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Abstract The increase in initial Hf isotopes identified in early Mesoarchean detrital zircon is commonly
interpreted as a reflection of the geodynamic transition from stagnant‐lid to mobile‐lid tectonics. However,
given the lack of petrogenetic context, interpreting detrital zircon may lead to spurious conclusions. In this
contribution, we use zircon U‐Pb‐Hf‐O isotopic and bulk rock compositions of newly identified 3.05–2.9 Ga
granitoids from the SWYangtze Block to posit petrogenesis within an isotopically juvenile magmatic system. A
statistical analysis of these data with a global igneous zircon Lu‐Hf isotopic compilation reveals an increase in
average initial radiogenic Hf isotopes during the Paleoarchean to Mesoarchean transition. We posit that the
Earth's continental crust underwent a global rejuvenation across the Paleo‐Mesoarchean transition. This
rejuvenation can be explained by an independently observed increase in mantle temperatures resulting from
mantle thermal evolution and does not require a change in tectonic style.

Plain Language Summary In this study, we explore the Earth's continental crust evolution before
3.0 billion years ago, a period characterized by limited preserved ancient rocks. We focus on zircon from
igneous rocks, which provides a more reliable petrogenetic record than detrital zircon. Our study challenges the
widely observed increase in detrital zircon initial Hf isotopes during the Paleo‐to Mesoarchean transition, often
interpreted as a shift in tectonic regimes. We present new data from 3.05 to 2.9 billion‐year‐old granitoids in the
Yangtze Block, suggesting isotopically juvenile magmatic activity. Statistical analysis of a global database of
igneous zircon Hf isotopes reveals a state‐shift increase in εHf(t) across the Paleo‐to Mesoarchean transition,
indicating global crustal rejuvenation at that time. Contrary to prevailing theories, we propose that this
rejuvenation can be attributed to elevated mantle temperatures, challenging the notion of a significant
geodynamic change during this period. Our findings emphasize the need to consider mantle thermal evolution in
understanding continental crust growth on early Earth.

1. Introduction
The nature and evolution of Earth's continental crust before 3.0 Ga remain elusive, largely due to the relative
scarcity of preserved ancient (>3.0 Ga) rocks. The use of detrital zircon helps to mitigate this issue, not only as
they preserve more continuous records than the extant igneous rocks over Earth's history, but also as they can
provide multiple records through analyses of several isotope systems (e.g., U‐Pb‐Hf‐O) (Roberts &
Spencer, 2014;W.Wang et al., 2023). Despite these advantages, owing to the absence of petrogenetic information
on the source rocks, the reliability of the detrital zircon record may be hindered by hidden ancient lead loss, which
results in artificially young ages and erroneous initial Hf isotopes (Guitreau & Blichert‐Toft, 2014; Vervoort &
Kemp, 2016).

It has been widely noticed that a step increase in detrital/igneous zircon initial Hf isotopes (expressed as εHf(t))
from sub‐chondritic to supra‐chondritic values across the Paleo‐to Mesoarchean transition for various cratonic
blocks (e.g., Slave, Rae, Wyoming, Pilbara, Singhhum, Kalahari, and Greenland) (Bauer et al., 2020; Kirkland
et al., 2021; Naeraa et al., 2012; Neil et al., 2023; Reimink et al., 2019). These unique isotopic signals were
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claimed to represent “crustal rejuvenation”, which was temporally defined as an influx of isotopically juvenile
magma into an ancient crustal substrate (Mulder et al., 2021). Furthermore, this crustal rejuvenation is frequently
considered to be the result of a geodynamic transition from stagnant‐lid to mobile‐lid tectonics in the early
Mesoarchean (Bauer et al., 2020; Dhuime & Storey, 2012; Hartnady & Kirkland, 2019; Naeraa et al., 2012;
Reimink et al., 2019). However, the onset timing of mobile‐lid tectonics remains hotly disputed, with the proposal
spanning from the Hadean to the late Archean (Cawood et al., 2018; Hawkesworth et al., 2020; Palin et al., 2020).
Researchers often use diverse geological and geochemical records that yield mutually exclusive conclusions (e.g.,
C. B. Keller & Harrison, 2020; Tang et al., 2016). It has long been recognized that the Earth's mantle evolved from
a relatively cool state to a hotter state from the Hadean to the early Mesoarchean (Herzberg et al., 2010; Kore-
naga, 2008). However, little attention has been paid to the role of mantle thermal evolution in contributing to
continental crustal growth and evolution on the early Earth. Besides, whether this crustal rejuvenation was a
global magmatic event during the early Mesoarchean still needs to be tested using igneous zircon Hf records in
other cratonic blocks.

Considering the above controversies and uncertainties, we turn to the Yangtze Block, where several granitoid
suites have recently been identified as emplaced during the early Mesoarchean, providing an excellent window to
elucidate the evolution of Archean continental crust (Cui et al., 2021). Here, we focus on the Mesoarchean
granitoids from the southwestern Yangtze Block. New geochemical and isotopic data, as well as thermodynamic
modeling, constrain that the studied granitoids originated from isotopically juvenile crust. Statistical analysis
further identified a step increase in mean zircon εHf(t) values at ca. 3.2–3.1 Ga, indicating that crustal rejuvenation
is also present in the Yangtze Block during the early Mesoarchean. Based on the extant petrological and
geochemical evidence, we posit a widespread crustal rejuvenation event across the Paleo‐to Mesoarchean tran-
sition can be simply attributed to elevated mantle geotherms and possibly does not require a significant change in
tectonic style.

2. Geological Background
As one of three Precambrian cratons, the South China Craton consists of the Yangtze Block in the northwest
and the Cathaysia Block in the southeast (Figures 1a and 1b). The Archean basement rocks are mainly
exposed in the Yangtze Block (Chen & Xing, 2016), including the Muzidian, Kongling, Zhongxiang,
Yudongzi and Douling complexes in the northern part of the Yangtze Block (Guo et al., 2014; Tain
et al., 2023; K. Wang et al., 2018; Zhou et al., 2018). Although the Paleo‐Mesoproterozoic sedimentary units
and igneous rocks have long been viewed as the oldest rocks in the southwestern Yangtze Block (Lu
et al., 2019), the Cuoke complex with minor TTG rocks as old as ca. 3.1 Ga has been recently detected in the
southwestern Yangtze Block (Figure 1b) (Cui et al., 2021; Zhao et al., 2020). The Cuoke complex mainly
consists of early Paleoproterozoic granitoids with minor Archean igneous rocks (Cui et al., 2021). It is
discontinuously exposed along several N‐S and NE‐SW trending ductile shear zones in the Cuoke area
(Figure 1c) (Lu et al., 2021). Eleven granitoid samples were collected from the Archean units of the Cuoke
complex (Figures 1d and 1f), of which two subgroups were further recognized based on their mineral
assemblage. One group has the major mineral assemblage of quartz, plagioclase, and K‐feldspar in variable
proportions, with minor muscovite dispersed in the interstices between quartz and plagioclase (Figure 1e),
whereas the other group mainly consists of quartz and plagioclase with minor secondary muscovite
(Figure 1g). The granitoids collected from the Cuoke complex were analyzed for in situ zircon U‐Pb‐Hf‐O
isotopes, whole‐rock geochemical, and Sm‐Nd isotope analyses. In addition, statistical analysis of global
data sets and thermodynamic modeling have further explored the continental crust evolution on the early
Earth. The detailed descriptions of methods are depicted in the supplementary material (Text S1–S4 in
Supporting Information S1, Tables S1–S8).

3. Results
The detailed descriptions of analytical results are depicted in Text S2 in Supporting Information S1. In brief,
zircon grains from sample CK20‐22 yield a crystallization age of 2,906 ± 16 Ma, which is slightly younger
than sample CK20‐28 (3,047 ± 34 Ma) (Figure S2 in Supporting Information S1). Both the 2.9 Ga and
3.05 Ga granitoids have high K/Na ratios (>0.3). However, the younger generation has relatively higher SiO2
contents (75.7–74.4 wt.%), but lower Sr/Y ratios (1.8–1.1) and εNd(t) values (1.7–0.5) than the older gen-
eration (SiO2 = 75.3–71.4 wt.%, Sr/Y = 13.9–4.3, εNd(t) = 3.1) (Figures 2a and 2b). Furthermore, the
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younger granitoids are classified as A‐type granite based on their high 10,000*Ga/Al ratios (3.5–3.0) (Figure
S5 in Supporting Information S1), while the older generation has elemental ratios and trace element distri-
bution patterns resembling typical Archean potassic granite (Figures 2a and 2b, Figure S4 in Supporting
Information S1). Herein, the 2.9 Ga and 3.05 Ga granitoids are termed A‐type and potassic granite,
respectively. The 2.9 Ga A‐type granites have zircon δ18O and εHf(t) values ranging from 6.7% ± 0.3% to
5.4% ± 0.2% and 5.8 ± 1.3 to 1.9 ± 1.2, respectively (Figure 2c, Table S3 and S4). In contrast, the 3.05 Ga
potassic granites possess lower zircon δ18O (5.7% ± 0.1% to 4.7% ± 0.3%) and εHf(t) values (5.2 ± 1.6 to
− 1.9 ± 1.3) (Figure 2c, Table S3 and S4).

Figure 1. (a) Schematic tectonic framework of China showing three Precambrian cratons; (b) Overview of the Yangtze Block
showing distribution of Archean and Paleoproterozoic basement rocks (after Lu et al. (2021)); (c) Geological map of the
Cuoke area in the southwestern Yangtze Block (after Cui et al. (2021)); (d)–(g) Field and microscopic photographs of the
studied granitoids. Abbreviations: Pl, plagioclase; Kfs, K‐feldspar; Qz, quartz.
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4. Discussion
4.1. Granitoid Petrogenesis

In general, granitic magmatism can be generated either by anatexis of pre-
existing crustal rocks with diverse lithologies or by extensive differentiation
of mafic magma (Moyen, 2019). In the Ta/Sm versus Ta and Nb/Hf versus
Nb diagrams, the studied granitoids display remarkably positive relation-
ships, resembling the trend constructed by partial melting (Figure S6 in
Supporting Information S1), thus arguing against their extensive differenti-
ation origin. This deduction is partly supported by the field investigations,
showing no contemporaneous mafic and intermediate rocks exposed in the
SW Yangtze Block (Figure 1). In this situation, we suggest that the studied
granitoids were most likely generated by anatexis of preexisting crustal rocks.
The 2.9 Ga A‐type granites from this study have supra‐chondritic εHf(t) and
εNd(t) values, suggesting their derivation from the isotopically juvenile crust.
They have two‐stage Hf model ages spanning from 2,975 to 3,215Ma, further
implying that the magma source was dominated by Mesoarchean juvenile
igneous rocks. Additionally, they have primary zircon δ18O values of
6.7% ± 0.3% to 5.4% ± 0.2%, indicating either mixing between mantle‐
derived juvenile magma and supracrustal materials altered by surface water
under low‐temperature (<300°C) conditions within the magma source area
(“source” contamination) (Troch et al., 2020), or juvenile magma assimilating
supracrustal materials during their emplacement (“path” contamination)
(Cornet et al., 2022; Spencer et al., 2022). Although it is difficult to distin-
guish these two processes, simple two‐end member mixing calculations
constrain that around 10%–30% supracrustal materials are required to be
incorporated into the juvenile magma to reconcile the Hf‐O isotopic varia-
tions for the studied 2.9 Ga granitoids (Figure 2c). In contrast, undetectable
supracrustal materials were involved in the genesis of 3.05 Ga potassic
granites, given their normal mantle‐like primary zircon δ18O values
(5.3 ± 0.6‰) (Valley et al., 2005). Furthermore, they possess slightly
negative to positive εHf(t) and εNd(t) values with two‐stage Hf model ages of
3,131–3,559 Ma, indicating that they originated from an isotopically juvenile
Paleo‐Mesoarchean crust. Considering that the studied granitoids have
comparable zircon εHf(t) values with the contemporaneous TTG
(εHf(t) = − 2.5–7.5) exposed in the Cuoke area, thermodynamic modeling
with a starting composition of the average composition of the Cuoke TTGs
has been carried out (Zhao et al., 2020). The modeling results demonstrate
that anatexis of the contemporaneous TTG under pressures of 0.4–2.0 GPa
yields much lower SiO2 contents and K/Na ratios compared with the studied
granitoids (Figures S7a, b in Supporting Information S1). Consequently, the
3.05 Ga potassic granites are interpreted as the products of anatexis of a
Paleo‐Mesoarchean K‐rich mafic crust. The studied granitoids display
negative Eu anomalies (Figure S4 in Supporting Information S1), suggesting
plagioclase either as a fractionating phase or as a residual mineral in their
genesis. Additionally, the 3.05 Ga potassic granites have much lower HREE
contents (La/YbN= 63–31) than the 2.9 Ga A‐type granites (La/YbN= 21–8)
(Figure S4 in Supporting Information S1), possibly reflecting a deeper crustal
source for the former.

4.2. Widespread Crustal Rejuvenation Across the Paleo‐Mesoarchean Transition

To explore the secular evolution of continental crust in the Yangtze Block, a Bayesian change‐point algorithm
was performed on an igneous zircon Lu‐Hf isotopic data set compiled from Archean granitoids in the Yangtze
Block. The statistical results show an increase in the mean zircon εHf(t) values at ca. 3.2–3.1 Ga from − 1.95 to

Figure 2. (a–b) Geochemical plots for the studied granitoids. Notes: The
Archean potassic granites and high, middle, and low‐pressure TTG rocks
from Moyen (2011) are also plotted in the diagrams for comparison.
Individual data points are superimposed on smoothed kernel density
estimates. (c) plots of δ18O versus εHf(t). Notes: ticks on the curves represent
10% mixing increments. A and B indicate crustal end‐member 1 and 2 from
Lu et al. (2021) with δ18O = 10.2%, εHf(t) = − 12, and δ

18O = 10.2%,
εHf(t) = − 5.3, respectively. C indicates the mantle end‐member with
δ18O = 5.3% (Valley et al., 2005), εHf(t) = 6.7 (from depleted mantle εHf(t)
values calculated at 3.0 Ga).
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− 0.18 (Figure 3a). This isotopic variation reflects the addition of more ju-
venile materials to the Eo‐Paleoarchean continental nuclei in the Yangtze
Block during the early Mesoarchean. It is noteworthy that the detrital and
igneous zircon compiled in the Yangtze Block have remarkably similar initial
Hf isotopic variations from the Eoarchean to Neoarchean (Figure 3a), ruling
out preservation bias issues for the igneous records (Hawkesworth
et al., 2009). Furthermore, a moving average analysis was carried out on a
globally compiled igneous zircon Lu‐Hf isotopic data set, demonstrating
supra‐chondritic initial Hf isotopes marking the Paleo‐Mesoarchean transi-
tion. These secular trends match well with supra‐chondritic εNd(t) values for
the contemporaneous felsic rocks (Figure 3b). In addition to this, a moderate
increase in mean igneous zircon εHf(t) values also occurred at ∼3.9–3.8 Ga,
consistent with detrital zircon from the Yilgarn Craton and Barberton
Greenstone Belt (South Africa) featuring a step shift from sub‐chondritic to
supra‐chondritic εHf(t) values at ∼3.8 Ga (Drabon et al., 2022; Mulder
et al., 2021). However, the extant early Eoarchean igneous rocks on Earth
dominantly possess zircon εHf(t) close to chondritic values, arguing against
the presence of a depleted mantle and corresponding massive continental
crust growth during the early Eoarchean (Fisher & Vervoort, 2018; Guitreau
et al., 2012; Hiess & Bennett, 2016; Petersson et al., 2020), despite a more
recent theoretical analysis disapproving of this proposal (Guo & Kore-
naga, 2023). These geological records plausibly imply insignificant crustal
rejuvenation during the early Eoarchean (e.g., Reimink et al., 2023). In
contrast, as we stated in the introduction section, numerous cratonic blocks
registered a step increase in zircon εHf(t) values during the early Meso-
archean, demonstrating widespread crustal rejuvenation at that time. After
3.0 Ga, the igneous zircon yields vertical variation trends in εHf(t) time‐space,
indicating the concurrent generation of isotopically enriched and depleted
felsic magma (Figures 3a and 3b), relating to both reworking of evolved crust
and the addition of juvenile crust since that time (Bauer et al., 2020; Kirkland
et al., 2021; Naeraa et al., 2012).

4.3. Induced Crustal Rejuvenation Due To Elevated Mantle Geotherms

Crustal rejuvenation across the Paleo‐Mesoarchean transition has been
increasingly discerned in various cratonic blocks based on igneous/detrital
zircon Lu‐Hf isotopic systematics (Bauer et al., 2020; Kirkland et al., 2021;
Naeraa et al., 2012; Neil et al., 2023; Reimink et al., 2019; and this study). The
prevailing model to account for this global magmatic event is a geodynamic
transition from stagnant‐lid to mobile‐lid tectonics (possibly modern‐style
plate tectonics) on the early Earth (e.g., Bauer et al., 2020; Naeraa
et al., 2012). However, the geodynamic regime for the early Earth is highly
disputed (Brown et al., 2020; Cawood et al., 2018; Hawkesworth et al., 2020).
One school argues that some form of subduction (e.g., mobile‐lid tectonics)
operated since the early Eoarchean (or even in the Hadean) (e.g., Arndt, 2023;
Hastie et al., 2023). In contrast, the other workers favor the idea that the early
Earth was dominated by stagnant‐lid tectonics with different forms (e.g., heat‐
pipe, drips and plumes, delamination and upwellings, etc.) (e.g., Smithies
et al., 2021; Stern, 2018; Tarduno et al., 2023), with a change to mobile‐lid
tectonics postulated to occur around the early Mesoarchean (e.g., Dhuime
& Storey, 2012; Tang et al., 2016), even though this geodynamic shift in the
early Mesoarchean has been questioned by other works based on different
proxies (e.g., Greber et al., 2017; C. B. Keller & Harrison, 2020; Reimink
et al., 2023).

Figure 3. (a) Age versus zircon εHf(t). Notes: the blue “clouds” represent a
bivariate kernel density estimate for collated detrital/xenocrystic zircon
εHf(t) data (Table S7 in Supporting Information S1). The green line
represents the results of Bayesian change point detection, showing a step
increase of zircon εHf(t) at ca. 3.2–3.1 Ga; (b) Right panel: global mean
εNd(t) contents in felsic rocks (Puetz & Condie, 2019); Left panel: bivariate
kernel density estimate for collated magmatic zircon εHf(t) data of the
Archean granitoids from the worldwide cratonic blocks (Table S7 in
Supporting Information S1). The red curve represents the moving average
analysis with 1σ uncertainties (blue curves); (c) Global mean MgO contents
in komatiites from Tamblyn et al. (2023), the dark curve represents a
polynomial fit with 95% confidence intervals; (d) Zircon Eu anomaly time
series from 4.0 to 2.5 Ga. Notes: statistical methods utilized here are detailed
in Text S5 in Supporting Information S1. The error bar is two standard error
of the mean uncertainties determined after bootstrap resampling (C. B.
Keller & Schoene, 2012).
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Irrespective of these controversies, there is a consensus in the geoscience community that granitic rocks
originate from mantle‐derived basaltic rocks rather than from the direct melting of mantle peridotite
(Clemens et al., 2020). It is widely noticed that the Archean granitoids possess whole‐rock trace element
compositions resembling Phanerozoic felsic rocks generated within subduction environments (Moyen, 2011).
In contrast to this notion, Reimink et al. (2014) revealed that 4.02 Ga tonalitic gneiss within the Acasta
Gneiss Complex in Canada has geochemical components analogous to sialic rocks from Iceland (Reimink
et al., 2014). Indeed, previous experiments demonstrated that partial melting of primitive oceanic plateau
yielded felsic melts with Eoarchean TTG‐like geochemical compositions (Hastie et al., 2016). Moreover, the
Paleo‐to‐Mesoarchean granitoids from classic dome‐and‐keel crust in the eastern Pilbara Craton are widely
believed to be generated under a stagnant‐lid regime (Smithies et al., 2021 and references therein). They
have zircon grains with supra‐chondritic εHf(t) values (e.g., Gardiner et al., 2017; Petersson et al., 2020),
similar to those from subduction‐related isotopically juvenile granitoids. In this situation, we have to
acknowledge that the geochemical and zircon Hf isotopic compositions of the Archean granitoids merely
record information associated with their magma source and magma evolution processes. As such, the
observed shift in global zircon Hf isotopic records in the present study does not necessarily mean changes in
geodynamics.

Arguably, significant rejuvenation of the Earth's continental crust requires a substantial influx of depleted
mantle (e.g., Kirkland et al., 2021). Komatiites are generally considered to be the products of thermally hot
mantle plumes (Herzberg, 2022). A bootstrap analysis of global komatiite compositions reveals a peak in
MgO contents across the Paleo‐Mesoarchean transition (Figure 3c), consistent with the high MgO contents in
the contemporaneous basalts (B. Keller & Schoene, 2018). In addition, secular mantle cooling models with
variable Urey ratios predict a maximum mantle temperature at that time (Korenaga, 2008). These lines of
evidence indicate that both mantle plumes and the ambient mantle had anomalously elevated thermal states
at the transitional time. Despite Ti‐based zircon crystallization temperatures being controlled by a number of
factors beyond temperature (Roberts et al., 2024; Siégel et al., 2018), it is also noteworthy that calculated
zircon crystallization temperatures based on a compilation of detrital zircon trace elements show a gradual
increase to a vertex during the early Mesoarchean (Figure S8 in Supporting Information S1). This potentially
indicates that early Mesoarchean zircon crystallized from a hotter magma compared to zircon from prior and
subsequent periods. Furthermore, Eu/Eu* in zircon has been argued to directly correlate to crustal thickness
(Tang et al., 2020), although this correlation has also been questioned (Roberts et al., 2024; Triantafyllou
et al., 2022; Yakymchuk et al., 2023). Using the same zircon trace element compilation (Table S8), we
demonstrate that mean Eu/Eu* ratios peak during this Paleoarchean to Mesoarchean transition, with a secular
trend resembling the MgO contents in global komatiites (Figure 3d). This may indicate that zircon from this
transitional age crystallized from melts within the garnet stability field (i.e., thick crust) (e.g., Triantafyllou
et al., 2022).

Collectively, with the foregoing geological and geochemical evidence in mind, we propose that the juvenile
signal in the global zircon Hf isotopic data set across the Paleo‐to‐Mesoarchean transition indicates a flux of
juvenile magma from the depleted mantle into the preexisting continental crust, with this flux relating to a
peak in mantle temperatures. The elevated mantle geotherms would promote greater degrees of mantle
melting leading to greater volumes of hot mafic and ultramafic magma pooling at the crust‐mantle boundary.
Subsequent partial melting or differentiation of these mantle‐derived materials would yield geographically
widespread granitoids with juvenile isotopic signatures injected into the preexisting ancient crust. This crustal
rejuvenation would also promote thickening of the crust, leading to the continental crust gradually emerging
above the seal level since the Mesoarchean (e.g., Chowdhury et al., 2021; Roberts & Santosh, 2018; W.
Wang et al., 2022). In this scenario, we argue that the global crustal rejuvenation event across the Paleo‐
Mesoarchean transition results from slowly increasing mantle temperatures to the vertex rather than a
short‐term mantle overturn (Griffin et al., 2014). This is evidenced by gradual secular trends rather than
evidence for short‐lived events; however, it is difficult to prove the absence of mantle overturns, and these
may have contributed to crust rejuvenation in some way. We also argue that the global crust rejuvenation can
explain the observed changes in the igneous rock record and that these therefore do not require a geodynamic
regime transition.
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5. Conclusions
We use zircon U‐Pb‐Hf‐O isotopes, whole‐rock geochemical and Sm‐Nd isotopic analysis to study the Meso-
archean granitic rocks from the SWYangtze Block. Integrating our data with a global compiled zircon igneous Hf
isotopes and igneous rocks geochemistry, the main conclusions of the study are summarized below:

∼3.05 Ga potassic and ∼2.9 Ga A‐type granites from the SW Yangtze Block have depleted εHf(t) and εNd(t)
values and nearly normal mantle‐like zircon δ18O values. Coupled with thermodynamic modeling, we suggested
that the studied Mesoarchean granites were derived from isotopically juvenile crust.

A step increase in mean zircon εHf(t) values at 3.2–3.1 Ga has been detected in the compiled igneous zircon Lu‐Hf
isotopic data set from the Yangtze Block. In addition, a moving average analysis of global igneous zircon Lu‐Hf
isotopes compilation demonstrated supra‐chondritic zircon εHf(t) values marking the Paleo‐to Mesoarchean
transition, suggesting widespread crustal rejuvenation at that time.

Integrated with the extant petrological and geochemical evidence, we contend that this global magmatic event can
be simply explained by elevated mantle geotherms and does not necessitate a change in tectonic style. Thus, the
thermal evolution of the mantle may have exerted a significant role in continental crust growth on the early Earth.
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