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Abstract

Hollow reentrants in quartz phenocrysts from Yellowstone (western United 
States) caldera’s Lava Creek Tuff are preserved vestiges of bubbles in the 
supereruption’s pre-eruptive magma reservoir. We characterized the 
reentrants using a combination of petrographic techniques, synchrotron X-
ray microtomography, and cathodoluminescence imagery. One or more 
reentrants occur in ∼20% of quartz, and up to ∼90% of those reentrants are 
hollow. The earliest-erupted parts of the Lava Creek Tuff have the most 
empty reentrants. The hollow reentrants provide direct, physical evidence for
volatile saturation, exsolution, and retention in a magma reservoir. Quartz-
melt surface tension permits bubbles to attach to quartz only when bubbles 
have been able to nucleate and grow in the melt. Prior to eruption, the Lava 
Creek Tuff existed as a bubbly, volatile-saturated magma reservoir. The 
exsolved volatiles increased magma compressibility, helping to prevent the 
ever-accumulating magma from reaching a critical, eruptive overpressure 
until it reached a tremendous volume.

Introduction

Volcanic gases provide the driving force for explosive volcanism (Cassidy et 
al., 2018). These gases exsolve from the melt when it becomes saturated, 
most commonly in response to decompression during eruptive ascent 
(Edmonds, 2008). The timing and nature of volatile exsolution during an 
eruption control many variables, including style, explosivity, and ascent rate.
Remotely sensed measurements of such atmospheric release identified 
“excess sulfur” in the 1991 Pinatubo eruption plume, revealing that magmas 
may be saturated prior to eruption and may contain an exsolved fluid as 
bubbles (Gerlach et al., 1996). The eruption of Pinatubo confirmed previous 
research that reasoned that bubbles may indeed exist in the magma 
reservoir, sometimes in significant volume (e.g., Roedder, 1965; Anderson, 
1991; Tait, 1992; Lowenstern, 1995; Wallace et al., 1995).

Many observations now exist to geochemically establish pre-eruptive volatile
saturation, or lack thereof (Edmonds and Woods, 2018). Excess sulfur has 
been documented via remote sensing at other volcanoes, including El 
Chichón (Mexico), Mount St. Helens (Washington State, USA), and Mount 
Redoubt (Alaska, USA) (Gerlach and McGee, 1994; Gerlach et al., 1994, 
1996). The volatile and trace element concentrations of melt inclusions 
present compositional trends that suggest saturation (Luhr, 1990; Wallace et
al., 1995). Metal scavenging by convecting, pre-eruptive bubbles is a 
mechanism for generation of economically valuable magmatic porphyry ore 



deposits (Waite et al., 1997; Cloos, 2001; Vigneresse et al., 2019). Exsolved 
fluids from depth may also flux through shallow portions of an 
interconnected magmatic plumbing system (Rust et al., 2004; Lowenstern 
and Hurwitz, 2008; Caricchi et al., 2018). These geochemical lines of 
evidence each provide a strong case for pre-eruptive saturation.

Exsolved fluid has meaningful consequences for diverse magmatic and 
eruption processes. Chief among them is the triggering of eruptions, because
the exsolved fluid contributes to melt buoyancy and reservoir overpressure 
(Caricchi et al., 2014; Degruyter and Huber, 2014; Malfait et al., 2014). After 
an eruption initiates, pre-eruptive bubbles modify degassing behavior in the 
conduit and thus influence melt viscosity, ascent rates, and fragmentation 
(Gonnermann and Manga, 2007; Giordano et al., 2008; Gardner, 2009). 
Assumptions regarding volatile saturation also have important petrologic 
consequences in the pre-eruptive reservoir. The existence of exsolved gas in 
a melt would alter the volume change of phase equilibrium reactions, 
thereby shifting the thermodynamic stability fields of mineral phases, and 
influence our ability to use thermobarometers to understand magma storage
conditions (e.g., Ghiorso and Evans, 2008; Putirka, 2008; Gualda et al., 
2012).

Here, we report a direct, physical record of pre-eruptive saturation and fluid 
exsolution for the magma of the Lava Creek Tuff, emplaced during the most 
recent supereruption from Yellowstone caldera, western United States 
(Christiansen, 2001; Shamloo and Till, 2019). Lava Creek Tuff is one of the 
few eruptions from Yellowstone caldera that contains hydrous mineral 
phases (Christiansen, 2001). But the record of volatile saturation is 
preserved in quartz, one of its anhydrous phases. Quartz crystals from the 
Lava Creek Tuff are pervasively riddled with tortuous to simple-shaped 
reentrants. Many of those quartz-hosted reentrants are hollow.

The absence of glass in the Lava Creek Tuff reentrants was an unforeseen 
discovery. Glass-filled reentrants, sometimes called embayments, are 
features that have been used to understand magmatism at Yellowstone and 
elsewhere (e.g., Anderson, 1991; Liu et al., 2006; Loewen and Bindeman, 
2015; Myers et al., 2016, 2018). They provide a useful geospeedometer 
because the glass preserves a record of the diffusion-limited re-equilibration 
of volatiles during magmatic ascent (e.g., Liu et al., 2007; Humphreys et al., 
2008; Lloyd et al., 2014; Ferguson et al., 2016; Myers et al., 2016, 2018). The
empty reentrants in the Lava Creek Tuff instead provide insight into magma 
reservoir processes when quartz crystals were growing.

The quartz-hosted empty reentrants in the Lava Creek Tuff preserve the 
vestiges of pre-eruptive bubbles once filled with exsolved fluids. The 
dimensions and numbers of the empty reentrants provide the first estimate 
(a minimum) for the amount of bubbles in the reservoir prior to eruption. 
Increased magma compressibility is one critical implication of the exsolved 
fluids within the magma. We propose that compressibility likely allowed the 



Lava Creek Tuff magma to more readily accommodate recharge events, 
which allowed the chamber to grow to a large volume before eruption 
(Degruyter and Huber, 2014).

METHODS AND RESULTS

Pumice clasts were collected from outcrops of the poorly welded base and 
welded interior of the Lava Creek Tuff A ignimbrite, as well as from the 
unwelded basal fall layer of Lava Creek Tuff B (Fig. 1). Basal falls would have 
been the preferred material to collect for Lava Creek Tuff A, but outcrops 
remain unknown. The pumices were crushed, sieved, and handpicked to 
make quartz mineral separates. Quartz occur as euhedral bipyramids, or 
partial crystals with some faceted faces. Almost every crystal contains glass-
filled, enclosed melt inclusions. The crystals are also embayed with one or 
more reentrants. Many of these reentrants are empty void space, not filled 
with glass.

To establish the statistical significance of the empty reentrants across the 
Lava Creek Tuff, we surveyed a few thousand quartz crystals and their 
reentrants from pumice samples (Table 1). We selected characteristic 
reentrant-bearing quartz crystals for synchrotron X-ray microtomography 
(μXRT) and cathodoluminescence (CL) analyses to establish the relationship 
between the reentrants and crystallization processes (see the GSA Data 
Repository1). Reentrants are most common in the earliest-erupted Lava 
Creek Tuff A (Table 1). They occur in one-quarter of the quartz crystals, and 
>80% of those are hollow. Reentrants become slightly less common 
upsection, appearing in ∼20% of quartz crystals from pumices in the middle 
and upper portions of the ignimbrite. Reentrant filling is variable in those 
samples, with some primarily filled with glass whereas they are almost all 
empty in other samples. Quartz from the basal fall of Lava Creek Tuff B 
contains reentrants in ∼18% of the crystals.

Empty reentrants account for 0.02–1.5 vol% of their host quartz crystals. 
They appear as embayments or tubes ranging from a few microns to 400 μm
wide that extend into the center of the crystals (Fig. DR1 in the Data 
Repository). They are locally bulbous with bulging interiors that narrow to 
necks at the crystal surface. “Penetration” depth is highly variable, 
extending as far as 1600 μm, although most range from 50 to 500 μm. Rare 
embayments tunnel through entire crystals, creating hollow pathways that 
connect opposite faces (Fig. 2; Videos DR4–DR8). Many reentrants 
discordantly cut across primary growth bands in quartz, which appear as 
alternating light and dark bands in CL (Fig. 2). CL images constrain the 
relative timing of quartz growth and the reentrants.

Empty reentrants sometimes contain magnetite crystals up to 50 μm in 
diameter, as well as small pockets of glass adhered to reentrant walls (Fig. 
2). Reentrant shape does not correlate with its emptiness. In a given sample,
both tortuous and simple-shaped reentrants may be hollow or filled with 
glass.



DISCUSSION

To infer the significance of the empty reentrants, we must consider how they
came to be. Previous work regarding reentrants describes them being filled 
with dense glass that preserves volatile diffusion profiles that are enriched in
the interior and decrease systematically toward the outlet (e.g., Liu et al., 
2007; Humphreys et al., 2008; Lloyd et al., 2014). Commonly, a single, 
outsized bubble occurs at the crystal-melt interface, which acts as the sink 
for the degassing volatiles.

Empty reentrants require a different mechanism of formation. They were 
either initially filled with melt that was subsequently expelled by 
vesiculation, or primarily filled with exsolved fluid. During decompression, 
the expanding fluid would force out melt, but that mechanism is not 
preferred because when glass is preserved, it is not highly vesiculated. 
Further, it is unlikely that pumiceous, inflating melt responding to 
decompression would expand efficiently through tortuous and irregular 
pathways to produce evacuated, clean reentrants. Instead, formation could 
occur via dissolution or by synchronous growth, if the fluid exsolved at a 
similar rate to quartz growth (Gutmann, 1974).

The dissolution model is supported by textures preserved within the crystals.
Many reentrants crosscut CL bands (Fig. 2). Most of the reentrants are 
interpreted to have formed by local, accelerated dissolution of quartz by pre-
eruptive bubbles (Busby and Barker, 1966; Gutmann, 1974; Donaldson and 
Henderson, 1988). Accelerated dissolution has been documented 
experimentally and is inferred to be driven by local thermodynamic 
disequilibrium and enhanced molecular transport along the fluid-melt 
interface (Busby and Barker, 1966) (Fig. DR2). This process of dissolution in 
the presence of bubbles of exsolved fluid was ongoing during the 
crystallization of quartz. We see evidence for bubble departure, as some 
crystals contain early-generation reentrants in their interiors that crosscut CL
bands from earlier growth, but were later filled with quartz (Fig. 2).

Quartz-hosted, glass-filled reentrants cut across CL bands in eruptions from 
other calderas, including the Toba Tuff (Indonesia), the Oruanui Tuff (New 
Zealand), and the Central Plateau Member rhyolite lavas (Yellowstone 
caldera) (Liu et al., 2006; Vazquez et al., 2009; Girard and Stix, 2010; 
Matthews et al., 2012; Loewen and Bindeman, 2015). In these examples, 
melt filled the reentrants. The dissolution to produce those reentrants may 
provide evidence that those magmas contained exsolved fluid bubbles at 
one time. Indeed, volatile saturation is proposed for those and many other 
large silicic eruptions. For example, the Bishop Tuff (California) is estimated 
to have been volatile-stratified, with its upper portions containing at least 3 
wt% exsolved gas, equivalent to 5–20 vol% exsolved fluid (Wallace et al., 
1995). Primary bubbles in reentrants from the Bishop Tuff provide additional 
physical evidence that the magma contained an exsolved fluid (Anderson, 
1991).



Primary, magmatic fluid inclusions composed of H2O-CO2 mixtures are 
sometimes preserved in phenocrysts from volcanic eruptions (e.g., 
Lowenstern, 2003; Kamenetsky and Kamenetsky, 2010; Audétat and 
Lowenstern, 2014). These “voids” within crystals preserve a record of pre-
eruptive exsolved volatiles. Magmatic fluid inclusions are commonly used as 
observational data sets to understand the fluids supplied to magmatic ore 
deposits (e.g., Heinrich et al., 1999). They are less commonly discussed in 
the volcanic context, but are similar to established intrusive features such as
miarolitic cavities (e.g., Kamenetsky et al. 2002). Volcanic, primary fluid 
inclusions have been described in different mineral phases crystallized from 
a diverse array of mafic to silicic eruptions (olivine: Roedder, 1965; 
plagioclase: Gutmann, 1974; Naumov et al., 1996; quartz: Davidson and 
Kamenetsky, 2007; Pasteris et al., 1996). Indeed, Gutmann (1974) described 
some fluid inclusions as “tubular voids” that are open at the surface of the 
crystal, similar to the reentrants described here.

The empty, quartz-hosted reentrants are a new example of magmatic fluid 
inclusions that provides a physical record of exsolved volatiles in the Lava 
Creek Tuff reservoir. We theorize that the hollow reentrants were filled with 
exsolved volatiles in the pre-eruptive magma, and can be considered quartz-
hosted “bubbles.” Bubbles demonstrate that the magma was saturated prior 
to eruption. But how bubbly was the magma? Empty reentrants occupy 0.02–
1.5 vol% of the host quartz. Reentrants from the basal ignimbrite of the 
earliest-erupted Lava Creek Tuff occupy the most volume, accounting for 0.4 
± 0.4 vol% of the quartz. Throughout the Lava Creek Tuff, ∼15%–25% of 
quartz crystals contain embayments. Quartz is a common phenocryst, but 
accounts for only ∼10 vol% of the dense rock. Reentrants thus represent a 
tiny percentage of magma, <0.03 vol%. But, the number and volume of 
quartz-hosted reentrants is a strict minimum for the pre-eruptive bubble 
content; the total exsolved fluid must have been much higher.

Bubbles preferentially nucleate on crystal surfaces because reduced surface 
tension lowers the required supersaturation (Hurwitz and Navon, 1994). 
Magnetite crystals significantly drop the required supersaturation, making 
them an excellent heterogeneous nucleation surface for bubbles (Gardner, 
2007). Quartz surfaces do not strongly encourage bubble nucleation (Cluzel 
et al., 2008). Texturally, we know that bubbles must have attached to quartz 
in order to drill the reentrants via dissolution. These were large bubbles 
whose size likely correlates with reentrant diameter (10–400 μm wide). 
Smaller bubbles may have been established on oxide crystals. This creates a 
picture of the pre-eruptive magma: large, free-floating bubbles were 
distributed throughout the Lava Creek magma, some preferentially attaching
to quartz and other phenocryst phases.

We cannot constrain the absolute abundance of exsolved magmatic volatiles 
in the Lava Creek Tuff. The reentrants demonstrate that the magma was 
saturated, with more exsolved fluid likely in the upper portions of the 
reservoir, but the empty reentrants provide only a lower bound. 



Nevertheless, the textures record retained exsolved volatiles in the magma, 
complementing both geodetic measurements that indicate that exsolved 
volatiles are present in magmatic reservoirs, and the geochemical evidence 
for volatile exsolution (Kilbride et al., 2016). Surface gas flux measurements 
demonstrate that the modern Yellowstone magmatic system is likely gas 
saturated (Lowenstern and Hurwitz, 2008). Gassy magma has different 
physical properties than volatile-undersaturated melt. Of particular 
importance is the compressibility of magma because it affects the evolution 
of magma pressure and the volume of magma that will erupt (Edmonds and 
Woods, 2018).

Our results have bearing on what may make eruptions super. There are two 
key questions. First, why do large volumes of magma accumulate before 
eruption? Second, why are the eruptions themselves so large? The presence 
of exsolved volatiles greatly increases magma compressibility (Fig. DR3). In 
turn, high compressibility buffers magma reservoirs from large changes in 
overpressure during recharge events (Townsend et al., 2019). High 
compressibility also promotes eruptions that are long lived and discharge a 
greater proportion of stored magma (Huppert and Woods, 2002). Our 
measurements directly document the existence of exsolved volatiles in the 
reservoirs that supplied supereruptions.
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