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Abstract

Knowing the composition, nature and amount of crust at the surface of the early Earth is
crucial to understanding the early geodynamics of our planet. Yet our knowledge of the
Hadean-Archean crust is far from complete, limited by the poor preservation of Archean
terranes, and the fact that less attention has been paid to the sedimentary record that tracks
erosion of these ancient remnants. To address this problem and get a more comprehensive
view of what an Archean continent may have looked like, we investigated the trace element
and Sm-Nd, Lu-Hf isotopic records of Archean metasedimentary rocks from South Africa.
We focused our study on sandstone and mudstone from drill core in the Fig Tree Group (3.23-
3.26 Ga) of the Barberton granite-greenstone belt, but also analyzed the 3.4 Ga Buck Reef
cherts and still older (3.5-3.6 Ga) meta-igneous rocks from the Ancient Gneiss Complex,

Swaziland.

Based on principal component analysis of major and trace element data, the Fig Tree
metasedimentary rocks can be classified into three groups: crustal detritus-rich sediments, Si-
rich sediments and Ca-, Fe-rich sediments. The detritus-rich sediments have preserved the
Sm-Nd and Lu-Hf isotopic signatures of their continental sources, and hence can be used to
constrain the composition of crust eroded in the Barberton area in the Paleoarchean period.

Based on Sm/Nd ratios, we estimate that this crust was more mafic than today, with an
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average SiO, content of 60.5 + 2 wt.%. This composition is further supported by isotopic
mixing calculations suggesting that the sedimentary source area contained equal proportions
of mafic-ultramafic and felsic rocks. This implies that the Archean crust exposed to
weathering was more mafic than today but does not exclude a more felsic composition at
depth. Neodymium and Hf crustal residence ages show that the eroded crust was, on average,
~300-400 Ma older than the deposition age of the sediments, which highlights the importance

of intracrustal reworking of older crust at ~3.2 Ga in the Barberton area.

The Si-rich sediments have slightly positive €ng (=3.23ca) but extremely radiogenic €us (t=3.23ca),

up to +11. Based on analyses of 3.4 Ga Buck Reef cherts, we suggest that the radiogenic Hf
isotopic signature of the Si-rich sediments can be accounted for by the old chert clasts or

detrital silicified rock fragments present in the rocks. The latter have extremely high Lu/Hf

ratios such that their €y values would increase dramatically, by about +100 epsilon units

every 100 Ma. In the Ca-, Fe-rich sediments, one sample contains carbonate that preserves the

typical rare-earth element features of seawater precipitates. The initial Nd isotopic

composition of this sample (€ng ¢=3.236a) = +1.7) is within the range of previous estimates for

Archean anoxic seawater.

Keywords: Neodymium, Hafnium, Continental crust, Chert, Fig Tree group

1. Introduction

Archean sedimentary rocks and their metamorphic equivalents are made up of rock fragments
and minerals derived from the erosion of ancient continents and/or precipitates from fluids
such as seawater. In contrast to igneous rocks, their composition has the potential to reflect a
greater spectrum of materials that were exposed at the surface of the early Earth, including
lithologies that are no longer present at the surface. Trace and major element contents of
Archean sedimentary rocks have previously provided important information on the
composition of the early crust and oceans as well as the oxidation state of the atmosphere-
ocean system (Taylor and McLennan, 1985; Condie, 1993; Kamber and Webb, 2001; Bolhar
et al., 2005; Hofmann, 2005; Alexander et al., 2009; Bau and Alexander, 2009; Kamber,
2010; Thurston et al., 2012; Kamber et al., 2014; Gaschnig et al., 2014; Liu et al., 2015; Tang
et al., 2016; Gaschnig et al., 2016). In general, these studies suggest that the upper Archean

crust was more mafic, and that the oceans were anoxic and dominated by higher hydrothermal
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inputs than today. The Sm-Nd isotopic systematics of Archean sedimentary rocks have
brought complementary constraints on the nature and average crustal residence age of the
upper Archean crust (e.g. Jacobsen and Dymek, 1988; Frost, 1993; Jahn and Condie, 1995;
Yamashita and Creaser, 1999; Yamashita et al., 2000). Most of the Sm-Nd data converge
towards the conclusion that ancient sediments received important contributions from older
continental crustal material, implying that enough felsic crust had formed in the early Archean
to be registered in their sedimentary provenance. This interpretation receives some support
from in situ Lu-Hf isotopic analyses of detrital and magmatic Archean zircons (Belousova et
al., 2010; Griffin et al., 2014) even though the latter have more variable compositions and
may record a higher contribution of juvenile material in the early Archean.

In this paper, we report trace element concentrations and coupled whole-rock Lu-Hf and Sm-
Nd isotopic analyses of Archean metasedimentary rocks to see whether the two isotopic
systems when used in combination, can provide new insights on the crustal composition and
evolution of the Eastern Kaapvaal craton and potentially the composition of Paleoarchean
seawater. Except for the few measurements reported for example by Vervoort et al. (1999),
Hoffman et al. (2010) and Viehmann et al. (2014), whole-rock Lu-Hf isotopic compositions
of ancient metasedimentary rocks have generally not been measured. Most studies have
concentrated instead on in situ Lu-Hf isotopic analyses of detrital Archean zircons. This
approach, however, may capture the composition of only the most felsic portions of the
Archean crust, because zircons are common in felsic magmas, but very rare in mafic ones.
Here, we chose to investigate whole-rock Lu-Hf isotopic systematics rather than in situ
analyses of zircons to get a more comprehensive view of the composition of the eroded crust
and oceans in the Barberton area and to facilitate the comparison of Sm-Nd and Lu-Hf

isotopic data.

Use of sedimentary rocks as natural samples of the average composition of surrounding crust
requires a careful evaluation of the effect of sedimentary processes. While weathering and
post-depositional processes are generally well discussed in most studies dealing with Archean
rocks, the effects of other sedimentary processes such as different erodibility of mafic and
felsic rocks, or mineral sorting during sediment transport, are not systematically evaluated by
geochemists. Yet, these processes have been shown to bias the composition of modern
sediments and significantly affect interpretations of sediment provenance (e.g. Patchett et al.,
1984; Garzanti et al., 2010; Garzanti et al., 2011; Dhuime et al., 2011; Gargon et al., 2013;

Garcon et al., 2014; Sauzéat et al., 2015). Here, we evaluate and correct for sedimentary
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effects in order to extract valuable information from the Archean sedimentary record.

This study focuses on Paleoarchean sedimentary samples — mainly sandstones and mudstones
— from core obtained by the International Continental Scientific Drilling Program (ICDP) in
the Fig Tree Group of the Barberton granite-greenstone belt, in the eastern part of the
Kaapvaal Craton in South Africa. The Barberton granite-greenstone belt is an emblematic
Paleoarchean terrane. Its outcrops of plutonic and volcanic rocks, in particular the komatiite
sequences, have been widely studied for their chemical and isotopic compositions (Condie
and Hunter, 1976; Clemens et al., 2006; Grosch et al., 2011; Stiegler et al., 2012; Furnes et
al., 2012; Robin-Popieul et al., 2012; Furnes et al., 2013; Kroner et al., 2013), including
whole-rock Sm-Nd and Lu-Hf isotopic analyses (Lahaye et al., 1995; Chavagnac, 2004,
Clemens et al., 2006; Van Kranendonk et al., 2009; Puchtel et al., 2013; Kroner et al., 2013;
Blichert-Toft et al., 2015). Investigations of Barberton metasedimentary rocks, however, are
scarcer although they are among the best-preserved Paleoarchean sedimentary sequences that
can be found on Earth. In particular, Fig Tree metasedimentary rocks have been studied for
trace and major element concentrations (Condie et al.,, 1970; Toulkeridis et al., 1999;
Hofmann, 2005) and in situ Lu-Hf isotopic analyses on zircons separated from one coarse-
grained greywacke (Zeh et al., 2013). Only a small number of whole-rock Rb-Sr, Sm-Nd and
Pb-Pb isotopic compositions have been measured (Toulkeridis et al., 1994; 1998; 1999).
Toulkeridis et al. concluded, however, that all three radiogenic isotopic systems were
disturbed by later thermal events and provided little useful information on the eroded crust in
the Barberton area. In this paper, we re-visit the Sm-Nd isotopic systematics of Fig Tree
metasedimentary rocks and additionally explore their whole-rock Lu-Hf isotopic
compositions using a larger dataset from core samples rather than samples from surface

outcrops.

2. Geological overview of the eastern Kaapvaal craton

The Barberton granite-greenstone belt and the Ancient Gneiss Complex (Figure 1a) contain a
rare, well-preserved 550 Ma (ca. 3.66-3.11 Ga) record of Archean crustal evolution. The
construction of this part of the craton is mostly thought to be through subduction-accretion
mechanisms with a major collision phase at ca. 3.23 Ga (de Wit et al., 1992; de Ronde and de
Wit, 1994; Lowe, 1994; Lowe and Byerly, 1999; Moyen et al., 2006; Schoene and Bowring,
2010; de Wit et al., 2011; Furnes et al., 2012) though alternative models have been suggested;
e.g. convective overturn of a dense upper crust and more buoyant middle crust (Van

Kranendonk et al., 2009) or evolution of a plume-related oceanic plateau (Chavagnac, 2004).
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In the subduction-accretion model, the eastern portion of the Kaapvaal craton is said to result
from the assembly of at least two micro-continental blocks along NE-SW suture zones such
as the Inyoka fault system (cf. Figure 1c). The Ancient Gneiss Complex and the northern and
southern parts of the Barberton belt are often seen as possible building blocks sutured in the
ca. 3.23 Ga convergent event (e.g. de Wit et al., 1992; Lowe, 1994; Schoene and Bowring,
2010). The tectono- and chrono-stratigraphy of the Ancient Gneiss Complex and the
Barberton belt have been widely described and discussed in the literature since the 1970’s
(e.g. M. J. Viljoen and R. P. Viljoen, 1969; Hunter, 1970; Anhaeusser, 1973; Eriksson, 1980;
de Wit, 1982; Kroner et al., 1989; Armstrong et al., 1990; Kroner et al., 1991; Kamo and
Davis, 1994; Kroner and Tegtmeyer, 1994; Lowe and Byerly, 1999; Krdner, 2007; Schoene et
al., 2008; Schoene and Bowring, 2010; de Wit et al., 2011; Furnes et al., 2013). Here, we
present a brief geological overview and summarize a few observations and interpretations that
provide the key for understanding the following discussion.

The Ancient Gneiss Complex contains the oldest rocks yet discovered in the Kaapvaal craton.
It consists of deformed and metamorphosed tonalite-trondhjemite-granodiorites (TTGS)
interlayered with amphibolites known as the Ngwane gneiss (3.66-3.50 Ga; Compston and
Kroner, 1988; Kroner et al., 1989; Schoene et al., 2008; Zeh et al., 2011; Kroner et al., 2014)
and by a series of metasedimentary and metavolcanic rocks called the Dwalile metamorphic
suite (ca. 3.55 Ga; Kroner and Tegtmeyer, 1994) (Figure 1c). The two units are intruded by
younger mafic-silicic banded orthogneisses and by a suite of tonalitic to granodioritic rocks
(Schoene and Bowring, 2010). The Ancient Gneiss Complex is now separated from the
Barberton greenstone belt by the 3.1 Ga-old Mpuluzi and Pigg’s Peak granitic batholiths (e.g.
Kamo and Davis 1994; cf. Figure 1c).

The Barberton granite-greenstone belt is a succession of tilted, folded and variably
metamorphosed volcanic and sedimentary units, the Swaziland Supergroup, surrounded by
orthogneiss complexes (e.g. Stolzburg and Steynsdorp complexes > 3.43 Ga; Kamo and
Davis, 1994) and younger granitoid intrusions (e.g. Kaap Valley and Dalmien plutons at ca.
3.23 Ga; Armstrong et al., 1990; Kamo and Davis, 1994). The oldest unit of the Swaziland
Supergroup, the 3.54-3.27 Ga-old Onverwacht group, consists of mafic and ultramafic rocks —
komatiites and basalts mainly — with minor felsic volcanic and sedimentary rocks (see recent
reviews by de Wit et al., 2011 and Furnes et al., 2013). The Onverwacht Group is overlain by
the predominantly sedimentary Fig Tree (3.26-3.23 Ga; Kroner et al., 1991; Byerly et al.,
1996) and Moodies Groups (3.23-3.11(?) Ga; Heubeck and Lowe, 1994) which consist of
conglomerate, sandstone, shale, banded chert, banded iron formation and dacitic volcanic
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rocks. In the subduction-accretion model, the Fig Tree and Moodies Groups could represent
the fill of an evolving foreland basin fed by the erosion products of an orogenic complex
(Lowe and Byerly, 1999).

3. Materials and methods

The study focuses on mudstones and sandstones recovered at different depths in two cores -
BARB 4 and BARB 5 - drilled in the Mapepe formation of the Fig Tree Group. Drilling
locations, simplified core logs and sampling depths are shown in Figure 1 and a detailed
description of the samples is provided in Supplementary File A. Additionally, three drill core
samples of chert from the Barberton area and fourteen outcrop samples of meta-igneous rocks
from the Ancient Gneiss Complex from the Dwalile and Ngwane units were analyzed to see
whether they could represent potential sources for the studied metasedimentary rocks (see
white stars in Figure 1c and sample description in Supplementary File A).

We analyzed the trace element concentrations and the Sm-Nd-Lu-Hf isotopic compositions of
the metasedimentary rocks from BARB 4 and BARB 5 drill cores, the three Buck Reef cherts
and four meta-igneous rocks from the Ancient Gneiss Complex. The remaining ten meta-
igneous rocks from the Ancient Gneiss Complex were analyzed for Sm-Nd isotopic
compositions only. The detailed analytical procedure can be found in Supplementary File B.
Major element concentrations of BARB 5 samples are available in Galic (2015). Samples
preceded by “SWZ” were previously analyzed for trace and major elements by Hunter et al.
(1984).

4. Results

4.1. Trace element concentrations

Measured trace element concentrations are reported in Supplementary Table A. They are
shown normalized to the present-day upper continental crust composition (average UCC of
Rudnick and Gao, 2014) and the post-Archean shale (average PAAS of Nance and Taylor,
1976 reported by Taylor and McLennan, 1985) in Figure 2. Metasedimentary rocks from the
BARB 4 and BARB 5 drill cores share similar trace element distributions that resemble, to
first order, the present-day upper continental crust (Figure 2a). Such concentrations are
consistent with previously-analyzed siliciclastic rocks from the Fig Tree group (e.g.
Hofmann, 2005). Trace element patterns are sub-parallel, which likely reflects a dilution

effect by variable amounts of silica and/or carbonate. The samples show low concentrations
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of incompatible elements relative to present-day upper continental crust and post-Archean
shale, with slightly more depletion in the more highly incompatible elements. This is
illustrated by the average (Pr/Yb)n, paas ratio of 0.50 + 0.20 (2s) calculated for all
metasedimentary rocks, where n paas denotes normalization to the post-Archean shale ratio.
With the exception of a few outliers, the patterns show depletion of Sr and Pb, and
enrichment of Ba, Cr, Co and Ni. When normalized to post-Archean shale (Figure 2d), most
samples have positive Eu anomalies, but no significant Ce anomalies. A few samples, one in
particular (i.e. Ca-rich BARB 5-102.68) shows strong positive La and Eu anomalies
((La/La*)npaas = (La/(3Pr-2Nd))npaas = 1.5; (EU/Eu*)npaas = (EU/(0.5Sm+0.5Gd))n paas =
1.8) together with a superchondritic Y/Ho ratio of 51.2 (Figure 2b) that is a typical feature of
seawater precipitates (Bau, 1996; Bolhar et al., 2004).

The three chert samples are distinguished from the detrital sediments by low concentrations in
almost all trace elements, up to a hundred to a thousand times less abundant than the present-
day upper continental crust for Cs, Rb, Ba, Th, Sr, Zr, Hf and Ti (Figure 2b). The chert

breccia is generally more REE-rich (XREE = 41.8 ppm) than the black chert (XREE = 3.5

ppm), itself more enriched in REE than the translucent chert (*REE = 0.3 ppm). All cherts

show strong depletions in the more highly incompatible elements and thus low (Pr/Yb)npaas
ratios (i.e. 0.17, 0.22 and 0.04 for the chert breccia, the black chert and the translucent chert,
respectively; Figure 2e). The absence of a negative Ce anomaly, the presence of a positive Eu
anomaly and the magnitude of depletion in the incompatible elements are typical of Archean
cherts and banded iron formations (e.g. Bolhar et al., 2004; Hofmann, 2005; Bau and
Alexander, 2009; Thurston et al., 2012; Ledevin et al., 2014).

As can be expected, the four samples that we analyzed from the Ancient Gneiss Complex
show different trace element patterns as a function of their lithology (Figure 2c-2f). The
Ngwane gneiss is the most enriched in Th, U, Nb, Ta, REE, Zr, Hf and Ti but also the most
depleted in transition metals such as V, Cr, Co, Ni, Cu, Zn (Figure 2c). It has a LREE-
depleted pattern and a slightly negative Ce anomaly relative to PAAS (Figure 2f). By
contrast, the trace element distribution of the Dwalile basalt is almost the opposite with its
very low concentrations in Th, U, Nb, Ta, REE, Zr, Hf and Ti and its strong enrichment in Cr,
Co and Ni relative to present-day upper continental crust. Finally the two amphibolites share
similar trace element patterns that resemble present-day upper continental crust and PAAS

compositions. The two samples have a positive Eu anomaly relative to PAAS.
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4.2. Sm-Nd and Lu-Hf isotopic compositions

Neodymium and Hf isotopic compositions are reported in Table 1 together with *’Sm/***Nd
and "®Lu/f""Hf ratios determined by isotope dilution. Also shown are initial isotopic
compositions calculated at the sediment deposition age (i.e. 3.23 Ga) relative to the chondritic
uniform reservoir (CHUR) wusing the reference values of Bouvier et al. (2008).
Metasedimentary rocks from BARB 4 and BARB 5 show only a small range in **’Sm/**Nd
ratios (average “*’Sm/***Nd = 0.133 + 0.020 (2s)) but variable *"°Lu/*""Hf ratios (0.0063 <

178 u/r""HE < 0.0437). In a consistent way, their Nd isotopic compositions recalculated at 3.23

Ga span a small range of values (-2.0 < €ng (=3.23ca) < +1.7) While their €pf (=323ca) are

extremely variable (-1.5 < €nf ¢=3.236a) < +13.1), reaching Hf isotopic compositions even more

radiogenic than that of the depleted mantle (calculated, as a simple approximation, at 3.23 Ga

following a linear evolution from a chondritic composition at 4.55 Ga to a present-day

extreme MORB value of eu¢ gy = +20; i.e. (*"°Hf/""Hf )more, =0 ~ 0.283350).

Chert samples have generally higher **’Sm/**Nd ratios than the metasedimentary rocks from
BARB 4 and BARB 5 (**’Sm/***Nd = 0.1437, 0.2893, 0.1796 for the black chert, translucent
chert and chert breccia, respectively). More importantly, they are characterized by extremely
high *®Lu/*""Hf ratios, up to a 100 times higher than common rocks (*"°Lu/*""Hf = 0.1843,
0.1253, 1.3324 for the black chert, translucent chert and chert breccia, respectively). The high

Lu/Hf ratios are consistent with their trace element patterns that show strong depletion in

LREE and Hf relative to HREE (Figure 2b and 2e). Cherts share similar €ng (=3.23ca) With

BARB 4 and BARB 5 metasedimentary rocks (&nd (=3.23ca = -1.0, -0.1, -0.4 for the black

chert, translucent chert and chert breccia, respectively). Hf isotopic compositions recalculated

at 3.23 Ga for the cherts are extremely radiogenic (€uf (=3.23ca) from +23 to +72) even though

these values are associated with large uncertainties of up to 15€y¢ units as explained at the end

of Supplementary File B.

Rocks from the Ancient Gneiss Complex have variable **'Sm/***Nd (0.0898 to 0.2068; n=14)
and *"®Lu/*""Hf ratios (0.0075 to 0.0270; n=4). Since the meta-igneous rocks were analyzed to
see whether they could be the parent sources of the Fig Tree sediments, we report their initial
Nd and Hf isotopic compositions recalculated at the sediment deposition age (i.e. 3.23 Ga) in

Table 1. Initial Nd isotopic compositions recalculated at sediment deposition age span a
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relatively large range (Eng @=323ca) = -3.4 to +2.0, n=14), just like their initial Hf isotopic
COMPOSItONS Enf (1=3.23Ga) Values (Enr (=3.236a) = -2.5 t0 +2.5, n=4). The Dwalile and Ngwane

units share similareng ¢=3.23ca) averaging -1.0 + 1.4 (1s, n=14) and -1.0 + 1.6 (1s, n=4),

respectively.

5. Discussion

5.1. Classification of metasedimentary rocks from BARB 4 and BARB 5 drill cores

The major and trace element composition of mature detrital sediments is mainly controlled by
sedimentary processes, in particular mineral sorting (or hydrodynamic sorting) that occurs
during sediment transport. Sorting during long transportation favors the formation of coarse-
grained sediments enriched in quartz and heavy minerals while fine-grained sediments tend to
be enriched in phyllosilicates such as clays (see for example Garzanti et al., 2011; Lupker et
al., 2011). BARB 4 and BARB 5 sandstones contain limited amounts of detrital quartz
(usually <10%) and instead consist mainly of angular and unsorted lithic clasts (>90%) (cf.
Supplementary File A for the petrographic description of the samples). This composition
reflects both incomplete weathering and short sediment transport distances, indicating that the
geochemistry of the studied Archean sediments is not controlled by simple mineral sorting
effects and cannot be understood using the reasoning applied to mature sediments. To
understand which processes controlled the chemical composition of the samples, we
performed a principal component analysis (PCA) using both major and trace element
concentrations normalized to their standard deviations. The PCA results show that the first
two principal components (PC1 and PC2) explain ~70% of the total variance in chemical
composition. Loading factors for PC1 and PC2 are shown in Figure 3 (purple arrows) together
with scores obtained for each sample in the new coordinate system (i.e. circles and squares in
Figure 3). In detail, 56% of the total variance is explained by PC1, which is defined by
positive correlations with Al,O3, TiO;, K;0, Na,O, P,0s and all trace elements but Cu.
Principal component 2 (PC2) explains ~13% of the total variance and is defined by relatively
high weights from CaO, MnO, MgO, FeOr, Sr, Y and a few MREE, but negative correlation
with SiO,. Given the loading factors, we suggest that variations along PC1 reflect variable
proportions of chemical sedimentary components (negative scores) and crustal detritus
(positive scores). Variations along PC2 differentiate two different types of chemical

sedimentary components and reflect variable proportions of Ca-, Fe-rich phases (positive
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scores) and Si-rich phases (negative scores). Petrographic observations of the samples
indicate that the Ca-, Fe-rich phases could be secondary or primary carbonate, iron oxide
and/or pyrite while Si-rich phases correspond to secondary silica, detrital quartz, chert clasts
and/or clasts of silicified rocks. Based on their scores, we differentiate three groups of
samples in Figure 3:
(1) Samples that positively contribute to PC1 (gray points in Figure 3) can be classified as
“crustal detritus-rich sediments”.
(2) Samples that negatively contribute to PC1 but positively contribute to PC2 (dark pink
points in Figure 3) can be classified as “Ca-, Fe-rich samples”.
(3) Samples that negatively contribute to PC1 and negatively contribute to PC2 can be
classified as “Si-rich samples” (pale pink points in Figure 3).
Our classification of metasedimentary rocks from PCA results is based on chemical
compositions that can be used to explain the samples’ Nd-Hf isotopic systematics. In the
following discussion, the isotopic compositions of each group are considered separately to
investigate different aspects of the Archean such as the formation and evolution of the crust or
the prevailing environmental conditions. Note that the PCA method can be more generally
applied to classify any type of sediment and/or screen for outliers prior to the interpretation of
isotopic data.

5.2. The Archean crust of Barberton from detrital sedimentary rocks

5.2.1. Robustness of Lu-Hf and Sm-Nd isotopic compositions

The studied metasedimentary rocks from the BARB 4 and BARB 5 drill cores are largely
detrital (i.e. sandstone and mudstone), but their petrography and chemical composition
indicate that they contain a significant amount of chemical precipitates, such as the Ca-, Fe-,
Si-rich phases identified in thin sections and by the PCA (cf. Figure 3). While some of the
chemical sedimentary components are likely primary, some of these phases are clearly
secondary, meaning that they formed after the deposition of the sediments, so that they may
have overprinted the “truly-detrital” signature of the sediments. Toulkeridis et al. (1994;
1998; 1999) reached this conclusion following their study of the metasedimentary rocks from
the Fig Tree group. They highlighted the resetting of Rb-Sr, Sm-Nd and Pb-Pb isotopic
compositions by post-depositional events at ~2.6 and ~3.1 Ga, particularly in Fig Tree
carbonates and greywackes. To minimize this issue, we chose to focus on metasedimentary

rocks classified as “crustal detritus-rich sediments” only and evaluate whether their isotopic
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compositions can be used to study the nature and age of the eroded crust in the Barberton area
during the Paleoarchean period.

In igneous rocks, one can easily assess whether the Sm-Nd and Lu-Hf isotopic systematics of
cogenetic samples or minerals have been perturbed after their crystallization by plotting the
data on isochron diagrams (cf. Supplementary File C for an example with the meta-igneous
rocks from the Ancient Gneiss Complex). This approach is not as simple for sedimentary
rocks. Sedimentary rocks are mixtures of erosion products derived from different sources that
are often not cogenetic, and hence do not share the same initial isotopic compositions. For
example, a shale and a sandstone formed at the same time may contain variable proportions of
juvenile mafic rock and recycled felsic crust (cf. Gargon and Chauvel, 2014). If the isotopic
compositions of the shale and the sandstone are significantly different at the sediment
deposition time, and the range of parent-daughter ratios is relatively small, then the slope
defined by the data on an isochron diagram has no age significance because it is dominated by
isotopic differences inherited from different, unrelated source rocks. By contrast, if all
components of the sediment have similar isotopic compositions at the time of deposition, but
different parent-daughter ratios - either due to their initial nature or because the ratios were
changed by processes involved in sediment transportation/deposition - then the situation
resembles the isochron case and the slope in the isochron diagram corresponds to an age that
is close to the sediment deposition age. The extent to which the sediment isotopic
heterogeneity at deposition age propagates into isochron age inaccuracy can be quantitatively
evaluated. In brief, the variation of slope (da), or the variation of age (dt) produced by
sediment heterogeneity on the isochron age can be defined, for the Lu-Hf isotopic system, as:

176Hf 176Hf
1 da . <177Hf>maxt - <177Hf>mint

dt = 1 * on with da = (176Lu> (176Lu>
177Hf max,0 177Hf min,0

where A is the radioactive decay constant (MHf ) - (176Hf ) the variability of
y ’ Y7HS max,t Y7HS min,t y

176 176
isotopic compositions at sediment deposition age (t) and (ﬁ)mtm0 - (ﬁ)mmois the

range of variability of parent-daughter ratios measured at present-day.

This calculation shows that a range of ~2¢ units in the isotopic composition of sediments
deposited at 3.23 Ga coupled to parent-daughter ratios varying between 0.11 and 0.14 for
1Sm/™*Nd and 0.006 and 0.020 for Y"°Lu/*""Hf, as for the crustal detritus-rich sediments

(Figure 4) will significantly perturb the slope of the array in an isochron diagram, and hence
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the age defined by this trend. Even such minor sediment heterogeneity will generate an age
variation (dt) of +0.5 Ga and +0.2 Ga for the Sm-Nd and Lu-Hf isotopic systems,
respectively. This effect must be taken into account when evaluating sediment isotopic data.

In Figure 4, crustal detritus-rich sediments define linear trends whose slopes correspond to
Sm-Nd and Lu-Hf ages of 3.13 + 0.48 Ga and 3.37 £ 0.38 Ga, respectively. The large age
uncertainties and the high MSWD of the correlations reflect the scatter of the data around the
best-fit lines, which can be generated by sediment isotopic heterogeneity at deposition age as
discussed above and/or an open system behavior after sediment deposition. Here, both the
Sm-Nd and Lu-Hf ages are consistent, within error, with the sediment deposition age of the
Fig Tree group (i.e. 3.23-3.26 Ga). This means that (1) the two isotopic systems have not been
significantly perturbed in the crustal detritus-rich sediments since their deposition age, and (2)
their isotopic composition was relatively homogenous when they formed at 3.23-3.26 Ga.
Assuming that the two isotopic systems were not disturbed after 3.23 Ga thus implies that the
isotopic composition of the crustal detritus-rich sediments at deposition age ranged between -
1.6 and +0.1 for gyng, With an average at -0.9 + 1.0 (2s) and between -0.8 and +4.0 for gys, with

an average at +0.6 £ 3.2 (25).

5.2.2. Sediment provenance and composition of the eroded crust

5.2.2.a. What are the sources of the sediments?

The Nd-Hf isotopic compositions of crustal-detritus rich sediments are shown in Figure 5a
together with the composition of their potential sources in the Barberton area and the Ancient
Gneiss Complex. Both Nd and Hf isotopic compositions of the sediments are consistent with
a mixture of mafic and felsic sources, as suggested by previous studies (Condie et al., 1970;
Toulkeridis et al., 1999; Hofmann, 2005; Drabon et al., 2014). However, the large scatter in
compositions of the potential source rocks, and the lack of Hf isotopic data, in particular for
young felsic units, precludes further inferences about the nature of the eroded terranes from
Figure 5a. Furthermore, sedimentary processes fractionate the Lu-Hf more easily than the Sm-
Nd isotopic system mainly because Lu is not hosted in the same minerals as Hf whereas Sm
and Nd are usually carried by the same phases (Patchett et al., 1984; McLennan, 1989;
Garcon et al., 2013; Garcon et al., 2014; Bayon et al., 2015). The focus is thus on the Sm-Nd
isotopic system (Figure 5b and 5c) to constrain both the sources of the sediments and the
composition of the eroded crust.

The first important conclusion that can be drawn from Figure 5b and 5c is that very few

igneous rocks from the Barberton area or the Ancient Gneiss Complex share the Nd isotopic
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compositions of the Fig Tree metasedimentary rocks. This could mean that the source of the
sediments has not been sampled, or more likely that the sediments do not derive from the
erosion of a unique lithological source. The Nd isotopic compositions of the sediments are
indeed well explained as mixtures of mafic-ultramafic and felsic sources derived solely from
the Barberton area (Figure 5b). Contributions from both young and old felsic rocks are needed
to account for the most unradiogenic Nd isotopic compositions. This requires that the
sediments were sourced from at least three distinct units from the Barberton area. Rocks from
the Ancient Gneiss Complex alone are not radiogenic enough to account for the entire range
of Nd isotopic compositions measured in Fig Tree metasedimentary rocks (cf. Figure 5c). We
do not exclude a contribution from rocks from the Ancient Gneiss Complex, but suggest that
the more likely sources of the Fig Tree sediments are mafic-ultramafic and felsic rocks from
the Onverwacht group and maybe the surrounding intrusions of the Barberton area (Figure
5b). This interpretation is in agreement with previous petrographic studies describing Mapepe
detrital sediments as mixtures of terrigenous debris derived from the uplift and erosion of the
Onverwacht Group, felsic volcanic rocks and the previously formed units of the lower Fig
Tree Group (e.g. Nocita, 1989; Lowe and Nocita, 1999; Drabon et al., 2014).

5.2.2.b. Proportion of mafic vs. felsic material in the sediments and the eroded crust

Figure 5b also provides important information regarding the relative proportions of mafic vs.
felsic material in the sediments and in the eroded crust. The Sm-Nd isotopic systematics
indicate that Fig Tree sediments are made up of 30 to 65% mafic erosion products. Most
samples, and all the mudstones, contain ~50-65% mafic material, while two sandstones (the
outliers identified in Figure 5b) contain only ~30% mafic material and ~70% felsic erosion
products. The contrasting provenance of fine and coarse-grained sediments is not surprising
and has been previously observed in modern sedimentary systems. Gar¢on and Chauvel
(2014) showed that mafic volcanic rocks tend to be over-represented in fine-grained
sediments and under-represented in coarse-grained ones because mafic-ultramafic volcanic
rocks yield more clays and dissolved species than their felsic equivalents. Since the
proportions of mafic materials are not quantitatively transferred from sources to sediments,
those deduced from mudstone isotopic compositions overestimate the abundance of mafic
contributions compared to what was exposed at the surface. Conversely, proportions of felsic
material in the two outlier sandstones are overestimated compared to their likely relative
abundances in the terrane eroding to provide the material deposited in the sediments. Hence,

we suggest that the composition of the eroded crust was between the endmember proportions
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indicated by the mud- and sandstones, and was likely made up of near-equal proportions of
mafic and felsic rocks (i.e. 50:50).

Another way to constrain the proportion of mafic vs. felsic rocks exposed in the Barberton
area at ~ 3.2 Ga is to focus on the **'Sm/***Nd ratios of the sediments. Due to their different
degrees of incompatibility, Sm and Nd are partitioned differently by differentiation processes
within the crust. This generates a range of **’Sm/***Nd ratios in crustal rocks that is, in part,
related to the rock’s SiO, content, except for Si-undersaturated rocks, but these are essentially
absent from the Paleoarchean record. Inspired by the recent studies of Tang et al. (2016) and
Dhuime et al. (2015), we compiled about 3400 analyses from the GEOROC database to
explore the precise inverse correlation between the **’Sm/***Nd ratios of crustal rocks and
their SiO, content (Figure 6, see caption for more details). This correlation has been known
since the early days of the application of the Sm-Nd system to crustal rocks but has not been
exploited quantitatively. The compilation excluded settings like ocean islands and continental
rifts because their **’Sm/**Nd ratios are dominated by mantle source enrichment which
overwhelms the effect on Sm/Nd of crustal differentiation, the process we want to explore in
this study. Figure 6 shows that the relationship between **’Sm/***Nd ratio and SiO- content of
crustal rocks is well defined and, more importantly, very consistent with the values reported
for the present-day average upper continental crust (see red box in Figure 6). Assuming that
alteration and hydrodynamic sorting do not significantly fractionate Sm from Nd in sediments
(McLennan, 1989; Garcon et al., 2013; Bayon et al., 2015), the average **’Sm/***Nd ratios of
crustal detritus-rich mud- and sandstones can be interpolated on the fitted curve of Figure 6 to
estimate the average SiO, content in the eroded Archean crust. This gives an average SiO,
concentration of 60.5 £ 2 wt.% (blue box in Figure 6), showing that the portion of Archean
upper crust that eroded to provide the sedimentary material in the Barberton area was
significantly more mafic than the present-day upper continental crust (Rudnick and Gao,
2014). Note that the interpolated SiO, content is entirely consistent with previous
interpretations from Figure 5b since a mixture of 50% of mafic rocks (SiO, = ~50 wt.%) and
50% of felsic rocks (SiO, = ~70 wt.%) results in an average SiO, content of 60 wt.%.

The high proportion of mafic component in the sedimentary source area is also well reflected
by the trace element signature of the crustal-detritus-rich sediments, in particular the strong
enrichments in Cr, Co and Ni (see Figure 2a). These elements are typical of mafic-ultramafic
rocks (cf. trace element pattern of the Dwalile basalt in Figure 2c) and are present in far lower
concentrations in modern sediments that are derived from the erosion of a more felsic upper
crust (Taylor and McLennan, 1985; Gargon and Chauvel, 2014; Gaschnig et al., 2014;
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Gaschnig et al., 2016). Ratios of immobile trace elements such as Th/Sc and La/Yb, shown in
Figure 7 and often used as provenance tracers in sediments, further support the above
interpretations. Due to their high proportion of mafic components, the crustal detritus-rich
sediments from Barberton have significantly lower La/Yb and Th/Sc ratios than the post-
Archean shale (PAAS) and modern upper crust (Figure 7). Their trace element composition is
compatible with a mixture of detritus derived from local mafic-ultramafic and felsic rocks; the
two sandstones being the more enriched in felsic erosion products. Note that the relative
proportions deduced from trace element ratios (Figure 7) do not agree with those obtained
from their **’Sm/***Nd ratios (Figure 6). This is because mixing proportions calculated using
trace element ratios are largely under-constrained due to the paucity and scattering of the data
available in the literature for felsic rocks from the Barberton area (cf. Figure 7). Further
analyses of felsic volcanic, volcaniclastic and plutonic rocks from the Barberton area are

required to resolve this inconsistency.

5.2.2.c. Was the Archean crust really more mafic than today?

The mafic composition inferred above for the crust eroded in the Barberton area implies that a
smaller proportion of differentiated, sialic crustal components was present in the sedimentary
source area at ~3.2 Ga. Perhaps differentiated silicic crustal rocks were not proximal to the
sedimentary basin. More likely, a larger portion of the surface was covered by subaerial mafic
volcanic rocks because the studied sediments sampled the crust before the big wave of
plutonism that produced the 3.1 Ga granitoids that dominate the present-day exposure of the
eastern Kaapvaal region (cf. Figure 1). A growing number of studies now converge to the idea
that Archean upper crust had a more mafic composition than modern upper continental crust.
This was first suggested by the pioneering studies of Taylor and McLennan (1985) and
Condie (1993) showing that both Archean cratonic shales and sediments from greenstone
belts derived from more mafic sources than post-Archean sediments. In particular, Condie’s
results on cratonic shales imply that the mafic composition of the upper Archean crust was
not restricted to greenstone belt-tectonic setting only. Our results and the more recent studies
of Gaschnig et al. (2016) and Tang et al. (2016) using larger datasets in time and space,
clearly strengthen this view at a global scale.

The depth in the crust to which the high proportion of mafic rocks extends however is
difficult to estimate. Most of the above studies, including ours, rely on sediment that samples
the surface crust exposed to weathering, which may not be representative of bulk upper

Archean crust composition. In South Africa, geoelectric and gravity data (De Beer et al.,
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1988) suggest that the Barberton belt, in particular the mafic-ultramafic Onverwacht group,
extends to a minimum depth of 4 km and a maximum of 8 km. Assuming that the Archean
upper crust was 10 to 15 km-thick (Rudnick and Fountain, 1995), the mafic composition may
be representative of nearly half of the upper Archean crust. Deeper in the Kaapvaal crust,
seismic studies indicate that the middle and lower portions of the crust are felsic to
intermediate in composition, excluding the Bushveld area (James et al., 2003; Nair et al.,
2006; Youssof et al., 2013). Felsic to intermediate deep crust is also inferred from seismic
data beneath the Paleo- to Neoarchean terranes of the Northern Canadian Shield (Thompson
et al., 2010) and the Zimbabwe craton (Nair et al., 2006). By contrast, geophysical data
suggest the presence of a thick mafic crust beneath Indian terranes that formed prior to 2.6 Ga
(Das et al., 2015). A more mafic mid- to lower crust is more in line with the conclusions of
Rudnick and Fountain (1995), Keller and Schoene (2012) and Dhuime et al. (2015). To
summarize, studies based on sediments show clearly that Archean continents had more mafic
rock exposure than post-Archean continental crust. To which depth in the crust this higher
proportion of mafic rocks extended is still unclear and needs to be further investigated to

affirm that the bulk Archean crust was more mafic than today.

5.2.3. Crustal growth history and building of the Eastern Kaapval craton

Nd and Hf model ages, also called crustal residence ages, are useful to estimate the average
extraction age of rocks from their mantle sources, often assumed to be the depleted mantle.
Here we calculate the model ages for the crustal detritus-rich sediments in order to evaluate
the average age of the Archean crust that was eroded in the Barberton area (details about the
calculations are provided in the caption of Figure 8). Figure 8 shows that most crustal
detritus-rich sediments converge towards roughly one Nd and Hf model age of ~3.5-3.6 Ga.
Hf model ages are slightly younger than Nd ages for a given sediment because they were
calculated in one stage, using the Hf isotopic compositions and the "°Lu/*"’Hf ratios of
sediments as if they were representative of those of the eroded crust. However, sedimentary
processes, in particular mineral sorting, can modify Lu-Hf isotopic systematics, which may
bias the calculated Hf model ages towards slightly younger values. By subtracting the
deposition age of the sediments from the model ages, we calculate that the eroded Archean
terrane was on average ~300-400 Ma older than the deposition age of the sediments at ~3.2
Ga. This interval is much shorter than the average crustal residence age of the present-day
upper crust (i.e. 1.8 £ 0.4 Ga; Jacobsen, 1988) but corresponds, as today, to ~1/3 of the age of

the Earth at sediment deposition time. The 1/3 ratio suggests that a relatively large proportion
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of older crust was exposed at the surface and likely remelted during the major collision event
that contributed to building the eastern Kaapvaal craton at ca. 3.23 Ga.

The importance of intracrustal reworking in the making of the eastern Kaapvaal craton has
been highlighted by several studies, in particular Schoene et al. (2009) based on Sm-Nd
isotopic compositions of 3.66 to 2.70 Ga-old granitoids and Zeh et al. (2009; 2011; 2013)
based on Hf isotopic compositions of zircons. To see whether the Barberton sediment data are
consistent with the crustal growth history depicted by previous studies, we report the initial
epsilon Nd-Hf of crustal detritus-rich sediments as a function of time in Figure 9, together
with published Nd-Hf isotopic compositions of whole-rocks from the Barberton and Ancient
Gneiss complex areas and Hf isotope data of detrital zircons from the Fig Tree and Moodies
units. The general decreasing trend towards more negative epsilon values in younger magmas
that is particularly well-defined by the zircon data in Figure 9b confirms that most felsic
magmas formed after 3.3 Ga inherited a component from an older felsic crust. Except for the
two 3.23 Ga samples with radiogenic Hf isotopic compositions, the crustal detritus-rich
sediments consistently plot within the general decreasing trend, indicating that intracrustal
remelting of older crust was not restricted to just a few igneous bodies but was sufficiently
widespread and important to be recorded by sediments draining large continental areas at 3.23
Ga. Nd-Hf data (Figure 9) indicate that the old remelted felsic crust could have been extracted
from the depleted mantle at 3.5-3.6 Ga, which is consistent with the formation ages and the
Nd-Hf isotopic compositions of some of the oldest rocks from the Barberton area and the

Ancient Gneiss Complex (Figure 9).

5.3. The Archean environment as seen by chemical sedimentary components
5.3.1. Cherts and silicification: effect on Lu-Hf isotopic systematics of sedimentary rocks
Nd and Hf isotopic compositions of Si- and Ca-, Fe-rich sediments can provide insights on

the Archean environment because they are rocks formed under Archean surface condition.

Figure 10 shows eng and €4¢ of Si and Ca-, Fe-rich sediments recalculated at 3.23 Ga, the

deposition age of the sediments. The most striking feature is the extremely radiogenic €us

values of the Si-rich sediments, up to +11, which is much higher than the predicted

composition of the depleted mantle at 3.23 Ga as shown in Figure 10. These unusually high €

ne values could be theoretically explained by a post-depositional disturbance of sufficient

intensity to decrease the Lu/Hf ratio or affect the Hf isotopic composition of the sediments



566
567
568

569

570
571
572
573

574

575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

597

after their deposition. However, the studied samples have been subjected to only low-grade
metamorphic conditions (up to greenschist facies) and silicification is such a low-temperature

process (<200°C) that it seems unlikely that it would have affected Hf isotopic compositions.

More importantly, the Si-rich sediments have a small range of €ng (=3.23 ca) Values that strongly

resembles those of the crustal detritus-rich sediments (Figure 10). In the Sm-Nd isochron
diagram (Figure 11), the Si-rich sediments define a trend whose slope corresponds to an age
of ~3.8 Ga, which is not well constrained due to limited range in Sm/Nd but clearly not reset
by a later event. The last two observations suggest that the Sm-Nd isotopic system has not

been significantly disturbed in Si-rich sediments after their deposition. Therefore, if the high €

Hf (t=3.23 Ga) Values result from a post-depositional disturbance, one needs to find a process able
to significantly perturb Lu-Hf isotopic systematics but not Sm-Nd. This is, in our opinion,
very unlikely.

The sediments classified as “Si-rich” are all sandstones, mostly coarse-grained and from the
BARB 4 drill core (Table 1). Petrographic studies show that BARB 4 coarse-grained
sandstones represent composites of common silicified rocks from the Barberton area and
additionally contain a high amount of chert clasts (Drabon et al., 2014). The overabundance
of chert clasts explains why these sediments have been classified as “Si-rich” by the PCA. We
suggest that the presence of the chert clasts can also account for their extremely radiogenic
initial Hf isotopic compositions. To test this hypothesis, we analyzed three chert samples
(translucent chert, black chert and chert breccia) from the Buck Reef formation (3.42 Ga,
Kroner et al., 1991) lying at the base of the Kromberg formation in the Onverwacht group.
These cherts are older than the Fig Tree metasedimentary rocks and are thus good candidates
for sources of the chert clasts in the studied sediments. Analyses of these cherts show that
they have extremely low concentrations of most trace elements and higher Lu, Sm and Nd
concentrations compared to Hf (see Figure 2b-2e) that translate into unusually high Lu/Hf
ratios. The three cherts define linear trends in both the Sm-Nd and Lu-Hf isochron diagrams
(Figure 12). The slopes of these trends yield ages of ~3.3 Ga, which are consistent within
error with the estimated age of formation of the Buck Reef cherts at ~3.42 Ga (Lowe and
Byerly, 1999).

The present-day Hf isotopic compositions of the cherts are among the most radiogenic
compositions ever measured for terrestrial rocks, reaching *"°Hf/*""Hf (g ratios of ~0.37, that

is, a remarkable ey =0y OF +2931, and "®Lu/*""Hf ratios up to ~1.33 (Figure 12). The Lu/Hf
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ratios of the three cherts are so elevated that, at 3.23 Ga, only a few hundred million years
after their formation, they would have developed extremely radiogenic Hf isotopic

compositions (€ nf =3236a) = +23 to +72; Table 1 and Figure 10). Their Nd isotopic

compositions at 3.23 Ga are nonetheless close to chondritic values and very similar to all
other metasedimentary rocks from the BARB 4 and BARB 5 drill cores (Table 1; Figure 10).
Given the highly unusual Nd-Hf isotopic compositions of cherts, we suggest that the presence

of old chert clasts and silicified lithic grains in the Si-rich sediments explain their unusually

high €nf (=3.23ca) but Nnormaleng =3.23c4). Binary isotopic mixing between cherts and crustal

detritus-rich sediments is consistent with this interpretation. Figure 10 shows that the
proportion of silicified clasts must be as high as 90% to account for the radiogenic Hf isotopic
compositions of Si-rich sediments, proportions that are in agreement with measured SiO;
contents and petrographic observations showing that the Mapepe sandstones are commonly
made up of ~90% of lithic silicified/chert clasts.

This result potentially has more global implications as it could help explain the decoupling of
Nd and Hf isotopic compositions seen in other sedimentary rocks. Fig Tree sedimentary rocks
are highly silicified and represent an extreme case where cherts and silicified clasts constitute
up to 90% of the rock. The amount of chert clasts needed to significantly shift the bulk
sediment Hf isotopic composition however depends on the lapse of time between the
formation of the cherts and their erosion to form the sediments. The older the chert clasts, the
more radiogenic their Hf isotopic compositions are, the less chert clasts are needed to
significantly affect the bulk Hf isotopic composition of the sediment. The presence of 20% of

Archean cherts, such as sample B3-227-Ch3, in a modern sediment having the same

composition as the modern upper crust (i.e. €uf =0y = -13 and Cns = 5.3 ppm; Chauvel et al.,

2014) would for example shift the bulk Hf isotopic composition of the modern sediment by

about +6gunits.

5.3.2. Chemical sediments: proxies for Archean seawater compositions?

The origin of cherts and other chemical sediments as primary or secondary precipitates is still
debated in the literature (e.g. Paris et al., 1985; Weis and Wasserburg, 1987; Lowe and
Byerly, 1999; Hofmann, 2005; Tice and Lowe, 2006; Rouchon and Orberger, 2008; Ledevin
et al., 2014). Discussing the formation of these chemical sediments in detail is beyond the
scope of this manuscript but we can evaluate whether the chemical precipitates have
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preserved a seawater signal and can be used to provide insights on the Nd-Hf isotopic
systematics of Archean seawater. Seawater and its chemical precipitates have typical trace
element signatures that develop mainly in aqueous systems. This is because the behavior of
trace elements in aqueous media is controlled not only by ion charge and radius as in most
igneous rocks (charge and radius controlled i.e. CHARAC behavior) but additionally depends
on chemical complexation, in particular the type of ligands and the electron configuration of
the aqueous complexes (Bau, 1996). Typical features of seawater-like trace element
signatures, as summarized by Bolhar et al. (2004) and Bau (1996), include superchondritic
Y/Ho and Zr/Hf ratios (i.e. non-CHARAC ratios), positive La and Gd anomalies in post-
Archean shale-normalized REE-Y diagrams, depletion in LREE and MREE relative to HREE,
and low REE and HFSE concentrations. The Buck Reef cherts and most of the Ca-, Fe- rich
sediments however have typical CHARAC-like Y/Ho and Zr/Hf ratios (Figure 13) and do not
exhibit any particularly strong La or Gd anomalies (Figure 2d and 2e). This indicates that
these chemical sediments likely did not precipitate from seawater and/or that the primary
seawater-like signature is blurred by the presence of detrital particles (Bolhar et al., 2004);
hence they cannot be used to study the Nd-Hf isotopic systematics of Archean seawater, at
least not in a simple, straightforward way.

One sample from the BARB 5 drill core (sample BARB5-102.68) however has a very
peculiar petrographic and chemical composition compared to other Ca-, Fe-rich
metasedimentary rocks. This sample is mainly composed of carbonate grains and iron oxides
at grain boundaries and has one of the strongest enrichments in Ca, Fe and Mg (CaO = 37.8
wt.%; FeOr = 17.3 wt.%; MgO = 14.8 wt.%; Galic, 2015), but also a superchondritic Y/Ho
ratio of ~51.2 (Figure 13), a positive La anomaly when normalized to post-Archean shale, and
a depletion in LREE relative to HREE (Figure 2d). Sample BARB5-102.68 thus has the main
features of a marine precipitate, suggesting that its REE-Y distribution, hence its Nd isotopic
composition, has preserved a seawater-like signature. Note that the Zr/Hf ratio of this sample
is chondritic (i.e. CHARAC behavior, see Figure 13), which may suggest that its Hf and/or Zr
are not sourced from seawater or, alternatively, that seawater had a chondritic Zr/Hf ratio as
suggested by Bau and Alexander (2009). The lack of Ce anomaly and the positive Eu
anomaly (Figure 2d) are common features in Archean sediments (e.g. Bolhar et al., 2004;
Hofmann, 2005; Bau and Alexander, 2009; Thurston et al., 2012) and can be taken as
evidence for anoxic conditions and higher hydrothermal inputs to the ancient oceans (e.g.
Fryer, 1977; Appel, 1983; Derry and Jacobsen, 1990). Interestingly, carbonate BARB5-
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102.68 has the most radiogenic Nd isotopic composition of our dataset (end (=3.23ca) = ~ +1.7;

Table 1; Figure 10). We acknowledge that the composition of the Archean oceans cannot be

estimated from one sample, but we note that thiseyg value is compatible with Alexander et

al.’s (2009) suggestion that bulk anoxic seawater had a relatively constant €ng () Of

approximately +1 to +2 during the Archean period. The radiogenic Nd isotopic composition
of the Archean oceans may be accounted for by a combination of higher hydrothermal input

and higher contribution of dissolved material derived from the weathering of juvenile mafic-

ultramafic rocks (Kamber, 2010). Theeng of the carbonate is indeed very similar to the

average Nd isotopic composition of mafic-ultramafic rocks from the Barberton area (cf.
Figure 5b), which could reflect their over-representation in seawater (cf. Dessert et al., 2003),
just as they are over-represented in shale compared to sandstone (cf. section 5.2.2.b).
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Table Caption

Table 1: Sm-Nd and Lu-Hf isotopic compositions of metasedimentary rocks from the
Barberton area and meta-igneous rocks from the Ancient Gneiss Complex.

Duplicate stands for complete dissolution duplicate. sy are in-run standard errors. Epsilon

values are calculated relative to the present-day CHUR composition of Bouvier et al. (2008).

Figure Caption
Figure 1: The Barberton area and the Ancient Gneiss Complex.
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(@) Location of the Kaapvaal craton in South Africa and Swaziland. (b) Legend of the
geological map. (c) Geological map of the eastern Kaapvaal craton modified after Schoene et
al. (2009) and Ledevin et al. (2014). Sampling locations of cherts from the Barberton area and
meta-igneous rocks from the Ancient Gneiss Complex are indicated by white stars. (d)
Simplified core logs of BARB 4 and BARB 5 drilled in the Mapepe formation of the Fig Tree
group in the Barberton area. Sampling depths are indicated by white stars.

Figure 2: Trace element patterns

Left panels: trace element concentrations of (a) BARB 4 and BARB 5 metasedimentary
rocks, (b) cherts and (c) meta-igneous rocks from the Ancient Gneiss Complex normalized to
the present-day upper continental crust composition of Rudnick and Gao (2014). Right
panels: REE + Y concentrations of (d) BARB 4 and BARB 5 metasedimentary rocks, (e)
cherts and (f) meta-igneous rocks from the Ancient Gneiss Complex normalized to post-
archean shale composition (PAAS; Nance and Taylor, 1976; Taylor and McLennan, 1985).

In panels (d), (e) and (f), Pm and Tm are shown to respect the slope of the REE pattern. The
Rb concentration of the Dwalile basalt shown in (c) was below detection limits, hence we
interpolated the pattern between Ba and Cs. Detection limit is defined as 3 times the number
of counts/sec measured on blanks for one analytical sequence.

Figure 3: Results of the principal component analysis (PCA) of major and trace elements

The PCA allows the classification of metasedimentary rocks from BARB 4 and BARB 5 drill
cores into three groups of samples: the crustal detritus-rich sediments (dark grey), the Ca-, Fe-
rich sediments (dark pink) and the Si-rich sediments (light pink). Purple arrows are graphic
representations of loading factors (i.e. weight of each variable on PC1 and PC2). The
coordinates of each sample in the new PC1 vs. PC2 space (i.e. sample scores) are shown by
squares (BARB 4) and circles (BARB 5).

Figure 4: Sm-Nd and Lu-Hf isochron diagrams for crustal-detritus rich sediments.
(a) Present-day **Nd/***Nd ratios as a function of **’Sm/*Nd ratios. (b) Present-day
Y®Hf/*"Hf ratios as a function of *"°Lu/*"Hf ratios. Shaded areas indicate 95% confidence

level. Measurement errors are smaller than the symbol sizes.

Figure 5: Nd and Hf isotopic compositions of crustal detritus-rich sediments compared to

their potential rock sources from the Barberton area and the Ancient Gneiss Complex.
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ratios. Literature data are from Carlson et al. (1983), Kroner and Tegtmeyer (1994), Lahaye et
al. (1995), Kroner et al. (1996), Chavagnac (2004), Clemens et al. (2006), Schoene et al.
(2009), van Kranendonk et al. (2009), Furnes et al. (2012), Kroner et al. (2013), Puchtel et al.
(2013), Kroner et al. (2014), Blichert-Toft et al. (2015) and Hoffmann et al. (2016). For the
Barberton area, young felsic rocks include gneisses, tonalites and granodiorites from
Nelspruit and Stentor basements, Kaap Valley and Nelshoogte plutons, and Vlakplaats area;
old felsic rocks include a tonalitic dike (Komati formation) and felsic volcanics (Theespruit
and Hooggenoeg formations) from the Onverwacht group together with gneisses and tonalite-
granodiorites from Stolzburg and Steynsdorp terranes; mafic and ultramafic rocks are all from
the Onverwacht group and include basalts, komatitic basalts, komatiites and a few gabbros
from the Theespruit, Komati, Hooggenoeg, Kromberg, Mendon and Weltevreden formations.
For the Ancient Gneiss Complex, young felsic rocks include gneisses, tonalites and
granodiorites from the Usutu and Nhlangano suites; old felsic rocks include mostly tonalitic
and grey gneisses from the Ngwane and Twasela units; mafic and ultramafic rocks include
komatiites to basalts from the Dwalile suite. To our knowledge, no Hf isotopic data are
available in the literature for young felsic rocks from the Barberton area and the Ancient
Gneiss Complex as well as for mafic and ultramafic rocks from the Ancient Gneiss Complex.
Colored stars show averages for each group of sources, averages that were used as
endmembers in the isotopic mixtures. Ticks and numbers next to the mixing lines indicate the

proportion of mafic-ultramafic materials in the mixtures (one tick every 10%). Error bars are

fixed at £ 0.3 € unit for Nd and + 0.8 € unit for Hf (see Supplementary File B). They are

smaller than the symbol size for **’Sm/***Nd ratios. All epsilon values were recalculated

relative to the CHUR composition of Bouvier et al. (2008).

Figure 6: Relationship between **’Sm/**Nd ratio and SiO. content of crustal rocks based on
a compilation of 3397 volcanic and plutonic rocks from convergent margins, oceanic plateaus
and Archean cratons.

Data are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc). We used
samples for which *’Sm/**Nd ratios were precisely determined by isotopic dilution only.
Like Dhuime et al. (2015), black dots correspond to median **’Sm/**Nd ratios calculated for
each 1 wt.% SiO; interval (error bars indicate 2 s.e.). The best fit to the data is shown by the

black line. The gray shaded area indicates the 95% confidence interval. The range of
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17Sm/*4Nd ratios and SiO, contents known for the present-day upper continental crust are
shown by the red box (**’Sm/***Nd = 0.1012-0.1193 after Chauvel et al. (2014) and references

therein; SiO, = 66.6 + 2.4 (2s) wt.% after Rudnick and Gao (2014)). The blue box

corresponds to the average composition of the eroded Barberton crust that we estimated using
the average **'Sm/**Nd ratio of the crustal detritus-rich sediments from BARB 4 and BARB

5 drill cores. UCC stands for upper continental crust.

Figure 7: La/Yb and Th/Sc ratios of the crustal detritus-rich sediments compared to their
potential rock sources from the Barberton area (log-log scale).

Symbols and colors as in Figure 5. Data for mafic-ultramafic rocks (basalts and komatiites
from the Onverwacht group mainly) are from Furnes et al. (2012), Robin-Popieul et al.
(2012), and Puchtel et al. (2013). Data for felsic rocks include silicic metavolcaniclastic rocks
from the Theespruit Formation of the Onverwacht Group and plutonic rocks from the
Nelshoogte, Steynsdorp, Stolzburg, Theespruit, Kaap Valley and Dalmien plutons (Glikson,
1976; Kohler and Anhaeusser, 2002; Kleinhanns et al., 2003; Kroner et al., 2013). UCC
stands for upper continental crust (data from Rudnick and Gao, 2014) and PAAS for post-
Archean shale (data from Taylor and McLennan, 1985). Ticks and numbers next to the
mixing line indicate the proportion of mafic-ultramafic material in the mixtures (one tick
every 10%). Note the sinusoidal form of the mixing line due to the use of a log-log scale.

Measurement errors are smaller than the symbol sizes.

Figure 8: Nd and Hf model ages (or crustal residence ages) of crustal detritus-rich sediments.
Model ages were calculated in one stage assuming that the depleted mantle has linearly

evolved from a CHUR composition (Bouvier et al., 2008) at 4.55 Ga to a present-day

composition of eng ¢=0) = +8.2 and & ¢=0) = +13.0 corresponding to the average composition

of MORB compiled from the petDB database (http://www.earthchem.org/petdb) and

additional data from C. Chauvel. Error bars are at + 0.1 Ga to account for variations in the

depleted mantle compositions and uncertainties on measured €ng €nr — SM/A*Nd and

1781 u/MTHf ratios.

Figure 9: Temporal evolution of initial Nd and Hf isotopic compositions of whole-rocks and
detrital zircons from the Barberton area and the Ancient Gneiss Complex.
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Whole-rock data are from the literature (see caption of Figure 5 for references). Hf data for
detrital zircons are from Zeh et al. (2013). As in Figure 8, the depleted mantle composition is

assumed to have linearly evolved from a chondritic composition at 4.55 Ga to the present-day

average composition of MORB (&ng =0y = +8.2 ; €nif t=0) = +13.0). The evolution of the 3.5 Ga

and 3.6 Ga felsic crusts is calculated using a **’Sm/***Nd ratio of 0.11 and a "®Lu/*""Hf ratio
of 0.009, which correspond to the medians of the parent-daughter ratios of old felsic rocks
from the Barberton area and the Ancient Gneiss Complex. All epsilon values are calculated
relative to the CHUR composition of Bouvier et al. (2008).

Figure 10: Nd and Hf isotopic compositions of Fig Tree metasedimentary rocks and Buck
Reef cherts at 3.23 Ga.

The field of composition for depleted mantle (DM; purple box) was calculated back at 3.23
Ga following a linear evolution from a chondritic composition at 4.55 Ga to present-day
average and extreme MORB compositions. The black line represents the mixing curve

between the chert breccia and the average composition of the crustal detritus-rich sediments.

Ticks represent increments of 10% of chert in the mixture. Error bars are fixed at = 0.3 € unit

for Nd and + 0.8 € unit for Hf, except for cherts for which the measurement errors on €ys

(t=3.23Ga) are much higher (see Supplementary File B). All epsilon values are calculated using
the CHUR composition of Bouvier et al. (2008).

Figure 11: Sm-Nd isochron diagram for Si-rich sediments.
Shaded areas indicate 95% confidence level. Measurement errors are smaller than the symbol

sizes.

Figure 12: Sm-Nd and Lu-Hf isochron diagrams for Buck Reef cherts.
(a) Present-day **Nd/***Nd ratios as a function of **’Sm/**Nd ratios. (b) Present-day
Y8 /2" "Hf ratios as a function of *"°Lu/*""Hf ratios. Measurement errors are smaller than the

symbol sizes.

Figure 13: Plot of Y/Ho ratios vs. Zr/Hf ratios showing Barberton metasedimentary rocks

and cherts as well as fields for seawater, hydrothermal vein, Fe-Mn crusts, and CHARAC
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samples (i.e. samples for which the behavior of trace elements is controlled by their charge
and radius; CHarge And RAdius Controlled).
Figure modified from Bau (1996). Metasedimentary rocks and cherts from Barberton are

color-coded as in Figure 10.
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Table 1

Table 1: Sm-Nd and Lu-Hf isotopic compositions of metasedimentary rocks from the Barberton area and meta-igneous rocks from the Ancient Gneiss Complex.

Sample name

Depth (m)

Unit/Formation

Metasedimentary rocks from BARB 4 drill core

BARB4-119.17
BARB4-122.31
BARB4-123.50
BARB4-129.19
BARB4-133.61
BARB4-134.67
BARB4-141.64
BARB4-145.67
Duplicate

BARB4-155.69
Duplicate

BARB4-197.64
BARB4-208.90
BARB4-314.33
BARB4-338.47
BARB4-346.46
Duplicate

119.17
122.31
123.5

129.19
133.61
134.67
141.64
145.67

155.69

197.64
208.9

314.33
338.47
346.46

Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm

Fig Tree/Mapepe Fm

Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm
Fig Tree/Mapepe Fm

Metasedimentary rocks from BARB 5 drill core

BARB5-102.68 102.68 Fig Tree/Mapepe Fm
BARB5-108.46 108.46 Fig Tree/Mapepe Fm
BARB5-315.46 315.46 Fig Tree/Mapepe Fm
BARB5-319.79 319.79 Fig Tree/Mapepe Fm
Duplicate

BARB5-349.44 349.44 Fig Tree/Mapepe Fm
BARB5-355.54 355.54 Fig Tree/Mapepe Fm
Duplicate

BARB5-425.78 425.78 Fig Tree/Mapepe Fm
BARB5-429.38 429.38 Fig Tree/Mapepe Fm
BARB5-520.31 520.31 Fig Tree/Mapepe Fm
BARB5-615.03 615.03 Fig Tree/Mapepe Fm
BARB5-620.45 620.45 Fig Tree/Mapepe Fm
BARB5-724.69 724.69 Fig Tree/Mapepe Fm
BARB5-730.51 730.51 Fig Tree/Mapepe Fm
Chert samples from BARB 3 drilled in Buck Reef
B3-227-Chl 227.34 Buck Reef
B3-227-Ch2 227.34 Buck Reef
B3-402-Ch3 402.9 Buck Reef
Meta-igneous rocks from the Ancient Gneiss Complex
KV84-2A Dwalile suite
Duplicate

Kv84-2B Dwalile suite
Kv84-2C Dwalile suite
Kv84-5B Dwalile suite
SWz-12 Dwalile suite
Kv84-5C Ngwane

Kv84-5D Ngwane

Duplicate

Kv84-1A Ngwane

SWz-4 Ngwane

SWz-5 Ngwane

SWz-10 Ngwane

SWz-19 Ngwane

Duplicate

SWzZ 29 Ngwane

SW-31 Ngwane

Duplicate

Type of sample

Very coarse- grained sandstone

Fine-grained sandstone
Mudstone

Fine-grained sandstone
Coarse-grained sandstone
Mudstone

Fine-grained sandstone

Very coarse- grained sandstone

Coarse-grained sandstone

Coarse-grained sandstone
Coarse-grained sandstone

Very coarse-grained sandstone

Mudstone
Mudstone

Mudstone
Fine-grained sandstone
Mudstone
Fine-grained sandstone

Coarse-grained sandstone
Coarse-grained sandstone

Mudstone
Mudstone
Mudstone
Mudstone
Mudstone
Mudstone
Mudstone

Black chert
Translucent chert
Chert breccia

Amphibolite

Amphibolite
Amphibolite
Amphibolite
Metabasalt
Garnet amphibolite
Garnet amphibolite

Grey gneiss

Quartz monzonite gneiss
Siliceous gneiss
Metabasalt

Amphibolite

Amphibolite
Siliceous gneiss

PCA result

Si-rich

Ca-, Fe-rich

Crustal detritus- rich
Si-rich

Si-rich

Ca-, Fe-rich

Ca-, Fe-rich

Si-rich

Si-rich

Si-rich
Si-rich
Si-rich
Crustal detritus- rich
Crustal detritus- rich

Ca-, Fe-rich

Crustal detritus- rich
Crustal detritus- rich
Crustal detritus- rich

Si-rich
Ca-, Fe-rich

Ca-, Fe-rich

Ca-, Fe-rich

Crustal detritus- rich
Crustal detritus- rich
Crustal detritus- rich
Crustal detritus- rich
Crustal detritus- rich

Sm (ppm)

0.62
139
2.87
1.03
111
161
1.40
0.74
0.72
0.99
1.03
0.82
114
1.02
3.35
3.90
3.89

1.49
6.18
2.04
3.05

118
0.55
0.55
1.80
141
2.62
2.52
2.53
2.07
2.78

0.12
0.01
2.16

0.29
0.29
2.59
3.60
1.00
0.77
8.69
4.63
4.49
5.10
2.39
9.66
1.68
3.69
3.68
3.08
18.18
18.06

Nd (ppm)

2.80
538
12.68
4.37
4.46
7.04
5.72
331
3.23
4.20
4.35
3.58
5.04
4.71
15.39
18.78
18.95

7.39
31.87
9.63
15.24
13.69
5.45
237
2.39
9.72
6.49
12.34
11.52
11.51
9.62
12.92

0.50
0.03
7.25

119
1.26
9.55
13.77
3.23
2.25
37.33
25.29
24.58
27.63
16.09
45.53
521
18.42
18.59
10.41
71.07
71.12

“7Sm/“"Nd

0.1338
0.1565
0.1368
0.1425
0.1507
0.1380
0.1474
0.1343
0.1348
0.1423
0.1428
0.1382
0.1363
0.1311
0.1316
0.1255
0.1241

0.1217
0.1173
0.1278
0.1208

0.1311
0.1392
0.1391
0.1117
0.1313
0.1282
0.1325
0.1330
0.1303
0.1300

0.1437
0.2893
0.1796

0.1464
0.1405
0.1639
0.1582
0.1873
0.2078
0.1407
0.1107
0.1105
0.1115
0.0898
0.1282
0.1953
0.1210
0.1197
0.1789
0.1547
0.1536

143Nd/144Ndn

0.511202
0.511728
0.511311
0.511453
0.511659
0.511435
0.511571
0.511232
0511228
0.511427
0.511444
0.511373
0.511329
0.511155
0.511196
0.511116
0511117

0.511132
0.510917
0.511143
0.510946
0.510961

0.511169
0.511384
0.511356

0.510909
0.511157
0.511125
0.511226
0.511215
0.511155
0.511226

0.511465
0.514615
0.512258

0.511466
0.511351

0.511890
0.511708
0.512410
0.512946
0.511386
0.510713
0.510668
0.510703
0.510293
0.511086
0.512668
0.510882
0.510913

0.512308
0.511721
0.511687

2sy

0.000006
0.000005
0.000005
0.000008
0.000011
0.000003
0.000004
0.000005
0.000004
0.000007
0.000004
0.000010
0.000006
0.000007
0.000005
0.000006
0.000004

0.000004
0.000011
0.000004
0.000004
0.000006
0.000004
0.000004
0.000003
0.000004
0.000004
0.000004
0.000005
0.000004
0.000002
0.000005

0.000003
0.000006
0.000003

0.000005
0.000015
0.000006
0.000014
0.000017
0.000029
0.000034
0.000004
0.000018
0.000028
0.000018
0.000020
0.000029
0.000004
0.000025
0.000038
0.000003
0.000003

HaNd/“‘Nd at
3.23Ga

0.508345
0.508386
0.508390
0.508411
0.508442
0.508489
0.508424
0.508364
0.508351

0.508388
0.508395
0.508423
0.508419
0.508355
0.508387
0.508437
0.508468

0.508534
0.508412
0.508414
0.508367

0.508371
0.508412
0.508387
0.508524
0.508354
0.508388
0.508397
0.508375
0.508373
0.508451

0.508397
0.508440
0.508423

0.508340
0.508351

0.508391
0.508330
0.508411
0.508509
0.508381
0.508349
0.508309
0.508323
0.508376
0.508350
0.508498
0.508299
0.508358
0.508488
0.508419
0.508408

£yq at
3.23Ga

-2.0
-1.2
-1.1
-0.7
-0.1

0.8
-0.4
-1.6
-1.9
-1.1
-1.0
-0.5
-0.5
-1.8
-1.2
-0.2
0.4

17
-0.7
-0.6
-1.6

-1.5
-0.7
-1.2

15
-1.8
-11
-1.0
-1.4
-1.4

0.1

-1.0
-0.1
-0.4

-2.1

Lu (ppm)

0.076
0.133
0.299
0.143
0.131
0.163
0.131
0.080
0.079

0.110
0.112

0.080
0.144
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