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DETRITAL ZIRCON PROVENANCE OF THE ARCHEAN MOODIES
GROUP, BARBERTON GREENSTONE BELT, SOUTH AFRICA
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ABSTRACT. Sandstones of the 3.22 Ga Archean Moodies Group represent one
of the world's oldest quartz-rich sedimentary sequences. The provenance of this unit
is unresolved because its quartz and common microcline can be sourced both from
either now eroded or covered granitoid plutons outside the Barberton Greenstone
Belt (BGB) or, alternatively and perhaps more controversially, (rhyo-)dacitic (sub-)
volcanic rocks within the BGB.

We compiled 31 detrital zircon data sets (n = 2588) from sandstones, reworked
tuffs and conglomerate of the Moodies Group in order to constrain its age and prov-
enance. After selection using quality criteria, the remaining zircons (n = 1621) in
nearly all samples show a distribution corresponding to the four known major pulses
of felsic magmatism in the BGB: 1) the ca. 3550 to 3530 Ma Theespruit and
Sandspruit Formations at the base of the Onverwacht Group; 2) the ca. 3440 to 3410
Ma rhyo-dacites of the upper Hooggenoeg Formation, Onverwacht Group; 3) the ca.
3300 to 3280 Ma thin felsic tuffs in the Mendon Formation; and 4) the ca. 3260 to
3215 Ma felsic volcanic and shallow intrusive rocks of the Auber Villiers, Bien Venue
and Schoongezicht Formations of the upper Fig Tree Group and the Moodies Group
as well as their co-magmatic plutonic counterparts. Almost all data sets also contain
near-concordant younger zircons as young as 2820 Ma, which can be attributed to
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one of six tectonic or magmatic events affecting the young Kaapvaal Craton in post-
BGB time, causing the partial or complete resetting of the U-Pb system in some
grains. The youngest (near-)concordant zircon clusters yield ages of ca. 3220 Ma in
most locations, and the youngest discordant group of zircons from a reworked tuff
near the top of the Moodies Group at 3212 6 13 Ma agrees well with previous esti-
mates of the maximum depositional age. With very few exceptions, the oldest zircons
(ca. 3564 Ma) are only slightly older than the oldest rocks in the BGB stratigraphy
(ca. 3550 Ma). Subtle regional and stratigraphic differences in age spectra may indi-
cate localized or nearby sediment sources within a synorogenic setting. Preliminary
age spectra along vertical stratigraphic profiles show little systematic variation, possi-
bly indicating that intrabasinal recycling was dominant over considerable time peri-
ods of the basin's evolution. Extra-basinal plutonic sources of similar age and
composition as the intra-BGB sources appear to be required to provide quartz and
some feldspar to Moodies Group sandstones, although zircon age spectra, limited zir-
con Hf isotope data, sandstone petrography, facies analysis, and the high variability
in Moodies conglomerate clast composition are consistent with uplift, deformation
and erosion of several intra-BGB sources, but in particular from the region of the
Onverwacht Anticline. Zircon populations, conglomerate clasts, and sandstone com-
position show no evidence that high-grade metamorphic rocks from the adjacent
Ancient Gneiss Complex (AGC) contributed significantly to the Moodies Group.

Key words: Zircon provenance, Tectonics, Barberton Greenstone Belt, Archaean,
Detrital Zircons

introduction

The origin, extent, growth rate and growth mechanisms of the early continental
crust are fundamental questions and a widely debated issue in geosciences (Arndt and
Nesbit, 2012; van Kranendonk and others, 2014, 2018; Kamber, 2015; Bedard, 2018;
and many others). It is mostly addressed through a combination of geochemical, iso-
topic, structural-tectonic and stratigraphic studies. Part of this “toolbox” is the statisti-
cal analysis of detrital zircon ages from sedimentary units to shed light on the tectonic
setting, provenance, and age of source regions no longer accessible because they are
either buried or were eroded (Dickinson and Gehrels, 2009; Gehrels, 2014;
Vermeesch, 2012).

In the context of early Earth geology, geochronological and geochemical studies
of detrital zircon populations are commonly used to “look beyond” the stratigraphic
age of the host sedimentary rock to infer the age and abundance (or rarity) of early
continental crust and lithosphere-forming processes, the early temperature regime at
the Earth's surface and the presence of oceans (Mojzsis and others, 2001; Wilde and
others, 2001; Valley and others, 2002, 2005; Van Kranendonk and others, 2018;
Kröner and others, 2019). The clastic sedimentary strata of greenstone belts in cra-
tonic areas play a key role in these studies because they record surface processes,
including the uplift, weathering and erosion of even older rocks.

In this contribution, we report the age spectra of detrital zircon grains from the
Moodies Group of the Barberton Greenstone Belt (BGB), South Africa and Eswatini
(formerly Swaziland; fig. 1), one of the oldest well-preserved quartz-rich units on
Earth. Our aim is to constrain the provenance of the Moodies Group by compiling all
available detrital zircon age data and to interpret them in the light of literature data
from sandstone petrography, facies analysis, Hf isotopes, and regional geologic map-
ping. We will also use tuffs conformably interbedded with the sandstones to refine the
depositional age of the Moodies Group and evaluate the significance of post-deposi-
tional zircon populations. It is not our intent to engage in a wide-ranging evaluation
of tectonic models based on Moodies Group zircon provenance data because the avail-
able data set is too small and heterogeneous and because addressing this issue would
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have required us to discuss diverse aspects of structural geology, stratigraphy, and
geochemistry.

regional geology

The Barberton Greenstone Belt (BGB) is the largest and best-preserved supracrustal
unit in the basement of the Kaapvaal Craton (fig. 1). The Moodies Group is the upper-
most and youngest unit of the Barberton Supergroup, the volcanic-sedimentary sequence
forming the BGB.

The Moodies Group (fig. 2) predominantly consists of immature to mature, fine-
to coarse-grained, quartz-rich arkoses, subarkoses, litharenites and quartzarenites up
to ca. 3.7 km thick, with significant conglomerates and siltstones and minor volcanic
rocks and ferruginous sediments.

Moodies strata were deposited, in part syn-deformationally, in alluvial, fluvial, del-
taic, tidal and shallow-marine environments (review in Heubeck, 2019). Due to their
thickness and facies variety, preserved in stratigraphic and tectonic context, Moodies
Group strata represent a unique record of a Paleoarchean marine-terrestrial transition.
Abundant tidal-facies sandstones with microbial mats provide insights into the early shal-
low-water biosphere (Heubeck, 2009; Gamper and others, 2012; Homann and others,
2015). The quartz-dominated and in places feldspar-rich Moodies sandstones apparently
mark large-scale access of surface systems to voluminous felsic igneous rocks.

Moodies Group strata crop-out over much of the BGB for ca. 110 km along strike
and ca. 40 km width (figs. 1–4). The unit is variably bounded at its base by a gradual
conformable contact at the top of the underlying Fig Tree Group, by unconformable

Fig. 2. View along strike looking towards the southwest in the north-central BGB, showing steeply-dip-
ping and tightly-folded and faulted quartz-rich sandstones of the Moodies Group.
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contacts to older rocks of the Fig Tree and Onverwacht groups, or by fault zones.
Moodies strata are nowhere in stratigraphic contact with overlying younger rocks
(fig. 1). Moodies Group strata differ on either side of the major, BGB-axial Inyoka
Fault (figs. 1 and 3): Those north of the Inyoka Fault allow lithostratigraphic corre-
lation among several tectonic blocks, whereas the Moodies Group in South Africa
and Eswatini south of the Inyoka Fault is not well studied (Urie, 1970, 1971; Lamb,
1984; Lamb and Paris, 1988; Heubeck and Lowe, 1999; fig. 3). There, the group
appears to be thinner (<2 km), to lack feldspar, and to have a higher metamorphic
grade. It mostly consists, as far as is currently known, of thick, dominantly horizon-
tally-stratified and cross-bedded quartzose sandstones and conglomerates.

Although the overall metamorphic grade of Moodies Group strata is only lower-
greenschist facies (ca. 325–425°C) in most areas (Xie and others, 1997; Tice and
others, 2004), BGB strata, including those of the Moodies Group, were also widely
affected by syn-depositional hydrothermal alteration, burial metamorphism, and sev-
eral tectonothermal events during the Archaean and the early Proterozoic. These
events may have partially reset U-Pb systems in zircon. Mineral alteration, strain and
metamorphic grade differ regionally; they are generally higher along the margins of
the greenstone belt (Anhaeusser, 1972, 1976, 2019; Schmitz and Heubeck, 2021) and
near major fault zones within the belt (Heubeck and Lowe, 1994). Ductile deforma-
tion appears to increase regionally towards the southeast where Moodies conglomer-
ates are commonly highly strained (Schmitz and Heubeck, 2021).

Parts or all of the Moodies Group have been variously interpreted as a foreland
basin with provenance from older crustal blocks (Jackson and others, 1987; Heubeck
and Lowe, 1994), a synorogenic basin (de Wit, 1991), a passive margin overlying unex-
posed crystalline basement (Eriksson, 1979), an intramontane basin in an extensional
setting (Heubeck and Lowe, 1994), or a uniquely Archean “sag basin” between rising
plutons (Van Kranendonk, 2011; Van Kranendonk and others, 2009, 2014; Schmitz
and Heubeck, 2021). The provenance of the Moodies Group is thus a matter of
debate. Likely intra-BGB sources of sand-sized detritus include litharenites, cherts and
banded iron formations from the underlying Fig Tree Group (2–3 km thick), and in
particular the intermediate to felsic volcanic and juvenile shallow intrusive rocks of
the Schoongezicht (Reimer, ms 1967; Lowe and Byerly, 1999), Auber Villiers (Lowe
and Byerly, 1999) and Bien Venue (Kohler and Anhaeusser, 2002) Formations (ca.
3240–3225 Ma) (fig. 1). Volcanic strata of the Onverwacht Group, up to 11 km thick,
which underlie the Fig Tree Group, may also have contributed. These, however, are
dominated by mafic and ultramafic rocks and are unlikely to have produced abundant
quartzose sand-sized material; only rhyodacites and related felsic volcanic rocks in the
Sandspruit and Theespruit Formations of the basal Onverwacht Group, 3550 to 3520
Ma, in the H6 member of the Hooggenoeg Formation, ca. 3445 Ma, and some mostly
thin, interbedded cherts throughout the Onverwacht Group would contribute to
potent sources of quartz-rich sand.

Alternatively, potential external sources of sediment could have included the
bimodal banded gneisses and granitoids of the Ancient Gneiss Complex in Eswatini
(fig. 1) where some zircons are up to 90 Ma older than the oldest preserved strata in
the BGB (Kröner and Compston, 1988; Kröner and others, 2018b), as well as the
large plutonic tracts of TTG (tonalite-trondhjemite-granodiorite) composition sur-
rounding the BGB (Moyen and others, 2018). Along these lines of thought,
Heubeck and Lowe (1999) interpreted Moodies sediment provenance to represent
first-time access of surface systems to exposed (crust-stabilizing) granitoids, resulting
in the production of large quantities of coarse-grained monocrystalline quartz and
K-feldspar grains.

70 C. Heubeck and others—Detrital zircon provenance of the Archean Moodies Group,



previous studies

Several previous studies have addressed the provenance of the Moodies Group.
Hessler and Lowe (2006) compiled petrographic data from all the sedimentary lithol-
ogies in the Moodies Group to study provenance and weathering regime. They argued
that conglomerate clast composition and sandstone petrography tended to reflect
contributions less prone to breakdown by mechanical and chemical weathering, such
as quartz-rich felsic rocks and chert, whereas the mafic component was preferentially
fractionated into Moodies Group siltstone and shale; the fine grain-size fraction also
represented a better-averaged source of provenance information. Hessler and Lowe
(2006) concluded that the provenance of the Moodies Group was dominated by tonal-
ite, felsic volcanic rock, komatiite, basalt, and granite. Heubeck and Lowe (1999)
focused on the stratigraphic evolution of sandstone composition north of the Inyoka
Fault, defined petrofacies trends and postulated a mix of plutonic extra-BGB and vari-
ous intra-BGB sources. Knauth and Lowe (2003; their fig. 5) documented a consistent
trend to more positive d18O isotope values with increasing stratigraphic height,
sampled from cherts from a .6 km thick section of the Onverwacht Group from the
limbs of the Onverwacht Anticline. These authors found this isotopic trend inverted
in conglomerate chert clasts of the overlying Fig Tree and Moodies Groups (Knauth
and Lowe, 2003; their fig. 7), that is, d18O values decreased with increasing strati-
graphic height. Knauth and Lowe (2003) interpreted this trend as being consistent
with increasingly and progressively deeper erosion into the greenstone belt sequence.

The most comprehensive analysis of detrital zircons from the BGB was by Drabon
and others (2017) who studied 21 sandstones of the Fig Tree and three samples of the
Moodies Group (two additional samples were from transitional stratigraphic posi-
tions) and 27 samples from impact-derived spherule beds. Zeh and others (2013)
compared detrital zircons and eHf isotope data from a Fig Tree greywacke and a
Moodies sandstone sample with the compositions of surrounding crystalline rocks
and inferred an overall southern provenance of Moodies zircons. Byerly and others
(2018) analyzed 2033 zircons from two localities of the Green Sandstone Bed
(Mendon Formation of the Onverwacht Group, ca. 3306 Ma) to document rare
Hadean (.4000 Ma) zircons from the BGB. A dedicated and systematic, stratigraphi-
cally-controlled study of detrital zircon ages from Moodies strata is to-date lacking.

The Moodies basal conglomerate attracted geochronologic attention early (van
Niekerk and Burger, 1978) because its clasts were recognized as messengers of even
older, but now eroded or covered, rocks than those of the BGB. To date, rare granit-
oid clasts from the well-exposed, easily accessible R38 roadcut in the Moodies basal
conglomerate at Ezzy's Pass, Eureka Syncline, have been dated in six publications (van
Niekerk and Burger, 1978; Tegtmeyer and Kröner, 1987; Kröner and Compston,
1988; Sanchez-Garrido and others, 2011; Agangi and others, 2018; Kröner and others,
2018a). We will discuss findings from these studies below.

Most detrital zircon age spectra from Moodies units show four peaks (summaries
in Sanchez-Garrido and others, 2011, and Drabon and others, 2017), corresponding
to phases of felsic magmatism in the BGB: 1) at ca. 3530 Ma (Theespruit and
Sandspruit Formations at the base of the Onverwacht Group; Kröner and others,
2016), 2) at ca. 3440 Ma (the H6 (rhyo-)dacites of the upper Hooggenoeg Formation,
a unit also variably referred to as the Noisy Formation by Grosch and others (2011),
the Noisy Complex, or the Buck Ridge Volcanic Complex by de Vries and others
(2010); see also Lowe and Byerly, 2020), 3) at ca. 3300 to 3280 Ma, corresponding to
thin felsic tuffs in the Mendon Formation (Decker and others, 2015), and 4) at ca.
3260 to 3220 Ma (shallow intrusive and volcanic rocks in the Auber Villiers, Bien
Venue, and Schoongezicht Formations of the upper Fig Tree Group, extending into
the Moodies Group; Byerly and others, 1996; Kröner and others, 1991). The oldest
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peak is usually, but not always, the smallest peak in frequency histograms and proba-
bility density graphs. Zircons .3570 Ma are very rare in the BGB; some of them are
found as xenocrysts in younger magmatic rocks (Hoffmann and Kröner, 2018; Moyen
and others, 2018). The few other pre-Kaapvaal-aged zircons as old as 3800 Ma and the
very rare Hadean zircons documented in the BGB are nearly all from the Green
Sandstone Bed of the Mendon Formation (uppermost Onverwacht Group) and are
likely impact-related (Drabon and others, 2017; Byerly and others, 2019; Lowe and
others, 2021) and derived from outside the BGB.

LA-ICP-MS and SHRIMP ages of ca. 3223 to 3219 Ma from pristine tuffs within
the Moodies Group were interpreted by Heubeck and others (2013) as representing
crystallization during syn-depositional Moodies volcanism and to approximately
reflect depositional ages. Virtually all ages from the base to near the top of the unit, a
thickness exceeding 3.5 km, overlapped each other within analytical uncertainty.
They suggested that Moodies strata were rapidly deposited and offer a high strati-
graphic resolution.

samples

Table 1 shows data from 31 published and unpublished detrital zircon samples
from the Moodies Group. Published data sets include those of Tegtmeyer and Kröner
(1987), Heubeck and others (2013), Zeh and others (2013), Drabon and others
(2017), Stutenbecker and others (2019), Lowe and Byerly (2020), and Reimann and
others (2021). Unpublished data sets included in this compilation are from student
theses (Luber, ms, 2012; Wiechert, ms, 2014; Leisgang, ms, 2017) and from unpub-
lished data sets of the authors (Byerly, unpublished; Drabon, unpublished; Heubeck,
unpublished; Kröner, unpublished). Figure 4 shows the sample locations and table S1
(Supplementary Data) presents the analytical data tables.

The set of 31 samples includes 23 sandstones and seven thin felsic tuffs of which
zircon age spectra indicated that they had been aqueously reworked (table 1). These
had originally been collected and analyzed to constrain eruption ages, the maximum
depositional age or to identify the oldest grain in the sample set. The reworked tuffs
are not ideal to characterize proportional age provenance contributions of source
rocks because the spectra tend to be heavily biased towards the eruption age and will
also be affected by the degree of tidal and fluvial reworking in the braided streams, es-
tuarine deltas, and tidal environments of the Moodies Group. Some or many of these
zircons may also represent magmatic xenocrysts.

The final sample represents a compilation of 25 granitoid clasts from the basal
conglomerate at Ezzy's Pass, Eureka Syncline. In analyzing these clasts, we treated
each clast as representing a single age, even if the clast had yielded multiple single-zir-
con ages.

methods and analytical procedures

Sample processing and analytical protocols are listed in the Supplementary Data.
Three samples were analyzed by Sensitive High-Resolution Ion Microprobe

(SHRIMP: Beijing SHRIMP Center and Stanford University), 28 samples by Laser
Ablation – Inductively Coupled Mass Spectroscopy (LA-ICP-MS: Univ. Mainz/
Germany; Univ. Frankfurt/Germany; Senckenberg Institution, Dresden/Germany;
Univ. of Arizona LaserChron Center, Tucson/AZ, USA; and GEUS Copenhagen/
Denmark) (table 1).

The merging of analytical data from seven labs (table 1), each following its own
protocol, may be potentially problematic. However, nearly all of the data were
acquired post-2010 on modern equipment, and work was performed in labs regularly
participating in international calibration surveys using reference material (see
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Supplementary Data for lab protocols). While the data set is clearly not optimal, the
results are internally consistent throughout all datasets, showing very similar age
peaks, no lab-based systematic offsets, outliers or other unusual features (fig. 5).

In order to present an all-inclusive “snapshot” of the current data, we decided to
include all available data sets of Moodies detrital zircons because the exclusion of
smaller data sets of arbitrary minimum size would have introduced an unwarranted
selection bias towards larger sample sets and would also have reduced the number of
samples available for regional and stratigraphic analysis. The set of 31 samples dis-
cussed here is internally consistent and allows regional provenance interpretations.
Samples with <30 analyzed zircons passing the quality criteria were treated and plot-
ted along with those having larger numbers. In the histograms and PDF graphs of
those data sets, however, peak heights are not conclusive, so that estimates of relative
contributions are unreliable, and the absence of peaks may be due to the low numbers
of zircons in the sample. In order to balance the number of zircons under considera-
tion in each sample while maintaining accuracy, we adjusted selection (“flag”) criteria
for degree of concordance, U concentration and 2 sigma standard deviation; see the
supplementary data for chosen values. In the 31 data sets, we used 70 to 110, 72 to
104, 72 to 107, and 75 to 110% concordance limits once each, 75 to 106% five times,
80 to 105% once, and in all other data sets .83%. Eleven data sets use limits between

Fig. 4. Geologic map of the Barberton Greenstone Belt showing principal stratigraphic units and loca-
tions of samples discussed in the text. See table 1 for locations and stratigraphic information.
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Fig. 5. Frequency histograms and kernel density estimate (KDE) graphs of detrital zircon samples
from the Moodies Group. Color scheme in histograms and pie diagrams correspond to ages of major felsic
magmatism in the BGB named in the legend. For color scheme of stratigraphic columns, see figure 3. For
definition of the regions, see figure 1B. A) Eureka Syncline and contiguous Moodies Hills Block. B)
Stolzburg Syncline. C) Saddleback Syncline. D) South of the Inyoka Fault (IF) and close to Onverwacht
Anticline. E) Central BGB, south of the IF, north of the South African border. F) South of the Inyoka
Fault, Eswatini.
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90 and 106% concordance. Limits on maximum U concentration range between 380
and 650 mg/g, 2 sigma standard deviations typically at 30 Ma with ranges between 25
Ma and (in two sample sets) 50 Ma. Such an approach is warranted due to the hetero-
geneous degree of deformation, preservation, post-depositional alteration and degree
of metamorphism in the Moodies Group. Data were plotted using DetritalPy, a
Python-based toolset for visualizing and analyzing detrital geo-thermochronologic
data (Sharman and others, 2018), and IsoPlot 4.15 (Ludwig, 2011).

results

Complete analytical data are listed in the Supplementary Data, table S1. Detrital
zircon age spectra are shown in figure 5.

Sample Characterization
Eureka Syncline (7 samples) and contiguous Moodies Hills Block (1 sample).—We sum-

marized the results from six publications on conglomerate clasts from the Moodies ba-
sal conglomerate (MdbC) at Ezzy's Pass in a single detrital zircon spectrum (fig. 5A).
Five of the remaining seven data sets sampled the overlying, ca. 1000 m thick fluvial-
and tidal-facies sandstones (MdQ1, a short-hand term for the stratigraphically first

Fig. 5. Continued
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“quartzite” in the Moodies Group following the terminology of Anhaeusser (1972),
not to be confused with sample MdQ-1). Sample 12-593 represents an aquatically
reworked tuff stratigraphically ca. 2500 m above base, near the top of the section
exposed in the Eureka Syncline (fig. 3). Sample MdQ-1 is from the Moodies Hills
Block, structurally and stratigraphically contiguous with the Eureka Syncline but
located ca. 20 km to the southwest.

Zircon age spectra from all five sandstone samples in figure 5A correspond
broadly to the four known peaks of felsic magmatism in the BGB (3550–3530 Ma,
3440–3410 Ma, 3300–3280 Ma, and 3260–3215 Ma) but show differences in detail.
The 25 conglomerate clasts of the basal conglomerate MdbC from Ezzy's Pass are
dominated by 3.45 and 3.55 Ga zircons (which may be in part due to selective report-
ing by the original authors). Age spectra of the five samples from the overlying unit
MdQ1 are all similar, except for the reworked tuff 13-379, which is dominated by erup-
tion-age zircons. When excluding the basal conglomerate, the proportion of old
grains is highest in the stratigraphically uppermost sample 12-593.

The oldest clast of the Moodies basal conglomerate at Ezzy's Pass, clast MD6 in
sample MdbC, is 3564.56 2.2 Ma old, based on 19 grains (Kröner and others, 2018a);
it confirms the finding from 30 years earlier (Kröner and Compston, 1988). Sanchez-
Garrido and others (2011), using a larger zircon database from 16 granitoid clasts,
did not find any older zircons. The 3564.5 6 2.2 Ma age is slightly older than the
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oldest zircon crystallization ages from the lowest stratigraphic units of the BGB, felsic
volcanic schists of the basal Onverwacht Group near the Steynsdorp Anticline in the
southern BGB, which yielded a concordant age of 3552 6 1 Ma (n = 10; Kröner and
others, 2016). That same Moodies conglomerate clast analyzed by Kröner and others
(2018a) also contained two xenocrystic zircons with ages of 3602 6 3 and 3634 6 3
Ma, approaching the oldest reported age in the Ancient Gneiss Complex (3644 6 4
Ma; Kröner and others, 1989).

Stolzburg Syncline (5 samples).—Although the Stolzburg Syncline provides one of
the best-exposed stratigraphic sequences and was tested by five samples, several sam-
ples have low zircon counts which prevents a confident characterization (fig. 5B). The
Stolzburg Syncline preserves unusually thick, but poorly exposed, very-fine-grained,
rhythmically laminated sandstones and siltstones interpreted as pro-delta facies, punc-
tuated by some delta-front and delta-mouth-bar deposits (Luber, ms, 2012). The
aquatically reworked lapilli tuff 11-245 of unit MdS1 shows, as expected, a significant
young peak close to its eruption and interpreted depositional age of ca. 3214 6 9 Ma
(Heubeck and others, 2013), along with a reduction in the abundance of older grains.
The remaining four samples are from deltaic sandstones. They all resemble each
other in position and age peaks: Fig Tree provenance dominates, with H6 and lower
Onverwacht source rocks subordinate. Sample 16-305 from the base of MdQ2 and
sample 12-003-4 from the middle MdQ1 both yielded one grain each.3700 Ma.

Saddleback Syncline (4 samples).—There are only four samples from the large and
centrally located Saddleback Syncline (figs. 1A and 5C): two sandstones (NAD-130
and LS 2012-15-17-24) and two reworked tuffs (09-500 and LS 2012-13). The ca. 3.5
km-thick stratigraphic sequence in the Saddleback Syncline remains poorly sampled
because all but the highest sample are from units MdQ1 and MdS1 in the lower half
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of the stratigraphic column. The upper half of the Moodies stratigraphic section, for
which depositional environments, sandstone petrography and the presence of intra-
formational unconformities attest to a high degree of intra-BGB reworking, has not
yet been probed by detrital zircon analyses.

The two sandstone samples NAD-130 and LS2012-15-17-24 strongly resemble
each other and both show well-defined peaks (fig. 5C). The former sample represents
sheet sandstones in a tidal bar/tidal flat setting. The latter sample is a composite of
three sandstone samples from the delta-mouth-bar facies of the Lomati Delta
Complex in the southwestern Saddleback Syncline (Stutenbecker and others, 2019).
Paleocurrents, bed thickness tapering, grain size and facies changes indicate a clear
provenance of these sediments from the region of the Onverwacht Anticline to the
southwest (Stutenbecker and others, 2019). Sample LS2012-13 represents a thick bed
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of reworked tuffs approximately midway in the Lomati Delta Complex with an age of
ca. 3229 6 9 Ma (Stutenbecker and others, 2019). The stratigraphically highest sam-
ple, the aquatically reworked tuff 09-500 in a coastal-plain pond setting, shows an
unusually high proportion of old (ca. 3.54 Ga) grains while also documenting a
Moodies-time eruption age with a strong zircon population at ca. 3222 6 4 Ma
(Heubeck and others, 2013). It is unclear whether the old grains are magmatic xeno-
crysts or detrital admixtures.

Central BGB, south of Inyoka Fault; close to Onverwacht Anticline (4 samples).—Three
of the four samples originate from medium- to coarse-grained, in places gravelly sand-
stones exposed in erosional remnants in the central BGB close to the hinge zone of
the Onverwacht Anticline (fig. 5D). The stratigraphically highest sample, 17-198, is a
reworked tuff, approximately 200 m above the fault-modified base of the Moodies
Group in the Powerline Road Syncline, with an imprecise depositional age of 3217 6
37 Ma (Reimann and others, 2021). While three of the samples show the 3.44 Ga age
peak, likely representing contributions from the nearby (rhyo-)dacites of the
Hooggenoeg H6 unit, which are widely exposed in the northern Onverwacht
Anticline, sample 352-6 from the base of Mzathiya Mountain stands out because of its
lack of that age peak. The proximal facies of the host unit to this sample, which com-
prises interbedded alluvial conglomerates, sandstones and dacitic sills, and the imma-
ture composition of the sandstones suggest that this lack of ca. 3.44 Ga zircons may be
due to a small or geographically restricted drainage basin, located on the margin of
the Onverwacht Anticline. However, relationships in this proximal facies belt of the
Moodies Group in the central BGB are far from established. They are currently
mapped in greater detail in the Powerline Road Syncline (Zametzer, ms, 2019).

Central BGB, south of Inyoka Fault and north of the South Africa – Eswatini border (7
samples).—Moodies strata in the central BGB between the Inyoka Fault and the
Eswatini border near Emlembe Mountain are preserved in three SW-NE trending
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fault-bounded belts which may be part of a moderately horizontally shortened fold-
and-thrust belt (Heubeck and Lowe, 1994; Drabon and others, 2019a; Drabon and
Lowe, 2021). In the synclines of this belt, less than 500 m thickness of Moodies strata
are estimated to be preserved, but preserved stratigraphic thickness appears to
increase towards the NE where the degree of shortening is reduced. Because most
Moodies strata in this region are affected by syn- and post-depositional hydrothermal
alteration, sandstones of this region are in places recrystallized, silicified, sericitized,
and/or fractured (Reimann and others, 2021); as a consequence, Moodies stratigra-
phy is poorly understood. Sandstone samples JH03-1 and JH05-3 lack Moodies-age zir-
cons (the youngest concordant age clusters are at 3443 6 4 Ma and 3275 6 3 Ma,
respectively) but carry monocrystalline quartz. They may represent Fig Tree-age strata
in an unknown stratigraphic position (compare Drabon and others, 2019b, their fig.
2; Stoll and others, 2021; fig. 5E). The exact depositional setting of the overlying four
samples JAH-664-2, JAH663-13, NAD-128 and NAD-129 is uncertain due to poor out-
crop and poor accessibility (Stoll and others, 2021). Strata in the The Heights
Syncline and along strike of sample NAD-128 are likely to be from tidal-estuarine and
coastal-plain facies, based on the nearby presence of microbial mats, mudcracks and
ripple planes (Heubeck, unpublished field data). All four samples show similar age
spectra in which the oldest peak (ca. 3.54 Ga) is poorly developed (fig. 5E). Sample
15-103 is from a discontinuous, aqueously reworked tuff in the Masenjane Block; its
zircon age spectrum will be discussed below.

Central and southern BGB, Eswatini (3 samples).—Moodies structure and stratigra-
phy in Eswatini are currently too poorly understood to allow an interpretation of the
three available detrital zircon age spectra (fig. 5F). Lamb (1987) suggested that the
onset of Moodies deposition may be diachronous and associated with progressive
unconformities in the Malolotsha area. Age spectra from the matrix of the Moodies
basal conglomerate in the Ntaba Mhlope Syncline (sample 16-226; sample Nr. 29 in
fig. 4; Schmitz and Heubeck, 2021), and from a sandstone sample from the northern
Malolotsha Syncline (sample 13-351) show neither unusual proportions nor peak posi-
tions. Sample 13-342, an aqueously reworked meta-tuff in the Malolotsha area, lacks
young grains and indicates a maximum depositional age as old as 3250 Ma (Wiechert,
ms, 2014).

Reworked tuffs.—Of the seven aqueously reworked tuffs in this study, three (sam-
ples 12-593 and 13-379 from the Eureka Syncline; sample 15-103 from the Masenjane
Block; figs. 4, 5A, E) represent previously unpublished data that contribute to con-
strain the onset and the end of Moodies deposition. They also illustrate the complex-
ity and uncertainties of chronostratigraphic dating in the Moodies Group and are
thus discussed individually below. Table 1 lists sample data, table S1 presents the zir-
con analytical data.

Sample 12-593 (fig. 6) is a yellowish, fine-grained, sandy dacitic tuff ca. 10 cm
thick from a roadcut along Eureka City Road in the southwestern Eureka Syncline
(figs. 1, 4). The sample location is within cross-bedded, in places gravelly, sandstones
with occasional mudcracked shale coats of rippled bedding planes within unit MdS3,
close to the core of the Eureka Syncline and thus high in the Moodies stratigraphy. It
forms the stratigraphically highest sample from the Moodies Group so far analyzed
(unit 10 in fig. 6.11 of Heubeck, 2019, a stratigraphic column along Eureka City
Road). Sample 12-593 yielded 95 grains (fig. 6A), of which 43 grains passed the flag
criteria 85<conc.<105, U<400 ppm, and 2 sigma <43 Ma. Six, in part nearly concord-
ant grains are distinctly younger than the depositional age (grain a10, at 2950 6 27
Ma, 65% concordant; grain a18, at 3104 6 20 Ma, 93% concordant; grain a27, at
3137 6 30 Ma, 79% concordant; grain a35, at 3036 6 30 Ma, 106% concordant; grain
a48, at 3156 6 22 Ma, 100% concordant; and grain a56 at 3165 6 16 Ma, 106%
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concordant) and were eliminated from further consideration; we will discuss their sig-
nificance below. The remaining 37 age-sorted grains are composed of five clusters
defined by similar Pb207/Pb206 ages (fig. 6B). These individual populations of three to
seven, mostly near-concordant grains were used to calculate individual discordant
ages (fig. 6C). Twenty-seven of the 37 grains can be assigned to one of five discordias:
3207 6 27 Ma (n = 4), 3258 6 28 Ma (n = 3); 3409 6 21 Ma (n = 6); 3443 6 17 Ma (n
= 7); and 3523 6 18 Ma (n = 7). All these correspond to known ages of felsic magma-
tism in the BGB.

Adding one lower concordant (70% conc.) grain to the discordia of the young-
est cluster (n = 5) changes the result slightly to 3212 6 25 Ma but improves the
MSWD (fig. 7D). Adding all available grains in that same young cluster, regardless

Fig. 6. Concordia diagrams of zircon ages from an aqueously reworked tuff in the Eureka Syncline
(sample 12-593, unit MdS3; see fig. 6.11 in Heubeck, 2019, for a stratigraphic column). This is the strati-
graphically highest dated bed known in the Moodies Group, constraining end of deposition and timing of
syn-sedimentary deformation. A) All 95 zircons; reverse discordance indicates extensive disturbance. B)
Histograms of 37 grains which passed the quality test, plotting differences in 207Pb/206Pb ages (in Ma)
between age-sorted grains. Low values define grains of similar ages. The histogram allows extraction of
five clusters with a total of 27 grains. C) Discordia (concordia upper intercept) ages of each cluster corre-
spond to ages of known felsic magmatism in the BGB. D) Discordia from the youngest cluster after adding
a 70%-concordant grain that changes the concordia-upper intercept age slightly to 3212625 Ma, repre-
senting the maximum depositional age of this sample. See text for discussion.
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of their quality (n = 8), yields an age of 3209 6 20 Ma but reduces the MSWD (not
shown). We conclude that this tuff bed includes a detrital mixture of distinct zircon
populations similar to the spectra of detrital zircon samples from Moodies sand-
stones. The likely maximum depositional age of this bed is approximately 3212 6
25 Ma.

Sample 15-103 (fig. 7) shows a similar complexity. It was obtained from the
Masenjane Block, a structurally complex, probably homoclinal, hydrothermally-
altered Moodies unit ca. 1000 m thick and intruded by a mafic dike stockwork. The
sample is a pale yellow, sandy tuff between thick cross-bedded medium- to coarse-
grained sandstones, some with well-preserved shallow-water microbial mats (Homann
and others, 2015). Sample 15-103 yielded 110 analyses from as many grains (fig. 7A).

Fig. 7. Concordia diagrams of an aqueously reworked tuff in the Masenjane Block (sample 15-103), a
Moodies Group homocline in the central BGB just south of the Inyoka Fault (fig. 3, table 1). The sample
is underlain by ca. 1000 m of Moodies sandstone. A) All dated zircons (n=110); B) Histogram showing dif-
ference in 206Pb/207Pb ages (in Ma) of 52 high-quality grains against age-sorted grain number. Low values
represent zircons of similar ages, allowing the definition of age clusters for discordia calculations. C)
Concordia diagram showing 36 grains conforming to the six discordias, all representing time periods of
felsic magmatism in the BGB. The green and light-blue cluster may be identical. D) Youngest discordant
cluster, interpreted to represent eruption age and the approximate maximum depositional age of the tuff
at 3212613 Ma; E) Four concordant grains from that cluster yield an identical age of 3212613 Ma, inter-
preted as the maximum depositional age of this bed.
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52 grains passed the flag criteria 75<conc.<106%, U<500 ppm, and 2 sigma <50 Ma.
Thirty-six of these grains can be assigned to one of six clusters defined by similar
Pb207/Pb206 ages (fig. 7B). These six populations of four to thirteen, mostly near-
concordant grains were then used to calculate individual discordant ages (fig. 7C):
3223 6 12 Ma (n = 4), 3242 6 11 Ma (n = 4), 3274 6 10 Ma (n = 6), 3288 6 14 Ma
(n = 4), 3428 6 7 Ma (n = 13), and 3478 6 10 Ma (n = 5). The 3274 6 10 Ma and
3288 6 14 Ma clusters overlap (fig. 7C). The youngest discordia cluster, interpreted
as representing the maximum depositional age, has an upper-intercept discordia age
of 3223 6 12 Ma (n = 4). This age does not change within error of uncertainty
when augmented by four previously-excluded discordant grains of nearly identical
207Pb/206Pb ages and (low-quality) 42, 48, 49, and 65% concordance and by a fully
concordant grain of 3191 6 19 Ma, resulting in an upper-intercept discordia age of
3212 6 13 Ma (n = 9; fig. 7D); four fully concordant grains in that cluster yield an
identical age (table S1, fig. 7E).

The discordia ages are not overly dependent on the selection of quality criteria.
When grains with similar 207Pb/206Pb ratios but lower concordance are included, dis-
cordia ages change little. For example, when three grains with concordance between
75 and 60% as well as three concordant grains of 2 sigma . 50 Ma are added to the
cluster (n = 13) at 342867 Ma, its discordia age remains unchanged at 3428 6 7 Ma,
based on 19 grains. If all grains in that cluster, regardless of their quality, are consid-
ered, the calculated age changes to 3435 6 11 Ma, based on 21 grains. All of these
ages are an excellent fit to the age of Hooggenoeg H6 magmatism.

Sample 13-379 (Wiechert, ms, 2014; fig. 8) is from an aqueously reworked tuff
bed, filling a ca. 10 m wide and 30 cm deep erosional channel within cross-bedded, in
places gravelly, sandstones of the basal MdQ1 unit, approximately 25 m above the top
of the Moodies basal conglomerate. It was temporarily exposed in the streambed of
Fig Tree Creek near the Old Sheba cemetery on the overturned (southern) limb of
the Eureka Syncline. Processing the sample yielded only 23 grains (fig. 8A) of which 9
met the quality criteria. Three concordant grains yielded ages of 34286 8 Ma, 34286
7 Ma and 3413 6 12 Ma. Four, in part moderately discordant (97, 92, 87, and 76%
concordant) grains yielded an upper concordia intercept age of 3220 6 4 Ma (fig.
8B). The two remaining grains were 98% concordant and had ages of 3147 6 8 Ma
and 3269 6 12 Ma. We interpret the former age to represent a near-complete reset-
ting of the U-Pb system at ca. 3150 Ma, discussed in more detail below, and the latter
age a detrital zircon grain from the upper Mendon Formation.

We conclude from these calculations that these complex zircon populations were
suited for interpretation, even though the tuffaceous host rocks were aqueously
reworked, thermally altered, metamorphosed and recently weathered. Moodies
Groups andstones therefore undoubtedly also incorporate material from numerous
fully reworked and now unrecognizable former tuffs. Zircon populations of reworked
tuffs such as those discussed above represent intermediate stages between the popula-
tions of pristine tuffs and those of fully epiclastic sandstones. They yield results com-
patible with the zircon age spectra from both rock types.

discussion

Post-Depositional Zircon Ages
A total of 428 of the 2588 grains (;16%) in this study record 207Pb/206Pb ages

between 2600 and 3200 Ma (fig. 9A). Many of these are concordant or near-concord-
ant grains with ages considerably younger than the Moodies depositional age, esti-
mated at ca. 3.2 Ga, and record zircon growth or resetting of the U-Pb system
postdating Moodies deposition but occurring prior to deposition of the Black Reef
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Formation at the base of the Transvaal Supergroup at ca. 2.6 Ga (Fuchs and others,
2016). Sandstones of this formation unconformably overlie ultramafic volcanic rocks
of the Onverwacht Group near the village of Kaapsehoop (fig. 4), ca. 30 km northwest
of Barberton, and extensively overlie Kaapvaal crystalline basement along the eastern
Great Escarpment. Zeh and others (2020) estimate a maximum depositional age of
2618 6 11 Ma for the Black Reef Formation ca. 150 km north of this location. The
post-depositional ages in Moodies detrital zircon spectra are best interpreted as
reflecting one or several partial or complete resets of the U-Pb system of selected
grains by one or several of the hydro- and tectonothermal events which affected the
young Kaapvaal craton (Toulkeridis and others, 1998; Olsson and others, 2010;
Moyen and others, 2021). A first-order analysis of these 2.6 to 3.2 Ga grains shows a
nearly uniform distribution (fig. 9A) but the data set yields better-defined clusters at
ca. 3.1 and 3.0 Ga as well as possible age concentrations at ca. 2.82 and 2.91 Ga
when limited to zircons with .80% concordance (fig. 9B). These can be tentatively

Fig. 8. Age data of sample 13-379, an aqueously reworked tuff filling an erosional channel within grav-
elly cross-bedded sandstone overlying the Moodies basal conglomerate in the Eureka Syncline (Wiechert,
ms, 2014). A) Concordia diagram of all dated grains (n=21); B) Concordia diagram of four grains defin-
ing a discordia at 322064 Ma; C) Back-scatter-electron (BSE) images of grains a314 (314768 Ma, 98%
conc.), a 318 (321767 Ma, 97% conc.) and a336 (3269612 Ma, 98% conc). Red dashed circles mark LA-
ICP-MS shotpoints. A younger discordia line defines a ca. 3150 Ma age, due to a tectonothermal partial
reset of the U-Pb system.
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related to phases of major magmatic events in the region, such as the voluminous
granitic intrusions at 3.0 and 3.1 Ga (see Moyen and others, 2018, for a review;
Moyen and others, 2021) and events related to the formation of the Pongola-
Mozaan and Witwatersrand basins (for example, Gold and von Veh, 1995; Zeh and
others, 2009, 2010). Since 2.6 Ga, and except for (sub-)recent weathering, the U-Pb
system in zircons in the region was undisturbed.

Moodies Depositional Age
All detrital zircon data sets examined here are consistent with our previous esti-

mate (Heubeck and others, 2013), based on numerous complementary and consistent

Fig. 9. A. Age histogram of 428 detrital zircons with ages between 2600 and 3200 Ma, not considered
in the provenance analysis. The latter had been excluded from provenance analysis in figure 5 due to
high U, high standard deviation, or low degree of concordance. No age clustering is recognizable. B.
Same data set as above but showing only grains with high concordance (n = 129). The data set appears to
host age clusters of ca. 2.82, 2.91, 3.0, 3.1, 3.14–3.15, and 3.18 to 3.2 Ga which likely represent tectonother-
mal events during the early history of the Kaapvaal craton.
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age data, that Moodies deposition north of the Inyoka Fault began at about 3223 6 1
Ma, experienced syn-depositional deformation at about 3221 6 1 Ma and ended
between 3215 and 3210 Ma (Heubeck and others, 2013) but possibly as early as 3220
Ma. This conforms to the depositional age of 3229 6 9 Ma proposed by Stutenbecker
and others (2019) for the sandstones of the Lomati Delta of unit MdS1 in the
Saddleback Syncline. The reworked tuffaceous samples discussed above (samples 13–
379, 12-593 and 15-103; figs. 7–9) add the following information: (1) Sample 13–379,
ca. 100 m above the top of the basal conglomerate in the Eureka Syncline, and with
an age of 3220 6 4 Ma, lies within analytical uncertainty of a previous estimate of the
onset of deposition in the Eureka Syncline at ca. 3220 6 4 Ma (Tegtmeyer and
Kröner, 1987; Sanchez-Garrido and others, 2011; Zeh and others, 2013; summarized
by Heubeck and others, 2013). (2) Deposition in the Eureka Syncline region ended,
after more than 3500 m of fluvial, coastal-plain, tidal, and deltaic sediments had been
deposited, around 3209 6 14 Ma (sample 12–593), overlapping within analytical
uncertainty with the 3220 6 4 Ma age of sample 13–379, and suggesting high rates of
deposition. (3) The onset of Moodies sedimentation in the central BGB, south of the
Inyoka Fault (sample 15-103) and in Eswatini, is poorly constrained because the age
of the single sample (16–226) from the base of the Moodies Group in Eswatini is
imprecise at ca. 3235 6 15 Ma; stratigraphically higher up, sample 15-103 suggests
that sedimentation may have occurred approximately at the same time as north of the
Inyoka Fault, at 32086 8 Ma or 32066 11 Ma.

Provenance of Granitoid Clasts from the Basal Conglomerate of the Eureka Syncline
In the absence of a suitable source terrane with ages .3.3 Ga north of the BGB,

Kröner and Compston (1988) and Kröner and others (2018a) suspected, based on
the old 207Pb/206Pb zircon ages in some granitoid clasts of the basal Moodies con-
glomerate in the Eureka Syncline at the Ezzy's Pass locality, a provenance from the
Ancient Gneiss Complex (AGC) to the south. This would point to that region as one
of the earliest “continents”, that is, a subaerially exposed, eroding region of felsic com-
position. A southern, but regionally less confined, provenance is also suggested by the
eHft values obtained from zircons in the oldest conglomerate clast MD6 (Kröner and
others, 2018a) and from the single detrital zircon sample in this study analyzed for
hafnium isotopes, sample MO (originally published in Zeh and others, 2013). While
eHf data from zircons in three Moodies basal conglomerate clasts analyzed by Agangi
and others (2018) are ambiguous, eHf values from the sandstone sample MO (Zeh
and others, 2013) show a nearly perfect overlap with Hf isotope data obtained from
zircons in granitoids (3.2–3.5 Ga age) exposed south of the Inyoka Fault: These zir-
cons include: (1) those from the Stolzburg and Theespruit Plutons which intruded
the ca. .3.53 Ga Sandspruit and Theespruit Formations at the base of the
Onverwacht Group at ca. 3.44 Ga in the southwestern BGB and which were partially
reactivated at ca. 3.23 Ga; (2) those from the ca. .3.53 Ga volcanic rocks of these two
formations, and; (3) those from the AGC of Eswatini (Zeh and others, 2011; Kröner
and others, 2013, 2014a, 2016; Hoffmann and others, 2016; Moyen and others, 2021).
Zeh and others (2013; their fig. 5) grouped these magmatic rocks in the “Barberton
South Terrane”. All these data plot on a crustal evolutionary trend limited by Hf
model ages (mantle extraction ages) of 3.5 to 3.75 Ga (two-stage depleted mantle evo-
lution model; Zeh and others, 2009). In contrast, granitoids exposed north of the
Inyoka Fault and north of the Barberton Greenstone Belt are characterized by Hf
model ages commonly <3.5 Ga (Zeh and others, 2009), making a northern prove-
nance of Moodies detrital zircons difficult, at least for those from the samples ana-
lyzed for Hf isotopes. Zircons from the oldest TTGs and grey gneisses in Eswatini
(intrusion age .3.5 Ga) indicate derivation from even older depleted mantle sources
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between 3.75 and 4.1 Ga (Zeh and others, 2011), which have not been detected so far
in detrital zircons in the BGB. The age-Hf isotope signatures from detrital zircons in
Moodies sandstone sample MO also overlap with those from nearly coeval metasedi-
mentary (van Schijndel and others, 2017) and metavolcanics rocks (Hoffmann and
others, 2020) from the Dwalile greenstone belt and the Kubuta river area (Taylor and
others, 2016), both in Eswatini, and may thus identify these regions as potential extra-
BGB sources of Moodies sediment. However, the lack of metamorphic conglomerate
clasts, of grains of metamorphic provenance (Heubeck and Lowe, 1999; Hessler and
Lowe, 2006), of characteristic heavy minerals such as garnet and staurolite in Moodies
sandstones, and the facies and thickness pattern of basal Moodies units does not sup-
port a provenance from the metamorphic lithologies of the AGC.

Whether sources to the north of the BGB contributed to the Moodies sink is
uncertain. Mapping along the northern margin of the BGB, for example in the
Eureka Syncline and in the Three Sisters area to the northeast, indicates that the
thickness of the Moodies basal conglomerate is highly variable, as is its composition,
sorting, and grading, all of which suggest local provenance from lithologically com-
plex sources, rapid mixing of clast types, short transport distance, the reworking of
pre-existing gravel, or a combination of some or all of these factors. A short transport
distance (and therefore preferably a northerly source; already advocated by
Anhaeusser, 1976, 2019) is particularly required for the granitoid clasts which were
likely prone to rapid disaggregation under Archean weathering conditions (Hessler
and Lowe, 2006). Agangi and others (2018) describe the petrography of three dated
clasts in detail: two of them (3522 6 20 and 3316 6 10 Ma) are described as porphy-
ritic and possibly volcanic; the third (3286 6 4 Ma) as probably a shallow intrusive.
The common granophyric texture in numerous dated clasts had also been noted as
early as 1969 (Anhaeusser, ms, 1969; Sanchez-Garrido and others, 2011). Wang and
others (2019) recently dated a sample from the complex Nelspruit Batholith which
yielded several ;3.4 Ga zircons. This may hint at the former presence of .3.3 Ga
sources north of the BGB, but any potential source rocks there are now incorporated
into or covered by the extensive <3.1 Ga granitoids of that region. The lack of a sys-
tematic study on the facies, stratigraphy, degree of recycling, and sedimentology of
the Moodies basal conglomerate near the Ezzy's Pass location and elsewhere leaves
the precise provenance of the 3.5 Ga clasts at that locality currently unresolved
(Anhaeusser, 2019).

Source Rocks of the Moodies Group
The provenance interpretation of currently-available Moodies zircon age data sug-

gests that the drainage area(s) of the polymict Moodies basal conglomerate accessed a
lithologically varied, highly compartmentalized source area. Stratigraphically higher
up, sandstone petrography (Heubeck and Lowe, 1999) and facies analysis (Heubeck
and Lowe, 1994; Lowe and others, 2012; Heubeck, 2019) suggest that the Moodies ba-
sin became better integrated because sedimentary facies and sandstone petrographic
composition converge from their regionally heterogeneous characters. Although sand-
stone composition becomes highly quartzose, the new source areas apparently did not
access rocks of substantially different ages because zircon age peaks do not change sub-
stantially up-section but rather continue to overlap with those from intra-BGB rocks, as
they did during Fig Tree time (Drabon and others, 2017): They dominantly include
feldspar-porphyry volcanic and subvolcanic rocks of the 3.28 to 3.23 Ga Fig Tree
Group, the ;3.31 to 3.28 Ga Mendon Formation, the ;3.45 Ga H6 member of the
Hooggenoeg Formation, and the 3.51 to 3.54 Ga Sandspruit/Theespruit Formation.
Field inspection, petrographic and geochemical analyses of Moodies sandstones and
conglomerates also support the erosion of cherts of the Onverwacht Group, the
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recycling of Fig Tree sedimentary rocks, and access to a difficult to quantify, but prob-
ably substantial, proportion of ultramafic and mafic volcanic rocks in the source
regions (Hessler and Lowe, 2006); they exclude metamorphic rocks. Synoptically,
more than two-thirds of Moodies zircons appear to have been ultimately derived from
Onverwacht-age rocks (figs. 10, 11), which is also consistent with the composition of
conglomerate clasts. Both lines of evidence suggest that Moodies sandstone framework
grains may also have been derived in similar proportion from those units of
Onverwacht-age lithologies which were suitable for producing sand-sized quartz and
microcline.

Our currently-available data for the central BGB, including the match of the de-
trital zircon age spectra to the ages of potential source rocks, Moodies lithologic and
facies pattern, the tectonic position and constraints on timing of uplift, d18O data
from chert clasts, and eHf isotope data, indicate that a substantial proportion of
Moodies sediment was derived in part from the erosion of the Onverwacht Anticline.
Whether this region could have been quantitatively capable of sourcing the quartz-
and feldspar-rich Moodies sandstones will be explored in the following section.

Relative Contributions by the Fig Tree and Onverwacht Groups
Analysis of detrital zircon age spectra and facies patterns from the Fig Tree

Group (Drabon and others, 2017, 2019a; Drabon and Lowe, 2021) shows that Fig
Tree strata were, in general, sourced by the older and more mafic strata of the
Onverwacht Group. The detrital age spectra from Fig Tree and Moodies sandstones
are similar and share evidence for exclusive intra-BGB provenance and a correspond-
ing absence of external sources to the BGB (Drabon and others, 2017; Drabon and
Lowe, 2021) even though the tectonic setting of both units may have differed

Fig. 10. Summary age distribution graphs of 1621 Moodies detrital zircons from 31 samples which
met the quality criteria. Only ca. 5% of the population are approximately Moodies age, another 18%
approximately Fig Tree age, 63% represent three Onverwacht-age felsic magmatic events. 13% of the zir-
con population falls outside these five time periods.
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significantly, and the petrographic mean composition of their sandstones is radically
different.

At present, the relative contribution of the Fig Tree Group to Moodies sediments
is poorly constrained. The shallow-water, high-energy depositional setting of Moodies
Group sandstones efficiently reduced the weathering-prone components of eroded
Fig Tree clasts and grains, such as volcanic fragments, shales, tuffs, and intermediate
volcanic rocks; in contrast, the same process enriched the more weathering-resistant
zircons of Fig Tree provenance (recording Fig Tree and Onverwacht ages) so that
they are proportionally over-represented in Moodies detrital-zircon age spectra. In
addition, the high degree of sedimentary recycling provided by the tidal regime wide-
spread in Moodies time would have mixed an already complex zircon provenance
more efficiently than the deep-water, episodic sedimentation prevalent in the Fig
Tree Group. These processes would have driven originally heterogeneous age-prove-
nance sources to greater uniformity in Moodies Group sediments, blurring the origi-
nal relative contributions from various sources.

Potential Sources External to the BGB
The existence of additional felsic plutonic sources outside the BGB, such as gran-

ites (or plutonic bodies of similar composition and considerable size, capable of pro-
viding abundant monocrystalline quartz and microcline feldspar), is likely but

Fig. 11. Schematic provenance diagram showing potential sources of Moodies detrital zircons based
on their ages, and also taking into account proximal-distal facies changes in Moodies sediment, eHf iso-
tope values of Moodies detrital zircons and plutons, Moodies sandstone framework petrography, and the
potential of BGB stratigraphic units to contribute sand-sized grains to the sandstones of the Moodies
Group. Thickness of arrows indicates relative contribution; tone of grey indicates degree of uncertainty
(dark = strong evidence). Elliptical arrows indicate intraformational erosion and redeposition (sedimen-
tary recycling). Color scheme as in figure 5.
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difficult to ascertain. Moodies Group sandstones show an impressive and abrupt
change in bulk composition compared to Fig Tree sandstones from a mean matrix-
rich litharenitic composition of Q47 F4 L49 in Mapepe Formation sandstones
(Heinrichs, 1980; Drabon and others, 2019a) with only 4% monocrystalline quartz to
a mean approximate Q54 F14 L32 composition in Moodies Group sandstones
(Heubeck and Lowe, 1999; Hessler and Lowe, 2006) with .40% monocrystalline
quartz. This plausibly demands a shift in provenance and access to new, voluminous,
quartz- and feldspar-rich sources (Heubeck and Lowe, 1999; Hessler and Lowe, 2006).
The composition and location of these hypothetical source areas is uncertain.
Moodies facies patterns in the central BGB indicate a provenance from the
Onverwacht Anticline region (the Stolzburg domain of Kisters and others, 2010; see,
for example, Lowe and others, 2012) which fits well with evidence for voluminous
3235 to 3225 Ma plutonism, volcanism, metamorphism and uplift in that region (De
Ronde and Kamo, 2000; Dziggel and others, 2002, 2005; Kisters and others, 2003,
2010; Lana and others, 2011; Kröner and others, 2018b; Moyen and others, 2018).
Uplift and exhumation along the Komati Shear Zone and the Stolzburg Schist Belt is
estimated to have occurred at a rate of 1.5 – 5 mm/a (Diener and others, 2005), com-
parable with estimates of concurrent subsidence rates in the nearby Moodies basin(s)
(Heubeck and others, 2013). Because the available eHf data for Moodies Group zir-
cons appear to exclude plutons north of the Inyoka Fault as sources (Zeh and others,
2013), TTG plutons adjacent to the southwestern BGB, namely the Stolzburg (ca.
3445 6 4 Ma) and Theespruit (3443 6 3 Ma) plutons in the core of the Onverwacht
Anticline, the Steynsdorp Pluton (ca. 3510 6 2 Ma), and other smaller plutons, may
have acted as possible sources of not only zircons (causing the prominent 3.45 Ga age
peak in the histograms; fig. 5) but also of plagioclase, minor microcline feldspar and
monocrystalline quartz.

First-order mass balance estimates, however, show that one or several source
region(s) larger and richer in monocrystalline quartz than available from the
Onverwacht Anticline and adjacent plutons is required to supply the Moodies basin.
This contribution is difficult to estimate because the potential of the felsic volcanics in
the upper Onverwacht Group, of the aforementioned plutons, and of other now cov-
ered or eroded plutons to supply sufficient feldspar and monocrystalline quartz
depends not only on their composition and exposed area but also, among others, on
topographic relief, intensity of weathering, degree of mineral breakdown during ero-
sion and transport, diagenetic history, mean quartz and feldspar content of Moodies
strata, their original thickness, and the original size of the Moodies basin(s).
Unfortunately, many of those parameters are virtually unconstrained because both
source(s) and sink(s) are only partially preserved and Archean environmental condi-
tions poorly known. Thus, both the degree of delivery of quartz and feldspar from
extra-BGB magmatic sources, as well as the volume of quartz and feldspar received by
the original Moodies basin(s), remain speculative.

Current evidence therefore appears to indicate that significant extra-BGB plu-
tonic sources with ages similar to those shown by intra-BGB magmatism delivered sub-
stantial amounts of monocrystalline quartz and several types of feldspar to the
Moodies basin(s). Rapid facies and thickness changes and the presence of thick con-
glomerates in the southern and northeastern BGB suggest contributions from addi-
tional source regions to the Moodies Group, but paleogeographic reconstructions are
currently too poor to evaluate the degree of contributions from those regions. The
syn-orogenic setting of the Moodies Group, its recognizable facies changes within a
few kilometres, and the feldspar content of up to 22% in the Saddleback Syncline
(Heubeck and others, 2013), a mineral prone to mechanical abrasion and chemical
weathering, appear to require that at least some sources were located close-by; note,
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however, that Homann and others (2015) and Reimann and others (2021) argue that
the preservation of feldspar and of delicate sedimentary structures were due to very
early, near-surface silicification in that region. The currently available zircon age spec-
tra from the Moodies Group thus mostly constrain the age but not the size, type, or
location of additional source areas.

Our current understanding of zircon provenance is shown in figure 11. The rela-
tive weight of the contributions, symbolized by the thickness of the arrows, not only
includes the information from zircon age spectra discussed in this contribution but
also considers proximal-distal facies changes in Moodies sediment, eHf isotope values
of Moodies detrital zircons and plutons, Moodies sandstone framework petrography,
and the potential of BGB stratigraphic units to contribute grains to the sandstones of
the Moodies Group.

Stratigraphic Co-Evolution of Age Provenance and Petrography
“Early-Moodies” time, probably within the time period 3223 to 3220 Ma, is widely

represented by distal alluvial, in part conglomeratic, and braided fluvial facies, and is
lithologically represented by the polymict and laterally heterogeneous Moodies basal
conglomerate (MdbC). Up-section, grain size and clast size trends indicate multiple
sources; a southwestern provenance, likely from the uplift of the Onverwacht
Anticline, appears to be the dominant signal in the central BGB (Knauth and Lowe,
2003; Zametzer, ms, 2019; Heubeck and others, 2020). Subsequently, sedimentation
systems became integrated quickly in widespread coastal and tidal plains and in estua-
rine deltas (MdQ1, MdS1, MdQ2) in which zircon populations show a considerable
stratigraphic uniformity.

Knauth and Lowe (2003) documented a stratigraphic up-section trend to lower
d18O isotope values in Mapepe and Moodies chert clasts, which was inverted from the
trend in stratigraphically well-documented cherts from the Onverwacht Anticline.
Moodies clasts showed the same low d18O values as cherts from the stratigraphically
lowest part of that region, perhaps indicating exposure of the Kromberg and
Hooggenoeg Formations. Although based on limited samples, Knauth and Lowe
(2003) suggested that the inverted isotopic trend observable in the conglomerate
chert clasts indicated the stratigraphic “unroofing” of that structure.

Moodies sandstones pass through a marked change in petrographic composition
above the Moodies amygdaloidal lava (MdL), a widespread marker unit of andesitic
composition and commonly amygdaloidal habit (Heubeck and Lowe, 1999; Heubeck,
2019). While sandstone framework composition below that unit (“mid-Moodies
time”) shows a gradual increase in monocrystalline quartz concomitant with a gradual
decrease in feldspar, polycrystalline quartz grains and chert grains, no large-scale and
consistent petrographic trend is currently recognizable above that unit (“late Moodies
time”); bed-to-bed changes in petrography are pronounced and appear abrupt, per-
haps coinciding with the spotty availability of local sources during folding and short-
ening of the Moodies basin(s) (the D4 deformation of Byerly and others, 2019).
Systematic coverage of the main Moodies stratigraphic sections (of ca. 3.5 – 3.7 km
thickness each, exposed in the Saddleback and Eureka synclines) by detrital zircon
samples, however, is at present too poor to recognize any up-section age trend which
could be compared to the petrographic evolution. Perhaps much of Moodies petro-
graphic evolution in “late Moodies” time was dominated by efficient intra-basin recy-
cling which fueled a maturation trend of increasing monocrystalline quartz but did
not necessarily change zircon age spectra. Overall, the similarities in zircon age spec-
tra of currently-available Moodies sandstones in the youngest parts of that unit indi-
cate that zircons were largely derived from the same mix of source terranes, but with
varying relative contributions from individual sources. Although the stratigraphically
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highest samples in the Saddleback, Stolzburg and Eureka synclines (09-500, 14-044,
and 12-593, respectively) appear to show a relative enrichment in zircons of the oldest
(3.52–3.55 Ga) cohort relative to stratigraphically lower samples, all three samples rely
on a small number of zircons; in addition, two of those samples (12-593, 09-500) rep-
resent aquatically reworked tuffs and may contain an unquantifiable proportion of
magmatic xenocrysts.

conclusions

The compilation of 31 detrital zircon data sets from the Moodies Group is inter-
nally consistent. They show no conclusive evidence of zircon sources external to the
BGB, thus questioning tectonic models that rely on older basement or “hinterland”
terranes. In particular, there is no recognizable geochronological evidence of a contri-
bution from the Ancient Gneiss Complex of Eswatini (formerly Swaziland), which is
presently in fault contact with the BGB. This agrees with the lack of metamorphic
grains and clasts in Moodies Group strata, and with results from facies mapping.
Rather, age peaks and sedimentary evidence are consistent with the crystallization
ages of zircons in volcanic and plutonic rocks known from the BGB and their role as
sources, in part recycling complex zircon populations from those units.

Limited eHf data from the central BGB suggest that predominant zircon sources
to the Moodies Group should be located south of the BGB-axial Inyoka Fault. Felsic
sedimentary, volcanic and shallow-intrusive rocks eroded from the large, vertically
plunging Onverwacht Anticline and TTG plutons intruding its base would meet all
those criteria, but are volumetrically insufficient to source Moodies Group quartz and
feldspar. Felsic plutonic and subvolcanic sources external to the BGB, now covered or
eroded, and with ages corresponding to the documented pulses of BGB magmatism,
appear to have been required to supply the large volumes of quartz and feldspar char-
acteristic of the Moodies Group. With the exception of one sample from Eswatini, the
youngest coherent cluster of concordant or nearly concordant zircons in all detrital
Moodies sandstone samples agrees well with previous estimates of the onset of
Moodies deposition around 3223 6 1 Ma. The end of deposition is less well con-
strained in this data set, owing to the ambiguous interpretation of aquatically
reworked tuffs with complex age distributions. The youngest concordant age cluster
of any detrital samples yields an age of 3212 6 13 Ma, the youngest discordant zircon
cluster from the stratigraphically highest sample (an aquatically reworked tuff) yields
a discordant age of 32076 27 Ma. Thus, in most BGB regions represented in this data
set, top and base of this up to 3.7 km thick shallow-water unit are of nearly identical
age within the limits of analytical uncertainty of LA-ICP-MS zircon dating.
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Analytical Procedures
Zircon U-Pb results reported in this study stem from published and unpublished

data from seven laboratories listed in table 1. Analyses followed the protocols below.
Mainz University Laboratory (R. Mertz).— Samples 16-303, 16-305, 16-226, 12-003-4,

12-071, 13-351, 14-044 were analyzed and measured by Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) in the Institute of Geosciences,
University of Mainz. Approximately 1 to 2 kg of each sample was crushed to a grain
size of ;250 mm, using a jaw crusher and roller mill. A heavy mineral fraction (mostly
zircon) was obtained by panning with water and ethanol. Zircons for isotopic analysis
were handpicked using a binocular microscope (Olympus SZX16) and mounted in
epoxy resin and polished to expose their centers. This procedure is needed before
imaging the zircons by using an electron microscope (SEM) to obtain cathodolumi-
nescence (CL) images. Imaging with this method delivers insights into the internal
structure of zircons such as inclusions, zoning, alteration, fractures, xenocrystic cores
and metamict domains. The CL images were used to decide which grains to analyze
and where to place the spots.

Zircons were analyzed by using an Agilent 7500ce quadrupole inductively
coupled mass spectrometer coupled to an ESI NWR193 ArF excimer laser system with
193 nm wavelength equipped with a TwoVol2 ablation cell. Ablation was carried out
under a He atmosphere with a flow rate of 0.7 L/min and the sample gas was mixed
with Ar before entering the plasma. After pre-ablation, analyses were conducted using
a 30 mm spot size with 20 s warm up, 30 s ablation and 30 s wash out time. The repeti-
tion rate was 10 Hz at energy density of 3.5 J/cm2, giving a maximum sensitivity. Oxide
rates monitored as 254UO/238U were below 0.3%. The integration times for individual
mass scans were 10 ms for masses 232 and 238, 30 ms for masses 202, 204 and 208. 40
and 60 ms were used for masses 206 and 207, respectively. Reference zircons GJ-1,
Plesovi�ce and 91500 were analyzed after every ten sample zircon spots for calibration
and quality control.

Data reduction was performed by using the software PepiAge (Dunkl and others,
2009) to edit the raw data. An in-house ExcelTM spreadsheet was used to calculate the
different ratios. Time-dependent laser and mass spectrometer-induced inter-element
fractionation (Pb/U) as well as mass fractionation and common Pb were corrected
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using the same in-house spreadsheet. Where necessary, common Pb was corrected.
This included a correction of the interference of 204Hg on 204Pb by measuring 202Hg
and using a 202Hg/204Hg ratio of 0.2299 applied to the background-corrected signals
at m/z 204 and a model Pb isotope composition (Stacey and Kramers, 1975).

Ages, uncertainties and concordia diagrams were calculated using the Isoplot3
add-in for ExcelTM (Ludwig, 2003). Concordia ages were plotted with 2s error ellip-
ses, and discordia intercept ages are given at 95% confidence. Analyses were calibrated
using the 91500 zircon (Wiedenbeck and others, 1995). The reproducibility was con-
trolled by measuring the reference zircons GJ-1 zircon (Jackson and others, 2004) and
Plesovi�ce (Sláma and others, 2008). The results are presented in table S1 where the
isotopic ratios are given with 1s uncertainties. For ages younger than 1.0 Ga,
206Pb/238U ratios were used for interpretation, for ages above 1.0 Ga 207Pb/206Pb was
used.

Arizona LaserGeochron Center (N. Drabon).— 207Pb/206Pb ages of samples MdQ-1,
NAD-130, SAF-683-6, PRS-1, JAH-663-13, JH05-3, JAH-664-2, JH03-1, NAD-128, NAD-
129 were measured by Laser-Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS) with a 20 mm spot diameter at the Arizona LaserChron Center using the
techniques discussed in Gehrels and others (2008) and Gehrels and Pecha (2014).

Beijing SHRIMP Center (A. Kröner).— Zircon isotopic analyses of Sample BA 121,
BA 122 were performed on a SHRIMP II sensitive high-resolution ion-microprobe in
the Beijing SHRIMP Center. Analytical procedures are detailed in Kröner and others
(2014b) and references therein. The reduced 206Pb/238U ratios were normalized to
0.09100, which is equivalent to the adopted age of 561.3 Ma for reference zircon
M257 (Nasdala and others, 2008). For data collection, five scans through the critical
mass range were made. Primary beam intensity was between 3.2 and 3.5 nA, and a
Köhler aperture of 100 mm diameter was used, giving a slightly elliptical spot size of
about 25 mm. Peak resolution at 1% peak height was 4970, enabling clear separation
of the 208Pb-peak from the HfO peak. Sensitivity was between 20 and 25 cps/ppm/nA
Pb on the reference zircon. Analyses of samples and reference materials were alter-
nated to allow assessment of Pb1/U1 discrimination. The one-sigma uncertainty of
the 206Pb/238U ratio during analysis of ten reference zircons during this study was
0.7%. Raw data reduction and uncertainty assessment followed the method described
by Nelson (1997), using the Macintosh software programs Prawn 6.4, WALLEAD 2.7
and Plonk 4.3. Common-Pb corrections were applied using the 204Pb-correction
method, and because of very low counts on 204Pb in most samples it was assumed that
common lead was surface-related (Kinny, 1986). Therefore, the isotopic composition
of Broken Hill lead was used for correction. Analyses with 204Pb counts more than
three times background were corrected using the Cumming and Richards (1975) val-
ues. Uncertainties of individual analyses in table S1 are given at the one-sigma level
and are based on counting statistics. They include the uncertainty in the U/Pb age of
the reference zircon, added in quadrature (Nelson, 1997). The uncertainty of the
pooled analyses is reported at the two-sigma confidence interval. In addition, we
checked on instrumental mass fractionation of the SHRIMP II instrument by analyz-
ing seven grains of reference zircon OG-1 during the course of this study. The recom-
mended 207Pb/206Pb ratio and age for this reference zircon are 0.29907 6 11 and
3465.4 6 0.6 Ma, respectively (Stern and others, 2009). Our analyses yielded a
weighted mean 207Pb/206Pb ratio and age of 0.29912 6 41 and 3465.7 6 2.1 Ma,
respectively, indistinguishable from the recommended values.

Frankfurt University Laboratory (A. Zeh).—Uranium, thorium and lead isotopes of
the samples MO, 13-379, 11-245, LS-2012-13, LS 2012-15/17/24, 09-500, 13-342 were
analyzed using a Thermo-Fisher Scientific Element 2 sector field ICP-MS coupled to a
Resolution M-50 (Resonetics) 193 nm ArF excimer laser (ComPexPro 102F,
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Coherent) system at Goethe-University, Frankfurt, following the method describe in
Gerdes and Zeh (2006, 2009). Data were acquired with a 20 second background mea-
surement followed by 21 second sample ablation. Laser spot-size was 33 mm for
unknowns and the reference zircons GJ-1 (calibration material), Plesovi�ce and OG1.
Ablation was performed in a He stream, which was mixed directly after the ablation
cell with N2 and Ar prior to introduction into the Ar plasma of the SF-ICP-MS. Signal
was tuned for maximum sensitivity for Pb and U, while keeping oxide production,
monitored as 254UO/238U, below 0.5%. The sensitivity achieved was in the range of
9000 to 14000 cps/mg g�1 for 238U with a 33 mm spot size, at 5.5 Hz and about 3.5 J
cm�2 laser energy. The typical penetration depth was about 15 mm. Raw data were cor-
rected offline for background signal, common Pb, laser induced elemental fractiona-
tion, instrumental mass discrimination, and time-dependent elemental fractionation
of Pb/U using an in-house MS Excel© spreadsheet program (Gerdes and Zeh, 2006,
2009). A common-Pb correction based on the interference- and background-cor-
rected 204Pb signal and a model Pb composition (Stacey and Kramers, 1975) was car-
ried out. For the analyzed samples the calculated common 206Pb contents was mostly
<0.5% of the total 206Pb but in rare cases exceeded 2%. Laser-induced elemental frac-
tionation and instrumental mass discrimination were corrected by normalization to
the reference zircon GJ-1 (Jackson and others, 2004) as well as inter-elemental fractio-
nation (206Pb*/238U) during the sample ablation. Reported uncertainties (2s) of the
ratio were propagated by quadratic addition of the external reproducibility (2 SD)
obtained from the reference zircon GJ-1 and the within-run precision of each analysis
(2 SE; standard error).

For 207Pb/206Pb, we used a 207Pb signal-dependent uncertainty propagation
(Gerdes and Zeh, 2009). The 207Pb/235U ratio is derived from the normalized and
uncertainty-propagated 207Pb/206Pb* and 206Pb*/238U ratios, assuming a 238U/235U
natural abundance ratio of 137.88 and the uncertainty derived by quadratic addition
of the propagated uncertainties of both ratios. Analytical results are presented in table
S1. The accuracy of the method was verified during the different sessions by analyses
of three reference zircons: GJ-1 (primary standard), Plesovi�ce and OG1 (secondary
standards). Concordia ages obtained from all three reference zircons were always
within uncertainty identical to the quoted TIMS values of 337 6 0.37 Ma for Plesovi�ce
(Sláma and others, 2008), 3465.4 6 0.6 Ma for OG1 (Stern and others, 2009), and
604.1 6 0.8 Ma for GJ-1 (in-house value, Goethe-Universität Frankfurt, in agreement
with the values quoted in Jackson and others, 2004).

GEUS Copenhagen (T.B. Thomsen).—U-Pb zircon geochronology on sample 17-198
was carried out on mineral separates embedded in epoxy mounts by laser ablation SF
ICPMS at the Geological Survey of Denmark and Greenland. A NWR213 solid state
Nd:YAG laser system from Elemental Scientific Lasers (ESL) mounted with a standard
TV2 ablation cell was coupled to an Thermo-Fisher Scientific Element 2 double-focus-
ing single-collector magnetic sector-field ICPMS. The mass spectrometer was
equipped with Ni cones, quartz torch shielded with a grounded Pt electrode and a
quartz bonnet. Operating conditions and data acquisition parameters are listed in ta-
ble S2. The laser was fired for 15 minutes before operation, providing stable laser out-
put energy and flat ablation craters by the “resonator-flat” laser beam. Prior to
loading, samples and standards were carefully cleaned using ethanol and an ultrasonic
bath to remove surface contamination. The ablation cell with the inserted sample
holder was flushed with helium gas to minimize and stabilize the gas blank level.
Helium was used as the carrier gas and was mixed with argon gas ca. 0.5 m before
entering the mass spectrometer. The mass spectrometer was run for at least one hour
before analysis to stabilize the background signal.
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Just before analysis commenced, the ICP-MS was optimised for dry plasma condi-
tions through continuous linear ablation of the GJ-1 zircon standard. The signal-to-
noise ratios for the heavy mass range of interest (that is, 202Hg to 238U), emphasizing
238U and 206Pb, were maximized, while simultaneously opting for low element-oxide
production levels by minimising the 254UO2/

238U ratio. To minimize instrumental
drift, a standard-sample-standard analysis protocol was followed, bracketing 8 zircon
analyses by at least six GJ-1 zircon standard measurements. For quality control of the
standard analyses, the Harvard 91500 (Wiedenbeck and others, 1995, 2004) and
Plesovi�ce (Sláma and others, 2008) reference zircons were measured regularly during
the analysis sequences, both yielding an averaged age accuracy with < 3 to 4% devia-
tion from reference values, and an averaged internal uncertainty of < 3%. Data were
obtained from single spot analysis using a laser spot size of 20 mm, a nominal laser flu-
ence of ;9.5 J/cm2, and a pulse rate of 5 Hz. Acquisition for single zircon analysis
included 30 sec. background measurement followed by laser ablation for 30 sec., and
washout for 30 sec. Factory-supplied software was employed for the acquisition of the
transient data, acquired through automated running mode of pre-set analytical loca-
tions. Based on the CL and optical images, analyses spots on the grains were set at
inclusion-free locations free of cracks. Data processing and calculation of isotopic
ratios and ages were carried out off-line through the software Iolite v. 2.5 (Hellstrom
and others, 2008; Paton and others, 2011), using the Iolite-integral VizualAge data
reduction scheme by Petrus and Kamber (2012). The VizualAge data reduction
scheme includes a correction routine for down-hole isotopic fractionation (Paton and
others, 2010) and provides routines for data that require correction for common Pb.

Senckenberg Naturhistorische Sammlungen Dresden (U. Linnemann).— Zircon concen-
trates of samples 12-593 and 15-103 were separated from ca. 2 kg-sized samples at the
Department of Geosciences, Friedrich-Schiller University Jena. Samples were crushed
in a jaw crusher (Retsch) and sieved by a sieving machine (Retsch). The fraction of
400 to 40 mm was used for heavy mineral separation by making use of heavy liquid
(LST, lithium heteropolytungstate), which had a density of 2.85 g/cm3. Sample pow-
der and heavy liquid was mixed in a separatory funnel. After about one hour, heavy
minerals were separated, washed with distilled water, and dried in a drying cabinet at a
temperature of 50°C. Final selection of the zircon grains for U–Pb dating was achieved
by hand-picking under a binocular microscope. Zircon grains of all sizes and morpho-
logical types were selected, mounted in resin blocks and polished to half their
thickness.

Zircons were analyzed for U, Th, and Pb isotopes by LA ICP-MS techniques
at the Museum für Mineralogie und Geologie (GeoPlasma Lab, Senckenberg
Naturhistorische Sammlungen, Dresden), using a Thermo-Scientific Element 2 XR
sector field ICP-MS (single-collector) coupled to a RESOlution 193nm excimer laser.
Each analysis consisted of approximately 15 s background acquisition followed by 30 s
data acquisition, using a laser spot-size of 25 and 35mm, respectively. A common-Pb
correction based on the interference- and background-corrected 204Pb signal and a
model Pb composition (Stacey and Kramers, 1975) was carried out if necessary. The
necessity of the correction was judged on whether the corrected 207Pb/206Pb lay out-
side of the internal errors of the measured ratios (Frei and Gerdes, 2009). Discordant
analyses were generally interpreted with care. Raw data were corrected for back-
ground signal, common Pb, laser-induced elemental fractionation, instrumental mass
discrimination, and time-dependant elemental fractionation of Pb/Th and Pb/U
using an Excel® spreadsheet program developed by Albert Richard Roper and Axel
Gerdes (FIERCE, Institute of Geosciences, Johann Wolfgang Goethe-University
Frankfurt, Frankfurt am Main, Germany). Reported uncertainties were propagated by
quadratic addition of the external reproducibility obtained from the standard zircon
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GJ-1 (;0.6% and 0.5–1% for the 207Pb/206Pb and 206Pb/238U ratios, respectively;
Jackson and others, 2004) during individual analytical sessions and within-run preci-
sion of each analysis. In order to test the accuracy of the measurements and data
reduction, we included the Plesovi�ce zircon as a secondary standard in our analyses
which gave reproducible ages of ca. 337 Ma, fitting the results of Sláma and others
(2008). For further details on analytical protocol and data processing see Gerdes and
Zeh (2006). U and Pb content and Th/U ratio were calculated relative to the GJ-1 zir-
con standard and are accurate to approximately 10%.

Stanford SHRIMP (G. Byerly).— Sample SA352-6: Methodology for extraction, imag-
ing and analysis of zircons follows those of Byerly and others (2018). Analyses were
performed using an O2

- primary ion beam with an intensity varying from 2.8 to 3.0 nA.
The primary ion beam spot had a diameter between 20 and 23 microns and a depth of
;2 microns. The acquisition routine included analysis of 90Zr2

16O1, 180Hf16O1,
204Pb1, a background measured at 0.045 mass units above the 204Pb1 peak, 206Pb1,
207Pb1, 208Pb1, 238U1, 232Th16O1, and 238U16O1. All peaks were measured on a single
EPT® discrete-dynode electron multiplier operated in pulse counting mode, with 7
scans (peak-hopping cycles from mass 195.8 through 254). Measurements were per-
formed at mass resolutions of M/DM = 6,500 (10% peak height), which fully separates
Pb isotopes from interfering molecular species.

Calculated 206Pb/238U model ages for zircon were standardized relative to AS3
(1096 Ma; Paces and Miller, 1993; Schmitz and others, 2003), which was analyzed
repeatedly throughout the analytical session. Due to the old ages of the samples, meas-
uring 207Pb/206Pb was the main focus of this study, whereas the U/Pb ages were meas-
ured only to evaluate concordance (or lack thereof). Measured 207Pb/206Pb for
unknowns and standards were corrected for instrument mass fractionation by a factor
of 0.9957 6 0.0023 (or decreased by 0.433%) based on calculated weighted mean of
207Pb/206Pb measurements for OG1 zircon (3465.46 0.6 Ma; Stern and others, 2009).
Data reduction for geochronology follows the methods described by Williams (1997)
and Ireland and Williams (2003), and using the Microsoft Excel add-in programs
Squid 2.51 and Isoplot 3.764 by Ludwig (2009, 2012). The measured 206Pb/238U and
207Pb/206Pb values were corrected for common Pb using 204Pb, assuming the model
Pb composition of Stacey and Kramers (1975). Zircon concentrations for Hf, U, and
Th were standardized relative to the 91500 zircon standard (81.3 ppm U, 28.6 ppm
Th, 6030 ppm Hf; Wiedenbeck and others, 1995; Gehrels and others, 2008), which
was mounted on a separate setup mount.
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