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ABSTRACT 

 
Carbon in Silicate Melt - Experimental Constraints and Applications for the Subduction Zone 

and Magma Ocean Carbon Cycles 

by 

Megan S. Duncan 

We conducted high pressure and temperature experiments to determine the pressure, 

temperature, H2O content, and oxygen fugacity dependence of CO2 solubility on natural hydrous 

rhyolitic melts. These studies are applicable to subduction zone settings of the Earth throughout 

its history. Carbon concentrations and speciation were measured using FTIR, and in the process, 

we determined absorption coefficients for the CO2 species (CO2
mol. and CO3

2-) for natural 

rhyolitic glass. We also developed empirical and thermodynamically-based models that describe 

the CO2 content of our compositions as a function of pressure, temperature, H2O content, and 

oxygen fugacity. We applied these models to predict the amount of CO2 that could be released 

via partial melt from subducted slab and carried up to the source region of arc volcanoes.  

We also conducted experiments to determine the compositional dependence of CO2 

solubility on compositions spanning the range from natural basalt toward peridotite. These mafic 

to ultramafic compositions were used to constrain the carbon content of early Earth’s magma 

ocean. Combining our experiments with previous work, we developed an empirical model that 

describes the dissolved CO2 content as a function of pressure, temperature, H2O content, oxygen 

fugacity, and silicate composition. This model was applied to determine the amount of carbon 

contained in terrestrial magma oceans, and place constraints on the mantle carbon budget of the 

Earth. 
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1 Chapter 1 

A Brief History of the Earth (In Reverse) and How it Pertains to Carbon 

It has long been known that carbon is an important volatile when considering Earth and 

planetary processes. The amount of carbon present and its movement between reservoirs is 

critical in shaping the history of the planets. Much of what we know about our planet is derived 

from observations of the processes occurring on the modern day Earth, which are then 

extrapolated into Earth’s history. Our current understanding revolves around the plate tectonic 

cycle, as this essentially controls all cycles including the carbon cycle, which is tied to the 

existence and persistence of life. Through the plate tectonic cycle, carbon is outgassed from the 

mantle at mid-ocean ridges and plumes and ingassed at subduction zones. Carbon is thereby 

cycled through the surface and interior reservoirs of our planet. 

The modern carbon cycle – for which we have the most information – is typically thought 

of as a surficial process where carbon is exchanged between the oceans and atmosphere, and 

moderated by the lithosphere (e.g., carbonate formation and weathering) and life (Fig. 1). 

However, the carbon available for the short term (100s to 100,000s years) surface cycle is 

ultimately sourced from the interior of the planet and contributes to the long term carbon cycle 

(106-109 years) – carbon exchange between the mantle and the surface. This larger carbon cycle 

consists of out/degassing of the mantle at mid-ocean ridge (MOR), plume and arc volcanoes, and 

ingassing at subduction zones. As subduction zones are a critical part of this cycle, we must 

understand their role the carbon cycle from the carbon contained in the subducting slab that is 

released in the sub-arc mantle and is outgassed at arc volcanoes, to the carbon that is stable past 

the arc and is carried into the deeper mantle. That carbon becomes part of the larger mantle 

reservoir and plays a role in the long term, planetary scale carbon cycle. All of this carbon  
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Figure 1-1 Schematic of the surficial (left) and subduction zone (right) carbon cycles. 

cycling depends on how the subduction zone processes/conditions have changed throughout 

Earth’s 4.5 Gyr history and the amount of carbon available to the cycle. The amount of carbon in 

the Earth is tied to initial stages of planet formation, the availability of carbon in accreting 

materials and the ability of the system to retain the carbon throughout its formative stages from 

partitioning of carbon to the core during formation and the equilibrium between the magma 

ocean, core and early atmosphere. What follows in this dissertation are two papers (Ch. 2 and 3) 

that address carbon cycling in the modern subduction zone cycle, which are published in 

Geochimica et Cosmochimia Acta and Contributions to Mineralogy and Petrology, respectively. 

Chapter 4 addresses carbon in the subduction zone cycle over the past ~3 Gyr, while Chapter 5 

places constraints on the initial carbon budget of the Earth.  

All of the work contained here uses high pressure, temperature experiments on synthetic 

silicate compositions using a piston cylinder apparatus at Rice University to determine dissolved 

carbon content of silicate melts. Pressure (P) and temperature (T) were controlled during the 

experiments and ranged between 1.0-3.0 GPa and 1100-1600 °C to mimic the conditions of the 

Earth’s uppermost mantle from the sub-arc setting to an early Earth magma ocean. After the 

experiment was run, analyses of the run products (glasses) was completed with the electron 
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microprobe (EMP) at NASA Johnson Space Center to measure the silicate composition and 

place constraints on experimental oxygen fugacity (fO2). Carbon and hydrogen contents and 

speciation were determined using a Fourier Transform Infrared spectrometer (FTIR) at Rice 

University, and a subset of experiments were also analyzed for bulk carbon and hydrogen with a 

Secondary Ion Mass Spectrometer (SIMS) at Woods Hole Oceanographic Institute. 
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2 Chapter 2 

CO2 Solubility and Speciation in Rhyolitic Sediment Partial Melts at 1.5-3.0 GPa – 

Implications for Carbon Flux in Subduction Zones 

Abstract 

Partial melts of subducting sediments are thought to be critical agents in carrying trace 

elements and water to arc basalt source regions. Sediment partial melts may also act as a carrier 

of CO2. However, the CO2 carrying capacity of natural rhyolitic melts that derive from partial 

fusion of downgoing sediment at sub-arc depths remains unconstrained. We conducted CO2-

solubility experiments on a rhyolitic composition similar to average, low-degree experimental 

partial melt of pelitic sediments between 1.5 and 3.0 GPa at 1300 °C and containing variable 

water content. Concentrations of water and carbon dioxide were measured using FTIR. 

Molecular CO2 (CO2
mol.) and carbonate anions (CO3

2-) both appear as equilibrium species in our 

experimental melts. Estimated total CO2 concentrations (CO2
mol. + CO3

2-) increased with 

increasing pressure and water content. At 3.0 GPa, the bulk CO2 solubility are in the range of ~1-

2.5 wt.%, for melts with H2O contents between 0.5 and 3.5 wt.%. For melts with low H2O 

content (~0.5 wt.%), CO2
mol. is the dominant carbon species, while in more H2O-rich melts CO3

2- 

becomes dominant. The experimentally determined, speciation-specific CO2 solubilities yielded 

thermodynamic parameters that control dissolution of CO2 vapor both as CO2
mol. and as CO3

2- in 

silicate melt for each of our compositions with different water content; 
melt

2
vapor

2 COCO  : lnK0 = -15 

to -18, V0 = 29 to 14 cm3 mol-1 and 
melt

-2
3

melt

-2

vapor
2 COOCO  : lnK0 = -20 to -14, V0 = 9 to 27 cm3 

mol-1, with V0 of reaction being larger for formation of CO2
mol. in water-poor melts and for 

formation of CO3
2- in water-rich melts. Our bulk CO2 solubility data, [CO2] (in wt.%) can be 
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fitted as a function of pressure, P (in GPa) and melt water content, [H2O] (in wt.%) with the 

following function: 

        P..P.. 411650OH103280039690OH011080wt.%CO 2
2

22  . 

This parameterization suggests that over the range of sub-arc depths of 72-173 km, water-rich 

sediment partial melt may carry as much as 2.6-5.5 wt.% CO2 to the sub-arc mantle source 

regions. At saturation, 1.6-3.3 wt.% sediment partial melt relative to the mantle wedge is 

therefore sufficient to bring up the carbon budget of the mantle wedge to produce primary arc 

basalts with 0.3 wt.% CO2. 

2.1 Introduction 

Carbonate subduction and CO2 release via arc magmatism are key processes in the deep 

cycle of carbon in the Earth (Dasgupta and Hirschmann, 2010; Dasgupta, 2013; Evans, 2012; 

Jarrard, 2003; Sleep and Zahnle, 2001; Zhang and Zindler, 1993). However, the process of 

release of carbon from the subducting slab and the method by which it travels and/or becomes 

entrained in the arc source region remains poorly understood (Dasgupta, 2013). 

Carbon enters the trench via subduction of sediment layers, such as marine limestone, 

organic carbon, and carbonated sections of altered oceanic crust and mantle lithosphere (Alt and 

Teagle, 1999; Dasgupta, 2013; Jarrard, 2003; Plank and Langmuir, 1998; Sano and Marty, 

1995). Although the altered ocean floor basalts are thought to represent the dominant mass flux 

of carbon to subduction zone globally (Alt and Teagle, 1999; Dasgupta and Hirschmann, 2010), 

the relative contributions of various subducting lithologies vary from one subduction zone to 

another (Jarrard, 2003). This variation is primarily due to heterogeneity in the accumulated 

carbonated sediments on the ocean-floor and the extent of carbonation of mafic-ultramafic 

ocean-floor lithologies. However, it is widely argued that the dominant fraction of carbon 
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outflux at volcanic arcs derive from slab carbonates, based on the isotopic compositions of 

carbon (de Leeuw et al., 2007; Sano and Marty, 1995; Shaw et al., 2003). Typical CO2 arc output 

has δ13C values ranging from -11.6 to -0.1‰. This range is indicative of mixing between 

carbonate/limestone (δ13C = 0‰), mid-ocean ridge basalt (MORB)/mantle wedge (δ13C ~ -5‰), 

and organic carbon (δ13C = -30‰) (e.g., de Leeuw et al., 2007; Sano and Marty, 1995; Shaw et 

al., 2003). Using mass balance, the percent of carbon in the subduction zone/arc cycle needed to 

match the δ13C arc outputs for several pacific arcs was calculated by Sano and Williams (1996) 

and de Leeuw et al. (2007). These authors concluded that the output carbon is a mix of 

subducted carbonates, comprising sedimentary and basalt-hosted carbonates (54-92%, average 

65%), subducted organic carbon (3-27%), and MORB/mantle (4-28.8%, average 12.2%) and 

approximately two-thirds of the outgassed carbon is from subducting carbonates. 

Based on measurements of melt inclusions and volcanic gases, primary arc magmas are 

estimated to contain at least 3000 ppm CO2 (Blundy et al., 2010; Wallace, 2005) and potentially 

as high as 0.6-1.3 wt.% CO2 (Wallace, 2005). This is supported by evidence from deeply trapped 

melt inclusions from Mt. St. Helens which contain CO2 contents of 0.7-1.7 wt.% (Blundy et al., 

2010). If these high concentrations are features of the primary magma, carried to the arc from the 

slab, the carrier of CO2 needs to be determined. 

Given that a significant part of the arc carbon output is derived from the subducted 

carbonate and that partial fusion of fluid-saturated, siliceous sediments likely takes place at 

temperatures of interest during subduction (Dasgupta, 2013), partial melt of sediments is a 

plausible carrier for the arc CO2. Sediment partial melt signatures are seen in arc lavas, which 

show distinct trends in trace elements such as Nb and Ta depletion relative to K, La, Ba, Th, La, 

and Ce (e.g., Elliott et al., 1997; Pearce and Cann, 1973; Weaver and Tarney, 1984). However, it 
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is unclear whether the enrichment of sediment-melt loving elements and that of CO2 in arc 

magmas are coupled. If the sediment melt cannot carry the necessary dose of CO2, an alternative 

carrier, for example, a fluid phase must be invoked. 

The key variables for carbonate breakdown in subducting lithologies are temperature and 

the availability and composition of fluid. Thermodynamic models and laboratory phase 

equilibria experiments predict the temperature of the slab beneath the arc is too low to cause 

significant carbonate breakdown via metamorphic decarbonation reactions and partial melting in 

sediments and basalts (Dasgupta et al., 2004; Dasgupta et al., 2005; Kerrick and Connolly, 

2001a, b; Molina and Poli, 2000; Thomsen and Schmidt, 2008; Tsuno and Dasgupta, 2011, 2012; 

Tsuno et al., 2012; Yaxley and Green, 1994). Yet the flux and geochemistry of carbon in arc 

volcanics require that subducted carbonate contributes to the arc source. There are several 

possibilities for releasing CO2 from the subducted carbonates, as discussed and reviewed by 

Dasgupta (2013): 

1. Sediment plumes in mantle wedge: Sediment plumes or diapirs may form from the 

downgoing slab because the sediment layer atop the slab is buoyant relative to the 

overlying, hanging wall mantle (Behn et al., 2011; Currie et al., 2007). Via this 

process, sediment layers with carbonates would carry CO2 to the arc source region. 

Owing to the higher temperature in the mantle wedge, carbonate can breakdown. Behn 

et al. (2011) suggested that sediment layers as thin as 100 m, appropriate for modern 

arcs, could form sediment diapirs. They predicted that diapirs would form from the 

slab in the sub-arc region for most subduction zones today without requiring hydrous 

melting. 
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2. H2O-rich fluid driven carbonate breakdown: Hydrous fluid flushing of the slab owing 

to the breakdown of hydrous minerals could drive carbonate breakdown (Gorman et 

al., 2006; Grove et al., 2002; Kerrick and Connolly, 2001b). The addition of water 

would cause decarbonation creating an H2O- CO2-rich fluid that would then flux 

through the overlying sediment layer, lower the solidus temperature, and trigger 

melting. Recent geochemical (Cooper et al., 2012) and geodynamic (Syracuse et al., 

2010; van Keken, 2003) constraints suggest that the sub-arc slab top temperatures are 

above the hydrous fluid-present sediment solidus, thus in the presence of excess fluid, 

both infiltration induced decarbonation and sediment melting may occur. 

3. Hot subduction: This is relevant for subduction zones such as Cascadia and Mexico, 

where slab-surface temperatures are estimated to be higher (Syracuse et al., 2010). A 

higher temperature could cause carbonate breakdown and sediment partial melting 

without requiring a hydrous fluid flux. In this case a relatively dry silicate sediment 

melt will have the opportunity to dissolve and carry CO2. For hot subduction zones, 

even if sedimentary layer itself does not carry carbonate, CO2 released from basalt-

hosted carbonates may be dissolved in sediment partial melt. 

Experiments conducted on subducted sediment compositions show that the partial melt 

compositions are generally rhyolitic (Auzanneau et al., 2006; Hermann and Green, 2001; 

Hermann and Spandler, 2008; Johnson and Plank, 1999; Schmidt et al., 2004; Spandler et al., 

2010; Tsuno and Dasgupta, 2011). Therefore, solubility of CO2 in rhyolitic sediment partial 

melts needs to be known. Previous studies on rhyolitic melts experimentally determined CO2 

solubility from 0.05-0.66 GPa (Fig. 1; Blank et al., 1993; Fogel and Rutherford, 1990; Tamic et 

al., 2001). This pressure range is not appropriate for global sub-arc depth range of 72-173 km 
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(Syracuse and Abers, 2006) settings (P = 2-5 GPa). Carbon dioxide solubility experiments at 

pressures from 1.5 to 3.5 GPa are available but only on simple compositions-i.e., albite, which 

does not have the chemical complexity of natural sediment partial melts (Fig. 1; Brey, 1976; 

Brooker et al., 1999; Mysen, 1976; Mysen et al., 1976; Mysen and Virgo, 1980; Stolper et al., 

1987). For example, natural rhyolitic melt derived from partial fusion of pelitic sediments 

contain non-negligible concentrations of Ca2+, Mg2+, Fe2+. Many of these studies were also 

conducted under mixed-volatile conditions (CO2 + H2O) with H2O contents from 0.06 to 

3.3 wt.%. These studies were used in calculating various solubility models: Volatile-Calc 

(Newman and Lowenstern, 2002), that of Liu et al. (2005), and that of Papale et al. (2006). 

Volatile-Calc can be used to calculate CO2 solubility only on a generic rhyolite composition up 

to 0.5 GPa. The model of Liu et al. (2005) is also on a generic rhyolite up to 0.5 GPa, but can 

calculate mixed volatile concentrations provided the vapor composition is known. The model of 

Papale et al. (2006) can be used to calculate mixed volatile concentrations for a melt composition 

of interest, but only up to 1.0 GPa. 

The literature data show that CO2 solubility increases with increasing pressure and 

decreases with increasing melt silica content (decreasing NBO/T; e.g., Brooker et al., 2001). The 

effect of temperature remains somewhat ambiguous, but is thought to be relatively smaller than 

the pressure or compositional effects, with Mysen (1976) measuring increasing CO2 solubility 

with temperature for albite melt, Brooker et al. (2001) and Fogel and Rutherford (1990) noticing 

decreasing CO2 solubility with increasing temperature, and Stolper et al. (1987) concluding that 

temperature has essentially no effect on total melt CO2 concentration at saturation. The presence 

of water in the melt also is known to affect CO2 solution (e.g., Eggler and Rosenhauer, 1978; 

Mysen, 1976), yet quantitative effect of water on CO2 solution in natural rhyolitic melt has only  
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Figure 2-1 Available CO2 solubility data for silicic compositions from literature 
Natural rhyolite studies were hydrated and conducted at temperatures from 800 to 1100 °C (Blank et al., 1993; 
Fogel and Rutherford, 1990; Tamic et al., 2001). Albite data are a mix of nominally dry (solid squares; 
Brooker et al., 1999; Mysen, 1976; Mysen et al., 1976; Mysen and Virgo, 1980) and hydrous (open squares; 
Brey, 1976; Mysen, 1976; Mysen et al., 1976; Stolper et al., 1987) experiments conducted at temperatures 
from 1350 to 1450 °C. The range in CO2 values may be due to differences in analytical techniques between 
studies and/or different amounts of dissolved water. 

been investigated up to 0.5 GPa (Tamic et al., 2001). In order to determine the CO2 carrying 

capacity of sediment partial melts, experiments must be conducted at conditions (pressure, 

temperature, major element compositions, and XH2O) relevant to sub-arc settings. 

In this study we measured the solubility and speciation of CO2 in rhyolitic sediment 

partial melts. Experiments were conducted from 1.5 to 3.0 GPa at 1300 °C with variable water 

contents and synthesized glasses were analyzed for water and carbon speciation using Fourier-

transformed infrared spectroscopy. Our measured solubility data allowed us to constrain volume 

change and equilibrium constant of the CO2 dissolution reactions. Moreover, we parameterize 

CO2 solubility in sediment partial melt as a function of pressure and melt water content. Our data 

and empirical model suggest that the CO2 carrying capacity of sediment partial melts is 

sufficiently high at sub-arc depths and hydrous sediment melt can potentially carry the necessary 

dose of CO2 to arc mantle source regions. 
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2.2 Methods 

2.2.1 Starting Materials Preparation 

Experiments were conducted on synthetic compositions similar to average, low-degree 

experimental partial melts of subducted pelitic sediments (Fig. 2, Table 1; Auzanneau et al., 

2006; Hermann and Green, 2001; Hermann and Spandler, 2008; Johnson and Plank, 1999; 

Schmidt et al., 2004; Spandler et al., 2010; Thomsen and Schmidt, 2008; Tsuno and Dasgupta, 

2011, 2012). All compositions were constructed with reagent grade oxides (SiO2, TiO2, Al2O3, 

MnO2, P2O5), carbonates (Mg, Ca, K, Na), and natural siderite, which added approximately 

7 wt.% CO2, enough to saturate the partial melt in CO2. For the water-added runs, approximately 

3 or 7 wt.% H2O was added using Al(OH)3. In total, three compositions – PMSC (nominally 

H2O free), PMSCH (3 wt.% added H2O), and PMSCH7 (7 wt.% added H2O) – with different 

water contents were investigated. Starting oxides were fired for several hours prior to mixing to 

drive off any excess, adsorbed water. The mixes were ground under ethanol for 45 minutes and 

stored in a 100 °C drying oven along with assembly parts (graphite furnace, MgO spacer, BaCO3 

sleeve, and Au80Pd20 capsule) to minimize adsorption of moisture. Capsules used in the 

nominally anhydrous experiments were loaded several hours prior to the experiment and stored 

in the drying oven before being welded shut. Capsules used in the mixed CO2 + H2O 

experiments were loaded, then immediately welded shut. All capsules were weighed before and 

after welding to ensure minimal loss of volatiles from the sample. 

2.2.2 Experimental Technique 

Experiments were conducted at 0.5 GPa intervals between 1.5 and 3.0 GPa at a single 

temperature of 1300 °C using an end-loaded piston cylinder apparatus with a half-inch BaCO3 

assembly at Rice University. Starting mixes were contained in 3.0 mm OD Au80Pd20 capsules 
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and embedded in crushable MgO spacers. Pressure calibration and temperature gradient for this 

assembly and apparatus is reported in Tsuno and Dasgupta (2011). Temperature was measured 

and controlled with type-C thermocouple placed right above the capsule, separated from the 

capsule top by 1 mm thick MgO disc. Experiments were pressurized to run pressure, then heated 

to the desired temperature at 100 °C/min. Experiments were held for 50-70 hours to ensure 

complete melting of the sample, and to allow diffusion of CO2 through highly viscous melt. 

Oxygen fugacity (fO2) was estimated, after the experiments, based on the exchange of Fe 

between the silicate melt and the Au80Pd20 capsule following the calibration developed by Barr 

and Grove (2010) and Balta et al. (2011) (see section 2.3.1). Experiments were terminated by 

turning power off to the graphite heater. Experiments were quenched manually near isobarically 

(ΔP during quench ≤ 60 MPa) to minimize formation of decompression bubbles. After shutting 

the power and cutting of the cooling water, experiments were slowly depressurized and 

assemblies were extracted using a ten-ton press. Capsule and thermocouple location were 

verified. Capsules were sectioned with a diamond or wire saw then mounted in petropoxy and 

Table 2-1 Starting compositions used in this study compared to natural rhyolites used in previous CO2 
solubility studies 

 PMSC PMSCH PMSCH7 EDFa VNM50-15b 
Glass Buttes 

Rhyolitec 

SiO2 68.810 68.770 68.810 76.900 76.840 77.680 

TiO2 0.500 0.500 0.500 0.110 0.080 0.070 

Al2O3 15.720 15.710 15.720 12.740 12.620 13.000 

FeO 0.990 0.990 0.990 0.680 1.030 0.380 

MnO 0.500 0.500 0.500 0.070 0.080 0.040 

MgO 0.190 0.190 0.200 0.080 0.060 0.050 

CaO 1.470 1.470 1.480 0.580 0.250 0.520 

Na2O 4.190 4.190 4.190 4.060 4.230 4.080 

K2O 7.330 7.330 7.330 4.780 4.800 4.190 

P2O5 0.290 0.350 0.290    

Total 100.000 100.000 100.000 100.000 100.000 100.000 

CO2 7.730 7.490 7.180    

H2O 0.000 3.000 7.140    
All concentrations are reported on a volatile-free basis. 
a Tamic et al. (2001), b Fogel and Rutherford (1990), c Blank et al. (1993) 
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Figure 2-2 Comparison of sediment partial melt compositions from experiments 
On dry metapelite (open diamonds; a: Spandler et al. (2010)), fluid-present, hydrous pelite (purple triangles; b: 
Hermann and Green (2001); c: Schmidt et al. (2004), d: Hermann and Spandler (2008), e: Tsuno and Dasgupta 
(2012), f: Johnson and Plank (1999)), dry, carbonated pelite (small circles; g: Tsuno and Dasgupta (2011)), 
fluid-present, hydrous-carbonated pelite (stars; h: Thomsen and Schmidt (2008), e: Tsuno and Dasgupta 
(2012)), hydrous greywacke (orange triangles; c: Schmidt et al. (2004), i: Auzanneau et al. (2006)) and natural 
rhyolite compositions from previous CO2 solubility studies (large blue diamonds; j: Blank et al. (1993), k: 
Fogel and Rutherford (1990), l: Tamic et al. (2001)). Also included for comparison are nominal bulk 
compositions of sediment partial melt used in our CO2 solubility study (squares: PMSC, PMSCH, and 
PMSCH7; Table 1) and experimental glasses measured using electron microprobe (circles). All compositions 
are reported on a volatile-free basis. 

cured overnight at 100 °C. One half was polished for major element analysis by electron 

microprobe, the other half was doubly polished for volatile analysis using Fourier Transform 

Infrared Spectroscopy (FTIR). 

2.2.3 Sample Analysis 

2.2.3.1 Texture and major element analysis using electron microprobe 

Texture of the experimental products and major element concentrations of glasses were 

measured using a Cameca SX 100 electron microprobe at NASA Johnson Space Center. Glassy 
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samples were carbon-coated and analyzed using an accelerating voltage of 15 kV, an electron 

beam current of 10 nA, and a 20 μm spot. Counting times for Si, Al, Ca, Ti, Fe, Mn, and Mg 

were 30 s on peak and 10 s on each background, and for Na, P, and K were 20 s on peak and 10 s 

on each background. Natural minerals and synthetic glasses were used as analytical standards. 

Several analyses were conducted on each glassy sample and reported glass compositions are 

averages over several spots (Table 2). Element concentrations of the capsule (Au, Pd, Fe) were 

measured using the same accelerating voltage and beam current as the glassy samples, but under 

a focused beam (1 μm spot) for 20 s on peak. Pure Au, Pd, and Fe were used as standards. 

Oxygen fugacity of the experiments was calculated after method of Barr and Grove 

(2010) and Balta et al. (2011). In using Au80Pd20 capsules, a minor amount of Fe is lost from the 

silicate melt by alloying with the capsule, following the reaction: 

2alloymelt O5.0FeFeO   (Eqn. 1) 

Both Barr and Grove (2010) and Balta et al. (2011) developed parameterizations for calculating 

the activity coefficient (γ) for Fealloy, which is then used to calculate fO2, following the equation: 

  2eq
Fe
alloy

Fe
alloy

FeO
melt2O KXaf   (Eqn. 2) 

where FeO
melta  is equivalent to FeO

meltX , and Keq is calculated from a regression of experiments with known 

fO2’s. Calculation of logfO2 yielded values from -6.5 to -8.3, approximately one log unit around the 

fayalite-magnetite-quartz (FMQ) buffer (Table 3). There were no obvious trends of changing fO2 with 

pressure or volatile content. The calculated logfO2 values using the Barr and Grove (2010) 

parameterization are on average 0.32 log units more oxidized than those estimated using the 

parameterization of Balta et al. (2011). However, the uncertainty in the measured Fe content of the 

AuPdFe-alloy using the electron microprobe induced a larger error (0.48 log units) in the logfO2 values. 
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Table 2-2 Experimental run conditions and analyses of experimental glasses 
PMSC   
Run No. B96* B98* B101* B104*  
P (GPa) 3.0 2.5 2.0 1.5  
T (°C) 1300 1300 1300 1300  
Tae (°C) 721 688 671 714  
n 10 10 10 9  
SiO2 70.46 (25) 70.60 (35) 70.76 (20) 71.64 (29)
TiO2 00.52 (4) 00.51 (4) 00.50 (4) 00.48 (4)
Al2O3 15.83 (19) 15.76 (22) 15.83 (12) 16.02 (24)
FeO 00.28 (5) 00.35 (10) 00.33 (8) 00.22 (08)
MnO 00.37 (3) 00.35 (4) 00.34 (4) 00.24 (4)
MgO 00.43 (2) 00.41 (3) 00.41 (6) 00.42 (5)
CaO 01.49 (5) 01.46 (6) 01.42 (9) 01.12 (5)
Na2O 03.85 (9) 03.87 (11) 03.78 (10) 03.36 (10)
K2O 06.58 (11) 06.51 (11) 06.40 (13) 06.32 (10)
P2O5 00.19 (7) 00.17 (7) 00.23 (9) 00.18 (7)
Total 97.78 98.66 99.06 98.86
FWone 33.23 33.22 33.16 32.98
%Glass 79.57 69.97 92.98 94.60
%Void 20.43 30.03 07.02 05.40
XCO2

fluid 01.000 (5) 01.000 (3) 01.000 (5) 01.000 (8)
XH2O

fluid 00.000 (5) 00.000 (3) 00.000 (5) 00.000 (8)
       

PMSCH   
Run No. B116* B129* B130 B139* B158 B207* 
P (GPa) 3.0 2.5 2.0 1.5 2.0 2.0 
T (°C) 1300 1300 1300 1300 1300 1300 
Tae (°C) 538 550 747 563 585 559 
n 9 10 10 10 11 9 
SiO2 71.63 (27) 70.95 (17) 70.65 (63) 70.15 (22) 70.91 (20) 70.74 (62) 
TiO2 00.50 (03) 00.51 (2) 00.49 (4) 00.50 (2) 00.52 (4) 00.54 (2) 
Al2O3 15.12 (13) 14.65 (16) 14.78 (30) 14.61 (23) 14.61 (11) 14.91 (27) 
FeO 00.56 (9) 00.39 (8) 00.30 (6) 00.17 (4) 00.37 (6) 00.38 (7) 
MnO 00.34 (4) 00.39 (4) 00.34 (5) 00.21 (3) 00.37 (7) 00.30 (2) 
MgO 00.41 (1) 00.39 (1) 00.42 (2) 00.89 (19) 00.49 (3) 00.46 (3) 
CaO 01.53 (5) 01.54 (4) 01.54 (8) 02.26 (21) 01.54 (5) 01.60 (7) 
Na2O 03.52 (12) 04.34 (9) 04.49 (25) 04.31 (8) 04.22 (10) 04.08 (15) 
K2O 06.31 (15) 06.73 (7) 06.88 (16) 06.77 (9) 06.84 (14) 06.88 (18) 
P2O5 00.10 (7) 00.11 (7) 00.11 (5) 00.13 (7) 00.12 (9) 00.11 (5) 
Total 97.52 96.37 97.77 96.35 97.31 95.26 
FWone 33.13 33.35 33.39 33.43 33.35 33.34 
%Glass 85.34 70.84 74.79 92.09 80.83 69.07 
%Void 14.66 29.16 25.21 07.91 19.17 30.93 
XCO2

fluid 00.719 (12) 00.623 (4) 00.513 (1) 00.656 (2) 00.559 (3) 00.603 (3) 
XH2O

fluid 00.281 (12) 00.377 (4) 00.487 (1) 00.344 (2) 00.441 (3) 00.397 (3) 
       

PMSCH7   
Run No. B192* B193* B194 B195* B200*  
P (GPa) 1.5 2.0 2.5 3.0 2.5  
T (°C) 1300 1300 1300 1300 1300  
Tae (°C) 517 516 541 515 518  
n 10 10 10 10 10  
SiO2 71.65 (48) 71.50 (58) 72.86 (73) 71.57 (78) 71.56 (51)
TiO2 00.52 (2) 00.49 (2) 00.49 (3) 00.51 (2) 00.53 (3)
Al2O3 13.25 (5) 13.16 (16) 13.39 (13) 13.18 (10) 13.24 (12)
FeO 00.52 (5) 00.81 (8) 00.34 (18) 00.83 (4) 00.65 (9)
MnO 00.45 (3) 00.42 (3) 00.26 (3) 00.44 (4) 00.42 (3)
MgO 00.57 (2) 00.48 (2) 00.39 (1) 00.44 (2) 00.43 (2)
CaO 01.67 (4) 01.67 (4) 01.34 (5) 01.62 (4) 01.61 (3)
Na2O 04.46 (12) 04.46 (15) 04.07 (10) 04.49 (8) 04.54 (12)
K2O 06.67 (11) 06.77 (11) 06.67 (8) 06.69 (11) 06.82 (13)
P2O5 00.23 (6) 00.24 (3) 00.20 (5) 00.23 (5) 00.21 (5)
Total 94.78 94.10 94.93 93.15 93.58
FWone 33.37 33.44 33.15 33.42 33.42
%Glass 62.58 80.18 95.24 86.22 74.42
%Void 37.42 19.82 04.76 13.78 25.58
XCO2

fluid 00.353 (3) 00.359 (3) 00.316 (3) 00.350 (2) 00.337 (2)
XH2O

fluid 00.647 (3) 00.641 (3) 00.684 (3) 00.650 (2) 00.663 (2)
The oxide concentrations are reported on a volatile-free basis with the 1σ in parentheses based on spot to 
spot variation for each sample. FWone is the one oxygen formula weight of 1 mole of the volatile-free melt. 
n = number of EMPA spots averaged. 
* Experiments represented by spectra in Fig. 4 
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2.2.3.2 Volatile analysis using Fourier Transform Infrared Spectroscopy 

The CO2 and H2O contents and speciation were determined using a Thermo Nicolet 

Fourier Transform Infrared Spectrometer. Experimental glasses were doubly polished to 

thicknesses of 20-70 μm, and cleaned with acetone before analysis. Sample thickness was chosen 

in order to avoid oversaturation of the IR signal. If oversaturation occurred, the samples were 

thinned and reanalyzed. FTIR spectra were taken at several spots on each sample. Spectra were 

recorded with a resolution of 4 cm-1, 128-1024 scans, from 650 to 4000 cm-1, under a nitrogen 

purge to eliminate atmospheric gases with backgrounds collected before every analysis. Peaks 

attributed to water were detected at 3530 cm-1 (O-H stretching) and at 1630 cm-1 (molecular 

water) when water contents were above 1 wt.%. Peaks attributed to carbon were detected at 

2349 cm-1 (molecular CO2), 1510 and 1430 cm-1 (carbonate doublet). Peak heights and areas 

were measured with linear backgrounds. The total dissolved water content of experimental 

glasses was determined from the intensity of O-H stretching at 3530 cm-1. Total dissolved carbon 

dioxide of experimental glasses was determined from the intensity of the ν3 antisymmetric 

stretch bands of the carbonate doublet and CO2
mol at 2348 cm-1. 

Dissolved volatile concentrations were quantified using the Beer-Lambert law: 

jjii dAMC  100  (Eqn. 3) 

where Ci is the concentration of volatile i in the sample, Mi is it's molecular weight (44.01 g mol-

1 for CO2 and 18.02 g mol-1 for H2O), Aj is the absorption of peak j (peak height or area 

measured from the spectrum in cm-1 or cm-2), d is the thickness of the sample (in cm), ρ is the 

density of the sample (in g L-1), and εj is the absorption coefficient for the peak from previous 

studies (in L mol-1 cm-1 for linear absorption coefficient and in L mol-1 cm-2 for integrated 

absorption coefficient) (Table 4; Fine and Stolper, 1985; Nowak et al., 2003; Stolper et al., 
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1987). Sample thickness was measured both using a digital micrometer (ID-C125EXB Mitutoyo 

Digimatic Indicator) and calculated following the ‘interference fringe’ method of Tamic et al. 

(2001). The latter method involves measuring the wavelength (λ) of interference fringes of 

reflectance spectra where λ=1/2dn. Because the refractive index (n) of rhyolitic glasses is 

uncertain, Tamic et al. (2001) determined an empirical equation for rhyolitic glass by comparing 

thicknesses measured with a micrometer and those calculated: d=0.3176/λ. This method has the 

benefit of measuring thickness in the exact spot as the volatile analysis. We employed this 

method by measuring λ over a spectral range of 2900-2400 and 2200-1800 cm-1 depending on 

the quality of the spectrum. Sample thickness determined this way and that measured by the 

micrometer only varied by 1 μm. Sample density was an average of the calculation methods of 

Silver (1988), and Lange and Carmichael (1987). Density was calculated for each experiment 

from the average compositions of glasses determined by EPMA. 

It should be noted that there are no set absorption coefficients for the carbonate doublet 

in complex rhyolitic melts, because previous studies were not done at sufficiently high pressures 

and reported only molecular CO2. However, high pressure studies on albitic glasses did report 

the carbonate doublet and calculated values for ε and ε* (Nowak et al., 2003; Stolper et al., 

1987). Therefore, we used coefficients determined from albitic glasses for all species (Table 4) 

such that any error induced by compositional differences was the same for both molecular CO2 

and carbonates. Previous studies on natural rhyolitic melt have calculated ε and ε* for water 

species (Newman et al., 1986) and CO2
mol. (Behrens et al., 2004b), which are also presented in 

Table 4 and were used to calculate species concentrations as well. 
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Table 2-4 Linear (ε) and integrated (ε*) absorption coefficients used in this study, with compositions of 
glasses from which they were determined 

Band (cm-1) Species ∆ν3 (cm-1) Mid-point (cm-1) ε (L mol-1cm-1) ε* (L mol-1cm-2) Comp Ref.
3530 OH, H2O   70 35000 Albite a 

    100 44000 Rhyolite b 
        

1630 H2O   49 3081 Albite c 
    55 2640 Rhyolite b 
        

2350 12CO2
mol.   945 25200 Albite a 

    ~750  Eu d1
    1214  Rhyolite e 
        

1375 CO3
2- 225 1488 235 16300 Albite a 

1375  225 1488 145  Eu d1
1430  85 1473 288  Basalt f 
1430  80 1470 308  Phono-tephrite g 

        

1600 CO3
2-   199 27300 Albite a 

1600    155  Eu d1
1600    90  Eu/Ry d2
1515    280  Basalt f 
1510    326  Phono-tephrite g 

        

1375&1600 CO3
2- 225 1488  42250 Albite h 

 

wt.% a c d1 d2 e f g h 
SiO2 69.66 68.74 74.57 78.56 76.78 50.80 49.89 69.03 
TiO2     0.10 1.84 0.89  
Al2O3 20.43 19.44 15.82 13.33 12.77 13.70 15.57 19.33 
FeO     0.52 12.04 7.82  
MnO     0.09 0.22 0.02  
MgO     0.07 6.67 5.75  
CaO     0.56 11.50 11.40  
Na2O 10.38 11.82 9.61 8.10 4.08 2.68 1.95 11.41 
K2O     4.55 0.15 7.52  
P2O5      0.19   
 100.47 100.00 100.00 100.00 99.52 99.79 100.81 99.77 
a Stolper et al. (1987), b Newman et al. (1986), c Silver and Stolper (1989), d Brooker et al. (1999), e Behrens et al. 
(2004b), f Dixon and Pan (1995), g Behrens et al. (2009), h Nowak et al. (2003) 

2.3 Results 

2.3.1 Texture and Phase Assemblage 

Quench products showed glasses with round vesicles (Fig. 3), the latter suggesting 

saturation of the melt with a CO2-rich vapor phase. Vesicles with 50-100 μm diameters were 

present, indicative of equilibrium bubbles rather than decompression bubbles, which usually 

range in size from <5-10 μm (e.g., Gardner et al., 1999). In some runs, a large hemispherical gap 

between the top of the capsule and the glass was also present (Fig. 3). There was minor  
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Figure 2-3 Experimental images 
(a) Reflected light image of experiment B98 (PMSC: 2.5 GPa, 1300 °C). (b) Back-scattered electron image of 
experiment B139 (PMSCH: 1.5 GPa, 1300 °C). 

crystallization of quartz in some experiments indicative of incomplete melting or volatile escape. 

These runs were not used in determining CO2 solubility. 

2.3.2 Major Element Compositions of Experimental Glasses 

The analyzed compositions of all our experimental glasses are broadly rhyolitic with 

normalized concentrations of SiO2 of 71.18 ± 0.68 wt.%, Al2O3 of 14.56 ± 1.07 wt.%, FeO* of 

0.43 ± 0.20 wt.%, MgO of 0.47 ± 0.13 wt.%, CaO of 1.56 ± 0.24 wt.%, Na2O of 4.12 ± 

0.38 wt.%, and K2O of 6.66 ± 0.19 wt.%. Overall, microprobe analyses were in good agreement 

with the starting composition (Table 2), indicating homogenization of the melt and closed system 

during our experiments (Fig. 2). The variation in melt composition from experiment to 

experiment for a given composition is too small to have any effect on CO2 solubility. Analytical 

totals for the experimental glasses were all <100%, suggesting the presence of volatiles. 

Moreover, the deficits in electron microprobe totals were highest for experiments with the 

composition PMSCH7 (5.89 ± 0.76 wt.%), intermediate for PMSCH (3.24 ± 0.94 wt.%), and 

lowest for PMSC (1.41 ± 0.56 wt.%), suggesting that the total dissolved volatile contents also 

likely diminish as a function of composition, in the same order. 
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2.3.3 Dissolved CO2 and H2O 

2.3.3.1 Speciation of dissolved carbon and hydrogen 

The thickness normalized FTIR spectra are shown for the nominally water-free glass 

composition (PMSC) in Figure 4a. The carbonate doublet for this composition, is prominent at 

3.0 and 2.5 GPa, but gradually becomes overwhelmed by Al-Si network peaks (~1600 and 1800 

cm-1; Newman et al., 1986) as the pressure decreases. Molecular CO2 is the dominant form of 

carbon in the experiments at all pressures. Although these experiments were attempted to be 

nominally anhydrous, clear presence of asymmetric peak ~3530 cm-1 for O-H stretching suggests 

finite fraction of dissolved water. The thickness normalized spectra for the intermediate H2O-

bearing runs (PMSCH) and high H2O runs (PMSCH7) are shown in Figure 4b and c, 

respectively. Unlike the nominally H2O-free experiments, the carbonate doublet does not 

disappear as pressure decreases; rather CO3
2- becomes the dominant form of carbon at low 

pressures. It is also noted that in these water-added experiments, there is a molecular H2O peak 

at 1630 cm-1. 

It is clear from Figure 4 that as the experimental glass is more hydrous, the carbonate 

doublet peak locations and shapes change. The PMSC peaks are located at 1401 and 1535 cm-1 

with an average Δν3 split value of 134 cm-1. The PMSCH peaks are closer together at 1433 and 

1513 cm-1 with a Δν3 of 80 cm-1; also notice that the 1513 cm-1 peak is larger than the 1433 cm-1 

peak. The carbonate doublet peak splitting is even less for the PMSCH7 experiments with peak 

locations at 1443 and 1504 cm-1 and a Δν3 of 61 cm-1. Based on the peak locations and splitting, 

the carbonate doublets for the PMSCH and PMSCH7 compositions are comparable to more 

depolymerized melts (Table 4; Dixon and Pan, 1995), rather than albite whose carbonate peaks 

are at 1375 and 1600 cm-1 (e.g., Stolper et al., 1987). Given the unavailability of absorption  
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Figure 2-4 FTIR spectra 
(a) PMSC experiments (green circles in all other figures), (b) PMSCH experiments (light blue circles in all 
other figures), and (c) PMSCH7 experiments (dark blue circles in all other figures). Spectra normalized to 100 
μm thickness and offset for visibility. Baselines for carbonate peak measurement are indicated by dashed lines 
for the 3 GPa experiments. (d) Representative reflectance spectra (128 scans, 4 cm-1 resolution) for a subset of 
our experiments showing interference fringes in the domain where sample thicknesses were calculated (see 
text for details). 

coefficient estimates calibrated for our melt compositions, we have decided to use ε and ε* 

known for albite glass, assuming that the dominant depolymerizer for our hydrous compositions 

(PMSCH and PMSCH7) is H2O and not additional cations such as Ca2+ and Mg2+. Whether it is 

more appropriate to use ε and ε* based on composition (similarity of albite and rhyolitic 

composition in our study) or peak locations (similarity of carbonate doublet locations in our 

study and those in basaltic compositions) is unclear. Use of albite absorption coefficients likely 

introduces some systematic error and is not a replacement for determining CO3
2- doublet ε values 

for rhyolitic melts. We have also calculated carbonate concentrations using other ε values from 

basaltic glass (Dixon and Pan, 1995) and a phono-tephrite (Behrens et al., 2009) reported in 
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Table 4, and based on these the estimated concentrations of CO2 (as CO3
2-) are 0.05 to 0.4 wt.% 

lower from PMSC to PMSCH7. Based on the similarity of Si/Al ratios, we have also considered 

the extinction coefficients calculated by Brooker et al. (1999) for their compositions Eu and 

Eu/Ry (Table 4). The estimated CO3
2- concentrations using these values are 0.4 to 0.8 wt.% 

higher than the reported values. However, because of the unavailability of reliable CO2
mol. 

extinction coefficients for these compositions, we prefer to use the extinction coefficients for 

both CO3
2- and CO2

mol. given for albite from the study of Stolper et al. (1987). 

2.3.3.2 Concentration of CO2 and H2O 

Experiments with composition PMSC yield total CO2 concentrations at 2.0, 2.5 and 

3.0 GPa from 1.17 ± 0.05 wt.% to 1.72 ± 0.08 wt.% (Fig. 5, Table 5). The experiment at 1.5 GPa 

had a significantly lower CO2 concentration of 0.71 ± 0.05 wt.%. Total dissolved H2O content 

based on O-H stretching band for this composition is ~0.5 wt.%. 

 
Figure 2-5 CO2 and H2O contents in our experimental glasses 
(circles - 1300 °C) compared to CO2 solubility data in water-bearing, albite melts (squares) at 1.5-3.0 GPa 
(Brey, 1976; Stolper et al., 1987) and model calculation of mixed CO2-H2O solubility for rhyolitic melts at 
0.1-1.0 GPa (Papale et al., 2006). Papale et al. (2006) model is calculated for PMSC composition at 1300 °C, 
i.e. at the same temperature and composition as our higher pressure experiments. All pressures, labeled against 
our solubility data and model solubility curves of Papale et al. (2006) are in GPa. One sigma errors in our 
solubility data are based on replicate FTIR analyses (Table 5) and when not visible, the errors are less than the 
size of the symbols. Fluid isopleths (dashed lines) were estimated by fitting exponential curves through the 
experimental data. 
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Carbon dioxide concentrations in the experiments with the composition PMSCH were 

noticeably higher than those with PMSC. For PMSCH, there is a slight decrease in CO2 content 

from 1.99 to 1.39 wt.% as experimental pressure decreases from 3.0 to 2.0 GPa. Similar to the 

PMSC experiments, the 1.5 GPa run had a significantly lower CO2 concentration of 0.85 ± 

0.05 wt.%, though the dominant carbon species was CO3
2-. Water concentrations in the 

experiments with PMSCH ranged between 1.70 ± 0.02 wt.% and 2.43 ± 0.10 wt.% (Fig. 5). 

The third composition, PMSCH7, with an even higher nominal H2O content in the 

starting mix, yielded total CO2 contents that were also higher compared to the other 

compositions. For this composition, total dissolved CO2 decreased from 2.33 ± 0.10 wt.% at 

3.0 GPa to 0.97 ± 0.02 wt.% at 1.5 GPa. These experiments were also dominated by CO3
2-. 

Measured water concentrations for these compositions were consistently around 3.50 wt.% 

(Fig. 5). 

Table 2-5 Experimental conditions and measured concentrations of H2O and CO2 using FTIR 
H2O (wt.%) CO2

tot. (wt.%)c CO2
mol. (wt.%) CO3

2- (wt.%) CO2
mol./CO2

tot. Run 
No. 

Comp. 
P 

(GPa) a b a,g d,g a d a g a,g d,g 

B96 PMSC 3.0 0.51 (2) 0.38 (3) 1.72 (2) 1.45 (10) 1.17 (10) 0.90 (10) 0.44 (7) 0.56 (10) 0.68 (2) 0.62 (2)

B98 PMSC 2.5 0.62 (1) 0.46 (3) 1.36 (1) 1.11 (2) 1.05 (4) 0.80 (3) 0.28 (3) 0.31 (4) 0.77 (1) 0.72 (2)

B101 PMSC 2.0 0.68 (2) 0.51 (4) 1.17 (2) 0.73 (6) 1.02 (7) 0.58 (6) 0.15 (2) 0.15 (7) 0.87 (1) 0.80 (1)

B104 PMSC 1.5 0.53 (4) 0.39 (3) 0.71 (4) 0.58 (5) 0.68 (5) 0.55 (4) 0.02 (1) 0.03 (5) 0.95 (1) 0.94 (1)
             

B116 PMSCH 3.0 2.43 (10) 1.82 (13) 1.99 (10) 1.81 (15) 1.06 (16) 0.88 (15) 0.74 (7) 0.93 (16) 0.53 (2) 0.49 (4)

B129 PMSCH 2.5 2.03 (4) 1.52 (9) 1.66 (4) 1.59 (3) 0.60 (8) 0.53 (1) 0.86 (5) 1.06 (8) 0.36 (0) 0.33 (0)

B207 PMSCH 2.0 1.80 (3) 1.35 (7) 1.39 (3) 1.34 (2) 0.42 (3) 0.42 (1) 0.05 (1) 0.92 (3) 0.34 (0) 0.32 (0)

B139 PMSCH 1.5 1.70 (2) 1.27 (9) 0.85 (2) 0.84 (6) 0.13 (3) 0.12 (1) 0.67 (8) 0.72 (3) 0.15 (1) 0.14 (1)
             

B195 PMSCH7 3.0 3.73 (5) 2.79 (16) 2.33 (5) 2.30 (6) 0.31 (7) 0.28 (1) 1.66 (5) 2.02 (7) 0.13 (2) 0.12 (0)

B200 PMSCH7 2.5 3.50 (4) 2.62 (16) 2.09 (4) 2.06 (8) 0.35 (7) 0.32 (2) 1.44 (6) 1.74 (7) 0.17 (1) 0.16 (1)

B193 PMSCH7 2.0 3.58 (7) 2.67 (13) 1.66 (7) 1.65 (4) 0.14 (3) 0.13 (0) 1.25 (3) 1.52 (3) 0.08 (0) 0.08 (0)

B192 PMSCH7 1.5 3.53 (8) 2.64 (17) 0.97 (8) 0.97 (2) 0.03 (1) 0.03 (0) 0.84 (4) 0.94 (1) 0.04 (0) 0.03 (0)
a CO2

mol. and CO3
2- concentrations were calculated using absorption coefficients from Stolper et al. (1987) given in Table 4 

b Water concentrations were calculated using absorption coefficients from Newman et al. (1986) given in Table 4 
d CO2

mol. concentrations were calculated using absorption coefficients from Behrens et al. (2004b) given in Table 4 
g CO3

2- concentrations were calculated using absorption coefficients from Nowak et al. (2003) given in Table 4 
1 σ error given in parentheses is based on spot to spot variation in FTIR analyses and given as last digit cited; for example, 0.51 (2) wt.% should be 
read as 0.51 ± 0.02 wt.%. 



25 

 

2.4 Discussion 

2.4.1 Carbon Speciation in Sediment Partial Melt and Comparison with Previous 

Experimental Studies 

Our spectroscopic data suggest that dissolved CO2 in high pressure natural rhyolitic melt 

is present both as molecular CO2 and CO3
2- (Figs. 4, 6, Table 5), consistent with previous studies 

on simple siliceous system at pressures greater than 2.0 GPa (e.g., Mysen and Virgo, 1980; 

Stolper et al., 1987), and suggesting that both of the following mechanisms of CO2 dissolution 

are operative: 

melt
2

vapor
2 COCO   (Eqn. 4) 

melt

-2
3

melt

-2

vapor
2 COOCO   (Eqn. 5) 

For the experimental glasses with low-water contents (PMSC experiments), the total CO2 

becomes increasingly dominated by molecular CO2 with decreasing pressure. In the experiment 

at 1.5 GPa the carbonate bands have all but disappeared. The CO2
mol./CO2

tot. values decrease with 

pressure (Fig. 6) and are within the range of previous high pressure studies (e.g., Mysen, 1976) 

and range from 0.69 to 0.92 from 1.5 to 3.0 GPa. These albite glasses had water contents in the 

same range as the water-poor experiments of this study (Fig. 5). Two of the data points in Figure 

6 were measured in water-free albitic glasses, other studies did not report carbon speciation. 

However, no clear trend of diminishing CO2
mol./CO2

tot. is apparent from the existing literature 

data on CO2 solubility of albite glasses. 

In contrast to the water-poor experiments, in the experiments with higher dissolved 

water, the quenched carbon species became dominated by CO3
2- groups at lower pressures (Figs. 

4, 6, Table 5). The CO2
mol./CO2

tot. values diminished from 0.49 at 3.0 GPa to 0.13 at 1.5 GPa for  
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Figure 2-6 CO2

mol./CO2
tot. values in experimental glasses  

From this study compared to similar data from hydrous albite experiments (open squares; Stolper et al., 1987) 
and dry albite experiments (solid squares; Brooker et al., 1999; Mysen, 1976). 

glasses with H2O contents of ~2 wt.% and from 0.11 at 3.0 GPa to 0.03 at 1.5 GPa for glasses 

with H2O contents of ~3.5 wt.%. 

The increased amount of carbonate in the more hydrated experiments is likely due to a 

combination of two factors. The first is the role of water in depolymerizing the melt such as: 

   HO2OOH 0
meltmelt2  (Eqn. 6) 

where O0 represents a bridging oxygen and O– represents non-bridging oxygen. The dissolution 

of CO2, after Eggler and Rosenhauer (1978), then becomes: 

0
melt

2
3

mol.
2 OCO2OCO    (Eqn. 7) 

There are only a few CO2 solubility studies on albite melt that reported water contents (Brey, 

1976; Mysen, 1976; Mysen et al., 1976; Stolper et al., 1987); moreover, carbon speciation and 

the dependence of total CO2 solubility on melt water content were not constrained in these 

studies. However, the increased solubility of CO2 with increasing water content, as observed in 

our study, is reminiscent of similar dependence observed for basaltic, andesitic, and dacitic melt 

(e.g., Behrens et al., 2004a; Behrens et al., 2009; Botcharnikov et al., 2006; Dasgupta et al., 

2013; Eggler and Rosenhauer, 1978). 



27 

 

The second factor is related to the effect of quenching on carbon speciation. It has been 

shown that at the relatively slow quenching rate of piston cylinder apparatus (~100 °C/sec), 

dissolved carbon species change from CO2
mol. to CO3

2- until the glass transition or apparent 

equilibrium temperature (Tae) is reached (Morizet et al., 2001; Nowak et al., 2003). This may be 

facilitated by another mechanism of CO3
2- formation: instead of bonding to a non-bridging 

oxygen, CO2 can bond to a bridging oxygen without breaking the Si-O bond (Kohn et al., 1991). 

Because water experiences a similar effect, increasing the amount of OH- to H2O
mol. upon 

quenching (e.g., Nowak and Behrens, 1995; Shen and Keppler, 1995; Zhang et al., 1997), this 

potentially creates an available Si-O bond, allowing CO3
2- to form from CO2

mol.. The Tae for our 

experimental glass compositions can roughly be calculated using the equation from Zhang et al. 

(1995) assuming a quench rate of 100 °C/sec, and that pressure and CO2 content have no effect 

on Tae (Morizet et al., 2007); these values are reported in Table 2. The estimated apparent 

equilibration temperatures are all hundreds of degrees lower than the experimental temperature, 

which means that our measured CO2
mol. values may be underestimated and CO3

2- concentrations 

overestimated. 

The possible formation of CO3
2- upon cooling does not necessarily indicate that all of the 

CO3
2- measured in our experimental glasses is owing to quenching effects. Increase of CO3

2- 

with increasing pressure for a given composition, including the most water-poor composition 

PMSC, suggests that the effect of pressure on enhanced CO3
2- dissolution is real, although the 

absolute values of CO2 solubility in the form of CO3
2- may be influenced by quenching. 

However, as water concentration increases the Tae decreases, allowing more time for the species 

transition. This means that for more hydrous melts the amount of CO3
2- that was originally 

CO2
mol. is likely larger. 
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2.4.2 CO2 Solubility in Rhyolitic Melt at High Pressures 

Figure 7a and b show our CO2 solubility data compared to the data from previous CO2 

solubility studies and the three solubility models (Liu et al., 2005; Newman and Lowenstern, 

2002; Papale et al., 2006), respectively. The melts with low-water contents yield CO2 solubilities 

that fall at the low end of CO2 solubility data of albite melts (Fig. 7a). This observation 

potentially indicates a compositional control on solubility, likely the availability of other 

network modifying cations such as Ca2+, Mg2+, and Fe2+. These cations promote formation of 

carbonate complexes in natural pelite partial melt and thus enhance bulk CO2 solubility, 

indicating that molecular CO2, which dominates the bulk solubility at low pressures, contributes 

less at higher pressures. The mid-H2O experiments (PMSCH) produce a similar trend of 

increasing solubility with increasing pressure but yield higher total CO2 contents at a given 

pressure, and the high-H2O experiments (PMSCH7) yield even more total dissolved CO2. 

Compared with the previous work on CO2 solubility in complex rhyolitic melts at lower 

pressures (Blank et al., 1993; Fogel and Rutherford, 1990; Tamic et al., 2001) there is a general 

trend of increasing CO2 solubility with pressure, as expected (Figs. 5, 7a). It can also be seen 

from Figure 7b that if the Papale et al. (2006) model curves were to be extended to higher 

pressures, they would overestimate the amount of CO2 that could be dissolved. The model curves 

of Liu et al. (2005) can be extended to higher pressures, and calculated values, based on 

estimated fluid compositions, underestimate the content of CO2 by ~20%. Given the potential 

systematic errors in quantifying carbonate concentration owing to unavailability of appropriate 

absorption coefficient for our melt composition, errors in estimating fluid compositions, and the 

fact that the Liu et al. (2005) model is based on experiments only to ~0.5 GPa, the difference 

between their model prediction and our estimates is not unsatisfactory. 
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Figure 2-7 Experimental CO2 solubility 
(a) from this study (circles-1300 °C) compared to the same for hydrous albite melt (open squares, 950-
1450 °C; Brey, 1976; Mysen, 1976; Mysen et al., 1976; Stolper et al., 1987) and dry albite melt (solid squares, 
1350-1450 °C; Brooker et al., 1999; Mysen, 1976; Mysen et al., 1976; Mysen and Virgo, 1980) at high 
pressures and rhyolitic melt (diamonds, 800-1150 °C) at low pressures. (b) Experimental bulk CO2 solubility 
data from this study compared to model calculations of Papale et al. (2006) for PMSC at 1300 °C (purple 
lines), Liu et al. (2005) for average fluid composition estimated for the experiments at 1300 °C (orange lines) 
extended past 0.5 GPa, and using Volatile-Calc for a generic rhyolite at 1300 °C (red line). 

2.4.3 Compositions of Coexisting Fluids 

The compositions of the coexisting fluids were not measured in any of our experiments. 

Fluid compositions were estimated using mass balance calculations, assuming (1) the fluid 

compositions are pure CO2-H2O mixtures, (2) a closed system during our experiments with 

respect to H2O and CO2. The volume fractions of melts and fluids were determined visually from 

2-D images and mass of fluid was estimated by considering the density of the equilibrium fluid 

over the possible range of compositions and pressures, using the equation of state of C-O-H fluid 

from Zhang and Duan (2009, 2010) (Table 2). This method of calculation of compositions of 

fluids for PMSCH and PMSCH7 experiments is an oversimplification and likely has a large 

uncertainty and is not a replacement for measuring fluid composition, but may still provide a 

reasonable first order estimate. For the hydrated compositions, the estimated, average fluid 

compositions are PMSCH: [CO2] = 82 wt.%, [H2O] = 18 wt.% and PMSCH7: [CO2] = 57 wt.%, 

[H2O] = 43 wt.% (mole fractions reported in Table 2). For experiments with PMSC, owing to the 
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small concentration of dissolved OH- and the much larger solubility of H2O compared to CO2 in 

rhyolitic melts, we assume that the vapor coexisting with the melts was effectively pure CO2. 

2.4.4 Thermodynamic Treatment of the CO2 Solubility Data 

Our experimentally measured, speciation-specific, CO2 solubility data allow us to 

calibrate the thermodynamic parameters of the two CO2 dissolution reactions (Eqn. 4 and Eqn. 5) 

for natural sediment partial melts, with the caveat that the thermodynamic properties for the 

reactions may be representative for temperatures more close to Tae rather than the experimental 

temperature of 1300 °C. The equilibrium constants for the two reactions are, respectively: 

2

melt

CO
4 CO

mol.
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K   (Eqn. 8) 

melt
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where K4 and K5 are the equilibrium constants for the reactions given by Eqn. 4 and Eqn. 5, 

respectively, both of which depend on pressure, P and temperature, T. In Eqn. 8 and 9, melt
COmol..

2
X is 

the mole fraction of dissolved molecular CO2, 
melt

CO2
3
X is the mole fraction of dissolved carbonate 

anions, melt

O2
r
X  is the mole fraction of reactive oxygen species in the melt that are not bonded to 

carbon; melt

CO

melt

O 2
3

2
r

1   XX  (Fine and Stolper, 1986; Stolper and Holloway, 1988). The pressure 

and temperature dependence of both of the above equilibrium constants can be expressed as: 
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where K0 is the equilibrium constant (either for Eqn. 8 or 9) at a reference temperature, T0 and 

pressure, P0 (0.001 GPa). Because all our experiments were conducted at a fixed temperature of 

1300 °C, our CO2 solubility data does not permit calibration of 0
rxnH , but variations of ln(K) 
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versus pressure should yield K0 and 0
rxnV . In order to derive our experimental ln(K) values, we 

first convert our solubility data in wt.% to mole fractions, using: 
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  (Eqn. 12) 

following Stolper and Holloway (1988) and Behrens et al. (2004a), respectively, where melt
iX  is 

the mole fraction of the desired species i (CO2
mol. or CO3

2-), [CO2] and [H2O] are the 

concentration of CO2 or H2O in the melt in wt.%, FWone is the one oxygen formula weight of one 

mole of the volatile-free melt, calculated using the average composition for each experimental 

glass measured using electron microprobe (~33.0-33.4 g mol-1; Table 2) and melt
in  is the number 

of moles of the species dissolved in the melt. The first calculation does not include the effect of 

water, while the second Xi formulation does. The CO2 fugacity, fCO2 was calculated using the 

equation of state of Zhang and Duan (2009, 2010) for all the compositions. For PMSC 

composition, where fluid
CO2

X  = 1, fCO2 was calculated using the equation of state of CO2 from 

Sterner and Pitzer (1994) as well (Table 6). We note that the estimated fCO2 for PMSCH and 

PMSCH7 experiments have large uncertainties because fluid compositions for these could only 

be estimated by mass balance calculations and not measured. 

Linear fit of the experimental data in ln(K4) versus pressure and ln(K5) versus pressure 

space (Fig. 8) yields values of 0
rxn4V  and ln(K4

0), 0
rxn5V  and ln(K5

0), respectively for each of our 

compositions, PMSC, PMSCH, and PMSCH7. The obtained values are presented in Table 6. For 

PMSC, we find that 0
rxn4V > 0

rxn5V , which is consistent with the observation that the dissolved 
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Table 2-6 Calculated ΔV and ln(K0) of CO2 dissolution for each composition with different water content 
Comp. ∆V4 ln(K4

0)  ∆V5 ln(K5
0)  T (°C) P (GPa) H2O (wt.%) 

This Study 

PMSCa 29.04 -14.98  9.32 -20.09  1300 1.5-3.0 0.5 

PMSCb 29.04 -14.98  9.32 -20.09     

PMSC* 27.29 -15.20  7.57 -20.32     
          

PMSCHa 17.16 -17.41  32.02 -14.12  1300 1.5-3.0 2.0 

PMSCHb 17.21 -17.41  32.08 -14.12     
          

PMSCH7a 14.09 -18.43  27.19 -13.87  1300 1.5-3.0 3.5 

PMSCH7b 14.10 -18.45  27.20 -13.90     
          

Previous Studies 

Rhyolitec 33.04      1050 0.05-0.66 0.2 
          

Rhyolited 28.00 -14.45     850 0.08-0.66 2.1 
          

Albitee 28.60   -3.90 0.27  1450 1.5-3.0 0.4 
          

Albitef 23.85 -15.06     1650 1.0-3.0 0.0 
Calculations based on melt

CO ..molX
2

 and melt

CO
X 2

3
 estimates following the formulation of a Stolper and Holloway (1988) or b Behrens 

et al. (2004a). In both the estimates, fCO2 values obtained using the EOS of Zhang and Duan (2009) were used. 
*Values based on CO2 EOS of Sterner and Pitzer (1994) and melt

CO
X 2

3
 formulation of Stolper and Holloway (1988). 

c Fogel and Rutherford (1990), d Blank et al. (1993), e Stolper et al. (1987), f Mysen and Virgo (1980) 

 

 
Figure 2-8 Determined ln(K) values versus experimental pressures  
For the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-). Linear regression of the 

experimental data allows determination of ln(K0) and ΔV. See text for details. The obtained values are reported 
in Table 6. 

component is dominantly molecular CO2. For PMSCH and PMSCH7, i.e. more hydrous 

compositions, 0
rxn4V < 0

rxn5V , where CO2
mol./CO2

Tot.<0.5. Therefore it appears that CO2 solution 

via carbonate species formation is favored more with increasing pressure in water-rich natural 

rhyolite than in water-poor natural rhyolite. We note again that the derived thermodynamic 

parameters for our hydrous compositions have larger uncertainty owing to poor constraints on 
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the equilibrium fluid compositions in these experiments. The determined ln(K4
0) and ln(K5

0) 

values for all our compositions are, however, similar to those determined for rhyolitic and albitic 

melts from previous CO2 solubility studies (Table 6). 

For these thermodynamic calculations we have assumed that the measured carbon species 

is the amount dissolved in the melt at the experimental temperature of 1300 °C. However, the 

previously discussed quenching effects suggest that this is likely an oversimplification. Because 

our measurements more likely captures the speciation at the Tae, the calculated ln(K) and ΔV may 

also be applicable for temperatures ≥Tae. Because the Tae is thought to be a function of dissolved 

water content, each experiment within a composition has a similar Tae: PMSC at ~700 °C, 

PMSCH at ~550 °C, and PMSCH7 at ~520 °C. 

2.4.5 Parameterizing CO2 Solubility 

We have empirically parameterized CO2 concentration in rhyolitic melts as a function of 

melt-water content and pressure using least square fit to our experimental data. The equation was 

calculated by first regressing a fit to CO2 content as a function of pressure at constant water 

content, then by fitting those constants to variable water content at a constant pressure. That 

yielded and equation of the following form: 

       PbbPaa 221
2

2212 OHOHCO   (Eqn. 13) 

where [CO2] is the melt CO2 concentration in wt.%, [H2O] is the melt H2O concentration in 

wt.%, and P is the pressure in GPa, and the constants are as follows: a1 = -0.01108, a2 = 0.03969, 

b1 = 0.10328, b1 = 0.41165. When applied to all 12 data points, the equation has a R2 = 0.948 

(Fig. 9) with an average error of 6.5%, and a maximum of 20% for the low pressure, high water 

content data. 
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Figure 2-9 Empirical model of CO2 solubility 
(a) Curves based on a least squares, empirical fit to experimental data from this study (orange lines). (b) Plot 
showing the goodness of our model fit to our data, horizontal error ~6%. 

One obvious application of our empirical parameterization is to extend the prediction of 

CO2 solubility in rhyolitic sediment partial melt to pressures and water contents encountered in 

the sub-arc region. If the topology of mixed CO2-H2O solubility as modeled by Papale et al. 

(2006) at lower pressures applies to sub-arc depth range, then one may expect that beyond a 

certain water content CO2 solubility would diminish with increasing H2O rather than the trend of 

increasing CO2 with increasing H2O as shown by our data and model. However, the inverse 

correlation of melt CO2 and H2O content does not apply for a melt with H2O <6-7 wt.% at 

pressure of 0.6 GPa (Papale et al., 2006) and the critical H2O content at which the changeover 

from the positive dependence of CO2 solubility on H2O to negative dependence of CO2 solubility 

on H2O occurs also seems to increase with pressure (Papale et al., 2006). Therefore, we suggest 

that our empirical parameterization may be applied at least over 1-5 GPa and melt water content 

of 0-10 wt.%. 

2.4.6 Carbon Cycle in Subduction Zones 

Our CO2 solubility data in natural rhyolitic melt allow us to evaluate the limit of CO2 flux 

carried by sediment partial melt to the arc source regions. Based on the estimates from melt 

inclusions and volcanic gases, primary arc magmas are estimated to contain at least 3000 ppm 
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CO2 (Blundy et al., 2010; Wallace, 2005) and potentially as much as 0.6-1.3 wt.% (Wallace, 

2005) to 0.4-1.7 wt.% CO2 (Blundy et al., 2010). If these primary CO2 concentrations are a 

mixture of carbon flux from subducted lithologies, i.e., sediment melt and the mantle wedge, the 

relative contributions of each source can be estimated by: 

slabwedge1 XX   (Eqn. 14) 

where 
basaltarc

2
wedge
2

wedge COCOX  (Eqn. 15) 

and   basaltarc
2

org.
2

sed.
2

slab COCOCO X  (Eqn. 16) 

If we first assume that all of the carbonate in the slab were stable past the arc ( slabX  = 0), the 

CO2 contributing to the arc must come from the mantle wedge. Assuming the mantle wedge 

carbon budget is similar to that of the depleted mantle/MORB source, it contains between 10 and 

67 ppm C (~37-246 ppm CO2, average 107 ppm CO2; Cartigny et al., 2008; Dasgupta and 

Hirschmann, 2010; Hirschmann and Dasgupta, 2009; Marty, 2012; Saal et al., 2002). If we 

assume perfect incompatibility of CO2, i.e. negligible storage of C in nominally C-free mantle 

silicate minerals and absence of graphite in the mantle wedge, and 20 wt.% melting (
meltwedge

2CO  

= CO2
0/0.2), the mean of the previously determined range for mantle wedge melting aided by 

hydrous flux (Grove et al., 2002; Stolper and Newman, 1994), the mantle would contribute 0.02-

0.12 wt.% CO2 to the arc. This only accounts for 6 to 41% of the total arc budget, if 
basaltarc

2CO  = 

3000 ppm. However, if 
basaltarc

2CO  = 1.7 wt.%, the mantle would contribute a mere 1-7%. Based 

on the δ13C arguments presented before, the mantle should contribute between 4-28.8% of the 

arc budget (Sano and Williams, 1996). Only low degree melting of a higher-CO2 source could 

produce enough CO2 to match the minimum required for primary arc magmas (Fig. 10a). Thus a 
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significant carbon source would be missing if arc CO2 derived only from wedge melting where 

the wedge contains bulk CO2 content similar to those estimated for MORB source. 

If a carbonated sediment melt were to contribute to the arc source ( slabX  ≠ 0), along with 

the mantle wedge carbon budget that is unmodified by slab contribution determined above, it 

would need to contribute 59-94% of carbon, if 
basaltarc

2CO  = 3000 ppm. This is well within the 

previously determined range of 57-95% argued based on the δ13C composition, assuming organic 

carbon is 3% of the slab contribution (de Leeuw et al., 2007; Sano and Williams, 1996). This 

contribution is equivalent to 0.18-0.28 wt.% CO2 to the primary arc magma, and is well within 

the carrying capacity of a sediment melt determined in this study (Fig. 10a). If the water-poor 

sediment melt carried content requirements of the arc source. If the Mt. St. Helens melt 

inclusions represent the maximum amount of CO2 present in the primary magma (
basaltarc

2CO = 

1.7 wt.%), wedgeX  = 1-7% calculated above, a sediment melt would need to contribute 93-99% of 

the total budget, i.e. equivalent to 1.6-1.7 wt.% CO2 in the primary basalt. This is a slightly 

larger contribution than determined by the δ13C calculations, but in the range of carrying 

capacity of moderately water-rich (~2 and 3.5 wt.% H2O) rhyolitic melts. However, primary arc 

magmas are not equivalent to siliceous sediment melts thus one needs to evaluate the mass 

balance constraints and calculate whether the amount of sediment melt necessary to be added as 

a source component to match the budget of arc CO2 flux is consistent with other trace element 

geochemistry. 

We calculated how much CO2-saturated, sediment melt would be required to generate 

appropriate amounts of CO2 in the arc source region. Assuming the primary arc basalt contains 

3000 ppm CO2 and the extent of melting of mantle wedge is 15-30%, the wedge source mantle 

must contain between 450 and 900 ppm CO2. If the sediment partial melt contains 0.71 wt.% 
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Figure 2-10 CO2 content of partial melt and estimated proportion of sediment melt  
(a) CO2 content of basaltic partial melt as a function of degree of melting of a given mantle source. Shown for 
comparison are the range of near-primary arc basalt CO2 concentration estimated in the studies of Wallace 
(2005) and Blundy et al. (2010) and the carrying capacity of CO2 in sediment partial melt as determined in this 
study. The mantle melt CO2 content curves were calculated using the batch melting equation assuming 
DC

peridotite/melt=0 for two source CO2 concentrations of 246 ppm and 37 ppm (Cartigny et al., 2008; Dasgupta 
and Hirschmann, 2010; Hirschmann and Dasgupta, 2009; Marty, 2012; Saal et al., 2002). This plot shows that 
for the estimated range of melting relevant for hydrous arc basalt generation, mantle wedge alone cannot 
contribute to the measured carbon budget of the magmas. However, sediment melts can carry significantly 
more CO2 than what is estimated in primary basalts. (b) Estimated proportion of sediment melt to the arc 
source based on the CO2-solubility data compared to previous estimates of sediment contribution based on 
trace element abundance and isotopic compositions of arc basalts (grey band) (e.g., Class et al., 2000; Plank, 
2005; Shimoda et al., 1998). The plotted proportions of CO2-saturated sediment melt required to bring up the 
mantle wedge source carbon content plotted as a function of degree of mantle wedge melting are calculated 
using the CO2 carrying capacities of sediment melts at 1.5 GPa (min. sed. CO2) and 3.0 GPa (max. sed. CO2). 
Each curve corresponds to a given pressure-melt H2O content condition and represents the amount of CO2-
saturated sediment melt needed to flux the wedge such that a primary arc basalt with 3000 ppm CO2 can be 
obtained from its partial fusion. 

CO2, the minimum solubility determined from experiments from PMSC at 1.5 GPa, in order to 

obtain the maximum amount of CO2 in the wedge, 900 ppm, the relative amount of sediment 

melt to wedge would be 12% (Fig. 10b). Alternatively, taking the maximum amount of CO2 in 

the sediment partial melt, 2.33 wt.% from PMSCH7 at 3.0 GPa, and the minimum amount in the 

wedge, 450 ppm, the relative sediment melt contribution would be 0.87%. Taking a melt H2O 

content of 10 wt.%, a composition that can be attained by low to intermediate degree of sediment 

melting over the range of sub-arc depths of 72-173 km (England et al., 2004; Syracuse and 

Abers, 2006), our parameterization predicts that CO2 solubility would be 2.6-5.5 wt.%. 

Therefore, 1.6-3.3 wt.% of sediment melt relative to the mantle wedge source mass would be 
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sufficient such that primary arc basalts CO2 content can be matched. This range of sediment melt 

is similar to the amount of required sediment melt estimated from trace element abundances and 

isotopic compositions of arc basalts (e.g., Class et al., 2000; Shimoda et al., 1998). Plank (2005) 

determined that for subduction zones with high sediment fluxes that 3-6% sediment contribution 

was required to match the arc basalt Th/La values. Therefore, at or below saturation, modestly 

water-rich sediment melt may carry sufficient dose of both CO2 and other trace elements to 

satisfy the chemistry of arc basalts. 

2.5 Concluding Remarks 

We have determined the CO2 carrying capacity of sediment partial melts at pressures 

relevant for sub-arc depths. Our study suggests that the bulk CO2 solubility in natural rhyolitic 

melts increases with increasing depths and water content. Furthermore, the bulk solubility with 

increasing pressure and melt water content is contributed increasingly by dissolved carbonates 

rather than molecular CO2, although the absolute abundance of CO3
2- over CO2

mol. may be 

overestimated owing to quench modification of the equilibrium species. Thus at greater depths, 

sediment partial melts will overall be somewhat less dense, owing to the influence of dissolved 

carbonates in the melt, and thus may by slightly more mobile. Our data and parameterization on 

the CO2 solubility limit suggest that a rhyolitic sediment partial melt could contribute significant 

amounts of CO2 to the arc source region. Future studies will have to constrain the temperature 

and major element compositional dependence on CO2 solubility in natural rhyolitic melts, to 

refine our predictions. The proportion of CO2-saturated sediment melt required to meet the 

minimum arc basalt CO2 content as predicted from this study, otherwise, is consistent with the 

percent of sediment melt required to be added to the arc basalt source regions based on the trace 

element mass balance arguments. 
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3 Chapter 3 

Pressure and Temperature Dependence of CO2 Solubility in Hydrous Rhyolitic Melt – 

Implications for Carbon Transfer to Mantle Source of Volcanic Arcs via Partial Melt of 

Subducting Crustal Lithologies 

Abstract 

We conducted high pressure and temperature experiments to determine pressure and 

temperature dependence of CO2 solubility on natural hydrous rhyolitic melts. The goal was to 

constrain the limit of CO2 transfer via hydrous silicic melt derived from subducting crust at sub-

arc depths. We performed two sets of experiments: 1. To determine the FTIR absorption 

coefficients CO2 species (CO2
mol. and CO3

2-) for natural rhyolitic glass and 2. To constrain the 

effect of temperature on CO2 solubility in rhyolitic melts. The values of ε and ε*, linear and 

integrated absorption coefficients, for CO2
mol. matched previous studies, and values for CO3

2- had 

not been previously calculated for rhyolitic compositions. The use of the new ε values leads to 

lower total CO2 solubility for rhyolitic glasses compared to those obtained using ε values 

determined from albitic compositions. Further, we assessed the uncertainty of our fluid 

compositions and the quench effects on carbon speciation in glasses and constrained the pressure 

(ΔV and ln(K0)) and temperature (ΔH) dependence of the CO2 dissolution reactions with the 

updated ε values. Finally, the calculated values of ΔV, ln(K0) and ΔH were used to calculate total 

CO2 in rhyolitic melts as a function of pressure and temperature. Finally, our model was applied 

to calculate CO2 carrying capacity of rhyolitic slab melts for any given subduction zones. 
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3.1 Introduction 

Carbon dioxide is an important volatile in the Earth and understanding its behavior and 

concentration in various terrestrial reservoirs is critical. Magma or silicate melt, in particular, is a 

key agent which aids in transferring CO2 within the mantle and crust and from the Earth’s 

interior to the ocean-atmosphere system. Hence it is important constrain the CO2 carrying 

capacity of magma types specific to various tectono-magmatic settings. One such setting is 

subduction zones where melts generated from subducting lithologies at depth have the potential 

to carry CO2 from the adjacent slab to the volcanic arc source region in the mantle wedge. 

However, there is currently a gap in our ability to quantify the concentration of oxidized species 

of carbon in silicic melts such as those generated at the surface of subducted slabs. 

When a slab subducts, rocks at and near the surface reach high enough temperatures for 

the sediment layer and upper basaltic volcanics to partially melt, with or without the presence of 

an excess water-rich fluid (e.g., Behn et al., 2011; Currie et al., 2007; Elliott et al., 1997; Gorman 

et al., 2006; Grove et al., 2002; Pearce and Cann, 1973; Prouteau et al., 2001; Syracuse et al., 

2010; van Keken, 2003; Weaver and Tarney, 1984). The partial melting of subducted crust at 

subduction zones may occur as the slab is descending into the mantle or as parts of the crustal 

materials upwell into the mantle wedge (Behn et al., 2011; Syracuse et al., 2010). The melts 

produced by fluid-present melting of subducting crustal lithologies such as ocean-floor basalts 

and overlying pelitic sediments are rhyolitic (Auzanneau et al., 2006; Hermann and Green, 2001; 

Hermann and Spandler, 2008; Johnson and Plank, 1999; Laurie and Stevens, 2012; Prouteau et 

al., 2001; Qian and Hermann, 2013; Rapp and Watson, 1995; Schmidt et al., 2004; Spandler et 

al., 2010; Tsuno and Dasgupta, 2011) and in the presence of carbon, can carry a few weight 

percent of dissolved carbon to the sub-arc source region as molecular CO2 (CO2
mol.) and 
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dissolved carbonate anions (CO3
2-) (Dasgupta, 2013; Duncan and Dasgupta, 2014). However, a 

quantitative framework for predicting bulk CO2 solubility in natural rhyolitic melt as a function 

of depth and temperature at sub-arc depths is incomplete. 

A typical method of quantification of dissolved CO2 in high pressure-temperature 

experimental glasses is collecting spectra using Fourier Transform Infrared Spectroscopy (FTIR) 

and using the Beer-Lambert law to convert peak height or area to concentration:  

jjii dAMC  100  (Eqn. 1) 

where Ci is the concentration of volatile i in the sample, Mi is it's molecular weight (44.01 g mol-

1 for CO2), Aj is the absorption of peak j (peak height or area measured from the spectrum in cm-1 

or cm-2), d is the thickness of the sample (in cm), ρ is the density of the sample (in g L-1), and εj 

is the absorption coefficient for the peak (in L mol-1 cm-1 for linear absorption coefficient and in 

L mol-1 cm-2 for integrated absorption coefficient). While values of ε have been determined for 

the CO2
mol. peak in natural rhyolitic melts (Table 1; Behrens et al., 2004b), there are no available 

ε values for the CO3
2- peaks for rhyolitic compositions. Values for carbonate were not previously 

needed because only the CO2
mol. peak was observed in previous experimental glasses generated 

at lower pressures (Blank et al., 1993; Fogel and Rutherford, 1990; Tamic et al., 2001). 

However, at high pressures, >1.5 GPa, it has been shown that CO2 in natural rhyolite will also 

dissolve as CO3
2- anions (Duncan and Dasgupta, 2014). Carbonate absorption coefficients have 

been derived for many other compositions, most commonly basaltic glasses, but albitic glasses 

also contain dissolved CO3
2- (Behrens et al., 2009; Dixon and Pan, 1995; Nowak et al., 2003; 

Stolper et al., 1987). Based on the variation of εcarb of these previous studies (Table 1), it appears 

that ε is dependent on melt composition, i.e. using ε calculated for basaltic melts may not be 

appropriate for calculating carbonate concentration in rhyolitic melts. Accordingly, previous 
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Table 3-1 Linear (ε) and integrated (ε*) absorption coefficients from previous studies and the values 
determined in this study 
Species 12CO2

mol. CO3
2- 

Composition Albitea Eub Rhyolitec 
Rhyolite 

This Study
Albitea Eub Eu/Ryb Basaltd 

Phono- 
tephritee 

Rhyolite 
This Study 

Band (cm-1) 2350 1375 1375  1430 1430 1402-1423 

ε (Lmol-1cm-1) 945 ~750 1214 1227 235 145  288 308 143 

ε* (Lmol-1cm-2) 25200   27139 16300     13360 
           

Band (cm-1)     1600 1600 1600 1515 1510 1514-1601 

ε (Lmol-1cm-1)     199 155 90 280 326 207 

ε* (Lmol-1cm-2)     27300     29112 
           

Band (cm-1)     1375 & 1600     1400 & 1600 

ε* (Lmol-1cm-2)     42250f     42782 
a Stolper et al. (1987), b Brooker et al. (1999), c Behrens et al. (2004a), d Dixon and Pan (1995), e Behrens et al. (2009), f Nowak et 
al. (2003) 

 
studies used εcarb determined for albitic melts assuming that melt polymerization had a larger 

effect on carbonate speciation rather than the abundance of a particular network modifier, e.g., 

Mg vs. Ca. However, the position of the carbonate doublet and the Δν3 splitting in the hydrous 

melts resembles those seen in basaltic glasses, indicating that εcarb determined for these 

compositions may be more appropriate to use (see Duncan and Dasgupta (2014) for full 

discussion). Therefore specific ε values for rhyolitic glasses need to be determined. 

One direct consequence of using correct values of ε is accurate determination of 

thermodynamic parameters such as ΔV and ΔH, which are determined by knowing the absolute 

amount of CO2 species in the melt and fluid phase via determining the equilibrium constants of 

the CO2 dissolution reactions: 

melt
2

vapor
2 COCO   (Eqn. 2) 

melt

-2
3

melt

-2

vapor
2 COOCO   (Eqn. 3) 

The equilibrium constants for the two reactions are, respectively: 

2

melt

CO
2 CO

mol.
2

f

X
K   (Eqn. 4) 
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r

Xf

X
K  (Eqn. 5) 

where K2 and K3 are the equilibrium constants for the reactions given by Eqn. 2 and Eqn. 3, 

respectively, both of which depend on pressure, P and temperature, T, and melt

O2
r
X  can be 

approximated as melt

CO2
3

1  X . The pressure and temperature dependence of the reaction equilibrium 

constants can be expressed as: 
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lnln
TTR

H
PP

RT

V
KK  (Eqn. 6) 

where K0 is the equilibrium constant (either for Eqn. 2 or 3) at a reference temperature, T0 and 

pressure, P0 (0.001 GPa), ΔV is the pressure dependence of the volume change associated with a 

specific dissolution reaction at a single temperature, and ΔH is the temperature dependence of 

the enthalpy change of a dissolution reaction at a single pressure. Previous work calculated ΔV 

for both CO2
mol. and CO3

2- in rhyolitic melts (Duncan and Dasgupta, 2014), however ΔH 

remained unconstrained due to the isothermal nature of the experiments. ΔH has been calculated 

for CO2
mol. in rhyolitic melts and for both species in albitic melts (Blank et al., 1993; Fogel and 

Rutherford, 1990; Stolper et al., 1987), but not for CO3
2- formation in rhyolitic melts. In order to 

constrain ΔH, experiments at different temperatures but the same pressure must be conducted. 

By knowing the nature of both dissolution reactions as a function of temperature (ΔH) and 

pressure (ΔV), one can develop a thermodynamic model to predict CO2 solubility in rhyolitic 

melts and therefore provide constraints on CO2 mobility by slab-derived melts in sub-arc mantle 

regions. 

In this study, we performed two sets of experiments. The first set to determine εmol and 

εcarb for rhyolitic melts by synthesizing several CO2-undersaturated glasses, and the second set to 
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constrain the temperature dependence of CO2 solubility in oxidized (graphite-absent) rhyolitic 

melts by conducting CO2-saturated, isobaric experiments at variable temperatures. Using the 

new data and our previous results on the pressure and water dependence on CO2 solubility in 

rhyolitic slab melts we calculated the total dissolved CO2 content that crustal melts may carry to 

sub-arc mantle regions. 

3.2 Methods 

3.2.1 Starting Materials Preparation 

Experiments were conducted on synthetic compositions similar to average, low-degree 

experimental partial melts of subducted pelitic sediments (Table 2; Auzanneau et al., 2006; 

Hermann and Green, 2001; Hermann and Spandler, 2008; Johnson and Plank, 1999; Schmidt et 

al., 2004; Spandler et al., 2010; Thomsen and Schmidt, 2008; Tsuno and Dasgupta, 2011, 2012). 

The first set of experiments to constrain ε were conducted on five mixes of the same major 

element compositions (PMS) that were constructed with different CO2 contents with reagent 

grade oxides (SiO2, TiO2, Al2O3, MnO2), carbonates (Mg, Ca, K, Na), and natural siderite; the 

latter two in proportions to add a specific amount of CO2 to the starting mix such that it was 

undersaturated in CO2 and covered a wide concentration range (Table 2). Starting oxides were 

fired for several hours prior to mixing to drive off any excess, adsorbed water. The mixes were 

ground under ethanol for 45 minutes and stored in a 110 °C drying oven to minimize adsorption 

of moisture. Capsules were loaded several hours prior to the experiment and stored in the drying 

oven before being welded shut. 

The second set of experiments to constrain ΔH of CO2 dissolution reactions were 

constructed as above, except adding carbonates equivalent to ~7 wt.% CO2 enough to saturate 

the melt, and adding Al(OH)3 to introduce ~7 wt.% H2O (PMSCH7). Capsules used in these 
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Table 3-2 Starting compositions used in this study 
 PMS-2 PMS-3 PMS-4 PMS-5 PMS-1 PMSCa PMSCH7a 

SiO2 69.29 68.98 68.82 69.04 68.95 68.81 68.81 

TiO2 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

Al2O3 15.84 15.77 15.73 15.78 15.76 15.72 15.72 

FeO* 0.60 0.99 1.00 0.99 0.99 0.99 0.99 

MnO 0.49 0.49 0.49 0.49 0.49 0.50 0.50 

MgO 0.19 0.20 0.49 0.20 0.25 0.19 0.20 

CaO 1.45 1.49 1.42 1.39 1.48 1.47 1.48 

Na2O 4.26 4.24 4.23 4.24 4.24 4.19 4.19 

K2O 7.39 7.36 7.34 7.36 7.35 7.33 7.33 

P2O5      0.29 0.29 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

CO2 0.37 0.81 1.13 1.67 1.99 7.73 7.18 

H2O      0.00 7.14 

All oxide concentrations are reported on a volatile-free basis. The starting materials are arranged in 
the order of increasing CO2 contents weighed. 
* All Fe is reported as FeO. 
a Composition re-reported from Duncan and Dasgupta (2014) 

 
experiments were loaded, then immediately welded shut. All capsules were weighed before and 

after welding to ensure minimal loss of volatiles from the sample. 

3.2.2 Experimental Methods 

Experiments were conducted between 2.0 and 3.0 GPa at a single temperature of 1300 °C 

for generating CO2-undersaturated glasses, and between 2.0 and 3.0 GPa and 1150 and 1200 °C 

for generating glasses equilibrated with excess CO2-rich fluid. All experiments were conducted 

using an end-loaded piston cylinder apparatus with a half-inch BaCO3 assembly at Rice 

University. Starting mixes were contained in 3.0 mm OD Au80Pd20 or Au75Pd25 capsules and 

embedded in crushable MgO spacers. Pressure calibration and temperature gradient (±5°C) for 

this assembly and apparatus is reported in Tsuno and Dasgupta (2011) with an 11% friction 

correction and a pressure variation of 0.1 GPa. Temperature was measured and controlled with 

type-C thermocouple (±15°C) placed above the capsule separated from the capsule top by 1 mm 

thick MgO disc. Experiments were pressurized to target pressure, then heated to the desired 

temperature at 100 °C/min. Experiments were held for 48 hours to ensure complete melting of 
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the sample and equilibration with the vapor phase (when present). Experiments were terminated 

by turning power off to the graphite heater. Experiments were quenched manually near 

isobarically (ΔP during quench ≤ 60 MPa) to minimize formation of decompression bubbles. 

After shutting the power and cutting of the cooling water, experiments were slowly 

depressurized and assemblies were extracted using a ten-ton press. Capsule and thermocouple 

location were verified. Capsules were sectioned with a wire saw then mounted in petropoxy and 

cured overnight at 100 °C. Sections were polished for major element analysis using electron 

microprobe, then doubly polished for volatile (CO2 and H2O) analysis using FTIR. 

3.2.3 Sample Analysis 

3.2.3.1 Texture and major element analysis using electron microprobe 

Texture of the experimental products and major element concentrations of glasses (Fig. 

1) were analyzed using a Cameca SX 100 electron microprobe at NASA Johnson Space Center. 

Glassy samples were carbon-coated and analyzed using an accelerating voltage of 15 kV, an 

electron beam current of 10 nA, and a 20 μm spot. Counting times for Si, Al, Ca, Ti, Fe, Mn, and 

Mg were 30 s on peak and 10 s on each background, and for Na, P, and K were 20 s on peak 

and10 s on each background. Natural minerals and synthetic glasses were used as analytical 

 
Figure 3-1 Experimental images 
(a) Reflected light image of experiment B282 (PMS: 2.0 GPa, 1300 °C). (b) Back-scattered electron image of 
experiment B220 (PMSCH7: 3.0 GPa, 1200 °C). The absence of any visible vesicles in (a) suggests the 
experimental melt being CO2-rich vapor-undersaturated whereas the presence of large void spaces inside the 
capsule in (b) suggests that the experimental melt was CO2-rich vapor saturated. 
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standards. Several analyses were conducted on each glassy sample and reported glass 

compositions are averages over several spots (Table 3). 

3.2.3.2 Volatile analysis using Fourier Transform Infrared Spectroscopy 

The CO2 and H2O contents and speciation were determined using a Thermo Nicolet 

Fourier Transform Infrared Spectrometer. Experimental glasses were doubly polished to 

thicknesses of 15-70 μm and cleaned with acetone before analysis. FTIR spectra were taken at 

several spots on each sample. Spectra were recorded with a resolution of 4 cm-1, 128 scans, from 

650 to 4000 cm-1, under a nitrogen purge to eliminate atmospheric gases with backgrounds 

collected before every analysis. Peaks attributed to water were detected at 3530 cm-1 (O-H 

stretching). Peaks attributed to carbon were detected at 2349 cm-1 (molecular CO2) and between 

1400 and 1600 cm-1 (carbonate doublet). Peak heights and areas were measured with linear 

backgrounds. The total dissolved water content of experimental glasses was determined from the 

intensity of O-H stretching at 3530 cm-1. Total dissolved carbon dioxide of experimental glasses 

was determined from the intensity of the ν3 antisymmetric stretch bands of the carbonate doublet 

and 2349 cm-1 peak for CO2
mol (Fig. 2). 

Sample thickness was measured both using a digital micrometer (ID-C125EXB Mitutoyo 

Digimatic Indicator) and calculated following the ‘interference fringe’ method of Tamic et al. 

(2001). The latter method involves measuring the wavelength (λ) of interference fringes of 

reflectance spectra where d=0.3176λ (Tamic et al., 2001). Sample thickness determined this way 

and that measured by the micrometer only varied by 1 μm. Sample density was an average of the 

calculation methods of Silver (1988), and Lange and Carmichael (1987). Density was calculated 

for each experiment from the average compositions of glasses determined by EPMA. 
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Table 3-3 Experimental run conditions and analyses of experimental glasses 
 PMS-2 PMS-3 PMS-4 PMS-5 PMS-1    

Run No. B281 B282 B285 B286 B287    

P (GPa) 2.0 2.0 2.5 3.0 3.0    

T (°C) 1300 1300 1300 1300 1300    

Tae (°C) 655 635 621 633 604    

n 10 10 10 10 10    

SiO2 70.85 (2) 70.60 (3) 70.20 (4) 70.40 (3) 70.00 (3)   

TiO2 0.5 (2) 0.50 (2) 0.50 (3) 0.49 (3) 0.49 (3)   

Al2O3 15.82 (4) 16.00 (1) 15.90 (2) 16.00 (2) 16.00 (2)   

FeO 0.08 (5) 0.18 (8) 0.40 (2) 0.20 (7) 0.13 (6)   

MnO 0.18 (8) 0.22 (6) 0.35 (7) 0.30 (6) 0.27 (6)   

MgO 0.32 (4) 0.49 (6) 0.67 (4) 0.50 (3) 0.47 (3)   

CaO 1.36 (9) 1.38 (1) 1.37 (4) 1.40 (5) 1.52 (6)   

Na2O 4.30 (1) 4.20 (1) 4.20 (1) 4.14 (8) 4.20 (1)   

K2O 6.65 (2) 6.43 (3) 6.40 (1) 6.50 (1) 7.00 (2)   

Total 98.16 (0) 97.69 (0) 97.84 (0) 96.58 (0) 96.37 (0)   
    

 PMSCH7      PMSC  
Run No. B275 B277 B220 B221 B225 B301 B290 B273 
P (GPa) 3.0 1.5 3.0 2.5 2.0 3.0 3.0 1.5 
T (°C) 1300 1300 1200 1200 1200 1150 1300 1300 
Tae (°C) 525 532 518 518 558 514 720 693 
n 11 10 10 10 10 10 10 10 
SiO2 73.30 (2) 71.70 (2) 72.00 (4) 72.00 (5) 71.50 (2) 71.60 (9)  70.60 (2) 70.10 (2)
TiO2 0.50 (3) 0.54 (3) 0.52 (4) 0.53 (2) 0.52 (2) 0.55 (3)  0.53 (4) 0.49 (4)
Al2O3 13.60 (3) 13.10 (2) 13.40 (1) 13.30 (1) 13.30 (2) 15.00 (2)  15.40 (3) 15.59 (1)
FeO 0.48 (9) 0.65 (8) 0.48 (6) 0.52 (4) 0.62 (4) 0.31 (5)  0.22 (8) 0.40 (1)
MnO 0.43 (5) 0.43 (3) 0.45 (4) 0.45 (3) 0.49 (6) 0.36 (4)  0.33 (4) 0.33 (6)
MgO 0.40 (3) 0.60 (3) 0.40 (1) 0.41 (2) 0.43 (3) 0.45 (2)  0.39 (4) 0.47 (4)
CaO 1.53 (5) 1.66 (5) 1.53 (3) 1.57 (5) 1.63 (8) 1.56 (5)  1.51 (4) 1.47 (7)
Na2O 3.26 (1) 4.51 (9) 4.32 (5) 4.40 (1) 4.40 (1) 2.80 (1)  4.14 (5) 4.20 (1)
K2O 6.30 (1) 6.60 (1) 6.73 (8) 6.65 (8) 6.67 (8) 7.10 (1)  6.63 (1) 6.70 (1)
P2O5 0.22 (8) 0.20 (1) 0.18 (7) 0.19 (6) 0.23 (5) 0.28 (6)  0.30 (1) 0.18 (8)
Total 94.47 (0) 96.52 (0) 95.36 (0) 95.64 (0) 97.24 (0) 92.67 (0)   96.87 (0) 98.29 (0)
FWone 33.01 (0) 33.39 (0) 33.32 (0) 33.32 (0) 33.40 (0) 33.33 (0)   33.26 (0) 33.34 (0)
    

%Glass 60.0 (13) 90.0 (13) 70.0 (16) 60.0 (20) 70.0 (15) 70.0 (13)   80.0 (12) 80.0 (12)
%Void 40.0 (13) 10.0 (13) 30.0 (16) 40.0 (20) 30.0 (15) 30.0 (13)  30.0 (12) 20.0 (12)
XCO2

fluid a 0.32 (7) 0.35 (7) 0.34 (7) 0.34 (7) 0.30 (7) 0.34 (7)  0.97 (9) 0.98 (5)
XH2O

fluid a 0.68 (7) 0.65 (7) 0.66 (7) 0.66 (7) 0.70 (7) 0.66 (7)  0.03 (9) 0.02 (5)
fCO2 × 105 (bar) b 80.0 (25) 1.80 (6) 130.0 (39) 40.0 (11) 8.00 (3) 160.0 (48)   210.0 (39) 4.70 (7)
XCO2

fluid c 0.73 (0) 0.67 (0) 0.81 (0) 0.77 (0) 0.74 (0) 0.82 (0)   0.99 (0) 0.99 (0)
XH2O

fluid c 0.27 (0) 0.33 (0) 0.19 (0) 0.23 (0) 0.26 (0) 0.18 (0)  0.01 (0) 0.01 (0)
fCO2 × 105 (bar) b 170.0 (17) 3.30 (3) 270.0 (27) 74.0 (7) 19.0 (2) 340.0 (34)   220.0 (22) 4.70 (5)
XCO2

fluid d 0.77 (0) 0.83 (0) 0.66 (0) 0.82 (0) 0.86 (0) 0.64 (0)   0.98 (0) 0.99 (0)
XH2O

fluid d 0.23 (0) 0.17 (0) 0.34 (0) 0.18 (0) 0.14 (0) 0.36 (0)  0.02 (0) 0.01 (0)
fCO2 × 105 (bar) d 170.0 (17) 4.00 (4) 230.0 (23) 76.0 (8) 21.0 (2) 270.0 (27)   220.0 (22) 4.80 (5)
The oxide concentrations are reported on a volatile-free basis with the 1σ error, in last digits cited, are given in 
parentheses based on spot to spot compositional variation for each sample. FWone is the one oxygen formula weight 
of 1 mole of the volatile-free melt. 
Tae is the apparent equilibrium temperature calculated from Zhang et al. (1995) 
n = number of EMPA spots averaged. 
a Fluid composition estimated from experiments.  
b fCO2 calculated using the model of Zhang and Duan (2009, 2010) 
c Fluid composition calculated using the model of Ghiorso and Gualda (2015) 
d Fluid composition and fCO2 calculated using the model of Duan (2014) 
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Figure 3-2 FTIR spectra 
(a) PMS experiments (white circles in all other figures), (b) PMSCH7 experiments at 1200 °C (triangles in all 
other figures), and (c) PMSCH7 experiments at 3.0 GPa. Spectra normalized to 100 μm thickness and offset 
for visibility. Baselines for carbonate peak measurement are indicated by dashed lines. 

3.2.3.3 Determination of absorption coefficients 

We determined ε and ε* for CO2
mol. and CO3

2- species in rhyolitic glasses using a method 

similar to Fine and Stolper (1985). After collecting several spectra for each of the CO2-

undersaturated experiment (at least four spectra over five samples for a total of 21 analyses), we 
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measure peak height and peak areas for both carbon species. Assuming that CO2
tot. = CO2

mol. + 

CO3
2-, and that CO2

tot. is the amount that was added to the staring composition (Table 2), we can 

solve the Beer-Lambert equation for the absorption coefficient. Absorption coefficients for the 

CO2
mol. and both CO3

2- components were determined simultaneously, ensuring that the value for 

εmol in each equation was equal. These equations were solved using a least squares method for all 

possible absorption coefficient pairs: 

1. Peak height of CO2
mol. and the 1400 cm-1 carbonate doublet, 

and 

2. Peak height of CO2
mol. and the 1500 cm-1 carbonate doublet, 
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 (Eqn. 7) 

which yielded values of εmol = 1227 ± 108, εcarb14 = 143 ± 10, and εcarb15 = 207 ± 22 L mol-1 cm-1 

(Table 1), where εmol, εcarb14, and εcarb15 are linear absorption coefficients for CO2
mol. and CO3

2- for 

the 1400 and 1500 cm-1 peaks, respectively. This method yielded values for εmol similar to that 

determined previously of 1214 L mol-1 cm-1 for rhyolitic glasses (Behrens et al., 2004b).  

Similarly, all ε* were determined simultaneously, keeping ε*mol equal: 

3. Peak area for CO2
mol. and the 1400 cm-1 carbonate doublet, 

4. Peak area for CO2
mol. and the 1500 cm-1 carbonate doublet, 

and 

5.  Peak area for CO2
mol. and the entire carbonate doublet 
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 (Eqn. 8) 

which yielded values of ε*mol = 27139 ± 1498, ε*carb14 = 13360 ± 696, ε*carb15 = 29112 ± 1782, 

and ε*carbtot = 42782 ± 2237 L mol-1 cm-2 (Table 1); where ε*mol, ε*carb14, ε*carb15, ε*carbtot are 
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integrated absorption coefficients for CO2
mol. and CO3

2- for the1400 cm-1 peak area, the 

1500 cm-1 peak area, and the total 1400 and 1500 cm-1 peak area, respectively. The value of 

ε*carbtot determined here is similar to the previously determined values of ε*carbtot = 42250 L mol-1 

cm-2 for albitic glasses (Nowak et al., 2003). Overall, the ε values determined for CO2
mol. are 

higher than previous studies on albitic and rhyolitic glasses, while the values for the carbonate 

doublet are lower for the peak near 1400 cm-1 and higher for the peak near 1500 cm-1. This 

essentially decreases the contribution of the 1500 cm-1 peak to total CO2 concentration likely as a 

result of our samples having spectral asymmetry in the carbonate region, i.e., the 1500 cm-1 peak 

is taller than the 1400 cm-1 peak. Using these values to calculate dissolved CO2 concentrations 

reproduce adequately the amount of total CO2 added to the PMS starting compositions with ~5-

10% error (Fig. 3). Using the new, calculated ε values leads to lower total CO2 contents when 

compared to CO2 calculated using the albitic glass-derived ε in Table 1. The difference in total 

CO2 is ~5% for the hydrous PMSCH7 composition used here. Using the new ε values also leads 

to lower CO2
mol./CO2

tot. values, indicating a larger change in the contribution of CO2
mol. (~18% 

difference) over CO3
2- (~1% difference) to the total dissolved CO2. 

 
Figure 3-3 FTIR absorption coefficient calibration for CO2 
Plot of added CO2 contents in CO2-undersaturated experimental glasses (x-axis) versus calculated CO2 
contents from absorption coefficient calibration. 
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3.2.3.4 Secondary Ionization Mass Spectrometry (SIMS) 

SIMS analysis was conducted to confirm the total amount of and carbon in the glass and 

to test for the presences of non-oxidized species. Analyses were conducted using a Cameca IMS 

1280 ion microprobe at Woods Hole Oceanographic Institution. Polished samples were mounted 

in indium substrate in an aluminum dish and were thoroughly cleaned with Milli-Q water and 

were dried in a vacuum oven at ~100 °C. Samples were then coated with ~4 nm thick gold, and 

stored under vacuum prior to be inserted in the airlock of the instrument. A beam of 133Cs+ ions 

with a current of 500 pA and with energy of 10 kV was focused to a spot of approximately 10 

μm in diameter and was rastered over an area of 30 × 30 μm. Negatively charged secondary ions 

were accelerated to energy of 10 kV into a double-focusing mass spectrometer. A mechanical 

aperture was placed on the focal plane of the secondary ion optics, such that the central 15 × 

15 μm area of the beam-rastered area was analyzed. For each spot, there was 180 s of pre-

sputtering period, followed by measurements of 10 cycles of ion intensities. During each cycle, a 

sequence of 12C, 1H16O and 30Si was recorded and intensity ratio of 12C/30Si and 1H16O/30Si were 

converted to C and H2O concentrations using the calibration curves. Signal stability during 10 

cycles of measurements was monitored carefully for signs of contamination and if present, the 

measurement was rejected. 

During each analytical session, calibration curves for H2O and CO2 were obtained by 

replicate measurements of 12C/30Si and 1H16O/30Si ratios in standard glasses of rhyolitic 

composition with known CO2 and H2O contents (Fig. 4a,c). The standards consisted of five CO2-

undersaturated experiments, thereby ensuring the amount of CO2 added to the mix was dissolved 

in the glass, over a range of CO2 values designed to cover the range in the unknowns. We have 

calculated two calibration curves, a typical linear fit and a polynomial fit. The polynomial curve 
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Figure 3-4 SIMS calibration and results 
(a) SIMS calibration (black circles and lines) and measurements (green and blue circles) for CO2, 
(b) comparison of CO2 measured with FTIR to that determined with SIMS. (c) SIMS calibration (black circles 
and lines) and measurements (green and blue circles) for H2O, (d) comparison of H2O measured with FTIR to 
that determined with SIMS. 

fits the standard data better, but leads to larger errors in the unknown sample carbon 

concentrations, particularly those with high H2O concentrations. The experiments were also used 

as H2O standards with water concentrations measured by FTIR, though the range in standard 

H2O content was much less than that of the unknown experimental glasses. 

3.3 Results 

3.3.1 Texture and Phase Assemblage 

Quench products of the CO2-undersaturated experiments produced a single glassy phase 

(Fig. 1a). No bubbles were visible in these experiments, confirming vapor undersaturation in 

synthesized melts. Quench products from the CO2-rich, H2O-bearing experiments showed clear 
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and nearly colorless glasses with round vesicles (Fig. 1b); the latter suggesting saturation of the 

melt with a CO2-rich vapor phase. In some runs, a large hemispherical gap between the top of the 

capsule and the glass was also present. Runs that contained crystals and small bubbles were 

considered to have degassed during the experiment and were not considered in this analysis. 

Neither the vapor-absent nor the vapor-present experiments showed any signs of the presence of 

graphite; the absence of graphite and the presence of CO2-rich bubbles in the vapor-present 

experiments suggest that the oxygen fugacity of the experiments were above the CCO (C + O2 = 

CO2) buffer. 

3.3.2 Major Element Compositions of Experimental Glasses 

The analyzed compositions of all our experimental glasses are broadly rhyolitic with 

normalized concentrations of SiO2 of 70.9 ± 0.8 wt.%, Al2O3 of 15.0 ± 1.3 wt.%, FeO* of 0.3 ± 

0.2 wt.%, MgO of 0.5 ± 0.1 wt.%, CaO of 1.5 ± 0.1 wt.%, Na2O of 4.3 ± 0.1 wt.%, and K2O of 

6.6 ± 0.2 wt.%. Overall, microprobe analyses were in good agreement with the starting 

composition and previous experiments on the same compositions (Table 3), indicating 

homogenization of the melt and closed system during our experiments. The variation in melt 

composition from experiment to experiment for a given composition is too small to have any 

effect on CO2 solubility as found in our previous study (Duncan and Dasgupta, 2014). Analytical 

totals for the experimental glasses were all <100%, suggesting the presence of volatiles. 

Moreover, the deficits in electron microprobe totals were highest for experiments with the 

composition PMSCH7 (95.2 ± 1.9 wt.%), and decreased for each CO2-undersaturated experiment 

corresponding to the amount of CO2 added, suggesting that the total dissolved volatile contents 

also likely diminish as a function of composition, in the same order. 
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3.3.3 Dissolved CO2 and H2O 

3.3.3.1 Speciation of dissolved carbon and hydrogen 

The thickness normalized FTIR spectra are shown for the CO2-undersaturated glass 

compositions (PMS) in Figure 2a. The carbonate doublet for this composition is prominent for 

the higher CO2 added compositions (experiments conducted at 3.0 and 2.5 GPa), but gradually 

becomes overwhelmed by Al-Si network peaks (~1600 and 1800 cm-1; Newman et al., 1986) as 

the pressure and total CO2 content decrease. Molecular CO2 is the dominant form of carbon in 

the experiments at all pressures. Although these experiments were attempted to be nominally 

anhydrous, clear presence of asymmetric peak ~3530 cm-1 for O-H stretching suggests finite 

fraction of dissolved water. The thickness normalized spectra for the H2O-bearing and CO2-H2O 

vapor-saturated runs (PMSCH7) are shown in Figure 2b and c. Unlike the nominally H2O-free 

experiments, the carbonate doublet does not disappear as pressure decreases; rather CO3
2- is the 

dominant form of carbon. It is also noted that in these water-added experiments, there is a 

molecular H2O peak at 1630 cm-1. 

SIMS analyses were conducted to measure total carbon in order to determine if only 

oxidized carbon species (CO2
mol. and CO3

2-) were present in the glass. The apparent fO2 is 

~CCO, in which case the total C of the SIMS measurement should be approximately equal to 

that calculated from the FTIR measurements. For low water runs (PMSC), i.e., the unknowns 

have the same water content as the standards (Fig. 4d), the carbon concentration determined 

from SIMS analysis was equivalent to that determined by FTIR (Fig. 4b) indicating the lack of 

any major reduced carbon species in the glasses. For samples with water contents higher than the 

standards (PMSCH7), the SIMS carbon concentrations fell short of the total value measured with 
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FTIR. Overall, SIMS analysis indicates that bulk carbon is present only as CO2
mol. and CO3

2- in 

the glasses. 

While the bulk CO2 values measured with FTIR are considered accurate, there is the 

possibility that the carbon speciation recorded in the FTIR spectra represents the speciation the 

glass transition temperature or apparent equilibrium temperature (Tae, Table 3; Zhang et al., 

1995) rather than the experimental temperature. Previous work has shown that as temperature 

decreases (during quenching) the carbon species change from CO2
mol. to CO3

2- (Morizet et al., 

2001; Nowak et al., 2003), however, this effect was not quantified. Recently, Konschak and 

Keppler (2014) recorded this effect with in situ DAC experiments at relatively low H2O 

contents, and approximated it as: 

      TXXK molCOCO
TNBO388101480TNBO38.2169.2ln .

2
2
3

   (Eqn. 9) 

where NBO/T is a silicate compositional parameter (the ratio of non-bridging oxygens to 

tetrahedrally coordinated cations) and T is the temperature in K. Since the NBO/T values for our 

rhyolitic glasses are very low, the change in the lnK values is small. However, we do see  

 
Figure 3-5 Calculated lnK after Konschak and Keppler (2014) 
For experiments in this work and from Duncan and Dasgupta (2014) plotted as a function of estimated 
NBO/T. Various curves show the temperature dependence of lnK on silicate melt composition according to 
Konschak and Keppler (2014). Solid lines: calculated lnK for our experimental temperatures (Texp), dashed 
line: lnK determined for the apparent equilibrium temperatures (Tae) calculated from Zhang et al. (1995). 
Arrow indicates the direction of the lnK correction from the experimental values (symbols) to the Texp lines. 
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variation in lnK with H2O content when plotted against the curves of Konschak and Keppler 

(2014) (Fig. 5). If we ‘correct’ our experimentally determine lnK values from this work and from 

Duncan and Dasgupta (2014) to their experimental temperatures, all CO2
mol./CO2

tot. values are 

between 0.8 and 0.9 (Fig. 6). This correction therefore indicates that molecular CO2 may still be 

the most important species in hydrous rhyolitic melts at high pressures. However, despite this 

correction it appears that a significant proportion of CO3
2- remains dissolved in the melt and 

needs to be taken into account for determining the total solubility of CO2. 

3.3.3.2 Concentration of CO2 and H2O 

Experiments with composition PMS yield total CO2 concentrations between 2.0 and 

3.0 GPa from 0.44 ± 0.02 wt.% to 2.02 ± 0.05 wt.% (Table 4). Total dissolved H2O content 

based on O-H stretching band for this composition is ~0.9 ± 0.1 wt.%. Our spectroscopic data 

suggest that dissolved CO2 in high pressure natural rhyolitic melt is present both as molecular 

CO2 and CO3
2- even at undersaturated conditions (Fig. 2, Table 4), consistent with previous 

studies on simple siliceous systems at pressures greater than 1.5 GPa (e.g., Duncan and 

Dasgupta, 2014; Mysen and Virgo, 1980; Stolper et al., 1987). 

Carbon dioxide concentrations in the experiments with the composition PMSCH7 were 

noticeably higher than those with PMS. For PMSCH7, there is a slight decrease in CO2 content 

from 2.07 ± 0.02 to 1.63 ± 0.04 wt.% as experimental pressure decreases from 3.0 to 2.0 GPa at 

1200 °C and were 2.65 ± 0.06 wt.% at 1150 °C at 3.0 GPa. Water concentrations in the 

experiments ranged between 1.82 ± 0.03 wt.% and 3.83 ± 0.05 wt.% (Table 4). Compared to 

previous experiments of the same compositions at higher temperature (Duncan and Dasgupta, 

2014), the total amount of CO2 and the proportion of CO2
mol. showed no increasing or decreasing 

trends. 
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Figure 3-6 Measured and ‘corrected’ CO2

mol./CO2
tot values 

(a) CO2
mol./CO2

tot. values measured using FTIR on quenched glasses for experiments in this study and those 
from Duncan and Dasgupta (2014). (b) ‘Corrected’ CO2

mol./CO2
tot. values for the same experiments after 

Konschak and Keppler (2014). 

 
Table 3-4 Experimental conditions and measured concentrations of H2O and CO2 using FTIR 

Exp. Comp. 
P 

(GPa) 
T  

(°C) 
H2O 

(wt%) 
CO2

tot.

(wt%)a,b
CO2

tot.

(wt%)c 
CO2

mol.

(wt%)a 
CO2

mol.

(wt%)c 
CO3

2-

(wt%)b 
CO3

2- 
(wt%)c 

CO2
mol./ 

CO2
tot.a,b 

CO2
mol./

CO2
tot.c

B281 PMS-2 2.0 1300 0.76 (1) 0.51 (5) 0.44 (2) 0.41 (5) 0.34 (2) 0.10 (0) 0.10 (0) 0.80 (2) 0.77 (1)
B282 PMS-3 2.0 1300 0.87 (1) 1.03 (9) 0.90 (5) 0.81 (8) 0.69 (4) 0.22 (1) 0.22 (1) 0.79 (2) 0.76 (2)
B285 PMS-4 2.5 1300 0.97 (2) 1.20 (1) 1.03 (6) 0.86 (1) 0.72 (5) 0.31 (1) 0.30 (1) 0.74 (2) 0.70 (1)
B286 PMS-5 3.0 1300 0.90 (2) 1.80 (1) 1.59 (8) 1.30 (1) 1.13 (1) 0.46 (2) 0.46 (2) 0.74 (1) 0.71 (1)
B287 PMS-1 3.0 1300 1.14 (1) 2.20 (1) 2.02 (5) 1.30 (1) 1.06 (7) 0.97 (3) 0.96 (3) 0.56 (2) 0.52 (2)
             

B275 PMSCH7 3.0 1300 3.05 (6) 2.40 (1) 2.23 (1) 1.30 (1) 1.10 (5) 1.14 (5) 1.13 (4) 0.53 (3) 0.49 (1)
B277 PMSCH7 1.5 1300 2.62 (4) 1.04 (3) 1.02 (3) 0.08 (2) 0.06 (7) 0.96 (3) 0.95 (3) 0.07 (1) 0.06 (7)
             

B220 PMSCH7 3.0 1200 3.46 (6) 2.16 (2) 2.07 (2) 0.42 (7) 0.35 (3) 1.75 (2) 1.72 (2) 0.19 (3) 0.17 (1)
B221 PMSCH7 2.5 1200 3.42 (5) 2.00 (7) 1.94 (7) 0.27 (5) 0.23 (2) 1.73 (7) 1.71 (7) 0.14 (2) 0.12 (1)
B225 PMSCH7 2.0 1200 1.82 (3) 1.71 (4) 1.63 (4) 0.36 (6) 0.30 (2) 1.34 (3) 1.33 (3) 0.21 (3) 0.19 (1)
             

B301 PMSCH7 3.0 1150 3.83 (5) 2.84 (6) 2.65 (6) 1.00 (1) 0.86 (4) 1.81 (5) 1.78 (5) 0.36 (3) 0.33 (1)
             

B290 PMSC 3.0 1300 0.51 (1) 1.55 (6) 1.38 (6) 1.11 (6) 0.90 (1) 0.44 (2) 0.44 (2) 0.71 (2) 0.68 (3)
B273 PMSC 1.5 1300 0.59 (6) 0.81 (7) 0.71 (4) 0.65 (6) 0.55 (3) 0.16 (1) 0.16 (1) 0.81 (1) 0.78 (8)
a Carbon concentrations were calculated using absorption coefficients from Stolper et al. (1987) given in Table 1. 
b Carbon concentrations were calculated using absorption coefficients from Nowak et al. (2003) given in Table 1. 
c Carbon concentrations were calculated using absorption coefficients from this study given in Table 1. 
1 σ error given in parentheses is based on spot to spot variation in FTIR analyses and given as last digit cited; for example, 0.76 (1) wt.% 
should be read as 0.76 ± 0.01 wt.%. 

 

3.4 Discussion 

3.4.1 Thermodynamic Framework 

Our experimentally measured, speciation-specific, CO2 solubility data allow us to 

calibrate the thermodynamic parameters of the two CO2 dissolution reactions (Eqn. 2 and Eqn. 3) 
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for natural sediment partial melts. In Eqn. 4 and 5, melt

COmol..
2

X is the mole fraction of dissolved 

molecular CO2, 
melt

CO2
3
X is the mole fraction of dissolved carbonate anions, melt

O2
r
X  is the mole 

fraction of reactive oxygen species in the melt that are not bonded to carbon; melt

CO

melt

O 2
3

2
r

1   XX  

(Fine and Stolper, 1986; Stolper and Holloway, 1988). Due to the difference in temperature 

between the experiments presented here and those conducted previously (Duncan and Dasgupta, 

2014), our CO2 solubility data permits preliminary calibration of 0
rxnH . In order to derive our 

experimental ln(K) values, we first convert our solubility data in wt.% to mole fractions, using: 
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  (Eqn. 11) 

following Stolper and Holloway (1988) and Behrens et al. (2004a), respectively, where melt
iX  is 

the mole fraction of the desired species i (CO2
mol. or CO3

2-), [CO2] and [H2O] are the 

concentration of CO2 or H2O in the melt in wt.%, FWone is the one oxygen formula weight of one 

mole of the volatile-free melt, calculated using the average composition for each experimental 

glass measured using electron microprobe (~33.4 g mol-1; Table 3) and melt
in  is the number of 

moles of the species dissolved in the melt. The first calculation does not include the effect of 

water, while the second Xi formulation does, the ln(K) values determined using either method are 

within 0.02 of each other. Because this formulation is strongly dependent on the carbon 

speciation, we have calculated the thermodynamic parameters with both our measured (FTIR) 

speciation and with the speciation calculated from the model of Konschak and Keppler (2014) 
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(Fig. 6). The following reported values in the text are calculated from our measured glass 

speciation, the values from the Konschak and Keppler (2014) speciation are reported in Table 5 

and compared with our measured values in the Supplementary Figures A6-A8, and A10, and 

Supplementary Text (Appendix A). 

The CO2 fugacity (fCO2) was calculated using the equation of state of Zhang and Duan 

(2009, 2010) for all the compositions (Table 3). In order to determine fCO2, we first had to 

estimate the fluid composition in each experiment, which were not measured. Fluid composition 

was determined using mass balance similar to previous work (Duncan and Dasgupta, 2014) 

assuming that there was no loss or gain of either species during the experiment. We also assumed 

that the fluid consisted only of CO2 and H2O for simplicity, though there are likely some 

dissolved melt components (e.g., SiO2, Al2O3) in the fluid as well (Dolejš and Manning, 2010). 

However, the model we used to calculated fCO2 was not calibrated with silicate melt species. We 

note that this method of fCO2 estimation is an oversimplification and has large uncertainties 

(>20%) because we extrapolated an area estimate of vapor bubbles from a 2-D image to a 

volume estimate of bubbles in a 3-D capsule. In order to assess the accuracy of our calculated 

fluid compositions, we also used the models of Duan (2014) and Ghiorso and Gualda (2015), 

which calculate fluid composition based on silicate melt composition, P, T, and initial CO2 and 

H2O contents (Supplementary Fig. A2). The model of Duan (2014) also calculates the fCO2, 

while the model of Ghiorso and Gualda (2015) requires that we calculate the fCO2 with the 

model of Zhang and Duan (2009, 2010) (Supplementary Fig. A3). The models also calculate the 

amount of dissolved CO2 and H2O in the glasses and can be compared directly to our 

experimental values (Supplementary Fig. A1). 
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Table 3-5 Calculated ΔV, ln(K0), and ΔH of CO2 dissolution for each composition with different water 
contents 
Comp. PMSCa  PMSCH7a PMSCb PMSCH7b PMSCc  PMSCH7c 
         
T (°C) 1300  1300 1300 1300 1300  1300 
P (GPa) 1.5-3.0  1.5-3.0 1.5-3.0 1.5-3.0 1.5-3.0  1.5-3.0 
H2O (wt.%) 0.5  3.5 0.5 3.5 0.5  3.5 

 CO2
mol. CO3

2-  CO2
mol. CO3

2- CO2
mol. CO3

2- CO2
mol. CO3

2- CO2
mol. CO3

2-  CO2
mol. CO3

2- 
All parameters calculated after Fig. 5 (∆H1) 
∆V 28.7 (9) 16.3 (1)  11.1 (3) 29.1 (6) 28.9 (6) 16.5 (7) 12.1 (2) 30.1 (7) 28.8 (6) 16.4 (7)  10.1 (2) 28.1 (7)
ln(K0) -15.2 (1) -18.7 (3)  -18.9 (1) -13.7 (3) -15.2 (1) -18.7 (3) -19.3 (6) -14.1 (9) -15.2 (1) -18.7 (3)  -19.8 (6) -14.6 (8)
∆H 110 (12) 113 (8)  52 (6) 60 (4) 100 (5) 99 (9) 58 (8) 66 (1) 96 (5) 95 (9)  34 (8) 42 (1) 
R2  -0.22   0.40  0.08  0.45  0.16   0.51 
                 

∆V and ln(K0) calculated from Fig. 5, ∆H fit by regression (∆H2) 
∆V 28.7 (9) 16.3 (1)  11.1 (3) 29.1 (6) 28.9 (6) 16.5 (7) 12.1 (2) 30.1 (7) 28.8 (6) 16.4 (7)  10.1 (2) 28.1 (7)
ln(K0) -15.2 (1) -18.7 (3)  -18.9 (1) -13.7 (3) -15.2 (1) -18.7 (3) -19.3 (6) -14.1 (9) -15.2 (1) -18.7 (3)  -19.8 (6) -14.6 (8)
∆H 36 (7) 60 (11)  35 (9) -19 (2) 14 (5) 43 (4) 40 (12) -9 (8) 11 (6) 40 (4)  10 (16) -25 (3) 
R2  0.81   0.83  0.92  0.87  0.93   0.83 
                 

All parameters fit by regression (∆H3) 
∆V 28.6 (1) 24.4 (5)  16.6 (9) 29.4 (4) 28.0 (3) 21.9 (7) 16.9 (1) 30.0 (5) 27.8 (4) 21.8 (7)  11.9 (3) 27.7 (1)
ln(K0) -15.2 (3) -17.1 (4)  -17.6 (3) -13.5 (3) -15.3 (3) -17.6 (3) -18.2 (2) -14.1 (8) -15.3 (3) -17.7 (3)  -19.3 (2) -14.6 (8)
∆H 31 (7) 51 (7)  18 (4) -19 (2) 9 (1) 40 (2) 21 (6) -7 (5) 5 (1) 37 (2)  12 (5) -22 (6) 
R2  0.77   0.90  0.90  0.90  0.90   0.88 
               

Comp. PMSCd  PMSCH7d PMSCe PMSCH7e PMSCf  PMSCH7f 
T (°C) 1300  1300 1300 1300 1300  1300 
P (GPa) 1.5-3.0  1.5-3.0 1.5-3.0 1.5-3.0 1.5-3.0  1.5-3.0 
H2O (wt.%) 0.5  3.5 0.5 3.5 0.5  3.5 
 CO2

mol. CO3
2-  CO2

mol. CO3
2- CO2

mol. CO3
2- CO2

mol. CO3
2- CO2

mol. CO3
2-  CO2

mol. CO3
2- 

All parameters calculated after Fig. 5 (∆H1) 
∆V 26.5 (4) 26.1 (4)  26.0 (1) 26.7 (2) 26.7 (5) 26.3 (2) 27.0 (9) 27.7 (2) 26.5 (5) 26.1 (2)  25.0 (9) 25.7 (2)
ln(K0) -15.5 (3) -17.2 (3)  -14.2 (4) -15.6 (5) -15.5 (1) -17.2 (4) -14.7 (2) -16.0 (3) -15.5 (1) -17.2 (4)  -15.1 (2) -16.4 (3)
∆H 118 (8) 90 (42)  77 (2) 38 (6) 103 (4) 80 (34) 84 (9) 44 (5) 99 (4) 70 (34)  60 (9) 20 (5) 
R2  -0.26   0.17  0.07  0.18  0.15   0.34 
                 

∆V and ln(K0) calculated after Fig. 5, ∆H fit by regression (∆H2) 
∆V 26.5 (5) 26.1 (5)  26.0 (1) 26.7 (3) 26.7 (4) 26.3 (1) 27.0 (1) 27.7 (3) 26.5 (4) 26.1 (2)  25.0 (1) 25.7 (3)
ln(K0) -15.5 (2) -17.2 (4)  -14.2 (2) -15.6 (1) -15.5 (1) -17.2 (3) -14.7 (4) -16.0 (2) -15.5 (2) -17.2 (4)  -15.1 (4) -16.4 (2)
∆H 38 (4) 40 (29)  4 (2) -50 (57) 15 (4) 20 (26) 11 (6) -40 (60) 12 (4) 20 (26)  -5 (2) -70 (74)
R2  0.85   0.89  0.95  0.89  0.96   0.88 
                 

All parameters fit by regression (∆H3) 
∆V 28.6 (9) 24.7 (7)  27.0 (3) 28.3 (2) 27.9 (7) 23.0 (3) 27.6 (7) 28.5 (5) 27.7 (1) 22.9 (6)  25.1 (7) 25.6 (1)
ln(K0) -15.1 (2) -17.3 (2)  -14.0 (3) -15.1 (4) -15.3 (1) -17.6 (1) -14.6 (1) -15.8 (2) -15.3 (1) -17.6 (1)  -15.1 (1) -16.4 (2)
∆H 41 (6) 23 (9)  -3 (2) -54 (4) 19 (1) 5 (3) 7 (1) -43 (3) 16 (1) 2 (3)  -7 (1) -56 (3) 
R2  0.86   0.91  0.96  0.91  0.96   0.88 

Calculations based on 
melt

CO
mol.

2

X  and 
melt

CO
2

3

X  estimates following the formulation of Stolper and Holloway (1988). fCO2 values reported in Table 3. 

a Determined using speciation and fluid composition determined from experiments. Italics indicates values used to calculate bulk CO2 presented 
in this study. This method where all parameters were fitted by regression (∆H3) gives the most appropriate set of thermodynamic parameters for 
magmatic temperatures. 
b Determined using speciation from experiments and fluid composition from the model of Ghiorso and Gualda (2015). 
c Determined using speciation from experiments and fluid composition from the model of Duan (2014). 
d Determined using ‘corrected’ speciation following Konschak and Keppler (2014) and fluid composition determined from experiments. 
e Determined using ‘corrected’ speciation following Konschak and Keppler (2014) and fluid composition from the model of Ghiorso and Gualda 
(2015). 
f Determined using ‘corrected’ speciation following Konschak and Keppler (2014) and fluid composition from the model of Duan (2014) 
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We applied the models to the experiments in this work and with previous work on the 

same system (Duncan and Dasgupta, 2014), which covers a more comprehensive P and H2O 

range. Both models do a reasonable job at reproducing the dissolved volatile contents and fluid 

compositions for the relatively dry compositions (PMSC), while for higher water contents and 

higher pressures, both models over predict the amount of dissolved water in the glasses and 

therefore also over predict the fCO2 (Supplementary Figs. A2 and A3). Both models predict fluid 

compositions for the high water compositions (PMSCH7) of fluid
OH2

X  ~ 0.27 and fluid
CO2

X  ~ 0.73, 

while the model of Ghiorso and Gualda (2015) most accurately predicts the dissolved volatile 

contents in the glasses. We have used the fCO2 values determined by the mass balance 

calculation and by these models in the following thermodynamic calculations; only the values 

determined by mass balance are reported in the figures and text, the model derived values are 

presented in Table 5 and in the Supplementary Material (Supplementary Figs. A4, A5, and A9). 

Once ln(K) was calculated for each experiment, we derived thermodynamic parameters 

ΔV, ln(K0) and ΔH for each species of carbon, in order to predict CO2 solubility in rhyolitic 

melts generated over a range of T and P for two different water contents. We derived these 

parameters (Table 5) three ways: 

1. ΔH1: By plotting the calculated ln(K) versus 1/T (Fig. 7a,b) or P (Fig. 7c,d) and fitting 

a line to the experimental data, the slopes of the lines yield values of ΔH and ΔV, 

respectively, and the y-intercept of ln(K) versus P yields values for ln(K0). 

2. ΔH2: Since the fit to the data for ln(K) versus 1/T are poor, we determined values for 

ΔH by least squares regression. 
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3. ΔH3: Following the method of previous work (Blank et al., 1993; Fogel and 

Rutherford, 1990; Stolper et al., 1987), we also fit all three parameters to our data 

using least squares regression. 

Following method 1 for the PMSCH7 composition, the values obtained for 0

COmol.
2

H  = 52 

± 6 kJ/mol and 0

CO -2
3

H  = 60 ± 4 kJ/mol are similar, with 0

COmol.
2

H  yielding slightly smaller 

values than 0

CO -2
3

H . The 0

CO -2
3

H  value is very close to the value of 56.5 kJ/mol determined  

 
Figure 3-7 Determined ln(K) values  
(ΔH1) for the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-) based on measured 

experimental speciation and calculated fCO2. Supplementary Figs. A6-A8 and A10 show similar plots that use 
‘corrected’ species concentration using the model of Konschak and Keppler (2014). Linear regression of the 
experimental data allows determination of ΔH, ln(K0), and ΔV. (a and b) ln(K) versus inverse temperature for 
the high water rhyolitic melt used in this study and Duncan and Dasgupta (2014), and for the low water 
rhyolitic melt from Duncan and Dasgupta (2014)-circles and low water albitic melt from Stolper et al. (1987)-
squares. (c and d) ln(K) versus pressure. Circles recalculated data from Duncan and Dasgupta (2014), 
triangles and square-this study. The obtained values are reported in Table 5. 
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previously from albitic melt (Stolper et al., 1987), while the 0

COmol.
2

H  value is significantly 

different than those determined previously for rhyolitic melts: -27.2 kJ/mol (Blank et al., 1993), - 

20.32 kJ/mol (Fogel and Rutherford, 1990), and for albitic melts 38.5 kJ/mol (Stolper et al., 

1987). If we follow the best fit approach, we obtain values for 0

COmol.
2

H  = 35 ± 9 kJ/mol and for 

0

CO -2
3

H  = -19 ± 2 kJ/mol (ΔH2, Table 5), and 0

COmol.
2

H  = 18 ± 4 kJ/mol and for 0

CO -2
3

H  = -19 ± 

2 kJ/mol if ΔV and ln(K0) are also allowed to change (ΔH3, Table 5). Using the regression 

methods, 0

COmol.
2

H  is closer to the values determined from albitic melt, while 0

CO -2
3

H  varies 

significantly from the original calculated value and from that calculated for albitic melt. The 

overall fit to the 10 data points for each of the three sets of thermodynamic parameters are R2 = 

0.40, R2 = 0.83 and R2 = 0.90, respectively. The poorest fit likely being due to the poor fit of 

0

COmol.
2

H  in Figure 7a and the best fit from the equation where all thermodynamic parameters 

were derived by least squares. 

A similar comparison can be made by calculating ΔH using the low H2O rhyolitic melts 

of Duncan and Dasgupta (2014) and the low water albitic melts of Stolper et al. (1987) at 

3.0 GPa. Following method 1, ΔH1, we obtain 0

COmol.
2

H  = 110 ± 12 kJ/mol and 0

CO -2
3

H  = 113 ± 

8 kJ/mol, significantly higher than those values determined for the PMSCH7 composition and 

those from previous studies. Using the regression method, we obtain 0

COmol.
2

H  = 36 ± 7 kJ/mol 

and 0

CO -2
3

H  = 60 ± 11 kJ/mol (ΔH2), and 0

COmol.
2

H  = 31 ± 7 kJ/mol and for 0

CO -2
3

H  = 51 ± 

7 kJ/mol if ΔV and ln(K0) are also allowed to change (ΔH3, Table 5). In this case, 0

CO -2
3

H  

matches the values calculated from albitic glass reasonably well, whereas the values of 0

COmol.
2

H  
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do not match any previous study. The overall fit to five rhyolitic data points for each of the three 

sets of thermodynamic parameters are R2 = -0.22, R2 = 0.81 and R2 = 0.77, respectively, with the 

best value from ΔH2 that only fitted ΔH and used the V and ln(K0) from Figure 7. 

We also applied this procedure to the ‘corrected’ carbon speciation values, whose results 

are reported in the bottom half of Table 5 and in the Supplementary Material. Overall, the 

parameters determined in the ΔH3 procedure lead to the best fit of all CO2 species as well as the 

total CO2 of our experimental data, therefore all bulk CO2 solubility calculations in Figures 8-10 

are done with the fitted thermodynamic parameters, i.e., method 3 above highlighted by a gray 

box in Table 5. This procedure has been widely used previously and gives our preferred 

thermodynamic values (V, ln(K0), H) for calculation of CO2 in rhyolitic melts. 

Comparing the values determined from the plots in Figure 7, the enthalpy term for both 

dissolution reactions (for high or low water compositions) is approximately the same, whereas 

there is a clear difference between the ΔV values for each reaction (Fig. 7c, d). This likely 

indicates that the dominant effect on dissolution is the volume term (pressure) rather than the 

enthalpy term (temperature). This follows as is it well known that pressure has a larger effect on 

CO2 solubility than temperature (Brooker et al., 2001; Fogel and Rutherford, 1990; Mysen et al., 

1976; Stolper et al., 1987). We note that the derived thermodynamic parameters for the hydrous 

composition have large uncertainty owing to poor constraints on the equilibrium fluid 

compositions in these experiments (see above). Comparing the enthalpy term changes 

determined via best fit for the high water compositions, the influence of a negative 0

CO -2
3

H  leads 

to an increase of CO2
tot. as temperature decreases because the CO2 budget is dominated by 

carbonate. However, for the low water compositions both enthalpy changes are positive, leading 
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to a decrease of CO2
tot. as temperature decreases. The determined )ln( 0

COmol.
2

K  and )ln( 0

CO -2
3

K  

values for all our compositions encompass the range of those determined for rhyolitic and albitic 

melts from previous CO2 solubility studies. 

Because thermodynamic parameters, ΔH, ΔV, and ln(K0), are dependent on the 

dissolution reactions of CO2, better constraints on species concentrations leads to better 

constraint of thermodynamic variables. These variables can be used to calculate CO2 contents of 

a rhyolitic melt at a variety of P and T conditions assuming P0 = 0.001 GPa and T0 = 1250 °C. 

We input the calculated thermodynamic parameters in Eq. 6 and calculated ln(K) as a function of 

pressure and temperature for each CO2 dissolution reaction. We then used the formulation of 

Zhang and Duan (2009) to determine fCO2 at a given pressure, temperature, and fluid 

composition ( fluid
CO2

X  = 0 for PMSC and 0.35 for PMSCH7, based on the mass balance 

calculations), and calculated the mole fraction of CO2 in the melt contributed from each species 

using Eq. 4 and 5. By converting the mole fractions to weight percent and summing, we 

calculated the total CO2 content of the melt as a function of pressure and temperature (Fig. 8). 

Using the thermodynamic parameters derived with the ΔH3 method and the 

experimentally determined speciation and fluid composition, the calculated CO2 contents for the 

PMSCH7 composition ( fluid
CO2

X  = 0.35) increase steadily with pressure to ~5 wt.% at 5 GPa. The 

calculated CO2 values increase as temperature decreases, possibly because CO3
2- dominates the 

CO2
tot. budget and the values for 0

CO -2
3

H  are negative for the best fit derived ΔH values. 

Similarly for the PMSC ( fluid
CO2

X  = 1) composition, CO2 increases with pressure to 4 GPa then 

levels off in CO2 content as pressure increases. CO2 content decreases with temperature, as both 

the H values are positive. Also shown in Figure 8 is how our thermodynamic model prediction 
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Figure 3-8 Thermodynamic model CO2 contents 
Calculated CO2 contents using equation 6 and the thermodynamic parameters calculated with ΔH3 derived 
from best fit of all thermodynamic parameters in Table 5 for this study’s measured speciation (using FTIR on 
quenched glasses) and mass balance fluid composition (Mass/FTIR-solid red line), for this study’s carbon 
speciation and the fluid composition calculated with the model of Ghiorso and Gualda (2015) (GG15/FTIR-
dashed red line), for the ‘corrected’ carbon speciation via Konschak and Keppler (2014) with this study’s fluid 
composition (Mass/KK14-dash-dot gray line), and for the ‘corrected’ carbon speciation via Konschak and 
Keppler (2014) with the fluid composition calculated with the model of Ghiorso and Gualda (2015) 
(GG15/KK14-dashed red line) compared to experimental data for (a) PMSCH7 and (b) PMSC and albitic 
compositions and empirical model, Eq. 12 (dotted orange lines). For simplicity, the maximum and minimum 
error for all models is shown as the shaded region. The comparison presented here suggests that although the 
relative concentrations of two carbon species (CO3

2- versus CO2
mol.) may change owing to quench, the total 

CO2 solubility obtained by adding the respective concentrations using the thermodynamic model parameters 
are not significantly different between ‘corrected’ versus ‘uncorrected’ species concentrations (see also 
Supplementary Figs. A11-A13). 

compares with those derived using different estimates of fluid composition and concentrations of 

carbon-bearing species ‘corrected’ for melts rather than measured in glasses. 

3.4.2 Application to Subduction Zones 

The new ε values can be directly applied to previous work (Duncan and Dasgupta, 2014), 

which found both species dissolved in experimental samples of rhyolitic melts. Applying the 

new absorption coefficients to the previous work leads to lower total CO2 contents and lower 

CO2
mol./CO2

tot. values, indicating a larger proportion of CO3
2-. Again, we note that measurements 

on quench glasses likely exaggerate CO3
2-/CO2

tot. as shown by the application of the Konschak 

and Keppler (2014) model, but we show that the bulk CO2 solubility is not significantly affected 

by effect of quenching (Supplementary Fig. A11 and A13). Compared to the previous 

determination (Duncan and Dasgupta, 2014), the total CO2 is ~14% lower for the PMSC 
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composition, 7% lower for PMSCH, and ~4% lower for PMSCH7. However, this difference 

does not significantly affect the conclusion about the process by which CO2 can be carried up to 

the arc source region. The CO2 carrying capacity of siliceous slab melts is still high enough to 

meet the minimum CO2 arc source budget of 3000 ppm (Blundy et al., 2010; Wallace, 2005). 

Following Duncan and Dasgupta (2014), we (re-)calculated how much CO2 a saturated, rhyolitic 

slab melt would be required to meet the minimum CO2 requirement in the arc source, including a 

CO2 contribution from the mantle wedge. If the extent of melting of mantle wedge is 15-30%, 

the source mantle must contain between 450 and 900 ppm CO2. If the mantle wedge carbon 

budget is similar to that of the depleted mantle/MORB source it likely contains between ~37-

246 ppm CO2 (Cartigny et al., 2008; Dasgupta and Hirschmann, 2010; Hirschmann and 

Dasgupta, 2009; Marty, 2012; Saal et al., 2002). If we consider the minimum solubility 

determined from experiments, 0.61 wt.% CO2, the minimum amount of CO2 in the wedge, 

37 ppm, and the maximum amount required for the source, 900 ppm, the relative amount of 

sediment melt to wedge would be 14%. Alternatively, taking the maximum amount of CO2 in the 

slab partial melt, 2.26 wt.%, the maximum amount of CO2 in the wedge, 246 ppm, and the 

minimum amount required for the source, 450 ppm, the relative sediment melt contribution 

would be 0.90%. The lower end of this range of silicic melt addition to mantle wedge (0.9 to 

14%) is similar to the predicted sediment melt additions based on trace element abundances and 

isotopic compositions of arc basalts (1-6%; e.g., Class et al., 2000; Plank, 2005; Shimoda et al., 

1998). Therefore, at or below saturation, modestly water-rich sediment melt may carry sufficient 

dose of both CO2 and other trace elements to satisfy the chemistry of arc basalts. 

We can use the thermodynamic model to calculate CO2 solubility in silicic slab melts at 

the sub-arc P and T conditions appropriate for subduction zones. We have taken the slab top P-T 
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paths and sub-arc conditions from the D80 model of Syracuse et al. (2010) and bracketed the P-T 

segments of the downgoing slab top over which sediment melting could take place. The P-T 

segment is determined from where the slab top P-T path crosses the hydrous metapelite solidus, 

determined experimentally from various studies (Auzanneau et al., 2006; Hermann and Spandler, 

2008; Schmidt et al., 2004; Tsuno and Dasgupta, 2011) to ~5 GPa, which is the near the upper 

limit for sub-arc depths (Syracuse and Abers, 2006) and also near the point at which the first 

melt from a carbonated pelitic sediment is a carbonatite melt rather than a hydrous silicate melt 

with dissolved CO2 (Thomsen and Schmidt, 2008; Tsuno et al., 2012). We then applied the 

model of Zhang and Duan (2009, 2010) to calculate fCO2 along the P-T path. [Note: While this 

model is good to 10 GPa and 2300 °C, it was calibrated from experimental studies which at high 

pressures also have high temperatures. However, slabs reach high pressures at low temperatures 

causing the model to greatly over-predict fCO2 at these conditions.] 

Figure 9 shows three representative slab P-T paths (cold, intermediate, and hot) and the 

maximum amount of CO2 that could be carried in rhyolitic, slab melts generated at any given 

point along the slab surface using the above thermodynamic formulations for the low (PMSC - 

0.5 wt.% H2O) and high (PMSCH7 - 3.5 wt.% H2O) water melts. The calculations done with the 

low water parameters show higher CO2 values for Cascadia due to the overall higher 

temperatures that the slab encounters. For the high water calculation, Cascadia shows lower CO2 

values. This variation is due to the values of ΔH, as discussed in the ‘Thermodynamic 

framework’ section. Thus, depending on the amount of water in the slab melt, the temperature 

dependence of CO2 solubility could be different. These calculations can be done for all slabs 

whose paths cross the hydrous solidus. We also show in Figure A14 the thermodynamic model 

prediction change relative to those in Figure 9 if the relative species concentration of carbon in 
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Figure 3-9 CO2 solubility in slab melts calculated using the thermodynamic model 
(a) Three representative slab top P-T paths with sub-arc conditions marked with a circle from the model of 
Syracuse et al. (2010). Dashed line represents the hydrous solidus of pelitic sediments (Auzanneau et al., 
2006; Hermann and Spandler, 2008; Schmidt et al., 2004; Tsuno and Dasgupta, 2011). (b) Total CO2 
solubility in slab melts calculated using the thermodynamic model with ΔH3 values determined using the 
carbon speciation from the FTIR spectra and the fluid compositions calculated from mass balance for PMSC 
(dashed lines) and PMSCH7 (solid lines) in this study and using empirical Eq. 12 with different water contents 
(orange solid line – PMSCH7, 3.5 wt.%; orange dashed line – PMSC, 0.5 wt.%). The circles mark the CO2 
solubility values for sub-arc depth P-T conditions. Because the empirical equation for predicting CO2 
solubility in natural rhyolitic melts does not have a temperature term, it predicts the same CO2 solubility as a 
function of depth for all subduction zones for a melt with fixed H2O content. Also shown for comparison in 
Supplementary Figure A14 are the CO2 contents along the slab P-T paths calculated using the ‘corrected’ 
carbon speciation after Konschak and Keppler (2014) and the fluid composition calculated with the model of 
Ghiorso and Gualda (2015). 

the melt is ‘corrected’ following the model of Konschak and Keppler (2014) and the fluid 

composition is calculated using the model of Ghiorso and Gualda (2015). It can be seen by 

comparing Figures 9 and A14 that the range of bulk CO2 solubility is not affected significantly if 

parameters derived from quenched glass species concentrations are used. 

Figure 10 shows the total CO2 solubility in a melt generated at the sub-arc P-T conditions 

for the low and high water thermodynamic calculations. The pressure and temperature of the 

sub-arc region are both changing, but the dominant effect of these is pressure as seen in the 

increasing trend. These are CO2 values at saturation, and are expected to change depending on 

H2O content, fO2 and the exact composition of the generated melt. 
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We can do the same exercise using the empirical parameterization updated from Duncan 

and Dasgupta (2014):  

       PbbPaa 221
2

2212 OHOHCO   (Eqn. 12) 

where [CO2] is the melt CO2 concentration in wt.%, [H2O] is the melt H2O concentration in 

wt.%, and P is the pressure in GPa, and the constants are as follows: a1 = -0.00553, a2 = 0.02496, 

b1 = 0.10972, b1 = 0.36576. This equation is only a function pressure and water content and we 

were not able to parameterize this equation further with temperature due to lack of sufficient 

data, but as the temperature effect on CO2 solubility is small (assuming the variation in 

temperature is <200 °C) it should not affect the overall results of the calculation as can be seen 

in the comparison with the thermodynamic formulation (Fig. 7). Applying the caveats to 

Equation 12, detailed by Duncan and Dasgupta (2014), this parameterization may be applied to 

rhyolitic slab melts generated at pressures up to 5 GPa and H2O contents up to 10 wt.%. We can 

calculate CO2 contents of slab melts along the three slab top P-T paths at a fixed water content of 

10 wt.%, which show no difference in the calculated CO2 contents and lie between the 

thermodynamic calculations (Fig. 9) since the equation is only a function of P and not T, and at a 

fixed H2O content. The H2O content of slab melts likely varies with depth and can be very high 

for low degree melts (~30 wt.%) along the fluid-saturated solidus and will change depending on 

the initial P and T of melting (Hermann and Spandler, 2008). Melts generated at the H2O-rich 

fluid saturated solidus, will have much higher dissolved H2O content that is likely to limit the 

extent of CO2 dissolution. At greater extent of melting at higher temperatures, the hydrous melt 

composition becomes somewhat H2O-poor, and CO2 solubility is expected to be in the range that 

are constrained here. Thus for slab P-T paths that pass close to the fluid-saturated solidus, our 

suggested CO2 solubility values may be less accurate. Figure 10 also shows the calculated CO2 
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Figure 3-10 Estimated amount of sediment melt contribution to the arc source 
Total CO2 solubility in slab melts calculated using the thermodynamic model with ΔH3 values determined 
using the carbon speciation determined using FTIR, from quenched glasses and the fluid composition 
calculated using mass balance: PMSCH7 (blue circles), PMSC (green circles) and using the empirical equation 
(Eq. 12) with 10 wt.% H2O in the melt (orange squares) calculated at the sub-arc P-T from the D80 model of 
Syracuse et al. (2010). Subduction zones are arranged by increasing sub-arc depths. Gray box shows the 
estimated amount of sediment melt contribution to the arc source based on trace element and isotopic 
argument (<1-6%; e.g., Class et al., 2000; Plank, 2005; Shimoda et al., 1998) 

contents from the empirical equation, which shows some overlap with the high-water 

thermodynamic calculation and the increasing trend with pressure. 

3.5 Conclusions 

We calculated FTIR absorption coefficients relevant for CO2 dissolution in natural 

rhyolitic glasses from CO2-understaturated experiments. We determined ε and ε* for CO2
mol., for 

which our values matched previous studies, and CO3
2-, which had not been previously calculated 

for natural rhyolitic compositions. Using these ε to calculate total CO2 for rhyolitic melts leads to 

lower values than using ε determined from albitic melts. This demonstrates the importance of 

using appropriate ε as the values of absorption coefficients are compositionally controlled. By 

utilizing the appropriate ε, accurate values of each CO2 species dissolved in the melts can be 

determined, which directly influence the calculation of thermodynamic parameters required to 
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model CO2 concentrations in silicate melts. We also considered the effects of possible quench 

modification on the dissolved carbon species, recognizing that measurements on quenched 

glasses may overestimate the abundance of CO3
2- compared to the abundance of CO2

mol.. 

However, our calculations show that the determined bulk CO2 solubility (not speciation) is little 

affected by the quench effect, and using the thermodynamic parameters derived from quenched 

glass species concentrations one can model the bulk CO2 solubility at magmatic pressure-

temperature conditions. We used updated values of ΔV and lnK0 and calculated values of ΔH to 

calculate total CO2 in rhyolitic melts as a function of pressure and temperature. This method is 

simplified as the compositional controls on volume and enthalpy change due to CO2 dissolution 

reactions are yet to be constrained for various rhyolitic compositions, in particular differences in 

cation concentrations and ratios and a wide range of melt H2O contents. However, these 

calculations do provide estimates for the amount of CO2 that can be dissolved in model rhyolitic 

slab melts at various P and T conditions along the slab top path applicable for different 

subduction zones. It is clear that a significant amount of CO2 can be transported from the sub-arc 

region of the slab, up to the source region of the arc volcanoes, and ultimately degassed at the 

surface. 
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4 Chapter 4 

The Subduction of Organic Carbon – Implications for the Rise of Oxygen in the Earth’s 

Atmosphere 

Abstract 

We conducted high pressure and temperature experiments under graphite-saturated 

conditions to determine the CO2 carrying capacity of rhyolitic, slab melts at sub-arc conditions. 

Graphite-saturated experiments simulate the reaction of slab melts with more organic-rich 

subducted lithologies and can be used to extrapolate carbon release from the slab throughout the 

past ~3 Gyr. Experiments were performed over a range of pressure and temperature conditions at 

a constant water content (~2 wt.%) and fO2 (~FMQ-1.5), in order to constrain the enthalpy 

change (ΔH), volume change (ΔV), and equilibrium constant at a reference T and P (lnK0) of the 

CO2 dissolution reactions. These values were used in conjunction with the graphite/diamond 

oxidation reaction to calculate total CO2 in rhyolitic melts as a function of pressure and 

temperature at fO2 values at or below CCO. Our model can be used to calculate CO2 carrying 

capacity of rhyolitic slab melts for any given subduction zones under graphite-saturated 

conditions and further used to infer CO2 contents of slab melts throughout Earth’s history. 

4.1 Introduction 

The cycle of carbon between the Earth’s interior and the ocean-atmosphere system is 

critical for planetary differentiation, redox evolution of the planet, and habitability. The balance 

of planet scale carbon cycle, i.e., the net flux of carbon between the Earth’s interior and exterior 

relies heavily on the fate of carbon during subduction. Subduction zones have played an key role 

in the deep Earth carbon cycle throughout geologic time, but the question of whether the planet 
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is ingassing, degassing, or in a steady state, in terms of the carbon cycle, is one that has yet to be 

answered (e.g., Dasgupta, 2013). In order to answer it, we must be able to track carbon through 

the ingassing (subduction zone) – degassing (arc + mid-ocean ridge (MOR) + plume volcanism) 

cycle through time. Therefore, we must understand the role and behavior of carbon in the 

subducted slab in terms of release versus retention mechanisms: whether or not the carbon that is 

returned to the mantle via subduction is released early in the sub-arc zone and returns to the 

surface reservoir or retained in the slab to be carried deeper into the mantle to degas much later 

at MOR or plume volcanoes. If the latter, the mantle would act as a long-term carbon sink, 

essentially removing carbon from the surficial cycle, i.e., the atmosphere, and sequestering it in 

the mantle. Inherently, we must also understand the process of subduction through time, which 

remains somewhat elusive. Our current understanding of the carbon cycling-subduction zone 

processes over last several billion years arises from: 1) the processes of the modern subduction 

zone cycle (assuming that subduction occurred in the past as is does today) and 2) the inclusion 

chemistry and carbon isotopes of ancient diamonds. 

In the modern subduction zone cycle, carbon is deposited on the seafloor as carbonate 

veins in altered oceanic crust (Alt and Teagle, 1999), carbonated sediments, and organic matter 

(graphitic carbon). This carbon is integrated into the subducting slab and partially becomes 

entrained in fluid and/or melts from the slab. The released carbon is carried up to arc volcanoes, 

which eject the CO2 back into the atmosphere, while the retained carbon is carried into the deep 

mantle. We can track the released carbon through the modern subduction zone cycle by 

considering δ13C values, and previous studies have shown that a significant part of the carbon 

being degassed at the arc volcanoes is slab-derived, (e.g., de Leeuw et al., 2007; Sano and Marty, 

1995; Shaw et al., 2003). In particular, carbon isotope measurements of the volcanic gases have 
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δ13C values from -12 to ~0‰. Indicating that >60% of the carbon is derived from carbonates 

(δ13C = 0 ‰) and approximately 3% of the carbon is organically-derived (δ13C = -25 ‰), with 

the rest being contributed from the mantle wedge above the slab (δ13C = -5 ‰). The relative 

contributions of each form of carbon will vary depending on the input of carbon to the 

subduction zone – the proportion of sedimentary carbonates to organic/graphitic carbon in the 

slab, and the degree of alteration of oceanic crust (e.g., age of the plate; Alt and Teagle, 1999). 

However, what ultimately controls the release of carbon from the slab are the pressure (P), 

temperature (T), H2O, and oxygen fugacity (fO2) conditions of the slab in the sub-arc region. 

Carbon can be released from the slab in a fluid, which is likely common today (e.g., 

Manning et al., 2013; Sverjensky et al., 2014), and/or partial melting of the pelitic sediments or 

the basaltic/eclogitic portion of the slab if the subduction zone is hot (Cascadia) or flushed by 

H2O (Gorman et al., 2006; Grove et al., 2002; van Keken, 2003). Previous experimental studies 

have shown that these partial melts are rhyolitic (e.g., Mann and Schmidt, 2015), and if melting 

in the presence of carbonate, are likely carriers of carbon to the arc source under modern P-T 

conditions (Duncan and Dasgupta, 2014, 2015). Today, about 2/3 of the projected slab P-T paths 

are high enough to have partial melts of the slab surface (Fig. 1), depending on the amount of 

H2O and CO2 present, with only three paths hot enough to melt without any water (using the D80 

model P-T paths of Syracuse (2010) and the solidi of Mann and Schmidt (2015)). The remaining 

slabs are too cold to melt, and the carbon carrier is most likely H2O-rich fluids. The majority of 

slabs today are also cold enough that carbonate not released by fluid or melt is stable well past 

the sub-arc region and is subducted into the deeper mantle. That carbon can remain in an 

oxidized form (CO3
2-) or become reduced upon release from the source rock by equilibration 

with the ambient fO2 of the mantle (e.g., Stachel et al., 2009; Stachel and Luth, 2015), or a  
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Figure 4-1 Subducted slab P-T paths compared to carbonate stability 
Range of modern slab top P-T paths (purple shading) with line indicating an average path from the D80 model 
of Syracuse et al. (2010) and possible range for ancient slabs (orange shading, average path-orange line), 
compared to experimentally determined carbonate-out boundaries for subducted sediments (Pelites: green line 
indicates fluid saturated conditions, blue line indicates fluid absent conditions, summarized by Mann and 
Schmidt (2015)) and subducted basalt (brown line, (Dasgupta et al., 2004)). Note that only the hottest slabs 
today (i.e., Cascadia) cross the pelite, fluid present carbonate-out boundary, whereas more of the hotter, 
ancient slabs cross all three carbonate out boundaries. Also shown are subducted sediment melting conditions 
(dashed lines) under fluid-saturated and fluid absent conditions (Mann and Schmidt, 2015), and the 
graphite/diamond transition (Kennedy and Kennedy, 1976) below which graphite-saturated melting ceases and 
diamond-saturated melting begins. 

reduced form (C0, graphitic/organic carbon) that simply responds to the ambient pressure of the 

mantle to form stable high pressure phases such as diamonds. 

We can also “track” the subducted carbon through time by considering carbon that was 

not released from the slab, but was carried deeper, transformed to diamond, and later brought 

back up to the surface. Some insight into the subduction of organic carbon comes from the 

carbon isotopic composition of mantle-derived diamonds and their mineral inclusions. The 

records of ancient natural diamond show that many diamonds are isotopically light and contain 

eclogitic inclusions, suggesting that organic carbon may have subducted as early as 3 Ga (Shirey 

and Richardson, 2011). Carbon isotope measurements also show that organic carbon has been 
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Figure 4-2 Diamond δ13C values and ages 
Normalized distribution of carbon isotope values of diamonds of eclogitic paragenesis from various kimberlite 
pipes (De Stefano et al., 2009; Deines et al., 1991a; Deines et al., 1991b; Deines et al., 1993, 1997; Palot et al., 
2013; Shirey et al., 2013; Thomassot et al., 2009) compared to radiogenic ages of eclogitic diamonds from the 
same pipe (Shirey and Richardson, 2011; Stachel and Harris, 2008). Most diamond isotope values fall in the 
mantle range (-5 to -8‰), however there are significant groupings at lower δ13C values, possibly indicative of 
a recycled, organic carbon component. Of specific note are the diamonds carried by the Premier kimberlite 
pipe which has an eruption age of ~1.2 Ga and eclogitic diamonds with δ13C = -3 to -13 ‰ (Deines et al., 
1984), and the diamonds in eclogitic xenoliths (~2.0-2.1 Ga) in the Jericho kimberlite pipe (eruption age of 
~173 Ma) that have been linked to subduction around 1.88-1.84 Ga that have δ13C = -3 to -41 ‰ (De Stefano 
et al., 2009). 

subducted throughout geologic history to at least 2 Ga (Fig. 2), with measured δ13C = -3 to -41 

‰ of diamonds with eclogitic silicate inclusions from various sources around the world (Shirey 

et al., 2013). Further, since δ13C values of diamonds are likely reflection of the δ13C of the 

source carbon (0, -5, -25 ‰, limestone, peridotite/eclogite, organic, respectively) and assuming 

only minor δ13C fractionation from the initial fluid source (ΔCdiamond-CO2/CO32- of -3.5‰ at 1200 

°C, ΔCdiamond-CH4 of +1.2‰ at 1200 °C (e.g., Bottinga, 1969; Palot et al., 2013; Richet et al., 

1977)), diamonds with δ13C values less than -11‰ were potentially sourced from 

recycled/subducted organic material. 
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In the past, subduction zones were likely hotter (as the planet was generally hotter, with a 

potential T increase of ~70°C/Gyr on average; Dasgupta, 2013; Herzberg et al., 2010; Lee et al., 

2010; Turcotte and Schubert, 2002), allowing for 1) the breakdown of carbonate before sub-arc 

depths are reached and 2) the melting of subducted lithologies, in which case a carbonated, 

silicate melt would carry carbon to the arc source. Previous experimental studies found that 

carbonate breaks down in subducted sediments between ~950-1100 °C at 3 GPa (Mann and 

Schmidt, 2015) and in basalt/eclogite by 1050 °C at 3 GPa (Dasgupta et al., 2004). Currently, 

only the hottest subduction zones today (e.g., Cascadia) cross a fluid-present carbonate-out 

boundary, and on average carbonate is stable in slabs today well past the sub-arc and into the 

deep mantle (Fig. 1). However, under hotter conditions in the past, carbonate will be less stable 

and potentially breakdown or be carried away by a fluid before sub-arc depths are reached. What 

remains in the slab to sub-arc depths is likely reduced/graphitic carbon, as this phase is stable 

under sub-arc P-T conditions, and is less soluble in fluids than carbonate (e.g., Manning et al., 

2013). If this carbon is continuously stable past the sub-arc, it would be carried into the deep 

mantle, which would act as an organic carbon sink, equivalent to organic carbon burial of the 

surficial carbon cycle. If this process was active and efficient ~2.3 Ga it could be a contributor to 

the Great Oxidation Event (GOE) as one mechanism for the rise of oxygen is the burial of 

reduced carbon following: 22 OCCO  , as removing C from the system drives the equation 

to the left (e.g., Catling, 2014). If however, C can be mobilized by a silicate melt it would be 

brought back up to the surface via volcanism where it would be added back into the surficial 

system. Therefore, to track the fate of subducted carbon throughout Earth’s history we must 

know the carbon carrying capacity of a slab-derived, silicate melt under graphite-saturated 

conditions. 
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We conducted high pressure-temperature experiments to determine the carbon carrying 

capacity of slab-derived, rhyolitic melts under graphite-saturated conditions to mimic the 

subduction of organic carbon, the remnants of life, through time. Based on our experimental 

data, we developed a thermodynamic model of CO2 dissolution in slab melts, which quantifies 

the extent of organic carbon mobility as a function of slab P and T during subduction. Our data 

and model suggest that the subduction of organic carbon, in the form of graphite/diamond, 

remained efficient even in ancient, hotter subduction zones – conditions at which carbonate 

subduction should have remained limited. Lack of remobilization of organic (reduced) carbon 

and lack of subduction of carbonates likely facilitated the rise of atmospheric oxygen as and also 

explains the presence of ancient mantle diamonds with light carbon. 

4.2 Methods 

4.2.1 Starting Material 

Experiments were conducted on synthetic composition similar to average, low-degree 

experimental partial melts of subducted pelitic sediments and hydrous basalts (Auzanneau et al., 

2006; Hermann and Green, 2001; Hermann and Spandler, 2008; Johnson and Plank, 1999; 

Laurie and Stevens, 2012; Mann and Schmidt, 2015; Prouteau et al., 2001; Qian and Hermann, 

2013; Rapp and Watson, 1995; Schmidt et al., 2004; Spandler et al., 2010; Thomsen and 

Schmidt, 2008; Tsuno and Dasgupta, 2011, 2012). The PMSCH composition (Table 1; Duncan 

and Dasgupta, 2014) was constructed with reagent grade oxides (SiO2, TiO2, Al2O3, MnO2, 

P2O5), carbonates (Mg, Ca, K, Na), and natural siderite, which added approximately 7 wt.% CO2, 

enough to saturate the partial melt in CO2. Approximately 3 wt.% H2O was added using 

Al(OH)3. Starting oxides were fired for several hours prior to mixing to drive off any excess, 

adsorbed water. The mixes were ground under ethanol for 45 minutes and stored in a 100 °C 
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drying oven along with assembly parts (graphite furnace, MgO spacer, BaCO3 sleeve, graphite 

and Pt capsules) to minimize adsorption of moisture. Capsules were loaded with the starting mix 

and a small amount of Pt powder, and welded shut. All capsules were weighed before and after 

welding to ensure minimal loss of volatiles from the sample. 

4.2.2 Experimental Technique 

Experiments were conducted at 0.5 GPa intervals between 1.5 and 3.0 GPa at a single 

temperature of 1300 °C and at 3.0 GPa over 100 °C intervals between 1100 and 1400 °C using 

an end-loaded piston cylinder apparatus with a half-inch BaCO3 assembly at Rice University. 

Starting mixes were contained in graphite capsules placed in 3.5 mm OD Pt capsules and 

embedded in crushable MgO spacers. Pressure calibration and temperature gradient for this 

assembly and apparatus is reported previously (Tsuno and Dasgupta, 2011). Temperature was 

measured and controlled with type-C thermocouple placed right above the capsule, separated 

from the capsule top by 1 mm thick MgO disc. Experiments were pressurized to run pressure, 

then heated to the desired temperature at 100 °C/min. Experiments were held for 48 hours to 

ensure complete melting of the sample, and to allow diffusion of CO2 through highly viscous 

melt. Oxygen fugacity (fO2) was estimated after the experiments, based on the exchange of Fe 

between the silicate melt and a small amount of Pt powder following the calibrations developed 

previously (Grove, 1981; Kessel et al., 2001; Médard et al., 2008). Experiments were terminated 

by turning power off to the graphite heater. Experiments were quenched near isobarically (ΔP 

during quench ≤ 60 MPa) to minimize formation of decompression bubbles. After shutting the 

power off and cutting of the cooling water, experiments were slowly depressurized and 

assemblies were extracted using a ten-ton press. Capsules were sectioned with a wire saw then 

one half mounted in petropoxy, cured overnight at 100 °C, and polished for major element 
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analysis by electron microprobe and then doubly polished for volatile analysis using Fourier 

Transform Infrared Spectroscopy (FTIR). The other half was polished for bulk C and H analysis 

using Secondary Ionization Mass Spectrometry (SIMS). 

4.2.3 Electron Microprobe Analysis 

Texture of the experimental products and major element concentrations of glasses were 

determined using a Cameca SX 100 electron microprobe at NASA Johnson Space Center. 

Samples were carbon-coated and analyzed using an accelerating voltage of 15 kV, an electron 

beam current of 10 nA, and a 20 μm spot. Counting times for Si, Al, Ca, Ti, Fe, Mn, and Mg 

were 30 s on peak and 10 s on each background, and for Na, P, and K were 20 s on peak and 10 s 

on each background. Natural minerals and synthetic glasses were used as analytical standards. 

Several analyses were conducted on each glassy sample and reported glass compositions are 

averages over several spots. Element concentrations of the powder (Pt, Fe) were measured using 

the same accelerating voltage and beam current as the glassy samples, but under a focused beam 

(1 μm spot) for 20 s on peak. Pure Pt and Fe were used as standards. 

Oxygen fugacity of the experiments was calculated after method of Médard et al. (2008). 

In placing a small amount of Pt inside the graphite capsule, a minor amount of Fe is lost from the 

silicate melt by alloying with the powder, following the reaction:  

melt
2

alloy
FeO1/2OFe   (Eqn. 1) 

Both Grove (1981) and Kessel et al. (2001) developed parameterizations for calculating the 

activity coefficient (γ) for Fealloy, which is then used to calculate fO2, following the equation: 

    eq
alloy
FeO

alloy
FeO

melt
FeO

melt
FeO102 log2Olog KXXf   (Eqn. 2) 
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where alloy
FeO  is the activity coefficient of Fe in alloy, melt

FeO  is the activity coefficient of FeO in 

melt and is ~1, and Keq is calculated from a regression of experiments with known fO2 (Médard 

et al., 2008). 

4.2.4 Fourier Transform Infrared Spectroscopy 

The CO2 and H2O contents and speciation were determined using a Thermo Nicolet 

Fourier Transform Infrared Spectrometer. Experimental glasses were doubly polished to 

thicknesses of 20-70 μm, and cleaned with acetone before analysis. FTIR spectra were taken at 

several spots on each sample. Spectra were recorded with a resolution of 4 cm-1, 128 scans, from 

650 to 4000 cm-1, under a nitrogen purge to eliminate atmospheric gases with backgrounds 

collected before every analysis. Peaks attributed to water were detected at 3530 cm-1 (O-H 

stretching) and at 1630 cm-1 (molecular water) when water contents were above 1 wt.%. Peaks 

attributed to carbon were detected at 2349 cm-1 (molecular CO2), 1510 and 1430 cm-1 (carbonate 

doublet). Peak heights and areas were measured with linear backgrounds. The total dissolved 

water content of experimental glasses was determined from the intensity of O-H stretching at 

3530 cm-1. Total dissolved CO2 of experimental glasses was determined from the intensity of the 

ν3 antisymmetric stretch bands of the carbonate doublet and CO2
mol. at 2349 cm-1. 

Dissolved volatile concentrations were quantified using the Beer-Lambert law: 

jjii dAMC  100  (Eqn. 3) 

where Ci is the concentration of volatile i in the sample, Mi is it's molecular weight (44.01 g mol-

1 for CO2 and 18.02 g mol-1 for H2O), Aj is the absorption of peak j (peak height or area 

measured from the spectrum in cm-1 or cm-2), d is the thickness of the sample (in cm), ρ is the 

density of the sample (in g L-1), and εj is the absorption coefficient for the peak from previous 

studies (Duncan and Dasgupta, 2015) (in L mol-1 cm-1 for linear absorption coefficient and in L 
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mol-1 cm-2 for integrated absorption coefficient). Sample thickness was measured both using a 

digital micrometer (ID-C125EXB Mitutoyo Digimatic Indicator) and calculated following the 

‘interference fringe’ method (Tamic et al., 2001). The latter method involves measuring the 

wavelength (λ) of interference fringes of reflectance spectra d=0.3176/λ. Sample thickness 

determined this way and that measured by the micrometer only varied by 1 μm. Sample density 

(Lange and Carmichael, 1987; Silver and Stolper, 1989; Silver, 1988) was calculated for each 

experiment from the average compositions of glasses determined by EPMA. 

4.2.5 Secondary Ionization Mass Spectrometry (SIMS) 

SIMS analysis was conducted to confirm the total amount of and carbon in the glass and 

to test for the presences of non-oxidized species. Analyses were conducted using a Cameca IMS 

1280 ion microprobe at Woods Hole Oceanographic Institution. Polished samples were mounted 

in indium substrate in an aluminum dish and were thoroughly cleaned with Milli-Q water and 

were dried in a vacuum oven at ~100°C. Samples were then coated with ~4 nm thick gold, and 

stored under vacuum prior to be inserted in the airlock of the instrument. A beam of 133Cs+ ions 

with a current of 500 pA and with energy of 10 kV was focused to a spot of approximately 10 

μm in diameter and was rastered over an area of 30 x 30 μm. Negatively charged secondary ions 

were accelerated to energy of 10 kV into a double-focusing mass spectrometer. A mechanical 

aperture was placed on the focal plane of the secondary ion optics, such that the central 15 x 

15 μm area of the beam-rastered area was analyzed. For each spot, there was 180 s of pre-

sputtering period, followed by measurements of 10 cycles of ion intensities. During each cycle, a 

sequence of 12C, 1H16O and 30Si was recorded and intensity ratio of 12C/30Si and 1H16O/30Si were 

converted to C and H2O concentrations using the calibration curves. Signal stability during 10 

cycles of measurements was monitored carefully for signs of contamination and if present, the 
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measurement was rejected. During each analytical session, calibration curves for H2O and CO2 

were obtained by replicate measurements of 12C/30Si and 1H16O/30Si ratios in standard glasses of 

rhyolitic composition with known CO2 and H2O contents. The standards consisted of five CO2-

undersaturated experiments, thereby ensuring the amount of CO2 added to the mix was dissolved 

in the glass, conducted previously (Duncan and Dasgupta, 2015) over a range of CO2 values 

designed to cover the range in the unknowns. 

4.3 Results 

4.3.1 Texture and Phase Assemblage 

Quench products showed glasses (Fig. 3). No bubbles were visible, however since 

bubbles were present when the same mixes were run in Au80Pd20 capsules (Duncan and 

Dasgupta, 2014), the lack of bubbles in the current experiments is possibly due to the porosity of 

the graphite capsule. There was minor crystallization of quartz in some experiments indicative of 

incomplete melting or volatile escape. These runs were not used in determining CO2 solubility. 

The clarity of the glasses and no visual identification of graphite further indicates that the 

majority of the carbon was dissolved as oxidized species (CO2
mol., CO3

2-) in the experiment. 

 
Figure 4-3 Experimental images 
(a) Reflected light image and (b) back-scattered electron image of experiment B261 (PMSCH: 3.0 GPa, 
1400 °C). 



86 

 

4.3.2 Major Element Compositions of Experimental Glasses 

The analyzed compositions of all our experimental glasses are broadly rhyolitic with 

normalized concentrations of SiO2 of 71.5 ± 0.4 wt.%, Al2O3 of 14.6 ± 0.4 wt.%, FeO* of 0.4 ± 

0.1 wt.%, MgO of 0.28 ± 0.05 wt.%, CaO of 1.0 ± 0.1 wt.%, Na2O of 4.3 ± 0.1 wt.%, and K2O of 

6.9 ± 0.3 wt.%. Overall, microprobe analyses were in good agreement with the starting 

composition, indicating homogenization of the melt and closed system during our experiments. 

The variation in melt composition from experiment to experiment for a given composition is too 

small to have any effect on CO2 solubility. Analytical totals for the experimental glasses were all 

<100% with deficits of 3.2 ± 0.5 wt.%, suggesting the presence of volatiles (Table 1). 

Table 4-1 Starting composition and experimental run conditions and analyses of experimental glasses 
Run No.  B226 B269 B257 B246 B251 B261 B270 B254 

P (GPa)  3.0 3.0 2.5 2.0 1.5 3.0 3.0 3.0 

T (°C)  1300 1300 1300 1300 1300 1400 1200 1100 

Tae (°C)  542 544 542 536 544 550 539 524 

n PMSCHa 10 11 10 5 9 11 13 10 

SiO2 68.77 0 71.60 (3) 71.30 (4) 71.00 (6) 71.50 (2) 72.30 (4) 70.90 (4) 72.00 (2) 70.20 (7)

TiO2 0.50 0 0.46 (2) 0.47 (2) 0.46 (3) 0.44 (4) 0.60 (2) 0.46 (2) 0.52 (6) 0.50 (2)

Al2O3 15.71 0 14.70 (3) 14.60 (2) 15.10 (4) 15.20 (2) 14.10 (3) 14.90 (2) 14.20 (8) 15.70 (6)

FeO 0.99 0 0.56 (4) 0.47 (5) 0.33 (4) 0.24 (8) 0.60 (1) 0.33 (5) 0.34 (8) 0.40 (1)

MnO 0.50 0 0.34 (3) 0.34 (3) 0.32 (2) 0.28 (2) 0.43 (8) 0.39 (6) 0.35 (6) 0.35 (5)

MgO 0.19 0 0.27 (2) 0.32 (2) 0.28 (3) 0.25 (2) 0.20 (3) 0.33 (3) 0.30 (1) 0.29 (5)

CaO 1.47 0 1.03 (5) 1.13 (6) 1.09 (8) 0.89 (2) 0.94 (7) 1.20 (6) 1.00 (2) 1.10 (1)

Na2O 4.19 0 4.23 (8) 4.20 (1) 4.19 (9) 4.30 (1) 4.60 (1) 4.30 (1) 4.10 (3) 4.50 (2)

K2O 7.33 0 6.80 (1) 7.10 (2) 7.10 (1) 6.80 (5) 6.20 (2) 7.00 (1) 7.10 (4) 6.80 (1)

P2O5 0.35 0 0.09 (5) 0.08 (7) 0.11 (6) 0.07 (6) 0.08 (3) 0.08 (9) 0.10 (6) 0.10 (7)

Total 100.00 0 96.52 (0) 96.53 (0) 96.23 (0) 97.01 (0) 96.45 (0) 97.43 (0) 96.56 (0) 95.62 (0)

FWone  33.26 (0) 33.34 (0) 33.30 (0) 33.20 (0) 33.17 (0) 33.35 (0) 33.27 (0) 33.35 (0)

H2O
b 3.00 0 2.23 (3) 2.20 (2) 2.24 (2) 2.44 (3) 2.17 (2) 2.01 (2) 2.36 (3) 3.04 (5)

CO2
tot.c 7.49 0 1.13 (1) 1.80 (3) 1.48 (6) 1.08 (4) 0.56 (2) 1.38 (2) 2.01 (4) 1.32 (3)

CO2
mol.  0.62 (4) 0.77 (3) 0.64 (5) 0.71 (3) 0.51 (4) 0.60 (3) 1.05 (5) 0.52 (3)

CO3
2-  0.51 (2) 1.03 (2) 0.84 (6) 0.37 (5) 0.06 (1) 0.78 (3) 0.95 (3) 0.80 (3)

CO2
mol./CO2

tot. 0.55 (2) 0.430 (9) 0.43 (2) 0.66 (3) 0.90 (2) 0.52 (2) 0.43 (2) 0.47 (2)

The oxide concentrations are reported on a volatile-free basis with the 1σ error, in last digits cited, are given in parentheses 
based on spot to spot compositional variation for each sample. FWone is the one oxygen formula weight of 1 mole of the 
volatile-free melt. 
1 σ error given in parentheses is based on spot to spot variation in EPMA and FTIR analyses and given as last digit cited; 
for example, 71.6 (3) wt.% should be read as 71.6 ± 0.3 wt.%. 
n = number of EMPA spots averaged. 
a Composition re-reported from Duncan and Dasgupta (2014) 
b Water concentrations were calculated using absorption coefficients from Stolper et al. (1987) 
c Carbon concentrations were calculated using absorption coefficients from Duncan and Dasgupta (2015) 
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Table 4-2 Measured alloy compositions of the Pt powder and calculated experimental fO2 
Run No. B261 B269 B270 B271 

P (GPa) 3.0 3.0 3.0 2.0 

T (°C) 1400 1300 1200 1300 

Pt 93.9 (7) 95.0 (1) 96.60 (7) 91.2 (5)

Fe 5.3 (1) 5.6 (4) 5.85 (9) 7.0 (1)

Total 99.3 (0) 100.6 (0) 102.50 (0) 98.2 (0)

RTlnγFea -85137 -83835 -82767 -73520 

RTlnγFeb -75804 -70358 -65181 -63021 

lnKeq 9.5 10.5 11.6 11.0 

logfO2
a -6.5 (1) -6.8 (2) -7.7 (1) -8.13 (7)

logfO2
b -7.0 (1) -7.7 (2) -9.0 (1) -8.83 (6)

∆FMQa -1.9 -1.3 -1.3 -2.1 

∆FMQb -2.5 -2.2 -2.5 -2.8 
a Kessel et al. (2001), b Grove (1981) 
∆FMQ calculated by subtracting logfO2 of FMQ buffer calculated 
after O’Neill (1987) from logfO2 of the experiment. 

 
Calculation of logfO2 yielded values from -5.6 to -8.1 approximately 1.4 log units below 

the fayalite-magnetite-quartz (FMQ) buffer (Table 2). There were no obvious trends of changing 

fO2 with pressure or volatile content. The calculated logfO2 values using the Kessel et al. (2001) 

parameterization are on average 0.9 log units less oxidized than those estimated using the 

parameterization of Grove (1981), similar to the uncertainty in the measured Fe content of the 

PtFe-alloy using the electron microprobe (1.0 log unit) in the logfO2 values. 

4.3.3 Dissolved CO2 and H2O 

4.3.3.1 Speciation of dissolved carbon and hydrogen 

The thickness normalized FTIR spectra are shown for the CO2- and graphite-saturated 

glasses (PMSCH composition) in Figure 4. Unlike the previous CO2-saturated experiments, the 

carbonate doublet, which is clear in the high pressure experiments, becomes overwhelmed by the 

molecular water peak (1630 cm-1) as the pressure decreases (Fig. 4a). There is no clear change of 

the carbonate doublet size or shape with changing temperature (Fig. 4b). The molecular CO2 

peak is present in all experiments and becomes slightly smaller with decreasing pressure but  



88 

 

 
Figure 4-4 FTIR spectra 
(a) PMSCH experiments at 1300 °C (dotted circles in all other figures), and (b) PMSCH experiments at 3.0 
GPa over a range of temperatures. Spectra normalized to 100 μm thickness and offset for visibility. Baselines 
for carbonate peak measurement are indicated by dashed lines. 

does become the dominant CO2 species at low pressure, and also shows no trends with changing 

temperature. 

Overall, the carbon concentration determined from SIMS analysis was less than that 

determined by FTIR (Fig. 5) indicating the lack of any major reduced carbon species in the 

glasses. This implies that even at graphite-saturation the dominant forms of carbon in rhyolitic 

glasses are CO2
mol. and CO3

2-. The presence of both the oxidized species was confirmed with 

FTIR, and while the abundance of each species in the glasses may vary from what was dissolved 

in the melt (see discussions in Duncan and Dasgupta, 2014, 2015), the bulk carbon content is 

accurate. 



89 

 

 
Figure 4-5 SIMS standardization and determined C and H contents 
(a) SIMS calibration (black circles, PMS experiments from Duncan and Dasgupta (2015)) with a linear fit to 
standards (solid line) and a polynomial fit to the standards (dashed line) and measurements (open circles) for 
CO2, (b) comparison of CO2

tot. measured with FTIR to that determined with SIMS using both the linear fit 
(circles) and the polynomial fit (diamonds). (c) SIMS calibration (black circles and line) and measurements 
(open circles) for H2O, (d) comparison of H2O measured with FTIR to that determined with SIMS. 

4.3.3.2 Concentration of CO2 and H2O 

Experiments conducted at 1300 °C yield total CO2 concentrations decreasing from 1.80 ± 

0.03 wt.% at 3.0 GPa to 0.56 ± 0.02 wt.% at 1.5 GPa (Fig. 6a, Table 1). Experiments conducted 

at 3.0 GPa over a temperature range of 1100-1400 °C show no obvious trends with temperature 

and yield CO2 values of 1.33 ± 0.03 wt.% at 1100 °C, 2.2 ± 0.1 wt.% at 1200 °C, and 1.38 ± 0.02 

wt.% at 1400 °C (Fig. 6b, Table 1). Total dissolved H2O content based on O-H stretching band 

for this composition is ~2.3 wt.%. When compared to CO2-saturated experiments (Duncan and 

Dasgupta, 2014), the amount of CO2
tot. decreases at a given pressure, while the CO2

mol./CO2
tot. 

value shows the opposite trend, increasing with decreasing pressure. 
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Figure 4-6 Measured CO2 contents and speciation 
(a,b) Total CO2 and (c,d) CO2

mol./CO2
tot. contents measured with FTIR for graphite-saturated melts from this 

study (open circles) compared to CO2-saturated melts with the same water content (filled circles; Duncan and 
Dasgupta, 2014). 

4.4 Discussion 

4.4.1 Thermodynamic Framework 

From these experiments, we calibrated a thermodynamic model using the framework of 

Holloway et al. (1992), with which we can determine the CO2 content of rhyolitic, slab-derived 

melts at the pressure-temperature conditions of the slab at graphite-saturated conditions. Based 

on the two dissolution reactions of CO2 in the melts: 

melt
2

vapor
2 COCO   (Eqn. 4) 

melt

-2
3

melt

-2

vapor
2 COOCO   (Eqn. 5) 

coupled with the graphite oxidation buffer: 



91 

 

vapor
22

iamondgraphite/d
COOC   (Eqn. 6) 

with corresponding equilibrium constants: 

2

melt

CO
1 CO

mol.
2

f

X
K   (Eqn. 7) 

melt

O2

melt

CO
2

2

2
3

CO 




r

Xf

X
K  (Eqn. 8) 

2

2
3 O

CO

f

f
K   (Eqn. 9) 

where K1, K2 and K3 are the equilibrium constants for the reactions given by Eqns. 4, 5 and 6, 

respectively, which depend on P and T, melt

COmol..
2

X  as the mole fraction of dissolved molecular CO2, 

melt

CO2
3
X  as the mole fraction of dissolved carbonate anions, melt

O2
r
X  is the mole fraction of reactive 

oxygen species in the melt that are not bonded to carbon, with melt

CO

melt

O 2
3

2
r

1   XX  (Fine and 

Stolper, 1986; Stolper and Holloway, 1988). These equations can be combined and rearranged to 

determine the mole fraction of carbon species in the melt as a function of fO2, so long as it is at 

or below CCO:  
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which can be converted to weight percent species by:  
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where [CO2]i is the concentration of the desired species i (CO2
mol. or CO3

2-) in the melt in wt.%, 

melt
iX  is the mole fraction of the species, FWone is the one oxygen formula weight of 1 mole of 

the volatile-free melt, calculated using the average composition for each experimental glass 

measured using electron microprobe (~33.0-33.4 g mol-1). K3 was determined previously by 

Holloway et al. (1992) for when C is graphite over a P-T range of 0.0001-1.5 GPa and 1000-

1700 °C. We recalibrated that equation to cover a larger P-T range and determined K3 for when 

C is diamond using the thermochemical data from the JANAF tables for graphite, CO2 and O2 

(Chase et al., 1985) and the CRC handbook for diamond (Haynes, 2012): 
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where P is in Pa and T is in K; for graphiteK3log  the pressure range is 0.0001-5.0 GPa and 

temperature range from 25-1700 °C, for diamondK3log  the pressure range is 3.5-7.5 GPa and 

temperature range from 25-1700 °C. 

 
Figure 4-7 Determined ln(K) values (ΔH1) for the dissolution of CO2

mol. and CO3
2- based on measured 

experimental speciation 
Linear regression of the experimental data allows determination of ΔH, ln(K0), and ΔV. (a) ln(K) versus 
pressure. CO2-saturated data from Duncan and Dasgupta (2014), open circles-this study. (b) ln(K) versus 
inverse temperature. 
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From these relationships, our measured carbon speciation, and experimentally determined 

fO2, we determined ln(K) for each experiment (Fig. 7) and then derived the thermodynamic 

parameters ΔV, ΔH, and ln(K0), for each dissolution reaction (Eqns. 4 and 5). These values were 

derived three ways (Table 3): 

1. ΔH1: By plotting the calculated ln(K) versus P (Fig. 7a) or 1/T (Fig. 7b) and fitting a 

line to the experimental data, the slopes of the lines yield values of ΔV and ΔH, 

respectively, and the y-intercept of ln(K) versus P yields values for ln(K0). Fitted to 

our 8 experiments, this method has an R2 = 0.08. 

2. ΔH2: Following the method of previous work (Blank et al., 1993; Fogel and 

Rutherford, 1990; Stolper et al., 1987), we also fit all three parameters to our data 

using least squares regression. This yields an R2 = 0.29. 

3. ΔH3: Due to the poor fit of method two, we also regressed the parameters with an 

additional data point at 0.0001 GPa and 0 wt.% dissolved carbon, which leads to a 

slight better R2 value of 0.48. This method yields our preferred thermodynamic values. 

These parameters can be used to predict the CO2 solubility in graphite-saturated, rhyolitic melts 

over a range of P and T using: 
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where K0 is the equilibrium constant (either for Eqn. 1, 2 or 3) at a reference temperature, T0 

(1250 °C) and pressure, P0 (0.001 GPa). The empirically determined thermodynamic parameters 

do depend heavily on accurate knowledge of dissolved species concentrations, as discussed in 

previous work (Duncan and Dasgupta, 2015). We have focused this work using the measured 

carbon speciation, but have also determined thermodynamic parameters based on ‘corrected’ 
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Table 4-3 Calculated ΔV, ln(K0), and ΔH of CO2 dissolution for each carbon species 
Comp. PMSCH 

T (°C) 1100-1400 

P (GPa) 1.5-3.0 

H2O (wt.%) 2.0 

  CO2
mol. CO3

2- 

All parameters calculated from Fig. 7 

∆V 35.6 (7) 18 (2) 

ln(K0) -12.9 (2) -16.7 (2) 

∆H 127 (3) 117 (3) 

R2  0.08 
   

All parameters fit by regression 

∆V 30.6 (8) 12 (3) 

ln(K0) -14.1 (2) -18.2 (2) 

∆H 28 (4) 92 (9) 

R2  0.29 
   

All parameters fit by regression with point at zero. 

∆V 26.1 (5) 15 (3) 

ln(K0) -15.1 (2) -17.4 (3) 

∆H 47 (2) 80 (10) 

R2  0.48 

Calculations based on melt

CO mol.
2

X  and melt

CO -2
3

X  estimates following 

the formulation of Stolper and Holloway (1988). 
fO2 values reported in Table 2. 
Italics indicate preferred values. 

 
speciation values (Figs. B2, B3, B4, Table B1) and followed the same procedure outlined below 

for the ‘corrected’ values (Supplementary Material, Appendix B). 

4.4.2 Application to Subduction Zones through Time 

In order to apply the above model to calculate CO2 contents of melts generated in modern 

and ancient subduction zones, we first determined an average slab top P-T path and sub-arc point 

based on the D80 model of Syracuse et al. (2010). Using that slab P-T path, we extrapolated 

average slab P-T conditions into Earth’s history assuming a T increase of ~70°C/Gyr (Fig. 8a). 

Given these P and T conditions and our thermodynamic parameters, we calculated the CO2 

content of a graphite-saturated melt generated at any point along the slab surface (Fig. 8b). At 

graphite-saturated conditions a slab melt could carry anywhere from 0.01-2.0 wt.% CO2, for fO2 
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Figure 4-8 Slab top P-T paths and dissolved CO2 contents 
(a) Average slab top P-T paths for modern slabs (purple line) based on the D80 model of Syracuse et al. 
(2010) and for ancient slabs (orange lines) based on an average mantle cooling rate of ~70deg/Gyr, circles 
indicate possible sub-arc conditions. Also shown are subducted sediment melting conditions (dashed lines) 
under fluid-saturated and fluid absent conditions (Mann and Schmidt, 2015), carbonate out boundaries based 
on experimental studies (pelites, Mann and Schmidt, 2015), (basalt/eclogite, Dasgupta et al., 2004), and the 
graphite/diamond transition (Kennedy and Kennedy, 1976) below which graphite-saturated melting ceases and 
diamond-saturated melting begins. (b) Calculated CO2 carrying capacities of sediment partial melt along P-T 
paths of various slabs at different fO2s (CCO and CCO-1; Frost and Wood, 1997). Calculation done using 
thermodynamic parameters (lnK0, ΔV, and ΔH) from this study’s experiments done in graphite capsules and 
previous experiments under CO2-saturated conditions (Duncan and Dasgupta, 2014, 2015). Pressure range 
between intersections with the wet solidus. Kink indicates transition from graphite to diamond buffering. 

between CCO-1 and CCO, depending on the P and T of melt generation. For melts generated at 

the estimated sub-arc point (3.15 GPa), the melt would contain 0.16 wt.% CO2 under modern P-

T conditions and increase steadily to 0.57 wt.% CO2 for a slab 3 Ga.  

Since the ancient slabs were potentially graphite-saturated, we can calculate the amount 

of slab melting (F) necessary to exhaust graphite in the slab, thereby removing all the initially 

subducted graphite from the slab and into the melt. If we assume 100 to 1000 ppm graphitic 

carbon was in the slab initially, that any carbonate subducted is released early, that carbon 

behaves incompatibly during melting (i.e., DC
melt/solid = 0), and that 0.16-0.57 wt.% CO2 can be  
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Figure 4-9 Amount of melt needed at sub-arc conditions to exhaust graphite in the slab 
Calculated C (as graphite) concentration in a slab partial melt (green lines) decreasing as degree of melting 
increases, assuming batch melting with DC

melt/solid = 0 for different initial C concentrations. Horizontal lines 
indicate maximum concentration of C in a melt calculated for subduction zones at the sub-arc P and T for fO2 
at CCO and CCO-1. For melts generated at CCO, 100 ppm graphite is exhausted in the source by 6-23% 
melting of the slab, 500 ppm graphite is exhausted at 32-71% for the ancient subduction zones, and 1000 ppm 
graphite at CCO or 100 ppm at CCO-1 is exhausted by 64-93% melting for the slabs at 2 and 3 Ga, 
respectively. Melting degrees of this magnitude are unlikely in a subduction zone indicating that graphite 
would remain in the slab past the sub-arc for colder or more reduced subduction zones to be carried deeper 
into the mantle. 

incorporated in these melts, we find that 6-93% melting is required (Fig. 9). For melts generated 

at CCO, 100 ppm graphite is exhausted by 6-23% melting of the slab, 500 ppm graphite is 

exhausted at 32-71% for the ancient subduction zones only, and 1000 ppm graphite at CCO or 

100 ppm at CCO-1 is exhausted by 64-93% melting for the slabs at 2 and 3 Ga. Since there was 

likely more that 100 ppm C in the slabs (up to 1-2 wt.% organic C, e.g., Kelemen and Manning, 

2015; Plank, 2014), it is clear that only at a very large F can carbon be exhausted from the slab. 

Melting degrees of this magnitude are unlikely in a subduction zone, indicating that the majority 

of the graphite that enters the subduction zone survives past the sub-arc to be subducted deeper 

into the mantle and can later be incorporated into diamonds. 

A potential complication of this scenario is the extrapolation of the thermodynamic 

model to such high melting degrees, as it is based on a single composition. As melting proceeds, 

the melt composition changes, particularly for basaltic sources and the dissolution behavior of 
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CO2 changes as melt composition changes (the proportion of CO3
2- increases as the melts 

become less rhyolitic, e.g., Brooker et al., 2001). However, sediment partial melts are generally 

rhyolitic to melt fractions of ~60% (Fig. B6; Schmidt, 2015), whereas basaltic partial melts 

remain rhyolitic to F~20%, beyond which the melt trend through andesitic compositions to 

basaltic. There are also large variations in K2O and CaO contents with F, which will also affect 

the dissolution of carbon. So long as the primary melt source is subducted sediments and F 

<60%, the influence of melt composition on CO2 solubility is negligible and using our model is 

appropriate. 

It is clear from this study that organic carbon, as graphite, is largely retained in the 

subducted slab as the CO2 capacity of rhyolitic melts is relatively low. This implies that 

throughout Earth’s history the mantle acts as long-term storage for carbon, sequestering it from 

the surficial carbon cycle, effectively drawing it down out of the atmosphere possibly giving rise 

to the GOE. Increased burial of organic carbon is an oft induced mechanism for the rise of 

oxygen in the GOE, 22 OCCO   (e.g., Catling, 2014), however the rates of organic carbon 

burial are seemingly constant throughout Earth’s history. This has lead to alternative 

mechanisms for the rise of oxygen such as increasing oxidation state of volcanic gases (e.g., 

Holland, 2002), however this relies on the changing oxidation state of Earth’s upper mantle 

through time, which has also been relatively constant at ~FMQ for the last 4 Gyr (e.g., Delano, 

2001). If however, the organic carbon is removed from the surficial carbon cycle by subduction 

into the deep mantle, this would be an extremely effective mechanism to increase early oxygen 

levels of the atmosphere. 
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4.5 Conclusion 

We determined the CO2 carrying capacity of rhyolitic, slab-derived melts under graphite-

saturated conditions and derived a model based on a thermodynamic framework (ΔV, ΔH, lnK0). 

It should be cautioned that this model only applies to rhyolitic melts of the given composition, 

and more work is necessary to determine the relative effects of different cations on the species 

concentrations of carbon, which will alter the above thermodynamic parameters. However, the 

model does allow us to determine the amount of C that could be released from the slab where the 

C-bearing lithology has a higher proportion of organic C than carbonate, possibly simulating slab 

conditions in Earth’s past. We find that while several wt.% CO2 can be dissolved in these melts, 

the majority of the carbon will remain in the slab and be carried deeper into the mantle acting as 

a carbon sink, possibly contributing to the rise of atmospheric oxygen ~2.3 Ga. 
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5 Chapter 5 

Experimental Determination of CO2 Solubility at Graphite Saturation for Basaltic to 

Peridotitic Melt – Implications for the Fate of Carbon in Terrestrial Magma Oceans 

Abstract 

Solubility of carbon dioxide in peridotite liquid composition at reducing conditions is key 

to constrain the mantle budget and planet-scale distribution of carbon. Yet, no reliable model 

exists to extrapolate the known solubility of CO2 in basaltic (mafic) liquid to solubility in 

peridotitic (ultramafic) liquid. This is owing to the fact that the relative contributions of 

individual network modifying cations such as Ca2+ versus Mg2+ on carbonate dissolution are 

unknown at reducing conditions. Here we conducted high pressure, temperature experiments to 

constrain the CO2 contents in silicate melts at graphite saturation over a compositional range 

from natural basalts to peridotite at a fixed pressure of 1.0 GPa, temperature of 1600 °C, and 

oxygen fugacity (logfO2 ~ IW+1.6). We also conducted experiments to determine the relative 

effects of variable Ca and Mg contents in mafic compositions on the dissolution of carbonate. 

We then constructed a compositional model based on our data and previous work to determine 

the CO2 content of ultramafic (peridotitic) melt representative of an early Earth, magma ocean 

composition at graphite saturation. 

5.1 Introduction 

In order to constrain the contents and distribution of volatiles such as carbon, in the 

terrestrial planets today and how it evolved through the history of the planet, we need to 

constrain their behavior during Earth’s accretion and magma ocean (MO) differentiation. In 

particular, we must know the solubility and partitioning behavior of C between the silicate MO, 
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the metallic core, and the early atmosphere (e.g., Armstrong et al., 2015; Chi et al., 2014; 

Dasgupta, 2013; Dasgupta et al., 2013; Hirschmann, 2012; Li et al., 2015). 

As both the atmosphere and core would interact with the silicate MO during early 

differentiation/metal-silicate separation in terrestrial planets, the carbon concentration of the 

three main reservoirs is heavily influenced by the ability of the MO to dissolve C. 

Fundamentally, the carbon concentrations of the three reservoirs are linked through the storage 

capacity of the silicate MO. For one part, the partial pressure of carbon in the proto-atmosphere 

will control how much C can dissolve in the near-surface MO (e.g., Elkins-Tanton, 2008; 

Hirschmann, 2012), and for the other part, the equilibration of Fe-rich alloy melt and the MO 

near it’s base would control the relative distribution of C between the metallic core and the early 

silicate mantle. For both the vapor (atmosphere)-melt (MO/mantle) and metal (core)-melt 

(MO/mantle) partitioning, the solubility of carbon at reducing conditions is a key feature, i.e., the 

solubility of C in MO at graphite/diamond saturation. The solubility of carbon in silicate melt is 

controlled by pressure (P), oxygen fugacity (fO2), hydrogen fugacity (fH2) or water content, 

temperature (T), and silicate composition (Holloway et al., 1992; Li et al., 2015). Despite the 

recognition that knowing volatile solubility in MO is critical to constrain the origin and early 

distribution of volatiles in terrestrial planets, the solubility of carbon in general, and CO2 in 

particular, has not been directly measured for relevant MO compositions and conditions. 

Carbon in silicate melt can dissolve as many different species, such as carbonates 

(CO3
2-), methane (CH4), and carbon monoxide (CO). For oxygen fugacities relevant for near-

core-forming conditions and during MO crystallization, the Earth may have remained at a logfO2 

around the iron-wüstite (IW) buffer, i.e., IW-2 to IW+2. Under these conditions, the chief 

species of carbon in silicate melt is thought to be carbonate (e.g., Li et al., 2015). Hence the most 
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critical data to constrain the role of carbon in a MO is the solubility of CO2, dissolving as CO3
2-

in mafic and ultramafic silicate glasses, in peridotite liquid. 

Current estimates of CO2 solubility in relatively depolymerized, peridotitic liquid come 

from two types of studies and models. One set of previous studies, performed mostly at oxidizing 

conditions, i.e., several orders of magnitude higher fO2 than those imposed by the presence of 

Fe-rich metal, attempted to constrain C contents of ultramafic melts by measuring bulk carbon of 

the quenched material (e.g., with beta-track mapping; Mysen et al., 1975; Mysen et al., 1976) or 

gas chromatography (Brey, 1976). Unfortunately, measuring contents of dissolved volatiles with 

spectroscopic techniques (e.g., FTIR) in ultramafic compositions is difficult, as these 

compositions do not quench to glasses for the rate of cooling that can be achieved by solid-media 

devices used for achieving high pressure conditions, but rather a mix of quench crystals and 

glass. The other set of studies extrapolated from measured CO2 solubility in quenched, glassy 

mafic/basaltic compositions using the NBO/T parameter (e.g., Brooker et al., 2001), where 

NBO/T is a silicate compositional parameter of the ratio of non-bridging oxygens (NBO) to 

tetrahedrally coordinated cations (T). However, using only NBO/T may not reliably take into 

account the effects of different network modifiers, such as Ca2+ and Mg2+ on CO2 solubility, 

because the within mafic compositions the variation in NBO/T is commonly tied to variation of 

CaO; whereas extrapolation to ultramafic compositions occurs through a large increase of MgO 

content with little change in CaO (Fig. 1). Previous CO2 solubility data at oxidizing conditions 

suggest that there may be a cation preference of the dissolution of carbonate with Ca2+-CO3
2- 

complexes forming preferentially to K+
2-, Na+

2-, and Mg2+ -CO3
2- complexes (Dixon, 1997; 

Spera and Bergman, 1980), possibly indicating that an increase in Ca over Mg in a melt would 

have corresponding increase in dissolved CO2. However, the relative roles of Mg2+ and Ca2+ on 
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CO2 solubility in silicate melt still remain ambiguous (Chi et al., 2014; Mallik and Dasgupta, 

2014; Stanley et al., 2012). 

In addition to calculating the CO2contents of ultramafic compositions, many previous 

studies attempted to model CO2 solubility under a variety of P, T, and compositions. Since all of 

these models are experimentally-based, they are limited in their ability to extrapolate beyond the 

conditions of the experiments, and while framed on a thermodynamic base are necessarily 

empirical. A recent empirical model determined the CO2 content as a function of composition 

and P, by comparing their experimental results with those of previous studies (Shishkina et al., 

2014). They calibrated a compositional parameter Π*, based off the previous parameter Π 

(Dixon, 1997), using the cation fractions: 

     34222 AlSi0.4Fe0.4Mg0.7Na0.8KCa*  (Eqn. 1) 

and 

     22234 0.4Fe0.4Mg0.7Na0.8KCa17.20AlSi50.6  (Eqn. 2) 

and used these parameters to calculate CO2 content (in ppm) as function of Π* and P (in MPa): 

345.1*71.6ln150.1)ln(CO2  P  (Eqn. 3) 

While this model is reliable for particularly alkali-rich mafic compositions, it is limited by the 

conditions of the calibration data, i.e., the experiments used were conducted between 0.05 and 

0.5 GPa, 1150-1300 °C, and fO2 between the fayalite-magnetite-quartz (FMQ) buffer and 

FMQ+4 (or IW+3 to IW+8), which is a significantly higher fO2 than that of a MO. Two more 

thermodynamically rigorous models are that of Papale et al. (2006) and Ghiroso and Gualda 

(2015). Both of these models allow input of bulk silicate composition, H2O, CO2, P, and T and 

calculate the partitioning of CO2 and H2O between the silicate melt phase and a vapor/fluid 

phase. Again, since these models are calibrated from experiments they are limited in the P, T, 
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and compositions to which they can be extrapolated accurately, and restricted to the same fO2 

range as the Π* model, as many of the same experiments were used. While these fO2 are 

appropriate for modern day magmatic processes (e.g., melting at mid-ocean ridges FMQ±1, and 

melting in subduction zones ≥FMQ), the early Earth’s MO stage during or soon after core 

formation and metal-silicate equilibration was characterized by fO2 several log units lower than 

the present day, i.e., closer to the IW buffer. 

Here we performed a series of high pressure, temperature experiments on a range of 

compositions spanning from basalts toward the peridotite compositional field. By studying the 

compositional array between peridotite and its’ derived melts, we can more accurately 

extrapolate CO2 solubility to ultramafic compositions, such as those present during a magma 

ocean stage. Using the measured compositional dependence on CO2 solubility between mafic 

and ultramafic compositions and the previously established framework of predicting CO2 

solubility as a function of P and T at graphite saturation, we built a model of carbonate solubility 

in mafic to ultramafic melts as a function of P, T, and fO2. Using our data and model we discuss 

the fate of carbon in various stages of MO evolution. 

5.2 Methods 

5.2.1 Starting Material 

To constrain the CO2 solubility in ultramafic compositions at graphite saturation, we 

constructed four synthetic compositions spanning the range between natural basalts and 

peridotite (Fig. 1) under nominally anhydrous conditions (MO#1, #2, #3, and #4). Two 

additional compositions were constructed to constrain the relative effects of Mg and Ca on the 

solubility of CO2 (MO#5 and #6). The latter two compositions were similar to mix MO#3 in 

terms of oxide composition and total MgO+CaO contents, but had different concentrations of 
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MgO and CaO. The experimental compositions ranged in MgO content from 9 to 24 wt.%, 

calculated NBO/T values from 0.8 to 1.6, and Ca# (=CaO/[CaO+MgO] on a molar basis) from 

0.42 to 0.13 (Table 1). All starting mixes were constructed with reagent grade oxides (SiO2, 

TiO2, Al2O3, Cr2O3, MnO, MgO), carbonates (Ca, K, Na), and natural siderite, which added 

approximately 10-15 wt.% CO2, enough to saturate the partial melt in CO2. Starting oxides were 

fired for several hours prior to mixing to drive off any adsorbed water: SiO2, TiO2, Al2O3, Cr2O3, 

and MgO at 1000 °C overnight, MnO at 400 °C overnight, CaCO3 at 250 °C overnight, while 

Na2CO3 and K2CO3 were stored at 110 °C. The mixes were ground under ethanol for 45 minutes 

and stored in a 110 °C drying oven along with assembly parts (graphite furnace, MgO spacer, 

BaCO3 sleeve, Pt outer capsules); the graphite inner capsules were stored at 300 °C to minimize 

adsorption of moisture. Capsules were loaded with the starting mix and a small amount of Pt 

powder (<300 μg) as oxygen fugacity sensor (see below), stored in a 110 or 300 °C furnace 

overnight, and then the outer Pt capsule was welded shut. All capsules were weighed before and 

after welding to ensure minimal loss of volatiles from the sample. 

5.2.2 Experimental Technique 

Experiments were conducted at 1.0 GPa and 1600 °C using an end-loaded piston cylinder 

apparatus with a half-inch BaCO3 assembly at Rice University. Starting mixes were contained in 

~1 mm thick walled graphite capsules with ~1 mm base and lid thickness and placed in 3.5 mm 

outer diameter Pt capsules and embedded in crushable MgO spacers. Pressure calibration and 

temperature gradient for this assembly and apparatus, reported earlier by Tsuno and Dasgupta 

(2011). Temperature was measured and controlled with type-C thermocouple placed above and 

separated from the capsule top by 1 mm thick MgO disc. Experiments were pressurized to target 



105 

 

 
Figure 5-1 Compositional comparison of peridotites, basalts, and experimental melt compositions 
explored for CO2 solubility in this study and in previous studies 
Compositional plots of this study’s starting mixes (squares) compared to microprobe analyses of experiments 
(large circles). Also shown are previous studies on peridotite (green diamonds, GEOROC database (Sarbas, 
2008)) , natural basalts (blue diamonds, GEOROC database), previous experimental studies on CO2 solubility 
that produced glasses (blue circles c: Armstrong et al., 2015; Behrens et al., 2009; Botcharnikov et al., 2005; 
Chi et al., 2014; Dasgupta et al., 2013; Dixon et al., 1995; Iacono-Marziano et al., 2012; Iacovino et al., 2013; 
Jendrzejweski et al., 1997; Lesne et al., 2010; 2011; Li et al., 2015; Pan et al., 1991; Pawley et al., 1992; 
Shishkina et al., 2010; 2014; Stanley et al., 2011, 2014; Stolper and Holloway, 1988; Thibault and Holloway, 
1994; Vetere et al., 2011; 2014; Wetzel et al., 2013), and a previous experimental study that reported charges 
with quench crystals (open circles d: Dasgupta et al., 2013). 
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pressure, then heated to the desired temperature at 100 °C/min. Experiments were held for four 

hours to ensure complete melting of the sample. Experiments were terminated by turning off 

power to the graphite heater. Experiments were quenched near isobarically (ΔP during quench ≤ 

90 MPa) to minimize formation of decompression bubbles. After shutting the power off and 

cutting of the cooling water, experiments were slowly depressurized and assemblies were 

extracted using a ten-ton press. Capsules were sectioned with a wire saw then one half mounted 

in petropoxy, cured overnight at 100 °C, and polished for major element analysis by electron 

microprobe and then doubly polished for analysis of CO2 and H2O using Fourier Transform 

Infrared Spectroscopy (FTIR). 

5.2.3  Analytical Methods 

5.2.3.1 Electron microprobe 

Textural analyses and determination of major element concentrations of experimental 

samples were performed using a Cameca SX 100 electron microprobe at NASA Johnson Space 

Center. Samples were carbon-coated and analyzed using an accelerating voltage of 15 kV, an 

electron beam current of 10 nA, and a 20 μm spot. Counting times for Si, Al, Ca, Ti, Fe, Mn, and 

Mg were 30 s on peak and 10 s on each background, and for Na, P, and K were 20 s on peak and 

10 s on each background. Natural minerals and synthetic glasses were used as analytical 

standards. Several analyses were conducted on each sample and reported compositions in Table 

1 are averages over several spots (Fig. 1). Elemental concentrations of the Pt-Fe alloy were 

measured using the same accelerating voltage and beam current as the silicate melts, but under a 

focused beam (1 μm spot) for 20 s on peak. Pure metallic Pt and Fe were used as analytical 

standards. 
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Table 5-1 Starting composition, experimental run conditions, and analyses of experimental glasses. 
Comp. MO#1 MO#2 MO#3 MO#4 MO#5 MO#6 MO#1 MO#1 MO#2 MO#3 MO#4 MO#5 MO#6 

Run No.       B345 B355 B346 B349 B351 G447 G448 

P (GPa)       1 1 1 1 1 1.05 0.95 

T (°C)       1600 1600 1600 1600 1600 1600 1600 

n       10 15 10 9 11 10 12 

SiO2 49.21 49.05 48.14 47.49 48.13 48.14 50.9 (4) 49.7 (3) 49.8 (3) 49.0 (5) 48.9 (5) 49.0 (6) 48.6 (3) 

TiO2 1.57 1.31 1.03 0.76 1.02 1.02 1.61 (3) 1.52 (3) 1.28 (6) 1.03 (3) 0.77 (4) 1.05 (5) 1.30 (7) 

Al2O3 15.71 13.56 11.26 9.10 11.27 11.27 15.8 (3) 15.7 (1) 13.3 (1) 11.01 (1) 9.0 (2) 11.1 (1) 10.2 (1) 

Cr2O3 0.10 0.18 0.28 0.36 0.28 0.28 0.10 (3) 0.09 (3) 0.21 (2) 0.27 (2) 0.39 (3) 0.28 (2) 0.26 (2) 

FeO 9.95 9.91 9.73 9.60 9.73 9.73 5.17 (6) 7.0 (1) 7.36 (1) 7.2 (2) 6.6 (3) 6.9 (2) 9.0 (2) 

MnO 0.22 0.21 0.17 0.16 0.17 0.16 0.38 (6) 0.34 (4) 0.35 (5) 0.35 (3) 0.36 (4) 0.36 (6) 0.38 (3) 

MgO 9.42 13.56 18.44 23.24 14.34 22.53 11.5 (2) 11.43 (7) 15.4 (2) 20.0 (3) 24.3 (5) 16.0 (3) 23.9 (3) 

CaO 10.99 9.91 9.22 8.09 13.32 5.12 11.7 (1) 11.5 (2) 10.0 (1) 9.4 (1) 8.4 (3) 13.5 (1) 4.84 (1) 

Na2O 2.62 2.09 1.53 1.01 1.53 1.54 2.7 (1) 2.5 (1) 2.1 (1) 1.54 (7) 1.05 (9) 1.5 (1) 1.41 (7) 

K2O 0.21 0.21 0.21 0.20 0.20 0.21 0.18 (4) 0.19 (3) 0.21 (2) 0.17 (3) 0.18 (3) 0.16 (2) 0.17 (3) 

Total 100.00 100.00 100.00 100.00 100.00 100.00 98.83 99.49 99.55 98.97 99.49 99.75 99.65 

NBO/T 0.81 1.01 1.31 1.60 1.25 1.36 0.79 (1) 0.83 (1) 1.04 (1) 1.32 (3) 1.56 (3) 1.25 (3) 1.43 (2) 

Π* 0.36 0.39 0.43 0.47 0.46 0.40 0.359 (4) 0.368 (5) 0.388 (5) 0.431 (7) 0.458 (7) 0.460 (8) 0.405 (6)

Mg# 0.63 0.71 0.77 0.81 0.72 0.80 0.80 (3) 0.74 (3) 0.79 (3) 0.83 (3) 0.87 (2) 0.80 (3) 0.83 (3) 

Ca# 0.46 0.34 0.26 0.20 0.40 0.14 0.422 (6) 0.420 (3) 0.320 (4) 0.252 (3) 0.199 (9) 0.376 (4) 0.127 (3)

H2O
a       0.55 (1) 0.31 (1) 0.50 (3) 0.413 (3) 0.25 (1) 0.24 (1) 0.262 (2)

CO2
a 14.30 13.37 12.57 11.53 14.96 10.04 0.45 (4) 0.40 (4) 0.49 (6) 0.69 (5) 0.90 (5) 0.85 (6) 0.32 (3) 

              

Pt      85 (3) 86 (1) 86 (1) 85.5 (2) 80 (2) 87.3 (7) 85.8 (9) 

Fe      11.9 (1) 12.30 (4) 13.0 (2) 12.9 (3) 12 (1) 12.2 (2) 13.7 (3) 

Total      97.23 98.38 98.79 98.36 91.44 99.47 99.47 

RTlnγFeb      -48518 -47425 -44925 -45206 -47094 -48458 -42929 

RTlnγFec      -52919 -51913 -49599 -49860 -51608 -52863 -47735 

logfO2
b      -6.65 (6) -6.45 (4) -6.615 (2) -6.64 (6) -6.6 (2) -6.41 (3) -6.64 (3)

logfO2
c      -6.40 (6) -6.20 (3) -6.354 (1) -6.38 (6) -6.4 (2) -6.17 (3) -6.38 (3)

∆FMQb      -2.1 (1) -1.9 (1) -2.0 (1) -2.1 (1) -2.0 (1) -1.8 (1) -2.1 (1) 

∆FMQc      -1.8 (1) -1.6 (1) -1.8 (1) -1.8 (1) -1.8 (1) -1.6 (1) -1.8 (1) 

The oxide concentrations are reported on a volatile-free basis 1 σ error given in parentheses is based on spot to spot variation in EPMA and 
FTIR analyses and given as last digit cited; for example, 50.9 (4) wt.% should be read as 50.9 ± 0.4 wt.%. 
n = number of EMPA spots averaged. 
NBO/T calculated with Fe2+ as NBO 
Π* calculated from the formulation of Shiskina et al. (2014) 
Mg# = MgO / (MgO+FeO) on a molar basis 
Ca# = CaO / (MgO+CaO) on a molar basis 
a H2O and CO2 contents were calculated using absorption coefficients from Dixon and Pan (1995) for basanite. 
b Kessel et al. (2001), c Grove (1987) 
∆FMQ calculated by subtracting logfO2 of FMQ buffer calculated after O’Neill (1987) from logfO2 of the experiment. 
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Oxygen fugacity (fO2) of the experiments was calculated after method of Médard et al. 

(2008). In placing a small amount of Pt inside the graphite capsule, a minor amount of Fe is lost 

from the silicate melt by alloying with the capsule, following the reaction:  

2
in Pt-Fe alloy in silicate melt

Fe 1/2O FeO   (Eqn. 4) 

Both Grove (1981) and Kessel et al. (2001) developed parameterizations for calculating the 

activity coefficient (γ) for Fealloy, which is then used to calculate fO2, following the equation: 

melt melt
FeO FeO

2 10 alloy alloy
Fe Fe eq

log O 2log
X

f
X K




  (Eqn. 5) 

where alloy
Fe  is the activity coefficient of Fe in alloy, melt

FeO  is the activity coefficient of FeO in 

melt and is assumed to be ~1, and Keq is calculated from a regression of experiments with known 

fO2s (Médard et al., 2008). 

5.2.3.2 Fourier Transform Infrared Spectroscopy 

The bulk CO2 and H2O contents and the speciation of volatiles were determined using a 

Thermo Nicolet Fourier Transform Infrared Spectrometer at Rice University and a Hyperion 

3000 microscope of a Bruker Vertex 70 Fourier Transform Infrared Spectrometer at NASA 

Johnson Space Center. Experimental glasses were doubly polished to thicknesses of 10-50 μm, 

and cleaned with acetone before analysis. FTIR spectra were taken at several spots on each 

sample. Spectra were recorded with a resolution of 4 cm-1, 128 scans, from 650 to 4000 cm-1, 

under a nitrogen purge to eliminate atmospheric gases with backgrounds collected before every 

analysis. A peak attributed to water was detected at 3530 cm-1 (O-H stretching) and was used to 

determine total dissolved water content. Peaks attributed to carbon were detected at 1436 and 

1527 cm-1 (carbonate doublet). Peak heights and areas were measured with linear backgrounds. 

Dissolved volatile concentrations were quantified using the Beer-Lambert law: 
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jjii dAMC  100  (Eqn. 6) 

where Ci is the concentration of volatile i in the sample, Mi is it's molecular weight (44.01 g mol-

1 for CO2 and 18.02 g mol-1 for H2O), Aj is the absorption of peak j (peak height or area 

measured from the spectrum in cm-1 or cm-2), d is the thickness of the sample (in cm), ρ is the 

density of the sample (in g L-1), and εj is the absorption coefficient for the peak from previous 

studies (Dixon and Pan, 1995) (in L mol-1 cm-1 for linear absorption coefficient and in L mol-1 

cm-2 for integrated absorption coefficient). Glass chip thicknesses were measured using a digital 

micrometer (ID-C125EXB Mitutoyo Digimatic Indicator). Sample density was calculated for 

each experiment from the average compositions of glasses determined by EPMA (Lange and 

Carmichael, 1987; Silver and Stolper, 1989; Silver, 1988). 

5.3 Results 

5.3.1 Texture and Phase Assemblage 

Quench products for experiments with MgO contents between 11 and 20 wt.% (mixes 

MO#1, #2, #3, and #5) showed a clear and nearly colorless glass. However, the higher MgO 

compositions (MgO ~ 24 wt.%, MO#4 and #6) quenched only partially to a glass. In experiment 

B351 (MO#4), the bottom half of the capsule and other small patches along the capsule wall  

 
Figure 5-2 Experimental images 
(a) Reflected light and (b) back-scattered electron images of experiment B351 (MO#4: 1.0 GPa, 1600 °C). 
Note quench crystals at the bottom of the capsule and clear glass above. 
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showed feathery, dendritic crystals (Fig. 2). Small patches of quench crystals were also noted in 

experiment G448 (MO#6), scattered around the capsule wall. Experiments B351 (MO#4) and 

G447 (MO#5) also showed small, dark flecks within the quenched glass, possibly indicative of 

graphite. 

5.3.2 Major Element Compositions of Experimental Glasses 

The analyzed compositions of our experimental glasses are broadly consistent with the 

starting compositions based on weighing (Table 1), indicating homogenization of the starting 

mixes and the melt and closed system during our experiments. There was ~28% iron loss to the 

Pt powder, which slightly increased the MgO content from the expected, but did not have a large 

effect on corresponding NBO/T values or other bulk compositional parameters. Analytical totals 

for all experimental glasses were all 98-99 wt.%, suggesting the presence of minor C-O-H 

volatiles. 

Calculation of logfO2 yielded values of -6.58 ± 0.06 approximately 2.5 log units below 

the fayalite-magnetite-quartz (FMQ) buffer, or 1.6 log units above the iron-wüstite (IW) buffer 

(Table 1, Fig. C1). The calculated logfO2 values using the Kessel et al. (2001) parameterization 

are on average 0.3 log units less oxidized than those estimated using the parameterization of 

Grove (1981). 

5.3.3 Dissolved CO2 and H2O 

The thickness normalized FTIR spectra are shown for all compositions in Figure 3. The 

carbonate doublet is present for all compositions, and no other forms of carbon (CO2
mol., CO, or 

carbonyl) were detected. For the first set of compositions (MO#1 through #4), the carbonate 

doublet intensity increases with increasing MgO content and NBO/T and decreasing Ca#, with 

CO2 concentrations from 0.40 ± 0.04 wt.% to 0.90 ± 0.05 wt.% (Fig.4, Table 1). For experiments 
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with constant total MgO+CaO but variable MgO and CaO contents (MO#5, #6, and #3), the 

carbonate doublet and content increases with increasing CaO content at a relatively constant 

NBO/T, from 0.32 ± 0.03 wt.% to 0.85 ± 0.06 wt.% (Fig. 4, Table 1). The position of the 

carbonate doublet also shifted with varying MgO and CaO contents, with the highest MgO 

compositions (MO#4 and #6) with peaks at 1441 and 1535 cm-1, the highest CaO composition 

(MO#5) with peaks at 1435 and 1520 cm-1, and the remaining compositions with peaks around 

1435 and 1525 cm-1, likely indicative of the cation (Mg2+ or Ca2+) to which carbonate is bonded 

(Fig. 3b, Fig. C2). 

Although these experiments were attempted to be nominally anhydrous, clear presence of 

asymmetric peak ~3530 cm-1 for O-H stretching suggests finite fraction of dissolved water. Total 

dissolved H2O content based on O-H stretching band for these compositions is ~0.4 ± 0.1 wt.%. 

Experiments with higher water contents were stored at 110 °C before welding; experiments with 

water contents <0.5 wt.% were stored at 300 °C. 

 
Figure 5-3 FTIR spectra of experimental mafic to ultramafic glasses from 1 GPa and 1600 °C 
(a) All spectra normalized to 100 μm thickness and offset for visibility. Baseline for carbonate peak 
measurement indicated by dashed line. The noise in B346 is due to ‘ringing’ of the sample likely cause by its 
extremely smaller thickness (<15 μm). (b) Carbonate doublet peak positions as a function of glass Ca#; note 
the shift of both peaks to higher wavenumbers with decreasing Ca# (See Fig. C2 for more detail). MgO color 
scale and circles indicate MgO content in this and all of the following figures with darker shades indicating 
less MgO than lighter shades. 
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Figure 5-4 Experimental CO2 contents compared to previous experiments 
CO2 contents measured with FTIR for graphite-saturated melts from this study at 1.0 GPa, 1600 ºC, and logfO2 
of ~IW+1.6 (large circles) compared to CO2 contents of previous experiments over a range of P, T, H2O 
contents (<3 wt.%), and fO2 (a: experiments run in a graphite capsule in the absence of a Fe-rich metallic 
phase and at logfO2 of IW+2.6 to IW+0.7 (Pawley et al., 1992; Stanley et al., 2014; Thibault and Holloway, 
1994), b: experiments run in a graphite capsule that also had an additional Fe-S-C metallic phase present and 
at logfO2 <IW+1.7 (Armstrong et al., 2015; Chi et al., 2014; Dasgupta et al., 2013; Li et al., 2015; Stanley et 
al., 2014; Wetzel et al., 2013) as a function of (a) the NBO/T parameter, (b) the Π* parameter from Shishkina 
et al. (2014), (c) Mg#, and (d) Ca#. 

5.4 Discussion 

5.4.1 CO2 Model Formulation 

Our experimental CO2 solubility data provide opportunity to construct a CO2 solubility 

model that accurately captures the possible change in CO2 concentration at graphite saturation 

for mafic to ultramafic magma compositions. One of the most widely used models for CO2 

solubility in mafic melts under graphite-saturated conditions is that of Holloway et al. (1992), 

who combined the experimentally-derived thermodynamic parameters from Pan et al. (1991) for 
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carbonate dissolution (
melt

-2
3

melt

-2

vapor
2 COOCO  ) in a tholeiitic composition with the graphite 

oxidation reaction (
vapor

22
graphite

COOC  ) to create an equation to calculate CO2 as a function of P, 

T, and absolute logfO2: 

  262 *10x27096.5*10x53932.2/*092542.0219.1638276.33'log TTTPK    (Eqn. 7) 

      22
melt Olog'log*303.2exp1Olog'log*303.2exp2

3
fKfKX

CO
  (Eqn. 8) 

     melt

CO

melt

CO2 2
3

2
3

01.441101.44(wt.%)CO   XFWXFW oneone  (Eqn. 9) 

where P is in bars, T is in K, melt

CO2
3
X  is the mole fraction of carbonate dissolved, and FWone is the 

one oxygen formula weight of 1 mole of the volatile-free melt, calculated using the average 

composition for each experimental glass measured using electron microprobe (~35.5-36.3 g 

mol-1). Since this model was calibrated for tholeiitic compositions, it does not reliably predict the 

CO2 content of more ultramafic melts. However, it does accurately reproduce the CO2 content 

the most mafic melt in this study (MO#1), which indicates that the formulation of Holloway et 

al. (1992) is an ideal starting point to constrain CO2 content of more ultramafic melts. 

In order to more accurately describe the CO2-compositional variance demonstrated by 

our experiments, we derived a compositional parameter that depends on the mole fractions of 

major oxides in the silicate melt that will influence the dissolution of carbonate the most: 

322 OAlSiOFeOMgOCaO][ eXdXcXbXaXX   (Eqn. 10) 

and added a dependence of this formulation to the Holloway et al. (1992) model: 

  BXAKK  (Holloway)'log'log  (Eqn. 11) 

after which CO2 is calculated using Eqn. 8 and 9. We determined the coefficients on the 

compositional equation (10) and the logK’ equation (11) simultaneously using least square 
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regression minimizing to our measured CO2 contents. The derived coefficients for the 

compositional equation are a = -3.000, b = -3.017, c = 14.552, d = -4.302, and e = 6.717, for the 

logK’ equation A = -0.820 and B = -1.454, with an overall R2 value of 0.871 (Fig. 5a). In this 

formulation, CaO and MgO have relatively equal positive effects, similar to that of SiO2, while 

both FeO and Al2O3 have much stronger negative effects. Given the relatively small variation in 

SiO2 and FeO between basalt and peridotite, these values can be ignored initially, leaving only 

CaO and MgO with a relatively small positive effect as compared to the stronger, negative effect 

of Al2O3. It should be noted that these coefficients are derived from our experiments only, and 

therefore may reflect small variations in our measured oxide contents, when compared to the 

larger, natural compositional array. 

We applied this compositional parameterization to an example peridotite (KLB-1; 

Takahashi, 1986), whose predicted CO2 content is 1.27 wt.% at the same P, T and fO2 conditions 

of our experiments. We can also now predict the CO2 content of any mafic to ultramafic melt as 

a function of P, T, and fO2 below the CCO buffer; for a fixed T and fO2 with increasing P, we see 

that CO2 content decreases as P increases (Fig. 5b), controlled by the formulation of Holloway et 

 
Figure 5-5 Model calculations 
(a) Comparison of measured CO2 contents with those calculated with this study’s model. (b) CO2 as a function 
of P at a fixed T and fO2 for the melt compositions of this study (purple lines) and for KLB-1 peridotite (green 
line). Following the Holloway et al. (1992) model CO2 decreases with pressure converging near 3 GPa. 



115 

 

al. (1992), and that as P increases the range of predicted CO2 between silicate melts decreases. 

Mathematically, this is due to the exponent term in Eqn. 8, conceptually, this collapse of CO2 

content with increasing pressure may be due to the compressibility of CO3
2- in silicate melts, 

with ultramafic melts showing a larger CO3
2- compressibility than mafic melts (larger change in 

volume). 

5.4.2 Effect of Composition on CO2 Dissolution 

It is clear from these experiments that the effects of Ca and Mg on the solubility of CO2 

are not fully accounted for in the NBO/T parameter (Fig. 4a). The experiments completed along 

the compositional array between basalt and peridotite do show increasing CO2 with increasing 

NBO/T, however when we varied Ca and Mg, we found that as Ca increases relative to Mg, 

dissolved CO2 content also increases. This follows as the Gibbs free energies of the equilibrium 

carbonation reactions are smallest for dissolution with Ca and increase through K, Na, Mg, and 

Fe calculated previously at 0.0001 GPa and 827 °C (Spera and Bergman, 1980). Dixon (1997) 

interpreted this as a preferred order for CO2 complexation in the melt, with CaCO3 favored over 

the other possibilities decreasing in likelihood from Ca>K>Na>Mg≈Fe, which lead to the 

formulation of the Π parameter, and eventually Π*. We determined the Π and Π* values of our 

experimental compositions and compared them with the dissolved CO2 contents and did find that 

both parameters describe the variance in CO2 better than NBO/T (Fig. 4c, d), but the low Ca 

experiment (G448) is still an outlier to the trends. 

Using our model, we can begin to ‘map’ CO2 content in silicate melt as a function of 

composition to determine the relative importance of one network modifier over the other, i.e., 

MgO versus CaO (Fig. 6). For the composition range covered by the experiments of this study, 

we see the highest density of lines, and over a 0.1 change in XMgO, e.g., from 0.3 to 0.4, at a fixed  
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Figure 5-6 CO2 solubility contours (in wt.%) at graphite saturation based on the model developed in this 
study in mole fraction of MgO versus mole fraction of CaO space 
The CO2 solubility contours (0.1 wt.% intervals) are plotted for 1 GPa, 1600 ºC, and logfO2 of IW+1.6, 
conditions that are similar to our experiments. For comparison, the compositions of our experimental glasses 
(purple circles) and the range of natural peridotites (green area, GEOROC database) and terrestrial basalts 
(blue area, GEOROC database) are plotted. This plot clearly shows that the peridotite liquid has a higher CO2 
solubility compared to those of basalts, owing to much less Al2O3 and much more MgO in the former. 

XCaO, the predicted CO2 content increases by ~0.4 wt.% and for a 0.1 change in XCaO at fixed 

XMgO, the CO2 content increased by ~0.5 wt.%, reinforcing the dominance of CaO over MgO in 

aiding the dissolution of carbonate in silicate melts. However, given the fact that compositional 

change from basalt to peridotite occurs by significant increase in XMgO with very little change or 

a smaller drop in XCaO, the increase of MgO causes the CO2 concentration to increase over this 

compositional range. 

5.4.3 Application to Magma Oceans of Terrestrial Planets 

With the constructed model, we can constrain the CO2 content of a graphite/diamond-

saturated magma ocean as a function of depth and as a function of composition as the magma 

ocean begins to cool and crystallize. The above model was applied to determine the CO2 content 

of peridotite along the P-T path of the peridotite liquidus (Fiquet et al., 2010) and a potential MO 

adiabat (Andrault et al., 2011) (Fig. 7). We determined the CO2 content along these P-T paths at 

the fO2 of the IW buffer (Campbell et al., 2009) and the CCO buffer (Frost and Wood, 1997). At 

a fixed fO2 of graphite-saturation, the amount of CO2 that can be dissolved in the melt increases 
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with depth well above 10 wt.%. However, during the MO stage, core formation was ongoing and 

fO2 was likely controlled by metal saturation and as closer to the IW buffer (Fig. 7b,d). Along 

the fO2 of the IW buffer, CO2 in peridotite liquid increases with increasing temperature, but 

decreases with increasing pressure, dropping ~28% along the liquidus from 0.09 wt.% at the 

surface, and ~41% along the adiabat from 0.24 wt.% at the surface. This is consistent with the 

hypothesis of the magma ocean ‘carbon pump’ that calls for a draw down of carbon from the 

 
Figure 5-7 Calculated CO2 contents of peridotite melt along the liquidus and a MO adiabat 
(a) P-T path of the peridotite liquidus solid green line (Fiquet et al., 2010) and of a magma ocean adiabat 
(Andrault et al., 2011). (b) IW and CCO buffers calculated along the P-T path of the liquidus shown in (a), 
(c) Calculated CO2 content for KLB-1 peridotite liquid along the P-T path of the liquidus shown in (a) and the 
fO2 profiles shown in (b). (d) IW and CCO buffers calculated along the P-T path of the adiabat shown in (a), 
(e) Calculated CO2 content for KLB-1 peridotite liquid along the P-T path of the adiabat shown in (a) and the 
fO2 profiles shown in (d). 
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early atmosphere and a precipitation and sequestering of carbon as graphite or diamond at depth, 

due to the higher CO2 solubility at the surface than at depth, effectively increasing the initial 

carbon budget of the mantle (Dasgupta, 2013; Dasgupta et al., 2013; Hirschmann, 2012). 

We also applied our model to determine the amount of CO2 dissolved in the terrestrial 

shallow magma ocean as it begins to cool from its completely molten state. Using the peridotite 

partial melting experiments of Walter (1998), we estimated the composition of the melt as a 

function of melt fraction (F), controlled by T, and P (Fig. 8, Fig. C3). At any given P and fO2, as 

the melt composition changes with crystallization, the calculated solubility drops more than two 

orders of magnitude (Fig. 8b). Since CO2 behaves incompatibly during this process, i.e., there 

are no silicate mineral phases that will take C, the CO2 that was dissolved in the peridotite either 

precipitates as graphite or diamond or, depending on the prevailing fO2, may be concentrated in 

an immiscible carbonate/carbonatite phase. For example, at 3 GPa along the IW buffer and bulk 

 
Figure 5-8 Compositional parameterization applied to partial melting of peridotite 
(a) CO2 contents of a tholeiitic liquid at graphite saturation calculated with the model of Holloway et al. 
(1992) at various P, T and fO2 across the solidus and liquidus of fertile peridotite KLB-1 (b) CO2 contents of 
mafic to ultramafic liquid at graphite saturation generated in the melting interval of fertile peridotite (Walter, 
1998) calculated with this study’s model along the same P, T and fO2 conditions with the addition of the 
compositional dependence that allow calculation of CO2 content as a function of melting degree (F), as melt 
composition changes with degree of melting (per experiments of Walter (1998), see Supplementary text, 
Appendix C for further detail). The comparison of (a) and (b) suggests that the use of basalt CO2 solubility 
model over the entire melting interval of peridotite underpredicts the CO2 solubility of peridotite liquid at 
graphite saturation at the liquidus by ~85% at all values of logfO2. 
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MO C content of 50 ppm, almost 40% of the initial carbon present has precipitated as graphite 

(~19 ppm) by a F of 70% (30% crystallization). By the time F has dropped to 20% (80% 

crystallization) 90% of the initial carbon (~45 ppm) has precipitated. For the shallowest parts of 

the MO, and if the MO is in constant contact with the atmosphere, the CO2 will degas into the 

early atmosphere setting up an initial equilibrium exchange of CO2 between the early 

atmosphere and the shallow, early mantle, setting the stage for the carbon cycle of the Earth. 

5.5 Conclusions 

Our experiments determine the compositional control on CO2 solubility for compositions 

varying between basalt and peridotite. We then constructed an equation to predict the CO2 

contents of a variety of melt compositions over a range of P, T, and fO2 appropriate for early 

Earth/MO conditions. By constraining CO2 solubility on a continuum of compositions between 

erupted basalt toward mantle peridotite, we can more accurately constrain the tradeoffs between 

core-MO partitioning and MO-atmosphere interactions and begin to place constraints on the 

initial carbon content of the mantle soon after MO crystallization. 
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A Appendix A 

Supplementary Material to Chapter 3 

Supplementary Material 

This section describes in more detail the calculations of the thermodynamic parameters 

(ΔV, ln(K0) and ΔH) for the various models and the inputs that affect the calculated values and 

their uncertainties. These inputs are the relative proportions of carbon species in the melt and the 

coexisting fluid composition. Both of these were mentioned in the ‘Dissolved CO2 and H2O’ 

section and the ‘Thermodynamic Framework’ section, respectively. 

 

We tested two different ways to determine carbon speciation as presented in this paper: 

1. The speciation measured using FTIR on quenched glasses. 

2. The ‘corrected’ speciation from the FTIR values with the model of Konschak and 

Keppler (2014), hereafter annotated as KK14 in the figures. 

The speciation ‘correction’ is accomplished assuming that CO2
tot. = CO2

mol. + CO3
2-, and that the 

CO2
tot.determined using FTIR on quenched glasses reflects the bulk CO2 content of melt at actual 

temperature of interest (Texp). We then adjust the amounts of CO2
mol. and CO3

2- until the lnK of 

Konschak and Keppler (2014), mol.
2

2
3 COCO

ln XXK   with mole fraction of species calculated 

with Eq. 10, is equal to the lnK of their equation 

      expTNBO388101480TNBO38.2169.2ln TK   with our experimental 

temperatures and NBO/T values. 
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We also tested three different ways to estimate the fluid composition and from that value of 

fCO2: 

1. fluid
CO2

X  determined by mass balance and fCO2 calculated with the model of Zhang and 

Duan (2009, 2010), hereafter annotated as ZD09 in the figures. 

2. fluid
CO2

X  determined using the model of Ghiorso and Gualda (2015), hereafter annotated as 

GG15 in the figures, and fCO2 calculated with the model of Zhang and Duan (2009, 

2010). 

3. fluid
CO2

X  and fCO2 determined using the model of Duan (2014), hereafter annotated as D14 

in the figures. 

 

Once the species concentrations and fCO2 values are determined, there are three ways to 

calculate the thermodynamic parameters: 

ΔH1. Calculate ln(K) for each experiment plot against P or 1/T, and determine ΔV and ΔH 

from the slope of a fitted line and ln(K0) as the y-intercept of ln(K) vs. P. 

ΔH2. Calculate ln(K) for each experiment plot against P and determine ΔV from the slope of a 

fitted line and ln(K0) as the y-intercept, and use least squares regression to determine a 

best fit ΔH value. 

ΔH3. Use least squares regression to determine the best fit for ΔV, ΔH, and ln(K0) 

simultaneously. 

The resulting values for all of these calculations are presented in Table 5. 
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Figure A-1 Comparison of measured and calculated volatile contents 
(a and b) H2O and (c and d) CO2 contents of rhyolitic melts from experiments and the models of (a and c) 
Ghiorso and Gualda (2015) and (b and d) Duan (2014). Shown are the high water rhyolitic melt used in this 
study and Duncan and Dasgupta (2014) (PMSCH7-dark gray circles, triangles and square), the intermediate 
water content experiments from Duncan and Dasgupta (2014) (PMSCH-medium gray circles), and for the low 
water rhyolitic melt from Duncan and Dasgupta (2014) (PMSC-light gray circles). Overall, the model of 
Ghiorso and Gualda (2015) does the best job at reproducing the dissolved CO2 and H2O contents measured in 
the glasses with the largest discrepancy in the dissolved H2O contents of the high water compositions. 
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Figure A-2 Comparison of fluid compositions calculated from mass balance and with previous models 

(a and b) fluid
OH2

X  and (c and d) fluid
CO2

X  values of fluids calculated from experiments and the models of (a and 

c) Ghiorso and Gualda (2015) and (b and d) Duan (2014). Shown are the high water rhyolitic melt used in this 
study and Duncan and Dasgupta (2014) (PMSCH7-dark gray circles, triangles and square), the intermediate 
water content experiments from Duncan and Dasgupta (2014) (PMSCH-medium gray circles), and for the low 
water rhyolitic melt from Duncan and Dasgupta (2014) (PMSC-light gray circles). Because both models over 

predict the dissolved H2O contents of silicate melts (Fig. A1a,b), the resulting fluid
CO2

X  values are also higher 

than we determined with mass balance (~74% different). 
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Figure A-3 Comparison of calculated fCO2 values for experiments and the models 
(a) Ghiorso and Gualda (2015) and (b) Duan (2014). Shown are the high water rhyolitic melt used in this 
study and Duncan and Dasgupta (2014) (PMSCH7-dark gray circles, triangles and square), the intermediate 
water content rhyolitic melt from Duncan and Dasgupta (2014) (PMSCH-medium gray circles), and for the 
low water rhyolitic melt from Duncan and Dasgupta (2014) (PMSC-light gray circles). With the 

overprediction of fluid
CO2

X  in the fluid for the high water compositions, the fCO2 values differ by ~65%. 
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Figure A-4 Determined ln(K) values based on the measured carbon species and GG15 fluid compositions 
For the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-) based on measured 

experimental speciation and fluid compositions from the model of Ghiorso and Gualda (2015). Linear 
regression of the experimental data allows determination of ΔH, ln(K0), and ΔV (ΔH1). (a and b) ln(K) versus 
inverse temperature for the high water rhyolitic melt used in this study and Duncan and Dasgupta (2014), and 
for the low water rhyolitic melt from Duncan and Dasgupta (2014)-circles and low water albitic melt from 
Stolper et al. (1987)-squares, (c and d) ln(K) versus pressure. Circles recalculated data from Duncan and 
Dasgupta (2014), triangles and square-this study. The obtained values are reported in Table 5. 
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Figure A-5 Determined ln(K) values based on the measured carbon species and D14 fluid compositions 
For the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-) based on measured 

experimental speciation and fluid compositions from the model of Duan (2014). Linear regression of the 
experimental data allows determination of ΔH, ln(K0), and ΔV (ΔH1). (a and b) ln(K) versus inverse 
temperature for the high water rhyolitic melt used in this study and Duncan and Dasgupta (2014), and for the 
low water rhyolitic melt from Duncan and Dasgupta (2014) -circles and low water albitic melt from Stolper et 
al. (1987) -squares, (c and d) ln(K) versus pressure. Circles recalculated data from Duncan and Dasgupta 
(2014), triangles and square-this study. The obtained values are reported in Table 5. 
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Figure A-6 Determined ln(K) values based on the ‘corrected’ carbon species and the mass balance fluid 
compositions 
For the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-) based on the ‘corrected’ 

carbon speciation from Konschak and Keppler (2014) and the fluid compositions calculated in this study. 
Linear regression of the experimental data allows determination of ΔH, ln(K0), and ΔV (ΔH1). (a and b) ln(K) 
versus inverse temperature for the high water rhyolitic melt used in this study and Duncan and Dasgupta 
(2014), and for the low water rhyolitic melt from Duncan and Dasgupta (2014)-circles and low water albitic 
melt from Stolper et al. (1987)-squares, (c and d) ln(K) versus pressure. Circles recalculated data from Duncan 
and Dasgupta (2014), triangles and square-this study. The obtained values are reported in Table 5. 
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Figure A-7 Determined ln(K) values based on the ‘corrected’ carbon species and GG15 fluid 
compositions 
For the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-) based on the ‘corrected’ 

carbon speciation from Konschak and Keppler (2014) and fluid compositions from the model of Ghiorso and 
Gualda (2015). Linear regression of the experimental data allows determination of ΔH, ln(K0), and ΔV (ΔH1). 
(a and b) ln(K) versus inverse temperature for the high water rhyolitic melt used in this study and Duncan and 
Dasgupta (2014), and for the low water rhyolitic melt from Duncan and Dasgupta (2014) - circles and low 
water albitic melt from Stolper et al. (1987) - squares, (c and d) ln(K) versus pressure. Circles recalculated 
data from Duncan and Dasgupta (2014), triangles and square-this study. The obtained values are reported in 
Table 5. 
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Figure A-8 Determined ln(K) values based on the ‘corrected’ carbon species and D14 fluid compositions 
For the dissolution of molecular carbon dioxide (CO2

mol.) and carbonates (CO3
2-) based on the ‘corrected’ 

carbon speciation from Konschak and Keppler (2014) and fluid compositions from the model of Duan (2014). 
Linear regression of the experimental data allows determination of ΔH, ln(K0), and ΔV (ΔH1). (a and b) ln(K) 
versus inverse temperature for the high water rhyolitic melt used in this study and Duncan and Dasgupta 
(2014), and for the low water rhyolitic melt from Duncan and Dasgupta (2014)-circles and low water albitic 
melt from Stolper et al. (1987)-squares, (c and d) ln(K) versus pressure. Circles recalculated data from Duncan 
and Dasgupta (2014), triangles and square-this study. The obtained values are reported in Table 5. 
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Figure A-9 Comparison of calculated ln(K) values (ΔH1) based on measure speciation and calculated 
fluid compositions 
(a and b) CO2

mol. and (c and d) CO3
2- for rhyolitic melts based on the measured carbon speciation and the 

calculated mass balance fluid composition from experiments and the models of (a and c) Ghiorso and Gualda 
(2015) and (b and d) Duan (2014). Shown are the high water rhyolitic melt used in this study and Duncan and 
Dasgupta (2014) (PMSCH7-dark gray circles, triangles and square), the intermediate water content 
experiments from Duncan and Dasgupta (2014) (PMSCH-medium gray circles), and for the low water 
rhyolitic melt from Duncan and Dasgupta (2014) (PMSC-light gray circles). Even with the overprediction of 

fluid
CO2

X  and fCO2 the calculated ln(K) values only differ by ~3%, indicating that the values calculated using the 

fluid composition determined by mass balance are reasonable to use. 
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Figure A-10 Comparison of calculated ln(K) values (ΔH1) based on the measured speciation and 
‘corrected’ speciation 
(a, c, and e) CO2

mol. and (b, d and f) CO3
2- for rhyolitic melts based on the measured speciation (x-axis) and 

the ‘corrected’ carbon speciation from Konschak and Keppler (2014) (y-axis) for each of the calculated fluid
CO2

X  

values: (a and b) mass balance experimental values, (c and d) calculated from the models of Ghiorso and 
Gualda (2015), and (e and f) calculated from the model of Duan (2014). Shown are the high water rhyolitic 
melt used in this study and Duncan and Dasgupta (2014) (PMSCH7-dark gray circles, triangles and square), 
the intermediate water content experiments from Duncan and Dasgupta (2014) (PMSCH-medium gray 
circles), and for the low water rhyolitic melt from Duncan and Dasgupta (2014) (PMSC-light gray circles). 
Because the ln(K) calculations are species-dependent the difference between using the measured species 
versus the ‘corrected’ species is ~2% for PMSC, ~6% for PMSCH, and ~8% for PMSCH7, for all 
comparisons. This difference is larger than the determined error on our initial calculations for the PMSCH and 
PMSCH7 compositions, but is still small enough that the effect on resultant bulk CO2 solubility calculation is 
small.  
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Figure A-11 Comparison of calculated CO2 contents between the empirical model (Eq. 12) and all 
thermodynamic models 
(ΔH1-circle, ΔH2-triangle, ΔH3-square) for rhyolitic melts from (a, c, and e) the experimentally measured 
speciation and (b, d, and f) the ‘corrected’ speciation using Konschak and Keppler (2014) for each of the 
calculated fluid

CO2
X  values: (a and b) mass balance experimental values, (c and d) calculated from the model of 

Ghiorso and Gualda (2015), and (e and f) calculated from the model of Duan (2014). Shown are calculations 
at 1300 °C at 1.5, 2.0, 2.5 and 3.0 GPa for the high water rhyolitic melt (PMSCH7-dark gray circles) and for 
the low water rhyolitic melt (PMSC-light gray circles). For the PMSCH7, and many of the PMSC, calculations 
the thermodynamic model is within error of our empirical, bulk CO2 model, potentially indicating that the 
effect of quench modification of the dissolved species of C is minor when compared to the total dissolved 
CO2. 
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Figure A-12 Comparison of calculated CO2 contents with all thermodynamic models based on 
experimental speciation 
(ΔH1-circle, ΔH2-triangle, ΔH3-square) for rhyolitic melts from experimentally measured speciation and 
calculated fluid composition (ZD09) and the model fluid compositions from (a) Ghiorso and Gualda (2015) 
and (b) Duan (2014). Shown are calculations at 1300 °C from 0.0001-5 GPa at 0.5 GPa intervals for the high 
water rhyolitic melt (PMSCH7-dark gray circles) and for the low water rhyolitic melt (PMSC-light gray 
circles). When the results of our calculations (i.e., CO2 content) are compared between our initial estimated 
values (ZD09) and the estimates using fluid composition from the other models, we find the largest difference 
in calculated CO2 using the ΔH3 thermodynamic values, with the exception of the values for the PMSCH7 
composition calculated with the GG15 fluid composition. Unsurprisingly, for the ΔH3 calculations the largest 
difference in calculated CO2 is outside the experimental pressure range (0.0001-1, 4-5 GPa) for all models. 
The average difference between (a) ZD09 and GG15 is ~13% for PMSC and ~9% for PMSCH7, and (b) ZD09 
and D14 is ~14% for PMSC and ~24% for PMSCH7. For the GG15 values, all differences are within the error 
of the initial calculation, and therefore do not lead to significant differences in calculated CO2 contents 
indicating that our estimate of fluid composition by mass balance is reasonable (barring actual measurements). 
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Figure A-13 Comparison of calculated CO2 contents with all thermodynamic models based on 
‘corrected’ speciation 
(ΔH1-cirlce, ΔH2-triangle, ΔH3-square) for rhyolitic melts from experimentally measured speciation and 
calculated fluid composition (ZD09) and the ‘corrected’ speciation using Konschak and Keppler (2014) with 
(a) the calculated fluid composition (ZD09) and the model fluid compositions of (b) Ghiorso and Gualda 
(2015) and (c) Duan (2014). Shown are calculations at 1300 °C from 0.0001-5 GPa at 0.5 GPa intervals for the 
high water rhyolitic melt (PMSCH7-dark gray circles) and for the low water rhyolitic melt (PMSC-light gray 
circles). When the results of our calculations (i.e., CO2 content) are compared between our initial estimated 
values (ZD09) and the estimates using carbon speciation and fluid composition from the other models, we find 
the smallest difference of calculated CO2 using the ΔH3 thermodynamic values and the larges difference in 
CO2 when using the ΔH1 values. For the ΔH3 calculations, the largest difference in calculated CO2 is outside 
the experimental pressure range (4-5 GPa) for all models. The average difference between (a) ZD09 and 
ZD09-KK14 is ~5% for PMSC and ~17% for PMSCH7, (b) ZD09 and GG15-KK14 is ~13% for PMSC and 
~18% for PMSCH7, and (c) ZD09 and D14-KK14 is ~13% for PMSC and ~25% for PMSCH7. 
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Figure A-14 Total CO2 solubility in slab melts along three representative slab top P-T paths 
From the model of Syracuse et al. (2010) presented in Fig. 9a, calculated using the thermodynamic model with 
(a) ΔH1, (b) ΔH2, and (c) ΔH3 values determined using the ‘corrected’ carbon speciation after Konschak and 
Keppler (2014) and the fluid composition calculated with the model of Ghiorso and Gualda (2015) for PMSC 
(grey dashed lines) and PMSCH7 (grey solid lines) in this study and using empirical Eq. 12 with different 
water contents (black solid line – PMSCH7, 3.5 wt.%; black dashed line – PMSC, 0.5 wt.%). The grey circles 
mark the CO2 solubility values for sub-arc depth P-T conditions. Because the empirical equation for predicting 
CO2 solubility in natural rhyolitic melts does not have a temperature term, it predicts the same CO2 solubility 
as a function of depth for all subduction zones for a melt with fixed H2O content. 
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B Appendix B 

Supplementary Material for Chapter 4 

B.1 Carbon Speciation 

As the thermodynamic calculations in Section 4.4.1 are strongly dependent on the 

amount of dissolved carbon species, we also determined thermodynamic values based on 

‘corrected’ speciation following the example of Duncan and Dasgupta (2015). This correction is 

accomplished assuming that only CO2
mol. and CO3

2- are dissolved in the glass and that these 

species concentrations reflect equilibration at the glass transition temperature (Tae), calculated 

from Zhang et al. (1995), and that the CO2
tot. values determined with FTIR are accurate for the T 

of our experiments (Texp). We then adjusted the concentrations of CO2
mol. and CO3

2- until the lnK 

of Konschak and Keppler (2014), mol.
2

2
3 COCO

ln XXK   with mole fraction of species (Figs. B1, 

B2), was equal to the lnK of their equation: 

      expTNBO388101480TNBO38.2169.2ln TK   (Eqn. 1) 

with our experimental temperatures and NBO/T values. From there we followed the methods 

outlined in the paper to determine best fit thermodynamic parameters (Fig. B3, Table B1). 

We then completed the same calculations to determine the amount of CO2 that would be 

dissolved in a melt generated along a slab P-T path (Fig. B4), and the amount of melt needed at 

sub-arc conditions to exhaust graphite in the slab (Fig. B5). Overall, the results are not 

significantly different from those determined with the experimental speciation calculations. 
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Figure B-1 Calculated lnK after Konschak and Keppler (2014) 
For experiments in this work and from Duncan and Dasgupta (2014) plotted as a function of estimated 
NBO/T. Various curves show the temperature dependence of lnK on silicate melt composition according to 
Konschak and Keppler (2014). Solid lines: calculated lnK for our experimental temperatures (Texp), dashed 
line: lnK determined for the apparent equilibrium temperatures (Tae) calculated from Zhang et al. (1995). 

 

 
Figure B-2 CO2

mol./CO2
tot. values 

(a) measured using FTIR on quenched glasses for experiments in this study and those from Duncan and 
Dasgupta (2014). (b) ‘Corrected’ values for the same experiments after Konschak and Keppler (2014). 
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Figure B-3 Determined ln(K) values for the dissolution of CO2

mol. and CO3
2- based on ‘corrected’ 

speciation 
(a) ln(K) versus pressure, CO2-saturated data from Duncan and Dasgupta (2014), open circles-this study. 
(b) ln(K) versus inverse temperature. 

 

Table B-1 Calculated ΔV, ln(K0), and ΔH of CO2 dissolution for each carbon species using ‘corrected’ 
speciation 

Comp. PMSCH 

T (°C) 1100-1400 

P (GPa) 1.5-3.0 

H2O (wt.%) 2.0 

 CO2
mol. CO3

2- 

All parameters calculated from Fig. S5 

∆V 30.3 (4) 30.2 (4) 

ln(K0) -13.5 (4) -15.1 (6) 

∆H 126 (4) 102 (2) 

R2  0.05 
   

All parameters fit by regression 

∆V 23 (2) 8 (1) 

ln(K0) -15.19 (8) -20.3 (5) 

∆H 58 (8) 90 (4) 

R2  0.32 
   

All parameters fit by regression with point at zero. 

∆V 22 (2) 8.3 (6) 

ln(K0) -15.35 (2) -20.1 (4) 

∆H 61 (7) 91 (3) 

R2  0.50 

Calculations based on melt

CO mol.
2

X  and melt

CO -2
3

X  estimates following 

the formulation of Stolper and Holloway (1988). 
fO2 values reported in Table 2. 
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Figure B-4 Slab top P-T paths and dissolved CO2 contents based on ‘corrected’ speciation model 
(a) Average slab top P-T paths for modern slabs (purple line) based on the D80 model of Syracuse et al. 
(2010) and for ancient slabs (orange lines) based on an average mantle cooling rate of ~70º/Gyr, circles 
indicate possible sub-arc conditions. Also shown are subducted sediment melting conditions (dashed lines) 
under fluid-saturated and fluid absent conditions (Mann and Schmidt, 2015), carbonate out boundaries based 
on experimental studies , (pelites, Mann and Schmidt, 2015), and the graphite/diamond transition 
(basalt/eclogite, Dasgupta et al., 2004) below which graphite-saturated melting ceases and diamond-saturated 
melting begins. (b) Calculated CO2 carrying capacities of sediment partial melt along P-T paths of various 
slabs at different fO2s (Kennedy and Kennedy, 1976). Calculation done using thermodynamic parameters 
(lnK0, ΔV, and ΔH) from this study’s experiments done in graphite capsules and previous experiments under 
CO2-saturated conditions (CCO and CCO-1; Frost and Wood, 1997). Pressure range between intersections 
with the wet solidus. Kink indicates transition from graphite to diamond buffering. 
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Figure B-5 Amount of melt needed at sub-arc conditions to exhaust graphite in the slab based on 
‘corrected’ speciation model. 
Calculated C (as graphite) concentration in a slab partial melt (green lines) decreasing as degree of melting 
increases, assuming batch melting with DC

melt/solid = 0 for different initial C concentrations. Horizontal lines 
indicate maximum concentration of C in a melt calculated for subduction zones at the sub-arc P and T for fO2 
at CCO and CCO-1. For melts generated at CCO, 100 ppm graphite is exhausted in the source by 6-22% 
melting of the slab, 500 ppm graphite is exhausted at 32-70% for the ancient subduction zones, and 1000 ppm 
graphite at CCO or 100 ppm at CCO-1 is exhausted by 63-92% melting for the slabs at 2 and 3 Ga, 
respectively. Melting degrees of this magnitude are unlikely in a subduction zone indicating that graphite 
would remain in the slab past the sub-arc for colder or more reduced subduction zones to be carried deeper 
into the mantle. 
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B.2 Slab Melt Composition as a Function of F 

 
Figure B-6 Experimental partial melts of subducted sediments and hydrous basalts 
As summarized recently by Schmidt (Duncan and Dasgupta, 2014, 2015), partial melts of subducted sediments 
and hydrous basalts are broadly rhyolitic to a melting degree (F) of ~60%. Dry pelite: (2015); wet pelite: 
(Spandler et al., 2010); carbonated pelite: (Hermann and Green, 2001; Hermann and Spandler, 2008; Johnson 
and Plank, 1999; Mann and Schmidt, 2015; Schmidt et al., 2004; Skora and Blundy, 2010; Tsuno and 
Dasgupta, 2012); wet, carbonated pelite: (Tsuno and Dasgupta, 2011); wet greywacke: (Mann and Schmidt, 
2015; Thomsen and Schmidt, 2008; Tsuno and Dasgupta, 2012); wet basalt/eclogite: (Auzanneau et al., 2006; 
Martindale et al., 2013; Schmidt et al., 2004) 
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C Appendix C 

Supplementary Material for Chapter 5 

 

 
Figure C-1 Experimentally-determined CO2 contents at graphite saturation 
From this study at 1.0 GPa and 1600 °C compared to previous experiments at similar conditions, i.e., at 
graphite saturation and at oxygen fugacity and depths relevant for shallow magma ocean. Previous studies 
include solubility at graphite saturation for basaltic melt at 0.05-2.0 GPa and 1200-1550 °C (Pawley et al., 
1992; Stanley et al., 2014; Thibault and Holloway, 1994), and graphite-saturated experiments that included a 
Fe-S-C metallic phase at 0.1-3.2 GPa and 1340-1800 °C (Armstrong et al., 2015; Chi et al., 2014; Dasgupta et 
al., 2013; Li et al., 2015; Stanley et al., 2014; Wetzel et al., 2013). 
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Figure C-2 FTIR carbonate doublet peak shift as a function of glass composition 
(a) FTIR spectra arranged in order of increasing shift of the right peak to the left. (b) Peak position as a 
function of MgO content of the glass. (c) Peak position as a function of CaO content of the glass. Note the 
better fit of the right peak shift with increasing MgO (R2 = 0.98) and the better fit of the left peak with 
decreasing CaO (R2 = 0.91). 
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The peridotite partial melting experiments of Walter (1998) allow estimation of silicate 

melt composition and temperature as function of P and F. We rederived the curves presented in 

Figure 5 of Walter’s study (Fig. S3): 

T = (6.9218x10-5*P + 2.8114x10-4)*F3 + (-8.52448x10-3*P + -1.3017x10-2)*F2 + (-0.19437*P + 

3.9964)*F + (74.049*P + 1.2596x103) 

SiO2 = (-3.7450x10-5*P + -8.9708x10-4)*F2 + (8.0322x10-3*P + 7.4098x10-2)*F + (-0.46909*P 

+ 46.614) 

Al2O3 = (-2.0303x10-4*P + -7.3336x10-5)*F2 + (4.7461x10-2*P + -0.16075)*F + (-2.7229*P + 

21.070) 

MgO = (2.2208x10-4*P + -7.7108x10-4)*F2 + (-3.5412x10-2*P + 0.10024)*F + (1.3244*P 

+5.7094) 

FeO = (-8.2926x10-5*P + 1.75548x10-3)*F2 + (-1.2531x10-2*P + 9.7262x10-2)*F + (2.1238*P + 

9.8861) 

CaO = (3.2823x10-5*P + -3.9926x10-4)*F2 + (2.4324x10-3*P + -5.6350x10-2)*F + (-0.58847*P 

+ 13.109) 

TiO2 = 12.0872*F-0.9094 

Na2O =5.1641*F-0.6425 

K2O = 6.5562*F-0.9203 

Cr2O3 = -7.8853x10-5*F2 +9.7223x10-3*F + 0.22019 

MnO = -6.6710x10-6*F2 + -2.6480x10-5*F + 0.20146 

where T in °C, P in GPa, F in %, oxides in wt.% 
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Figure C-3 Parameterization of the peridotite melting experiments of Walter (1998) 
Plots of oxides and T versus melting degree (F) with the curves fitted to the values reported from the 
experiments of Walter (1998). 


