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Abstract 32 

In order to investigate the halogen heterogeneity in the subcontinental 33 
lithospheric mantle (SCLM), we measured the concentrations of Cl, Br, and I in 34 
kimberlites and their mantle xenoliths from South Africa, Greenland, China, Siberia, 35 
Canada, and Brazil. The samples can be classified into two groups based on halogen 36 
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ratios: a high-I/Br group (South Africa, Greenland, Brazil, and Canada) and a low-I/Br 37 
group (China and Siberia). The halogen compositions were examined with the indices 38 
of crustal contamination using Sr and Nd isotopes and incompatible trace elements. The 39 
results indicate that the difference between the two groups was not due to different 40 
degrees of crustal contamination, but from the contributions of different mantle sources. 41 
The low-I/Br group has a similar halogen composition to seawater-influenced materials 42 
such as fluids in altered oceanic basalts and eclogites, and fluids associated with halite 43 
precipitation from seawater. We conclude that the halogens of the high-I/Br group are 44 
most likely derived from a SCLM source metasomatized by a fluid derived from 45 
subducted serpentinite, whereas those of the low-I/Br group are derived from a SCLM 46 
source metasomatized by a fluid derived from seawater-altered oceanic crust. The 47 
SCLM beneath Siberia and China could be an important reservoir of subducted, 48 
seawater-derived halogens, while such role of SCLM beneath South Africa, Greenland, 49 
Canada and Brazil seems limited. 50 

 51 
 52 

Keywords: halogens, kimberlite, subcontinental lithospheric mantle, subduction, 53 
metasomatism 54 

 55 
 56 
1. Introduction 57 

Subduction of oceanic plates carries large amounts of surface materials into the 58 
Earth’s interior. Among these subducted materials, water released from the subducting 59 
oceanic plate plays an important role in the dynamic processes occurring in the mantle 60 
wedge, including: (1) the generation of arc magmas beneath subduction zones owing to 61 
the lowering of the melting temperature of the wedge mantle peridotite (e.g., Ulmer, 62 
2001); (2) generation of deep earthquakes by weakening of the mechanical strength of 63 
the subducted lithosphere and coupling between the subducted slab and the superjacent 64 
mantle wedge (e.g., Seno, 2009); and (3) control of mantle rheology that affects the 65 
efficiency of mantle convection (e.g., Bolfan-Casanova, 2005).  66 

Most of the water carried by plate subduction is bound in hydrous minerals in 67 
altered and metamorphosed igneous oceanic crusts and sediments (e.g., Bebout, 1996). 68 
Almost all of the pore water (water trapped in pore spaces in sediments and oceanic 69 
crust) is expelled from the plate subducted to a depth of 5 km and returned to the 70 
surface, resulting in deep seepage within accretionary prisms (e.g., Jarrard, 2003). 71 
However, deep subduction of the marine pore fluid has been suggested based on the 72 
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noble gas isotopic data from continental well gases (Holland and Ballentine, 2006) and 73 
halogen compositions obtained from exhumed mantle wedge peridotites and 74 
metasomatized mantle xenoliths (Sumino et al., 2010; Broadley et al., 2016; Kobayashi 75 
et al., 2017). The serpentinized lithospheric mantle in a subducted oceanic plate has 76 
been suggested as the transport medium of the marine pore-fluid-derived noble gases 77 
and halogens (Sumino et al., 2010; Kendrick et al., 2011, 2013, 2017; Kobayashi et al., 78 
2017). However, little is known about the behavior of halogens during the subduction 79 
processes and their fate in the Earth’s mantle. 80 

Halogens (chlorine (Cl), bromine (Br), and iodine (I)) have high partition 81 
coefficients in aqueous fluids (Bureau et al., 2000). Pore fluids are enriched in halogens 82 
as they are originated from seawater; however, the high content of I (and of Br to a 83 
lesser extent) in organic matter in sediments results in higher I/Cl and Br/Cl ratios in the 84 
pore fluids than seawater (Riley and Skirrow, 1975; Déruelle et al., 1992; Jambon et al., 85 
1995; Muramatsu and Wedepohl, 1998; Bureau et al., 2000; Johnson et al., 2000). The 86 
halogen elemental ratios are distinctive in the seawater, pore water, sediment, altered 87 
oceanic crust, and peridotite. The halogens are, therefore a useful tool for tracing the 88 
water cycle in subduction zones (e.g., Sumino et al., 2010; Broadley et al., 2016; 89 
Kobayashi et al., 2017). 90 

Kimberlites are igneous rocks, majority of which occur within the Archean 91 
cratons and surrounding mobile belts, and are produced via explosive eruptions mainly 92 
in the Precambrian age (e.g., Sparks, 2013). Because of the presence of diamonds in 93 
some kimberlites, kimberlite magmas have been regarded as being derived from a 94 
source in the mantle deeper than 150 km (e.g., Ringwood et al., 1992). Compared to the 95 
other ultramafic rocks, kimberlites are extremely rich in volatiles which results in a 96 
rapid ascent, enabling diamonds to be transported to the surface before their 97 
graphitization (e.g., Sparks, 2013).  98 

Kimberlites have been conventionally classified into Group I and Group II 99 
based on Sr-Nd-Pb isotope systematics (Smith, 1983). In the isotopic classification by 100 
Smith (1983), Group I kimberlites are slightly less radiogenic in terms of their Sr 101 
isotope, and more radiogenic in terms of their Nd isotope compositions than the 102 
present-day bulk Earth. In this regard, they show similarity to ocean island basalts 103 
(OIB). Smith (1983) demonstrated the possible genetic link of the Group I kimberlites 104 
and a deep mantle source. Based on comparison of eruption ages and locations of the 105 
kimberlites with plate reconstructions, it has been suggested that mantle plumes tapping 106 
the core-mantle boundary beneath Africa and south Pacific may be responsible for 107 
kimberlite genesis (Torsvik et al., 2010). Woodhead et al. (2019) compiled Nd and Hf 108 
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isotope data of the Group I kimberlites with careful filtering based on major and trace 109 
element compositions and revealed that the mantle reservoir from which those 110 
kimberlites originate from is a single homogeneous deep-seated reservoir with a pristine 111 
isotope signature, which has been isolated from mantle convection over at least 2.5 112 
billion years. In addition, studies of the noble gas isotopes in Group I kimberlites 113 
showed that kimberlite magmas have similar noble gas compositions as the ocean island 114 
basalts derived from deep mantle plumes (Sumino et al., 2006; Tachibana et al. 2006).  115 

In contrast, Group II kimberlites, which were also termed “orangeites” after 116 
their occurrence (Mitchell 2012), have highly radiogenic Sr isotope compositions 117 
relative to the bulk Earth and have been associated with a direct derivation from the 118 
subcontinental lithospheric mantle (SCLM) (e.g., Smith, 1983). In recent years, the 119 
Group II kimberlites are petrogenetically classified as olivine lamproites and excluded 120 
from “archetypal” kimberlites (e.g., Pearson et al., 2019). Although the origin of the 121 
Group II kimberlites is not well constrained, it would be an enriched SCLM source 122 
metasomatized by melts or fluids associated with ancient subduction (Becker and le 123 
Roex, 2005) or by volatile-rich components derived from mantle upwelling related to a 124 
plume or back-arc extension (Mirnejad et al., 2006).  125 

The initiation of melting to form Group I kimberlites is considered to take 126 
place below SCLM. Although the incipient melt entering the base of SCLM would have 127 
been carbonatitic, during the ascent in SCLM the melt consumes silicate minerals 128 
(orthopyroxene) in surrounding mantle peridotite to evolve to silica-rich composition as 129 
observed as kimberlite magma at the surface (Kamenetsly et al., 2008; Russel et al., 130 
2012). Since the source mantle of MORB and OIB is indistinguishable in terms of Br/Cl 131 
and I/Cl ratios (Kendrick et al., 2017), the MORB- and OIB-like halogen ratios of 132 
kimberlite magma would have been modified by the interaction with SCLM. In this 133 
regard, the study of halogens in kimberlites can provide important information related to 134 
the deep halogen composition of SCLM. In order to investigate the characteristics of 135 
halogens in SCLM, we have examined the relative compositions of Cl, Br, and I of 136 
kimberlite samples and their mantle xenoliths collected from South Africa, Greenland, 137 
China, Siberia, Canada, and Brazil.  138 

 139 
2. Samples 140 

We analyzed the concentrations of Cl, Br, and I in 27 kimberlite samples (bulk 141 
rock) from six localities (South Africa, Greenland, China, Siberia, Canada, and Brazil) 142 
and four mantle xenoliths of the kimberlites from South Africa and Siberia, as described 143 
below. Photos of thin sections of the samples are provided as Supplementary materials. 144 
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The South African kimberlites and their xenolith (peridotite) samples were 145 
collected from seven locations surrounding the Kimberley area (Newland, Benfontein, 146 
Frank-Smith, De Beers, Klipfontein and Wesselton). The Kimberley cluster of 147 
kimberlite pipes constitutes the type locality for kimberlite. The detailed geology of the 148 
individual pipes has been described comprehensively by Clement (1982). Numerous 149 
studies have been conducted on the Kimberley kimberlites (e.g., Clement, 1982; Smith, 150 
1983; Muramatsu and Wedepohl, 1985; Chalapathi Rao et al., 2004). The Rb–Sr, U–Pb 151 
and Pb–Pb model ages of 80–114 Ma for kimberlites from the Kimberley area were 152 
reported (e.g., Kramers and Smith, 1983). The South African kimberlite samples used in 153 
this study were also used for our previous studies (Muramatsu, 1983; Toyama et al., 154 
2012) and classified into Group I and II by Toyama et al. (2012) based on Nd-Sr 155 
isotopic compositions. The sample IDs of the samples used in this study are the same as 156 
those used in Muramatsu (1983) and Toyama et al. (2012). In addition, F and Cl were 157 
analyzed in a selection of samples by Muramatsu (1983). The details of the geology of 158 
the areas where the samples were collected have been previously described by 159 
Muramatsu and Wedepohl (1985). The kimberlite samples studied contain olivine 160 
(serpentine), pyroxenes, phlogopite, calcite, dolomite (only in K-2), and garnet (only in 161 
K-1 and K-8) as major minerals, and magnetite, ilmenite, spinel, pyrite, Fe-Ni and Cu-S 162 
ores, perovskite, rutile, barite and plagioclase as accessory minerals (Muramatsu, 1983). 163 
The samples are variably altered exhibiting partial to near-complete replacement of the 164 
olivine by serpentine and/or clay minerals, but a subset of samples are very fresh. 165 

The Greenland kimberlite samples were collected from the Sarfartoq region of 166 
the North Atlantic Craton. The details of the geology of these provinces have been 167 
described by Gaffney et al. (2007). Kimberlites in this area erupted at ca. 600 Ma (e.g., 168 
Gaffney et al., 2007). The Hf-Nd isotopic compositions and the concentrations of the 169 
major and the trace elements in the West Greenland kimberlite samples used in this 170 
study are reported by Gaffney et al. (2007). These samples are classified as Group I 171 
kimberlites. The sample numbers of the west Greenland samples used in this study are 172 
the same as those used in Gaffney et al. (2007). The samples contain olivine, phlogopite, 173 
and ilmenite as major minerals, and minor clinopyroxene and calcite. The olivine is 174 
very abundant (up to 70%), thus some of them are likely of accumulated or xenocrystic 175 
origin (Gaffney et al., 2007).  176 

The Siberian kimberlites and their xenolith samples (peridotite) were collected 177 
from the Udachnaya-East kimberlite pipe in Yakutia of the Siberian Craton. The studied 178 
kimberlite samples are exceptionally fresh so that there is almost no secondary 179 
serpentinization of olivine crystals and even native halite crystals were found (Mass et 180 
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al., 2005; Kamenetsky et al., 2004, 2012). The emplacement age of the pipe has been 181 
reported as ca. 347 Ma (Mass et al., 2005). The Sr and Nd isotopic compositions of 182 
samples from the pipe are typical of Group I kimberlites (e.g., Kamenetsky et al., 2004; 183 
Mass et al., 2005). In addition, studies on the noble gas isotopes in the olivine 184 
phenocrysts in the Udachnaya-East kimberlites showed that the kimberlite magma has 185 
noble gas characteristics similar to those of ocean island basalts (Sumino et al., 2006). 186 
The sample numbers of the Siberian samples used in this study are the same as those 187 
used in previous studies (Kamenetsky et al., 2012; Mass et al., 2005). The samples 188 
contain abundant olivine grains (up to 40–50 vol.%) in the groundmass composed of 189 
phlogopite, monticellite, plagioclase, sodalite, perovskite, spinel, titanomagnetite, 190 
pyrrhotite, djerfisherite, Na-K chlorides, Na-Ca sulfates, apatite, and calcite 191 
(Kamenetsky et al., 2012; Mass et al., 2005). 192 

The Chinese kimberlite samples were collected from Liaoning (Wafangdian 193 
area) and Shandong (Jining and Mengyin areas) of the North China Craton. The details 194 
of the geology of these provinces have been described by Li et al. (2011). The Shandong 195 
(Mengyin area) kimberlite province has many petrological and mineralogical features in 196 
common with the 475 Ma kimberlites at Fuxian in Lianong province, located 550 km 197 
southwest of the Mengyin area (Dobbs et al., 1994). The emplacement age of the 198 
Paleozoic kimberlites in the North China Craton of approximately 480 Ma is supported 199 
by other studies on Chinese kimberlites (e.g., Yang et al., 2009; Li et al., 2011). The 200 
Chinese kimberlite samples used in this study were also used for our previous study 201 
(Toyama et al., 2012), which reported the Sr-Nd isotopic compositions and the 202 
concentrations of the major and trace elements. Toyama et al. (2012) classified the 203 
Liaoning kimberlites and the Shandong kimberlites as Transitional and Group I, 204 
respectively, based on the Sr and the Nd isotopic compositions. This is consistent with 205 
the results of Dobbs et al. (1994) and Lu et al. (1995). The sample IDs of the Chinese 206 
samples are the same as those in our previous study (Toyama et al., 2012). Olivines in 207 
the three samples from Shandong were serpentinized, while serpentinized olivines in the 208 
two samples from Liaoning were further altered and partly replaced by fine-grained clay 209 
minerals (Toyama et al., 2012). 210 

The Canadian kimberlite samples were collected from Somerset Island at the 211 
northern margin of the Canadian craton. The other geochemical data for the particular 212 
samples have not yet been published. The kimberlites in this area have been described 213 
by Mitchell (1976). Wu et al. (2010) reported a U–Pb model age of 90–105 Ma for the 214 
kimberlites. A petrological study indicated that most of the Somerset Island kimberlites 215 
belong to hypabyssal root zone (Mitchell and Meyer 1980). The studied samples consist 216 
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of abundant olivine macrocrysts (~50 vol.%) and fined-grained magmaclasts (~40 217 
vol.%) in dolomite matrix (~10% vol.). 218 

The Brazilian kimberlite samples were collected from borehole cores from 219 
Minas Gerais. The other geochemical data for these samples also have not yet been 220 
published. The majority of the radiometric ages of the other kimberlites in Minas Gerais 221 
were reported as 80–120 Ma (e.g., Meyer et al., 1994). The kimberlite samples studied 222 
here display different extents of alteration: less-altered sample (X218) contains 223 
abundant fresh olivine, while olivine in the other (X219) exhibits near-complete 224 
replacement by serpentine and/or clay minerals.  225 
 226 
3. Analytical Method  227 

The analytical method used in this study consists of the following steps: (1) the 228 
separation of halogen from the sample into an aqueous solution by pyrohydrolysis, and 229 
(2) the measurement of the halogen elements in the solution by ion chromatography 230 
(IC) and inductively coupled plasma mass spectrometry (ICP-MS).  231 

In step one, pyrohydrolysis used in this study is an improved method of that 232 
reported by Muramatsu and Wedepohl (1998), which was developed to separate I from 233 
silicates. We have optimized the heating temperature, heating time, trap solution etc. to 234 
extract Cl, Br, and I. About 500 mg of powdered sample was mixed with 500 mg of 235 
V2O5 (99%, Kanto Chemical Co. Ltd.) in an alumina combustion boat (99.9% purity). 236 
Then the combustion boat containing the sample was heated at 1100 ºC or higher in a 237 
quartz tube under constant wet oxygen flow containing water vapor for 45 min. Using 238 
this procedure, halogens were volatilized and trapped by 10 mL of de-ionized water 239 
(Milli-Q, 18 MΩ). As native halite crystals have been found in Siberian kimberlite from 240 
the Udachnaya-east pipe (Mass et al., 2005; Kamenetsky et al., 2004, 2012) and halite 241 
would concentrate halogens, we leached powdered Udachnaya kimberlite samples with 242 
de-ionized water before pyrohydrolysis to test the effect of halite dissolution. 243 

In step 2, the Cl concentrations in the trap solution were determined with IC 244 
(DIONEX ICS-1500). For Br and I, 25% ultra-pure tetra-methyl ammonium hydroxide 245 
(TMAH: Tama Chemicals) was added to the trapped solution, because Br and I 246 
dissolved in alkaline solution. The sample solutions were measured for 79Br and 127I by 247 
ICP-MS (Agilent 7500, 7700). To avoid the memory effect of I on the instrument, 248 
sufficient washout time was given after the measurement of a sample with a high I 249 
concentration for the signal at m/z 127 to return to the background level. 250 

We validated our method by analyzing a standard reference material JB-2 251 
(basalt) provided by the Geological Survey of Japan (GSJ). The results for all elements 252 
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agreed with the recommended or preferable values (Cl = 281 ppm, and I =49 ppb) 253 
reported by GSJ within 10% uncertainty (1σ; n = 5). The recommended or preferable 254 
value of Br is not reported by GSJ. We estimated the reference value of Br (0.7 ppm) 255 
based on the data reported by Shinonaga et al. (1994) and Korotev (1996).  256 
 257 
4. Results 258 

The halogen data obtained for 27 kimberlites and four of their mantle xenoliths 259 
are summarized in Table 1. Note that only one analysis was performed for the South 260 
African samples. The reason is that the halogen data in this study showed good 261 
agreement (within ± 20%) with the analyzed values using X-ray fluorescence 262 
spectrometry and the pyrohydrolysis method before the improvement (Muramatsu, 263 
1983; Muramatsu, unpublished data). Analytical uncertainties for the other samples 264 
were defined by the standard deviation derived from results of repeated analyses (n = 2–265 
5).  266 

In Fig. 1, the halogen concentrations in the kimberlite and the xenolith samples 267 
are shown together with those in mid-ocean ridge basalts (MORB) and oceanic island 268 
basalts (OIB) reported by Kendrick et al. (2017). Note that only MORB and OIB data 269 
free of seawater assimilation are plotted in the figure. The bulk halogen concentrations 270 
for peridotite xenoliths in the Udachnaya kimberlites reported by Broadley et al. 271 
(2018a) are also shown for comparison. Halogen data for peridotite xenoliths in the 272 
Obnazhennaya kimberlite, which erupted in Siberia at 160 Ma, were also reported by 273 
Broadley et al. (2018a). However, the bulk halogen compositions of Obnazhennaya 274 
xenoliths are MORB- and OIB-like with significantly lower halogen concentrations, 275 
suggesting extensive halogen extraction and replenishment by the Siberian flood basalt 276 
magmatism at 250 Ma (Broadley et al., 2018a). Therefore the data for Obnazhennaya 277 
xenoliths are not suitable for comparison with kimberlites derived from SCLM, and not 278 
shown in figures in this paper.  279 

The overall correlations among these halogen concentrations in the kimberlites 280 
indicate similar behaviors of the halogens during partial melting of the kimberlite 281 
source, and ascent and degassing of kimberlite magma. However, there is some scatter 282 
with the kimberlite data, which will be discussed in the following sections. The halogen 283 
concentrations in the kimberlite and xenolith samples vary over two or three orders of 284 
magnitude. The Siberian and Chinese kimberlites have markedly higher Cl and Br 285 
concentrations (>600 ppm and >10 ppm, respectively) than the other kimberlites, 286 
whereas I concentrations are in the same range as the others.  287 

While MORB and OIB show relatively narrow ranges of Cl/Br (260–520) and 288 
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I/Br (0.009–0.054), variations of those ratios of the kimberlites (30–340 and 0.001–0.19, 289 
respectively) are larger. There is no systematic difference in kimberlite Cl/Br ratios 290 
depending on the sample localities (Fig. 1a). The xenoliths in South African and 291 
Siberian kimberlites including those reported by Broadley et al. (2018a) have similar 292 
Cl/Br ratios. On the other hand, in Fig. 1b, the kimberlites are geochemically and 293 
geographically grouped into two based on the I/Br ratios; namely, a high-I/Br (0.06–294 
0.19) group (South Africa, Greenland, Canada, and Brazil) and a low-I/Br (0.001–295 
0.010) group (China and Siberia). The I/Br ratio of xenolith in Greenland kimberlite is 296 
in the range of high-I/Br group. The I/Br ratios of xenoliths in Siberian kimberlites 297 
including those reported by Broadley et al. (2018a) are consistent with their host 298 
(low-I/Br group) except one sample (U-34/03) whose I/Br value is close to the high-I/Br 299 
group. The I/Br ratios of the high-I/Br group kimberlites and South African xenoliths 300 
are higher than those of MORB and OIB, whereas the low-I/Br group kimberlites and 301 
the most of Siberian xenoliths have lower I/Br ratios than MORB and OIB.  302 

In Fig. 2, the I/Cl versus Br/Cl ratios are shown for the kimberlite samples and 303 
their xenoliths. The halogen compositions of high-I/Br group kimberlites (South Africa, 304 
Greenland, Canada, and Brazil) show a positive correlation between the I/Cl and Br/Cl 305 
starting from the area close to the MORB and OIB (Kendrick et al., 2017).  306 

The pattern of low-I/Br group kimberlites from China and Siberia is similar to 307 
the evaporation trend of seawater (Zherebtsova and Volkova, 1966) but more enriched 308 
in I. Instead, it overlaps the area of the fluid phase in the seawater-altered oceanic crust 309 
(Chavrit et al., 2016) and fluid inclusions in the eclogites derived from the altered 310 
oceanic crust (Svensen et al., 2001) (Fig. 2). In the Siberian xenoliths analyzed in this 311 
study, one sample is classified into the high-I/Br group, and the other two are classified 312 
into the low-I/Br group. The peridotite xenoliths in the Udachnaya kimberlites reported 313 
by Broadley et al. (2018a), which belong to the low-I/Br group in Fig. 1b, are plotted 314 
close to the low-I/Br kimberlites and xenoliths in this study though their Br/Cl and I/Cl 315 
ratios are higher. 316 

We compared the I/Br ratios and the Sr-Nd isotopic classification for the South 317 
African, the Greenland, and the Chinese kimberlite samples (see Table 1). The South 318 
African, the Greenland, and the Chinese samples have both Group I and Group II 319 
characteristics; whereas the former two are classified into the high-I/Br group in 320 
contrast to the Chinese samples, which are all classified into the low-I/Br group. There 321 
is no correlation between the two I/Br groups and the Sr-Nd isotopic groups. 322 
 323 
 324 
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 325 
 326 

 327 
 328 
Fig. 1 Cl (a) and I (b) concentrations versus Br concentrations in kimberlite and 329 
xenolith samples. Data for peridotite xenoliths in Udachnaya kimberlite from Siberia 330 
reported by Broadley et al. (2018a) are also shown. Halogen concentrations of MORB 331 
and OIB are from Kendrick et al. (2017). The solid lines associated with numbers show 332 
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maximum and minimum values of Cl/Br and I/Br ratios of kimberlites (in b, the values 333 
for high-I/Br and low-I/Br groups are shown) and broken lines are those for MORB and 334 
OIB. Error bars are one sigma, while most of them are smaller than the symbol size. 335 
 336 

 337 
 338 

 339 
Fig. 2 I/Cl and Br/Cl ratios of kimberlites and their xenoliths from six localities 340 
(including the xenoliths in kimberlites from South Africa and Siberia by Johnson et al., 341 
2000; Broadley et al., 2018a) compared with MORB, OIB (Kendrick et al., 2017), bulk 342 
compositions of altered oceanic crust (AOC, Chavrit et al., 2016), seawater (Riley and 343 
Skirrow, 1975), sedimentary pore fluids (Fehn et al., 2006), and fluids in AOC and 344 
eclogite (Chavrit et al., 2016; Svensen et al., 2001). The dashed line shows evaporation 345 
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trend of seawater from Zherebtsova and Volkova (1966). Error bars are one sigma. 346 
 347 
 348 
5. Discussion  349 
5.1. Possible modification of I/Br during/after magma ascent 350 

The similarities and differences between the two kimberlite groups and other 351 
materials are keys to reveal the origin of the halogen signatures in each group. 352 

Kamenetsky et al. (2004) reported that the Udachnaya kimberlites from Siberia 353 
are exceptionally fresh and show no secondary serpentinization. In fact, there is no 354 
visible alteration on the Siberian kimberlites used in this study (see photos of thin 355 
section in Supplementary Fig. 1). Sumino et al. (2006) separated fresh olivines and 356 
showed that the olivines still preserve mantle-derived noble gases, which are easy to 357 
overprint in olivines during alteration. In contrast, the Chinese kimberlites are not fresh. 358 
The olivines were almost entirely serpentinized, and the serpentinized olivines were 359 
altered to opaque minerals (i.e., the occurrence of fine-grained clay minerals) (Toyama 360 
et al., 2012) as shown in photos of thin section provided in Supplementary Fig. 1. The 361 
Siberian and Chinese kimberlites are quite different in terms of degree of alteration, but 362 
they show similar I/Br ratios nevertheless.  363 

The effects of crustal contamination by the country rocks on the bulk rock 364 
composition must be considered because the kimberlites commonly entrain crustal 365 
xenoliths. The effects of crustal contamination (e.g., an increase in SiO2, Al2O3, and 366 
Na2O and a decrease in MgO and K2O) can be quantified partially using the 367 
contamination index (C.I.), which is defined as the proportions of the clay minerals and 368 
the tectosilicates relative to the ferromagnesian minerals (olivine and phlogopite) given 369 
by Clement (1982). The C.I. values have been widely used to estimate the degree of 370 
crustal contamination on the kimberlite whole rock major oxide chemistry (e.g., 371 
Mitchell, 1976; Chalapathi Rao et al., 2004). The C.I. values of the kimberlites from 372 
South Africa and China were reported by Toyama et al. (2012). For the Greenland and 373 
the Siberian samples, we have calculated the C.I. from their major element 374 
compositions reported by Gaffney et al. (2007) and Kamenetsky et al. (2012). The 375 
kimberlites with C.I. < 1.4 are generally regarded as uncontaminated (Chalapathi Rao et 376 
al., 2004). The C.I. values of all the kimberlite samples in this study were < 1.4 and 377 
were not correlated with the group classified by the I/Br ratios (Fig. 3). This indicates 378 
that the apparent difference between the I/Br ratios of the two groups was likely not 379 
caused by crustal contamination.  380 

Contamination of any evaporate (halite), which could be precipitated from 381 
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local waters, particularly saline brines, which carry halogens and interact with 382 
kimberlite during and after its emplacement (e.g., Stripp et al., 2006; Sader et al., 2007), 383 
would decrease the I/Cl ratio because evaporate halite with a low I/Cl has been reported 384 
(Zherebtsova and Volkova, 1966). In contrast, because the halogens in the kimberlite 385 
magma are concentrated in native halite crystals (Mass et al., 2005; Kamenetsky et al., 386 
2004, 2012), the loss of the halite during alteration would elevate the I/Cl ratio of the 387 
bulk rock. Indeed, compared with the exceptionally fresh Udachnaya kimberlite, most 388 
kimberlites exhibit lower Cl and Na2O contents. This might be due to the effect of halite 389 
removal during alteration (Kamenetsky et al., 2012). In order to evaluate the effect of 390 
halite contamination or removal on the halogen compositions of the bulk kimberlites, 391 
we investigated the correlation of the Na2O with the I/Cl and the Br/Cl ratios in the 392 
kimberlites from South Africa and Greenland, for which the Na2O data in South African 393 
and Greenland kimberlites are reported by Muramatsu (1983) and Gaffney et al. (2007) 394 
(see Fig. 4). However, we observed no clear correlation among them. The halogen 395 
concentrations of the Udachnaya kimberlite samples leached with de-ionized water are 396 
significantly lower by factors ranging 2–8 than the bulk samples (Table 1). However, 397 
the I/Cl and the Br/Cl ratios of the washed samples do not show significant change (Fig. 398 
5). These lines of evidence, and the fact that the kimberlite samples investigated in this 399 
study are divided into two groups in terms of I/Br ratios, despite that they are from 400 
various locations where degree of interaction with local waters could vary locally, 401 
indicate that the contamination or removal of halite by local waters is not the principal 402 
cause of the variations in the halogen ratios of kimberlites. 403 

Degassing of the kimberlite magma could be important for halogen 404 
fractionation, though experimental constraints for halogen behavior during degassing 405 
are quite limited. Fluid/melt partition coefficients of halogens decrease in the order of I 406 
> Br > Cl (Bureau et al., 2000), suggesting that degassing of the kimberlite magma 407 
engenders lower I/Br ratios associated with the low Br/Cl and I/Cl ratios in the degassed 408 
kimberlite magma. In the I/Cl versus Br/Cl diagram, the halogen composition of the 409 
degassed kimberlite should be shown in the lower left field. It is inconsistent with the 410 
observed trend in the I/Cl versus Br/Cl diagram for high-I/Br group kimberlites. 411 
Moreover, the initially low Br concentration in the high-I/Br group kimberlites cannot 412 
generate high Br in the low-I/Br group kimberlites by degassing.  413 
 414 
 415 
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 416 
Fig. 3 The I/Br ratios and contamination index (C.I.) values of bulk rocks of kimberlites 417 
from South Africa, Greenland, China and Siberia. The C. I. values of kimberlites from 418 
South Africa and China were reported by Toyama et al. (2012). For the Greenland and 419 
Siberian samples, C.I. values were calculated using the major element compositions 420 
reported by Gaffney et al. (2007) and Kamenetsky et al. (2012), respectively. 421 
 422 
 423 
 424 
 425 

 426 
 427 
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 428 

Fig. 4 Br/Cl and I/Cl ratios and Na2O content of bulk rocks of kimberlites from South 429 
Africa, Greenland, China, and Siberia. Na2O contents of kimberlites from South Africa 430 
and China were reported by Toyama et al. (2012). Those of Greenland and Siberian 431 
samples are from Gaffney et al. (2007) and Kamenetsky et al. (2012), respectively. 432 
 433 

 434 
 435 
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 436 
Fig. 5 Comparison of I/Cl and Br/Cl ratios of the bulk Siberian kimberlite and the 437 
residue after halite wash-out by water and those of diamonds from Siberia, South Africa, 438 
and Canada (Johnson et al., 2000; Burgess et al., 2002, 2009; Broadley et al., 2018b) 439 
with high-I/Br and low-I/Br kimberlite groups. 440 

 441 
 442 
 443 
 444 
 445 
 446 

5.2. Origin of high-I/Br group kimberlites 447 
 The South African xenoliths analyzed in this study and those reported by 448 

Johnson et al. (2000) show halogen compositions similar to those of the South African 449 
kimberlites (Fig. 2). Assimilation of the SCLM with kimberlite magma during magma 450 
ascent might be responsible for the similarity. With an increase in the SiO2 content of 451 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7332.  http://www.minsocam.org/

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



Revision 1 of Manuscript 7332 (Sumino et al.) 

17 
 

the kimberlite magma, the degree of the SCLM assimilation increases (e.g., Russell et 452 
al., 2012). In Fig. 6a, the SiO2 contents of the kimberlite samples from South Africa and 453 
Greenland are shown versus the Br/Cl ratios. There is no correlation, suggesting that the 454 
halogen compositions of the high-I/Br group kimberlites had not been modified during 455 
magma ascent through the lithosphere. Given that the incipient melt originated from the 456 
asthenosphere beneath SCLM had MORB- and OIB-like halogen composition 457 
(Kendrick et al., 2017), this suggests that the halogens in the melt would have 458 
overprinted by those in SCLM at the early stage of interaction, and halogen composition 459 
of SCLM of South Africa and Greenland would be homogeneous with depth. This is 460 
supported by the halogen compositions of some South African diamonds (Johnson et al., 461 
2000; Burgess et al., 2002) plotted within the high-I/Br field (Fig. 5). In contrast, while 462 
the single data for Canadian kimberlite is plotted in the high-I/Br field, majority of 463 
diamonds from Canada (Johnson et al., 2000; Burgess et al., 2002; 2009) form a 464 
different trend having mantle-like I/Br ratio and a few samples are plotted in the 465 
low-I/Br field, suggesting the Canadian SCLM might be heterogeneous (Fig. 5). Since 466 
the high-I/Br component is also observed in a mantle xenolith from Siberia (Fig. 2), the 467 
high I/Br observed in the kimberlites from South Africa, Greenland, Canada and Brazil 468 
might be common nature of SCLM where the kimberlite magmas originated in and 469 
ascent through. 470 
 471 

 472 
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 473 

Fig. 6 Br/Cl ratio versus SiO2 content of kimberlites from South Africa, Greenland, 474 
China, and Siberia. SiO2 contents of kimberlites from South Africa and China were 475 
reported by Toyama et al. (2012). The Greenland and Siberian samples are from 476 
Gaffney et al. (2007) and Kamenetsky et al. (2012). 477 
 478 
 479 
 480 
5.3. Origin of low-I/Br group kimberlites 481 

The Siberian kimberlites are exceptionally fresh as indicated by the lack of 482 
serpentinization and the preservation of alkali carbonates and chlorides (Mass et al., 483 
2005; Kamenetsky et al., 2004, 2012); while the Chinese kimberlites are severely 484 
altered as shown by the complete serpentinization of the olivine grains (Toyama et al., 485 
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2012). Such results suggest that the low-I/Br is an intrinsic feature of the magma. Any 486 
effects, such as crustal contamination, degassing, and alteration, do not contribute the 487 
low-I/Br signature to the samples with high-Br signatures, as discussed above. 488 

The halogen composition of a mantle xenolith in the Siberian kimberlite (a red 489 
asterisk in Fig. 2) is plotted in the high-I/Br field. Coexistence of both high-I/Br and 490 
low-I/Br characteristics in the low-I/Br group kimberlites (Siberia) suggests the 491 
involvement of at least two components. One is the high-I/Br component, which could 492 
be a common feature of SCLM. The other (the low-I/Br component) must be explained 493 
by some other processes. In this respect, it should be noted that the halogen 494 
compositions of the kimberlites from Siberia and China show values closer to fluids 495 
trapped within minerals in the altered oceanic crust or those trapped within eclogites 496 
(Fig. 2). This might indicate the possibility of the involvement of the seawater-derived 497 
or fractionated seawater-derived halogen in the kimberlite magma.  498 

The mantle xenoliths from the Siberian kimberlites are classified into the two 499 
I/Br ratio groups. In addition, the Br/Cl ratios of Siberian and Chinese kimberlites 500 
increase as SiO2 contents increase (Fig. 6b), suggesting that the halogen compositions 501 
of the primary magma of the low-I/Br group kimberlites were similar to those of the 502 
high-I/Br group kimberlites or MORB/OIB, while the SCLM would have been enriched 503 
in Br (i.e., low-I/Br) and might affect the primary kimberlite magma of deeper origin 504 
during its ascent to the surface (e.g., Russell et al., 2012). 505 

Metasomatism is a pervasive process in the mantle, as exhibited by mantle 506 
xenoliths worldwide (e.g., Peason et al., 1995; Gaffney et al., 2007; Yang et al., 2009; Li 507 
et al., 2011). The SCLM beneath Siberia was reported to have been metasomatized by a 508 
carbonatitic melt, such as a kimberlite magma (e.g., Peason et al., 1995). However, as 509 
shown in the Br/Cl and SiO2 relationship (Fig. 6b), the primary magma of the 510 
kimberlites would not exhibit halogen signatures similar to that of the seawater or the 511 
seawater-influenced eclogite. In addition, the halogen compositions of the OIBs from 512 
Samoa and Pitcairn, whose Nd-Sr-Pb isotope composition show association of 513 
subducted materials, are similar with that of the typical mantle (Kendrick et al., 2015; 514 
2017). Hence the kimberlite magma would not originally have the halogen composition 515 
of the low-I/Br group, even if the magma source had been affected by subducted 516 
materials. Therefore, it is unlikely that the low I/Br signature of the SCLM beneath 517 
Siberia and China resulted from metasomatism by a kimberlite magma. The 518 
observations suggest that the halogen compositions in the low-I/Br group kimberlites 519 
were caused by the association with the SCLM, which would have partially changed 520 
into the low-I/Br group by the influence of the subducted seawater-derived halogens.  521 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7332.  http://www.minsocam.org/

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



Revision 1 of Manuscript 7332 (Sumino et al.) 

20 
 

 522 
5.4. Halogen composition of the kimberlite magma source 523 

The South African xenoliths and one Siberian xenolith are shown in the field of 524 
the high-I/Br group kimberlite (Fig. 2), indicating that halogens with the high-I/Br 525 
characteristics are common to those in SCLM and uniformly existed at least over 526 
several hundred million years.  527 

Broadley et al. (2018a) proposed that the Siberian flood basalt volcanism 528 
extensively extracted halogens from the Siberian SCLM. The systematically lower Cl 529 
and Br concentrations of the high-I/Br group kimberlites than those of the low-I/Br 530 
group ones (Fig. 1a) could be accounted for by a similar process. However, the modified 531 
halogen composition of SCLM after the flood basalt volcanism is similar to MORB and 532 
OIB in the Siberian case (Broadley et al., 2018a), which is not consistent with the 533 
observed halogen compositions of the high-I/Br group kimberlites. Therefore, halogen 534 
extraction and replenishment by an extensive volcanism would not be responsible for 535 
the halogen compositions of high-I/Br kimberlites and xenoliths. 536 

Gaffney et al. (2007), Yang et al. (2009) and Li et al. (2011) proposed that the 537 
source of the South African, Greenland, Siberian and Chinese kimberlite magmas was 538 
affected by the ancient subducted oceanic crust because the kimberlites have distinctive 539 
Hf isotope signatures. On the other hand, Woodhead et al. (2019) showed that the 540 
kimberlites of western Canada, South Africa and Brazil are anomalous in Hf-Nd isotope 541 
compositions compared to the global kimberlite data set and may have been influenced 542 
by recent subduction, while kimberlites of Greenland, Siberia, China and northern 543 
Canada (this study) may preserve pristine Hf-Nd isotopic compositions and have been 544 
isolated from ancient subduction. In either case, therefore, there is a decoupling between 545 
Hf (and Nd) isotopes and halogen systematics. Moreover, the halogen compositions of 546 
the high-I/Br group kimberlites are not similar to those of the altered oceanic crust 547 
(Chavrit et al., 2016) (Fig. 2). These suggest that the behavior of halogens is different 548 
from that of Hf (and Nd) in a subducting slab.  549 

Moreover, the I/Br ratios of the South African, Greenland, Brazilian, and 550 
Canadian kimberlite samples used in our study are very similar to each other despite an 551 
extremely low degree of the partial melting of the kimberlite incipient melt. This means 552 
that the partition coefficients of Br and I between crystals and melts during the melting 553 
process in the Earth’s mantle would be almost the same at such high temperatures. 554 

In contrast to the uniform I/Br ratio, the Br/Cl and I/Cl ratios of the high-I/Br 555 
group kimberlites show a linear relationship (Fig. 2). Burgess et al. (2009) reported a 556 
similar fractionation in Canadian diamonds, which is accounted for by Cl depletion 557 
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keeping mantle-like I/Br ratio, and concluded that it took place during the fluid–melt 558 
partitioning when forming silicic fluids during the separation of an immiscible saline 559 
fluid from the mixture. Therefore, if the mantle beneath South Africa, Greenland, Brazil, 560 
and Canada was metasomatized by such a fluid, it could have fractionated in terms of 561 
the Cl composition while preserving the original I/Br ratio, resulting in a positive 562 
fractionation trend as shown by the high-I/Br group kimberlites in Fig. 2. The original 563 
composition of the metasomatizing fluid (lower-left end of the trend formed by the 564 
high-I/Br group kimberlites in Fig. 2) exhibits higher I/Cl ratio than MORB and OIB, 565 
while Br/Cl is similar. As it is difficult to elevate I/Cl ratio without modifying Br/Cl 566 
ratio by any fractionation processes in the mantle, addition of another component 567 
enriched in I to the mantle is required. Sumino et al. (2010) and Kobayashi et al. (2017) 568 
reported that the halogens in the supra-subduction zone mantle are heavily enriched in I 569 
relative to Cl and Br due to addition of halogens originated from sedimentary pore 570 
fluids, which was carried by the serpentinites in the slab mantle. The pore fluids might 571 
have been intruded through bending-related faults in a subducting oceanic plate to form 572 
serpentinites (e.g., Faccenda et al., 2008). As serpentinites are strongly depleted in most 573 
incompatible trace elements (Kodolányi et al., 2012), its contribution would be hard to 574 
identify in Hf-Nd isotopic compositions of kimberlites. On the other hand, since 575 
serpentinite is able to contain relatively abundant halogens (up to 2300 ppm of I, 576 
Kendrick et al., 2013) and would survive to a great depth in subducting slab (van Keken 577 
et al., 2011), the involvement of serpentine-derived fluid may account for the high I/Cl 578 
ratio of metasomatizing fluid in SCLM.  579 

The Siberian xenoliths suggest the involvement of the low-I/Br halogen 580 
component in SCLM. As discussed above, the I/Br ratio of the SCLM beneath Siberia 581 
and China would have been partly modified to a lower value by the influence of the 582 
subducted seawater-derived halogens. Since the halogen compositions of the low-I/Br 583 
group kimberlites are clearly distinct from the pore fluid compositions (Fig. 2), 584 
subducted halogens carried by the slab mantle serpentinite would not account for this 585 
component. As an alternate process for producing a high Br/Cl ratio in the SCLM, 586 
Kendrick et al. (2011) proposed that the dehydration of the serpentine beneath volcanic 587 
arcs engenders the elevated Br/Cl ratio of the residual olivine. However, this process 588 
does not lower the I/Cl ratio. Therefore, the sedimentary pore-fluid-derived halogen 589 
carried by serpentinites is unlikely as the source of the low-I/Br SCLM and, thus, the 590 
low-I/Br group kimberlites.  591 

Alternatively, because hydrothermal alteration of the igneous oceanic crust and 592 
the serpentinite occurs at mid-ocean ridges that are affected by the seawater directly 593 
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without any sediment cover, the trapped fluids would have low I/Cl ratios and variable 594 
Br/Cl ratios as observed in seafloor serpentinites from modern mid-ocean ridge and 595 
passive margins (Kendrick et al., 2013). An observation that fluid phase trapped in 596 
altered oceanic crust has similar Br/Cl and I/Cl ratios to those in fluid inclusions trapped 597 
in eclogite (Chavrit et al., 2016) would indicate subduction of such halogens associated 598 
with oceanic crust. Therefore, the seawater-derived halogens observed in the low-I/Br 599 
group kimberlites and their mantle xenoliths may have been derived from such a 600 
subducted igneous oceanic crust and serpentinite hydrated by seawater at mid-ocean 601 
ridge without sedimentary-pore fluid contribution. Although we have no constraints for 602 
depths origin of our Siberian xenoliths associated with the low I/Br ratios, the low I/Br 603 
ratios are also identified in Siberian xenoliths derived from the basal lithosphere 604 
(Broadley et al., 2018a) and in Siberian diamonds derived from a depth greater than 150 605 
km (Burgess et al., 2002; Broadley et al., 2018b), suggesting halogens with low I/Br 606 
would exist in a great depth in SCLM. 607 

 608 
6. Implications  609 

In order to reveal the characteristics of halogens in the mantle, we measured the 610 
concentrations of Cl, Br, and I in kimberlites and their xenoliths from South Africa, 611 
Greenland, Siberia, China, Canada, and Brazil. Based on the data obtained, the 612 
following conclusions can be derived: 613 

1)  The kimberlite samples and their xenoliths are classified into two groups 614 
with respect to their I/Br ratios (the high-I/Br and low-I/Br groups). Effects 615 
of alteration, crustal contamination, and degassing cannot explain the 616 
variation shown between the two kimberlite groups.  617 

2)  The Chinese and Siberian kimberlite samples show markedly lower I/Br 618 
ratios. Similarly low I/Br ratios have been observed in seawater-related 619 
materials such as the fluid inclusions in the eclogites derived from 620 
seawater-altered oceanic crust and in the seawater associated with halite 621 
precipitation.  622 

3)  It is inferred that the I/Br of SCLM would be relatively uniform with the 623 
high ratios.  624 

4)  There is a possibility that the SCLM beneath Siberia and China had the 625 
halogen composition of the high-I/Br group initially and might have 626 
partially changed into the low-I/Br group under the effect of the subducted 627 
seawater-derived halogens as reflected in the kimberlites of the low-I/Br 628 
group.  629 
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 630 
Broadley et al. (2018a) pointed out that halogen-rich SCLM affected by 631 
seawater-derived metasomatism would be an important reservoir in the Earth's halogen 632 
inventory. However, the results of this study imply that such role of SCLM is limited, 633 
since SCLM halogen compositions sampled by kimberlites from South Africa, 634 
Greenland, Canada and Brazil are characterized by systematically lower concentrations 635 
than those beneath Siberia and China by more than an order of magnitude, while degree 636 
of incipient melting in the kimberlite source region would not be vary so much (Fig. 1). 637 
Some of the halogen stored in SCLM beneath Siberia could be intensively extracted by 638 
Siberian Flood Basalt magmatism (Broadley et al., 2018a). On the other hand, no large 639 
igneous province magmatism has taken place in China, which implies seawater-derived 640 
halogens are still stored in SCLM beneath China with high concentrations. This 641 
hypothesis will be tested by analyzing halogens in alkaline basalt magmas erupted in 642 
China.  643 
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Table 1 Halogen compositions of kimberlite and xenolith samples. 883 

  Area 
Sample 

No. 
Cl (ppm) Br (ppm) I (ppm) I/Br ratio 

Isotopic 

Group** 

Bulk 

South 

Africa* 

K-1 260*    2.0*    0.18*    0.092*    II 

K-2 9*   0.21*    0.013    0.060*    I 

K-4 94*    0.81*    0.12*    0.14*    I 

K-6 610*    3.8*    0.21*    0.056*    I 

K-7 310*    1.1*    0.085*    0.079*    I 

K-8 56*    0.32*    0.023*    0.071*    I 

China 

L-3 1200  ± 100  30.1  ± 0.6  0.077  ± 0.003  0.00257  ± 0.00012 T 

L-4 1330  ± 8  26.1  ± 0.7  0.067  ± 0.003  0.00257  ± 0.00014 T 

SH-1 2150  ± 20  14.6  ± 0.3  0.0649  ± 0.0003  0.00444  ± 0.00009 I 

SH-3 2100  ± 400  16.6  ± 0.3  0.083  ± 0.0010  0.00502  ± 0.00010 I 

SH-5 640  ± 10  4.6  ± 0.3  0.028  ± 0.0013  0.0060  ± 0.0005 I 

Greenland 

Kim-1 52  ± 10  0.41  ± 0.09  0.025  ± 0.004  0.06  ± 0.02 I 

Kim-2 180  ± 20  1.8  ± 0.4  0.13  ± 0.02  0.07  ± 0.02 I 

Kim-7 310  ± 30  2.2  ± 0.3  0.21  ± 0.03  0.10  ± 0.02 I 

Kim-9 50  ± 10  0.36  ± 0.05  0.021  ± 0.005  0.06  ± 0.02 I 

Kim-11 110  ± 30  2.4  ± 0.6  0.28  ± 0.04  0.11  ± 0.03 I 

Kim-12 66  ± 10  0.46  ± 0.07  0.061  ± 0.013  0.13  ± 0.03 I 

Kim-13 41  ± 8  0.27  ± 0.05  0.032  ± 0.004  0.12  ± 0.03 I 

Kim-14 25  ± 4  0.17  ± 0.03  0.0120  ± 0.0009  0.071  ± 0.014 I 

Brazil X-218 53  ± 10  0.15  ± 0.02  0.028  ± 0.003  0.19  ± 0.03   
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X-219 110  ± 10  1.7  ± 0.3  0.33  ± 0.02  0.19  ± 0.03   

Siberia 

K1/05 3600  ± 100  125.6  ± 0.7  0.187  ± 0.009  0.00149  ± 0.00007   

YBK-2 3490  ± 40  80.5  ± 0.9  0.108  ± 0.008  0.00137  ± 0.00010   

YBK-3 14000  ± 2000  45.4  ± 0.8 0.09  ± 0.02  0.0019  ± 0.0004   

K6/04 3800  ± 600  110  ± 10 0.147  ± 0.015  0.0013  ± 0.0002   

K24/04 1900  ± 300  9.2  ± 0.6  0.088  ± 0.009  0.0095  ± 0.0011   

Canada C-1 90  ± 20  0.34  ± 0.03  0.028  ± 0.003  0.082  ± 0.003   

Water 

leached  
Siberia 

K1/05 1100 ± 100 31.7 ± 0.6 0.077 ± 0.009 0.0024 ± 0.0003   

YBK-2 770 ± 160 10.7 ± 0.9 0.051 ± 0.008 0.0048 ± 0.0008   

Xenolith 

South 

Africa 
GP-14 230*   1.41 ± 0.06 0.166 ± 0.003 0.118 ± 0.006  

Russia 

U-12/05 640  ± 130 21 ± 2 0.06 ± 0.03 0.0029  ± 0.0015   

U-34/03 87  ± 9 0.77 ± 0.04 0.033 ± 0.006 0.043  ± 0.008   

U-01/04 780  ± 20 17.4 ± 0.6 0.049 ± 0.003 0.0028  ± 0.0002   

 884 

Errors are standard deviation of repeated analyses (n = 2–5). *No error was estimated because only a single analysis was made. 885 

**Grouped based on Nd-Sr isotopic compositions by Gaffney et al. (2007) and Toyama et al. (2012). 886 

 887 

  888 
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