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Abstract  20 

The most remarkable feature of the inclusion suite in ultradeep alluvial and kimberlitic 21 

diamonds from Sao Luiz (Juina area in Brazil) is the enormous range in Mg# 22 

[100xMg/(Mg+Fe)] of the ferropericlases (fper). The Mg-richer ferropericlases are from the 23 
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boundary to the lower mantle or from the lower mantle itself when they coexist with 24 

ringwoodite or Mg- perovskite (bridgemanite). This, however, is not an explanation for the 25 

more Fe-rich members and a lowermost mantle or a “D” layer origin has been proposed for 26 

them. Such a suggested ultra-deep origin separates the Fe-rich fper-bearing diamonds from 27 

the rest of the Sao Luiz ultradeep diamond inclusion suite, which also contains Ca-rich 28 

phases. These are now thought to have an origin in the uppermost lower mantle and in the 29 

transition zone and to belong either to a peridotitic or mafic (subducted oceanic crust) 30 

protolith lithology. We analysed a new set of more Fe-rich ferropericlase inclusions from 10 31 

Sao Luiz ultradeep alluvial diamonds for their Li isotope composition by solution MC-ICP-32 

MS (multi collector inductively coupled plasma mass spectrometry), their major and minor 33 

elements by EPMA (electron probe micro-analyser) and their Li-contents by SIMS (secondary 34 

ion mass spectrometry), with the aim to understand the origin of the ferropericlase protoliths. 35 

Our new data confirm the wide range of ferropericlase Mg# that were reported before and 36 

augment the known lack of correlation between major and minor elements. Four pooled 37 

ferropericlase inclusions from four diamonds provided sufficient material to determine for the 38 

first time their Li isotope composition, which ranges from 7Li +9.6 ‰ to -3.9 ‰. This wide 39 

Li isotopic range encompasses that of serpentinized ocean floor peridotites including 40 

rodingites and ophicarbonates, fresh and altered MORB (mid ocean ridge basalt), seafloor 41 

sediments and of eclogites. This large range in Li isotopic composition, up to 5 times higher 42 

than ‘primitive upper mantle’ Li-abundances, and an extremely large and incoherent range in 43 

Mg# and Cr, Ni, Mn, Na contents in the ferropericlase inclusions suggests that their protoliths 44 

were members of the above lithologies. This mélange of altered rocks originally contained a 45 

variety of carbonates (calcite, magnesite, dolomite, siderite) and brucite as the secondary 46 

products in veins and as patches and Ca-rich members like rodingites and ophicarbonates. 47 

Dehydration and redox reactions during or after deep subduction into the transition zone and 48 

the upper parts of the lower mantle led to the formation of diamond and ferropericlase 49 
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inclusions with variable compositions and a predominance of the Ca-rich, high-pressure 50 

silicate inclusions. We suggest that the latter originated from peridotites, mafic rocks and 51 

sedimentary rocks as redox products between calcite and SiO2.  52 

 53 

Keywords Lithium isotopes  Ferropericlase  Diamond  Subduction  Serpentinite  Redox 54 

reactions  55 

 56 

 57 

Introduction 58 

 59 

Inclusions in alluvial diamonds from Sao Luiz (Juina area) in Brazil provided the first 60 

comprehensive evidence for an origin of diamonds from the upper parts of the lower mantle 61 

(Harte and Harris 1994). These authors reported coexisting ferropericlase and Mg-perovskite 62 

(bridgmanite), which is the stable mineral paragenesis of a lherzolithic mantle below the 670 63 

km discontinuity. More localities of ultradeep diamonds have been found since and Harte 64 

(2010) gave a comprehensive overview of these and the earlier findings.  65 

The Mg# of coexisting Mg-perovskite and fper from the lower mantle or the 66 

upper/lower mantle boundary region are about 90 and 76, respectively, for a primitive Earth 67 

mantle (see Fig. 1 in the electronic appendix) with corresponding shifts to higher and lower 68 

values for depleted or more Fe-rich mantle according to the partition coefficients taken from 69 

Frost and Langenhorst (2002). The range of Mg# for Mg-perovskites from Sao Luiz diamonds 70 

lies between 94 and 86 (Fig. 1); the corresponding ferropericlases have a range between 85 71 

and 55. A number of ferropericlases in this compositional range coexist with Ca-perovskite or 72 

TAPP (Jeffbenite; a tetragonal high pressure garnet) or olivine (presumably former 73 

ringwoodite), which shows that the whole mineral paragenesis from the upper/lower mantle 74 

boundary and the uppermost lower mantle is present in Sao Luiz diamond mineral inclusions 75 
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(Hayman et al. 2005; Kaminsky et al. 2009; Kaminsky et al. 2001).  Compared to the total 76 

number of inclusions in diamonds, the lower mantle paragenesis is rare (Fig. 1). However, a 77 

large proportion of the ferropericlases have Mg# too low for a peridotitic composition and 78 

range down to 35 (see Fig. 1; Harte et al. 1999; Hayman et al. 2005; Hutchinson et al. 2001; 79 

Kaminsky et al. 2001). A number of ferropericlases also have very high Mg# up to 89 that 80 

could occur in ultra-depleted peridotite. However, Mg-perovskite inclusions with 81 

correspondingly highest Mg# were never reported.  82 

The range in Mg# led Harte et al. (1999) and Hayman et al. (2005) to suggest that the 83 

origin of the diamonds with the more Fe-rich ferropericlases was in the D” layer or the 84 

lowermost mantle. An alternative idea by (Liu 2002)  proposed a redox precipitation of 85 

diamond and ferropericlase from ferromagnesites in the lower mantle. However, such 86 

reactions can occur at any depth in the diamond stability field and are not restricted to the 87 

lower mantle. Brey et al. (2004) interpreted the ferropericlases as high-pressure/temperature 88 

phases derived from Fe-rich hybrid lithologies of peridotite mixed with subducted 89 

eclogite/sediment in the upper mantle or transition zone.  90 

Harte (2010) and Harte and Hudson (2013) concluded for the lower mantle mineral 91 

assemblage with the more Mg-rich ferropericlases that the greatest depth for diamond 92 

formation is about 100 km below the transition zone – lower mantle boundary. This 93 

conclusion is based on the pressure - temperature constraints coming from the Al-bearing Mg-94 

Si perovskites, which co-exist with some ferropericlases and on Schreinemaker analysis. 95 

Harte (2010) and Harte and Richardson (2012) concluded that the protoliths of the diamond 96 

inclusions are meta-peridotites, subducted meta-basites and sedimentary material for the Ca-97 

rich inclusion suite and associated uncommon mineral inclusions and possibly “special bulk 98 

compositions” for the more Fe-rich ferropericlases. Evidence for crustal recycling comes from 99 

carbon isotope ratios of diamonds and oxygen isotope ratios of their inclusions (Zedgenizov et 100 

al. 2014; Thomson et al. 2014 and Burnham et al. 2015). Walter et al. (2008) and Thomson et 101 



 5 

al. (2016) explained the Ca-silicates as precipitates from percolating primary carbonatitic 102 

melts and Walter et al. (2011) supply evidence that mafic crustal material was subducted into 103 

the upper portions of the lower mantle. Extremely high Li concentrations in ferropericlase 104 

inclusions from Sao Luiz diamonds (up to ~24 g/g) and Kankan, Guinea (up to ~50 g/g 105 

were previously reported (Kaminsky et al. 2001; Seitz et al. 2003). From mass balance 106 

considerations Seitz et al. (2003) estimated that the source region of the Kankan diamonds in 107 

the lower mantle contained several times higher lithium abundances than the primitive upper 108 

mantle (Eggins et al. 1998; Jagoutz et al. 1979; McDonough and Sun 1995; Seitz and 109 

Woodland 2000). 110 

In this work we explore possible protoliths for the more Fe-rich ferropericlase 111 

inclusions in ultradeep diamonds more closely through a study of their trace elements (Na, 112 

Mn, Ni) as well as lithium abundances and isotopes. Inclusions in diamonds are notoriously 113 

small but lithium was found to occur generally in high concentrations in the ferropericlase 114 

inclusions (Seitz et al. 2003) that are sufficient to allow the determination of the Li isotopic 115 

composition by solution MC-ICP-MS for the first time. Li-isotopes have the potential to 116 

constrain the rock types and help to identify subducted material because of the tremendous 117 

fractionation of the Li-isotopes during near surface processes. 118 

 119 

 120 

Sample preparation and analytical methods 121 

 122 

Ferropericlase inclusions were released from ten diamonds (BZ300 - BZ309) in a sealed 123 

stainless steel crusher using the technique described by Harris and Gurney (1979). Of the ten 124 

diamonds, four contained single and six contained multiple inclusions (Table 1). The single 125 

inclusions, a pair from one and three from another diamond were not large enough and their 126 
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Li-contents were too low for isotopic analysis; they were used for EPMA measurements and 127 

the analysis of the Li-content by SIMS. In addition to these, one grain each from the 128 

remaining 4 diamonds with multiple inclusions were mounted in araldite within small brass 129 

cylinders (2.6 mm in diameter). In all, 13 ferropericlase inclusions from the ten diamonds 130 

were polished and analysed by EPMA and ion microprobe. Sixteen grains remained from the 131 

4 diamonds with multiple inclusions. These were pooled for each individual diamond to 132 

determine the Li isotopic composition by solution MC-ICP-MS.  133 

Major elements were analysed with a JEOL JXA-8900 RL electron microprobe. The 134 

Li contents were determined with a modified CAMECA 3f-IMS ion microprobe (SIMS) using 135 

a 16O- primary beam with a diameter of ~10 µm. Estimated precision and accuracy is better 136 

than 20 % at the g/g level. Because of the small size of the inclusions, only 1 to 2 spots 137 

could be analysed per grain.  138 

Li isotopes were analyzed from solution by MC-ICP-MS (Neptune, Thermo 139 

Scientific). Digestion of the ferropericlase composites (0.06 to 0.11 mg) and column 140 

separation was based on the procedure of Seitz et al. (2004). In order to reduce the chemistry 141 

blank as much as possible, we minimized the amount of acids needed for the dissolution. We 142 

further refined the procedure and reduced it to a 3-step dissolution: i) 0.25 ml 6M HNO3 and 143 

0.25 ml conc. HF; ii) 0.5 ml 6M HCl; iii) 0.5 ml 6M HNO3. Column separation was carried 144 

out with 0.18 ml 5M HNO3 and 0.72 ml 100% methanol.  145 

Prior to chromatography of the ferropericlase solutions, columns were calibrated using 146 

solutions with different MgO and FeO contents. Solutions containing 45 wt% MgO/55 wt% 147 

FeO and 75 wt% MgO/25 wt% FeO were doped with 25 ng/g Li. Chromatography was tested 148 

using MgO-FeO matrices doped with only 2.5 ng/g Li (L-SVEC). With the collection of 10 149 

ml of the eluate, all lithium was recovered and no isotope fractionation was detected (Fig. 2 of 150 

the electronic appendix). Solutions were run through a Cetac Aridus® nebulizer fitted with a 151 

PFA spray chamber and an ESI microconcentric nebulizer with an uptake rate of 20 l/min. 152 
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With standard H-cones an intensity of 40-50 pA, (1011 resistor, 4-5 V) for 7Li at a 10 ng/g 153 

concentration level is achieved. In order to monitor dissolution and column chemistry, we 154 

processed JB-2 basalt reference material, along with the ferropericlase samples, at high and 155 

low concentration level (1 ng/g). To achieve a higher Li concentration in the analytical 156 

solutions, samples were taken up in only 0.2 ml 2 % HN03. This, and the use of a 20 l/min 157 

nebulizer, made three to four consecutive measurements possible. The chemistry was 158 

performed in two separate sets. In the first ‘run’, sample BZ 300 was processed along with a 159 

standard and a chemical blank. This resulted in successful determination of the Li isotope 160 

composition of BZ 300. Subsequently, samples BZ 301, BZ 305, BZ 309, a second standard 161 

and a chemical blank were processed in a consecutive session. The chemical blanks, run along 162 

with the samples and diluted in the same manner, were used for correction. The limit of blank 163 

(LoB = mean(blank) + 3SD) for the two analytical sessions was about 32 pg/g - based on 164 

repeated measurements of wash solutions (2% HNO3). The limit of detection (LoD = 165 

LoB(blank) + 3(SDlow concentration sample BZ 301) is 38 pg. Sample and chemical blank signals are well 166 

above LoD. In the first analytical session, the intensity on 7Li for BZ 300 was 305 mV, 167 

corresponding to 850 pg. The contribution to this signal by the chemical blank is 195 pg/g. By 168 

subtracting the chemical blank signal from that of the fper sample the real isotopic value was 169 

calculated. Repeated measurement of this sample in the second analytical campaign, along 170 

with the other three fper samples, gave identical results. Intensities and isotopic compositions 171 

of the two different chemical blanks were also identical, and Li concentrations of the sample 172 

solutions were well above LoD (390 pg for BZ 301; 1240 pg for BZ 305 and 400 pg for BZ 173 

309). Sample analysis was carried out sequentially by ‘bracketing’ the sample with the L-174 

SVEC standard (Flesch et al., 1973). Isotope compositions are expressed as per mil deviations 175 

from the NIST L-SVEC standard: 7Li = [(7Li/6Li)sample/(
7Li/6Li)L-SVEC standard1]*1000. 176 

Internal precision is typically between 0.2–0.6 ‰ (2SE) and long term reproducibility, 177 

determined on replicate dissolutions over the last 4 years of the geological standard JB-2 (7Li 178 
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+5.1 ‰) is about 1.2 ‰ (2). The 1 ng/g JB2 solution and the 2.5 ng/g ‘MgO/FeO L-SVEC 179 

test solution’ (see above), measured together with the samples, gave 7Li +4.9 ‰ ±0.5 (2) 180 

and 7Li +0.2 ‰ ±0.4 ‰ (2), respectively.  181 

 182 

 183 

Results 184 

 185 

Our new data on major and trace elements augment and complement the existing data set on 186 

ferropericlases from Sao Luiz diamonds (Harte et al. 1999; Hayman et al. 2005; Hutchinson et 187 

al. 2001; Kaminsky et al. 2001). The present sample set confirms the most remarkable feature 188 

of the inclusion suite, the extreme range in Mg#, with new values between 82.6 and 59.8 189 

(Table 2 and Fig. 2). The literature data set combined with our new data shows an overall 190 

range of Mg# from 35 to 87. As described by previous workers (Harte et al. 1999; Hayman et 191 

al. 2005) ferropericlases with Mg# >55 are homogeneous from rim to rim, while those with 192 

Mg# <  55 show spotty exsolutions of magnesioferrite (Figs. 3 and 4 in the electronic 193 

appendix). Minor elements within our ferropericlases are also very variable with NiO and 194 

Cr2O3 ranging from 0.2 – 1.1 wt % and 0.04 – 0.44 wt % respectively. Li contents are 2 - 44 195 

μg/g. Na2O varies from close to zero to 1.4 wt %, with MnO being equally low, almost zero to 196 

1.5 wt %. Figure 2 shows the range of the minor elements Li, Na, Ni and Mn.  It can be seen, 197 

that ferropericlases with low and high Mg# have both low and high minor element contents 198 

without any correlation. Most noticeable is the fact that the ferropericlases with the highest 199 

Mg# (which should correspond to a peridotitic lithology) have very low NiO and high MnO 200 

contents, far too low and too high, respectively, for a peridotitic mantle (Fig. 2 c, d). On the 201 

other hand, ferropericlases with low Mg#, which are not linked with a peridotite lithology, 202 

have high NiO contents. 203 
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Previously, Kaminsky et al. (2001 and 2009) determined Li-concentrations in 204 

ferropericlases by LA-ICP-MS (laser ablation multi collector inductively coupled plasma 205 

mass spectrometry). These data together with our newly measured Li concentrations by SIMS 206 

are presented in Table 2 and shown in Fig. 2. Two inclusions (BZ 302 and BZ 308) with Mg# 207 

~ 71 have the highest Li concentrations (37 and 44 g/g, respectively) reported so far for 208 

inclusions in diamonds from Sao Luiz. These Li values are in the same range as the two high 209 

Mg#-ferropericlases (Mg#~86) from Kankan (Guinea; see Fig. 2a). The two inclusions from 210 

diamond BZ 307 have identical Mg# and similar Li-contents (4.7 and 6.8 g/g), but whilst the 211 

three ferropericlases from diamond BZ 306 (Fig. 2a) have similar Mg#, one contains only 4.3 212 

g/g Li and the other two 13.9 and 14.7 g/g. Taken together with the Li abundances 213 

determined by Kaminsky et al. (2001) the Li contents in ferropericlases from Sao Luiz 214 

diamonds mostly fall within the range of 2 to 23 g/g with no correlation with their Mg#. 215 

The four pooled ferropericlase composites from diamonds BZ 300, 301, 305 and 309 216 

have Li isotope compositions (7Li) of +9.6, + 2.1, + 0.3 and -3.9 ‰, respectively (Table 1 217 

and Fig. 3). We had selected one grain from each of the diamonds to determine their chemical 218 

composition. If this is taken as representative for the whole composite then there is no 219 

correlation with either Li abundances (Fig. 3) nor with Mg# (given in Table 2). The heaviest 220 

7Li value of +9.6 ‰ was identified for the sample with the lowest Li content (2.4 g/g), 221 

whilst the lightest 7Li value of -3.9 ‰ is in the sample with a Li abundance of 5.9 g/g. In 222 

theory, each individual inclusion could be different in chemical and isotopic composition and, 223 

indeed, we found one diamond with 3 fper inclusions of identical Mg# but differing Li 224 

contents (BZ 306). In the light of the incoherency of all other chemical parameters, it appears 225 

highly unlikely that a coherency would arise for the chemical parameters of these individual 226 

inclusions. It remains a fact that the Li-isotopes and all other chemical parameters form a 227 

cloud showing no correlations, which is only typical for a melange of rock types. 228 
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 229 

 230 

Discussion and conclusions 231 

 232 

Growth of ferropericlase inclusions in subduction-modified lower mantle 233 

peridotite 234 

 235 

The large variability in the chemical composition of ferropericlase inclusions from Sao Luiz 236 

diamonds indicates significant heterogeneities and different physical and chemical conditions 237 

in the deep mantle at the time of diamond formation. In particular the Fe-rich nature of the 238 

ferropericlases is prominent in this suite. Only a fper inclusion in BZ 305 diamond is close to 239 

that of fper from a primitive peridotitic mantle in Mg# and Ni and Mn contents (Fig. 2). . Its 240 

Li content is 31.5 g/g. Assuming that the primitive lower mantle consists of 20 % 241 

ferropericlase (with the measured 31.5 g/g Li), 75 % Mg-perovskite (with 0.1 g/g Li) and 5 242 

% Ca-perovskite (with 2.5 g/g Li taken from Kaminsky et al., 2001), we calculate a bulk  243 

composition with 6.5 g/g  Li. The Li concentration estimated here for a primitive lower 244 

mantle is 4 to 5 times higher than in the upper mantle, (see estimates by Eggins et al. 1998; 245 

Jagoutz et al. 1979; McDonough and Sun 1995; Seitz and Woodland 2000). Therefore, Li 246 

must have been introduced into the source region of LM diamond formation and a viable 247 

process is via subduction of serpentinites, altered oceanic crust and terrigenous sediments.  248 

 249 

Origin of Fe-rich ferropericlase inclusions from the D” layer or as 250 

exsolutions from a post-perovskite phase? 251 

 252 



 11 

To invoke an origin of the more Fe-rich ferropericlases from the lowermost mantle or the D” 253 

layer, one would have to explain why these parts of the mantle are so tremendously 254 

heterogeneous, not only in Mg#, but also in trace elements and in  mineralogy (ferropericlases 255 

can occur in the same diamond with SiO2, or Mn-rich ilmenite or spinel (Kaminsky et al. 256 

2001). It can be seen in Fig. 2 that there is no systematic relationship between ferropericlase 257 

Mg# and trace element abundances like Li, Na2O, Ni and Mn, nor amongst the latter 258 

elements. If the range of Mg#’s of the ferropericlases originated from preferential partitioning 259 

of Fe from the post perovskite phase into ferropericlase in the lower mantle, as suggested by 260 

Hayman et al. (2005), or from contamination of the Earth’s core material in the D” layer 261 

(Harte et al. 1999 and Wirth et al. 2014), one could expect a more systematic partitioning 262 

behaviour of these elements relative to each other, with certainty for Ni an Mn with Mg#.  263 

Low pressure phases like Mn-rich ilmenites and spinels coexisting with ferropericlase and the 264 

lack of correlation of chemical parameters within the ferropericlases refute an origin in the 265 

lowermost mantle or the D” layer. Also, these parts of the mantle would have to be highly 266 

diversified in their Li-isotope ratios because our measurements give 7Li between +10 and -4 267 

‰. 268 

 269 

A hybrid origin of Fe-rich ferropericlase inclusions? 270 

 271 

Brey et al. (2004) suggested a “hybrid” model where Fe-rich ferropericlases grow from 272 

peridotite + subducted eclogite/sediment mixtures  at transition zone pressures  by the 273 

reaction “ringwoodite = ferropericlase + SiO2“ (see three phase field in Fig. 1 in the 274 

Appendix). Such a model could potentially explain the non-coherency of chemical parameters 275 

and the variability of 7Li in the ferropericlase inclusions, However, Fe-rich “ringwoodites” 276 

have not yet been identified so far in Sao Luiz diamonds. Mg-values of known “ringwoodite” 277 

compositions of inclusions in diamonds range from 87 to 89 (Kaminsky et al., 2001), and are 278 
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far too Mg-rich to  coexist with Fe-rich ferropericlases. Similarly, Fe-rich ferropericlases 279 

together with a SiO2 phase have not been described yet from Sao Luiz.  280 

 281 

The large variability of 7Li in ferropericlase inclusions - possible causes 282 

 283 

The non-correlation between Mg# and trace element compositions within the ferropericlases 284 

of Sao Luiz diamonds extends to the Li-isotopes, which range between about 7Li +10 and -4 285 

‰. These results indicate an extreme diverse chemical composition for the diamond protoliths 286 

or, less likely, kinetic isotope disequilibria processes. 287 

Large inter-mineral Li-isotope disequilibria are observed in mantle xenoliths. Ionov 288 

and Seitz (2008) found that the magnitude of this isotopic fractionation is a function of the 289 

cooling rate upon eruption.  Other work (Aulbach et al. 2008; Aulbach and Rudnick 2009; 290 

Yacob et al. 2012) did not find such a dependency. It was, however, found that the Li isotope 291 

disequilibria are associated, in many cases with the addition of Li to peridotite (e.g. Rudnick 292 

and Ionov 2007). In general, element diffusivities decrease strongly with pressure in silicates 293 

and may even stagnate at pressures reaching the transition zone (e.g. Van Orman et al. 2001). 294 

The diffusivity of Fe-Mg in olivine at 15 GPa and 1500 °C, for example, becomes extremely 295 

slow and is orders of magnitude slower than under upper mantle conditions (e.g. Dohmen et 296 

al. 2007; Holzapfel et al. 2009). We can only speculate on Li diffusion in ferropericlase under 297 

such high P/T conditions but assuming that Li diffusivity in lower upper to upper lower 298 

mantle phases is extremely slow, kinetic Li isotope fractionation would likely play, if at all, a 299 

very minor role only.  300 

Rather we suggest that the Li-isotope compositions observed in the studied suite of 301 

ferropericlase inclusions likely reflect originally low pressure lithologies. The 7Li values of 302 

the ferropericlases between + 10 and -4 ‰ are in the range of serpentinites, marine sediments 303 

and eclogites and we equate them to these rock types (Fig. 3). The analysis of modern day 304 
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serpentinites from the ocean floor shows that serpentinisation diversifies the 7Li of ~ +3.2 ‰ 305 

of a primitive mantle to a range between -12 to +14‰ (Fig. 3; references given in the figure 306 

caption). This range originates through a differing Li-isotope partitioning behaviour between 307 

alteration fluids and the various serpentine minerals. The partitioning between fluids and 308 

serpentine minerals is such that it favours heavy 7Li values in chrysotile and light 7Li values 309 

in lizardite or antigorite (Wunder et al., 2010). Low temperature processes in general lead to a 310 

high variability and diversification of the Li-isotopes and to an addition of Li like in altered 311 

MORB and marine sediments (Fig. 3). Eclogites mostly show negative 7Li values with a 312 

wide range in Li-contents (diamonds in Fig. 3). Even though a small overlap occurs, processes 313 

leading to eclogitization fractionate the Li-isotopes  further compared to altered MORB  314 

(Marschall et al., 2007). This may occur at the very early metamorphic stages at low 315 

temperatures. Low temperature altered lithologies from a subduction mélange are therefore 316 

suitable protoliths from which diamonds and ferropericlases with their wide variation of 7Li 317 

and Li contents grew. In contrast, the carbon isotope ratios of the diamonds with 318 

ferropericlase inclusions from Sao Luiz have a restricted range of 13C between -2.1 and -7.7 319 

‰ around the mantle value (Zedgenizov et al., 2014) and in a similar range of lower mantle 320 

diamonds from Kankan (13C = -0.5 to -6.6 ‰; Stachel et al. 2002). The total range of 13C 321 

values for Sao Luiz diamonds is from +2.7 to -25.3 ‰. In a comprehensive study, Stachel et 322 

al. (2009) confirmed the general difference in the distribution of 13C between the various 323 

inclusion parageneses, especially eclogitic versus peridotitic. However, they also 324 

demonstrated that there are no significant correlations between the major element 325 

compositions of the inclusions and the carbon isotope composition of the diamonds, i.e. the 326 

diamond forming melts or fluids are introduced externally into the substrate (e.g. Haggerty 327 

1986; Stachel and Harris 1997; Walter et al. 2008). There is also no correlation of fper major 328 

and minor element abundances with the carbon isotope composition of their host diamonds 329 
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including Na2O (Stachel, pers. communication). Li as an alkali metal also belongs to the 330 

substrate and a correlation of its isotope ratios with 13C of the diamonds is not to be 331 

expected.   332 

 333 

A model for the origin of Fe-rich ferropericlase inclusions in diamonds 334 

 335 

Oceanic lithosphere is just a diverse reservoir consisting of clay, carbonate and siliceous 336 

sediments, basalts, gabbros, cumulates and harzburgite, augmented by continental derived 337 

sediments at active continental margins. Further diversification to this rock pile occurs by low 338 

and high temperature alteration and associated mass transport processes. Serpentinization is 339 

an especially effective process to form local inhomogeneities. Magnesite, ankerite, siderite, 340 

brucite, magnetite and sometimes native iron may be formed locally in pods and veins. It thus 341 

produces local low temperature domains with an extreme variability of FeO/MgO ratios. The 342 

formation of Ca-rich lithologies like rodingites and ophicarbonates are also connected with 343 

serpentinization. These rock types are a priori not periclase-bearing but they are sensitive to 344 

oxidation/reduction to diamond+ferropericlase and diamond+Ca-silicate assemblages by 345 

redox reactions such as 346 

 347 

(1)  MgCO3 + CH4 = MgO+ 2C(diamond) + 2 H2O 348 

(2) MgCO3 + Fe = 2(Mg0.5Fe0.5)O + C(diamond) + ½ O2 (in the presence of metallic Fe-Ni)  349 

(3) 2MgCO3 + FeS + Fe3O4 = 6(Mg0.33Fe0.67)O + 2C(diamond) + SO2 + 3O2  350 

(in the presence of sulphide and magnetite) 351 

(4) SiO2 + CaCO3 = CaSiO3 + C(diamond) + O2 352 

 353 

Highly variable iron oxidation states in ferropericlase inclusions from Brasilian and 354 

Australian diamond localities were determined by Longo et al. (2009) with the flank method 355 
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(Höfer and Brey 2007). The ensuing range of oxygen fugacities probably includes that of the 356 

above redox reactions. The ferropericlases are the redox products mostly of carbonates during 357 

diamond formation (e.g. reactions 1-3 above). Those ferropericlases with the highest Mg# and 358 

low Ni and high Mn could be derived from former magnesites and those with the lowest Mg# 359 

from magnesium rich ankerites. Intermediate Mg# ferropericlases with both high and low Ni 360 

and Mn, will be redox products of Mg-richer carbonates or more complex diamond forming 361 

redox reactions in the presence of Fe, sulphides and magnetite. Ferropericlases with high Mg# 362 

and also high Ni are of peridotitic origin and have their lower mantle counterpart in the Mg-363 

Si-perovskites.  364 

Another prominent feature of the Sao Luiz diamond inclusion suite seems to be an 365 

over-abundance of Ca-phases (Harte 2010; Hayman et al. 2005). These are CaSiO3 366 

(presumably former perovskite, but probably also primary walstromite); larnite (ß-Ca2SiO4), 367 

perovskite (CaTiO3, where Ti is replaced by Si to various extents), merwinite (Ca3Mg(SiO4)2 368 

+ walstromite-structured CaSiO3 + olivine  (Zedgenizov et al., 2014), CaCO3 and dolomite 369 

(Brenker et al. 2007; Harte et al. 1999; Hayman et al. 2005; Hutchinson et al. 2001; Kaminsky 370 

et al. 2001). Some of the phases and phase assemblies like merwinite+olivine or Ti-bearing 371 

Ca-perovskites are not stable in the lower mantle but at shallower depths. Also, larnite and 372 

CaSi2O5 as separate inclusions in a single diamond exclude an origin from the lower mantle 373 

because this paragenesis is stable only in the transition zone (Gasparik, 1994). A contacting 374 

pair in an inclusion may, however, be exsolved Ca-perovskite from the lower mantle (Joswig 375 

et al., 1999). The common occurrence of Ca-phases and especially Eu-anomalies in Ca-376 

perovskites led Harte et al. (1999) to suggest that parts of the protoliths were altered basalts 377 

and their sedimentary cover. Also, the common occurrence of Ca-perovskites is not matched 378 

either by a corresponding abundance of Mg-Si-perovskites (if they belong to the peridotitic 379 

suite) nor of majoritic garnets (if the Ca-silicates belong to an eclogitic suite). Their 380 

abundance may, however, be increased by diamond forming reactions like (4) (see above), 381 
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where the precursor material may be marly limestones, ophicarbonates or rodingites. Other 382 

inclusion phases identified from Sao Luiz diamonds are magnetite, ilmenite with up to 11.5 383 

wt% MnO, Cr-Ti spinel and SiO2, with rarer phases of CaTi-perovskite, sphene, rutile, 384 

corundum and native Fe and Ni (Harte 2010). All these phases do occur in altered oceanic 385 

floor lithologies and sediments and are further evidence that the diamond inclusion suite from 386 

Sao Luiz is derived from a subducted ophiolite melange. There seems to be now a general 387 

acceptance that diamonds grow by redox reactions from the interaction of reduced/oxidized 388 

fluids or melts with oxidized/reduced protoliths. If uprising, methane-rich fluids interact with 389 

the subducted melange with its carbonated material, they would react to form diamonds and a 390 

water rich fluid, produced either by reduction of carbonates or by oxidation of methane 391 

(Green et al. 1987; Taylor and Green 1987). As shown by Bulanova et al. (2010) for ultradeep 392 

diamonds from Collier-4 kimberlites (within the Sao Luiz area), diamond formation occurred 393 

in several stages and from differing sources. A U-Pb age of 101 Ma was determined by LA-394 

ICP-MS from a CaTiSi-perovskite; this age is close to the kimberlite emplacement age of 395 

about 93 Ma and expresses only the youngest age of diamond formation (Bulanova et al., 396 

2010). These authors and Harte and Richardson (2012) in more detail provided a model, 397 

where diamonds grow in a subducting slab and in the uppermost lower mantle in Mesozoic 398 

times. 399 
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Figure captions  584 

 585 

Fig. 1 Range of composition of ferropericlase, olivine (presumably former ringwoodite) and 586 

MgSi-perovskite inclusions in ultradeep diamonds from Sao Luiz (Juina). (Harte, 2010; Harte 587 

et al., 1999; Hayman et al., 2005; Hutchinson et al., 2001; Kaminsky et al., 2001; Wilding, 588 

1990; Wirth et al., 2009). Pairrs of ringwoodite and ferropericlase from single diamonds are 589 

connected by tie-lines 590 

 591 

Fig. 2a-d Li, NiO, MnO and Na2O abundances in ferropericlase inclusions as a function of 592 

Mg# (Mg/(Mg+Fetot)* 100). PUM  - Primitive Upper Mantle composition estimated from 593 

Kankan fper inclusions of Stachel et al. (2000). Data source as for Fig. 1 594 

 595 

Fig. 3 Li abundances and Li isotope compositions in ferropericlases from Sao Luiz diamonds, 596 

in comparison to the fields delineating the Li isotopic compositions and Li contents for 597 

subduction related components based on data for eclogites (Marschall et al., 2007; Zack et al., 598 

2003), serpentinized peridotites  (Benton et al., 2004; Decitre et al., 2002; Vils et al., 2009), 599 

marine sediments (Bouman et al., 2004; Chan et al., 2006), fresh MORB (Tomascak, 2004; 600 

Tomascak and Langmuir, 1999; Marschall et al., 2017), altered MORB (Bouman et al., 2004; 601 

Chan et al., 2002; Chan et al., 1992) and Primitive Upper Mantle (Seitz et al., 2004; Seitz et 602 

al., 2007; Seitz and Woodland, 2000) 603 
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Table 1

Lithium concentrations and isotopic compositions of ferropriclase inclusions in diamonds from Sao Luiz

Sample Inclusion approx. size Run Li mg/g 2s d
7
Li 2s

BZ 300 1 100*100*20 8.4 0.5

2, 3 >300*300*100 46 n.d. 0.5 1.1

BZ 301 2  to 8 80*80*20 52 2.4 1.4 9.6 1.2

BZ 302 1 200*150*150 37.6 0.4

BZ 303 1 400*200*150  17.4 0.2

BZ 304 1 250*150*100 6.0 0.1

BZ 305 1 120*100*20 31.5 1.3

2, 3 >300*200*100 52 n.d. 2.1 0.7

BZ 306 2 100*100*20 13.9 0.1

3 200*100*50 4.3 0.2

4 200*100*100 14.7 0.1

BZ 307 1 150*100*50 4.7 0.4

2 >200*200*100 6.8 0.1

BZ 308 1 200*200*30 44.3 0.3

BZ 309 1 150*100*80 5.9 0.2

2 to 5 >150*150*50 52 n.d. -3.9 1.3

Corresponding to 'Run' numbers (analytical sessions) 'n' represents the number of measurements on given solutions. 

Uncertainty is the 2s standard  deviation. SIMS: secondary ion mass spectrometry, MC-ICPMS: multi collector iductively 

coupled plasma mass spetrometry. Not determined: n.d.

BZ300 ICP 300*300*100300*300*250

BZ301 ICP 5 incl. +? 500*200*150200*200*100200*150*100200*80*20 150*100*50

150*20*20150*50*20 150*50*20

BZ302 EPMA/SIMS 200*150*150

BZ303 EPMA/SIMS 400*200*150

BZ304 EPMA/SIMS 250*150*100

BZ305 ICP 300*200*100400*300*150

BZ306 EPMA/SIMS 400*200*100200*100*50 200*100*100

BZ307 EPMA/SIMS 200*200*100

BZ308 EPMA/SIMS 200*200*200200*200*30

BZ309 ICP 2 incl. +? 350*200*150300*200*50 200*200*80150*150*50

EMPA

BZ300 EPMA/SIMS 100*100*20

BZ301 lost 80*80*20

BZ305 EPMA/SIMS 120*100*20

BZ306 EPMA/SIMS ilmenite 100*100*20

BZ307 EPMA/SIMS 150*100*50

BZ309 EPMA/SIMS 150*100*80

Table Click here to download Table Table 1.xlsx 
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Lithium concentrations and isotopic compositions of ferropriclase inclusions in diamonds from Sao Luiz

n Method

SIMS

4 MC-ICPMS

3 MC-ICPMS

SIMS

SIMS

SIMS

SIMS

3 MC-ICPMS

SIMS

SIMS

SIMS

SIMS

SIMS

SIMS

SIMS

3 MC-ICPMS

Corresponding to 'Run' numbers (analytical sessions) 'n' represents the number of measurements on given solutions. 

Uncertainty is the 2s standard  deviation. SIMS: secondary ion mass spectrometry, MC-ICPMS: multi collector iductively 

150*100*50



Table 1

Lithium concentrations and isotopic compositions of ferropericlase inclusions in diamonds from Sao Luiz

Sample Inclusion approx. size in mm Li mg/g 2s d
7
Li 2s n Method

BZ 300 1 100*100*20 8.4 0.5 SIMS

2, 3 >300*300*100 n.d. 0.5 1.1 4 MC-ICPMS

BZ 301 2  to 8 80*80*20 2.4 1.4 9.6 1.2 3 MC-ICPMS

BZ 302 1 200*150*150 37.6 0.4 SIMS

BZ 303 1 400*200*150 17.4 0.2 SIMS

BZ 304 1 250*150*100 6.0 0.1 SIMS

BZ 305 1 120*100*20 31.5 1.3 SIMS

2, 3 >300*200*100 n.d. 2.1 0.7 3 MC-ICPMS

BZ 306 2 100*100*20 13.9 0.1 SIMS

3 200*100*50 4.3 0.2 SIMS

4 200*100*100 14.7 0.1 SIMS

BZ 307 1 150*100*50 4.7 0.4 SIMS

2 >200*200*100 6.8 0.1 SIMS

BZ 308 1 200*200*30 44.3 0.3 SIMS

BZ 309 1 150*100*80 5.9 0.2 SIMS

2 to 5 >150*150*50 n.d. -3.9 1.3 3 MC-ICPMS

Corresponding to 'Run' numbers (analytical sessions) 'n' represents the number of measurements on given solutions. 

Uncertainty is the 2s standard  deviation. SIMS: secondary ion mass spectrometry, MC-ICPMS: multi collector iductively 

coupled plasma mass spetrometry. Not determined: n.d.
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Fig. S1: Schematic phase diagram for the system forsterite – fayalite at constant temperature 

with phase changes occurring with increasing pressure. The Mg# of coesting ringwoodite and 

ferropericlase are calculated according to (Frost and Langenhorst, 2002; Frost et al., 2001) 

and given as Mg# for selected examples. 
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Fig. S2: Elution-curves of two ferropericlase solutions (45 wt% MgO/55 wt% FeO and 75 

wt% MgO/25% FeO) in comparison to the basalt standard JB-2 using a 1.4 ml column and 

AG 50W-X8 resin. A 10 ml fraction (shaded area) was collected for quantitative recovery of 

Li. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 
 

 

Fig. S3: a) Combined backscattered and secondary electron image of ferropericlase in 

diamond BZ302. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

Fig. S3: b) Element profile obtained by electron microprobe analysis (EPMA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Fig. 4: a) Element profile and  back scattered image (BSE) of magnesioferrite exsolutions in 

ferropericlase BZ 303. The numbered yellow dots give the approximate position of the 

focused electron beam. The bright « spots » are the magnesioferrite inclusions. Fe and Ni 

increase where the beam diameter overlaps with these bright spots. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

 

 

Fig. S4: b) An energy-dispersive X-ray map of magnesioferrite exsolutions 

 

 

 

 

 

 

 

 

 

 




