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(relative to sea level) depth layer and downward into the 4 km and 14 km layer with reduced amplitudes and
minor horizontal smearing (Figure S4). In the 20 km depth layer, the checkerboard pattern input anomalies
are no longer recovered signifying the loss of resolution beneath this depth (Figure S4).

The sensitivity tests shown in Figure S5 were designed to analyze the recovery of the low-velocity bodies
beneath and NE of the caldera using the geometry and ray paths of these data. The SW-NE trending cross
sections (Figure S5) show the ability of our data to distinguish individual anomalies and to test the depth of
resolution with realistic noise levels added. Two separate velocity anomalies with amplitudes of !6% Vp
(Figures S5a and S5d) and +6% Vp (Figure S5b) are shown. These anomalies were well recovered with little
vertical or horizontal smearing. In addition, the method was able to recover these anomalies as separate low-
velocity bodies. In Figure S5c, a !6% Vp anomaly from 5 to 20 km is used as input to test how deep we are
able to resolve the velocity changes. Results show that we have adequate resolution down to ~17 km depth.
We are not able to resolve changes in the velocity structure below this depth.

4. Yellowstone 3-D P Wave Velocity Model and Interpretation

Our final 3-D Vp tomographic model achieved a data variance reduction of 60% and a weighted data
root-mean-square misfit of 0.13 s, which is of the order of the a priori picking uncertainty. Figure 2 shows the
tomographic image of the 3-D Vp model at horizontal slices at depths of 2 to 14 km as well as a cross section
through the long axis of the Yellowstone caldera. The velocity structure is shown as percentage Vp velocity
change relative to the 1-D initial reference model that was computed using the reference data set (Table S1).
Notably, a low Vp body, with Vp changes as large as !7%, was imaged below the Yellowstone caldera from
~5 to ~17 km depths. The low-velocity body beneath the caldera extends to even shallower depths (≤5 km),
~15 km NE of the caldera (Figure 2) with Vp change values up to !5%. In addition, our model resolves a large,
shallow, low Vp body located in the northwestern part of the model on the NW boundary of the Yellowstone
caldera (Figure 2). This additional low-velocity body has been previously interpreted as a CO2 saturated gas

Figure 2. The 3-D P wave velocity model for the Yellowstone volcanic system. (a–d) Velocity slices shown at increasing
depths and (e) cross section along the long axis of the Yellowstone caldera. Values are in % Vp change relative to our
minimum 1-D velocity startingmodel. The solid black line in Figure 2a is the location of the cross section in Figure 2e. White
triangles are seismic stations used in the tomographic inversion. The yellow star is the location of the Hot Springs Basin
Group. Dashed lines represent the RDE contour of 0.1 and outlines regions of highest resolution.
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What do crystals record?
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What do crystals record?

Calculation of DFe–Mg

The state of the art has been summarised by Cherniak and

Dimanov (2010), where it is shown that the only experi-

mental determination is that of Schwandt et al. (1998). This
was evaluated for compositions of En88 at an oxygen

fugacity at the iron-wustite (IW) buffer. These conditions

are potentially problematic for volcanic applications,
because most crystals will be significantly more iron-rich,

and because most volcanic systems have oxygen fugacities

within two log units of the NNO buffer, which sits some
five orders of magnitude above the IW buffer.

An attempt to constrain the composition dependence

was made by Ganguly and Tazzoli (1994) which, despite

pre-dating the Schwandt et al. (1998) study, was cross-
referenced against their early experimental results (see

acknowledgments in Ganguly and Tazzoli 1994). Ganguly

and Tazzoli (1994) used a theoretical construction of the
diffusion coefficient to explain the rate constants of order–

disorder transitions in orthopyroxene, processes which are

mediated by Fe–Mg interdiffusion across M1 and M2 sites,
from an experimental rate study by Besancon (1981). They

discovered that between En100 and En50, the diffusion rate

increased by roughly 1.3 orders of magnitude.
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Fig. 6 Element maps of a representative orthopyroxene crystal from
a high-SiO2 rhyolite clast. Slow-(Ca) and very slow-(Al) diffusing
elements preserve a sharp main core-rim boundary parallel to the
a-axis. However, the same boundary parallel to the c-axis is fuzzier.
In the case of Al (and probably Ca), this fuzziness could not be
generated by diffusion in the time available and indicates that much

of the zonation parallel to the c-axis is kinematically controlled by
rapid crystal growth. Lower left: schematic representation of the
underlying crystal zonation with the effects of diffusion stripped
away. The main core-rim boundary of orthopyroxene in the high-SiO2

rhyolite is targeted for Fe–Mg diffusion modelling parallel to the
a- and/or b- axis. The white scale bars are 100 lm
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How do these data help understand magmatic 
processes? 

Hildreth and Wilson, 2007, J. Pet.

replenishment of heat, water, and rhyolitic melt derived
from subjacent granitoid mush kilometers thick; (5) the
floor of a large silicic magma chamber is in general a hot
plate, not a heat sink (in contrast to sills, laccoliths, and
floored lateral lobes of some shallow intrusions; Fig. 18).

In systems like Long Valley with large long-lived silicic
magma reservoirs, it is unlikely that the rhyolite magma
ascends directly from zones of partial melting in the
deep crust. For circum-Pacific and Cordilleran rhyolites,
minimum-melt extraction from metasedimentary
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Fig. 18. Conceptual schematic illustrations of mush model of rhyolite melt extraction from plutonic crystal mush of intermediate to silicic
hybrid composition, scaled roughly to late Glass Mountain (below) and mature Bishop (above) evolutionary stages. The magmatic water gra-
dient imposes a gradient in crystallinity inverse to temperature. Phenocryst contents of zoned mobile magma are proportional to stipple density:
xp, crystal-poor (0^6%); xm, intermediate crystal content; xr, crystal-rich (12^25%; mush¼ 25^55%). Black dikes and lenses represent the few
mafic magmas reaching the upper crust and penetrating the mushy granitoid reservoir (e.g. Wiebe & Collins, 1998); most batches of mantle-
derived basalt are thought to lodge in the deep to mid-crust, there inducing partial melting and hybridism, thermally sustaining the system, and
replenishing the upper-crustal reservoir via a mushy root zone (Hildreth & Moorbath, 1988; compare fractionation column of Hildreth, 1981,
and mush column of Marsh, 2000). Lower illustration additionally depicts mafic and dacitic batches (mostly 3"5^2"5Ma; Bailey, 1989) that pre-
dated growth of the rhyolitic system. During early and middle stages of the subsequent Glass Mountain rhyolitic system (2"2^0"79Ma), many
aphyric melt lenses segregated from enveloping crystal mush, as depicted for two of # 60 crystal-poor batches of high-silica rhyolite melt that
erupted during its magmatic lifetime. After # 1"1Ma, however, the reservoir expanded, integrated any lenses already formed, and yielded crys-
tal-poor eruptive batches of more uniform composition (Metz & Mahood,1991) from a chamber of intermediate size. Upper illustration depicts
Bishop Tuff reservoir at 0"76Ma. Westward shift of the active mantle-driven focus fed a new root zone beneath central Long Valley, and its
upper-crustal reservoir merged with the dying Glass Mountain focus, which ceased being mantle-sustained and crystallized after the caldera-
forming eruption. The larger western focus continued to segregate eruptible crystal-poor melt lenses during Early Rhyolite postcaldera time
(760^650 ka) and as late as 300 ka, but has since likewise largely crystallized (Hildreth, 2004). Root zones depict mush columns of
quartz þ feldspar-rich (melt-poor) cumulates laced with varied dikes of mafic, hybrid, or silicic composition, extending to zones of partial melt-
ing in the mid- and lower crust. At least one late batch invaded the melt-dominant zoned chamber not long before eruption, providing the swirly
and dark pumices. Model illustrates key points: (1) that silicic plutons as well as their segregated melt lenses grow incrementally; (2) that rhyolite
melt grades down into silicic crystal mush that can be kilometers thick; (3) that a hybrid mixed zone, fed by persistent deep recharge, underlies
reservoirs at all scales and is more likely to be tapped during eruption of smaller chambers than large; (4) that large silicic chambers can be
much thicker than averaged drawdown of caldera-forming eruptions, such that most of the crystal-rich resident magma stays behind to supply
melt for subsequent eruptive cycles or to solidify ultimately as a granitoid (gd) pluton.
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The spurious controversy over “warm storage” vs. 
“cold storage”



1. Total crystal lifetime

Modified from Cooper and Kent, 2014, Nature

2. Time at temperature Td

Thermal histories of crystals
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R-MELTS

Cooper and Kent, 2014

1. Diffusion durations 
at 750°C are 144-
1100 y

2. Minimum age of old 
plagioclase is 21 ky

Øless than ~10% of 
crystal lifetime was 
spent above 750°C

Mount Hood 



Pinatubo 1991: 10 km3

Lassen Peak 1915:  <0.1 km3

What is the role of 
eruptive volume?
What controls 
thermal history?
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Erupted volume is not the dominant control

Pinatubo
~10 km3

Mount Hood
<0.1 km3



Thermal history of the reservoir from crystals

Barboni et al. 2016, PNAS

Szymanowski et al. 2017, Nature Geo.



Thermal histories from crystals

“…we show that arc magmas may generally be stored warm (are able to erupt for >100 ka).”
-Barboni et al. 2016, PNAS



Thermal histories from crystals

“…we show that arc magmas may generally be stored warm (are able to erupt for >100 ka).”
-Barboni et al. 2016, PNAS



Cashman et al. 2017

Active part of reservoir is 
long-lived and 
compositionally diverse

Crystals (in dacitic-rhyolitic 
systems) are derived mostly 
from colder regions



replenishment of heat, water, and rhyolitic melt derived
from subjacent granitoid mush kilometers thick; (5) the
floor of a large silicic magma chamber is in general a hot
plate, not a heat sink (in contrast to sills, laccoliths, and
floored lateral lobes of some shallow intrusions; Fig. 18).

In systems like Long Valley with large long-lived silicic
magma reservoirs, it is unlikely that the rhyolite magma
ascends directly from zones of partial melting in the
deep crust. For circum-Pacific and Cordilleran rhyolites,
minimum-melt extraction from metasedimentary
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Fig. 18. Conceptual schematic illustrations of mush model of rhyolite melt extraction from plutonic crystal mush of intermediate to silicic
hybrid composition, scaled roughly to late Glass Mountain (below) and mature Bishop (above) evolutionary stages. The magmatic water gra-
dient imposes a gradient in crystallinity inverse to temperature. Phenocryst contents of zoned mobile magma are proportional to stipple density:
xp, crystal-poor (0^6%); xm, intermediate crystal content; xr, crystal-rich (12^25%; mush¼ 25^55%). Black dikes and lenses represent the few
mafic magmas reaching the upper crust and penetrating the mushy granitoid reservoir (e.g. Wiebe & Collins, 1998); most batches of mantle-
derived basalt are thought to lodge in the deep to mid-crust, there inducing partial melting and hybridism, thermally sustaining the system, and
replenishing the upper-crustal reservoir via a mushy root zone (Hildreth & Moorbath, 1988; compare fractionation column of Hildreth, 1981,
and mush column of Marsh, 2000). Lower illustration additionally depicts mafic and dacitic batches (mostly 3"5^2"5Ma; Bailey, 1989) that pre-
dated growth of the rhyolitic system. During early and middle stages of the subsequent Glass Mountain rhyolitic system (2"2^0"79Ma), many
aphyric melt lenses segregated from enveloping crystal mush, as depicted for two of # 60 crystal-poor batches of high-silica rhyolite melt that
erupted during its magmatic lifetime. After # 1"1Ma, however, the reservoir expanded, integrated any lenses already formed, and yielded crys-
tal-poor eruptive batches of more uniform composition (Metz & Mahood,1991) from a chamber of intermediate size. Upper illustration depicts
Bishop Tuff reservoir at 0"76Ma. Westward shift of the active mantle-driven focus fed a new root zone beneath central Long Valley, and its
upper-crustal reservoir merged with the dying Glass Mountain focus, which ceased being mantle-sustained and crystallized after the caldera-
forming eruption. The larger western focus continued to segregate eruptible crystal-poor melt lenses during Early Rhyolite postcaldera time
(760^650 ka) and as late as 300 ka, but has since likewise largely crystallized (Hildreth, 2004). Root zones depict mush columns of
quartz þ feldspar-rich (melt-poor) cumulates laced with varied dikes of mafic, hybrid, or silicic composition, extending to zones of partial melt-
ing in the mid- and lower crust. At least one late batch invaded the melt-dominant zoned chamber not long before eruption, providing the swirly
and dark pumices. Model illustrates key points: (1) that silicic plutons as well as their segregated melt lenses grow incrementally; (2) that rhyolite
melt grades down into silicic crystal mush that can be kilometers thick; (3) that a hybrid mixed zone, fed by persistent deep recharge, underlies
reservoirs at all scales and is more likely to be tapped during eruption of smaller chambers than large; (4) that large silicic chambers can be
much thicker than averaged drawdown of caldera-forming eruptions, such that most of the crystal-rich resident magma stays behind to supply
melt for subsequent eruptive cycles or to solidify ultimately as a granitoid (gd) pluton.

HILDRETH & WILSON ZONING OF THE BISHOP TUFF

983

 at University of California, Davis on O
ctober 5, 2010

petrology.oxfordjournals.org
Downloaded from

 Hildreth and Wilson, 2007, J. Pet.

Where, when, and for how long are crystals 
and/or magmas stored warm?



Implications


