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ABSTRACT

We present a petrologic study of the post-collapse rhyolites from Valles Caldera (New Mexico, USA) to evaluate changes in
magmatic storage conditions following the eruption of the Upper Bandelier Tuff (UBT). We assess likely phenocrysts through
textures, comparison with experiments, and rhyolite-MELTS outputs, and apply thermobarometers, oxygen barometers, and
hygrometers to these minerals. The post-collapse rhyolites have average pre-eruptive temperatures ranging from 742-824 °C,
average pre-eruptive oxygen fugacities ranging from -0.1 to +1.3 ANNO, and average pre-eruptive H,0 contents ranging from
4.4-6.0 wt% H, 0. Average storage pressures range from 130-196 MPa for all rhyolites except the youngest, which has a range of
157-376 MPa. The post-collapse rhyolites are more oxidizing than the UBT and have similar pre-eruptive pressures. The change
in oxidation state between the rhyolites and UBT, despite similar storage pressures, can be explained if the UBT is generated
from a unique, reduced source but accumulated at depths similar to the post-collapse rhyolites.

KeywoRrbps: Valles Caldera; High-silica rhyolite; Petrology; Thermobarometry; Oxygen barometry.

1 INTRODUCTION

Caldera-forming eruptions are some of the largest on Earth
[101-103 km®; Mason et al. 2004; Cole et al. 2005] and are
sourced from voluminous, silica-rich magmas that develop
in the upper crust [Hildreth et al. 1991; Wilson et al. 1995;
Coombs and Gardner 2001; Hildreth 2004; Hildreth and Wil-
son 2007]. Resurgent caldera systems are those systems that
have experienced uplift in the caldera floor and post-collapse
volcanism [Smith and Bailey 1968] and offer a unique op-
portunity to understand how silicic magmas develop and ac-
cumulate in the crust during time periods following and/or
preceding the emplacement of a voluminous ignimbrite [Cole
et al. 2005; Geshi 2020]. In general, post-collapse eruptions
appear to differ from their preceding caldera-forming erup-
tions in numerous ways, ranging from changes to magmatic
flux (e.g. eruptive volumes) to differing pre-eruptive intensive
variables (e.g. temperature, oxygen fugacity, and pressure),
where these variations hold essential information on changes
to the overall magmatic system. At Long Valley Caldera, the
Early Rhyolites erupted 17 ka after the Bishop Tuff and con-
tinued erupting for the next 90 ka. The Early Rhyolites have
higher temperatures (752-844 °C) and reduced oxygen fugac-
ities (~—0.3 to —0.7 ANNO, where ANNO is the logfO, of
the sample — logfO, of the nickel-nickel oxide buffer at a
given temperature), when compared to the caldera-forming
Bishop Tuff [700-820°C and —0.6 to +0.6 ANNO; Hildreth
et al. 2017]. Hildreth et al. [2017] suggest that the change in
oxidation state could be explained by interaction of graphite-
bearing roof rocks with the magma body beneath Long Valley
prior to eruption, which implies that interaction of the coun-
try rock with the Long Valley caldera system may play an
important role in the formation of the Early post-collapse rhy-
olites. As another example, the East Biscuit Basin flow at Yel-
lowstone Caldera erupted following the caldera-forming Lava
Creek Tuff and contains low §'80 glass, quartz, sanidine,
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and zircon (where 8'80 is defined as 1000(180/16Osample
- 180/16OSMO\)\/)/180/16OSMOW and SMOW s defined as
standard mean ocean water), which indicates significant in-
teraction with hydrothermally altered crust [Bindeman and
Valley 2000; Girard and Stix 2009] in post-collapse rhyolites.
Thus, the chemistry of post-collapse volcanism at Long Val-
ley and Yellowstone Calderas suggests that interaction with
the country rock may play a greater role in the post-collapse
magmatism than the caldera-forming eruptions.

Valles Caldera, a resurgent caldera system, has sourced both
voluminous, caldera-forming rhyolites and smaller, effusive,
post-collapse eruptions of high-silica and low-silica rhyolite
(HSR and LSR, respectively). The 1.256 + 0.010 Ma [Phillips et
al. 2007] Upper Bandelier Tuff (UBT) is the final caldera form-
ing eruption at Valles Caldera and has been the focus of geo-
logic studies for the past 40 years. The eruptive ages, storage
conditions, and volatile contents of the UBT have been well
constrained through isotopic work, geochemical and petro-
logic studies, as well as melt inclusion studies [e.g. Kuentz
1986; Skuba 1990; Dunbar and Hervig 1992; Phillips et al.
2007; Wilcock et al. 2013; Wolff and Ramos 2014; Wolff et al.
2015; Cook et al. 2016; Boro et al. 2020; Waelkens et al. 2022].
Similarly, the most recent post-collapse eruptions that consti-
tute the East Fork Member [74.4-68.7 ka; Wolff et al. 2011,
Nasholds and Zimmerer 2022] have been studied to constrain
their eruptive ages, storage conditions, and petrogenesis [e.g.
Self et al. 1988; Wolff and Gardner 1995; Zimmerer et al. 2016;
Ren and Parker 2019; Eichler and Spell 2020]. The Redondo
Creek and Valle Grande Members, which erupted between the
UBT and East Fork Member from 1199-529.3 ka, have newly
determined eruptive ages [Nasholds and Zimmerer 2022] and
existing geochemical and isotopic data [Spell and Kyle 1989;
Spell et al. 1993], but lack estimates of their pre-eruptive stor-
age conditions using mineral-melt thermobarometry.

Here, we conduct a petrologic and geochemical study to
evaluate the intensive variables of the post-collapse rhyolites
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that erupted from 1200-68.7 ka (Redondo Creek, Cerro Del
Medio, Cerro Del Abrigo, Cerro Santa Rosa, Cerro San Luis,
Cerro Seco, San Antonio, South Mountain, and Banco Bonito;
Figure 1). We use these data to evaluate changes to the mag-
matic storage conditions (temperature, oxygen fugacity, HyO
contents, and pressures) that accompany chemical changes in
post-caldera volcanism to better understand the evolution of
the Valles Caldera plumbing system since the eruption of the
UBT.
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Figure 1: The erosional remnant of Valles Caldera (thick dashed
line) is shown along with the post-collapse rhyolites, with esti-
mated erupted volumes and ages from (1) Nasholds and Zim-
merer [2022] and (2) Wolff et al. [2011]. Map symbology defines
eruptive units, their compositions, and sample locations from
this study. Redondo Creek is outlined with a thin dashed line
as the eruption did not form a single dome. The Valle Grande
Member eruptions are shown with a solid black outline and
the East Fork Member is shown with a cross pattern to differ-
entiate the eruptive units. Rhyolites with compositions corre-
sponding to HSRs are shown in pale blue and LSRs are shown
in pink. Black stars indicate sample locations. The base DEM
was made using GeoMapApp [Ryan et al. 2009].

2 (GEOLOGIC BACKGROUND

The Jemez Mountains volcanic field (JMVF), in north-central
New Mexico (USA) marks the intersection of the north-east
south-west trending Jemez Lineament, with the north-south
trending Rio Grande Rift. The Jemez Lineament runs par-
allel to the shallow angle suture zone between the Protero-
zoic Yavapai and Mazatzal provinces, where the weaker crust
provides a conduit for magma [Shaw 1999; CD-ROM work-
ing group 2002; Magnani et al. 2004; Ricketts et al. 2016]. In
the last ~13 Ma, the JMVF has erupted a series of tholeiitic
and alkaline basalts, dacitic to andesitic lavas (e.g. Santa Fe
group, Paliza Cangon formation, Tschicoma dacites), which
were ultimately followed by rhyolite eruptions [Wolff et al.
2005; Broxton et al. 2007; Relley et al. 2013; Wu et al. 2021].
Valles Caldera and the surrounding area are blanketed by
two voluminous ignimbrites, the 1.256 + 0.010 Ma UBT and
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1.60 £ 0.02 Ma LBT, which have a cumulative erupted volume
of ~800km?® [Phillips et al. 2007; Goff et al. 2014; Wolff and
Ramos 2014; Cook et al. 2016]. The UBT is a zoned eruption
of five different rhyolite units that range in composition from
HSR to LSR, with crystallinities ranging from ~5-25 vol% [Bal-
sley 1988; Wilcock et al. 2013; Goff et al. 2014]. The UBT min-
eralogy includes sanidine, plagioclase, fayalite, biotite, clinopy-
roxene, orthopyroxene, hornblende, and Fe-Ti oxides [Balsley
1988; Wilcock et al. 2013; Goff et al. 2014]. Previous petro-
logic work suggests that the pre-eruptive temperatures range
from ~700-837 °C, with the last erupted unit being the hottest
[Balsley 1988; Warshaw and Smith 1988; Wilcock et al. 2013].
Oxygen fugacities (fO,) for four of the five units in the UBT
are reduced, with their fO, values close to the QFM (quartz-
fayalite-magnetite) buffer, whereas the last erupted unit is oxi-
dized, with an fO; near the NNO buffer [Warshaw and Smith
1988]. Volatile contents range from 2.8-5.0 wt% H,0 and 29—
147 ppm CO», which correspond to pressures of 100-143 MPa
and depths of ~3.8 to 5.4 km based on a crustal density of
2700 kg m~3 [Dunbar and Hervig 1992; Waelkens et al. 2022].

Following the eruption of the UBT, post-caldera resurgence
began with the Deer Canyon Member, which includes small
volume rhyolite lavas and lithic tuffs [Spell and Kyle 1989;
Spell and Harrison 1993; Spell et al. 1996; Goff et al. 2011].
The eruptive span of Deer Canyon rhyolite begins a max-
imum of 11.1 ka after the eruption of the UBT based on
recent “°Ar/3?Ar age dating on post-collapse rhyolite lavas
and domes [Phillips et al. 2007; Nasholds and Zimmerer
2022].  Central dome resurgence continued with Redondo
Creek, which is a small volume (1.9km?) of low-silica rhyo-
lite erupted over a period of 13.1 ka (Figure 1), with the oldest
lavas dated at 1199 ka [Smith and Bailey 1968; Nasholds and
Zimmerer 2022].

The Valle Grande Member erupted following the Deer
Cangon and Redondo Creek rhyolites. The Valle Grande
Member is comprised of the following rhyolite domes: Cerro
Del Medio, Cerro Del Abrigo, Cerro Santa Rosa, Cerro San
Luis, Cerro Seco, San Antonio, and South Mountain (Figure 1),
which erupted from 1158-528 ka [Spell and Kyle 1989; Spell
and Harrison 1993; Spell et al. 1993; Nasholds and Zimmerer
2022]. The Valle Grande rhyolites decrease in age in a counter-
clockwise direction around the edge of the caldera (Figure 1),
starting with Cerro Del Medio. Cerro Del Medio erupted
from 1157—1132 ka with an eruptive volume of 4.8 km® and
is primarily an HSR obsidian dome [Nasholds and Zimmerer
2022]. Cerro Del Abrigo then erupted from 1009-997.0 ka
and is 2.2km® of glassy, crystal-rich HSR [Figure 1; Nash-
olds and Zimmerer 2022} Next, Cerro Santa Rosa erupted
from 932.3-927.9 ka and is another crystal-rich HSR, with
a small eruptive volume of 1.0km?® [Figure 1; Nasholds and
Zimmerer 2022]. Cerro San Luis and Cerro Seco overlap in
their eruptive ages (803.2-802.9 ka and 804.7-799.9 ka, re-
spectively) but are distinct crystal-rich HSRs with volumes
of 0.8km? and 2.3km?, respectively [Figure 1; Nasholds and
Zimmerer 2022]. A brief hiatus of 237 ka preceded the erup-
tion of San Antonio, a larger (5.9km?) crystal-rich LSR that
erupted from 562.8-562.4 ka [Figure 1; Nasholds and Zim-
merer 2022]. The final dome of the Valle Grande member
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is South Mountain, which erupted from 534.8-529.3 ka and
is a 5.4km? crystal-rich HSR [Figure 1; Nasholds and Zim-
merer 2022]. The Valle Grande rhyolites are crystal-rich and
contain sanidine, plagioclase, and quartz, and include trace
oxides, biotite, and hornblende [Spell and Kyle 1989]. The ex-
isting temperature estimates from Spell and Kyle [1989] based
on feldspar thermometry vary from 724-808 °C. Spell and
Kyle [1989] also utilize hornblende barometry to calculate a
pressure range of 95-104 MPa; however, they note a mini-
mum error of +100 MPa and acknowledge the potential for a
range of pre-eruptive pressures wider than their findings.

After a 453 ka period of quiescence, El Cajete erupted fol-
lowed by the Battleship Rock Ignimbrite and Banco Bonito;
these three units collectively form the East Fork Member, lo-
cated on the south-western wall of the caldera [Figure 1; Wolff
and Gardner 1995; Zimmerer et al. 2016; Eichler and Spell
2020; Nasholds and Zimmerer 2022]. Banco Bonito is the
youngest eruption at Valles Caldera at 68.7 ka, with an erup-
tive volume of 6.8 km?® of glassy LSR [Wolff and Gardner 1995;
Goff 2010} The East Fork Member contains more abundant
plagioclase than the previously erupted rhyolites, but also in-
cludes sanidine, quartz, and a comparatively higher percent-
age of biotite, hornblende, and pyroxenes [Spell and Kyle 1989;
Eichler and Spell 2020]. There are two petrologic studies of the
East Fork Member that utilize Fe-Ti oxide, two-feldspar, and
clinopyroxene thermometry and find a range of pre-eruptive
temperatures from 789-868°C [Ren and Parker 2019; Eich-
ler and Spell 2020]. Ren and Parker [2019] find pressures in
the East Fork Member vary from 196-438 MPa (~9-19 km
deep), based on the hornblende barometry models of Ham-
marstrom and Zen [1986] and Hollister et al. [1987]. Ren and
Parker [2019] also apply the quartz, ulvospinel, ilmenite, fay-
alite (QUILF) equilibrium model of Andersen et al. [1993] to
clinopyroxene, orthopyroxene, ilmenite, and magnetite in the
East Fork Member to find oxidizing conditions with fO; rang-
ing from +1.0 to +1.5 log units greater than the NINO buffer
[Ren and Parker 2019].

The notable differences between the caldera-forming erup-
tion of the UBT and the post-collapse eruptions at Valles
Caldera are the absence of fayalite in the post-collapse erup-
tions and the apparent trend of increasing temperature and
increasing oxidation state, where mineral phases in the East
Fork Member record the hottest temperatures and the most
oxidizing conditions (which is consistent with the absence of
fayalite). We can understand when the shift to elevated tem-
peratures and oxidizing conditions occurred in Valles Caldera
by determining the pre-eruptive intensive variables for the
Valle Grande rhyolites and evaluating those conditions as a
function of their newly published, revised eruptive ages [Nash-
olds and Zimmerer 2022].

3 METHODS

The Valles Caldera National Preserve and the New Mexico
Bureau of Geology and Mineral Resources (NMBG) provided
samples for each post-collapse rhyolite (Figure 1, stars; Ta-
ble 1; see sampling notes in Supplementary Material 1). We
cut thin sections to reflect the overall mineralogy of each rhyo-
lite by selecting areas of the rock that included all the minerals
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seen in hand samples. We collected 30—40 photomicrographs
of each thin section with an Infinity microscope camera and
Olympus CX31 petrographic microscope to merge them into
~5x5cm? photomosaics using Adobe Photoshop. We deter-
mined mineral abundances for each sample by point counting
1000 counts in duplicate per slide using a Pelcon automatic
point counter; we report the average values of the totaled 2000
counts per slide. We powdered chips of the samples using a
tungsten carbide shatter box and sent aliquots to Activation
Laboratories Ltd. in Ancaster, Ontario (Canada), to obtain
major and trace element abundances via inductively coupled
plasma optical emission spectroscopy (ICP-OES) and induc-
tively coupled plasma mass spectroscopy (ICP-MS) (Activa-
tion Labs analysis type 4Litho). We used the Cameca SX-100
electron microprobe at NMBG with an accelerating voltage of
15 kV and a probe current of 20 nA for all crystal analyses.
For feldspar, Fe-Ti oxides, and mafic silicates, we used spot
sizes of 5 pm, <1 um to 10 pm, and <1 pm (where <1 pm corre-
sponds to a setting of 0 um), respectively. We used an acceler-
ating voltage of 15 kV, a probe current of 5 nA, and a spot size
of 7 um for glass analyses. We used time dependent intensities
to correct for Na mobility in the glasses during glass analyses.
Backscatter electron (BSE) microprobe images were collected
during analyses. We collected individual point analyses on
Fe-Ti oxide, biotite, hornblende, and pyroxene phenocrysts,
and when size permitted, we collected point analyses on tran-
sects from core to rim on feldspars and hornblendes to quan-
tify crystal compositions. Transects were selected to include
any compositional variation seen in BSE and to avoid melt
inclusions when present. Spacing intervals for each transect
range from 10-60 pm depending on the size of the crystal and
zoning, if present. All calibration standards, microprobe set-
tings (crystals and spectrometers), and analyses of secondary
standards are reported in Supplementary Material 2 Table S1.
Analyses matched microprobe standards for major elements
with a range of 0.07-6.3% relative error, where error is great-
est when elemental concentrations are <1 wt%. We checked
all analyses against reference standards suited to the material
(e.g. rhyolite glass VG-568 for glass analyses), and a kaersu-
tite standard was used to analyze overall performance of the
microprobe.

4 ResuLTs

4.1 Petrography

All post-collapse rhyolites, except for the samples from Banco
Bonito and Cerro Del Medio, contain sanidine + quartz +
anorthoclase/plagioclase + biotite + hornblende + magnetite
+ ilmenite + clinopyroxene + orthopyroxene + apatite, with
trace rare earth element bearing minerals including zircon
and chevkinite (Table 1 and Figure 2; in Table 1 and subse-
quent tables we order the post-collapse rhyolites from oldest
to youngest reading left to right). We observed all the above
minerals except for sanidine and chevkinite in the youngest
unit, Banco Bonito (Table 1). The rhyolite obsidian from Cerro
Del Medio is nearly aphyric, with trace oxides and sanidine,
plagioclase, and biotite microlites (Table 1 and Supplemen-
tary Material 3 Figure S1). Redondo Creek, Cerro Del Medio,
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Table 1: Mineral phase proportions, normalized without vesicles*.

Dome’ RC CM CA CSR  CSL CS SA° SM BB
Sanidine 305 000 545 127 127 132 750 639 @ -

Sanidine microlites 0.30 240 010 030 084 069 085 0.31 -

Plagioclase* 740 010 380 454 512 420 805 747 490
Plagioclase microlites* 060 055 005 035 041 0.58 0.70 046 0.60
Quartz 515 <0.10 520 424 850 312 240 525 1.70
Quartz microlites 055 070 045 045 031 065 075 041 040
Fe-Ti oxides (magnetite & ilmenite) 095 020 090 071 036 032 085 082 1.10
Biotite 385 010 050 055 010 021 215 0.88 275
Clinopyroxene 0.30 - <010 <010 <010 <010 035 - 09
Hornblende <0.10 <0.10 075 020 010 0.11 <0.10 0.31 0.65
Zircon tr’ tr tr tr tr tr tr tr tr

Glass!! 758 958 792 759 715 767 740 776 867
Total 100 100 100 100 100 100 100 100 100
Crystalline inclusions - - - - - - - - 450
Vesicles 14 010 275 110 704 600 175 295 0.25

*Determined through 1000 counts per sample, in duplicate. TRC - Redondo Creek, CM - Cerro Del Medio, CA - Cerro Del

Abrigo, CSR - Cerro Santa Rosa, CSL - Cerro San Luis, CS - Cerro Seco, SA - San Antonio, SM - South Mountain, BB - Banco
Bonito. *At the time point counts were completed we did not have electron microprobe analyses so used the term plagioclase
as a catch-all for any feldspars that were not sanidine. $tr - trace abundance. |/Redondo Creek samples contained devitrified
glass that was counted as glass here. 1Crystalline inclusions are aggregates of crystals that include plagioclase, hornblende,

clinopyroxene, and biotite.

Cerro Del Abrigo, Cerro Santa Rosa, Cerro San Luis, Cerro
Seco, San Antonio, South Mountain, and Banco Bonito range
from 13.3-28.5% crystallinity (Table 1 and Supplementary Ma-
terial 3 Figure S1). All the samples have glassy groundmasses,
except for the sample from Redondo Creek which has a devit-
rified matrix. Sanidine, anorthoclase, plagioclase, and quartz
constitute 77% of the crystal assemblage in Redondo Creek
(Table 1). In all the Valle Grande rhyolites (excluding the ob-
sidian from Cerro Del Medio), sanidine, quartz, and anortho-
clase make up 85-98% of the crystal assemblage (Table 1). In
Banco Bonito, plagioclase and quartz account for 58% of the
crystals present (Table 1). The rhyolite from Banco Bonito
contains the highest abundance of mafic phases including Fe-
Ti oxides, biotite, hornblende, and clinopyroxene (Table 1).
The rhyolite from Banco Bonito contains two distinct vari-
eties of crystalline clots: (1) partially melted biotite-granitoid
composed of plagioclase + biotite + quartz + hornblende +
melt + sanidine, where plagioclase crystals in the clot exhibit
similar textures to plagioclase crystals found in Banco Bonito
(Supplementary Material 3 Figure S2); and (2) a spinel-gabbro
with plagioclase + clinopyroxene + Fe-Ti oxides (Supplemen-
tary Material 3 Figure S2). Both of these clot types are found
throughout the Banco Bonito sample but are not observed in
any other post-collapse rhyolite in our study.

4.2 Whole rock major and trace element geochemistry

The post-collapse rhyolites range from LSR to HSR (73.9-77.3
wt% SiOy; Table 2). We follow the LSR to HSR nomenclature
of Gardner et al. [1986], which distinguishes HSR from LSR
on the basis of their whole rock compositions. The HSRs
have >76 wt% SiOy, 0.4-0.12 wt% MgO, <0.63 wt% CaO,
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<27 ppm Sr, and <125 ppm Ba and the LSRs have <76 wt%
SiOy, >0.21 wt% MgO, >0.87 wt% CaO, 107—197 ppm Sr, and
431-961 ppm Ba (Table 2). The full suites of whole rock ma-
jor and trace element abundances for each sample are avail-
able in Supplementary Material 2 Table S2. The HSRs (Cerro
Del Medio, Cerro Del Abrigo, Cerro Santa Rosa, Cerro San
Luis, Cerro Seco, and South Mountain) all show similarities
in whole rock composition with little to no variation in con-
centrations of SiOy, Al,O3, or FeOT (Table 2). The LSRs
(Redondo Creek, San Antonio, and Banco Bonito) have some
variation in their silica content (73.9-75.6 wt% SiO,) but but
are similar in their elevated concentrations of Al,O3 and CaO
(Table 2).

4.3 Glasses

In the HSRs, average analyses of groundmass glasses normal-
ized to 100 wt%, have little variation in major element abun-
dances (Table 3 and Supplementary Material 2 Table S3). The
LSRs with glass analyses (San Antonio and Banco Bonito) con-
tain more AlyO3 and CaO, compared to the HSRs (Table 3).
The anorthite number (An#; defined in footnote 5 in Table 3)
is a method of describing a glass composition in terms of
its plagioclase-forming components [Carmichael et al. 1977,
Lange et al. 2009] and is similar to the ratio Xca/(Xca+XNa)
in a glass composition. The An#s in glasses from the HSRs
range from 2.05-2.90 and those from the LSRs range from
4.31-4.76 (Table 3). Average halogen contents in glasses from
the post-collapse rhyolites have a total range from 0.08-0.29
wt% F and 0.06-0.16 wt% Cl, both Cerro San Luis (0.28 wt%
F and 0.16 wt% Cl) and Cerro Seco (0.29 wt% F and 0.16 wt%
Cl) have the highest average halogen contents.
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Figure 2: Backscatter electron (BSE) images of representative anorthoclase and plagioclase textures are shown. Crystals with
inclusions of other minerals in their cores are shown in the left column; homogenous crystals and those with melt inclusions are
shown in the right column (grey scale has been adjusted to better show anorthoclase/plagioclase phenocrysts relative to the
glass or groundmass). Microprobe transects to determine mol% An (core to rim) are shown as white lines, and compositions
are shown in the bottom plots as a function of distance along the traverse. Calcic cores are more commonly seen [A, C, E] but
an instance of a sanidine core was found in Redondo Creek [G]. Black transect lines or boxes indicate orthoclase (and refer to
mol% Or on transect plots). Trace melt inclusions are found in South Mountain [B]; and Banco Bonito is primarily composed of
plagioclase with sieved cores and faceted rims [D]. However, the majority of anorthoclase phenocrysts are homogeneous.
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Table 2: Sample locations and whole rock major and trace element analyses.

Dome* RC CM CA CSR CSL CS SA SM BB
Sample NMVC-4582 CM_1C NMVC 63 CSR_1C  CSL_1 CS_IB NMVC_ 66 SM_1A  BB_IA
Type® LSR HSR HSR HSR HSR HSR LSR HSR LSR
Lat. 35.87774 3592579 3594994  35.95253 3594368 3595318 3593274  35.82411  35.83225
Long. -106.57432 -106.44695 -106.49507 -106.49669 -106.53115 -106.58739 -106.60723 -106.53226 -106.59214
SiOy 75.6 77.1 77.1 77.2 77.0 77.3 73.9 76.5 74.1
TiO, 0.34 0.09 0.09 0.11 0.08 0.08 0.24 0.13 0.29
Al;O4 13.6 125 13.1 12.5 12.8 12.5 13.9 129 134
FeOT 0.87 1.04 0.78 0.94 0.87 0.82 1.71 0.99 1.89
MnO 0.02 0.06 0.06 0.06 0.08 0.08 0.06 0.06 0.06
MgO 0.21 0.05 0.05 0.08 0.04 0.04 0.51 0.12 0.63
CaO 0.87 0.38 0.42 0.45 0.41 0.41 1.23 0.63 1.76
NapO 3.93 4.15 3.64 4.00 3.99 4.02 3.83 3.84 3.72
R,0 453 459 475 4.55 470 478 4.56 4.83 4.06
P,05 0.04 0.02 0.02 0.06 <0.01 0.01 0.06 0.02 0.09
LOI 0.61 0.62 2.6 1.97 2.38 2.99 2.24 1.77 0.68
Total 99.2 98.5 101 99.9 99.9 100 100 101 101
Trace element analyses (ppm)

Rb 103 163 190 184 253 283 136 216 136
Sr 137 4.00 12.0 8.00 3.00 4.00 107 27.0 197
Zr 313 141 98 113 112 108 168 110 131
Ba 961 28 65 39 19 22 431 125 556
Rare earth element analyses (ppm)

La 55.0 50.8 35.5 36.0 28.7 36.5 41.0 38.4 34.3
Ce 102 98.4 71.3 70.9 62.1 77.5 77.9 76.2 61.0
Y 22.0 37.0 44.0 43.0 63.0 62.0 33.0 45.0 22.0
Sc 2.00 2.00 1.00 3.00 2.00 2.00 4.00 3.00 4.00
Pr 10.3 10.7 7.54 7.76 7.07 8.59 8.19 8.23 6.07
Nd 34.0 359 249 26.3 243 30.0 26.9 28.5 20.2
Sm 5.80 7.40 5.70 6.10 6.50 7.70 5.20 6.30 3.80
Eu 0.79 0.22 0.19 0.2 0.08 0.08 0.43 0.23 0.51
Gd 4.30 6.20 5.10 5.40 6.40 7.30 4.30 6.00 3.00
Tb 0.70 1.10 1.00 1.00 1.40 1.50 0.80 1.10 0.50
Dy 410 7.20 6.90 6.80 9.50 10.6 5.10 7.80 3.30
Ho 0.80 1.50 1.50 1.40 2.10 2.30 1.10 1.60 0.70
Er 2.30 4.30 4.50 4.50 6.60 7.30 3.30 5.00 2.30
Tm 0.35 0.66 0.70 0.68 1.05 1.16 0.52 0.81 0.37
Yb 2.30 4.60 490 4.80 7.40 8.10 3.60 5.70 2.80
Lu 0.37 0.71 0.77 0.74 1.16 1.26 0.55 0.90 0.46

*See Table 1 for dome abbreviations. "Type of rhyolite, either low-silica rhyolite (LSR) or high-silica rhyolite (HSR). *LOI - loss

on ignition.

4.4 Anorthoclase and plagioclase

We selected a subset of anorthoclase (defined as feldspar with
Ang_ 59 and Org_y5) and plagioclase (defined as feldspar with
>Anyy and <Org) for microprobe analysis in each sample
(Table 4), except from the obsidian Cerro Del Medio (where
microlites proved too small to analyze) that represented the
textural and compositional diversity observed in the thin
sections and BSE imaging (Figure 2 and Supplementary
Material 3 Figures S3-S5).  The majority of anortho-
clase in all our samples except Banco Bonito are compo-
sitionally homogeneous (i.e. unzoned), subhedral to eu-
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hedral, tabular to blocky, and range in size from 250 pm
to as large as 3 mm (Figure 2 and Supplementary Mate-
rial 3 Figures S3-S4). Banco Bonito contains sieved pla-
gioclase instead of anorthoclase (Figure 2D, Figure 3H, and
Supplementary Material 3 Figure S5). Anorthoclase in some
samples (Cerro Del Abrigo, Cerro Seco, Cerro San Luis, and
South Mountain) often have sanidine crystals on their mar-
gins, either appearing as rims (Figure 2A and E) or a sanidine
growing on a single side of the anorthoclase (Supplementary
Material 3 Figures S3—-S4). In rhyolites from Cerro Del Abrigo,
Cerro Santa Rosa, and Cerro Seco, a very low abundance (i.e.
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Table 3: Analyses of matrix glass normalized to 100 wt%.

Dome* CM 1lo CA 1o CSR 1o CSL 1o CS 1o SA 1o SM 1o BB 1o
Type' HSR HSR HSR HSR HSR LSR HSR LSR

nt 6 10 5 6 6 10 6 6

SiO, 768 026 773 011 772 049 768 010 770 0.1 763 037 772 020 763 0.29
TiO, 0.10 0.02 008 0.03 0.09 003 009 003 005 002 0.5 0.05 008 0.03 021 0.04
Al,O3 127 0.09 123 0.07 124 0.11 124 0.06 125 0.10 129 020 124 0.14 132 0.19
FeOT 083 0.1 078 003 079 006 083 004 082 003 088 0.07 070 0.04 069 0.07
MnO 0.04 0.02 007 0.03 007 003 009 003 010 0.04 004 0.02 008 0.02 004 0.02
MgO 0.04 001 0.04 001 0.03 002 0.03 002 002 002 009 002 005 001 011 0.03
CaO 033 002 038 001 040 002 037 002 037 002 066 006 046 0.03 073 0.01
Na,O 425 006 392 0.03 463 106 427 005 422 007 378 007 392 005 384 0.09
K,0 467 0.04 479 005 409 153 462 005 453 005 490 007 487 006 475 0.07
P,05 0.01 0.02 001 002 001 001 000 002 000 002 002 002 000 0.02 003 0.02
F 0.14 003 0.16 002 017 002 028 002 029 003 014 003 013 001 0.08 0.02
Cl 0.12 001 0.16 001 0.14 001 0.6 001 016 001 0.10 0.01 0.10 0.02 006 0.01
Total® 100 0.16 96.7 032 100 028 969 046 968 026 976 042 975 108 996 0.39
Ang#!! 205 010 240 007 233 026 226 011 228 012 431 042 290 0.17 476 0.07
Mg#q[ 102 123 106 5.17 824 562 750 558 515 525 195 6.24 143 5.10 30.1 10.1
Fe3*/FeT7 0.4 001 013 001 015 000 0.3 000 012 001 014 000 0.15 001 021 001
Fe2+/Mg 8 882 011 838 010 109 002 120 004 180 021 412 001 580 0.08 232 0.04

*See Table 1 for dome abbreviations. "Type of rhyolite, either low-silica rhyolite (LSR) or high-silica rhyolite (HSR). *n - number
of analyses. YAverage total for microprobe glass analyses. !|An# = 100X 0/ (Xan+X ap), Where XAn=64.O(XC,.J,O)(XNZOS)(Xg;ioz)2
and Xap=18.963(Xa,0)%* (Xa1,0,)%> (Xsio,)* [Lange et al. 2009]. TMg# = 100Mg/(Mg+Fe?*) in mole fraction, standard deviation
in Mg# calculated by propagating the highest FeO" and lowest MgO (and lowest FeOT and highest MgO) to show the full range
in Mg#. *o standard deviation for Fe3*/FeT is calculated through using the maximum and minimum temperature and fO,
values, based on o deviation, in the model of Kress and Carmichael [1991] to determine molar Fe3* and Fe?* for the standard
deviation range of conditions. °o standard deviation for Fe?*/Mg is calculated through using the maximum and minimum
temperature and fO, values, based on o deviation, in the model of Kress and Carmichael [1991].

two or three crystals per thin section) of anorthoclase crystals
contain small (10-20 pm) anorthite-rich cores in their interiors
(Figure 2A, C, and E). The anorthite-rich cores either appear
skeletal and have a sharp compositional gradient to the crys-
tal rim (e.g. Figure 2C) or the cores have diffuse margins with
compositions that gradually decrease in An-content to the rim
compositions (Figure 2A). A small percentage of anorthoclase
in the rhyolite from South Mountain contain melt inclusions
(Figure 2B). Most plagioclase crystals in Banco Bonito have
sieved cores with homogeneous, thick (=20pum) rims (Fig-
ure 2D and Supplementary Material 3 Figure S5). The rhyolite
from Redondo Creek is the only sample in this study to con-
tain anorthoclase crystals with a sanidine cores (Figure 2G),
anorthoclase with sanidine rims are also commonly found in
this Redondo Creek sample (Supplementary Material 3 Figure
S3).

Anorthoclase compositions (Table 4) in the Valles Grande
Member range from anorthoclase to oligoclase (Ang_so; Fig-
ure 3). Samples from Cerro San Luis and Cerro Seco have
a narrow range in anorthoclase composition, and primar-
ily contain homogeneous crystals (Figure 2F and Figure 3).
The anorthite-rich cores found in anorthoclase in HSRs Cerro
Del Abrigo, Cerro Santa Rosa, and Cerro Seco (Figure 2A,
C, and Figure 3) are oligoclase-andesine (Anjp_45) and do
not form a continuum with anorthoclase compositions (Fig-
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ure 3). Rhyolites from San Antonio and South Mountain
contain anorthoclase crystals with a wider range in anor-
thite content (anorthoclase-oligoclase Ang 99; Figure 3F-G).
The rhyolite from Banco Bonito contains homogeneous, un-
zoned plagioclase crystals and sieved plagioclase cores that
have thick homogeneous rims (Figure 3H and Supplemen-
tary Material 3 Figure S5). The compositions of sieved
cores range from oligoclase-andesine Anyy_s6 (Figure 3H,
hachure pattern), homogeneous rims and unzoned crystals
range from oligoclase-andesine Any,_34 (Figure 3H, gray pat-
tern).  Anorthoclase and plagioclase crystals in Redondo
Creek range from anorthoclase-oligoclase Anyy_g¢ (Figure 3A).
Though we highlight the range of textures that occur in each
sample, we emphasize that the majority of anorthoclase crys-
tals in all rhyolites except Banco Bonito have minimal zoning
and are commonly euhedral (Supplementary Material 3 Fig-
ures S3-S5). Sample Banco Bonito is the only sample that
commonly features plagioclase with sieve textures and homo-
geneous rims. We report the average anorthoclase or pla-
gioclase rim compositions measured in each sample (i.e. the
average composition of anorthoclase or plagioclase in contact
with the glass) in Table 4; all analyses of anorthoclase and pla-
gioclase, including An-rich plagioclase in cores, can be found
in Supplementary Material 2 Table S4 and their corresponding
BSE images are in Supplementary Material 3 Figures S3-S5.
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Figure 3: Histograms of all anorthoclase/plagioclase (grey, mol% An) and sanidine (black, mol% Or) analyses for the post-
collapse rhyolites. Trace anorthoclase crystals with calcic cores are shown in white, and sieved plagioclase cores are shown
with a hachure pattern (mol% An, see text for discussion). LigAn# (g) = glass An#, see Table 3 for definition and calculation of
An#.
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Table 4: Analyses of anorthoclase and plagioclase rims with H,0 contents from plagioclase-hygrometry.

Dome* RC 20 CA 20 CSR 20 CSL 20 CS 20 SA 20 SM 20 BB 20
n' 9 8 7 6 7 7 12 8
SiO, 641 139 655 145 648 111 661 092 663 070 641 211 645 510 633 4.21
Al,O3 218 203 21.2 144 206 040 204 036 21.1 036 216 118 21.0 355 229 272
FeOT 022 009 012 005 015 008 0.7 007 019 006 0.8 006 015 021 019 0.05
MnO 000 0.02 0.00 002 001 003 000 001 003 003 001 002 001 004 001 0.02
MgO 0.00 0.03 0.00 001 000 006 001 002 000 002 001 002 000 003 001 001
CaO 298 184 186 039 165 057 175 013 165 029 268 125 169 124 444 154
Na,O 852 182 933 019 907 048 937 026 959 0.3 898 090 675 193 816 054
K,0 211 361 187 029 195 039 173 024 183 035 153 013 538 107 120 046
Total 99.7 133 999 127 981 202 996 145 101 0.77 990 265 994 194 100 0.34
Cation normalization on the basis of 8 oxygens

Si 288 008 290 006 291 001 293 001 291 002 286 005 290 018 280 0.16
AL(IV) 115 000 110 007 109 002 107 001 109 002 114 005 111 020 119 0.15
Fe3* (IV) 001 010 000 000 001 000 001 000 00t 000 001 000 001 001 001 0.0
Mn 0.00 0.0 0.0 0.00 0.00 0.00 000 000 000 000 000 000 000 000 0.0 0.00
Mg 0.00 0.0 0.0 0.00 0.0 000 0.00 000 000 000 000 000 000 0.0 0.00 0.00
Ca 0.14 000 0.09 002 008 003 008 001 008 001 013 006 008 006 021 0.08
Na 0.74 009 080 001 079 000 000 000 082 001 078 007 059 000 070 0.00
K 012 0.5 011 002 011 003 080 001 010 002 009 001 014 0.17 007 0.05
No. cations 504 004 500 002 498 002 010 001 500 001 500 002 483 022 498 0.09
An(mol%) 14 86 9 18 8 24 8 08 8 14 13 61 10 56 22 60
Ab(mol%) 74 14 80 07 81 06 8 04 82 07 78 67 73 42 71 33
Or(mol%) 12 22 11 17 11 23 10 11 10 19 9 08 17 63 7 32
H,00% (wtd%)* 5.0 5.2 48 5.4 46 54 49
Py,0°% (MPa)® 142 149 130 165 124 165 139

H, 0PI (y5t9)!! 5.1 6.0 5.8 59 5.6 5.0 37
Py, (MPa)T 148 184 187 194 178 142 86
H,OCPX (wt%)* 36 46
Py,0°"X (MPa)° 82 124

*See Table 1 for dome abbreviations. "n - number of analyses. *Calculated from plagioclase hygrometry using Fe-Ti oxide
temperature [Ghiorso and Evans 2008] and glass composition. $Calculated at Fe-Ti oxide temperature, using the volatile
solubility model of Ghiorso and Gualda [2015] in lacovino et al. [2021]. ICalculated from plagioclase hygrometry using
hornblende temperature [Putirka 2016] and glass composition. 1Calculated at hornblende temperature, using the volatile
solubility model of Ghiorso and Gualda [2015] in lacovino et al. [2021]. *Calculated from plagioclase hygrometry using
clinopyroxene temperature [Putirka 2008] and glass composition. ¢Calculated at clinopyroxene temperature, using the volatile
solubility model of Ghiorso and Gualda [2015] in lacovino et al. [2021].

4.5 Sanidine

We selected sanidine crystals from Redondo Creek, Cerro
Del Abrigo, Cerro Santa Rosa, Cerro San Luis, Cerro Seco,
San Antonio, and South Mountain that represented the textu-
ral and compositional diversity observed in thin section and
with BSE imaging for each post-collapse rhyolite (Table 5).
Sanidine crystals in the post-collapse rhyolites are typically
250 um to 2mm in size, blocky, unzoned, and subhedral to
euhedral (Figure 4 and Supplementary Material 3 Figures S6—
S7).  The majority of sanidine crystals are compositionally
homogeneous, but some (ie. <15% of all sanidine crystals)
feature mineral inclusions (e.g. quartz and anorthoclase; Fig-
ure 4C and E) or melt inclusions (Figure 4B and D). There is
no apparent correlation between sanidine composition and the
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presence of melt inclusions, with individual crystals showing
<5 mol% variation in orthoclase (Figures 3 and 4 and Table 5).
In the Valle Grande rhyolites, Cerro Del Abrigo, Cerro Santa
Rosa, Cerro San Luis, Cerro Seco, San Antonio, and South
Mountain (Figure 3B-G and Figure 4B-F), there is little varia-
tion in sanidine composition and orthoclase content typically
varies <10 mol% for any individual rhyolite (Figures 3 and 4
and Table 5). Redondo Creek again is notable in that it con-
tains sanidine crystals with oligoclase cores (e.g. Figure 4A)
and the widest range of orthoclase (Or3g_sg; Figure 3A) in the
post-collapse rhyolites. All sanidine analyses are provided in
Supplementary Material 2 Table S5 and accompanying BSE
images are in Supplementary Material 3 Figures S6-S7.
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Table 5: Analyses of sanidine rims.

Dome* RC 200 CA 20 CSR 200 CSL 20 CS 20 SA 20 SM 20
n' 8 8 5 5 7 6 4

SiOy 663 210 653 1.05 645 156 670 057 665 058 681 109 644 292
Al,O3 179 122 194 179 186 025 189 027 194 028 171 054 183 0.82
FeOT 0.16 002 014 004 015 003 012 002 010 002 023 009 0.12 0.02
MnO 0.00 0.02 000 002 000 002 003 001 001 003 000 003 003 0.03
MgO 000 002 000 002 000 000 000 002 000 001 002 002 000 0.00
CaO 028 0.10 026 0.09 0.19 002 032 005 024 004 034 011 020 0.04
NayO 441 063 493 065 495 028 561 019 530 017 470 064 430 031
K,O 983 1.00 994 121 976 040 863 0.17 890 023 843 151 106 087
Total 989 247 100 1.74 982 159 100 065 101 080 99.0 051 98.0 457
Cation normalization on the basis of 8 oxygens

Si 303 005 296 007 298 002 300 001 298 001 308 003 299 002
AL(IV) 096 101 104 009 1.01 002 100 001 102 001 091 003 100 0.01
Fe3* (IV) 001 107 001 000 001 000 000 000 0.00 000 001 000 000 0.00
Mn 0.00 0.01 0.00 0.00 000 0.00 000 0.00 0.00 0.00 0.00 000 000 0.00
Mg 0.00 0.00 0.0 0.00 000 0.00 000 0.00 000 000 0.00 000 000 0.00
Ca 001 002 001 000 001 000 002 000 001 000 0.02 001 001 0.00
Na 039 043 043 006 044 002 049 002 046 001 041 006 039 0.01
R 057 0.08 057 007 057 003 049 001 051 001 049 0.09 063 0.04
No. cations 497 0.03 5.02 0.04 502 002 499 001 499 000 491 005 502 003
An (mol%) 1 05 1 04 1 01 1 02 1 02 2 06 1 03
Ab (mol%) 40 55 42 63 43 23 49 12 47 13 45 67 38 15
Or (mol%) 59 56 57 6.2 56 25 50 1.3 52 15 53 73 61 1.8

*See Table 1 for dome abbreviations. "n - number of analyses.

4.6 Fe-Tioxides

We analyzed titanomagnetite-ilmenite pairs and individual
crystals, avoiding crystals that exhibited exsolution lamel-
lae or oxidation. Titanomagnetites range in size from 25—
200pm, and ilmenites typically range in size between 20—
50 pm, though we observed a few magnetite crystals that were
larger (~75 pm) in the HSR from Santa Rosa. Ilmenite and ti-
tanomagnetite crystals are anhedral to subhedral and range in
habit from rounded to blocky. Titanomagnetite and ilmenite
compositions have a narrow range in composition in individ-
ual samples, spanning <2.13 mol% ulvospinel for 7 analyses
and <1.63 mol% ilmenite out of 10 analyses, respectively (Ta-
ble 6); all analyses are provided in Supplementary Material
2 Table Se.

4.7 Mafic silicates

We observed biotite phenocrysts in all of the post-collapse
rhyolites, the obsidian Cerro Del Medio contains small
(<10pm) biotite crystals in the groundmass that were too
minute to analyze. We targeted biotite grains large enough
to yield reasonable analyses (i.e. crystals >10 pm that did not
show significant separation between crystallographic planes).
Biotite crystal textures range from euhedral and tabular to
subhedral, with intergrown Fe-Ti oxides found in all textures
(Figure 5A and C). Biotites range in size from 25-1000 pm,
Cerro Santa Rosa contains the full range of biotite crystal size,
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while all other samples have biotite that ranges from 25—
500 pm. The Mg#s for biotites range from 46.7 to 66.2, where
Mg#=100X\g0/(XFe0+XMg0), when all iron (i.e. Fel = Fe3*
+ Fe?*) is calculated as ferrous iron (Table 7); there is no cor-
relation between biotite texture, size, or composition. We use
the model of Li et al. [2020] to determine the Fe*/Fe in bi-
otites from the post-collapse rhyolites (0.29-0.34; Table 7) to
determine Mg#, based on ferrous iron only. When Mg# of bi-
otites are re-calculated on the basis of ferrous iron only, they
increase to 54.6—74.7 (Table 7); all biotite analyses are pro-
vided in Supplementary Material 2 Table S7.

We analyzed hornblende crystals in each sample, where
hornblende abundance varied from trace abundances (i.e. two
to three crystals per thin section in the HSRs, as in Cerro San
Luis) to >1% of the mode in the Banco Bonito (Supplemen-
tary Material 3 Figure 11). We selected hornblende crystals for
analysis that were as representative as possible throughout
each sample, based on appearance under petrographic mi-
croscopes and BSE imaging. For the rhyolites that contained
limited hornblende (i.e. Redondo Creek, Cerro San Luis, and
San Antonio; Table 8), we assume the hornblendes we ana-
lyzed have representative compositions for our thin sections
but note there may be greater variation in the natural sample.
Hornblendes range from euhedral and faceted with diamond-
shapes (Figure 5B and H), to subhedral and blocky (Fig-
ure 5D). Hornblende crystals are typically 25-50 pm, though
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Figure 4: Backscatter electron images of representative sanidine textures found in the rhyolites are shown (grey scale has been
adjusted to better show sanidine phenocrysts relative to the glass or groundmass). Microprobe transects to determine mol%
Or (core to rim) are shown as white lines and compositions are shown in the bottom plots as a function of distance along the
traverse. Sections of the traverses that correspond to anorthoclase (i.e. Redondo Creek [A], San Antonio [C], and Cerro Santa
Rosa [E]) are shown in black and noted with a box in the traverse. Melt inclusions are found in San Antonio [B] and South Mountain
[D]. The majority of the sanidine crystals in all samples are homogeneous (e.g. Cerro San Luis [F]).

trace hornblende that exceed 400 pm are found in Cerro Del
Abrigo, Cerro Seco, San Antonio, and Banco Bonito (Figure 5D
and H). Hornblende Mg#s from all the rhyolites range from
44.3 to 68.7, when all iron is considered to be ferrous (Table 8)
and there is no correlation between Mg#s and crystal sizes;
all analyses are provided in Supplementary Material 2 Table
S8. The Fe3*/Fel in hornblendes in the post-caldera rhyo-
lites is between 0.08-0.10 for all samples (Table 8) based on
stoichiometric calculations using the model of Putirka [2016].
The Mg#s in hornblendes increase slightly and range from
46.8 to 70.6 (Table 8), when calculated on the basis of ferrous
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iron only instead of total iron. Hornblende in all the sam-
ples, except Banco Bonito, span a narrow range in X a1, Xj,
and Xnj on the basis of 23 oxygen (Supplementary Material
3 Figure S8). Hornblende in Banco Bonito is heterogeneous
with respect to X o1, XTj, and X\, and has two to three times
the variation seen the other rhyolites (Supplementary Material
3 Figure S8).

The LSRs from Redondo Creek, San Antonio, and Banco
Bonito contained trace pyroxenes (Table 1), which were an-
alyzed when they were observed (Table 9); all pyroxene
analyses are provided in Supplementary Material 3 Table S9.
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Table 6: Average magnetite-ilmenite pair analyses, temperatures, and oxygen fugacities.

Dome* RC 20 CM 20 CA 20 CSR 20 CSL 20 CS 20 SA 20 SM 20 BB 20
Ilmenite

n' 2 4 5 1 3 2 1 4 10

SiO, 0.07 0.04 0.03 003 0.05 004 027 - 006 005 0.02 000 021 - 006 0.04 0.04 0.04
TiO, 447 031 458 047 456 049 447 - 452 015 454 003 457 - 450 049 384 0.6
Al,O3 0.12 0.06 0.02 002 005 0.03 004 - 0.04 002 003 003 015 - 006 0.03 025 020
Fe, O3 142 057 119 068 121 068 145 - 123 025 113 0.14 119 - 133 051 277 155
FeO 374 058 383 072 360 039 356 - 352 0.29 352 0.14 362 - 359 071 305 1.22
Cr,O3 000 000 0.00 0.00 000 0.01 000 - 0.01 003 0.01 001 001 - 000 001 0.01 0.05
MnO 1.37 0.00 227 023 385 040 362 - 479 018 490 008 183 - 351 013 1.03 0.15
MgO 095 0.11 060 005 093 005 092 - 059 005 058 003 271 - 094 0.05 191 025
CaO 0.03 0.00 0.03 003 0.10 007 024 - 001 002 003 001 003 - 001 0.05 0.03 0.05
Total 98.7 0.11 990 032 986 058 999 - 982 061 976 008 987 - 987 0.68 99.9 047
Xilm 813 0.82 824 131 780 065 764 - 764 013 770 023 787 - 776 0.88 67.0 163
Magnetite

n' 2 5 3 6 5 7 4 3 6

SiO, 0.09 0.02 0.09 005 009 0.06 011 006 0.11 0.04 010 003 0.10 0.04 0.09 0.02 0.07 0.04
TiO, 726 072 9.02 058 855 044 7.72 0.15 882 0.09 843 0.76 830 0.19 726 0.72 593 041
Al,O3 086 0.01 078 005 0.73 0.07 070 0.05 065 0.04 066 010 134 0.11 086 0.01 144 0.09
Fe, O3 52.7 125 508 131 51.1 094 540 056 500 041 505 134 50.8 027 527 125 555 1.73
FeO 352 058 380 031 363 054 365 033 364 023 356 121 363 034 352 058 337 0.27
Cr,O3 002 003 000 0.02 0.01 0.01 0.1 0.01 0.00 0.00 0.01 0.04 0.03 0.01 0.02 0.03 0.05 0.07
MnO 159 0.16 123 0.19 184 0.11 156 004 216 005 250 053 081 0.04 159 0.16 0.87 0.05
MgO 039 0.01 034 005 049 002 035 0.02 024 005 021 012 1.08 0.11 039 0.01 1.18 0.09
CaO 0.02 0.03 0.00 0.02 0.03 001 005 0.06 000 0.01 001 002 0.04 0.03 002 0.03 0.03 0.03
Total 982 0.13 100 029 994 0.21 101 0.55 984 057 98.0 059 99.2 036 982 0.13 988 144
Xulv 272 078 256 168 245 128 218 046 256 023 246 213 236 047 211 206 170 1.36
T ("C)iE 824 12 772 23 763 14 764 4 771 3 750 19 782 5 746 19 790 19
ANNO* 04 00 02 01 01 01 04 00 00 00 -01 01 03 00 04 01 13 0.1

*See Table 1 for dome abbreviations. "n - number of analyses.

Temperature and ANNO are average (+2c) from all possible

pairings of ilmenite and magnetite analyses using the model of Ghiorso and Evans [2008].

Both clinopyroxenes and orthopyroxenes are typically 20—
100 pm. Orthopyroxenes are primarily anhedral in shape in
Redondo Creek, while in San Antonio and Banco Bonito both
orthopyroxenes and clinopyroxenes range from anhedral (Fig-
ure 5G) to euhedral and elongate (Figure 5E). The orthopyrox-
ene Mg#s range from 59.7-71.3, when all iron is calculated as
ferrous. We estimate the orthopyroxenes have Fe3*/FeT that
ranges from 0.03-0.06 based on the method of Droop [1987].
Clinopyroxenes in San Antonio and Banco Bonito vary from
Mg# 62.9 to 72.7 when all iron is calculated as ferrous. The
Fe3*/Fe in the clinopyroxenes range from 0.03-0.12 when
applying the method of Droop [1987], and clinopyroxene Mg#s
increase to 69.1 in San Antonio and 74.5 in Banco Bonito when
calculated using ferrous iron only (Table 9).

5 DIScussION

Our objective in this study is to determine the changes to
the storage conditions (temperature, oxygen fugacity, HyO
contents, and pressure) that occurred following the volu-
minous eruption of the UBT in the post-caldera rhyolites
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at Valles Caldera by applying established model thermome-
ters [e.g. Ghiorso and Evans 2008; Putirka 2008; 2016,
hygrometers [Waters and Lange 2015), and barometers [Mutch
et al. 2016; Tacovino et al. 2021] to minerals and glass compo-
sitions. However, before we can apply these models, we first
evaluate if the minerals in the rhyolites are in textural and
chemical equilibrium and, therefore, represent the magmatic
storage conditions. In general, the rhyolites are crystal-rich
(13.3-28.5 vol% crystals), and so we discount the use of whole-
rock compositions as representative liquid compositions in the
event that a sample has a large xenocrystic load that could al-
ter a whole rock composition. Instead, we utilize the composi-
tions of matrix glass and mineral rims to evaluate mineral-melt
equilibrium (Figure 6).

The first step to evaluating mineral-melt equilibrium in the
rhyolites requires an initial evaluation of Fe-Ti oxide equilib-
rium, then solving for their temperatures and oxygen fugac-
ities, and finally evaluating Fe-Mg equilibrium in mafic sil-
icates. The temperatures and fO, values recorded by Fe-Ti
oxides in each sample are required to determine the melt Fe>*
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Table 7: Average biotite compositions, Mg#s, and FeMIKj values.

Dome* RC 20 CA 20 CSR 200 CSL 20 CS 20 SA 20 SM 20 BB 20
n' 23 8 4 4 2 9 13 5
SiO, 375 1.19 380 081 371 216 375 138 411 150 376 050 370 0.84 379 0.33
TiO, 503 042 383 023 408 042 323 031 273 045 405 0.16 392 0.17 484 0.38
Al,O3 130 055 126 128 129 043 128 210 139 269 128 034 127 060 136 0.33
FeOT 185 1.09 200 112 207 145 204 237 176 181 212 043 199 081 143 0.36
MnO 0.28 0.06 060 0.08 062 011 084 014 060 011 056 004 062 005 020 0.03
MgO 126 059 116 126 114 056 982 096 828 098 115 031 115 068 157 0.35
CaO 0.02 0.02 0.07 009 004 0.06 005 005 044 0.11 0.02 003 0.04 0.03 005 0.06
Na,O 062 0.05 051 017 048 0.11 046 013 0.18 0.01 044 003 055 0.05 073 0.06
K,0 882 023 854 120 854 041 807 087 515 130 899 030 892 031 876 027
F 1.06 065 146 013 135 013 193 027 158 006 129 008 163 030 087 056
Cl 0.12 0.03 0.18 0.03 0.19 0.06 017 0.02 014 0.03 017 0.01 017 0.02 0.09 0.02
Total 976 153 973 240 100 0.82 980 137 930 033 986 071 970 138 97.0 0.67
Fe3*/FeT® 029 004 033 006 033 002 030 006 033 003 031 001 031 002 034 006
Cations calculated using Li et al. [2020]
Si (IV) 287 005 292 006 287 008 294 0.13 312 027 289 0.16 288 0.04 286 0.04
AL(IV) 094 0.08 081 0.14 086 0.06 080 0.10 0.72 012 084 0.07 087 005 1.03 0.17
Fe3+(VI) 0.19 0.06 0.26 0.10 0.27 0.03 026 0.07 016 015 027 010 025 003 011 0.13
Al (V) 024 0.08 033 011 031 0.03 038 015 052 024 031 0.17 030 0.03 017 0.11
Mg (VI) 147 006 138 0.15 138 007 123 020 091 048 136 035 140 007 177 0.29
Fe2* (V) 084 0.09 085 007 089 0.05 094 005 075 028 093 014 091 0.08 060 0.29
Fe3+ (V) 0.16 0.05 0.17 003 0.18 0.03 0.14 007 020 0.06 016 005 0.14 0.03 019 0.08
Ti (VI) 028 0.05 022 006 023 0.02 020 005 0.18 0.02 023 004 023 0.01 027 0.04
Mn (VI) 0.02 0.01 0.04 002 004 0.01 006 001 0.04 003 004 000 0.04 000 001 0.02
K 0.83 0.02 0.81 0.08 081 0.04 080 0.06 059 029 084 019 085 0.03 082 0.04
Na 0.09 0.03 0.08 0.03 0.07 0.02 0.07 0.02 0.03 008 0.07 003 008 001 011 0.02
Ca 0.00 0.00 0.01 001 0.00 0.00 000 000 004 0.04 000 002 0.00 0.00 000 0.00
Calculated using all iron as ferrous iron
Fe/MeX ]S 0.80 0.10 093 009 094 008 1.07 006 1.14 0.5 103 0.19 093 008 051 0.02
Mg# 554 337 519 241 516 200 482 142 467 323 494 421 519 221 662 1.1
Fe/MgKD 0.11 001 0.08 001 009 001 006 001 025 004 0.16 001 0.22 0.01
Calculated using ferrous iron only
Fe/MexX ]S 057 005 062 008 065 005 076 005 083 0.12 068 004 065 040 034 0.01
Mg# 63.7 218 618 295 60.7 193 567 159 546 366 595 123 606 305 747 047
Fe/Mey 007 001 006 000 006 000 004 001 017 001 011 007 015 0.00

*See Table 1 for dome abbreviations. Tn — number of analyses. *Fe3*/FeT, Fe?*, and Fe?* calculated using the machine
learning approach of Li et al. [2020]. § F&/M3X-tal is the ratio of Fe/Mg in the crystal, the same is true in the following tables.

content in the expression for the Fe?*-Mg exchange constant
(Fe-M8K ) between the ratio of X2+ to Xy, in mafic miner-
als [(X g2+ /X Mg)™¢"l5] and the ratio of Xpe2+ to Xy in the
melt [(X e+ [Xmg) ™)

FC—MQHD — (XF62+ /XMg)mlnera] (1)

(XFeZ* /XMg)melt
We incorporate the temperature and values of fO, From
Fe-Ti oxide geothermobarometry [Ghiorso and Evans 2008]
and the matrix glass compositions (Table 3) into the empiri-
cally calibrated model of Kress and Carmichael [1991], which
determines Fe3*/Fe?*, Fe?* /Mg, and Mg# in silicate melts. We
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use the melt Fe?* /Mg values to calculate the F*M2Kp between
mafic silicate minerals and melt (Equation 1). An assumption
inherent to utilizing the oxygen fugacity derived from Fe-Ti
oxides in the calculation of the F¢MEKp, values is that the Fe-
Ti oxides provide accurate records of both the temperature
and fO, at the time the mafic silicates crystallized.

Following assessment of equilibrium for each silicate min-
eral, we apply models from the literature to the mineral com-
positions to determine the pre-eruptive conditions recorded
by each phase. We compare our results to the storage con-
ditions of the UBT to understand how magmatism changed
following the last caldera-forming eruption.
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Figure 5: Backscatter electron images of biotite, hornblende, and orthopyroxene phenocrysts are shown to represent textures
across the samples. Biotites typically range in size from medium laths ([A] South Mountain), to slightly larger crystals (>50 um)
([C] Cerro Santa Rosa) intergrown with magngetite-ilmenite pairs. Hornblendes are typically small <50 um and faceted ([B]
Redondo Creek and [F] Cerro Seco), but occasional larger >400 um crystals are present as well ([D] Cerro Del Abrigo and [H]
Banco Bonito). Orthopyroxene crystals are typically small, elongate, and euhedral ([E] San Antonio), or small and anhedral ([G]

Banco Bonito).

5.1 Fe-Tioxides: equilibrium tests, geothermobarometry, and

calculation of glass Mg#s

We use the Mg-Mn equilibrium exchange between titano-
magnetite and ilmenite criteria of Bacon and Hirschmann
[1988] to exclude pairs of ilmenite and titanomagnetite that
are not in equilibrium with each other. We calculate tem-
peratures and oxygen fugacity by incorporating pairings of
titanomagnetite-ilmenite compositions in each sample (Ta-
ble 6) that pass the Bacon and Hirschmann [1988] equilib-
rium test (Supplementary Material 3 Figure S9) into the two
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Fe-Ti oxide geothermometer and oxygen barometer models
of Ghiorso and Evans [2008]. Temperatures (+20, where
the standard deviation reflects the range of crystal composi-
tions; Table 6) range from 746 + 19°C to 824 + 12°C (Ta-
ble 6 and Figure 7A). Oxygen fugacity, reported as ANNO,
ranges from —-0.1 + 0.1 to +1.3 + 0.1 (Table 6). The
reported +20 values for Fe3*/FeT, Fe?*/Mg, and Mg# re-
ported in Table 3 are determined by propagating the aver-
age and +20 range of temperatures and fO, values recorded
by Fe-Ti oxides through the model of Kress and Carmichael
[1991].
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Table 8: Average hornblende compositions, Mg#, MIK;, values, temperatures, and pressures.

Dome* RC 20 CA 20 CSR 20 CSL 20 CS 20 SA 20 SM 20 BB 20
n' 4 16 7 4 22 2 12 30
SiOy 48.1 1.04 476 098 46.1 236 454 086 458 092 46.1 040 465 167 470 3.10
TiO, 1.27 0.05 113 0.14 103 0.09 1.07 008 1.06 0.13 1.08 0.06 126 025 160 0.66
Al,O3 548 0.31 542 036 557 034 582 048 570 064 577 037 6.11 050 7.62 249
FeOT 157 042 166 178 194 229 209 07 211 087 189 037 183 135 124 1.37
MnO 069 0.03 1.14 029 1.70 053 190 009 197 0.14 149 0.10 122 013 049 0.25
MgO 139 063 126 1.11 108 233 930 0.18 946 054 115 024 113 076 153 140
CaO 106 029 107 025 100 0.72 984 036 979 020 997 001 106 033 11.2 046
Na,O 159 0.03 174 0.07 193 027 203 011 201 010 171 0.08 184 0.17 1.71 045
R,0O 055 0.03 059 007 068 011 073 011 070 0.13 068 0.04 069 0.07 064 0.23
F 059 0.03 093 006 116 075 1.14 007 1.15 0.08 0.78 0.04 101 0.19 050 0.10
Cl 0.08 0.02 0.08 002 011 0.01 0.12 002 012 0.03 0.10 0.01 009 0.01 0.04 0.02
Total 966 150 986 072 986 149 982 101 989 081 981 0.71 988 0.75 985 0.92
Cations calculated using Putirka [2016]
Si (IV) 709 0.10 7.12 008 705 0.09 7.02 008 704 011 7.02 009 702 014 6.85 0.38
AL (IV) 091 0.10 0.88 0.08 09 0.09 098 008 09 0.11 098 0.09 098 013 1.15 0.38
Al(VI) 0.08 0.04 0.08 005 005 003 0.09 006 008 005 0.06 003 011 008 017 0.16
Fe3* (VD) 0.18 0.01 020 0.02 0.24 004 027 002 027 0.02 023 0.00 022 0.02 013 0.02
Ti (V) 0.14 0.01 013 002 0.12 001 0.12 0.01 0.12 0.02 012 0.01 013 0.09 0.18 0.07
Mg (VI) 3.04 0.12 281 023 246 043 215 0.05 217 012 262 0.04 254 0.14 334 0.28
Fe?+ (VD) 156 0.08 178 0.22 213 039 238 009 236 010 197 0.02 200 021 119 0.19
Fe?+ (excess) 022 0.03 0.1 002 012 0.06 006 002 0.08 003 020 006 008 003 0.20 0.09
Mn (excess) 0.09 000 0.14 004 022 008 025 001 026 002 019 001 0.16 002 0.06 0.03
Ca 1.69 0.02 171 004 164 006 163 005 161 0.04 161 0.05 171 005 1.73 0.08
Na 0.01 0.01 0.04 004 002 004 006 005 005 004 0.01 000 005 0.04 0.01 0.11
Fe3* /FeT 0.09 0.01 0.10 0.00 0.10 0.01 0.10 000 0.10 0.01 0.09 0.00 0.10 0.00 0.08 0.01
Calculated using all iron as ferrous iron
Fe/MeX_ta] 064 0.05 074 0.15 1.02 033 126 0.07 1.13 010 092 0.00 091 0.13 046 0.08
Mg# 609 2.02 575 476 497 827 443 129 444 217 521 0.03 524 338 687 3.88
Fe/Mag 009 003 009 004 0.10 003 006 001 022 004 0.5 005 020 0.07
Calculated using ferrous iron only
Fe/MgX _tal 034 0.03 067 013 092 030 1.13 006 125 0.11 0.83 0.00 082 011 042 0.08
Mg# 63.2 212 599 471 523 828 468 128 470 221 546 0.05 549 339 706 3.82
Fe/Mgg, 0.08 0.02 0.08 003 0.09 0.00 0.07 001 020 0.00 0.14 0.02 0.18 0.03
T (°C)i 757 15 744 9 738 14 733 20 748 12 761 16 835 67
P (MPa)§ 179 31 173 16 183 22 196 17 191 26 154 70 203 22 271 127

*See Table 1 for dome abbreviations. "n - number of analyses. ¥Temperature calculated using the Putirka [2016] model.

$Pressure calculated using the Mutch et al. [2016] model.

5.2 Equilibrium tests for silicates

We use the average Mg#s and Fe?* /Mg ratios from the glasses
(Table 3) and the Xp.2./Xyiq for biotites, hornblendes, and
pyroxenes determined by incorporating our mineral analy-
ses into stoichiometric models in the literature [Droop 1987,
Putirka 2008; 2016; Li et al. 2020, Tables 7, 8 and 9] to cal-
culate the *M2Kp values for the mafic silicates. Though
Fe-MeK 5 values typically provide a reasonable estimate of
mineral phase equilibrium, propagation of standard deviations
of vanishingly small MgO contents measured in glasses via
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microprobe (Table 3) can result in a large range of Fe?*/Mg
ratios, and, as a result, can lead to large variations in Fe‘MgKD
values associated with a given mineral Fe?*/Mg. We carry out
the calculations of the FM2Kp values for mafic silicates (pre-
sented in Tables 7, 8 and 9) but note that the large errors are a
consequence of the low MgO contents (and associated errors)
in glasses in the natural samples, rendering this test of equi-
librium only somewhat useful, compared to its application in
mafic liquids. We consider the crystals to be in equilibrium
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Table 9: Average pyroxene compositions, Mg#, *©M3K;) values, and temperatures.

Dome* RC 20 ©SA 20 SA 20 BB 20 BB 20
Phase Opx Opx Cpx Opx Cpx

nf 1 9 3 12 2

SiO, 5.0 - 536 155 487 193 538 106 535 078
TiO, 028 - 024 016 082 031 017 009 0.19 001
Al,O5 111 - 211 143 427 055 106 131 056 025
FeOT 247 - 165 836 111 456 187 350 925 1.20
MnO 137 - 046 049 031 014 093 077 050 001
MgO 204 - 259 495 140 348 250 3.04 151 0.16
CaO 118 - 172 110 187 045 1.10 038 209 1.00
Nay,O 004 - 003 004 046 031 000 008 032 006
K,0 000 - 002 002 007 007 000 003 000 0.00
Total 100 - 101 110 985 1.04 101 182 100 0.14
Cations calculated using Putirka [2008]

Si 194 - 194 004 186 004 194 004 199 001
Al (IV) 006 - 006 004 014 004 006 004 001 001
Al (VI) 000 - 003 003 005 001 001 002 001 001
Fe3*(VI) 009 - 003 005 012 009 006 006 002 003
Ti (VI) 001 - 001 000 002 001 001 000 001 000
Mg (VI) 116 - 141 025 080 018 141 013 084 001
Fe>* (VI) 069 - 045 029 024 015 046 011 026 003
Mn 004 - 001 002 001 000 002 002 002 0.00
Ca 005 - 007 004 076 003 005 001 083 003
Na 000 - 000 000 003 002 000 001 002 0.00
K 000 - 000 000 000 000 000 000 000 000
Total 404 - 401 002 404 003 402 002 401 002
Fe3*/FelT 005 - 003 004 012 009 006 005 003 004
Calculated using all iron as ferrous iron

Fe/MeX_tal 067 - 041 024 061 041 037 012 038 009
Mg# 59.7 - 713 119 629 174 706 503 727 479
Fe/Mey - - 010 005 015 009 016 005 0.16 003
Calculated using ferrous iron only

Fe/MeX tal 059 - 037 025 046 028 042 010 034 004
Mg# 62.7 - 737 135 691 139 729 610 745 2.28
Fe/Mey o - - 009 002 011 003 018 004 015 0.01
T (°C)* 823 10 799 5

*See Table 1 for dome abbreviations. n - number of analyses. * Temperature calculated using the Putirka [2008] model (eq.
33 from their study) and average H,0 contents, based on the average Fe-Ti oxide and hornblende temperatures (Tables 6 and 8

and Figure 7A).

with the glasses when the Mg#s and F*M2Kp, values of mafic
silicates and glasses overlap with experimental results.

Biotites from the post-collapse rhyolites have Mg#s from
54.6-74.7 and FeMeKp values of 0.05-0.17 (Table 7), which
overlap with the experimental dataset in which biotites have
Mg#s that range from 27-88 and F*MeKp values of 0.05-0.30
[Supplementary Material 3 Figure S10; Icenhower and London
1995; Righter and Carmichael 1996; Lukkari and Holtz 2007;
Mutch et al. 2016].

Hornblendes from the post-collapse rhyolites have Mg#s
from 46.8-70.6 and F¢MEKp values of 0.06-0.20, and over-
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lap in Mg# with crystals grown in experiments [Sato 2005;
Tomiya et al. 2010; Mutch et al. 2016] that have Mg#s that
range from 35-78 and F*MeKp values of 0.09-0.40 (Fig-
ure 6A). Hornblende in the rhyolite from Banco Bonito have
variations in Ti, Al, and Na between analyses that are not
detectable in BSE (Figure 5 and Supplementary Material 3 Fig-
ure S8). There is no consistent variation in Ti, Al, and Na con-
tents with size. For example, hornblende microlites are typ-
ically assumed to grow during late-stage crystallization from
the melt; however, the aggregate set of electron microprobe
analyses on microlites show they have compositions that re-
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Figure 6: Mg# in the melt shown relative to Mg# in [A] hornblende and [B] pyroxenes. Contours of F¢MIK; values are shown
as a function of melt and crystal Mg#. Error bars for Mg# in the melt are calculated by propagating the entire range of Fe-Ti
oxide temperatures and oxygen fugacities with the range of Mg0 and FeO" measured in glass analyses through the model of
Kress and Carmichael [1991] to obtain the largest possible range of Mg#. Experimental values (gray diamonds) come from the
literature [Gardner et al. 1995; Martel et al. 1998; Scaillet and Evans 1999; Pichavant et al. 2002; Grove et al. 2003; Villiger et al.
2006; Andujar et al. 2008; Pietranik et al. 2009; Tomiya et al. 2010; Almeev et al. 2013; Blatter et al. 2013; Rader and Larsen
2013; Waters and Lange 2017]. [C] The mol% An in anorthoclase measured in anorthoclase and plagioclase rims (gray circles),
calcic plagioclase compositions measured in the interior of anorthoclase crystals (gray crosses), and sieved plagioclase cores
(white) are shown as a function of the An# of the glass. rhyolite-MELTS predicted plagioclase-glass composition pairs are
shown for LSR glasses (stippled field) and HSR glasses (gray field). The experimental values (gray diamonds) are taken from
the literature [Grove et al. 1982; Juster et al. 1989; Grove et al. 1997; Blatter and Carmichael 20071; Brugger et al. 2003; Couch
et al. 2003; Martel and Schmidt 2003; Larsen 2006; Tomiya et al. 2010; Martel 2012; Castro et al. 2013; Waters and Lange 2015;
Marxer and Ulmer 2019]. [D] The mol% Or in sanidine measured in sanidine rims (gray circles) are shown as a function of Or#
of the glass. rhyolite-MELTS predicted sanidine-glass composition pairs are shown for both LSR and HSR glasses (stippled
area). The experimental values (gray diamonds) are taken from the literature [Scaillet 2003; Harms et al. 2004; Gerke et al.
2005; Anddjar et al. 2008; Fabbrizio and Carroll 2008; Almeev et al. 2012; Anddjar et al. 2013; Martel et al. 2013; Gardner et al.
2014; Bolte et al. 2015; Befus and Gardner 2016; Waters and Andrews 2016; Grocke et al. 2017; Romano et al. 2018; 2020]. All
experiments were buffered at QFM, NNO, or Re-Re0,, consistent with the oxygen fugacity range of the post-collapse rhyolites.

flect the entire ranges of Ti, Al, and Na contents observed in them. The partitioning of Ti, Al, and Na into hornblende is
the dataset (Supplementary Material 3 Figure S8 and Supple- known to be partially dependent on temperature, pressure,
mentary Material 2 Table S8). It is possible that some fraction or melt composition [Sato 2005; Molina et al. 2015; Mutch et
of the hornblende phenocrysts and microlites are xenocrys- al. 2016], such that changes to some intensive variables (i.e.
tic, however, we lack a secondary equilibrium test to exclude cooling or decompression) could cause a shift in the horn-
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blende composition. It is not possible to estimate the horn-
blende composition in equilibrium with the matrix glass with-
out some a priori knowledge of the intensive variables of the
Banco Bonito rhyolite. Therefore, we acknowledge the possi-
bility that some of the hornblende in Banco Bonito is not in
equilibrium with the matrix glass and/or is xenocrystic, de-
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Figure 7: [left] Pre-eruptive storage conditions of the post-
collapse rhyolites are compared to the UBT. [A] Temperatures
and their +20 uncertainties are shown for each sample based
on Fe-Ti oxide (squares), hornblende (diamonds), and clinopy-
roxene (gray triangles) thermometry. Rhyolites are organized
by relative age, from the youngest (on the left) to the oldest
(on the right), in all panels. Mineral chemistry from Battleship
Rock Ignimbrite (BRI) is collected from Ren and Parker [2019]
and used in subsequent subpanels. UBT units are grouped by
ovals to differentiate between eruptive units. [B] Sample O,
shown as ANNO, calculated with Fe-Ti oxides. [C] The wt% H,0
in equilibrium with anorthoclase and plagioclase rims in each
sample are shown and determined based on incorporation of
glass compositions and pre-eruptive temperatures from Fe-Ti
oxides (squares), hornblende (diamonds), and clinopyroxene
(gray triangles) into a plagioclase hygrometer. In [C], T = Fe-Ti
Oxides indicates the wt% H,0 calculated with Fe-Ti oxide tem-
peratures; T = Hbld indicates the wt% H, 0 calculated with horn-
blende temperatures; T = CPX indicates the wt% H,0 calcu-
lated with clinopyroxene temperatures. [D] Storage pressures
based on volatile solubility [VESIcal; lacovino et al. 2021] are
shown for each sample using temperatures inputs and wt%
H,0 based on Fe-Ti oxides (squares), hornblende (diamonds),
and clinopyroxene (gray triangles). In [D], T= Fe-Ti Oxides in-
dicates the pressure calculated with Fe-Ti oxide temperatures
and wt% H,0; T = Hbld indicates the pressure calculated with
hornblende temperatures and wt% H,0; T = CPX indicates the
pressure calculated with clinopyroxene temperatures and wt%
H,0. Pressures derived from hornblende barometry are also
shown as gray circles, where average values are black circles,
and the +2¢ in hornblende barometry is calculated based on
variation in hornblende compositions. References are as fol-
lows: (1) Ren and Parker [2019], (2) Balsley [1988], (3) War-
shaw and Smith [1988], (4) Dunbar and Hervig [1992], and (5)
Waelkens et al. [2022].

spite general agreement with the F&M2Kp values from the lit-
erature.

Orthopyroxenes and clinopyroxenes from San Antonio and
Banco Bonito have Mg#s between 69.1-74.5 and FeMeK, val-
ues between 0.11-0.15 and overlap with compositions grown
in experiments on rhyolites and dacites which have Mg#s that
range from 50-76 (Figure 6B) and FeMeKp, values of 0.1-0.5.
Two orthopyroxenes in San Antonio have Mg#s of 82.2 and
82.3, which have Fe‘MgHD values that do not agree with those
determined by equilibrium experiments (Figure 6B). We con-
sider the orthopyroxenes in the rhyolite from San Antonio to
be xenocrystic to the melt.

The consistent overlap between the compositions of mafic
phases grown in experiments and those observed in the
post collapse rhyolites (with the exception of orthopyrox-
ene and possibly hornblende in Banco Bonito) (Figure 6A—
B; Tables 7, 8 and 9; and Supplementary Material 3 Fig-
ure S8) coupled with the homogenous, unzoned, and typi-
cally euhedral appearance of the majority of mafic silicates
(Figure 5) and lack of reaction textures [e.g. reaction rims;
Speer 1987; De Angelis et al. 2015] suggests that the ma-
jority of mafic phases in the rhyolites could be phenocrys-
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tic. There is two to three times the variation in Ti, Al, and
Na contents in hornblende from Banco Bonito than is ob-
served in the other rhyolites (Supplementary Material 3 Fig-
ure S8), and, despite this variation, they agree with F-M2Kp
values obtained from experiments. Thus, we cannot ex-
clude any hornblende composition based on our equilibrium
test. We used rhyolite-MELTS (v 1.2.0) of Gualda et al
[2012] to estimate mineral compositions for the post-collapse
rhyolites as an additional test for hornblende and pyroxene
equilibrium; however, no rhyolite-MELTS simulation satu-
rated hornblende and the predicted pyroxene compositions
yielded Mg#s that resulted in F¢M2Kp, values that were higher
than any currently reported in the experimental literature.
Our literature search for buffered equilibrium experiments
on high-silica rhyolites that saturated and reported composi-
tions for biotite and hornblende returned six total studies and
highlights a notable gap in the experimental literature. The
absence of studies that report compositions for hydrous mafic
silicates is a limiting factor on our ability to effectively evalu-
ate the petrogenesis of the mafic silicates within the rhyolites.
Finally, we could not evaluate mafic silicate equilibrium in Re-
dondo Creek, due to the lack of glass analyses owing to the
devitrified glass matrix in the sample.

We evaluate equilibrium in feldspars by comparing
feldspar-matrix glass compositions measured in the post-
collapse rhyolites (Tables 4 and 5) to feldspar-rhyolite pairs
from experiments [e.g. Waters and Lange 2013; Waters and
Frey 2018]. Anorthite contents of anorthoclase rims and An#
of matrix glasses for rhyolites from Cerro Del Abrigo, Cerro
Santa Rosa, Cerro San Luis, Cerro Seco, South Mountain,
and San Antonio are outside the available experimental lit-
erature (i.e. experimental literature has higher liquid An#s;
Figure 6C), however, the pairs fall along the trend of low
An (<Anjs) anorthoclase in melts with low An# (<5) pre-
dicted by the experimental dataset (Figure 6C). Additionally,
we input the matrix glass analyses for HSRs and LSRs into
rhyolite-MELTS (v 1.2.0) [Gualda et al. 2012] and equilibrated
those melt compositions over a range of temperatures (800—
700°C) and pressures (100-300 MPa) under fluid-saturated
conditions to determine the range of feldspar compositions
predicted for very evolved rhyolites (shown as fields in Fig-
ure 6C-D). We find that rhyolite-MELTS predicts anortho-
clase and plagioclase compositions for HSRs that overlap with
our measured anorthoclase rim compositions for the HSR rhy-
olites, and the LSR San Antonio (Figure 6C). Moreover, the
euhedral textures associated with rims of anorthoclase (Fig-
ure 2) from Cerro Del Abrigo, Cerro Santa Rosa, Cerro San
Luis, Cerro Seco, South Mountain, and San Antonio further
suggests that the anorthoclase rims and matrix glasses are in
equilibrium.

The trace An-rich cores in anorthoclase (Figure 3B, C, E,
and F) in rhyolites from Cerro Del Abrigo, Cerro Santa Rosa,
Cerro Seco, San Antonio, and some sieve texture plagioclase in
the rhyolite from Banco Bonito (Figure 2D and Figure 3H) are
more calcic (>30 mol% An) than any experimentally grown
anorthoclase composition in a melt with low An# (<5; (Fig-
ure 6C) and are xenocrystic or antecrystic. We find that the
sieve-textured plagioclase cores in Banco Bonito are similar to
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those produced by dissolution due to heating [e.g. Tsuchiyama
and Takahashi 1983; Landi et al. 2004; Acosta-Vigil et al. 2006].
However, the rims on plagioclase with sieve-textured cores
in Banco Bonito are homogeneous with well-defined edges
(ie. lacking resorption textures; Figure 2D and Supplemen-
tary Material 3 Figure S5) and overlap with experimental pla-
gioclase compositions (Figure 6C). Thus, the rims are likely
in equilibrium with the matrix glass, though plagioclase in
Banco Bonito still has a higher mol% An than that predicted
by rhyolite-MELTS for LSR compositions (Figure 6C). We
note that some of the sieve textures in Banco Bonito have
compositions that extend to lower An-contents (2025 mol%
An; Figure 3H), and overlap with the rim compositions (Fig-
ure 6C) and with the experimental dataset. The compositions
of the sieve textures that overlap with rims and the experi-
mental dataset are always associated with areas of plagioclase
located adjacent to melt inclusions. To maintain a consistent
dataset, we only use plagioclase compositions measured on
crystal rims (Table 4) in Banco Bonito to evaluate equilibrium
with the matrix glass.

We also compare sanidine and glass pairs with those equili-
brated in experiments and find agreement between composi-
tions measured in the natural samples and experimental val-
ues. Given the euhedral sanidine textures (Figure 4), nearly
homogeneous compositions in a single sample (Figure 3), and
overlap with experimental data (Figure 6D), it is likely that all
sanidines in the post-collapse rhyolites are phenocrystic. The
sanidine compositions predicted by rhyolite-MELTS [Gualda
et al. 2012] overlap well with sanidine in Cerro Del Abrigo, San
Antonio, and South Mountain (Figure 6D). Sanidine in Cerro
Santa Rosa, Cerro San Luis, and Cerro Seco are just outside
the predicted compositions (Figure 6D) but still within experi-
mental values, so we consider them to be phenocrystic. While
no sanidine was found in our entire thin section of the Banco
Bonito flow outside of the crystalline clots (Supplementary Ma-
terial 3 Figure S2), Zimmerer et al. [2016] successfully calcu-
lated *°Ar/3?Ar ages from sanidine found in their samples,
and Eichler and Spell [2020] find a total modal abundance of
~4% sanidine in samples of Banco Bonito obsidian, suggesting
that the flow is heterogeneous. Alternatively, it is possible that
the sanidines in Banco Bonito are inherited crystals, as LSRs
with compositions similar to Banco Bonito do not typically
saturate sanidine until near-solidus conditions [e.g. MLV-36
from Waters et al. 2015]. For comparison, the Fe-Ti oxides in
our sample of Banco Bonito returned a temperature of 790 °C
(Table 6), whereas our rhyolite-MELTs equilibration simula-
tions that utilized the Banco Bonito matrix glass only saturated
sanidine at temperatures <740 °C.

5.3 Summary of mineral-melt equilibrium

In summary, we find that the compositions of anortho-
clase/plagioclase and sanidine rims and matrix glasses in the
post-collapse rhyolites (Figure 6C and D) are likely in equilib-
rium (i.e. phenocrystic) on the basis of composition and tex-
ture. The majority of the mafic silicates also appear to be in
equilibrium with the matrix glass given the average F*MeKp
values associated with mafic silicates along with their euhe-
dral, unzoned textures (Figure 6A and B). We note there is
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variation in hornblende composition (on the basis of Na, Ti,
and Al contents) in Banco Bonito, such that some hornblende
may be xenocrystic, but we cannot exclude them based on our
current equilibrium test. We identify xenocrystic orthopyrox-
ene in the rhyolite from San Antonio though we cannot deter-
mine the origin of these orthopyroxenes as there is no other
evidence of mixing in the sample (i.e. the sample has homoge-
neous glass analyses and groundmass texture in thin section
and hand sample; Table 3 and Supplementary Material 3 Fig-
ure S1H). The abundant sieved cores in anorthoclase in Banco
Bonito (3.5% of the sample) and the trace (<1% of the sample)
anorthite-rich plagioclase cores in anorthoclase crystals (24—
48 mol% An; Figure 3B, C, E, and F) from Cerro Del Abrigo,
Cerro Santa Rosa, Cerro Seco, and San Antonio (Supplemen-
tary Material 3 Figure S3-S5) are also likely xenocrystic or
antecrystic (Figure 6C).

We also note that there are very few experiments available
in the literature for comparison for evolved HSRs with com-
positions similar to our matrix glasses, which limited our abil-
ity to evaluate the origins of minerals within the rhyolites in
this study. While rhyolite-MELTS is a useful tool for predict-
ing the feldspar-liquid equilibrium, it is calibrated on existing
experimental datasets. Given both the lack of experiments
on low-MgO, high-SiO, liquids and a lack of activity models
for many multicomponent hydrous phases (i.e. hornblende,
biotite), it is not surprising that rhyolite-MELTS did not suc-
cessfully saturate biotite or hornblende in fluid-saturated equi-
libration runs for our matrix glass compositions. Therefore,
while using rhyolite-MELTS as a predictive tool appears to be
robust for extrapolating feldspar-liquid equilibrium, its utility
for predicting equilibrium between liquids and mafic silicates
is limited for these compositions, owing to the lack of experi-
mental data and activity models for mafic, hydrous minerals.

5.4 Calculation of intensive variables recorded by silicate
minerals and glasses

We apply model thermometers to hornblende and clinopy-
roxene compositions in the rhyolites to augment the temper-
ature estimates from the Fe-Ti oxides. Temperatures from
hornblende and clinopyroxene thermometry from the rhyo-
lite from Banco Bonito should be viewed with caution, given
that a subset of these crystals may be xenocrystic. We applied
the pressure-independent hornblende thermometer of Putirka
[2016] (eq. 5 from their study, which has a standard error esti-
mate (SEE) of +30°C) to crystals from our samples. Horn-
blende compositions from the post-collapse rhyolites yield
temperatures (+20) ranging from 733 + 20°C (Seco) to 835
+ 67 °C (Banco Bonito), where the standard deviation reflects
the range of hornblende compositions within individual rhy-
olites (Figure 7A). For all hornblendes, the range of temper-
atures due to analytic error is <17 °C, which is less than the
range of temperatures from all hornblende compositions and
less than the associated model error (Figure 7A and Table 8).
Additionally, we applied the clinopyroxene-liquid thermome-
ter of Putirka [2008] (eq. 33 from their study, SEE = +42°C)
to clinopyroxenes and glass compositions from San Antonio
and Banco Bonito, which record temperatures of 823 + 10°C
and 799 # 5°C (Table 9), respectively, where the standard de-
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viation reflects the range of clinopyroxene compositions in a
sample.

We applied the plagioclase-hygrometer of Waters and
Lange [2015] to our anorthoclase and plagioclase rim-glass
pairs at the average temperatures recorded by Fe-Ti oxides,
hornblende, and clinopyroxene to estimate pre-eruptive HoO
contents (Table 4 and Figure 7C), where the error associ-
ated with the H,O contents reflect the +20 values associated
with each pre-eruptive temperature. The average pre-eruptive
H;0O contents range from 4.4-6.0 wt% H,O, as recorded by av-
erage temperatures (Figure 7A), anorthoclase and plagioclase
rims, and interstitial glasses, with a model SEE = 0.35 wt%
H,O (Figure 7C). Average H,O contents vary by as little as 0.1
wt% in a single sample (e.g. Cerro Del Abrigo; Table 4 and
Figure 7C), when the applied thermometers are in agreement,
but can vary by as much as 2.0 wt% when the thermometers
record more disparate temperatures (e.g. San Antonio; Table 4
and Figure 7C). The HSR rhyolites, Cerro Santa Rosa, Cerro
San Luis, and Cerro Seco, have anorthoclase with the most
sodic rims (Ang; Table 4) and the coldest pre-eruptive tem-
peratures (742-754°C; Table 6 and Figure 7A), which yield
the highest average HoO contents. The LSR rhyolites, San
Antonio and Banco Bonito, with average temperatures of 788—
809°C and the most calcic rims (Anj3_g9; Table 4) have the
lowest average H,O contents (Figure 7C).

We apply the temperature-independent hornblende barom-
eter of Mutch et al. [2016], which calculates pressures (SEE =
+50 MPa) based on total Al-in-hornblende in silicic melt, to
hornblendes in our samples. We find that hornblende in all
rhyolites except for Banco Bonito records average pressures
ranging from 154 + 70 MPa to 203 + 22 MPa, correspond-
ing to ~6-8 km based on a crustal density of 2700kgm~3
(Table 8), where the reported standard deviation reflects the
range of hornblende compositions measured in each sample.
Hornblendes in Banco Bonito record a wider range of pres-
sure from 157-376 MPa (~6-14 km), which is based on the
range of hornblende compositions in that sample. Hornblende
rims and microlites record the entire range of pressures in the
sample (i.e. rims and microlites do not record common pres-
sures; Figure 7D and Supplementary Material 3 Figure S8),
and we cannot ascribe one pressure range to Banco Bonito
within our data. Hornblende crystals in Banco Bonito appear
homogenous in BSE images (Figure 5 and Supplementary Ma-
terial 3 Figure S8) and there is no consistent pattern in pres-
sure between core or rim analyses. For example, in two dif-
ferent hornblende crystals the core compositions, which are
relatively depleted in Ti, Al, and Na, record pressures from
157—-199 MPa and the rims, which are enriched in Ti, Al and
Na, record higher pressures ranging from 223-308 MPa (Sup-
plementary Material 3 Figure S8). Other hornblendes have ho-
mogeneous compositions where there is little to no variation
in pressures recorded by cores and rims. Hornblende micro-
lites (<50 pm) that are located within microns of each other
in a thin section (and appear to have the same composition
in BSE) contain enough variation in their Ti, Al, and Na con-
tents to yield a range of pressure from 174 to 337 MPa (where
the hornblende microlites enriched in Ti, Al, and Na record
higher pressures). Thus, Banco Bonito appears to be hetero-
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geneous on a micron scale and we cannot determine which
segment of the total pressure range reflects the pre-eruptive
storage conditions (Figure 7D).

As a secondary estimate of pre-eruptive storage pressures,
we utilize the thermodynamic model VESIcal of lacovino et
al. [2021] for mixed volatile solubility in silicate melts. We ap-
ply the MagmaSat model [Ghiorso and Gualda 2015] for pure-
H,0 solubility to HoO contents obtained from plagioclase-
hygrometry to estimate pre-eruptive pressures. The average
pressures that correspond to the H,O contents associated with
the post-collapse rhyolites (Table 4) span a range from 82—
194 MPa (~3-7 km based on a crustal density of 2700 kg m~3)
using all calculated temperatures (Table 4). These pressures
correspond to the conditions at which the anorthoclase and/or
plagioclase rims were growing in each melt, as they are cal-
culated based on HyO contents obtained from plagioclase-
hygrometry. We calculate a minimum uncertainty (+20) of
+40 MPa for all pure-H,O saturation pressures, based on the
SEE of the plagioclase hygrometer (+0.35 wt% H,O). We show
+20 in pressure in Figure 7D where the lowest pressure is cal-
culated using inputs of the hottest possible temperatures and
lowest HyO and the highest possible pressure is calculated
using the lowest possible temperature and the highest water
contents. Rhyolites that have mineral assemblages that appear
to record little variation in pressure also have temperatures
from Fe-Ti oxides and other mafic phases that span a narrow
range (e.g. Cerro Santa Rosa; Table 6 and Figure 7D).

5.5 Summary of intensive variables

For the HSRs (Cerro Del Abrigo, Cerro Santa Rosa, Cerro San
Luis, Cerro Seco, and South Mountain), the average tempera-
ture recorded by hornblende (Figure 7A and Table 8) and the
average temperatures recorded by Fe-Ti oxides (Table 6 and
Figure 7A) vary by <35°C, where the total range in average
temperatures is from 733-771°C. The LSRs (Redondo Creek,
San Antonio, and Banco Bonito) have mineral assemblages
that record temperatures that differ by more than 50 °C. Tem-
peratures recorded by hornblende are systematically colder
than those recorded by Fe-Ti oxides (with the exception of
South Mountain) which is overall consistent with phase equi-
librium experiments on rhyolites where hydrous phases typ-
ically saturate at lower temperatures than Fe-Ti oxides [e.q.
Bishop Tuff and Glass mountain; Gardner et al. 2014; Waters
and Andrews 2016, respectively]; however, this shift is not re-
solvable within model errors for our results, so we note it as of
interest but draw no further conclusions. We apply the same
thermometers, hygrometers, and barometers to the Battleship
Rock Ignimbrite (BRI) using mineral and glass data from Ren
and Parker [2019] to expand the number of Fast Fork rhyolites.
Despite the variety of processes that are recorded by multiple
thermometers (i.e. the timing of mineral saturation), the HSRs
share a common range of average pre-eruptive temperatures
from ~733°C to ~771 °C (Figure 7A), and LSRs Banco Bonito,
Battleship Rock, and Redondo Creek are systematically hotter,
with pre-eruptive temperatures ranging from ~790 to 835 °C.
We note that the temperatures from San Antonio (an LSR) fall
along this trend but are not resolvable within the standard
error of the applied models (Figure 7A).
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Oxygen fugacities in all the post-collapse rhyolites, calcu-
lated using the Fe-Ti oxide barometer of Ghiorso and Evans
[2008] range from of —0.1 to +1.3 ANNO (Table 6 and Fig-
ure 7B). Redondo Creek is slightly above the NNO buffer at
+0.4 ANNO. The Valle Grande rhyolites are typically more
reduced, with a range in fOys from —0.1 to +0.4 ANNO (Ta-
ble 6). Banco Bonito is the most oxidized post-collapse rhyolite
at +1.3 ANNO (Table 6). Similarly, Battleship Rock is also ox-
idized with Fe-Ti oxides recording an oxygen fugacity of +1.2
ANNO (Figure 7B).

When pure-H;O solubility pressures match hornblende
barometry pressures it is likely that anorthoclase and/or pla-
gioclase and hornblende equilibrated at similar depths. For
the HSRs, the pressures that correspond to water contents
recorded by anorthoclase and plagioclase, and those obtained
from hornblende barometry are similar (Figure 7D). There
is less agreement between different estimates of pre-eruptive
pressures for the LSRs (Figure 7D). Pre-eruptive pressures for
San Antonio are consistent with the HSRs, using temperatures
from Fe-Ti oxides and hornblende (Figure 7D) and are shal-
lower than the HSRs when using elevated clinopyroxene tem-
peratures (Figure 7D and Table 9). For the youngest LSRs,
Banco Bonito and Battleship Rock, the average pressure esti-
mates from hygrometry and the MagmaSat solubility model
in VESIcal are consistent with the storage depths of the HSRs
(Figure 7D). However, hornblende barometry [i.e. the model
of Mutch et al. 2016] typically records higher pressures than
those estimated using the solubility model.

There are three explanations that could account for the dis-
crepancy between hornblende-derived pressures and those es-
timated using the solubility model. (1) There are xenocrystic
hornblende in the young LSRs that we could not identify us-
ing our methods and/or the unit is thoroughly mixed so that
it is heterogeneous on a micron scale. (2) Crystallization of
hornblende occurred during decompression and/or cooling.
In such a scenario, none of the hornblende are xenocrystic
and could be grown during a dynamic process (i.e. decom-
pression or cooling), which would account for the euhedral
textures observed in nearly all hornblende phenocrysts and
microlites. However, we still cannot determine phenocryst
from xenocryst in this scenario. (3) Finally, an important dif-
ference between the two estimates of pressures is that the
hornblende barometer of Mutch et al. [2016] estimates Progay,
and the pressure estimates from the solubility model reflect the
partial pressure of H,O. It could be the case that pressure es-
timates from a solubility model and H,O contents agree with
the hornblende barometer when Py, approximates P,
and the fluid phase in the magma consists mostly of HyO.
However, in systems that may contain an additional volatile
phase (e.g. abundant CO,), comparable water contents re-
quire higher pressures, thus mineral barometers recording
Poral have the potential to record higher pressures than any
estimates of Py,0. A detailed melt inclusion study of the
LSRs from the East Fork Member would provide volatile con-
tents that could be used to more rigorously constrain the pre-
eruptive pressures of the young eruptions from Valles Caldera
and clarify the apparent discrepancy in this current dataset.
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Given our dataset and recent work by Wolff and Neukampf
[2022] that found heterogeneity in glasses within the Battleship
Rock Ignimbrite, we suggest that hypothesis (1), where horn-
blende crystals are either xenocrysts or grown in melts that
are mixed on a micron scale, is the most likely. If the micro-
lites are indeed growing from unique melts mixed on a fine
scale, it is worth pointing out that their pressures may indicate
the different source depths of these melts (Supplementary Ma-
terial 3 Figure S2), as the hornblende barometer of Mutch et al.
[2016] only utilizes hornblende compositions as inputs. There-
fore, as of now, we cannot provide a refined estimate for the
pre-eruptive storage pressure of the youngest eruptions from
Valles Caldera, owing to the uncertainties about the origin of
hornblende in the rhyolite from Banco Bonito. Though we
observe heterogeneity in the hornblendes, we note that Fe-Ti
oxides can reset and reach equilibrium within a week [Hou
et al. 2021]. Moreover, the magnetite-ilmenite pairs we uti-
lized in Banco Bonito passed the equilibrium test of Bacon and
Hirschmann [1988] and yield a narrow range of temperature
and oxygen fugacity, which suggests they record an accurate
range of pre-eruptive temperatures and oxygen fugacities.

Overall, the pre-eruptive storage conditions of HSRs that
erupted immediately following the UBT are 733 to 772°C,
—0.1 to +0.4 ANNO, 4.8 to 6.0 wt% H,0, and 149 to 196 MPa.
The Valle Grande rhyolites are remarkably consistent in their
overall mineralogy (Supplementary Material 3 Figure S1), in-
cluding modal abundance of phenocrysts (Table 1) and the
compositions of the feldspars (Figure 3), present in the rhy-
olites up until the eruption of the LSR San Antonio. The
euhedral mineral textures and equilibrium tests that showed
that the majority of the mineral rims grew from the melt
suggest that the mineral assemblage equilibrated at relatively
static conditions prior to eruption, where no significant mix-
ing event or heating event occurred (or was recorded in the
mineral assemblage). If the minerals had crystallized under
rapid heating or mixing events, we would not expect the
minerals to be in chemical or textural equilibrium with the
glass. The youngest LSR eruptions from Valles Caldera typi-
cally have pre-eruptive storage conditions of >800 °C, +1.2 to
+1.3 ANNO, 3.8 to 6.1 wt% H50, and 86 to 376 MPa. Our re-
sults suggest that Banco Bonito likely formed during a heating
event of a magma body, which generated the sieve textured
plagioclase cores. The thick rims on the plagioclase cores in
Banco Bonito (~20 pm; Supplementary Material 3 Figure S5)
could have grown either following the heating event at depth
in the presence of a mixed volatile phase (i.e. low Py,p) or
at shallow pressures (Figure 7D); we can make no distinction
using our dataset. We find that the East Fork Member marks a
significant change in mineralogy, where mafic minerals are in
greater abundance, and there are significant xenocrysts and
xenocrystic crystalline clots, which is consistent with many
previous works [Self et al. 1988; Spell et al. 1993; Wolff and
Gardner 1995; Goff et al. 2011; Wolff et al. 2011; Zimmerer
et al. 2016; Eichler and Spell 2020; Nasholds and Zimmerer
2022; Wolff and Neukampf 2022].

The main difference between the post-collapse rhyolites is
that the youngest LSRs have higher average pre-eruptive tem-
peratures and are more oxidized than the Valle Grande Mem-
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Figure 8: Isotope data from the literature and sample fO, (as
a function of ANNO) for the UBT and post-collapse rhyolites
from this study are shown as a function of their eruptive ages.
[A] The eyq values in the post-collapse rhyolites [Spell et al.
1993; Eichler and Spell 2020] and UBT [Skuba 1990] are com-
pared to eruptive age. [B] The 580 values in quartz in the post-
collapse rhyolites [Spell et al. 1993] and UBT [Skuba 1990] are
compared to eruptive age. [C] ANNO shown relative to erup-
tive ages, showing the same oxidation data as in Figure 7B.
Superscript references are as follows: (1) Spell et al. [1993], (2)
Skuba [1990], and (3) Warshaw and Smith [1988]. See text for
discussion of this figure.

ber. The youngest eruptions also contain a greater xenocrystic
load than the Valle Grande rhyolites, seen both through petrol-
ogy, and geochronology [Self et al. 1988; Zimmerer et al. 2016;
Nasholds and Zimmerer 2022; Wolff and Neukampf 2022],
which suggests the petrologic processes that led to the forma-
tion of the East Fork Member are distinct from the previously
erupted Valle Grande Member. Despite considerable hetero-
geneity in the youngest eruptions from Valles Caldera, there
is homogeneity in the intensive variables of the Valle Grande
HSRs, suggesting the Valle Grande rhyolites were all stored
under similar conditions (Figures 7 and 8).

5.6  Evolution of a post-collapse magmatic system

We compare the intensive variables recorded by the post-
collapse rhyolites to the UBT to understand how and when
the conditions of the magmatic system changed following
the caldera-forming eruption. Temperatures and ANNO val-
ues determined from fayalite, spinel, and Fe-Ti oxides vary
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across units within the UBT, where unit 1 average tempera-
tures range from 700-726 °C with an average oxygen fugacity
of ANNO —-0.7, and units 2—4 show a range in temperature
from 750-810°C and an average ANNO of —0.7 (Figure 7A
and B). There is a shift in temperature and oxygen fugacity
in unit 5 where it has on average higher temperatures from
770-837°C (Figure 7A and B) and is more oxidized with av-
erage ANNO from —0.1 to +0.1 [Balsley 1988; Warshaw and
Smith 1988; Wilcock et al. 2013} We utilize the unit names
provided by Warshaw and Smith [1988]. A detailed summary
of the different naming schemes, and unit correlation between
studies, for different sub-units of the UBT is provided in Goff
et al. [2014] and Wilcock et al. [2013]. Volatile contents mea-
sured in melt inclusions from the plinian air fall of the UBT
(Tsankawi pumice) range from 2.8-5.0 wt% H,O (Figure 7C)
and 34-147 ppm CO,, which correspond to entrapment pres-
sures (i.e. total pressures) of 100-143 MPa, or ~4-5 km [Fig-
ure 7D; Dunbar and Hervig 1992; Waelkens et al. 2022]. Our
results suggest that the post-collapse rhyolites are generated
at similar conditions to the UBT [Warshaw and Smith 1988;
Dunbar and Hervig 1992; Waelkens et al. 2022] with the ex-
ception that the system has become more oxidizing since the
eruption of the UBT, and more recent eruptions are sourced
from greater pressures (Table 6 and Figure 7A-D).

Redondo Creek erupted immediately following the erup-
tion of the UBT and has a similar pre-eruptive temperature
of 824°C to unit 5 of the UBT but records conditions that
are more oxidizing (ANNO +0.4; Table 6 and Figure 7B) than
the UBT. Following the eruption of Redondo Creek, Cerro Del
Medio erupted as the first intra-caldera dome in the south-
east quadrant (Figure 1) with an intermediate temperature at
772°C (Figure 7A) and an fO, of ANNO +0.2 (Table 6 and
Figure 7B). No further details about the pre-eruptive condi-
tions of these rhyolites could be assessed owing to lack of
glass in the sample from Redondo Creek and lack of phe-
nocrysts in the Cerro Del Medio obsidian. Following the erup-
tion of Cerro Del Medio, the HSR rhyolite domes Cerro Del
Abrigo, Cerro Santa Rosa, Cerro San Luis, and Cerro Seco
erupted from 1010-800.3 ka (Figure 1), with average temper-
atures ranging from 750-771°C (from Fe-Ti oxide thermom-
etry) and 733-757 °C (from hornblende thermometry), which
are indistinguishable from each other when considering errors
associated with each model thermometer (Figure 7A). Mean
fOy For Cerro Del Abrigo, Cerro San Luis, and Cerro Seco
ranges from —0.1 to +0.1 ANNO, while Cerro Santa Rosa is
slightly more oxidized at +0.4 ANNO. Mean H,O contents
for these rhyolites range from 5.1-6.0 wt% H,O (Figure 7C),
and pressure estimates for both Py,0 and P, are within
model agreement, suggesting common storage pressures be-
tween 145-196 MPa, or ~5-7 km depth (Figure 7D) indicating
relatively shallow storage in the upper crust.

The era of post-collapse volcanism dominated by HSRs at
Valles Caldera was followed by predominantly LSR eruptions
from 563-68.9 ka [Nasholds and Zimmerer 2022]. The aver-
age temperature of San Antonio (784 °C; Figure 7A) is slightly
hotter than the previous HSRs, though temperatures are not
resolvable given the standard errors associated with individ-
ual thermometers (Figure 7A). San Antonio is slightly more
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oxidized than the previous eruption (Cerro Seco with —0.1
ANNO) at +0.3 ANNO (Figure 7B). The average H,O contents
for San Antonio are also lower than the preceding eruption at
4.6 wt% H,0 (Figure 7C) and spans a wider range due to dis-
parate temperatures (Table 4). However, Prq and average
Py, 0 for San Antonio are within model error at 154 MPa and
124 MPa, respectively (Figure 7D). The next eruption, South
Mountain (534.8 ka), marks a shift back to a HSR, as well as
a geographic shift to the opposite side of the caldera floor in
the south-east quadrant (Figure 1). South Mountain is similar
to the other HSRs with a colder pre-eruptive temperature of
753°C and mean H,O contents of 5.2 wt% HyO (Figure 7A
and C). However, with a +0.4 ANNO, South Mountain follows
San Antonio in being slightly more oxidized (Figure 7B). Total
pressure (203 MPa) and P,0 (153 MPa), agree within model
error, and indicate a range of storage pressures similar to the
older HSRs with depths of ~6-8 km (Figure 7D).

Since the eruption of the UBT, the overarching trend is that
the Valles system has become increasingly oxidized, shifting
from an oxygen fugacity at the QFM buffer (—0.7 ANNO)
with the eruption of units 1-4 of the UBT, to ~+0.4 ANNO at
the onset of initial post-collapse volcanism, and increasing to
~+1 ANNO with two of the East Fork rhyolites (Figure 7B).
The elevated oxygen fugacities recorded by Fe-Ti oxides in
the post-collapse eruptions are consistent with the observed
phase assemblages (Table 1) in the rhyolites [e.g. biotite and
hornblende; Carmichael and Ghiorso 1990]. The onset of this
change in oxygen fugacity occurred 32 ka [Nasholds and Zim-
merer 2022] after the eruption of the UBT, with the eruption of
Redondo Peak, and continued through the East Fork eruptions
(Figure 7B). A perplexing aspect to these results is that, despite
a significant change in oxygen fugacity (Figure 7B), the pre-
eruptive storage pressures for the UBT and the Valles Grande
Member of the post-collapse rhyolites are indistinguishable
(Figure 7D), which raises the question: are the Valles Grande
rhyolites (and possibly the younger East Fork Rhyolites) genet-
ically related to the magmatic system that sourced the UBT?

The Valles Caldera region has a long history of erupting ox-
idized rhyolites. The Valle Toledo Member, which preceded
the eruption of the UBT, is mostly comprised of variably ox-
idized, small (<20km?) eruptions [Heiken et al. 1986; Gard-
ner et al. 2010; Goff et al. 2011; Relley et al. 2013; Meszaros
et al. 2023], with few (n = 5) eruptions of fayalite-bearing
tephra [Meszaros et al. 2023]. Therefore, we evaluate the mag-
matic system with the assumption that the post-collapse rhy-
olites represent the background, oxidized magmatic system
that generally underlies the Valles Caldera region. We find
that there are two possible hypotheses for how magmas that
erupted in close spatial and temporal proximity to each other
can have dramatically different oxidation states at a common
pre-eruptive pressure. (1) Evidence from isotopic analyses
[Spell et al. 1993; Eichler and Spell 2020] and geochronol-
ogy [Wu et al. 2021] suggest that the oxidized magmatic sys-
tem at Valles Caldera is periodically infiltrated by rapidly ac-
cumulated, reduced, fagalite-bearing melt (i.e. the UBT). In
such a scenario, the reduced melt may originate from a differ-
ent source in the crust, share a common pre-eruptive storage
depth with the post-collapse rhyolites (Figure 7D), and reach
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its cumulative volume over a relatively short time span. Fol-
lowing the evacuation of the reduced rhyolite, oxidized vol-
canism resumes (i.e. the Valles Grande rhyolites). (2) Alter-
natively, the source of the oxidized rhyolites is also the mag-
matic source of the UBT, in which case a significant change
to the mineralogy and fO; of the entire magmatic system is
required. A recent experimental and petrological study on the
Valle Toledo Member (which pre-dates the UBT) by Meszaros
et al. [2023] suggests that such a change could be generated by
an influx of reduced, Cl-rich fluids. Their hypothesis builds
on earlier work by Boro et al. [2020], who suggested that the
chemistry and petrology of enclaves in the UBT record an in-
flux of fluid generated from the melt of a biotite-rich crystal
mush, and by Waelkens et al. [2022], who found the first post-
collapse rhyolite, Deer Canyon, was significantly depleted in
CI (1310-2050 ppm) compared to the rest of the UBT (2560—
4080 ppm). Meszaros et al. [2023] suggest that a mass of re-
duced, Cl-rich fluid, equivalent to 0.02% of the mass of the
UBT, could reduce a mass of Fe,O3 in the oxidized system
to form 0.7 wt% FeO, which is enough to shift the system
fOy to that of the QFM buffer and results in the stabilization
of fayalite. Meszaros et al. [2023] find that this model best ex-
plains resorption textures in biotite and the REE, FeOT, and
Cl contents measured in quartz-hosted melt inclusions in re-
duced, fayalite-bearing magmas from the Toledo Member. If
the reduced fluids ceased to infiltrate the upper crust follow-
ing the eruption of the UBT, then the magmatic system may
have returned to oxidizing conditions (i.e. the Valles Grande
Member).

While the hypothesis of Meszaros et al. [2023] may account
for petrologic changes and chemical trends in melt inclusions,
we find that our work and isotopic evidence in the literature
suggests that the source of the post-collapse rhyolites and the
source of the UBT are fundamentally different [Skuba 1990;
Spell et al. 1993; Eichler and Spell 2020]. We can partially
evaluate the possible role of halogen-rich fluids in shifting oxy-
gen fugacity in the Valle Grande rhyolites using halogen con-
tents from our glasses (Table 3). Experimental works [Can-
dela 1986; Bell and Simon 2011] show that open system de-
gassing of halogens preferentially removes ferrous iron from
the melt, suggesting that degassing of halogens has the po-
tential to increase magmatic oxidation state and reduce the
total iron content of the melt. The samples with the lowest
halogen contents (e.g. Banco Bonito; Table 3) have highest
oxidation states (Table 6) and also have the highest total iron
contents (Table 2). Because the samples with the lowest halo-
gen contents also have the highest iron contents, it is unlikely
that the patterns in oxidation state are due to removal of fer-
rous iron by halogen rich fluids and are ultimately not due
to a process like passive degassing. Second, the possibility
that the Valle Grande rhyolites mixed with a Cl-rich dacite
magma, as seen in the UBT by Boro et al. [2020], is not born
out in the petrology of our samples. The rhyolites that contain
the highest halogen contents (Cerro San Luis and Cerro Seco)
also have the lowest abundance of mafic phases (Table 1), lack
enclaves of more mafic (i.e. dacitic) magma, contain homoge-
nous feldspars (Figure 3), and hornblendes that span a narrow
range in composition (Figure 7D and Table 8), suggesting the
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increased halogen contents are not due to interaction with a
Cl-rich dacite.

Isotopes from previous works also suggest that the Valle
Grande Member was sourced from a magmatic system
distinct from the UBT. Previous Nd-isotope analyses from
Spell et al. [1993] show that the early post-collapse rhy-
olites (the Valles Grande HSRs and LSRs) have consis-
tent €ng values that range from -4.0 to -4.6 and fall be-
tween eng values for the UBT [-2.6 to -2.9; Skuba 1990]
and the local granitoid basement [-16.4 to -12.8; Skuba
1990] (where enyq is defined as 10,000(143Nd/144Ndsample -
143Nd/l441\}dchondrite)/143Nd/1441\Idchondrite; Figure 8A). The
Nd-isotopes of the Valles Grande are distinct from those of
the UBT, differing as much as eng = 2 [Figure 8A; Spell et al.
1993]. The eng values of the East Fork span a continuum be-
tween those of the Valles Grande and the UBT, ranging from
-2.7 to -3.8 [Figure 8A; Spell et al. 1993; Eichler and Spell 2020].
Chemical and redox variation between the UBT and the Valles
Grande Member should be accounted for if the reduced flu-
ids ceased to intrude into the upper crustal magmatic system
based on the hypothesis of Meszaros et al. [2023]. However, the
cessation of fluid infiltration, which is required to explain the
elevated oxidation state of the Valles Grande Member, does
not account for the abrupt shift in Nd isotopes between the
eruption of the UBT and Valles Grande Member (Figure 8A).

Based on the Nd isotopes (Figure 8A), it would appear that
the magmatic system becomes more similar to the UBT in the
recent eruptions of the East Fork Member. However, limited
oxygen isotope analyses on quartz crystals in the East Fork
Member from Spell et al. [1993] reveal the lowest §'30 val-
ues out of all samples erupted since and including the UBT
(Figure 8B). The low 880 values suggests that the East Fork
Member could have incorporated hydrothermally altered ma-
terial [Bindeman and Valley 2000; Bindeman et al. 2007; Troch
et al. 2020], which may also explain the relatively high oxygen
fugacity recorded by their Fe-Ti oxides. In contrast, quartz
in the UBT has elevated §'80 values [Skuba 1990], suggest-
ing it incorporated minimal hydrothermally altered material
[Bindeman and Valley 2000; Bindeman et al. 2007; Troch et al.
2020], and that its source is fundamentally different than that
of the East Fork rhyolites. We do note that oxygen isotope
data for the East Fork is sparse, and recent work by Wolff
and Neukampf [2022] show that §'80 values of glasses and
biotites in Battleship Rock indicate that the unit underwent hy-
drothermal alteration by meteoric fluids. Thus, without more
analyses for the §!80 values reported for quartz the interpre-
tation of the oxygen isotopes should be treated with caution.

Finally, Wu et al. [2021] find that zircon U-Pb ages mea-
sured in the UBT are unimodal, consistent with the eruptive
age of the UBT, and reflect no inheritance of zircons with sig-
nificantly older ages. Wu et al. [2021] attribute the lack of
inherited zircons to rapid assembly of the UBT rhyolite in the
upper crust, which suggests that it did not form from previ-
ous batches of magma (i.e. those which sourced the preceding
rhyolite of the Valle Toledo Member). While reducing fluids
may alter the mineralogy of a magmatic source, it is not clear
how fluids may overprint ages of existing zircon, so as to make
one homogeneous age population.
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WEe find that the differences in oxidation states (Table 6, Fig-
ure 7B, and Figure 8C) and chemistry (e.g. Figure 8) between
the UBT and post-collapse rhyolites, despite a common stor-
age depth (Figure 7D), are best explained if the post-collapse
rhyolites and the UBT issue from different sources and are
stored at a common location in the crust, given the combined
dataset of halogen + total iron contents in glasses (Table 2),
neodymium and oxygen isotopes (Figure 8), and zircon ages
from the literature. We note that we do not observe petrologic
evidence of the post-collapse rhyolites forming from a mag-
matic system initially saturated in fayalite, such as the UBT.
We do not observe resorbed fayalite, fagalite included in bi-
otite, or fayalite heavily mantled with magnetite [Mackwell
1992]. We suggest that the transition in oxidation state ob-
served between the UBT and the post-collapse rhyolites (Fig-
ure 8C), given a common pre-eruptive storage depth, can be
explained if the UBT is ephemeral [Wolff and Ramos 2003]
and has a unique, reduced source in the crust [Spell et al. 1993;
Wau et al. 2021}, along with a unique fluid profile [e.g. Cl-rich
and reducing; Boro et al. 2020; Waelkens et al. 2022; Meszaros
et al. 2023]. Therefore, the evolution of the magmatic sys-
tem beneath Valles Caldera appears to involve two sources,
where one source generates voluminous, caldera-forming, re-
duced, fayalite-bearing rhyolites (e.g. UBT and LBT) and an-
other source generates smaller-volume, oxidized rhyolites (e.g.
Valles Grande and East Fork Members).

Through conducting this work, we identify several opportu-
nities for further investigation that would provide more insight
into the magmatic processes that produced the post-collapse
rhyolites. (1) We find that trace element analyses of matrix
glasses from the post-collapse rhyolites would provide more
insight into the role of magma mixing in the East Fork Member
and if any mixing was involved in the formation of the Valles
Grande rhyolites. The hornblende microlites with variable
compositions provide evidence that the rhyolite from Banco
Bonito is heterogenous on a micron length scale and Wolff and
Neukampf [2022] observed similar fine scale heterogeneity in
matrix glasses in Battleship Rock. (2) There is a significant lack
of buffered phase equilibrium experiments on low-MgO, high-
SiOy rhyolites, which inhibited our ability to evaluate mafic
phenocrysts versus xenocrysts. Moreover, these experiments
could be added to the calibration of rhyolite-MELTS, which
would expand its range of applicability. (3) Melt inclusions
studies to determine volatile contents (HyO, CO,, Cl) in Banco
Bonito (and other East Fork members) would greatly aid in in-
terpretations of pressure estimates from mineral-barometers.

6 CONCLUSIONS

All post-collapse rhyolites except for Cerro Del Medio
and Banco Bonito contain sanidine, anorthoclase/plagioclase,
quartz, biotite, hornblende, +orthopyroxene, +clinopyroxene,
+zircon, +apatite, and +chevkinite. Banco Bonito in this study
contains plagioclase, quartz, biotite, hornblende, orthopyrox-
ene, and clinopyroxene, with trace zircon present. We do
not find phenocrystic sanidine in our Banco Bonito samples,
which contrasts with studies in the literature and suggests
the Banco Bonito flow is heterogeneous or that the erup-
tive temperature of our sample is higher than that of sani-
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dine saturation. Further, Banco Bonito is the only rhyo-
lite to contain crystalline inclusions of a biotite-granitoid and
spinel-gabbro. For most samples, microprobe analyses show
that anorthoclase, plagioclase, sanidine, biotite, hornblende,
ilmenite, and magnetite span a relatively narrow range in
composition within each rhyolite. A majority of crystals in
the HSRs are phenocrystic based on an evaluation of mineral
textures, a comparison of mineral compositions with those
grown in phase equilibrium experiments from the literature,
and general agreement between temperatures from a set of
thermometers applied to ilmenite and magnetite, hornblende,
and clinopyroxene. We find frequent evidence of inherited
crystals in the gounger LSRs, which have xenocrystic orthopy-
roxene and anorthoclase with calcic cores (San Antonio rhy-
olite) and plagioclase with calcic, sieve textured cores (Banco
Bonito rhyolite).

The average pre-eruptive temperatures (based on Fe-Ti
oxides, hornblende, and clinopyroxene), oxygen fugacities
(based on Fe-Ti oxides), and HyO contents (derived from
plagioclase-hygrometry) of the post-collapse rhyolites range
from 742-824°C, —0.1 to +1.3 ANNO, and 4.4-6.0 wt% H0O,
respectively. Average storage pressures based on pure-H,O
solubility and hornblende barometry range from 130-376 MPa
or ~5-14 km depth. The intensive variables of the post-
collapse rhyolites follow a trend where the HSRs have colder
pre-eruptive temperatures than the LSRs, and the youngest
LSR records a wide range of storage pressures (82-376 MPa
or ~3-14 km when considering an upper crustal density of
2700kg m~3) overlapping with the HSRS common depths of
~5-7 km (130-194 MPa). The most noticeable change be-
tween the eruption of the UBT and the post-collapse rhyolites
is the shift to oxidizing conditions, despite the close temporal
proximity and common magmatic storage depths. We find
the best explanation to account for the change in oxidation
state, along with isotopic and geochronologic results reported
in the literature, is that the UBT accumulates at the same pre-
eruptive pressure as the post-collapse rhyolites, but is gener-
ated from a unique, reduced source.

Finally, we note several areas of future work that would
improve interpretation of the post-collapse rhyolites at Valles
Caldera: (1) collection of trace element analyses on matrix
glasses of rhyolite to assess heterogeneity; (2) addition of
buffered phase equilibrium studies on low-MgO, high-SiO,
liquids; and (3) melt inclusion studies of post-collapse rhyo-
lites, especially the East Fork Member, to understand results
of mineral-barometry.
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