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Remnants of Eoarchean continental crust derived
from a subducted proto-arc

Rongfeng Ge,"** Wenbin Zhu,'* Simon A. Wilde,? Hailin Wu"

Eoarchean [3.6 to 4.0 billion years ago (Ga)] tonalite-trondhjemite-granodiorite (TTG) is the major component of
Earth’s oldest remnant continental crust, thereby holding the key to understanding how continental crust orig-
inated and when plate tectonics started in the early Earth. TTGs are mostly generated by partial melting of hydrated
mafic rocks at different depths, but whether this requires subduction remains enigmatic. Recent studies show that
most Archean TTGs formed at relatively low pressures (<1.5 GPa) and do not require subduction. We report a suite
of newly discovered Eoarchean tonalitic gneisses dated at ~3.7 Ga from the Tarim Craton, northwestern China.
These rocks are probably the oldest high-pressure TTGs so far documented worldwide. Thermodynamic and trace
element modeling demonstrates that the parent magma may have been generated by water-fluxed partial melting
of moderately enriched arc-like basalts at 1.8 to 1.9 GPa and 800° to 830°C, indicating an apparent geothermal
gradient (400° to 450°C GPa™") typical for hot subduction zones. They also locally record geochemical evidence
for magma interaction with a mantle wedge. Accordingly, we propose that these high-pressure TTGs were gener-
ated by partial melting of a subducted proto-arc during arc accretion. Our model implies that modern-style plate
tectonics was operative, at least locally, at ~3.7 Ga and was responsible for generating some of the oldest
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continental nuclei.

INTRODUCTION
Tonalite-trondhjemite-granodiorite (TTG) are sodic granitoids that
constitute most of the Archean continental crust, but they diminish over
time and give way to high-potassium (K) calc-alkaline granitoids in
post-Archean crustal domains (1-4). Thus, their origin and secular evo-
lution are crucial to understanding the origin and evolution of continental
crust. TTGs have distinct geochemical signatures, including high Na,O/
KO ratios and high strontium (Sr) contents, low heavy rare earth ele-
ment (REE) and yttrium (Y) contents, and depletion of niobium (Nb),
tantalum (Ta), and titanium (Ti) (I-4). It is generally agreed that TTGs
were mostly produced by partial melting of hydrated mafic rocks with
various amounts of garnet, clinopyroxene, amphibole, and rutile, but little
or no plagioclase in the residue, at depths corresponding to at least 0.8 to
1 GPa (I-4). However, in what geodynamic environment this deep
melting occurred is highly controversial. Proposed models include
melting of subducted oceanic slabs (5, 6) or oceanic plateaus (7), thick-
ened oceanic plateaus (8-10), or thickened oceanic arcs (11, 12). Recently,
Moyen (13) showed that much of the controversy probably arises from
lumping together of TTGs with diverse compositions that formed at dif-
ferent melting pressures. Most sodic TTGs (~80%) belong to the medium-
pressure (MP) and low-pressure (LP) subgroups that likely formed in
the lower crust in equilibrium with garnet amphibolites or high-pressure
mafic granulites, with various amounts of plagioclase in the residue. Only
~20% of sodic TTGs belong to the high pressure (HP) subgroup, derived
from rutile-bearing eclogites with abundant garnet and rutile but no
plagioclase in the residue, possibly in subduction zones (13). Therefore,
identification of HP TTGs in early Archean geological records and
understanding their petrogenesis have the potential to determine when
plate tectonics started and how continental crust formed in the early Earth.
Eoarchean TTGs have been identified in several gneiss complexes
around the world (Fig. 1A), but they mostly occur as small tectonic en-
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claves in younger rocks and only occupy about 1 millionth of Earth’s
surface (14). Moreover, because of multiple episodes of high-grade
metamorphism, partial melting, and ductile deformation, most Eoarchean
TTGs record multiple age components even in a single sample, resulting in
mixed whole-rock geochemical compositions. Recently, pristine com-
positions have been reported for samples with single magmatic ages
from relatively low-strain zones in the ~3.7 to 3.9 Ga (billion years ago)
Itsaq Complex (Greenland) (12, 15, 16), the ~3.9 to 4.0 Ga Acasta Com-
plex (Canada) (17, 18), and the ~3.8 Ga Anshan Complex (North China)
(19, 20) (see table S4 for a more complete reference list). These data suggest
that most Eoarchean TTGs are LP or MP TTGs that were likely derived
from partial melting of variably thickened mafic lower crust (11, 12, 16).
Alternatively, shallow assimilation and fractional crystallization (AFC)
of mafic magma in an Iceland-like setting has been proposed for a group
of ~4.02 Ga high-FeO" tonalites from the Acasta Complex (18). Al-
though enriched, arc-like basalts have been suggested as the source of
TTGs from the Itsaq Complex (11, 12, 16), the generation of the LP and
MP TTGs itself did not require subduction, thus questioning the
operation, scale, and style of plate tectonics in the early Archean. Here,
we report a suite of newly identified Eoarchean (~3.7 Ga) tonalitic
gneisses that are compositionally similar to HP TTGs from the Tarim
Craton of northwestern China. Pristine whole-rock compositions of
these rocks are compared with data from Itsaq, Acasta, and Anshan
to evaluate the geodynamic processes that generated the first
continental crust on Earth.

RESULTS

Eoarchean Aktash gneiss complex

Eoarchean TTG gneisses were identified from the Aktash Tagh area
in the southeastern margin of the Tarim Craton, northwestern China
(figs. S1 to S4) (21). Detailed mapping shows that they occur as small
tectonic enclaves in Paleoproterozoic (~2.0 to 2.1 Ga) dioritic to grano-
dioritic gneisses, with the largest being ~150 m long and 10 to 20 m
wide (Fig. 1B). They contain lenses of mafic granulite/amphibolite and
high-K granitic gneiss, the latter being dated to ~2.4 Ga and found to
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Fig. 1. Location and geological map of the Eoarchean Aktash gneisses complex. (A) Global distribution of Eoarchean gneiss complexes and their oldest TTG
components (ages in Ga). Nuv., Nuvvuagittug. (B) Geological map of the Aktash Complex. The Eoarchean gneisses occur as tectonic enclaves in ~2.0-Ga gneisses.
The inset shows the lower hemisphere equal-area stereoprojection of the regional foliation (52) at the outcrop. See the Supplementary Materials and fig. S1 for detailed

regional geological setting.

contain Eoarchean inherited zircons (21). These rocks were all metamor-
phosed to granulite facies at ~2.0 Ga and were affected by partial melting
and multiple episodes of ductile deformation. They were intruded by
~1.9 Ga carbonatites and ~1.8 Ga granitic veins and mafic dykes.

Five samples were dated by in situ zircon U-Pb techniques (see
Materials and Methods). They yield similar zircon populations (Fig. 2A)
and U-Pb age patterns (fig. S4), which are summarized in Fig. 2B. Zircon
cathodoluminescence (CL) images reveal complex internal structures,
with oscillatory zoned magmatic cores surrounded by multiple gray to
dark recrystallized mantles, which are commonly separated by a bright
seam from multiple metamorphic rims (Fig. 2A). U-Pb isotopic data
(tables S1 and S2) show that the concordant ages from the core and
mantle domains spread along concordia from ~3.55 to 3.75 Ga. Except
for one analysis with an apparent age of 3745 + 12 Ma (million years
ago, 20) that possibly records an inherited age, the oldest concordant
ages of the magmatic cores record a weighted mean **’Pb/**°Pb age
of 3713 + 8 Ma [mean square weighted deviation (MSWD) = 1.4,
n =7; Fig. 2B). This is consistent within error with the weighted mean
297pb/**°Pb ages and upper intercept ages (3.68 to 3.72 Ga) for indi-
vidual samples and is interpreted as the best estimate of the magmatic
crystallization age of the protolith of the Eoarchean Aktash gneiss. The
youngest concordant ages of the recrystallized mantles define a weighted
mean *”’Pb/**Pb age of 3561 + 9 Ma (MSWD = 071, n = 10; Fig. 2B),
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which is interpreted as the time of metamorphic recrystallization of
the primary magmatic zircons. The remaining analyses plot along
or below the concordia curve, reflecting the multiple and/or incomplete
radiogenic Pb (Pb*) loss. The metamorphic rims are dated at ~2.0 Ga,
consistent with the zircon ages of adjacent high-grade metamorphic
rocks in the area (21).

In situ zircon Hf isotopic analysis (see Materials and Methods)
shows that the cores and mantles have similar, although slightly het-
erogeneous, 7SHf/'77H ratios (Fig. 2C and table S3), consistent with
the recrystallization origin of the latter. Moreover, the young, discor-
dant analyses have indistinguishable '"°Hf/"””Hf ratios from the oldest
grains, supporting the interpretation of Pb* loss (22). When calculated
using the magmatic crystallization age, the eHf values form a normal
distribution with a mean value of —0.7 £ 2.6 (20), consistent with a mag-
ma source derived from a near chondritic mantle, as commonly found
for other Eoarchean TTGs (22).

Whole-rock geochemical data (see Materials and Methods and
table S4) show that most samples have consistent major and trace ele-
ment compositions, and good correlations exist between relatively im-
mobile elements, suggesting that most elements (except for Th, U, Rb,
and Ba) were not significantly mobilized by later high-grade metamor-
phism, migmatization, or alteration (fig. S5). These samples have a
tonalitic composition, except for sample 16ALT08-3 with high K,O
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Fig. 2. Zircon structures, U-Pb ages, and Hf isotopic compositions of the Eoarchean
Aktash tonalitic gneisses. (A) Representative CL images showing complex core (c),
mantle (m), and rim (r) structures. Oscillatory zoned magmatic cores are surrounded
by multiple recrystallized mantles that are separated by a thin bright seam (white
arrows) with multiple metamorphic overgrowth rims. (B) Concordia diagram showing
all U-Pb ages by secondary ion mass spectrometer (SIMS) and laser ablation (LA) (see
Materials and Methods). The inset shows the 2°’Pb/?°Pb ages of concordant analyses
from magmatic cores and recrystallized mantles, with weighted mean ages of the
oldest cores and youngest mantles interpreted as the best estimates of magma crys-
tallization and metamorphic recrystallization, respectively. Other discordant analyses
plot in the region defined by multiple radiogenic Pb (Pb*) loss events. (C) Measured
78Hf/'77 Hf ratios versus >°’Pb/>°Pb ages for the magmatic cores and recrystallized
mantles, showing the indistinguishable Hf isotopic compositions for both domains
that do not change with apparent ages. The inset shows the near Gaussian
distribution of eHf values calculated using the magmatic crystallization age.
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that plots in the granite field (Fig. 3A). The tonalite samples have
trace element characteristics typical of Archean TTGs, including
high Sr, low Y, and heavy REE. Compared to the Eoarchean TTGs
from the Itsaq, Acasta, and Anshan complexes, the Aktash samples
have higher Sr [476 to 747 ppm (parts per million)], lower Y (1.9 to
7.0 ppm), and heavy REE contents (Yb = 0.17 to 0.56 ppm), and thus
higher Sr/Y (82 to 282) and normalized La/Yb (32.0 to 136) and Gd/Yb
(2.59 to 6.88) ratios (Fig. 3B and Table 1). Moreover, these samples have
very low Nb (average, 2.8 ppm), Ta (average, 0.10 ppm), and Ti [aver-
age, 0.46 weight % (wt %)] contents relative to other Eoarchean TTGs
(Fig. 3C). These geochemical features are consistent with those for HP
TTGs (13), whereas samples from the Itsaq, Acasta, and Anshan
complexes mostly plot in the MP and LP TTG fields (Fig. 3, B and C,
and Table 1), indicating that the Aktash tonalites were probably derived
from higher pressures. In addition, the Aktash samples tend to have
lower SiO; (as low as 57 wt %) but higher MgO (up to 4.71 wt %), Cr
(up to 122 ppm), and Ni (up to 121 ppm) contents, and higher Mg# (up
to 60.1) than the other Eoarchean TTGs and experimentally derived
TTG melts, with the most mafic sample (16ALT04-2) plotting close to
the average low-SiO, adakite and sanukitoid (3) (Fig. 3D).

Thermodynamic and trace element modeling
It is generally agreed that Archean TTGs were generated by partial
melting of hydrated mafic rocks (1-4). Although an AFC origin has
been proposed for the ~4.02 Ga high-FeO" tonalites in the Acasta
Complex (18) and for some TTG-like plutons in Phanerozoic arcs (23),
this model is not favored for most Archean TTGs because both inter-
mediate products (for example, gabbro and diorite) and cumulates (for
example, garnetite and hornblendite) of fractional crystallization are
rare or absent in Archean geological records. This also applies to the
Aktash tonalites, the composition of which was likely controlled by
progressive partial melting and subsequent interaction with mantle
peridotite (see the Supplementary Materials). In the partial melting model,
the primary magma composition is controlled by source composition
and melting conditions (for example, pressure, temperature, and water
activity), which are likely related to tectonic settings. Here, we compiled
a database of mafic rocks from modern oceanic settings (mid-ocean
ridges, oceanic plateaus, and oceanic arcs) and Archean cratons (see
Materials and Methods and table S7) to evaluate the tectonic setting that
generated Eoarchean TTGs and thus Earth’s oldest continental crust.
Simple batch melting modeling using the highly incompatible large-
ion lithophile elements (LILEs; for example, Rb, Ba, Th, U, and K) pro-
vides important constraints on the source of TTGs (Fig. 4A and fig. S7).
Although these elements can be mobile during alteration and metamor-
phism, the global average tends to eliminate this effect. Our compilation
shows that TTGs are significantly enriched in LILEs relative to modern
mid-ocean ridge basalts (MORB; Fig. 4A and table S6). This enrichment
is independent of age and melting pressure and is probably a reflection
of source composition and degree of partial melting. Our results con-
firm that, for 10 to 30% partial melting, MORB is too depleted in LILEs
to produce TTGs (Fig. 4A) (7, 9). Oceanic plateau basalts (OPB) have
been considered as the source of TTGs (7, 8) because they are derived
from relatively enriched mantle plumes (24). However, our results show
that most modern OPB are dominated by tholeiites that are only mar-
ginally more enriched (some are even more depleted) than modern
MORB, which is insufficient to produce the enrichment seen in TTGs
unless a very low degree (<7%) of partial melting is involved. This is
consistent with a recent experimental finding that addition of K,O-rich
fluids is needed to make TTGs from primitive OPB (25). More enriched
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Fig. 3. Geochemical composition of the Eoarchean Aktash tonalitic gneisses compared to Eoarchean TTGs from the Itsaq, Acasta, and Anshan gneiss complexes.
Average compositions of individual samples from replicate analyses are used in the plots for the Aktash gneisses. Acasta 1 refers to the 4.02-Ga high-FeO" tonalites that
are compositionally different from typical TTGs. See table S4 for data source. (A) Feldspar triangular classification diagram showing the tonalitic composition of the
studied samples, except for sample 16ALT08-3. (B) Sr/Y diagram. (C) Nb/Ta diagram. The Aktash tonalitic gneisses mostly plot into the HP TTG fields in (B) and (C),
whereas other Eoarchean TTGs mostly plot into the medium and LP TTG fields (73). (D) Cr/Mg# diagram showing the higher Cr contents and Mg# of the Aktash tonalitic
gneisses relative to the lower crust-derived Eoarchean TTGs and experimental TTG melts (37). The most “mafic” sample (16ALT04-2) plots close to the average low-SiO,
Adakites and Archean Sanukitoids (3), which can be modeled by simple mixing with 3 to 5% mantle peridotite (DP1) (39). This provides a minimum constraint for
mantle peridotite interacted with TTG melts because experiments show that this interaction produces peritectic mafic minerals (for example, garnet and pyroxene) that

host most of the MgO, Cr, and Ni, so that even interaction with 30% peridotite produces melts (for example, CF-HP) similar to our most mafic sample (39).

basalts do exist in oceanic plateaus and oceanic islands, but their
restricted abundance and need for selective melting is a problem when
large volumes of TTGs are to be produced. The only mafic rocks enriched
enough to be the source of extensive TTGs in a modern oceanic setting
are island arc basalts (IAB; Fig. 4A and fig. S7). In fact, the average
composition of modern IAB is slightly too enriched in K,O, which,
under similar degrees of partial melting, would produce melts that tend
to be K-rich granodiorite to granite (Fig. 4A and fig. S7), a conclusion
supported by partial melting experiments (26).

The tectonic setting of Archean basalts is a subject of considerable
debate, and unambiguous geological records of Archean MORB and
OPB are rare or absent (27). Although the Archean mantle may not
be as depleted as it is today, the mantle-derived melts tend to be diluted
by higher-degree partial melting due to higher Archean mantle potential
temperature (28, 29). The net result is that Archean MORB and OPB
may not be significantly enriched than modern counterparts. By con-
trast, moderately enriched tholeiitic basalts have been documented in
the Eoarchean Isua (30-32) and Nuvvuagittuq (33) greenstone belts.
These rocks have trace element patterns and lithological associations
(for example, tholeiite-boninite association) remarkably similar to those
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found in modern oceanic arcs and have been interpreted as formed in
Eoarchean proto-arcs (14, 33, 34). Recent geochemical (11, 12, 16) and
experimental (35) studies have demonstrated that these Eoarchean arc-
like tholeiites are a suitable source for the Eoarchean TTGs in these
localities. These results imply that most TTGs probably require a mod-
erately enriched mafic source related to some form of crustal recycling
in arc-like settings as early as the Eoarchean and that the secular evolu-
tion from TTGs to high-K granodiorite-granite may be partly ascribed
to secular enrichment of arc-related basalts in addition to enhanced in-
tracrustal reworking (2, 4).

To further constrain the pressure (P)-temperature (T) conditions
and source water content [X(H,O)] under which Archean TTGs were
derived, thermodynamic partial melting modeling was performed for
the median composition of arc-like basalts (Th/Nb >0.1) (27) from
Archean cratons (see Materials and Methods and table S7). Note
that these basalts have a wide range of trace element compositions
and not all of them were necessarily generated in arcs considering
continental contamination and uncertainties in tectonic interpretations
(27). However, this median composition appears to be representative
of the least altered, moderately enriched high-aluminum arc-like
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Table 1. Median values of key elemental concentrations and ratios for TTGs and selected modeled melts. See tables S4, S6, S7, and S9 for details.

K20 (wt %) Rb (ppm)

Sr (ppm)

Y (ppm) Sr/Y Nb (ppm) Nb/Ta Mg#

TTGs derived from different depths

T =820°C, P =19 GPa 143 34.0 616

tholeiites in the Isua greenstone belt (30-32) and appears to be a suit-
able source of TTGs in terms of LILE concentrations (Fig. 4A). Ther-
modynamic calculations were carried out using the newly calibrated
solution models for tonalitic melt, amphibole, and clinopyroxene (see
Materials and Methods) (36). We calculated P-T and T-X(H,O) phase
diagrams (fig. S8), as well as mineral assemblage and degree of partial
melting at ~1500 discrete points (table S9) with P-T-X(H,0O) conditions
ranging from 750° to 950°C, 0.6 to 2.0 GPa, and 1.0 to 3.0 wt %, respec-
tively. The latter were then used to calculate the major and trace ele-
ment composition of the modeled melts (see Materials and Methods
and table S9) (10-12). Our results indicate that Sr contents and Sr/Y
ratios, as well as Nb-Ta and heavy REE contents, of the modeled melts
are sensitive to melting pressures, whereas LILE (for example, K and Rb)
and light REE contents are controlled by melting temperature and
source water content (and thus degree of partial melting; Fig. 5 and
fig. S8). These geochemical parameters of the modeled melts were
fitted with the observed compositions of the Eoarchean TTGs to esti-
mate the optimum P-T-X(H,O) conditions from which their parent
magmas were derived. The results show that the median composi-
tion of the Aktash tonalites is best matched by melts generated by 15
to 20% melting at relatively high pressure (1.8 to 1.9 GPa) and low
temperature (800° to 830°C) conditions when 2 to 3 wt % water is
present in the source (Figs. 4B and 5, and Table 1). Melting at variably
lower pressures (for example, 0.6 to 1.4 GPa; Fig. 4B and Table 1) fails
to reproduce the high Sr and Sr/Y, as well as the low Nb-Ta and heavy
REE contents. In a relatively dry system (1 to 1.5 wt % H,0O), similar
degrees of partial melting can be achieved at higher temperatures
(900° to 950°C) at 1.8 to 1.9 GPa, but the resultant melts have slightly
higher light REE contents than the observed median values (Fig. 4B).
The average TTGs from the Itsaq and Anshan complexes can be gen-
erated from the same source but at relatively lower pressures (1.0 to
1.5 GPa; fig. S9), consistent with previous studies of the Itsaq Complex
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(11, 12). A good fit was also obtained for melting at low temperature
(750° to 810°C) with high water contents (2 to 3 wt %), although high
temperature melting with lower initial water contents (1 to 1.5 wt %)
cannot be completely ruled out considering the large compositional
ranges of each suite (fig. S9). The relatively low Sr and high heavy REE
and Y contents of a few TTG samples from the Acasta gneisses sug-
gest a melting pressure of ~1.0 GPa, but their relatively high light REE
contents probably require a more enriched source (fig. S9).

DISCUSSION

The above modeling suggests that most Eoarchean TTGs (Itsaq and
Anshan) are MP and LP TTGs that were likely generated by partial
melting in the garnet amphibolite to HP granulite facies (Fig. 5), most
likely in the lower crust of thickened proto-arcs (1.0 to 1.5 GPa). This is
consistent with the results of recent geochemical (11, 12, 16), experi-
mental (37), and thermodynamic studies (10, 38). However, the Aktash
samples are similar to HP TTGs and can only be generated by partial
melting of rutile-bearing eclogites with no plagioclase and minor or no
amphibole in the residue at 1.8 to 1.9 GPa, or ~60 km depth. This sig-
nificantly exceeds the crustal thickness of modern oceanic arcs and oce-
anic plateaus and is probably also difficult to achieve for early Archean
crust, which was probably rheologically weak due to higher mantle
potential temperature and would be gravitationally unstable (delaminated)
at the base once thickened to 40 to 50 km (29). Therefore, melting of thick-
ened mafic lower crust can be ruled out for the Aktash tonalites. The
relatively high Mg# and Cr and Ni contents of the most mafic sample
also imply melting at mantle depths and interaction with at least 3 to
5% mantle peridotites (Fig. 3D) (1, 3, 4, 39); interaction with ultramafic
rocks (for example, komatiite) at shallow crustal levels is unlikely be-
cause our thermodynamic modeling (unpublished) indicates that this
would produce peritectic plagioclase and orthopyroxene that tend to
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Fig. 4. Trace element modeling. (A) Trace element patterns for the median
composition of TTGs (73) and their potential source rocks (tables S6 and S7),
highlighting the significant enrichment of LILEs (for example, Rb, Ba, Th, U, and
K) in TTGs. The dashed lines represent the degree of LILE enrichment required for the
source to produce TTGs by 10, 20, or 30% melting, assuming perfect incompatibility
(bulk partition coefficient = 0). In modern oceanic settings, only IAB are enriched
enough to be the source of TTGs; mid-ocean ridge and oceanic plateau basalts
are too depleted. The median composition of Archean arc-like basalts used for ther-
modynamic modeling appear to be a suitable source of TTGs. NMORB, normal
MORB. (B) Trace element patterns of TTG melts calculated at different P-T-X(H,0)
conditions for the median composition of Archean arc-like basalts (table S9). The
shaded area shows the overall compositional range of the ~3.7 Ga Aktash tonalites.
The best fit for the median composition of the Aktash tonalites is obtained for water-
fluxed melting [X(H,0) = 2 to 3 wt %] at 1.8 to 1.9 GPa and 800° to 830°C; dehydra-
tion melting [X(H,0) = 1.0 to 1.5 wt %] at higher temperatures (900° to 950°C)
results in a poorer fit in light REE. Melts derived from lower pressures at 1.4, 1.0,
and 0.6 GPa significantly deviate from the median Aktash tonalites in terms of
Nb-Ta, Sr and Y, and heavy REE contents.

eliminate the characteristic trace element features of TTGs (for example,
high Sr and Sr/Y).

Whether this deep melting occurred in subduction zones or de-
laminated lower crust requires further discussion. One difference be-
tween these two scenarios may lie in the melting temperature (and thus
apparent thermal gradient) and water activity. Partial melting in sub-
duction zones may occur at relative low temperatures due to high water
contents derived from dehydration of subducted slabs and overlying
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sediments, whereas delaminated lower crust is relatively dry and can
only be melted by conductive heating due to high thermal gradients
(>750°C GPa™) (10, 29). Thermodynamic and trace element model-
ing shows that the Aktash tonalites were most likely generated by low-
temperature (800° to 830°C) melting when 2 to 3 wt % water is added
(Figs. 4B and 5), which exceeds the maximum water content of fully
hydrated amphibolites at the solidus (~1.7 wt %; fig. S8) and thus implies
at least 0.3 wt % water-fluxed melting. High-temperature (900° to 950°C)
dehydration melting with low source water contents [X(H,0) =1 to
1.5 wt %] tends to yield melts that are slightly more enriched in light
REE than the median Aktash tonalite, although this possibility cannot
be entirely ruled out. Low-temperature water-fluxed melting is consistent
with the low zircon saturation temperature (77,) of these samples
(average, 780° + 20°C, 1o; table S4). Because the Zr contents do not
correlate with whole-rock SiO, (figs. S5 and S10) and an inherited
zircon is present, parent magmas of these rocks were probably initially
zircon saturated, thus T, provides a reasonable estimate of primary
magma crystallization temperature. Another line of evidence of low
temperature, water-fluxed melting comes from the high Nb/Ta ratios
(median, ~23.0) of the Aktash tonalites. Detailed experimental studies
(40) demonstrate that Nb-Ta fractionation during partial melting of
mafic rocks is mainly controlled by partition coefficients of rutile, which
are largely dependent on temperature and source water content, and that
only low temperature, water-fluxed melting can produce melts with high
Nb/Ta ratios. Collectively, these results imply an apparent thermal gra-
dient of 400° to 450°C GPa ™! for the Aktash tonalites (Fig. 5), which is
considerably lower than that for partial melting of thickened or de-
laminated lower crust of Archean volcanic plateaus (10, 29) but similar
to that expected for Archean hot subduction zones (5, 6). Considering
the moderately enriched, arc-like basaltic source, we propose that the
Aktash tonalites were likely produced by water-fluxed melting of the
mafic component of an Eoarchean proto-arc that was subducted to
mantle depths during its accretion or collision with another arc at
~3.7 Ga. By contrast, partial melting of the lower crust of the variably
thickened overriding arc, triggered by underplating of hydrous basalts
or TTG magmas, could have been responsible for generating the MP
to LP TTGs from the Itsaq and Anshan complexes.

There has been considerable debate about when plate tectonics
started in the early Earth. Recent studies on paired metamorphism
(41), diamond inclusions (42), zircon Hf and O isotopes (43, 44), and
crustal composition (45) variously suggest that plate tectonics was ini-
tiated during 2.8 to 3.2 Ga. Numerical modeling (46) demonstrates
that the viability and style of subduction is mainly controlled by mantle
potential temperature (T},) in the early Earth, which is variably higher
than it is today (28, 29). When T, is 175° to 250°C higher, the litho-
sphere is weak, and subduction is intermittent, characterized by frequent
slab breakoff, and when Tj, is more than 250°C hotter, the lithosphere
would be too weak to be subducted (46). Note that the Eoarchean T,
value, however, remains uncertain due to lack of petrological constraints
(28, 29). Geochemical and geological evidence from the Isua (14, 34) and
Nuvvuagittuq (33) greenstone belts suggest that some form of crustal re-
cycling and terrane accretion was operative as early as 3.7 to 3.8 Ga. Our
findings show that TTGs require a mafic source that was significantly
enriched in fluid-mobile elements, which most likely results from water-
fluxed mantle melting in arc-related settings (11, 12, 16). The Aktash
tonalites require transport of these enriched basalts to mantle depths
along a relatively cold geotherm, implying large-scale horizontal tectonics
that were capable of transporting one arc beneath another. The inferred
melt-peridotite interaction indicates the presence of a mantle wedge and

6 of 11

8T0Z ‘g 1snbBny uo /610" Hewasuslos saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

2.0

" melting
Y
7’
g
1.8 7 .
o/
,\Qé' 7
2
R
L 5 5
.......... W ]
S X4
R %
1.6 . 5
Q7 L
s &
T T Y R N ,
_________ , 4
- - Garnet amphlbollte/\ ’ J /f
(1] /.
& 44 h|gh pressure granullte meltlng &
o .
)
S
?
I e AR N U O S B T U L0
2 !
o 1.2 5 A O T - 1
o ( I,
J Epidote e ! ot
N vl RRRREE B \ 1 ! H”A\‘
i amphibolite -, B ; s <
melting  o° BARRETTEPE e ! H
o el —A— i 2% s ¥
1.0 \ \ sz ¢ o2 \
/7 S=f. o 0 © 1
/ SLENR L]
| (I S e
§' I
N
0.8 o / | o
- o / Garnet granulite !
* Amphibolite melting S/ " melting |
...... = P . i
\\\ 3 // /e I | !
Y \ ‘ i I :
\‘\". \ // ! : !
0.6 % \

)
)
Y
i
\
\

\

Amphibolite

\

7
o’

AGarnét pyréxenite'l

1 1 1
Granulite melting
1 I 1

/ | |

I T I ' I i T i
600 650 700 750

800

T — ' T ' T '

850 900 950 1000

Temperature (°C)

Fig. 5. Thermodynamic modeling. Simplified P-T phase diagram for the median Archean arc-like basalt (table S7), calculated with X(H,0) =

2.0 wt %, corresponding to

at least 0.3 wt % water-fluxed melting. Long and short dashed lines show calculated degree of melting (weight % of melt) and melt Sr/Y ratios, respectively. Dotted line
marks water saturation of the system. Also shown are P-T conditions estimated for the Aktash tonalitic gneisses (red dot), compared to those for the Itsaq (purple
square), Anshan (green diamond), and Acasta (group 2, blue triangle) TTG gneisses. Error bars are 16 based on uncertainties of observed Sr/Y ratios, Sr contents (for
pressure), and LILE contents (for degree of melting and temperature) and should be considered as minimum estimates. Whereas most Eoarchean TTGs were likely
derived from thickened lower crust (1.0 to 1.5 GPa), the composition of the Aktash tonalites (for example, Sr/Y > 100) requires melting at mantle depths (>1.6 GPa).

a relatively steep subduction angle, in contrast to flat subduction com-
monly assumed for the Archean (2, 38). All these arguments suggest
that modern-style arc subduction-accretion tectonics occurred, at least
locally, at ~3.7 Ga. Our findings thus support the view of Eoarchean
continental crust formation mainly by accretion of proto arcs, through
partial melting of either thickened lower crust (11, 12, 16) or sub-
ducted arcs (this study). These processes, along with AFC in Iceland-
like settings (18), built the oldest continental nuclei on Earth, upon
which later crustal growth and reworking, through both subduction-
and plume-related processes, continued to make more evolved and ex-
tensive continental crust.

MATERIALS AND METHODS

Field mapping and sampling

The outcrop was first mapped according to lithologies. Each lithology
was sampled for laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) zircon dating, and one tonalitic gneiss (15ALT10)
was found to be Eoarchean. Similar tonalitic gneisses around this sample
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site were then sampled every ~2 m across and along the foliation, and
selected samples were dated using a sensitive high-resolution ion mi-
croprobe (SHRIMP) to confirm ages and to constrain the exposed
area of Eoarchean rocks. These dated samples, along with additional
samples collected along the foliation at the same site, were used for
whole-rock major and trace element analyses. All the samples were
collected from relatively low-strain domains between major shear
surfaces, and visible leucosomes or melt patches were carefully avoided
during sampling.

In situ zircon U-Pb dating

Zircons were separated using standard density and magnetic tech-
niques. They were handpicked and mounted in epoxy resin under a
binocular microscope (along with standard zircon BR266) and polished
to expose the central parts of the grains. Polished mounts were imaged by
reflected and transmitted light and by CL. CL imaging was carried out at
the Electron Microscopy and Microanalysis Facility, Curtin University,
using a MIRA3 scanning electron microscope equipped with a mono-
chromatic CL detector.
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In situ zircon U-Th-Pb analyses were carried out by both SIMS and
laser ablation. SIMS dating was performed using a SHRIMP II jon micro-
probe at Curtin University, following the standard procedures described
in the study of De Laeter and Kennedy (47). A primary O*” ion beam
with intensity of ~2 nA and spot size of ~25 pm was used. Each analysis
site was rastered for 120 s to remove surface contamination. Six scans
through the nine mass stations were made for each spot analysis. Stan-
dard zircon BR266 (***Pb/>**U age = 559 Ma, U = 909 ppm) was ana-
lyzed before every three to four unknowns to calibrate measured Pb/U
isotopic ratios and element concentrations. The assigned 1c external er-
ror of Pb/U ratio for the standard zircons was between 0.5 and 1.4% dur-
ing this study. Common lead was corrected using the measured ***Pb and
the present-day common lead composition given by (48). Data reduction
was performed using SQUID 2.5 (49).

Laser ablation dating was carried out using the LA-ICPMS at the
State Key Laboratory for Mineral Deposits Research, Nanjing Univer-
sity. A New Wave 193-nm laser-ablation system with an in-house sam-
ple cell coupled to an Agilent 7500s ICP-MS was used for U-Th-Pb
isotopic analysis. All analyses were conducted using a beam diameter
of 25 um, a repetition rate of 5 Hz, and energy of 10 to 20 J/cm®. Detailed
instrumental setting and analytical procedures follow the methods out-
lined in the study of Jackson et al. (50). Mass discrimination and
residual elemental fractionation were calibrated against the standard
zircon GEMOC/GJ-1 (***Pb/***U age of 601 Ma). Samples were ana-
lyzed in “runs” of about 15 analyses, which included 10 unknowns,
bracketed at the beginning and the end by two analyses of the standard.
The standard zircon Mud Tank was analyzed as an unknown in each
run, and the weighted mean ***Pb/***U age was 727.8 + 3.9 Ma (2,
MSWD = 1.6, n = 55) during the analytical sessions, consistent with pre-
vious results in other laboratories (50). U-Pb ages were calculated using
the online software package GLITTER (v. 4.4; www.glitter-gemoc.com/).

In situ zircon Lu-Hf isotopic analysis

Zircon Lu-Hf isotopic analyses were carried out at the State Key Labo-
ratory for Mineral Deposits Research, Nanjing University, using a Neptune
MC-ICP-MS equipped with a New Wave Research UP193-FX laser ab-
lation system. The analytical procedures follow those described in the
study of Wu et al. (51). The analyses were conducted with a repetition
rate of 6 to 8 Hz, energy of 10 to 15 J/cm?, and beam diameter of 32 or
44 um. The raw counts of '7?Yb, '7>Yb, '”>Lu, "¢(Hf + Yb + Lu),
'77Hf, 7% Hf, '7°Hf, and '*°Hf were collected. The isobaric interference
and instrumental mass bias were corrected using the methods and param-
eters given in the study of Wu et al. (51). Standard zircons Mud Tank,
91500, and Penglai were used to monitor the instrumental state and ana-
lytical accuracy. The resultant '"°Hf/'””Hf during the analyses was
0.282504 + 0.000029 (20, n = 58) for Mud Tank, 0.282306 +
0.000046 (20, n = 50) for 91500, and 0.282926 + 0.000057 (20, 1 = 6)
for Penglai. The eHIf(#) was calculated using the chondrite parameter of
76 H{/"7Hf = 0.282785 and '°Lu/"”"Hf = 0.0336 (52) and the ""°Lu de-
cay constant of 1.867 x 107! (53). The 2SE error of eHf(f) was esti-
mated following the methods given in the study of Ickert (54), whereas
the 26 errors of "°Hf/"””Hf ratios and e Hf(£) were calculated by quadratic
addition of the internal error (2 SE) and the external reproducibility of the
standard zircon Mud Tank (0.000029 or 1.0 € unit). Careful optical and
CL examination after Lu-Hf analysis reveals that several spots (15ALT10-
39, 15ALT10-5.1, 16ALT04-12.1, 16ALT05-2.1, 16ALT05-6.3, 16 ALTO08-
9.1, 16ALT08-10.2, and 16ALT08-15.1), mostly with exceptionally high
'7SHf/"77Hf, were located on mixed zircon domains and were excluded
from further interpretation.
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Whole-rock geochemical analysis

Thirteen samples were pulverized to less than 200 mesh in an agate
shatterbox. Major elements were determined by ARL-9900 x-ray fluo-
rescence at the Shandong Bureau of China Metallurgical Geology
Bureau (SBCMGB), Ji'nan, with precision and accuracy better than
5% (table S5). Trace element contents were analyzed using an X Series 2
ICP-MS at SBCMGB. To evaluate the accuracy of the data, we re-
analyzed most samples using an Agilent 7700e ICP-MS at the China
University of Geosciences, Wuhan. Sample digestion follows similar
procedures in both laboratories (55), which are briefly described below.
Sample powder was dried at 105°C for 12 hours in an oven, and dried
powder was precisely weighted to a Teflon bomb. HNO; and Hf were
added to the bomb to dissolve the powder by heating at 190°C (more
than 24 hours) and drying at 140°C for three times. The power was
completely dissolved in the acid, and no residue was found in the final
solution. The analytical precision (relative SD) and accuracy (relative
error to recommended values) based on multiple analyses of the stan-
dard materials AGV-2, BHVO-2, BCR-2, RGM-2, GSR-1, and GSR-3
are better than 10% for most (20% for all) trace elements in both labora-
tories (table S5). Replicate analyses on unknowns in each laboratory
yielded similar precision to the standards. Comparison of sample data
from the two laboratories suggests that inter-laboratory discrepancy is
within 10% for most elements (table S5), except for Li, Sc, Sn, Cs, T1, U,
and Ta. High inter-laboratory discrepancies for Li and Sc may have re-
sulted from contamination and polyatomic interference, respectively,
whereas the apparent discrepancies for Sn, Cs, Ta, Tl, and U resulted
from very low concentrations (thus high analytical uncertainties) of
these elements in most of our samples [for example, Sn, Cs, and Tl
(<0.5 ppm), U (<0.2 ppm), and Ta (<0.1 ppm); table S4]. While the
low U (Cs and Th) concentrations probably resulted from mobilization
during granulite facies metamorphism and were not used in the inter-
pretations, Ta shows good positive correlation with Nb (fig. S5), sug-
gesting that it was not significantly mobilized. However, the extremely
low Ta contents impart extremely high Nb/Ta ratios (>30) probably with
high analytical uncertainties; thus, we calculate Nb/Ta ratios only for
samples with average Ta > 0.1 ppm.

Data compilation

The TTG database used in this study was from Moyen (13), which is
supplemented by literature data for Eoarchean (=3.6 Ga) TTGs from
the Itsaq, Acasta, and Anshan gneiss complexes (see table S4 for
reference list). Eoarchean samples not assigned as TTGs or with SiO,
<56 wt % or K,0/Na,O > 1 were excluded. This, together with the
Aktash data presented in this study, results in a database with 122 sam-
ples. It appears that TTGs from each Eoarchean gneiss complex have
distinct geochemical compositions, probably due to derivation from dif-
ferent depths, although considerable variations exist in each suite due to
fractionation and/or mixing of melts derived from different depths. The
mean, median, and SD of each suite were calculated, and median values
were used for trace element modeling.

To evaluate the source composition and tectonic setting of Archean
TTGs, we compiled databases for mafic volcanic rocks from Archean
cratons and modern mid-ocean ridges, oceanic plateaus, and oceanic
arcs from the GEOROC and/or PetDB databases. Data for Archean
cratons and modern oceanic arcs are from GEOROC (http://georoc.
mpch-mainz.gwdg.de/georoc/; accessed in April and June 2016, respec-
tively). Data for modern oceanic plateaus were also from GEOROC and
were supplemented by oceanic plateau data from PetDB (www.earthchem.
org/petdb). Data for the mid-ocean ridge basalts were from PetDB. All
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the databases were filtered using the following procedures: (i) being vol-
canic rock or glass; (ii) SiO, between 42 to 56 wt %, and MgO <18 wt %;
and (iii) LOI (loss on ignition) < 5 wt % or sum of major elements within
97 to 103 wt %. Furthermore, data beyond the 26 range of the original
data were excluded, and the mean, median, and SD were recalculated.
The Archean basalts were further filtered with Th/Nb > 0.1 (27) to iden-
tify those with arc-like trace element patterns (that is, negative Nb-Ta
anomalies). Note that these arc-like basalts did not necessarily form
in arcs because continental contamination is difficult to exclude (27).
However, the resultant average composition is an appropriate source
for TTGs in terms of LILE enrichment and appears to be representa-
tive of the least altered, Eoarchean high-Al tholeiites from the Isua and
Nuvvuagittuq greenstone belts that were interpreted to have formed in
Eoarchean proto-arcs (30-35).

Thermodynamic and trace element partial
melting modeling
Thermodynamic partial melting modeling was carried out with
Perple_X (56) (version 6.7.6) in the Na,0-CaO-K,0-FeO-MgO-
Al03-Si0,-H,0-TiO,-0, system, using the thermodynamic database
from Holland and Powell (57) (hp622ver.dat) and the newly calibrated
solution models for tonalitic melt [melt(G)], amphibole [cAmph(G)],
and clinopyroxene [Augite(G)] from Green et al. (36). Other solution
models used in the calculation included Gt(W) for garnet (58), Opx(W)
for orthopyroxene (58), Im(WPH) for ilmenite (58), Bi(W) for biotite
(58), Chl(W) for chlorite (58), and Mica(W) for mica (58), Fsp(C1) for
plagioclase (59), and Ep (HP11) for epidote (57). Quartz, rutile, sphene
(titanite), and water were considered as pure end-members. The calcu-
lation was performed for the median composition of Archean arc-like
basalts (table S7), assuming a Fe**/(Fe>* + Fe*") ratio of 0.1. The P-T
phase diagram was calculated with 2 and 1 wt % water, corresponding
to water saturated and water undersaturated melting, respectively, at
1.0 GPa (fig. S8). Equilibrium mineral assemblages were also calculated
at discrete P-T points for every 10°C and 0.1 GPa from 750° to 950°C
and 0.6 to 2.0 GPa, with a water content of 1.0, 1.5, 2.0, 2.5, and 3.0 wt
%, respectively (table S9). The resultant weight percentages of melts and
the equilibrium minerals were then used to calculate the trace element
composition of the melts.

Trace element modeling was carried out using the batch melting
equation (60)

Cmelt/csource = 1/[D + Fx (1 - D)]

where Cyouree and Cypepe represent concentration of a trace element
in the source rock and the resultant melt, respectively; D is the bulk
partition coefficient, and F is the degree of melting (that is, weight %
of melt). The median values of the mafic source rocks were used, and
the results were compared with the median values of TTGs, because
the distribution of most elements in these large databases were skewed
and the means were biased by high values (fig. S8). Partition coeffi-
cients (table S8) were mostly cited from Bédard (8), except for those
for garnet and plagioclase from Qian and Hermann (37), and Nb, Ta,
and Ti data for rutile from Xiong et al. (40). The garnet REE and Y
partition coefficients we used were lower than those given by Bédard
(8); use of higher values resulted in a poorer fit of heavy REE slope
with the target TTG composition. The D value for Sr in plagioclase we
used (2.262) was also lower than that given in the study of Bédard (8)
(6.65), so that the resultant melt Sr content is less sensitive to the
amount of residual plagioclase.
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fig. S4. Concordia diagrams and representative zircon CL images of the Eoarchean tonalitic
gneisses.
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