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Abstract

The Bishop Tuff (BT), erupted from the Long Valley caldera in California, displays two types of

geochemical gradients with temperature: one is related to magma mixing, whereas the other is

found in the high-SiO2 rhyolite portion of the Bishop Tuff and is characterized by twofold or lower

concentration variations inminor and trace elements that are strongly correlated with temperature.

It is proposed that the latter zonation, which preceded phenocryst growth, developed as a result

of mineral–melt partitioning between interstitial melt and surrounding crystals in a parental mush,

from which variable melt fractions were segregated. To test this hypothesis, trends of increasing

vs decreasing element concentrations with temperature (as a proxy for melt fraction), obtained

from published data on single-clast pumice samples from the high-SiO2 rhyolite portion of the

Bishop Tuff, were used to infer their relative degrees of incompatibility vs compatibility between

crystals and melt in the parental mush. Relative compatibility values (RCVi) for all elements i,

defined as the concentration slope with temperature divided by average concentration, are shown

to be linearly correlated with their respective bulk partition coefficients (bulk Di). Mineral–melt

partition coefficients from the literature were used to constrain the average stoichiometry of the

crystallization/melting reaction in the parental mush: 32 % quartz + 34 % plagioclase + 31 % K-

feldspar + 1·60 % biotite + 0·42 % titanomagnetite + 0·34 % ilmenite + 0·093 % allanite + 0·024 %

zircon + 0·025% apatite= 100% liquid. The proportions of tectosilicates in the reaction (i.e. location

of eutectic) are consistent with depths of melt segregation of ∼400–550 MPa and an activity of H2O

of ∼0·4–0·6. Temperatures of <770–780 ◦C are constrained by allanite in the reaction. Evidence

that a fluid phase was present in the parental mush is seen in the decreasing versus increasing

H2O and CO2 contents with temperature in the segregated interstitial melt that formed the high-

SiO2 rhyolite portion of the Bishop Tuff. The presence of an excess fluid phase, which strongly

partitions CO2 relative to the melt, is required to explain the compatible behavior of CO2, whereas

the fluid abundance must have been low to explain the incompatible behavior of H2O. Calculated

degassing paths for interstitial melts, which segregated from the parental mush and ascended to

shallower depths to grow phenocrysts, match published volatile analyses in quartz-hosted melt

inclusions and constrain fluid abundances in the mush to be ≤1 wt%. The source of volatiles in the

parental mush, irrespective of whether it formed by crystallization or partial melting, must have

been primarily from associated basalts, as granitoid crust is too volatile poor. Approximately twice

as much basalt as rhyolite is needed to provide the requisite volatiles. The determination of bulk Di
for several elements gives the bulk composition of the parental leucogranitic mush and shows that

it is distinct from Mesozoic Sierran arc granitoids, as expected. Collectively, the results from this

study provide new constraints for models of the complex, multi-stage processes throughout the
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Plio-Quaternary, involving both mantle-derived basalt and pre-existing crust, that led to the origin

of the parental body to the Bishop Tuff.

Key words: volatiles; partition coefficient; high-silica rhyolite; compositional gradients; Bishop Tuff

INTRODUCTION

High-silica rhyolites are the most differentiated magmas on Earth
and are the product of some of the largest explosive eruptions. An
example is the climactic eruption of the Bishop Tuff from Long Valley
caldera (Fig. 1), where >600 km3 of compositionally zoned rhyolite
(77–74 wt% SiO2) were erupted in <1 week (Wilson & Hildreth,
1997; Hildreth & Wilson, 2007) at ∼765 ka (Andersen et al., 2017).
One of the defining features of the Bishop Tuff, first identified
by Hildreth (1977, 1979), is evidence for systematic co-variations
in temperature and composition in the magma prior to eruption,
the origins of which have been widely debated. Understanding the
development of these gradients may clarify the key processes that led
to the accumulation and explosive eruption of such a large volume
of highly differentiated rhyolite.

In concert with compositional and temperature co-variations,
there are also systematic changes in the mineralogy of the Bishop
rhyolite. Most (not all) pumice clasts erupted to the south and
east of Long Valley caldera contain nine mineral phases (quartz +
sanidine + plagioclase + biotite + titanomagnetite + ilmenite +
zircon + apatite + allanite), whereas most (not all) clasts erupted
to the north contain the same assemblage (minus allanite) as well
as two pyroxenes, monazite, and pyrrhotite, along with Ba-rich
sanidine rims and Ti-rich quartz rims (e.g. Hildreth, 1977; Hervig
& Dunbar, 1992; Peppard et al., 2001; Hildreth & Wilson, 2007).
These mineralogical distinctions led Evans et al. (2016) to propose
two criteria to categorize Bishop pumices as Early or Late: (1) absence
or presence of Ba-rich sanidine rims and (2) absence or presence of
pyroxene.As emphasized byHildreth (2017), these twomineralogical
criteria cannot be used to infer the timing of eruptive units. Therefore,
in this study the terms Early-type and Late-type are used to be
consistent with established nomenclature applied to the Bishop Tuff
(e.g. Hildreth, 1977, 1979), without drawing inferences about the
timing within the multi-day eruptive sequence of the Bishop Tuff.
The term Transitional-type, introduced by Chamberlain et al. (2015),
is applied to pumice clasts that contain at least some sanidine with
Ba-rich rims, but no pyroxene.

Importantly, there are two completely different types of geo-
chemical gradients with temperature in the Bishop Tuff. In Late-type
pumices, the compositionally distinct rims on quartz (Ti-rich) and
sanidine (Ba-rich) have been attributed to magma mixing between
a high-SiO2 rhyolite, from which the cores of quartz and sanidine
crystallized, and a variety of differentiated melts with less SiO2 (e.g.
Hervig & Dunbar, 1992; Peppard et al., 2001; Hildreth & Wilson,
2007). These Late-type pumices are additionally characterized by
abrupt and large increases in whole-rock MgO, CaO, Ba, and Sr
contents over a narrow temperature interval (≤25 degrees; Hildreth,
1977; Hildreth & Wilson, 2007; Jolles & Lange, 2019).

The second type of geochemical zonation with temperature is
seen in the high-SiO2 rhyolite portion of the Bishop Tuff, which
constitutes more than two-thirds of the erupted volume (≥400 km3;
Hildreth&Wilson, 2007), and includes both Early- and Transitional-
type pumices. This chemical zonation is defined by continuous
and large (twofold or lower) changes in whole-rock trace-element

concentrations as a linear function of temperature (≤50 degrees),
in the absence of any systematic changes in whole-rock SiO2
content (e.g. Hildreth, 1979; Jolles & Lange, 2019). It has long
been concluded that these temperature and geochemical gradients
preceded phenocryst growth in the high-SiO2 rhyolite portion of the
Bishop Tuff (e.g. Hildreth, 1979, 2017; Hildreth & Wilson, 2007;
Jolles & Lange, 2019). It is the origin of this geochemical zonation
with temperature, which preceded phenocryst growth, that is the
focus of this study.

Although the occurrence of Ba-rich rims on some sanidine crystals
in Transitional-type samples (a criterion for its classification; Evans
et al., 2016) raises the possibility that some of this chemical zonation
with temperature in the high-SiO2 rhyolite portion of the Bishop Tuff
may also be due to mixing with less differentiated magmas, albeit
to a lesser extent than seen in Late-type samples, similar twofold
variations in trace-element concentrations (e.g. 154–306 ppm Rb;
32–15 ppm La) are found in Glass Mountain (GM) high-SiO2
rhyolites (Metz & Mahood, 1991), which erupted prior to the
Bishop Tuff (Fig. 1). In the GM rhyolites, these twofold variations are
accompanied by extremely low concentrations of Sr (<3 ppm; Davies
et al., 1994; Davies & Halliday, 1998), which precludes mixing with
less differentiated magma that contains even modest amounts of Sr
(e.g. >10 ppm).

An alternative hypothesis to explain the twofold variations in
trace-element concentrations in these high-SiO2 rhyolites, which
is unrelated to magma mixing, involves variable melt segregation
from a granitic crystal-rich mush (Metz & Mahood, 1991; Hildreth,
2004, 2017; Hildreth & Wilson, 2007), where different melt frac-
tions have a different trace-element composition. As noted by Wolff
et al. (2015), the specific pattern of chemical gradients in various
minimum/eutectic rhyolites observed in the rock record, including the
Early-type Bishop Tuff, is consistent with differentiation mechanisms
that involve mineral–melt partition coefficients predicted from the
observed phenocryst assemblage in each respective deposit.

In this study, we quantitatively evaluate whether all element
concentration gradients with temperature in the high-SiO2 rhyolite
portion of the Bishop Tuff can be explained by segregation of
different interstitial melt fractions from a granitic crystal-rich mush
that contains the same nine phenocryst phases as found in Early-
and Transitional-type Bishop samples. If so, we examine whether an
average stoichiometry of the crystallization/melting reaction in the
parental mush can be deduced. We additionally evaluate if gradients
in the volatile contents (H2O and CO2) with temperature across the
Bishop Tuff allow the composition and relative abundance of a fluid
phase during segregation of variable melt fractions to be determined.
Finally, we address whether constraints can be placed on the bulk
composition of the parental mush.

ELEMENT COMPATIBILITY/INCOMPATIBILITY IN

INTERSTITIAL HIGH-SiO2 RHYOLITE MELT

RELATIVE TO CRYSTAL-RICH MUSH

If the high-SiO2 rhyolite portion of the Bishop Tuff is derived from
the segregation of variable melt fractions of interstitial melt from a
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Fig. 1. Bishop Tuff and Long Valley caldera, California, adapted from Chamberlain et al. (2015). Glass Mountain (GM) in light grey. Sample locations of Early-

(blue), Transitional- (green), and Late-type (red) Bishop pumices: 1, San Joaquin River drainage; 2, Aeolian Buttes; 3, Crestview; 4, Wild Cow Canyon; 5, McGee

Canyon; 6, Blind Spring Hill; 7, Chalfant Quarry; 8, Chalk Bluffs; 9, Pleasant Valley Dam.

crystal-rich mush (e.g. Hildreth, 2004, 2017), trends of increasing vs
decreasing minor- and trace-element concentration with temperature
can be used to infer the respective degree of incompatibility vs com-
patibility for all elements between the bulk of all crystals present and
the interstitial melt, under three broad assumptions: (1) equilibrium
crystallization/melting; (2) temperature as a proxy for melt fraction
(and/or source depletion); (3) a broadly homogeneous parental mush,
with the same crystal phases present (although modal abundances
can vary). We demonstrate the viability of these three assumptions
below.

Equilibrium (vs fractional) crystallization/melting to

describe interstitial melt in crystal-rich mush

There are two endmember processes by which interstitial melts
develop in a crystal-rich mush: (1) extensive crystallization of a
parental liquid or (2) partial melting of a parental pluton. An inter-
mediate process between these two endmembers is partial melting of
cumulates (e.g.Wolff et al., 2015). In the case of crystallization,Dufek
& Bachmann (2010) showed that melt segregation is optimized at
50–70 % crystallization, for compaction to allow melt extraction.
As a consequence, geochemical models based on closed-system equi-
librium crystallization more closely approximate the conditions in
a crystal-rich mush at the time of melt segregation than models
based on open-system Rayleigh fractional crystallization. Moreover,
becausemelt evolution during equilibrium crystallization and equilib-
rium partial melting is modeled by the same equation, its application
to infer the geochemical evolution of an interstitial melt in a crystal-
rich mush applies equally to a melt that formed by extensive crys-
tallization or partial melting. The equilibrium crystallization/melting

equation is

Cliq
i

Cparent
i

= 1(
F +Dbulk

i − FDbulk
i

) (1)

where Cliq
i is the concentration of element i in the interstitial liquid,

Cparent
i is the initial concentration of element i in the bulk parent,

F is the melt fraction, and Dbulk
i is the bulk partition coefficient for

element i between the interstitial melt and the crystallizing/melting
mineral assemblage.

Temperature as a proxy for melt fraction (and/or

source depletion)

Under equilibrium crystallization (or equilibrium partial melting)
conditions, the concentration of an element in the interstitial melt
(within a crystal-rich mush) will vary as a function of two factors:
(1) its bulk partition coefficient; (2) melt fraction. Figure 2 schemat-
ically illustrates this relationship. For elements that are strongly
compatible (i.e. bulk partition coefficients >1), their concentration
strongly increases as a function of melt fraction. If temperature can be
used as a proxy for melt fraction (and/or source depletion), elements
with concentrations in the high-SiO2 rhyolite portion of the Bishop
Tuff that strongly increase (or decrease) with increasing temperature
may be interpreted as having bulk partition coefficients, between all
crystals and interstitial melt in the parental mush, that are strongly
compatible (or incompatible). Similarly, elements with concentrations
that are constant with temperature can be inferred to have bulk
partition coefficients that are close to ∼1.
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Fig. 2. Equilibrium crystallization/melting diagram for various melt fractions

(F ) and partition coefficients (D), where Cliq
i /Cparent

i represents the concen-

tration of an element in the liquid (Cliq
i ) relative to the parental source

(Cparent
i ), following equation (1). It should be noted that for elements with

D< 1, concentration in the liquid will decrease with increasing melt fraction.

Conversely, for elements with D> 1, concentration in the liquid will increase

with increasing melt fraction. Elements with a D∼ 1 will see no change in

concentration in the liquid with increasing melt fraction.

The schematic illustration in Fig. 2 shows that under the assump-
tion that temperature is a proxy for melt fraction (and/or source
depletion), trace-element concentration gradients with temperature
can be used to infer not only which elements are compatible (positive
slopes) and incompatible (negative slopes), but also how the elements
rank, relative to one another, in degree of compatibility and incom-
patibility. By constraining the relative degrees of compatibility/incom-
patibility for key elements, tight constraints on the stoichiometry of
the crystallization/melting reaction in the granitic crystal-rich mush
(from which the high-SiO2 rhyolite portion of the Bishop Tuff was
extracted) can be obtained from two pieces of information: (1) slopes
of element concentration with temperature in Early/Transitional-type
Bishop pumices; (2) element partition coefficients between high-SiO2
rhyolite melt and the nine mineral phases in Early Bishop pumices.

BISHOP TUFF: SAMPLE LOCATIONS AND

GEOCHEMICAL GRADIENTS WITH

TEMPERATURE

The single-clast pumice samples from the Bishop Tuff (Fig. 1) that
are used in this study are those previously described and studied by
Jolles & Lange (2019). Six are Early-type and five are Transitional-
type. Another 12 are Late-type, which are shown for comparison
only. To obtain major- and trace-element compositions of whole-
rock single-clast pumices, samples (crystals and matrix) were crushed
by hand using a ceramic mortar and pestle and powdered in a
tungsten carbide shatterbox. Samples were then analyzed by induc-
tively coupled plasma mass spectrometry (ICP-MS) at Activation

Laboratories Ltd, Ontario, Canada. Samples are mixed with lithium
metaborate and lithium tetraborate fluxes and fused in an induction
furnace. The resulting melt is completely dissolved in a 5 % nitric
acid solution with an internal standard and then run on an ICP-MS
system. Compositions for Early- and Transitional-type single clasts
are reported in Tables 1 and 2, whereas those for Late-type clasts
are given in Supplementary Table 1, Supplementary Data, Electronic
Appendix 1 (supplementary data are available for downloading at
http://www.petrology.oxfordjournals.org). Standards employed and
the precision for all analyzed elements are reported in Supplementary
Table 2, Supplementary Data, Appendix 1.

The high-resolution Fe–Ti oxide temperatures (± 3–12 degrees)
and oxygen fugacity (relative to the Ni–NiO buffer; �NNO) results,
obtained for each sample by Jolles & Lange (2019) with the ther-
mometer/oxybarometer of Ghiorso & Evans (2008), are reported in
Table 1. It should be noted that for each single-clast pumice sample,
the crushed material was split in two, with one half used for whole-
rock analysis and the other half for Fe–Ti oxide analyses (Jolles &
Lange, 2019). The Fe–Ti oxide temperatures for the 23 single-clast
samples are strongly correlated (R2 = 0·94) to those obtained with
the two-feldspar thermometer of Putirka (2008) on the same clasts
(Jolles & Lange, 2019), which underscores their accuracy. From the
combined temperature, fO2, and whole-rock compositional data, the
melt ferric–ferrous ratio in each sample can be calculated using the
model of Kress & Carmichael (1991); the resulting Fe2O3 and FeO
wt% values are listed in Table 1.

High-SiO2 rhyolite endmember to Late-type Bishop

Tuff samples

The focus in this study is on the high-SiO2 rhyolite portion of
the Bishop Tuff, namely the Early- and Transitional-type samples.
Late-type samples are not included because of ample evidence that
they were affected by magma mixing (e.g. Hervig & Dunbar, 1992;
Hildreth & Wilson, 2007; Roberge et al., 2013; Chamberlain et al.,
2015), which masks the trace-element pattern owing to segrega-
tion of variable melt fractions from a parental mush. It should be
noted, however, that previous studies (Hildreth & Wilson, 2007;
Chamberlain et al., 2014, 2015; Evans et al., 2016; Hildreth, 2017;
Jolles & Lange, 2019) concluded that the high-SiO2 rhyolite end-
member in Late-type samples, which mixed with less differentiated
melts, was slightly hotter than Transitional-type high-SiO2 rhyolite
and thus reflects a continuation to higher temperatures of the thermal
and compositional zoning seen in the high-SiO2 rhyolite melts that
form the Early- and Transitional-type samples. Therefore, the high-
SiO2 rhyolite endmember to the Late-type samples will at times be
referred to in this study, but the Late-type samples themselves will not
be employed.

Volatile gradients

Jolles & Lange (2019) reported wt% H2O values calculated from
the plagioclase–liquid hygrometer of Waters & Lange (2015) when
combined with the Fe–Ti oxide temperatures. The resulting H2O con-
tents decrease systematically with increasing temperature (Fig. 3a),
which is consistent with the fluid-saturated (H2O–CO2) phase-
equilibrium results from Klimm et al. (2008) at 200 MPa. The results
from that study show that the temperature of the liquidus surface
for co-crystallization of quartz–sanidine–plagioclase increases with
decreasing water content in the melt phase (Fig. 3b). The H2O
contents from Jolles & Lange (2019) are also consistent with those

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/62/12/egab087/6407973 by U

niversity of M
ichigan Law

 Library user on 07 M
arch 2022

http://www.petrology.oxfordjournals.org


Journal of Petrology , 2021, Vol. 62, No. 12 5

Table 1: Whole-rock major- and minor-element (wt%) concentrations and temperatures (◦C) for Early- and Transitional-type single clast

samples

Sample: BT-15D BT-15A BT-16B BT-22B BT-22A BT-16A BT-13A BT-24D BT-8B BT-19D BT-21C

Unit: F7 F7 Ig2Ea Ig1Eb Ig1Eb Ig2Ea Ig2Ea Ig1Eb Ig2Eb Ig2NWb Ig2NWa
Pumice type: Early Early Early Early Early Early Trans. Trans. Trans. Trans. Trans.

Lat. (37◦N): 27·583 27·583 27·583 44·595 44·595 27·583 24·829 27·646 24·838 51·463 45·832
Long. (118◦W): 22·124 22·124 22·124 27·272 27·272 22·124 31·449 21·986 30·874 64·525 59·875

SiO2 76·52 77·25 77·44 77·95 77·06 77·73 77·19 77·6 78·06 77·54 74·71
TiO2 0·07 0·07 0·07 0·07 0·07 0·08 0·09 0·09 0·10 0·12 0·13
Al2O3 13·34 12·66 12·42 12·25 12·83 12·55 12·41 12·75 11·94 12·43 14·65
FeOT 0·75 0·78 0·78 0·69 0·73 0·75 0·80 0·78 0·83 0·79 1·03
FeO∗ 0·60 0·62 0·62 0·56 0·57 0·59 0·62 0·61 0·64 0·61 0·80
Fe2O3∗ 0·17 0·18 0·18 0·15 0·18 0·18 0·20 0·19 0·20 0·20 0·26
MnO 0·037 0·036 0·035 0·035 0·032 0·033 0·029 0·031 0·030 0·028 0·030
MgO 0·11 0·10 0·07 0·07 0·05 0·11 0·12 0·12 0·10 0·10 0·10
CaO 0·52 0·52 0·51 0·51 0·48 0·56 0·62 0·52 0·56 0·63 0·57
Na2O 3·35 3·32 3·80 3·52 3·86 3·31 3·29 3·68 3·38 3·00 2·84
K2O 5·29 5·25 4·89 4·92 4·88 4·87 5·43 4·44 4·99 5·32 5·93
P2O5 0·01 0·01 < 0·01 < 0·01 < 0·01 0·02 0·01 < 0·01 < 0·01 0·03 0·02
LOI 4·91 6·28 3·00 2·76 3·47 3·36 2·94 4·43 2·38 2·58 3·83
Total 99·2 98·4 100·0 100·8 99·8 98·4 99·0 98·4 100·3 99·2 99·3

Fe3+/FeT∗ 0·201 0·202 0·200 0·201 0·222 0·213 0·228 0·220 0·231 0·228 0·229
Fe–Ti T (◦C)† 698 703 706 713 728 729 734 739 742 748 752
Prop. err. (◦C)‡ ±11 ±6 ±3 ±8 ±12 ±12 ±6 ±12 ±7 ±6 ±5

H2O (wt%)§ 7·2 6·8 6·8 6·6 6·3 6·2 5·7 6·2 5·5 5·4 5·8

Trans., Transitional. Major-element analyses normalized to 100 %. LOI and original totals also shown. Estimated 2σ precisions (based on replicate ICP-MS
analyses on standards) are ≤2 % for MgO and CaO; ≤3 % for SiO2, TiO2, FeOT, FeO, Fe2O3, Na2O, and K2O; <4 % for Al2O3; and ≤8 % for MnO.
∗Determined using model of Kress & Carmichael (1991).
†Fe–Ti oxide temperatures from Jolles & Lange (2019), based on geothermometer of Ghiorso & Evans (2008).
‡Propagated analytical error in temperature from Jolles & Lange (2019).
§Calculated H2O concentrations in melt during phenocryst growth from Jolles & Lange (2019), based on plagioclase–liquid hygrometer of Waters & Lange
(2015).

analyzed in quartz-hosted melt inclusions (MIs; Wallace et al., 1999;
Anderson et al., 2000; Roberge et al., 2013; Myers et al., 2019),
where the Early-type (cooler) Bishop samples record higher water
contents than the Late-type (hotter) samples (Fig. 3c). It should be
noted that these studies also show the inverse behavior for CO2,
with concentrations increasing from Early-type (cooler) to Late-type
(hotter) samples (Fig. 3d). In the Late-type samples (unit Ig2NWa),
melt inclusions in the Ti-poor quartz cores (crystallized from a high-
SiO2 rhyolite endmember prior to mixing) contain up to ∼500 ppm
CO2 (Roberge et al., 2013), whereas those in quartz phenocrysts
from Early-type samples (unit F6) contain≤170 ppmCO2 (Anderson
et al., 2000). Therefore, the melt inclusion data show that CO2
contents increase with melt temperature in the high-SiO2 rhyolite
portion of the Bishop Tuff.

Major-element gradients

The four major, anhydrous oxide components in the Bishop rhy-
olite are SiO2, Al2O3, Na2O, and K2O, and they are plotted as
a function of Fe–Ti oxide temperature for 23 single-clast pumice
samples in Fig. 4. Consistent with previous work (Hildreth, 1977),
SiO2 contents are high and unchanging (78–76 wt%) in the Early-
and Transitional-type samples (with one exception; BT-21C) and are

zoned (76–73 wt%) in Late-type samples. Al2O3 contents follow a
similar but reversed pattern; they are relatively low and unchanging
(∼12–13 wt%) in the Early- and Transitional-type samples (with one
exception; BT-21C) and are zoned to higher values (∼13–16 wt%)
in Late-type samples. Na2O and K2O contents also show an inverse
pattern with temperature relative to one another,with Na2O contents
consistently higher in Early- and Transitional-type samples than in
Late-type samples and K2O contents displaying the opposite pattern
(Fig. 4c and d).

Minor-element gradients

Whole-rock concentrations of the minor elements (TiO2,MgO,CaO,
Fe2O3, and FeO) in the high-SiO2 rhyolite portion of the Bishop
Tuff are plotted as a function of Fe–Ti oxide temperature for 23
single-clast pumice samples. TiO2 contents are unchanging in Early-
type rhyolite, but increase linearly among Transitional- and Late-
type samples (Fig. 5a). MgO, CaO, and Fe2O3 contents all gradually
increase with temperature in Early- and Transitional-type rhyolite,
and sharply increase in Late-type samples (Fig. 5b–d). In contrast, the
FeO content varies little with temperature in the high-SiO2 rhyolite
portion of the Bishop Tuff (Fig. 5e), although it increases in Late-type
pumices. Also shown is the increase in Fe3+/FeT with temperature
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Table 2: Whole-rock trace-element (ppm) concentrations for Early- and Transitional-type single clast samples

Sample: BT-15D BT-15A BT-16B BT-22B BT-22A BT-16A BT-13A BT-24D BT-8B BT-19D BT-21C

Unit: F7 F7 Ig2Ea Ig1Eb Ig1Eb Ig2Ea Ig2Ea Ig1Eb Ig2Eb Ig2NWb Ig2NWa
Pumice type: Early Early Early Early Early Early Trans. Trans. Trans. Trans. Trans.

Ba 14 12 8 16 16 23 35 40 29 118 108
Sr 10 10 6 6 6 14 18 18 12 32 27
Rb 190 189 189 187 169 168 150 144 153 117 131
Zr 92 66 72 73 79 79 83 85 92 89 126
Nb 18 15 15 18 13 15 12 16 12 9 15
Hf 3·4 2·8 3·0 3·1 2·8 2·7 2·9 3·1 2·8 2·8 3·4
Ta 2·5 2·5 2·7 2·5 2·1 2·1 1·8 1·8 1·7 1·7 1·8
Cs 5·5 5·9 6·2 5·9 4·9 5·2 4·2 4·0 4·1 2·9 3·4
Th 21·8 20·7 20·8 21·0 20·0 19·2 16·5 16·7 17·6 15·4 16·5
U 7·5 7·5 7·4 7·5 6·7 6·5 5·7 5·0 5·4 4·2 4·7
Mn 287 279 271 271 248 256 225 240 232 217 235
Y 31 29 27 27 26 23 21 17 20 13 19
La 23·3 18·8 22·8 21·7 27·0 26·3 35·3 31·7 43·7 59·3 41·8
Ce 50·3 42·2 50·2 47·3 55·7 55·8 66·5 62·0 86·0 105·6 88·6
Pr 5·76 4·93 5·60 5·45 6·21 5·86 7·17 6·32 8·52 9·93 7·70
Nd 19·0 16·7 19·1 18·4 20·1 19·5 22·1 19·9 25·8 28·7 22·2
Sm 4·1 3·9 4·1 4·0 4·3 3·8 3·9 3·7 4·3 4·0 3·2
Eu 0·06 0·05 0·05 0·05 0·07 0·05 0·08 0·07 0·10 0·14 0·15
Gd 3·6 3·6 3·7 3·6 3·4 3·4 3·1 2·8 3·1 2·6 2·6
Tb 0·6 0·7 0·6 0·6 0·5 0·5 0·4 0·5 0·4 0·4 0·4
Dy 4·0 3·7 3·6 3·8 3·5 3·4 2·8 2·8 2·9 2·3 2·3
Ho 0·7 0·8 0·7 0·8 0·7 0·6 0·5 0·5 0·5 0·4 0·5
Er 2·3 2·4 2·3 2·4 2·2 2·0 1·8 1·7 1·7 1·3 1·5
Tm 0·37 0·33 0·41 0·41 0·32 0·32 0·31 0·28 0·31 0·22 0·24
Yb 2·8 2·6 2·4 2·5 2·4 2·2 1·9 1·8 1·8 1·3 1·6
Lu 0·42 0·43 0·41 0·41 0·38 0·32 0·31 0·28 0·31 0·23 0·24

Trans., Transitional. Estimated 2σ precisions (based on replicate ICP-MS analyses of standards) are ≤2 % for Ba; ≤3 % for Sr; ≤5 % for Ta; ≤6 % for U and
Yb; ≤8 % for Nb, Th, Mn, Ce, and Lu; ≤9 % for Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Tm; ≤10 % for Rb, Cs, Ho, and Er; ≤12 % for Lu; ≤13 % for Hf;
≤17 % for Zr.

(Fig. 5f), which reflects the increase in oxygen fugacity (relative to
the Ni–NiO buffer) with increasing temperature, as revealed by the
application of the Fe–Ti oxide thermometer/oxybarometer (Ghiorso
& Evans, 2008) to analyzed pairs of titanomagnetite and ilmenite
(Jolles & Lange, 2019).

Trace-element gradients

The rare earth element (REE) concentrations (the lanthanides and
yttrium) are plotted as a function of Fe–Ti oxide temperature in
Fig. 6. The concentrations of La, Ce, Pr, Nd, and Eu all increase with
temperature (Fig. 6a–d) whereas Sm is unchanging with temperature.
Conversely, the concentrations of Gd, Tb, Yb, Lu, and Y all decrease
with temperature (Fig. 6e–i). Importantly, the magnitude of the slopes
(i.e. REE concentrations with temperature) systematically vary from
the lightest to heaviest REE, with La contents increasing the most
(twofold increase from Early- to Transitional-type) and Y contents
decreasing the most (twofold decrease from Early- to Transitional-
type). Europium, as expected, falls off this trend because it occurs in
two valence states (2+ and 3+), and its slope of concentration with
temperature is between those for the two lightest REE (La and Ce;
Fig. 6). Among the remaining nine trace elements that are plotted, the
concentrations of Ba, Sr, and Zr increase with temperature (Fig. 7a–c),
and the remaining six (Hf, Mn, Rb, Ta, Th, and U) decrease with

temperature (Fig. 7e–h). It should be noted that Mn is a trace element
in the Bishop rhyolite, owing to ≤300 ppm concentrations (Table 2).

Linear fits of trace-element concentrations with temperature,
among the high-SiO2 rhyolite portion of the Bishop Tuff, display
remarkably strong correlations, irrespective of whether concentra-
tions increase (e.g. R2 = 0·72 for Ce) or decrease (e.g. R2 = 0·87–0·92
for Rb, U, Th, Lu, Ta, andMn) with temperature.Whether the strong
correlations between element concentration and temperature can be
used to determine element compatibility vs incompatibility between
an interstitial melt and the surrounding multi-mineral assemblage in
a parental mush is evaluated below. If so, these strong linear corre-
lations indicate that the parental mush was broadly homogeneous in
its bulk composition and mineral assemblage.

RELATIVE COMPATIBILITY VALUES (RCV)

For each element in Figs 4–7, the slope of its concentration with
temperature was divided by the average concentration to obtain
its ‘relative compatibility value’ (RCV: Table 3). For this analysis,
only high-SiO2 single-clast samples were used (all Early-type and all
but one Transitional-types; Tables 1 and 2). One Transitional-type
sample was excluded owing to its lower SiO2 content (BT-21C; Jolles
& Lange, 2019), as well as all Late-type samples, for the reason that
they may have been affected by magma mixing.
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Fig. 3. (a) Plagioclase–liquid hygrometry results for Early-, Transitional-, and Late-type Bishop single clast pumices vs Fe–Ti oxide temperature (◦C). Error bars
(2σ ) in water (y-axis) are propagated from the uncertainty in temperature (x-axis) reported by Jolles & Lange (2019). (b) Experimental phase equilibria data from

Klimm et al. (2008) for a high-SiO2 rhyolite with constant pressure (P total = 200 MPa) but varying activity of H2O. Line designates the quartz + plagioclase +
K-feldspar cotectic. (c, d) Histograms (stacked) of (c) H2O (wt%) and (d) CO2 (ppm) for literature melt-inclusion data from F1–F7 and Ig1Eb units (blue; Early-type),

Ig2E (green; Transitional-type), and Ig2N and Ig2NW (red; Late-type) units of the Bishop Tuff. Studies referenced include Wallace et al. (1999), Anderson et al.

(2000), Roberge et al. (2013), Myers et al. (2019).

Major elements

The anhydrous major oxide components in the high-SiO2 rhyolite
portion of the Bishop Tuff are SiO2, Al2O3, Na2O, and K2O. In
all cases, their concentration gradients with temperature are close
to zero, which means that their RCVs (slopes divided by average
concentration) are also near zero. This pattern is consistent with
invariant behavior (little change in melt composition with melt
fraction), which is expected for near-eutectic melts in the Quartz
(Qz)–Plagioclase (Pl)–K-feldspar (Kfs) system.

Minor elements

The relative compatibility values (RCVs) for the five minor ele-
ments (Table 3) in the high-SiO2 rhyolite portion of the Bishop Tuff
shows that the order of compatibility is Ti>Fe3+ >Mg∼Ca>Fe2+.
Importantly, Ti has a relative compatibility that is nearly three times
larger than that for Fe3+, which in turn is nearly three times larger
than that for Fe2+. The two alkaline earth cations, Mg and Ca, are
similarly compatible to each other and to Fe3+. The slope for Fe2+

(FeO component) is close to zero, which implies a bulk partition
coefficient that is close to one. The increase in the Fe3+/FeT ratio with
temperature (Fig. 5f), therefore, reflects the higher compatibility of
Fe3+ relative to Fe2+.

Trace elements

The RCVs for the REE (Table 3) show that the order of com-
patibility broadly follows their order on the periodic table, with
La>Ce>Pr>Nd> Sm>Tb>Dy>Lu>Yb>Y. Europium, as

expected, deviates from this trend because it occurs in two valence
states (2+ and 3+). Its relative compatibility is intermediate between
La and Ce, and all three are strongly compatible. It should be noted
that Sm has a flat slope (RCV close to zero), which indicates a bulk
partition coefficient of ∼1. The relative compatibility of the two
heaviest lanthanides, Lu and Yb (both strongly incompatible), are
switched relative to their position on the periodic table, but are
nonetheless similar. Finally, Y has equal incompatibility to Yb and
thus these are the most incompatible of the REE.

Among the remaining trace elements, the order of compatibility is
Ba> Sr>Zr>Hf>Mn>Th>Rb>Ta∼U. Barium and Sr are the
most strongly compatible of all the trace elements, whereas Zr is
only moderately compatible. The two actinides, Th and U, are both
highly incompatible, as is the alkali Rb. Uranium and Ta are nearly
as incompatible as Y and Yb, and these four trace elements are the
most incompatible of all elements in the Bishop high-SiO2 rhyolite.

Volatile components

The concentration of dissolved H2O in the high-SiO2 rhyolite por-
tion of the Bishop Tuff decreases linearly with increasing tempera-
ture (Fig. 3a), which indicates that it behaved as an incompatible
component in the crystallizing/melting parental mush. In contrast,
melt inclusion data show that the concentration of dissolved CO2
increases with temperature, consistent with compatible behavior
(Fig. 3d). This contrasting pattern for H2O and CO2 (incompatible
and compatible, respectively) points to the presence of an excess fluid
phase in the crystallizing/melting granitoid mush during melt segrega-
tion, otherwise both dissolved volatiles would behave incompatibly
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Fig. 4. Major-element variations (wt%) with Fe–Ti oxide temperature (◦C). Values are relatively unchanging for the Early- (blue) and Transitional-type (green)

samples, as denoted by RCVi (relative compatibility values) close to zero. It should be noted that one Transitional-type sample (BT-21C), shown as an open

symbol, is not included in the RCVi calculation owing to its SiO2 less than 75 wt%. Late-type Bishop pumices are shown as red open symbols and are not

included in any RCVi calculations. RCV for each component is calculated from the concentration slope with temperature, divided by the average concentration

(see text). Error bars represent 2σ uncertainty (see text).

Fig. 5. Minor-element (wt%) and Fe3+/FeT variations with Fe–Ti oxide temperature (◦C). TiO2, Fe2O3, MgO, and CaO all increase with temperature and are

compatible. However, FeO RCVi ∼0, suggesting no change in concentration with temperature. Fe3+/FeT also increases with temperature, reflecting the increase

in oxygen fugacity (relative to the Ni–NiO buffer) with temperature. Colors and symbols same as in Fig. 4.

(both would decrease with increasing temperature). Therefore, a fluid
phase that strongly partitions CO2 relative to themelt must have been
present for CO2 to behave compatibly in the parental mush. Because

H2O is also partitioned into a fluid phase relative to melt, but not as
strongly as CO2 (owing to the much lower solubility of CO2 relative
to H2O in rhyolite melts), the overall mass abundance of the fluid
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Fig. 6.Rare earth element (REE) variations (ppm) with Fe–Ti oxide temperature (◦C). It should be noted that REE lighter than Sm have RCVi > 0 and are compatible,

and REE (except Eu) heavier than Sm have RCVi < 0, and are incompatible. Sm RCVi ∼ 0, with concentration unchanging with temperature. Colors and symbols

same as in Fig. 4.

phase during crystallization/melting in the granitoid mush must have
been small enough that the bulk partition coefficient was less than
one for H2O (i.e. incompatible) but greater than one for CO2 (i.e.
compatible).

MINERAL–MELT PARTITION COEFFICIENTS

To convert the relative compatibility values (RCVs) for each ele-
ment (Table 3) into bulk partition coefficients (by constraining the
stoichiometry of the crystallization/melting reaction in the parental
mush), mineral–melt partition coefficients are needed for the nine
mineral phases in Early-type (high-SiO2 rhyolite) Bishop samples.
Because element partition coefficients may vary strongly as a function
of melt and/or mineral composition, only those determined for the

nine mineral phases from Early-type (high-SiO2 rhyolite) Bishop
samples are used in this study.

Allanite, zircon, and apatite

For the trace-element partition coefficients, the results fromMahood
&Hildreth (1983) on the Early-type Bishop Tuff are used for allanite
(Aln) and zircon (Zrn) on the basis of instrumental neutron activation
analysis (INAA) of mineral separates and coexisting glass shards;
the results are summarized in Table 3. Mahood & Hildreth (1983)
did not report partition coefficient results for apatite (Ap), and
therefore high-resolution microprobe analyses of La, Ce, Nd, Sm,
Dy, and Y were obtained in this study on apatite crystals in Early-
type pumice clasts from Jolles & Lange (2019). Details regarding the
analysis of apatite are provided in Electronic Appendix 2. Apatite

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/62/12/egab087/6407973 by U

niversity of M
ichigan Law

 Library user on 07 M
arch 2022



10 Journal of Petrology , 2021, Vol. 62, No. 12

Fig. 7. Trace-element variations (ppm) with Fe–Ti oxide temperature (◦C). Colors and symbols same as in Fig. 4.

compositions are provided in Supplementary Table 3, Supplementary
Data, Electronic Appendix 1, and microprobe standards, detection
crystals, and analytical error are reported in Supplementary Table 4,
Supplementary Data, Electronic Appendix 1. The resulting partition
coefficients for these six REE are listed in Table 3.

Biotite, titanomagnetite, and ilmenite

Mahood & Hildreth (1983) also reported trace-element partition
coefficients for biotite (Bt), titanomagnetite (Mag), and ilmenite (Ilm)
in Early-type Bishop samples from INAA (Table 3). For the major-
and minor-element partition coefficients (e.g. Ti, Mg, Fe3+, Fe2+,
Mn), the analyses from Jolles & Lange (2019) were used, and the
results are shown in Table 3. For the partitioning of Fe3+ and Fe2+
between biotite and melt, it is assumed that the Fe3+/FeT in biotite is
the same as that in the melt.

Sanidine and plagioclase

Sanidine
Chamberlain et al. (2015) used laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) to analyze trace-
element concentrations in sanidine (Or65) and glass in Early- and
Transitional-type pumice clasts. These data were used to calculate
partition coefficients for Ba, Sr, Eu, Ca, and Rb. As is commonly the
case for constraints based on natural samples, there is a range of

resulting Di values, varying by nearly a factor of two for Ba and Sr.
Therefore, to improve the accuracy and precision of estimated Di
values, the lattice strain model (e.g. Blundy & Wood, 1994; Wolff
& Ramos, 2013) for sanidine was employed, which constrains the
partitioning of different elements into a single lattice site on the basis
of the radius of each element, and the elastic modulus of the lattice
site (i.e. the ability to stretch or contract to accommodate element i).
Onuma et al. (1968) observed that plots of logarithmic Di versus
ionic radius ri for a range of elements show near-parabolic curves
(Onuma diagrams), which can be described by the following strain
model equation (Blundy & Wood, 1994):

ln
( Di
D0

)
=

−4πENA

[ r0
(
r0−ri

)2
2 −

(
r0−ri

)3
3

]

RT
(2)

where Di is the partition coefficient of an ion of radius ri, Di is the
partition coefficient of an isovalent ion of radius r0 that enters the
lattice site without strain, E is the Young’s modulus of the site,NA is
Avogradro’s number,R is the universal gas constant and,T is absolute
temperature. Following Wolff & Ramos (2013), in equation (2), E is
estimated from

E ∼ 1125Zd−3 (3)
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Table 3: Element partition coefficients

Element Quartz Plagioclase∗ K-spar∗ Biotite†,‡ Titano-magnetite†,‡ Ilmenite†,‡ Allanite† Zircon† Apatite‡ RCVi Bulk Di
§

Ti 60·9 122 676 32·4 1·0 3·78
Fe3+ 32 282 56·9 20·5 0·3 1·90
Mg 117 3·6 9·38 13·4 0·4 1·93
Ca 0·12 18·8 83 0·3 2·17
Fe2+ 5·99 0·264 32 65·1 64·5 21·5 0·05 1·02

Ba 1·6 13 7 4·0 4·72
Sr 6·1 3·5 2·4 3·14
Rb 0·011 0·66 4·3 −0·8 0·28
Hf 0·65 0·65 28 3742 −0·2 0·94
Th 0·511 1·63 0·427 548 91·2 −0·6 0·55
U 0·131 0·063 17 383 −1·0 0·11
Mn 11 27·7 60·3 15·3 −0·5 0·51

Y 177 −1·3 0·04
La 0·3 0·048 3·4 11 1·31 2827 7·2 108 1·9 2·89
Ce 0·171 0·019 2·77 9·7 1·19 2494 10 163 1·5 2·52
Nd 0·075 0·005 2·2 6·9 0·96 1840 4·6 308 0·8 1·89
Sm 0·043 0·008 1·28 3·77 0·684 977 11·1 351 0 1·06
Eu 4·67 3 0·73 0·9 0·4 100 20 1·7 2·65
Dy 0·5 0·37 150 108 438 −0·9 0·29
Yb 0·32 0·55 37 564 −1·1 0·19
Lu 0·39 0·74 44 648 −1·0 0·22

Phase %§ ∼32 ∼34 ∼31 1·60 0·42 0·34 0·093 0·024 0·025
∗Chamberlain et al. (2015).
†Mahood & Hildreth (1983).
‡This study.
§Phenocryst proportions based on Ptotal = 500 MPa and XH2O = 0·5.
Only elements used to constrain the stoichiometry of the crystallization/melting reaction with measured partition coefficients are presented here. RCVi of all
elements analyzed and the predicted bulk partition coefficients and concentrations in the parental source for various melt fractions are given in Table 5.

Table 4: Compositions and temperatures of minimum liquidus and eutectic points

P (MPa) XH2O fluid Qz (wt%) Kfs (wt%) Ab (wt%) T (◦C)

200 1 36 25 39 680
200 0·7 35 29 36 701
200 0·5 35 31 34 750
350∗ 1 33·5 23·5 43 663
350∗ 0·7 33·5 28·5 38 656
350∗ 0·5 34 31·5 34·5 716
500 1 31 22 47 645
500 0·7 32 28 40 667
500 0·5† 33 32 35 682

Data from Holtz et al. (1992). Proportions of Qz+Kfs+Ab subsequently normalized to 97·5 % to account for 2·5 % abundance of other six mineral phases
(see text).
∗Interpolation.
†Extrapolation.

where Z is the ionic charge and d is the cation–oxygen distance
(Blundy & Wood, 1994). Utilizing equation (2), the first step in this
study was to start with the relatively well-known Di values for the
univalent ions, Na+ and K+, from Jolles & Lange (2019) for Or65
and then to obtain a best match to the parabola (Fig. 8) to constrain
values for r0 and D0 (Fig. 8). In this study, the best match leads to
a value for r0 is 0.139 nm (close to the weighted average of 0.1395

nm for Na and K in Or65 sanidines from the Bishop Tuff), whereas
D0 is four. Extension to divalent ions (e.g. Ba, Sr, Eu2+, Ca) was
then made by utilizing the same r0 as obtained for the univalent
ions (0.139 nm), but adjusting D0 (= 13) so that DCa (the best
experimentally constrained partition coefficient among the divalent
cations) is matched, within analytical uncertainty, by the parabola
in Fig. 8. The results lead to improved constraints on the values for
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DBa (= 13), DSr (= 3·5) and DEu (= 3) between sanidine (Or65) and
high-SiO2 rhyolite melt. These values overlap the average (± 1σ ) Di
values for these three elements, 14 (± 13), 2·0 (± 1·6) and 2·9 (±
1·8), respectively, from the analyses of Chamberlain et al. (2015).

Plagioclase
Chamberlain et al. (2015) also analyzed trace-element concentrations
in plagioclase (An15) in Early- and Transitional-type pumice clasts,
allowing calculation of partition coefficients for key elements. Again,
relatively large variations in Di values were found, varying by nearly
a factor of two for Ba and Sr. Fortunately, there are numerous
experimental studies that report partitioning data for Ba and Sr
between plagioclase and melts (Lagache & Dujon, 1987; Bindeman
et al., 1998; Bindeman & Davis 2000; Vander Auwera et al. 2000;
Aigner-Torres et al. 2007; Tepley et al., 2010; Dohmen & Blundy,
2014), including three experiments on relatively sodic plagioclase
compositions (9–15 mol% An; Dohmen & Blundy, 2014).

As noted previously in the literature (e.g. Blundy &Wood, 1991),
plagioclase composition exerts a first-order control on experimen-
tally determined values of RTlnDi (Fig. 9). There is far less scatter for
RTlnDBa than for RTlnDSr, and a linear fit between RTlnDBa and
plagioclase composition closely recovers the experimental results on
the relatively sodic plagioclases from Dohmen & Blundy (2014). For
a composition of An15 and a temperature of 1000 K (727 ◦C), the
linear fit gives a value forDBa of 2·1 (Fig. 9a).However, it is expected
that the parental mush to the high-SiO2 rhyolite portion of the Bishop
Tuff may have contained a slightly more calcic plagioclase, closer to
∼An20 (e.g. in Johnson leucogranite in Tuolumne Intrusive Suite;
Bateman & Chappell, 1979), than what subsequently crystallized
(∼An15) from the interstitial Bishop rhyolite after segregation. For
An20 at 1000 K, the calculated value for DBa is 1·6, and is the best
estimate of the value to apply to the parental mush (Table 3).

A similar evaluation is made for DSr, and although there is more
scatter, there is also far more experimental data forRTlnDSr (Fig. 9b).
A linear fit through all of the results recovers the experimental results
on the three sodic plagioclase samples from Dohmen & Blundy
(2014) equally well, which lends confidence that it provides the best
estimate of DSr to apply in this study. At 1000 K and a plagioclase
composition of An20, the linear fit leads to a calculated value forDSr
of 6·1, which is the value employed in Table 3.

CONSTRAINTS ON MINERAL–MELT REACTIONS

IN THE PARENTAL MUSH

The primary question addressed in this study is whether the stoi-
chiometry of the crystallizing/melting reaction in the parental mush,
from which the interstitial melt was extracted (at different melt
fractions) to form the high-SiO2 rhyolite portion of the Bishop
Tuff, can be constrained from the data summarized in Table 3. The
following eutectic reaction is proposed:

%X1Qz + %X2Pl+ %X3Kfs + %X4Bt + %X5Mag + %X6Ilm+
%X7Zrn + %X8Ap + %X9Aln = 100% liquid. (4)

The goal is to constrain the values of X1 to X9 (relative propor-
tion of each phase in the crystallizing/melting reaction) through an
iterative set of linear fits to evaluate if a single, average stoichiometry
can be obtained that leads to bulk partition coefficients for each
element that are linearly correlated with their respective relative

Fig. 8. Onuma diagram for element partitioning between sanidine and melt,

where fitted curves are predictions from lattice strain theory [equation (2); see

text]. Open symbols (green circle and purple square) denote literature values

for univalent and divalent cations, respectively, from both Chamberlain et al.

(2015) and Jolles & Lange (2019). Values for grey squares denote partition

coefficients used, which overlap the values ±1σ from Chamberlain et al.

(2015).

Fig. 9. Experimental plagioclase partition coefficients from literature for (a)

Ba and (b) Sr against mol% anorthite. For Sr, experimental results for silicate

melt (gray circles) and hydrothermal fluid (crosses) are both shown. Data for

RT lnDBa follow a fairly tight linear trend, whereas there is more scatter for

RT lnDSr results. Black circles denote relevant experiments for this study from

Dohmen & Blundy (2014) (see text).

compatibility values. An additional constraint is that bulk Di =1 in
the two cases where RCVi is zero (i = Sm and Fe2+). This will lead to
bulk Di <1 for negative RCVi and bulk Di > 1 for positive RCVi.

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/62/12/egab087/6407973 by U

niversity of M
ichigan Law

 Library user on 07 M
arch 2022



Journal of Petrology , 2021, Vol. 62, No. 12 13

Fig. 10. (a–f) Plot of bulk Di calculated from equation (5) and literature partition coefficients (Table 3) vs RCVi for each of 11 elements (filled symbols for REE and

open symbols for Hf, Th, U, and Y). The bulk Di for these 11 elements depend on only proportion of allanite, zircon, and apatite in crystallization/melting reaction

(see text). In all cases, abundances lead to bulk DSm =1 (RCVSm =0). (a) Linear correlation between bulk Di and RCVi for all REE, based only on allanite (see text).

Only outliers are for elements (e.g. Hf and Y) that partition strongly into other phases (zircon and apatite, respectively; Table 3). (b) For illustration, the effect

of adding 0·05 % zircon shows that Hf is an outlier in the opposite direction compared with (a). (c) Optimized abundance of zircon (0·024 %) that gives best fit

to trace-element line (see text). (d) Optimized abundances of apatite (0·025 %), zircon (0·024 %), and allanite (0·093 %) that give best fit to trace-element line.

(e) Minor-element line (dashed) and trace-element line (refitted based on recalculated bulk Di using all six phases; see text). All trace elements now shown with

filled symbols. Minor elements (yellow squares) follow a distinctly different trend from the trace elements (circles). It should be noted that Mn (yellow circle),

a trace element in the Bishop Tuff, plots on the trace-element line obtained from allanite, zircon, and apatite, when its bulk Di is calculated using the optimized

abundances of the three ferromagnesian phases used to establish the minor-element line (see text). (f) Trace- and minor-element lines recalculated on the basis

of added quartz, plagioclase, and K-feldspar proportions corresponding to 500 MPa and Xfluid
H2O

= 0·5 (see Fig. 12 and text). H2O is additionally incorporated on

the minor-element line, where average DH2O (fluid–melt) = 4 and fluid abundance is 1 % (see text).

Evidence for a linear relationship between bulk Di and

RCVi: constraints on % allanite, % zircon, and % apatite

in reaction

The hypothesis evaluated in this study is that the RCVi for the trace
elements are linearly correlated with their bulk partition coefficients
(bulk Di). An initial test of this hypothesis was made by examining
the relationship between bulk Di and RCVi for 11 trace elements
(seven lanthanides, Y, Hf, Th, and U), which are entirely controlled

by only three accessory phases: allanite, apatite, and zircon. Allanite
is notable for its exceptionally large partition coefficients (∼2830,
∼2500, ∼1840) for the light REE (LREE; La, Ce, Nd, respectively)
that progressively decrease in magnitude (although remain large)
for the middle REE (MREE) and heavy REE (HREE). Zircon pre-
dominantly controls the partitioning of Hf and U, and influences
the HREE, whereas apatite is the only phase with a relatively high
partition coefficient for Y (∼180) and the MREE.
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Ideally, the following model equation would be used for multiple
linear regression:

bulk Di =
[
DA ln
i XA ln +DZrn

i XZrn +DAp
i XAp

]
. (5)

In equation (5), DA ln
i , DZrn

i , and DAp
i are known parameters

from the literature (Table 3), and XAln, XZrn, and XAp are the
unknowns. The use of equation (5) in a multiple linear regression
requires that the bulkDi be known for each of the 11 trace elements,
which is not the case. However, RCVi are known for these 11
elements (Table 3), and if a linear relationship with bulk Di values
can be demonstrated, through a set of iterative steps (outlined below),
it will allow bulkDi values to be calculated and used in equation (5).

The first step in testing for a linear correlation between RCVi and
bulkDi is to assign Sm a bulkDi value of one because it has an RCVi
of approximately zero (Fig. 6).Next, an iterative approach was taken,
where the proportions of zircon and apatite were first assumed to be
zero, which allowed the proportion of allanite required to generate a
bulkDSm of one to be calculated. For an allanite–liquid Sm partition
coefficient of 977 (Table 3), the proportion of allanite is 1/977 (or
0·102 %). When these proportions (0·102 % allanite, 0 % zircon,
0 % apatite) were input into equation (5), the bulk Di values for all
11 trace elements were calculated and plotted against their respective
RCVi. The results are shown in Fig. 10a and illustrate a remarkably
strong linear correlation (R2 = 0·940). This is a notable result, as the
RCVi are obtained entirely from the Fe–Ti oxide thermometry results
and whole-rock pumice clast analyses from Jolles & Lange (2019),
whereas the bulk Di values are based entirely on the Mahood &
Hildreth (1983) partition coefficient results for allanite. This initial
result strongly supports the hypothesis that RCVi and bulkDi values
are linearly correlated.

The results in Fig. 10a show that the largest outlier from the linear
trend is Hf, and the mineral–melt partition coefficient data in Table 3
show that this reflects the need to include zircon, owing to its large
partition coefficient for Hf (∼3742). For illustration, the addition
of 0·05 % zircon is shown (Fig. 10b; no adjustment to % allanite
is needed to ensure that bulk DSm =1) to illustrate the effect on
the calculated bulk Di for Hf, which now deviates from the linear
correlation with RCVi in the opposite direction compared with the
case of 0 % zircon, resulting in a lower R2 (= 0·919). The optimal
approach was to take iterative steps, and to add zircon to equation (5)
in increments of 0·001 % (while adjusting the proportion of allanite
each time to ensure that bulkDSm =1) until the best linear fit between
calculated Di, using equation (5), and the RCVi was found. The best
fit (R2 = 0·995) occurs with 0·102 % allanite and 0·024 % zircon
(Fig. 10c).

The final iterative step was to add apatite to equation (5), in
increments of 0·001 % (and the proportion of allanite adjusted each
time to ensure that bulk DSm =1) until the best linear fit between
bulkDi and RCVi was found (Fig. 10d). The final result (R2 = 0·997)
leads to 0·093% allanite, 0·024% zircon, and 0·025% apatite in the
crystallization/melting reaction in equation (5). (See Supplementary
Data, Electronic Appendix 3 for spreadsheets that perform these
calculations.) The results allow the bulk partition coefficient for all
11 trace elements to be calculated (Table 3) and plotted as a function
of their respective RCV values in Fig. 10d,which illustrates the strong
linear correlation.

Effect of uncertainties in mineral–melt partition coefficients
Uncertainties in the mineral–melt partition coefficients for the 11
trace elements will affect the results in two different ways, depending

on whether the errors are systematic or random. If there is a system-
atic error, and allDi are too low (or too high) by a factor of two, then
the deduced stoichiometry for the three mineral phases will also be
too high (or too low) by a factor of two. If there are large, random
errors among all Di, moving them in different directions, then the
R2 values on the linear fits in Fig. 10 will degrade. The fact the R2

values are >0·99 in Fig. 10c–d strongly supports the validity of the
mineral–melt partition coefficients from the literature that were used
(Table 3). In either case, the key conclusion that these three mineral
phases (allanite, zircon, apatite) in the crystallization/melting reaction
in the parental mush controlled the concentration gradients of these
11 trace elements with temperature remains robust.

Constraints on % biotite, % titanomagnetite, and %

ilmenite in reaction

In the reaction in equation (4), only three phases control the bulk
partition coefficients of Ti, Fe3+, Fe2+, Mg, and Mn: namely, biotite,
titanomagnetite, and ilmenite. Therefore, the following model equa-
tion can be used to calculate the bulk Di of these five elements:

bulk Di =
[
DIlm
i XIlm +DMag

i XMag +DBt
i XBt

]
. (6)

In equation (6), i refers to the following five elements: Ti, Fe3+,
Fe2+, Mg, Mn.

Because the bulkDi values for these five elements are not known,
a test of a linear relationship with their respective RCVi was per-
formed. Once again, an iterative approach was taken, and first, an
equal abundance of ilmenite and titanomagnetite was considered,
without biotite. In this case, the initial abundances of the two Fe–Ti
oxides were 0·75 % each, to generate a bulkDFeO =1 (RCVFeO =0).
Biotite was then added in increments of 0·001%, and the abundances
of the two Fe–Ti oxides were adjusted (allowed to differ from each
other) to ensure that bulk DFeO =1. It should be noted that an
optimal linear fit between calculated bulk Di, using equation (6)
and RCVi, could be obtained only when Mn (trace element) was not
included. For the four minor elements (Ti, Fe3+, Fe2+, Mg), the best
linear fit (R2 = 0·9999) is obtainedwith 1·60%biotite, 0·42% titano-
magnetite, and 0·34% ilmenite in the crystallization/melting reaction
in equation (6). (See Supplementary Data, Electronic Appendix 3 for
the spreadsheets that perform these calculations.)

Two different linear relationships between bulk Di and RCVi for trace-
and minor-elements
When calculated bulkDi values for Ti, Fe3+, Fe2+, and Mg (based on
these three mineral proportions) are plotted as a function of their
respective RCVi in Fig. 10e, a strong linear correlation is shown,
but with a distinctly different slope from that obtained for the
trace elements. Interestingly, when these optimal proportions of
biotite, titanomagnetite, and ilmenite are applied to calculate the
bulk DMn, it plots on the line established for the 11 trace elements
(obtained from mineral–melt partitioning involving allanite, zircon,
and apatite) and not that for the four minor elements. This result
strongly suggests that there is one linear relationship (between bulk
Di and RCVi) for trace elements and another for minor elements. The
reason for the two separate lines may reflect different partitioning
behavior for trace vs minor elements (perhaps when Henrian behav-
ior does or does not apply) in high-SiO2 rhyolite melts.

One final step in the determination of bulk Di values is to note
that biotite, ilmenite, and titanomagnetite have non-zero partition
coefficients for some of the actinide elements and REE, as well
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as additional trace elements (e.g. Rb), which merits a new linear
fit between all calculated bulk Di and RCVi, using the optimized
proportions of all six phases (0·093 % allanite, 0·024 % zircon,
0·025% apatite, 1·60% biotite, 0·42% titanomagnetite, and 0·34%
ilmenite). This updated linear fit for the trace elements is shown in
Fig. 10e. This trace-element line allows the prediction of the bulk par-
tition coefficients for Ba, Sr, Rb, and Eu; namely, those elements most
strongly affected by the abundance of plagioclase and K-feldspar
in the crystallization/melting reaction in equation (4). This will aid
the determination of their proportions in the crystallization/melting
reaction in the next subsection.

Effect of uncertainties in mineral–melt partition coefficients
Once again, uncertainties in the mineral–melt partition coefficients
for the four minor elements will affect the results in two different
ways, depending on whether the errors are systematic or random.
If there is a systematic error, and all Di are too low (or too high)
by a factor of two, then the deduced stoichiometry of the three
mineral phases will also be too high (or too low) by a factor of
two. If there are large, random errors among all Di, moving them
in different directions, then the R2 values on the linear fits in Fig. 10e
will degrade. The fact the R2 value is >0·99 in Fig. 10e strongly
supports the validity of the mineral–melt partition coefficients from
the literature that were used (Table 3). In either case, the main
conclusion that these three mineral phases (biotite, titanomagnetite,
ilmenite) in the parental mush controlled the concentration gradients
of these four minor elements (Ti, Fe3+, Fe2+, Mg) and one trace
element (Mn) with temperature remains robust.

Cause for increase in Fe3+/FeT (lnfO2 relative to Ni–NiO buffer) with
temperature
The cause for the increase in Bishop Tuff oxidation state with
temperature has long interested researchers (e.g. Hildreth, 1977;
Carmichael, 1991; Ghiorso & Sack, 1991; Hildreth &Wilson, 2007;
Ghiorso & Evans, 2008). Here, it is seen that the increase in Fe3+/FeT
with temperature in the high-SiO2 rhyolite portion of the Bishop
Tuff reflects the larger bulk partition coefficient for Fe3+ relative
to that for Fe2+ during crystallization/melting in the parental mush,
which in turn is caused by the fact that the proportion of the mineral
phase (0·42 % titanomagnetite) in equation (4) withDFe3+ > DFe2+
(282> 65; Table 3) exceeds that of the phase (0·34 % ilmenite) with
DFe3+ slightly less than DFe2+ (57< 65; Table 3). In this study, it is
assumed that DFe3+ ∼ DFe2+ for biotite (Table 3).

Constraints on % quartz, % plagioclase, % K-feldspar

(location of eutectic)

The next objective was to constrain the relative proportions of quartz,
plagioclase, and K-feldspar in the crystallizing/melting reaction in
equation (4). This goal is equivalent to finding the location of the
eutectic in the Qz–Pl–Kfs ternary, which is a strong function of
pressure (Ptotal) and activity of water (Ebadi & Johannes, 1991;
Holtz et al., 1992; Johannes & Holtz, 1996; Table 4) during crystal-
lization/melting in the parental mush. Therefore, instead of beginning
with the trace and minor elements that partition into plagioclase
and K-feldspar (Ba, Sr, Rb, Eu, and Ca), published phase-equilibrium
experimental results that document the location of the eutectic in the
Qz–Pl–Kfs ternary under variable Ptotal and XH2O fluid composi-
tions were initially employed. In Table 4, the proportion of each tec-
tosilicate at the eutectic is summarized for three pressure conditions
(200, 350, 500MPa) and threeXH2O fluid compositions (1, 0·7, 0·5)

on the basis of the phase-equilibrium experiments from Holtz et al.
(1992), which have been summarized by Johannes & Holtz (1996).
It should be noted that the presence of the anorthite component in
plagioclase has little effect on the location of the eutectic in the Qz–
Pl(An–Ab)–Kfs system (Johannes, 1984; Johannes & Holtz, 1996).

With this information, bulk partition coefficients for Ba, Sr,
Eu, and Rb were calculated for different Ptotal–XH2O fluid condi-
tions, which translates to different tectosilicate proportions (Table 4),
using the mineral–melt partition coefficient data for each element
in Table 3. Because of the relatively large proportion of each tec-
tosilicate phase (∼25–35 % each) in the reaction in equation (4),
the bulk Di were recalculated for the 11 trace elements in Fig. 10e,
incorporating the contributions from the tectosilicate phases (for each
set of proportions in Table 4) as well as the ferromagnesian phases.
A new linear fit to these 11 trace-elements was then obtained (not
including Ba, Sr, Eu, and Rb, because an evaluation of their overlap
with this revised linear fit is the test to be applied). When the various
bulkDi results (based on different tectosilicate proportions; Table 4)
for Ba, Sr, Eu, and Rb are plotted as a function of their respective
RCVi (Fig. 11–c), a clear conclusion emerges. For calculated bulk Di
for these four trace elements to match those predicted by the updated
trace-element line (Fig. 11), the XH2O must be <1. The best match
between RCVi and bulk Di (for Ba, Eu, and Rb) is obtained for an
average XH2O fluid composition of ∼0·5 at pressures of 500 and
350 MPa (Fig. 11). Therefore, the results lead to average proportions
of the tectosilicate phases in the reaction in equation (4) of∼32–33%
quartz, ∼34 % plagioclase, and ∼31 % K-feldspar.

Effect of uncertainties in mineral–melt partition coefficients
In the case of the tectosilicates, the mineral–melt partition coefficients
for Ba and Sr most strongly affect the inferred stoichiometry of K-
feldspar and plagioclase, respectively, in the crystallization/melting
reaction. Thus, if the Di for both Ba and Sr increase (or decrease),
the deduced proportions of K-feldspar and plagioclase in the reaction
will both decrease (or increase), which will lead to a higher (or lower)
inferred proportion of quartz in the reaction. If the Di values for Ba
and Sr are changed in different directions, then the K-feldspar and
plagioclase proportions will change accordingly. The most important
point is that if the Di values for these two elements change by more
than 15 % from the values in Table 3, then the deduced proportions
of K-feldspar, plagioclase and quartz in the crystallization/melting
reaction do not match any eutectic composition in the Qz–Pl–Kfs–
H2O system. The fact that the best estimates of the Di values for
Ba and Sr from the literature (Table 3), based on the employment
of a lattice strain model (Fig. 8) and experimental partitioning data
(Fig. 9), lead to geologically reasonable results (i.e. melt segregation
depths of ∼350–500 MPa,XH2O ∼ 0·5), underscores the robustness
of the approach and the data employed.

CONSTRAINTS ON FLUID–MELT REACTIONS IN

THE PARENTAL MUSH

The optimal linear fits in Fig. 11 indicate an average XH2O fluid
composition of ∼0·5 and a total pressure of ∼350–500 MPa dur-
ing the crystallization/melting reaction in the parental mush. These
two constraints can be combined with analyzed volatiles in quartz-
hosted melt inclusions from the Bishop Tuff, which were trapped
during phenocryst growth at ∼100–200 MPa (Wallace et al., 1999;
Anderson et al., 2000; Roberge et al., 2013; Myers et al., 2019), to
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Fig. 11. Bulk Di vs RCVi from Early- and Transitional-type Bishop Tuff samples for various locations of eutectic (Table 4; various P total and Xfluid
H2O

). Colors and

symbols same as in Fig. 10, with addition of green diamonds for Ba, Sr, Eu, Rb (elements affected by feldspar proportions; Table 4). Black stars on subplots

denote best fits to predicted bulk Di given P total and Xfluid
H2O

values.

evaluate degassing paths after segregation of interstitial melts from
the parental mush.

The concentrations of H2O and CO2 in high-SiO2 rhyolite
during fluid-saturated ascent, following open- and closed-system
degassing paths,were calculated for various initial fluid compositions
at 350 MPa and 500 MPa, respectively (Fig. 12), using VolatileCalc2
(Newman & Lowenstern, 2002). A temperature of 750 ◦C was used
in these calculations because allanite is required to be present in the
parental mush, which constraints temperatures to be <770–780 ◦C
(Vazquez et al., 2004). It is expected that the actual degassing paths
were between these two endmembers (open- and closed-system).
Importantly, closed-system degassing paths vary as a function of the
initial % fluid present at the time of melt segregation, which provides
an upper-limit constraint on fluid abundance.

The results in Fig. 12 show that segregation at 350 MPa requires
a more H2O-rich fluid phase (Xfluid

H2O
∼ 0·7–0·5) to overlap with

Early- and Transitional-type MI volatile analyses (Wallace et al.,
1999; Anderson et al., 2000; Roberge et al., 2013;Myers et al., 2019),
whereas at 500MPa, the optimal range in fluid composition isXfluid

H2O∼ 0·6–0·4. Therefore, an average depth of 500 MPa (rather than

350 MPa) more closely fits the evidence of an average fluid composi-
tion ofXH2O ∼ 0·5 during melt segregation, which is consistent with
results from Fig. 11. Importantly, a range in melt segregation depths
is not precluded (e.g. 550–400 MPa or ∼21–15 km), nor a range in
fluid composition (e.g. Xfluid

H2O
∼ 0·6–0·4).

Results are also shown forMI data from quartz cores in Late-type
Bishop samples, which grew from a high-SiO2 rhyolite endmember
prior to mixing (Roberge et al., 2013). If the high-SiO2 rhyolite end-
member, which mixed with a less differentiated melt to form the Late-
type rhyolite, segregated from the same (or similar) granitoid mush
at ∼500 MPa, but at higher melt fractions (i.e. higher temperatures),
the fluid composition must have been Xfluid

H2O
∼ 0·4–0·3.

An additional conclusion derived from the degassing paths
(Fig. 12) is that the greatest overlap with the MI data is found
for fluid mass abundances during melt segregation that are
predominantly ≤1 wt%. Corroboration of this low fluid abundance
is provided by the incompatible behavior of H2O (Fig. 3a) and the
compatible behavior of CO2. Utilizing VolatileCalc2 and a fluid
composition ofXfluid

H2O
= 0·5 (± 0·1) at 500MPa, the calculatedDH2O

and DCO2
(fluid–melt) values are ∼4 (± 0·5) and ∼312 (± 24),
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Fig. 12. CO2 (ppm) vs H2O (wt%) degassing paths (both open and closed system; Volatile Calc2, Newman & Lowenstern, 2002) initiated at different pressures

(500 and 350 MPa) and fluid compositions (XH2OandXCO2 )—conditions at onset of melt segregation—that lead to overlap with volatile analyses in quartz-hosted

melt inclusions (MIs) from the literature (Wallace et al., 1999; Anderson et al., 2000; Roberge et al., 2013; Myers et al., 2019). Thick, black lines are isobars for 500,

350, 200, and 100 MPa. Blue symbols denote Early-type airfall (F1–F7) units, whereas aqua samples—those from units F8 and F9, Ig1E, and Ig2E—could be either

Early- or Transitional-type (unable to distinguish). (a) Two degassing paths, with same initial Xfluid
H2O

composition (0·5), but different segregation pressures (350

and 500 MPa). (b) Two degassing paths at the same pressure but different initial Xfluid
H2O

(0·4 and 0·6). Aqua samples plotted on top of blue samples to highlight

distribution of aqua samples. (c) Two degassing paths at same segregation pressure (350 MPa) but different Xfluid
H2O

(0·5 and 0·7). (d) Same as (b) except for the

addition of volatile analyses from MIs in cores of quartz (crystallized from high-SiO2 rhyolite endmember) in Late-type pumice (red circles; Roberge et al., 2013),

and a third degassing path with lower Xfluid
H2O

(0·3) that overlaps the lower H2O and higher CO2 concentrations analyzed in the MIs in quartz cores from Late-type

samples.

respectively, which reflect the much higher solubility of H2O
relative to CO2 in the melt at these P–T conditions (500 MPa;
750 ◦C). For a fluid abundance of ∼1 %, the bulk DH2O is ∼0·04
and bulk DCO2

is ∼3·1, which is consistent with the respective
incompatible and compatible behavior of H2O and CO2 during the
crystallization/melting reaction in the parental mush. Moreover, the
very low bulk DH2O value (∼0·04) is consistent with the RCVi
for H2O of −0·51, based on a revised fit to the minor-element
linear relationship (Fig. 10f) that uses the tectosilicate abundances at
500 MPa and an average fluid composition of XH2O = ∼0·5.

SOURCE OF VOLATILES IN BISHOP TUFF

RHYOLITE: THE ROLE OF BASALTS

Thus far, the hypothesis that the geochemical gradients with tempera-
ture in the high-SiO2 rhyolite portion of the Bishop Tuff (i.e. not those
owing to magma mixing) were caused by segregation of variable
fractions of interstitial melt in a parental mush has been demonstrated
to be viable, under the condition that it occurred at an average depth
and temperature of∼500MPa and∼750 ◦C, respectively,where nine
mineral phases were present, including allanite, as well as a small
amount of excess fluid (≤1 wt%) with an average composition of
XH2O ∼ 0·5. Under these conditions, the calculated solubility of
H2O and CO2 is ∼7·2 wt% and ∼2269 ppm, respectively (using

VolatileCalc2). The next question to address, therefore, is the source
of this substantial concentration of volatiles in the granitoid mush.

Irrespective of whether the interstitial melt formed by crystalliza-
tion (from an initial 100 % melt that contained dissolved volatiles)
or partial melting (of sub-solidus granitoid in the presence of a
fluid phase), the primary source of the volatiles must have been
from basaltic sills or dikes emplaced into the crust beneath Long
Valley caldera, as the pre-existing granitoid crust beneath Long Valley
caldera contains only a small amount of water (<0·6 wt%) in the
form of ≤10 modal % biotite/hornblende (Bateman & Chappell,
1979). The material involvement of the Long Valley basalts in the
origin of the Long Valley rhyolites, including the Bishop Tuff, has
long been established (e.g. Halliday et al., 1984; Davies et al., 1994;
Simon et al., 2014). In a recent study, Calogero et al. (2020) presented
a numerical model of the thermal evolution of the crustal column
beneath Long Valley caldera owing to the injection of basaltic sills.
A central conclusion from that study is that the Long Valley basalts
were a source not only of heat (and mass), but also of volatiles, and
both were required to drive rhyolitic volcanism at Long Valley.

In a recent study, Jolles & Lange (2021) constrained the average
water contents (∼4 wt%) of the Plio-Quaternary Long Valley basalts,
which erupted in close association with the Long Valley caldera (e.g.
Cousens, 1996). An estimate of CO2 contents in these basalts, based
on comparison with similar basalts, is ∼2000–6000 ppm CO2 (e.g.
Wallace, 2005). Here, we present a mass-balance calculation of the
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minimum mass of basalt required, if all of the water in the interstitial
rhyolite melt in the parental source was primarily derived from the
basalts. The high-SiO2 rhyolite portion of the Bishop Tuff (Early- and
Transitional-type) is estimated to be ≥400 km3 (Hildreth & Wilson,
2007), which converts to ∼8·8 × 1014 kg of rhyolite melt (density of
2200 kg m−3 at 500 MPa; Lange & Carmichael, 1987; Lange, 1997;
Ochs & Lange, 1999; Guo et al., 2014). For an average dissolved
water content of ∼7·2 wt% in the interstitial melt, this translates to
∼6·3 × 1013 kg of H2O. The amount of basalt that contains this
much water is ∼630 km3, if it contains ∼4 wt% H2O and thus has
a melt density of ∼2500 kg m−3 at 500 MPa. However, if the water
from the basalt is derived by degassing after complete crystallization,
then the amount of water available for transfer to the rhyolites may
only have been ∼3 wt%, as ≤1 wt% may have been held in hydrous
mineral phases (based on modal abundances of biotite/hornblende
in an average basaltic amphibolite; Sisson et al., 2005). In this case,
the needed volume of basalt is ∼840 km3. It should be noted also
that the composition of the fully degassed fluid phase [∼3 wt%
H2O+4000 (± 2000) ppm CO2] is X

fluid
H2O

= 0·95 (± 0·02). If pre-
existing granitoid crust also makes a small contribution to the water
budget of the parental body, then the required volume of basalt is
<840 km3.

Origin of volatile concentration gradients in the

interstitial melt

There are different mechanisms and timescales that are possible for
the transfer of water from the basalts, and a detailed examination
of those processes is beyond the scope of this study. Here, the goal
is to understand how the transfer of a fluid phase (initially from
basalts) to the interstitial melt in the parental mush could lead to
the observed gradients in the H2O and CO2 concentrations with
melt fraction (temperature). Two endmember cases are considered:
(1) crystallization of an initial 100 % melt that already contains
dissolvedH2O andCO2; (2) partial melting of an initially sub-solidus
leucogranite in the presence of an H2O-rich fluid phase.

The first scenario requires the parental liquid to have a volume
>1200 km3 (if ∼35 % interstitial melt constitutes a volume of
∼400 km3). This scenario may be an oversimplification as there is
growing consensus that such a large reservoir of fully molten melt is
unlikely. But if it did exist, it must have started with ∼2·52 wt%H2O
so that after 65% crystallization there was∼7·2 wt%H2O dissolved
in the interstitial melt. The concentration of CO2 must have been
≤3879 ppm; the upper bound is based on fluid-saturation conditions
at 500 MPa for a melt with 2·52 wt% H2O dissolved in the melt.
These are the initial conditions required for closed-system, isobaric
crystallization at 500 MPa to form a 35 % interstitial melt fraction,
which contained ∼7·2 wt% H2O and ∼2269 ppm CO2.

In the second scenario, the interstitial high-SiO2 rhyolite melt is
formed by partial melting of a leucogranite (containing the same nine
mineral phases as seen in the high-SiO2 rhyolite portion of Bishop
Tuff) in the presence of a fluid derived from the basalts (Xfluid

H2O
∼

0·95). The presence of such an H2O-rich fluid strongly lowers the
solidus temperature of granitoids. For example, melt fractions of
∼35 % are fully expected at ∼750 ◦C and 500 MPa, as seen in plots
of melt fraction vs temperature curves for granitoid from Calogero
et al. (2020), which are based on rhyolite-MELTS calculations
(Gualda et al., 2012).

For the case of a fixed mass of H2O-rich fluid present at the onset
of partial melting of a granitoid, it is expected that the H2O and
CO2 concentrations in both the interstitial melt and the fluid phase

will change (co-evolve) as melt fraction increases, which is illustrated
in Fig. 13. At the granitoid solidus, the initial fluid composition
(exsolved from crystallized basaltic sills) is Xfluid

H2O
∼ 0·95. After an

interstitial melt forms, the fluid phase (with a finite mass) progres-
sively dissolves into an increasing mass of melt (as melt fraction
increases; Fig. 13). As melt fraction increases, a disproportionate
amount of H2O vs CO2 in the fluid partitions into the melt, owing
to the much higher solubility of H2O relative to CO2 in rhyolite melt
(and thus significantly different partition coefficients of ∼4 vs ∼312
respectively at these P–T conditions), which in turn drives the fluid
composition to lowerXfluid

H2O
values (Fig. 13a). The evolving H2O and

CO2 contents in the interstitial melt, as melt fraction increases, are
shown in Fig. 13b and c. Melts formed at lower melt fractions (i.e.
lower temperatures), namely the Early-type rhyolites, are relatively
H2O-rich and CO2-poor, with a fluid composition of Xfluid

H2O
∼ 0·6–

0·5 at the time of melt segregation, whereas those melts formed at
progressively higher melt fractions (i.e. higher temperatures) namely
Transitional-type rhyolites, contain less H2O and more CO2, with
a fluid composition of Xfluid

H2O
∼ 0·5–0·4 during melt segregation.

Finally, in the case where melt fractions increase further, and the fluid
composition ranges to Xfluid

H2O
∼ 0·4–0·3, the resulting melts are plau-

sible candidates for the high-SiO2 rhyolite endmember to the Late-
type Bishop rhyolites,whichmixedwith less differentiatedmelts prior
to eruption. Thus, progressive partial melting of granitoid, which
has interacted with a finite mass of H2O-rich fluid from degassed
basalts, is expected to produce an evolving fluid composition as well
as an evolving interstitial melt composition (Fig. 13) in terms of their
respective H2O and CO2 concentrations.

BREAK IN GRADIENT SLOPES BETWEEN EARLY-

AND TRANSITIONAL-TYPE SAMPLES: CHANGE

IN STOICHIOMETRY OF

CRYSTALLIZATION/MELTING REACTION?

A close examination of element concentration plots with temperature
shows that there is a consistent break in slope between Early- and
Transitional-type samples. Previously, the deduced stoichiometry of
the mineral–melt reaction in equation (4) was derived from both
Early- and Transitional-type samples, and it is thus an average for
melts extracted over a range of temperature (700–750 ◦C). Here,
the Early- and Transitional-type samples are evaluated separately
to deduce a possible difference in the stoichiometry of the crystal-
lization/melting reaction in the granitoid mush at lower (Early-type)
versus higher (Transitional-type) temperatures (melt fractions).

In Fig. 14, concentration plots with temperature are shown for a
subset of representative elements (plots for all elements can be found
in Supplementary Fig. 1, Supplementary Data, Electronic Appendix
4), where slopes are obtained over two distinct temperature intervals:
700–730 ◦C and 725–750 ◦C. From these plots, a revised set of RCVi
were obtained for all minor and trace elements, based only on samples
between 725 and 750 ◦C (predominantly Transitional-type). The
stoichiometry of the reaction in equation (4), utilizing these revised
RCVi (725–750 ◦C; Table 5), was then constrained using the same
procedures that were followed for the entire dataset (700–750 ◦C)
above. The details are provided in Supplementary Data, Electronic
Appendix 5, but the key findings are summarized here.

For the three accessory phases, which control the behavior of
numerous trace elements, the optimal fit (R2 = 0·993) to equation (5)
leads to 0·095 % allanite, 0·03 % zircon, and 0·02 % apatite. This
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Fig. 13. Change in Xfluid
H2O

composition with decreasing abundance of initial

fluid (derived from degassing of Long Valley basalts; see text) relative to

mass of interstitial melt owing to increasing melt fraction (with increasing

temperature). (a) For a fixed abundance of initial fluid (Xfluid
H2O

∼ 0·95), as the

mass of interstitial melt increases with melt fraction, more H2O dissolves in

the melt relative to CO2 (owing to different fluid–melt partition coefficients),

which depletes H2O in the fluid phase. Highlighted are Xfluid
H2O

compositions

during initial segregation of Early- (E), Transitional- (T), and Late-type (L)

Bishop magma (high-SiO2 rhyolite endmember), which lead to degassing

paths that match MI analyses (Fig. 12), and the corresponding amount of

initial fluid required. White circle denotes Xfluid
H2O

= 0·5. (b) Concentrations

of H2O (wt%) dissolved in interstitial high-SiO2 rhyolite for various Xfluid
H2O

compositions shown in (a). (c) Same as (b), but for CO2 (ppm). It should be

noted that with increasing melt fraction, the concentration of H2O and CO2 in

the melt decreases and increases, respectively, consistent with incompatible

vs compatible behavior, respectively (see text).

result is only slightly different from that obtained for the entire 700–
750 ◦C dataset, with slightly more allanite and zircon, and a little
less apatite. For the three ferromagnesian phases, which control the
behavior of Ti, Fe3+, Fe2+, Mg (and Mn), the best fit (R2 = 0·997) to
equation (6) is 1·88 % biotite, 0·18 % titanomagnetite, and 0·44 %

ilmenite. Again, the results are broadly similar, with slightly more
biotite, slightly less titanomagnetite, and slightly more ilmenite.

For the tectosilicate phases, the best fit for Ba, Sr, Eu, and Rb
on the trace-element line is again for an average location of the
eutectic at 500 MPa, but points to Xfluid

H2O
that is slightly lower than

0·5 (the average value inferred for the entire 700–750 ◦C data set).
This result is fully consistent with a progressively lower Xfluid

H2O
with

increasing temperature (i.e. melt fraction) in the parental crystal-rich
mush (Figs 12 and 13).

A similar exercise can be applied to the Early-type only dataset,
although the relative errors in the RCVi are larger owing to the
flatter (smaller-magnitude) slopes. The details are provided in Sup-
plementary Data, Electronic Appendix 6, but the key findings are
summarized here. The optimal proportions of the three accessory
phases are 0·089 % allanite, 0·004 % zircon, and 0·039 % apatite,
whereas those for the three ferromagnesian phases are 0 % biotite,
1·14 % titanomagnetite, and 0·40 % ilmenite. These two combined
results suggest that zircon and biotite did not participate in the crys-
tallization/melting reaction at these lower temperatures. Although
this outcome may be an artifact of the larger errors in RCVi, it
probably reflects the fact that these two phases are known to be fairly
refractory relative to hydrous, low-temperature, eutectic melting in
the Qz–Pl–Kfs system (e.g. Piwinskii & Wyllie, 1968; Hanchar &
Watson, 2003). Thus, it does not preclude the presence of these
two phases, only that they were not participating in the crystalliza-
tion/melting reaction. For the tectosilicates, no match could be found
to any of the eutectic conditions in Table 4 (Ptotal = 200–500 MPa;
XH2O = 1·0–0·5), which points to wholesale segregation of late-stage
(i.e. close to ‘true eutectic’) interstitial melt during crystallization. In
exposed granitoid plutons, similar late-stage, ‘eutectic-like’ melts are
found in thin aplite dikes, which rarely escape their host plutons
(Glazner et al., 2008, 2020). Alternatively, the results could reflect
nearly complete 100 % melting (i.e. ‘true eutectic’ behavior) of the
first melts to form and segregate. The essential point is that the
Early-type samples have bulk compositions that are close to those
of aplite dikes and overlap ‘true eutectic’ melts at the P–T–XH2O
conditions deduced for the parental mush to the high-SiO2 rhyolite
portion of the Bishop Tuff. How these late-stage melts efficiently
segregated, when aplite dikes fail to do so at the time of their initial
formation, will be addressed in future work. The key point is that the
geochemical evidence strongly points to their ‘true eutectic’ character
at the time of their segregation.

CONSTRAINTS ON THE BULK COMPOSITION OF

THE PARENTAL MUSH TO THE HIGH-SiO2

RHYOLITE PORTION OF THE BISHOP TUFF

One of the key results from this study is the determination of
the average bulk partition coefficient for each element (bulk Di;
Table 3) between the crystal-rich portion of the parental mush and
the interstitial melt, where the latter segregated over a range of melt
fractions to form the high-SiO2 rhyolite portion of the Bishop Tuff.
These bulk Di values allow the average bulk composition of the
parental mush (Cparent

i ) to be constrained using equation (1). For this
calculation, the concentration of each element in the interstitial melt

(Cliquid
i ) is taken as the average of all Early- and Transitional-type

high-SiO2 rhyolite samples (Table 5). To calculate Cparent
i , a range of

melt fraction (F) values were employed (0·2, 0·35, 0·5).
The results are presented in Table 5 and show that the average

minor-element composition of the parental source to the high-SiO2
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Fig. 14. Select plots of concentration (wt% and ppm) vs Fe–Ti oxide temperature (◦C) for Bishop pumices, illustrating the break in slope for data between 700–
730 ◦C and 725–750 ◦C. New RCVi are calculated for the 725–750 ◦C group of samples, and their slopes are designated with a grey line. Also shown is the slope

of concentration vs temperature for the 700–730 ◦C samples, designated with a dashed black line. Similar plots for all elements are provided in Supplementary

Fig. 1, Supplementary Data, Electronic Appendix 4. Error bars represent 2σ uncertainty (see text).

rhyolite portion of the Bishop Tuff (i.e. Early- and Transitional-type),
for an average melt fraction of 35 (± 15)%,was∼0·23 (± 0·04) wt%
TiO2,∼0·87 (± 0·02) wt% FeOT,∼0·15 (± 0·01) wt%MgO,∼0·96
(± 0·10) wt% CaO, and an average Fe3+/FeT of ∼0·33 (± 0·02). In
terms of trace-element composition, it is estimated to have contained
∼106 (± 17) ppm Ba, ∼32 (± 4) ppm Sr, ∼88 (± 18) ppm Rb, ∼69
(± 9) ppm La, ∼124 (± 14) ppm Ce, ∼33 (± 3) ppm Nd, and ∼9 (±
3) ppm Y. Estimates for all other trace-element average compositions
are listed in Table 5.

A major take-away is that the parent to the high-SiO2 rhyolite
portion of the Bishop Tuff was itself significantly differentiated, with
relatively low Ba (≤123 ppm) and Sr (≤36 ppm), and yet it was
notably enriched in La (≤78 ppm) and Ce (≤138 ppm) compared

withmostMesozoic granitoids in the SierraNevada batholith, includ-
ing leucogranites. For example, the Johnson Granite Porphyry is the
most differentiated part of the Tuolumne Intrusive Suite and yet it
contains 92–484 ppm Sr and 325–1170 ppm Ba, along with≤33 ppm
La and ≤61 ppm Ce (e.g. Bateman&Chappell, 1979; Coleman et al.,
2012). The elevated La and Ce contents in the parent to the high-SiO2
rhyolite portion of the Bishop Tuff point to an origin that included
material contributions from the Plio-Quaternary Long Valley basalts,
which have elevated concentrations of the LREE (Cousens, 1996).
This conclusion is consistent with isotopic data from the literature
(e.g. Halliday et al., 1984; Simon et al., 2014) that also demonstrate
the material involvement of the Long Valley basalts, as well as pre-
existing granitoid crust, in the origin of the parental mush to the
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Table 5: Average composition, RCV i, bulk Di and predicted composition of parent source for various melt fractions

Element
700–750 ◦C 725–750 ◦C

Av. Ci RCVi Bulk Di
∗ C0 (F =0·2) C0 (F =0·35) C0 (F =0·5) Av. Ci RCVi Bulk Di

∗

TiO2 0·08 0·98 3·78 0·27 0·23 0·20 0·09 2·31 4·33
FeO 0·60 0·05 1·02 0·61 0·61 0·61 0·61 0·34 1·02
Fe2O3 0·18 0·34 1·90 0·31 0·29 0·27 0·19 0·52 1·38
MgO 0·10 0·36 1·93 0·17 0·15 0·14 0·10 1·15 2·25
CaO 0·54 0·31 2·17 1·05 0·96 0·86 0·56 0·72 2·16
Ba 31 4·03 4·72 124 106 89 44 8·92 4·73
Sr 13 2·37 3·14 36 32 27 17 5·17 3·14
Rb 166 −0·78 0·28 70 88 106 150 −1·48 0·29
Zr 81 0·32 1·43† 109 104 99 85 0·73 1·40
Nb 14 −0·82 0·37† 7 8 10 13 −1·45 0·45†
Cs 4·9 −1·1 0·10† 1·4 2·0 2·7 4·2 −2·30 0·08†
Th 19·0 −0·61 0·55 12·1 13·4 14·7 17·6 −1·07 0·56
Hf 2·9 −0·21 0·94 2·8 2·8 2·9 2·9 0·14 1·16
Ta 2·1 −0·96 0·23† 0·8 1·1 1·3 1·9 −1·16 0·58†
U 6·3 −1·00 0·11 1·8 2·7 3·5 5·6 −2·07 0·13
Mn 252 −0·52 0·51 153 171 190 235 −0·66 0·53
Y 23 −1·27 0·04 6 9 12 20 −2·70 0·04
La 31·0 1·86 2·89 77·8 69·0 60·2 37·2 3·98 2·91
Ce 62·2 1·46 2·52 137·9 123·7 109·4 71·9 3·26 2·54
Pr 6·58 1·07 2·13† 12·52 11·41 10·29 7·34 2·47 2·17†
Nd 20·9 0·78 1·89 35·8 33·0 30·2 22·7 1·84 1·90
Sm 4·0 −0·02 1·06 4·2 4·2 4·1 4·0 0·01 1·05
Eu 0·07 1·71 2·65 0·17 0·15 0·13 0·09 4·19 2·65
Gd 3·3 −0·58 0·59† 2·2 2·4 2·6 3·1 −1·21 0·56†
Tb 0·5 −0·92 0·27† 0·2 0·3 0·3 0·5 −1·07 0·62†
Dy 3·3 −0·89 0·30 1·5 1·8 2·1 2·9 −1·84 0·28
Ho 0·6 −1·05 0·15† 0·2 0·3 0·4 0·6 −2·30 0·08†
Er 2·0 −0·95 0·24† 0·8 1·0 1·3 1·8 −2·11 0·16†
Tm 0·33 −0·8 0·39† 0·17 0·20 0·23 0·29 −1·41 0·47†
Yb 2·2 −1·11 0·18 0·74 1·01 1·28 1·9 −2·46 0·21
Lu 0·35 −1·04 0·21 0·13 0·17 0·21 0·31 −1·79 0·25

Ci, composition interstitial melt; C0, composition of parent; F, melt fraction; assuming average 0·35 ±0·15.
∗Bulk Di values calculated from phase proportions for Ptotal = 500 MPa and XH2O = 0·5 (see text).
†Bulk Di calculated from element RCVi and trace- and minor-element lines.

Bishop Tuff. As proposed by Hildreth (2004, 2017) and Hildreth
& Wilson (2007), the multi-stage, complex processes that led to
the origin of the parental granitic mush most probably involved the
influx of mantle-derived basalt into the deep crust (which beneath
Long Valley caldera is granitoid to ∼32 km depth; Fliedner et al.,
2000), inducing partial melting and hybridism/differentiation in the
trans-crustal column beneath the caldera. The compositional charac-
teristics of the parental body to the Bishop Tuff derived in this study
(Table 5) will provide useful constraints for future numerical models
that integrate geochemical data with realistic physical and thermal
controls on the detailed mechanisms by which these complex trans-
crustal processes occurred.

CONCLUSIONS

Several key conclusions can be drawn from this study, which collec-
tively constrain the origin of various geochemical gradients with tem-
perature, including those for H2O and CO2, in the high-SiO2 rhyolite
portion of the Bishop Tuff. The main hypothesis that is proposed and

tested is that these gradients developed over a range of melt fractions
in a parental granitoid mush because of mineral–melt (and fluid–
melt) partitioning between interstitial melt and surrounding crystals
(and fluid), involving the same nine mineral phases that are found as
phenocrysts in the high-SiO2 rhyolite portion of the Bishop Tuff. A
key underlying assumption is that equilibrium crystallization/melting
(vs Rayleigh fractional crystallization/melting) most closely models
the element partitioning behavior, owing to the crystal-rich nature
of the parental mush. The model is thus independent of whether
the crystal-rich parental mush to the Bishop Tuff developed as a
result of crystallization or partial melting. The most important major
conclusions are enumerated below.

(1) The hypothesis that the twofold or lower variation in trace-
element concentrations with temperature in the high-SiO2 rhyolite
portion of the Bishop Tuff developed as a result of segregation of
variable interstitial melt fractions from a granitic parental mush
was shown to be viable. This was done by constructing relative
compatibility values (RCVi), defined as the concentration slope with
temperature divided by average concentration for each element i,
and demonstrating that they are strongly correlated (R2 > 0·9) with
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bulk partition coefficients for each element i (bulk Di) for a specific
stoichiometry of the crystallization/melting reaction in the parental
mush [i.e. points (2), (3), and (4) below].

(2) Only three accessory minerals in the parental mush (allanite,
zircon, and apatite) control the bulk partition coefficients of the REE,
as well as Y, Hf, Th, and U. When the RCVi of these trace elements
(Figs. 6 and 7) are combined with published mineral–melt partition
coefficients for each element, the best fit for the stoichiometry of the
three accessory phases in the crystallization/melting reaction in the
parental mush is ∼0·09 % allanite, ∼0·02 % zircon, and ∼0·04 %
apatite (Fig. 10). Therefore, the increase in the LREE concentrations
(e.g. La, Ce) with increasing temperature in the high-SiO2 rhyolite
portion of the Bishop Tuff (i.e. compatible behavior) reflects the
presence of allanite in the parental mush. Allanite not only strongly
partitions the LREE, but also constrains temperature (<770–780 ◦C)
during melt segregation from the mush owing to its thermal stability
limit (Vazquez et al., 2004).

(3) Only three ferromagnesian minerals in the parental mush
(biotite, titanomagnetite, ilmenite) control the bulk partition coef-
ficients of the four minor elements, Ti, Fe3+, Fe2+, and Mg, and
single trace element Mn. When the RCVi of the four minor ele-
ments (Fig. 5) are combined with published mineral–melt partition
coefficients for each element, a best fit for the stoichiometry of
these three mineral phases in the melting/crystallization reaction in
the parental mush is 1·60 % biotite, 0·42 % titanomagnetite, and
0·34 % ilmenite (Fig. 10). Therefore, the increase in Fe3+/FeT with
temperature in the high-SiO2 rhyolite portion of the Bishop Tuff
reflects the larger bulk partition coefficient for Fe3+ relative to that
for Fe2+ during crystallization/melting in the parental mush, which
is due to the higher proportion of the mineral phase with DFe3+ >

DFe2+ (0·42 % titanomagnetite) than the phase (0·34 % ilmenite)
with DFe3+ slightly less than DFe2+ .

(4) Identifying the proportions of quartz (Qz), plagioclase (Pl),
and K-feldspar (Kfs) in the crystallization/melting reaction in the
parental mush, from which the high-SiO2 rhyolite portion of the
Bishop Tuff was segregated, is equivalent to locating the position
of the eutectic in the Qz–Pl–Kfs ternary, which varies as a function
of pressure and fluid composition (XH2O). When bulk partition
coefficients for Ba, Sr, Eu, and Rb were calculated for different tec-
tosilicate proportions (utilizing mineral–melt partition coefficient on
the basis of published experiments and lattice-strain models; Figs 8
and 9), which vary for different P–Xfluid

H2O
conditions (Holtz et al.,

1992; Table 4), the best fit to the trace-element linear relationship
with RCVi corresponds to an average melt segregation pressure of
∼400–550 MPa and average fluid Xfluid

H2O
of ∼0·4–0·6 (Figs 11 and

12). At these conditions, the stoichiometry of the three tectosilicate
phases in the crystallization/melting reaction in the parental, crystal-
rich mush is ∼32 % quartz, ∼34 % plagioclase, and ∼31 % K-
feldspar.

(5) Temperatures during crystallization/melting in the parental
mush are constrained to be ≤770–780 ◦C owing to the presence of
allanite (Vazquez et al., 2004). Therefore, the average P–T–Xfluid

H2O
conditions in the parental mush are constrained, which allows the
average concentration of H2O (∼7·2 wt%) and CO2 (∼2269 ppm)
in the interstitial melt to be calculated based on their solubilities at
these conditions (∼750 ◦C, ∼500 MPa, Xfluid

H2O
∼ 0·5).

(6) Evidence that an excess fluid phase was present in the parental
mush is seen in the decreasing versus increasing H2O and CO2
contents, respectively, in the high-SiO2 rhyolite portion of the Bishop
Tuff with temperature (i.e. incompatible versus compatible behavior,

respectively). Only the presence of a fluid phase, which strongly par-
titions CO2 relative to the melt, can explain the compatible behavior
of CO2. However, it must have been relatively low in abundance
during crystallization/melting in the parental mush to explain the
incompatible behavior of H2O.Calculated degassing paths at 750 ◦C
between the P–Xfluid

H2O
conditions during melt segregation (∼400–

550 MPa and Xfluid
H2O

∼ 0·4–0·6) and those during phenocryst growth

(100–200 MPa; Xfluid
H2O

>0·9), on the basis of published volatile

analyses in quartz-hosted melt inclusions, are fully consistent and
constrain fluid abundances to be ≤1 wt% (Fig. 12).

(7) The source of volatiles in the parental mush, irrespective of
whether it formed by crystallization or partial melting, is required to
be exsolved fluids from associated basaltic sills or dikes, as granitoid
crust is too volatile poor. Published constraints on the average water
content of Plio-Quaternary basalts erupted adjacent to the Long
Valley caldera (∼4 wt% H2O; Jolles & Lange, 2021), together with
estimates of their CO2 contents (∼4000± 2000 ppm), indicate that
the composition of exsolved fluids from these basalts (after complete
crystallization where ≤1 wt% may be held in biotite/hornblende)
was Xfluid

H2O
≥ 0·95 (± 0·02). Mass-balance constraints show that

the volume of basalt required to supply the requisite volatiles is
approximately twice the volume of the interstitial melt of the parental
mush. Thus, ∼840 km3 of basalt is required to supply the volatiles
for ∼400 km3 Bishop high-SiO2 rhyolite.

(8) If the parental mush to the Bishop Tuff formed by partial
melting of a granitoid (versus crystallization from a melt), it must
have occurred in the presence of a fluid (Xfluid

H2O
≥ 0·95) exsolved

from newly emplaced basalts, as concluded above. The granitoid
solidus in the presence of such a water-rich fluid is ≤700 ◦C,which is
consistent with the presence of allanite (stable only at ≤770–780 ◦C;
Vazquez et al., 2004) in the parental mush to the Bishop Tuff over
a range of melt fractions. For a fixed mass of fluid derived from the
basalts (i.e. not infinitely abundant), its composition is expected to
evolve as it progressively dissolves into the partial melt of a granitoid.
Owing to the much higher solubility of H2O relative to CO2 in the
interstitial melt, the fluid composition will change to progressively
lower Xfluid

H2O
values with increasing melt fraction, while the dissolved

H2O and CO2 concentrations in the melt will decrease and increase,
respectively. Melts formed at lower melt fractions (i.e. lower temper-
atures), namely the Early-type rhyolites, will be relatively H2O-rich
and CO2-poor, with a fluid composition of Xfluid

H2O
∼ 0·6–0·5 at the

time of melt segregation, whereas those melts formed at progressively
higher melt fractions (i.e. higher temperatures), namely Transitional-
type rhyolites, will contain less H2O and more CO2, with a fluid
composition of Xfluid

H2O
∼ 0·5–0·4 during melt segregation. Thus,

progressive partial melting of granitoid, which has interacted with a
finite mass of H2O-rich fluid (exsolved from basalts), is expected to
produce an evolving fluid composition in the parental leucogranitic
mush, as well as evolving volatile contents in the interstitial melt, as
melt fraction increases (Fig. 13).

(9) The derivation of bulk Di values for all minor and trace
elements in Early- and Transitional-type samples from the Bishop
Tuff (obtained from best-fit linear relationships with RCVi) allows
the bulk composition of the parental source to be estimated. For a
melt fraction of 35 % (±15 %), the immediate parent to the high-
SiO2 rhyolite portion of the Bishop Tuff is shown to have been
relatively differentiated, with low Ba (≤123 ppm) and Sr (≤36 ppm)
contents. It was also notably enriched in La (≤78 ppm) and Ce
(≤138 ppm), which differs from most Mesozoic granitoids in the
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Sierra Nevada batholith, including leucogranites. The elevated LREE
concentrations point to an origin that includedmaterial contributions
from the Plio-Quaternary Long Valley basalts, notable for their ele-
vated concentrations of the LREE (Cousens, 1996). This conclusion
is consistent with isotopic data from the literature (e.g.Halliday et al.,
1984; Simon et al., 2014) that also demonstrate the material involve-
ment of the Long Valley basalts in the parental source to the Bishop
Tuff. Collectively, the results from this study provide constraints for
new numerical models of the multi-stage, physical processes, which
involved the influx of Plio-Quaternary basalts into the trans-crustal
granitoid (≤32 km) crust beneath Long Valley caldera (e.g. Hildreth,
2004, 2017), that led to the development of the parental mush to the
high-SiO2 rhyolite portion of the Bishop Tuff.

(10) The viability of the proposed hypothesis in this study, namely
that the geochemical gradients with temperature in the high-SiO2
rhyolite portion of the Bishop Tuff can be explained by segregations
of variable melt fractions from a crystallizing/melting parental mush,
requires that the parent was broadly homogeneous in composition
and mineral assemblage (modal abundances could have varied, but
not the mineral phases present). This precludes the mixing of different
melt compositions in a crystallizing reservoir and/or partial melting
of two (or more) plutons that had distinctly different compositions
and/or mineral assemblages. Therefore, the successful application of
this approach to other volcanic deposits depends on whether or not
they also, like the high-SiO2 rhyolite portion of the Bishop Tuff, were
derived from a relatively homogeneous parental source.
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