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Abstract
The Kaapvaal craton and its underlying mantle is probably one of the best studied Archean entity in the world. Despite that,
discussion is still vivid on important aspects. A major debate over the last few decades is the depth of melting that generated the
mantle nuclei of cratons. Our new evaluation of melting parameters in peridotite residues shows that the Cr2O3/Al2O3 ratio is the
most useful pressure sensitive melting barometer. It irrevocably constrains the pressure of melting (melt separation) to less than
2 GPa with olivine (ol), orthopyroxene (opx) and spinel (sp) as residual phases. Garnet (grt) grows at increasing pressure during
lithosphere thickening and subduction via the reaction opx + sp → grt + ol. The time of partial melting is constrained by Re-
depletion model ages (TRD) mainly to the Archean (Pearson and Wittig 2008). However, only 3% of the ages are older than
3.1 Ga while crustal ages lie mainly between 3.1 to 2.8 Ga for the W- and 3.7 to 2.8 Ga for the E-block. Many TRD-ages are
probably falsified by metasomatism and the main partial melting period was older than 3.1 Ga. Also, Nd- and Hf- model ages of
peridotitic lithologies from the W-block are 3.2 to 3.6 Ga old. The corresponding very negative εNd (−40) and εHf values (−65)
signal the presence of subducted crustal components in these old mantle portions. Subducted components diversify the mantle in
its chemistry and thermal structure. Adjustment towards a stable configuration occurs by fluid transfer, metasomatism, partial
melting and heat transfer. Ages of metasomatism from the Lu-Hf isotope system are 3.2 Ga (Lace), 2.9 Ga (Roberts Victor) and
2.62 Ga (Finsch) coinciding with the collision of cratonic blocks, the growth of diamonds, metamorphism of eclogites and of
Ventersdoorp magmatism. The cratonic lithosphere was stabilized thermally by the end of the Archean and cooled since thenwith
a rate of 0.07 °C/Ma.
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Introduction

The subcratonic mantle is the site for the storage of
early products of partial melting and fractional

crystallization of the Earth. It consists of two major
components, volumetrically dominating ultramafic rocks
(peridotites) and a subordinate mafic portion (eclogites
and garnet pyroxenites). Partial melting, metamorphism
and metasomatism imposed by tectonic forces and ter-
minating thermal stabilization were the main processes
that contributed to the birth, growth and ageing of the
subcratonic lithospheric mantle. High to very high de-
grees of partial melting left a residuum with high Mg
values (low Fe) and very low volatile contents (e.g.
Walter 1998; Bernstein et al. 2007; Pearson and Wittig
2008; Peslier et al. 2010). The ensuing low density and
the stiffness due to low OH led to buoyancy of the
lithosphere that kept the crust at relatively constant
height since the Archean (e.g. Jordan 1988; Peslier
et al. 2010). Though there is a general acceptance that
very high degrees of partial melting in the absence of
garnet generated the residues, no consensus exists about
the melting regime and the geodynamic setting in the
Archean. Partial melting may have occurred at mid ocean
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ridges followed by subduction similar to modern Earth (e.g.
Helmstaedt and Schulze 1989) or by upwelling in a hotter
Archean environment followed by down drag due to
eclogitisation at the base of oceanic plateaus as another kind
of subduction (e.g. Lee and Chin 2014). In opposition are
models where the subcratonic mantle consists mainly of resid-
ual peridotite from plumes that were subcreted under a litho-
spheric lid (e.g. Boyd 1989; Griffin et al. 2009). In such
models partial melting and melt separation occurred at pres-
sures of more than 3 GPa followed by stationary cooling to
generate the present day garnet peridotites.

An Archean age for partial melting and the birth of
the Kaapvaal cratonic mantle has been clearly
established with the Re-Os isotope system. A major
peak of Rhenium depletion model ages at 2.7 Ga may
reflect the main period of partial melting (e,g, Pearson
and Wittig 2008). However, metasomatism is ubiquitous
in the cratonic mantle and may have disguised older
ages possibly dating back into the Paleoarchean.
Ancient metasomatism was indicated by very negative
εNd values in mantle samples (e.g. Menzies and Murthy
1980; Richardson et al. 1984) but defined ages were
lacking before the work of Lazarov et al. (2009, 2012)
and Shu et al. (2013). In the paper, we will discuss
these ages further and use them as possible time
markers for Re-metasomatism and the influence on the
Re-Os isotope system and ensuing model ages. The
subcratonic mantle finally stabilized and reached thermal
equilibrium by the end of the Archean (Michaut and
Jaupart 2007) and is ageing by slow cooling since then.

The geology of the crust

The E- and the W-block are the two main blocks of the
Kaapvaal Craton (Fig. 1). The gneiss complexes in the
Swaziland-Barberton area on the E-block constitute the oldest
known crust formation with almost 3.7 Ga for a tonalitic
gneiss (Schoene et al. 2008) while the earliest crustal rocks
on the W-block are around 3.1 Ga old (Schmitz et al. 2004).
The E-block consists of several fragments that amalgamated at
around 3.2 Ga (Schoene et al. 2008). Both blocks evolved
separately until they collided 2.88 Ga ago along the
Colesberg lineament (Schmitz et al. 2004). Granitoids intrud-
ed subsequently throughout the craton (Moser et al. 2001).
The lithosphere became sufficiently rigid by that time to sup-
port the development of sedimentary basins (Egglington and
Armstrong 2004). This was followed by Ventersdoorp
magmatism from 2.8 to 2.6 Ga (Tinker et al. 2002). The NE
of the craton was later intruded by the 2.05 Ga old Bushveld
complex (Thomas et al. 1993). The periphery of the Kaapvaal
craton was reworked in the west between 1.8–2.1 Ga during
the KheisMagondi orogeny (e.g. Alterman and Hölbich 1991)

and along its southern margin between 1.2 Ga and 0.9 Ga
during the Khibaran orogeny, forming the Namaqua–Natal
unit (e.g. Thomas et al. 1993).

Depth and time of melt extraction

Generalities

The dominant rock type of the Kaapvaal cratonic mantle is
garnet peridotite. Eclogitic or pyroxenitic assemblages com-
prise only 2 vol% (Schulze 1989). The melting regime for the
precursor rocks to these mantle samples, and their ages, are
key pieces of information for the reconstruction of the history
and dynamic processes that led to the formation of the
Kaapvaal subcratonic mantle. The melting regime may in
principal be deduced from bulk rock major and trace element
compositions. However, metasomatism is common in
subcratonic mantle samples (e.g. Dawson 1984; Keleman
et al. 1998) and can disguise the information from the time
of partial melting.

Depth of melting – Rare earth elements
and Cr2O3/Al2O3 ratios in peridotites

The long lasting debate about the depth of melting
mainly centers around two opposing models: a) deep
plume melting followed by isobaric cooling to generate
garnet in the residual peridotite (e.g. Boyd 1989; Griffin
et al. 1999, 2003; Aulbach 2012) and b) shallow melt-
ing followed by subduction and lithosphere thickening
to induce garnet growth (e.g. Bulatov et al. 1991; Canil
and Wei 1992; Stachel et al. 1998; Pearson and Wittig
2008; Lee and Chin 2014; Wang et al. in press).
Limiting parameters as fingerprints of the partial melt-
ing process were comprehensively evaluated by Canil
(2004), Lee (2006), Lee and Chin (2014), Pearson and
Wittig (2008) and Aulbach (2012). They are i) high to
very high Mg-values of the peridotites ii) low to very
low abundances of mildly incompatible elements like V,
Sc and the heavy REE (Rare Earth Elements) and iii) a
wide range of bulk rock Cr2O3/Al2O3 ratios that are
reflected in the rocks by a corresponding range of gar-
net compositions. Consensus exists that the high Mg-
values are the result of partial melting of 30 to
40 vol% or more (Bernstein et al. 2007; Pearson and
Wittig 2008) and that the low abundances of the mildly
incompatible elements exclude the presence of garnet in
the residue during the partial melting process.

The origin of the range of Cr2O3/Al2O3 ratios is the issue.
Figure 2 shows an anti-correlation of Yb with Cr2O3/Al2O3 of
peridotites from the Finsch mine that may be exemplary for
Kaapvaal peridotite suites. This anti-correlation needs to be
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explained in any partial melting model. The degrees of partial
melting given in the figure are taken from Lazarov et al.
(2012). They were calculated for Yb for a non-modal fraction-
al melting model. Partial melting in the presence of garnet
retains Yb to a large extent in the residuum while any frac-
tional partial melting model depletes Yb very rapidly in the
spinel stability field already for smaller degrees of partial melt-
ing. In fact, the integrated degrees of partial melting calculated
from FeO-MgO relationships after Frey et al. (1985) and
Kushiro andWalter (1998) by Lazarov et al. (2012) are higher
than for those for Yb at a given Yb content (e.g. for samples
where about 20 vol% are calculated for Yb the Fe-MgO rela-
tionship yields about 30 vol% and 40 vol% for Fe-O-MgO
correspond to 30 vol% for Yb). A non-modal batch melting
model for Yb would be in better accord with FeO-MgO.

High pressure melting at >3 GPa by plume subcretion was
strongly advocated lately again by Aulbach (2012). The au-
thor compared the major element abundances and element
ratios of peridotites from most cratons worldwide with bulk
rock chemical parameters of model residues. These were
modelled from the mineral compositions and modal
proportions of low and high pressure melting experiments
by Baker and Stolper (1994) and Walter (1998). For the
Kaapvaal craton, strongly metasomatized peridotites were ex-
cluded from the comparison and distinguished as
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orthopyroxene enriched (with too high opx contents for melt-
ing residues) or FeO enriched taking the forsterite content of
olivine inclusions in diamonds as an anchor. This left a re-
stricted number of samples for the Kaapvaal craton that scatter
around high pressure trends of the modelled residues for
Cr2O3 and Al2O3 between 3 and 6 GPa. The Cr2O3/Al2O3

ratios derived for the residua become high in the model but
only for extreme degrees of partial melting (e.g. 1.4 for
50 vol% melting at 3 GPa and about 1 for 70 vol% at
6 GPa). The high values of the model are surprising consider-
ing the low Cr2O3/Al2O3 ratio of the orthopyroxenes in the
corresponding experiments; if only olivine and orthopyroxene
are left as residual phases in these experiments then the Cr2O3/
Al2O3 ratio of the orthopyroxene is that of the whole rock. The
orthopyroxene compositions from the garnet-free 3 to 7 GPa
experiments by Walter (1998) are plotted in Fig. 3a. The
Cr2O3/Al2O3 ratio of the orthopyroxenes average at around
0.13, much lower than the modelled values. The reason for
the difference is unclear.

Garnet can grow from a garnet-free residue either by iso-
baric cooling or by an increase of pressure. In our approach to
decipher the melting regime, we establish the range of garnet
compositions that can grow from a garnet free residue either
by exsolution from orthopyroxene by isobaric cooling or via
the reaction opx + sp → grt + ol and compare their composi-
tions with those of natural garnets. It has to be kept in mind

that the ubiquitous metasomatism in the Kaapvaal mantle is
refertilization and reverses the partial melting trend to some
extent. Yet it introduces mainly Al over Cr that is usually
immobile and can only be transported by saline and alkaline
fluids (Klein-BenDavid et al. 2011). The Cr2O3/Al2O3 bulk
rock ratios and those of their garnets will therefore likely be
lowered by metasomatism. The range of garnet composition
with the higher Cr/Al ratios are therefore significant for de-
ducing the melting regime.

The growth of garnet by exsolution from orthopyroxene
during isobaric cooling or with increasing pressure occurs
via the reactions

2MgSiO3 þMgAl2SiO6→Mg3Al2Si3O12 ð1Þ

2MgSiO3 þMgCrAlSiO6→Mg3CrAlSi3O12 ð2Þ

and from orthopyroxene + spinel with increasing pressure via
the reactions

4MgSiO3 þMgAl2O4→Mg3Al2Si3O12 þMg2SiO4 ð3Þ

4MgSiO3 þMgCr2O4→Mg3Cr2Si3O12 þMg2SiO4 ð4Þ

Because of the requirement from mildly incompatible ele-
ment contents that garnet must be absent in the residue (e.g.
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Fig. 3 a) Orthopyroxene compositions from peridotite melting
experiments by Baker and Stolper (1994), Bulatov et al. (2002) and
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Cr2O3/Al2O3 ratios of the experimental spinel on the left and of

orthopyroxene on the right. The x-axis denotes the Cr2O3/Al2O3 ratios
of garnet on the top and the corresponding Cr2O3-content at the bottom.
The composition of garnet grown by exsolution from orthopyroxene can
be obtained by projecting the Cr2O3/Al2O3 ratio of the latter horizontally
onto the line for KD = 2. Garnet compositions grown via the reaction
opx + sp → grt + ol are obtained from the crossing of the KD line and
the opx-sp tie lines. The pink horizontal bar indicates the range of garnet
compositions in natural peridotites. The red bars are the compositions of
garnet exsolutions in Kaapvaal orthopyroxenes (Gibson and Mills 2017)
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lowYb), only garnet free experiments can be considered in the
evaluation of partial melting experiments. Garnet is absent in
the high pressure experiments (from 3 GPa onwards) only at
very high temperatures where olivine and orthopyroxene co-
exist with melt. At lower pressures, olivine, orthopyroxene
and spinel coexist with melt. Figure 3a shows the composi-
tions of orthopyroxenes from the experiments at 1 GPa by
Baker and Stolper (1994), at 1 and 1.5 GPa by Bulatov et al.
(2002) and at 3 to 7 GPa by Walter (1998). The
orthopyroxenes from the 3–7 GPa experiments have a very
similar Cr2O3/Al2O3 ratio of 0.13 while the low pressure
orthopyroxenes have variable Cr2O3/Al2O3 ratios at higher
Cr2O3 and similar Al2O3 contents. The orthopyroxene from
3 GPa/1530 °C has the highest Al2O3 contents (highest garnet
potential) at lower Cr2O3/Al2O3. The Al- and Cr-contents in
orthopyroxenes from high pressure (spinel-absent) experi-
ments decrease with increasing temperature because of the
increasing amounts of melt in the experiments; the garnet
potential accordingly becomes lower. In Fig. 3b the Cr2O3/
Al2O3 ratios of spinel, orthopyroxene and garnet are plotted
against temperature. Coexisting phases are connected by ver-
tical tie lines. Orthopyroxene is absent in the lowest pressure
experiments of 0.35 GPa by Bulatov et al. (2002) because of
the peritectic reaction of orthopyroxene. Spinel and
orthopyroxene coexist in the 1 and 1.5 GPa experiments.
Garnet and orthopyroxene coexist with olivine and melt at
lower temperatures in the higher pressure experiments and
orthopyroxene alone at higher temperatures. It is quite appar-
ent that garnets grown from the reaction ol + sp will have
higher Cr2O3/Al2O3 ratios than those grown by exsolution
from orthopyroxene alone. It can also be visualized that the
Cr2O3/Al2O3 ratios of orthopyroxenes in Walter’s experi-
ments are higher than those of the coexisting garnets (1.3
times higher on average for the three experiments).

Stachel et al. (1998) deduced a value of 2 for the complex
KD = (Cr2O3/Al2O3)

opx/ (Cr2O3/Al2O3)
grt from the experi-

ments of Brey et al. (1990). The average KD is 1.8 for opx-
grt pairs from 50 xenoliths from eight localities on the
Kaapvaal craton (Hervig et al. 1986) and the average KD for
the couple Bgarnet exsolutions plus orthopyroxene host^ from
five Kaapvaal localities is 2 (Gibson and Mills 2017). We use
this value of 2 for the KD in Fig. 3c to estimate garnet com-
positions that either exsolve from orthopyroxene or grow via
the reaction opx + sp → grt + ol. The range of natural garnet
compositions in subcratonic peridotites is given there as well
and the compositions of garnet exsolutions from Gibson and
Mills (2017) are shown as vertical red bars on the x-axis. The
composition of garnets exsolving from orthopyroxene or
growing by reaction with spinel can be derived either by hor-
izontally projecting the Cr2O3/Al2O3 ratio of the
orthopyroxene onto the line for KD = 2 or from the crossing
of the opx-sp tie lines with the KD line. It may be seen that
exsolution from the high pressure (3–7 GPa) orthopyroxenes

yields garnets with only 2 to 3 wt% Cr2O3. This range would
extend to about 6 wt% if the low pressure orthopyroxenes
would be considered without their coexisting spinels. The
coexistence with spinel up to high temperatures and the
growth by the reaction opx + sp is very effective to produce
Cr-rich garnets that comprise the range of naturally occurring
garnets in peridotites (Fig. 3c). This means, applied to the
subcratonic mantle, that residues originated by partial melting
at pressures significantly lower than 2 GPa and that the garnets
grew by subduction and lithospheric thickening. The major
proportion of peridotite underneath the Archean Kaapvaal cra-
ton originated by low pressure melting. Plume subcretion and
melting at high pressures followed by isobaric cooling is re-
futed for the majority of samples. Residues of high pressure
melting have olivine and orthopyroxene as residual phases
with Cr2O3/Al2O3 ratios around 0.13 that produce only very
low-Cr garnets.

Depth of melting – Eu-anomalies in eclogites
and the range of δ18O values

Eclogitic xenoliths comprise a range of rock types from
eclogites sensu stricto to garnet pyroxenites to alkremites
and grospydites. Their precursor rocks were partial melts
of the mantle and cumulates thereof that were altered,
devolatized and metamorphosed, metasomatized and par-
tially molten (Jacob 2004). A wide range of δ18O values
with pronounced positive and negative deviations from the
mantle value is indicative of seafloor alteration at high and
low temperatures (Jacob et al. 2003). They provide a
strong argument for a surficial origin of eclogite precursor
rocks. The most straightforward argument for an origin at
very low pressures are positive Eu-anomalies. They are
unique and unequivocal tracers of the low pressure phase
plagioclase, betraying that the protoliths of eclogites with
this signature were originally low pressure cumulates.
Samples with such anomalies occur in almost every
eclogite xenolith suite worldwide (Aulbach and Jacob
2016). Two prime examples with pronounced positive
Eu- and Sr-anomalies in the clinopyroxenes are shown in
Fig. 4a. They belong to a suite of kyanite/corundum
eclogites from Bellsbank that are very similar in various
geochemical parameters to modern day troctolites from the
Atlantic and the Pacific (Shu et al. 2016) and testify the
existence of mid ocean-ridge settings and subduction at the
time of craton nucleation (see age evaluation below).

Time of melting and depletion

Particularities of age dating of mantle rocks

Ages of a geological process may be derived via radioactive
decay systems from isochrons or model ages (schematic
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diagrams in Fig. S1 a-d). For mantle rocks, the interpretation
of the derived ages is not straightforward. Is the Bage^ of an
eclogite that of its precursor rock, metamorphism, metasoma-
tism or partial melting? And for peridotitic residues, is it the
age of partial melting or of metasomatism? Bulk rock iso-
chrons would provide the best possibility to date the age of
partial melting of peridotites or the age of the precursor rocks
for eclogites, although a prerequisite is that xenoliths form a
cogenetic group. This may be difficult to prove since the xe-
noliths stem from a wide depth range. The first, simple barri-
cade, however, lies in the fact that xenoliths are usually con-
taminated by their host kimberlite. This contamination partic-
ularly affects the incompatible elements and with them the
Rb-Sr, Sm-Nd and Lu-Hf isotope systems. Therefore, there
are almost no isochrons from measured bulk rocks in the lit-
erature. Uncontaminated whole rock compositions may be
obtained from the composition and modal amounts of clean
mineral separates, i.e. of garnet and clinopyroxene. Their iso-
tope ratios combined with their modal abundances would give
a reconstructed bulk rock composition. Tie-lines connecting
the two minerals in an isochron diagram should yield either
the eruption age of the kimberlite or a cooling age.

Early Archean origin of eclogites - unradiogenic Sr isotope
ratios in clinopyroxenes

Ages for eclogites from the Kaapvaal craton were estimated
for samples from Roberts Victor, Newlands, Lace and
Bellsbank. A regression line through bulk rock lead-lead data
from Roberts Victor yielded an age around 2.5 Ga (Kramers
1979). A likely age of 2.9 Ga was inferred from lead-lead
isotope systematics in clinopyroxenes of eclogites from Lace
(Aulbach and Viljoen 2015). Reconstructed bulk rock iso-
chrons for eclogites from Roberts Victor gave about 2.7 Ga
for the Sm-Nd and 2.35 Ga for the Lu-Hf isotope system
(Jagoutz et al. 1984; Jacob 2004). Menzies et al. (2003)

determined the Re-Os isotope systematics of eclogites from
Newlands. Lines drawn in an isochron diagram between sub-
sets of the data give an age bracket between 2.9 and 4.1 Ga.

Sr isotope ratios in clinopyroxenes from bimineralic
eclogites and garnet pyroxenites have the best potential to
preserve old age information. Jacob et al. (2005) and
Gonzaga et al. (2010) measured very low 87Sr/86Sr ratios in
clinopyroxenes of two Roberts Victor eclogites and calculated
model ages of around 3 Ga (Fig. 4b). The clinopyroxenes of
two eclogites (BE13 and BBu) from Bellsbank have even
more unradiogenic 87Sr/86Sr ratios of 0.70076 respectively
0.70079 (Fig. 4b), as well as very low Rb/Sr (0.0004 and
0.0006) and high Sr contents (Shu et al. 2016). The low
87Sr/86Sr ratios mark the age when Rb was effectively re-
moved from the rocks. A projection onto the mantle evolution
line with Rb/Sr = 0 gives a model age of 3.2 Ga (Fig. 4b). This
is the absolute minimum age of the eclogites and may mark
the time of partial melting of these rocks. The original cumu-
lates should have had at least a 10 times higher Rb/Sr ratio
then the present day rocks. This estimate results from the
comparison with the Rb/Sr ratios of the gabbroic to troctolitic
cumulates from the Pito Deep (Perk et al. 2007). Using a Rb/
Sr ratio 0.02 as an approximation for the protolith ratio gives a
model age of 3.4 Ga. This may come close to the age of
shallow partial melting in the mantle and fractional crystalli-
zation within the oceanic crust. These ages are older than the
oldest crust formation on the W-block.

Age of partial melting from the Re-Os isotope system

The Re-Os isotope system has the best potential to date melt
depletion of mantle peridotites because Os is compatible and
Re moderately incompatible during mantle melting (Walker
et al. 1989). A large Re-Os data set is now available from the
Kaapvaal craton of whole rock and sulfide analyses (Pearson
et al. 1995; Carlson et al. 1999; Menzies et al. 1999; Irvine
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projected onto the mantle evolution line. These yield minimum model
ages of 3.2 to 3.4 Ga (Shu et al. 2016)
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et al. 2001; Carlson and Moore 2004; Griffin et al. 2004 and
Simon et al. (2007). Because there is evidence of recent re-
introduction of Re into whole rock samples during the erup-
tive process only model ages are calculated for each sample
and the Re-depletion age TRD is generally preferred. Pearson
and Wittig (2008) presented the Kaapvaal TRD ages in a prob-
ability density diagram that is reproduced in Fig. 5a. It shows a
continuum of ages from about 3.6 Ga to almost 0 with a main
peak at about 2.7 Ga. This distribution may be interpreted
such that the main time for partial melting was around
2.7 Ga but that partial melting also occurred earlier and later.

If the TRD ages are compared with those of the overlying
crust, we find that the major proportion of the crust was
formed before 2.9 Ga (the time of collision of the E- and W-
block) but that only about 8.5% of the TRD ages are older than
2.9 Ga (Fig. 5a). There seems to be an age mismatch and parts
of the mantle and overlying crust may not be genetically re-
lated. This apparent mismatch has been discussed before
(Carlson et al. 1999; Irvine et al. 2001; Shirey et al. 2004;
Griffin et al. 2004) and the tendency of opinions seems to be
that the mismatch is due a Bdiminution^ of the TRD ages by
metasomatism. TRD model ages are minimum ages by defini-
tion because of the assumption that only Re-free, refractory
platinum-groupminerals are left in the residuum (Lorand et al.
2013) at the high degrees of partial melting. Sulfides are the
first to melt in peridotite and any monosulfides or Ni-rich
pentlandites now present in the rock must be metasomatic
(Pearson et al. 2004). Whole rock analyses of the peridotites
therefore contain a mixed information that stems from residual
Os-Ir nuggets and reintroduced sulfides with some Re. The
sulfides may carry a mix of older and younger information
themselves, one from the metasomatic agent and the other
from partial reaction with residual platinum-group minerals
during metasomatism. Wet-chemical sulfide bulk analyses
and in-situ laser ablation analysis of the Re-Os isotopes will
therefore yield mixed information as well. Furthermore,

depending on the relative spot sizes, a laser may ablate only
part of a sulfide. It will give older TRD ages when an Os-Ir
nugget is included and younger ages for parts with higher Re.
Therefore, some older ages than bulk rock ages can be expect-
ed from laser ablation analysis.

The analytical ambiguities and the sulfide-alloy reactions
and reintroduction of Re into the system during ancient meta-
somatism will smear out the bulk rock TRD ages presumably
to the wide range as we find it for the Kaapvaal peridotites.
But can metasomatism generate a TRD maximum? Or was
there an older main period of partial melting and an old TRD

maximum is systematically shifted to a younger age by meta-
somatism? We believe that there is a distinct possibility for
either scenario. In Fig. 5b, we show TRD ages of 40 sulfides
from eight Finsch peridotites (Griffin et al. 2004) obtained in-
situ by LA ICPMS (laser ablation inductively coupled plasma
mass spectrometry). The error for each analysis is larger than
by conventional analysis because the complete mass overlap
of 187Re on 187Os has to be corrected for. Therefore, we have
used only the data with low, subchondritic Re/Os ratios where
the necessary correction is smaller. The spread and maximum
of the TRD values is the same as for the Kaapvaal craton, but
there is a larger proportion of older TRD ages. Eight sulfides
give values between 3.2 and 3.4 Ga whereas only 3% of the
Kaapvaal ages are older than 3.1 Ga. The older ages probably
approximate the time of partial melting for the Finsch perido-
tites more closely than the oldest bulk rock age known from
Finsch so far (2.8 Ga; Pearson et al. 1995).

It is also intriguing that there is an age maximum in the
sulfide data just like for the bulk rock analyses from the
Kaapvaal craton. The sulfide maximum is close to an age of
2.62Ga as determined by Lazarov et al. (2009) and interpreted
by Shu and Brey (2015) as dating the age of carbonatitic
metasomatism at Finsch. Sulfide metasomatism may be con-
temporaneous (because sulfide saturation was reached in the
percolating melt) and may have occurred in a peridotite
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residuum with 3.6 Ga old Os-Ir alloys (as
depicted in Fig. 5b). Using these time constraints and a
Platinum Group Element (PGE) + Re composition of a poten-
tial metasomatic sulfide (relatively flat chondrite normalized
PGE + Re patterns; Luguet et al. 2004) we estimate that the
addition of various amounts of sulfide can largely explain the
spread of the TRD ages of the Finsch samples. A mean amount
of around 0.005 wt% sulfide added to the residue would ex-
plain the TRD maximum at around 2.7 Ga. Also, an age max-
imum of an older main period of partial melting would be
shifted to younger ages (to generate a fake maximum for par-
tial melting). Older ages for partial melting are in accord with
deductions by Pearson et al. (1995). They concluded in a Re-
Os study that the Kaapvaal cratonic mantle had an age of 3.3
to 3.5 Ga. Also, Pearson et al. (2002) found ages of 3.1 Ga for
peridotites with highly depleted PGE + Re patterns (depleted
Pt, Pd and Re relative to Os and Ir), i.e. for peridotites that
probably had not experienced sulfide metasomatism. There is
quite a probability that the main period of partial melting for
the Kaapvaal craton was before 3.0 Ga.

Time of metasomatism - subcalcic garnets
deliver the information

The samples, the metasomatic agent and extent
of metasomatism

Defined ages of metasomatism can only be obtained with the
Rb-Sr, Sm-Nd and Lu-Hf isotope systems from whole rock
isochrons. This is generally impeded by a ubiquitous contami-
nation of the xenoliths by the kimberlite host magma. A solution
lies in the isotope analysis of a single mineral grain of sufficient
size that contains the major inventory of the incompatible ele-
ments. The analysis of such a single grain would represent a
whole rock analysis. Subcalcic garnets are suitable candidates
(Lazarov et al. 2009). They stem from clinopyroxene-free garnet
harzburgites and can be readily identified by their relative CaO
and Cr2O3 contents (Gurney and Switzer 1972; Sobolev et al.
1973). Since clinopyroxene is absent in their host rock, they are
the almost exclusive hosts for many incompatible elements of
the bulk rocks. Their analysis therefore corresponds to a whole
rock analysis e.g. of the REE, the high field strength elements
and of the Sm-Nd and Lu-Hf isotope systems. They are com-
mon in heavy mineral concentrates from diamond mines and as
inclusions in diamonds.

The grain size needs to be about 3 mm for in situ major and
trace element and wet chemical isotope analysis. We collected
garnets from the heavy mineral concentrate dumps from the
Lace mine on the E-block, the Roberts Victor mine along the
Colesberg lineament and the Finsch, Bellsbank and
Bultfontein (Boshof road dump) mines on the W-block. The
garnet compositions are plotted in Fig. 6a in a Cr2O3-CaO

diagram. They all lie in the cpx-free, harzburgitic field. The
field of all garnet compositions from heavy mineral
concentrates and inclusions in diamonds from the Finsch
mine is shown for comparison. Depths of origin were
estimated by projecting the averaged temperatures of the Ni
in garnet thermometers of Griffin et al. (1989) and Canil
(1999) onto a conductive geothermal gradient corresponding
to 40 mW/m2 (Chapman and Pollack 1977) (Fig. 6b). The
garnets from the Lace mine stem from depths of 140–
185 km, those from Roberts Victor from 125 to 175 km, the
Finsch samples come from 150 to 180 km, Bellsbank from 90
to 120 km and those from Kimberley from 110 to 150 km.

The degree of metasomatic overprint must have been small,
too small to be detected by the identification method of Griffin
et al. (1999). The majority of the garnets plot in their Bdepleted
peridotite field^ in a Y versus Zr diagram (not shown). We
traced the nature of the metasomatic agent with more sensitive
elements for metasomatism following Rudnick et al. (1992)
and Yaxley et al. (1991). They found that high, superchondritic
Zr/Hf ratios and low, subchondritic Ti/Eu ratios are indicators
of carbonatitic metasomatism. The vast majority of the garnets
have superchondritic Zr/Hf and subchondritic Ti/Eu ratios in-
dicating that they equilibrated with a carbonatitic melt (Shu
and Brey 2015). A subgroup has only slightly elevated Zr/Hf
ratios and lowered Ti/Eu ratios and the garnets probably
interacted with a kimberlitic melt.

The garnets were divided into 2 or 3 groups at each local-
ity by the latter authors depending on the relative abundances
of the middle and heavy REE and their Zr and Hf systematics.
An example is shown in Fig. 7a,b for subcalcic garnets from
Roberts Victor. The REE patterns commonly show sinusoidal
Primitive Mantle (PM)-normalized patterns, others have light
REE depleted patterns with flat middle to heavy REE and
with Lu and Yb contents higher than the sinusoidal garnets.
Sinusoidal and non-sinusoidal subcalcic garnets are randomly
distributed within the mantle column (Fig. 7c). In this figure
we use the Ni-content of the garnets as a proxy of the depth of
derivation. The type of REE patterns are expressed as (Eu/
Gd)C1 ratios.

The range of patterns is very similar to that found in
subcalcic garnet inclusions in diamonds (Stachel and Harris
2008). This concurrence allows the conclusion that metaso-
matism and crystallization of diamonds are joint processes
(Stachel and Harris 1997).

We modelled metasomatism by carbonatitic or kimberlitic
melts as an open system process with multiple sources of the
metasomatizing agent within the mantle column, with partial
equilibration of the percolating melt with the depleted man-
tle by a process of dissolution and re-precipitation and with
a residual melt moving on. High degrees of melting at low
pressures generate ol-opx-sp residues with very low light
REE and low heavy REE that are almost exclusively includ-
ed in a pre-metasomatic garnet after high pressure
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metamorphism (Fig. 7a,b). Carbonatitic and kimberlitic
agents have highly fractionated REE patterns with high light
REE and low HREE contents (Fig. 7a,b). Our model calcu-
lations show that the interaction of 1–3 vol% of a
carbonatitic agent (relative to the amount of garnet) is suffi-
cient to produce the group RV1 and RV2 garnets. The pat-
terns of the RV3 garnets can be generated by the interaction
of about 10 vol% of a kimberlitic melt.

The elements Lu and Hf are relatively more compatible
than Sm and Nd (see their relative positions in Fig. 7). Only
very small degrees of metasomatism would not affect the Lu-
Hf system and only then, it would be possible to determine the
age of partial melting with this system. The Sm-Nd system is
immediately affected by metasomatism and its age could be
determined by isochrons. More intense metasomatism would
also affect the Lu-Hf system and then, both system give the

age information on metasomatism. Any subsequent metaso-
matic event will affect especially Sm-Nd again and the age
information becomes blurred.

Age of metasomatism

The isotope ratios of the Sm-Nd and Lu-Hf systems in the
subcalcic garnets were determined by wet chemistry and
MC ICPMS (multi collector inductively coupled plasmamass
spectrometry). The values are shown in Fig. 8 as εHf versus
εNd values. There are four quadrants in this diagram, one for
partial melting and three for various degrees of metasomatism.
The intensity of metasomatism of premetasomatic garnets
with these elements and their isotopes determines whether
one can obtain age information on the partial melting process
or on metasomatism. The values of residues of partial melting
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would plot into the upper right quadrant along trends of in-
creasing degrees of partial melting. A trend calculated for
modal batch melting 3 Ga ago in the spinel stability field is
shown in Fig. 8. None of the subcalcic garnets plot along this
trend nor into the quadrant because metasomatism apparently
has overwhelmed the age information for partial melting in
both isotope systems.

When the data for the various garnet groups are plotted into
isochron diagrams, linear arrays are formed for the Lu-Hf
system (Fig. 9 a,b,c,d; after Lazarov et al. 2009 and Shu et al.
2013) that should date the time of metasomatism. The age of
2.94 ± 0.05 Ga at Roberts Victor coincides with the time of
collision of the E- andW-block along the Colesberg lineament
(Fig. 1). The 2.62 ± 0.11 Ga age from Finsch overlaps with
Ventersdoorp magmatism and the 1.9 ± 0.19 Ga age with that
of the Kheis Magondi belt. An age of 3.2 ± 0.5 Ga arises from
the correlation for Lace that is from around the time when the
various segments of the E-block amalgamated. The Sm-Nd
isotope system also yields correlations but with larger errors.
The ages of these correlations (Lazarov et al. 2009; Shu et al.
2013) are shown in Fig. 1. The age of 0.9 Ga at Lace and
Roberts Victor may be correlated with the Namaqua Natal
belt, for the other two ages from Finsch there are no obvious
counterparts within or around the rims of the craton.

The ancient character of the metasomatic agent –
a crustal link?

Metasomatism decouples the Lu-Hf and Sm-Nd isotope sys-
tems, and εHf and εNd values can become independently pos-
itive or negative (Fig. 8). Nevertheless, high to very high εHf
values still keep the memory of an ancient melting event. The
extremely negative εNd and εHf values are the signatures of
the metasomatic agent assuming complete overprinting of the
protolith isotopes. This will occur most readily in strongly de-
pleted protoliths and easier for Nd than for Hf (Fig. 7). The
agent was carbonatitic to kimberlitic (see above) and must have
been derived from a very old source in the lithosphere that
already had very low Sm/Nd and Lu/Hf ratios which prevented
the growth of 143Nd and 176Hf. The high LREE contents and
high Nd/Sm ratios of the carbonatitic agent overwhelmed the
strongly depleted peridotite and imparted their old signature
with εNd < −40. Similar negative εNd values were found in
Cr-diopsides from various Kaapvaal localities (Menzies and
Murthy 1980) and even more negative values in subcalcic gar-
nets from the Newland kimberlite on the West Kaapvaal craton
(Klein-BenDavid and Pearson 2009; D.G. Pearson informed us
that the samples quoted as being from Ekati in that paper actu-
ally stem from Newlands). Highly negative values were also
measured in pooled garnet inclusions in diamonds from
Kimberley and Finsch (Richardson et al. 1984). The model
ages of the subcalcic garnets and of the inclusions in diamonds
are around 3.4 Ga (Fig. 10a). Analogous to Nd, present day εHf
values of subcalcic garnets can be extremely negative down to
−65. Model ages up to 3.6 Ga are obtained (Fig. 10b). Again,
the very negative εHf values require the derivation of the meta-
somatic agent from an old component in the mantle with a
crustal signature.

An additional characteristic of subcalcic garnets with very
low εNd values (xenocrysts and inclusions in diamond) are
highly radiogenic 87Sr/86Sr ratios up to 0. 732 that are not
supported by correspondingly high Rb/Sr ratios (Richardson
et al. 1984; Jacob et al. 1998; Klein-BenDavid and Pearson
2009). The high 87Sr/86Sr ratios must have been imparted by a
metasomatic agent. Fluids or melts causing such signatures
cannot come from the convecting asthenosphere (Klein-
BenDavid and Pearson 2009) because their source must have
low Sm/Nd and high Rb/Sr ratios. The source may have been
subducted carbonated pelites or hybrid products of carbonated
pelite-peridotite interaction (Foley 2010; Grassi and Schmidt
2011; Bulatov et al. 2014; Rapp et al. 2017) or from seafloor
altered basalts.

The cooling of the mantle

The geothermal gradient at the time of kimberlite eruption can
be determined by thermobarometry on xenoliths and
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xenocrysts. A compilation of P,T data from Kaapvaal
xenoliths by Bell et al. (2003) shows that the data plot around
an average geothermal gradient corresponding to a heat flow
of about 40 mW/m2 with thermal perturbations at the base of
the lithosphere (Fig. 11). These authors used the formulations
for the two pyroxene thermometer and the Al-in-opx barom-
eter as calibrated by Brey and Köhler (1990). A comparison
shows that very similar results are obtained with the formula-
tions of Nimis and Grütter (2010).

No tectonomagmatic event has affected the Kaapvaal craton
since 2.6 Ga except for the intrusion of the Bushveld complex

2.05 Ga ago, and Michaut and Jaupart (2007) suggested that
the lithospheric mantle had reached thermal equilibrium by the
end of the Archean. A stable geothermal gradient had devel-
oped in a subcratonic mantle almost devoid of heat-producing
radioactive elements with a crust enriched in heat-producing
elements above and the asthenosphere underneath. They also
suggested that the mantle most likely cooled since then with a
rate that is a function of the reduction of the heat flow from the
convecting mantle, the diminishing heat production from the
decay of U, Th and K in the crust and heat dissipation into
space. Heat loss by erosional uplift is negligible because
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Archean greenstone belts are almost non-metamorphic and the
crustal thickness did not change significantly since 3 Ga (Galer
and Mezger 1998). Each increment in the mantle remained at
practically the same depth since its stabilization (Fig. 12).
Increments are indicated in Fig. 12 as layers of eclogites that
do not change their depth level with time.

Cooling in a stationary mantle has consequences for the
interpretation of data from radioactive isotope systems.

Isotherms that move downwards with time (Fig. 12) will cross
the closure temperature of the isotope systems. If the closure
temperatures are different for different isotope systems, the
isotopic exchange between coexisting phases will stop at dif-
ferent times for the samemantle increment and the radioactive
clock will start for one system and only later for that with the
lower closure temperature. If there is no other disturbance grt-
cpx tie lines should therefore give the eruption age of the
kimberlite if ambient temperatures were above the closure
temperatures or cooling ages that increase with the decreasing
temperature of last equilibration.

The chemical compositions of minerals adjust to changing
physical conditions by volume and grain boundary diffusion.
Grain boundary diffusion is strongly enhanced by a melt or a
fluid phase and volume diffusion by hydrogen in nominally
anhydrous minerals like garnet and clinopyroxene. Diffusion
of an element further depends on temperature, on its ionic size
and its charge. Smaller, divalent cations like Fe2+ and Mg2+

diffuse faster than the significantly larger trivalent REE and
the tetravalent Hf4+ (e.g. Ganguly and Tirone 1999; Dutch and
Hand 2010). Diffusion therefore stops earlier for the tri- and
tetravalent cations during cooling than for divalent cations. In
other words, the closure temperatures of geochronological
systems are reached earlier than the temperatures when the
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Fig. 11 The geothermal gradient of the Kaapvaal craton at the time of
kimberlite eruption after Bell et al. (2003)

Fig. 12 Shift of isotherms with
time to increasingly greater
depths in a cooling mantle
(schematic). Individual
increments in the mantle (shown
schematically as different types of
eclogites) remain stationary over
time. Isotopic exchange between
minerals stops at the closure
temperatures of the respective
isotope systems. A mantle portion
maybe just at the closure
temperature for Lu-Hf 2 Ga ago.
The radioactive clock begins to
tick while the isotopic exchange
for Sm-Nd continues. The same
mantle portion will be at the clo-
sure temperature for Sm-Nd one
Ga later and this clock starts as
well. Kimberlite eruptions bring
samples to the surface from great
depths that are in isotopic equi-
librium and samples from
shallower depths from below the
closure temperatures. The cooling
rate of the mantle can be estimat-
ed from the age difference of the
closure temperatures and the dif-
ferences of the two ages in indi-
vidual samples
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ionic exchange of divalent cations stops as well. Calculated
temperatures of last equilibration based on the exchange of Fe
and Mg are therefore still meaningful when temperatures al-
ready had dropped below the closure temperatures for the Sm-
Nd and Lu-Hf isotope systems.

Shu et al. (2014) plotted the temperatures of last equilibra-
tion in the mantle (calculated from Krogh 1988) of eclogites
and garnet pyroxenites from Bellsbank, Roberts Victor and a
few other samples from the Kaapvaal craton (and from Diavik
in Canada) against the ages of the grt-cpx tie-lines. They found
an envelope around the data with two limiting boundaries. One
is a negative correlation at low temperatures of increasing age
with decreasing temperature and the second is a horizontal line
with kimberlite eruption age. These lines are reproduced in
Fig. 13a. The two lines intersect at around 920 °C for the Lu-

Hf and around 850 °C for Sm-Nd system. The intersects were
taken as the closure temperatures of the isotope systems. The
difference between the closure temperatures is 70 °C.

The Lu-Hf and Sm-Nd ages of the lowest temperature sam-
ple of the whole data set are plotted in Fig. 13a. The grt-cpx
tie-lines give ages of about 2 Ga for Lu-Hf and 1 Ga for Sm-
Nd. This means that this eclogitic piece of the mantle from a
depth of about 90 km cooled by about 70 °C over a period of
1 Ga. The differences for individual samples of the cooling
ages along the low temperature limbs of the two isotope sys-
tems combined with the closure temperatures can be used to
deduce the cooling of the subcratonic mantle from the early
Proterozoic until today (Fig. 13b). Shu et al. (2014) found that
the subcratonic mantle cooled since 2 Ga from a geothermal
gradient of 46 mW/m2 to the present day geothermal gradient
with a rate of around 0.07 °C/Ma. Such a value is in agreement
with estimates that were based on various geophysical and
geological constraints, heat production by radioactive ele-
ments and diffusivity of radiogenic elements. The cooling of
the Kaapvaal subcratonic mantle may show up from a com-
parison of geothermal gradients derived for a peridotite suite
of the 90 Ma northern Lesotho kimberlites with that of the
1180 Ma Premier mine (see Fig. 2 in Pearson 1999). The
Premier peridotites yield a hotter geothermal gradient than
the Lesotho peridotites.

A synopsis

As pointed out in the Introduction, a major issue over the last
decades was the depth of melting and melt separation for the
subcratonic mantle. We demonstrated above from of Cr2O3/
Al2O3 relationships that this occurred at very shallow depths.
Partial melting may have occurred at mid ocean ridges follow-
ed by subduction similar to modern Earth or by upwelling in a
hotter Archean environment followed by down drag due to
eclogitisation at the base of oceanic plateaus as another kind of
subduction (Fig. 14). Lithospheric thickening may have oc-
curred by slab stacking as suggested by Helmstaedt and
Schulze (1989), down-welling (Lee and Chin 2014) or lateral
compression and gravitational self-thickening (Wang et al. in
press). Herzberg and Rudnick (2012) suggested that a very
thick lithosphere was directly created due to a high Archean
heat flow. In whatever model subduction will create thermal
and chemical inhomogeneities (Fig. 14) that strive towards
equilibration. It will occur by liberation of fluids, partial melt-
ing, melt-rock interaction and heat transfer. The thermal and
chemical adjustment leads to metasomatism and crustal
growth and loss of dense residua (from eclogite melting) that
may sink into the deep mantle. This would explain the paucity
of eclogites in the Kaapvaal mantle. Subduction and litho-
sphere thickening may have occurred at defined times so that
metasomatism also occurred periodically.
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Fig. 13 a) A diagram of grt-cpx ages versus temperature of last equili-
bration in the mantle. Ages increase with decreasing temperatures below
the closure temperature and correspond to kimberlite eruption age at
higher temperatures. The lines are reproduced from Shu et al. (2014). A
cooling rate of around 0.07 °C/Ma can be estimated from the differences
of the low temperature limbs. b) Because the mantle increments are sta-
tionary since the end of the Archean the data from the low temperature
limbs can be plotted into a P,T diagram (Shu et al. 2014). The superpo-
sition of geothermal gradients on the data shows that the mantle cooled
from a geothermal gradient of 46 mW/m2 2 Ga ago to 38 mW/m2 at the
time of kimberlite eruption
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The partial melting and differentiation processes led to an
almost complete partitioning of the incompatible, radioactive
and heat-producing elements U, Th and K into the crust and
the lithospheric mantle was probably almost entirely depleted
(e.g. Michaut and Jaupart 2007). These authors suggested that
these turbulent years were terminated near the end of the
Archean by the establishment of a stable geothermal gradient
in the mantle between the overlying crust and the hot astheno-
sphere underneath.We determined that the mantle cooed since
then with a rate of about 0.07 °C/Ma.

A number of studies have investigated the similarities and
differences of the age of processes in the crust and underlying
mantle of the Kaapvaal craton (e.g. Helmstaedt and Schulze
1989; Griffin et al. 2004; Pearson and Wittig 2008; Shu and
Brey 2015). The available age information for various pro-
cesses in crust and mantle of the Kaapvaal lithosphere is sum-
marized in Fig. 15. The most pronounced discrepancy is a
mismatch between the ages from crust and mantle before
3.1 Ga. The TRD model ages for the whole Kaapvaal craton
span a range from 3.6 Ga to zero but only about 3% are older

than 3.1 Ga. The cratonic nuclei of the E-block were mainly
built before that time. Oldest crustal ages are 3.6 Ga and the
amalgamation of the various segments probably occurred at
around 3.2 Ga ago (Schoene et al. 2008). Metasomatism in the
mantle may have accompanied the amalgamation as indicated
by the 3.2 Ga isochron (admittedly with a large error of
0.5 Ga) from the Lu-Hf isotope system.

The small number of old TRD ages are shared by peridotite
samples both from the E-and the W-block but oldest crustal
ages from the W-block are about 3.1 Ga, i.e., the mantle or
parts of it underneath this block are older than the overlying
crust. Furthermore, a number of processes besides partial
melting occurred in the mantle that are older than any crustal
age. Richardson et al. (1984) reported that diamonds were
formed underneath Finsch and Kimberley at 3.2 and 3.3 Ga.
These ages are Nd model ages and not an absolute proof that
diamond grew at that time; however, a number of good rea-
sons support that conclusion. Independent of that uncertainty
in interpretation, these old model ages and very negative εNd
values (−36) bring the information that an old crustal

Fig. 14 The birth, growth and ageing of the subcratonic mantle in a
picture story. The Kaapvaal craton consists of a number of fragments so
that it can be expected that a number of various mantle nuclei were
created by partial melting as well. Two models are shown for adiabatic
upwelling and melt separation at low pressures followed by subduction or
vertical down drag. Subduction underneath an oceanic plateau
corresponds to a model for the origin of cratonic nuclei by Nair and
Chacko (2008). Lithosphere thickening may occur by slab stacking
(Helmstaedt and Schulze 1989) or by a two-stage thickening process
(Wang et al. in press) or variants. Any kind of a subduction process leads

to strong temperature and chemical inhomogeneities. These strive to-
wards equilibration by fluid transfer, partial melting and melt-rock inter-
actions between the various lithologies like subducted sediments, fresh
and altered ocean floor and depleted peridotite. This leads to growth and
modification of the continental crust. Dense eclogite residua of these
processes may sink into the deep mantle. This may explain the paucity
of eclogitic material in the subcratonic mantle. The turbulent years end by
the establishment of a stable geothermal gradient (Michaut and Jaupart
2007) probably by the end of the Archean followed by cooling up to now
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component already existed in the mantle at that time. The
same information is obtained from the most negative εNd
(−41) and εHf (−65) values of the subcalcic garnet xenocrysts
(Fig. 10). Such time-integrated isotopic systematics can only
stem from a very old (early Archean) crustal component
subducted into the mantle. Subduction before the onset of
crust formation on the W-block is proven by the presence of
eclogites from Bellsbank with extremely low 87Sr/86Sr ratios
(Fig. 4b). Their precursor rocks were likely generated as ol-
plagioclase cumulates (troctolites) at very low pressures,
subducted and partially melted (Shu et al. 2016). The low
87Sr/86Sr ratios require a minimum age for these processes
of 3.2 Ga. A memory of very old partial melting events

probably in the Paleoarchean (red-framed box in Fig. 15)
may be preserved only rarely by the oldest TRD ages of the
peridotites and their sulfides. Most ages were overprinted by
metasomatic processes in the Meso- to Neoarchean.

The resemblance of the major and trace elements compo-
sitions of the kyanite/corundum eclogites to modern day
troctolites from the Atlantic and Pacific (Shu et al. 2016) im-
plies that the melting of the mantle occurred at shallow depths.
The peridotites themselves carry a signature that they were
residues from low pressure melting and were metamorphosed
during subduction. The vast majority of their garnets contain 4
to 12 wt% Cr2O3, with some reaching up to 20 wt% in the
extreme in occurrences. As discussed above Cr-rich residues

Fig. 15 The history of the development of the Kaapvaal craton and its
underlying mantle. The time axis is shown on the left as a vertical bar
together with the compilation of TRD ages after Pearson and Wittig
(2008). The red-framed box between 3.6 and 3.1 Ga represents our inter-
pretation of the age of the main period of partial melting. The growth of
the crust is indicated by trapezoids (dark brown for the W- and light
brown for the E- block). Their development is separate until their collision
around 2.9 Ga ago. The period of Ventersdoorp magmatism from 2.8 to
2.6 Ga is indicated by two red vertical and a horizontal bar. The green slab
is the symbol for the Kheis Magondy orogeny between 1.8 to 2.1 Ga at
the west periphery of the craton and the red ball for the intrusion of the
Bushveld complex 2.05 Ga ago. This was followed by the Khibaran

orogeny between 1.2 and 0.9 Ga that formed the Namaqua-Natal unit in
the southern periphery of the craton. Mantle events are shown separately
for the E- and the W-block. The range of Nd- and Hf-model ages of
crustal components underneath the W-block is shown by a pink bar.
Isochron ages for metasomatism are indicated by horizontal bars in blue
for the Lu-Hf and in lilac for the Sm-Nd isotope system. The light green
bar indicates a phlogopite Ar-Ar age from Bultfontein. The eclogite balls
indicate eclogite formation ages and the diamond with a garnet inclusion
(picture from SHRichardson, University of Cape Town) ages of diamond
formation. References for the ages are given in the text. The names at-
tached to the symbols are those of diamond mines
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can only originate by partial melting as long as spinel is a
residual phase. Cr-rich garnets grow in these residues by sub-
duction via the reaction opx + sp → grt + ol. The low pres-
sures of melting have to be reconciled with the high degrees of
melting required by the high to very Mg-values of 92–94 of
the peridotites.

In the Phanerozoic, oceanic plateaus are probably the prod-
ucts of high degrees of partial melting and the result of hot
mantle plumes. In the Archean, thick oceanic crust and deplet-
ed mantle may form in a mid-ocean ridge environment and
upwelling mantle by high degrees of melting and low final
melting pressures because of high ambient mantle potential
temperatures (Herzberg and Rudnick 2012). These authors
imply mantle potential temperatures around 1600 °C, begin-
ning of melting at 3–6 GPa and final melting pressures at 1–
3 GPa resulting in 25 to 45 vol% partial melting. Such a model
is in accord with the requirements from the Cr2O3/Al2O3 ra-
tios for residues from low pressure melting. Herzberg and
Rudnick (2012) disposed of the surplus eclogite generated in
such a model by partial melting to generate the crust and by
foundering of the residues. Subsequent rising of buoyant
harzburgite diapirs and the assembly of cratonic nuclei sub-
stantially modify the sublithospheric mantle in their model.

Pearson and Wittig (2008) and reevaluation by Pearson
et al. (in press) also favor low pressure melting of less than
3 GPa. They express, however, difficulties in reaching high
degrees of melting at relevant ambient mantle potential tem-
peratures during anhydrous melting. They find, based on the
modelling of Iwamori et al. (1995) and modelling of experi-
mental data summarized by Herzberg (2004) that the melt
production rate at lower pressures is less than at higher pres-
sures. An increased melt production at low pressures could be
brought about by the presence of water during melting in
Archean subduction zones. These residues are re-enriched in
orthopyroxene to variable extent by rising siliceous melts
stemming from orthopyroxene breakdown at deeper levels.
The lithospheric roots are formed by subduction stacking.
Such a model would fulfill the requirements for low-P melting
imposed by Cr2O3/Al2O3 ratios.

An interesting model is that of Nair and Chacko (2008) for
the origin of continental crust and the initiation of intra-
oceanic subduction. They suggest that intra oceanic subduc-
tion originates in the Archean due to gravitational instabilities
produced by compositional and density contrasts between
converging oceanic plateau and normal oceanic lithosphere.
This is shown schematically in Fig. 14). Subduction of oce-
anic lithosphere (sediments, basalts, gabbroic cumulates) oc-
curs into the ‘hot’ mantle residuum below newly formed oce-
anic plateau crust (Fig. 14). The final pressures of melting and
degrees of melting vary in such a model depending on wheth-
er it occurs for oceanic plateau or midoceanic ridge settings.
Pressures are, however, always low to very low. Temperature
differences between the Bhot^ mantle and the subducted

material are more pronounced than today that will lead to
more rigorous reactions between the various lithologies (see
below). If lithospheric thickening is generated by slab stack-
ing (Helmstaedt and Schulze 1989) it produces a more com-
plex thermal structure and multiple chemical layering.

Thermal and chemical inhomogeneities are inherent in all
the above models because they all contain a subduction com-
ponent. These will strive towards equilibration by the libera-
tion of fluids from sediments and altered oceanic crust, fluid-
rock and melt-rock interaction, possibly further melting in
depleted peridotite and by heat exchange (Fig. 14).
Orthopyroxene, clinopyroxene and garnet will be
reintroduced to some extent into depleted peridotite from the
neighboring lithologies as a kind of auto-metasomatism and
dense eclogitic residua of these processes will sink and disap-
pear in the asthenospheric mantle. This process should in-
crease the buoyancy of the bulk of the lithospheric mantle as
a whole.

Tectonomagmatism in the crust seems to occur in time
intervals in the Archean. If its cause is due to processes in
the mantle and subduction into the mantle it implies that
subduction, partial melting, metasomatism, formation of di-
amonds etc. also occurs at defined time intervals. We have
identified discrete metasomatic events by Lu-Hf isochrons of
subcalcic garnets from Lace, Roberts Victor and Finsch (Fig.
9 and blue boxes in Fig. 15) and obtained indications for
further metasomatic events from the Sm-Nd isotope system
(Lazarov et al. 2009; Shu and Brey 2015; and purple boxes
in Fig. 15). The event at Lace at 3.2 Ga corresponds to the
amalgamation of the cratonic nuclei of the E-block. The
2.9 Ga metasomatic event determined at Roberts Victor
marks a major event for the craton. It corresponds to the
collision of the E- and W-blocks (Schmitz et al. 2004), the
time of formation of diamonds at Koffiefontein and
Kimberley (Aulbach et al. 2009) and probably eclogite for-
mation at Roberts Victor (Jacob et al. 2003) and Lace
(Aulbach and Viljoen 2015). The 2.62 Ga old metasomatic
event at Finsch coincides with the final stages of
Ventersdoorp magmatism (2.8–2.6 Ga; Tinker et al. 2002)
and probably marks the final stage of cratonization of the
Kaapvaal craton. Later events are probably induced by pro-
cesses along the rifted margins of the craton like the 1.9 Ga
event at Finsch by the Kheis Magondi belt (Alterman and
Hölbich 1991). The Bushveld intrusion at 2.05 Ga (Thomas
et al. 1993) may have induced diamond formation under-
neath the Premier mine around this time. The Ar-Ar-ages
from metasomatic phlogopites between 1 and 1.2 Ga
(Hopp et al. 2008) from Bultfontein are an almost 1:1 match
to the Namaqua-Natal orogenesis around the southern and
south-western margin of the Kaapvaal craton (Thomas et al.
1993). The ages from around that time from Roberts Victor,
Bellsbank and Lace indicated by the Sm-Nd isotope system
(purple boxes) may be related to this event.
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We have identified carbonatitic to kimberlitic melts as the
main agents for metasomatism in cpx-free garnet
harzburgites from diagnostic trace element ratios such as
Ti/Eu and Zr/Hf (Shu and Brey 2015). Substantial overlap
of the Ti/Eu and Zr/Hf ratios in subcalcic garnets and garnet
inclusions in diamonds corroborate previous findings that
mantle metasomatism and the growth of diamonds are con-
nected processes. Shu and Brey (2015) envisaged a process
of the interaction of a carbonatitic melt with depleted garnet
harzburgite by dissolution and regrowth of the constituent
minerals and the growth of diamonds by redox reactions.
Model calculations show that only small amounts of a
carbonatite melt in the range of 0.3 to 3 vol% are needed
to generate the range of sinusoidal REE patterns in the gar-
nets from harzburgites and the inclusions in diamonds. The
main growth period for diamonds may coincide with this
period of consolidation that is characterized by thermal and
chemical inhomogeneities. The P,T conditions of growth de-
rived from inclusions in diamonds scatter in between a range
of geothermal gradients (from 36 to 42 mW/m2; see sum-
mary by Stachel and Harris 2008). This may express that
temperatures in the mantle may have been quite variable in
similar depth intervals and diamonds may have grown in
similar depths but at a range of temperatures.

Subsequent to these turbulent years, probably around
2.6 Ga ago, thermal consolidation generated a stable thermal
structure between a heat producing upper crustal lid and the
convective asthenosphere (Michaut and Jaupart 2007).
Figure 13b shows that a conductive geothermal gradient of
about 46 mW/m2 was established by 2.0 Ga (Shu et al.
2014). They found that the subcratonic mantle cools since that
time with a rate of about 0.07 °C/Ma.
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