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Abstract 15 

Six diamonds with a fibrous core, intermediate zone and monocrystalline outer zone (‘cloudy diamonds’) 16 

from the Koffiefontein mine, South Africa, were investigated for N concentrations, carbon isotope 17 

compositions and micro-inclusion compositions along core to rim traverses. This study evaluates the nature 18 

of the change from fibrous to gem diamond growth and the relation between major element composition of 19 

high density fluid inclusions and N−δ13C in fibrous growth zones. Three diamonds contain saline to 20 

carbonatitic fluid micro-inclusions with constant or increasing carbon isotope values which are inferred to 21 

have formed by varying amounts of Rayleigh fractionation in a closed system of a carbonate-bearing fluid. 22 

Continuous N−δ13C fractionation trends from the fibrous to gem growth zone in two of the diamonds and 23 

equally low nitrogen aggregation states indicate formation of diamond shortly before kimberlite eruption 24 
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from a single fluid without a time gap between fibrous and gem diamond growth. High major element/CO3
2- 25 

ratios in the growth media resulted in a constant major element composition of the fluid inclusions found 26 

in the studied fibrous diamonds. The transition from fibrous to gem diamond growth is likely caused by the 27 

precipitation of diamond reducing the degree of oversaturation of carbon in the fluid and hence decreasing 28 

the rate of diamond growth. Two other diamonds have inclusions that change from silicate minerals in the 29 

inner fibrous growth zones towards pure saline fluid compositions in the outer fibrous growth zones. This 30 

decrease in Si, Mg and Ca and increase in K and Cl in the inclusions is accompanied by a decrease in δ13C 31 

values and N contents. These trends are suggested to be the result from gradually mixing in more saline 32 

fluids with lower δ13C values. One diamond with silicic inclusions has significant N aggregation into B-33 

centres, suggesting this fluid is different and that diamond formation occurred significantly (e.g. 1250°C 34 

gives ≥10 Ma) before the kimberlite eruption.     35 

 36 

Keywords: carbon, diamond, evolution, fluid inclusions, HDF (High Density Fluid) 37 

 38 

1. Introduction 39 

‘Fibrous’ diamonds, including diamonds with cube-like morphology, fibrous coats overgrown on 40 

monocrystalline diamond (‘coated diamond’) and monocrystalline diamonds with internal zones of fibrous 41 

growth (‘cloudy diamonds’), commonly encapsulate high density fluids (HDFs) as micro-inclusions. These 42 

HDFs represent the mediums from which fibrous diamond crystallize, and four compositional HDF end-43 

members have been identified: silicic, saline, low-Mg carbonatitic, high-Mg carbonatitic (e.g., Klein-44 

BenDavid et al., 2004; Klein-BenDavid et al., 2009; Navon et al., 1988; Smith et al., 2012; Tomlinson et 45 

al., 2006). The hydrous silicic end-member is rich in SiO2, Al2O3, K2O and water, whereas the saline end-46 

member has high concentrations of water, K2O, Na2O, and Cl, and low contents of MgO, SiO2, and Al2O3. 47 

Both carbonatitic HDFs are rich in carbonate, CaO, FeO, and MgO (with the high-Mg carbonatitic end-48 

member typically having MgO>20 wt%, compared to MgO≈10% in low-Mg carbonatitic compositions), 49 

and low in SiO2, Al2O3 and water. HDFs of similar compositions have recently been found in several 50 
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monocrystalline diamonds as well, as micro-inclusions in octahedral diamonds (Weiss et al., 2014), in 51 

twinned crystals (macles) along the twinning plane (Jablon and Navon, 2016), and as thin films (≤ 1.5 μm) 52 

around typical mineral inclusions in gem-quality diamonds (Nimis et al., 2016). These findings suggest that 53 

the different types of HDFs found in fibrous diamonds are also important in forming monocrystalline gem-54 

quality diamonds (Jablon and Navon, 2016).    55 

 56 

The composition of the HDFs varies along two continuous arrays, between the silicic to low-Mg 57 

carbonatitic end-members and between the saline to high-Mg carbonatitic end-members (Weiss et al., 2009 58 

and references therein). These variations suggest a possible genetic relationship and evolution between 59 

different HDF end-members, and different models have been proposed for explaining the observed 60 

compositional trends. Schrauder and Navon (1994) considered melting of carbonated peridotite and eclogite 61 

followed by crystallisation of carbonate to explain the silicic to low-Mg carbonatitic trend.  Mixing between 62 

HDFs of different compositions was suggested by Safonov et al. (2007) and Zedgenizov et al. (2009), while 63 

fractional crystallization of carbonates and liquid immiscibility from a parental carbonatitic end-member 64 

was proposed by Klein-BenDavid et al. (2007) to explain the two compositional arrays. Based on the 65 

similarity to near-solidus melts of eclogite and peridotite in the presence of carbonate and water (Brey et 66 

al., 2008; Kessel et al., 2005; Yaxley and Brey, 2004), Weiss et al. (2011); Weiss et al. (2009) suggested 67 

that the silicic to low-Mg carbonatitic HDFs are related to melts of hydrous eclogite (±carbonate), whereas 68 

the high-Mg carbonatitic HDFs originate from melts of carbonated peridotite. The saline fluids were 69 

suggested to be derived from subducted slabs (Weiss et al., 2015) based on positive Sr and Eu anomalies 70 

and radiogenic strontium ratios of saline HDFs in a suite of fibrous diamonds from the Ekati and Diavik 71 

mines in the central Slave Craton. They further proposed that saline fluids evolve to both silicic and 72 

carbonatitic HDFs by subsequent fluid-rock interaction and melting in eclogite and peridotite lithologies, 73 

respectively. The recent literature thus shows that it is still unclear what constitutes the parental diamond-74 

forming fluids, how these fluids evolve, whether the mechanisms for formation of fibrous and 75 
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monocrystalline diamonds are identical, and if there are any systematic variations between HDFs-bearing 76 

diamonds from different kimberlites and cratons.   77 

 78 

Individual kimberlites (and kimberlite clusters) tend to carry fibrous diamonds with a predominant HDF 79 

type (e.g., Izraeli et al., 2001; Izraeli et al., 2004; Klein-BenDavid et al., 2009; Schrauder and Navon, 1994; 80 

Tomlinson et al., 2006), similar to the case for mineral inclusions in monocrystalline diamonds which 81 

commonly have a predominant peridotitic or eclogitic paragenesis (Stachel and Harris, 2008 and references 82 

therein). Differences in HDF composition, however, between diamonds from a single kimberlite pipe do 83 

occur and compositional variations and evolution trends within individual diamonds have been reported 84 

(Klein-BenDavid et al., 2004; Shiryaev et al., 2005; Weiss et al., 2009). Therefore, it is important to 85 

investigate the compositional change from core-to-rim in HDF micro-inclusions-bearing diamonds to better 86 

define the evolution paths of diamond-forming media.  87 

 88 

Here we report and investigate the relationships between micro-inclusion major-element compositions, the 89 

carbon isotopic compositions, and the nitrogen (N) concentrations and aggregation state along core-to-rim 90 

traverses in six cloudy diamonds from the Koffiefontein mine in South Africa. Based on these, we 91 

investigate the possible processes (mixing, fractional crystallisation, new fluid) responsible for the 92 

evolution of diamond-forming media in both micro-inclusions-bearing fibrous/polycrystalline and 93 

monocrystalline diamond growth habits of the studied diamonds. 94 

 95 

2. Geological background 96 

The Koffiefontein kimberlite is located at the southwestern region of the Kaapvaal Craton and was 97 

emplaced at 90.4 Ma (Davis, 1978; Rickard et al., 1989). Inclusions in diamonds from the Koffiefontein 98 

mine are predominantly of the peridotitic suite (81% P-type and 19% E-type based on silicate inclusions 99 
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abundances; Harris and Gurney, 1979; Rickard et al., 1989). The peridotitic diamonds have a lithospheric 100 

origin. Geothermobarometry calculations of their mineral inclusions indicate diamond formation between 101 

4.5-5.7 GPa and 940-1180°C (Rickard et al., 1989), except for several diamonds with ferro-periclase 102 

inclusions that are considered to originate from higher pressure and temperature conditions (i.e. the lower 103 

mantle; Deines et al., 1991; Rickard et al., 1989; Smith et al., 1984). Diamond formation ages were inferred 104 

from dating inclusions in monocrystalline diamonds. Re-Os dating of sulphide inclusions in a single 105 

peridotitic diamond gave an age of 69±30 Ma (Pearson et al., 1998), within error of the age of the kimberlite 106 

(Rickard et al., 1989). Sulphide inclusions in several eclogitic diamonds from Koffiefontein yielded much 107 

older Re-Os ages, ranging from 1.1 to 2.9 Ga (Pearson et al., 1998). 108 

 109 

Fibrous diamonds are common amongst diamonds from Koffiefontein, making up to 28% of the mine 110 

retrieval (Rickard et al., 1989). They contain saline HDF micro-inclusions, as well as mineral micro-111 

inclusions of both peridotitic and eclogitic paragenesis (Izraeli et al., 2001; Izraeli et al., 2004). The mineral 112 

micro-inclusions record P-T conditions of 4-6 GPa and 1000-1200°C (Izraeli et al., 2004), similar to the 113 

conditions recorded by large mineral inclusions in monocrystalline Koffiefontein diamonds (Rickard et al., 114 

1989). The lower N aggregation state of the fibrous diamonds (Type IaA ; N aggregated as pairs in A-115 

centres; 100% A; Izraeli et al., 2001; Izraeli et al., 2004) compared to monocrystalline diamonds (Type 116 

IaAB; N aggregated as pairs in A-centres and as four N atoms around a vacancy in B-centres; between 0 117 

and 100% B; Deines et al., 1991; Pearson et al., 1998) from Koffiefontein can be explained by lower mantle 118 

residence temperatures or a shorter mantle residence time (Boyd et al., 1987; Navon, 1999).  119 

 120 

3. Methods 121 

A suite of six cloudy diamonds from the Koffiefontein mine, South Africa (Fig. 1), weighing between 8.4-122 

15.4 mg, were investigated in the present study (Fig. 1). The samples were first polished into plates along 123 

the [100] plane for cubic and [110] for dodecahedral morphologies, respectively. They were then cleaned 124 
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with ethanol prior to mounting in indium and gold coating for CL imaging and SHRIMP analysis. 125 

Subsequently, the gold coating was removed and the diamonds plates were re-coated with carbon for SEM-126 

EDS analysis. The coating was then removed, and the diamond plates were extracted from the indium 127 

mounts for FTIR analyses.  128 

 129 

3.1.1. Fourier Transform Infra-Red (FTIR) 130 

Infrared absorption spectra were collected on a Hyperion2000 microscope attached to a Bruker A-670 131 

Hyperion FT-IR spectrometer equipped with a KBr beam splitter, a 15x condenser lens, and a liquid N2 132 

cooled MCT detector at the Research School of Earth Sciences (RSES), the Australian National University 133 

(ANU). All spectra were collected in transmission mode with an aperture size of 100×100 µm, between 134 

4000 to 400 cm-1 with a resolution of 4 cm-1. After baseline correction and normalizing the spectra to a 1 135 

cm diamond thickness with an absorption coefficient of 11.94 at 1995 cm-1 (Mendelssohn and Milledge, 136 

1995), the N concentration and aggregation states were calculated using an Excel spreadsheet (cabxd97n) 137 

provided by D. Fisher (DeBeers Technologies UK). FTIR spectra also record the presence of minerals, 138 

fluids and/or volatiles within the micro-inclusions. Following Weiss et al. (2010), the H2O/(CO2+H2O) 139 

ratios of the trapped HDFs were calculated with the absorption coefficients of calcite (739 at 1430 cm-1) 140 

and water (87 at 3420 cm-1) .  141 

 142 

3.2.1 Cathodoluminescence imaging and SEM-EDS analyses 143 

Black and white cathodoluminescence (CL) imaging of the diamond plates were collected at 15 kV on a 144 

JEOL JSM-6610A analytical Scanning Electron Microscope equipped with a Robinson CL Detector at 145 

RSES.  146 

 147 

Individual micro-inclusions were measured using a Hitachi 4300 FE/SEM equipped with an 80 mm2 X-ray 148 

energy dispersive spectrometer (EDS) at the Centre for Advanced Microscopy CT lab of the Australian 149 

Microscopy and Microanalysis Research Facility at ANU. Backscatter electron imaging (BSE) was used to 150 
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identify micro-inclusions, while secondary electron imaging (SEI) was used to exclude exposed inclusions. 151 

Each inclusion was analysed for 60 seconds using an acceleration voltage of 15 kV and a beam current of 152 

1.3 ƞA. The data were reduced with a ZAF correction to yield abundances of Na, K, Al, Si, Mg, Ca, Fe, Ti, 153 

P, and Cl. Barium and Cr were also analysed; however, Ba was not present in quantifiable amounts and Cr 154 

was below detection limit. The analyses were calibrated with the mineral standards: albite (Na, Al), sanidine 155 

(K, Si), diopside (Ca), LaP5O14 (P), periclase MgO (Mg), hematite Fe2O3 (Fe), rutile TiO2 (Ti), barite BaSO4 156 

(Ba) and NaCl (Cl). The low totals of the analyses (10.7±4.6 wt %) reflect the small size of the inclusions 157 

(0.1-1 μm), their high water and carbonate contents, and their depth below the diamond surface. Therefore, 158 

oxide contents were normalized to 100% on a carbon- and water-free basis in order to compare different 159 

analyses.  160 

 161 

3.2.2 SHRIMP-SI 162 

Carbon isotope measurements along core-to-rim cross-sections were carried out on the SHRIMP-SI at 163 

RSES. During pre-sputtering of a spot, the background signal was measured 6 times for 20 seconds. This 164 

was followed by optimizing the beam through horizontal and vertical steering and centering. Subsequently 165 

data were collected in 6 scans of 20 seconds each. The spot size was ~27 µm in diameter. Analyses were 166 

performed with a 15 keV 133Cs+ primary beam with a current of 13 ƞA. The mass resolution (m/∆m) of 167 

>5000 allowed the separation of 13C- and 12CH- ions. δ13C values were calculated relative to diamond 168 

standard MC08 (-8.85‰ vs PDB; Stern, 2014) that had a precision of 0.27‰ 2SD (n=57). An in-house 169 

synthetic diamond standard (BS249=-24.9‰; synthesized by converting graphite into nano-polycrystalline 170 

diamond under high pressure at the Geodynamic Research Centre at Ehime University; Irifune et al., 2003; 171 

and calibrated against the MC08 by SHRIMP analyses) was measured as unknown to check the stability of 172 

the SHRIMP during analyses and yielded a value of δ13C=-24.87 ± 0.30‰ (n=61).  173 

 174 
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4. Results 175 

4.1 Diamond samples 176 

Cathodoluminescence (CL) images of the diamonds show bright white CL intensities for the 177 

monocrystalline inner most core and/or the outer growth zones in the different diamonds, while the fibrous 178 

and/or polycrystalline inner and intermediate growth zones have typically lower luminescence and appear 179 

dark grey (Fig. 1). Exceptions are the dark grey CL intensity with bright lines of the outer monocrystalline 180 

zones of diamond 21 and 23 (Fig. 1b and c), which are potentially caused by low N concentration and the 181 

presence of internal stress and associated defects (Goss et al., 2003; Harte et al., 1999). The overall trend 182 

of the diamonds from fibrous to monocrystalline growth indicates a decreasing growth rate outwards 183 

(Tappert and Tappert, 2011 and references therein).  184 

 185 

Detailed descriptions of the growth pattern, carbon isotopic composition, and N concentrations and 186 

aggregation in each diamond sample is provided below. The micro-inclusion compositions are described 187 

as well. Figure 2 presents the different compositions projected onto a Si+Al-Ca+Mg+Fe-K+Na ternary 188 

diagram, in comparison to HDF compositions of previously studied diamonds (Izraeli et al., 2001; Klein-189 

BenDavid et al., 2009; Kopylova et al., 2010; Navon et al., 1988; Schrauder and Navon, 1994; Tomlinson 190 

et al., 2006; Zedgenizov et al., 2009). Diamonds 21, 23, and 28 have a range of HDF compositions that are 191 

intermediate between the saline and carbonatitic compositions (Fig. 2). Diamonds 20, 27 and 29 are 192 

characterized by micro-inclusions in the innermost fibrous core/intermediate layer that contain a mixture 193 

of minerals (clinopyroxene, talc, quartz) and saline or silicic HDFs. 194 

 195 

Diamond 20  196 

The diamond has a resorbed cubic fibrous core, a resorbed cubic intermediate zone, and a monocrystalline 197 

outer zone (Fig. 1a). The core has a δ13C composition ranging from -4.5 to -4.7‰, followed by a decrease 198 

in the intermediate zone to -5.2‰, with a further decrease to -6.2‰ in the outer monocrystalline zone (Table 199 
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1; Fig. 3a). The N content decreases simultaneously from 687 ppm to 371 ppm in the core and then increases 200 

in the intermediate zone (545 ppm) to 758 ppm in the most outer zone (Table 1; Fig. 3a). The N aggregation 201 

is 100% A-centres throughout the diamond (Supplementary information Figure A1). The proportions of 202 

clinopyroxene vs. HDF within micro-inclusions in this diamond decrease gradually from the centre 203 

outwards, as evident by the decrease in silica content from 58 to 18 wt% (Table 2; Fig. 3a). This is 204 

accompanied by decreases in MgO (15 to 8 wt%) and CaO (18 to 8 wt%) and a marked increase in K2O (0 205 

to 26 wt%) and Cl (0 to 9 wt%; Supplementary information Table 1). MgO, CaO are positively correlated 206 

with SiO2, and Cl is positively correlated with K2O, whereas MgO, CaO, and SiO2 correlate negatively with 207 

Cl and K2O.  208 

 209 

Diamond 21  210 

The diamond consists of a cubic fibrous core surrounded by a fibrous intermediate zone and a 211 

monocrystalline outer zone (Fig. 1b). The δ13C values are constant in the fibrous core (-5.6 to -5.8‰), 212 

whereas in the two intermediate zones and single outer zone the compositions increases gradually to -2.8‰ 213 

(Table 1; Fig. 3b). This increase in δ13C is accompanied by decreasing N concentrations from 273 ppm in 214 

the core to 99 ppm in the rim. The N aggregation state is 100% A-centres throughout the diamond. The 215 

average fluid micro-inclusion compositions in the core and intermediate growth zone are within error (Table 216 

2; Fig. 3b) and have a carbonatitic-saline composition with 6-17 wt% MgO, 3-29 wt% CaO, and 12-32 wt% 217 

Cl (Supplementary information Table A1). The variable presence of carbonates in inclusions likely caused 218 

the variation between individual analyses.  219 

 220 

Diamond 23  221 

This diamond is characterised by a fibrous core surrounded by a polycrystalline intermediate zone and a 222 

monocrystalline outer zone (Fig. 1c). This diamond has a clear trend of continuously increasing δ13C values 223 

and decreasing N concentrations from core to rim (Fig. 3c). The carbon isotope value increases from -6.2‰ 224 

to -4.9‰, whereas the N content decreases from 755 to 105 ppm (Table 1). The N aggregation state is 100% 225 
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A-centres throughout the diamond. Despite significant changes in N content and δ13C in the core and 226 

intermediate zone, the average micro-inclusion compositions remain similar (Table 2; Fig. 3c). The 227 

inclusions have an HDF composition near the saline end-member, with low SiO2 (<6 wt%), high Cl (21-42 228 

wt%), and relatively low CaO (3-14 wt%; Supplementary information Table A1).  229 

 230 

Diamond 27  231 

This diamond has a polycrystalline inner and outer core, a fibrous intermediate zone and a monocrystalline 232 

outer zone (Fig. 1d). The outer growth layers are characterised by octahedral growth. The inner core has a 233 

δ13C value of -5.9‰, increases to -5.1‰ in the outer core before steadily decreasing to the intermediate/rim 234 

boundary where the value is -5.8‰ (Fig. 3d). This is followed by a sharp rise to -4.9‰ and to -4.2‰ in the 235 

monocrystalline outer zone. The N concentration decreases from 835 to 463 ppm from the cores to the 236 

intermediate zone, and then sharply increases to higher N concentrations (724 ppm) at the start of the rim, 237 

falling steadily to 517 ppm at the diamond edge. There is a significant change in the N aggregation state, 238 

from 27% B-centres in the core to 13% in the rim (Table 1). The average fluid micro-inclusion composition 239 

has a small change from core to the intermediate zone from 58 to 53 wt% SiO2, from 11 to 16 wt% K2O, 240 

and from 9 to 6 wt% MgO (Table 2).  241 

 242 

Diamond 28  243 

The diamond has a monocrystalline core, a fibrous intermediate zone and a monocrystalline outer zone. 244 

The core and intermediate fibrous growth zone of this diamond are characterized by limited change in 245 

carbon isotope composition between -4.7 and -5.5‰ and in N concentrations of 946 to 1066 ppm. A sharp 246 

change is observed for the monocrystalline outer zone, which has a lower δ13C composition (-6.5 to -6.8‰) 247 

and decreasing N concentrations from 836 to 565 ppm (Table 1; Fig. 3e). The monocrystalline core has an 248 

aggregation state of 4% B-centres, followed by 1.3-1.9% B-centres in the fibrous zone and no B-centres 249 

present in the outer zone (Table 1). The fluid micro-inclusion compositions remain relatively constant in 250 
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the fibrous intermediate growth zone with saline compositions (5±2 wt% SiO2, 35±3 wt% Cl, 32±4 wt% 251 

K2O; errors 1SD; Table 2).  252 

 253 

Diamond 29  254 

Diamond 29 has a cubic monocrystalline core, a fibrous intermediate zone and a monocrystalline outer 255 

zone, characterized by a cubic morphology (Fig. 1f). The monocrystalline core of this diamond has a δ13C 256 

of -3.6 to -3.7‰.  The fibrous intermediate growth zone shows a small change in δ13C from -3.0 to -3.6‰, 257 

with N contents changing from 1334 to 1096 ppm. The monocrystalline outer zone is characterised by a 258 

sharp change in δ13C values (-5.8 to -5.2‰) which is accompanied by a drop in N concentrations to 317 259 

ppm at the diamond rim (Fig. 3f). The monocrystalline core has significant N aggregation with 14-21% B-260 

centres. Along the traverse, the FTIR spot analyses of the intermediate fibrous growth zone directly around 261 

the monocrystalline core showed 0% B-centres on one side and 15.7-19.6% B-centres on the other side. 262 

Given the thickness of the plate and the size of the spot analyses (100x100 μm), the N discrepancy is likely 263 

caused by overlapping of the core and intermediate zone on one side. The micro-inclusions show major 264 

changes from silica-rich towards saline compositions within the fibrous intermediate growth zone; from 265 

54-58 wt% to 0-14 wt% SiO2, <2 wt% to 24-40 wt% K2O, and <0.8 wt% to 29-45 wt% Cl. A positive 266 

correlation exists between SiO2, MgO, and CaO, and between Cl and K2O, whereas SiO2, MgO, and CaO 267 

are negatively correlated with Cl and K2O.  268 

 269 

4.2 Diamond impurities - FTIR spectroscopy 270 

All the diamonds contain carbonate- and water-bearing micro-inclusions as evidenced by the IR absorption 271 

peaks at ~880 and 1450 cm-1 for carbonate, and ~1650 and 3000-3600 cm-1 for water and OH stretching 272 

(Fig. 3 and Supplementary information Fig. A2). The H2O/(H2O+CO2) ratio of the bulk fluid estimated by 273 

the relative absorbance of H2O and carbonate peaks indicate that the fluids are strongly hydrous with 274 

H2O/(H2O+CO2) ratios of 0.49-0.92. In most cases, the innermost fibrous growth zones have stronger H2O 275 
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IR absorption at 3000-3600 cm-1 than subsequent growth zones that contain micro-inclusions in the same 276 

diamond (Supplementary information Fig. A2), which likely relates to decreasing inclusion density 277 

outwards. Mineral absorption peaks are also observed (Fig. 4), and the different phases were identified 278 

based on the IR-mineral database of rruff.info. The core of diamond 20 shows peaks at 923 and 972 279 

(clinopyroxene (cpx)/garnet (grt)), and 1075 cm-1 (cpx). The outer zone of this diamond shows peaks at 700 280 

(cpx), 882 (grt), 905 (grt), 972 (cpx/grt), 1077 cm-1 (cpx), and 765 associated with silicates, similar to the 281 

core. IR peaks in the core of diamond 21 are at 718 (calcite) and 960 cm-1 (grt). The intermediate zone of 282 

this diamond shows a peak at 954 cm-1 (silicates). In the core and intermediate zone of diamond 23 a strong 283 

peak at 3690 cm-1 and 950-1000 cm-1 is due to the presence of mica. Additional silicate peaks are present 284 

at 905 (grt), 932 and 972 (cpx/grt), and 1082 cm-1 (cpx). Diamond 27 shows peaks at 685 (possibly talc), 285 

782 and 804 (quartz), 1003-1013 (phlogopite or talc), and 1088 cm-1 (quartz). Diamond 28 shows silicate 286 

peaks at 727, 878, ~977 (grt/cpx), and 1002 cm-1 (mica). Diamond 29 shows peaks at 876, 900, 974 and 287 

1001 cm-1, similar to diamond 28. 288 

 289 

4.3 Mineral micro-inclusions 290 

In total 26 mineral micro-inclusions (<2 μm) were analysed by SEM-EDS (Table 3). The corrected 291 

compositions of clinopyroxene inclusions of diamond 20 and 29 that had a small fraction of fluid are 292 

included in Figure 5. Calcite was found in diamonds 20 and 27, and Ca-Mg-Fe carbonates with up to 20 293 

mol% Fe (dolomite) in diamond 21. These inclusions are similar in composition to carbonate micro-294 

inclusions found in previously studied Koffiefontein fibrous diamonds of both the eclogitic and peridotitic 295 

paragenesis (Izraeli et al., 2004). Diamond 20 contains also pyrope-almandine garnet micro-inclusions and 296 

omphacitic pyroxene inclusions, indicating an eclogitic origin (Fig. 5). Both the pyrope-almandine garnet 297 

and the omphacite compositions are similar to those previously reported as micro-inclusions in eclogitic 298 

fibrous diamonds from Koffiefontein (Izraeli et al., 2004) and large mineral inclusions in monocrystalline 299 

diamonds (Meyer, 1987; Stachel and Harris, 2008). While garnet, clinopyroxene and mica peaks are present 300 
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in the FTIR spectra, these minerals were not found by SEM in diamond 23 and hence its paragenesis is 301 

undetermined. Two SiO2 (quartz or coesite) inclusions were identified in diamond 27, suggesting an 302 

eclogitic origin, as well as one micro-inclusion having the composition of Mg2.36Fe0.18Al0.09Si3.61O10 which 303 

is similar to talc (Farmer, 1958). Diamond 28 contains orthopyroxene (enstatite-ferrosilite) micro-304 

inclusions. Their compositions are lower in Si, Mg and higher in Fe compared to large peridotitic enstatite 305 

inclusions in monocrystalline diamonds in general (e.g., Stachel and Harris, 2008), and to those found 306 

previously as micro-inclusions in fibrous diamonds (Izraeli et al., 2004) and as macro-inclusions in 307 

monocrystalline diamonds (Rickard et al., 1989) from Koffiefontein. The Si, Mg, Fe contents and Mg# of 308 

75-76 (Mg# = 100×Mg/(Mg+Fe) mole percent) are close in composition to websteritic inclusions, 309 

intermediate between the peridotitic and eclogitic paragenesis (Stachel and Harris, 2008). The 310 

orthopyroxenes have slightly lower Mg# than the websteritic field defined by Stachel and Harris (2008; 311 

Fig. 5). Diamond 29 contains clinopyroxene inclusions with compositions similar to diopside rather than 312 

an eclogitic clinopyroxene (Table 5 of Stachel and Harris, 2008), based on the MgO, CaO, and Na2O 313 

contents. These micro-inclusions contain varying amounts of saline HDF, and therefore the analyses were 314 

corrected by subtracting the Cl plus the same amount of positive K ions and re-normalising to 100%. The 315 

relatively high alumina contents (4.6-7.4 wt%), low Cr (Cr below detection limit) and relatively Fe-rich 316 

compositions (Mg# = 82) likely indicate a websteritic paragenesis.   317 

 318 

5. Discussion 319 

Three diamonds (21, 23, 28) have a similar range in HDF composition and constant or increasing carbon 320 

isotope values in the fibrous growth zone. The other diamonds (20, 27, 29) contain HDFs that show a 321 

decrease in the silica content of the micro-inclusions (from silicates to pure fluid) with simultaneously a 322 

decreasing carbon isotope value in the fibrous growth zone. The changes observed in the major element 323 

composition of micro-inclusions and the carbon isotope values of the latter three Koffiefontein diamonds 324 

suggest a genetic relationship between diamond growth and HDF compositions. These changes therefore 325 
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can provide new insights in understanding mantle processes involving carbon-bearing fluids and diamond 326 

formation. We examine these compositional variations and discuss three different models that could explain 327 

the trend in diamond δ13C and micro-inclusions major element composition: 1) HDF mixing with new 328 

infiltrating fluids, 2) fractional crystallisation from an evolving HDF, 3) a mixture of minerals and HDF. 329 

Finally, we examine the changes in N aggregation state and N-δ13C from fibrous to gem diamond growth 330 

to assess the potential implications for relative timing of fibrous and monocrystalline diamond growth.  331 

 332 

5.1 Variation in HDF and diamond compositions 333 

5.1.1 Constant HDF and diamond carbon isotope composition  334 

Three diamonds (21, 23, 28) with near constant or increasing carbon isotope values within the fibrous 335 

growth zones show no change in their saline or carbonatitic HDF micro-inclusion compositions (Fig. 2). 336 

Diamond 28 has a constant δ13C in the fibrous growth zone. A constant carbon isotope composition 337 

indicates diamond formation in either an open system or quasi-open system, as Rayleigh fractionation is 338 

only detectable in a closed system when more than 5% of the fluid is consumed (Cartigny et al., 2001). In 339 

a quasi-open system it is likely that the major element composition of the diamond-forming HDF would 340 

also remain constant, and result in similar HDF micro-inclusion compositions throughout the fibrous 341 

growth zone, of which diamond 28 is an example. The monocrystalline rim of diamond 28 however has a 342 

distinctly different carbon isotope composition and N concentration compared to its core and intermediate 343 

zones (Fig. 6), suggesting the monocrystalline outer zone formed by a different fluid.  344 

 345 

The monocrystalline rims of diamonds 21 and 23 show a continuation of the overall trends in decreasing N 346 

content and increasing δ13C values in the fibrous intermediate zones (Fig. 3). For diamonds 21 and 23, it 347 

seems more likely that the observed increase in carbon isotopic values were caused by Rayleigh 348 

fractionation of a single fluid that became less saturated in carbon, leading to slower monocrystalline 349 

diamond growth. As mentioned in Shirey et al. (2013 and references therein) a number of previous studies 350 

of fibrous diamonds have found a consistent increase of ~3‰ in δ13C (from δ13C of -8‰ to -5‰ from core 351 
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to rim) which have been attributed to fractionation during precipitation from oxidised carbon-bearing fluids. 352 

Increasing carbon isotope values in peridotitic diamonds can also be caused by carbon isotope fractionation 353 

during diamond precipitation from a mixed CO2-CH4 fluid (Smit et al., 2016; Stachel et al., 2017). 354 

Carbonates are present in diamonds 21 and 23 (carbonate absorption in FTIR spectra; Fig. 4) indicating that 355 

the HDFs in these diamonds are oxidised, and that the diamond-forming fluids likely had a dominant CO2 356 

or CO3
2- carbon speciation. As no other minerals were detected by SEM-EDS, the paragenesis is 357 

undetermined. The increase in carbon isotope composition from core to rim in diamond 21 and 23 can be 358 

modelled by a Rayleigh distillation process from an oxidised fluid (CO3
2- or CO2). Figure 6 shows the 359 

N−δ13C changes during such a process, following the formula for Rayleigh fractionation from Cartigny et 360 

al. (2001). For a fractionation factor (∆C) of -1.5‰ (∆diamond-CO3
2-; calculated at 1200°C) (Chacko et al., 361 

1991), the change in carbon isotope value requires 86% of the carbon fluid to be consumed during 362 

precipitation in the case of diamond 21 and 64% in the case of diamond 23 (fraction precipitated = 1 – 363 

EXP((δ13C- δ13C0)/∆C) (for details see section 4.2 of Cartigny et al., 2001). The lack of change in the major 364 

element composition of the HDFs and change in δ13C during precipitation of diamonds 21 and 23 could be 365 

explained by high major element/CO3
2- ratios of the diamond-forming media in a closed system. Thus, 366 

during diamond precipitation the carbon isotope composition of the diamond changes while the major oxide 367 

compositions of the HDF does not, resulting in carbon isotope fractionation and varying diamond δ13C 368 

values while the major element composition of the micro-inclusions remained unchanged. This is supported 369 

by the progression from fibrous to monocrystalline growth with a continuous N−δ13C change, suggesting 370 

that there is less carbon oversaturation. The slower growth will result in less fluid captured as inclusions. 371 

The decrease in N abundances towards the rim suggest that N behaves as a compatible element (de Vries 372 

et al., 2013; Smart et al., 2011; Stachel et al., 2009; Thomassot et al., 2007). The Rayleigh fractionation 373 

lines in Fig. 6 were modelled with the formula of Cartigny et al. (2001) and best fits for a fractionating 374 

CO3
2-bearing fluid were obtained with δ13C0 is -6.0‰, N is 250 ppm, and a KN value (N partition 375 

coefficient) of 1.6 for diamond 21 and δ13C0 is -6.1‰, N is 940 ppm, and a KN value of 3.2 for diamond 376 
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23. Modelling the change in N content with a CO2-bearing fluid gives higher KN values (2.3 and 6.0 377 

respectively for diamond 21 and 23) and less fluid being consumed by precipitation (57 and 35%) with a 378 

fractionation factor of -3.5‰ for ∆diamond-CO2 at ~1200°C (Chacko et al., 1991). Both CO3
2- and CO2 379 

Rayleigh fractionation models are viable to explain the change in carbon isotopic composition of diamonds 380 

21 and 23.  381 

 382 

5.1.2  Changes in HDF and diamond carbon isotope composition  383 

Three diamonds show a change in major element composition from silicate inclusions towards saline HDF 384 

inclusions (diamond 20 and 29) and a small decrease in Si (diamond 27). These compositional trends in the 385 

fibrous growth zones can be explained by the presence of mineral inclusions (cpx for diamond 20 and 29; 386 

SiO2+talc for diamond 27) in the micro-inclusions which subsequently became richer in saline HDF. This 387 

is accompanied by a decreasing carbon isotope value from the start of the fibrous growth zones to the end 388 

of those zones (Fig. 3 and 7b). Diamonds 20 and 27 also show a change in δ13C from one fibrous growth 389 

zone to the next fibrous growth zone. Three models are discussed below that could explain both the major 390 

element and carbon isotope compositional changes: 1) mixing with new HDFs, 2) fractional crystallisation, 391 

3) a mix of minerals and HDFs.  392 

 393 

5.1.2.1 Changing HDF and diamond carbon isotope compositions - introduction of new fluids  394 

Differences in HDF micro-inclusion and carbon isotope compositions in a new growth zone within a 395 

diamond are commonly inferred to result by diamond precipitation from a new fluid or by mixing of 396 

different diamond-forming fluids. For example, Klein-BenDavid et al. (2004) ascribed a change from saline 397 

to carbonatitic HDF micro-inclusions in a diamond from Diavik to an influx of fresh carbonatitic fluid to 398 

form the subsequent growth. Marked changes in carbon isotope values in a single diamond have been used 399 

in previous studies as evidence for a new growth event from a different fluid (e.g. Boyd et al., 1992; de 400 

Vries et al., 2013; Petts et al., 2016; Smart et al., 2011). The N contents and δ13C compositions of the 401 

monocrystalline outer zones of diamonds 20, 27, and 29 are different to those of their fibrous growth zones. 402 
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This can be explained by an influx of a new fluid, resulting in the observed abrupt changes in N contents 403 

and carbon isotope compositions (Fig. 3).  404 

 405 

Formation of the fibrous growth zones is more complicated. Introduction of a saline HDF may explain the 406 

trends from initial silicate inclusions to saline-rich HDF inclusions. A trend towards more depleted 13C 407 

isotopic compositions could be caused by mixing of a saline HDF with lower carbon isotopic values. This 408 

could explain the gradual major element and δ13C changes in diamonds 20 and 27. However, in diamond 409 

29 the change in major element composition occurs within the first 20 μm of the start of the fibrous 410 

intermediate growth zone, while the N concentrations and carbon isotopic values decrease marginally over 411 

the entire fibrous growth zone (several 100 μm). The change in major element composition over a short 412 

distance indicates that a large volume of fluid came in rapidly, resulting in subsequent diamond 413 

precipitation with minimal differences in N- δ13C. 414 

 415 

5.1.2.2 Changing HDF and diamond carbon isotope compositions - Fractional crystallisation 416 

The compositional spectrum of HDF inclusions in fibrous diamond between the silicic and carbonatitic 417 

end-members has been proposed to be caused by fractional crystallisation involving precipitation of garnet, 418 

clinopyroxene, olivine, carbonate, apatite, rutile and K-bearing phases (Schrauder and Navon, 1994; 419 

Shiryaev et al., 2005; Zedgenizov et al., 2009). Progressive crystallisation of silicates can also cause 420 

enrichment in alkali elements, driving a fluid from silicic to saline compositions and may potentially explain 421 

some of the major element trends and fractionation of carbon isotope composition observed within our 422 

diamond samples. A decrease in Mg, Si, Ca and hence an increase in K and Cl could be caused by 423 

crystallisation of silicates and carbonates (grt + cpx + calcite for diamond 20; SiO2 + talc ± Mg-carbonate 424 

for diamond 27; cpx + calcite for diamond 29). The direction of the chemical change during crystallisation 425 

of these minerals are compatible with the observed changes in major element compositions (Fig. 7a).   426 
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 427 

Removal of CO2 can decrease the δ13C value of the remaining fluid and subsequent precipitated diamond 428 

(Cartigny et al., 2001), based on the fractionation factor of 4‰ for ∆CO2-C in a basaltic magma at 1200°C 429 

(Bottinga, 1969; Javoy et al., 1978). This might explain the observed decrease in δ13C value in the fibrous 430 

growth zones of diamonds 20, 27, and 29. This will result in a residual fluid that is enriched in elements 431 

such as K, Na and Cl. Modelling of this process for both the change in SiO2 content and carbon isotope 432 

composition was done with a C fractionation factor of 4‰ (∆CO2-C), 40 wt% CO2 volatiles-60 wt% major 433 

oxides (based on Navon et al., 1988), and assuming a loss of 1 mol of SiO2 for each mol of CO2. This model 434 

seems incapable of explaining the isotopic and compositional changes for diamonds 20, 27, and 29 435 

(Supplementary information Figure A3). If, however, CO2 was removed with a silicic melt from a C or 436 

CO3
2--bearing fluid, the carbon isotope fractionation is expected to be smaller and the observed SiO2-δ13C 437 

changes could be explained with a lower ∆C (0.6-3‰) or a higher SiO2/CO2 ratio.  438 

 439 

5.1.2.3 Changing HDF and diamond carbon isotope compositions - Mix of minerals and fluids 440 

Linear arrays of EPMA analyses of micro-inclusions extending between a mineral composition and the 441 

saline HDF composition were described by Izraeli et al. (2004) who interpreted them as mixing of mineral 442 

inclusions and varying proportions of HDF. Linear compositional trends found in our three diamonds can 443 

similarly be accounted for mixing minerals and HDFs in different amounts (Fig. 7a). The trend of the 444 

analysed inclusions in diamond 20 can be explained as mixing between omphacitic clinopyroxene and 445 

saline HDF with a composition of K13.25Fe4.29Mg2.64Ca1.58Si0.50Al1.29O23.55Cl5.93 (Fig. 7a). The analysed 446 

micro-inclusions in the core of diamond 27 could be explained by a mix of silica (presumed to be quartz) 447 

and talc minerals (55%) and a silicic HDF (45%), with a shift to a purely silicic fluid in the intermediate 448 

zone. Diamond 29 has inclusions that show a decrease in Mg, Ca, Si and an increase in K and Cl. The 449 

innermost fibrous growth zone of diamond 29 contains diopside inclusions and the intermediate micro-450 

inclusion compositions can be modelled by a mix of 50-60% diopside and 50-40% saline HDF. The last 451 
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stages of fibrous growth trapped micro-inclusions of pure saline HDF composition. In each of these 452 

diamonds the mixes between minerals and fluids are not random. There are high percentages of minerals in 453 

the inclusions in the inner fibrous growth zone, whereas micro-inclusions in the outer fibrous growth zones 454 

are characterised by pure HDF compositions. This suggests that the trends are most likely caused by 455 

progressive addition of fresh saline HDF.  456 

 457 

The large decrease in SiO2 contents (in wt%) is accompanied by a small decrease in N content (by 100−300 458 

ppm) and decrease in δ13C values (by 0.4−1.1‰). Carbon isotope fractionation occurs during Rayleigh 459 

fractionation from different carbon speciations (CH4, CO2, CO3
2-) (Chacko et al., 1991; Richet et al., 1977) 460 

and by removal of CO2 or carbonates with heavier δ13C. Recently it has been suggested that diamonds can 461 

be formed from organic carbon species during a pH drop and that a change in the pH can cause a change in 462 

the δ13C value (Sverjensky and Huang, 2015). While there are no studies on the influence of the non-carbon-463 

bearing major element composition of the fluid on carbon isotope fractionation, previous studies have 464 

shown the effects of temperature, pressure and solute composition of the fluid on hydrogen isotope 465 

fractionation (Chacko et al., 2001 and references therein). Sverjensky and Huang (2015) also proposed that 466 

the formation of diamond is a result of changes in the aqueous fluid chemistry related to silicate minerals. 467 

The reaction of silicates with hydrogen and, subsequently, hydrogen with aqueous organic carbon species 468 

in the diamond-forming media, suggest silicates could have an indirect influence on the carbon isotope 469 

composition. This study shows that the slopes of the decrease in silica and δ13C for diamonds 20 and 29 are 470 

reasonably similar and range from 0.009 to 0.014 ∆δ13C/∆Si (Fig. 7b), supporting a possible influence. 471 

However, it is important to note that the δ13C range in fibrous diamonds is small (-3 to -8‰; Boyd et al., 472 

1987), suggesting any potential influence of the fluid major element composition on carbon isotope 473 

fractionation will be limited.  474 

 475 

While it is likely that minerals other than diamond crystallise from a diamond-forming fluid, decreasing the 476 

amount of silica from 60 wt% to about 5 wt% (diamond 29) to drive the HDF composition from silica-rich 477 
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to saline by fractional crystallisation of silicates alone is, however, very difficult and would require 478 

crystallisation of most of the SiO2 of the initial fluid. The discrepancy between the change in HDF major 479 

element composition, N contents, and δ13C in a fractional crystallisation model suggest this process did not 480 

play a significant role in diamond 20, 27, and 29. Mixes between minerals and an incoming HDF is therefore 481 

the most reasonable model to explain the large decrease in silica and presence of the purest mineral micro-482 

inclusions at the inner most part of the fibrous growth zone. This can also explain why some inclusion 483 

compositions of diamond 20 and 29 traverse the gap between the major carbonatite−silicic and 484 

carbonatite−saline trends exhibited by HDFs in the present fibrous diamonds (Fig. 2 and 7a). 485 

 486 

5.2 Origin of the mineral inclusions 487 

The presence of pure mineral micro-inclusions in fibrous diamonds has lead to the interpretation of the 488 

mineral micro-inclusions being remnants of the lithospheric host rock, in which the diamond grew during 489 

HDF percolation (e.g., Izraeli et al., 2004; Logvinova et al., 2008; Tomlinson et al., 2006). This is supported 490 

by the similarity of the Mg# and composition of peridotitic mineral micro-inclusions in Koffiefontein 491 

diamonds to the large mineral inclusions found in diamonds from that mine, but also to those in peridotitic 492 

diamonds worldwide (Izraeli et al., 2004; Meyer, 1987). In this scenario the mineral micro-inclusions are 493 

closely related to the diamond lithospheric host rock, as remnants of the growth environment (Logvinova 494 

et al., 2008; Nestola et al., 2014). 495 

 496 

In our study, the sub-micron spherical mineral inclusions (SiO2, talc, orthopyroxene, clinopyroxene, garnet) 497 

are of the eclogitic and websteritic parageneses. Our pyroxene and garnet mineral inclusions generally fall 498 

just within the wide range in eclogitic and websteritic compositions defined by larger mineral inclusions in 499 

monocrystalline diamonds (Stachel and Harris, 2008), with the orthopyroxene of diamond 28 having 500 

slightly lower Mg# than the defined range (Fig. 5). This indicates that the orthopyroxenes are remnants of 501 

lithospheric host rock of unusual iron-rich composition, modified by metasomatic fluids and thus 502 

syngenetic. An alternative possibility is that some of the mineral inclusions crystallised directly from the 503 
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HDF during cooling. Kopylova et al. (2010) suggested that amorphous Na-Mg-Ca-Fe carbonates 504 

(determined by FTIR-Raman-XRD), along with high-Si mica and apatite, were precipitates from 505 

carbonatitic-silicic fluid inclusions trapped in Congo diamonds. Clinopyroxenes with high K2O (1 wt%) 506 

have been suggested to grow in K-rich environments, reflecting interaction with metasomatic fluids 507 

(Harlow, 1997; Izraeli et al., 2001). Experiments on interaction of silicic fluids with peridotite (Rapp et al., 508 

2017) and crystallisation of high-Si mica, carbonate and apatite in a closed system (Kopylova et al., 2010) 509 

suggest it is possible to drive the HDF from silicic to residual saline compositions. However, a syngenetic 510 

origin of most silicate minerals in fibrous diamonds is generally thought to be unlikely due to the low Si-511 

content of the trapped HDF inclusions (e.g, Tomlinson et al., 2006), especially those rich in carbonate, KCl 512 

and H2O (saline to carbonatitic HDFs). The Mg# of the melt in diamond 20 (55-72) is likely in equilibrium 513 

with the garnet (Mg# 55-57) and clinopyroxene (Mg# 78-84) inclusions, as it is similar to experimental 514 

results of a hydrous fluid (Mg# 53-64) at 1100°C and 6 GPa in equilibrium with crystallised garnet (Mg# 515 

55) and clinopyroxene (Mg# 84) (Kessel et al., 2004). Garnet and clinopyroxene can be in equilibrium with 516 

a melt of lower Mg# (35-37) when the melt is anhydrous (Spandler et al., 2007). Diamond 23 may be an 517 

example of this with Mg# of 31-36 and lower H2O/CO2 ratios of 0.49-0.62. Based on the above arguments 518 

it remains difficult to establish whether the minerals have crystallised from or are in equilibrium with the 519 

diamond-forming fluids which substantially interacted with the mantle host rock, or are direct remnants of 520 

the original mantle host rock.  521 

 522 

5.3 Timing of fibrous and monocrystalline diamond formation 523 

It is generally assumed that fibrous diamonds formed shortly before eruption of their kimberlite host based 524 

on their low aggregation state (Boyd et al., 1987; Navon, 1999). Three of the studied Koffiefontein 525 

diamonds (20, 21, and 23) have 100% A-centres, whereas the fibrous and monocrystalline growth zones of 526 

diamond 27 (11-27% B-centres) and the monocrystalline core of diamond 28 and 29 (4% and 21% B-527 

centres respectively) have N in B-centres (Fig. 8 and Supplementary information Fig. A1). The aggregation 528 

of single N atoms in C-centres to pairs of N in A-centres and conversion of A-centres to four N atoms 529 
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around a vacancy in B-centres is strongly influenced by the diamond ‘mantle residence temperature’, time, 530 

and the diamond N concentration (Taylor et al., 1996). The presence of N in pairs (Type IaA diamond) 531 

indicates that the Koffiefontein diamonds of this study are relatively young with a short mantle residence 532 

time at ambient mantle temperatures (Navon, 1999; Taylor et al., 1996). Pearson et al. (1998) showed that 533 

a diamond with 100% A-centres (diamond K306 from Koffiefontein) has a Re-Os age similar to the 534 

kimberlite eruption age. Mantle residence times were calculated with the N concentrations and aggregation 535 

states of the studied samples at 1050 and 1200°C, which essentially brackets the previously established 536 

temperature range (1000-1185°C ± 140°C) for fibrous diamonds from Koffiefontein (Izraeli et al., 2004). 537 

As 100% A or 0% B cannot be used in the time and temperature calculations, for calculation purposes 538 

0.001% B-centres was substituted for samples with 0% B-centres. Taylor et al. (1990) noted that at 539 

temperatures < 1050°C there is no significant conversion of A-centres to B-centres, even for mantle 540 

residence times of several billion years. For the diamonds with ~0% B-centres in this study, the maximum 541 

mantle residence time is < 5 Ma at 1050°C. At 1200°C, the highest aggregation state of 27% B-centres for 542 

diamond 27 gives a mantle residence time of 56 Ma. The mantle residence times are illustrated in Figure 8 543 

for a temperature of 1150°C. The low aggregation state of both eclogitic and peridotitic fibrous diamonds 544 

from Koffiefontein indicates they must have resided at low temperatures and/or formed shortly before 545 

kimberlite eruption (Izraeli et al., 2004). The low aggregation state of most of the monocrystalline gem-546 

quality rims surrounding the fibrous layers indicates a similarly young formation age. This would be the 547 

case for the studied diamonds 20, 21, 23, 28 and 29.  548 

 549 

Older fibrous diamonds may exist, based on the presence of B-centres in cloudy diamonds from Siberia and 550 

in a fibrous diamond from Finsch, Kaapvaal Craton (Logvinova et al., 2011; Skuzovatov et al., 2011; Weiss 551 

et al., 2014; Zedgenizov et al., 2006). Diamond 27 with higher aggregation states (up to 27% B) may be 552 

another such case, and has an age of 280-310 Ma in the core and 118-153 Ma in the outer zone based on its 553 

N systematics and a presumed temperature of 1150°C based on the diamond formation temperatures at 554 

Koffiefontein (1120±95°C; Izraeli et al., 2004; Rickard et al., 1989). This diamond differs from the other 555 
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Koffiefontein diamonds from this study as it is the only diamond with silicic HDF inclusions. Previous 556 

studies of 55 cloudy diamonds from Siberia with B-centres contained high-Mg carbonates-silicates and Cl 557 

present in the fluid phase (up to 20% B, n=20; Logvinova et al., 2011), carbonatitic (15-25% B, n=19; 558 

Skuzovatov et al., 2011), and carbonatitic-silicic inclusions (22-67% B, n=16; Zedgenizov et al., 2006). 559 

Three saline HDF-bearing diamonds with a small amount of N in B-centres have been reported (2% B-560 

centres in the fibrous growth zone of diamond 28 in this study; 5-6.7% B-centres in two monocrystalline 561 

diamonds; Weiss et al., 2014). This indicates silicic-carbonatitic fluids may have been more commonly 562 

actively precipitating diamonds longer before kimberlite eruption or at higher temperatures than saline 563 

fluids. Further studies are needed to investigate this.  564 

 565 

As both the fibrous and monocrystalline outer growth zones in diamonds 20, 21, and 23 are all 100% IaA 566 

diamonds, the time difference between formation of all these different growth zones must have been 567 

relatively small; no more than a couple of hundred thousand years (Navon, 1999; Taylor et al., 1996; Taylor 568 

et al., 1990). For diamond 27 and 28 differences in N contents, N aggregation state, and δ13C compositions 569 

(Table 1) between the fibrous and monocrystalline growth zones suggests there is a difference in time and/or 570 

temperature between their formations. A difference in time is most plausible given the resorption at the 571 

intermediate-rim boundary.  572 

 573 

5.4 Implications for diamond formation 574 

The presence of carbonates and the trends of increasing δ13C values with decreasing N content in the cloudy 575 

Koffiefontein diamonds 21 and 23 of this study indicates formation from oxidised fluids, in agreement with 576 

previous studies (e.g. Boyd et al., 1992; Boyd et al., 1994; Klein-BenDavid et al., 2007). So far no evidence 577 

for fibrous diamond growth from reduced fluids (e.g. pure CH4 carbon speciation) has been found. The 578 

explanation of the change from silicate minerals to pure fluids (saline for diamond 20 and 29; silicic for 579 

diamond 27) caused by introduction of HDF is applicable to other localities. Sudden changes in fluid 580 
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composition have been suggested to be the result of a new fluid (Klein-BenDavid et al., 2004), and bands 581 

with single silicate micro-inclusions found in a cloudy Koffiefontein diamond (Izraeli et al., 2004) were 582 

inferred to be the remnants of previous mineral grain boundaries in the mantle. The clinopyroxene micro-583 

inclusions present at the inner most fibrous growth zone in diamonds 20 and 29 of this study are also likely 584 

to be (metasomatised) remnants of the host rock. This interpretation is consistent with the model of 585 

Sverjensky and Huang (2015) that predicts the breakdown of reactant silicate minerals in the beginning of 586 

the reaction progress when a fluid reacts with metasedimentary eclogite to form diamond and carbonates 587 

by a drop in pH. While their model is for a carbonatitic fluid, such a process could also potentially be 588 

occurring for interaction with saline HDFs.  589 

 590 

Previously it was suggested that the cloudy diamonds at Koffiefontein were formed in one significant event, 591 

as the clouds in eclogitic and peridotitic diamonds have similar characteristics (Izraeli et al., 2004) and 592 

about 20% of the diamonds recovered at the Koffiefontein mine are cloudy diamonds (Rickard et al., 1989). 593 

The cloudy diamonds in this study with saline HDF inclusions in eclogitic and websteritic diamonds have 594 

similar characteristics (HDF composition, N content and aggregation) to the previous studied cloudy 595 

Koffiefontein diamonds. This indicates that the diamond-forming event was widespread and the saline HDF 596 

interacted with peridotitic (Izraeli et al., 2004), eclogitic, and also the more uncommon websteritic 597 

lithology. This study and previous studies (Izraeli et al., 2001; Izraeli et al., 2004; Tomlinson et al., 2006) 598 

have found saline HDFs in diamonds with eclogitic and now also websteritic inclusions, showing the fluids 599 

are not directly associated with a single host rock. The origin of the HDF that formed the young cloudy 600 

diamonds with saline HDFs (diamond 20, 21, 23, 28, 29) is undetermined. Saline HDFs have been inferred 601 

to be related to subduction of hydrated oceanic crust, based on their high Cl and low K/Cl ratios, trace 602 

element patterns and Sr isotopic composition, and the extensive amount of fluid required to be 603 

released/formed in a short time period (e.g. Izraeli et al., 2001; Weiss et al., 2015). However, we are not 604 

aware of evidence of subduction beneath the Kaapvaal Craton in the late Cretaceous (although earlier 605 
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subduction has been proposed) and suggest that alternative models for formation of the saline fluids need 606 

to be considered. Other possible sources of the saline HDFs might be widespread mantle metasomatism 607 

related to proto-kimberlites immediately prior to kimberlite eruption. Further, despite the significance of 608 

the diamond-forming event at Koffiefontein not all cloudy diamonds in Koffiefontein were formed in a 609 

single event, as the cloudy diamond 27 with silicic HDFs and 27% B-centres was likely formed significantly 610 

before kimberlite eruption.  611 

 612 

 613 

6. Conclusions 614 

The nature of the change from fibrous to gem diamond growth and the relation between major element 615 

composition of micro-inclusions and N−δ13C was investigated in this study for six cloudy Koffiefontein 616 

diamonds.  617 

1. The studied diamonds from Koffiefontein have eclogitic (diamond 20, 27, and possibly 21, 23 618 

based on the presence of mica), and websteritic (diamond 28, 29) parageneses based on analysed 619 

micro-minerals.  620 

2. The association of saline HDFs with eclogitic and websteritic mineral inclusions in the 621 

Koffiefontein diamonds of this study, suggests saline HDFs are pervasive and not only 622 

metasomatise eclogitic and peridotitic lithologies in the mantle, but also the more uncommon 623 

websteritic lithology.   624 

3. Three diamonds (21, 23, 28) have carbonatitic−saline fluid inclusion compositions with constant 625 

or increasing carbon isotope compositions in their fibrous growth zones, and formed from oxidising 626 

fluids with various amounts of Rayleigh fractionation. Two diamonds (20, 29) show internal 627 

changes from silicate minerals to saline fluid compositions between and within single growth zones 628 

that are coupled with a simultaneous small decrease in carbon isotope composition and N content. 629 

These diamonds formed by mixing of silicates with a depleted 13C saline fluid.  630 
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4. Diamond 27 is different than the other diamonds as it has silicic HDF compositions and significant 631 

aggregation into B-centres (27% B) in the fibrous growth zones. This implies silicic fluids were 632 

active in the mantle significantly before the kimberlite eruption and resulted in an earlier diamond-633 

forming event at Koffiefontein involving both fibrous and monocrystalline diamond growth.  634 

5. Variations in the N−δ13C contents, and fluid inclusions highlight the complexities associated with 635 

diamond crystallisation from hydrous carbonate-rich fluids. The processes of crystallisation of 636 

fibrous and monocrystalline diamonds may be very similar and the difference in diamond form 637 

may simply reflect the degree of carbon supersaturation of the diamond-forming fluid at the point 638 

of diamond crystallisation and hence the rate of crystallisation. The presence of monocrystalline 639 

rims on relatively young fibrous diamond cores indicates that some monocrystalline diamonds also 640 

formed shortly before kimberlite eruption.  641 
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Figure 1: Reflected light and cathodoluminescence images of diamond-20, 21, 23, 27, 28, and 29 from the 

Koffiefontein mine that were analysed in the present study. Yellow lines represent the interpreted borders 

between core, intermediate and outer growth zones. The white circles represent the locations of the 

SHRIMP spot analyses for C isotope compositions, white squares represent the locations of FTIR analyses 
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for nitrogen, and green triangles the position of SEM-EDS analyses for micro-inclusion major element 

compositions. Spot sizes were 1 µm for SEM-EDS analyses, 27 µm for SHRIMP analyses, and 100x100 µm 

for FTIR analyses. For visibility, the symbols have a similar size in the figure. 

 

 
Figure 1 continued 
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Figure 2: Ternary diagram of silicic, carbonatitic and saline fluid compositions of micro-inclusions in 

fibrous diamond growth zones. It shows the range of compositions of individual analyses of this study and 

averages of analyses per diamond from the literature (Izraeli et al., 2001; Klein-BenDavid et al., 2009; 

Kopylova et al., 2010; Navon et al., 1988; Schrauder and Navon, 1994; Tomlinson et al., 2006; Zedgenizov 

et al., 2009).  
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Figure 3: Diagrams showing the change in nitrogen concentration, a selection of major elements and 

carbon isotope composition, from core to outer zone in the studied diamonds. The grey areas represent the 

fibrous growth zones, the white areas the monocrystalline growth zones. The change in SiO2 and MgO is 

most pronounced and therefore chosen to display the change in major element composition. MgO is not 

displayed in Fig. 3F due to the overlap of MgO and SiO2. A) diamond 20, B) diamond 21, C) diamond 23, 
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D) diamond 27, E) diamond 28, F) diamond 29. For the profiles in figure 3 the carbon isotope analyses 

profile line was chosen as the reference profile line. The position of each N and inclusion data point was 

projected onto the C profile line, as can be seen in the supplementary information figure A4. The deviation 

between the profiles in diamond 20 and 21 are not ideal, but the position in the growth layers was used to 

make a good projection onto the C profile line.  

 

 

 

Figure 4: FTIR spectra of the studied diamonds from Koffiefontein, after baseline correction, re-scaling to 

1 cm diamond thickness and subtraction of the nitrogen peaks. The cores (red), intermediate (green) and 

outer zones (blue) correspond to the layers defined in the cathodoluminescence images in Figure 1. Each 

peak is indicated with the wavenumber of the peak centre and the mineral identification to these peaks is 

given in section 3.2 Diamond impurities – FTIR spectroscopy.  
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Figure 5: A) Mg# (magnesium number Mg/(Mg+Fe) mole fraction) versus CaO (wt.%) for eclogitic garnet 

mineral inclusions of diamond 20. B) Mg# versus CaO (wt.%) for websteritic orthopyroxene mineral 

inclusions of diamond 28. C) Na versus Al in cations per formula unit (6 oxygens basis) for clinopyroxene 

mineral inclusions of diamond 20 and 29. Reference data are of large mineral inclusions in monocrystalline 

diamonds (Stachel and Harris, 2008 and references therein).  
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Figure 6: δ13C versus nitrogen concentration variation, showing the carbon isotope composition is 

systematically increasing from core to rim while the nitrogen concentration is decreasing for diamond 21 

and 23. Symbols represent the data points, the lines are Rayleigh fractionation models, with best fits 

obtained with a starting δ13C0 and N content of -6.0‰ and 255 ppm for diamond 21 and -6.1‰ and 940 

ppm for diamond 23. The KN for the Rayleigh fractionation lines are 1.6 and 2.3 for diamond 21 and 3.2 

and 6.0 for diamond 23 for CO3
2- and CO2 respectively. For diamond 28 the core is different than the rim 

and it appears there is no fractionation trend present. 
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Figure 7: A) A mix between fluids and pyroxene (diamond 20, 29) or talc+quartz (diamond 27). The mixing 

lines are calculated by using a linear trendline and projecting forwards or backwards to the endmember 

mineral and fluid compositions. Points on the mixing lines represent the 10% intervals (10% fluid-90% 

mineral, 20% fluid-80% mineral etcetera). B) The δ13C- SiO2 compositional change is plotted for samples 

20, 27, and 29, based on Table 1 (δ13C) and Supplementary information Table A1 (SiO2). It shows a 

decreasing silica content and carbon isotope composition with similar slopes for diamonds 20 and 29 with 

saline HDFs.  
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Figure 8: The change in nitrogen aggregation state and concentration of the studied samples, showing the 

majority of the samples are likely to be young and have short time gaps between growth zones. The 

exception is diamond 27 with significant B centres present in the fibrous growth zone. The isochrons are 

calculated with a temperature of 1150°C (based on the average formation temperature at Koffiefontein; 

1120±95°C; Izraeli et al., 2004; Rickard et al., 1989) and the parameters of Taylor et al, 1996.  
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Table 1: Carbon isotope compositions and nitrogen concentrations in the studied Koffiefontein diamonds.  

Sample 

δ13C 

(‰)a 

N 

(ppm)b 

 B 

% Zonec    Sample 

δ13C 

(‰) 

N 

(ppm) 

B 

% Zone 

20-1 -4.72 687 0 core  27-1 -5.91   core-1 

20-2 -4.75 558 0 core  27-2 -5.08 835 26 core-2 

20-3 -4.53 371 0 core  27-3 -5.31 814 27 core-2 

20-4 -5.17 545 0 int  27-4 -5.47 690 26 int 

20-5 -6.25 723 0 outer zone  27-5 -5.66 548 21 int 

20-6 -6.28   outer zone  27-6 -5.95 463 13 int 

20-7 -6.32 849 0 outer zone  27-7 -6.00 492 11 int 

20-8 -6.21 836 0 outer zone  27-8 -5.84 550 12 int 

20-9 -6.22 758 0 outer zone  27-9 -4.92 724 11 outer zone 

      27-10 -4.73 660 13 outer zone 

21-1 -3.55   int  27-11 -4.15 517 23 outer zone 

21-2 -4.69 187 0 int       
21-3 -5.15 218 0 int  28-1 -5.01 975 3.9 core-1 

21-4 -5.58   core  28-2 -5.33 999 3.5 core-1 

21-5 -5.81 192 0 core  28-3 -4.66   core-2 

21-6 -5.76 273 0 core  28-4 -5.53 1066 3.8 core-2 

21-7 -5.72 273 0 core  28-5 -4.91 1012 1.9 int 

21-8 -5.79   core  28-6 -5.08   int 

21-9 -5.74 195 0 core  28-7 -5.04 946 1.3 int 

21-10 -5.72 201 0 core  28-8 -6.54 836 1.3 outer zone  

21-11 -4.81 238 0 int  28-9 -6.72   outer zone  

21-12 -4.63 235 0 int  28-10 -6.81 565 0 outer zone  

21-13 -3.74 188 0 int       
21-14 -4.16 140 0 outer zone  29-1 -3.46 987 0 int 

21-15 -3.90 118 0 outer zone  29-2 -3.45 1128 0 int 

21-16 -3.72 106 0 outer zone  29-3 -3.34   int 

21-17 -2.83 99 0 outer zone  29-4 -3.68 951 14 core 

      29-5 -3.57 1167 21 core 

23-1 -6.23   core  29-6 -3.01 1334 19 int 

23-2 -6.25 755 0 core  29-7 -3.31 1213 15 int 

23-3 -6.25   core  29-8 -3.27 1315 9 int 

23-4 -5.96   core  29-9 -3.62 1102 4 int 

23-5 -5.95 541 0 core  29-10 -3.45 1096 4 int 

23-6 -5.53   int-1  29-11 -5.77 918 6 outer zone  

23-7 -5.45   int-1  29-12 -5.16 867 0 outer zone  

23-8 -5.35 384 0 int-2  29-13 -5.26 317 0 outer zone  

23-9 -5.46   int-2       
23-10 -5.21 203 0 int-2       
23-11 -4.76 129 0 outer zone       
23-12 -4.74   outer zone       
23-13 -4.89 105 0 outer zone       

aThe error on the δ13C measurements is 0.27‰ (two standard error) based on repeat analyses of standards MC08 and 

BS249.  
bEstimated error for N concentrations is ~10%.  
cAnalyses were performed along core-to-rim cross-sections as indicated in Fig. 1. 

The FTIR measurements 29-6 to 29-10 of the intermediate zone of diamond 29 have nitrogen in B centres possibly 

caused by interference of the core due to the thickness of the plate.  
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Table 2: Average composition of inclusions in the studied Koffiefontein diamonds 

Sample 20 core  20 int  21 core  21 int  23 core  23 int-1  

Description Sil-low Mg  transitional Carb.  Carb.  Saline  Saline  

 Ave SD Ave SD Ave SD Ave SD Ave SD Ave SD 

Nr. of 

inclusions 

analysed 

15   6   17   10   12   13   

Na2O  3.1 1.4 0.9 1 9.3 2 5 2.6 18.3 4.7 15.5 5.2 

MgO 11.9 1.3 10.3 1.4 10.2 3.4 13 4.2 4.1 1.6 4.8 1.8 

Al2O3 4 1.3 5.5 2.2 2.2 2.5 2.3 1 0.5 0.7 0.6 0.8 

SiO2 44.3 8.1 25.4 5.1 3.5 2 5.9 2.6 1.4 1.1 1.5 1 

P2O5 0.1 0 3 1.7 0.3 1.1 0.5 0.8 0.5 0.9 0.5 0.9 

Cl 7.2 5 6.6 2 22.8 6.8 18.8 5.5 31.3 4.8 30 3.3 

K2O 6.6 4.6 21.7 3 27.1 6.3 25.1 9.9 19.5 7.7 22.4 7.7 

CaO 14.8 2 10.6 2.3 15.6 5.5 16.2 8 7.7 3 7.3 1.4 

TiO2 0 0 1.4 1.5 0 0 0 0 0.2 0.5 0 0 

FeO 8 2.2 14.7 1.8 9 3.8 13.3 7.6 16.5 4.8 17.5 4.8 

Total  12.8 5.2 8.3 4 5.3 1.7 9.7 3.4 11.7 1.9 10.3 3 

             

Si+Al 49.3 5.1 34.7 5 6.7 3.7 10.2 5.6 2.7 1.9 3.1 2 

Na+K 7.9 3.7 18 2.5 38.5 10.6 29 13.5 51.1 10.5 48.7 8.1 

Mg+Ca+Fe 42.8 2.1 47.3 3.8 54.8 10.4 60.8 18.1 46.2 9.9 48.2 8 

             

H2O/CO2+H2O
a 0.92    0.66  0.67  0.62  0.49  

CO2 (ppm) 15    398  56  375  255  

H2O (ppm) 169    777  112  615  248  

a Water and carbon dioxide contents were calculated from peak heights at 3420 and 1430 cm-1 

respectively with the absorption coefficients of Weiss et al. (2010).  
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Table 2: continued 

Sample 23 int-2 
 

27 core-2 27 int 
 

28 int 
 

29 int end 

Description Saline 
 

Silicic 
 

Silicic 
 

Saline 
 

Saline 
 

 Ave SD Average SD Ave SD Ave SD Ave SD 

Nr. of 

analyses 
14   17   9   19   25   

Na2O 15.6 4.9 0.7 1 4.6 0.6 4.8 1.4 1.9 2 

MgO 4.5 2.2 9.1 1.8 6.2 1.3 0.8 1 0.5 0.9 

Al2O3 0.6 0.7 10.5 2 7.6 1.2 0.7 1.2 1.4 1.6 

SiO2 2.1 1.5 58.1 6.9 52.8 3.4 4.5 1.5 6.4 3.8 

P2O5 0.2 0.5 0.5 1 1.9 2 0.1 0.6 0.3 1 

Cl 31.8 5.4 0.2 0.3 0.3 0.5 35.1 3.3 37.2 3.4 

K2O 23.7 6.6 10.9 3.2 15.5 2.4 31.8 4.3 32 3.9 

CaO 7.2 2.7 1.9 1 5.6 3.5 4.7 1.4 6.6 2.3 

TiO2 0.1 0.5 0.6 0.9 0.1 0.4 0.3 1.2 0.1 0.6 

FeO 14.2 3.7 7.6 1.9 5.4 1.1 17.4 4.2 13.5 4.7 

Total  13.4 3.5 11.9 5 8.7 5.4 9 2.5 12.5 10 

           
Si+Al 4 2.6 68.3 5.5 62.7 3.2 9.7 3.5 14.7 7.5 

Na+K 52.3 10.2 8.1 3.2 15.6 1.9 49.7 7 46.2 7.7 

Mg+Ca+Fe 43.8 9.2 23.5 4.6 21.7 4.4 40.6 6.9 39.2 10.9 

           
H2O/CO2+H2O  0.90  0.87  0.90  0.85  
CO2 (ppm)  20  4  11  22  
H2O (ppm)   187  28  99  123  
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Table 3: Composition of mineral inclusions in the studied Koffiefontein diamonds. 

Sample Description SiO2 Al2O3 FeO MgO CaO Na2O K2O P2O5 Cl Total  
O 

=  
Total Mg# 

20 core calcite 3.17 0.00 0.00 5.53 91.30 0.00 0.00 0.00 0.00 9 .99 3 2.92 
 

20 core omph/augc 55.37 4.29 6.89 13.95 16.73 2.76 0.00 0.00 0.00 10.80 6 4.00 78.3 

20 core omph/aug 60.43 4.06 3.97 11.90 17.81 1.83 0.00 0.00 0.00 35.06 6 3.84 84.2 

20 core omph/aug 57.42 4.16 5.61 12.45 18.40 1.96 0.00 0.00 0.00 3.86 6 3.92 79.8 

20 core omph/aug 54.77 2.81 7.26 14.72 18.09 2.35 0.00 0.00 0.00 14.97 6 4.02 78.3 

20 core omph/aug 57.24 4.07 5.62 13.87 16.79 2.40 0.00 0.00 0.00 19.49 6 3.95 81.5 

20 core omph/aug 58.50 3.99 4.68 12.41 18.06 1.93 0.43 0.00 0.00 7.72 6 3.89 82.5 

20 core omph/aug 57.65 4.76 5.17 12.22 18.10 2.11 0.00 0.00 0.00 7.69 6 3.91 80.8 

20 core omph/aug 57.50 4.22 5.67 12.35 18.34 1.92 0.00 0.00 0.00 2.71 6 3.91 79.5 

20 core omph/aug 57.82 3.95 5.73 12.80 17.21 2.21 0.27 0.00 0.00 4.47 6 3.92 79.9 

20 int 
pyrope-

almandine 
41.84 21.36 17.07 12.34 3.69 0.00 1.76 0.00 1.94 6.89 12 7.98 56.3 

20 int garnet 40.27 22.01 17.33 12.13 4.41 0.00 1.86 0.00 1.99 6.87 12 8.04 55.5 

20 int garnet 43.21 21.82 16.09 12.21 3.93 0.00 1.72 0.00 1.01 9.97 12 7.93 57.5 

21 int Mg,Ca,Fe CO3 0.00 0.00 19.08 29.68 43.06 0.00 3.70 1.56 2.91 10.58 3 3.07 
 

21 int Mg,Ca,Fe CO3 8.03 3.93 23.75 29.77 32.08 0.00 2.44 0.00 0.00 5.36 3 2.79 
 

27 core-2 coesite 90.74 4.34 0.00 0.00 0.00 0.00 1.61 3.31 0.00 9.22 2 1.03   

27 core-2 coesite 93.86 4.27 0.00 0.00 0.00 0.00 1.87 0.00 0.00 7.77 2 1.03   

27 core-2 talc 64.38 1.39 5.95 28.28 0.00 0.00 0.00 0.00 0.00 12.71 10 6.34 89.4 

27 int calcite 0.00 6.29 0.00 0.00 93.71 0.00 0.00 0.00 0.00 7.12 3 2.90 
 

28 int 
enstatite-

ferrosilite 
53.41 1.21 15.95 28.18 1.24 0.00 0.00 0.00 0.00 23.65 6 4.04 75.9 

28 int 
enstatite-

ferrosilite 
52.65 1.57 16.25 27.86 1.32 0.00 0.00 0.00 0.35 23.38 6 4.05 75.3 

29 int diopside 56.70 4.58 4.81 12.50 20.50 0.98 0.00 0.00 0.00 12.60 6 3.85 82.2 

29 int diopside 55.90 5.15 4.91 12.60 20.40 1.04 0.00 0.00 0.00 12.00 6 3.86 82.0 

29 int diopside 56.45 4.62 4.15 12.16 19.96 1.97 0.00 0.00 0.70 2.71 6 3.90 83.9 

29 int diopside 58.25 4.17 3.69 11.98 18.76 0.33 1.88 0.53 0.00 1.85 6 3.81 85.2 

29 int diopside 53.92 4.72 5.57 12.19 20.70 2.09 0.00 0.00 0.81 3.28 6 3.95 79.6 

aAnalyses are expressed in wt%. 
bTotal cations are per formula unit based on the amount of oxygen (O) stated. 
cThe clinopyroxenes of diamond 20 are on the boundary of omphacite and Ca-Mg-Fe pyroxenes. In the 

nomenclature of Ca-Mg-Fe pyroxenes it would fall into the augite pyroxene field.  

 

 


