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Abstract In this paper, we present boron isotope analy-
ses of variably degassed rhyolitic glasses from Long
Valley, California. The following results indicate that
pre-eruptive boron isotopic signatures were preserved in
degassed glasses: (1) averaged secondary ionization mass
spectrometry (SIMS) measurements of H2O-rich
(�3 wt%) melt inclusions from late erupted Bishop
Tuff pumice are indistinguishable from positive
thermal ionization mass spectrometry (PTIMS) analysis
of vesiculated groundmass glass (d11B=+5.0±0.9&
and +5.4±0.5&, respectively); (2) SIMS spot-analyses
on H2O-poor obsidian (�0.15 wt% H2O) from younger
GlassMountainDomeYA (average d11B=+5.2±1.0&)
overlap with compositionally similar late Bishop Tuff
melt inclusions; and (3) four variably degassed obsidian
samples from the 0.6 ka Mono Craters (H2O between
0.74 and 0.10 wt%) are homogeneous with regard to
boron (average d11B=+3.2±0.8&, MSWD=0.4).
Insignificant variations in d11B between early and late
Bishop Tuff melt inclusion glasses agree with published
experimental data that predict minor 11B depletion in
hydrous melts undergoing gas-saturated fractional
crystallization. Melt inclusions from two crystal-rich
post-caldera lavas (Deer Mountain and South Deadman
Dome) are comparatively boron-rich (max. 90 ppm B)
and have lower d11B values (average d11B=+2.2±0.8&
and )0.4±1.0 &) that are in strong contrast to the
boron isotopic composition of post-caldera crystal-poor

rhyolites (27 ppm B; d11B=+5.7±0.8&). These varia-
tions in d11B are too large to be caused by pre-eruptive
degassing. Instead, we favor assimilation of 11B depleted
low-temperature hydrothermally altered intrusive rocks
subsequent to fresh rhyolite recharge.

Introduction

One of the main applications of stable isotope geo-
chemistry in igneous petrology is to identify the roles of
different source components during magmagenesis. For
example, boron isotopes were successfully applied to
trace crustal components in subduction-related basaltic
and andesitic rocks (e.g., Palmer 1991; Ishikawa and
Nakamura 1994; Rose et al. 2001). This approach is
based on the strong boron isotopic fractionation be-
tween fluids and silicates, which is controlled by the
relative partitioning of 11B and 10B between trigonally
and tetragonally coordinated species (e.g., Palmer and
Swihart 1996). Boron isotopic fractionation is particu-
larly effective at the lithosphere-hydrosphere interface,
where rocks interact with low-temperature fluids such as
seawater or meteoric waters (e.g., Spivack and Edmond
1987). For continental geothermal systems, hydrother-
mal waters are commonly 11B enriched compared to
their local volcanic host rocks (Palmer and Sturchio
1990; Palmer and Swihart 1996; Schmitt et al. 2002)
whereas secondary hydrothermal silicates will preferen-
tially incorporate 10B (e.g., Hervig et al. 2002). Hydro-
thermally overprinted rhyolites from Yellowstone
caldera are indeed depleted in 11B by almost )5&
compared to unaltered equivalents (Palmer and Sturchio
1990). Thus, boron isotopes can potentially reveal
remelting or assimilation of hydrothermally altered but
otherwise chemically similar rocks, and might therefore
be complementary to evidence from low-18O magmas
(e.g., Bacon et al. 1989). Furthermore, hydrous fluids
also play an important role in high-temperature
magmatic processes, but little is known, for example,
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about the effects of boron isotope fractionation in nat-
ural volatile-saturated melts despite experimental evi-
dence for measurable fractionation at elevated
temperatures (Hervig et al. 2002).

Long Valley caldera, located in central California
(Fig. 1), is ideal to explore the boron isotope systematics
of hydrous rhyolitic melts. This is due to its youthful-
ness, accessibility, and extensive eruptive record that
encompasses end-member styles of silicic volcanism: (1)
large-volume ignimbrites that tapped a continuously
viable, but compositionally and thermally zoned magma
chamber (e.g., Hildreth et al. 1979) and (2) small-vol-
ume, texturally and compositionally contrasting lavas
that apparently had a long history of pre-eruptive
crystallization, magma storage and thermal rejuvenation
(e.g., Sampson and Cameron 1987; Reid et al. 1997).
Based on published maps, stratigraphy, and nomencla-
ture, we sampled pumice from early and late erupted
portions of the �600 km3 Bishop Tuff (Wilson and
Hildreth 1997) and lavas from small-volume (�0.5 km3;
Miller 1985) post-caldera domes (Deer Mountain
and South Deadman Dome; Bailey 1989). While a
comprehensive view of boron isotopic variations in the
Long Valley magma system over its >2-Ma life-span is
beyond the purpose of this paper, we include a cursory
exploration of pre-caldera Glass Mountain Domes and
other Inyo-Mono Domes for comparison.

We demonstrate that magmatic boron isotope
signatures remain largely unchanged during eruptive

degassing. We further propose that degassing and post-
eruptive alteration can be dismissed to explain the
observed �8& variations in d11B in Long Valley rhyo-
litic glasses. Instead, we favor open-system mixing-
assimilation processes. Because crustal contamination
by local country rocks is inconsistent with trace element
compositions of melt inclusions in post-caldera rhyo-
lites, this leaves assimilation of 11B depleted hydrother-
mally altered precursor intrusions as a geologically
plausible alternative.

Geological background

Approximately 1,600 references of previous geoscientific
research pertaining to Long Valley and vicinity are listed
in Ewert and Harpel (2000). Here, we briefly summarize
only those studies that guided our sample selection by
providing a conceptual framework for the still contro-
versially discussed magmatic processes. The 0.76-Ma
(Sarna Wojcicki et al. 2000) Bishop Tuff presently out-
crops radially east to southeast and north of the Long
Valley caldera (Fig. 1; Rinehart and Ross 1957; Wilson
and Hildreth 1997). The caldera is located on the eastern
flank of the Sierra Nevada at the western boundary of
the extensional Basin and Range Province. Jurassic and
Cretaceous granitoids of the Sierra Nevada batholith
largely make up the country rock (Rinehart and Ross
1957). Bishop Tuff is a high-Si rhyolite zoned in com-
position and mineralogy (Hildreth 1979, 1981; Wallace
et al. 1995, 1999). Close similarity in O, Sr, Nd, and Pb
isotopic ratios for early and late erupted portions of the
Bishop Tuff (e.g., Halliday et al. 1984; Davies and
Halliday 1998; Bindeman and Valley 2001) is consistent
with near-eutectic fractional crystallization within a
continuously viable magma body. There are, however,
indications for a more complicated magmagenesis. For
example, feldspar populations in early-erupted Bishop
Tuff are heterogeneous in their Sr and Nd isotopic
composition (Davies and Halliday 1998). In addition,
inverse phenocryst zonations and less-evolved melt
inclusions near crystal rims in late Bishop Tuff imply
magma mixing or crystal sinking (Dunbar and Hervig
1992; Anderson et al. 2000).

The northeast margin of Long Valley caldera inter-
sects the 2.1–0.79-Ma high-Si rhyolites of Glass Moun-
tain, a complex of lava domes and flows intercalated
with pyroclastic material (Metz and Mahood 1984,
1985; Metz and Bailey 1993). Trace element composi-
tions as well as Sr, Nd, and Pb isotopic ratios of younger
Glass Mountain rhyolites are smaler to those of Bishop
Tuff and therefore, it has been debated whether they
originated from the same persistent body of magma that
eventually produced the caldera-forming eruption of the
Bishop Tuff (Halliday et al. 1989; Sparks et al. 1990;
Mahood 1990; Metz and Mahood 1991; Metz and Bai-
ley 1993; Christensen and DePaolo 1993; Davies et al.
1994; Davies and Halliday 1998). 40Ar/39Ar (van den
Bogaard and Schirnick 1995) and Rb-Sr (Christensen

Fig. 1 Map of the Long Valley caldera and Glass Mountain
showing distribution of Bishop Tuff and sampling locations for this
study (after Wilson and Hildreth 1997). 1 OC (MR01LV61), 2 OC
(MR01LV60), 3 OC (JS01LV01), 4 OL (JS01LV05), 5 OD
(MR01LV63), 6 YO (JS01LV06), 7 YG (MR01LV62), 8 YA
(JS01LV04), 9 YA (JS01LV03), 10 Early Bishop Tuff (BT01), 11
Late Bishop Tuff (BT02), 12 Deer Mountain (IN02), 13 South
Deadman Dome (IN01), 14 Obsidian Dome (ObD01), 15 Upper
Dome, 16 Panum Dome (including MC84 samples)
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and Halliday 1996) model ages for melt inclusion bear-
ing quartz crystals from Bishop Tuff supported the
presence of a long-lived (�1.1 and >0.3 Ma, respec-
tively) magma body. In contrast, U-Pb zircon ages for
the early-erupted Bishop Tuff (Reid and Coath 2000)
suggested much shorter magma residence times
(<0.1 Ma).

Subsequent to the climactic Bishop Tuff eruption, the
Long Valley magma system continued to produce pre-
dominately rhyolitic eruptives between 750 and 650 ka
that formed a resurgent dome (Bailey et al. 1976). After
a hiatus of �100 ka, three groups of crystal-rich moat
rhyolites erupted at �200-ka intervals including the
�100-ka Deer Mountain Dome (Heumann and Davies
1997; Heumann et al. 2002).

The most recent eruptions associated with Long
Valley formed the Inyo Domes, a chain of mainly �0.6-
ka domes and flows that extend from the northwest
corner of the caldera to the south end of the Mono chain
(Fig. 1; Miller 1985; Sieh and Bursik 1986). While a fi-
nely porphyritic (FP) lava type dominates north of the
caldera rim, intra-caldera domes consist of intermingled
FP and coarsely porphyritic (CP) lavas (e.g., South
Deadman Dome; Bailey et al. 1976; Sampson 1987;
Sampson and Cameron 1987; Vogel et al. 1989). By
contrast, coeval high-Si rhyolites erupted from Mono
Craters (�0.6 ka; Sieh and Bursik 1986) are largely
aphyric (Kelleher and Cameron 1990). Sampson and
Cameron (1987) argued that textural heterogeneities,
thermal and compositional discontinuities indicate iso-
lated magma systems for FP and CP lavas, whereas Inyo
FP and Mono high-Si rhyolites might be genetically
related (Kelleher and Cameron 1990). The well-defined
Pb-Sr isotope mixing line that includes resurgent dome
rhyolites, crystal-rich moat rhyolites, and Inyo Domes
might further indicate some genetic relation between
these suites of post-caldera rhyolites (Heumann and
Davies 1997). 230Th-238U zircon ages for Deer Mountain
and South Deadman Dome overlap despite a difference
in eruption ages of �100 ka, which suggests protracted
magma storage or recycling of earlier formed crystals
(Reid et al. 1997).

Sample selection, preparation and analysis

Melt inclusions

We studied quartz-hosted melt inclusions from �early�
(BT01) and �late� (BT02) erupted pumice from basal (F6
fall deposit) and upper parts in the Bishop Tuff sequence
(Ig2NWb), respectively. Melt inclusion bearing quartz
crystals were further separated from South Deadman
Dome CP lava (IN01) and Deer Mountain crystal-rich
lava (IN02). Quartz phenocrysts (1 to 2 mm in diameter)
were handpicked after a gentle crushing of the rocks and
individually mounted in epoxy. Glassy, undevitrified
inclusions were exposed on both sides by grinding and
polishing (final polish with 0.3 lm Al2O3). For ion

microprobe analysis, approximately ten crystals per each
sample were epoxy-mounted in 3-mm holes drilled into
1-in Al-disks that also contained a polished fragment of
NIST SRM 610 reference glass. All inclusions inspected
in pumice from late Bishop Tuff (BT02) were opaque
due to strong devitrification. After heating melt inclu-
sion bearing quartz crystals in an Au-capsule (at
100 MPa and 800 �C for 24 h), many inclusions became
glassy and appear to be homogeneous. These were
selected and further treated in the same manner as
unheated samples.

Obsidian glasses

Eight crystal-poor obsidians from the pre-caldera Glass
Mountain complex were included in this study. Overall,
our sampling of older and younger Glass Mountain
Domes (three samples each) represents the geographical
extent of the Glass Mountain volcanic complex and the
range of eruption ages (Fig. 1). To test for intra-flow
homogeneity, Dome OC and Dome YA were sampled in
three and two different locations, respectively (Fig. 1).
FP lava was sampled from Obsidian Dome (ObD01)
and South Deadman Dome (IN01G) adjacent to CP
lava used for separation of melt inclusion bearing
quartz. Four fragments of coeval Mono Craters dome
and block-and-ash flow lavas were further selected. They
exhibit various degrees of eruptive degassing that is
indicated by a �50& decrease in dD with concomitant
decrease in H2O abundance from �0.8 to 0.1 wt%
(Newman et al. 1988). All samples were dense, unvesi-
culated obsidians. Fragments (�1 mm in diameter) were
broken from the interior of hand-specimens and
embedded in epoxy. Polishing and further sample
treatment followed in the same way as described for the
melt inclusion samples.

Bulk glass separate

Approximately 100 mg of glassy groundmass fragments
were hand-picked from gently crushed BT02 pumice that
was also used for separation of melt inclusion bearing
quartz. Glass fragments (�0.5 mm) were inspected for
absence of phenocrysts under a binocular microscope.
The separate was ultrasonically cleaned for 2 min in
deionized water in order to remove any dissolvable
surface contamination, dried at 105 �C overnight, and
then grinded in an agate mortar and digested following
methods described in Kasemann et al. (2002).

Analytical

Boron isotopes in the bulk glass separate were analyzed by positive
thermal ionization mass spectrometry (PTIMS) at the GeoFors-
chungsZentrum Potsdam (GFZ) following techniques described in
Kasemann et al. (2002). Glass analyses by secondary ionization
mass spectrometry (SIMS) were performed using the CAMECA
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IMS1270 ion microprobe at the University of California, Los
Angeles (UCLA). 11B+ and 10B+ secondary ions were measured by
bombarding a �25-lm spot of the sample surface with a �20-nA
and 22.5-keV 16O) primary ion beam. A 3-min pre-sputtering was
applied to reduce surface contamination. The secondary accelera-
tion potential was 10 keV and the energy bandpass was set to
50 eV. The mass resolution was tuned to �1,800, sufficient to
resolve mass interferences of 9Be1H+ and 10B1H+. 11B+ and 10B+

ions were collected in a single electron multiplier in peak switching
mode with counting times on 11B+ and 10B+ of 5 and 10 s per
cycle, respectively. Deadtime-corrected (25 ns) and drift-corrected
ratios of 11B+/10B+ were then calculated from 15 to 50 cycles per
analysis. Instrumental mass fractionation (b=(11B/10B)measured/
(11B/10B)true) was determined for each analytical session by inter-
spersed analyses of NIST SRM 610 glass with
d11B=)1.05±0.80& (Kasemann et al. 2002; all values relative to
NIST SRM 951 standard boric acid with 11B/10B=4.04558; 1
standard deviation computed from individual independent mea-
surements). During a 9-month period, b varied by about 10&
(between 0.9596 and 0.9695), likely due to differences in secondary
ion steering and/or gain of the electron multiplier.

Subsequent to the completion of boron isotope measure-
ments, the instrument was retuned to low mass resolution (500)
and boron and selected trace elements were analyzed with a
small (�10 lm) 16O)-beam in the same analysis spot (Fig. 2).
Energy filtering was applied to suppress molecular interferences
()100 V offset) and measured intensities were normalized to
30Si+. Concentrations were computed using relative sensitivity
factors determined from interspersed analysis of NIST SRM 610
(Table 1). Based on the external reproducibility on NIST SRM
610 and counting statistics of unknowns, we estimate relative
uncertainties in trace element concentrations to be better than
�5% for Li and B, and <10% for other trace elements
(Table 1).

We imaged glasses to assess sample homogeneity (Fig. 2) using
a Leo 1430VP scanning electron microscope (UCLA) and deter-
mined major element compositions by electron microprobe analysis
using CAMECA SX-100 instruments at the GFZ and the Austra-
lian National University (ANU), Canberra. In order to verify
preservation of pre-eruptive volatiles in melt inclusion glasses, H2O
and CO2 were analyzed by Fourier-transformed infrared
spectroscopy (GFZ, ANU) following the technique described in
Wallace et al. (1999).

Results

Major and trace element compositions

Most glasses analyzed were high-Si rhyolites with SiO2

contents typically between �75 and �79 wt% (all nor-

malized to 100 wt% anhydrous; Table 2). Melt inclusion
glasses from early and late Bishop Tuff and South
Deadman Dome CP lava have indistinguishable and
largely invariant major element compositions typical for
near-eutectic crystallization. Compared to the former,
most DeerMountain melt inclusions are characterized by
slightly lower CaO, and somewhat higher Al2O3 and
Fe2O3 contents (Table 2). Glasses from crystal-poor FP
lavas (South Deadman Dome and Obsidian Dome) have
lower SiO2 contents (�72 and �74 wt%, respectively)
that closely overlap with respective whole-rock compo-
sitions (Sampson and Cameron 1987). In contrast, strong
differences between whole-rock and glass compositions
exist for crystal-rich lavas. For example, SiO2 contents in
melt inclusions from CP lavas of South Deadman Dome
are much higher (78.1 wt%) than reported for whole-
rocks or even groundmass glass separates (71.5 and
75.8 wt%, respectively; Sampson and Cameron 1987).
Similar differences occur for trace elements that tend to
be highly enriched in (micro-)phenocrysts such as pla-
gioclase (Fig. 2) or accessory phases such as allanite and
zircon. As an example, Table 1 summarizes strongly
divergent whole-rock and glass compositions for FP
rhyolite, in particular for the feldspar compatible ele-
ments Sr and Ba. There is, however, good agreement for
incompatible trace elements (e.g., Rb) and boron be-
tween undevitrified whole-rock samples (Higgins 1988)
and glass analyses (Table 1).

In Fig. 3 we explore trace element variations vs.
boron for melt inclusions from Bishop Tuff and post-
caldera lavas. For the Bishop Tuff, melt inclusion
compositions from two individual pumice clasts are
tightly grouped and closely match the field defined by
the Anderson et al (2000) data which incorporated
approximately five times more analyses from a strati-
graphically comprehensive sample set (Fig. 3). In both
sets of data, fluid-immobile incompatible trace elements
(e.g., Y, Nb, and Th; Strurchio et al. 1986) correlate with
B, whereas feldspar-compatible trace elements such as Sr
and Ba display inverse trends. These observations also
hold for post-caldera dome inclusions, but absolute
abundances and slopes of inter-element trends are
clearly different (Fig. 3).

Fig. 2 Backscattered electron
microscope images of (A) finely
porphyritic (FP) rhyolite
(IN01G) and (B) melt inclusion
glass (g) hosted in quartz (qz)
from coarsely porphyritic (CP)
rhyolite (IN01). The sample was
collected at the eastern margin
of South Deadman Dome,
where both lava types occur
closely intermingled.White lines
indicate ion microprobe craters
for boron isotope (dashed) and
trace element measurements
(dotted). Note skeletal growth
of plagioclase (pl) crystallites in
FP glass (g) that probably
represent quench crystals
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Li contents typically vary much stronger compared to
B (Fig. 4). We find some melt inclusion glasses including
one hourglass inclusion (inclusion connected to the
matrix glass) with extremely low Li concentrations
(<10 ppm). Previous authors (e.g., Dunbar and Hervig
1992) reported similar observations. Despite occasional
erratic depletions in Li contents, there appears to be a
clear gap between early and late inclusions that might
indicate some discontinuity within the Bishop magma
system (Fig. 4A–F). Also note opposite slopes for trace
element vs. Li trends in Bishop Tuff and post-caldera
domes melt inclusions (e.g., Fig. 4B, H). This contrast-
ing behavior of Li is remarkable given the close chemical
similarity between both suites of high-Si rhyolites.

Volatile components in glasses

Late Bishop Tuff melt inclusions have average H2O
contents of 2.9±0.4 wt% (2 SE) that are lower com-
pared to early Bishop Tuff melt inclusions
(4.4±0.5 wt% H2O). Average H2O contents in melt
inclusions from Deer Mountain (4.5±0.5 wt%) and
South Deadman Dome CP lava (3.9±0.6 wt%) overlap
with early Bishop Tuff values (Fig. 3). Results for
Bishop Tuff melt inclusions agree closely with H2O

measurements reported by Dunbar and Hervig (1992),
but are �15–25% lower than average values in Ander-
son et al. (2000), in particular for late Bishop Tuff
(Fig. 3). Although we cannot rule out some H2O loss
due to furnace treatment of BT02 quartz, this appears
unlikely in the light of Anderson et al.�s (2000) results
that found no discernible effects of laboratory heating
on melt inclusion H2O contents. In this context, it is
noteworthy that South Deadman Dome melt inclusions
preserved high H2O contents despite the fact that their
CP host lava is intermingled with strongly degassed FP
lava (Table 2). High H2O contents suggest that quartz
effectively shielded the melt inclusions and that diffusive
degassing during the eruption was insignificant despite
relatively high temperatures of the intermingled FP
magma (�925 �C; Vogel et al. 1989).

CO2 contents up to �300 ppm were detected in late
Bishop Tuff inclusions, but for other units CO2 was
typically between 10 and 100 ppm or below the detec-
tion limit (Table 2). Obsidian glasses have low H2O
(0.1–0.8 wt%) and CO2 (<5 ppm) abundances, consis-
tent with effective degassing during magma ascent and
emplacement (Table 2). Our results for Mono Crater
obsidians (Table 2) agree well with H2O abundances
reported by Newman et al. (1988). Note that for aliquots
of the same samples, Newman et al. (1988) measured dD

Table 1 Example of relative sensitivity factors for ion microprobe
trace element analysis determined on NIST 610 glass and com-
parison between reference values and ion microprobe results for
natural and synthetic rhyolitic glasses (Chaussidon et al. 1997;
M. Chaussidon, personal communication; Lindsay et al. 2001;
Vogel et al. 1989; Sampson and Cameron 1987; Higgins 1988).

Note good agreement between ion microprobe boron analyses with
data presented by Higgins (1988) for undevitrified Obsidian Dome
glass. Ion microprobe glass analyses (Toconao and Obsidian
Dome) are typically lower compared to whole-rock analyses for
trace elements that are hosted by feldspar (Sr, Ba) or accessory
zircon (Y, Zr, Hf, U)

NIST SRM 610 GB4 Toconao pumice Obsidian Dome FP

Referencea Rsfb Referencec Measured Referenced Measured Referencee,f Measured

Abund. ±1 SD Average ±1 SD Average ±1 SD Average ±1 SD Min. Max. Average ±1 SD Min. Max.
(wt%) (wt%) (wt%) (wt%)

SiO2 70.0 77.9 74.0 75.0 73.6 0.7 70.1 74.0 73.9
d11B )0.05 0.80 )12.9 )13.3 1.2

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Li 484.6 21.7 0.04892 0.00274 384 - 385 6.7 - - - -
B 356.4 7.3 0.00992 0.00048 970 - 963 25 - - - 27.0 28.7 29
Rb 431.1 11.4 0.00104 0.00005 - - - - 214 223 216 8.1 127 156 133
Sr 497.4 18.3 0.00405 0.00023 - - - - 37 49 38 5.7 40 211 19
Y 449.9 19.3 0.00547 0.00022 - - - - 26 28 22 1.0 25 28 22
Zr 439.9 7.8 0.00215 0.00011 - - - - 57 75 52 4.4 243 357 199
Nb 430.8 37.5 0.00262 0.00015 - - - - 19 20 18 0.8 21 22 16
Ba 424.1 29.3 0.00161 0.00012 - - - - 532 700 625 129 386 1196 144
La 457.4 72.4 0.00261 0.00016 - - - - 14 15 1.1 73.7 76.8 70

Nd 430.8 37.5 0.00079 0.00006 - - - - - - - - 39.9 43.9 33
Hf 417.7 28.2 0.00049 0.00004 - - - - - - - - 7.1 7.3 6.5
Th 450.6 27.8 0.00108 0.00007 - - - - 16 13 2.2 20.9 21.6 18

U 457.1 13.8 0.00096 0.00008 - - - - 8.1 7.0 0.5 5.5 6.6 4.2

aPearce et al. (1995); Kasemann et al. (2002)
bRelative sensitivity factor RSF=(X+/30Si+)/([SiO2]/[X])
cChaussidon et al. (1997); Chaussidon (personal communication)
dLindsay et al. (2001)

eSiO2 from Vogel et al. (1989)
fRb, Sr, Y, Zr, Nb and Ba from Sampson and Cameron (1987); B
and other traces from Higgins (1988); B in devitrified obsidian
between 10.7 and 22.7 ppm
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values that decreased from )69& (MC84-df) to )123&
(Panum Dome).

Seven early Bishop Tuff inclusions with detectable
CO2 (>5 ppm) define inverse correlation trends between
CO2 and incompatible trace elements (linear correlation
coefficients for Y=)0.68; Nb=)0.85; Hf=)0.61;T
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Fig. 3 Selected trace elements and H2O vs. B abundance for Bishop
Tuff (A–F) and post-caldera domes (Deer Mountain and South
Deadman Dome) melt inclusion glasses (G–L). Error bars indicated
for 1 standard deviation (SD) calculated from replicate measure-
ments of NIST SRM 610. Stippled fields in (A–F) and (G–L) show
range of Bishop Tuff melt inclusions from Anderson et al. (2000)
and BT01 and BT02 inclusions (this study), respectively. Lines
indicate gas-saturated fractional crystallization trends in 20%
crystallization steps (see text). Dfluid/melt=3; (Pichavant 1981) and
Xw=0.04 (this study). Phase proportions from Sampson and
Cameron (1987) and Anderson et al. (2000) were used: Bishop Tuff:
quartz (40%), sanidine (43%), plagioclase (15%) and biotite (2%);
CP lavas: quartz (8%), sanidine (20%), plagioclase (63%) and
biotite (9%); bulk Dmineral/melt values for Bishop Tuff (CP lavas)
Sr=7.1 (7.5), Ba=12.6 (7.4), Y=0.06 (0.23), Nb=0.25 (0.95),
Th=0.02 (0.07) calculated from Dmineral/melt values for rhyolitic
melts in Mahood and Hildreth (1983), Ewart and Griffin (1994),
and Streck and Grunder (1997)
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Th=)0.62). This is consistent with gas-saturated crys-
tallization that was inferred for the early and middle
erupted portions of the Bishop rhyolitic magma (Wal-
lace et al. 1995, 1999). Increasing B and H2O contents
from late to early Bishop Tuff (Fig. 3F) are further
consistent with isobaric gas-saturated crystallization if
the late Bishop melt was richer in CO2. Melt inclusion
data support this assumption (Table 2; Wallace et al.
1999). By contrast, positive correlations between H2O
and incompatible trace elements (including B; Fig. 3L)
exist for CO2-poor Deer Mountain and South Deadman
Dome melt inclusions and imply entrapment of gas-
undersaturated melts.

If a melt was demonstrably gas-saturated, entrap-
ment pressures can be calculated from dissolved volatile
abundances in melt inclusion glasses (e.g., Newman and
Lowenstern 2002). For undersaturated melts, pressure-

volatile solubility relations allow estimation of minimum
pressures. Table 2 summarizes gas-saturation pressures
computed for Bishop melt inclusions between �60 and
�200 MPa (early) and >50 MPa (late), consistent with
previous results (Wallace et al. 1999). From H2O con-
tents in CP melt inclusions, we infer a similar range of
minimum pressures for quartz crystallization (Table 2).
This indicates that CP rhyolites crystallized at or below
the same depth that was previously occupied by early
erupted and presumably shallow portions of the Bishop
magma chamber. In this context, we also emphasize that
zircon saturation temperatures (Watson and Harrison
1983) calculated for Deer Mountain and South Dead-
man Dome melt inclusions (average 731 and 720 �C,
respectively) are significantly lower than the �810 �C
temperature estimated from Fe-Ti oxide thermometry of
CP lavas (Vogel et al. 1989). Similar observations hold
for late Bishop Tuff inclusions, but these were originally
devitrified and had to be homogenized by laboratory
heating. In contrast, pristine melt inclusions from early
Bishop Tuff yield zircon saturation temperatures (aver-
age 731 �C; Table 2) that agree with Fe-Ti oxide tem-
peratures (�730 �C; Hildreth 1979).

Boron isotope results

Significance of boron isotope variations
in Long Valley rhyolites

Individual SIMS boron isotope measurements typically
require �106 times less boron compared to a single
conventional TIMS analysis (e.g., Kasemann et al.
2002) and permit analysis of small-volume samples
such as melt inclusions. SIMS reproducibility esti-
mated from replicate measurements of NIST SRM 610
during individual analytical sessions (�1.2& 1 stan-
dard deviation, SD) is less precise than the external
reproducibility reported for TIMS boron isotope
analysis (�0.5 to 0.8&; Kasemann et al. 2002). It can
be reduced by averaging replicate measurements, pro-
vided the materials analyzed are homogeneous. We use
the mean square of weighted deviates (MSWD) and
trace element data as an estimate for sample homo-
geneity. For example, 22 individual spot analyses on
NIST SRM 610 glass and 10 on BT02 melt inclusion
glasses yield weighted averages with MSWD values
<1.5 (well within the 95% confidence boundaries of
Mahon 1996), indicating that observed scatter is due
to analytical error only. By contrast, seven melt
inclusions analyzed from IN01 yield a MSWD >3 that
implies boron isotopic heterogeneity. Trace element
compositions corroborate this interpretation: Sr and
Ba abundances in melt inclusions vary strongly and
correlate with d11B (Fig. 5). Figure 5 further illustrates
that four low-d11B melt inclusions characterized by low
Sr and Ba contents are significantly distinct from
intermingled high-Sr, high-Ba FP glass of the same
lava. Because detectable intra-sample heterogeneity in

Fig. 4 Selected trace elements and H2O vs. Li abundance for
Bishop Tuff (A–F) and post-caldera domes (Deer Mountain and
South Deadman Dome) melt inclusion glasses (G–L). See caption
of Fig. 3
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IN01 is unique in our sample suite, we think that it is
permissible to average multiple analyses for other
samples. While individual results are listed in Table 2,
we will report weighted average d11B values (with 2 SE
uncertainty stated) in the following.

Comparison between melt inclusions
and bulk glass analysis

Figure 3 compares SIMS data of BT02 melt inclusions
(late Bishop Tuff) with bulk groundmass glass analyzed
by PTIMS. We find excellent agreement between the
melt inclusion average (d11B=+5.0±0.9&; 2 SE;
MSWD=1.5; n= 10) and the PTIMS result
(+5.4±0.5&; 1 SD). The boron concentration mea-
sured for the bulk glass separate (44 ppm) is at the lower
end of the melt inclusion range (42–55 ppm).

Late and early Bishop Tuff melt inclusions compared
to Glass Mountain obsidians

Early Bishop Tuff melt inclusions yielded a weighted
average of d11B=+3.5±1.0& (MSWD=1.7; n= 10).
A single analysis of hourglass inclusion 9-2 yielded
indistinguishable d11B=+2.4±2.3& (not included in
weighted average) that is thought to represent ground-
mass composition. Overall, d11B values for early and late
Bishop Tuff melt inclusions overlap within error whereas

boron concentrations continuously increase from late
(42–55 ppm) to early Bishop Tuff (56–64 ppm; Fig. 3),
with a maximum of 67 ppm B measured in hourglass
inclusion 9-2.

Boron concentrations and isotopic compositions for
younger Glass Mountain obsidian that erupted between
0.90 and 0.79 Ma (Metz and Mahood 1985) are indis-
tinguishable from late Bishop Tuff melt inclusions
(Fig. 5 and Table 2). This includes two YA Dome
glasses sampled at different locations. The older YO
Dome (1.06 Ma; Metz and Mahood 1985) yielded the
highest d11B values measured in this study (average
+7.9±0.6&). For comparison, we also analyzed glasses
from older Glass Mountain (1.9–1.3 Ma; Metz and
Mahood 1985) and found d11B values that range be-
tween +3.4±0.6& and +6.4±0.6& (weighted aver-
ages from three to six analyses). While MSWD values
close to or <1 suggest that each sample is homogeneous
within the size of the fragments analyzed, three different
samples from OC Dome display a subtle 3.0±2.2&
difference in d11B. Because OC obsidians are also inho-
mogeneous in their trace element composition (Table 2),
we suspect that boron isotopic variations are due to
magma heterogeneities and are unrelated to secondary
effects such as weathering.

Deer Mountain, Inyo and Mono Lavas

Boron concentrations in Deer Mountain melt inclusions
are high (�90 ppm) and their average boron isotopic
composition (+2.2±0.8&; MSWD=1.1; n= 6) is
lower than the average values for Bishop Tuff and
younger Glass Mountain rhyolite. Quartz crystals from
South Deadman Dome CP lava (IN01) host inclusions
with highly variable trace element and boron abun-
dances (between 35 and 75 ppm). As pointed out in
4.2.1, the boron isotopic composition of the four most
evolved inclusions (average )0.4±1.0&; MSWD=0.3)
is significantly lower than that of FP rhyolite glass
IN01G (average +5.7±0.8&; MSWD=0.4; n= 11).
Three analyses of FP rhyolite from the nearby Obsidian
Dome yielded a d11B weighted average of +4.7±1.0&
(MSWD=0.1) that overlaps within uncertainties with
FP South Deadman Dome rhyolite. Boron contents in
all FP glasses are similar (28±1 ppm), but much lower
than those measured in Bishop Tuff and Glass Moun-
tain samples (Table 2).

Four samples of coeval Mono Craters rhyolites have
slightly higher boron contents (33±1 ppm) and some-
what lower d11B values (average +3.2±0.8&,
MSWD=0.4) than sample IN01G (Fig. 6). The boron
isotopic homogeneity of Mono Craters rhyolites is
remarkable given the fact that open-system degassing
significantly changed their hydrogen isotopic composi-
tion (Newman et al. 1988). Despite a �50& decrease in
dD over an eight-fold depletion in dissolved H2O, boron
concentrations and isotopic compositions are invariant
within error.

Fig. 5 Results for SIMS boron isotopic measurements of (A) South
Deadman Dome melt inclusions (IN01) and FP rhyolite glass
(IN01G) and (B) late Bishop Tuff melt inclusions (BT02) and
younger Glass Mountain Dome YA (LV03 and LV04) obsidian.
PTIMS analysis of bulk groundmass glass plotted for comparison.
Error bars 1 standard deviation (SD) computed from replicate
measurements of reference materials. Lines indicate weighted
averages and 95% confidence error envelopes (2 standard errors
of mean, s.e.). South Deadman Dome CP analyses were ordered
according to increasing Ba contents; all others are displayed in
analytical sequence. No drift was found over the course of
individual analytical sessions. Note that individual analyses of
four low-Ba melt inclusions are significantly different from all but
one FP rhyolite glass analyses at the 95% confidence level
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Discussion

Eruptive degassing: no detectable effect
on boron isotopes

Shielding of melt inclusions by surrounding host quartz
plausibly minimizes boron loss that potentially affects
groundmass glasses due to interaction with hydrother-
mal fluids (Shaw and Sturchio 1992) or devitrification
(Higgins 1988). As pointed out by Wallace et al. (1999)
and Anderson et al. (2000), melt inclusions from Bishop
Tuff largely preserved their initial dissolved volatiles and
reliably record variations in melt composition over the
period of inclusion entrapment. Indistinguishable d11B
values for BT02 groundmass glass and melt inclusions
(Fig. 3) thus imply insignificant isotopic fractionation
due to eruptive degassing or post-depositional alter-
ation. Comparatively low boron contents in BT02
groundmass glass could indicate minor boron loss, but
alternative explanations are equally plausible: while
closed-system crystallization produces enriched residual
melts compared to earlier trapped melt inclusions, in-
verse compositional trends might indicate that crystals
originated from a different source. In fact, the evolved
composition of hourglass inclusion BT01 9-2 is consis-

tent with closed-system crystallization of the early
Bishop Tuff, whereas inverse zoning of melt inclusions in
phenocrysts and comparatively less evolved groundmass
glass compositions in the late Bishop Tuff imply that
crystals became ultimately entrained in a more primitive
magma (Dunbar and Hervig 1992; Wallace et al. 1999;
Anderson et al. 2000).

The lack of significant boron loss and isotopic frac-
tionation during eruptive degassing is underlined by the
homogeneity of four Mono Craters obsidian glasses
(Table 2) despite well-documented variations in H2O
content and dD values (Newman et al 1988). We further
measured indistinguishable boron isotopic compositions
in BT02 melt inclusion glasses and younger Glass
Mountain obsidians (LV03 and LV04; Fig. 3) that are in
line with radiogenic and oxygen isotopic evidence that
indicate compositional similarity between Bishop Tuff
and younger Glass Mountain (Halliday et al. 1984, 1989;
Bindeman and Valley 2002). In summary, we find that
compositionally related rhyolitic glasses have indistin-
guishable boron contents despite strong variations in
dissolved volatiles and conclude that the pre-eruptive
boron isotopic signature remained largely unchanged by
the eruption process.

Secondary boiling and degassing—boron variations
in comparison with experimental results

Gas-saturated conditions were inferred for the Bishop
magma (see Wallace et al. 1995, 1999). We now aim to
test how secondary boiling (volatile exsolution due to
cooling and crystallization) prior to eruptive degassing
affected boron and other components in the melt by
using experimental data on boron partitioning between
rhyolitic melt and hydrous gas phase (Hervig et al.
2002). We adopt the approach by Candela (1986) and
model boron variations by mass balance between
anhydrous crystals (no boron uptake), hydrous melt,
and vapor phase:

cl ¼ cof Dfluid=melt�Xwð Þ�1

(Cl and Co = concentration of boron in remaining iquid
and original liquid, respectively, after onset of water
saturation; f = fraction of remaining melt, Dfluid/melt =
partition coefficient between vapor and melt; Xw =
weight fraction of H2O in melt). Model results for boron
and selected trace elements are displayed in Fig. 3 (A–
E). To a first approximation, gas-saturated fractionation
curves are consistent with observed variations in Bishop
melt inclusions. Note that apparent deviations could
result from uncertainties in mineral-melt D values or
starting compositions, but at least for the more incom-
patible elements (Fig. 3C–E) gas-undersaturated crys-
tallization would further enhance these deviations.

While similar trends as for B should be expected for
Li (with Dfluid/melt >1 at pressures <400 MPa; Webster
et al. 1989), the bimodal distribution of Li abundance in

Fig. 6 Average boron isotopic composition vs. 1/B for 0.6 ka Inyo-
Mono rhyolites (2 s.e. error bars). Individual analyses (1 SD error
bars) and fields for average compositions of other sample groups
(pre-caldera Glass Mountain obsidian, Bishop Tuff and Deer
Mountain) plotted for comparison. Gas-saturated crystallization
trend (tick marks for 10% steps in mass of remaining melt) was
calculated for Xw=0.04 and T=750 �C (see text). Dfluid/melt=3 and
asilicate/fluid=0.994 from Pichavant (1981) and Hervig et al. (2002),
respectively. Open star indicates model composition of hydrother-
mally altered intrusions (HAI). Although the HAI component is
modeled as a point (120 ppm B similar to the highest values
measured in pre-caldera rhyolites and d11B=)2&; this is a �5&
shift from the lowest �magmatic� values measured in pre-caldera
rhyolites equivalent to the 11B depletion in hydrothermally altered
rhyolites from Yellowstone; Palmer and Sturchio 1990), it is
recognized that it may exhibit compositional heterogeneity. First-
order mixing calculations indicate �40% HAI component in South
Deadman Dome CP rhyolite
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early and late inclusions (Fig. 4) appears inconsistent
with a continuous differentiation trend. The interpreta-
tion of Fig. 4 is further complicated by extremely low Li
abundances, e.g. in one hourglass inclusion (�9 ppm;
consistent with findings by Wallace et al. 1999). This
leads us to suspect that Li is potentially more strongly
affected by leaking, eruptive degassing or post-deposi-
tional alteration than B, although invariant Li contents
equivalent to early Bishop Tuff are preserved in younger
Glass Mountain obsidian (Table 2). In conclusion, we
think that gas-saturated crystallization reasonably well
explains trace element vs. B trends in Bishop Tuff melt
inclusions, but some aspects regarding the origin of
compositional variations including Li remain unresolved
(cf. Anderson et al. 2000).

For gas-saturated crystallization, melt depletion in
11B is predicted from experimental isotopic fractionation
factors (amelt/fluid) that range between 0.993 and 0.994
(Hervig et al. 2002) at relevant temperatures (T=700–
800 �C). A potential isotopic fractionation between melt
and biotite can be reasonably neglected because boron
uptake by minor quantities of biotite is insignificant
(Tonarini et al. 2003). Rayleigh fractionation is reason-
ably assumed because boron in the gas phase will be
rapidly removed due to the density contrast between
silicate melt and aqueous fluid. We accordingly calcu-
lated minor depletion in 11B ()0.5&) that agrees with
the apparent isotopic homogeneity of melt inclusion
glasses from early and late Bishop Tuff ()1.5±1.9&
difference in average d11B and �20% increase from
�50 ppm B in late Bishop Tuff). It also follows that
experimental data for boron partitioning are concordant
with observed boron behavior in metaluminous systems
despite the fact that experiments were calibrated for
peraluminous compositions (Hervig et al. 2002).

For post-caldera dome inclusions, the modeled gas-
saturated fractionation trends clearly fail to match
measured variations, in particular for compatible trace
elements such as Sr and Ba (Fig. 3G, H). Furthermore, a
d11B shift of )1.2& is predicted for �65% gas-saturated
crystallization of South Deadman Dome FP rhyolite
(i.e., from �25 to �75 ppm B; upper curve in Fig. 6).
This compares unfavorably with the observed
)6.1±1.8& difference between IN01G and IN01 glas-
ses. Alternatively, we thus suggest open-system mixing
and/or assimilation to explain the overall �8& varia-
tions in d11B measured in Long Valley glasses.

Alternative scenario: assimilation of low-temperature
altered intrusions

Constraints for end-members and mixing processes

Open-system processes have been previously invoked for
Long Valley based on a variety of observations: magma
mingling (e.g., Sampson and Cameron 1987; Varga et al.
1990), compositional and isotopic variations (e.g., Vogel
et al. 1989; Halliday et al. 1989; Metz and Mahood 1991;

Knesel and Davidson 1997; Heumann and Davies 1997),
isotopic heterogeneity of phenocrysts (e.g., Davies and
Halliday 1998); reverse mineral or melt inclusion zona-
tion patterns (e.g., Dunbar and Hervig 1992; Anderson
et al. 2000). Consequently, we interpret boron isotopic
variations in post-caldera rhyolites to result from some
form of mixing process. In order to better characterize
potential end-members and the nature of this process,
we discuss additional evidence, in particular from trace
elements and Nd isotopes. Our main observations can be
summarized as follows:

1. Boron abundances in melt inclusion glasses correlate
with fluid immobile elements (e.g., Y, Nb, Th; Stur-
chio et al. 1986; Fig. 3). This strongly argues against
boron addition via a fluid phase. On the other hand,
evolved silicic melts can be highly enriched in both B
and Nb (e.g., Leeman and Sisson 1996) and this is
observed in Older Glass Mountain rhyolites;

2. From the extrapolated trends in the Sr vs. B diagram
(Fig. 3G), we infer low Sr abundances for the high-B
end-member. Assimilation-fractional crystallization
models further illustrate why assimilation of typical
Sierran wall-rocks is unlikely because it would result
in hybrid melts that have higher Sr than measured in
CP melt inclusions (upper curve in Fig. 7A). In
contrast, assimilation of low-Sr and high-B rocks
would satisfy mass balance constraints (lower curve
in Fig. 7A);

3. Despite a more than three-fold increase of boron
concentrations in post-caldera rhoylite glasses,
whole-rock �Nd values for FP and CP lavas overlap
(Fig. 7B). This is consistent with FP rhyolite assimi-
lating a boron-rich end-member similar in �Nd, ra-
ther than Sierran crust with typically much lower �Nd
(upper and lower curve in Fig. 7B, respectively). Note
that we did not attempt to correlate our glass data
with published 87Sr/86Sr analyses because whole-rock
Sr data are controlled by plagioclase and, conse-
quently, potentially biased by the presence of xeno-
crysts (cf. Davies and Halliday 1998);

4. While the boron isotopic composition of potential
source reservoirs remains elusive, we would expect
some correlation between d11B and �Nd, if boron
isotopic signatures were inherited from a mantle-de-
rived parental magma that experienced variable de-
grees of crustal contamination. This is not observed,
however. For example, d11B values for older Glass
Mountain and Inyo FP lava overlap, whereas their
Nd-isotopic compositions are clearly distinct (Figs. 6
and 7);

5. Assimilation of preexisting intrusive rocks by fresh
rhyolite recharge seems geologically and petrologi-
cally plausible: the two most 11B depleted rhyolites
are post-caldera domes and located inside the cal-
dera margins (Fig. 1). In particular, South Dead-
man Dome exhibits evidence for magma mingling,
thermal rejuvenation (i.e., zircon saturation tem-
peratures fall well below the eruption temperature)

601



and zircon crystals that significantly predate the
eruption (Reid et al. 1997).

In synthesizing our observations, we rule out a
significant role of regional country rocks for the origin
of 11B depletion in CP post-caldera rhyolites and in-
stead favor assimilation of hydrothermally altered
intrusive margins by recharge of more primitive rhy-
olitic magma. For this to happen, we expect that low
temperature fluid-rock exchange shifted ‘‘magmatic’’
d11B values of compositional equivalents to Glass
Mountain rhyolites (d11B �+3–+8&; Fig. 6) to iso-
topically lighter values (e.g., Palmer and Sturchio 1990;
Hervig et al. 2002).

11B depleted rhyolites: an equivalent to low-d18O magmas?

Assimilation of hydrothermally altered materials has
been previously invoked for the generation of low-d18O
magmas (e.g., Mt. Mazama: Bacon et al. 1989; Yel-
lowstone: Bindeman and Valley 2000, 2001). Our limited
boron isotope data set provides some indication that
similar processes should not be ruled out for Long
Valley, in particular for post-caldera rhyolites, despite
the fact that so far they have gone undetected by oxygen
isotopes (Bindeman and Valley 2002). Oxygen isotope
data for hydrothermally altered rocks from Long Valley
show considerable deviations from magmatic values
(e.g., Smith and Suemnicht 1991; McConnell et al. 1997;
Mukhopadhyay 2002). Because these samples were ei-
ther from the surface or from drill holes that only pen-
etrated caldera-fill and shallow Mesozoic roof rocks, we
think they are not representative for the deeper-seated
intrusive complex. Volatile saturation pressure estimates
for the least degassed Deer Mountain and South
Deadman Dome melt inclusions (Table 2) indeed imply
that 11B depleted melts became entrapped at
>140 MPa, equivalent to >6 km depth assuming a 2.5-
g/cm3 density of felsic cap rocks. Because intrusive rock
samples from such depths are unavailable for direct
comparison, we summarize theoretical constraints to
speculate why assimilation of chilled intrusive margins
potentially remained subtle or undetectable by oxygen
isotope analysis:

1. low-d18O meteoric waters might be diluted or absent
in deep-circulating fluids released from cooling vola-
tile-rich magmas;

2. during hydrothermal alteration involving dominantly
orthomagmatic fluids (initial dfluid=initial drock), the
isotopic shifts in d11B and d18O depend on their
respective equilibrium fractionation factors, which at
300 �C are about �15 times larger for boron than for
oxygen (notice the opposite sense of fractionation:
11B is enriched in the fluid whereas 18O is depleted;
Williams et al. 2001);

3. at a given water/rock ratio, the isotopic shifts scale
with concentration ratios for the exchanged element
between fluid and rock (Criss and Taylor 1986). For
oxygen, this ratio is fixed to 1.8 (Criss and Taylor
1986), whereas boron-metasomatism via hydrother-
mal fluids is common (Leeman and Sisson 1996).
Partial melting of such rocks would further enrich
boron in the melt due to its incompatibility in most
silicates. Thus the hydrothermally altered end-mem-
ber can have more leverage on boron in hybrid rocks
compared to oxygen with equal abundance in silicic
rocks and melts.

Implications for magma sources

Boron isotopic compositions (d11B between +0 to
+8&) measured in selected Long Valley rhyolites are

Fig. 7 Sr vs. B (A) and Nd-isotopic composition of whole-rocks vs.
B for Long Valley glasses (B). Average values for �Nd plotted as
symbols; range is indicated by solid bars. Data sources: Sampson
and Cameron (1987); Palacz and Gill (1994); Heumann and Davies
(1997); Davies and Halliday (1998). Assimilation-fractional crys-
tallization (AFC) trends were calculated for primitive rhyolite and
Sierran wall-rocks (solid star with Sr=500 ppm: Hildreth 1979;
Nd=26 ppm: average upper crust in Taylor and McLennan 1995;
20 ppm B: average upper crust in Leeman and Sisson 1996;
�Nd=)11: average from values compiled in Halliday et al. 1984)
and HAI (open star with Sr=1 ppm; Nd=18 ppm; B=120 ppm:
equivalent to older Glass Mountain rhyolite in Table 2). Sr bulk
D=3.5 (Nd=2.2) calculated from mineral proportions in FP lava
(Sampson and Cameron 1987) and Dmineral/melt values for rhyolites
(Mahood and Hildreth 1983; Nash and Crecraft 1985; Ewart and
Griffin 1994). Presence of 0.1% allanite, incompatible behavior of
boron and a ratio for assimilation/crystallization rates of 0.5 was
assumed; tick marks for 10% steps in mass of remaining melt
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the highest values so far reported for Quaternary-
Holocene rocks in the Western USA: unaltered hot-
spot rhyolites (Yellowstone: )5&; Palmer and
Sturchio 1990) and subduction-related andesites (Mt.
Shasta olivine-hosted melt inclusions: )21 to 0&; Rose
et al. 2001) have considerably lighter boron isotopic
compositions. It has been argued that a major com-
ponent in Long Valley silicic magmas was mantle de-
rived and their parental magmas became crustally
contaminated (e.g., Halliday et al. 1984, 1989).
Unfortunately, little is known about boron in potential
crustal contaminants such as the Sierran batholiths
(Hildreth 1979). Comparatively low d11B values typical
for tourmaline as the dominant host for boron in
crustal rocks (between �0 and )20&; Palmer and
Swihart 1996; Kasemann et al. 2001), however, imply
that crustal contamination is unlikely to result in
strongly positive d11B values. Depleted mantle
(d11B=)7; Chaussidon and Jambon 1994) can further
be ruled out as the primary source of boron. Alter-
natively, positive d11B signatures and high boron
concentrations could result from melting of sea-water
altered oceanic crust (e.g., serpentinites with d11B of
+7–+13&; Spivack and Edmond 1987) or mantle to
which boron-rich fluids derived from dehydration of
subducted oceanic crust has been added (Rose et al.
2001). We thus speculate that the deep-seated roots of
the Long Valley magma system became infiltrated by
boron-rich fluids of heavy isotopic composition at
some point in their geologic past, presumably during
Cenozoic subduction. Boron isotopic studies of coeval
Long Valley mafic rocks (e.g., Cousens 1996) are
needed to further test this hypothesis.

Conclusions

1. Indistinguishable d11B values in variably degassed
glasses (i.e., melt inclusions with H2O=�3 to 6 wt%
and degassed matrix glasses with H2O <0.8 wt%)
indicate that eruptive degassing and post-deposi-
tional alteration had no detectable effects on boron
isotopic compositions of fresh pumice and obsidian
erupted from Long Valley.

2. Published partitioning and fractionation coefficients
for boron predict significant isotopic fractionation
during pre-eruptive degassing (secondary boiling)
only for magmas that have undergone extensive
fractional crystallization under gas-saturated condi-
tions (i.e., �2& for 90% isobaric crystallization of a
rhyolitic melt at Xw=0.04 and 750 �C). Rhyolite
glasses from Long Valley, however, show a much
stronger decrease in d11B over comparatively small
increases in boron and incompatible trace elements
abundances. Isotopic fractionation between melt
and vapor at magmatic temperatures is therefore
unlikely to have produced melts significantly de-
pleted in 11B.

3. Low-temperature alteration involving orthomagmat-
ic fluids has the potential to deplete 11B in rocks. This
is based on empirical and experimental evidence for
strong isotopic fractionation during subsolidus ex-
change of boron between silicates and fluid (e.g.,
Palmer and Sturchio 1990; Hervig et al. 2002).
Comparatively low d11B values were measured in
melt inclusion glasses from post-caldera lavas. These
also indicate near-solidus inclusion trapping temper-
atures as low as �700 �C, reheating to �810 �C
(Vogel et al. 1989), and entrapment pressures that are
equivalent to the depths at which rhyolitic magmas
partially crystallized during the caldera-forming
stage. In the light of these observations, we favor
assimilation of 11B depleted, hydrothermally altered
sub-caldera intrusive rocks triggered by recharge of
fresh rhyolite.

4. Similar mechanisms have been invoked for the
origin of low-d18O rhyolites erupted from other si-
licic magma systems (e.g., Bacon et al. 1989). We
propose that boron isotopes provide a comple-
mentary tracer for hydrothermal alteration and
assimilation of otherwise compositionally indistin-
guishable chilled margin rocks, in particular if
deep-reaching meteoric waters were absent. By the
same token, we urge caution in the use of boron
isotopes as source indicators in long-lived compos-
ite magma systems.

5. ‘‘Defrosting’’ of the crystallized rind of the Bishop
Tuff magma chamber just prior to eruption has been
previously proposed (Mahood 1990). Thermal reju-
venation by input of fresh magma followed by partial
remobilization of intrusive rocks plausibly causes
recycling of earlier formed crystals. This might ex-
plain some of the apparent long crystal residence
times (e.g., Mahood 1990; van den Bogaard and
Schirnick 1995; Christensen and Halliday 1996; Reid
et al. 1997; Davies and Halliday 1998) that are in
conflict with thermal constraints requiring rapid heat-
dissipation from shallow magma bodies (Sparks et al.
1990).
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