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ABSTRACT

11

Carbonate has often been identified in aqueous carbonic inclusions in spodumene-bearing

12

and other pegmatites, but its origin remains unclear. Here, the conditions at which carbonate and

13

hydrogen carbonate can be generated from spodumene, CO2 and H2O, were studied using a

14

hydrothermal diamond-anvil cell (HDAC) and Raman spectroscopy. In all experiments,

15

spodumene persisted in aqueous carbonic solution up to the maximum temperature (600 to

16

800 °C). Heating of hydrogen carbonate/oxalate solutions produced CO2- and HCO3−-rich

17

peralkaline fluids, which resulted in strong corrosion of spodumene (and polylithionite-

18

trilithionite) and, in one run, formation of zabuyelite [Li2(CO3)] crystals at low temperatures. The

19

experiments indicate that the reaction of spodumene with CO2 and H2O requires a peralkaline

20

fluid to proceed rapidly. In addition, they show that spodumene crystallizes upon heating of

21

quartz, muscovite, and aqueous lithium carbonate solution. We conclude that, if the aqueous fluid

22

was rich in alkali hydrogen carbonate, zabuyelite in fluid inclusions in pegmatites can form both

1
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23

via a subsolidus reaction of CO2-bearing fluid inclusion with the spodumene host, or by trapping

24

a peralkaline fluid early in the evolution of simple or complex pegmatites. The results of our

25

experimental study strengthen the conclusion that, although counterintuitive, hydrogen

26

carbonate-rich peralkaline fluids may be involved in the evolution of peraluminous granitic

27

pegmatites, in which peralkaline minerals are normally absent or very rare.

28

Keywords:

29
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30
31

INTRODUCTION

32

Fluid inclusions with nahcolite [NaH(CO3)] and zabuyelite [Li2(CO3)] crystals in addition

33

to aqueous carbonate/bicarbonate-rich solution and CO2 have been reported to occur in graphic

34

granite of simple pegmatites from the Klippeløkken granite quarry, east of Rønne, Bornholm

35

Island, Denmark (Thomas et al. 2011) and in pegmatitic granites from the Marcação, Galo

36

Branco, and Picuí quarries, in the Borborema Pegmatite Province, NE-Brazil (Beurlen et al.

37

2014). Similarly, crystal-rich inclusions containing zabuyelite, CO2, and quartz/cristobalite, and

38

may contain calcite, pollucite-analcime, albite, or cookeite, were found in spodumene from the

39

Tanco, Jiajika, Muiâne, Bikita, Kamativi, Lacorne, Zhawulong and other pegmatites (London

40

1986; Anderson et al. 2001; Lima et al. 2003; Thomas and Davidson 2010; Li and Chou 2016,

41

2017; Mulja and Williams-Jones 2018; Xiong et al. 2019). Macroscopic primary carbonates

42

(calcite, calcioancylite-(Ce), rhodochrosite, siderite, and even zabuyelite) and carbonate-rich

43

fluorapatite are generally rare in peraluminous granitic pegmatites, but there are several reports

44

from well-studied localities, e.g. the Bennett, Berry-Havey, Dunton, Emmons, Mount Mica, and

2
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45

other pegmatites in Maine, USA, the Palermo No. 1 and No. 2 Mines, New Hampshire, USA, the

46

Foote Mine, North Carolina, USA, and the Tanco Mine, Manitoba, Canada (www.mindat.org).

47

The origin of zabuyelite-bearing and generally of alkali carbonate- and hydrogen

48

carbonate-bearing fluid inclusions in pegmatites is still debated. One opinion is that these

49

carbonates formed by reaction of carbon dioxide with a flux-rich peralkaline melt, which

50

exsolved from a granitic melt (Thomas et al. 2006a, 2006b, 2011; Beurlen et al. 2014; Thomas

51

and Davidson 2015, 2016). London (2015) pointed to experimental evidence that melt-melt

52

immiscibility is not required to produce flux-rich hydrous granitic melts, stated again that

53

“exceedingly hydrous, alkaline, flux-rich” melt can simply be generated in the boundary layers

54

of crystals growing rapidly in undercooled melts, and interprets such inclusions as product of

55

heterogeneous trapping (i.e. after phase separation) because of their high compositional

56

variability. In the case of Jiajika spodumene pegmatite, carbonate and cookeite are thought to be

57

of primary origin (Li and Chou 2017; Ding et al. 2020). Anderson et al. (2001) and Anderson

58

(2013, 2019) argued that, at least in the Tanco pegmatite, zabuyelite, cristobalite, and cookeite in

59

crystal-rich fluid inclusions in spodumene were formed by a late-stage subsolidus reaction of

60

spodumene with entrapped or infiltrating CO2-rich aqueous fluid. However, the reaction

61

proposed by Anderson (2019)

62
63
64

5 LiAlSi2O6 + 4 H2O + 2 CO2 = 2 Li2(CO3) + 7 SiO2 + (Al2Li)Al2(AlSi3O10)(OH)8 (1)
requires a basic pH to proceed towards carbonate formation because of
CO2 + H2O = H2CO3 = H+ + HCO3− = 2 H+ + CO32−

(2)

65

but high pH values are uncommon in natural hydrothermal fluids because they can only be

66

attained after consumption of H4SiO4 (aq).

3
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67

Here, we therefore carried out a series of experiments to constrain conditions at which

68

carbonate can be generated from spodumene, CO2 and H2O. To this end, we used a hydrothermal

69

diamond-anvil cell and Raman spectroscopy to study the behavior of spodumene-bearing

70

assemblages in aqueous carbonic fluids and to observe reactions in situ at high temperature. The

71

starting mineral assemblages included only rock-forming lithium pegmatite minerals (quartz,

72

albite, K-feldspar, muscovite or polylithionite-trilithionite, besides spodumene). An aqueous

73

fluid with CO2 at different pH was produced by decomposition of alkali oxalate or oxalic acid, or

74

by addition alkali hydrogen carbonate.

75
76

EXPERIMENTAL METHODS

77

The starting materials are natural spodumene (Spd) from the Pala Chief Mine and

78

polylithionite-trilithionite (“lepidolite”) (“Lpd”) from the Elizabeth R. Mine, both in Pala

79

pegmatite district, San Diego Co., CA, USA, albite (Ab) from the Rutherford No.2 pegmatite,

80

Amelia Co., VA, USA, natural quartz (Qtz) and muscovite (Ms) from unknown locations

81

(pegmatites) in Brazil, and sanidine (San) from Itrongay, Anosy, Madagascar. All the samples are

82

optically clear and do not contain microscopically visible solid or fluid inclusions. Chemical

83

reagents used in the experiments include Li2(CO3) (99.99%, Merck®), NaH(CO3) (ACS for

84

analysis, Merck®), KH(CO3) (99.7%−100.5%, Alfa Aesar®), H2(C2O4)·2H2O (GR for analysis,

85

Merck®), Na2(C2O4) (99.9%, VWRTM), and K2(C2O4)·H2O (99.5%−101.0%, Merck®).

86

The experiments were performed using a modified Bassett-type hydrothermal diamond-

87

anvil cell (Bassett et al. 1993; Schmidt and Chou 2012). The sample chamber was a cylindrical

88

hole with an initial diameter of 400 µm and an initial height of 125 µm in an iridium gasket

89

between the diamond culets. A rhenium gasket was used in run YLCS1. The sample chamber

4
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90

was heated via two independent nickel-chromium coils using TDK Lambda Z60 power supplies

91

and Eurotherm® 2408 temperature controllers, which held the target temperature within ±0.3 °C.

92

The temperature in the sample chamber was monitored using two K-type (Ni-Cr/Ni)

93

thermocouples in contact to the upper and lower diamonds, and calibrated by repeated

94

measurements of the α−β transition temperature of quartz (574 °C, 0.1 MPa). A Leica

95

microscope equipped with a Nikon 20× objective (numerical aperture 0.25) and a digital camera

96

was used to observe the sample chamber, and to acquire images of the whole sample chamber in

97

real time.

98

The sizes of all crystals to be loaded were measured under the microscope, with an error

99

of about ±1 μm perpendicular to the optical axis of the lens and approximately ±5 μm parallel to

100

it. Then, the sample chamber was loaded these crystals, distilled water, and an air bubble was

101

allowed to grow before the chamber was sealed. At the start of each run, the charges were heated

102

and the temperature was held at target temperatures ranging from 600 to 800 °C for up to 2

103

hours. Subsequently, the samples were cooled to 200 or 100 °C and remained at these

104

temperatures for 1−5 days. During the experiments, the HDAC was flushed with an Ar+1% CH4

105

gas mixture to protect the cell from oxidation.

106

At the end of each run, the solid phases, solution, and bubble in the closed sample

107

chamber were analyzed using a HORIBA Jobin Yvon LabRAM HR800 Vis Raman spectrometer

108

equipped with a Synapse® 2048 × 512 back-illuminated CCD-detector, a Laser Quantum Torus

109

532 DPSS laser for excitation at 532.17 nm, a grating of 1800 lines/mm, a confocal pinhole

110

diameter of 100 mm, and an Olympus 20× SLMP objective (numerical aperture 0.25). Spectra of

111

the solid phases at 200−1200 cm−1 and spectra of the bubble centered at 1070, 1600, 2200, 2900,

5
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112

and 4156 cm−1 were recorded with 4 accumulations of 20 s each. Spectra of the solution centered

113

at 1070 cm−1 were recorded with 16 accumulations of 20 s each.

114
RESULTS

115
116

The experimental conditions and results of nine runs are summarized in Table 1.

117

In run YLCS1 [Qtz+Ms+Li2(CO3)+H2O], the only run in which a Re gasket was used, the

118

sample chamber contained quartz, muscovite, Li2(CO3) crystalline powder, an aqueous solution,

119

and a bubble at the start of the experiment (Fig. 1a). At 500 °C, quartz and muscovite had

120

become much smaller and numerous acicular crystals had nucleated and grown (Fig. 1b). After

121

holding the temperature at 500 °C for 2 hours, the run was cooled to room temperature and

122

Raman spectra showed that K-feldspar had formed and that zabuyelite was still present. Then,

123

the sample was heated to 600 °C for 2 hours, at which temperature quartz and muscovite had

124

completely dissolved, and melt droplets and numerous acicular spodumene crystals had appeared

125

(Fig. 1c). Solid lithium carbonate completely dissolved during further heating to 700 °C (Fig.

126

1d). Raman spectra at room temperature at the end of the experiment showed that the acicular

127

crystals were spodumene (Raman bands at about 245, 292, 333, 351, 388, 437, 519, 580, 703,

128

and 1068 cm−1, Fig. 2, Lafuente et al. 2015), that glass was present, that the aqueous solution

129

contained HCO3− (Raman bands at about 640, 670, and 1019 cm−1) but no detectable CO32−

130

(Figs. 2 and 3), and that the vapor bubble contained CO2 and CH4 (Fig. 4). Three intense bands

131

in the spectra of the solution, at about 330, 920, and 971 cm−1 (Fig. 2) are assigned to the

132

perrhenate ion, ReO4− (Woodward and Roberts 1956; Eysel and Kanellakopulos 1993). We used

133

Ir gaskets in the other, subsequent, runs to ensure inert behavior and avoid intense Raman bands

134

in a region of interest.

6
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135

In run YLCS2 [Spd+NaH(CO3)+H2O], the vapor-saturated dissolution temperature of

136

nahcolite was 150.6 °C, which corresponds to 26.8 mass% NaH(CO3) relative to water (Linke

137

and Seidell 1965). Further heating of the hydrogen carbonate solution produced significant CO2

138

(Schmidt 2014). Numerous acicular crystals appeared at 509 °C. At 580 °C, analcime and albite

139

nucleated and grew simultaneously with the dissolution of the acicular crystals (Fig. 5a), until the

140

latter were completely consumed after the temperature was set to 600 °C (Fig. 5b). The initially

141

loaded two spodumene crystals had become much smaller at 600 °C. After cooling to 22 °C, the

142

solid phases in the sample chamber were identified using Raman spectroscopy and included

143

nahcolite, spodumene, albite, and analcime with well-developed crystal faces (Figs. 5c and 6).

144

The sample was heated again to 100 °C and remained at this temperature for 3 days, during

145

which time prismatic zabuyelite crystals formed (Fig. 5d). Zabuyelite was identified using

146

Raman spectroscopy (its most intense peak is at 1091 cm−1, Fig. 6, Lafuente et al. 2015). This

147

had to be done within about a minute after the start of cooling, when the sample was still hot,

148

because the solubility of zabuyelite increases with decreasing temperature (Smith et al. 1971)

149

and thus the zabuyelite crystals dissolved upon cooling. Raman spectroscopy at room

150

temperature showed HCO3− and CO32− in the solution (Fig. 3), and CO2 and CH4 in the vapor

151

bubble (Fig. 4).

152

In run YLCS3 [Spd+H2(C2O4)+H2O], the sample after loading consisted of spodumene,

153

oxalic acid solution, and a bubble. The solute concentration was 1.867% (mol/mol) H2(C2O4)

154

relative to water (Omar and Ulrich 2006) based on the final melting temperature of 19.0 °C of

155

the oxalate crystals generated during freezing with liquid nitrogen. The loaded spodumene

156

crystal showed no obvious changes after heating to 600 °C (Fig. 7a). During further heating to

157

800 °C, the edges of the spodumene crystal became round and melt globules formed. Subsequent

7
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158

cooling caused exsolution of additional melt droplets from the solution. At the end of the run, the

159

sample chamber contained spodumene, glass beads, aqueous solution, and vapor. No further

160

changes were observed during subsequent dwell at 100 °C for 1 day (Fig. 7b). Raman analysis

161

showed CO2, CH4 and CO in the bubble (Fig. 4), and no detectable HCO3− and CO32− in the

162

solution.

163

In runs YLCS4 and YLCS5 [Spd+Qtz+Ms+San+H2(C2O4)+H2O], the vapor-saturated

164

dissolution temperatures of the oxalic acid crystals were 75.0 °C and 68.0 °C, which correspond

165

to 14.66% (mol/mol) and 11.33% (mol/mol) H2(C2O4), respectively (Omar and Ulrich 2006). No

166

obvious reaction of spodumene was observed when the temperature was raised to 750 °C

167

(YLCS4) and to 600 °C (YLCS5). After heating, the samples were cooled to 200 °C and

168

remained at this temperature for 3 and 5 days, respectively (Table 1), without noticeable changes

169

of their microscopic image. Raman analysis of the quenched samples showed that the vapor in

170

both runs contained CO2, CH4, H2, and CO, and additionally C2H6 in run YLCS5 (Fig. 4).

171

Furthermore, HCO3− and CO32− were not detected in the solutions.

172

The

initial

assemblage

of

run

H2O+vapor.

YLCS6

vapor-saturated

of

173

Spd+Qtz+Ms+San+K2(C2O4)·H2O+liquid

174

temperature of the potassium oxalate crystals was 57.1 °C, which corresponds to 1.027 molal

175

K2(C2O4) (Menczel et al. 2004). During heating, many CO2-rich bubbles were generated due to

176

oxalate decomposition (Fig. 8a). The loaded quartz and muscovite crystals diminished their size

177

rapidly until their complete disappearance by melting at 500 °C (Fig. 8b). During further heating

178

to 600 °C, the CO2-rich bubbles disappeared, and a portion of the melt dissolved (Fig. 8c).

179

Subsequently, the sample was held at set temperature of 200 °C for 5 days, without optically

180

noticeable reaction during that time. Raman spectroscopy at ambient temperature showed that

8

The

consisted

dissolution
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181

solid phases were spodumene remnant, glass, and many small K-feldspar crystals particularly on

182

the surface of the glass, and that the aqueous solution contained HCO3− and CO32− (Fig. 3) and

183

the vapor bubble CH4, CO2 and H2 (Fig. 4). After the cell was opened, water evaporated, and

184

kalicinite [KH(CO3)] crystals formed on the sample chamber wall (Fig. 8d). Kalicinite was

185

identified based on the Raman spectrum (peaks at 183, 636, 676, 832, and 1029 cm−1, Lafuente

186

et al. 2015).

187

In the case of the Spd+Qtz+Ms+San+KH(CO3)+H2O run (YLCS7), we measured a

188

vapor-saturated dissolution temperature of KH(CO3) of 60.8 °C, which corresponds to a solute

189

concentration of 39.8 mass% (Linke and Seidell 1965). Upon heating, many bubbles nucleated

190

around 345 °C (Fig. 9a). When the temperature was raised to 424 °C, numerous small crystals

191

formed on the surfaces of spodumene and muscovite (Fig. 9b). At 600 °C, the quartz crystal had

192

become much smaller, and many crystals had nucleated on spodumene and muscovite (Fig. 9c).

193

No changes were observed optically during the subsequent dwell at 200 °C for three days. At the

194

end of the run, the solid phases at room temperature included spodumene and muscovite

195

remnants, quartz with crystal faces that had formed during rapid growth upon cooling, initial K-

196

feldspar, and many small K-feldspar crystals on spodumene and muscovite (Fig. 9d). Raman

197

spectroscopy indicated HCO3− and CO32− in the solution (Fig. 3), and CO2 and CH4 in the vapor

198

(Fig. 4).

199

Run YLCS8 [Spd+Qtz+“Lpd”+Ab+NaH(CO3)+H2O] had a NaH(CO3) concentration of

200

14.3 mass% at the start of the experiment, as determined from the vapor-saturated dissolution

201

temperature of nahcolite of 65.3 °C (Linke and Seidell 1965). Upon heating, quartz became

202

rapidly smaller and crystals formed on the surface of polylithionite-trilithionite as the

203

temperature approached 560 °C (Fig. 10a). Further heating to 600 °C caused strong corrosion of

9
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204

spodumene, growth of the loaded albite crystal with development of crystal faces, and growth of

205

numerous small crystals on spodumene and polylithionite-trilithionite (Fig. 10b). Then, the

206

sample was cooled and remained at 200 °C for 3 days, followed by 3 days at 100 °C, without

207

optically noticeable changes. At the end of the run, the solid phases as identified by Raman

208

spectroscopy included a large albite crystal, many small albite crystals, glass, and the remnants

209

of spodumene, quartz, and polylithionite-trilithionite. Moreover, the aqueous solution contained

210

HCO3− but CO32− (aq) was below the lower detection limit (Fig. 3), and the CO2 and CH4 were

211

observed in the vapor phase (Fig. 4).

212

We did not obtain the salt concentration of the last experiment YLCS9

213

[Spd+Qtz+“Lpd”+Ab+Na2(C2O4)+H2O], because no solubility data were available for

214

Na2(C2O4) vapor-saturated dissolution temperatures near the measured temperature of 379.0 °C.

215

The sodium oxalate concentration in this run was much higher than the maximum concentration

216

of the solubility data reported in the literature (0.367 molal at 60 °C, Menczel et al. 2004). Many

217

bubbles appeared and polylithionite-trilithionite started to change its optical appearance near the

218

dissolution temperature of the sodium oxalate crystal (Fig. 11a). At the highest temperature of

219

the run of 600 °C, quartz was strongly corroded, and numerous small crystals formed on the

220

surfaces of polylithionite-trilithionite and spodumene. Upon cooling, the quartz crystal grew and

221

developed faces (Fig. 11b). No further changes were observed during the following dwell of four

222

days at 200 °C. Then, the sample was cooled to room temperature, which caused formation of

223

acicular crystals. Raman spectroscopic inspection at the end of the experiment showed that the

224

acicular crystals were nahcolite, that spodumene and quartz were present, and that polylithionite-

225

trilithionite was completely replaced by small albite crystals. Moreover, HCO3− and CO32− were

226

found in the solution (Fig. 3), and CH4, C2H6, C3H8, and H2 in the vapor bubble (Fig. 4).

10
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227
228

DISCUSSION

229

The objective of our experimental study was identification of conditions of carbonate

230

formation in spodumene-bearing pegmatites. Run YLCS1 showed that spodumene can crystallize

231

if the pegmatite-forming minerals quartz and muscovite react with aqueous lithium carbonate

232

fluids. Experiments YLCS2 to YLCS9 explored reactions of spodumene-bearing mineral

233

assemblages with aqueous Na- or K hydrogen carbonate or with Na- or K oxalate solutions or

234

oxalic acid. Carbon dioxide was generated in all experiments by heating of carbonate, hydrogen

235

carbonate, or oxalate solutions, except in YLCS9, which was at more reduced conditions

236

suggested by the strong Raman band intensity of CH4 and the detection of H2, C2H6, and C3H8

237

(Fig. 4), perhaps due to a carbohydrate contamination during loading. Carbonate dissolved in the

238

aqueous fluid was observed at the end of four of these runs, i.e. YLCS2 [NaH(CO3) starting

239

solution], YLCS7 [KH(CO3) starting solution], YLCS9 [Na2(C2O4) starting solution], and

240

YLCS6 [K2(C2O4) starting solution]. Run YLCS2 was the only experiment in which carbonate

241

precipitated (zabuyelite during dwell at 100 °C). Hydrogen carbonate (nahcolite or kalicinite)

242

precipitated at the end of experiments YLCS9 and YLCS6 that had no HCO3− in the starting

243

solutions. Notably, the fluid in all of these runs was peralkaline. None of the three runs in which

244

oxalic acid was used as the source of CO2 showed detectable carbonate or hydrogen carbonate in

245

the solution even after 5 days of dwell at 200 °C, or strong corrosion of spodumene. Therefore,

246

zabuyelite is unlikely to form by reaction of spodumene with CO2 and H2O in the inclusions as

247

proposed by Anderson (2019), unless the fluid had a high alkalinity. This conclusion is somewhat

248

counterintuitive for peraluminous granitic pegmatites, because peraluminous minerals crystallize

249

in all stages of their evolution, from early biotite, schorl and almandine in border zones to late
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250

and very late phyllosilicates (e.g. cookeite, or montmorillonite and kaolinite as pocket clays), and

251

one would expect minerals typical for alkaline pegmatites if peralkaline fluids were present.

252

Indeed, such minerals have been reported from peraluminous granitic pegmatites, e.g. nepheline

253

in fluid inclusions or rimming K-feldspar (Rickers et al. 2006; Thomas et al. 2006b). The small

254

scale of their occurrence suggests the total amount of peralkaline fluids generated during

255

crystallization of peraluminous granitic pegmatites was relatively small, but may be

256

underestimated due to the high reactivity destroying most evidence of preexisting peralkalinity

257

(Thomas et al. 2006b).

258
259

IMPLICATIONS

260

The results of our experiments indicate that an alkaline fluid was crucial in the formation

261

of the crystal-rich inclusions in spodumene, and rule out infiltration or trapping of a non-alkaline

262

H2O-CO2 fluid. They support what Černý (1972) inferred already about fifty years ago, i.e. that

263

secondary minerals such as cesian analcime, cesian beryl, cookeite, adularia, albite,

264

lithiophoshate, apatite, montmorilloite-illite, calcite, and quartz in the spodumene-rich zones of

265

the Tanco pegmatite were products of residual alkaline solutions reacting with primary phases. A

266

similar paragenesis was observed in our study in run YLCS2 through heating to 600 °C (Fig. 5).

267

However, our experimental results do not clarify how such an alkaline fluid was generated, via

268

melt-melt immiscibility or by boundary layer formation (e.g. Thomas et al. 2006a; London

269

2009). The latter is in accord with experimental evidence for peraluminous granitic compositions

270

(London 2015) and accounts for the fact that peraluminous phases (mostly biotite, almandine,

271

tourmaline-group minerals, muscovite, polylithionite-trilithionite, and clay minerals in

272

“pockets”) crystallize from very early until very late stages of the evolution of such pegmatites,
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and are much more abundant than peralkaline minerals. Therefore, the bulk of the pegmatite-

274

forming liquid must remain peraluminous, and alkaline melts and fluids can only develop in a

275

relatively small volume during crystallization.

276
277
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378

Figure captions

379
380

Figure 1. Photographs of the sample chamber in run YLCS1. Qtz quartz, Ms muscovite, Kfs K-

381

feldspar, Zbl zabuyelite, Spd spodumene. (a) The sample chamber at 120 °C still containing the

382

initial phases quartz, muscovite, lithium carbonate, aqueous solution, and a bubble which

383

disappeared at 130.3 °C during further heating. (b) run YLCS1 at 500 °C, (c) at 600 °C, and (d)

384

at 700 °C.

385
386

Figure 2. Raman spectra of aqueous solution and a mixture of spodumene and solution obtained

387

at room temperature at the end of run YLCS1.

388
389

Figure 3. Raman spectra of the aqueous solution obtained at room temperature and vapor

390

pressure at the end of each run in Table 1.

391
392

Figure 4. Raman spectra of the vapor bubble obtained at room temperature at the end of each run

393

in Table 1.

394
395

Figure 5. Photographs of the sample chamber in run YLCS2 at 580 °C (a), at 600 °C (b), after

396

cooling to 22 °C (c), and at 100 °C after second heating (d). Ab albite, Anl analcime, Spd

397

spodumene, Nah nahcolite, Zbl zabuyelite.

398
399

Figure 6. Raman spectra of the solid phases obtained at room temperature (spectrum of

400

zabuyelite obtained at temperature below 100 °C) and vapor pressure at the end of run YLCS2.

18

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7909. http://www.minsocam.org/

401
402

Figure 7. Photographs of the sample chamber in run YLCS3 at 600 °C (a) and at 100 °C after

403

cooling from 800 °C (b). Spd spodumene.

404
405

Figure 8. Photographs of the sample chamber in run YLCS6 at 363 °C (a), 500 °C (b), and

406

600 °C (c). Spd spodumene, Qtz quartz, Kfs K-feldspar, Ms muscovite. (d) Kalicinite [KH(CO3)]

407

crystals (Klc) formed on the sample chamber wall when the cell was opened after.

408
409

Figure 9. Photographs of the sample chamber in run YLCS7 at 350 °C (a), 424 °C (b), 600 °C

410

(c), and at 200 °C after cooling from 600 °C (d). Spd spodumene, Qtz quartz, Ms muscovite, Kfs

411

K-feldspar.

412
413

Figure 10. Photographs of the sample chamber in run YLCS8 at 570 °C (a) and at 600 °C (b).

414

Spd spodumene, Qtz quartz, “Lpd” polylithionite-trilithionite (“lepidolite”), Ab albite.

415
416

Figure 11. Photographs of the sample chamber in run YLCS9 at 380 °C (a) and at 200 °C after

417

cooling from 600 °C (b). Spd spodumene, Qtz quartz, “Lpd” polylithionite-trilithionite

418

(“lepidolite”), Ab albite.

419
420
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Table 1. Experimental conditions and run products identified using Raman spectroscopy.
Run no.

Initial solid charge

Th(LV→L)
(°C)

Tmax
(°C)

Dwell time
(days)

Solids

Aqueous
solution

Vapor
bubble

Additional observations
during heating

YLCS1

Qtz(1.5)+Ms(0.5)

130.3/279.4

700

/

Spd, Gl

HCO3−

CO2, CH4

Complete consumption of

+Li2(CO3)(excess)
YLCS2

Li2(CO3), Qtz and Ms

Spd(5.9)+NaH(CO3)(9.9)

325.0/313.4

600

3 (100 °C)

Spd, Ab, Anl,

HCO3−, CO32−

CO2, CH4

Strong corrosion of Spd

Nah, Zbl
YLCS3

Spd(3.9)

273.9/274.7

800

1 (100 °C)

Spd, Gl

b.d.l.

CO2, CO, CH4

Partial dissolution of Spd

347.0/342.0

750

3 (200 °C)

Spd, Qtz, Ms, Kfs

b.d.l.

CO2, CO,

Very little, if any, changes of Spd,

CH4, H2

Qtz, Ms, Kfs

CO2, CO,

Very little, if any, changes of Spd,

CH4, C2H6, H2

Qtz, Ms, Kfs

CO2, CH4, H2

Complete melting of Qz and Ms;

+H2(C2O4)·2H2O(10.8)
YLCS4

Spd(3.9)+Qtz(8.1)+Ms(2.7)
+San(3.2)+H2(C2O4)·2H2O(12.1)

YLCS5

Spd(4.4)+Qtz(2.7)+Ms(4.0)

332.5/320.5

600

5 (200 °C)

Spd, Qtz, Ms, Kfs

b.d.l.

+San(3.0)+H2(C2O4)·2H2O(12.1)
YLCS6

Spd(1.1)+Qtz(3.5)+Ms(1.7)

553.2/551.6

600

5 (200 °C)

Spd, Kfs, Gl

HCO3−, CO32−

+San(1.9)+K2(C2O4)·H2O(13.0)
YLCS7

Spd(1.2)+Qtz(3.8)+Ms(1.4)

Klc formed when cell was opened
421.5/322.4

600

3 (200 °C)

Spd, Qtz, Ms, Kfs

HCO3−, CO32−

CO2, CH4

+San(2.9)+KH(CO3)(11.5)
YLCS8

crystals on Spd and Ms

Spd(1.9)+Qtz(5.6)+“Lpd”(2.0)

253.4/204.1

600

+Ab(2.5)+NaH(CO3)(17.2)
YLCS9

Spd(3.5)+Qtz(7.6)+“Lpd”(2.0)

509.0/476.4

600

3 (200 °C)

Spd, Qtz, “Lpd”,

3 (100 °C)

Ab, Gl

4 (200 °C)

Spd, Qtz, Ab, Nah

+Ab(4.0)+Na2(C2O4)(16.1)

422
423
424
425

Corrosion of Qtz, nucleation of

HCO3−

CO2, CH4

Growth of Ab, corrosion of Spd,
“Lpd”, Qtz

HCO3−, CO32−

CH4, C2H6,

“Lpd” replaced by Ab, corrosion

C3H8, H2

of Qtz

Notes: The numbers in parentheses in the initial solid charge column represent the approximate volume percentages of each loaded solid relative the sample chamber volume based
on measured sizes from microscopy. Qtz quartz, Ms muscovite, Spd spodumene, Ab albite, Anl analcime, Nah nahcolite, Zbl zabuyelite, San sanidine, Kfs K-feldspar, “Lpd”
polylithionite-trilithionite (“lepidolite”), Klc kalicinite Gl glass. Th(LV→L) temperature of bubble disappearance measured during heating/after cooling. Tmax maximum temperature of
each run. Dwell time time the samples remained at 200 or 100 °C after cooling from Tmax.
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