
Vol.:(0123456789)1 3

Contributions to Mineralogy and Petrology (2022) 177:1 
https://doi.org/10.1007/s00410-021-01866-6

ORIGINAL PAPER

H2O and  CO2 evolution in the Bandelier Tuff sequence reveals multiple 
and discrete magma replenishments

Clara M. Waelkens1  · John Stix1  · Erin Eves1 · Carla Gonzalez1 · David Martineau1

Received: 23 December 2020 / Accepted: 17 November 2021 / Published online: 4 December 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
The sequence of eruptions in the Bandelier magmatic system provides an opportunity to study volatile evolution through dif-
ferent stages of a large silicic magma chamber. The Lower Bandelier Tuff (LBT) and Upper Bandelier Tuff (UBT) eruptions 
offer a snapshot of a pre-eruptive magma chamber primed for eruption, while the sequence of Valle Toledo Member (VTM) 
eruptions open a window into the temporal evolution of the chamber’s upper regions between the two super-eruptions. We 
measured  H2O and  CO2 concentrations in melt inclusions from the entire sequence of eruptions and identified three peaks in 
 CO2 concentrations: (1) in the middle of the LBT plinian airfall (increase in mean  CO2 concentrations from 27 ± 5 ppm at the 
base of the plinian to 173 ± 5 ppm in the mid-plinian); (2) in VTM group III (mean of 197 ± 5 ppm); and (3) in the middle of 
the UBT plinian airfall (mean of 54 ± 5 ppm at the base of the plinian to 101 ± 5 ppm in the mid-plinian). We propose that 
these increased  CO2 concentrations are due to injections of fresh magma into the system, whereby  CO2-rich vapours exsolved 
from the injected magma percolated through the magma chamber to increase  CO2 levels. Although the sharp increase in the 
LBT plinian indicates a rapid succession of recharge events in a short period of time, the gradually increasing  CO2 levels 
through the final VTM phase and the UBT plinian indicate that recharge events may have been spread over a longer period 
of time before the UBT eruption. Based on the theoretical and observed gradients in  H2O and  CO2 through the LBT and 
UBT sequence, we calculate a vapour phase equivalent to maximum 6.7 wt% of the magma body was exsolved from the 
LBT magma chamber; for the less degassed UBT, the exsolved vapour phase was maximum 4.2 wt% of the magma body. 
Our results indicate that the volatile composition of magmatic systems, with a particular focus on  CO2, can record evidence 
of magmatic recharge into the system and be an important tool in deciphering recharge events.

Keywords Melt inclusions · Volatiles · Silicic magma systems · Magmatic recharge · Supereruption

Introduction

Magmatic volatiles play a fundamental role in magma behav-
iour, both as dissolved species in the melt and in exsolved 
gas phases. They influence the behaviour of magma and can 
play a role in triggering volcanic eruptions. By studying the 
distributions of  H2O and  CO2 in a large silicic magma cham-
ber, we can examine the pre-eruptive processes that take 
place in the chamber and how the chamber evolves towards 

large-scale caldera-forming eruptions. We studied samples 
from Valles caldera, an archetype caldera system.

Geological setting

Often described as the type example of a resurgent caldera, 
Valles caldera is one of the three recently active resurgent 
caldera systems in the continental United States (Self et al. 
1986). It is the youngest expression of the Jemez Moun-
tains Volcanic Field (JMVF), a Miocene-Quaternary vol-
canic center in north-central New Mexico (Rowe et al. 2007) 
(Fig. 1). Located where the western edge of the 900-km-long, 
north–south Rio Grande Rift is intersected by the northeast-
southwest trending Jemez volcanic lineament, the JMVF has 
produced the most voluminous and diverse volcanism in the 
region. Throughout its 13 million years of volcanic activity, 
it first erupted a basalt–rhyolite sequence, followed by two 
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basalt–andesite–rhyolite sequences, before culminating in the 
series of high-silica rhyolitic eruptions that formed Toledo 
and Valles calderas (Smith and Bailey 1968; Goff et al. 1989; 
Rowe et al. 2007). The Bandelier and related magmas rep-
resent an ideal system in which to study the role of volatiles 
in an evolving magma chamber. Its continuous sequence of 
eruptions permits us to examine the magma at different stages 
of differentiation, whereas the well-studied Bandelier system 
(e.g. Smith and Bailey 1968; Eichelberger and Koch 1979; 
Self et al. 1986; Gardner et al. 2010; Wilcock et al. 2013; Goff 
et al. 2014) allows us to use our conclusions regarding vola-
tile evolution in a wider context. Although the evolution of 
 H2O concentrations has been studied in this system (Sommer 
1977; Dunbar and Hervig 1992; Hervig and Dunbar 1992; 
Stix and Layne 1996),  CO2 has not. By considering  H2O and 
 CO2 together, we aim to obtain a full picture of the condition 
of magma storage, the nature of the exsolved vapour phase and 
the open-system processes that impacted the magmatic system 
throughout the sequence of eruptions. Given the fundamental 
role volatiles play in determining the behaviour of a magma, a 
good understanding of volatile behaviour is essential to deci-
pher the workings of a magmatic system.

Eruptive history of Valles caldera

La Cueva member

The activity of the Valles–Toledo caldera system itself began 
with the 1.85 ± 0.07 Ma La Cueva Member of the Bandelier 

Tuff, a unit of two distinct ignimbrites (Turbeville and Self 
1988; Spell et al. 1990, 1996b). Referred to as the San Diego 
Canyon Ignimbrites in older literature, these lithic-rich pyro-
clastic rocks contain pumices that are both petrographically 
and geochemically similar to the least-evolved material in 
the later-erupted Lower Bandelier Tuff. Hence the La Cueva 
ignimbrites are suggested to be the result of an early tap-
ping of the Bandelier magmatic reservoir, before further 
fractionation produced the more evolved Lower Bandelier 
Tuff (Spell et al. 1990). With a maximum total thickness of 
85 m and an estimated volume of less than 20  km3 dense-
rock equivalent (DRE), the La Cueva Member is by far the 
smallest of the Bandelier phases (Spell et al. 1996b; Wolff 
and Ramos 2014). The vents were centred to the southwest 
of what is now Valles Caldera, where the eruption may have 
led to collapse and the formation of one or more calderas, 
which were later overprinted during the larger Lower and 
Upper Bandelier Tuff eruptions (Spell et al. 1990; Gardner 
et al. 2010).

Lower Bandelier Tuff

The La Cueva Member was soon followed by the first cata-
clysmic eruption, which at 1.608 ± 0.010 Ma deposited the 
Lower Bandelier Tuff (LBT) (Spell et al., 1996b). An esti-
mated 400–500  km3 DRE of magma (minimum 216  km3, 
maximum 550  km3) (Cook et al., 2016) was erupted, first 
in a plinian phase which deposited the Guaje Pumice Bed, 
followed by the voluminous Otowi ignimbrite (Fig. 2). The 

Fig. 1  Location of Valles caldera in the Jemez Mountains Volcanic Field, adapted from Goff and Gardner (2004)



Contributions to Mineralogy and Petrology (2022) 177:1 

1 3

Page 3 of 23 1

eruption was initiated from centrally located vents, but 
as the eruption advanced and the magma chamber roof 
failed, the eruption shifted to multiple ring fault vents in 
the southwestern part of what is now Valles Caldera (Self 
et al. 1986). Widespread collapse formed Toledo caldera 

(Spell et  al. 1990, 1996b). The plinian phase erupted 
an estimated 65  km3 DRE (Cook et al., 2016) and is far 
smaller than the ignimbrite. Five fall units were defined 
(A–E), with different dispersal directions (Self et  al. 
1986). The ignimbrite outside the caldera is largely non-
welded and represents a single cooling unit. Maximum 
preserved thicknesses inside the caldera reach 830 m and 
outside the caldera up to 120 m (Kuentz 1986; Broxton 
et al. 1995; Brundstad 2013). The LBT consists almost 
entirely of high-silica rhyolite with similar major element 
composition, but varying minor and trace element compo-
sition. Variations in composition among individual pum-
ices indicate a compositionally heterogeneous and possibly 
zoned magma chamber (Kuentz 1986; Dunbar and Hervig 
1992), while Sr and Pb isotopes indicate zonation consist-
ent with successive pulses of rejuvenation and melting of 
a crystal mush (Wolff and Ramos 2014; Wolff et al. 2015).

Valle Toledo Member rhyolites

As the eruption ended, erosional processes started to act 
on the newly-formed caldera walls, producing vast quanti-
ties of sediment. At the same time, renewed volcanic activ-
ity within the caldera produced rhyolitic domes and tephra 
deposits, part of which are preserved on caldera rims and 
interbedded with the sedimentary material in canyons out-
side the caldera. The volcanic deposits and sediments are 
grouped together into the Cerro Toledo Formation, with 
the volcanic units making up the Valle Toledo Member 
(VTM) (previously referred to as the Cerro Toledo Rhyo-
lites; Gardner et al. 2010). The volcanic activity spans the 
entire 360 ky interval between the two major Bandelier 
eruptions (Spell et al. 1996b) and is interpreted as periodic 
tapping of an evolving magma related to the Bandelier 
Tuffs, allowing an exceptional and unique window into 
the evolution and reestablishment of the magma chamber.

The VTM was first described by Griggs (1964) and 
mapped by Smith et al. (1970) and has since been the focus 
of several volcanological, geochemical and geochrono-
logical studies (Heiken et al. 1986; Stix et al. 1988; Stix 
1989; Stix and Gorton 1993, 1990a, 1990b; Broxton et al. 
1995; Stix and Layne 1996; Spell et al. 1996a, 1996b; 
Jacobs and Kelley 2007; Slate et al. 2007; Campbell et al. 
2009). The rhyolitic tephras are exposed in several sec-
tions, which were described by Stix (1989). Based on the 
trace elements, the VTM rhyolites were divided into five 
geochemical groups, groups II–VI, which can be recog-
nised across the different sections (Stix and Gorton 1990a, 
1990b, 1993). Group II, the first erupted VTM rhyolites, 
has been shown to be comagmatic with the LBT ignim-
brite, representing a final pulse from the emptied LBT 
magmatic system (Stix and Gorton 1993). Subsequently, 

Fig. 2  Simplified stratigraphic column of the sequence of eruptions. 
The VTM and Deer Canyon Rhyolite units are not to scale. The plin-
ian and ignimbrite phases are indicated for each of the two Bandelier 
eruptions. The VTM is simplified and displays more variety in out-
crop than is represented here. Stars represent the stratigraphic hori-
zons that were analysed in this study
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group III (1.536 ± 0.018 Ma; Spell et al. (1996b)) exhib-
its signs of intrusion of fresh magma and heralds a new 
evolutionary phase of the UBT magmatic system. Trace 
elements indicate the rhyolites erupted in the subsequent 
phases (IV to VI) are the result of different stages of dif-
ferentiation of the same melt (Stix and Gorton 1993; Stix 
and Layne 1996).

Upper Bandelier Tuff

The second cataclysmic eruption, depositing the Upper Ban-
delier Tuff (UBT), occurred at 1.256 ± 0.010 Ma (Phillips 
et al. 2007) and formed a second caldera, Valles caldera, 
which overprinted the earlier Toledo caldera. With a total 
volume of 400  km3 DRE (best estimate; Goff 2010; Goff 
et al. 2011, 2014), the UBT represents a slightly smaller 
eruption than the LBT. The present caldera has a diameter 
of 19–24 km, with the caldera wall rising from a few tens of 
meters to 600 m above the caldera floor (Smith and Bailey 
1968). The eruption started from a central vent near the loca-
tion of the central LBT vents. Evidence for later transition 
to a ring-fracture vent is not conclusive, but most ignimbrite 
subunits are interpreted as having been erupted from a vent 
on the eastern side of the caldera (Self et al. 1986; Warren 
et al. 2007). Similar to the LBT, this eruption also began 
with a plinian phase, which formed the Tsankawi Pumice 
Bed, followed by the Tshirege ignimbrite. Six units with dif-
ferent dispersals have been defined in the Tsankawi (A–F), 
four coarser pumice units and two finer ash fall units (Self 
et al. 1986). The ignimbrite is made up of at least four differ-
ent cooling units (Broxton et al. 1995; Brundstad 2013) and 
is variably welded. Maximum intracaldera thicknesses are 
1150 m, while outside the caldera thicknesses reach 270 m 
(Nielson and Hulen, 1984). The UBT comprises mostly 
high- to low-silica rhyolite, with approximately 1% horn-
blende dacite pumices concentrated in the Tsankawi Pumice 
Bed and early-erupted ignimbrite, as well as rare syenitic 
crystal clots in the later-erupted deposits (Caress 1996; Sti-
mac 1996; Wilcock et al. 2013). Although the Tshirege ign-
imbrite is generally considered a normally zoned ignimbrite, 
evidence points towards limited reverse zoning in the upper 
part of the ignimbrite (Goff et al. 2014).

Valles rhyolite

Volcanic activity continued after eruption of the UBT and 
lasted until 0.34 Ma (Goff et al. 2011). All deposits erupted 
after the UBT are grouped in the Valles Rhyolite. Resur-
gence occurred rapidly, beginning soon after the eruption 
of the UBT and collapse of Valles caldera (Phillips et al. 
2007). The Deer Canyon Rhyolite is considered to represent 
residual magma remaining from the UBT eruption, while 
the Redondo Creek Rhyolite appears to reflect a new influx 

of silicic magma (Spell et al. 1990; Kennedy et al. 2012; 
Wilcock et al. 2013). The resurgent dome, Redondo Peak, 
rose 1000 m above the caldera floor, driven by the injection 
of hotter, more primitive magma into the residual magma 
chamber (Smith and Bailey 1968; Goff et al. 2011; Kennedy 
et al. 2012). The Deer Canyon Rhyolite (1.229–1.238 Ma) 
and Redondo Creek Rhyodacite (1.208–1.239 Ma) were 
erupted during resurgence (Phillips et al. 2007). Resurgence 
was followed by the extrusion of a series of rhyolitic lava 
dome complexes, lava flows and tephras along the ring frac-
ture system (1.22–0.52 Ma) (Wolff and Gardner 1995; Gard-
ner et al. 2010). The East Fork Member represents the most 
recent volcanic activity in Valles caldera, erupting a series 
of rhyolitic lavas and tephras between 60 and 34 ka (Gardner 
et al. 2010; Goff et al. 2011). While this may represent the 
end of post-caldera activity, it has also been suggested that 
this activity may indicate the start of a new cycle of activity 
in Valles Caldera (Wolff and Gardner 1995).

Methodology

Sample collection

We sampled the plinian phases of both the LBT and the UBT 
and the different pyroclastic horizons of the Valle Toledo 
Member rhyolites (sample locations listed in Table A2 in 
supplementary information). The Guaje Pumice Bed (the 
LBT plinian airfall) was sampled east of the caldera, where 
it is thickest. Samples from the middle of the plinian phase 
and the transition to the ignimbrite were collected in the 
Copar Pumice Mine, along Guaje Canyon. While the base 
of the plinian phase is not exposed in the Copar mine, all 
five plinian fall units are preserved. Unit A is most exten-
sive and forms a massive, ~ 6-m-thick deposit with lit-
tle variation, followed by units B to E that together form 
a bedded ~ 1.5-m-thick section underlying the ignimbrite. 
We sampled the upper units to represent the top of the plin-
ian phase (fall unit E) and the top of the massive unit A to 
represent the middle of the plinian phase. The base of the 
plinian was sampled in a roadside outcrop along highway 
502, where the unconformity with the Cerros del Rio basalt 
is well exposed (Fig. 3). Owing to different prevailing wind 
directions during eruption, the Tsankawi Pumice Bed is most 
extensive west of the caldera. We collected samples repre-
senting the base, middle and top of the plinian airfall at a 
roadside outcrop along country road 257. All three samples 
were taken from fall unit B as defined by Self et al. (1986), 
which is the most extensive and dominant fall unit of the 
UBT plinian sequence (Fig. 3).

For the VTM rhyolites, we sampled each geochemi-
cal group as defined by Stix (1989) and Stix and Gorton 
(1990a) in the pyroclastic VTM deposits. We collected 
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samples from three outcrops where the pyroclastic VTM 
is exposed: as described by Stix (1989). Within these 
outcrops, we sampled stratigraphic units 7–3, 15–9, 6–2, 
15–11 and 6–8, using sample locations and outcrops 
descriptions from Stix (1989). These units were defined 
by Stix and Gorton (1990a) to be part of, respectively, 
geochemical groups II to VI. The Deer Canyon Rhyolite 
had been sampled previously by Wilcock (2010) and Wil-
cock et al. (2013). We did not collect new samples, but 
used pumices from the tephra units of the Deer Canyon 
Rhyolite that had been collected for these past studies.

The LBT and the UBT plinian phases have the high-
est crystal contents of our sample set and have 10–20% 
phenocrysts. Quartz and sanidine dominate, with less than 
5% of more mafic phenocrysts including Fe–Ti oxides, 
pyroxene, hornblende as well as zircon (Kuentz 1986; 
Balsley 1988) The VTM rhyolites are poorer in crys-
tals than the Bandelier magmas (< 5% phenocrysts), but 

phenocrysts are similarly mostly quartz and sanidine, with 
trace amounts of plagioclase, Fe–Ti oxides and pyroxene 
(Stix and Layne, 1996). Within the Deer Canyon Rhyolite, 
crystal content varies locally from aphyric to crystal-rich, 
but phenocrysts are still dominated by quartz and sanidine 
(Goff et al., 2011).

Sample preparation

In samples where pumices were sufficiently large (approxi-
mately > 5 cm), the pumices were processed individually. In 
samples where pumice clasts were smaller and which were 
sampled in bulk, we selected the largest clasts and processed 
these in bulk. To select melt inclusion-bearing crystals, the 
pumices were lightly crushed and sieved. We handpicked 
individual quartz and sanidine crystals from the − 0.5 to 
0.5 φ fraction (0.71–1.4 mm), as it contained complete, 
undamaged crystals. Crystals selected contained large, clear 

Fig. 3  Outcrops of the LBT, UBT and VTM rhyolites. a The base of 
the LBT plinian, exposed along highway 502. The unconformity with 
the underlying Cerros del Rio basalt is drawn. b Outcropping of the 
top of the LBT plinian unit and the base of the overlying ignimbrite 
at the Copar Pumice Mine. The massive unit A and smaller, bedded 
units B to E of the plinian airfall phase are indicated. c Example of 
an outcrop of the VTM rhyolites in Pueblo Canyon, to the east of Los 

Alamos. This is  section  15 as described by Stix (1989). The VTM 
and overlying UBT are labelled on the photograph. Houses on the 
canyon edge for scale. d UBT plinian phase and overlying ignimbrite 
in a roadside outcrop along country road 257, west of the caldera. 
The approximate base of the plinian airfall and boundary with the 
LBT ignimbrite is drawn, as the boundary is hidden under soil
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melt inclusions free of bubbles and crystals and without evi-
dence of leakage or breakage (Fig. 4). The majority of melt 
inclusion-hosting crystals were quartz, with a smaller pro-
portion of sanidine. The majority of sanidine crystals broke 
during polishing and became unusable, so that the analysed 
melt inclusions were principally hosted in quartz. We only 
analysed melt inclusions that comprised 100% fresh glass. 
If a melt inclusion contained a bubble or the host crystal had 
a crack at or near the melt inclusion, that inclusion was not 
analysed. The individual crystals were ground and polished 
to expose the melt inclusions on both sides for transmission 
Fourier-transform infrared spectroscopy (FTIR).

FTIR analysis

Analytical conditions

H2O and  CO2 were measured by transmission FTIR with a 
Bruker Tensor 27 infrared spectrometer and a Bruker Hype-
rion 2000 microscope. The entire instrument was placed in 
a protective plastic shroud that was purged with ultra-high 
purity  N2 gas, to allow for detection of low  CO2 concentra-
tions without influence of atmospheric  CO2. The ambient 
 CO2 in the shroud was monitored with a PP Systems SBA-5 
 CO2 gas analyzer and kept below 20 ppm  CO2.

The polished wafers were placed on a NaCl salt plate 
for analysis and measured with a 15X objective IR lens. 

Spectral resolution was 4  cm−1 for all melt inclusions and 
512 scans were made for each spectrum. We used optical 
apertures between 40 and 100 µm, adapting the aperture for 
each melt inclusion in order to maximize the aperture and 
thereby reduce analytical noise.

Absorbance peak heights were measured at 5200  cm−1 
 (H2Om), 4500  cm−1  (OH−) and 3450  cm−1  (H2Ot) according 
to Newman et al. (1986). Owing to the high water contents, 
the  H2Ot peak at 3450  cm−1 was saturated with a flat top for 
the majority of the analyses and was therefore not usable. 
The total water contents were calculated following the rhyo-
lite glass calibration of Zhang et al. (1997), which takes into 
account the variation of the extinction coefficients for  H2Om 
and  OH− with total water content.  H2Ototal is calculated as 
the sum of the  H2Om and  OH− contributions:

where  a0,  b0,  a1 and  b1 are fitting parameters, with 
 a0 = 0.04217 mm,  b0 = 0.04024 mm,  b1 = − 0.02011  mm2, 
 b2 = 0.0522   mm2,  CH2Om and  COH- are, respectively, the 
concentrations of molecular  H2O and of  H2O present as 
 OH−, Ā5200 and Ā4500 are, respectively, the peak heights of 
the  H2Om and  OH− peaks divided by the sample thickness 
and ρ/ρ0 is the density ratio of hydrous to anhydrous glass. 
Sample thickness is not explicitly defined in the formula, 
but it is accounted for in the normalised peak heights Ā5200 
and Ā4500.

For  CO2 we measured the absorbance peak height 
at 2350   cm−1 and calculated concentrations using the 
Beer–Lambert law (Newman et al., 1986, 1988):

where  CCO2 is the concentration of  CO2 (ppm),  MCO2 the 
molar mass of  CO2 (g/mol),  A2350 the absorbance for the 
 CO2 peak at 2350  cm−1, ρ the density of the glass (g/L), d 
the thickness of the wafer (cm) and ε the extinction coef-
ficient for the  CO2 peak (L  mol−1  cm−1). This coefficient for 
rhyolite glasses is 1214 L  mol−1  cm−1 (Behrens et al. 2004).

The thickness of the samples was measured using the 
FTIR stage, which was calibrated against a digital microm-
eter and has been shown to yield good agreement with 
the interference fringe method for measuring thicknesses 
(Lucic et al. 2016). The density of the glasses was calculated 
using the formula of R. Lange, as described in Luhr (2001) 
(Table A2 in supplementary information), based on the pub-
lished major element compositions of melt inclusions in the 
LBT (Dunbar and Hervig 1992), the UBT and the VTM 
rhyolites (Stix and Layne 1996).
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Fig. 4  Examples of melt inclusion in the base of the LBT plinian. 
The analysed melt inclusions were all free of bubbles or crystals
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Errors on FTIR data

The two principal sources of error in the determination of 
 H2O and  CO2 concentrations are wafer thickness and meas-
urement of absorbance. The inherent error based on the 
choice of extinction coefficients was reduced by the use of 
the calibration of Zhang et al. (1997), which accounts for 
the variability of extinction coefficients for  H2Om and  OH−. 
The uncertainty on wafer thickness was minimized through 
repeated thickness measurements and reduced to < 5 µm. 
Subjectivity in measuring absorbance peak heights was 
minimised by measuring each melt inclusion 3–5 times and 
by re-analysing several melt inclusions on different days. 
To monitor the consistency of our results and test the cor-
rect functioning of the instrument, we analysed a rhyolitic 
standard glass, M6N (Westrich and Gerlach 1992, Devine 
et al. 1995), at the beginning and end of each analysis ses-
sion. M6N contains 5.1 wt%  H2O (Westrich and Gerlach 
1992; Thomas 2000) and 170 ppm  CO2 (unpublished value, 
lab estimate).

Each melt inclusion was analysed several times in the 
same analytical session and repeat analyses on different days 
were done for certain melt inclusions to test the reproducibil-
ity of the results. The consistency of our results varies with 
inclusion size: the smaller the melt inclusions, the smaller 
the aperture diameter and the noisier the spectra, which 
increases the error on the absorbance. For the majority of 
our melt inclusions, repeat analyses yielded reproducibil-
ity of ± 2 ppm for  CO2 and of ± 0.1 wt% for  H2O, although 
smaller melt inclusions (wafer thickness < 45 µm) yielded 

errors of ± 5 ppm  CO2 and ± 0.2 wt% (detailed results per 
analysis in supplementary information). Based on the silicic 
standard glasses [M6N, M3N and PCD from Devine et al. 
(1995)] practical detection limits of ~ 10 ppm  CO2 and 
0.1 wt%  H2O were determined for the method.

Results

Lower Bandelier Tuff

Melt inclusions are abundant in the LBT. They consist 
of clear glass and are frequently up to 150–200 µm in 
diameter. We analysed 33 melt inclusions from three dif-
ferent samples from the LBT plinian phase: one from the 
base of the unit, representing the earliest LBT plinian (10 
melt inclusions), one from the top of the plinian phase at 
the transition to the ignimbrite (13 melt inclusions) and 
one sampled just below the bedded part of the plinian 
phase, taken to represent mid-plinian conditions (10 melt 
inclusions).

As shown in Fig. 5, the  H2O contents of the LBT inclu-
sions show very similar averages and ranges. The dis-
solved  CO2 contents tell a different story. The earliest 
plinian melt inclusions contain very little  CO2, but  CO2 
increases sharply at the mid-plinian. The top of the plin-
ian airfall also has higher  CO2 and also exhibits the widest 
range of values. Looking at the mean  CO2 concentration 
for each sample, we see a sixfold increase, from 27 ppm 
at the base of the plinian to 173 ppm in the mid-plinian, 

Fig. 5  Overview of  H2O and  CO2 concentrations, plotted as a function of stratigraphy. Average concentrations per unit are plotted as a dashed 
line. Stratigraphic column as in Fig. 2
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Table 1  Summary of the  H2O and  CO2 data, with for each sample whether it was a bulk sample (B) or consisted of individual pumices (IP); host 
material is listed for each melt inclusion and is predominantly quartz (Q) with a few sanidines (San)

Formation and unit Melt inclusion 
ID

Host material H2O (wt%) CO2 (ppm)

Deer Canyon 
Rhyolite (IP)

08-07_9 Q 2.7 40
08-07_29 Q 1.5 24
08-07_33 Q 2.0 27
08-07_46 Q 3.2 83
08-07_55 Q 1.9 11
08-07_59 Q 3.3 69
08-07_65 Q 4.4 83
08-07_72 Q 3.0 82
08-07_83 Q 2.3 34
08-07_84 Q 3.3 58

Upper Bandelier 
Tuff plinian 
airfall

Top UBT plinian 
(B)

VC16-33_7_MI 
I

Q 4.0 37

VC16-33_7_MI 
II

Q 4.5 132

VC16-33_11 Q 4.5 147
VC16-33_15_MI 

I
Q 3.1 88

VC16-33_17 Q 3.5 96
VC16-33_20_MI 

I
Q 2.8 90

VC16-33_22 Q 3.3 63
Middle UBT 

plinian (B)
VC16-30_1 Q 3.4 127
VC16-30_2 Q 4.0 76
VC16-30_3 Q 4.1 111
VC16-30_4_MI1 Q 3.5 97
VC16-30_4_MI2 Q 3.2 31
VC16-30_6 Q 3.6 66
VC16-30_8 Q 4.1 118
VC16-30_9a San 4.3 135
VC16-30_12 Q 3.4 137
VC16-30_13 Q 3.9 127
VC16-30_14 Q 3.1 60
VC16-30_15 Q 4.0 137

Base UBT plin-
ian (B)

VC16-28_3A Q 3.9 84
VC16-28_4 Q 3.8 74
VC16-28_5 Q 4.3 46
VC16-28_6 Q 3.5 29
VC16-28_7 Q 5.0 60
VC16-28_8 Q 3.0 36
VC16-28_11 Q 4.1 54
VC16-28_18 Q 3.7 62
VC16-28_19 Q 3.3 40
VC16-54(1)_1 Q 3.6 34
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Table 1  (continued)

Formation and unit Melt inclusion 
ID

Host material H2O (wt%) CO2 (ppm)

VTM group VI 
(IP)

VC16-54(1)_2 Q 2.6  < dl
VC16-54(1)_4 Q 4.2  < dl
VC16-54(1)_5 San 2.4 13

Valle Toledo 
Member rhyo-
lites

VC16-54(1)_6a San 3.1  < dl
VC16-54(1)_7 San 2.5 47
VC16-54(1)_12 Q 2.0 86
VC16-54(1)_13 Q 3.5 18

VTM group V 
(B)

VC16-37_2 San 4.8 20
VC16-37_4a San 3.0 46
VC16-37_6 Q 3.8 17
VC16-37_7 Q 3.7 26
VC16-37_9 Q 4.0 29
VC16-37_17 Q 4.4 10

VTM group III 
(IP)

VC16-40_3 San N/A 219
VC16-40_6 Q 3.7 221
VC16-40_8a San 3.4 150

VTM group II 
(B)

VC16-20_1a San 2.9 110
VC16-20_2 Q 2.7 45
VC16-20_3 Q 2.8 143
VC16-20_5 Q 2.3 122
VC16-20_8 Q 2.6 29

Lower Bandelier 
Tuff plinian 
airfall

Top LBT plinian 
(IP)

VC16-03a_2 Q 4.2 141

VC16-03a_8 Q 2.1 78

VC16-03a_10 Q 5.1 216

VC16-03b_11 Q 4.9 110

VC16-04b_31 Q 4.0 142

VC16-04b_32 San 4.5 124

VC16-04b_34 Q 5.0 81

VC16-04c_42 Q 3.8 140

VC16-04c_44 Q 3.2 221

VC16-04c_45 Q 4.6 163

VC16-04c_47 Q 3.3 63

VC16-04c_48 Q 4.0 181

VC16-04c_50 Q 3.6 130

Middle LBT 
plinian (B)

VC16-09_1_MI1 Q 4.5 167

VC16-09_1_MI2 Q 3.2 137

VC16-09_2 Q 4.9 190

VC16-09_4 Q 4.3 223

VC16-09_5 Q 3.9 203
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followed by a slight decrease in 138 ppm at the top of the 
plinian pumice bed. The full data set is proved in Table 1, 
the ranges in concentration and standard deviations are 
summarised in Table 2.

Valle Toledo Member rhyolites

The VTM rhyolites are crystal-poor (< 5% crystals; Stix 
and Layne 1996) and typically contain fewer large, clear 
melt inclusions than the Bandelier pumices, especially in the 
early VTM deposits. We analysed 22 melt inclusions from 
four different VTM stratigraphic horizons: 7–3, 15–9, 15–11 
and 6–8 as numbered and described by Stix (1989). These 
were defined by Stix (1989) and Stix and Gorton (1990a, 
1990b) as representing, respectively, geochemical groups 
II, III, V and VI of the VTM rhyolites; for each sample we 
analysed, respectively, 5, 3, 6 and 8 melt inclusions. Geo-
chemical group IV also was sampled in stratigraphic unit 
6–2, and samples crushed and picked, but the few crystals 
present contained no melt inclusions that were large enough 
to analyse by FTIR.

H2O concentrations in the VTM rhyolites vary between 
2.0 and 4.8 wt% and are summarised in Tables 1 and 2. 
VTM group II is the earliest-erupted VTM material analysed 
here, represents residual magma after the LBT eruption (Stix 

and Gorton 1993) and displays  H2O concentrations at the 
lower end of the VTM range. This is followed by a slight 
increase in  H2O concentrations towards the later VTM erup-
tions. Looking at mean values for the geochemical groups, 
water contents increase 1.5 times from group II (average of 
2.7 wt%) through group III (average 3.5 wt%) and group V 
(average 4.0 wt%), before declining to 3.0 wt% in the final 
VTM eruption, group VI, the age of which is within error of 
the UBT (Spell et al. 1996b).

The  CO2 evolution in the VTM rhyolites is more com-
plex. There is a decreasing trend from the early (group II) 
to the late VTM (groups V and VI), but with a high-CO2 
excursion in group III. Average values vary from 90 ppm 
in group II, to 197 ppm in group III, then down to 25 ppm 
in both groups V and VI, for a total 3.8-fold decrease from 
group II to group VI and an 8.2-fold decrease from group III 
to group VI (Table 2).

Upper Bandelier Tuff

Crystals and melt inclusions in the UBT are very similar to 
those in the LBT. Melt inclusions are abundant and large 
(frequently up to 150–200 µm in diameter). We analysed a 
total of 28 melt inclusions from three different samples: the 
base of the UBT plinian airfall (9 melt inclusions), the top of 

Table 1  (continued)

Formation and unit Melt inclusion 
ID

Host material H2O (wt%) CO2 (ppm)

VC16-09_6 Q 3.5 164

VC16-09_8 Q 5.2 205

VC16-09_10 Q 3.3 152

VC16-09_13a Q 4.4 131

VC16-09_14 Q 4.3 160

VC16-48A_03A San 2.6 18

VC16-48A_06 Q 3.2 12

Base LBT plin-
ian (IP)

VC16-48A_07 Q 5.1 28

VC16-48B_02 Q 5.2 10

VC16-48B_10 
MI I

Q 5.0 30

VC16-48B_10 
MI II

Q 4.8 42

VC16-48C_01 San 3.4  < dl

VC16-48C-03 Q 4.3 32

VC16-48C-04 Q 3.9 12

VC16-48C-07 Q 4.9 65
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the plinian phase just below the transition to the ignimbrite 
(7 melt inclusions) and the middle of the plinian (12 melt 
inclusions). All three samples were collected from the same 
outcrop. The melt inclusions are similar in abundance and 
size in all three samples and no crystals nor bubbles are vis-
ible within melt inclusions.

The volatile evolution in the UBT follows a similar pat-
tern as that in the LBT, but with smaller differences in  CO2 
concentrations between the different samples. Water con-
tents vary little within the UBT plinian (Table 2) and average 
water contents show minor variation and are slightly lower 
than those in the LBT plinian, decreasing from 3.8 wt%  H2O 
at the base of the plinian airfall through 3.7 wt%  H2O both in 
the middle and at the transition to the ignimbrite.

CO2 follows the same trend as in the LBT, with the base 
of the plinian phase most depleted in  CO2 and the mid-plin-
ian richest in  CO2 (Fig. 5, Table 2). Average  CO2 concen-
trations start at 54 ppm in the base, followed by a 1.9 times 
increase in 102 ppm in the middle and a slight decrease in 
93 ppm at the top of the pumice bed.

Deer Canyon Rhyolite

The Deer Canyon Rhyolite represents the last erupted resid-
ual magma from the UBT magma chamber immediately after 
the UBT eruption. Crystals in the Deer Canyon Rhyolite 
contain many melt inclusions, but they are typically slightly 
smaller than in the Bandelier eruptions (mostly 80–130 µm 
in diameter). The glass in the inclusions is mostly colourless, 
but a few melt inclusions consist of darker glass. Similarly, 
to the Bandelier inclusions, they are free of bubbles and 
crystals. We analysed 10 melt inclusions from this unit.

These samples are water-poor compared to the Bandelier 
samples and similar to the first VTM rhyolites, with an aver-
age of 2.8 wt%  H2O.  CO2 contents are also relatively low, 
with concentrations between 11 and 83 ppm and an average 

of 51 ppm (Table 2). From the mid-UBT plinian to the Deer 
Canyon Rhyolite,  H2O decreases by a factor of 1.3 and  CO2 
by a factor of 1.8; for comparison with the LBT sequence, 
from mid-plinian LBT to VTM unit II,  H2O decreases by a 
factor of 1.5 and  CO2 of 1.7. These depletions in the UBT 
and LBT are remarkably similar.

Discussion

We now examine first the evolution in  CO2 concentrations 
throughout the sequence of eruptions and compare this to 
trends expected in a degassing magma chamber. We iden-
tify three peaks in  CO2, which can be linked to injections 
of fresh magma into the system. We then calculate magma 
storage depths based on the combined  H2O and  CO2 concen-
trations and determine the size of the exsolved vapour phase 
in both the LBT and the UBT magma chambers. Finally, we 
take a closer look at the excess  CO2 in the LBT to discuss 
the nature of the magma which was injected into the system 
shortly before the LBT eruption.

H2O and CO2 in a differentiating magma chamber

In a volatile-undersaturated melt and in the absence of crys-
tallising phases that incorporate volatiles,  H2O and  CO2 will 
behave incompatibly and increase their concentrations. In 
contrast, in a volatile-saturated differentiating magma, both 
 H2O and  CO2 exsolve into a separate vapour phase. Given 
its lesser solubility in silicate melts,  CO2 partitions into the 
vapour phase more strongly than  H2O. At constant pressure 
and temperature as differentiation advances and volatiles 
exsolve from the melt,  H2O concentrations remain nearly 
constant, while  CO2 decreases steeply until it is exhausted 
in the melt (Wallace et al. 1995, 1999; Lowenstern 2001; 
Blundy et al. 2010). In the case of the Bishop Tuff, a large 

Table 2  Summary of the ranges 
and distribution of the  H2O and 
 CO2 concentrations per sample; 
SD = 1 standard deviation

Unit H2O (wt%) CO2 (ppm)

Range Median 1 SD Range Median 1 SD

Deer Canyon Rhyolite 1.5–4.4 2.9 0.9 11–83 49 27
Top UBT plinian 2.8–4.5 3.5 0.7 37–147 90 38
Middle UBT plinian 3.1–4.3 3.7 0.4 31–137 115 36
Base UBT plinian 3.0–5.0 3.8 0.6 29–84 54 18
VTM group VI 2.0–4.2 2.9 0.7  < dl–86 16 30
VTM group V 3.0–4.8 3.9 0.6 10–46 23 12
VTM group III 3.4–3.7 (only 2 samples) 150–221 219 40
VTM group II 2.3–2.9 2.7 0.2 29–143 110 50
Top LBT plinian 2.1–5.1 4.0 0.8 63–221 140 49
Middle LBT plinian 3.2–5.2 4.3 0.7 131–223 166 31
Base LBT plinian 2.6–5.2 4.5 0.9 10–65 28 18
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silicic magma body with a number of similarities to the 
Bandelier Tuff, Wallace et al. (1995, 1999) found that  H2O 
contents and incompatible elements decreased from the top 
down into the magma chamber, while  CO2 concentrations 
increased.

To establish whether a melt was volatile-saturated before 
eruption, we examine the contrasting behaviour of  H2O, 
 CO2, F and Cl. Fluorine is a highly incompatible trace ele-
ment which is similar in behaviour to Cs, accumulating in 
the melt whether it is volatile-saturated or not (Stix and 
Layne 1996). Other volatiles, such as  H2O,  CO2 and Cl are 
incompatible only under volatile-undersaturated conditions 
and partition into a vapour phase as soon as one is present. 
The contrasting accumulation trends of these different vola-
tile species can, therefore, indicate whether a silicate melt 
is volatile-saturated. Various studies point towards volatile 
saturation in the Bandelier magma chamber. Hervig and 
Dunbar (1992) established the LBT ignimbrite was erupted 
from a volatile-saturated melt, based on contrasting  H2O and 
F behaviour. Stix and Layne (1996) argued a vapour phase 
was present during the VTM, based on the different accu-
mulation patterns of  H2O, fluorine and chlorine. Waelkens 
et al. (2021) showed strong fractionation between F and Cl 
throughout the LBT–VTM–UBT sequence; both F and Cl 
are enriched in the earliest erupted materials (plinian airfall 
phases) compared to the end of the LBT and UBT sequences 
(respectively earliest VTM and Deer Canyon Rhyolite), but 
the fluorine enrichment is substantially greater than that of 
chlorine. This fractionation between F and Cl hence dem-
onstrates that the entire sequence was volatile-saturated and 
a vapour phase was present (Fig. 6).

Our sampling strategy allows us to look at three main 
trends within the Bandelier sequence: (1) the LBT magma 
chamber as primed for eruption, preserved in the sequence 
from the base of the plinian (first-erupted material) to VTM 
group II (last-erupted material from the LBT magmatic sys-
tem); (2) the evolution of the top of the magma chamber 
during its re-establishment and evolution between the two 
Bandelier eruptions, from VTM group III to VTM group VI; 
(3) the pre-eruptive UBT magma chamber, preserved in the 
sequence from the base of the plinian airfall (first-erupted 
material) to the Deer Canyon Rhyolite (last-erupted material 
in the UBT sequence).

The recent studies on residence times of melt in a 
magma chamber and on magma chamber structure have 
altered the once dominant model of a magma chamber 
that exists as a large, mostly liquid reservoir for long peri-
ods of time (e.g. Bachmann and Bergantz 2004, 2008; 
Gualda and Ghiorso 2013). Estimated near-solidus tem-
peratures of 660–725 °C for the magma in the Bandelier 
magma chamber before eruption imply the magma was 
highly crystalline (Campbell et al. 2009; Wilcock et al. 
2013) and fit a scenario of an extensive magma mush 

which was remelted shortly before eruption. Yet while 
the Bandelier Tuff is unlikely to have erupted from a sin-
gle large mostly liquid magma chamber that was system-
atically tapped and is more likely to have been formed 
through progressive remelting of a crystal mush due to 
repeated magma intrusions (cf. Wolff and Ramos 2014), 
or from a more complex configuration than a single cham-
ber, we argue that it is reasonable to consider the LBT and 
UBT sequences as compositionally continuous sequences, 
with the first erupted material the most evolved and the 
last erupted material the least evolved. For example, 
measured f luorine concentrations in melt inclusions 
of the LBT–VTM–UBT sequence (Fig. 6) show that F, 
which behaves as an incompatible element in the Ban-
delier sequence (Stix and Layne 1996), is most enriched 
to very high concentrations reaching ~ 3000 ppm in the 
plinian airfall of both the LBT and UBT and is strongly 
depleted in the last-erupted materials (respectively the 
earliest VTM and the Deer Canyon Rhyolite). This pattern 
is consistently shown by other strongly incompatible trace 
elements, such as Cs and Nb (e.g. Stix and Gorton 1993).

Lower Bandelier Tuff

Measured concentrations of F and Cl in melt inclusions 
from the same stratigraphic horizon (data from Waelkens 
et al. 2021; Fig. 6) show higher concentrations of incompat-
ible fluorine at the base of the airfall unit and a progressive 
decrease in fluorine towards the end of the LBT sequence. 
Cl follows a similar, but less pronounced pattern, since Cl 
was progressively removed from the melt and partitioned 
into a separate vapour phase, with the first-erupted LBT 
airfall material having undergone the largest degree of 
degassing. Based on these halogen concentrations and on 
observed  H2O–CO2 patterns in the Bishop Tuff (Wallace 
et al. 1995, 1999), we expect the base of the LBT plinian to 
have very low  CO2 with increasing concentrations at deeper 
levels in the magma chamber, while  H2O should vary lit-
tle. Mean observed  H2O contents vary slightly through the 
plinian LBT (4.0–4.2 wt%), decreasing to some degree in 
VTM group II (mean of 2.7 wt%), which could be linked 
to different storage depths (see Gas saturation pressures). 
However, the  CO2 pattern is unexpected.  CO2 concentrations 
are very low at the base of the LBT, as we would expect in 
the roof zone of the magma chamber where the magma is 
most differentiated and most degassed. However, instead of 
a progressive increase towards the later erupted material, a 
sharp increase in higher  CO2 concentrations occurs halfway 
through the plinian phase (from a mean of 27 ppm at the 
base of the plinian airfall to 173 ppm in the mid-plinian), 
followed by a decrease to an apparently bimodal  CO2 distri-
bution in the first-erupted VTM. This unexpected increase in 
 CO2 implies an additional, external source of  CO2.
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Valle Toledo Member rhyolites

The VTM sequence represents an evolving magma related 
to the Bandelier Tuff that was episodically tapped between 
the two Bandelier eruptions (Stix and Gorton 1993; Stix and 
Layne 1996). As the melt was volatile-saturated (Stix and 
Layne 1996), we expect  H2O to vary little, as it is buffered 
by the vapour phase, while  CO2 should decrease steadily 
as the magma was differentiated and  CO2 exsolved to the 
vapour phase.  H2O concentrations do indeed vary little; 
the slightly lower water contents of VTM groups II and VI 
may result from different storage depths (see Gas satura-
tion pressuresbelow), while groups III and V have similar 
water concentrations (respective averages of 3.5 and 3.9 wt% 
 H2O). Group VI, the most evolved and degassed of the VTM 
magmas is the most depleted in  CO2 as expected. The high-
est average  CO2 in the entire LBT-VTM-UBT sequence is 
found in group III (mean of 197 ppm), followed by a steep 
decrease in very low concentrations in groups V and VI. 
The anomalously high  CO2 of group III again points towards 
an external addition of  CO2 into the differentiating magma 
chamber.

Upper Bandelier Tuff

The observed volatile patterns in the UBT sequence are 
similar to the LBT, although less pronounced. The base 
of the plinian phase has similar water content as the LBT 
and slightly higher  CO2 (means of 27 ppm in LBT, 54 ppm 
in UBT). This higher  CO2 content suggests that the UBT 
magma was less degassed than in the LBT, consistent with 
higher Cl concentrations and higher F/Cl ratios in the UBT 
(Fig. 6; Waelkens et al. 2021). The  CO2 enrichment from the 
base of the plinian airfall to mid-plinian is less pronounced 
than in the LBT, yet also present, indicating similar pro-
cesses in both cases.

Influx of CO2 into the magma chamber

Throughout the LBT-VTM-UBT sequence, therefore, we 
have three clear instances of “excess”  CO2, where  CO2 con-
centrations are higher than expected: (1) the LBT mid-plin-
ian; (2) VTM group III; and (3) the UBT mid-plinian. We 
propose that these high  CO2 concentrations are caused by the 
interaction of the Bandelier magma with  CO2-rich vapours, 
which exsolved from fresh, volatile-saturated magma that 
was injected into the magma chamber shortly before the 
Bandelier eruptions and during the early VTM, after which 
the  CO2-rich vapours percolated upwards through the crys-
tal mush. This process, often described as  CO2 fluxing or 
flushing, has been recognised and modelled in arc magmas 
(Wallace 2005; Spilliaert et al. 2006; Collins et al. 2009; 
Blundy et al. 2010; Caricchi et al. 2018) and has also been 

suggested in large silicic magma bodies, such as the Bishop 
Tuff (Evans et al. 2016), even though these are usually 
assumed to follow simple open or closed degassing trends 
(Blundy et al. 2010).

CO2 injections into the magma chamber linked 
to magma recharge

A number of lines of evidence point towards repeated intru-
sions of fresh magma into the Bandelier magma chamber 
before, during and after the caldera-forming eruptions took 
place. Based on the trace element composition of LBT melt 
inclusions, Dunbar and Hervig (1992) and Hervig and Dun-
bar (1992) suggested that repeated pulses of rhyolite magma 
were intruded into the base of the LBT magma chamber 
shortly before eruption, while Wolff and Ramos (2014) 
using Sr and Pb isotopic data found evidence of at least three 
separate magma recharge events into a crystal mush which 
generated melting of the mush and possibly triggered the 
LBT eruption. A Ti-in-quartz geothermometry study of the 
LBT and VTM by Campbell et al. (2009) found evidence 
of injection of a hotter magma into the chamber shortly 
before the eruption. Stix and Gorton (1993) showed that 
an influx of fresh rhyolitic magma occurred once the cham-
ber was partially emptied by the LBT eruption; this influx 
occurred between the eruption of VTM groups II and III. 
Stimac (1996) proposed that the hornblende-dacite pumices 
observed in early-erupted UBT resulted from injection of 
intermediate magma into the UBT magma chamber shortly 
before the eruption. Wilcock et al. (2013) found further evi-
dence of hot magma interacting with the deeper parts of the 
UBT magma chamber before eruption. In the upper UBT 
ignimbrite, Goff et al. (2014) found evidence of andesitic 
magma injection into the chamber during the eruption. Ken-
nedy et al. (2012) discussed the influx of dacitic magma 
into the emptied UBT magma chamber during post-collapse 
resurgence.

We propose that these injections of magma were accom-
panied by exsolution of  CO2-rich gases, which were added 
to the magma system prior to eruptions. As modelled by 
Caricchi et al. (2018), when  CO2 is added to a  CO2-poor, 
volatile-saturated magma at constant confining pressure, 
 CO2 is transferred from the vapour phase into the magma, 
while  H2O is exsolved from the magma. The addition of  CO2 
leads to a reduction of the activity of  H2O, in turn increasing 
the solidus and liquidus temperatures, which then triggers 
crystallisation (Holloway and Burnham 1972). This new 
onset of crystallisation will form crystals that contain melt 
inclusions enriched in  CO2 relative to those prior to magma 
injection.
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First CO2 injection: Lower Bandelier Tuff

The injection of a  CO2-rich vapour phase into the magmatic 
system allows us to explain the patterns we observe in the 
Lower Bandelier Tuff. Based on the Ti geothermometry in 
quartz, Campbell et al. (2009) concluded the LBT magma 
chamber was at near-solidus temperatures, until it was 
revived by reheating from injection of hot magma into the 
system shortly before eruption. Pre-eruptive heating events 
in crystal mushes are common; while they are linked to the 
influx of fresh magma, the most efficient way to transport 
heat from one magma to the other is through upward migra-
tion of a hot vapour phase, rather than through hybridization 
or conductive heating (Bachmann and Bergantz 2006). This 
implies that the fresh magma introduced into the system 
was itself volatile-saturated and exsolved a  CO2-rich vapour 
phase which percolated through the magma chamber and 
rejuvenated the near-solidus magma.

Without the influx of this additional  CO2 into the mag-
matic system, we would expect the LBT magma to have 
followed the ‘expected’ pattern of a degassed magma: the 
lowest  CO2 concentrations at the most-degassed first-erupted 
material and an increase in  CO2 upward in the stratigraphy, 
paired with a decrease in  H2O. Given the very low  CO2 con-
centrations at the base of the LBT plinian, typical of a very 
degassed magma, we propose that the base of the plinian 
airfall represents the pristine degassed Bandelier magma, 
free from interference with percolated  CO2. Although we 
need to be careful when interpreting the  CO2 concentrations 
of VTM group II as truly bimodal given that only five melt 
inclusions were analysed, the apparent occurrence of both 
 CO2-poorer melt inclusions (29–45 ppm) and  CO2-richer 
inclusions (110–143 ppm) (Fig. 7) may be interpreted as rep-
resenting both (1) a degassed, “original” melt that predates 
the  CO2 influx  (CO2-poor inclusions) and (2) a  CO2-rich 
melt resulting from  CO2 fluxing  (CO2-rich inclusions). The 
“original” volatile profile, if no  CO2 fluxing had occurred, is 
therefore one with means of 4.2 wt%  H2O and 27 ppm  CO2 
at the top of the chamber and means of 2.7 wt%  H2O and 
37 ppm  CO2 at its base. The  H2O gradient was strong, while 
the  CO2 gradient was weak.

Before eruption, fresh magma entered the magma cham-
ber, accompanied by a vapour phase comparatively rich in 
 CO2. The fresh magma increased the temperature at the base 
of the magma chamber, melting the mush and allowing gas 
to percolate upward through the mush. Following this short 
period of transient remelting, temperatures decreased again, 
triggering crystallisation and encapsulating  CO2-rich melt 
inclusions into newly-formed crystals which are preserved 
in the upper parts of the LBT plinian. We propose that the 
 CO2-rich melt inclusions above the base of the plinian phase 
are the product of interaction with the vapour phase that 
percolated upward from the injected magma; they do not 

represent the actual hotter and newly injected magma. The 
injected magma itself only interacted with material at the 
base of the crystal mush, traces of which have been found in 
the ignimbrite (Ti–rich melt inclusions: Dunbar and Hervig 
1992; Sr- and Ba-rich overgrowth on Sr- and Ba-poor cores 
in sanidines: Wolff and Ramos 2014).

The lack of high temperature rims on quartz crystals from 
the plinian airfall observed by Campbell et al. (2009) and the 
lack of high-CO2 melt inclusions at the base of the plinian 
airfall observed by us, together indicate that  CO2 fluxing was 
not spread equally throughout the system and the  CO2-rich 
vapours did not reach the top of the chamber.

Second CO2 injection: Valle Toledo Member rhyolites

In contrast to the LBT and UBT sequences which allow us 
to see a snapshot through time of the pre-eruptive magmatic 
system before eruption, the VTM sequence provides us a 
window into the temporal evolution of the magma chamber’s 
upper regions. The first-erupted VTM material, group II, is 
the last remnant of the LBT magma, containing material 
both from the ‘old’ resident magma and from the injected 
magma (Stix and Layne 1996), which explains its appar-
ent bimodal  CO2 concentrations. Stix and Gorton (1993) 
recognised the next eruptive VTM phase, group III, as the 
beginning of a new evolutionary trend after fresh magma 
had entered the magma chamber following caldera collapse. 
Campbell et al. (2009) found quartz crystals in this unit to 
be unzoned and formed at slightly lower temperatures than 
group II crystals. The high  CO2 concentrations measured 
in VTM group III are consistent with these observations. 
Fresh,  CO2-rich magma entered the emptied magmatic sys-
tem, started crystallising and formed  CO2-rich melt inclu-
sions, which were then erupted. Further evolution of this 
new magma throughout the VTM led to decreasing  CO2 
concentrations as  CO2 was fractionated from the volatile-
saturated melt into the vapour phase, similarly to Cl (Fig. 6). 
 H2O changed little as degassing took place, buffered by the 
composition of the vapour phase and stable pressure con-
figuration of the magmatic system.

This trend is interrupted in VTM group VI, where  H2O 
decreases from a mean of 4.0 wt% to 3.0 wt%  H2O. This 
decrease was not observed by Stix and Layne (1996), 
where  H2O concentrations were found to change little in 
the upper VTM. The lower volatile content of this final 
VTM magma may result from a shallower storage depth 
than the rest of the magma chamber (see Gas saturation 
pressuresbelow).

Within the lower VTM (groups II–III), the range of  H2O 
values appear to be restricted, although  H2O concentrations 
were obtained for only two melt inclusions in group III. The 
upper VTM (groups V–VI) exhibits wider ranges of  H2O 
(i.e., 1.8 wt% variation for V and 2.2 wt% variation for VI), 
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while the range in  CO2 values for group VI is also relatively 
large (below detection limit to 88 ppm). This larger range 
in  CO2 concentrations and increase in higher  CO2 values in 
group VI could indicate that  CO2 fluxing was being initi-
ated and hot  CO2-rich vapour bubbles were being injected 
into the magma chamber even before the UBT eruption. 
Quartz geothermometry confirms this, with a very small 
fraction of crystals in group VI exhibiting high temperature 
overgrowths (Campbell et al. 2009). Crystals from different 
stages of VTM magma evolution also could explain some of 
the variation in  H2O and  CO2. Most of the variation in  H2O 
concentrations in groups V and VI may be due to crystals 
formed at different depths being erupted at the same time, 
indicating the final VTM eruptions were tapping different 
levels in the upper parts of the magma chamber.

Third CO2 injection: Upper Bandelier Tuff

An influx of  CO2-rich vapours that percolated through a 
crystal mush can also explain the observed volatile enrich-
ments in the UBT. However, a few key differences are dis-
cernible relative to the LBT: (1) the lowest  CO2 concentra-
tions at the base of the UBT plinian airfall unit are higher 
than at the base of the LBT plinian; (2) traces of foreign 
magma (dacite) appear in the plinian phase and early erupted 
ignimbrite (Stimac 1996); (3) the increase in  CO2 from the 
base to mid-plinian is smaller; (4) there is overlap in  CO2 
contents between the base and the mid-plinian airfall; (5) the 
end of the UBT sequence (Deer Canyon Rhyolite) is more 
complex than seen at the end of the LBT (VTM group II). 
Relative to the LBT plinian base, the higher  CO2 values at 
the base of the UBT plinian may be partly the result of less 
degassing prior to eruption, evidence of which can also be 
found in the higher Cl concentrations in the UBT compared 
to the LBT (Fig. 6). However, the UBT plinian is not only 
richer in  CO2 than the LBT plinian, it is also richer than the 
uppermost VTM (unit VI). Hence the high  CO2 observed 
in the initial stages of the UBT eruption cannot simply be 
the result of continued differentiation and degassing of the 
magma tapped by the VTM eruptions; it must have experi-
enced a different means of  CO2 enrichment.

This early  CO2 enrichment of the UBT is significant. 
Although in the LBT major and trace element evidence 
of the intruded magma can only be recognised in the later 
stages of eruption, the UBT erupted a small proportion of 
distinctive dacitic pumices beginning in the early stages 
of the plinian phase. This dacite is not cogenetic with the 
Bandelier magmas and is the result of injection of a dacite 
into the rhyolite crystal mush before eruption (Stimac 1996; 
Boro et al. 2020). Further evidence of magma injections is 
preserved in zoned crystals in the upper parts of the ignim-
brite, while rounded quartz crystal morphologies indicate 

widespread resorption throughout the magma chamber (Wil-
cock et al. 2013).

For the UBT sequence, an increase in  CO2 and slight 
decrease in  H2O are observed through the plinian airfall, 
suggestive of a scenario similar to the LBT with an initially 
degassed,  CO2-poor magma. Fresh magma was injected 
and a  CO2-rich vapour percolated upward through a crystal 
mush, increasing the  CO2 content of the melt and trigger-
ing crystallisation of crystals encapsulating  CO2-rich melt 
inclusions. Injection of  CO2 into the magmatic system must 
have occurred in order to explain the high  CO2 values in 
the plinian phase, which are nearly twice those of the Deer 
Canyon Rhyolite that erupted immediately after the UBT. 
Otherwise,  CO2 concentrations would increase with decreas-
ing degree of differentiation from the base of the plinian 
airfall (first-erupted, most differentiated material in the UBT 
sequence) to the Deer Canyon Rhyolite (last-erupted, least 
differentiated material erupted in the UBT sequence), which 
is not observed.

A significant point is that Wilcock et al. (2013) did not 
observe zoned or high temperature crystals in the plinian 
phase and early erupted ignimbrite (units 1 and 2 of War-
ren et al. 2007). If  CO2-rich vapour percolated through the 
magma chamber, transporting heat and volatiles and enrich-
ing the melt in  CO2, the  CO2-rich melt inclusions should be 
formed within distinctive high temperature overgrowths on 
crystals, yet no such overgrowths were recognised by Wil-
cock et al. (2013). Hence, we suggest that  CO2-rich vapours 
were introduced into the magma chamber as small batches of 
fresh magma accumulated at the base of the magma chamber 
(or deeper) over a prolonged period of time before erup-
tion, starting in the late VTM; thereby, gradually increasing 
the  CO2 content of the magma chamber without substantial 
rapid increases in temperature. Smith (1979) proposed the 
presence of a deeper basaltic zone of magma underlying the 
Bandelier magma chamber. Pooling of basaltic magma at 
depth would release  CO2-rich gases that could rise to more 
shallow depths; thereby, interacting with the Bandelier 
magma (cf. Collins et al. 2009).

As the magma was crystallising and differentiating and 
 CO2 levels slowly increased from the late VTM onwards, 
progressively more  CO2-rich melt inclusions were encap-
sulated. In contrast to the steep increase in  CO2 prior to 
the LBT eruption, the more gradual increase in  CO2 in the 
UBT magma chamber explains the wide range of  CO2 con-
centrations, the enrichment in  CO2 compared to the VTM 
and the less systematic  CO2 increase over the course of the 
plinian phase of the eruption. Although influx of dacitic 
magma, accompanied by an increase in temperature may 
have triggered the eruption (Stimac 1996; Wilcock et al. 
2013; Boro et al. 2020),  CO2-rich vapours from intruded 
magma had been adding  CO2 to the magmatic system since 
the late VTM, prior to the dacite intrusive event. The gradual 
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system-wide increase in  CO2 for the UBT explains the 
smaller increase in  CO2 from the base to the mid- and top of 
the plinian airfall, in contrast to the sudden change observed 
at a comparable point in the LBT eruption.

The Deer Canyon Rhyolite does contain zoned crystals 
with high temperature rims and is interpreted as a prod-
uct of hotter new magma remelting a residual crystal mush 
of composition similar to the late-erupted UBT (Kennedy 
et al. 2012; Wilcock et al. 2013).  CO2 concentrations in the 
Deer Canyon Rhyoite are not bimodally distributed as they 
appear to be in VTM group II immediately after the LBT 
eruption, while the base of the UBT plinian has elevated 
 CO2 concentrations in some melt inclusions as discussed 
above. Thus, it is more difficult to reconstruct the ‘origi-
nal’ volatile profile that would have been displayed in the 
UBT volcanic products if no  CO2 fluxing had taken place. 
Our best approximation is 3.7 wt%  H2O in the first-erupted, 
most differentiated material (base of the plinian airfall) and 
1.9 wt%  H2O in the last-erupted, least differentiated material 
(Deer Canyon Rhyolite). Because of the relatively high  CO2 
seen throughout the plinian airfall, we are unable to develop 
a similar profile for  CO2.

Variability in H2O concentrations

Throughout the LBT-VTM-UBT sequence, all analysed 
samples display a wide range of  H2O contents, particu-
larly in the LBT and the Deer Canyon Rhyolite. A number 
of processes could contribute to this variability. (1) Melt 
inclusions formed at different depths may have been erupted 
together, having been transported to different levels of the 
magma chamber by convective currents. (2) Some of the 
melt inclusions could have suffered  H2O loss due to diffusion 
through the crystal. While quartz is usually considered an 
excellent host for melt inclusions and less likely to experi-
ence post-entrapment changes in melt inclusions compared 
to other minerals (Audétat and Lowenstern 2014), heat-
ing experiments on quartz-hosted melt inclusions from the 
Bishop Tuff found that water loss started to occur if the melt 
inclusions were heated at 800 °C for more than 12 h (Sev-
ers et al. 2007). The influx of heat into the system during 
the magmatic recharge events may have sufficiently heated 
some crystals to cause  H2O loss, particularly if there was 
a  H2O gradient between the entrapped melt inclusion and 
the surrounding magma. (3) Substantial pre-eruptive degas-
sing of  H2O and  CO2 took place in the system and melt 
inclusions were trapped at different stages of the degassing 
process. Closed-system degassing trends for the different 
stages of the LBT plinian airfall (Fig. 8a) demonstrate that 
degassing of elevated  H2O–CO2 starting compositions could 
have produced some of the variability in volatile concentra-
tions, in particular for the base of the plinian. The calculated 
closed-system degassing trend for the Deer Canyon Rhyolite 

(Fig. 8d) indicates that this process was dominant in creat-
ing the large range of  H2O concentrations for this unit. The 
degassing trends are less clear in the UBT plinian airfall 
and VTM units. Nevertheless, a combination of pre-eruptive 
degassing and a limited degree of  H2O loss due to heating 
and diffusion could also explain the trends that we observe 
in these sequences as well.

Alternative sources of CO2

The influx and percolation of  CO2 through a crystal mush 
prior to eruption can explain the patterns we observe in  CO2 
concentrations throughout the LBT–VTM–UBT sequence. 
This model is consistent with previously established mag-
matic recharge events in the Bandelier system. Nevertheless, 
we must also consider other possible sources of the “excess” 
 CO2 in the system. Carbonates are an alternative external 
source of  CO2 that are recognised to play an important 
role in certain  CO2-rich volcanic systems, such as Somma-
Vesuvius (e.g. Dallai et al. 2011) and Merapi (e.g. Deegan 
et al. 2010). Although bulk assimilation of carbonates by a 
melt can lead to high dissolved  CO2 concentrations in the 
melt, such an assimilation process should be recognisable in 
the trace element geochemistry of the melt. Using 18O/16O 
rations and chemical data at Vesuvius, Dallai et al. (2011) 
were able to identify  CO2 which originated from a deeper 
carbonate basement and entered the magmatic system. How-
ever, the crustal basement under Valles caldera shows no 
evidence of extensive carbonates and oxygen isotope studies 
of the Bandelier Tuff (Wolff et al. 2002) have not identified 
the strongly sedimentary 18O/16O signals that the influx of 
carbonate-derived  CO2 should generate. Hence, we believe it 
unlikely that carbonates played an important role in produc-
ing the  CO2 influxes which entered the Bandelier magmatic 
system.

Gas saturation pressures

We have shown above that the entire LBT–VTM–UBT 
magma system was gas-saturated, based on various lines 
of evidence. Hence, we can use  H2O and  CO2 concentra-
tions to calculate saturation pressures of the magma (Fig. 8; 
Table A3 in Supplementary Information). Only melt inclu-
sions with highest water are considered, given that lower 
 H2O values may be due to  H2O loss after reheating. Using 
VolatileCalc (Newman and Lowenstern 2002), we calculate 
saturation pressures of 124–168 MPa for the LBT plinian 
and 100–143 MPa for the UBT plinian for a magma tem-
perature of 700 °C (temperature estimate from Campbell 
et al. 2009 and Wilcock et al. 2013). As these pressures 
are calculated from the first-erupted plinian phases, they 
indicate the pressure in the uppermost parts of the magma 
chamber. Assuming a crustal density of 2700 kg  m−3 (Stix 
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and Layne 1996), we calculate depths of 4.7–6.3 km for 
the top of the LBT magma chamber and 3.8–5.4 km for the 
UBT magma chamber. These depths are at the lower end of 
previous estimates, which have placed both the LBT and the 
UBT magmas between 5 and 7 km (Sommer 1977; Warshaw 
and Smith 1988; Dunbar and Hervig 1992; Stix and Layne 
1996; Wilcock et al. 2013; Goff et al. 2014). The shallower 
depth of the UBT magma chamber could be the result of 
modified magmatic plumbing due to caldera collapse dur-
ing the LBT eruption. For example, the LBT eruption and 
associated caldera collapse may have opened a network of 
fractures, which allowed subsequent UBT magma to ascend 
to shallower levels and might also have facilitated the erup-
tion of the VTM rhyolites.

A similar calculation for the VTM leads to pressures of 
38–60 MPa in group II, 80–101 MPa in III, 103–123 MPa 
in V and 71–93 MPa in VI. This results in very shallow 
crystallisation depths for groups II (1.4–2.2 km) and VI 
(2.7–3.5 km), with greater depths for III (3.0–3.8 km) and 
V (3.9–4.6 km). The Deer Canyon Rhyolite pressures are 
66–113 MPa and a depth of 2.5–4.3 km. The shallow depth 
of group II VTM magma likely relates to its timing imme-
diately after the LBT eruption, when the system was still 
open and depressurised after caldera collapse. The shallow 
depths of group VI VTM magma could indicate that a small 
batch of magma managed to separate from the main magma 
chamber and intrude to shallower levels. Importantly, there 
is no unconformity or time gap in the stratigraphic record 
between group VI VTM and the UBT plinian. Hence the 
eruption of this shallow VTM magma could have initiated 
events leading to the subsequent UBT super-eruption.

Nature and volume of the exsolved vapour phase

Exsolved vapour phase

As fluorine behaves incompatibly in the melt similar to 
elements, such as Cs (Stix and Layne 1996), we can use 
the enrichment of F to estimate how much  H2O and  CO2 
were exsolved to the vapour phase. In the absence of min-
eral phases that incorporate volatiles,  H2O and  CO2 will 
be enriched similar to F in a volatile-undersaturated melt. 
Any deviation from this enrichment trend is due to the melt 
being volatile-saturated and  H2O and  CO2 partitioning into 
the vapour phase. By calculating the difference between the 
theoretical enrichment of  H2O and  CO2 and the measured 
enrichment or depletion, we can estimate the mass of vola-
tiles that was lost to the vapour phase. The clear distinction 
between  CO2-poor and  CO2-enriched melt compositions in 
the LBT is ideal for this exercise. This approach is more 
complicated for the UBT, where the difference between the 
original, degassed melt and the post-injection  CO2-rich melt 
is less obvious.

We first consider the degassed,  CO2-poor melt inclusions 
at the base of the LBT plinian airfall (most differentiated, 
first-erupted material) and in the low-CO2 melt inclusions 
of VTM group II (least differentiated, last-erupted material). 
The mid-plinian and group II VTM  CO2-rich melt inclusions 
are considered to represent the magma chamber after  CO2 
enrichment due to gas percolation associated with magma 
recharge. Although the magma chamber is unlikely to have 
existed as a single, large entity and, as discussed above, a 
more complicated geometry with a crystal mush component 
that underwent repeated remelting is likely, for this calcu-
lation and for simplicity, we consider the entire erupted 
LBT magma as a single, cylindrical body with surface area 
equal to the preserved caldera area (i.e., a circular caldera 
with diameter of 20 km) and volume equal to that which 
was erupted (550  km3; maximum estimate from Cook et al. 
2016). This configuration allows us to calculate  CO2 masses 
through a simple integration of the  CO2 gradient through the 
cylindrical volume of the magma chamber.

Fluorine is enriched by 6.6 times between VTM group 
II and the base of the LBT plinian (Waelkens et al. 2021; 
see Fig. 6). A similar enrichment in  CO2, starting from a 
 CO2 concentration of 37 ppm at or near the base of the 
simplified, cylindrical magma chamber (mean of  CO2-poor 
concentrations in VTM group II) would result in a con-
centration of 243 ppm at the top of the chamber. Integrat-
ing this theoretical concentration gradient over the entire 
mass of the cylindrical magma chamber results in a total 
mass of 181 Tg  CO2. Meanwhile, integrating the observed 
concentration gradient (37 ppm near the base of the cham-
ber to a mean of 27 ppm in the base of the LBT plinian) 
results in a total mass of  CO2 present in the melt phase 
of 41 Tg. A total of 140 Tg of  CO2 is therefore ‘missing’ 
and must have partitioned into a vapour phase. A similar 
exercise can be done for  H2O, starting from a concentra-
tion of 2.6 wt% in VTM group II. A theoretical 6.6-fold 
enrichment results in an unrealistically high  H2O concen-
tration of 17 wt% and a total  H2O mass of 1.27 ×  105 Tg, 
while the observed enrichment, from 2.6 wt% near the 
base of the magma chamber to 4.2 wt% at the top results 
in a mass of 4.37 ×  104 Tg  H2O. A mass of 8.3 ×  104 Tg 
 H2O was therefore lost to the vapour phase. In a magma 
chamber of 550  km3 volume (assuming the magma cham-
ber was largely emptied during eruption) and 2275 kg/m3 
density (calculated based on the composition of Hervig 
and Dunbar 1992), these masses of exsolved  H2O and  CO2 
result in a vapour phase that represents 6.7 wt% of the total 
magma body. This estimate is slightly higher than calcula-
tions by Wallace et al. (1995) for the Bishop Tuff magma 
body (2–6 wt%).

A similar calculation can be done for the UBT, where 
fluorine is enriched 4.4 times from the Deer Canyon Rhyo-
lite (base of the magma chamber) to the base of the UBT 
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plinian (top of the chamber) (Waelkens et al. 2021). The 
measured mean composition for the Deer Canyon Rhyolite 
is 2.8 wt%  H2O and 51 ppm  CO2, while mean values at 
the base of the plinian phase are 3.8 wt%  H2O and 54 ppm 
 CO2. Using an estimated magma chamber volume of 
400  km3 (estimated erupted volume from Goff et al. 2014, 
2011) and assuming the magma chamber was largely emp-
tied during eruption, results in 78 Tg  CO2 and 3.86 ×  104 
Tg  H2O lost from the magma. Comparing this to the mass 
of magma, with density of 2281 kg/m3, calculated from 

compositions in Stix and Layne (1996), results in a vapour 
phase that is 4.2 wt% of the total magma body.

Waelkens et al. (2021) calculated the masses of chlo-
rine partitioned from the magma body into a separate fluid 
phase for both the LBT and the UBT, similarly as we did 
here for  H2O and  CO2. A mass of 4.8 ×  103 Tg of Cl was 
calculated to have been exsolved in the LBT magma cham-
ber and 2.1 ×  103 Tg in the UBT. Combining this with the 
exsolved water masses calculated above results in weight 
fractions of chlorine in the fluid of 5.8 wt% in the LBT 

Fig. 6  Plots of a F, b Cl, c  CO2 and d  H2O data along the stratig-
raphy. The F and Cl data was collected by SIMS on different melt 
inclusions from the exact same samples as the FTIR data presented 
here. e F/Cl ratios give an indication of the degree of degassing that 

the magma experienced: as F behaves as an incompatible element in 
this magmatic system while Cl partitions into a vapour phase, F/Cl 
ratios increase with advancing degassing
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and 5.4 wt% in the UBT. Recalculated to NaCl we obtain 
respectively 9.6 and 8.9 wt% NaCl for the LBT and the 
UBT. Based on the phase equilibria in the NaCl-H2O-CO2 
system (Duan et al. 1995), at a temperature of 700 °C and a 
pressure range of 100–150 MPa, the exsolved phase would 
exist as two immiscible phases: a brine rich in NaCl and a 
separate  H2O–CO2 vapour.

In these calculations, we assume that the entire 
exsolved vapour was preserved and accumulated in the 
magmatic system prior to the large caldera-forming erup-
tions although there is evidence that exsolved vapours can 
accumulate at the top of a differentiating magma chamber 
from where they are released upon eruption (eg. Westrich 
and Gerlach 1992; Gerlach et al. 1994), some of the vapour 

Fig. 7  Histograms of  CO2 
concentrations for all analysed 
units, using bin widths of 
25 ppm  CO2. The samples are 
ordered per stratigraphic unit: 
Lower Bandelier Tuff (LBT) 
plinian in the first column, Valle 
Toledo Member (VTM) rhyo-
lites in the second and Upper 
Bandelier Tuff (UBT) plinian 
in the third. In each column, the 
samples are presented accord-
ing to stratigraphic position. 
The sharp increase in  CO2 
concentrations from the base to 
the middle of the LBT plinian 
is clear in the histograms, with 
 CO2 concentrations spread over 
a wider range in the top of the 
LBT plinian. In contrast,  CO2 
concentrations overlap more 
between the base and the middle 
of the UBT plinian, although 
ranges in  CO2 concentrations 
are once again larger in the mid-
dle and top of the plinian
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could have escaped the magmatic system before the erup-
tion. The calculated vapour phase volumes should there-
fore be considered maxima.

Nature of influx magma

Using the same reasoning as above, we now calculate 
the mass of  CO2 that was injected into the degassed LBT 
magma chamber by comparing the  CO2-poor, degassed 
trend  (CO2-poor melt inclusions of VTM group II and the 
base of the plinian phase) to the  CO2-rich, post-injection 
trend  (CO2-rich melt inclusions of VTM group II and 
mid-plinian). We only do this exercise for the LBT, as the 
trends of low and high  CO2 are clearly distinguishable here. 
Although we do see  CO2 enrichment in the UBT that can be 
explained by magma recharge, the pre-injection and post-
injection  CO2 groups cannot be easily distinguished from 
each other compared to the LBT. We calculate that increas-
ing the dissolved  CO2 content of the magma chamber from 
37 ppm  CO2 at the bottom of the chamber and 27 ppm  CO2 
at the top to 125 ppm at the bottom and 173 ppm at the top 
requires an input of 150 Tg of  CO2. Such an input carried 

by a rhyolitic magma containing 200 ppm  CO2 requires a 
volume of 329  km3, which is excessive. This indicates that 
the magma injected into the chamber was different in com-
position from the resident magma, as suggested by Dunbar 
and Hervig (1992). The magma is more likely to have been 
more basaltic, as basaltic magmas typically have higher 
 CO2 content (Lowenstern, 2001), so that smaller volumes of 
magma would need to be injected and degas to bring an extra 
150 Tg of  CO2 into the magma chamber. A basalt with  CO2 
concentration of 500 ppm carries 150 Tg of  CO2 in 103  km3 
magma; for a basalt with 1000 ppm  CO2, this volume goes 
down to 52  km3.

Conclusions

Our principal conclusions are the following:

1. By examining the evolution of  CO2 concentrations 
through the different stages of the Bandelier magmatic 
system, we identified three instances of “excess”  CO2, 
where higher  CO2 concentrations were measured than 

Fig. 8  H2O and  CO2 concentra-
tions for a the LBT plinian; b 
the VTM rhyolites; c the UBT 
plinian; and d the Deer Canyon 
Rhyolite. Isobars are plotted for 
700 °C and were determined 
using VolatileCalc (Newman 
and Lowenstern 2002). The 
stark contrast in  CO2 concentra-
tions between the base of the 
LBT plinian airfall and the rest 
of the plinian phase is clearly 
illustrated, as is the smaller 
increase in  CO2 upsection in the 
UBT plinian. The VTM groups 
II and VI plot at lower pres-
sures than the rest of the VTM, 
while VTM group III exhibits 
the highest  CO2 values of the 
entire dataset. Closed-system 
degassing trends and  H2O loss 
explain part of the intrasample 
variability in  H2O concentra-
tions, while entrapment at dif-
ferent stages of the  CO2 fluxing 
process can explain part of the 
variability in  CO2 concentra-
tions within samples
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would be expected: the middle of the LBT plinian 
phase, VTM group III and the middle of the UBT plin-
ian phase. We link these peaks in  CO2 concentrations 
to influxes of volatile-saturated, fresh magma into the 
system, whereby  CO2-rich vapours exsolved from the 
injected magma percolated through the magmatic sys-
tem and interacted with the melt.

2. In the LBT magmatic system we distinguish two trends: 
(1) the  CO2-poor, degassed magma, preserved at the 
base of the LBT plinian (first-erupted, most differen-
tiated material) and the low-CO2 VTM group II melt 
inclusions (last-erupted, least differentiated LBT mate-
rial) and (2) the  CO2-rich magma resulting from fresh 
 CO2 vapours that percolated through the magmatic sys-
tem; this  CO2-rich component is preserved in the LBT 
mid-plinian and the  CO2-rich melt inclusions also found 
in VTM group II. The large range of  CO2 concentra-
tions in the LBT plinian unit implies a rapid succession 
of separate recharge events; thereby, supporting earlier 
studies on the LBT.

3. CO2 concentrations in the VTM rhyolites record replen-
ishment of the magma chamber after the LBT eruption 
(VMT group III), followed by degassing of the differen-
tiating magma.

4. Similar to the LBT, the UBT plinian airfall shows evi-
dence of increased  CO2 concentrations due to injections 
of  CO2-rich vapour from fresh magma, but the smaller 
contrast and generally higher  CO2 concentrations than in 
the LBT indicate a more gradual  CO2 enrichment. The 
presence of  CO2-rich melt inclusions in VTM group VI 
indicate that the percolation of  CO2-rich vapour in the 
magmatic system had already begun in late VTM time.

5. By comparing theoretical and observed enrichments in 
 H2O and  CO2, we calculate that in the LBT magmatic 
system exsolved a vapour phase representing a maxi-
mum of 6.7 wt% of the total magma body. A similar cal-
culation for the UBT results in a maximum vapour phase 
of 4.2 wt%.

6. Our results indicate that volatile compositions of large 
silicic magmatic systems can record instances of mag-
matic recharge.  CO2, thereby, is an important tool in 
deciphering the recharge events that feed these large 
eruptions.
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