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Abstract—Archean spherule layers represent the only currently known remnants of the early
impact record on Earth. Based on the lunar cratering record, the small number of spherule
layers identified so far contrasts to the high impact flux that can be expected for the Earth
at that time. The recent discovery of several Paleoarchean spherule layers in the BARBS
and CT3 drill cores from the Barberton area, South Africa, drastically increases the number
of known Archean impact spherule layers and may provide a unique opportunity to
improve our knowledge of the impact record on the early Earth. This study is focused on
the spherule layers in the CT3 drill core from the northeastern Barberton Greenstone Belt.
We present highly siderophile element (HSE: Re, Os, Ir, Pt, Ru, and Pd) concentrations and
Re-Os isotope signatures for spherule layer samples and their host rocks in order to unravel
the potential presence of extraterrestrial fingerprints within them. Most spherule layer
samples exhibit extreme enrichments in HSE concentrations of up to superchondritic
abundances in conjunction with, in some cases, subchondritic present-day '®’0Os/'®*0Os
isotope ratios. This indicates a significant meteoritic contribution to the spherule layers. In
contrast to some of the data reported earlier for other Archean spherule layers from the
Barberton area, the CT3 core is significantly overprinted by secondary events. However,
HSE and Re-Os isotope signatures presented in this study indicate chondritic admixtures of
up to (and even above) 100% chondrite component in some of the analyzed spherule layers.
There is no significant correlation between HSE abundances and respective spherule
contents. Although strongly supporting the impact origin of these layers and the presence of
significant meteoritic admixtures, peak HSE concentrations are difficult to explain without
postdepositional enrichment processes.

INTRODUCTION

Because the Earth is geologically active, most of the
ancient terrestrial impact structures have become
obscured with time (the oldest known impact crater
structure is the approximately 2 Ga old Vredefort
structure; e.g., Reimold and Koeberl 2014). The only

evidence for Archean impact events on Earth comes in
the form of distal ejecta in the form of strata bearing,
or being strongly enriched in, impact-derived spherules
(e.g., Lowe and Byerly 1986; Glass and Simonson
2013). Such extensive spherule deposits are rarely
observed in relation to post-Archean impact events and
provide (thanks to their local preservation over
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extremely long periods of time) the only accessible
tracers of the Early Archean impact record.
Paleoarchean impact layers, with ages ranging from 3.4
to 3.2 Ga, have, so far, been identified in the Pilbara
craton in Australia and the Barberton Greenstone Belt
(BGB) in South Africa (e.g., Lowe and Byerly 1986;
Shukolyukov et al. 2000; Simonson et al. 2000, 2009;
Byerly et al. 2002; Lowe et al. 2003, 2014; Hofmann
et al. 2006; Glass and Simonson 2013); some of these
may well be correlated. Such correlations are typically
based on stratigraphic considerations, as well as
concurring zircon ages of sedimentary units in close
proximity to the spherule layers. For example, an
approximately 3470 Ma old spherule bed, preserved in
the Pilbara Craton, is assumed to be correlated with
another one of the same age in the Barberton
Greenstone Belt (Byerly et al. 2002), suggesting that
these spherule deposits may represent a single global
fallout layer that is associated with sedimentation
affected by an impact-generated tsunami.

It remains, however, poorly constrained how the so
far known spherule beds from the Barberton
Greenstone Belt are correlated among each other. After
decades of debate about the enormous (up to slightly
superchondritic) highly siderophile element (HSE: Re,
Os, Ir, Pt, Ru, and Pd) enrichments in some of the
Barberton spherule layers (Koeberl and Reimold 1995;
Reimold et al. 2000), Kyte etal. (2003) and
Shukolyukov et al. (2000) provided convincing evidence
for an impact origin in the form of carbonaceous
chondritic Cr isotope signatures in some of the analyzed
spherule layers. The authors reported the presence of
carbonaceous chondrite-like material, amounting to
~1%, 50-60%, and 15-30% in spherule layers S2, S3,
and S4, respectively. Undoubtedly, these results
provided a major boost for the impact hypothesis for
Barberton spherule layers and were able to explain the
chondritic HSE abundances. On the other hand, the
concentrations above the chondritic HSE abundances
and the values slightly below the chondritic HSE
interelement ratios might best be explained by moderate
postimpact  hydrothermal overprint, or another
alteration/concentration mechanism (see, e.g., discussion
in Koeberl [2014] and Schulz et al. 2017; Mohr-
Westheide et al. 2018).

Lowe and coworkers initially identified four
(possibly up to eight) spherule layers (see, e.g., Lowe
et al. 1989, 2003, 2014). Layer Sl is embedded in the
predominantly volcanic Onverwacht group (Byerly et al.
2002) of the BGB and probably related to a Pilbara
spherule layer in Western Australia (Simonson 1992).
All other known Paleoarchean spherule layers occur
within the sedimentary strata of the Fig Tree Group of
the Barberton stratigraphy. Two recently drilled cores in

the BGB (BARBS and CT3) contain up to 21 spherule
layer intersections. These, in all likelihood though
represent fewer actual impact events, due to likely
possible tectonic duplication and the need to group
some intersections together into one layer (as discussed
by Fritz et al. 2016; Ozdemir et al. 2017; and Hoehnel
et al. 2018). In any case, all these spherule bed
intersections occur in the Fig Tree Group and are of
Paleoarchean age.

However, the high amounts of meteoritic
component identified in many of the Barberton spherule
layers separates these samples from more recent impact
ejecta, which exhibit extraterrestrial admixtures that are
orders of magnitude lower (see Koeberl 2014). Any such
strong admixtures to the Barberton spherule layers
should not only be identifiable by elevated (moderately
and highly) siderophile element abundances (and the
interelement ratios of these elements) but also by their
870s isotope signatures. The long-lived '®’Re-'®70s
isotopic system ('*’Re — "Os + = with a A of
1.64 x 107" year™!; Smoliar et al. 1996) is a significant
tool for studying impact craters and their ejecta (e.g.,
Palme 1982; Koeberl and Shirey 1997; Koeberl 2007,
2014; Koeberl et al. 2012). Both Re and Os are
siderophile elements. Due to the, compared to Os, more
incompatible behavior of Re during mantle melting, Os
is depleted within crustal material while Re is enriched
("Re/'®®0s ~50 for continental crust; Esser and
Turekian [1993], compared to ~0.39 for chondrites;
Shirey and Walker 1998). As a consequence, crustal
material evolves to radiogenic '*’Os values over time
(~1.4 for the average continental crust, compared to
~0.12 for chondrites; Peucker-Ehrenbrink and Jahn
[2001] and Shirey and Walker [1998]). Together with the
contrasting HSE contents between the average
continental crust (ppt level; e.g., ~30 ppt Os; Peucker-
Ehrenbrink and Jahn 2001) and chondrites (ppb level;
e.g., ~500 ppb Os in CI chondrites; Tagle and Berlin
2008), the difference in '*’Os signatures provides the
basis of the Re-Os isotope tool. Even tiny admixtures in
the percent- and sub-percent level of extraterrestrial
material to impactites lead to significant deviations from
the '"8’Os signatures of the typically crustal target
material at impact sites. However, mafic target
lithologies exhibit more mantle-like (and, thus, nearer to
chondritic) '"*’Os signatures, leading to less sensitive
mixing relationships between the terrestrial and
extraterrestrial endmembers. A careful petrographic
inspection of the samples at the impact site is, thus,
always a prerequisite in the discussion of both HSE
abundances and '"¥70s/"®0s isotope data of impactites.

Following detailed spectroscopic and petrochemical
investigations, implying a single impact scenario for the
BARBS spherule layers (Fritz et al. 2016), Schulz et al.
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(2017) reported HSE and Re-Os isotope data of these
spherule layers, leading to the suggestion that up to
three distinct impact events could be represented by the
analyzed four spherule layers. However, an open debate
remained as to whether or not some of these layers/
events can be correlated with the S1 to S4 horizons (see
Ozdemir et al. [2017] for the detailed explanation of
these layers). In addition, a petrographic and
geochemical studies by Ozdemir et al. (2017) and
Hoehnel et al. (2018) on the CT3 core reported
mineralogical and geochemical evidence for the
existence of three spherule-bearing intervals, hosting up
to 14 distinct spherule sections. It was discussed that
they represent at least three different impact events. In
order to further strengthen the conclusions drawn from
this investigation, we here present concentrations of
selected HSE in conjunction with '8’Os isotope
signatures of both, spherule-bearing horizons and
spherule-free host rocks from the CT3 core.

SAMPLES

All samples analyzed in this study were collected
from the CT3 core, which was drilled through Fig Tree
Group sediments in the northeastern BGB (for more
detailed information, see, Ozdemir et al. [2017] and
Hoehnel et al. [2018]). The latter authors reported that
only Ni- rich Cr-spinel (up to 11 wt% NiO) crystals,
rare zircon grains, and alloys of platinum group
elements, which include also Fe and/or Ni, represent
primary phases in these otherwise thoroughly altered
strata of the CT3 spherule layer sections. Fifteen
samples from all three spherule intervals of the CT3
core (as described in Ozdemir et al. 2017) were analyzed
for their HSE concentrations using isotope dilution, and
their '*70s/'®*0s isotope ratios (Table 1). The samples
include nine spherule layer samples (spherule-
groundmass assemblages) and six country rock samples
(mostly shales and cherts; see Ozdemir et al. [2017]
for petrographic sample descriptions). We also
performed replicate measurements of samples B-SH11
and B-SH19s. The analyzed samples and their positions
within the spherule layer-hosting CT3 core sections are
schematically shown in Fig. 1. Names of samples
analyzed in this study are the same as those introduced
in Ozdemir et al. (2017) and include the prefix A, B, or
C (for the respective spherule layer interval of the CT3
core), SL (for spherule layer), SH (for shale), followed
by numbers according to the sample positions within
the drill core section (see Fig. 1). An “s” denotes
samples containing sulfides. It should, in addition, be
noted that all country rock samples from this study lie
in close proximity to the next spherule layers. They are
visibly free of spherules but are possibly affected by

impact-related or postimpact element mobilization and
diffusive interaction with the neighboring spherule
layers. Moreover, the country rocks include Ni-rich
chromium spinels (a suggested carrier phase of the
meteoritic component in CT3 drill core; see Mohr-
Westheide et al. 2018), which are either detached from
spherules or included in tiny spherule fragments (see
also explanations in Ozdemir et al. 2017).

The two lithologies analyzed in this study, country
rocks and spherule layers are stratigraphically related to
the Fig Tree Group, which contains shales, black shales,
cherts, greywackes, and jaspilites (e.g., Hofmann 2005),
all deposited between 3.2 and 3.5 Ga (Ozdemir et al.
2017). Average HSE data for Fig Tree Group sediments
from the literature (Siebert et al. 2005) are shown in
element correlation diagrams throughout this study, for
comparison.

METHODS

18705/1880s ratios and Os concentrations of the
spiked samples were determined at the Department of
Lithospheric Research at the University of Vienna,
Austria, by using a ThermoFinnigan Triton thermal
ionization mass spectrometer operating in negative ion
mode. Between ~0.1 and ~0.6 g of homogenized sample
(obtained from ~2 g rock fragments cut with diamond
saw blades from the quarter drill core sections) were
spiked with a mixed tracer solution (enriched in *’Ru,
105pq, ¥5Re, '°0s, "'Ir, and '"*Pt). The sample-spike
mixtures were then digested in 7 ml inverse aqua regia
(HNO5-HCI: 5+ 2 ml) at 250°C and 100-130 bars in
an Anton-Paar high-pressure asher for 12 hours.
Osmium and the other HSE were then separated
according to the extraction procedures described in
Cohen and Waters (1996). Osmium was further
purified by microdistillation (Birck et al. 1997) and the
other elements were separated using a procedure
adapted from the method of Pearson and Woodland
(2000). For mass spectrometric analysis, Os was loaded
as a bromide (OsBr;) on Pt ribbon filaments (0.02 mm
thick, 1 mm wide) together with a saturated Na(OH)/
Ba(OH), activator solution (see Luguet et al. 2008).
Osmium was measured as OsO; ions in a peak
hopping mode using a secondary electron multiplier
(SEM) detector. Isobaric interferences attributable to
W-  or Pt-oxide were not observed. Isobaric
interferences of '"’Re on '*’Os were monitored by
measuring '®ReO; (mass 233) and were corrected for,
if observed. Mass fractionation was corrected offline
using '?20s/'*%0s = 3.083 (Brandon et al. 2005; Luguet
et al. 2008). The total Os procedural blank was
~6 £ 4 pg (n = 3), contributing less than 0.1% to most
of the measured Os concentrations.
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Fig. 1. Schematic stratigraphic column for the CT3 drill core intervals containing spherule layers and country rock layers
(modified after Ozdemir et al. 2017). The layer names discussed in this work are written in black.

Rhenium, Ir, Pt, Ru, and Pd concentrations were
determined using a Thermo Element XR SF-ICP-MS in
single collector mode at the Steinmann-Institute at the
University of Bonn, Germany, using methods described
in Luguet et al. (2015). Total blanks for this study
(n = 4) were ~4 pg for Re, ~3 pg for Ir, ~70 pg for Ru,
~22 pg for Pt, and ~50 pg for Pd. Due to the extremely
high concentrations of HSE in most of the analyzed
samples, blank corrections were mostly minor or

negligible. In the case of low-HSE concentrations (e.g.,
samples B-SHI11-II or B-SL7), blank corrected values
are reported.

RESULTS

Concentrations of HSE and '®’0s/'*®0Os isotope
ratios for all analyzed samples are compiled in
Table 1.
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Highly Siderophile Elements

Samples from spherule layers and country rocks
exhibit similar HSE contents. The contents in the nine
spherule layer samples vary from 0.03 to 1931 ppb for
Ir, from ~3 to 2721 ppb for Os, from ~0.3 to ~100 ppb
for Ru, from ~1.5 to 3778 ppb for Pt, from ~0.2 to
4705 ppb for Pd, and from ~0.1 to ~95 ppb for Re. In
comparison, HSE abundances in the country rock
samples range from ~0.4 to 2328 ppb for Ir, from ~0.1
to 2371 ppb for Os, from ~11 to ~165 ppb for Ru, from
~6 to 3559 ppb for Pt, from ~5 to ~30 for Pd, and from
~0.1 to ~130 ppb for Re. Notably, the highest HSE
concentrations in CT3 samples are up to two orders of
magnitude higher compared to contents observed in
average Fig Tree Group sediments (Siebert et al. 2005)
and, except for Re and as shown in Fig. 2, even higher
than those measured in other spherule layers from the
BGB. Other Archean spherule layers showed maximum
Ir concentrations of 240 ppb in the S4 layer (Kyte et al.
1992), 1518 ppb in the S2 layer (Reimold et al. 2000),
~700 ppb in the S3 layer (Lowe et al. [2003] and
references therein), 357 ppb in the Paraburdoo spherule
layer (Goderis et al. 2013), 725 ppb in the S3 layer
(Kyte et al. 2003), and 552 ppb in the BARBS5 core
(Schulz et al. 2017).

Schulz et al. (2017) reported a bimodality between
BARBS spherule and country rock layers, with a rough
tendency of increasing HSE contents in samples with
successively higher spherule contents. Moreover, Mohr-
Westheide et al. (2015) and Fritz et al. (2016), reported
a correlation between HSE contents and Ni-spinels
within BARBS5 samples and concluded that the Ni-
spinels are the HSE carrier phases. Such, although
rough, correlations between HSE contents and density
of the spherules, could not be found for the CT3
samples analyzed in this study. Notably, a recent study
by Mohr-Westheide et al. (2018) confirmed an
association of HSE phases and Ni-Cr spinels in CT3
layers, which were found in spherule layers and country
rocks (B-SL5b, B-SL8, B-SH13, B-SH19s, B-SL10, and
C-SL17). They also presented HSE alloys as the reason
of a nugget effect which causes these extreme HSE
enrichments, together with secondary alterations such
as HSE-bearing sulfarsenides observed in spinel
fragments. Notably, the observation of similarly high Ir
values in spherule layers and neighboring country rocks
was also reported for the S2 layer by Reimold et al.
(2000).

Replicate isotope dilution analyses for two CT3
country rock samples, B-SH11 and B-SH19s, resulted in
significantly different concentrations for B-SHI1 (e.g.,
47.6 versus 0.4 ppb Ir and 192 versus 6 ppb for Pt), but
similar values for the B-SHI19s replicates (e.g., 2328

. SH19s-1
Ssin
B, —

“EsL12a
0.1 4

0.01 4

0.001 4

HSE / Cl Chondrites

0.0001 4
i earas sphoruies [l Fio Tree Group Sediments
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—— SLE - 517
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== SLSb =e= SLiZa
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0.00001

Fig. 2. Highly siderophile element patterns for samples of the
CT3 layers normalized to CI values of Palme and Jones
(2003). Analyzed spherule layers are shown as black lines, and
gray lines show the analyzed country rock samples. The dark
gray area represents Fig Tree Group sediments from the BGB
(Siebert et al. 2005) and the light gray area presents BARBS
spherule samples from Schulz et al. (2017).

versus 2057 ppb Ir and 3660 versus 3497 ppb for Pt).
This might result from an inhomogeneous distribution
of HSE carrier phases in the bulk sample powder and
exemplifies that such a nugget effect may be more
significant for samples at the low-ppb HSE level (B-
SHI11) compared to samples at the high-ppb HSE level
(B-SH19s).

The influence of the proposed inhomogeneous
distribution of the HSE carrier phases in the bulk rock
powder on measured concentrations between replicates
is also our preferred interpretation for concentration
differences between data obtained by different
techniques. Table 1 shows isotope dilution-generated Os
and/or Ir abundance data for some samples in
comparison with data obtained by Ozdemir et al.
(2017), who wused instrumental neutron activation
analysis (INAA). In each case separate aliquots of
approximately the same weight were analyzed (between
~50 and ~200 mg) with the different techniques. Again,
comparably “high-HSE samples” from both lithologies
(spherule layer material versus country rock samples;
e.g., B-SHI19s, B-SL5b) show almost no marked
differences in the Os and Ir concentrations between the
different replicates (B-SH11 and B-SH19s) and
techniques (INAA and isotope dilution) applied.
However, samples (e.g., B-SL6, B-SL7) from
comparably “low-HSE samples” in some cases exhibit
significant differences of up to an order of magnitude
between different techniques, although mostly yielding
consistent results (e.g., A-SL1b, A-SL2).

Figure 2 shows Cl-normalized HSE abundance
diagrams for all analyzed CT3 samples. CT3 samples
with the highest HSE abundances (B-SL5b, B-SLI10s,
B-SH19-1/11, B-SL12a, C-SL17, and C-SH26) exhibit a
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Table 2. HSE interelement ratios for CT3 samples.
Layer Os/Ir Ru/Ir Pt/Ir Pd/Ir Cr/Ir® Os/Pt Os/Re Ir/Pt Re/Pt Ru/Pd
A-SL1b 2.014 23.92 60.06 0.084 125.1 0.042 0.001
A-SL2 2.693 3.052 81.55 0.882 40.22 0.328 0.022
B-SL5b 1.409 1.956 2.437 3.554 0.720 47.41 0.511 0.015
B-SL6 98.66 23.33 55.00 102.0 25100 1.794 15.58 0.018 0.115 0.229
B-SH11-I 0.003 3471 4.036 0.632 1.898 0.001 0.032 0.248 0.024 5.496
B-SH11-11 4.333 14.33 215.2 0.302 2.800 0.070 0.108
B-SL7 26.90 2.364 12.91 1.364 4081 2.085 14.09 0.077 0.148 1.733
B-SH12s 0.028 2.743 4.106 1.315 9.758 0.007 1.000 0.243 0.007 2.085
B-SLS8 43.03 1.882 3.191 1.023 34.21 13.48 2055 0.313 0.007 1.840
B-SL10s 1.802 1.288 3914 1.399 10.15 0.776 0.138
B-SL12a 1.258 2.224 0.432 0.566 16.56 0.450 0.034
B-SH19s-1 0.958 1.572 3.934 0.609 0.636
B-SH19s-11 1.042 1.700 4.454 0.613 16.44 0.588 0.037
C-SL17 1.082 2.592 22.97 0.417 63.41 0.386 0.007
C-SH26 1.501 1.684 4.394 0.891 5.493 0.594 0.162
Chondrites*  ~1.005-  ~1.431- ~1.868- ~0.985- ~4.415- ~0.476— ~9.749— ~0.422—- ~0.038-  ~0.906-1.494

1.291 1.691 2.367 1.728 10.72 0.614 15.41 0.535 0.054

“Data for chondrites from Fischer-Godde et al. (2010).

°Cr data for CT3 samples from Ozdemir et al. (2017) and for chondrites from Tagle and Berlin (2008).

tendency toward less fractionated patterns when
compared to the samples with the lowest HSE
concentrations. Osmium/Ir and Pt/Ir ratios (as
summarized in Table 2), for example, vary from 0.03 to
98.66 and from 3.05 to 14.33 for “low-HSE samples”
(e.g., samples A-SL1b, A-SL2, B-SL6, B-SH11, B-SL7,
and B-SH12s) and from 0.95 to 1.80 for Os/Ir and from
1.28 to 2.59 for Pt/Ir for “high-HSE-samples” (e.g.,
samples B-SL5b, B-SH13, B-SL10s, B-SL12a, BSH19s,
C-SL17, and C-SH26).

Osmium Isotope Signatures

The '"%70s/'*0s ratios vary from ~0.11 to ~0.16 in
spherule layer samples and from ~0.108 to ~1.12 in
country rocks. Thus, spherule layer samples always
exhibit low, near-chondritic '¥70s/'™®0s isotope
signatures (e.g., ~0.129 for mantle- or ~0.126 to 0.128
for chondrite-like values; Shirey and Walker 1998),
whereas country rocks vary from similarly low values to
typical crustal signatures (~1.4; Peucker-Ehrenbrink and
Jahn 2001). Such crustal values also cover the average
(nonimpact-related) Fig Tree Group sediment '87Os
signatures (Siebert et al. 2005). Notably, the lowest
1870s/'¥80s ratio in this study was measured for country
rock sample B-SH13 with a value of ~0.108; see
Table 1). The lack of a clear distinction between '*7Os
signatures in spherule layer samples and country rocks
is similar to what is observed for the HSE contents in
the same samples (which show maximum concentrations
in both lithologies).

For comparison, it should be noted that the least
radiogenic '®70s/'®80s ratio reported for (nonimpact-

related) sediments from any other sedimentary unit
within the Barberton Greenstone Belt (e.g., Moodies
Group, Manjeri Formation) is ~0.29 (Siebert et al.
2005). Furthermore, the only lithology that exhibits
similarly low '®70s/'®®0s ratios compared to the least
radiogenic CT3 samples are volcanic rocks from the
Onverwacht Group, especially the komatiites. However,
komatiites from the Barberton area are completely
unrelated to the CT3 core and have, in contrast to CT3
samples, HSE concentrations in the “low-ppb” level
("870s/"80s ratios vary from ~0.1048 to ~0.1970, and
Os and Ir contents varying from 1.30 to 1.40 ppb;
Puchtel et al. [2009, 2014] and Connolly et al. [2011]).
In contrast to the '*’Os signatures, the '*’Re/'*%0s
isotope ratios display a dichotomy between spherule
layer samples (values ranging from ~0.002 to ~0.338)
and country rocks (~0.290 to ~168). Thus, the CT3
country rock samples, on average, mirror and exceed
typical '*"Re/'®*0s ratios of (not impact-related) Fig
Tree Group sediments, which range from ~0.4 to ~9
(Siebert et al. 2005). Interestingly, the complementarity
of the '"’Re/'"™0s values between the CT3 lithologies
(lower in spherule samples, higher in country rocks) is
comparable to the behavior of the respective ratios in
the BARBS core. Country rocks intercalating the four
BARBS5 spherule layers are generally devoid of
spherules, represent Fig Tree Group metasediments, and
exhibit '"Re/'®%0s ratios between ~0.19 and 0.31
(Schulz et al. 2017). In contrast, '®"Re/!'®*Os ratios for
BARBS spherule samples range from ~0.01 to ~0.15
(Schulz et al. 2017). This distinctive Re/Os isotope
dichotomy between country rocks and spherule layers,
now confirmed for BARBS and CT3 samples, might be
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Fig. 3. Maximum and minimum Ir concentrations of early
Archean spherule layers from the BGB. Data for S1 to S5
from Lowe et al. (2003, 2014), S2* data from Reimold et al.
(2000) and BARBS data from Schulz et al. (2017). The shaded
background shows maximum and minimum Ir abundances of
chondrites; data from Tagle and Berlin (2008).

a result of processes that are directly related to the
impact event (see Discussion section).

Back-calculated (to an age of ~3.2 Ga; Brandl et al.
2006) '¥70s/'*0s ratios ("*70s/'®0s;) range from
~0.1068 to ~0.1291 for spherule layer samples and from
~0.1088 to ~0.1655 for the country rock samples,
reflecting non-isochronous behavior. Importantly, the
chondritic '"¥70s/'*®0s initial ratio (at ~3.2 Ga) is ~0.105
(Shirey and Walker 1998). Therefore, all CT3 samples
exhibit either near-chondritic or slightly superchondritic
initial '®’0s/'®%0s ratios. Again, comparable results
were found for samples from the BARBS core (Schulz
et al. 2017).

DISCUSSION
Meteoritic Admixture and Secondary Processes

As already noted by Ozdemir et al. (2017), an
extraterrestrial contribution to the CT3 samples is
indicated by petrographic and geochemical observations,
especially the high abundances of Os and Ir. The refined
and extended data set for HSE presented in this study
further strengthens this conclusion. Notably, the
maximum HSE abundances presented here (peak values
for Ir and Os of 1931 ppb and 2721 ppb, respectively) are
the highest ever reported for spherule layers so far.

Figure 3 shows the ranges of Ir concentrations
measured for early Archean spherule deposits from the
Barberton Greenstone Belt, in comparison to the range
for chondritic meteorites. Only spherule deposits (the S2
layer analyzed by Reimold et al. [2000] and the CT3
spherule layer analyzed in this study and by Ozdemir
et al. [2017]) exhibit significantly superchondritic values

(see Fig. 3). Schulz et al. (2017), using trace element
plots, provided a comparison of these spherule layers
with the BARBS samples. They concluded that both S2
and CT3 spherule deposits experienced moderate
secondary  alteration. ~ Syn- and/or  postimpact
mobilization of the HSE via hydrothermal overprint
were highlighted as one contributing factor that could
explain the superchondritic total abundances (Koeberl
and Reimold 1995; Schulz et al. 2017). However,
hydrothermally driven enrichments of HSE of up to
chondritic or even superchondritic values from samples
already enriched in ET component (near-chondritic
HSE levels) are not easy to explain and almost
impossible to explain for samples with no ET
component at all. We note that such hydrothermal
processes would have to accidentally create or preserve
near-chondritic interelement ratios (in the case of the
CT3 samples those found in the most HSE enriched
samples). Also, most spherule layer samples in general
(e.g., Schulz et al. 2017) and, especially, the CT3
samples either plot on, or in the direct continuation of,
roughly lincar HSE correlation trends (see Fig. 4)
connecting Fig Tree Group sediments and chondrites.
This circumstance would be difficult to achieve
coincidentally by  hydrothermally  driven  and
contemporaneous mobilization of all HSE. Last, it was
experimentally shown that, although evidence for some
selective  HSE mobility exists (which, if at all,
predominantly affects the Pt/Pd budgets in sulfide
containing systems; e.g., Wallace et al. 1990; Colodner
et al. 1992; Barnes and Liu 2012), mobilization of Ir or
Os under the conditions of hydrothermal alteration is
difficult to achieve (Keays et al. 1982; Martin 1991).
Instead, we propose that the HSE covariations,
shown in Fig. 4, mostly represent mixing trends
generated by varying extraterrestrial admixtures to the
CT3 samples. Varying meteoritic admixtures also provide
the best explanation for the observed trends toward less
fractionated HSE patterns for the most HSE enriched
CT3 samples (thus, showing near-chondritic interelement
ratios). This conclusion is supported by Fig. 5, where Os/
Ir ratios are plotted versus Ir contents for all CT3
samples. In addition, highly varying Os/Ir ratios for CT3
samples with comparably low Ir contents (below ~1 ppb)
contrast with the narrow trend for Os/Ir ratios defined by
CT3 samples with high total Ir contents (high-ppb level).
Therefore, and as already noted for other Archean
spherule layers, our data imply enormous amounts of
meteoritic admixtures of up to 100% (Kyte et al. 2003;
discussion in Hofmann et al. 2006; Schulz et al. 2017).
Superchondritic total abundances might either be
explained by the involvement of impactor material not
represented in the known chondrite groups (ranging for,
e.g., Ir from ~340 to ~2640 ppb from CI to CB
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Fig. 4. Interelement diagrams for CT3 layers, Fig Tree Group sediments (data from Siebert et al. 2005), and chondrites (data from
Tagle and Berlin 2008). A) Os versus Ir (R> = 0.83). B) Os versus Pt (R*> = 0.77). C) Os versus Re (R* = 0.67). D) Ir versus Pt
(R? = 0.95). E) Re versus Pt (R*> = 0.63). F) Ru versus Pd (R> = 0.86). Also shown are the HSE concentration ranges for Fig Tree
Group sediments (Siebert et al. 2005) with dashed ellipses, BARBS spherule layers (Schulz et al. 2017) with light gray-shaded areas,
and chondrites (data from Tagle and Berlin 2008) with dark gray areas. R is the correlation factor for spherule layers samples.

chondrites, respectively, e.g., Tagle and Berlin 2008;
Horan et al. 2003), or HSE fractionation and enrichment
during generation of the carrier phases inside the impact
vapor plume. Postimpact mechanical enrichment of HSE
carrier phases in the rocks could also be explored as a
possible cause.

Besides the similarities mentioned above, a general
difference between the CT3 and BARBS spherule

deposits is the lack of a bimodality in HSE abundances
(and ''Os isotope signatures; see discussion below)
between spherule layer samples and country rocks in the
CT3 samples. Although in the BARBS core clevated
HSE signatures are mostly correlated with the spherule
content of the analyzed samples (see discussion in
Schulz et al. 2017), maximum HSE concentrations in
CT3 samples can be observed in both spherule layers
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Fig. 5. Diagram of Os/Ir versus Ir for spherule layer and
country rock samples from the CT3 drill core, indicating a
trend toward chondritic Os/Ir ratios with increasing Ir
abundances. Data for chondrites were taken from Tagle and
Berlin (2008).

samples (i.e., spherule-groundmass assemblages) and
intercalating country rock samples.

If the carrier phases of the meteoritic component in
the CT3 core would exclusively be related to spherules,
this could argue for the existence of crushed or
otherwise fragmented spherules in the CT3 country
rocks (which all occur in close vicinity to the next
spherule layer). However, Mohr-Westheide et al. (2015,
2018) reported the occurrence of HSE-rich metal alloys
associated with Ni-rich chromium spinels within and
detached from the spherules (i.e., embedded in the shale
groundmass) in the BARBS and CT3 spherule layer
sections. They identified these alloys as the likely carrier
phases of the extraterrestrial component. An alternative
explanation besides postulating crushed spherules within
the country rocks could, thus, be an independent
formation of chromium spinels and spherules within the
impact vapor plume. In this scenario, chromium spinel
could have been associated in the spherules but could
also have been incorporated into shales by postimpact
wave action in the shallow sea, also noted by Mohr-
Westheide et al. (2018). However, the modal abundance
of such spinels in our samples might not be high
enough to fully explain the amount of meteoritic
component present.

The '¥Os Isotope Evidence

Schulz et al. (2017), in their study on the BARBS
spherule layers from the BGB, pointed out that the
870s/'%80s signatures (a) are consistently less radiogenic
in the spherule-containing samples compared to the
spherule-free lithologies; (b) in some spherule-containing
samples the measured values are subchondritic; and (c)
back-calculated to the time of impact, data never plot

below the chondritic evolution line at that time (in fact
the least radiogenic values were exactly chondritic at
~3.4 Ga). The latter fact was interpreted in favor of a
chondritic contamination of the samples, whereas the
sometimes subchondritic present-day '®’Os signatures
were interpreted as resulting from Re-loss during or in
the wake of the impact event, either by diagenetic
mobilization or due to impact vaporization (see
discussion in Schulz et al. 2017).

Although lacking an obvious bimodality between
the lithologies, '®’0s/'®®0s signatures for CT3 rocks
behave similarly. The CT3 core samples define a mixing
trend between average Fig Tree Group sediments and
chondritic endmembers in '®’0s/'®®0s versus Os and
versus Ir diagrams (see Fig. 6). The '*’Os isotope ratios
in CT3 spherule samples and most country rocks vary
from slightly subchondritic to slightly superchondritic
(the present-day minimum value for chondrites is ~0.12;
Walker et al. 2002). More radiogenic values are
exclusively measured in CT3 country rocks and range in
8705/"880s ratio from ~0.33 (sample B-CH6s, similar to
average Fig Tree Group sediments; Siebert et al. 2005)
to typical crustal values as high as ~1.13 (for sample
B-SH11). None of the CT3 samples exhibit back-
calculated (to ~3.2 Ga) '"*’Os signatures lower than the
chondritic value at that time (~0.105; Shirey and Walker
1998). These data further substantiate the postulated
chondritic admixture to the CT3 samples. Comparable
to the BARBS5 samples, subchondritic present-day
¥70s/'%0s ratios CT3 samples (see Table 1) can be
reasonably explained by an '®’Os isotope evolution with
subchondritic Re/Os ratios (Fig. 7). Subchondritic
87Re/"®80s ratios were reported for BARBS spherule
samples (in contrast to intercalating BARBS5 country
rocks) by Schulz et al. (2017) in the same way as they
are reported here for CT3 spherule layer samples in
contrast to average CT3 country rocks. The best
explanation is that Re was selectively volatilized during
the high-temperature impact event (either in- or outside
the impact vapor plume, thereby lowering the Re/Os
ratios in the spherule-containing samples).

Duplications of Layers, Number of Separate Events, and
the Nature of the Impactor

Based mainly on petrographic and geochemical
similarities, Ozdemir et al. (2017) suggested a lower
number of individual spherule layers represented by the
intersections in the CT3 core, not 17 but only 14. They
are assigned to three different intervals A to C, and it
was ecvaluated that these intervals could possibly
represent a minimum of three deposits and, thus,
impact events. Hoehnel et al. (2018), based on similar
investigations and deliberations, concluded that the CT3
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the CT3 drill core samples. Chondrite data from Walker et al.
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spherule layers could be variably assigned between 3 to
13 individual impact events. They also emphasized that
uncertainty about the actual number of impact events
remains due to the complex folding deformation
observed throughout the drill core. Obviously, it is
difficult to identify tectonic or otherwise duplication of
layers and stratigraphic relationships only by having
access to drill core sections. However, the most reliable
constraints on this issue can, in our mind, be drawn
from the fact that one CT3 layer (spherule layer 15 as
described by Ozdemir et al. 2017 and Hoehnel et al.
2018) from a core depth of 145 m is unique compared
to all others in being the only grain-size sorted layer,
which probably was deposited by fallout through a
water column. Additionally, there is a ~70 m gap
between depth intervals B and C, with no hint at

duplication at the meter scale (Ozdemir et al. 2017).
These observations can best be explained by different
fallout deposits, most likely representing a minimum
number of three individual impact events represented by
the CT3 spherule layers. All other claims to propose
numbers of impact events, especially regarding those
involving different spherule textures and compositions,
remain speculative. This was also highlighted by
Davatzes (2011), who, based on hydrocode modeling,
claimed that impact plumes are heterogeneous in
temperature and cooling rate and resulted in
fractionation within the plume, leading to spherules of
varying compositions and textures (thereby also
supporting a conclusion raised above regarding HSE
fractionation and superchondritic total abundances).
Data presented in this study (in conjunction with
geochemical data presented by Ozdemir et al. 2017) can
be interpreted in line with the propositions regarding the
number of impact events represented in the CT3 core as
mentioned  above.  Highly  siderophile element
abundances, for example, are exclusively subchondritic in
interval A (with maximum Ir values of up to 6 ppb),
subchondritic to superchondritic in interval B (peak Ir
concentrations of up to 2300 ppb), and subchondritic to
chondritic in interval C (maximum Ir concentrations of
300 ppb). Initial '870s/'®%0s signatures vary from
chondritic to superchondritic in all intervals, showing no
clear distinction between the proposed spherule intervals.
Besides the HSE interelement trends discussed in
this study, the chondritic initial '®’0s/'®0s isotope
signatures at the time of impact/s (~3.2 Ga) represents
the most robust evidence for a chondritic impactor. Due
to the highly varying HSE concentrations of up to
significantly superchondritic values, and due to possible
HSE fractionation within the impactor plume(s), it is
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not possible to draw any conclusions about the type of
chondritic impactor(s) involved.

CONCLUSIONS

The detection of meteoritic signatures in impactites
is significant because, under ideal conditions, it allows us
to place constraints on the types of impactors and
impactor fluxes. In this regard, the Archean spherule
layers from the Barberton area (South Africa),
representing distal impact ejecta, are unusual as their
meteoritic admixtures are the highest ever reported for
any impactites worldwide, and they represent (so far) the
only accessible impact-related rock record of the early
bombardment history of our planet. Previous work
performed by Ozdemir et al. (2017), on the recently
drilled CT3 core (containing up to 17 spherule layers)
provided evidence for an extraterrestrial admixture to
the spherule layers and their intercalating country rocks
(mostly shales and cherts). The observed superchondritic
Os and Ir concentrations in some of these spherule
layers led to the present study, which provides a detailed
further investigation of the CT3 layers using their HSE
concentrations in conjunctions with '¥’Os isotope
signatures. The following conclusions can be drawn:

1. Spherule layer samples (spherule-matrix
assemblages) and country rocks (shales and cherts
intercalated with the spherule layers) both exhibit
HSE concentrations ranging from sub- to
superchondritic values;

2. The maximum concentrations in some of the CT3
samples analyzed in this study reach concentrations
of up to ~2300 ppb Ir (and ~2700 ppb Os),
representing the highest values ever reported for
Archean spherule layers from the Barberton area,
or in impactites in general;

3. In contrast to the BARBS layer, HSE concentrations
in the CT3 spherule section do not even roughly
correlate with spherule density (number of spherules
per area). Peak HSE concentrations can be observed
in (spherule-free) country rocks and spherule layers.
This, together with trace element diagrams for both
cores presented by Schulz et al. (2017), point toward
significant secondary overprint in the CT3 compared
to the BARBS spherule layer sections;

4. All CT3 samples define rough linear mixing trends
connecting impact-unrelated Fig Tree Group sediments
with chondrites in HSE interelement diagrams, strongly
supporting the existence of varying amounts of an
extraterrestrial component in the samples;

5. The presence of near-chondritic or even
superchondritic HSE concentrations in spherule
samples and country rocks (in close vicinity to the

next spherule layer) suggests the presence of
fragmented or otherwise crushed spherules in the
country rocks, or postdepositional mechanical
enrichment of chromium spinel (HSE carrier phases;
Mohr-Westheide et al. 2015, 2018).

6. Alternatively, superchondritic HSE abundances
might be best a result of fractionation processes
within the impact vapor plume, maybe accompanied
by postdepositional ~mechanical or chemical
enrichment of HSE carrier phases in the rocks,
making quantification of inherited meteoritic
admixtures problematic;

7. Initial '*’Os isotope signatures of most samples
(back-calculated to ~3.2 Ga) range from chondritic
(~0.105; Shirey and Walker 1998) to superchondritic
(up to 0.165), arguing for a chondritic impactor (or
a differentiated asteroid with similar bulk
composition, possibly not represented in our
present-day meteorite inventory);

8. Present-day '*’Os values in some CT3 samples are
slightly ~ subchondritic, resulting from isotope
evolution with a subchondritic Re/Os ratio, probably
resulting from Re-loss at the time of impact via
volatilization, or in the wake of the impact event via
hydrothermal activity or mechanical enrichment.
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