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Introduction

Inclusions in diamond are the only currently known samples from the mantle transition zone and the
lower mantle. Majoritic garnet is a rare inclusion (to date only ~150-200 crystals have been reported),
but its Si content is indicative of its depth of re-equilibration and it therefore has the potential to
provide a depth profile of composition and properties such as oxidation state in the transition zone.

In this study, we use a novel technique — the Synchrotron Mossbauer Source (SMS) (beamline ID18 at
ESRF) to determine the ferric-ferrous ratios of 13 small (30 to 100 micrometers in diameter) majoritic
inclusions in diamonds from Jagersfontein. The inclusions were initially studied by X-ray diffraction
at the Extreme Conditions Beamline (ECB), P02.2, at the PETRA III synchrotron, Hamburg and
confirmed as predominantly monophase garnet single crystals or (in very few cases) as aggregates of
single crystals. There is good agreement between determinations of Fe''/Fe, using Mdssbauer
spectroscopy and single crystal X-ray refinement as well as calculations based on composition
assuming stoichiometry.

Results and discussion
The major element compositions of studied inclusions are listed in Table 1.

Sample Sio; TiO, AlLO; Cr,0; FeO,, MnO MgO CaO Na,0 KO P,0; Total Pressure,GPa Fe*/ZFe
JF-01A 4267 0.13 1995 024 1258 042 1751 6.14 0.15 0.02 99.81 8.10 0.12(2)
JF-09A 4238 0.09 2103 0.08 14.08 040 16.19 6.1 020 001 0.02 100.59 7.88 0.11(3)
JF-22A 4869 0.50 9.65 0.22 11.74 036 2174 573 065 001 0.09 9937 17.88 0.27(3)
JF-37A 4246 0.17 2064 014 1295 0.38 16.88 6.46 0.14 001 0.02 100.24 7.74 0.08(5)
JF-37B 4236 0.19 2068 012 1293 037 16.82 6.40 0.14 001 0.01 100.03 7.71 0.12(3)
JF-39A 4520 0.31 15.01 024 1076 024 2029 567 037 001 0.03 9813 13.47 0.20(1)
JF-42A 4340 0.54 1738  0.03 1289 036 1335 11.16 054 0.02 0.01 99.67 13.04 0.17(3)
JF-44B 4412 0.32 1787  0.31 11.75 030 1773 7.97 0.18 0.01 0.02 100.58 10.15 0.15(3)
JF-50A 4253 0.09 2100 0.15 1318 0.36 17.72 487 019 001 0.02 100.11 7.94 0.08(1)
JF-55A 4794 041 11.91 0.34 944 025 2199 741 043 002 0.02 100.15 15.56 0.30(3)
JF-58A 4331 0.28 18.09 019 1469 041 1820 4.62 027 001 0.03 100.08 10.30 0.15(2)
JF-58B 4367 0.28 18.41 017 1463 040 1842 462 026 001 0.03 100.90 9.92 0.27(5)
JF-84A 4425 041 17.27  0.30 1169 0.31 18.81 6.36 030 0.01 0.02 99.72 11.50 0.15(4)

Table 1. Major element compositions, pressure and ferric iron contents of analysed majoritic garnet inclusions
(Tappert et al., 2005; Beyer and Frost, 2017).

The garnet inclusions we have studied are, in common with most other majorite inclusions,
pyroxenitic in composition in that they follow the peridotite “trend” on a plot of M*" versus
(M*Y+M™) (see Kiseeva et al., 2013 for details), but are low in Cr,05(0.03-0.34 wt%) and Mg# (0.65-
0.81) and high in CaO (4.62-11.2 wt%) (Table 1, Fig. 1).
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Figure 1. Majoritic garnet inclusions in diamonds worldwide (literature data from Kiseeva et al., 2013).
Inclusions studied here from the Jagersfontein kimberlite are shown by red circles. In order to compare
compositions with those of previous studies, all iron has been calculated as Fe*". (A) Divalent cations plotted
against Si, Ti and P. (B) Pressure according to Beyer and Frost (2017) geobarometer plotted against Mg number.

Our measurements show an increase in Fe’'/(Fe+Fe’") with increasing amount of majorite
substitution and hence pressure (Fig. 2). Assuming the presence of pyroxene in the pyroxenitic
diamond substrates, garnet compositions yield pressures of formation of 7.7-17.9 GPa using the Beyer
and Frost majorite geobarometer (Beyer and Frost, 2017). These are minimum pressures, however,
because equilibrium with pyroxene has not been demonstrated. Figure 2 shows that Fe’"/(Fe* +Fe’") is
extremely well correlated with calculated pressure, increasing from 0.08 at 7.7 GPa to values between
0.30 at 16 GPa and 0.27 at 18 GPa. Note that at least 4 of these 13 garnets were formed at (minimum)
pressures of 13 to 18 GPa and, therefore crystallised in the transition zone (410-660 km depth). It is
also interesting to note that our measured Fe’/(Fe*+Fe’") values define a clear extension of the trend
apparent in the data from peridotite xenoliths crystallised at lower pressures and that Fe from the
transition zone garnets is at least twice as oxidised as in any garnet from xenoliths of subcratonic
lithospheric mantle.
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Figure 2. Ferric iron contents of majoritic garnets from Jagersfontein diamonds compared to lithospheric
garnets from peridotite xenoliths. All ferric iron contents determined by Mdssbauer spectroscopy. Data from
Luth et al., 1990; Canil and O’Neill, 1996; Woodland and Koch, 2003; McCammon and Kopylova, 2004;
Lazarov et al., 2009 and Goncharov et al., 2012.

The Fe*"/Fe’" ratio of mantle minerals has been commonly used to determine the oxidation state of the

mantle. According to experimental data and thermodynamic calculations, with increasing depth, fO,
should decrease at constant Fe’"/Fe’" ratio (Wood et al., 1990), driving carbonate into the diamond

.



stability field. Carbonate would therefore be unstable and should oxidise Fe*" into Fe", with the latter
dissolving into garnet according to reactions such as:

4Fe,Si0, + 2FeSi0O; + CO, = 2Fe;* +2Fe,*'Si304, + C

This reaction implies that garnet in equilibrium with carbon (in the form of diamond) should have
elevated Fe’"/Fe”" ratios, consistent with our new observations. To our knowledge, these are the first
data bearing on the oxidation state of majoritic garnets derived from the mantle transition zone.

Our results show that the mantle transition zone is highly heterogeneous and suggest that the
diamond-forming process is intimately linked with the oxidation state of garnet according to reactions
such as proposed above.
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