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Abstract The nature of Earth's earliest crust and crustal processes remain unresolved questions in
Precambrian geology. While some hypotheses suggest that plate tectonics began in the Hadean, others suggest
that the Hadean was characterized by long-lived protocrust and an absence of significant plate tectonic
processes. Recently proposed trace-element proxies for the tectono-magmatic settings in which zircons formed
are a relatively novel tool to understand crustal processes in the past. Here, we present high-spatial resolution
zircon trace and rare earth element geochemical data along with Hf and O isotope data of a new location with
Hadean materials, 4.1-3.3 Ga detrital zircons from the 3.31 Ga Green Sandstone Bed, Barberton Greenstone
Belt. Together, the hafnium isotope and trace element geochemistry of the detrital zircons record a major
transition in crustal processes. Zircons older than 3.8 Ga show evidence for isolated, long-lived protocrust
derived by reworking of relatively undepleted mantle sources with limited remelting of surface-altered material.
After 3.8 Ga, Hf isotopic evidence for this protocrust is muted while relatively juvenile source components

for the zircon's parental magmas and flux-like melting signatures become more prominent. This shift mirrors
changes in Hf isotopes and trace element geochemistry in other Archean terranes between ~3.8 and 3.6 Ga
and supports the notion that the global onset of pervasive crustal instability and recycling—A possible sign for
mobile-lid tectonics—Occurred in that time period.

Plain Language Summary The nature of Earth's earliest crust and crustal processes remains
enigmatic due to the almost complete lack of a rock record older than 4.0 billion years (Ga, Hadean Eon) and
the scarcity of rocks between 4.0 and 3.6 Ga (Eoarchean Era). One unresolved question is when mobile-lid
tectonics commenced. To study the Hadean, the only direct record is from the mineral zircon, but Hadean
zircon is rarely found. Here, we report a combination of isotopic and geochemical analyses on Hadean to
Eoarchean zircons from the Barberton Greenstone Belt, South Africa, to expand our understanding of the
changing nature of Earth's early crust. We find that pre-3.8 Ga zircons were not formed in a subduction zone
setting, a hallmark of modern plate tectonics. Instead, the early crust originated from remelting of crust derived
from a relatively undepleted mantle and, in comparison to modern mantle-derived crust, was distinctive in its
longevity. Post- 3.8 Ga, geochemical signatures of the zircons start showing similarities to those of zircons
derived from modern subduction zones. This shift can also be seen in other zircon suites in the 3.8-3.6 Ga time
window, possibly indicating major transition in crustal geochemistry and global onset of mobile-lid tectonics in
that time period.

1. Introduction

The nature of tectono-magmatic processes during early Earth history remains one of the major questions in
Precambrian geology. Due to the lack of a rock record for Earth's first 500 Ma, this question is directly addressed
primarily through the study of detrital zircon geochronology, isotope geochemistry, and trace and rare earth
element (TREE) geochemistry. Certainly, the timing of the onset of mobile-lid tectonics has key implications
for the evolution of early life. Today, mobile-lid tectonics is the major driver for volatile cycling and continental
growth. Its onset would cause a substantial change in the compositions of the oceans and atmosphere, create new
terrestrial habitats and, hence, play a key role in the evolution of life. From the limited evidence available, two
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major hypotheses have emerged for crustal processes during the early Earth: Earth was more similar to today than
previously thought and plate tectonics commenced shortly after Earth's formation (Hypothesis A), or the Hadean
Earth was very different from today and was dominated by localized remelting of long-lived protocrust and an
absence of significant plate tectonic activity (Hypothesis B). Hypothesis A is a uniformitarian model in which
zircon-bearing Hadean rocks formed in plate-boundary settings (Harrison et al., 2018). In this scenario, active
plate boundaries allowed for the recycling of mafic crust in subduction zones and transport of surface-derived
volatiles into the mantle, causing flux melting. Hypothesis A is mainly based on unradiogenic Hf isotope values
suggesting that significant silicate fractionation occurred (Bell et al., 2011, 2014; Harrison et al., 2005, 2008),
zircon model melt compositions similar to modern arc rocks (Turner et al., 2020), low Ti-in-zircon temperatures
suggestive of wet melting conditions (Harrison et al., 2018; Harrison & Schmitt, 2007; Watson & Harrison, 2005),
and zircon mineral inclusions suggestive of broadly granitic (Maas et al., 1992; Peck et al., 2001) and perhaps
even specifically peraluminous granitic protoliths (Bell et al., 2015; Harrison et al., 2018; Hopkins et al., 2008;
Trail et al., 2017), although other researchers have proposed parent rocks similar to Archean tonalite, trondh-
jemite, granodiorite (TTGs) with more intermediate composition (Carley et al., 2018; Cavosie et al., 2005, 2019;
Fu et al., 2008; Reimink et al., 2020). Hypothesis B is a non-uniformitarian model and is characterized by
the absence of significant plate tectonic activity. In this regime, zircon-bearing rocks formed within long-lived
protocrust, either in local oceanic plateaus or a global stagnant lid (e.g., Campbell & Griffiths, 1993; Kamber
et al., 2003; Kemp et al., 2010; Shirey et al., 2008; Zeh et al., 2014). Hypothesis B is supported by whole rock
Pb isotopic analyses from Greenland gneisses interpreted as Pb incorporated from a long-lived, 4.3 Ga basaltic
source (Kamber et al., 2003) and Nuvvuagittuq TTGs interpreted to be derived from 4.3 to 4.4 Ga mafic proto-
crust based on Pb-Hf data (O’Neil et al., 2013). In addition, Hadean to Eoarchean zircons from different Archean
terranes share subchondritic ;. values that decrease through time along similar trajectories (Bauer et al., 2017,
Bell et al., 2011; Chaudhuri et al., 2018; Kemp et al., 2010; Mueller & Wooden, 2012; Ranjan et al., 2020). This
Hf pattern points to crustal processes dominated by in situ reworking of older crust rather than by reworking
of relatively juvenile additions such as seen in modern plate margins. During the late Eoarchean between 3.8
and 3.6 Ga, these different Archean terranes show a shift to more radiogenic &, values indicating an influx of
juvenile magmas (Bauer et al., 2017, 2020; Bell et al., 2014; Chaudhuri et al., 2018; Fisher & Vervoort, 2018;
Mueller & Wooden, 2012), possibly signaling the global onset of mobile-lid tectonics (possibly sluggish plate
tectonics) and more widespread continent formation (e.g., Fisher & Vervoort, 2018; Shirey et al., 2008; Vervoort
et al., 2016, 2017).

To alleviate some of the uncertainty around the interpretation of the Hf isotope record of the Jack Hills zircons
(e.g., Whitehouse et al., 2017), Turner et al. (2020) recently used zircon trace and rare earth element geochemistry
(TREE) to calculate model melt compositions. They proposed that the Jack Hills zircons carried a subduction
signature throughout the Hadean and Archean, at odds with non-uniformitarian models for the Hadean Earth.
One problem with model melt compositions is the dependence of partition coefficients (Kds) on a range of
parameters, including pressure, temperature, redox state and composition of the source (Blundy & Wood, 2003).
In particular, temperature has a large effect on mineral-melt partitioning, and it is hence crucial to find Kds
within the same temperature range, which may not always be available. Turner et al. (2020) used Kds applicable
for high-temperature melts, yet all Jack Hills zircons yield relatively low Ti-in-zircon crystallization tempera-
tures. The use of a specific set of Kds also introduces the problem that all zircons are treated as if they formed
under a very limited range of conditions; however, due to the detrital nature of these zircons and the ~1 Ga span
of their ages, they must have been derived from multiple and/or evolving sources, each source likely requiring
different Kds. The reliability of using detrital zircon TREES to infer whole rock TREE compositions was recently
called into question by a study comparing calculated model melt compositions of Eoarchean zircons from the
Acasta Gneiss Complex with the whole rock composition; the zircon model melts did not match whole-rock REE
patterns for any given set of zircon-melt Kds (Reimink et al., 2020).

Instead of calculating model melt compositions based on partition coefficients, a more robust approach is to
directly evaluate zircon TREE. This way, the variation in relevant partitioning controls (i.e., source composition,
pressure, temperature, and redox state) for each tectono-magmatic domain are accounted for and hence some of
these uncertainties can be avoided. Based on a global compilation of several thousand igneous zircons, Grimes
et al. (2015) have shown that several TREE ratios, especially those based on U-Th-Nb-Sc-Ce-Yb systematics, can
discriminate between zircon from melts generated in modern subduction arc environments, those derived from
melting of relatively depleted mantle sources such as mid-oceanic ridge environments, and those from relatively
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Figure 1. Map of the Barberton greenstone belt and detrital zircon geochronology of the Green Sandstones Bed (GSB). (a) Generalized map of the Barberton
Greenstone Belt and (b) a detailed geological map of the study area modified from Lowe et al. (2012) with sample locations. Sample NAD-106 was taken from the GSB
type locality and corresponds to sample numbers SA 22 and SA 51 of Byerly et al. (2018) Sample NAD-180 was taken from a second locality which corresponds to SA
811 of Byerly et al. (2018). (c) Probability density plots (PDPs) of 2°’Pb/?%Pb detrital zircon geochronology from different stratigraphic intervals of the GSB. Insets
represent detailed age spectra of zircons >3600 Ma. MDA = maximum depositional age. Colors of PDPs highlight different age clusters.

undepleted mantle sources such as plume-derived environments as seen in Iceland and Hawaii. These discrim-
inatory ratios will remain diagnostic even if the crust experienced subsequent closed-system reworking within
the same crustal setting. While the pioneering study by Grimes et al. (2015) requires follow-up to more broadly
confirm these relationships and to explain the processes controlling them, additional studies are consistent with
the Grimes et al. characterization (Barth et al., 2017, 2018; Coombs & Vazquez, 2014; Tang et al., 2017).

The Hadean to Paleoarchean crustal record is sparse, and the Jack Hills detrital zircon record often dominates
the discussion of crust formation on the early Earth. A new location with relatively abundant Hadean zircons is
the 3.31 Ga Green Sandstone Bed (GSB), South Africa, which has undergone lower grade metamorphism than
all other known Hadean detrital zircon localities (Byerly et al., 2018; Drabon et al., 2021; R. R. Fu et al., 2021).
The GSB zircons provide a unique record of the early Earth to test the robustness of crustal evolution models.
The GSB shows excellent preservation because the sediment was silicified prior to compaction and subsequently
experienced only lower greenschist-grade metamorphism (Tice et al., 2004). Overall, the zircons of the GSB
record ~800 My of silicic igneous activity from 4.15 to 3.31 Ga (Figure 1, Figure S1 in Supporting Infor-
mation S1), with major age clusters at 3.31 Ga (at the top of the GSB), 3.38 Ga (at the base of the GSB), and
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minor clusters at 3.65 Ga and 4.1 Ga (Byerly et al., 2018; Drabon et al., 2021). Lowe et al. (2021) studied the
sedimentology, stratigraphy, and provenance of the GSB. They found that the sources to the GSB may have
been uplifted by the S6 meteorite impact far removed from the present-day BGB and that the sediments were
transported for long distances to the site of deposition by aeolian processes. R. R. Fu et al. (2021) studied the
paleomagnetic record of 19 zircons >3.5 Ga in the GSB but found that GSB zircons have magnetic moments
nearly one order of magnitude weaker than Jack Hills zircons, precluding the retention of primary paleomagnetic
information. Most relevant to this study, Drabon et al. (2021) have shown that the trace element signature of the
Hadean zircons of the GSB are primary and consistent with a relatively undepleted mantle source, such as seen in
Iceland or Hawaii. The zircons were derived from magma compositions ranging from higher temperature, more
primitive magmas to lower temperature, more evolved TTG-like magmas that experienced some reworking of
hydrated crust. However, the long-term evolution of crustal sources from the Hadean to the Mesoarchean in the
source region is still unresolved. Here, we use the TREE signatures combined with Hf and O isotope ratios of
the excellently preserved GSB zircons to characterize the crustal processes active in the source. Furthermore, we
reevaluate the trace element signatures of zircons from the Jack Hills to test the robustness of a possible global
crustal transition in the 3.8 to 3.6 Ga time window.

2. Materials and Methods

Zircons used for this study were previously dated by Drabon et al. (2021) (Data Sets S1 and S2 in Supporting
Information S1; for methodology see original manuscripts) and Byerly et al. (2018) and were obtained from the
GSB type locality (NAD-106; S25°54'33.11" and E31° 2'42.35") and a second locality further west (NAD-180;
$25°53'56.50" and E31° 2'2.13"; Figure 1b). We analyzed these zircons for their Lu-Hf isotope (Data Sets S3—-S5
in Supporting Information S1), TREE geochemical (Data Set S6 in Supporting Information S1), and O isotope
compositions (Data Set S7 in Supporting Information S1). Where zircons were large enough, multiple analyses
were performed on a single grain. The relatively small size of the zircons (generally <100 pm) and the neces-
sary order of analyses (e.g., U-Pb first) required that often only a sub-selection of geochemical criteria could be
coupled within the same zircons.

2.1. Hafnium Isotope Analyses

Lu-Hf isotope analyses were conducted on 329 zircons during two analytical sessions at the Arizona LaserChron
Laboratory. Lu-Hf isotope laser ablation analyses had a beam diameter of 40 pm and were placed directly on
top of the LA-ICP-MS U-Pb analysis pit (Figure S2 in Supporting Information S1). Cathodoluminescence (CL)
images of the zircons were subsequently evaluated to only include analyses in which the Hf and U-Pb spots
were within the same domain. We monitored isotopic and interelement ratios during sequential U-Pb and Hf
isotope measurements to ensure that the ablations did not pass through more than one zircon domain. Due to the
small size of the zircons, we were not able to perform multiple analyses on a single grain. Six zircon reference
materials were used: 91,500, Mud Tank, Temora, PleSovice, FC1, and R33 (see Figure S3 in Supporting Infor-
mation S1 for 7SHf/!"7Hf and '7Lu/!""Hf of 91,500, see Data Set S4 in Supporting Information S1 for plot of all
other reference materials). We followed the methods described in (Gehrels & Pecha, 2014) and (Ibanez-Mejia
et al., 2014). Zircons were ablated using a Photon Machines Analyte G2 excimer laser system. Typical Hf signals
were ~2-5 V of "'Hf. Unknowns were run in blocks of 25 bracketed by measurements of reference zircons
91,500, R33, Mud Tank, Temora-2, Plesovice, and FC-53. Zircon Lu-Hf isotopic data were reduced line-by-line
using “HfCalc,” the LaserChron in-house data reduction program. Initial epsilon (¢) Hf values were calculated
using the present-day Lu-Hf CHUR values of Bouvier et al. (2008) and the A('7°Lu) of Scherer et al. (2001) and
Soderlund et al. (2004). All Hf isotopic data are reported as €y, evaluated at the time of crystallization based
on the 2%Pb/27Pb age. Reported uncertainties for '7°Hf/!7’Hf reflect the in-run uncertainty, and the reported 2se
in g units do not account for age or 7®Lu/!7’Hf uncertainty and therefore represent minimum uncertainties.
However, the 7°Lu/!7"Hf uncertainties are (conservatively) <3% (2se) and uncertainties of this magnitude would
not contribute significantly to the ;. Data reduction and reporting protocols follow the recommendations of
Fisher et al. (2014). Hf isotope ratio uncertainties are reported as the standard error (SE) of the mean at the 95%
confidence interval. For the zircon reference materials, the 7SHf/!7"Hf 2SD reproducibility ranges from 0.000054
to 0.000084 (session 1) and 0.000012 to 0.000067 (session 2), with averages of 0.000070 and 0.000049, respec-
tively (Data Set S4 in Supporting Information S1). The within-session deviation between measured and true
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reference material '7*Hf/!”7Hf ranges from 0.000001 to 0.000048. For detrital zircon analyses, it is impossible
to evaluate a population and therefore a conservative estimate of the uncertainty is the reproducibility of the
reference material analyses (Fisher et al., 2014), which for our data set is sometimes larger than the SE of the
unknowns. The average reproducibility of the zircon reference materials is indicated with symbols in Figure 2.
LA-ICP-MS ages were used to calculate initial € values with the exception of two zircons. These include one grain
where cracks probably affected the LA-ICP-MS analysis but not the SHRIMP U-Pb analysis (SA811p2-158) and
one grain where multiple SHRIMP analyses consistently yield ages ~100 Ma older than the LA-ICP-MS analysis
(SA811p2-163). We use the same depleted mantle array starting at 3.8 Ga as suggested by Vervoort et al. (2017).
The zircon reference material and sample results between the two sessions agree well (Figures S3 and S4; Data-
Sets S4 and S5 in Supporting Information S1).

2.2. Trace and Rare Earth Element Analyses

Zircon trace element analyses were conducted on the SHRIMP-RG (reverse geometry) ion microprobe in the
co-operated Stanford and U. S. Geological Survey SUMAC facility at Stanford University (SU), using the same
techniques and instrument as in Grimes et al. (2015). Prior to analysis, the LA-ICP-MS holes on the zircons
were filled with superglue and lightly repolished to make them flat to minimize topography. The mounts were
then cleaned with a 10% ethylenediaminetetraacetic acid, thoroughly rinsed with DI water, and dried at 50°C in
a vacuum oven for 30 min. The sample surface was coated with ~10-20 nm of gold for conductivity and imme-
diately loaded into the instrument sample lock chamber for storage at high vacuum (<1077 torr) to minimize
outgassing during analysis.

An O,~ primary beam with accelerating voltage of 10 kV was used to sputter secondary ions from the sample
surface with a 0.8-2.8 nA primary beam current focused to ~15-20 pm. Prior to analysis, spots were pre-sputtered
for 60 s using a ~40 pm raster to remove gold coating and surface contamination, and the primary and secondary
beams were auto-tuned to maximize transmission. The acquisition included analysis of 37 masses: 'Li*, 'B*, 1°F+
(sessions 2,3), 2Na*, 27Al*, 30Si+, 31p+, 39K+, 40Ca*, 28Si'°0+ (sessions 2,3), ¥*Sc*, 30Si'°0 (session 1), ¥Ti*
(sessions 2,3), “Ti*, FFe*, 89Y+, 3Nb*, 92Zr H*, %71+, 19 a+, 140Ce*, H6Nd*, 47Sm+, 5By, 155Gd+, 19Ho*,
I9TB160+, 162Dy 160+, 196160+, 169Tm 160+ (sessions 2,3), I2Yb160*, 1SLul60+, 9Zr, 160+, 1SOHf160+, 206Ph+,
207pb+, 232Th!60, and 2¥U'°0O*. Count times ranged from 2 to 15 s per mass to optimize counting statistics for
each isotope. Data were collected over 1 scan per spot for a total run time of ~18 min, collected by magnet
peak-jumping on an ETP discrete-dynode electron multiplier. The background for the electron multiplier is very
low (<0.05 cps) and is statistically insignificant for the trace elements reported in this study.

The SHRIMP-RG was designed to provide higher mass resolution than other forward geometry large-format ion
microprobe instruments (Clement & Compston, 1994), and can operate at high mass resolution without an energy
filter with minimal loss of transmission of secondary ions. The mass resolution (M/AM) was set to ~12,000
(measured on 3?Y) to resolve interfering molecular species, particularly for ¥*Sc, 48Ti, and REE. **Nb requires
mass resolution of ~14,325 (10% peak height) to fully resolve it from °2Zr'H, and is therefore measured on the
shoulder of the peak-flat to avoid the overlapping interference.

Trace element concentration data were standardized against the well-characterized MAD-559 zircon material
(Coble et al., 2018) and 91,500 (Wiedenbeck et al., 2004) was analyzed as a secondary reference material.
Data were reduced using the MS Excel add-in program Squid2.51 from Ken Ludwig (2001), following proce-
dures reported by Grimes et al. (2015). All inter-element ratios were normalized to 3°Si during our first session
and 2Si'%0* on sessions 2 and 3. A small number of individual analyses were not recorded because a sudden
fluctuation in signal indicated that the ratios may not be reliable for that analysis. All TREE data are reported in
the Data Set S6 in Supporting Information S1.

2.3. Oxygen Isotope Analyses

Oxygen isotope analyses were conducted at the WiscSIMS National Facility for Stable Isotope Geochemistry
at the University of Wisconsin-Madison, USA, and the GeoForschungsZentrum (GFZ) in Potsdam, Germany.
In total, we conducted 277 analyses. Overall, the analytical results of the two O isotope sessions agree well,
confirming that little to no bias exist between the two facilities (Figure S5a in Supporting Information S1). Thir-
ty-eight zircons were analyzed with two spots and seven were analyzed with three spots. When multiple spots
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Figure 2. Compilation of zircon isotope and trace element results. (a) Probability density functions of detrital zircons from
the base (0-200 cm stratigraphic height) and top (475 cm) of the Green Sandstone Bed. Inset is detailed enlargement of the
older zircon populations. (b) &y versus time. The inset shows long-term 2SD for three of the analyzed reference materials
(91,500, FC-1, and Plesovice). (c) U/NDb versus time. Zircons derived from magmatic arcs have values of U/Nb > 20 and
those from mantle-derived melts of U/Nb < 40 (Grimes et al., 2015). Gray bar reflects the zone in which arc and mantle
signatures overlap. The green bar indicates first to third quartile of typical Phanerozoic continental arcs. The orange bar
indicates first to third quartile of typical Phanerozoic depleted and relatively undepleted mantle sources (MORB and ocean
islands). (d) Sc/YDb versus time. Grimes et al. (2015) determined Sc/Yb of 0.1 as a demarcation value between arc- and
mantle-related settings (red dashed line), though some overlap exists (see Figure 3c). The green bar indicates first to third
quartile of typical Phanerozoic continental arcs. The orange bar indicates first to third quartile of typical Phanerozoic depleted
and relatively undepleted mantle sources (MORB and ocean islands). (¢) §'%0 versus time. All data presented here are from
filtered zircons only (see methods for filtering criteria). DM = depleted mantle. All uncertainties are plotted as 2s.
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were analyzed within a single zircon, most zircons showed good reproducibility (0.24 %o difference on average
for analyses that passed all filters). Only two of these grains show deviation in their §'80 values, indicating differ-
ential zircon response to secondary alteration (Figure S5b in Supporting Information S1).

At WiscSIMS, 8'30 and '°OH/'°O data were obtained over two days using the CAMECA IMS-1280 ion micro-
probe. Analyses were done in multicollector mode, analyzing °O~, 30~ and '°O'H", by following procedures
described elsewhere (Kita et al., 2009; Valley & Kita, 2009; Wang et al., 2014). The zircons were compared to the
reference zircon KIM-5 (580 = 5.09%0 VSMOW; Valley, 2003). A 13Cs* primary ion beam with a total impact
energy of 20 keV was focused on the sample surface for 3.5 min (incl. 10 s of pre-sputtering, 120 s of automatic
tuning of the secondary beam, and 80s of data acquisition). The spot size was 8 X 9 pm at the sample surface.
The spot-to-spot precision of individual §'30 analyses is estimated to be the two standard deviations (2s) of the
reproducibility of bracketing zircon reference material KIM-5 (on average 0.24%o), as discussed previously (Kita
et al., 2009; Valley & Kita, 2009). WiscSIMS oxygen isotope data are reported in the Data Set S7 in Supporting
Information S1.

At the GFZ, a Cameca 1280-HR was used to analyze zircon during a single session that lasted over a four-day
period. Machine calibration was based on the zircon reference material 91,500 (8'%0 = 9.86 %0; Wiedenbeck
et al., 2004) and the quality control material Temora2 (580 = 8.20 %o; Valley, 2003). The SIMS analyses
employed a '3Cs+ primary beam with a total impact energy of 20 keV and were run in static multi-collection
mode. The primary ion beam was focused to a ca. 6 or 3 pum diameter depending on the primary ion current used
for a given analysis. Each analysis was preceded by an 80 s pre-sputtering using either a 20 or a 15 pm raster,
needed to locally remove the gold coat and to establish equilibrium sputtering conditions. The primary beam was
rastered over an area of between 15 X 15 pm, 8 X 8 um, and 5 X 5 pm during data acquisition, the size depend-
ing on the amount of space available on the given zircon grain. Each change in primary raster parameters was
accompanied by its own individual calibration using that raster on both the primary reference material (91,500)
and the quality control material (Temora2). Ongoing checks of the reference material 91,500 found no detectable
drift in instrumental mass fractionation during our session and the repeatability of the 91,500 reference material
was +0.30%o (2s), or better, regardless of the primary beam current that was employed. For Temora2, a slight
bias was detected ranging from 0.07 to 0.22%. toward a lighter isotope ratio as compared to the recommended
value. Based on these observations, the data are reliable at the +0.4%o level (2s) or better when considering both
bias and repeatability. GeoForschungsZentrum oxygen isotope data are reported in the Data Set S7 in Supporting
Information S1.

2.4. Filtering of Hf, O, and TREE Data

The isotopic and geochemical measurements can be biased by chemical alteration, especially in radiation-dam-
aged zones, cracks, or inclusions. The SIMS and laser beams were focused on sites with no obvious impurities
and imaged with CL, back scattered electron and/or transmitted light microscopy after analyses to identify anal-
ysis spots that were located on subsurface cracks or inclusions (Figure S2; Data Sets S8 and S9 in Supporting
Information S1). A few grains were lost due to subsequent cleaning and could not be imaged. We excluded all
analyses where the analytical pits revealed such cracks or inclusions. Furthermore, we used zircon CL textures
to differentiate igneous from metamorphic zircon and to ensure that the analyses were conducted in the same
crystallographic domain as the U-Pb analyses (Cavosie et al., 2005; Hoskin & Black, 2000). Of the CL-imaged
zircons, oscillatory zonation is most common (n = 247), indicating that the majority of the zircons are of igne-
ous origin. Other well-known igneous zonation patterns, such as sector zoning (n = 14), do occur but are rela-
tively rare. A few zircons show complex patterns (n = 10). Indicators of zircon alteration, such as homogenous
(n = 53) or patchy (n = 31) CL patterns are relatively more common in the older zircons. Otherwise, no obvious
trend between zonation type and age of the zircons was observed. We rejected analyses that were located on
rims, that mixed domains (i.e., mix of core and rim), or from zircons with CL patterns that were not obviously
igneous. For hafnium isotope analyses at the LaserChron Lab, all analyses were screened for within-sample
zonation in ""Hf/!7’Hf and '7®Lu/!7’Hf. Zircons in which ablation revealed the transition between two or more
domains with distinctly different initial '7®Hf/'”’Hf (variation outside of ~0.000070 2se, which is near the upper
bound of uncertainties in this study) during a single analysis, and analyses that burned through the zircon were
excluded. For oxygen isotope analyses at WiscSIMS, '®OH/'®0 is an effective parameter to monitor alteration of
radiation-damaged domains in zircon that have been altered (Wang et al., 2014). We excluded analyzed zircons
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with elevated background-corrected '*OH/'0 (>7 x 107%) as they are hydrous and likely appreciably radia-
tion-damaged (Figure S6a in Supporting Information S1). We furthermore filtered zircons with high internal 2s
uncertainties (>0.36%o, Figure S6b in Supporting Information S1) and low yields (<1.67 Geps/nA, Figure S6¢ in
Supporting Information S1). For §'30 analyses at the GFZ, zircons with low '°0 counts per second (<2.1 x 10° at
15 pm beam, Figure S7 in Supporting Information S1) were discarded. For TREE analyses, we applied conserv-
ative geochemical screens to filter analyses that show elemental enrichments of non-constituent cations and thus
signify contamination or alteration related to metamictization (Grimes et al., 2015), resulting in the exclusion of
about a third of the analyses. Ca and P serve as screens for apatite inclusions and we excluded zircons with high
Ca (>50 ppm) and high P abundances (>1,000 pm). Similarly, cracks commonly contain iron and titanium oxides
(Harrison & Schmitt, 2007) and thus we excluded analyses with elevated Fe (>100 ppm). Grains with high Al
abundance (>100 ppm) were excluded as well as they signify glassy or feldspathic melt inclusions, or altered (i.e.,
metamict) domains. Analyses that passed all filters are combined in Data Set S10 in Supporting Information S1.

3. Results
3.1. Hf Isotope Results

Hf isotope compositions for the 4.15-3.80 Ga GSB zircons are subchondritic, ranging from a maximum value
of —1 g units at 4.1 Ga to values as low as —7.5 g units at 3.8 Ga. The majority of these data fall on a
broad crustal g, versus age array with increasingly negative e values persisting until shortly after 3.8 Ga
(Figure 2b). At least one Hadean zircon (SA811p2-186, 4097 + 19 Ma, 92% concordance) falls significantly
below this main e};-time array and exhibits an g1 value of —7.0 + 3 (2s, Figure 2b). Because this zircon shows
oscillatory zoning in cathodoluminescence (CL; Figure S2 in Supporting Information S1), Th/U values >0.1 and
consistency between three 618OVSMOW spots (8.03 + 0.27 %o, 8.06 + 0.27 %o, and 8.28 + 0.27 %o; 2s, Data Set S7
in Supporting Information S1), we interpret the e, value to be primary. It is notable that no zircons older than
3.8 Ga have superchronditic e, values.

Starting at 3.8 Ga, the g values become more varied (generally between —6 and +3), including a signifi-
cant number of chondritic and superchondritic values (Figure 2b). The occurrence of values at or above CHUR
suggests that zircon was being derived from juvenile magmatic additions to the crust. At the same time, the
presence of values below CHUR supports mixing with and/or reworking of older crust. It is notable that the main
Hadean g,y -time array attenuates shortly after 3.8 Ga. Only a single post-3.8 Ga g, analysis (SA51p1-287) at
3548 + 16 Ma (98% concordance) with faint oscillatory CL pattern, Th/U of 0.82 (U = 362 ppm; Th = 297 ppm),
and a mantle-like 8'30 value (5.44 + 0.18%o, 2s) fits that array.

After 3.43 Ga, the data plot along vertical age-g,; trends (Figure 2b). The dominant zircon-age cluster of the
GSB at 3.38 Ga shows predominantly subchondritic & values with a range in values extending between —8 and
+2. The age cluster at 3.31 Ga shows a spread in values from slightly subchondritic (—1 to —6 & units) at the
base of the GSB to slightly superchondritic (3 to —2 s, units; Figure S4a in Supporting Information S1) at the
top, indicative of a shift in magma composition during a single magmatic episode.

3.2. Trace Element Geochemistry and Petrogenetic Implications

The vast majority of zircons in the GSB show TREE signatures similar to pristine igneous zircon. Metamorphic
zircons typically display a Th/U < 0.1 (Hoskin & Black, 2000), whereas GSB zircons have Th/U values well
above 0.1 (only two zircons that passed all other filters have <0.1; see methods for description of filters). Simi-
larly, the GSB zircons show chondrite-normalized REE patterns with light REE depletion, heavy REE enrich-
ment, a positive Ce anomaly, and a negative Eu anomaly (Figure S8 in Supporting Information S1) which are
consistent with an igneous origin and compositions unaffected by alteration associated with metamictization
(Hoskin & Schaltegger, 2003).

To distinguish arc from non-arc zircon sources, ratios of U-Nb-Sc-Ce-Yb are especially reliable when several
discriminatory element ratios are considered together (Barth et al., 2017; Grimes et al., 2015; Figures 2 and 3;
Figure S9 in Supporting Information S1 for discrimination diagrams using U/Nb, Nb/Sc, Ce/Nb, Sc/Yb, and
Sc/U) because local petrogenetic processes may affect individual trace element ratios but are unlikely to affect all
proxies collectively. Furthermore, Drabon et al. (2021) have shown that secular cooling did not significantly affect
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Figure 3. Trace and rare earth element plots after Grimes et al. (2015). (a) U/YDb ratio versus Hf for zircons from the Green Sandstone Bed. (b) U/Yb versus Nb/Yb
with insets showing the effect of open-system (Rayleigh) fractionation of select minerals on the displayed system (Grimes et al., 2015). The upper boundary of the
zircon mantle array roughly represents a U/Nb of ~20. (c) U/Yb versus Sc/Yb. Colored fields represent a global compilation of zircons from different Phanerozoic
tectono-magmatic settings (Grimes et al., 2015). The outer contour line is shown at the 95% level which represent the proportion of the distribution within the contour.
See Figure S9 in Supporting Information S1 for additional discrimination diagrams using U/Nb, Nb/Sc, Ce/Nb, Sc/Yb, and Sc/U). All uncertainties plotted as 2s.

these crucial trace element ratios and that the tectono-magmatic fields in the Grimes discrimination diagrams are
still applicable for Paleoarchean to Hadean zircons. The most reliable proxies used for identifying those zircon
that formed in a subduction-zone environment discussed here are (1) the relative depletion of Nb (i.e., higher U/
Nb values; Figures 2c and 3b) and (2) the relative enrichment of Sc (i.e., higher Sc/Yb values; Figures 2d and 3c¢):

(1) The relationship between U and Nb in magmatic systems is influenced by depth of melting, metamorphic
dehydration of oceanic crust (Baier et al., 2008; Pearce, 1982), variations in mantle source composition (as is seen
today between modern mid-oceanic ridge and plume magmas) and crustal assimilation (Grimes et al., 2015). In
U/YDb versus Nb/Yb space (Figure 3b), mantle-derived zircons define an empirically determined mantle array
with the upper boundary roughly representing a U/Nb value of 20. Within this mantle array, zircon derived from
depleted mantle melts can generally be distinguished from those derived from relatively undepleted mantle melts
(and arc magmas) by lower Nb/Yb (<0.005) and lower U/Yb values (<0.1; Figure 3b). Zircon from subduction
settings, on the other hand, can be distinguished from zircon from mantle-derived settings by the relative deple-
tion in Nb and enrichment of U. This is displayed by a shift toward lower or buffered Nb/Yb values and increasing
U/Yb values (i.e., an increase in U/Nb values) compared to typical mantle compositions (Figure 3b). In U/Yb
versus Nb/YDb space, there is some overlap between the arc and mantle fields, with zircon derived from magmatic
arcs having U/Nb values >20 while those derived from depleted and relatively undepleted mantle generally
display values <40 (Figures 2c and 3b). Lastly, it should be noted that Nb depletion does not provide conclusive
evidence for subduction processes as these signatures could perhaps be formed by alternative mobile-lid tectonic
processes that caused burial of hydrated crust, such as through sagduction/partial convective overturn.

Most pre-3.8 Ga zircons fall into the relatively undepleted mantle field (Figures 2c and 3b). Most U/Nb values
(average 17.6) are far lower than the typical range of magmatic-arc signatures in modern zircons (typically U/
Nb of 56-131, Figure 2¢) and are more like those in relatively undepleted mantle sources such as seen today in
Iceland or Hawaii (U/Nb of 13-19; Grimes et al., 2015). These results confirm those from Drabon et al. (2021)
for Hadean GSB zircons and extend the predominance of the undepleted mantle signature to 3.8 Ga. Only a single
pre-3.8 Ga zircon plots above the mantle array toward higher U/Yb and relatively lower Nb/Yb values (i.e., U/
Nb > 40; Figure 3b), a signal that at least some crust may have experienced subduction-like flux melting of basalt.
From 3.80 to 3.65 Ga, the zircons show a spread in compositions, ranging from U/Nb of 7-151 (average 67.7 with
one outlier at 525; Figure 2c), with roughly equal numbers falling into the fields for both arc and mantle sources.
After 3.65 Ga, U/Nb values are generally but not exclusively >20 (average 42.6); many of the zircons plot in the
arc field or within the transitional zone between mantle and arc fields, and could thus represent either process.

(2) Scandium enrichment, as tracked by Sc/Yb in zircon (Figures 2d and 3c), is also a reliable proxy for distin-
guishing melts produced in a subduction zone vs. melting of relatively depleted and undepleted mantle sources
(Grimes et al., 2015). Grimes et al. (2015) suggest that Sc concentrations are low in zircons associated with
melts derived by non-arc melting of mantle sources (i.e., melting of the relatively undepleted or depleted mantle)
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because these environments produce almost exclusively basaltic melt that must undergo extensive fractionation
to produce a sufficiently silica-rich melt that will be saturated in zircon. During this extensive fractionation, the
residual melt is depleted in Sc by fractionation of the ferromagnesian minerals, clinopyroxene and amphibole.
Primary melts produced in modern arc environments are more silicic in character and, depending on the starting
Zr concentration, can either directly saturate in zircon or can saturate with much less fractionation. As a conse-
quence, Sc/Yb values are relatively elevated for zircons in arc environments (roughly >0.1; Figures 2d and 3c;
Grimes et al., 2015). In contrast, depleted or relatively undepleted mantle magmas require extensive fractionation
before zircon can crystallize, resulting in low Sc and low Sc/Yb values (Figures 2d and 3c; Grimes et al., 2015).

In U/Yb versus Sc/Yb space, GSB zircons older than 3.8 Ga fall predominantly within the relatively undepleted
mantle field (Figures 2d and 3c; Drabon et al., 2021). These zircons show Sc (average 17.4 ppm) and Sc/Yb (aver-
age 0.06) values lower than what is typical for zircons from modern continental arcs (Sc from 48 to 147 ppm;
generally Sc/Yb > 0.1) and are in agreement with predominantly undepleted and depleted mantle melting signa-
tures (Sc from 5 to 30 ppm; generally Sc/Yb < 0.1; Grimes et al., 2015; Figures 2d and 3c). After 3.8 Ga, zircons
fall both into the relatively undepleted mantle and arc fields. Elevated Sc/Yb values become more common and
high-Sc/Yb clusters at 3.65 and 3.31 Ga show distinct arc-like magmatic signatures (Figures 2d and 3c).

In summary, the U-Nb-Sc-Ce-Yb proxies collectively (Figures 2 and 3; Figure S9 in Supporting Information S1)
reveal geochemical signatures in zircons older than 3.8 Ga that fall into the field of relatively undepleted mantle,
similar in composition to modern zircons from Iceland or Hawaii, with only minor overlap with the field for
arc-like melting signatures. After 3.8 Ga, the trace element proxies collectively reveal roughly equal numbers of
zircons with signatures similar to modern arcs and undepleted mantle environments.

3.3. Oxygen Isotope Results

Oxygen isotope ratios in zircon are temperature-dependent tracers of fluid and solid interactions in the crust
(Cavosie et al., 2009; Valley et al., 1998, 2005). Zircons with 880y, values of 5.3 + 0.6 %o (2s) are consist-
ent with melts derived from the mantle (Cavosie et al., 2009; Valley et al., 1998, 2005); there is no evidence for
significant secular variations in the §'0 values of the mantle from the Hadean to today (Valley et al., 2005). The
value for mantle zircon was defined with high accuracy and high precision (+0.1%o, 2s) laser fluorination analy-
ses for ~2 mg sample splits of zircon. SIMS analyses have sample sizes a million times smaller than conventional
determination though nonetheless providing a typical 2s precision of +0.3 %o (2s) or better. Hence, SIMS §'%0
data that are only 0.2 %o above or below the “mantle-like” field cannot be confidently excluded from that field
(i.e., 5.3 + 0.8 vs. 5.3 + 0.6). Zircons that crystallized in melts that formed from or assimilated crust altered at
low temperature can show higher values (>6.5 %o) and zircons that assimilated crust altered by surface waters at
high temperature can show lower values than the mantle (Valley et al., 2005).

Of the pre-3.8 Ga zircons from the GSB, nine grains have values either within or slightly above but within 2s
uncertainty of the mantle field (Figure 2e, Data Set S6 in Supporting Information S1). Seven zircons fall above
the mantle field, four of which fall clearly within the supracrustal field (i.e., >6.5 %0¢). The GSB Hadean zircon
with the highest 580 (SA811p2-186) was measured on three spots with consistent §'%0 values of 8.0 + 0.3,
8.0 £ 0.3, and 8.3 = 0.3 %o (2s), shows oscillatory zoning (Figure S2 in Supporting Information S1), 92%
concordance, and Th/U > 0.1.

Although the & and TREE compositions of zircons from the GSB show a significant change at 3.8 Ga, no
significant change is observed in the zircon §'80 signatures. Instead, zircons fall into a similar range of §'%0
values until about 3.5 Ga (Figure 2¢). Furthermore, no compositional clustering of zircon ages, 8'0 values, or
ey Values occur for any zircons prior to 3.5 Ga (Figure S10 in Supporting Information S1). In contrast, post-
3.5 Ga zircons show a more restricted range with stronger clustering in 8'0 values within a given age group. At
~3.4 Ga, the data show a low-8'80 cluster with 24 zircons showing values ranging from 3.7 + 0.3 to 4.2 + 0.3
%o (2s). To produce such low §'30 values, the source material (or major assimilant) must have, at least in part,
undergone high-temperature alteration by marine or meteoric waters, such as reported from the Yellowstone
volcanic field (Valley et al., 2005). Zircons younger than 3.38 Ga generally plot in the upper mantle field with
an average of 5.8 + 0.7 %o, but with individual zircons reaching as high as 6.7 + 0.2 %o and as low as 3.7 + 0.2
%o (Figure 2e).
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Overall, it is notable that none of the zircon 8'%0 values resemble those from Phanerozoic S-type granitoids
(Grimes et al., 2011; Valley et al., 2005) and that the range of §'80 values is similar to what has been previously
reported from other Hadean to Archean zircons around the globe (Valley et al., 2005).

4. Discussion
4.1. Crustal Evolution of the Source Terrane to the GSB

Zircons from the GSB reveal a significant shift in the nature of the crust and crustal processes at ~3.8 Ga. The
pre-3.8 Ga zircons display consistently negative €, values with a general decrease in &, values from 4.1 to
3.8 Ga. This trend of increasingly negative ey values with time implies that much of the felsic crust in the
sources to the oldest GSB zircons was derived from melting or assimilation of a source that originated from a
CHUR-like reservoir between 4.4 and 4.2 Ga. The slope of this array may provide an empirical means for deter-
mining the average "°Lu/!""Hf ratio composition of the source of the melts. However, any estimation of a slope
will be an oversimplification unlikely to capture the complex history of the crust that sourced the detrital zircons.
Early mantle melting likely yielded basaltic crust (7Lu/!"’Hf value ~ 0.02; Kemp et al., 2010) that may have
subsequently undergone partial melting to form more felsic compositions, perhaps TTG-like crust (17°Lu/!""Hf
value ~0.015; Blichert-Toft & Albarede, 2008). Furthermore, the pre-3.8 Ga zircons do not fall on a simple line
but rather form a broad band of values, indicative that the zircons were sourced from a range of rock types and/
or that the rocks formed over a protracted range of ages. This interpretation is supported by the heterogeneous
TREE signature of the zircons, representing the derivation from more mafic to more evolved felsic Hadean crust
(Drabon et al., 2021). It is notable that the sources of the >3.8 Ga zircon in the GSB were produced during
igneous activity for ~500-600 Ma characterized by intracrustal reworking apparently with little to no addition of
felsic crust produced by differentiation from juvenile crust as would be indicated by &, values close to CHUR
or above. While it is likely that mantle-derived, juvenile magmatism still occurred prior to 3.8 Ga, these juvenile
components were not incorporated into the magmas from which the GSB zircon crystallized.

Based on the trace element signatures of the pre-3.8 Ga GSB zircon, which are similar to those found in ocean
islands such as Hawaii or Iceland, much of the initial felsic crust was derived from remelting of mafic crust
derived from undepleted mantle sources and reworked in a non-arc setting (Drabon et al., 2021). While this
reworking likely included some wet melting, it did not reach full characteristics of subduction-like flux magma-
tism. The §'80 data supports that a number of zircons were derived from magmas that assimilated crust that
interacted with surface water at low temperatures. Similar to the Jack Hills, there is no correlation between 520
and g,y for pre-3.8 Ga zircons (Figure S10 in Supporting Information S1). The lack of correlation could reflect
the reworking of a diverse assemblage of rocks that previously experienced variable amounts of interaction with
liquid water. Together, the &, TREE and 8'30 data from pre-3.8 Ga zircons are not consistent with melting in a
subduction-like setting, which would require relatively radiogenic Hf compositions and TREE evidence that the
crust was generated via hydrous melting of a mantle wedge. Instead, the pre-3.8 Ga GSB zircons represent crust
that separated from a relatively undepleted mantle during the early Hadean and subsequently remained relatively
isolated from the mantle for over 500 Myrs.

Although single analyses of detrital zircons always carry the risk of over-interpretation, the one Hadean zircon
(SA811p2-186) that falls significantly below the main &, -time array and exhibits an &, value of —=7.0 + 1.5
(Figure 2b) may indicate early generation of felsic crust. The Hadean age and relatively unradiogenic Hf
isotope value requires a relatively low!7®Lu/!7’Hf, and hence this zircon may have been derived from crust simi-
lar in composition to the average modern upper continental crust that formed at ~4.5 Ga (Figure 2b, Array
I, "*Lu/'7"Hf = 0.0125; Chauvel et al., 2014). The average 8'#0g,, value of this zircon (n = 3) is elevated (+8.1
%o), requiring that its magmatic source (or a major assimilant) interacted with liquid water at low temperature.
This particular grain may have formed from remelting of rocks that initially separated from a CHUR-like mantle
reservoir shortly after terrestrial accretion, and that these rocks experienced surface alteration before remelting.

At 3.8 Ga, there is a significant change in the GSB zircon €, and trace element geochemistry. The €, values
shift to more radiogenic Hf isotopic compositions. This shift to more radiogenic Hf is consistent with crustal
rejuvenation events in which juvenile mantle-derived material was added to the crust and reworked. The moder-
ately subchondritic ey values <3.8 Ga indicate that some older crust continued to be reworked, but this curst
either was not older than 3.9-4.0 Ga or it comprised a mixture of juvenile and Hadean crust. Coinciding with
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this crustal rejuvenation event, there is essentially no longer isotopic evidence for the continued reworking of
4.3-4.4 Ga protocrust after 3.8 Ga. These observations imply that the previous long-lived Hadean crust was no
longer the dominant crustal component and was at best playing only a minor role in the formation of new crust.
Concurrent with the shift to higher g values, the range of U/Nb and Sc/Yb (Figures 2c¢ and 3) ratios broaden
considerably and indicate processes involving both arc-like wet and relatively dry mantle melting between 3.8
and 3.65 Ga. This is consistent with the continued generation of zircon-bearing magmas from relatively unde-
pleted mantle sources contemporaneous with the onset of more efficient reworking of crust in arc-like settings.
The co-existence of the two source types may reflect separate magmatic-tectonic domains or the interaction of
plume-like or rift magmatism with continental crust. The continuous presence of mantle-like and mildly elevated
8180 signatures in the zircons suggests that the change in tectonic regime did not cause a significant shift in
880 compositions of the magmas, as would be the case if the input of weathered and/or diagenetically altered
sediments into the magmatic system substantially increased. In general, mildly elevated §'%0 values might not
differ enough to distinguish between zircons formed by volcanic resurfacing and those formed from melting of
hydrated oceanic crust in a subduction regime if few sediments were involved in the process (Bauer et al., 2020;
Grimes et al., 2011; Valley et al., 2005).

Altogether, GSB detrital zircons appear to record a range of crustal sources involved in the formation of felsic
crust starting at 3.8 Ga: juvenile crust generated by arc-like processes, juvenile crust generated by melting of the
relatively dry mantle (rift and plume-like) with relatively undepleted signatures, and crust generated by reworking
or assimilating older crust younger than 4.0 Ga (with either arc-like or relatively undepleted signatures).

After 3.65 Ga, the zircon trace and REE signatures are consistent with derivation both from the relatively unde-
pleted mantle and from arc-like sources. Zircon U/Nb values <20 become rare and most zircon U/Nb values fall
either in the transitional zone between arc and mantle (U/Nb 20-40) or fully within the arc magmatism field
(U/Nb > 40; Figure 2c). Sc/Yb values more often show clear magmatic arc signatures, especially at 3.65 and
3.31 Ga, while also continuing to show evidence for non-arc contributions. The g values indicate more frequent
reworking of juvenile crustal additions while continuing to indicate the presence of some older crust, however,
isotopic evidence for Hadean crust is almost completely lost. It is notable that after 3.65 Ga the GSB zircons start
showing more coherent age and compositional TREE and §'80 clusters instead of a broad band of compositions.
This is perhaps indicative of derivation from more distinct, local crustal sources. In the Hf isotope data, the
age clusters at 3.38 and 3.31 Ga are characterized by a range in values that reflect mixing between juvenile and
evolved isotopic components that can represent lithospheric mantle and crustal components of varying age and
composition in the source (Figure 2b). These results resemble ;. trends generated by major modern subduc-
tion events at continental margins where hydrated oceanic crust interacts with an overlying complex mantle and
crustal wedge (Collins et al., 2011; Jones et al., 2015). The zircons of the 3.31 Ga age cluster show the strong-
est arc-like magmatic zircon TREE signature, with moderate Nb-depletion and strongly elevated Sc/Yb values
(Figures 2c and 3, Figure S9 in Supporting Information S1). The combined &y, and trace element signatures of
this age cluster most strongly mimic modern-day magmatic arc isotopic and trace element signatures.

In summary, the zircons of the GSB crystallized from a variety of melt types, ranging from more juvenile,
mantle-derived melts to relatively evolved, arc-like melts that assimilated high- and low-temperature altered
crust. The sources show a progressive change from (1) remelting of a long-lived, relatively isolated protocrust
from 4.2 to 3.8 Ga with limited recycling of hydrated sediments and crust, to (2) a transitional period from 3.80 to
3.65 Ga reflecting the onset of crustal reworking and juvenile additions while some remaining Hadean crust was
reworked, and, (3) after 3.65 Ga, the establishment of isotopic patterns and trace element compositions showing
increasing similarities to that of modern subduction zones while rift-plume magmatism continued to play a role.

4.2. Evidence for a Global Transition in the Nature of Evolved Crust Production?

The TREE and hafnium isotope geochemistries of a number of Hadean to Paleoarchean zircon suites show nota-
ble similarities, raising the possibility of a similar evolutionary history and indicating that tectonic changes in this
time period may have been global in nature.

While Turner et al. (2020) found no evidence for a crustal transition in the Jack Hills zircons based on model
melt compositions, we use zircon TREE directly in this study to remove uncertainty associated with estimating
Kds. The results show that U/Nb values increase across the 3.8 to 3.6 Ga boundary and that arc-like melting
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Figure 4. Global compilation of Hadean to Mesoarchean zircons. See Figure S11 in Supporting Information S1 for
individual craton evolutions and references. (a) Stacked relative number of Hf isotope analyses for each location through
time. Hadean zircons are clearly dominated by those from the Jack Hills in the Yilgarn Craton. (b) Compilation of all zircon
Hf isotope analyses for all cratons. Error bars were omitted for clarity. (c) Density plot created using bivariate kernel density
estimates (using HafniumPlotter from Sundell et al., 2019). Outer contour represents 95% confidence interval that all other
analyses are located within. Note. that any global compilation of Hadean zircons is biased toward zircons from the Jack Hills.
(d) U/Nb ratios from the GSB, Jack Hills (Peck et al., 2001; Turner et al., 2020), and Singhbhum Craton (Ranjan et al., 2020).
The gray vertical bar indicates the proposed transitional period between long-lived protocrust and mobile lid tectonics (e.g.,
Bauer et al., 2020; Shirey et al., 2008).

signatures become more common after 3.65 Ga (Figure 4d). Jack Hills zircons younger than 3.7 Ga also show
higher Sc values (50 ppm) compared to older zircons (17 of 33 analyses below the detection limit of 17 ppm,
the remainder averaging 35 ppm; Maas et al., 1992), further supporting a shift to more common arc-like zircon
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TREE signatures. Comparable to the GSB zircon suite, these changes in the Jack Hills TREE signature coincide
with a shift to e, values closer to CHUR. Similarily, zircons from the Singhbhum Craton show an increase in U/
Nb values to predominantly arc-like signatures across the 3.8-3.6 Ga transitional period, again concurrently with
a shift to more radiogenic Hf isotope values (Ranjan et al., 2020). The difference in U/Nb value of zircons older
and younger than 3.8 Ga is statistically significant based on a Welch's #-test (p = 0.001). While trace element
data from Eoarchean and Hadean zircons are still limited, these results provide support that crust derived from
the relatively undepleted mantle in non-arc settings may have played a major role during the early Earth and that
arc-like melting conditions became increasingly dominant from 3.8-3.6 Ga. It is noteworthy that at least some
whole rock analyses at that time are interpreted to show evidence for flux melting, for example, in Greenland
(Jenner et al., 2009; Kamber et al., 2002; Polat et al., 2002).

While samples of Archean and Hadean crust are rare, zircon suites from the Jack Hills, the Singhbhum Craton, the
Wyoming Province, the Slave Craton, the Zimbabwe Craton, the Limpopo Belt and now also the Kaapvaal Craton
(GSB) show similar subchondritic &, values that decrease though time until 3.8 to 3.6 Ga (Bauer et al., 2017;
Bell et al., 2011, 2014; Chaudhuri et al., 2018; Kamber, 2007; Kemp et al., 2010; Mueller & Wooden, 2012;
Ranjan et al., 2020; Zeh et al., 2014), supporting the notion that the early crust was dominated by long-lived
protocrust (e.g., Kemp et al., 2010). While the exact nature of this long-lived protocrust and the crustal processes
in operation are still poorly defined, it appears that they were vastly different from those of today. Based on
the results presented here, at least some of that early protocrust was derived from the relatively undepleted
mantle. The protocrust then experienced internal remelting, some of which involved hydrated crust, but otherwise
remained stable for several hundred million years. This isolation of the Hadean crust stands in stark contrast to
Phanerozoic oceanic crust, which is typically recycled after <200 Myrs. It is notable that the extraction of the
early crust from the chondritic mantle was not a singular global event, which is demonstrated by variation in
the timing of CHUR-like &,;,; compositions of the Paleoarchean to Hadean zircon suites from different terranes
(Figures 4b and S11 in Supporting Information S1). While more data are necessary, this would suggest that if the
formation and reworking of a long-lived protocrust, perhaps some form of a stagnant lid, was a dominant process
in the formation of evolved crust, then it was a protracted rather than simultaneous process.

Between ~3.8 and 3.6 Ga, a global shift in €, values of zircons tracks an increasing contribution from more
juvenile source components for the parental magmas (Bauer et al., 2017, 2020; Bell et al., 2011; Chaudhuri
et al., 2018; Kemp et al., 2010; Mueller & Wooden, 2012; Ranjan et al., 2020; Figures 4b and 4c, Figure S11
in Supporting Information S1). A global compilation of 3400 igneous and detrital zircons shows a string of
high-density, approximately chondritic €, clusters starting at 3.8 Ga while isotopic evidence for a long-lived
Hadean crustal source becomes rare. After 3.6 Ga, only the Jack Hills zircons show a cluster at 3.38 Ga with unra-
diogenic Hf that may have formed through reworking of mafic Hadean crust (Figures 4b and 4c). However, Bell
et al. (2014) suggested that this negative g, cluster does not reflect remelting of Hadean mafic crust but rather
of Paleoarchean crust that followed an intermediate'7°Lu/!""Hf trajectory. Not only does the almost complete lack
of direct isotopic remnants of Hadean crust after 3.6 Ga imply that the Earth's crust was no longer dominated by
long-lived Hadean crust, but that it had become relatively dynamic, where crust was continuously recycled and
isotopic remnants of Hadean crust were largely diluted or lost. This transition was a diachronous process and
there would have been some period of overlap between tectonic styles. Additionally, after this transition, some
of the zircons from the global compilation record superchondritic €, values, providing the first evidence for a
long-lived, global signature of a depleted mantle, perhaps related to the more efficient formation of continental
crust through mobile-lid tectonic processes (represented by the 3.8 Ga depleted mantle line in Figures 4b and 4c;
Fisher & Vervoort, 2018; Vervoort et al., 2017).

While e, and trace element signatures of pre-3.8 Ga zircon assemblages worldwide are remarkably different
from zircons formed in modern plate boundary settings, zircons <3.8 Ga show increasing similarities to modern
zircons. In modern subduction settings, the initiation of subduction progressively removes ancient lower crust
and the subcontinental lithospheric mantle, initially causing the remelting of older crust with more negative
ey values (Collins et al., 2011). Following the removal of ancient lower crust, the continuous juvenile addi-
tions during mantle wedge melting result in a long-term positive &g, signature recorded in arc magmas (Collins
et al., 2011). Simultaneously, flux melting in subduction zones causes characteristic Nb depletion and Sc enrich-
ment. Plate tectonic processes would likely also be efficient enough in reworking oceanic-type crust, which
could account for the almost complete loss of isotopic evidence for the Hadean protocrust. Whether the linked
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appearance of these zircon e, and TREE signatures represent the onset of perhaps sluggish plate tectonics
or some other mobile-lid process that mimics arc-like melting conditions, such as drip-and-plume tectonics, it
provides tantalizing support for a major crustal transition between 3.8 and 3.6 Ga.

5. Conclusions

Detrital zircons from one of the best preserved Hadean to Paleoarchean zircon locations, the GSB, record substan-
tial differences between the crust that formed before and after ~3.8 Ga. Before 3.8 Ga, the longevity of the crust,
the absence of juvenile additions to zircon-bearing magmas, and the rarity of evidence for arc-like flux melting
conditions are inconsistent with modern style subduction processes. Starting at 3.8 Ga, evidence for pervasive
juvenile additions and flux melting becomes increasingly common. A transition similar to that seen in the GSB
zircons for TREE and hafnium isotopes occurs in other Hadean-Paleoarchean zircon suites and suggests that the
nature of Earth's early crustal processes may have changed permanently between 3.8 and 3.6 Ga. Based on the
data presented here, it appears that long-lived protocrust formed in the Hadean and was destabilized, perhaps by
the diachronous onset of at least sluggish mobile-lid tectonics, globally starting no later than ~3.8 Ga.
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