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The Miocene Peach Spring Tuff is a giant (=640 km” dense rock
equivalent) pyroclastic deposit that is extensively exposed in the
southwestern USA. Evidence from geochemical and textural analyses
of bulk-rocks, glasses, and accessory minerals ( zircon, titanite, allan-
ile, chevkinite, magnetite) from outflow and intra-caldera pumice
clasts and fiamme, in combination with field observations and
rhyolite-MELTS modeling, suggests that the Peach Spring magma
body was compositionally and thermally zoned with a basal cumu-
late, and that it crystallized over millennial timescales before being
remobilized by mafic input prior to erupting. Crystal contents, bulk
compositions, spatial distributions, and temperatures (recorded by
77 in zircon and Zr in titanite) of pumice clasts and fiamme vary
systematically: distal outflow high-silica rhyolites are crystal-poor
and document lower temperatures; intra-caldera trachyles are
crystal-rich and record higher temperatures. These variations indi-
cate that the Peach Spring magma body was zoned. We interpret the
outflow high-silica rhyolites to represent the first portion of the
magma body to erupt. ircon and titanite display core-to-edge reduc-
tions in rare earth element (REE) concentration and temperature,
suggestive of relatively uninterrupted crystallization as the magma
body cooled; crystallization temperature intervals from rhyolite-
MELTS are consistent with those recorded by zircon and titanite.
Exponential size distributions for accessory minerals and phenocryst
textures are consistent with geochemical evidence for a simple cooling
and crystallization history. Intra-caldera trachytes and outflow
low-stlica rhyolites represent the later portion of the magma body to
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erupt. This magma experienced a late-stage heating event potentially
assoctated with the onset of the eruption. The edges of titanite crystals
are enriched in REE and L1, and zircon edges are enriched in T,
suggesting higher temperatures during edge crystallization (at least
900°C). Concave-down crystal size distributions and resorption fea-
tures on phenocrysts are additional signs of heating. Rare trachyande-
site enclaves and the presence of mafic to intermediate lavas
immediately underlying the Peach Spring Tuff suggest that a mafic
magma input may have been the cause of the heating. Evidence fur-
ther suggests that the intra-caldera trachytes may represent a remobi-
lized cumulate at the base of the magma body, which retained some
melt prior to rejuvenation. Bulk pumice and fiamme compositions
are very rich in feldspar and accessory mineral phenocrysts, indicative
of accumulation of these minerals; high crystal contents (>35% )
and evidence of heating and resorption imply that this magma was
even more crystal-rich prior to the heating event. Rhyolite-MELTS
simulations suggest that the trachyte magma had roughly 1wt %
water, which cannot be totally accounted for by hydrous phases, thus
requiring some amount of melt within the cumulate. Kinked magnet-
ite size distributions are interpreted to represent a change from
growth-dominated crystallization (larger crystals, shallow slopes)
to nucleation-dominated (small crystals, steep slopes) owing to
the onset of eruptive decompression. Timescales of magnetite crys-
tallization calculated from these slopes indicate that the Peach
Spring magma body crystallized over millennial timescales, and
that eruptive decompression began 10~'—I0F years prior to eruption.
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Tumescales of zircon crystallization are consistent with those 0b-
tained from magnetite and suggest that much of the zircon growth
in the Peach Spring magma body occurred simultaneously with the
growth of the other phenocrysts.

KEY WORDS: crystal size distribution; cumulate; geothermometry;
wnimbrite;  mineral  chemustry;  rejewvination;  rhyolite-MELTS;
geochemuistry

INTRODUCTION

The ignimbrites that result from ‘super-eruptions’ provide
striking evidence that large (100 to >1000km® magma
reservoirs exist within the Earth’s crust (see Wark &
Miller, 2008, and references therein). Studying these ig-
nimbrites can provide important insight into the evolution
of such large magma bodies, including their longevity
and the mechanisms that may trigger a super-eruption.
On a broader scale, such studies serve to clarify how and
why super-eruptions are (or are not) comparable with
eruptions of lesser magma volumes and to what extent
these giant systems are similar to those that form large
batholiths.

Some ignimbrites display a wide spectrum of compos-
itions (from dacite to rhyolite; e.g. Upper Bandelier Tuff,
Smith & Bailey, 1966; Youngest Toba Tuff, Chesner &
Rose, 1991) and are typically characterized by an inverse
correlation in crystal fraction and bulk silica content.
These systematic variations in composition and crystallin-
ity are often also reflected in their stratigraphic position,
which has been interpreted as reflecting zonation of the
magma body prior to eruption (e.g. Smith, 1960, 1979;
Lipman et al., 1966; Hildreth, 1981; Bachmann & Bergantz,
2004). At the other end of the spectrum are ignimbrites
that show little to no evidence for bulk compositional zon-
ation. Some ignimbrites in this category are crystal-rich,
intermediate in composition and have been suggested to
be remobilized crystal mushes (e.g. Fish Canyon Tuff,
Bachmann & Bergantz, 2004; Lund Tuff, Maughan et al.,
2002; Altiplano—Puna Volcanic Complex, De Silva et al.,
1994). Others are crystal-poor, high-silica rhyolite
(75-77wt % SiOy, Hildreth, 1981) in composition (e.g.
Bishop Tuff, Hildreth, 1979) and have been suggested to
represent melts extracted from crystal cumulates
(Bachmann & Bergantz, 2004; Hildreth, 2004).

Mafic magma injection has been implicated as important
in the development of large magma bodies and as a poten-
tial eruption trigger (e.g. Sparks e al., 1977; Pallister et al.,
1992; Bachmann & Bergantz, 2003; Bindeman & Valley,
2003; Kennedy & Stix, 2007; Wark et al., 2007, Deering
et al., 2011). Such injections are important sources of heat
and volatiles and may lead to overpressurization and erup-
tion of a system (Sparks et al., 1977; Pallister et al., 1992).
Mafic magma injection may also play a role in creating the

gradients in composition and crystal fraction that are
observed in some large ignimbrites, by releasing silica-rich,
crystal-poor, interstitial melt from a crystal mush through
gas-driven filter pressing (Sisson & Bacon, 1999).

The longevity of large magma bodies in the Earth’s shal-
low crust is a provocative issue that has sparked consider-
able debate. The results of isotopic studies have been
inconsistent, with some suggesting long residence times
(>10*kyr; e.g. Halliday et al., 1989; Bindeman & Valley,
2002; Vazquez & Reid, 2004; Simon & Reid, 2005) and
others implying much shorter timescales (of the order of 1
kyr; e.g. Growley et al., 2007). Recent work on the Bishop
Tuff, based on crystal size distributions, Ti zoning profiles
in quartz, melt inclusion faceting, and heat flow modeling,
suggests that these large magma bodies may be relatively
ephemeral features with lifetimes on the scale of millennia
(Gualda et al., 2012b; Pamukcu ef al., 2012).

The Peach Spring Tuff, a large volume, early Miocene ig-
nimbrite in the southwestern USA (Tig. 1), records the evolu-
tion of a giant magmatic system preserved in its extensive
outflow sheet deposits (Young & Brennan, 1974; Buesch &
Valentine, 1986; Glazner et al., 1986) and a recently identified
source caldera—the Silver Creek caldera, Arizona
(Pearthree et al., 2009; Ferguson et al., 2012). The accessory
minerals of the Peach Spring Tuff, particularly zircon, titan-
ite, allanite, and a chevkinite-group phase, are major reser-
voirs of trace elements, notably U, Th, and REE (rare
earth elements), making them useful as geochronometers,
geothermometers, and monitors of magmatic trends. As
such, they can be used to place constraints on conditions in
and during the evolution of the Peach Spring magma
body; thus, they may provide important insight into the
evolution and eruption of giant silicic systems.

In this study, we combine information contained in the
textures and compositions of accessory minerals, bulk-
rocks, and glasses of Peach Spring pumice clasts and
fiamme with the results of rhyolite-MELTS (Gualda et al.,
2012a) simulations. We have qualitatively and quantitatively
studied textures by thin-section analysis, as well as by con-
ventional and differential absorption X-ray tomography;
analyzed accessory minerals by ion microprobe microanaly-
sis; and determined the elemental compositions of glasses
by electron microprobe and laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) micro-
analysis. Our data provide substantial information on the
compositional evolution of the Peach Spring magma pre-
ceding its eruption that may be applicable to other giant
magma bodies. More broadly, our dataset shows the benefit
of integrating geochemical, textural, and modeling-based
data in the study of volcanic systems of all sizes.

GEOLOGICAL BACKGROUND

The Peach Spring Tuff (formerly Peach Springs Tuff; see
Billingsley et al., 1999) is a large, early Miocene ignimbrite
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Fig. 1. Map showing the location of the Silver Creek caldera and areas from which the Peach Spring Tuff has been reported; modified from
Wells & Hillhouse (1989). Inset map shows the locations discussed in the text in relation to the caldera complex, which includes related porphy-
ries (Ferguson et al., 2012). The intra-caldera deposits mark the exposed caldera, and the PST-related porphyries were emplaced near the caldera

margin.

located in the southwestern USA. It was first defined by
Young & Brennan (1974), who used it to study the geomor-
phological evolution of the southwestern edge of the west-
ern Colorado Plateau. Glazner et al. (1986) broadened its
known extent to the Mojave Desert, where field observa-
tions and phenocryst assemblages were used to correlate
tuft outcrops with the Peach Spring Tuff. It has since been
mapped and described extensively (e.g. Wells & Hillhouse,
1989; Sherrod & Neilson, 1993) around the border of
Arizona, Nevada, and California (Fig. 1). Buesch (1992)
estimated that the Peach Spring outflow sheet covered an
area of at least 32000 km? and had a volume >640 km®
dense rock equivalent.

The Peach Spring Tuff represents a geologically instant-
aneous eruptive event that occurred within a period of
significant regional extension (Howard & John, 1987).
Sanidine crystals in the Peach Spring Tuft dated by Ar/Ar
have been reported to have an age of 18:5£02 Ma
(Nielson et al., 1990; Miller ez al., 1998), but a more precise
revised age of 1878 £0-:02 Ma (using the 28-20 Ma age
for the Fish Canyon sanidine standard; see Kuiper et al.,
2008) has recently been reported (Ferguson e al., 2012).
Originally, the Peach Spring Tuff was thought to record a
single cooling unit (e.g. Young & Brennan, 1974; Glazner
et al., 1986; Buesch, 1992). However, recently it has been
proposed that it may include two cooling units in some lo-
cations (Varga et al., 2004); nevertheless, if multiple cooling
units do exist their contacts are subtle, and they are un-
likely to represent time breaks of more than about a
month (D. Buesch, personal communication).

The Peach Spring Tuff is typically strongly welded and
varies in thickness from 10-15m or less in distal portions
(e.g. Barstow, California) to 60-140 m in more proximal

localities (e.g. Kingman, Arizona; Piute Mountains, Cali-
fornia) (Glazner et al., 1986). Although Young & Brennan
(1974) initially described the Peach Spring Tuff as trachytic,
subsequent investigations of the major element geochemis-
try of pumice clasts in the outflow indicate that it is rhyoli-
tic in composition (Gaudio, 2003; Carley, 2010; this study).
The Peach Spring outflow contains 4—14% phenocrysts
(Young & Brennan, 1974) of primarily feldspar (sanidine
> plagioclase), biotite, hornblende, pyroxene, and rare
quartz. Accessory minerals include common titanite,
zircon and allanite, as well as a chevkinite-group phase,
apatite, and opaque oxides (primarily magnetite).

Given the volume of the Peach Spring Tuff] it is expected
that a sizeable caldera (15-20km diameter; Smith, 1979)
would have been produced from its eruption; however, des-
pite concerted efforts by numerous workers in the Black
(Arizona) and Newberry (Nevada) Mountains (Young &
Brennan, 1974; Glazner et al., 1986; Hillhouse & Wells,
1991; Buesch, 1992), the precise location of the Peach
Spring source was unknown until recently. New detailed
mapping has significantly revised the stratigraphic se-
quence in the Black Mountains, resulting in the suggestion
by Ferguson (2008) that the interior of the Alcyon
Caldera, identified in the Black Mountains by Thorson
(1971), might be the source caldera for the Peach Spring
Tuff. Further study of a thick trachyte ignimbrite in the in-
terior of this caldera indicated an age and phenocryst
population nearly identical to that of the distinctive Peach
Spring Tuff outflow sheet (corroborated by this study). As
a result, this caldera, now known as the Silver Creek cal-
dera based on the location of its principal known exposure
near Oatman, Arizona, is thought to be the Peach Spring
source caldera (Ferguson et al., 2012). The volume of
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caldera fill in the ~10 km diameter preserved fragment at
Silver Creek, plus another ~10 km? ~1km thick fragment
near Eagle Peak, California, increases the known volume
of eruption products by at least 60km” to ~700km®
(Ferguson et al., 2012).

MATERIALS AND METHODS

Our primary goal was to study the history and evolution of
the Peach Spring magmatic system as recorded by the
compositions and textures of glasses and phenocrysts, par-
ticularly of the relatively abundant accessory mineral
phases. We combined major and trace element analyses on
bulk pumice and fiamme, glasses, and phenocrysts with
data on textural features, and we used rhyolite-MELTS
modeling to better understand the conditions of crystal-
lization in the Peach Spring magma body. For this thermo-
dynamic modeling we ran simulations using two bulk
compositions, each described by a bulk analysis of a
sample representing a compositional end-member of the
Peach Spring magmatic system.

We focused on four accessory mineral phases: zircon
[(Zr,Hf)Si04], titanite [(Ca,REE),TiSiOs], allanite
[(Ca,RELE)o(ALFe)5(SiO4)5(OH)], and chevkinite
[(Ca,REE)o(T1,Fe)5T19514099]; we refer to La—Pm as
light REE (LREE), Sm—Dy as middle REE (MREE),
and Ho—Lu as heavy REE (HREE). Magnetite textures
were also studied. We have positively identified both allan-
ite and chevkinite in these samples; however, they cannot
be distinguished from each other by X-ray tomography,
and they are generally so small and uncommon in thin sec-
tion that they are difficult to distinguish optically. Thus,
we have characterized these minerals together as allan-
ite + chevkinite. No attempt was made to distinguish be-
tween the two most common members of the chevkinite
group, chevkinite and perrierite, which can be done only
by X-ray diffraction (Macdonald & Belkin, 2002), and we

refer to them as chevkinite for convenience.

Methods overview

Textures and trace element compositions of accessory min-
erals and glasses in outflow and intra-caldera pumice
clasts and fiamme were characterized using a number of
techniques; the reader is referred to Supplementary Data
Electronic Appendix 1 (available for downloading at
http://www.petrology.oxfordjournals.org) for more de-
tailed discussion of the analytical methods, operating
procedures, and analytical errors, which are only briefly
described here. Additional information was collected on
bulk-rock geochemistry, bulk densities, and phenocryst as-
semblages of pumice and fiamme samples. Bulk pumice
and fiamme determinations were conducted at ACTLABS
(Ontario, Canada) by ICP-MS and instrumental neutron
activation analysis (INAA). Bulk densities of samples were
measured using an immersion method described by

Gualda et al. (2004). Phenocryst assemblages were deter-
mined by optical microscopy of thin sections and, where
possible, X-ray tomography and electron microscopy.

Textures were quantitatively and qualitatively analyzed
using three methods, as follows.

(I) Conventional and differential absorption X-ray tom-
ography were used to analyze the textures of zircon,
titanite, allanite + chevkinite, and magnetite, follow-
ing methods outlined by Gualda & Rivers (2006),
Gualda et al. (2010) and Pamukcu & Gualda (2010).
Conventional tomography results in maps of linear at-
tenuation coefficient, whereas differential absorption
tomography provides element-specific maps for
high-Z elements, most notably Zr and REE. Differen-
tial absorption tomography was used to assess zircon
(using Zr maps) and allanite 4- chevkinite (using Ce
maps) textures and crystal size distributions, whereas
conventional tomography was used to document
titanite and magnetite textures and crystal size distri-
butions (using contrast in mean atomic number).

(2) Optical and electron microscopy of thin sections was
carried out.

(3) Handpicked crystal separates were studied.

Trace element compositions of glasses were determined
by LA-ICP-MS, using a New Wave 213 nm laser attached
to a Perkin-Elmer ELAN 6100 DRCII quadrupole
ICP-MS system, with 60 pm laser spots and He as a carrier
gas (see Supplementary Data Electronic Appendix 1I).
A significant number of glass analyses were excluded
owing to extensive alteration of the glass or presence of
microlites, identified by monitoring intrasample variability
of elemental concentrations, particularly REE patterns
(e.g. positive Eu anomalies indicative of feldspar inclu-
sions). We did not determine major element compositions
of glasses in this study, but electron microprobe data on
major element concentrations in glass from a single Peach
Spring  outflow  high-silica rhyolite pumice clast
(KPSTOID) have been given by Colombini et al. (2011).
Reverse geometry sensitive high-resolution ion microprobe
(SHRIMP-RG) was used to determine the compositions of
zircon and titanite crystals using the basic operating par-
ameters and trace element routines described by Mazdab
et al. (2007), Mazdab (2009) and Claiborne et al. (2010).

Thermodynamic and geochemical modeling of the
Peach Spring magma was conducted using rhyolite-
MELTS (Gualda et al., 2012a), a modified calibration of
MELTS (Ghiorso & Sack, 1995) adjusted to better com-
pute the quartz—feldspar saturation surface as a function
of pressure for silicic systems. The simulations presented
here are not aimed at modeling in detail the evolution of
the Peach Spring magma body, but rather are used to
derive information on: (1) crystallization and melting tem-
perature intervals that can be compared with information
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derived from thermobarometry; (2) sensible and latent
heat contributions to crystallization and melting and, in
particular, the enthalpy versus temperature evolution; (3)
titania and silica activities to be used with Ti-in-zircon
and Zr-in-titanite thermometry. We have used two
end-member compositions: a crystal-poor high-silica rhyo-
lite from the outflow sheet (KPSTOID, ~75 wt % SiO»),
and an intra-caldera crystal-rich trachyte (CRW, ~66 wt
% Si10y). Isobaric simulations were run with variable ini-
tial water contents between 0-25 and 7wt % to explore a
wide range of fluid saturation conditions. The crystalliza-
tion pressure of the Peach Spring pumice and fiamme is
constrained to be between 200 and 300 MPa considering
the coexistence of two feldspars and glass, and the projec-
tion of glass compositions onto the Qz—Ab—Or ternary
(Blundy & Cashman, 2001, 2008; see also Gualda et al.,
2012a), which is consistent with geological evidence for
shallow-level crystallization; the effect of pressure on the
parameters derived from rhyolite-MELTS used in this
work is small, so we present only simulations at 250 MPa.

We employed data from SHRIMP-RG analyses to esti-
mate temperatures during growth of zircon and titanite
crystals, using the re-calibrated Ti-in-zircon thermometer
(Ferry & Watson, 2007) and Zr-in-titanite thermobarom-
eter (Hayden et al., 2008). We estimated activities of titania
(erioo) and silica (asio9) through the relationship
a=-exp(~A4/RT), where 4 is the affinity of rutile or quartz,
which can be retrieved from rhyolite-MELTS. Our results
strongly favor crystallization of titanite under zircon-
saturated conditions, so the activity of zircon (ayz,si04)
was assumed to be unity. We used a pressure of 250 MPa
for titanite thermometry (see above); a £50 MPa change
in pressure results in a temperature difference of
~5-10°C, which can be neglected considering the uncer-
tainties in titania and silica activities (see below).

Zircon saturation temperatures were calculated using
both bulk pumice and glass compositions using the formu-
lations of Watson & Harrison (1983). These formulations
are based on the melt compositions (major elements and
Zr concentrations) of zircon-saturated liquids. Therefore,
estimated temperatures are strictly applicable for glasses,
as zircon saturation is petrographically evident. These
values should indicate the temperature at which zircon
and melt last equilibrated, possibly near the time of erup-
tion. For bulk pumice, the temperatures apply to a hypo-
thetical melt with the bulk-rock composition. If zircon is
relatively abundant in the phenocryst assemblage (mean
Zr concentration is higher in phenocrysts than in melt),
then the calculated temperature will exceed the tempera-
ture at the time of eruption; if zircon is absent from or
under-represented in the phenocryst assemblage, the calcu-
lated temperature will be too low. Because zircon is ubiqui-
tous and relatively abundant in pumice, bulk pumice
temperatures are probably overestimates. Because most

PEACH SPRING GIANT MAGMA BODY

pumice is phenocryst-poor and so glass and pumice
compositions are similar, we expect that the bulk pumice
temperatures are high by no more than tens of degrees.

Samples

Samples were collected from locations representing differ-
ent facies of the Peach Spring Tuff (Table 1, Fig. 1). Eleven
samples were selected for detailed study: eight pumice
clasts from the outflow sheet (KPSTOIA, 01B, 01C, 01D and
OIE from Kingman; WSW2A and 2B from west of Warm
Springs;  GJIA  from  Grasshopper Junction), two
intra-caldera fiamme (PSTGOIC from Times Gulch; CRW
from west of Cathedral Rock) and a mafic enclave
(WSWI). Bulk pumice and fiamme analyses, phenocryst
assemblages, and some accessory mineral geochemistry
for additional samples from the proximal outflow
(WSW2G, 2D, 2E, 2F, 2G, 3A, 4B and 4D pumice clasts
and fiamme from west of Warm Springs; GJ1A, 1B and 1C
pumice clasts from Grasshopper Junction) are also
included in the following discussion. All references to bulk
analyses (e.g. bulk-rock composition, bulk density, etc)
correspond to single pumice clasts or fiamme. No bulk tuff
samples have been analyzed as part of this study.

RESULTS

Bulk sample major element compositions
Pumice clasts and fiamme range substantially in bulk
major element composition (Table 2, Figs 2 and 3); this
compositional variability correlates with crystal content
and proximity to the caldera. The relatively crystal-poor
pumice clasts, collected from the more distal outflow
(KPSTO1A, 01B, 01C, 01D and OIE) and parts of the prox-
imal outflow (WSW2A, 2D, 2F and 2G), are high-silica
rhyolite (74-76 wt % SiOs, on an anhydrous basis).
Lows-silica rhyolite pumice clasts (71wt % SiOy) and
fiamme (69-72 wt % SiOy) have intermediate crystal con-
tents and appear in the more proximal outflow (WSW2B,
4B and 4D). Crystal-rich fiamme from the proximal out-
flow Grasshopper Junction locality have compositions
intermediate between these groups (72-73wt % SiOy).
Fiamme from the intra-caldera fill are the most crystal-rich
and are trachytic in composition (6669wt % SiOy). The
magmatic enclave (WSWI) is considerably more mafic in
composition (57 wt % SiOy; trachyandesite).

Most elements vary regularly as a function of SiOy, with
Al O3, CaO, TiOy, FeyOs (total Fe), MgO and PyOs;
decreasing monotonically as SiOy increases (Fig. 3; see also
Fig. 1 in Supplementary Data Electronic Appendix 2).
Pumice and fiamme are characterized by very high K,O
(5:8-7-3wt %), which remains relatively constant at all
SiOy concentrations (Fig. 3). The trachyandesite enclave is
not included on these plots, owing to its much lower silica
content making the details of the primary sample set diffi-
cult to discern, but data for this sample are given inTable 2.
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Table I:  Descriptions, locations, and analyses performed on samples used in this study

Sample Map location name Location within Easting Northing Sample Analyses Sample

name tuff description performed composition
KPSTO1A Kingman Distal outflow 0769890 3897793 Pumice clast X, t i s High-silica rhyolite
KPSTO01B Kingman Distal outflow 0769890 3897793 Pumice clast X, t i, s High-silica rhyolite
KPSTO1C Kingman Distal outflow 0769890 3897793 Pumice clast X, t i s High-silica rhyolite
KPSTO1D Kingman Distal outflow 0769890 3897793 Pumice clast X, t i s High-silica rhyolite
KPSTO1E Kingman Distal outflow 0769890 3897793 Pumice clast X, t i s High-silica rhyolite
GJ1A Grasshopper Junction Distal outflow 0739361 3897793 Pumice clast t i, s Lows-silica rhyolite
GJ1B Grasshopper Junction Distal outflow 0739361 3897793 Pumice clast t, i -

GJ1C Grasshopper Junction Distal outflow 0739361 3897793 Pumice clast t, i Low-silica rhyolite
PT1B Piute Mountains Distal outflow 0670678 3848191 Fiamma t -

WSW1 Warm Springs West Proximal outflow 0740155 3864385 Mafic enclave t, i Trachyandesite
WSW2A Warm Springs West Proximal outflow 0740155 3864007 Pumice clast X, t i, s High-silica rhyolite
WSW2B Warm Springs West Proximal outflow 0740155 3864007 Pumice clast X, t i s Low-silica rhyolite
WSW2C Warm Springs West Proximal outflow 0740155 3864007 Pumice clast X, t i s -

WSW2D Warm Springs West Proximal outflow 0740155 3864007 Pumice clast t, i High-silica rhyolite
WSW2E Warm Springs West Proximal outflow 0740155 3864007 Pumice clast i High-silica rhyolite
WSW2F Warm Springs West Proximal outflow 0740155 3864007 Pumice clast t High-silica rhyolite
WSW2G Warm Springs West Proximal outflow 0740155 3864007 Pumice clast t High-silica rhyolite
WSW3A Warm Springs West Proximal outflow 0740405 3863908 Pumice clast t -

WSW4B Warm Springs West Proximal outflow 0740173 3864203 Fiamma t, i Low-silica rhyolite
WSw4D Warm Springs West Proximal outflow 0740173 3864203 Fiamma t, i Low-silica rhyolite
CRW Cathedral Rock West Intra-caldera 0731653 3882577 Fiamma X, t i s Trachyte
PSTGO1C Times Guich Intra-caldera 0730332 3881149 Fiamma X, t i s Trachyte

All waypoints are UTM zone 11S, NAD 27. All ‘pumice clast’ or ‘fiamma’ samples are a single pumice clast or fiamma.
Whole-rock compositions have not been determined for those samples without a ‘sample composition’ designated. x,
X-ray tomography; t, thin-section analysis; i, LA-ICP-MS; s, SHRIMP-RG.

Many of the other geochemical and textural data correl-
ate well with these variations in major element geochemis-
try, location, and crystal content. Thus, for the sake of
simplicity in subsequent discussion, the Peach Spring sam-
ples will be grouped together where possible. Silica content
is a simple way to designate sub-groups; samples with
>74wt % SiO, will hereafter be referred to as ‘high-silica
rhyolite’ (more distal KPSTOIA, 01B, 01C, 01D and OLE,
referred to subsequently as KPSTOIA-E, and proximal
WSW2A); samples with 69-73 wt % as ‘low-silica rhyolite’
(proximal WSW2B, 2F, 2G and GJIA and 1C); and samples
with <69wt% as ‘trachyte’ (intra-caldera samples
PSTGOIC and CRW).

Bulk density determinations and
phenocryst assemblages

The seven pumice clasts studied are relatively dense
(114-159 gcm ™ see Table 3); bulk densities of the more
distal outflow high-silica rhyolite pumice clasts (KPSTO0IA—
E) cover a relatively wide range (114—141gem ™), but they

are somewhat lower than those of the high- and low-silica
rhyolite pumice from the proximal outflow (WSW;
149-159 gem™ ). Trachyte  intra-caldera  fiamme
(PSTGOIC and CRW) have much higher densities
(2:53 gem ™ and 2:57 gem ™, respectively). This trend prob-
ably reflects varying degrees of compaction and welding, in
addition to composition.

Phenocryst assemblages of samples determined by op-
tical microscopy and complemented by information from
X-ray tomography and electron microscopy are summar-
ized in Table 3. Quantitative abundances of phenocrysts
have not been determined for these samples, but they are
similar to what has been found in other portions of the
Peach Spring Tuff (see Geological Background section):
feldspar is much more abundant than the other mineral
phases; sanidine is predominant over plagioclase, and
quartz is rare or absent.

High- and lows-silica rhyolite outflow pumice and
fiamme samples contain feldspar (sanidine 3> plagioclase,
2:1 to 51 ratio), zircon, titanite, magnetite & ilmenite, and
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Table 2: Bulk-rock geochemistry of outflow pumice clasts and fiamme, intra-caldera fiamme, and a mafic enclave

KPSTO1A  KPSTO01B  KPST01C KPSTO1D KPSTO1E WSW 2A WSW 2B WSW 2D WSW 2F WSW 2G

SiO, 753 751 754 754 75-2 751 710 76-1 748 74-4
Al,03 12:7 12-8 12:2 131 12-9 12-8 147 127 133 136
Fe,03 119 117 1-09 1-06 118 1-40 1-96 1-09 127 1-32
MnO 0-08 0-07 0-07 0-07 0-07 0-08 0-08 0-05 0-04 0-05
MgO 0-17 0-26 0-35 0-20 0-24 0-20 0-23 0-09 013 012
Ca0 113 061 115 0-75 102 0-61 0-85 0-51 0-60 0-65
Na,O 223 263 262 272 2:29 3-64 4-04 329 3-45 3-56
K,0 6-92 7-16 6-82 6-39 6-91 5-86 677 5-99 6-17 6-06
TiO, 0-23 0-21 0-20 0-19 0-21 0-22 0-35 0-19 0-21 0-22
P,0s 0-02 0-02 0-03 0-03 0-02 0-02 0-02 0-02 0-02 0-02
Ba 32 51 34 40 48 40 75 70 60 65
Co 18 16 2:2 17 27 18 15 12 19 16
Cs 35 3-8 39 33 33 15 14 14 14 17
Cu 1 1 3 2 2 10 4 5 7 4
Ga 19 22 21 20 18 18 19 17 18 18
Hf 86 91 87 88 79 81 122 76 75 76
Nb 378 445 43-4 394 384 343 31 309 34 339
Pb 30 34 23 24 26 24 25 20 16 18
Rb 201 217 221 198 194 195 178 196 213 21
S 60 180 430 100 2830 60 40 120 150 70
Sc 363 342 343 3-48 359 363 358 271 315 331
Sr 17 14 17 17 18 18 23 21 26 19
Ta 250 2-80 2-80 250 2:50 2:43 218 2:23 2:33 253
Th 32:2 34-4 353 329 30-2 245 20-0 27-6 28-4 29:0
Tl 141 132 14 114 2:27 0-20 0-14 0-33 0-38 0-41
U 6-06 6-3 669 6-18 569 410 277 4-89 4-07 4-62
6 6 7 <b 9 <5 8 6 <5 <5
Y 38 36 33 33 38 33 57 33 32 33
Zn 50 58 52 50 37 46 55 27 36 39
Zr 221 239 223 221 200 257 513 249 252 238
La 701 721 68-8 69-7 69-0 783 115 753 69-1 782
Ce 127 131 124 124 121 141 231 127 17 136
Pr 147 15-2 139 139 145 156 30-0 144 132 15-1
Nd 42:2 43-4 386 387 417 48-2 107 43-9 41-8 451
Sm 7-82 7-93 6-81 6-72 7562 850 22-3 801 7-35 801
Eu 0-58 0-64 0-51 0-57 0-58 0-63 1-55 0-60 0-59 0-63
Gd 651 6-62 566 551 6-48 648 159 6:08 545 653
Tb 1-06 1-08 091 0-89 102 103 263 0-99 091 101
Dy 6-07 6-17 544 520 571 5-85 140 5-66 521 562
Ho 117 119 1-07 1-03 110 119 2-49 112 1-08 115
Er 3-40 350 329 317 3-36 3-47 6-32 318 314 337
Tm 0-53 0-56 0-52 0-51 0-52 0-55 0-88 0-54 0-52 0-55
Yb 337 351 337 318 324 3-46 4-86 317 331 3-47
Lu 0-47 0-50 0-48 0-47 0-45 0-47 0-62 0-44 0-46 0-48
m* 1-45 1-45 157 1-36 142 149 1-60 142 1-44 144
Zircon saturation 7 (°C)T 815 822 806 822 808 826 885 829 828 823

(continued)
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Table 2: Continued.

NUMBER 6 JUNE 2013

WSW 4B WSW 4D GJ1A GJ1C WsW1 PSTGO1A PSTGO1C-1 PSTGO1C-2 CRW
SiO, 69-1 71-9 72:0 731 576 68-6 68-8 68-2 66-1
Al,O3 16-2 14-8 147 14-1 17-0 16-1 16-2 16-0 17-0
Fe,03 198 1-69 1-83 1-80 7-48 2:32 224 274 326
MnO 0-05 0-05 0-04 0-08 0-07 0-07 0-07 0-08 0-06
MgO 0-60 0-35 017 019 2:50 0-48 0-43 0-46 0-81
Ca0 119 092 0-56 061 541 139 129 126 121
Na O 375 3-86 3-89 374 3-60 415 4-00 391 350
K,0 6-67 6-03 6-32 5-96 4-60 6-29 6-41 6-64 7-33
TiO, 0-39 0-34 0-36 0-33 132 0-49 0-47 0-57 0-57
P,0s 0-04 0-03 0-06 0-06 0-55 0-11 0-10 0-10 0-20
Ba 222 59 87 209 1943 1066 1016 934 2850
Co 23 20 25 22 14-4 32 25 2:4 33
Cs 19 21 09 10 6-3 12 15 12 18
Cu 7 2 3 4 33 5 10 7 10
Ga 17 20 20 18 22 20 21 19 19
Hf 110 118 114 110 9-0 131 133 145 14-9
Nb 241 30-8 283 318 216 217 21-8 32:0 185
Pb 25 25 25 20 46 30 39 30 28
Rb 157 162 142 138 96 131 140 125 149
S 160 20 <10 180 350 20 80 30 20
Sc 5-30 328 322 331 122 655 6-05 677 7-36
Sr 67 27 22 37 1514 208 199 177 437
Ta 161 2:29 222 2-48 127 1-40 1-40 252 118
Th 19-0 20-8 22:2 20-6 20-3 19-4 19-8 211 167
Tl 0-12 0-24 0-32 0-33 0-64 0-65 0-78 0-24 0-45
U 2:53 291 2:82 2:50 415 3-83 411 327 2:39
12 9 19 12 109 21 16 23 32
Y 30 61 47 38 31 33 34 38 30
Zn 54 49 46 40 87 65 70 62 62
Zr 500 475 478 445 400 579 576 679 759
La 154 88-2 108 971 151 173 173 188 172
Ce 254 185 202 191 238 336 338 333 294
Pr 310 247 267 24-6 30-8 387 356 392 342
Nd 108 96-3 98-6 90-4 104 109 106 129 113
Sm 166 20-8 20-3 18-0 15-8 17-6 181 194 160
Eu 2:62 1-63 1-54 142 338 323 314 312 377
Gd 10-3 157 141 126 110 111 10-9 145 12:0
Tb 139 250 218 1-84 120 1-45 1-45 1-67 129
Dy 6-80 13-2 111 9-09 5-64 7-44 7-60 812 6-13
Ho 126 2-45 1-96 162 1-01 139 141 1-49 110
Er 343 6-16 4-88 4-06 274 3-89 393 4-04 3-08
Tm 0-50 0-85 073 0-58 0-37 0-55 0-57 0-58 042
Yb 302 479 383 3-42 235 332 3-49 353 272
Lu 0-45 0-60 0-51 0-45 0-33 0-50 0-50 0-50 0-40
M* 1-49 1-46 1-44 1-42 223 158 163 157 162
Zircon saturation 7 (°C) 892 889 891 886 808 899 903 918 935

Oxides are reported in wt % and normalized to 100% anhydrous; elemental concentrations are reported in ppm.

mol(K+Na+2Ca)/total mol

*
M value calculated as &A1 molx(mol 5i/toral mol)*

FZircon saturation temperatures calculated using Watson & Harrison (1983).
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M [ntra-caldera @ Distal Outflow
A Proximal Outflow @ Mafic Enclave

14

o]

K,0 + Na,O
(o)

Si0,

Fig. 2. Total alkalis vs silica diagram (in wt %) (after Le Bas e/ al.,
1986) used to classify the compositions of the outflow pumice and
fiamme, intra-caldera fiamme, and a malfic enclave. The field that
includes intra-caldera fiamme 1is labeled ‘trachyte’ because
QJOAPF <0-2 (normative quartz is relatively low).

biotite (golden yellow to reddish brown pleochroism).
Euhedral quartz was identified in the Kingman high-silica
rhyolite (KPSTOID), and subhedral to anhedral crystals
(~250—400 pum) were found in WSW2D and GJ1B thin sec-
tions, showing that these melts were silica-saturated.
Amphibole (golden yellow to dark brown pleochroism) is
rare or absent in thin section, but we have identified it in
the tomograms of all analyzed samples. Allanite = chevki-
nite is found sparingly in some thin sections of both
pumice and fiamme, but it is identifiable in tomograms of
all analyzed pumice clasts. Apatite is not evident in thin
sections from the outflow sheet, but it was found in some
mounts using electron microscopy. Clinopyroxene 1is
sparse in the WSW3A pumice clast and present as a single
large crystal (~500 pm) in the WSW4B fiamma.

The trachyte fiamme contain sanidine, zircon, titanite,
allanite &= chevkinite, magnetite ilmenite, amphibole,
and biotite. Amphibole is typically present as fragments
in thin section, but some euhedral to subhedral grains can
be identified in tomograms. Biotite in both intra-caldera
samples is commonly rimmed by, or entirely altered to,
chlorite. CRW is distinct from all the other samples in
that it contains an abundance of apatite, which is found
readily in thin section and mounts.

The mafic enclave (WSWI) contains abundant clinopyr-
oxene and sparse orthopyroxene. Plagioclase is the only
feldspar present.

PEACH SPRING GIANT MAGMA BODY

Bulk sample and glass trace element
compositions
We obtained trace element data for all bulk pumice and
fiamme detailed in this study and for glass from samples
in which it was not recrystallized (KPSTOIA—-E, high-silica
rhyolite; CRW, trachyte; WSWI, mafic enclave) (Table 4;
see Supplementary Data Appendix 1 for details). Trace
element variations are plotted against Sr (Fig. 3), which
serves as an indicator of differentiation in this feldspar-rich
system. We emphasize Ba, Gd, Hf, La, Nd, and Yb as
these elements strongly partition into zircon, titanite, al-
lanite, chevkinite and sanidine, and can be used to eluci-
date crystallization and fractionation trends.
Concentrations of Ba, Gd, Hf, La, and Nd in glasses and
bulk pumice and fiamme are positively correlated with Sr
(Fig. 3, see also Fig. 2 in Supplementary Data Electronic
Appendix 2), with high-silica rhyolite pumice clasts show-
ing the lowest concentrations; bulk samples are enriched
in these elements relative to glass. Glass in the mafic en-
clave (WSW1) is the most enriched in these elements, and
bulk sample concentrations are typically depleted relative
to glass. Yb remains nearly constant throughout the suite
of samples.

Lircon saturation temperatures

Calculated zircon saturation temperatures (Tables 3 and 4)
for high-silica rhyolite (KPSTOIB and D) glass are 770
and 780°C; bulk pumice (KPSTOIA-E; WSW2A, D, F
and G) vyields temperatures in the range 810-830°C.
Lowssilica rhyolite bulk pumice (WSW2B, 4B and 4D;
GJIA and 1C) gives higher saturation temperatures of
880-890°C. Trachytes give considerably higher zircon sat-
uration temperatures; glass in CRW yields a temperature
of 920°C, and bulk fiamme (CRW and PSTGOI) yield tem-
peratures of 920 and 930°C.

The slightly higher calculated temperatures for bulk
pumice and fiamme than for glass compositions are con-
sistent with the presence of modest amounts of zircon in
the phenocryst assemblages. The glass compositions sug-
gest much lower eruption temperatures for high-silica
rhyolite than for trachyte.

Zircon and titanite trace element
composition

General trends in rare earth elements

REE data are typically displayed as chondrite-normalized
plots; however, owing to the strong enrichment in HREE
over LREE in zircon and in MREE over LREE and
HREE in titanite (Fig. 4), such plots tend to hide subtle dif-
ferences between analyses. 1o enhance these differences,
we use REE plots normalized to an average zircon or
titanite composition. We chose a zircon and a titanite ana-
lysis from one of the most evolved pumice samples
(KPSTO1A). As typical for zircon, the average composition
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Fig. 3. Major and trace element variations in bulk pumice and fiamme (filled symbols) and glasses (open symbols). (a, b) Trends in SiOy vs
Al,O5 and KO in bulk pumice clasts from the distal and proximal outflow, and fiamme from the intra-caldera and proximal outflow.
Additional plots of major elements in the bulk pumice and fiamme can be found in Fig. 1 in Supplementary Data Electronic Appendix 2.
Mafic enclave WSWI1 (trachyandesite) is omitted from (a) and (b) to permit a clearer display of the variations in the more compositionally re-
stricted pumice and fiamme. (¢, d) Trends in Sr vs Hf and Gd in glasses and bulk-rocks for selected samples, including distal outflow pumice
clasts (KPST0l), an intra-caldera flamme (CRW), and mafic enclave WSWI, which provided both good bulk sample and glass data (see text
for details). Additional plots of trace element variation in glasses and bulk pumice and fiamme can be found in Fig. 2 in Supplementary Data
Electronic Appendix 2. *Glass compositions are an average of multiple analyses from a given sample, and bulk-rock data for distal outflow

pumice clasts have been averaged for the trace element plots (c) and (d).

(Fig. 4) shows extreme progressive enrichment in REE
with increasing atomic number (from La to Lu), with a
prominent positive Ce-anomaly; it should be noted that
the La concentration is very low (Table 5), at sub-ppm
levels, and can be readily affected by minute inclusions
of LREE-bearing minerals or glass; thus, La is not
considered in our analysis and is excluded from some of
our zircon REE plots. The average titanite composition
(Fig. 4) displays depletion in HREE relative to LREE
and MREE, with much higher REE concentrations
than zircon, particularly for the LREE and MREE. The
subtler depletion in LREE relative to MREE reflects
the very strong enrichment of the MREE in titanite

relative to melt (see Colombini e al., 2011), and the fact
that bulk pumice and fiamme and glasses are enriched in
LREE relative to the MREE. A moderate negative
Eu-anomaly is apparent in both =zircon and titanite
patterns.

Normalized REE plots for zircon and titanite are shown
in Figs 5 and 6. Zircon from high-silica rhyolites shows
core-to-edge depletion in REE (Fig. 5, Table 5), particu-
larly for the LREE and MREE. Titanite from the
high-silica rhyolites shows progressive depletion in the
MREE from core to edge (Fig. 6, Table 6); MREE are par-
ticularly enriched in titanite cores in high-silica rhyolite
WSW2A (Fig. 6¢ and d).

1118

220z 1snbny 9| uo Jesn sonsnp Jo uswuedaq 'S'N Aq 82£80%1/601 1/9/¥S/210me/ABojoiad/woo dno olwapeoe)/:sdny wolj papeojumo(


http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt007/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt007/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt007/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt007/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egt007/-/DC1

PAMUKCU et al.

PEACH SPRING GIANT MAGMA BODY

Table 3: Bulk densities and phenocryst assemblages of outflow pumice clasts and fiamme and intra-caldera fiamme deter-

mined by thin-section analysis, X-ray tomography, and SEM analysis

Sample Bulk density Alkali Plagioclase Quartz Zircon Titanite Allanite + Amphibole Biotite Opx Cpx Apatite
name (g cm™) feldspar chevkinite

KPSTO1A 141 o o o o o

KPST01B 141 o o X o o o X

KPSTO1C 123 o o o o X o o

KPSTO1D 1-35 o o s X o X X o

KPSTO1E 114 o o o o X o o

GJ1A - t t t t t

GJ1B - t t t t t

GJ1C - t t t t

PT1B - t t t

WSW1 - t t t t t
WSW2A 1-49 o o o o o o o

WSW2B 159 o o o o o X o t
WSW2D - t t t t t t t t

WSW2G - t t t t t t

WSW3A - t t t t t t t t
WSWwW4B - t t t t t t t t
WSW4D - t t t t t t

CRW 263 o o o X o X o o
PSTGO1C 257 o o o o o o

o, thin-section analysis plus X-ray tomography and/or SEM; s, SEM only; t, thin-section analysis only; x, X-ray tomog-

raphy only.

The REE patterns of zircon crystals from the low-silica
rhyolites are similar to those of the high-silica rhyolites,
but the REE are enriched by an order of magnitude in
grain cores over edges (Fig. 5e—h). Cores and interiors of
low-silica rhyolite titanite (Fig. 6e and f) are generally
depleted in REE; the edges of low-silica rhyolite titanite
contrast markedly with those in high-silica rhyolite, being
enriched by an order of magnitude in the MREE relative
to cores and interiors.

Zircon REE patterns from trachytes are similar to those
of the low-silica rhyolites, but edges in one trachyte
(CRW) are more variable in total REE abundance.
Trachyte titanite (Fig. 6g and h) displays similar patterns
to those of the low-silica rhyolite (WSW2B).

Variations in specific REE

We focus on variations in Yb, Gd, and Nd because these
elements are strongly partitioned into zircon, titanite, and
allanite 4 chevkinite, respectively. We use Hf as an indica-
tor of fractionation in zircon (higher abundance indicates
more fractionated; Claiborne et al., 2006), and Gd as an
indicator of fractionation in titanite (lower abundance
indicates more fractionated; Colombini et al., 2011). In
high-silica rhyolite zircon, Hf increases from core to edge,

whereas Gd (Fig. 7a and b, Table 5) and Nd decrease,
with no appreciable change in Yb content (see also
Supplementary Data Electronic Appendix 2 for Nd and
Yb plots). Similarly, Nd, Yb, and Gd in titanite (Iig. 8a
and b, Table 6; see also Supplementary Data Electronic
Appendix 2) decrease from core to edge. In low-silica
rhyolite zircon, Gd, Nd, and Yb all decrease from core to
edge, but Hf variations are less systematic (Fig. 7c and d,
Table 5; see also Supplementary Data Electronic
Appendix 2). Yb, Nd, and Gd contents in one low-silica
rhyolite sample (WSW2B) generally increase from core to
edge, although some cores are noticeably enriched in
these elements relative to edges. Titanite from the other
low-silica rhyolite (GJIA) was not analyzed because no
grains were recovered in the mineral separates. Trachyte
zircon edges are generally depleted in Hf, Gd and Yb rela-
tive to cores (Fig. 7e and f; see also Supplementary Data
Electronic Appendix 2), whereas Yb, Nd, and Gd increase
from core to edge in titanite (Fig. 8d, Table 6; see also
Supplementary Data Electronic Appendix 2).

Concentrations of Tt in zircon and Zr in litanite
Variations inT1 in zircon and Zr in titanite are important
because of their potential as thermobarometers. We defer
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Table 4:  Average glass geochemustry and zircon saturation temperatures of outflow high-silica rhyolite pumice

clasts, an intra-caldera trachyte framma, a mafic enclave, and the primary and secondary standards analyzed

Outflow Intra-caldera Mafic Primary Secondary
high-silica trachyte enclave standard standard
rhyolite KPSTO1 CRW WSW1 NIST 610 NIST 612

Mg 987 2:54 x 10° 113 x 10* 465 604

Al 625 x 10* 736 x 10* 950 x 10* 1-00 x 10* 1-00 x 10*

Si 355 x 10° 351 x 10° 351 x 10° 328 x 10° 336 x 10°

P 264 372 301 x 10° 343 406

Ca 301 x 10° 659 x 10° 367 x 10* 818 x 10* 835 x 10*

Sc 336 615 177 441 361

Ti 814 1-68 x 10° 930 x 10° 434 366

Y 1-87 142 86-4 442 371

Cr 186 363 51-1 405 360

Mn 464 187 473 433 367

Fe 503 x 10° 1-38 x 10* 618 x 10 458 554

Co 210 2:07 948 405 339

Ni 494 289 475 444 376

Cu 221 12:3 300 430 356

Zn 421 303 284 457 356

Ga 221 203 341 438 360

Rb 295 245 171 431 316

Sr 4-93 340 1-81 x 10° 497 750

\4 244 34-6 422 450 365

Zr 152 656 529 440 369

Nb 395 15:0 286 419 338

Cs 483 277 38. 8 361 40-4

Ba 954 1-82 x 10° 270 x 10° 424 368

La 615 109 204 457 369

Ce 105 189 319 448 381

Pr 898 19-0 42:0 430 361

Nd 250 681 155 431 351

Sm 382 106 222 450 363

Eu 025 2:42 482 461 347

Gd 330 854 14-0 420 368

Tb 049 119 164 443 345

Dy 358 712 866 427 371

Ho 083 1-39 151 449 352

Er 240 366 411 426 348

Tm 042 0-50 050 420 384

Yb 331 348 378 461 352

Lu 051 0-50 0-59 435 345

Hf 701 141 135 418 302

Ta 2:00 077 10-9 377 358

Pb 459 475 389 414 363

Th 435 22-1 145 451 3741

U 914 327 237 457 60-4

Average zircon 778 918 832

saturation 7 (°C)*

All values are in ppm.
*Zircon saturation temperatures calculated using the equation of Watson & Harrison (1983).

1120

220z 1snbny 9| uo Jesn sonsnp Jo uswuedaq 'S'N Aq 82£80%1/601 1/9/¥S/210me/ABojoiad/woo dno olwapeoe)/:sdny wolj papeojumo(



PAMUKCU et al.

103

1041

10% 1

1021

10 1

Chondrite-normalized REE

Titanite (Average KPSTO1A)

—— Zircon (Average KPSTO1A)

_1 LJ LJ L] L LJ L] LJ LJ LJ Ll L L) L] LJ
0 by Eu_Tb Ho Tm Lu

Ce Nd Sm Gd Dy Er Yb

Fig. 4. Chondrite-normalized average zircon and titanite REE
patterns that are used in the zircon- and titanite-normalized plots
(Figs 5 and 6; see text for details). We have normalized to zircon and
titanite to better resolve the differences between analyses, which are
not as clear on a traditional chondrite-normalized plot. Zircon and
titanite analyses from one of the most evolved pumice clasts
(KPSTOIA) were averaged and used for this normalization. The
zircon composition used for normalization shows a characteristic pro-
gressive enrichment in REE with increasing atomic number (from
La to Lu), whereas titanite is enriched in MREE over both LREE
and HREE. Pr concentrations were not determined for zircon; the
plotted values in Figs 4 and 5 are extrapolated from Sm and Nd.

discussion of specific temperatures to a later section; suffice
it to note here that higher Ti in zircon and Zr in titanite
very probably correlate with higher temperatures (Ferry
& Watson 2007; Hayden et al. 2008). Both cores and edges
show a negative correlation between Ti and Hf in zircon
(Fig. 9a and b, Table 5), and a positive correlation between
Zr and Gd in titanite (Fig. 9¢ and d, Table 6); both suggest
lower temperatures for the more evolved melts. Ti vari-
ations in zircon are more pronounced than Zr variations
in titanite, suggesting a larger temperature interval for
zircon crystallization.

In high-silica rhyolite zircon, cores have generally
higher concentrations and a wider range of Ti than edges;
Zr concentrations in titanite show a similar pattern, with
edges that preserve the lowest Zr and Gd of the sample
set. The two low-silica rhyolites show different patterns,
with an increase in 11 in zircon and Zr in titanite from
core to rim in WSW2B and a decrease inT1 in zircon from
core to rim in GJIA (Figs 9a, b and 10a). Cores of GJIA
zircon record the highest Ti contents of all samples, includ-
ing the trachytes, suggesting the highest temperatures at
the onset of zircon growth; however, the edges are similar
to those in the high-silica rhyolite. Cores in trachyte
zircon and titanite are similar to the high- and low-silica

PEACH SPRING GIANT MAGMA BODY

rhyolites; zircon edges, in contrast, record much higher Ti,
up to ~50 ppm, suggesting a marked increase in tempera-
ture during edge crystallization. Titanite crystals were not
found in CRW (except for small, ragged remnants identi-
fied by tomography; see below). Titanite from the other
trachyte (PSTGOIC) is similar to that in the low-silica
rhyolite, WSW2B.

Textures

Crystal size distributions (CGSDs)

Exponential CSDs, which appear ‘linear’ on semi-log plots,
are typical of igneous rocks and can be modeled using
simple nucleation and growth regimes (Marsh, 1998). As a
result, description and discussion of CSD results will focus
on divergence from this ‘typical’ shape. We characterize
some of the distributions found here as ‘kinked’, in which
two exponential segments can be recognized: a shallow-
sloped tail characteristic of large crystal sizes and a steeply
sloped section showing enrichment (one or more orders of
magnitude) in small crystals. Power-law, or fractal, size
distributions appear concave-up in semi-log plots but
linear on log—log plots. Unless otherwise noted, size distri-
butions describe crystals ~17-5-840 um in size; sizes given
are the centers of bins and not the maximum or minimum
crystal size in a given bin.

Lircon.  Zircon size distributions in the high-silica
rhyolites, low-silica rhyolite, and trachytes are similar
(Fig. 11a) and can be best described as following a simple
exponential trend; the zircon size distributions of the
trachytes show a kink in the 52:5 pm bin, being relatively
enriched in crystals in the 26-3 um bin.

Titanite. Titanite size distributions in the outflow high-
and low-silica rhyolite (Fig. 11b) are strongly kinked, with
a sharp enrichment in smaller crystals; KPSTO01C is more
curved and KPSTOIE displays a linear pattern. The kink
occurs in different bins for different samples (52-5 um for
KPSTO0ID and WSW2B; 105 pm for other KPST01 samples
and WSW2A). Trachyte titanite size distributions are also
kinked, but differ in that they show a shallow-sloped
linear portion for crystals >210 um, and a concave-down
portion for smaller crystals; crystals >210 pm are 1-2
orders of magnitude less abundant than in the rhyolites.

Allanite 4 chevkinite. All allanite 4 chevkinite size distri-
butions are similar (Fig. 1lc), with most displaying
concave-up patterns that can be reasonably described by
power-law (or fractal) functions. Some are more notice-
ably kinked than others (e.g. WSW2B, PSTGO01C). We note
that the allanite or chevkinite crystals are euhedral, pre-
cluding an origin by fragmentation (see Bindeman, 2005;
Pamukcu & Gualda, 2010; Pamukcu et al., 2012). Fragmen-
tation 1s therefore not the only cause of fractal distribu-
tions; however, their origin in Peach Spring Tuff samples
remains puzzling.
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Magnetite. Magnetite size distributions in the high-silica
rhyolites range from distinctly kinked (KPSTOIC, OIE,
WSW2A) to concave-up (KPSTOIA, 01B, 01D; Fig. 11d).
The low-silica rhyolite is concave-up. In contrast, the
magnetite size distributions in the trachytes follow a
simple linear pattern and are noticeably depleted in small
crystals.

Qualitative textural observations

Textural features were studied quantitatively using a com-
bination of thin sections, crystal separates and X-ray
tomograms. In the high-silica rhyolites, all the crystals
tend to be euhedral to slightly subhedral in thin section,
with intact cores and no reaction rims. Zoning patterns in
feldspars are generally undisturbed: contacts between
zones are sharp, and zone edges do not show embayments
(Fig. 12). Zircon and titanite in crystal separates are typic-
ally euhedral (Fig. 12b and c), consistent with observations
in thin section and tomograms (Fig. 13a, ¢ and e). Some

crystals are fragmented, but fragmentation is not
widespread.

Textures of phenocrysts in one low-silica rhyolite
(WSW2B) are similar to those in the high-silica rhyolite,
but phenocrysts in other low-silica rhyolite outflow pum-
ices and fiamme are less pristine. In these samples, many
feldspar phenocrysts are fragmented, and large crystals
show modest embayments and rounded edges.

Trachyte flamme, particularly CRW, display striking
evidence of resorption and reaction. In PSTGOIC, many
feldspar phenocrysts are moderately embayed and/or have
corroded cores. In CRW, nearly all the feldspars are heav-
ily embayed, a feature that is visible in both thin sections
and tomograms (Figs 12 and 13). Zircon crystals in thin sec-
tions and separates from trachytes are generally rounded
(Fig. 12). Titanite could not be found in thin sections or
crystal separates from CRW, but tomography provides
striking images of titanite crystals that are mostly
sieve-textured, with only a fraction of what we infer to be
the original crystal remaining (Fig. 13). Small anhedral

Table 5:  Average core, interion, and edge zircon geochemistry from outflow high-silica rhyolites, outflow low-silica rhyolites,

and intra-caldera trachytes

Outflow high-silica rhyolite KPSTOTA

Outflow high-silica rhyolite WSW2A

Outflow low-silica rhyolite WSW2B

Core Interior Edge Core Interior Edge Core Interior Edge
P 357 234 211 355 271 235 552 234 300
Sc 55-4 52:3 534 60-1 62:3 55-9 62:3 477 50-2
Ti 143 12:0 859 127 897 842 191 17-4 24-8
Fe 119 1:06 136 2:08 11 0-981 176 0-94 117
Y 1-89 x 10° 953 992 156 x 10° 985 927 311 x10° 827 838
Nb 102 83 132 852 141 136 27:0 7-82 556
La 0-079 0-072 0-166 0-076 0-022 0-032 0-382 0-028 0-050
Ce 19 651 92:6 889 884 883 223 856 82:8
Nd 415 159 117 2:86 0-923 0-757 586 153 192
Sm 889 315 2:22 588 174 167 142 314 403
Eu 214 0-977 0-527 183 0-50 0-45 282 0-95 1:30
Gd 67-9 25-1 178 47-3 167 155 116 245 295
Tb 207 795 6-30 147 618 5-93 376 797 938
Dy 210 92:4 787 157 75-8 732 376 864 97-8
Ho 781 368 34-6 60-3 34-2 323 134 332 353
Er 313 168 172 264 175 167 526 147 150
Tm 62:5 3741 39-9 54-9 40-7 39-1 97-8 30-2 28:9
Yb 485 310 350 436 361 340 715 252 222
Lu 832 56-8 65-2 786 68:6 64-1 113 438 382
Hf 100 x 10 103 x 10* 1113 x 10* 1:04 x 10* 114 x 10 117 x 10* 1:00 x 10 1:04 x 10* 952 x 10*
Th 368 182 365 297 325 347 748 192 105
U 200 148 264 189 255 266 336 127 64-8
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Table 5: Continued

PEACH SPRING GIANT MAGMA BODY

Outflow low-silica rhyolite GJ1A

Intra-caldera trachyte PSTGO01C

Intra-caldera trachyte CRW Primary standard

MAD (zircon)
Core Interior Edge Core Interior Edge Core Interior Edge
P 133x10° 391 429 435 232 237 345 329 266 172
Sc 85-1 58:6 295 471 585 61-6 50-0 72:2 61-6 106
Ti 348 166 145 19-1 282 342 191 29-0 297 256
Fe 0-543 0-208 0-230 165 140 172 3-61 119 132 45
Y 789 x 10° 1:96 x 10° 162 x 10° 263 x10° 695 467 151 x 10° 1:06 x 10° 106 x 10° 960
Nb 97-0 222 171 124 3-88 178 9-30 615 4-69 65
La 0-069 0-013 0-035 0-056 0-031 0-022 0-047 0-055 0-070 0-04
Ce 654 160 117 169 70-1 584 110 112 797 139
Nd 133 2:71 1-82 7-33 275 1-83 2:94 505 422 218
Sm 379 7:02 573 16:0 459 342 6-30 7-66 6-36 436
Eu 5-56 156 0-831 3-92 197 172 155 272 2:82 0-362
Gd 322 59-4 505 113 280 210 505 496 432 26
Tb 997 192 173 341 804 575 161 135 11-8 825
Dy 993 207 186 336 791 55-8 169 130 120 85
Ho 339 773 687 116 288 196 62:9 455 43-8 32
Er 122x10° 320 266 433 17 785 260 178 181 153
Tm 211 637 488 777 232 157 516 338 363 36
Yb 141 x10° 490 341 553 185 125 401 256 282 325
Lu 2071 856 552 901 333 233 695 449 497 60
Hf 840 x 10* 995 x 10* 958 x 10* 923 x 10° 869 x 10° 810 x 10° 1-00 x 10* 851 x 10° 884 x 10° 1-63 x 10°
Th 291x10° 548 219 467 781 358 356 159 170 117 x 10°
u 829 282 135 180 52:2 182 234 70 95 420 x 10°

All values are in ppm.

crystals of titanite can also be found in tomograms of the
trachytes. Similarly, small anhedral crystals of amphibole
are found in tomograms of the trachyte samples, although
small euhedral crystals can also be found.

An additional intriguing textural feature in the Peach
Spring Tuff is a strong tendency for accessory minerals to
cluster together. In the outflow samples it is most common
to find zircon and allanite + chevkinite crystals attached
to or included within magnetite and titanite crystals. It is
also relatively common, particularly in the more distal out-
flow high-silica rhyolite samples, to find accessory minerals
included in or attached to amphibole crystals. This texture
is evident in thin sections of these samples, but it is most
strikingly illustrated in 3D renditions of the accessory
minerals derived from tomography. For example, Fig. 14
shows the suite of accessory minerals rendered from an
outflow high-silica rhyolite pumice clast (KPSTO01C). It
should be noted that when the titanite and magnetite
crystals are hidden, it becomes clear that most of the
zircon in the sample is concentrated in clusters in and
around the titanite and magnetite crystals (see Gualda
et al., 2010). Clustering of accessory minerals also occurs in

intra-caldera fiamme, but it is less common than in the
outflow samples. In thin sections of intra-caldera fiamme,
magnetite, zircon, and allanite + chevkinite cluster to-
gether. In tomograms of these samples, titanite is also
found associated with allanite + chevkinite, zircon, and/or
magnetite. It should be emphasized that not all crystals of
accessory minerals are found in clusters.

Rhyolite-MELTS results

High-silica rhyolite simulations

Simulations with the high-silica end-member composition
(KPSTOID) reveal nearly invariant behavior upon satur-
ation in two feldspars, quartz and water (Fig. 15a and c);
the nearly invariant temperature (742°C) is the same for
all total water contents investigated (2, 3, 5 and 7wt %
H,0), which is expected considering that a single pressure
was used—leading to the same final assemblage in all
cases (see Gualda et al., 2012a). Liquidus temperatures de-
crease with increasing total water (e.g. 886°C for 2wt %
H,0, 781°C for 7 wt % H,0), directly controlling the tem-
perature range over which crystallization takes place
(hereafter crystallization interval).
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Fig. 5. Zircon-normalized REE patterns for zircon from (a—d) the outflow high-silica rhyolites, (e~h) the outflow low-silica rhyolites, and (i-1)
the intra-caldera trachytes. All analyses for a given sample are plotted in the left-hand column, and average core, edge, and interior analyses
are shown in the right-hand column. Starred elements were not measured; their data points are projections through adjacent elements. The
REE values for the average zircon (KPSTOIA) used for normalization (see text for details) are (in ppm): Ce 97-0; Nd 2-40; Sm 5-03; Eu 130;
Gd 39:0; Tb 12-3; Dy 133; Ho 521; Er 226; Tm 48-1; Yb 394; Lu 70-4.
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Fig. 5. Continued.

Unfortunately, the saturation sequence predicted by
rhyolite-MELTS (sanidine — quartz — plagioclase) is in-
consistent with our petrographic observations in that
plagioclase phenocrysts are ubiquitous and much more
abundant than quartz phenocrysts (see Gualda et al.,
2012a). Yortunately, our aim in using the rhyolite-MELTS
simulations is not to model in detail the crystallization of
the Peach Spring Tuff, but rather to retrieve critical infor-
mation on several quantities of interest; namely, estimates
of the crystallization interval, temperature versus enthalpy
curves, and titania and silica activities. Considering that
heats of crystallization of quartz and plagioclase in rhyoli-
tic melts are very similar to each other (M. Ghiorso, per-
sonal communication), the effect of the incorrect sequence
of saturation on these quantities is minor to negligible. As
such, we consider that rhyolite-MELTS provides us with
adequate estimates of the parameters of interest. It is note-
worthy that other means of estimating these quantities
from thermodynamic data are likely to be less accurate
(Ghiorso & Gualda, 2013).

Trachyte simulations

Simulations with the CRW trachyte composition were run
over a wider range of total HoO (0-25, 0-5, 1, 2, 3, 5 and
7wt %; Fig. 15b and d). Similarly to the high-silica rhyo-
lites, the crystallization interval for the trachytes is vari-
able, and is a strong function of the variation in liquidus
temperature as a function of HyO content (e.g. 807°C for

M

Intra-caldera
trachyte
(CRW)

10"
CePr*Nd SmEquTbDyHOEr Yb

Tm Lu

7wt % HyO, 1057°C for 0-25 wt % H,O). In all simula-
tions, sanidine is the highest-temperature felsic phase to
crystallize, with quartz as the lowest-temperature felsic
phase; this is consistent with the absence of quartz and co-
existence of sanidine and plagioclase in the trachytes,
showing good agreement between rhyolite-MELTS predic-
tions and petrography.

Titania and silica activities and Ti-in-zircon and
Lr-in-titanite temperatures

Rhyolite-MELTS simulations indicate that over the
700-1100°C  temperature range investigated, a@rj0o and
asioe vary significantly for both the high-silica rhyolite
and the trachyte (Fig. 16). Titania activity for the various
runs ranges from ~0-1 to 0-5 for the high-silica rhyolite,
and from ~0-2 to 0-5 for the trachyte (Fig. 16a). Silica
activity variations are in the range of 0-8-1 in the
high-silica rhyolite and 0-65-1 in the trachyte (Fig. 16b).
These values represent calculated activities for the entire
crystallization interval, from near-solidus to near-liquidus,
with the lowest values indicated being above liquidus for
runs with high water concentration. Titania and silica
activities are positively correlated, such that lower ar;00 1s
associated with lower asio9, and both a0 and asioo
decrease with increasing temperature. Recently, the results
of Huang & Audetat (2012) suggest that MELTS, and
consequently  rhyolite-MELTS, gives more realistic
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Fig. 6. Titanite-normalized REE patterns for titanite from (a—d) the outflow high-silica rhyolites, (e, f) an outflow low-silica rhyolite
(WSW2B), and (g, h) an intra-caldera trachyte (PSTGOIC). Titanite was not found in the other trachyte sample (CRW). All analyses for a
given sample are plotted in the left-hand column, and average core, edge, and interior analyses are shown in the right-hand column. The
REE values for the average titanite (KPSTOIA) used for normalization (see text for details) are (in ppm): La 4410; Ce17930; Pr 3020; Nd
15870; Sm 4320; Eu 360; Gd 3990; T'b 530; Dy 2720; Ho 490; Er 1110; Tm 130; Yb 620; Lu 67-4.
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estimates of ¢r;oo than does the solubility model of Hayden
& Watson (2007) or Fe—Ti oxides (see also Ghiorso &
Gualda, 2013).

Ti-in-zircon and Zr-in-titanite temperature calculations
both include @00 and asioo. Because rhyolite-MELTS
simulations yield both ar;09 and ag;oo for any given tem-
perature, it is possible to calculate the equilibrium concen-
trations of T1 in zircon and Zr in titanite as a function of
temperature (assuming az.sio4=1 and P =250 MPa).
Effectively, the Ti-in-zircon and Zr-in-titanite temperatures
can be calculated by finding the appropriate temperature

PEACH SPRING GIANT MAGMA BODY

that yields the right combination of activities and T1 or Zr
concentrations. In practice, we linearly interpolate the
activities between each point calculated using rhyolite-
MELTS (determined at 50°C steps; Fig. 16a and b) to
yield @ri09, asioo 11 1n zircon, and Zr in titanite as a func-
tion of temperature (in 5°C steps; see Fig. 16¢ and d); for
cach zircon or titanite analysis, we find the closest match
in Zr and Ti, and use the corresponding a¢ri0o and asioe
to calculate the best estimate of temperature.

Several features of the temperature versus concentration
(Ti in zircon and Zr in titanite) curves stand out. For

Table 0: Average core, interion, and edge titanite geochemustry from outflow high-silica rhyolites, an outflow low-silica

rhyolite, and an intra-caldera trachyte

Outflow high-silica rhyolite KPSTOTA

Outflow high-silica rhyolite WSW2A

Core Interior Edge Core Interior Edge
Mg 902 902 861 900 836 865
P 285 280 206 249 288 200
Al 9161 9617 9565 9456 8844 9081
Ti 2:22 x 10° 2:19 x 10° 217 x 10° 216 x 10° 2:17 x 10° 214 x 10°
\Y 243 207 152 168 170 128
Cr 4n 295 129 1-69 161 443
Mn 2:11x10° 2:33 x 10° 275 x 10° 253 x 10° 2:46 x 10° 3:07 x 10°
Fe 2:21x10* 227 x 10* 2:29 x 10* 231 x 10* 2:12 x 10* 2:24 x 10*
Sr 490 484 476 470 473 464
\ 919 x 10° 957 x 10° 824 x 10° 1-05 x 10* 764 x 10° 853 x 10°
Zr 144 x 10° 153 x 10° 115 x 10° 148 x 10° 1-25 x 10° 978
Nb 2:41 x 10° 2:06 x 10° 224 x 10° 218 x 10° 267 x 10° 270 x 10°
Ba 993 101 895 774 101 742
La 489 x 10° 456 x 10° 441 x10° 410 x 10° 498 x 10° 414 x10°
Ce 1-88 x 10* 1-81 x 10* 1-65 x 10* 1-62 x 10* 1-81 x 10 155 x 10*
Pr 2:96 x 10° 2:97 x 10° 247 x 10° 264 x 10° 266 x 10° 229 x 10°
Nd 145 x 10* 152 x 10* 114 x 10* 1:33 x 10* 121 x 10* 1:02 x 10*
Sm 369 x 10° 408 x 10° 273 x10° 386 x 10° 273 x 10° 249 x 10°
Eu 269 312 178 228 198 130
Gd 326 x 10° 369 x 10° 247 x 10° 369 x 10° 2:40 x 10° 2:34 x 10°
Tb 441 489 340 522 329 337
Dy 2:374 x 10° 254 x 10° 1-87 x 10° 278 x 10° 179 x 10° 1-90 x 10°
Ho 425 454 355 499 338 368
Er 997 102 x 10° 868 113 x 10° 820 916
Tm 14 113 103 123 976 109
Yb 575 553 541 598 511 571
Lu 606 585 597 62:0 563 629
Hf 712 70-4 588 69-8 663 572
Ta 209 168 146 166 213 177
Pb 0-373 0-409 0-427 0-382 0376 0-390
Th 485 382 364 333 441 362
U 295 254 268 244 277 27-2
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Table 6: Continued

Outflow low-silica rhyolite WSW2B Intra-caldera trachyte PSTG Primary standard
BLR (titanite)
Core Interior Edge Core Interior Edge

Mg 937 908 870 844 800 838 650

P 295 227 251 229 270 289 650

Al 948 x 10° 957 x 10° 980 x 10° 944 x 10° 902 x 10° 960 x 10° 1-63 x 10*
Ti 2:18 x 10° 2:17 x 10° 2:16 x 10° 221 x 10° 2:25 x 10° 2:27 x 10° 1-98 x 10°
v 144 136 128 136 134 121 100

Cr 117 112 0-653 0-844 0625 0-750 105

Mn 2:90 x 10° 299 x 10° 2:82 x 10° 290 x 10° 288 x 10° 314 x 10° 1:00 x 10°
Fe 2:39 x 10* 2:35 x 10* 2:46 x 10* 2:41 x 10* 227 x 10* 2:52 x 10* 1:91 x 10*
Sr 474 47-4 469 518 435 334 500

Y 119 x 10* 1:06 x 10* 142 x 10* 891 x 10° 963 x 10° 1:25 x 10* 336 x 10°
Zr 1:37 x 10° 1-15 x 10° 1-30 x 10° 125 x 10° 123 % 10° 1-28 x 10° 1-33 x 10°
Nb 256 x 10° 2:63 x 10° 2:02 x 10° 2:41 x 10° 279 x 10° 2:32 x 10° 365 x 10°
Ba 101 8:84 999 995 115 151 14-0

La 431 x10° 436 x 10° 359 x 10° 427 x 10° 462 x 10° 392 x 10° 375

Ce 173 x 10* 1-69 x 10 1-59 x 10* 156 x 10* 171 x 10* 157 x 10* 1-66 x 10°
Pr 2:86 x 10° 268 x 10° 2:88 x 10° 2:48 x 10° 273 x 10° 276 x 10° 285

Nd 1-46 x 10* 1-31 x 10 1-59 x 10* 1-18 x 10* 1-33 x 10* 1-46 x 10* 151 x 10°
Sm 435 x 10° 367 x 10° 550 x 10° 298 x 10° 371 x10° 468 x 10° 503

Eu 218 180 226 171 187 196 742

Gd 423 x10° 353 x 10° 551 x 10° 279 x 10° 349 x 10° 477 x 10° 655

Tb 602 502 788 398 498 697 122

Dy 321 x10° 270 x 10° 412 x10° 217 x 10° 262 x 10° 368 x 10° 820

Ho 573 493 704 412 470 648 187

Er 1:28 x 10° 113 x 10° 1-50 x 10° 981 1-06 x 10° 142 x 10° 525

Tm 137 126 153 13 17 151 715

Yb 651 616 693 574 571 700 350

Lu 658 64-6 67-2 60-9 58-8 69-2 350

Hf 680 584 59-1 658 676 687 525

Ta 213 199 160 176 239 178 225

Pb 0391 0417 0-351 0-359 0-345 0-337 197

Th 371 361 250 305 331 261 186

U 216 243 16:8 227 215 189 300

All values are in ppm

zircon (Fig. 16c¢): (I) the two different compositions
(high-silica rhyolite and trachyte) yield significantly differ-
ent curves; (2) the effect of water content is relatively
small compared with the contrast owing to bulk compos-
ition differences. The curve for the high-silica rhyolites
is so flat that Ti contents in excess of 10ppm would
require >1100°C, much above the calculated liquidus and
zircon saturation temperatures; importantly, a 1ppm
difference (an order of 10% relative) in measured Ti or a
difference of 0-05 in the calculated titania activity (for
arioe =0-4-0-5; order of 10% relative) would lead to tem-
perature differences of the order of 50°C. This uncertainty

is very large in comparison with the uncertainty that re-
sults from independent treatment of errors in 11 or a0
(order of £10°C for the example above); the amplification
of the uncertainty derives from the correlation between
ario9, T11n zircon and 7. Owing to the need for high preci-
sion and accuracy in both Ti measurements and activity,
absolute temperatures should be interpreted with caution;
but temperature differences—which require only good re-
producibility—are probably very robust. It is hard to im-
agine that high-silica rhyolite magmas attained
temperatures in excess of the liquidus (~850°C), and
zircon crystallization should be restricted to temperatures
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Fig. 7. Gd vs Hf in zircon from (a, b) high-silica rhyolites, (c, d) low-silica rhyolites, and (e, f) trachytes.

below the bulk pumice zircon saturation temperature
(<830°C), which leads to expected Ti concentrations of
5=7 ppm. Given the accuracy challenges referred to above,
we consider edge analyses (7—11 ppmTi) to compare favor-
ably with this range. In contrast, many core and interior
analyses have Ti>12 ppm, which we interpret to signify
that they did not crystallize from a high-silica rhyolite
melt; temperature estimates using these compositions are
difficult to make, as they require an arbitrary choice of
titania and silica activities. The case for the trachyte is
not as extreme, and a concentration span from 5 to 30—
40 ppm is expected for temperatures in the range 750—
1100°C; nevertheless, owing to the correlation between
equilibrium T1 concentration, titania and silica activities,
and temperature, small biases in either Ti measurements
or titania activity will lead to significant biases in absolute

temperature. Because of these limitations, we focus on
Ti-in-zircon temperature differences and trends, rather
than on absolute values. For titanite (Fig. 16d), the Zr
versus temperature relationship is highly non-linear, and
is  particularly <800°C.
Fortunately, the Zr concentrations in titanite (i.e.
>700 ppm) are two orders of magnitude higher thanTi in

shallow for temperatures

zircon, such that precision and accuracy in the measure-
ments are much superior; accuracy in the activities is also
less critical, as shown by the greater similarity between
all the curves (Fig. 16d). As an example, for titanite with
1000 ppm, a change in composition of 100 ppm (10% rela-
tive) or a change of 0-05 in a2 (10% relative) leads to
only a 5°C temperature difference; we thus expect
Zr-in-titanite temperatures to be substantially more accur-
ate thanTi-in-zircon temperatures.
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If we assume that a reasonable range of activity—tempera-
ture—composition relationships is encompassed by the simu-
lations with the two extreme compositions used here, we
conclude that the Ti contents necessary to achieve Ti-in-
zircon temperatures of 750 and 1000°C are ~5ppm and
~8ppm (high-silica rhyolite) and ~34 ppm (trachyte), re-
spectively. Similarly, the Zr contents needed to obtain
Zr-in-titanite temperatures of 725°C, 750°C, and 775°C are
~770-790 ppm, 1180-1260 ppm, and ~1880-2220 ppm, re-
spectively. These temperature ranges are plotted as reference
regions in Figs 9 and 10. As mentioned above (see
Methods), the effect of uncertainty in pressure on
Zr-in-titanite temperatures is much smaller than the effect
of uncertainties on activities and can be effectively neglected.

The calculated Ti-in-zircon temperatures are in the
range 820-1220°C for high-silica rhyolites, 870-1340°C for
low-silica rhyolites, and 810-1190°C for trachytes. The
upper ends of these ranges, well above both liquidi and
zircon saturation temperatures for the bulk pumice com-
positions, are clearly unrealistic and demonstrate lack of
equilibrium of zircon with the coexisting glass. Thus,
zircon did not grow from the host melt, so neither ap;o0
nor temperature can be accurately estimated. We empha-
size our focus on temperature differences and trends. It is
important to note that temperatures for the low-silica

rhyolites were calculated with activities from high-silica
rhyolite simulations, and are likely to be systematically
too high (i.e. the Ti versus 7 curve is likely to be intermedi-
ate between that for high-silica rhyolite and trachyte).
Importantly, because the Ti in zircon versus temperature
curves are monotonic (see Fig. 16c and d) the zoning inTi
can be readily interpreted as reflecting temperature
variations. Zircon rims in the trachytes give a tempera-
ture mode >1100°C; it seems conservative to estimate
that these rims crystallized at temperatures of at least
900-1000°C.

The calculated Zr-in-titanite temperatures are much
more uniform; all the data fall in the range 720-770°C,
with a distinct mode at 755°C. It is striking that the
rhyolite-MELTS simulations all reveal nearly invariant be-
havior at ~750°C and, given the Zr-in-titanite tempera-
tures, this suggests that titanite saturated near the solidus.

DISCUSSION

The data presented above suggest an intriguing story of the
pre- and syn-eruptive evolution of the Peach Spring mag-
matic system. They suggest the following: (1) the magmatic
plumbing system (‘magma body’) that fed the eruption was

zoned in composition, texture, and temperature;
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Fig. 9. Measured 'Ti concentrations in zircon (a, b) and Zr concentrations in titanite (c, d) for high-silica rhyolites (KPSTOIA, WSW2A),
low-silica rhyolites (WSW2B, GJIA), and trachytes (PSTGOIC, CRW); core analyses are shown in the left-hand diagrams (a, ¢) and edge ana-
lyses are shown in the right-hand diagrams (b, d). Increasing concentrations of Ti in zircon and Zr in titanite are associated with increasing
temperature (Ferry & Watson, 2007; Hayden et al., 2008). Although uncertainties in activity determination and element concentrations make it
difficult to assess absolute temperatures, we demonstrate that core-to-edge trends are direct responses to temperature fluctuations. We also dis-
play ranges inTi and Zr content that give temperatures of 750 and 1000°C for zircon and 725°C, 750°C, and 775°C for titanite, based on
ranges of titania and silica activities and pressures estimated from rhyolite-MELTS simulations (aliOy=01-0-5, aSiO,=0-651,

P =250 MPa; see text for details).

(2) shallower portions of the system had a relatively simple
cooling history prior to eruption, in contrast to deeper por-
tions that experienced a major late-stage heating event; (3)
a decompression event probably occurred very near the
time of eruption. We expand on these inferences below.

Zoning of the Peach Spring system
Spatial variation in the Peach Spring Tuff deposits

Our data identify a sharp distinction between intra-
caldera and typical distal pumice and fiamme of the

Peach Spring Tuff. Intra-caldera fiamme are crystal-rich
trachyte with relatively low silica and high concentrations
(in both whole-fiamme and glass) of elements compatible
in the phenocryst assemblage, whereas the distal outflow
pumice is a phenocryst-poor, high-silica rhyolite depleted
in phenocryst-compatible elements. A thin basal layer that
underlies the ignimbrite has been interpreted as either a
surge (Valentine et al., 1989, 1990) or a fall deposit (Wilson
& Self, 1990), but in both cases as the initial phase of
the Peach Spring eruption; its pumice is a uniformly
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crystal-poor, high-silica rhyolite (McCracken et al., 2011),
much like pumice from the distal ignimbrite. Proximal
outflow contains more diverse pumice and fiamme that
range from dominant high-silica rhyolite, similar to that
observed in the distal outflow, to low-silica rhyolite with
intermediate characteristics to rare trachyte. The intra-
caldera tuff was presumably the last to be erupted—after
caldera collapse—indicating a transition with time from
eruption of crystal-poor rhyolite to crystal-rich trachyte.
We suspect that the proximal outflow deposits include the
last erupted products prior to collapse.

Implications for zoning in the Peach Spring magma body
Sequences of deposits of large eruptions have commonly
been interpreted to reflect the depth of origin of the
magmas within the system that was tapped; that is, the
shallowest material erupts first and the deepest erupts last.
The feeding system is commonly envisioned as a continu-
ous magma body or chamber (e.g. Lipman et al., 1966;
Smith & Bailey, 1966; Smith, 1979; Hildreth, 1981, 2004;
Bacon & Druitt, 1988; Druitt & Bacon, 1989), or possibly
as discrete, stacked magma bodies (Bindeman & Valley,
2003). Alternative interpretations for zoned eruption
deposits invoke sequential tapping of distinct, laterally
discrete magma bodies during a continuing eruption
(e.g. Cooper et al., 2012) and complications of the eruptive
stratigraphy as a consequence of syn-eruption replenish-
ment (see Knesel & Dufield, 2007).

Although we cannot rule out more complicated scen-
arios, the distinction between early, low-density, highly sili-
cic, crystal-poor rhyolite and late, higher density,
crystal-rich trachyte is consistent with a simple inversion
of the magma chamber stratigraphy. Furthermore, the con-
sistency of the phenocryst assemblage and the continuous
range of bulk pumice and fiamme composition from trach-
yte to high-silica rhyolite—particularly when proximal
samples are included—support the notion of relatively
simple zonation of the magma body. Finally, textural char-
acteristics and accessory mineral compositions imply ther-
mal histories that may reflect processes that correlate with
depth (see below).

Origin of compositional zoning in the Peach Spring

magma body

As suggested above, the relatively simple and continuous
variation in magma composition and phenocryst content
indicated by pumice and fiamme are most simply ex-
plained by tapping of a continuous magma body. If this is
correct, continuous variation presumably reflects either
mixing of contrasting magmas or crystal-melt fraction-
ation processes. With our existing dataset, we cannot rule
out the possibility of involvement of open-system processes
in generating the Peach Spring magmas. In fact, given its
scale, it seems that this giant system must have been con-
structed by many repeated replenishments; however, the
general pattern of variability of the erupted magmas, as
represented by pumice and fiamme, is difficult to explain
by mixing of unrelated magmas. First, the trachyte would
have been an unusual magma and an unlikely candidate
for a mixing end-member introduced into the Peach
Spring magma body: (1) its high phenocryst content, pre-
sumably even higher prior to the resorption reflected in its
textures, would have limited its mobility; (2) its com-
position—intermediate in terms of silica concentration
(66-69wt % SiOy), but characterized by a phenocryst
assemblage typical of evolved rhyolite, and very high
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concentrations of elements compatible in these phenocrysts
(e.g. KoO ~6wt %, Zr ~600 ppm, LREE ~500x chon-
drite)—differs from those of typical erupted magmas,
both regionally and globally (e.g. Metcalf, 2004; Pearthree
et al., 2009). The trachyte is even more difficult to explain
as a mixture, because this would require an even more ex-
treme end-member. Although the single trachyandesite en-
clave (WSWI) documents some involvement of a more
mafic magma in the Peach Spring system, it did not par-
ticipate in any mixing process that could explain the com-
positions of the analyzed pumice and fiamme, as it falls

PEACH SPRING GIANT MAGMA BODY

far from a plausible linear trend consistent with mixing.
Compositions and zoning patterns of accessory minerals
are also inconsistent with mixing, which would be ex-
pected to yield crystals with differing cores but similar
rim compositions. Just the opposite is true in general:
zircon and titanite from trachytic and rhyolitic pumice
generally have similar cores but distinctly different rims.
The simplest process by which to explain compositional
variability in pumice and fiamme and apparent zonation
(vertical stratification) in the Peach Spring system is by
crystal-melt segregation (fractional crystallization in a
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Fig. 11. Crystal size distributions obtained using X-ray tomography for (a) zircon, (b) titanite, (c¢) allanite 4+ chevkinite, and (d) magnetite in
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(continued)
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Fig. 11. Continued.

broad sense). Phenocryst assemblages are almost identical
throughout, but late-erupted, presumably deeper-derived,
trachytes are much richer in crystals, and in all elements
compatible in them, than the earlier-erupted rhyolites.
This applies not only to bulk pumice and fiamme but also
to glass, and not only to elements that are notably enriched
in trachyte, such as K, Zr, and REE, but also to feldspar-
compatible Ba and Sr. Barium and Sr are not unusually
high in the trachyte fiamme (~1000-3000ppm and
200-400 ppm in bulk fiamme, respectively), but they are
far higher than in the rhyolite pumice (~30-100 and
1040 ppm). We expand on the hypothesis that the trach-
ytic fiamme represent a remobilized crystal-enriched
mush and that the rhyolite pumice was derived from a

previously extracted, crystal-depleted magma in more
detail below.

Cooling and crystallization in the
high-silica portion of the Peach Spring
magmatic system

Textures and compositional variations in accessory min-
erals from the high-silica rhyolites indicate a pre-eruptive
history of relatively uninterrupted cooling and crystalliza-
tion. In simply considering qualitative textural observa-
tions, there is support for such a simple history in that
phenocrysts are typically euhedral and display pristine
zoning (Figs 12 and 13). CSDs from the high-silica rhyolites
are in agreement with this in that many are linear on
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Fig. 12. Photomicrographs of thin sections and crystal separates from (a—c) outflow high-silica rhyolites, (d—f) outflow low-silica rhyolites, and
(g—1) intra-caldera trachytes. Feldspar in thin sections (a, d, g), cathodoluminescence images of zircon crystals (b, e, h), and backscattered elec-
tron images of titanite crystals (c, f, 1). Unless otherwise stated, scale bars represent 50 pm.

semi-log plots (see Results, Fig. 11), particularly for larger
crystals, consistent with a single crystallization event
during the pre-eruptive history. Furthermore, core-to-edge
temperature trends in zircon and titanite from the
high-silica rhyolites are consistent with the simple history
revealed in the textural observations, as the rims record
notably cooler temperatures than cores (Fig. 10). Although
comparison of absolute temperatures retrieved from
thermometry (uncertain owing to activities) and from
rhyolite-MELTS (systematically high; see Gualda et al.,
2012a) is difficult, the temperature intervals recorded in
zircon and titanite are in broad agreement with those
derived from rhyolite-MELTS simulations of the high-
silica rhyolite (Fig. 15).

Further evidence of simple differentiation of the system
with crystallization is also found in the trace element vari-
ations (Figs 7 and 8). Crystallization of the observed acces-
sory mineral assemblage, including zircon, allanite,
chevkinite, and titanite, would yield qualitatively predict-
able elemental trends in REE and Zr/Hf in the evolving
melt that would, in turn, leave identifiable signatures
during continuing mineral growth. For example, LREE
concentrations in allanite- or chevkinite-saturated melts
decline as temperature falls and crystallization takes
place, because the LREE are essential structural constitu-
ents in these minerals and saturation levels for these elem-
ents decline with falling temperature. Furthermore,
although zircon incorporates abundant Hf, Zr is slightly
preferred over Hf in the zircon—hafnium solid solution
series (Linnen & Keppler, 2002), so Zr/Hf ratios fall in

melts as zircon crystallizes (Claiborne et al., 2006). Finally,
titanite has extremely high partition coefficients for all
the REE, but especially for the MREE, such that even
small modal fractions of titanite result in compatible be-
havior of the REE and strong depletion of the MREE
(Bachmann et al., 2002; Glazner et al., 2008; Colombini
et al., 2011). Thus, the relatively continuous core-to-edge de-
pletion in REE contents with increasing Hf (in zircon)
and decreasing Gd (in titanite) is indicative of fraction-
ation by relatively uninterrupted growth of these accessory
phases.

The compositions and textures of accessory minerals in
the high-silica rhyolites also suggest that the onset and dur-
ation of crystallization of single accessory minerals
differed. Zircon from the high-silica rhyolites records tem-
perature intervals of at least 50°C, and possibly as large as
100-170°C, with the highest-Ti cores requiring tempera-
tures in excess of 800°C. The variation in Zr contents in
titanite is comparatively small, resulting in a temperature
interval of titanite crystallization of <50°C, with crystal-
lization temperatures below 770°C, possibly as low as
720°C. The depletion in MREE observed in zircon from
the high-silica rhyolites suggests co-crystallization of
zircon and titanite, showing that at least the zircon rims
were growing within the magma body (i.e. as opposed to
being antecrysts). This scenario of zircon crystallization
over a wide temperature interval with titanite saturation
occurring at lower temperatures and recording a narrower
crystallization interval is consistent with what is seen in
other silicic systems (e.g. Colombini ez al., 2011).
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Outflow
high-silica rhyolite
(KPSTO1C)

-

Feldspar

Titanite

Intra-caldera
Trachyte
(CRW)

Titanite

Fig. 13. Tomographic images and 3D renditions of phenocrysts from (a, c, ) outflow high-silica rhyolite (KPSTO01C), and (b, d, f) intra-caldera
trachyte (CRW). White (yellow in online version of figure) is titanite, light gray (green online) is magnetite, dark gray (blue online) is zircon.

Field of view is 12 cm wide in (a)—(d) and 1"l mm wide in (e) and (f).

Texturally, the prevalence of accessory minerals (mag-
netite, titanite, allanite + chevkinite, and zircon) as clus-
ters rather than as independent crystals (Fig. 14) is notable
and suggests that not only was crystallization of these

phases relatively contemporaneous, but that crystallization
of one accessory phase may have facilitated growth of the
others (e.g. Bacon, 1989). These results imply that whereas
the onset of growth of these phases differed and zircon
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PEACH SPRING GIANT MAGMA BODY

Fig. 14. Three-dimensional rendition of accessory minerals in an outflow high-silica rhyolite pumice clast (KPST0IC). White (yellow in online
version of figure) is titanite, light gray (green online) is magnetite, dark gray (blue online) is zircon. (a, ¢) Three-dimensional renditions includ-
ing titanite, zircon, and magnetite clustered together. (b, d) Same images as (a, ¢) with titanite and magnetite hidden. It is clear in these
images that zircon is preferentially clustering with other accessory minerals. Field of view is 1.1 mm wide. ('Io see an animated version of this

image, see Supplementary Data Electronic Appendix 2.)

saturated at a considerably higher temperature than titan-
ite, the bulk of their crystallization was coeval, in agree-
ment with the geochemical evidence.

Heating in the Peach Spring Tuff chamber

The textures and compositions of accessory minerals in the
Peach Spring trachytes reveal an additional facet of the his-
tory of the Peach Spring magmatic system. First, the trace
element compositions of titanite provide compelling evi-
dence that an influential event occurred between the time
of core and edge crystallization. Unlike in the high-silica
rhyolites, the edges of the titanite crystals in the trachyte
are significantly enriched in REE relative to the cores

(Fig. 6), signifying that this event replenished the REE
content of the melt. There is a marked increase in the
MREE in particular, which suggests that this event replen-
ished the MREE contents more than the LREE and
HREE contents of the system. Release of REE into the
melt by resorption of zircon, titanite, and allanite+
chevkinite is a possible mechanism to explain these REE
enrichments, and textures provide evidence that this was
the case.

Thin sections, crystal separates, and tomograms of the
trachytes all reveal extensively resorbed feldspar, titanite,
and zircon (Figs 12d, e and 13 b, d, f). The 3D reconstruc-
tion of a sieve-like remnant of titanite in CRW (Fig. 14) is
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Fig. 15. Examples of rhyolite-MELTS simulations showing volume and mass vs temperature, for (a, ¢) an outflow high-silica rhyolite
(KPSTOID) and (b, d) an intra-caldera trachyte (CRW) composition at 250 MPa and 3 wt % water. Rhm-oxide: rhombohedral oxide.

particularly striking. Although the separated zircons are
rounded, they do not appear to have the same sieve-like
textures as the titanite grains; they remain relatively abun-
dant in the trachytes, whereas titanite was not even found
in the CRW separates. This suggests that resorption of
titanite was more extensive than zircon resorption, which
is consistent with especially strong enrichment in the
MREE in rims. Zircon textures and compositions are con-
sistent with resorption and accompanying development of
reaction rims equilibrated with an evolving melt that was
still zircon-saturated.

CSDs are also consistent with the resorption of accessory
phases in general, and of titanite in particular (Iig. 1lb).
First, population densities of large titanite crystals in trach-
ytes are considerably lower than those of other accessory
phases, probably because titanite was resorbed more exten-
sively than the other phases. Furthermore, whereas titanite

size distributions are kinked as in the rhyolites, the distri-
butions for small crystals in the trachytes are distinctively
concave-down. It is possible that the titanite size distribu-
tions in the trachytes were originally (at least qualita-
tively) similar to those of the rhyolites, but were
subsequently modified by preferential resorption of small
titanite crystals.

One way to cause resorption of crystals is heating, and
there is evidence in our data in support of a heating event.
The crystallization interval for titanite in the trachytes is
~30°C (Fig. 9¢ and d); again, much smaller than that for
zircon. Temperatures recorded in zircon and titanite edges
are generally higher than in cores and interiors in the
trachytes, suggesting that the system was heated at some
point between interior and edge crystallization (Fig. 9).
Titanite rims record much lower temperatures than
zircon rims (740-780°C in titanite, as compared with
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Fig. 16. Plots of Temperature vs. (a) TiOy activity, (b) SiO, activity, (c¢) Ti contents in zircon, and (d) Zr content in titanite. Activity values
were calculated from rhyolite-MELTS simulations for an outflow high-silica rhyolite (KPSTO0ID) and an intra-caldera trachyte (CRW) with
variable water contents (2 or 5wt %). Ti in zircon and Zr in titanite for any given temperature are the equilibrium concentrations calculated
using the corresponding activities from rhyolite-MELTS. Temperatures can be read from the bottom diagrams (c) and (d) if measured concen-
trations are known. Light and dark gray shaded regions in (a) and (b) indicate bulk pumice and fiamme zircon saturation temperatures from
outflow high-silica rhyolites and intra-caldera trachytes, respectively. Stars indicate liquidus temperatures.

>~900°C in zircon), which is consistent with the evidence
for substantial titanite resorption and with the narrower
crystallization interval of titanite.

The titanium contents of zircon edges are extremely
high and suggest maximum edge temperatures of zircon
>~900°C in intra-caldera fiamme. To achieve such tem-
peratures, an influx of a significant amount of heat is
required (Huber et al, 2010). The presence of

trachyandesite magmatic enclaves in the Peach Spring
Tuff, although rare, suggests that a more mafic magma
input may have provided the heat necessary to raise the
temperature to the observed levels. However, a far greater
volume of relatively mafic magma than that observed as
enclaves in the Peach Spring Tuff would be required to ac-
complish the amount of heating that is evident in the
trachyte. Therefore, for this to be a viable mechanism,
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Fig. 17. Zr/Hf vs (a) Zr and (b) Rb in proximal outflow rhyolites, distal outflow rhyolites, and intra-caldera trachyte.

most of the mafic magma input would have to have been
trapped somewhere else, presumably deeper within the
system, and not erupted (e.g mafic underplating; e.g.
Couch et al., 2001).

Importantly, the textures and compositions of the
low-silica rhyolites (both WSW2B and GJIA) are notably
different from those of the high-silica rhyolites and trach-
ytes. Interestingly, trace element trends in WSW2B are
similar to those in the trachytes and are also suggestive of
a heating event, but the textures show little to no indica-
tion of resorption and are much more akin to those of the
high-silica rhyolites, which do not show geochemical evi-
dence of heating. In contrast, GJIA shows more extreme
textural evidence for heating, but it is more similar to the
high-silica rhyolites geochemically. Consequently, these
samples suggest that, although the effects of heating were
not felt by the entire system, they were also not restricted
to the magmas that yielded the trachytic intra-caldera tuff.

Evidence for crystal accumulation and
subsequent remobilization of the cumulate
A number of observations from mineral textures, the com-
positions of bulk pumice and fiamme, glasses and zircon
crystals provide evidence to suggest that the intra-caldera
deposits may be remobilized cumulates from the Peach
Spring magma chamber.

First, the trachytes have cumulate-like compositions: the
fiamme compositions are unusual for a magma in that
they are extremely rich in feldspar components and the
accessory mineral constituents Zr, P,O; and REE
(e.g. ~80% normative feldspar, up to ~800ppm Zr,
02wt % PyOs and near 200ppm La). These

compositions are consistent with the trachyte phenocryst
mineralogy and suggest that the trachytes are accumula-
tions of the feldspar and an accessory mineral assemblage
that is characteristic of both the intra-caldera and outflow
tuff. The trace-element compositions of the trachytes and
high-silica rhyolites are consistent with expectations for cu-
mulates and extracted melts, respectively (Deering &
Bachmann, 2010; Fig. 17). Second, the trachytes are charac-
terized by abundant phenocrysts: despite clear evidence of
phenocryst dissolution (Figs 12 and 13), the intra-caldera
trachyte fiamme are crystal rich. Thorson (1971) estimated
an average of 35% phenocrysts in the trachyte tuff, con-
sistent with our own observations. The evidence for dissol-
ution suggests that the trachyte magmas were originally
significantly more crystal rich. The outflow pumice is gen-
erally phenocryst poor (~4—14%, Young & Brennan, 1974).
Finally, as noted above in the discussion, there is ample
evidence for a late high-temperature event in the zircon
saturation temperatures, T1 concentrations of zircon edges,
Zr and REE contents of titanite edges, and quantitative
and qualitative textural features.

These observations are consistent with, or directly sup-
port, a model in which the crystal-rich base of the Peach
Spring magma chamber was heated and its melt fraction
was increased substantially, serving to remobilize a nearly
or entirely ‘locked-up’ mush or rigid sponge (Hildreth,
2004). This interpretation is consistent with those for simi-
lar phenocryst-rich volcanic rocks that accompany
crystal-poor rhyolites, such as at the Ossippee ring dike
complex (Cretaceous, New Hampshire) by Kennedy &
Stix  (2007), the Timber Mountain caldera complex
(Miocene, Nevada) by Bindeman & Valley (2003), and
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Fig. 18. lemperature vs liquid % (by volume) from rhyolite-MELTS simulations at variable water contents for a trachyte composition (CRW).
Bulk water contents (wt % HyO) for each simulation are indicated by the bold numbers on each line. Range of possible maximum temperature
based onTi-in-zircon and zircon saturation thermometry (dark gray field; red in online version of figure) and approximate melt (glass) content
of the sample (65%, gray dashed line) are shown; their intersection represents the CRW magmatic conditions at the time of eruption, including
the bulk water content of the magma. Evolution of the magma would follow an appropriate path determined by the bulk water content. The
light gray field denotes the conditions of transition from ‘locked rigid sponge’ to mobile magma.

the Ammonia Tanks Tuff' (Miocene, Nevada) by Deering
et al. (2011). Those researchers also argued for late-stage
mobilization of syenite and monzonite cumulates during
giant rhyolite eruptions.

Furthermore, the intra-caldera tuff erupted after the
caldera collapse, presumably after emplacement of the out-
flow. Consequently, the simplest interpretation of the pre-
eruption magma chamber geometry is that the
intra-caldera tuff represents deep levels (last evacuated)
and that the outflow is from the upper portion of the
chamber. This is consistent with the higher temperatures
evidenced by the intra-caldera tuff and with its apparent
cumulate nature.

Unlocking the cumulate

Combining our observations with rhyolite-MELTS model-
ing, we can place some important constraints on this
model of an ‘unlocked’ cumulate. If the trachytes are
indeed melt-depleted cumulates that were partially
remelted after accumulation, then rhyolite-MELTS simu-
lations do not pertain to the crystallization process, but
rather to the melting process; the simulations are appropri-
ate for the melting process, assuming that little phase frac-
tionation was imposed. Under the assumption that the
trachyte was remobilized in bulk, the water contents of
the total system can be assessed using the phase relations
derived from rhyolite-MELTS (Fig. 18). Given the

constraints that the temperature of the trachyte magma
reached at least ~900-950°C (as indicated by zircon
rims) and that the melt fraction was ~65% (given 35%
crystal contents), the simulations suggest that the total
water content of the trachytes was ~lwt % (see Fig. 18);
this is a conservative estimate—that is, water contents
could have been even lower—given that temperatures
could be higher (see above). These constraints allow us to
consider two important questions about the cumulate, as
follows.

(I) Did the Peach Spring magma ever exist under sub-
solidus conditions? If the cumulate corresponds to
accumulations of the phenocryst assemblage charac-
teristic of the outflow, 5-10% of the crystals might
comprise biotite and hornblende combined; consider-
ing that hornblende and biotite have ~2-4wt %
H,O, the total water that could be held by a totally
solid cumulate is 0-2—0-4 wt %. This is substantially
less than our estimate of 1wt % HyO. It follows that
either HyO was supplied to the system during melting,
or melt—capable of holding up to ~5-5wt % dis-
solved HyO at a likely pressure of 250 MPa (satur-
ation level), obtained from rhyolite-MELTS
simulations—was present during reheating. If vola-
tiles were supplied by mafic magma, they would tend
to be relatively COq-rich, and mixing with HyO-rich
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volatiles characteristic of the rhyolitic magma would
lead to crystallization, rather than melting. Rejuvena-
tion by felsic magmas could provide HyO-rich fluids,
but we see no evidence for this process, and in any
case it could not provide the heat required to achieve
the estimated peak temperatures. We conclude that
the simplest way to account for the water necessary
for melting is for the cumulate to have been above its
solidus, always retaining some fraction of melt.

(2) What percentage of the cumulate was melted in the
process of heating and remobilization? It is likely
that the melt that was trapped in the cumulate prior
to heating was at or near water saturation (~5-5wt
% water). If it is assumed that the cumulate was
mobilized en masse, that the cumulate as a whole con-
tained 1wt % water (see estimate of trachyte water
content above), and that all the water resided in the
melt, then the melt fraction in the cumulate prior to
heating was ~15-20% (HyO in melt + total H,O).
Thus, the cumulate was an immobile Tigid sponge’
(Hildreth, 2004). Again assuming en masse mobiliza-
tion, close to 50 wt % of the cumulate was melted in
the heating and remobilization process (65 wt % melt
in the trachyte — 20wt % melt in the pre-heating
magma). It should be noted, however, that if melt
was preferentially extracted, instead of being remobi-
lized en masse, both the amount of the initial melt and
the extent of subsequent melting would have been
lower.

Timescales of crystallization and eruptive
decompression
Timescales of crystallization calculated from CSDs can
place useful constraints on the longevity of a magmatic
system and the onset of eruption (Cashman & Marsh,
1988; Mangan, 1990; Jerram et al., 2003). The kinked titan-
ite and magnetite GSDs observed here (Iig. 11d), with a
shallow-sloped section characteristic of large crystals and
a steep-sloped section characteristic of small crystals
(<100 pm), are in many ways analogous to quartz+
feldspar CSDs for the late-erupted Bishop Tuff (Pamukcu
et al., 2012). As such, we likewise attribute this change in
slope to a record of the transition from pre-eruptive,
growth-dominated syn-eruptive,
nucleation-dominated crystallization, similar to what is
seen in smaller volcanic systems (e.g. Cashman, 1988,
1992; McCanta et al., 2007).

Each of the segments of the size distributions records a

crystallization  to

characteristic crystallization timescale, which can be cal-
culated if relevant growth rates are known. GSDs can be
used to estimate the growth time of a given phase from
the relationship ¢=1/Gb (Marsh, 1988, 1998), where ¢ is
growth time, G is the linear growth rate, and 4 is the slope
of the CSD in semi-log space. The main barrier to applica-
tion of this approach is the fact that growth rates are

poorly known. For instance, there is almost no information
on titanite growth rates, so timescales of titanite crystal-
lization cannot be calculated.

Magnetite phenocryst and groundmass growth rates can
be estimated from data on the Mount St. Helens dacite
(Cashman, 1988, 1992). Cashman (1988) estimated a pheno-
cryst growth rate of 107107 ms™" for Fe-Ti oxides,
based on an estimated growth time of 50-130 days.
Although some plagioclase crystal cores yield ages of up
to 1700 years (Cooper & Reid, 2003), these are likely to
represent antecrysts; more recent work suggests that much
of the phenocryst growth actually occurred rapidly near
the time of eruption, making these earlier estimates of
phenocryst growth rates minimum estimates (Blundy &
Cashman, 2005). Consequently, timescale estimates based
on these growth rates are maximum estimates. Growth
rates for Fe—'T1 oxide microlites are not as well constrained,
but we use the estimated period of groundmass growth of
lh to 52 days in the Mount St. Helens dacites, and the
fact that the groundmass magnetite crystals are <01 pm
in size (for details, see Cashman, 1992), to calculate mag-
netite microlite growth rates of 107*-10"*ms™"; we note
that these are maximum estimates of the relevant growth
rates, given that the size of the magnetite microlites in the
Mount St. Helens dacites could actually be substantially
smaller than 01 pm, and the resulting calculated crystal-
lization times are thus minimum estimates. Nonetheless,
we see no reason for groundmass growth rates to be any
slower than those for phenocrysts; instead, we expect
growth rates to increase with decompression (see Cash-
man, 1992), owing to the resulting increase in supersatur-
ation, such that we use a maximum groundmass growth
rate of 10 *ms™".

Applying these growth rates to magnetite size distribu-
tions from the Peach Spring Tuff, we estimate timescales
of magnetite growth (Table 7) for the two segments of the
kinked magnetite CSD. Results suggest that the large crys-
tal population (>100 pm) in the Peach Spring Tuff grew in
hundreds to thousands of years. These timescales are over-
estimates if the largest crystals are antecrystic or xenocrys-
tic in origin. These results are in agreement with those
obtained for the Bishop Tuff by Pamukcu et al. (2012) using
quartz +feldspar CSDs, and by Gualda et al. (20120)
using relaxation of Ti profiles and faceting of melt inclu-
sions in quartz. They lend further support to the conclu-
sion of Gualda et al. (2012b) that giant bodies of rhyolitic
magma crystallize on millennial timescales, whereas the
protracted timescales recorded in zircon record the
build-up of these giant crystal-poor magma bodies.

The small magnetite population (<100 pm) of the Peach
Spring rhyolites yields crystallization times between 0-1
year and a few hundred years prior to eruption (at
growth rates of 107%-10"*ms™"). Given our expectation
that growth rates should increase with decompression, we
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Table 7: Timescales of magnetite crystallization

PEACH SPRING GIANT MAGMA BODY

Small crystals

Outflow high-silica rhyolites

Outflow low-silica rhyolite Intra-caldera trachytes

KPSTO1A KPSTO1B KPSTO01C KPSTO1E WSW2A WSW2B PSTGO1C CRW

-1/Gt —0-0097 —0-0359 —0-0547 —0-0673 —0-0561 —0-0474 —0-0089 —0-0246
Gt (um) 103 279 183 14-9 17-8 211 112 407
t (a) short* 0-33 0-09 0-06 0-05 0-06 0-07 0-36 0-07
t (a) longf 327 883 580 471 565 66-9 356 130

Large crystals

KPSTO1A KPSTO01B KPSTO1C KPSTO1E WSW2A WSW2B PSTGO1C CRW
-1/Gt —0-0056 —0-0069 —0-0076 —0-006 —0-009 —0-0068 —0-0062 —0-0056
Gt (um) 179 145 132 167 111 147 161 179
t (a) short} 566 460 417 528 352 466 511 566
t (a) long$ 5660 4600 4170 5280 3520 4660 5660 5110

G, growth rate; t, time.

*Growth rate of 107 '>ms™~", based on groundmass Fe-Ti oxide sizes and growth times from Cashman (1992) (see text for

details).

+Growth rate of 107" ms~", based on groundmass Fe-Ti oxide sizes and growth times from Cashman (1992) (see text for

details).

1Growth rate of 107 "°ms™, based on phenocryst Fe-Ti oxide growth rates from Cashman (1988) (see text for details).
§Growth rate of 107 "®ms™"; based on phenocryst Fe-Ti oxide growth rates from Cashman (1988) (see text for details).

infer that growth times are closer to 0-1 year than to the
other end of the time spectrum. If, as suggested, the
growth of this population of small crystals was the result
of eruptive decompression, this suggests that decompres-
sion began within months to years before eruption; these
results are also in good agreement with those of Gualda
(2007) and Pamukcu et al. (2012) for the Bishop Tuff.

These results also suggest that the heating and decom-
pression events may have been associated. The textural
and geochemical evidence implies that both events
occurred close to the time of eruption. Furthermore, heat-
ing of a magmatic system by a mafic recharge event has
been suggested as a possible eruptive trigger (Sparks et al.,
1977; Pallister et al., 1992), destabilizing the magma body
by reducing its density and viscosity through processes
such as overturning, increasing fluid pressure by increasing
volume, bubble growth and vesiculation. Consequently, if
input of mafic magma and heating of the Peach Spring
magma body did act as an eruption trigger, decompression
of the system would naturally follow as the eruptive pro-
cess began.

Interestingly, such kinks are not found in zircon and
allanite 4 chevkinite GSDs, but this may merely be due to
a difference in growth rates. There is much interest in

determining zircon growth rates (Watson, 1996; Reid,
2008; Schmitt et al., 2011). Modeling of diffusion-controlled
growth 1is consistent with growth rates in the range
107°-10 " ms™" (Watson, 1996). Recent work on the
Acigol rhyolite field (Central Anatolia; Schmitt et al., 2011)
has revealed a simple zircon crystallization history condu-
cive to making reliable zircon growth rate estimates using
dating methods; the results yield average growth rates in
the range 107°-10"°ms™" (with a preferred value of
3x10®ms™"), at the faster end of the range given by
modeling. Application of these growth rates to the CSD
segments defined by zircon crystals larger than 100 pm
gives timescales of zircon growth in the range 1800-27 000
years (Table 8), with values of 6000-9000 years for the pre-
ferred growth rate of 3 x 10" ms™" of Schmitt et al. (2011).
We consider these results to agree well with the magnetite
phenocryst growth rates calculated above, particularly
considering the greater likelihood of xenocrystic and ante-
crystic zircon when compared with magnetite. In any
event, the reasonable agreement between zircon and mag-
netite growth times suggests that most of the zircon mass
is cognate with the other phenocrysts, with cores—albeit
important—making up a small proportion of the total
volume. Because zircon growth is substantially slower
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Table 8: Timescales of zircon crystallization

NUMBER 6 JUNE 2013

Large crystals

Outflow high-silica rhyolites

Outflow low-silica rhyolite Intra-caldera trachytes

KPSTO1A KPST01B KPST01C KPSTO1E WSW2A WSW2B PSTGO1C CRW
-1/Gt —0-017 —0-012 —0-013 —0-014 —0-017 —0-014 —0-017 —0-013
Gt (um) 58 85 75 73 60 70 60 77
t (a) short* 1883 2691 2382 2306 1902 2225 1900 2426
t (a) longf 18330 26911 23815 23059 19015 22249 19003 24258

G, growth rate; t, time.
*Growth rate of 107’ m s™', from Schmitt et al. (2011) (see text for details).
+Growth rate of 107'® m s™!, from Schmitt et al. (2011) (see text for details).

than magnetite growth, zircon crystals nucleated owing to
a decompression event near the time of eruption probably
did not have enough time to grow to a resolvable size
(~10 pm) before eruption, thereby not recording the event

on the length scales currently being described.

CONCLUSIONS

Our study of the Peach Spring magma body, based on the
compositions and textures of bulk samples, glasses, and ac-
cessory minerals from outflow and intra-caldera pumice
and fiamme, in combination with rhyolite-MELTS model-
ing, reveals an intriguing evolution of this system.

I

The Peach Spring magma body was zoned. This is
indicated by a systematic variation in crystal contents,
bulk pumice and fiamme compositions, spatial distri-
butions, and temperatures recorded in accessory min-
eral phases; crystal-poor high-silica rhyolites in the
more distal outflow record the lowest temperatures,
whereas intra-caldera crystal-rich trachytes record
the highest temperatures.

The high-silica portion of the Peach Spring magma
body followed a relatively simple history of cooling
and crystallization. Core-to-edge depletion in REE
in zircon and titanite crystals, as well as core-to-edge
decreases in Ti in zircon and Zr in titanite contents,
suggests crystal growth during largely uninterrupted
cooling. Trends in REE indicate co-crystallization of
accessory minerals, although zircon records a more
protracted growth history than titanite. Exponential
CSDs and qualitative textural features (e.g. euhedral
phenocrysts, pristine zoning) are consistent with the
geochemical  evidence. intervals
derived from rhyolite-MELTS simulations are also
broadly consistent with the temperatures recorded in
the high-silica rhyolites.

Crystallization

3
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A late-stage heating event in the Peach Spring magma
body may have contributed to the onset of eruption.
In trachytes and low-silica rhyolite, the edges of titan-
ite crystals show enrichment in REE and Zr, and
zircon edges are enriched in Ti, suggesting higher
temperatures during edge crystallization. Concave-
down portions of CSDs characteristic of small crys-
tals, embayed feldspars, and sieve-like titanite crystals
in the trachytes also suggest resorption of phenocrysts,
consistent with this increase in temperature. The fact
that phenocrysts in the lows-silica rhyolite and the
high-silica rhyolites show little to no textural evidence
for the heating event implies that this event did not
affect the entire Peach Spring magma body to the
same extent.

The trachytes represent remobilized cumulates, but
this magma was never fully crystalline. The bulk
fiamme compositions of the trachytes are extremely
rich in feldspar and accessory mineral components,
indicating that these rocks represent accumulations
of the phenocryst assemblage that characterizes the
Peach Spring Tuff. The abundance of phenocrysts and
evidence for heating and resorption in the trachytes
also suggest that the magma from which these samples
came was originally more crystal rich. Rhyolite-
MELTS simulations suggest that the cumulate had
~lwt % water and that hydrous phases cannot ac-
count for this amount of water if the cumulate were
fully that the
included some proportion (~20wt %) of melt. These
simulations also suggest that ~50% of the cumulate
was melted during the reheating process.

crystalline, suggesting cumulate

Crystal size distributions indicate that the Peach
Spring magma body crystallized over millennial
timescales and record the onset of eruptive decom-
pression. Growth rates for magnetite crystals and
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slopes of magnetite crystal size distributions suggest
that the phenocrysts of the Peach Spring Tuff grew
over 10°-10* years, whereas the groundmass crystals
grew over 107'-10% years. Kinks in magnetite crystal
size distributions are attributed to a decompression
event, which changed the crystallization regime from
growth-dominated (shallow slopes describing large
crystals) to nucleation-dominated (steep slopes des-
cribing small crystals). Timescales calculated from
zircon size distributions are consistent with those ob-
tained from magnetite, and suggest that much of the
zircon growth occurred concurrent with the growth
of other phenocrysts.
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