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Supervolcanic eruptions are among the most catastrophic phenomena on Earth, 

erupting 100s-1000s of cubic kilometers of magma, and producing devastating local effects 

and global climate perturbations. The largest supervolcanic eruption of the last 28 Ma was 

the 74 ka Youngest Toba Tuff (YTT) eruption from Sumatra, Indonesia, which erupted 2,800 

– 5,300 km
3 

of magma and may have pushed the human species to the brink of extinction. 

Despite the global significance of such events, the magmatic evolution that builds to super-

eruptions remains poorly understood. The mineral zircon provides a unique potential to gain 

multidimensional insights into the pre-eruptive evolution of magma chambers by combining 

mineral and melt inclusion chemistry with U-series mineral dating. We combine zircon U-Th 

dating and trace element chemistry with zircon-hosted melt inclusion chemistries and volatile 

abundances to investigate the magmatic evolution preceding the YTT eruption.  

To begin, we present the first detailed study of the susceptibility of zircon-hosted 

inclusions to syn- or post-entrapment modification of melt compositions. We conclude that 

boundary layer effects are negligible in even very small zircon-hosted inclusions owing to 

the slow growth rate of zircon crystals. Post-entrapment crystallization (PEC) of the zircon 

host phase is also a trivial concern, owing to the low Zr content of most melts. PEC of other 

daughter phases is recognized (< ~2% amphibole and sanidine), but these effects are also 

minor relative to melt inclusions in many major-phase minerals. The diffusive exchange of 

water from zircon-hosted melt inclusions is modeled to occur in less than 10 ka, and 



 

 

requilibration may occur within decades-centuries. Therefore, water contents of zircon-

hosted inclusions represent late-stage storage conditions rather than long-term records of 

magmatic water. Zircon-hosted inclusions should remain diffusively sealed to all melt 

species, apart from H
+
, He, and Li

+
, over typical magmatic system timescales (10

4
-10

5
 yrs). 

Therefore, we conclude that zircon is a robust, albeit small, melt inclusion host and entrapped 

inclusions will be largely representative of the melt environments in which they formed. 

We then apply the multidimensional utility of zircon to gain insights into the pre-

eruptive evolution of the YTT magmatic system. YTT zircon grains have U-Th 

crystallization ages spanning from the ~74 ka eruption age to > 375 ka, reinforcing earlier 

findings that the YTT system was long-lived. A progressive increase of U in zircon growth 

zones from < 500 to ~1,500 ppm indicates that the YTT system, or a portion of it, became 

highly fractionated between 130-200 ka. A lull in zircon formation between ~110-130 ka is 

contemporaneous with a previously recognized increase in chemical diversity of allanite, 

possibly reflecting a period of enhanced thermal input into the system. 

We identify two main populations of zircon-hosted melt inclusions. A low-MgO type 

is chemically evolved (> 280 ppm Rb, ~125 ppm Ba, 25-30 ppm Sr, < 0.03 wt% MgO) and 

has high water contents (3.8-5.7 wt% H2O), consistent with formation and storage in a highly 

fractionated crystal mush ~4-9 km deep. A high-MgO type (250-260 ppm Rb, 160-450 ppm 

Ba, 35-55 ppm Sr, 0.04-0.07 wt% MgO) has compositions similar to matrix glasses, and is 

typically less hydrous (0.5-3.5 wt% H2O), suggesting shallow (< 3 km) formation, storage, 

and syn-eruptive degassing in a less evolved melt. Melt inclusions dated via U-Th 

measurements of their entrapping zircon zones show no clear temporal differences between 

the two MgO populations. Rather, melt inclusions entrapped throughout the entire YTT 

history have relatively invariant major element compositions, and also have no discernible 

temporal trends in volatile abundances. We largely attribute these findings to the narrow 

stability field in which zircon crystallize, which inherently limits the compositional range of 

zircon-hosted inclusions.  

Zircon-hosted melt inclusions (particularly the high-MgO type) of many ages occur 

within sealed reentrant melt-channels. This suggests that melt inclusions in YTT zircon 



 

 

grains commonly formed as the system re-established zircon saturation following periods of 

zircon dissolution during thermal recharge events. A number of zircon grains have melt 

channels actively open to the grain exterior, which are rimmed with 1-3 μm of 

cathodoluminescence-bright (low-U) zircon growth. These dissolution/regrowth features are 

texturally similar to dissolution zones and high-temperature overgrowths described 

previously in YTT quartz; collectively, these textures provide evidence of a major thermal 

perturbation(s) 10s-100s of years before the YTT eruption. We conclude that high-T, mafic 

recharge events occurred throughout the pre-eruptive YTT evolution, and suggest that one or 

more large recharge events triggered the cataclysmic 74 ka YTT eruption. 
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INTRODUCTION 

 

Supervolcanic eruptions are orders of magnitude larger than any historical volcanic 

event, erupting 450 – 5,000+ km
3
 of dense-rock-equivalent silicic magma (Sparks et al., 

2005). Eruptions of this scale are estimated to occur globally once every 100-200 ky (Self 

and Blake, 2008), and have the potential to produce decades-long perturbations to the climate 

through major inputs of gas and aerosols into the upper atmosphere (e.g., Oppenheimer, 

2003; Robock et al., 2009; Timmreck et al., 2012). While research over the past decades has 

considerably advanced our understanding of supervolcanic systems and their attendant global 

hazards, the temporal evolution of the magma storage systems that lead to these eruptions 

still remains poorly constrained. Here, we utilize complementary U-Th dating and 

geochemistry of zircon and zircon-hosted melt inclusions to gain insights into the chemical 

and spatial evolution of the magmatic system leading to the ~74 ka Youngest Toba Tuff 

eruption. 

 

Framework for Assembly and Storage of Supervolcanic Magma Bodies 

Recent decades of work have established an understanding for how large silicic 

magma bodies are assembled, stored, and erupted from the mid-upper crust (e.g., Reid et al., 

1997; Bachmann and Bergantz, 2004; Hildreth and Wilson, 2007; Bachmann and Bergantz, 

2008; Wotzlaw et al., 2013; Stelten et al., 2015; Wotzlaw et al., 2015). Supervolcanic 

systems require the accumulation of large volumes of eruptible magma, and occur in volcanic 

arc and hotspot or extension-related continental environments associated with anomalously 

high magmatic fluxes (e.g., de Silva and Gosnold, 2007). Where conditions permit, large 

magma chambers can be built and thermally sustained through the piecemeal addition of 

basaltic injections and through the combination of migrating silicic magmas (Eichelberger, 

1995; Jellinek and DePaolo, 2003; Vazquez and Reid, 2004; Hildreth and Wilson, 2007; 

Lipman, 2007). Crustal anatexis and fractional crystallization of stalled magmas drive the 

system from primitive parental melts to more evolved compositions (e.g., Chesner, 1998; 
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Hildreth and Wilson, 2007; Rowe et al., 2007). Progressive crystallization of accumulated 

magma produces a large-scale crystal mush zone, comprised of largely rigid framework of 

crystals and small amounts of interstitial melt (e.g., Bachmann and Bergantz, 2008). The 

latent heat of crystallization within this mush zone provides additional thermal buffering to 

maintain the system in a long-term semi-solid state (Bachmann and Bergantz, 2004; Huber et 

al., 2009). U-Th and U-Pb dating shows that the magmatic systems sourcing supervolcanoes 

are generally long-lived, with growth and crystallization occurring over time-spans of 100 to 

400+ ky (e.g., Reid et al., 1997; Brown and Fletcher, 1999; Vazquez and Reid, 2004).  

Super-eruptions often consist of large volumes of relatively crystal-poor, highly 

silicic melt (e.g., Hildreth, 1981). The segregation of eruptible melt from a crystal mush 

environment is postulated to occur through mechanisms of hindered settling (Bachmann and 

Bergantz, 2004) and gas-driven filter-pressing (Anderson Jr et al., 1984; Sisson and Bacon, 

1999). These processes mobilize interstitial melts from the crystal mush zone, which can 

pond in the shallow crust as highly evolved melt lenses (Bachmann and Bergantz, 2004; 

Bachmann and Bergantz, 2008). In some systems, the accumulation of large volumes of 

eruptible melt can occur very rapidly (< 10 ky) relative to the overall longevity of large 

crystal mush zones (e.g., Stelten et al., 2015). The eruption of large segregated lenses of 

well-mixed, crystal-poor rhyolitic melts produce the homogeneous, crystal-poor, high-silica 

rhyolites that are relatively common supereruptive products (see review in Bachmann and 

Bergantz, 2008). Under certain conditions, a significant component of crystal mush can be 

remobilizing and incorporated into the eruptible magma, producing crystal-rich ignimbrites, 

such as the Fish Canyon Tuff (Bachmann et al., 2002; Wilson, 2008). Compositionally 

graded ignimbrites reflect intermediate scenarios of mush entrainment: eruptions with 

increasingly crystal-rich, late-stage products are thought to be incorporating increased 

crystal-rich components, while eruptions with more primitive late-stage glasses suggest 

tapping a zoned or basalt-underplated magma chamber (e.g., Wolff and Ramos, 2003; 

Hildreth and Wilson, 2007; Wilson, 2008). 

Geophysical investigations provide complementary insights into the size and state of 

supervolcanic systems. Magneto-telluric and seismic tomography studies find that high-

conductivity, low-seismic-velocity zones extend ~5-30 km beneath many active caldera-
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systems (e.g., Long Valley, CA [Dawson et al., 1990; Weiland et al., 1995]; Valles Caldera, 

NM [Steck et al., 1998]; Yellowstone, WY [Miller and Smith, 1999]; Altiplano-Puna 

Volcanic Zone, [Zandt et al., 2003]; Toba, Indonesia [Masturyono et al., 2001; Jaxybulatov 

et al., 2014]). These broad areas are modeled as hot, partially molten regions, representing 

the crystal mush zones underlying modern supervolcanic systems. Such findings complement 

petrologic evidence that large silicic magma reservoirs exists as a mostly-rigid crystal mush 

with relatively low melt fractions for most of their histories (e.g., Bachmann and Bergantz, 

2004).   

Petrologic evidence for long-term “cold storage” of magma in silicic volcanic 

systems of multiple sizes comes from diffusion profiles in minerals (e.g., Cooper and Kent, 

2014) and geothermometry (e.g., Ti in quartz [Ghiorso and Gualda, 2013]). Additionally, the 

long residence time of low-temperature minerals, such as zircon and allanite (Vazquez and 

Reid, 2004; Reid, 2008; Klemetti and Clynne, 2014), require the prevalence of long-term 

cold conditions, as the minerals would have dissolved with prolonged heating. These findings 

indicate that inputs of basaltic magma, which thermally sustain the system, only directly 

affect relatively small regions of a large crystal mush (Hildreth and Wilson, 2007; Streck and 

Grunder, 2008). Such injections produce high-temperature halos that cause localized mineral 

disequilibrium and dissolution (e.g., Klemetti and Clynne, 2014), while thermal conduction 

and gas-sparging transfer heat more gradually throughout the broader system (Huber et al., 

2010). 

This process of magma accumulation and thermal rejuvenation produces 

heterogeneities in a mush/melt environment, where high-temperature primitive melts are 

juxtaposed with colder, siliceous material (e.g., Hildreth and Wilson, 2007; Klemetti and 

Clynne, 2014). Repeated episodes of heating via injections, and thermal relaxation via heat 

dispersion and assimilation, produce oscillatory cycles of melting followed by crystal mush 

formation, where the former introduces heterogeneity and the latter tends to re-homogenize 

the system (Mahood, 1990; Huber et al., 2009; Klemetti and Clynne, 2014). Supervolcanic 

magmatic systems, which occupy 1000s of km
3
 in the crust, may include many somewhat 

discrete magma zones of varying thermal and chemical states (e.g., Vazquez and Reid, 2004; 

Cooper et al., 2012; Cashman and Giordano, 2014; Wotzlaw et al., 2015). 
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Deciphering the Pre-eruptive Evolution of Supervolcanic Systems 

Understanding how supervolcanic systems evolve to eruption is critically important 

for being able to recognize precursory signals of unrest in active supervolcanic settings. A 

major question is whether supervolcanic eruptions are driven by “internal” mechanisms, 

related to magmatic evolution, or by “external” tectonic or mechanical mechanisms. Internal 

mechanisms of progressive fractionation and “second boiling” (Fowler and Spera, 2008; 

Fowler and Spera, 2010), or magma mixing during large-scale mafic recharge   par s et al., 

       olch and  art  , 1998; Snyder, 2000; Burgisser and Bergantz, 2011) have all been 

hypothesized to produce volatile exsolution, over-pressurization, and eventual eruption in 

supervolcanic systems (Chesner, 2012). However, recent geophysical modeling has 

highlighted the importance of thermal and mechanical weakening as a potential external 

trigger (Gregg et al., 2012; Gregg et al., 2013; Caricchi et al., 2014; Malfait et al., 2014), and 

fault-triggered eruptions have been hypothesized in rapidly extending areas, such as the 

Taupo Volcanic Zone (Allan et al., 2012). 

These various eruption mechanisms should produce different geochemical records in 

erupted minerals and glasses. Progressive fractionation occurs through gradual cooling (e.g., 

Spera, 1980), and mineral compositions are expected to become more evolved over > 10
5
-10

6
 

yr timescales (Hawkesworth et al., 2000; Reagan et al., 2003), with melt compositions being 

increasingly enriched in incompatible elements and volatiles (Fowler and Spera, 2010). If 

melts were not thoroughly mixed before eruption, then fractionation trends in different 

eruptive units may be present. Systems dominated by magmatic recharge events would have 

mixed or mingled glasses, and minerals with disequilibrium textures from rapid pre-eruptive 

growth or dissolution (e.g., Davidson and Tepley, 1997). Eruptions of magmatic systems 

dominated by progressive fractionation or magma mixing can be internally (reservoir) 

triggered, externally (mechanical) triggering, or a triggered by a combination of the two (de 

Silva and Gregg, 2014). External eruption triggering can also occur independently of major 

magmatic changes (Gregg et al., 2012), and the associated eruptive products may lack 

significant temporal petrologic trends or dissolution textures.  

However, interpreting pre-eruptive magmatic evolution is challenging due to the 

substantial spatial and temporal heterogeneities that exist in most large magmatic systems. 
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Convective mixing before/during eruptions can extensively mix materials from spatially 

disparate portions of the magma chamber, so that minerals in a single hand-sample may be 

largely unrelated to each other, or to their host liquid (matrix glasses)(e.g., Huber et al., 2009; 

Burgisser and Bergantz, 2011). Therefore, deciphering magmatic history from convoluted 

geological suites requires interpreting geochemical variations within temporal and spatial 

(lateral and depth) contexts.  

 

The Utility of Zircon-Hosted Melt Inclusions 

In light of the above considerations, radiometrically dateable minerals, such as zircon, 

allanite, xenotime, and monazite are highly useful in deciphering pre-eruptive magmatic 

evolution. Zircon (ZrSiO4) is a particularly important accessory phase, as it is common in 

silicic eruptives (e.g., Thomas et al., 2003), and single eruptions often contain zircon grains 

that record 10
4
-10

6
 years of magmatic history (e.g., Reid et al., 1997; Reid, 2008; Schmitt, 

2011; Klemetti and Clynne, 2014). 
238

U-
230

Th dating can determine zircon ages for young 

samples (generally less than ~375 ka) with temporal resolutions of 10
3
-10

5
 yrs (e.g., Schmitt, 

2006; Cooper and Reid, 2008). Zircon incorporates a number of rare-earth and high-field-

strength elements in its mineral structure (e.g., Wark and Miller, 1993; Hoskin, 2000; 

Claiborne et al., 2010), which can provide temporally-constrained chemical insights into 

magma chamber processes (Wotzlaw et al., 2013). However, reconstructing past melt 

chemistries from zircon (or any other mineral) trace element (TE) compositions is 

complicated due to uncertainties in zircon-melt partition coefficients (Kds), which are 

sensitive to thermal, compositional, and kinetic effects (e.g., Hoskin and Schaltegger, 2003).  

Melt inclusions, on the other hand, provide more direct records of past melt 

composition (see review in Kent, 2008). Melt inclusions are small parcels of magma 

encapsulated within a growing mineral. Once melt inclusions become entrapped, they are 

isolated from the surrounding magma and become “magmatic fossils”, preserving magma 

composition at the time of entrapment. Melt inclusions are of particular importance in 

determining the volatile contents of past melts, as volatile species are largely excluded from 

most mineral phases and are largely lost from the rock record during open-system degassing 

and eruption (e.g., Lowenstern, 1995; Métrich and Wallace, 2008). Melt inclusions hosted in 
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olivine, pyroxene, quartz, and feldspar have been widely utilized to determine the chemical 

variability, volatile compositions, partition coefficients, source depths, and ascent rates of 

magmas (Thomas et al., 2002; Wallace, 2005; Kent, 2008; Métrich and Wallace, 2008). 

However, interpreting these records in a temporal context is more limited (Roggensack, 

2001a; Roggensack, 2001b) because of the unknown age of formation of the host minerals.  

Melt inclusions hosted in zircon grains, therefore, are uniquely appropriate for 

elucidating magma chamber history by providing temporally (via U-Th dating) and spatially 

(via melt inclusion volatile-saturation depths) constrained geochemical records. Zircon-

hosted melt inclusions are relatively common, albeit small, features in zircon grains in many 

silicic systems (Thomas et al., 2003).  

This pilot project explores the utility of zircon-hosted melt inclusions in investigating 

the long-term chemical evolution of the ~74 ka Youngest Toba Tuff magma system. This is 

the first work, to our knowledge, to interpret melt inclusion compositions in a temporal 

context by dating the entrapment time of melt inclusions. Additionally, we present the first 

measurements of volatile contents in zircon-hosted melt inclusions. We conclude that zircon-

hosted melt inclusions are less susceptible to boundary layer enrichments or post-entrapment 

modification than melt inclusions in most other mineral hosts. Evaluating our determined 

temporal trends against those expected from various internal and external eruption 

mechanisms, we find no clear evidence for volatile build-up through progressive 

fractionation, and recognize no other temporal changes in melt composition. However, 

dissolution features in zircon grains indicate a major thermal perturbation occurred shortly 

before the cataclysmic eruption, suggesting that the eruption was triggered by a thermal 

recharge event.    

 

 

Geologic Background of the Youngest Toba Tuff  

The ~74 ka Youngest Toba Tuff (YTT) from Sumatra, Indonesia is the youngest of 

four caldera-forming eruptions which collectively make up the Toba Caldera Complex 

(Chesner et al., 1991; Chesner, 2012; Storey et al., 2012).The Toba Caldera Complex is 

located within the Sunda Arc, which is a product of oblique subduction of the Indian-
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Australian plate beneath the Eurasian plate at ~5.5 cm/yr (Prawirodirdjo et al., 1997). An 

oblique subduction angle of ~45° has resulted in two major transform faults between the 

subduction trench and the axis of the volcanic arc. The Toba Caldera Complex occurs just 

northeast of the NW-SE trending, right-lateral Sumatran transform fault (Figure 1), and is 

underlain by 29-40 km of metamorphic and sedimentary continental crust (Sakaguchi et al., 

2006). The anomalously high magma production rate of the Toba Caldera Complex is 

believed to be linked to its position directly above the subducting Investigator Ridge Fracture 

zone. Fauzi et al. (1996) postulate that this subducting feature focuses the release of slab 

volatiles and increases hydration melting of the mantle wedge, causing enhanced magma flux 

into the Toba area.  

 

 

Figure 1. Location of the Toba Caldera Complex in the Sumatran volcanic arc.  

Lake Toba and the resurgent dome of Samosir Island occupy the caldera (red dashes) produced during the ~74 

ka YTT eruption (inset). The black dashed line identifies the bathymetric trace of the Investigator Ridge 

Fracture Zone (Investigator F.Z. on map), and the dashed black line (inset) identifies the right-lateral transform 

Sumatran Fault. The star is the location of ignimbrite sample LT12_012. Base maps from NOAA National 

Geophysical Data Center. YTT caldera delineation from Chesner, 2012.  
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The Toba Caldera Complex has been highly active during the last 1.2 My (Chesner, 

1998; Chesner, 2012); the major eruptions preceding the YTT were the Haranggaol Dacite 

Tuff (~1.2 Ma, 35 km
3
 [Nishimura et al., 1977; Chesner et al., 1991]), the Oldest Toba Tuff 

(~840 ka; 500 km
3
 [Diehl et al., 1987; Knight et al., 1986]), and the Middle Toba Tuff (~500 

ky, 60 km
3
 [Chesner et al., 1991, Chesner and Rose, 1991]).  

The YTT was the Earth’s largest eruption in the last 28 Ma, ejecting 2,800-5,300 km
3
 

of dense-rock-equivalent material (Rose and Chesner, 1987; Costa et al., 2014). Some 

researchers hypothesize that the eruption caused a decades-long volcanic winter that may 

have pushed the human species to the brin  of extinction  see “Toba Catastrophe Theory”) 

(Rampino and Ambrose, 2000; Robock et al., 2009), although measurement of low S in YTT 

quartz-hosted melt inclusions (Chesner and Luhr, 2010) suggest possibly lesser climate 

impacts (Gathorne-Hardy and Harcourt-Smith, 2003; Oppenheimer, 2003; Lane et al., 2013). 

The caldera collapse associated with the YTT eruption engulfed all of the previous nested 

Toba calderas, forming a conjoined caldera estimated to have been ~100 x 30 x 2 km (length, 

width, depth) (Chesner, 2012) (see Figure 1). Post-eruptive filling with water formed Lake 

Toba, and structural and magmatic resurgence (de Silva et al., 2015) uplifted Samosir Island 

to its present day elevation of ~700 m above the lake surface (Chesner et al., 1991; Chesner, 

2012).  

YTT ignimbrites inundated much of northern Sumatra, with outflow sheets up to 600 

m thick, and intracaldera fill reaching over 2 km thick (Aldiss and Ghazali, 1984; Chesner, 

2012). YTT eruptives have dominantly rhyolite to rhyodacite whole rock compositions, but 

caldera-fill material includes crystal-rich dacitic tuff units, suggesting that the caldera 

collapse was contemporaneous with eruption of lower SiO2 magma (Chesner, 1998). Total 

whole rock SiO2 composition varies between 68-77 wt% SiO2, mainly reflecting variations in 

crystallinity from 12-40 wt% (Chesner, 1998). Distal YTT ashes have recently been 

recognized as having a much wider Ba and Sr compositional range than previously known, 

varying between 20-1,400 ppm and 10-150 ppm, respectively (Westgate et al., 2013; Pearce 

et al., 2014) . Main phenocryst phases include quartz, sanidine, plagioclase, biotite, and 

amphibole, with accessory orthopyroxene, allanite, zircon, magnetite, and ilmenite (Chesner, 

1998). Preservation of old Ar-ages in amphibole and plagioclase suggests that widespread 
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entrainment of low-temperature wallrock material occurred as shortly as a decade before the 

eruption (Gardner et al., 2002). The eruption temperature of the YTT is estimated to have 

been 700-780 °C, and oxygen fugacity was calculated to be within 1 unit of the NNO buffer 

(from oxide-pairs; Chesner, 1998). Storage depths of YTT magma are estimated to have been 

between ~3-4.5 km, from volatile saturation pressures of quartz-hosted melt inclusions 

(Newman and Chesner, 1989; Chesner and Luhr, 2010) and experimental melt equilibration 

(Gardner et al., 2002).  

As the largest Quaternary eruption, the YTT has galvanized considerable research 

that has produced valuable insights into the longevity and state of the YTT chamber. U-Th 

dating of allanite and zircon grains shows that crystallization was occurring in the YTT 

magma body throughout the 150-400+ ky preceding the cataclysmic eruption (Vazquez, 

2004; Vazquez and Reid, 2004; Reid, 2008). From the range of erupted whole-rock and glass 

SiO2 contents, Chesner (1998) inferred that the late-YTT magma chamber was a stratified 

system with multiple convection cells. Vazquez and Reid (2004) inferred from allanite ages 

and compositions that the YTT magma system increased in diversity at ~110 ka, although 

Gaither (2011) found limited late YTT chemical variation from trace element compositions 

of undated zircon exteriors. Chesner and Luhr (2010) and Chesner (2012) suggest that the 

long-term crystallization of the YTT magma body caused gradual volatile enrichment, 

leading to thermo-mechanical roof collapse and the cataclysmic YTT eruption. Jones (1993) 

finds evidence of assimilation of stoped roof material shortly before the YTT eruption, while 

Matthews et al. (2012) use quartz overgrowths as evidence of a high-T recharge event 

affecting the magma chamber only 60-250 yrs before the YTT eruption. It is against this 

framework that we interpret and evaluate findings from our study of zircon and zircon-hosted 

melt inclusions.
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METHODS 

 

Sample Collection and Preparation 

Zircon grains were separated from two neighboring pumice samples (LT12_012) that 

were collected in a non-welded YTT ignimbrite from the northern Uluan Peninsula (02°39.118 

N, 098°57.523 W) by Dr. Shan de Silva and Adonara Mucek (Oregon State University) in 2012. 

The sample locality is known to be an area of high-SiO2 tuff (Chesner, 1998). Thin sections were 

made from a LT12_12 pumice fragment, as well as from another pumice from a high-SiO2 

locality to the NE outside the caldera (LT12_001). Samples were crushed and sieved to < 250 

μm. Zircon crystals were isolated using standard magnetic and heavy-liquid separation 

techniques.  

A subset of zircon grains were heated in a 1-atm quench furnace in order to re-

homogenize the inclusions and constrain the rates of volatile diffusion through zircon. Samples 

were loaded in a platinum “boat” and heated at ~ 00 °C for    hours at Q   fO2 conditions in a 

H-CO2 gas-buffered atmosphere. Samples were quenched in < 1 second via submersion in a 

water bath.  

Zircon grains were mounted in epoxy and successively polished with  5,  , 3, and   μm 

diamond paste to roughly mid-grain depths, exposing melt inclusions in a number of crystals. 

Some petrologic context is inherently lost during the polishing process, as a significant portion of 

the crystal is removed. Consequently, for many inclusions we do not definitively know what the 

full dimensions of the exposed melt inclusions were, whether vapor bubbles or daughter minerals 

were present within the removed portions of the inclusions, or whether the inclusions were in 

melt channels connected to the grain exterior. Unless evidence suggests otherwise, we assume 

that all other inclusions were isolated within their zircon host, and that they share the similar 

presence of vapor bubbles and lack of obvious daughter crystals that are recognized from careful 

analysis of non-sectioned YTT zircon crystals.  

Grain mounts were carbon-coated and imaged with a FEI QUANTA 600F environmental 

SEM equipped with a Gatan MiniCL cathodoluminescence (CL) detector in the Electron 

Microscopy Center at Oregon State University. CL-imaging was done using a 6 μm electron-
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beam, operating at 10 or 15 keV. CL and backscattered electron images were used to assess 

zircon zonation and dissolution patterns, as well as to identify whether daughter minerals were 

evident within melt inclusions. CL image sensitivity was recalibrated to bring out maximum 

contrast in each individual grain, precluding using CL brightness as a compositional proxy 

between separate grains. 

 

Electron Microprobe Analyses of Major Elements 

Major elements in melt inclusions (n=53 from 45 unheated grains; n=35 from 27 heated 

grains) and adhered matrix glasses (n=11 unheated grains; n=7 heated grains) were measured 

with a CAMECA SX-100 Electron Microprobe (EMP) in the Electron Microprobe Laboratory at 

Oregon State University. Analyses were performed with a 5 μm diameter beam, operating at a 15 

kV accelerating voltage and a 30 nA current. Si, Al, Na, Mg, K, Ca, Fe were counted for 20 s 

each, while Ti, Mn, P, and Zr were counted for 30 s, and Cl was counted on both LPET and PET 

crystals for 45 s. Reference standards were natural rhyolite glasses from Yellowstone (Oregon 

State EMP lab ID: RHYO; formal ID: USNM 72854) and from the Old Crow tephra in Alaska 

(Oregon State EMP lab ID: UA-1099; formal ID: OCt).  

Due to concerns of the EMP beam overlapping the small melt inclusions and the 

surrounding host zircon, accurate spot positioning was generally done with the electron beam 

engaged in order to ensuring that targets included no fluorescence from surrounding zircon being 

included in the analysis volume. This aiming technique resulted in 1-3 s of pre-analysis beam 

excitation of the melt inclusion glasses. This approach, combined with the small beam size and 

the high water contents of YTT glasses, resulted in substantial Na
+
 loss (Kuehn et al., 2011) 

despite analyzing Na
+
 first and applying a ZAF time-dependent intensity correction. To correct 

for Na loss, we set the Na-contents of our melt inclusions and matrix glasses to be equal to the 

average YTT quartz-hosted melt inclusions (3.82 ± 0.28 wt% Na2O, 1σ) and matrix glasses (3.26 

± 0.13 wt% Na2O, 1σ) measured by Chesner and Luhr (2010) using a diffuse 20 μm electron 

beam. 

 K
+
 mobility under electron beam excitement may also be a concern in hydrous glasses 

(Kuehn et al., 2011). Within the inclusion suite, possible K2O depletion (recognized as > 1 wt% 

K2O difference from the mean) only occurs in the smallest melt inclusions  < 8 μm diameter) 

with low EMP totals (reflecting higher water contents). This potential K2O loss occurs in only 4 
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of 55 analyzed inclusions, and therefore does not substantially affect interpretations drawn from 

the overall EMP dataset. Give our unusual analytical procedure, we also consider whether Mg
2+

 

may susceptible to electron beam damage. While MgO is consistently lower in hydrous 

inclusions, MgO contents are not related to inclusion size and they co-vary with other oxides, 

suggesting that these are petrologic differences and not analytical artifacts.    

Despite best efforts, the small size of many inclusions meant minor electron beam 

interaction with the surrounding zircon was largely unavoidable. In order to gauge this 

contamination, we also measured Zr contents using the electron probe and discarded analyses 

with > 3 wt% ZrO2. All analyses with < 3 wt% ZrO2 were corrected to ZrO2 contents of 0.020 

wt%, which was estimated assuming zircon-saturated melts had slightly higher Zr-contents than 

quartz-hosted melt inclusions (~0.015 wt% ZrO2 from Chesner and Luhr [2010]). SiO2 was 

corrected in stoichiometric zircon proportions with ZrO2. Zircon-hosted melt inclusions were 

normalized to hydrous and anhydrous totals after Na and Zr-corrections, rectifying the 

enrichment or depletion in other elements (mainly the most abundant elements: Si, Al, K) due to 

Na-loss and Zr-gain.  

Typical 1-standard error (SE) relative uncertainties from repeated analyses of standards 

are: < 0.5% for SiO2 and Al2O3; 1-3% for Na2O, TiO2, Cl, K2O, CaO, and FeO; and ~6% for 

MgO. Owing to possible differences between quartz and zircon-hosted melt inclusions, we 

estimate our absolute Na-corrections to be accurate within +/- 1 wt%. This manifests as an 

additional ~1% uncertainty for all other elements, which we have propagated through our 

uncertainties. We reason that the matrix glass Na-correction is more accurate, as matrix glasses 

have less Na2O variability (Chesner and Luhr, 2010), and therefore assume an 0.5% absolute 

uncertainty from Na-corrections in matrix glass compositions. The uncertainty introduced with 

the Zr-correction is < 0.01% on all other elements. Phosphorus, Mn, and Zr concentrations in 

analyzed samples are typically below detection limit and are not further considered in this study. 

A subset of zircon-hosted melt inclusions has Mg below detection limit, which is deemed 

petrologically significant and is addressed in subsequent sections. A complete listing of analyses 

and detection limits is reported in Appendix A.       
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SIMS Analyses of Volatiles 

Volatile measurements of zircon-hosted melt inclusions (n=33 from 26 unheated grains; 

n=12 from 12 heated grains) and matrix glasses (n=4 from unheated grains; n=3 from heated 

grains) were performed using a CAMECA IMS 6f secondary mass spectrometer (SIMS) in the 

School of Earth and Space Exploration at Arizona State University. Prior to analysis, carbon 

coatings were removed from the epoxy grain mounts, and samples were Au sputter-coated. In 

order to reduce H2O out-gassing from the epoxy mounts, the backs of the sample mounts were 

trimmed to be < 0.75 cm thick, and mounts were stored in a vacuum oven for > 12 hours before 

analysis.   

Analyses were performed using a Cs
+
 primary beam with an accelerating voltage of ~15 

keV and an operating current of 5-10 nA. The ion beam raster area was 35 x 35 μm, but a field 

aperture limited extracted secondary ions to a 4 x 4 μm area. Positioning of the field aperture was 

guided by 
27

Al and 
35

Cl ion-imaging to locate analyses exclusively within melt inclusions and 

matrix glasses, while avoiding host zircon and epoxy. Negative secondary ions of 
12

C,
 16

O
1
H, 

18
O,

 19
F,

 28
Si,

 32
S, and

 35
Cl were measured at a mass resolution of 4,000 (to separate 

16
O

1
H and 

17
O). Surface contamination was reduced by sputtering for 180 s prior to each analysis. Count 

times for each mass were 1 s, with 0.5-1.0 s wait periods between masses. Each analysis 

consisted of 25 count cycles, resulting in total sputter depths of ~0.5 µm. A linear drift correction 

was applied for each analysis, and measurements were screened to ensure stable isotope ratios 

during analyses. Measurements with substantially varying isotope ratios (relative to 
28

Si) were 

either discarded, or were selectively processed to include count cycles with only stable ratios.  

Vacuum pressure within the ion probe sample chamber varied between 5 x 10
-9 

and 7 x 

10
-8 

mbar, depending on epoxy mount material and time the mount was under high-vacuum 

within the sample chamber prior to analysis. Repeated analyses of anhydrous blanks (inclusion-

free zircon grains and heated matrix glass, both estimated to have < 0.1 wt% H2O) showed that 

chamber pressure and measured background 
16

O
1
H were positively correlated (r

2
 = 0.921). From 

this, a linear correction for background contributions to 
16

O
1
H measurements was applied to all 

analyses based on the sample chamber pressure at the time of analysis. Details of this pressure-

correction are presented in Appendix B. 

Reference standards were NIST glasses 610 and 620, synthetic glasses M6N and M3N, a 

natural pantellerite UTR2, a rhyolitic obsidian glass from Los Possos (New Mexico) VNM50-15, 
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and a high-CO2 glass BF-52 (Appendix B). Analyses of inclusion-free zircon grains were also 

included in calibrations as blanks. All data were reduced using
 28

Si as a reference isotope. 

Measured mass ratios were normalized to SiO2 contents of standards, and to the average SiO2 of 

melt inclusions and matrix glasses; 
16

O
1
H was normalized to H2O contents of known standards. 

Calibration curves determined from measurement standards all have strongly linear relationships 

(r
2
 = 0.985 – 0.998) (Appendix B).  

Contamination from previous carbon coating and from the surrounding epoxy precluded 

reliable CO2 measurements of melt inclusion glasses, and CO2 is thus excluded from further 

consideration. Epoxy-contaminated samples were identified by anomalously high CO2 and Cl/F 

ratios. Breached melt inclusions (those that lost water during experimental reheating) were 

identified by the loss of OH and/or F. Standard errors associated with our defined calibration 

curves are ~12% for H2O, 5% for F, 11% for Cl, and 20% for S. Volatile analyses and 

uncertainties are listed along with EMP data in Appendix A. 

 

LA-ICP-MS Analyses of Trace Elements in Glasses 

Trace elements in zircon-hosted melt inclusions (n=5 from 5 unheated grains; n=2 from 2 

heated grains) and adhered matrix glass (n=3 from unheated grains; n=2 from heated grains) 

were analyzed with a laser ablation inductively-coupled plasma mass spectrometer (LA-ICP-MS) 

in the W. M. Keck Collaboratory for Plasma Spectrometry at Oregon State University. Samples 

were ablated with a Photon Machines Analyte G2 193 nm ArF Excimer Laser system. Ablated 

material was transported by a He carrier gas to an ionizing Ar-plasma torch, and analyzed by a 

Thermoscientific X series 2 Quadrupole mass spectrometer. Further analytical details follow 

those described by Loewen and Kent (2012).  

 elt inclusions were analyzed with a 20 μm spot size, while matrix glasses and standards 

were analyzed with a 30 μm spot. Analytes included 
7
Li,

 11
B, 

27
Al, 

29
Si, 

39
K,

 43
Ca, 

45
Sc, 

47
Ti, 

51
V, 

57
Fe, 

85
Rb, 

88
Sr, 

89
Y, 

93
Nb, 

138
Ba, 

139
La, and 

181
Ta. GSE-1G glass was used as a calibration 

standard, with GSD-1G glass used as a secondary standard. Standards were measured every 10 

analyses to monitor for instrument drift. Data was processed with in-house time-resolved 

LaserTRAM software, and analysis intervals were carefully selected to avoid contamination 

from mineral inclusions or epoxy. Melt inclusion analyses were subsequently screened 

petrographically, and analyses that overlapped matrix glass were discarded. Analytical 
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uncertainties for melt inclusions and matrix glasses (+/- 1 SE), including uncertainty from the 

calibration standard, are generally < 10% for Al, Si, K, Fe, Rb, Sr, Ba, and La; 10-20% for Li, 

Ca, Sc, Ti, Y, Nb, Ta; and 40% for B. Vanadium was typically below detection limits, and is not 

reported.   

Owing to the small size of zircon-hosted melt inclusions relative to the ablation volume, 

all melt inclusion analyses included a substantial portion of the surrounding zircon. Melt 

inclusion compositions were separated from the mixed total analyses through a deconvolution 

procedure modified after Halter et al. (2002). Melt inclusion mass fractions were determined by 

matching LA-ICP-MS-measured Al and Si concentrations to EMP-measured values through an 

iterative normalization process. All other isotope ratios were then normalized to the deconvolved 

silica values (the procedure is described fully in Appendix C). Analyses calculated as having 

melt inclusion mass fractions < 20% were discarded due to excessive uncertainties in 

deconvolution calculations. Uncertainties in calculating melt inclusion mass fractions are 

estimated to be +/- 5%, which results in concentration uncertainties of +/- 6 to 30%, depending 

on the melt inclusion mass fraction. 

The accuracy of the deconvolution method depends on how well the host mineral-melt 

partition coefficient (Kd) is known. While Kds between zircon and high-silica rhyolitic melts are 

moderately well constrained for compatible elements (Mahood and Hildreth, 1983; Sano et al., 

2002), Kds are largely unknown for zircon-incompatible elements. Consequently, we estimate a 

number of Kds for incompatible elements from EMP and ion microprobe measurements of zircon 

and zircon-hosted melt inclusions in YTT samples by Thomas (2003). For the elements not 

measured in the YTT system, we calculate Kds from work by Thomas et al. (2002) on zircon and 

zircon-hosted melt inclusions from a quartz diorite of the Quottoon Igneous Complex, British 

Columbia. The validities of our chosen Kds were tested using the deconvolved calculations of an 

analyzed open melt channel, reasoning that the deconvolved composition of the melt channel 

glass should match the composition of the surrounding matrix glass. We found that for many 

compatible elements, Kds taken from the literature (Mahood and Hildreth, 1983), or calculated 

from zircon-melt inclusion pairs (Thomas et al., 2002; Thomas, 2003) resulted in calculated 

compositions of the melt channel that are far lower than matrix glass compositions, indicating 

that many of our assumed Kds are likely incorrect. Incompatible elements are much less sensitive 

to the zircon-melt Kd, but they are more sensitive to uncertainties in determining the mass 



16 

 

fraction of melt inclusion analyzed. Consequently, the combined uncertainty on the 

deconvolution calculations and laser ablation analytics becomes oppressively large for many 

elements. Therefore, we focus on only a limited suite of melt inclusion and glass trace elements 

(Li, Rb, Ba, Sr) where the uncertainties are low enough for the data to be interpretable. 

Propagated uncertainties, as described above, result in cumulative 1-SE uncertainties of 10-15% 

for Ba, 10-20% for Rb and Sr, and 20-35% for Li.  

Matrix glass analyses did not require deconvolution. Matrix glass analyses were screened 

for contamination from surrounding or underlying epoxy. Isotope ratios were normalized to the 

average matrix glass SiO2 composition. A complete listing of LA-ICP-MS analyses, 

uncertainties, and detection limits for melt inclusion and glasses is reported in Appendix C.  

 

LA-ICP-MS Analyses of Trace Elements in Zircon 

Trace element measurements of zircon growth zones (n=36; 18 grains) were obtained 

using the same LA-ICP-MS instrumental setup as described above. Zircon zones were analyzed 

with a spot size of 20 μm. Analytes included 
29

Si, 
31

P,
 89

Y, 
93

Nb, 
140

Ce, 
141

Pr, 
146

Nd, 
147

Sm, 
153

Eu, 

157
Gd, 

159
Tb, 

163
Dy, 

166
Er, 

172
Yb, 

175
Lu, 

178,179
Hf, 

232
Th, and 

238
U. Trace elements were 

standardized to MADDER gem-quality zircon grains from Madagascar. GSE-1G and NIST-612 

glasses were used as secondary standards; GSE-1G was used as the primary standard for 

elements below detection limits in MADDER zircon (i.e., La). Standards were measured every 

10 analyses to monitor for instrument drift. Data were processed as above, but analysis intervals 

were selected from only the first half of the ablation period in order to more closely associate 

measurements with growth zones imaged at the surface. Analyses were screened to exclude 

analyses with contamination from apatite (anomalous P) or and melt inclusions (anomalous La) 

in the sample volume. Isotope ratios were normalized to silica in stoichiometric zircon (32.78 

wt% SiO2 in ZrSiO4). 
178

Hf and 
179

Hf isotope concentrations roughly mirror each other in all 

analyses, and we report concentrations calculated from the more abundant 
179

Hf isotope 

throughout this study. Analytical uncertainties (+/- 1 SE), including uncertainty from the 

calibration standard, are generally 8-15% for all elements except Eu (20%), Nd (50%), and Pr 

(200%). Nd and La were below detection limits for all analyses without melt inclusion 

contamination.  
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Where size permitted, LA-ICP-MS analyses were positioned within zircon growth zones 

that entrap melt inclusions, providing zircon compositions that are presumably in equilibrium 

with the contained melt inclusions. Despite processing only the initial portions of LA-ICP-MS 

analyses (20 μm diameter,  0 μm depth, cylindrical volumes), sampled volumes may still 

incorporate material from unknown growth zones at depth, resulting in an averaging of growth 

zone compositions. A complete listing of LA-ICP-MS (and U from SIMS) zircon trace element 

analyses, uncertainties, and detection limits is reported in Appendix D.  

 

238
U-

230
Th

 
Dating of Zircon 

Zircon crystallization ages can be calculated from the ratio of 
238

U and 
230

Th. After 

crystallization and fractionation of the U/Th (parent/daughter ratio), U-decay produces a net in-

growth of 
230

Th until secular equilibrium is attained, where activity of 
230

Th matches that of 
238

U. 

Secular equilibrium occurs after ~five half-lives of 
230

Th (~375 ky), when the 
238

U/
230

Th ratio 

becomes nearly invariant. Crystallization ages of zircon growth zones younger than 375 ky old 

can therefore be determined from measuring the time-dependent 
238

U-
230

Th ratio (Reid et al., 

1997). 

238
U-

230
Th secular disequilibrium ages were determined for YTT zircon (n=38, 19 grains) 

using a CAMECA IMS 1270 SIMS in the Department of Earth and Space Sciences at the 

University of California, Los Angeles. Au-coated samples were analyzed with a 
16

O
-
 ion beam 

with an accelerating voltage of ~12 kV and an operating current of 5-10 nA. A reduced beam 

size of 10- 3 μm  vs. more typical beam diameters of 20-40 μm) was used to position the ion 

beam within specific zircon growth zones. Additional instrument parameters and operating 

procedures follow those described by Schmitt (2011) and Schmitt et al. (2011). Simultaneous 

measurements were collected for three sets of molecular masses: i) 247.7 (background), 248 

(
232

Th
16

O
+
), 243.8 (

90
Zr2

16
O4

+
), and 245.8 (

90
Zr

92
Zr

16
O4

+
); ii) 244 (background), 246 (

230
Th

16
O

+
), 

253.8 (background), and 254 (
238

U
16

O
+
); iii) 244.3 (background), 246.3 (background), and 254.3 

(background). Following a 5 s pre-sputter period, mass sets were measured for 2 s, 10 s, and 5 s 

in each measurement cycle, respectively. Masses were separated with a resolving power of 

6,700. Analyses continued until Poisson counting uncertainties were < 5% (60-250 cycles, 

lasting 20-80 minutes). 
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Relative sensitivity calibrations and background corrections were determined from 

secular-equilibrium AS3 zircon grains from the ~1.01 Ga Duluth Gabbro (Paces and Miller, 

1993). Background measurements were used to assess contamination from organic molecules 

causing mass interferences with ThO. Analyses contaminated with > 15% non-radiogenic ThO 

mass signals were generally discarded.  

Crystallization ages are calculated within a 
230

Th / 
232

Th vs. 
238

U / 
232

Th model space, 

using a 
230

Th half-life (75,690 +/- 230 yr) determined by Cheng et al. (2000). A whole rock U-Th 

isotope composition from Vazquez and Reid (2004) is used to anchor a two-point U-Th age 

isochron for each individual analysis (Reid et al., 1997). The systematics of the U-Th decay 

system result in increasingly large model age uncertainties as ages approach secular equilibrium. 

These systematics also result in larger positive (older) age uncertainties than negative age 

uncertainties (younger) for a given symmetrical analytical uncertainty. 
238

U-
230

Th dating of 

young zircon zones can provide age resolutions on the order of 10
3
-10

4
 yr timescales (e.g., 

Schmitt et al., 2011; Hofmann et al., 2014; Zou et al., 2014), however the same analytical 

uncertainty expands dramatically (up to 10
5
 yr) in older samples due to the compression of the 

238
U-

230
Th isochrons approaching secular equilibrium. Zircon zones with U-Th ratios at secular 

equilibrium have unconstrained maximum crystallization ages. 

Sputter depths for 
238

U-
230

Th analyses were typically 3- 5 μm  median depth: 8 μm, 

n=38), with deeper sputter pits and longer analysis times necessary to provide sufficient counting 

statistics for lower-U growth zones. Some analyses, therefore, sampled a substantial amount of 

material at depth, where the deeper zircon material might not reflect the zircon growth zone at 

the surface. To address this, analyses were screened for changing isotope abundances and ratios 

during each run to identify whether sputtering entered different zircon growth zones at depth. 

Only portions of the analysis with isotope ratios similar to the surface region were used in age 

determinations. However, CL imagery is more sensitive to subtle chemical changes associated 

with some growth zone variation, and therefore sequential sectioning and CL imaging would be 

required to fully constrain whether a 
238

U-
230

Th SIMS is representative of a single growth zone, 

or if it is mixed signal from multiple zones.  

The use of a reduced ion spot size and the commonly low U-contents in many YTT 

zircon growth zones resulted in low count rates and higher analytical uncertainties than in a 
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number of other studies using this technique. The relatively old ages of many YTT zircon zones 

magnify these analytical uncertainties into large U-Th model age uncertainties.  

U-contents of zircon growth zones (n=39; 19 grains) were also determined from the 
238

U-

230
Th SIMS dating procedure by normalizing isotope ratios to measured 

90
Zr2

16
O4, and assuming 

67.22 wt% ZrO2 in stoichiometric zircon. Uncertainties of SIMS-derived U-concentrations are 

estimated to be +/- 20% (Schmitt 2015, pers. comm.). SIMS analysis volumes are smaller (~10-

 4 μm diameter, 3- 5 μm depth, conical  I   volumes) than the shortened LA-ICP-MS 

analyses mentioned above, so SIMS analyses are considered more representative of surface 

growth zones than LA-ICP-MS analyses. A complete listing of 
238

U-
230

Th age determinations, 

uncertainties, and derived U-contents is reported in Appendix E.  



20 

 

RESULTS 

 

Zircon Occurrence, Morphology, and Melt Inclusion Textures 

The majority of zircon grains analyzed in this study (68 of 78) have glass adhered onto 

the crystal exteriors, indicating that the grain was free-floating in the YTT melt at the time of 

eruption. Zircon grains without adhered glass may have existed as inclusions within other 

phases, thereby being possibly isolated from the YTT melt a substantial period of time. There is 

also the possibility that zircon that are included within other crystals may have formed from local 

Zr-oversaturation in a “pile-up” effect in boundary layers of their rapidly crystallizing host phase 

(e.g., Wark and Miller, 1993). In thin sections of YTT pumice (YTT12_012 and YTT12_001), 

zircon inclusions were found hosted within major modal phases, including plagioclase, biotite, 

and hornblende (Figure 2). Zircon grains occurring as inclusions within other minerals are 

typically smaller than grains that were free-floating in the melt. 

Zircon separates analyzed in this study share the same characteristics as YTT zircon 

described by Chesner (1998), Vazquez (2004), and Gaither (2011): grains are optically clear, 

generally elongate (aspect ratios commonly 3-4:1, but reach up to 7:1), and are up to 100-300 μm 

in the elongated c-axis.  maller  ~50 μm), nearly equant zircon grains are also present. Melt 

inclusions are widely abundant in YTT zircons, occurring as spherical bodies  generally < 20 μm 

diameter) and as elongate, “wormy” features that commonly extend along the c-axis and can 

span nearly the entire length of the crystal (Figure 3). Melt inclusions are glassy, and apart from 

some large co-trapped apatite, have no daughter minerals discernible with optical petrography or 

BSE imaging. Most melt inclusions contain vapor bubbles. Other inclusions in YTT zircon 

grains are rod-like apatite (common), and Fe-Ti oxides and allanite (more rare). 
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Figure 2. Zircon as inclusions in YTT major phases.  

Microphotographs of thin sections of YTT pumice (YTT12_012, YTT12_001) with zircon crystals (pink arrows; 

crystals have high birefringence and relief) occurring as inclusions within major phases. The majority of zircon 

grains separated during our sample preparation are ringed by glass, suggesting their residence in the late-stage YTT 

melt. Visible within the zircon grains are melt inclusions (green arrows), and an open melt channel (blue arrow). 

XPL is cross-polarized transmitted light; PPL is plane-polarized light.  

 

Complex zircon growth textures are evident from CL imaging. CL in zircon is produced 

by the activation of rare earth elements (REEs) (dominantly Dy
3+

, as well as Sm
3+

, Tb
3+

, Nd
3+

), 

Ti, and structural defects (e.g., Götze et al., 1999; and reviewed in Pagel et al., 2013, pp. 425-

427). The diffusivity of REEs in zircon is exceedingly slow, so chemical zonation formed during 

crystallization will effectively be preserved for perpetuity in most geologic conditions (Cherniak 

et al., 1997b). Bright CL zones have been found in many studies to correlate with high Ti and 

REE contents, and low Hf, U, and Th (e.g., Claiborne et al., 2010), and we find similar 

relationships in YTT zircon grains.  

CL-dark cores and brighter rims are common, though not universal, features in YTT 

zircon grains (see Figure 3). A number of CL-dark cores are surrounded by sieve-like envelopes 

of oxide inclusions and fine melt inclusions; a texture that does not occur in other types of 

growth zones. Most zircon grains have regions with “typical” oscillatory zonation that has been 
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debated as reflecting either equilibrium growth in varying magmatic conditions, or kinetically-

limited crystallization in a variably enriched boundary layer (Hoskin, 2000; Fowler et al., 2002) 

(see Figure 3). 

Resorption features occur in many YTT zircon grains, where euhedral, geometric 

zonations are truncated by growth zones with curved or irregular/embayed boundaries (see 

Figure 3). Resorption features reflect a process of zircon dissolution and subsequently in-filling 

with younger layers after zircon-saturated conditions were re-established in the melt (Schaltegger 

et al., 1999; Claiborne et al., 2010). Dissolution zones are commonly focused as channels within 

CL-dark regions. Melt inclusions are also frequently found within these resorption zones, and we 

refer to these forms of melt inclusions as “dissolution-type” inclusions.  elt inclusions not 

obviously related to resorption features are termed “primary-type” melt inclusions, and typically 

have more spherical-ovoid habit forms. However, as many regrowth textures are generally only 

recognized via CL imaging, and CL imaging reflects only the exposed zircon surface, it is 

possible that some primary-type melt inclusions may actually be associated with regrowth zones 

at depth. Indeed, petrographic observations show that many spherical inclusions extend into 

elongate melt channels at depth. A number of grains have “open melt channels”, where reentrant 

melt tongues extend from the external melt into the zircon interior (see Figure 3)(e.g., Nakamura 

and Shimakita, 1998). The walls of several melt channels are rimmed by 1-3 μm wide bands of 

CL-bright zircon growth.  
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Figure 3. Zircon textures in YTT. 

CL images show a number of distinct textures in YTT zircon: A = “wormy” infilling inclusion along the grain’s c-

axis; B= Oscillatory zonation with melt (left grain) and apatite (right grain) inclusions; C = a “dissolution type” 

inclusion formed in a regrowth event; D = zircon core (CL-dark, not shown) with a mineral and melt inclusion-rich 

sieve texture (bright oxides, dark melt inclucions, as well as adhered glass are visible in BSE). E, F, G = open melt 

channels with varying degrees of regrowth along their walls. 

 

 

Melt Inclusion and Matrix Glass chemistry: Major Elements 

Zircon-hosted melt inclusions and matrix glasses are all high-silica rhyolites, with 49 of 

53 unheated melt inclusions and all 21 matrix glass analyses having narrow compositional ranges 

between 75.75-77.75 wt% SiO2 and 7.8-9.9 wt% total alkalis (corrected for Na2O, as previously 

discussed)(Figure 4). Matrix glass compositions generally mirror matrix glasses analyzed by 

Chesner and Luhr (2010), with slight deviations possibly owing to different EMP operating 

conditions (e.g., a 20 μm spot used in Chesner and Luhr [2010] vs. a 5 μm spot used in this 

study) and to our required Na-corrections. Melt inclusions and matrix glasses are more silicic 
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than YTT whole rock compositions, except for one rare variety of crystal-poor, high-SiO2 

pumice (77.9 wt% SiO2) described by Chesner and Luhr (2010).  

Three compositional groups are recognized in zircon-hosted melt inclusions based on 

MgO and Al2O3 contents and EMP oxide totals (i.e., water-by-difference)(Figure 5). Although 

not as reliable as SIMS-based water contents, water-by-difference estimates enables us to 

recognize approximate water contents in our large EMP dataset where we lack complementary 

SIMS H2O determinations. Roughly half of the melt inclusions (n=25; 22 grains) have MgO 

contents ≤ 0.03 wt% and low electron microprobe totals between 90-95 wt% (i.e., high water-by-

difference). This “low- gO” population also has slightly higher  iO2, lower FeO, and more 

widely variable K2O and TiO2 than other melt inclusions and matrix glass (Table 1). A small 

sub-set (n=5; 3 grains) of low-MgO inclusions have anomalously low SiO2 and high Al2O3, CaO, 

and Cl, and are termed the “low-MgO, high Al2O3” type. The remaining melt inclusions  n=23  

21 grains) have a narrow compositional range nearly identical to YTT matrix glasses, with MgO 

contents between 0.04-0.07 wt% earning them the title of “high- gO” inclusions. The high-

MgO population has relatively high EMP totals (94-99 wt%), suggesting that these inclusions are 

less hydrous than the low-MgO population. The high-MgO population includes more 

“dissolution-type” melt inclusion textures than the low-MgO population. K2O decreases with 

increasing SiO2 across both low and high-MgO populations. Quartz-hosted melt inclusion 

compositions measured by Chesner and Luhr (2010) generally overlap high-MgO zircon-hosted 

inclusions, but have slightly elevated K2O, FeO, and MgO.   

Reheated YTT zircon grains have substantially different compositions from unheated 

inclusions and matrix glass. All adhered matrix glass on heated zircon grains completely 

devolatilized, and has almost no remaining FeO and MnO due to diffusive loss to the encasing 

platinum foil. A group of heated melt inclusions (n=14; 10 grains) show the same loss of 

volatiles, FeO, and MnO, indicating that these inclusions either were open to the zircon grain 

exteriors, either prior to heating, or through heating-induced decrepitation. The majority of 

heated melt inclusions remained intact during heating (n=21; 16 grains), evidenced by retained 

H2O (by-difference, and by SIMS) and Cl. These non-breached heated inclusions generally have 

lower SiO2, and substantially elevated MgO, FeO, CaO, and TiO2, compared to unheated melt 

inclusions and matrix glasses.   
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We use the presence or absence of adhered matrix glass on zircon exteriors to determine 

if the analyzed grains were free-floating with the melt at the time of eruption, or whether they 

may have been hosted as inclusions within other mineral phases, and therefore possibly more 

isolated from magmatic processes. We find no systematic compositional differences between 

melt inclusions with (n=68) and without (n=10) adhered glass, and therefore, we combine these 

zircon groups into a single suite in all following discussions. 
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Figure 4. Major element bivariant plots of YTT melt inclusions and matrix glasses.  

All EMP-analyzed zircon-hosted melt inclusions and matrix glasses have tightly clustered high-silica rhyolite 

compositions. Unheated zircon-hosted melt inclusions have been labeled as different populations, as described in 

text. Heated melt inclusions have the widest chemical variability (will be discussed later). Quartz-hosted melt 

inclusions from Chesner and Luhr (2010) are included for comparison. The range of YTT whole rock compositions 

is compiled from XRF analyses by Jones (1993), Chesner (1998), and Chesner and Luhr (2010). 
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Figure 5. SiO2 – Al2O3 – MgO ternary plot of YTT zircon-hosted melt inclusions and glasses. 

Different melt inclusion populations are recognized in EMP-measured SiO2-Al2O3-MgO compositional space. High-

MgO zircon-hosted melt inclusions and some heated melt inclusions have very similar compositions as matrix 

glasses and open melt channels. The compositions of low-MgO inclusions can be partially explained by post-

entrapment crystallization effects, while the spread of heated melt inclusions is likely due to the remelting of co-

trapped mineral phases during heating (see discussion section). Other compositional differences exist between the 

populations (see Table 1) which indicate different petrologic origins (see discussion section). Quartz-hosted melt 

inclusions from Chesner and Luhr (2010) are included for comparison.
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Table 1. Summary of the compositional differences between YTT zircon-hosted melt inclusion populations and matrix glasses 

  
Low-MgO Low-MgO, high-Al2O3 High-MgO Matrix Glass 

MAJORS                    
(wt% anhydrous) 

~min ~max 
notes 

~min ~max 
notes 

~min ~max 
notes 

~min ~max 
notes 

n=34 
n=5;            

3 grains 
n=25 n=16 

MgO bdl (0.015) 0.03 
 

bdl (0.015) 0.02 
 

0.04 0.07 
 

0.04 0.06 
 

Al2O3 12.5 13.3 
 

13.9 15.5 
 

12.5 13.0 
 

12.8 13.3 
 

SiO2 76.0 77.9 most < 77.4 74.0 76.1 most < 75.0 76.1 76.0 
 

76.1 76.8 
 

TiO2 0.03 0.12 
 

0.02 0.09 
 

0.04 0.09 most < 0.07 0.04 0.07 
 

Cl 0.11 0.15 
 

0.13 0.18 most > 0.16 0.13 0.15 
 

0.09 0.15 most > 0.12 

K2O 3.8 6.1 
 

3.6 5.7 
 

4.7 5.2 
 

5.1 5.6 most < 5.4 

CaO 0.3 1.3 
most 0.7 - 

1.0 
1.0 2.0 most < 1.4 0.7 0.9 

 
0.7 0.8 

 

Mn bdl (0.06) 0.10 most < 0.07 bdl (0.06) 0.09 
 

bdl (0.06) 0.08 
 

bdl 
(0.06) 

0.08 
 

FeO 0.4 0.9 most > 0.6 0.2 0.6 most < 0.4 0.7 1.0 
 

0.6 1.0 
 

VOLATILES 
  

n=11 
  

n=1 
  

n=14 
  

n=7 

H2O (wt%) 3.8 5.7 most < 4.6 3.3 - 
 

0.6 3.5 n=1: > 3.5 0.7 3.4 rehydrated? 

H2O-by-difference 
from EMP (wt%) 

5 9.2 n=34 5.5 8.4 n=5 0.5 5 
n=34,  n=2: 

> 5 wt% 
1.7 4.5 

 

Cl (wt%) 0.06 0.11 n=1: > 0.15 0.08 - 
 

0.07 0.13 n=1: > 0.18 0.09 0.13 
 

F (ppm) 390 500 n=1: < 390 460 - 
 

260 370 
n=2: < 260, 
n=1: > 370 

250 360 
 

S (ppm) 1 19 
 

4 - 
 

11 20 n=1: < 11 15 30 rehydrated? 

TRACE 
ELEMENTS (ppm)   

n=2 
  

n=0 
  

n=3 
(includes Chesner and Luhr 2010 

glasses)    
                              n=8 

Ba 126 128 
 

- - - 163 462 
 

17 821 
 

Sr 25 30 
 

- - - 36 55 
 

7 79 
 

Rb 282 300 
 

- - - 254 262 
 

177 336 
 

Li 742 1091 
 

- - - 52 60 
 

44 63 
 

Outliers (recognized visually) within compositional groups are recognized in the "notes" column. 

bdl = below detection limit, with detection limit values in parentheses. n = number of EMP or SIMS analyses. 
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Melt Inclusion and Matrix Glass chemistry: Volatiles 

Many melt inclusions were analyzed for volatile contents by SIMS in addition to EMP 

major elements, providing complimentary datasets. H2O contents of melt inclusions range 

widely, from 0.5 – 5.7 wt%, with major differences occurring between the MgO populations 

defined by EMP. The low-MgO melt inclusions have consistently higher H2O contents (3.8-5.7 

wt% H2O, median 4.2 wt% H2O, n=11) than the high-MgO inclusions (0.6-4.9 wt% H2O, 

median 2.8 wt% H2O, n=14) (Figure 6). Similarly, F contents are elevated in the low-MgO 

population versus the high-MgO population (310-500 ppm F, median 420 ppm F vs. 190-450 

ppm F, median 300 ppm F, respectively). In contrast, S and Cl have relatively uniform contents 

throughout all melt inclusion populations (1-20 ppm S, median 14 ppm S; 0.06-0.18 wt% Cl, 

median 0.09 wt% Cl, n=33). Only a single melt inclusion from the low-MgO, high-Al2O3 

population was analyzed for volatiles, and it has similar compositions as the low-MgO inclusion 

population. Five melt inclusions lacking complementary EMP measurements have H2O and F 

contents within the ranges of the main high- and low-MgO populations.  

Matrix glasses (n=4) and open melt channels (n=3) have F and Cl contents overlapping 

those of the high-MgO melt inclusions (250-360 ppm F; 0.09-0.12 wt% Cl). Matrix glasses have 

H2O and S contents higher than the majority of high-MgO inclusions (3.0-3.5 wt% H2O; 16-29 

ppm S). Open melt channels, however, have H2O and S contents similar to high-MgO inclusions 

and lower than matrix glasses (0.8-2.8 wt% H2O; 14-19 ppm S).  

Breached heated melt inclusions can be recognized by a near-total loss of F. Heated melt 

inclusions and matrix glasses that are free from epoxy contamination have completely de-

volatilized. Non-breached heated melt inclusions retain relatively high volatile concentrations 

(2.5-5.6 wt% H2O; 300-520 ppm F) overlapping the ranges of low- and high-MgO populations. 

A single heated intact melt inclusion has more than twice as much S as any other inclusion, 

suggesting that an entrained S-bearing mineral inclusion may have been melted during heating.  
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Figure 6. Volatile element plots of YTT zircon-hosted melt inclusions and matrix glasses. 

H2O and F compositions broadly correspond to each other, with low-MgO inclusions having increase H2O and F 

relative to high-MgO inclusions. Water-by-difference EMP totals give higher estimates than H2O measurements by 

SIMS, particularly at elevated water contents. Cl contents by SIMS and EMP are substantially different, with SIMS 

values up ranging to 0.05 wt% lower for given EMP values, presumably owing to SIMS calibration issues. Heated 

matrix glasses have thoroughly devolatilized, while heated melt inclusions have volatile compositions overlapping 

those of both low- and high-MgO unheated populations. Quartz-hosted melt inclusions (Chesner and Luhr 2010) are 

not included because inclusion-specific volatile compositions were not reported, but see text and Figure 7 for 

discussion. 
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 The high H2O contents of the low-MgO zircon-hosted melt inclusions are comparable to 

Fourier transform infrared spectroscopy (FTIR) measured water contents in quartz-hosted melt 

inclusions (4.0-5.5 wt% H2O) by Newman and Chesner (1989) and more recently, by Chesner 

and Luhr (2010) (Figure 7). Cl measured by EMP in zircon-hosted inclusions are similar to EMP 

and SIMS-determined CL in quartz-hosted inclusions (Chesner and Luhr, 2010). However, SIMS 

measurements of Cl in zircon-hosted inclusions are systematically lower, yielding contents 

~0.04-0.05 wt% less than EMP measurements of the same melt inclusions, likely reflecting 

SIMS calibration difficulties, which are notoriously problematic. F contents of zircon-hosted 

melt inclusions are also substantially lower than SIMS measurements in the quartz-hosted 

inclusions (Chesner and Luhr, 2010), although we cannot determine whether this is an analytical 

artifact, or a petrologic difference. Chesner and Luhr (2010) did not present Cl, F, and S 

measurements for individual melt inclusions, so it is unknown whether quartz-hosted melt 

inclusions share a similar high H2O - high F relationship as seen in the low-MgO  zircon-hosted 

inclusion population. 
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Figure 7. Histograms of YTT zircon- and quartz-hosted melt inclusions volatile compositions. 

SIMS-measured zircon-hosted melt inclusions (ZHMIs) have a wide range of H2O contents, with the more hydrous 

samples having similar water contents as in quartz-hosted inclusions (Chesner and Luhr 2010). Both zircon and 

quartz inclusions have very low S contents. EMP Cl measurements of zircon-hosted inclusions match those from 

quartz-hosted inclusions, but SIMS-measured Cl contents in zircon inclusions are substantially lower in zircon 

inclusions. Fluorine contents are also systematically lower in zircon-hosted inclusions than quartz-hosted inclusions. 

 

Melt Inclusion and Matrix Glass chemistry: Trace Elements 

Deconvolved zircon-hosted melt inclusions and adhered matrix glasses form broadly 

linear trends in Ba versus Rb and Sr. Low-MgO are slightly enriched in Rb, and depleted in Ba 

and Sr compared with high-MgO inclusions (280-330 ppm Rb, ~125 ppm Ba, and 25-30 ppm Sr 

[n=2] vs. 250-260 ppm Rb, 160-450 ppm Ba and 35-55 ppm Sr [n=3], respectively). Heated melt 

inclusions of unknown MgO-types roughly overlap the range of both low- and high-MgO 

populations. Matrix glass compositions span the entire range of melt inclusions (220-265 ppm 

Rb, 235-330 ppm Ba, and 30-45 ppm Sr [n=5]).  

Quartz-hosted melt inclusions (n=5) and matrix glasses (n=2) measured by Chesner and 

Luhr (2010) fall along similar trace element trends as our measured samples, with matrix glasses 

ranging widely between 180-335 ppm Rb, 20–850 ppm Ba, 10-80 ppm Sr (Figure 8). Glass 

shards from proximal pumice and distal ashes reported by Westgate et al. (2013) have a much 
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wider range of Ba and Sr (up to ~1,400 ppm Ba and 150 ppm Sr), although 90% of the glasses 

measured in their large datasets have compositions similar to the melt inclusions and glasses 

measured here (see discussion in Insights into the Pre-eruptive Evolution of YTT Magma System 

section).   

Li is uniformly low in all high-MgO zircon-hosted inclusions as well as matrix glasses 

(30-80 ppm Li), but is dramatically enriched nearly 10-fold in low-MgO melt inclusions (740-

1,090 ppm Li) (see Table 1).  

 

 

Figure 8. Sr, Rb, Li, vs Ba in YTT melt inclusions and matrix glasses. 

High-MgO zircon-hosted melt inclusions, matrix glasses, and quartz-hosted melt inclusions (Chesner and Luhr 

2010) have similar trace element compositions, while low-MgO zircon-hosted melt inclusions have more evolved 

trace element signatures. Measurements are by LA-ICP-MS. 

 

Zircon Trace Element chemistry 

 Trace element compositions of zircon crystals themselves provide another set of 

information regarding the magmatic evolution of the Toba magma chamber that compliments 

melt inclusion chemistries. We focus on a subset of analytes that have substantial variations in 

YTT zircon zones. Full trace element compositions are reported in Appendix D. 
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Hafnium contents vary widely across zircon growth zones, ranging between 7,100 and 

20,000 ppm (0.84-2.36 wt% HfO2). The majority of the analyses cluster around a median value 

of 12,500 (avg. ~13,360, std ~2,745). Thorium and U largely mirror each other; both remain 

relatively low and constant in zones with Hf contents < ~14,000 ppm (45-800 ppm Th, 90-1,100 

ppm U), and increase dramatically in zones with higher Hf contents, to maximum values of 

1,000-2,400 ppm Th and 2,200-3,800 ppm U. YTT zircons contain roughly twice as much U as 

Th, and Th/U ratios (0.32-1.03, avg. 0.57, std 0.16) do not vary systematically with Hf (Figure 

9). Intragrain variability is striking, with CL-dark zircon cores having greatly enriched Hf, U, 

and Th, compared with CL-brighter zones. Zircon grains that host low-MgO melt inclusion types 

(n=6, 3 grains) include growth areas with the highest Hf, Th, and U contents, while grains 

containing high-MgO melt inclusions (n=10, 4 grains) include areas with the lowest Hf and 

highest Th/U values. However, grains from both groups substantially overlap around the median 

values. Zircon regrowth zones associated with entrapped melt inclusions (n=4) have roughly 

median Hf (9,000-13,500 ppm), low U (< 220 ppm), low Th (< 125 ppm), and low Th/U ratios 

(< 0.5); sample C_MI_100 is the sole exception, with roughly median U and Th contents. The 

YTT zircon suite analyzed in this study has greater compositional ranges of Hf, Th, and U than 

those reported by Gaither (2011) (10,500-15,000 ppm Hf, ~100-1,200 ppm U and Th), who 

analyzed only the outermost 5 μm of zircon exteriors.  

The U-range determined from SIMS U-Th dating is substantially greater than the U-range 

measured by LA-ICP-MS, varying from 60–6,750 ppm. U contents > 2,000 ppm occur 

exclusively in CL-dark grain cores. As with LA-ICP-MS analyses, SIMS-measured growth 

zones associated with melt inclusion entrapment again have lower and more restricted U 

concentrations, between 60–550 ppm.  

 REE concentrations in YTT zircon grains share the chondrite-normalized patterns of 

most natural zircon, with pronounced LREE (La through Pr) depletions, HREE (Tb through Lu) 

enrichments, positive-Ce anomalies, and negative Eu anomalies (Figure 10). The compositions 

of each element vary by roughly an order of magnitude within the YTT suite, which are larger 

variations than in the YTT zircon exteriors analyzed by Gaither (2011). No analyses stray 

remarkably from the overall pattern, suggesting that none of the analyses are obvious xenocrystic 

zircon grains from the metamorphic country rock. Zircon regrowth areas associated with melt 

inclusions are somewhat more LREE-enriched, HREE depleted, and have weaker Ce and Eu 
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anomalies than areas of oscillatory zonation and euhedral growth. Normalized Ce/Nd ratios 

range widely, from ~15 to over 90, having no systematic variation with Hf content (see 

Appendix Figure D1). In contrast, Eu/Eu* decreases with increasing Hf. Ytterbium/Gadolinium 

(Yb/Gd), a ratio of a HREE to a MREE, is inversely related to Th/U ratios of YTT zircon, but 

not with Hf. As with Hf, U, and Th, large intra- and inter-granular differences occur for each of 

these elemental ratios. Zircon growth zones associated with melt inclusion entrapment have 

median-high Yb/Gd, and widely variable Eu/Eu* relative to the entire zircon range. 

 

 

 

Figure 9. Hf, U, Th, U/Th, and Yb/Gd in YTT zircon growth zones.   

Growth zones in YTT zircon measured by LA-ICP-MS have wide ranging TE compositions. Increased Hf, Th, and 

U, as well as high U/Th ratios are generally taken as indications of increasing fractionation (e.g. Claiborne et al., 

2010; Klemetti and Clynne 2014), as these are incompatible elements. The positive correlation between U/Th and 

Yb/Gd may reflect the co-crystallization of allanite during zircon formation, as Yb and Th are both compatible in 

allanite, which is common in the YTT (Chesner 1998). Zircon zones entrapping melt inclusions are presumed to be 

in equilibrium with those trapped melts.  
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Figure 10. Extended Spider diagram of YTT zircon growth zones. 

LA-ICP-MS measured concentrations in zircon growth zones normalized to C1 chondrite after Sun and McDonough 

   8 ). Growth zones in YTT zircon have “typical” HREE enrichment patterns of most natural zircon, except that U 

is more abundant than Th in nearly all YTT zircon, which is a less common occurrence in many systems. Zircon 

zones entrapping melt inclusions are presumed to be in equilibrium with those trapped melts. See text for discussion.  

 

 

U-Th Ages of Zircon Growth Zones  

238
U-

230
Th disequilibrium ages reflect zircon crystallization ages, as the sluggish 

diffusion of U and Th in zircon precludes magmatic isotopic reequilibration (Cherniak et al., 

1997a; Reid et al., 1997). The majority of YTT zircon growth zones have crystallization ages 

between ~135-230 ka (n=20; 12 grains). The youngest growth zone age is 87 
-12

/+13 ka, which is 

the nearly within 1-sigma uncertainty of the 74 ka YTT eruption (Figure 11, Figure 12). A 

substantial number of YTT zircon crystallization ages are at, or within error of, secular  
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Figure 11. 
238

U/
232

Th – 
230

Th/
232

Th isochron diagram for YTT zircon growth zones. 

U-Th crystallization ages measured by in-situ SIMS. YTT whole rock isotopic composition is from Vazquez and 

Reid, 2004. Isochrons are based the time-dependent return of U-Th ratios to secular equilibrium after zircon 

crystallization. Inter- and intra-granular crystallization ages are widely variable (note multiple growth zone ages 

from single color-coded grains). The compression of isochrons approaching secular equilibrium causes increased 

model-age uncertainties for a given analytical uncertainty (see text for discussion). X-axis error bars are smaller than 

symbols. 

 

 

Figure 12. U-Th crystallization age histogram of YTT zircon growth zones. 

SIMS-measured zircon growth zone ages span > 300 ka of crystallization history within the YTT. Zircon zones at 

secular equilibrium crystallized at some indecipherable time older than ~375 ka. A probability distribution function 

for the entire dataset highlights a peak in zircon crystallization ages between ~130-175 ka. The single youngest age 

is nearly within error of the 74 ka YTT eruption. Also shown are the YTT and MTT eruption ages. U-Th model age 

uncertainties are 1-SE. 
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equilibrium (n=15, 14 grains). Generally, zircon rims are younger than cores, though many 

grains experienced dissolution-regrowth events that complicated simple rimward-younging age 

progressions. Intra-grain age variations of at least 300+ ky are present in some grains, while 

other grains have relatively minor age variation across their entireties (Figure 13). 
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Figure 13. Zircon textures and intra-grain age and U variation.  

BSE and CL images of three dated YTT zircon grains are shown with SIMS U-Th analysis locations (to scale) 

identified with red circles. Ages, U-contents, and analyzed pit depths are listed in white text. Individual YTT 

zircon grains can have a wide range of crystallization ages. Some grains reflect growth periods separated by 

upwards of 300 ka (top), and U-contents indicate highly different growth conditions. Other grains have 

relatively narrow age ranges and U is relatively homogenous through the grain entirety (middle, bottom). Melt 

inclusions appear do not luminesce and appear black in CL. BSE and CL-images highlight zircon dissolution-

regrowth textures surrounding many melt inclusions. Melt inclusion entrapment ages are based on dated 

entrapping growth zones (top), or bracketed by cross-cutting relationships (bottom). Chemical measurements 

of analyzed melt inclusions are also listed. U-Th model age uncertainties (1-SE) are averaged to be symmetric. 
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Temporal Variability of Melt Inclusions and Zircon Chemistries 

Zircon-hosted melt inclusions can be directly dated where the zircon growth zones 

associated with their entrapment are sufficiently large to obtain a 
238

U-
230

Th age (e.g., grain 

YTT_A21 in Figure 13). More commonly, the zircon growth zones that entrapped melt 

inclusions are very small; in such cases, melt inclusion ages can only be constrained from cross-

cutting relationships of other dated regions. In many cases, only the maximum age of a melt 

inclusion can be determined (i.e., the inclusion is younger than the zone it infiltrated), while the 

minimum age is unknown and therefore could be as young as the 74 ka YTT eruption age (e.g., 

in grains YTT12_A8 and A5 in Figure 13). For inclusions within growth zones with 

crystallization ages beyond U-Th secular equilibrium, no maximum entrapment age can be 

determined.  

Owing to these complexities, melt inclusion entrapment ages could only be well-

constrained in a limited number of our YTT zircon grains (n=13). Nevertheless, these are the 

first dated melt inclusions, and they afford broad-scale observations of temporal trends of melt 

inclusion chemistry. A primary observation is that melt inclusions entrapped over the entire 300+ 

ky history of the YTT system all have a relatively narrow range of high-silica rhyolitic 

compositions (Figure 14). No temporal trends in SIMS-measured volatile contents are 

discernible in the group of dated melt inclusions (n=10) . Within this restricted compositional 

range, subtle temporal trends related to different MgO populations may exist. Barring one low-

MgO inclusion with an age within error of secular equilibrium, high-MgO melt inclusions (n=3) 

generally have entrapment ages younger than ~166 ka. Low-MgO inclusions (n=8) have 

entrapment ages potentially spanning the entire zircon crystallization history, with some low-

MgO inclusions definitively constrained to being entrapped > 166 ka. However, we find these 

possible age relationships too tenuous to draw any further conclusions from.    

Trace element compositions of zircon growth zones can also be temporally constrained 

through cross-cutting relationships with 
238

U-
230

Th dated zones. Uranium provides the best 

temporally-constrained trace element record because U contents were determined along with 

each 
238

U-
230

Th zircon age. Zircon growth zones with elevated U contents appear to have more 

limited ages; U-concentrations exceeding 1,000 ppm occur in grains hosting both low and high-

MgO melt inclusion populations only between ~130-200 ka, or in grains beyond secular 

equilibrium age (Figure 15). Excluding the high-U sample A_MI_22, U-contents progressively  
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Figure 14. SiO2 and volatile contents of dated zircon-hosted melt inclusions.  

Melt inclusions  “ Is” in legend) in zircon entrapped over 300 ky of YTT history have broadly similar SiO2 and 

volatile compositions. Dated entrapment growth zones manifest as discrete U-Th age data points, while elongated 

symbols represent the more poorly constrained entrapment ages of melt inclusions dated only through cross-cutting 

relationships. The probability density age distribution represents the entire U-Th dataset. The relative histograms on 

the inset Y-axes show the compositional range from the entire melt inclusion dataset (both dated and not-dated 

inclusions). FTIR and EMP measurements in quartz-hosted inclusions from Chesner and Luhr (2010) are shown for 

comparison. Cl measurements by SIMS are consistently lower than EMP measurements (smaller diamond symbols) 

in the same inclusions (dashed red tie-lines), as well as in quartz-hosted inclusions. Note that a) the lone high-MgO 

inclusion at secular equilibrium age (> 375 ka) is older and has anomalously high water relative to all other 

measured high-MgO inclusions; and b) EMP and SIMS measurements were not done on exactly the same melt 

inclusions. Also shown are the YTT and MTT eruption ages, and the onset of secular equilibrium at ~375 ka. U-Th 

model age uncertainties are 1-SE.     
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increase from long-term low levels (< ~500 ppm) to U-contents of nearly 1,500 ppm between 

~130-165 ka (n=8; 4 grains). Following this U-increase is a noticeable lack of zircon growth ages 

until the single youngest dated zircon growth zone at ~87 ka.  

The temporal associations of other trace element compositions are much more poorly 

constrained because overlapping LA-ICP-MS and 
238

U-
230

Th analyses were only obtained for a 

limited subset of zircon growth zones (n=11; 5 grains). While the limited sample set precludes 

recognizing detailed trends, it is notable that the trace element ranges of two grains with ages of 

150-200 ka are comparable to the compositional range of the entire analyzed suite (Figure 16).  

 

 

Figure 15. Temporal variations in U contents of YTT zircon growth zones. 

Uranium measurements from SIMS (~ 20% uncertainty) and LA-ICP-MS (~10 % uncertainty) indicate a major 

increase in U from ~165-130 ka. Simple Rayleigh fractionation, considering U to be perfectly incompatible, would 

require upwards of 90% closed-system crystallization to produce an increase in U of ~1,000 ppm. Note that most 

growth zones entrapping melt inclusions have relatively low U (< 500 ppm). Similar U-poor zircon regrowth zones 

are seen LA-ICP-MS measurements in non-dated zircon growth zones (see Figure 9). The relative histogram of the 

complete LA-ICP-MS dataset is plotted for comparison in the Y-axis inset. Also shown are the YTT and MTT 

eruption ages, and the onset of secular equilibrium at ~375 ka. U-Th model age uncertainties are 1-SE.  
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Figure 16. Temporal variation of trace elements in YTT zircon growth zones. 

In a limited dataset of age-constrained LA-ICP-MS trace element analyses, YTT zircon growth zones between 130-

200 ka and older growth zones at secular equilibrium both have compositions comprable to the entire trace element 

dataset. Relative histogram of LA-ICP-MS dataset is plotted for comparison in the Y-axis inset, and probability 

distribution of all measured U-Th zircon ages is on X-axis. Also shown are the YTT and MTT eruption ages, and the 

onset of secular equilibrium at ~375 ka. U-Th model age uncertainties are 1-SE. 
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DISCUSSION 

 

The Fidelity of Zircon as a Melt Inclusion Host 

Melt inclusions are direct samples of past magmas, preserving details of chemical 

diversity and volatile contents that are often overprinted or otherwise lost from the geologic 

record. Therefore, melt inclusions can be valuable windows into the chemical history of 

magmatic systems, provided that their measured compositions are representative of their host 

liquids at the time of entrapment. This is a non-trivial concern, as melt inclusions are subject to a 

number of syn- and post-entrapment modifications that can obscure the connection between 

measured compositions and entrapment conditions. Here, we address the potential effects of 

boundary-layer formation and post-entrapment crystallization, diffusion, and phase separation in 

YTT zircon in order to assess the petrologic utility of zircon-hosted melt inclusions. 

  

The Effects of Boundary Layer Entrapment 

The formation and entrapment of a fractionated boundary layer can cause a melt 

inclusion composition to significantly differ from the larger melt environment (e.g., Watson et 

al., 1982; Bacon, 1989; Kohut and Nielsen, 2004; Baker, 2008). As a host mineral grows, 

partitioning causes the surrounding melt to become depleted in compatible elements and 

enriched in incompatibles relative to the far-field melt: a process referred to as “constitutional 

undercooling” (Shewmon, 1983). If advective mixing or molecular diffusion does not re-

equilibrate this boundary layer magma before entrapment, the resulting melt inclusion 

composition may not be representative of the bulk magma (Kohut and Nielsen, 2004; Faure and 

Schiano, 2005; Baker, 2008). Stronger boundary layer effects should occur adjacent to rapidly 

growing minerals, and the effects will be enhanced for slow-diffusing molecular species (e.g., 

Baker, 2008). Melt inclusions are often thought to form during periods of rapid mineral growth, 

and therefore may have a tendency to entrap unrepresentative boundary layer melts (Sobolev and 

Kostyuk, 1975; Kohut and Nielsen, 2004; Faure and Schiano, 2005). Boundary layer effects are 

thought to be significant for melt inclusions with diameters smaller than 20-25 μm (Anderson, 
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1974; Lowenstern, 1995; Lu et al., 1995; Thomas et al., 2003). Most YTT zircon-hosted melt 

inclusions are smaller than this benchmark, and are therefore are possibly susceptible to 

boundary layer effects. 

We model the effects of boundary layer formation during advection-free zircon growth 

by adapting the one-dimensional crystallization modeling of Smith et al. (1955)(see model 

details in Appendix F). While this model is simplistic from fluid-mechanics and crystal 

geometry perspectives, particularly given that many inclusions appear to have formed from the 

sealing of narrow melt channels, it still provides valuable first order assessments of the potential 

impacts of boundary layers during zircon growth. The diffusion of Zr from the surrounding melt 

to the crystallization front is fundamental limiting factor in the growth rate of zircon. We find 

that the slow diffusion of Zr in a rhyolitic melt leads to boundary layer depletion of Zr during 

zircon crystallization, and limits prolonged zircon growth rates in YTT conditions to less than 

10
-9

 cm/s  ~0.86 μm/day). While faster zircon growth rates have been estimated (e.g., 10
-7

 cm/s 

from considerations of La-enrichment in melt inclusions by Thomas [2003]), the much slower 

growth rates of 10
-13

 to 10
-17 

cm/s determined more rigorously by Watson (1996) are probably 

more realistic. Therefore, by using an upper-end zircon growth rate of 10
-9

 cm
2
/s in our model, 

we gauge worst-case scenarios of boundary layer formation. Boundary layer effects will be 

substantially reduced at slower, more typical zircon growth rates, as diffusion in the melt is 

better able to rehomogenize boundary layers. 

Fundamentally, boundary layer enrichments around growing zircon grains should only be 

a concern for the few elements with diffusivities slower than Zr: Ti, P, Th, U, Hf, and Ge 

(Mungall et al., 1999; Zhang et al., 2010). We therefore use K2O/TiO2 ratios from our EMP 

dataset to gauge boundary layer enrichment in YTT zircon-hosted inclusions. Both K2O and 

TiO2 are somewhat incompatible (although the ratio may be affected by crystallization of phases 

such as K-feldspar and ilmenite), but Ti has a diffusivity comparable to that of Zr, while K 

diffuses at rates approximately four orders of magnitude faster (DTi = 4.8 x 10
-16

 m
2
/s; DK= 7.3 x 

10
-12 

m
2
/s ; extrapolated to YTT temperatures of 780 °C from Mungall et al., [1999]). Barring the 

case of in-filled melt channels, it is assumed that a zircon must grow at least  0 μm in order to 

trap a  0 μm diameter melt inclusion. We find that at zircon growth rates of  0
-9

 cm/s, the 

K2O/TiO2 ratio should halve after ~ 0 μm of zircon growth, and slower zircon growth rates will 

produce successively weaker boundary layer enrichments (Figure 17).  
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The vast majority of YTT zircon-hosted melt inclusions have K2O/TiO2 ratios similar to 

those of matrix glasses (inherently unaffected by boundary layers) and to those of larger (and 

presumably less boundary-layer-affected) quartz-hosted melt inclusions (Chesner and Luhr, 

2010) (Figure 18). Moreover, K2O/TiO2 in YTT zircon-hosted melt inclusions does not 

systematically vary with exposed inclusion surface area, where the boundary layer effects should 

be enhanced in smaller inclusions (e.g., Thomas et al., 2003; Kuzmin and Sobolev, 2004; Kent, 

2008; Vigouroux et al., 2008). Therefore, despite their small sizes, we share the conclusions of 

Thomas (2003) that YTT zircon-hosted melt inclusions have not been affected by boundary layer 

entrapment. 

 

 

 

 

Figure 17. Boundary layer model during zircon growth in the YTT.  

The growth of zircon would enrich the surrounding boundary layer melt in incompatible elements, including Ti and 

K. The diffusivity of K is much faster than Ti, so that K concentrations in the boundary layer quickly re-homogenize 

with the bulk melt. Ti diffuses more slowly (comparable to the diffusivity of Zr) and can remain enriched in a 

boundary layer. If a melt inclusion entrapped a boundary layer melt enriched in Ti, the K2O/TiO2 ratio should 

therefore be lower than the bulk melt. See discussion for details and Appendix F for an explanation of the model 

conditions. 
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Figure 18. K2O/TiO2 vs. melt inclusion surface area: testing boundary layer effects.  

A boundary layer should cause low K2O/TiO2 due to enrichment of slow-diffusing Ti at the zircon/liquid interface, 

and this effect would be strongest in smaller inclusions (red arrow). No systematic size-dependent decrease in the 

oxide ratio occurs in YTT zircon-hosted melt inclusions, and K2O/TiO2 ratios in melt inclusions of all sizes are 

similar to those in matrix glasses and in large quartz-hosted inclusions, which should both be free of boundary layer 

effects. We conclude there are no significant effects of boundary layers in YTT zircon-hosted inclusions. See 

discussion and Figure 17). The representative 1-SE uncertainty in the measured K2O/TiO2 ratio is shown in the 

upper right.  

 

The Effects of Post-Entrapment Crystallization 

Melt inclusions undergo complex cooling, decompression, and/or diffusive re-

equilibration histories, which may lead to daughter minerals precipitating around the inclusion 

walls, in a process known as post-entrapment crystallization (PEC)(e.g., Roedder, 1979; Nielsen 

et al., 1998; Kohut and Nielsen, 2004). The formation of concentric mineral shells changes the 

composition of the remaining melt inclusion away from its original composition (e.g., Nielsen et 

al., 1995), which can leave the melt inclusion strongly depleted in daughter-mineral-compatible 

elements (Danyushevsky et al., 2000). The nucleation of the host phase on the melt inclusion 
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walls is more thermodynamically favored than the nucleation of other phases, and host-phase 

precipitation occurs as soon as the temperature drops below the trapping temperature (or when 

volatile loss occurs)(e.g., Sobolev and Kostyuk, 1975; Kress and Ghiorso, 2004). Host-phase 

PEC can be particularly problematic in mineral phases whose primary components are abundant 

in the melt (Kent, 2008), such as quartz and K-feldspar in rhyolites (Webster and Duffield, 

1991), or plagioclase and olivine in basalts (Sisson and Layne, 1993). In contrast, host-phase 

PEC in zircon crystals is negligible because of the extremely low abundance of Zr in the melt. 

YTT melts have < 200 ppm Zr (Chesner and Luhr, 2010), which restricts the amount of PEC in 

zircon-hosted melt inclusions to much less than 0.1% of inclusion volumes (Figure 19)(see 

Appendix G for model details). Host-phase PEC in zircon-hosted melt inclusions is therefore a 

non-concern. 

If melt inclusions experience significant physio-chemical changes, then other non-host-

phase daughter minerals can overcome nucleation thresholds and form within melt inclusions 

(e.g., Frezzotti, 2001). In cases where PEC is suspected, melt inclusions can be thermally  

 

Figure 19. Modeling the effects 

of post-entrapment 

crystallization in different 

minerals.  

Possible enrichment of incompatible 

species in a melt inclusion during 

post-entrapment crystallization 

(PEC) of the host-phase was modeled 

by assuming that PEC scavenges all 

major host-phase oxides from within 

20 μm of the inclusion rim. Smaller 

melt inclusions would therefore have 

greater volume percentages of PEC 

possible, resulting in larger attendant 

incompatible enrichment. Host-phase 

PEC in zircon crystals produces 

insignificant enrichment effects 

compared to host-phase PEC of other 

minerals commonly utilized in melt 

inclusion studies. PEC in quartz and 

zircon were modeled for YTT 

compositions, while PEC in anorthite 

and fayalite were modeled for 

MORB compositions. See Appendix 

G for model details. 

 

 



49 

 

 

rehomogenized to break-down daughter minerals and restore melt inclusions to their original 

entrapment compositions (e.g., Nielsen et al., 1995; Nielsen et al., 1998; Schiano, 2003). 

Rehomogenization of a subset of our YTT zircon grains was done through reheating and 

quenching (see Methods section). The samples were heated above the likely trapping 

temperature of melt inclusions, and therefore some zircon material may have remelted. The 

effects of remelting zircon into heated inclusions were mediated through ZrO2 and SiO2 

corrections (see Methods), and by avoiding interpretation of melt inclusions based on zircon-

compatible trace elements. While unheated YTT zircon grains have no noticeable petrographic 

and SEM/BSE evidence of daughter phases in inclusions or along inclusion walls, many heated 

inclusions have increased FeO, MgO, CaO and reduced SiO2 relative to unheated inclusions. 

These compositional differences indicate that heated inclusions had remelted small amounts of 

mafic-PEC phases (pyroxene and/or biotite or amphibole) (See Figure 4, Figure 5).  

Most heated melt inclusions have a restricted range of MgO (0.06-0.10 wt%, n=15), that 

suggests the remelting of a fairly consistent amount of mafic PEC phases. Reheated melt 

inclusions with even higher, and more variable, MgO contents (0.12-1.50 wt% MgO, n=7) likely 

reflect the remelting of Mg-rich microcrysts that were co-trapped during melt inclusion 

formation. Given that the entire unheated melt inclusion suite contained roughly equal numbers 

of high and low-MgO type inclusions, the probability that all of the 21 heated melt inclusions 

analyzed would have originally been high-MgO types is vanishingly small (0.000004%), and we 

therefore expect that the subset of heated inclusions would have likewise consisted of near equal 

numbers of both high- and low-MgO inclusion types. However, we find that while some heated 

inclusions have compositions overlapping high-MgO inclusions, no heated inclusions have MgO 

contents comparable to low-MgO inclusions (Figure 20). Therefore, viewing this phenomena in 

reverse, we reason that many (or all) unheated low-MgO inclusions had actually formed from 

melts with higher MgO, and their low-MgO contents are due to minor PEC of mafic phases. 

Differences between low- gO and the “typical” heated melt inclusions  0.06-0.10 wt% MgO) 

compositions can be largely explained by < 2% PEC of a combination hornblende and sanidine 

(Table 2). However, these PEC effects are relatively small and, apart from causing the “low-

 gO” nomenclature to become somewhat of a misnomer, do not substantially change our 
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interpretations regarding the low-MgO inclusion population, which are discussed in later 

sections.  

In contrast, high-MgO inclusions compositionally overlap some reheated melt inclusions 

and matrix glasses, suggesting that high-MgO inclusions are not strongly affected by PEC. 

Therefore, we take high-MgO inclusion compositions to be representative of the melt in which 

they formed. We conclude that zircon-hosted melt inclusions are insensitive to host-phase PEC, 

and PEC of non-host phases in YTT samples produces very minor compositional effects 

compared to PEC processes recognized in other minerals. We also note that the differences in 

H2O, F, and trace elements between the low- and high-MgO inclusion populations cannot be 

explained by PEC effects, and are considered to be petrological differences (see Formation of 

Zircon-Hosted Melt Inclusions section). 

 

 

Figure 20. MgO vs. SiO2 and 

recognizing post-entrapment 

crystallization in melt 

inclusions. 

Reheated zircon-hosted melt 

inclusions have higher MgO 

contents than all low-MgO 

inclusions, which is likely due to 

the melting of < 1 wt% of mafic 

phases (here hornblende is 

modeled) that had formed via post-

entrapment crystallization (PEC). 

Low-MgO inclusions, therefore, 

initially had MgO-compositions 

comparable to the high-MgO type 

of inclusions. Low-MgO inclusions 

likely also experienced some PEC 

of sanidine (see Table 2). Minimal 

PEC of high-MgO inclusions is 

surmised, as these inclusions 

compositionally overlap some 

reheated inclusions as well as 

matrix glasses. Very high MgO 

contents in reheated inclusions (> 

0.10 wt%) are likely due to the 

melting of additional mafic 

microcrysts that were co-trapped 

during melt inclusion formation, 

rather than reflecting any original 

melt compositions.   
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Table 2. Calculating post-entrapment crystallization in zircon-hosted melt inclusions    

wt%* 
avg. heated inclusions 

(0.06-0.10 wt% MgO) 

avg. low-MgO 

inclusions 

avg. YTT 

Hbl** 

% Hbl 

PEC*** 

avg. YTT 

San** 

% San 

PEC*** 

       
SiO2 76.09 76.46 45.28 0.8% 65.17 0.6% 

TiO2 0.07 0.06 1.46 0.7% bdl na 

Al2O3 12.85 13.20 8.65 4.2% 18.51 -1.9% 

FeO 0.97 0.62 20.16 1.8% 0.06 -555% 

MnO 0.07 0.05 0.75 2.8% bdl na 

MgO 0.08 0.01 9.82 0.8% 0.02 -348% 

CaO 0.93 0.90 10.86 0.3% 0.16 -18.3% 

Na2O 3.82 3.82 1.95 na 2.83 na 

K2O 5.00 4.79 0.87 -24.9% 12.54 1.7% 

Cl 0.12 0.13 0.20 7.8% bdl na 

*Major compositional differences between low- gO and “typical” reheated melt inclusions  those with  gO 

contents of 0.06-0.10 wt%) that are well explained by PEC of hornblende (Hbl) or sanidine (San) are highlighted in 

bold.  

**Average YTT hornblende and sanidine compositions from Chesner, 1998. bdl = below detection limit, na = not 

available owing to bdl analyses. 

***Percentage of post-entrapment crystallization (PEC) to equate average compositions of reheated and low-MgO 

melt inclusions. 

 

The Effects of Diffusive Reequilibration 

Diffusive reequilibration occurs rapidly at magmatic temperatures and is a major post-

entrapment concern when interpreting melt inclusion compositions (Qin et al., 1992; Cottrell et 

al., 2002). Diffusion occurs continuously between all components in combined melt inclusion + 

host mineral + external melt systems, and a change in external melt conditions can induce a net 

diffusive flux from melt inclusions (e.g., Kent, 2008). Post-entrapment diffusion is a particularly 

large concern in small or slow-cooling melt inclusions, and when considering small and neutral 

or weakly-charged melt species (e.g., Qin et al., 1992; Cottrell et al., 2002; Zhang et al., 2010). 

In particular, diffusive reequilibration of water is a major concern due to the fast diffusivities of 

OH
-
 and H

+
, and water loss from melt inclusions has been recognized in many host minerals 

(e.g., Danyushevsky et al., 2000; Cottrell et al., 2002; Métrich and Wallace, 2008; Gaetani et al., 

2012; Plank et al., 2013). While non-metamict zircon, such as the young YTT samples, are 

resistant to diffusion of nearly all melt species (apart from smallest volatile elements) (Cherniak 
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and Watson, 2003; Cherniak and Watson, 2010; De Hoog et al., 2014), the rate of diffusive water 

exchange through zircon is unknown. To address this, we apply the numerical modeling methods 

of Cottrell et al. (2002) and our simple melt inclusion reheating experiment to estimate 

timescales of diffusive water loss from zircon-hosted melt inclusions (see Appendix H for 

further model details). 

Our model adaption is built upon a number of assumptions. The flux rate of a species 

through a mineral is linearly dependent on the melt-mineral partition coefficient (Kd) of the 

species in question (Cottrell et al., 2002). While the Kd of water between zircon and rhyolitic 

melt (Kd
H2O

zrc/melt) is unknown, recent work by De Hoog et al. (2014) indicates that up to 0.1 

wt% H2O can be incorporated in gabbroic zircon, presumably as a REE
3+

 charge-balancing 

mechanism. Assuming similar water contents of 0.1 wt% H2O in YTT zircon, and taking our 

most hydrous melt inclusion as representative of YTT water contents (5.7 ± 0.7 wt% H2O), we 

estimate a maximum Kd
H2O

zrc/melt of 0.0175 for YTT zircon. The diffusivities of H2O species in 

zircon are also unknown, so we broadly constrain the combined OH
-
 - H

+
 diffusivity (D

water
) by 

comparing the H2O contents of heated and unheated melt inclusions. The maximum H2O content 

measured in a heated melt inclusion is 5.5 ± 0.7 wt%. Assuming that this heated inclusion had 

initial water concentrations similar to those of unheated inclusions (< 6 wt% H2O), a maximum 

diffusive loss of < ~0.5 wt% H2O could have occurred during 97 hours of heating in an 

anhydrous environment at 900 °C (modeled as a spherical melt inclusion in the center of a 

spherical zircon host, with radii of 6 μm and 20 μm, respectively). This limits the diffusivity of 

H2O through zircon at 900 °C to be less than ~1 x 10
-15

 m
2
/s (Figure 21). Owing to unknown 

initial water contents of the heated inclusion(s), and to uncertainties in the measured H2O 

concentrations, we are unable to determine a lower bound on H2O diffusivity in zircon. 

However, we reason that the diffusivity of H2O will be significantly faster than that of Li in 

zircon (4.1 x 10
-19 

m
2
/s, from Cherniak and Watson [2010]), particularly if substantial diffusion 

occurs via H
+ 

transport, as surmised in olivine (Hauri, 2002; Massare et al., 2002; Portnyagin et 

al., 2008; Gaetani et al., 2012). Therefore, we consider a D
water

zrc of 5 x 10
-17

 m
2
/s at 900 °C to be 

a reasonable low-end estimate for diffusion of water through zircon (Table 3). Down-

temperature extrapolations of H2O diffusivities to estimated YTT conditions (Chesner, 1998) 

were done by approximating the slopes of D
water

 Arrhenius relationships to be between those 

experimentally determined for He and Li
+
 diffusion in zircon (Cherniak et al., 2009; Cherniak 
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and Watson, 2010) (see Appendix H Figure H1). Through this approach, we estimate D
water

zrc at 

750 °C to be between 4 x 10
-17

 and 2 x 10
-18 

m
2
/s.     

 

 

 

Temp (°C) D curve 1 D curve 2 D curve 3 D curve 4 D curve 5 

900 5.0 x 10
-17

 1.0 x 10
-16

 5.0 x 10
-16

 1.0 x 10
-15

 5.0 x 10
-15

 

850 1.8 x 10
-17

 3.7 x 10
-17

 1.9 x 10
-16

 3.8 x 10
-16

 2.1 x 10
-15

 

800 5.9 x 10
-18

 1.3 x 10
-17

 6.3 x 10
-17

 1.4 x 10
-16

 7.8 x 10
-16

 

750 1.7 x 10
-18

 3.8 x 10
-18

 1.9 x 10
-17

 4.3 x 10
-17

 2.7 x 10
-16

 

700 4.4 x 10
-19

 1.0 x 10
-18

 5.2 x 10
-18

 1.2 x 10
-17

 8.4 x 10
-17

 

 

Figure 21. Modeling H2O diffusive water loss through zircon. 

From an estimated starting water content of 6 wt% H2O, diffusive loss curves were fit to model 0.5 wt% H2O loss 

over 97 hours at 900°C to produce the measured composition of the most hydrous reheated melt inclusion. Model 

details include a Kd
H2O

zir = 0.0175, the melt inclusion with a radius of 8 μm was at the center of a zircon grain with a 

40 μm radius, and the exterior H2O concentration was 0.1 wt% during reheating. Modeled diffusivities at 900°C 

were then extrapolated down-temperature following the Arrhenius relationships of He and Li diffusivities in zircon 

(Cherniak et al., 2009; Cherniak and Watson, 2010), and are shown in the chart. Note: that the curves for “D curve 

 ” and “D curve 2” overlap. See text and Appendix H for details.  
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Table 3. Diffusivities (D) of volatiles in zircon. 

Species 
D in zircon at 900 

°C (m
2
/s) 

D in zircon at 750 

°C (m
2
/s) 

Reference 

He    (parallel c-axis) 4.4 x 10
-12

 4.7 x 10
-13

 Cherniak et al., 2009 

He    (perpendicular c-axis) 7.3 x 10
-14

 8.1 x 10
-15

 Cherniak et al., 2009 

H2O  (perpendicular to c-

axis) 
1 x 10

-15
- 5 x 10

-17 
4 x 10

-17
- 2 x 10

-18
 this work 

Li
+
    (isotropic) 4.1 x 10

-19
 6.5 x 10

-21
 

Cherniak and Watson, 

2010 

 

 

Applying these diffusivities to zircon and zircon-hosted melt inclusions of typical YTT 

sizes (assumed spherical melt inclusion in the center of a spherical zircon host, with radii of 8 

μm and 40 μm, respectively), we calculate that zircon-hosted melt inclusions will diffusively 

equilibrate with an external melt on decadal-centurial timescales (Figure 22). To provide a 

maximum timescale for H2O reequilibration, we model the diffusivity of H2O in zircon to be as 

slow as that of Li, and conclude H2O equilibration will still occur in < 10 ky. In comparison, 

H2O has been found to diffusively re-equilibrate within hours in olivine-hosted inclusions 

(Massare et al., 2002; Portnyagin et al., 2008; Gaetani et al., 2012), and within months in quartz-

hosted inclusions (Severs et al., 2007). Consequently, the diffusivity of water through zircon is 

substantially slower than through most other host minerals. However, given the longevity of the 

YTT magmatic system, and the long histories of individual zircons (see Figure 12), we believe it 

is highly likely that water contents of zircon-hosted melt inclusions reflect external melt 

conditions shortly before eruption, and do not represent long-term trapped water contents.  

The same diffusive equilibration modeling can be applied to Li
+
 to explore the 

significance of the wide Li compositional range in YTT zircon-hosted melt inclusions (see 

Figure 8). Estimating a Kd
Li

 zrc/melt that is comparable to that of Rb (0.006; calculated from 

Thomas et al., [2002]), and using the experimentally determined D
Li

zrc of 6.52 x 10
-21

 m
2
/s at 750 

°C (Cherniak and Watson, 2010), we find that Li would equilibrate from our samples on ~ 10
4
 yr 

timescales. Therefore, we take the very high-Li contents of low-MgO melt inclusions to reflect 

relatively long-term trapped compositions. As Li is generally one of the most rapidly diffusing 

ions (e.g., Zhang et al., 2010), we expect that all other zircon-incompatible ionic species, 

including volatiles such as F
-
 and Cl

-
, will diffuse much more slowly than Li, and remain 
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immobile in zircon-hosted melt inclusions over the timescales of most magmatic systems (10
5
-

10
6
 yrs).  

 

 

Figure 22. Timescales of H2O diffusive equilibration in zircon-hosted melt inclusions. 

Down-temperature (to 750 °C) extrapolations of possible H2O diffusivities through zircon show a range of 

reequilibration timescales of water from zircon-hosted melt inclusions, ranging from yrs to millennia to achieve 90% 

reequilibration with an external melt. It is therefore likely that water will reequilibrate within melt inclusions on 

rapid timescales compared to the longevities of magmatic systems. 

 

Given these constraints, we use F/H2O ratios to identify melt inclusions that have 

suffered diffusive H2O loss. Both volatiles appear to behave similarly in the melt, but H2O will 

diffusively equilibrate much more rapidly than F
-
. Most low-MgO type melt inclusions have high 

F and high H2O, with nearly invariant F (ppm)/H2O (ppm) ratios of ~0.01 (see Figure 6, Figure 

23). In contrast, high-MgO type inclusions have a wide range of H2O over a relatively narrow 

range of F, with F (ppm)/H2O (ppm) ratios of 0.01-0.05. The rough co-variation of F and H2O in 

low-MgO inclusions implies that the volatile behave similarly and their contents may be 

reflective of original melt compositions. However, the strong H2O depletion relative to F in high-

MgO inclusions suggests these inclusions experienced substantial diffusive H2O loss. If we 

assume that F and H2O contents had initially co-varied in high-MgO inclusions, then the 250-350 
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ppm F in high-MgO inclusions indicates that these inclusions likely formed in melts with 

original H2O contents of ~ 3.5 wt% (see Figure 6). High-MgO inclusions have measured H2O 

contents as low as 0.5 wt%, indicating that diffusive loss occurred within a highly degassed 

environment  ≤ 0.5 wt% H2O), which we believe to most likely occur during eruption. At our 

maximum calculated H2O diffusivities, this degree of H2O loss (from 3.5 to 0.5 wt%) would take 

> 1 yr, which is much too slow for the rapid evacuation timescales of explosive volcanic 

eruptions. Therefore, we conclude that very these low water contents must reflect syn-eruptive 

diffusion through open melt channels, rather than diffusion through the zircon mineral host. 

Consequently, many high- gO “inclusions” must have been open to the grain exterior, either  

 

 

Figure 23. F/H2O ratios and diffusive water loss from zircon-hosted melt inclusions. 

A number of high-MgO zircon-hosted melt inclusions show substantial diffusive water loss from an assumed 

invariant F/H2O ratio (~0.01) during shallow magmatic storage. Similar water loss occurred from open melt 

channels, suggesting that the affected high-MgO inclusion were also partially open to zircon exterior, and degassed 

during eruption. In contrast, low-MgO inclusions do not show the same degree of water loss. Higher H2O content of 

low-MgO inclusions is suggestive of deep, late-stage storage. Also notable is the complete degassing (H2O and F) of 

reheated matrix glasses. See text for further discussion. 

 

due to partial decrepitation during rapid decompression (Bacon et al., 1992; Tait, 1992; Nielsen 

et al., 1995), or because the inclusions were never fully sealed. Although grain polishing has 
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removed full petrographic contexts, we note that many high- gO inclusions have “dissolution” 

type morphologies analogous to those of open melt channels. Melt channels that are very visibly 

open to grain exteriors have a similar range of H2O contents as high-MgO inclusions, and are 

otherwise nearly geochemically identical, providing further evidence that many high-MgO 

inclusions were not sealed at the time of eruption. Therefore, we contend that the wide ranges of 

H2O in high-MgO inclusions and open melt channels reflect varying degrees of connectivity 

between inclusions and grain exteriors, and/or where H2O analyses were positioned relative to 

melt inclusion outlets (e.g., Humphreys et al., 2008).  

Following these considerations, we can also gain insights into the significance of volatile 

contents of YTT matrix glasses. The low minimum H2O contents of high-MgO inclusions and 

open melt channels indicate that diffusive loss occurred in an environment with ≤ 0.5 wt% H2O, 

and we therefore expect that YTT matrix glass would have thoroughly dewatered during 

eruption. However, all measured matrix glasses water contents narrowly cluster at ~ 3 wt% H2O. 

It is therefore likely that YTT matrix glasses have been affected by post-emplacement hydration, 

either through volatile fluxing in a cooling ignimbrite sheet, or by subsequent groundwater flow. 

Sulfur should have similarly degassed during the eruption, and the elevated S of matrix glasses is 

also attributed to post-emplacement vapor/fluid alteration. The lower ranges of H2O and S in 

open melt channels indicate that hydration effects were minimal in the more sheltered melt 

channels. Investigation of the isotopic compositions S and O, and the speciation of H in YTT 

outflow tuffs would bring more light to bear on this surmised post-emplacement history of YTT 

glasses. It is possible that F and Cl did not degas as thoroughly during eruption, leaving matrix 

glasses with F and Cl contents possibly representative of the pre-eruption melt. Overlapping 

fluorine contents of matrix glasses, open melt channels, and high-MgO inclusions suggest pre-

eruptive water contents of 3.0 - 3.5 wt% H2O in the YTT melt.  

In summary, we consider the likely timescale of diffusive reequilibration of water from 

YTT zircon-hosted melt inclusions to be 10s to 100s of years, and our measured H2O contents 

therefore reflect late-stage storage conditions. Lithium and other volatiles (excluding He) re-

equilibrate much slower, over 10
4
+ timescales, and reflect long-term storage or original 

entrapment conditions. The relationship between H2O and F in melt inclusions indicates that 

many high-MgO inclusions suffered major syn-eruptive water loss, and therefore, were likely to 
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have been partially open to grain exteriors. YTT matrix glasses are likely rehydrated, but F and 

Cl contents may be reflective of original melt compositions.       

 

 

The Effects of Phase Separation  

Lastly, the composition of melt inclusion glasses can be modified by the formation of 

vapor and/or “shrin age” bubbles (e.g., Moore et al., 2015; Wallace et al., 2015). Bubbles are 

nearly ubiquitous in YTT zircon-hosted inclusions (and are also present in most YTT quartz-

hosted inclusions [Chesner and Luhr, 2010]). Vapor bubbles form in melt inclusions when post-

entrapment cooling, crystallization and/or decompression cause volatiles to become over-

saturated in the entrapped melt. In contrast, “shrin age bubbles” can form through the 

differential contraction of entrapped glass and the host mineral during cooling, or from the 

volumetric decrease in a melt inclusion due to H2O diffusive loss (Roedder, 1984; Lowenstern, 

1995); these processes, in turn, lead to increased decompressive volatile phase separation (e.g., 

Gaetani et al., 2012; Bucholz et al., 2013). Additionally, bubbles in melt inclusions may 

represent pre-existing bubbles that were trapped along with the melt in a volatile-saturated 

system (e.g., Kamenetsky and Kamenetsky, 2010). Recent studies have determined that vapor 

bubbles can host up to 40-90% of CO2, as well as a substantial proportion of SO2 in melt 

inclusions (Hartley et al., 2014; Moore et al., 2015). Fluorine, Cl, and to a lesser extent, H2O are 

more melt-soluble and therefore generally less partitioned into the vapor phase (Bucholz et al., 

2013).  

Vapor bubbles are present even in many of the reheated and quenched YTT zircon-hosted 

melt inclusions, indicating that heating to 900 °C at 1 atm external pressure did not reproduce the 

P-T conditions sufficient to fully dissolve volatiles back into the melt. However, we assume that 

some portion of the vapor phase would have been reincorporated into the melt inclusion during 

heating, and therefore, the effect of vapor partitioning in YTT zircon-hosted inclusions can still 

be partially evaluated by comparing the volatile contents of unheated and heated melt inclusions 

(see Figure 6). Fluorine and Cl contents of heated inclusions are not systematically higher than 

in unheated inclusions, consistent with minimal vapor-partitioning effects. H2O contents are also 

roughly the same between heated and unheated samples, although the possibility of diffusive loss 
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in heated samples complicates any interpretation of vapor-bubble partitioning (and vice versa). 

Most heated inclusions also have equivalent S contents to unheated samples, suggesting minimal 

vapor rehomogenization. However, one heated sample (C_MI_11a) has over twice the S as the 

majority of measured inclusions. This sample also has substantially lower SiO2 than most 

inclusions, suggesting that this particular compositional anomaly is due to the breakdown of a S-

containing co-trapped mineral rather than vapor-phase rehomogenization. Chesner (1998) 

documents pyrrhotite as a common inclusion in Toba pyroxene, amphibole, and accessory 

phases, and notes that free-floating sulfides are present, albeit rare, in YTT eruptives. These 

findings further support the notion that a melted sulfide phase could have caused aforementioned 

anomalous S in the heated inclusion in question. While we cannot comment on the effect of 

thermal rehomogenization on CO2 in heated inclusions (due to contamination concerns), phase 

partitioning does not seem significant for other volatile species in YTT zircon-hosted inclusions.  

 

 

Summary of the Fidelity of Zircon-Hosted Melt Inclusions  

We have presented the first detailed assessment of the fidelity of zircon-hosted melt 

inclusions in accurately representing their host liquids at the time of entrapment. The slow 

growth rate of zircon largely precludes the formation of boundary layers, and we find no 

evidence of boundary layer effects in YTT zircon-hosted melt inclusions even as small as  0 μm 

diameters. By comparing heated and unheated inclusions, we recognize that < 2 wt% PEC of 

non-host phases occurred in the low-MgO population of YTT zircon-hosted inclusions. 

However, these PEC effects are minor compared to host-phase PEC in melt inclusions from 

many other minerals. Water does diffusivity reequilibrate through zircon on appreciably fast 

timescales, however, this diffusivity is slower than in other minerals, and syn-eruptive H2O loss 

is unlikely if zircon-hosted melt inclusions remain intact during eruption. Water contents in fully 

sealed zircon-hosted inclusions, therefore, are taken to represent storage conditions experienced 

within < 10 ky of eruption. Lastly, partitioning of H2O, Cl, F, and S into vapor bubbles in YTT 

inclusions is thought to be minor. The degree of vapor partitioning of CO2, however, is 

unknown. We conclude that zircon is a robust mineral host, and zircon-hosted inclusions are 

largely representative of their surrounding liquid environments at the time of formation. 
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Therefore, we assert that zircon-hosted melt inclusions have significant petrologic utility in 

determining long-term geochemical histories for all species except He, H2O, and Li. Ruptured, or 

unsealed melt channels in zircon can be illustrative for recognizing syn-eruptive phenomena, 

such as ascent rates and rehydration. We entreat researchers to fully establish the petrologic 

context of melt inclusions (size, habit, bubble contents, connections to grain exteriors) prior to 

polishing and analyses. We also encourage further studies of H2O diffusion in zircon to better 

constrain the timescales of equilibration on zircon-hosted melt inclusions.  

  

Formation of Zircon-Hosted Melt Inclusions 

A fundamental consideration when interpreting melt inclusion chemical suites is that 

inclusions can only be entrapped to during periods when minerals are actively growing. This 

inevitably restricts the periods of magmatic history recorded in melt inclusions to those 

conditions where the melt is saturated in the host mineral. This is a particularly important 

consideration when interpreting melt inclusions in minerals with restricted stability fields, such 

as zircon and other accessory minerals, as these melt inclusions suites may provide a 

misrepresentation of past magmatic abundances and an incomplete record of magmatic diversity 

(e.g., Faure and Schiano, 2005; Baker, 2008).  

In the YTT, the common association of melt inclusions with areas of zircon dissolution 

and regrowth suggests that many melt inclusions in YTT zircon were trapped following major 

perturbations of the magma system. These dissolution-type melt inclusions represent the last 

vestiges of reentrant melt channels, which became isolated from the external melt during zircon 

regrowth. The record provided by dissolution-type zircon-hosted inclusions, therefore, is biased 

towards particular periods where the melt has re-established conditions of zircon saturation 

following episodes of zircon-undersaturation. Similar associations of melt inclusions with 

dissolution and regrowth zones in other mineral suites (e.g., Watson, 1976; Bacon et al., 1992), 

indicate that rapid mineral growth following magmatic perturbations may be a widespread 

occurrence (Schiano, 2003; Kohut and Nielsen, 2004). Active examples of these dissolution-

regrowth processes are the open melt channels that are present in a number of YTT zircon grains. 

Most of these reentrant melt channels are rimmed with thin (1-3 μm) CL-bright zircon growth 

rinds, indicating the regrowth of new zircon as the late-stage YTT magma re-established zircon-

saturation.  
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In contrast, primary-type melt inclusions in YTT zircon may have formed during more 

continuous, euhedral mineral growth unassociated with dissolution events. Similarly textured 

inclusions in olivine and quartz are commonly thought to form via infilling following rapid 

skeletal growth (Kohut and Nielsen, 2004; Faure and Schiano, 2005; Baker, 2008). However, 

this manner of growth and entrapment is unlikely in zircon, due to the low abundance and slow 

diffusion of Zr in melts (Mungall et al., 1999; Zhang et al., 2010), although we did recognize a 

single instance of zircon skeletal growth from CL-imaging. Still, it is more likely that primary-

type melt inclusions in zircon formed due to defects in growth faces. Some YTT primary-type 

melt inclusions contain co-trapped apatite needles, suggesting that the physical attachment of 

apatite created defects contributing to melt inclusion entrapment (Nakamura and Shimakita, 

1998). However, it is important to note that most zircon dissolution/regrowth textures are only 

recognized in CL. As CL imaging only reflects the exposed zircon surface, it is possible that 

some primary-type melt inclusions may actually be associated with regrowth zones at depth, 

thereby complicating associations between melt inclusion compositions, ages, and entrapment 

mechanisms.  

 

Chemical and Temporal Variations Zircon-Hosted Melt Inclusions and Implications for the 

Youngest Toba Tuff Magma System 

Given that zircon-hosted melt inclusions inherently only sample melt conditions that are 

actively crystallizing zircon, it not surprising that the entire suite of PEC-corrected melt 

inclusions fall within a very narrow range of high-silica rhyolite compositions (see Figure 4). 

This compositional similarity, combined with the association of many inclusions with dissolution 

textures, suggests that over > 300 ky (see Figure 14), the Toba system was repeatedly perturbed 

by thermal events, after each of which, the system evolved back to conditions close to the granite 

minimum. However, within the high-silica rhyolite range of zircon-hosted melt inclusions, we 

recognize subtle, yet important compositional and possibly temporal distinctions.  

We find a subset of anomalous inclusions considered unrelated to the dominant low and 

high-MgO inclusion populations. The main such group of inclusions are the low-MgO, high-

Al2O3 variety (n=4, 2 grains). One dated low-MgO, high-Al2O3 inclusion has a secular 

equilibrium entrapment age, which suggests that these melt compositions may have all been 

entrapped in the distant past, and might be unrelated to the magmatic processes that produced 
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younger melt inclusions. Another temporally-recognized anomalous melt inclusion is a secular 

equilibrium-age high-MgO inclusion with uncharacteristically high H2O (4.9 wt%) (discussed 

further below). Broadly speaking, these anomalous melt inclusion compositions are indicative of 

unusual melt flavors that occurred at a distant time (and spatial location) in the YTT magmatic 

history. In a system as large and long-lived as Toba, it would be no surprise to find many other 

melt varieties in a more expanded sample set. That being said, these anomalous inclusions are 

excluded from following discussions, as we focus on the two main populations of low and high-

MgO inclusions that include younger materials and are thereby more closely linked to events 

leading to the YTT eruption itself. 

Low- and high-MgO inclusions have important trace element and volatile compositional 

distinctions. As opposed to major elements, the differences in trace element and volatile contents 

cannot explained by PEC processes, as trace element analyses are insensitive to PEC effects 

(because the entire melt inclusions were ablated), and the volatile difference are too large to be 

PEC-related. Therefore, the systematic trace element and volatile differences between the two 

populations suggest distinct petrological origins. High-MgO inclusions have trace element and F 

compositions directly overlapping that of matrix glasses (see Figure 6, Figure 8). Low- MgO 

inclusions, however, have resolvably more evolved compositions (high Li, low Ba, Sr) than 

high-MgO inclusions, and also have increased H2O and F, suggestive of deeper magmatic 

storage (and possibly origin) depths.  

Storage depths for each type of inclusion were calculated from the composition-

dependent H2O-CO2 solubility model of Papale et al. (2006). PH2O is nearly PTOTAL (Chesner and 

Luhr, 2010), and based on CO2 measurements in quartz-hosted inclusions (10-175 ppm CO2, but 

generally < 75 ppm [Chesner and Luhr, 2010]), CO2 was estimated at 50 ppm for inclusions with 

< 4.9 wt% H2O; 100 ppm CO2 for inclusions with 5.0-5.3 wt% H2O; and 150 ppm CO2 for more 

hydrous inclusions. Pressures were calculated from non-PEC corrected major element 

compositions at an estimated melt temperature of 725 °C. The calculated saturation depths of 

low-MgO type inclusions are ~4-5 km (1.2-1.5 kbar), with the most hydrous inclusions having 

storage depths of ~8-9 km (2.4-2.8 kbar)(see Appendix A). These estimates are similar to the 

storage depths of ~3.5-4.5 km (1.1 – 1.4 kbar) determined from quartz-hosted inclusions 

(Newman and Chesner, 1989; Chesner and Luhr, 2010). These depth estimates are minimums, as 

an unknown quantity of CO2, and possibly some H2O, may be contained in vapor bubbles  
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(Hartley et al., 2014; Moore et al., 2015), which could strongly affect volatile saturation 

calculations. High-MgO inclusions, assuming a pre-diffusive-loss H2O content of 3.0 wt% 

(based on F concentrations), have shallower storage depths of 2-3 km (0.60-0.85 kb).  

Within our limited temporal dataset of melt inclusion ages we do not recognize any 

chemical trends from melt inclusion compositions. Compositions entrapped within zircon-hosted 

melt inclusions over extended periods of Toba magmatic history are, by and large, very similar.  

 

 

Melt Inclusion Associations with YTT Mush and Melt Zones 

We interpret the differences in compositions and storage depths of the two melt inclusion 

populations to be reflective of their origins in deep crystal mush and shallow melt-rich settings. 

A magmatic system as large as Toba is expected to have extensive deep crystal mush roots 

underlying any shallower melt-rich zone (e.g., Bachmann and Bergantz, 2004; Hildreth, 2004; 

Bachmann and Bergantz, 2008; Chu et al., 2010). The small size of zircon grains, and the high 

viscosity of the rhyolitic YTT melt largely preclude the possibility that any low-MgO minerals 

arrived at depths down to 9 km through Stokes settling (Bachmann and Bergantz, 2004). We 

therefore propose that most low-MgO inclusion-bearing zircon grains crystallized in-situ from a 

crystal-rich mush zone. The evolved trace element compositions of this population are consistent 

with formation from fractionated interstitial melts within a crystal mush. Crystal clots consisting 

of “~ 5% quartz, plagioclase, biotite, hornblende, zircon, and allanite” have been identified in 

YTT pumice by Vazquez (2004), providing direct evidence to the nature of the YTT crystal 

mush zone. The occurrence of zircon as inclusions within hornblende (in addition to other 

minerals)(Chesner, 1998; and this study) provides further evidence that these mineral types were, 

at some point in YTT history, co-associated (see Figure 2).  

The presence of hornblende in the crystal mush assemblage may explain the seeming 

inconsistency of hornblende being ubiquitous in YTT eruptives, but was found to be 

experimentally unstable in the YTT assemblage (Gardner et al., 2002). Minerals formed in 

crystal mush settings may be unrelated to many aspects of the larger magma system, having 

potentially formed at substantially different times and/or in different thermo-chemical 

microenvironments (e.g., Huber et al., 2009; Burgisser and Bergantz, 2011; Klemetti and 

Clynne, 2014). If low-MgO zircon, amphibole, and many other minerals formed in a deep mush 
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environment, their disequilibrium with the final YTT melt (matrix glass) should not be 

surprising. The ubiquity of hornblende and other mush-derived minerals throughout the YTT can 

be explained by mush remobilization and convective mixing proceeding/during eruption (Huber 

et al., 2009), with eruptive products being roughly homogenous at the hand-sample scale but 

being comprised of components with heterogeneous origins (Huber et al., 2009; Burgisser and 

Bergantz, 2011).   

 The recognition that a substantial portion of YTT erupted mineral may have had origins 

in a crystal mush can also explain the findings of Chesner and Luhr (2010), where quartz-hosted 

melt inclusions are enriched in incompatible trace elements compared to their surrounding matrix 

glass. The authors had proposed crystal settling and non-specific boundary layer effects as 

possible, unsatisfying explanations (Chesner and Luhr, 2010; Chesner, 2012). However, we note 

that the low-MgO zircon-hosted melt inclusion population has saturation depths and some trace 

element compositions similar to those in the quartz-hosted inclusions (with slight major element 

differences possibly due to not-previously-considered PEC processes in quartz melt inclusions). 

If melt inclusions in both suites represent interstitial melts within a crystal mush, but matrix glass 

reflects a different, more primitive melt environment into which mush-crystals were 

incorporated, then the chemical inconsistencies between quartz- and zircon-hosted melt 

inclusions and their host matrix glasses are easily explained.  

High-MgO zircon-hosted melt inclusions, on the other hand, have compositions 

suggestive of different formation conditions. The major, volatile, and trace element 

compositional similarity of most high-MgO melt inclusions with matrix glasses suggests that 

these inclusions were in communication with the surrounding melt shortly before the YTT 

eruption. The shallow saturation pressures of high-MgO inclusions suggest late-state storage (or 

entrapment) within a shallow part of the magmatic system. Many more high-MgO inclusions are 

associated with in-filled melt channels than low-MgO inclusions are, suggesting that the area in 

which grains with high-MgO inclusions resided were more commonly affected by recharge-type 

events. Two high-MgO type inclusions have old entrapment ages (120-220 ka, and > 370 ka), 

which indicate that the high-MgO and matrix glass compositions are not unique occurrences in 

the long-lived Toba system.  

The different storage depths of high and low-MgO inclusions may also explain the 

apparent occurrence of PEC in only the low-MgO population (see Figure 20). The higher 
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confining pressure of the deep low-MgO inclusions could have stabilized the PEC of high-

pressure mafic minerals, such as hornblende. Such minerals, however, may have been unstable at 

shallower high-MgO entrapment depths, preventing their formation and leaving high-MgO 

inclusions relatively unaffected by PEC.  

Therefore, we contend that the compositional differences (trace elements, volatiles, PEC-

affected major elements) in low- and high-MgO inclusions reflect respective origins in a deep 

crystal mush and a shallow melt-rich region. Pre-eruptive mixing of mush-sourced minerals 

within the larger YTT melt environment can explain mineral-melt disequilibrium conditions that 

have been recognized in hornblende crystals (Gardner et al., 2002) and quartz-hosted melt 

inclusions (Chesner and Luhr, 2010) in the YTT. 

 

 

Insights into the Pre-eruptive Evolution of YTT Magma System 

By interpreting YTT zircon-hosted melt inclusions within the framework established for 

other supervolcanic systems (e.g., Long Valley, Yellowstone, Fish Canyon), we suggest the 

following model of the pre-eruptive evolution of the Toba magma system:  

After the MTT eruption (~500 ka), the YTT magma chamber was gradually rebuilt 

through the piecemeal addition of basaltic magmas and mid-upper crustal anatexis (e.g., Chesner, 

1998; Hildreth and Wilson, 2007; Lipman, 2007). A number of zircon cores with secular-

equilibrium ages have extremely high U, Th, and Hf (see Figure 16), indicating that prior to 370 

ka, some areas of the early YTT magma chamber became very highly fractionated, and possibly 

crystallized completely. Melt inclusions entrapped during this time period include a number of 

anomalous compositions, possibly reflecting inclusion entrapment in thermally, chemically, 

and/or temporally isolated melt regions. Continued growth of the YTT system via basaltic 

injections, crustal melting, and ongoing fractionation likely built up an extensive region of 

thermally-buffered crystal mush in the upper-mid crust (e.g., Bachmann and Bergantz, 2008). 

Only a limited number of zircon growth zones have ages between ~200-375 ka, and zircon U-

compositions do not indicate growth from an exceptionally fractionated melt (see Figure 15). 

Some low-MgO type melt inclusions may also have had their origin during this time period, 

presumably reflecting the existence of an older mush zone.  
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The majority of dated zircon growth zones are between 135-200 ka. The U-content of 

zircon growth zones from this time period progressively increase from ~100-200 to 1,000+ ppm 

in younger samples. This type of composition-age relationship is expected from the progressive 

fractionation of a magma body, as incompatible U is enriched in a shrinking residual melt 

fraction. In contrast, YTT allanite analyzed by Vazquez and Reid (2004) in different YTT 

samples record relatively invariant melt compositions between 110-200 ka, and were interpreted 

to reflect formation in a thermally-buffered, steady-state magma system. We do not view this as 

contradictory, as systems as large as Toba can contain numerous large melt zones at any given 

time, each potentially experiencing heterogeneous recharge and crystallization rates (Charlier et 

al., 2003; Shane et al., 2005; Hildreth and Wilson, 2007; Allan et al., 2012; Cashman and 

Giordano, 2014). Magmatic zones that were largely isolated from magmatic recharge may have 

fractionated extensively, causing the U-increase seen in our zircon, while zones more affected by 

recharge would have remained thermally and chemically buffered, as evidenced by the allanite 

compositions of Vazquez and Reid (2004). It is therefore possible that the different chemical 

records in similarly aged YTT zircon and allanite growth zones reflect origins in different 

magmatic regimes.  

A paucity of zircon growth ages occurs in our dataset between ~85-135 ka. A potentially 

similar hiatus in YTT zircon ages between ~110-135 is present in a dataset collected by Vazquez 

(2004) (Figure 24). YTT allanite show a similar age gap between ~120-140 ka, after which, the 

diversity of YTT allanite compositions increase (Vazquez and Reid, 2004). Vazquez and Reid 

(2004) interpret the later allanite record as reflecting increasing magmatic activity in the system. 

Although difficult to resolve due to large age uncertainties, the zircon and allanite records 

between 110-140 ka may reflect a general heating of the broader Toba system above zircon and 

allanite-saturation temperatures during this time period. Allanite is stable at higher temperatures 

than zircon (< 760 °C and ~700-730 °C in YTT conditions, respectively [Vazquez, 2004; 

Vazquez and Reid, 2004; Boehnke et al., 2013], see Appendix A), so the possible onset of 

allanite crystallization ~10 ka before zircon crystallization may reflect cooling between the two 

saturation temperatures. Alternatively, these crystallization lulls may reflect spatial differences, 

as discussed previously, or simply sampling limitations. 
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Figure 24. Compilation of YTT zircon and allanite U-Th ages. 

A compilation of in-situ U-Th ages from zircon and allanite crystals from this study (zircon in white symbols) and 

previous work by Vazquez (2004) (zircon in blue symbols) and Vazquez and Reid (2004) (allanite in orange 

symbols) shows evidence of the longevity of the Toba systems, extending > 400+ ka (oldest mineral ages are from 

U-Pb zircon analyses by Vazquez 2004) before the YTT eruption. Additionally, a noticeable gap in mineral ages 

exists between ~110-130 to 140 ka, possibly reflecting a perturbation to the Toba system. See text for discussion. 

Also shown are YTT and MTT eruption ages, and the onset of secular equilibrium at ~375 ka. U-Th model age 

uncertainties are 1-SE. 

 

   
 

 

The final pre-eruptive state of the YTT magma system is reflected in quenched matrix 

glass compositions. High-MgO inclusions are geochemically identical to the majority of matrix 

glasses from the single pumice locality involved in this study. However, a large database of 

proximal pumice and distal ashes measured by Westgate et al. (2013) shows that the glass 

compositions measured in this study represent only a subset of a wide diversity of melt erupted 

from the YTT (Figure 25). The majority of YTT matrix glasses (~80%) have Ba and Sr similar 

to low-MgO zircon-hosted melt inclusions, while a smaller fraction have compositions more 

similar to the high-MgO inclusions and the matrix glasses analyzed in this study. Importantly, a 

subordinate number of glass shards have substantially higher Ba and Sr, as well as less evolved 

REE profiles (Westgate et al., 2013; Pearce et al., 2014). Rare samples of high Ba and Sr matrix 
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glass were also identified by Chesner and Luhr (2010), and in glass separates by Gaither (2011). 

Westgate et al. (2013) and Pearce (2014) recognize that the broad suite of YTT glasses cluster as 

four to five discrete compositional populations. While occurring along a single Ba – Sr trend, 

each glass population has internal Y - Ba variance consistent with the fractionation of feldspar 

(removing Ba, Sr) as well as the fractionation of a combination of allanite, apatite, and zircon 

(removing Y). Given the unusually high abundance of allanite in YTT material (Chesner, 1998; 

Vazquez and Reid, 2004) and the chemical signature of allanite fractionation in Th/U and Yb/Gd 

ratios in zircon (see Figure 8), we consider allanite crystallization to likely be the greatest source 

of these internal fractionation tends in YTT melt populations. Unfortunately, no major element 

data exists for the Westgate and Pearce sample suite, and uncertainties in our Y-deconvolution 

procedure (due to the high abundance of Y in zircon) preclude fully associating our zircon-

hosted inclusions with this matrix glass data. However, the evidence of fractionation trends 

within each glass population suggests that their associated magmas were each isolated for a 

substantial period of time, and that the YTT eruption tapped a number of somewhat separate 

magma layers or melt pods. Therefore, we conclude that shortly before eruption, the YTT 

magma chamber was either stratified (Chesner, 1998) or consisted of partially isolated melt 

bodies (Vazquez and Reid, 2004) (Figure 26). This late-Toba magma chamber regime may have 

become established following the hypothesized major thermal perturbation between ~110-140 

ka, as suggested by the possible crystallization hiatuses in zircon and allanite.     

The similarity between the abundant, lowest Ba-Sr matrix glass (population I) and the 

evolved, deeply entrapped low-MgO zircon-hosted melt inclusions hints that this glass 

composition may have crystal-mush origins (see Figure 25). A YTT crystal mush zone actively 

fractionating allanite (and zircon) could have contributed highly evolved and Y-depleted melt to 

the shallower Toba system through filter-pressing, crystal settling, and/or buoyant ascent (Sisson 

and Bacon, 1999; Bachmann and Bergantz, 2004; Pistone et al., 2015).  
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Figure 25. Sr-Ba and Y-Ba variations of YTT glasses. 

A wide dataset of YTT pumice and distal ash by Westgate et al. (2013) and Pearce et al. (2014) shows that the YTT 

eruption evacuated a wide range of glass compositions (grey symbols). Matrix glasses and melt inclusions in this 

study are similar to the most evolved erupted melts (population I), which comprise ~80% of erupted glass. The 

overall trends in the YTT glasses are suggestive of major fractionation or mixing, however fractionation trends in 

within discrete glass populations (I-IVa,b in plot B) indicate long-term isolation of magma batches. No zircon-

hosted melt inclusion compositions are presented in plot B due to major uncertainties in determining Y from our 

melt inclusion deconvolution procedure. Figure modified after Westgate et al. (2013).   

 

The abundance of such highly evolved melts in the YTT eruptives suggests that melt evolution 

and migration from a crystal mush may have played a large role in producing the vast melt 

accumulation prior to the YTT eruption. The less evolved matrix glasses (populations II-IV) may 

reflect environments that experienced more mixing with primitive intruding magmas. 
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Therefore, we conclude that over a 300+ ky period, the YTT system was assembled 

through piecemeal growth and developed an extensive crystal mush system, as well as shallow 

melt regions. Following a possible period of major magmatic perturbation ~110-140 ka, the YTT 

became stratified or compartmentalized system, with magma regions experiencing differing 

degrees of mixing and crystallization.  

 

 

Recharge Events and Association to the YTT Eruption  

Magma mixing is widely recognized as a fundamental process in the growth and eruption 

of supervolcanic systems (e.g., Hildreth and Wilson, 2007). These mixing events thermally 

sustain and chemically “recharge” a host magma body, contributing to magma chamber 

longevity and resulting in complicated mineral histories (e.g., Davidson and Tepley, 1997). 

Dissolution and regrowth zones are common in zircon suites from many localities, and are 

thought to be due to such magmatic recharge events (Schaltegger et al., 1999; Corfu et al., 2003; 

Claiborne et al., 2010). These textures have been recognized in YTT zircon grains by a number 

of authors (Chesner, 1998; Vazquez, 2004; Gaither, 2011; Hofmann et al., 2014), and we find 

recharge features in YTT zircon grains of all ages. Petrographic and geochemical associations of 

these recharge features provide insights into the nature, and importance, of recharge events in the 

YTT. 

Zircon saturation is largely independent of pressure, and zircon dissolution and regrowth 

are, therefore, controlled by temperature and melt composition (Watson, 1996; Boehnke et al., 

2013). Regrowth zones in YTT zircon typically have low U (most < 200 ppm), suggesting that 

the melt in which the zircon had re-saturated was relatively hot and primitive (e.g., Claiborne et 

al., 2010; Klemetti and Clynne, 2014). Many melt inclusions are entrapped within zircon 

dissolution and regrowth areas, and calculations of zircon saturation temperatures (Boehnke et 

al., 2013) can provide minimum temperatures of the post-recharge system. Using a range of Zr 

approximations (85 - 150 ppm), we estimate local zircon saturation temperatures to be between 

~675-730 °C (see Appendix A); the local temperatures of Toba magmas during recharge events 

were necessarily hotter than these saturation temperatures.    

From petrography and evidence of diffusive H2O loss, we recognize that many YTT 

zircon grains are infiltrated with open melt channels. This suggests that shortly before the YTT 
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eruption, a major thermal recharge event occurred and causing the system, or part of it, to 

become zircon-undersaturated. Most of these melt channels are partially in-filled with new 1-3 

μm wide rinds of low U-zircon growth (see Figure 3), showing that the system returned to 

zircon-saturation at some point between the recharge event and the YTT eruption. High-end 

estimates of zircon growth rates from Watson (1996), and calculated from rapidly-formed zircon 

grains found in a number of localities (Crowley et al., 2007; Schmitt et al., 2011; Zou et al., 

2014) (~10
-13

 – 10
-14

 cm/s), indicate that the thin regrowth rinds around YTT melt channels could 

have formed in as little as 50 to 500 years. Therefore, while the small size of zircon regrowth 

zones precluded U-Th dating, circumstantial evidence suggests that the dissolution-regrowth 

event(s) likely occurred shortly before the YTT eruption.  

Similar evidence of late-stage recharge events, followed by high-temperature mineral 

regrowth, are found in YTT quartz (Matthews et al., 2012; Barbee et al., 2014). Matthews et al. 

(2012) modeled Ti-diffusion profiles in a number of exterior, high-T growth zones in quartz, and 

estimated that major recharge events occurred only ~80 and ~240 years prior to the YTT 

eruption. It is important to note that the modeled timescales are from the onset of quartz 

precipitation until eruption, with an unknown period of time required for the YTT system to 

return to quartz-saturation following the recharge event. The similarity between the timescales 

calculated from quartz and zircon regrowth zones suggests the dissolution textures in these suites 

may reflect the same recharge event(s), which occurred 100-1,000s of years prior to the YTT 

eruption. 

 

The Triggering Mechanism of the YTT Eruption 

While the close timing of late recharge event(s) and the YTT eruption is striking, we 

recognize that a temporal association does not necessarily indicate a causal relationship. 

Dissolution textures are not ubiquitous features in all YTT zircon or quartz grains. Many YTT 

zircon grains in our study have no evidence of dissolution textures. Gaither (2011) finds no 

evidence of increased chemical or thermal diversification of YTT zircon growth zones 

approaching zircon rims, and makes no mention of the presence of melt channels in their 

analyzed grains. Barbee et al. (2014) find high-T rims on only a subset of YTT quartz grains 

from lower whole-rock SiO2 samples. The lack of universal evidence for late-stage recharge 

events suggest that only particular portions of the Toba magma chamber were directly affected 
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by late-stage recharge events. Additionally, YTT zircon grains commonly have evidence of 

older, in-filled dissolution channels, suggesting numerous recharge-related perturbations in the 

past, which may have caused some remobilization and mixing of the mush zone (Klemetti and 

Clynne, 2014), but did not result in catastrophic eruptions (i.e., were failed intrusions).    

Nevertheless, we view the timing of recharge event(s) and the YTT eruption as too 

closely associated to be discounted as entirely coincidental. Despite the non-universal 

mineralogical signature of the recharge event(s), we note that very large systems like Toba may 

have many heterogeneous micro-environments, and events or eruptions focused in one region 

may induce instability and eruption elsewhere in the system. We propose that the continuous 

growth and fractionation of the YTT magma system over 300+ ky, and particularly since ~140 

ka, had left the system chemically (i.e., volatile enriched, as per  olch and  art   [1998], Snyder 

[2000], and Fowler and Spera [2010]) and mechanically primed (i.e., grown to a critical, 

structurally unstable size, as per Gregg et al., [2013]) for eruption, so that a relatively common 

recharge event triggered a critical tipping point. We suggest that thermal recharge event(s) 

caused mush “defrosting” (Mahood, 1990; Bachmann and Bergantz, 2006) and partial mixing 

(Huber et al., 2009) of the stratified or compartmentalized YTT magma chamber (Chesner, 1998; 

Vazquez and Reid, 2004) (Figure 26).   

Gas sparging from recharging magmas has been shown as an effective means of 

mobilizing crystal mush and inducing magma chamber convective mixing (Bachmann and 

Bergantz, 2003), and can explain the widespread occurrence of hornblende, zircon grains with 

low-MgO melt inclusions, and other likely mush-sourced minerals in YTT material by inducing 

convection. Convective mixing before, or during the eruptive drawdown was able to distribute 

minerals but was insufficient to homogenize the YTT melt populations with respect to Ba, Sr, 

and Y. This in another indication that the eruption occurred relatively shortly after convective 

mixing began (Huber et al., 2009), consistent with our conclusions from mineral regrowth rate 

estimates. We contend that, as the eruption progressed, successively more crystal mush material 

was erupted, producing the crystal-rich low-SiO2 tuff compositions that in-filled the caldera 

during the final eruption stages (Chesner, 1998). We also suggest that the populations of high 

Ba-Sr matrix glasses are related to some degree of mixing with a primitive intruding melt(s).  

We have shown that the association of zircon and zircon-hosted melt inclusion ages and 

compositions with other mineral and glass data from the YTT provide insights into the pre-
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eruptive evolution of the YTT system. Our melt inclusion dating resolution is too limited to be 

able to clearly recognize evidence of progressive fractionation in the ~35 ka (after the 

hypothesized major perturbations ~110-140 ka) preceding the YTT eruption. Therefore, we 

cannot specifically determine if crystallization-induced volatile oversaturation (Fowler and 

Spera, 2008; Fowler and Spera, 2010) may have had a strong role in priming the YTT system for 

eruption, but ancillary evidence of Y-Ba fractionation trends in YTT matrix glass (Westgate et 

al., 2013; Pearce et al., 2014) suggest that long term fractionation was indeed operating.  

We contend that long-term growth, fractionation, crystal-mush formation, and melt 

segregation, combined with periodic recharge contributed to a stratified YTT magma chamber 

(or a network of partially connected melt bodies) that was sufficiently large and volatile-rich to 

be primed for eruption. One or more large mixing events 100-1,000s of years before eruption 

reheated a portion of the system, defrosting the mush and initiating convective mixing. 

Overpressurization resulting from rapid volatile exsolution during convective overturn, or from a 

rapid injection of a substantial magma volume, could have triggered a roof failure and eruption. 

Therefore, we suggest that a recharge event into a mechanical and/or chemically primed system 

triggered the YTT eruption. Similar recharge-triggered heating, mixing, and eruption have been 

implicated for other super-eruptions, including the Fish Canyon Tuff (Bachmann et al., 2002; 

Parat et al., 2008; Huber et al., 2009), the Bishop Tuff (Wark et al., 2007; Reid et al., 2011), the 

Bandelier Tuff (Wark and Wolff, 2006) and the Whakamaru eruption (Matthews et al., 2012), 

suggesting that recharge events play major roles in initiating the world’s largest eruptions. 
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Figure 26. Melt inclusion saturation depths and YTT magma chamber model. 

Schematic model of the pre-eruptive YTT magma system is superimposed on a seismic shear velocity model by 

Jaxybulatov et al. (2014) of the crust underlying the modern Toba Caldera. Present-day topography is vertically 

exaggerated (note change in scale); 0 km is assumed to be the pre-YTT topographic surface (upper dashed line). 

Relative histogram of volatile saturation depths YTT zircon-hosted melt inclusions, and (recalculated) quartz-hosted 

inclusions (Chesner and Luhr, 2010) from Papale et al., 2006 (see text for details). Low-MgO melt inclusion depths 

match the lower bound of the seismically anomalous zone underlying the modern Toba Caldera (lower dashed 

outline) which is thought to be the portion of the chamber strongly disrupted by the YTT eruption. We present a 

schematic model for events leading to the YTT eruption, incorporating evidence of multiple recharge events 

superimposed on a long-term stratified/compartmentalized Toba magmatic system. Hlb = hornblende; Plag = 

plagioclase; Biot = biotite; Qtz = quartz; Zrc = zircon. See text for discussion. Figure modified from Jaxybulatov et 

al., 2014. 
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CONCLUSION 

 

 

Zircon minerals are powerful petrologic tools in providing insights into the geochemical 

history of magmatic systems. This work presents a novel method of dating inclusions through U-

Th dating of associated zircon growth zones, in addition to the first measurements of volatiles in 

zircon-hosted inclusions. By combining zircon textures, geochemistry, and U-Th dating with 

melt inclusion compositions and volatile abundances, we further extend the utility of zircon in 

elucidating pre-eruptive magmatic evolution.  

We demonstrate that zircon is a robust, albeit small, melt inclusion host, and zircon-

hosted melt inclusions are largely representative of the melt environments in which they formed. 

Boundary layer enrichments are unlikely to occur in zircon-hosted inclusions due to the slow 

growth rate of zircon as compared to other mineral. Post-entrapment crystallization of the host 

phase is a substantial concern in major mineral phases, but is a non-issue for zircon. Post-

entrapment crystallization of other phases is an issue for melt inclusions in all mineral suites. 

Diffusive exchange through zircon is considered insignificant over most magmatic timescales for 

almost all species apart from H2O, Li, and He; even for these fast-diffusing volatiles, the 

diffusivity in zircon is still far slower than in most other minerals. The diffusive exchange of 

water from zircon-hosted melt inclusions is modeled to occur in less than 10 ka, and may likely 

occur over timescales of decades-centuries; therefore water contents in zircon-hosted inclusions 

do not reflect a long-term history of magmatic water. However, fully sealed melt inclusions 

should not re-equilibrate on the short timescales of eruptive degassing, and therefore reliable 

reflect late-stage storage conditions.  

U-Th dating in zircon provides the potential to constrain the absolute ages of melt 

inclusions, which opens the promising possibility of recognizing timescales of magmatic 

processes and evolution. Zircon grains in the YTT provide evidence of both long-term stability, 

and abrupt chemo-physical perturbations in the system. Despite dating limitations due to U-Th 

uncertainties and unconstrained minimum entrapment ages, we find that zircon-hosted melt 

inclusions in the YTT sample very similar rhyolitic melt compositions over > 300 ky. Within this 
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range, we are able to recognize that some anomalous inclusions have very old ages and therefore 

likely represent magmatic conditions far removed from late-stage activity building toward the 

YTT eruption. We entreat researchers to consider that melt inclusions in mineral suites with wide 

stability fields and/or long lifespans may have formed in very different temporal/spatial 

conditions, and interpreting mineral and melt inclusion compositions as single contemporaneous 

suites risks misinterpreting petrologic processes.  

The broad similarity of YTT zircon-hosted inclusions entrapped over 300+ ky reflects 

that these inclusions can only form during periods of zircon growth, and are thus inherently 

biased toward sampling only the highly fractionated portions of the Toba magma system. 

However, we recognize that the YTT system included a much wider range of conditions, as 

evidenced by the common zircon dissolution textures from presumed past magmatic recharge 

events. The relatively primitive (low-U) trace element compositions of these regrowth zones also 

attest to this formation mechanism. Therefore, we conclude that the Toba system repeatedly 

experienced cycles of significant thermal perturbations, followed by returning to cooler, highly 

evolved condition of zircon-saturation.  

Combining evidence from zircon-hosted inclusions with information from zircon and 

allanite composition and ages, quartz textures, compositions, and melt inclusions, and the broad 

range of YTT matrix glass, provides additional insights into the YTT system. We recognize a 

population of zircon-hosted inclusions with major and trace element signatures matching that of 

matrix glasses, and with volatile-saturation depths indicative of shallow storage depths. This 

population has many partially sealed reentrant melt channels that a) show that thermal recharge 

commonly affected this melt region, and b) resulted in significant syn-eruptive diffusive water 

loss. A population of low-MgO inclusions has a more evolved trace element signature and 

deeper storage depths, consistent with formation in a crystal much environment. 

Compositions sampled in this study represent a narrow range of YTT erupted glass 

compositions. The overall suite of YTT glasses suggests that the pre-eruptive YTT system 

consisted of a number of somewhat isolated magma bodies, all occurring along a similar Sr-Ba 

compositional trend, but each having evidence of distinct fractionation trends (Westgate et al., 

2013; Pearce et al., 2014). This provides evidence that the late-stage YTT magma chamber was 

either a stratified system (Chesner, 1998; Chesner, 2012) or consisted of somewhat isolated melt 

bodies (ex. Simon and Reid, 2005; Cashman and Giordano, 2014). 
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Dissolution textures associated with recharge events are common in YTT zircon and 

quartz grains. Actively open melt channels in zircon grains, and diffusion modeling of late-stage 

quartz regrowth zones (Matthews et al., 2012) suggest that one or more recharge events occurred 

within ~100-1000 yrs before the climactic YTT eruption. We therefore view this recharge 

event(s) into a stratified/compartmentalized magma chamber to have triggered the cataclysmic 

74 ka eruption. The evidence from zircon textures of numerous past recharge events indicates 

that many such events did not lead to eruptions. Therefore, we suggesting the final recharge 

event(s) occurred in a system that was already otherwise primed for eruption through a 

combination of chamber growth (Gregg et al., 2013) and volatile enrichment through long-term 

fractionation (Fowler and Spera, 2010). This work adds to the growing body of findings that 

recharge events may trigger volcanic eruptions on all spatial scales, from sub-plinian events to 

the most catastrophic eruptions on Earth. 

This study has presented the first volatile measurements in zircon-hosted melt inclusions, 

and their utility in constraining storage depths of zircon grains. Additionally, we have shown the 

potential of using U-Th dating to constrain melt inclusion entrapment ages and to interpret long-

term evolutionary trends in magmatic system. While the small size of zircon and zircon-hosted 

melt inclusions provides unique analytical challenges and limited measurement precision, 

advances in mircoanalytical methods (e.g., nano-SIMS, micro-FTIR) can reduce these issues. 

The combined zircon-based approach presented here for the YTT system can prove useful in 

elucidating the temporal trends of many siliceous systems. This can be particularly illustrative in 

younger systems (< 100 ka), where U-Th ages can provide improved temporal resolution.  

We entreat future researchers to heed a number lessons learned during this work: i) 

thoroughly characterize melt inclusions prior to removing petrologic context by polishing grains, 

noting the presence and sizes of vapor bubbles, daughter minerals, and any inclusion connections 

to grain exteriors; ii) consider the lateral and depth averaging of any analysis of mineral growth 

zones; iii) use indium rather than epoxy mounts when planning volatile measurements in order to 

avoid C, H2O, and Cl contamination; iv) consider the major possible differences in spatial and 

temporal occurrences of minerals and melt inclusions before interpreting any group of samples 

(even from a single handsample) as either a consanguineous suite or related to the melt; and v) 

diversify sample locations in order to incorporate the wide possible range of materials that can be 

erupted, particularly from large supervolcanic eruptions.



78 

 

REFERENCES 

 

 

Aldiss, D.T., and Ghazali, S.A., 1984, The regional geology and evolution of the Toba volcano-tectonic depression, 

Indonesia: Journal of the Geological Society, v. 141, no. 3, p. 487–500. 

Allan, A.S.R., Wilson, C.J.N., Millet, M.-A., and Wysoczanski, R.J., 2012, The invisible hand: Tectonic triggering 

and modulation of a rhyolitic supereruption: Geology, v. 40, no. 6, p. 563–566. 

Anderson, A.T., 1974, Evidence for a picritic, volatile-rich magma beneath Mt. Shasta, California: Journal of 

Petrology, v. 15, no. 2, p. 243–267. 

Anderson Jr, A.T., Swihart, G.H., Artioli, G., and Geiger, C.A., 1984, Segregation vesicles, gas filter-pressing, and 

igneous differentiation: The Journal of Geology, v. 92, no. 1, p. 55–72. 

Bachmann, O., and Bergantz, G.W., 2008, The magma reservoirs that feed supereruptions: Elements, v. 4, no. 1, p. 

17–21. 

Bachmann, O., and Bergantz, G.W., 2006, Gas percolation in upper-crustal silicic crystal mushes as a mechanism 

for upward heat advection and rejuvenation of near-solidus magma bodies: Journal of Volcanology and 

Geothermal Research, v. 149, no. 1, p. 85–102. 

Bachmann, O., and Bergantz, G.W., 2004, On the origin of crystal-poor rhyolites: extracted from batholithic crystal 

mushes: Journal of Petrology, v. 45, no. 8, p. 1565–1582. 

Bachmann, O., and Bergantz, G.W., 2003, Rejuvenation of the Fish Canyon magma body: A window into the 

evolution of large-volume silicic magma systems: Geology, v. 31, no. 9, p. 789–792. 

Bachmann, O., Dungan, M.A., and Lipman, P.W., 2002, The Fish Canyon magma body, San Juan volcanic field, 

Colorado: rejuvenation and eruption of an upper-crustal batholith: Journal of Petrology, v. 43, no. 8, p. 

1469–1503. 

Bacon, C.R., 1989, Crystallization of accessory phases in magmas by local saturation adjacent to phenocrysts: 

Geochimica et Cosmochimica Acta, v. 53, no. 5, p. 1055–1066. 

Bacon, C.R., Newman, S., and Stolper, E., 1992, Water, CO2, Cl, and F in melt inclusions in phenocrysts from three 

Holocene explosive eruptions, Crater Lake, Oregon: American Mineralogist, v. 77, p. 1021–1030. 

Baker, D.R., 2008, The fidelity of melt inclusions as records of melt composition: Contributions to Mineralogy and 

Petrology, v. 156, no. 3, p. 377–395. 

Barbee, O.A., Chesner, C.A., and Reid, M.R., 2014, Quartz Crystallization in the Youngest Toba Tuff Magma 

Chamber and its Remnants: A Complex Lineage Uncovered by CL Zoning, in AGU Fall Meeting 

Abstracts, p. 4764. 

Boehnke, P., Watson, E.B., Trail, D., Harrison, T.M., and Schmitt, A.K., 2013, Zircon saturation re-revisited: 

Chemical Geology, v. 351, p. 324–334. 

Brown, S.J., and Fletcher, I.R., 1999, SHRIMP U-Pb dating of the preeruption growth history of zircons from the 

340 ka Whakamaru Ignimbrite, New Zealand: Evidence for > 250 ky magma residence times: Geology, v. 

27, no. 11, p. 1035–1038. 



79 

 

Bucholz, C.E., Gaetani, G.A., Behn, M.D., and Shimizu, N., 2013, Post-entrapment modification of volatiles and 

oxygen fugacity in olivine-hosted melt inclusions: Earth and Planetary Science Letters, v. 374, p. 145–155. 

Burgisser, A., and Bergantz, G.W., 2011, A rapid mechanism to remobilize and homogenize highly crystalline 

magma bodies: Nature, v. 471, no. 7337, p. 212–215. 

Caricchi, L., Annen, C., Blundy, J., Simpson, G., and Pinel, V., 2014, Frequency and magnitude of volcanic 

eruptions controlled by magma injection and buoyancy: Nature Geoscience, v. 7, no. 2, p. 126–130. 

Cashman, K.V., and Giordano, G., 2014, Calderas and magma reservoirs: Journal of Volcanology and Geothermal 

Research, v. 288, p. 28–45. 

Charlier, B.L., Peate, D.W., Wilson, C.J., Lowenstern, J.B., Storey, M., and Brown, S.J., 2003, Crystallisation ages 

in coeval silicic magma bodies: 
238

U–
230

Th disequilibrium evidence from the Rotoiti and Earthquake Flat 

eruption deposits, Taupo Volcanic Zone, New Zealand: Earth and Planetary Science Letters, v. 206, no. 3, 

p. 441–457. 

Cheng, H., Edwards, R.L., Hoff, J., Gallup, C.D., Richards, D.A., and Asmerom, Y., 2000, The half-lives of 

uranium-234 and thorium-230: Chemical Geology, v. 169, no. 1, p. 17–33. 

Cherniak, D.J., Hanchar, J.M., and Watson, E.B., 1997a, Diffusion of tetravalent cations in zircon: Contributions to 

Mineralogy and Petrology, v. 127, no. 4, p. 383–390. 

Cherniak, D.J., Hanchar, J.M., and Watson, E.B., 1997b, Rare-earth diffusion in zircon: Chemical Geology, v. 134, 

no. 4, p. 289–301. 

Cherniak, D.J., and Watson, E.B., 2003, Diffusion in zircon: Reviews in mineralogy and geochemistry, v. 53, no. 1, 

p. 113–143. 

Cherniak, D.J., and Watson, E.B., 2010, Li diffusion in zircon: Contributions to Mineralogy and Petrology, v. 160, 

no. 3, p. 383–390. 

Cherniak, D.J., Watson, E.B., and Thomas, J.B., 2009, Diffusion of helium in zircon and apatite: Chemical Geology, 

v. 268, no. 1, p. 155–166. 

Chesner, C.A., 1998, Petrogenesis of the Toba Tuffs, Sumatra, Indonesia: Journal of Petrology, v. 39, no. 3, p. 397–

438. 

Chesner, C.A., 2012, The Toba caldera complex: Quaternary International, v. 258, p. 5–18. 

Chesner, C.A., and Luhr, J.F., 2010, A melt inclusion study of the Toba Tuffs, Sumatra, Indonesia: Journal of 

Volcanology and Geothermal Research, v. 197, no. 1, p. 259–278. 

Chesner, C.A., and Rose, W.I., 1991, Stratigraphy of the Toba Tuffs and the evolution of the Toba caldera complex, 

Sumatra, Indonesia: Bulletin of Volcanology, v. 53, no. 5, p. 343–356. 

Chesner, C., Rose, W.I., Deino, A.L., Dra e, R., and Westgate, J.A.,     , Eruptive history of Earth’s largest 

Quaternary caldera (Toba, Indonesia) clarified: Geology, v. 19, no. 3, p. 200–203. 

Chu, R., Helmberger, D.V., Sun, D., Jackson, J.M., and Zhu, L., 2010, Mushy magma beneath Yellowstone: 

Geophysical Research Letters, v. 37, no. 1, p. 5. 

Claiborne, L.L., Miller, C.F., and Wooden, J.L., 2010, Trace element composition of igneous zircon: a thermal and 

compositional record of the accumulation and evolution of a large silicic batholith, Spirit Mountain, 

Nevada: Contributions to Mineralogy and Petrology, v. 160, no. 4, p. 511–531. 



80 

 

Cooper, K.M., and Kent, A.J., 2014, Rapid remobilization of magmatic crystals kept in cold storage: Nature, v. 506, 

no. 7489, p. 480–483. 

Cooper, K.M., and Reid, M.R., 2008, Uranium-series crystal ages: Reviews in Mineralogy and Geochemistry, v. 69, 

no. 1, p. 479–544. 

Cooper, G.F., Wilson, C.J., Millet, M.-A., Baker, J.A., and Smith, E.G., 2012, Systematic tapping of independent 

magma chambers during the 1Ma Kidnappers supereruption: Earth and Planetary Science Letters, v. 313, p. 

23–33. 

Corfu, F., Hanchar, J.M., Hoskin, P.W., and Kinny, P., 2003, Atlas of zircon textures: Reviews in mineralogy and 

geochemistry, v. 53, no. 1, p. 469–500. 

Costa, A., Smith, V.C., Macedonio, G., and Matthews, N.E., 2014, The magnitude and impact of the Youngest Toba 

Tuff super-eruption: Frontiers in Earth Science, v. 2, p. 1–16. 

Cottrell, E., Spiegelman, M., and Langmuir, C.H., 2002, Consequences of diffusive reequilibration for the 

interpretation of melt inclusions: Geochemistry, Geophysics, Geosystems, v. 3, no. 4, p. 1–26. 

Crowley, J.L., Schoene, B., and Bowring, S.A., 2007, U-Pb dating of zircon in the Bishop Tuff at the millennial 

scale: Geology, v. 35, no. 12, p. 1123–1126. 

Danyushevsky, L.V., Della-Pasqua, F.N., and Sokolov, S., 2000, Re-equilibration of melt inclusions trapped by 

magnesian olivine phenocrysts from subduction-related magmas: petrological implications: Contributions 

to Mineralogy and Petrology, v. 138, no. 1, p. 68–83. 

Davidson, J.P., and Tepley, F.J., 1997, Recharge in volcanic systems: evidence from isotope profiles of phenocrysts: 

Science, v. 275, no. 5301, p. 826–829. 

Dawson, P.B., Evans, J.R., and Iyer, H.M., 1990, Teleseismic tomography of the compressional wave velocity 

structure beneath the Long Valley region, California: Journal of Geophysical Research, v. 95, no. B7, p. 

11021–11050. 

Diehl, J.F., Onstott, T.C., Chesner, C.A., and Knight, M.D., 1987, No short reversals of Brunhes age recorded in the 

Toba tuffs, north Sumatra, Indonesia: Geophysical Research Letters, v. 14, no. 7, p. 753–756. 

Eichelberger, J., 1995, Silicic volcanism: ascent of viscous magmas from crustal reservoirs: Annual Review of Earth 

and Planetary Sciences, v. 23, p. 41–64. 

Faure, F., and Schiano, P., 2005, Experimental investigation of equilibration conditions during forsterite growth and 

melt inclusion formation: Earth and Planetary Science Letters, v. 236, no. 3, p. 882–898. 

Fauzi, McCaffrey, R., Wark, D., Sunaryo, and Prih Haryadi, P.Y., 1996, Lateral variation in slab orientation beneath 

Toba Caldera, northern Sumatra: Geophysical Research Letters, v. 23, no. 5, p. 443–446. 

Folch, A., and  art  , J., 1998, The generation of overpressure in felsic magma chambers by replenishment: Earth 

and Planetary Science Letters, v. 163, no. 1–4, p. 301–314. 

Fowler, A., Prokoph, A., Stern, R., and Dupuis, C., 2002, Organization of oscillatory zoning in zircon: analysis, 

scaling, geochemistry, and model of a zircon from Kipawa, Quebec, Canada: Geochimica et Cosmochimica 

Acta, v. 66, no. 2, p. 311–328. 

Fowler, S.J., and Spera, F.J., 2010, A metamodel for crustal magmatism: phase equilibria of giant ignimbrites: 

Journal of Petrology, v. 51, no. 9, p. 1783–1830. 



81 

 

Fowler, S.J., and Spera, F.J., 2008, Phase equilibria trigger for explosive volcanic eruptions: Geophysical Research 

Letters, v. 35, no. 8, p. 1–5. 

Frezzotti, M.-L., 2001, Silicate-melt inclusions in magmatic rocks: applications to petrology: Lithos, v. 55, no. 1, p. 

273–299. 

Gaetani, G.A., O’Leary, J.A.,  himizu, N., Bucholz, C.E., and Newville,  ., 20 2, Rapid reequilibration of H2O and 

oxygen fugacity in olivine-hosted melt inclusions: Geology, v. 40, no. 10, p. 915–918. 

Gaither, T., 2011, Zircon geochemistry and geothermometry of the Youngest Toba Tuff [MSc thesis]: Northern 

Arizona University, 115 p. 

Gardner, J.E., Layer, P.W., and Rutherford, M.J., 2002, Phenocrysts versus xenocrysts in the youngest Toba Tuff: 

implications for the petrogenesis of 2800 km
3
 of magma: Geology, v. 30, no. 4, p. 347–350. 

Gathorne-Hardy, F.J., and Harcourt-Smith, W.E.H., 2003, The super-eruption of Toba, did it cause a human 

bottleneck? Journal of Human Evolution, v. 45, no. 3, p. 227–230. 

Ghiorso, M.S., and Gualda, G.A., 2013, A method for estimating the activity of titania in magmatic liquids from the 

compositions of coexisting rhombohedral and cubic iron–titanium oxides: Contributions to Mineralogy and 

Petrology, v. 165, no. 1, p. 73–81. 

Götze, J., Kempe, U., Habermann, D., Nasdala, L., Neuser, R.D., and Richter, D.K., 1999, High-resolution 

cathodoluminescence combined with SHRIMP ion probe measurements of detrital zircons: Mineralogical 

Magazine, v. 63, no. 2, p. 179–187. 

Gregg, P.M., de Silva, S.L., and Grosfils, E.B., 2013, Thermomechanics of shallow magma chamber pressurization: 

Implications for the assessment of ground deformation data at active volcanoes: Earth and Planetary 

Science Letters, v. 384, p. 100–108. 

Gregg, P.M., de Silva, S.L., Grosfils, E.B., and Parmigiani, J.P., 2012, Catastrophic caldera-forming eruptions: 

Thermomechanics and implications for eruption triggering and maximum caldera dimensions on Earth: 

Journal of Volcanology and Geothermal Research, v. 241, p. 1–12. 

Halter, W.E., Pettke, T., Heinrich, C.A., and Rothen-Rutishauser, B., 2002, Major to trace element analysis of melt 

inclusions by laser-ablation ICP-MS: methods of quantification: Chemical Geology, v. 183, no. 1, p. 63–86. 

Hartley, M.E., Maclennan, J., Edmonds, M., and Thordarson, T., 2014, Reconstructing the deep CO2 degassing 

behaviour of large basaltic fissure eruptions: Earth and Planetary Science Letters, v. 393, p. 120–131. 

Hauri, E., 2002, SIMS analysis of volatiles in silicate glasses, 2: isotopes and abundances in Hawaiian melt 

inclusions: Chemical Geology, v. 183, no. 1, p. 115–141. 

Hawkesworth, C.J., Blake, S., Evans, P., Hughes, R., Macdonald, R., Thomas, L.E., Turner, S.P., and Zellmer, G., 

2000, Time scales of crystal fractionation in magma chambers—integrating physical, isotopic and 

geochemical perspectives: Journal of Petrology, v. 41, no. 7, p. 991–1006. 

Hildreth, W., 1981, Gradients in silicic magma chambers: implications for lithospheric magmatism: Journal of 

Geophysical Research, v. 86, no. B11, p. 10153–10192. 

Hildreth, W., 2004, Volcanological perspectives on Long Valley, Mammoth Mountain, and Mono Craters: several 

contiguous but discrete systems: Journal of Volcanology and Geothermal Research, v. 136, no. 3, p. 169–

198. 



82 

 

Hildreth, W., and Wilson, C.J.N., 2007, Compositional Zoning of the Bishop Tuff: Journal of Petrology, v. 48, no. 5, 

p. 951–999. 

Hofmann, A.E., Baker, M.B., and Eiler, J.M., 2014, Sub-micron-scale trace-element distributions in natural zircons 

of known provenance: implications for Ti-in-zircon thermometry: Contributions to Mineralogy and 

Petrology, v. 168, no. 3, p. 1–21. 

De Hoog, J.C.M., Lissenberg, C.J., Brooker, R.A., Hinton, R., Trail, D., and Hellebrand, E., 2014, Hydrogen 

incorporation and charge balance in natural zircon: Geochimica et Cosmochimica Acta, v. 141, p. 472–486. 

Hoskin, P.W., 2000, Patterns of chaos: fractal statistics and the oscillatory chemistry of zircon: Geochimica et 

Cosmochimica Acta, v. 64, no. 11, p. 1905–1923. 

Hoskin, P.W., and Schaltegger, U., 2003, The composition of zircon and igneous and metamorphic petrogenesis: 

Reviews in Mineralogy and Geochemistry, v. 53, no. 1, p. 27–62. 

Huber, C., Bachmann, O., and Manga, M., 2009, Homogenization processes in silicic magma chambers by stirring 

and mushification (latent heat buffering): Earth and Planetary Science Letters, v. 283, no. 1, p. 38–47. 

Huber, C., Bachmann, O., and Manga, M., 2010, Two competing effects of volatiles on heat transfer in crystal-rich 

magmas: thermal insulation vs defrosting: Journal of Petrology, v. 51, p. 847–867. 

Humphreys, M., Menand, T., Blundy, J.D., and Klimm, K., 2008, Magma ascent rates in explosive eruptions: 

Constraints from H2O diffusion in melt inclusions: Earth and Planetary Science Letters, v. 270, no. 1, p. 

25–40. 

Jaxybulatov, K., Shapiro, N.M., Koulakov, I., Mordret, A., Landès, M., and Sens-Schönfelder, C., 2014, A large 

magmatic sill complex beneath the Toba caldera: Science, v. 346, no. 6209, p. 617–619. 

Jellinek, A.M., and DePaolo, D.J., 2003, A model for the origin of large silicic magma chambers: precursors of 

caldera-forming eruptions: Bulletin of Volcanology, v. 65, no. 5, p. 363–381. 

Jochum, K.P., Weis, U., Stoll, B., Kuzmin, D., Yang, Q., Raczek, I., Jacob, D.E., Stracke, A., Birbaum, K., Frick, 

D.A., Günther, D., and Enzweiler, J., 2011, Determination of reference values for NIST SRM 610–617 

glasses following ISO guidelines: Geostandards and Geoanalytical Research, v. 35, no. 4, p. 397–429. 

Jones, S., 1993, Mechanisms of large silicic magma chamber zonations: the Youngest Toba Tuff, Sumatra [Ph.D. 

thesis]: Open University, England, 249 p. 

Kamenetsky, V.S., and Kamenetsky, M.B., 2010, Magmatic fluids immiscible with silicate melts: examples from 

inclusions in phenocrysts and glasses, and implications for magma evolution and metal transport: 

Geofluids, v. 10, no. 1-2, p. 293–311. 

Kent, A.J., 2008, Melt inclusions in basaltic and related volcanic rocks: Reviews in Mineralogy and Geochemistry, 

v. 69, no. 1, p. 273–331. 

Klemetti, E.W., and Clynne, M.A., 2014, Localized rejuvenation of a crystal mush recorded in zircon temporal and 

compositional variation at the Lassen Volcanic Center, Northern California: PloS one, v. 9, no. 12, p. 22. 

Knight, M.D., Walker, G.P., Ellwood, B.B., and Diehl, J.F., 1986, Stratigraphy, paleomagnetism, and magnetic 

fabric of the Toba Tuffs: constraints on the sources and eruptive styles: Journal of Geophysical Research, v. 

91, no. B10, p. 10355–10382. 



83 

 

Kohut, E., and Nielsen, R.L., 2004, Melt inclusion formation mechanisms and compositional effects in high-An 

feldspar and high-Fo olivine in anhydrous mafic silicate liquids: Contributions to Mineralogy and 

Petrology, v. 147, no. 6, p. 684–704. 

Kress, V.C., and Ghiorso, M.S., 2004, Thermodynamic modeling of post-entrapment crystallization in igneous 

phases: Journal of Volcanology and Geothermal Research, v. 137, no. 4, p. 247–260. 

Kuehn, S.C., Froese, D.G., Shane, P.A.R., and Participants, I.I., 2011, The INTAV intercomparison of electron-

beam microanalysis of glass by tephrochronology laboratories: results and recommendations: Quaternary 

International, v. 246, no. 1, p. 19–47. 

Kuzmin, D.V., and Sobolev, A.V., 2004, Boundary layer contribution to the composition of melt inclusions in 

olivine: Geochim. Cosmochim. Acta, v. 68, p. A544–A544. 

Lane, C.S., Chorn, B.T., and Johnson, T.C., 2013, Ash from the Toba supereruption in Lake Malawi shows no 

volcanic winter in East Africa at 75 ka: Proceedings of the National Academy of Sciences, v. 110, no. 20, 

p. 8025–8029. 

Lipman, P.W., 2007, Incremental assembly and prolonged consolidation of Cordilleran magma chambers: Evidence 

from the Southern Rocky Mountain volcanic field: Geosphere, v. 3, no. 1, p. 42–70. 

Loewen, M.W., and Kent, A.J.R., 2012, Sources of elemental fractionation and uncertainty during the analysis of 

semi-volatile metals in silicate glasses using LA-ICP-MS: Journal of Analytical Atomic Spectrometry, v. 

27, no. 9, p. 1502–1508. 

Lowenstern, J.B., 1995, Applications of silicate-melt inclusions to the study of magmatic volatiles: Magmas, fluids, 

and ore deposits, v. 23, p. 71–99. 

Lu, F., Anderson, A.T., and Davis, A.M., 1995, Diffusional gradients at the crystal/melt interface and their effect on 

the compositions of melt inclusions: The Journal of Geology, v. 103, no. 5, p. 591–597. 

Mahood, G.A., 1990, Evidence for long residence times of rhyolitic magma in the Long Valley magmatic system-

The isotopic record in the precaldera lavas of Glass Mountain-Reply: Earth and Planetary Science Letters, 

v. 99, p. 395–399. 

Mahood, G., and Hildreth, W., 1983, Large partition coefficients for trace elements in high-silica rhyolites: 

Geochimica et Cosmochimica Acta, v. 47, no. 1, p. 11–30. 

Malfait, W.J., Seifert, R., Petitgirard, S., Perrillat, J.-P., Mezouar, M., Ota, T., Nakamura, E., Lerch, P., and 

Sanchez-Valle, C., 2014, Supervolcano eruptions driven by melt buoyancy in large silicic magma 

chambers: Nature Geoscience, v. 7, no. 2, p. 122–125. 

Massare, D., Métrich, N., and Clocchiatti, R., 2002, High-temperature experiments on silicate melt inclusions in 

olivine at 1 atm: inference on temperatures of homogenization and H2O concentrations: Chemical Geology, 

v. 183, no. 1, p. 87–98. 

Masturyono, McCaffrey, R., Wark, D.A., Roecker, S.W., Fauzi, Ibrahim, G., and Sukhyar, 2001, Distribution of 

magma beneath the Toba caldera complex, north Sumatra, Indonesia, constrained by three-dimensional P 

wave velocities, seismicity, and gravity data: Geochemistry, Geophysics, Geosystems, v. 2, no. 4, p. 24. 

Matthews, N.E., Huber, C., Pyle, D.M., and Smith, V.C., 2012, Timescales of magma recharge and reactivation of 

large silicic systems from Ti diffusion in quartz: Journal of Petrology, v. 53, no. 7, p. 1385–1416. 

Métrich, N., and Wallace, P.J., 2008, Volatile abundances in basaltic magmas and their degassing paths tracked by 

melt inclusions: Reviews in Mineralogy and Geochemistry, v. 69, no. 1, p. 363–402. 



84 

 

Miller, D.S., and Smith, R.B., 1999, P and S velocity structure of the Yellowstone volcanic field from local 

earthquake and controlled-source tomography: Journal of Geophysical Research, v. 104, no. B7, p. 15105–

15121. 

Moore, L.R., Gazel, E., Tuohy, R., Lloyd, A.S., Esposito, R., Steele-MacInnis, M., Hauri, E.H., Wallace, P.J., Plank, 

T., and Bodnar, R.J., 2015, Bubbles matter: An assessment of the contribution of vapor bubbles to melt 

inclusion volatile budgets: American Mineralogist, v. 100, no. 4, p. 806–823. 

Mungall, J.E., Dingwell, D.B., and Chaussidon, M., 1999, Chemical diffusivities of 18 trace elements in granitoid 

melts: Geochimica et cosmochimica acta, v. 63, no. 17, p. 2599–2610. 

Nakamura, M., and Shimakita, S., 1998, Dissolution origin and syn-entrapment compositional change of melt 

inclusion in plagioclase: Earth and Planetary Science Letters, v. 161, no. 1, p. 119–133. 

Newman, S., and Chesner, C., 1989, Volatile compositions of glass inclusions from the 75 ka Toba Tuff, Sumatra, in 

Abstracts with Programs of Geological Society of America 21, 271. 

Nielsen, R.L., Crum, J., Bourgeois, R., Hascall, K., Forsythe, L.M., Fisk, M.R., and Christie, D.M., 1995, Melt 

inclusions in high-An plagioclase from the Gorda Ridge: an example of the local diversity of MORB parent 

magmas: Contributions to Mineralogy and Petrology, v. 122, no. 1, p. 34–50. 

Nielsen, R.L., Michael, P.J., and Sours-Page, R., 1998, Chemical and physical indicators of compromised melt 

inclusions: Geochimica et Cosmochimica Acta, v. 62, no. 5, p. 831–839. 

Nishimura, S., Abe, E., Yokoyama, T., Wirasantosa, S., and Dharma, A., 1977, Danau Toba-the outline of Lake 

Toba, North Sumatra, Indonesia: Paleolimnology Lake Biwa Japan Pleistocene, v. 5, p. 313–332. 

Oppenheimer, C., 2003, Climatic, environmental and human consequences of the largest known historic eruption: 

Tambora volcano (Indonesia) 1815: Progress in Physical Geography, v. 27, no. 2, p. 230–259. 

Paces, J.B., and Miller, J.D., 1993, Precise U-Pb ages of Duluth complex and related mafic intrusions, northeastern 

Minnesota: Geochronological insights to physical, petrogenetic, paleomagnetic, and tectonomagmatic 

processes associated with the 1.1 Ga midcontinent rift system: Journal of Geophysical Research, v. 98, no. 

B8, p. 13997–14013. 

Pagel, M., Barbin, V., Blanc, P., and Ohnenstetter, D. (Eds.), 2013, Cathodoluminescence in Geosciences: Springer 

Science & Business Media. 

Papale, P., Moretti, R., and Barbato, D., 2006, The compositional dependence of the saturation surface of H2O + 

CO2 fluids in silicate melts: Chemical Geology, v. 229, no. 1, p. 78–95. 

Parat, F., Holtz, F., and Feig, S., 2008, Pre-eruptive conditions of the Huerto Andesite (Fish Canyon System, San 

Juan Volcanic Field, Colorado): Influence of volatiles (C–O–H–S) on phase equilibria and mineral 

composition: Journal of Petrology, v. 49, no. 5, p. 911–935. 

Pearce, N.J.G., Westgate, J.A., Gatti, E., Pattan, J.N., Parthiban, G., and Achyuthan, H., 2014, Individual glass shard 

trace element analyses confirm that all known Toba tephra reported from India is from the c. 75-ka 

Youngest Toba eruption: Journal of Quaternary Science, v. 29, no. 8, p. 729–734. 

Pistone, M., Arzilli, F., Dobson, K.J., Cordonnier, B., Reusser, E., Ulmer, P., Marone, F., Whittington, A.G., 

Mancini, L., Fife, J.L., and Blundy, J.D., 2015, Gas-driven filter pressing in magmas: Insights into in-situ 

melt segregation from crystal mushes: Geology, v. 43, no. 8, p. 699–702. 

Plank, T., Kelley, K.A., Zimmer, M.M., Hauri, E.H., and Wallace, P.J., 2013, Why do mafic arc magmas contain 

4wt% water on average? Earth and Planetary Science Letters, v. 364, p. 168–179. 



85 

 

Portnyagin, M., Almeev, R., Matveev, S., and Holtz, F., 2008, Experimental evidence for rapid water exchange 

between melt inclusions in olivine and host magma: Earth and Planetary Science Letters, v. 272, no. 3, p. 

541–552. 

Prawirodirdjo, L., Bocl, Y., McCaffrey, R., Genrich, J., Calais, E., Stevens, C., Puntodewo, S.S.O., Subarya, C., 

Rais, J., Zwick, P., and Fauzi, 1997, Geodetic observations of interseismic strain segmentation at the 

Sumatra subduction zone: Geophysical Research Letters, v. 24, no. 21, p. 2601–2604. 

Qin, Z., Lu, F., and Anderson, A.T., 1992, Diffuse reequilibration of melt and fluid inclusions: The American 

mineralogist, v. 77, no. 5-6, p. 565–576. 

Rampino, M.R., and Ambrose, S.H., 2000, Volcanic Winter in the Garden of Eden: The Toba super-eruption and the 

Late-Pleistocene human population crash, in In: McCoy, F.W., Heiken, G. (Eds.), Volcanic Hazards and 

Disasters in Human Antiquity, Geological Society of America Special Paper 345, p. 71–82. 

Reagan, M.K., Sims, K.W.W., Erich, J., Thomas, R.B., Cheng, H., Edwards, R.L., Layne, G., and Ball, L., 2003, 

Time-scales of differentiation from mafic parents to rhyolite in North American continental arcs: Journal of 

Petrology, v. 44, no. 9, p. 1703–1726. 

Reid, M.R., 2008, How long does it take to supersize an eruption? Elements, v. 4, no. 1, p. 23–28. 

Reid, M.R., Coath, C.D., Harrison, T.M., and McKeegan, K.D., 1997, Prolonged residence times for the youngest 

rhyolites associated with Long Valley Caldera: 
230

Th—
238

U ion microprobe dating of young zircons: Earth 

and Planetary Science Letters, v. 150, no. 1, p. 27–39. 

Reid, M.R., Vazquez, J.A., and Schmitt, A.K., 2011, Zircon-scale insights into the history of a supervolcano, Bishop 

Tuff, Long Valley, California, with implications for the Ti-in-zircon geothermometer: Contributions to 

Mineralogy and Petrology, v. 161, no. 2, p. 293–311. 

Robock, A., Ammann, C.M., Oman, L., Shindell, D., Levis, S., and Stenchikov, G., 2009, Did the Toba volcanic 

eruption of 74 ka BP produce widespread glaciation? Journal of Geophysical Research, v. 114, no. D10, p. 

9. 

Roedder, E., 1984, Fluid inclusions: Reviews in Mineralogy, Mineralogical Society of America, v. 12, p. 646. 

Roedder, E., 1979, Origin and significance of magmatic inclusions: Bulletin of Minéralogie, v. 102, p. 487–510. 

Roggensack, K., 2001a, Sizing up crystals and their melt inclusions: a new approach to crystallization studies: Earth 

and Planetary Science Letters, v. 187, no. 1–2, p. 221–237. 

Roggensack, K., 2001b, Unraveling the 1974 eruption of Fuego volcano (Guatemala) with small crystals and their 

young melt inclusions: Geology, v. 29, no. 10, p. 911–914. 

Rose, W.I., and Chesner, C.A., 1987, Dispersal of ash in the great Toba eruption, 75 ka: Geology, v. 15, no. 10, p. 

913–917. 

Rowe, M.C., Wolff, J.A., Gardner, J.N., Ramos, F.C., Teasdale, R., and Heikoop, C.E., 2007, Development of a 

continental volcanic field: petrogenesis of pre-caldera intermediate and silicic rocks and origin of the 

Bandelier magmas, Jemez Mountains (New Mexico, USA): Journal of Petrology, v. 48, no. 11, p. 2063–

2091. 

Sano, Y., Terada, K., and Fukuoka, T., 2002, High mass resolution ion microprobe analysis of rare earth elements in 

silicate glass, apatite and zircon: lack of matrix dependency: Chemical Geology, v. 184, no. 3, p. 217–230. 



86 

 

Schaltegger, U., Fanning, C.M., Günther, D., Maurin, J.C., Schulmann, K., and Gebauer, D., 1999, Growth, 

annealing and recrystallization of zircon and preservation of monazite in high-grade metamorphism: 

conventional and in-situ U-Pb isotope, cathodoluminescence and microchemical evidence: Contributions to 

Mineralogy and Petrology, v. 134, no. 2, p. 186–201. 

Schiano, P., 2003, Primitive mantle magmas recorded as silicate melt inclusions in igneous minerals: Earth-Science 

Reviews, v. 63, no. 1, p. 121–144. 

Schmitt, A.K., 2006, Laacher See revisited: high-spatial-resolution zircon dating indicates rapid formation of a 

zoned magma chamber: Geology, v. 34, no. 7, p. 597–600. 

Schmitt, A.K., 2011, Uranium series accessory crystal dating of magmatic processes: Annual Review of Earth and 

Planetary Sciences, v. 39, p. 321–349. 

Schmitt, A.K., Daniší ,  ., Evans, N.J.,  iebel, W., Kiemele, E., Aydin,  ., and Harvey, J.C., 20  , Acigöl rhyolite 

field, Central Anatolia (part 1): high-resolution dating of eruption episodes and zircon growth rates: 

Contributions to Mineralogy and Petrology, v. 162, no. 6, p. 1215–1231. 

Self, S., and Blake, S., 2008, Consequences of explosive supereruptions: Elements, v. 4, no. 1, p. 41–46. 

Severs, M.J., Azbej, T., Thomas, J.B., Mandeville, C.W., and Bodnar, R.J., 2007, Experimental determination of 

H2O loss from melt inclusions during laboratory heating: evidence from Raman spectroscopy: Chemical 

Geology, v. 237, no. 3, p. 358–371. 

Shane, P., Nairn, I.A., and Smith, V.C., 2005, Magma mingling in the 50 ka Rotoiti eruption from Okataina 

Volcanic Centre: implications for geochemical diversity and chronology of large volume rhyolites: Journal 

of Volcanology and Geothermal Research, v. 139, no. 3, p. 295–313. 

Shewmon, P.G., 1983, Transformations in metals: J. Williams Book Company; Tulsa, Oklahoma. 

de Silva, S.L., and Gosnold, W.D., 2007, Episodic construction of batholiths: insights from the spatiotemporal 

development of an ignimbrite flare-up: Journal of Volcanology and Geothermal Research, v. 167, no. 1, p. 

320–335. 

de Silva, S.L., and Gregg, P.M., 2014, Thermomechanical feedbacks in magmatic systems: Implications for growth, 

longevity, and evolution of large caldera-forming magma reservoirs and their supereruptions: Journal of 

Volcanology and Geothermal Research, v. 282, p. 77–91. 

de Silva, S.L., Mucek, A., Gregg, P., and Pratomo, I., 2015, Resurgent Toba–field, chronologic, and model 

constraints on time scales and mechanisms of resurgence at large calderas: Frontiers in Earth Science, v. 3, 

p. 25. 

Simon, J.I., and Reid, M.R., 2005, The pace of rhyolite differentiation and storage in an “archetypical” silicic 

magma system, Long Valley, California: Earth and Planetary Science Letters, v. 235, no. 1–2, p. 123–140. 

Sisson, T.W., and Bacon, C.R., 1999, Gas-driven filter pressing in magmas: Geology, v. 27, no. 7, p. 613–616. 

Sisson, T.W., and Layne, G.D., 1993, H2O in basalt and basaltic andesite glass inclusions from four subduction-

related volcanoes: Earth and Planetary Science Letters, v. 117, no. 3, p. 619–635. 

Smith, V.G., Tiller, W.A., and Rutter, J., 1955, A mathematical analysis of solute redistribution during 

solidification: Canadian Journal of Physics, v. 33, no. 12, p. 723–745. 

Snyder, D., 2000, Thermal effects of the intrusion of basaltic magma into a more silicic magma chamber and 

implications for eruption triggering: Earth and Planetary Science Letters, v. 175, no. 3, p. 257–273. 



87 

 

Sobolev, V.S., and Kostyuk, V.P., 1975, Magmatic crystallization based on a study of melt inclusions: Fluid 

Inclusion Research, v. 9, p. 182–253. 

Sparks, S., Self, S., Grattan, J., Oppenheimer, C., Pyle, D., and Rymer, H., 2005, Super-eruptions: global effects and 

future threats. Report of a Geological Society of London Working Group, in The Geological Society of 

London, p. 24. 

Sparks, S.R., Sigurdsson, H., and Wilson, L., 1977, Magma mixing: a mechanism for triggering acid explosive 

eruptions: Nature, v. 267, p. 315–318. 

Spera, F., 1980, Thermal evolution of plutons: a parameterized approach: Science, v. 207, no. 4428, p. 299–301. 

Steck, L.K., Thurber, C.H., Fehler, M.C., Lutter, W.J., Roberts, P.M., Baldridge, W.S., Stafford, D.G., and Sessions, 

R., 1998, Crust and upper mantle P wave velocity structure beneath Valles caldera, New Mexico: results 

from the Jemez teleseismic tomography experiment: Journal of Geophysical Research, v. 103, no. B10, p. 

24301–24320. 

Stelten, M.E., Cooper, K.M., Vazquez, J.A., Calvert, A.T., and Glessner, J.J., 2015, Mechanisms and timescales of 

generating eruptible rhyolitic magmas at Yellowstone Caldera from zircon and sanidine geochronology and 

geochemistry: Journal of Petrology, p. 1–35. 

Storey, M., Roberts, R.G., and Saidin, M., 2012, Astronomically calibrated 
40

Ar/
39

Ar age for the Toba supereruption 

and global synchronization of late Quaternary records: Proceedings of the National Academy of Sciences, 

v. 109, no. 46, p. 18684–18688. 

Streck, M.J., and Grunder, A.L., 2008, Phenocryst-poor rhyolites of bimodal, tholeiitic provinces: the Rattlesnake 

Tuff and implications for mush extraction models: Bulletin of Volcanology, v. 70, no. 3, p. 385–401. 

Sun, S.-S., and McDonough, W.F., 1989, Chemical and isotopic systematics of oceanic basalts: implications for 

mantle composition and processes: Geological Society, London, Special Publications, v. 42, no. 1, p. 313–

345. 

Tait, S., 1992, Selective preservation of melt inclusions in igneous phenocrysts: American Mineralogist, v. 77, p. 

146–155. 

Thomas, J., 2003, Melt Inclusion Geochemistry [Ph.D. thesis]: Virginia Polytechnic University, 84 p. 

Thomas, J.B., Bodnar, R.J., Shimizu, N., and Chesner, C.A., 2003, Melt inclusions in zircon: Reviews in 

Mineralogy and Geochemistry, v. 53, no. 1, p. 63–87. 

Thomas, J.B., Bodnar, R.J., Shimizu, N., and Sinha, A.K., 2002, Determination of zircon/melt trace element 

partition coefficients from SIMS analysis of melt inclusions in zircon: Geochimica et Cosmochimica Acta, 

v. 66, no. 16, p. 2887–2901. 

Timmreck, C., Graf, H.-F., Zanchettin, D., Hagemann, S., Kleinen, T., and Krüger, K., 2012, Climate response to 

the Toba super-eruption: Regional changes: Quaternary International, v. 258, p. 30–44. 

Vazquez, J., 2004, Time scales of silicic magma storage and differentiation beneath caldera volcanoes from 

uranium-238-thorium-230 disequilibrium dating of zircon and allanite [Ph.D. thesis]: University of 

California, Los Angeles, 201 p. 

Vazquez, J.A., and Reid, M.R., 2004, Probing the accumulation history of the voluminous Toba magma: Science, v. 

305, no. 5686, p. 991–994. 



88 

 

Vigouroux, N., Wallace, P.J., and Kent, A.J., 2008, Volatiles in high-K magmas from the Western Trans-Mexican 

Volcanic Belt: evidence for fluid fluxing and extreme enrichment of the mantle wedge by subduction 

processes: Journal of Petrology, v. 49, no. 9, p. 1589–1618. 

Wallace, P.J., 2005, Volatiles in subduction zone magmas: concentrations and fluxes based on melt inclusion and 

volcanic gas data: Journal of Volcanology and Geothermal Research, v. 140, no. 1, p. 217–240. 

Wallace, P.J., Kamenetsky, V.S., and Cervantes, P., 2015, Melt inclusion CO2 contents, pressures of olivine 

crystallization, and the problem of shrinkage bubbles: American Mineralogist, v. 100, no. 4, p. 787–794. 

Wark, D.A., Hildreth, W., Spear, F.S., Cherniak, D.J., and Watson, E.B., 2007, Pre-eruption recharge of the Bishop 

magma system: Geology, v. 35, no. 3, p. 235–238. 

Wark, D.A., and Miller, C.F., 1993, Accessory mineral behavior during differentiation of a granite suite: monazite, 

xenotime and zircon in the Sweetwater Wash pluton, southeastern California, USA: Chemical Geology, v. 

110, no. 1, p. 49–67. 

Wark, D.A., and Wolff, J.A., 2006, Mafic-recharge eruption trigger for the Bandelier and Bishop Tuffs, in AGU Fall 

Meeting Abstracts, p. 0682. 

Watson, E.B., 1996, Dissolution, growth and survival of zircons during crustal fusion: kinetic principles, geological 

models and implications for isotopic inheritance: Geological Society of America Special Papers, v. 315, p. 

43–56. 

Watson, E.B., 1976, Glass inclusions as samples of early magmatic liquid: determinative method and application to 

a South Atlantic basalt: Journal of Volcanology and Geothermal Research, v. 1, no. 1, p. 73–84. 

Watson, E.B., Sneeringer, M.A., and Ross, A., 1982, Diffusion of dissolved carbonate in magmas: experimental 

results and applications: Earth and Planetary Science Letters, v. 61, no. 2, p. 346–358. 

Webster, J.D., and Duffield, W.A., 1991, Volatiles and lithophile elements in Taylor Creek Rhyolite; constraints 

from glass inclusion analysis: American Mineralogist, v. 76, no. 9-10, p. 1628–1645. 

Weiland, C.M., Steck, L.K., Dawson, P.B., and Korneev, V.A., 1995, Nonlinear teleseismic tomography at Long 

Valley Caldera, using three-dimensional minimum travel time ray tracing: Journal of Geophysical 

Research, v. 100, no. B10, p. 20379–20390. 

Westgate, J.A., Pearce, N.J.G., Perkins, W.T., Preece, S.J., Chesner, C.A., and Muhammad, R.F., 2013, 

Tephrochronology of the Toba Tuffs: four primary glass populations define the 75-ka Youngest Toba Tuff, 

northern Sumatra, Indonesia: Journal of Quaternary Science, v. 28, no. 8, p. 772–776. 

Wilson, C.J., 2008, Supereruptions and supervolcanoes: processes and products: Elements, v. 4, no. 1, p. 29–34. 

Wolff, J.A., and Ramos, F.C., 2003, Pb isotope variations among Bandelier Tuff feldspars: no evidence for a long-

lived silicic magma chamber: Geology, v. 31, no. 6, p. 533–536. 

Wotzlaw, J.-F., Bindeman, I.N., Stern, R.A., Abzac, F.-X. D’, and  chaltegger, U., 20 5, Rapid heterogeneous 

assembly of multiple magma reservoirs prior to Yellowstone supereruptions: Scientific reports, v. 5, p. 1–

10. 

Wotzlaw, J.-F., Schaltegger, U., Frick, D.A., Dungan, M.A., Gerdes, A., and Günther, D., 2013, Tracking the 

evolution of large-volume silicic magma reservoirs from assembly to supereruption: Geology, v. 41, no. 8, 

p. 867–870. 



89 

 

Zandt, G., Leidig, M., Chmielowski, J., Baumont, D., and Yuan, X., 2003, Seismic detection and characterization of 

the Altiplano-Puna magma body, central Andes: Pure and Applied Geophysics, v. 160, no. 3, p. 789–807. 

Zhang, Y., Ni, H., and Chen, Y., 2010, Diffusion data in silicate melts: Reviews in Mineralogy and Geochemistry, v. 

72, no. 1, p. 311–408. 

Zou, H., Fan, Q., Zhang, H., and Schmitt, A.K., 2014, U-series zircon age constraints on the plumbing system and 

magma residence times of the Changbai volcano, China/North Korea border: Lithos, v. 200–201, p. 169–

180. 

 



90 

 

 

 

 

 

 

 

 

APPENDICES 



91 

 

Appendix A: EMP major element and SIMS volatile compositions of zircon-hosted melt inclusions and matrix glasses  

Table A1. Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                      

Sample Name 

Adhered 

matrix 

glass† 

 

Inclusion 

Texture† 

Possible 

Melt 

Channel† 

Complementary 
Analyses† 

SiO2 ± Al2O3  ± 
Na2O 
orig. 

Na2O 
corr. 

± MgO ± TiO2 ± Cl ± 

UNHEATED  

INCLUSIONS 

   

detection limits: 0.06 
 

0.03 
 

0.03 
  

0.01 
 

0.02 
 

0.01 
 

Low-MgO 

                 A_MI_5 Y D N V, U-Th (br) 76.05 0.77 13.17 0.16 2.69 3.82 1.00 0.00 0.000 0.02 0.001 0.14 0.004 

A_MI_6 N P Y V, U-Th (br) 77.00 0.78 12.90 0.15 1.27 3.82 1.00 0.02 0.002 0.05 0.002 0.12 0.003 

A_MI_24 Y P Y V, U-Th (br) 77.15 0.78 12.97 0.16 1.09 3.82 1.00 0.01 0.000 0.08 0.003 0.15 0.004 

B_MI_20a Y P N V 76.71 0.78 12.63 0.15 1.96 3.82 1.00 0.01 0.001 0.07 0.002 0.14 0.004 

B_MI_20b Y P N 

 
76.81 0.78 12.66 0.15 2.32 3.82 1.00 0.01 0.001 0.06 0.002 0.13 0.003 

B_MI_42 Y P N V 76.61 0.78 13.19 0.16 2.41 3.82 1.00 0.01 0.000 0.07 0.002 0.13 0.003 

B_MI_25 Y D Y V 76.01 0.77 13.04 0.16 3.41 3.82 1.00 0.00 0.000 0.12 0.004 0.13 0.004 

B_MI_36 Y D N TE (mi) 76.39 0.78 12.99 0.16 2.48 3.82 1.00 0.01 0.000 0.12 0.004 0.12 0.003 

B_MI_38 Y D N 

 
77.00 0.78 12.82 0.15 2.29 3.82 1.00 0.00 0.000 0.04 0.001 0.13 0.003 

C_MI_37 Y D N V, U-Th (gr) 76.62 0.78 12.89 0.15 1.77 3.82 1.00 0.01 0.000 0.07 0.002 0.11 0.003 

C_MI_38a Y D N 

 

77.09 0.78 12.75 0.15 1.20 3.82 1.00 0.02 0.001 0.06 0.002 0.14 0.004 

C_MI_38b Y D N 

 

77.85 0.79 12.54 0.15 0.71 3.82 1.00 0.01 0.000 0.05 0.002 0.13 0.004 

C_MI_39 Y D N 
 

76.52 0.78 12.86 0.15 1.57 3.82 1.00 0.01 0.001 0.07 0.002 0.14 0.004 

C_MI_41 Y D N 

 

76.53 0.78 12.84 0.15 1.31 3.82 1.00 0.03 0.002 0.06 0.002 0.15 0.004 

C_MI_42 Y D Y 

 

76.95 0.78 12.67 0.15 1.43 3.82 1.00 0.00 0.000 0.06 0.002 0.14 0.004 

C_MI_43i Y D Y V 76.34 0.78 13.32 0.16 2.03 3.82 1.00 0.00 0.000 0.12 0.004 0.14 0.004 

C_MI_43ii Y D Y V 76.34 0.78 13.32 0.16 2.03 3.82 1.00 0.00 0.000 0.12 0.004 0.14 0.004 

Samples with letter suffixes are separate inclusions within a single grain. Samples with i suffixes are repeat measurements of a single inclusion. Concentrations are reported as Na- and Zr-corrected 

anhydrous wt%.; hydrous totals are reconstructed from Na- and Zr- corrected values; EMP absolute uncertainties are propagated from 1 SE reproducibility of measured standards and the assumed 
uncertainty from Na-correction (see text). Absolute uncertainties of SIMS volatile measurements are 1 SE from calibration curves. A background correction based on chamber vacuum was applied to 

H2O measurements; the uncertainty introduced by this correction is ~10%. See Appendix B for details and SIMS calibration curves.  

† Adhered Matrix Glass: Y = yes; N = no. Inclusion Texture: D = dissolution inclusion; P = primary inclusion. Possible Melt Channel: Y = inclusion is part of extended melt channel at depth; N = 
inclusion is isolated at depth. Complementary Analyses refer to analyses conducted on the same inclusion, or an associated zircon growth zone: V = SIMS volatiles  (see this table), TE (zr) = LA-ICP-

MS trace elements in host zircon (see Appendix C), TE (mi) = LA-ICP-MS trace elements in same inclusion (see Appendix D), U-Th (gz) = SIMS U-Th entrapment age from measurement of inclusion 

entrapping growth zone (see Appendix E), U-Th (br) =  Entrapment age bracketed by SIMS U-Th measurements elsewhere in the zircon grain (see Appendix E). 
†† Volatile saturation depths for melt inclusions calculated from formulations of Papale et al. (2006) assuming 50 ppm CO2 for inclusions with < 4.9 wt% H2O, 100 ppm CO2 for inclusions with 5.0-5.3 

wt% H2O, and 150 ppm CO2 if more hydrous. 

††† Zircon saturation temperatures calculated from formulations of Boehnke et al. (2013), using non-normalized compositions and assuming 150 ± 50  ppm Zr in melt inclusions and inclusions, and 85 
± 15 ppm Zr in matrix glasses. 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                    

Sample Name K2O ± CaO ± FeO ± 
Hydrous 

total 

H2O by 

difference 
H2O ± 

F 

ppm 
± Cl ± 

S 

ppm 
± 

Volatile 
saturation 

depth 

(bars)†† 

Volatile 
saturation 

depth 

(km)†† 

Zircon 

saturation 

temp. 

(°C)††† 

± 

detection 

limits: 
0.03 

 
0.04 

 
0.08 

 

  

volatiles measured by SIMS 
 

 
Low-MgO (cont.) 

                   
A_MI_5 5.83 0.09 0.35 0.01 0.61 0.01 92.8 7.2 4.15 0.51 309 15 0.11 0.01 14 2.6 1244 4.1 731 37 

A_MI_6 4.44 0.07 0.89 0.02 0.75 0.01 94.2 5.8 5.21 0.64 496 24 0.07 0.01 14 2.5 2170 7.2 736 37 

A_MI_24 4.08 0.06 1.00 0.02 0.72 0.01 90.9 9.1 5.70 0.69 413 20 0.06 0.01 13 2.4 2791 9.2 740 37 

B_MI_20a 5.22 0.08 0.80 0.02 0.58 0.01 93.8 6.2 4.15 0.51 431 21 0.08 0.01 1 0.2 1214 4.0 726 36 

B_MI_20b 5.06 0.07 0.79 0.01 0.67 0.01 94.5 5.5 - - - - - - - - - - 723 36 

B_MI_42 4.50 0.07 0.91 0.02 0.75 0.01 94.1 5.9 4.60 0.56 391 19 0.07 0.01 15 2.8 1561 5.2 738 37 

B_MI_25 5.36 0.08 1.08 0.02 0.42 0.01 93.0 7.0 4.37 0.53 428 21 0.09 0.01 1 0.2 1428 4.7 719 36 

B_MI_36 4.96 0.07 0.94 0.02 0.61 0.01 94.6 5.4 - - - - - - - - - - 728 36 

B_MI_38 5.08 0.07 0.72 0.01 0.37 0.01 94.8 5.2 - - - - - - - - - - 730 37 

C_MI_37 4.98 0.07 0.88 0.02 0.63 0.01 93.8 6.2 4.36 0.53 455 22 0.09 0.01 2 0.3 1370 4.5 728 36 

C_MI_38a 4.65 0.07 0.81 0.02 0.68 0.01 92.8 7.2 - - - - - - - - - - 734 37 

C_MI_38b 3.97 0.06 0.81 0.02 0.82 0.02 92.1 7.9 - - - - - - - - - - 742 37 

C_MI_39 4.92 0.07 0.82 0.02 0.86 0.02 93.3 6.7 - - - - - - - - - - 730 36 

C_MI_41 4.87 0.07 0.82 0.02 0.89 0.02 93.2 6.8 - - - - - - - - - - 730 37 

C_MI_42 4.73 0.07 0.84 0.02 0.83 0.02 93.6 6.4 - - - - - - - - - - 730 37 

C_MI_43i 4.36 0.06 1.29 0.02 0.58 0.01 94.4 5.6 4.45 0.54 449 22 0.13 0.02 14 2.6 1497 4.9 732 37 

C_MI_43ii 4.36 0.06 1.29 0.02 0.58 0.01 94.4 5.6 4.18 0.51 406 20 0.15 0.02 16 2.9 1294 4.3 732 37 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                

Sample Name 

Adhered 

matrix 

glass† 

 Inclusion 
Texture† 

Possible 

Melt 

Channel† 

Complementary 
Analyses† 

SiO2 ± Al2O3  ± 
Na2O 
orig. 

Na2O 
corr. 

± MgO ± TiO2 ± Cl ± 

UNHEATED  

INCLUSIONS 

   

              

Low-MgO (cont.) 

                
C_MI_45 Y D N 

 

77.43 0.79 12.95 0.16 1.77 3.82 1.00 0.00 0.000 0.05 0.002 0.14 0.004 

C_MI_49 Y D N 

 

76.85 0.78 12.81 0.15 1.33 3.82 1.00 0.02 0.001 0.07 0.002 0.12 0.003 

C_MI_51 Y D N 

 

77.33 0.79 12.81 0.15 1.06 3.82 1.00 0.00 0.000 0.06 0.002 0.14 0.004 

C_MI_56 Y D - 

 

77.03 0.78 13.00 0.16 2.47 3.82 1.00 0.01 0.000 0.05 0.002 0.15 0.004 

C_MI_58a Y D N U-Th (gr) 77.02 0.78 12.74 0.15 1.35 3.82 1.00 0.00 0.000 0.05 0.002 0.12 0.003 

C_MI_58b Y D N U-Th (br) 77.15 0.78 12.65 0.15 1.45 3.82 1.00 0.01 0.001 0.06 0.002 0.15 0.004 

C_MI_97 Y D N V, TE (mi) 76.25 0.78 12.50 0.15 2.59 3.82 1.00 0.00 0.000 0.03 0.001 0.14 0.004 

C_MI_107 Y P - U-Th (br) 77.28 0.79 12.81 0.15 0.84 3.82 1.00 0.00 0.000 0.07 0.002 0.13 0.003 

C_MI_118 N P Y V, TE (zr), U-Th (gz) 76.98 0.78 12.69 0.15 1.23 3.82 1.00 0.03 0.002 0.12 0.004 0.12 0.003 

Low-MgO, high-Al2O3 

                
A_MI_4b N D Y V, U-Th (br) 73.98 0.75 14.84 0.18 1.77 3.82 1.00 0.00 0.000 0.02 0.001 0.18 0.005 

A_MI_4c N D Y 

 
74.37 0.76 14.66 0.18 2.98 3.82 1.00 0.00 0.000 0.02 0.001 0.17 0.004 

A_MI_4d N P N 

 
74.54 0.76 15.52 0.19 1.32 3.82 1.00 0.01 0.000 0.05 0.002 0.16 0.004 

B_MI_1 Y D Y V 75.00 0.76 14.83 0.18 2.08 3.82 1.00 0.02 0.001 0.09 0.003 0.17 0.005 

C_MI_48 Y P N 

 
76.11 0.77 13.91 0.17 1.59 3.82 1.00 0.00 0.000 0.09 0.003 0.13 0.003 

High-MgO 

                 
B_MI_29a Y P N V 76.18 0.77 12.94 0.16 2.77 3.82 1.00 0.05 0.004 0.07 0.002 0.13 0.003 

B_MI_29b Y P N V 76.39 0.78 12.85 0.15 2.66 3.82 1.00 0.05 0.003 0.04 0.001 0.14 0.004 

A_MI_3 Y D N V 76.48 0.78 12.82 0.15 2.02 3.82 1.00 0.05 0.003 0.06 0.002 0.14 0.004 

A_MI_11 N D Y V 76.10 0.77 13.04 0.16 3.12 3.82 1.00 0.07 0.004 0.09 0.003 0.15 0.004 

A_MI_21 Y D N U-Th (gr) 76.91 0.78 12.60 0.15 1.12 3.82 1.00 0.06 0.004 0.05 0.002 0.14 0.004 

B_MI_1i Y D Y 
 

76.50 0.78 12.61 0.15 2.16 3.82 1.00 0.05 0.003 0.05 0.002 0.14 0.004 

B_MI_1ii Y D Y 
 

76.35 0.78 12.74 0.15 2.61 3.82 1.00 0.06 0.004 0.06 0.002 0.14 0.004 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                    

Sample Name K2O ± CaO ± FeO ± 
Hydrous 

total 

H2O by 

difference 
H2O ± F ppm ± Cl ± S ppm ± 

Volatile 
saturation 

depth 

(bars)†† 

Volatile 

saturation 
depth (km)†† 

Zircon 

saturation 

temp. 

(°C)††† 

± 

       

  

volatiles measured by SIMS 

  
Low-MgO (cont.) 

                   
C_MI_45 4.76 0.07 0.32 0.01 0.56 0.01 94.2 5.8 - - - - - - - - - - 746 37 

C_MI_49 4.83 0.07 0.75 0.01 0.76 0.01 93.1 6.9 - - - - - - - - - - 733 37 

C_MI_51 4.12 0.06 0.90 0.02 0.80 0.02 92.8 7.2 - - - - - - - - - - 740 37 

C_MI_56 5.10 0.07 0.30 0.01 0.57 0.01 94.7 5.3 - - - - - - - - - - 742 37 

C_MI_58a 4.57 0.07 0.84 0.02 0.87 0.02 93.3 6.7 - - - - - - - - - - 734 37 

C_MI_58b 4.66 0.07 0.76 0.01 0.77 0.02 93.5 6.5 - - - - - - - - - - 733 37 

C_MI_97 6.10 0.09 0.69 0.01 0.44 0.01 93.0 7.0 3.82 0.47 476 23 0.09 0.01 8 1.4 1034 3.4 711 36 

C_MI_107 4.39 0.06 0.78 0.01 0.77 0.02 92.9 7.1 - - - - - - - - - - 739 37 

C_MI_118 4.74 0.07 0.80 0.01 0.72 0.01 92.4 7.6 3.87 0.47 390 19 0.11 0.01 19 3.6 1024 3.4 732 37 

Low-MgO, high-Al2O3 

                   
A_MI_4b 5.52 0.08 1.21 0.02 0.44 0.01 91.6 8.4 3.35 0.41 459 22 0.08 0.01 4 0.7 908 3.0 731 37 

A_MI_4c 5.73 0.08 0.99 0.02 0.23 0.00 94.5 5.5 - - - - - - - - - - 731 37 

A_MI_4d 3.63 0.05 2.05 0.04 0.24 0.00 91.7 8.3 - - - - - - - - - - 745 37 

B_MI_1 4.23 0.06 1.39 0.03 0.41 0.01 94.0 6.0 2.14 0.26 296 14 0.10 0.01 15 2.9 415 1.4 723 36 

C_MI_48 3.93 0.06 1.35 0.03 0.61 0.01 92.5 7.5 - - - - - - - - - - 743 37 

High-MgO 

                    
B_MI_29a 5.20 0.08 0.74 0.01 0.82 0.02 97.0 3.0 1.34 0.16 327 16 0.09 0.01 15 2.8 200 0.7 728 36 

B_MI_29b 5.00 0.07 0.77 0.01 0.87 0.02 97.6 2.4 1.15 0.14 296 14 0.10 0.01 16 3.0 na < 0.7 729 36 

A_MI_3 5.05 0.07 0.81 0.02 0.79 0.02 96.7 3.3 1.61 0.20 197 10 0.07 0.01 12 2.3 251 0.8 728 36 

A_MI_11 4.95 0.07 0.82 0.02 0.93 0.02 97.9 2.1 0.61 0.07 282 14 0.09 0.01 11 2.0 na < 0.7 731 37 

A_MI_21 4.73 0.07 0.83 0.02 0.86 0.02 99.1 0.9 - - - - - - - - - - 730 36 

B_MI_1i 5.10 0.07 0.79 0.01 0.91 0.02 98.7 1.3 - - - - - - - - - - 725 36 

B_MI_1ii 5.16 0.08 0.87 0.02 0.77 0.02 97.8 2.2 - - - - - - - - - - 745 37 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                

Sample Name 
Adhered 
matrix 

glass† 

 Inclusion 

Texture† 

Possible 
Melt 

Channel† 

Complementary 

Analyses† 
SiO2 ± Al2O3  ± 

Na2O 

orig. 

Na2O 

corr. 
± MgO ± TiO2 ± Cl ± 

High-MgO (cont.) 

                
B_MI_18 N D Y TE (mi), TE (zr) 76.19 0.77 12.83 0.15 2.68 3.82 1.00 0.06 0.004 0.06 0.002 0.13 0.003 

B_MI_27a Y D N 

 

76.22 0.78 12.76 0.15 2.95 3.82 1.00 0.06 0.004 0.06 0.002 0.13 0.003 

B_MI_28 Y D Y V 76.65 0.78 12.82 0.15 3.56 3.82 1.00 0.05 0.003 0.04 0.001 0.14 0.004 

B_MI_40i N D Y V 76.35 0.78 12.74 0.15 2.89 3.82 1.00 0.06 0.004 0.06 0.002 0.14 0.004 

B_MI_40ii N D Y V 76.30 0.78 12.77 0.15 2.83 3.82 1.00 0.06 0.004 0.05 0.002 0.14 0.004 

B_MI_43 Y D N V 76.56 0.78 12.73 0.15 2.76 3.82 1.00 0.05 0.003 0.06 0.002 0.13 0.003 

C_MI_25 N D - 

 

76.76 0.78 12.72 0.15 2.63 3.82 1.00 0.04 0.003 0.05 0.002 0.14 0.004 

C_MI_36 Y D N U-Th (br) 76.52 0.78 12.58 0.15 2.32 3.82 1.00 0.06 0.004 0.05 0.002 0.15 0.004 

C_MI_40 Y D Y V, U-Th (gr) 76.56 0.78 12.82 0.15 1.91 3.82 1.00 0.05 0.003 0.07 0.002 0.13 0.004 

C_MI_54 Y D - TE (mi) 76.50 0.78 12.56 0.15 2.51 3.82 1.00 0.04 0.003 0.05 0.002 0.15 0.004 

C_MI_55 Y D Y 

 

76.53 0.78 12.54 0.15 2.39 3.82 1.00 0.05 0.003 0.06 0.002 0.13 0.004 

C_MI_64 Y D Y 

 

76.87 0.78 12.51 0.15 2.00 3.82 1.00 0.05 0.003 0.06 0.002 0.13 0.004 

C_MI_89 N D Y V 76.20 0.77 12.87 0.15 2.81 3.82 1.00 0.05 0.004 0.05 0.002 0.14 0.004 

C_MI_100 Y D Y V, TE (zr), U-Th (gz) 76.45 0.78 12.84 0.15 2.62 3.82 1.00 0.05 0.003 0.05 0.002 0.13 0.003 

C_MI_103 Y D Y V 76.26 0.78 12.89 0.15 2.98 3.82 1.00 0.04 0.003 0.06 0.002 0.13 0.003 

C_MI_115 Y P Y V 76.63 0.78 12.85 0.15 2.84 3.82 1.00 0.04 0.003 0.04 0.001 0.15 0.004 

Unknown-MgO (no EMP) 

                
A_MI_4i N D N V, U-Th (br) - - - - - - - - - - - - - 

A_MI_7 Y D N V - - - - - - - - - - - - - 

A_MI_19 Y D Y V - - - - - - - - - - - - - 

B_MI_30 Y D N V - - - - - - - - - - - - - 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                    

Sample Name K2O ± CaO ± FeO ± 
Hydrous 

total 

H2O by 

difference 
H2O ± 

F 

ppm 
± Cl ± 

S 

ppm 
± 

Volatile 
saturation 

depth 

(bars)†† 

Volatile 
saturation 

depth 

(km)†† 

Zircon 

saturation 

temp. 

(°C)††† 

± 

High-MgO (cont.) 
       

volatiles measured by SIMS 

  
B_MI_18 5.12 0.08 0.87 0.02 0.89 0.02 99.1 0.9 - - - - - - - - - - 725 36 

B_MI_27a 5.05 0.07 0.88 0.02 0.98 0.02 98.1 1.9 - - - - - - - - - - - - 

B_MI_28 4.72 0.07 0.76 0.01 0.91 0.02 96.1 3.9 3.46 0.42 445 22 0.09 0.01 13 2.4 814 2.7 734 37 

B_MI_40i 5.13 0.08 0.80 0.01 0.83 0.02 98.7 1.3 1.75 0.21 275 13 0.11 0.01 11 2.1 281 0.9 725 36 

B_MI_40ii 5.12 0.08 0.82 0.02 0.85 0.02 98.1 1.9 1.42 0.17 306 15 0.12 0.01 17 3.1 212 0.7 725 36 

B_MI_43 5.01 0.07 0.74 0.01 0.84 0.02 97.7 2.3 3.15 0.38 263 13 0.09 0.01 17 3.1 693 2.3 729 36 

C_MI_25 4.99 0.07 0.76 0.01 0.68 0.01 96.7 3.3 - - - - - - - - - - 729 36 

C_MI_36 5.17 0.08 0.81 0.02 0.84 0.02 93.8 6.2 - - - - - - - - - - 723 36 

C_MI_40 4.88 0.07 0.70 0.01 0.99 0.02 94.8 5.2 2.84 0.35 338 16 0.10 0.01 11 2.1 573 1.9 733 37 

C_MI_54 5.22 0.08 0.80 0.02 0.81 0.02 96.2 3.8 - - - - - - - - - - 722 36 

C_MI_55 5.22 0.08 0.81 0.02 0.79 0.02 98.0 2.0 - - - - - - - - - - 722 36 

C_MI_64 4.99 0.07 0.79 0.01 0.75 0.01 95.6 4.4 - - - - - - - - - - 726 36 

C_MI_89 5.22 0.08 0.79 0.01 0.85 0.02 97.6 2.4 2.99 0.36 191 9 0.18 0.02 20 3.7 642 2.1 726 36 

C_MI_100 5.05 0.07 0.76 0.01 0.80 0.02 96.8 3.2 4.94 0.60 374 18 0.09 0.01 16 2.9 1916 6.3 729 36 

C_MI_103 5.08 0.07 0.82 0.02 0.87 0.02 99.5 0.5 1.02 0.12 316 15 0.13 0.02 16 3.0 na < 0.7 727 36 

C_MI_115 4.93 0.07 0.67 0.01 0.83 0.02 98.0 2.0 2.44 0.30 366 18 0.08 0.01 7 1.3 454 1.5 733 37 

Unknown-MgO (no EMP) 
                   

A_MI_4i - - - - - - - - 4.59 0.56 482 23 0.08 0.01 9 1.7 1550 5.1 - - 

A_MI_7 - - - - - - - - 3.50 0.43 309 15 0.08 0.01 10 1.9 864 2.8 - - 

A_MI_19 - - - - - - - - 0.53 0.06 316 15 0.09 0.01 6 1.0 na << 0.7 - - 

B_MI_30 - - - - - - - - 3.96 0.48 353 17 0.07 0.01 11 2.1 1111 3.7 - - 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                

Sample Name 
Adhered 
matrix 

glass† 

 Inclusion 

Texture† 

Possible 
Melt 

Channel† 

Complementary 

Analyses† 
SiO2 ± Al2O3  ± 

Na2O 

orig. 

Na2O 

corr. 
± MgO ± TiO2 ± Cl ± 

HEATED 

INCLUSIONS 

                 
Typical-MgO 

                 
C_MI_1 Y P - 

 
76.09 0.77 12.52 0.15 2.26 3.82 1.00 0.09 0.006 0.05 0.002 0.16 0.004 

C_MI_11b Y P Y 

 
76.53 0.78 12.93 0.16 2.01 3.82 1.00 0.03 0.002 0.09 0.003 0.07 0.002 

C_MI_22 Y P N V 76.41 0.78 12.88 0.15 1.68 3.82 1.00 0.09 0.006 0.12 0.004 0.12 0.003 

C_MI_24 Y P N V 75.81 0.77 12.78 0.15 1.54 3.82 1.00 0.07 0.004 0.07 0.002 0.12 0.003 

C_MI_83 N P Y V 75.66 0.77 12.51 0.15 2.04 3.82 1.00 0.07 0.005 0.06 0.002 0.10 0.003 

C_MI_6i Y D Y 

 
74.65 0.76 13.28 0.16 4.26 4.26 0.06 0.08 0.005 0.13 0.004 0.15 0.004 

C_MI_6ii Y D Y 

 
74.83 0.76 13.29 0.16 3.98 3.98 0.06 0.09 0.005 0.12 0.004 0.15 0.004 

C_MI_9iii Y D N 

 
76.42 0.78 13.84 0.17 0.20 3.82 1.00 0.07 0.005 0.06 0.002 0.12 0.003 

C_MI_10b Y D N 
 

76.42 0.78 12.88 0.15 2.50 3.82 1.00 0.08 0.005 0.06 0.002 0.12 0.003 

C_MI_11a Y D Y V 74.49 0.76 12.72 0.15 2.25 3.82 1.00 0.10 0.006 0.11 0.004 0.12 0.003 

C_MI_21i Y D Y 

 
76.78 0.78 12.56 0.15 2.51 3.82 1.00 0.06 0.004 0.05 0.002 0.12 0.003 

C_MI_21ii Y D Y 

 
76.75 0.78 12.47 0.15 2.32 3.82 1.00 0.06 0.004 0.05 0.002 0.07 0.002 

C_MI_21iii Y D Y 

 
76.76 0.78 12.39 0.15 2.41 3.82 1.00 0.06 0.004 0.05 0.002 0.13 0.003 

C_MI_30i Y D N V, U-Th (gr) 77.07 0.78 12.82 0.15 1.40 3.82 1.00 0.09 0.006 0.05 0.002 0.12 0.003 

C_MI_30ii Y D N V, U-Th (gr) 78.70 0.80 12.97 0.16 0.39 3.82 1.00 0.08 0.005 0.06 0.002 0.12 0.003 

Anomalous-MgO 

                
C_MI_19 Y P N 

 
73.92 0.75 12.39 0.15 2.10 3.82 1.00 1.47 0.094 0.10 0.003 0.14 0.004 

C_MI_23i Y P N V 76.38 0.78 12.75 0.15 1.31 3.82 1.00 0.15 0.009 0.07 0.002 0.11 0.003 

C_MI_23ii Y P N V 75.86 0.77 12.99 0.16 2.65 3.82 1.00 0.15 0.010 0.06 0.002 0.12 0.003 

C_MI_15 Y D - 

 
75.69 0.77 12.95 0.16 1.98 3.82 1.00 0.25 0.016 0.06 0.002 0.14 0.004 

C_MI_17 Y D N 

 
73.48 0.75 12.25 0.15 1.30 3.82 1.00 0.13 0.008 0.07 0.002 0.11 0.003 

C_MI_20 Y D - 

 
74.92 0.76 12.58 0.15 4.12 4.12 0.06 0.13 0.009 0.05 0.002 0.13 0.003 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                    

Sample Name K2O ± CaO ± FeO ± 
Hydrous 

total 

H2O by 

difference 
H2O ± F ppm ± Cl ± S ppm ± 

Volatile 

saturation 

depth 
(bars)†† 

Volatile 
saturation 

depth (km)†† 

Zircon 

saturation 
temp. 

(°C)††† 

± 

HEATED 

INCLUSIONS 

        

volatiles measured by SIMS 

  
Typical-MgO 

                    
C_MI_1 5.40 0.08 0.81 0.02 1.01 0.02 92.6 7.4 - - - - - - - - - - 718 36 

C_MI_11b 5.23 0.08 1.02 0.02 0.26 0.01 99.0 1.0 - - - - - - - - - - 721 36 

C_MI_22 4.34 0.06 1.05 0.02 1.13 0.02 93.9 6.1 3.12 0.38 430 21 0.10 0.01 19 3.5 668 2.2 733 37 

C_MI_24 4.90 0.07 0.89 0.02 1.51 0.03 92.7 7.3 5.56 0.68 517 25 0.07 0.01 14 2.5 2502 8.3 726 36 

C_MI_83 5.50 0.08 0.78 0.01 1.50 0.03 98.3 1.7 2.78 0.34 413 20 0.09 0.01 12 2.3 544 1.8 716 36 

C_MI_6i 5.03 0.07 1.25 0.02 1.07 0.02 99.7 0.3 - - - - - - - - - - 710 36 

C_MI_6ii 5.02 0.07 1.26 0.02 1.18 0.02 98.1 1.9 - - - - - - - - - - 717 36 

C_MI_9iii 3.98 0.06 0.96 0.02 0.73 0.01 98.1 1.9 - - - - - - - - - - 750 38 

C_MI_10b 4.54 0.07 0.86 0.02 1.18 0.02 94.3 5.7 - - - - - - - - - - 734 37 

C_MI_11a 6.44 0.09 1.08 0.02 1.11 0.02 98.0 2.0 0.32 0.04 305 15 0.08 0.01 41 7.6 na << 0.7 696 35 

C_MI_21i 4.93 0.07 0.87 0.02 0.80 0.02 99.5 0.5 - - - - - - - - - - 725 36 

C_MI_21ii 5.17 0.08 0.84 0.02 0.74 0.01 99.6 0.4 - - - - - - - - - - 721 36 

C_MI_21iii 5.18 0.08 0.91 0.02 0.69 0.01 99.3 0.7 - - - - - - - - - - 718 36 

C_MI_30i 4.29 0.06 0.82 0.02 0.94 0.02 94.4 5.6 3.91 0.48 470 23 0.13 0.02 17 3.1 1029 3.4 739 37 

C_MI_30ii 2.68 0.04 0.78 0.01 0.83 0.02 94.4 5.6 3.91 0.48 470 23 0.13 0.02 17 3.1 1005 3.3 768 38 

Anomalous-MgO 
                   

C_MI_19 4.88 0.07 0.94 0.02 2.32 0.05 94.0 6.0 - - - - - - - - - - 715 36 

C_MI_23i 4.23 0.06 0.90 0.02 1.59 0.03 94.3 5.7 2.54 0.31 520 25 0.06 0.01 12 2.2 447 1.5 736 37 

C_MI_23ii 4.48 0.07 0.86 0.02 1.61 0.03 93.4 6.6 2.54 0.31 520 25 0.06 0.01 12 2.2 456 1.5 735 37 

C_MI_15 5.20 0.08 0.82 0.02 1.07 0.02 95.0 5.0 - - - - - - - - - - 725 36 

C_MI_17 4.12 0.06 2.57 0.05 2.04 0.04 94.9 5.1 - - - - - - - - - - 686 34 

C_MI_20 5.20 0.08 0.92 0.02 1.77 0.03 100.7 -0.7 - - - - - - - - - - 710 35 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                

Sample Name 
Adhered 
matrix 

glass† 

 Inclusion 

Texture† 

Possible 
Melt 

Channel† 

Complementary 

Analyses† 
SiO2 ± Al2O3  ± 

Na2O 

orig. 

Na2O 

corr. 
± MgO ± TiO2 ± Cl ± 

Breached heated inclusions 

               
C_MI_2 Y D - 

 
75.87 0.77 13.64 0.16 2.95 3.82 1.00 0.04 0.002 0.14 0.005 0.00 0.000 

C_MI_3 Y D Y 

 
77.07 0.78 13.00 0.16 3.27 3.82 1.00 0.03 0.002 0.06 0.002 0.01 0.000 

C_MI_7 Y D Y 

 
79.39 0.81 12.67 0.15 1.60 3.82 1.00 0.09 0.006 0.04 0.001 0.00 0.000 

C_MI_10a Y D Y V 76.39 0.78 13.08 0.16 2.81 3.82 1.00 0.01 0.001 0.04 0.001 0.12 0.003 

C_MI_10c Y D Y 
 

74.11 0.75 12.88 0.15 3.46 3.82 1.00 0.10 0.006 0.05 0.002 0.11 0.003 

C_MI_14a Y D Y 

 
76.80 0.78 12.84 0.15 2.30 3.82 1.00 0.05 0.003 0.06 0.002 0.00 0.000 

C_MI_14b Y D Y 

 
76.84 0.78 12.93 0.16 3.13 3.82 1.00 0.07 0.004 0.05 0.002 0.02 0.000 

C_MI_33 Y D Y V 76.12 0.77 12.78 0.15 2.30 3.82 1.00 0.10 0.007 0.06 0.002 0.11 0.003 

C_MI_34ai Y D Y 

 
77.14 0.78 12.67 0.15 2.53 3.82 1.00 0.02 0.001 0.04 0.001 0.00 0.000 

C_MI_34aiii Y D Y 

 
77.29 0.79 12.80 0.15 2.44 3.82 1.00 0.02 0.001 0.06 0.002 0.00 0.000 

C_MI_34b Y D Y V 76.85 0.78 13.07 0.16 2.75 3.82 1.00 0.02 0.001 0.04 0.001 0.00 0.000 

C_MI_35i Y Y N V 75.11 0.76 12.42 0.15 2.96 3.82 1.00 0.30 0.019 0.07 0.002 0.12 0.003 

C_MI_35ii Y Y N V 75.68 0.77 12.65 0.15 2.67 3.82 1.00 0.21 0.013 0.04 0.001 0.13 0.004 

C_MI_66 Y D N V - - - - - - - - - - - - - 

                  
UNHEATED OPEN MELT CHANNELS 

               
B_MI_27b Y D Y V 76.19 0.77 12.89 0.15 2.70 3.82 1.00 0.06 0.004 0.06 0.002 0.12 0.003 

B_MI_31 Y D Y V 76.36 0.78 12.78 0.15 2.74 3.82 1.00 0.05 0.003 0.05 0.002 0.14 0.004 

C_MI_117 Y D Y V 76.38 0.78 12.67 0.15 2.90 3.82 1.00 0.05 0.003 0.06 0.002 0.13 0.004 

                  
UNHEATED MATRIX GLASS 

               
A_MG_1ii Y na na 

 
76.49 0.41 12.90 0.09 2.90 3.26 0.50 0.06 0.004 0.05 0.002 0.13 0.003 

B_A6_MG Y na na 
 

76.85 0.41 12.89 0.09 2.73 3.26 0.50 0.05 0.003 0.05 0.002 0.12 0.003 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                    

Sample Name K2O ± CaO ± FeO ± 
Hydrous 

total 

H2O by 

difference 
H2O ± 

F 

ppm 
± Cl ± 

S 

ppm 
± 

Volatile 
saturation 

depth 

(bars)†† 

Volatile 
saturation 

depth 

(km)†† 

Zircon 

saturation 

temp. 

(°C)††† 

± 

Breached heated inclusions 

      

volatiles measured by SIMS 

  
C_MI_2 5.49 0.08 0.95 0.02 0.02 0.00 97.6 2.4 - - - - - - - - - - 727 36 

C_MI_3 5.38 0.08 0.53 0.01 0.07 0.00 97.6 2.4 - - - - - - - - - - 732 37 

C_MI_7 3.57 0.05 0.45 0.01 0.00 0.00 100.2 -0.2 - - - - - - - - - - 761 38 

C_MI_10a 6.00 0.09 0.34 0.01 0.19 0.00 99.0 1.0 0.18 0.02 8 0 0.10 0.01 9 1.7 na << 0.7 728 36 

C_MI_10c 6.93 0.10 0.89 0.02 1.05 0.02 96.1 3.9 - - - - - - - - - - 695 35 

C_MI_14a 5.64 0.08 0.78 0.01 0.03 0.00 99.2 0.8 - - - - - - - - - - 721 36 

C_MI_14b 5.42 0.08 0.84 0.02 0.00 0.00 99.2 0.8 - - - - - - - - - - 723 36 

C_MI_33 5.43 0.08 0.79 0.01 0.73 0.01 98.3 1.7 0.89 0.11 30 1 0.09 0.01 8 1.4 na << 0.7 721 36 

C_MI_34ai 5.52 0.08 0.79 0.01 0.00 0.00 98.6 1.4 - - - - - - - - - - 720 36 

C_MI_34aiii 5.29 0.08 0.75 0.01 0.00 0.00 98.9 1.1 - - - - - - - - - - 727 36 

C_MI_34b 5.44 0.08 0.74 0.01 0.00 0.00 99.3 0.7 1.20 0.15 -1 0 0.00 0.00 3 0.6 na < 0.7 727 36 

C_MI_35i 5.84 0.09 0.89 0.02 1.39 0.03 97.6 2.4 1.95 0.24 2 0 0.01 0.00 0 0.0 334 1.1 706 35 

C_MI_35ii 5.69 0.08 0.50 0.01 1.24 0.02 98.5 1.5 1.95 0.24 2 0 0.01 0.00 0 0.0 332 1.1 722 36 

C_MI_66 - - - - - - - - 1.02 0.12 -1 0 0.00 0.00 1 0.2 na < 0.7 - - 

                     
UNHEATED OPEN MELT CHANNELS 

                 
B_MI_27b 5.07 0.07 0.83 0.02 0.97 0.02 96.0 4.0 2.46 0.30 310 15 0.10 0.01 15 2.7 461 1.5 725 36 

B_MI_31 5.19 0.08 0.75 0.01 0.82 0.02 97.2 2.8 0.71 0.09 358 17 0.10 0.01 14 2.6 na << 0.7 726 36 

C_MI_117 5.19 0.08 0.80 0.02 0.85 0.02 97.7 2.3 2.79 0.34 247 12 0.13 0.01 19 3.5 566 1.9 724 36 

                     
UNHEATED MATRIX GLASS 

                  
A_MG_1ii 5.41 0.06 0.79 0.01 0.85 0.01 98.3 1.7 - - - - - - - - - - 682 48 

B_A6_MG 5.29 0.06 0.78 0.01 0.63 0.01 97.1 2.9 - - - - - - - - - - 684 48 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                

Sample Name 
Adhered 
matrix 

glass† 

 Inclusion 

Texture† 

Possible 
Melt 

Channel† 

Complementary 

Analyses† 
SiO2 ± Al2O3  ± 

Na2O 

orig. 

Na2O 

corr. 
± MgO ± TiO2 ± Cl ± 

NHEATED MATRIX GLASS (cont.) 

               
B_MI_17_MG Y na na V - - - - - - - - - - - - - 

B_MI_25_MGi Y na na V - - - - - - - - - - - - - 

B_MI_25_MGii Y na na V - - - - - - - - - - - - - 

C_MG_4 Y na na 
 

76.85 0.41 12.85 0.09 2.53 3.26 0.50 0.05 0.003 0.07 0.002 0.15 0.004 

C_MG_22 Y na na V 76.30 0.41 12.83 0.09 2.87 3.26 0.50 0.06 0.004 0.05 0.002 0.13 0.003 

C_MG_26 Y na na 
 

76.49 0.41 13.10 0.09 2.53 3.26 0.50 0.04 0.002 0.05 0.002 0.12 0.003 

C_MG_27 Y na na 
 

76.44 0.41 13.10 0.09 2.89 3.26 0.50 0.05 0.003 0.04 0.001 0.11 0.003 

C_MG_28 Y na na 
 

76.10 0.41 13.28 0.09 2.93 3.26 0.50 0.05 0.003 0.06 0.002 0.14 0.003 

C_MG_29 Y na na 
 

76.45 0.41 13.10 0.09 2.88 3.26 0.50 0.06 0.004 0.07 0.002 0.14 0.004 

C_MG_30 Y na na 
 

76.82 0.41 12.78 0.09 2.92 3.26 0.50 0.04 0.003 0.06 0.002 0.12 0.003 

C_MG_31 Y na na 
 

76.79 0.41 12.93 0.09 2.83 3.26 0.50 0.05 0.003 0.05 0.002 0.09 0.002 

C_MI_37_MG Y na na 
 

76.42 0.41 12.93 0.09 2.65 3.26 0.50 0.05 0.003 0.06 0.002 0.13 0.003 

HEATED MATRIX GLASS 

                
C_MG_1ai Y na na 

 
77.50 0.41 13.00 0.09 2.70 3.26 0.50 0.05 0.003 0.05 0.002 0.00 0.000 

C_MG_1aii Y na na 
 

77.57 0.41 12.94 0.09 2.79 3.26 0.50 0.06 0.004 0.06 0.002 0.01 0.000 

C_MG_1bi Y na na 
 

77.37 0.41 13.05 0.09 3.07 3.26 0.50 0.05 0.003 0.06 0.002 0.01 0.000 

C_MG_1bii Y na na 
 

77.23 0.41 13.15 0.09 2.64 3.26 0.50 0.05 0.003 0.05 0.002 0.01 0.000 

C_MG_23i Y na na 
 

77.45 0.41 12.95 0.09 2.79 3.26 0.50 0.05 0.003 0.07 0.002 0.00 0.000 

C_MG_23ii Y na na 
 

77.43 0.41 12.99 0.09 2.82 3.26 0.50 0.06 0.004 0.05 0.002 0.00 0.000 

C_MI_5_MG Y na na V - - - - - - - - - - - - - 

C_MI_23_MG Y na na 
 

77.31 0.41 13.09 0.09 3.46 3.46 0.50 0.06 0.004 0.04 0.001 0.00 0.000 

C_MI_25_MG Y na na 
 

77.63 0.41 12.75 0.09 1.98 3.26 0.50 0.05 0.003 0.04 0.001 0.00 0.000 

C_MI_34_MG Y na na V - - - - - - - - - - - - - 

C_MI_78_MG Y na na V - - - - - - - - - - - - - 
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Table A1 (continued). Major element and volatile compositions of zircon-hosted melt inclusions and matrix glasses.                    

Sample Name K2O ± CaO ± FeO ± 
Hydrous 

total 

H2O by 

difference 
H2O ± 

F 

ppm 
± Cl ± 

S 

ppm 
± 

Volatile 

saturation 

depth 
(bars)†† 

Volatile 

saturation 

depth 
(km)†† 

Zircon 

saturation 
temp. 

(°C)††† 

± 

UNHEATED MATRIX GLASS (cont.) 
     

volatiles measured by SIMS 

  
B_MI_17_MG - - - - - - - - 3.37 0.41 273 13 0.10 0.01 24 4.4 765 2.5 - - 

B_MI_25_MGi - - - - - - - - 3.10 0.38 310 15 0.11 0.01 16 3.0 659 2.2 - - 

B_MI_25_MGii - - - - - - - - 3.45 0.42 321 16 0.10 0.01 29 5.4 798 2.6 - - 

C_MG_4 5.06 0.06 0.83 0.01 0.81 0.01 95.8 4.2 - - - - - - - - - - 686 48 

C_MG_22 5.64 0.07 0.83 0.01 0.86 0.02 96.7 3.3 3.06 0.37 268 13 0.09 0.01 22 4.1 683 2.3 677 47 

C_MG_26 5.47 0.06 0.75 0.01 0.70 0.01 96.2 3.8 - - - - - - - - - - 684 48 

C_MG_27 5.28 0.06 0.83 0.01 0.81 0.01 96.5 3.5 - - - - - - - - - - 685 48 

C_MG_28 5.31 0.06 0.82 0.01 0.90 0.02 95.5 4.5 - - - - - - - - - - 686 48 

C_MG_29 5.17 0.06 0.84 0.01 0.84 0.01 95.6 4.4 - - - - - - - - - - 686 48 

C_MG_30 5.23 0.06 0.80 0.01 0.86 0.02 98.0 2.0 - - - - - - - - - - 684 48 

C_MG_31 5.26 0.06 0.82 0.01 0.70 0.01 97.9 2.1 - - - - - - - - - - 684 48 

C_MI_37_MG 5.42 0.06 0.76 0.01 0.93 0.02 97.2 2.8 - - - - - - - - - - 683 48 

HEATED MATRIX GLASS 
                   

C_MG_1ai 5.28 0.06 0.81 0.01 0.03 0.00 101.2 -1.2 - - - - - - - - - - 741 52 

C_MG_1aii 5.25 0.06 0.77 0.01 0.06 0.00 101.4 -1.4 - - - - - - - - - - 741 52 

C_MG_1bi 5.36 0.06 0.80 0.01 0.02 0.00 100.9 -0.9 - - - - - - - - - - 740 52 

C_MG_1bii 5.37 0.06 0.79 0.01 0.07 0.00 100.4 -0.4 - - - - - - - - - - 741 52 

C_MG_23i 5.26 0.06 0.81 0.01 0.11 0.00 100.2 -0.2 - - - - - - - - - - 740 52 

C_MG_23ii 5.28 0.06 0.84 0.01 0.06 0.00 100.2 -0.2 - - - - - - - - - - 740 52 

C_MI_5_MG - - - - - - - - 0.35 0.04 -1 0 0.00 0.00 1 0.2 na << 0.7 - - 

C_MI_23_MG 4.45 0.05 0.90 0.01 0.66 0.01 99.7 0.3 - - - - - - - - - - 747 52 

C_MI_25_MG 5.54 0.07 0.71 0.01 0.04 0.00 97.1 2.9 - - - - - - - - - - 736 52 

C_MI_34_MG - - - - - - - - -0.24 -0.03 -1 0 0.00 0.00 0 0.1 na 0.0 - - 

C_MI_78_MG - - - - - - - - -0.28 -0.03 -1 0 0.00 0.00 5 0.9 na 0.0 - - 



103 

 

Appendix B: SIMS volatile measurement corrections and calibrations 

 

Determining accurate measurements of H2O, CO2, S, F, and Cl in YTT zircon-hosed melt 

inclusions and matrix glass by SIMS required correcting for issues stemming from using an 

epoxy sample mount. Although indium mounting is possible, the requirement for careful and 

extended polishing of these grains to reveal small melt inclusions made epoxy more convenient 

to use for this exploratory study. Although low vapor pressure epoxy (EpoThin) was used and 

samples were stored under vacuum prior to analysis the continued degassing of the epoxy mount 

in the sample chamber affected the vacuum conditions during analysis, and resulted in 

background pH2O being significant to influence measurements. To account for this, a correction 

was made using the relationship between vacuum pressure and measured 
17

O
1
H

-
 in known 

anhydrous materials (H2O-free standard glasses, heated [and degassed] YTT glasses, and 

inclusion-free zircon) in varying vacuum pressures. No relationship with pressure occurred for 

any other measured volatile species.   

 

 

Figure B1. H2O – sample chamber pressure corrections. 
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Table B1. Calibration standards and reference for SIMS volatile measurements 

 

 

CO2 

ppm 

CO2 
notes 

F 
ppm 

H2O 
wt.% 

H2O 
notes 

S 
ppm 

Cl 
ppm 

SiO2 wt% 
(hydrous) 

NIST 610 2 
 

180 0.013 
 

575 274 69.7 

M6N 200 
 

910 5.11 
  

950 69.47 

M3N 190 
 

484 2.9 
  

800 71.38 

NIST 620 0 
CO2 ~ 
zero 

23 0 
H2O ~ 
zero 

1120 150 72.08 

UTR2 27 
 

1143 
   

2000 74.08 

VNM50-
15 

5 
 

813 
   

1209 76.6 

BF-52 950 
      

76.4 

 

 
References of standard values 

NIST 610 CO2, H2O, S, Cl, SiO2 - Jochum et al., (2011); F - (Guggino, 2012) 

M6N 
Cl, SiO2 -Devine et al., (1995); H2O – analyzed by Malik and Bungard and reported by 
Devine et al., (1995) 

M3N 
Cl, SiO2 -Devine et al., (1995); H2O – analyzed by Malik and Bungard and reported by 
Devine et al., (1995) 

NIST 620 
F - Guggino (2012). S, SiO2 – GeoReM; Cl – via C Mandeville and reported by Godon et 
al., (2004) 

UTR2 
F – via J Stix unpublished reported by Guggino (2012); Cl, SiO2 - GeoReM. Not included 
in Cl calibration 

VNM50-15 F - GeoReM; Cl, - Devine et al., (1995). Not included in Cl calibration 

BF-52 CO2 - From Rick Hervig 

Where not noted, values for standards were taken from personal communications with Dr. Rick Hervig, 
Arizona State University Ion Microscopy lab manager  
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Figure B2. H2O/SiO2 calibration curve. 

 

 

 

 
Figure B3. F/SiO2 calibration curve. 
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Figure B4. S/SiO2 calibration curve. 

 

 

 
Figure B5. Cl/SiO2 calibration curve.
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Appendix C: LA-ICP-MS trace element measurements of melt inclusion and matrix glasses 

Deconvolution Procedures 

 elt inclusions were analyzed with a 20 μm diameter laser spot, but owing to the small 

size of the inclusions, significant amounts of the surrounding zircon host were ablated along with 

the inclusion. Deconvolution of the melt inclusion composition from the mixed inclusion-host 

measurement was done with the following procedure:  

Independent compositions of the melt inclusions were obtained via EMP. For inclusions 

that were not specifically measured with EMP, average melt inclusion compositions were used 

(variation in melt inclusion major elements was generally minor). Al2O3 was used as the best 

estimation of the amount of MI vs. zircon host because Al2O3 is abundant and relatively 

consistent in melt inclusions (avg. unheated 12.78 ± 0.41 wt% 1s; avg. heated 12.78 ± 1.18 wt% 

1s), while being highly incompatible in zircon (Kd ~0.0009; estimated melt inclusion-mineral 

pairs in Thomas et al., 2002).   

We were unable to calculate Kds for our melt inclusion-mineral pairs because we did not 

have the same suite of analytes for LA-ICP-MS measurements of pure zircon and LA-ICP-

MS/EMP measurements of melt inclusions. Measurement of highly incompatible elements in 

zircon (e.g., La) was precluded by the small spot sizes required for analysis. 

LA-ICP-MS concentrations were calculated using SiO2 as an internal standard. In the 

case of mixed MI + zircon analyses, the SiO2 measurement must also be deconvolved from the 

inclusion and host mixture.  

A circular case develops where the degree of MI-host mixture is gauged by the Al2O3 

content, but the Al2O3 content of the mixed analysis is dependent on scaling against the internal 

SiO2 standard, which itself must be deconvolved from the mixed analysis. The system of 

resulting interrelated equations is solved iteratively, seeking to determine a mixing fraction of MI 

and zircon host that satisfied both the Al2O3 and SiO2 systems. This is possible because both 

Al2O3 and SiO2 contents of the melt inclusion and zircon host are independently known through 

EMP analyses and stoichiometry.     
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Known inputs: 

SiO2 composition of the melt inclusion (C inclusionSiO2) – based on an EMP analysis of the melt 

inclusion in question, or an average EMP concentration for all melt inclusions if no 

individual EMP analysis exists for the MI in question. 

SiO2 composition of the zircon host (C hostSiO2) – from stoichiometric SiO2 of pure zircon (32.78 

wt% SiO2). 

Al2O3 composition of the melt inclusion (C inclusionAl2O3) – based on an EMP analysis of the 

melt inclusion in question, or an average EMP concentration for all melt inclusions if no 

individual EMP analysis exists for the MI in question. 

Al2O3 composition of the zircon host (C hostAl2O3) – from estimated Kd of Al2O3 in zircon for a 

rhyolite-granitic system (0.0009; estimated melt inclusion-mineral pairs in Thomas et al., 

2002) and Al2O3 composition of the melt inclusion. 

Al2O3 initial guess of concentration in mixed LA-ICP-MS analysis (C mix_initialAl2O3) – from the 

mixed LA-ICP-   measurement using the “C inclusionSiO2” as an initial guess for the 

internal scaling factor. 

 

Unknowns: 

SiO2 composition of mixed LA-ICP-MS analysis (C mixSiO2) – Calculated from the two 

component mixing model: 

     
          

                   
             ,          eq. 1a 

where x is the mass fraction of the inclusion analyzed.  

Al2O3 true composition of mixed LA-ICP-MS analysis (C mixAl2O3) – Initial guess of measured 

Al2O3 composition rescaled with the corrected SiO2 composition (C mixSiO2) divided by 

the initial SiO2 scaling factor used (C inclusionSiO2): 

 

      
          

            
     

   

     
                     eq. 1b 

Mass fraction of inclusion analyzed (xAl2O3) – calculated for Al2O3 via a rearranged form of eq. 

1a (see Halter et al., 2002 equation 2a): 

  
      

           
   

      
           

                     eq. 1c 
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Mass fraction of inclusion analyzed (xSiO2) – Varied iteratively to satisfy xAl2O3 = xSiO2 to find the 

mass fraction of melt inclusion analyzed that solves the interrelated system of equations. 

 

The mass fraction of inclusion analyzed (xSiO2) can be determined using an iterative 

process  such as  icrosoft Excel’s  OLVER function [Figure C1]) where xSiO2 is varied so that 

the residual of xAl2O3 - xSiO2 equals zero (i.e., determine the mass fraction of melt inclusion 

analyzed that satisfies both the Al2O3 and SiO2 system is the same): 

 

Figure C1. Model SOLVER parameters  

 

Once the mass fraction of melt inclusion analyzed is calculated, the SiO2 composition of 

mixed LA-ICP-MS analysis (C mixSiO2) is determined. C mixSiO2 is then used as the correct SiO2 

internal standard to rescale all the LA-ICP-MS values.  

Lastly, the rescaled LA-ICP-MS values are deconvolved using equation 2b of Halter et 

al., 2002: 

                 
            

 
  ,          eq. 2a 

where C
HOST 

is calculated using estimated zircon-melt partition coefficients (see 

supplementary materials) and C
INCLUSION

: 

                      ,          eq. 2b 

 so that: 
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            eq. 2c 

Rearranging eq. 2c to solve for C
INCLUSION 

yields the deconvolved composition of the 

melt inclusion: 

           
    

             
   .         eq. 2d 
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Table C1. LA-ICP-MS trace element measurements of melt inclusion and matrix glasses 

      

               
Zircon 

Grain 
Sample Name 

Adhered 

matrix 
glass† 

 Inclusion 

Texture† 
Complementary Analyses† 

% 

Inclusion 
Analyzed 

Li 
± 5% 

unc. 
B 

± 
5% 

unc. 

Al2O3 

(wt%)†† 

SiO2 

(wt%)†† 

K2O 

(wt%) 

± 
5% 

unc. 

  

  

MELT INCLUSIONS 

   
  Kd 0.006* Kd 0.017** na na Kd 0.0021** 

 UNHEATED 

             B18 LT_12_B_MI_18_MI-1   N D EMP (H-Mg), TE 77% 54.7 10.3 37.1 14.0 12.8 76.2 5.47 0.62 
 C36 LT_12_C_MI_36_MI-1   Y D EMP (H-Mg), TE, U-Th (br) 60% 59.8 9.7 40.6 13.5 12.6 76.5 5.72 0.38 

 C54 LT_12_C_MI_54_MI-1   Y P EMP (H-Mg) 39% 51.9 6.3 52.1 13.8 12.6 76.5 5.39 0.33 

 C97 LT_12_C_MI_97_MI-1   Y P EMP (L-Mg), V 44% 741.7 96.9 29.7 10.2 12.9 76.6 6.14 0.52 

 C105 LT_12_C_MI_105_MI-1   Y P TE 24% 1090.6 98.6 56.8 10.7 12.9 76.6 5.78 0.41 
 HEATED 

              C67 LT_12_C_MI_67_MI-1   Y D - 21% 83.0 9.4 42.4 8.6 12.8 75.9 6.54 0.23 

 C68 LT_12_C_MI_68_MI-1   Y P TE 25% 31.8 5.0 34.9 8.5 12.8 75.9 5.31 0.26 

                               

MATRIX GLASSES 

             UNHEATED OPEN MELT CHANNEL 

             BXX LT_12_B_MI_XX_MI-1   Y - TE 56% 63.2 11.2 27.3 9.1 12.9 76.6 4.86 0.29 

 UNHEATED 

             B_A6 LT_12_B_A6_MG-2   - - - na 57.1 9.3 39.5 15.1 13.0 77.0 5.43 0.32 
 B18 LT_12_B_MG_18-2   - - - na 43.7 6.5 38.2 14.2 12.4 77.0 5.05 0.31 

 HEATED 

              C_MG_1 LT_12_C_MG_1-1   - - EMP na 32.5 4.7 35.7 13.0 13.5 77.0 4.93 0.20 

 C_MG_1 LT_12_C_MG_1-2   - - EMP na 40.0 5.8 50.4 19.3 13.3 77.0 5.00 0.24 
  

Concentrations are reported in ppm, unless otherwise noted; uncertainties are reported as combine 1 SE analytical error and an assumed ±5% uncertainty in deconvolution calculations (see text); bdl = 

below detection limit. 

†Adhered  atrix Glass: Y = yes  N = no. Inclusion Texture: D = dissolution inclusion  P = primary inclusion; Complementary Analyses refer to measurements  

conducted on a melt inclusion associated with the zircon growth zone: EMP (L-Mg) = Electron Microprobe major elements, low-MgO  

population; EMP (H-Mg) = Electron Microprobe major elements, high-MgO population (see Appendix A), V = SIMS volatiles (see Appendix A, B),  

 TE = LA-ICP-MS trace elements in host zircon (see Appendix D), U-Th (gz) = SIMS U-Th crystallization age from direct measurement of specific 

growth zone, U-Th (br) = Crystallization age bracketed by SIMS U-Th measurements elsewhere in zircon grain (see Appendix E).  
††Compositions from E P measurements, and where the basis for deconvolution calculations. See Appendix C text for details. 

Sources of Kd zircon-melt: *Assumed to equal to Kd of Rb; **Calculated from average melt-mineral compositions in Thomas et al., 2002; ***From phenocryst-matrix compositions in Mahood and 

Hildreth 1983; **** From experimental phenocryst-matrix compositions in Hofmann et al., 2013; ***** Calculated from average melt inclusion-mineral compositions in Thomas et al., 2003.  
 

 

 
 

 

 

  



112 

 

Table C1 (continued). LA-ICP-MS trace element measurements of melt inclusion and matrix glasses 

          

                   
Sample Name 

CaO 
(wt%) 

± 5% 

unc. 
Sc 

± 5% 

unc. 
Ti 

± 5% 

unc. 

FeO 
(wt%) 

± 5% 

unc. 
Rb 

± 5% 

unc. 
Sr 

± 5% 

unc. 
Y 

± 5% 

unc. 
Nb 

± 5% 

unc. 
Ba 

± 5% 

unc. 

MELT INCLUSIONS Kd 0.0124** Kd 69*** Kd 0.01**** Kd 0.0147** Kd 0.006** Kd 0.034** Kd 50** Kd 236** Kd 0.004** 

UNHEATED 

                  LT_12_B_MI_18_MI-1   0.78 0.08 1.09 22.92 584.4 119.9 1.08 0.08 261.8 24.2 55.1 4.6 22.6 227.7 0.72 12.13 461.7 31.7 

LT_12_C_MI_36_MI-1   0.97 0.09 2.40 34.68 817.3 128.7 1.13 0.09 254.2 16.5 39.6 3.0 7.1 35.6 0.12 2.76 314.5 21.4 

LT_12_C_MI_54_MI-1   0.92 0.13 3.26 27.21 1682.4 166.9 1.22 0.07 258.6 13.6 35.9 2.0 5.4 50.5 0.05 1.59 163.3 9.4 

LT_12_C_MI_97_MI-1   1.05 0.09 2.83 22.41 1008.2 102.2 0.67 0.05 282.1 23.7 30.2 2.6 7.3 51.5 0.08 2.57 126.1 8.6 

LT_12_C_MI_105_MI-1   1.02 0.06 3.41 20.14 3123.6 214.3 1.47 0.06 330.0 15.6 25.2 1.4 8.4 62.8 0.04 1.67 128.3 7.6 

HEATED 
                  LT_12_C_MI_67_MI-1   0.88 0.08 4.19 90.06 3231.6 325.0 0.61 0.06 287.7 11.6 35.1 2.4 45.0 356.0 0.05 1.93 285.5 13.1 

LT_12_C_MI_68_MI-1   1.18 0.08 3.94 25.32 3203.0 240.5 1.30 0.06 294.7 20.8 13.3 1.3 11.6 78.0 0.04 2.06 53.3 2.2 

                                      

MATRIX GLASSES 

                  UNHEATED OPEN MELT CHANNEL 
                LT_12_B_MI_XX_MI-1   1.00 0.17 4.18 65.50 1220.1 294.7 0.97 0.09 221.3 15.4 33.8 2.7 4.8 68.2 0.09 2.07 235.0 15.9 

UNHEATED 

                  LT_12_B_A6_MG-2   0.63 0.09 10.00 2.71 387.2 41.6 1.05 0.05 265.0 14.2 37.3 2.3 33.6 3.9 18.01 1.92 264.2 14.9 

LT_12_B_MG_18-2   0.65 0.06 3.55 1.90 355.9 38.6 1.20 0.09 240.7 12.9 33.9 2.5 30.3 3.5 16.50 1.81 265.2 17.7 

HEATED 

                  LT_12_C_MG_1-1   0.70 0.09 8.72 1.10 354.6 40.4 0.04 0.01 237.3 11.8 34.0 2.5 26.2 3.9 14.94 1.65 268.6 17.1 

LT_12_C_MG_1-2   0.85 0.09 10.99 2.09 414.3 48.9 0.00 0.00 258.1 9.0 46.1 2.6 43.0 5.5 16.37 2.06 331.5 21.1 
 

 

 
 

 

 

 

 

 

  



113 

 

Table C1 (continued). LA-ICP-MS trace element measurements of melt inclusion and matrix glasses 

     

Sample Name La ± 5% unc. Ta ± 5% unc. 

MELT INCLUSIONS Kd 0.03***** Kd 47.5*** 

UNHEATED 

    
LT_12_B_MI_18_MI-1   45.3 3.8 0.32 1.69 

LT_12_C_MI_36_MI-1   30.0 2.3 0.08 0.65 

LT_12_C_MI_54_MI-1   27.1 1.5 0.05 0.33 

LT_12_C_MI_97_MI-1   31.1 2.2 0.07 0.44 

LT_12_C_MI_105_MI-1   22.6 2.3 0.07 0.57 

HEATED 

    
LT_12_C_MI_67_MI-1   27.3 1.5 0.05 0.97 

LT_12_C_MI_68_MI-1   20.6 1.2 0.07 0.63 

          

MATRIX GLASSES 

    
UNHEATED OPEN MELT CHANNEL 

  
LT_12_B_MI_XX_MI-1   23.5 1.8 0.06 0.72 

UNHEATED 
    

LT_12_B_A6_MG-2   22.3 1.9 1.61 0.28 

LT_12_B_MG_18-2   22.7 1.9 1.82 0.26 

HEATED 

    
LT_12_C_MG_1-1   20.7 2.3 1.86 0.27 

LT_12_C_MG_1-2   31.9 2.9 2.83 0.46 
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Appendix D: LA-ICP-MS trace element measurements of zircon 

 

Table D1. LA-ICP-MS trace element measurements and U-Th ages of zircon growth zones 

                                        

Zircon 
Grain 

Sample Name 

Adhered 

matrix 

glass* 

Growth 
zone* 

Complementary 
Analyses* 

P 1 SE Y 1 SE Nb 1 SE La 1 SE Ce 1 SE 

UNHEATED GRAINS 

             B18 LT_12_B_MI_18_Zr-1   N M EMP, TE 211 18 601 47 bdl - bdl - 9.3 0.8 

B18 LT_12_B_MI_18_Zr-3   N M 
 

115 19 309 25 bdl - 0.75 - 12.7 1.0 

B18 LT_12_B_MI_18_Zr-4   N R 

 

211 21 761 65 bdl - bdl - 16.7 1.3 

B27 LT_12_B_MI_27_Zr-3   Y R 

 

151 18 478 39 bdl - bdl - 10.8 0.9 

BXX LT_12_B_MI_XX_Zr1-1   Y R TE 139 22 255 24 bdl - bdl - 4.2 1.1 

BXX LT_12_B_MI_XX_Zr1-2   Y M 
 

264 26 501 44 bdl - bdl - 6.2 0.6 

BXX LT_12_B_MI_XX_Zr1-3   Y C 

 

609 54 3710 301 bdl - bdl - 30.1 2.2 

BXX LT_12_B_MI_XX_Zr2-1   Y M 

 

275 52 987 84 bdl - bdl - 11.2 1.8 

BXX LT_12_B_MI_XX_Zr2-2   Y M 

 

246 42 2088 192 bdl - bdl - 17.9 2.3 

C36 LT_12_C_MI_36_Zr-1   Y R U-Th (gz) 321 30 1009 86 bdl - bdl - 16.4 2.3 

C36 LT_12_C_MI_36_Zr-2   Y R U-Th (gz) 335 30 1091 103 bdl - bdl - 18.8 1.4 

C36 LT_12_C_MI_36_Zr-3   Y C U-Th (gz) 186 16 827 70 bdl - bdl - 12.0 0.9 

C56 LT_12_C_MI_56_Zr-1   Y M U-Th (br) 103 18 208 21 bdl - bdl - 5.0 0.4 

C74 LT_12_C_MI_74_Zr-1   Y M 
 

588 56 1751 150 bdl - bdl - 27.3 2.2 

C74 LT_12_C_MI_74_Zr-2   Y M 

 

888 77 3414 287 bdl - bdl - 25.3 1.8 

C74 LT_12_C_MI_74_Zr-3   Y R 

 

622 54 1639 138 bdl - bdl - 35.2 2.9 

C85 LT_12_C_MI_85_Zr2-1   Y R 

 

215 26 606 51 bdl - bdl - 10.8 0.9 

C85 LT_12_C_MI_85_Zr2-5   Y M 
 

351 28 1059 87 bdl - 0.41 - 16.9 1.6 

C88 LT_12_C_MI_88_Zr-3   Y R 

 

254 32 987 91 bdl - 0.07 - 17.8 1.3 

C98 LT_12_C_MI_98_Zr1-2   Y M 

 

366 34 1531 134 bdl - bdl - 27.7 2.9 

C98 LT_12_C_MI_98_Zr2-1   Y M 

 

322 28 851 72 bdl - 0.06 - 16.5 1.8 

C98 LT_12_C_MI_98_Zr2-3   Y C 
 

488 41 1801 163 bdl - 0.12 - 20.3 1.6 

               Concentrations are calculated by normalizing Si ratios with silica in stoichiometric zircon (32.78 wt% SiO2). 

Concentrations are reported in ppm; bdl = below detection limit; sec eq = secular equilibrium U-Th ratio. 
† Adhered  atrix Glass: Y = yes  N = no. Growth zones: C = core,   = mid-grain, R = rim, RG = regrowth zone; Complementary Analyses refer to measurements  

conducted on a melt inclusion associated with the zircon growth zone: EMP (L-Mg) = Electron Microprobe major elements, low-MgO  

population; EMP (H-Mg) = Electron Microprobe major elements, high-MgO population (see Appendix A), V = SIMS volatiles (see Appendix A, B),  
 TE (mi) = LA-ICP-MS trace elements in melt inclusions (see Appendix C), U-Th (gz) = SIMS U-Th crystallization age from direct measurement of specific 

growth zone, U-Th (br) = Crystallization age bracketed by SIMS U-Th measurements elsewhere in zircon grain (ages presented above, see details in Appendix E). 

 

  



115 

 

Table D1 (continued). LA-ICP-MS trace element measurements and U-Th ages of zircon growth zones 

                                                 

Sample Name Pr 1 SE Nd 1 SE Sm 1 SE Eu 1 SE Gd 1 SE Tb 1 SE Dy 1 SE Er 1 SE Yb 1 SE 

UNHEATED GRAINS 

                  LT_12_B_MI_18_Zr-1   bdl - 0.15 0.05 0.93 0.09 0.16 0.02 7.8 0.7 3.1 0.4 59 4 124 12 274 22 

LT_12_B_MI_18_Zr-3   bdl - 0.34 0.07 0.73 0.07 0.10 0.02 6.7 0.6 2.2 0.2 24 2 60 5 131 9 

LT_12_B_MI_18_Zr-4   0.09 0.07 0.55 0.14 1.22 0.20 0.21 0.03 13.6 1.2 5.3 0.6 73 6 156 13 303 21 

LT_12_B_MI_27_Zr-3   bdl - 0.26 0.06 0.73 0.07 0.25 0.04 10.9 1.7 3.0 0.3 44 3 106 10 194 14 

LT_12_B_MI_XX_Zr1-1   bdl - 0.05 0.37 bdl - bdl - 2.8 0.6 1.3 0.3 19 2 41 4 104 14 

LT_12_B_MI_XX_Zr1-2   bdl - bdl - 0.30 0.03 0.03 0.01 8.0 1.0 2.6 0.4 45 4 91 9 182 14 

LT_12_B_MI_XX_Zr1-3   0.03 0.03 0.80 0.13 3.54 0.34 bdl - 60.7 5.2 26.7 2.2 373 31 666 59 1157 90 

LT_12_B_MI_XX_Zr2-1   bdl - 0.18 0.04 0.66 0.06 0.10 0.02 11.9 1.6 5.2 0.5 96 8 182 19 373 30 

LT_12_B_MI_XX_Zr2-2   bdl - 0.44 0.34 1.85 0.67 0.53 0.09 27.7 3.0 14.4 1.5 186 17 379 40 708 64 

LT_12_C_MI_36_Zr-1   bdl - 0.22 0.11 1.37 0.10 0.13 0.02 15.4 1.7 7.1 0.6 94 9 196 19 514 65 

LT_12_C_MI_36_Zr-2   0.10 0.04 0.95 0.12 2.42 0.19 0.57 0.07 20.1 2.0 7.1 0.7 103 7 180 16 488 40 

LT_12_C_MI_36_Zr-3   0.06 0.03 0.38 0.05 1.02 0.15 0.08 0.01 9.2 1.3 5.0 0.5 66 6 160 14 346 24 

LT_12_C_MI_56_Zr-1   bdl - 0.13 0.04 0.28 0.09 0.07 0.02 1.2 0.7 1.2 0.2 19 1 42 4 107 9 

LT_12_C_MI_74_Zr-1   0.01 0.01 0.52 0.11 1.82 0.13 0.18 0.02 24.7 2.3 9.8 1.1 137 13 290 32 609 47 

LT_12_C_MI_74_Zr-2   0.04 0.02 0.74 0.10 3.39 0.25 0.02 0.01 46.9 4.0 22.8 1.9 339 26 671 56 1332 108 

LT_12_C_MI_74_Zr-3   0.00 0.03 0.52 0.20 2.51 0.33 0.22 0.05 27.5 2.7 11.9 1.1 156 12 311 29 558 44 

LT_12_C_MI_85_Zr2-1   bdl - 0.09 0.08 0.62 0.08 bdl - 5.6 0.8 2.6 0.2 58 7 127 11 302 23 

LT_12_C_MI_85_Zr2-5   0.06 0.03 0.90 0.21 1.44 0.14 0.18 0.02 15.7 1.6 7.9 0.8 112 9 208 17 438 35 

LT_12_C_MI_88_Zr-3   0.02 0.01 0.17 0.02 1.49 0.16 0.15 0.02 17.2 1.4 6.4 0.6 108 12 191 17 448 34 

LT_12_C_MI_98_Zr1-2   0.03 0.01 0.55 0.07 1.80 0.16 0.21 0.02 23.4 2.2 10.5 1.0 138 11 280 23 590 47 

LT_12_C_MI_98_Zr2-1   0.03 0.01 0.34 0.04 1.06 0.09 0.14 0.02 15.2 2.2 5.5 0.8 80 8 173 15 409 31 

LT_12_C_MI_98_Zr2-3   0.02 0.02 0.98 0.14 3.01 0.28 0.32 0.03 31.5 2.9 14.8 1.6 159 11 362 32 697 52 
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Table D1 (continued). LA-ICP-MS trace element measurements and U-Th ages of zircon growth zones 

                                        

 

    

Sample Name Lu 1 SE 178Hf 1 SE 179Hf 1 SE Th 
1 

SE 

U          

(ICP-

MS) 

1 
SE 

U            
(SIMS) 

± 20 % 

Th/U      

(ICP-

MS) 

Eu/Eu* 
Age 
(ka) 

+ 
1-σ 

- 1-
σ 

UNHEATED GRAINS 

                 LT_12_B_MI_18_Zr-1   52 6 12816 1214 13405 1198 120 10 149 11 
  

0.81 0.13 
   LT_12_B_MI_18_Zr-3   22 2 10488 1088 14021 1281 56 5 99 9 

  
0.57 0.09 

   LT_12_B_MI_18_Zr-4   63 7 14007 1371 13207 1272 202 16 278 25 

  

0.73 0.10 

   LT_12_B_MI_27_Zr-3   38 4 9933 921 10260 890 60 5 92 9 

  

0.65 0.15 

   LT_12_B_MI_XX_Zr1-1   23 2 9505 911 10315 1287 47 6 144 15 
  

0.32 - 
   LT_12_B_MI_XX_Zr1-2   37 3 12707 1213 13137 1451 139 18 250 27 

  
0.56 0.02 

   LT_12_B_MI_XX_Zr1-3   210 22 15780 1475 14238 1216 1353 101 2200 189 

  

0.62 0.00 

   LT_12_B_MI_XX_Zr2-1   78 8 13462 1181 12439 1109 175 15 311 26 

  

0.56 0.06 

   LT_12_B_MI_XX_Zr2-2   134 13 12072 1066 13975 1179 519 41 711 58 
  

0.73 0.12 
   LT_12_C_MI_36_Zr-1   82 7 10461 993 10518 1076 261 22 650 82 424 85 0.40 0.05 157 33 25 

LT_12_C_MI_36_Zr-2   79 7 8260 1086 7182 1510 460 36 570 60 424 85 0.81 0.17 157 33 25 

LT_12_C_MI_36_Zr-3   66 6 10314 1182 10819 1295 164 15 319 26 272 54 0.51 0.05 161 35 26 

LT_12_C_MI_56_Zr-1   22 2 9202 824 9196 1898 46 4 113 8 
  

0.40 0.32 sec eq ∞ na 

LT_12_C_MI_74_Zr-1   115 12 13987 1225 15265 1482 500 38 755 80 
  

0.66 0.05 
   LT_12_C_MI_74_Zr-2   239 21 14787 1298 17163 1698 1139 106 2812 271 

  

0.40 0.00 

   LT_12_C_MI_74_Zr-3   106 10 10959 1635 9728 1344 388 30 376 28 

  

1.03 0.05 

   LT_12_C_MI_85_Zr2-1   61 6 12640 1105 12315 1118 117 9 291 25 
  

0.40 0.00 
   LT_12_C_MI_85_Zr2-5   84 7 15453 1458 15100 1320 302 25 530 40 

  
0.57 0.07 

   LT_12_C_MI_88_Zr-3   78 7 11573 1181 12629 1203 287 23 613 55 

  

0.47 0.06 

   LT_12_C_MI_98_Zr1-2   102 13 12895 1213 14492 1306 683 53 1132 89 

  

0.60 0.06 

   LT_12_C_MI_98_Zr2-1   70 7 10571 980 10264 1044 312 24 601 61 
  

0.52 0.06 
   LT_12_C_MI_98_Zr2-3   118 10 9332 1184 9287 1288 562 42 832 74 

  
0.68 0.06 
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Table D1 (continued). LA-ICP-MS trace element measurements and U-Th ages of zircon growth zones 

                                        

Zircon 
Grain 

Sample Name 

Adhered 

matrix 

glass* 

Growth 
zone* 

Complementary 
Analyses* 

P 1 SE Y 1 SE Nb 1 SE La 1 SE Ce 1 SE 

UNHEATED GRAINS (cont.) 

             C100 LT_12_C_MI_100_Zr1-1   Y R EMP, V, U-Th (gz) 247 25 875 77 bdl - bdl - 14.8 1.5 

C100 LT_12_C_MI_100_Zr1-2   Y M EMP, V 254 40 994 90 bdl - bdl - 18.8 2.3 

C100 LT_12_C_MI_100_Zr1-4   Y M 

 

374 29 1556 132 bdl - 0.16 - 22.4 1.6 

C100 LT_12_C_MI_100_Zr2-2   Y M-R 

 

258 31 913 96 bdl - 0.30 - 23.0 1.8 

C100 LT_12_C_MI_100_Zr2-3   Y R 
 

186 22 566 66 bdl - 0.01 - 10.7 0.8 

C105 LT_12_C_MI_105_Zr-1   Y C TE 217 25 796 67 bdl - bdl - 11.3 1.0 

C105 LT_12_C_MI_105_Zr-2   Y M 

 

205 28 880 82 bdl - bdl - 16.4 1.2 

C107 LT_12_C_MI_107_Zr-2   Y M U-Th (br) 250 29 868 80 bdl - bdl - 12.8 1.0 

C107 LT_12_C_MI_107_Zr-3   Y M U-Th (br) 680 110 2826 225 bdl - bdl - 19.9 1.6 

C107 LT_12_C_MI_107_Zr-4   Y R U-Th (gz) 255 33 652 57 bdl - bdl - 9.0 1.0 

C118 LT_12_C_MI_118_Zr-1   N M EMP, V, U-Th (gz) 185 20 461 44 bdl - bdl - 7.3 0.7 

C118 LT_12_C_MI_118_Zr-3   N M-R U-Th (br) 787 78 4075 419 bdl - bdl - 25.2 2.0 

HEATED GRAINS 

             C67 LT_12_C_MI_67_Zr-2   Y M-R 
 

191 21 1042 95 bdl - bdl - 13.0 1.0 

C68 LT_12_C_MI_68_Zr-1   Y R TE 135 17 649 68 bdl - bdl - 8.6 1.0 
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Table D1 (continued). LA-ICP-MS trace element measurements and U-Th ages of zircon growth zones 

                                                 

Sample Name Pr 1 SE Nd 1 SE Sm 1 SE Eu 1 SE Gd 1 SE Tb 1 SE Dy 1 SE Er 1 SE Yb 1 SE 

UNHEATED GRAINS (cont.) 

                 LT_12_C_MI_100_Zr1-1   bdl - 0.17 0.03 1.16 0.12 0.08 0.01 9.3 1.0 6.0 0.7 78 6 168 17 404 35 

LT_12_C_MI_100_Zr1-2   0.14 0.07 2.09 0.44 3.43 0.53 1.11 0.14 21.9 1.8 8.8 0.9 95 9 185 20 504 41 

LT_12_C_MI_100_Zr1-4   0.10 0.04 0.96 0.16 2.48 0.20 0.35 0.04 23.8 2.6 11.9 1.1 139 11 283 26 543 41 

LT_12_C_MI_100_Zr2-2   0.06 0.03 0.63 0.10 1.33 0.11 0.28 0.03 12.1 1.6 5.6 0.6 71 7 180 23 327 30 

LT_12_C_MI_100_Zr2-3   0.01 0.01 0.25 0.04 0.62 0.11 0.09 0.01 7.7 0.7 3.6 0.4 59 4 117 10 284 20 

LT_12_C_MI_105_Zr-1   bdl - 0.11 0.16 0.59 0.10 0.08 0.02 11.3 1.3 4.5 0.5 67 5 153 18 383 29 

LT_12_C_MI_105_Zr-2   bdl - 0.32 0.05 1.34 0.13 0.09 0.02 10.4 0.9 7.0 0.6 83 9 180 16 427 32 

LT_12_C_MI_107_Zr-2   bdl - 0.23 0.03 1.24 0.10 0.12 0.02 9.8 0.9 5.7 0.6 74 9 177 18 355 30 

LT_12_C_MI_107_Zr-3   0.03 0.02 0.64 0.10 3.42 0.26 0.02 0.01 48.8 6.9 21.9 2.2 263 24 511 52 956 86 

LT_12_C_MI_107_Zr-4   bdl - 0.10 0.01 0.75 0.06 0.06 0.01 8.1 1.5 3.7 0.7 63 5 145 13 298 26 

LT_12_C_MI_118_Zr-1   bdl - 0.04 0.02 0.32 0.10 0.13 0.05 5.4 0.9 2.9 0.3 40 4 86 8 188 15 

LT_12_C_MI_118_Zr-3   bdl - 0.48 0.07 4.60 0.52 0.10 0.01 74.7 9.0 30.1 2.6 377 32 776 79 1235 113 

HEATED GRAINS 

                  LT_12_C_MI_67_Zr-2   0.01 0.03 0.20 0.07 1.08 0.10 0.12 0.02 12.6 1.1 5.7 0.6 84 7 193 17 415 30 

LT_12_C_MI_68_Zr-1   bdl - 0.33 0.10 0.81 0.22 0.18 0.04 7.3 1.8 4.7 0.5 57 6 114 10 247 18 
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Table D1 (continued). LA-ICP-MS trace element measurements and U-Th ages of zircon growth zones 

                                        

 

    

Sample Name Lu 1 SE 178Hf 1 SE 179Hf 1 SE Th 
1 

SE 

U          

(ICP-

MS) 

1 
SE 

U            
(SIMS) 

± 20 
% 

Th/U      
(ICP-MS) 

Eu/Eu* 
Age 
(ka) 

+ 
1-σ 

- 1-
σ 

UNHEATED GRAINS (cont.) 

                LT_12_C_MI_100_Zr1-1   73 7 11425 1040 13279 1429 281 21 559 40 171 34 0.50 0.05 390 ∞ 199 

LT_12_C_MI_100_Zr1-2   71 8 5178 1380 7609 778 202 22 249 37 
  

0.81 0.30 
   LT_12_C_MI_100_Zr1-4   101 9 10209 959 9780 1621 773 71 895 83 

  

0.86 0.09 

   LT_12_C_MI_100_Zr2-2   62 6 7745 977 10729 1436 202 21 319 26 

  

0.63 0.14 

   LT_12_C_MI_100_Zr2-3   52 5 9579 1204 9621 1367 126 9 329 27 
  

0.38 0.07 
   LT_12_C_MI_105_Zr-1   68 6 12445 1171 13989 1831 182 17 389 28 

  
0.47 0.04 

   LT_12_C_MI_105_Zr-2   64 6 11816 1360 9917 900 304 24 713 60 

  

0.43 0.05 

   LT_12_C_MI_107_Zr-2   60 7 13106 1401 13886 1297 229 19 526 65 305 61 0.43 0.08 177 49 34 

LT_12_C_MI_107_Zr-3   162 19 15683 1414 17340 1573 743 78 1354 102 
  

0.55 0.00 200 ∞ 57 

LT_12_C_MI_107_Zr-4   52 6 13184 1186 13480 1266 123 10 337 36 305 61 0.37 0.05 177 49 34 

LT_12_C_MI_118_Zr-1   34 4 9607 2245 13256 1503 75 15 213 16 90 18 0.35 0.01 sec eq ∞ na 

LT_12_C_MI_118_Zr-3   207 20 17812 1757 19940 2370 2423 183 3779 400 

  

0.64 0.01 sec eq ∞ na 

HEATED GRAINS 

                 LT_12_C_MI_67_Zr-2   83 8 10890 1253 11976 1141 221 19 398 34 
  

0.55 0.06 
   LT_12_C_MI_68_Zr-1   46 4 11049 1025 11254 1130 106 9 185 27 

  

0.57 0.15 
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Figure D1.  Additional trace element plots of YTT zircon growth zones measured by LA-ICP-MS. 
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Appendix E: SIMS U-Th secular disequilibrium ages of YTT zircon 

Table E1. U-Th ages from SIMS measurements of zircon growth zones                          

Sample Name 

Adhered  

matrix 

glass† 

Complementary 

Analyses within 
specific zircon growth 

zone† 

Complementary 

Analyses within 

wider zircon grain† 

Pit depth 
sampled for 

calculations 

(μm) 

(230Th / 
232Th) 

1  
SE 

(238U / 
232Th) 

1  
SE 

 
Model 

age (ka) 
+        -        

  
U       

ppm 
± 

20%     

whole rock *         0.465   0.517                 

YTT12_A3_1 Y - - 5.8 3.30 0.16 4.46 0.04 

 

139 17 15 

 

859 172 

YTT12_A3_2 ** Y - - 2.9 1.92 0.09 2.03 0.03 

 

412 na 139 

 

1665 333 

YTT12_A4_1 ** N - EMP (L-Mg), V 4.5 3.53 0.18 3.97 0.07 

 

212 61 39 
 

545 109 

YTT12_A4_2 N - EMP (L-Mg), V 9.6 2.13 0.12 2.12 0.02 

 

∞ ∞ ∞ 

 

256 51 

YTT12_A4_3 N - EMP (L-Mg), V 8.7 3.50 0.33 3.22 0.03 

 

∞ ∞ ∞ 
 

104 21 

YTT12_A5_1 Y - EMP (L-Mg), V 10.4 2.62 0.15 3.35 0.03 

 

156 28 22 

 

411 82 

YTT12_A5_2 Y - EMP (L-Mg), V 8.4 2.06 0.15 2.46 0.04 

 

187 62 39 

 

271 54 

YTT12_A5_3 Y - EMP (L-Mg), V 14.8 2.33 0.14 2.77 0.04 

 

190 47 33 
 

283 57 

YTT12_A6_1 N - EMP (L-Mg), V 9.1 2.94 0.17 3.72 0.04 

 

162 29 23 

 

365 73 

YTT12_A6_2 N - EMP (L-Mg), V 6.3 2.03 0.07 2.22 0.03 

 

275 90 49 
 

543 109 

YTT12_A6_3 ** N - EMP (L-Mg), V 3.2 3.27 0.24 2.73 0.11 

 

251 184 65 

 

175 35 

YTT12_A7_1 Y - - 5.4 1.67 0.08 1.70 0.02 

 

∞ ∞ ∞ 

 

942 188 

YTT12_A7_2 Y - - 5.7 2.44 0.11 2.52 0.02 

 

453 ∞ 167 

 

476 95 

YTT12_A8_1 N - - 4.8 1.42 0.06 1.87 0.04 

 

134 21 18 

 

1066 213 

YTT12_A8_2 N - - 6.8 4.19 0.13 5.70 0.06 

 

138 11 10 
 

1410 282 

YTT12_A8_3 N - - 4.3 1.58 0.06 1.99 0.02 

 

156 22 18 

 

706 141 

YTT12_A21_1 ** Y - EMP (H-Mg) 2.9 1.08 0.05 1.03 0.03 

 

∞ ∞ ∞ 
 

3628 726 

YTT12_A21_2 Y - EMP (H-Mg) 9.3 3.94 0.33 6.84 0.06 
 

87 13 12 

 

315 63 

 

 
∞ indicates 238U-232Th secular equilibrium. Note that positive age uncertainties can be within error of secular equilibrium, despite a resolvable model age. 

Parentheses indicate isotope activity ratios. See text for details regarding model age uncertainties. 

The decay constants used for determining model ages are: λ230Th =  . 58 x  0-6 yr-   λ232Th = 4. 48 x 10-11 yr-   λ238U =  .55  x  0-10 yr-1. A Th/U relative sensitivity factor  
of 1 was used in normalizations. See text for discussion of dating method. 

* Denotes samples that were reprocessed to limit data collection to a single growth zone with invariant isotope ratios. 

†Adhered  atrix Glass: Y = yes  N = no. Complementary Analyses refer to analyses conducted on the features within the dated growth zone, or within the larger zircon grain: 
EMP (L-Mg) = Electron Microprobe major elements of low-MgO type melt inclusion; EMP (H-Mg) = Electron Microprobe major elements,  

high-MgO type melt inclusion (see Appendix A), V = SIMS volatiles of melt inclusion (see Appendix A, B),  

TE (zr) = LA-ICP-MS trace elements in zircon (see Appendix C), TE (mi) = LA-ICP-MS trace elements in melt inclusion (see Appendix D). 
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Table E1 (continued). U-Th ages from SIMS measurements of zircon growth zones                          

Sample Name 

Adhered 

matrix  
glass† 

Complementary 
Analyses within 

specific zircon growth 

zone† 

Complementary 

Analyses within wider 
zircon grain† 

Pit depth 

sampled for 

calculations 

(μm) 

(230Th / 
232Th) 

1  

SE 

(238U / 
232Th) 

1  

SE 

 
Model 

age (ka) 
+        -        

  

U       

ppm 

± 

20%     

  
              

YTT12_A22_1 Y 
  

3.6 2.44 0.07 2.90 0.03 
 

192 21 18 

 

4503 901 

YTT12_A22_2 Y 
  

7.7 3.52 0.16 4.43 0.04 
 

166 23 19 

 

3533 707 

YTT12_A24_1 Y 
 

EMP (L-Mg), V 10.1 6.22 0.31 6.68 0.06 
 

295 161 62 

 

325 65 

YTT12_A24_2 Y 
 

EMP (L-Mg), V 11.3 3.52 0.23 4.09 0.04 
 

209 64 40 

 

201 40 

YTT12_C30_1 Y 
 

EMP (heated), V 7.8 4.95 0.85 4.24 0.05 
 

∞ ∞ ∞ 

 

79 16 

YTT12_C36_1 Y TE (zr) 
EMP (H-Mg), V, TE 

(mi) 6.5 2.39 0.15 3.04 0.05 
 

157 33 25 
 

424 85 

YTT12_C36_2 Y TE (zr) 
EMP (H-Mg), V, TE 

(mi) 7.9 3.58 0.24 4.56 0.10 
 

161 35 26 

 

272 54 

YTT12_C37_1 * Y 
 

EMP (L-Mg), V 5.5 6.44 0.55 6.61 0.15 
 

333 ∞ 138 

 

61 12 

YTT12_C37_2 * Y 
 

EMP (L-Mg), V 10.4 2.17 0.13 2.58 0.03 
 

226 112 54 

 

139 28 

YTT12_C40_1 Y 
 

EMP (H-Mg), V 7.0 5.16 0.61 6.52 0.07 
 

166 68 42 
 

108 
22 

YTT12_C40_2 Y 

  

10.0 3.14 0.25 3.71 0.04 
 

199 72 43 
 

161 
32 

YTT12_C43_1 Y 

  

7.1 2.61 0.12 2.78 0.03 

 

325 ∞ 78 

 

284 57 

YTT12_C56_1 * Y TE (zr) 
 

5.3 2.07 0.11 1.97 0.03 
 

∞ ∞ ∞ 

 

626 125 

YTT12_58_1 Y 

 

EMP (L-Mg) 15.0 7.44 0.45 8.47 0.10 
 

229 70 42 

 

166 33 

YTT12_58_2 Y 

 

EMP (L-Mg) 12.0 2.00 0.15 2.10 0.02 

 

389 ∞ 160 

 

163 33 

YTT12_C100_1 Y TE (zr), V, EMP (H-Mg) EMP (H-Mg), V 9.5 5.32 0.72 5.51 0.13 

 

390 ∞ 199 

 

171 34 

YTT12_C100_3 Y 

 

EMP (H-Mg), V 5.7 2.65 0.29 2.83 0.03 

 

318 ∞ 132 

 

113 23 

YTT12_107_1 * Y TE (zr) EMP (L-Mg) 5.2 5.72 0.31 6.07 0.08 

 

177 49 34 

 

305 61 

YTT12_107_2 Y 

 

EMP (L-Mg), TE (zr) 6.1 3.56 0.09 3.61 0.07 

 

∞ ∞ ∞ 

 

6570 1314 

YTT12_C118_1 N TE (zr), V, EMP (L-Mg) EMP (L-Mg), V 6.7 7.56 0.72 6.34 0.06 

 

∞ ∞ ∞ 

 

90 18 
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Appendix F: Modeling boundary layer formation in melt inclusions  

 

 

The formation of a boundary layer adjacent to a growing zircon crystal was modeled in 

an advection-free scenario using the solutions derived by Smith et al. (1955) for a constant 

crystal growth rate:  

 

 

 

where C1 (x,t) is the liquid composition at time (t, in seconds) and distance (x, in m) from the 

crystal interface; C0 is the bulk melt liquid composition, and erfc is the complimentary error 

function. Boundary layer formation depends on the crystal growth rate (R, in m
2
/s), the Kd (here, 

K) of the element of interest, and the diffusivity of the element in the melt (D, in m
2
/s) (see also 

Baker, 2008).      

Diffusivities of Zr, Ti, and K were extrapolated to YTT-temperatures via an Arrhenius 

relationship calculated from the experimental work of Mungall et al., (1999) on a hydrous 

granitoid melt (1300-1500 °C, 0.1 MPa, 3.5 wt% H2O). The extrapolation of diffusivities far 

below the experimental range introduces large uncertainties, however such an extrapolation was 

necessary due to the lack of experimental data on low-temperature hydrous granitic systems.  

Models were run on the MATLAB 2013 platform, and used the conditions in Table F1 

which are generally appropriate for the YTT system (note, K=degrees in Kelvin). 
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Table F1. Values used in boundary layer formation models 

Unit Value Explanation 

Temperature (K) 1,053 High-temperature estimate of YTT melt (Chesner, 1998) 

Gas constant (J/mol*K) 8.314  

Diffusivity of Zr (m
2
/s) 4.24 x 10

-16
 
 Diffusivity extrapolated from a 2-point regression line: e

(-11.559-

(25101/K))
, from the experimental work of Mungall et al. 1999

 

Concentration of initial Zr 

in melt (ppm) 
300 An estimated high-end member for YTT zircon-saturated conditions 

Kd
Zr

zircon-melt 1,700 
Calculated from Zr concentration in melt and Zr concentration in 

stoichiometric zircon (62.2 wt% ZrO2) 

Diffusivity of Ti (m
2
/s) 4.8 x 10

-16 Diffusivity extrapolated from a 2-point regression line: e
(-12.721-

(23744/K))
, from the experimental work of Mungall et al. 1999

 

Concentration of initial Ti 

in melt (ppm) 
540 ~0.09 wt% TiO2 in YTT melts 

Kd
Ti

zircon-melt 0.01 
Experimental melt-mineral SIMS determination (Hofmann et al., 

2013) 

Diffusivity of K (m
2
/s) 7.3 x 10

-12
 

Diffusivity extrapolated from a 2-point regression line: e
(-15.768-

(16960/K))
, from the experimental work of Mungall et al. 1999

 

Concentration of initial K in 

melt (ppm) 
10,450 ~5 wt% K2O in YTT melts 

Kd
K

zircon-melt 0.002 
Calculated from EMP measurements in zircon and zircon-hosted 

melt inclusions by (Thomas, 2003) 

 

Given the wide range of zircon growth rate estimates (e.g., 10
-7

 to 10
 -17

 cm
2
/s, from 

Thomas [2003] and Watson [1996], respectively), we varied the value of R in order to see at 

what growth rates a boundary layer could form. We find the depletion of Zr in an advection-free 

growth environment limits zircon growth rates to < 10
-9

 cm
2
/s (see text for discussion).  

The concentration of Ti increases in the zircon boundary layer, while the faster diffusivity 

of K results in no enrichment at the zircon-melt interface (Figure F1). Therefore, low K2O/TiO2 

ratios in melt inclusions would be indicative of boundary layer entrapment. Other elements with 

diffusivities comparable to Ti and Zr would be expected to become enriched in boundary layers 

(see text for discussion).  
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Figure F1. Example results from modeling boundary layer formation during zircon growth. 

A boundary layer forms adjacent to a zircon grain growing which is depleted in Zr and enriched in Ti relative to the 

bulk melt. The magnitude of this boundary layer effect depends on the growth rate of zircon, represented here by 

curves of different colors (rates are in m
2
/s). Potassium diffuses quickly relative to Zr and Ti, and the concentration 

in a zircon boundary layer is unchanged from the bulk melt (Kinitial). The model was run for one month of zircon 

growth. Note the model run terminates at growth rates of ≤  0
-13

 m
2
/s due to the total depletion of Zr at the 

mineral/liquid interface, effectively stopping crystal growth.  
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Appendix G: Modeling host-phase post-entrapment crystallization in melt inclusions 

 

We compared the effects of post-entrapment crystallization (PEC) of the host phase in 

zircon and other minerals through a simple model based on the composition of entrained melt, 

and the size of the inclusion. As a simplification of the thermodynamic complexities occurring 

with temperature, pressure, and compositional changes during PEC (e.g., Kress and Ghiorso, 

2004), we assume the case where PEC scavenges all the major host-phase oxides (i.e., ZrO2 and 

SiO2 in zircon; SiO2 in quartz; MgO and SiO2 in forsterite) from within 20 μm of the inclusion 

rim. We assume inclusions to be spheres, and model the thickness of host-phase growth within 

the inclusion, and the relative enrichment in incompatible species that stems from the extraction 

of host-phase species from the melt inclusion.  

In the case of zircon, we take the initial Zr concentration in the melt inclusion to be 0.02 

wt% (see text for discussion), the density of zircon to be 4.65 g/cm
3
, and the density of a high-

silica rhyolitic melt to be 2.3 g/cm
3

 (Fowler and Spera, 2010). Melt inclusions of typical YTT 

composition (Table G1) and sizes will form a maximum rind of PEC zircon < 1.5 nanometers 

thick (Table G2). The resulting enrichment in incompatible elements within the melt inclusion is 

accordingly, insignificant (see text). 

Quartz (ρ= 2.62 g/cm
3
) and olivine (ρ= 3.27 g/cm

3
), two commonly studied melt-

inclusion host minerals, are much more susceptible to PEC formation in rhyolites and basalts, 

respectively. These phases have major mineral-forming components that are abundant in 

entrapped melts, and upwards of 40% PEC of quartz and 10% of forsterite are possible in our 

mass-balance model. The attendant enrichment/depletion of incompatible and elements in melt 

inclusions may therefore be extremely significant, and host-PEC concerns in these mineral 

phases needs to be addressed prior to interpreting melt inclusion compositions (see text).  
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Table G1. Compositions of YTT and mid ocean ridge basalt (MORB) used for PEC calculations  

Wt%  

YTT representative 

matrix glass (C-MG_4) 

MORB tholeiite (Rogers and 

Hawkesworth, 2000) 

SiO2 76.38 49.12 

Al2O3 12.77 16.02 

Na2O 3.82 2.45 

MgO 0.04 9.74 

TiO2 0.07 1.16 

Cl 0.15 0.00 

K2O 5.03 0.08 

CaO 0.82 11.24 

MnO 0.08 0.17 

FeO 0.81 8.68 

P2O5 0.00 0.00 

ZrO2 0.02 0.00 

 

 

Table G2. Thickness of expected PEC zircon growth rims in YTT zircon-hosted melt inclusions. 

radius of 
spherical MI (μm) 

volume MI 
(cm

3
) 

liquid mass in 
MI   (g) 

volume of zircon 
crystallized  

(cm
3
) 

% of MI 
crystallized 

thickness of 
zircon rim  (nm) 

5 
lower 

measurable 
sizes 

5.24 x 10
-10

 1.20 x 10
-9

 7.71 x 10
-14

 0.015 0.25 

15 
common MI 

size 
1.41 x 10

-8
 3.25 x 10

-8
 2.08 x 10

-12
 0.015 0.74 

25 largest MIs 6.55 x 10
-8

 1.51 x 10
-7

 9.63 x 10
-12

 0.015 1.23 
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Appendix H: Model details of diffusive equilibration of melt inclusions 

 

Down-temperature extrapolations of H2O diffusivities to estimated YTT conditions 

(Chesner, 1998) were done by approximating the slopes of D
water

 Arrhenius relationships to be 

between those experimentally determined for He (parallel and perpendicular to zircon c-axis) and 

Li+ isotropic diffusion in zircon (Cherniak et al., 2009; Cherniak and Watson, 2010):   

 

 

Figure H1. Arrhenius relations of volatile diffusivities in zircon. 

 

The model for diffusive equilibration of a melt inclusion with an external melt is adapted 

from Cottrell et al. (2002) to YTT conditions. The model considers the case of a spherical melt 

inclusion at the center of a spherical host mineral. The melt inclusion is at equilibrium (according 

to defined partition coefficients) at all times with the inner edge of the host crystal, and the outer 

edge of the host crystal is at equilibrium with the external melt (see Figure H2). Initially the host 

crystal is assumed to be entirely equilibrated to the melt inclusion composition. Diffusion within 

the melt inclusion is assumed to be rapid so that the inclusion is compositionally homogenous at 

all times. Diffusive reequilibration is modeled as occurring isotropically through the host crystal. 

We note that this might not be a valid assumption for zircon, as He diffusivity in zircon parallel 
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to the c-axis is three orders of magnitude faster than perpendicular to the c-axis (Cherniak et al., 

2009). The diffusivity of lithium in zircon, however, occurs largely isotropically (Cherniak and 

Watson, 2010), and for the sake of simplicity, we assume that H2O diffusivity is also isotropic.  

The equilibration model functions as a series of integrated partial differential equations 

estimated with a Crank-Nicholson implicit finite-differences method. This method is a combined 

use of forward- and backward-Euler methods in order to calculate future conditions. The model 

is designed for the MATLAB platform, and was run in this study on MATLAB 2013. Details of 

the numerical model and the boundary conditions are described in Cottrell et al. (2002), and in 

the accompanying MATLAB program files. The code package was made available to the authors 

by directly consulting with Dr. Cottrell. 

Details of the conditions used in our modeling of melt inclusion equilibration through 

zircon hosts are given in the text. Generally, models were run assuming exterior H2O and Li 

contents comparable to the YTT matrix glass (3.0 wt% H2O; 50 ppm Li). The compositions of 

the melt inclusion and external melt affect the absolute concentrations of the equilibrating melts, 

but the degree of equilibration is irrespective of the external or internal inclusion compositions. 

We consider a melt inclusion effectively “re-equilibrated” when it has achieved  5-90% 

equilibration the external melt. 
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Figure H2. Example model runs of melt inclusion diffusive reequilibration. 

The example shows the relative equilibration (Non-Dimensional Concentrations) between the melt inclusion and 

zircon with the external melt, as well as the absolute (Dimensional) concentrations of the melt inclusion and zircon. 

Conditions are for H2O equilibration in a typical sized low-MgO melt inclusion at YTT conditions. Kd is the 

partition coefficient between the zircon host and the melt, D is the diffusivity, Cf
0
 is the initial concentration of the 

fluid (melt) inclusion. Cf
ext

 is the initial concentration of the external fluid (melt), Tmax is the maximum runtime of the 

model MIrad is the radius of the melt inclusion, and rjump is a parameter to build the Crank-Nicholson calculation 

matrix based on the ratio of the inclusion radius and the host crystal radius  here 8 μm and 40 μm, respectively).        
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Appendix I: Preliminary EMP major element compositions of zircon-hosted melt inclusions 

and matrix glasses from the Oruanui, Rotoiti, and Earthquake Flat eruptions in New Zealand  

 

As part of this proof-of-concept work, exploratory work on samples from the Oruanui, 

Rotoiti, and Earthquake Flat eruptions of the Taupo Volcanic Zone (New Zealand) were also 

investigated to see whether these young eruptions also contained zircon with melt inclusions 

amenable to geochemical investigation.  Pumice samples from each eruption were crushed and 

zircon grains were separated, mounted, and polished as described previously for YTT zircons. 

Zircon grain mounts from New Zealand were CL-imaging and analyzed by electron microprobe 

at Oregon State University, following the same analytical procedures as for YTT samples. Zircon 

grains hosting melt inclusions were present in pumice from all New Zealand eruptions, although 

zircon grains were smaller and less abundant than in YTT samples. Zircon was particularly rare 

in Oruanui samples. All available New Zealand pumice samples were relatively small volume, 

which limited the number of zircon grains separated and, accordingly, the number of exposed 

melt inclusions that were sufficiently large for clean EMP analysis. Na-corrections were 

necessary in the New Zealand samples, and are explained in the table footnotes. No further work 

was conducted on these samples as part of this Masters thesis. EMP analyses are presented on 

the following page.  
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Table I1. Major element compositions of zircon-hosted melt inclusions and matrix glasses from Oruanui, Rotoiti, and Earthquake Flat pumice, New Zealand. 

Sample Name SiO2 ± Al2O3  ± 
Na2O 

orig. 

Na2O 

corr.† 
± MgO ± TiO2 ± Cl ± 

detection limits: 0.05 
 

0.03 
 

0.03 
  

0.01 
 

0.02 
 

0.01 
 

ORUANUI†† 
             

Unheated Inclusions 

             
NZ-OR_MI_1 78.52 0.14 12.58 0.02 0.93 3.45 na 0.11 0.01 0.13 0.00 0.20 0.01 

              
Matrix Glasses 

             
NZ-OR_MatrixGlass_1a 77.51 0.14 12.82 0.03 1.97 3.75 na 0.13 0.01 0.14 0.00 0.20 0.01 

NZ-OR_MatrixGlass_1b 77.05 0.14 13.07 0.03 3.47 3.75 na 0.12 0.01 0.14 0.00 0.20 0.01 

                            

              
ROTOITI††† 

             

Unheated Inclusions 

             
NZ-RT_MI_1 78.99 0.15 12.61 0.02 1.52 3.78 na 0.04 0.00 0.15 0.00 0.14 0.00 

NZ-RT_MI_2 78.38 0.14 12.77 0.03 1.88 3.78 na 0.08 0.01 0.12 0.00 0.17 0.00 

NZ-RT_MI_3 78.52 0.14 13.04 0.03 1.57 3.78 na 0.03 0.00 0.13 0.00 0.12 0.00 

NZ-RT_MI_5a 78.10 0.14 12.55 0.02 1.85 3.78 na 0.16 0.01 0.16 0.00 0.23 0.01 

NZ-RT_MI_5b 78.01 0.14 12.65 0.03 2.34 3.78 na 0.17 0.01 0.15 0.00 0.23 0.01 

NZ-RT_MI_6 76.46 0.14 12.39 0.02 0.95 3.78 na 0.15 0.01 0.13 0.00 0.23 0.01 

NZ-RT_MI_7 78.02 0.14 13.65 0.03 1.60 3.78 na 0.06 0.00 0.19 0.01 0.18 0.00 

NZ-RT_MI_8 78.93 0.15 12.55 0.02 1.46 3.78 na 0.10 0.01 0.14 0.00 0.23 0.01 

NZ-RT_MI_9b 78.95 0.15 12.61 0.02 1.11 3.78 na 0.04 0.00 0.13 0.00 0.16 0.00 

Samples with letter suffixes are separate inclusions within a single grain, or on a single piece of adhered glass. 
† Corrections for Na-loss are made assuming Na2O in zircon-hosted melt inclusions is equal to Na2O measurements in the literature from quartz-hosted melt inclusions (normalized to anhydrous) 

analyzed with a more diffuse  0 μm electron beam - Oruanui: 3.45 wt% Na2O from Liu et al. 2006; Rotoiti: 3.78 wt% Na2O from Smith et al., 2010; Earthquake Flat: 3.52 wt% Na2O from Smith et al., 

2010. 
Concentrations are reported as Na- and Zr-corrected anhydrous wt%; hydrous totals are reconstructed from Na- and Zr- corrected values. 

EMP absolute uncertainties are propagated from 1 SE reproducibility of measured standards, without additional uncertainty included from Na and Zr corrections.  

††Oruanui pumice sample " 4 TVC_06" provided by Rebecca Carey.  
†††Rotoiti pumice sample " 4 TVC_0 " provided by Rebecca Carey. 

††††Earthqua e  lat pumice sample "EQF" provided by Chad Deering. 
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Table I1 (continued).  Major element compositions of zircon-hosted melt inclusions and matrix glasses from Oruanui, 

Rotoiti, and Earthquake Flat pumice, New Zealand. 

Sample Name K2O ± CaO ± FeO ± 
Anhydrous 

total 
H2O by 

difference 

det. lim 0.03 
 

0.03 
 

0.08 
 

  

ORUANUI (cont.)†† 
        

Unheated Inclusions 

        
NZ-OR_MI_1 2.69 0.03 1.12 0.02 1.19 0.02 93.3 6.7 

         
Matrix Glasses 

        
NZ-OR_MatrixGlass_1a 3.11 0.03 1.15 0.02 1.16 0.02 97.2 2.8 

NZ-OR_MatrixGlass_1b 3.11 0.03 1.10 0.02 1.34 0.02 99.4 0.6 

                  

         
ROTOITI (cont.)††† 

        

Unheated Inclusions 

        
NZ-RT_MI_1 2.98 0.03 1.06 0.02 0.28 0.00 92.2 7.8 

NZ-RT_MI_2 3.01 0.03 1.05 0.02 0.61 0.01 92.9 7.1 

NZ-RT_MI_3 3.01 0.03 0.95 0.02 0.45 0.01 92.8 7.2 

NZ-RT_MI_5a 3.26 0.03 0.77 0.01 0.96 0.02 95.3 4.7 

NZ-RT_MI_5b 3.23 0.03 0.79 0.01 0.94 0.02 95.6 4.4 

NZ-RT_MI_6 5.01 0.05 0.82 0.01 1.00 0.02 93.2 6.8 

NZ-RT_MI_7 2.30 0.02 1.46 0.02 0.38 0.01 92.6 7.4 

NZ-RT_MI_8 2.48 0.03 1.13 0.02 0.63 0.01 92.3 7.7 

NZ-RT_MI_9b 2.92 0.03 1.04 0.02 0.38 0.01 91.6 8.4 
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Table I1 (continued).  Major element compositions of zircon-hosted melt inclusions and matrix glasses from Oruanui, Rotoiti, and Earthquake Flat pumice, New Zealand. 

Sample Name SiO2 ± Al2O3  ± 
Na2O 
orig. 

Na2O 
corr.† 

± MgO ± TiO2 ± Cl ± 

ROTOITI (cont.)††† 
             

Matrix Glasses 

             
NZ-RT_MatrixGlass_1a 77.75 0.14 12.74 0.03 2.82 3.76 na 0.13 0.01 0.13 0.00 0.22 0.01 

NZ-RT_MatrixGlass_1b 77.78 0.14 12.83 0.03 3.48 3.76 na 0.13 0.01 0.14 0.00 0.22 0.01 

                            

              

EARTHQUAKE FLAT†††† 
             

Unheated Inclusions 

             
NZ-EQF_MI_2 80.07 0.15 10.62 0.02 1.60 3.52 na 0.10 0.01 0.10 0.00 0.11 0.00 

NZ-EQF_MI_3 77.20 0.14 12.57 0.02 2.24 3.52 na 0.08 0.01 0.11 0.00 0.23 0.01 

NZ-EQF_MI_6 77.0 0 12.7 0 2.4 3.5 na 0.1 0 0.1 0 0.2 0 

              
Matrix Glasses 

             
NZ-EQF_MatrixGlass_1 77.49 0.14 12.62 0.03 2.11 3.66 na 0.08 0.00 0.10 0.00 0.22 0.01 
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Table I1 (continued).  Major element compositions of zircon-hosted melt inclusions and matrix glasses from Oruanui, 

Rotoiti, and Earthquake Flat pumice, New Zealand. 

Sample Name K2O ± CaO ± FeO ± 
Anhydrous 

total 

H2O by 

difference 

ROTOITI (cont.)††† 
       

Matrix Glasses 

        
NZ-RT_MatrixGlass_1a 3.50 0.04 0.82 0.01 0.89 0.02 95.81 4.2 

NZ-RT_MatrixGlass_1b 3.43 0.04 0.79 0.01 0.83 0.01 96.29 3.7 

                  

         
EARTHQUAKE FLAT (cont.)†††† 

      

Unheated Inclusions 

        
NZ-EQF_MI_2 3.71 0.04 0.63 0.01 1.10 0.02 94.52 5.5 

NZ-EQF_MI_3 4.49 0.05 0.74 0.01 0.99 0.02 95.68 4.3 

NZ-EQF_MI_6 4.6 0 0.8 0 0.9 0 97.66 2.3 

         
Matrix Glasses 

        
NZ-EQF_MatrixGlass_1 4.08 0.04 0.81 0.01 0.91 0.02 96.72 3.3 
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