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Abstract

The Bandelier Tuff is the result of two subsequent caldera-forming eruptions of similar volume and composition which pro-
duced the Otowi (1.61 Ma) and Tshirege (1.26 Ma) members. Their remarkably similar characteristics and shared caldera
boundaries provides a unique platform to investigate whether magma ascent is affected by the presence of a preexisting
caldera boundary. Here, we present decompression rates for discrete layers within the initial plinian phase of each member by
modeling volatile gradients (H,0, CO, absent) in quartz-hosted reentrants (unsealed melt inclusions). Successful best-fit 1D
diffusion models for the lower (n =4/9) and upper (n=11/13) units resulted in average decompression rates of 0.041 MPa/s
and 0.026 MPa/s, respectively. Strong overlap between rates extracted from the two eruptions suggests there was no sig-
nificant change in ascent dynamics. However, the older Otowi member contains a larger number of reentrants that cannot
be modeled adequately, suggesting a more complicated path than can be reconstructed with our constant decompression
approach. In contrast, reentrants from the Tshirege can be readily modeled from storage depths, an observation that suggests
conduit formation was more efficient in the second eruption. To further evaluate the robustness of these extracted rates, we
then applied a 2D diffusion model, which considers various reentrant geometries; surprisingly, we find little alteration to
1D-derived rates. By contrast, incorporating the uncertainty in Bandelier temperature (~ 130 °C) shifts rates by 340-440%.
However, we argue that the largest source of variation from decompression rates extracted from reentrants lies in the extreme
range preserved within each fall deposit, each spanning three orders of magnitude, suggesting extreme conduit dynamic
shifts, and emphasizing that petrologic-based ascent rates may vary widely, even within a single-sampled layer. Finally, the
lack of detectable CO, concentrations in measured profiles is at odds with the amounts detected in sealed melt inclusions
(<200 ppm), an observation that has been made in other silicic systems (e.g., Bishop, USA; Oruanui, NZ; Santorini, GR).
We propose two mechanisms to remove CO, from the system prior to eruption: (1) additional crystallization drove CO, into
the fluid phase prior to ascent or (2) reentrants reset to a CO, free environment due to a small, initial pre-eruptive pressure
decrease. Both scenarios have important implications for the pre-eruptive state of the magma body.
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Introduction

As magma decompresses during its ascent towards the sur-
face, the solubility of volatiles (H,0, CO,, S) in the melt
decreases, which results in the exsolution of volatiles into
54 Megan A. Saalfeld a separate fluid phase, and the decrease of their concentra-
megansaalfeld @montana.edu tion dissolved in the melt. The rate at which magma rises to
the surface has a strong control over the behavior of these
exsolved volatiles, which in turn directly affects the explo-
sivity of an eruption and modulates explosive/effusive tran-
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may help us to better interpret the evolution and timing of
these degassing processes and determine how decompres-
sion conditions may relate to variations in eruption dynam-
ics. A variety of techniques have been used to estimate
decompression rates based on petrologic indicators of vola-
tile loss, including the chemical breakdown of phenocrysts
(i.e., amphibole rims; Rutherford and Hill 1993; Rutherford
and Devine 2003), microlite nucleation and growth (Ham-
mer et al. 1999; Castro and Gardner 2008), and bubble num-
ber density (Toramaru 2006; Hamada et al. 2010). Howeyver,
in rhyolitic magma, these indicators are limited by kinetics
and can only resolve slower decompression histories (days
to weeks) or skewed by processes occurring in specific parts
of the conduit (i.e., rapid bubble nucleation near the frag-
mentation front; Mangan et al. 1993; Giachetti et al. 2010;
Hajimirza et al. 2021). Thus, many of these methods cannot
be applied to study more explosive (often fast) eruptions,
involving evolved (kinetically slow) magmas, or for deter-
mining decompression rates that represent ascent through
the entire conduit system.

One promising technique is to use melt-filled reentrants
(unenclosed melt inclusions—herein referred to as reen-
trants), which have been shown to respond to changing
external conditions (degassing) on timescales of minutes to
hours (Liu et al. 2007; Humphreys et al. 2008; Lloyd et al.
2014; Ferguson et al. 2016; Myers et al. 2016, 2018, 2021;
Newcombe et al. 2020). Modeling of chemical profiles of
volatile species in reentrants is a method that can yield an
integrated decompression history for rapid rhyolitic magma
ascent. For this study, we focus on reentrants in caldera-
forming systems, where several open questions remain on
the dynamics of magma ascent. For instance, reentrants in
many of these systems lack measurable CO,, in contrast to
the several hundred ppm measured from their co-erupted
melt inclusions. Although this has been inferred in some sys-
tems to represent an initial slow ascent phase (Myers et al.
2018; Bishop Tuff, USA), there are examples of high H,O,
low CO, reentrants that are thought to have quickly ascended
from storage (Myers et al. 2021; Santorini, GR). While these
studies have shed light on ascent rates of single eruption
episodes, no studies have been conducted to compare ascent
rates between subsequent eruptive sequences. Lastly, thus
far, all reentrant modeling studies of natural systems have
only employed a 1D modeling approach, even though the
geometry of a reentrant can significantly affect the calculated
ascent rate (deGraffenried and Shea 2021). To shed light on
some of these open questions, we utilized samples from two
subsequent caldera-forming eruptions that together form the
Bandelier Tuff, located in northern New Mexico, USA.

The modern-day Bandelier Tuff was erupted as two sepa-
rate eruptions, which were separated by 350,000 years (Izett
& Obradovich 1994; Phillips et al. 2007). A unique aspect
of these two eruptions is that they were of similar volume,
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temperature, and composition, and erupted from caldera
systems that structurally overlap each other (e.g., Heiken
et al. 1986, 1990; Self et al. 1986). These characteristics
allow us the unique opportunity to compare decompres-
sion rates between two consecutive eruptions in which all
other variables are remarkably similar. Experimental work
has shown that caldera-forming eruptions produced from
the same magma chamber will reutilize the fracture systems
formed during the previous eruption (Marti et al. 1994). The
fact that the Bandelier Tuff created two calderas that are
perfectly coincident would suggest that the system reacti-
vated an existing ring-fracture system. The reactivation of
a previous fracture system has been hypothesized to allow
magma pathways between the reservoir and the surface to
be established more quickly, resulting in efficient magma
ascent directly from the storage conditions (Myers et al.
2021). One overarching question, we seek to investigate is
whether magma ascent toward the surface at the onset of a
subsequent eruption is affected by the reactivation of a previ-
ously healed fracture system.

Geologic background

The Bandelier Tuff and its associated calderas are a part of
the Jemez Mountains Volcanic Field JMVF) (Fig. 1). The
JMVF lies at the intersection of the Jemez Volcanic Linea-
ment and the Rio Grande Rift, where the current spreading
rate is < 1 mm/year (Woodward 1977; Savage et al. 1980).
The JMVF has been volcanically active for 13 Myr, with the
first 11 Myr being dominated mostly by mafic and interme-
diate volcanism (Aldrich 1986; Wolff and Gardner 1995).
The Bandelier Tuff deposit was formed from two caldera-
forming eruptions, each producing ~400 km? of material.
The Otowi member is the first caldera-forming eruption
of the JMVF and is dated at 1.61 Ma (Izett & Obradovich
1994). This eruption created the Toledo Caldera, the rim of
which is partly exposed northeast of the modern-day Valles
Caldera that formed during the second eruption (Fig. 1). The
basal unit of the Otowi member is referred to as the Guaje
pumice airfall unit, reaching up to 8 m thick. Due primarily
to the decrease in coarse pumice fragments, the Guaje pum-
ice developed bedding in the uppermost 2 m of the airfall
unit (Crowe et al. 1978; Fig. 2). The upper member of the
Bandelier Tuff, formed by the eruption and collapse of the
Valles Caldera, is the Tshirege member, dated at 1.26 Ma
(Phillips et al. 2007). The Tsankawi pumice, a 3.5-m thick,
massive bed of plinian airfall deposits, occurs at the base
of the Tshirege member (Fig. 2). In this work, the member
names (Otowi/Tshirege) are used when talking about wide-
scale processes occurring within the magma or when refer-
ring to the entirety of the deposit including the ignimbrite.
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Fig.1 Map of the modern-day Valles Caldera (thick-dashed line)
highlighting the extent of the Bandelier Tuff deposits (purple unit),
including Otowi and Tshirege members ( modified from Boro et al.
2020). The Valles Caldera is defined by a topographic rim and was
formed during the eruption of the Tshirege member (1.26 Ma). It is
coincident with the older Toledo Caldera (Otowi member; 1.61 Ma).

When specifically referring to the airfall deposit, the unit
names (Guaje/Tsankawi) are used.

Stratigraphically constrained geochemical analysis of
erupted pumice clasts and bulk ash suggests that a normal
compositionally zoned magma chamber fed the eruption of
the Tshirege member. This is indicated by a systematic up-
section decrease in whole rock SiO, content, from ~ 78 to
70 wt.% (Sussman et al. 2011; Goff et el. 2014). Within this
overall normal compositional zonation, the Tshirege member
has a distinct region of reverse zoning (more silicic up sec-
tion) in the late-stage ignimbrite deposits (Goff, et al. 2014).

The Toledo Embayment (possibly associated with eruptions prior
to the Otowi member and currently filled with Cerro Toledo Rhyo-
lite domes) is exposed to the northeast of the Valles Caldera and is
outlined by the thin dashed line. Orange and blue symbols highlight
sample locations

The Otowi member is less variable in its glass chemistry,
with erupted material ranging from ~76 to 78 wt.% SiO,
and no relationship between composition and stratigraphic
position (Kuentz 1988). However, the Otowi member dis-
plays sharp reverse zoning patterns (increase in Sr and Ba
concentrations rimward) in quartz and sanidine crystals
from the later erupted portions of the ignimbrite, inferred
to be records of an increase in magmatic temperature, sug-
gesting that recharge of less evolved material could have
triggered the eruption (Wark and Wolff 2006). Similarly,
the presence of hornblende dacite pumice fragments in the
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Fig.2 Field photos showing the stratigraphic boundaries (sub-horizontal black lines) between the Tsankawi (Tshirege Member) and Guaje
(Otowi Member) airfall units and their overlying ignimbrites. Locations of whole pumice and bulk samples are bracketed in red

Tshirege member point to the intrusion of an intermediate
or mafic magma body as the eruption trigger (Stimac 1996;
Boro et al. 2020).

Both eruptions contain 10-20% phenocrysts with an
assemblage of alkali feldspar and quartz, with minor
amounts of plagioclase, iron—titanium oxides, apatite, zir-
con, and chevkinite (Smith and Bailey 1966; Goff et al.
2014). The pre-eruption temperature of both airfall deposits
was determined to be ~700°C based on pyroxene-fayalite
thermometry (Warshaw and Smith 1988). This estimate is
supported by Ti-in-quartz thermometry (TitaniQ; Wark and
Watson 2006) which gives temperatures of ~660-700 °C
for the Otowi ignimbrite, and 685725 °C for the Tshirege
ignimbrite (Campbell et al. 2009). Other estimates for the
Tsankawi airfall are based on amphibole-liquid (avg. 725 °C)
and feldspar-liquid (avg. 736 °C) thermometry (Boro 2019).
Additional temperatures for the Otowi ignimbrite are based
on zircon saturation thermometry and are higher than esti-
mates from Ti-in-quartz thermometry (819-883 °C; Audé-
tat 2013). The temperature of the Tshirege ignimbrite was
also found using Fe-Ti oxides, which yield temperatures of
651-903°°C (avg. 720°°C), and amphibole-melt thermom-
etry, which provides a narrower range ~770-810°°C (avg.
797 °C; Boro et al. 2020). From this review, it is clear that
the pre-eruptive temperatures for the Bandelier Tuff are
widely variable (perhaps stratified) and depend on the ther-
mometer applied.

Quartz-hosted, bubble-free, melt inclusions from the
airfall contain variable amounts of H,O (analyzed by
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Fourier-transform infrared—FTIR), ranging from 2.14 to
5.20 wt.%, (avg. 4.05 wt.%) in the Guaje and 1.96 to 5.48
wt.%, (avg. 3.60 wt.%) in the Tsankawi (Waelkens 2021 ).
These values are slightly lower than those measured via ion
microprobe by Dunbar and Hervig (1992), where Guaje and
Tsankawi melt inclusions range from 3.1 to 6.0 wt.% and
3.5-5.9 wt.% H,0 respectively. Carbon dioxide concentrations
in melt inclusions are generally lower in the Tsankawi
(< 150 ppm), reaching 225 ppm in the top of the Guaje
airfall deposit (Waelkens 2021). Based on volatile solubility
(Newman and Lowenstern 2002) and the assumption of
lithostatic conditions, these combined concentrations correlate
to magmatic storage depths of 5-6 km. This is consistent
with magma chamber depths of 5-7 km based on fayalite-
orthopyroxene barometry and structural modeling (Nielson
and Hulen 1984; Warshaw and Smith 1988; Stix and Layne
1996; Goff et al. 2014).

Methods
Sampling and polishing

Seven layers of pumice were sampled from the Tsankawi
(3 layers) and Guaje (4 layers) airfall units (Figs. 1, 2).
Quartz crystals containing long, tube-like reentrants with
large external openings were found in all sampled layers.
Qualifying reentrants (glassy, > 100 um long, bubble at
mouth) were picked, mounted to glass slides using crystal
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bond, and doubly polished along the length of the reen-
trant. All reentrants had a visible bubble at the mouth that
spanned the width of the reentrant, a necessary require-
ment for diffusive loss of H,O in an exsolved fluid phase
(see Lloyd et al. 2014). We aimed to prepare 3-5 reentrants
from each unit, although due to challenges with prepa-
ration, some units only yielded 1-2 reentrants. For one
of the Guaje layers (sample GO), every crystal shattered
during hand-sample preparation, and thus no reentrants
were analyzed. Intersected reentrants (9 for the Guaje
and 13 for the Tsankawi) ranged from 80 to 250 pm in
length, ~20-80 pm wide at their narrowest point, and most
were either tubular or slightly wider toward the interior
(Supplementary Fig. 1). Three of the 21 total reentrants
measured showed significant narrowing toward the rim.

FTIR H,0 and CO, analysis

Freed crystal wafers were analyzed using an FTIR spectrom-
eter at the University of Oregon. Concentrations of H,O and
CO, were measured with 20-25-pm-square spots along the
length of the reentrant. Reentrant lengths allowed for up to
25 FTIR analyses per transect (at 10 pm spacing). Analysis
was conducted using a white light source, 256 scans per spot,
and a wavelength resolution of 4 (cm™"). FTIR absorbances
were measured using a linear regression baseline and were
converted to concentration by applying the Beer-Lambert
law to the relevant baseline-subtracted peak heights (Eq. 1):

coAM

B, ey

where C is the concentration (wt.%), p is the density of
rhyolite glass (g/L), M is the molecular mass of the volatile
(g/mol), € is the molar absorbance coefficient (L/mol-cm?),
A is the height of the absorbance peak, and ¢ is the thickness
of the sample (pm), determined using both a micrometer
and the reflectance method of Wysoczanski and Tani (2006).
Because p and ¢ are both strongly dependent on water con-
centration, we assume initial values of 2350 kg/m> and 80
L-mol~!-cm™, respectively and then iterate through the cal-
culation until all three values converge (Skirius et al. 1990;
Leschik et al. 2004). If the 3550 cm™" (total water) peak was
saturated, water concentrations were measured by using the
absorbance peak heights of the 4520 cm™! bound hydroxyl
and 5230 cm™! molecular water peaks, following the equa-
tion of Zhang et al. (1997). Errors for H,O are calculated
using gaussian error propagation and range from +0.05 to
0.55 wt. % (average= +0.25 wt.%). For CO,, measured at
the 2350 cm™! (molecular CO,) peak, all values were found
to be below the detection limit of ~20 ppm. Full transect data
can be found in Supplementary Table 1.

EPMA major and LA-ICP-MS trace element analysis

Following FTIR analysis, the doubly polished quartz wafers
were mounted in 1-inch diameter epoxy mounts for major
and trace element analysis at Boise State University. Reen-
trants were first analyzed on a Cameca SXFive electron
microprobe with operating conditions of 15 kV and an unfo-
cused 10-pm beam for all analyses. To evaluate for composi-
tional variability along the length of the reentrant, measure-
ments were taken at 15-pm intervals for reentrants < 150 pm
in length. For longer reentrants, measurements were taken
every 5 pm for the 30 pm nearest the rim and one additional
point was taken at the interior of the reentrant. For each
analysis, Si, Na, K, Al, and Fe were measured first using a
beam current of 10 nA and then conditions were changed
to 50 nA for Mg, Ca, Cl, Ti, and F. Error for each element
was calculated using repeat analyses of the standard VG-2
(basaltic glass) and were generally found to be < 1.5% except
for FeO (2.5%), Na,O (4.0%), K,0 (9.7%), F (15.0%), and
Cl (24.7%). Trace elements were then analyzed using laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) in the Boise State University Isotope Geology
Laboratory. Line analyses, 30 pm long by 12 pm wide and
perpendicular to the length of the reentrant, were measured
at 20 pm spacing and a repetition rate of 10 Hz in order to
evaluate trace element variations. For trace element analysis,
we used three external glass standards (GSE-1G, ATHO-1G,
and T1-G) to evaluate error, with 298 used as an internal
standard. Errors for trace elements were calculated by tak-
ing the standard deviation of measured standards from their
known values, and were generally found to be less than 12%,
except for Zn, Cu, Co, F, and P, which have errors around
22%. Average major and trace element concentrations col-
lected from each transect are listed in Table 1 with the full
dataset available in Supplementary Table 2.

Diffusion model setup

Best-fit decompression rates were obtained by simulating
measured H,O profiles using a one-dimensional diffusion
MATLAB script (Table 2; Myers et al. 2018). Input param-
eters required for this model include the starting H,O and
CO, concentrations (converted to pressure using solubility
laws of Liu et al. 2005) and temperature. The model assumes
constant decompression, isothermal magma ascent, and
equilibrium at the rim/melt boundary. At each time step,
a new exterior boundary solubility condition is calculated
based on the pressure at that time step. Although the model
allows for the input of an exsolved gas content, for all model
runs, we assume open-system degassing (gas is removed
from the system upon formation). The lack of CO, in the
melt results in a degassing path that is less sensitive to the
exsolved gas content; therefore, open-system degassing is
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& Table 1 Results of 1D decompression modeling
%]

= Reentrant name Reentrant starting conditions Ascent based on reentrant starting conditions
C'('z Tsankawi Starting pressure  Starting CO, Starting H,O (wt. Rim pressure Ascent rate dP/dt error Ascent time Ascent rate (m/s), 2
(MPa) (ppm) %) (MPa) (MPa/s) (MPa/s) (min) *F=1000 m
Top T3-1 83.2 20 39 10 0.0105 0.0016 116 0.325 0.62
T3-3 955 20 4.2 30 0.9850 1 41.262 4.81
Middle T2-1 71.7 20 3.6 30 0.1000 0.0300 8 3915 1.00
T2-3 83.2 20 39 30 0.0162 0.0250 55 0.690 0.19
T2-4 373 20 2.5 15 0.0014 0.0011 265 0.029 0.14
T2-5 100 20 43 30 0.0106 0.0030 110 0.443 0.96
Bottom T1-1 275 20 2.1 10 0.0049 0.0020 60 0.022 0.24
T1-2 347 20 24 20 0.0007 0.0010 350 0.017 0.33
T1-3 399 20 2.6 10 0.0192 0.0060 26 0.363 0.20
T1-4 427 20 2.7 15 0.0940 0.0750 5 2.293 0.45
T1-5 322 20 2.3 20 0.0004 0.0006 508 0.009 0.29
Guaje
Bedded airfall G3-4 1329 20 5 25 0.0210 0.0100 86 0.821 2.45
G3-5 914 20 4.1 30 0.0700 0.0300 15 2.950 1.65
G3-2 95.6 20 4.2 30 0.1060 0.0700 10 4.447 0.65
G2-3 275 20 2.1 20 0.0004 0.0015 313 0.004 0.23
G2-4 68.1 20 3.5 20 0.0080 0.0030 100 0.278 2.85
G2-4 95.6 20 4.2 15 0.0410 33 1.400 0.97
Massive airfall G1-2 153 20 54 30 0.1000 0.0300 21 4.069 7.06
G1-5 95.6 20 4.2 25 0.0170 0.0100 69 0.663 0.40
Reentrant name Melt inclusion starting conditions Ascent based on melt inclusion starting conditions
Tsankawi Starting pressure  Starting CO, Starting H,O (wt. Rim pressure Ascent rate dP/dt error Ascent time Ascent rate (m/s), 2
(MPa) (ppm) %) (MPa) (MPa/s) (MPa/s) (min) *F=1000 m
Top T3-1 1329 150 4.64 25 0.0040 0.0015 450 0.153 451
T3-2 1329 150 4.64 10 0.0010 2048 0.034 0.15
T3-3 1329 150 4.64 30 0.0650 0.0300 26 2.610 17.86
Middle T2-1 120.6 117 4.47 30 0.0050 0.0020 302 0.202 7.29
T2-2 120.6 117 4.47 5 0.0010 1927 0.032 0.63
T2-3 120.6 117 4.47 30 0.0070 0.0030 215 0.283 422
T2-4 120.6 117 4.47 15 0.0009 0.0003 1956 0.031 0.18
T2-5 120.6 117 4.47 30 0.0080 0.0040 189 0.323 4.75
Bottom T1-1 162.1 57 5.48 10 0.0014 0.0005 1811 0.048 0.09
T1-2 162.1 57 5.48 20 0.0005 0.0004 4737 0.019 0.30
T1-3 162.1 57 5.48 15 0.0049 0.0005 500 0.175 0.33
T1-4 162.1 57 5.48 25 0.0048 0.0010 476 0.184 0.64

T1-5 162.1 57 5.48 20 0.0003 0.0002 7894 0.011 0.26
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Table 1 (continued)

Guaje
Bedded airfall G3-3 162.9 216
G3-4 1629 216
G3-5 1629 216
G3-2 1629 216
G2-3 1629 216
G2-4 1629 216
G2-4 1629 216
Massive airfall G1-2 161.8 196
G1-5 161.8 196
Reentrant name High H,0O/No CO, starting conditions

Tsankawi Starting pressure  Starting CO,
(MPa) (ppm)

Top T3-1 1144
T3-2 1144
T3-3 1144
Middle T2-1 106.8
T2-3 106.8
T2-4 106.8
T2-5 106.8
Bottom T1-1 156.4
T1-2 156.4
T1-3 156.4
T1-4 156.4
T1-5 156.4

S O O O O o o o o o o o

Guaje

Bedded airfall G3-3 135.5
G3-4 135.5
G3-5 135.5
G3-2 135.5
G2-3 1355
G2-4 135.5
G2-4 135.5

Massive airfall  G1-2 137.0
G1-5 137.0

S O O O o o o o o

5.08
5.08
5.08
5.08
5.08
5.08
5.08
5.11
5.11

Starting H,O (wt.
%)
4.64
4.64
4.64
4.47
4.47
4.47
4.47
5.48
5.48
5.48
5.48
5.48

5.08
5.08
5.08
5.08
5.08
5.08
5.08
5.11
5.11

10
30
30
25
20
30
30
30
30

Ascent based on melt inclusion starting conditions

dP/dt error
(MPa/s)

Rim pressure
(MPa)

10
10
50
50
35
15
35
10
15
15
25
20

10
25
30
40
15
20
30
50
30

0.0012
0.0120
0.0090
0.0090
0.0003
0.0030
0.0140
0.0480
0.0070

Ascent rate
(MPa/s)

0.0079
0.0010
0.0649
0.0028
0.0079
0.0010
0.0082
0.0014
0.0010
0.0049
0.0048
0.0050

0.0012
0.0210
0.0890
0.0789
0.0006
0.0048
0.0242
0.1000
0.0097

0.0006
0.0050
0.0050
0.0050
0.0002
0.0010
0.0040
0.0300
0.0020

0.0750
0.0010
0.0550
0.1175
0.0100
0.0525
0.0350
0.0025
0.0825
0.0650
0.0050

0.0350

0.2425
0.0125

0.2050

0.0650

2124
185
246
246
7939
738
158
46
314

Ascent time
(min)
220
1740
17
338
151
1530
146
1743
2357
481
456
4547

1743
88
20
20
3347
401
73
15
184

0.042
0.478
0.358
0.358
0.011
0.119
0.557
1.911
0.279

Ascent rate (m/s),
*F=1000 m

0.259
0.033
3.444
0.154
0.344
0.034
0.357
0.048
0.036
0.175
0.184
0.019

0.041
0.804
3.570
3.496
0.021
0.176
0.971
4.931
0.389

0.36
9.62
17.81
25.09
1.00
3.85
4.76
36.36
3.63

x2

0.58
0.15
1.70
0.53
0.17
0.12
0.91
0.09
0.85
0.32
0.64
0.47

0.36
2.39
1.65
0.71
0.37
2.62
0.72
3.37
0.37

* Ascent rate calculated using fragmentation depth (F) of 1000 m
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a reasonable assumption. Each model run cycled through
a range of decompression rates (dP/dt) and fragmentation
pressures (Pf; where diffusion effectively ceases in the
model) to solve for the set of dP/dt and P,conditions which
best approximate the measured data using the diffusivity
model of Zhang et al. 2007. Error (also referred to here as
misfit) is calculated using the chi-squared goodness of fit
test (%) of the calculated volatile gradient compared to the
measured gradient (see supplementary material for error cal-
culation). We consider any model with a * equal to or less
than 1 a “good fit” and the model with the lowest x> value is
referred to as the “best fit.”

Results
Reentrant major and trace element chemistry

Compositions of glass in reentrants from both the Guaje and
Tsankawi airfall deposits correspond to high silica rhyolites
(76.4-77.6 wt.% Si0O2, volatile-free) with indistinguish-
able major element chemistry, and no noticeable variation
between measurements taken from the interior and rim of
each reentrant (Fig. 3). Glass data results agree with melt
inclusion values taken from Dunbar and Hervig (1992) and
glass shard analyses from Westgate et al. (2019) (Fig. 3).
The majority of elements (e.g., Na,O, K,O, P, Th) lack
discernable trends when compared to enriching elements
such as SiO, or Rb. In contrast, Al,O; and to a lesser extent
FeO, show a negative correlation with SiO,. Between the
two eruptions, most trace elements also overlap and span a
comparable range of values (e.g., B, P, Nb, Th, Ce). How-
ever, some elements are more distinctive between the two
eruptions, with volatile (F, CI) and trace element (Sr, Ba,
Zr) concentrations typically higher in the Tsankawi mem-
ber than the Guaje (Figs. 3, 4). For instance, concentrations
of Ba and Sr are found to be at or below detection limit
in the Guaje, but significantly higher and clustered in the
Tsankawi (Sr: 6-10 ppm and Ba: 16-29 ppm). This separa-
tion is likely due to small differences in the extent crystal-
lization of the two magmas, as the concentrations of these
elements are largely controlled by the strong partitioning of
Ba and Sr into alkali feldspar, the dominant mineral in both
eruptions (Fig. 3). Chlorine also distinguishes the two erup-
tions (although values are within error), with concentrations
ranging from 2200-2800 ppm in Guaje and 3200-5600 ppm
in Tsankawi, which agree with melt inclusion concentrations
(Dunbar & Hervig 1992).

Although no variation in major or trace elements was
observed along reentrant transects in either eruption, we
do find that transect analyses for nearly all samples show
increasing concentrations of Li toward the rim of the reen-
trant (Fig. 4). Lithium concentrations overlap between

@ Springer

the two eruptions, with interiors from both the Guaje and
Tsankawi airfall deposits ranging from 70—-100 ppm and rim
concentrations preserving higher values of 90-125 ppm.
These concentrations are higher than the mean melt inclu-
sion value (~ 85 ppm) determined from Dunbar and Hervig
(1992), although there is significant variability in their melt
inclusion data (17-203 ppm Li).

H,0 and CO, gradients in REs and 1D modeling

All Bandelier reentrants contain H,O concentrations ranging
from 1.21-5.37 wt.% in the interior, with normal gradients
going to lower concentrations at the rims (0.65-4.14 wt.%).
Although interior H,O concentrations represent a large vari-
ation, values mimic the range measured from co-erupted
melt inclusions (2.0-5.2 wt.%; Fig. 5; Waelkens 2021).
Reentrant H,O contents are generally higher in the Guaje
samples (n=09), with average interior concentrations of
3.63 wt.% compared to 2.80 wt.% in the Tsankawi samples
(n=13). All measured reentrant profiles lack detectable CO,
(detection limit ~ 20 ppm) (Fig. 5; Waelkens 2021).

As volatile diffusivity is strongly temperature depend-
ent, we applied the Boehnke et al. (2013) zircon saturation
thermometer to our samples. This thermometer returned
temperatures of 823 +23 °C (2 o) for the Guaje airfall and
835+ 81 °C for the Tsankawi airfall. Although these temper-
atures align very well with the results from Audétat (2013)
using the same method on ignimbrite samples (819—883 °C),
they are significantly higher than the ~700-800 °C estimate
for both airfall deposits provided by other thermometers
(e.g., Warshaw and Smith 1988; Campbell et al. 2009; Boro
et al. 2021). As temperature is crucial for diffusion mod-
eling, we consider the implications of a large temperature
uncertainty in determining decompression rates but choose
to represent the results based on the lowest temperature to
provide conservative decompression estimates.

Starting H,O and CO, concentrations for model runs
have traditionally been chosen based on measured melt
inclusion data (high H,O/high CO, ascent from storage),
or by using the volatile concentrations found in the inner-
most part of the reentrant (moderate H,O/no CO,; reset by
an initial stalling or slow ascent phase; e.g., Myers et al.
2018; Fig. 6); we explore both options here and present a
third alternative (high H,O/no CO,). We note that many
caldera-forming, silicic systems exhibit a reduction or
absence of measurable CO, concentrations in reentrants
in comparison to melt inclusions from the same deposits
(Liu et al. 2007; Myers et al. 2018; 2021). However, most
reentrants still contain relatively high H,O concentrations.
Although this has now been noted in multiple systems,
including the Bandelier, the implications of this observa-
tion are still unclear. We envision two potential explana-
tions: (1) late-stage, isobaric crystallization drove CO,
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Table2 Summary of good profile fits (3 misfits < 1) from the decompression model, based on starting conditions from reentrant (RE) and melt
inclusion (MI). Based on these results, we determined the average ascent rate for all model conditions

All condi- No CO, RE MI No fit No CO, start ~ RE start (m/s) MI start (m/s)
tions (m/s)
Tsankawi (n=13) 6 11 10 8 1 0.149 1.15 0.03
Guaje (n=9) 1 5 4 2 4 0.984 1.70 0.04
Fig.3 Compositional plots of 45 800
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Fig.4 A Photomicrograph of 135
reentrant 03A-3 (Guaje). B, C, ~ s B
D Transect trace element analy- E
ses of Li, Cl, and Ti where each E s
symbol represents a single-point .§
analysis, with profiles going § 103
from reentrant rims (left) toward § 95
reentrant interiors (right). Blue 5
symbols represent reentrants LE) 8
from the Guaje fall unit and 2 75
burnt orange symbols represent §
samples from the Tsankawi fall 05
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into a fluid phase, removing all traces from the reentrant
through diffusive re-equilibration or (2) a small decom-
pression event occurred, driving the remaining CO,, into
the fluid phase, followed by re-equilibration of the reen-
trant to a H,O saturated pressure. This re-equilibration to
low CO, conditions would require 10 s of hours to days
to occur (based on solubility and diffusivity of CO,; Liu
et al. 2005; Zhang et al. 2007). Although we later discuss
the probability of each scenario for the Bandelier system,
for now, we accept that both ideas result in a high H,O,
no CO, starting melt for modeling reentrant profiles. The

Fig.5 Water and CO, con- 250
centrations of melt inclusions
(MI; Waelkens (2021)) and
innermost reentrant data (RE),
where each symbol represents a
single MI or RE. Isobars (solid
lines) and open-system degas-
sing (dotted grey line) pathway
calculated using Volatile Calc
(Newman & Lowenstern 2002).
Dashed gray lines highlight two
separate scenarios for exsolv-
ing CO, from the melt (isobaric
crystallization and buoyancy-
driven decompression), produc-
ing the high H,0, low CO,
starting pressures. This was 0
found to produce better model 1
fits to measured RE profiles

[\
[=3
(=)

150

100
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W
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200 <RIM
0 pum

300 pm 300 ym

third series of diffusion models therefore explored the
scenario where only the melt inclusion-derived H,O was
present in the reentrants initially and CO, had already
degassed (referred to hereafter as the “high H,O/no CO,”
starting condition). This third scenario eliminates the need
for a slow initial ascent/stalling event required by the reen-
trant interior starting condition.

We find that most diffusion profiles from the Guaje
can only be fit using the moderate H,0/no CO, reentrant
interior measurements (n =4 of 9) or the high H,0/no
CO, as starting conditions (n=15 of 9), with only two

MI/RE
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successfully fit using the high H,O/high CO, melt inclu-
sions as starting conditions (Table 3). Four of nine could
not be fit with any of these starting conditions. For
the Tsankawi samples, the majority of profiles (n=11
of 13) are fit using either the reentrant interior or high
H,0/no CO, start, with 8 of 13 able to be fit using the
melt inclusion start; one profile could not be fit with
any starting condition (Table 3). There is no correlation
between calculated ascent rate and stratigraphic position
for either eruption (Supplementary Fig. 2). However, we
do find that the model generally fits the data better in
the Tsankawi than in the Guaje reentrants, in which the
measured interior water concentrations are rarely fit, with
model results providing significantly lower H,O concen-
trations (Supplementary Fig. 2). The better model fits
found for the Tsankawi reentrants could suggest that the
assumptions laid out in our model (constant ascent from
some starting condition) better recreates the natural data-
set in the Tsankawi member, where magma ascent occurs
more directly from storage to the surface without stall-
ing and reequilibrating in the conduit. By contrast, some
aspect of the Guaje ascent is being missed by our current
framework Fig. 7.

Based on reentrant starting conditions (moderate
H,0/no CO,), successful best-fit decompression rates
for the Guaje range from 0.0012—-0.1060 MPa/s, overlap-
ping with the Tsankawi 0.0003-0.1000 MPa/s. Decom-
pression rates using melt inclusion—starting conditions
are slower (~ 1 to 1.5 orders of magnitude) than those
recovered using the reentrant start, whereas the best-fit
decompression rates for the high H,O/no CO, models fall
in between. The results of decompression modeling using
each of the three starting conditions are shown in Fig. 8.
In most cases, the Guaje samples record decompression
rates that are similar to the Tsankawi, however, are gener-
ally associated with poorer model fits when applying the

LOWA

Start = Reentrant Interior

Pressure-Dependent
Water Concentration

Start = Melt Inclusion

HIGH

P=12-153 MPa

TReequilibration =10s of hrs to days* @/

P=120- 163 MPa

melt inclusion-derived starting conditions (high H,O/high
CO,). Presented decompression rates were determined
using a temperature of 700 °C; however, we evaluate the
error of this assumption by presenting rates for the fast-
est and slowest reentrants at the higher temperature esti-
mate of 830 °C. This increased temperature increases the
decompression rates by 340-440% (Fig. 8).

2-Dimensional diffusion modeling

A major assumption of the reentrant models presented here
is that diffusion occurs only along 1 dimension, parallel to
the length of the reentrant, from the interior to the mouth.
However, natural reentrants have complicated 3D geometries
that impact diffusive flux pathways and thus the assump-
tion of 1D diffusion may introduce significant error on
determined decompression rates (deGraffenried and Shea
2021). A common reentrant geometry that challenges the
1D assumption is when the reentrant constricts towards
the mouth (e.g., Fig. 4a). This constriction creates a “bot-
tlenecking effect,” where diffusion is slowed and results in
higher water concentrations being recorded further into the
reentrant than would be expected when compared to a per-
fect cylindrical geometry (deGraffenried and Shea 2021).
To evaluate the effects of complex natural reentrant geom-
etries on our modeled decompression rates, we implemented
a 2D model based on deGraffenried and Shea (2021). The
2D model was modified to use the same water diffusivity
as the 1D code (Zhang et al. 2007). All 2D modeling was
conducted using the conservative Bandelier temperature of
700 °C, the same initial and fragmentation pressures as the
1D model, and the reentrant interior starting conditions. Due
to computational limitations, and the fact that the chosen
parameters resulted in very good model fits, we chose not
to iterate through different fragmentation pressures or start-
ing conditions. We selected only four reentrants to evaluate,

f

# Melt Inclusions
bes
‘ O
.'-1"‘. .
% Quartz

N Reentrant

*At 700-830°C

Fig.6 Schematic diagram illustrating the melt inclusion vs. the reen-
trant starting conditions. Using the melt inclusion concentrations to
derive starting pressures indicates magma ascent directly from stor-
age conditions without any major stalling (left long arrow). Starting
pressures derived from the reentrant interior volatile concentrations

require an initial slow ascent and re-equilibration to lower saturation
pressures (middle short arrow) prior to the final ascent (right arrow).
Re-equilibration times are calculated based on solubility and diffusiv-
ity of H,0O and CO, (Liu et al. 2005; Zhang et al. 2007)
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Table 3 Average major and

trace element concentrations Tsankawi major elements Error (1o)

including 1o error (average wt%) ~ TI2  TI4 122  T31  T3-2 133  (wt.%)

deviation of all analyses), for Sio, 7159 7762 7670 7641 7746 7654  0.71

?e ﬁlze r?emfa‘;ts fmlg ”}eh TiO, 005 005 005 006 005 006  0.00
sankawl member, and elght ALO, 1145 1110 1159 1211 1125 1190  0.04

reentrants from the Otowi 3

member FeO 135 136 128 131 136 130 003

MgO 0.02 0.03 0.03 0.03 0.01 0.03 0.00
CaO 0.25 0.26 0.25 0.28 0.24 0.28 0.00
Na,O 4.56 4.38 4.90 4.61 3.98 4.52 0.18
K,0 4.11 4.59 4.37 4.53 5.04 4.71 0.44

Cl 0.34 0.33 0.56 0.32 0.32 0.33 0.09
F 0.29 0.28 0.29 0.34 0.29 0.34 0.05
Tsankawi trace elements Error (16)
(ppm) TI-2 Ti-4 12-2 13-1 T3-2 13-3 (ppm)
Li 77.5 95.0 131.7 1304 717 131.3 14.5
Be 17.8 23.6 18.7 5.8 9.7 11.7 6.2
B 19.7 21.8 24.2 21.8 29.5 24.2 10.0
P 59.3 46.3 51.0 433 40.9 38.8 11.2
Sc 3.3 4.0 0.3 0.1 b.d.1 1.2 0.3
A% 0.5 1.0 b.d.l 0.2 b.d.l 0.2 0.1
Cr 15.0 17.9 0.7 b.d.1 b.d.l 7.7 53
Mn 714.8 705.5 696.7 5779 6814  583.1 72.6
Co 0.4 0.8 0.2 0.2 0.2 0.1 0.1
Ni 0.9 0.8 14 2.8 2.7 2.7 0.3
Cu 6.7 1.2 1.6 b.d.l 1.9 b.d.l 0.7
Zn 143.3 145.1 144.4 174.3 226.7 172.8 36.8
Ga 26.9 27.1 30.6 30.3 31.8 30.8 3.1
Rb 323.9 326.6 376.2  349.0  428.8 357.8 459
Sr 6.3 7.6 5.4 9.1 0.6 7.8 0.7
Y 176.5 167.2 123.1 61.9 63.5 65.7 12.8
Zr 507.2 4764 3558 196.7 217.9 210.4 37.9
Nb 2379 2368 2123 181.7 210.9 183.1 26.5
Cs 11.7 11.8 13.4 12.3 15.3 12.9 1.6
Ba 19.1 22.4 20.0 28.8 2.0 28.0 2.6
La 60.4 59.3 40.9 29.9 28.2 30.7 4.8
Ce 107.3 108.9  94.6 94.1 92.5 95.6 11.3
Pr 12.4 12.0 9.3 7.3 6.6 7.2 1.0
Nd 47.0 443 33.7 24.1 22.0 254 4.2
Sm 13.4 13.1 9.3 6.1 6.0 6.0 1.0
Eu 0.0 0.0 0.0 0.0 b.d.l 0.0 0.0
Gd 17.1 16.4 10.5 7.2 6.8 6.9 1.3
Tb 34 33 23 1.4 13 1.3 0.2
Dy 25.8 24.3 17.6 9.7 10.0 10.5 1.7
Ho 5.6 53 4.1 2.1 2.1 2.1 0.4
Er 17.2 15.7 11.3 6.4 6.3 6.4 1.1
Tm 2.8 2.5 2.0 0.9 1.0 1.1 0.2
Yb 17.3 16.1 11.8 6.3 6.6 6.7 1.1
Lu 2.8 2.7 1.9 1.1 1.0 0.9 0.2
Hf 25.2 22.3 16.6 8.9 10.2 9.8 1.8
Ta 17.2 15.7 13.6 10.3 10.3 10.2 14
Pb 56.8 55.8 66.0 63.2 76.3 64.2 6.1
Th 51.4 48.2 34.8 22.7 23.1 22.8 3.7
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Table3  (continued) U 143 141 159 159 185 159 19
Guaje major elements Error (1o)
(wt.%) G2-3 G2-4 G2-4 G3-4 G3-5 G3-2 GI-2 GI-5 (wt.%)
SiO, 77.46 77.66 77.53 77.67 77.26 77.19 76.78 77.03 0.71
TiO, 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.00
Al Oy 11.33 11.48 11.54 11.24 11.66 11.78 12.00 11.70 0.04
FeO 1.25 1.22 1.28 1.27 1.25 1.23 1.28 1.27 0.03
MgO 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.00
CaO 0.26 0.24 0.26 0.26 0.26 0.26 0.26 0.25 0.00
Na,O 4.16 4.47 4.31 4.08 4.31 4.27 4.65 4.40 0.17
K,O 4.98 4.44 4.54 4.96 4.72 4.75 443 4.80 0.46
Cl 0.24 0.23 0.27 0.23 0.22 0.28 0.27 0.26 0.06
F 0.27 0.21 0.22 0.23 0.25 0.18 0.27 0.24 0.04
Guaje trace elements Error (16)
(ppm) G2-3 G24 G24 G34 G35 G32 G2 GI-5  (ppm)
Li 90.9 1227  86.2 67.2 1033 79.5 96.1 90.3 12.6
Be 26.4 144 b.d.l 164 13.3 b.d.l 14.7 33.6 8.4
B 21.9 18.3 20.7 20.9 19.0 12.6 22.3 21.8 8.4
P 83.9 44.6 82.2 50.9 332 65.8 479 78.9 14.7
Sc 35 b.d.1 2.8 b.d.1 b.d.1 10.9 b.d.1 1.6 0.7
\Y% b.d.l 0.1 b.d.l b.d.1 0.1 0.5 b.d.1 0.3 0.0
Cr 13.2 7.5 7.1 b.d.l 2.0 27.2 5.4 13.9 5.6
Mn 687.1 636.8 7108 6082 6033 6105 6958 683.6  72.0
Co 0.7 b.d.1 0.3 b.d.l b.d.1 b.d.1 0.3 0.6 0.1
Ni 1.8 1.6 2.1 1.5 1.8 2.0 1.6 1.7 0.2
Cu b.d.1 0.3 b.d.1 0.3 b.d.l b.d.l 18.9 0.1 1.1
Zn 139.0 128.2 135.1 146.0 135.8  98.7 129.3 136.7  28.7
Ga 29.4 28.3 29.9 26.2 27.3 24.5 27.6 29.2 2.9
Rb 412.0 4242  420.1 383.1 3923 285.6  401.1 392.1 49.5
Sr 0.3 0.1 0.4 0.1 0.1 0.4 0.2 0.3 0.0
Y 93.6 102.6 933 79.9 78.9 99.1 107.4 95.6 10.9
Zr 265.6 2862 261.8 219.6 221.0 282.1 307.3 279.7  30.7
Nb 258.1 2500 2593 209.5 207.0 188.1 248.5 265.0  29.7
Cs 13.2 14.2 14.1 10.9 11.7 8.8 13.0 134 1.5
Ba b.d.1 0.0 b.d.l 0.2 0.3 0.8 1.5 b.d.1 0.1
La 324 30.8 30.1 30.6 29.8 414 33.6 30.2 3.7
Ce 91.7 83.6 86.7 88.9 88.0 99.2 84.3 85.5 10.1
Pr 8.8 8.3 8.4 8.7 8.6 10.6 8.8 8.3 1.0
Nd 33.8 323 31.8 32.1 29.9 40.9 335 30.3 4.2
Sm 94 9.9 9.0 9.5 9.3 11.3 10.8 9.1 1.1
Eu 0.0 0.0 0.0 0.0 0.0 b.d.l 0.0 0.0 0.0
Gd 10.7 10.3 10.3 10.1 9.7 12.4 11.6 10.5 1.3
Tb 2.1 2.3 2.0 2.0 2.0 24 2.4 2.0 0.2
Dy 15.0 15.6 13.9 13.7 134 16.8 17.5 14.5 1.5
Ho 3.1 34 2.9 2.8 2.9 3.5 3.6 3.1 0.3
Er 9.2 9.9 8.8 8.2 7.9 9.1 10.8 9.1 1.0
Tm 1.5 1.6 1.5 1.3 1.2 1.5 1.8 1.4 0.1
Yb 9.3 10.1 9.2 8.2 7.9 9.5 11.1 9.3 1.0
Lu 1.4 1.6 1.4 1.2 1.2 1.6 1.7 1.5 0.1
Hf 12.4 13.5 114 11.1 9.7 12.9 14.5 13.0 1.4
Ta 17.4 17.1 17.7 13.8 13.4 13.3 17.7 17.7 1.7
Pb 53.3 50.8 55.0 47.2 46.9 38.7 53.0 54.8 4.8
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Table3 (continued) Th 407 416 395 317 320 378 443 401 42
U 22 203 226 183 192 145 210 24 24

again because of the computational intensity associated with
a 2D model, representing the full range of observed reentrant
shapes: necked 0% (tubular), 24%, 38%, and 44% (strongly
necked). The degree of necking was calculated by dividing
the narrowest part of the reentrant by the widest. In theory,
the tubular reentrant should record nearly identical ascent
rates using the 1D and 2D methods, and as the degree of
necking increases, the difference between the two methods
should also increase.

As predicted, we found that the non-necked reentrant
retrieved a best-fit 2D decompression rate that was iden-
tical to 1D (Fig. 9). The 24% necked reentrant returned a
slightly slower decompression rate (0.0185 MPa/s in 2D
vs. 0.0192 MPa/s in 1D), whereas the most strongly necked
reentrant (44% necked) fit a decompression rate 27% slower
than the 1D results (0.0036 MPa/s vs. 0.0049 MPa/s). Lastly,
the 38% necked reentrant was the only sample that produced
a decompression rate that was faster when using the 2D
model, by 50% (0.0328 MPa/s vs. 0.0162 MPa/s). This may
be due to the diffusion front interacting with a more com-
plex 3D morphology. While the 2D model returns slightly
different best-fit values than the 1D model, it is important
to note that all 2D model results are within the misfit uncer-
tainty of the 1D model. Full results are shown in Fig. 9,

Fig.7 Examples of water 5
transect data collected by FTIR,
with each symbol representing

a single point analysis, and each
line representing the best-fit
decompression rate for one
reentrant from an individual
layer. Error bar represents aver-
age analytical error of +0.25
wt.% H,O. Blue symbols
represent reentrants from the
Guaje fall unit and burnt orange
symbols represent samples

from the Tsankawi fall unit.

The labels contain the best-fit
decompression rate obtained via
1-D diffusion modeling using
the reentrant interior starting
conditions. Full transect data

is available in Supplementary
Table 1 /
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Supplementary Fig. 3, and can be found in Supplementary
Table 3.

Discussion
Lithium gradients

Although most major and trace elements show little to
no significant difference between units or within a given
reentrant, lithium concentrations near the mouths of each
reentrant increase by up to 55 ppm above interior compo-
sitions, an increase of ~25%. Charlier et al. (2012) also
found reverse gradients in Li preserved in feldspar and
quartz phenocrysts for the Oruanui supereruption (NZ).
To explain this observation, they postulate that during the
very last stages of decompression (less than ~22 MPa,
125 to 720 s before quenching) interactions between LiCl
and high-temperature steam caused a hydrolysis reaction,
affecting the partitioning of Li and resulting in a 50%
increase of Li concentration in crystal rims. Thus, there
is potential that a similar mechanism was occurring in the
Bandelier tuffs, with the breakdown of a fluid phase in the
shallow conduit system. This reaction should also result
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Fig.8 Results of decompression 100

modeling using three different
starting conditions, where best-
fit decompression rates (MPa/s)
were translated into ascent rate
(m/s) (see “Comparison with
other caldera-forming systems”
for discussion). Each symbol
represents a single reentrant.
Best fits for the largest number
of reentrants were achieved
using the reentrant interior

and high H,O/no CO, starting
conditions. The error bar pre-
sented represents the shift in the
determined ascent rate based on
a 130 °C temperature increase
(see “H,0 and CO, gradients

in REs and 1D modeling” for
discussion). This approach as
applied to both the slowest and
fastest ascent rate, which results
in a 340-440% shift

Ascent Rate (m/s)

0.01

Starting
Condition:

0.001

in large amounts of Cl partitioning into the fluid phase;
however, gradients of Cl in all Bandelier reentrants are
lacking. Although a diffusion coefficient for Li in hydrous
rhyolite melt has been determined (Holycross et al. 2018),
this does not take into account how Li would react during
degassing and ascent. Thus, modeling Li profiles would
require too many assumptions about its behavior to pro-
vide meaningful results. While the cause of lithium gra-
dients preserved in reentrant glasses of the Bandelier are
currently unknown and beyond the scope of this paper,
the application of Li diffusion as eruption chronometer
remains an exciting avenue for future work.

Decompression rates for the Tsankawi and Guaje
eruptions

When H,O diffusion in more than one direction is taken
into account, we find that the best-fit decompression rate
of reentrants with a necked geometry differ from their 1D
best-fit decompression rates by up to 50% (Fig. 9). While
the reentrant geometry clearly affects the decompression
rate, the best-fit rates in 2D and in 1D are still within the
uncertainty range of each other for all geometries tested.
This indicates that the reentrant geometry is not a significant
factor affecting rates extracted from Bandelier reentrants and
conclude that diffusion modeling in 1D is sufficient for rea-
sonable geometries (necking <50%). In contrast, the error
introduced by modeling at a higher temperature results in a
more dramatic change (~300-500% difference). But impor-
tantly, both of these error sources pale in comparison to the
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three orders of magnitude variation represented by each
airfall deposit (Fig. 8). This highlights the extreme varia-
tions in ascent dynamics experienced over the course of a
single eruption, and that accurate quantification of ascent
rate cannot be accomplished through limited petrological
sample sizes.

Evaluating the 1D results, decompression rates recorded
by reentrants from the Guaje and Tsankawi initial airfall
deposits are largely indistinguishable for all starting con-
ditions (Fig. 9). However, a major difference is that the
majority of Tsankawi samples can be modeled using all
three starting conditions, whereas the Guaje samples can
only be fit using the moderate H,0/no CO, reentrant interior
or the high H,O/no CO, starting conditions. Additionally,
a higher number of Guaje reentrants (n =4) cannot be fit by
any modeling scenario. We interpret these observations to
suggest that the Guaje likely experienced an initial period of
slower ascent (hours to days) deeper in the conduit and re-
equilibrated at a lower pressure before its final ascent (e.g.,
Figs. 2, 4). Although this idea explains part of our dataset,
half of the Guaje reentrants cannot be fit from any starting
condition. Our only interpretation to explain this result if
that there is an assumption built into our model (e.g., con-
stant-rate decompression) that is not recreating the ascent
history of this system. In contrast, Tsankawi reentrants are
likely recording a decompression event with little or no stall-
ing in the conduit. This suggests that the Tsankawi magma,
the second of the two caldera-forming eruptions, was able
to develop a conduit system more effectively, potentially
exploiting some preexisting weakness (e.g., interpretation of
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1D best-fit: 0.0940 MPa/s
2D best-fit: 0.0940 MPa/s

Necking = 0%

1D best-fit: 0.0162 MPa/s
2D best-fit: 0.0328 MPa/s

e

3
2

1D Ascent Rate (m/s)

0.001
0001 001 0.1 1

0 2D Ascent Rate (m/s)

Necking = 38%

Fig.9 Results of diffusion modeling in two dimensions (2D) for four
Tsankawi reentrants with different necking ratios. Color gradients and
correlated scale bar represent water concentration in weight percent.

Myers et al. 2021). Regardless of the initial opening behav-
ior, the remarkable overlap in the integrated decompression
rate of these two systems, especially compared to the range
observed in rhyolitic systems (see “Comparison with other
caldera-forming systems”), suggests that regional stress,
crustal structure, and intrinsic magma properties may ulti-
mately control ascent rates of rhyolite magma.

Comparison with other caldera-forming systems

Although both the reentrant interior and the high H,0O/
no CO, models provide good fits to a similar number of
reentrants in the two fall deposits, here we present ascent
rates based on the reentrant interior volatile concentration
in order to draw comparisons with other caldera-forming
systems. Decompression rates can be converted to ascent
rates through converting the starting pressure into depth
using the assumption of lithostatic conditions, assum-
ing a fragmentation depth of 1000 m (Myers et al. 2018),
and applying an assumed crustal density of 2600 kg/m?>.
Ascent rates obtained for the Guaje reentrants range from

@ Springer

1D best-fit: 0.0192 MPa/s
2D best-fit: 0.0192 MPa/s

Necking = 24%

1D best-fit: 0.0049 MPa/s
2D best-fit: 0.0036 MPa/s

Necking = 44% 0

Necking ratio is determined by dividing the width of the narrowest
part of the reentrant by the widest part. Inset chart shows comparison
of ascent rates in 1D vs. 2D, dashed gray line is 1:1 line

0.28—-4.45 m/s, and again, largely overlap with the Tsankawi
(0.32-3.92 m/s). These ascent rates obtained for the Ban-
delier members are comparable to those of other rhyolitic
caldera-forming eruptions, most notably the results from
the Oruanui (0.06-3.47 m/s) and Huckleberry Ridge
(0.25-3.88 m/s) eruptions, which both show large scatter
of H,0 compositions in enclosed melt inclusions, similar
to that of the Bandelier melt inclusions (Myers et al. 2018;
Fig. 10). However, these rates are much slower than those
determined for the Bishop Tuff (0.4-12.99 m/s; Fig. 10)
and the Bronze-Age eruption of Santorini (0.4—11 m/s;
Myers et al. 2021). Notably, the opening behavior of both
the Oruanui and Huckleberry Ridge eruptions is thought to
be modulated by tectonic forces (Myers et al. 2016, 2018).

Removal of CO,: implications for silicic
caldera-forming eruptions

It has been observed that reentrants measured from several
silicic, caldera-forming eruptions (e.g., Oruanui, Bishop
Tuff, Santorini), commonly contain little or no CO,, while
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coexisting melt inclusions have concentrations up to several
hundred ppm (Myers et al. 2018, 2021). Similarly, the Guaje
and Tsankawi reentrants lack detectable CO, compositions
compared to their melt inclusion counterparts. In fact, most
reentrants here require CO, to be absent from their starting
conditions in order to retrieve good model fits (Fig. 8). This
observation suggests that reentrants in most silicic systems
are recording the removal of CO, from the melt into a fluid
phase prior to final ascent where water begins to exsolve
and degas. One way to remove CO, from the system is rep-
resented by the moderate H,O/no CO, reentrant interior
starting condition, where an initial stage of decompression
occurs prior to stalling and re-equilibration. This initial stage
of ascent would require a significant decompression event
(upwards of 100 MPa) to remove CO, and lower H,O, how-
ever, is unsatisfactory in that it requires different starting
pressures for each reentrant (starting pressures range from
12 to 153 MPa). An alternative model for which we found
successfully modeled the majority of reentrants is one that
maintains the high H,O content, but removes the CO, fully
from the system. As previously mentioned in “H,O and CO,
gradients in REs and 1D modeling,” we have proposed two
mechanisms: late-stage crystallization and a minor decom-
pression event (less than ~ 30 MPa), which we model below
to explore their validity. One final explanation for the lack of

BISHOP*

CO, observed in reentrants compared to their corresponding
melt inclusions is that of a multi-stage ascent model; how-
ever, that is beyond the scope of this paper.

The first idea we explore is that additional isobaric crys-
tallization occurred for both the Otowi and Tshirege magmas
after melt inclusion entrapment, driving H,O enrichment,
and CO, exsolution into a fluid phase. To determine if this
process could occur due to a feasible amount of crystalliza-
tion (e.g., less than the crystallinity of the erupted magma),
we modeled crystallization along a cooling path using rhyo-
lite-MELTs (Gualda et al. 2012; Ghiorso and Gualda 2015).
Conditions used for MELTs modeling are provided in the
Supplementary Material. Starting with H,O/CO, conditions
based on melt inclusion concentrations from the highest
pressure (~ 160 MPa) for each layer, we allowed temperature
to drop, trigger crystallization and driving H,O enrichment,
until all CO, was removed from the system. The results of
this modeling suggest that this process would only require
7-13% of additional crystallization, well within the range of
the erupted products (5-20%: Kuentz 1988).

The second method explored was a small buoyancy-
driven decompression event, in which magma density
decreases due to small amounts of fractional crystallization
or volatile exsolution, causing the magma to rise buoyantly
within the storage region. The amount of decompression
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Fig. 10 Comparison of ascent rates obtained from 1D reentrant vola-
tile diffusion from the Tsankawi and Guaje airfalls to studies of other
caldera-forming eruptions (Myers et al. 2018). Model starting condi-
tions are determined by the saturation pressure from either the vola-
tile content of the interior of the reentrant (solid shapes) or the vola-
tile content of melt inclusions (open shapes). Labeled horizontal bars
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[  Reentrant Interior Start
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——  Reentrant Average

*Data from Myers et al., 2018
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indicate the average ascent rate for each eruption based on reentrant
(solid line) and melt inclusion (dashed line) starting conditions, with
melt inclusion starts generally resulting in slower ascent rates. Darker
colors represent samples from earlier eruption phases and lighten
towards later eruption phases
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required to drive CO, from the system was determined
assuming open-system degassing, and based on solubility/
pressure relationships taken from VolatileCalc (Newman
and Lowenstern 2002; Fig. 5). Starting H,0/CO, condi-
tions were based on the melt inclusion with the highest
CO, for each layer. For both the Otowi and Tshirege mag-
mas, a small drop in pressure (7-28 MPa, equivalent to
0.3-1.1 km) is required to evolve from melt inclusion—start-
ing conditions to a CO,-free system, while still maintain-
ing a high-water concentration. The necessary decrease
in pressure is highest in the upper layers of each member,
requiring 28 MPa in the Guaje and 20 MPa in the Tsankawi.
The lowest layer of the Guaje requires the smallest pressure
decrease (7.1 MPa), while the middle and lower layers of
the Tsankawi require intermediate pressure decreases (16
and 12 MPa, respectively).

This process of consistent CO, removal in late-stage
silicic chambers could be significant, because it would sup-
port the existence of a pre-eruptive exsolved fluid phase.
Although overpressurization of the magma chamber (i.e., via
injection of new magma) is often called upon as the trigger-
ing mechanism for smaller volcanic eruptions, including for
both Bandelier units, large-scale magma chambers (> 1000
km?®) may require a different triggering mechanism to initiate
movement toward the surface (Jellinek and DePaolo 2003;
Gregg et al. 2012). One mechanism that has been suggested
is buoyancy-driven overpressurization, by which a volatile-
rich buoyant magma layer forms near the top of the chamber
and creates enough overpressure to initiate diking and poten-
tially lead to eruption (McLeod and Tait 1999; Caricchi et al.
2014; Malfait et al. 2014). Our results suggest that only a
small drop in pressure is necessary to remove CO, from
the system. This small pressure change could be a record
of early diking and decompression events in the upper por-
tion of the magmatic system prior to eruption onset (Papale
et al. 2017).

Another classic internal triggering mechanism is due to
isobaric crystallization in a closed system, where additional
crystallization promotes the exsolution of a volatile phase,
leading to internal instability and eruption of the magma
chamber (Fowler and Spera 2008; Tramontano et al. 2017).
Tramontano et al. (2017) demonstrate that only ~ 10% crys-
tallization under fluid saturated conditions is required to
reach the suggested ~25 MPa overpressure threshold to
trigger eruption. The amount of crystallization necessary to
remove CO, from the Bandelier reentrants (determined via
MELTS modeling to be 7-13%) thus would more than likely
create enough overpressure to drive the start of eruption,
assuming a saturated system.

These two scenarios are both plausible for removing CO,
from the Guaje and Tsankawi magmas, and likely exert feed-
back on each other, making it difficult to identify a domi-
nant process. The observed lack of CO, in reentrants may
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therefore be recording the internal triggering mechanisms
responsible for initiating eruption of the Tsankawi magma.
However, several of the Guaje samples are still unable to
be modeled using the high H,O/No CO, starting condition;
thus, if the Guaje samples are recording these processes of
CO, removal, they are then being overprinted by a more
complex ascent path.

Conclusions

This study sought to examine the effect of a previous cal-
dera-forming eruption on the ascent rate of subsequent erup-
tions and to thoroughly evaluate the assumptions in the reen-
trant volatile diffusion modeling technique used to extract
magma ascent dynamics, through application to the Guaje
and Tsankawi airfall units of the Bandelier Tuff. Notably,
this work is the first to compare ascent rates of two eruptions
from an overlapping caldera complex, as well as the first to
compare 1D and 2D diffusion models in natural samples.
The major results are as follows:

1) Ascent rates obtained for the Guaje and Tsankawi mem-
bers do not show significant differences; however, we
found that many of the later erupted Tsankawi reentrants
could be successfully modeled using the melt inclusion—
starting conditions, whereas the Guaje reentrants yielded
better fits using shallower, reentrant starting conditions.
This indicates a slow initial decompression of the Guaje
magma, while the Tsankawi magma was able to rise
more directly from depth. We interpret this to suggest
that the latter eruption was able to establish a connected
conduit system earlier on in the eruption, but that this
process does not correlate to a change in ascent rate.
Rather, the remarkable similarity between ascent rates
from these two eruptions could point to the importance
of regional stress, crustal structure, and intrinsic magma
properties to modulating magma ascent.

2) Comparisons of diffusion models in 1D and 2D reveal
that reentrant geometry effects decompression rates by
as much as 50%. However, the 1D and 2D results are
within the model uncertainty of each other. We find that
temperature uncertainty has a large effect on modeled
decompression rates, resulting in a 340-440% increase
in ascent rate when applying the large temperature
uncertainty ranging from 700 to 830 °C. This is the larg-
est source of uncertainty within the model and high-
lights the importance of constraining the pre-eruptive
temperature.

3) Each airfall deposit shows three orders of magnitude of
variation in ascent rate, suggesting that a few reentrants
from one layer are not enough to constrain the variation
of magma ascent within a given eruption.
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4) The absence of CO, in reentrants compared to their
coexisting melt inclusions is a common occurrence in
silicic eruptions. The removal of CO, indicates a pre-
eruptive exsolution event and is potentially a record of
eruption triggering. We investigate two CO, removal
mechanisms—isobaric crystallization and initial decom-
pression, potentially due to buoyancy—and find that
both mechanisms are reasonable for removing CO, from
these systems, and possibly supporting eruption onset.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-021-01518-4.
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