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Abstract Between 70 and 175 ka, over 350 km3 of highsilica rhyolite magma erupted both effusively and explosively from within the Yellowstone Caldera. Phenocrysts in
all studied lavas and tuffs are remarkably homogenous at
the crystal, eruption, and caldera-scale, and yield QUILF
temperatures of 750 ± 25 °C. Phase equilibrium experiments replicate the observed phenocryst assemblage at
those temperatures and suggest that the magmas were
all stored in the upper crust. Quartz-hosted glass inclusions contain 1.0–2.5 % H2O and 50–600 ppm CO2, but
some units are relatively rich in CO2 (300–600 ppm) and
some are CO2-poor (50–200 ppm). The CO2-rich magmas were stored at 90–150 MPa and contained a fluid that
was 60–75 mol% CO2. CO2-poor magmas were stored at
50–70 MPa, with a more H2O-rich fluid (XCO2 = 40–60 %).
Storage pressures and volatiles do not correlate with eruption age, volume, or style. Trace-element contents in glass
inclusions and host matrix glass preserve a systematic
evolution produced by crystal fractionation, estimated to
range from 36 ± 12 to 52 ± 12 wt%. Because the erupted
products contain <10 wt% crystals, crystal-poor melts
likely separated from evolving crystal-rich mushes prior
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to eruption. In the Tuffs of Bluff Point and Cold Mountain Creek, matrix glass is less evolved than most inclusions, which may indicate that more primitive rhyolite
was injected into the reservoir just before those eruptions.
The presence and dissolution of granophyre in one flow
may record evidence for heating prior to eruption and also
demonstrate that the Yellowstone magmatic system may
undergo rapid changes. The variations in depth suggest the
magmas were sourced from multiple chambers that follow
similar evolutionary paths in the upper crust.
Keywords Rhyolite · Obsidian · Yellowstone ·
Experimental petrology · Granophyre

Introduction
Eruptions of rhyolitic magma are capable of producing
pyroclastic deposits and lava flows spanning a wide range
of volumes, from <0.01 to >1000 km3 (e.g., Walker et al.
1973; Pyle 1989). Yellowstone Caldera has been one of the
most productive rhyolitic systems over the past 2 million
years (Hildreth et al. 1991; Gansecki et al. 1996; Christiansen 2001; Lanphere et al. 2002; Ellis et al. 2012). Magmatism likely continues today, as evidenced by a vigorous
geothermal system, dynamic surface deformation, elevated
heat flow, high seismic activity, and large low velocity
zones in the upper crust (Pelton and Smith 1979; Wicks
et al. 2006; Chang et al. 2007; Christiansen et al. 2007; Farrell et al. 2009, 2014; Smith et al. 2009). Rhyolitic magmatism at Yellowstone is most well known for producing
caldera-forming “supervolcano” eruptions of the Huckleberry Ridge, Mesa Falls, and Lava Creek tuffs (Christiansen 2001; Lowenstern et al. 2006; Lowenstern and Hurwitz
2008). The most recent volcanism at Yellowstone produced

13

30

Page 2 of 19

Contrib Mineral Petrol (2016) 171:30

Proposed vent site of sampled lavas

Solfatara Plateau

Caldera rim

West Yellowstone

Summit Lake
Yellowstone
Lake

Cold Mt. Creek

45° 15’

Pitchstone Plateau

Trischmann Knob

Douglas Knob

111° 00’
Pitchstone
(70 km3)

West Yellowstone
(41 km3)
Douglas Knob Summit Lake
(54 km3)
Trischmann Knob (37 km3) Cold Mt. Creek
Solfatara
3
3
(each
~0.01
km
)
3
(7 km )
)

140

N

(50 km3)

[

Eruption age (ka)

[

100

[

[
[[
[

[
60

10 km

180

Fig. 1  Simplified geologic map of Central Plateau Member Rhyolites in the Yellowstone volcanic field with target flows identified,
modified after Christiansen (2001). Lava flows are shown in pink,
with dark pink lines on Central Plateau Member lavas representing

pressure ridges. The extent of Yellowstone Caldera is shown by the
dashed black line. Pink stars indicate vent locations. Colored spheres
below map present eruption volumes and ages (Christiansen 2001;
Christiansen et al. 2007)

the Central Plateau Member Rhyolites, which consist of
effusive outpourings of high-silica rhyolite and less common explosive pyroclastic eruptions between 70 and 175 ka
(Fig. 1) (Christiansen 2001; Christiansen et al. 2007;
Stelten et al. 2015).
The Central Plateau Member Rhyolites provide an
exceptional system in which to assess the storage, fractionation, and mobilization of volumetrically diverse rhyolitic magmas. Indeed, eruptive volumes of Central Plateau
Member Rhyolites range from 0.01 to 70 km3 and have a

cumulative eruption volume >350 km3 (Christiansen et al.
2007). The Central Plateau Member Rhyolites have also
erupted both effusively and explosively, and so they present
an opportunity to evaluate a magmatic plumbing system
that fed diverse eruption styles. We specifically investigate
6 lava flows and 3 tuffs (referred to as “units” throughout)
that span the full range of eruption style, age, and volume
for the Central Plateau Member. To help establish a comprehensive understanding of these eruptions, we place
quantitative constraints on pre-eruptive storage conditions

13

Page 3 of 19

Contrib Mineral Petrol (2016) 171:30

and the magmatic evolution of the rhyolites. Specifically,
we determine pre-eruptive storage conditions using petrographic observations, phenocryst compositions, volatile
contents, and phase equilibria experiments. We also use
glass inclusion compositions to estimate the extent of fractionation and compositional evolution of the system.

Methods
Samples of rhyolitic obsidian or pumice were collected
from outcrops of Pitchstone Plateau flow, Trischmann
Knob dome, Summit Lake flow, West Yellowstone flow,
Solfatara Plateau flow, Buffalo Lake flow, Tuff of Cold
Mountain Creek, Tuff of Bluff Point, and an unnamed
pyroclastic-flow deposit remnant found on Douglas Knob
lava dome (Online Resource 1). Polished thin sections from
each sample were prepared. For Trischmann Knob, Summit Lake, West Yellowstone, Pitchstone Plateau, and Solfatara Plateau flows, mineral separates of magnetite, fayalite,
and clinopyroxene were handpicked from crushed obsidian
samples.
Compositional analyses
Major-element compositions of minerals and glasses from
natural samples and experimental products were analyzed
using the JEOL JXA-8200 electron microprobe at the University of Texas at Austin. All analyses were made using a
10 nA beam current with an 15 keV accelerating voltage.
Magnetite, fayalite, and clinopyroxene were analyzed with
a focused beam. The beam was defocused during sanidine
and glass analyses to 2 and 10 μm diameter to minimize
Na migration (Nielsen and Sigurdsson 1981). During
glass analyses, Na migration was corrected using the Namigration capability of Probe for Windows™. During all
sessions, working standards were analyzed repeatedly to
monitor analytical quality and instrumental drift. Crystals
too small to analyze using wavelength-dispersive spectrometry (WDS) were identified using energy-dispersive spectra
(EDS).
To supplement matrix glass and phenocryst datasets, we
collected major-element, trace-element, and volatile abundances in quartz-hosted glass inclusions and matrix glasses
from all units. About 10–15 inclusions were analyzed from
each unit, for a total of 125 inclusions (Online Resource 2).
Most inclusions originally contained a vapor bubble and
crystallites, and so all were rehomogenized. Homogenization occurred by loading the host crystals in a Pt capsule,
which was then placed inside a TZM pressure vessel and
furnace at 850 °C and 150 MPa for 24 h, following the
methods of Skirius et al. (1990). Most inclusions homogenized to clear glass after a single 24-h homogenization
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experiment. A second 24-h homogenization was used on
the remaining inclusions that did not homogenize during
the first 24-h experiment. F and Cl in glass inclusions were
analyzed by electron microprobe using a 40 nA beam current with a 15 keV accelerating voltage and a 10 μm diameter defocused beam.
We used Fourier transform infrared (FTIR) spectroscopy to determine the dissolved H2O and CO2 contents in
doubly-exposed, homogenized, quartz-hosted glass inclusions, and matrix glasses. FTIR spectra were collected in
mid-IR and near-IR using a ThermoElectron Nicolet 6700
spectrometer and Continuμm IR microscope. Reported
H2O contents in glass inclusions are the sums of dissolved molecular and hydroxyl water determined from
absorbances at ~5200 and ~4500 cm−1, respectively, using
the model of Zhang et al. (1997). We measured absorbance at ~2350 cm−1 to determine dissolved molecular
carbon dioxide (CO2) contents in glass inclusions, using
the Beer–Lambert Law and an absorption coefficient of
1214 ± 16 L cm−1 mol−1 (Behrens et al. 2004). Inclusion
thickness was measured optically by focusing on the top
and bottom of the inclusions using a petrographic microscope with a Heidenhain linear encoder that measures stage
height. Uncertainties in thickness ranged from 4 to 11 μm
and are the most significant source of error in quantifying
volatile abundances. Thus, we report error bars for H2O
and CO2 using the standard deviation of inclusion thickness
measurements.
Trace-element concentrations in glass inclusions and
matrix glasses were measured by LA-ICP-MS at the University of Texas at Austin, using a New Wave Research UP
193-FX fast excimer laser system with an Agilent 7500ce
ICP-MS. For each target lava or pyroclastic unit, the matrix
glass was analyzed 3 times, and each inclusion was analyzed once. We used the laser to ablate a 30 μm diameter
spot in the matrix glass or near the center of the inclusions, with analytical duration of 30–50 s. Trace-element
concentrations were calculated assuming a concentration
of 77 wt% SiO2 in the glass. NIST 612 was used at the
primary calibration standard for all analytes and was run
against NIST 610 as the secondary standard. Recoveries
among analytes were better than 1.5 %, which are calculated using the 1σ deviations relative to GeoREM preferred
values. We report trace-element uncertainties with 2σ
standard errors.
Experimental techniques
A portion of sample Y82 collected from Solfatara Plateau lava flow was crushed to a <50 μm powder and used
as starting material for high-temperature phase equilibria experiments. That sample, considered to be compositionally representative of Central Plateau Member
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Rhyolites, is composed of 5–10 % phenocrysts of quartz,
sanidine, clinopyroxene, fayalite, and magnetite, all hosted
in a glassy rhyolitic matrix. The whole-rock composition
of sample Y82 is identical to the matrix glass composition
provided in Table 2.
Phase equilibria experiments were prepared by partially filling 2–5 mm O.D. Ag70Pd30 capsules that had been
welded on one end with starting material powder and distilled water. Enough water was added to each capsule to
ensure that each experiment was water-saturated at experimental conditions (typically 2–5 mg H2O). The capsules
were then welded shut. Reversal experiments used aliquots
of materials from previous experiments. Crystallization
experiments used material run previously at hotter temperatures and/or higher water pressures, whereas melting experiments used material previously run at lower temperatures
and/or water pressures.
Experiments were performed by loading capsules and
filler rods into externally heated, cold-seal pressure vessels
of Nickel-based alloy, which were then inserted into furnaces. Temperature was gauged in the vessel using K-type
thermocouples that are precise to ±5 °C. Pressure was generated with a hydraulic pressure system, and measured to
±0.1 MPa. Oxygen fugacity was largely controlled during
experiments by the composition of a filler rod placed inside
the pressure vessel. Two sets of experiments were performed. The first used rods of Ni that maintained an oxygen fugacity at approximately one log unit above the Ni–
NiO oxygen buffer (NNO+1) (e.g., Gardner et al. 1995).
A second set used stainless steel rods, which significantly
reduced oxygen fugacity. To ensure a controlled oxygen
fugacity during those experiments, 2–3 mm O.D. experimental capsules were placed inside 5 mm O.D. Ag70Pd30
capsules that also contained a stoichiometric mixture of
water, quartz, magnetite, and fayalite powders. When all
phases are present, the oxygen fugacity is buffered at the
quartz–magnetite–fayalite buffer (QFM).
Experimental runs typically lasted 7 days (Table 1).
Some experiments were run for longer time (up to 14 days)
and demonstrate that 7 days was long enough for phases
and rhyolite melt to equilibrate. Equilibrium tests included
compositional similarity in experiments run at identical
conditions and observations of euhedral, distributed crystals. Samples were quenched in 1–2 min by removing the
pressure vessels from the furnaces, and first blowing on the
vessels with compressed air, and then submerging the vessels in water. Once cool, the experimental capsules were
removed from the pressure vessels and weighed to check
for leaks. We only consider experiments that did not lose
water and thus remained water-saturated. The capsules
were then opened, and the samples were removed. A portion of each sample was mounted on a glass slide and
prepared for petrographic and microprobe analysis. In
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QFM-buffered experiments, a portion of the buffer powder was examined petrographically to verify that quartz,
fayalite, and magnetite were present. We report only those
QFM-buffered experiments in which all three phases still
occurred. Of our 62 phase equilibrium experiments, 8
were run at QFM conditions because that oxygen fugacity was prohibitively costly for materials and equipment.
Ultimately, we conclude that cost was largely unnecessary
because the differences between NNO+1 can be used to
consistently and predictably understand QFM equilibria.

Results
Phenocryst and glass compositions
Glass and phenocryst major element compositions from
the rhyolites are remarkably homogenous (Table 2), and
our results agree with and complement previously published data (Christiansen 2001; Vazquez et al. 2009; Girard
and Stix 2010). Phenocrysts account for <10 vol% of
each thin section or hand sample from each unit. Of that,
quartz and sanidine dominate (90–95 %) and occur in
approximately equal proportions. Quartz occurs as subhedral crystals, ~500–2500 μm in diameter, and commonly
contains glass inclusions. Sanidine occurs as euhedral to
subhedral crystals and crystal fragments that reach up to
6 mm in size. They are compositionally indistinguishable amongst the units and are unzoned from core to rim
(Or50±2Ab47±2An2±1). Plagioclase was not identified in
Trischmann Knob, Summit Lake, West Yellowstone, or
Pitchstone Plateau, but it was found in 1–3 sanidine phenocrysts in a few samples (<2 %) from Solfatara Plateau;
it occurs as cores of oligoclase (Or9±1Ab72±1An19±1). The
compositions of those plagioclase cores are similar in composition to plagioclase phenocrysts in the ~160 ka Central
Plateau Member Rhyolites (Dry Creek, Buffalo Lake, Mallard Lake) (Girard and Stix 2010).
Fayalite, magnetite, and clinopyroxene are far less common, and together account for <2 % of the total crystal population. Magnetite occurs as euhedral, equant phenocrysts
that are ~50–500 μm across, found as individual crystals or in glomerocrysts with clinopyroxene, fayalite, and
other trace phases (zircon, allanite). Magnetite is unzoned
and compositionally similar in all units (Mgt48±2Usp52±2),
except Pitchstone Plateau, in which it is ~1 wt% richer in
FeO. Ilmenite was never identified, although it has been
previously reported in Central Plateau Member Rhyolites
(e.g., Vazquez et al. 2009). Clinopyroxene occurs as euhedral crystals up to ~1000 μm long. They are compositionally unzoned ferroaugite (En13±1Fs46±1Wo41±1), except
again those in Pitchstone Plateau, which are slightly more
iron-rich. Fayalite is the least common mafic phase in
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Table 1  Phase equilibria experimental conditions and products
Experiment

Starting materiala

Duration (h)

P (MPa)

T (°C)

% Glass

fO2

Stable phasesb

1
2
3
4
6
7
9
11
12
13
14
15
16
17
18
19
25
29
30
32
33
36
41
42
46
47
50
53
57
58
61
62
63
64
67
68
71
72
75
76
77
80
81
85
88
96
98
99

Y82
Y82
Y82
Y82
Y82
Y82
Y82
Y82
Y82
7
9
2
2
Y82
Y82
17
9
17
Y82
7
Y82
3
4
17
18
Y82
Y82
Y82
Y82
Y82
47
47
47
50
50
50
Y82
Y82
72
72
72
72
72
58
57
Y82
96
96

167
167
168
168
168
168
168
170
170
169
168
168
167
167
160
160
168
168
336
168
168
168
168
168
168
168
126
122
120
120
336
336
336
336
336
336
120
120
167
167
167
147
333
169
120
116
120
120

25
25
50
50
50
50
25
125
125
100
25
25
75
75
100
75
25
75
75
50
200
50
50
20
75
75
50
50
130
90
25
25
50
100
75
200
50
100
100
125
125
100
150
150
75
100
50
100

700
850
850
775
700
750
750
700
725
750
800
800
750
800
700
725
850
750
675
825
650
775
850
850
800
825
780
780
720
780
725
750
750
700
675
650
700
800
750
725
700
675
675
725
750
750
750
700

0
100
100
90
15
60
na
80
98
100
60
80
na
100
na
na
100
90
0
100
na
100
100
100
100
100
na
90
na
100
85
85
85
0
0
na
100
100
100
92
80
50
70
98
40
90
90
70

NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
QFM
QFM
QFM
QFM

gl, qtz, pyx, mgt, san (Or48±1)
gl, mgt
gl, mgt
gl, mgt, san (Or51±3)
qtz, pyx, mgt, san (Or42±1)
gl, qtz, pyx, mgt, san (Or54±5)
gl, qtz, pyx, mgt, san (Or52±3)
gl, qtz, pyx, mgt, san (Or66±4)
gl, pyx, mgt, san (na)
gl, mgt
gl, pyx, mgt, san (Or40±8)
gl, pyx, mgt, san (Or44±4)
gl, pyx, mgt, san (na)
gl, mgt
gl, qtz, pyx, mgt, san (na)
gl, qtz, pyx, mgt, san (Or62±6)
gl, mgt
gl, pyx, mgt, san (Or60±3)
qtz, pyx, mgt, san (na)
gl, mgt
gl, qtz, pyx, mgt, san (na), plag (na)
gl, pyx, mgt, san (Or52±6)
gl, mgt
gl, mgt
gl, mgt
gl, mgt
gl, pyx, mgt, san (na)
gl, pyx, mgt, san (na)
gl, pyx, mgt, san (Or63±4)
gl, mgt
gl, qtz, pyx, mgt, san (Or52±3)
gl, qtz, pyx, mgt, san (Or52±3)
gl, qtz, pyx, mgt, san (Or57±3)
gl, qtz, pyx, mgt, san (Or50±3)
qtz, pyx, mgt, san (Or51±5)
gl, qtz, pyx, mgt, san (Or47±2), plag (Ab80)
gl, qtz, pyx, mgt, san (Or44±6)
gl, mgt
gl, mgt
gl, pyx, mgt, san (Or64±4)
gl, pyx, mgt, san (Or63±5)
gl, qtz, pyx, mgt, san (Or58±5)
gl, qtz, pyx, mgt, san (Or66±5), plag (Ab81±2)
gl, pyx, mgt, san (Or63±9)
gl, qtz, pyx, fay, mgt, san (Or52±2)
gl, pyx, fay, mgt, san (Or51±1)
gl, qtz, pyx, fay, mgt, san (Or50)
gl, qtz, pyx, fay, mgt, san (Or58)
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Table 1  continued
Experiment

Starting materiala

Duration (h)

P (MPa)

T (°C)

% Glass

fO2

Stable phasesb

100
101
102
103
109
110
111
112
113
115
116
117
118

96
96
96
96
47
47
47
47
Y82
113
113
113
113

120
120
120
120
168
168
168
335
168
335
168
168
169

100
50
150
50
150
250
175
200
200
175
225
225
250

800
825
725
700
700
700
725
675
750
725
700
725
675

100
100
90
10
92
100
100
55
100
100
100
100
99

QFM
QFM
QFM
QFM
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1
NNO+1

gl, mgt
gl, mgt
gl, pyx, fay, mgt, san (Or59±10)
gl, qtz, pyx, fay, mgt, san (Or56±3)
gl, qtz, pyx, mgt, san (Or75±2)
gl, pyx, mgt
gl, mgt
gl, pyx, mgt, san (Or69±3), plag (Ab79±5)
gl, mgt
gl, mgt
gl, pyx, mgt, san (Or73±4)
gl, mgt
gl, pyx, mgt, san (Or72±3)

119

113

169

25

850

100

NNO+1

gl, mgt

a
Starting material is the powdered material used in the experimental charge. Numbers refer to starting material using crushed material from
previously run experiments
b

Stable phases are glass (gl), magnetite (mgt), quartz (qtz), clinopyroxene (pyx), fayalite (fay), and sanidine (san). na stands for not analyzed

the units. It occurs as euhedral crystals ~200–800 μm in
diameter. As with the other mineral phases, it is also compositionally unzoned, but those in Pitchstone Plateau are
slightly more iron-rich (Fa95±1) than those in all other flows
(Fa92±1).
Granophyre, composed of intergrown, vermicular to
micrographic quartz and sanidine (Or46±6Ab51±6An2±1),
was identified in some samples from Solfatara Plateau
(Fig. 2). It occurs as subhedral to anhedral overgrowths
up to ~1000 μm thick on sanidine and quartz phenocrysts,
and as individual rounded globules that reach ~1000 μm
in diameter. In some instances, granophyre occurs as overgrowths that connect sanidine and quartz phenocrysts to
form glomerocrysts. Discontinuous bands of abundant
microlite-sized sanidine and quartz fragments occur in
samples with granophyre and can sometimes be traced to
the rounded granophyre clasts. Such bands are absent in
samples that lack granophyre. To understand the distribution of granophyre, we examined thin sections from >60
samples collected across Solfatara Plateau. We found that
granophyre was generally restricted to areas within 2 km
of the flow front (Fig. 3). We searched for granophyre in
samples collected across many of the other units and only
found it in one sample from the periphery of Pitchstone
Plateau. It has also been identified in samples from Hayden
Valley flow (Stelten, personal communication).
Water contents in glass inclusions from all units are
similar and overall range from 1.0 to 2.5 wt% H2O (Fig. 4)
(Online Resource 2). Dissolved CO2 contents vary from
50 to 600 ppm. Individual units have more restricted volatile contents, and define regions in H2O and CO2 space

13

with internal variability of approximately ±0.5 wt% and
±100 ppm, respectively. Volatile concentrations in both
lavas and pyroclastic units have similar, relatively low
water contents, but CO2 contents vary and can be used to
separate the lavas and tuffs into CO2-rich and CO2-poor
populations. CO2-rich lavas and tuffs contain 300–600 ppm
CO2 (Tuff of Bluff Point, Pitchstone Plateau, Trischmann
Knob, Buffalo Lake, Summit Lake). CO2-poor units contain 50–200 ppm CO2 (Solfatara Plateau, Tuff of Cold
Mountain Creek, unnamed remnant of pyroclastic deposit
on Douglas Knob, West Yellowstone). Concentrations of
F and Cl in glass inclusions are indistinguishable amongst
the units, and average 1900 ± 100 and 1100 ± 100 ppm,
respectively.
The majority of the volatile contents are derived from
quartz-hosted glass inclusions extracted from slowly cooled
lavas. Such data should be treated initially with caution as
diffusion or cracking may cause the inclusions to not be
conservative. We argue, however, that most of our inclusions preserve magmatic values. First, volatile contents of
individual units cluster in tight domains that display limited
evidence for degassing and gas-saturated crystallization
(Fig. 4). Second, volatile contents from the lavas are indistinguishable from those measured in the rapidly cooled
pyroclastic units. If diffusion had significantly modified
volatile contents, then years of slow cooling of the host lava
at the surface should generate dry inclusions.
Trace-element concentrations in glass inclusions and
rhyolitic groundmass range greatly (Online Resource 3).
We can infer the behavior of each element by calculating its bulk distribution coefficient (D) using published

65.65 (0.94) –

Trischmann Knob

Y97

66.14 (0.67) –
66.18 (1.25) –

0.02 (0.03)
0.21 (0.08)
0.21 (0.05)
0.23 (0.05)
0.22 (0.04)
0.22 (0.04)
18.53 (0.65)
18.45 (0.56)
18.53 (0.43)
17.67 (0.33)
18.92 (0.42)
–
–

0.12 (0.06)
0.12 (0.03)
0.11 (0.03)
0.12 (0.05)
0.13 (0.06)
0.04 (0.05)
0.02 (0.03)
0.02 (0.02)
0.02 (0.03)

18.74 (0.17)

18.76 (0.26)
18.81 (0.36)

0.01 (0.01)
0.45 (0.15)
0.49 (0.03)
0.52 (0.16)
0.54 (0.27)
0.48 (0.14)
0.85 (0.08)
0.78 (0.09)
0.82 (0.05)
0.75 (0.07)
0.86 (0.05)
18.94 (0.22)
18.97 (0.19)

12.06 (0.22)
11.98 (0.11)
11.96 (0.12)
12.05 (0.17)
11.85 (0.15)
0.01 (0.01)
0.01 (0.01)
0.01 (0.01)
0.01 (0.01)

Al2O3

2.94 (0.08)
4.12 (0.39)
4.33 (0.41)
4.21 (0.39)
3.03 (0.17)
4.28 (0.44)
0.18 (0.03)
0.20 (0.03)
0.22 (0.03)
0.12 (0.04)
0.21 (0.04)
–
–

0.02 (0.02)
0.04 (0.01)
0.02 (0.02)
0.01 (0.01)
0.01 (0.01)
2.75 (0.10)
3.06 (0.09)
3.11 (0.08)
2.03 (0.07)

MgO

0.15 (0.02) –

0.14 (0.03) –
0.15 (0.03) –

64.90 (0.72)
26.70 (0.61)
26.00 (0.70)
26.21 (0.63)
27.48 (0.45)
26.09 (0.57)
76.39 (1.12)
77.86 (1.41)
78.07 (1.05)
79.33 (0.70)
76.84 (1.02)
0.09 (0.07)
0.13 (0.03)

1.57 (0.25)
1.21 (0.21)
1.23 (0.10)
1.17 (0.30)
1.31 (0.19)
64.88 (0.91)
64.65 (0.46)
64.34 (0.58)
65.84 (0.49)

FeOa

–

–
–

2.25 (0.06)
0.73 (0.05)
1.07 (0.07)
1.07 (0.07)
1.07 (0.08)
1.03 (0.05)
0.87 (0.04)
0.87 (0.06)
0.90 (0.06)
0.86 (0.06)
0.90 (0.05)
–
–

0.09 (0.06)
0.03 (0.02)
0.04 (0.03)
0.03 (0.02)
0.02 (0.01)
1.62 (0.08)
2.24 (0.11)
2.23 (0.10)
2.33 (0.03)

MnO

–
–
–
–
–
–
–
–
–
–
–
8.28 (0.61)
8.58 (0.17)

5.12 (0.19)
5.17 (0.14)
5.11 (0.11)
5.26 (0.03)
5.20 (0.08)
–
–
–
–

K 2O

a

Total iron reported as FeO

“–” oxide was not analyzed

Total

3
6
6
4
4
25
32
31
38

n

0.56 (0.05) 8.26 (0.10) 5.13 (0.10)

98.50 (1.15)

99.18 (0.97)
99.19 (1.72)

5

28
10

–
100.74 (0.74)
7
0.31 (0.03) 100.65 (0.89) 55
0.32 (0.04) 100.49 (0.71) 24
0.32 (0.04) 100.60 (0.58) 33
0.33 (0.04) 100.60 (0.57) 39
0.31 (0.05) 100.49 (0.54) 35
–
96.86 (1.37) 78
–
98.25 (1.45) 59
–
98.62 (1.11) 69
–
98.85 (0.84) 85
–
97.85 (1.14) 35
5.57 (0.49) 100.07 (0.92) 136
5.09 (0.13)
99.87 (0.59) 17

4.08 (0.15) 100.36 (1.54)
3.73 (0.51) 100.20 (1.21)
4.10 (0.16)
99.81 (0.36)
4.10 (0.09) 100.52 (0.58)
3.60 (0.48)
99.55 (0.95)
–
99.69 (1.14)
–
100.70 (0.47)
–
100.57 (0.68)
–
100.80 (0.57)

Na2O

0.52 (0.05) 8.49 (0.12) 5.14 (0.09)
0.46 (0.04) 8.63 (0.11) 4.97 (0.07)

0.27 (0.01)
18.68 (0.24)
18.82 (0.27)
18.79 (0.26)
18.97 (0.30)
18.65 (0.17)
0.01 (0.01)
0.01 (0.01)
0.01 (0.01)
0.01 (0.01)
0.01 (0.01)
0.39 (0.18)
0.51 (0.04)

0.47 (0.04)
0.43 (0.01)
0.47 (0.02)
0.25 (0.03)
0.48 (0.03)
0.28 (0.01)
0.26 (0.02)
0.27 (0.03)
0.28 (0.01)

CaO

Analyses by electron microprobe. Major oxides reported in weight percent and are averages of n samples. Values in parentheses represent standard deviation

Sanidine

30.38 (0.15)
49.45 (0.76)
49.26 (0.61)
49.25 (0.59)
48.97 (0.53)
49.41 (0.42)
0.09 (0.03)
0.09 (0.03)
0.10 (0.02)
0.10 (0.02)
0.10 (0.03)
66.42 (0.59)
66.60 (0.36)

76.85 (1.84)
77.50 (0.72)
76.78 (0.34)
77.55 (0.89)
76.95 (0.40)
30.09 (0.33)
30.48 (0.24)
30.31 (0.33)
30.09 (0.30)

TiO2

Summit Lake
Y74
Pitchstone Plateau Y114

Y97
Y82
Y216
Y74
Y114
Y97
Y82
Y216
Y74
Y114
Y97
Y82
Y216

Trischmann Knob
Solfatara Plateau
West Yellowstone
Clinopyroxene Summit Lake
Pitchstone Plateau
Trischmann Knob
Solfatara Plateau
West Yellowstone
Magnetite
Summit Lake
Pitchstone Plateau
Trischmann Knob
Solfatara Plateau
West Yellowstone

Fayalite

Y82
Y216
Y74
Y114
Y97
Y82
Y216
Y74
Y114

Solfatara Plateau
West Yellowstone
Summit Lake
Pitchstone Plateau
Trischmann Knob
Solfatara Plateau
West Yellowstone
Summit Lake
Pitchstone Plateau

Matrix Glass

Sample # SiO2

Unit

Phase

Table 2  Compositions of matrix glass and major phenocryst phases
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(a)

Opaque
glass

void

(c)

San Qtz
Granophyre

Qtz

Qtz

San
Qtz

500 μm

1 mm

(b)

Plagioclase
core

Qtz

Granophyre

San

Qtz

(d)

Glass matrix

Sanidine

Qtz
200 μm

1 mm

Fig. 2  a, b Photomicrographs and c, d backscattered images of quartz, sanidine, and granophyre in Solfatara Plateau. Granophyre occurs in
association with glomerocrysts of sanidine and quartz, as overgrowths on sanidine and quartz, or as individual clasts

partition coefficients and estimates of the modal abundances of major and minor mineral phases present (Online
Resource 4). Compatible trace elements include Sc, Mn,
Zn, Sr, Ba, and Eu. The remainder are incompatible, with
most of those being very incompatible (D < 0.2) (Online
Resource 4). Nb is thought to be one of the most incompatible elements. When the compatible elements are plotted against Nb, negative correlations are observed (Fig. 5).
Conversely, strong positive correlations are observed when
incompatible elements are plotted against Nb (Fig. 5). Populations of glass inclusions from individual units contain
incompatible trace-element concentrations that range from
relatively primitive to evolved (Online Resource 3). The
most primitive inclusions from each rhyolite as a group are
compositionally similar, with the least evolved concentrations of those elements differing by <20 %. Incompatible
trace-element concentrations in matrix glasses are typically more enriched than those in evolved inclusions from
the same unit (Fig. 5). When plotted against one another,
incompatible elements within each unit increase systematically from primitive inclusions, to more evolved inclusions,
and finally to highly evolved matrix (Fig. 5). Inclusions

13

from the Tuffs of Bluff Point and Cold Mountain Creek
display similar progressive evolution, except that matrix
glass in those tuffs is less evolved than some or most of the
inclusions.
Phase equilibrium experiments
Bubbles were present in all experiments, demonstrating that
all were water-saturated. Glass occurs in all samples above
725 °C. Mineral stability fields are based on crystal morphology (e.g., anhedral, euhedral) and crystal content relative to the starting material. In both NNO+1- and QFMbuffered experiments, magnetite is the liquidus phase, and
is stable under all water pressure and temperature (P–T)
conditions investigated (Fig. 6, 7). At NNO+1 conditions
above 50 MPa, the crystallization sequence with decreasing temperature is sanidine, clinopyroxene, quartz, and plagioclase, with the solidus at <700 °C. At pressures below
50 MPa, the crystallization sequence with decreasing temperature is similarly sanidine, clinopyroxene, and quartz. At
those low pressures, plagioclase does not form before the
solidus is reached at 700–725 °C. Overall, phase stabilities
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0

/4

60
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50 MPa

200

0

80/2

25 MPa

4 km

0
1

2

3

4

H2 O (wt.%)
v.e.~10:1

(b)

Granophyre-free

Granophyre-bearing

1 km

Fig. 3  a Simplified geologic map of Solfatara Plateau, modified after
Christiansen (2001). Sample locations are shown by circles. White
circles indicate sample contained granophyre, whereas black circles represent samples without granophyre. The location of sample
Y82 (experimental starting material) is marked by a yellow star. The
dashed black line separates Solfatara Plateau into granophyre-bearing
and granophyre-free domains. The distribution of granophyre largely
corresponds to a change in topography across the flow as highlighted
using the DEM overlay from open source LIDAR data from NSF
OpenTopography. b Aerial view of topographic change at Solfatara
Plateau with the view looking to the southwest as shown by the line
of sight (LOS) arrow shown in (a). As before, the dashed line separates granophyre-bearing and granophyre-free domains

between the different fO2 conditions are similar, although
some differences exist (Fig. 7). The reduced experiments
contain much less magnetite at equivalent P–T conditions,
and they also contain fayalite, which was not observed in
oxidized experiments. In QFM experiments, the crystallization sequence with decreasing temperature is sanidine,
fayalite, clinopyroxene, and quartz. Sanidine, fayalite, and
clinopyroxene stabilize over a very narrow temperature

Pyro. remnant on DK
Pitchstone Plateau
Trischmann Knob

West Yellowstone
Summit Lake
Douglas Knob
Solfatara Plateau

Cold Mt. Creek
Lava Creek
Mesa Falls

Fig. 4  Dissolved volatile contents in quartz-hosted glass inclusions.
Squares are effusive eruptions and circles are for explosive eruptions.
Colored fields highlight the general distribution for each unit. Error
bars (1σ) are shown in gray when larger than the symbol size. Equilibrium solubility at 25, 50, 100, 150, and 200 MPa and 750 °C are
shown in black. Dashed gray lines are fluid compositions in percent
H2O and CO2 for rhyolite in equilibrium with a mixed fluid (Liu et al.
2005). Data for Tuff of Bluff Point, Douglas Knob dome (DK), Lava
Creek Tuff, and Mesa Falls Tuff are from Befus et al. (2012, 2014)
and Gansecki (1998), respectively

window. The solidus was not determined. Sanidine, clinopyroxene, and quartz are stabilized at temperatures 5°–20°
hotter than in NNO+1 experiments at equivalent pressures.
Plagioclase was not stabilized in QFM experiments.
In NNO+1 experiments, glass abundance gradually decreases from ~100 % above the sanidine in-curve,
to ~80 % glass only 20 °C above the solidus (Fig. 6;
Table 1). Although fewer experiments limit our resolution, we observe similar changes in crystal abundance and
% glass in QFM experiments. In the final 20 °C above the
solidus, the melt crystallized significantly, forming finegrained intergrowths of sanidine and quartz crystals that are
1–5 μm in size. Glass composition changes systematically
with temperature (Online Resource 5). Concentration of
SiO2 increases with the decrease in temperature, whereas
those of K2O and FeO decrease. Sanidine ranges in composition from Or66±5Ab34±4An1±1 to Or44±4Ab52±3An3±1
and is more potassic at higher PH2 O (Fig. 6). Clinopyroxene crystals are often only 1 μm in diameter and thus difficult to analyze quantitatively using WDS. When WDS
analyses were possible, compositions in NNO+1-buffered
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Fig. 5  Correlations between compatible (Sr, Sc) and incompatible
elements (Zr, Y, Pr, Sm, Hf, Nb) in representative Central Plateau
Member Rhyolites. Inclusion compositions are shown as squares,
whereas matrix glasses are shown as circles. Error bars (1σ) are
shown in gray when larger than the symbol size. Black lines are Ray-

leigh fractionation models; tick marks represent 10 % intervals of
fractional crystallization. Fractionation models are not shown for the
Tuff of Cold Mountain Creek because the groundmass is less evolved
than the inclusions

experiments are En14±8Fs40±7Wo46±4 and are slightly
more Fe-rich in lower temperature experiments. Clinopyroxene compositions in QFM-buffered experiments are
En7±3Fs52±4Wo41±4. EDS analyses confirm the presence
of Fe-rich clinopyroxene in samples in which quantitative
WDS analyses were not possible. When present, plagioclase (Or12±3Ab81±2An7±2) and fayalite (Fa96±2) compositions do not measurably vary with pressure or temperature.

(2009), and Girard and Stix (2010). To constrain conditions of phenocryst growth, we apply the QUILF geothermometer using compositions of coexisting natural assemblages of quartz, fayalite, clinopyroxene, and magnetite
(Andersen et al. 1993). Average phenocryst compositions
in Trischmann Knob, West Yellowstone, Summit Lake, and
Solfatara Plateau each yield temperatures of 755 ± 20 °C,
whereas those in Pitchstone Plateau provide an estimate of
745 ± 15 °C. All flows return oxygen-fugacity values ranging 0.4–0.5 log units below the QFM buffer.
The phenocryst assemblage is generally reproduced by
both NNO+1- and QFM-buffered phase equilibria experiments (Figs. 6, 7). Experiments run at NNO+1 generate sanidine, quartz, magnetite, and clinopyroxene, but
were too oxidized to stabilize fayalite. Fayalite joined the
equilibrium assemblage in QFM-buffered experiments.
The only other effect of oxygen fugacity was that QFM
experiments were found to stabilize phases at temperatures 5°–20° hotter than in NNO+1 experiments. Because
phase equilibria are more tightly constrained in P–T space
at NNO+1, we use it to evaluate the natural phase assemblage, but use insights from QFM experiments when possible. The natural phase assemblage is only reproduced
experimentally at conditions below the quartz-in curve at
715 ± 10 °C at 150 MPa and at 800 ± 15 °C at 25 MPa, but

Discussion
The Central Plateau Member Rhyolites we studied are
nearly identical petrographically, containing a phenocryst
assemblage of quartz, sanidine, magnetite, clinopyroxene,
and fayalite, all set in a high-silica rhyolitic glass, despite
differing by 3–4 orders of magnitude in volume (Fig. 1).
Compositionally, matrix glass and phenocryst phases are
internally homogenous with respect to major elements,
and are nearly indistinguishable between units. The only
recognizable differences in major elements are in magnetite, clinopyroxene, and fayalite in Pitchstone Plateau,
which are slightly more Fe-rich when compared with
those phases in other units, consistent with compositional
analyses performed by Christiansen (2001), Vazquez et al.
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above the solidus or plagioclase-in curve. Such constraints
generate a ~75 °C stability window that narrows with
increasing water pressure. That window shifts to ~730–
815 °C, given that fO2 is similar to QFM. Because experimental sanidine is more potassic than natural sanidine
(Or50±2Ab47±2An2±1) at higher water pressures, the rhyolites were probably stored at water pressures <120 MPa.
We can further infer pressures and the composition
of magmatic fluids using the volatile contents in homogenized, quartz-hosted glass inclusions (Liu et al. 2005).
We assume the magmas were volatile-saturated at depth
because H2O and CO2 do not correlate positively with
incompatible elements. If the magmas were undersaturated,
then H2O and CO2 would have increased in concentration
during crystal fractionation because they were not partitioned into any phase. That behavior is not observed. Such

an inference is also supported by textural observations of
glass re-entrants in quartz phenocrysts by Girard and Stix
(2010). The CO2-rich magmas were in equilibrium with
fluids composed of 60–75 mol% CO2, and were stored at
90–150 MPa. The CO2-poor magmas contained fluids composed of 40–60 mol% CO2 and were stored at 50–70 MPa.
Pressure estimates from inclusion values are not directly
comparable to pressures from phase equilibria experiments, because experiments were run at water-saturated
conditions (Ptotal = PH2 O). The experimental condition
that Ptotal = PH2 O should have very little effect on phase
equilibria temperatures because CO2 is a trace element
(0.005–0.06 wt%) that would have little effect on mineral
stabilities (Gardner et al. 2014). We emphasize that the
connection between our experiments and the inclusions is
water content. By extension, the connection to other mixed
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Fig. 7  QFM phase equilibria
diagram assuming Ptotal = PH2 O.
Squares and triangles are the
same as in Fig. 6. NNO+1
phase equilibria are reproduced
in gray for comparison. The
order of the mineral stability
curves for sanidine, clinopyroxene, and fayalite cannot
be distinguished. Refer to
Fig. 6 for the position of H2O
isopleths. The best estimate for
conditions of phenocryst growth
is highlighted in yellow
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fluid, H2O-undersaturated, and H2O-saturated experimental work on high silica rhyolites is also by water content.
Indeed, our results coincide with Almeev et al. (2012) and
Bolte et al. (2015), which demonstrate that low H2O contents experimentally replicate natural Yellowstone hot spot
mineral assemblages. Glass inclusions indicate the Central
Plateau Member magmas contained 1.0–2.5 wt% H2O.
That range is equivalent to experiments run at water pressures up to 40 MPa. At those water pressures, the natural
assemblage is consistent with our experiments at temperatures ranging from 700 to 760 °C.
Together, phase equilibria, glass inclusions, and geothermometry indicate the magmas existed in the upper
crust at relatively cool conditions. We assume phenocryst
growth occurred during magma storage. Both the CO2-rich
and CO2-poor magmas were stored at 750 ± 25 °C. Phase
equilibria experiments demonstrate that it is not possible
to crystallize the natural assemblage of quartz and sanidine
from the hydrous melt at temperatures greater than 800 °C.
Our estimates for magmatic temperatures directly overlap estimates using Ti-in-zircon by Stelten et al. (2015),
which range from approximately 700 to 800 °C. Both
our new estimates and those from Stelten et al. (2015)
are 50–150 °C cooler than most previous temperature
estimates for Yellowstone and Snake River Plain rhyolite
volcanism, which range from 800 °C to nearly 1000 °C
(Honjo et al. 1992; Bindeman and Valley 2000; Branney
et al. 2008; Cathey and Nash 2009; Vazquez et al. 2009;
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Ellis et al. 2010; Wolff et al. 2011; Pritchard and Larson
2012; Watts et al. 2012; Almeev et al. 2012; Bolte et al.
2015; Till et al. 2015). In part, the wide distribution in
temperature can be attributed to the well-established trend
that younger and more eastern magmas were stored at
cooler temperatures.
Some of those hotter temperature estimates for Central Plateau Member Rhyolites can be reconciled with
our results, whereas others cannot. For example, we are
unable to reconcile crystallization temperatures for clinopyroxene of ~900 °C based on oxygen isotope fractionation (Loewen and Bindeman 2015). Our phase equilibria
demonstrate clinopyroxene crystallizes at temperatures
<825 °C. We also suggest that geothermometry results
from Zr concentrations in glass and whole-rock, which
have ranged from 820 to 900 °C, produce inaccurate temperatures (e.g., Bindeman and Valley 2001; Watts et al.
2012). Most other temperature estimates can be readily
reconciled. Bindeman and Valley (2001) and Watts et al.
(2012) estimated storage temperatures using the liquidus
temperature calculated from MELTS. When compared to
our phase equilibria results, those liquidus temperatures
of 850 ± 25 °C are merely a few 10’s of degrees hotter
than our experimental sanidine- and quartz-in-curves at
low pressures, which must be colder than the experimental
liquidus established by magnetite (Figs. 6, 7). Additionally, Ti-in-quartz estimates from Vazquez et al. (2009) and
Girard and Stix (2010) were performed using the initial
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Fig. 8  Ratios of incompatible to compatible trace elements are
shown as a measure of magmatic evolution and crystal fractionation. Ratios are plotted against eruption ages from Christiansen et al.
(2007). West Yellowstone, Douglas Knob, and Trischmann Knob

erupted at ~115 kya and are separated slightly on this graph for legibility. Squares and circles are for groundmass glass and inclusions,
respectively

calibration of Wark and Watson (2006). More recent calibrations of that model indicate that it is very sensitive to
storage pressures (e.g., ~1 kb variations change temperature by ~60 °C) (Thomas et al. 2010; Huang and Audetat
2012; Girard and Stix 2012; Thomas et al. 2015). When
reapplied to the new calibrations, Ti concentrations in
quartz generate temperatures ranging from 650 to 800 °C
at pressures consistent with both phase equilibria and volatile contents in glass inclusions.
The CO2-poor magmas were stored at pressures of
50–70 MPa, whereas the CO2-rich magmas were stored at
90–150 MPa. Using a regional Yellowstone crustal density of 2500–2670 kg m−3 (DeNosaquo et al. 2009), the
storage pressure estimates from CO2-poor and CO2-rich
melts correspond to storage depths of 2–3 and 3–6 km,
respectively. Interestingly, storage depth does not correlate with eruption age, volume, style, or geographic position in the caldera. Magma from Pitchstone Plateau, the
most recent eruption at Yellowstone, was stored at ~5 km.
That depth is consistent with estimates for modern lowvelocity zones across Yellowstone Caldera from high-resolution seismic tomography (Smith et al. 2009; Chu et al.
2010; Farrell et al. 2014). Similar upper crustal depths
are also consistent with isotopic constraints on source
rocks, which indicate Central Plateau Member magmas
were generated by melting of hydrothermally altered
material. Some of that material may have been intracaldera Lava Creek and Huckleberry Ridge Tuffs, which
would only exist in the shallow crust (Bindeman and Valley 2000, 2001; Bindeman et al. 2001; Girard and Stix
2010; Pritchard and Larson 2012; Watts et al. 2012). Pb
isotopes demonstrate the Central Plateau Member Rhyolites could not solely have been derived from melting
those intracaldera tuffs and instead require a hybridized
source modified with other silicic sources (Vazquez et al.
2009; Stelten et al. 2015).

Magmatic evolution
The Central Plateau Member Rhyolites we studied are
monotonous with respect to phenocryst content and majorelement composition, indicating similar magmatic conditions over episode of explosive and effusive volcanism. Our
trace-element data for glass inclusions and matrix glass
help define the temporal evolution of the magmatic system. Trace-element contents in quartz-hosted glass inclusions preserve snapshots of melt composition sequentially
trapped in growing quartz crystals. Hence, inclusions and
matrix glass preserve the process of crystal-liquid fractionation. We find that Rb/Sr ratios in groundmass glasses
range from 20 to 80 and progressively increase with time
(Fig. 8a), similar to Vazquez and Reid (2002) and Girard
and Stix (2010). Ratios of other incompatible to compatible
trace elements (e.g., Gd/Ba) also increase as eruption age
decreases (Fig. 8b). Such patterns support the conclusion
that crystal fractionation is important in the evolving system (Vazquez and Reid 2002; Girard and Stix 2010; Watts
et al. 2012). Local crystallization of the quartz host during entrapment did not produce the range in trace-element
concentrations. If the trace elements were concentrated by
growth of the quartz host, then almost all elements should
behave incompatibly, which is not observed (Fig. 5). Similarly, boundary layer crystallization at the chamber scale is
also not impactful. The trace-element fractionation trends
closely follow those predicted by the modal assemblage;
thus, crystallization by a non-modal assemblage is not supported by the data.
Focusing on the trace-element compositions of inclusions, we find that those ratios (Rb/Sr and Gd/Ba) vary
between each magma that feeds the individual flows. The
most primitive inclusions for each unit have similar low
ratios. The incompatible to compatible element ratios
increase towards the evolved ratio in the groundmass. The
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most evolved inclusions have ratios that approximate those
found in the groundmass glass (Fig. 5). The Tuff of Cold
Mountain Creek, Tuff of Bluff Point, and Trischmann Knob
do not follow that pattern. In those units, the inclusions
increase from the primitive values towards the enriched
values that would align with the groundmass fractionation trend (Fig. 8a, b). The groundmass compositions are
less evolved than some of the inclusions. To obtain primitive groundmass, yet maintain the compositional evolution
observed in the inclusions, less-evolved magma (likely still
rhyolitic) mixed with the resident high-silica rhyolite after
most quartz growth ceased yet prior to eruption. The mixing must have been thorough as no other evidence of mixing is preserved.
We use the range of incompatible trace-element concentrations from the most primitive inclusions to the evolved
groundmass to estimate the percent crystal fractionation.
To make the estimates, we use a Rayleigh fractional crystallization model:

C gm
= f D−1
Cp
where f is the mass fraction of melt, Cp is the trace element concentration in the most primitive inclusion, Cgm
is the trace element concentration in the groundmass, and
D is the bulk distribution coefficient (Online Resource 4).
We acknowledge that our estimates use bulk distribution
coefficients that have unavoidable uncertainties, which
we minimized by carefully selecting the most appropriate
published values. The fraction of crystals formed is equal
to 1−f. We calculate the percent fractionation using more
than 15 incompatible trace elements and average those
values to provide a single estimate for each eruptive unit.
Fractionation estimates for those units range from 36 ± 12
to 52 ± 12 wt %, which are similar to previously published
estimates of ~40 wt% (Vazquez and Reid 2002; Leeman
and Phelps 1981; Hildreth et al. 1991; Bindeman and Valley 2001), and slightly larger than the 25–30 wt% estimate
from Watts et al. (2012), and 10–15 % using the difference between whole-rock and matrix glass by Loewen and
Bindeman (2015). We acknowledge that Rayleigh fractionation is a simple model that does not fully replicate
nature. We use it to gain a first-order approximation of the
extent of the process. Interestingly, if we were to relax the
assumption of perfect separation, then even greater degrees
of crystallization would be required to produce the spread
in trace element concentration.
The erupted products contain only 5–10 vol% phenocrysts (~6–12 wt% as quartz and sanidine are more
dense than hydrous rhyolite melt), whereas fractionation
estimates range up to ~50 wt%. Short-duration temperature fluctuations provide one mechanism to reconcile the
difference in crystallinity. Phase equilibria experiments
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demonstrate that increase in temperature by a few 10’s of
degrees can cause large changes in crystal content. Rare
cores of plagioclase in Solfatara Plateau suggest that batch
of magma was colder than 700 °C for a time, but then was
reheated. Similar heating events may have occurred in
other units, but cannot be confirmed as they lack plagioclase. Loewen and Bindeman (2015) argue that elevated
concentrations of Zr surrounding zircon crystals indicates
heating events indeed preceded eruptions of Central Plateau Member lavas. If temperatures did increase, then the
timing of that thermal event must have been short-lived
because temperature-sensitive elements do not increase in
concentration in the rims of phenocrysts from most flows
(e.g., Ti-in-zircon) (Stelten et al. 2015). The crystallinity
problem can also be reconciled through pre-eruptive melt
separation. During melt separation, crystal-poor melts are
extracted from a crystal-rich mush (e.g., Bachmann and
Bergantz 2004), and form a crystal-poor layer near the top
of the chamber (e.g., Huber et al. 2012). We suggest that
the eruptions tapped that crystal-poor layer, which may
also have been affected by temperature fluctuations.
Our dataset requires a model that combines both a single
evolving chamber as well as separate isolated chambers.
Recall that Rb/Sr demonstrates the Central Plateau Member
magmas evolve progressively with time (Fig. 8; Vazquez
et al. 2009). Despite that, estimates for crystal fractionation
using trace elements in inclusions and matrix glass do not
change progressively with eruption age. Instead, fractionation estimates vary randomly with eruption age and position. In addition, the distinct CO2-poor and CO2-rich fluids preserved in inclusions from separate units are also not
consistent with a single shared evolving chamber, as they
do not correlate with eruption age. Together, volatiles and
trace elements in inclusions and matrix glasses suggest that
the magmas were sourced from multiple chambers that followed similar evolutionary paths, which is consistent with
models of localized magma chambers (as discussed in
Bindeman and Valley 2001; Bindeman et al. 2008; Vazquez
et al. 2009; Girard and Stix 2010; Loewen and Bindman
2015; Stelten et al. 2015). We suggest that our data favor
the model proposed by Stelten et al. (2015) and provide
one additional constraint. They suggest that Central Plateau Member melts are extracted from a shared, long-lived
source (as discussed in Vazquez and Reid 2002; Vazquez
et al. 2009; Watts et al. 2012; Stelten et al. 2013), which
then integrate to form isolated pots of crystal-poor melt
containing only rare antecrysts. Phenocrysts form in those
isolated chambers, which are ephemeral and erupt in less
than ~10,000 years after forming (Stelten et al. 2015). Our
data supplement this model in suggesting that significant
fractional crystallization also operates in these isolated
pots, with only the crystal-poor portions being erupted. It is
possible that the isolated pots even occur within the larger
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Fig. 9  Simplified geologic map of Central Plateau Member Rhyolites in Yellowstone Caldera and the inferred spatial relationship of
their magma chambers, assuming they are cylinders. Red circles in
a show 2D distribution. Chamber thickness for each unit is estimated
using the range in depth inferred from volatile saturation in analyzed

glass inclusions. Chamber radius is set to ensure total eruption volume matches the volume of the cylindrical magma chambers. b In
3D note that no magma chambers overlap. They do not overlap even
when thickness is assumed to be 200 m, forcing a much wider radius

evolving and near-solidus chamber (e.g., Long Valley system, Hildreth 2004). To visualize one possible distribution
of the eruptible portions of the magmas in the subsurface,
we calculated chamber dimensions assuming the following:
thickness was equal to the range in volatile saturation pressures from glass inclusions, the chambers were cylinders
centered under the vent, and eruption volume was equal to
chamber volume (Fig. 9). We find that the chambers would
not have overlapped in that configuration, or even if the
chambers were only 200 m thick. Although clearly speculative, those geometric and geographic constraints support
the model of discrete magma batches evolving in tandem.

Granophyre and Solfatara Plateau heterogeneity
Granophyre had not been identified previously in Solfatara
Plateau, or any other Central Plateau Member Rhyolite,
and its discovery presents a unique opportunity to gain new
insights to the magmatic system and/or eruption dynamics.
The composition of sanidine in the granophyre is indistinguishable from phenocrystic sanidine, which suggests
they formed under similar storage conditions. In the field,
the transition from granophyre-bearing to granophyre-free
portions sometimes corresponds with a sharp topographic
break, with the granophyre-bearing portions at lower
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elevations on the flow (Fig. 3). The topographic break
is considered to be unrelated to post-emplacement erosion because it and other surface features such as pressure
ridges and pumiceous carapace remain preserved. Because
the distribution of granophyre switches near a topographic
break, we argue that Solfatara Plateau is a composite lava
comprised of 2 separate flows whereby the granophyrebearing lava as the product of an earlier effusion (~5 km3)
that was overridden by a younger, granophyre-free flow
(~2 km3). Other large-volume Central Plateau Member
lavas may also be composite flows. Indeed, we observe
similar topographic discontinuities on West Yellowstone
and Pitchstone Plateau, but have not observed petrologic
differences in samples from those domains.
Granophyric intergrowths are usually thought to represent rapid crystallization in response to significant undercooling at low pressures (Barker 1970; Lipman et al. 1997;
Lowenstern et al. 1997; Morgan and London 2012). Most
likely, granophyre within large bodies of magma reflects
sudden undercooling in response to degassing. Quartzhosted glass inclusions from Solfatara Plateau contain up
to 2.0 wt% H2O and 240 ppm CO2, consistent with storage
and quartz crystallization at depths of 2–3 km. Because the
inclusions indicate shallow storage, we suggest the granophyre formed in response to a significant degassing event
when the magma was already at shallow depth. Although
the interior of the granophyric intergrowths display classic texture for rapid crystallization, the rounded, anhedral
to subhedral exterior of the granophyre and discontinuous
bands of small quartz and alkali feldspar fragments suggest
that granophyre started to dissolve just prior to eruption.
We interpret dissolution as a response to elevated temperatures initiated by a magmatic heating event that preceded
(and possibly triggered) the effusive eruption (e.g., Bachmann et al. 2002; Girard and Stix 2010; Morgan and London 2012). The heating event was likely initiated by underplating of a hotter magma just prior to eruption, because
phenocrysts are compositionally unzoned, and do not
preserve evidence of pre-eruptive thermal disequilibrium,
magma-mixing, or convective overturn. This suggests the
Central Plateau Member magmatic systems may undergo
rapid changes that are not preserved by crystal textures
or compositions (e.g., crystallization, heating, degassing,
mixing).
Solfatara Plateau also preserves a limited geochemical
heterogeneity. Our petrographic and compositional analyses of minerals and matrix glasses indicate that Solfatara
Plateau is largely similar, if not identical, to the other
Central Plateau Member Rhyolites. This conclusion differs with results from Vazquez and Reid (2002), Vazquez
et al. (2009), and Stelten et al. (2013), who each demonstrate Solfatara Plateau is compositionally distinct from
other lavas with respect to trace elements and isotopes.
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For example, they demonstrate enriched Ba concentrations
in sanidine (0.6 ± 0.2 wt%) and matrix glass (595 ppm).
The compositional distinction, however, is based on a single sample (YCV04) reused by each of those three projects. Analyses of matrix glass and sanidine by Girard and
Stix (2010) and this study use multiple samples collected
across a large portion of Solfatara Plateau, thus providing
important context for interpreting sample YCV04 (Online
Resource 6). Girard and Stix (2010) suggest YCV04 is
anomalous for Solfatara Plateau because matrix glass
from their samples contains ~60 ppm Ba, whereas YCV04
contains 595 ppm Ba. The Solfatara Plateau sample from
Bindeman and Valley (2001) is also anomalous and has a
whole-rock Ba concentration of 870 ppm. We report a Ba
concentration of 76.6 ± 6.2 ppm for the near-vent sample
Y82, which is comparable to the compositions reported by
Girard and Stix (2010) for Solfatara Plateau and many of
the other Central Plateau Member Rhyolites. In addition, 5
of the 6 samples with our new sanidine analyses (collected
over a ~20 km2 area) contain sanidine that are Or49.2±2.7
and contain 0.19 ± 0.06 wt% BaO. Sanidine from our
remaining new sample (Y36) are Or42.8±2.9 and contain
0.58 ± 0.14 wt% BaO, both of which are indistinguishable
from sample YCV04 (Vazquez and Reid 2002; Vazquez
et al. 2009; Stelten et al. 2013). Interestingly, Ba-rich samples, Y36, YL96-16, and YCV04, were collected over an
area of <1 km2 on the western flow front. Following the
work by Girard and Stix (2010), we conclude that Solfatara Plateau is indeed a “normal” Central Plateau Member
Rhyolite, but it likely preserves a small-scale heterogeneity. Our conclusion does not obviate the important results
from Vazquez and Reid (2002), Vazquez et al. (2009),
and Stelten et al. (2013). Instead, it may imply that those
authors discovered a rarely preserved parcel of melt composed of a mixture of extra-caldera and “normal” rhyolite
(Stelten et al. 2013), or parental rhyolite (Christiansen and
McMurry 2008), that did not have time to homogenize with
the “normal” magma prior to the eruption, and may have
acted as an eruption trigger. Similar concentrations of Ba
in sanidine rims (0.6–0.7 wt%) occur in Scaup Lake flow
and were inferred to represent a thermal rejuvenation event
prior to eruption of that flow (Till et al. 2015).
Controls on eruption style
To first order, eruption style is known to be controlled by
ascent rate (Rutherford 2008). In turn, ascent rate is likely
controlled by a variety of factors, including pre-eruptive
conditions such as temperature, pressure, volatile content,
and viscosity. Using a diverse set of geochemical tools, we
characterized the pre-eruption conditions for phenocryst
growth for both the effusive and explosive eruptions. We
conclude that during phenocryst growth, all of the magmas
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were likely stored at similar temperatures (±25 °C), and
their water contents are indistinguishable, ranging from
~1.5 to ~2.5 wt%. Because melt composition, crystal content, temperature, and dissolved H2O are similar amongst
all units, the pre-eruptive magmatic viscosities were similar and are estimated to have been 107.0±0.5 Pa s (Giordano
et al. 2008). The units can be separated into distinct populations based on CO2 content, but those populations do
not clearly discriminate based on eruption style or volume.
High-CO2 magmas fed the pyroclastic eruptions of the
Tuff of Bluff Point and the remnant pyroclastic deposit on
Douglas Knob. They were also the source of the large-volume effusive lavas (>30 km3) of Pitchstone Plateau, Summit Lake, and Buffalo Lake, as well as the small-volume
(<0.1 km3) Trischmann Knob. Low-CO2 magmas also
generated a pyroclastic eruption, the Tuff of Cold Mountain Creek, and sourced both the small- and large-volume
effusive lavas (<0.1 to >30 km3) of Douglas Knob, Solfatara Plateau, and West Yellowstone. It seems clear that
pre-eruptive storage conditions did not control eruptive
volume or style. Instead, conduit dimensions or chamber
overpressures could have controlled those eruption variables, but we acknowledge this is speculative. Interestingly, it is clear that the Central Plateau Member magmas
were compositionally distinct with respect to volatile contents from the Lava Creek Tuff magma, which contained
3.2–4.0 wt% H2O and 100–600 ppm CO2 (Fig. 4) (Gansecki and Lowenstern 1995; Gansecki 1998). Such evidence indicates magma genesis and the overall Yellowstone plumbing system may behave differently leading up
to supereruptions.
Trace element contents in matrix glass and quartz-hosted
glass inclusions are an insightful tracer to changes in the
magmatic system. In general, trace elements indicate the
magmas experienced similar fractionation histories irrespective of eruption volume. The Tuffs of Cold Mountain Creek
and Bluff Point deviate from such a behavior. Trace elements
in the groundmass glass of those units are more primitive
than in inclusions, providing strong evidence for pre-eruptive
mixing with a less-evolved batch of rhyolite, perhaps similar
to the low silica rhyolite of East Biscuit Basin (Girard and
Stix 2009; Watts et al. 2012). It is possible that mixing events
triggered the explosive eruptions of the Tuff of Cold Mountain Creek and the Tuff of Bluff Point.

Conclusion
We present four complementary datasets that provide insight
into the most recent episode of volcanism at Yellowstone.
The eruptions that emplaced the Central Plateau Member
Rhyolites were sourced from crystal-poor melts that were at
least temporarily stored as separate batches of magma with
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volumes up to 70 km3. The rhyolite magmas experienced
36 ± 12–52 ± 12 % fractional crystallization prior to melt
segregation events and eruption. The magmas were saturated
with a mixed fluid, and the individual eruptive units can be
subdivided based on fluid composition into CO2-poor and
CO2-rich populations. The magmas crystallized their phenocrysts at 750 ± 25 °C, with the CO2-poor and CO2-rich
magmas occurring in the upper crust at depths of 2–3 and
3–6 km, respectively. The discovery of granophyre-bearing
domains at Solfatara Plateau provides a unique petrologic
clue about the storage and/or eruption of Central Plateau
Member lavas. It demonstrates that rapid magmatic processes, such as systematic dissolution of granophyre in
response to a heating event, can occur in this system.
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