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Abstract 19 
 20 

Decomposition of oxalic acid in the presence of water was examined in a hydrothermal 21 
diamond anvil cell up to 800°C and 970-1480 MPa as a function of oxygen fugacity to assess its 22 
usefulness as a C-O-H fluid source in petrologic experiments. Fluid, vapor, and solid species 23 
were identified in-situ at elevated temperature and pressure with Raman spectroscopy and optical 24 
microscopy. Under oxidizing conditions (buffered by the reaction NiO  Ni + ½O2), oxalic 25 
acid decomposes to carbon dioxide and water. Under reducing conditions (buffered by the 26 
reaction Mo + O2  MoO2), oxalic acid decomposes to methane and hydrogen. Under 27 
unbuffered conditions, at intermediate oxygen fugacity (approximately 0 to 1 log units below the 28 
fayalite-quartz-magnetite buffer), oxalic acid disproportionates to graphite and minor methane 29 
and carbon dioxide. The results from the Ni-NiO-buffered and Mo-MoO2-buffered experiments 30 
result in observed fluid species that are similar to those predicted by previous investigations. 31 
However, there are substantial differences between our results and previous studies of oxalic acid 32 
decomposition in the unbuffered experiment that was within a log unit of the fayalite-magnetite-33 
quartz (FMQ) buffer. These include the detection of aqueous C-H species at temperatures as low 34 
as 400°C and a solid graphite-like phase at 800°C. These differences can be explained if we 35 
consider that aqueous H2 in our experiment reacted to form the C-H species, instead of being lost 36 
via diffusion through the H2-permeable capsules used in previous studies. Consequently, for 37 
experiments within about 1 log unit of the FMQ buffer curve, oxalic acid is likely a poor choice 38 
for a C-O-H fluid source because the formation of graphitic carbon would result in significant 39 
deviations from the expected C-O-H fluid composition and concentration (i.e., CO2 + H2O). At 40 
oxygen fugacities outside a log unit of FMQ, the observed fluid species are similar to those 41 
predicted by previous investigations and the use of oxalic acid as a C-O-H fluid source is 42 
permissible from the perspective of oxygen fugacity, although other system parameters (e.g. 43 
sample geometries, capsule thickness, capsule materials, gasket materials, wall thickness) must 44 
still be considered. 45 

 46 
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Introduction 51 

Volatiles in the C-O-H system (O2, H2O, H2, CO2, CO, CH4) dominate the volatile budget of 52 

the silicate Earth (Jambon, 1994) and are likely to play at least some role in geologic systems on 53 

the other terrestrial bodies. The solubility and solution mechanisms of C-O-H components in 54 

melts and fluids depends upon several system parameters, including bulk composition, 55 

temperature, pressure, and oxygen fugacity (i.e., Dixon et al., 1995; Eggler et al., 1979; 56 

Jakobsson and Holloway, 1986; Jakobsson and Oskarsson, 1990; Mysen et al., 1975; Saxena and 57 

Fei, 1987; Ulmer and Luth, 1991). Many experiments have been conducted to investigate the C-58 

O-H system as a function of these parameters. However, most of the existing experiments were 59 

not analyzed in-situ at elevated pressure and temperature but were analyzed after the 60 

experimental samples had been returned to ambient conditions. Furthermore, many of the C-O-H 61 

experiments contain organic compounds (i.e., oxalic acid, hydrated oxalic acid, various oxalates, 62 

stearic acid, guanidine carbonate, tetrakis-silane) as a C-O-H fluid source. The presumed C-O-H 63 

fluid composition within those experiments relies heavily on assumptions that the organic 64 

compound will break down in a predictable manner and remain stoichiometric as the organic 65 

compound decomposes. Problems arise if the thermobarometric breakdown products of the 66 

selected organic compound include insoluble refractory organic compounds (IROC) that are 67 

stable or metastable at the elevated pressure and temperature conditions of the experiment. Some 68 

of these IROCs include graphite, macromolecular carbon, polycyclic aromatic hydrocarbons 69 

(PAH), and insoluble amorphous carbon (Eck et al., 1966; Steele et al., 2007; 2012a,b; Stein, 70 
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1978; 1991; Stein and Fahr, 1985). A few of these compounds are stable at temperatures greater 71 

than 2500°C (Stein, 1978; Stein and Fahr, 1985). If present as a thermal breakdown product of 72 

the organic compound used as a C-O-H fluid source, fluid compositions in the experiments 73 

would deviate from the expected C:O:H ratio.  74 

Many of the previous experiments that included C-O-H components and used organic 75 

reagents as a C-O-H source have relied heavily on thermodynamic predictions that assumed 76 

equilibrium; however, kinetic effects, diffusive loss of volatile components, as well as back-77 

reaction during cooling of an experiment are difficult to assess in the quenched run products 78 

(Brooker et al., 1998; Cesare, 1995; Holloway et al., 1968; Holloway and Reese, 1974; Morgan 79 

et al., 1992; Mysen and Yamashita, 2010). Consequently, in-situ analysis of the 80 

thermobarometric breakdown of a given organic compound should be determined before 81 

deciding on the appropriate compound to be used as a C-O-H fluid source in petrologic 82 

experiments. In particular, the decomposition of the organic compound should be assessed as a 83 

function of oxygen fugacity because the speciation within the C-O-H system is very sensitive to 84 

this parameter.  85 

The hydrothermal diamond anvil cell (HDAC) is ideal for this assessment. It allows for 86 

experimental conditions up to 2500 MPa and 1200°C and can be coupled with in-situ 87 

spectroscopic analysis and microscopic observations (Bassett et al., 1993). In the present study, 88 

we used the HDAC to observe the breakdown of oxalic acid in aqueous solution to 800°C and 89 

970-1480 MPa. The chemical species (in fluid, vapor, and solid) were determined in-situ 90 

throughout the experiments using Raman spectroscopy. 91 

Oxalic acid was chosen for this study because it is one of the most commonly used organic 92 

C-O-H fluid sources in petrologic experiments at high pressure and temperature (i.e., Aranovich 93 
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and Newton, 1999; Cherniak and Watson, 2007; 2010; Draper and Green, 1997; Holloway et al., 94 

1968; Holloway and Reese, 1974; Kesson and Holloway, 1974; Litvinovsky et al., 2000; 95 

Rosenbaum and Slagel, 1995). Thermal decomposition products of oxalic acid have been 96 

investigated previously, both experimentally and theoretically. At low temperatures (i.e., 97 

<150°C) the most common breakdown products include CO2, HCOOH (formic acid), CO, and 98 

H2O (Clark, 1955; Kakumoto et al., 1987; Lapidus et al., 1964; Nieminen et al., 1992; Noyes and 99 

Wobbe, 1926; Wobbe and Noyes, 1926; Yamamoto and Back, 1985). At higher temperatures 100 

analogous to hydrothermal, metamorphic, and igneous systems in planetary interiors, the 101 

breakdown products are reported to include CO2, CO, H2O, CH4, H2, graphite, and supercritical 102 

C-O-H fluids depending on experimental conditions (Holloway et al., 1968; Holloway and 103 

Reese, 1974; Kesson and Holloway, 1974; Morgan et al., 1992). The experimental results have 104 

been compared to results of thermodynamic calculations (using a database that includes standard 105 

state data for organic compounds) to assess whether or not equilibrium was attained during the 106 

experiments. In the present study, we compare our in-situ observations to previous investigations 107 

that assessed quenched run products only. We then use our data to assess the reliability of using 108 

oxalic acid as a C-O-H fluid source in petrologic experiments. 109 

Experimental methods 110 

Starting materials 111 

Oxalic acid dihydrate [C2H2O4•2H2O] powder was mixed with double-distilled deionized 112 

H2O to obtain a 160 millimolar (mM) solution of oxalic acid [C2H2O4]. This concentration was 113 

chosen for three reasons. First, the concentration is high enough to detect C-O-H fluid species in 114 

solution, the exsolved vapor, and precipitated solid phases by Raman spectroscopy. Second, the 115 

oxalic acid concentration is low enough that the fluid pressure-volume-temperature (PVT) 116 
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properties do not deviate substantially from that of pure H2O, making possible a pressure 117 

calibration of our HDAC using H2O isochors (Bassett et al., 1996; Wagner and Pruss, 2002). 118 

Third, the concentration was well below the 1 bar, 25°C saturation limit of oxalic acid in H2O 119 

(i.e., 14.3g/100mL or a 1.59 molar solution), so we were able to load the gaskets without forming 120 

unwanted crystal-liquid mixtures. Minor evaporation during sample loading would not drive the 121 

composition substantially towards oxalic acid saturation. 122 

Hydrothermal diamond anvil cell (HDAC) experiments 123 

An externally-heated hydrothermal diamond anvil cell (HDAC) (Bassett et al., 1993; Bassett 124 

et al., 1996) with 1 mm culets was used for all of the experiments. Analysis of the experiments 125 

was conducted in-situ at high temperature and pressure using Raman spectroscopy and optical 126 

microscopy. Temperatures were monitored and controlled to within ±1°C with chromel–alumel 127 

thermocouples in contact with the diamond surfaces of the upper and lower diamond anvils. The 128 

temperatures were calibrated against the melting temperature of NaCl (801°C at ambient 129 

pressure).  Iridium gaskets with a 500µm central hole and 125µm thickness (these dimensions 130 

are determined prior to experiments) were used for sample containment. A gas mixture of 99% 131 

Ar and 1% H2 was used to flow through the cell during each experiment to prevent oxidation of 132 

the metallic parts and decomposition of the diamond anvils during the high-temperature portions 133 

of the experiments.   134 

Controlling oxygen fugacity in the HDAC. For experiments that were to be conducted 135 

under reducing conditions, the oxalic acid solution was loaded with a ~200 µm long, 70 µm 136 

diameter Mo0 wire. During the experiment, both water and aqueous oxalic acid components 137 

would likely react with the molybdenum, but the dominant reaction in the system would be the 138 

following: 139 
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Mo0 + 2H2O ↔ MoO2 + 2H2                                                   [1] 140 

This reaction would drive the oxygen fugacity (ƒO2) of the experiment to reducing conditions that 141 

reach the Molybdenum-Molybdenum oxide buffer (MMO). This logƒO2 value is approximately 142 

equal to that of the iron-wüstite buffer (IW) at the maximum P-T conditions for the HDAC 143 

experiments in the present study (Figure 1.; O'Neill and Pownceby, 1993; O'Neill, 1986). This 144 

technique for controlling ƒO2 in a HDAC was previously described by Mysen and Yamashita 145 

(2010). They reported that aqueous Mo-species do not become a major constituent in the fluid 146 

phase during the experiment (i.e., < 1 wt.% Mo). It is important to note that the MMO buffer is 147 

considered to be a lower limit estimate for the ƒO2 of our experiment because it is difficult to 148 

assess whether the reactive metal surface of the Mo0 wire was completely coated with MoO2, 149 

which would isolate the Mo0 interior from the fluid and prevent reaction [1] from proceeding 150 

until an equilibrium fH2/fH2O was attained. This problem would be amplified by loss of H2 from 151 

the system. 152 

 For experiments that were to be conducted under oxidizing conditions, the oxalic acid 153 

solution was loaded with NiO powder and Ni0 powder. During the experiment, it was predicted 154 

that NiO would react with the aqueous oxalic acid components in the solution according to the 155 

reaction: 156 

               NiO + C2H2O4 ↔ Ni0 + H2O + 2CO2    [2] 157 

This reaction would buffer the oxygen fugacity (ƒO2) to oxidizing conditions equal to the Nickel-158 

Nickel oxide fO2 buffer (NiNiO) up to the point where all NiO would be consumed to make Ni 159 

metal (complete consumption of NiO during the experiment could occur due to H2 permeation 160 

into the sample chamber from the Ar-H gas envelope around the diamond anvils). The NiNiO 161 

buffer is approximately 5 log units more oxidizing than the iron-wüstite buffer (IW) at the 162 
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maximum P-T conditions for the HDAC experiments in the present study (Figure 1.; Holmes et 163 

al., 1986; O'Neill and Pownceby, 1993). 164 

 One of the experiments was run unbuffered with respect to oxygen fugacity, but 165 

calculations using the program GFluid (Zhang and Duan, 2009; 2010), which calculates oxygen 166 

fugacity of a C-O-H fluid based on the fluid composition, indicate that the experiment ranged 167 

from an oxygen fugacity that was approximately equal to the FMQ oxygen fugacity buffer curve 168 

at low P-T conditions (i.e., 400°C and 730 MPa) and ranged as low as about 1 log unit below the 169 

FMQ buffer curve at the peak conditions of the experiment (i.e., 800°C and 1450 MPa). 170 

Therefore, although this experiment was not buffered with respect to oxygen fugacity, the range 171 

in oxygen fugacity for the entire duration of the experiment was within 1 log unit of the FMQ 172 

buffer curve. This ƒO2 value is approximately 3.5 log units above that of the IW buffer at the 173 

maximum P-T conditions for the HDAC experiments in the present study (Figure 1.; O'Neill, 174 

1987; O'Neill and Pownceby, 1993). 175 

Estimation of Pressure in the HDAC experiments. Pressure was computed using the 176 

equation-of-state (EoS) of pure H2O (PVT data from Wagner and Pruss, 2002) in a constant-177 

volume sample container (Bassett et al., 1996). To ensure gasket quality (defined as having 178 

constant gasket-volume behavior) during a high temperature/pressure experiment, the iridium 179 

gasket was run with pure double-distilled H2O before loading it with the oxalic acid solution. 180 

This “pressure-conditioning” involved loading the gasket with double-distilled deionized water 181 

and increasing temperature, and hence pressure, to those of the maximum run conditions. This 182 

process was repeated until constant gasket-volume behavior was ascertained by gas bubble 183 

disappearance and reappearance (liquid-vapor homogenization) at the same temperature during 184 

heating and cooling of the HDAC containing only H2O and air (see also Mysen, 2009 for details 185 
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of this procedure). This procedure did not work every time, as some gaskets changed volume 186 

with each episode of heating, so these gaskets were discarded. This procedure had a secondary 187 

advantage of being an effective method for removing carbon contamination from the gasket 188 

before loading the sample (Schmidt, 2009). The temperature difference between appearance and 189 

disappearance of bubbles was typically <10°C. Subsequent to pressure-conditioning, the oxalic 190 

acid + H2O solution was loaded into the central hole of the iridium gasket. Importantly, the 191 

160mM solution of oxalic acid is not pure water, so the pressure calculations will have a larger 192 

uncertainty than that described above for a pure H2O system. Given the low concentration of 193 

oxalic acid in the aqueous solution (160mM), the pressures are going to be similar to those 194 

calculated using the PVT properties of pure H2O. The P-T path for each experiment is dependent 195 

upon the liquid density, which we determined using the liquid-vapor homogenization 196 

temperature. To account for changes in fluid density from the breakdown of oxalic acid 197 

components during heating, the density of the solution for each experiment was determined 198 

based on the liquid-vapor homogenization temperature during heating and cooling to determine 199 

the pressure for each heating and cooling path, respectively. The maximum pressure was taken to 200 

be the midpoint between the pressure computed from the fluid density during heating and the 201 

pressure computed from the fluid density during cooling. The largest difference in liquid-vapor 202 

homogenization temperature during heating and cooling occurred in the Mo-wire-bearing 203 

experiment due to the breakdown of H2O to H2 and oxidation of Mo to MoO2 that occurred in 204 

addition to the breakdown of oxalic acid components. 205 

Analytical methods and thermodynamic modeling 206 

Raman spectroscopy and optical microscopy 207 
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Experiments were monitored optically using reflected and transmitted visible light 208 

microscopy during each experiment. Density was determined for each of our oxalic-acid 209 

solutions by observing the temperature of liquid-vapor homogenization during heating and 210 

cooling, and those temperatures and densities are reported in Table 1. Two of the experiments 211 

(unbuffered and Ni-bearing) had vapor bubbles at 25°C that dissolved into solution during the 212 

tightening of the screws on the HDAC, so a homogenization temperature of 25°C was used for 213 

these experiments. The liquid-vapor homogenization temperatures during cooling were used to 214 

compute density and pressure during the cooling path for each experiment. The fluid density 215 

during cooling was typically lower than during heating (Table 1). 216 

The speciation of the fluid during each of the experiments was probed with a Jasco model 217 

NRS-3100 confocal microRaman spectrometer. This spectrometer is equipped with a single 218 

monochromator and employs a holographic notch filter and holographic gratings with 600, 1200, 219 

or 2400 gratings/mm. A 50× magnification/0.42 N.A. objective lens was employed. A 532 nm 220 

laser operating at 7 mW was used for sample excitation. Signal detection was accomplished with 221 

an Andor Model DV401-F1 1024 × 128 pixel (25 µm pixel size) Peltier-cooled CCD. 222 

Acquisition time was typically 180 sec/CCD window and 2 acquisitions/window. 223 

Raman spectroscopic measurements were conducted by first recording spectra of the 224 

sample at ambient conditions in the diamond anvil cell. The oxalic acid solution in the diamond 225 

cell was then raised to 800°C and 970-1480 MPa, and optical and spectroscopic observations 226 

were conducted at 100°C intervals both as the experiments were heated and cooled. The 227 

heating/cooling rate between intervals was approximately 1°C/s. With this procedure, the 228 

samples remained at each temperature between 20 and 30 minutes during optical and Raman 229 
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spectroscopic analysis. Background subtraction and curve-fitting of Raman spectra were carried 230 

out using the commercial software package ACD LABS Spec manager V12. 231 

Thermodynamic modeling 232 

Aqueous speciation and chemical mass transfer calculations (Helgeson, 1979) were used 233 

to model the aqueous fluid phase chemistry in the oxalic acid decomposition experiments. 234 

Calculations were carried out using the computer codes EQ3NR/EQ6 (Wolery, 1983; 1984) 235 

modified to model supercritical aqueous solution chemistry. The thermodynamic data used are 236 

from an internally consistent compilation from the following sources: minerals (Helgeson et al., 237 

1978), metallic Mo and MoO2 (Robie et al., 1978), and aqueous species (Shock, 1995; Shock and 238 

Helgeson, 1988; 1990; Shock et al., 1989; Shock et al., 1997; Sverjensky et al., 1997). 239 

Equilibrium constants were calculated with SUPCRT92 (Johnson et al., 1992) and incorporated 240 

into the database for EQ3NR/EQ6. Calculations were limited to a maximum pressure of 500 241 

MPa corresponding to the upper limit for available thermodynamic properties of the aqueous 242 

species. At this pressure, the experimental temperature in the HDAC is approximately 330-243 

450°C. Therefore, the results presented from this modeling correspond to the equilibrium 244 

conditions at 450°C and 500 MPa (see Table 1 for P-T relationship in the experiments). 245 

An initial aqueous speciation calculation of dilute oxalic acid in water was carried out at 246 

25°C and 500 MPa. The aqueous solution also included trace amounts of Mo. The output from 247 

this speciation calculation was used as input to a reaction path calculation (using EQ6) at 450°C 248 

and 500 MPa. The 160 mM aqueous solution was reacted with 160 millimoles per kg water of 249 

oxalic acid with and without excess metallic Mo as an additional reactant. These calculations 250 

provide a Gibbs free energy minimization of the bulk composition of the three systems of 251 
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interest: oxalic acid + water + Mo0 wire, oxalic acid + water + NiO powder + Ni0 powder, and 252 

oxalic acid + water. 253 

Results 254 

A summary of experimental conditions and phases present at each heating and cooling 255 

step is shown in Table 1. The densities for each of the experimental liquids were determined 256 

based on the liquid-vapor homogenization temperature during heating and cooling. During the 257 

heating path the liquid-vapor homogenization temperatures were 25°C for the unbuffered and 258 

Ni0+NiO experiments and 162°C for the Mo-bearing experiment (corresponding to fluid 259 

densities of 0.997 and 0.905 g /cm3, respectively). Upon cooling, the liquid-vapor 260 

homogenization temperatures were 90°C for the unbuffered experiment, 50°C for the Ni0+NiO 261 

experiment, and 225°C for the Mo-bearing experiment (corresponding to fluid densities of 0.965, 262 

0.988, and 0.834 g /cm3, respectively). Although the temperature/pressure paths of the three 263 

experiments were similar, the Ni0+NiO, and unbuffered experiments reached a higher pressure 264 

(1480 and 1450 MPa, respectively) than the Mo0 experiment (970 MPa) (Table 1). 265 

Procedural blank experiment 266 

 We performed a procedural blank experiment mirroring our run conditions for the oxalic 267 

acid experiments; but in our blank experiment, we added only pure double-distilled deionized 268 

H2O into the central hole of an Ir gasket. The results of this experiment did not yield any 269 

detectable C-H species in the resulting fluid over the entire run duration, which was also reported 270 

by Mysen, 2010, which used run conditions similar to those employed here. Although Chou and 271 

Anderson (2009) reported that pure H2O in a hydrothermal diamond anvil cell experiment could 272 

react with the diamond anvil and metallic gasket (including Re, Ir, and Inconel) to form various 273 

C-bearing species including methane (CH4) and carbon dioxide (CO2), we do not consider the 274 
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diamond anvils to have been a significant source of carbon contamination in our HDAC 275 

experiments. Our results are consistent with another recent study that used a Bassett-style HDAC 276 

to observe pure water at elevated pressures and temperatures (Kawamoto et al., 2004), and 277 

carbon-species were not detected in the fluids of those experiments, although those experiments 278 

were at lower temperature. 279 

 160 mM oxalic acid experiment with Mo0 wire 280 

Optical microscopy. Transmitted and reflected light photomicrographs of the 281 

experimental charge before heating are shown in Figure 2a. Upon heating the vapor bubbles 282 

present at the time of loading disappeared at 162°C. From the point of vapor loss, there was no 283 

apparent change to the Mo0-bearing system visually until the heating step from 400-500°C. At 284 

400-500°C, the Mo0 wire began to oxidize, forming small needles of MoO2 (confirmed by 285 

Raman spectroscopy in Figure 3; Dieterle and Mestl, 2002), similar to those reported by Mysen 286 

and Yamashita (2010) (Figure 2b). Once formed, the MoO2 phase persisted throughout the 287 

duration of the experiment; however, the reaction did not go to completion, as there was still Mo0 288 

left at the end of the experiment. However, as noted above, it was difficult to assess whether the 289 

reactive metal surface of the Mo0 wire reached complete oxidation, leaving a metal interior that 290 

no longer communicated with the aqueous fluid; therefore, the MMO buffer should be 291 

considered a lower limit on the oxygen fugacity of the system. During cooling, a vapor phase 292 

exsolved from the fluid (Figure 2c) at 225°C. The vapor volume increased as the experiment 293 

cooled to 100°C. 294 

Raman spectroscopy. During heating of the Mo0-bearing sample, there was no apparent 295 

change in fluid-speciation until 500°C. At this temperature, a broad peak centered at 2905 cm-1 296 
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appears (Figure 4a, b). This peak is assigned to C-H stretch vibrations in aqueous C-Hn species. 297 

Its appearance likely marks the initial breakdown of the aqueous oxalic acid.  298 

The wavenumber of the 2905 cm-1 peak increased to 2920 cm-1 at 600°C and remained at 299 

this position until 800°C where it shifted to lower wavenumber (2910 cm-1). As the temperature 300 

and pressure of the experiment was lowered, the spectral position of this peak decreased from 301 

2910 cm-1 to 2900 cm-1, and its intensity increased until 300°C (Table 2). During the cooling step 302 

from 300°C to 200°C, vapor bubbles exsolved from the fluid, and the intensity of the 2900 cm-1 303 

peak in the fluid decreased considerably. Subsequent cooling steps resulted in a decreased 304 

intensity of the 2900 cm-1 peak concomitant with the increased volume of the vapor bubbles.  305 

Subsequent to the cooling step from 800°C to 700°C, a peak centered at 4133 cm-1 306 

appeared (Figure 4a, c). This peak is assigned to the H-H molecular vibrations of H2 (Bezmen et 307 

al., 1991; Morgan et al., 1992; Socrates, 2001). As the fluid was cooled, its wavenumber varied 308 

between 4126 cm-1 and 4133 cm-1. Its intensity increased until 300°C and dropped subsequent to 309 

vapor-phase exsolution from the fluid (Figure 4a, c), similar to the intensity behavior of the 2900 310 

cm-1 peak (Figure 4a, b). The Raman spectra of these bubbles contain several very sharp peaks at 311 

356 cm-1, 589 cm-1, 815 cm-1, 1034 cm-1, 2900 cm-1, 3009 cm-1, 3064 cm-1, 3576 cm-1, 3904 cm-1, 312 

4117 cm-1, and 4146 cm-1 (Figure 5). The peaks at 356 cm-1, 589 cm-1, 815 cm-1, 1034 cm-1, 4117 313 

cm-1, and 4146 cm-1 are assigned to H2 (Bezmen et al., 1991; Morgan et al., 1992; Socrates, 314 

2001). The peaks at 2900 cm-1, 3009 cm-1, 3064 cm-1 are associated with CH4 (Lin-Vien et al., 315 

1991; Socrates, 2001, Lu et al., 2007). There are peaks at 3576 cm-1 and 3904 cm-1 that appear in 316 

the spectrum of the vapor phase and not in the fluid phase. Although the 3576 cm-1 peak is in the 317 

same region as H2O (Frantz et al., 1993; Kawamoto et al., 2004; McMillan and Remmele, 1986; 318 

Van Thiel et al., 1957; Velde, 1983), specifically hydrogen-bonded OH stretching modes (Lin-319 
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Vien et al., 1991), it may not be from H2O vapor due to its correlation in intensity with the peak 320 

at 3904 cm-1, which is outside of the range for OH modes. We were unable to identify the 321 

molecular species responsible for these peaks, but we can confirm that they are not due to Raman 322 

vibration modes from any known organic molecular group (Lin-Vien et al., 1991; Socrates, 323 

2001), and we suspect that they could be the result of photoluminescence from a minor species 324 

within the vapor. 325 

Thermodynamic Calculations. Reaction of 160 millimoles oxalic acid with 1.0 kg water 326 

and 20 moles of Mo at 450°C and 500 MPa resulted in the aqueous fluid speciation presented in 327 

Table 3. The reactions resulted in the conversion of 13 moles of Mo to MoO2 at which point the 328 

fluid reached equilibrium with respect to both the metal and the oxide. Other than CH4, aqueous 329 

C-bearing species were predicted to be present in only trace amounts. The computed logƒO2 of 330 

the system was equal to approximately -32, which is displaced by -6.5 log units below the QFM 331 

oxygen buffer at 450°C and 500 MPa (approximately equal to IW -1). It should be noted that the 332 

aqueous species concentrations (e.g. the 592 mM CH4) reflect consumption of 26 moles of water 333 

during the conversion of the 13 moles of Mo metal to its oxide. During this reaction, 25 moles of 334 

aqueous H2 were produced. This is far in excess of what could be dissolved in the aqueous fluid. 335 

In the model, only aqueous solutions and solids are explicitly treated. There is no provision for 336 

an additional coexisting low density gas-like phase. However, the production of so much H2 337 

from the oxidation of the Mo metal suggests that a separate H2-rich gas-like phase should form. 338 

This phase was not observed in the experiments until low temperature, which may indicate either 339 

the extent of reaction of Mo with water did not reach equilibrium, some of the H2 escaped from 340 

the system by leakage, or a combination of both processes. 341 
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Other important features of the model are that the fluid is computed to be extremely 342 

undersaturated with respect to graphite (about -24 kcal/mol). In addition, the concentration of 343 

aqueous Mo-species were predicted to be on the order of 4.34 x 10-11 molal, consistent with the 344 

conclusions of Mysen and Yamashita (2010) that Mo(aq) concentrations resulting from fluid 345 

interaction with Mo0 wire in the HDAC (at the P-T conditions relevant to the present study) are 346 

below the detection limit of aqueous Mo-species by Raman spectroscopy. 347 

160 mM oxalic acid experiment with NiO and Ni0 powder 348 

Optical microscopy. After initially loading the oxalic acid solution and Ni0+NiO 349 

powder, there was a vapor bubble in the solution that dissolved as the screws on the HDAC were 350 

tightened. Transmitted and reflected light photomicrographs of the experimental charge after 351 

tightening of the screws and before heating are shown in Figure 6a. The NiO powder appeared to 352 

react with the solution immediately upon loading into the gasket. The powder noticeably 353 

increased in volume during the heating step from 100°C to 200°C (Fig. 6b), translucent crystals 354 

started to grow, including a single large crystal (Figure 6c). Above 300°C, the crystal began to 355 

react and reduce in volume, forming small metallic clusters of Ni0 (Figure 6c); however, the 356 

reaction did not seem to go to completion because there appeared to be two phases left at the end 357 

of the experiment. During cooling, a vapor phase exsolved from the fluid (Figure 6d) at 358 

approximately 50°C, and the volume of the vapor increased with decreasing temperature.  359 

Raman spectroscopy of the solid. Initial Raman analyses of the NiO powder before 360 

heating yielded a spectrum that was similar to α-Ni(OH)2 or highly disordered β-Ni(OH)2 (Figure 361 

3b; Deabate et al., 2000; Desilvestro et al., 1986), which likely occurred by interaction of NiO 362 

with the hydrous component of the oxalic acid solution via the reaction: 363 

                                      NiO + H2O ↔ Ni(OH)2                                 [3], 364 
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The Ni(OH)2 powder noticeably increased in volume during the heating step from 100°C to 365 

200°C (Fig. 6b), which corresponded to the formation of translucent crystals by optical 366 

microscopy. The Raman spectra of the translucent crystals was similar to the mineral zaratite 367 

[Ni3(CO3)(OH)4•4(H2O)] (Figure 3; Frost et al., 2008), indicating the conversion of Ni(OH)2 to a 368 

hydrated Ni carbonate. By 300⁰C, Ni(OH)2 was no longer detected in the experiment. The 369 

zaratite likely formed by reaction with the oxalic acid component of the fluid based on the 370 

following reaction: 371 

7Ni(OH)2 + C2H2O4 + 4H2O ↔ 2Ni3(CO3)(OH)4•4(H2O) + Ni0                         [4]. 372 

Above 300°C, the hydrated Ni carbonate began to react and reduce in volume, forming small 373 

metallic clusters of Ni0 (Figure 6c); however, the reaction did not go to completion, as there was 374 

still hydrated Ni carbonate left at the end of the experiment (Figure 3). The activity of NiO may 375 

have deviated from unity because all of the NiO reacted to form Ni(OH)2, followed by hydrated 376 

Ni carbonate, so the NiNiO oxygen buffer should be considered an upper limit on the oxygen 377 

fugacity of the system. Importantly, a Ni2+-phase was present throughout the duration of the run, 378 

so we were likely within a log unit of NiNiO. 379 

Raman spectroscopy of the fluid. During heating of the NiO+Ni0-bearing sample, there 380 

was no apparent change in fluid-speciation during the entire sequence of heating to 800°C and 381 

cooling to 25°C. A vapor phase exsolved during cooling at 50°C, and the Raman spectra of these 382 

bubbles contain two small peaks on either side of the main diamond peak at 1389 cm-1 and 1286 383 

cm-1 (Figure 7), both of which are indicative of CO2 (Socrates, 2001; Yamamoto and Kagi, 384 

2008). A high spectral resolution Raman analysis with the spectrometer centered at 2900 cm-1 385 

was also conducted on the vapor bubbles, but no other peaks in this region were detected (Figure 386 

7), indicating that C-H components were not detected in the vapor phase.  387 
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Thermodynamic Calculations. 388 

Other than CO2, aqueous C-bearing species were predicted to be present in only trace 389 

amounts (Table 3). The computed logƒO2 of the system was equal to approximately -24.7, which 390 

is displaced by 1 log units above the QFM oxygen buffer at 450°C and 500 MPa. The fluid is 391 

computed to be undersaturated with respect to graphite (about -7 kcal/mol).  392 

Unbuffered 160 mM oxalic acid experiment 393 

Optical microscopy. Transmitted and reflected light photomicrographs of the 394 

experimental charge before heating are provided in Figure 2d. As the unbuffered experiment was 395 

heated, there was no apparent visual change until the heating step from 700-800°C. At 700-396 

800°C, a dark phase began to precipitate on the diamond anvils (Figure 2e). After its formation, 397 

the phase persisted throughout the duration of the experiment. A vapor phase exsolved from the 398 

fluid upon cooling at approximately 90°C (Figure 2f), and the volume of the vapor increased 399 

with decreasing temperature. 400 

Raman spectroscopy. As the unbuffered sample was heated, there was no apparent 401 

change in fluid-speciation until 400°C. At this temperature, a broad peak centered at 2907 cm-1 402 

was detected (Figure 8a, c). This peak position is typically associated with aqueous C-Hn species 403 

(Chou et al., 1990; Dubessy et al., 1999; Socrates, 2001), which may mark the initial breakdown 404 

of the aqueous oxalic acid. The peak centered at 2907 cm-1 increased in intensity and 405 

wavenumber (2907-2935 cm-1) as a function of increasing temperature and pressure, until the 406 

heating step from 700-800°C (Table 4). When heating from 700°C to 800°C, a thin layer of dark 407 

material precipitated on the diamond anvil surfaces and the broad peak centered at 2907-2923 408 

cm-1 was not detected; although the peak reappeared during the cooling step from 700°C to 409 

600°C (Figure 8a, c). The broad peak centered at 2907-2923 cm-1 disappeared once more during 410 
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the cooling step from 400°C to 300°C, and it was not detected in the fluid phase for the 411 

remainder of the experiment. The Raman spectrum collected at 800°C included the appearance 412 

of a broad peak centered at 1578 cm-1, and this peak is likely associated with the thin layer of 413 

dark material that precipitated between 700°C and 800°C (Figure 8a, b). The identity of the 1578 414 

cm-1 peak is consistent with C=C bonds typically associated with graphite (Socrates, 2001; Steele 415 

et al., 2007; 2010), however it is difficult to assess the degree of crystallinity of this phase 416 

because the peak in graphite that indicates the degree of disorder (i.e., the D band at 1350 cm-1) 417 

is masked by the large diamond peak. The height of the peak centered at 1578 cm-1 continued to 418 

increase as temperatures cooled back to room temperature (Table 4). The peak center of the 1578 419 

cm-1 peak remained relatively constant (perhaps with a slight increase in peak center position as 420 

a function of decreasing temperature and pressure) during cooling, with the center position in the 421 

1575 cm-1 to 1585 cm-1 range (Figure 8a, b and Table 4). A vapor phase exsolved from the fluid 422 

below 100˚C (Figure 2f), and the Raman spectra of the vapor bubbles showed peaks at 1287 cm-423 

1, 1390 cm-1, 2900 cm-1, 3500 cm-1, and 3850 cm-1 (Figure 9). Those at 1287 cm-1 and 1390 cm-1 424 

are assigned to CO2 (Azbej et al., 2007; Chou and Anderson, 2009; Morgan et al., 1992; Rosso 425 

and Bodnar, 1995). The peak at 2900 cm-1 is associated with CH4 (Chou et al., 1990; Dubessy et 426 

al., 1999; Socrates, 2001). There is a peak centered at approximately 3500 cm-1 that stands above 427 

the broad peak resulting from H2O that is observed in the fluid spectra. The 3500 cm-1 peak may 428 

not be associated with H2O in the vapor phase. Much like in the Mo-bearing experiment, the 429 

peak coexists with another higher wavenumber peak (at 3850 cm-1) that is inconsistent with OH 430 

stretching modes. We have not identified the source for these peaks, but we suspect that they 431 

could be the result of photoluminescence from a minor species within the vapor. Importantly, the 432 
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peaks do not seem to be Raman vibrational modes of any known organic molecular groups (Lin-433 

Vien et al., 1991; Socrates, 2001). 434 

Thermodynamic calculations. In the absence of a solid reactant, reaction of 160 435 

millimoles oxalic acid with 1.0 kg water at 450°C and 500 MPa resulted in the aqueous fluid 436 

speciation presented in Table 3. The logƒO2 of the system was predicted to be equal to 437 

approximately -25.5, which is equal to that of the FMQ oxygen buffer at 450°C and 500 MPa 438 

(O’Neill, 1987). Furthermore, this is consistent with calculations made in the program GFluid 439 

(Zhang and Duan, 2009; 2010). It should be noted that the sum of the CO2 and CH4 440 

concentrations comes to 321 millimolal (mM), rather than the 322 mM expected from the initial 441 

oxalic acid concentration. This is a result of the fact that the aqueous species concentrations 442 

include the additional water created by the decomposition of the initial oxalic acid into carbon 443 

dioxide, methane, and water. The computed state of saturation of the fluid with respect to 444 

graphite is about -4 kcal/mol (i.e. the fluid is undersaturated with respect to graphite at 450°C 445 

and 500 MPa). 446 

Discussion 447 

The breakdown products of oxalic acid have been previously investigated under elevated 448 

pressure and temperature conditions, and they are expected to follow from the reaction: 449 

C2H2O4   H2O + CO2 + CO                                                 [5] 450 

 (Holloway et al., 1968; Morgan et al., 1992). The CO component of this reaction would undergo 451 

the water-gas reaction: 452 

CO + H2O   CO2 + H2                                                    [6] 453 

with H2 presumably being rapidly lost from the system via diffusion (Holloway et al., 1968; 454 

Morgan et al., 1992). In the experimental apparatus’ used by those workers, loss of H2 is a 455 
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reasonable assumption since the samples were enclosed in H2-permeable capsules. However, the 456 

run-products were not analyzed in-situ, so only the final state of the system was observed. 457 

The results of our experiment conducted under oxidizing conditions were also consistent 458 

with previous investigations of the breakdown of oxalic acid at elevated oxygen fugacity that 459 

demonstrate C-O-H fluids are dominated by H2O and CO2 species (Holloway et al., 1968; 460 

Holloway and Jakobsson, 1986). The observed fluid species during the cooling part of the 461 

experiments are consistent with the thermodynamic computations carried out during the present 462 

study at 450°C and 500 MPa, which reflect equilibrium between Ni0 and NiO. This lends support 463 

to the notion that transformation of NiO to Ni(OH)2 and then to Ni3(CO3)(OH)4•4(H2O) did not 464 

dramatically affect the aNiO. 465 

Comparison with previous results under reducing conditions 466 

The results of our experiment conducted under reducing conditions are consistent with 467 

observations made in previous experiments that assessed oxalic acid breakdown at low oxygen 468 

fugacity. The C-O-H fluids were dominated by H2O, CH4, and H2 species (Jakobsson and 469 

Holloway, 1986; Jakobsson and Oskarsson, 1990; Kadik et al., 2004). From our in-situ analysis, 470 

we were able to show that C-H speciation, as indicated by the broad Raman shift at ~2900 cm-1, 471 

was observed at temperatures as low as 500°C. Importantly, this experiment provides evidence 472 

that H-permeation from our experiments was incomplete on the time scale of the experiment. 473 

This contrasts with previous experimental studies involving oxalic acid decomposition where 474 

diffusive hydrogen loss was assumed and seemingly confirmed with the use of H2-permeable 475 

capsule materials (c.f., Holloway et al., 1968; Morgan et al., 1992). 476 

Divergence between in-situ analysis and previous experiments 477 
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Our unbuffered experiment, which can be approximated to be at an oxygen fugacity near 478 

that of the QFM buffer at 450°C and 500 MPa, did not follow the expected reaction pathway for 479 

the breakdown of oxalic acid in the presence of H2O  (i.e., via reactions [5] and [6] Holloway et 480 

al., 1968; Morgan et al., 1992). By 400°C, the oxalic acid had disproportionated into C-H species 481 

and presumably C-O species that were not detected in the fluid. Considering reactions [5] and 482 

[6], the observed C-Hn Raman modes in the fluid spectra from 400-700°C can likely be 483 

explained if the H2 species from reaction [6] reacted with C-species instead of escaping from the 484 

system. In support of this, aqueous methane was predicted by the thermodynamic model of the 485 

unbuffered experiment at 450 °C and 500 MPa (Table 3). Therefore, reactions that involve the 486 

formation of CH4 are likely possible in this system, in addition to reactions [5] and [6] reported 487 

previously, including reactions such as: 488 

2H2 + 2CO   CH4 + CO2                                                  [7] 489 

and 490 

                                                       4H2 + CO2   CH4 + 2H2O                                              [8]. 491 

At 800°C, our system showed an additional difference from the previous experimental 492 

studies (Holloway et al., 1968; Morgan et al., 1992) with the precipitation of a graphitic carbon 493 

phase. The appearance of this phase nearly coincided with the crossing of the fO2 of the 494 

unbuffered experiment and the GCO fO2 buffer curve along the P-T path of the experiment, 495 

which is within about a log unit of the FMQ and GCO buffer-curve intersection (Figure 1). 496 

Although this coincidence in oxygen fugacity should not induce the precipitation of graphite, at 497 

fO2 near the FMQ buffer, the solubility of C in aqueous fluids is quite low as it coincides with a 498 

coupled minimum in oxygen fugacity and in hydrogen fugacity (see Sharp et al., 2013). The 499 

lower solubility of C at this oxygen fugacity is consistent with thermodynamic calculations 500 
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indicating the unbuffered experiment was much closer to the graphite saturation surface at 450°C 501 

and 500 MPa than the two buffered experiments.  502 

The graphitic carbon phase persisted for the remainder of the experimental sequence 503 

(decreasing temperature), causing the fluid composition to deviate significantly from that 504 

predicted by Holloway (1968) for oxalic acid breakdown under oxygen fugacities near FMQ. 505 

This C-phase was not predicted by our thermodynamic calculations at 450°C and 500 MPa 506 

where the fluid was predicted to have been slightly undersaturated with respect to graphite 507 

(Table 3). However, based on previous studies on graphite stability (i.e., Connolly, 1995; Luque 508 

et al., 1998; Ulmer and Luth, 1991), graphite was likely stable close to the peak conditions of our 509 

experiment (800 °C and 1450 MPa).  510 

Oxalic acid as a C-O-H fluid source in experimental petrology 511 

 The use of inorganic compounds such as silver oxalate (Ag2C2O4) and aluminum carbide 512 

(Al4C3) are popular for adding volatile components to petrologic experiments (Behrens et al., 513 

2009; Costa et al., 2003; Dixon et al., 1995; Lin and Bodnar, 2010); however, these methods can 514 

result in adding unwanted elements and components into experiments. Ideally, one would choose 515 

a C-O-H fluid composition and mix stoichiometric combinations of reliable organic compounds 516 

that would yield the desired C-O-H composition. Before this will be possible, the 517 

thermobarometric breakdown of various organic compounds needs to be tested, and this was the 518 

primary motivation for the present study. Although the experiments carried out in the present 519 

study are fairly simple compared to multi-component silicate systems, the results illustrate the 520 

importance of understanding organic compound decomposition at elevated pressure and 521 

temperature as a function of oxygen fugacity before use as a C-O-H fluid source in petrologic 522 
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experiments. We propose that any organic compound that is to be used as a C-O-H fluid source 523 

in a petrologic experiment first be evaluated by the methods employed in the present study. 524 

The breakdown products of oxalic acid produced under reducing conditions in our 525 

experiment matches the molecular speciation reported from previous experimental studies and 526 

calculations (i.e., H2, CH4, and H2O). Although some H2 permeation out of our system likely 527 

occurred in our Mo-bearing HDAC experiment, no unexpected fluid species or solid phases 528 

formed. Indeed, thermodynamic calculations suggest that the fluid was highly undersaturated 529 

with respect to graphite at least at 450°C and 500 MPa. Therefore, the use of oxalic acid as a C-530 

O-H fluid source in reduced magmatic and hydrothermal systems is advisable from the 531 

perspective of oxygen fugacity.  532 

The resulting phases from the breakdown of oxalic acid observed in this study under 533 

oxidizing conditions also match the molecular speciation reported from previous oxalic acid 534 

breakdown studies and calculations (i.e., CO2, and H2O). No unexpected fluid species or solid 535 

phases formed. Thermodynamic calculations suggest that the fluid was highly undersaturated 536 

with respect to graphite at least at 450°C and 500 MPa. Therefore, from the perspective of 537 

oxygen fugacity, the use of oxalic acid as a C-O-H fluid source in oxidized magmatic and 538 

hydrothermal systems is advisable (i.e., >1 log unit above FMQ). 539 

Our unbuffered oxalic acid breakdown experiment, estimated at an ƒO2 within a log unit 540 

of the FMQ buffer, deviated significantly from the simple water-gas reactions predicted for this 541 

system (Holloway et al., 1968; Morgan et al., 1992). In particular, the formation of a graphite-542 

like phase and the formation of aqueous C-H species (possibly CH4), with CO2 provide a contrast 543 

to previous studies. The unbuffered experiment illustrates potential problems with assumptions 544 

about rapid H2-diffusion in order to predict molar fluid ratios (e.g., Cherniak and Watson, 2007; 545 
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Cherniak and Watson, 2010; Draper and Green, 1997; Holloway et al., 1968; Litvinovsky et al., 546 

2000; Morgan et al., 1992). We recommend that oxalic acid be avoided as a C-O-H fluid source 547 

in experiments conducted within about 1 log unit of the FMQ buffer. We do not wish to imply 548 

that all the experiments that have contained oxalic acid as a C-O-H fluid source deviated from 549 

their predicted C-O-H fluid composition because they likely experienced a different P-T path. 550 

However, the results presented here illustrate that run products should be inspected for the 551 

presence of graphitic carbon even if experiments are carried out in capsules reported to be 552 

permeable to H2. Furthermore, it is good to consider the P-T path of the entire experiment with 553 

respect to the stability of the reagents used, especially organic compounds and hydrated phases. 554 

Although we discuss the potential use of oxalic-acid in petrologic experiments based on the 555 

breakdown behavior as a function of oxygen fugacity, we also note that other experimental 556 

parameters (e.g. sample geometries, capsule thickness, capsule materials, gasket materials, wall 557 

thickness) must also be considered when picking an appropriate reagent for a C-O-H fluid 558 

source. 559 

Implications 560 

 Oxygen fugacity of magmatic systems in our own Solar System ranges from as low as 561 

about 7 units below the IW buffer on Mercury to approximately the magnetite-hematite (MH) 562 

buffer in some terrestrial lavas and at the surface of Venus (Fegley et al., 1997; McCubbin et al., 563 

2012; Peng et al., 1997; Zhang et al., 2013; Zolotov et al., 2013). Furthermore, C is a ubiquitous 564 

element among the terrestrial planets and understanding carbon chemistry in the terrestrial 565 

planets is important for a wide range of processes from magmatism to astrobiology. 566 

Consequently the stability and fate of C-bearing species has relevance to natural geologic 567 

systems over a wide range of conditions. Experimental work on these systems that are aimed at 568 
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understanding C-species requires choosing an appropriate reagent that will yield an expected C-569 

O-H ratio under specific P-T-fO2 conditions without compromising composition (X). In the 570 

present study, we have determined a method for assessing the appropriateness of such reagents 571 

and have specifically shown that the use of oxalic acid is permitted as a C reagent in petrologic 572 

experiments of planetary systems under a wide range of relevant oxygen fugacities. 573 
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Figure captions 857 

 858 

Figure 1. The logfO2 values for the buffer curves FMQ, IW, GCO, MMO, and NiNiO are 859 

illustrated following an isopleth that approximates our experimental run conditions to illustrate 860 

how the slopes of the buffer curves change relative to one another as a function of the P-T path 861 

in the HDAC experiments conducted in the present study. Data for the buffer curves come from 862 

a number of sources (Holmes et al., 1986; O'Neill, 1987; O'Neill and Pownceby, 1993; O'Neill, 863 

1986; Ulmer and Luth, 1991) 864 

 865 

Figure 2. Photomicrographs of the Mo0-bearing and unbuffered HDAC experiments at 866 

various stages of heating/compression and cooling/decompression. All phases in each of the 867 

photomicrographs has been identified. Scale bar in d applies to images a and d and scale bar in e 868 

applies to images b, c, e, f. a) Mo-bearing experiment with 160 mM oxalic acid solution in the Ir 869 

gasket along with some air bubbles b) Mo-bearing experiment during the cooling step showing 870 

Mo that has transformed to MoO2 c) Mo-bearing experiment during cooling just after vapor 871 

exsolution. d) Unbuffered experiment with 160 mM oxalic acid solution loaded in the Ir gasket 872 

e) Unbuffered experiment at 800°C and 1450 MPa, soon after graphitic carbon precipitation f) 873 

Unbuffered experiment subsequent to cooling and decompression at 25°C after the vapor 874 

exsolved at about 90°C.  875 

  876 

Figure 3. Raman spectra of solid phases present within the HDAC experiments. a) MoO2 877 

at 25°C after cooling, b) Ni(OH)2 at 25°C before heating, c) zaratite [Ni3(CO3)(OH)4•4(H2O)] at 878 

300°C during heating. d) poorly crystalline zaratite at 600°C during heating e) poorly crystalline 879 
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zaratite at 700°C during cooling f) poorly crystalline zaratite at 100°C during cooling. Phase 880 

identifications were verified based on several literature references (Dieterle and Mestl, 2002; 881 

Deabate et al., 2000; Desilvestro et al., 1986; Frost et al., 2008). 882 

 883 

Figure 4. Raman spectra of the fluid in the Mo-bearing HDAC experiment. a) Raman 884 

spectra collected at 100°C intervals during the entire duration of the Mo-bearing HDAC 885 

experiment. Each spectrum is labeled with the temperature conditions at which the spectrum was 886 

collected, and each of the Raman modes have been identified. The dotted regions represent 887 

certain regions that were blown up in parts b and c to illustrate specific Raman modes b) Raman 888 

spectral features from the Mo-bearing experiments focusing on the stretching region that is 889 

typically associated with C-Hn vibration modes. The dotted box labeled b. in Figure 4a is the 890 

region displayed for this portion of the figure. c) Raman spectral features from the Mo-bearing 891 

experiments focusing on the stretching region that is typically associated with H2 vibration 892 

modes. The dotted box labeled c. in Figure 4a is the region displayed for this portion of the 893 

figure. 894 

 895 

Figure 5. Raman spectra of the vapor phases in the Mo-bearing HDAC experiment. a) 896 

Raman spectra collected at 50°C intervals subsequent to vapor exsolution that occurred during 897 

cooling and decompression of the Mo-bearing HDAC experiment. Each spectrum is labeled with 898 

the temperature conditions at which the spectrum was collected, and each of the Raman modes 899 

have been identified.  900 

 901 
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Figure 6. Photomicrographs of the Ni0- and NiO-bearing HDAC experiment at various 902 

stages of heating/compression and cooling/decompression. All phases in each of the 903 

photomicrographs has been identified a) Ni0 + NiO-bearing experiment before heating with 160 904 

mM oxalic acid solution in the Ir gasket showing substantial formation of Ni(OH)2 b) 905 

Experiment during the heating step showing substantial formation of zaratite 906 

[Ni3(CO3)(OH)4•4(H2O)] c) Experiment during the heating step showing partial breakdown of 907 

zaratite to Ni0 metal. d) Experiment during cooling and decompression, at 35°C subsequent to 908 

vapor exsolution at 50°C. Ni0 and zaratite remain. 909 

 910 

Figure 7. Raman spectra of the exsolved vapor phases in the Ni0 + NiO HDAC 911 

experiment. a) Raman spectra collected at 35°C, spectrum centered at 1300 cm-1. Each of the 912 

Raman modes are identified. b) Raman spectra collected at 25°C. Raman scan centered at 2900 913 

cm-1 illustrating the absence of detectable C-H species in the exsolved vapor phase  914 

 915 

Figure 8. Raman spectra of the fluid in the unbuffered HDAC experiment. a) Raman 916 

spectra collected at 100°C intervals during the entire duration of the unbuffered HDAC 917 

experiment. Each spectrum is labeled with the temperature conditions at which the spectrum was 918 

collected, and each of the Raman modes have been identified. The dotted regions represent 919 

certain regions that were blown up in parts b and c to illustrate specific Raman modes b) Raman 920 

spectral features from the unbuffered experiment focusing on the stretching region that is 921 

typically associated with C bonds in graphite. The dotted box labeled b. in Figure 8a is the region 922 

displayed for this portion of the figure. c) Raman spectral features from the unbuffered 923 

experiment focusing on the stretching region that is typically associated with C-Hn vibration 924 
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modes. The dotted box labeled c. in Figure 8a is the region displayed for this portion of the 925 

figure. 926 

 927 

Figure 9. Raman spectra of the vapor phases in the unbuffered HDAC experiment. a) 928 

Raman spectra collected at <100°C subsequent to vapor exsolution that occurred during cooling 929 

and decompression of the unbuffered HDAC experiment. Each of the Raman modes have been 930 

identified. The dotted regions represent certain regions that were blown up in parts b and c to 931 

illustrate specific Raman modes b) Raman spectral features from the unbuffered experiment 932 

focusing on the stretching region that is typically associated with CO2 vibration modes. The 933 

dotted box labeled b. in Figure 9a is the region displayed for this portion of the figure. c) Raman 934 

spectral features from the unbuffered experiment focusing on the stretching region that is 935 

typically associated with C-Hn and specifically CH4 vibration modes. The dotted box labeled c. 936 

in Figure 9a is the region displayed for this portion of the figure. 937 
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Table 1. Experimental run data.    
160 mM C2H2O4 (fluid densitya = 0.997 g/cm3)  160 mM C2H2O4 + Mo0 wire (fluid densitya = 0.905 g/cm3)  160 mM C2H2O4 + Ni0 + NiO (fluid densitya = 0.997 g/cm3) 
Temp. (°C)b Press. (MPa) Phase (assemblage)      Temp. (°C)b Press. (MPa) Phase (assemblage)      Temp. (°C)b   Press. (MPa)        Phase (assemblage) 

25 - Fluid  25 - Fluid + Vapor + Mo0  25 - Fluid + Ni0 + NiO + Ni(OH)2 
100 90 Fluid  100 <50 Fluid + Vapor + Mo0  100 90 Fluid + Ni0 +  Ni(OH)2 +  

Ni3(CO3)(OH)4•4(H2O) 
200 290 Fluid  200 65 Fluid + Mo0  200 290 Fluid + Ni0 +  Ni(OH)2 +  

Ni3(CO3)(OH)4•4(H2O) 
300 510 Fluid  300 240 Fluid + Mo0  300 510 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
400 730 Fluid  400 420 Fluid + Mo0   400 730 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
500 940 Fluid  500 600 Fluid + Mo0 + MoO2  500 940 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
600 1150 Fluid  600 770 Fluid + Mo0 + MoO2  600 1150 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
700 1340 Fluid  700 930 Fluid + Mo0 + MoO2  700 1340 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
800 1450d Fluid + GCc  800 970d Fluid + Mo0 + MoO2  800 1480d Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
700 1190 Fluid + GCc  700 700 Fluid + Mo0 + MoO2  700 1290 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
600 1000 Fluid + GCc  600 560 Fluid + Mo0 + MoO2  600 1100 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
500 810 Fluid + GCc  500 410 Fluid + Mo0 + MoO2  500 900 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
400 610 Fluid + GCc  400 270 Fluid + Mo0 + MoO2  400 700 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
300 400 Fluid + GCc  300 110 Fluid + Mo0 + MoO2  300 480 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
200 200 Fluid + GCc  200 <65 Fluid + Vapor + Mo0 + 

MoO2 
 200 260 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
100 15 Fluid + GCc   100 <10 Fluid + Vapor + Mo0 + 

MoO2 
 100 70 Fluid + Ni0 +  

Ni3(CO3)(OH)4•4(H2O) 
25 - Fluid + GCc + Vapor  25 - Fluid + Vapor + Mo0 + 

MoO2 
 25 - Fluid + Ni0 + Vapor + 

Ni3(CO3)(OH)4•4(H2O) 
Notes:  a Fluid density calculated based on liquid-vapor homogenization during heating using the PVT data for pure H2O from Wagner and Pruss (2002). Liquid-vapor homogenization temperatures 
during heating were 25⁰C, 162⁰C, and 25⁰C for the unbuffered, Mo-bearing, and Ni-NiO bearing experiments respectively. During cooling, the liquid-vapor homogenization temperatures were 90⁰C 
(0.965 g/cm3), 225⁰C (0.834 g/cm3), and 50⁰C (0.988 g/cm3) for the unbuffered, Mo-bearing, and Ni-NiO bearing experiments respectively. 
b Temperatures for the experiments report the ramping up to 800°C and then ramping back down from 800°C. 
c GC is an abbreviation for graphitic double-bonded ( C=C) solid carbon phase. 
d Pressure at 800 °C was computed based on the midpoint between the pressure computed using the density of the liquid determined during heating and the density of the liquid determined during 
cooling. 
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Table 2. Raman Peak data for fluid species in 160 mM C2H2O4 + Mo0 wire 

CHn-species  H2-species 
Temp. (°C) Peak center (cm-1) Peak heighta FWHM  Temp. (°C) Peak center (cm-1) Peak heighta FWHM 

100 * * * 100 * * * 
200 * * * 200 * * * 
300 * * * 300 * * * 
400 * * * 400 * * * 
500 2905.5 150.8 56.5 500 * * * 
600 2920.1 478.6 30.4 600 * * * 
700 2920.7 367.4 33.9 700 * * * 
800 2910.3 333.6 33.5 800 * * * 
700 2906.9 680.7 27.2 700 4132.9 219.6 21.7 
600 2906.7 728.5 24.7 600 4128.9 245.0 20.6 
500 2905.3 846.1 22.3 500 4129.7 277.5 17.8 
400 2902.7 1004.9 18.6 400 4127.1 313.1 17.9 
300 2901.3 1237.2 15.9 300 4126.9 381.1 17.5 
200 2901.9 326.0 19.6 200 4125.5 119.4 23.0 
100 2900.5 83.6 22.0 100 * * * 

Notes: * Represents absence of a peak at this temperature. 
a Peak heights were normalized based on the intensity of the primary second order diamond peak at ~2420-2450 cm-1 from each 
spectrum. 
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Table 3. Thermodynamic calculations for experimental HDAC system at 450°C and 500 MPa  
                    Starting parameters                         160 mM C2H2O4              160 mM C2H2O4 + Mo0 wirea    160 mM C2H2O4 + Ni0 + NiO 

            Run conditions  T = 450°C P = 500 MPa  T = 450°C P = 500 MPa  T = 450°C P = 500 MPa 
Computed conditions pH = 3.8 logƒO2 = -25.5  pH = 4.7 logƒO2 = -32         pH = 4.3 logƒO2 = -24.7 

Aqueous Fluid Species Computed Concentration b  Computed Concentration c            Computed Concentration 
CO2 284 mM  Trace 320 mM 
CO 0.11 mM  Trace Trace 
H2 13 mM  < 6 Md 5.0 mM 

CH4 37 mM  592 mM 1.0 mM 
Acetic acids and acid anions Trace  Trace Trace 

Mo-species None  4.34 x 10-11 Me None 
Graphite Undersaturated (-4 kcal/mol)  Undersaturated (-24 kcal/mol) Undersaturated (-7 kcal.mol) 

Notes: a Calculations included the reaction of 1.0 kg water with 20 moles Mo0. 
b Millimolar (mM) concentrations include the water derived from decomposition of oxalic acid to CO2 and CH4 (see text). 
c Concentrations reflect the water consumed by the oxidation of 13.0 moles of the initial 20.0 moles of Mo to MoO2. 
d The maximum dissolved H2(aq) when the partial pressure of H2(g) is equal to the total pressure at 500 MPa. 
e Final state of saturation in equilibrium with Mo0 and MoO2 solid phases. 
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Table 4. Raman Peak data for fluid species and solid phases in unbuffered 160 mM C2H2O4  
CHn-species  Graphitic carbon phase 

Temp. (°C) Peak center (cm-1) Peak heighta FWHM  Temp. (°C) Peak center (cm-1) Peak heighta FWHM 
100 * * * 100 * * * 
200 * * * 200 * * * 
300 * * * 300 * * * 
400 2907.1 45.5 * 400 * * * 
500 2910.7 27.6 27.7 500 * * * 
600 2921.3 37.5 24.8 600 * * * 
700 2935.1 24.2 29.2 700 * * * 
800 * * * 800 1578.0 97.5 52.6 
700 * * * 700 1574.5 109.6 46.9 
600 2921.7 37.0 * 600 1578.3 119.3 49.7 
500 2924.7 52.6 18.64 500 1582.7 135.5 48.6 
400 2914.3 63.51 * 400 1584.1 147.4 45.9 
300 * * * 300 1583.3 161.3 48.0 
200 * * * 200 1585.3 192.5 49.3 
100 * * * 100 1583.9 209.7 45.6 

Notes: * Represents no data from this temperature. 
a Peak heights were normalized based on the intensity of the primary second order diamond peak at ~2420-2450 cm-1 from each 
spectrum. 
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