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crystallization control, while other trace elements remain 
similar or are enriched through time. The slight temporal 
increase in glass Zr concentrations may reflect similar or 
higher temperature magmas (via zircon saturation) through 
time, while previosuly reported temperature decreases 
(e.g., Ti-in-quartz) might reflect changing Ti concentra-
tions with progressive melt evolution. Multiple analyses of 
glass across single samples and in profiles across lava flow 
surfaces document trace element heterogeneity with com-
patible behavior of all analyzed elements except Rb, Nb, 
and U. These new data provide evidence for a three-stage 
geochemical evolution of these most recent Yellowstone 
rhyolites: (1) repeated batch melting events at the base of 
a homogenized low-δ18O intracaldera fill resulting in liq-
uidus rhyolite melt and a refractory residue that sequesters 
feldspar-compatible elements over time. This melting may 
be triggered by conductive "hot plate" heating by basaltic 
magma intruding beneath the Yellowstone caldera result-
ing in contact rhyolitic melt that crystallizes early clino-
pyroxene and/or sanidine at high temperature. (2) Hetero-
geneity within individual samples and across flows reflects 
crystallization of these melts during preeruptive storage of 
magma at at lower, zircon-saturated temperatures. Compat-
ible behavior and variations of most trace elements within 
individual lava flows are the result of sanidine, quartz, 
Fe–Ti oxide, zircon, and chevkinite crystallization at this 
stage. (3) Internal mixing immediately prior to and/or dur-
ing eruption disrupts, these compositional gradients in each 
parental magma body that are preserved as melt domains 
distributed throughout the lava flows. These results based 
on the most recent and best-preserved volcanic products 
from the Yellowstone volcanic system provide new insight 
into the multiple stages required to generate highly frac-
tionated hot spot and rift-related rhyolites. Our proposed 
model differs from previous interpretations that extreme Sr 

Abstract We report the first high-precision δ18O analyses 
of glass, δ18O of minerals, and trace element concentra-
tions in glass and minerals for the 260–79 ka Central Pla-
teau Member (CPM) rhyolites of Yellowstone, a >350 km3 
cumulative volume of lavas erupted inside of 630 ka Lava 
Creek Tuff (LCT) caldera. The glass analyses of these 
crystal-poor rhyolites provide direct characterization of the 
melt and its evolution through time. The δ18Oglass values are 
low and mostly homogeneous (4.5 ± 0.14 ‰) within and in 
between lavas that erupted in four different temporal epi-
sodes during 200 ka of CPM volcanism with a slight shift 
to lower δ18O in the youngest episode (Pitchstone Plateau). 
These values are lower than Yellowstone basalts (5.7–6 ‰), 
LCT (5.5 ‰), pre-, and extracaldera rhyolites (~7–8 ‰), 
but higher than the earliest 550–450 ka post-LCT rhyolites 
(1–2 ‰). The glass δ18O value is coupled with new clino-
pyroxene analyses and previously reported zircon analyses 
to calculate oxygen isotope equilibration temperatures. 
Clinopyroxene records >900 °C near-liquidus tempera-
tures, while zircon records temperatures <850 °C similar 
to zircon saturation temperature estimates. Trace element 
concentrations in the same glass analyzed for oxygen iso-
topes show evidence for temporal decreases in Ti, Sr, Ba, 
and Eu—related to Fe–Ti oxide and sanidine (±quartz) 

Communicated by Jochen Hoefs.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00410-015-1189-5) contains supplementary 
material, which is available to authorized users.

 * Matthew W. Loewen 
 loewenm@uoregon.edu

1 Department of Geological Sciences, 1272 University 
of Oregon, Eugene, OR 97403, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-015-1189-5&domain=pdf
http://dx.doi.org/10.1007/s00410-015-1189-5


 Contrib Mineral Petrol  (2015) 170:39 

1 3

 39  Page 2 of 25

and Ba depletion result from long-term crystallization of a 
single magma body—instead we suggest that punctuated 
batch melting events generated a sanidine-rich refractory 
residue and a melt source region progressively depleted in 
Sr and Ba.

Keywords Yellowstone · Low-δ18O rhyolites · 
Geothermometery · Trace element evolution · Glass trace 
element heterogeneity

Introduction

Large-volume rhyolitic volcanic centers like the Yellow-
stone volcanic system are well known for their massive 
caldera-forming eruptions, such as the 2.1 Ma Huckleberry 
Ridge Tuff (HRT), the 1.3 Ma Mesa Falls Tuff (MFT), and 
the 630 ka Lava Creek Tuff (LCT; Christiansen 2001; Lan-
phere et al. 2002; Matthews et al. 2015). The more com-
mon volcanic eruptions from these centers are actually rep-
resented by large-volume effusive rhyolite flows (Fig. 1). 
At Yellowstone, over 30 such lava flows have been mapped 
since the most recent major caldera-forming eruption 
(Christiansen 2001). The most recent of these eruptions 
occurred since 260 ka are referred to as the Central Plateau 
Member (CPM) and range from small <1 km3 domes to 
70 km3 lobate flows and are occasionally associated with 
explosive units such as the Tuff of Bluff Point (Christiansen 
2001). Although smaller than ignimbrites, the collective 

volume of lavas is equivalent to a major caldera eruption 
and individually they have equivalent volumes to recent 
caldera eruptions such as the ~7700-year-old eruption of 
Mt. Mazama (55 km3; Bacon 1983) or the 1991 eruption of 
Mt. Pinatubo (5.5 km3; Scott et al. 1996).

Past and recent seismic tomography experiments (Eaton 
et al. 1975; Farrell et al. 2014; Huang et al. 2015) provide a 
picture of the size and the state of the current magmatic sys-
tem under Yellowstone, but do not distinguish longevity and 
state of the system over time as either a large and hot crystal-
lizing batholith or a series of ephemeral, short-lived magma 
bodies in low-density hot material. The post-LCT lavas thus 
provide important evidence into how large silicic magma sys-
tems evolve before and after major caldera-forming cycles 
and provide insight into the current state of the system.

In this contribution, we examine the petrogenesis of 
the most recent CPM rhyolites by examining the compo-
sitional heterogeneity and temporal trends using oxygen 
isotope and trace element analyses in rhyolitic glass. While 
other studies have examined the trace element composi-
tion of glass from CPM flows (Vazquez et al. 2009; Girard 
and Stix 2010), this study provides the first comprehensive 
analysis of glass across the extent of these flows coupled to 
high-precision δ18O analyses. These results provide a high-
resolution compositional picture of the state of an evolv-
ing high-silica rhyolite system during the production of 
dominantly effusive lava flows. We use our new analytical 
dataset to reconcile different petrogenetic models that have 
been proposed for the CPM rhyolites.

Fig. 1  Overview map of post-
LCT lava flows modified from 
Christiansen (2001). CPM rhyo-
lite lavas examined in this study 
are the youngest intracaldera 
volcanic units. Extracaldera 
rhyolites and basalts are found 
mostly to the north of the LCT 
caldera. No basalts have erupted 
from within the LCT caldera. 
CPM flow units from this study 
are abbreviated: BL Buffalo 
Lake, DC Dry Creek, DK Doug-
las Knob, EB Elephant Back, 
NP Nez Perce, PP Pitchstone 
Plateau, SL Summit Lake, SP 
Solfatara Plateau, tBP Tuff of 
Bluff Point, and WY West Yel-
lowstone. Sample coordinates 
for individual samples are given 
in Electronic Supplement 3
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The Central Plateau Member rhyolites

The majority of recent effusive rhyolitic volcanism at Yel-
lowstone has occurred within the 630 ka LCT caldera, 
itself nested within the 2.1 Ma HRT caldera, in two tem-
porally distinct groups: the Upper Basin Member (UBM, 
520–470 ka) and the Central Plateau Member (CPM, 260–
79 ka, Fig. 1). These intracaldera flows are marked by dis-
tinctively low-δ18O values (Hildreth et al. 1984) interpreted 
as the result of wholesale or partial melting of large vol-
umes of buried and hydrothermally altered volcanic rocks 
(tuffs and lavas) from previous (pre-LCT) volcanic cycles 
that filled the caldera before the 630 ka LCT but were bur-
ied by the last caldera collapse (Bindeman and Valley 2001; 
Bindeman et al. 2008; Watts et al. 2012). UBM lavas are 
particularly 18O depleted, down to 1 ‰, and contain iso-
topically diverse xenocrysts of quartz, sanidine, and zircon 
with pre-LCT U–Pb ages as old as 2.1 Ma, inherited from 
remelted HRT (Bindeman et al. 2001, 2008; Watts et al. 
2012). The CPM lavas are less extreme in δ18O and contain 
isotopically more homogenous zircons (Fig. 2) with ages 
concordant with eruption age.

The CPM lavas were erupted during four distinct peri-
ods: ~260, 176–148, 124–102, and 79–70 ka (Christiansen 
et al. 2007; Girard and Stix 2010), referred in this paper as 
CPM 1–CPM 4, respectively. The earliest 257 and 260 ka 
Scaup Lake and South Biscuit Basin lavas represent tran-
sitional compositions between the plagioclase-rich, very 
low-δ18O UBM lavas and the higher δ18O CPM 2–4 lavas 
that lack plagioclase, and were originally grouped with 
older UBM lavas due to their composition (Christiansen 
and Blank 1972). Our study considers the entire evolu-
tion sequence from the transitional 257 ka Scaup Lake 
lava through CPM 2, CPM 3, and the most recent eruption 
for which we have samples, the 79 ka Pitchstone Plateau 
flow in CPM 4. Spatially, these intracaldera CPM rhyo-
lites erupted along eastern and western NNW trending 
lineaments (Fig. 1). The western lineament is coincident 
with the LCT caldera ring fracture, and the eastern line-
ament crosses between the Mallard Lake and Sour Creek 
resurgent domes and appears to follow extracaldera faults 
(Girard and Stix 2010).

Previous studies (e.g., Hildreth et al. 1984; Christian-
sen 2001; Girard and Stix 2010) and our petrographic 

Fig. 2  Oxygen isotope values 
of glass and minerals from 
recent Yellowstone rhyolites. a 
New and previously published 
mineral and glass data for 
CPM, UBM, LCT, HRT, and 
extracaldera rhyolites. The trend 
of increasing δ18O from UBM 
to CPM rhyolites is highlighted 
along with LCT δ18O and 
“normal” HRT and extracaldera 
δ18O of ~7 ‰. b Inset highlights 
new glass analyses for CPM 
rhyolites. Data are shown on a 
box-and-whisker-type plot dis-
playing the distribution of com-
positions for each age group 
with three or more analyses. 
Solid horizontal lines are the 
median, and diamonds are the 
mean. The two lowest δD sam-
ples also have 0.8 and 2.5 wt% 
water, consistent with secondary 
hydration. This process results 
in lower δ18O values. Other 
samples have consistent δ18O 
values around 4.5 ‰ with a pos-
sible decrease in the youngest 
Pitchstone Plateau lava
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observations of CPM rhyolites show that these lavas are 
crystal poor (3–10 % phenocrysts) and dominated by 
quartz and sanidine with <5 % the phenocryst population 
made of mafic minerals including clinopyroxene, fayalite, 
and Fe–Ti oxides. Observed accessory phases include zir-
con, chevkinite, and apatite. Plagioclase is only present 
in the oldest ~260 ka UBM–CPM transitional lavas of 
South Biscuit Basin and Scaup Lake (CPM 1), while it is 
the dominant mineral phase in the more crystal-rich UBM 
lavas (Girard and Stix 2009). The proportion of sanidine to 
quartz broadly increases in the youngest CPM rhyolites, 
which also have more differentiated trace elemental signa-
tures (Girard and Stix 2010). Hydrous mineral phases are 
absent in all recent Yellowstone eruptions with the excep-
tion of the 630 ka LCT. Quartz displays variable anhedral 
to euhedral textures with abundant embayments and Ti zon-
ing (e.g., Vazquez et al. 2009; Girard and Stix 2010). Sani-
dine has a euhedral to subhedral texture with high Ba rim 
compositions (Stelten et al. 2013; Till et al. 2015).

Fe–Ti oxides and clinopyroxene have euhedral tex-
tures and are often found in aggregated clusters as well as 
compositionally identical isolated phenocrysts. Ellis et al. 
(2014) emphasized the importance of pyroxene aggregates; 
however, we note that the aggregates described by Ellis 
et al. (2014) in the Snake River Plain and by Girard and 
Stix (2009) in UBM lavas also contain plagioclase. CPM 
aggregates are exclusively pyroxene and Fe–Ti oxide, and 
we suspect may be simply the result of synneusis (Vance 
1969). We note that many pyroxene and magnetite phe-
nocrysts, as well as nearly all sanidine and quartz, occur as 
independent crystals in a glass matrix, suggesting a limited 
role for cumulate processes in CPM rhyolites.

Samples, methods, and method developments

Early stable isotopic analysis of volcanic glass by conven-
tional methods required 10–30 mg of material resulting in 
potential admixing of secondarily hydrated and weathered 
glass (e.g., Taylor and Sheppard 1986). As a result, most 
prior work on Yellowstone volcanic rocks has focused on 
detailed investigation of crystals as windows into magmatic 
processes and, as was believed at that time, better records 
of primary magmatic δ18O values since minerals are also 
less likely to be affected by secondary alteration. These 
studies at Yellowstone and elsewhere, however, discovered 
remarkable heterogeneity of isotopic values in crystalline 
cargo reflecting magmatic processes that significantly pre-
dated eruption (e.g., Bindeman and Simakin 2014).

In this work, we provide an extensive survey of glass, 
which constitute >90–95 % volume of all Yellowstone rhy-
olites, by combining detailed in situ trace elemental laser 
ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS) analyses with laser fluorination oxygen iso-
tope analyses of 1-mg fresh glass chips isolated from small 
rock domains. Fresh obsidian glass was obtained from 14 
CPM units (Fig. 1). These included samples previously 
analyzed and described in Bindeman and Valley (2001), 
Bindeman et al. (2008), and Watts et al. (2012). In addi-
tion, we analyzed eight to seventeen samples each from 
five of the most recent lava flows—Summit Lake, Douglas 
and Trischman Knobs, West Yellowstone, Solfatara Plateau, 
and Pitchstone Plateau—collected by us (Summit Lake) or 
kindly provided to us by Kenneth Befus (e.g., Befus et al. 
2015a) in order to assess elemental and isotopic variations 
across individual lava flows with volumes ranging from 70 
to <1 km3 (volume estimates from Christiansen et al. 2007).

Glass and mineral separates were isolated from ~1 cm3 
volumes of fresh, glassy whole rock samples. This vol-
ume was crushed, sieved, and rinsed before mineral grains 
and fresh glass were picked under a binocular microscope. 
Glass separates were chosen in order to avoid secondary 
alteration, phenocrysts, spherulites (e.g., Gardner et al. 
2012), and microlites. Analyzed samples were chosen from 
1- to 2-mm-size fractions for glass and <1 mm for quartz, 
pyroxene, and magnetite separates. Mineral separates were 
treated in 48 % HF for 3–5 min as needed to remove altera-
tion or adhered glass.

We here developed a protocol for reliable oxygen iso-
tope laser fluorination analyses of glass on ~1.5-mg frag-
ments (1 or 2 pieces from 1 to 2 mm). We used a 35 W 
CO2 laser line coupled with MAT 253 10 kV gas source 
isotope ratio mass spectrometer (IRMS) using purified 
BrF5 reagent at the University of Oregon. Gasses gener-
ated during the fluorination reaction were purified using 
liquid N2 cryogenic traps and a Hg diffusion pump before 
released oxygen was converted to CO2 using a platinum–
graphite filament. Gore Mountain Garnet (UOG, accepted 
δ18O = 6.52 ‰) was analyzed 6–8 times per analytical ses-
sion in order to correct for day-to-day instrumental drift 
with an average correction of about −0.2 ‰. Overall pre-
cision of UOG repeat analyses normalized to each day of 
analysis was 0.08 ‰ (2σ, n = 25).

In repeat analyses of glass, we noticed a correla-
tion between sample yield and measured δ18O value. The 
observed yield dependence trend will be responsible for 
a change of 0.1 ‰ for every 2 μmol/mg change in yield 
and is roughly the same for rhyolites and basalts (Fig. 3). 
We have concluded that this trend is the result of prefer-
ential loss of 16O to 18O during fluorination pretreatment. 
Recognition of this systematic yield dependence allows for 
correction of analyzed values in low-yield samples. Alter-
natively, pretreatment can be avoided by using an airlock 
system. Some pretreatment, however, is useful for remov-
ing traces of secondary features such as hydration or clays, 
and hence, airlocks were not utilized by this study. We have 

https://www.researchgate.net/publication/227112400_Rapid_extraction_of_discrete_magma_batches_from_a_large_differentiating_magma_chamber_the_Central_Plateau_Member_rhyolites_Yellowstone_Caldera_Wyoming?el=1_x_8&enrichId=rgreq-fdb05211-6e0c-4960-ab42-196c8c9e644d&enrichSource=Y292ZXJQYWdlOzI4MzI0NTk5MDtBUzoyOTEyMzIxOTU1OTYyODlAMTQ0NjQ0NjU3NDM4OA==
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applied a yield correction to all analyzed samples based on 
the well-defined yield–δ18O relationship defined by repeat 
sample analyses presented in Fig. 3, although in this study 
we were able to make >90 % yield analyses of all samples, 
so we do not rely on this correction. Our methodology, 
however, will be useful for other studies where low-yield 
analyses are unavoidable. For further discussion of the 
causes of yield dependence in δ18O analysis, see Electronic 
Supplement 1.

The same clean glass material used to select 1- to 2-mm 
chips for δ18O analysis was used to select 7–8 mg of glass 
that was crushed to <0.5 mm but >0.1 mm. This material 
was then loaded into silver capsules that were analyzed by 
a Thermal Conversion Elemental Analyzer (TC/EA) con-
tinuous flow system coupled to the MAT 253 to determine 
water concentration and the hydrogen isotope ratio (D/H). 
These analyses were used to verify the quality of oxygen 
isotopic measurements and identify any secondary hydra-
tion affects on δ18O. Setup and procedures follow Nolan 
and Bindeman (2013).

Trace element concentrations on mounted pieces of 
same glass aliquots were obtained using LA-ICP-MS at 
Oregon State University using a Photon Machines Analyte 
G2 193 nm ArF Excimer Laser coupled with a Thermosci-
entific X Series 2 Quadrupole Mass Spectrometer following 
the general procedures and data reduction strategy outlined 

in Loewen and Kent (2012). Spot analyses consisted of 
an 85-μm circle ablated at 7 Hz for 35 s with 4.8 J/cm2 
beam energy. Before analysis spots were preablated with 
four pulses at a 110 μm beam size to remove any surface 
contamination. Reported concentrations are the median 
of 3–20 spot analyses on each sample (typically 3). Sili-
con was used as an internal standard and was determined 
from previously reported concentrations for each flow (75–
77 wt% SiO2). GSE-1G was used as a calibration standard, 
and GSD-1G, NIST-612, NIST-610, BCR-2G, and ATHO-
1G were analyzed as secondary standards. Additional data 
and discussion on trace element accuracy, precision, and 
choice of standards are included in Electronic Supplement 
2.

Results

D/H and water in glass

Secondary hydration of silicate glasses will readily modify 
δD values compared to more subtle isotopic modifications 
of more abundant oxygen. We therefore use D/H and water 
content measured by TC/EA as quality control of O iso-
topes. Despite the 79–257 ka age of lavas, the total meas-
ured water content of most analyzed glasses (Table 1) is 
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Fig. 3  Fluorine-stripping by pretreatments of BrF5 at 20 °C can 
partially react silicate glasses and produce a residue with increased 
δ18O values. a Replicate analysis of Yellowstone rhyolite glasses 
(diamonds) and Hawaiian basalt glass (Menehune, squares) shows 
similar increases in δ18O with lower yield (linear regressions for each 
shown with thick lines). Replicate analyses from the same sample 
are connected by thin gray lines; linear regressions calculated for 

each of these duplicate analyses (n = 2–4) result in a median slopes 
of −0.031, very similar to the overall regression (−0.033). b Unre-
acted rhyolite glass (TK-97) is smooth with minimal surface area. c 
The same rhyolite glass after ~70 % reaction with BrF5 reagent has a 
pitted surface greatly increasing surface area. See text and Electronic 
Supplement 1 for explanation
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<0.3 wt% with δD between −99 and −155 ‰ (median is 
0.10 wt% and −132 ‰). These values are indicative of a 
degassed-magmatic signature (e.g., Taylor et al. 1983; Cas-
tro et al. 2014). While CPM lavas are devoid of hydrous 
mineral phases, amphibole is present in the LCT-A deposit 
and yielded values of δD = −99 ‰ and 0.86 wt% H2O. 
Given an approximate amphibole-melt fractionation of 
−20 ‰ (e.g., Graham et al. 1984), this amphibole analysis 
is consistent with a primary δD = −70 to −80 ‰ and fur-
ther supports that our low water glass samples have lower 
δD from degassing.

Two samples from the Nez Perce Creek and Elephant 
Back flows have elevated water concentrations and lower 
δD of 0.74 wt%, −173 ‰ and 2.4 wt%, −204 ‰, respec-
tively, possibly indicative of hydration by secondary low 
δ18O meteoric water. Lower δD was also found in the Scaup 
Lake sample (YL-969) along with slightly elevated water 
of 0.28 wt%. This sample’s δD and water content are likely 
the result of secondary hydration; however, with <0.3 wt% 
secondary water, we expect any affects on measured δ18O 
to be <0.05 ‰ based on the apparent δ18O depletion result-
ing from 2.4 wt% secondary water. There is no discernable 
correlation between primary magmatic water concentra-
tion, δD, and age.

Melt oxygen isotopes in glass

Among our 60 oxygen isotope analyses in 13 units, we 
observe surprising homogeneity across individual lava 
flows and between different CPM flows (Table 1; Elec-
tronic Supplement 3 for individual analyses). Oxygen iso-
topes δ18O values range from 4.35 to 4.66 ‰ in all analyzed 
CPM lavas (median = 4.5 ‰) except for the two samples 
with hydrogen isotope evidence for secondary hydration. 
The variability of all non-hydrated CPM glasses samples is 
0.14 ‰ (2σ), only slightly higher than the 0.08 ‰ 2σ preci-
sion of repeat analyses of the calibration standard. Repeat 
analyses from individual lava flows have 2σ = 0.08–
0.14 ‰ (Fig. 2). While δ18O values overlap between dif-
ferent flows, there is evidence for slight flow-to-flow varia-
tions: The median δ18O for the youngest CPM 4 Pitchstone 
Plateau flow is slightly lower at 4.46 ‰ (±0.08 2σ, n = 9) 
compared to the older 124 ka Summit Lake flow at 4.57 ‰ 
(±0.12 2σ, n = 16). Although the variability of each flow 
overlaps, the averages are significantly different (t test, 
p < 0.01).

When compared to other periods of Yellowstone volcan-
ism, the CPM values are 2.5 ‰ lower than “normal” δ18O 
rhyolites of the HRT and post-LCT extracaldera rhyolites, 
1 ‰ lower than the LCT, and 1.5 ‰ lower than a Yellow-
stone basalt or product of its differentiation. Even the earli-
est Scaup Lake glass has a similar δ18O to CPM lavas and 
is distinct from especially low-δ18O = 1–2 ‰ UBM lavas.

Previous studies have reported extensive δ18O mineral 
data for CPM rhyolites especially for quartz and zircon 
(Hildreth et al. 1984; Bindeman and Valley 2001; Binde-
man et al. 2008; Watts et al. 2012) that we utilize here, and 
we also report new analyses of quartz and the first analyses 
of clinopyroxene for the purposes of determining oxygen 
isotope equilibrium temperatures. We show that quartz is 
on average 0.5 ‰ higher than glass (5.0 ± 0.3 ‰ for our 
new analyses; 4.9 ± 0.6 ‰ including published values) and 
is also similar across all CPM lavas. Our new clinopyrox-
ene analyses in different flows are 3.1 ± 0.4 ‰ (Table 1). 
It is worth noting that the phenocryst δ18O variability is 
greater than that of our new glass analyses although much 
less than the phenocryst diversity reported for UBM lavas, 
especially for zircon (Fig. 2).

Trace elements of glass by LA‑ICP‑MS

Trace elemental data are presented in Table 1 for each lava 
flow with full results for each sample provided in Elec-
tronic Supplement 3. We observe subtle variability within 
each individual flow that is larger than can be accounted 
for with analytical uncertainties determined in secondary 
rhyolite standards (see discussion in Electronic Supplement 
4). The standard deviation of Li, Ti, Mn, Rb, Sr, Y, Zr, Ba, 
and light rare earth elements (LREE) are all more than 1.5 
to >2 times the relative standard deviation of repeat analy-
ses of ATHO-G, a secondary rhyolite standard with simi-
lar trace element concentrations as CPM glasses (Fig. 4a). 
These variations are not correlated with position (early vs. 
late erupted) within individual lava flows (Electronic Sup-
plement 4).

Instead, we have found the entire magnitude of within-
flow variability within a single 2.5-cm-diameter polished 
sample from the Summit Lake flow (Fig. 5). The varia-
tions within this section and in other samples do not appear 
to be related to distance from major crystallizing phases, 
glass texture or transparency, or microlite density (Fig. 5, 
Electronic Supplement 4). Diffusional gradients from rap-
idly growing crystals and spherulites are not expected to 
extend more than a few hundred micrometers from the 
crystal–melt interface (e.g., Gardner et al. 2012; Befus 
et al. 2015b). We do report preliminary measurements by 
secondary ion mass spectrometry (SIMS) next to a zircon 
crystal that records significant enrichment of Zr from a 
220 ppm baseline to >240 ppm over a 50–100 μm bound-
ary layer (Electronic Supplement 4). The baseline Zr con-
centration from this sample is lower than the 240 ppm aver-
age for the Summit Lake flow.

Hildreth (1979) calculated enrichment factors to deter-
mine compatible and incompatible behavior of elements 
in the Bishop Tuff. Here, we do the same, comparing what 
should be more evolved compositions of matrix glass and 
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Table 1  Isotopic and trace element determinations for CPM rhyolites

Age (ka) Scaup Lake West Thumb Bluff Point Elephant Back Dry Creek Buffalo Lake Nez Perce

257 176 176 174 166 160 148.3

Sample YL-969 08YS-3 06YS-22-TBP Median σ N 08YS-20 08YS-19A 08YS-13

δD −171 −150 −204 1 −135 −129 −173

H2O (wt%) 0.28 0.21 2.42 1 0.08 0.10 0.74

δ18O glass 4.44 4.35 4.16 1 4.38 4.50 3.70

δ18O qtz 4.40 5.09 4.35 5.16

δ18O cpx 3.07

Trace elements (ppm)

Li 192.3 43.9 164.4 49.0 0.0 2 48.2 46.3 46.9

Ti 968 1005 887 885.4 42.9 2 953 833 909

Mn 197 275 269 259.0 3.9 2 266 279 262

Zn 38 65 69 65.9 0.3 2 64 68 67

Rb 328 193 365 242.1 7.1 2 194 203 187

Sr 8.29 6.63 4.88 4.9 0.9 2 5.85 3.32 5.37

Y 38.9 69.2 50.9 51.5 10.2 2 62.1 55.6 54.5

Zr 128 259 191 185.7 39.2 2 224 197 209

Nb 45.8 56.1 49.6 49.9 4.1 2 53.0 52.8 51.8

Cs 4.53 4.20 4.23 4.2 0.0 2 4.12 4.50 4.18

Ba 265 131 111 100.3 16.1 2 134 53 102

La 45 81 59 60.8 10.4 2 73 58 64

Ce 108 159 132 134.5 7.6 2 146 130 139

Pr 9.9 16.0 13.0 12.6 2.2 2 14.9 12.4 13.3

Nd 34.6 62.5 47.5 48.5 6.4 2 57.0 49.0 49.1

Sm 6.9 12.2 9.3 9.5 1.8 2 11.3 9.5 9.7

Eu 0.43 0.47 0.32 0.4 0.1 2 0.45 0.31 0.42

Gd 6.5 11.4 8.9 9.0 1.7 2 11.1 9.5 10.0

Tb 1.01 1.66 1.38 1.4 0.2 2 1.56 1.48 1.43

Dy 6.5 11.7 9.2 9.0 1.4 2 11.0 9.8 8.9

Ho 1.35 2.30 1.82 1.8 0.4 2 2.10 1.94 1.90

Er 4.51 7.89 5.61 5.8 1.3 2 7.19 6.87 6.30

Tm 0.55 0.94 0.72 0.7 0.1 2 0.83 0.74 0.80

Yb 3.70 6.32 5.05 5.2 1.2 2 5.86 5.32 5.33

Lu 0.59 0.91 0.72 0.7 0.1 2 0.88 0.76 0.80

Hf 4.48 8.56 6.29 6.4 1.5 2 7.70 7.13 6.48

Ta 2.71 3.74 3.00 3.1 0.4 2 3.51 3.38 3.23

Pb 31.9 30.8 32.3 30.9 1.7 2 30.7 31.9 30.0

Th 17.2 27.8 21.1 21.1 4.5 2 25.4 21.1 22.8

U 6.48 6.04 6.70 6.6 0.1 2 6.14 6.89 6.34
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Table 1  continued

Age (ka) Douglas Knob Trischmann Knob Solfatara Plateaua Hayden Valley

~120 ~120 102.8 102

Sample Median σ N Median σ N YL96-16 08YS-6

δD −151 5 2 −147 1 −152

H2O (wt%) 0.09 0.02 2 0.09 1 0.10

δ18O glass 4.51 0.04 6 4.46 0.03 2 4.42

δ18O qtz 4.48

δ18O cpx 2.94

Trace elements (ppm)

Li 46.7 1.8 6 52.8 6.4 2 97.7

Ti 842 22 6 847 9 2 1123 943

Mn 320 6 6 319 67 2 396 213

Zn 103 4 6 102 3 2 63

Rb 190 3 6 200 0 2 145 222

Sr 2.84 0.18 6 2.94 0.26 2 2.76 5.12

Y 62.7 2.9 6 62.5 0.2 2 55.8 59.6

Zr 251 13 6 252 1 2 316 230

Nb 60.7 2.1 6 58.6 0.6 2 57.6 55.3

Cs 4.08 0.13 6 4.08 0.07 2 2.70 4.35

Ba 84 5 6 78 1 2 332 111

La 72 4 6 71 2 2 63 71

Ce 160 6 6 153 0 2 148 138

Pr 15.5 0.8 6 15.0 0.2 2 14.1 13.8

Nd 59.9 3.6 6 58.6 2.4 2 54.9 50.9

Sm 11.9 0.5 6 11.7 0.5 2 11.8 10.7

Eu 0.44 0.03 6 0.45 0.01 2 1.17 0.37

Gd 11.8 0.7 6 11.2 0.6 2 10.8 10.5

Tb 1.76 0.10 6 1.74 0.01 2 1.74 1.51

Dy 11.6 0.7 6 11.1 0.0 2 10.9 10.9

Ho 2.25 0.10 6 2.16 0.02 2 2.09 1.94

Er 7.65 0.32 6 7.36 0.54 2 6.80 6.67

Tm 0.91 0.05 6 0.88 0.03 2 0.86 0.85

Yb 6.36 0.48 6 6.14 0.06 2 5.66 5.78

Lu 0.91 0.04 6 0.87 0.05 2 0.79 0.79

Hf 8.73 0.65 6 8.46 0.14 2 10.12 6.97

Ta 3.63 0.28 6 3.55 0.13 2 2.96 3.77

Pb 34.5 1.7 6 34.9 1.4 2 30.3 32.7

Th 23.5 1.4 6 22.1 1.3 2 14.7 24.5

U 6.55 0.17 6 6.65 0.22 2 4.90 6.45
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younger lavas to whole rock compositions and older lavas, 
respectively (Fig. 4b, c).

Comparison of published whole rock analyses in Girard 
and Stix (2010) and Watts et al. (2012) to our glass determi-
nations highlights variations observed in glass from individ-
ual flows (Figs. 4b, 6). Notably, for elements with reported 
whole rock data, only Rb, Nb, and U have analytically 
significant higher concentrations in average glass analyses 

than whole rock analyses from within all CPM magmatic 
periods. While Er and Pb have higher whole rock concen-
trations in some flows, analysis of these elements may have 
poor precision due to low concentrations (Er) or potential 
contamination of whole rock analyses (Pb). The largest ele-
ment depletions are found in Sr, Ba, and Eu, the elements 
with the largest glass heterogeneity across individual flows. 
Since whole rock analyses represent the bulk mixture of 

a Solfatara Plateau sample reported in Bindeman and Valley (2001). Note that composition is anomalous compared to new samples reported 
across the extent of the mapped unit

Table 1  continued

Age (ka) Summit Lake West Yellowstone Solfatara Plateau Pitchstone Plateau

124 114 102.8 79.1

Sample Median σ N Median σ N Median σ N Median σ N

δD −131 1 3 −130 6 3 −130 13 4 −123 16 9

H2O (wt%) 0.12 0.02 3 0.10 0.04 3 0.17 0.08 4 0.10 0.04 9

δ18O glass 4.57 0.06 16 4.52 0.07 10 4.54 0.05 10 4.46 0.04 9

δ18O qtz 4.87 4.63

δ18O cpx 3.06 2.98 2.86

Trace elements (ppm)

Li 54.6 47.3 12 50.8 3.5 12 49.7 10.1 10 53.7 23.2 9

Ti 782 48 12 786 35 12 823 25 10 728 40 9

Mn 297 16 12 315 17 12 320 15 10 307 18 9

Zn 100 6 9 98 5 12 105 5 10 109 4 9

Rb 206 139 12 194 11 12 197 10 10 208 22 9

Sr 1.86 0.55 12 2.21 0.34 12 1.99 0.25 10 1.06 0.34 9

Y 63.2 6.5 12 62.8 4.1 12 64.5 4.2 10 73.1 5.3 9

Zr 239 28 12 237 17 12 249 17 10 259 21 9

Nb 61.5 5.0 12 59.7 2.4 12 61.9 1.9 10 67.6 1.8 9

Cs 4.34 0.16 12 4.20 0.21 12 4.15 0.12 10 4.35 0.20 9

Ba 47 9 12 61 12 12 55 7 10 23 10 9

La 63 6 12 67 4 12 71 4 10 66 7 9

Ce 142 4 12 147 5 12 157 6 10 141 9 9

Pr 13.6 1.0 12 14.4 0.7 12 15.1 0.8 10 14.0 1.2 9

Nd 53.5 4.0 12 56.4 3.0 12 59.0 3.3 10 57.4 4.9 9

Sm 11.2 1.0 12 11.1 0.6 12 12.2 0.7 10 12.1 1.1 9

Eu 0.36 0.05 12 0.38 0.05 12 0.39 0.04 10 0.27 0.06 9

Gd 11.4 1.0 12 11.2 0.6 12 12.0 0.8 10 12.4 1.2 9

Tb 1.75 0.15 12 1.72 0.12 12 1.81 0.13 10 1.91 0.14 9

Dy 11.6 1.2 12 11.4 0.7 12 11.9 0.7 10 13.1 0.8 9

Ho 2.32 0.25 12 2.22 0.15 12 2.29 0.17 10 2.50 0.15 9

Er 7.35 0.90 12 7.27 0.57 12 7.96 0.49 10 8.75 0.83 9

Tm 0.95 0.08 12 0.91 0.05 12 0.95 0.07 10 1.06 0.07 9

Yb 6.31 0.57 12 6.14 0.30 12 6.39 0.37 10 7.25 0.60 9

Lu 0.93 0.10 12 0.89 0.05 12 0.94 0.07 10 1.01 0.10 9

Hf 8.40 0.92 12 8.36 0.50 12 8.55 0.52 10 9.00 0.72 9

Ta 3.82 0.36 12 3.53 0.20 12 3.75 0.26 10 4.13 0.26 9

Pb 34.8 2.7 12 34.3 1.5 12 35.3 1.7 10 35.2 1.8 9

Th 22.7 2.1 12 22.1 1.0 12 23.0 1.2 10 23.7 1.9 9

U 7.08 0.56 12 6.84 0.40 12 6.82 0.31 10 7.00 0.34 9
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melt and crystals while glass analyses represent the >90 % 
volume of melt, the difference between these two measure-
ments reflects the concentration of elements in crystallized 
phases within the rock and the glass/whole rock value is 
proportional to the bulk distribution coefficient (D). From 
Fig. 4b, it is clear that Rb, Nb, and U are the only consist-
ently incompatible elements in average CPM samples.

Although average glass concentrations are systematically 
lower than average whole rock concentrations, the glass 
concentration within an individual sample does not corre-
late with that sample’s whole rock concentration (Electronic 
Supplement 4, Supplemental Figure 2). While the whole 
rock Ba and Sr concentrations do correlate with measured 
crystallinity, glass Ba and Sr concentrations are independent 
of both sample crystallinity and whole rock concentrations.

The temporal trace element trends in different CPM rhyo-
lites are quite distinctive from the intraflow heterogeneity 
trends and bulk differences between whole rock and glass 
analyses (Fig. 4b, c): Sr, Ba, Eu, and Rb decrease, while Nb, 
Y, Zr, and HREE are moderately to highly enriched over 
time (20–25 %, Fig. 4c). The LREE are also enriched but to 
a lesser extent. For Sr, Ba, and Nb, whole rock compositions 
are similar to glass compositions from the previous magmatic 
period (Fig. 6). Similar broad temporal trends have been pre-
viously documented by Vazquez et al. (2009) and Girard and 
Stix (2010) by relying on a single analysis from each flow.

Trace elements in crystal phases

Clinopyroxene trace element concentrations have been 
determined by LA-ICP-MS in 16 crystals from 5 CPM 
flows: South Biscuit Basin (CPM 1, 260 ka), Buffalo 
Lake, Nez Perce, Summit Lake, and West Yellowstone. 
Most crystals were only large enough for a single analy-
sis, although no consistent core-rim zoning was observed 
in larger crystals. Strong Eu anomalies were present in all 
analyzed pyroxenes (Fig. 7). Comparison of our measured 
glass values with calculated equilibrium glass using parti-
tion coefficients (Kd) from Mahood and Hildreth (1983) 
suggests that clinopyroxene crystallized from a very simi-
lar composition melt; however, Sr concentrations are nota-
bly higher than measured host glass. We also calculate our 
own Kd values by comparing the average cpx composition 
to the glass composition from each flow in Table 2.  

Trace element concentrations were also determined in 
sanidine crystals from Buffalo Lake, Summit Lake, West 
Yellowstone, and Pitchstone Plateau. Measured Ba con-
centrations ranged from 360 to 2150 ppm, while Sr ranged 
from 12 to 66 ppm. Crystals were normally zoned with 
lower Sr and Ba concentrations in the rim. These rim com-
positions were compared to the median glass composition 
from each flow to calculate crystal/melt partition coef-
ficients. We report the median Kd value for all four flows 

in Table 2. Measured Kd values from Yellowstone are gen-
erally higher than those reported by Mahood and Hildreth 
(1983) for sanidine from the Bishop Tuff and more similar 
to the previously reported sanidine Kd estimates for Yel-
lowstone lavas from Leeman and Phelps (1981).

Geothermometry from glass Zr and mineral oxygen 
isotopes

Our new data on Zr concentrations in glass are ideal for cal-
culation of zircon saturation temperatures; Zr concentrations 
are determined on glass in crystal-poor lavas that are zircon 
bearing and thus saturated. We also note that reported zir-
con U–Th model ages are coincident with eruption age sug-
gesting new and rejuvenated zircon growth in each eruption 
(Fig. 8). The original zircon saturation thermometer reported 
in Watson and Harrison (1983) experimentally determined 
melt temperature at zircon saturation as a function of melt Zr 
and a compositional M factor [=(Na + K + 2Ca)/(Al × Si)]. 
Boehnke et al. (2013) provide an updated calibration of this 
thermometer while also determining that the thermometer is 
largely independent of both water concentrations and pres-
sures up to 25 kbar. M factors determined from published 
major element concentrations range from 1.4 to 1.5 for CPM 
lavas. The median temperature calculated for each lava is 
shown in Fig. 9a and range from 766 to 829 °C with Wat-
son and Harrison (1983) and 713–792 °C with Boehnke et al. 
(2013). Median temperatures increase ~70 °C from 257 to 
79 ka and 40 °C from 170 to 79 ka.

 Given documented homogeneity of oxygen isotopes in 
glass and phenocrysts, we have employed isotope thermom-
etry as a new tool to estimate temperatures. Isotopic frac-
tionation factors between quartz-clinopyroxene and quartz-
zircon have been empirically calibrated for at all magmatic 
temperatures (Chiba et al. 1989; Valley et al. 2003; Trail et al. 
2009). These fractionation factors are independent of bulk 
chemical composition, pressure, and water concentrations. 
The approach, however, is somewhat imprecise since it is 
calculated by small Δ18O (δ18Omineral 1–δ

18Omineral 2) between 
two coexisting minerals where even precise analytical results 
propagate larger errors, which we discuss below. In the CPM 
rhyolites, we have more precise determinations of δ18Omelt 
values than any phenocryst phases such as quartz. Since 
Δ18Oquartz-melt is fairly insensitive to temperature at magmatic 
values, we use the average Δ18Oquartz-melt of 0.5 ‰ and the 
average CPM δ18O of 4.5 ‰ to calculate Δ18Oquartz-clinopyroxene 
and Δ18Oquartz-zircon temperatures based on the best estimate 
of equilibrium quartz composition of 5 ‰. This approach 
requires propagating the uncertainty of an individual mineral 
analysis (~0.08 ‰) with the overall uncertainty in glass δ18O 
(0.14 ‰) resulting in a ±0.16 ‰ 2σ for Δ18O, or approxi-
mately ±40 °C in the calculated temperature. These errors 
are even larger for individual zircon analyses by SIMS where 
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mineral analyses are at least ±0.2 ‰ resulting in ±60 °C or 
higher uncertainty. Given this, we consider average δ18Ozircon 
from each unit instead of individual crystals.

Temperatures estimated from average zircon based on 
SIMS zircon-rim oxygen isotope analyses (Bindeman et al. 
2008; Watts et al. 2012) are between 725 and 850 °C, over-
lapping zircon saturation temperatures (Fig. 9a). For this 
calculation, we use a custom Δ18Oquartz-zircon A factor of 
2.55 corresponding to the observed quartz-zircon A factor 
and temperature relationship in the Bishop Tuff (Bindeman 
and Valley 2002). This represents an intermediate tempera-
ture estimate compared to temperatures calculated with A 
factors of 2.64 or 2.33 as proposed by Valley et al. (2003) 
and Trail et al. (2009), respectively.

Temperatures estimated from Δ18Oquartz-clinopyroxene for five 
flows returned consistently higher temperatures of 917 ± 66 °C 
(Fig. 9a). Given high oxygen diffusion closure temperature for 
pyroxene and zircon, both of these phases retain their original 

δ18O mineral-melt fractionation even in a hot magma for mil-
lions of years, and they thus record the temperature of crystal-
lization itself; at magmatic temperatures, quartz and sanidine 
will equilibrate δ18O with surroundings in <1000 years (e.g., 
Bindeman and Valley 2001, 2002; Wolff et al. 2002).

Discussion

Implications of homogenous oxygen isotope 
composition of glass

The 4.5 ‰ average value of fresh glass is 2.5 ‰ lower 
than any potential δ18O value for mantle-derived magma, 
1 ‰ lower than the LCT magmas, and ~3 ‰ higher 
than the lowest δ18O value in post-LCT UBM rhyolites 
(Fig. 2). This intermediate oxygen isotope value of CPM 
rhyolites is consistent with the long-recognized pattern 

Fig. 4  Summary of elemental 
variations in CPM lavas. a 
Replicate analyses of ATHO-G 
rhyolitic glass standard (n = 13) 
show the magnitude of analyti-
cal uncertainty, and comparison 
to Yellowstone glasses demon-
strates true natural variability 
for most elements. Elements 
with significant variations 
within single lava flows, shown 
here with the 79 ka Pitchstone 
Plateau flow (CPM 4, PP), are 
highlighted in bold. Middle to 
heavy rare earth elements, Nb, 
and Th are significantly variable 
across all of our CPM analyses 
but not within the PP flow. 
Enrichment factors calculated 
for in situ crystallization by 
comparing whole rock (previ-
ously published XRF) to glass 
(new LA-ICP-MS) composi-
tions (b) and over time by com-
paring old to younger lavas (c) 
demonstrate two different con-
trols on compositional variation. 
Only temporal depletion of Ti, 
Sr, Ba, and Eu and enrichment 
of Nb and U are consistent with 
in situ crystallization trends
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in post-caldera-collapse Yellowstone rhyolites increasing 
from low-δ18O in first post-caldera rhyolites toward, but not 
reaching, the more normal δ18O value of extracaldera rhyo-
lites (Hildreth et al. 1984). In addition to melt homogeneity, 
quartz and zircon core and rim compositions are similar in 
most CPM rhyolites (Bindeman and Valley 2001; Binde-
man et al. 2008; Watts et al. 2012). This phenocryst homo-
geneity is unlike the very diverse UBM zircons where core 
compositions are older and significantly higher in δ18O sug-
gesting inheritance and derivation from a pre-LCT and HRT-
derived source (Bindeman et al. 2008). While zircons with 
inherited UBM low-δ18O values remain in the ~257–260 ka 
transitional South Biscuit Basin and Scaup Lake rhyolites, 
all 170–79 ka CPM rhyolites lack the significant phenocryst 
inheritance that is pervasive in UBM rhyolites (Fig. 2; Watts 
et al. 2012). CPM lavas still retain minor zircon inheritance 
(Fig. 8; Vazquez and Reid 2002) and exhibit residual diver-
sity of Pb isotopic compositions of feldspars (Watts et al. 
2012). As mentioned above, we here discover that the glass 
is even more isotopically homogeneous than crystals within 
CPM lavas.

Isotopic modification of the 1 ‰ UBM magmas to the 
4.5 ‰ CPM glass value can be achieved by melting or mix-
ing of this low-δ18O component with potential high δ18O 

components inside the caldera: 60 % mass of 7 ‰ normal 
δ18O HRT rhyolite or 80 % mass of 5.5 ‰ mantle-derived 
basalt; the isotopic uniformity of CPM lavas requires that 
they were derived from a common, homogenous 4.5 ‰ 
source established by the 257 ka Scaup Lake lava. Homo-
geneity of subsequent lavas requires that the source expe-
rienced <5 % mass addition of low- or high-end-member 
δ18O magma resulting in the limited δ18O variability of 
0.14 ‰. This isotopic homogenization could be achieved 
in a single, caldera-wide melting and mixing event or incre-
mentally through the successive melting events that gener-
ated caldera-wide UBM volcanism. We favor incremental 
homogenization during and after UBM volcanism; how-
ever, as our results show that δ18O reached the CPM 4.5 ‰ 
by the 257 ka Scaup Lake flow afterwards there was a sig-
nificant 80 ka period of volcanic quiescence, after which 
subsequent rhyolites became slightly more differentiated 
and plagioclase free. This incremental homogenization 
included step-by-step repetition of melting, mixing, and 
crystallization events. Such repeated processes will average 
δ18O variability across the LCT caldera and is analogous 
to the multistep sequestration of Bindeman and Simakin 
(2014), rather than a single melting event. After this pro-
cess, homogenized δ18O magmas accumulated and were 

Fig. 5  Individual LA-ICP-
MS analyses of glass from the 
Summit Lake flow. Multiple 
analyses within a single sample 
(08YS-5) return bimodal 
concentrations which span the 
range of variation seen across 
all Summit Lake samples. The 
lower La and Ba concentration 
analyses originate from the top 
of the section. Higher La and 
Ba concentrations from the 
bottom of the section are identi-
cal to analyses from 08YS-18 
collected over 6 km away 
(further from vent). Triplicate 
analyses made for other samples 
generally cluster near each other 
due to the fact that they sample 
single mm-sized chips of glass. 
Error bars are 1 SE calculated 
from individual time-resolved 
spot analyses propagated with 
uncertainty in the calibration 
standard
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stored as a near-solidus crystal-rich mush or hot subsoli-
dus rhyolite with laterally identical δ18O, but differentiated 
trace elements.

Controls on trace element variations

We make three key observations of CPM lava trace ele-
ment chemical trends: (1) Glass concentrations are lower 
than whole rock concentrations for most trace elements 
except Rb, Nb, and U; (2) elements with lower concen-
trations in the glass have heterogeneous compositions 
and are positively correlated with each other within indi-
vidual flows; and (3) temporal patterns for trace elements 
are distinctive from these within-flow variations and 
include large step-wise decreases in compatible element 
(Sr, Ba, Eu, and Ti) concentrations. In this section, we 
examine the mineral phase controls required to explain 
these different trace element trends.

Within-flow variations and glass heterogeneity

The observation of glass variability inside of each lava flow 
greater than analytical uncertainty (Fig. 4a) suggests that the 
magmas were not homogeneous at the time of eruption. This 
heterogeneity is the first documentation of glass heteroge-
neity in young CPM Yellowstone rhyolites although similar 
heterogeneity was reported for older UBM lavas in Girard 
and Stix (2009). The elements that are heterogeneous within 
flows (Fig. 4a) correspond to the elements with significant 
depletions in glass compared to whole rock concentrations 
(Fig. 4b), suggesting an origin of glass variability related to 
the crystallization of known phases within each sample.

We calculated an approximation of bulk D using a mass 
balance between average whole rock and average glass in 
CPM 2, 3, and 4 (we exclude CPM 1, Scaup Lake, because of 
its abnormal plagioclase-rich mineralogy and higher crystal-
linity). Details on this calculation can be found in Electronic 

Fig. 6  Systematic tempo-
ral changes in trace element 
concentrations in whole rock 
(XRF) and glass (LA-ICP-MS) 
are highlighted in four distinct 
CPM eruptive episodes. Early 
post-LCT UBM lavas are 
shown after a break in scale. 
Whole rock concentrations 
are systematically higher than 
glass for elements compat-
ible in feldspars (Sr, Ba) and 
accessory zircon (Zr, Y) and 
chevkinite (La), while Nb has 
higher concentrations in glass 
than whole rock suggesting 
overall incompatible behavior. 
Only feldspar-compatible ele-
ments (Sr, Ba, Eu) as well as Ti 
and P have temporal decreases 
through time, while other ele-
ments (e.g., Nb, Y, Zr) increase 
over time. LREE (e.g., La) have 
subtle change over time with a 
small increase through CPM 3 
and decrease to the most recent 
CMP 4. Lavas erupted within 
each magmatic episode have 
overlapping Sr and Ba com-
positions. These episodes last 
~20 ka and erupt up to 175 km3 
of lava followed by around 
20 ka of quiescence. Volumes 
from Christiansen et al. (2007) 
and whole rock and other glass 
data from Watts et al. (2012), 
Girard and Stix (2010), and 
Vazquez et al. (2009). Error 
bars on new glass trace element 
analyses are 2 SE of repeat spot 
analyses for each sample

1

10

100

S
r 

(p
p

m
)

10

100

1,000

B
a 

(p
p

m
)

100

200

300

400

Z
r 

(p
p

m
)

40

50

60

N
b

 (
p

p
m

)

10
0

15
0

20
0

25
0

Age (ka)

40

50

60

70

80

Y
 (

p
p

m
)

50

60

70

80

90

L
a 

(p
p

m
)

70

Scaup Lake, SBB
Older Central Plateau Member

Douglas and Trishman Knobs

Pitchstone Plateau

Summit Lake

Solfatara Plateau
West Yellowstone

UBM 300-650 ka

gl
as

s
gl

as
s*

w
ho

le
 r

oc
k*

*data from previous studies

CPM 4

CPM 2
CPM 1

CPM 3

UBM
CPM 4

CPM 2 CPM 1

CPM 3

UBM

CPM 4

CPM 2

CPM 1

CPM 3

UBM
100

200

300
C

u
m

m
u

la
ti

ve
 V

o
lu

m
e 

(k
m

3 )

10
0

15
0

20
0

25
0

Age (ka)

? ?



 Contrib Mineral Petrol  (2015) 170:39 

1 3

 39  Page 14 of 25

Supplement 5, and results are shown in Table 2 along with 
measured Kd values from sanidine and clinopyroxene.

The largest bulk D values for Ba, Sr, and Eu (in order of 
decreasing D) correspond well to our measured sanidine Kd 
values. Bulk values are lower because sanidine makes up 
no more than 66 % of the crystal population in CPM lavas 
(Girard and Stix 2010) with the remainder composed primar-
ily of quartz with incompatible trace element Kd values <0.1. 
Minor phases, including all mafic minerals, make up <5 % of 
the total phenocryst population in all CPM lavas (Girard and 
Stix 2010) and therefore require Kd values ≫20 to contrib-
ute to the overall element compatibility. Clinopyroxene, for 
example, is moderately compatible in REE (Kd values up to 
7), but this cannot contribute more than 0.4 to the bulk D.

Accessory phases in rhyolites incorporate stoichiometric 
proportions of many trace elements resulting in significant 

influence on trace element behavior. Precise estimate of 
the importance of various accessory phases requires direct 
analysis of trace mineral composition, but reported Kd val-
ues in the literature are highly variable (e.g., Mahood and 
Hildreth 1983; Bea 1996; Hoskin et al. 2000; Thomas et al. 
2002; Rubatto and Hermann 2007). Instead, we qualita-
tively evaluate our apparent D values in Table 2 with poten-
tial accessory minerals: Ti is a major component of Fe–Ti 
oxides; Y, Zr, and HREE are strongly incorporated into zir-
con; LREE are incorporated in chevkinite. Other accessory 
phases may also play a critical role, namely apatite which 
incorporates most REE but in lower proportions than zircon 
or chevkinite (e.g., Bea 1996).

Using our bulk D estimates, we provide a quantitative 
assessment of trace element trends using equilibrium crys-
tallization (e.g., Shaw 1970). We utilize incompatible ele-
ment, Nb, as a common denominator in order to highlight 
compatible compositional variations in Fig. 10—U may be 
more incompatible according to our bulk D calculations, 
but higher Nb concentrations result in lower analytical 
uncertainties (Fig. 2). As expected, 10–15 % crystallization 
explains the gap between whole rock and glass elemental 
ratios. Importantly, glass heterogeneity follows this same 
trend with a compositional spread explained by 5–10 % 
crystallization. These results quantitatively demonstrate 
that glass heterogeneity is consistent with crystallization of 
observed sanidine and accessory minerals.

Observed compositional variability reflects sampling 
of well-distributed cohesive domains of melt that reflect 
original variability within the magma prior to eruption. 
Independence of glass concentrations from sample crystal-
linity and whole rock concentrations (which are dominated 
by sample crystal cargo) suggests that sanidine crystals and 
melt domains are mixed together prior to and/or during 
eruption. The systematic variation across a single sample 
observed in Fig. 5 suggests that heterogeneity is the result 
of distinct mm- to cm-sized domains of rhyolitic melt, and 
non-systematic trace element variations across the surface 
of lava flows (Electronic Supplement 4) suggest that these 
domains are well mixed throughout the magma body at the 
time of eruption.

These results document trace elemental glass hetero-
geneity in rhyolitic glass imparted from mixing prior to 
eruption that was unrecognized in earlier studies due to 
either larger analytical uncertainties (Girard and Stix 2010) 
or analysis methodology that mixed together larger vol-
umes of glass for solution analysis resulting in more pre-
cise measurements that average together domains of melt 
diversity (Vazquez et al. 2009). The preeruptive processes 
of melting and crystallization operating on timescales of 
months to years are documented by other researchers using 
other methods (e.g., Wilson and Charlier 2009; Gualda 
et al. 2012a; Allan et al. 2013; Till et al. 2015).

1 102 4 6 8
Sr (ppm)

30

100

40

60

80

200

300

Y
 (

p
p

m
)

3

10

100

1,000

La C
e P
r

N
d

S
m E
u

G
d

T
b

D
y

H
o E
r

T
m Y
b

Lu

79 ka PP
103 ka SP
114 ka WY
DK
124 ka SL
180-150 ka
257 ka ScL
260 ka SBB

ca
lc

ul
at

ed
 m

el
t

cl
in

op
yr

ox
en

e
m

ea
su

re
d 

gl
as

s

[X
] 

/ c
h

o
n

d
ri

te

clinopyroxene

calculated melt

glass

(a)

(b)

Fig. 7  a Spider diagram showing measured clinopyroxene concentra-
tions, glass concentrations, and calculated melt in equilibrium with 
clinopyroxene (mineral-melt partitioning from Mahood and Hildreth 
1983). Calculated clinopyroxene-equilibrium melts overlap measured 
glass values including strong Eu anomalies, suggesting that clino-
pyroxene crystallized from the same or very similar rhyolite. b Age 
relationships of pyroxene compositions are broadly similar to glass, 
although calculated melt values have higher Sr concentrations than 
expected from coexisting melt, indicating either a higher Kd value 
(Table 2) or that the clinopyroxene crystallized from more primitive 
melt before feldspar crystallization lowered melt Sr concentration. 
Chondrite values are from McDonough and Sun (1995). See Fig. 1 
for flow abbreviations, SBB is South Biscuit Basin
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Temporal trace element variations between flows

Temporal trends in CPM rhyolites are controlled by a dif-
ferent mechanism than the sanidine and accessory mineral 
crystallization that explains within-flow heterogeneity. As 
illustrated in Fig. 10, most of the variations through time 
can be explained by sanidine control during equilibrium 
crystallization or melting. This temporal control must 
involve much smaller proportions of accessory minerals 

than present in erupted lavas due to enrichment of acces-
sory-compatible elements (e.g., Zr, Y, HREE) over time.

Differential removal of sanidine and accessory minerals 
can theoretically be accomplished through relative gravi-
tational separation (e.g., Stokes settling of larger feldspar 
crystals relative to small accessory phases, Anderson et al. 
2000). Compositional convection of low-crystallinity 
magmas, however, would limit the effectiveness of set-
tling and promote very effective mixing (e.g., Huppert 

Table 2  Trace element partitioning controls

Quartz Kd values are generally low (<0.1) so that the 32–48 % volume quartz in CPM 2–4 lowers bulk D from high Kd contributions from min-
erals like sanidine. Bold text indicates compatible elements and likely mineral contributing to bulk compatibility
a Bulk D estimated from average whole rock and matrix glass analyses from CPM 2, 3, and 4. Value reported here is the mean of bulk D esti-
mated for each CPM episode. Estimates assume 11–16 % crystallization
b Rb average bulk D excludes CPM 2. Whole rock analyses from these older flows are more likely to have experienced secondary mobilization 
of Rb resulting in lower whole rock concentrations, explaining the significantly higher glass/whole rock ratio measured in these samples
c In order to contribute to bulk trace element compatibility at <4 % total volume, Kd must be >20. The highest measured Kd values for clinopy-
roxene in MREE of 7 will contribute <0.3 to bulk D
d Kd values compiled from GERM online database. With only up to 2 vol% in CPM 2–4, even the highest Sr Kd will contribute no more than 
0.4 to the bulk D
e Apatite or other accessory phases may also play a significant role

Bulk D estimatea Measured Kd Potential accessory control 
(stoichiometric or Kd >> 100)e

Sanidine Clinopyroxenec Plagioclased

Mode in CPM lavas 46–66 % <4 % <2 %

Ti 1.6 0.12 1.2 Fe–Ti oxide

Rbb 0.7 0.38 0.0003 0.13

Sr 11.8 19.3 1.08 19.9

Y 2.1 5.4 0.1 Zircon

Zr 2.0 0.000 0.20 0.2 Zircon

Nb 0.3 0.004 0.2

Ba 13.0 26.2 0.03 1.9

La 3.4 0.089 0.78 0.4 Chevkinite

Ce 2.2 0.031 1.52 0.3 Chevkinite

Pr 3.5 2.67 Chevkinite

Nd 2.7 0.007 3.96 0.2 Chevkinite

Sm 2.6 5.93 0.2 Chevkinite

Eu 6.5 8.6 4.68 5.9

Gd 1.6 6.6 Chevkinite

Tb 2.8 7.0 0.1 Chevkinite

Dy 2.1 7.1 0.1 Zircon or chevkinite

Ho 2.1 6.2 Zircon

Er 0.9 5.6 Zircon

Tm 2.4 5.1 Zircon

Yb 2.0 5.87 0.1 Zircon

Lu 1.7 6.8 0.1 Zircon

Pb 0.7 0.63 0.03 1.3

Th 2.0 0.06 Chevkinite

U 0.01 0.09

Zn 0.6 7.3

Hf 0.6 0.30
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and Sparks 1988a). In addition, true crystal removal via 
settling is best modeled by Raleigh fractionation, where 
crystals are removed from the magma immediately after 
formation. We show a Raleigh fractionation model in 
Fig. 10 that results in a larger depletion of Ba relative to 
Sr than we observe in CPM rhyolites. A Raleigh model 
for CPM lavas would require a 2:1 sanidine–plagioclase 
ratio that we consider highly unlikely—sanidine is rare or 
absent in all CPM lavas after CPM 1 and similar densities 
of sanidine and plagioclase make their physical separation 
highly unlikely.

Sequences of equilibrium crystallization or melting, 
however, provide excellent fit for the observed geochemical 
trends with primarily sanidine providing control on tempo-
ral compositional changes. Similar temporal enrichments 
of HREE, Zr, and Y to Nb suggest that unlike within indi-
vidual flows, accessory minerals are not contributing to a 
net compatibility of most trace elements.

Zircon crystallization versus Ar–Ar eruption ages

Figure 8 compiles zircon ages determined by in situ U–
Th disequilibria and U–Pb techniques and compares them 
with Ar–Ar eruption ages. Most zircons in young CPM 
lavas are of eruption age and thus do not sample a single 
zircon population that dates back to the ~260 ka onset of 
CPM magmatism or older UBM events. We note that some 
of the older ages on Fig. 8 also have the highest uncertainty 
and thus can partly be analytical in nature. It is worth men-
tioning that newer dataset of Watts et al. (2012) found even 
better correspondence of eruption age and zircon crystal-
lization age. Elsewhere in the Snake River Plain, Wotzlaw 
et al. (2014) found that zircons in the voluminous Kilgore 
tuff crystallized within error of most precise ID-TIMS dat-
ing (±4000 years), and the same is true for the HRT (Rivera 
et al. 2014; Wotzlaw et al. 2015). Although some of the 
older ages on Fig. 8 are likely true xenocrysts, this figure 
suggests that each of the CPM flows represents a history of 
magma that was rejuvenated, i.e., heated above zircon satu-
ration, then cooled before crystallizing new zircons. This is 
different than UBM lavas (Bindeman et al. 2008; Watts et al. 
2012) where nearly half of zircons and quartz are inherited 
and preserve evidence of batch assembly of diverse melt 
δ18O value, very common in the Snake River Plain and else-
where (e.g., Seligman et al. 2014; Colón et al. 2015).

Geothermometry

Our Zr-in-glass and mineral oxygen isotope thermometry 
estimates provide an imprecise, but systematic and consist-
ent picture of the thermal sequence of crystallization of Yel-
lowstone rhyolites. The difference in temperature calculated 
for quartz-clinopyroxene and quartz-zircon requires that 
clinopyroxene either crystallized at higher temperatures or 
crystallized from a melt with higher δ18O than zircon. The 
trace element composition of clinopyroxene is consistent 
with crystallization from a melt similar to the matrix glass 
or possibly slightly more primitive (Fig. 7). Broadly, simi-
lar REE concentrations and strong Eu anomalies suggesting 
that they crystallize from an evolved rhyolite, rather than 
a basalt, and systematically lowering Sr concentrations in 
CPM melts over time suggest that little to no mass has been 
exchanged with a normal δ18O melt. As a result, we con-
clude that the higher temperatures calculated with clinopy-
roxene are the result of early crystallization at near-liquidus 
temperatures similar to the predictions of phase equilibria 
experiments of Almeev et al. (2012; Fig. 9b).

Lower zircon temperatures, based on Δ18Oquartz-zircon 
and Zr glass concentrations, suggest that melts are stored 
at lower temperatures prior to eruption but following clino-
pyroxene crystallization allowing for crystallization of 
zircon and other accessory phases. Differences in glass 
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Fig. 8  Compilation of U–Th zircon model ages compared to sanidine 
40Ar/39Ar eruption ages for CPM lavas. Ages within error of eruption 
age are shown as distribution-shaped box-and-whisker plots, while 
antecrystic zircons are shown as separate points with ±2σ error bars. 
Older zircons are close to U–Th secular equilibrium and have large 
uncertainties. Zircons distributions centered around eruption ages—
Watts et al. (2012) data for PP, WY, tBP, and SBB; Vazquez and Reid 
(2002) data for DC—are expected for crystallization at nearly the 
same time as eruption with scatter due to analytical uncertainty. Out-
liers and distributions offset above eruption age—Watts et al. (2012) 
for EB; Vazquez and Reid (2002) for PP and WY—suggest inher-
ited zircon populations. The data of Watts et al. (2012) contain fewer 
xenocrysts and generally support very short crystallization histories, 
while the Vazquez and Reid (2002) data contain more xeneocrysts 
and longer histories. Neither dataset suggests that zircons crystal-
lize for the entire 100 ka of CMP magmatism. For abbreviations see 
Fig. 1 and 7
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Zr concentrations within single flows may reflect thermal 
zonation of the magma prior to eruption. In fact, our pre-
liminary analysis of a Zr-enriched boundary layer near a 
zircon crystal may be the result of heating and dissolution 
of this zircon immediately prior to eruption after it was 
transported into a zircon-undersaturated domain of melt 
during mixing (Electronic Supplement 4). The Zr concen-
tration increases within 100 μm of the mineral are con-
sistent with dissolution following a 10–15 °C temperature 
increase ~0.2–1 years prior to eruption. This interpretation 
predicts that other zircons residing within higher Zr melts 
may show evidence for growth (low Zr boundary layers), 
although we have not been able to test this hypothesis.

Previously reported geothermometry for CPM rhyolites 
provides somewhat contrasting results. Mineral estimates 
using Ti-in-quartz and mafic mineral pairs (QUILF) both 
suggest a ~100 °C temperature decrease from the oldest 
to youngest CPM flows with temperatures 900–800 °C 
(Vazquez et al. 2009; Girard and Stix 2010). We note that 
such precise interpretation of these thermometers may be 
problematic: Unconstrained Ti activity in CPM rhyolites 
means that the Ti-in-quartz temperatures are potentially 
a reflection of melt composition as well as temperature. 

Apparent decreases in Ti-in-quartz could be the result of 
our observed decrease in melt Ti concentration from 970 
to 830 ppm in early CPM rhyolites to 728 ± 40 ppm in the 
youngest Pitchstone Plateau rhyolite. QUILF temperatures 
can rapidly re-equilibrate at magmatic temperatures and 
may be more of a reflection of preeruptive temperatures 
and lava cooling timescales than initial melt temperatures 
(e.g., Venezky and Rutherford 1999).

Bindeman and Valley (2001) and Watts et al. (2012) 
used MELTS (Ghiorso and Sack 1995; Asimow and 
Ghiorso 1998) to calculate liquidus temperatures for CPM 
major element compositions at 3 wt% water. These esti-
mates are shown in Fig. 9a and show no clear temporal 
pattern with most liquidus temperatures near 850 °C. In 
addition, we have compared liquidus temperatures calcu-
lated using MELTS as well as Rhyolite MELTS (Gualda 
et al. 2012b; Fig. 9c). Although the crystallization 
sequence changes with the newer program, both models 
give similar liquidus temperatures with no apparent tem-
poral trends. The liquidus values, however, at best approx-
imate initial sanidine or quartz crystallization and do not 
match the most likely liquidus crystallization of mafic 
phases.
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Fig. 9  a Summary of temperature estimates determined by isotope 
equilibrium calculations and glass zircon saturation from this work, 
QUILF data from Vazquez et al. (2009), and MELTS calculated liq-
uidus temperatures (Watts et al. 2012; Bindeman and Valley 2001). 
While the limited dataset of Vazquez et al. (2009) suggested decreas-
ing temperatures over time in CPM lavas, zircon saturation tem-
peratures instead suggest slight increase in temperatures over time 
although the total range is well within the uncertainty of the calcu-
lation. Note that zircon saturation is calculated with whole rock Zr 
(open squares) and glass Zr (filled circles). Quartz-zircon oxygen 

isotope fractionation is consistent with zircon saturation tempera-
tures, while quartz-clinopyroxene temperatures extend to much 
higher values consistent with higher-temperature crystallization of 
clinopyroxene in Bruneau Jarbidge (BJR) Snake River Plain rhyo-
lites determined experimentally by Almeev et al. (2012; b). c example 
MELTS models for CPM rhyolite starting composition at 3 wt% H2O, 
150 MPa, and QFM oxygen fugacity. Rhyolite MELTS and MELTS 
return similar liquidus temperatures but different crystallization 
sequences and are highly sensitive to starting composition
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Our thermometry estimates provide evidence for two 
distinct thermal histories in our magmas: (1) high-temper-
ature liquidus crystallization of clinopyroxene followed by 
feldspar ± quartz, and (2) lower-temperature crystallization 
of zircon in a zoned magma body mixed prior to or dur-
ing eruption. As discussed below, the final storage period 
may allow for the geochemical differentiation reflected in 
within-flow glass heterogeneity, while liquidus tempera-
tures may reflect equilibrium melting processes that result 
in long-term geochemical evolution.

Phase equilibria constraints on temperature 
and composition

Our trace elemental data clearly requires sole sanidine or 
sanidine-quartz cotectic control, above plagioclase satura-
tion (Figs. 9, 10). At the same time, we observe periodic 
rejuvenation of zircon ages meaning that magma tempera-
tures were straddling the boundary of zircon saturation 

as is described above (Figs. 8, 9). Different temperature 
estimates as well as compositional trends support a three-
stage thermal history for magmas: (1) primitive liquidus 
compositions crystallizing pyroxene and sanidine, (2) 
lower-temperature and short-lived (ca 100–1000 years 
based on zircon ages) melt residence that crystallizes 
accessory minerals as well as sanidine and quartz and 
develops gradients in trace element composition, and (3) 
sudden heating and mixing immediately prior to and/or 
during eruption.

An experimental study on the Bruneau Jarbidge Rhyo-
lite (BJR) of the Snake River Plain by Almeev et al. (2012) 
used a starting composition with a similar normative value 
to CPM rhyolites and produced a crystallization sequence 
of oxides–clinopyroxene–sanidine–quartz–plagioclase for 
water concentrations >0.7 wt% that matches our observa-
tions (Fig. 9b). Water concentrations of CPM rhyolites are 
likely greater than the maximum 2.5 wt% determined on 
melt inclusions from lava flows (Befus et al. 2014), which 

Fig. 10  Trace elements ratios 
for CPM lavas indicate compo-
sitional controls of sanidine and 
accessory minerals (zircon and 
chevkinite). Data are shown as 
ratios to Nb because incompati-
ble elements emphasize changes 
resulting form crystallization, 
and Nb is better characterized 
than slightly more incompatible 
U (see Fig. 4). Symbols same as 
Fig. 6. Gray lines show equi-
librium crystallization of 75 % 
sanidine from approximate 
Scaup Lake whole rock value 
(CPM 1); dashed gray line is 
75 % equilibrium crystallization 
of plagioclase; dotted gray line 
is a Raleigh fractionation line 
for sanidine. Black lines show 
20 % equilibrium crystallization 
of a sanidine + zircon + chev-
kinite assemblage for each CPM 
group from whole rock to glass 
compositions with bulk D val-
ues calculated from whole rock 
and glass compositions (see text 
and Table 2 for explanation). 
The gap between whole rock 
and glass compositions can be 
explained by 10–15 % crystal-
lization, while the range of glass 
compositions requires an addi-
tional 5–10 % crystallization
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likely cooled slowly and experienced some water loss. The 
absence of hydrous phases constrains the upper limit of 
water concentrations as <4.5 wt%, above which hydrous 
phases will crystalize (Almeev et al. 2012). LCT-A, which 
crystallizes amphibole (with magmatic D/H that we meas-
ured above), for example, has maximum quartz-hosted melt 
inclusion water content of 4 wt% (Gansecki and Lowenstern 
1995). At 3 wt% water in the Almeev et al. (2012) experi-
ment on BJR, clinopyroxene crystalizes at 915 °C, sanidine 
at 875 °C, quartz at 845 °C, and plagioclase near the soli-
dus at <830 °C. Reasonable lower and higher water concen-
trations of ±1 wt% will change these temperatures up and 
down by about 25 °C. We consider these BJR experiments 
and temperatures at 3 wt% water to be the best available con-
straints on phase stability relationships of CPM rhyolites.

Modeling of CPM rhyolites by MELTS and Rhyolite 
MELTS (Ghiorso and Sack 1995; Asimow and Ghiorso 
1998; Gualda et al. 2012b) returns slightly lower liquidus 
temperatures at 3 wt% water than the Almeev et al. (2012) 
experiments but predict sanidine or quartz as first liquidus 
phases (Fig. 9c). The MELTS models are clearly sensitive 
to starting compositions with a 50 °C range in liquidus tem-
perature; however, the model shown in Fig. 9c is univer-
sally illustrative of the percentage of crystallization which 
increases mostly close to the solidus. The experimental 
data provide a better match to the crystallization sequence 
supported by CPM petrographic and geothermometry data.

Petrogenetic models

Recognizing stages of magma evolution

Any petrogenetic model should explain several key isotopic 
and petrologic observations:

(1) The low-δ18O character of magmas requires significant 
contribution from melting of shallow, hydrothermally 
altered sources that carry a low-δ18O signature of mete-
oric water (e.g., Bindeman and Valley 2001).

(2) Broadly, although not strictly (see #4 below), closed-
system chemical behavior with nearly constant δ18O 
(Fig. 2) between the transitional Scaup Lake lavas at 
257 ka and the 79 ka Pitchstone Plateau lava as well as 
systematic decreases in compatible elements, such as Sr 
concentrations decreasing to <1 ppm (Fig. 6), precludes 
any recharge and mixing with a primitive high-Sr basaltic 
magma that would also perturb melt to higher δ18O val-
ues and overwhelm the observed low Sr concentrations.

(3) These magmas must be extracted from a well-homog-
enized shallow low-δ18O caldera-wide source region, 
likely established by 257 ka and definitely by 180 ka. 
Repeated melting events that triggered UBM eruptions 
may be responsible for developing a well-mixed sub-

volcanic homogeneous shallow reservoir that averaged 
out lateral low-δ18O variability without much associ-
ated volcanism apparent between UBM and CPM. 
This favors a step-wise, rather than single caldera-wide 
melting episode. Grouping of compositions into four 
distinct age groups (Fig. 6) also supports a periodic 
nature to magma generation.

(4) Recognizably lower-δ18O of the youngest, 79 ka Pitch-
stone Plateau Lava compared to older CPM lava, as 
well as its subtly higher Pb isotope ratios (Vazquez 
et al. 2009), suggests that CPM lavas are not the prod-
uct of a single cooling and differentiating magma body. 
The latter process would have resulted in higher (or 
equal) δ18O values and Pb isotope ratios. At face value, 
geochemical traits of the Pitchstone Plateau are more 
consistent with increased (by 4–5 %) melting of low-
δ18O and more radiogenic intracaldera fill.

(5) Zircon ages (Fig. 8) require periodic heating of mag-
mas above zircon saturation followed by new crystal-
lization in order to explain the lack of continuous crys-
tallization history over the course of the CPM.

(6) Temperature estimates (Fig. 9) and glass heterogeneity 
suggest three stages of thermal history: high-tempera-
ture liquidus crystallization of clinopyroxene, low-tem-
perature accessory zircon and accessory mineral crys-
tallization, and mixing immediately prior to eruption 
generating the small-scale heterogeneity we observe.

Recognition of these distinct stages is an important 
contribution to the understanding of Yellowstone rhyolite 
petrogenesis. We suggest that the first high-temperature 
phase is linked to the temporal geochemical evolution of 
CPM rhyolites with crystallization of high-temperature 
clinopyroxene and sanidine. We discuss possible mecha-
nisms for this evolution below. The second lower-temper-
ature magma storage stage is responsible for the glass trace 
element heterogeneity within each lava flow and occurs at 
zircon and other accessory mineral saturation.

The last episode of preeruptive rejuvenation mixed each 
CPM rhyolite resulting in heterogeneous domains of glass 
and crystals dispersed throughout the magma chamber. This 
mixing was either between different parts of a thermally 
and chemically stratified stage two magma chamber or 
between shallowly stored and colder stage two magma and 
with a new recharge of stage one magma. While evidence 
for incomplete mixing is retained within individual samples, 
the lavas are well mixed on a km scale across up to 70 km3 
rhyolite flows. We propose that in addition to thermally 
driven convection (e.g., Sparks et al. 1984), mixing may 
also be aided by sparging of CO2 from degassing under-
plated basalts. Hurwitz and Lowenstern (2014) and Lowen-
stern et al. (2015) have provided updated estimates of high 
background magmatic CO2 flux of 0.2 − 1 × 107 kg/year 
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that would be sufficient to transport 1000 bubbles each with 
a diameter of 1 cm through every 1 m3 of magma (spread 
across the 50 km cross section of the Yellowstone caldera). 
Even within a year, this flux of background CO2 could result 
in significant mixing of the magma. In addition, during a 
basalt intrusion that may have triggered each CPM eruptive 
period, we might expect much higher CO2 fluxes.

The second and third stage must have repeated with each 
CPM magmatic episode in order to produce the similar 
ranges of accessory-compatible trace element heteroge-
neity (Fig. 10), while stage one must have progressively 
depleted its source region in sanidine over time through 
either efficient crystal melt fractionation or development of 
a refractory residue via partial melting.

Origin of temporal variations and generation of rhyolite 
melts

The origin of stage one temporal decreases in sanidine-
compatible elements without any evidence for accessory 
mineral removal requires a more complicated mechanism 

than stage two and three. Below, we examine three differ-
ent petrogenetic scenarios, illustrated in Fig. 11, that could 
explain CPM magma generation including: (1) repeated 
extraction from the hot center of a concentrically crys-
tallizing, homogeneous low-δ18O, and shallow magma 
body formed prior to the CPM (e.g., Hildreth et al. 1991; 
Vazquez and Reid 2002), (2) melt extraction from a hot, 
crystal mush kept above zircon saturation, and therefore 
deeper (e.g., Bachmann and Bergantz 2004, 2008) coupled 
with repeated assimilation of shallow low-δ18O material, 
and (3) repeated batch melting of a shallow subsolidus or 
near-solidus rhyolite (mush or solid) that was homogenized 
during and after UBM magmatism before 180–256 ka.

The largely closed-system model of a single repeated 
extraction from the center of a large, isotopically homog-
enized, and concentrically crystallizing magma body pro-
vides a simple fit for geochemical data. A large initial 
magma volume—at least the diameter of the caldera and 
extending many km’s deep (~10 km max depth) not dis-
similar to the seismic low velocity zone below the Yel-
lowstone caldera today (Farrell et al. 2014; Huang et al. 
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Fig. 11  Potential conceptual models for CPM rhyolite petrogenesis. 
All models must include a three-stage evolution as explained in the 
text to account for different temporal and in situ geochemical trends: 
(1) generation of long-term feldspar controlled evolution character-
ized by decreasing Sr and Ba concentration and higher temperatures 
recorded in pyroxene oxygen isotopes; and (2) extraction of melt and 
storage in colder conditions allowing saturation of accessory phases 

and development of Y, Zr, and REE variability within eruptive units. 
Stage (3) is a mixing event immediately prior to and/or during erup-
tion resulting in heterogeneous glass compositions. The vertical posi-
tions shown here are purely schematic, except that in each model low 
δ18O caldera fill (shown as diagonal stripped pattern) must be shal-
low based on estimated 5-km total displacement of each major Yel-
lowstone caldera-forming eruption (e.g., Christiansen et al. 2007)
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2015)—is required in order to maintain near-liquidus 
temperatures in an area between the western and eastern 
vent lineaments for a 200 ka period. Our conductive heat 
modeling indicates that such a caldera-wide body could 
have conceivably survived thermally for 200 ka. Crystal-
lization of dominant feldspar and quartz would not signifi-
cantly change δ18O but would cause precipitous decreases 
in Sr and Ba. Each eruption period CPM 1–4 may be initi-
ated by external fault dynamics or by heating from deeper 
in the system from new basalts that do not mix with the 
magma body.

The second model of melt segregation from a caldera-
wide crystal-rich mush, developed for the cold and wet, 
crystal-rich systems such as Fish-Canyon Tuff (e.g., Bach-
mann and Bergantz 2004; Lipman 2007; Burgisser and 
Bergantz 2011), requires that the Yellowstone mush body 
was kept above zircon and plagioclase saturation to avoid 
compatible behavior of Zr and other trace elements. If the 
mush body were at zircon saturation, we would expect 
temporal compositional trends to be similar to within-flow 
trends where zircon is also present. At shallow depths and 
low pressure, a highly crystalline mush will only exist at 

low temperatures below zircon saturation (Fig. 9). Only if 
the mush was stored at sufficiently high pressures, where 
the solidus and liquidus temperatures are elevated, could 
highly crystalline melt potentially exist above zircon satu-
ration (e.g., a “deep” mush of Bachmann and Bergantz 
2008). This scenario, however, would preclude initial melts 
having low-δ18O signature that requires mixing with shal-
low, hydrothermally altered material. The low-δ18O sig-
nature therefore would have been gained at a later stage 
by very thorough and shallow mixing each time between 
nearly identical mass proportions of high-δ18O recharge 
and low-δ18O.

A third option involves initial melt generation via suc-
cessive “hot plate” melting events of a shallow low-δ18O 
rhyolitic source that was already averaged out and homog-
enized during and after UBM magmatism. The driv-
ing force of this melting was likely periodic new magma 
intrusion: either a basalt, low-silica rhyolite, or both. This 
new magma intrusion, however, could not physically mix 
any mass with the source region as it apparently did in the 
UBM magmatism or else it would perturb highly sensitive 
Sr and Ba concentrations. We argue that a basalt is the most 
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Fig. 12  Model for successive shallow melt generation of CPM rhyo-
lites. a Thermal model using Heat3D of a 1200 °C and 500-mm-thick 
basalt sill injected at a low-density barrier of hot (700 °C), intracal-
dera fill shows that in <10 ka a significant volume of overlying mate-
rial will heat to >800 °C. Cumulative over 10 ka, a 0.5 × 50 km 
diameter volume of basalt requires a magma production rate of 
~0.1 km3/year, similar to current eruption rates at Kilauea, Hawaii. 

b Following homogenization of the subcaldera low δ18O source dur-
ing UBM magmatism, successive batch melting, the net result of the 
conductive heating in (a), will result in differentiation source melts 
consistent with temporal trends observed in Figs. 6 and 8. Compat-
ible trace element concentrations illustrated here are the result of suc-
cessive 80 % batch modal melting, leaving 20 % residual refractory 
solids in each episode
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likely source for this recharge during CPM volcanism: (1) 
Basalts have erupted frequently outside of the Yellowstone 
caldera, demonstrating that they are present in the crust and 
that they are blocked by a low-density barrier within the 
caldera; (2) basalts are much likely to quench upon intru-
sion into a shallow rhyolitic magma, preventing mixing that 
is rarely observed elsewhere in Yellowstone (e.g., Gardner 
River flow); and (3) basalts from a mantle plume source 
can bring very high temperature 1200–1300 °C mass in 
contact with shallow <700 °C rhyolites easily raising upper 
contact temperatures to at least 900–1000 °C, well above 
rhyolite liquidus temperatures.

We model the melting process of a basalt intrusion at the 
base of a low-density rhyolite source region at the base of 
the Yellowstone caldera using Heat3D thermal modeling of 
Wohletz et al. (1999; Fig. 12a). In order to produce rhyo-
lite melts > volume of erupted lavas via conductive heating 
from a basalt intrusion, the source must be initially main-
tained at elevated temperatures >650 °C either as a crystal-
rich mush or as a subsolidus but hot zone (e.g., Simakin 
and Bindeman 2012). This elevated initial temperature can 
be achieved through thermal memory from earlier melt-
ing events such as the UBM. The model we show used a 
700 °C subsolidus initial temperature; however, a 750 °C 
near-solidus crystal mush would also be reasonable. If the 
initial temperatures are too high, then the basalt will not 
crystallize sufficiently to rheologically prevent mixing 
with the rapidly heated rhyolite. Much lower (<400 °C) 
initial temperatures below the brittle–ductile transition not 
only will make melting sufficient volumes thermally dif-
ficult, but also would allow further hydrothermal circula-
tion and alteration to even lower-δ18O that is not observed 
in the CPM eruptions—with the exception of a small pro-
portion of <5 % new hydrothermally altered material that 
may be present in the marginally lower-δ18O Pitchstone 
Plateau CPM lava (Fig. 2). Any melting scenario will gen-
erate a thermal gradient in the rhyolite source from liqui-
dus temperatures at the contact with the basalt intrusion 
(which is quenched so does not mix) to the initial source 
temperature (in our model 700 °C). The volume heated 
above ~720–760 °C will contain <60 % crystallinity (via 
MELTS results, Fig. 9c) allowing for magma mobilization 
and convection with hotter zones. Thus, convective heating, 
melting, and mixing, modeled numerically on a small scale 
by Simakin and Bindeman (2012), may produce a rhyolite 
magma at near-liquidus temperatures mixed by compo-
sitional convection over the course of melting that can be 
extracted to shallower depths and lower temperatures and 
undergo stage two crystallization (see previous section).

In this final model, repeated melting events must have 
generated rhyolite melts with progressively depleted 
sanidine-compatible trace element concentrations. We 
show this long-term compositional trend as a function of 

sanidine-only equilibrium crystallization in Fig. 10 and 
also as the result of a batch melting model in Fig. 12b. The 
model matches observed compositional changes between 
each CPM episode with 80 % melting of the pervious 
episode’s unerupted product. While we cannot know the 
evolving modal proportion of sanidine in the buried CPM 
source region, the bulk D required to reproduce these 
compositional trends can be the result of sanidine–quartz–
plagioclase of 4:3:2. These proportions, specifically the 
presence of plagioclase, are reasonable for a shallow crys-
tallized subcaldera rhyolite body. Each melting event in this 
model leaves 20 % volume of the original source behind as 
a sanidine-rich refractory residue. This residue cannot take 
part in subsequent melting events or else feldspar-com-
patible elements would easily be enriched. Approximately 
40–50 % of the original fertile volume will still be available 
for melting after CPM 4.

We prefer this final model as the primary source of rhyo-
lite melts in the CPM 1–4 magmatic episodes with four dif-
ferent underplating events, which broadly follows Huppert 
and Sparks (1988b) and Annen and Sparks (2002). Unlike 
the classic underplating model, our migrating hot plate sce-
nario calls for each of these episodes to remelt a progres-
sively more differentiated product; e.g., CPT 2 is a melt of 
the final unerupted source of CPM 1, and so forth through 
CPM 4 as is shown in Fig. 12b and modeled with respect 
to trace elements. Such trends will explain our temporal 
trace elemental trends, while keeping O and Pb isotope 
ratios constant. Such process of upward sequestration fol-
lowed by remelting of unerupted differentiated magma also 
is intrinsically pulsatory in nature matching the periodic 
nature of CPM 1–4 eruptions.

Implications for future Yellowstone volcanism

Our interpretation of the CPM period of volcanism suggests 
that rather than originating from a cooling magma body with 
a final melt extraction event in the 79 ka Pitchstone Plateau 
flow (e.g., Vazquez and Reid 2002), geochemical trends are 
indicative of source refinement over time through pulsatory 
melting events. The extremely low Sr and Ba concentrations 
in the most recent flows reflect removal of sanidine from the 
source region, which we envision occurring through seques-
tration of a refractory, sanidine-rich syenite body residual 
from batch partial melting events. Periodicity of CPM lavas 
with 100–180 km3 volumes erupting over 10 ka after typical 
20 ka periods of repose (Fig. 6) may be the result of tempo-
rarily higher magma production rates or heat buildup from 
mafic underplating melting a sufficient volume of rhyolite to 
be accumulated and extracted from the melting zone.

Current elevated CO2 emissions of 10–60 kt/day 
reported from the Yellowstone caldera are thought to be 
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>50 % sourced from degassing underlying magma (Hur-
witz and Lowenstern 2014; Lowenstern et al. 2015). The 
flux of CO2 overlaps and may be several times greater 
than CO2 emission estimates for the Kilauea caldera that 
are associated with a 0.1–0.2 km3/year magma supply 
rate (Gerlach et al. 2002). Presumably, this large CO2 flux 
from Yellowstone is sourced from a similar mafic magma 
supply since CO2 solubility will be low (~500 ppm) in 
shallowly intruded mafic sills and must all be degassed 
as magmas solidify. Interestingly, this magma supply rate 
is adequate to cumulatively produce a subcaldera mafic 
sill 500 m thick with a 50 km diameter in 10 ka—the 
same dimensions we model to explain melting of shal-
low rhyolite. If this magma supply rate has been con-
tinuous for the 79 ka since the Pitchstone Plateau erup-
tion, it has been building heat over a 2–4 times longer 
than the repose period between earlier CPM eruptions. 
We suggest this long repose may be the result of devel-
opment of a refractory shield. Continued heat input may 
allow fractionation of mafic magmas and mixing with the 
refractory shield until another eruptible zone is devel-
oped expressed as future lava flows or the start of another 
caldera-cycle.
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