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ABSTRACT

To constrain the origin of komatiites from the Barberton Greenstone Belt, South Africa, we
measured '’Sm-'**Nd and '°Lu-'"°Hf compositions for 18 komatiites from core obtained
during the International Continental Drilling Program in the Komati Formation of the
Barberton Belt, as well as 33 komatiites from surface outcrops of the Komati, Hooggenoeg,
and Weltevreden Formations, these latter for purposes of comparison between core and
surface samples. Magmatic clinopyroxene from surface samples near the drill site was also
analyzed. For the Lu-Hf isotope system, the Komati Formation core and surface samples

including the clinopyroxene define a linear array whose slope corresponds to an age of 3426 +
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16 Ma (MSWD = 118; eugr) = +2.2), which is slightly younger than the accepted age of the
rocks (3.48 Ga). The Sm-Nd isotope data for the same set of samples likewise fall along a
linear array also yielding a younger age of 3339 + 12 Ma (MSWD = 42; engr) = +2.8). The
high MSWD for both isotope systems indicate substantial scatter at variance with normal
magmatic processes, likely implying element mobility disturbing even these relatively robust
isotopic systems shortly after eruption of the lavas. The average initial eng and ey¢ of the core
samples at 3.48 Ga are +0.45 and +1.4, respectively, in overall accordance with the positive
errorchron intercepts and a depleted mantle source at 3.5 Ga. In contrast, the clinopyroxene
and their host rocks have strongly positive engr) of about +5 and negative eng(r) of about -2.
Given the overall scatter of the whole-rock data, the most robust constraint on the
composition of the komatiite source comes from the clinopyroxene. Their positive engr)1s in
line with, though somewhat higher than other results from komatiites from the Komati
Formation, but their negative eng(t) 1s unexpected in that it indicates a source with long-term
low Sm/Nd, which is at odds with its long-term high Lu/Hf. This signature is also found in the
trace element compositions of some of the komatiites, such as moderately enriched LREE,
negative Hf anomalies, and low Hf/Sm ratios. The origin of these features is uncertain but one
possibility is that the discordance between the Hf and Nd isotope systems reflects the
presence of deep-sea sediments in the source of some of the Barberton komatiites. The
possible presence of a surface component in an ancient deep mantle source has wide-ranging
implications for mantle-crust interaction and dynamics in the early Earth and for constraining

a minimum age for the onset of plate tectonics.

Keywords: Komatiites, clinopyroxene, deep-sea sediment, chert, Barberton
Greenstone Belt, Lu-Hf isotopes, Sm-Nd isotopes, International Continental Drilling

Program, Invited Centennial article
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INTRODUCTION

It is widely, if not universally, accepted that komatiite magmas result from melting in
unusually hot parts of the mantle (e.g., Arndt et al. 2008; Herzberg 1992; Herzberg et al.
2010; Herzberg and O'Hara 1985; Walter 1998). The combination of high MgO contents and
low concentrations of incompatible trace elements points to high degrees of partial melting,
and geochemical evidence of garnet in the solid residue is consistent with melting at usually
great depth (Green, 1974; 1981; Nesbitt et al. 1979; Ohtani et al. 1988; Sun and Nesbitt
1978). Most authors propose that the source was a mantle plume and that melting took place
at depths of at least 200 km. Robin-Popieul et al. (2012) developed a model for the formation
of komatiites from the type area in the Barberton Greenstone Belt of South Africa that has the
Al-depleted, or Barberton-type, komatiite forming as batch melts at about 300 km depth and
the Al-undepleted, or Munro-type, komatiite forming as advanced fractional melts at about
200 km depth. Schmeling and Arndt (in preparation) quantified the process taking into
account the contrasting densities of melt and residual minerals and concluded that the melt

segregated from the source in a series of high-volume pulses.

Radiogenic isotopes place constraints on the composition and history of the source and
therefore allow insight into komatiite-forming processes and conditions of formation. No
komatiites are pristine — all have undergone hydrothermal alteration at or near the seafloor,
followed by metamorphism during accretion of the volcanic sequence to the continents and
associated deformation. These processes could have affected their isotopic compositions to a
degree that depends on the intensity of the alteration and the relative mobility of parent and
daughter isotopes. Early attempts using the Rb-Sr isotope system produced no useful data
from whole-rock samples but did give meaningful results from separated magmatic pyroxene

(Machado et al. 1986).
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The existing Nd and Hf isotope compositions of komatiites on a worldwide basis are
summarized in Figure 1, including the data from this study. It is immediately apparent that the
data scatter widely arising most likely from element mobility that disturbed even these
relatively robust isotopic systems and hence for the most part do not represent primary mantle
compositions. Although there is a general trend of increasing exg (Fig. 1a) and egr (Fig. 1b)
with time, these trends are largely masked by the dispersion of the data. A more coherent
trend is obtained when samples are carefully selected so as to include only those least altered,
such as done by Puchtel et al. (2013), or by analysing separated magmatic pyroxene (J.
Blichert-Toft, unpublished data not from the Barberton Greenstone Belt). Data selected in this

way show an increase from values close to chondritic for the oldest samples to eng = +10 and

enr ~ +18 for the youngest komatiites from Gorgona Island (not shown; Thompson et al.

2004).

Robin-Popieul et al. (2012) recognized three main types of komatiite among surface samples
from the Barberton Greenstone Belt. These are (as summarized in Figures 2 and 3): (1) Al-
depleted or classical Barberton-type komatiites which have relatively low Al,O3/TiO; ratios
coupled with relative depletion of the heavy rare earth elements (HREE) (74% of sample
suite; Figs. 2 and 3a); (2) samples with intermediate Al,O3/TiO; ratios and nearly flat REE
patterns (18% of sample suite; Figs. 2 and 3b); (3) samples with high Al,O3/TiO; ratios and
strongly sloping LREE-depleted patterns (8% of sample suite; Figs. 2 and 3¢)(Wilson 2003).
Robin-Popieul et al. (2012) explained these patterns in terms of contrasting melting
mechanisms. The Al-depleted komatiites formed as batch melts deep in the mantle, whereas

the Al-enriched types were the products of advanced fractional melting.

Most previously published Nd and Hf isotope data for komatiites from outcrops in the

Barberton Greenstone Belt scatter widely. In the compilation reported in Figure 1, initial eng
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values extend from about -3 to +5 (Fig. 1a) and initial ey values from about -3 to +10 (with
two outliers from this study, BD2 and BDS, at eyr of -13 and -15, respectively, falling off
scale; Fig. 1b). Using samples selected on the basis of good preservation of primary magmatic
mineralogical features, Puchtel et al. (2013) obtained engr) = +0.46 + 0.10 and epgm) = +1.9 +
0.3 for the 3.48 Ga Komati Formation and enqgry = +0.50 £ 0.11 and epgr) = +4.7 + 0.8 for the
3.27 Ga Weltevreden Formation. Combining these results with Os isotope data, Puchtel et al.
(2014) developed a model that attributes these geochemical characteristics to melting of a
depleted source produced by segregation of Mg- and Ca-perovskite in a ca. 4.5 Ga magma

occan.

In this paper we report '’Sm-"**Nd and '"°Lu-""°Hf compositions for several suites of
samples from the Barberton Greenstone Belt. These are (i) material from core drilled into the
3.48 Ga Komati Formation by the International Continental Drilling Program (ICDP) (Arndt
et al. 2010); locality 1 in Figures 4 and 5), (i) a suite of samples collected from outcrop of the
Komati Formation at the drilling site, and (iii) surface samples from the Hooggenoeg and
Weltevreden Formations. Clinopyroxene and amphibole separated from two of the surface
samples from the Komati Formation (in the immediate vicinity of the ICDP drill holes) were
also measured for their Nd and Hf isotope compositions. For the surface sample suites the
major and trace element data are published in Robin-Popieul et al. (2012), while for the core
samples the major and trace element data will be published by Wilson et al. (in preparation).
The Hooggenoeg and Weltevreden Formations are younger than the Komati Formation, with
ages of about 3.3 Ga (Byerly et al. 1996). The Hooggenoeg Formation samples were collected
at locality 4 in Figure 4, in the southern portion of the Barberton Belt, about 8 km northeast of
the ICDP drill site. The Weltevreden Formation komatiites were collected in the northern
portion of the belt, at locality K in Figure 4. These samples are described by Connolly et al.

(2011).
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Petrographic and trace element analyses of the core samples have revealed the presence of a
komatiite type that was previously unknown in the Barberton Greenstone Belt in which
compositions are controlled by both olivine and orthopyroxene (Coetzee 2014). Here we
further show that the Nd and Hf isotopic data provide evidence of an unusual source in the
Archean mantle. Finally, it is the first time radiogenic isotope data are presented for the ICDP

cores that sampled the komatiites from the Komati Formation.

SAMPLES

Descriptions of the geology of the Barberton Belt are provided by Lowe and Byerly (2007)
and information about the ICDP drilling site is given by Dann (2000) and Robin-Popieul et al.
(2012). The locations of 12 surface samples of komatiite and komatiitic basalt collected from
the drill site in addition to 18 drill core samples are shown in the geological map of Figure 5

and described below.

Two cores were drilled at the Tjakastad site, as shown in Figures 4 and 5. The BARBI1 core
intersected a “tumulus” unit, which is an unusual thick, strongly internally differentiated flow
produced by inflation by resurgence of new magma within the original flow (Dann and Grove
2007; Dann 2001). The tumulus unit was followed by a series of more typical sequences of
thin differentiated komatiite flows and komatiitic basalts. The BARB2 core was sited about
100 m to the northwest and intersected a greater thickness of the overlying sequence of
komatiites and komatiitic basalts. Detailed logs of the drill cores are available on the ICDP
web site (Wwww.peeringintobarberton.com) and the positions of the samples analyzed in this
study are shown on simplified summary logs of the two cores in Figure 6. Because of the
steeply dipping and folded strata in the area the cores were drilled up-section in the

stratigraphy such that progressively younger layers were intersected with increasing depth in
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the drill holes. The peak temperature of the metamorphism is poorly constrained but there is
no evidence of metamorphic hornblende in any of the samples analyzed here. Amphibole is
seen in thin sections of the samples from which the clinopyroxene analyzed in this study was
extracted but from its brown color and anhedral, interstitial habit, it is evident that this
amphibole is magmatic. The metamorphic assemblage is chlorite and serpentine with minor
tremolite resulting from both early and late-stage hydrous alteration. Therefore, peak
temperatures would have been upper greenschist facies at a maximum. Most of the alteration
was due to reaction with seawater on the ocean floor followed by reaction with crustal fluids
during accretion to the continent (Cloete 1999). Like most rocks in Archean greenstone belts,
the samples are completely undeformed with relict textures (both olivine and interstitial
clinopyroxene) wholly intact and unsheared with no sign of crystal deformation. No
metasediments are found in the part of the Komati Formation where the BARB1 and BARB2

cores were drilled.

With the exception of minor amounts of unaltered chromite, no magmatic minerals were
encountered in the core samples and hence rock names used in the following sections and
listed in the isotope data table (Table 1) are derived from the whole-rock compositions, taken

to be those of the volcanic rocks at the time of eruption.

Eight of the 18 drill core samples are from the tumulus unit with one of these being from the
basal olivine orthocumulate, two being harristic olivine cumulates, three being olivine or
pyroxene spinifex samples, and two being hyaloclastites. Eight other samples are from
cumulates or spinifex units of thin, differentiated komatiite flows, one sample is the upper
chill of a komatiite flow, and one sample is a komatiitic basalt. Neodymium and Hf isotopic

compositions for these samples are listed in Table 1.

The degree of alteration of the Hooggenoeg Formation samples is similar to that of the
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Komati Formation komatiites, but the Weltevreden Formation samples are better preserved.

In sample WP109, for example, most of the olivine and all of the clinopyroxene are unaltered.

Neodymium and Hf isotopic data also are reported for 33 samples collected from surface
outcrops in other parts of the Barberton Greenstone Belt. These include 12 samples of
komatiite from other locations in the Komati Formation including four from the BARB2 drill
site, three of komatitiic basalt from the Hooggenoeg Formation (3.47 Ga), and 15 of komatiite
from the Weltevreden Formation (3.27 Ga). The locations and background petrological and
geochemical (major and trace element abundances) data for these samples are reported by

Robin-Popieul et al. (2012), while the Nd and Hf isotope compositions are listed in Table 1.

Only very sparse occurrence of unaltered minerals (and no unaltered olivine) were observed
in the sequence intersected by the drill cores, but unaltered orthopyroxene and clinopyroxene,
together with relict unaltered olivine, are present in surface samples from Grace’s Flow, a
thick differentiated komatiite flow located immediately above the base of the BARB2 core.
Eight samples were collected from outcrops of this flow; six olivine cumulates (BD1, BD2,
BD18, GC1, GC2, and GC3 of which GC3 was not analyzed here, only the clinopyroxene
separated from it), a clinopyroxene cumulate (PXITE), and an olivine spinifex lava (BD4)
(Table 1). Three clinopyroxene fractions (GC1 cpx1, GC2 cpx2, and GC3 cpx3; Table 1)
were separated from three of the olivine cumulates (GC1, GC2, and GC3). Only an impure
fraction of magmatic amphibole (GC3 amph; Table 1) from the olivine cumulate GC3 was
obtained. Pyroxene in the pyroxene cumulate sample PXITE (Table 1) was altered to
amphibole and other secondary minerals and hence was not separated for isotopic analysis. In
contrast, the PXITE whole-rock was analyzed to help constrain potential effects of alteration

on clinopyroxene isotope systematics.

U-Pb zircon dating of felsic volcanic rocks within the Theespruit Formation, which underlies
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the Komati Formation, yields ages ranging from 3544 + 3 to 3547 + 3 Ma (Kroner et al.
1996), while a layer of dacitic tuff within the Komati Formation and stratigraphically higher
than the BARB1 and BARB?2 drill cores has a zircon U-Pb age of 3482 + 5 Ma (Armstrong et
al. 1990). On this basis it can be inferred that the age of the komatiites from the Komati
Formation studied here is between 3.48 and 3.55 Ga. We chose 3.48 Ga for all epsilon

calculations.

The age of the Hooggenoeg Formation is between that of the underlying Komati Formation
(3482 + 5 Ma) and that of a felsic tuff at the base of the overlying Kromberg Formation (3416
+ 5 Ma; (Byerly et al. 1996). The Weltevreden Formation has been dated at 3263 = 12 Ma
using the Re-Os chronometer (Puchtel et al. 2014). This is consistent with the observation that
the Weltevreden Formation seems to be correlated with the Mendon Formation, which
contains ash layers dated at 3298 + 3 Ma (Byerly et al. 1996). In this study we have used,
respectively, 3.47 Ga and 3.27 Ga for the epsilon calculations of samples from the

Hooggenoeg and Weltevreden Formations.

ANALYTICAL TECHNIQUES

The 18 core samples were prepared as powders at the University of the Witwatersrand,
Johannesburg. After initial cleaning of all surface alteration, whole-rock samples were jaw
crushed and then milled using a high-purity C-steel swing mill pre-cleaned with quartz sand
and subsequently conditioned with small sample aliquots prior to powdering the main sample
mass. Splits from these homogenized powders were divided for distribution to members of

the Barberton Drilling Project Consortium and were used for the isotope work of this study.

For the Nd and Hf isotopic analyses, all sample dissolution procedures, using steel-jacketed

Parr bombs, and Lu-Hf and Sm-Nd chemical separation and isotopic analysis were carried out
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at the Ecole Normale Supérieure in Lyon. After dissolution in Parr bombs, Sm, Nd, Lu, and
Hf were separated from ca. 350-700 mg aliquots (depending on the degree of depletion of the
respective samples) of whole-rock powder by ion-exchange column chromatography and
measured for their isotopic compositions by MC-ICP-MS (Nu Plasma 500 HR) coupled with
a desolvating nebulizer DSN-100 according to the procedures described by Blichert-Toft et al.
(2002; 1997), Blichert-Toft (2001), and Blichert-Toft and Puchtel (2010). Samarium, Nd, Lu,
and Hf concentrations were determined by isotope dilution using >98% pure mixed '*’Sm-
ONd and '"°Lu-"""Hf spikes added to the samples prior to dissolution. The “Rennes” in-house
Nd and JMC-475 Hf standards were analyzed systematically between every one or two
samples to monitor machine performance and allow for standard bracketing of the unknown
samples. The measured sample values were normalized to the accepted values of 0.511961 +
0.000013 (corresponding to 0.511856 for La Jolla; Chauvel and Blichert-Toft 2001) for
"INd/'**Nd of the “Rennes” in-house Nd standard and 0.282163 + 0.000009 (Blichert-Toft et
al. 1997) for '"®Hf/'""Hf of the IMC-475 Hf standard using sample-standard bracketing. Mass
bias were corrected relative to '**Nd/"**Nd = 0.7219 and '’Hf/'""Hf = 0.7325 using an
exponential law. Total procedural blanks for Sm, Nd, Lu, and Hf were less than 20, 50, 20,
and 20 pg, respectively. Isochron calculations (ages, initial isotopic compositions, and
MSWDs) were done using the MatLab least-squares software by F. Albaréde (version 7.0,
2014), which is an algorithm of least-squares straight lines with correlated errors and is an
open source implementation of Minster et al. (1979) as discussed in Albarede (1995). The
error on the age provided by this software is the propagated analytical uncertainties and the
associated MSWD reflects the scatter of the samples about the alignment. I[f MSWD < 1.7,
the alignment defines a statistically significant isochron, whereas if MSWD > 1.7, the
alignment signifies an errorchon. Errors applied to the measured '*’Sm/"**Nd and '"°Luv/'""Hf

ratios were =+ 0.2%, while errors applied to the measured '“Nd/'**Nd and '"°Hf/'""Hf ratios

10
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245  were = 0.00002 and £ 0.00001, respectively, which were the external reproducibilities of the
present analytical sessions as determined by the repeated standard measurements. In the rare
cases where the in-run error was larger than the external reproducibility (see Table 1 for the
samples in question), the in-run error was used for the least-squares calculations. The decay
constants used were 6.54x10™% a™ for 'Y’Sm (Lugmair and Marti 1978) and 1.867x10"" a

250  for "°Lu (Scherer et al. 2001; Séderlund et al. 2004). The Nd and Hf epsilon notations were
calculated using the Sm-Nd and Lu-Hf CHUR values of, respectively, '*’Sm/'**Nd = 0.1967
and "®Nd/"**Nd = 0.512638 (Wasserburg et al. 1981) and '"°Lu/"""Hf = 0.0332 and
eH{/"THf = 0.282772 (Blichert-Toft and Albaréde 1997). The Nd and Hf isotope data are

listed in Table 1.

255  Clinopyroxene was separated using a sieved 150-212 micron fraction with finer material
removed in suspension using deionized water. The magnetic fraction, which included
magnetite, olivine, and possibly chromite, was removed using a Frantz magnetic separator.
Less dense minerals were removed using bromoform resulting in a pyroxene concentrate
containing both clinopyroxene and orthopyroxene. Clinopyroxene was then concentrated

260  magnetically to a purity of 98%. Orthopyroxene was also separated but only a very small
amount which was insufficient for isotope analysis with the final fraction containing a high

proportion of magmatic amphibole.

REsuLTS

265  Petrological and petrographic features of the core flows
The stratigraphically lowest unit sampled by drilling is the tumulus, a unit that, according to
Dann (2000; 2001), is distinguished from other komatiite flows by the following features: (1)

at 30-80 m thick, it is thicker than most komatiite flows; (2) it has an unusual lens-like form;

11
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(3) it is capped by a thick carapace of vesicular, chilled, or hyaloclastic-textured lava; (4) it
has a thick lower olivine cumulate made up of unusually large, completely serpentinized
olivine grains; (5) it is strongly differentiated from olivine adcumulate at the base to pyroxene

spinifex-textured lava in the center.

Overlying the tumulus is a series of thin differentiated komatiite flows followed by massive
and spinifex-textured komatiites and komatiitic basalts. The entire stratigraphic sequence is
shown in logs on websites of the Barberton drilling project (peeringintobarberton.org) and

reproduced in simplified form in Figure 6.

The textures and mineralogy of these komatiites are, with two exceptions, like those of other
komatiites of the Barberton Greenstone Belt, as initially described by Viljoen and Viljoen
(1969). The dominant mineral is olivine, in both cumulates and spinifex-textured lavas.
Skeletal clinopyroxene, minor chromite, and altered glass are interstitial phases. No fresh
minerals were present in the drill core of this section, but fresh pyroxene and, less commonly,
fresh olivine are found in some surface samples. However, original textures remain perfectly
preserved. Unusual features are the larger size of cumulus olivine in the tumulus unit (ca. 1
mm compared with ca. 0.5 mm in most komatiite flows), and the presence of two pyroxenes
(orthopyroxene and clinopyroxene) in some sub-units. Orthopyroxene is particularly abundant

in the sequence of flows that immediately overlie the tumulus (from 89 to 118 m in BARB1).

Geochemical characteristics of the core samples
In the following we briefly describe the geochemical characteristics of the tumulus unit (data
from Coetzee 2014):

* The tumulus unit is strongly differentiated from olivine cumulates with MgO contents

up to 44% to gabbro with an MgO content of 9.4%.
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* Linear trends for immobile elements such as Ti, Al, Zr, Hf, and the REE correspond to
olivine control lines. Samples with <15% MgO plot on a line consistent with pyroxene
fractionation, whereas mobile elements such as Ca, Rb, Sr etc. scatter widely.

* The hyaloclastites have high MgO contents between 30 and 33%. On the premise that
these samples represent quenched aphyric lava, their compositions are those of the
liquid that fed the lava flow.

* Axis intercepts on Al,O3 or TiO; vs MgO diagrams correspond to olivine with the
composition F092. Using the procedure described by Robin-Popieul et al. (2012), this
olivine is in equilibrium with liquid with the composition of the flowtop

hyaloclastites.

On the basis of these observations it is concluded that this flow resulted from the eruption of a
highly magnesian komatiitic lava. As described by Dann (2000; 2001), influx of lava into the
flow caused up-doming up the carapace of chilled hyaloclastite-textured lava to produce the
lens-like structure of the tumulus. The lava in the flow interior then differentiated to produce
highly evolved liquids that crystallized with pyroxene spinifex textured gabbroic assemblages
where differentiation was advanced. The presence of vesicles, and perhaps the large grain size
and complete serpentinization, indicate the presence of a small amount of water. Mantle-
normalized trace element patterns (Fig. 3a) are similar to those of typical Barberton Al-
depleted komatiites. It is noteworthy that they lack typical subduction signatures, such as
negative Nb-Ta anomalies and enriched incompatible element contents. It may therefore be
deduced that these rocks did not form in a subduction setting and that the water was probably

introduced by assimilation of hydrous rock en route to the surface.

The sequence of komatiite flows immediately overlying the tumulus unit, from 91.8 to 118 m

depth in the BARBI core, shows geochemical evidence of orthopyroxene fractionation
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(Coetzee 2014; Wilson et al., in preparation), which is corroborated by the unusual
association of both cumulus olivine and orthopyroxene observed in thin section. From their
Al,O3/TiO; ratios (Fig. 2) and their mantle-normalized trace element patterns (Fig. 3a), these

komatiites can be classified as typical Al-depleted or Barberton type.

Sm-Nd and Lu-Hf isotopic data

The Sm-Nd and Lu-Hf isotopic data for the core samples and the surface samples overlying
the drilling traces are listed in Table 1 and plotted in Figures 7 and 8. They show the
following features. The Sm-Nd and Lu-Hf isotope data for the 18 core whole-rocks, three
clinopyroxene separates, their host whole-rocks, the pyroxene cumulate, and, for the Sm-Nd
system, also the impure amphibole fraction, plot on linear arrays whose slopes, if interpreted
as isochrons (although MSWDs indicate they are errorchrons), give ages that are nearly
within error (Lu-Hf; Fig. 7), or slightly lower (Sm-Nd; Fig. 8) than the accepted age of the
rocks of 3.48 Ga adopted here. The Lu-Hf array gives an age T of 3440 + 16 Ma (MSWD =
122; ("°Hf/"Hf)r = 0.280628 + 0.000009, corresponding to exgr) = +2.1 £ 0.3) and the Sm-
Nd array an age of 3377 + 13 Ma (MSWD = 34; (**Nd/'"*Nd) = 0.508257 + 0.000019,
corresponding to engcr) = +1.9 + 0.4), compared with the U-Pb zircon ages of 3.48 to 3.55 Ga.
Excluding the three analyses of clinopyroxene, which control both the Sm-Nd and the Lu-Hf
arrays, their host rocks, and the pyroxene cumulate such that the core samples are regressed
alone results in a steeper slope for the Sm-Nd system corresponding to an age of 3677 + 85
Ma (MSWD = 30; (**Nd/"**Nd); = 0.507889 % 0.000106, translating into exg) = -19 + 2;
Fig. 8) and a shallower slope for the Lu-Hf system corresponding to an age of 2914 £ 41 Ma
(MSWD = 30; (""°Hf/"""Hf)r = 0.280875 £ 0.000021, translating into exsr) = -1.5 + 0.8; Fig.
7). Regressing only the seven samples from Grace’s Flow (GC1, GC2, PXITE, BD1, BD2,
BD4, and BD18) with the clinopyroxene (and, for the Sm-Nd system, also the impure

amphibole, which is an extreme outlier for the Lu-Hf system (Table 1) and therefore excluded
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from the regression of the latter) yields a Lu-Hf age of 3466 + 18 Ma (MSWD = 22 with BD2
excluded as an outlier, see Table 1; (‘"°Hf/'""Hf)r = 0.280680 + 0.000011, corresponding to
enrm) = +4.5 £ 0.4; Fig. 7) and a Sm-Nd age of 3314 = 12 Ma (MSWD = 53; ("*Nd/'**Nd); =
0.508370 + 0.000018, corresponding to engct) = +4.8 = 0.4; Fig. 8). The Lu-Hf age becomes
3468 + 18 Ma (MSWD = 20; (‘"*Hf/'""Hf); = 0.280678 + 0.000011, corresponding to exsr) =
+4.5 + 0.4) if BD4 is also excluded as it falls slightly above the alignment in Figure 7.
Finally, regressing all the Komati Formation samples together (again excluding BD2 and the
impure amphibole from the Lu-Hf regression) gives a Lu-Hf age of 3426 + 16 Ma (MSWD =
118; ("°Hf/'Hf)r = 0.280640 + 0.000009, translating into engr) = +2.2 + 0.3; Fig. 7) and a

Sm-Nd age of 3339 + 12 Ma (MSWD = 42; (**Nd/"**Nd)r = 0.508323 + 0.000016,

translating into exqgr) = +2.8 £ 0.4; Fig. 8).

enfr) values of the individual core whole-rock samples, calculated assuming an age of 3480
Ma, show a large range from +3.9 to -3.2 (Table 1, which also lists uncertainties on individual
epsilon values). The two extreme values are from the tumulus unit as sampled by the BARB1
core. The average engr) 1S positive, at +1.4 + 0.3. The individual initial Hf isotope
compositions cannot be related to either rock type, degree of alteration, or major or trace
element compositions. The three clinopyroxene fractions have significantly higher eng)
values at 3.48 Ga than those of the core samples ranging from +2.5 to +5.9. These values
were reproduced for two of the clinopyroxene (the smaller size of the third clinopyroxene
fraction allowed for only one analysis) (Table 1). The two whole-rocks yielding two of the

clinopyroxene separates have similarly high engr)of +4.7 and +5.4.

endct) values of the individual core whole-rock samples, likewise calculated assuming an age
of 3480 Ma, vary from +2.2 to -2.3 (Table 1, which also lists uncertainties on individual

epsilon values). The flow from the stratigraphically lowest differentiated komatiite sequence
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of the BARBI core has extreme values, but the sample with the lowest eng) (-3.2) has the

highest enqg(r) (+2.2) (Table 1). The average enq(r) is slightly positive, at +0.45 + 0.3. As for
the initial Hf isotope compositions, no systematic relationships are evident between the initial
Nd isotope compositions and stratigraphic position, texture, or degree of alteration. Nor do
major and trace element compositions correlate with Nd isotopes. Multiple samples from
individual units, such as the tumulus (BARB1-10.18 to BARB1-89.23) and the differentiated
Grace’s Flow (GC1, GC2, PXITE, BD1, BD2, BD4, BD18) from the stratigraphically lowest
komatiite package, show considerable ranges of initial isotopic compositions. The differences
in Sm/Nd ratios of the different units do not correspond to different initial isotopic
compositions. The two clinopyroxene fractions measured in duplicate, however, have more

constant and significantly lower enqcr) values ranging from -1.6 to -2.3 and their host rocks

both have similarly negative exgcr)of -1.9 (Table 1).

The pyroxene cumulate shows the same positive euq) (+4.4) and negative exg(r) (-0.3) as the
relatively unaltered komatiites from which the clinopyroxene were separated (Table 1). The
impure amphibole fraction has epgr) of +31 and eng(r) of +0.1 indicating the presence of

accessory phases affecting in particular the Lu-Hf isotope system (Table 1).

To decide which initial isotope ratios to adopt we considered the following: (1) The core-only
regressions, which yield markedly too young (Lu-Hf) and too old (Sm-Nd) ages and, hence,
erroneous y-axis intercepts (Figs. 7 and 8), were disregarded; (2) we took into account only
Grace’s Flow and “all samples” regressions (Figs. 7 and 8); (3) despite the overall scatter
about the errorchrons, the Lu-Hf errorchron seems to preserve nearly the correct age. On this
basis we concluded that the errorchron initials provide a better estimate of the true initials
than individual samples or averages of them. Nevertheless, the errorchron initials (at the age

of the errorchrons) are similar to those of most of the individual samples at 3.48 Ga: almost
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all show positive egr and, except for Grace’s Flow’s whole-rocks and clinopyroxene, positive

end (Figs. 7 and 8) consistent with depleted mantle evolution at 3.5 Ga.

As seen in Table 1, the surface samples display considerably more scatter, with some samples
departing to extreme positive or negative values. However, when the most extreme outliers
are excluded, the average enq(t) and engcr) values are broadly similar to those obtained from
the core samples. Taken separately, each of the Komati, Hooggenoeg, and Weltevreden
sample suites shows a large range of calculated initial isotopic values. In each suite, one or
more samples give extremely high or low values, particularly for the Lu-Hf isotope system,
but less so for the Sm-Nd isotope system. Excluding the outliers (four in total), the mean
endcr) and engr) values are as follows: the Komati Formation, exgt) = -0.5 to +4.4 (one outlier,
BD20, excluded), engr) = +0.4 to +10.1 (two outliers, BD2 and BDS5, excluded); the
Hooggenoeg Formation, engcr) = +0.1 to +0.4, gy = 1+0.7 to +3.4 (the Lu-Hf measurement
failed for HOG1); the Weltevreden Formation, enxgcry = +0.5 to +2.2, engry= +3.9 to +13.4
(one outlier, MC6-4, excluded) (see Table 1 for uncertainties on the individual epsilon
values). Again, these initial values are consistent with depleted mantle evolution in the early
Archean. There are no systematic differences between the isotopic compositions of the three
different groups of komatiite. Within the relatively large variability of the data, the engr)
values tend to become more positive with decreasing age, while the engcr) values remain

essentially constant.

DiscussioN

Although the ranges of parent-daughter isotope ratios for the drill core samples are not very

large (hence the relatively large uncertainties on the ages obtained), these ranges are far
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greater than can be expected from normal magmatic processes. In most of the flow units
encountered in the core and at the drill site, olivine is the sole major fractionating phase and
this phase does not fractionate Sm from Nd, nor Lu from Hf. The samples from the sequence
between 91.8 and 118 m in the BARBI core crystallized orthopyroxene in addition to olivine,
but this phase also does not change either Sm/Nd or Lu/Hf. The fact that large variations in
these isotope ratios are observed in single units (e.g., the tumulus and Grace’s Flow) rules out
the possibility that they resulted from different parental magma compositions. Although not
impossible, it is mechanistically unlikely that magmas from different sources or different
magma-crust interaction histories fed into the same flow system. As has been recognized in
numerous other studies (e.g., Claoué-Long et al. 1984; Dupré et al. 1984), the processes that
most likely caused these changes were secondary, such as hydrothermal alteration or
metamorphism. The coincidence between the ages calculated for the Komati samples and the
accepted eruption age, especially how remarkably within error of the assumed true age the
Lu-Hf age is (Fig. 7), indicates that these secondary processes operated synchronously with,
or very soon after, emplacement of the flows and may have been related to early seafloor
alteration of the flows (Hoffmann and Bohlar 2007; Hoffmann and Wilson 2007). The
relatively younger Sm-Nd errorchron (Fig. 8) may, however, rather reflect metamorphism
occurring 10’s or 100’s of million years after komatiite emplacement, in which case this event
did not affect the Lu-Hf isotope system to the same extent it impacted the Sm-Nd isotope

system.

Given the scatter of the whole-rock data, and the fact that secondary processes influenced
these systems, the best constraint on the composition of the source of these komatiites should
come from the clinopyroxene separates. As shown in Table 1 for the Lu-Hf isotope system,
the clinopyroxene have engr) values that are higher than, though still within the range of, the

whole-rock data from both this study and that of Puchtel et al. (2013). For the Sm-Nd isotope
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system, however, the exq(r) values of the clinopyroxene separates are negative (Table 1) and

far lower than those of the whole-rocks for all studies conducted so far.

Figures 7 and 8 show Lu-Hf and Sm-Nd isochrons for the clinopyroxenes and samples of
olivine spinifex, olivine cumulate, and pyroxene cumulate from the same flow. These
isochrons give ages that are lower than the probable eruption age (3466 = 18 Ma with MSWD
= 22 for Lu-Hf and 3314 + 12 with MSWD = 53 for Sm-Nd). However, given the large
statistical uncertainties, the difference is probably not significant. Textures of these pyroxenes
(Fig. 9) indicate they are primary magmatic and crystallized as an interstitial phase to the
cumulus olivine, now partially to completely serpentinized. On this basis, the possibility that
the pyroxenes are secondary or that later metamorphism reset their isotopic systems is
rejected. We recognize that the mineral separates may contain small amounts of other phases
(possibly highly fractionated components) due to the fine grain size. Indeed, the impure
separate made to try to isolate magmatic amphibole has a highly anomalous composition
(Table 1) and probably contains minor phases (monazite, zircon, baddelleyite, apatite) that
fractionated the isotope systems, especially that of Lu-Hf. However, the consistent values of
the clinopyroxenes for both isotope systems indicate that they are those of the original
magmas. The presence of small amounts of secondary minerals may account for at least part
of the variations in Sm/Nd and Lu/Hf of the clinopyroxene separates but it is difficult to
suggest a phase which, in minor amounts, could drastically decrease the exgcr) value while at
the same time increase epgr) relative to the typical komatiite whole-rock values. The samples
of olivine cumulate from which the three clinopyroxene were separated have a similar
isotopic composition to the clinopyroxene separates (highly positive engr)and negative engr);
Table 1). In addition, the whole-rock sample of pyroxene cumulate (PXITE), which contains

about 70% cumulus clinopyroxene, now completely altered to secondary amphibole, has a
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similar epgr) of +4.4, though an intermediate gty of -0.3 (Table 1), which nevertheless is

still significantly lower than that of the average whole-rock komatiites.

This decoupling of the two isotopic systems is difficult to explain. Normally, the two parent-
daughter systems Sm-Nd and Lu-Hf fractionate in the same manner, and consequently the
isotopic compositions should correlate positively. This is indeed the case in most suites of
samples from both mantle and crustal sources (e.g., Vervoort and Blichert-Toft 1999;
Vervoort et al. 1999), including the samples of Barberton komatiites analyzed earlier by us
(Blichert-Toft and Arndt 1999; Blichert-Toft et al. 2004) and by Puchtel et al. (2013). In these
data sets the whole-rocks have positive €xqr) and engr), values similar to the mean gty and
endct) values of the whole-rock core and surface samples of this study. Contrary to these
expected results are the two clinopyroxenes of this study and their host rocks with their

strongly positive engr) and distinctly negative eng(r).

This distinctive isotopic fingerprint indicates that the present komatiites were derived from a
source with low time-integrated Sm/Nd and high time-integrated Lu/Hf. A trace element
pattern consistent with these observations is illustrated schematically in Figure 10. The actual
trace element patterns of the whole-rock samples from the differentiated komatiite flows,
including the sample that yielded the clinopyroxenes measured here, have patterns that
support this suggestion (Fig. 3a; trace element data from Coetzee 2014; Robin-Popieul et al.

2012; Wilson et al., in preparation).

One way of explaining the unusual clinopyroxene signature is the presence of a phase, or
possibly several phases, that fractionate the two isotopic systems in opposite senses. In the
upper mantle the phases that can change the parent-daughter ratios are clinopyroxene, or more
effectively, garnet, but both these phases would act in the same sense for the two isotope

systems. In all accepted data sets (e.g., Green 1994 and the GERM database
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http://earthref.org/GERM/) the clinopyroxene and garnet partition coefficients for Sm is
greater than those for Nd, and those for Lu greater than those for Hf. As a consequence, a
clinopyroxene or garnet cumulate would evolve over time to positive values of both exgand
enr, and the residual liquid would evolve to negative values. The same applies to common
phases in the lower mantle. Ca-perovskite strongly fractionates both systems, but again in the
same sense (Corgne and Wood 2005), while Mg-perovskite has little effect on these ratios
(Corgne et al. 2005). Only fractionation of magnesiowiistite could produce the correct sense
of change for both systems because Hf (but not the REE elements) is compatible with this
phase (Hauri et al. 1996). The systematics are shown schematically in Figure 11. This
explanation seems unlikely, however, simply because it would require that the proportion of
magnesiowlistite in the residue be significantly higher than that of Ca- or Mg-perovskite,

which is contrary to normal estimates of lower mantle compositions (Irifune and Tsuchiya

2007).

Another possibility is that the komatiite source contained a fraction of fine-grained sediment,
which, owing to its paucity in zircons, would have a high Lu/Hf ratio and a relatively low
Sm/Nd ratio. As argued by Patchett et al. (1984), Vervoort et al. (1999), and Gargon et al.
(2013), the Lu-Hf and Sm-Nd isotope systems are decoupled in clastic sediments because
zircon, which preferentially extracts Hf, is deposited in fluvial or coastal settings, while finer-
grained sediment, depleted of zircon and therefore characterized by a Hf deficit and high
Lu/Hf, is deposited in deeper waters. In the early Archean, because of the unusual
composition of seawater and the absence of organisms with calcareous shells, the normal
sediment on the oceanic floor was chert. Chemical analyses by Ledevin (2013) of Barberton
cherts show that this type of sediment has particularly high Lu/Hf but moderate Sm/Nd, and
isotopic analyses by Gargon et al. (2015) demonstrate that this material, as would be

expected, evolves with time to produce high enfr)and low engr).
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This raises the possibility that the unusual composition of the clinopyroxene in Grace’s Flow

resulted from the incorporation of old chert into the komatiite, either via contamination of the
komatiite magma during its passage to the surface or as a component in the source. We tested
this idea by modeling both processes. The parameters used in the modeling are given in Table
2. The isotopic composition corresponds to a chert that is about 200 My older than the

komatiite, the absolute maximum plausible age in the Barberton context.

Modeling of assimilation of chert into komatiite magma is straightforward because the Nd
and Hf contents of chert and komatiite are similar. The result is clear: to produce the isotopic
composition of Grace’s Flow clinopyroxene requires a very large amount of contamination,
60%, and the assimilation of this much chert produces a contaminated magma containing
78% Si0,, 1.e. granite, not komatiite. An assimilation and fractional crystallization (AFC)
process was not considered in this simple mixing scenario because the target isotopic
composition would not be reached before complete solidification of the magma. This result
clearly indicates that the unusual composition of Grace’s Flow clinopyroxene cannot be the

result of contamination during ascent of the komatiite magma.

If the chert were present in the source, the situation is more promising, for two reasons: first,
the Nd and Hf concentration in the source are far lower, which means that less chert is
required to change the isotopic composition of the mixture; second, the composition of the
melt of a contaminated source is not directly related to the SiO; content. Table 2 shows that
only about 10% chert is required and this amount of contamination produces a source
containing about 50% SiO,. If this source melted at high enough pressure, it could produce

magma with a komatiitic composition.

Hence, addition to the komatiite source of ancient (early Archean) chert would be capable of

increasing its Lu/Hf ratio while leaving the Sm/Nd ratio unchanged. Over time this material

22

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



535

540

545

550

555

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5325 5/27

would acquire an unusually positive ey for a given exg (Fig. 12). Therefore, as modeled
above, if such material were recycled into the mantle and entrained in the source of the
komatiites, this could explain both the trace element patterns and the Nd and Hf isotope
systematics observed here. We do not exclude or find it unlikely that the samples of the
present study showing initial engq and epr values similar to the komatiites analyzed by Puchtel
et al. (2013) underwent the same magma ocean processes as proposed by these authors, but if
so, this record has been overprinted in Grace’s Flow with the distinct signature of sediments

akin to the Barberton cherts.

Additional evidence in favor of fine-grained sediment in the source of the Komati Formation
komatiites comes from the Hf/Sm ratio, which is well known to be nearly constant and close
to chondritic (0.74 + 0.03; Bouvier et al. 2008) in the vast majority of terrestrial magmatic
rocks and therefore seems to be largely unaffected by later magmatic processes (Blichert-Toft
and Albaréde 1999). In Table 1, we report the calculated Hf/Sm ratios of the komatiites
analyzed in this study, and in Figure 13 we show the data in the form of a frequency
histogram including the Komati and Weltevreden Formation data from Puchtel et al. (2013).
Using the Hf and Sm concentrations determined for all the samples by isotope dilution (Table
1 and (Puchtel et al. 2013) we find that the average Hf/Sm of the core komatiites is 0.58 (Fig.
13), while the surface samples from the Komati Formation (Grace’s Flow and other outcrops)
have average Hf/Sm of 0.64 (Fig. 13). The clinopyroxene separated from the whole-rocks
from Grace’s Flow have average Hf/Sm of 0.65 (Fig. 13). These values are all significantly
lower than the CHUR value. In comparison, the komatiites from the Hooggenoeg and
Weltevreden Formations have average Hf/Sm of 0.71 and 0.76, respectively (Fig. 13),
identical within error to the CHUR value. The samples from the Komati Formation analyzed
by Puchtel et al. (2013) also have low Hf/Sm averaging 0.60, while the samples from the

Weltevreden Formation, likewise analyzed by Puchtel et al. (2013), have Hf/Sm ratios similar
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to those of the Weltevreden Formation samples of the present study, averaging 0.74 (Fig. 13).
The Hf/Sm data hence provide strong evidence for a Hf deficit in the source of the Komati
Formation komatiites, which is consistent with the trace element patterns in Fig. 3a and the
incongruous Nd and Hf isotope systematics of the clinopyroxene and their host rocks. This
scenario resembles that observed for Hawaii, where combined Hf, Nd, and Pb isotope
systematics indicate the presence of deep-sea sediments in the source of Hawaiian lavas
(Blichert-Toft et al. 1999). The presence in the early Archean of crustally derived material in
a deep mantle source, such as that inferred for the Barberton komatiites, potentially has wide
implications for the understanding of plate tectonics and crust-mantle interaction in the early

Earth.

IMPLICATIONS

The main message to emerge from this study is the difficulty in obtaining reliable and useful
results from the analysis of old, variably altered volcanic rocks. Careful selection of the best-
preserved samples in various parts of the Barberton greenstone belt can be successful, as
demonstrated by Puchtel et al. (2013) for the Komati type locality. However, when a study
focuses on a restricted region, as was the case in this study where the sampling was limited to
the sequences intersected by the drill core, the choice of samples is limited, with potential
detrimental consequences for the quality of the final results. A possible means of avoiding the
effects of alteration on whole-rock samples is to separate relict magmatic minerals such as
clinopyroxene. The analysis of clinopyroxene in this study provided evidence of a component
of unusual composition in the source of the Barberton komatiites. The possible presence in
the early Archean of crustally derived material in a deep mantle source potentially has wide

implications for the understanding of plate tectonics and crust-mantle interaction in the early
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Earth. The isotopic signature that we here attribute to fine-grained sediment is present only in
a single flow and it is possible that the magma in this unit sampled a minor and unusual
component in the mantle source. However, if this signature is more widely distributed, as is
suggested by the corresponding trace element patterns and Hf/Sm ratios of some of the other
flows also analyzed in this study, then this may indicate that sediment recycling in the early

Archean was a more common phenomenon.

CONCLUSIONS

To constrain the nature and history of the early Archean Barberton mantle source, we
measured Sm-Nd and Lu-Hf isotope compositions for a large number of komatiites from the
Barberton Greenstone Belt, including samples from ICDP drill cores, and obtained what at
first appeared to be puzzling results. The data define linear arrays whose slopes suggest an
age of about 3.47 Ga for the Lu-Hf isotope system and 3.34 Ga for the Sm-Nd isotope system
regardless of the samples regressed. While the former is close to the accepted emplacement
age of the rocks of 3.48 Ga, the latter is too young. Average engt) and eugr) at 3.48 Ga for the
core whole-rocks are +0.5 and +1.4, respectively, while the clinopyroxene fractions from a
surface sample of komatiite have enxgm) = -2.3 to +2.1 and epgr) = +2.5 to +5.9, an
incongruous signature also observed in their host rocks but not in the core samples. The
results from the core whole-rocks are broadly in line with those obtained in previous studies
of Barberton komatiites, while the distinctly negative exg(t) accompanied by strongly positive
enrcr) of the clinopyroxene and their host rocks is unusual and difficult to explain. The
clinopyroxenes are well preserved and retain magmatic texture and composition. Given that
the isochron ages range from close to the accepted value (3.47 Ga for the Lu-Hf system) to
distinctly younger (3.34 Ga for the Sm-Nd system), some disturbance from secondary

processes of the isotope systems in these minerals cannot be ruled out. The near-coincidence
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between the isochron ages and the accepted eruption age indicates that these secondary
processes operated contemporaneously with, or very soon after emplacement of the flows,
most likely by sea-water interaction with the hot lavas. A possible explanation for the peculiar
source characteristics (time-integrated low Sm/Nd and high Lu/Hf) of the komatiite flow that
yielded the clinopyroxene is that the source contained a component of fine-grained sediment
(chert), an observation supported by trace element systematics and unusually low Hf/Sm
ratios. The identification of what may be deep-sea sediment, a surface component, recycled
into the deep mantle source of ancient komatiites has direct implications for crust-mantle

dynamics and the timing of onset of plate tectonics in the early Earth.
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Table captions

Table 1. Lu-Hf and Sm-Nd isotope data for komatiites from Barberton Greenstone Belt drill

cores, surface samples, and mineral separates.

Table 2. Parameters used to model the incorporation of chert into komatiite.

Figure captions

Figure 1. Compilation of (a) initial eng and (b) initial eyr for komatiites as a function of their
age. The youngest 90 Ma komatiites from Gorgona Island are not shown as too far off the x-
axis scale. The Nd isotope data are from this study and (Arndt et al. 2001; Arndt et al. 1997;
Barrie and Shirey 1991; Chauvel et al. 1987; Chauvel et al. 1993; Chavagnac 2004; Hanski et
al. 2001; Hoatson et al. 2005; Lahaye and Arndt 1996; Lahaye et al. 1995; Lecuyer et al.
1994; Lesher and Arndt 1995; Puchtel et al. 2013; Puchtel et al. 1999; Puchtel et al. 1998;
Puchtel et al. 2007; Révillon et al. 2002; Wilson and Carlson 1989; Xie and Kerrich 1994).
The Hf isotope data are from this study and Blichert-Toft and Arndt (1999), Blichert-Toft et

al. (2004), Blichert-Toft and Puchtel (2010), and Puchtel et al. (2013).
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Figure 2. (Gd/Yb)x versus Al,O3/TiO; for Al-depleted, intermediate, and high-Al komatiites.

Data from Robin-Popieul et al. (2012), Coetzee (2014), and Wilson et al. (in preparation).

Figure 3. Summary of the three main types of komatiite found among the surface samples
from the Barberton Greenstone Belt analyzed here (Robin-Popieul et al. 2012): (a) Al-
depleted or classical Barberton-type komatiites, which have relatively low Al,O3/TiO; ratios
coupled with relative depletion of the HREE; (b) samples with intermediate Al,O3/TiO; ratios
and nearly flat REE patterns; and (c) samples with high Al,03/TiO; ratios and strongly
sloping LREE-depleted patterns. The trace element patterns of samples from the lower
differentiated komatiite sequence plotted in panel (a) show the same features as those
illustrated in the sketch of Fig. 10. Data from Robin-Popieul et al. (2012), Coetzee (2014),

and Wilson et al. (in preparation).

Figure 4. General geological map of the Barberton Greenstone Belt showing the locations

where the samples analyzed in this study were collected.

Figure 5. Geological map showing the locations of outcrop samples collected from the drill
site and analyzed in this study, and the locations of the two drill holes that yielded the

BARBI1 and BARB2 cores. From Robin-Popieul et al. (2012).

Figure 6. Simplified lithological logs of drill cores BARBI and BARB?2 also showing the

positions of the samples analyzed in this study.

Figure 7. Lu-Hf isochron diagram for BARB1 and BARB2 whole-rocks, nearby surface
samples from the Komati Formation (Grace’s Fow), and clinopyroxene separates from several

of these. WR = whole-rock; cpx = clinopyroxene.
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Figure 8. Sm-Nd isochron diagram for BARB1 and BARB2 whole-rocks, nearby surface
samples from the Komati Formation (Grace’s Flow), and clinopyroxene and amphibole

separates from several of these. WR = whole-rock; cpx = clinopyroxene; amph = amphibole.

Figure 9. Photomicrographs of the olivine cumulates used for the clinopyroxene separations.
(a) Image in plane light and (b) under crossed polars of sample GCI1. (c) Image in plane light
and (d) under crossed polars of sample GC2. Abbreviations: Ol — olivine; sOl — serpentinized
olivine; Cpx — clinopyroxene. Partly to completely serpentinized olivine is enclosed by
unaltered intercumulus clinopyroxene derived from crystallization of the interstitial melt. The
dark cores of the serpentinized olivine in (c) reflect the original compositional zoning in the
olivine crystals. These images show textures that indicate that clinopyroxene is a primary
magmatic phase that crystallized interstitially to the cumulus olivine, now variably

serpentinized

Figure 10. Sketch of the trace element pattern of a source that produces low Sm/Nd and high

Lu/Hf.

Figure 11. Cartoon of the effects of fractionation of magnesiowiistite on Lu-Hf and Sm-Nd

isotope systematics.

Figure 12. Cartoon showing the “zircon effect”. DM = Depleted mantle; CC = Continental

crust; PS = Pelagic sediments (i.e. fine-grained deep-sea sediment or chert).

Figure 13. Frequency histogram of the Hf/Sm ratios of the samples analyzed in this study and
those of Puchtel et al. (2013). The Hf/Sm ratios of komatiites, whether core or surface
samples, and clinopyroxene from the Komati Formation are significantly lower than the
CHUR value, while komatiites from the Hooggenoeg and Weltevreden Formations have

Hf/Sm ratios within the uncertainties of CHUR. This suggests the presence of a fine-grained
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910  sedimentary component in the source of the Komati Formation lavas but not in those of the
Hooggenoeg and Weltevreden Formation lavas. WR = whole-rock; cpx = clinopyroxene; Fm

= Formation.
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Table 1. Lu-Hf and Sm-Nd isotope data for komatiites from Barberton Greenstone Belt drill cores, surface samples, and mineral separates.
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Sample name Other name Rock type/mineral Depth (m) Age T (Ma) Hf (ppm) Lu (ppm) 176Lu/177Hf 176Hf/177Hf *2 sigma (176Hf/177Hf)T eHf(T) +2 sigma Nd (ppm) Sm (ppm) 147Sm/144Nd 143Nd/144Nd *2 sigma (143Nd/144Nd)T eNd(T) #2 sigma Hf/Sm

Core samples (Komati Formation)
BARB1

BARB1-10.18 GC/1 Ol cumulate 10.18 3480
BARB1-31.29  GC/17 Ol cumulate- harrisite 31.29 3480
BARB1-44.03 GC/3 Harrisite 44.03 3480
BARB1-54.38 GC/4 Px spinifex 54.38 3480
BARB1-58.5 GC/5 Pyroxenite 58.50 3480
BARB1-62.92 GC/7 Px spinifex 62.92 3480
BARB1-85.72  GC/34A Hyaloclastite-block 85.72 3480
BARB1-89.23 GC/9 Hyaloclastite 89.23 3480
BARB1-104.77 AHW/DM/9 Ol cumulate 104.77 3480
BARB1-105.52 AHW/DM/11  Harrisite 105.52 3480
BARB1-108.71 AHW/DM/13 Ol spinifex 108.71 3480
BARB1-391.435 AHW/TM/15 Ol cumulate 391.44 3480
BARB1-398.54 AHW/TM/21 Ol cumulate 398.54 3480
BARB1-402.48 AHW/TM/25 Vesicles 402.48 3480
BARB1-410.445 AHW/TM/35 Ol spinifex 410.45 3480
BARB2

BARB2-252.60 BARB 2 GC/1 Chill 252.60 3480
BARB2-254.50 BARB 2 GC/3 Ol cumulate 25450 3480
BARB2-257.66 BARB 2 GC/6 Ol spinifex 257.66 3480

0.121
0.175
0.233
1.15
0.968
1.14
0.511
0.627
0.266
0.363
0.644
0.507
0.368
0.407
0.781

0.577
0.364
0.661

Outcrop samples from Grace's Flow (a thick komatiite flow at the base of BARB2)

GC1 Ol cumulate
GC2 Ol cumulate
PXITE Cpx cumulate
BD1 Ol cumulate
BD2 Ol cumulate
BD4 Ol spinifex
BD18 Ol cumulate

Mineral separates from outcrop samples from Grace's Flow
GC1 cpx1 (attack 1) Clinopyroxene
GC1 cpx1 (attack 2) Clinopyroxene
GC2 cpx2 (attack 1) Clinopyroxene
)

GC2 cpx2 (attack 2 Clinopyroxene
GC3 cpx3 Clinopyroxene
GC3 amph Amphibole (impure)

Other outcrop samples (Komati Formation
BD5
BD6
BD7
BD11
BD12
BD20
BD21
BD23
SS011
SS013

3480
3480
3480
3480
3480
3480
3480

3480
3480
3480
3480
3480
3480

3480
3480
3480
3480
3480
3480
3480
3480
3480
3480

0.715
0.737
1.05
0.337
0.763
0.603
0.310

0.465
0.464
0.509
0.497
0.425
1.82

0.608
0.303
1.07
0.604
0.275
0.384
0.182
0.265
0.183
0.173

0.0262
0.0344
0.0450
0.199
0.173
0.195
0.0677
0.107
0.0638
0.0731
0.116
0.105
0.0689
0.0720
0.135

0.112
0.0662
0.122

0.0884
0.0934
0.138
0.0581
0.135
0.101
0.0533

0.137
0.134
0.132
0.130
0.141
0.122

0.142
0.0547
0.181
0.0961
0.0468
0.0714
0.0359
0.0479
0.0478
0.0453

0.03075
0.02793
0.02744
0.02462
0.02544
0.02420
0.01881
0.02431
0.03401
0.02855
0.02551
0.02929
0.02656
0.02512
0.02447

0.02758
0.02578
0.02616

0.01754
0.01798
0.01863
0.02448
0.02518
0.02379
0.02444

0.04191
0.04107
0.03672
0.03717
0.04716
0.00952

0.03306
0.02566
0.02403
0.02256
0.02419
0.02640
0.02793
0.02561
0.03714
0.03718

0.282647
0.282471
0.282342
0.282251
0.282293
0.282209
0.281915
0.282244
0.282737
0.282434
0.282294
0.282526
0.282428
0.282302
0.282251

0.282447
0.282326
0.282341

0.281873
0.281882
0.281918
0.282307
0.281864
0.282424
0.282295

0.283467
0.283465
0.283099
0.283189
0.283779
0.282055

0.282343
0.282323
0.282318
0.282257
0.282298
0.282327
0.282490
0.282315
0.283088
0.283093

0.000006
0.000007
0.000011
0.000003
0.000006
0.000004
0.000003
0.000004
0.000006
0.000010
0.000003
0.000010
0.000046
0.000009
0.000008

0.000005
0.000008
0.000004

0.000008
0.000006
0.000004
0.000006
0.000005
0.000050
0.000006

0.000008
0.000009
0.000007
0.000007
0.000030
0.000006

0.000005
0.000004
0.000025
0.000005
0.000006
0.000004
0.000011
0.000005
0.000006
0.000008

0.280583
0.280596
0.280500
0.280598
0.280585
0.280584
0.280652
0.280612
0.280454
0.280517
0.280581
0.280560
0.280644
0.280615
0.280608

0.280595
0.280595
0.280585

0.280696
0.280675
0.280667
0.280664
0.280174
0.280827
0.280654

0.280654
0.280708
0.280634
0.280694
0.280613
0.281416

0.280124
0.280600
0.280705
0.280743
0.280674
0.280555
0.280615
0.280596
0.280594
0.280598

1.4
1.9
-1.6
2.0
1.5
1.5
3.9
24
-3.2
-0.9
1.3
0.6
3.6
26
23

1.8
1.8
1.5

54
4.7
4.4
4.3
-13.2
101
4.0

4.0
59
3.2
5.4
25
31

-14.9
2.0
58
71
4.7
0.4
26
1.9
1.8
1.9

0.3
0.3
0.4
0.2
0.2
0.2
0.2
0.2
0.3
0.4
0.2
0.4
1.6
0.3
0.3

0.2
0.3
0.2

0.3
0.2
0.2
0.2
0.2
1.8
0.2

0.3
0.3
0.3
0.3
1.1
0.2

0.2
0.2
0.9
0.2
0.2
0.2
0.4
0.2
0.2
0.3

0.806
0.993
1.37
6.51
5.35
6.36
221
3.37
225
252
3.84
3.46
1.93
2.04
3.42

3.33
2.14
3.56

222

2.36

3.63
2.012
2.500
3.386
1.738

1.25
1.24
1.54
1.46
1.56
235

2.987
1.670
5.875
3.229
1.362
1.449
1.200
1.301
0.929
0.880

0.232
0.303
0.392
1.91
1.61
1.87
0.636
1.01
0.684
0.748
1.10
1.10
0.626
0.661
1.1

1.09
0.660
1.18

0.920
0.946
1.39
0.581
0.988
0.998
0.511

0.671
0.665
0.795
0.750
0.735
1.12

0.932
0.522
1.793
1.013
0.441
0.562
0.335
0.417
0.301
0.285

0.1738
0.1846
0.1736
0.1777
0.1819
0.1777
0.1737
0.1806
0.1841
0.1797
0.1728
0.1923
0.1961
0.1963
0.1954

0.1972
0.1867
0.2007

0.2504
0.2425
0.2310
0.1746
0.2389
0.1781
0.1776

0.3249
0.3251
0.3121
0.3099
0.2852
0.2875

0.1886
0.1888
0.1845
0.1897
0.1956
0.2345
0.1689
0.1937
0.1958
0.1961

0.512149
0.512420
0.512158
0.512208
0.512298
0.512211
0.512207
0.512227
0.512459
0.512181
0.511970
0.512577
0.512650
0.512599
0.512691

0.512735
0.512453
0.512735

0.513779
0.513596
0.513414
0.512250
0.513585
0.512229
0.512264

0.515507
0.515480
0.515194
0.515128
0.514783
0.514733

0.512487
0.512476
0.512392
0.512701
0.512626
0.513304
0.512129
0.512553
0.512632
0.512648
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0.000004
0.000005
0.000005
0.000005
0.000004
0.000006
0.000004
0.000006
0.000004
0.000007
0.000004
0.000006
0.000006
0.000004
0.000003

0.000004
0.000005
0.000009

0.000005
0.000004
0.000005
0.000005
0.000004
0.000005
0.000005

0.000007
0.000006
0.000005
0.000006
0.000006
0.000005

0.000004
0.000006
0.000004
0.000005
0.000006
0.000005
0.000005
0.000004
0.000006
0.000005

0.508148
0.508169
0.508162
0.508119
0.508110
0.508121
0.508208
0.508070
0.508222
0.508044
0.507993
0.508149
0.508137
0.508080
0.508193

0.508195
0.508155
0.508115

0.508014
0.508013
0.508095
0.508230
0.508085
0.508129
0.508175

0.508027
0.507995
0.508010
0.507995
0.508217
0.508115

0.508145
0.508129
0.508145
0.508335
0.508123
0.507906
0.508242
0.508094
0.508125
0.508135

0.8
1.2
1.0
0.2
0.0
0.2
1.9
-0.8
22
-1.3
-2.3
0.8
0.5
-0.6
1.6

1.7
0.9
0.1

-1.9
-1.9
-0.3
24
-0.5
0.4
1.3

-1.6
-2.3
-2.0
-2.3
21
0.1

0.7
0.4
0.7
4.4
0.3
-4.0
26
-0.3
0.3
0.5

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.3
0.3
0.3

0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.3
0.3
0.3
0.3
0.3
0.3

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.52
0.58
0.59
0.60
0.60
0.61
0.80
0.62
0.39
0.49
0.59
0.46
0.59
0.61
0.71

0.53
0.55
0.56

0.78
0.78
0.76
0.58
0.77
0.60
0.61

0.69
0.70
0.64
0.66
0.58

0.65
0.58
0.59
0.60
0.62
0.68
0.54
0.64
0.61
0.61



S$S015

Outcrop samples (Hooggenoeg Formation)
HOG1
HOG2
HOG5

Outcrop samples (Weltevreden Formation)
MC6-4
MC7-6
MC5-1
MC5-3
MC5-5
MC5-7
MC4-3
MC4-4
SA719-1
SAT719-2
SA719-4
WP104
WP107
WP108
WP109
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3470
3470
3470

3270
3270
3270
3270
3270
3270
3270
3270
3270
3270
3270
3270
3270
3270
3270
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0.143

0.652
0.328

0.125
0.204
0.0540
0.0837
0.327
0.239
0.128
0.0963
0.215
0.540
0.165
0.160
0.205
0.578
0.141

0.0376

0.192
0.0659

0.104
0.0676
0.0187
0.0268

0.104
0.0714
0.0370
0.0308
0.0492

0.117
0.0414
0.0570
0.0741

0.186
0.0450

0.03733

0.04190
0.02854

0.1181
0.04711
0.04906
0.04553
0.04495
0.04241
0.04111
0.04540
0.03252
0.03069
0.03564
0.05055
0.05134
0.04560
0.04518

0.283116

0.283375
0.282554

0.283885
0.283903
0.284087
0.283856
0.283742
0.283598
0.283646
0.283904
0.283013
0.282836
0.283149
0.283981
0.284024
0.283707
0.283724

0.000007

0.000004
0.000007

0.000021
0.000014
0.000055
0.000023
0.000007
0.000022
0.000010
0.000017
0.000007
0.000003
0.000021
0.000007
0.000007
0.000007
0.000007

0.280610

0.280571
0.280644

0.276450
0.280937
0.280999
0.280990
0.280912
0.280928
0.281058
0.281046
0.280966
0.280904
0.280905
0.280798
0.280792
0.280836
0.280880

24

0.7
3.4

-151
9.1
1.3
1.0
8.2
8.8
134
13.0
10.1
7.9
8.0
4.1
3.9
55
7.0

0.3

0.2
0.3

0.8
0.5
2.0
0.8
0.3
0.8
0.4
0.6
0.3
0.1
0.8
0.3
0.3
0.3
0.3

0.727

2.450
2.665
1.259

0.402
0.671
0.197
0.289
1.141
0.868
0.433
0.352
0.859
2.001
0.750
0.540
0.694
2.052
0.479

0.236

0.869
0.941
0.450

0.157
0.264
0.072
0.106
0.424
0.323
0.159
0.130
0.292
0.681
0.250
0.206
0.269
0.777
0.178

0.1959

0.2145
0.2134
0.2160

0.2355
0.2381
0.2225
0.2213
0.2244
0.2246
0.2222
0.2225
0.2057
0.2059
0.2012
0.2312
0.2344
0.2290
0.2243

0.512657

0.513050
0.513035
0.513101

0.513506
0.513569
0.513275
0.513205
0.513278
0.513287
0.513232
0.513242
0.512882
0.512897
0.512759
0.513436
0.513491
0.513382
0.513346
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0.000005

0.000005
0.000004
0.000005

0.000005
0.000006
0.000009
0.000006
0.000004
0.000004
0.000005
0.000005
0.000005
0.000005
0.000004
0.000005
0.000007
0.000005
0.000005

0.508148

0.508127
0.508136
0.508143

0.508417
0.508422
0.508465
0.508422
0.508428
0.508431
0.508429
0.508432
0.508436
0.508447
0.508410
0.508438
0.508424
0.508431
0.508498

0.7

0.1
0.3
0.4

0.6
0.7
1.6
0.7
0.8
0.9
0.8
0.9
1.0
1.2
0.5
1.0
0.7
0.9
22

0.3

0.3
0.3
0.3

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

5/27

0.61

0.69
0.73

0.80
0.77
0.75
0.79
0.77
0.74
0.80
0.74
0.73
0.79
0.66
0.78
0.76
0.74
0.80



Table 2. Parameters used to model the incorporation of chert into komatiite.
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Komatiite| Old chert Mantle
Nd (ppm) 3 3 0.7
Epsi Nd 1 -8 1
Hf (ppm) 1 1 0.17
Epsi Hf 3 8 3
SiO2 (%) 47 100 45
Contaminated| Source +
Results komatiite| old chert
% Chert 60 10
% SiO2 in komatiite 78
% SiO2 in source 50

The SiO2, Nd, and Hf contents are based on the estimated composition of the parental magma of Grace's Flow (Coetzee, 2014). The isotopic compositions are from this study.
The chert elemental and isotopic compositions are from Ledevin (2013) and Gargon et al. (2015 and unpublished data)
The mantle composition is from McDonough and Sun (1995) and Puchtel et al. (2013)
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LREE-depleted komatiites
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