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Abstract Two fundamentally different types of silicic
volcanic rocks formed during the Cenozoic of the western
Cordillera of the United States. Large volumes of dacite and
rhyolite, mostly ignimbrites, erupted in the Oligocene in
what is now the Great Basin and contrast with rhyolites
erupted along the Snake River Plain during the Late
Cenozoic. The Great Basin dacites and rhyolites are
generally calc-alkaline, magnesian, oxidized, wet, cool
(<850°C), Sr-and Al-rich, and Fe-poor. These silicic rocks
are interpreted to have been derived from mafic parent
magmas generated by dehydration of oceanic lithosphere and
melting in the mantle wedge above a subduction zone.
Plagioclase fractionation was minimized by the high water
fugacity and oxide precipitation was enhanced by high
oxygen fugacity. This resulted in the formation of Si-, Al-,
and Sr-rich differentiates with low Fe/Mg ratios, relatively
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low temperatures, and declining densities. Magma mixing,
large proportions of crustal assimilation, and polybaric
crystal fractionation were all important processes in gener-
ating this Oligocene suite. In contrast, most of the rhyolites
of the Snake River Plain are alkaline to calc-alkaline,
ferroan, reduced, dry, hot (830-1,050°C), Sr-and Al-poor,
and Nb-and Fe-rich. They are part of a distinctly bimodal
sequence with tholeiitic basalt. These characteristics were
largely imposed by their derivation from parental basalt (with
low fH,O and low fO,) which formed by partial melting in
or above a mantle plume. The differences in intensive
parameters caused early precipitation of plagioclase and
retarded crystallization of Fe-Ti oxides. Fractionation led to
higher density magmas and mid-crustal entrapment.
Renewed intrusion of mafic magma caused partial melting
of the intrusive complex. Varying degrees of partial melting,
fractionation, and minor assimilation of older crust led to the
array of rhyolite compositions. Only very small volumes of
distinctive rhyolite were derived by fractional crystallization
of Fe-rich intermediate magmas like those of the Craters of
the Moon-Cedar Butte trend.

Keywords Snake River Plain - Great Basin - Ignimbrite -
Rhyolite - A-type - Subduction - Dacite

Introduction

The origin of silicic magma remains a fundamental
problem. This is especially the case for rhyolites found in
“anorogenic” settings—here taken to be continental rifts
and hotspots. In order to better understand the origin of
these rocks in general and to elucidate the origin of Snake
River Plain rhyolites in particular, we contrast their
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Fig. 1 Simplified geologic map
of the western United States
showing the location of Oligo-
cene and younger volcanic rocks
(after King and Biekman 1974).
Extent of outflow sheets are
shown for the Oligocene Central
Nevada and Indian Peak caldera
complexes and for the younger,
Yellowstone-related calderas.
After Pierce and Morgan (1992),
Chuang et al. (2003) and MG
Best and SC Grommé (written
communication 2005)
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compositions with silicic volcanic rocks erupted during the
middle Cenozoic of the Great Basin.

During the Oligocene, a large “ignimbrite flareup” peaked
in what is now the Great Basin of Nevada and western Utah
(Fig. 1) with dacite and rhyolite dominant (Best and
Christiansen 1991). During the Late Cenozoic, rhyolite lavas
and ignimbrites erupted along the Snake River Plain (Fig. 1).
The Yellowstone caldera is the youngest example of these
silicic magmatic systems (Christiansen 2001).

Below we summarize the characteristics of these large
volume silicic magmas and their more mafic contemporaries.
The differences between these suites suggest that the
Oligocene dacites and rhyolites of the Great Basin were the
result of continuous differentiation and complex mixing and
crustal assimilation processes involving mafic parents that
were wet, oxidized, and enriched in water-soluble trace
elements—all strong links to their subduction zone heritage.
In contrast, anorogenic (A-type or within-plate) rhyolites of
the Snake River Plain formed dominantly by partial melting of
recent crustal additions of basalt related to a mantle plume.
The rhyolite sources were thus isotopically unevolved,
enriched in Nb and high field strength elements, with low
fH50, and reduced compared to the parents of the
subduction-related Oligocene suite.

@ Springer

Database

Data for this study were compiled from the literature, from
unpublished theses, open-file reports in the state and federal
geological surveys, and from our own unpublished analyses.
The database contains partial chemical or isotopic data for
nearly 1,900 samples from the Snake River Plain and about
1,000 samples from the Indian Peak and Central Nevada
caldera complexes. The complete reference list is available
in the Electronic Supplementary Material.

Volcanology and emplacement

The Oligocene volcanic fields of the southern Great Basin
are essentially centered on two large caldera complexes
(Fig. 1). The Indian Peak complex contains four mapped
calderas evidenced by thick intracaldera tuff sequences and
collapse breccias. Two other calderas are inferred by the
presence of large ash-flow sheets. The three large dacitic
ignimbrites considered here had volumes of at least 1,500—
3,000 km® (Best et al. 1989). Rhyolite ignimbrites are
smaller in volume (each less than a few hundred km®) and
are mostly caldera fill deposits. Silicic lava flows are
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present locally in small volumes. Volcanism started about
34 Ma, peaked about 30 Ma and persisted into the Miocene
when bimodal volcanism developed (Best et al. 1989). The
Neogene lavas and tuffs are not considered here. The
Central Nevada caldera complex is larger and includes at
least a dozen calderas. Although the largest sheets are still
dacitic, there are multiple sheets of rhyolite tuff with larger
volumes than those in the Indian Peak volcanic field. Small
volumes of intermediate composition lavas erupted on the
flanks of both caldera complexes and locally within them.
Composite volcanoes were of trivial extent in both volcanic
fields. Best and Christiansen (1991) and Best et al. (1989)
concluded that the magmatism was caused by dehydration
of a subducting slab of oceanic lithosphere and melting in
the overlying mantle. This produced wet, oxidized mafic
magmas that rose, hybridized, mixed, and fractionated in
the overthickened continental crust.

The Neogene magmatism along the Snake River Plain is
dominated by the eruption of large volumes of rhyolite
(Leeman 1982; Smith 2004). Well-studied individual
ignimbrite sheets are as large as a few 1,000 km®. Lava
may dominate some of the volcanic fields in the western
Snake River Plain (Bonnichsen 1982). However, the
easternmost volcanic fields are centered on large collapse
calderas. Throughout much of the central part of the plain,
the silicic rocks are buried by a few 100 m to as much as
1 km of basaltic lava flows. Burial by basalt has made it
difficult to correlate ignimbrites exposed on the north with
those on the south and has rendered volume estimates
uncertain. Nonetheless, many outflow sheets are as much as
100 m thick and may have total volumes of thousands of
cubic kilometers (Christiansen 2001). Basalt erupted mainly
from small (typically less than 25 km® each) shield
volcanoes (Greeley 1982), although compositionally dis-
tinctive lavas from the Craters of the Moon National
Monument erupted from fissures (Leeman et al. 1976).
Locally, scoria cones, tuff cones, and tuff rings are
important. The rhyolites generally become younger to the
northeast (Armstrong et al. 1975). Basaltic lavas do not
follow this same progression; lavas less than a few thousand
years old are found in the central and eastern Snake River
Plain. Although the oldest surficial basalts (more than a few
million years old) are concentrated in the western Snake
River Plain, Champion et al. (2002) have found basaltic lavas
as old as 4 Ma in drill holes in the eastern Snake River Plain.

The volcanism of Snake River Plain is typically related to
the passage of the North American plate over the Yellowstone
mantle plume (Morgan 1972). Christiansen et al. (2002) have
suggested that the melting anomaly is shallow and unrelated
to a deep mantle plume. However, Smith (2004) and Yuan
and Dueker (2005) have discovered a low seismic velocity
anomaly that extends to at least 500 km deep. Seismic,
gravity, and topographic data reveal a 10-km-thick body of

reflective, dense rocks starting at a depth of about 10 km
below the eastern Snake River Plain (Mabey 1978; Sparlin et
al. 1982; Smith and Braile 1994; Peng and Humphreys
1998). This layer is thought to be an intrusive complex
composed of variably differentiated tholeiitic gabbros and is
commonly called the “mid-crustal sill” though it is more
likely a complex system of multiple dikes and sills.

Petrography and mineralogy

The silicic rocks of the Indian Peak and Central Nevada
caldera complexes (which we will refer to as the Great
Basin volcanic fields) are varied, but the typical dacite
ignimbrites are crystal-rich with as much as 50% pheno-
crysts. The typical assemblage is plagioclase, hornblende,
biotite, quartz, magnetite, ilmenite, apatite, and zircon.
Titanite, pyroxenes, or sanidine are found in some units.
The rhyolites range from this mineral assemblage to
plagioclase, sanidine, quartz, biotite, Fe—Ti oxides, apatite,
and zircon. The mafic silicates are typically Mg-rich (Ross
et al. 2002; Maughan et al. 2001; Nusbaum 1990; Nielsen
1992; Radke et al. 1992). One member of the rhyolitic
Shingle Pass Formation is unusual in that it has fayalite and
chevkinite (Nielsen 1992). Contemporaneous andesites
typically contain two-pyroxenes and plagioclase, although
hornblende and olivine occur in a few (Barr 1993).

The rhyolitic ignimbrites and lava flows of the Snake River
Plain are typically crystal-poor with less than 20% phenocrysts
of plagioclase, quartz, Fe—Ti oxides, Fe-rich pyroxenes, and in
some sanidine (or anorthoclase). Biotite and hornblende are
rare (e.g., Honjo et al. 1992; Cathey and Nash 2004; Wright
et al. 2002; Kellogg et al. 1994; Manley and Mclntosh 2002;
Christiansen 2001). A few lava flows and tuffs also have
fayalite (e.g., Spear 1979; Bonnichsen and Citron 1982;
Christiansen 2001). Typical accessory minerals are apatite,
zircon, chevkinite, and allanite. Snake River Plain basalts
typically have olivine (with Cr-spinel inclusions) and
plagioclase as the dominant phenocrysts. Augite is abundant
in the groundmass along with plagioclase, magnetite,
ilmenite, apatite, and olivine (Leeman and Vitaliano 1976;
Stout and Nicholls 1977). Ferrobasalt to ferrolatite lavas in
the Craters of the Moon volcanic field contain phenocrysts of
clinopyroxene, apatite, and magnetite in the more silicic
members of the suite (Leeman et al. 1976; Stout et al. 1994).

Intensive parameters

The conditions of crystallization have been estimated for
several of the silicic volcanic units in the Great Basin
volcanic fields (Nielsen 1992; Maughan et al. 2001,
Nusbaum 1990; Best et al. 1989; Ross et al. 2002; Radke
et al. 1992; Phillips 1989). Dacites typically crystallized at
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Fig. 2 Temperature and oxygen fugacities for volcanic rocks from the
Snake River Plain contrasted with those from the Indian Peak and Central
Nevada volcanic fields. LCT Lava Creek Tuff and HRT Huckleberry
Ridge Tuff, both from the Yellowstone caldera. 7 and fO, compiled
from Hildreth (1981), Leeman and Vitaliano (1976), Stout and Nicholls
(1977), Honjo (1990), and Christiansen (unpublished data)

2-3 log units above the QFM buffer at temperatures ranging
from about 770 to 850°C (Fig. 2). Rhyolites crystallized at
lower temperatures (about 725-780°C) and similar oxygen
fugacities, with the exception of the Stone Cabin Formation
and the fayalite-bearing member of the Shingle Pass Tuff
which crystallized near the QFM buffer. Water fugacities
were high enough to stabilize hydrous mafic silicates (i.e., 3—
6 wt% H,0), but the magmas were probably not water-
saturated before eruption (Christiansen 2005b).

Mineral compositions in the Snake River Plains basalts
(Leeman and Vitaliano 1976; Leeman et al. 1976; Stout and
Nicholls 1977; Stout et al. 1994; Honjo and Leeman 1987,
Putirka et al. 2003; and Christiansen’s (2005) unpublished
data for Kimama and Rocky Buttes) suggest that the lavas
erupted at temperatures near 1,200°C and were crystallizing
on or below the QFM oxygen buffer. The rhyolites of the
Snake River plain likewise crystallized at low oxygen
fugacities near QFM and at high temperatures for rhyolites
of about 1,050°C to as low as 850°C (e.g., Honjo 1990;
Hildreth 1981; Perkins et al. 1998; Cathey and Nash 2004).
The lower temperature varieties may have Fe-rich biotite or
hornblende (e.g., Christiansen 2001) indicating modest
water contents (at least 2 or 3% H,O; Christiansen
2005b). Most of these cooler tuffs erupted from calderas
in the eastern Snake River Plain and Yellowstone (Hughes
and McCurry 2002).

@ Springer

Major- and trace-element geochemistry

The major-element classifications of the volcanic rocks from
the two contrasting regions are shown in Fig. 3. Rhyolites and
basalts dominate the Snake River Plain. We have plotted
Yellowstone rocks separately from the rest because they are
distinctive in several respects (e.g., Hughes and McCurry
2002). Only a few basaltic andesites or andesites have been
discovered thus far. Rare intermediate lavas follow a
distinctly alkaline (alkali-calcic to alkaline using the MALI-
modified alkali lime index-of Frost et al. 2001) chemical
trend (see ESM Fig. 3c) and are grouped in our plots with
their most voluminous representative, the lavas of the Craters
of the Moon. This group also includes rhyolitic lava flows
from Cedar Butte, East Butte, Big Southern Butte, Unnamed
Butte, and a few samples from unknown vents acquired by
drilling near the Idaho National Engineering and Environ-
mental Laboratory in the central part of the Snake River Plain
(McCurry et al. 1999, 2007). Silicic rocks from the Snake
River Plain are overwhelmingly rhyolite, but span the range
from low-to high-silica varieties. Basalts and rhyolites of the
Snake River Plain rocks are tholeiitic (Fig. 3b) following
Miyashiro’s (1974) subdivision (or ferroan using the termi-
nology of Frost et al. 2001). The rhyolites and basalts are
mainly calcic to calc-alkaline, with the clear exception of
those on the Craters of the Moon-Cedar Butte trend and a few
rhyolites which are alkali-calcic to alkaline (see ESM
Fig. 3c). The lavas of the Craters of the Moon-Cedar Butte
trend are nonetheless silica saturated—Ilike all the rocks
considered here. Most of the rhyolites are high-K and the
basalts medium-K (see ESM Fig. 3d) using the criteria of
Ewart (1979).

The Oligocene suite from the Great Basin, on the other
hand, includes no basalt (Fig. 3a). Basaltic lavas are no
older than about 20 Ma in this part of the Great Basin
(Christiansen 2005a). Instead, andesite is the most volumi-
nous lava and dacite and rhyolite are the most voluminous
pyroclastic rocks (Barr 1993; Best et al. 1993). Andesite
and dacite are essentially absent from the Snake River
Plain. Moreover, for a given silica content the Great Basin
rocks have lower FeO/(FeO+MgO) ratios than those from
the Snake River Plain (Fig. 3b). About half of the
Oligocene rhyolites are ferroan, but the andesites and
dacites are clearly magnesian (or calc-alkaline in the sense
of Miyashiro 1974). Using the modified alkali-lime index
(see ESM Fig. 3c), the Oligocene suite ranges widely from
calcic to alkaline, but most of the dacites and rhyolites are
calc-alkaline. With the exception of some of the most mafic
lavas, this suite is dominantly high K,O (see ESM Fig. 3d),
like the silicic suite on the Snake River Plain.

The two suites are different in several important aspects
as summarized in the following discussion based on major
element variations. Because we are mostly interested in the
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Fig. 3 Classification diagrams
for the two volcanic suites dis-
cussed here. a Volcanic rocks
from the Snake River Plain form
a bimodal association. Rare in-
termediate to silicic rocks form
the distinctive Craters of the
Moon-Cedar Butte (COM)
trend. The Great Basin suite is
more diverse, ranging from ba-
saltic andesite to high-silica
rhyolite. All analyses with less
than about 62% SiO, are lava
flows. b Volcanic rocks of the
Great Basin are mostly magne-
sian (i.e., calc-alkaline) but
some of the most silicic are
ferroan (i.e., tholeiitic), whereas
the rocks of the Snake River
Plain are consistently ferroan
(dividing line from Miyashiro
1974). Rhyolites of the Snake
River Plains (see ESM) are
dominantly calc-alkaline on the
modified alkali lime index of
Frost et al. (2001) whereas the
silicic rocks of the Great Basin
range widely. Silicic rocks from
both suites (see ESM) are high
to very high K,O, but the basalts
from the Snake River Plain are
low to medium K,O
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origin of the rhyolites, we generally illustrate these differ-
ences on silica variation diagrams.

Snake River Plain basalts

Typically described as Snake River Plain olivine tholeiites,
the basalts follow classic tholeiitic differentiation trends on
silica variation diagrams (Figs. 3, 4 and 5). There is a
notable increase in FeOt (ESM Fig. 4¢) and TiO, (Fig. 4b)

55 60 65 70 75
SO, (Wt%)

80

which accompanies a small but distinctive drop in silica
(from 48 to 46% SiO;). Mn, K (ESM Fig. 3d), Rb, Ba
(Fig. 6a), Pb, P, REE (ESM Fig. 6b), Y, Zr (ESM Fig. 6d),
Nb, Ta, Th, Zn, and V (ESM Fig. 6f) all covary and are
incompatible elements. Mg (ESM Fig. 5d), Ni, Cr, Al
(ESM Fig. 4a), Ca (ESM Fig. 4d), and Sr (ESM Fig. 6a)
decline with differentiation and are compatible elements in
the basalts. Sc trends are variable with lavas from some
volcanoes experiencing modest Sc increases with evolution
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Fig. 4 Major element variation 20 1
diagrams comparing the volca- r
nic rocks of the Snake River 19 F
Plain with the Oligocene suite F
from the Great Basin. The Great 18 F
Basin rocks have distinctly r
higher Al,O5 (a), lower TiO, [
(see ESM), lower FeO (see 17 F
ESM), and higher CaO (see r
ESM) concentrations. The < 16
Snake River Plains basalts fol- S
low Fe and Ti-enrichment and "o 15
Si-depletion trends quite differ- OC\J r
ent from the mafic rocks of the < 14 F
Great Basin suite
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while others have declining Sc. TiO,/MgO (ESM Fig. 5d),
K/Na, and La/Yb all increase with evolution. In the Fe-Ti-
rich basalts, TiO, reaches as high as 4 wt.% (Fig. 4b). The
enrichment in TiO, in the most mafic rocks contrasts
strongly with the Great Basin suite, the most mafic
members of which have less than 2% TiO,, typical of
calc-alkaline magmas in general (Gill 1981).

The major and trace element variations in the basalts are
consistent with the fractionation of the observed pheno-
crysts-olivine and plagioclase, joined in some magma

55 60 65 70 75 80
SiOp (Wt%)

systems by clinopyroxene (Leeman et al. 1976; Leeman
and Vitaliano 1976; Christiansen and Hurst 2004). In
particular, declining MgO 1is consistent with olivine
fractionation and declining Sr, CaO, Al,O3, and SiO, show
the importance of plagioclase fractionation at low pressure.
Fractionation of small proportions of spinel is needed to
explain the strong Cr depletion, but magnetite and ilmenite
fractionation were limited as indicated by the increase in Ti,
V, and Fe. The role of clinopyroxene fractionation seems to
vary from volcano to volcano as indicated by Sc variations.

Fig. 5 Mg-—Fe relations reveal 5.0
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Fig. 6 Trace clement variation 1000
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Few if any of the basalts on the Snake River Plain are
primary, as indicated by high Fe/Fe+Mg ratios and low
concentrations of Ni (<300 ppm) and Cr (<550 ppm).

Yellowstone basalts

The basalts of the Yellowstone region share many of their
characteristics with the rest of the Snake River Plain, but
basalts from Yellowstone with high TiO, are rare compared
to basalts from elsewhere on the plain (Fig. 4b). Less than
10 of the 200 or so basaltic rocks from Yellowstone have
TiO, that is higher than 2.5%. In contrast, about half of the
samples from the rest of the Snake River Plain have higher
concentrations of TiO,> 2.5%. Moreover, mafic lavas near
Yellowstone include distinctive basalts and basaltic ande-
sites with higher SiO, (Figs. 3 and 4) and low MgO (ESM
Fig. 5d). A few of these fall into the magnesian field in
Fig. 3b. Mixing of a relatively unevolved basalt (MgO ~
9% and TiO,~2%) with rhyolite can explain most trends on
the variation diagrams (Figs. 3, 4 and 5). The close
association of these basalts with an active rhyolite magma
system is the most likely explanation for these differences.
Most other basalts in our data set erupted millions of years
after rhyolite magmatism became inactive.

Relation of basalts to rhyolites

Snake River Plain basalts become highly fractionated but
erupted rocks do not trend toward rhyolite, except for the
Craters of the Moon-Cedar Butte trend (e.g., Figs. 3b and
4b). Instead, a large silica gap between the voluminous

SiO5 (Wt%)

rhyolites and the basalts suggests these rhyolites are not
derived by fractional crystallization of basalt.

Craters of the Moon-Cedar Butte trend

The Craters of the Moon-Cedar Butte trend is a distinctive
alkaline suite of silica-saturated to oversaturated lavas. The
lavas extend from trachybasalts through trachyandesites and
include a few trachydacite and rhyolite lava flows (Fig. 3a).
Individual flows have small volumes and no ignimbrites
from this trend have yet been found. The lavas have been
identified mostly along the margins of the plain and along
the Great Rift of the Craters of the Moon (Leeman et al.
1976), but the rocks of Cedar Butte and nearby rhyolite
domes (McCurry et al. 2007) follow the same differentia-
tion path. A few intermediate composition lavas from the
Yellowstone region, notably the trachyandesites of High
Point (Christiansen 2001) also follow this trend, but are
plotted with the other Yellowstone rocks for consistency.

The lowest silica lavas on the Craters of the Moon-Cedar
Butte trend overlap with the evolved Fe—Ti basalts for some
major elements, including Fe (see ESM Fig. 4c), Al (see ESM
Fig. 4a), and Mn, but the most mafic members are far more
enriched in P,Os (to as much as 3% in the most mafic
samples) and K,O (see ESM Fig. 3d) and to a lesser extent
Na,O than the most evolved basalt. Moreover, the variation
diagrams in Fig. 4 show they are lower in Mg and Ca than
evolved Snake River Plain basalts, but Fe, Ti, Al, and Mn
overlap for the two trends.

The Craters of the Moon-Cedar Butte trend is very
different from the other volcanic rocks of the Snake River
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Plain. It is marked by strong silica enrichment and FeO,
TiO,, MgO, CaO, and P,Os depletion (Figs. 4 and 5).
Al,O5; and MnO are scattered but rise and then fall with
silica enrichment. Among the trace elements Ba, REE, Rb,
Y, Nb, Th, and Pb are strongly enriched along with silica
(Fig. 6). Eu, although enriched compared to Snake River
Plain basalts, varies little across the Craters of the Moon
trend. Ni, Cr, P, V (ESM Fig. 6f) and Sr (ESM Fig. 6b) are
strongly depleted as silica increases, and Sc concentrations
are scattered but also decline. Zr and Ba are both
incompatible in the intermediate members of the series, but
in rocks with more than about 60 to 63% SiO,, both decline
(Fig. 6). As concluded by Leeman et al. (1976), these
elemental variations are consistent with fractionation of
plagioclase, apatite, olivine, clinopyroxene, magnetite (Cr-
rich). Since clinopyroxene crystallizes at moderately high
pressures (Thompson 1975) in Snake River Plain basalt, this
trend may only form by mid-crustal differentiation (Leeman
et al. 1976; Stout et al. 1994). Oxide fractionation probably
promotes the silica enrichment trend. The decline of Zr and
Ba (Fig. 6) are probably the result of zircon and potassic
feldspar (anorthoclase or sanidine) saturation in the more
felsic magmas. Potassic feldspar fractionation is also respon-
sible for the Al-depletion above about 60% SiO, (see ESM
Fig. 4a). The strong depletion of V compared to Ti suggests
that ilmenite fractionation was important for the Craters of
the Moon-Cedar Butte trend (ESM Fig. 6f). However,
Leeman et al. (1976) only found ilmenite as a groundmass
phase in the ferrobasalts. The presence of crustal xenoliths and
xenocrysts and the Sr isotopic compositions of the lavas from
Craters of the Moon show that crustal contamination accom-
panied fractional crystallization (Leeman et al. 1976). How-
ever, the Nd isotopic ratios of rhyolites that lie on the Craters
of the Moon-Cedar Butte trend (from Cedar Butte, Unnamed
Butte, East Butte and Big Southern Butte) are the highest of
all the rhyolites (Fig. 7), suggesting that assimilation of upper
crustal materials was not required for the generation of the
silicic rocks on the Craters of the Moon-Cedar Butte trend
(Stout et al. 1994; McCurry et al. 2007).

Of considerable importance here is the relationship
between the voluminous Snake River Plain rhyolites and the
lavas on the Craters of the Moon-Cedar Butte trend. The silicic
end of the differentiation trend overlaps with the Snake River
Plain rhyolites for MnO, Al,Os, FeO, and K,O, and with
TiO, for the low TiO, rhyolites of Yellowstone (Figs. 4, 5
and 6). On the assumption that Rb is completely incompat-
ible, the most mafic Craters of the Moon magma would have
experienced about 80% crystallization to reach the compo-
sition of the low-silica rhyolites. However, the low MgO,
CaO, P,0s, TiO,, Sr, and Ba and high Na,O and FeOt/MgO,
Pb and REE of the silicic rocks on COM-trend (Figs. 4, 5
and 6) show that this differentiation trend does not produce
the voluminous rhyolites of the Snake River Plain. This is
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particularly clear for FeO-MgO-TiO, relations (Figs. 3b
and 5). We conclude that the typical voluminous rhyolites of
the Snake River Plain and those on the Craters of the Moon-
Cedar Butte trend have independent origins.
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Several of the major element trends (e.g. Fig 4b, ESM
Fig. 4b, c, 5b—d) imply a continuation magmatic connection
between the Snake River Plain basalts and the lavas of the
Craters of the Moon-trend. Crystallization of Fe-Ti oxides
(probably titanomagnetite) started at this juncture as indicated
by kinks in the FeO and TiO, curves and onset of silica
enrichment. However, there are significant gaps in the
incompatible trace element trends (Fig. 6a, ESM Fig. 6b, d),
that require about 50% crystallization of the most evolved
Snake River Plain basalt to reach the composition of the least
evolved trachyandesite on the Craters of the Moon trend.
Reconciling the major and trace element data is difficult, but
crystallization of plagioclase, olivine, clinopyroxene, and a
Cr—Fe-Ti oxide in proportions that created cumulates with
SiO, concentrations similar to the residual melts could cause
enrichments and depletions of trace elements, but cause little
change in silica. Because P, Zr, Y, and REE behave
incompatibly, apatite, zircon, or other accessory minerals were
apparently not stable during this part of the differentiation
history. If the Craters of the Moon-Cedar Butte-trend is related
to differentiation of Snake River Plain basalt, the “missing”
intermediate magmas may have been too Fe-rich and dense to
erupt. Once magnetite precipitation drove residual magmas to
become SiO, enriched and less dense, eruptions of small
volumes of highly differentiated magma are possible (Fig. 8).

Snake River Plain rhyolites

As noted before, rhyolites of the Snake River Plain range
from low to high silica, are almost all ferroan, and medium

3000
Difficult to erupt ferrobasalt

2800 ) Density barrier
coE Primary »
E” magmas Eruptible
2
'@ 2600
[
o

2400

40 45 50 55 60 65 70 75 80
SiOy (Wi%)

Fig. 8 Schematic plot of magmatic density versus silica for
magnesian series from the Great Basin as compared to the ferroan
trend for Snake River Plain magmas. Differentiation of low fO, Snake
River Plain basalt produces Fe-rich dense magma which may be too
dense to erupt. Once magnetite precipitates, it’s fractionation lowers
FeO and enriches SiO, in residual liquids as on the Craters of the
Moon-Cedar Butte (COM) trend which may lead to small volumes of
rhyolite. Differentiation of a high fO, magnesian magma series
produces continuous silica increases and density decreases

to high K,O (Fig. 3). Thus, the rhyolites have all of the
classical characteristics of A-type granites, including high
concentrations of alkalies, especially as compared to
aluminum, high Fe/Mg, and TiO,/MgO ratios, as well as
high concentrations of incompatible elements and especial-
ly those with high field strength such as Nb, Ta, Zr, and Th.
Their patterns on chondrite-normalized trace element
diagrams lack the large negative Nb anomalies of subduc-
tion-zone rhyolites and they consequently have low La/Nb
ratios (ESM Fig. 6e). They also plot solidly inside the
within plate granite field on the discrimination diagrams of
Pearce et al. (1984) as a result of high Nb and Y
concentrations (Fig. 9). The rhyolites also have many of
the mineralogical characteristics of A-type magmas, includ-
ing high temperatures and anhydrous mineral assemblages.
In these latter characteristics they are markedly different
from the topaz rhyoliltes of the Basin and Range province
with which they are contemporaneous (Christiansen et al.
1986).

Evolutionary patterns in the Snake River Plains rhyolites are
marked by depletion of Sr (ESM Fig. 6a), Eu (ESM Fig. 11),
Sc (ESM Fig. 11), V (ESM Fig. 6f), Cr (ESM Fig. 11), Ni
(ESM Fig. 11), Zr (ESM Fig. 6d), Hf, Zn (ESM Fig. 11), Y
(ESM Fig. 11), Ti (Fig. 4b), Al (ESM Fig. 4a), Fe (ESM
Fig. 4c), Min, Mg (Fig. 5a), Ca (ESM Fig. 4d), P (ESM Fig. 11)
and enrichment of K (ESM Fig. 3d), Rb (ESM Fig. 11), Th
(ESM Fig. 11), U (ESM Fig. 11), and HREE (ESM Fig. 11).
These trends can be explained by fractionation of the observed
phenocryst phases—plagioclase, quartz, pyroxenes, Fe-Ti
oxides, zircon, apatite. Potassium (ESM Fig. 3d), Ba
(Fig. 6¢, ESM Fig. 11), and LREE (ESM Fig. 6b) are depleted
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Fig. 9 The Snake River Plain rhyolites plot consistently in the Within
Plate Granite field on the discriminant diagram of Pearce et al. (1984).
With a few exceptions described in the text, the silicic rocks of the
Oligocene suite from the Great Basin fall within the Volcanic Arc
field, consistent with their clear link to subduction of the Farallon
plate during the Oligocene. The compositions of the basalts from the
Snake River Plain are shown for reference only
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in the most evolved, lowest temperature rthyolites probably as a
result of sanidine (and biotite in a few systems) and chevkinite
or allanite fractionation.

Beyond the large scale similarities there are some
differences in the composition of the rhyolites as a function
of age and location. For example, Perkins and Nash (2002)
concluded that the FeO content (and degree of evolution) of
the rhyolitic magma systems waxed and waned with time.
FeO content and temperature peaked 10 Ma in rhyolites
erupted from near Twin Falls (Nash et al. 2006). Hughes
and McCurry (2002) contend that the rhyolites east of about
114° longitude are slightly different than their western
counterparts. For example, low-silica rhyolites are rare in
Yellowstone compared to the rest of the Plain (Figs. 3 and 4).
Rhyolites with less than 74% SiO, (Fig. 5a) and more than
2.5% FeO are rare among the rocks analyzed from
Yellowstone (ESM Fig. 5c). As a consequence, an average
Yellowstone rhyolite has lower FeOt, MgO, CaO, K,O,
P,O5 and higher Al,O5 and Na,O than average Snake River
Plain rhyolite (exclusive of Yellowstone). The slight
differences extend to trace elements (Fig. 6) as well, with
the Yellowstone rhyolites lying on the high concentration
end of differentiation trends for incompatible elements
(e.g., Rb, Y, Nb, Th, U, REE) and on the low concentration
end for compatible elements (e.g., Zr, Zn, Sc, V, Cr, Ni, Sr,
Ba, Eu). There are few differences that cannot simply be
attributed to lower temperatures or more extensive
differentiation of the Yellowstone rhyolites. However, at
a given Rb concentration, Sr, Zr, and Sc concentrations
are lower in Yellowstone rhyolites. For example, a typical
Yellowstone rhyolite with 175 ppm Rb has 50 ppm Sr
versus 100 ppm Sr in a typical Snake River Plain rhyolite
(see ESM Fig. 13b).

Oligocene silicic volcanic rocks from Great Basin

The Oligocene dacites and rhyolites of the Great Basin appear
to be the silicic end of a long and continuous differentiation
series that includes basaltic andesites and andesites, largely
belonging to the magnesian (or calc-alkaline) series (Fig. 3b).
The characteristics of these silicic rocks are clearest when
contrasted with the rhyolites from the Snake River Plain.
Many of the elements overlap at the highest silica concen-
trations. Thus, we compare the two suites at 70% SiO, and
use the symbol E’°, where E is the element or oxide of
interest. It is worth noting that the differences between the
two suites are not a result of greater phenocryst proportions
in the Great Basin rocks; crystal-rich and crystal-poor
rhyolites have indistinguishable compositions at this scale
and both are included in the figures.

On silica variation diagrams the Great Basin dacites and
rhyolites have significantly lower concentrations of FeO and
TiO, than Snake River Plains rhyolites. For example, typical
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Great Basin rocks FeOT70 is 3% and Ti0270 is 0.4%, whereas
FeO;”® is 5% and TiO,”° is 0.8% in Snake River Plain
rhyolites. As a consequence of the low TiO,, these Oligocene
rhyolites also have much lower TiO,/MgO ratios—a param-
eter used by Patifio Douce (1997) to distinguish between
“calc-alkaline” and anorogenic silicic magmas. In addition,
Zn, REE, Y, Zr, Ta, Nb are significantly lower in these
magnesian rocks, as is the La/ND ratio (ESM Fig. 6e). (In the
most evolved Great Basin rhyolites in which allanite or
chevikinite fractionation was important, La/Nb ratios are
lower and overlap with the Snake River Plain rhyolites, e.g.,
Radke et al. 1992, Nielsen 1992.) As a result, most of the
silicic rocks from the Great Basin plot in the “volcanic
arc” field (Fig. 9) on the discriminant diagram of Pearce et
al. (1984). A few hot Zr-rich rhyolites plot in the “within
plate granite” field and include six samples of the Lamerdorf
Tuff (Best et al. 1989). Typically, however, Zr’® is about
three times lower in the Oligocene series than in Snake River
Plain rhyolites, consistent with the much lower eruption
temperatures and lower solubility of zircon in the older suite
(see ESM Fig. 6d).

The Oligocene dacites and rhyolites have much higher
Sr (St is 450 ppm in the older magmas versus 150 ppm in
the younger ones), and significantly higher Al,O; (ESM
Fig. 4a) and CaO (ESM Fig. 4a) than the Snake River Plain
rhyolites. This suggests that plagioclase solubility was
significantly higher in the hydrous, magnesian dacites and
rhyolites of the Great Basin. In addition, Sr and Pb may
have been added from a subduction-zrone fluid. The trace
element patterns of dacites and rhyolites from the Great
Basin reveal some of these features as well (ESM Fig. 11)
with large negative Nb anomalies and higher Sr and Pb in
the Oligocene suite compared to Snake River Plain
rhyolites of comparable silica contents. Sc may be slightly
higher in the magnesian suite than in the ferroan rocks of
the Snake River Plain, perhaps as a result of enhanced
fractionation of pyroxene in the dry Snake River Plain
rhyolites, instead of biotite and hornblende in the Great
Basin silicic magmas.

It is also revealing to consider those element trends
which are not different between the two suites of silicic
magmas. MnO, MgO, Na,O, K,0, P,0Os, Rb, Th, Ni, Cr,
Sc, Th, and U all have similar concentrations and trends on
silica variation diagrams for the two suites of silicic rocks.
Moreover, both suites plot in similar positions on the TAS
diagram (Fig. 3) and have similar (Na,O+K,0)/Al,0;, K/Na,
Ca/Al, and FeO/TiO, ratios.

Isotope geochemistry

The Snake River Plain region is probably underlain by
Archean to Proterozoic age crust with very high %’Sr/*¢Sr
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(greater than 0.735) and low €Nd (less than —20). Leeman et
al. (1985) and Wolf et al. (2005) report Archean ages for
xenoliths erupted as far west as Square Mountain in the
central Snake River Plain. The western margin of the
Precambrian craton probably is near the Idaho—Oregon border
(Manduca et al. 1993; Nash et al. 2006). Accreted ocean floor
terrains of Paleozoic and Mesozoic age lie to the west. The
influence of the craton on the composition of volcanic rocks
is shown by marked lowering of Nd isotope ratios in Snake
River Plain fallout ash beds about 15 Ma as the suture moved
over the Yellowstone hot spot (Nash et al. 2006). €Nd in
silicic ash dropped from +4 in western rhyolite ashes to as
low as —11 in eastern rhyolites. The ancient basement
provides strong isotopic leverage to monitor the role of
continental crustal contamination in the generation of the
Snake River Plain rhyolites. Many of the analyzed Snake
River Plain rhyolites have Nd isotopic compositions (€Nd
ranges from —5 to —10) that lie within the observed range for
the basalts (€Nd —4 to —7.4 with two outliers at —10), but they
are concentrated on the low end of the basalt range (Fig. 7).
The low temperature, high-SiO, (>76%) rhyolites from near
Yellowstone extend to much lower €Nd (=5 to —20). Basalts
have initial *’St/*°Sr isotope ratios that cluster about 0.707
with several outliers (Fig. 7). Only a few of the rhyolites have
Sr-isotope ratios this low; most are between 0.709 and 0.715,
with the post-collapse rhyolites from Yellowstone extending
to even higher ratios. In general, those rhyolites with the
lowest Sr content also have the highest *’Sr/*°Sr ratios
suggesting that crustal contamination occurs during differen-
tiation of the rhyolites. The rhyolites on the Craters of the
Moon-Cedar Butte trend have higher éNd than any of the
Snake River Plain rhyolites and initial Sr isotope ratios are
rather low (McCurry et al. 1999, 2007). This is consistent
with fractional crystallization being more important than
crustal assimilation in the evolution of this distinctive
magmatic trend.

The eastern portion of the Great Basin is underlain by
poorly exposed Proterozoic lithosphere. The few basement
samples that have been analyzed have €Nd values about —7
to —22 (average —17) and highly variable Sr isotope ratios
that average about 0.720 (Nelson et al. 2002). Therefore,
the contrast between the Proterozoic basement and the
mantle is smaller than for the Snake River Plain region
where Archean crust is present. Figure 7 shows that dacites
and rhyolites from the Indian Peak and Central Nevada
volcanic fields have *’Sr/**Sr (0.709 to 0.712 ) that largely
overlap the silicic rocks of the Snake River Plain, but ENd
values (—14 to —18) are distinctly lower than for the
rhyolites of the Snake River Plain (Hart 1997). The
isotopic compositions of several post-collapse Yellowstone
rhyolites overlap with the volcanic rocks from the Central
Nevada volcanic field (Fig. 7). However, because of their
distinctive €Nd values, only a few of the Snake River

Plain or Yellowstone rhyolites overlap with the volcanic
rocks from the Indian Peak volcanic field. These
relationships strongly indicate that a significantly smaller
proportion of Precambrian crust is involved in the Snake
River Plain rhyolites than in the Oligocene rocks of the
Great Basin.

Discussion

In this section, we outline contrasting models for the
generation of silicic rocks in the Snake River Plain and
the Oligocene rocks of the Great Basin. We trace most of
the distinctive characteristics of the two suites to their
contrasting mantle roots and their distinctively different
volatile fugacities.

Production of rhyolite by fractional crystallization

Like many other subduction-related magmatic arcs, the
isotopic compositions (Nd, Sr, and O) and of the dacites
and rhyolites of the Great Basin show that they cannot have
evolved simply by fractional crystallization of mantle-
derived basalt. The Nd crustal index (DePaolo et al. 1992)
for the dacites and rhyolites of the Indian Peak volcanic
field ranges from 1 to 0.8, assuming a crustal ENd value
of —17, the average composition of closest Precambrian
basement exposures in the Wasatch Range of central Utah
(Nelson et al. 2002).

However, several studies (e.g., Bonin 2005 and Whitaker
et al. 2007) have concluded that some continental anoro-
genic rhyolites form by extended fractional crystallization
of such basalt. Whitaker et al. (2007) have shown with a
series of incremental experiments that progressive crystal-
lization of tholeiitic basalt can produce residual melt similar
to rhyolites of the Craters of the Moon trend. The
experiments were conducted at 4.3 kb with an initial water
content of 0.4 wt.%. McCurry et al. (2007) concluded that
this model is also consistent with trace element data for the
Cedar Buttes rhyolites since they lie on continuous
compositional trends with the ferrobasalts and ferrolatites
of the Craters of the Moon suite. These rhyolites also have
high €Nd values (Fig. 7) indicating a more direct link to the
basalts than for the other rhyolites.

If the Craters of the Moon trend is related to continued
evolution of Snake River Plain basalt, the “missing”
intermediate products may have been too Fe-rich and dense
to erupt. Once magnetite precipitation drove the magmas to
become SiO, enriched and less dense, eruptions of small
volumes of highly differentiated magma were again
possible (Fig. 8). These rhyolites are small in volume
and compositionally distinct from the main volumes of
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rhyolite: this is not the main mechanism by which rhyolite
is produced in the Snake River Plain.

Production of rhyolite by partial melting of continental
crust

A-type granites and rhyolites are commonly interpreted to
be the result of partial melting of continental crust (e.g.,
Frindt et al. 2004, Ra&md and Haapala 1995; Patifio Douce
1997; Collins et al. 1982; Leeman 1982: Anderson and
Morrison 2005; Hughes and McCurry 2002; Christiansen et
al. 1986; King et al. 2001). However, where the isotopic
contrast between old crust and mantle is large, it has been
argued that a significant percentage (as high as 100%) of
the silicic magmas must have come from the mantle (e.g.,
Bonin 2005; Ewart et al. 2004). Intermediate models call
for the partial melting of mafic crustal rocks recently
derived from the mantle to give mantle-like isotopic
signatures by partial melting these new additions to the
crust. For example, Hildreth et al. (1991) argue that the
rhyolites of Yellowstone were derived by partial melting of
variably differentiated mafic intrusions only recently lodged
in the crust. They estimate that 25-65% by mass of the
material in the rhyolite came from such sources. However,
their models involving hybridization of average Yellow-
stone basalt with Archean tonalites to granites called for
less than 20% crustal material. The high Sr and low Nd
isotope ratios found in some of the post-caldera rhyolites
of Yellowstone are most likely the result of Ilate
assimilation of upper crustal roof rocks (Hildreth et al.
1991; Bindeman and Valley 2001). Likewise, Cathey and
Nash (2004) calculated a Nd crustal index (DePaolo et al.
1992) of 0.38 for the Cougar Point tuffs (average eNd —7.6)
of the central Snake River Plain. They assumed that the
crust had an €Nd of —15 and mantle eNd was —3. If the
crustal €ENd is lower, as indicated by the eruption of some
rhyolite with ENd< —15 and the compositions of some
crustal xenoliths, then the crustal index would be even
lower.

The results of this summary are consistent with this latter
interpretation involving a magma source dominated by
juvenile mantle-derived material. The overlap in the
isotopic composition of basaltic rocks and rhyolites of the
Snake River Plain argues strongly for some type of “co-
genetic” origin. But the large silica gap between the basalts
and the rhyolites and the chemical inconsistencies noted
above argue that there is not a continuous liquid line of
descent for the large volume rhyolites from the basalts.
Instead, we concur with Frost and Frost (1997) that the
rhyolites of the Snake River Plain are derived by partial
melting of their dry, tholeiitic, relatively reduced basaltic
forerunners. Once basalt stalled in the crust because of
density or strength contrasts and crystallized to form a
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variable differentiated and contaminated gabbroic complex,
subsequent intrusions could heat and partially melt the
gabbro-crust hybrid to make hot silicic magma which
could rise, accumulate and differentiate further in the
shallow crust. Spulber and Rutherford (1983) produced
rhyolitic melts with the major element characteristics of
Snake River Plain rhyolites (including high TiO,/MgO
ratios, high FeO and Na,O) by small degrees of melting of
tholeiitic basalt.

What was the composition of the partial melt parental to
the Snake River Plain rhyolites? Hildreth et al. (1991)
argued that a “...voluminous ‘dacitic’ (sensu lato) hybrid
magma is stored beneath...” Yellowstone rhyolite magma.
The evidence presented here suggests that the most mafic
silicic magma generated by partial melting was a low-silica
rhyolite. Streck and Grunder (2007) come to a similar
conclusion for the hot, Fe-rich rhyolites of the High Lava
Plains of Oregon. We identify this parental rhyolite magma
on the basis of high Ba concentrations which produce flat
normalized patterns for the most incompatible elements,
Rb-Ba-Th-U (ESM Fig. 11). Such parental rhyolites
erupted throughout the history and across the entire Snake
River Plain and, though not common in Yellowstone, form
part of the Huckleberry Ridge Tuff (Christiansen 2001).
More differentiated rhyolites have lower Ba and negative
Ba spikes on normalized trace element diagrams (see ESM
Fig. 11). Ba is depleted by the fractionation of potassic
feldspar, and in the lowest temperature rhyolites extreme Ba
depletion is probably the result of combined sanidine and
biotite fractionation (Fig. 6a).

In contrast, the dacites and rhyolites of the Great Basin
are not part of a bimodal series and do not appear to be
direct partial melts of the crust. They appear to have a direct
liquid lineage with mantle-derived mafic magmas, albeit it
a torturous open-system differentiation path involving
hybridization with Proterozoic crust and extensive magma
mixing along with crystal fractionation. Significant crustal
contamination of mafic magma is consistent with the wide
range of O-and Sr-isotopic compositions (Hart 1997). The
parental magmas were probably less dense, wetter, cooler,
and more oxidized then the Snake River Plain magmas and
thus followed different crystallization paths.

Trace element tests of partial melting models Simple trace
element models of partial melting in the crust are
described in the Electronic Supplementary Material. The
trace element models show that it is unlikely that the
Snake River Plains rhyolites were derived by partial
melting of upper crustal rocks or of lower crustal
granulite. Instead, small degree melts of gabbroic equiv-
alents of the basalt more closely match the Rb, Th, U, and
Pb as well as the Ba/Rb and Pb/Ce ratios of the Snake
River Plains rhyolites.
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Magma density, state of stress, and contrasting evolution
of lithospheric magma systems

Based on the constraints and calculations described above,
we outline two different scenarios for magma generation
that might explain the differences between the Snake River
Plain rhyolites and the Oligocene Great Basin suite
(Fig. 10). We suggest that Snake River Plain olivine
tholeiite magmas stagnate in the middle crust where their
magma pressure and buoyancy are insufficient to overcome
the strength of crust. The density calculated for unevolved
basaltic magma with 10% MgO is about 2,800 kg/m’.
Sparlin et al. (1982) and Smith and Braile (1994) estimate
that the lower crust has a density of about 3,000 kg/m> and
the middle crust has a density of 2,670 kg/m> beneath the
flanks of Snake River Plain. If this density structure
represents the pre-magmatic character of the crust beneath
the Snake River Plain, then basalt magma might stagnate at
the boundary between the lower and middle crust. There,
basalt magma could differentiate to a denser Fe-rich magma
(2,800-2,900 kg/m>) that remains trapped because the
residual magma is not buoyant. The magmas probably
crystallize to form a plexus of sills and dikes filled with
variably evolved gabbro, ferrogabbro, and ferrodiorite—the
“mid-crustal sill.” Only a very small amount of differenti-
ated rhyolitic magma has sufficiently low density (~2,400—
2,200 kg/m?) to escape the density trap, rise, and erupt. The
rhyolites at Cedar Butte may have formed by fractional
crystallization in this type of magma system.

Parental magmas of the typical Snake River Plain
rhyolites appear to form when enough hot mafic magma
in inserted into the mid-crustal sill complex so that gabbroic
rocks partially melt to form low density rhyolite magma
( ~2,400 kg/m?). This silicic magma has enough buoyancy
to overcome the strength of the crust and rise out of the
mid-crustal sill and through the middle and upper crust
(<2,700 kg/m?). Cooling in the upper crust may retard the
rise of magma and create shallow-level chambers from
which rhyolite erupts to form large Yellowstone-type
calderas. In these shallow chambers, magma could further
differentiate to make low temperature, more highly evolved
rhyolite magma. It is conceivable that relatively small
aliquots of hot unevolved rhyolite may erupt directly from
the gabbro melting zone, as hypothesized by Ekren et al.
(1984) and Hughes and McCurry (2002). These may form
lava flows or ignimbrites that lack clearly defined calderas.

A rather different story can be constructed for the
parental magmas for the Great Basin suite (Fig. 10). Here,
the parental magmas appear to have formed above a
subducting slab of dehydrating oceanic lithosphere. These
magmas probably had slightly lower densities than Snake
River Plain tholeiite magmas because of their higher Al,O3
and H,O and lower FeO contents. For example, the most
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Mg-rich basaltic andesite from the Indian Peak volcanic
field has a calculated magma density of ~2,600 kg/m’,
assuming that it had 1% H,O and was at its liquidus
temperature. A hypothetical parental basalt, estimated by
extrapolating elemental trends back to 50% silica, would
have a slightly higher magmatic density of ~2,680 kg/m’
assuming 1% H,O; even assuming no H,O, its calculated
magmatic density (~2,730 kg/m?) is still less than for the
tholeiitic magmas of the Snake River Plain. As a result of
their slightly lower densities, these “calc-alkaline” magmas
may have stagnated higher in the crust where their buoy-
ancy matched the strength of the crust. Even more
important than their initial density is the fact that these
higher fO, magmas differentiated to Fe-poor melts that are
less dense than their parents. Differentiation generated
buoyant residual liquids which rose even higher into the
crust. In this case, a mid-crustal density barrier would be
semipermeable because evolved magmas could escape. As
a result of this gradual density evolution, differentiating
magma may have risen continuously, encountering and
assimilating “fertile” crust on its rise path and becoming
very contaminated as a result.

The state of stress in the lithosphere can exert a similar
effect on basaltic magma systems (Best and Christiansen
2001; Marrett and Emerman 1992). In a compressional
regime, such as the one that probably characterized the
western US during the Oligocene ignimbrite flareup (Best
and Christiansen 1991), the minimum horizontal stress
direction (0,) in the lower part of the brittle upper crust is
less than the pressure exerted by magma rising from the
mantle. Consequently, magma ascent is prevented and sills
form within the brittle crust. If differentiation leads to less
dense magma, the evolved magma could escape from the
sill complex and continue to rise as depicted in Fig. 10.

Importance of intensive parameters

Many of the compositional and physical properties of these
contrasting magma systems are probably the result of
contrasts in their intensive properties, which were in turn
established by distinctive tectonic settings. For example,
temperature controls the distinctively high concentrations of
Zr and Hf in the Snake River Plain rhyolites (Fig. 6)
because the solubility of zircon is positively correlated with
temperature (Watson and Harrison 1983). Higher tempera-
ture and lower fO, in Snake River Plain rhyolites (Fig. 2)
may also increase the solubility of magnetite and ilmenite
compared to the cooler and more oxidized Great Basin
dacites and rhyolites, thus increasing the FeO and TiO,
concentrations in rhyolite melts of otherwise similar
composition.

High temperatures of the silicic Snake River Plain
magmas are probably the result of relatively dry melting
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of their source rocks. For example, mafic rocks with
amphibole or biotite begin melting between about 750 and
875°C (e.g., Wolf and Wyllie 1995; Rapp and Watson
1995), whereas dry gabbro melts at temperatures of about
1100°C in the middle crust. Water in the source regions of
the subduction-related Oligocene magmas produced melts
at lower temperatures, a feature that was subsequently
passed on to derivative magmas. The relatively high water
fugacities kept the low temperature magmas molten to
lower temperatures (Christiansen 2005b).

Patifio Douce (1997) attempted to use major element
variation diagrams to distinguish between “calc-alkaline”
and anorogenic granitic rocks. Of the discriminants he used,
only the TiO,/MgO effectively discriminates between the
A-type rhyolites of the Snake River Plain (TiO,/MgO>1)
and the “calc-alkaline” rhyolites of the Great Basin (TiO,/
MgO<I1; see ESM Fig. 5d). Patifio Douce (1997) experi-
mentally produced rhyolitic melts with high TiO,/MgO
ratios by partially melting a “calc-alkaline” granodiorite at
4 kb and 950°C. We suggest that the high TiO,/MgO ratios
in the experimental liquids were not the result of low
pressure melting, but of the low the oxygen fugacity in the
experiments (estimated to be 1 log unit below QFM
because of graphite in the cell assemblies). Low fO,
retards the crystallization of titaniferous magnetite and
causes the TiO,/MgO ratio to be rather high in the partial
melt. Thus, these experiments show low fO, raises the
TiO,/MgO ratio in partial melts and otherwise do not place
significant constraints on the composition of the source
materials or pressures of melting that produce A-type
rhyolites. Such low fO,s are unlike those found in natural
calc-alkaline magma systems which are typically oxidized.
Partial melting of an oxidized source should imprint the
derived magma with a high fO, as well (Carmichael 1991).

Water has also played an important role in the origin and
evolution of the two rhyolite types. In contrast to the Snake
River Plain Rhyolites, hydrous minerals in the Great Basin
magma series are common and were stabilized by higher
water fugacities and lower temperatures. In addition,
ALO;”® is about 13.5% in typical Snake River Plain
rhyolite and about 14.5% in the Great Basin suite.
Significantly higher concentrations of CaO are also present
in the Great Basin series (Fig. 4d). These observations
suggest plagioclase was more soluble in the Great Basin
magmas as a result of higher water content.

In addition, distinctively high concentrations of Sr and
Pb in the hydrous magmas of the Great Basin may be the
result of their solubility in subduction zone fluids (e.g.,
Keppler 1996). As noted earlier, partial melting in a fluid-
soaked wedge probably produced the mafic magmas that
were parental to the Great Basin suite. Moreover, the
enhanced solubility of plagioclase in wet magma retarded
the depletion of Sr in the evolving magma.
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Conclusions

Silicic magmas from the Snake River Plain and the Great
Basin contain distinctive fingerprints imposed by their
different mantle parents. The Great Basin dacites and
rhyolites were generally oxidized (fO,> NNO), wet (high
fH,0), cool, Sr-and Al-rich, and Fe-poor and part of an
extended compositional trend from rhyolite to basaltic
andesite. This is interpreted to reflect the derivation of
their mafic parents from dehydration of subducting oceanic
lithosphere that induced melting in the overlying wedge of
mantle. Plagioclase fractionation was minimized by the
high water fugacity and oxide precipitation was enhanced
by high oxygen fugacity. This resulted in the formation of
Si-, Al-, and Sr-rich differentiates that also have low Fe/Mg
ratios and relatively low temperatures. Magma mixing,
large proportions of crustal assimilation, and polybaric
crystal fractionation were all important processes in
generating the variety of silicic magmas erupted during
this Oligocene ignimbrite flareup.

On the other hand, most of the rhyolite magmas of the
Snake River Plain crystallized at low fO, (near QFM), and
are relatively hot, dry, Al-and Sr-poor, and Nb-and Fe-rich.
The voluminous rhyolite is not part of a continuous
differentiation trend, but bimodal with basalt. These
characteristics were largely imposed by the derivation of
parental basalts from a plume (or from the overlying lid of
lithospheric mantle) having low fH,O and low fO, . These
intensive parameters caused early precipitation of plagio-
clase (a consequence of low fH,0) and retarded crystalli-
zation of Fe-Ti oxides (because of the low fO,). These
characteristics were passed on to their silicic partial melts
which resulted from renewed intrusions of basalt magma.
Partial melting of relatively dry gabbro also requires high
temperatures. Subsequent fractionation of the rhyolitic
magma led to the array of compositions found on the
Snake River Plain province. Minor assimilation of conti-
nental crust also occurred during rhyolite genesis and
differentiation, as indicated by moderately lower €Nd
and higher initial Sr isotope ratios in the most evolved
rhyolites.

We note in closing that our model for the origin of the
large volume rhyolites of the Snake River Plain is similar to
that proposed by Frost and Frost (1997) and Streck and
Grunder (2007). However, it is not universally accepted.
For example, Boroughs et al. (2005) and Bonnichsen et al.
(2007) propose that the rhyolitic magmas of the central
Snake River Plain are largely derived by partial melting of
“calc-alkaline” crustal rocks similar to the granitic rocks of
the Idaho batholith. These contrasting proposals continue to
frame the debate about the origin of A-type granitoids
worldwide and show that we still have much to learn about
these fascinating silicic magmas.
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