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It is well established that the cratonic sub-continental lithospheric mantle (C-SCLM)
represents a residue of extensively melted peridotite. The widespread occurrence of
garnet in C-SCLM remains a paradox because experiments show that it should be
exhausted beyond c. 20% melting. It has been suggested that garnet may have formed
by exsolution from Al-rich orthopyroxene, however, the few documented examples of
garnet exsolution in cratonic samples are exotic and do not afford a direct link to garnet
in granular harzburgite.

We report crystallographic, petrographic and chemical data for an exceptionally well-
preserved orthopyroxene megacryst containing garnet lamellae, juxtaposed against
granular harzburgite. Garnet lamellae are homogenously distributed within the host
orthopyroxene and occur at an orientation that is unrelated to orthopyroxene cleavage,
strongly indicating that they formed by exsolution. Garnet lamellae are sub-calcic Cr-
pyrope and the orthopyroxene host is high-Mg enstatite, these phases equilibrated at
4.4GPa, 9750C. The reconstructed precursor is a high-Al enstatite that formed at
higher pressure and temperature conditions of c. 6GPa and 17500C.

The megacryst shows evidence for disintegrating into granular peridotite, and garnet
and orthopyroxene within the granular peridotite are texturally and chemically identical
to equivalent phases in the megacryst. Collectively, this evidence supports a common
origin for the granular and exsolved portions of the sample. We hypothesize that high-
Al enstatite was a common phase in the C-SCLM and that exsolution during cooling
and stabilization of the C-SCLM could be the origin of most sub-calcic garnets in
depleted peridotites.
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ABSTRACT

It is well established that the cratonic sub-continental lithospheric mantle (C-
SCLM) represents a residue of extensively melted peridotite. The widespread
occurrence of garnet in C-SCLM remains a paradox because experiments show that it
should be exhausted beyond c. 20% melting. It has been suggested that garnet may
have formed by exsolution from Al-rich orthopyroxene, however, the few
documented examples of garnet exsolution in cratonic samples are exotic and do not
afford a direct link to garnet in granular harzburgite.

We report crystallographic, petrographic and chemical data for an
exceptionally well-preserved orthopyroxene megacryst containing garnet lamellae,
juxtaposed against granular harzburgite. Garnet lamellae are homogenously
distributed within the host orthopyroxene and occur at an orientation that is unrelated
to orthopyroxene cleavage, strongly indicating that they formed by exsolution. Garnet
lamellae are sub-calcic Cr-pyrope and the orthopyroxene host is high-Mg enstatite,
these phases equilibrated at 4.4GPa, 975°C. The reconstructed precursor is a high-Al
enstatite that formed at higher pressure and temperature conditions of ¢. 6GPa and

1750°C.
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The megacryst shows evidence for disintegrating into granular peridotite, and
garnet and orthopyroxene within the granular peridotite are texturally and chemically
identical to equivalent phases in the megacryst. Collectively, this evidence supports a
common origin for the granular and exsolved portions of the sample. We hypothesize
that high-Al enstatite was a common phase in the C-SCLM and that exsolution during
cooling and stabilization of the C-SCLM could be the origin of most sub-calcic

garnets in depleted peridotites.

INTRODUCTION

The Earth’s ancient cratonic sub-continental lithospheric mantle (C-SCLM),
which makes up the roots of continental shields, is distinctly different in composition
to oceanic and off-craton mantle. C-SCLM is characterized by uniformly high Mg#
(>92) and extreme depletion in FeO, CaO, Al>03 and Na2O and is widely considered
to be the residue of very high degree melting (up to 40%) of the convecting mantle
(Boyd, 1989, Boyd and Mertzman, 1987). The conditions under which such melting
took place continue to be debated, with models ranging from low pressure settings at
ocean ridges (Canil, 2004) or arcs (Kelemen et al., 1998, Parman et al., 2004, Simon
et al., 2007), or at high pressure in a very hot plume (Herzberg, 1993, Griffin et al.,
2003, Arndt et al., 2009). The C-SCLM has remained tectonically stable and isolated
from mantle convection since its formation between 3.5 and 2.5 Ga (Pearson et al.,
1995).

Depleted cratonic peridotites typically contain 5-10% chrome pyrope garnet.
This abundance of garnet is difficult to reconcile with experimental studies on fertile
peridotite, which indicate that garnet should be exhausted by <<20 % melting of

pyrolite mantle (Walter, 1998, Herzberg, 2004). One model to explain this paradox
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proposes that sub-calcic garnets formed metasomatically due to percolation of
reduced, asthenosphere-derived fluids (Malkovets et al., 2007) and/or carbonatite-
kimberlite melts (Bell et al., 2005). Alternatively, Cox et al. (1987) suggested that
most garnet in Archean SCLM peridotites was formed by exsolution from an Al-rich
pyroxene precursor in the depleted residue. Their model is supported by the spatial
relationship between garnet and orthopyroxene (Saltzer et al., 2001) and by
experimental phase equilibria (Canil, 1991, Canil, 1992). Examples of garnet
exsolution in Cr-rich orthopyroxene megacrysts have been described from several
cratons (Aoki et al., 1980, Dawson et al., 1980, Dawson, 2004, Gibson, 2017, Wasch
et al., 2009). However, thus far no direct link between these rare exsolved garnet and
the distinct grains that occur in granular harzburgite has been convincingly
demonstrated.

Here, we present crystallographic, textural and chemical data for a well-
preserved orthopyroxene-garnet megacryst encased in a granular Kaapvaal Craton
peridotite composed of equivalent phases and olivine and discuss the evidence for

exsolution of garnet in the C-SCLM.

SAMPLE AND METHODS

The Kaapvaal SCLM extends to a depth of ~200km, from which xenoliths have been
brought to the surface by numerous kimberlites. Sample BP002, from the Bultfontein
pans (-28.739155, 24.818094), is a garnet harzburgite xenolith dominated by a large
(15x12x7cm) orthopyroxene megacryst containing garnet lamellae, juxtaposed against
coarse granular harzburgite (Fig. 1a). Field counting estimates suggest that such
samples make up 0.5-1% of the xenolith cargo at this locality (this study, Wasch et al.

2009). Garnet and orthopyroxene in both the megacryst and host xenolith were
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analyzed for their major and trace element compositions by SEM-EDS and LA-ICP-
MS at Trinity College Dublin. Orientations of orthopyroxene and garnet within the
megacryst were determined by EBSD at Geosciences Montpellier. Further details are

provided in the Data Repository. All errors are 2c.

RESULTS

Petrology

The megacryst contains 10.4% garnet lamellae, while the granular harzburgite portion
of the xenolith comprises 53% olivine, 40% orthopyroxene and 7% garnet. Garnet
occurs sporadically throughout the harzburgite as subhedral equant grains most often
spatially associated with coarse (typically 2-3mm) orthopyroxene grains. These
commonly display strain birefringence, while olivine and garnet are less strained (Fig.
1b). The boundary between the orthopyroxene megacryst and the host granular
xenolith is transitional over ~2cm (Fig. 1a). Thus, the megacryst appears to have
physically disintegrated into the coarse granular harzburgite. Orthopyroxene sub-

grains within the transitional zone are highly strained.

Crystallography

The garnet lamellae occur at regularly spaced intervals (~4mm) and have a
homogeneous distribution within the host orthopyroxene. The EBSD data show that
there are two populations of lamellae, the first set oriented parallel to {001} of the
orthopyroxene host, the second set cross-cutting the first at 30°, forming a conjugate
set parallel to {011} and {0-11} of the orthopyroxene host (Fig. 2a,c). Importantly,
this orientation shows that the garnet lamellae do not occur along the cleavage

directions of the host. Garnet crystals have a strongly preferred crystallographic axis



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

alignment fabric,

orientated at a systematic, acute angle to orthopyroxene

Geochemistry

Garnet lamellae within the orthopyroxene megacryst are Cr-pyropes with Mg#
86.2 and plot in field of G9 calcic (lherzolitic) garnet (Sobolev et al., 1973), the most
common garnet type in Kimberley xenoliths (Dawson and Stephens, 1975). Garnet
lamellae have sinusoidal chondrite normalized rare earth element (REE) patterns with
a peak at Sm (Smn = 16.1£1.8) (Fig. 3a), typical of garnet from highly depleted
Archaean peridotites. Significantly, garnets within the xenolith are identical to those
in the exsolved sample, with all elemental concentrations agreeing within analytical
error.

The megacryst is an enstatite with high Mg# (94.1) and moderate Al>Os and
CaO (0.74+0.06 and 0.33+0.04wt%, respectively) and is typical of orthopyroxenes
found in garnet-bearing mantle peridotite.

The

REEs in the orthopyroxene also have a humped pattern with a peak at Sm (Smn =
0.16 £ 0.03) (Fig. 3b), similar to patterns previously described for orthopyroxene in
granular garnet peridotites (e.g. Simon et al., 2007). Orthopyroxenes within the
xenolith are identical to those in the exsolved sample, with all elemental
concentrations agreeing within analytical error.

The composition of the precursor phase, constructed using the modal
proportions and compositions of the garnet and orthopyroxene in the megacryst, is

Wo1.4Eng2 2FSs 4. This high-Al enstatite has Mg# 93.6 and high Al,Os3, CaO and low
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SiO», relative to the exsolved orthopyroxene.

DISCUSSION
Evidence for exsolution

The mechanism of garnet formation by exsolution from orthopyroxene is
supported by the homogenous and regular distribution of garnet lamellae within the
megacryst and by the consistent orientation of garnet lamellae, which is unrelated to
the orthopyroxene cleavage. In contrast, if the garnets were metasomatic, the
orthopyroxene cleavage planes would control the orientations of garnet lamellae and
regular distribution would be unexpected. Furthermore, the principal axis alignment

of individual garnets

Similar exsolved samples have previously been described from the SCLM (Aoki
et al., 1980, Dawson, 2004, Dawson et al., 1980, Gibson, 2017), but what is
significant about BP0O?2 is the visible physical disintegration of the megacryst into the
main body of the xenolith. Several observations suggest that garnet and
orthopyroxene throughout the granular portion of sample BP002 likely originated
from structural break-up of exsolved orthopyroxene-garnet megacrysts: the presence
of strained orthopyroxene amongst the relatively unstrained olivine and garnet; the

occurrence of garnet inclusions in orthopyroxene; and the identical compositions of
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megacrystic and xenolithic phases. Exsolved megacryst disintegration could explain
the spatial association of garnet and orthopyroxene more generally seen in granular
peridotites (Cox et al., 1987, Saltzer et al., 2001).

On the basis of the observed modal abundance of orthopyroxene and garnet in
the megacryst and granular peridotite, exsolution may account for 60% of garnet in
the xenolith. In view of the similarity of garnet and enstatite between BP002 and
typical Archaean granular peridotites, we hypothesize that high-Al enstatite was a
common phase in C-SCLM and that exsolution is the likely origin of many sub-calcic
garnets in depleted peridotites. Formation of garnet by exsolution from orthopyroxene
is consistent with the low AI-Cr contents of Archaean peridotite xenoliths which
indicate that little or no garnet was left in the original melt residue (Griffin et al.,

2003).

Sinusoidal REEs

Sinusoidal REE patterns are widely attributed to the interaction of pre-existing grains
with percolating LREE-rich fluids (Stachel et al., 1998) or carbonatitic melts (Shu and
Brey, 2015). In the case of BP002, the attainment of trace element equilibrium
between the two phases and Al-enrichment halos indicate that the sinusoidal REE
patterns predate garnet exsolution. Accordingly, the observed REE patterns may have
resulted from a metasomatic event that occurred prior to garnet exsolution or they

may reflect the petrogenesis of the precursor orthopyroxene.

Formation of the precursor phase
Geothermobarometry of the exsolved megacryst and granular peridotite yield

indistinguishable pressures and temperatures of 4.4+0.9GPa (Al in orthopyroxene
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barometer (Brey et al., 1990)) and 975+17°C (Fe-Mg exchange thermometer, Harley
(1984)). Of greater petrologic interest is the formation regime of the precursor
orthopyroxene that must have originated above the peridotite solidus as a residue of
partial melting. Tschermak substitution (Sis+M*,->2Al3) forms Al-rich orthopyroxene
at high temperatures between pressures of 3 to at least 7GPa (Canil, 1991, Canil,
1992, Walter, 1998). Thermodynamic modeling in the model system CaO-MgO-
Al>03-Si0;2 (CMAS, (Gasparik, 2000)) indicates that the precursor pyroxene with the
observed Tschermak content intersects the solidus at 5.9GPa and 1750°C (Fig. 4).
Constraints from experiments on natural compositions place the precursor formation
depth at 5.0-6.3GPa (Canil, 1991, Canil, 1992, Walter, 1998). The observed
Tschermak composition also intersects the solidus in the model CMAS system within
the plagioclase stability field at 0.3GPa and 1260°C (Fig. 4). Therefore, the more
likely inferred origin is very high P and T.

Collectively, these findings argue against root formation of the Kaapvaal
craton by stacking of shallow residual lithosphere in a collisional setting (Kelemen et
al., 1998, Parman et al., 2004, Simon et al., 2007). Instead, the observations and data
are consistent with the C-SCLM representing the refractory residue after high-degree
melting at depth, for example in a hot plume (Herzberg, 1993, Griffin et al., 2003,
Arndt et al., 2009) yielding an extracted melt of broadly komatiitic composition.
High-degree melting in a hot plume is capable of producing the high-Mg# (low-
density), anhydrous (high viscosity) conditions necessary for the long-term stability of

the Archaean lithospheric mantle.

CONCLUSIONS
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This study documents an unequivocal link between an exceptionally well-
preserved exsolved garnet-orthopyroxene megacryst and sub-calcic garnet in
Archaean granular peridotites. The exsolved megacryst shows evidence for
disintegrating into granular peridotite. Furthermore, equivalent phases within the
megacryst and granular portions of the xenolith are chemically and texturally
identical. The compositions of the exsolved garnets and orthopyroxene are typical of
those from harzburgites and depleted lherzolites from the SCLM, therefore we
suggest that exsolution from high-Al enstatite could be the origin of most sub-calcic
garnets in depleted peridotites.

The reconstructed precursor phase was a high-Al enstatite, which formed at
higher temperature and somewhat greater depth (ca. 6GPa, 1750°C) than the
equilibration conditions of the exsolved phases (4.4GPa, 975°C), likely as a residue
after deep, high-degree melting. Strongly sub-calcic garnet is unique to Archaean
SCLM, therefore its formation by isochemical exsolution is intimately related to the

formation mechanism and cooling history of the Archaean SCLM.
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FIGURE CAPTIONS

Figure 1: A) Scan of xenolith BP002 comprising orthopyroxene macrocryst with
prominent garnet exsolution lamellae juxtaposed with a granular garnet harzburgite;
B) Cross-polarized image of 200um thin section showing strain birefringence and

garnet inclusions in orthopyroxene. Boundary region between yellow lines.

Figure 2: (A) Photograph of (100) face of EBSD sample BP002 looking approx. down
b axis, {110} cleavage is visible running NNW to SSE. (B) EBSD scatter pole figures
of thin section shown in A showing axes to the {100}, {010} and {001} planes in
orthopyroxene and axes to the {100} (faces), {111}, (space-diagonal planes) and
{110} (face-diagonal) planes in garnet. (C) Schematic diagram showing the
orientations of garnet lamellae (gray) in orthopyroxene (white), showing
orthopyroxene cleavage on {110} (black lines). (D) Garnet fabric (axes in grey)
within lamellae at an acute angle to orthopyroxene host (axes in black) on the (100)

face of BP0OO2 from (B).

Figure 3: Chondrite (McDonough and Sun, 1995) normalized trace element
composition of phases in the megacrystic and granular portions of BP002, inset shows

trace element data for Kimberley xenoliths from Simon et al. (2007).

Figure 4: Pressure-temperature diagram contoured for Al content of orthopyroxene
(dashed grey, 100Al per 6 oxygens; Gasparik, 2000) showing the equilibration

conditions of the megacryst (grey triangle), the precursor (grey line).
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ANALYTICAL METHODS

EBSD

Crystallographic orientation of garnet and orthopyroxene in the BP002 megacryst were
determined on two near-perpendicular thin sections, which were highly polished and
uncoated. Electron back-scatter diffraction (EBSD) patterns were collected using a JEOL
5600 SEM system equipped with a NORD LYS camera (hkl technology) at Geosciences
Montpellier. The sample was positioned at a tilt angle 70° from horizontal within the SEM
specimen chamber, and was analysed with a 30um spot at a working distance of 24mm using
a 17kV accelerating volt and a beam current of 37nA. Each pattern was indexed against
Enstatite Opx AV77 and Pyrope 11 giving Mean Angular Deviations (MADs) of <0.7%. Data
was collected using Oxford Instruments Aztec V2.4, and noise reduction was undertaken
using HKL Tango using 6 nearest neighbor interpolation. Data processing was done using the
MTEX free toolbox for Matlab (version 4.3.2; http://mtex-toolbox.github.io).

FGE-SEM-EDS

Major elements were analysed by Field Gun Emission Scanning Electron Microscope Energy
Dispersive Spectrometry (FGE-SEM-EDS) at the iCRAG lab at Trinity College Dublin.
Analyses was carried out using a Tescan TIGER MIRA3 Variable Pressure Field Emission
Scanning Electron Microscope, equipped with two Oxford X-Max 80mm2 detectors, using
the Oxford AZtec X-ray microanalysis software. A beam current of ~285pA was used with an
accelerating voltage of 20kV. The instrument was calibrated using a suite of appropriate
mineral standards from the Smithsonian Institute (Jarosewich et al., 1980). Errors are reported
as 20. Accuracies of 0.6%, 3.2%, and 1.1% were attained for the natural diopside reference
mineral NMNH 117733 for SiO2, MgO, and CaO respectively.

LA-ICP-MS

Trace elements were analysed by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) at Trinity College Dublin. The instrument used was a Teledyne
Photon Machines Analyte G2 laser ablation system, comprising a 193nm ArF excimer laser

and a HelLex Il active two-volume ablation cell, coupled to a Thermo iCAPQc ICP-MS.
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Routine analyses used 2.75Jcm™ an 85x85um spot size and a repetition rate of 80Hz for 2400
shots, with each ablation separated by 30s counting on the gas blank. The calibration standard
was USGS GSD-1G, and USGS BHVO-2G, USGS GSA-1G and NIST616 were used as
quality control standards. Rare earth element (REE) concentrations in orthopyroxene were
determined using a 156x156um spot size and a repetition rate of 80Hz for 4000 shots and 60s
counting on the background, the total sweep time was 5s, following the method of (Stead et
al., 2017). Care was taken to clean analyse grain interiors, free from fractures and inclusions.
Data reduction was done using lolite 2.5 using ?°Si as the internal standard. Errors are
reported as 20. Accuracy is typically <56% for trace elements in USGS reference materials
BHVO-G and GS-A.

Jarosewich, E. Nelen, J. A. and Norberg, J. (1980) 'Reference samples for electron
microprobe analysis', Geostandards Newsletter, 4, pp. 43-47.

Newbury, D. E., and Ritchie, N. W. (2015) 'Performing elemental microanalysis with high
accuracy and high precision by scanning electron microscopy/silicon drift detector
energy-dispersive X-ray spectrometry (SEM/SDD-EDS)', Journal of Materials
Science, 50(2), pp. 493-518.

Stead, C. V., Tomlinson, E. L., Kamber, B. S., Babechuk, M. G. and McKenna, C. A. (2017)
'‘Rare Earth Element Determination in Olivine by Laser Ablation-Quadrupole-1CP-
MS: An Analytical Strategy and Applications’, Geostandards and Geoanalytical
Research, 41(2), pp. 197-212.
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EBSD RESULTS

Garnet crystals have a fabric, with garnets in both lamellae populations having a
dominant crystallographic axis orientation (Fig. 1). The topotactic relationship
between the garnet and the host orthopyroxene is not simple, the garnet grains are
orientated at an acute angle to orthopyroxene at (072)opx//(021)grt, (1351)0px//(862)gr,
(912)0px//(826)grt, (612)0px//(627)grt, (Flg 2).

[100] [010 [001]
Garnet [100] [111]

Figure 1: EBSD scatter pole figures showing orientation of different crystallographic
axes in the two orthogonal BP0O02 thin sections (figure 2E and 2F) rotated to look
down the pole to the (001) plane of orthopyroxene. Low index surfaces of garnet in
different crystals, different lamellae and different lamellae populations are aligned.
Note, axes to the {100} (faces), {111}, (space-diagonal planes) and {110} (face-
diagonal) planes of the garnet cube.

o1g) Correlated En(mmm)-Py(m-3m) boundary misorientation axes - Correlated En(mmm)-Py(m-3m) boundary misorientation axes

0o1] (102 100] 0

Figure 2: Inverse pole flgure showing the orthopyroxene (green) and garnet (red)
crystallographic planes corresponding to maxima in the preferred orientation of
misorientation axes.
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GEOCHEMISTRY RESULTS
Compositional halos around garnet lamellae

Minor compositional zoning is seen around garnet lamellae with Al,O3 increasing and SiO;
decreasing towards garnet lamellae (Fig 1).
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Figure 1: Gradients in Al2O3 and SiO> concentration in orthopyroxene around garnet lamellae (Errors
are 2c), data for regions opxrim1 to opxB1 in figure 1.

Trace element equilibration

There is good agreement between the measured garnet/orthopyroxene ratios and those predicted by
partition coefficients both for the rare earth elements (Sun and Liang, 2013) and other trace elements
(Salters et al, 2002).
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Figure 2: Observed ‘vs’ predicted garnet/orthopyroxene ratios for the megacryst in BP002.
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