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Earth’s early continental crust formed from
wet and oxidizing arc magmas
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Formation of continental crust has shaped the surface and interior of our planet and
generated the land and mineral resources on which we rely. However, how the early
continental crust of Earth formed s still debated"”. Modern continental crust is
largely formed from wet and oxidizing arc magmas at subduction zones, in which
oceanic lithosphere and water recycle into the mantle®'°. The magmatic H,0 content
and redox state of ancient rocks that constitute the early continental crust, however,
are difficult to quantify owing to ubiquitous metamorphism. Here we combine two
zircon oxybarometers'" to simultaneously determine magmatic oxygen fugacity
(fO,) and H,O content of Archaean (4.0-2.5 billion years ago) granitoids that dominate
the early continental crust. We show that most Archaean granitoid magmas were
>1log unit more oxidizing than Archaean ambient mantle-derived magmas™™ and
had high magmatic H,O contents (6-10 wt%) and high H,0/Ce ratios (>1,000), similar
to modern arc magmas. We find that magmatic fO,, H,0 contents and H,O/Ce ratios

of Archaean granitoids positively correlate with depth of magma formation, requiring
transport of large amounts of H,O to the lower crust and mantle. These observations
canbereadily explained by subduction but are difficult to reconcile with non-subduction

models of crustal formation®”’. We note an increase in magmatic fO, and H,0 content
between 4.0 and 3.6 billion years ago, probably indicating the onset of subduction

during this period.

The exposed early continental crust on Earth is mainly composed of
Archaean granitoids dominated by tonalite, trondhjemite and grano-
diorite (TTG), with subordinate volcanic and sedimentary rocks™*.
Deciphering the formation conditions of TTG magmas is therefore
key to understanding the origin of continental crust and prevailing
geodynamic regimes on the early Earth. TTG magmas can be pro-
duced by either partial melting of hydrated basalts or fractionation
of hydrous basaltic to intermediate magmas™*. Most Archaean TTGs
havetrace-element patterns (for example, depletion of heavyrare-earth
elements (HREE)) that suggest formation at depths at which garnet is
stable, correspondingto >0.7-0.8 GPa (refs. 5,15,16). However, inwhat
tectonic environment Archaean TTGs formed remains highly conten-
tious. Both subduction-related"*and various non-subduction models*”’
havebeen proposed. The latter mostly predict astagnant-lid tectonic
regime characterized by large-scale volcanism and vertical tecto-
nism*¢, probably punctuated by giantimpacts’. Previous studies have
largely focused on geochemical diversity of TTGs and itsimplications
for source compositions and formation depths of TTG magmas'*¢,
whereas other variables that may play animportant role during magma
formation remain largely unexplored.

Magmatic oxygen fugacity (fO,) and H,0O content are two critical vari-
ables that govern magma generation, differentiation and mineraliza-
tion®°.Onthe modern Earth, arc magmas formed at subduction zones
are characterized by high fO,and H,0 contents, largely because of the

influx of oxidizing fluids released from subducting oceanic plates®™°.
Such wet and oxidizing arc magmas are the primary building block of
modern continental crust®'°, Therefore, determining magmatic fO,
and H,O contents of Archaeanigneous rocks is vital to testing how the
early continental crust was formed. However, quantifying magmatic
fO,and H,0 content of these ancient rocks is difficult. The commonly
used methods, including direct measurement of Fe**/ZFe ratios and
H,O0 contentinmeltinclusions®'° and estimates based on mineral-melt
equilibria?, are rarely applicable to Archaean rocks, simply because
meltinclusions arerare or absent, and the primary minerals may have
beenmodified by metamorphism. Recent studies of olivine-hosted melt
inclusions in well-preserved Archaean komatiites reveal an H,O-rich
mantle transition zone formed by recycling of oceanic lithosphere
before 3.3 billion years ago (Ga)'®'?, whereas the V/Sc (ref. 13) and V/Ti
(ref. 14) ratios of Archaean basalts suggest that the Archaean ambient
mantle might have been =1 log unit more reducing than its modern
counterpart. However, the magmatic fO, and H,0 content of the domi-
nant granitoids remain largely unknown.

A zircon oxybarometer-hygrometer

Zirconis arobust mineral that is able to preserve magmatic composi-
tions even in ancient rocks that experienced high-grade metamor-
phism and partial melting. Recently, several oxybarometers based
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on zircon composition have been proposed™'%. Here we introduce a
magma hygrometer based on a combination of the Ce*"/Ce* oxyba-
rometer" and the Ce-U-Ti oxybarometer'. The former was established
on the basis of experimental results* and is sensitive to equilibrium
meltcomposition, especially H,O content, whereas the latter is empiri-
cally calibrated and is independent of the equilibrium melt composi-
tion. For a given equilibrium zircon-melt composition, the Ce*'/Ce**
oxybarometer" establishes that the magmaticfO,and H,0 contents are
positively correlated, so the magmatic H,0 content can be calculated
from fO, values obtained using the independent Ce-U-Ti oxybarom-
eter? (Fig. 1a; Methods). A test using magmatic suites with well-known
H,O contents shows that this zircon oxybarometer-hygrometer
can retrieve the median magmatic H,0 contents during zircon
crystallization in Archaean to modern magmas from various tec-
tonic settings within 1 weight per cent (wt%) uncertainty (inset in
Fig.1a; Methods).

f0,and H,0 of Archaean granitoid magmas

Using the zircon oxybarometer-hygrometer established above, we cal-
culated magmatic fO, and H,0 content for Archaean granitoids world-
wide (Extended Data Fig. 1) based on new and published zircon and
whole-rock compositional data (Supplementary Tables1-3; Methods).
Similar data for rare Archaean?* and typical Mesozoic-Cenozoic****
granitoids associated with porphyry Cu + Au + Mo deposits (PCDs), as
well as detrital Hadean zircons from the Jack Hills (Australia)®?, were
also compiled for comparison. All the data were filtered using the same
criteria to extract primary magmatic compositions>? (Methods).

The results (Figs. 1b and 2 and Supplementary Table 3) show that
most Archaean granitoids have magmatic fO, within 1log unit of the
fayalite-magnetite-quartz (FMQ) buffer (medianFMQ-0.1+1.1,2s.d.),
which are significantly more reducing than Phanerozoic arc magmas
(median FMQ +1.4 + 1.1, 2 s.d.)®® and granitoids associated with PCDs
(median FMQ +1.9 + 0.9, 2 s.d.). However, compared with recent esti-
mates of the fO, of Archaean ambient mantle-derived magmas®™*,
the fO, of most Archaean granitoid magmas is >1 log unit higher. This
increase of fO, is similar to that in Phanerozoic arc magmas relative
to contemporary ambient mantle-derived magmas®®. However, the
4.02-3.75-Ga gneisses in the Acasta complex, which represent some
of the oldest rocks on Earth®%, record significantly lower fO, (median
FMQ-1.8t0-2.0), indicating the more reducing nature of the parental
magmas. Most detrital zircons from the Jack Hills record broadly similar

fO,toArchaean TTG zircons, but there is also a significant proportion
(about 37%) of more reduced values (FMQ < -1) in grains older than
3.8 Ga (Supplementary Table 1).

The zircon oxybarometer-hygrometer yields magmatic H,0 con-
tents ranging from 3.9 to 10.5 wt% for individual Archaean granitoids
(Figs. 1b and 2e-h and Supplementary Table 3). This demonstrates
the diversity of Archaean granitoids, from which three groups can
be recognized. Group 1granitoids (such as the 4.02-3.75-Ga Acasta
gneisses) have relatively low H,0 (3.9-4.6 wt%), consistent with their
less evolved and Fe-rich compositions?®%. Group 2 granitoids (such
as those from Yilgarn??*) have moderate H,0 contents (6.0-6.4 wt%),
similar to those of Phanerozoic subduction-related felsic volcanic rocks
(such as the Bishop and Toba tuffs). Group 3 granitoids (such as the
3.56-Ga Acasta gneisses®®?’ and the 3.72-Ga Aktash gneisses®**') have
very highmagmatic H,0 (8.1-10.5 wt%), similar to those of Phanerozoic
granitoids associated with PCDs, as estimated using the same method
(8.0-8.8 wt%) and inferred independently from phase relations?. Simi-
larly high magmatic H,0 contents are also obtained for evolved rocks
associated with Archaean PCDs?*2, The parental magmas of the detri-
tal Hadean zircons from the Jack Hills remain elusive and, assuming a
variety of source rocks, their model H,O contents range from 4.2 to
8.5 wt%, with median values (4.5-5.6 wt%) similar to those obtained
for the 4.02-Ga Acasta rocks.
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Fig.1| The principle of the zircon oxybarometer-hygrometer.a, The
relationship (orange curve) between magmatic H,O content and fO, relative

to the FMQ buffer (AFMQ) according to the zircon Ce*'/Ce* oxybarometer

for theIg2E unit of the Bishop Tuff (California). The dashed line shows the
median AFMQ value according to the zircon Ce-U-Ti oxybarometer'?and the
corresponding H,O content. The blue bar shows the magmatic H,0 contentin
quartz-hosted meltinclusions**. The inset shows acomparison of the magmatic
H,O content estimated using the zircon oxybarometer-hygrometer (this study)
andindependent techniques for the Bushveld Complex (BV)*, Pea Ridge tuff
(PR)*¢, Bishop Tuff (BT)**, Younger Toba Tuff (TT)” and Barberton meta-rhyolite
(BB)* (Supplementary Table 3). Although the zircon oxybarometer-hygrometer
hasatotal uncertainty of about 2.9 wt% for individual zircon-whole-rock/melt
analyses (bluebandsintheinset; see Methods), it reproduces the median H,0
contents within1wt% uncertainty (yellow bandsintheinset). b, Results of

the zircon oxybarometer-hygrometer (orange, yellow and purple symbols).
Symbolswith heavy and light outlines show data uncorrected and corrected
forUloss, respectively (see Methods and Extended DataFig. 2). Meltinclusion
data for Phanerozoic mid-oceanridge basalt (MORB), back-arc basin basalt
(BABB) and island arc basalt (IAB)®®, as well as fO, of MORB-like and IAB-like
Archaeanbasalts estimated using V/Tiratios™, are also shown for comparison.
Theblue and yellow bands show the increase in fO,and H,0 in the Phanerozoic
and Archaean magmas, respectively, relative to contemporaneous ambient
mantle-derived MORB-like magmas. Error barsare 2 s.e.m. for the zircon
oxybarometer-hygrometer results, 10% for H,O content and 0.25 log units for
fO,forPhanerozoic meltinclusiondata,and1s.d. forfO,of Archaean basalts.
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Fig.2|Magmatic fO,and H,0 contents correlate with whole-rock
compositions. a-d, Correlations of magmatic fO, relative to the FMQ buffer
(AFMQ) with whole-rock compositions. e-h, Correlations of magmatic H,0
content with whole-rock compositions. FeOy, total Fe expressed as FeO.See
Extended DataFig. 3 for correlations with other elements and ratios. Median
values are used in the plots (Supplementary Table 3). Error barsare 2 s.e.m.
Dotted orange lines show regressions for Archaean granitoids (orange
diamonds) and the shaded areas are 95% confidence intervals. Data for

Thermodynamic-geochemical constraints

Our results provide the first quantitative constraints on magmatic fO,
and H,0 contents of Archaean granitoids worldwide and highlight the
diverse but generally H,O-rich and oxidizing nature of their parental
magmas relative to Archaean ambient mantle-derived magmas®™*. The
fO,and H,0 contents recorded by the zircon oxybarometer-hygrometer
are mainly controlled by three processes: (1) magma crystallization;
(2) magma formation; and (3) source oxidization and hydration. We
carried out detailed thermodynamic-geochemical modelling to ‘see
through’ these processes (Methods).

Our modelling indicates that magmatic fO, decreases by at least
0.6-0.8 log units when zircon crystallizes in hydrous TTG magmas
(process1; Fig. 3a and Extended Data Fig. 6¢,d), because ilmenite and
amphibole that crystallize earlier have slightly higher Fe**/XFe ratios
thanthe primary TTG melts. Thisis supported by the negative correla-
tionbetweenzircon Hf contents and fO, in several TTG suites (Extended
DataFig.4). Theimplicationis that the median fO,, and therefore H,0
contents, obtained above are probably minimum estimates for the
primary magmas, supporting the relatively oxidizing and H,O-rich
nature of most Archaean granitoid magmas.

Magma crystallization (process 1) also drives H,O enrichment in
H,O-undersaturated systems, so that high magmatic H,O can be
achieved in highly evolved magmas (path A in Fig. 3a and Extended
DataFig. 6¢,d). However, if this were the case, our modelling predicts a
negative correlationbetween magmatic H,0 and fO,, which is opposite
to the broadly positive correlations observed in several TTG suites
(for example, Acasta and Barberton) as well as in the global dataset
(Fig.1b). Alternatively, the distinct magmatic H,O contentsin Archaean
granitoids can be explained by zircon crystallization in H,0-saturated
magmas at different depths (0.2-0.5 GPa; path Bin Fig. 3aand Extended
DataFig. 6¢,d), which are controlled by primary magmatic H,O con-
tents®. We conclude that magma crystallization is not the primary

Whole-rock La/Yb Whole-rock Nb/Ce

Archaean (yellow diamonds) and Phanerozoic (purple circles) granitoids
associated with PCDs are also plotted for comparison. R, correlation
coefficient. The solid and dashed arrows show the expected trends for deep
magmadifferentiation and source oxidization/hydration, respectively. Note
that Phanerozoic and some Archaean granitoids associated with PCDs have
higher fO, at similar degrees of differentiation, consistent with the role of high
fO,intheformation of such deposits, as well as secular oxidization of crustal
magmas and the mantle*,

mechanism determining different fO, and H,0 in Archaean granitoid
magmas obtained above.

By contrast, we find that the magmatic fO, and H,O of Archaean
granitoids correlate with whole-rock geochemical indexes of magma
differentiation and depth of magma formation (Fig. 2 and Extended
DataFig.3). Although the estimate of magmatic H,0 content is depend-
entonthewhole-rock composition, the zircon Ce-U-Ti oxybarometer™
is not, indicating that these correlations are not artefacts. Instead,
these observations can be explained by high-pressure fractionation
of garnet®. Garnet contains high Fe, HREE and Y, but low SiO, and
Fe*', so that its fractionation drives simultaneous depletion of Fe,
HREE and Y and enrichment of SiO,, H,0 and Fe**, thereby increas-
ing the Fe**/ZFe ratio and fO, of the evolving magmas®. The correla-
tions of fO, and H,0 with whole-rock Nb/Ce and TiO, (Fig. 2d,h and
Extended Data Fig. 3) indicate that rutile also plays a role, consistent
with high-pressure differentiation. Our modelling demonstrates that
increasing pressure of magma formation (process 2) can explain simul-
taneous H,0 enrichment and oxidization of the resultant TTG melts
(path CinFig.3b).

However, our modellingin the P-H,0 and P-fO, spaces (Fig. 3¢,d) indi-
catesthatgarnet fractionation from Archaean ambient mantle-derived
mafic magmas is unable to produce the highest H,0 and fO, (about
10 wt%and AFMQ > 0) observed in Archaean granitoids. Thisis because:
(1) the H,0 contents of ambient mantle-derived magmas are generally
very low (<0.5 wt%)®7°, so that even extreme differentiation cannot
generate melts with approximately 10 wt% H,O (path D in Fig. 3¢) and
(2) the garnet effect inincreasing fO, is buffered to less than1log unit
by coexisting clinopyroxene and, to a lesser extent, amphibole, both
of which have higher Fe*'/%Fe ratios than TTG melts under most con-
ditions. Instead, therelatively enriched, oxidizing and H,0-rich mafic
rocks/magmas'*°, presumably derived from interaction with H,0
either in their mantle source or at the sea floor on eruption, seem to
be appropriate sources for Archaean TTGs (paths E-linFig.3c,d). The
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Fig.3| Thermodynamic-geochemical modelling of fO, and H,0 contents of
TTG magmas. a, Crystallization of amediansodic TTG magma® with different
H,O contents at 0.4 GPa, assuming initial AFMQ = 0at 800 °C. PathsAand B
correspond to H,0-undersaturated and H,O-saturated crystallization of
magmas withinitial H,O contents of Swt%and 9 wt%, respectively. Note the
decrease of fO, with decreasing temperature and crystallization, so that the
AFMQvaluesrecordedinzircon probably underestimate the initial magmatic
fO,byatleast 0.6-0.8 log units. b-d, Differentiation of amedian-enriched
Archaeanbasalt®, either by partial melting or fractional crystallization, to
produce TTG magmas. b, Pressure-temperature (P-T) diagram, calculated

implicationisthat atleast some hydrationand oxidization (process 3)
isneeded to generate the mafic source of most Archaean TTGs.

An H,0-rich magma source for Archaean granitoids is supported
by their high H,0/Ce ratios (mostly >1,000; Supplementary Table 3).
Because H,0 and Ce are similarly incompatible in most minerals, H,0/Ce
ratios are not substantially affected by fractional crystallization or
partial melting'®*?, except at fluid-saturated or near-solidus condi-
tions (Extended DataFig. 7). Our modelling shows that the high H,0/Ce
ratios of groups 2 and 3 Archaean granitoids (medians of 1,252 and
2,338, respectively) reflectabout1.5-2 and 3-4 wt% H,0 in their magma
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explain the simultaneous increase of magmatic H,0 and fO,in TTG melts.

¢, P-H,0 diagram, calculated at AFMQ=0and T=900 °C.d, P-fO,diagram,
calculatedatH,0 =1.65wt%and T=900 °C. Note that differentiation of
ambient mantle-derived magmas with low H,0 (<0.5, path D) and low magmatic
fO,(AFMQ =-1.3, path G)** cannot explain the observed high magmatic H,0 (up
to10 wt%) and fO, (AFMQ > 0) even at high pressures (such as 2.0 GPa), whereas
modified mantle-derived magmas with elevated fO, and H,O (ref. 14; paths E-I)
readily explain these values. See Extended DataFig. 5 for phase diagrams and
Supplementary Table 4 for calculated melt compositions.

sources, respectively (Extended Data Fig. 7). The former is similar to
the maximum H,0 content of mafic rocks that canbe stored inhydrous
minerals (Extended Data Fig. 8) and therefore can be explained by
dehydration melting. The latter, however, requires excess H,0 and thus
supports H,0-fluxed melting of the mafic sources®>***, Alternatively,
the variably high H,0/Ce ratios may have been inherited from basal-
tic magmas (in the fractional crystallization scenario) resulting from
H,0-fluxed melting of the mantle®**2, This is supported by the broadly
positive correlation between H,0/Ce and Ba/La ratios of Archaean
granitoids, similar to that observed in modern arc magmas® (Extended



Data Fig. 9a). A positive correlation also exists between H,0/Ce and
Sr/Y ratios (Extended DataFig. 9b), suggesting adeep H,0O-rich source
inthe lower crust or the mantle.

Geodynamic implications

A deep, H,0-rich magma source is a substantial challenge to the
non-subductionmodels of Archaean TTG formation®”. The proposed
H,0 sources in these models include: (1) primordial mantle-derived
magmatic H,0 (ref. 6) and (2) hydrous minerals in altered mafic-ultra-
mafic volcanic rocks (greenstones), which are transported down to
the lower crust or even the mantle through greenstone ‘drips®~” or
bulk burial by subsequent volcanic eruptions®*. However, the viabil-
ity and efficiency of these mechanisms remain to be tested, because:
(1) mantle-derived magmas unrelated to subduction are relatively
dry®1°8 and any H,0 (typically <0.5 wt%) would be concentrated in
evolved magmas that migrate upwards, rather than stored in the lower
crust®; (2) greenstone ‘drips’ are driven by density contrast with the
buoyant TTG domes®” and are unlikely to penetrate the lower crust or
the mantle, which are also mafic-ultramafic and thus have similar den-
sity;and (3) evenifthey are transported to the melting depth, most H,0
would have been lost owing to prograde dehydration®. More notably,
the positive correlations of magmatic fO,, H,0 contents and H,0/Ce
ratios with depth of magma formation documented above (Fig. 2 and
Extended Data Figs.3 and 9b) areinconsistent with the top-down H,0O
transport process predicted by these models. Instead, subduction
of hydrated oceanic slabs provides an efficient way to deliver large
amounts of oxidizing fluids into the mantle®'%¥% and subsequent
upward H,O transport from the slab surface to arc lower crust readily
explains the observed correlations. We conclude that, although the
plume-related*® orimpact-related’ models may be able to explain rela-
tively dry, reducing and shallowly derived silicic magmas such as the
4.02-Gahigh-Fe tonalite/diorite of the Acasta complex®®%, large-scale,
H,O-rich andrelatively oxidizing TTG magmas require substantial H,0
transport to the deep crust and mantle and were probably formed by
subduction, through partial melting of subducting oceanic slabs"*
and/or partial melting/fractionation at the base of arcs>*.

We also observe an overallincrease in magmatic fO, and H,0 in grani-
toids during the Eoarchaean (4.0-3.6 Ga; Fig. 4a,b). Thisis supported
by recent Ti (ref. 36) and Si (ref. 37) isotope studies that documented
atransition from tholeiitic to calc-alkaline magmatism and onset of
recycling of hydrated crust, respectively, during this period. This also
coincideswitha positive shiftininitial zircon Hf isotope compositions®
(Fig. 4c) and increases in whole-rock Sr/Y and La/Yb ratios®. These
observations are difficult to reconcile with a long-lived stagnant-lid
geodynamic regime but can be explained by anotable transition from
stagnant-lid to mobile-lid tectonics during the Eoarchaean, marked
by the initiation of subduction and deep-water recycling. Notably,
there is no marked difference in magmatic fO, and H,0 between early
and late Archaean granitoids, challenging a popular view of subduc-
tion initiation some time between 3.2 and 2.5 Ga (refs. 3,5,7). This is
further supported by geological records of many cratons, in which
rock assemblages, geochemical characteristics and structural defor-
mation akin to those in Phanerozoic accretionary orogens have been
documented throughout the Archaean®. Also, palacomagnetic studies
have documented large-scale horizontal motioninthe Pilbara Craton
at 3.34-3.18 Ga (ref. 40), whereas seismic profiles have revealed dip-
ping reflections that extend into the mantle beneath the Superior and
Yilgarn cratons*, supporting subduction throughout the Archaean.

Our datathereforereinforce the critical role of H,O and plate tecton-
ics in the formation of large-scale continental crust and evolution of
habitable planets®***2. Archaean plate tectonics, however, was prob-
ably different, characterized by episodic subduction of numerous
smaller and thicker oceanic slabs, punctuated by frequent slab breakoff
owing toaweaker lithosphere resulting froma hotter mantle®*, Such
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rectanglesinbshow the ranges of model H,O contents for the Jack Hills zircons
calculated assuminga variety of source compositions, including the 4.02-Ga
Acasta high-Fe tonalite/diorite?’, Archaean sodic TTG and potassic granitoids®,
Archaean-Proterozoic strongly peraluminous granites*® and residual granitic
melts”. Note the appearance of wet and oxidizing magmas and the elevation of
the overall range of magmatic fO, and H,O during 4.0-3.6 Ga, which largely
remains constant afterwards, although data for magmatic rocks are still sparse
for3.5-2.8 Gaand thereare large variations inthe model H,O contents of the
Jack Hills zircons after 3.9 Ga. Zircon eHf values in care weighted means for
samples of Archaean granitoids with homogeneous Hf isotopic compositions
(diamonds; error bars are 20), as compiled in refs. 30,31, whereas datafor the
Jack Hills zircons (squares) are individual concurrent Hf-Pb analyses*.

subduction was probably less efficient in H,O transport. Nonethe-
less, substantial amounts of surface H,0 could have been delivered
to the lower crust and mantle'®', It is this process that would trigger
large-scale TTG magmatism and rapid crustal growth in numerous
proto-arcs®**, Subsequent arc accretion and enhanced crustal rework-
ingwould lead to large and stable continents, promoting evolution of
plate tectonics to the style as we know it today™.
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Methods

The zircon oxybarometer-hygrometer
Onthebasis of experimental work?®, Smythe and Brenan" established an
oxybarometer to estimate the fO, of magmain equilibriumwith zircon:

X
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X

melt
inwhich xci‘: is the Ce*'/Ce’ ratio of melt estimated using the lattice
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strain mofieel50 based on zircon-melt partitioning of trivalent (Y and
rare-earth elements) and tetravalent (Zr, Hf, Ti, Th and U) cations; Tis
temperature in degrees kelvin calculated using the Ti-in-zircon ther-
mometer®; NBO/T is the proportion of non-bridging oxygens to
tetrahedrally coordinated cations; and xH,O is the molar fraction of
H,O dissolved in the melt. According to equation (1), magmatic fO,and
H,O content are positively correlated for a given zircon-melt pair
(Fig.1a), so that magmatic H,O content can be determined if fO, can
be estimated independently.

Onthebasis of thermodynamic considerations and empirical calibra-
tion, Loucks etal.”? proposed an independent oxybarometer based on
Ce, Uand Ti contents (ppm) in zircon:

AFMQ=3.998(+0.124)log(Ce/,/U; x Ti) + 0.2284(+0.101)  (2)

in which AFMQ is magmatic fO, relative to the FMQ buffer and U; is
initial U corrected for radioactive decay. Accordingly, the magmatic
fO,values obtained using equation (2) canbe used as an input to equa-
tion (1) toretrieve equilibrium magmatic H,0O content (thatis,azircon
oxybarometer-hygrometer; Supplementary Information).
Thisisillustrated in Fig. 1a using the zircon and melt (inclusions in
quartz) compositions of the Ig2E unit of the Bishop Tuff (California)™,
for which the Ce-U-Ti oxybarometer yields a median AFMQ value of
+1.22 +0.28 (2 s.e.m.), corresponding to a magmatic H,0 content of
5.8 +0.6 wt%(2s.e.m.),ingood agreement with the H,0 content deter-
mined independently from meltinclusions (5.7 + 0.6 wt%, 2 s.d.)*.
To further test the applicability and accuracy of the zircon
oxybarometer-hygrometer, modern to Archaean zircon-melt/
whole-rock pairs with well-constrained magmatic H,0 contents were
selected from different tectonic settings (inset in Fig. 1a and Supple-
mentary Tables1-3). Meltinclusionsinzircon provide the best estimate
of the equilibrium melt composition when the mineral crystallized.
Zircon-hosted melt inclusions from the 2.055-Ga Bushveld Complex
(South Africa)® and the 1.46-Ga Pea Ridge rhyolitic tuff (sample PR-12,
USA)*¢ have median H,0 contentsof 2.4 +1.2and 2.5+ 0.8 wt% (2 s.d.,
excluding data from fractured meltinclusions), respectively, according
toionmicroprobe analyses. Using the median zircon and melt inclusion
compositions**, the zircon oxybarometer-hygrometer yields H,0 con-
tentsof 1.8 £ 0.6 and 3.4 + 1.1 wt% (2 s.e.m.) for the Bushveld Complex
and PeaRidgerhyolite, respectively, illustrating the low magmatic H,0
contents of evolved melts from anorogenic or intracratonic settings.
Like the Bishop Tuff, the Toba Tuff (Indonesia) is typical of felsic
magmas with higher H,0 contents that are formed above active sub-
duction zones. Using the median zircon composition of the Younger
Toba Tuff", the zircon oxybarometer-hygrometer yields an H,0 content
of 6.9 £ 0.5 wt% (2 s.e.m.), which is higher than the H,O contents of
quartz-hosted meltinclusions (4.7 + 1.4 wt%, 2 s.d.)%, but is consistent
with the results of the plagioclase hygrometer (6.6-7.9 wt%)". This can
be accounted for by experimental results showing that plagioclase
crystallized at higher pressures in less degassed magmas than quartz”.
Itis likely that zircon crystallized along with plagioclase, as indicated
by the negative correlation between the Eu anomaly and Hf content

in zircon (Extended Data Fig. 4). This indicates the potential of the
zircon oxybarometer-hygrometer for retrieving H,0 contents of less
degassed magmas, as would be applicable in relatively deep crustal
magma reservoirs.

Archaean igneous rocks with known magmatic H,O contents are
rare. Laurent et al.* reported quartz-hosted melt inclusions in the
well-preserved Palaeoarchaean (3.46-Ga) felsic meta-volcanic rocks
fromthe Barberton Greenstone Belt (South Africa). The H,O contents
were not measured, but the maximum values can be estimated to be
4.8-6.4 wt% (median 5.5 +1.2 wt%, 2 s.d.) based on the difference in
the total of major oxides from 100 wt%. Using the median zircon com-
positions reported in ref. 27, the zircon oxybarometer-hygrometer
yields an H,0 content of 6.3 + 0.8 wt% (2 s.e.m.), demonstrating its
applicability to Archaean magmas. We conclude that the zircon
oxybarometer-hygrometer is able to retrieve the median magmatic
H,O content during zircon crystallization within about 1 wt% uncer-
tainty (inset in Fig. 1a).

The uncertainty of the zircon oxybarometer-hygrometer derives
from: (1) analytical uncertainties in zircon and melt/whole-rock com-
positions; (2) calibration uncertainties of both oxybarometers; and (3)
zircon-melt disequilibrium. The analytical uncertainties are typically
<5% for major elements and <10% for trace elements, producing an
uncertainty of <0.13 and <0.17 log units for the Ce*"/Ce* and Ce-U-Ti
oxybarometers, respectively, which propagate to an uncertainty of
<0.6 wt% in magmatic H,O content. The calibration uncertainties of
the Ce*'/Ce* and Ce-U-Ti oxybarometers are approximately 1.0 and
0.6 log units, respectively?, translating to an uncertainty in magmatic
H,O content of about 2.8 wt%. Accordingly, the total uncertainty of the
zircon oxybarometer-hygrometer is estimated to be approximately
2.9 wt% (quadratic addition of analytical and calibration uncertainties).
Consequently, H,O contents obtained from single zircon/whole-rock
analyses should be treated with caution.

The issue of zircon-melt disequilibrium is raised because zircon
crystallizes from a continually evolving magma during gradual cool-
ing. We use the median compositions of a group of spatial-temporally
related zircons and melts/rocks to minimize the effect of this issue, and
the obtained magmatic H,0 contents are considered as the median
values during the zircon crystallization process. We further evalu-
ated the effect of zircon crystallization in residual melt by calculat-
ing the H,0 content of the Barberton meta-rhyolite assuming zircon
crystallizing in a residual melt that is represented by quartz-hosted
melt inclusions?*’ (Extended Data Fig. 2a). This yields an apparent
magmatic H,0 content of 4.9 + 0.8 wt% (2 s.e.m.), slightly lower, but
within error, of that estimated from melt inclusion data (maximum
5.5 +1.2wt%,2s.d.)¥ and by assuming zircon-whole-rock equilibrium
(6.4 + 0.8 wt%, 2 s.e.m.). However, thermodynamic modelling shows
that most zircons crystallized earlier than quartz (see Fig. 3ainref. 27)
and therefore are in equilibrium with less evolved melts than those
trapped as meltinclusionsin quartz. Such slightly evolved melts have
little effect on the estimate of magmatic H,0 content using the zircon
oxybarometer-hygrometer.

Another potential issue with the assumption of zircon-whole-rock
equilibriumis metamorphic disturbance of the whole-rock geochemi-
cal composition. Simple modelling (see Extended Data Fig. 2b) shows
that preferential U loss, as indicated by high Th/U ratios (7.1-38.2) of
several TTG suites (for example, the approximately 3.72-Ga Aktash
gneisses), may lead to overestimates of magmatic H,O content. We
have corrected for this effect for these high-Th/U TTG suites by assum-
ing Th/U = 5, according to the median composition of the global sodic
TTGs", which results in 0.5-2.4 wt% lower H,0. The U loss-corrected
H,O0 contents, however, should be considered as minimum estimates
because Uloss may beaccompanied by loss of light rare-earth elements
(LREE) in extreme cases, which may partly compensate the effect of U
loss (Extended Data Fig. 2b). Other elements involved in the calcula-
tions (for example, Zr, Hf, Ti, Th and major elements) are generally
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resistant to metamorphism*® or have little effect on H,0 content esti-
mates (Extended Data Figs. 2b and 10).

Zircon trace-element analysis

New zircon trace-element data were obtained for well-preserved mag-
matic grains with clear oscillatory zoning from TTG gneisses of the
approximately 3.7-Ga Aktash complex®** and the 3.2-3.0-GaHeluositan
complex® of the Tarim Craton, northwestern China. We carried out
this analysis using a New Wave 193-nm laser ablation system with an
in-house sample cell coupled toa Thermal iCAP RQICP-MS at the State
Key Laboratory for Mineral Deposits Research, Nanjing University. All
the analyses were conducted using abeam diameter of 30 um, arepeti-
tionrate of 5 Hzand an energy 0f10-20 J cm™. Mass fractionation was
calibrated against standard glass NIST SRM 610 as the external standard
in conjunction with internal standardization using *°Si (15.32 wt% Si
inzircon). Standard zircon GJ-1was analysed along with unknowns to
monitor the accuracy. Raw data were processed using the online soft-
ware package GLITTER (version 4.4) (http://www.glitter-gemoc.com/).

Data compilation and filtering

Zirconand whole-rock elemental data were also compiled for Archaean
granitoids worldwide (Extended Data Fig. 1 and Supplementary
Tables1-3), including the 4.02-3.56-Ga Acasta complex (Canada)®%,
the 3.82-Ga Itsaq complex (Greenland)*, the 3.46-Ga rocks from the
Barberton area (South Africa)”* and the Neoarchaean TTGs from the
Superior®, Yilgarn?and Tarim* cratons. Data for rare Archaean?* and
typical Mesozoic-Cenozoic®* granitoids associated with PCDs, as well
asdetrital Hadean zircons from the Jack Hills (Australia)®?, were also
compiled for comparison. Rock suites with only a small number (<5)
of zircon analyses or a single whole-rock analysis were not included,
considering the higher uncertainty (see above). For the whole-rock
and zircon database of the Superior Craton®, only data for TTGs were
selected, based on whole-rock geochemical data (SiO, = 63 wt% and
K,0/Na,0 < 0.6) or lithological information (TTG). Some rare-earth
element data, when not reported in the literature, are interpolated
fromadjacent elements, except for Euand Ce. All the zircon data were
filtered using the following criteria to extract the primary magmatic
composition: (1) LREE-I1 > 30 (ref. 25); (2) La< 0.5 ppm; (3) Ca < 150 ppm
and Fe <150 ppm (if available); and (4) discordance of U-Pb ages
(ifavailable) within 5% and common Pb < 1%. The rationale for this filter-
ingis discussed inrefs. 25,27. The median values of the filtered zircon
and whole-rock compositions, as well as the median AFMQ given by the
zircon Ce-U-Ti oxybarometer, were used to calculate the equilibrium
magmatic H,0 content using an Excel spreadsheet (Supplementary
Information).

Thermodynamic-geochemical modelling

Thermodynamic modelling was carried out with the software GeoPS”,
using the thermodynamic database HP633 (ref. 58) and solution models
for melt, fluid, garnet, clinopyroxene, orthopyroxene, olivine and spinel
fromref. 59, amphibole fromref. 60, feldspar fromref. 61, muscovite,
biotite and ilmenite from ref. 62 and epidote from ref. 58. Pseudosec-
tions were calculated for amedian sodic TTG" and amedian-enriched
Archaean basalt*® in the P-T, T-H,0, P-H,0 and P-fO, spaces. Mode
(wt%) and major-element compositions of melts and equilibrium
mineral assemblages were extracted at regular grids (40 x 40). The
fO, of melts was calculated from major-element compositions (Fe,0,
contents were converted from O,) using the relation given in ref. 63.
Trace-element compositions of melts were calculated using the batch
melting/crystallization equation:

C/Co=1/[D+F(1-D)] (3)

inwhich Cand C,are the concentrations of an element in the melt and
source, respectively; Fis the fraction of melt (in wt%); and Dis the bulk

partitioning coefficient calculated using mineral mode and partitioning
coefficient fromref. 64. The mode of zircon crystallized during cooling
of TTG melts was calculated as follows:

X(zircon) = [Zr(melt) - Zr(saturation)]/Zr(zircon) x X(melt) (4)

inwhich Zr(melt) is the Zr content (ppm) of melt calculated using equa-
tion (3); Zr(saturation) is the Zr content that saturates the melt accord-
ing to the zircon saturation model of ref. 65; Zr(zircon) is the ideal Zr
concentration in zircon (49.77 wt%); and X(melt) is the proportion of
melt (inwt%). These modelling results are presented in Supplementary
Table 4.

Dataavailability

New and compiled zircon trace-elemental data are presented in Sup-
plementary Table 1. Compiled whole-rock elemental data are presented
inSupplementary Table 2. Calculated median zircon and whole-rock/
melt compositions, as well as the calculated magmatic fO, values and
H,O contents, are presented, along with their estimated uncertainties,
inSupplementary Table 3. The results of thermodynamic-geochemical
modelling are presented in Supplementary Table 4. All the supple-
mentary data and the Excel spreadsheet used to calculate magmatic
H,O contents are available to download from the EarthChem library
(https://doi.org/10.26022/IEDA/112745). Source data are provided
with this paper.
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inclusions that represent residual melts***. For agiven AFMQ value (median
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most zircons crystallized earlier than quartz, according to thermodynamic—
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(within1wt%). b, The effect of metamorphic disturbance of whole-rock
composition, illustrated using data from the Eoarchaean (3.72-Ga) Aktash
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whole-rock composition, assuming other elements being constant. The
vertical dashed lines with arrows show the corresponding changes in estimated
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gneisses). This simple modelling shows that loss of Uand Th during high-grade
metamorphism or anatexis may resultin overestimates of H,O content,
whereasloss of LREE has an opposite effect. Preferential Ulossisindicated by
the highTh/U ratios (7.1-38.2) of several Archaean TTG suites (for example, the
3.72-Ga Aktash complex%), probably because of high-grade metamorphism
and anatexis®’. By contrast, the Th and LREE contents of Archaean TTGs seem
tobe conservative, probably because of retention of these elementsin
monazite®”. Moreover, the opposite effect of Th-Uand LREE loss means that,
evenifthese elements were mobilized (for example, by partial dissolution of
monazitein metamorphic fluids or anatectic melts), their effects tend to
compensate eachother. Accordingly, we only corrected for the effect of Uloss
for TTG suites with high Th/U ratios (>7), by assuming a Th/U ratio of 5, the
median value of the global sodic TTGs", and the results are considered as
minimum estimates of equilibrium magmatic H,0 content during zircon
crystallization.
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thecrystallization of TTG melts (paths A’, A”, B”and B”) and correspond well
with theinitial H,0/Ceratios, unless fluid saturationis reached when melt H,0
contentis buffered by fluid and the melt H,0/Ce ratiobecomes lower than the
initial value. cand d show that the H,0/Ce ratios of TTG melts produced by
isobaric heating (paths) and K) and isothermal decompression (paths D', E’
and F’) approach the initial H,0/Ce ratios of the magma sources, except at
low-temperature (<900 °C) conditions in which low-degree melting (or
extreme fractionation) produces extremely H,0-rich melts with high H,0/Ce
ratios even fromrelatively H,0-poor sources. However, this process is unlikely
togeneratelarge-scale TTG melts because the melt proportionsare too low
(<10 wt%). Instead, the high H,0/Ceratios of the groups 2 and 3 Archaean TTGs
canbeexplained by partial melting (or fractionation) of maficsources with1.5-2.0
and 3-4 wt% H,0at 2900 °C conditions, respectively.
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