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ABSTRACT

9
10

Fluid inclusions in pegmatite minerals were studied using Raman spectroscopy to

11

determine the carbon species. Carbon dioxide is very abundant in the aqueous liquid and vapor

12

phases. Occasionally, CH4 was found in the vapor. In the aqueous liquid, HCO3− was detected in

13

fluid inclusions in tantalite-(Mn) from the Morrua Mine and in late-stage quartz from the Muiâne

14

pegmatite and the Naipa Mine, all in the Alto Ligonha District, Mozambique. Moreover, we

15

observed a carbonate (calcite group) in fluid inclusions in garnet from the Naipa Mine and in

16

beryl from the Morrua Mine, both in the Alto Ligonha District, Mozambique, and a calcite-group

17

carbonate and whewellite [CaC2O4∙H2O] in fluid inclusions in topaz from Khoroshiv, Ukraine.

18

The occurrence of oxalate is interpreted to be due to a reaction of some form of carbon (possibly

19

CO or bitumen) with a peralkaline fluid. The results of our study support the hypothesis that,

20

although counterintuitive, hydrogen carbonate-rich peralkaline fluids may locally be involved in

21

the evolution of peraluminous granitic pegmatites, in which peralkaline minerals are normally

22

absent or very rare.

23
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24
25

INTRODUCTION

26

Carbon species are of particular interest in geochemistry and petrology because their

27

study can provide information on formation conditions. With exception of the ubiquitous carbon

28

dioxide, they are rare in peraluminous granitic pegmatites. Fluid inclusions with nahcolite

29

[NaHCO3] and zabuyelite [Li2CO3] crystals in addition to aqueous carbonate/bicarbonate-rich

30

solution and CO2 have been reported to occur in graphic granite of simple pegmatites from the

31

Klippeløkken granite quarry, east of Rønne, Bornholm Island, Denmark (Thomas et al. 2011) and

32

in pegmatitic granites from the Marcação, Galo Branco, and Picuí quarries, in the Borborema

33

Pegmatite Province, NE-Brazil (Beurlen et al. 2014). Similarly, crystal-rich inclusions containing

34

zabuyelite, calcite, pollucite-analcime, quartz/cristobalite, albite, and cookeite were found in

35

spodumene from the Tanco, Jiajika, Muiâne, Bikita, Kamativi, Lacorne, Zhawulong and other

36

pegmatites (London 1986; Anderson et al. 2001; Lima et al. 2003; Thomas and Davidson 2010;

37

Li and Chou 2016, 2017; Mulja and Williams-Jones 2018; Xiong et al. 2019). Macroscopic

38

primary carbonates (calcite, rhodochrosite, siderite, cerussite (maybe secondary), calcioancylite-

39

(Ce), bastnaesite-(Ce), synchisite-(Ce), parisite-(Ce), and even zabuyelite) and carbonate-rich

40

fluorapatite are generally very rare in peraluminous granitic pegmatites but there are several

41

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

42

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

43

Hampshire, USA, the Foote Mine, North Carolina, USA, the Tanco Mine, Manitoba, Canada

44

(www.mindat.org), and the Khoroshiv (Volyn) pegmatites, Ukraine (Lyckberg et al. 2009).

45

Vuggy masses of Mn and Fe carbonate occur in the core zone of the Mount Mica pegmatite

46

(Simmons et al. 2016). London (2013) noted the occurrence of carbonates (calcite or

2
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47

rhodochrosite) in “pocket” assemblages of granitic pegmatites. Alkali carbonate/bicarbonate-

48

bearing fluid inclusions in graphic granite and pegmatitic granite have been interpreted to

49

indicate the existence of peralkaline fluids early in the pegmatite evolution (Thomas et al. 2006a,

50

2011; Beurlen et al. 2014), although peraluminous phases crystallize until the latest stages. On

51

the other hand, it has been argued that zabuyelite, cristobalite, and cookeite in crystal-rich fluid

52

inclusions in spodumene were formed by a late-stage subsolidus reaction of spodumene with the

53

entrapped CO2-rich aqueous fluid (Anderson et al. 2001; Anderson 2013, 2019). Such a reaction

54

appears to have occurred in the case of quartz-hosted primary fluid inclusion containing

55

spodumene, calcite, and rossmanite [LiAl8Si6O18(BO3)3(OH)4] from the Lacorne spodumene

56

pegmatite (Mulja and Williams-Jones 2018).

57

Carbonates in peraluminous granitic pegmatites can be viewed as oddities, and their

58

origin is still unclear. Even stranger appears to be the sporadic occurrence of kerite in “pockets”

59

with beryl and topaz in pegmatites at Khoroshiv (Volodarsk-Volynskii), Ukraine (Lyckberg et al.

60

2009). Because carbon species can provide information about formation conditions, we studied

61

fluid inclusions with carbon-bearing phases in pegmatite minerals from the Alto Ligonha region,

62

Mozambique (von Knorring and Condliffe 1987; Dias and Wilson 2000), the Khoroshiv District,

63

Ukraine (Lyckberg et al. 2009) and the Erongo region, Namibia (Cairncross and Bahmann 2006)

64

using Raman spectroscopy.

65
66

EXPERIMENTAL METHODS

67

Doubly polished sections were prepared from quartz, beryl, elbaite, tantalite-(Mn),

68

almandine-spessartine, albite, and K-feldspar from four pegmatites (Muiâne, Morrua, Naipa,

69

Nuaparra) in the Alto Ligonha region, Mozambique (e.g. Schmidt 1986; von Knorring and

3
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70

Condliffe 1987; Schmidt and Thomas 1990a, 1990b; Dias and Wilson 2000). In addition, we

71

studied fluid inclusions in topaz from a pegmatite in the Khoroshiv District, Ukraine (Lyckberg

72

et al. 2009) and from a miarolitic cavity in the Klein Spitzkoppe granite, Namibia (Cairncross

73

2005) and in fluorite from the Hohenstein area, Erongo, Namibia (Cairncross and Bahmann

74

2006). Raman spectra of phases in these inclusions and of the host mineral were recorded using a

75

HORIBA Jobin Yvon LabRAM HR800 Vis Raman spectrometer equipped with a Synapse® 2048

76

× 512 back-illuminated CCD-detector, a Laser Quantum Torus 532 DPSS laser for excitation at

77

532.17 nm, a grating of 1800 lines/mm, a confocal pinhole diameter of 100 mm, and an Olympus

78

50× SLMPlan N objective (numerical aperture 0.35). The spectra were acquired with 4

79

accumulations of 20 s each.

80
81

RESULTS

82

The results of the Raman spectroscopic analyses of these inclusions are summarized in

83

Table 1. Aqueous inclusions were found in all studied late-stage (“pocket”) minerals. In most

84

samples, CO2 was observed in both the vapor and the aqueous liquid phases. Methane and

85

nitrogen were detected in the vapor phase of fluid inclusions in topaz from Khoroshiv and in

86

fluorite from Hohenstein/Erongo, and additionally hydrogen in the latter. A common solute in

87

the aqueous liquid was [B(OH)3]0, but HCO3− (aq) was not rare and detected in fluid inclusions in

88

tantalite-(Mn) from the Morrua Mine and in late-stage quartz from the Muiâne pegmatite and the

89

Naipa and Nuaparra Mines of the Alto Ligonha District, Mozambique (Figs. 1a and 1b).

90

Dissolved sulfate was only detected in fluid inclusions in the quartz sample 83391 from the

91

Naipa Mine (Table 1). Observed carbon-bearing solids included a calcite-group mineral (the

92

wavenumbers of the Raman bands suggest a (Mn,Ca,Fe)CO3 solid solution) in fluid inclusions in

4
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93

garnet from the Naipa Mine (Figs. 1c and 2), in beryl from the Morrua Mine (Figs. 3 and 4), and

94

in topaz from Khoroshiv (Fig. 5a). Surprisingly, whewellite [CaC2O4·H2O] was identified in

95

fluid inclusions in topaz from Khoroshiv, Ukraine (Figs. 5b and 6). Whewellite shows

96

characteristic intense Raman bands (Fig. 6) at about 1462, 1489, and 1629 cm−1 (Duval and

97

Condrate Sr. 1988). Other identified solids were quartz, mica group mineral(s), bertrandite,

98

fluorapatite, triplite, herderite, hambergite, berborite, sassolite, elpasolite, and (tentatively)

99

saltonseaite (Table 1).

100
101

DISCUSSION

102

Our inclusion study supports the hypothesis of a possible local presence of peralkaline

103

fluid during crystallization of a peraluminous granitic pegmatite. Firstly, hydrogen carbonate was

104

detected in the aqueous solutions of fluid inclusions in tantalite-(Mn) from the Morrua Mine and

105

quartz from the Muiâne pegmatite and the Naipa Mine. Secondly, whewellite was found in fluid

106

inclusions in the topaz from the Khoroshiv (Volodarsk) District (Figs. 5b and 6). Whewellite is

107

known from numerous hydrothermal carbonate-sulfide veins or in sedimentary rocks and is

108

thought to form by oxidation of organic material. To our knowledge, an oxalate has not

109

previously been reported from a peraluminous granitic pegmatite. However, the pegmatites in the

110

Khoroshiv District, Ukraine, may be a peculiar case because a mineral related to organic matter

111

and a tar-like organic compound have been reported (buddingtonite and “kerite”) (Lyckberg et al.

112

2009). It is important for the interpretation to bear in mind that alkali carbonate, oxalate, and

113

other abiogenic C-bearing species occur in alkaline igneous rock complexes (Nivin et al. 2005).

114

The presence of bitumen, oxalate minerals (natroxalate and whewellite), carboxylate compounds,

115

and kyanoxalite (a silicate with an oxalate group) is confirmed for late stages of the formation of

5
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116

hyperalkaline pegmatites in the Lovozero alkaline pluton, Kola Peninsula, Russia (Chukanov et

117

al. 2010). The oxalates are thought to have formed at reducing and peralkaline conditions

118

2 CO + 2 NaOH = 2 NaCOOH = Na2C2O4 + H2

(1)

119

(Chukanov et al. 2010). This mechanism of sodium oxalate formation from carbon monoxide via

120

formate was already described by Boswell and Dickson (1918). Sodium oxalate then reacts with

121

Ca in aqueous solution to form whewellite, e.g.

122

Na2C2O4 + Ca2+ + H2O = CaC2O4·H2O + 2 Na+

(2)

123

Conceivably, other reactions involving carbonaceous substances and peralkaline fluid may also

124

have caused oxalate formation

125

2 C + 2 H2O + 2 NaOH = Na2C2O4 + 3 H2

(3)

126

C2H6 + 2 H2O + 2 NaOH = Na2C2O4 + 6 H2

(4)

127

C + H2O + Na2CO3 = Na2C2O4 + H2

(5)

128

C + 2 NaHCO3 = Na2C2O4 + CO2 + H2O

(6)

129

Although reactions (3) to (6) are speculative, this is not the case for equations (1) and (2).

130

Thus, we interpret the origin of whewellite in fluid inclusions in topaz from the Khoroshiv

131

District to be due to a reaction of some form of reduced carbon (possibly CO or organic matter)

132

with a peralkaline fluid during crystallization of a nominally peraluminous granitic pegmatite.

133

Daughter crystals of a calcite-group carbonate were fairly common and were identified in

134

different pegmatite minerals, i.e. almandine-spessartine from the Naipa Mine, beryl from the

135

Morrua Mine, and topaz from the Khoroshiv (Volodarsk) District (Figs. 1c, 3, and 5a). However,

136

such carbonates do not necessarily indicate peralkaline conditions. The species HCO3−(aq)

137

predominates over CO32−(aq) at elevated temperatures in aqueous fluids (Schmidt 2014), and

6
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thus carbonate and CO2 can form upon cooling by the inverse recombination reaction of the

139

hydrogen carbonate autoprotolysis (Rudolph et al. 2008)

140

HCO3−(aq) + HCO3−(aq) = CO32−(aq) + CO2 + H2O

141

In our study, we found evidence for peralkaline fluids in pegmatites with Li

142

mineralization (petalite, spodumene, polylithionite-trilithionite, or amblygonite), i.e. in the

143

Khoroshiv (Volodarsk-Volynskii) District and in the Alto Ligonha District (Naipa and Morrua

144

Mines and the Muiâne and Nuaparra pegmatites), but not in the miarolitic pegmatites in the

145

Erongo region (Klein Spitzkoppe and Hohenstein) which do not contain spodumene or petalite.

146

This is due to the small sample size and does not imply a relationship of peralkaline fluids and

147

lithium mineralization. Carbonates and hydrogen carbonates (including zabuyelite, nahcolite,

148

dawsonite, calcite) have not only been reported to occur in fluid inclusions from numerous

149

spodumene-bearing pegmatites (Williams and Taylor 1996; Anderson 2001; Lima et al. 2003;

150

Sirbescu and Nabelek 2003; Thomas et al. 2006a; Beurlen et al. 2014; Li and Chou 2016, 2017;

151

Mulja and Williams-Jones 2018; Xiong et al. 2019), but also from rather simple pegmatites, e.g.

152

at Ehrenfriedersdorf, Saxony, Germany (Rickers et al. 2006), at Rønne, Bornholm Island,

153

Denmark (Thomas et al. 2011), and in the Königshain granite, Oberlausitz, Germany (Thomas

154

and Davidson 2016).

(7)

155

Thomas et al. (2006a) argue that alkali carbonates and hydrogen carbonate in granitic

156

pegmatites result from reaction of an alkali silicate melt with CO2. In the case of the Jiajika

157

pegmatite, Li and Chou (2017) and Ding et al. (2020) suggested that the minerals within the

158

spodumene-hosted inclusions represent daughter minerals crystallized from an entrapped

159

carbonate- and silica-rich medium. London (2015) attributed the formation of carbonate to

160

enrichment in boundary layers generated during rapid growth of large crystals, and pointed out

7
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161

that the composition of such fluid inclusions is very often not representative due to

162

heterogeneous trapping. Anderson (2019) proposed that the reaction of spodumene with CO2 and

163

H2O from a secondary infiltrating fluid (Anderson 2013) to zabuyelite, quartz or cristobalite, and

164

cookeite

165

5 LiAlSi2O6 + 2 CO2 + 4 H2O = 2 Li2CO3 + 7 SiO2 + LiAl4(Si3Al)O10(OH)8

(8)

166

accounts for the formation of the spodumene-hosted lithium carbonate-bearing inclusions in the

167

Tanco pegmatite. Segeler et al. (1981) and Nizamoff (2006) reported the occurrence of

168

carbonate-hydroxylapatite in the Palermo No. 1 and No. 2 pegmatites, New Hampshire, USA

169

that was interpreted to be the product of autometasomatic alteration of primary phosphates by

170

carbonate-bearing aqueous fluids. In this context, we note that carbonate-rich fluorapatite occurs

171

in both peraluminous granitic pegmatites (e.g. the Foote Mine in North Carolina, or the Dunton,

172

Bennett, Emmons and Mount Mica Mines in Maine, or the Etta Mine in South Dakota) and

173

alkaline rocks (e.g. Mont Saint-Hilaire, Ilimaussaq, Langesundsfjord, Kovdor, Khibiny,

174

Lovozero), just to name some famous localities (www.mindat.org). In summary, the occurrence

175

of whewellite is not the only indication that peralkaline fluids (in the broader sense including

176

melts) can locally occur during formation of peraluminous granitic pegmatites.

177
178

IMPLICATIONS

179

Our find of whewellite in fluid inclusions in topaz from the Khoroshiv District points to

180

reaction of reduced carbonaceous material with an alkaline fluid. The occurrence of alkali

181

carbonate and hydrogen carbonate does also indicate the presence of alkaline melts and/or

182

alkaline aqueous fluids in peraluminous granitic pegmatites. However, different opinions exist on

183

the origin of such alkaline conditions. Thomas et al. (2006b) attribute the formation of

8
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184

peralkaline melt fractions to fractional crystallization and melt-melt immiscibility in

185

peraluminous granites and granite-related pegmatites. Experiments show that immiscibility

186

phenomena are enhanced in peralkaline silicic systems and by the presence of CO32− (Veksler

187

2004) but unmixing of a peralkaline melt from a peraluminous silicic melt has not been observed

188

in the expected range of bulk flux concentrations of pegmatite-forming peraluminous granitic

189

melts (London 2015). The pegmatite model proposed by London (2009) involves the formation

190

of a flux-rich, potentially peralkaline, hydrosilicate liquid boundary layer that forms along the

191

crystallization front. London (2015) points out that carbonate in inclusions in pegmatite minerals

192

may result from heterogeneous trapping, and that the bulk composition of what is crystallizing in

193

a peraluminous pegmatite remains peraluminous even in late stages of its evolution (as manifest

194

in early almandine and biotite, later muscovite and polylithionite-trilithionite, and late “pocket”

195

clay minerals). This implies that development of peralkaline conditions can only occur on a

196

small, local, scale in such a pegmatite. On this scale, both opinions are not in conflict. With

197

respect to carbonates in inclusions, we conclude that non-alkali carbonates in peraluminous

198

pegmatites should not be interpreted as indicators of alkaline conditions.

199
200
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Figure captions

319
320

Figure 1. Fluid inclusions in tantalite-(Mn) (a), quartz (b), and almandine-spessartine (c) from

321

pegmatites in the Alto Ligonha region, Mozambique (Morrua Mine (a), Muiâne pegmatite (b),

322

Naipa Mine (c)). Cg calcite group mineral, Ui unidentified mineral with Raman bands at 668 and

323

539 cm−1, L aqueous liquid, V vapor.

324
325

Figure 2. Raman spectra of calcite group mineral in the fluid inclusion in almandine-spessartine

326

shown in Fig. 1c (left) and the almandine-spessartine host near that inclusion.

327
328

Figure 3. Fluid inclusions in beryl from the Morrua Mine, Mozambique. Cg calcite group

329

mineral, Brt bertrandite, CO2-L CO2-rich liquid, CO2-V CO2-rich vapor, L aqueous liquid, V

330

vapor.

331
332

Figure 4. Raman spectra of the beryl host and of solid phases in fluid inclusions in beryl from the

333

Morrua Mine, Mozambique.

334
335

Figure 5. Fluid inclusions in topaz from one pegmatite in the Khoroshiv District, Ukraine. Cg

336

calcite group mineral, L aqueous liquid, V vapor.

337
338

Figure 6. Raman spectra of whewellite and aqueous liquid in the fluid inclusion in topaz shown

339

in Fig. 5b and the topaz host near that inclusion.

340
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Table 1. Results of the Raman spectroscopic analyses of fluid inclusions in pegmatite minerals.
Sample
Albite var. Cleavelandite
8/81/9, Naipa Mine,
Mozambique
K-feldspar Nai2
(=8/81/8), Naipa Mine,
Mozambique
Almandine-Spessartine
Nai 1 (=8/81/1), Naipa
Mine, Mozambique
Quartz 83391 (=8/81/7),
Naipa Mine, Mozambique
Beryl, colorless, 36/5,
Morrua Mine,
Mozambique
Tantalite-(Mn) Mor1,
Morrua Mine,
Mozambique
Beryl, pale blue, Mui1/2
(=12/81/x), Muiâne
pegmatite, Mozambique
Elbaite, yellowish green,
Mui2/1 (=12/81/x),
Muiâne pegmatite,
Mozambique
Elbaite, dark green,
Mui2/2 (=12/81/x),
Muiâne pegmatite,
Mozambique
Elbaite, pink, Mui2/3
(=12/81/x), Muiâne
pegmatite, Mozambique
Quartz 83442 (=6/81/1),
Muiâne pegmatite,
Mozambique
Quartz 83386
(=13/81/9A), Nuaparra
pegmatite, Mozambique

Vapor

Aqueous Liquid

Solid phases

CO2

CO2, [B(OH)3]0

unidentified solid(s) with bands at 256,
355, 371, 402, 453, 747, 994, 1050,
1122, and 1137 cm−1

CO2

CO2, [B(OH)3]0

doubly terminated skeletal crystal
calcite group mineral,
quartz, mica group
mineral

CO2

CO2, HCO3−,
[B(OH)3]0, SO42−

CO2

CO2, [B(OH)3]0

CO2

CO2, HCO3−

Notes

unidentified mineral with bands at 668
and 539 cm−1
doubly terminated crystal

calcite group mineral,
bertrandite, berborite
HCO3− signal weak (I1017=~35/60 sec)

CO2

mica group mineral

CO2

CO2, [B(OH)3]0

fluorapatite, sassolite

CO2

CO2, [B(OH)3]0

quartz

CO2

CO2, [B(OH)3]0

quartz

CO2

CO2, HCO3−,
[B(OH)3]0

CO2

CO2, HCO3−

unidentified mineral with strong band at
518 cm−1, additional unidentified solids
the fluid inclusion shown in Fig. 1b is
from sample 83442

Fluorite ,Hohenstein area,
Erongo, Namibia

saltonseaite? (bands at
167, 236, ~692 cm−1)

Fluorite, Hohenstein area,
Erongo, Namibia

CO2,
N2,
CH4,
H2

CO2, [B(OH)3]0

Topaz SK1, Klein
Spitzkoppe, Namibia

CO2

[B(OH)3]0

Topaz 62/365, Khoroshiv
(Volodarsk-Volynskii),
Ukraine

CO2,
N2,
CH4

0

CO2, [B(OH)3]

fluid inclusions in central green zone:
solids common, most of them without
Raman bands. Unidentified solids with
bands at 185, 197, 385, 642, 648 cm−1
and at 198, 328, 541, 570, 681 cm−1
outer colorless zone: no solids observed
in the fluid inclusions

quartz, triplite

other, unidentified, minerals

whewellite, calcite group
mineral, elpasolite,
herderite, hambergite,
mica group mineral

other, unidentified, minerals
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