk 
composition, matrix glass and 
experimental glass (wt% oxides 
normalized to 100 %). Blacktail 
Creek Tuff melt inclusions are 
grouped by host mineral. Note 
the changing oxides on the 
x-axis and the relatively small 
variations between bulk compo-
sition and starting glass
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applying a temperature of 850–870 °C, the pressure can be 
estimated to be in the range 130–240 MPa, respectively.

Magma storage conditions from the composition 
of cotectic melts

The experimental results can be used to calibrate the com-
positions of melts coexisting with quartz and feldspar(s) in 
natural Blacktail Creek Tuff magmas. By analogy to the 
haplogranite system, such melts are considered to have 
cotectic or eutectic compositions, although this is not abso-
lutely correct considering that non-negligible amounts of 
An- and Fe-bearing components are present in the natural 
systems. The results of experiments generating all three 
tectosilicate phases (quartz, sanidine and plagioclase) were 
used to project eutectic compositions on the Q–Ab–Or 
plane (Figs.  11, 12). Fluid-absent as well as fluid-present 
experimental results have been used. It is emphasized that 
all three experimental glasses synthesized at 200  MPa, 
under fluid-absent conditions and nearly the same water 
activity have nearly the same Qz–Ab–Or proportions. 
Temperature variations of 50  °C have only little effect 

(see Fig. 11). We are able to localize the eutectic point for 
Blacktail Creek Tuff magma composition for 200 MPa and 
a(H2O) ~0.1 at Qz 40 Ab 23 Or 37, for 300 MPa and a(H2O) 
~0.1 at Qz 36 Ab 27 Or 37 and for 500 MPa and a(H2O) ~0.2 
at Qz 33 Ab 30 Or37.

Compared with the eutectic (or minimum) composi-
tions of the haplogranitic system, the typical shift of the 
eutectic point with decreasing water activity toward the 
Qz–Or sideline and the typical shift with increasing pres-
sure toward the Ab–Or sideline, which is expected from the 
investigations in the haplogranite system (e.g., Tuttle and 
Bowen 1958; Holtz et al. 1992), is confirmed. These obser-
vations are independent from the experimental approach 
(fluid-present or fluid-absent), which demonstrates that the 
presence of CO2 is not responsible for the changes in phase 
relationships. The presence of An also causes a general 
shift of eutectic compositions toward the Qz–Or sideline 
as shown experimentally at 100 MPa (James and Hamilton 
1969) and proposed by Blundy and Cashman (2001). Our 
experimental glasses with low water contents reach norma-
tive An contents in the range of An2.2–3.3. Thus, the high Or 
contents of the eutectic compositions of the experimental 
glasses are most probably the result of the low water activ-
ity and the presence of An in the bulk compositions.

Fig. 6   Ternary Qz–Ab–Or plot of Blacktail Creek Tuff glasses in 
relationship to cotectic lines in the haplogranitic Qz–Ab–Or system 
(Holtz et  al. 1992). Different glass compositions are designated by 
source or host mineral as given in the key

Fig. 7   Binary plot of measured titanium contents [ppm] in Black-
tail Creek Tuff quartz phenocrysts, including calculated pressures 
after Huang and Audetat (2012). Titanium contents are measured by 
microprobe (EMPA). Temperatures used for calculations are taken 
from the various geothermometers given in the key. The titanium 
activity (aTiO2) in the system is calculated after Ghiorso and Evans 
(2008) and fixed at aTiO2 =  0.54 (see Table  2). The diagram illus-
trates the possible pressure range applying all calculated tempera-
tures. Results of titanium-in-quartz measurements are given in Elec-
tronic Supplement Table 6
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The average normative An content of natural Blacktail 
Creek Tuff matrix glasses is An2.1, and the experimental 
results can be applied to constrain the pressure and water 
activity prevailing prior to eruption. The Qz–Ab–Or pro-
portions of the natural matrix glasses constrain the pressure 
in a range between 200 and 300 MPa and melt water con-
tents in the range 3–1 wt% H2O (see Fig. 12). These condi-
tions overlap with those predicted from phase compositions 
and geobarometers.

Glass inclusions and pyroxene compositions: possible 
implications for magmatic processes

The strong compositional variation of glass inclusions, with 
obviously different populations, deserves special attention. 
It is emphasized that interpretations need to be conducted 
with caution since glass inclusions were not re-homoge-
nized. Possible compositional variation may have occurred 
during cooling as a result of partial crystallization. In 

Fig. 8   Phase relations deter-
mined for the composition 
Blacktail Creek Tuff at 200 MPa 
as a function of temperature and 
water content in the melt (wt% 
H2O) at fluid-present condi-
tions (CO2 oversaturated). The 
experimental data are given in 
Table 3 and Electronic Supple-
ment Table 4. Solid lines define 
stability fields as labeled. The 
water-saturated liquidus is esti-
mated from the synthetic Qz–
Ab–Or system. The black arrow 
illustrates crystallization at 
constant water activity (aH2O) 
and varying crystal content

Fig. 9   Phase relations determined for the composition Blacktail 
Creek Tuff at 200 MPa as a function of temperature and added water 
content in the system (wt% H2O) at fluid-absent conditions. The 
experimental data are provided in Table 3 and Electronic Supplement 
Table 4. Solid lines define stability fields as labeled. Thin lines show 

the degree of crystallization (%) determined by mass balance calcula-
tions as labeled. The water-saturated liquidus is estimated from the 
synthetic Qz–Ab–Or system. The black arrow illustrates crystalliza-
tion at constant water activity (aH2O) and varying crystal content; the 
dashed arrow shows a crystallization path with increasing aH2O



Contrib Mineral Petrol (2015) 169:15	

1 3

Page 21 of 24  15

addition, partial contamination by the host minerals may not 
be fully excluded. However, such problems cannot explain 
some features such as the different compositional groups 
observed within augites (Fig.  6). Strongly different com-
positions (Or-rich and Ab-rich) can be observed within one 
augite mineral. The compositions can also differ strongly 
from the average matrix glass, which may indicate that min-
erals crystallized in environments which are different from 
those just prior to eruption. The trapped glasses in augite 
have systematically lower FeO concentrations than other 
glasses (matrix or inclusions in other minerals), and a strong 
variation in K2O is observed, with a high number of inclu-
sions having K2O concentrations higher than 7 wt% and 
low Na2O concentrations (<2.5 wt% Na2O). As discussed 
above (see results), such variations cannot be explained by 
contamination from the host mineral during analysis, in par-
ticular for alkalis. Several explanations for the formation 
of high-K inclusions can be proposed. (1) Part of the inclu-
sions was not closed during and after cooling, especially for 
alkalis, a process that may be coupled with fluid exchange 
and that has been described in the Snake River Plain mag-
mas. (2) The K-rich inclusions may have been trapped in 
another magma reservoir which was more evolved (low Fe 
concentrations) and K-rich. This would imply that some 
K-rich magmas may occur, at least locally, in the continen-
tal crust below the Snake River Plain. However, such K-rich 
high-silica magmas are not known as eruptive rocks in the 
Snake River Plain. (3) An alternative is that the augite could 
crystallize from a biotite breakdown reaction in a rejuve-
nated initially low-temperature biotite-bearing magma. The 
composition of melt inclusions could result from local high 
K concentrations resulting from the biotite breakdown. (4) 
K-rich inclusions could also be directly formed from partial 
melting of some K-rich rocks in the continental crust, and 

in this case, augite present in the magmas would represent 
restitic phases formed during incongruent melting of a crus-
tal protolith. Following the approach of Chappell (2004), a 
pelitic source could be expected to obtain such high K2O 
concentrations, but augite is not expected to be formed in 
a metapelitic or K-rich orthogneiss as a product of partial 
melting (e.g., Vielzeuf and Holloway 1988; Vielzeuf and 
Montel 1994). (5) Finally, the high K concentration in inclu-
sions may be related to the formation of melt inclusions 
from a magmatic system at very low water activity, consid-
ering that such conditions shift the eutectic compositions to 
high Or contents. However, this would imply that tempera-
tures were high which contrasts with the low Fe contents. 
We favor the first and third possible explanations.

The second and third explanations would also be con-
sistent with our experimental and analytical observations, 
indicating that augite and pigeonite present in the inves-
tigated sample may not have been in equilibrium prior to 
eruption. Temperatures deduced from pyroxene pairs have 
high uncertainties and differ strongly, depending on the 
approach that is applied (Table  2). Coexisting pigeonite 
and augite were not observed in the experimental prod-
ucts. This does not mean that both phases cannot coexist, 
but it indicates at least that the P–T–XH2O field at which 
both phases may coexist is narrow. In the studied sample 
of Blacktail Creek Tuff, the Aug composition is homogene-
ous, but other studies emphasized that different populations 
of pyroxenes may exist in the products of one single erup-
tion (Cathey and Nash 2004; Ellis and Wolff 2012), indicat-
ing either that different magmas batches erupted simultane-
ously or that some pyroxenes with a different origin did not 
fully re-equilibrate in the erupted magma. In any case, our 
results confirm that pyroxenes may have complex histories 
in the Snake River Plain eruptive products.

Fig. 10   Phase relations 
determined for the composition 
Blacktail Creek Tuff at 900 °C 
as a function of pressure and 
added water content in the sys-
tem (wt% H2O) at fluid-absent 
conditions. The experimental 
data are given in Table 3 and 
electronic supplement Table 4. 
The liquidus line is determined 
by our experimental results. The 
maximum water saturation is 
determined from the haplogra-
nitic Qz–Ab–Or system. Num-
bers are given for the degree of 
crystallization (%) determined 
by mass balance calculations
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Conclusion and summary

Our experiments on the natural Blacktail Creek Tuff com-
position of the Heise eruptive center indicate that the min-
eral assemblages observed in the natural samples can be 
only reproduced experimentally if the water concentra-
tion in the melt is low (~2.0 ±  0.5 wt% H2O), assuming 

temperatures of 845–875  °C (Figs.  8, 9, 10). This tem-
perature range is deduced from the combination of experi-
mental constraints and thermometry. The water content of 
2.0 ± 0.5 wt% H2O is slightly higher than that determined 
experimentally on Bruneau–Jarbidge magmas which is in 
the range 0.7–1.3 wt% H2O (Almeev et al. 2012), assuming 
a pre-eruptive temperature of 950 °C. Our results demon-
strate the general trend of decreasing temperature over time 
in the Snake River Plain silicic magmatism and are in good 
agreement with former studies (e.g., Perkins and Nash 
2002; Christiansen and McCurry 2008; Bonnichsen et  al. 
2008; Branney et  al. 2008). The depth of magma storage 
prior to eruption can be fixed at around 3.5–6.5 km (~130–
240 MPa) by the combination of our experimental data, the 
Qz–Ab–Or proportions of the glass matrix and results from 
the revised Ti-in-quartz geothermobarometer (Huang and 
Audetat 2012). The interpretation of melt inclusions leads 
to the conclusion that augite crystals may have a complex 
history and may not have been in equilibrium with the bulk 
rock composition of the investigated sample.
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