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Abstract

In the southern area of the Barberton Mountain Land, TTG magmas were produced during two distinct, major, magmatic events at
ca. 3.44 and 3.23 Ga. Here, as in many Archaean terranes, tonalite-trondhjemite-granodiorite (TTG) plutons are closely associated
with basaltic to komatiitic greenstones, in this case with some metamorphosed to amphibolite facies, suggesting a possible genetic
connection between the two rock groups. Previous partial melting experiments on metabasic rocks have shown that tonalitic to
trondhjemitic melts can be produced, coexisting with amphibole- and plagioclase-rich restites, at pressures of 0.8–1.5 GPa, and
garnet- and pyroxene-rich restites at P ≥ 1.5 GPa. The present experiments on a Barberton greenstone amphibolite confirm the
higher pressure findings, except that some amphibole was probably still present. In the case of the 3.23 Ga plutons, the inferred
geotherm is consistent with that obtained from metamorphic assemblages of this age from within the Theespruit Formation of the
Onverwacht Group. The commonly scattered major- and trace-element variations in the Barberton TTG suite imply that magmatic
crystal fractionation played a subordinate role in producing the geochemical variations of the magmas. The different TTG plutons
probably represent separate magma batches, and the scattered trends within the plutons probably reflect heterogeneities within their
source-rocks. The �Nd values suggest that the TTGs were derived from juvenile crustal sources with depleted-mantle signatures.
Thus, metabasaltic rocks are the likely sources of the TTG magmas. However, our partial melting experiments on a typical Lower
Onverwacht greenstone amphibolite appear to rule out these particular rocks as sources of the local TTG magmas. Instead, it seems
likely that possibly more ancient, less potassic, high-grade, metabasic rocks were the sources of the TTG magmas. Trace-element
modelling shows that the TTG suite could have been derived through partial melting of primitive basaltic sources, producing
plagioclase-free, hornblende-bearing granulitic to eclogitic restites with >30% garnet. Experiments on garnet stability in the near-
liquidus mineral assemblage of a typical 3.44 Ga Barberton trondhjemite constrain magma generation to a pressure of at least
1.47 GPa. This suggests that the Barberton crust was relatively cool and at least 50 km thick by 3.44 Ga. The same general argument
of high-P melting would hold for the ca. 3.2 Ga trondhjemites and tonalities, although the minimum P of melting has not been
determined for these rocks. In the case of these rocks, believed to have formed in response to a major terrane accretion event, the high-
P–moderate-T signature is also indicated by recent metamorphic studies. In contrast, information is scarce on the processes operating
during the 3.44 Ga magmato-metamorphic event. The P–T conditions during the 3.44 Ga event imply an apparent geothermal gradient
of <20 ◦C/km. The transport of fertile, hydrated metabasic material to such depths suggests that both the 3.23 and 3.44 Ga magmatic
events resulted from significant and rapid crustal thickening. This, in turn, suggests that compressional tectonics operated in the

Barberton greenstone belt prior to 3.44 Ga.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Barberton; Granite; TTG; Archaean; Crustal thickening

∗ Corresponding author. Fax: +44 20 8547 7497.
E-mail addresses: j.clemens@kingston.ac.uk (J.D. Clemens), l yearron@hotmail.com (L.M. Yearron), gs@sun.ac.za (G. Stevens).

0301-9268/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.precamres.2006.08.001

mailto:j.clemens@kingston.ac.uk
mailto:l_yearron@hotmail.com
mailto:gs@sun.ac.za
dx.doi.org/10.1016/j.precamres.2006.08.001


brian R
54 J.D. Clemens et al. / Precam

1. Introduction

Tonalite-trondhjemite-granodiorite rocks typically
form about two-thirds of the presently accessible
Archaean crust (Jahn et al., 1984). The onset of this mag-
matism is generally believed to represent the transition
from dominantly mafic crust, to crust with a significant
felsic component (Glikson, 1979). Crustal stabilisation
and cratonisation are believed to have developed in short,
intense episodes of continental growth, involving mag-
matic accretion (e.g. Wells, 1981) as well as tectonic
thickening and high-grade metamorphism (e.g. De Wit,
1998). As a result, the TTG rocks form an essential ele-
ment in the ‘protocontinental’ stage of crustal evolution
(Barker, 1979).

The origin of tonalite-trondhjemite magmas has been
widely debated. Various suggestions have included frac-
tional crystallisation of basaltic melts (e.g. Arth et al.,
1978), partial melting of mantle rocks (e.g. Moorbath,
1975), and the partial melting of pre-existing tonalites
(e.g. Johnston and Wyllie, 1988). However, the most
widely accepted mechanism for the origin of TTG mag-
mas is by partial melting of hydrous metabasaltic rocks,
i.e. greenstones, amphibolites and eclogites, under a vari-
ety of fluid conditions and in a variety of tectonic settings
(e.g. Martin, 1987; Winther, 1996; Condie, 2005). This
latter category of petrogenetic models is largely based
on the fact that the chondrite-normalised REE patterns
of TTG rocks are typically HREE-depleted and LREE-
enriched. Since garnet readily accommodates HREEs, its
presence in the crystalline residuum may well account
for the HREE-depleted pattern (e.g. Jahn et al., 1981;
Rapp et al., 1991; Springer and Seck, 1997). Within
this group of models, the main competition is between
those that involve fluid-present (but usually highly H2O-
deficient) melting of altered mafic rocks in the down-
going slab (e.g. Prouteau et al., 1999) and those advocat-
ing higher-temperature, fluid-absent melting of similar
materials, mainly in the deep thickened crust, in a vari-
ety of tectonic settings (e.g. Rapp et al., 2003). Foley
et al. (2002) presented geochemical evidence that melts
with some trace-element ratios similar to those of TTG
rocks can be produced by partial melting of low-Mg gar-
net amphibolites, but not by partial melting of eclogites.
They concluded that this melting must have taken place
in subduction zones. However, with this model, there
are residual difficulties in reproducing some important
trace-element characteristics of TTGs (e.g. their Sr, U

and Th concentrations). Whatever the source (garnet
amphibolite or eclogite), the high pressures necessary
to generate TTG melts could still be produced in set-
tings other than subduction zones (e.g. post-subduction
esearch 151 (2006) 53–78

collisional thickening of oceanic or arc crust). There are
also some difficulties in explaining how subducting slabs
retain the required high H2O contents to the depths nec-
essary for melting and how wet slab melts can ascend
through the mantle wedge without being consumed by
reactions with the peridotite (see, e.g. Rapp et al., 1999;
Prouteau et al., 2001). The fluid-present experiments of
Prouteau et al. (1999), on a dacite with TTG-like geo-
chemistry, showed that plagioclase fractionation could
only be avoided for melt H2O contents of 10 wt% or
more. This work also showed that the necessary garnet
could not have been present near the liquidus of such a
magma, at near-source P, T and these fluid conditions.
Fluid-absent melting was rejected because such melts,
formed at T ≤ 900 ◦C, would be too silicic and potas-
sic, and their interaction with the mantle wedge would
not alter these parameters significantly. However, the
chemistry of the fluid-absent partial melts would depend
strongly on the composition of the protolith (Moyen and
Stevens, 2005). Also, this neglects the possibility that the
slab might not be the setting for TTG genesis and that
melting could be at much higher T. The experiments of
Rapp et al. (1999) are also instructive. These showed that,
with melt:mantle peridotite ratios around 2, slab-derived
melts would survive reaction with the mantle. However,
for ratios near 1, the melts would be entirely consumed by
reaction with the peridotite. Adakites (supposed modern
slab melts) have MgO contents and Mg#s that suggest
interaction with the rocks of the mantle wedge. How-
ever, TTGs have lower MgO and Mg#s than adakitic
rocks, and adakitic intrusive rocks do occur in settings
unrelated to subduction (e.g. Xu et al., 2002). This sug-
gests that TTG magmas may not have interacted with
mantle rocks, and that therefore they were generated in
settings in which the magmas could reach emplacement
levels without travelling through the mantle (i.e. not by
slab melting). Martin and Moyen (2002) and Martin et
al. (2005) showed that TTGs generally have higher Mg#
than experimentally produced partial melts of basaltic
rocks. They also point out that Mg# in parental TTG
magmas increased over the Archaean, from 4.0 to 2.5 Ga,
suggesting that the degree of interaction between felsic
melts and mantle peridotite increased over time. Smithies
(2000) showed that such interaction must have been very
weak or even absent in TTG magmas older than 3 Ga,
and in around 50% of the post-3 Ga TTG magmas as
well. Using a similar dataset, Martin et al. (2005) con-
cluded that mantle wedge was either thin or non-existent

before 3.4 Ga but that there was a general steepening of
subduction angle (and thickening of the mantle wedge)
at later times. Despite the volume of work carried out on
the problem, the precise nature of the melting reactions
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Fig. 1. Summary of the geolo

hat produced TTG magmas, and the tectonic settings in
hich this occurred, remain matters of debate.
Most granitic magmas, including the TTGs, were

nitially markedly H2O-undersaturated (e.g. Clemens,
984; Scaillet et al., 1998; Prouteau et al., 1999).
lemens and Watkins (2001) showed that the observed

ystematic negative correlation between initial magma
emperature and melt H2O content is consistent only
ith the magmas being derived through fluid-absent par-

ial melting of pre-existing, hydrous crustal rocks (either
eep in the crust or in the upper mantle). Melts with
onalitic and trondhjemitic major-element compositions
ave been produced by the fluid-absent partial melting
f metabasaltic rocks under a wide variety of conditions.
lemens (2005) provides a review of all this experimen-

al work. Rapp et al. (1991) presented a fairly compre-
ensive study in which they partially melted four natural
livine-normative amphibolites in the pressure range of
.8–3.2 GPa, at temperatures between 900 and 1150 ◦C.
esults showed that tonalitic to trondhjemitic melts were
roduced, coexisting with amphibole- and plagioclase-

ich restites, at pressures of 0.8 GPa, and garnet- and
yroxene-rich restites at pressures ≥1.6 GPa.

In the Barberton Mountain Land, as in many
rchaean terrains, the TTG plutons are closely associ-
e southern Barberton region.

ated with basaltic to komatiitic greenstones. The Bar-
berton TTG plutons and the highest-grade, amphibolite-
facies greenstone rocks are juxtaposed against each other
(Fig. 1), and there are many greenstone remnants within
the TTG plutons. As a result, a number of South African
geologists have concluded that the greenstone rocks rep-
resent the source of the TTG magmas (e.g. Robb and
Anhaeusser, 1983; Robb, 1983). In this paper we inves-
tigate the Barberton TTG rocks, using geochemical and
experimental approaches, to address the nature of the
protolith and the conditions of TTG magma genesis.

2. Geological setting of TTG magmatism
associated with the Barberton greenstone belt

The Palaeo- to Meso-archaean Barberton green-
stone belt consists of a well-preserved, early Archaean
(3.5–3.2 Ga) volcano-sedimentary succession, com-
prised of three major lithostratigraphic units. From the
base upward, these are:
(1) The 3.50–3.30 Ga Onverwacht Group, composed
largely of mafic and ultramafic volcanic rocks, with
minor units of felsic volcanic and volcaniclastic
rocks, as well as sediments.
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(2) The 3.26–3.22 Ga predominantly argillaceous Fig
Tree Group, comprised of a succession of
greywackes, cherts and shales, plus some dacitic
lavas and fragmental volcanic rocks.

(3) The ∼3.2 Ga arenaceous sedimentary Moodies
Group, which consists largely of feldspathic and
quartzose sandstones, polymictic conglomerates,
lesser siltstones and shales, and thin units of basalt,
jaspilite and magnetite-bearing shale.

This volcano-sedimentary sequence was intruded
by two main suites of granitoid magmas between ca.
3.50 and 3.10 Ga. The resulting Barberton granitoid-
greenstone terrane was assembled during several
tectonomagmatic episodes between ∼3.5 and 3.1 Ga
(e.g. Anhaeusser and Robb, 1983; Robb and Anhaeusser,
1983; Armstrong et al., 1990; Kamo and Davis, 1994;
de Ronde and De Wit, 1994). Early ∼3.5 to 3.2 Ga plu-
tonic suites are characterized by tonalites, trondhjemites
and granodiorites. The trondhjemites and granodiorites
are dominated by sodic plagioclase and quartz with
biotite as the major mafic mineral. The tonalites are
similar but hornblende is present in addition to biotite
and can even dominate the mafic mineral assemblage.
In all these rocks, the plagioclase crystals are euhedral
to subhedral and were evidently the first felsic phase to
crystallise, with the biotite and/or hornblende appear-
ing later in the crystallisation sequence. The composite
and commonly internally heterogeneous plutons com-
monly possess internal contact relationships between
magmatic fractions. The plutons are relatively small
(<100 to ∼500 km2) and have largely concordant con-
tacts with the greenstones. Some of the felsic rocks
are gneissose, particularly near their margins. These
structural features have been explained through either
the diapiric ascent and emplacement of the TTGs (e.g.
Viljoen and Viljoen, 1969; Anhaeusser and Robb, 1983),
the synkinematic, shallow crustal underplating of the
TTG suite at the base of the largely allochthonous and
thrusted greenstone sequences (e.g. De Wit et al., 1987;
Armstrong et al., 1990) or as structurally reworked base-
ment, commonly with tectonic rather than intrusive con-
tacts between the greenstones and the TTGs (e.g. Dziggel
et al., 2002; Kisters et al., 2003). The TTG rocks them-
selves generally contain very few mafic magmatic inclu-
sions (enclaves), and the plagioclase feldspars do not
show textural evidence of resorbtion. These features sug-
gest that magma mixing and mingling played little part in

the production of the TTG magmas, at least at emplace-
ment level.

Collectively, zircon geochronology from several stud-
ies (Kamo and Davis, 1994; de Ronde and Kamo, 2000;
esearch 151 (2006) 53–78

Armstrong et al., 1990; Kröner et al., 1996, 1991) has
demonstrated that there are three clear magmatic age
clusters within the TTG suite; the 3509 ± 8 Ma Steyns-
dorp pluton; the 3460 ± 5 to 3443 ± 4 Ma Stolzburg,
Theespruit and Doornhoek plutons; and the 3236 ± 1
to 3227 ± 1 Kaap Valley and Nelshoogte plutons. The
age of the youngest Kaap Valley–Nelshoogte TTG
generation coincides with the proposed age for the
major terrane accretion episode that assembled the
rocks of the greenstone belt (Kamo and Davis, 1994;
de Ronde and Kamo, 2000). The age of intrusion of
these magmas also coincides with the age of peak
high-pressure, amphibolite-facies metamorphism, docu-
mented from greenstone remnants within the ∼3450 Ma
TTG intrusions (Dziggel et al., 2002) and within the
Theespruit Formation of the greenstone belt (Kisters
et al., 2003). Thus, the TTG bodies have been sub-
ject to amphibolite-facies metamorphic conditions, and
the hornblende compositions and zoning in the pla-
gioclase may have been slightly affected in the older
TTG generations. However, since the igneous mineral
assemblages are similar to those stable in the upper
amphibolite facies, there has been little effect of the
metamorphism on the mineralogy or chemistry of the
rocks. The metamorphism caused neither dehydration
nor partial melting in the TTG rocks, and was essentially
isochemical.

The tectonic setting and associations of the older
generations of TTGs is more difficult to constrain, prin-
cipally because of the younger, high-grade metamorphic
overprint on these plutonic rocks and the metamafic
xenoliths that they include. In several areas within the
∼3450 Ma TTG suite, intrusion breccias indicate that
these plutons formed as high-level bodies. This is sup-
ported by zircon ages, from some of the felsic volcani-
clastic components of the Onverwacht Group, that are
identical to the crystallization ages of the Theespruit
pluton (Armstrong et al., 1990). In places, the plu-
tons cut across the lithological layering of amphibo-
lite facies rocks, indicating their possible association
with an older, high-grade metamorphism. However, the
details of this metamorphism, as well as its timing
relative to the intrusion, are yet to be investigated in
detail.

The end of TTG magmatism in the southern Bar-
berton granite-greenstone terrane is marked by the
intrusion of the post-tectonic, granodioritic Dalmein
pluton at 3216 ± 2 Ma (Kamo and Davis, 1994).

This also marks the first appearance of the more
potassic granodiorite-monzogranite-syenite suite that
is dominated by voluminous plutonism dated at
3107 Ma.
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Fig. 2. (a) Classification of the TTG rocks using normative anorthite
(an), albite (ab) and orthoclase (or), with fields defined by Barker
(1979). Circles, squares: present work; triangles: Anhaeusser and
J.D. Clemens et al. / Precam

. Geochemistry

.1. Methods

Fresh, unaltered rock samples collected during field-
ork were crushed and powdered using a jaw crusher,

oller mill and Tema mill. Major- and trace-element
ata were obtained by X-ray fluorescence spectroscopy
XRF), using a Philips 1404 spectrometer, at the Uni-
ersity of Stellenbosch. The spectrometer is fitted with
Rh tube and six analyzing crystals of LIF200, LIF220,
IF420, PE, TLAP and PX1. The detectors used a gas-
ow proportional counter and a scintillation detector.
he gas-flow proportional counter uses P10 gas. Major
lements were analysed on fused glass beads at 50 kV
nd 50 mA, and trace elements were analysed on pressed
owder pellets at 60 kV and 40 mA. Matrix effects were
orrected for by applying theoretical alpha factors and
easured line overlap factors to the raw intensities, with

he SuperQ Philips software. Standards used in the cal-
bration were: AGV-1, BHVO-1, JG-1, JB-1, GSP-1,
Y-2, SY-3, STM-1, NIM-G, NIM-S, NIM-N, NIM-P,
IM-D, BCR, GA, GH, DRN and BR. At this facility,

tandard material AGV-1 is also routinely analysed as
sample, to check for analytical error. Major elements

re typically within 1 rel.% of the standard values for
lements present at >10 wt%, within 2% for elements
resent at concentrations between 1 and 10 wt%, and
ithin 7% for elements present at <1 wt%. Measured val-
es for trace elements on AGV-1 were mostly within 10%
usually 5%) of the accepted values, with the exception of

(20%). Cr and Ni values were affected by contamina-
ion from the Tema mill vessels used in sample grinding,
o results for these elements are omitted from the data set.

Rare-earth-element data were obtained by inductively
oupled plasma atomic emission spectroscopy (ICP-
ES) at the University of Stellenbosch and by induc-

ively coupled plasma mass spectroscopy (ICP-MS) in
he NERC Facility at Kingston University, UK.

Most mineral and glass (quenched melt) analyses (in
he experimental run products to be described later) were
arried out on the JEOL 3200 SEM, fitted with an Oxford
nstruments ISIS EDS system, at Kingston University.
n the products of the TTG near-liquidus experiments,
lass areas were sufficiently large that good-quality anal-
ses could be obtained by rastering the beam over large
atches of glass, to minimize counting losses on Na.
owever, in the products of the partial melting experi-

ents on greenstone amphibolite, glass areas were much

maller. To obtain analyses essentially free from Na
ounting losses, we used a LEO 140VP scanning elec-
ron microscope coupled to a Link ISIS energy dispersive

Robb (1983). (b) A/CNK–SiO2 plot for the TTG rocks. A/CNK = mol
Al2O3/(CaO + Na2O + K2O). (c) K2O–SiO2 plot showing the fields
defined by Le Maitre et al. (1989). Circles, squares: present work,
triangles: Anhaeusser and Robb (1983).
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spectrometry system at the University of Stellenbosch.
The microscope was operated at 20 kV with a beam cur-
rent of 120 nA and a probe current of 1.50 nA. Acquisi-
tion time was set at 50 s. Spectra were processed by ZAF
corrections and quantified using natural mineral stan-
dards. This instrument is fitted with a HEXLAND cryo-
stage that allows samples to be cooled to near liquid-N2
temperature (∼−193 ◦C), which effectively eliminates
Na analytical problems, even when analysing with a fully
focussed beam (see, e.g. Vielzeuf and Clemens, 1992).

3.2. Major elements

Major-, trace-element and REE data for the TTG suite
are presented in Appendix A in supplementary data.
Using the geochemical classification of Barker (1979),
the rocks of the TTG suite are classified as mainly trond-

hjemitic, with minor tonalitic or granitic components of
the plutons (Fig. 2a). Their A/CNK values (Fig. 2b) vary
between about 0.8 and 1.2. The presence of Hbl, Tit and
Mag define these rocks as I-type granites (Chappell and

Fig. 3. (a–f) Major-element Harker diagrams for the TTG-suite
esearch 151 (2006) 53–78

White, 1974), with the implication that they were derived
by partial melting of meta-igneous source rocks (Chap-
pell and White, 1984). This suite is low- to medium-K,
calc-alkaline (Fig. 2c).

The Harker diagrams in Fig. 3 show the variations of
TiO2, Al2O3, Na2O, CaO, MgO and FeOT with silica
content. SiO2 contents range from ∼61 to 77 wt%. As
is typical for igneous suites, most oxides are negatively
correlated with SiO2. The exceptions are K2O (Fig. 2c)
and Na2O, with scattered trends. These correlations are
generally displayed among the analyses from individual
plutons, as well as for the suite, as a whole. Despite the
trends displayed for the suite, there is a significant degree
of scatter. This point is discussed further below.

3.3. Trace elements
Selected trace-element compositions of the TTG suite
are displayed in Fig. 4, plotted as Harker diagrams.
Note that, for internal consistency and comparability,
all these plots use the XRF analyses and ICPMS REE

rocks with SiO2 > 60 wt%, analysed in the present study.
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also show small depletions (negative anomalies) for Ba,
relative to Rb and Th. Compared with the other rocks
plotted here, sample BTV13A shows significantly higher
enrichments, across the spectrum.
Fig. 4. (a–f) Trace-element Harker diagrams for the TTG

nalyses, presented in Appendix A in supplementary
ata. For the isotope work (see below) the more accurate
sotope-dilution analyses for Sm and Nd are used. The
arker plots typically show scattered distributions. Only
forms a relatively “tight” (i.e. distinct) negative corre-

ation with SiO2 (Fig. 4f). The data for some individual
lutons, however, do exhibit weak trends. However, as a
hole, the TTGs do not show tight trace-element trends
ith SiO2 content. This suggests that crystal fractiona-

ion was not the dominant process in the formation of the
TG suite. The main exception, the trend in V, is prob-
bly related to the crystallisation and fractionation of
xide minerals (Fig. 4f). The causes of the geochemical
ariation are discussed below.

The multi-element diagram of Fig. 5 shows trace
lement variations normalised to the primitive mantle
alues of McDonough and Sun (1995). As is common

or TTG-like rocks this plot shows considerable enrich-
ent in LILEs and a negative Nb anomaly. Ti, Y and
b do not show significant enrichments, which is also

ommon in TTG suites. A number of plutons (Steyns-
ocks with SiO2 > 60 wt%, analysed in the present study.

dorp, Theespruit, Doornhoek, Batavia and Nelshoogte)
Fig. 5. Multi-element diagram for the TTG rocks, normalised to the
primitive mantle values of McDonough and Sun (1995). See text for
discussion.
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r analys
Fig. 6. (a–f) Selected major- and trace-element Harker plots fo

3.4. Causes of geochemical variation

The plutons of the TTG suite are dominated by
the mineral assemblage Pl + Bt ± Hbl, with accessory
Ap + Aln + Fe–Ti oxide ± Tit. Crystallisation and frac-
tionation of these minerals could explain the negative
trends displayed by CaO, Al2O3, MgO, FeOT, TiO2
and P2O5. Crystal fractionation trends are characterised
by quite tight inter-element correlation on Harker plots.
Good examples can be found in Wyborn et al. (2001),
which deals with differentiation of some mainly felsic
plutons in Australia, for which the field, mineralogical
and geochemical data are consistent with production of
the rock series by crystal fractionation of a single parent
magma. For the Barberton TTGs, however, there is gen-
erally more scatter in the major-oxide trends than would

be expected if crystal fractionation were the sole process
responsible for the variation.

As an example of this, Fig. 6 shows selected major-
and trace-element Harker plots for analyses of rocks
es of rocks from the Stolzburg pluton. See text for discussion.

from the Stolzburg pluton. The TiO2 and CaO and Zr
plots seem to suggest quite distinct trends for the rocks
of this pluton. Such tight trends (and the MgO trend in
Fig. 3b, for example) might be thought of as indicating
fractionation. However, if oxides such as Al2O3, MgO
and FeOT, are plotted even for genetically unrelated
metaluminous felsic rocks, the resulting trends are
similar. They probably reflect the stoichiometries of
the melting reactions that formed the magmas, and the
partitioning of elements between granitic (s.l.) liquids
and the residual solids. The melt compositions are quite
limited and the residual crystal phases will be similar,
especially for variable but generally similar source
rock compositions. This effectively buffers the major-
element contents of the melts and produces relatively
tight major-element trends. This is why the partial melts

of a vast range of crustal rock types are broadly granitic
in chemistry. The trace elements are not so constrained
because their concentrations are commonly not buffered
by a crystalline phase that contains the element as a
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ajor structural constituent. Zr is one of the exceptions
nd, unsurprisingly, Zr trends are usually quite tight on
arker plots. Another factor that contributes to scatter in

race-element concentrations of melts is the apparently
ommon occurrence of disequilibrium during partial
elting (e.g. Bea, 1996). In the CaO plot for Stolzburg

Fig. 6b), note that rocks with around 70–71 wt% SiO2,
ave CaO contents varying from about <1 to >2.5 wt%.
his is a little more scatter than might be expected in
series of rocks related by fractional crystallisation,
agma mixing or crystal unmixing. If plagioclase is

ot present in the residual assemblage of the TTG
ource rocks (as seems certain, for most), CaO will
e only weakly buffered, perhaps by clinopyroxene in

he melting residue, and scatter is expected. The Ba
lot (Fig. 6d) shows a large amount of scatter, with no
lear trend. This degree of scatter and lack of a trend
s also unusual for Ba in differentiated magmatic suites.

ig. 7. REE patterns for the TTG plutons normalised to chondrite (Nakam
ooihoogte, (b) Stolzburg and Theespruit, (c) Eerstehoek and Theeboom, (d)
esearch 151 (2006) 53–78 61

Note that the Rb/Sr shows a flat trend that only kicks
upward at the very high-SiO2 end (Fig. 6e). Even then,
not all of the rocks with SiO2 >74 wt% form part of
this upward spike. Note also that the variation in Mg#
(Fig. 6f) shows only a rough negative correlation with
SiO2 and has a great degree of scatter (e.g. Mg# varying
between 27.67 and 50.23 at SiO2 contents close to
73 wt%). Again this is abnormal for variation controlled
by mixing or crystal fractionation processes.

We interpret these variations as most probably due to
initial variation among the magma fractions that formed
the TTG plutons, i.e. that the Stolzburg pluton was prob-
ably assembled by the aggregation of a number of differ-
ent magma batches, each with a slightly different melt

composition. Evidence is accumulating that this is the
case for very many felsic intrusive bodies (e.g. Glazner
et al., 2004; Clemens et al., in press). The observed over-
all trends of increasing CaO, FeO and MgO contents,

ura, 1974; Haskin et al., 1968, for Tb); (a) Batavia, Badplaas and
Kaap Valley and Nelshoogte, (e) Steynsdorp and Doornhoek.
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with decreasing SiO2 and Na2O are most probably due
to progressive partial melting, with incremental melt
extraction. However, the scattered geochemical variation
in the TTG rocks represents an overtone that is probably
due to local variations in the compositions of the sources
of individual magma batches. These separate batches
evidently failed to mix efficiently within the growing
plutons. Intraplutonic intrusive relationships between
different magma batches clearly demonstrate that
several of the TTG plutons are composite bodies. Such
geochemical and geological relationships are present in
the Badplaas, Theespruit and Nelshoogte plutons.

3.5. Rare earth elements

Fig. 7 shows the REE patterns for samples from
the TTG plutons. The samples are LREE-enriched and
HREE-depleted (relative to chondritic concentrations),
producing average (La/Yb)N values of 17–49 and YbN
values of 1–10. However, Eerstehoek (Fig. 7c), Steyns-
dorp and Doornhoek (Fig. 7e) and some samples from
Kaap Valley exhibit flatter trends than the rest of the
plutons.

Depletion in the HREE, with respect to chondritic
concentrations, is usually interpreted as a source-related
feature due to preferential partitioning of these elements
into coexisting restitic garnet. Rapp et al. (1991) pro-
duced TTG-like liquids with YbN < 3 in his high-T, fluid-
absent partial melting experiments on metabasalts, at
pressures within the garnet stability field. Although YbN
varies from about 1–10 in individual Barberton TTG
samples, the plutons have average YbN values varying
from 1.19 (Theeboom) to 3.84 (Kaap Valley), with an
overall average of 2.61. The average Archaean amphi-
bolite (Gao et al., 1998) has YbN ≈ 12, which suggests
that the Barberton TTG magmas were mostly depleted in
HREE with respect to their possible source rocks, though
by varying amounts for different plutons. This is consis-
tent with garnet-bearing residues, with some variation in
the proportion of garnet.

Published REE partition coefficients for hornblende
and plagioclase (summarised in Rollinson, 1993) sug-
gest that the presence of a large amount of hornblende as
a residual mineral in the magma source could negate the
influence of a small amount of residual plagioclase, pro-
ducing a melt lacking a negative Eu anomaly. However,
Rapp and Watson (1995) showed that fluid-absent par-
tial melting of metabasic rocks only produces TTG-like

liquids (and melts of any significant quantity) at tem-
peratures above amphibole stability. Thus, we infer that
large amounts of residual hornblende are unlikely to have
been present. Thus, the observed lack of Eu anomalies is
esearch 151 (2006) 53–78

best interpreted as indicating the absence of plagioclase
in the residual source. In addition, fractionation of a suf-
ficient quantity of hornblende, from a felsic magma, to
overcome the effect of plagioclase fractionation, is not
feasible, on simple mass-balance grounds. The magmas
could not have contained sufficient ferromagnesian com-
ponent and, in any case, the hornblende in the Barberton
TTG rocks is not an early-crystallising phase. Thus, the
rarity of negative Eu anomalies suggests that it is unlikely
that plagioclase fractionation occurred during the evolu-
tion of most Barberton TTG magmas. The somewhat
flatter REE patterns for Eerstehoek, Steynsdorp, Doorn-
hoek and Kaap Valley may signify a lower abundance of
garnet in the restitic source of these magmas. Anhaeusser
and Robb (1983) analysed a number of TTG samples
from the same area but, for internal consistency, their
data are not plotted in Fig. 7. Nevertheless, these authors
record negative Eu anomalies (average Eu/Eu* values of
0.72–0.83) in a few samples from the Steynsdorp and
Doornhoek plutons, suggesting a degree of plagioclase
fractionation. This is compatible with petrographic and
textural evidence for the early crystallisation of plagio-
clase in the rocks.

Four of the analysed samples in our dataset (Appendix
A in supplementary data) have high K2O/Na2O (>1),
and thus could be considered not to belong to the TTG
suite. Batavia pluton sample BTV13A has a relatively
low SiO2 content (65.55 wt%) and K2O/Na2O = 1.21. It
is characterised by extremely elevated P2O5, Ba, Rb,
Sr, Y, Zr, Nb, Zn and �REE but lacks a positive Eu
anomaly. These features, well portrayed in Fig. 5, are
consistent with a rock enriched in biotite, zircon, apatite
and Fe-Ti oxides. We interpret this as a cumulate, derived
from the TTG magma by magmatic segregation of these
phases; it is not plotted in Fig. 7. The remaining three
samples in this category (NLG9, STY4B and STZ23) all
have very high SiO2 contents (>75 wt%). The REE pat-
tern for STY4B is shown as the dashed line in Fig. 7e).
This rock has a high SiO2 content (75.11 wt%), elevated
K2O/Na2O (1.28), relatively high Ba and low concen-
trations of Sr, Y and V. Its REE pattern is unexceptional,
but there is a shallow negative Eu anomaly. All of this
is consistent with an origin as a felsic differentiate of a
TTG magma; STZ23 is similar. However, sample NLG9
has extreme K2O/Na2O (4.86), high Rb, low Sr, high
�REE and rather elevated LREE contents. It is also
strongly peraluminous (A/CNK = 2.88). These charac-
teristics suggest that the NLG9 magma was probably

formed by partial melting of a minor metasedimentary
component within the TTG source region.

In summary, the generation of the majority of the
TTG magmas probably involved partial melting of mafic
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Table 1
Nd isotope data for Barberton TTG plutons

Sample Pluton Nd (ppm) Sm (ppm) 147Sm/144Ndrock(0)
143Nd/144Ndrock(0) ±2 se 143Nd/144Ndrock(t) t (Ga)a �Nd(t)b

NLG1 Nelshoogte 9.933 1.518 0.09236 0.510323 20 0.508348 3.236 −1.64
NLG13 Nelshoogte 12.089 2.120 0.10596 0.510618 15 0.508352 3.236 −1.56
NLG25a Nelshoogte 7.683 1.884 0.14817 0.511474 41 0.508305 3.236 −2.48
STZ1 Stolzburg 7.240 1.210 0.10070 0.510448 35 0.508153 3.445 −0.07
STZ18 Stolzburg 8.890 1.520 0.10330 0.510566 23 0.508211 3.445 1.09
TBM1b Theeboom 7.208 1.387 0.11631 0.510740 27 0.508090 3.445 −1.30
TP21c Theespruit 7.810 1.550 0.12020 0.511076 24 0.508339 3.443 3.54
TP30c Theespruit 8.980 1.610 0.10840 0.510814 10 0.508345 3.443 3.67

a U-Pb zircon ages from Armstrong et al. (1990), Kamo and Davis (1994), Kröner et al. (1991, 1996).
b Calculated using present day chondritic values of 143Nd/144Nd = 0.512638 and 147Sm/144Nd = 0.1967; 147Sm/144Nd = the Sm/Nd isotopic
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atio of the rock sample at present time; 143Nd/144Ndrock(0) = the Nd isot
d isotopic ratio of the rock sample at time t; �Nd(t) = [143Nd/144Ndro
c Samples collected by C. Anhaeusser.

ource rocks with production of a garnet-bearing restite.
n general, plagioclase was not a major phase in the
esidual source nor was it a fractionating phase during
agma evolution. The exceptions are the Steynsdorp and
oornhoek plutons, in which there is some geochemical

vidence for minor plagioclase fractionation or perhaps
small amount of plagioclase in the residuum. The rel-

tively flatter REE patterns of rocks from these two
lutons imply that the restite produced during their gen-
ration was relatively garnet-poor. There is geochemical
vidence for the presence of a minor metasedimentary
omponent in the TTG magma source region, specifi-
ally for the rocks of the Nelshooghte pluton. The com-
ositions of the residua are important because their min-
ralogy provides constraints on the depths (pressures)
t which the TTG magmas were generated. Garnet is
table at relatively high pressures in metabasic rocks,
uch as the sources of TTG magmas. For fluid-absent
artial melting of metabasites, at 1000–1150 ◦C, Rapp
t al. (1991) and Rapp and Watson (1995) showed that
ressures >0.8 GPa (about 30 km) are required to sta-
ilise garnet, and ≥1.2 GPa (about 40 km) for garnet
o be stable in the absence of plagioclase. Plagioclase
isappears from the phase assemblage by dissolution
n the melt, at high T, and by breakdown to jadeitic
yroxene and the grossular component in garnet, towards
igh P. The Rapp and Watson (1995) experiments on
n Archaean greenstone (Fig. 2, op. cit.) show a win-
ow for simultaneous garnet presence and plagioclase
bsence at T > 1000 ◦C and P between 1.2 and 2 GPa. As
oted above, the chemistry of most of the Barberton TTG
ocks strongly suggests that the melts equilibrated with

lagioclase-free, garnet-bearing residual source assem-
lages. From this we suggest that most of the Barberton
TG rocks were derived from sources located at depths
f at least 40 km. The metamorphic and structural studies
rock(0)

io of the rock sample at present time (i.e. t = 0); 143Nd/144Ndrock(t) = the
Nd/144NdCHUR(t) − 1] × 104.

cited above suggest that this melting occurred in thick-
ened crust. The Steynsdorp and Doornhoek magmas may
have been derived from slightly shallower depths, where
residual garnet was present in smaller quantities, perhaps
accompanied by a small amount of plagioclase.

3.6. Nd isotopes

Systematics of the Sm–Nd isotope system are used
to calculate �Nd at the known crystallisation ages of the
plutons concerned (Kamo and Davis, 1994). The calcu-
lated �Nd(t) values are presented in Table 1 and Fig. 7,
and range from +3.67 to −2.48. For comparison, the
�Nd(t) values for the greenstone volcanic samples from
the Onverwacht Group (Hamilton et al., 1979) are also
included. These were calculated using recent U-Pb zir-
con dates (Armstrong et al., 1990). Also marked on the
diagram are lines representing CHUR (�Nd = 0) and the
evolution of the depleted mantle, as defined by Goldstein
et al. (1984), which assumes a linear increase in �Nd,
from a chondritic value at 4.5 Ga to a present day value
of +10.

From Fig. 8 it is clear that most of the analysed
∼3.45 Ga TTGs have positive �Nd values. This sug-
gests that they were derived either from the mantle
directly, or from a juvenile crust that had not long been
separated from the mantle. This is consistent with the
published view that the Theespruit Formation represents
an accreted oceanic arc fragment (De Wit et al., 1987).
The Stolzburg pluton, in particular, exhibits a close sim-
ilarity to the basalts and komatiites of the Theespruit
(Tspt), Komati (Kom) and Hoogenoeg (Hoog) Forma-

tions (Hamilton et al., 1979). Its values typically lie
between those of CHUR and the depleted mantle. On this
evidence, it seems possible that greenstone rock types
may be the sources of the TTG magmas.
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Fig. 8. Graph showing �Nd vs. age (Ga) of the Barberton granitoid

rocks. BK and BKT: members of the potassic granitic suite, NLG:
Nelshoogte, STZ: Stolzburg, TBM: Theeboom, TP: Theespruit, Tspt:
Theespruit Formation, Kom: Komati Formation, Hoog: Hoogenoeg
Formation.

3.7. Implications of the geochemical results

The lack of major- and trace-element evidence for
mineral fractionation in the petrogenesis of most of the
Barberton TTG plutons suggests that the most of the
measured rock compositions probably reflect magma
compositions. This is consistent with the interpretation
that the differences in chemistry between plutons of
the same age also reflect separate, contrasting magma
batches, and that the scattered trends within the plu-
tons probably reflect heterogeneities within their source
rocks, retained through incomplete magma homogeni-
sation. The �Nd values suggest that the TTGs were
derived from juvenile crustal sources with depleted-

mantle signatures. The similarity between the �Nd val-
ues of the ∼3445 Ma TTGs and the Lower Onverwacht
greenstones further implies that the greenstone mate-
rials could be the sources of these magmas, if they

Fig. 9. (a) (La/Yb)N–YbN and (b) Sr/Y–Y diagrams for the TTG rocks. Arr
source mineralogies of amphibolite, 7–30% garnet-rich amphibolite or eclogit
trondhjemite-tonalite-dacite (TTD) and post Archaean granite/andesite-dacite
and Defant (1990), Atherton and Petford (1993), Petford and Atherton (1996)
esearch 151 (2006) 53–78

were present at the required depths. REE data suggest
that the TTG magmas were mostly generated at depths
where garnet was stable and formed part of the melting
residue.

Trace- and rare earth-element modelling is helpful
in constraining the actual composition of the restite.
Fig. 9 compares the chondrite-normalised La/Yb ratios
((La/Yb)N) and Sr/Y ratios of the Barberton granitoids.
It highlights the fact that the TTG suite has low YbN and
Y values and highly evolved (La/Yb)N and Sr/Y ratios,
typical of Archaean TTGs (Martin, 1986). The arrows on
the diagrams represent batch melting trends for Archaean
tholeiites that produce restite compositions of amphi-
bolite, and 7–30% garnet-rich amphibolite or eclogite,
as modelled by Petford and Atherton (1996), Atherton
and Petford (1993), Martin (1986) and Drummond and
Defant (1990). Due to a lack of data for Barberton amphi-
bolites, we cannot calculate a model that is more specific
to this area. However, the differences are unlikely to
invalidate the general observations. Using the literature-
derived trends as a guide, it appears that the TTG suite
could have been derived through partial melting of a
primitive basaltic source, producing an amphibolitic or
eclogitic restite with >30% garnet (Fig. 9).

The likelihood that the Barberton TTGs represent
relatively little-modified initial magma compositions,
coupled with the inference of an initial magma in equilib-
rium with garnet, raises the possibility of establishing the
minimum pressure of magma genesis, using experiments
to establish the lowest pressure at which garnet would
be stable in the TTGs. This is perhaps a more accurate

way of determining pressure of genesis than establishing
the pressure of garnet appearance in a general metamafic
protolith. This is because the specific protolith compo-
sition is unknown, and garnet stability is sensitive to a

ows indicate the batch melting pathways of Archaean tholeiites with
e (adapted from Petford and Atherton, 1996). Archaean TTG/high-Al
-rhyolite (ADR) fields adapted from, e.g. Martin (1986), Drummond
. Dark shading: overlap area between the TTG and ADR fields.
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Table 2
Major element and CIPW normative compositions (100% anhydrous)
of the starting materials for the experiments and the average Theespruit
Formation greenstone

THE4A AmX12-a Ave greenstonea

SiO2 70.33 53.81 54.31
TiO2 0.24 0.79 1.14
Al2O3 16.04 13.71 12.85
FeOT 2.00 9.13 12.13
MnO 0.03 0.28 0.29
MgO 1.11 10.09 7.97
CaO 2.85 9.41 8.92
Na2O 5.74 2.05 1.68
K2O 1.56 0.55 0.54
P2O5 0.08 0.17 0.17

q 22.01 1.89 6.14
or 9.24 3.25 3.19
ab 48.54 17.97 14.76
an 13.34 25.96 25.38
di 0.27 15.48 14.27
J.D. Clemens et al. / Precam

umber of subtle geochemical variations in metabasic
ocks.

. Experiments

.1. Starting materials

.1.1. Garnet stability in TTG rocks
A specimen from the Theespruit Pluton (THE4A) was

hosen as the starting material for this series of experi-
ents. We selected a rock that we judged most likely to

e representative of a TTG magma that had undergone
ittle modification by fractional crystallisation. Thus, the
ample has relatively low SiO2 (∼70 wt%), high Mg#
49), normal K2O (∼1.6 wt%) and P2O5 (0.08 wt%),
nd minimal evidence for secondary alteration. THE4A
ontains plagioclase (An15), quartz, biotite (Mg# = 52),
inor hornblende (Mg# = 54), minor microcline (Or96)
nd accessory apatite, allanite and epidote (Fig. 10).
lthough the rock shows signs of alteration, with minor

ericitisation of plagioclase, it represents the freshest
ample collected from the Theespruit pluton. Bulk rock

ig. 10. Photographs illustrating the mineralogy of experimental start-
ng material THE4A, (a) in plane polarised light and (b) under crossed
olars. Pl: plagioclase, Mc: microcline, Qtz: quartz, Bt: biotite, Hbl:
ornblende, Ap: apatite, Ep: epidote, Al: allanite.

hy 5.94 33.56 33.70
il 0.47 1.50 2.17
ap 0.18 0.39 0.39

Mg# 49 66 54b

K2O/Na2O 0.27 0.27 0.32
A/CNK 0.98 0.65 0.66
FeOT = total Fe as FeO.
a Average of nine analyses.
b Range = 20–71.

and mineral geochemical compositions are shown in
Tables 2 and 3, respectively.

4.1.2. Partial melting of amphibolite
Partial melting of amphibolitic rocks has been well

studied since the 1970s, with an emphasis on fluid-absent
phase relations since the 1990s. Recently, Clemens
(2005) and Moyen and Stevens (2005) summarised the
data on phase relations, melt proportions and their evo-
lution with T, and melt compositions. For fluid-absent
conditions, Moyen and Stevens (2005) found that, at T
near 900 ◦C, the pressure of the garnet-in phase bound-
ary varies between <1.0 and 1.4 GPa, as a function of the
composition of the starting rock. Likewise, the positions
of the solidus and the amphibole-out boundaries also
vary substantially. Thus, despite the volume of this pre-
vious work, it seems useful to experimentally investigate
the partial melting behaviour of the Barberton amphibo-
lite. This is because these rocks are relatively low in
Al2O3, and have high Mg#s, features uncommon among

previously studied compositions.

The Theespruit Formation is the portion of the Bar-
berton greenstone belt that experienced the highest
grade of metamorphism, and is the only part of the
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Table 3
Compositions of minerals in the starting materials

THE4A AmX12-a

Hbl Bt Pl Kfs Hbl Pl

n 1 4 2 2 6 2
SiO2 46.13 36.93 64.95 64.11 46.74 67.94
TiO2 0.24 1.66 0.10 0.02 0.97 0.19
Al2O3 9.51 15.58 21.76 18.29 10.56 21.24
Cr2O3 0.08 0.10 – – 0.14 –
Fe2O3 4.26 0.00 – 0.15 3.30 –
FeO 15.27 19.64 0.08 – 10.44 0.21
MnO 0.45 0.33 – – 0.29 –
MgO 10.18 11.92 0.11 0.00 13.06 0.03
CaO 12.40 0.20 3.20 0.05 12.46 1.27
Na2O 1.19 0.21 9.68 0.45 1.27 10.76
K2O 0.88 9.43 0.11 16.42 0.63 0.32
Total 100.59 96.00 100.01 100.21 99.86 101.94

xO2− 23 22 8 8 23 8
Si 6.730 5.417 2.862 2.983 6.679 2.924
Ti 0.026 0.183 0.003 0.001 0.104 0.006
Al 1.635 2.695 1.130 1.003 1.779 1.077
Cr 0.009 0.011 – – 0.015 –
Fe3+ 0.467 – – 0.005 0.356 –
Fe2+ 1.863 2.411 0.003 – 1.249 0.008
Mn 0.056 0.042 – – 0.035 –
Mg 2.214 2.608 0.007 – 2.782 0.002
Ca 1.938 0.032 0.151 0.002 1.908 0.058
Na 0.337 0.061 0.827 0.040 0.352 0.898
K 0.164 1.762 0.007 0.975 0.114 0.017
�Cations 15.44 15.24 4.99 5.02 15.37 4.99
Mg# 54 52 – – 68 –

An15
Fsp comp.

Onverwacht Group whose mineral assemblages record
upper amphibolite-facies metamorphic conditions. This
results from the fact that it formed part of the ‘lower
plate’ during 3.23 Ga tectonism, was decoupled from the
rest of the greenstone belt and experienced a separate,
higher-grade history, along with the high-grade south-
ern granitoid gneiss terrain (Dziggel et al., 2002; Kisters
et al., 2003; Diener et al., 2005). Felsic volcanic rocks
within the Theespruit Formation show strong geochem-
ical similarities with the TTG rocks of the Steynsdorp
pluton (e.g. HREE depletion and absence of any marked
Eu anomaly; Diener, 2004), and so may be older that the
Stolzburg and Theespruit plutons. These relationships
indicate that mafic rocks from the Theespruit Formation
could be the sources for both the 3.45 and 3.23 Ga TTG
magmas.
An amphibolite sample (AmX12-a) was therefore
taken from one of the large greenstone remnants enclosed
within the Batavia pluton (Fig. 1). For purposes of com-
parison, its bulk composition is given in Table 2, along
Or96 – An6

with the average of nine other mafic rocks from the
Theespruit Formation. Its Mg# lies close to the middle
of the wide range for these rocks (footnote in Table 2)
and, apart from marginally higher Na2O and lower
TiO2, AmX12-a is typical of Theespruit mafic rocks,
and indeed of some other Barberton greenstones. Partial
melting experiments on this material, at appropriate P, T
and fluid conditions should therefore provide us with an
answer to the question of whether these rocks could have
been the source for the Barberton TTGs. They also make
a useful contribution to the overall dataset on amphibo-
lite melting relations.

Most amphibolite-facies Barberton greenstones
carry some greenschist-facies retrograde overprint. In
AmX12-a this was marked by minor replacement of
hornblende by chlorite and plagioclase by epidote. Since

the presence of these lower-grade minerals increases
the H2O content of the sample, over that which would
apply to progressively metamorphosed equivalents in
the upper amphibolite facies, the sample needed to be
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mphibolitised prior to using it as a starting material.
his was achieved by placing it in a gold capsule, and
nnealing it in an internally heated gas vessel, at 650 ◦C
nd 0.2 GPa, for 7 days. The resulting mineralogy was
70% amphibole (Mg# = 68) and ∼30% plagioclase

An6), with traces of K-feldspar. Bulk-rock and min-
ral chemical compositions are given in Tables 2 and 3,
espectively.

.2. Pressure, temperature and fluid conditions

.2.1. Garnet stability in TTG
In metaluminous rocks, the stability of Mn-poor gar-

et depends primarily on pressure. Therefore, we kept
he temperature constant in this first series of experi-

ents. A temperature of 875 ◦C was chosen because this
ould be near the TTG liquidus at the chosen H2O con-

ent of the system (see below). Pressure was initially
et at 1 GPa and then varied, by increments of 0.1 GPa,
etween 1.2 and 1.7 GPa, until the initial appearance of
arnet was tightly constrained.

A key assumption of this work is that a source rock of
mphibolitic composition partially melted, under fluid-
bsent conditions, to form TTG magma. In the Archaean,
ith the possibility of higher geothermal gradients than

t present, this sort of high-T melting could conceiv-
bly occur in a subducting slab (e.g. Martin, 1994), in
he roots of oceanic plateaux (e.g. Condie, 2005) or in
he deep crust of the thickened upper plate (e.g. Petford
nd Atherton, 1996). Stevens and Clemens (1993) and
lemens and Watkins (2001) reviewed the evidence for

he dominance of fluid-absent conditions during the for-
ation of granitoid magmas by crustal melting. Under

hese conditions, the hydrous minerals provide the H2O
omponent required to form hydrous granitoid melts.
he magma from which THE4A crystallised would
ave contained far more H2O than is now present in
he hydrous minerals of the rock. The average initial

2O content of granitoid magmas is ∼4 wt% (Clemens,
984). Thus, H2O must be added to the system to repli-
ate the true initial TTG magma composition.

An estimate of the amount of H2O in the assumed
mphibolitic source rock leads to an approximation of
he amount of H2O present in the melt. Calculations
ere made on the basis of 25% partial melting of amphi-
olite, at 900 ◦C and 1 GPa, with complete destruction
f the hornblende. Using the model of Clemens and
ielzeuf (1987), this would require 1.4 wt% of H O in
2

he source rock. For fluid-absent melting, melt propor-
ion (wt%) = H2O content of rock/H2O content of melt
ormed (Clemens and Vielzeuf, 1987). Thus, the amount
f H2O required in the TTG melt would be 5.6 wt%
esearch 151 (2006) 53–78 67

(at 900 ◦C and 1 GPa). The H2O content of the bulk
rock derived from biotite (∼15 vol%) already present in
the starting material, would be about 0.6 wt%. Thus, we
would need to add 5 wt% H2O to an experimental charge,
in order to obtain approximately the correct overall H2O
content. We chose to use an experimental charge of 0.01 g
of TTG rock powder so this would require the addition
of ∼0.5 �L (i.e. 5 wt%) of high-purity deionised H2O.
The first experiment, using 0.5 �L of added H2O, and
run at 875 ◦C and 1 GPa, produced only glass, indicating
super-liquidus conditions. The H2O content was subse-
quently reduced to 0.4 �L (i.e. 4 wt%), which ensured
that there would be at least some crystals present. Note
that no free fluid phase was present in any of the near-
liquidus TTG experiments; all H2O was dissolved in the
melt phase.

The philosophy behind these phase equilibrium
experiments is that, at the pressure and temperature at
which a magma is generated, the melt will be in equilib-
rium with the mineral phases that constitute the restite.
If the magma then remained near its site of generation
and crystallised, the near-liquidus phases would mimic
the phases in the restite. Thus, if we can determine the
minimum pressure at which garnet appears near the liq-
uidus of a Barberton TTG, we will obtain an estimate
of the minimum pressure at which the TTG magma was
generated.

4.2.2. Partial melting of amphibolite
We also took the Barberton basaltic greenstone

amphibolite (AmX12-a) and subjected it to the meta-
morphic conditions suggested by the results of the TTG
near-liquidus experiments. The compositions of partial
melts of this basaltic amphibolite can be compared with
the compositions of the TTG rocks, to determine whether
Barberton amphibolites, such as this, could have been
the sources of some of the Barberton TTG magmas. The
pressure used for the partial melting experiments was
based on the results of the near-liquidus experiments.
Conditions were set at 1.6 GPa, and melting tempera-
tures of 875, 925 and 1000 ◦C were investigated. This
temperature range is appropriate to the production of
partial melts from amphibolitic source materials (see,
e.g. Clemens, 2005; Moyen and Stevens, 2005), and
allowed us to assess the effect of T on the degree of
melting, the compositions of melts, and stability ranges
of minerals in the melting interval. In fluid-absent par-
tial melting, the hydrous character of any partial melt

is derived through breakdown of crystalline hydrates,
in this case hornblende. Thus, no additional H2O was
added to the experimental charges in this series of
experiments.
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4.3. Experimental methods

The powdered starting materials were finely ground,
in a mechanical agate mortar, to an average grain size
of ∼5 �m, dried at 110 ◦C and stored, over silica gel, in
a vacuum desiccator. Gold capsules (10 mm long, 3 mm
OD and 0.15 mm wall thickness) were used to contain the
samples plus any added H2O. Au is unreactive, does not
strongly absorb Fe from the sample, inhibits H2 diffusion
and thus preserves fO2 at realistic reducing levels. Based
on previous studies of the redox conditions in this piston-
cylinder apparatus, log fO2 is believed to lie between
QFM and QFM-2 (Graphchikov et al., 1999). Each cap-
sule was annealed and arc welded at one end prior to
the addition of ∼0.01 g of powdered sample. For experi-
ments with added H2O, deionised water was loaded into
the capsule, before the powder, using a 10 �L syringe.
These capsules were sealed by arc welding with the lower
end submerged in a water bath, to cool the capsule and
prevent boiling and loss of fluid. For the fluid-absent
melting experiments on the greenstone amphibolite, the
powder was added, the open end of the capsule gently
crimped shut and the capsule dried, at 110◦ for 30 min,
prior to final arc welding.

Experiments were carried out in a 12.7 mm diame-
ter, non-end-loaded, piston-cylinder apparatus (Depths
of the Earth Company, Tempe, Arizona, USA). NaCl-
Pyrex cells were used for experiments above 900 ◦C. For
lower-temperature runs NaCl-only cells were used. Ther-
mocouples were type-K (chromel-alumel), and temper-
atures are considered to be accurate to ±1 ◦C. Precision
in pressure control varied between different experiments

but was generally around ±0.05 GPa. The Au capsules
were flattened and folded into small packets, the sides
of which rested flat in the cells, separated from the ther-
mocouple tip by a thin disk of alumina. Experiments

Table 4
Experimental conditions and run products

Run no. Sample composition P (MPa) T (◦C)

PC1-069 THE4Aa + 0.5 �L H2Ob 989 ± 23 875 ± 1
PC1-070 THE4Aa + 0.4 �L H2Ob 1184 ± 12 875 ± 1
PC1-075 THE4Aa + 0.4 �L H2Ob 1407 ± 22 875 ± 1
PC1-077 THE4Aa + 0.4 �L H2Ob 1474 ± 22 875 ± 1
PC1-080 THE4Aa + 0.4 �L H2Ob 1574 ± 22 875 ± 1
PC1-073 THE4Aa + 0.4 �L H2Ob 1717 ± 29 875 ± 1
PC1-083 AmX12-a 1598 ± 24 875 ± 1
PC1-086 AmX12-a 1596 ± 20 925 ± 1
PC1-087 AmX12-a 1581 ± 47 1000 ± 1

NB parentheses indicate minor amounts of the phase present.
a 0.01 g powdered rock.
b H2O added to capsules but all runs fluid-absent at P and T (with ∼4 wt%
esearch 151 (2006) 53–78

were run for 96 h and quenched isobarically, until T fell
to about 600 ◦C, to prevent vesiculation of any glass
present, as a result of volatile exsolution. When the runs
were completed, the capsules were removed from the
cells, cleaned, opened and the contents examined. A part
of each run product was hand-ground in an agate mortar
and a grain mount made, for examination with an opti-
cal microscope. Another intact piece of the run product
was mounted in epoxy resin, sectioned and polished for
analysis with the SEM/microprobe.

5. Results

5.1. TTG near-liquidus experiments

All experimental conditions and run products are
given in Table 4. Note that because the starting mate-
rial was crystalline (effectively seeded with plagio-
clase), we can be reasonably confident that the absence
of plagioclase in the run products reflects its insta-
bility under these P–T–aH2O conditions. The pres-
sure for the appearance of near-liquidus garnet is con-
strained to 1.52 ± 0.05 GPa, which equates to a depth of
51 ± 2 km (assuming a largely mafic crust with a density
of 3000 kg/m3). Due to the importance of the minimum
pressure for the appearance of near-liquidus garnet, we
compared the experimental result with the prediction
of the Perple X linear programming package (see, e.g.
Connolly, 2005) for calculation of phase diagrams using
thermodynamic properties of minerals and melts. We
used the bulk composition of THE4A, with total H2O in
the system set at 4.42 wt%, as in the experiments. Phases

considered in the calculations were Qtz, Pl, Kfs, Bt, Hbl,
Grt, Cpx, Opx and melt. The silicate melt composition
was fixed as the composition found experimentally, in
run PC1-073 (Table 5). The predicted pressure for the

Duration (h) Run products

96 melt
96 Cpx, Hbl, melt
96 Hbl, melt
96 Cpx, Hbl, melt
96 (Grt), Hbl, melt

112 Grt, Cpx, Hbl, Ru, melt
96 Grt, (Ru), (Ap), Opx, Cpx, Hbl, Qtz, melt
96 Grt, (Ru), (Ap), Opx, Cpx, Hbl, melt
96 Grt, (Ru), (Ap), Opx, Cpx, melt

or ∼5 wt% H2O in the melt, near the liquidus).
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Table 5
Average major-elementa and CIPW normative compositions of the melts produced in near-liquidus experiments on THE4A

Run no.

PC1-069 PC1-070 PC1-075 PC1-077 PC1-080 PC1-073

P (GPa) 1.0 1.2 1.4 1.5 1.6 1.7
n 4 6 6 6 5 8
SiO2 71.48 71.53 71.07 71.91 74.37 72.86
TiO2 0.36 0.30 0.34 0.28 0.19 0.27
Al2O3 16.38 16.25 16.01 16.27 16.64 16.32
FeOT 1.99 1.26 1.64 1.49 1.27 1.10
MnO 0.04 0.06 0.03 0.06 0.09 0.09
MgO 1.08 0.66 0.90 0.66 0.42 0.45
CaO 2.84 2.32 2.78 2.51 2.38 2.29
Na2O 4.21 5.92 5.61 5.17 3.07 4.97
K2O 1.62 1.71 1.63 1.67 1.57 1.65
Mg# 49 48 49 44 37 42
K2O/Na2O 0.38 0.29 0.29 0.32 0.51 0.33
A/CNK 1.18 1.03 1.00 1.09 1.50 1.16

q 31.67 23.71 23.78 27.99 43.78 31.26
c 2.54 0.44 1.39 5.26 2.19
or 9.57 10.11 9.63 9.87 9.28 9.75
ab 36.19 50.09 47.47 43.75 25.98 42.05
an 13.52 11.51 13.69 12.45 11.81 11.36
di 0.08
h 4.71
i 0.65
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in Table 6. Typical near-liquidus ferromagnesian min-
eral assemblages were Hbl ± Cpx at P ≤ 1.5 GPa and
Hbl + Cpx + Grt at P ≥ 1.6 GPa (all mineral abbrevia-
tions from Kretz, 1983). Plagioclase was not present in
y 5.82 3.57
l 0.68 0.57

a Normalised to 100% anhydrous, n = no. of analyses.

ncoming of garnet, at 875 ◦C, is 1.45 GPa—very close
o the pressure found experimentally.

Reaction products and their relative proportions vary
ith P, as shown in Fig. 11. The amount of melt pro-
uced was ≥75% for all runs and, as expected, melt
ompositions (Table 5) are generally trondhjemitic to
ranodioritic (Fig. 12). The high percentage of melt at

75 ◦C suggests that the TTG magmas were probably
roduced from their protoliths at temperatures around
00 ◦C, and very probably less than 1000 ◦C. Taking
he inferred depth of origin into account, this implies

ig. 11. Graph showing the proportions of phases in the products of
ear-liquidus experiments on THE4A. See text for further explanation.
4.03 3.23 2.86
0.53 0.36 0.51

that the TTG magmas were generated in a geother-
mal gradient <20 ◦C/km. Coexisting minerals are listed
Fig. 12. Average glass (quenched melt) compositions produced in
near-liquidus experiments on THE4A, at a range of pressures, plot-
ted on the classification diagram of Barker (1979).
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Table 6
Average major-element compositionsa of minerals produced in near-liquidus experiments on THE4A

Amp Grt Cpx

P (GPa) 1.2 1.4 1.5 1.6 1.7 1.7 1.2 1.5 1.7
n 4 10 16 17 17 16 7 1 1
SiO2 49.47 50.24 49.10 46.42 48.94 38.94 52.64 54.95 52.00
TiO2 1.23 0.80 1.23 1.48 1.45 0.95 0.32 0.16 0.20
Al2O3 8.81 8.12 10.20 12.40 14.56 20.84 2.40 2.01 4.93
Cr2O3 0.09 0.17 0.08 0.11 0.06 0.11 0.12 0.12 –
Fe2O3 6.04 6.20 4.29 8.90 2.05 1.16 2.16 – –
FeO 5.23 4.91 6.90 4.93 9.15 21.20 4.94 13.84 15.09
MnO 0.13 0.18 0.12 0.14 0.09 0.98 0.16 0.23 0.39
MgO 15.68 16.08 14.53 13.09 10.83 6.20 13.84 15.15 13.36
CaO 10.41 10.59 10.54 9.36 8.81 9.58 22.20 12.77 12.48
Na2O 2.55 2.32 2.64 2.29 3.38 0.29 1.04 0.79 1.13
K2O 0.35 0.39 0.38 0.82 0.66 0.08 0.07 0.01 0.41

xO2− 23 23 23 23 23 12 6 6 6
Si 6.817 6.954 6.751 6.399 6.858 3.032 1.899 1.973 1.950
Ti 0.128 0.083 0.127 0.153 0.153 0.056 0.009 0.004 0.006
Al 1.431 1.323 1.652 2.017 2.406 1.911 0.102 0.085 0.218
Cr 0.010 0.019 0.009 0.011 0.007 0.007 0.003 0.003 –
Fe3+ 0.626 0.642 0.441 0.917 0.218 0.067 0.059 – –
Fe2+ 0.604 0.574 0.795 0.575 1.075 1.380 0.148 0.416 0.473
Mn 0.016 0.021 0.014 0.016 0.011 0.065 0.005 0.007 0.012
Mg 3.220 3.316 2.977 2.688 2.268 0.719 0.744 0.811 0.747
Ca 1.536 1.572 1.552 1.385 1.327 0.799 0.858 0.491 0.502
Na 0.681 0.622 0.704 0.607 0.917 0.045 0.073 0.055 0.082
K 0.062 0.070 0.066 0.189 0.119 0.008 0.003 0.000 0.020

method
�Cations 15.13 15.20 15.09 14.97
Mg# 84 85 79 82

a Normalised 100% anhydrous, Fe2+ and Fe3+ calculated using the

the near-liquidus assemblages, confirming the interpre-
tation based on the lack of a Eu anomaly, that feldspar
was not present in the residuum. Textures in the run prod-

ucts are exemplified in the photomicrograph of the run
product formed at 1.7 GPa (Fig. 13). Mineral composi-
tions vary little with P. The amphiboles range from silicic
edenite to magnesiohastingsitic hornblende, compared

Fig. 13. Back-scattered electron photomicrograph of run PC1-073
(1.7 GPa) showing new garnet crystals in matrix glass (quenched melt).
15.36 8.089 3.91 3.85 4.01
68 34 83 66 61

of Droop (1987).

with the original edenitic hornblende in the starting mate-
rial (THE4A). Garnet formed at 1.7 GPa has a compo-
sition of Alm48Prp24Grs26Sps2. Garnet formed at lower
pressures was scarce, but easily identified in optical grain
mounts, though it was not found during microprobe anal-
ysis. Pyroxenes are typically diopsidic at P = 1.2 GPa and
augitic at P ≥ 1.5 GPa. A very small amount of accessory
rutile was identified in the products of the run at 1.7 GPa
(Fig. 13), and may have been present in the other experi-
ments, though it was not specifically identified. Residual
rutile is required to explain the marked negative Nb,
Ta and Ti anomalies shown by all TTG rocks (see, e.g.
Fig. 5). The lack of plagioclase and presence of garnet
and pyroxene in the near-liquidus assemblage suggest
that the majority of TTGs coexisted with a hornblende-
bearing eclogite rather than either an amphibolitic or
granulitic residue.
5.2. Partial melting of Barberton amphibolite

In view of the results of the TTG near-liquidus exper-
iments, the greenstone amphibolite experiments were all
conducted at 1.6 GPa; results are shown in Table 4. Note
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ig. 14. Back-scattered electron photomicrographs showing the min-
ralogy and textures of the products of partial melting experiments
1.6 GPa) carried out on greenstone amphibolite AmX12-a, (a) at
75 ◦C, (b) at 925 ◦C and (c) at 1000 ◦C.

hat we have not attempted to determine the minimum
ressure for appearance of garnet in this amphibolite, as
his is not relevant to the problem being investigated. The
ressure for the partial melting experiments was simply
hosen as a suitable pressure, slightly above the nec-
ssary minimum, as determined from the near-liquidus

xperiments on the TTG (THE4A). Fig. 14 shows typical
extures developed in the run products. Relative propor-
ions of the phases in the run products are shown, as a
unction of T, in Fig. 15. The amount of melt increases
Fig. 15. Proportions of run products formed in the partial melting
experiments on greenstone amphibolite AmX12-a.

with T, from ∼5% at 875 ◦C to 30% at 1000 ◦C. Melt
compositions are given in Table 7.

The compositions of coexisting minerals are
given in Table 8. Full mineral assemblages are;
Amp + Cpx + Opx + Grt + Qtz + Rt + Ap at 875 ◦C,
Amp + Cpx + Opx + Grt + Rt + Ap at 925 ◦C and
Cpx + Opx + Grt + Rt + Ap at 1000 ◦C (Fig. 14). The
amphiboles are edenites to edenitic hornblendes, similar
to those of the starting material. In the 875 ◦C run,
large original hornblende crystals remain (Fig. 14a),
indicating incomplete breakdown, due to the low
degree of partial melting. Compositions of garnets are
typically Alm-rich with Prp content increasing at higher
T (Alm46Prp29Grs22Sps3 to Alm38Prp38Grs23Sps1)
(Fig. 14b). Pyroxenes are typically augite, coexisting
with enstatite, at all temperatures. Previous studies of
fluid-absent partial melting of amphibolites, at about
1.5 GPa, produced pyroxenes with Jd contents, ranging
from 8 to 14 mol.% with an average of 10 mol.% (Sen
and Dunn, 1994; Rapp and Watson, 1995; Skjerlie and
Patiño Douce, 2002). The Jd contents of the clinopy-
roxenes formed in the present work are 6–7.5 mol.%,
similar to those formed in the near-liquidus runs on
the TTG starting material. This difference is probably
related to the bulk composition of the starting material
and the particular phases coexisting with the clinopyrox-
enes. Experiments on a different amphibolitic starting
material, carried out in the same apparatus, with the
same experimental techniques, at 2 and 2.5 GPa (Xiao
and Clemens, submitted for publication), produced
strongly omphacitic pyroxenes coexisting with garnet
and melt. In the present work, sodic hornblende was

present, and at least as abundant as the coexisting
clinopyroxene, up to about 920 ◦C (Fig. 15). Partition-
ing of Na between the amphibole and the pyroxene is
probably a major control on the lower Jd contents of the
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Table 7
Normalised 100% anhydrous analyses and CIPW norms of glasses (quenched melts) formed in fluid-absent partial melting experiments (1.6 GPa)
on amphibolitised Barberton greenstone AmX12-a

T = 875 ◦C, n = 7 T = 925 ◦C, n = 11 T = 1000 ◦C, n = 5

X̄ σ X̄ σ X̄ σ

SiO2 74.94 0.34 74.57 0.27 70.03 0.30
TiO2 0.32 0.09 0.33 0.08 0.69 0.06
Al2O3 13.21 0.20 14.05 0.10 15.35 0.09
FeOT 1.60 0.17 1.59 0.18 2.69 0.19
MgO 0.32 0.10 0.27 0.08 0.73 0.16
CaO 2.31 0.13 1.83 0.15 2.84 0.12
Na2O 4.38 0.17 4.24 0.18 4.56 0.05
K2O 2.90 0.12 3.10 0.13 3.12 0.13

K2O/Na2O 0.66 0.73 0.68
A/CNK 0.91 1.02 0.96

T = 875 ◦C, n = 7 T = 925 ◦C, n = 11 T = 1000 ◦C, n = 5

q 35.64 32.65 23.06
or 17.14 18.32 18.44
ab 37.44 36.30 39.13
an 7.44 8.66 11.66
c – .39 –
di 3.12 – 1.60
hy 1.60 3.05 4.81
il 0.61 0.63 1.31
Mg# 26.3 23.2 32.6

sample
An in plag. 16.6

FeOT = total Fe as FeO; n = number of individual point analyses; X̄ =

clinopyroxenes in the present work. In the products of
the lower-T melting experiments, the two pyroxenes are
quite complexly intergrown (see, e.g. Fig. 14b) while, at
1000 ◦C, the pyroxene crystals are more separated from
each other (e.g. Fig. 14c). At 1.6 GPa, the quartz-out
curve lies between 875 and 925 ◦C, and hornblende-out
lies between 925 and 1000 ◦C.

5.3. Interpretation of melt compositions from
amphibolite melting experiments

The main reaction for the partial melting of amphi-
bolite under fluid-absent conditions, at pressures where
garnet is stable is similar to:

Hbl + Pl = Grt + Cpx ± Opx + melt.

The compositions of the glasses (quenched melts)
(Table 7) are compared to the Barberton TTG rocks
in Fig. 16. They are metaluminous or marginally
peraluminous sodic granites, in many respects quite

similar in composition to some of the more felsic TTG
rocks. However, their compositions do not fall in the
trondhjemite field (Fig. 16a), where the bulk of the
Barberton TTGs plot.
19.3 23.0

mean; σ = standard deviation.

Variations in melt composition with run T reflect
the changes in stoichiometry of the incongruent melt-
ing reaction, as melting progresses. For example, SiO2
contents of melts decrease, whereas the other oxides
generally increase with increasing T. The reduction in
SiO2 and increase in CaO, FeOT and TiO2 reflect the
increased degree of melting/dissolution of mafic phases
as T increases. However, there is no progressive increase
in CaO between 875 and 925 ◦C. This probably reflects
the stability of clinopyroxene at these temperatures.
Once T exceeds 925 ◦C, Cpx becomes unstable and then
contributes Ca to the melt. Increases in Na2O, with tem-
perature, are typically ascribed to the melting of Na-rich
minerals, the identity of which will change as a func-
tion of P and T. Plagioclase is not present in the residual
assemblages at the conditions of our experiments, hav-
ing been consumed in the above melting reaction by
875 ◦C. Increases in melt Na2O content at higher T were
therefore most probably the consequence of amphibole
dissolution. Similarly, the trace of K-feldspar present in

the starting material had disappeared by 875 ◦C. Despite
this, higher temperature evolution to significantly larger
melt volumes does not markedly shift the melt compo-
sition to less potassic (lower K2O/Na2O) compositions



J.D. Clemens et al. / Precambrian Research 151 (2006) 53–78 73

Table 8
Average major-element compositions (normalised to 100%) of the minerals formed in fluid-absent partial melting experiments (1.6 GPa) on amphi-
bolitised Barberton greenstone AmX12-a

Mineral Amp Grt Cpx Opx

T (◦C) 875 925 875 925 1000 875 925 1000 875 925 1000
n 6 1 6 5 5 1 4 3 2 3 5
SiO2 47.25 47.44 38.41 38.67 39.71 53.22 52.04 51.04 54.75 52.38 52.58
TiO2 0.88 1.07 0.94 1.13 1.42 0.33 0.43 0.57 0.20 0.24 0.46
Al2O3 11.78 9.59 20.72 20.69 21.22 3.38 5.09 5.24 6.00 3.71 3.14
Cr2O3 0.17 0.21 0.10 0.16 0.17 0.17 0.19 0.16 0.26 0.11 0.14
Fe2O3 5.61 2.00 1.85 1.86 1.23 – 0.22 0.59 – 0.32 0.54
FeO 7.86 11.55 20.96 19.69 17.81 10.19 9.40 9.81 18.52 19.08 18.74
MnO 0.26 0.10 1.23 0.65 0.61 0.24 0.13 0.17 0.38 0.33 0.24
MgO 12.86 13.57 7.59 8.83 9.80 13.51 13.25 13.47 16.48 22.31 22.99
CaO 10.92 12.39 8.00 8.15 8.11 17.75 18.30 18.21 2.30 1.31 1.33
Na2O 1.79 1.50 0.14 0.15 0.19 0.97 1.08 0.89 0.76 0.32 0.19
K2O 0.61 0.58 0.05 0.02 0.02 0.11 0.05 0.04 0.55 0.02 0.03

xO2− 23 23 12 12 12 6 6 6 6 6 6
Si 6.522 6.628 5.604 5.687 5.934 1.839 1.856 1.823 1.996 1.883 1.859
Ti 0.092 0.113 0.103 0.125 0.159 0.008 0.012 0.015 0.005 0.006 0.012
Al 1.907 1.578 3.549 3.586 3.738 0.137 0.214 0.219 0.258 0.157 0.131
Cr 0.018 0.023 0.015 0.019 0.020 0.005 0.006 0.004 0.008 0.003 0.004
Fe3+ 0.574 0.211 0.159 0.206 0.140 – 0.006 0.016 – 0.009 0.015
Fe2+ 0.915 1.350 2.578 2.421 2.222 0.295 0.280 0.293 0.566 0.574 0.554
Mn 0.031 0.012 0.152 0.081 0.078 0.007 0.004 0.005 0.012 0.010 0.007
Mg 2.646 2.825 1.674 1.935 2.183 0.696 0.704 0.717 0.897 1.196 1.212
Ca 1.617 1.854 1.211 1.283 1.300 0.657 0.699 0.698 0.090 0.050 0.050
Na 0.478 0.405 0.037 0.042 0.055 0.065 0.075 0.061 0.054 0.023 0.014
K 0.108 0.104 0.009 0.004 0.004 0.005 0.002 0.002 0.026 0.001 0.001
�
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cations 14.91 15.10 16.00 15.39 15.80
g# 74 68 39 44 50

see Table 7). This suggests gradual release of K during
rogressive hornblende breakdown.

In terms of residual mineralogy, the results of the
artial melting experiments agree with both our near-
iquidus experiments on the TTG (THE4A), and our
nterpretation of the trace-element and REE composi-
ions of the TTG rocks. At the magma source, the TTG

elts probably coexisted with sodic hornblende, augitic
linopyroxene and almandine-pyrope garnet, with a rel-
tively high grossular content. Collectively, these data
uggest that the TTGs were derived from a plagioclase-
ree garnet amphibolite or hornblende eclogite source, at
pressure of at least 1.5 GPa. The residual source proba-
ly contained around 20% hornblende. The experimen-
ally observed garnet proportions (15–20%) are slightly
oo low to account for the observed HREE depletion
n the TTGs, and the contribution for hornblende will be
mall. This confirms that 1.5 GPa is a minimum estimate

or the pressure of melting.

The major-element compositions of the glasses match
he natural rock compositions less well. In particular,
he melt K2O/Na2O ratios (Table 7) are significantly
3.71 3.85 3.85 3.91 3.91 3.85
0 72 71 61 68 69

higher and the Mg# lower than in most of the Barber-
ton TTGs (Appendix A in supplementary data). The
difference in Mg# probably reflects the relatively low
melting proportion, even at 1000 ◦C, and the stability of
Mg-rich restitic minerals in the solid residues. Given the
observed behaviour of K2O in the melting experiments, it
is difficult to interpret this difference as related purely to
melting conditions, although K2O/Na2O ratios of exper-
imental melts, from a variety of source compositions,
do increase with increasing P (Clemens et al., in press).
Most probably, the high K2O/Na2O in the experimen-
tal melts reveals an important compositional difference
between the Theespruit Formation amphibolite and the
actual protolith for most of the Barberton TTGs. The
absence of Opx from the near-liquidus assemblage of the
experimental TTG contrasts with the presence of small
amounts of this phase in the partial melting experiments
on the Barberton amphibolite, a further indication that

this sort of amphibolite is probably not the dominant
source rock for the Barberton TTG magmas. Given that
this composition appears to be representative of highest-
grade metamafic rocks exposed in association with the
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TTGs, this suggests the possibility that the TTG mag-
mas were derived from a more sodic (lower K2O/Na2O)

source that is not exposed among the high-grade meta-
morphic rocks of the Barberton greenstone belt.

Fig. 16. (a–c) Diagrams showing the compositional fields occupied
by the Barberton TTG rocks (light grey shading) and the compositions
of the three glasses (quenched melts) produced in the partial melting
experiments on greenstone amphibolite AmX12-a. White: 875 ◦C, mid
grey: 925 ◦C and black: 1000 ◦C.
esearch 151 (2006) 53–78

6. Discussion

Constraining the pressure at which near-liquidus gar-
net appears in the TTGs, to >1.47 GPa, is of considerable
importance in the context of the Barberton Mountain
Land. This confirms the general high pressures of magma
derivation, implied by the REE geochemistry of the
rocks, and demonstrates that the TTG magmas must
have been produced at a depth of at least 50 km. This
implies that the 3.45 Ga Archaean crust, represented by
the southern portion of the Barberton granite-greenstone
terrane, must have been at least this thick. In a modern
tectonic scenario, this would constitute close to doubling
of the thickness of typical continental crust. This is a phe-
nomenon that, in the modern geological record, occurs
only in tectonic settings that involve collision of terranes
containing pre-existing continental crust. In the case of
the ∼3.23 Ga TTGs, this interpretation is consistent with
the conclusions reached by several other workers who
have focused on the style and age of deformation in
the belt (de Ronde and De Wit, 1994; de Ronde and
Kamo, 2000), sedimentary environments in the upper
parts of the Barberton greenstone belt sequence (Lowe
and Byerly, 1999), and the age and P–T conditions of
the high-grade metamorphism (Dziggel et al., 2002).
Thus, these magmas appear to have been coeval with
a major terrane accretion event. This event is charac-
terised by apparent geothermal gradients in the range
of 18 ◦C/km (Dziggel et al., 2002; Kisters et al., 2003;
Diener et al., 2005), as indicated by mineral assemblages
in rocks exposed on the southern margin of the Belt and
xenoliths in the ∼3.45 Ga TTGs. This gradient is consis-
tent with melting of thickened crust in the temperature
range of 850–950 ◦C, at depths of 47–53 km.

Previous experiments have shown that TTG-like
melts can be produced from metabasaltic protoliths at
temperatures of 850–1000 ◦C (Rapp et al., 1991; Winther
and Newton, 1991). Our partial melting experiments
confirm that the rather more K-rich Barberton green-
stones would produce sodic granite partial melts, but not
trondhjemites—the dominant rock type among the Bar-
berton TTG suite. Thus, it seems unlikely that the Barber-
ton greenstones were the actual sources of the majority
of the TTG magmas. The results imply that, at 3.45
and 3.23 Ga, less potassic (and probably older) mafic
rocks must have underlain the Barberton terrane, and
formed the source from which the TTG magmas were
extracted. The pressure of formation of the Barberton

TTG magmas (at least 1.47 GPa) suggests that geother-
mal gradients during TTG formation were of the same
order at those during the metamorphism of the green-
stones (around 18 ◦C/km; Dziggel et al., 2002; Kisters
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t al., 2003). Thus, the findings of this study have a bear-
ng on one of the central questions in Archaean geology,
.e. whether the mechanisms and rates of Archaean tec-
onics were fundamentally different to those that shaped
ounger orogenic belts (e.g. Hamilton, 1998; De Wit,
998; Collins and Van Kranendonk, 1999).

The possibility that radiogenic heat production may
ave been significantly higher in the Archaean than
t present (e.g. O’Nions et al., 1978; Davies, 1993)
s central to this debate. Higher heat production may
ave produced circumstances detrimental to the devel-
pment of lateral tectonics (Hargraves, 1986; Davies,
992; Vlaar et al., 1994), favouring heat dissipation
hrough mantle plumes (e.g. Campbell and Griffiths,
992; Hill et al., 1992) rather than through linear mag-
atic spreading centres associated with lateral plate
otions. Arndt et al. (1998) reviewed the data from var-

ous sources and argued that Mg-rich komatiite lavas in
rchaean sequences (including Barberton) are dry melts
f depleted mantle. This suggests very high magma tem-
eratures, and an Archaean mantle much hotter than at
resent (e.g. Herzberg, 1995). However, the oldest TTG
ocks documented in this study, which are characterised
y HREE-depleted signatures, are the gneisses of the
tolzburg pluton, components of which have been dated
t 3460 ± 5 Ma. Thus, melting in crust approximately
0 km thick occurred within 10–30 Myr of the time of
omatiite volcanism in the lower Onverwacht. This close
emporal association of high-pressure crustal melting
nd mantle melting supports the suggestion that all these
agmas were produced in cratonic extensional basins,

n arc-continent or intracontinental rifts (Kisters et al.,
003; Heubeck and Lowe, 1994; Lowe, 1994; Eriksson
t al., 1994), associated with subduction zones. If this
s correct, the komatiites may not represent abnormally
igh-T ultramafic magmas. Instead, liquidus depression
y H2O-rich fluid may have allowed partial melting of
he relatively shallow mantle at only moderate temper-
tures (e.g. Parman et al., 1997; Grove and Parman,
004). Thus, at this time, extensional environments seem
o have been associated with crustal domains that had
ow apparent geothermal gradients in which hydrated
rustal rocks underwent high-pressure metamorphism
nd partial melting. Such a setting is compatible with
he occurrence of lateral tectonic processes at this early
tage of Earth’s crustal evolution.

. Summary
Near-liquidus experiments on a Theespruit trond-
jemite show that garnet is stable at P ≥ 1.47 GPa.
his suggests that the Barberton TTG magmas, with
esearch 151 (2006) 53–78 75

their characteristic HREE depletion, were generated at
depths of at least 50 km. This inference is supported
by previous experimental work on partial melting rela-
tions of tholeiitic amphibolites, and our own experi-
ments on a Barberton greenstone amphibolite. Restites
are likely to have been eclogitic, with mineral assem-
blages of Cpx + Opx + Grt ± Hbl ± Qtz + Rt + Ap. This
study has important geodynamic implications. Firstly,
the Archaean crust must have been thickened to at least
50 km in order to generate TTG magmas. This would
explain why 3.23 Ga TTG magmatism is contempora-
neous with episodes of terrane collision in the tectonic
history of the Barberton region, and suggests a similar
setting for the older TTGs, where the tectonic setting
is uncertain. Secondly, the generation of TTG magmas
must have produced a plagioclase-free eclogitic restite,
in keeping with the REE geochemistry of the Barberton
TTGs. Thirdly, the parent rocks for the bulk of the Bar-
berton TTGs were not the Barberton greenstones but an
older? mafic terrane that was structurally overlain by the
Barberton.
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Jahn, B.M., Vidal, P., Kröner, A., 1984. Multichronometric ages and
origin of Archaean tonalitic gneisses in Finnish Lapland: a case for
long crustal residence time. Contrib. Mineral. Petrol. 86, 398–408.

Johnston, A.D., Wyllie, P.J., 1988. Constraints on the origin of Archean

trondhjemites based on phase relationships of Nûk gneiss with H2O
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