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a b s t r a c t
The formation of cratonic mantle peridotite of Archean age is examined within the time frame of Earth's thermal history, and how it was expressed by temporal variations in magma and residue petrology. Peridotite
residues that occupy the lithospheric mantle are rare owing to the effects of melt-rock reaction, metasomatism, and refertilization. Where they are identiﬁed, they are very similar to the predicted harzburgite residues
of primary magmas of the dominant basalts in greenstone belts, which formed in a non-arc setting (referred
to here as “non-arc basalts”). The compositions of these basalts indicate high temperatures of formation that are
well-described by the thermal history model of Korenaga. In this model, peridotite residues of extensive ambient
mantle melting had the highest Mg-numbers, lowest FeO contents, and lowest densities at ~2.5–3.5 Ga. These
results are in good agreement with Re–Os ages of kimberlite-hosted cratonic mantle xenoliths and enclosed sulﬁdes, and provide support for the hypothesis of Jordan that low densities of cratonic mantle are a measure of
their high preservation potential. Cratonization of the Earth reached its zenith at ~2.5–3.5 Ga when ambient
mantle was hot and extensive melting produced oceanic crust 30–45 km thick. However, there is a mass imbalance exhibited by the craton-wide distribution of harzburgite residues and the paucity of their complementary
magmas that had compositions like the non-arc basalts. We suggest that the problem of the missing basaltic oceanic crust can be resolved by its hydration, cooling and partial transformation to eclogite, which caused foundering of the entire lithosphere. Some of the oceanic crust partially melted during foundering to produce continental
crust composed of tonalite–trondhjemite–granodiorite (TTG). The remaining lithosphere gravitationally separated into 1) residual eclogite that continued its descent, and 2) buoyant harzburgite diapirs that rose to underplate cratonic nuclei composed of non-arc basalts and TTG. Finally, assembly of cratonic nuclei into cratons at
convergent boundaries substantially modiﬁed harzburgite residues by melt-rock reaction.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The most fundamental observations that constrain the formation
of common harzburgite xenoliths of cratonic mantle are their low
contents of FeO, Al2O3, and CaO relative to fertile mantle, and their
ancient ages. O'Hara et al. (1975) proposed that they were formed as
residues after extraction of ultrabasic magmas. Jordan (1978) developed this idea, and proposed that the geochemistry of the residues
has contributed to chemical buoyancy and the stabilization of cratons.
Walker et al. (1989), Pearson et al. (1995), and many others since,
used Re–Os model ages to show that the melt depletion events were ancient, occurring mainly during the Archean and Paleoproterozoic.
The following is a list of questions that will be addressed in order
to understand the formation of harzburgite and dunite as residues.
• How can peridotite residues be identiﬁed, and what are their
compositions?
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• What is the composition of the complementary magmas and in
what tectonic setting did these form?
• How have temperatures of melting changed over the age of the
Earth?
• How have melt fractions changed over the age of the Earth
• How has the composition of lithospheric mantle peridotite changed
over the age of the Earth?
• What is the relationship between cratonic mantle lithosphere and
overlying continental crust?
The formation of cratonic mantle of Archean age is examined
within the context of Earth's thermal history, and how it is expressed
by temporal variations in magma and residue petrology. Finally, this
paper examines the role of continental crust production in the assembly of cratonic lithosphere.
2. The search for pristine residues of craton and off-craton mantle
peridotite
The major element composition of a peridotitic residue constrains
melt fraction and pressures of melt extraction, information that
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illuminates origin (Herzberg, 2004). However, a major difﬁculty is
that true residual peridotite is rarely preserved amongst mantle xenolith populations. Xenoliths of peridotite from cratons have a fairly
wide range of compositions (e.g., Boyd and Mertzman, 1987;
Carlson et al., 2005; Ionov et al., 2010; Lee and Rudnick, 1999;
Nixon and Boyd, 1973), and most samples are residues that were subsequently modiﬁed by melt-rock reaction (Kelemen et al., 1992,
1998; Rudnick et al., 1994), metasomatism and refertilization
(Beyer et al., 2006; Grifﬁn et al., 1989; 2009; Simon et al., 2007), lithosphere replacement (Gao et al., 2002) and other processes (Canil
and Lee, 2009; Herzberg, 1993). The rarity of pristine residues is
also recognized for off-craton peridotite occurrences. Refertilization
and melt/rock reaction has obscured the residuum record of abyssal,
xenolithic and orogenic peridotite (Bodinier et al., 2008; Hanghøj et
al., 2010; Ionov et al., 2005; Kelemen et al., 1995; Menzies et al.,
1987). Lherzolite from the type locality in the Lherz Massif is now
thought to be secondary after refertilization from harzburgite (Le
Roux et al., 2007). How is it possible to see through these secondary
processes and identify the residuum character of the protolith?
A method for identifying residues within a peridotite population
was reported earlier (Herzberg, 2004). It is based on the requirement
that every integrated model in igneous petrology must understand
the geochemistry of primary magmas and their residues according
to the mass balance equation: Co = FCL + (1 − F)CS, where Co is the
initial source composition, F is the mass fraction of the aggregated
fractional melt, CL is the composition of aggregate liquid (primary
magma), and CS is the composition of the residue. A peridotite is considered to be a residue if its whole rock composition is similar to
model residues of fertile peridotite. Model residues are constrained
from the compositions of the complementary primary magmas and
mass balance, and there has been considerable progress made in experimentally constraining partial melt compositions (e.g., Walter,
1998). These and other experimental results have been modeled for
melting in the 1–7 GPa range, and melt fractions in the 0–1 range
(Herzberg, 2004; Herzberg and O'Hara, 2002). All mass balance calculations are made with respect to a fertile peridotite source KR-4003
for which experiments have been performed (Walter, 1998) and
modeled (Herzberg and O'Hara, 2002); this composition is similar
to the primitive mantle composition of McDonough and Sun (1995)
that has lost about 1% mid-ocean ridge basalt (MORB). Results permit
the calculation of residue compositions, and these were given by
Herzberg (2004) as diagrams in MgO–FeO, MgO–Al2O3, and MgO–
SiO2 projection space. Each diagram provides melt fraction, and pressures of initial and ﬁnal melting for residue production during
fractional melting. A peridotite xenolith, when plotted in these diagrams, is considered to be a true residue if inferred melt fraction
and pressure information is internally consistent in all diagrams
(Herzberg, 2004). Examples of residue compositions that meet this
internal consistency criterion are plotted in MgO–FeO projection
space in Fig. 1a. Inferred melt fractions for cratonic peridotite are
0.25–0.45, initial melting pressures were 3–6 GPa, and ﬁnal melting
pressures were 1–3 GPa. Most residues are harzburgite (Ol + Opx)
and dunite (Ol). By contrast, many cratonic xenoliths are too enriched
in orthopyroxene to be residues (Herzberg, 1993; 2004; Rudnick et
al., 1994).
An important drawback to this method of inferring pristine residue composition is that the internal consistency criterion will often
reject true peridotite resides that formed by melting an initial source
composition that differed from KR-4003. Nevertheless, it is the range
of melting conditions that we need in order to understand craton formation, and the ones inferred from Fig. 1a are likely to be representative. Another problem is that the method of internal consistency may
in some cases conspire to yield a fortuitous residuum solution, and
that a comparable composition may be produced by melt-rock reaction and refertilization. The method will also be inappropriate for production of cratonic mantle formed by wet melting in subduction
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Fig. 1. FeO and MgO contents of craton and off-craton mantle peridotite. Panel a) is
from Herzberg et al. (2010), updated to include new peridotite xenolith data from
Udachnaya (Ionov et al., 2010). Numbered lines are melt fraction, and pressures of initial and ﬁnal melting for peridotite residues of fertile peridotite KR-4003 (Herzberg,
2004). Calculated residues are for primary magma compositions of non-arc lavas as
discussed in the text. Panel b) compares peridotite residue compositions from on-craton
and off-craton occurrences.

zones (e.g., Carlson et al., 2005; Parman et al., 2004), a possibility
that we evaluate below. Finally, it is possible that all of our residues
in Fig. 1 have been pervasively modiﬁed to an extent that is small
and difﬁcult to distinguish from true residues (see Section 4); if this
is the case, then our residues can only be considered minimally modiﬁed, rather than pristine.
The problem of identifying true residues is well-illustrated with
respect to off-craton peridotite. Fertile peridotite has 0.03% K2O
(McDonough and Sun, 1995), and most of the 590 off-craton peridotites in the database reported by Herzberg (1993) have higher K2O,
indicating that they were modiﬁed by metasomatism. Of the remaining 264 samples having K2O b 0.03%, only 36 samples meet the internal consistency criterion of Herzberg (2004). These are shown in
Fig. 1b together with three additional samples from Vitim and Tariat
in central Asia (Ionov, 2004; Ionov and Hofmann, 2007). The offcraton samples are largely basalt-hosted spinel lherzolite xenoliths
from the Massif Central (Hutchison et al., 1975), Ronda massif (Frey
et al., 1985), Dreiser Weiher (Stosch and Seck, 1980), and Tariat
(Mongolia; Ionov and Hofmann, 2007), all of which have Proterozoic
Re-depletion model ages (Marchesi et al., 2010; Meisel et al., 2001;
Reisberg et al., 1991).
With the exclusion of samples that have experienced melt-rock
reaction, metasomatism, and refertilization, the differences between
craton and off-craton peridotite are now more sharply deﬁned
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(Fig. 1b). Although it is true that cratonic mantle is enriched in MgO
and depleted in FeO relative to primitive mantle (Jordan, 1978),
there is overlap between cratonic and off-craton lithospheric mantle
in some cases. Cratonic mantle is also depleted in CaO and Al2O3 compared with primitive mantle (Boyd, 1989; Carlson et al., 2005; Grifﬁn
et al., 2009; Jordan, 1978; O'Hara et al., 1975), and its density is lower
owing to the combined effects of lower FeO in dropping the mean
atomic weight, and lower Al2O3 in eliminating garnet. But before density can be understood in more detail, we need to place the origin of
cratonic mantle within the context of the melting process that lead
to its formation.
3. Formation of cratonic mantle by plume-type magmatism
A popular hypothesis is that komatiites were the complementary
melts of cratonic peridotite (Aulbach et al., 2011; Hanson and
Langmuir, 1978; Herzberg, 1993, 1999; O'Hara et al., 1975; Parman
et al., 2004; Takahashi, 1990; Walter, 1998; Wyman and Kerrich,
2009), and they formed in mantle plumes (Arndt et al., 2002;
Aulbach et al., 2011; Herzberg, 1993, 1999; Wyman and Kerrich,
2009). Komatiites are volumetrically minor, and constitute less than
5% of the volcanic rocks in most Archean greenstone belts (de Wit
and Ashwal, 1997). Recent work indicates that Archean komatiites
would have left behind residues of dunite, not harzburgite
(Herzberg, 2004; Herzberg et al., 2010); by contrast, harzburgites
are observed to dominate the cratonic mantle (Fig. 1a). A notable exception may be rare garnet dunite residues (Spengler et al., 2006)
expected of Al-depleted komatiites (Herzberg and Zhang, 1996;
Walter, 1998). Moreover, olivine phenocrysts in many komatiites
have Fo > 94 (Sobolev et al., 2007), signiﬁcantly higher than the
Fo92–94 observed in olivines from cratonic mantle (Bernstein et al.,
2006; 2007; Boyd, 1989; Gaul et al., 2000; Grifﬁn et al., 2009; Lee
and Rudnick, 1999) (Fig. 1a).
There are a few petrological caveats to the above analysis that require mention. Residues of dunite have been reported by Bernstein et
al. (2006; 2007), indicating orthopyroxene exhaustion at melt fractions > 0.35 (Fig. 1a). These dunites have Mg-numbers mostly in the
92–93 range, but some reach 94. A primary magma that leaves behind
a Fo92 dunite residue would crystallize Fo93 olivine at the surface due
to the effects of decompression on Fe–Mg partitioning between olivine and melt (Toplis, 2005). This pressure dependence is important to
keep in mind when comparing olivine in cratonic mantle with olivine
phenocrysts in komatiite. There is some agreement that primary
magmas of Archean komatiites had about 30% MgO (Arndt et al.,
2008; Herzberg et al., 2010), and these are expected to crystallize olivine with an Mg-number of 95 at low pressures (Herzberg, 2011), in
good agreement with data for komatiite phenocrysts reported by
Sobolev et al. (2007). Such a komatiite primary magma is expected
to leave behind a dunite residue having an Mg-number of 94, which
is at the upper limit of olivine compositions in cratonic residues
(Fig. 1a) indicating that olivine chemistry alone cannot always be
used with conﬁdence to infer whether the primary magmas were
komatiite or non-arc basalts in greenstone belts.
4. Formation of cratonic mantle by convergent boundary
magmatism
Formation of cratonic harzburgite at low melting pressures (Canil,
2004; Herzberg, 2004; Stachel et al., 1998; Walter, 1998; Fig. 1a) is
consistent with either melting at mid-ocean ridges or melting at convergent boundaries. Moreover, some cratonic mantle (particularly
that from the Kaapvaal Craton) is too enriched in orthopyroxene to
be residues of peridotite melting (Herzberg, 1993), and it has been
proposed that orthopyroxene was produced by ﬂuid- or melt-rock
reaction in subduction zones (Kelemen et al., 1998; Kesson and
Ringwood, 1989; Rudnick et al., 1994). Harzburgite residues in

modern arcs also show SiO2-enrichment similar to cratonic peridotite
(Herzberg, 2004; Ionov, 2010). This and other evidence for subduction lead Parman et al. (2004), Carlson et al. (2005), and Pearson
and Wittig (2008) to conclude that cratonic harzburgite formed by
hydrous melting in convergent margin settings.
In the modern Earth, harzburgite features prominently at subduction zones (e.g., Parkinson and Pearce, 1998), and near the crustmantle boundary in present-day oceanic ridges (e.g., Godard et al.,
2008) and ophiolites (e.g., Hanghøj et al., 2010). Melt fractions in excess of 0.20 are required to melt out clinopyroxene and form a harzburgite residue (Fig. 1a; Baker and Stolper, 1994; Herzberg, 2004;
Herzberg and O'Hara, 2002; Parman and Grove, 2004; Walter,
1998). In the case of MORB, “mean” melt fractions for accumulated
fractional melting are typically 0.08–0.10 (Herzberg et al., 2007;
Langmuir et al., 1992; Plank et al., 1995), and it is generally understood that melt fractions > 0.20 for harzburgite production occur
only at the top of the triangular melting region (Langmuir et al.,
1992). Melt fractions in the modern Mariana arc are generally b 0.20
(Kelley et al., 2010), and harzburgite production is likely restricted
to nodes below volcanic fronts (England and Katz, 2010). Thus, harzburgites at both modern arcs and ridges are spatially restricted, unlike
craton-scale distributions in the Archean and Paleoproterozoic. As
described below, the hotter potential temperatures present in the
Archean Earth would have led to greater extents of melting beneath
ridges and could generate craton-wide harzburgite. How might
widespread harzburgite be generated in an arc setting during the
Archean?
Carlson et al. (2005) proposed that cratonic peridotites are the
products of extensive melting and metasomatism of an undeﬁned
protolith at Archean convergent boundaries. In a sequel, Simon et al.
(2007) identiﬁed the ﬁrst stage of melting as occurring in an oceanridge type environment, although they were not speciﬁc about the
geochemistry and petrology of the protolith. The production of widespread, depleted cratonic harzburgite at convergent boundaries
(Carlson et al., 2005) requires serial H2O-ﬂuxed melting. However,
there are two problems with this scenario. The ﬁrst is the absence
of complementary melts, a problem that is shared by all scenarios of
generation of refractory cratonic mantle lithosphere (e.g., plume,
spreading-center or convergent margin). The second, the anhydrous
nature of cratonic mantle appears to be inconsistent with repeated
ﬂuid-ﬂux melting in a convergent margin setting. We discuss both
of the problems in the remainder of this section.
Given the craton-scale distribution of harzburgite, there is the expectation that its complementary magmas might be identiﬁed. While
Archean boninites are likely candidates (Polat et al., 2002; Smithies et
al., 2004), their rarity in greenstone belts (Smithies et al., 2004) casts
doubt on the relevance of boninites in the formation of cratons.
Parman et al. (2004) proposed that Al-depleted Barberton komatiite
formation in subduction zones left behind complementary cratonic
mantle (for an alternative Barberton viewpoint, see Arndt et al.,
2008). However, there are problems with this interpretation. Barberton komatiite primary magmas contained about 30% MgO (Herzberg
et al., 2010; Parman et al., 2004); they also have 4% Al2O3 (Fig. 2b)
and mass balance with respect to 4% Al2O3 in fertile peridotite
would yield garnet-bearing residues with ~ 4% Al2O3, much higher
than that observed in cratonic harzburgites (Fig. 2b). In addition,
like boninites, komatiites are rare in cratonic crust. Thus, if cratonic
mantle formed by wet melting at convergent boundaries, the complementary magmas are not currently present within Archean cratonic
lithosphere.
The second problem with the convergent margin hypothesis of
cratonic lithosphere formation is the observed low water contents
of olivine in cratonic peridotites (0–86 ppm, Peslier et al., 2010; see
also Katayama and Korenaga, 2011), and the inference that dehydration is integral to craton stability (Katayama and Korenaga, 2011;
Pollack, 1986). By contrast, subduction zones are environments in
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Fig. 2. Primary magmas of non-arc basalts and their calculated residues. Primary magma compositions are provided in Herzberg et al. (2010), and these are compared with primary
magmas from the Ontong Java Plateau (Herzberg and Gazel, 2009), and Barberton komatiite compositions compiled in Arndt et al. (2008). Green circles are on-craton and off-craton
mantle given in Fig. 1 and discussed in the text.

which water is added and the strength of the lithosphere is reduced.
The destruction of the North China craton is a good example (e.g.,
Peng et al., 1986), as are back arc basins in the modern Earth. The
breakup of continents along pre-existing suture zones in the Wilson
cycle may be another example.
The water content of residual arc harzburgite can be estimated from
the water contents of parental magmas formed by melt fractions in excess of 0.20 from the Mariana arc (30,000–40,000 ppm H2O; Kelley et
al., 2010), together with the olivine-melt and orthopyroxene-melt distribution coefﬁcients for water (olivine: 0.001–0.002; orthopyroxene:
0.012–0.034; Hauri et al., 2006). For a harzburgite lithology consisting
of 80% olivine and 20% orthopyroxene by weight, the expected water
contents are 100–340 ppm. This is substantially higher than b10 ppm
H2O needed to keep cratonic mantle lithosphere stable over billions
of years (Katayama and Korenaga, 2011). It is therefore difﬁcult to
understand how cratonization could have occurred if all xenoliths
were the products of extensive hydrous ﬂux melting similar to that
which occurs in modern subduction zones (Carlson et al., 2005;
Pearson and Wittig, 2008). A corollary is that, if cratonic harzburgite
was dominantly formed by melting at convergent boundaries, then
the water contents of the magmas could not have been as high as
those in the Phanerozoic.
5. Formation of cratonic mantle by oceanic ridge-type magmatism
When peridotite partially melts, the compositions of primary
magmas and complementary residues vary according to the
following list of conditions of melting: mantle potential temperature

(TP; McKenzie and Bickle, 1988), melt fraction (F), the pressure at
which major melting begins on the solidus (Pi), and the pressure at
which major melting ends (Pf), and volatile content. For example,
modern MORB primary magmas contain 10–13% MgO, and 6.5–8.0%
FeO (Herzberg et al., 2007; Kinzler, 1997). These were formed with
TP in the 1300–1400 °C range (Herzberg et al., 2007; Kinzler, 1997;
Langmuir et al., 1992; Lee et al., 2009; McKenzie and Bickle, 1988),
and “mean” melt fractions are 0.08–0.10 (Herzberg et al., 2007;
Langmuir et al., 1992; Plank et al., 1995). It is notable that the search
for modern mid ocean ridge basalts with Archean and Proterozoic
ages was not successful (Herzberg et al., 2010), though this may be
due to a lack of preservation if oceanic crust is assumed to have subducted in the past as it does now.
High temperatures of anhydrous peridotite melting can produce
primary magmas having high MgO contents, and melting of hot ambient mantle is one way to explain the absence of mid ocean ridge basalts in the ancient Earth (Herzberg et al., 2010). For example, when
the mantle potential temperature TP exceeds 1500 °C, primary
magmas have MgO in excess of 17% (Herzberg et al., 2007), and crystallize to olivine-rich rocks called picritic basalts. Spinfex-textured
komatiite melts having 30% MgO are produced when TP is in the
1700–1800 °C range (Herzberg et al., 2010).
Archean greenstone belts contain basalts that are similar to those
of Phanerozoic oceanic plateau basalts (e.g., Arndt et al., 2001;
Condie, 2005; Kerr et al., 2000; Kerrich et al., 1999; Polat and
Kerrich, 2000; Smithies et al., 2005). Such basalts dominate the
Wawa sector of the Superior Craton (Polat, personal communication,
2011); they display ﬂat rare earth element patterns and have been
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variously termed oceanic plateau basalts (Polat and Kerrich, 2000)
and non-arc basalts (Herzberg et al., 2010) in order to distinguish
them from the less common arc-like basalts in greenstone belts that
show variable depletions in the high ﬁeld strength elements (Polat
and Kerrich, 2000). The primary magma compositions of these common non-arc basalts of mostly Paleoproterozoic and Archean ages
are given in Table A1 of the Appendix in Herzberg et al. (2010), and
are shown in Fig. 2. The primary magmas that gave rise to these basalts contained 17–24% MgO, similar to primary magmas of basalts
from the Ontong Java Plateau (Herzberg and Gazel, 2009). As discussed below, mass balance with respect to fertile peridotite shows
that these primary magmas of non-arc basalts are complementary
to harzburgite residues of cratonic mantle.
There are two very different geodynamic settings in which to produce primary magmas with 17–24% MgO. In the Phanerozoic Earth,
such magmas are suggested to form in hot mantle plumes
(Herzberg and Asimow, 2008; Herzberg and Gazel, 2009; Herzberg
et al., 2007); the Ontong Java Plateau is a good example. In the ancient
Earth, similar magmas are expected to form from melting of hot ambient mantle (Fig. 2). Without more information, it would not be possible to distinguish between these differing interpretations. However,
TP inferred from petrological modeling of non-arc basalts with welldeﬁned Archean and Proterozoic ages is similar to TP inferred from
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thermal models of ambient mantle for an Earth having a presentday low Urey ratio (Fig. 3a; Korenaga, 2003, 2008a, 2008b;
Herzberg et al., 2010). This conﬂuence of petrological and thermal
modeling, while not in perfect agreement (Fig. 3a), indicates that
there is no need to explain the origin of ancient non-arc basalts by
melting in mantle plumes.
The compositions of the complementary residues of the primary
magmas of ambient mantle melting were calculated from solutions
to the mass balance equation, and results are shown in Figs. 1a, 2, 4
and 5. In all cases it was assumed that the initial source composition
was similar to fertile peridotite KR-4003 (Herzberg, 2004; Walter,
1998), for which melt fractions were obtained using PRIMELT2
software (Herzberg and Asimow, 2008). These melt fractions (0.30–
0.45; Fig. 3d), together with primary magma compositions of nonarc basalts, were given in Table A1 of the Appendix in Herzberg et
al. (2010). As shown in Fig. 2, calculated residue compositions of
non-arc basalts are indistinguishable from residues of on- and offcraton peridotite for MgO, FeO, CaO, and SiO2, and these are mostly
harzburgite (Fig. 1a). Inferred residues of non-arc basalts are sometimes slightly higher in Al2O3, a misﬁt that arises due to some Archean
basalts having low Al2O3 (Fig. 2b). Possible explanations for the Al2O3
misﬁts are: 1) plagioclase is a common phenocryst phase, and the primary magma calculation will be compromised if the lavas were
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Fig. 3. Temporal variations in ambient mantle potential temperature and primary magma compositions of non-arc basalts. Closed circles are primary magma for non-arc basalts
from Appendix 1 in Herzberg et al. (2010). Panels a) and b) are slightly modiﬁed from Herzberg et al. (2010) to exclude komatiites. Panels c) and d) show primary magma FeO
contents and melt fractions, from Appendix A in Herzberg et al. (2010). Secular variations in ambient mantle potential temperature TP are from Korenaga (2008a, 2008b) for a
present-day Urey ratio (Ur(0)) of 0.23 ± 0.15. The weight% MgO content of a primary magma is related to TP by: TP(°C) = 1463 + 12.74MgO − 2924/MgO (Herzberg and Asimow,
2008); MgO contents along the Urey ratio curves were thus calculated using Tp from Korenaga (2008a, 2008b). The weight% FeO content of a primary magma is also related to TP
(Langmuir et al., 1992), and primary magma solutions in Appendix A of Herzberg et al. (2010) yield: FeO (wt%) = 0.01368TP − 11.43; FeO contents along the Urey ratio curves were
thus calculated using Tp from Korenaga (2008a, 2008b). Melt fraction F is related to FeO/MgO of the primary magma (Herzberg and Asimow, 2008), and primary magma solutions
in Appendix A of Herzberg et al. (2010) permit values along the Urey ratio curves to be obtained from: F = 1.456 − 2.189(FeO/MgO). Uncertainties in residue composition stem from
uncertainties in initial source composition, which is assumed to be fertile peridotite, and primary magma compositions. Uncertainties in primary magma MgO compositions are ±2%
(Herzberg et al., 2010). The principle uncertainties in primary magma FeO contents stem from the assumption of FeO/FeOT = 0.9; addition of olivine in PRIMELT2 modeling contributes
little uncertainty to primary magma FeO contents.
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Fig. 4. Temporal variations in Mg-number of mean residues of ambient mantle melting.
Mg-number = 100MgO / (MgO + FeO) in mole%. Mean residue compositions are calculated by mass balance with liquid compositions given in Fig. 2. See text for discussion of
the petrological theory. Uncertainties in residue composition are likely to be less than
those for complementary primary magmas discussed in caption to Fig. 3.

mixtures of primitive melts and those that lost some plagioclase, 2)
the low Al2O3 basalts may derive from peridotite sources that are
slightly more refractory than fertile peridotite (Herzberg, 2004), 3)
CO2 can substantially lower the Al2O3 contents of partial melts of peridotite (Dasgupta et al., 2007) compared with anhydrous melting
(Walter, 1998), 4) incorporation of recycled crust during melting
can lower Al2O3 (Kogiso et al., 2004).
There is good agreement between melt fractions inferred from xenoliths (0.25–0.45; Fig. 1a) and mass balance (0.30–0.45; Fig. 3d).
There is also good agreement from both xenoliths (Fig. 1a) and nonarc basalt primary magma compositions (Herzberg et al., 2010) that
initial melting pressures were 3–6 GPa and ﬁnal melting pressures
were 1–3 GPa. This level of internal consistency that suggests cratonic
harzburgite formed as residues in a single stage of polybaric decompression melting.

12
Phanerozoic

0.08

11
10

0.23

Basalts

0.38

FeO
(wt%)

9

Ur(0)
Ambient Mantle
Korenaga (2008a,b)

8

0.38

7

Ur(0)

Mean
Residues
0.08
Proterozoic

6
5

0

1

2

Archean

3

0.23

4

Age (Ga)
Fig. 5. Temporal variations in the FeO contents of primary magmas of ambient mantle
melting, and their mean residues. Green ﬁlled circles are residues non-arc primary
magmas. Result at 0 age is for mid ocean ridge basalt using its primary magma composition for accumulated fractional melting (Herzberg et al., 2007). MORB residue FeO
content is calculated from mass balance using a melt fraction of 0.08 (Herzberg et al.,
2007). Uncertainties in residue composition are likely to be less than those for complementary primary magmas discussed in caption to Fig. 3.
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It is important at this point to discuss these mass balance calculations within the context of the physics of melting. The only physically
plausible mechanism for generating melt fractions in the 0.30–0.45
(Fig. 3d) range is for melting to be fractional, not batch. For batch
melting, the melts remain in the pore spaces, and the package of
melt is removed in a single batch when the melt fraction reaches a
maximum, this being ~0.30–0.45 for cratonic mantle (Figs. 1a, 3d).
This melting scenario is not consistent with experimental observations of crystal settling, and numerical results that show low degree
melts drain from the residue owing to buoyancy-driven porous ﬂow
(Ahern and Turcotte, 1979; Langmuir et al., 1992; McKenzie, 1984;
McKenzie and Bickle, 1988).
For the case of accumulated fractional melting, the mantle source
begins to melt in small amounts during decompression, typically melt
is extracted after 1–2% melting by buoyancy-driven porous ﬂow, and
the residue continues to melt in small increments during decompression. This process is repeated many times as decompression progresses from an initial high to a ﬁnal low melting pressure, and the
small melt fractions mix higher in the melting regime and/or during
ascent in crustal magma chambers to make an aggregate primary
magma. The melting process is termed “accumulated fractional melting”, and the primary magma is variously called an “aggregate”,
“mixed”, or “mean” composition. Each droplet of melt that contributes to the aggregate is in equilibrium with a speciﬁc residue composition, which varies from the relatively fertile peridotite composition
where melting begins, to a more refractory peridotite composition
where melting ends. An aggregate fractional melt is not in equilibrium with its residue. Only the ﬁnal drop of liquid extracted is in equilibrium with the residue. However, in computations using the
standard mass balance equation Co = FCL + (1 − F)CS, CL refers to the
aggregate liquid composition, F the mean mass fraction of the aggregate melt with respect to initial source Co, and CS is the composition of
the residue in equilibrium with the last drop of liquid extracted. The
only condition where a speciﬁc residue composition can be perfectly
matched to a complementary primary aggregate magma composition
is in the case where the melting column is deﬁned by the geometry of
a perfect cylinder. For modern mid ocean ridge basalts, the melting
region is roughly triangular in 2 D (e.g., Langmuir et al., 1992). Each
primary MORB magma composition is associated with many residue
compositions from the base to the tip of the triangle where the melting streamline changes from vertical to horizontal (Langmuir et al.,
1992). Similarly in mantle plumes with complex shapes (e.g.,
Farnetani and Samuel, 2005), there can be a wide range of residue
compositions associated with each primary magma. Given that
there are many residue compositions for any given primary magma,
what meaning can be attributed to the calculation of a speciﬁc residue
composition from the mass balance equation as given above? It is
proposed herein that each calculated residue represents a “mean residue” for the melting domain of any shape, and that it is similar in
concept to a “mean pressure” and “mean melt fraction” (Asimow et
al., 2001; Langmuir et al., 1992). That is, there is a “mean residue”
for every “mean” or aggregate melt composition.
The compositions of primary magmas of ambient mantle, together
with the well-deﬁned ages of the non-arc basalts (Fig. 3; Herzberg et
al., 2010), now permit an exploration of temporal variations in the
compositions of their complementary residues. Mg-numbers of
mean residues of non-arc basalts of Archean age are 92–94 (Fig. 4),
in good agreement with olivine compositions measured in cratonic
peridotites (Bernstein et al., 2006; 2007; Boyd, 1989; Gaul et al.,
2000; Grifﬁn et al., 2009; Lee and Rudnick, 1999) (Fig. 1a). The
mean residue Mg-number at the present time, calculated from the
primary magma of mid ocean ridge basalt (Herzberg and O'Hara,
2002; Herzberg et al., 2007), is 90; higher Mg-numbers in some abyssal peridotites (91; Seyler et al., 2003) likely arise from samples near
the top of the melting region where the extent of melting was highest. The essential observation is that there has been a signiﬁcant
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reduction in the Mg-number of residues over the past 3 billion years
(Fig. 4), in good agreement with other studies (Boyd, 1989; Gaul et al.,
2000; Grifﬁn et al., 2004a; O'Reilly and Grifﬁn, 2006). Although there is
considerable scatter in Mg-number (Fig. 4), it reaches a maximum at
~2.5–3.5 Ga when TP and melt fractions were at a maximum (Fig. 3).
A good illustration of the mass balance between primary magmas
and their mean residues is shown by the symmetry with respect to
FeO (Fig. 5). Although there is considerable scatter, FeO contents of
the residues and primary magmas display a minimum and maximum,
respectively, at ~ 2.5–3.5 Ga.
An important aspect of the model of Korenaga (2008a, 2008b) is
that early heating from radioactive decay exceeded surface heat loss
until ~2.5–3.5 Ga when TP reached a maximum (Fig. 3a). From this
time to the present-day, secular cooling has dominated the thermal
history of the Earth. The time at which TP reached a maximum depends on the present-day Urey ratio (Ur(0)), and the agreement between the petrological and thermal models is good but not perfect.
The thermal maximum at ~ 2.5–3.5 Ga was expressed petrologically
as primary magmas with the highest contents of MgO and FeO
(Fig. 3b,c) and maximum extents of melting (i.e., 30–45%; Fig. 3d).
Densities of the residues of the non-arc basalts have been calculated at 1 atm and 25 °C using the method of Lee (2003). Results shown
in Fig. 6 strictly reﬂect composition contributions to density, and the
effects of temperature and pressure are not considered. The method
for computing densities of residues of primary magmas along the
Urey ratio curves is given in the caption to Fig. 6. There is some scatter
in the densities of the residues, and part of it arises from variations in
the Al2O3 contents of the primary magmas, which propagate to variable garnet contents in some residues. However, the essential observation is that residue density was considerably lower in the ancient
Earth, reaching a minimum at ~ 2.5–3.5 Ga when TP and melt fractions
were at a maximum (Fig. 3). Residues produced at ~3 Ga were lower
in density by 1.3–1.8% than those produced today, in agreement with
other studies of cratonic peridotites (Afonso et al., 2008; Jordan,
1978; Kaban et al., 2003; Kelly et al., 2003), even though the calculations presented here are overly simpliﬁed.
Where this work differs from Jordan's is that it is more speciﬁc
about timing in that there was maximum chemical buoyancy at
~ 2.5–3.5 Ga. It was at this time that Earth's ambient mantle was hottest, melting was most extensive, and residues were most buoyant.
While there is substantial uncertainty about the thermal state of the
Earth in the Hadean (Herzberg et al., 2010), the low Urey ratio
model of Korenaga predicts lower TP (Fig. 3a) and higher residue density (Fig. 6) compared with conditions at ~ 3 Ga. The maximum in Re–
Os ages for xenolithic peridotites and their sulﬁdes from the Kaapvaal
craton at ~ 2.5–3.5 Ga (Carlson et al., 2005; Grifﬁn et al., 2004b;
Pearson and Wittig, 2008) is supporting evidence that the density
minimum at this time has contributed to the preservation of cratonic
mantle. The implication is that craton formation in the Earth reached
its zenith at ~2.5–3.5 Ga.
6. Oceanic crustal thickness in the Archean
The petrology of cratonic harzburgite requires a mean melt fraction between ~0.25 and 0.45 for the case of accumulated fractional
melting (Fig. 1a, Herzberg et al., 2010). This is similar to the 0.30–
0.45 melt fraction estimates for primary magmas of Archean and
Paleoproterozoic non-arc basalts (Fig. 3d). The most immediate modern analog is melting below the Ontong Java Plateau (Fig. 2), which
has primary magma compositions similar to Archean non-arc basalts,
and for which melt fractions are typically 0.30 (Herzberg and Gazel,
2009), and crustal thickness is 30–35 km at its center (Klosko et al.,
2001; Korenaga, 2011a; Richardson et al., 2000). The magmatic products of high temperature melting of mantle peridotite are the same,
regardless of whether melting occurred in a modern hot mantle
plume like the Ontong Java Plateau (Herzberg and Gazel, 2009), or
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Fig. 6. Temporal variations in the densities of residues of ambient mantle melting.
Circles are residues of non-arc primary magmas. To calculate densities along the Urey
ratio curves, model residue compositions were calculated. The following steps were
used in the computational procedure:
1). MgO contents of the residues along the curves were calculated from MgO contents
of primary magmas (Fig. 2b), melt fractions along the Urey ratio curves (Fig. 2d),
and mass balance, all in weight%. FeO contents were calculated in a similar manner
(Fig. 3).
2). Xenolith residue SiO2, Al2O3 and CaO contents (Herzberg, 2004) were parameterized as functions of xenolith residue MgO content, all in weight%. Results:
SiO2 = − 10.22 + 2.775MgO − 0.0349MgO2
Al2O3 = − 1.178 − 405.4/MgO + 23,354/MgO2
CaO = 15.53 − 0.317MgO.
3). SiO2, Al2O3 and CaO contents of residues along the Urey ratio curves were calculated from residue MgO contents along the same curves, constrained by the xenolith
parameterizations. MgO and FeO contents of residues along the Urey ratio curves
were discussed in step #1 above. For all other oxides, it was assumed that TiO2 = 0,
Cr2O3 = 0.41, MnO = 0.13, Na2O = 0, K2O = 0, and NiO = 0.25.
4).

Densities were calculated for model residue compositions along the Urey ratio
curves using software provided by Lee (2003).

hot ambient mantle, like Archean oceanic crust (Herzberg et al.,
2010). It can be inferred that harzburgite residues similar to those
of cratonic mantle will underlie the lithosphere at the center of the
Ontong Java Plateau. Indeed, thick, refractory lithosphere has been
imaged seismically beneath the Ontong-Java Plateau (Klosko et al.,
2001). Mantle xenoliths from Malaita, on the southwest margin of
the Plateau, include harzburgites that are interpreted to have formed
as residues of plume melting that underplated pre-existing oceanic
lithosphere (Ishikawa et al., 2011). These harzburgites have generally
lower olivine forsterite contents than cratonic mantle (i.e., ≤Fo92;
Ishikawa et al., 2011), which is consistent with plateau melt fractions
that are a minimum bound to those for oceanic crust generation in
the Paleoproterozoic and Archean.
Today, average oceanic crust is about 7 km thick (Bown and
White, 1994), and this requires 8–10% melting. Together with the
Ontong Java Plateau, we can generalize that about 1 km of oceanic
crust is produced for every 1% of partial melting (i.e., 1 km/1% melting). This is clearly an oversimpliﬁcation owing to variable melting
shapes, and there has been considerable progress in understanding
melt productivity from a more theoretical point of view (Asimow et
al., 2001). Nevertheless, the implication is that melt fractions of
0.30–0.45 (i.e., 30–45%; Fig. 3d), as inferred from Archean non-arc
basalts and cratonic peridotite residues, would produce thick
(30–45 km) Archean–Paleoproterozoic basaltic oceanic crust. Again,
the best modern analogy is the Ontong Java Plateau. In the Phanerozoic,
oceanic plateaus are, by deﬁnition, bathymetric anomalies. In the
Archean, thick oceanic crust was normal, and bathymetric variations
may have been comparatively minor (Herzberg et al., 2010).
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7. Where is all of the Archean oceanic crust?
As reviewed by Albarède (1998), there is a signiﬁcant body of literature that ascribes an important role for oceanic plateaus in the formation of continental crust. Interest in this association has only
increased with the discovery of the common occurrence of non-arc
basalts in greenstone belts with an oceanic plateau-like composition
(Section 5). While our model builds on this earlier work, we prefer
to view the non-arc basalts as originating in normal oceanic crust,
not oceanic plateaus. Nevertheless, an outstanding problem is how
to account for the paucity of this oceanic crust.
The petrology of our model requires that basaltic crust was originally global in extent, ~ 30–45 km in thickness, and the residues of basalt generation made cratonic mantle peridotite, which is now found
as xenoliths in kimberlite. All that remains of this basaltic crust is now
conﬁned to Archean greenstone belts, in which maﬁc/ultramaﬁc
rocks represent highly variable proportions (~50–90%) of the total
exposure of volcanic rocks, which themselves constitute between 20
and 80% of greenstone belt rock types (Taylor and McLennan, 1985).
The fundamental question is what happened to the rest of this basaltic
crust? How do we resolve this mass imbalance problem?
One possibility is that some of these maﬁc lithologies foundered
from the base of the crust. For example, Percival and Pysklywec
(2007) suggest that dense maﬁc residues in the lower crust of Archean
cratons drove deep lithospheric overturn, which allowed the maﬁc/
ultramaﬁc lithologies to founder, and emplaced hot harzburgite against
the lower crust. Heating of the lower crust produced the late granite
blooms that are commonly seen as the last major pulse of magmatism
in Archean cratons and are otherwise difﬁcult to generate within
thick, seemingly stable Archean lithosphere. Yet, in their model, the
foundering event occurred well after a differentiated crust had formed,
and much of the original oceanic crust had been removed through subduction to create a low-density lithosphere with net positive buoyancy.
The Percival and Pysklywec (2007) model leads to separation of some
crust from complementary residual harzburgite, and we consider it to
be a contributing factor that helps to resolve the mass imbalance problem. However, it is clear that much of the original basaltic crust must
have been removed in another way, perhaps through some form of subduction, as envisioned by Percival and Pysklywec. If so, this subduction
must have somehow left behind most of the harzburgite residues.
The lithological structure of thick ancient oceanic crust is difﬁcult
to know without its preservation and owing to the prospect that
non-arc basalts might differentiate to olivine-rich layers. While the
30–35 km thick crust constituting the Ontong Java Plateau may be a
good analog for understanding Archean crust, its lithological structure is poorly known (Korenaga, 2011a). However, there is some indication that lavas and complementary cumulates from the Ontong Java
Plateau crystallized from high MgO picrites at low pressures appropriate to shallow sills. Therefore, construction of the plateau might
have started at the top, and basaltic compositions may be present at
the bottom. The inference is that non-arc basaltic compositions
might have occupied the deep levels of thick Archean oceanic crust,
and it was sufﬁciently aluminous to stabilize eclogite. We assume
that the transformation of basalt to eclogite occurred at depths
below ~ 20 km (i.e., within the lower 10–25 km of this thick oceanic
crust), but the effects of elevated iron in the non-arc basalts might
expand garnet stability to lower pressures, a possibility that needs
to be evaluated by experiment or thermodynamic calculation.
The amount of eclogite within the thick Archean oceanic crust is
important to constrain because it will regulate the aggregate density
of the oceanic lithosphere relative to the asthenosphere. We can
envisage a scenario whereby the eclogite was sufﬁciently abundant
to cause the lithosphere to subside, driving further phase changes
(basalt to eclogite) within the crust. Such a positive feedback could
have enhanced the negative buoyancy of the lithosphere even further
and contributed to its foundering, possibly triggering subduction. We
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envisage the possibility that the lithosphere might have descended
into the lower mantle, as advocated by Ringwood (1991). The juxtaposition of dense eclogite on top of buoyant harzburgite may have
created opportunities to fragment the lithosphere, separate one
from the other gravitationally (Karato, 1997), and help resolve the
problem of the missing mass of oceanic crust. For example, as the
sinking lithosphere heated up, its viscosity decreased to a point
where it became hot enough to ﬂow, promoting the gravitational separation of high-density eclogites from the low-density harzburgites.
Any water in the lithosphere will lead to weakening and further
promote gravitational separation (e.g., Percival and Pysklywec,
2007). The diapiric rise of harzburgite to underplate original protocontinents might help to explain the seemingly contradictory observations of both low pressure (residual harzburgite) and high pressure
(diamonds containing lower mantle inclusions, Stachel et al., 2005;
Walter et al., 2011, and references therein) components within
Archean lithospheric mantle. Small portions of residual eclogite may
also have been entrained within these harzburgite diapirs and are
now sampled as rare fragments of Archean oceanic crust within cratonic
lithosphere (e.g., Barth et al., 2001; 2002; Jacob, 2004).
Eclogite foundering in the Archean may have had some similarities to subduction, but we prefer to keep this aspect of the model
undeveloped at the present time. The issue ties into a very signiﬁcant
literature on whether plate tectonics in the Phanerozoic and Archean
were similar or signiﬁcantly different (e.g., Condie and Benn, 2006).
Our model of oceanic crust and lithosphere production is consistent
with the sluggish plate tectonic model of Korenaga (2008a, 2008b)
for the Archean–Paleoproterozoic, with 30–45 km of oceanic crust
on top of 85–135 km of lithospheric mantle (Herzberg et al., 2010).
While this tectonic regime is not of the stagnant lid type (Korenaga,
2011b), it is clearly different from the present-day Earth having
7 km of oceanic crust on 60 km of lithospheric mantle. We therefore
expect differences in the architecture of subducted lithosphere in
the Archean and Paleoproterozoic compared with today, and it
might have been expressed by the foundering of dense oceanic
crust. Finally, we wonder whether foundering was steady state or episodic in nature and, if the later, whether it may be an alternative to
the Albarède (1998) model of a plume trigger to episodic continental
growth.
Our model of Archean–Paleoproterozoic oceanic lithospheric
subduction, breakup, foundering of eclogitic crust and diapiric rise
of harzburgite mantle is offered as a conceptual framework for designing numerical experiments similar to those of Percival and Pysklywec
(2007). Whether it proves dynamically feasible or not, we emphasize
the need for any model to address the mass imbalance exhibited by
the craton-wide distribution of harzburgite residues and the paucity
of their complementary magmas.
8. Craton formation
There is a peak in Re–Os TRD ages for xenolithic peridotites from
the Kaapvaal craton at ~2.9 Ga (Carlson et al., 2005; Pearson and
Wittig, 2008, and references therein), and this has been associated
with continental crust production and subduction that welded the
eastern and western Kaapvaal together (Schmitz et al., 2004). The
~2.9 Ga age is also seen in eclogitic diamond inclusions (Richardson
et al., 2001) and high Re–Os sulﬁdes in Kaapvaal peridotites
(Carlson et al., 2005; Grifﬁn et al., 2004b). Simon et al. (2007) proposed
that these observations reﬂect formation of complementary crust and
mantle in an ocean ridge-like setting at ~3.2 Ga, and that these early
nuclei were amalgamated by subduction at 3.2–2.9 Ga. An important
outcome is the formation of continental crust at 2.9 Ga (deWit et al.,
1992), and extensive modiﬁcation of earlier harzburgite residues by
Si-rich melts or ﬂuids during amalgamation in convergent margin settings (Section 4; Kelemen et al., 1998; Kesson and Ringwood, 1989;
Rudnick et al., 1994; Simon et al., 2007).
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Many cratons seem to show a near-synchronous formation of cratonic mantle peridotite, greenstone belts containing non-arc basalts
and komatiites, Na-rich tonalite–trondhjemite–granodiorite (TTG),
and eclogite (e.g., Bédard, 2006; Carlson et al., 2005; Pearson, 1999;
Percival and Pysklywec, 2007). However, it is important to note that
these “synchronous” events may very well span a time range equivalent to much of the Phanerozoic. This uncertainty in timing stems
from signiﬁcant uncertainties in Re–Os model ages for peridotite
xenoliths and sulﬁdes (Carlson et al., 2005; Rudnick and Walker,
2009). Nevertheless, all studies are converging on a ~ 2.5–3.5 Ga
time frame for the formation of cratonic peridotite (Carlson et al.,
2005; Grifﬁn et al., 2002; 2004b; Pearson and Wittig, 2008) and its
cover of continental crust (Condie and Aster, 2009).
While there is now consensus that TTG are formed by anatexis of
metabasalt (see Bédard, 2006, for review), Rollinson (2011) has
drawn these links even closer together by proposing the granitoid
melts were produced by wet partial melting of oceanic crust, the remnants of which are identiﬁed as the very non-arc basalts discussed in
this paper (Fig. 2; Herzberg et al., 2010). The problem of TTG formation is therefore closely linked in time to the formation and destruction of Archean non-arc basalts in oceanic crust. We propose that
the hydrated basaltic crust partially melted to generate Na-rich granites of the tonalite–trondhjemite–granodiorite (TTG) as the lithosphere foundered/subducted. Therefore, the solution to the problem
of the missing oceanic crust has two components: 1) transformation
to eclogite and its foundering (Section 7), and 2) hydration and partial
melting to produce Na-rich TTG granitic continental crust.
9. Conclusions
A requirement for the long-term stabilization and preservation of
lithospheric mantle peridotite is the buoyancy that it attains after a
signiﬁcant fraction of melt (Jordan, 1978) and water (Pollack, 1986)
has been removed. A central question is: what magmatic process
was responsible for the production of buoyant lithosphere, and in
what type of geodynamic environment did it occur? Magmas that
form at high mantle potential temperatures TP are iron-rich, and
they leave behind dry residues (Katayama and Korenaga, 2011) that
are deﬁcient in FeO (Fig. 3) and Al2O3. The residues consist of harzburgite and dunite, and their deﬁciency in FeO and Al2O3 promotes
buoyancy (Afonso et al., 2008; Jordan, 1978; Kelly et al., 2003; Lee,
2003). Melt fractions were 0.25–0.45 (Fig. 1a), in good agreement
with other estimates (Bernstein et al., 2007; Ionov et al., 2010;
Pearson and Wittig, 2008; Walter, 1998). It is unlikely that harzburgite in cratons became stabilized by extensive hydrous ﬂux melting
similar to that in modern subduction zones (Carlson et al., 2005;
Pearson and Wittig, 2008) because this process would add water to
the lithosphere and thereby weaken it, not strengthen it. While the
evidence for convergent boundary melting and metasomatism is
clear (Kelemen et al., 1998; Kesson and Ringwood, 1989; Rudnick et
al., 1994), these processes were not ubiquitous (orthopyroxene enrichment is mainly seen peridotites from the Kaapvaal and, to a lesser
extent, Siberian cratons), nor able to completely obliterate their igneous harzburgite precursors (Section 2). It is possible that the preservation of igneous cratonic harzburgite was promoted by ancient
convergent boundary magmas that contained less water than modern
day examples (Section 4).
Formation of buoyant lithosphere by melting of hot ambient mantle in ocean ridge-type settings (Herzberg, 2004; Herzberg et al.,
2010) is distinguished from other models because it integrates the
thermal history of the Earth (Korenaga, 2008a, 2008b) with a mass
balance solution to the primary magma — complementary residuum
problem. Petrological modeling identiﬁes primary magmas of common non-arc basalts in greenstone belts as being complementary to
cratonic residues of harzburgite (Fig. 2; Herzberg et al., 2010). In
this model, peridotite residues of ambient mantle melting had the

highest Mg-numbers (Fig. 4), lowest FeO contents (Fig. 5), and lowest
densities (Fig. 6) at ~2.5–3.5 Ga (Fig. 3d), when melting was more extensive than at any other time in Earth history, with the possible exception of an early magma ocean initial state and mantle plumes of
Phanerozoic age. Indeed, the similarity between hot ambient mantle
melting in the early Earth and hot mantle plume melting in the
Ontong Java Plateau is notable. These results are in good agreement
with Re–Os ages of kimberlite-hosted cratonic mantle xenoliths and
their sulﬁdes (Carlson et al., 2005; Grifﬁn et al., 2002; 2004b;
Pearson and Wittig, 2008), although it is noted that some ages likely
reﬂect assembly of cratonic nuclei by convergent processes (Carlson
et al., 2005; Schmitz et al., 2004). This work provides support for
Jordan's (1978) model that low densities of cratonic mantle are a
measure of their high preservation potential. Craton formation
reached its zenith at ~2.5–3.5 Ga when Earth was hot and melting
extensive (Fig. 3a).
The dominance of Archean and Paleoproterozoic harzburgite in
the mantle lithosphere of cratons requires widespread melting that
may have occurred at spreading centers in a hot early Earth. Plume
melting is considered an unlikely scenario due to the predicted generation of widespread dunite, rather than harzburgite. Any successful
model to generate cratonic lithopshere must address the problem of
the missing complementary melts to the harzburgite. We propose
cratons formed in the following stages that may have been closely
spaced in time, but were not concurrent:
1) Extensive melting of hot ambient mantle in ridge-like settings,
with the production of ~30–45 km thick oceanic crust and complementary harzburgite–dunite mantle. This is very similar to
models proposed by others (Herzberg, 2004; Herzberg et al.,
2010; Simon et al., 2007). Preserved remnants of the ancient
oceanic crust have been identiﬁed as common non-arc basalts in
greenstone belts.
2) Transformation to eclogite in the lower portions of the thick oceanic
crust.
3) Foundering of dense oceanic lithosphere, which may partially
melt to generate TTG which rise to form proto-continents.
4) Separation of residual eclogite from harzburgite, followed by diapiric
rise of harzburgite to underplate proto-continental crust and form
the cratonic lithospheric mantle.
5) Amalgamation of protocontinents via collisions in convergent
margins, with ﬂuids and melts from the subducted oceanic crust
serving to metasomatize residual harzburgite (Kelemen et al.,
1998; Rudnick et al., 1994; Simon et al., 2007).
Numerical experiments are needed to evaluate the feasibility of
these processes and, in particular, the range of depths at which segregation of eclogite and harzburgite might have taken place.
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