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Widespread reworking of Hadean-to-Eoarchean
continents during Earth's thermal peak

C. L. Kirkland® "™ M. I. H. Hartnady', M. Barham® ', H. K. H. Olierook® ', A. Steenfelt? & J. A. Hollis3

The nature and evolution of Earth's crust during the Hadean and Eoarchean is largely
unknown owing to a paucity of material preserved from this period. However, clues may be
found in the chemical composition of refractory minerals that initially grew in primordial
material but were subsequently incorporated into younger rocks and sediment during
lithospheric reworking. Here we report Hf isotopic data in 3.9 to 1.8 billion year old detrital
zircon from modern stream sediment samples from West Greenland, which document
successive reworking of felsic Hadean-to-Eoarchean crust during subsequent periods of
magmatism. Combined with global zircon Hf data, we show a planetary shift towards, on
average, more juvenile Hf values 3.2 to 3.0 billion years ago. This crustal rejuvenation was
coincident with peak mantle potential temperatures that imply greater degrees of mantle
melting and injection of hot mafic-ultramafic magmas into older Hadean-to-Eoarchean felsic
crust at this time. Given the repeated recognition of felsic Hadean-to-Eoarchean diluted
signatures, ancient crust appears to have acted as buoyant life-rafts with enhanced
preservation-potential that facilitated later rapid crustal growth during the Meso-and-
Neoarchean.
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development of Earth’s oldest continental crust remain
enigmatic. Various mechanisms have been proposed to
explain Archean crust formation including via mantle plumes!,
density foundering and melt generation?, or bolide impacts>.
Models for crust production over time are also variable,
depending on the balance between new crust extraction from the
mantle versus recycling of old crust into the mantle, with the
equilibrium between these processes either mediated or expressed
by tectonics®. Crust production rates have thus been regarded as
key in understanding secular change in tectonic setting®. For
example, early continental crust before 3.0 billion years ago (Ga)
may have formed via vertical processes® but may additionally
have formed via horizontal processes akin to present-day plate
tectonics’. Pre-existing continental crust may also play an
important role in nucleating further growth®®. Thus growth of
continental crust is closely coupled with plate tectonics and
magmatic fractionation, but the rate and mechanism of crust
production toward the present continents remains uncertain.
Tracking the evolution of our oldest continental crust has
commonly employed radiogenic isotopes such as Lu-Hf, which
resolve magmatic source region characteristics of dated crystalline
basement and can be recast to a measure of mantle extraction!?.
Such Hf isotope signatures, fundamentally reflecting a
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fractionation event between parent and daughter elements in the
source magma, can be used to address terrane affinity and rates of
crust production. Deeper into Earth’s history, there is inevitably a
progressively more fragmentary geological record as a con-
sequence of loss of crystalline basement through crustal rework-
ing and erosion, which serves to reduce the temporal fidelity of
any record. However, sedimentary rocks preserve an important
archive of crustal evolution by storing the denuded remains of
crystalline source rocks that may no longer be exposed, or even
extant. To track crustal evolution, detrital zircon Hf isotopes have
proved to be particularly useful because of the mineral’s physical
and chemical robustness, while also recording time encoded
source information! 12,

In this work, we present a new zircon U-Pb and Hf isotope
dataset from stream sediment from a Mesoarchean to Neoarch-
ean part of the North Atlantic Craton (NAC), southwest
Greenland that records hitherto unrecognized >3.2 Ga compo-
nents (Fig. 1; further details on the geological history of the NAC
are given in Supplementary Note 1). Combined with global zircon
Hf datasets from other Mesoarchean to Neoarchean regions
(Canada, Australia, southern Africa, South America), we
demonstrate a widespread dilution of Hadean-to-Eoarchean crust
in the Mesoarchean, coincident with other significant geochem-
ical changes to our planet. These findings have implications for
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Fig. 1 Lithological age map of the northern part of the North Atlantic Craton. a Lithological age map of the northern part of the North Atlantic Craton
showing stream sediment detrital zircon sample locations with sample identification number. Age map based on new field mapping and interpretations
discussed in Friend and Nutman®’. b Inset shows the location of the study area (black outlined box) with respect to exposures of Archean bedrock (pink

hues) in Greenland.
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models of early crustal evolution by illustrating the need for
Hadean-to-Eoarchean precursors to preserve characteristic late
Archean tonalite-trondhjemite-granodiorite (TTG).

Results

Provenance of stream sediment zircons. Stream sediment was
systematically sampled at a density of one sample station per
20-50 km? over large parts of Greenland!3. Streams with catch-
ment areas <20 km? were chosen to ensure that most material
deposited at the sampling site was locally derived. Local deriva-
tion has been verified by study of the dispersal of indicator
minerals from kimberlites in the surrounding surface environ-
ment!4. The 0.1-1 mm grain size fraction of the stream sediment
was used for zircon separation. A limited amount of each sample
was available (30-50 g). Hence, to ensure a statistically robust
number of zircon grains, ~120 g of material was produced by
combining 2-4 individual samples from closely spaced catchment
systems (Fig. 1). Ten resulting composited stream sediment
samples were analyzed for U-Pb (Supplementary Data 1) and Lu-
Hf isotopes (Supplementary Data 2). Reference material values
are provided in Supplementary Data 3.

Most zircon grains have rounded terminations consistent with
sedimentary transport. Cathodoluminescence (CL) images are
dominated by textures characteristic of primary magmatic genesis
including oscillatory zoning (Fig. 2 and Supplementary Data 4).

Metamorphic features including homogeneous rims are present
on some grains but analyses targeted zones of primary magmatic
texture. Most analyses (>94%) are within 10% discordance limits
(Supplementary Note 2). The detrital dataset shows major age
peaks at c. 3.2, 3.0 and 2.8-2.7 Ga, with minor components as
young as 1.8 Ga and as old as c. 3.8 Ga (Fig. 3 and Supplementary
Fig. 1). The c. 3.0 Ga detrital zircon age component is ubiquitous
throughout the stream sediment samples and directly corre-
sponds to the dominant age of crystalline rock within the local
region!>16 (Fig. 1). A 2.8-2.7 Ga detrital component accounts for
a significant percentage of some samples (2, 3, 12). Regional
terranes in the NAC have gneisses with zircon components in this
age range!®17. A minor age component at 3.2 Ga in samples 8
and 9 is consistent with the age of diorite in the southern part of
the area (Fig. 1; ref. 18).

There is a significant proportion of 3.8-3.6 Ga detritus in one
sample (~9%, sample 12), with other samples also showing minor
proportions of Eoarchean-to-Paleoarchean components (Fig. 3
and Supplementary Table 1). Zircon grains >3.2 Ga are rare in the
Mesoarchean part of the northern NAC; understanding the
nature of this detritus has significant implications for the earliest
history and construction of the NAC. The restricted catchment
that these samples were acquired from implies a source endemic
to the NAC. Dated crystalline rocks 25km east of sample 12,
at Qarliit Tasersuat, contain similar Neoarchean and Eo-
Palaeoarchean zircon age components!?20. The most feasible
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Fig. 2 Cathodoluminescence images of detrital zircon grains. Representative cathodoluminescence images of detrital zircon grains from stream
sediments of the northern North Atlantic Craton. Panels show zircon of a ca. 3.90-3.40 Ga, b ca. 3.20 Ga, ¢ ca. 3.10-2.90 Ga, d ca. 2.90-2.65 Ga, e ca.
2.65-2.40 Ga, and f ca. 1.90-1.80 Ga age. Red and yellow circles denote U-Pb and Lu-Hf analytical sites, respectively. Images of all grains are provided in

Supplementary Data 4.
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Fig. 3 Probability density diagrams of zircon U-Pb dates. Stacked
probability density diagrams of zircon dates from stream sediment samples
in the northern North Atlantic Craton. All ages are 207Pb,/206pb and <10%
discordant. The number of analyses within concordant limits versus all
analyses is denoted with ‘n’. The major age peaks for magmatic rocks in the
northern NAC are indicated by gray vertical bars. Source data information
for this figure is provided in Supplementary Data 1.

mechanism to source >3.2 Ga zircon crystals is to incorporate
them as either xenocrysts or from xenoliths in later magmas that
assimilated this material on transit through the basement.
Alternatively, erosion out of younger (meta)sedimentary slivers
could provide this material; however, no known (meta)sedimen-
tary rocks are present in the catchments nor does the age spectra
match that of <2877 million year old (Ma) and >2857 Ma
supracrustal rocks?!.

Hadean-to-Eoarchean crustal evolution in the northern North
Atlantic Craton. Hf isotopic values in zircon crystals reflect the
degree to which the magma source was derived from the mantle
or the crust. Hence, deflection of secular isotopic trends toward
suprachrondritic values may imply, on average, greater astheno-
spheric input. In contrast, trends toward subchrondritic values
imply greater crustal reprocessing. Hafnium isotopic data show
that each of the main magmatic episodes in the northern NAC
sourced a (moderate to minor) Hadean-to-Eoarchean component
(Supplementary Note 1 and Fig. 4). The continuous, albeit lim-
ited, tapping of this source implies that it was consistently
available and served as a basement component for all later
magmas in this region.
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Fig. 4 Zircon ¢Hf isotope evolution diagram. Zircon eHf isotope evolution
diagram showing that the most evolved compositions at any given time
period correspond to a Hadean-to-Eoarchean crustal source. Note major
addition of juvenile material at c. 3.2 Ga. Depleted mantle values: 76Lu/
774t = 0.0388, 776Hf/177Hf = 0.2832568. CHUR values: 776Lu/V7Hf =
0.0336, 76Hf/177Hf = 0.28278565. A176L.u =1.867 x 10~ a—1 64, Published
datasets are from Gardiner et al.l” and Yi et al.20. Shaded field highlights
limits of the dataset in this work. Error bars are shown at two standard
errors. Source data information for this figure is provided in Supplementary
Data 2.

Gardiner et al.l” argued, on the basis of a lack of pre-3.2 Ga
xenocrystic zircon or similarly old magmatic bodies, that the
3.2-2.6 Ga felsic crust of this region was generated from mafic
crust lacking an Eoarchean felsic component. However, the now
apparent vertical eHf; mixing trends for magmatism at 3.2, 3.0,
and 2.75 Ga all point to a source component rooted in the
Hadean-to-Eoarchean array (Fig. 4). While such an ancient
component may only reflect a minor and presumably digested
contribution to some episodes of magmatism (e.g., 3.0 Ga), it
appears consistently. The highly evolved (negative) Hf signal is
especially prominent during 2.75-2.70 Ga magmatism and was
the dominant isotopic component sourced in 2.5-2.4 Ga zircon
crystals entrained in a kimberlite (Fig. 4). Furthermore, the 176Lu/
177Hf slope of ~0.01 is consistent with an upper continental crust
signature!2. The implication of these observations is that, rather
than under-thrusting of an ancient component at 3.0 Ga??, this
old source component was at least in place by 3.2 Ga.
Furthermore, given the consistency of this ancient source
component, a more likely situation is that a Hadean-to-
Eoarchean felsic framework existed as the substrate through
which the younger crust grew. This substrate interacted to various
degrees with a more depleted reservoir, which in the 3.2-3.0 Ga
period appears to be only slightly suprachondritic. The Hf
isotopic signature in icecap melt-water sands south of the study
area (near Isua) also reveals a comparable evolution pattern with
components within the now well-defined Hadean-to-Eoarchean
array?0.

Discussion

While most zircon-bearing granitic magmas will reflect mixtures
from different sources, such variability in isotopic signal over
time carries important geodynamic information?3. Specifically,
different percentiles of Hf evolution plots have been regarded as
principally carrying information about distinct geological
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processes. For example, the 95th percentile has been regarded as
tracking secular changes in mantle (juvenile) input, related in part
to the supercontinent cycle?4. To evaluate the degree of ancient
basement recycling through time, the 5th percentile was tracked
on a moving 50 million year (Myr) bin through our NAC eHf;
data set. The 5th percentile is least contaminated by any mantle
source and effectively tracks reworking of the Hadean-to-
Eoarchean component in the study region (Fig. 5).

The Hadean-to-Eoarchean signal from southwest Greenland is
compared to the Hf isotopic trend in global Archean terranes
over the same 4.0-2.5 Ga period. We use detrended (i.e., sub-
traction of a linear regression line from the binned Hf values; e.g.,
ref. 2°) locally weighted scatterplot smoothing?® curves with
bootstrapped uncertainties that allow interrogation of the second-
order variations (i.e., excluding first-order planetary differentia-
tion, e.g., ref. 27). Bins with less than five data points are con-
sidered to have too few data points to be robust and are excluded
from consideration, though their inclusion results in no sig-
nificant difference to the fit. These fits to Hf compilations from
Canada, Australia, southern Africa, South America, and Green-
land (all published data from ref. 28, with new Greenland data
from this study) reveal a distinct pulse in juvenile magma into
primordial crust between 3.2 and 3.0 Ga in all data sets (Fig. 6).
Enhanced mantle input, rather than greater crustal reworking, is
argued by suprachondritic values in 3.2 Ga zircon from all
regions, which demand new juvenile addition from at least <3.5
Ga (Figs. 5 and 6). Hence, there is a global signal of increased
juvenile input, diluting primordial Hadean-to-Eoarchean crust at
the Paleoarchean-to-Mesoarchean boundary. This global signal
implies an underlying synchronous process.

Our results show a general temporal consistency between a
surge in mantle input into pre-existing crust and 3.2-3.0 Ga peaks
in MgO, Ni, and Cr in basalts (Fig. 6; refs. 2%39). The peak in
juvenile addition also corresponds with a maximum in new crust
formation ages® and an inflection in mantle depletion curves
recorded from Nb/Th ratios in melts’! and Os model ages32.
These changes coincide with the petrological estimate of max-
imum mantle potential temperature?? and the maximum plane-
tary mantle temperature in secular cooling models®4-3¢. A Urey
ratio (mantle heat production divided by heat loss) of c. 0.23 is
consistent with a thermal peak at the same time as geochemical
proxies of maximum mantle temperature. Peak inflexion in the
5th percentile in Hf values slightly lags geochemical proxies of
mantle addition in basalts’?. This delay implies that crustal
processing could have taken up to 200 Myr to respond to peak
mantle temperatures, consistent with the zircon Hf record
reflecting crust-mantle mixtures with an ancient recycled com-
ponent (Fig. 7). Such a voluminous and widespread crustal
reworking event requires an appropriately large thermal driver.
We contend that all these observations can be rationalized with
generation of enhanced mantle melt fractions at 3.2-3.0 Ga due to
elevated mantle convective geotherms (Fig. 7a; ref. 37).

During the Mesoarchean, mantle potential temperatures are
thought to have been ~250-350 °C hotter than the present-day
value of ~1350 °C33-38, Although the magnitude of such difference
is poorly constrained, thermodynamic models for dry melting of
mantle peridotite in the Mesoarchean predict greater depth/
pressure of initial melting—intersection of adiabat with the soli-
dus—and generation of greater mantle melt fractions overall than
present day, potentially in excess of 40% if significant melting
occurs at low pressures (Fig. 7a; ref. 39). Similar arguments have
been made based on the composition of komatiite magmas pro-
duced during this period0.

Higher mantle temperatures in the Archean have also been
considered to preclude or limit stable subduction, requiring a
transition to dominant plate tectonics from another tectonic

3.0 35 40
Age (Ga)

mode (e.g., ref. 41). How mantle temperature may have influenced
crust production and recycling can be tracked using secular
changes in isotope systems from magmatic crystals (e.g., zircon
Hf). Thus the shift to more juvenile Hf isotopic values of mag-
matic rocks globally during this time is inferred to reflect
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Fig. 5 Epsilon Hf evolution diagrams for different cratonic regions.
Epsilon Hf evolution diagrams for zircon analyses within different cratonic
regions. Regions a Greenland, b Canada, ¢ Australia, d Southern Africa,

e South America. 5th (solid) and 50th (dashed) percentile fits, on a moving
50 Myr bin, are shown. Dashed gray lines denote average crustal evolution
from a Hadean-to-Eoarchean source with 176Lu/"7Hf of 0.01. DM depleted
mantle, CHUR chondritic uniform reservoir. Source data information is
provided in Supplementary Data 5 and Puetz et al.28.
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Fig. 6 Global Hf evolution compared to geochemical proxies of mantle
condition. a Global compilation?8 of detrended LOWESS (locally weighted
scatterplot smoothing) fits to the 5th percentile eHf; for the different Archean
cratons in Fig. 5. Fits include faded 95% confidence band. b Sulfide Os-
depletion model age probability density plot from Pearson et al.32 and peak
mantle temperatures for different Urey ratios (Ur) shown as red arrows36.
¢ Global mean MgO in basalts from El Dien et al.3, shown with two standard
error of the mean uncertainties determined after bootstrap resampling. The
concomitant increase in the 5th percentile eHf; and geochemical parameters
of mantle temperature indicate a global crustal rejuvenation event at c.
3.2-3.0 Ga. Source data information is provided in Supplementary Data 5.

formation and injection of hot mafic/ultramafic magmas into pre-
existing Hadean-to-Eoarchean crust (Fig. 7b).

Ancient continental crust produced in the early Earth thermal
environment is mostly composed of variably deformed and
metamorphosed magmatic rocks of the TTG suite*? that formed by
partial melting of older hydrated mafic rocks*>. Generally, two
stages of mantle differentiation are inferred to generate continental
crust*4, First, basaltic magma is extracted from the mantle. Second,
it is buried and partially melted to form felsic continental crust.
Global Hf isotopic patterns imply that early stage fractionated and
extracted buoyant crust was re-fertilized via injection of mantle-
derived magma during Earth’s thermal peak. Such multiple stage
crust production is consistent with results from elsewhere that
support TTG generation from more ancient nuclei®#>40,

Smithies, et al.° linked the generation of stable tracts of con-
tinental crust to processes that produced mantle enrichments,
envisaging the development of enriched mafic source regions
forming Paleoarchean TTG at a particular stage (pre c. 3.5 Ga) in
the compositional differentiation of the mantle. This work indi-
cates another important later stage in TTG production (c. 3.2-3.0
Ga) during injection of mantle-derived material into this pre-
existing buoyant crust.

Given the paucity of preserved Hadean-to-Eoarchean material in
Archean crust today, the flux of juvenile material during the peak in
mantle potential temperatures was sufficient to substantially rework
primordial felsic crust. Buoyant felsic Hadean-to-Eoarchean material
need not have made up a large volume of early crust but locally must
have been sufficient to stall hot mafic-ultramafic magma and ulti-
mately generate younger TTGs. Much Archean crust today may
have only survived because it was emplaced into older Hadean-to-
Eoarchean buoyant crust, which served as a life raft to preserve our
planet’s formative crust through antiquity.

Methods

Isotopic analysis of zircon. U-Pb and Lu-Hf measurements were performed using
in situ analytical techniques on zircon separates. Zircon grains were separated from
each sample using magnetic and heavy liquid techniques. The zircon grains,
together with zircon reference standards, were cast in 25 mm epoxy mounts, which
were then polished to approximately half-grain thickness for analysis. Each mount
was documented with transmitted and reflected light micrograph images prior to
analysis. Post analysis, CL imaging was performed using a Tescan Mira3 FEG-SEM
at the John de Laeter Centre, Curtin University to verify the spot positioning and
provide information on internal textures to aid further interpretation.

U-Pb geochronology and Lu-Hf isotope analyses were performed at the John de
Laeter Centre, Curtin University. U-Pb analyses were collected across two
analytical sessions using a ~20-um spot. Lu-Hf analyses were subsequently
collected in a single session with a ~50-um spot placed on top of the U-Pb spot on
grains where the internal texture and size permitted the analysis of the same growth
domain as best could be determined from imaging. For both U-Pb sessions, the
excimer laser (RESOlution LR 193 nm ArF with a Lauren Technic S155 cell) on-
sample energy was 2.0 ] cm~2 with a repetition rate of 5 Hz for 45 s of analysis time
and ~60 s of background capture. All analyses were preceded by three cleaning
pulses. For Hf analysis, the same laser was used with an on-sample energy of
3.0Jcm™2 and a repetition rate of 10 Hz for 30 s of analysis time and ~60 s of
background capture. For both U-Pb and Hf, the sample cell was flushed by
ultrahigh purity He (320 mL min~!) and N, (2.8 mL min~1!).

For both sessions, U-Pb data were collected on an Agilent 8900 triple quadrupole
mass spectrometer with high-purity Ar as the carrier gas for both sessions (flow rate
0.98 L min~!). Analyses of 10 unknowns were bracketed by analysis of a standard
block containing the primary zircon reference materials GJ-1 (601.86 +0.37 Ma;
refs. 47:48) and OG1 (3465.4 + 0.6 Ma; ref. 4°), which were used to monitor and
correct for mass fractionation and instrumental drift for U-Pb dating. Secondary
reference zircon were used to monitor data accuracy and precision, including
Ple3ovice (337.13 + 0.37 Ma; ref. °9), 91500 (1062.4 + 0.4 Ma; ref. °1), and Maniitsoq
(3008.70 +0.72 Ma; ref. 52), all uncertainties at 20. During the analytical sessions,
when reduced against a matrix-matched reference material, Plesovice, 91500, and
Maniitsoq yielded statistically reliable (p >0.05) weighted mean ages of 338.2 +
0.8-338.6 +0.9, 1062.0 + 3.9-1063.4 + 2.7, and 3003 + 10-3010 + 10 Ma,
respectively, all of which are within 20 of the published age (Supplementary Data 3
provides full U-Pb standard compilation). For this study, the primary reference
material was zircon OG1 (3465.4 + 0.6 Ma; ref. %), which is an Archean zircon with
similar ablation response to the unknowns investigated in this work.

Time-resolved mass spectra were reduced using the U/Pb Geochronology3
reduction schemes in Iolite™ 53 and in-house Microsoft Excel macros. No
common lead corrections were deemed necessary due to low 204Pb counts; the
proportion of common Pb (f206) was <0.05% or below detection limit for 983 of
995 analyses, with the remaining 12 analyses between 0.05 and 0.15%. All dates are
reported with +2¢ uncertainties calculated directly from isotopic ratios.
Uncertainties on the primary reference materials were propagated in quadrature to
the unknowns and secondary zircon reference materials. Age calculations and
inverse concordia plots utilized the Isoplot 4.15 software>. Kernel density plots of
detrital zircon age populations were produced in the R statistical “provenance”
analysis package””. Full isotopic data for the samples are given in Supplementary
Data 1 and values for the reference materials are given in Supplementary Data 3.
All zircon ages are presented as 207Pb/296Pb ages due to their superior precision at
ages between 4.0 and 1.8 Ga.

Lu-Hf isotopic data (Supplementary Data 2) were collected on a Nu
Instruments Plasma II multi-collector inductively coupled plasma mass
spectrometry (ICP-MS). Measurements of 171Yb 172Yb, 173Yb, 175Ly, 176Hf + Yb
+Lu, 177Hf, 178Hf, 17°Hf, and '3Hf were made simultaneously. Time-resolved data
were baseline subtracted and reduced using Iolite data reduction scheme after
ref. %, where 176Yb and !76Lu were removed from the 176 mass signal using 176Yb/
173Yb = 0.7962 and 76Lu/!7>Lu = 0.02655 with an exponential law mass bias
correction assuming 172Yb/173Yb = 1.35274°7. The interference corrected 70Hf/
77Hf was normalized assuming !7°Hf/!77Hf = 0.7325°3 for mass bias correction.
The mass spectrometer was initially tuned using Yb- and Lu-doped JMC475 Hf
solutions introduced using the Aridus II desolvating nebulizer, with the goal of
maximizing Hf detection efficiency while minimizing oxide production. A range of
different zircon crystals from reference standards were analyzed together with the
samples in each session to monitor the accuracy of the results. Mud Tank zircon
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Fig. 7 Pressure-temperature diagram depicting the melting of mantle peridotite and a schematic representation of the implication of this process for
ancient crust. a Pressure-temperature diagram showing location of the solidus and various melt isopleths during dry melting of mantle peridotite modified
after ref. 39, along with adiabatic convective geotherms for mantle potential temperatures of 1300, 1400, 1500, and 1600 °C (after McKenzie and
O’'Nions®9). Overall, increasing mantle potential temperatures result in greater melting depth and greater melt fractions. Opx denotes Orthopyroxene.
b Cartoon section depicting the production of Mesoarchean mantle-derived melts, which penetrate and modify pre-existing crust and generate new TTG
(tonalite-trondhjemite-granodiorite). Ancient crust serves as buoyant life-rafts that facilitate rapid crustal growth during the Mesoarchean

and Neoarchean and are also preferentially preserved relative to solely juvenile segments.

was used as the primary reference material for Hf isotope ratios, with a 176Hf/177Hf
ratio of 0.282507 % 0.000006°°. Corrected 176Lu/177Hf ratios were determined
through processing against R33 zircon reference (0.001989 + 0.000869; ref. ).
91500 (0.282305 + 0.000006; ref. 61), FC1 (0.282184 + 0.000016; ref. 5°), GJ-1
(0.282000 + 0.000005; ref. ©2), and Plesovice (0.282474 + 0.000012; ref. >0) were
used as secondary references to monitor accuracy of data processing. During the
analytical session, all analyzed secondary references had statistically significant
means (i.e., p>0.05) that fell within 20 error of reported 76Hf/!177Hf values
(Supplementary Data 3), including 91500 (0.282288 +0.00011), FC1 (0.282172 +
0.000009), GJ-1 (0.282011 + 0.000009), and Plesovice (0.282474 + 0.000013). The
stable 178Hf/177Hf and 18°Hf/177Hf ratios for Mud Tank yielded values of 1.467201
+0.000011 and 1.886829 + 0.000014, respectively, which overlap at 2¢ with
recommended values reported by Thirlwall and Anczkiewicz® (Supplementary
Data 3). Decay constants, chondritic uniform reservoir (CHUR), and depleted
mantle values are taken from Séderlund et al.%%, Bouvier et al.%%, and Griffin et al.%,
respectively. Epsilon notation Hf isotopic data relative to CHUR at the initial time
of crystallization [eHf;] were computed for concordant zircon grains using the age
of the crystal, and the measured (present-day) 17¢Lu/}77Hf and 176Hf/!77Hf values.
Elevated Yb content may have a deleterious effect on isobaric interference
correction of 176Hf/177Hf. However, the median Yb content of stream sediment
zircon is 2200 ppm on 76Hf, which is less than that in reference material FC1. FC1
reproduces the expected 176Hf/177Hf ratio yet has, on average, much greater Yb
interference (4000 ppm on !76Hf) than the sample material.

Data availability
All data used in this manuscript are included in the Supplementary Information File and
Supplementary Data Files (1-5).

Code availability
Tolite used for U/Pb and Lu/Hf data reduction is available through https://iolite.xyz/.

Received: 5 August 2020; Accepted: 7 December 2020;
Published online: 12 January 2021

References

1. Smithies, R. H., Van Kranendonk, M. J. & Champion, D. C. It started with a
plume - early Archaean basaltic proto-continental crust. Earth Planet. Sci. Lett.
238, 284-297 (2005).

2. Johnson, T. E., Brown, M., Kaus, B. J. P. & Vantongeren, J. A. Delamination
and recycling of Archaean crust caused by gravitational instabilities. Nat.
Geosci. 7, 47-52 (2014).

NATURE COMMUNICATIONS | (2021)12:331] https://doi.org/10.1038/s41467-020-20514-4 | www.nature.com/naturecommunications

10.

11.

12.

13.

14.

15.

17.

18.

19.

Hansen, V. L. Impact origin of Archean cratons. Lithosphere 7, 563-578 (2015).
Condie, K. C. & Aster, R. C. Episodic zircon age spectra of orogenic granitoids:
the supercontinent connection and continental growth. Precambrian Res. 180,
227-236 (2010).

Dhuime, B., Hawkesworth, C. J., Cawood, P. A. & Storey, C. D. A change in
the geodynamics of continental growth 3 billion years ago. Science 335,
1334-1336 (2012).

Smithies, R. H., Champion, D. C. & Van Kranendonk, M. J. Formation of
Paleoarchean continental crust through infracrustal melting of enriched basalt.
Earth Planet. Sci. Lett. 281, 298-306 (2009).

Garde, A. A. A mid-Archaean island arc complex in the eastern Akia terrane,
Godthabsfjord, southern West Greenland. J. Geol. Soc. 164, 565-579 (2007).
Galer, S. J. G. & Goldstein, S. L. Early mantle differentiation and its thermal
consequences. Geochim. Cosmochim. Acta 55, 227-239 (1991).

Reimink, J. R., Chacko, T., Stern, R. A. & Heaman, L. M. Earth’s earliest evolved
crust generated in an Iceland-like setting. Nat. Geosci. 7, 529-533 (2014).
Petersson, A., Kemp, A. I. S. & Whitehouse, M. J. A Yilgarn seed to the Pilbara
Craton (Australia)? Evidence from inherited zircons. Geology 47, 1098-1102
(2019).

Mole, D. R. et al. Time-space evolution of an Archean craton: a Hf-isotope
window into continent formation. Earth-Sci. Rev. 196, 102831 (2019).
Spencer, C. J., Kirkland, C. L., Roberts, N. M. W., Evans, N. J. & Liebmann, J.
Strategies towards robust interpretations of in situ zircon Lu-Hf isotope
analyses. Geosci. Front. 11, 843-853 (2020).

Steenfelt, A. Rare earth elements in Greenland: known and new targets
identified and characterised by regional stream sediment data. Geochem.
Exploration Environ. Anal. 12, 313-326 (2012).

Steenfelt, A., Jensen, S. M., Nielsen, T. F. D. & Sand, K. K. Provinces of
ultramafic lamprophyre dykes, kimberlite dykes and carbonatite in West
Greenland characterised by minerals and chemical components in surface
media. Lithos 1128, 116-123 (2009).

Friend, C. R. L., Nutman, A. P. & McGregor, V. R. Late Archaean terrane
accretion in the Godthab region, southern West Greenland. Nature 335,
535-538 (1988).

Steenfelt, A. et al. The Mesoarchaean Akia terrane, West Greenland, revisited:
new insights based on spatial analysis of aeromagnetic, lithological,
geochemical and zircon U-Pb isotope data. Precambrian Res. in press (2020).
Gardiner, N. J. et al. Building Mesoarchaean crust upon Eoarchaean roots: the
Akia Terrane, West Greenland. Contrib. Mineral. Petrol. 174, 20 (2019).
Garde, A. A,, Friend, C. R. L., Nutman, A. P. & Marker, M. Rapid maturation
and stabilisation of middle Archaean continental crust: the Akia terrane,
southern West Greenland. Bull. Geol. Soc. Den. 47, 1-27 (2000).

Nutman, A. P,, Friend, C. R. L., Barker, S. L. L. & McGregor, V. R. Inventory
and assessment of Palaeoarchaean gneiss terrains and detrital zircons in
southern West Greenland. Precambrian Res. 135, 281-314 (2004).


https://iolite.xyz/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yi, K., Bennett, V. C,, Nutman, A. P. & Lee, S. R. Tracing Archaean terranes
under Greenland’s Icecap: U-Th-Pb-Hf isotopic study of zircons from melt-
water rivers in the Isua area. Precambrian Res. 255, 900-921 (2014).
Kirkland, C. L., Yakymchuk, C., Hollis, J., Heide-Jorgensen, H. & Danisik, M.
Mesoarchean exhumation of the Akia terrane and a common Neoarchean
tectonothermal history for West Greenland. Precambrian Res. 314, 129-144
(2018).

Gardiner, N. J. et al. North Atlantic Craton architecture revealed by
kimberlite-hosted crustal zircons. Earth Planet. Sci. Lett. 534, 116091 (2020).
Kohanpour, F. et al. Hf isotopic fingerprinting of geodynamic settings:
integrating isotopes and numerical models. Gondwana Res. 73, 190-199
(2019).

Gardiner, N. J. et al. Processes of crust formation in the early Earth imaged
through Hf isotopes from the East Pilbara Terrane. Precambrian Res. 297,
56-76 (2017).

Van Kranendonk, M. J. & Kirkland, C. L. Conditioned duality of the Earth
system: geochemical tracing of the supercontinent cycle through Earth history.
Earth-Sci. Rev. 160, 171-187 (2016).

Cleveland, W. S. Robust locally weighted regression and smoothing
scatterplots. J. Am. Stat. Assoc. 74, 829-836 (1979).

Brown, M., Kirkland, C. L. & Johnson, T. E. Evolution of geodynamics since
the Archean: significant change at the dawn of the Phanerozoic. Geology 48,
488-492 (2020).

Puetz, S. J. & Condie, K. C. Time series analysis of mantle cycles Part I:
Periodicities and correlations among seven global isotopic databases. Geosci.
Front. 10, 1305-1326 (2019).

Keller, B. & Schoene, B. Plate tectonics and continental basaltic geochemistry
throughout Earth history. Earth Planet. Sci. Lett. 481, 290-304 (2018).

El Dien, H. G., Doucet, L. S., Murphy, J. B. & Li, Z.-X. Geochemical evidence
for a widespread mantle re-enrichment 3.2 billion years ago: implications for
global-scale plate tectonics. Sci. Rep. 10, 1-7 (2020).

Collerson, K. D. & Kamber, B. S. Evolution of the continents and the
atmosphere inferred from Th-U-Nb systematics of the depleted mantle.
Science 283, 1519-1522 (1999).

Pearson, D. G., Parman, S. W. & Nowell, G. M. A link between large mantle
melting events and continent growth seen in osmium isotopes. Nature 449,
202-205 (2007).

Herzberg, C., Condie, K. & Korenaga, J. Thermal history of the Earth and its
petrological expression. Earth Planet. Sci. Lett. 292, 79-88 (2010).

Breuer, D. & Spohn, T. Possible flush instability in mantle convection at the
Archaean-Proterozoic transition. Nature 378, 608-610 (1995).

Komiya, T. in Superplumes: Beyond Plate Tectonics 187-234 (Springer, 2007).
Korenaga, J. Urey ratio and the structure and evolution of Earth’s mantle. Rev.
Geophys. https://doi.org/10.1029/2007RG000241 (2008).

McKenzie, D. A. N. & Bickle, M. J. The volume and composition of melt
generated by extension of the lithosphere. J. Petrol. 29, 625-679 (1988).
Ganne, J. & Feng, X. Primary magmas and mantle temperatures through time.
Geochem. Geophys. Geosyst. 18, 872-888 (2017).

Jennings, E. S. & Holland, T. J. B. A simple thermodynamic model for melting
of peridotite in the system NCFMASOCr. J. Petrol. 56, 869-892 (2015).
Herzberg, C. Depth and degree of melting of komatiites. J. Geophys. Res. Solid
Earth 97, 4521-4540 (1992).

Hartnady, M. I. H. & Kirkland, C. L. A gradual transition to plate

tectonics on Earth between 3.2 to 2.7 billion years ago. Terra Nova 31,
129-134 (2019).

Jahn, B.-M., Glikson, A. Y., Peucat, J. J. & Hickman, A. H. REE geochemistry
and isotopic data of Archean silicic volcanics and granitoids from the Pilbara
Block, Western Australia: implications for the early crustal evolution.
Geochim. Cosmochim. Acta 45, 1633-1652 (1981).

Moyen, J.-F. & Martin, H. Forty years of TTG research. Lithos 148, 312-336
(2012).

Jain, C., Rozel, A. B., Tackley, P. J., Sanan, P. & Gerya, T. V. Growing
primordial continental crust self-consistently in global mantle convection
models. Gondwana Res. 73, 96-122 (2019).

Martin, H., Moyen, J.-F., Guitreau, M., Blichert-Toft, J. & Le Pennec, J.-L.
Why Archaean TTG cannot be generated by MORB melting in subduction
zones. Lithos 198, 1-13 (2014).

Condie, K. C., Puetz, S. J. & Davaille, A. Episodic crustal production before 2.7
Ga. Precambrian Res. 312, 16-22 (2018).

Horstwood, M. S. A. et al. Community-derived standards for LA-ICP-MS U-
(Th-)Pb geochronology - uncertainty propagation, age interpretation and data
reporting. Geostand. Geoanal. Res. 40, 311-332 (2016).

Jackson, S. E., Pearson, N. J., Griffin, W. L. & Belousova, E. A. The application
of laser ablation-inductively coupled plasma-mass spectrometry to in situ
U-Pb zircon geochronology. Chem. Geol. 211, 47-69 (2004).

Stern, R. A., Bodorkos, S., Kamo, S. L., Hickman, A. H. & Corfu, F.
Measurement of SIMS instrumental mass fractionation of Pb isotopes during
zircon dating. Geostand. Geoanal. Res. 33, 145-168 (2009).

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Sldma, J. et al. PleSovice zircon—a new natural reference material for U-Pb
and Hf isotopic microanalysis. Chem. Geol. 249, 1-35 (2008).

Wiedenbeck, M. et al. Three natural zircon standards For U-Th-Pb, Lu-Hf,
trace element and REE analyses. Geostand. Newsl. 19, 1-23 (1995).

Marsh, J. H,, Jorgensen, T. R. C,, Petrus, J. A, Hamilton, M. A. & Mole, D. R.
U-Pb, trace element, and hafnium isotope composition of the Maniitsoq
zircon: a potential new Archean zircon reference material. Goldschmidt Abstr.
2019, 2161 (2019).

Paton, C., Hellstrom, J., Paul, B., Woodhead, J. & Hergt, J. Iolite: freeware for
the visualisation and processing of mass spectrometric data. J. Anal. At.
Spectrom. 26, 2508-2518 (2011).

Ludwig, K. User’s manual for isoplot version 3.75-4.15: a geochronological
toolkit for Microsoft (Excel Berkley Geochronological Center, 2012).
Vermeesch, P., Resentini, A. & Garzanti, E. An R package for statistical
provenance analysis. Sediment. Geol. 336, 14-25 (2016).

Woodhead, J., Hergt, J., Shelley, M., Eggins, S. & Kemp, R. Zircon Hf-isotope
analysis with an excimer laser, depth profiling, ablation of complex geometries,
and concomitant age estimation. Chem. Geol. 209, 121-135 (2004).

Chu, N.-C. et al. Hf isotope ratio analysis using multi-collector inductively
coupled plasma mass spectrometry: an evaluation of isobaric interference
corrections. J. Anal. At. Spectrom. 17, 1567-1574 (2002).

Patchett, P. J. & Tatsumoto, M. A routine high-precision method for Lu-Hf
isotope geochemistry and chronology. Contrib. Mineral. Petrol. 75, 263-267
(1981).

Woodhead, J. D. & Hergt, ]. M. A preliminary appraisal of seven natural
zircon reference materials for in situ Hf isotope determination. Geostand.
Geoanal. Res. 29, 183-195 (2005).

Black, L. P. et al. Improved 206Pb/238U microprobe geochronology by the
monitoring of a trace-element-related matrix effect; SHRIMP, ID-TIMS,
ELA-ICP-MS and oxygen isotope documentation for a series of zircon
standards. Chem. Geol. 205, 115-140 (2004).

Blichert-Toft, J. The Hf isotopic composition of zircon reference material
91500. Chem. Geol. 253, 252-257 (2008).

Morel, M. L. A., Nebel, O., Nebel-Jacobsen, Y. J., Miller, J. S. & Vroon, P. Z.
Hafnium isotope characterization of the GJ-1 zircon reference material by
solution and laser-ablation MC-ICPMS. Chem. Geol. 255, 231-235 (2008).
Thirlwall, M. F. & Anczkiewicz, R. Multidynamic isotope ratio analysis using
MC-ICP-MS and the causes of secular drift in Hf, Nd and Pb isotope ratios.
Int. J. Mass Spectrom. 235, 59-81 (2004).

Soéderlund, U., Patchett, P. J., Vervoort, J. D. & Isachsen, C. E. The 176Lu
decay constant determined by Lu-Hf and U-Pb isotope systematics of
Precambrian mafic intrusions. Earth Planet. Sci. Lett. 219, 311-324 (2004).
Bouvier, A., Vervoort, J. D. & Patchett, P. ]. The Lu-Hf and Sm-Nd isotopic
composition of CHUR: constraints from unequilibrated chondrites and
implications for the bulk composition of terrestrial planets. Earth Planet. Sci.
Lett. 273, 48-57 (2008).

Griffin, W. L. et al. Zircon chemistry and magma mixing, SE China: in-situ
analysis of Hf isotopes, Tonglu and Pingtan igneous complexes. Lithos 61,
237-269 (2002).

Friend, C. R. L. & Nutman, A. P. Tectono-stratigraphic terranes in Archaean
gneiss complexes as evidence for plate tectonics: the Nuuk region, southern
West Greenland. Gondwana Res. 72, 213-237 (2019).

Griffin, W. L., Belousova, E. A., Shee, S. R,, Pearson, N. J. & O’Reilly, S. Y.
Archean crustal evolution in the northern Yilgarn Craton: U-Pb and Hf-
isotope evidence from detrital zircons. Precambrian Res. 131, 231-282 (2004).
McKenzie, D. A. N. & O’Nions, R. K. Partial melt distributions from inversion
of rare Earth element concentrations. J. Petrol. 32, 1021-1091 (1991).

Acknowledgements

GeoHistory Facility instruments in the John de Laeter Centre, Curtin University were
funded via an Australian Geophysical Observing System grant provided to AuScope Pty
Ltd by the AQ44 Australian Education Investment Fund program. The NPII multi-
collector was obtained via funding from the Australian Research Council LIEF program
(LE150100013). Brad McDonald and Noreen Evans are thanked for support during LA-
ICP-MS analysis. The Ministry of Minerals and Resources, Government of Greenland
funded the sample processing and analysis.

Author contributions

C.LK, AS., and J.A.H. designed the study. A.S. provided the samples and C.L.K. col-
lected and processed the data, M.LH.H., HK.H.O., and M.B. contributed further data
reduction and analysis. M.B. and H.K.H.O. drafted the figures. C.L.K. led the writing of
the manuscript with contributions from all authors.

Competing interests
The authors declare no competing interests.

| (2021)12:331] https://doi.org/10.1038/s41467-020-20514-4 | www.nature.com/naturecommunications


https://doi.org/10.1029/2007RG000241
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20514-4.

Correspondence and requests for materials should be addressed to C.L.K.

Peer review information Nature Communications thanks Cristiano Lana and Tracy
Rushmer for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:331] https://doi.org/10.1038/s41467-020-20514-4 | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-020-20514-4
https://doi.org/10.1038/s41467-020-20514-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Widespread reworking of Hadean-to-Eoarchean continents during Earth’s thermal peak
	Results
	Provenance of stream sediment zircons
	Hadean-to-Eoarchean crustal evolution in the northern North Atlantic Craton

	Discussion
	Methods
	Isotopic analysis of zircon

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




