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Abstract Major oxide, trace element and volatile (H,O,
CO,, S, F, and Cl) compositions have been analyzed for
olivine-hosted melt inclusions in eight basalt samples from
Yellowstone National Park and the Snake River Plain
(SRP) to identify the least differentiated melt compositions
and assess the volatile budget of the Yellowstone hotspot.
Melt-inclusion chemistry was evaluated to understand
potential overprinting effects in the shallow mantle and
crust of magmas derived from deeper levels. Maximum
water concentrations of 3.3 wt% and CO, up to 1,677 ppm
have been observed in olivine-hosted melt inclusions from
the Gerritt Basalts at Mesa Falls, Idaho (SRP region),
which is significantly higher than the maximum concen-
trations measured in lavas from other hotspots such as
Hawaii (~0.8-0.9 wt%). Maximum water concentrations
were generally observed in the least differentiated melt
inclusions in terms of incompatible major oxide concen-
trations, indicating that high water concentrations are
characteristic of the mantle or perhaps lower crust rather
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than resulting from differentiation enhancement within the
shallow crust, even taking into account the fact that water
behaves as an incompatible element during crystal frac-
tionation. Enrichment in Ba coupled with depletion in Th
in many of the melt inclusions and their host rocks is a
characteristic of many arc lavas and may indicate that
volatiles in Yellowstone-Snake River Plain basalts could
have a subduction zone origin.

Keywords Snake River Plain - Olivine-hosted melt
inclusions - Volatiles - Hotspots - Yellowstone

Introduction

The Yellowstone-Snake River Plain (YSRP) volcanic
province is widely considered to be a manifestation of a
hotspot that penetrates North American continental litho-
sphere proximal to a convergent boundary with the Juan de
Fuca Plate (cf. Manea et al. 2009). While some have
expressed doubt about a mantle plume origin for the YSRP
volcanic province (e.g., Christiansen et al. 2002), many
others have presented evidence suggestive of such an ori-
gin (e.g., Craig et al. 1978; Jordan et al. 2004; Nash et al.
2006). Some studies have explored the detailed petroge-
netic processes resulting in this magmatism (cf. Leeman
et al. 2008; Leeman et al. 2009; McCurry and Rogers
2009), but critical to such endeavors is knowledge of the
magmatic volatile contents.

YSRP magmatism is characterized by bimodal volca-
nism, consisting of an early sequence of rhyolitic lavas and
caldera-forming ignimbrites. These packages are associated
with discrete eruptive centers, each lasting a few million
years. They are followed by predominantly basaltic volca-
nism that buries the calderas (Leeman 1982; Christiansen
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Fig. 1 Schematic map of the
Pacific Northwest region of the
United States showing the
locations of the Columbia River
Basalts (CRB) and the Snake
River Plain (SRP). Approximate
caldera locations and ages (in
Ma) are shown along the Snake
River Plain. Also shown is the
Cascade arc. The inset shows a
DEM of the SRP and the
general sample locations for
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2001; Shervais et al. 2006). Initiation of silicic magmatism
was age transgressive from SW (McDermitt Caldera,
~ 16 Ma) to NE (Yellowstone Caldera, ~0.6 Ma), over a
distance of some 700 km. The migration rate for these
eruptive centers is comparable to the absolute movement of
the North American Plate (~3—4 cm per year) relative to a
hotspot frame of reference (Gripp and Gordon 2002), and
has been discussed in detail elsewhere (cf. Leeman 1982;
Pierce and Morgan 1992) (Fig. 1). Magmatism is inter-
preted to have commenced shortly following arrival of the
plume head at the base of the lithosphere at ~17 Ma,
triggering eruption of the voluminous Columbia River
Flood Basalts (Carlson 1984; Hart 1985; Geist and Richards
1993; Camp 1995; Dodson et al. 1997; Camp and Ross
2004). However, density-filtering effects of thick cratonic
crust/lithosphere beneath much of southern Idaho promoted
intrusion rather than eruption of early basaltic magmas, and
rhyolitic volcanism is interpreted to result largely from
crustal anatexis in response to this process (Bonnichsen
et al. 2008; Leeman et al. 2008). Based on Nd and Hf iso-
topic compositions and other geochemical data as much as
30—40% of the rhyolite volume could be of mantle origin
(e.g., via reprocessing of early-intruded basaltic magma
(Nash et al. 2006; Leeman et al. 2008; McCurry and Rogers
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2009). Thus, YSRP basaltic magmatism appears to funda-
mentally drive the entire petrogenetic cycle from its
beginning. Elevated *He/*He ratios up to 16 R, in YSRP
basalts (Craig et al. 1978; Craig 1993; Graham et al. 2009)
provide the most compelling evidence that these magmas
may have a sublithospheric mantle plume source as pro-
posed for many oceanic island basalts. However, a craton-
ized lithosphere source cannot be entirely ruled out if *He is
stored in the deep crust as has been suggested for the
Michigan Basin by Castro et al. (2009).

The presence of a low-velocity anomaly beneath
Yellowstone extending to a depth of 500-600 km (Yuan
and Dueker 2005), has been interpreted as the manifesta-
tion of a rising plume elevated in temperature relative to
the ambient mantle. However, the presence of a thick
lithosphere lid might prevent decompression melting of
ascending plume mantle (Manea et al. 2009). Because the
YSRP province transects Basin and Range structures that
are observed south and north of the SRP (Leeman 1982;
Nash et al. 2006), it is conceivable that YSRP basaltic
volcanism is at least partly a consequence of regional
extension (Bonnichsen et al. 2008; Leeman et al. 2008; cf.
Harry and Leeman 1995)—perhaps abetted by an upwell-
ing mantle plume (e.g., to account for the heat required to
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produce anomalous magmatic volumes). On the other
hand, Leeman et al. (2009) note petrogenetic, geochemical,
and tomographic data that point to derivation of YSRP
basalts from shallow (lithospheric mantle) sources that are
not unusually hot, in which case, the presence of relatively
fertile or hydrated mantle sources might explain the volu-
minous melt productivity associated with this province.

Further development of petrogenetic models for SRPY
basaltic magmas will hinge on knowledge of their volatile
contents. Yet, few data exist to constrain the volatile
budget of hotspot basalts worldwide and none are available
in continental settings. Because of the chemical heteroge-
neity observed in all hotspots (e.g., Weaver 1991;
Kovalenko et al. 2007), it should be expected that the
volatiles are also heterogeneous both in absolute concen-
tration and relative proportions. The YSRP track is par-
ticularly interesting because the associated continental
lithosphere had a protracted and complex kinematic and
volcanic history prior to the presumed plume impingement
against the lithosphere. For example, volatile concentra-
tions in the YSRP magmatic systems could be elevated
relative to other hotspots because of the history of sub-
duction and arc volcanism along the Pacific margin of the
North American Plate, not far from our study area when
Basin and Range extension is palinspastically removed
from the current lithospheric configuration.

Ideally, basalts closely related in age to the early silicic
eruptive centers are likely to provide the most direct con-
straints on the volatile budget of the mantle source. If the
source is lithospheric mantle, then over time, we would
expect it to become progressively depleted in volatile
components via melt extraction. Conversely, if the source
is ascending plume mantle, then there may be little change
in volatile content over time as source material would be
continually replaced. Unfortunately, as previously noted,
the earliest basaltic magmas in the YSRP system rarely
erupted and direct samples are unavailable. Basaltic lavas
that erupted immediately following the initial rhyolite
magmatism tend to be somewhat differentiated. Many
exhibit strong evidence of interaction with the crust, sug-
gesting that they may be modified significantly during
storage at crustal levels (Leeman 1982). Although this is
the case for most Yellowstone basalts, relatively primitive
examples do occur in the western reaches of the Yellow-
stone caldera system (Hildreth et al. 1991; Leeman,
unpublished data). Two examples (among the most prim-
itive YSRP basalts discussed by Leeman et al. 2009) were
selected for study to assess volatile contents in the earliest
available basaltic magmas in that eruptive center; these
have Mg#s greater than 60 and some contain more than
10% MgO. For convenience, these lavas are designated as
‘syn-caldera’ although strictly they post-date the majority
of silicic magmatism in this system.

For comparison, several basalts from the central Snake
River Plain were selected for study to evaluate temporal
and spatial variations in volatile budgets. These basalts
have lower Mg# (52-55) and MgO (>7%) than the previ-
ously described samples, but are among the most primitive
lavas available in the area. They post-date the local silicic
magmatic phase by ca. 10 Ma, and are referred to in this
paper as ‘post-caldera’ basalts. The use of ‘syn-caldera’
and ‘post-caldera’ is a simplification because many of
caldera complexes are not well defined and, in fact, their
locations are inferred from the distribution of rhyolite lavas
and tuffs. However, we have chosen these terms because
they provide the simplest way to define the relative timing
of eruption between the studied basalts and associated
rhyolitic eruptive centers. Basic information on all samples
studied, including their bulk compositions, is provided in
Table 1.

Olivine-hosted melt inclusions arguably provide the
most direct means measuring pre-eruptive volatile contents
of basaltic magmas, potentially constraining source volatile
contents, and perhaps elucidating the operative melting
processes (Danyushevsky et al. 2002; Hauri 2002; Wallace
2005, Kent 2008). These objectives often are hampered by
a number of factors. One universal limitation is that melt
inclusions are trapped at depths over which olivine is a
liquidus phase. Based on direct experiments (Thompson
1975), this is the case for SRP basalts at pressures below
ca. 0.8-1.0 GPa, so the melt inclusions cannot record
details of magma evolution under deep crust or mantle
conditions. In other words, at best, trapped melt inclusions
are likely to provide only minimal estimates of magmatic
volatile contents due to degassing effects prior to melt
entrapment. Furthermore, melt inclusions may be modified
to some extent by interaction with the host olivine and by
post-entrapment crystallization (PEC). This is a prevalent
issue in the SRPY province because rapidly quenched
scoreacious tephras that best preserve glassy primary melt
inclusions (e.g., Luhr 2001; Sadofsky et al. 2008) are rarely
available for the most primitive SRPY basalts. Our work
necessarily utilized subaerial lavas and the melt inclusions
typically consisting of glass + gas bubbles + daughter
minerals; homogeneous inclusions are rare. Prior to being
analyzed, such inclusions must be rehomogenized at close
to magmatic temperatures, then quenched to produce
homogeneous glasses (Danyushevsky et al. 2002; Kent
2008). Because volatile solubility in magmas increases
with pressure (Moore et al. 1998), in this study, reho-
mogenization was performed at elevated pressure
(~6 kbar). This approach minimizes the possibility of
melt-inclusion rupture and volatile losses.

This paper primarily reports the results of Fourier
transform infrared (FTIR) spectroscopy, electron micro-
probe (EMP), secondary ion mass spectrometer (SIMS),
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Table 1 Samples analyzed

Sample #  Syn-Caldera Post-Caldera

GTMF-2 GTMF-4 IP-5 AYS (O L05-1 L00-35 SRP-2
Age Ma) 0.2 0.2 <0.6 <0.6 <0.6 <1 1 <1
Setting Gerritt Gerritt basalt Spencer- Osprey Basalt Osprey Basalt Late SRP  Late SRP  McKinney

basalt near  near Mesa Falls  Kilgore AYS-29-05 in 9YC-514 in basalt basalt Basalt, late

Mesa Falls Lava Field  Christiansen 2001  Christiansen 2001 SRP basalt
SiO, 48.26 48.41 48.12 52.88 50.35 221 2.39 2.96
TiO, 1.58 1.57 1.20 1.94 1.59 16.22 15.55 14.85
Al,O3 15.65 16.28 14.63 14.81 15.34 11.21 11.94 13.37
FeO 10.58 10.37 11.60 11.89 11.67 0.18 0.19 0.20
MnO 0.18 0.18 0.18 0.17 0.16 7.59 7.31 7.64
MgO 9.44 8.68 10.59 5.83 8.18 9.92 10.09 9.10
CaO 11.32 11.57 10.90 9.69 10.59 2.84 2.59 2.64
Na,O 2.34 2.36 2.13 2.81 2.55 0.66 0.80 0.72
K,0 0.45 0.42 0.36 0.79 0.54 0.28 0.22 0.18
P,0s 0.20 0.15 0.28 0.24 0.19
Rb 8.1 7.2 6.7 12.8 16.4 14.0
Sr 215 218 174 334 331 311
Y 21.6 19.3 234 22.3 21.0 23.5
Zr 125 123 109 202 172 226
Nb 12.6 12.3 10.1 194 15.3 18.6
Ba 229 227 186 386 396 368
La 10.73 9.26 11.30 13.67 11.88 12.93
Ce 23.26 19.94 22.40 29.17 25.57 27.50
Pr 3.09 2.69 2.88 3.84 3.45 3.64
Nd 13.62 11.81 12.80 16.74 15.18 15.97
Sm 3.50 3.13 3.52 4.10 3.89 4.11
Eu 1.37 1.31 1.26 1.76 1.79 1.96
Gd 3.96 3.52 3.74 4.38 4.15 4.46
Dy 4.26 3.92 4.34 4.50 431 4.79
Er 241 2.20 2.63 2.49 2.49 2.66
Yb 2.25
Th 0.66 0.62 0.72 1.26 1.50 1.77
U 0.18 0.16 0.23 0.38 0.34 0.50

Host-rock sample numbers with descriptions and major and trace element chemistry. Analyses for Osprey Basalt samples are from Christiansen

2001

and laser ablation inductively coupled plasma mass spec-
trometer (LA-ICP-MS) study of melt inclusions from rep-
resentative olivine phenocrysts separated from these
samples.

Methods for the preparation and homogenization
of olivine-hosted melt inclusions
Sample selection and homogenization

Seventy-six olivine grains 425 pm to 1 mm in size were
separated from eight basalt samples and individually
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inspected under the binocular microscope to identify melt
inclusions, which invariably appeared crystalline. Equant-
shaped melt inclusions with diameters greater than 50 pm
length were handpicked for analysis. Olivine grains dis-
playing internal fracturing or alteration were discarded to
avoid secondary effects and the possibility of volatiles
being introduced into the melt inclusions from outside the
olivine grains. Representative images of unhomogenized,
homogenized, and polished melt inclusions used in this
study are shown in Fig. 2. Homogenization of melt inclu-
sions was achieved in the High Pressure Laboratory at the
University of Michigan using the piston cylinder apparatus
(see Hui et al. (2008) for calibration). Between 10 and 15
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Fig. 2 Representative A
examples of olivine-hosted melt
inclusions used in this study.

a An olivine grain with several
inclusions to 50 um prior to
homogenization. b A
homogenized and doubly
polished 70-pm inclusion

olivine grains were packed in graphite powder inside a
single graphite capsule and were then brought to temper-
ature and pressure in the piston cylinder apparatus to
achieve homogenization, using a barium carbonate pres-
sure medium for heating to homogenize the melt inclu-
sions. The charge was heated to 1,300°C at a pressure of
approximately 6 kbars in less than 1 min, held there for
18-20 min, and then quenched to below 200°C within 20 s.
According to work done by Zhang et al. (1989) and Chen
and Zhang (2008), any quench-related modifications of
inclusions under these conditions should be negligible. The
temperature of 1,300°C was chosen in order to be signifi-
cantly above the basalt liquidus (usually in the range of
1,100-1,200°C, depending on melt composition, including
H,O content) so that melting and homogenization are rapid
to minimize volatile diffusion in or out of the inclusion
before quench. These techniques were previously
employed by Zhang and Stolper (1991) and Chen and
Zhang (2008), and in both cases, there was no detectable
change in H,O concentration during the experiment, ruling
out the possibility of H,O addition to the melt inclusions by
the experimental assembly. The olivine grains were then
individually mounted in epoxy resin and then ground and
polished until inclusions were exposed on both sides of the
mount. Final thicknesses ranged approximately from 20 to
70 um. Care was taken at this time to once again monitor
for cracks or other signs of inclusion rupture or alteration.
Any samples with cracks that intersected the targeted melt
inclusions were discarded, with the exception of those
cracks that developed during the final stages of polishing,
as these would not allow appreciable modification in the
inclusion volatile contents. Any inclusions not completely
homogenized were also discarded.

Water analysis by FTIR
Polished melt inclusions were analyzed at the University of

Michigan for H,O on a Perkin Elmer Spectrum GX FTIR
spectrometer microscope attachment in an environment

purged with N,. Typical melt inclusion diameter is 50 pm,
and an infrared aperture of 20 um by 20 pm was used.
The thickness of the section is measured to a precision of
1 um. The calibration of Dixon et al. (1995) was used to
calculate the H>O concentrations from the ~ 3,500 cm™!
absorbance peak. HO measurements were all reproducible
to £10%.

Major oxide analysis for the inclusions and host-olivine
grains

Major oxide concentrations for inclusions and host-olivine
grains were determined on a Cameca SX100 Electron
Microprobe at the University of Michigan. Measurements
were made with an accelerating voltage of 15 kV, a beam
current of 4 nA, and a 5-um defocused beam. Counting
times were typically 20 s, with a sub-counting routine on
Na to monitor for potential beam damage to the glasses.
The sub-counting routine breaks counts for Na into 5-s
increments, allowing the user to note time-dependent shifts
in Na count rates that would indicate beam damage to the
glass. The sub-counting routine also includes an algorithm
that corrects for any beam damage by calculating back to
t = 0 for any time-dependent change in Na count rate. In
none of the cases was correction necessary. Host-olivine
grains were analyzed in the same way, except that a beam
current of 10 nA and a point beam were used. Elemental
standardization was achieved with known natural mineral
samples (Albite for Na and Al, diopside for Mg, Si and Ca,
adularia for K, imenite for Ti, rhodonite for Mn, ferrosilite
for Fe, apatite for P). Major oxides other than MnO and
P,O5 were reproducible to +1%.

Volatile- and trace-element analysis of the inclusions
by SIMS and LA-ICP-MS

Selected melt inclusions from each sample were analyzed

for H,0, F, Cl, and S using a 10-um Cs™ ion beam on the
Cameca 1280 SIMS at the Woods Hole Oceanographic
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Institution following the method described in Le Voyer
(2008). Additionally, four melt inclusions from sample
GTMF-4, a Gerrit Basalt, were analyzed for CO,. A set of
volatile-rich basaltic glasses (0.1-6.5% H,0) was used for
the calibration. SIMS data were reproducible to £1%. We
observed no systematic difference between the FTIR and
SIMS data for inclusions with lower water concentrations
(<1.5 wt%), whereas SIMS gave systematically higher
water concentrations for the more water-rich inclusions, the
discrepancy increasing with increasing concentration (2.5
wt% vs. 3.5 wt% in the most water-rich inclusion in this
study). This discrepancy is attributed to potential detector
saturation in the FT-IR instrument. Although peaks do not
appear to show “flattening” associated with saturation,
repolishing inclusions to thinner wafers could often cause
measured water concentration to increase, supporting the
notion that detector saturation is responsible for this dis-
crepancy. Consequently, we have opted to report SIMS
data for the inclusions with higher water concentrations
over FTIR data when available.

A subset of 54 inclusions was analyzed for selected trace
elements (Sc, Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm,
Eu, Gd, Dy, Er, Yb, Th, and U) using the laser ablation
inductively coupled plasma mass spectrometer (LA-ICP-
MS) at Oregon State University. Ablation was achieved
using a NewWave DUV 193 ArF Excimer laser, and
analysis was performed on a VG ExCell quadrupole ICP-
MS. The laser spot size was 50 um, and the pulse rate was
set to 4 Hz. Analyses were calibrated using the **Ca peak
in the sample, while regularly monitoring the BCR-2G and
BHVO-2G glass standards, as detailed by Kent et al.
(2004). Based on repeated standard analysis, all trace ele-
ments were reproducible to £10% or better.

Host-rock analysis

Major oxides and the trace elements Rb, Sr, and Zr for the
bulk rock lavas were analyzed by X-ray fluorescence
(XRF), and other trace elements were measured by
LA-ICP-MS at the XRF and ICP-HEX-MS Laboratories of
the Washington State University Geoanalytical Laboratory
following the methods of Knaack et al. (1994) and Johnson
et al. (1999).

Results

Major oxide, as well as trace element and volatile data for
olivine-hosted melt inclusions and their associated whole
rocks from eight basalt flows throughout the Snake River
Plain are presented in Tables 1 and 2. The five samples
associated with the current Yellowstone-Island Park cal-
dera complex (Fig. 1) are considered to be syn-caldera
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basalts and are all younger than the Lava Creek Tuff
(0.6 Ma). The other three flows, from the central SRP, are
much younger than the nearest caldera and are considered
to be post-caldera.

Olivine compositions

Host-olivine compositions for the syn-caldera melt inclu-
sions show a range of ~Fogs g7 (host rock Mg#s range
from 47 to 62). The post-caldera olivine grains are gener-
ally less magnesian, but are more heterogeneous, with a
range of ~Fogg_g, (host rocks Mg#s range from 50 to 55).
Forsterite contents in individual samples do not generally
vary by more than 3 wt% (the exception being post-caldera
sample L05-1, showing as much as 11 wt%) and do not
correlate with water.

Major element compositions of the melt inclusions

Major oxide data for both syn-caldera and post-caldera
melt inclusions display compositional trends, despite some
scatter. When melt inclusion compositions are plotted
against the compositions of suites of whole rocks from the
same area taken from the literature (Fig. 3), they are found
to follow the compositional trends defined by those rocks,
although they tend to extend those trends to less differen-
tiated compositions. They also tend to show broader scatter
about those trends, probably representing a combination of
potential source heterogeneity, small-scale crystallization/
contamination effects and the higher uncertainties associ-
ated with the analysis of the inclusions as opposed to the
whole rocks. Iron loss is a common problem in olivine-
hosted melt inclusions (Danyushevsky et al. 2002; Kent
2008). However, no melt-inclusion compositions from this
study show anomalous iron concentrations when compared
to whole rock suites. Overall, this consideration lends
confidence that the melt inclusions are representative of
their host magmas.

Most melt-inclusion and host-rock compositions fall in
the basalt field on the total alkalis vs. silica diagram
(Fig. 4); however, a wide variety of other compositions
also occur. It is important to note at this time that these
exotic compositions may represent real liquids that were
present in the magma system, but may instead result from
edge effects and other localized reaction effects, as dis-
cussed by Danyushevsky et al. (2004). Post-caldera melt
inclusions show less heterogeneity but are more alkaline
on average than the syn-caldera inclusions, although a
couple of extreme alkaline compositions are observed in
some syn-caldera inclusions from Yellowstone. The melt
inclusions’ major oxide compositions are quite variable
within a given sample, but the host-rock composition
in each case is within the range defined by the melt
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Table 2 Selected data for olivine-hosted melt inclusions from the Snake River Plain

wt% GTMF-2-2 GTMF-2-3 GTMF-2-4 GTMF-2-5 GTMF-2-6 GTMF-2-7 GTMF-2-9 GTMF-2-10 GTMF-2-11 GTMF-2-12
Si0, 4734 47.22 47.69 47.05 4436 4599 4731 44.83 4549 46.33
TiO, 1.59 145 2.20 1.52 178 131 1.78 1.29 1.31 0.99
Al,O5 14.51 15.35 11.55 16.46 1419 1498 16.64 13.68  14.69 11.98
FeO 9.70 8.30 10.71 9.43 1251 843 9.63 11.06 1059 18.13
MnO 0.21 0.13 0.19 0.14 023 0.8 0.14 0.16 0.19 031
MgO 11.72 12.50 13.16 9.76 963 1321 7.65 1401 11.89 12.73
CaO 11.12 11.64 10.19 11.76 1130 1132 12.41 1043 11.08 498
Na,0 2.37 2.19 2.40 2.09 401 341 2.70 274 3.34 2.97
KO 0.55 0.34 0.53 0.43 062 034 0.55 0.42 0.37 0.71
P,0;5 0.26 0.31 0.49 0.30 033 032 0.49 021 0.29 0.28
H,O 0.63 0.56 0.89 1.07 1.04 052 0.71 1.17 0.78 0.58
Olivine FO 85.53 84.67

H,O 1.27 1.00
ppm

F 401 689
S 1,369 423
cl 182 129
Sc 30 2 39 23 25 26

Rb 10.6 7.2 12.5 7.8 7.1 6.4

Sr 209 201 175 194 1,284 158

Y 23 20 31 22 22 19

Zr 116 91 167 126 126 127

Nb 132 10.3 18.3 14.1 17.6 14.6

Ba 294 186 342 207 2,916 488

La 14.0 9.3 18.5 11.8 8.8 72

Ce 36.0 273 46.6 327 223 223

Pr 42 32 56 4.1 29 26

Nd 18.6 143 217 16.3 127 13.0

Sm 4.1 40 4.6 45 33 34

Eu 12 1.4 1.8 13 15 12

Gd 3.6 3.7 6.1 42 42 48

Dy 4.1 40 55 3.3 4.1 32

Er 25 2.0 3.3 2.1 2.4 23

Yb 27 13 4.1 1.8 25 2.1

Th 0.4 03 0.6 0.4 0.4 0.4

U 03 03 0.1 0.3 0.2

wi% GTMF-2-13 GTMF-4-3  GTMF-4-6  GTMF-4-7  GTMF-4-8  GTMF-420  GTMF-4-21
Si0, 44.08 39.49 47.54 4537 47.93 41.05 43.42

TiO, 1.51 274 1.63 1.34 1.53 1.62 1.93

AL,O; 13.93 12.30 15.03 12.96 14.17 14.93 14.34

FeO 11.32 14.65 9.02 10.78 10.18 15.67 12.05

MnO 0.12 0.22 0.22 0.20 0.13 0.23 0.21

MgO 14.09 11.22 11.07 15.73 12.41 10.21 13.50

CaO 11.08 14.97 11.55 9.80 10.61 11.80 1118

Na,0 2.10 2.10 2.36 1.49 1.95 1.57 0.93

K,O 0.36 0.33 0.36 0.35 0.35 0.44 0.29

P,0s 0.20 0.44 0.28 0.29 0.27 0.37 0.26
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Table 2 continued

wt% GTMF-2-13 GTMF-4-3 GTMF-4-6 GTMF-4-7 GTMF-4-8 GTMF-4-20 GTMF-4-21

H,0 1.20 1.54 0.93 1.69 0.48 2.13 1.89

olivine FO 84.91

H,0 2.00 3.30

ppm CO,

F 362 460

S 1,700 898

Cl 186 1,100

Sc 32 25 57

Rb 5.8 53 6.8

Sr 135 271 198

Y 20 22 24

Zr 122 131 118

Nb 12.1 13.9 11.6

Ba 206 2,780 205

La 8.5 12.8 12.9

Ce 23.0 27.1 28.9

Pr 2.9 3.6 32

Nd 12.6 15.5 17.6

Sm 3.6 34 4.5

Eu 1.0 14 1.3

Gd 3.8 5.0 4.2

Dy 2.8 4.8 34

Er 2.3 2.6 23

Yb 1.6 1.9 1.3

Th 0.4 0.3 0.7

U 0.2 0.2

wt% L00-35-3 L00-35-4 L00-35-6 L00-35-8 L00-35-9 L00-35-10 L00-35-11 L00-35-13 SRP-2-1
SiO, 47.33 43.29 48.31 45.18 47.77 47.65 47.40 47.79 44.26
TiO, 2.32 4.17 1.08 2.02 2.73 2.52 2.37 2.66 3.02
Al,O4 12.81 12.20 12.12 12.53 14.28 13.48 13.29 13.00 11.92
FeO 12.00 16.55 16.90 16.79 11.17 10.71 11.19 11.95 17.25
MnO 0.26 0.28 0.41 0.26 0.21 0.17 0.26 0.24 0.27
MgO 11.25 11.87 9.22 8.57 9.00 10.63 11.26 9.08 11.18
CaO 10.02 7.93 5.18 8.62 10.13 10.45 9.93 10.89 8.21
Na,O 2.39 2.04 4.80 441 2.69 2.55 2.48 2.56 2.33
K,O 0.80 0.64 1.08 0.28 0.92 0.84 0.80 0.80 0.77
P,0s 0.59 0.79 0.81 0.36 0.51 0.51 0.53 0.53 0.60
H,O 0.23 0.24 0.08 0.98 0.58 0.48 0.49 0.50 0.21
olivine FO 78.03 79.27 78.04 78.01 73.23
H,0 0.53 0.42 0.30
ppm

F 431 55 826

S 91 173 968

Cl 541 16 70

Sc 26 38 74 26 24 30
Rb 19.5 10.2 4.6 19.1 19.5 17.0
Sr 309 281 264 309 314 263
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Table 2 continued

wt% L00-35-3 L00-35-4 L00-35-6 L00-35-8 L00-35-9 L00-35-10 L00-35-11 L00-35-13 SRP-2-1
Y 29 39 30 27 29 31
Zr 177 161 163 180 179 228
Nb 18.0 21.8 15.9 17.2 18.9 22.1
Ba 472 423 367 464 474 437
La 20.5 27.1 23.3 20.8 20.3 24.5
Ce 56.6 68.2 64.1 56.6 58.9 61.5
Pr 6.3 8.6 4.7 6.8 6.7 7.5
Nd 28.9 38.8 18.2 27.5 29.9 33.6
Sm 6.4 9.3 5.5 4.5 6.6 5.6
Eu 1.7 2.6 1.9 2.3 2.3 2.3
Gd 6.2 7.7 4.1 6.3 5.0 7.4
Dy 5.7 7.3 5.6 4.7 4.2 6.2
Er 2.3 4.3 34 3.0 2.7 3.6
Yb 2.2 4.0 1.1 1.7 2.5 3.1
Th 1.6 1.4 1.5 1.9 1.4 1.8
U 0.3 0.2 0.6 0.5 0.3 0.7
wit% SRP-2-3 SRP-2-4 SRP-2-5 SRP-2-6 SRP-2-7 SRP-2-8 SRP-2-9 SRP-2-13 SRP-2-16 SRP-2-17
SiO, 44.32 47.70 47.13 46.87 47.14 46.96 46.06 44.59 46.80 4591
TiO, 2.98 2.81 3.14 3.51 3.20 2.18 3.02 3.01 2.83 3.09
Al,O3 12.02 11.78 11.46 11.72 11.47 12.48 11.71 11.68 11.32 10.91
FeO 16.97 13.94 14.05 14.67 14.85 13.52 15.13 17.35 14.65 15.11
MnO 0.20 0.18 0.25 0.21 0.27 0.26 0.24 0.23 0.21 0.31
MgO 11.17 11.19 11.12 10.41 10.86 12.06 10.93 10.60 11.91 12.61
CaO 8.45 7.99 8.80 8.79 8.30 8.52 8.70 7.99 8.20 8.13
Na,O 2.49 245 2.42 2.38 2.37 1.97 2.55 2.54 2.01 2.08
K,O 0.74 0.93 0.81 0.79 0.82 1.11 0.72 0.83 0.71 0.73
P,05 0.42 0.72 0.58 0.40 0.44 0.70 0.74 0.65 0.55 0.56
H,O 0.22 0.32 0.24 0.25 0.30 0.25 0.20 0.53 0.81 0.56
olivine FO

H,0 0.23 0.99

ppm

F 977 863

S 727 927

Cl 93 77

Sc 26 25 26 28 27 26 27 24 29
Rb 18.3 22.1 17.9 17.8 17.6 17.4 17.9 19.9 16.5
Sr 275 256 281 275 257 254 265 269 244

Y 37 34 36 40 36 35 35 34 36

Zr 233 252 250 258 242 237 259 222 240
Nb 22.3 23.9 232 22.5 21.5 19.3 21.5 21.2 214
Ba 442 459 443 442 422 410 444 440 417
La 24.9 26.0 249 25.5 25.5 23.8 26.1 24.0 23.0
Ce 66.6 64.1 64.5 65.6 63.8 57.5 67.2 62.1 61.8
Pr 8.2 7.9 8.4 8.5 7.8 7.6 7.6 7.5 7.7
Nd 31.6 33.2 353 33.7 31.8 30.4 34.9 30.9 33.0
Sm 7.2 7.9 8.9 7.4 7.5 8.1 7.5 6.3 6.9
Eu 2.8 2.7 3.0 2.9 2.7 2.5 2.3 2.6 2.6
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Table 2 continued

wt% SRP-2-3 SRP-2-4 SRP-2-5 SRP-2-6 SRP-2-7 SRP-2-8 SRP-2-9 SRP-2-13 SRP-2-16 SRP-2-17
Gd 6.7 6.8 8.2 8.0 7.4 7.1 8.3 7.0 8.6
Dy 59 7.1 6.7 7.3 6.2 73 7.6 6.1 6.0
Er 33 3.6 3.7 43 4.2 33 3.5 29 3.6
Yb 3.1 29 4.2 2.7 35 2.7 39 32 3.8
Th 22 2.6 1.5 2.1 2.1 2.0 1.2 1.9
U 0.6 0.8 0.7 0.8 0.6 0.5 0.7 0.7 0.7

Major oxides measured using EMPA, H,O via FT-IR, volatiles (H,O, F, S, Cl) by SIMS, and trace elements by LA-ICP-MS. Major oxides have

been normalized to 100%
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Fig. 3 Plots of FeO and MgO vs. Mg# for studied melt inclusions
and host rocks. Compare with data for other local whole rocks from
the literature. SK is Spencer-Kilgore lava field (Leeman, unpub. data).
GT are Gerrit basalts taken from Christiansen (2001). McK are
Mckinney basalts from Leeman and Vitaliano (1976). In all these
cases, melt inclusions from this study exhibit similar compositional
trends to local whole rocks, indicating that melt-inclusion composi-
tions have not been strongly altered by Fe loss or other processes

inclusions found in the sample. Melt inclusions commonly
range from less evolved than their host rocks to appar-
ently more evolved (e.g., sample IP-5 has melt inclusions
with Na,O from 1.6 to 5.5 wt%, while the host rock has
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Fig. 4 Total alkalis vs. silica plots for syn-caldera (a) and post-
caldera (b) melt inclusions and host rocks (labeled “bulk” in the
legend). Syn-caldera melt inclusions show greater heterogeneity,
including some with highly alkaline compositions

Na,O of 2.1 wt%). Also, several samples have inclusions
with anomalous compositions not easily related to the
rest of the data. For example, each of the samples from
Yellowstone (OS and AYS samples) yielded a single
inclusion with anomalously high Na,O (~8 wt%) and
low SiO, (~40 wt%) (Fig. 5). These inclusions may
represent chemical alteration that was not filtered out by
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Fig. 5 Harker-style plot of major oxide vs. water concentrations for
the studied syn-caldera melt inclusions. Trends are most pronounced
for Na,O and K,O (g, h) and also demonstrate that water concen-
trations are generally highest in the least differentiated melt inclusions

inclusion inspection (Nielsen et al. 1998) and therefore
should be considered suspect.

Trace-element compositions of the melt inclusions

Most of the inclusions show trace-element patterns that
are broadly similar to those of their host rocks, but dif-
ferences are observed for a few inclusions (Fig. 6). The
variability is particularly noticeable in the syn-caldera
melt inclusions. This may indicate compositional hetero-
geneity of the source region or, more likely, represent
microenvironments created by crystallization of the
magma. Of particular note are some strong enrichments in
Ba (>3,000 ppm) for the syn-caldera melt inclusions,
often accompanied by a depletion in Th, resulting in very
high Ba/Th ratios (500 to >5,000). The anomalous
inclusion in Yellowstone sample AYS has one of the more
extreme Ba/Th ratios (2573). Many of the host rocks also
show elevated Ba/Th ratios, showing that this is a char-
acteristic of these lavas, although extreme ratios in some
melt inclusions are probably the result of localized crys-
tallization effects (edge effects).

Water in the melt inclusions

Water concentrations in the studied syn-caldera melt
inclusions range from 0.3 to 3.3 wt%, with most inclu-
sions showing concentrations <1 wt%. However, all
samples have inclusions with >1 wt% water. The highest
water concentrations (>2 wt%) are observed in flows of
the Gerritt Basalt from Mesa Falls, Idaho (Fig. 5). More
moderate water concentrations are observed in other syn-
caldera flows, but all have higher maximum water con-
centrations than the highest values for post-caldera melt
inclusions (Table 2). Some syn-caldera melt inclusions
show general trends of increasing Na,O and/or K,O with
decreasing water concentrations (Fig. 5), indicating that
evolved inclusions are probably variably degassed and
that the observed concentrations should be interpreted as
minima for all inclusions, including those with the highest
H>O concentrations. The most water-rich inclusions tend
to be either similar in composition to their host rocks or
have less differentiated compositions, increasing confi-
dence that water is not being added by edge effects or
alteration. The exception to this is sample AYS, for which
the most water-rich inclusion has an anomalous compo-
sition, making data from this sample suspect. Further-
more, surface alteration of inclusions would tend to
produce inclusion compositions more like the anomalous
inclusions in samples AYS and OS (e.g., very high
alkalis, very low silica) as opposed to the compositions
displayed by other water-rich inclusions in this study.
Post-caldera inclusions range from about 0.3 to 0.99 wt%
H,0, with most inclusions having less than 0.6 wt% H,O.
Trends for alkalis vs. H,O also confirm that more evolved
inclusions are variably degassed in the post-caldera
inclusions (Fig. 7).

Other volatiles in the melt inclusions

Sulfur concentrations in the syn-caldera melt inclusions
range from <300 to 1,700 ppm. Maximum S in the post-
caldera melt inclusions, however, was only 968 ppm.
Sulfide globules were observed in many inclusions,
implying that the values reported here have to be minima
for each inclusion analyzed. Chlorine concentrations
range from 20 to 1,100 ppm in the syn-caldera inclusions,
though most are under 600 ppm, and from <10 to
540 ppm in post-caldera inclusions. Fluorine concentra-
tions ranged from 33 to 689 ppm in the syn-caldera melt
inclusions and from 55 to 1,226 ppm in post-caldera
inclusions. Fluorine is the only volatile analyzed for
which the higher concentrations are observed in the post-
caldera melt inclusions and may suggest a crustal con-
tribution possibly from the dissolution of apatite. Fluorine
concentrations also show a positive correlation with some
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Fig. 6 Trace-element
distribution diagrams for host
rocks (continuous lines) and
olivine-hosted melt inclusions
for syn-caldera (/eft) and post-
caldera (right) lavas (dashed
lines). Note the broad similarity
between the inclusions and host
rocks, as well as the strong Ba
enrichment and Th depletion in
some syn-caldera inclusions.
Data are normalized to primitive
mantle composition from
Hoffmann and Welin (1988)
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incompatible elements (particularly K,O) (Fig. 8), indi- Discussion

cating that it is not degassing significantly during differ-

entiation. This trend is observed in both syn-caldera and  Causes of chemical variability in melt inclusions
post-caldera melt inclusions. CO, was only analyzed in

four melt inclusions from sample GTMF-4, ranging from  There is a great deal of heterogeneity with respect to major

49.7 to 1,677 ppm.
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oxide, trace-element, and volatile compositions for the
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Fig. 7 Harker-style plot of water versus major oxides for the post-
caldera melt inclusions. Trends again indicate highest water concen-
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Fig. 8 Plots of K,O vs. F in syn-caldera (a) and post-caldera (b) melt
inclusions. Observed trends indicate quantitative retention of F during
differentiation/crystallization

olivine-hosted melt inclusions both in the syn-caldera and
post-caldera basalts scattered throughout the eastern Snake
River Plain (ESRP). This heterogeneity may result from
many factors, as expounded upon in the discussion below.
Magmatic degassing may be detectable if it causes crystal
growth, which would create trends of decreasing volatile
concentrations with increasing concentrations of incom-
patible elements (Johnson et al. 2008). Fractionation will
create commonly observed trends among major oxides, and
may also lead to enrichment of volatiles in the residual
melt. Another phenomenon, known as the “edge effect”

(discussed in part as localized reaction effects in Danyu-
shevsky et al. (2004), is caused by rapid crystal growth,
which exceeds the diffusion rates of some elements and can
cause the chemistry of the boundary layer of liquid near a
crystal to become somewhat different from the bulk liquid.
Zhang et al. (1989), Kress and Ghiorso (1995) and Chen
and Zhang (2008) presented data on elemental diffusion
rates in basaltic liquids, which have bearing on this pro-
cess. Because of this edge effect, melt inclusions trapped in
this boundary layer may be significantly different from the
bulk liquid composition. A sulfide phase can form in
trapped sulfur-rich melt inclusions, which primarily influ-
ences their composition by removing S from the residual
melt inclusion (Danyushevsky et al. 2002). Interaction of
the melt inclusion with olivine either soon after entrapment
or during homogenization in the laboratory will either
add host-olivine components to the inclusion or subtract
olivine-compatible components from the inclusion. Post-
entrapment degassing of inclusions will only be detected if
most inclusions form a trend between a volatile and some
major oxide or trace element, in which case, degassed
inclusions will plot off the defined trend. This further
supports the notion that measured water concentrations for
all melt inclusions are minima compared to the actual
maximum concentration of the original magma.

Major and trace-element trends: equilibrium
crystallization or edge-effect diffusional exchange?

The observed trends between water and incompatible
major oxides and trace elements can be explained in part
by edge effects occurring immediately prior to entrapment
(one type of localized reaction effect discussed by
Danyushevsky et al. (2004), which result from rapid
crystallization, possibly caused by degassing of water
(e.g., Johnson et al. 2008). Some simultaneous enrichment
of Al,Osz, Na,O, and K,O (these three show similar
behavior during olivine dissolution, Zhang et al. 1989;
Chen and Zhang 2008) is evident. It seems likely that
some of the variability in composition of most lower
water melt inclusions is due to edge effects. However,
even where edge effects were important, water could
easily remain in equilibrium with the bulk magma, while
incompatible elements shifted to more evolved composi-
tions at the edge of a growing olivine crystal because
water has a diffusion rate approximately an order of
magnitude greater than most major and trace elements
(~107'9 m?%s, compared to ~ 107" m?s, respectively)
(Zhang and Stolper 1991; Chen and Zhang 2008). The
fact that in all cases, other than sample AYS, water
concentration is highest in less differentiated melt inclu-
sions (which have presumably been the least affected by
the edge effect) seems to bear this out.
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All of the basalts we have analyzed penetrated conti-
nental crust and have compositions that may not have been
directly in equilibrium with the mantle, which indicates
that they may have experienced some evolution within the
crust, potentially including crustal contamination. If crustal
contamination occurred at depth, before any crystallization,
then melt inclusions would not record it. The scatter about
the trends defined by local whole-rock compositions shown
in Fig. 3 could be the result of shallow contamination and/
or edge effects as described previously. It is also possible
that some of the less differentiated compositions that are
significantly different from host-rock compositions repre-
sent small volume liquids that may have existed in the
lower to mid crust and are now only recorded in these melt
inclusions. Although this possibility cannot be ruled out, it
seems less likely to explain the melt inclusions because
some of these inclusions harbor fairly high water concen-
trations, which, as will be discussed later, would mean that
they had to form, be entrained in a normal basaltic magma,
and then be transported to the surface in only a few days, a
scenario that seems unlikely.

Most major oxides in the syn-caldera basalts show
trends with respect to water, despite the scatter. Water
concentrations are highest in less differentiated composi-
tions, which appear to be the compositions least effected by
edge effects or crustal contamination (Fig. 5). Post-caldera
basalts show similar trends in water versus major oxides
(Fig. 7). Fluorine behaves differently compared to the
other volatiles during evolution of the magma. Fluorine
correlates positively with K,O, which indicates that F is not
degassing from magma in a similar manner to the other
volatiles (Fig. 8). Sadofsky et al. (2008) also observed
similar behavior in F for the Central America Arc. These
trends are observed in both syn-caldera and post-caldera
basalts, although, again, the correlations are not as well
developed in melt inclusions from the post-caldera lavas.
Plots of K,O vs. water for data from Vigouroux et al.
(2008) also show this trend in the Mexican arc, and in all
cases, the highest water concentrations are only observed in
the least differentiated inclusions with respect to incom-
patible element concentrations.

It is important to note that the high water concen-
trations preserved in some of the melt-inclusions rule out
the possibility of long storage times in the shallow crust
for the host magmas. Demouchy and Mackwell (2003)
found water diffusion rates through olivine to be
~10713 mz/s, which means that water could diffuse
through a 1-mm wall of olivine to escape an inclusion in
just a few days. Therefore, the observed concentrations
support the conclusion that these basalts are not likely to
have been stored for very long, at least not after water
was degassed. Portnyagin et al. (2008) found that “dry”
olivine-hosted melt inclusions placed in a water-bearing
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melt could gain up to 2.5 wt% water after only two days
at 1,140°C. Although the conditions in the Portnyagin
et al. (2008) study are very unlikely to occur in nature
(ascent should be characterized by degassing of the host
liquid, not addition of water), these experimental results
provide further evidence of how quickly water can dif-
fuse in or out of a melt inclusion. Severs et al. (2007)
found that melt inclusions in quartz from the Bishop
Tuff lost most of their water after only seven days of
heating at 800°C and one kbar of pressure. Johnson et al.
(2008) examined melt inclusions from various stages of
an eruption at Volcan Jorullo, Mexico, and found that
early-erupted inclusions preserved high water contents
and had very short estimated olivine storage times; later
in the eruption, more evolved inclusions were found with
much less water and much longer estimated storage
times. These reports lend further support to the notion
that any amount of storage would cause loss of water in
melt inclusions. As soon as host magmas to the melt-
inclusion-bearing olivine crystals degas their water, melt
inclusions will begin to re-equilibrate with the drier
magma and will do so on a scale of days. Therefore, the
only way for the high water concentrations observed in a
number of the olivine-hosted melt inclusions from the
Yellowstone hotspot to be preserved is for eruption to
have occurred within a few days following degassing.
Hence, it is expected that only a small proportion of
inclusions would be able to maintain high H,O concen-
trations. This also suggests that much of the crystalli-
zation that entrapped those melt inclusions occurred
immediately prior to eruption.

Water-fluxed melting?

The association of highest water concentrations with the
least differentiated melt inclusions was used by Sadofsky
et al. (2008) to argue for water-fluxed melting in arc basalts
from Central America. The argument was based on the idea
that the addition of water would increase the melt fraction
by depressing the peridotite solidus temperature, thereby
diluting the concentrations of incompatible elements. High
water concentrations in the Yellowstone syn-caldera melt
inclusions do not approach arc values, such as those
observed by Sadofsky et al. (2008) and others (up to 6
wt%). Furthermore, host-olivine grains in the Central
America Arc show much greater heterogeneity in their Fo
content than olivine grains in our study (up to 10 wt%
compared to only about +3 wt% in any given sample from
the Yellowstone-SRP volcanic province. Melt inclusions
from the ESRP and Yellowstone also vary to compositions
that are more evolved than the host rocks, a characteristic
not observed in the Central America Arc, which indicates
that crystallization effects are more important in the
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olivine-hosted melt inclusions from the SRP. Finally, there
is little correlation between Ba/La and water in Yellow-
stone-ESRP rocks, which in the Central American arc
setting Sadofsky et al. (2008) considered to be an even
more important indicator of water-fluxed melting. It does
not seem that water-fluxed melting is an appropriate
interpretation for the major- and trace-element trends
observed in this study, although it is expected that high
water concentrations contributed to melt production during
mantle upwelling.

Mantle or crustal source for water and other volatiles

The results presented here suggest that water and other
volatiles in the Yellowstone-SRP hotspot track basalts have
a deep source. Shallow crystallization immediately prior to
and during eruption cannot have enriched water in melt
inclusions because it will have degassed at this time, and in
fact, melt inclusions with more crystallized compositions
have lower, not higher water concentrations. The current
dataset does not allow for conclusions to be made as to
whether the high water concentrations observed were
acquired from the mantle or from mantle melts differenti-
ating in and interacting with the lower crust. However,
water concentrations up to 3 wt% in the least evolved
basaltic melts of the Yellowstone hotspot are much higher
than those in Hawaiian basalts (Hauri 2002). Hence, it is
reasonable to state that the hotspot basaltic production in
Yellowstone is at least partially due to its hydration. In
other words, Yellowstone may also be referred to as a “wet
spot”.

Because the highest water values are always observed in
the least differentiated melt inclusions (e.g., lowest Na,O
and/or K;,0), it is likely that water was present at depth in
abundance—as opposed to being an artifact of shallow
differentiation processes. H,O/Ce ratios plotted versus
H,O (Fig. 9) also indicate that water concentrations are
highest when H,O/Ce is highest in all cases. Cerium has a
similar incompatibility to H,O (Michael 1995) and
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caldera (right) melt inclusions. The slope indicates that water is being
lost by the magma during differentiation
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inclusions from sample GTMF-4. The measured concentrations
follow a magmatic degassing curve as determined by Metrich and
Wallace (2008)

therefore H>O/Ce should remain constant during crystal-
lization if no other processes (e.g., degassing) remove
water. The highest H,O/Ce in post-caldera melt inclusions
are comparable to values found by Michael (1995) in
MORB. Also, the few samples on which CO, was mea-
sured plot on a magmatic degassing curve (Fig. 10) as
determined by Metrich and Wallace (2008), indicating that
water and CO, are degassing during ascent as recorded by
the melt inclusions. On the other hand, the values in syn-
caldera melt inclusions are much higher, indicating that
water in these inclusions must come from a source more
hydrated than the MORB source. Both S and Cl, like
water, have their highest abundances in the syn-caldera
basalts compared to the post-caldera varieties, although the
opposite is true for F. This observation supports the notion
that volatiles are coming from a residual source in the
mantle or crust that can be depleted by melting. For
comparison, maximum CI values observed in basalts from
the Central America Arc (Sadofsky et al. 2008) reach
2,275 ppm, while in Hawaii (Hauri 2002), values only
reach 435 ppm (for Loihi volcano). Chlorine concentra-
tions in the SRP are intermediate between these two; note,
however, that the minimum concentrations observed in the
SRP are much lower than those reported for either of the
comparison localities, indicating that the post-caldera
inclusions are significantly degassed with respect to Cl, if
the source is otherwise similar to those in plumes or arcs.
The higher Cl concentrations favor a more arc-like source,
or at least a component of such a source, rather than a
Hawaii-type plume. Maximum S concentrations observed
in both Hawaii and the Central America Arc are similar
(~2,200-3,000 ppm and ~2,400 ppm, respectively), and
SRP melt inclusions also fall in this range.
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Ba and Th evidence for subduction-related fluids
in melt inclusions

Ba enrichments are observed in inclusions and host rocks
from four of the five syn-caldera lava samples. These
enrichments are the most prominent feature of the trace-
element patterns (Fig. 6) for some of the syn-caldera melt
inclusions and host rocks. They are observed in both Gerrit
Basalt samples, and in both cases, the melt inclusions are
otherwise very similar to their host rocks in composition.
Although the strongest Ba enrichments are likely enhanced
by edge effects, the presence of high Ba and Ba/Th in host
rocks indicates that this is a robust characteristic of the
source components. The fifth of the syn-caldera samples
from Yellowstone also shows this Ba enrichment (AYS-4).
However, this inclusion has noticeably different major
oxide and trace-element compositions compared to the
other inclusions in this population and is therefore con-
sidered suspect. Most significantly, it has anomalously high
Na,O and low SiO, (Table 2; Figs. 4, 5). It also has a much
higher water concentration than the other inclusions from
this rock. However, its host-olivine Fo value falls in the
range defined by the other olivine grains from this rock,
suggesting that the grain with the anomalous melt inclusion
is not likely to be xenocrystic. We therefore view the high
water concentration in this inclusion with some caution as
it might have been influenced by crystallization processes
and not just the melt source characteristics.

Thorium depletion in melt inclusions is observed in four
of the five syn-caldera lavas, and is particularly pronounced
in the suite of inclusions from sample IP-5 (Fig. 6). The
melt inclusions from this rock show wider compositional
scatter both in major oxides and trace elements than
do inclusions from the other rocks (Fig.5; Table 2),
suggesting either that its source was more heterogeneous
and/or that its precursor magma experienced a higher
degree of differentiation/crustal contamination. The latter
possibility may be supported by the presence of flows in
this field of more evolved basalts where olivine is absent
and large plagioclase crystals are the only phenocrysts.
Most of the melt inclusions from sample IP-5 do not show
much Ba enrichment relative to the whole rock but these
inclusions do show a very pronounced depletion in Th.
While no significant Ba enrichment in the melt inclusions
relative to host rocks was observed for post-caldera basalts,
some of the melt inclusions do have small Th depletions.

To understand the origins of the melt-inclusion trace-
element characteristics, plots of Ba/La vs. Ba/Nb and
Ba/Th vs. Rb/Nb have been prepared (Fig. 11) and com-
pared to similar diagrams by Weaver (1991) who defined
some mantle end members using the same trace-element
space. In the plot of Ba/La vs. Ba/Nb (Fig. 11a), the mantle
end members plot on a mixing line between average
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primitive mantle and average continental crust. Melt
inclusions and host rocks from the SRP define a parallel
line slightly above that particular mixing line but with a
few points much higher, representing the strongly
Ba-enriched melt inclusions. Similar patterns emerge on
the Ba/Th vs. Rb/Nb diagram (Fig. 11b), where melt
inclusions define a near-vertical trend for both syn-caldera
and post-caldera basalts. In the syn-caldera basalts, whole
rocks also plot above the trend, though extreme composi-
tions occur only in a few of the melt inclusions (again this
is probably the result of diffusional enhancement by the
edge effect). Comparing our results on basaltic rocks to
data published by Christiansen (2001) for Yellowstone
Caldera rhyolites shows contrasting trace-element patterns
that are not explicable by simple processes, such as
extreme crystal fractionation, demonstrating that contami-
nation by components in those rhyolites probably did not
play a role in producing the observed patterns in our melt
inclusions. High Ba/Th ratios and Ba concentrations typify
arc basalts as a result of the strong difference in mobility
within fluids for these two elements. The Yellowstone-SRP
samples display patterns similar to those observed in arcs
(Walker et al. 2003; Churikova et al. 2007; Sadofsky et al.
2008). The fact that similar patterns are observed in the
syn-caldera basalts at Yellowstone suggests that arc or
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subduction-related components may be present in the
source of the Yellowstone-SRP magmas.

Possible source of water and volatiles in the Mantle/
Crust

Yellowstone and the SRP are significantly enriched in
volatiles when compared with Hawaii, a typical hotspot.
Maximum water concentrations in all but one of the sam-
pled rocks—including both syn-caldera and post-caldera
samples (0.8-3.5 wt%)—exceed the maximum concentra-
tions observed in Hawaii of 0.8-0.9 wt% (Hauri 2002), by
more than a factor of three if we focus on the maximum
values in each case. We reiterate that syn-caldera samples
have the highest measured water concentrations (up to 3.3
wt% H,0). Although the basalts may have acquired their
high water contents in the crust, the studied Yellowstone-
SRP appears to be significantly more hydrated than Hawaii.
Furthermore, the Yellowstone-SRP magmatic province
contains a component that appears to resemble the arc
source. This evidence suggests that the water may not have
come from the hypothesized plume but instead was left
behind in the mantle or crust during a previous subduction
event and was then either mixed with the rising plume or
the plume simply supplied the heat that melted some sub-
duction-fluxed components residing in the upper mantle or
lower crust.

Alternatively, an argument could be made that the
plume source harbors subducted components as has been
argued by others for a few decades in the case of ocean
islands (e.g., White and Hofmann 1982; White 1985;
Hofmann et al. 1986). However, this argument is unsatis-
fying as an explanation of the high water abundances in the
Yellowstone-SRP melt inclusions because volatiles should
be mostly lost by the subducted slab long before its
materials can be incorporated into a mantle plume at great
depth. Direct participation of such a source cannot be
completely ruled out, but seems inadequate to explain the
nearly arc-like water concentrations observed.

If we accept a subduction-related origin for the water
reported here, then the most likely source for it beneath
Yellowstone and the SRP is the Farallon slab, thought to be
responsible for the Absaroka arc just east of Yellowstone,
and other older volcanism in the Northwestern United
States (Feeley 2003). It is reasonable to infer that all water
released by the Farallon slab was not removed from the
lithospheric mantle or lower crust by contemporaneous
melting; some residual water was left behind, perhaps in
hydrous-phase-bearing veins (cf. Foley 1992) that were
also enriched in Ba and depleted in Th. This material then
melted when the hypothesized plume impinged upon the
lithosphere and introduced a thermal anomaly into the
upper mantle. Melts produced in the lithospheric mantle

may then have been contaminated by a plume component—
if reported *He/*He values of ~ 16 R/R, values in the SRP
(Craig et al. 1978; Graham et al. 2009) are representative of
the mixing that impacted the principal components in the
magmas. The post-caldera melts have lower water concen-
trations, as they sample a mantle and crust that had under-
gone melting just a few million years before, during
syn-caldera volcanism, and would likely have lost much of
their water during that first phase of melting.

Alternatively, Leeman et al. (2009) note isotopic evi-
dence for Archean metasomatism of the SRP lithosphere;
therefore, it is possible that the water in SRP melts is
residual to that event. While we cannot rule out this pos-
sibility, it seems less likely, considering the high proba-
bility that water would have been removed by earlier
melting events during this region’s long and complex his-
tory of tectonic and volcanic activity.

Conclusions

Our measurements of major oxide, trace-element, and
volatile [H,O, S, F, and Cl] concentrations in melt inclu-
sions from eight basalt samples representing both
syn-caldera and post-caldera phases of melting along the
Yellowstone-SRP hotspot track demonstrate high concen-
trations of H,O and other volatiles in the mantle or lower
crust. The results have been compared with data obtained
from the host rocks, as well as data from the literature for
other plume-related volcanic provinces to make interpre-
tations on the development of observed trends and also on
the sources of the detected volatiles.

Many melt inclusions have significant concentrations of
water and other volatiles. Observed water and other volatile
concentrations are higher in the syn-caldera basalts than in
their post-caldera counterparts, with the exception of F. A
significant fraction of the melt inclusions studied have low-
volatile concentrations—Ilikely due to degassing—under-
lining the importance of analyzing many inclusions thereby
ensuring that at least a few inclusions with the maximum
volatile concentrations are found. Overall, the concentra-
tions we have reported here for the syn-caldera melt
inclusions are higher than those observed in Hawaii (up to
3.3 wt% for Y-SRP vs. 0.9 wt% for Hawaii), but generally
lower than the values observed in many arcs (6 wt% or
more). Post-caldera melt inclusions have generally lower
volatile concentrations, potentially indicating that residual
hydration in the upper mantle or lower crust was largely
consumed during the first phase of melting during and
immediately after the caldera-forming eruptive events, in
many cases, several million years before the second phase
of melting along the SRP that is attributed to Basin and
Range extension.
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Trends observed between volatiles (with the exception
of F) and certain major oxides and trace elements indicate
that the highest volatile concentrations are associated with
the least differentiated melt inclusions, suggesting a deep,
mantle, or lower crustal source for the volatiles. These
trends also suggest considerable degassing of the volatiles
from the basalts immediately prior to eruption, ruling out
shallow volatile enrichment as a result of edge effects or
shallow crustal interaction. High Ba concentrations, as well
as Ba/La and Ba/Th ratios observed in some melt inclu-
sions and host rocks may be consistent with the presence of
an arc-related signature. This suggests that volatiles existed
as residual hydration of the upper mantle resulting from the
subduction of the Farralon slab or some other previous
subduction event. The hydration state of the lithosphere
beneath the Yellowstone-SRP magmatic province allows
for significant melting even if the hypothesized plume is
not particularly hot. The impingement of this plume upon
these hydrated domains triggered the melting that produced
the water-rich and incompatible-element-enriched basalts
observed at Yellowstone and the Snake River Plain.
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