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Abstract
Microinclusion-bearing diamonds offer the opportunity to investigate relationships between mantle metasomatism,
diamond formation and kimberlite eruptions in intracratonic provinces. We have analyzed a suite of 7
microinclusion-bearing diamonds from the Finsch Group II kimberlite, South Africa, and identified two diamond
populations: ‘Finsch IaA’ diamonds have nitrogen solely in A-centers and contain saline high-density-fluid (HDF)
microinclusions, while ‘Finsch IaAB’ diamonds have nitrogen in both A- and B-centers (25–35% B-centers) and are
characterized by carbonatite HDF compositions. Based on nitrogen aggregation states and estimates for mantle
residence temperatures, we conclude that ‘Finsch IaA’ diamonds formed during a young saline metasomatic event
that preceded kimberlite eruption by ~50 kyr to 15 Myr. The possible timing of metasomatism and formation of
‘Finsch IaAB’ diamonds by carbonatite HDFs is less constrained, and could have taken place between ~15 Myr and
2 Gyr before eruption. Two of the diamonds encapsulated omphacite microinclusions in association with saline or
low-Mg carbonatitic-like HDF. We observe compositional differences for Al2O3 vs. CaO between these
metasomatised omphacites, and also compared to omphacites in mantle eclogites which were identified as
metasomatised by kimberlite or high-Mg carbonatite; suggesting a possible relationship between Al2O3 and CaO
in metasomatised omphacite and the type of fluid/melt it interacted with. The combined data for microinclusion-
bearing diamonds from the Finsch Group II kimberlite and the neighbouring Group I kimberlites at Koffiefontein
and De Beers Pool indicate that a substantial volume of the southwest Kaapvaal deep lithosphere was impacted by
saline metasomatism during Cretaceous time, and a direct relationship between saline metasomatism, diamond for-
mation and the Kaapvaal late-Mesozoic ‘kimberlite bloom’. We therefore conclude that saline HDFs play a key role
in the buildup of metasomatic mantle sources leading to kimberlite eruptions.
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Introduction

Carbon- and water-rich (C-O-H) fluids in Earths’ mantle play
major roles in Earth processes (e.g. mantle melting) and the
transport of volatiles and trace elements between different
mantle and crustal reservoirs, as well as the atmosphere, as
part of the global circulation of volatiles. C-O-H fluids are
commonly involved in mantle metasomatism and diamond
formation (e.g. Dawson 1984; Deines 1980; Green and
Wallace 1988; Luth 1993; Menzies and Wass 1983;
Schneider and Eggler 1986; Stachel et al. 2004; Wass et al.
1980; Wyllie 1977), and are often encapsulated as fluid
microinclusions in a fast-growing form of diamonds – ‘fibrous
diamonds’ (Navon et al. 1988). Many fibrous diamonds cap-
ture both mineral microinclusions, which represent the
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diamond mantle host rock, and HDF microinclusions, which
are remnants of the metasomatic agent (e.g. Izraeli et al. 2004;
Tomlinson et al. 2009; Weiss et al. 2015). These diamonds
thus capture a ‘snapshot’ of metasomatic fluid-rock interac-
tion (Tomlinson et al. 2009), and their study permits a glimpse
of past episodes of mantle metasomatism, whereby circulating
deep C-O-H HDFs interact with mantle rocks and form
diamonds.

Diamond-forming HDFs vary between four compositional
end-members: saline HDFs that carry mostly K, Na, Cl and
water with some carbonates and silicates; high-Mg
carbonatitic HDFs characterized by high MgO and carbonate,
and low silica, alumina and water; and a continuous array
between silicic and low-Mg carbonatitic HDF end-members,
with varying amounts of silicates, carbonates and water (e.g.
Klein-BenDavid et al. 2009; Navon et al. 1988; Skuzovatov et
al. 2016; Smith et al. 2012; Tomlinson et al. 2006; Weiss et al.
2009). All four HDF-types are generally highly enriched in
most incompatible elements compared to ‘primitive mantle’
(PM) values and are characterized by two main trace-element
patterns: one with high field strength element (HFSE) deple-
tions and high large ion lithophile element (LILE) enrich-
ments, similar to calcalkaline magmas and continental rocks;
the other with smaller enrichments in LILE elements and
smaller depletions in HFSE, and thus ‘smoother’ overall
trace-element patterns similar to oceanic basalts (e.g.
Tomlinson et al. 2009; Weiss et al. 2013). Variations between
the two patterns have been explained in several ways, for
example: Tomlinson et al. (2009) suggestedwall-rock reaction
and fractional crystallization of carbonatite fluids to explain
variations in LILE and light rare earth elements (LREEs);
Klein-BenDavid et al. (2007), Zedgenizov et al. (2009) and
Rege et al. (2010) preferred fractional crystallization and im-
miscibility between end-member compositions, or mixing be-
tween different HDFs, while Weiss et al. (2009, 2013) sug-
gested percolation and interaction of HDFs with mantle rocks
as the reason for observed trace element compositional chang-
es. Incompatible element enrichment in mantle minerals re-
flects such HDF-rock interaction (e.g. Menzies and Wass
1983; Smit et al. 2014; Viljoen et al. 2014; Stachel et al.
2004; Tomlinson et al. 2009), and the impact of this process
in shaping metasomatic mantle reservoirs.

Petrologic and geochemical evidence connects kimberlites
and mantle metasomatism (Greenwood et al. 1999;
Kamenetsky et al. 2004; van Achterbergh et al. 2004), and
experimental studies, emphasize the necessity of enriched
mantle in the formation of kimberlitic melts (Brey et al.
2008; Dalton and Presnall 1998; Le Roex et al. 2003). The
occurrence of diamond ages older than their host kimberlite
eruption age (e.g. Gurney et al. 2010; Kramers 1979;
Richardson et al. 1984), has resulted in a consensus that dia-
monds are xenocrysts in kimberlites. However, the broad sim-
ilarity of REE patterns between silicic to low-Mg carbonatitic

HDFs and kimberlite magmas has been argued to represent a
genetic relation between diamond-forming fluids and kimber-
lites at depth (Akagi andMasuda 1988; Schrauder et al. 1996).
When the comparison is made for high-Mg carbonatite com-
positions, the resemblance in trace element patterns between
HDFs and kimberlites is even more striking, and differences
appear mainly in the overall enrichment factors and fraction-
ation levels between highly incompatible and more compati-
ble elements (Weiss et al. 2011). This observation was used by
Weiss et al. (2011) to argue that high-Mg carbonatitic HDFs
and kimberlites can be best understood as reflecting different
melting regimes affecting the same (or very similar)
metasomatised source compositions.

Here we report major- and trace-element data for HDFs and
mineral microinclusions in seven microinclusion-bearing fi-
brous diamonds from the Finsch Group II kimberlite, South
Africa. We document two diamond populations differing in
their nitrogen aggregation state and HDF compositions, and
discuss the type and timing of the metasomatic events in
which they grew. Combining our data and results on
microinclusion-bearing diamonds from neighboring kimber-
lites (Koffiefontein and De Beers Pool), we explore the recent
sequence of metasomatism in the sub-continental lithospheric
mantle (SCLM) of the southwest Kaapvaal Craton, and the
relationship between HDF metasomatism, diamond forma-
tion, and kimberlite eruptions in this lithospheric province.

Samples and analytical techniques

Samples

Seven microinclusion-bearing diamonds from the Finsch
Group II kimberlite, South Africa, were analyzed for the pres-
ent study. The diamonds vary in weight between 12 and
76mg, and have grey-white to dark grey color. Four diamonds
are ‘cloudy’ (ON-FCH-350, 354, 355 and 356), they have
dodecahedral morphology and contain an internal
microinclusions-bearing part; two diamonds (ON-FCH-351,
352) show a cube-like habit and one is a hailstone boart with
irregular morphology (ON-FCH-349). Each diamond was
laser-cut twice to create a thin plate that was polished on both
sides (Fig. 1). They were then cleaned ultrasonically in a mix-
ture of HF 60% and HNO3 69% for 2 h and washed with
ethanol and distilled water before analysis. Fourier-transform
infrared (FTIR) spectroscopy, electron probe microanalysis
(EPMA) and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) analyses were performed to col-
lect data on the nitrogen concentrations and aggregation states
in the different diamonds, and the major and trace element
compositions and volatile contents of the microinclusions they
carry.
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Fourier-transform infrared (FTIR) spectroscopy

Infrared spectra were collected using a Bruker IRscope II mi-
croscope coupled to a Nicolet 740 FTIR spectrometer (Globar
source, KBr beamsplitter, MCT detector, He–Ne laser).
Spectra were taken in the range of 550–4000 cm−1 with a
resolution of 2 cm−1. Nitrogen concentrations and aggregation
states (Table 1) were determined with a modified version of
the DiaMap freeware (Howell et al. 2012; Daniel Howell and
Yaakov Weiss, unpublished data), using the absorption coef-
ficients of A-centers (double substitution of carbon atoms by
two nitrogen atoms, Type IaA spectrum), B-centers (clusters
of 4 nitrogen atoms and an atomic vacancy substituting 5

carbon atoms, Type IaB spectrum) and C-centers (single ni-
trogen replacing a carbon atom, Type Ib spectrum) (Boyd et
al. 1994; Kiflawi et al. 1994; Boyd et al. 1995). Prior to
deconvolution, the DiaMap program subtracts the intrinsic
diamond absorption spectrum (Type IIa spectrum) and cor-
rects the baseline for the raw data automatically (using a spline
fit to the lowest points). The DiaMap spectral fitting range for
nitrogen was set manually, to minimize the effects on the
deconvolution process from partial overlapping absorbances
of silicates, carbonates and apatite from the microinclusions.
Absorbance due to C-centers was not detected in the Finsch
diamonds. Uncertainties on the A- and B-centers concentra-
tions were determined to be <5%. This was achieved by

Fig. 1 Photomicrograph and
cathodoluminescence (CL)
images of microinclusion-bearing
diamonds from the Finsch Group
II kimberlites. The location and
type (i.e. mineral or HDF) of the
microinclusions that were
analyzed by EPMA in each
diamond are superimposed on its
CL image. Pits on CL images
were excavated during laser
ablation ICP-MS analysis
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increasing and decreasing the amount of IaA and IaB that are
subtracted until a clear peak or a ‘negative’ peak was observed
at 1282 cm−1 (A-centers) and 1332 cm−1 (B-centers).

After baseline correction and subtraction of both diamond
and nitrogen bands, the concentrations of water and carbonate
were determined using the maximum absorbance of water and
carbonate and their absorption coefficients (Weiss et al. 2010).
These concentrations were used to calculate the carbonate
mole fraction (CMF) of the trapped fluids [CMF = carbon-
ate/(water+carbonate) molar ratio; Table 1]. Absorption peaks,
known to be caused by primary mineral microinclusions
trapped by the diamond during its growth, as well as daughter
mineral phases that grew from the trapped HDFs within the
microinclusions, were documented and used to confirm the
general characteristics of the host rock mineralogy and the
nature of the diamond-forming fluids.

Cathodoluminescence (CL) imaging and electron
probe microanalysis (EPMA)

Cathodoluminescence imaging (total intensity at 400–
700 nm) of the diamonds was recorded using a Gatan
MiniCL attached to a JEOL JXA 8600 EPMA. The accelera-
tion voltage was 25 kV and the beam current was 75 nA.
These images provide the internal structure of the diamond
and allow the determination of the exact location of the
microinclusions relative to the growth history of the diamond
(Fig. 1).

The major element compositions of the microinclusions
were determined using a JEOL JXA 8600 EPMA equipped
with a Pioneer-Norvar EDS (133 eV) detector. Backscattered
electron imaging was used to detect shallow, subsurface
microinclusions (<2 μm depth). Each inclusion was analyzed
for 100 s using an acceleration voltage of 15 kV and a beam
current of 10 nA. The electron beam size was 1 μm. A set of
reference materials were used for calibration. Olivine was used
to calibrate Si-Kα, corundum for Al-Kα, hematite for Fe-Kα,
calcite for Ca-Kα, apatite for P-Kα, sodalite for Cl-Kα, spinel
for Mg-Kα, rutile for Ti-Kα, chromite for Cr-Kα, benitoite
for Ba-Lα, sodalite for Na-Kα and orthoclase for K-Kα.
The spectral data were reduced using the ZAF/PROZA cor-
rection software supplied by Noran (Bastin and Heijligers
1991). The total amount of oxides and Cl in each analysis
varied between 1.0 and 19 wt% with an average of 4.3 wt%
for all 165 analyzed HDF microinclusions and between 1.9
and 90 wt% with an average of 12.5 wt% for 117 analyzed
mineral microinclusions (Supplementary File 1, 2 - Table
S1, S2). The low and variable sums reflect the small size of
the inclusions, their depth and their high content of unde-
tected water and carbonates. Precision approximately fol-
lows: 2σ (%) = 2/oxide in wt% (Jablon and Navon 2016),
and is <20% for oxide concentrations of 0.05 wt%, <10%
for 0.25 wt%, <6% for 0.5 wt% and < 2% for 1 wt%. The

ZAF/PROZA processing assumed that the difference from
100 wt% is comprised of pure carbon. Later, all oxide and
chlorine concentrations were normalized to 100 wt% on a
carbon-free and volatiles-free basis (where Cl is present,
excess calculated oxygen leads to a normalized total of
more than 100%) and the average composition of the
HDF in the diamond was calculated.

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) analyses

Trace element concentrations were determined using a
Quantel Brilliant 266 nm Nd:YAG pulsed laser with a beam
diameter of 100 μm coupled to an Agilent 7500 ICP-MS.
Background was measured for 100 s followed by 130 s of
diamond ablation. Data were reduced using the GLITTER
4.4 software (Griffin et al. 2008). A doped cellulose external
standard and the diamond carbon as internal standard were
used (Rege et al. 2010; Rege et al. 2005). Only the most
homogeneous and stable portions of the time-resolved signals
were selected for each diamond. For the high impurity content
of the diamond, blank corrections (Rege et al. 2005) are less
than 1–2%, except for Ca where it is equivalent to 12 ± 5 ppm
or 10% of the typical measured concentrations. The method
limit of detection (LOD) is defined as 3.25 times the uncer-
tainty on the background counts and the limit of quantitation
(LOQ) is defined as 10 times the uncertainty on the back-
ground (Rege et al. 2010). The precision (expressed as
%rsd) is 10% for concentrations between 1 and 100 ppm,
20% for 0.1–1 ppm, 30% for 0.01–0.1 ppm and 40% for
values <0.01 ppm. These analyses yield the concentrations
of elements in the diamond host. In order to obtain the trace
element concentrations of the trapped fluids, all values were
corrected to the average K content of the microinclusions of
each diamond as measured by EPMA (on a water+carbonate
free basis).

Results

Interstitial impurities and microinclusions’ infrared
absorbance

Two diamond populations are observed within the analyzed
Finsch samples, based on their nitrogen concentrations and
aggregation state. Three diamonds (ON-FCH-351, 352 and
355) carry 100 to 400 ppm nitrogen and exhibit absorption
due to nitrogen in A-centers exclusively (pure Type IaA spec-
trum; Fig. 2 and Table 1). The other 4 diamonds (ON-FCH-
349, 350, 354 and 356) have nitrogen concentrations between
500 to 1400 ppm and show absorption of both A- and B-
centers (Type IaAB spectrum), with 25–35% of their nitrogen
residing in B-centers. They have an associated platelet band at
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Fig. 2 Original infrared absorbance spectra of seven microinclusion-
bearing diamonds from the Finsch Group II kimberlites (a-g). The
intrinsic diamond bands at 1800–3800 cm−1 (D), without CO2 and
water overlapping absorbance, is best shown in (d). Nitrogen-related
substitutions (IaA and IaB) in the diamond lattice show absorbance in
the rage of 1150–1400 cm−1; diamonds ON-FCH-351, 352 and 355 (c, d
and f) show nitrogen absorbance due to A-centers only (Type IaA
spectrum; ‘Finsch IaA’ diamond population – labels in green); diamond
ON-FCH-349, 350, 354 and 356 (a, b, e, g) show absorbance of both A-
and B-centers (Type IaB spectrum; ‘Finsch IaAB’ population – labels in
red), nitrogen platelets peak (P; 1373 cm−1) and hydrogen-related peaks
(H; C-H vibration in a VN3H center; 1405, 2785, 3107 and 3237 cm−1).

Absorbance due to mineral microinclusions and daughter phased within
HDF microinclusions are also observed: bands at ~1450 and ~880 and
~750 cm−1 are typical of carbonate absorption (C). The broad band at
~3440 cm−1 and the peak at ~1650 are due to the presence of liquid water
(W). In (d), strong absorption of mica (M; central peak at ~1010 cm−1)
microinclusions is observed in different parts of diamond ON-FCH-352;
the inset in (d) shows the absorbance due to olivine (O) microinclusions
in other parts of this diamond (absorbance due to HDF microinclusions is
not observed in this diamond). (h) total nitrogen (ppm) and %N as B-
centers in ‘Finsch IaA’ (green symbols) and ‘Finsch IaAB’ (yellow
symbols) diamond populations
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1373 cm−1 and pronounced hydrogen-related peaks (C-H vi-
bration in a VN3H center) at 1405, 2785, 3107 and 3237 cm−1

(Fig. 2). For distinguishing between the two groups of dia-
monds, we will use the term ‘Finsch IaA’ and ‘Finsch IaAB’
throughout this paper.

In f r a r ed absorbance due to p r imary mine ra l
microinclusions and/or HDF microinclusions (including vari-
ous daughter mineral phases and a residual low-density hy-
drous solution) is observed for all diamonds. The absorbance
of water (IR bands center at ~3440 and 1650 cm−1) and car-
bonate (~1450 and 880 cm−1) is found in both ‘Finsch IaA’
and ‘Finsch IaAB’ diamonds. However, the ratio of these two
phases, expressed as the molar ratio of carbonate/(carbonate+
water) (CMF), is different for the two diamond groups: vary-
ing between CMF = 0.10–0.13 in ‘Finsch IaA’ and between
0.43–0.51 in ‘Finsch IaAB’ diamonds (Table 1). A band/
shoulder at ~1000 cm−1 and a small peak at 605 cm−1 in some
of the spectra collected, is due to the presence of mica and
apatite daughter phases in the HDF microinclusions, re-
spectively. Additional silicate absorption peaks in the range
between 800 and 1150 cm−1 are observed in diamonds ON-
FCH-349, 350 and 351 (Fig. 2); however, clear mineral
identification based on spectral features could not be
achieved. No carbonate or water bands were detected in
diamond ON-FCH-352 (Fig. 2), suggesting the lack of, or
very small amount of HDF microinclusions in this specific
diamond. Strong absorbance by both mica (central peak at
~1010 cm−1, a shoulder at 975, and a minor peak at
831 cm−1) and olivine (~989, 960, 887 and 843 cm−1) is
observed in different regions of this diamond (in agreement
with EPMA data below).

Microinclusions’ major- and trace-element
compositions

General remarks

One hundred and sixty-five HDF microinclusions and 117
mineral microinclusions were analyzed in the inclusion-rich
zones of the seven diamonds from Finsch (Figs. 1 and 3). The
nitrogen-based distinction between two diamond populations
is further observed in their HDFmicroinclusion compositions:
‘Finsch IaA’ diamonds are rich in saline HDFs (ON-FCH-351
and 355), while ‘Finsch IaAB’ diamonds contain high-Mg
carbonatite (ON-FCH-349, 354 and 356) or ‘low-Mg
carbonatite-like’ (ON-FCH-350) compositions. Variations be-
tween individual diamonds, and between saline and
carbonatite HDFs, are described below. The average major-
e lement compos i t ion of the HDFs and minera l
microinclusions and trace element analyses in each diamond
are presented in Tables 1, 2 and 3, respectively. Raw data for
individual microinclusion analyses are tabulated in

Supplementary File 1 and 2 - Table S1 and S2; trace element
analyses are in Supplementary File 3 - Table S3.

Saline HDFs

HDF microinclusions in two of the ‘Finsch IaA’ diamonds
(ON-FCH-351 and 355; 0% B-centers) show similar saline
compositions, that fall close to the saline HDF end-member
when projected on a SiO2 + Al2O3–CaO + MgO +
FeO–Na2O +K2O or a Cl–CaO +MgO + FeO–Na2O +K2O
ternary diagram (Fig. 3a,b). The average major element com-
positions of the saline HDFs in diamond ON-FCH-351 and
ON-FCH-355 overlap within error (1σ), however in general
the composition of the latter one is higher in K2O and CaO,
and lower in Cl, FeO and Na2O (Fig. 4). In both diamonds the
HDF microinclusions span a limited range of compositions,
lacking any core-to-rim compositional evolution. TheHDFmo-
lar K/Cl and (K +Na)/Cl ratios in diamond ON-FCH-351 are
0.71 ± 0.16 (1σ) and 1.12 ± 0.44, respectively, while in ON-
FCH-355 K/Cl = 1.28 ± 0.17 and (K +Na)/Cl = 1.67 ± 0.34.

The average saline HDF (on a carbonate and water free
basis) has Cl = 30.8 ± 7.2 wt% (1σ = STDEV), K2O = 38.5 ±
6.5 wt% and Na2O = 9.8 ± 2.5 wt%. Other major oxides make
up about 28 wt% altogether: SiO2 = 5.0 ± 0.2, CaO = 4.6 ± 2.0,
MgO = 1.7 ± 0.6, FeO = 11.5 ± 3.2, BaO = 1.4 ± 0.8, Al2O3 =
1.3 ± 0.2, P2O5 = 1.4 ± 0.7 and TiO2 = 0.9 ± 0.3 wt% (as these
saline fluids carry Cl– as a major anion, the total Cl + oxides
sum up to >100% due to excess calculated oxygen). Following
Weiss et al. (2018), we estimate the molar proportions of car-
bonate (and CO2) in the saline HDF as CO3 =Mg + Fe +Ca +
Ba+(Na + K-Cl-Si/3)/2-5P/3-(Si-2 × Ti-(Al-Si/3) × 3/2); as-
suming cations with positive charge in the fluid are balanced
by either carbonate, chloride, phosphate or silicate ions (silicate
phase is assumed to be mica). Once the CO2 is calculated,
the water content is determined based on the FTIR CMF
ratio (Table 1). When both water and carbonate are included
and the total is re-normalized to 1 kg of water (55.5 mol),
the saline HDFs have an average molal proportion of:
Si1.9Ti0.3Al0.6Fe3.7Mg1.0Ca1.9Ba0.2Na7.3K18.8P0.5Cl20.0(C-
O2)7.2(H2O)55.5. Assuming that the main components of the
saline HDFs are water, chlorides, carbonates, phosphates
and silicates, chlorides make up 40% by weight, carbonates
– 21%, silicates – 9%, phosphates – 2% and water make up
28% of the HDFs.

Trace-element patterns of HDF in ON-FCH-351 and ON-
FCH-355 are very similar (Fig. 5a). They are characterized by
elevated concentrations of incompatible elements, with the
most incompatible elements (Cs–Pr) reaching levels of a few
hundred to a few thousand times the primitive mantle (PM)
values. Ba, Th, U, alkalis (K, Rb and Cs) and LREEs are
similarly enriched and elevated compared to Nb and Ta levels;
Ti, Zr and Y show characteristic negative anomalies.
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Carbonatite HDFs

Three diamonds of the ‘Finsch IaAB’ population (ON-FCH-
349, 354 and 356; 26–35% B-centers) carry high-Mg
carbonatite HDFmicroinclusions, withMgO varying between
15 to 30 wt% (Fig. 3c-f). HDFs in diamond ON-FCH-354

have higher BaO, K2O and Cl, and lower MgO, FeO, CaO
and Na2O compared to compositions in diamond ON-FCH-
349, while microinclusions in ON-FCH-356 span the full
compositional range covered by ON-FCH-349 and ON-
FCH-354 microinclusions. Intra-diamond variations exist:
MgO correlates negatively with Cl and K2O (which show
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positive correlations between them) in both ON-FCH-354 and
ON-FCH-356 (Fig. 3d,f), limited correlations between MgO–
FeO and MgO–SiO2 are also observed (not shown). In dia-
mond ON-FCH-356 Cl, Na2O and K2O correlate positively.
On a carbonate and water free basis, the average high-Mg
carbonatite HDF has MgO = 21.4 ± 3.0 wt% (1σ = STDEV),
CaO = 15.6 ± 4.1 wt% and K2O = 27.2 ± 2.3 wt%. Other ma-
jor oxides make up about 30 wt%: SiO2 = 6.0 ± 1.4, FeO =
6.7 ± 0.9, BaO = 10.1 ± 5.1 and Cl = 8.5 ± 4.1 wt%. TiO2,
Al2O3, Na2O and P2O5 make up 6.5 wt% altogether. The
result of Cl– being a major anion in these high-Mg HDFs,
the total Cl + oxides sum up to ~102% due to excess calculat-
ed oxygen. For high-Mg compositions, we estimated the mo-
lar proportions of carbonate (and CO2) as CO3 =Mg + Fe +
Ca + Ba+Na/2 + K/2 + 2Ti-Cl/2-5P/3-(5Si + 9Al)/8-(Si + Al)/

�Fig. 3 Compositions of HDF microinclusions in diamonds from the
Finsch Group II kimberlite (all plots are in wt%). (a) SiO2 + Al2O3–
Na2O +K2O–MgO + FeO +CaO ternary diagram, and (b) Cl–Na2O +
K2O–MgO + FeO + CaO ternary diagram, showing the HDFs
composition in Finsch diamonds compared to the global compositional
HDF end-members varying between saline to silicic to carbonatite (shad-
ed area, delineated by average compositions for 90 individual diamonds).
High-Mg and low-Mg carbonatite end-members plot together in both
ternary diagrams, but variations between these two end-members can be
seen in plots (c) to (f). (c-f) Oxides vs. MgO variations, showing differ-
ences between ‘Finsch IaA’ diamonds carrying saline HDFs and ‘Finsch
IaAB’ diamonds carrying high-Mg carbonatitic and ‘low-Mg carbonatite-
like’ compositions (see text for more info); some differences also occur
between diamonds of the same group. Also shown, the compositions of
microinclusions found in two different growth layers along the rim of a
monocrystalline diamond from Finsch (Finsch_2a_cap1 (inner) – low-
Mg carbonatite, Finsch_2a_cap1 (outer) – saline; Weiss et al. 2014)

Table 2 Major-element composition and calculated mineral formulae of microinclusions in Finsch diamonds

Diamond ON-FCH-349 ON-FCH-350 ON-FCH-351 ON-FCH-352

Mineral phase Orthopyroxene Clinopyroxene Clinopyroxene Olivine Phlogopite

Number of inclusions analyzed 18 37 11 16 34

EPMA results (wt%)

SiO2
a 60.7 (4.3) 52.4 (4.4) 54.2 (1.5) 42.8 (1.4) 47.0 (2.9)

TiO2 0.2 (0.3) 0.5 (0.9) 0.2 (0.3) 0.0 (0.1) 0.8 (0.8)

Al2O3 3.7 (2.6) 6.4 (1.0) 8.0 (1.1) 0.5 (0.5) 12.9 (1.1)

Cr2O3 – – 0.2 (0.3) 0.3 (0.5) 0.7 (0.8)

FeO 4.2 (1.8) 4.8 (1.5) 6.8 (2.0) 7.7 (1.6) 2.9 (1.4)

MgO 27.7 (3.6) 11.1 (1.3) 10.7 (1.5) 47.1 (1.7) 25.0 (1.8)

CaO 1.1 (0.6) 16.9 (1.5) 11.2 (1.4) 0.3 (0.4) 0.4 (0.5)

BaO 0.9 (1.8) 0.5 (0.9) 0.1 (0.3) 0.2 (0.3) 0.1 (0.2)

Na2O 0.8 (0.7) 5.0 (1.1) 6.7 (2.0) 0.4 (0.6) 0.6 (0.9)

K2O 0.4 (0.7) 0.5 (0.7) 0.6 (0.9) 0.2 (0.2) 8.7 (3.0)

P2O5 0.2 (0.4) 0.3 (0.5) 0.7 (1.4) 0.4 (1.0) 0.5 (0.8)

Cl 0.1 (0.2) 2.1 (3.4) 0.7 (1.0) 0.2 (0.3) 0.4 (0.5)

Totalb 10.6 (5.3) 9.7 (8.5) 9.7 (6.4) 12.7 (20.3) 16.9 (25.5)

Mg#c 0.92 (0.03) 0.81 (0.06) 0.74 (0.07) 0.92 (0.02) 0.94 (0.03)

Calculated mineral formulae (apfu)d

Sie 2.08 (0.10) 1.95 (0.07) 1.99 (0.03) 1.04 (0.03) 3.41 (0.15)

Ti 0.00 (0.01) 0.01 (0.03) 0.01 (0.01) 0.00 (0.00) 0.05 (0.05)

Al 0.15 (0.11) 0.28 (0.04) 0.35 (0.05) 0.01 (0.01) 1.11 (0.10)

Cr – – 0.01 (0.01) 0.01 (0.01) 0.04 (0.05)

Fe 0.12 (0.05) 0.15 (0.05) 0.21 (0.06) 0.16 (0.03) 0.18 (0.08)

Mg 1.42 (0.21) 0.62 (0.07) 0.58 (0.07) 1.71 (0.05) 2.71 (0.17)

Ca 0.04 (0.02) 0.68 (0.09) 0.44 (0.05) 0.01 (0.01) 0.03 (0.04)

Na 0.01 (0.01) 0.09 (0.02) 0.12 (0.04) 0.00 (0.01) 0.02 (0.03)

K 0.00 (0.01) 0.01 (0.01) 0.01 (0.01) 0.00 (0.00) 0.20 (0.07)

Σ of cations 3.83 (0.09) 3.79 (0.05) 3.70 (0.05) 2.94 (0.03) 7.74 (0.09)

a Oxide average in wt% after normalization (water and carbonate free basis), and its standard deviation (1σ).
b Initial analytical totals of oxides and Cl (wt%) before normalization
cMg# = 100 ×Mg/(Mg + Fe) molar ratio
d Calculated on the basis of 6 (opx, cpx), 4 (ol) and 12 (phl) oxygen atoms per formula unit
e Cation average and its standard deviation
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8 (assuming positive charged cations are balanced by either
carbonate, chloride, phosphate or silicate ions; Klein-
BenDavid et al. 2009), and calculated the water content based
on the diamond FTIR CMF ratio (Table 1). When both water
and carbonate are included and the total is re-normalized to
1 kg of water (55.5 mol), the high-Mg carbonatite HDFs
h a v e a n a v e r a g e m o l a l p r o p o r t i o n o f :
Si4.8Ti0.9Al1.1Fe4.4Mg25.3Ca13.3Ba3.1Na3.1K22.5P1.2Cl11.4(C-
O2)50.6(H2O)55.5. Assuming that the main components of the
high-Mg carbonatite HDFs are carbonates, water, silicates,
chlorides and phosphates, Cl is entirely associated with K as
KCl and the main silicate phase is mica, carbonates make up
68% by weight, chlorides – 11%, silicates – 7%, phosphates –
2% and water make up 13% of the HDF inclusions.

The trace-element pattern of high-Mg carbonatite HDFs in
ON-FCH-354 is the most enriched among ‘Finsch IaAB’ dia-
monds (Fig. 5b). It shows highly elevated Ba, U and Th
(~20,000 × PM values) and LREEs, relative depleted alkalis
(K, Rb and Cs), Nb and Ta, and negative anomalies of Sr, Ti,
Zr, Hf and Y relative to REEs of similar compatibility. The
patterns in diamondON-FCH-356 andON-FCH-349 are some-
what different. Changes are observed in trace element ratios,
and follow variations in the average major element carbonatitic
composition (Fig. 6a-i): the enrichment of LREEs over heavier
REEs (e.g. La/Gd) decreases with increasing MgO and CaO,
and decreasing Cl content. Th/Nb, Sr/Rb, Gd/Ti and Gd/Y ra-
tios show similar behavior, while Ba/U and Ba/La ratios in-
crease with increasing MgO and CaO.

Table 3 Trace elements compositions in Finsch Diamonds

Sample ON-FCH-349 ON-FCH-350 ON-FCH-351 ON-FCH-352 ON-FCH-354 ON-FCH-355 ON-FCH-356

K2O (wt%)a 26.0 8.7 34.0 29.8 43.1 25.8

No. of analysesb 6 2 4 5 2 5 5

Element (ppm) c

Cs 0.049 (0.003) 0.054 (0.005) 0.056 (0.007) 0.010 (0.002) 0.13 (0.02) 0.023 (0.003) 0.09 (0.01)

Rb 0.49 (0.03) 1.8 (0.2) 1.8 (0.2) 0.8 (0.1) 1.0 (0.2) 0.69 (0.06) 0.74 (0.05)

Ba 43 (5) 19 (3) 27 (5) 0.75 (0.06) 263 (25) 17.6 (1.0) 128 (6)

Th 0.062 (0.008) 0.047 (0.008) 0.30 (0.06) 0.010 (0.001) 3.2 (0.2) 0.15 (0.01) 0.71 (0.03)

U 0.037 (0.005) 0.007 (0.002) 0.06 (0.01) 0.003 (0.001) 0.76 (0.04) 0.026 (0.003) 0.16 (0.01)

K 264 (9) 31 (2) 533 (51) 134 (13) 495 (64) 264 (32) 378 (33)

Ta 0.006 (0.002) 0.008 (0.002) 0.007 (0.003) 0.012 (0.002) 0.003 (0.001) 0.009 (0.002) 0.008 (0.002)

Nb 0.14 (0.02) 0.044 (0.008) 0.30 (0.06) 0.080 (0.005) 0.26 (0.01) 0.28 (0.01) 0.133 (0.008)

La 0.31 (0.02) 0.20 (0.03) 0.84 (0.15) 0.005 (0.001) 8.7 (0.4) 0.80 (0.04) 2.27 (0.08)

Ce 0.76 (0.06) 0.32 (0.04) 0.6 (0.1) 0.006 (0.001) 15.2 (0.6) 0.85 (0.04) 3.7 (0.2)

Pr 0.17 (0.02) 0.046 (0.006) 0.05 (0.01) 0.002 (0.001) 1.70 (0.09) 0.077 (0.005) 0.44 (0.02)

Sr 2.8 (0.1) 1.8 (0.2) 7.8 (1.1) 0.058 (0.004) 43 (2.5) 4.0 (0.2) 16.5 (0.6)

Nd 1.1 (0.1) 0.17 (0.03) 0.15 (0.03) 0.03 (0.01) 4.2 (0.2) 0.20 (0.03) 1.19 (0.08)

Sm 0.09 (0.01) 0.04 (0.01) 0.012 (0.006) 0.10 (0.01) 0.03 (0.01) 0.04 (0.01)

Hf 0.011 (0.004) 0.016 (0.005) 0.009 (0.005) 0.016 (0.003) 0.009 (0.005)

Zr 0.23 (0.02) 0.041 (0.007) 0.025 (0.006) 0.016 (0.003) 0.11 (0.01) 0.091 (0.007) 0.056 (0.006)

Eu 0.011 (0.002) 0.020 (0.003) 0.008 (0.002) 0.015 (0.002) 0.014 (0.003) 0.011 (0.003)

Ti 3.0 (0.2) 1.6 (0.2) 1.2 (0.3) 5.7 (0.3) 0.26 (0.05) 2.2 (0.15) 0.19 (0.07)

Gd 0.026 (0.007) 0.012 (0.009) 0.027 (0.005) 0.044 (0.007) 0.025 (0.009)

Dy 0.017 (0.004) 0.013 (0.005) 0.015 (0.005) 0.007 (0.003) 0.009 (0.005) 0.011 (0.005)

Y 0.037 (0.003) 0.035 (0.003) 0.006 (0.002) 0.002 (0.001) 0.004 (0.001) 0.008 (0.002) 0.008 (0.002)

Ho 0.004 (0.001) 0.006 (0.002) 0.002 (0.001) 0.001 (0.001) 0.003 (0.001) 0.003 (0.001)

Er 0.019 (0.004) 0.009 (0.006) 0.014 (0.004) 0.019 (0.005)

Yb 0.010 (0.006) 0.016 (0.006) 0.008 (0.004) 0.021 (0.008)

Lu 0.003 (0.001) 0.004 (0.001) 0.004 (0.001) 0.002 (0.001) 0.006 (0.001) 0.005 (0.001)

a K2O content (wt%) of the HDFs as measured by EPMA
bThe number of LA-ICP-MS analyses that were included in the average
c All values as measured by LA-ICP-MS in the diamond after blank correction and before normalization to the K content of the microinclusions based on
EPMA, Standard deviations are quoted in brackets and includes counting statistics on the integrated number of counts for each element and for the carbon
internal standard, as well as errors due to the inhomogeneity of the cellulose standard

Empty cell = value below minimum detection limit
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Diamond ON-FCH-350, with 33% B-centers, is part of the
‘Finsch IaAB’ diamonds population. Eight microinclusions
with an average composition of CaO = 23.2 ± 5.6 wt%,
FeO = 16.2 ± 6.1, SiO2 = 11.4 ± 9.9, K2O = 8.7 ± 3.7, Na2O =
5.6 ± 3.6, Cl = 34.4 ± .8 and TiO2, Al2O3, MgO and P2O5

which make up ~8 wt% altogether, were found in this diamond.
The FTIR absorbance of water and carbonate in this diamond is
small (Fig. 2b), but it suggests that thesemicoinclusions contain
HDFs. The HDF in ON-FCH-350 has similar CaO and K2O
contents to low-Mg carbonatite HDF found in microinclusions
in an octahedral diamond from Finsch (Fig. 3c,d; Weiss et al.
2014), but it is lower in MgO and contains significantly higher
amount of Cl (Fig. 3b,f). Based on the high CaO +MgO+ FeO
(~42 wt%) and the presence of carbonate, we consider the HDF
in diamond ON-FCH-350 to be carbonatite (‘low-Mg
carbonatite-like’) and that Ca, as the main cation, compensates
for some of the high amount of Cl.

The trace element pattern of diamond ON-FCH-350 is
mostly flat with no significant elemental anomalies and a
moderate decrease in concentrations from the most incompat-
ible elements toward the more compatible ones (Fig. 5b).
Based on EPMA analyses, the majority of microinclusions
in this diamond are omphacite and only eight HDF
microinclusions were found (Fig. 1). Therefore, LA-ICP-MS
analyses likely average omphacite±HDFmicroinclusions, and
the trace element pattern observed for diamond ON-FCH-350
represents metasomatised omphacite, or the average of a mix-
ture be tween most ly omphaci te and some HDF
microinclusions.

Mineral microinclusions

Omphacite microinclusions are found in ON-FCH-350 and
ON-FCH-351, of the ‘Finsch IaAB’ and ‘Finsch IaA’

Fig. 4 Compositions of saline HDFmicroinclusions in diamond from the
Finsch Group II kimberlite (ON-FCH-351 and ON-FCH-355). (a-d)
Oxides vs. Cl content (all plots are in wt%). Also shown, the

compositions of saline HDF microinclusions in diamonds from the De
Beers Pool Group I kimberlites (Weiss et al. 2018). In all plots, small
symbols – individual inclusions, large symbols – average compositions
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diamonds, respectively. In diamond ON-FCH-351 these
omphacites have an average composition corresponding to
molar end-member proportions of Aeg23Di48Jd29. The aver-
age Mg# [100 ×Mg/(Mg + Fe) molar ratio] is 74 ± 7 (1σ =

STDEV), TiO2 = 0.2 ± 0.3 wt% and K2O = 0.6 ± 0.9 wt%.
Minor Cl (0.7 ± 1.0 wt% on average) was detected in few of
the microinclusions, plausibly from traces of saline HDFs.
Omphacites in diamondON-FCH-350 are more diopside-rich,
and have an average composition corresponding tomolar end-
member proportions of Aeg14.5Di65Jd20.5. They have an aver-
age Mg# = 81 ± 6, TiO2 = 0.5 ± 0.9 wt% and K2O = 0.5 ±
0.7 wt%. Decreasing Si per formula units with increasing
levels of Cl (up to 12 wt%; Fig. 7a), and increasing K and
Na (not shown), indicate mixing between omphacite and
HDFs in some of the microinclusions.

Olivine microinclusions in diamond ON-FCH-352, of the
‘Finsch IaA’ diamonds, have an average Mg# = 92 ± 2. The
same diamond also contains phlogopite microinclusions, hav-
ing an average Mg# = 94 ± 3, 13 ± 1 wt% Al2O3, 0.7 ±
0.8 wt% Cr2O3, 0.8 ± 0.8 wt% TiO2 and a Si/Al and Si/
(Al + Cr) cation ratio of 3.1 ± 0.4 and 3.0 ± 0.3, respective-
ly. Small amounts of 0.6 ± 0.9 wt% Na2O and 0.4 ±
0.5 wt% Cl were detected in these phlogopites, plausibly
from traces of saline HDFs. The trace element pattern of
microinclusions (olivine+phlogopite) in this diamond
show great similarities in the most incompatible elements
(Cs-Sr) to phlogopite-rich xenoliths (MARID and PIC)
compositions (Fig. 5c; Grégoire et al. 2002), which is dif-
ferent compared to patterns of saline HDFs in ‘Finsch IaA’
diamonds (Fig. 5a).

Orthopyroxene microinclusions in diamond ON-FCH-349
have an average composition corresponding to an end-
member composition of En90Fs7.5Wo2.5, with Mg# = 92 ± 3,
Al2O3 = 3.7 ± 2.6 and Na2O = 0.8 ± 0.7 wt%. In most cases
TiO2 was not detected (Supplementary File 2 - Table S2).

Discussion and conclusions

Diamonds from the southwest Kaapvaal Craton date to ages as
old as ~3 Ga (e.g. Pearson et al. 1998; Richardson et al. 1984;
Smith et al. 1991; Aulbach et al. 2009). Considering the var-
iations in nitrogen concentrations and aggregation state (up to
85% B-centers) between and within diamonds from Finsch,
multiple episodes of diamond growth are revealed (Appleyard
et al. 2004; Palot et al. 2013), throughout the Kaapvaal Craton
history (e.g. Carlson et al. 2005; Pearson et al. 1995; Shirey et
al. 2004; Simon et al. 2007). These diamond growth episodes
were triggered by different metasomatic agents, as evidenced
by δ13C-N variations in octahedral and dodecahedral dia-
monds from Finsch (Palot et al. 2013), and by different types
of HDFs (i.e. saline and low-Mg carbonatite compositions)
included in two separate growth layers of an octahedral dia-
mond from Finsch (Weiss et al. 2014). In the present study,
two populations of microinclusion-bearing diamonds from the
Finsch kimberlite have been identified based on their nitrogen
aggregation state and the HDF type they encapsulated (Figs. 2

Fig. 5 Primitive-mantle-normalized incompatible-element patterns of
HDFs trapped in Finsch diamonds. (a) ‘Finsch IaA’ diamonds – ON-
FCH-351 and 355 carry saline HDFs; ON-FCH-352 carries phlogopite
and olivine microinclusions, no HDF microinclusions were found in this
diamond. (b) Finsch IaAB’ diamonds –ON-FCH-349, 354 and 356 carry
high-Mg carbonatite HDFs, in ON-FCH-349 HDFs are associated
orthopyroxene microinclusions; ON-FCH-350 carries omphacite
microinclusions, few microinclusions of ‘low-Mg carbonatite-like’ com-
positions were identified by EPMA (see text for details). (c) Presents the
similarity in trace elements between phlogopite (±olivine)
microinclusions in ON-FCH-352 and MARID and PIC xenoliths from
the Kimberley area, South Africa. In (a) and (b), the HDF average com-
position in a single diamond is represented by patterns with symbols,
individual LA-ICP-MS analyses are lines with no symbols; in (c), ON-
FCH-352 patterns are individual LA-ICP-MS analyses in different parts
of the diamond, MARID and PIC patterns are individual xenoliths.
Primitive mantle values are from McDonough and Sun (1995)
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and 3): ‘Finsch IaA’ diamonds have nitrogen solely in A-
centers and contain saline HDF microinclusions, and ‘Finsch
IaAB’ diamonds have nitrogen in both A- and B-centers (25–
35% B-centers) and are characterized by carbonatitic HDFs
(either high-Mg carbonatite or low-Mg carbonatite-like
compositions).

Given the mantle residence temperatures (average temper-
ature between diamond formation and when it ascended with
the kimberlite) of ‘Finsch IaA’ and ‘Finsch IaAB’ diamonds,
their nitrogen concentration and aggregation state can be used
to provide temporal constraints on their formation, as well as
on the metasomatic events in which the two populations of
diamonds formed (Evans 1992; Taylor et al. 1990, 1996). We
estimate the possible residence temperature for these dia-
monds to be between 1000 and 1250°C, based on

thermobarometry results for non-diamondiferous and dia-
mondiferous xenoliths and touching and non-touching inclu-
sions in diamonds from Finsch and the neighboring kimber-
lites (Koffiefontein and De Beers Pool; Deines et al. 1984;
Gurney et al. 1979; Phillips and Harris 1995; Rickard et al.
1989; Griffin et al. 1992; Izraeli et al. 2004; Lazarov et al.
2009; Phillips et al. 2004; Shee et al. 1982; Viljoen et al.
1992, 2014). Fig. 8a shows that BFinsch IaA’ and ‘Finsch
IaAB’ diamonds could have formed simultaneously, assuming
residence temperature differences of 110–130°C for a mini-
mum of ~20 Ma before the Finsch kimberlite erupted (at
118 Ma; Smith et al. 1985). This scenario is plausible if the
two diamond populations formed at different depths, such as a
20–30 km difference along 38–40 mW/m2 cratonic
geotherms. On the other hand, the two populations of

Fig. 6 Relationships between average MgO, CaO and Cl (a,b) and trace
element ratios (c-i) in high-Mg carbonatite HDFs in ‘Finsch IaAB’ dia-
monds (ON-FCH-349, 354 and 356). MgO correlates positively with
CaO, and both are negatively correlated with Cl contents (see also Fig.
3c,f). With increasingMgO and CaO, the enrichment of LILE (Ba, U, Th)
and LREEs over the alkalis (K, Rb and Cs), Nb, Ta and the more com-
patible elements (especially compared to Ti, Zr and Y) decreases (i.e.

lower La/Gd, Th/Nb, Sr/Rb, Gd/Ti and Gd/Y ratios). Ba/U and Ba/La
ratios increase with increasing MgO and CaO, representing higher levels
of enrichment of Ba compared to U, Th and the LREEs (see also
incompatible-element patterns in Fig. 5b). We note that diamond ON-
FCH-349 contains both high-Mg carbonatite HDFs and orthopyroxene
microinclusions that were likely analyzed as a mixture during LA-ICP-
MS measurements
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diamonds could have formed at different times (Fig. 8b).
Assuming similar residence temperatures for both diamond
groups, the minimum time gap between the formation of
‘Finsch IaA’ and ‘Finsch IaAB’ diamonds is ~15 Myr at
1250°C. This time difference grows longer with lower resi-
dence temperatures, up to ~1.5 Gyr at 1130°C; lower temper-
atures are unlikely as they require the formation of the ‘Finsch

IaAB’ diamonds before 3 Ga. The time difference between the
formation of the two diamond populations extends even lon-
ger, if the average residence temperature of ‘Finsch IaA’ dia-
monds was higher compared to ‘Finsch IaAB’ diamonds. We
favor the formation of ‘Finsch IaA’ and ‘Finsch IaAB’ dia-
monds during two separate metasomatic events, as this sce-
nario provides a simple explanation for both the nitrogen
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aggregation and HDF compositional variations within the
microinclusion-bearing diamonds in Finsch, and allows their
formation at similar lithospheric depth. The finding of saline
and low-Mg carbonatite HDFs in two separate growth layers,
with different nitrogen aggregations, within a single octahe-
dral diamond from Finsch (Weiss et al. 2014) supports this
scenario. Thus, we suggest that ‘Finsch IaA’ diamonds formed
during a young salinemetasomatic event which preceded kim-
berlite eruption by ~50 kyr to 15 Myr. The timing of metaso-
matism and formation of the ‘Finsch IaAB’ diamonds by
carbonatite HDFs is less constrained, and could have taken
place between ~15 Myr and 2 Gyr before the Finsch kimber-
lite erupted.

Saline HDFs of comparable compositions to those in
‘Finsch IaA’ diamonds are found in microinclusions in an
octahedral diamond from Finsch (Fig. 3; Weiss et al. 2014),
and in microinclusions-bearing diamonds from De Beers Pool
and Koffiefontein, associated with both peridotite and eclogite
host-rocks (Izraeli et al. 2001, 2004; Weiss et al. 2018). We
note that saline compositions in De Beers Pool diamonds are
higher in CaO and Na2O, and lower in K2O and FeO, com-
pared to saline HDFs in Finsch diamonds (Fig. 4). However,
all of these diamonds show nitrogen aggregation solely in A-
centers (type IaA), indicating relatively short mantle residence
times and formation during recent metasomatism by saline
fluids. Halide-rich fluid inclusions in MARID nodules
(Konzett et al. 2014) and the presence of mineral phases

enriched in alkalis, Cl and volatile species in mantle xenoliths
from De Beers Pool (e.g. Giuliani et al. 2013) are another
manifestation of this saline metasomatism in the southwest
Kaapvaal deep lithosphere. Earlier metasomatic events in this

Fig. 8 The aggregation of nitrogen from A-centers (paired nitrogen
atoms) to B-centers (aggregates of four nitrogen atoms) as a function of
time and temperature, using the calibration of Taylor et al. (1990). The
proportions of nitrogen in B-centers (%B) increase as nitrogen pairs ag-
gregate to form larger aggregates of four atoms; %B calculated for total
nitrogen of 600 ppm - dashed black contours, %B calculated for total
nitrogen of 200 ppm – solid red contour. ‘Finsch IaA’ diamonds showing
‘pure’ Type IaA spectra are assumed to contain unresolved B-centers that
account for less than 1% of the total nitrogen. (a) Assuming ‘Finsch IaA’
and ‘Finsch IaAB’ diamonds formed at the same time, the two groups of
diamonds must have experienced a difference of 110–130°C in their
mantle residence temperatures for a minimum mantle residence time of
~20 Myr. Their mantle residence times increase significantly with de-
creasing temperatures. (b) Assuming similar residence temperature for
both diamond groups, the minimum time gap between the formation of
‘Finsch IaA’ and ‘Finsch IaAB’ diamonds is ~15Myr at 1250°C and up to
~1.5 Gyr at 1130°C; lower temperatures are unlikely as they require the
formation of the ‘Finsch IaAB’ diamonds before 3 Gyr

�Fig. 7 Compositions of omphacite microinclusions in association with
saline HDFs (green diamonds, ON-FCH-351, ‘Finsch IaA’ diamonds) or
low-Mg carbonatite-like HDF composition (yellow diamonds, ON-FCH-
350, ‘Finsch IaAB’ diamonds, see text for details). Also shown are
clinopyroxene compositions in mantle eclogite xenoliths (small open
circles, Aulbach and Jacob 2016 and unpublished dataset). (a) Si atoms
per formula unit (apfu) against Cl (wt%). Microinclusions containing
mostly pure omphacite have low Cl content (Cl < 0.5 wt%) and cluster
between Si = 3.9–4.1 pfu, while microinclusions containing a mixture of
omphacite and HDF (open diamonds) show decreasing Si pfu with in-
creasing Cl content (these are not shown in b-f). (b) Si pfu against Mg#
(Mg/Mg + Fe molar ratio). Most omphacite microinclusions overlap the
compositional range span by clinopyroxene in mantle eclogites. (c)Na2O
against MgO (wt%). Omphacite microinclusions in diamond ON-FCH-
350 and ON-FCH-351, associated with either low-Mg carbonatite-like or
saline HDFs, respectively, have MgO and Na2O values that are classified
into Group B eclogite, with the ones associated with saline HDFs having
higher Na2O at similar MgO values; A–B–C eclogite classification from
Taylor and Neal (1989). (d) CaO against MgO (wt%), (e) Al2O3 against
MgO (wt%) and (f) Al2O3 against CaO (wt%), show separation between
omphacite associated with different HDF types. ‘Selected data points’
(blue and orange circles) were chosen from clinopyroxene-in-mantle-
eclogites datasets to evaluate the possible relationship between omphacite
composition and HDF type (see text for additional information). In (f),
omphacites in high-Mg mantle eclogites, which were identified as
metasomatised by kimberlite or high-Mg carbonatite are highlighted
(red circles; Aulbach and Jacob 2016 and unpublished data). These most-
ly have high-CaO and low-Al2O3 values that are separated from
omphacites associated with either saline or low-Mg carbonatitic-like
HDFs
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lithosphere province, by carbonatitic and silicic melts/fluids,
are evident by the presence of carbonatitic and silicic HDF
microinclusions in fibrous diamonds (Fig. 3 - ‘Finsch IaAB’
diamonds; Weiss et al. 2018), the presence of phlogopite and
carbonate inclusions in fibrous and octahedral diamonds (Fig.
1; Weiss et al. 2018; Wang et al. 1996), and by the finding of
metasomatic minerals and chemical fingerprints in garnets
within xenoliths from Finsch and De Beers Pool kimberlites
(e.g. Giuliani et al. 2014; Griffin et al. 1999; Jollands et al.
2018).

Mineral microinclusions associated with HDFs in fibrous
diamonds show enrichment in incompatible elements, for ex-
ample: clinopyroxene microinclusions, associated with saline
HDFs in microinclusion-bearing diamonds from the Panda
kimberlite (Slave Craton, Canada), are strongly enriched in
LREEs with a steep REE trend (La/Lu(CN) ≈ 90; Tomlinson
et al. 2009). Such incompatible element enrichment in mantle
minerals reflects HDF–rock interaction and the impact of this
process in shaping trace element enriched mantle metasomatic
reservoirs. On the other hand, it is commonly accepted that the
major element compositions of such minerals reflects their
mantle host rock lithology and its origin. For example, the
variation of MgO and Na2O content in omphacite (Fig. 7c),
between diopside and jadeite end-member components, is
controlled by its host eclogite type, varying between garnet-
pyroxenite of mantle origin (Group A) and kyanite and corun-
dum eclogites of subducted crust origin (Group C; Aulbach et
al. 2016; Coleman et al. 1965; Grütter and Quadling 1999;
Jacob 2004; Macgregor and Carter 1970; Taylor and Neal
1989). Two of the diamonds studied here encapsulated
omphacite microinclusions in association with saline HDF
(ON-FCH-351) or with low-Mg carbonatitic-like HDF (ON-
FCH-350; Fig. 1). They have Si per 12 oxygen formula units
of 3.97 ± 0.07 (1σ) andMg#-values in the same range asmany
clinopyroxenes in mantle eclogite xenoliths (Fig. 7b).
However most omphacites associated with saline or low-Mg
carbonatitic-like HDFs have low Mg# (80 ± 5 on average),
below the median value of clinopyroxene in mantle eclogites
(Mg# = 85; Aulbach and Jacob 2016 and unpublished data).
These omphacites have MgO and Na2O values that are clas-
sified into Group B eclogite (intermediate between Group A
and Group C); with the ones associated with saline HDFs
having higher Na2O at similar MgO values (Fig. 7c).
Separation between the two omphacite groups is further ob-
served in CaO vs. MgO, Al2O3 vs. MgO and Al2O3 vs. CaO
spaces, within the compositional variation array of
clinopyroxene in mantle eclogites (Fig. 7d-f), thus suggesting
a possible relationship between omphacite composition and
the type of metasomatic agent it interacted with. For evaluat-
ing such a relationship, we selected 20 data points from the
clinopyroxene-in-mantle-eclogite-xenoliths dataset of
Aulbach and Jacob (2016 and unpublished data), that have
CaO and MgO values similar to omphacite associated with

saline HDFs (10 data points) or low-Mg carbonatitic-like
HDFs (10 data points; Fig. 7d). The data points mostly overlap
or fall close to the two omphacite groups on Al2O3 vs. MgO
and Al2O3 vs. CaO variations (Fig. 7e,f), reinforcing the pos-
sible connection between omphacite composition and its
metasomatising fluid/melt type. In addition, we note that
omphacites in high-Mg mantle eclogites, which were identi-
fied as metasomatised by kimberlite or high-Mg carbonatite
(Aulbach and Jacob 2016 and unpublished data), mostly have
high-CaO and low-Al2O3 values that are separated from
omphacites associated with either saline or low-Mg
carbonatitic-like HDFs (Fig. 7f). Additional data is necessary
for clarifying the role of different metasomatic agent types in
shaping the major element composition of eclogitic
clinopyroxene. Nonetheless, based on the above observation
we suggest that Al2O3 vs. CaO variations of metasomatic
omphaci te l ikely ref lect the composi t ion of the
metasomatising fluid/melt, and can be used to infer its nature.
This alternative, in addition to trace element patterns of mantle
minerals, is appealing for interpreting the type of fluid/melt
responsible for metasomatism, as remnants of metasomatic
mantle agents are only rarely observed in mantle samples
(e.g. van Achterbergh et al. 2002), and trace element patterns
and fingerprints of different metasomatic agent types can be
similar (e.g. carbonatite, silicic and saline; e.g. Weiss et al.
2013).

Combining the data for microinclusion-bearing diamonds
from the Finsch Group II kimberlite (this study) and the neigh-
boring Group I kimberlites in Koffiefontein and De Beers
Pool (Izraeli et al. 2001, 2004; Weiss et al. 2018), suggests
that a substantial volume of the southwest Kaapvaal deep
lithosphere was impacted by saline metasomatism during
Cretaceous time. Moreover, it indicates direct relationships
between metasomatism by highly saline fluids, diamond for-
mation and the late-Mesozoic ‘bloom’ of kimberlite eruptions
on the Kaapvaal Craton (Griffin et al. 2014). A similar rela-
tionship is possible between saline metasomatism in the cen-
tral Slave Craton, as evident from the majority of saline
microinclusions-bearing type-IaA diamonds from the Ekati
andDiavikmines (Weiss et al. 2015), and Cenozoic kimberlite
eruptions in this lithospheric province. A strong connection,
however, has been established between metasomatised car-
bonated peridotite sources, high-Mg carbonatitic HDFs and
the formation of kimberlitic melts (e.g. Brey et al. 2008;
Dalton and Presnall 1998; Dvir and Kessel 2017;
Greenwood et al. 1999; Kamenetsky et al. 2004; Pokhilenko
et al. 2015; Weiss et al. 2011). Indeed, saline HDFs invaded a
carbonated and metasomatised lithosphere in the Kaapvaal
Craton prior to the kimberlite eruptions, as discussed above.
This also occurred in the central Slave Craton (Weiss et al.
2015). We therefore suggest that saline HDFs, in addition to
carbonatitic metasomatism, play a key role in the metasomatic
‘cocktail’ of mantle sources leading to kimberlite eruptions.
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