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1 ABSTRACT 
 

2 We  present  the  results  of  laboratory  experiments  in  which  a  forsterite-rich      melt 
 

3 estimated to be a potential precursor of Allende CMS-1 FUN CAI was evaporated into  vacuum 
 

4 for different lengths of time at 1900ºC. The evaporation of this melt resulted in residues that 
 

5 define trajectories in chemical and magnesium, silicon and oxygen isotopic composition    space 
 

6 that come very close to the measured properties of CMS-1. The isotopic composition of the 
 

7 evaporation residues was also used to determine the kinetic isotopic fractionation factors [α2,1 
 

8 (vapor-melt) defined as the ratio of isotopes 2 and 1 of a given element in the evaporating gas 
 

9 divided  by  their  ratio  in  the  evaporating  source]  for  evaporation  of  magnesium  (α25,24 for 

10 25Mg/24Mg), silicon (α29,28 for 29Si/28Si) and oxygen (α18,16 for 18O/16O) from the   forsterite-rich 
 

11 melt at 1900ºC. The values of α25,24 = 0.98383±0.00033 and α29,28 = 0.99010±0.00038 are 
 

12 essentially independent of change in the melt composition as evaporation proceeds contrary to 
 

13 α18,16 which changes from α18,16 = 0.9815±0.0016 to α18,16 ~ 0.9911 when the residual melt 
 

14 composition  changes  from  forsteritic to  melilitic.  Using  the determined  values  of α25,24  and 
 

15 α29,28 and present-day bulk chemical composition of the CMS-1, composition of the precursor 
 

16 of the inclusion was estimated to be close to the clinopyroxene+spinel+forsterite assembly 
 

17 condensed   from   a   solar   composition   gas.   The   correspondence   between   the  chemical 
 

18 composition and isotopic fractionation of experimental evaporation residues and the present-day 
 

19 bulk chemical and isotopic compositions of CMS-1 is evidence that evaporation played a  major 
 

20 role in the chemical evolution of CMS-1. 



21 1. INTRODUCTION 
 

22 Calcium-,  aluminum-rich  inclusions  (CAIs)  are  the  oldest  known  materials  to have 
 

23 formed  in  the Solar System  (e.g.,  Amelin  et  al.,  2002,  2010;  Bouvier  and  Wadhwa, 2010; 
 

24 Connelly et al., 2012). The most extensively studied CAIs are coarse-grained Type B inclusions 
 

25 composed  mainly  of  melilite,  spinel,  fassaite  and  anorthite,  and  Compact  Type  A  (CTA) 
 

26 inclusions composed mainly of melilite (>60 vol%), spinel, perovskite and often Ti-rich fassaite 
 

27 (e.g., Grossman, 1975, 1980; Simon et al., 1999; MacPherson, 2007). All Type B CAIs and 
 

28 majority of CTAs are believed have been formed by crystallization of partially molten  droplets, 
 

29 and the coarse-grained texture of the Type B CAIs has been reproduced in    laboratory dynamic 
 

30 crystallization experiments (e.g., Stolper and Paque, 1986; Beckett et al., 1990; Mendybaev et 
 

31 al., 2006) when partially molten droplets were cooled from ~1450ºC at less than 50ºC per  hour. 
 

32 Typical   Type   B   and   CTA   CAIs   are   characterized   by   well   resolved  mass-dependent 

33 fractionations of magnesium, silicon and oxygen isotopes (e.g., δ25Mg up to 11‰ relative to 

34 Burma spinel and δ29Si up to 5‰ relative to NBS-28 quartz; see Grossman et al., 2000; 2008 
 

35 and references therein) which are attributed to a Rayleigh-type distillation. The correlated mass- 
 

36 dependent fractionations of silicon and magnesium isotopes have been also found in   laboratory 
 

37 experiments in which CAI-like melts were evaporated in low-pressure conditions (Richter et al., 
 

38 2002, 2007; Knight et al., 2009; Mendybaev et al., 2013a). 
 

39 Most FUN CAIs (CAIs with Fractionation and Unidentified Nuclear effects, Wasserburg 
 

40 et  al.,  1977)  are  similar  to  isotopically  “normal”  (non-FUN)  CAIs  in  terms  of  their  bulk 
 

41 chemical and mineral compositions (see Clayton et al., 1984; Davis et al., 1991; Krot et al., 
 

42 2014; Williams et al., 2016 and references therein). However, in contrast to normal CAIs, the 

43 classical FUN CAIs display little or no excess of radiogenic 26Mg, and are characterized by 



44 large mass-dependent isotopic fractionation of magnesium and silicon (δ25Mg up to ~40‰   and 

45 δ29Si up to ~15‰), distinct oxygen isotopic composition of their high-temperature minerals, and 
 

46 mass-independent isotopic anomalies of unknown origin in a number of elements. Some of 
 

47 these CAIs are characterized by large kinetic mass-dependent isotope fractionation effects    and 
 

48 lack mass-independent anomalies (“F” or FUN-like CAIs, such as TE; e.g., Clayton et al. 1984), 
 

49 while other CAIs have large nuclear anomalies without significant kinetic isotope  fractionation 
 

50 (“UN”  CAIs,  e.g.,  Ireland,  1988).  Mass-dependent  fractionation  of  magnesium,  silicon and 
 

51 oxygen isotopes observed in CAIs are usually associated with their evaporation under low- 
 

52 pressure conditions that results in faster evaporation of lighter isotopes and thus enrichments  of 
 

53 the evaporation residues    in heavy isotopes (e.g., Esat et al., 1986; Davis et al., 1990; Ireland et 
 

54 al., 1992; Wang et al., 2001; Richter 2002, 2007; Yamada et al., 2006; Knight et al., 2009). 
 

55 Recent experiments by Mendybaev et al. (2010, 2013a,b) showed that evaporation of a MgO- 
 

56 and SiO2-rich melt in vacuum results in the evaporation residues with chemical and isotopic 
 

57 compositions of magnesium, silicon and oxygen close to the levels measured in FUN (and 
 

58 FUN-like) CAIs. 
 

59 On a three-oxygen isotope diagram (Fig. 1) the oxygen isotopic compositions of FUN 
 

60 and FUN-like CAIs is distinctly different from that of “normal” CAIs and plot to the right of the 
 

61 CCAM  (Carbonaceous  Chondrite Anhydrous  Mineral) mixing line with slope ~1  defined   by 
 

62 minerals in the “normal” CAIs (Clayton et al., 1977). The isotopic composition of spinel, 
 

63 forsterite and often pyroxene in the FUN CAIs fall along a mass-fractionation line (FUN FL) 
 

64 with slope ~1/2 that is parallel to the mass-dependent terrestrial fractionation line (TFL) but 
 

65 significantly displaced with typical ∆17O ~-24‰, although some FUNs, such as TE, are less 

66 16O-rich with ∆17O up to -16.4‰ (e.g., Krot et al., 2014). The oxygen isotopic compositions   of 



67 mineral  grains  along FUN FL are believed to reflect the  crystallization sequence of    minerals 
 

68 from an evaporating melt. The degree of mass-dependent oxygen isotopic fractionation due to 
 

69 evaporation,  as  estimated  from  the  difference  between  the  δ18O  (or  δ17O)  of  the      most 

70 fractionated grains along FUN FL and the initial δ18O (or δ17O) values at the intersection of  the 

71 FUN FL and CCAM lines (see Fig. 1), can be as high as 40-45‰ in δ18O or 20-22‰ in δ17O 
 

72 (see for examples, Clayton et al., 1977, 1984; Davis et al., 1991, 2000; Krot et al., 2014; 
 

73 Williams et al., 2016). Such high degrees of mass-dependent oxygen isotope fractionation  were 
 

74 also observed in the evaporation experiments (Davis et al., 1990; Wang et al., 2001; Mendybaev 
 

75 et al., 2013a) along with enrichment in heavy magnesium and silicon isotopes. The correlated 
 

76 mass-fractionated effects in Mg, Si and O isotopes in both vacuum experiments and FUN and 
 

77 FUN-like CAIs clearly indicate that these CAIs have experienced high degrees of melting in the 
 

78 solar  nebula,  which  resulted  in  evaporation  of  very  significant  amounts  of  the moderately 
 

79 volatile elements. 
 

80 CMS-1 is a FUN CAI that was recently identified in the Allende CV3 chondrite and is 
 

81 described in detail in the accompanying paper (Williams et al., 2016). It is a coarse-grained CAI 
 

82 of irregular shape  (approximately 3  x  5  mm  in  overall  maximum  dimensions) and  contains 
 

83 several rounded cavities filled with matrix material. CMS-1 has an igneous texture and is 
 

84 composed  of  39%  melilite,  30%  Ti-Al-rich  pyroxene,  24%  spinel  with  minor  amounts  of 
 

85 hibonite and perovskite along its margins. Chemically it consist of 34.8 wt% Al2O3, 25.4 wt% 
 

86 SiO2, 23.9 wt% CaO, 11.9 wt% MgO, 1.4 wt% FeO, 1.1 wt% TiO2 and small amounts of Na2O, 
 

87 K2O, Cr2O3 and Cl2O (Williams et al., 2016). CMS-1 is highly enriched in heavy magnesium 

88 and silicon isotopes [a weighed means of δ25Mg and δ29Si are 32.72±0.50‰ and   15.54±0.27‰ 
 

89 (95% confidence interval) respectively;  Williams  et  al.,  2016], and  shows  a large range     of 



90 ~32‰ in δ18O (~16‰ in δ17O) values caused by the evaporation (Fig. 1). To explain such large 
 

91 mass-fractionation effects in magnesium, silicon and oxygen isotopes by evaporation we  report 
 

92 the results of a new set of laboratory evaporation experiments in which a melt with an estimated 
 

93 CMS-1 precursor composition was evaporated to varying degrees in a high vacuum furnace. 
 

94 The resulting set of evaporation residues will be referred to as the FUNC residues. Their bulk 
 

95 chemical  composition as well as  their magnesium, silicon and oxygen  isotopic    compositions 
 

96 were measured and compared to those of CMS-1. 
 

97 
 

98 2. SOME THEORETICAL ASPECTS OF VACUUM EVAPORATION 
 

99 It was shown (e.g., Richter et al., 2002; 2007) that laboratory evaporation of silicate 
 

100 melts in vacuum can be successfully described by the standard Hertz-Knudsen formulation  (see 
 

101 Hirth and Pound, 1963): 
 

102  

 
 
𝐽  = ∑𝑛

 

 

 
𝑛𝑖𝑗𝛾𝑖𝑗𝑃𝑖𝑗 

 

 
(1) 

𝑖 𝑗=1 �2𝜋𝑚𝑖𝑗𝑅𝑇 

 

103 where Ji is the net evaporative flux (in moles per unit area per time) of a component i   (element 
 

104 or  isotope), nij  is  the  number  of  atoms  of  i  in  the  jth  gas  species  containing  i, γij  is  the 
 

105 evaporation coefficient for the jth gas species containing i, Pij is the saturation vapor pressure of 
 

106 j, mij is the molar mass of the gas species j that would be in equilibrium with the melt, R is the 
 

107 gas constant, and T is the absolute temperature. In case of magnesium and silicon evaporating 
 

108 from silicate melts, the equilibrium gas is predominantly Mg(g) and SiO(g) as was determined 
 

109 experimentally (e.g., Nichols et al., 1995), and Eq. (1) can be simplified as: 
 

110 𝐽𝑀𝑔 =   
𝛾𝑀𝑔𝑃𝑀𝑔  

�2𝜋𝑚𝑀𝑔𝑅
𝑇 

(2) 

 

111 and 



𝑆𝑖𝑂 112 𝐽 =    
𝛾𝑆𝑖𝑂𝑃𝑆𝑖𝑂 

�2𝜋𝑚𝑆𝑖𝑂𝑅𝑇 
, (3) 

 

113 where JMg and JSiO, are the evaporative fluxes of magnesium and silicon, γMg and γSiO are the 
 

114 empirical evaporation coefficients of Mg(g) and SiO(g), PMg and PSiO are their vapor pressures in 
 

115 equilibrium with the condensed phase, mMg and mSiO are their masses, and T is the absolute 
 

116 temperature. The relative evaporation rates of magnesium and silicon can be calculated using 
 

117 relationship: 
 

118  

 
 

𝐽𝑆𝑖 
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(4) 
𝐽𝑀𝑔 𝛾𝑀𝑔 𝑃𝑀𝑔     𝑚𝑆𝑖𝑂 

 

119 if the evaporation coefficients and equilibrium vapor pressures are known. The evaporation 
 

120 coefficients need to be determined experimentally as they cannot be calculated theoretically, 
 

121 and  it  was  found  that  the  values  of  γMg  and  γSiO  determined  from  vacuum     evaporation 
 

122 experiments  using  silicate  melts  (e.g.,  Richter  et  al.,  2007;  Knight  et  al.,  2009)  are  quite 
 

123 different  from  unity although  the  reason  of  such  deviations  remains  unknown. Equilibrium 
 

124 speciation and vapor pressures of the evaporating gases can be measured    experimentally using 
 

125 Knudsen  cells  technique  (e.g.,  Nichols  et  al.,  1995),  but  we  do  not  measure  them  in our 
 

126 experiments and use thermodynamic calculations to estimate the relevant vapor pressures. 
 

127 Eq. (1) also describes the kinetic fractionation of isotopes in vacuum. Similarly to Eq. 
 

128 (4), the ratio of the fluxes of isotopes 1 and 2 of a given element i can be expressed as: 
 

  

129 
𝐽𝑖,2 = 

𝛾𝑖,2 𝑃𝑖,2 𝑚𝑖,1 = 𝑅 𝛾𝑖,2 𝑚𝑖,1 (5) 
𝐽𝑖,1 

𝛾𝑖,1  𝑃𝑖,1 

�
𝑚𝑖,2 

2,1  𝛾𝑖,1 
�

𝑚𝑖,2 

 

130 again assuming that the element i evaporates predominantly as a single gas species; R2,1 is the 
 
131 atomic ratio of isotopes 2 and 1 in the evaporating source. The ratio of the isotopic fluxes Ji,2/Ji,1 

 
132 in the evaporating gas to the atomic ratio R2,1 defines the isotopic fractionation factor α2,1 



𝑖 

 
 

133 (𝑎2,1 = �𝛾𝑖,2⁄𝛾𝑖,1��𝑚𝑖,1⁄𝑚𝑖,2 ). When the fractionation factor α2,1 is unchanging as evaporation 
 

134 proceeds the isotopic composition of the evaporation residues evolve via Rayleigh fractionation 
 

135 (e.g., Esat, 1984; Davis et al., 1990, 2015; Richter et al., 2002, 2004, 2007) given as: 
 

136 𝑅2,1  = 𝑅0 ƒ
𝛼2,1−1 (6) 

 

137 or 
 

138 ln(R2,1 / R0 ) = (α2,1 −1) ln ƒi (7) 

139 where R2,1 is the ratio of isotopes 2 and 1 of a given chemical element i in the evaporation 
 

140 residue, R0 is their isotopic ratio in the starting material prior to evaporation, ƒi is the fraction of 
 

141 the isotope 1 remaining in the residue after evaporation. 
 

142 The Rayleigh fractionation relationships given above will be used here to calculate the 
 

143 chemical and isotopic fractionations during vacuum evaporation of the FUNC forsteritic melt. 
 

144  
 

145 3. EXPERIMENTAL TECHNIQUE 
 

146 3.1 Starting materials and experimental procedure 
 

147 The starting material containing 37.9 wt% MgO, 11.6 wt% Al2O3, 42.9 wt% SiO2 and 

148 7.6 wt% CaO was evaporated in vacuum (<10-9 bars) at 1900ºC. The composition, chosen as a 

149 potential  precursor of CMS-1,  was  obtained  by adding  MgO and  SiO2  to  the reported  bulk 
 

150 composition of the inclusion (Williams et al., 2016) in such amounts that when sufficiently 
 

151 evaporated  this  material  would  be expected  to produce fractionations  in  Mg and  Si isotopes 

152 close to δ25Mg = 32.72±0.50‰ and δ29Si = 15.54±0.27‰ reported by Williams et al. (2016)  for 
 

153 CMS-1.  Here  we  assumed  that  evaporation  of  the  CMS-1  precursor  (FUNC  melt)  would 
 

154 fractionate magnesium and silicon isotopes the same way (i.e., the isotopic fractionation  factors 
 

155 will remain the same) as was determined from evaporation experiments with forsteritic FUN1 



156 and  FUN2  melts  (Mendybaev  et  al.,  2013a)  with  significantly  different  bulk        chemical 
 

157 compositions  than  the  FUNC  melt.  The  mixture  of  MgO  (Alfa  Aesar,  99.998%),      SiO2 
 

158 (Aldrich®, >99.995%), Al2O3 (Alfa Aesar®, 99.99%), and CaCO3 (Alfa Aesar®, 99.99%)  was 
 

159 homogenized in the Retsch® MM200 oscillating mill using a 5 ml agate jar and two 7 mm agate 
 

160 balls under ethanol at 20.0 cycles per second for at least 400 min. After the mixture was dried at 
 

161 room temperature, it was placed into a platinum crucible that was heated to 1000°C for ~10 h to 
 

162 drive off CO2 from the calcium carbonate. The mixture of oxides then was cooled and stored for 
 

163 later use in a desiccator connected to a vacuum pump. Individual evaporation experiments  were 
 

164 conducted on samples with 25–40 mg of the mixture loaded onto 2.5 mm diameter iridium  wire 
 

165 loops. 
 

166 The  vacuum  evaporation  experiments  were  run  in  a  high-temperature  high-vacuum 
 

167 furnace at the University of Chicago (see Hashimoto, 1990 for the furnace details). After the 

168 sample was placed into the furnace at room temperature, it was pumped down to about 10-7
 

 

169 bars, and the temperature was then raised to 1400ºC at 20ºC/min and held at this temperature for 

170 about 20 min to allow the sample to degas. Once the furnace pressure had dropped to ~10-9 bars, 
 

171 the temperature was raised to 1900ºC at 40ºC/min and the sample allowed to evaporate for a 
 

172 predetermined amount of time (from 0 to 55 minutes). An experiment was ended by cutting  the 
 

173 power to the heating elements (see Mendybaev et al., 2013a for the details). The evaporation 
 

174 residue was removed from a cold furnace and broken into several pieces for separate chemical 
 

175 and isotopic analysis. The experiment (FUNC-5  in Tables 1  and  2) in  which the sample   was 
 

176 quenched  immediately  after  the  furnace  temperature  reached  1900°C  (i.e.,  run  duration  at 
 

177 1900°C is zero minutes) is referred as a “zero-time” run. 
 

178  



179 3.2 Analytical techniques 
 
180 3.2.1 Chemical composition of evaporation residues. 

 

181 The texture and chemical composition of the FUNC evaporation residues were studied 
 

182 using a JEOL JSM-5800LV scanning electron microscope equipped with an Oxford/Link  ISIS- 
 

183 300  energy-dispersive X-ray (EDX) microanalysis  system  at  the University of Chicago.   The 
 

184 working conditions involved a 15 keV accelerating voltage and a 0.4 nA beam current with 
 

185 natural and synthetic materials used as calibration standards. The chemical composition of the 
 

186 samples was determined either by averaging at least 20 spots analyzed across the sample (for 
 

187 the residues  that  quenched  to  glass) or by averaging the  results  of scanning 15-20  areas    of 
 

188 ~250×200 microns in dimension for the residues that quenched to intergrowth of forsterite   and 
 

189 glass. 
 

190  
 

191 3.2.2 Magnesium and silicon isotopic analyses. 
 

192 Isotopic composition of magnesium and silicon of the FUNC evaporation residues    was 
 

193 measured  using  a  Photon  Machine  Analyte  193  laser  ablation  system  connected  to  a 
 

194 ThermoFinnigan   Neptune   MC-ICPMS   (multicollector   inductively   coupled   plasma  mass 
 

195 spectrometer) at the Arizona State University (see accompanying paper by Williams et al. for 

196 details).  Magnesium  isotopes  (24Mg,  25Mg  and  26Mg  as  well  as  27Al)  were  measured 

197 simultaneously during one session;  silicon  isotopes  (28Si, 29Si  and 30Si) were  also    measured 
 

198 simultaneously but in a separate analytical session. All isotopic measurements were   conducted 
 

199 in high-resolution mode using 100 to 275 µm diameter spot sizes depending on the   magnesium 
 

200 and silicon concentrations of the sample. The measurements consisted of approximately 320 s 
 

201 of data acquisition per spot with forty 8 s integrations. Individual samples were bracketed    by a 



202 synthetic B133R-10 glass with a bulk composition similar to that of a typical Type B CAI 
 

203 (Richter et al., 2007; Janney et al., 2011). The magnesium isotopic composition of B133R-10 
 

204 relative to DSM3 is δ25Mg=-1.77±0.16‰ and δ26Mg=-3.51±0.28‰ and that of silicon   relative 

205 to  NBS-28  is  δ29Si=0.00±0.15‰  and  δ30Si  =-0.01±0.11‰.  The  details  of  the     analytical 
 

206 procedure including the matrix effect corrections are given in Janney et al. (2011). 
 

207  
 

208 3.2.3 Oxygen isotopic analyses. 
 

209 Oxygen isotopic composition of the FUNC samples was measured at the University of 
 

210 Wisconsin-Madison by laser fluorination of 1.5 to 2.9 mg chips. Oxygen produced by laser 
 

211 heating in a BrF5 atmosphere was carefully purified by passing the released gas through a 

212 number of traps,  converted  to  CO2  on  hot  graphite,  and  analyzed  for  16O and  18O with    a 

213 Finnigan MAT 251 mass spectrometer. All measurements were made in one session. During the 

214 measurements,  the  δ18O  values  of  unknowns  were  adjusted  down  by  0.22‰  based  on the 

215 average of six  analyses  of the UWG-2  garnet standard  (δ18O=5.80‰ VSMOW) that    bracket 
 

216 unknown  analyzes  during the same session.  The details  of the     analytical  method  and  data 
 

217 standardization  were  described  by  Valley  et  al.  (1995)  and  by Spicuzza  et  al.  (2007). The 

218 correlation  between  δ18O  and  δ17O  values  in  FUN1  and  FUN2  evaporation  residues (δ17O 

219 =0.515 × δ18O) reported previously by Mendybaev et al. (2010, 2013a) was used to calculate 

220 δ17O values for the FUNC residues. 

221 
 

222 4. RESULTS 
 

223 The textures of the quenched samples are very similar to those of the FUN1 and FUN2 
 

224 evaporation residues (Fig. 3 of Mendybaev et al., 2013a). The least evaporated samples  FUNC- 



225 5 and FUNC-10 (Table 1) are composed of very fine grained intergrowths of forsterite and 
 

226 glass; the more evaporated samples (FUNC-1, -9, and -3) have a barred olivine texture similar 
 

227 to  those  in  chondrules;  and  the  most  evaporated  sample  FUNC-6  appears  as  a  clear 
 

228 homogeneous  glass.  The  fact  that  the  experimental  temperature  was  above  the      melting 
 

229 temperature of forsterite (1890°C) and that forsterite was observed even in “zero-time” run 
 

230 residues (i.e., when the sample was quenched immediately after the furnace temperature reached 
 

231 1900°C) indicates that forsterite is a product of the relatively slow quenching (~1000˚C/min)  of 
 

232 the molten Mg2SiO4-rich droplets rather than crystallization during the high-temperature   phase 
 

233 of the experiments. 
 

234  
 

235 4.1 Chemical composition of evaporation residues 
 

236 Despite their textural differences we found that all evaporation residues are    chemically 
 

237 homogeneous   without   any   concentration   gradients   across   the   samples.   The    chemical 
 

238 composition of the starting FUNC material and evaporation residues is given in Table 1. Run 
 

239 durations listed in the Table are times during which samples were evaporated at 1900ºC.  About 
 

240 5%  weight  loss  occurred  even  in  the  zero-time  experiment  as  also  indicated  by       lower 
 

241 SiO2/Al2O3 and MgO/Al2O3 ratios in the FUNC-5 compared to the FUNC starting material.  To 
 

242 compensate for the chemical and isotopic fractionations during the ramping up of the furnace 
 

243 temperature to 1900°C, we used the zero-time run residue as the effective starting  composition. 
 

244 Table 2 shows the degree of the evaporation expressed as fractions of magnesium (ƒ24Mg ), 

245 silicon (ƒ28Si ) and oxygen (ƒ16O ) remaining in the evaporated residues and also the   associated 
 

246 isotopic fractionations relative to that of the zero-time run. Because aluminum is very refractory 
 

247 and  does  not  evaporate  during  the  experiments,  the  values  of  ƒ24Mg  were  calculated     as 



248 (MgO/Al2O3)residue/(MgO/Al2O3)zero-time  run with corrections for contribution of 25Mg and   26Mg. 

249 (1.1% for the most evaporated sample FUNC-6). The ƒ28Si and ƒ16O were calculated in the same 
 

250 way. 
 

251 Figure 2 shows the evaporation trajectory from the FUNC experiments in the anorthite – 
 

252 gehlenite  –  forsterite  ternary  diagram.  The  figure  shows  that  as  evaporation  proceeds  the 
 

253 composition of the evaporation residues (shown as filled circles) evolves from the forsterite 
 

254 stability field to the melilite stability field. Because CaO and Al2O3 do not evaporate from the 
 

255 melt at the conditions of the experiments, the plot of weight percents of SiO2 versus MgO can 
 

256 be used  to  fully characterize the evaporation  trajectory.  The trajectory in  SiO2-MgO space  is 
 

257 shown in Figure 3. Figures 2 and 3 also show evaporation trajectories of the FUN1 (open 
 

258 circles) and  FUN2  (open  diamonds) melts  from Mendybaev  et  al.  (2013a) evaporated  at the 
 

259 same conditions and the bulk composition of CMS-1 CAI (FUNC shown as a star)   normalized 
 

260 to 100% of CaO+MgO+Al2O3+SiO2 (24.95 wt% CaO, 12.42 wt% MgO, 36.22 wt% Al2O3, 
 

261 26.41 wt% SiO2). The thin curve fitting the experimental residues in Fig. 3 is an evaporation 
 

262 trajectory of the FUNC melt calculated the same way as described by Grossman et al. (2000) 
 

263 with the ratio of evaporation coefficients of Mg (γMg) and SiO (γSiO) used in Eq. (4) is equal   to 
 

264 2.1 (see section 4.1 for details). The composition of the gas phase in equilibrium with the melt 
 

265 along the calculated trajectory is shown in Figure 4 which illustrates that the major   magnesium 
 

266 and silicon bearing species above the FUC melt are Mg(g) and SiO(g) as was also determined 
 

267 experimentally (e.g., Nichols et al., 1995) . Figures 2 and 3 illustrate that: 1) the evaporation   of 
 

268 the silica-rich FUNC melt starts with faster evaporation of silicon compared to magnesium very 
 

269 much like what was observed in experiments of Richter et al. (2002, 2007) evaporating Type  B 
 

270 CAI-like melt in vacuum, and opposite to what was observed in our experiments using the 



  − , 
  

 

271 magnesia-rich FUN1 melt in which magnesium initially evaporated faster than silicon; 2)   after 
 

272 this initial evaporation step that lasted for ~15 min at 1900ºC, the evaporation trajectory of the 
 

273 FUNC melt converges with that of the FUN1 and FUN2 melts; 3) the evaporation trajectory   of 
 

274 the FUNC melt passes very close to the composition of CMS-1 and it takes less than an hour  to 
 

275 produce residues (FUNC-4 and FUNC-6, see Table 1) with chemical and isotopic  compositions 
 

276 close to CMS-1; 4) the experimental evaporation trajectory of the FUNC melt can be   nicely fit 
 

277 by a trajectory calculated using γMg/γSiO = 2.1. This ratio is different from γMg/γSiO = 0.74   used 
 

278 by Richter et al. (2007) to fit experimental data on the evaporation of a Type B CAI-like melt at 
 

279 1600ºC and γMg/γSiO = 1.0 to fit experimental data at 1800ºC and 1900ºC. The difference in 
 

280 γMg/γSiO of melt trajectories in the melilite stability field reported by Richter et al. (2007) and 
 

281 those of melts in the forsterite stability field reported here are a clear indication that γMg/γSiO 

 

282 depends  not  only  on  temperature  but  also  on  the  composition  of  the  starting      materials 
 

283 evaporated. The change in the value of γMg/γSiO from 2.1 to 1.0 as melt composition changes 
 

284 from forsteritic to melilitic explains the departure of the most evaporated experimental    residue 
 

285 in Figs. 2 and 3 from the evaporation trajectory calculated using γMg/γSiO = 2.1. 
 

286  
 

287 4.2 Magnesium, silicon and oxygen isotopic compositions of the FUNC evaporation residues 
 

288 The magnesium, silicon and oxygen isotopic compositions of the FUNC evaporation 
 

289 residues expressed in the delta notation defined as 
 

290 δ XMg = 1000 ×  ( XMg / 24Mg) 
 
sample 

 −1   and δ XSi = 1000 ×  (XSi/28Si) sample  1 
 ( XMg / 24Mg)  

standard  
 

(XSi/28Si) 
 

standard  



291 for magnesium and silicon, for example, are listed in Table 1 relative to the starting materials. 

292 We found that isotopically all FUNC residues are uniform without any spatial variations in their 

293 Mg  and  Si  isotopic  compositions.  As  was  noted  above,  to  compensate  for  the      isotopic 

294 fractionations   during  the  ramping  up   the  furnace   temperature  to   1900°C,   the    isotopic 

295 compositions of the run products were normalized to the zero-time residue (sample FUNC-5; 

296 δ29Si≡0, δ25Mg≡0, δ18O≡0) and listed in Table 2 as δ25Mgt=0, δ26Mgt=0, δ29Sit=0, δ30Sit=0,   δ17Ot=0 

297 and δ18Ot=0. Relationships between δ29Sit=0 and δ25Mgt=0, and δ18Ot=0 and δ25Mgt=0 in the  FUNC 

298 residues (all in permil) are shown in Figure 5 along with the measured average silicon and 

299 magnesium isotopic compositions of CMS-1 (δ25Mg = 32.72±0.50‰, δ29Si = 15.54±0.27‰; 

300 Williams et al., 2016) shown as the star. Oxygen isotopic composition of CMS-1 shown in  Fig. 

301 5 is our estimate of isotopic fractionation due to evaporation (Δ18O ~32‰) obtained by the 

302 extent of the change in δ18O along that portion of the isotopic fractionations that fall along the 

303 slope 1/2 line defined by the spinel grains (see Fig. 1 for details). Figure 5 shows that the 

304 isotopic composition of CMS-1 plots on or very close to the dashed curves which are the best 

305 fits through the FUNC experimental residues, and is within few permil of the fractionation in 

306 the most evaporated FUNC-6 residue (δ25Mgt=0 = 35.0±0.3‰, δ29Sit=0 = 16.6±0.1‰, and δ18Ot=0 

307 = 29.1±0.1‰). The initially faster enrichments in heavy 29Si relative to 25Mg reflect the initially 

308 faster evaporation of silicon relative to magnesium seen in Figs. 2 and 3. Because under low 

309 vacuum conditions the SiO is expected to be the major evaporating gas containing oxygen  (Fig. 

310 4), one would also expect the initial faster enrichment of 18O over 25Mg, which is also seen in 

311 Fig.  5.  The  fact  that  the  δ29Si,  δ25Mg  and  δ18O  of  CMS-1  are  very  close  to  the isotopic 

312 trajectories in δ29Si- δ25Mg and δ18O-δ25Mg space of the FUNC evaporation residues is strong 

313 evidence that isotopic composition of CMS-1 reflects the effect of evaporation in the same  way 

314 as in our laboratory experiments. 
315  

 

316 4.3 Kinetic isotope fractionation factor for silicon, magnesium, and oxygen 



317 When a silicate melt evaporates in vacuum, mass-dependent isotopic fractionation  takes 
 

318 place due to a faster evaporation of lighter isotopes of a given element relative to heavy ones. 
 

319 As a measure of the isotope fractionation we will use the kinetic isotopic fractionation factor 
 

320 α2,1 defined as the ratio of isotopes 2 and 1 of element i in the   evaporating gas divided by their 
 

321 ratio in the evaporating source melt (see Eqs. (6) and (7) in section 2). It has often been assumed 
 

322 that the value of α2,1 is equal to the inverse square root of the ratio of masses of evaporating 
 

323 isotopes, which in the case of 25Mg and 24Mg, for example, would result in 𝛼25,24 = �24⁄25    = 

324 0.97980. It has been shown, however, that the experimentally measured values of α2,1, at least in 
 

325 the case of vacuum evaporation of silicon, magnesium and oxygen from silicate melts (e.g., 
 

326 Davis  et  al.,  1990;  Wang  et  al., 2001;  Richter  et  al.,  2002,  2007,  Knight  et  al.,   2009, 
 

327 Mendybaev et al., 2013), are significantly different from the theoretically expected values. In 
 

328 this  section  we  use  our  experimental  data  on  magnesium,  silicon  and  oxygen       isotopic 
 

329 fractionation  during  evaporation  of  FUNC  forsterite-rich  melt  to  determine  the        kinetic 
 

330 fractionations factors and compare them with those from our previous experiments. 
 

331 Our  estimate  of  the  chemical  composition  of  the  starting  FUNC  melt  that     when 
 

332 sufficiently evaporated would result in a residue that is close chemically and isotopically to   the 
 

333 CMS-1 FUN CAI, was made using Eq. (6) with values for the kinetic isotopic fractionation 
 

334 factors of α25,24 = 0.98372±0.00041 and α29,28 = 0.9899±0.0004 (Mendybaev et al., 2013a) 

335 between 25Mg and 24Mg and between 29Si and 28Si, respectively, during evaporation of FUN1 
 

336 and FUN2 melts in vacuum at 1900ºC. The assumption that α25,24 and α29,28 for the FUNC  melt 
 

337 would be close to those for the FUN1 and FUN2 forsteritic residues was based on our finding 
 

338 that  despite significant  difference in  the starting bulk  chemical  compositions  of FUN1    and 
 

339 FUN2 the values of α25,24 and α29,28 were the same. We can now test this assumption using the 



340 results of the FUNC evaporation experiments listed in Table 2 to determine the values of   α25,24 

341 and α29,28, and also α18/16 for 18O/16O. 
 

342 As mentioned above we can use the elemental and isotopic composition of the sample 
 

343 from  the  zero-time  experiment  as  the  effective  initial  composition  in  equation  (6).      For 

344 25Mg/24Mg the fractionation, equation (7) can be rewritten as 
 

345 ln(R / R0 ) = (α 25,24 −1) ln ƒ 24 Mg (8) 

346 where  R=25Mg/24Mg of the  evaporation  residue,  Ro=25Mg/24Mg in  the zero-time  run  sample 

347 FUNC-5, α25,24 is the kinetic fractionation factor for 25Mg/24Mg, and ƒ24Mg is the fraction of  the 

348 24Mg in  FUNC-5  remaining in  the  residue.  According  to  equation  (8)  if the kinetic isotope 

349 fractionation due to  evaporation is a  Rayleigh process, then ln(R/R0) of  a set     of  evaporation 
 

350 residues should be a linear function of ln(ƒ24Mg ) with a slope corresponding to α25,24 – 1. This 

351 not only provides a way to accurately determine the value of α25,24 that fits the entire data set, 
 

352 but also serves to test and validate the key assumption that the process is indeed Rayleigh 
 

353 fractionation (e.g., Davis et al., 2015). The same approach outlined above was used to determine 
 

354 the isotopic fractionation factors α29,28 for the fractionation of 29Si relative to 28Si and   α18,16 for 

355 the fractionation of 18O relative to 16O. 
 

356 Figure 6 shows the magnesium isotopic composition of the FUNC evaporation   residues 

357 given in Table 2 expressed as 1000*ln(R/R0) versus fraction of 24Mg remaining in the residue 

358 expressed as –ln(ƒ24Mg). The magnesium isotopic data of the residues, when plotted in this way, 

359 fall along a line with slope α25,24 – 1 corresponding to α25,24= 0.98383±0.00033, which within 
 

360 error is the same as α25,24= 0.98372±0.00041 for the FUN1 and FUN2 forsterite-rich residues 
 

361 (Mendybaev et al., 2013a) and 0.98417±0.00039 determined by Davis et al. (1990) for molten 
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362 Mg2SiO4, but different from α25,24 = 0.98607±0.00016 determined for Type B CAI-like melt 
 

363 (Richter  et  al.,  2007).  Most  importantly,  the  experimentally  obtained  values  of  α25,24    are 
 

364 distinctly different from 𝛼25,24  = �24⁄25 = 0.97980. 

365 Figure 7 is the same as Fig. 6 but for silicon isotopes. Similar to the magnesium data, the 
 

366 silicon   isotopic   compositions   plot   along   a   line   with   slope   corresponding   to α29,28   = 
 

367 0.99010±0.00038 which is effectively the same as α29,28 = 0.9899±0.0004 determined for FUN1 
 

368 and  FUN2  evaporated   in  vacuum  at  1900ºC  (Mendybaev   et  al.,   2013a)  and       α29,28  = 
 

369 0.98985±0.00044 with no resolvable variations with temperature for Type B CAI-like melt 
 

370 (Knight et al., 2009). The experimentally obtained values of α29,28 are close to, but resolvable 
 

371 different, from α 29,28 = ≈ = 0.98883. 
 

372 Figure 8 shows that when the measured oxygen isotopic composition data for the FUNC 
 

373 residues are plotted in the same way as was done for the magnesium and silicon data, they fall 
 

374 along two distinct trends. The evaporation residues with bulk composition in forsterite   stability 
 

375 field define a line with the slope corresponding to α18,16 = 0.9815±0.0016 which is effectively 
 

376 the same as for evaporation residues from molten Mg2SiO4 (α18,16 = 0.9805±0.0003; Davis et 
 

377 al., 1990), a solar composition melt (α18,16 = 0.9797±0.0030 at 2000ºC and 0.9795±0.00010 at 
 

378 1800ºC calculated from the data of Wang et al., 2001), and the FUN1 and FUN2 residues (α18,16 
 

379 = 0.9786±0.0015, Mendybaev et al., 2010, 2013a). The two most evaporated FUNC residues 
 

380 with bulk composition in the melilite field plot along a line with the slope corresponding to 
 

381 α18,16 ~ 0.9911, which is close to α18,16 ~ 0.9916 for the most evaporated FUN2 residues with 
 

382 composition in the melilite field (Mendybaev et al., 2010; 2013a). 
 

383  

m 28     16   / m 29     16 
Si  O Si  O 



384 5. DISCUSSION 
 

385 A major goal of this study was to test by laboratory experiments if vacuum   evaporation 
 

386 of an  appropriately chosen  the MgO-  and  SiO2-rich  melt  could  result  in  a  residue  with the 
 

387 chemical and isotopic compositions close to those of the natural CMS-1 FUN CAI, and if so, 
 

388 whether such a potential precursor of CMS-1 could be a condensate from a solar composition 
 

389 gas. 
 

390  
 

391 5.1 Chemical and isotopic composition of FUNC evaporation residues and CMS-1 FUN CAI 
 

392 Two  major  processes  that  operate  during  evaporation  of  a  melt  in  vacuum  are: 1) 
 

393 evaporation from the melt/gas interface, and 2) supply of material from the inner parts of the 
 

394 molten  droplet  to  the melt/gas  interface by diffusion.  The facts  that  all  FUNC   evaporation 
 

395 residues,   including  those  quenched   into   forsterite+glass,   are  chemically  and  isotopically 
 

396 homogeneous  (within  the  uncertainties)  suggest  that  cation  diffusion  in  the  molten FUNC 
 

397 droplets at 1900ºC is fast compared to evaporation of Mg and Si from the surface of the melt 
 

398 and thus cannot be the rate-limiting step. Below we will discuss the results on evaporation of 
 

399 magnesium and silicon from the surface of FUNC melt. 
 

400 5.1.1. Chemical composition 
 

401 The evaporation of magnesium and silicon from silicate melts is expected to be 
 

402 dominated by the reactions: 
 

403  
 

404  

 
 
MgO(melt)→ Mg(g) + 0.5O2(g) (9) 

 
SiO2(melt) → SiO(g) + 0.5O2(g). (10) 

 

405 Eqs. (2) and (3) indicate that the evaporation rates of magnesium and silicon, JMg and JSiO, are 
 

406 proportional to the vapor pressure of their dominating gas species PMg and PSiO in equilibrium 



407 with the condensed phase (Fig. 4) and to the empirical evaporation coefficient γMg and γSiO. If 
 

408 γSiO / γMg ratio in Eq. (4) remains constant during evaporation, then the relative evaporation rates 
 

409 of silicon and magnesium at fixed temperature are controlled by the equilibrium PSiO and PMg 

 
410 above the condensed phase, which for reactions (9) and (10) can be expressed as: 

 

411 𝑃𝑀𝑔 = 
𝑎𝑀𝑔𝑂×𝐾𝑒𝑞(9) 

�ƒ𝑂2 
and 𝑃𝑆𝑖𝑂 = 

𝑎𝑆𝑖𝑂2×𝐾𝑒𝑞(10), �ƒ𝑂2 
 

412 where aMgO and aSiO2 are the activities of MgO and SiO2 in the melt (not to be confused with the 
 

413 isotopic fractionation factors of magnesium, silicon and oxygen expressed in this paper as α25,24, 
 

414 α29,28 and α18,16), and Keq(9) and Keq(10)) are the equilibrium constants for reactions (9) and   (10), 
 

415 respectively. The equation (4) thus transforms into: 
 

𝐽𝑆𝑖 

416 
𝐽𝑀𝑔

 

∝ 
𝑎𝑆𝑖𝑂2 , (11) 
𝑎𝑀𝑔𝑂 

 

417 with the constant of proportionality being the ratio of the equilibrium constants Keq(9) and Keq(10), 
 

418 which suggests that relative evaporation rates of silicon and magnesium are, to first order, 
 

419 proportional to the activities of MgO and SiO2 in the melt. Thus in SiO2-rich melts (aSiO2 > 
 

420 aMgO) silicon will initially evaporate faster than magnesium, which will decrease aSiO2 (and 
 

421 increases aMgO) until the aSiO2/aMgO ratio in the residual melt will reach some value at which  the 
 

422 relative evaporation rates of silicon and magnesium, JMg / JSiO, become constant. In MgO-rich 
 

423 melts (aMgO > aSiO2), on the other hand, magnesium will initially evaporate faster than silicon, 
 

424 which  will  decrease  aMgO  (and  increase  aSiO2)  in  the  residual  melt.  As  a  result,      during 
 

425 evaporation of any SiO2- and MgO-rich melt the ratio aSiO2 / aMgO is expected to settle around 
 

426 some  value  which  will  remain  constant  as  evaporation  proceeds.  Figure  9  illustrates   this 
 

427 behavior during evaporation of the FUNC melt at 1900ºC; the activities of SiO2 and MgO in  an 
 

428 evolving melt were calculated the same way as used by Grossman et al. (2008) but with γSiO / 



429 γMg = 2.1 which was the value used in Fig. 3 to fit the composition of the experimental FUNC 
 

430 residues. Comparing Figs. 3 and 9 one can see that the observed evaporation trajectory from 
 

431 vacuum experiments follows the thermodynamically expected pattern: evaporation starts with 
 

432 faster loss of SiO2 relative to MgO, followed by essentially a linear trend with slope close to 
 

433 ~0.5 on the SiO2 – MgO diagram (Fig. 3). The linear part of the trend in Fig. 3 converges with 
 

434 those of FUN1 and FUN2. The same convergence was observed in all our experiments when 
 

435 MgO- and/or SiO2-rich forsteritic melts were evaporated at the same conditions (Mendybaev  et 
 

436 al., 2014). As the FUNC melt continues to evaporate, the composition of the residual melts 
 

437 becomes melilitic as illustrated in Fig. 2, and thus spinel, melilite and pyroxene observed in 
 

438 CMS-1 are expected to crystallize from this evolved melt as it cools. 
 

439  
 

440 5.1.2. Isotopic composition 
 

441 The  faster  initial  evaporation  of  SiO2  over  MgO  from  the  FUNC  melt  in  vacuum 
 

442 discussed above causes an initially higher degree of fractionation of silicon and oxygen isotopes 
 

443 (silicon evaporates mostly as SiO(g), see Fig.4) compared to magnesium as reflected in the shape 

444 of δ29Sit=0 and δ18Ot=0 vs. δ25Mgt=0 curves in Figure 5. We should note, however, that the 

445 initially faster losses of silicon and oxygen compared to magnesium from the FUNC melt   does 
 

446 affect their isotopic fractionation factors: Figs. 6, 7 and 8 show that all experimental residues 
 

447 with  composition  within  the  forsterite  stability  field  plot  along  a  single  line  with   α25,24= 
 

448 0.98383±0.00033, α29,28 = 0.99010±0.00038 and α18,16 = 0.9815±0.0016. This, along with the 
 

449 fact that the experimentally obtained value of α25,24, α29,28 and α18,16  for FUNC are within  error 
 

450 the same as for forsteritic FUN1, FUN2 and Mg2SiO4 melts, suggests that the kinetic isotopic 
 

451 fractionation factor is independent of chemical composition of melts in the forsterite field. On 
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452 the other hand, the above value of α25,24 is significantly different from α25,24 = 0.98607±0.00016 
 

453 determined  by  Richter  et  al.  (2007)  for  the  melilitic  Type  B  CAI-like  melt  and  α25,24    = 
 

454 0.98567±0.00046 obtained by Mendybaev et al. (2013a) for the most evaporated (i.e.,  melilitic) 
 

455 FUN2 experimental residues. The similar changes in the isotopic fractionation factor were   also 
 

456 observed for oxygen isotopes: from α18,16 = 0.9815±0.0016 for melts in the forsterite field to 
 

457 α18,16 ~ 0.9911 for the FUNC residues in the melilite field and from α18,16 = 0.9786±0.0015 to 
 

458 α18,16 ~ 0.9916 for the FUN2 residue compositions within the forsterite field and melilite   field, 
 

459 respectively. The fractionation factors for silicon isotopes were found to be the same both for 
 

460 forsteritic and melilitic melts: α25,24 = 0.99010±0.00038 within the whole range of compositions 
 

461 for the FUNC melt (Fig. 7) which is the same as α29,28 = 0.9899±0.0004 determined for FUN1 
 

462 and FUN2 melt (Mendybaev et al., 2013a) and α29,28 = 0.98985±0.00044 for the melilitic   Type 
 

463 B CAI-like melt (Knight et al., 2009). The reason why the isotopic fractionation factors  depend 
 

464 on melt composition for some elements but not for others remains unclear. It might be result   of 

465 changes in the melt structure as it evolves from forsteritic (SiO4
2- network structure) to  melilitic 

466 (S2iO7    network  structure)  with  associated  polymerization  of  SiO4   monomers  into S2iO7 

 
467 dimmers resulting in release of free oxygen (see Mysen et al., 1982 and references therein). The 

 

468 fact that there are no abrupt changes in the equilibrium speciation of the gas phase above the 
 

469 evaporating melt  (Fig.  4) eliminates  the  gas  phase being responsible for  the changes  in   the 
 

470 isotopic fractionation factors. 
 

471 As  it  was  also  noted  earlier,  the  experimentally  determined  values  of  the  isotopic 
 

472 fractionation factors shown in Figs. 6, 7 and 8 are distinctly different from values calculated   as 
 

473 the inverse square root of the ratio of mass of the isotopes. Lack of resolvable dependence of 
 

474 α25,24 on sample size found in experiments when the melilitic Type B CAI-like droplets 1–6 mm 



475 in size were evaporated in vacuum (Richter et al., 2007) and in low-pressure H2 furnace (Parsad 
 

476 et  a.,  2000)  along  with  theoretical  arguments,  allowed  Richter  et  al.  (20007)  to  make    a 
 

477 persuasive  case  that the  reason  for  the observed departure of  the  experimental  fractionation 
 

478 factors  from  the  inverse  square  root  value  was  not  the  result  of  recondensation  in      the 
 

479 experiments.  The  implication  is  that  the  departure  is  due  to  the  evaporation    coefficients 
 

480 themselves being mass-dependent (i.e. γi,1/γi,2 ≠ 1). 
 

481 Figure 10 shows the oxygen isotopic composition in individual minerals of CMS-1  CAI 

482 and in the FUNC evaporation residues. Because only δ18O of the FUNC residues was measured, 

483 the  δ17O  values  were  calculated  from  the  correlation  between  δ18O  and  δ17O      measured 

484 previously in FUN1 and FUN2 evaporation residues (δ17O = 0.515 × δ18O, Mendybaev et al., 
 

485 2010, 2013a). We also assumed that the starting FUNC melt and precursor of CMS-1 had 

486 oxygen isotopic composition δ17O=-49‰ and δ18O =-48‰ (the values at the intersection of 
 

487 CCAM and FUN fractionation lines). Figure 10 shows that not only the FUNC oxygen  isotopic 
 

488 composition evolves along the same FUN FL as established by spinel grains of CMS-1, but it 
 

489 also  covers  the  range  of  the  oxygen  isotopic  compositions  measured.  This  again  strongly 
 

490 indicates that evaporation played a major role during formation and evolution of FUN (and 
 

491 FUN-like) CAIs and is responsible for their enrichments in heavy isotopes. 
 

492  
 

493 5.2 Chemical composition of the precursor of CMS-1. 
 

494 The vacuum evaporation of the FUNC melt for 55 min at 1900ºC resulted in a residue 
 

495 (FUNC-6) with chemical and magnesium, silicon, and oxygen isotope compositions close to 
 

496 that  of CMS-1.  This  suggests  that  our  initial  choice of the possible precursor of CMS-1 was 



497 quite reasonable and  thus  its  composition  should  be close to  that  of the zero-time   FUNC-5 
 

498 residue: 34.1 wt% MgO, 13.9 wt% Al2O3, 42.9 wt% SiO2 and 9.1 wt% of CaO. 
 

499 The precursor composition of CMS-1 can also be calculated using Eq. (6) to    determine 
 

500 the amounts of MgO and SiO2 evaporated given the isotopic composition of magnesium and 
 

501 silicon in CMS-1 and the experimentally determined values of α25,24 and α29,28 (Figs. 6 and 7). 
 

502 This amount of evaporated magnesium and silicon is then added back to the present-day bulk 

503 composition of the inclusion to give an estimate of its precursor. Using the values of δ25Mg = 

504     32.72±0.50‰  and  δ29Si  =  15.54±0.27‰  for  CMS-1  CAI  (Williams  et  al.,  2016)  and     

505       fractionation factors α25,24 = 0.98383±0.00033 for 25Mg/24Mg and α29,28 = 0.99010±0.00038  for 

506 29Si/28Si,  the  estimates  of  the  fraction  of  original  magnesium  and  silicon  remaining  in the 
 

507 inclusion  calculated  using  relationship  (6)  and   taking  into  account  abundance  ratios      of 
 
508 magnesium (Catanzaro et al., 1966) and silicon (Coplen et al., 2002) isotopes would be ƒ24Mg  ~ 

509 0.128  to  0.148  and  ƒ28Si  ~  0.193  to  0.229.  These  estimated  values  also  take  into account 
 

510 uncertainties   both   in   the   measured   isotopic   fractionations   in   CMS-1   CAI  and   in the 
 

511 experimentally determined fractionation factors α25,24 and α29,28. Thus the CMS-1 precursor 
 

512 composition can be estimated by adding back ~85 to 87% of lost magnesium and ~77 to 81% of 
 

513 lost  silicon  to  the  present-day  bulk  composition  of  the  inclusion  normalized  to  100%   of 
 

514 MgO+CaO+Al2O3+SiO2 (24.95 wt% CaO, 12.42 wt% MgO, 36.22 wt% Al2O3, 26.41 wt% 
 

515 SiO2) and renormalizing again to 100% and is shown in Fig. 11 as a cloud of open circles with 
 

516 composition ranging from ~29 to 36 wt% MgO and ~41.0 to 49 wt% SiO2 (CaO/Al2O3=0.69). 
 

517 The range of the estimated CMS-1 precursor composition is somewhat SiO2-rich compared to 
 

518 the equilibrium assembly of clinopyroxene+spinel+forsterite which in a solar composition gas is 

519 stable from ~1260K to 1290K at PH2=10–5 bars (from ~18 to 45 wt% MgO in Fig. 11) and  from 



520 ~1370K to 1415K at PH2=10–3 bars (from ~26.5 to 46.5 wt% MgO in Fig. 11). It should be 

521 mentioned that increasing MgO content of the present-day composition of CMS-1 CAI by 3 
 

522 wt% and lowering SiO2 content by 3 wt% would shift the cloud of CMS-1 precursors to the 
 

523 right by 6.5 wt% along x-axis and down by 6 wt% along y-axis, and onto the calculated solar 
 

524 gas   condensation  curve.  There  are  various  reasons  why  the  measured  present-day     bulk 
 

525 composition of CMS-1  FUN  CAI might be uncertain by as much  as several  wt%.  First,    the 
 

526 reported bulk chemical composition of CMS-1 FUN CAI is based on analyses of one section 
 

527 which  might  not  reflect  the  average  bulk  composition  of  the  inclusion.  Furthermore,   the 
 

528 reported CaO/Al2O3 ratio of CMS-1 (0.69) is significantly lower than the solar ratio of 0.792, 
 

529 which could mean that the reported composition does not represent the inclusion as a whole,  or 
 

530 that the precursor of CSM-1 was not a direct condensate from an exact solar composition gas 
 

531 but rather is an aggregate of early solar system condensates mixed in different proportions. 
 

532 Regardless of whether CMS-1 precursor was or was not a direct condensate from a solar 
 

533 composition gas, its isotopic compositions clearly indicate that the precursor has experienced   a 
 

534 relatively short  but  energetic  thermal  processing  under  low-pressure  conditions  in the solar 
 

535 nebula which caused its melting and evaporation of substantial amounts of magnesium,  silicon, 
 

536 and oxygen. Given that the CMS-1 precursor was undoubtedly very forsterite-rich, a   sufficient 
 

537 degree of melting at above the solidus of ~1300ºC (Osborn et al., 1969; our calculated   liquidus 
 

538 temperature is 1532ºC which is close to that of Osborn and Gee, 1969) will be required to 
 

539 produce  significant  amount  of  melt  to  allow  such  massive  volatilization  and  isotopic 
 

540 fractionation. In order to produce the observed enrichments in heavy magnesium and silicon 

541 isotopes of the order of δ25Mg ~ 30 – 40‰ and δ29Si = 15 – 20‰ by evaporation in a solar   gas 

542 at PH2= 10-4 bar, it would take only a few minutes if precursor material had evaporated at 



543 1900ºC and not much more than about an hour if evaporated at 1600°C (see Richter et al., 2002, 
 

544 2007; Mendybaev et al., 2013b for the effect of PH2 and temperature on the evaporation rates  of 
 

545 silicate melts). We should note that evaporation of magnesium and silicon from the CMS-1 
 

546 precursor would lower the liquidus of the residual melt such that in a solar nebula   environment 
 

547 the  droplet  will  remain  molten  as  it  cools  and  will  continue  to  evaporate  at temperatures 
 

548 significantly less than 1600ºC. 
 

549  
 

550 5.3 Laboratory evaporation experiments and natural FUN CAIs. 
 

551 Figures 3 and 5 illustrate that a simple isothermal evaporation in vacuum at 1900ºC of 
 

552 the FUNC starting material results in a residue trajectory that passes very close to Allende FUN 
 

553 CAI CMS-1 by simultaneously fitting its reported chemical and isotopic composition. To the 
 

554 best of our knowledge, the only FUN CAIs other than the one studied here for which the bulk 
 

555 chemical and silicon, magnesium and oxygen isotopic compositions have been reported are 
 

556 Allende C1 and Vigarano 1623-5 (see Mendybaev et al, 2013a). Despite this lack of reported 
 

557 bulk chemical composition for other FUN (and FUN-like) CAIs, we can still test whether the 
 

558 correlations between the various isotopic fractionations in these CAIs are comparable to those 

559 of the experimental evaporation residues. Figure 12 compares the relationships between δ29Si 

560 versus δ25Mg and δ18O versus δ25Mg in FUN (and FUN-like) CAIs for which the relevant   data 
 

561 have been reported (Clayton et al., 1978; 1984, 1988; Brigham, 1990; Davis et al., 1991; Thrane 
 

562 et al., 2008; Williams et al., 2012, 2013, 2015) with that from the FUNC, FUN1, and FUN2 
 

563 evaporation residues with composition in the forsterite stability field (Fig. 2 and residues with 
 

564 MgO > 15 wt% in Fig. 3). Figure 12a shows that most of the natural FUN CAIs plot close to a 
 

565 line with slope ~0.5 (shown as the solid red line) as was observed in the forsteritic FUN1 and 



566 FUN2 residues. The magnesium and silicon isotopic composition of B7F6 plots well above   the 
 

567 solid line, while those of EK-1-4-1, 1623-5 and BG82DH8I plot below it. The higher degree  of 
 

568 fractionation of silicon isotopes relative to magnesium isotopes in B7F6 could be explained if 
 

569 its precursor was more highly enriched in SiO2 relative to MgO, which would cause faster initial 

570 evaporation of silicon relative to magnesium and results in a higher initial enrichment in δ29Si 

571 compared to δ25Mg as was observed in the FUNC experiments (closed circles and dotted line  in 
 

572 Fig. 12). On the other hand, if the precursor of a FUN CAI was originally more highly  enriched 
 

573 in MgO relative to SiO2, the faster evaporation of magnesium relative to silicon would result  in 

574 the δ29Si vs. δ25Mg trajectory plotting below the solid line in Fig. 12. 
 

575 The  oxygen  isotopic  composition  of  the  FUN  residues  (Fig.  12b)  also     correlates 
 

576 reasonably  well  with  the  magnesium  isotopic  composition.  Considering  that  estimating the 
 

577 degree  of  oxygen  isotopic  fractionation  due  to  evaporation  is  not  entirely  straightforward 
 

578 (oxygen isotopic compositions of some minerals in the FUN CAIs, like melilite or anorthite, 
 

579 were modified later in their history due to processes not related to evaporation, such as the 

580 isotopic  exchange  between  the  16O-rich  molten  droplet  and  16O-poor  nebular  gas  after the 

581 evaporation stage ended), the correspondence between the δ18O and δ25Mg of the other FUN 
 

582 CAI minerals  with  the  correlation  line defined  by the  experimental  evaporation  residues  is 
 

583 surprisingly good. The high degree of isotopic fractionation of silicon, magnesium and   oxygen 
 

584 of CMS-1  and  the other FUN CAIs  is  clear evidence that  they experienced  at  least  one very 
 

585 high-temperature heating event that caused melting and evaporation of significant amounts of 
 

586 their silicon, magnesium and oxygen and the associated fractionation of their isotopes. The 
 

587 degree   of  melting   and   evaporation   experienced   by  the  precursors   of  FUN  CAIs    was 



588 significantly higher than  that of “normal” Type  B or  CTA CAIs which  are  characterized    by 
 

589 significantly smaller (few permil) isotopic fractionations of silicon, magnesium and oxygen. 
 

590  
 

591 6. CONCLUSIONS 
 

592 The   chemical   and   isotopic   composition   of   experimental   residues   produced   by 
 

593 evaporation of a silicon– and magnesium–rich melt at 1900ºC in vacuum together with the 
 

594 properties of CMS-1 FUN CAIs allow us to conclude: 
 

595 1) Evaporation  of  the  forsteritic  FUNC  melt  in  a  simple  one-stage  heating  process in 
 

596 vacuum at 1900ºC for less than an hour resulted in a residue with bulk chemical and 
 

597 isotopic compositions very close to that of Allende FUN CAI CMS-1. If the evaporation 
 

598 had taken place in a low-pressure hydrogen-dominated solar nebula gas, it would have 
 

599 taken only a few minutes at 1900ºC and less than an hour at 1700ºC to evaporate   ~80% 
 

600 of silicon and ~85% of magnesium from a precursor material to produce enrichments  in 
 

601 heavy silicon and magnesium isotopes to the levels comparable to what is measured in 

602 CMS-1  (δ29Si =15.5±0.27‰  and  δ25Mg = 32.7±0.50‰).  These very short   timescales 
 

603 suggest  that  the  precursor  of  CMS-1  experienced  very  energetic  (>1700ºC)     short 
 

604 duration event(s) that resulted in at least partial melting and significant evaporation of 
 

605 silicon, magnesium and oxygen. 
 

606 2)  The experimentally determined kinetic isotopic fractionation factors α25,24= 
 

607 0.98383±0.00033,  α29,28  =  0.99010±0.00038  and  α18,16  =  0.9815±0.00016  for     the 
 

608 forsterite-rich FUNC melt are within error the same as reported previously for FUN1 
 
609 and FUN2 forsterite-rich melts. As residual melt enters the melilite stability field,   α18,16 



610 changes to ~0.9911 which is close to that of the most evaporated FUN2 melt reported by 
 

611 Mendybaev et al. (2013). 
 

612 3)   Using the present-day bulk chemical and isotopic compositions of CMS-1 of Williams et 
 

613 al. (2016) and the experimentally determined values for α25,24 and α29,28, we estimated 
 

614 that the CMS-1 precursor was a forsterite-rich object containing ~29 to 36 wt% MgO 

615 and ~41.0 to 49 wt% SiO2 which is close to but somewhat more silica-rich than the 

616 clinopyroxene+spinel+forsterite assembly that is stable in a solar composition gas at 

617 1370–1410K at PH2=10–3 bars and 1260–1290K at PH2=10–5 bars. These temperatures 

618 are significantly lower than that required to melt the CMS-1 precursor (solidus ~1300ºC, 

619 liquidus 1532ºC) to a very high degree such that evaporation of silicon and   magnesium 
 

620 from such melt would result in the isotopic fractionations measured in the CMS-1 CAI. 
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  X 24  1  

Table 1. Measured chemical bulk composition and magnesium, silicon and oxygen isotopic compositions of starting materials and FUNC evaporation residues.  

sample run duration,   initial weight,   final weight,    weight loss,      MgO    ±2σ Al2O3    ±2σ SiO2     ±2σ CaO     ±2σ SiO2/Al2O3    MgO/Al2O3      δ   Mg    ±2σ δ  Mg    ±2σ δ  Si    ±2σ δ  Si     ±2σ δ   O     ±2σ 

 min g g % wt%  wt%  wt%  wt%    ‰  ‰  ‰  ‰  ‰   
B133R-10      

11.48 
 

0.09 
 

19.39 
 

0.11 
 

46.00 
 

0.13 
 

23.12 
 

0.11    
0.0 

 
0.3 

 
0.0 

 
0.2 

 
0.0 

 
0.3 

 
0.0 

 
0.1  

FUNC starting    0.0 37.9  11.6  42.9  7.6  3.70 3.27          FUNC-5 0 0.0285 0.0272 4.7 34.09 0.10 13.93 0.08 42.93 0.05 9.05 0.05 3.08 2.45 0.9 0.6 0.5 0.3 -1.4 0.2 -0.6 0.1 12.7 0.1 
FUNC-10 5 0.0250 0.0208 16.6 33.53 0.10 15.20 0.12 40.74 0.11 10.48 0.06 2.68 2.21 3.2 0.7 1.6 0.4 1.6 0.1 0.8 0.1 16.2 0.1 
FUNC-1 15 0.0334 0.0239 28.6 32.12 0.24 18.16 0.16 37.16 0.11 12.52 0.14 2.05 1.77 10.2 0.6 5.2 0.3 6.0 0.2 3.0 0.1   FUNC-9 20 0.0276 0.0167 39.7 29.92 0.34 19.78 0.19 35.54 0.11 14.77 0.22 1.80 1.51 16.6 0.5 8.5 0.3 10.4 0.2 5.3 0.1 23.6 0.1 
FUNC-3 30 0.0294 0.0158 46.3 27.36 0.34 21.69 0.13 34.24 0.11 16.72 0.26 1.58 1.26 23.9 0.5 12.2 0.3 14.0 0.2 7.1 0.1   FUNC-7 35 0.0342 0.0155 54.7 23.87 0.07 25.30 0.34 31.63 0.20 19.22 0.24 1.25 0.94 32.8 0.4 16.8 0.2 18.5 0.2 9.4 0.1 30.8 0.1 
FUNC-8 40 0.0361 0.0139 61.7 19.08 0.09 31.35 0.24 28.21 0.21 21.37 0.16 0.90 0.61 46.5 0.4 23.9 0.2 22.8 0.1 11.7 0.1   FUNC-4 45 0.0340 0.0123 63.9 16.51 0.29 32.15 0.54 27.32 0.35 24.03 0.47 0.85 0.51 50.4 0.5 25.9 0.2 25.4 0.2 12.9 0.1 36.8 0.1 
FUNC-6 55 0.0390 0.0120 69.3 10.95 0.05 40.16 0.06 22.16 0.07 26.75 0.08 0.55 0.27 69.0 0.6 35.4 0.3 31.5 0.2 16.0 0.1 41.8 0.1 

 

Run duration is time during which the sample was evaporating at 1900ºC.  

The isotopic compositions are expressed in the delta notation defined for magnesium, for example, as 

 
  ( XMg / 24Mg) 

δ XMg = 1000 ×  (  Mg /  Mg) 

 
sample  −  

 standard        

 
 
 
 

Table 2. Fractions of magnesium, silicon and oxygen remaining in the FUNC evaporation residues and their isotopic compositions normalized to the zero-time residue. 
sample run duration, 

min 
ƒ24Mg δ26Mgt=0 

‰ 
±2σ δ25Mgt=0 

‰ 
±2σ ƒ28Si δ30Sit=0 

‰ 
±2σ δ29Sit=0 

‰ 
±2σ ƒ16O δ18Ot=0 

‰ 
±2σ δ17Ot=0 

‰ 
±2σ 

FUNC-5 0 1.000 0.0 0.6 0.0 0.3 1.000 0.0 0.2 0.0 0.1 1.000 0.0 0.1 0.1 0.1 
FUNC-10 5 0.918 2.3 0.7 1.2 0.4 0.889 3.0 0.1 1.4 0.1 0.880 3.5 0.1 1.9 0.1 
FUNC-1 15 0.726 9.3 0.6 4.8 0.3 0.669 7.4 0.2 3.7 0.1 0.676     FUNC-9 20 0.626 15.7 0.5 8.1 0.3 0.592 11.8 0.2 5.9 0.1 0.578 10.9 0.1 5.6 0.1 
FUNC-3 30 0.521 23.0 0.5 11.8 0.3 0.518 15.4 0.2 7.7 0.1 0.493     FUNC-7 35 0.387 31.9 0.4 16.4 0.2 0.410 19.9 0.2 10.0 0.1 0.383 18.1 0.1 9.2 0.1 
FUNC-8 40 0.250 45.5 0.4 23.4 0.2 0.296 24.2 0.1 12.3 0.1 0.276     FUNC-4 45 0.211 49.5 0.5 25.5 0.2 0.279 26.8 0.2 13.5 0.1 0.244 24.2 0.1 12.3 0.1 
FUNC-6 55 0.112 68.1 0.6 35.0 0.3 0.181 32.9 0.2 16.6 0.1 0.155 29.1 0.1 14.8 0.1 
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Figure 1. Oxygen isotopic composition of individual minerals in Allende FUN CAI CMS-1 

(Williams et al., 2016). The degree of mass-dependent oxygen isotopic fractionation 

due to evaporation (shown as dashed lines) was estimated from the difference between 

the δ18O and δ17O of the most fractionated spinel grain (δ18O= –15.4‰ and δ17O= – 

32.2‰, Williams et al., 2016) along the FUN FL and the δ18O and δ17O values at the 

intersection of the FUN FL and CCAM lines (δ18O~ –48‰ and δ17O~ –49‰). We use 

the values of ∆18O~32‰ as our best estimates of oxygen isotopic fractionation caused 

by evaporation. 

Figure 2. Chemical composition of the residues produced by vacuum (~10-9 bar) evaporation of 
 

the FUNC starting material at 1900ºC plotted in an Anorthite (An) – Gehlenite (Geh) – 

Forsterite (Fo) ternary diagram projected from spinel. The arrow shows direction in 

which chemical composition evolves as evaporation proceeds. Composition of most 

FUNC residues (large filled circles) falls in forsterite stability field, but two the most 

evaporated residues (FUNC-4 and FUNC-6, see Table 1) have chemical composition 

within the melilite stability field. The bulk chemical composition of FUN CAI CMS-1 

is shown as a star. Also shown are the chemical compositions of the evaporation 

residues from the FUN1 (open circles) and FUN2 (open diamonds) experiments 

(Mendybaev et al., 2013a). Note that the location of a point in this diagram is very 

sensitive to concentrations of MgO and SiO2 such that adding 1.5 wt% MgO and 

subtracting 1.5 wt% SiO2 to the reported bulk composition of CMS-1 CAI (Williams 

et al., 2016) will bring its position down to the trend established by the experimental 

FUNC residues. The stability fields of melilite (Mel), forsterite (Fo), anorthite (An), 

pyroxene (Px), cordierite (Cor), and hibonite (Hib) are shown. Numbers next to the 



closed circles are sample numbers from FUNC evaporation experiments (e.g., 6 means 

sample FUNC-6). 

Figure 3. Chemical composition of the FUNC residues in MgO – SiO2 composition space. Also 

shown is the compositional trajectory of the FUNC residues calculated the same way  

as described by Grossman et al. (2000) and assuming that γSiO/γMg = 2.1, where γSiO 

and γMg are the evaporation coefficients of SiO(g) and Mg(g) in the Hertz-Knudsen 

equation (see text for details). The typical range of compositions of Type B CAI is 

shown as a reference. Numbers next to the closed circles are sample numbers (e.g., 6 

means sample FUNC-6). 

Figure 4. The equilibrium vapor pressures of major gaseous species over the evaporating FUNC 

melt at 1900ºC calculated assuming that γSiO/γMg = 2.1 to fit the FUNC experimental 

evaporation trajectory in Fig. 3. Degree of the evaporation is expressed as  MgO 

content of the residual FUNC melt (Fig. 3). SiO(g) and Mg(g) are the major silicon- and 

magnesium-bearing species over the evaporating FUNC melt while the partial 

pressures of SiO2(g) and MgO(g), the next most abundant silicon- and magnesium- 

bearing species, are lower by a factor of >50. The most abundant oxygen-bearing 

species is SiO(g) while O2(g) and O(g) are less abundant by factor of ~2 to 4. As silicon 

and magnesium evaporate, the residual FUNC melt becomes enriched in the refractory 

calcium and aluminum resulting in decrease of partial pressures of silicon- and 

magnesium bearing species and increase of that of calcium- and aluminum-bearing 

species. 



Figure 5. Magnesium, silicon and oxygen isotopic compositions of the FUNC evaporation 

residues relative to the sample FUNC-5 (δ29Si≡0, δ25Mg≡0, δ18O≡0) that was produced 

in the zero-time evaporation experiment (the data are from Table 2). Long dashed 

curve shows relationship between δ29Si and δ25Mg, and the short dashed curve shows 

relationship between δ18O and δ25Mg. Also shown by the star symbol is the isotopic 

compositions of CMS-1 (δ25Mg = 32.72±0.50 and δ29Si= 15.54±0.27 are the measured 
 

values relative to DSM-3 and NBS-28 respectively as reported by Williams et al., 

2016; the quantity ∆18O =32‰ is our estimate of oxygen isotopic fractionation caused 

by evaporation of CMS-1 precursor, see Fig. 1 and text for details). The analytical 

uncertainties are less than the symbol size. Numbers next to the symbols are sample 

numbers (e.g., 6 means sample FUNC-6). 

Figure 6. Rayleigh plot of the magnesium isotopic fractionation of the FUNC evaporation 

residues as a function of the amount of 24Mg remaining in the residue. When plotted in 

this way the slope of the best fitting line through the data of a set of evaporation 

residues from a common initial composition is a measure of 1 – α25,24, where α25,24 is 

the  kinetic  magnesium  isotope  fractionation  factor.  The  FUNC  data  result  in   an 

estimate of α25,24 = 0.98383±0.00033, which is the same as 0.98372±0.00041 obtained 

for FUN 1 and FUN 2 melts (Mendybaev et al., 2013).The analytical uncertainties are 

less than the symbol size. Numbers next to the symbols are sample numbers (e.g., 6 

means sample FUNC-6). 

Figure 7.   Rayleigh plot of the silicon isotopic fractionation of the FUNC evaporation residues    

as a function of the amount of 28Si remaining in the residue. The silicon isotopic 

composition of all FUNC residues results in α29,28 = 0.99010±0.00038 which is the 



same as 0.9899±0.0004 obtained for FUN 1 and FUN 2 melts (Mendybaev et al., 

2013). The analytical uncertainties are less than the symbol size. Numbers next to the 

symbols are sample numbers (e.g., 6 means sample FUNC-6). 

Figure 8.   Rayleigh plot of the oxygen isotopic fractionation of the FUNC evaporation residues  

as a function of the amount of 16O remaining in the residue. The oxygen isotopic 

composition of FUNC residues with chemical composition in the forsterite stability 

field (see Fig. 2) plot along a line fit by α18,16 = 0.9815±0.0016 which is the close to 

0.9786±0.0015 obtained for FUN 1 and FUN 2 melts (Mendybaev et al., 2013). The 

two most evaporated residues (FUNC-4 and FUNC-6) with composition in the 

melilite stability field (see Fig. 2) are fit by α18,16 ~ 0.9911 (dashed line) which is the 

close to 0.9886 obtained for FUN 2 melts with composition in the melilite stability 

field (Mendybaev et al., 2013). The analytical uncertainties are less than the symbol 

size. Numbers next to the symbols are sample numbers (e.g., 6 means sample FUNC- 

6). 

Figure 9. Activities of MgO, SiO2, Al2O3 and CaO in the evaporating FUNC melt calculated  

using γSiO/γMg = 2.1 as in Figs. 3 and 4. The degree of evaporation is expressed as the 

MgO content in the residual melt. Note the initial rapid decrease of aSiO2 due to faster 

evaporation of silicon compared to magnesium, which increases aMgO. After this  

initial stage the activities of MgO and SiO2 become essentially parallel to each other 

resulting in a constant relative evaporation rates of magnesium and silicon as 

evaporation proceeds (see text for details). 

Figure 10. Oxygen isotopic composition of individual minerals in FUN CAI CMS-1 (open 

symbols; Williams et al., 2016) and FUNC evaporation residues (closed circles). Here 



we assumed that the oxygen isotopic composition of the starting FUNC melt (sample 

FUNC-5) was δ17O= –49‰ and δ18O= –48‰ (the values at the intersection of CCAM 

and FUN fractionation lines). Oxygen isotopic composition of the evaporation 

residues relative to starting FUNC-5 material (δ17O= –49‰ and δ18O= –48‰) was 

calculated using Table 2. The dashed arrow shows the direction in which the oxygen 

isotopic composition changes as evaporation proceeds. The figure illustrates that the 

oxygen isotopic composition of the experimental FUNC residues plot along the FUN 

FL defined by spinel grains of CMS-1. Numbers next to the closed circles are sample 

numbers (e.g., 6 means sample FUNC-6). 

Figure 11. The trajectories in MgO-SiO2 space of condensates from a cooling solar composition 

gas calculated for total pressure of PH2=10–3, 10–4, 10–5 and 10–6 bars. The mineral 

assemblages (hib – hibonite, pv – perovskite, mel – melilite, sp – spinel, cpx – 

clinopyroxene, fo – forsterite, cord – cordierite, opx – orthopyroxene) predicted to be 

in equilibrium with the gas along condensation trajectories are shown (see Fig. 4 of 

Grossman et al., 2008 for details). The filled circles are composition of the FUNC 

evaporation residues with the arrow showing direction in which the melt evaporated. 

Shown as a cloud of open circles is composition of CMS-1 precursor calculated using 

measured enrichments in heavy silicon and magnesium isotopes in CMS-1 to  

calculate the amount of SiO2 and MgO lost by evaporation and adding this to the 

present  bulk  composition  of  CMS-1.  The  cloud  of  possible  CMS-1      precursor 

compositions takes into account uncertainties in the measured values of δ29Si and 

δ25Mg in CMS-1 as well as uncertainties in the experimentally determined values    of 
 

α25,24 and α29,28. 



Figure 12. Relationships between δ29Si and δ25Mg (a) and δ18O and δ25Mg (b) in FUN CAIs 

(shown as stars). δ25Mg and δ29Si values in panel (a) are from Clayton et al. (1988), 

Brigham (1990) and Davis et al. (1991). The δ18O values in panel (b) are our 

estimates of the oxygen isotopic fractionation caused by evaporation using data of 

Davis et al. (2000), Krot et al. (2014), and Williams et al. (2016). Also shown are data 

for the FUNC (solid circles), FUN1 (open squares) and FUN2 (open diamonds) 

evaporation residues with composition within the forsterite stability field (Fig. 2). The 

solid lines are best fits to the δ29Si versus δ25Mg data and for the δ18O versus δ25Mg 

data from FUN1 and FUN2 experiments (Mendybaev et al., 2013a). The dotted lines 

are the best fits of the FUNC data. The dashed line in (b) is an extrapolation of the 

δ18O-δ25Mg correlation line of the FUN1 and FUN2 data. 
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