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ABSTRACT

Thewidespread occurrence of pyrope garnet inArchean lithosphericmantle remains one of the ‘holy grails’ of
mantle petrology. Most garnets found in peridotitic mantle equilibrated with incompatible-trace-element-
enrichedmelts or fluids and are the products of metasomatism. Less common are macroscopic intergrowths of
pyrope garnet formed by exsolution from orthopyroxene. Spectacular examples of these are preserved in both
mantle xenoliths and large, isolated crystals (megacrysts) from the Kaapvaal craton of southern Africa, and
provide direct evidence that some garnet in the sub-continental lithospheric mantle formed initially by
isochemical rather than metasomatic processes. The orthopyroxene hosts are enstatites and fully equilibrated
with their exsolved phases (low-Cr pyrope garnet ± Cr-diopside). Significantly, P-T estimates of the post-
exsolution orthopyroxenes plot along an unperturbed conductive Kaapvaal craton geotherm and reveal that
they were entrained from a large continuous depth interval (85 to 175 km). They therefore represent snapshots
of processes operating throughout almost the entire thickness of the sub-cratonic lithospheric mantle.

New rare-earth element (REE) analyses show that the exsolved garnets occupy the full spectrum recorded
by garnets in mantle peridotites and also diamond inclusions. A key finding is that a few low-temperature
exsolved garnets, derived from depths of∼90 km, are more depleted in light rare-earth elements (LREEs) than
previously observed in any other mantle sample. Importantly, the REE patterns of these strongly LREE-
depleted garnets resemble the hypothetical composition proposed for pre-metasomatic garnets that are thought
to pre-date major enrichment events in the sub-continental lithospheric mantle, including those associated
with diamond formation. The recalculated compositions of pre-exsolution orthopyroxenes have higher Al2O3

and CaO contents than their post-exsolution counterparts and most probably formed as shallow residues of
large amounts of adiabatic decompression melting in the spinel-stability field. It is inferred that exsolution of
garnet from Kaapvaal orthopyroxenes may have been widespread, and perhaps accompanied cratonization at
∼2.9 to 2.75 Ga. Such a process would considerably increase the density and stability of the continental
lithosphere.
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Introduction

OVER the last 50 years our understanding of the
thermal and compositional structure of the Earth’s
interior has changed dramatically. Pivotal to this
transformation in scientific understanding have

been findings from petrological and geochemical
studies on kimberlite-borne mantle xenoliths and
inclusions in diamonds; these provide the only
direct information on the deep mantle, and in turn
unique constraints on its long-term evolution and
compositional variability (e.g. Boyd, 1989; Boyd
et al., 1993; Burgess and Harte, 2004; Dawson,
2004; Dawson et al., 1980; Harte, 1983; Pearson
et al., 2014; Pearson and Wittig, 2013; Stachel
et al., 2004, 2005; Walter et al., 2011). Information
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gained from pressure and temperature (P-T)
estimates of these mantle fragments has been
fundamental to calculation of geothermal gradients
and calibration of corresponding seismic data, and
key to understanding the long wavelength, spatial
variability in the thermal structure and thickness of
ancient continental lithosphere (e.g. Begg et al.,
2009; Griffin et al., 2003; Mather et al., 2011;
McKenzie et al., 2005; Priestley and McKenzie,
2013).
Even after several decades of mantle petrology,

isotope geochemistry and solid-Earth geophysics
there is, however, no consensus on how the ancient
cores of continents formed and information on
macro-scale geodynamic processes gained from
micro-scale observations and in situ analyses of
individual phases continues to fuel investigations
on mantle peridotites. While mantle xenoliths are
our only direct probes of the deep Earth, most have
suffered modal and cryptic overprinting since their
initial time of formation (Boyd et al., 1993;
Dawson, 1987), which makes deciphering their
pressure-temperature and time histories complex.
Much of the interpretation of the compositional
evolution of the sub-cratonic mantle has focused on
pyrope garnets (e.g. Burgess and Harte, 2004;
Gibson et al., 2008, 2013; Harte and Gurney, 1981;
Ivanic et al., 2016; Shu and Brey, 2015; Stachel
et al., 1998) but the widespread and variable
occurrence of this high-density phase in Archean
lithospheric mantle remains one of the outstanding
‘holy grails’ of mantle petrology. The nature and
timescales of formation of garnet are important to
our understanding of how the deep keels of Earth’s
sub-cratonic lithospheric mantle have remained
stable for the last 2.5 Ga, as it potentially leads to
negative buoyancy and destabilization (Gibson
et al., 2013; Jordan, 1979; Lee et al., 2011;
Peslier et al., 2010; Schutt and Lesher, 2010).

Archean sub-cratonic mantle peridotites are
distinguished from those found in off-craton
settings by their higher Mg# (Mg/[Mg +
Fe] × 100), which is commonly >92, and are
considered to be more refractory melt residues
(Boyd, 1989). Much of the Archean sub-cratonic
lithospheric mantle is thought to consist of
amalgamated residues of convecting mantle
melting (Boyd et al., 1993; Harte, 1983) that
formed by: (1) single-stage melting in a tectonic
setting analogous to present-day oceanic spreading
ridges (Doucet et al., 2012; Gibson et al., 2008)
and/or hotspots (Arndt et al., 2009), but at potential
temperatures up to ∼250°C higher (Herzberg and
Rudnick, 2012; Lee and Chin, 2014; Richter,
1988); or (2) multi-stage shallow melting, initially
beneath a spreading ridge followed by hydrous
remelting in a convergent tectonic setting (Carlson
et al., 2005; Pearson and Wittig, 2008; Shu et al.,
2013; Simon et al., 2007). Despite these different
opinions on the melting regime, Re-Os model ages
indicate that melt depletion events associated with
the initial formation of sub-cratonic lithospheric
mantle were ancient and occurred between 3.5 and
2.5 Ga (Pearson et al., 1995; Walker et al., 1989).
The paradox is that garnet typically occurs in
mantle lithologies depleted in clinopyroxene
(dunites and harzburgites), which represent resi-
dues of major melting events involving up to 40%
partial melting, whereas experimental studies on
fertile peridotite suggest that garnet should be
exhausted by <20% melting (Fig. 1; Herzberg,
2004; Simon et al., 2003; Walter, 1998).
The compositions of pyrope garnets commonly

found in mantle peridotite suites are diverse and
generally vary in accordance with paragenesis
(Burgess and Harte, 2004; Grütter et al., 2004;
Gurney et al., 1979; Gurney and Switzer, 1973;
Sobolev et al., 1973). For example, garnets from

FIG. 1. Change in density of mantle peridotite as garnet is removed during partial melting (after Artemieva, 2011).
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harzburgites have low CaO contents and are
commonly ‘sub-calcic’ whereas those found in
lherzolites have higher CaO contents, and show a
steep positive correlation with Cr2O3 (Fig. 2).
Typically, pyrope garnets from a lherzolitic sub-
cratonicmantle are enriched in strongly-incompatible
trace elements from which equilibrium with high-
pressure, small-fraction, volatile-rich, metasomatic
mantle melts or fluids has been deduced (e.g.
Gibson et al., 2013; Shu and Brey, 2015; Stachel
and Harris, 1997). A substantial overlap exists
between sub-calcic garnets found in harzburgites
and those in diamond inclusions (Stachel and
Harris, 2008) and suggests that they represent
garnets from the early formation of the sub-
continental lithosphere. The discovery of: (1) rare
garnets with ultra-depleted CaO (<2 wt.%; Fig. 2)
and/or very-low incompatible-trace-element con-
tents (Dawson, 2004; Gibson et al., 2013); and
(2) exsolution lamellae of garnet in orthopyroxene
(Aoki et al., 1980; Dawson, 2004; Dawson et al.,
1980; Eggler et al., 1979) suggest that at least some
pyrope garnets in the lithospheric mantle have an
isochemical rather than a metasomatic origin.

The scarcity of garnets with exceptionally-low
CaO is almost certainly because less than 1% of the
mantle sampled by xenoliths and megacrysts is
unmetasomatized (Pearson and Wittig, 2013) and
the extent towhich sub-cratonic lithospheric mantle
has been affected by exsolution of garnet from
orthopyroxene (enstatite) remains enigmatic; much
more widely reported is the exsolution of garnet
from clinopyroxene in mantle eclogites and
pyroxenites rather than peridotites (Beeson and
Jackson, 1970; Faryad et al., 2009; Harte and
Gurney, 1975; Jerde et al., 1993; Roach, 2004;
Sautter and Harte, 1988, 1990; Wilkinson, 1976).
Here, I present detailed descriptions of mineral
microstructures together with the first in situ
major- and trace-element analyses of pyrope
garnets found as exsolution lamellae in enstatites.
Geothermobarometry shows that sub-solidus
exsolution occurs over an extensive depth range
in the Kaapvaal lithospheric mantle. This supports
the hypothesis that isochemical formation of garnet
is not a localized feature and hence of importance to
our understanding of the evolution and long-term
stability of the lithospheric mantle.

FIG. 2. CaO vs. Cr2O3 classification plot for mantle garnets in equilibrium with orthopyroxene and/or clinopyroxene,
after Sobolev et al. (1973) and Grütter et al. (2004). The compositions are shown for garnets exsolved in orthopyroxene
megacrysts and orthopyroxenes found in mantle peridotites entrained by various kimberlite pipes from the Kaapvaal
craton. Garnets in equilibrium with primitive mantle melts are characterized by ∼2 wt.% Cr2O3 and 4 to 5 wt.% CaO. In
garnet lherzolites, orthopyroxene and clinopyroxene buffer the effects of moderate degrees of melt depletion which
causes the Ca and Cr contents of garnets to increase until all of the clinopyroxene is exhausted (Grütter et al., 1999;
Stachel and Harris, 2008). Data are from Table 2.The field of discrete and exsolved garnets found in peridotites from the

Sierra Nevada continental arc (Chin et al., 2012) is shown for comparison (see text for discussion).
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Evidence for isochemical formation of pyrope
garnet in the lithospheric mantle

Low Ca and Cr (‘ultra-depleted’) pyrope
garnets

Published reports of pyrope garnets formed by
isochemical exsolution are abundant in the litera-
ture. A small number of pyrope garnets with ultra-
depleted major- and/or trace-element compositions
have been found in mantle peridotites from the
Tanzanian and Kaapvaal cratons (Gibson et al.,
2013; Lazarov et al., 2009, 2012; Shu and Brey,
2015), and also in xenocryst suites from the
Siberian, North Atlantic and Superior cratons
(Grütter and Tuer, 2009; Ziberna et al., 2013).
They are distinguished by their very low CaO
contents (<2 wt.%; Grütter et al., 2004). Ultra-
depleted garnets found in mantle peridotites from
the Tanzanian sub-cratonic mantle (at Lashaine) are
especially notable because they have very low
concentrations of light rare-earth-elements (LREEs)
that are similar to those of hypothetical garnets
thought to have formed prior to metasomatism of
the Earth’s sub-cratonic mantle (Gibson et al.,
2013). These rare Ca- and Cr-poor garnets coexist
in chemical and textural equilibrium with highly-
refractory olivine (Fo95.4) and orthopyroxene (Mg#
= 96.4). Importantly, all of these phases are more
magnesian than generally encountered in global
samples of depleted lithospheric mantle, i.e.
harzburgites and diamond inclusion suites
(Gibson et al., 2013). The Tanzanian ultra-depleted
garnets form interconnecting networks (‘neck-
laces’) around grains of orthopyroxene, which
together with the major, trace and REE contents
of the garnets implies an origin by isochemical
exsolution involving diffusion of large cations (Si4+

and Al3+) to grain boundaries during sub-solidus
cooling. The ultra-depleted Tanzanian garnets
occur in low-temperature (∼1050°C) peridotite
xenoliths derived from depths of ∼120 km, i.e.
shallower than those normally reached by perco-
lating metasomatic melts and fluids in this region,
and have not been metasomatized by their trans-
porting melts (Gibson et al., 2013).
Occurrences of garnets with ultra-low CaO

contents may be rare because: (1) their low CaO
concentrations make them readily susceptible to
geochemical overprinting by Ca-rich metasomatic
melts (e.g. Burgess and Harte, 2004; Gibson et al.,
2013; Griffin et al., 1999a; Schulze, 1995); and (2)
highly-refractory peridotite is more common in the
‘shallow’ lithospheric mantle but is not normally

brought to the surface by ascending melts, which
tend to metasomatize and preferentially sample
their source regions in the deeper mantle.
Nevertheless, the depleted compositions of these
garnets offer important evidence that they are not
solely a result of fractional crystallization and/or
reaction of percolating, incompatible-trace-
element-rich, metasomatic agents in the sub-
cratonic lithospheric mantle (Eggler and
Wendlandt, 1982; Gurney et al., 1979).

Garnet exsolution from orthopyroxene in
megacrysts and peridotite xenoliths from the
Kaapvaal sub-cratonic lithosphere

Olivine, orthopyroxene, clinopyroxene, garnet,
ilmenite and phlogopite commonly occur as large
(>2 cm), single ‘megacrysts’ in kimberlites
(Dawson, 1980). Suites of these mantle megacrysts
vary in terms of their compositions and have been
divided into: (1) a Cr-poor megacryst suite, which
contains garnet, orthopyroxene, clinopyroxene and
ilmenite with low Cr2O3, high TiO2 contents and
variable Mg# (Harte and Gurney, 1981); and (2) a
less-common, Cr-rich megacryst suite with compo-
sitions similar to those found in mantle peridotites
(Eggler et al., 1979; Moore and Costin, 2016). A
further suite of orthopyroxene megacrysts, distin-
guished by their coarse exsolution lamellae (cf. fine
exsolution lamellae present in Cr-poor and Cr-rich
orthopyroxene megacrysts) has also been described
(Eggler et al., 1979). These orthopyroxene mega-
crysts are characterized by much lower CaO at a
given Al2O3 content and extend to more Mg-rich
compositions than orthopyroxenes in the Cr-poor
and Cr-rich megacryst suites (Gurney et al., 1979).
Chromium-poor megacrysts crystallize over a

wide range of temperatures (1050 to 1400°C) in the
lower sub-cratonic lithosphere and have been
linked via their large size, compositions and ages
to fractional crystallization of percolating, meta-
somatic, kimberlite-like melts (Harte et al., 1993).
The sub-microscopic exsolution lamellae in both
the Cr-poor and Cr–rich orthopyroxene megacrysts
most probably formed by relatively rapid cooling
whereas the orthopyroxenes containing macro-
scopic exsolved garnet are thought to have cooled
slowly and represent fragments of ancient litho-
spheric mantle (Harte and Gurney, 1981). Both fine
and coarse garnet exsolution lamellae have been
described in orthopyroxene found as megacrysts at
Frank Smith and Bellsbank diamond mines in the
classic Kimberley area and in a lherzolite xenolith
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(BD1366) from Monastery mine, Lesotho (Aoki
et al., 1980; Dawson, 2004; Dawson et al., 1980).
In the latter, garnet occurs together with Cr-spinel
and Cr-diopside as fine-scale exsolution lamellae in
a large porphyroclast of orthopyroxene (enstatite)
or as a ‘necklace’ along orthopyroxene grain
boundaries (Dawson, 2004). These exsolution
textures are associated closely with deformation
textures (kink banding) in the enstatite host and
appear to be linked to strain of the crystal lattice
(Dawson, 1981).

Analytical Methods

In this study, modal proportions of mineral phases
were determined by tracing grain boundaries in
digital scans and then calculating the areas
occupied by each phase using the open-source,
image-processing package Fiji®. Orthopyroxene,
clinopyroxene and garnet were analysed in 13
samples for major and some trace elements using a
Cameca SX100 electron microprobe in the
Department of Earth Sciences at the University of
Cambridge. This was equipped with five
wavelength-dispersive spectrometers and one
energy-dispersive spectrometer. Trace-element
concentrations in garnet were determined in five
of these samples using a New Wave UP213 Nd:
YAG laser ablation system interfaced to a Perkin-
Elmer Elan DRC II inductively coupled plasma
mass spectrometer (LA-ICP-MS) in the
Department of Earth Sciences at the University of
Cambridge. An 80 µm diameter beam and a
laser repetition rate of 10 Hz at a power of ∼1 mJ
(10 J cm–2) were used for the entire study. The spot
size was chosen as a compromise between signal
intensity and the size of the minerals of interest in
the samples. Further details of analytical techniques
are provided in Supplementary Files, which have
been deposited with the Principal Editor of
Mineralogical Magazine and are available from
http://www.minersoc.org/pages/e_journals/dep_mat_
mm.html.

Petrographic description of orthopyroxene
and exsolved garnet

This investigation is based on three mantle
peridotites and 26 orthopyroxene megacrysts
collected in the 1960’s by J B Dawson from
various kimberlite localities (mines) in central and
southern parts of the Kaapvaal craton (Frank Smith,
Bultfontein and Wesselton in the Kimberley area,

Jagersfontein and Monastery). The orthopyroxene
megacrysts occur as euhedral, stout prisms up to
several centimetres long. They are fresh and many
contain visible crystals of pink-purple garnet and,
to a lesser extent, emerald-green clinopyroxene
(Fig. 3). Microstructures in the orthopyroxenes –
such as undulose extinction and oriented, fine
lamellae – are most evident in cross-polarized light
(Fig. 4). The textures associated with the exsolved
garnet can be subdivided into four types. (1) Fine
closely-spaced lamellae or rods. (2) Isolated blebs
of exsolved garnet in single grains of ortho-
pyroxene. This texture is the least common. The
blebs are elongate and sometimes have spindle
shapes with a preferred orientation, parallel to
{110} of the host orthopyroxene (e.g. BD1959,
Wesselton mine, Fig. 4a). (3) Veinlets or chains of
rounded grains of pale-pink garnets within ortho-
pyroxene grains. Their orientation varies from
parallel, to inclined and/or perpendicular to the
cleavage (e.g. BD2015/3a, Frank Smith mine,
Fig. 4b). (4) Necklace texture formed of equant
grains of pale-pink garnet. The interconnected
networks of stringers extend over several centi-
metres along orthopyroxene grain boundaries (e.g.
BD1951, Bultfontein mine, Fig. 4c).
Clinopyroxene also sometimes occurs along grain
boundaries in close association with the garnet.

FIG. 3. Hand specimen images of enstatite megacrysts with
exsolved pyrope garnet and Cr-diopside.
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In orthopyroxene megacrysts, garnet tends to be
the dominant exsolved phase and may occupy up to
∼25 vol.% of the crystal (Table 1). The highest
proportion of orthopyroxene occurs in megacrysts
that contain isolated blebs of garnet (Fig. 4a).
Intra-grain exsolution of garnet is best preserved in
large orthopyroxene grains (i.e. megacrysts). This
is presumably because in the smaller grains
(<10 mm), which are commonly found in peridotite
xenoliths, diffusion lengths of Al3+ and Si4+ are
such that garnet nucleates in interconnected net-
works of crystals on orthopyroxene grain bound-
aries. Clinopyroxene only occurs in small modal
amounts (<6%) and forms rods or blebs with
deformation twins (Fig. 4a). Minor secondary
phlogopite was observed in a few samples
(Table 1).

Multi-stage, multi-phase exsolution in a single
orthopyroxene megacryst

The wide variety of exsolution styles are
displayed strikingly in a single enstatite megacryst
BD3736/1 (Fig. 5). These offer a unique insight
into the sub-solidus cooling history of sub-
cratonic lithosphere and hence are described in
detail below.
Megacryst BD3736/1 was entrained by the

86 Ma Jagersfontein kimberlite (Smith et al.,
1985). The host enstatite, which is 20 mm long
and 10 mm wide and shows undulatory extinction,
contains 23% exsolved garnet and 2% exsolved
clinopyroxene (Table 1). The exsolved garnets
occur as elongate, 1.5 mm wide grains that form
evenly-spaced (4 mm) chains parallel to {001} of

FIG. 4. Photomicrographs (in cross-polarized light) illustrating the range of exsolution textures involving garnet and
sometimes clinopyroxene in mantle-derived orthopyroxenes from the Kaapvaal craton. (a) Exsolution lamellae of
clinopyroxene and blebs of garnet in an orthopyroxene megacryst (BD1959, Wesselton; P = 39 kbar, T = 940°C);
(b) exsolution lamellae of garnet in an orthopyroxene megacryst (BD1951, Bultfontein, Kimberley; P = 37 kbar,
T = 904°C); and (c) necklace texture of garnet around orthopyroxene in a peridotite xenolith (BD2015/3a, Frank Smith

mine; P = 35 kbar, T = 940°C).

TABLE 1. Modal abundances (vol.%) of orthopyroxene host and exsolved phases.

Sample Locality Texture Orthopyroxene Garnet Clinopyroxene Phlogopite

BD1940 Wesselton Chains 83 17 0
BD1942 Wesselton Chains 77 23 0
BD1945 Wesselton Necklace 91 9 0 Trace
BD1946 Wesselton Chains 82 18 0
BD1951 Kimberley Chains 82 18 0 Trace
BD1954 Kimberley Chains 96 1 3
BD1959 Wesselton Blebs 93 2 6
BD2015/2a Frank Smith Chains 89 10 1
BD2015/4 Frank Smith Chains 84 14 3
BD2015/5 Frank Smith Necklace 89 10 1 Trace
BD3736/1 Jagersfontein Chains 75 23 2
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he orthopyroxene host. Coarse, ‘spindle-shaped’
blebs and also fine lamellae of clinopyroxene occur
perpendicular to the exsolved garnet chains, and are
parallel to {110} of the host orthopyroxene (Figs 5
and 6). The clinopyroxene blebs occur
at evenly spaced intervals (0.75 mm) along ortho-
pyroxene-garnet grain boundaries and often extend
out into the host orthopyroxene forming thin
‘tails’ (Fig. 6 and Supplementary Figure, deposited
at http://www.minersoc.org/pages/e_journals/dep_
mat_mm.html). These coarse exsolved clinopyrox-
enes in some instances cut across the garnet chains.
The fine clinopyroxene lamellae are 3.5 mm long
and occur at intervals of ∼<10 μm. They are best
developed away from the chains of exsolved garnet
so that ∼0.3 mm wide, lamellae-free zones (haloes)
occur in the orthopyroxene adjacent to the garnets.
Also, at the junction of the garnets and

orthopyroxenes there are low-angle, planar, sub-
grain boundaries that show evidence of dislocation
climb. These are variably offset around different
garnet grains. Where they occur in dislocation
zones, the fine clinopyroxene lamellae show
evidence of refraction, usually near their
terminations.

Variations in mineral chemistry of host
orthopyroxene, exsolved garnet and
clinopyroxene

The major-element analyses show that all of the
orthopyroxene megacrysts investigated are ensta-
tites (Mg# = 63–94) with low CaO and Al2O3

contents and, most importantly, are typical of those
found in garnet-bearing mantle peridotites (Fig. 7).
At Monastery, Jagersfontein, Bultfontein and

FIG. 5. (a) Composite image of orthopyroxene megacryst BD3736/1 (taken in cross-polarized light) illustrating
the various styles and length scales of exsolution. (b) QEMSCAN® image of orthopyroxene megacryst BD3736/1.
Note the different orientations of exsolved pyrope garnet and Cr-diopside. Distance between coarse garnet lamellae is

4 mm.
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Wesselton the orthopyroxenes have high Mg# (89
to 94) and Cr2O3 (0.21 to 0.4 wt.%), and low but
variable contents of both CaO (0.2 to 0.45 wt.%)

and Al2O3 (0.7 to 0.9 wt.%; Table 2). In BD3736/1
the orthopyroxene host is a high Mg# (93.3), CaO
(0.2 wt.%) and Al2O3-rich (0.9 wt.%) enstatite
(Table 2). A subtle increase (from 0.7 to 0.9 wt.%)
in Al2O3 was observed in the halo adjacent to the
exsolved garnet. Orthopyroxenes from Frank Smith
mine are distinctive because of their wide ranges of
Mg# (84 to 93), CaO (0.2 to 0.59 wt.%) and Al2O3

contents (0.55 to 0.88 wt.%; Table 2).
The exsolved garnets are pyropes with a wide

range in Mg# (63 to 87). Whereas garnets in
individual samples are compositionally uniform
those from different samples have highly variable
Cr2O3 (1.8 to 5.6 wt.%) but restricted CaO contents
(4.4 to 5.7 wt.%) and in these respects resemble
mantle garnets of lherzolite paragenesis (Fig. 2).
The exsolved garnets in BD3736/1 have a uniform
composition and are characterized by high Mg#
(82) and TiO2 (0.02 wt.%). Their CaO (4.6 wt.%)
and Cr2O3 (1.86 wt.%) contents are among the
lowest observed in the Kaapvaal orthopyroxene
megacryst suite (Table 2 and Fig. 2). Garnets from
Frank Smith mine extend to higher CaO at a given
Cr2O3 content. All of the exsolved garnets have low

FIG. 7. Al2O3 vs. CaO contents of mantle orthopyroxenes from different tectonic settings (modified from Gibson et al.,
2008). Exsolution of garnet and in some cases clinopyroxene decreases Al2O3 and CaO contents so that megacrysts that
once had comparable compositions to those found in off-craton spinel lherzolites now resemble those found in on-craton
garnet peridotites. Data are from Table 2. Orthopyroxenes found in peridotites from the Sierra Nevada continental arc

(Chin et al., 2012) are shown for comparison (see text for discussion).

FIG. 6. Photomicrograph showing the relationship
between coarse exsolution lamellae of pyrope garnet and
spindle-shaped blebs of exsolved Cr-diopside in ortho-
pyroxene megacryst BD3736/1. See Fig. 5 for location of

image in relation to whole megacryst.
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TiO2 contents (<0.1 wt.%) and are similar to
discrete garnet grains found in lherzolites.
The exsolved clinopyroxenes are characterized

by high Ca/(Ca +Mg) ratios (0.45 to 0.50), Mg#
(87 to 95) and Cr2O3 contents (1.4 to 2.9 wt.%) and
are therefore Cr-diopsides (Stephens and Dawson,
1977). The Mg# of the clinopyroxene is usually
similar to the orthopyroxene host but Cr2O3

contents are much higher. In BD3736/1 the
clinopyroxene blebs are more magnesian (Mg# =
95) than the fine clinopyroxene exsolution lamellae
(Mg# = 91). The lowest Mg# and Cr2O3 contents
are found in clinopyroxenes exsolved in ortho-
pyroxene megacrysts from Frank Smith mine. Like
the garnets, the clinopyroxenes are characterized by
low TiO2 (<0.2 wt.%), but have moderate Na2O (1.4
to 2.6 wt.%) and Al2O3 contents (1.4 to 2.9 wt.%),
and resemble those found in lherzolites.
Given the large variations in major-element

contents of the exsolved garnets it is unsurprising
that they also show a large range in trace-element
concentrations. The highest concentrations of
incompatible trace elements (Hf, Sr, Ti, Y and Zr)
were found in garnets exsolved from orthopyroxene
megacryst BD1959 (Wesselton; Table 3) and in a
necklace around an orthopyroxene in peridotite
BD3635 (Kimberley). On a chondrite-normalized
REE plot (Fig. 8), these garnets display a ‘normal’
pattern, i.e. they have low concentrations of light
REEs (0.5 to 11 × chondrite) and similar, moderate
concentrations of middle to heavy REEs (12–20 ×
chondrite). Garnets from 2015/5 (Frank Smith
mine) display mildly-sinusoidal REE patterns and
have concentrations of light and heavy REEs that
are much lower than those in BD1959. The
different REE patterns are not restricted to individ-
ual localities, however. At Wesselton exsolved
garnets with ‘normal’ patterns occur together with
those that have strongly-sinusoidal chondrite-
normalized REE patterns (e.g. BD1942). The
latter exhibit a maxima at Sm and a minima at Er
(Fig. 8). They have low but variable La and Ce
concentrations, and the lowest concentrations of
heavy rare-earth elements (HREEs) out of all
of the exsolved garnets analysed. Exsolved
garnets in orthopyroxene megacryst BD3736/1
(Jagersfontein) are especially notable because
they have extremely-low concentrations of Hf,
Nb, Pb, Rb, Th, U, Zr and LREEs, which are
typically below detection limits (Table 3).
Concentrations of LREEs are <0.04 × chondrite
and HREEs are up to 10 × chondrite. As a
consequence, garnets from BD3736/1 have very
steep slopes on normalized REE plots (Fig. 8).

Reconstructed primary orthopyroxene
compositions

The reconstructed bulk compositions of pre-
exsolution Kaapvaal orthopyroxene megacrysts
are shown in Table 4. These are calculated from
the major-element compositions and modal propor-
tions of both the exsolved and host phases (Tables 1
and 2). The pre-exsolution megacryst compositions
all have the correct stoichiometry for orthopyrox-
ene but they are highly variable in terms ofMg# (84
to 93.5), Al2O3 (0.8 to 5.8 wt.%) and CaO contents
(0.8 to 5.6 wt.%). It is noteworthy that the Mg# of
both the reconstructed pre-exsolution orthopyrox-
ene (Table 4) and post-exsolution orthopyroxene
megacrysts (Table 1) are similar and do not appear
to have changed during exsolution. This is
consistent with the findings of von Seckendorff
and O’Neill (1993) which showed that the Fe/Mg
ratio in orthopyroxene is controlled by bulk-rock
composition and relatively insensitive to changes in
temperature and pressure. In contrast to Mg#, the
contents of both CaO and Al2O3 are noticeably
greater (Fig. 7) and the SiO2 content is lower in the
pre-exsolution orthopyroxene.

Final P-Testimates for Kaapvaal
orthopyroxene megacrysts and mantle
peridotites

The presence of co-existing orthopyroxene, garnet
and sometimes clinopyroxene allows final equili-
bration pressures and temperatures (i.e. post
exsolution) of the Kaapvaal megacrysts and
peridotite xenoliths to be estimated. Combinations
of the two-pyroxene solvus thermometer of Taylor
(1998), the Ca-in-orthopyroxene thermometer of
Brey and Köhler (1990) and the garnet-
orthopyroxene Al-barometer of Nickel and Green
(1985) were used iteratively to estimate tempera-
tures and pressures, as recommended by Nimis and
Grütter (2009). These geothermometers and geo-
barometers rely on major-element contents of
various co-existing minerals and assume that the
phases are fully equilibrated. The extent of
equilibrium in co-existing mineral phases was
established following the recommendations of
Nimis and Grütter (2009). An initial check was
made by comparing temperatures estimated for
samples bearing both clinopyroxene and orthopyr-
oxene. These showed only a slight difference (<30°
C) for the two-pyroxene solvus (Taylor, 1998) and
Ca-in-orthopyroxene thermometers (Brey and
Kohler, 1990; Fig. 9). Some of the samples from
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Jagersfontein, Frank Smith and Monastery equili-
brated at temperatures outside the lower bound of
experiments used by Taylor (1998), i.e. <900°C.
Brey and Kohler (1990) showed that at these low
temperatures the Ca-in orthopyroxene parameter-
ization gives slightly high values but the excellent
positive correlation between the results from the
two thermometers (R2 = 0.968) confirms that the
orthopyroxene and exsolved clinopyroxene are
fully equilibrated. The temperatures obtained for
both clinopyroxene-bearing and clinopyroxene-
free samples are therefore internally consistent
regardless of the parameterization used.
Pressure estimates for Kaapvaal samples con-

taining fully-equilibrated orthopyroxene and
exsolved garnet range from 26 to 53 kbars, which

correspond to a depth interval of 85 to 175 km in
the lithosphere. Temperature estimates for the same
samples are also highly variable, ranging from 700
to 1100°C (Table 2 and Fig. 10). Importantly,
Fig. 10 shows that co-variations in temperature and
pressure recorded by these samples correspond
almost exactly to the 45.6 mW/m2 conductive
geotherm for kimberlite-hosted mantle peridotites
from Finsch mine in the western Kaapvaal craton
(Gibson et al., 2008; Lazarov et al., 2009).
Xenoliths from the 118 Ma Finsch kimberlite
(Smith et al., 1985) were entrained over a large
depth interval and define a geotherm that is less
perturbed at the base of the lithosphere than those
hosted by some more recent Kaapvaal kimberlites,
which are thought to be affected by regional heating

FIG. 8. Chondrite-normalized rare-earth-element plots illustrating the range of compositions of garnets exsolved from
orthopyroxene found in Kaapvaal mantle megacrysts and peridotites. The various rare-earth-element patterns displayed
by garnets found in mantle peridotites from the Tanzanian craton (Gibson et al., 2013) are shown for comparison as are
the compositions of garnets in equilibriumwith convectingmantle melts (Tuff and Gibson, 2006). Data are from Table 3.

Chondrite normalization factors are from McDonough and Sun (1995).

796

SALLYA. GIBSON

https://doi.org/10.1180/minmag.2016.080.158 Published online by Cambridge University Press

https://doi.org/10.1180/minmag.2016.080.158


TA
B
L
E
4.

C
al
cu
la
te
d
co
m
po
si
tio

n
of

or
th
op
yr
ox
en
e
m
eg
ac
ry
st
pr
io
r
to

ex
so
lu
tio

n.

B
D
19
40

B
D
19
42

B
D
19
45

B
D
19
46

B
D
19
51

B
D
19
54

B
D
19
59

B
D
20
15
/2
a

B
D
20
15
/4

B
D
20
15
/5

B
D
37
36
/1

G
ar
ne
t
an
d

cl
in
op
yr
ox
en
e

m
ic
ro
st
ru
ct
ur
es

In
cl
in
ed

la
m
el
la
e

In
cl
in
ed

la
m
el
la
e

N
ec
kl
ac
e

L
am

el
la
e/

ne
ck
la
ce

In
cl
in
ed

la
m
el
la
e

N
ec
kl
ac
e

B
le
bs

In
cl
in
ed

la
m
el
la
e

L
am

el
la
e/

ne
ck
la
ce

N
ec
kl
ac
e

L
am

el
la
e/

ne
ck
la
ce

S
iO

2
55
.4
5

54
.6
9

56
.9
8

55
.4
8

55
.3
5

56
.7
2

56
.8
8

56
.7
4

56
.2
4

57
.5
6

56
.9
5

T
iO

2
0.
03

0.
01

0.
01

0.
05

0.
01

0.
03

0.
08

0.
12

0.
05

0.
03

0.
02

A
l 2
O
3

4.
27

5.
78

2.
49

4.
61

4.
40

1.
32

1.
90

0.
82

1.
38

1.
23

1.
64

Fe
O

4.
48

4.
38

4.
65

4.
73

4.
77

5.
67

5.
73

8.
73

9.
82

4.
29

3.
94

M
nO

0.
12

0.
12

0.
11

0.
12

0.
13

0.
13

0.
17

0.
14

0.
12

0.
06

0.
07

M
gO

33
.4
7

32
.8
4

34
.3
9

33
.2
4

32
.9
5

34
.0
1

33
.5
6

30
.4
0

29
.3
4

33
.3
1

30
.7
3

C
aO

1.
08

1.
30

0.
76

1.
16

1.
15

0.
81

1.
09

2.
56

3.
37

2.
34

5.
06

N
a 2
O

0.
09

0.
12

0.
08

0.
11

0.
12

0.
14

0.
16

0.
24

0.
27

0.
25

0.
53

To
ta
l

98
.9
9

99
.2
4

99
.4
7

99
.5
0

98
.8
8

98
.8
3

99
.5
7

99
.7
5

10
0.
59

99
.0
7

98
.9
4

M
g#

93
.0
1

93
.0
4

92
.9
5

92
.6
1

92
.4
9

91
.4
4

91
.2
6

86
.1
2

84
.1
9

93
.2
6

93
.2
9

T
F
(o
C
)

87
0

87
5

88
0

94
0

90
4

98
0

94
2

11
12

79
7

74
1

71
3

P
F
(k
ba
r)

35
.5
5

31
.9
4

37
.4
4

34
.3
9

36
.6
9

39
.7
5

38
.6
5

52
.8
2

30
.8
5

27
.4
9

26
.5
8

T s
o
li
d
u
s
at
P
F

15
29

14
93

15
47

15
17

15
40

15
68

15
58

16
80

14
82

14
47

14
38

Δ
T
(o
C
)

65
9

61
8

66
7

57
7

63
6

58
8

61
6

56
8

68
5

70
6

72
5

T
F
(o
C
)
is
th
e
fi
na
l
eq
ui
lib

ra
tio

n
te
m
pe
ra
tu
re

an
d,

fo
r
in
te
rn
al
co
ns
is
te
nc
y,
w
as

ca
lc
ul
at
ed

us
in
g
th
e
T
C
a-
in
-o
px

th
er
m
om

et
er

of
N
im

is
an
d
G
ru
tte
r
(2
00
9)
.

P
F
(k
ba
r)
is
th
e
fi
na
l
eq
ui
lib

ra
tio

n
pr
es
su
re
.

T A
n
h
y
d
ro
u
s
p
er
id
o
ti
te

so
li
d
u
s
=
−
1.
09
2(
P
–1

0)
2
+
32
.3
9(
P
–1

0)
+
19
35
,w

he
re

P
is
in

G
Pa

an
d
T
in

o
C
(H

ir
sc
hm

an
n
et
al
.,
20
00
).

Δ
T
(o
C
)
is
th
e
te
m
pe
ra
tu
re

di
ff
er
en
ce

be
tw
ee
n
th
e
so
lid

us
an
d
P
F
.

797

NATURE AND ORIGIN OF GARNET IN HIGHLY-REFRACTORYARCHEAN LITHOSPHERE

https://doi.org/10.1180/minmag.2016.080.158 Published online by Cambridge University Press

https://doi.org/10.1180/minmag.2016.080.158


events (Bell et al., 2003). Pressure-temperature
estimates from Finsch suggest that the base of the
mechanical boundary layer beneath the Kaapvaal
craton is at a depth of ∼204 km (Fig. 10). The
deepest orthopyroxenes exhibiting exsolution of
garnet that were examined in this study were
therefore entrained from within 30 km of this major
boundary.

Discussion

The orthopyroxenes with exsolved garnet that
were examined in this study are remarkably fresh
and offer a new perspective on the garnet
paradox. The lack of any signs of dissolution of
the megacrysts is somewhat surprising, given the
susceptibility of orthopyroxenes to react with
silica-undersaturated melts during transport to the
surface (Bussweiler et al., 2016; Russell et al.,
2012; Soltys et al., 2016), and the extent to
which the orthopyroxenes have interacted with
the host kimberlite is limited. While thin veins
that cross-cut the exsolved garnets in the
orthopyroxene megacrysts may be evidence of
post-entrainment interaction and kimberlite infil-
tration, the variability in enrichment of the
LREEs in the exsolved garnets appears to be
depth dependent, i.e. occurred prior to entrain-
ment, such as at Wesselton where a variety of
different styles of REE enrichment is evident
(Fig. 8).

What are the crystal controls on garnet
exsolution from orthopyroxene?

The results of the high temperature (1450 to 1525°C)
and pressure (<4.5 to 5.5 GPa) experiments of Canil
(1991) suggest that both garnet and clinopyroxene
might form in the lithospheric mantle as a result of
sub-solidus isochemical exsolution from ortho-
pyroxene. It is anticipated that the size and spacing
of the exsolved garnets will vary systematically
according to diffusion mechanisms and decrease
with the rate of sub-solidus cooling. Greater insights
into this process are provided by enstatite-rich
megacryst BD3736/1, which records the variable
length scales of diffusion that accompanies sub-
solidus cooling and exsolution (see above).
The multi-stage exsolution involved in the

cooling of this megacryst is interpreted as
follows: (1) At high sub-solidus temperatures
enstatite with high contents of CaO and Al2O3

behaves as a monoclinic crystal (clino-enstatite)
and exsolves pyrope garnet parallel to {001}.
Equant 2–3 mm grains of garnet coalesce into
widely-spaced chains. (2) Sub-solidus exsolution
and diffusion of large cations (Ca2+, Al3+ and Si4+)
causes clino-enstatite to invert to ortho-enstatite,
perhaps promoting deformation of the crystal
lattice. (3) This exsolution of clinopyroxene
(Mg# = 95) and nucleation occurs as equally-
spaced ‘spindle-shaped’ blebs along orthopyroxene-
garnet grain boundaries and parallel to {110}
(Fig. 6). (4) This nucleation and growth of coarse

FIG. 9. Comparison of equilibration temperatures estimated for orthopyroxene megacrysts using the two-pyroxene
solvus thermometer of Taylor (1998) and the Ca-in-orthopyroxene thermometer of Brey and Kohler (1990). Dashed
lines are 60°C tolerance limits from a 1:1 correlation (thick solid line) of the thermometers as suggested by Nimis and

Grütter (2009). P-T data are from Table 2.
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garnet and clinopyroxene creates depletion
‘haloes’ in the host orthopyroxene (Fig. 6).
(5) Homogeneous nucleation and crystallization of
clinopyroxene takes place away from the depletion
‘haloes’ associated with previously exsolved garnet
and clinopyroxene, to form equally-spaced fine
lamellae (Mg# = 91) parallel to {110}. (6) Finally,
dislocation creep results in planar, sub-grain
boundaries parallel to garnet-orthopyroxene grain
boundaries.

Isochemical exsolution of garnet from
orthopyroxene during lithospheric cooling

A key finding from the thermobarometry is that
garnet is exsolving from orthopyroxene throughout
most of the depth range where garnet is stable (85–
175 km) in the Kaapvaal lithospheric mantle,
which implies that this is not a localized process.
In this study, evidence that some of the exsolved
garnets have interacted with percolating meta-
somatic fluids and melts is provided by their rare-
earth-element patterns. It can be seen from Fig. 8
that the ‘normal’ and ‘sinusoidal’ REE patterns
displayed by the exsolved garnets resemble those
exhibited by global garnets of lherzolitic and
harzburgitic paragenesis, respectively. A signifi-
cant observation from this study is that garnet and
clinopyroxene most highly-depleted in strongly-
incompatible trace-element concentrations were
exsolved from orthopyroxene megacrysts entrained
from the shallowest depths (∼90 km) and lowest
temperatures (∼700°C; Fig. 8). While this is most
profound for Jagersfontein megacryst BD3736/1,
garnets with low Cr2O3 (<3 wt.%) and REE
abundances are also found exsolved in fully-
equilibrated orthopyroxene megacrysts that were
entrained from shallow depths in the lithospheric
mantle beneath Wesselton and Frank Smith mines.
The low concentrations of trace elements that

characterize some of the exsolved garnets (e.g.
BD3736/1, Table 3) are highly significant because
they are similar to the hypothetical composition
proposed for mantle garnets prior to metasomatism
by fluids and small-fraction kimberlite-like melts
(Shu and Brey, 2015; Stachel et al., 2004; Ziberna
et al., 2013; Fig. 11a). The HREE contents of the
hypothetical compositions were estimated from the
Dy to Lu slope on chondrite-normalized REE plots
of sub-calcic garnets whereas the light and middle
REEs (La to Tb) were calculated from experimental
melt partition coefficients (e.g. Johnson, 1998). A
further important finding is that the most LREE-
depleted exsolved garnets have even lower con-
centrations of La, Ce, Pr and Nd than the most
LREE-depleted garnets found to date in both
peridotite xenoliths (from Tanzania; Gibson et al.,
2013) and diamond inclusion suites, e.g. from
Kankan and Yakutia (Stachel et al., 2000; Taylor
et al., 2003); Fig. 11b, c, d ). The latter is significant
because once having been encapsulated by dia-
monds, garnets are protected from later meta-
somatic events (Shu and Brey, 2015) and their REE
patterns reveal enrichment that may pre-date or
coincide with diamond formation (Fig. 11e).

FIG. 10. Temperature vs. depth profile through the
Kaapvaal craton. The conductive geotherm is calculated
using the P-T estimates for Finsch peridotites (data from
Gibson et al., 2008; Lazarov et al., 2009), a crustal
thickness of 38 km (Nair et al., 2006) and an ambient
mantle potential temperature of 1315°C in the program
FITPLOT (McKenzie et al., 2005). P-T estimates for
Finsch peridotites are from the same geothermometers
and geobarometers as the orthopyroxene megacrysts, i.e.
the formulations of Taylor (1998), Brey et al. (1990) and
Nickel and Green (1985). P-T data are from Table 2. ΔT is
the difference in temperature of the anhydrous peridotite
solidus (Hirschmann, 2000) and the conductive geotherm
at a given pressure. The stability fields of graphite and
diamond, and orthopyroxene and garnet, are from
Kennedy and Kennedy (1976) and Canil (1991),
respectively. The spinel-garnet transition is from
Klemme and O’Neill (2000). See text for discussion of

exsolution textures in BD3736/1.
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The ‘normal’ REE patterns of lherzolitic garnets
resemble those generated in experiments on
primitive mantle melts (e.g. Tuff and Gibson,
2006; Fig. 11f ) and are commonly associated with
melt-related mantle metasomatism, whereas the
sinusoidal REE patterns are similar to those of
harzburgitic garnets that are thought to result from
the infiltration of low-temperature fluids (Stachel
et al., 1998; Stachel and Harris, 1997) or
carbonatitic melts (Shu and Brey, 2015). An
interesting paradox arises from the fact that while
all of the exsolved garnets have a lherzolitic affinity
in terms of their CaO and Cr2O3 contents (Fig. 2)
some of their REE patterns resemble those found in
mantle harzburgites (Fig. 11f ). This dichotomy
most likely arises because the REEs are incorpo-
rated in garnet via exchange with divalent cations

that occupy the eight-fold site other than simply Ca
(e.g. Mg; Orman et al., 2002). Also, garnet has high
partition coefficients for many incompatible trace
elements, relative to olivine and orthopyroxene,
and numerical models show that only a small
percentage of fluid or melt is required to change the
REE pattern from strongly LREE-depleted to
‘normal’ (Gibson et al., 2013; Shu and Brey, 2015).
Beneath southern Africa, craton-scale metasoma-

tism has been multi-phase (Kramers et al., 1983;
Menzies andMurphy, 1980; Shu et al., 2013) and is
most prevalent in the lower part (130–200 km) of
the Kaapvaal lithosphere, where it is associated
with deformed high-temperature peridotites. At
shallow depths (<105 km) – and where orthopyr-
oxene megacryst BD3736/1 was entrained – the
lithospheric mantle is characterized by coarse,

FIG. 11. Comparison of chondrite-normalized rare-earth element (REE) patterns for garnets: (a) exsolved in Kaapvaal
orthopyroxene megacryst BD3636/1 with: (b) from Sierra Nevada peridotites (Chin et al., 2012); (c) with ultra-depleted
CaO contents found at Lashaine, Tanzania (Gibson et al., 2013); (d ) and (e) present in peridotitic diamond inclusions
from Kankan, Yakutia and Roberts Victor mine (Stachel et al., 1998, 2000; Taylor et al., 2003); and ( f ) with REE
patterns akin to those typical of lherzolite and harzburgite paragenesis (Stachel and Harris, 2008). The former have flat

middle-to-heavy REE patterns while the latter are distinguished by their sinusoidal patterns.
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low-temperature peridotites that contain garnets
which have largely escaped metasomatism
(Burgess and Harte, 1999, 2004). As only a very
small proportion (∼5%) of the Kaapvaal litho-
spheric mantle is formed of harzburgite (Schulze,
1995), and hence has remained immune from
chemical over-printing, it is not surprising that
incompatible-trace-element-depleted signatures
such as those observed in exsolved garnets from
BD3736/1 are rare.
In comparison to many of the world’s other

cratons the lithospheric mantle underlying the
eastern and central parts of the Kaapvaal,
Tanzanian and northern Siberian cratons is
unusually rich in orthopyroxene (Boyd, 1989;
Boyd and Mertzman, 1987; Griffin et al., 1999b;
Rudnick et al., 1994). Of these, the lithospheric
mantle beneath the Kaapvaal craton contains the
greatest amount of orthopyroxene and is present in
almost two-fold the abundance of average Archean
cratonic mantle (Table 5). This ‘excess’ in ortho-
pyroxene (enstatite) occurs at the expense of olivine
and requires that the bulk-rock Mg# remains
constant but SiO2 contents are increased. The
formation of excess orthopyroxene appears to have
taken place prior to or during lithospheric thicken-
ing, thermal consolidation and stabilization (i.e.
cratonization) at ∼2.9 to 2.75 Ga and has been
attributed variously to: (1) extraction of komatiite
melts in the Archean (Boyd, 1989; Doucet et al.,
2012); (2) crystallization from an SiO2-rich ultra-
basic magma (Herzberg, 1993); (3) phase trans-
formation from olivine to orthopyroxene by
reaction with percolating silicic fluids, rich in Al,
Ca and Na (Kelemen et al., 1998; Kesson and
Ringwood, 1989; Rudnick et al., 1994):

[MgFe]2SiO4 + SiO2 → [MgFe]2Si2O6.

The high Mg# of many of the pre-cursor orthopyr-
oxenes is consistent with their formation as either a
residue of mantle melting or a reaction product of a
silicic fluid with Fo-rich olivine, rather than crystal
fractionation from a more Fe-rich kimberlite host.

Control of orthopyroxene composition and sub-
solidus cooling on garnet exsolution

In the Kaapvaal orthopyroxenes studied here there is
no correlation between either the style of garnet
exsolution or presence/absence of Cr-diopside with
temperature or pressure. This suggests that their
formation is dependent upon the composition of the

host orthopyroxene and consistent with the findings
of Canil (1991), which showed that the ability of
orthopyroxene (enstatite) to exsolve pyrope garnet
and/or Cr-diopside during sub-solidus cooling of the
mantle is dependent upon Al2O3 and CaO contents.
Concentrations of these oxides vary systematically
in orthopyroxenes that formed as melt residues in
different tectonic settings (see Gibson et al., 2008
and Fig. 7): those in garnet harzburgites from on-
craton settings usually have a restricted range of
Al2O3 (<1 wt.%) and CaO (0.5 wt.%) whereas
orthopyroxenes in spinel harzburgites from off-
craton and oceanic settings exhibit a much wider
positive correlation between Al2O3 (up to 6 wt.%)
and CaO (up to 2 wt.%). Figure 7 shows that most of
the recalculated, bulk pre-exsolution compositions
of Kaapvaal orthopyroxenes are characterized by
high Al2O3 relative to typical cratonic orthopyrox-
ene and plot in the field of spinel-bearing off-craton
or abyssal peridotites. Exceptions are the recalcu-
lated, pre-exsolution compositions of orthopyroxene
megacrysts from Frank Smith mine which have very
high CaO but low Al2O3 contents; in this respect
they are similar to orthopyroxenes found in
metasomatized and sheared, high-temperature
garnet peridotites (lherzolites, Fig. 7).
The high Mg# (91–94) estimated for the pre-

exsolution orthopyroxenes (except those from
Frank Smith mine) are characteristic of those
found in depleted harzburgites, which are thought
to have formed as residues of a large amount of
upwelling and adiabatic decompression melting
(Boyd et al., 1993; Harte, 1983; O’Hara et al.,
1975). If reaction of olivine with silicic fluids was
also involved in the formation of the orthopyroxene
this would require highly-forsteritic olivine to
transform to high-Mg# orthopyroxene. While the
orthopyroxenes show no geochemical evidence for
this process it might offer a plausible explanation
for the large size of the orthopyroxene crystals.
Regardless of this uncertainty, the large amounts of
decompression melting required to explain the high
Mg# of the pre-exsolution orthopyroxenes
(Herzberg, 2004) imply that they are associated
with residues that formed as a consequence of large
amounts of melting at relatively low pressures
(<2.5 GPa) in the melting regime, i.e. at signifi-
cantly lower pressures than those at which the
orthopyroxenes exhibiting garnet exsolution equi-
librated in the lithospheric mantle prior to their
entrainment (Table 4). Although at shallow pres-
sures the stable Al-bearing mantle phase would be
spinel (Fig. 10) it is unlikely that this would exist in
the residue at such high degrees of melting.
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The dominant control on diffusion and sub-
solidus exsolution is temperature. While there
remains a lack of consensus as to the processes
involved in cratonization (e.g. Arndt et al., 2009;
Aulbach, 2012; Pearson and Wittig, 2008) it seems
plausible that the coarse exsolution textures in the
orthopyroxenes correspond to slow cooling, from
near-anhydrous peridotite solidus conditions in the
Archean to those of the present-day sub-cratonic
conductive geotherm. The final recorded equili-
bration temperatures of the orthopyroxenes are
well below that of their formation (Table 4), as
either a melt residue or reaction product of olivine
with silicic fluids prior to cratonization (i.e.
>2.5 Ga). Beneath the cratons the gradient of the
conductive geotherm (i.e. dP/dT) is smaller than
that of the anhydrous peridotite solidus so that the
subsolidus cooling interval (ΔT ) varies with
pressure (Fig. 10):

ΔT (°C) = Tanhydrous solidus – Tconductive geotherm.

On the basis of a conductive geotherm of
45.6 mW/m2 for the Kaapvaal craton, ΔT corre-
sponds to ∼700°C at a pressure of 2.5 GPa and
decreases to 500°C at 4.5 GPa (Fig. 10). The
experiments of Canil (1991) indicate that, under
these circumstances, garnet would start to exsolve
from orthopyroxene at ∼200°C below the solidus.
Diffusion of Ca2+, Al3+ and Si4+ from the
orthopyroxene lattice below this temperature
would continue to the final cooling temperature
defined by the conductive geotherm, i.e. over a
temperature interval of <500°C. The ΔT calcula-
tions shown in Table 4 assume that the exsolution
process is isobaric, which is a simplified approach
as garnet would almost certainly be exsolving over
a range of pressures. Even with this assumption it is
not straight forward to calculate the amount of time
for garnet to form thick lamellae in mantle
orthopyroxenes. This is because: (1) the diffusion
rate of Al in orthopyroxene is poorly constrained
(Chin et al., 2015); and (2) the cooling rate of
cratonic lithosphere – since its time of isolation
from the convecting mantle and subsequent
stabilisation >2.5 Ga – is poorly known.
Estimates from isotopic studies of mantle xenoliths
and geophysical investigations for cooling of the
cratonic lithosphere range from 0.04 to 0.1°C/Ma
(Bedini et al., 2004; Michaut and Jaupart, 2007;
Shu et al., 2014). Such a slow cooling rate would
readily explain the sub-solidus exsolution of garnet
from orthopyroxene during the last 2.5 Ga, over the
500 to 700°C interval between the dry peridotite

solidus. Nevertheless, the occurrence of garnet
lamellae in mantle orthopyroxene from much
younger terranes indicates that this process may be
much faster (see below).

Is the Sierra Nevada continental arc (western
USA) a Mesozoic analogue for garnet
exsolution in thickened Archean lithosphere?

The mechanisms that occurred during the exsolu-
tion of garnet in orthopyroxenes from the Kaapvaal
craton are unclear but may be similar to those
recently inferred from peridotite xenoliths from the
Late Mesozoic Sierra Nevada continental arc in
California (Chin et al., 2012, 2015). The Sierra
Nevada garnets occur as rods and lamellae in
orthopyroxene as well as discrete grains and
coronas around spinel. The width of the exsolved
rods and lamellae ranges from 100 nm to 30 µm,
and therefore at a much-finer length scale than
observed in the Kaapvaal orthopyroxenes described
above. Both the exsolved and discrete Sierra
Nevada garnets have similar CaO (4 to 5.5 wt.%)
but slightly lower Cr2O3 contents (1 to 2 wt.%) than
the exsolved Kaapvaal garnets, and are also
‘lherzolitic’ (Fig. 2). The Sierra Nevada garnets
are, however, less magnesian (Mg# = 75–80) than
the exsolved Kaapvaal garnets (Mg# = 63–87) and
have elevated concentrations of REEs (HREEs are
up to ∼50 × chondrite, Fig. 11b). The most LREE
depleted analyses of Sierra Nevada garnets are from
the cores of discrete grains and exsolved lamellae,
and their overall REE patterns resemble the strongly
LREE depleted garnets exsolved in Kaapvaal
orthopyroxene megacryst BD3736/1 (Fig. 11a). In
contrast to the Kaapvaal samples, some Sierra
Nevada garnets are not fully equilibrated and their
rims exhibit mildly-sinusoidal patterns that are
similar to some Kaapvaal megacrysts (e.g.
BD2015/5, Table 3).
The lower temperatures of the convecting mantle

in the Mesozoic compared to the Archean would
decrease the depth and amount of partial melting of
upwelling peridotite. This may well explain the
generally lower Mg# of Sierra Nevada host
orthopyroxenes (mean Mg# = 91.5) and their
exsolved garnets. The higher Mg# of the
Kaapvaal orthopyroxenes (mean Mg# = 92.6,
excl. Frank Smith mine) may account for their
lower REE concentrations as the REEs are thought
to partially substitute for Mg in garnet (Orman
et al., 2002). The sinusoidal REE patterns dis-
played by the rims of some of the Sierran garnets
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and also garnet coronas around spinel may be
linked to a refertilization event immediately prior to
entrainment (Chin et al., 2012). Such disequilib-
rium is not evident in the exsolved Kaapvaal
garnets but the sinusoidal and normal REE patterns
of some of these garnets may be testimony to a
refertilization event well before the time of
entrainment.
Akin to the model proposed above for the

Kaapvaal samples, Chin et al. (2012) suggested
that the protoliths of the Sierra Nevada garnet-
bearing peridotites were spinel peridotites, formed
by shallowmelt depletion (1–2 GPa, 1300–1400°C)
followed by compression and cooling in the garnet
stability field, as a consequence of progressive
thickening of the Sierran arc lithosphere. Chin et al.
(2015) modelled Al-diffusion profiles in the
orthopyroxenes and combined these with Lu-Hf
and Sm-Nd model ages to show that the Sierran
lithosphere cooled very quickly (<10 M.y.) from
1250 to 750°C, just after the peak of arc magmatism.
One possible scenario is that the isochemical sub-
solidus exsolution of garnet from orthopyroxene in
sub-cratonic mantle occurred during cratonization
and rapid lithospheric thickening at ∼2.5 Ga. A
detailed Sm-Nd and Lu-Hf isotopic investigation is
now required to date closure temperatures for the
exsolved clinopyroxene and garnet (see Shu et al.,
2014). These timescales of exsolution could
potentially distinguish between the different

processes that have been proposed for the formation
of cratonic lithosphere, i.e. evidence of rapid
cooling would be consistent with models that
invoke tectonic thickening whereas conductive
cooling of a thermal boundary layer would require
longer timescales.

Conclusions

(1) Orthopyroxenes (enstatite) found as megacrysts
and also in mantle xenoliths entrained in kimber-
lites from southern parts of the Kaapvaal craton
show evidence for isochemical exsolution of
pyrope garnet and in some cases Cr-diopside.
Spectacular microstructures formed by exsolved
garnet vary from fine to coarse lamellae and are best
preserved in orthopyroxene megacrysts. The diffu-
sion length scale of garnet forming coarse lamellae
in large (20 mm) orthopyroxene megacrysts is
2 mm. For smaller orthopyroxene grains
(<10 mm), found in peridotite xenoliths, diffusion
lengths of Ca2+, Al3+ and Si4+ are such that garnet
nucleates on orthopyroxene grain boundaries.
These are most readily identified when they form
interconnected networks or ‘necklace’ textures.
They may also form discrete grains but establishing
the origin of these is more enigmatic.
(2) Pressure and temperature estimates reveal the

orthopyroxenes with exsolved garnet were

FIG. 12. Schematic illustration of the lithospheric mantle beneath the Kaapvaal craton, highlighting the large depth
interval (90 km) over which garnet has exsolved from orthopyroxene. The thickness of the lithosphere (mechanical
boundary layer) beneath the Kaapvaal craton is taken from the conductive geotherm calculated for Finsch mine (see
Fig. 10). The graphite-diamond stability field is from Kennedy and Kennedy (1976). Mantle metasomatism is pervasive

in the lowermost (∼75 km) of the lithosphere.
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entrained from a wide depth interval (85–175 km)
that occupies almost the whole of the garnet
stability field in the Kaapvaal lithospheric mantle
(Fig. 12).
(3) The recalculated compositions of many of the

precursor (pre-exsolution) orthopyroxenes are
characterized by high Mg#, Al2O3 and CaO
contents. They resemble residues formed by
adiabatic decompression melting in the shallow
(spinel-facies) mantle but a reaction involving
transformation from olivine by reaction with
silica-rich fluids cannot be excluded. The tempera-
tures of initial orthopyroxene formation are signifi-
cantly higher – and their pressures much less – than
those of their final equilibration, and it is proposed
that garnet exsolution probably occurred during
lithospheric thickening. This may have been during
cratonization (i.e. prior to 2.5 Ga) but further work
is required to establish the timing of this.
Analogous microstructures of garnet exsolution
from orthopyroxene are preserved in peridotite
mantle xenoliths from the Late Mesozoic Sierra
Nevada continental arc. Here, where the tectonic
setting is much better understood, and coexisting
phases are not yet fully equilibrated, exsolution of
garnet from orthopyroxene has been estimated to
occur in ∼10 M.y., i.e. very rapid (Chin et al.,
2015).
(4) Garnets exsolved from orthopyroxenes

entrained from the lower parts of the sub-cratonic
lithosphere appear to have undergone refertilization
bymetasomatic melts and fluids but those entrained
from much shallower depths (∼90 km) are
strongly-depleted in LREEs and preserve their
original isochemical exsolution compositions.
This is a significant feature of the dataset because
these compositions represent the closest approxi-
mation to those proposed for hypothethetical pre-
metasomatic garnets of any published to date. They
provide important end-member compositions in
models of enrichment of highly-depleted peridotite
in the lithospheric mantle by reactive percolation of
fluids and melts, which in some cases involved the
synchronous growth of diamond.
(5) The modal abundance of garnet formed by

isochemical exsolution from orthopyroxene in the
Kaapvaal sub-cratonic mantle and elsewhere is
unclear but may prove to be an important
consideration in models put forward to explain
thewidespread occurrence and nature of garnet, and
processes involved in the formation and stabiliza-
tion of Earth’s most ancient continental lithospheric
mantle.
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