communications earth & environment

A Nature Portfolio journal

Article

https://doi.org/10.1038/s43247-025-02973-z

Diverse genesis of early Earth’s
continental crust hints the geodynamic
transition at about 3.0 Gyrs ago
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Tonalite-trondhjemite-granodiorite suites, dominating Earth’s early continental crust, likely formed by
partial melting of hydrated metabasalt, but the specific conditions and mechanisms remain poorly
constrained. Here, we conduct thermodynamic-geochemical modeling to systematically compare the
roles that pressure, bulk H,O content, and source rock composition play in shaping these ancient
rocks. Accordingly, we assess their optimal forming conditions, which are further validated by
magmatic H,O contents retrieved from the apatite and zircon crystals of tonalite-trondhjemite-
granodiorite suites. Our results highlight that pressure is the first-order factor controlling the formation
and compositional diversity of these rock suites. Those with “high-pressure” geochemical
characteristics are derived from fluid-fluxed melting at 14 — 16 kbar, a process readily explained by
subduction rather than intraplate geodynamic regime. Furthermore, the temporal and spatial
distributions of “high-pressure” variants, coupled with those of arc-like basalts, suggest subduction
that likely initiated as a local phenomenon and transitioned to a global-scale process by 3.0 Ga.

The nuclei of the Archean cratons are mainly composed of low-potassium
(K) felsic intrusive rocks of the tonalite-trondhjemite-granodiorite (TTG)
suite, which represents the main constituent of early continental crust'™.
Clarifying how these rocks formed is fundamental to understanding the
origin and stabilization of continental crust. TTGs, primarily occurring as
variably deformed and metamorphosed gneisses, are generally accepted to
have originated from partial melting of hydrated metabasalt"**”". They are
typically rich in sodium (Na) but depleted in heavy rare earth elements
(HREE), niobium (Nb), and tantalum (Ta), relative to potassic granitoids’.
On top of these common characteristics, TTGs exhibit compositional
diversity primarily in trace element signatures (e.g, Sr/Y and Nb/Ta
ratios)"**”. Despite some TTGs show the influence of fractional
crystallization'*", the compositional diversity of most TTGs was inter-
preted to be caused by variable mineral assemblages (e.g., garnet, amphibole,
rutile, and plagioclase) in the solid residue during partial melting**"*. This
interpretation is based on the general absence of cumulates formed by
fractional crystallization in geological records of the early Earth’. However,
the melting reaction of Archean metabasalt to form TTG magmas depends
on multiple factors, including temperature (T), pressure (P), bulk H,O

content (Xyy,0), and source rock composition®*'*. The interplay between
these factors has led to the proposal of multiple hypotheses to interpret the
forming conditions and processes of TTGs, sparking considerable con-
troversy surrounding the geodynamic setting of the early Earth.

Previous experimental studies based on fluid-absent melting of
MORB-like metabasalt proposed that TTG chemical variability is probably
derived from partial melting of mafic proto-crust at different depths, which
can modulate melt trace element composition through controlling the
proportions of pressure-sensitive minerals in the residue, primarily plagi-
oclase (rich in Sr), garnet (rich in HREE), and rutile (rich in Nb)>"*™"".
Accordingly, TTGs have been classified into variants defined by geo-
chemical characteristics indicative of low-pressure (“LP”), medium-
pressure (“MP”), and high-pressure (“HP”) conditions"’. As the most
controversial end-member, “HP”-TTGs have the highest St/Y ratio but the
lowest Nb/Ta ratio and HREE content, interpreted to be extracted from a
garnet-amphibolite or eclogite residue at ~15-20 kbar**'*"’. They are
endowed with tectonic significance, prompting the proposal of various
geodynamic models for the early Earth, which involve both subduction
(plate tectonics model)'>'"* and non-subduction scenarios (e.g., stagnant-lid,
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mantle plume, sagduction, and dripping models)***'. However, besides
pressure, source rock composition has also been highlighted as a key control
on the stability of garnet and thereby TTG magma compositions. The
stability field of garnet can be substantially extended to a low-pressure
region (~7 kbar) in the low Mg# (100 xatomic Mg/(Mg +Fe) of ~35)
basaltic system, allowing “HP”-TTGs to form through partial melting at
lower-crustal depths, without the requirement of subduction’. These high-
Fe basalts, however, have markedly different compositions from most
Archean metabasites preserved in greenstone belts, indicating that they are
not universally representative’>”’. Furthermore, recent works suggested that
the capacity of amphibole to incorporate HREE and Nb allows it to sub-
stitute garnet and rutile, imparting the “high-pressure” characteristics
(especially high Sr/Y) to magmas through low-pressure fluid-fluxed
melting”™”.

Given the critical roles that pressure, source rock composition, and
bulk H,O content play in controlling TTG magma compositions, evaluating
the contribution of each factor is fundamental to accurately defining the
forming condition of TTGs, consequently supporting a convincing basis for
assessing the geodynamic background of the early Earth. However, most
experimental and thermodynamic modeling studies focused only on a
subset of variables, especially pressure and bulk H,O content"***”, and
thus a comprehensive analysis of all controlling factors is warranted. While
Palin et al.’ provided a comprehensive assessment of these variables and
the forming conditions for TTGs, their study was confined to
H,O-undersaturated to minimally H,O-saturated melting, leaving the role
of H,O-fluxed melting and the range of bulk H,O contents for TTG for-
mation unaddressed. More importantly, the validation of results from
experimental and modeling studies typically relies on a comparison of major
and trace element compositions within TTG rocks, yet these signatures may
be biased by differentiation processes during the storage and ascent of
magma and/or long-term, complex metamorphism™. Beyond composi-
tional constraints, other critical magma properties, particularly the H,O
content, are often overlooked”. On modern Earth, arc magmas generated at
subduction zones are generally H,O-rich, primarily due to the influx of
fluids released from subducting oceanic plates™, indicating that magmatic
H,O content can partly reflect the tectonic setting. Recent studies empha-
sized that accessory minerals such as zircon and apatite are to some extent
resistant to metamorphism and may record the volatile contents of the
magma from which they crystallized’"”. Specifically, Ge et al.”’ introduced a
zircon oxybarometer-hygrometer to estimate the H,O contents of Archean
granitoids. However, zircon was questioned for only recording evolved
magma information due to its low saturation temperature™. Unlike zircon,
apatite incorporates halogens (F, Cl) in addition to OH™, can have a higher
crystallization temperature, and is commonly found in zircon as a crystal
inclusion™. These allow apatite to record H,O contents of less evolved
magmas better than zircon, and offer new insights into the TTG formation
and its geodynamic implications.

In this study, we conducted thermodynamic-geochemical modeling
with a controlled variable approach to systematically compare the effects of
pressure, bulk H,O content, and source rock composition on the melting
reaction of Archean metabasalt to form TTGs. We used the model results to
infer the optimal forming conditions of TTGs and testified these using
magmatic H,O contents calculated independently from apatite (in this
study) and zircon™ of a large, global-scale dataset for TTGs. Our findings
provide new insights into the potential tectonic regime of the early Earth.

Results and discussion

It is generally agreed that Archean TTGs were generated by partial melting
of hydrated mafic rocks. While an assimilation-fractional crystallization
origin was suggested for certain TTG rocks (e.g., Paleoarchean TTGs from
Kaapvaal Craton"' and Neoarchean TTGs from North China Craton"),
there is a lack of evidence in most Archean TTGs, due to the rarity or
absence of both intermediate products (e.g., diorite) and cumulates (e.g.,
garnetite) of fractional crystallization in Archean geological records’.
Additionally, the compositional distribution of global TTGs shows the

limited impact of fractional crystallization on TTG compositions, as dif-
ferentiation proxies (e.g., MgO+Fe,O5 content) show no systematic evo-
lutionary trend among TTGs of similar ages within individual cratons
(Supplementary Fig. 6). Moreover, these proxies show little temporal var-
iation within each TTG type, with “LP”-TTGs consistently showing higher
MgO-+Fe,0; contents than “HP”-TTGs (Supplementary Fig. 7). If “HP”-
TTGs formed by fractional crystallization of “LP”-TTG melts, the shallow-
derived “LP”-TTG melts would need to be transported into high-pressure
regimes to satisfy the requirement of ~20% garnet fractionation (Fig. 1),
which appears implausible. Hence, we consider partial melting of Archean
basalts as the main mechanism to form Archean TTGs, and we carry out
thermodynamic modeling described as follows.

Controlling factors of TTG compositions: pressure dominates
over source rock composition and bulk H,O content

We compare the effects of pressure and bulk H,O content on melt com-
position by conducting 15 sets of closed-system isobaric melting modeling
at pressures between 8 and 20 kbar, and seven calculations within each set
(i.e., at a given pressure) using different bulk H,O contents (1-4 wt.%)
(Supplementary Table 1). While open-system fractional melting more
realistically reflects melt extraction due to its low density, previous studies
demonstrated that this exerts little effect on its major and trace elements
compositions™”’ (Supplementary Fig. 9), allowing melting to be approxi-
mated as a closed-system process. The source rock of all 105 runs was
chosen to be an enriched Archean basalt”, which is the most likely protolith
for TTGs and accounts for their incompatible large-ion lithophile elements
enrichment®”. Notably, to better assess the compositional difference
between the predicted melts and global Archean TTGs, we consider not only
regular geochemical proxies (e.g., Sr/Y, Nb/Ta), but also a full set of REEs
based on the A shape coefficients™. The quantitative description of
chondrite-normalized REE pattern shapes using these coefficients (A, for
abundance; A; for slope; A, for curvature) was suggested to be substantially
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Fig. 1 | Compositional distribution of global Archean TTGs. The compositional
variations of Archean TTGs, represented by A shape coefficients™ (1, 1), are
visualized using kernel density estimations (KDEs). A shape coefficients are quan-
titative descriptions of chondrite-normalized REE pattern shapes, where A, and A,
represent the slope and curvature of the REE pattern, respectively (see Methods).
The areas outlined by dashed lines represent the data clustering regions of three TTG
types, with a density exceeding 70%. The classification scheme of TTGs is provided
in Methods. Although there is an obvious overlap between “MP”-TTGs and the
other two types of TTGs, the boundary between “LP”- and “HP”-TTGs is relatively
clear. The vectors in the lower left, calculated based on both Rayleigh fractionation
and batch melting models, represent the impact of fractionation of different minerals
(plagioclase, amphibole, clinopyroxene, and garnet), where their lengths correspond
to the degree of fractionation. The transition from “LP”- to “HP”-TTGs exhibits
pronounced control of garnet fractionation.
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Fig. 2 | Calculated proportions of phases and geochemical modeling for specified
melting cases. a, b Calculated phases proportions and melt composition for melting
of median enriched Archean basalt” at 8.0 kbar and 2.5 wt.% bulk H,O.

¢, d Calculated phases proportions and melt composition for melting of median
enriched Archean basalt” at 9.5 kbar and 2.5 wt.% bulk H,O. e, f Calculated phases
proportions and melt composition for melting of median enriched Archean basalt”
at 14 kbar and 2.5 wt.% bulk H,O. The specific phase proportions at 20% and 30%
partial melting are listed along the white dotted lines. The numbers around the nodes

for modeled melt compositions represent the degrees of partial melting. The cal-
culated melt fractions are from 5 to 50% at 5% intervals. The white dashed lines
outline the ranges of data density >70% (based on kernel density estimations), which
represent the reference compositional range of each TTG type. In cases where
amphibole is present in abundance within the solid residue but garnet is absent, the
composition of the corresponding melt deviates from the compositional range of
“LP”-TTGs. Only with a gradual increase of garnet within the residue does the
composition of the melt evolve gradually from “LP”- to “HP”-TTGs.

more robust than conventional element ratios for petrogenetic analysis™*’.

The thermodynamic modeling was carried out with the software GeoPS"
and details of the calculations are provided in Methods.

For all modeling cases in this study, partial melting in amphibolite
facies occurs only at low pressures (8 kbar with 1-4 wt.% H,O and 8.5 kbar
with 1-2.5 wt.% H,0O), with no garnet present in the solid residue. However,
the compositions of the corresponding melts deviate significantly from
those of TTGs, exhibiting higher A, but lower A, (Fig. 2a, b). Only as the
proportion of garnet rises (garnet-amphibolite facies) does the predicted
melt fall within the compositional range of “LP”-TTGs (Fig. 2c, d). Further
increase in the proportion of garnet (garnet-pyroxenite facies) drives the
melt toward “HP”-TTG region (Fig. 2e, f). These modeling results highlight
garnet as the critical control on TTG types, as further supported by global
TTG compositions where garnet fractionation is more pronounced during
“HP”-TTG formation than in “LP”-TTGs (Fig. 1). We further investigated
the stability field of garnet based on the thermodynamic model results and
found that it can be affected by both pressure and bulk H,O contents as
detailed below.

In the low-pressure cases, an increase in bulk H,O content expands the
stability field of garnet, with its maximal modal amount achieved at
3-4 wt.% bulk H,O and 830-960 °C (corresponding to ~20-30% partial
melting) (Fig. 3a). This leads to melts derived from higher bulk H,O con-
tents characterized by more intense garnet fractionation. For instance, at
8.5 kbar and 30% partial melting, as bulk H,O content increases from 1 wt.%
to 23 wt.% the proportion of garnet in the solid residue rises from 0 to
5 wt.%, leading to a gradual increase in Sr/Y ratios and A, and a decrease in
A, of the melt (Fig. 3). Similar shifts in garnet stability field were also
observed by experimental work and attributed to the peritectic reaction of
amphibole at low-pressure and H,O-enriched conditions (amphibole +
plagioclase + melt, — garnet + melt,)". However, our model results show
that at higher pressures (=9.5 kbar), changes in bulk H,O contents have an
opposite impact on the melting reaction, where the modal amount of garnet

is maximized at low bulk H,O contents (<2 wt.%) (Fig. 4a). For example, at
11 kbar and 20% partial melting, the solid residue can contain the highest
proportion of garnet with 1-1.5 wt.% bulk H,O, resulting in the melt having
the highest 1, but the lowest A,, whereas the presence of plagioclase leads to
the lowest Sr/Y ratio (Fig. 4). As bulk H,O content increases, the reduction
in the proportion of garnet is accompanied by consumption of clinopyr-
oxene but growth/crystallization of amphibole (Fig. 4b, ¢), aligned with the
peritectic relationship between garnet and amphibole suggested by previous
experimental work (garnet + clinopyroxene + melt — amphibole)*.
Although H,O content can influence the melt composition by controlling
the transitions between amphibole and garnet, its impact is limited since
compositional variations in the predicted melts are unlikely to exceed the
range of a specific type of TTG (Figs. 3 and 4). Instead, pressure exerts
substantial control over the stability of garnet, and accordingly, the com-
position of the melt. With the degree of partial melting between 20 and 30%,
enhancing pressure from 9 kbar to 15 kbar causes the proportion of garnet
in the solid residue to increase by 8 to 9 times, along with a rapid increase in
Sr/Y and A;, and a decline in A, of the melt, i.e., shifting from the “LP”-TTGs
to the “HP”-TTGs field (Fig. 5). Moreover, increasing pressure alsoleads toa
continuous rise in the proportion of rutile (up to ~1 wt.% at 15 kbar),
causing a gradual decrease in the melt Nb/Ta ratio (Fig. 5d, h). This change
cannot be achieved by merely altering the bulk H,O content within the
range of 1-4 wt.% (Supplementary Fig. 13).

Beyond pressure and bulk H,O content, the stability of garnet is also
highly sensitive to source rock Mg#’. To assess its effect on TTG formation,
three more modeling sets were added for the three types of TTGs, where
melting conditions (P-Xgy,0) were set to be the same as the best fit obtained
from the above modeling, i.e., “LP” (9 kbar, 1.5 wt.% H,0), “MP” (11 kbar,
2.5 wt.% H,0), and “HP” (15 kbar, 3.5 wt.% H,0), respectively (Fig. 6). Each
set includes eight calculations where the source rock Mg# was increased
from 41 to 45 for Archean basalts, to higher values of 76-80 (see Methods).
Notably, basalts of similar Mg# exhibit comparable major (e.g., CaO, Na,O,
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Fig. 3 | Thermodynamic-geochemical modeling of isobaric melting at 8.5 kbar.
aSimplified T-X,0 pseudosection for median enriched Archean basalt” at 8.5 kbar,
with contours showing calculated modal proportions of garnet (purple-colored field
and purple lines) and melt fraction (pink dashed lines). The two bold, dashed lines
with arrows represent melting cases with bulk H,O contents of 1.5 wt.% (case A) and
3 wt.% (case B), respectively. b, ¢ Calculated modal mineral and melt proportions

versus temperature for case A and case B, respectively. The specific proportions of

each phase at 20% and 30% partial melting are listed along the white dashed lines.
d, e Compositional comparisons (\; versus A,, Sr versus Y) between modeling melts
and TTGs. Not only the 1.5 and 3.0 wt.% bulk H,O cases but also the melts for cases
of other bulk H,O content are taken into account. Different colors refer to different
bulk H,O content, and the numbers around the nodes represent the degree of partial
melting. The calculated melt fractions are from 5 to 50% at 5% intervals.

K,0, AL,O3) and trace element (e.g., Nb/Ta and Sr/Y ratios, A shape coef-
ficients) compositions (Supplementary Fig. 17). Moreover, only the abun-
dances of REEs exhibit significant differences between basalts of different
Mg# (A decreases with increasing Mg#), but they only affect the A, values of
the modeled melts. These comparisons imply that the control of source rock
compositions mainly derives from the variation in Mg#.

For high-pressure cases (11 & 15kbar), the results show that at
equivalent partial melting degree, the mineral assemblages of solid residue
are comparable across runs within the same set, giving a compositional
similarity in corresponding melts (Fig. 6e-h and Supplementary Fig. 15).
These demonstrate that source rock composition exerts a rather small

control over the melting reactions at relatively high pressures. The modeling
from the low-pressure set (9 kbar), however, reveals more complex patterns.
At 30% partial melting, lowering the source rock Mg# from 76-80 to 41-45
causes the garnet proportion to increase by 20 wt.%, shifting the melting
reaction from amphibolite- to garnet-amphibolite facies, thereby increasing
melt A, and Sr/Y, and decreasing melt A, and Nb/Ta (Fig. 6a-d). Although
the source rock composition shows a greater control over the melting
reaction at low pressures than high pressures, only the melts of the lowest
Mgt (41-45) align with the observed “MP”-TTGs composition, whereas the
rest disperse within the “LP”-TTGs region (Fig. 6a—c). Notably, the hot
mantle in the early Earth was suggested to undergo a high degree of partial
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Fig. 4 | Thermodynamic-geochemical modeling of isobaric melting at 11 kbar.
a Simplified T-X0 pseudosection for median enriched Archean basalt” at 11 kbar,
with contours delineating the proportions of garnet (purple-colored field and purple
lines) and melt fraction (light-yellow dashed lines). The two bolded, dashed lines
with arrows represent melting cases with bulk H,O contents of 1.5 wt.% (case A) and
3 wt.% (case B), respectively. b, ¢ Mineral and melt proportions versus temperature
for case A and case B, respectively, with the phase proportions at 20% and 30%
partial melting highlighted along the white dashed lines. d, e Compositional

comparisons (1; versus A, Sr versus Y) between modeling melts and TTGs, incor-
porating not just the 1.5 and 3.0 wt.% bulk H,O cases but also those with different
H,O contents. Colors represent varying bulk H,O contents, and the numbers
around the nodes correspond to the degree of partial melting. The calculated melt
fractions are from 5 to 50% at 5% intervals. At a fixed pressure, the change in the
composition of the modeling melt caused by the variation in bulk H,O content (from
1 to 4 wt.%) is minor.

melting on decompression, resulting in Archean oceanic crust with Mg# of
~60 (ref. 22). The source rocks with Mg# <45 from our models only account
for less than 5% of global Archean basalts (Supplementary Fig. 16) and are
all enriched in incompatible trace elements, possibly due to localized
modification of the proto-mafic crust'**. Thus, from the global Archean
basalt perspective, the influence of source rock composition on TTG melts
appears minor.

Integrating all model results, we conclude that pressure is the first-
order controlling factor of the formation of different types of TTGs, which is
in line with previous experimental'*'® and thermodynamic studies*”. In

addition, variations in source rock composition and bulk H,O content may
contribute to the compositional dispersion observed within each type of
Archean TTG.

Defining the optimal melting conditions for Archean TTGs
formation

Alongside the above-mentioned investigation of the key variables for TTGs
formation, we assess the melting conditions (P-T-Xj,0) required for gen-
erating the three types of TTGs from proto-mafic crust. The major and trace
elements compositions of the calculated partial melts best match natural
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Fig. 5 | Calculated proportions of phases and geochemical modeling for low-
pressure and high-pressure melting cases. The left column shows the results of
partial melting at 9 kbar, while the right column shows those of partial melting at
15 kbar. The source rock is set as median enriched Archean basalt”. a, e Calculated
modal proportion of minerals and melts for melting at 1.8 wt.% bulk H,O content
but at different pressures. As the pressure increases, the proportion of garnet at the
same degree of partial melting rises rapidly. b-d Compositional comparison (A,
versus A, Sr versus Y, Nb versus Ta) between modeling melts derived from 9 kbar
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calculated melt fractions are from 5 to 50% at 5% intervals. The rise in pressure from
9 kbar to 15 kbar substantially enhances garnet proportions in the solid residue,
prompting a compositional shift in the modeling melts from the “LP”-TTG region to
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Communications Earth & Environment| (2025)6:1023


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02973-z

Article

P =9kbar, 1.5 wt% bulk H,0

P=15kbar, 3.5 wt% bulk H,0O

—e— Mg#41-45
1504 —@— Mg#46 - 50
—o— Mg#51-55
—8— Mg#56 - 60
—0— Mg#61-65

—8— Mg#66- 70
—8— Mg#71-75
—o— Mg#76- 80

1007 “LP”-TTG

—e— Mg#41-45
150- —@— Mg#46 - 50
—@— Mg#51-55 o ”_

—8— Mg#56- 60 HP*-TTG
—8— Mg#61-65
100 —o— Mmg#66- 70
—8— Mg#71-75
—8— Mg#76- 80

~< 50 < 50
Source %* Source %
rocks rocks \ y
% —_
-50- > Mg# . -50 Mg# K . 3
al decreasing e decreasin
5 [} g 10 15 2 25 3 5 [) { 10 15 20 25 30
A A
1000+ 1000 PTG

“MP”-TTG

Sr(ppm)

“MP”-TTG

“LP”-TTG
10041 & “LP*-TTG 1007 &
2 7
2 » o o » D
N 37 37 47
. b] 2 2 ol 2 2
0.5 1 Y(ppm) 10 5 0.5 1 Y(ppm) 10 50
10 10

“UP7-TTG “LP”-TTG
5 5
—
£ £
Q Q
2 “MP”-TTG <
Q Q “MP”-TTG
2 2
2
HP”-TTG “HP-TTG
. 1 1 { 1p
20 Ta (ppm) 20 Ta (ppm)
—=-Grt 30% Partlal melting —=—Grt
30% Partial melting
20 20
0 0
204145 46750 51755 56560 61565 6670 7175 _ 76-80 404145 " 4650 " 5155 " 56-60 6165 6670  71-75  76-80

—=— Amph 30% Partlal melting

_//_‘/'\'\.

Proportion (%)
N
o

50 41-45 46-50 51-55 56-60 61-65 66-70 71-75 76-80

-u- Cpx 30% Partlal melting
B 5  a w—w—a— "

-=-Amph 30% Partlal melting

Proportion (%)
S

‘-7;1
Wl

L=
51-55 56-60 61-65 66-70 1-75 76-80
-=-Cpx 30% Partlal melting

25w

h]

07775 46-50 51-55 56-60 61-65 66-70 71-75 76-80

Fig. 6 | Geochemical modeling and calculated phase proportions for cases with

varied source rock composition. The left column represents the calculated results of
partial melting at the “LP”-TTG forming condition, while the right column stands
for the results of partial melting at the “HP”-TTG forming condition. The P-Xj,0

conditions for the formation of two types of TTGs are based on the thermodynamic
modeling of median enriched Archean basalt”. a-c, e-g Compositional comparison
(A versus A, Srversus Y, Nb versus Ta) between modeling melts derived from source
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rocks with varying Mg# and TTGs. Different colors stand for different Mg# of source
rock, and the numbers around the nodes indicate the degree of partial melting. The
calculated melt fractions are from 5 to 50% at 5% intervals. d, h Calculated modal
proportion of minerals (garnet, amphibole, and clinopyroxene) versus Mg# of
source rock, with the partial melting degree fixed at 30%. See Supplementary Fig. 15
for similar modeling based on “MP”-TTG forming condition.
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Fig. 7 | Thermodynamic modeling results. a Simplified P-T phase diagram for
median enriched Archean basalt”, calculated with 2.5 wt.% bulk H,O. The optimal
P-T regions for “LP”-, “MP”-, and “HP”-TTG forming are outlined by red, green,
and blue dashed lines, respectively. The apparent geothermal gradients of “HP”-
TTGs forming conditions are consistent with those proposed for Archean hot
subduction’"', while the apparent geothermal gradients for “LP”- and “MP”-TTGs
forming in line with Archean intraplate geothermal gradients’*°. The optimal X0
conditions for the formation of these three types of TTGs are shown by hollow
shapes with edges of different colors. Two green columns represent the two main
temperature ranges for dehydration of Archean oceanic crust™. b Simplified

4 5 6
Bulk H,0 (wt.%)

T-Xp20 phase diagram for median sodic TTG magma®, with pressure fixed at 4 kbar.
The contours showing modal proportions of melt fraction (colored field and grey
lines) and H,O content in the melt (white lines) are calculated in our modeling. The
isopleth diagram for magmatic fO, (grey dashed lines) is from ref. 29. The bolded
dashed lines with arrows represent the crystallization of TTG magma at 4 kbar, with
the initial H,O contents of 5 wt.%. During this process, the rising of magmatic H,O
content is accompanied by the decline of magmatic fO,, which is driven by the
crystallization of ilmenite and amphibole”. More importantly, declining from
1000 °C to 800 °C (predicted saturation temperature for zircon™), H,O content in
melt increases by only ~1 wt.%.

Archean TTGs at ~700-900 °C, 9-16 kbar, and 1-4 wt.% bulk H,O, cor-
responding to ~15-30% partial melting (Fig. 7a and Supplementary
Figs. 10-14). Specifically, “LP”-TTGs may form at 9-9.5 kbar, 1-1.8 wt.%
H,O through fluid-absent melting, whereas the formation of “HP”-TTGs
plausibly requires high-pressure fluid-fluxed melting (14-16 kbar,
2.5-4.0 wt.% H,0O). “MP”-TTGs can form at intermediate conditions. Based
on these results, we suggest that the primary melts of different TTG types
may have distinct H,O contents, ie., higher for “HP”-TTGs than
“LP”-TTGs.

To verify the above modeling results, we applied an apatite-based melt
hygrometric calculation approach to TTGs (Methods). This hygrometer is
established by integrating an existing thermodynamic model for F-CI-OH
partitioning between apatite and silicate melts”, with known relations
between melt halogen contents and their mole fraction ratios®. A test using
natural volcanic suites with well-known H,O contents shows that the
magmatic H,O contents calculated by the apatite hygrometer agree well with
those measured for melt inclusions, with differences of less than 1.5 wt.% on
average (Fig. 8b). Notably, only apatite fully enclosed by oscillatory-zoned
zircon is considered in this study, to minimize the interference from diffusive
re-equilibration of volatiles in apatite® and overprint during high-grade
metamorphism” (Supplementary Fig. 3). The results calculated from apatite
show that “HP”-TTGs have the highest melt H,O contents (~8.0 wt.%),
whereas the “LP”-TTGs have the lowest (~4.5wt.%), matching our pre-
diction of the optimal H,O contents for TTG melts (Fig. 8c).

The melt H,O content recorded by apatite is governed by: (1) primary
melt H,O content; (2) fractional crystallization; and (3) magma degassing.
During the emplacement and cooling of TTG melts, the H,O content can
increase with fractionation (before saturation) but will show a negative
correlation with oxygen fugacity (fO,) (Fig. 7b). This trend contradicts the
observation of a positive correlation between calculated melt H,O contents

and measured apatite SO; contents (Fig. 8a, c), as sulfur incorporation in
apatite is strongly fO,-dependent®. The agreement with fO, estimates®
further rules out the influence of crystallization. Additionally, TTG magmas
are typically emplaced at mid-crustal depths (3-7 kbar)'>*’, where the H,0
solubility (>8 wt.%)” is significantly higher than the melt H,O contents we
calculated from apatite. This indicates a negligible effect of degassing-
induced H,O depletion. Collectively, these observations support the con-
clusion that the H,O contents calculated from our apatite dataset likely
represent those of primary magmas.

Importantly, similar trends in magmatic H,O contents across different
TTG types are also observed in the melt H,O contents estimated from a
zircon hygrometer”. These values are slightly higher than those derived
from apatite inclusions by 1-2wt.% (Fig. 8c), probably due to magma
evolution between the crystallization of apatite and zircon. This is also
supported by our thermodynamic models showing that the H,O content of
TTG magma varies by ~1 wt.% when the magma cools from 900 to 800 °C
(Fig. 7b). The comparable H,O contents recorded by the two minerals
indicate crystallization at pressures where the melt H,O content is buffered™
and represent that of the primary magma. Given the limited number of
apatite samples suitable for analysis (Fig. 8¢), the global-scale zircon dataset
from Ge et al.”” may provide a more universal perspective on magmatic H,O
contents of Archean TTGs. Although their dataset indicates variations in
magmatic H,O contents with zircon U-Pb ages, large differences were
indeed observed between TTG types, with “HP”-TTGs ranging from 8 to
11 wt.% and “LP”-TTGs ranging from 4 to 6 wt.% (Fig. 8d). These values are
consistent with those obtained from our apatite dataset, and more impor-
tantly, are in close accordance with the H,O contents predicted for the
optimal TTG melts from this study (Fig. 8d). Furthermore, Ge et al”.
pointed out strong correlations between magmatic fO,-H,O content and
whole-rock compositions, with the high-fO,, H,O-rich “HP”-TTGs
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Fig. 8 | Calculated results from apatite and zircon. a Box plot of SO; contents of
compiled Archean TTG apatite (Supplementary Table 7). The calculated fO2 values
(relative to the fayalite-magnetite-quartz buffer) for sample CS-20 and FLV-04 are
also shown, which are estimated based on the ratios of $°* to total sulfur in apatite”.
b Comparison of the magmatic H,O content estimated using the apatite hygrometer
(this study) and melt inclusions (the literature) for five eruptions. The light blue-
filled rectangles represent the reference values of magmatic H,O content measured
from melt inclusions, with the dark blue line indicating the mean value (Supple-
mentary Table 6). The magmatic H,O contents from different types of apatite grains
totally overlap with those from melt inclusions, with the differences in mean values
being less than 1.5 wt.%. ¢ Violin plots of magmatic H,O contents (wt.%) calculated
using the TTG apatite dataset in this study (Supplementary Table 7). The intra-
sample calculated H,O contents show a range of variation, especially for sample CS-
20. Given the similarity in apatite volatile compositions within the same sample

Zircon U-Pb ages (Ga)

(Supplementary Fig. 4), we suggest that the discrepancies may stem from deviations
between the crystallization temperature of a single apatite grain and the apatite
saturation temperature (AST) used for calculation. After excluding outliers, the
median value is used to represent the magmatic H,O content recorded by apatite for
each sample (Methods). The yellow stripes represent the median values. The cal-
culated melt H,O contents based on zircon in the same sample are also shown
(Supplementary Table 8). Notably, the insufficient number (N = 3) of zircon data
from sample C19LPQ25 suitable for the zircon hygrometer” makes it difficult to
accurately calculate the melt H,O content. d Magmatic H,O contents estimated
from the global Archean TTG zircon dataset, which was mainly compiled by ref. 29.
and supplemented by new data from the North China Craton (Supplementary
Table 8). The magmatic H,O content ranges of optimal modeled melts for “LP”-
(pink band), and “HP”-TTGs (blue band) are also shown, which overlap with the
H,O contents estimated from zircon and apatite.

exhibiting larger extents of garnet and rutile differentiation, consistent with
our model results. As a whole, the above-mentioned mineralogical evidence
validates the optimal melting conditions we found for Archean TTGs
formation.

Geodynamic implications for the early Earth

The Archean mantle is thought to have been significantly hotter than
today’’. Under such hot circumstances, intensified partial melting of mantle
accompanied by enhanced mantle convection could have led to an Archean
oceanic crust that was much thicker than present and may be ~30 km (up to
45 km) in thickness**>*, Moreover, the elevated conductive heat from the
hot Archean mantle, in conjunction with high radioactive heat production
within the upper Archean crust, raised the vertical geothermal gradient of
the intraplate regions in the early Earth to be >70 °C/kbar, up to ~95 °C/kbar
(refs. 9,55-57) (Fig. 7a).

By integrating thermodynamic modeling with constraints from
apatite and zircon, we proposed that “LP”- and “MP”-TTGs likely formed
at similar temperatures but different pressures, yielding apparent geo-
thermal gradients of 90-100°C/kbar and 70-80 °C/kbar, respectively

(Fig. 7a). These P-T conditions are congruent with the lower-crustal
thermal structure of the intraplate regimes described above, indicating a
potential derivation of these two types of TTGs from the anatexis of lower
Archean mafic crust. Furthermore, intraplate environments with a geo-
thermal gradient exceeding 90 °C/kbar (“LP”-TTGs forming conditions)
would significantly limit the ability of hydrated mafic-ultramafic crustal
materials to transport large amounts of H,O from near surface to lower
crustal depths through burial or dripping, as key hydrous minerals (e.g.,
chlorite) could dehydrate at pressures below 6-7 kbar (ref. 58) (Fig. 7a).
The mantle-derived magma unrelated to subduction is typically dry (of
<0.5wt.% H,0; refs. 30,52,59) and unlikely to supply abundant H,O
(ref. 60). These lines of evidence suggest that in the Archean hot intraplate
setting, the lower crust may be mainly subject to fluid-absent melting, in
agreement with the optimal melting conditions we found for “LP”-TTGs.
The intracrustal fluid-fluxed melting required for “MP”-TTGs formation
likely occurred under cooler conditions (with ~70 °C/kbar), where near-
surface hydrated komatiites, which may result from mantle plume or heat-
pipe activities*®’, could stabilize hydrous minerals at higher pressures
(~11 kbar; refs. 58,63) (Fig. 7a).
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Fig. 9 | Temporal distribution and evolution of TTGs. a Histogram of the ages of
Archean “HP”-TTGs (light-orange) from different cratons. The numbers in the
right corners represent the number of “HP”-TTG data. Kernel density estimations of
the Archean arc-type basalts predicted through machine learning (cyan) are from
ref. 70. The appearance of “HP”-TTGs aligns closely with that of arc-type basalts.

b Crversus Mg#. The “HP”-TTGs with the ages of 3.0-3.9 Ga have higher Cr content
than experimental TTG melts”” but lower Cr content than “HP”-TTGs with ages of
2.5-3.0 Ga, showing limited interaction with the mantle wedge. The vector of mixing
with mantle peridotite comes from ref. 27.

However, it is substantially challenging for the intraplate tectonic set-
ting outlined above to achieve the deep (14-16 kbar) and H,O-enriched
(2.5-4 wt.%) conditions needed for “HP”-TTGs formation (Fig. 7a). Owing
to the hot mantle and abundant radioactive isotopes, the Archean crusthasa
great tendency to trigger both lower- and upper-crustal ductile flows,
accordingly impeding the steady occurrence of thickened mafic crust
induced by mantle plume system and restricting the crustal thickness to be
<45km (refs. 64,65). This suggests that the formation of “HP”-TTGs
probably occurs at subcrustal depths. However, density-driven vertical
movement is unlikely to force the mafic crustal materials (“drips”) to
penetrate the lower crust into the mantle, as the latter has similar or even
higher densities. Even if these “drips” manage to reach the melting depth,
prograde dehydration induced by the high geothermal gradient of intraplate
settings could cause the loss of a majority of H,O (refs. 58,66).

Alternatively, subduction of hydrated oceanic slabs offers an efficient
way to transport fluids and mafic materials to a deeper level”. Numerical
modeling suggests that hot and shallow (~50 km depth) subduction could
occur in the early Earth when the mantle potential temperature difference
relative to the present-day value (AT,,) was <200 °C (refs. 68,69). Along the
geothermal gradients proposed for subducting Archean slabs, which align
closely with those we found for “HP”-TTGs formation, dehydration of
hydrated Archean oceanic crust was predicted to occur at different pressures
(Fig. 7a): (1) At ~11 kbar, corresponding to the base of the overlying crust,
the breakdown of antigorite/actinolite will release a small amount of H,O
(~20% mol; refs. 23,58,63), which may directly migrate to the overlying slab.
As the geothermal gradients inferred for the overlying Archean slabs
(~80 °C/kbar)® coincide with those we found for “MP”-TTGs formation,
the early-stage dehydration of subducting Archean slabs will facilitate
“MP”-TTG generation. (2) At ~15 kbar, corresponding to the melting depth
for “HP”-TTGs, a large proportion of H,O (~60% mol) will be released due
to chlorite breakdown™ *®, thereby triggering fluid-fluxed melting of slab
or mantle wedge metasomatism. The critical role that subduction plays in
the formation of “HP”-TTGs was also suggested by the global-scale

temporal synchronicity between the emergence of arc-type basalts (pre-
dicted by machine learning methods’’) and “HP”-TTGs (Fig. 9a), as well as
the similarity in magmatic H,O contents between “HP”-TTGs and Pha-
nerozoic arc magmas”’. More importantly, Archean “HP”-TTGs, though of
lower Mg#, nickel (Ni), and chromium (Cr) contents than modern adakites,
show markedly higher contents of these elements than the melts resembling
“HP”-TTG produced by experimental basalt melting (Fig. 9b). This
empbhasizes that interaction with the mantle wedge is an essential process in
the formation of “HP”-TTG, but the degree of mixing with mantle peridotite
is limited (<3%), probably suggesting the occurrence of shallow subduction
in the hot early Earth, with a small thickness of the overlying mantle
wedge'””"”. In light of these findings, we inferred that Archean “HP”-TTGs
likely originated from the melting of the subducting slabs. Moreover, the
underplating of felsic and mafic melts may have triggered fluid-absent
melting of the overlying crust to form “LP”-TTGs'", allowing different types
of TTGs to appear simultaneously in the same area®.

Drawing from these tectonic implications of different types of Archean
TTGs, we can explore the geodynamic background of the early Earth and
the timing of the transition in tectonic regimes, which are profoundly
governed by the lithospheric thermal state*”. During the earliest stages of
the Earth’s evolution (=3.8 Ga), subduction was unfeasible to happen under
the extremely hot mantle (AT, > 250 °C), owing to the significant weak-
ening of lithosphere™**, giving way to extensive intracrustal anatexis
within the stagnant-lid background”. This probably accounts for the pre-
valence of “LP”- and “MP”-TTGs in early Eoarchean granitoids (Supple-
mentary Fig. 8). Along with the progressive cooling of the mantle” and the
decline of radiogenic heat production®, gradually elevated rigidity of
lithosphere could facilitate the initiation of episodic and shallow subduction
of smaller and thicker oceanic slabs'”’*”, driving the emergence of “HP”-
TTGs and arc basalts, as well as “MP”-TTGs. Notably, the formation of
“MP”-TTGs in both geodynamic settings may have played a key role in their
predominance throughout the Archean’. However, subduction seems to
arise from localized cooling heterogeneity’, as evidenced by the temporal
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differences in the earliest appearance of “HP”-TTGs across different regions
(Fig. 9a). Only when the optimal conditions for subducting (e.g., mantle
temperature, radiogenic heat production, lithospheric thickness; refs. 69,79)
are satisfied in most regions will global-scale subduction (plate tectonic) be
activated, leaving widespread geological records. Based on the abrupt
increase in magmatic H,O contents and the fO, of global Archean TTGs, Ge
et al.” proposed that the tectonic regime transition from stagnant-lid to
plate tectonics may have occurred between 4 and 3.6 Ga. However, this
period may only represent the initiation of the first localized subduction in
early Earth (e.g., 3.8 Ga in Greenland; Figs. 8d and 9a), which leads to the
emergence of high-H,0, high-fO, “HP”-TTGs, but may not stand for the
onset of global plate tectonics. Considering the global occurrence of “HP”-
TTGs and arc-type basalts, we speculated that the onset of global subduction
may have been delayed until ~3.0 Ga (Fig. 9a). By this time, mantle potential
temperature had likely decreased to <1500 °C (ref. 75), a threshold under
which numerical modeling predicts that hot subduction could operate®.

Independent lines of evidence from global geochemical ™",
petrological®*”, and geodynamic®* studies also support the timing
of ~3.0 Ga.
Methods

Thermodynamic and geochemical modelling
Thermodynamic modeling was carried out with the software GeoPS"', using
the thermodynamic database HP62* and solution models for tonalitic melt,
amphibole and clinopyroxene from ref. 87, orthopyroxene, garnet, mus-
covite, chlorite and biotite from ref. 88, plagioclase and K-feldspar from
ref. 89, ilmenite from ref. 90, magnetite-spinel from ref. 91, olivine and
epidote from ref. 86. Pure phases included quartz, rutile, sphene, and aqu-
eous fluid (H,O). To compare the effect of pressure and water content on
melt composition, we conducted 15 sets of isobaric melting modeling, with
pressures of 8 to 10 kbar. Each set includes seven models of different bulk
H,O contents, ranging from 1 to 4 wt.% (Supplementary Table 1). The
source rock and temperature range for these 105 modeling was set to be
median enriched Archean basalt from ref. 27. (Supplementary Table 2) and
600-1200 °C. Bulk rock Fe**/>_Fe ratios were set to be 0.1, which is typical of
mafic lavas on the early Earth™. To determine the effect of source rock
composition (Mg#), the global Archean basalts compiled by ref. 92.
(N'=2304) were categorized into eight groups based on their Mg# values,
i.e, from 41 to 80, with each group spanning Mg# of 5. Three more sets of
melting modeling were conducted, with melting conditions (P-Xg,0) of
each set corresponding to the optimal ones for “LP”- (9 kbar, 1.5 wt.% H,0),
“MP”- (11 kbar, 3.0 wt.% H,0), and “HP”-TTGs (15 kbar, 3.5 wt.% H,O)
forming, respectively. These conditions were constrained by the composi-
tional comparison of modeled melts from the prior 105 runs with global
Archean TTGs. Each set included eight modeling, with their source rocks
corresponding to the average bulk composition of each Archean basalt
group (Supplementary Table 2). The summary of thermodynamic model-
ing parameters for these 129 runs can be found in Supplementary Table 1.
Mode (wt.%) and major element compositions (including H,O con-
tents) of melts and equilibrium mineral assemblages were obtained from the
software GeoPS (Supplementary Table 4). Trace element compositions of
modeling melts were calculated through the batch melting equation:

Cmelt/csource = 1/[D+ FX(l - D)] (1)
where C,,;, and C,,,,., represent concentrations of a trace element in the
resultant melt and the source rock, respectively; F is the melt fraction (wt.%);
D is the bulk partition coefficient calculated using mineral mode and cor-
responding partitioning coefficient. The zircon and apatite proportions
present in the melt-depleted residua are calculated through source rock
composition, melt fraction, and stoichiometric concentrations of zirconium
(Zr) in zircon (~49.7 wt.%) and phosphorus (P) in apatite (~41.0 wt.%).
Solubility expressions for zircon and apatite were from ref. 93 and ref. 94,
respectively. Partition coefficients (Supplementary Table 3) were mostly
cited from ref. 95, except for those for amphibole*, Nb and Ta data for rutile

and ilmenite”, and Sr data for plagioclase'. The calculated melt
compositions (Supplementary Table 4) were compared with those of
Archean “LP”-, “MP”- and “HP”-TTGs in terms of major elements, A shape
coefficients, and Sr/Y, Nb/Ta ratios (Supplementary Figs. 10-14). The A
shape coefficients were first introduced by O’Neill et al.”® to quantify the
polynomial characterization of CI-normalized REE pattern shapes. The
polynomial can be presented in orthogonal form:

logo([REE]/[REE]cy) = Ay + M Fy + M F, + ... + A, F, ()

where [REE] and [REE]cy are the abundance of each REE in sample and
chondrite, respectively, F,, is the orthogonal polynomial function of com-
monly used ionic radii of each REE (eightfold coordination), and A,, is the
shape coefficient of the whole set of REE. As the order of function rises
(increase in 1), the morphological characteristic of REE curve expressed by
A, varies, i.e., A for the overall normalized abundance of the REE, A, for the
linear slope, and A, for the quadratic curvature. Using A coefficients to
represent REE patterns can diminish the dimension of each analysis from a
line to a point. In this study, the A shape coefficients of TTGs and modeling
melts are calculated through BLambdaR, an online calculator (https://
lambdar.rses.anu.edu.au/blambdar/)”.

Data compilation and filtering
The global-scale Archean TTG dataset used in this study was adopted from
ref. 98, which excludes altered TTG samples. Besides, we supplemented
Eoarchean TTG data from Tarim Craton™”. While no strict quantitative
compositional definition of TTG exists, following the criteria of Johnson
et al.'”, we exclude more evolved granitic rocks (sensu stricto), sanukitoids,
and felsic cumulate rocks by restricting our dataset to samples with (1)
SiO, = 65 wt.%; (2) K,0/Na,O < 0.8. Additionally, to improve the accuracy
of calculated A coefficients of TTGs, whole-rock data with less than seven
available REE contents were discarded, as low counts increase uncertainty,
shown by scattered points in the A; versus A, plot”. The final dataset for
global Archean TTGs contains 1960 samples (Supplementary Table 5),
which are distributed within the global craton (Supplementary Fig. 19).
To accurately classify TTGs, we adopted the classification scheme of
ref. 8, which is based on whole-rock major and trace element characteristics
and integrates both manual and automated groupings through naive Bayes
classification. Although this scheme originally separates TTGs into “LP”-,
“MP”-, and “HP”-TTGs using a wide range of elemental concentrations and
ratios, Sr/Y, Ce/Sr, and Eu/Gd ratios are demonstrated to be the most
effective discriminants. Accordingly, we classify the global Archean TTGs
into “LP”- (N = 476), “MP”- (N = 848), and “HP”-types (N = 636) using the
Sr/Y, Ce/Sr, and Eu/Gd ranges defined by ref. 8. Importantly, not all of these
proxies are sensitive to pressure or magmatic H,O content, ensuring that
our modeling results on the controlling factors of Archean TTG composi-
tions are robust. In comparison with modeling melts to determine the
optimal melting conditions for different types of TTGs, the reference
compositional range for each TTG type was defined as the intervals with
data density >70%, based on kernel density estimations (Fig. 1). Notably,
although the quantity of TTG samples is not evenly distributed for different
ages (Supplementary Fig. 8), the integration of data can be considered as a
random collection of publications without an arbitrary bias for a certain age.
More importantly, from the Paleoarchean to the Neoarchean, “LP”-, “MP”-,
and “HP”-TTGs are not restricted to, nor dominated by, any single craton,
but instead derive from a global assemblage of samples (Supplementary
Fig. 8). This suggests that our dataset is unlikely to be significantly affected
by preservation or sampling biases, and can be regarded as broadly repre-
sentative of global TTG magmatism during this interval. In contrast, the
Eoarchean record is more limited, particularly for “HP”-TTGs (N =29),
most of which are restricted to the Greenland craton (N=11). Other
Eoarchean TTG types, however, display diverse cratonic origins with rela-
tively even distributions. For example, Eoarchean “MP”-TTGs in our
dataset are from the Greenland craton (N =15), Slave craton (N=13),
North China craton (N = 9), and Superior Province (N = 5). Given that TTG
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classification relies primarily on trace element characteristics rather than
field occurrences, we argue that the Eoarchean “HP”-TTG dataset is unlikely
to be significantly biased by uneven sampling. Furthermore, in light of
machine learning results on Archean basalts, which predict that subduction
in the Eoarchean may have been confined to the Greenland craton’,

together with field observations and geochemical analyses that also indicate
early intra-oceanic subduction processes within this craton around
3.8-3.7 Ga'""'® we infer that the limited distribution of Eoarchean “HP”-
TTGs likely records localized subduction in early Earth rather than
preservation bias.

Apatite data for TTGs were compiled based on the following cri-
teria: (1) apatite must be fully enclosed within oscillatory-zoned zircon
to ensure its magmatic origin, and (2) apatite volatile compositions do not
exhibit evidence of H,O saturation (e.g., extremely low X /Xopy ratio and
extremely high Xp/X ratio in apatite'™"), since the calculation of magmatic
H,O content relies on the volatile-undersaturated case (see below). How-
ever, studies on apatite inclusions hosted by zircon within TTGs remain
scarce. Apatite inclusion data from refs. 105-108. are discarded due to the
alteration or crystallization at H,O-saturated conditions (Supplementary
Fig. 4). Only apatite inclusions from sample CS-20 and FLV-04 (ref. 109)
pass the screening. To enhance the sample size in our analysis, we obtained
new data for apatite and zircon from the Aktash gneisses complex, Tarim
Craton (samples C19LPQO1, C19LPQ25, C19LPQ30). These three grey
gneisses are enriched in Na,O, with the Na,O/K,O ratios of 2.2-5.1, and
exhibit intense fractionation of REE (chondrite-normalized La/Yb ratios up
to 100), showing the characteristics of TTGs (Supplementary Fig. 5). Only
apatite inclusions fully enclosed by oscillatory-zoned zircon are analyzed
(Supplementary Fig. 3). Detailed information on the geological background
and analytical methods can be found in Supplementary Notes 1 and 2. The
combined data for apatite (N = 77; Supplementary Table 7) cover all three
major TTG types, with samples CI9LPQO1 and C19LPQ30 being classified
as “HP”-TTGs, CS-20 as “MP”-TTG, and C19LPQ25 as “LP”-TTG.

The global Archean TTG zircon dataset is mainly compiled by ref. 29
and is supplemented by new data from the North China Craton'’. The
combined data for zircon (N =1012) is shown in Supplementary Table 8.
Following the method of ref. 29, we estimated the magmatic H,O contents
of Archean TTGs from the zircon dataset.

Calculating magmatic H,O contents by apatite

The partitioning of volatile (F-CI-OH) between apatite and silicate melts
has been found to show non-Nernstian behavior'"'?, i.e., the estimate of
magma H,O content cannot be simply obtained from the apatite-melt H,O
partition coefficients. Instead, the partitioning behavior was found to be
better expressed by the exchange coefficients (Kp) for two components
among F, Cl, and OH:

Kpo o' = Xefy - X/ (X - Xegit )
KDgII’;_"I’fh — (Xg Xmelt)/(XAP Xmelt (4)

where X is the mole fraction of volatile in apatite or in the melt. Li and
Costa™ carried out a weighted least squares regression on the K, determined
by multiple experiments, proposed multivariate linear equations (using
apa/&ltemFehCl -OH %omn}q)c)ts1tlon and temperature as variables) for expressing
Kpoh e and Kpohr " Fe (see Egs. 5 and 6 below), and established a robust
calculation procedure for estimating the H,O contents in melt by apatite
volatile contents. We adopt this method and conduct the calculation using a

Python module pyAp (https://doi.org/10.5281/zenodo.6228767).

InKy2b ™ — 1 /(RT) x [72900( +2900) — 34(+0.3) x T + 1000

x (5( +2)x (X’éf — X’gf}{) — 10(£8) xxg‘f’ﬂ
5)

anDg‘,’;_”;e” = — 1/(RT) x [94600( £ 5600) — 40( +0.1) x T + 1000
x (7(i4)>< (X?P — x4 ) —11(£7)x X2 )]
(6)

A prerequisite for calculating magma H,O content (X7%) using
these equations is a known F (X"’el‘) or Cl (X?fl’ ) content of the melt
in equilibrium with apatite (Egs. 3 and 4). For some igneous samples,
these can be determined by analysing melt inclusions within the same
samples and/or calculations using fractionation models (e.g., ref. 113).
However, melt inclusions are rare and greatly altered in Archean TTGs.
Kendall-Langley et al.”* reported a strong correlation (R* > 0.95) between
the concentrations of F (or CI) and X /X™elt (or X7ie /X™elt) in the
melt through compiling data from partitioning experiments, and accord-
ingly deduced the equations for estimating the melt F, Cl contents
solely using F-Cl-OH composition of apatite (see Egs. 7 and 8 below).
With the melt Cl or F contents calculated from these equations, we calcu-
lated two magmatic H,O contents using the two exchange coefficient
equations (ie., Egs. 5-6).

Cpet = KAt (X2 /X2 ) % 8.7058 (R = 0.9578)  (7)

OH-Cl

Canezt _ KDg};;flt N (XAP/X P )% 4.6978 (R* = 0.9528) 8)

It is important to point out that the above equations describing the
behavior of F-Cl-OH partitioning between apatite and melt are predicted
on experimental systems in which the volatile is undersaturated. Hence, the
applications of them are limited to volatile-undersaturated magmas. By
comparing the apatite volatile compositions with modeling results from
ref. 104, magmatic H,O can be determined to be saturated or not, but the
halogens (F, Cl) are unknown. In silicate magmas, the saturation and sub-
sequent exsolution of halogens from a magmatic liquid are sensitive to the
magma composition®"'"*. The solubility of F will increase up to a factor of
6-7 as the melt evolves (with a decrease in NBO/T), whereas the Cl solubility
shows the opposite, with a decline as NBO/T descends. Thus, in the process
of magmatic evolution within the magma chamber, F exhibits more stable
characteristics than Cl and is less susceptible to saturation and exsolution.
Moreover, F does not form a separate brine, as does chlorine, at con-
centrations similar to those found in magmatic systems' . For these reasons,
we consider that the probability of Cl within the melt being disrupted by
saturation at the time of apatite crystallization is much greater than that of F.
Hence, we calculated the magmatic H,O content based on melt F content.
The uncertainty of calculated melt H,O content through the method in this
study principally derives from: (1) analytical relative errors in apatite and
whole-rock compositions, which are typically <5% for rna)or elements; (2)
calibration uncertainties in the formulation for K Dgfl’i T " (<40-50% relative
error). The propagated relative uncertainty in melt H,O content is estimated
to be <50%.

The accuracy of this method was assessed by recalculating the H,O
contents for natural magmatic suites with well-constrained H,O con-
centrations (Fig. 8b). The natural apatite and melt inclusions compiled in
ref. 31 are re-assessed, including those from the Mt. Pinatubo 1991 eruption,
the Augustine 1986 eruption, and the Campi Flegrei (Minopoli 1, Astroni 1,
Pomici Principali). These magmatic systems span a wide range of tem-
peratures and melt compositions (Supplementary Table 6). Notably, these
melt inclusions are in a similar textural position as apatite, demonstrating
that their H,O contents may represent those of the melts in equilibrium with
apatite. The magmatic H,O contents from different types of apatite grains
overlap with those from melt inclusions, with the differences in mean values
being less than 1.5 wt.%. These indicate that the approach we used to cal-
culate magma H,O content is reliable.

The experimental data considered in the method we used span from
basic to felsic magma at 0.5 to 25kbar, covering the crystallization
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conditions of TTG magmas of interest (3-7 kbar, intermediate to felsic).
Using the TTG apatite dataset (Supplementary Table 7), we calculate the
H,O contents of TTG magmas at temperatures equivalent to the estimated
apatite saturation temperatures (AST)™. This could be higher than the true
apatite-melt equilibrium temperature and may produce underestimated
melt H,O content. For example, a temperature variation of 10 °C can result
in a deviation of ~1.5 wt.% in the calculated melt H,O content. This effect is
mainly observed in sample CS-20 (Fig. 8c), where apatite inclusions in
different textural positions (e.g., as inclusions in amphibole and zircon) yield
a considerable variation in the calculated magmatic H,O contents. These
variations can be caused by different crystallization temperatures of apatite
within different minerals, and/or different melt F-Cl contents at which the
apatite grew. Given the similarity in volatile compositions among apatite
inclusions hosted by zircon and amphibole from sample CS-20 (Supple-
mentary Fig. 4), which indicates that these apatite grains probably crystal-
lized in conditions with similar magmatic volatile states, we consider that the
dispersed calculated magmatic H,O contents are probably caused by the
differences between the AST and the true apatite-melt equilibrium tem-
perature. To make a comparison between samples, we take the median of the
melt H,O estimates from each sample. The outliers, which are data points
falling outside the range of upper and lower whiskers, are not considered in
the determination of the median values (Fig. 8c).

Data availability
All data used in this study (Supplementary Table 1 to Table 9) are archived

on Zenodo (https://doi.org/10.5281/zenodo.17376497).
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