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Abstract 17 

SiC and associated ultra-reduced minerals were reported in various geological 18 

settings, however, their genesis and preservation mechanism are poorly understood. Here, 19 

we reported a SiC dominated ultra-reduced mineral assemblage, including SiC, TiC, 20 

native metals (Si, Fe and Ni) and iron silicide, from carbonatitic xenoliths in Dalihu, 21 

Inner Mongolia. All minerals were identified in-situ in polished/thin sections. SiC is 20-22 

50 μm in size, blue to colorless in color, and usually identified in the micro-cavities 23 

within the carbonatitic xenolith. Four types of SiC polytypes were identified, which are 24 

dominated by β-SiC (3C polytype) and 4H polytype followed by 15R and 6H. These SiC 25 

are featured by 13C-depleted isotopic compositions (δ13C = -13.2‰ to - 22.8‰, average = 26 

-17.7‰) with obvious spatial variation. 27 

We provided a numerical modeling method to prove that the C isotopic composition 28 

of the Dalihu SiC can be well-yielded by degassing. Our modeling results showed that 29 

degassing reaction between graphite and silicate can readily produce the low δ13C value 30 

of SiC, and the spatial variations in C isotopic composition could have been formed in the 31 

progressive growth process of SiC. The detailed in-situ occurring information is 32 

beneficial for our understanding of the preservation mechanism of the Dalihu ultra-33 

reduced phase. The predominant occurrence of SiC in micro-cavities implies that 34 

exsolution and filling of CO2 and/or CO in the micro-cavities during the diapir rising 35 

process of carbonatitic melt could have buffered the reducing environment and separated 36 

SiC from the surrounding oxidizing phases. The fast cooling of host rock, which would 37 

leave insufficient time for the complete elimination of SiC, could have also contributed to 38 

the preservation of SiC. 39 
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Introduction 42 

Natural silicon carbide (SiC) was first reported in the Canyon Diablo meteorite by 43 

French chemist Moissan, after whom the material was named as moissanite in 1904. 44 

Since then, SiC was discovered in various rocks, including kimberlites (Mathez et al., 45 

1995; Shiryaev et al., 2011), dunite (Liang et al., 2014), tuff (Mukhin et al., 2015), 46 

volcanic breccias (Di Pierro et al., 2003), chromitite pods within ophiolites (Trumbull et 47 

al., 2009; Xu et al., 2015; Yang et al., 2015), metasedimentary crustal rocks (Janák et al., 48 

2015) and serpentinite in the ultrahigh-pressure (UHP) metamorphic belt (Xu et al., 49 

2008). However, the natural occurrence of SiC has been challenged scientifically for a 50 

long time because contamination issues arise from carborundum which is widely used in 51 

the geological lab as cutting and abrasion material (Milton and Vitaliano, 1985). 52 

Although SiC inclusions in diamond from the Fuxian kimberlite confirm that SiC occurs 53 

naturally (Leung et al., 1990; Leung, 1990), SiC is still an enigma mineral in terms of its 54 

genesis and its 13C-depleted isotopic composition. Natural SiC always occurs alongside 55 

with other reduced phases. SiC can have Si (Di Pierro et al., 2003; Robinson et al., 2004; 56 

Shiryaev et al., 2011; Trumbull et al., 2009; Xu et al., 2008), FeSi2 (Shiryaev et al., 2011), 57 

Fe3Si7 (Di Pierro et al., 2003; Mathez et al., 1995; Robinson et al., 2004) as inclusions 58 

and can be accompanied by native Fe and Ni (Fang et al., 2013; Xu et al., 2015) in 59 

terrestrial rock. These phases usually require highly reduced conditions, implying that 60 

SiC can also be formed under highly reduced environmental conditions. This assumption 61 

is strongly supported by high-pressure and high-temperature experiments (high P-T) 62 

(Schmidt et al., 2014; Ulmer et al., 1998) and thermodynamic calculations (Mathez et al., 63 

1995), the results of which showed that SiC forms under oxygen fugacities 4 to 9 log 64 
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units below iron-wustite (IW) buffer. That is an extremely reduced environment, 65 

considering that even under the lower mantle, the fO2 only spans a quite narrow range of 66 

values between IW and IW -1.5 (Frost and McCammon, 2008). SiC is strongly depleted 67 

in 13C with δ13C values ranging from -18.2‰ to -34.7‰ (Di Pierro et al., 2003; Leung et 68 

al., 1990; Mathez et al., 1995; Trumbull et al., 2009). 69 

In this study, we report a new discovery of a SiC-dominated mineral assemblage in 70 

carbonatitic xenoliths carried by the Neogene basalt from Dalihu, Inner Mongolia (Gao 71 

and Liu, 2008; Liu et al., 2015). These carbonatitic xenoliths offer a rare example of deep 72 

mantle recycling of sedimentary carbonate with little altered limestone chemical 73 

composition (Liu et al., 2015). Here, we provide a detailed investigation using 74 

microanalysis techniques including SIMS, Laser Raman microspectroscopy and EPMA, 75 

and model calculations to elucidate the occurrence of SiC and other phases in carbonatitic 76 

xenoliths. 77 

Geologic background and sample collection 78 

The Dalihu Neogene volcanic field is located in the southeastern part of the Central 79 

Asian Orogenic Belt (CAOB) and close to the North China Craton (Fig. 1) (Xiao et al., 80 

2015). The study area is composed of the Ondor Sum subduction-accretion complex and 81 

the Bainaimiao arc (Xiao et al., 2003) (Fig. 1). They are considered to have resulted from 82 

the south subduction of the Paleo-Asian Ocean into the North China Craton (Xiao et al., 83 

2003). The subducted oceanic slab carried the crust material into the mantle, and induced 84 

melt–peridotite interaction (Liu et al., 2015; Liu et al., 2012; Liu et al., 2010; Xu, 2002). 85 

The volcanic activity began approximately 15 Ma and continued to as recently as 86 

0.16-0.19 Ma, with the dominant volcanic activity in the Middle Pliocene to the 87 
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Quaternary (Ho et al., 2008). The host volcanic rocks have chemical compositions of Mg-88 

rich alkaline basalt with variable and high volatile and Na2O + K2O contents (Liu et al., 89 

2015). In addition to carbonatitic xenoliths we investigated here (Fig. 2), peridotite and 90 

pyroxenite xenoliths were also carried by the basalt (Zou et al., 2014). 91 

Sample Description 92 

The Dalihu carbonatitic xenoliths are mainly composed of carbonate, and typical 93 

upper mantle minerals were also found (Fig. 2). In the carbonatitic xenoliths, medium to 94 

coarse-grained orthopyroxene (Opx), clinopyroxene (Cpx) and calcite are cemented by 95 

fine-grained calcite matrix (Fig. 2). The proportions of silicate minerals range from 1.5 96 

vol% to 15 vol%. It is worth noting that abundant irregular blebs/cavities, ranging from 97 

micrometers to millimeters in diameter, occur in the carbonatitic xenoliths. The 98 

irregularly shaped micro-cavities are approximately 200-300 μm in size (Figs. 3a-b). 99 

Crystals of quartz and feldspar were also identified (Fig. 3). Reduced minerals, including 100 

SiC, TiC, native metals (Si, Fe and Ni), iron silicide and native carbon (graphite and 101 

diamond) were also found in the carbonatitic xenoliths (Fig. 3). 102 

Methods 103 

Sample preparation 104 

Thin sections and polished sections for identifying phases: The carbonatitic 105 

xenoliths were pretreated by immersing in mixture of epoxy resin and curing agent in a 106 

vacuum environment to cement the minerals. To avoid any possible contamination, only 107 

Al2O3 abrasive papers were used. The surface of the carbonatitic xenolith was first 108 

abraded to approximately 1-2 mm in thickness by coarse Al2O3 abrasive papers (100 μm) 109 
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to remove any possible exotic phases. Next, fine Al2O3 abrasive papers of different sizes 110 

were used to polish the sections progressively. Separating SiC for C isotope: The SiC 111 

grains were hand-picked from the heavy fraction of crushed carbonatitic xenoliths. To 112 

avoid contamination with synthetic SiC, the mineral separation procedure was processed 113 

in a clean room and we carefully cleaned the crusher. 114 

Mineral identification and measurement 115 

Raman microspectroscopy was employed to identify SiC and to determine the SiC 116 

polytypes. The analyses were performed using a Thermo Scientific DXR dispersive 117 

Raman micro-spectrometer with a 532 nm Nd-YVO4 laser at the State Key Laboratory of 118 

Geological Processes and Mineral Resources, China University of Geosciences, Wuhan 119 

(CUG-GPMR) (Xiong et al., 2011). Frequencies of Raman bands were monitored by the 120 

1001 cm-1 band of standard polystyrene before and after each measurement, and the 121 

band-frequency accuracy was approximately 0.5 cm-1. Other phases were first identified 122 

using a Quanta 200 environmental scanning electron microscope and GENSIS energy 123 

dispersive spectrometer with an accelerating voltage of 20 kV, filament current of 4.4 nA, 124 

and work distance of 11.5 mm at CUG-GPMR. Major element compositions were then 125 

determined by a JXA-733 electronic microprobe (EMPA) at CUG-GPMR. Analyses were 126 

performed on well-polished thin sections using a 15.0 kV accelerating voltage, a 20 nA 127 

beam current and a 1 μm probe beam diameter. Silicates and pure oxides were used as 128 

standards for calibration. 129 

The secondary ion mass spectrometry (SIMS) analyses were carried out to analyze 130 

the C isotopic composition of SiC with a CAMECA NanoSIMS50L at the Institute of 131 

Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). A Cs+ primary beam 132 
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with the current of ~120 pA and ~0.6 μm in diameter was used during the measurements. 133 

The samples were first pre-sputtered using the beam with a higher intensity of 1 nA for 2-134 

3 min in order to remove the gold coating and stabilize the secondary ion yield. The 135 

samples were then analyzed by scanning the primary beam over each area of 10×10 μm2. 136 

The instrument was reconfigured for measurements of 12C and 13C, the secondary ions 137 

including 12C- and 13C- were integrated using Faraday Cup (FC) and Electron multiplier 138 

(EM) respectively in a multi-collection mode (Lin et al., 2014; Miyahara et al., 2015). A 139 

mass resolution of ~6000 (10% definition) was used, which was enough to separate the 140 

interference of H12C from 13C. The total analysis time of each measurement was ~150 141 

seconds. Instrumental mass fractionation (IMF) and analytical uncertainties were 142 

monitored using graphite-1 standard (δ13C = –33.14 ± 0.15‰) (Lin et al., 2014). The 143 

results are reported as δ13C (=[(13C/12C)sample/(13C/12C)PDB)-1]×1000‰, (13C/12C)PDB = 144 

0.0112372). 145 

Results 146 

Carbide and native carbon 147 

SiC and TiC were found both in polished sections and as mineral separates. TiC is 148 

near pure in chemical composition with trace Al and Cr (Table 1). SiC crystals are 20-50 149 

μm in size, blue to colorless in color, and were usually found in the micro-cavities (Fig. 150 

3a). Because the stacking sequences of double atomic plane of Si-C along the c-direction 151 

are variable, many polytypes of SiC were identified, which can be classified into three 152 

groups: cubic (C), hexagonal (H) and rhombohedral (R) (Nakashima and Harima, 1997). 153 

Laser Raman spectroscopy analyses indicate that SiC in the Dalihu carbonatitic xenoliths 154 

are 3C, 4H, 6H and 15R (Fig. 4). 3C SiC have very simple Raman spectrum with only the 155 
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folded transverse optical mode (FTO) (792-796) and the folded longitudinal optical mode 156 

(FLO) (966-969) (Fig. 4a). Raman frequencies of the folded modes for 4H SiC are 203 157 

(folded transverse acoustic (FTA), x=0.5), 266 (FTA, x=1), 782 (FTO, x=0.5), 796 (FTO, 158 

x=0) and 964 (longitudinal optical plasmon coupled (LOPC)) (Fig. 4b). Raman 159 

frequencies of the folded modes for 6H SiC are 160 (FTA, x=0.33), 763 (FTO, x=1), 782 160 

(FTO, x=0.33) and 958 (LOPC) (Fig. 4c). Raman frequencies of the folded modes for 161 

15R SiC are 172 (FTA, x=0.4), 254 (FTA, x=0.8), 767 (FTO, x=0.8), 782 (FTO, x=0.4), 162 

788 (FTO, x=0) (Fig. 4d). The ratio of SiC polytype is 3C: 4H: 15R: 6H = 3:3:2:1. 163 

Native carbon in the carbonatitic xenoliths includes graphite and diamond, both of 164 

which were found in the polished sections. Graphite is 10-70 μm in size, black in color 165 

(Fig. 3c). Based on the Raman bands, the graphite can be classified into two types, highly 166 

ordered graphite and disordered graphite (Liu et al., 2015). One diamond (20 μm) was 167 

found within the micro-cavity in a polished section. 168 

Metal and metal alloy 169 

Native Si, Fe, Ni and Fe-Cr alloy. Native irons are composed of Fe (>99.2 wt%) 170 

and minor amounts of Si (~1.68 wt%) and Mn (~0.36 wt%) (Table 1). The irons’ 171 

chemical compositions are similar to that reported for terrestrial native iron in ophiolite 172 

(Bai et al., 2000; Robinson et al., 2004) and native iron in mantle peridotite (Ishimaru et 173 

al., 2009), which also have minor amounts of Si and Mn as impurity. Native nickel is 174 

composed of Ni (95.7-98.7 wt%) with minor amounts of Fe (0.16-1.54% wt%) (Table 1). 175 

Native silicon is near pure with trace amount of Fe (0.12 wt%) (Table 1), which is similar 176 

to the native Si as an inclusion in SiC (Shiryaev et al., 2011). 177 

Silicide. (Fe,Ni)2Si, Fe3Si and Fe3Si7 were found in the thin sections (Fig. 3e). The 178 
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crystallochemical formula of (Fe,Ni)2Si is Fe1.56Ni0.49Si1.00 (Table 1), which is similar to 179 

that reported for (Fe,Ni)2Si from lunar meteorite (Nazarov et al., 2012; Nazarov et al., 180 

2015). The crystallochemical formula of Fe3Si is Fe2.92Ni0.02Cr0.01Si1.08 (Table 1). The 181 

crystallochemical formula of Fe3Si (suessite) is similar to that reported for terrestrial and 182 

extraterrestrial Fe3Si (Keil et al., 1982; Novgorodova et al., 1984). The crystallochemical 183 

formula of Fe3Si7 is Fe2.86Ti0.19Ni0.16Al0.11Si7.00 (Table 1). 184 

C isotopic compositions of SiC 185 

C isotopic compositions of SiC found in the carbonatitic xenoliths feature strong 186 

depletion in 13C (δ13C = -13.2‰ to - 22.8‰) compared to the normal mantle carbon 187 

reservoir (δ13C = ~ -5‰; Deines, 2002) (Table 2, Fig. 5). It has been reported that δ13C 188 

values vary from -28.8‰ to -22.3‰ for SiC from kimberlites (Leung et al., 1990; Mathez 189 

et al., 1995), from -23.5‰ to -32.7‰ for SiC from Ophiolite (Trumbull et al., 2009) and 190 

from -20.9‰ to -31.0‰ for SiC from the Turkish beach (Di Pierro et al., 2003; Trumbull 191 

et al., 2009). These observations imply that SiC in the Dalihu carbonatitic xenoliths are 192 

slightly richer in 13C than that from kimberlite and ophiolite (Fig. 5). 193 

Detailed in-situ analyses reveal that the Dalihu SiC are highly heterogeneous in δ13C 194 

value (Table 2), and show two types of δ13C variation pattern (Fig. 6). δ13C values of 195 

three SiC separates vary significantly across the polished section (e.g., -13.2‰ to -20.8‰ 196 

for SiC-2). Although the other three SiC separates show no obvious spatial variation, 197 

their δ13C values are different from each other (Fig. 6, Table 2). 198 

Discussion 199 

Natural occurrence of SiC 200 
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Before furthering serious discussion in the natural SiC study field, the contamination 201 

problem should be eliminated because carborundum is a widely used material in 202 

geological labs. Special sample preparation methods are the key to avoid artificial SiC 203 

contamination and to confirm natural SiC occurrence. In this work, a SiC free sample 204 

preparation procedure was applied to prepare the polished sections for in-situ 205 

identification of the occurrence of SiC, as described in the sample preparation section. 206 

Our further analyses indicate that there is also a significant distinction between the 207 

Dalihu SiC and synthetic SiC in terms of crystal structure. The Dalihu SiC grains are 208 

dominated by β-SiC (3C polytype) and 4H polytype (Fig. 4), while type 6H is dominant 209 

volume of commercial production of SiC followed by 15R and 4H with rare 3C (Fisher 210 

and Barnes, 1990; Trigunayat and Chadha, 1971; van Loan, 1967). Furthermore, SiC 211 

does not occur independently in the Dalihu carbonatitic xenolith, but exists as an ultra-212 

reduced phase assemblage including SiC, TiC, native metals (Si, Fe and Ni) and iron 213 

silicide. Such type of mineral assemblages were also reported in kimberlite (Shiryaev et 214 

al., 2011) and chromitite pods within ophiolites (Trumbull et al., 2009; Xu et al., 2015; 215 

Yang et al., 2015). Collectively, the special sample preparation and experimental 216 

observations confirm that the Dalihu SiC in the carbonatitic xenoliths occurs naturally. 217 

Formation mechanism of the ultra-reduced mineral assemblage  218 

Considerable debate has occurred over the origin of SiC, mainly because SiC only 219 

formed under extremely reduced conditions (Mathez et al., 1995; Schmidt et al., 2014), 220 

and it is strongly depleted in 13C (δ13C = −18‰ to −35‰) (Di Pierro et al., 2003; Leung 221 

et al., 1990; Mathez et al., 1995; Trumbull et al., 2009). Some researchers suggest that 222 

SiC could have originated from a low fO2 deep mantle domain (Mathez et al., 1995; 223 
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Trumbull et al., 2009), formed by recycled organic materials (Schmidt et al., 2014). 224 

However, Rodgers et al. (1989) found that the formation of some natural moissanites do 225 

not require the very deep mantle conditions. Shiryaev and Gaillard (2014) suggest that 226 

the extremely reducing conditions necessary to form SiC can be achieved by reaction 227 

between graphite and silicate mineral with CO degassing 228 

(6C+4MgSiO3→2SiC+4CO+2Mg2SiO4) during the ultimate steps of ascent of carbon-229 

saturated melts, when pressure is lower than 100 bars. Horita and Polyakov (2015) found 230 

that SiC can be significantly depleted in 13C relative to other C-bearing materials even at 231 

mantle temperatures, and suggest that δ13C values of SiC are lower than any other C-232 

bearing mantle phases (diamond, CO2, CH4, and CaCO3) by 6–11‰ at 1000°C based on 233 

theoretical calculations. These works imply that SiC may also originate from a shallow 234 

region with normal C isotopic composition and does not necessarily form in extremely 235 

oxygen-depleted regions in the deep mantle. 236 

C isotopic composition of SiC may play an important role in tracing the origin of 237 

SiC. SiC crystallized from a deep and reducing mantle region should have homogenous C 238 

isotopic composition. However, some SiC grains show remarkable spatial variation in 239 

δ13C value, suggesting that the Dalihu SiC formed in a continuing reaction process, rather 240 

than crystallized from a C isotope homogenous reservoir. Primarily, the C isotopic 241 

composition of the Dalihu SiC seems to support the degassing origin hypothesis of SiC. 242 

Here, we provided a numerical modeling (see Appendix) to prove that SiC can be well 243 

yielded by degassing in terms of its low δ13C value and spatial variation of C isotopic 244 

composition (Fig. 7). 245 

Degassing of CO2 and CO were both involved to create modeling of C isotopic 246 
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composition of SiC using the reaction formulas 2C+SiO2→SiC+CO2 (Liu et al., 2015) 247 

and 6C+4MgSiO3→2SiC+4CO+2Mg2SiO4 (Shiryaev and Gaillard, 2014), respectively. 248 

The δ13C value of SiC formed by degassing is mainly controlled by the initial δ13C value 249 

of graphite, the reaction temperature and the extent of reaction. Obviously, SiC that 250 

originated from graphite with a high initial δ13C value would have a higher δ13C value 251 

compared to that originated from graphite with a low initial δ13C (Fig. 7). The δ13C value 252 

of SiC increases with temperature increasing because the C isotope fractionation becomes 253 

small under high temperature (Horita and Polyakov, 2015; Polyakov and Kharlashina, 254 

1995; Richet et al., 1977). However, there is still a clear trend that the δ13C value of the 255 

initially formed SiC is the lowest, and increases as the reaction proceeds (Fig. 7). Thus, 256 

the SiC formed by degassing would have radical variation in C isotopic composition, as 257 

shown by the Dalihu SiC separates (Fig 6). 258 

The very low pressure degassing (6C+4MgSiO3→2SiC+4CO+2Mg2SiO4) is only 259 

available to produce SiC at high temperature (~1300°C) (Shiryaev and Gaillard, 2014). 260 

However, such degassing reaction can’t produce SiC with low δ13C value due to the 261 

insignificant C isotope fractionation at high temperature (Fig. 7c) (Horita and Polyakov, 262 

2015; Polyakov and Kharlashina, 1995; Richet et al., 1977). Furthermore, no high 263 

temperature of >1200°C was recorded by the Dalihu carbonatitic xenoliths (Liu et al., 264 

2015). Therefore, we prefer that the Dalihu SiC could have not been formed by low 265 

pressure degassing. SiO2 saturation is indicated by the presence of quartz and feldspar in 266 

the SiC-bearing carbonatitic xenoliths (Figs. 3h-i). Liu et al. (2015) thus suggested that 267 

the Dalihu SiC could have been formed by the reaction of 2C+SiO2→SiC+CO2 during 268 

the rapid ascent of carbonate-rich diapir from the top of the slab to the shallow mantle 269 
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because CO concentration is negligible at pressures ≥1 kbar (Ferry and Baumgartner, 270 

1987). Our numerical modeling shows that the very low δ13C value of the Dalihu SiC can 271 

be readily produced by the degassing reaction of 2C+SiO2→SiC+CO2 at temperature 272 

784–1046 °C (Liu et al., 2015). The spatial variations of C isotopic compositions could 273 

have been formed in the progressive growth process of SiC. Santosh et al. (2003) and 274 

Satish-Kumar et al. (2011) found that graphite could exhibit unidirectional δ13C variation 275 

along the growth direction, but homogenous δ13C value perpendicular to the growth 276 

direction within a single graphite. The two types of δ13C variation pattern of the Dalihu 277 

SiC (Fig. 6) could result from the direction of profile measurement as well. In other 278 

words, SiC profiles parallel to the growth direction show obvious variation of δ13C value, 279 

while SiC profiles perpendicular to growth direction show limited variation of δ13C value. 280 

The earth mantle is featured by a major C isotopic composition with δ13C value of 281 

about -5‰ (Deines, 2002). However, some mantle materials with 13C-depleted isotopic 282 

composition were also reported. For example, eclogitic diamonds and peridotitic 283 

diamonds cover a range of δ13C value from −41.3 to 2.7‰, −26.4 to 0.2‰ respectively, 284 

whereas δ13C values of carbonados vary from −32 to −25‰ and up to −5‰ (Shirey et al., 285 

2013). And almost all of the SiC and iron carbide have very low δ13C values, ranging 286 

from -18.2 to -34.7‰ for SiC (Di Pierro et al., 2003; Leung et al., 1990; Mathez et al., 287 

1995; Trumbull et al., 2009) and -16.9 to -27.5‰ for iron carbide (Mikhail et al., 2014a). 288 

These observations seem to indicate that there may be a lot of organic sediments with 289 

light carbon recycled into mantle through subduction processes. However, the recycled 290 

organic sediments model is challenged due to the thermal stability of organic compounds 291 

and the low ratio of organic carbon to carbonate in subduction zones (Cartigny, 2005; 292 
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Mikhail et al., 2014b). Another model to explain the low δ13C value of some mantle 293 

materials is C isotope fractionation in degassing reaction. Recently, Horita and Polyakov 294 

(2015) well explained the low δ13C value of diamond by C isotope fractionation using 295 

theoretical calculations. Here, our study on the SiC-bearing carbonatitic xenoliths provide 296 

natural evidence for the formation of 13C-depleted feature of some mantle materials by C 297 

isotope fractionation. We thus speculate that many of the 13C-depleted mantle material 298 

may not necessarily indicate recycling of organic sediments. 299 

The preservation of ultra-reduced mineral assemblage 300 

SiC, native metal, iron silicide and carbide are highly reduced minerals. However, 301 

they are hosted in the oxidizing rock. Ultra-reduced mineral assemblages hosted in the 302 

oxidizing rock are an unexpected discovery because they are considered to be oxidized 303 

by surrounding minerals at high temperature. For example, even mm-sized SiC would 304 

disappear through diffusive equilibration within a million years at temperatures above 305 

800-900°C (Schmidt et al., 2014). Detailed occurrence information may help us to 306 

understand the preservation mechanism of SiC dominated ultra-reduced minerals in the 307 

Dalihu carbonatitic xenoliths. Previous studies have mainly focused on separated SiC 308 

particles (Mathez et al., 1995; Shiryaev et al., 2011; Trumbull et al., 2009; Xu et al., 309 

2015; Yang et al., 2015) and only several reliable in-situ SiC instances have been reported 310 

in serpentinite (Xu et al., 2008), dunite (Liang et al., 2014), metasedimentary crustal 311 

rocks (Janák et al., 2015) and tuff (Mukhin et al., 2015), while the original occurrence 312 

information, such as occurrence site, surrounding minerals, was lost. 313 

We note that the Fuxian SiC, which occur as inclusions in diamond (Leung et al., 314 

1990; Leung, 1990), may provide us a reasonable clue to revealing the preservation 315 
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mechanism of SiC in crust- and mantle-derived rocks. Diamond is a stable reduced 316 

carbon phase in the deep mantle (Rohrbach and Schmidt, 2011), so SiC wrapped within 317 

diamond may survive in mantle due to the protection of the diamond from the oxidizing 318 

environment. And the rapid ascent of kimberlite also aids the preservation of diamond 319 

and SiC during the transport process (Wilson and Head Iii, 2007). This leads us to 320 

speculate that SiC may be preserved in a local reducing buffer in the carbonatitic 321 

xenoliths, as well. We found that almost all the in-situ SiC was found within the micro-322 

cavities in the Dalihu carbonatitic xenoliths. The micro-cavities and micro-cracks may 323 

result from the exsolution of the volatile phase during the diapir rising process of 324 

carbonatitic melt (Liu et al., 2015; Russell et al., 2012). These micro-cavities and micro-325 

cracks can accelerate evacuating CO2 or CO, and thus promote the reactions forming SiC, 326 

which accounts for the preferred occurrence of SiC in the micro-cavities. Furthermore, 327 

filling of CO2 and/or CO in the micro-cavities could have buffered the reducing 328 

environment and separated SiC from the surrounding oxidizing phases. On the other 329 

hand, the fast cooling of host rock could have also contributed to the preservation of SiC. 330 

The heterogeneous C isotopic compositions (Fig. 6) indicate that SiC in the carbonatitic 331 

xenoliths were preserved at a relatively low temperature because the δ13C value would be 332 

quickly homogenized at high temperature (Horita and Polyakov, 2015). These 333 

observations suggest that the carbonatitic melt once suffered rapid transportation into the 334 

shallow lithospheric mantle, cooling just shortly after segregation from the source (Liu et 335 

al., 2015) which would leave insufficient time for the complete elimination of SiC. 336 

Implications 337 

SiC and associated minerals have been discussed for a long time; however, SiC 338 
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remains a poorly understood mineral. There is still no consensus on the genesis of SiC 339 

and the origin of low δ13C values of SiC. Due to the lack of these basic information, SiC 340 

is not a good indicator mineral for geological processes. SiC dominated ultra-reduced 341 

mineral assemblages, including SiC, TiC, native metals (Si, Fe and Ni) and iron silicide, 342 

were observed in the carbonatitic xenoliths carried by the Neogene basalt in the 343 

southeastern part of Central Asian Orogenic Belt. This is a new geologic setting for SiC 344 

dominated ultra-reduced phase assemblages. 345 

The SiC reported here are dominated by β-SiC (3C polytype) and 4H polytype 346 

followed by 15R and 6H. They feature low and heterogeneous δ13C values (δ13C = -347 

13.2‰ to - 22.8‰, average = -17.7‰). Some grains show obvious spatial variation. The 348 

low δ13C value of SiC can be well modeled by a graphite-silicate reaction forming SiC 349 

with degassing, which implies an intrinsic property of low δ13C value rather than being 350 

inherited from a 13C-depleted source region. Detailed spatial information on δ13C value in 351 

SiC grains is helpful for tracing the origin of SiC. However, it is still necessary to 352 

determine the C isotopic fractionation during graphite-silicate reaction with degassing by 353 

high P-T experiments. 354 

The in-situ occurrence of SiC in polished sections provides a great opportunity to 355 

understand the preservation mechanism of ultra-reduced phases in an oxidized 356 

environment. The wide development of micro-cavities provides not only the channels for 357 

degassing of CO2 or CO and thus promoting the formation of SiC but also buffers the 358 

reducing environment and separates SiC from the surrounding oxidizing phases. 359 

However, the preservation mechanism of SiC in other geological settings, such as 360 

kimberlite and ophiolite, is still unknown. Our research suggests that detailed mapping 361 
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work to identify SiC in-situ may contribute to the discussion of its preservation 362 

mechanism. 363 
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Figure captions: 549 

Figure 1. Tectonic sketch map of the study area modified after Xiao et al. (2003). 550 

Figure 2. (a) Field appearance of the carbonatitic xenolith. (b) Section of one carbonatitic 551 

xenolith. (c,d) Pyroxenes in the carbonatitic xenolith. 552 

Figure 3. (a) Optical and (b) backscattered electron images of SiC in the micro-cavity. (c) 553 

Optical image of in-situ graphite in the micro-cavity. (d) Backscattered electron image of 554 

separated TiC. (e) Backscattered electron image of Fe3Si coexisting with SiC. (f) 555 

Backscattered electron image of native Ni. (g) Backscattered electron image of native Fe. 556 

(h) Backscattered electron image of feldspar. (i) Backscattered electron image of quartz. 557 

Figure 4. Raman spectrums of SiC grains. 558 

Figure 5. Stacked histogram of δ13C value of SiC from different settings. SiC grains in 559 

kimberlite (Mathez et al., 1995), SiC inclusion in diamond (Leung et al., 1990), rock-560 

forming SiC from Turkish beach (Di Pierro et al., 2003; Trumbull et al., 2009) and SiC 561 

separated from podiform chromitites from Ray-Iz, Luobusa, Dongqiao and Semail 562 

ophiolites (Trumbull et al., 2009) are shown for comparison. 563 

Figure 6. Profile variations of δ13C value of SiC grains. δ13C value of the bulk 564 

carbonatitic xenolith is shown for comparison. 565 

Figure 7. δ13C value of SiC formed by graphite-silicate reaction with degassing of CO 566 

and/or CO2. The initial δ13C values of graphite (-8.0‰ to -10.7‰) were calculated using 567 

the C isotopic compositions of bulk xenoliths (-5.7‰ ~ -8.4‰) based on the C isotope 568 

fractionation factor between CaCO3 and graphite (Deines and Eggler, 2009) assuming 569 

temperature of 915 °C (Liu et al., 2015). For the detailed modeling method, see Appendix. 570 
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Appendix 571 

Modeling Method 572 

C isotope compositions of SiC formed by degassing of CO and CO2 were modeled based 573 

on reaction formulas: 574 

2C+SiO2→SiC+CO2 (Liu et al., 2015)                                   (S1) 575 

6C+4MgSiO3→2SiC+4CO+2Mg2SiO4 (Shiryaev and Gaillard, 2014)          (S2) 576 

Because the reactions involve three carbonaceous components, the δ13C value of SiC 577 

cannot be simply calculated using the Rayleigh fractionation formula. Instead, numerical 578 

simulation was used to model the C isotope composition of SiC. We divided the reaction 579 

into sufficiently short reaction processes in which the C isotope composition of SiC can 580 

be readily calculated by  581 

/                                       (S3) 582 

Where RSiC and RC are the C isotope ratio of SiC and graphite, αSiC/C is the C isotope 583 

fractionation factor between SiC and graphite. Thus, δ13C of SiC at every increment i of 584 

instantaneous reaction with degassing of CO2 can be calculated by 585 R R /R R R X/ / X R X/ / X/ XR R /R R /
                                (S4) 586 

and degassing of CO can be calculated by 587 R R /  R R R X/ / X R X/ / X/ XR R /  R R /
                                    (S5) 588 
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where R , R , R , R  are the C isotope ratio of graphite, CO2, CO and SiC at stage i, 589 

respectively. X is the graphite consumption molar proportion relative to original graphite 590 

(we use X=0.001 here), X  is the remnant graphite proportion relative to original 591 

graphite at stage i. The αSiC/C and αSiC/CO2 are the C isotope fractionation factors between 592 

SiC and graphite and between SiC and CO2, respectively. There is no experimental data 593 

about αSiC/C and αSiC/CO2, therefore, we calculated the fractionation factor through reduced 594 

partition function ratios (β-factors) by  595 10 /  10  10  (Horita and Polyakov, 2015)        (S6) 596 

 Thus αSiC/C, αSiC/CO2 and αSiC/CO can be expressed by 597 10 /  10 10                              (S7) 598 10 /  10  10                              (S8) 599 

 10 /  10 10                               (S9) 600 

βSiC is from (Horita and Polyakov, 2015), βCO2 and βCO are from (Richet et al., 1977) and 601 

βC is from (Polyakov and Kharlashina, 1995), which are all temperature dependent. 602 

Assuming temperatures of 700°C, 900°C, 1100°C and 1300°C, C isotopic compositions 603 

of SiC were calculated (Fig. 7). 604 
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Table 1. Compositions of native metal, silicide, sulfide, Fe-Cr alloy and carbide. The 605 

crystallochemical formulas of silicide are calculated by assuming Si as anion and Fe,Ni 606 

and Ti as cation. The crystallochemical formulas of sulfide are calculated by assuming S 607 

as anion and Fe as cation. The crystallochemical formulas of carbide are calculated by 608 

assuming C as anion and Si or Ti as cation. 609 

Sample Mineral Si Ti Al Fe Mn Ni Cu Cr Total

DLH0601-10 Fe 1.66   99.4 0.38    101.4

DLH06102-20 Fe 1.70 0.02 0.00 99.2 0.34 0.01  0.05 101.4

DLH0601-12 Ni 0.08 0.00 0.00 0.16 0.00 98.7  0.00 98.9 

DLH06102-18 Ni    1.54  95.7   97.3 

DLH06102-79 Si 98.4 0.00 0.02 0.12  0.01   98.6 

DLH06112-3 (Fe,Ni)2Si 19.7   61.1  20.2   100.9

DLH0601-2 (Fe,Ni)3Si 15.5 0.00 0.00 83.6 0.02 0.54  0.16 99.8 

DLH06112-5 (Fe,Ti,Ni)3Si7 53.2 2.42 0.84 43.2  2.62   102.3

DLH0601-07 FeS 0.24   60.7     61.0 

DLH0601-11 FeS2 0.27   45.1     45.6 

DLH06102-19 Fe-Cr 0.79  0.20 70.4 0.52 8.10 2.66 16.7 99.4 

DLH0601-22 SiC 72.3 0.00 0.00 0.03 0.00 0.00  0.00 72.3 

DLH0601-09 TiC 0.04 80.2 0.17 0.02    0.06 80.5 

Unit is wt% for major elements.  610 
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Table 2. C-isotope compositions of SiC in DLH06102 analyzed by SIMS. 611 

Number 
Analysis 

Spot 
13C/12C Precisiona δ13C (‰)b ±2SE 

Distance from 

the edge (μm) 

SiC-1 1-1 0.010532 0.17 -18.9 0.35 13.8 

SiC-1 1-2 0.010527 0.15 -19.3 0.32 49.3 

SiC-1 1-3 0.010532 0.16 -18.9 0.33 75.0 

SiC-2 2-1 0.010511 0.30 -20.8 0.63 13.4 

SiC-2 2-2 0.010566 0.16 -15.7 0.33 42.5 

SiC-2 2-3 0.010585 0.17 -13.9 0.36 74.5 

SiC-2 2-4 0.010593 0.16 -13.2 0.32 98.9 

SiC-3 3-1 0.010543 0.15 -17.8 0.32 17.9 

SiC-3 3-2 0.010551 0.15 -17.1 0.31 40.9 

SiC-3 3-3 0.010567 0.16 -15.6 0.33 59.5 

SiC-3 3-4 0.010557 0.16 -16.5 0.33 73.9 

SiC-4 4-1 0.010505 0.16 -21.4 0.33 18.9 

SiC-4 4-2 0.010552 0.16 -17.0 0.33 48.9 

SiC-4 4-3 0.010565 0.16 -15.8 0.34 77.9 

SiC-5 5-1 0.010490 0.17 -22.8 0.35 1.79 

SiC-5 5-2 0.010518 0.16 -20.2 0.32 32.9 

SiC-5 5-3 0.010547 0.16 -17.5 0.33 73.2 

SiC-6 6-1 0.010564 0.16 -15.9 0.34 5.36 

SiC-6 6-2 0.010563 0.16 -16.0 0.33 40.4 

SiC-6 6-3 0.010563 0.17 -16.0 0.35 85.2 

SiC-7 7-1 0.010515 0.16 -20.5 0.34 99.3 
a Analytical uncertainty in permil (1 σ) for each analysis 612 

b Values relative to the reference PDB (13C/12C=0.0112372) and corrected by the 613 

instrumental mass fractionation (0.955) monitored using graphite-1 standard. 614 
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