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Abstract
We present new high-precision CA-ID-TIMS and in situ U–Pb ages together with Hf and O isotopic analyses (analyses per-
formed all on the same grains) from four tuffs from the 15−10 Ma Bruneau–Jarbidge center of the Snake River Plain and from 
three rhyolitic units from the Kimberly borehole in the neighboring 10−6 Ma Twin Falls volcanic center. We find significant 
intrasample diversity in zircon ages (ranges of up to 3 Myr) and in δ18O (ranges of up to 6‰) and εHf (ranges of up to 24 ε 
units) values. Zircon rims are also more homogeneous than the associated cores, and we show that zircon rim growth occurs 
faster than the resolution of in situ dating techniques. CA-ID-TIMS dating of a subset of zircon grains from the Twin Falls 
samples reveals complex crystallization histories spanning  104–106 years prior to some eruptions, suggesting that magma 
genesis was characterized by the cyclic remelting of buried volcanic rocks and intrusions associated with previous magmatic 
episodes. Age-dependent trends in zircon isotopic compositions show that rhyolite production in the Yellowstone hotspot 
track is driven by the mixing of mantle-derived melts (normal δ18O and εHf) and a combination of Precambrian basement 
rock (normal δ18O and εHf down to − 60) and shallow Mesozoic and Cenozoic age rocks, some of which are hydrothermally 
altered (to low δ18O values) by earlier stages of Snake River Plain magmatism. These crustal melts hybridize with juve-
nile basalts and rhyolites to produce the erupted rhyolites. We also observe that the Precambrian basement rock is only an 
important component in the erupted magmas in the first eruption at each caldera center, suggesting that the accumulation of 
new intrusions quickly builds an upper crustal intrusive body which is isolated from the Precambrian basement and evolves 
towards more isotopically juvenile and lower-δ18O compositions over time.
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Introduction

The Columbia River Basalt–Snake River Plain–Yellow-
stone system is the world’s premiere example of a conti-
nental hotspot track (Fig. 1). It is the site of many of the 
most voluminous volcanic eruptions in the Neogene Period 
(Christiansen 2001; Hildreth et al. 1991; Pierce and Morgan 
2009), and comprises one of the largest suites of anorogenic 
(A-type) rhyolites worldwide (Christiansen and McCurry 
2008; Pearce et al. 1984). The Yellowstone hotspot track 
additionally includes the largest known concentration of 
low-δ18O rhyolites in the world, with a cumulative volume 
of over  104 km3 (Bonnichsen et al. 2008; Bindeman and 
Simakin 2014). Low δ18O values in fresh igneous rocks were 
once considered to be geologic oddities (e.g. Hildreth et al. 
1984), but they have since been found around the world, par-
ticularly in association with extensional tectonics and large 
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igneous provinces (both present at Yellowstone). Exam-
ples include rhyolites and basalts in Iceland (Gautason and 
Muehlenbachs 1998; Bindeman et al. 2012; Zierenberg et al. 
2013), Archean extensional granites in Greenland (Hiess 
et al. 2011), rhyolites in the Karoo Volcanic Province in 
Africa and Antarctica (Harris and Erlank 1992), younger 
rifted-margin granites in South Africa (Curtis et al. 2013), 
Jurassic granites of the North China Craton (Wang et al. 
2017a), Proterozoic granites of east-central and south China, 
Seychelles, and Madagascar (Archibald et al. 2016; Fu et al. 
2013; Harris and Ashwal 2002; Zheng et al. 2007), and rhyo-
lites of the Proterozoic Malani Igneous Suite in India (Wang 
et al. 2017b).

The Snake River Plain–Yellowstone system is the young-
est and likely the best-preserved of these suites globally, 
making it the ideal laboratory for the detailed study of the 
origin of these types of magmas worldwide. In this study, we 
make measurements of the O and Hf isotopic compositions 
of zircon grains from central Snake River Plain rhyolites 
and combine them with precise U–Pb ages of those same 
crystals. The relative youth of Snake River Plain volcan-
ism compared to many other low-δ18O anorogenic igneous 
suites allows us to make detailed measurements of the time-
dependent changes in both O and Hf isotope compositions 
of its magmas, and recently developed high-precision dating 
techniques allow us to study variations in the ages of zir-
con from a single eruption (e.g. Rivera et al. 2016; Wotzlaw 
et al. 2013, 2014, 2015). Finally, we combine our results 
with data from several other recent studies of Yellowstone 
hotspot track O and Hf isotopes in zircon to identify isotopic 
trends common to the entire hotspot track, as opposed to 

those dependent on local geology, allowing us to determine 
which processes may be properties of similar igneous suites 
around the world.

Geologic setting

Previous work on Yellowstone hotspot zircon has identi-
fied considerable isotopic diversity (Fig. 9) which has been 
interpreted as the result of variable mixing between a man-
tle-like end-member (δ18O ≈ + 5.7‰ VSMOW; εHf = 0 to 
+ 5) considered to be isotopically identical to basalts from 
the Snake River Plain/Yellowstone (e.g. Stelten et al. 2017) 
and up to 60% of some combination of end-member crustal 
compositions (Colón et al. 2015b; Drew et al. 2013; Wot-
zlaw et al. 2015). These crustal end-members are visible 
in Fig. 9, which combines previous measurements of Hf 
and O isotopes along the hotspot track with data from this 
study. We intentionally leave out rhyolites from west of the 
87Sr/86Sr = 0.706 line (Fig. 1) which defines the edge of the 
Precambrian core of North America (Leeman 1992; Nash 
et al. 2006), as these rhyolites were produced in significantly 
different crust and with very different rates of basaltic intru-
sion from the mantle (Blum et al. 2016; Coble and Mahood 
2012; Ferns and McClaughry 2013; Colón et al. 2015a). 
The first crustal end-member has been interpreted as ancient 
Proterozoic or even Archean crust with exceptionally unra-
diogenic (low-εHf) hafnium isotopic compositions, and 
relatively normal δ18O values (+ 5–8‰); xenoliths of such 
material have been observed throughout the Snake River 
Plain, despite the relative paucity of surface outcrops (Lee-
man et al. 1985; Watts et al. 2010; Shirley 2013). The unit on 
the hotspot track containing the most of this end-member is 
the Jarbidge Rhyolite (Colón et al. 2015b), which has zircon 
with εHf values as low as − 39, the lowest value observed in 
a non-xenocrystic zircon in the entire region (Fig. 9).

The second crust type is very low-δ18O and only moder-
ately unradiogenic in terms of Hf isotopes, and is well-rep-
resented among Snake River Plain and Yellowstone zircon 
grains (Fig. 9). This material must have been hydrothermally 
altered in the presence of meteoric water, and has previously 
been proposed to be (1) deeply buried and syn-volcanically 
altered caldera-filling ignimbrites, (Bindeman and Valley 
2001; Colón et al. 2015b; Drew et al. 2013; Watts et al. 
2011), (2) shallow crustal rocks that were hydrothermally 
altered during some magmatic event that significantly pre-
dates Yellowstone volcanism, such as the emplacement of 
the Idaho and Challis batholiths (Boroughs et al. 2012; Ellis 
et al. 2013; Drew et al. 2013), or (3) shallow country rocks 
or juvenile (Yellowstone hotspot-age) intrusions altered by 
hydrothermal circulation driven by heat produced by intru-
sions of basalt coeval with the Columbia River Basalts and 
early Snake River Plain volcanism (Blum et al. 2016; Colón 

Fig. 1  Map of the Yellowstone hotspot track, showing the major 
volcanic centers that formed after the onset of the eruption of the 
Columbia River Flood Basalts (red). Three yellow stars are sam-
pling locations for this study: (1) the Kimberly borehole, (2) along 
the Bruneau River, and (3) along the Jarbidge River. The red star is 
the site of the J-P Desert locality discussed in the text and in Colón 
et al. (2015b). Outlines of volcanic centers are from Bonnichsen et al. 
(2008) and Colón et al. (2015b). Plate velocity is from Anders et al. 
(2014). Map background is from Ryan et al. (2009) via GeoMapApp 
(http://www.geomappapp.org/)

http://www.geomappapp.org/
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et al. 2015a, b). The first explanation is inadequate on its 
own at the central Snake River Plain (Bruneau–Jarbidge and 
Twin Falls, Fig. 1) because the erupted rhyolites there are 
exclusively low-δ18O (Colón et al. 2015b), uniquely among 
the rhyolitic centers of the region (Bindeman and Simakin 
2014), precluding a role for buried young ignimbrites from 
the same system in the production of the first low-δ18O erup-
tions. The earliest low-δ18O rhyolites of the central Snake 
River Plain are thus likely derived from some combination 
of the latter two mechanisms, with a possible role for cal-
dera burial in producing the later, even lower-δ18O rhyolites 
(Colón et al. 2015b). We note that the second two options 
assume the hydrothermal alteration of some pre-existing 
crust, but option (3) assumes that this happened only shortly 
before rhyolite production, and includes juvenile intrusions 
with older crust in the collection of material that is hydro-
thermally altered.

To date, only limited work on zircon isotope geochemis-
try has been published for the Bruneau–Jarbidge and Twin 
Falls centers (Cathey et al. 2011; Seligman 2012; Couper 
2016; Blum et al. 2016; Fig. 1), even though they are both 
the most voluminous and the only exclusively low-δ18O rhy-
olitic centers on the entire hotspot track (Bonnichsen et al. 
2008; Ellis et al. 2013). This fact makes their study critical 
to any broader investigation of the origins of low-δ18O mag-
mas at Yellowstone, and any extrapolation to other volcanic 
provinces worldwide. In this study, we measured coupled 
O and Hf isotope compositions of zircon grains from four 
large-volume ignimbrites from the Bruneau–Jarbidge center 
and from three units from the Twin Falls center, filling in 
this crucial gap. This data is complemented by laser ablation 
U–Pb geochronology and further dating via chemical abra-
sion isotope dilution thermal ionization mass spectrometry 
(CA-ID-TIMS) performed on the same crystals after remov-
ing them from the mounts used for spot analyses. These 
techniques provide new insights into the volcanic centers of 
the central Snake River Plain, building on earlier petrologic 
work by Cathey and Nash (2004) and Ellis and Wolff (2012).

Sampling of Bruneau–Jarbidge and Twin Falls 
rhyolites

At the Bruneau–Jarbidge center, we collected one sample 
each from four large welded ignimbrite outflow sheets. At a 
locality along the southern Jarbidge River in Nevada, we col-
lected the 11.81 ± 0.06 Ma Cougar Point Tuff (CPT) VII and 
the 10.79 ± 0.14 Ma CPT XIII (40Ar/39Ar ages of Bonnich-
sen et al. 2008; Fig. 1). The other two units were collected at 
the Bruneau River Canyon, approximately 20 km west of the 
first site, and are the 12.07 ± 0.08 Ma CPT V (40Ar/39Ar age 
of Perkins et al. 1998) and a previously unnamed tuff unit 
at the base of the section. The latter unit predates CPT III, 
the previously oldest described member of the Cougar Point 

Tuff sequence, and we will refer to it as the tuff of Bruneau 
Canyon, though a name of Cougar Point Tuff I or Cougar 
Point Tuff II (no existing units have these names) may even-
tually prove to be more appropriate (Bonnichsen and Citron 
1982). These samples were chosen to encompass both the 
early and late stages of the eruptive sequence.

At the younger Twin Falls center (Figs. 1, 2), we sam-
pled the three rhyolitic units intersected by the Kimberly 
borehole of Project Hotspot (Knott et al. 2016; Shervais 
et al. 2014). The uppermost of these is the Shoshone Rhy-
olite, dated by Knott et al. (2016) by single-grain laser 
fusion 40Ar/39Ar at 6.37 ± 0.44 Ma using plagioclase. This 
unit is buried by about 100 m of young basalt flows, and 
is itself just over 100 m thick. It appears to be a lava flow 
with a well-developed basal breccia. The second rhyolite 
unit, which has no other known exposures, is separated 
from the Shoshone Rhyolite by another ~ 170 m of basalt 
and sediment, and is referred to as the Kimberly Member 
of the Cassia Formation. It has been dated at 8.11 ± 0.05 
and 7.95 ± 0.11 Ma (single grain sanidine 40Ar/39Ar; Knott 
et al. 2016). This unit is approximately 180 m thick, and 
may be a densely welded ignimbrite (Knott et al. 2016), 
though we tentatively identify it as another lava flow because 
of its well-developed lower and upper breccias and lack of 
pyroclastic shards. Only a thin sediment horizon separates 
it from the lowermost unit, the Castleford Crossing Member 
(7.93 ± 0.48 Ma, single grain plagioclase 40Ar/39Ar; Knott 
et al. 2016), which is interpreted as a welded ignimbrite. 
The Castleford Crossing Member has a minimum thickness 
of ~ 1400 m, and its base was not reached in the borehole 
(Fig. 2). Considering this thickness, we interpret this unit 
as a caldera-filling ignimbrite. Knott et al. (2016) estimate 

Fig. 2  Stratigraphy of the Kimberly Borehole, location shown in 
Fig. 1. The locations of sections of core used for this study are given 
by yellow stars, and are at depths of 218.2, 547.4, and 1888.8  m. 
For more detailed stratigraphy of the borehole and the surrounding 
region, see Knott et al. (2016)
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based on regional exposures of the outflow facies of this unit 
that it represents an eruption of a minimum of 1900 km3 of 
magma (dense rock equivalent), making it among the larg-
est identified silicic eruptions produced by the Yellowstone 
hotspot. Finally, it should be noted that at least 10 additional 
ignimbrite outflow units underlie the Castleford Crossing 
Member in the Cassia Mountains just south of Twin Falls 
(Fig. 1); these range in age from 8.1 to 11.3 Ma, and likely 
originate from the Bruneau–Jarbidge and Twin Falls centers 
as well (Knott et al. 2016; Ellis et al. 2012), which means 
that the three rhyolitic deposits encountered by the Kimberly 
Borehole and sampled for our study probably represent only 
the later stages of the Twin Falls eruptive sequence.

Sample preparation and methods

Measurement of major phenocryst δ18O values 
via laser fluorination

Major mineral phenocrysts (plagioclase, quartz, pyroxene) 
were extracted from crushed hand samples of welded ign-
imbrite using the methods described in Colón et al. (2015b). 
Zircon was isolated by either dissolution of the surrounding 
glass and phenocrysts in a 40% solution of hydrofluoric acid 
for the Bruneau–Jarbidge units or by separation in 3.2 g/cm3 
methylene iodide for the Twin Falls units. Oxygen isotopes 
in major phenocrysts were measured with an integrated laser 
fluorination-MAT-253 mass spectrometer system at the Uni-
versity of Oregon (Bindeman 2008), using  BrF5 as the fluori-
nating reagent. Samples were controlled for reproducibility 
via intercalibration with a UOG (+ 6.52‰ VSMOW) gar-
net standard measured relative to a Gore Mountain Garnet 
standard of + 5.8‰ (Valley et al. 1995). Reproducibility of 
repeat measurements of standards was typically better than 
0.2‰ (2 s.d.). When possible, measurements were made on 
multiple types of phenocrysts from each sample to rule out 
secondary alteration as a source of deviation from original 
magmatic δ18O values.

Ion microprobe measurement of zircon δ18O values

Zircon mount preparation was carried out at the Cana-
dian Centre for Isotopic Microanalysis at the University of 
Alberta (CCIM, Twin Falls zircon, mount M1408) and at 
the Australian National University (Bruneau–Jarbidge zir-
con, mount M1402 = BF041), and secondary ion mass spec-
trometry (SIMS) measurements of zircon δ18O were made at 
CCIM. Polished zircon mid-sections (though not necessar-
ily the exact center of each grain) of unknowns and zircon 
reference materials were exposed within two 25-mm diam-
eter epoxy mounts using diamond grits. The mounts were 
cleaned with a lab soap solution and de-ionized  H2O. The 

mounts were coated with 10 nm of high-purity Au prior to 
scanning electron microscopy (SEM) utilizing a Zeiss EVO 
MA15 instrument equipped with high-sensitivity, broadband 
cathodoluminescence and backscattered electron detectors. 
Beam conditions were 15 kV and 2–3 nA sample current. 
A further 40 nm of Au was subsequently deposited on the 
mount prior to SIMS analysis.

Oxygen isotopes (18O, 16O) in zircon were analyzed 
using a Cameca IMS 1280 multicollector ion microprobe. 
A 133Cs+ primary beam was operated with impact energy 
of 20 keV and beam current of 2.0–2.5 nA. The ~ 10-µm 
diameter probe beam was rastered (20 × 20 µm) for 60–90 s 
prior to acquisition, and then 10 × 10 µm during acquisi-
tion, forming rectangular analyzed areas ~ 15 × 18 µm across 
and ~ 2 µm deep. The normal incidence electron gun was 
utilized for charge compensation. Negative secondary ions 
were extracted through 10 kV into the secondary (transfer) 
column. Transfer conditions included a 122-µm entrance 
slit, a 5 × 5-mm pre-ESA (field) aperture, and 100× sample 
magnification at the field aperture, transmitting all regions 
of the sputtered area. No energy filtering was employed. The 
mass/charge separated oxygen ions were detected simulta-
neously in Faraday cups L’2 (16O−) and H’2 (18O−) at mass 
resolutions (m/∆m at 10%) of 1950 and 2250, respectively. 
Secondary ion count rates for 16O− and 18O− were typi-
cally ~ 2.2 × 109 and 4.5 × 106 counts/s utilizing  1010 Ω and 
 1011 Ω amplifier circuits, respectively. Faraday cup baselines 
were measured at the start of the analytical session. A single 
analysis took 275 s, including pre-analysis rastering, auto-
mated secondary ion tuning, and 75 s of continuous peak 
counting.

Instrumental mass fractionation was monitored by 
repeated analysis of the zircon primary reference mate-
rial (RM) after every four unknowns, either TEM2 
(δ18OVSMOW = + 8.2‰; Black et  al. 2004) for the Bru-
neau–Jarbidge samples, or S0081 (UAMT1; δ18O = + 4.87; 
R. Stern, unpublished laser fluorination data, University 
of Oregon) for the Twin Falls zircon. TEM2 was also 
analyzed as a secondary RM on M1408 after every eight 
unknowns. The 18O−/16O− data set for the primary RM was 
processed collectively for each of three sessions (N = 51, 
21, 40 for the Bruneau–Jarbidge and the two Twin Falls 
sessions, respectively), yielding standard deviations of 
0.09‰–0.10‰, following correction for systematic within-
session drift (≤ 0.4‰); overall instrumental mass fractiona-
tion was 1.1–1.8‰. The individual spot uncertainties for 
the unknowns at 95% confidence for δ18O are derived from 
considering errors relating to within-spot counting statistics, 
between-spot (geometric) effects, and correction for instru-
mental mass fractionation, and average ± 0.19‰, ± 0.25‰, 
and ± 0.20‰ for the three sessions, respectively. For the 
Bruneau–Jarbidge zircon, twelve analyzes of FC1 zircon 
(lacking a conventional reference value) yielded a weighted 
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mean δ18O = + 5.81 ± 0.06 (MSWD = 1.19). For the two ses-
sions with the Twin Falls zircon, results for multiple spots 
on multiple grains of the secondary RM (TEM2) gave mean 
values for δ18O = + 8.21 ± 0.11 (MSWD = 1.3; N = 9, stand-
ard deviation = 0.14‰) and + 8.20 ± 0.04 (MSWD = 0.96; 
N = 30, standard deviation = 0.10‰), consistent with the 
reference value of + 8.2‰ stated above (Black et al. 2004).

Laser ablation U–Pb dating and hf isotope analysis 
of zircons

Zircon grains were then analyzed at the University of Cali-
fornia Santa Barbara via laser ablation multi-collector induc-
tively coupled plasma mass spectrometry (LA-MC-ICP-MS) 
analysis (Kylander-Clark et al. 2013); these were selected to 
encompass the full diversity of zircon δ18O values observed 
by SIMS. Grains were first dated via U–Pb spot analy-
ses 15 μm wide and 5 μm deep (Fig. 3), using the TEM2 
standard. 2σ uncertainties averaged 0.6 Ma for single spot 
analyses (see supplementary material). 206Pb/238U ages were 
corrected by measuring 207Pb and using the correction for 
common Pb in ISOPLOT (Ludwig 2003).

Spots closely adjacent to the U–Pb age spots were then 
separately analyzed by LA-MC-ICP-MS in another session 

(to achieve better precision than a split-stream analysis) for 
their Hf isotope composition, using 50 μm wide and 30 μm 
deep spots (Fig. 3) and using UAMT1 standards. 2σ uncer-
tainties for each Hf isotope measurement averaged 3.6 ε 
units. Care was taken to keep laser ablation spots for both 
Hf and U–Pb spots as close as possible to the SIMS δ18O 
spots so that analyses of the same zone of a single crystal 
could be compared (Figure III), which is especially impor-
tant considering the intra-crystal variability in both isotopic 
compositions and ages (Figs. 4, 5). For this reason, we are 
able to pair zircon O and Hf isotope compositions of zircon 
cores and rims with the ages of those same regions of the 
crystal.

Thermal ionization mass spectrometry 
measurements of zircon

Finally, selected zircon crystals from the three Kimberly 
borehole units were extracted from epoxy grain mounts using 
stainless steel tools for high-precision dating via CA-ID-TIMS. 
Crystals were selected to encompass the entire range of laser 
ablation U–Pb ages and O and Hf isotopic compositions meas-
ured by the above methods, and care was taken (with one 
exception, see below) to avoid grains with noticeably differ-
ent core and rim ages. As such, the distribution of ages derived 
from the TIMS data should be taken as representative of the 
ranges of ages of zircon grains in an individual eruption, but 
not as representative of the relative abundances of those ages 
(Fig. 5). Individual grains were annealed at 900 °C for 48 h, 
ultrasonically cleaned in 3N  HNO3 and loaded into Savillex 
microcapsules with a microdrop of 7N  HNO3 and 80 µl of con-
centrated HF for chemical abrasion (Mattinson 2005). Micro-
capsules were assembled in Parr bombs and zircon crystals 
were chemically abraded for 13 h at 180 °C. After chemical 
abrasion, zircon grains were transferred into 3 ml Savillex 
beakers, fluxed in 6N HCl and ultrasonically cleaned in 3N 
 HNO3. Cleaned single crystals were loaded back into their 
microcapsules with a microdrop of 7N  HNO3 and 60 µl of con-
centrated HF, spiked with 5 mg of EARHTIME 202Pb-205Pb-
233U-235U tracer solution (Condon et al. 2015) and dissolved 
for 60 h at 210 °C in Parr bombs. After dissolution, samples 
were dried down and re-dissolved in 6N HCl at 180 °C over-
night in Parr bombs. Samples were again dried down and re-
dissolved in 3N HCl for anion exchange chemistry. Uranium 
and lead were separated from major and other trace elements 
using an HCl-based single-column anion-exchange chemistry 
modified from Krogh (1973) and U–Pb fractions were dried 
down with a drop of 0.02M  H3PO4. Dried U–Pb fractions were 
loaded onto outgassed single Re-filaments with 1 µl of Si-
Gel activator (Gerstenberger and Haase 1997). All analyses 
were performed at ETH Zürich employing a Thermo Scientific 
TRITON Plus thermal ionization mass spectrometer. Pb was 
analyzed using a dynamic peak-hopping routine on the axial 

20
0
μm

εHf =
-3.9±2.8

εHf =
-4.1±3.9

δ18O =
0.94±0.18‰

δ18O =
2.36±0.22‰

δ18O =
0.01±0.17‰

Age =
8.9±0.2 Ma

Age =
9.3±0.3 Ma

Fig. 3  Cathodoluminescence image of a complexly zoned zircon 
grain (#44, see supplementary material) from the Shoshone Rhyo-
lite from the Kimberly borehole. Dashed circles show spot sizes of 
various analyses, including SIMS for δ18O (~ 15 μm), U–Pb dates by 
LA-MC-ICP-MS (~ 15 μm, though they appear to have been slightly 
larger than SIMS spots on average), and 50  μm spot diameters for 
LA-MC-ICP-MS measurements of εHf values. This grain was not 
dated by CA-ID-TIMS
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secondary electron multiplier and U was measured as  UO2 
using a static Faraday collection routine employing  1013 ohm 
resistors. Details concerning mass spectrometry and associated 
corrections are given in von Quadt et al. (2016) and Wotzlaw 
et al. (2017). U–Pb dates were calculated relative to the pub-
lished calibration of the ET2535 tracer solution (Condon et al. 
2015) and using the U-decay constants of Jaffey et al. (1971). 
206Pb/238U dates were corrected for initial 230Th-238U disequi-
librium using a constant Th–U partition coefficient ratio of 
0.2 (see Wotzlaw et al. 2014 for details). We achieved average 
2σ uncertainties of ~ 0.025 Ma with analytical uncertainties 
largely correlating with Pb*/Pbc (i.e., the ratio of radiogenic 
lead over common lead) and thus with uranium concentration. 
These uncertainties do not include systematic uncertainties 
associated with the tracer calibration and decay constants.

Results

Zircon ages

We obtained maximum estimates for eruption ages by taking 
the weighted mean of the largest population of statistically 

equivalent zircon rim LA-MC-ICP-MS ages from each sam-
ple (Fig. 5). All individual spot ages that differ by more 
than 95% confidence from the average age were excluded 
from the weighted averages, to remove the influence of 
antecrysts or zircon affected by Pb loss (Fig. 5, supplemen-
tary material). We only consider rim ages as many zircon 
cores are measurably older than the associated rim ages 
(Fig. 5, supplementary material), and thus cannot possibly 
reflect eruption ages. At Bruneau–Jarbidge, we propose an 
eruption age of 14.61 ± 0.15 Ma for the newly identified 
tuff of Bruneau Canyon, and ages of 11.96 ± 0.09 Ma for 
CPT V, 11.82 ± 0.10 Ma for CPT VII, and 10.68 ± 0.08 (all 
reported uncertainties are 2σ) for CPT XIII. The latter three 
are all indistinguishable from the 40Ar/39Ar ages previously 
reported by Bonnichsen et al. (2008, see above). At Twin 
Falls, we find zircon rim U–Pb ages of 7.96 ± 0.12 Ma for the 
Castleford Crossing Member, 7.70 ± 0.10 Ma for the Kim-
berly Member, and 6.06 ± 0.08 Ma for the Shoshone Rhyo-
lite. All of these ages agree with the less precise 40Ar/39Ar 
ages given by Knott et al. (2016, see above), and we are able 
to distinguish the ages of the Kimberly and Castleford Mem-
bers unlike in that study. This broad agreement with previous 
40Ar/39Ar eruption ages suggests that our weighted average 

Bruneau-Jarbidge Twin Falls

zircon cores
zircon rims

equilibrium zircon inferred from major phenocrysts

δ1
8 O

(‰
SM

O
W
)

ε H
f

εHf

Fig. 4  Diversity in both hafnium and oxygen isotopes in zircon from 
all studied rhyolites. Core-rim pairs are connected by lines, solid 
where the two values do not overlap within their 2σ uncertainties, and 
are therefore resolvably different, and dashed otherwise. When more 
than one rim analysis was performed, the analyses farthest from the 
rim are plotted to the right. Zircon equilibrium compositions com-
puted from major phenocrysts were inferred by subtracting 1.8‰ 

from quartz δ18O values, 0‰ from pyroxene, or 1.0‰ from plagio-
clase (using fractionations from Loewen and Bindeman 2016), with 
the former minerals preferred when available. Note the much less 
diverse rims in CPT V which we interpret to be the result of batch 
mixing and overgrowth of rims in a well-mixed pre-eruptive magma 
chamber
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zircon rim U–Pb ages accurately reflect the time of eruption 
of the magmas, giving us confidence that our age for the tuff 
of Bruneau Canyon, for which there is no 40Ar/39Ar age, also 
reflects the time of eruption of that unit.

With the 14.61 Ma tuff of Bruneau Canyon, we find clear 
evidence for volcanism significantly predating the 12.7 Ma 
40Ar/39Ar age given by Bonnichsen et al. (2008) for the onset 
of volcanism at the Bruneau–Jarbidge center (with CPT III), 
again assuming that at least some zircon ages from each unit 
reflect eruption ages. This corroborates earlier results by 
Colón et al. (2015b), who dated three rhyolitic units exposed 
near Sheep Creek, some 20 km farther west of the Bruneau 
Canyon (the J-P Desert locality of Fig. 1), with ages rang-
ing from 15.3 ± 0.4 Ma to 14.6 ± 0.4 Ma. The presence of a 
deposit of similar age in the Bruneau River Canyon to the 
east in the form of the tuff of Bruneau Canyon extends the 
mapped extent of units of this age, and corroborates that 
rhyolitic volcanism in the central Snake River Plain started 
shortly after the main phase of the Columbia River Basalts 
(Colón et al. 2015b; Coble and Mahood 2012), and contin-
ued for more than 9 Myr until the eruption of the Shoshone 
Rhyolite.

While the ages of our zircon rims are generally in good 
agreement with each other (Fig. 5), the populations of zircon 
core ages are not homogeneous in the cases of the three Kim-
berly borehole units, CPT VII, and the Tuff of Bruneau Can-
yon (Figs. 5, 6). Our high-precision TIMS dates of zircon 

from the Kimberly borehole (Figs. 5, 7, 8) define the age 
diversity of individual zircon grains within each unit more 
clearly than the lower-precision laser ablation dates (Fig. 5). 
We cross-checked the CA-ID-TIMS and LA-MC-ICP-MS 
dates for the zircon grains which were dated via both meth-
ods (Fig. 7). In nearly all cases, the CA-ID-TIMS and LA-
MC-ICP-MS are equivalent within 2σ uncertainty. There are 
two zircon grains where this is not the case; one Castleford 
Crossing Member grain has a rim which is much younger 
than the core of the bulk grain (the only grain known to 
have significantly different core and rim ages which was 
dated by total dissolution), and one Kimberly Member grain 
has a CA-ID-TIMS age which is much older than either the 
core or rim age measured by LA-MC-ICP-MS. Despite these 
small inconsistencies, however, the general match achieved 
gives us confidence that the age distributions identified by 
the two methods are consistent. We also measured a few 
grains via CA-ID-TIMS for which we have δ18O values but 
no laser ablation analyses (supplementary material). The 
single crystal ID-TIMS dates of isotopically diverse zircon 
resolve a prolonged history of magma production and recy-
cling of older zircon. They span a range of 2.5 Myr for the 
Shoshone Rhyolite, 1.1 Myr for the Kimberly Member, and 
0.6 Myr for the Castleford Crossing ignimbrite. These ranges 
far exceed the average 2σ analytical uncertainty which was 
~ 0.025 Myr. They are also somewhat smaller than the age 
ranges obtained from LA-MC-ICP-MS analyses. This is 

Fig. 5  Collection of all age data from this study. CA-ID-TIMS ages 
are all from the Twin Falls Kimberly borehole units (Fig.  2), and 
have much less uncertainty than the laser ablation ages (smaller verti-
cal bars). Note that laser ablation-measured zircon rim ages are both 

younger and more homogeneous than the core ages. Horizontal red 
lines show the inferred eruption ages based on the rims, and cover 
the vertical error bars of the ages of the zircon used to compute those 
ages. All vertical age error bars are 2σ
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Fig. 6  Probability density curves for the zircon LA-MC-ICP-MS ages 
given in Fig.  5. The CA-ID-TIMS dates are not considered here, as 
they deliberately targeted non-representative zircon to character-
ize the full range of zircon ages, and would produce artificially wide 
peaks. Both core and rim ages contributed to these curves, but the 
eruption age estimates are calculated only from rims, as in Fig.  5. 

Curves were computed using ISOPLOT (Ludwig 2003). We also plot 
40Ar/39Ar ages (as red dashed lines) from previous studies for four 
additional units, the Dry Gulch, Indian Springs, and McMullen Creek 
Members of the Cassia Formation at Twin Falls (Knott et al. 2016), 
and CPT III of Bruneau–Jarbidge (Bonnichsen et al. 2008)

Fig. 7  Comparison of the two methods of dating zircon used in this 
study. Analyses made by laser ablation of rims are open circles, cores 
are closed. The red line is the 1:1 line; most of the ages fall on or near 
this line. All error bars are 2σ. This plot does not include five zir-
con grains that were dated via CA-ID-TIMS (all plotted in Fig. 8) that 
were not also analyzed by laser ablation

Fig. 8  Plot of all CA-ID-TIMS dates against the corresponding oxy-
gen isotope measurements of the same zircon. Open circles represent 
cores and closed circles represent rims, which for a single zircon 
have matching whole-grain TIMS ages. Note the large range of ages, 
particularly in the Shoshone Rhyolite, and the large range of oxygen 
isotope compositions in magmas which were crystallizing zircon 
simultaneously in the crust, particularly in the rhyolite of the Kim-
berly Member at about 8 Ma, providing further evidence for the batch 
assembly process. Diamonds represent eruption ages (our estimates, 
Figs. 5, 6) paired with estimated equilibrium zircon values (horizon-
tal lines in Fig. 4). All error bars are 2σ
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likely the result of the smaller number of zircon grains used 
for TIMS dates (Fig. 5), unintentional blending of core and 
rim ages, and the fact that we specifically avoided grains 
with different core and rim ages, and thus all of the zircon 
grains are identified to have old cores.

Oxygen and hafnium isotopes

Every one of the rhyolitic units analyzed in this study 
was depleted in δ18O relative to normal melt values of 
~ + 6.2 ± 0.3‰ (VSMOW) expected for a rhyolite derived 
from fractionation of mantle-derived basalts (e.g. Bindeman 
2008). Calculated magmatic δ18O values inferred from the 
compositions of major phenocrysts for the tuff of Bruneau 
Canyon, CPT V, CPT VII, and CPT XIII are + 3.5, + 3.8, 
+ 0.2, and + 3.2‰, respectively (all uncertainties ± 0.2‰, 
these analyses were also reported in Bindeman and Simakin 
2014, where the newly defined here tuff of Bruneau Canyon 
is labeled as CPT III, see sample 2005-ID-14). Amongst the 
Twin Falls units, we find magmatic δ18O values based on 

major phenocrysts of + 2.3‰ for the Castleford Crossing 
Member, + 2.2‰ for the Kimberly Member, and − 0.6‰ for 
the Shoshone Rhyolite. Notably, the latter is one of the lowest 
δ18O values obtained from major phenocrysts measured in any 
unit along the entire Snake River Plain–Yellowstone system. 
All seven units studied have significantly diverse oxygen iso-
tope compositions in zircon. In all but the Shoshone Rhyolite, 
there is a greater range in δ18O values in zircon cores than in 
zircon rims (Fig. 4), and the more homogeneous rim com-
positions tend to cluster around the bulk melt compositions 
inferred from the major phenocrysts, though in CPT VII and 
the tuff of Lower Bruneau Canyon this difference is admit-
tedly small.

Similar complexity can be seen in the Hf isotope composi-
tions of the zircon, though it is less resolvable than the diver-
sity in the oxygen isotopes due to higher analytical error. We 
note several comparable trends, however, there are no samples 
with zircon rims that are more diverse than the corresponding 
cores, and we see significant reductions in diversity between 
cores and rims overall in the three studied Twin Falls units. 
This contrast is most pronounced in the Castleford Crossing 
Member, which has cores as low as εHf -24 but no rims with 
εHf less than − 6, and an upper limit of approximately εHf = 0 
in both cores and rims (Fig. 4).

Xenocrystic zircon

We identified only three xenocrystic (pre-Miocene) zircon 
cores in our entire dataset using laser ablation, all of which 
had young rims which closely matched the eruption ages of 
their respective host units (Fig. 4). In CPT VII, we found a 
single zircon core with an age of 86 ± 1.4 Ma, a δ18O value 
of + 7.1 ± 0.18‰, and an εHf value of − 9.7 ± 1.4, which we 
interpret based on its age and Hf isotopic composition as being 
derived from the Idaho Batholith (Gaschnig et al. 2010). The 
other two xenocrysts are Precambrian in age. One, which was 
also found in CPT VII, has an age of 1672 ± 24 Ma, a δ18O 
value of + 4.14 ± 0.19‰, and an εHf value of − 64 ± 1.7. The 
second Precambrian age comes from the Castleford Cross-
ing Member, and has an age of 631 ± 21 Ma, a δ18O value of 
+ 4.37 ± 0.26‰, and an εHf value of -18 ± 2.3. These cores 
all contrast significantly from their young rims in cathodolu-
minescence images, with the two Precambrian grains being 
exceptionally dark, with the Cretaceous core showing very fine 
oscillatory zoning which is absent in all the younger grains and 
is typical of intrusive zircon (e.g. Corfu et al. 2003).

Fig. 9  Oxygen and hafnium isotopes in zircon from rhyolites 
throughout the Snake River Plain. Data sources for areas other than 
those covered in this study are Drew et al. (2013, Picabo), Colón et al. 
(2015b, Jarbidge and J-P Desert), Stelten et al. (2013), and Wotzlaw 
et  al. (2015, both Yellowstone). The extent of the Mesozoic/Ceno-
zoic Hf isotope range is inferred from Gaschnig et al. (2010), and the 
size of the Snake River Plain basalt field is from Stelten et al. (2017). 
We plot the J-P Desert zircon separately from the Bruneau–Jarbidge 
data from this study for the sake of clarity, though we interpret them 
as are part of the same system. Note the lack of zircon with low εHf 
and δ18O values, indicating a lack of mixing between those magma 
types, and suggesting that they did not form simultaneously, and that 
Precambrian rocks were not hydrothermally altered to a significant 
degree. We interpret the low-δ18O end-member to be the result of 
syn-magmatic hydrothermal alteration of the young, unradiogenic, 
porous and hydrologically permeable gabbros and upper crust by a 
variety of mechanisms, in line with previous studies (e.g., Boroughs 
et al. 2012; Drew et al. 2013; Bindeman and Simakin 2014; Wotzlaw 
et al. 2015; Colón et al. 2015b). All error bars are 2σ
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Discussion

Recycling and inheritance of zircon grains

We find significant diversity in both LA-MC-ICP-MS and 
CA-ID-TIMS ages in the zircon from the three Kimberly 
borehole units, and, at Bruneau–Jarbidge, in the laser abla-
tion ages from CPT VII and the tuff of Bruneau Canyon 
(Figs. 5, 6, 7, 8). Zircon grains which occur in the 6.06 Ma 
Shoshone Rhyolite range in age from the time of eruption 
to 9 Ma, a greater time span than the entire history of vol-
canism at the Yellowstone Plateau (Christiansen 2001). 
We additionally find that many zircon grains have rim LA-
MC-ICP-MS spot ages that are measurably younger than 
the cores of those same crystals (Figs. 5, 7).

We identify three potential sources for this zircon age 
diversity. The first is that these zircon grains are merely 
incorporated into the volcanic deposit during the eruptive 
process, either from the sides of the conduits feeding the 
eruption or from the ground during the emplacement of 
pyroclastic flows. While we cannot rule this out for all 
zircon, we consider this explanation to be unlikely as the 
deposits we sampled lack significant visible xenoliths, and 
because several of the older zircon cores that we analyzed 
have rims that more closely mirror the eruption ages of the 
units that contain them (Fig. 5). This means that the zircon 
grains with older cores must have spent enough time in a 
younger magma to grow substantial rims, ruling out the 
possibility that they may have been derived from destroyed 
lithic fragments during an eruption.

The second possibility is that the older zircon grains 
were derived from previously erupted material which was 
deeply buried and partially remelted without destroying all 
the original zircon cores. The ≥ 1.5 km thickness of the 
7.96-Ma castleford crossing member in the Kimberly bore-
hole (Fig. 2), coupled with the existence of many older 
ignimbrite units that may be associated with the Twin Falls 
volcanic center (Knott et al. 2016), suggests that the cumu-
lative depth of burial of the deepest intracaldera deposits 
of the earliest eruptions may be as much as 5 km. This 
puts these oldest ignimbrites and their constituent zircon 
well inside estimated depth range of the magma bodies 
which fuel the large ignimbrite eruptions throughout the 
Yellowstone hotspot track (e.g. Almeev et al. 2012; Bolte 
et al. 2015; Huang et al. 2015). This implies that the prod-
ucts of early caldera-forming eruptions at each volcanic 
center are recycled by processes of repeated caldera col-
lapse, burial, melting, and re-eruption, perhaps even more 
than once in the case of the oldest eruptive deposits. The 
faulting associated with caldera collapse may also bring 
not just volcanic rocks, but also buried older intrusions 
into contact with hot intrusions that can melt them. This 

process has been implicated in the production of the low-
δ18O rhyolites which are ubiquitous throughout the Snake 
River Plain–Yellowstone system (Bindeman and Valley 
2001; Bindeman and Simakin 2014; Colón et al. 2015b; 
Drew et al. 2013; Watts et al. 2011), as was discussed 
above.

The third possible source for the zircon age diversity 
is inheritance from older intrusions of the same volcanic 
center. Such grains would be antecrysts and are distinct from 
the much older and rarer xenocrysts discussed above. Given 
the long times between some of the zircon crystallization 
ages and their eruption ages, these source intrusions were 
probably mostly if not completely solidified prior to their 
remelting and incorporation into a younger magma chamber. 
This process is also the only possible source of antecrystic 
zircon found in the oldest ignimbrites at each locality, which 
formed before any deeply buried young volcanic rocks even 
existed (Fig. 10). All of these processes would tend to make 
the crystal cargo of each successive eruption more isotopi-
cally diverse, but it is also important to note that large scale 
melting and mixing of the magmatic system could destroy 
and effectively “reset” much of this variation, and we do not 
see any trend towards greater age diversity in later eruptions, 
with the sole possible exception of the Shoshone Rhyolite at 
Twin Falls (Figs. 5, 6).

Determining whether an individual zircon with a crys-
tallization age that is resolvably older than an eruption age 
was inherited from an older intrusion or from buried vol-
canic rocks can be difficult. That said, we note a tantalizing 
correlation between the ages of antecrystic zircon grains 
at both Bruneau–Jarbidge and Twin Falls and the ages of 
prior eruptions. In Fig. 6, we plot four additional 40Ar/39Ar 
ages for eruptions not sampled in this study, the Dry Gulch, 
McMullan Creek, and Indian Springs Members of the Cas-
sia Formation from Twin Falls, dated at 8.63 ± 0.50 Ma, 
9.0 ± 0.3 Ma, and 9.0 ± 0.2 Ma, respectively (Knott et al. 
2016), and CPT III from Bruneau–Jarbidge, dated via 
40Ar/39Ar at 12.64 ± 0.08 by Bonnichsen et al. (2008). We 
see in Fig. 6 that the Shoshone Rhyolite has a notable ante-
crystic age peak that correlates with the 9.0 Ma age of the 
Indian Springs and McMullen Creek eruptions, and that the 
Castleford Crossing and Kimberly Members have zircon that 
also appear to match both the Dry Gulch and Indian Springs/
McMullen Creek eruption ages. These peaks are represented 
by at least three core ages for each unit for each peak. Simi-
larly, at Bruneau–Jarbidge we can see that CPT XIII has a 
secondary age peak (which is only one grain) which matches 
the ages of CPT XII and CPT V perfectly, and that CPT VII, 
in turn, has a secondary peak (corresponding to three grains) 
that matches the eruption age of CPT III.

Together, these observations build a compelling case 
that most zircon growth in the subvolcanic magma cham-
bers occurs near the times of the eruptions, suggesting that 
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magma production in the Snake River Plain is a punctuated 
rather than continuous process, and that eruptions are asso-
ciated with these periods of increased magma production. 
To come to this conclusion, we assume that times of greater 
magma production are almost always recorded by popula-
tions of zircon ages, because the heating pulses associated 
with new intrusions and the growth of melt bodies should 
be associated with growth of zircon (either new crystals 
or adding to existing rims) during the subsequent cooling 

(Bindeman and Melnik 2016). Not all zircon ages match 
known eruption ages, however, and our very precise CA-
ID-TIMS ages that we obtain for the Twin Falls units show 
that there are many zircon ages which are clearly older than 
their host eruptions but younger than the previous iden-
tified eruption (Figs. 5, 8), particularly in the case of the 
Shoshone Rhyolite. It is of course possible that these ages 
match those of small lava flows that are entirely concealed 
by younger deposits, but we argue that it is at least as likely 
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Fig. 10  a Hafnium isotopes vs. time after the oldest eruption at each 
major volcanic center along the Yellowstone-Snake River Plain hot-
spot track, using the same data sources as in Fig.  9. The Yellow-
stone, Bruneau–Jarbidge (which includes the J-P Desert), and Picabo 
centers all have their most unradiogenic (low-εHf) zircon at the very 
beginning the cycle of activity, the only time in each magmatic cycle 
when the Precambrian crustal end-member is clearly discernable. We 
see few low-εHf zircon crystals at Twin Falls; we speculate that this is 
because we did not study the earliest units from that center. We only 
include zircon analyses with age uncertainties less than 2 Myr (2σ). 
b Plot showing the probability that a zircon analysis at each studied 
eruptive center would give a low- εHf (<  −  15) value as a function 

of its age, as in part (a). Note that in all cases this probability gen-
erally decreases with time. The Yellowstone curve is fragmented 
because the precise young age data (Wotzlaw et  al. 2015) has gaps 
between eruptions. c Plot showing the oxygen isotopic compositions 
of zircon vs. time for the same set of zircon as in (a). d Plot showing 
the gradual increase in the likelihood of a zircon analysis being low-
δ18O (< + 4.0‰) with time at each center. Here and in part (c) the 
combined curve is derived from averaging the other curves with equal 
weights. We note similar trends are documented in the one center not 
included here, the Heise center (Fig. 1; Drew et al. 2013; Nash et al. 
2006; Szymanowski et al. 2016; Watts et al. 2011). All error bars in 
both panels are 2σ
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that at least some of them represent periods of intrusion 
which were not linked to any eruption. However, the fact 
that the overwhelming majority of zircon core and rim ages 
overlap with the ages of already identified eruptions suggests 
that most of these pulses of melt production were associ-
ated with eruptions. This assumes, of course, that intrusions 
of rhyolitic magma that never erupt are at least partially 
remolten and their zircon sampled by later intrusions that 
do produce eruptions. If there is a large body of rhyolitic 
intrusions at a totally different depth in the crust than the 
magma bodies that fuel eruptions, we would not expect to 
infer their compositions in this study. In summary, we expect 
that antecrystic zircon grains are almost certainly sometimes 
the result of the digestion of older intrusions which are fre-
quently correlated with the ages of older eruptions, and per-
haps sometimes inherited from the buried products of those 
older eruptions themselves.

The significant age diversity that we observe in several 
of these erupted units, including in the precise CA-ID-TIMS 
ages (Figs. 5, 7, 8), stands in contrast to the homogenous 
ages found in several previous high-precision CA-ID-TIMS 
studies of zircon from Yellowstone hotspot super-eruptions 
(Rivera et al. 2016; Szymanowski et al. 2016; Wotzlaw 
et al. 2014, 2015), where nearly all measured zircon ages 
from a given eruption are within 0.25 Myr of each other. 
We tentatively speculate that this is a result of two key dif-
ferences between rhyolitic volcanism in the central Snake 
River Plain, and at Heise and Yellowstone. First, repose 
intervals between large ignimbrite eruptions in the central 
Snake River Plain (Bonnichsen et al. 2008; Knott et al. 2016; 
this study), at ~ 0.25 Myr, were much shorter than those at 
Heise and Yellowstone, where they have been 0.5–2.0 Myr 
(Christiansen 2001; Morgan and McIntosh 2005). Second, 
at any point in the 11−6 Ma time period, multiple caldera 
centers were simultaneously active (Bonnichsen et al. 2008), 
while in contrast activity at the Heise and Yellowstone sys-
tems since has been much more geographically focused. This 
suggests that the production of rhyolitic magma bodies in the 
central Snake River Plain was not only more frequent (e.g. 
Ellis et al. 2012, 2013) than in more recent times but was 
also more structurally complex and less centralized, possibly 
allowing populations of older zircon to survive more readily 
on the fringes of any new melt body.

Isotopic heterogeneity in zircon and batch assembly 
of pre‑eruptive magma chambers

This greater geometric and temporal complexity in the cen-
tral Snake River Plain is recorded not only by zircon ages 
but also by their O and Hf isotopic compositions. The range 
in zircon δ18O values that we find in these rhyolitic units 
is among the greatest ever observed in any igneous rocks 
(Fig. 4) with ranges of up to 6.2‰ within a single unit (CPT 

VII), only rivaled by the Kilgore tuff of the Heise center 
(Wotzlaw et al. 2014). We see slightly less dramatic but still 
notable variability in the Hf isotopic composition of the 
grains, with most zircon grains having εHf values scattered 
between 0 and − 10. Previous studies have found similar O 
and Hf isotope diversity at every major center of the Snake 
River Plain, and interpreted it as having formed through the 
assembly of “batches” of isotopically distinct melt bodies 
which existed for varying amounts of time prior to eruption 
(Bindeman and Simakin 2014; Colón et al. 2015a, b; Drew 
et al. 2013; Ellis and Wolff 2012; Szymanowski et al. 2016; 
Watts et al. 2011; Wotzlaw et al. 2014, 2015). We add the 
caveat that while the zircon crystals eventually reside within 
the same magma, some may be derived from solidified wall 
rocks rather than adjacent melt bodies to the parent magma, 
particularly in the case of zircon that are much older than the 
associated eruption ages. We see this in the plot of δ18O vs. 
CA-ID-TIMS ages for the Shoshone Rhyolite zircon grains 
(Fig. 8), where the zircon closest to our inferred eruption 
age has a δ18O value that overlaps with that estimated for the 
melt from major phenocrysts while older phenocrysts have 
very different δ18O values. However, there are several cases 
where zircon have different isotopic compositions but have 
identical CA-ID-TIMS (or laser ablation) ages (Fig. 8), sug-
gesting that at least some zircon diversity is derived from the 
mixing of coeval melt bodies, rather than the partial melting 
of separate previously solid intrusions.

We find additional evidence for the batch assembly of 
diverse melts in the core-rim relationships of zircon. In CPT 
V, we observe a large population of zircon rims and cores of 
indistinguishable age (Fig. 5), but the rims are significantly 
less diverse with respect to both Hf and O isotopes (Fig. 4), 
and we observe that the rim δ18O values converge on the 
δ18O value inferred for the melt from major phenocrysts, 
which are assumed to equilibrate with their host melts faster 
than zircon (Bindeman and Simakin 2014; Wotzlaw et al. 
2014). Using the batch assembly model, we interpret these 
cores as recording the compositions of the early magma 
batches and the rims as recording the final eruptive melt 
composition, also reflected by major phenocryst oxygen 
isotopic composition. We also note that the time required to 
grow these zircon rims is likely much smaller than the age 
resolution of any of our dating methods, and was suggested 
to be on the order of  102–103 years by the modeling work of 
Bindeman and Melnik (2016). This convergence towards a 
common rim isotopic composition, seen most dramatically 
in CPT V and to a lesser extent in CPT XIII and in the 
Castleford Crossing Member, is in strong contrast with the 
equally diverse rims and cores observed in CPT VII and in 
the Shoshone Rhyolite, even amongst rims with indistin-
guishable ages. This suggests that either the zircon in these 
units mixed so rapidly in the final magma body that they 
did not have time to grow rims, or simply that there was not 
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a post-mixing cooling (or intrusion of Zr-rich magma) that 
oversaturated the magma in Zr and produced new zircon 
rims prior to eruption. In any case, we can constrain the 
speed of the batch assembly and eruption to be less than the 
typical 0.25 Myr uncertainty on our laser ablation ages, and 
we suspect that it may in fact occur much more quickly than 
that, in line with previous results for other centers along the 
hotspot track that have constrained it to occur in no more 
than 50 kyr (Wotzlaw et al. 2014, 2015). Such assembly of 
disparate melt bodies has been suggested by previous work-
ers (Colón et al. 2015b; Wotzlaw et al. 2014, 2015) to pos-
sibly even be the trigger for the eventual volcanic eruption, 
as linking adjacent magma bodies may significantly alter 
the stress field of the surrounding crust, or allow volatiles 
to come out of solution and overpressurize the system. In 
the context of our study of the central Snake River Plain, 
this suggests that the pulses of rhyolitic magma produc-
tion identified by zircon age peaks (Fig. 6) initially produce 
many isotopically distinct separate magma bodies, which 
then merge and erupt. In contrast, we find no evidence that 
magma bodies grow as a single isotopically homogeneous 
reservoir, and propose that the only way to produce large 
“supervolcanic” magma bodies in this kind of intraplate 
environment is through the progressive merging and mix-
ing of smaller adjacent magma bodies.

Crustal sources of rhyolitic magmas

We compared the O and Hf isotope compositions that we 
observed in zircon from the Bruneau–Jarbidge and Twin 
Falls centers with data from four previous studies of other 
parts of the post-15 Ma hotspot track (Fig. 9, Colón et al. 
2015b; Drew et al. 2013; Stelten et al. 2013; Wotzlaw et al. 
2015). We find that the central Snake River Plain zircon 
analyses all fall along the compositional trend between the 
mantle end-member defined by the compositions of Snake 
River Plain and Yellowstone basalts, and the high-εHf and 
low-δ18O end-member discussed earlier, with CPT VII 
extending the lower bound in measurements of δ18O from 
the hotspot track (Fig. 9, lowest gray points, supplementary 
material). While Colón et al. (2015b) found low-εHf and 
normal-δ18O zircon in precursor units to the Bruneau–Jar-
bidge center in the J-P Desert (orange points), we do not find 
any very low-εHf zircon or, more importantly, any normal-
δ18O zircon in any of our Bruneau–Jarbidge or Twin Falls 
samples, confirming the exclusively low-δ18O nature of the 
central Snake River Plain (Fig. 9).

This observation would seem to support the model of 
Boroughs et al. (2012), which asserts that the emplacement 
of the Idaho Batholith and later the Challis intrusions and 
volcanic rocks drove a regional-scale hydrothermal system 
which imparted low δ18O values throughout the crust in the 
region of the central Snake River Plain, making any rhyolites 

generated by crustal melting in the central Snake River 
Plain also low-δ18O in character. The involvement of Idaho 
Batholith-age protolith in the production of Bruneau–Jar-
bidge rhyolites is further suggested by the presence of an 
86 Ma xenocryst in our CPT VII sample. This xenocryst 
has a normal δ18O value, but we would not expect zircon 
to be affected by later hydrothermal alteration events. Its 
εHf value, -9.7, is a match with the more radiogenic end of 
the Hf isotope composition of the low-δ18O end-member, 
suggesting that it could be a source rock for many of the 
low-δ18O rhyolites.

However, the fact that voluminous low-δ18O rhyolites are 
found at every center along the hotspot track from eastern 
Oregon to Yellowstone strongly suggests that there is a pro-
cess not dependent on any local geology that is responsible 
for a large portion of the low-δ18O signature. High-εHf and 
low-δ18O zircon, particularly common at Bruneau–Jarbidge 
and Twin Falls (Fig. 9), are a better match in terms of Hf iso-
topes with Snake River Plain basalts, which have a minimum 
εHf value of -8 (itself suggesting crustal contamination), than 
they are with the Idaho Batholith or the Challis, which have 
εHf values which are generally less than − 10 (Colón et al. 
2015b; Gaschnig et al. 2010). This suggests that basaltic or 
rhyolitic intrusions or buried volcanic rocks of central Snake 
River Plain age were also being hydrothermally altered and 
melted along with older low-δ18O material. This would 
tend to support the explanations for low-δ18O rhyolites that 
depend on altered and buried intracaldera material (e.g. 
Bindeman and Valley; Watts et al. 2011; Drew et al. 2013) 
or on syn-volcanic alteration along local fault lines (Blum 
et al. 2016; Colón et al. 2015a, b; Drew et al. 2013).

Determining the relative amounts of hydrothermally 
altered and melted basalt/gabbro and Idaho Batholith/Chal-
lis-like upper crust is very difficult, as they are so isotopi-
cally similar with respect to their εHf values both before and 
after alteration, and because variations in xenocryst com-
positions (Fig. 9) show that any simple mixing calculation 
using fixed end-members will likely be faulty. However, 
petrologic mass balances put upper limits on the volume of 
rhyolite that could have been derived from young basalts via 
fractionation and partial melting. If we assume that some-
thing on the order of 15 km of crustal thickening occurred 
in the Snake River Plain from basaltic intrusions (e.g. Peng 
and Humphreys 1998; McCurry and Rodgers 2008), and that 
it requires 90% fractionation (or 10% partial melting) of this 
material to produce rhyolite, then we arrive at a cumula-
tive rhyolite thickness of 1.5 km in the Snake River Plain. 
The fact that the combined thickness of rhyolitic units in 
the Kimberly borehole meets or exceeds this value (Fig. 2), 
despite being an incomplete record of volcanism in the area, 
suggests that the cumulative thickness of erupted rhyolites is 
likely greater than 1.5 km, more than can be produced from 
basalts. This means that a significant portion of the low-δ18O 
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rhyolites in the central Snake River Plain can potentially 
be derived from partial melts of Mesozoic–Cenozoic upper 
crust that predates the Yellowstone hotspot. We again note, 
however, that caldera burial is not the only potential mecha-
nism of hydrothermal alteration coeval with Yellowstone 
hotspot magmatism, and that the faulting and thermal condi-
tions necessary to hydrothermally alter the crust existed in 
the central Snake River Plain since the time of the Columbia 
River Basalts (Blum et al. 2016; Colón et al. 2015b).

Time dependence of crustal reservoir contributions 
to erupted magmas

We observe that there is a distinct lack of zircon with simul-
taneously low-δ18O and very low-εHf compositions (Fig. 9). 
Wotzlaw et al. (2015) observed this pattern at Yellowstone, 
and interpreted it as the result of two-stage melting where 
the production of low-εHf melts in the lower crust is fol-
lowed by melting of shallow low-δ18O crust in a separate 
system. We can now extend this observation to the entire 
hotspot track, which implies that it reflects a fundamental 
property of the melt generation processes along the hotspot 
track, and possibly in rhyolites that form in old continental 
crust in general. This lack of isotopically ancient low-δ18O 
rocks is also observed at the Skaergaard intrusion in Green-
land, where the fractured and permeable Tertiary gabbros 
are altered to low-δ18O values but there is comparatively 
little oxygen isotopic alteration in the impermeable host Pre-
cambrian gneisses (Taylor and Forester 1979). Throughout 
the hotspot track, we argue that the lack of simultaneously 
low-δ18O and low-εHf rhyolites is likely a result of a combi-
nation of a two-step process, as proposed by Wotzlaw et al. 
(2015), and the impermeability-driven lack of alteration of 
Archean metamorphic rocks. Such rocks rarely outcrop on 
the surface in the region of the hotspot track (Drew et al. 
2013) and, therefore, may not only be hard to alter but are 
also confined to depths below those typical of hydrothermal 
systems. Additionally, the low-δ18O and low-εHf magma 
end-members never appreciably mixed, as is recorded by 
the lack of hybrid-composition zircon, lending weight to the 
fact that the production of these magma types took place at 
different times.

In Fig. 10, we plot the εHf and δ18O values of all the zir-
con from the studies compiled in Fig. 9 against the differ-
ence between their age and the time of the earliest eruption 
at their respective source centers. When this difference is 
negative, it means that the zircon is older than the oldest 
identified eruption in the system, and reflects the growth of 
pre-volcanic magma chambers. We note that very low-εHf 
grains only occur in significant numbers near and before 
the age of the oldest eruption, and quite rare after the first 
eruption at each volcanic center, especially if we exclude the 
off-axis Jarbidge rhyolite (distinct from Bruneau–Jarbidge, 

see Fig. 1), whose relationship to the main Snake River 
Plain sequence is debated (Brueseke et al. 2014; Colón et al. 
2015b; Nash et al. 2006). We are not yet able to test for this 
trend in the Twin Falls zircon because the oldest zircon from 
that center has yet to be measured for Hf isotopes. While the 
precise composition of the Precambrian crustal end-member 
is unconstrained, we can use changes in the hafnium isotopic 
composition of each center’s zircon population with time as 
a crude proxy for the amount of old crust which was melting 
to produce the erupted rhyolites at that time. This leads us 
to conclude that the melting of Precambrian crust is impor-
tant for the initial stages of volcanism at each area (e.g. the 
Arbon Valley Tuff at Picabo; Drew et al. 2013, 2016) and 
diminishes over time as the zircon in later rhyolites become 
less like the Precambrian crustal end-member. At the one 
center not included in Fig. 10, Heise, a similar gradual 
increase in εNd values with time has been documented by 
Nash et al. (2006). Late-stage rhyolites must still have a very 
large component of crustal melting, as they do not resem-
ble the mantle end-member in their δ18O values. Therefore, 
the crust which melts to produce the late-stage rhyolites 
of the Snake River Plain/Yellowstone volcanic systems is 
likely some combination of hydrothermally altered shallow 
crust and volcanic rocks and juvenile basaltic and rhyolitic 
intrusions, whereas the Precambrian crustal end-member 
becomes increasingly diluted as the system evolves (Fig. 10).

We also note that there is a common trend of evolution 
towards lower δ18O values in the zircon from each center 
over time, most dramatically in those from Yellowstone 
(Stelten et al. 2013; Wotzlaw et al. 2015). This trend is vis-
ible to a lesser degree in the Bruneau–Jarbidge zircon if we 
include the J-P Desert units in the Bruneau–Jarbidge center, 
as is suggested by Colón et al. (2015b). This suggests that 
at least some of the processes that produced low-δ18O crust 
that melted to become new rhyolites continued while the 
system was active, providing additional evidence that some 
combination of caldera burial-driven recycling and altera-
tion along normal faults continued coeval with volcanism in 
the central Snake River Plain and that low-δ18O values there 
are not solely the result of pre-existing alteration (Boroughs 
et al. 2012).

In Fig. 11, we illustrate how early intrusions of basalt 
from the mantle at each center could melt significant quan-
tities of older crust. By contrast, later intrusions encounter 
an environment filled with these early basaltic intrusions or 
with rhyolitic material that has been buried by successive 
volcanic collapses. Once each caldera center becomes more 
mature, as seen in the lower part of the figure, the density 
of the early basaltic intrusions allows new basalt intrusions 
to buoyantly rise into the growing sill complex, or to even 
reach its top where it meets the rhyolitic magma chamber. If, 
as we suspect, ancient Precambrian rocks are primarily con-
centrated in the mid to lower crust (as suggested by Colón 
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et al. 2015b; Drew et al. 2013, 2016; Foster et al. 2006), this 
means that later basalt intrusions will likely be isolated from 
it and will not melt it efficiently (Fig. 11). Furthermore, any 
melts of ancient Precambrian crust that do form in the late 
stages of the system may be too hot to be crystallizing zir-
con, and may also not be able to rise through the mid-crustal 
sill system without hybridizing with more radiogenic melts 
to the point where their Archean-like Hf isotope composi-
tion is lost.

Conclusions

(1) We find considerable ranges in the ages and isotopic 
compositions of zircon from the Bruneau–Jarbidge and 
Twin Falls volcanic centers of the central Snake River Plain, 
implying that their source magmas were a diverse combina-
tion of partial melts of coeval basalt intrusions and their dif-
ferentiates, of buried volcanic rocks from the same system, 

and of pre-existing crust. (2) This pre-existing crust can be 
roughly separated into two isotopically distinct end-mem-
bers which are the ancient Precambrian basement rock, and 
the intrusions and volcanic rocks of the Idaho Batholith and 
Challis formations. (3) Combinations of the latter and young 
basaltic intrusions were progressively altered to lower δ18O 
values by hydrothermal systems driven by heat from hotspot 
magmatism. Mixing between these crustal end-members was 
characterized by an early stage of magmatism where isotopi-
cally mantle-like melts hybridized with both ancient Precam-
brian crust and isotopically younger but mostly normal-δ18O 
upper crust and a later stage where melting is dominated by 
shallow hydrothermally altered low-δ18O material and the 
Precambrian end-member becomes nearly undetectable. (4) 
We also find no evidence that the Precambrian crust itself 
became significantly hydrothermally altered, presumably 
because it occurs at greater depths and/or has a much lower 
permeability that prevents it from being accessed by hydro-
thermal fluids. (5) Populations of zircon ages from these 

Fig. 11  Conceptual model of 
Snake River Plain caldera vol-
canism to explain the isotopic 
evolution seen in Figs. 9 and 10. 
Early Snake River Plain-Yellow-
stone rhyolites at each center are 
produced with large amounts of 
assimilation of old pre-existing 
crust, giving the products of 
the first eruptions normal δ18O 
values and low εHf values. By 
the late stage, new partial melt-
ing is mostly confined to the 
upper crust, and old solidified 
sills isolate the Precambrian 
crust from the melt bodies, 
which have been displaced to 
slightly shallower levels. Late 
stage ignimbrites and rhyolite 
lavas are isotopically juvenile 
and low-δ18O
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units are diverse, and suggest that magma production in the 
central Snake River Plain was an intermittent process char-
acterized by pulses of rhyolite production which appears 
to have usually led to eruption, preserving zircon O and Hf 
isotopic diversity. These pulses of magma production were 
characterized first by the formation of many closely spaced 
but isotopically distinct batches of melt which later merged 
into a single magma body prior to eruption. In some cases, 
particularly CPT V at Bruneau–Jarbidge, this final magma 
body’s composition is recorded by the rims of the zircon, 
which like the rim ages, are much more homogeneous than 
the associated zircon cores. (6) We suggest that these two 
processes of (i) rapid batch assembly of separate bodies of 
melt prior to supervolcanic eruptions and increasingly shal-
low melting and (ii), vigorous syn-magmatic hydrothermal 
alteration leading to the coeval production of low-δ18O rhyo-
lites characterizes similar low-δ18O anorogenic, intraplate, 
rift, and hot-spot rhyolitic provinces worldwide, because we 
can now confirm that these processes occur throughout the 
Yellowstone hotspot track, suggesting that they not solely 
function of the variable local geology.
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