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Palaeoarchaean deep mantle heterogeneity
recorded by enriched plume remnants

Chao Wang ®'?*, Shuguang Song ®™, Chunjing Wei', Li Su3, Mark B. Allen
Xian-Hua Li® and Jinlong Dong ®

4, Yaoling Niu?*,

The thermal and chemical state of the early Archaean deep mantle is poorly resolved due to the rare occurrences of early
Archaean magnesium-rich volcanic rocks. In particular, it is not clear whether compositional heterogeneity existed in the early
Archaean deep mantle and, if it did, how deep mantle heterogeneity formed. Here we present a geochronological and geo-
chemical study on a Palaeoarchaean ultramafic-mafic suite (3.45-Gyr-old) with mantle plume signatures in Longwan, Eastern
Hebei, the North China Craton. This suite consists of metamorphosed cumulates and basalts. The meta-basalts are iron rich and
show the geochemical characteristics of present-day oceanic island basalt and unusually high mantle potential temperatures
(1,675 °C), which suggests a deep mantle source enriched in iron and incompatible elements. The Longwan ultramafic-mafic
suite is best interpreted as the remnants of a 3.45-Gyr-old enriched mantle plume. The first emergence of mantle-plume-related
rocks on the Earth 3.5-3.45 billion years ago indicates that a global mantle plume event occurred with the onset of large-scale
deep mantle convection in the Palaeoarchaean. Various deep mantle sources of these Palaeoarchaean mantle-plume-related
rocks imply that significant compositional heterogeneity was present in the Palaeoarchaean deep mantle, most probably intro-

duced by recycled crustal material.

agnesium-rich lavas (for example, komatiites and picrites)

are rare in Earth history, and are typically produced by

adiabatic decompression melting of upwelling mantle
plumes that are significantly hotter than the ambient mantle'~. The
close affinity of komatiites and picrites with their primary magmas
means that they can probe the thermal and chemical state of the
Earth’s thermal boundary layer from which mantle plumes originate
through time**. Ultramafic rocks occur in the 3.8-Gyr-old green-
stone belts of the North Atlantic Craton, but accumulated evidence
indicates that these rocks were not mantle plume related’=’. Definite
records of mantle plume activities began to emerge ~3.5billion years
ago (Ga)'?, and included 3.5-3.46-Gyr-old komatiites in Barberton
and East Pilbara. The geochemistry of the Archaean komatiites sug-
gests that their deep mantle source was hot, and depleted or similar
to primitive mantle, whereas the geochemistry of post-Archaean
komatiites indicates a colder and heterogeneous deep mantle res-
ervoir with enriched components introduced by the Earth’s convec-
tion*’. There are no records of enriched ultramafic rocks from the
Palaeoarchaean era (3.6-3.2 Ga) comparable to the picrites associ-
ated with Phanerozoic mantle plumes, but given the fragmentary
nature of the geological record, it is not clear whether this reflects a
genuine lack of deep mantle heterogeneity and deep mantle convec-
tion in the Palaeoarchaean or a sampling bias.

Here we report the discovery of a suite of Palaeoarchaean ultra-
mafic-mafic rocks with a lithological assemblage of metamor-
phosed lherzolite, websterite, ferropicrite and ferrobasalt in the
North China Craton (NCC). Geochronological and geochemical
evidence indicates that these ultramafic-mafic rocks are remnants
of a 3.45-Gyr-old enriched mantle plume. Based on these findings,
we support the idea that a global mantle plume event occurred in

the Palaeoarchaean as a result of large-scale deep mantle convec-
tion, and significant compositional heterogeneity was present in the
Palaeoarchaean deep mantle"**.

The Longwan ultramafic-mafic suite

The NCC is a rare craton in that it preserves >3.8-Gyr-old crustal
record, both from extant orthogneisses and from detrital zir-
cons in younger metasedimentary rocks'’. There was widespread
Neoarchaean granulite-facies metamorphism and granitic magma-
tism as the result of microcontinental collision''~*. No Eoarchaean-
Palaeoarchaean mantle-derived ultramafic-mafic rocks, especially
mantle-plume-related ultramafic-mafic rocks from the NCC were
reported previously. The studied ultramafic-mafic rocks were col-
lected from the Longwan iron-mining area of Eastern Hebei in the
Eastern Block of the NCC (Fig. 1a). The Longwan ultramafic-mafic
suite, together with banded (or massive) iron quartzite and gar-
net-mica schist, occurs as hundreds of metre-to-kilometre-scaled
tectonic slivers within Neoarchaean tonalite-trondhjemite-granodi-
orite (TTG) gneisses (Fig. 1b). The iron quartzite lenses have been
mined, and the ultramafic-mafic rocks crop out as dark-coloured
wall rocks of the mining pits. Two major types of ultramafic-mafic
rocks were identified based on their mineral assemblages: (1) meta-
cumulates and (2) meta-basalts. They were all metamorphosed
and completely recrystallized under high-pressure granulite-facies
metamorphism at the end of the Neoarchaean era and no primary
igneous textures remain. The meta-cumulates occur as lens-shaped
blocks and are meta-lherzolite and meta-websterite in composi-
tion (Supplementary Fig. 1a—c), and strongly recrystallized samples
developed an idioblastic texture with triple junction grain bound-
aries close to 120° (Supplementary Fig. 2a,b). Meta-lherzolite is a
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Fig. 1| Geological maps of Eastern Hebei, the NCC and the study area. a, Inset is a sketch map of the NCC showing its major tectonic units. Eastern Hebei
lies in the Eastern Block of the NCC and its Precambrian basement rocks consist of Neoarchaean TTG gneisses, charnockites and supracrustal rocks with
some Palaeo-Mesoarchaean supracrustal remnants and Palaeoproterozoic mafic dykes. b, The studied meta-cumulate and meta-basalt samples were
collected from meta-supracrustal lenses from the Longwan iron-mining area of Eastern Hebei, which are within the Neoarchaean TTG gneisses and intruded

by Mesozoic plutons. BIF, banded iron formation.

rare component in the meta-cumulates and has a mineral assem-
blage of olivine, clinopyroxene, orthopyroxene, minor Al-rich
spinel and opaque oxides (Supplementary Fig. 2a). The meta-web-
sterite consists of clinopyroxene, orthopyroxene and amphibole,
with accessory pyrite between them (Supplementary Fig. 2b). The
meta-basalts are dark-green to green-coloured massive outcrops
(Supplementary Fig. 1d,e) and mafic in composition. They were
metamorphosed into two-pyroxene granulites (clinopyroxene,
orthopyroxene, plagioclase, quartz and opaque oxides) or garnet-
clinopyroxene granulites (garnet, clinopyroxene, plagioclase, quartz
and opaque oxides) (Supplementary Fig. 2¢,d) with very weak or no
foliation. All the zircon grains from the meta-basalts are metamor-
phic without any magmatic cores, which gives metamorphic ages of
~2.5Ga as a result of intensive Neoarchaean tectonothermal events
(our unpublished data).

In total, 125 zircon grains were extracted from a meta-websterite
sample J14-46¢ (~30kg) of the Longwan ultramafic-mafic suite.
Zircons are mostly subhedral crystals, 50-100pm in length, and
show clear core-rim textures; bright cores with weakly oscillatory
zoning are surrounded by dark rims in cathodoluminescence (CL)
images (Fig. 2a), indicative of a metamorphic overgrowth around
magmatic cores'’. There are apatite inclusions in the magmatic
cores, but no felsic mineral inclusions were identified within them
(Supplementary Fig. 3). We analysed 28 magmatic cores and 17
metamorphic rims, and the U-Pb data are listed in Supplementary
Table 1. Most analyses are discordant owing to more than one epi-
sode of radiogenic lead loss and plot under the concordia curve
(Fig. 2b). A *"Pb—*Pb age range of 3,475+ 14 to 3,302 +2Ma (lo)
was yielded from 28 magmatic cores with Th/U ratios generally
over 0.2. They lie along a discordant line that intersects the con-
cordia at 3,456 +15Ma with a mean square weighted deviation
(MSWD) of 1.9 (Fig. 2b), which is in accordance with the concordia
age (3,451 +3Ma, MSWD=0.36) and weighted mean *’Pb-**Pb
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age (3,454 +4Ma, MSWD=8.1) of 13 analyses indistinguishable
from the concordia curve (Fig. 2c). Most of the concordant analyses
have Th/U ratios above 1, which is a common feature of zircons
from mafic magma'®. 2”Pb-2"Pb ages that ranged from 3,279 + 4 to
2,993 + 22 Ma were given by 17 metamorphic rims with Th/U ratios
mostly below 0.1. They define a discordant line that intercepts the
concordia at 3,267 +20Ma (MSWD =3.9), with three concordant
27pb—2Pb ages of 3,271 + 1 to 3,238 +2 Ma. Nine concordant mag-
matic cores were chosen for in situ trace element analyses, and the
data are listed in Supplementary Table 2. Their trace element ratios
are typical of zircons from mantle-derived magma, and resemble
zircons from plume-influenced settings (Supplementary Fig. 4). Of
the concordant to near-concordant magmatic cores (discordance
<10%) from the meta-websterite sample J14-46¢, 13 were selected
for in situ Hf-O isotope analyses (data listed in Supplementary
Table 3). These magmatic cores have initial "*Hf/'”’Hf ratios of
0.280569-0.280720 (calculated at the concordia age of 3,451 +3 Ma)
with ey(t) values of 0.2-5.6, and have mantle-like 8'®0 values from
4.10%o0 to 5.58%o (Fig. 2d).

Bulk-rock major and trace element data of the studied samples
are listed in Supplementary Table 4. Samples of the Longwan ultra-
mafic-mafic suite have systematic compositional variation, as shown
in MgO variation diagrams (Supplementary Fig. 5). The meta-lher-
zolite samples have low contents of SiO, (39.84-44.86wt%) and
ALO, (3.80-5.44wt%), but high MgO (27.76-33.03 wt%) and Mg#
(84.1-85.3) (Methods) (Fig. 3b). They are slightly enriched in light
rare earth elements (LREEs) over heavy rare earth elements (HREEs)
with a (La/Yb)y (N, chondrite normalized) that ranges from 2.7
to 4.7 (Fig. 3d). These meta-lherzolites have high abundances of
compatible elements, such as Cr and Ni. The meta-websterites
are characterized by high contents of SiO, (51.15-54.18 wt%) and
MgO (23.28-26.55wt%) with an accordingly high Mg# (85.5-86.8)
(Fig. 3b), and compatible elements (for example, Cr and Ni). They
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Fig. 2 | CL images, U-Pb concordia diagrams and Hf-O isotopes for zircons from the meta-websterite sample J14-46c of the Palaeoarchaean Longwan
ultramafic-mafic suite. a, CL images of representative zircons from the meta-websterite sample J14-46c. The ellipses are in situ secondary ion mass
spectrometry (SIMS) zircon U-Pb analytical spots and numbers in the ellipses are sequential numbers of analytical spots. The ages next to ellipses are
zircon 297Pb-20¢Ph ages. Scale bars, 20 pm. b, U-Pb concordia diagram for all the zircons from the meta-websterite sample J14-46c. ¢, U-Pb concordia
diagram for concordant magmatic zircon cores from the meta-websterite sample J14-46c. Inset, the weighted mean 2°’Pb-2°Pb age of concordant
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are relatively low in TiO, (0.13-0.16 wt%), Al,O, (3.56-4.08 wt%)
and total Fe,O; (Fe,0O;;) (8.30-8.91wt%). They have similar trace
element patterns compared with the meta-lherzolites (Fig. 3d). They
show relative depletion of high field strength elements (for example,
Nb, Ta, Zr and Hf) (Fig. 3d). All the meta-basalts are iron rich with
Fe,O,; mostly>14 wt% and variable MgO contents (7.29-19.36 wt%),
and plot in the ‘alkali basalt’ field (Fig. 3a). According to their MgO
contents, they can be further subdivided into meta-ferropicrites
(MgO > 12wt%) and meta-ferrobasalts (MgO < 12wt%). The meta-
ferropicrites have high contents of TiO, (1.61-2.10wt%), MgO
(12.57-19.36 wt%), Cr (1,162-1,494 ppm) and Ni (411-943 ppm)
with SiO, of 43.73-49.78 wt% and Mg# of 62.1-71.9 (Fig. 3b).
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They are relatively enriched in Fe,O; (15.24-16.89 wt%) (Fig. 3c)
but low in ALO,; (4.65-7.85wt%). Their rare earth element (REE)
abundances are much higher than those of meta-cumulates, and they
also show enrichment of LREEs over HREEs ((La/Yb)y=6.7-8.6),
which ranges between those of the enriched mid-ocean ridge basalt
(MORB) and the ocean island basalt (OIB), but with a closer affinity
with the OIB (Fig. 3d). They are depleted in Y and some high field
strength elements (for example, Zr and Hf), but have positive anom-
alies of Nb and Ta. The meta-ferrobasalts have similar geochemical
features to those of the meta-ferropicrites, except that they have a
lower MgO (7.29-9.36 wt%) and Fe,O,; (11.19-15.68 wt%) with a
Mg# of 50.6-62.0 and a relatively high ALO; (6.80-11.05wt%) and
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Fig. 3 | Geochemical diagrams for the Palaeoarchaean Longwan ultramafic-mafic suite. a, Rock classification diagram?® for meta-basalts with meta-
cumulates plotted for comparison. b, SiO,-MgO diagram. The fields of komatiites, picrites, basalts and boninites are constructed using the data from

the GEOROC database with experimentally produced pyroxenite cumulates'® plotted for comparison. ¢, SiO,-FeO; diagram. The fields of ferropicrite/
ferrokomatiite, picrite/komatiite and Iceland/MORB are from Gibson?’. Major element oxides in a, b and ¢ are recalculated on an anhydrous basis.

d, Primitive mantle-normalized trace element diagram; the values of primitive mantle, OIB and enriched MORB (E-MORB) are from Sun and McDonough*°,
and the values of 3.5-3.46-Gyr-old komatiites in Barberton and East Pilbara are from Sossi et al.>. Only fluid immobile elements are plotted because they
should not have been affected during high-grade metamorphism and can be used for petrogenetic interpretations.

CaO (14.36-18.05wt%). They also have relatively high abundances
of Cr (825-1,394 ppm) and Ni (499-839 ppm).

Remnants of Palaeoarchaean plume magmatism

The absence of felsic mineral inclusions (Supplementary Fig. 3) and
the sharp contrast of age population, Th/U ratios and &,,(t) values
between the magmatic zircon cores from the meta-websterite sample
J14-46¢ and pre-2.8 Ga detrital or xenocrystic zircons from Eastern
Hebei (Supplementary Figs. 6 and 7) argue against a xenocrystic
origin of these zircons. Instead, morphological characteristics in the
CL images, high Th/U ratios, trace element systematics with close
plume affinity and mantle-like Hf-O isotopic compositions demon-
strate that these zircon cores were crystallized from mantle-derived
magma at ~3.45Ga (Fig. 2 and Supplementary Fig. 4). Even though
the Longwan ultramafic-mafic rocks experienced high-pressure
granulite-facies metamorphism at the end of the Neoarchaean, most
of their trace elements (for example, REEs and high field strength
elements) were relatively immobile during the Neoarchaean oro-
genic events, because these elements have positive linear correlations
with Zr (Supplementary Fig. 8). The high Cr and Ni concentrations
of meta-basalts argue that their elevated MgO contents are of origi-
nal magmatic significance without metamorphic modification.

NATURE GEOSCIENCE | VOL 12 | AUGUST 2019 | 672-678 | www.nature.com/naturegeoscience

The meta-websterites are unlike any ultramafic-mafic lavas (for
example, komatiites, picrites and boninites), but similar to experi-
mental and natural pyroxenite cumulates'®'” (Fig. 3b), which suggests
that they were crystallized from MgO-rich melts. The meta-lherzo-
lites are also of cumulate origin, evidenced by their identical trace
element patterns to meta-websterites (Fig. 3d). The correlation of Ni
and V against Cr of the meta-basalts (Supplementary Fig. 9) implies
that their protolith magmas experienced clinopyroxene-dominated
(with olivine) fractionation. In addition, the meta-cumulates and
the meta-basalts show complementary trends on Harker diagrams
(Supplementary Fig. 5) and have almost indistinguishable ratios of
Nb/Ta, Zr/Hf and Tb/Dy (Supplementary Fig. 10). Thus, it is highly
likely that the meta-cumulates were crystallized from the same
magmas parental to the meta-basalts when ascending and cooling
to shallower magma chambers. Using bulk-rock Mg# of the meta-
cumulates and Fe-Mg exchange coefficients, we calculated Mg# and
liquidus temperatures of the melts that crystallized cumulus miner-
als (Methods). The results show that protoliths of the meta-cumu-
lates were crystallized from relatively evolved melts with a Mg# of
62.2-67.8 at a temperature of ~1,200°C (Supplementary Table 5).
As for their crystallizing pressures, the lack of garnet in the meta-
cumulates and their low Al,O; content point to a shallow depth at
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least below the garnet stability field, that is, spinel/plagioclase stabil-
ity fields (~1-2 GPa).

The elevated iron contents of the meta-ferropicrites are dis-
tinguishable from typical picrites/komatiites but similar to iron-
rich ferropicrites/ferrokomatiites (Fig. 3c). The meta-ferrobasalts
(MgO <12wt%) have similar elevated iron contents and trace
element characteristics to those of the meta-ferropicrites (Fig. 3).
The meta-basalts are all enriched in compatible elements (Cr, Co
and Ni), which suggests a derivation from a relatively high-degree
melting of the mantle source. They are also enriched in Nb, Ta, Ti
and LREEs, and their trace element patterns are similar to those
of present-day OIB, indicative of an enriched mantle source
(Fig. 3d). The uniformly high (Gd/Yb)y (N, chondrite normal-
ized), low Al,0,/TiO, ratios and Zr/Hf depletion (Figs. 3d and 4a)
indicate the presence of residual garnet in their mantle source as
garnet prefers to hold Zr, Hf, HREEs and Al,O; at high pressures'®.
Their MgO-CaO systematics show that they were primarily derived
from peridotite sources with minor contribution from pyroxenite®
(Fig. 4b). Therefore, the meta-ferropicrites have a close affinity with
primary magmas, whereas the meta-ferrobasalts with lower MgO
and Mg# could represent evolved melts from those of the meta-
ferropicrites after the fractionation of clinopyroxene and olivine
(Supplementary Fig. 9).
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Fig. 5 | Calculated melting conditions for primary magmas of the meta-
ferropicrites of the Palaeoarchaean Longwan ultramafic-mafic suite.
Melting conditions for the primary magmas of the most primitive meta-
ferropicrite samples with the highest MgO contents (15LW-13 and 17LW-
08) were calculated using thermobarometers based on the magma Si and
Mg contents®. T, values were estimated by back calculating the melting
conditions of the primary magmas along an isentropic melting adiabat until
the melting adiabat intersected the solidus and then extrapolating from
this intersection point along a solid mantle adiabat to the surface. The dry
Iherzolite solidus and liquidus are from Katz et al.*?. The Fe-rich lherzolite
solidus (heavy dashed line) was estimated by lowering the dry lherzolite
solidus by ~50°C (ref. ?"). Blue near-vertical lines represent the solid mantle
adiabats with varying T the red curved line with an arrow corresponds to
the isentropic melting adiabat; the melting conditions for MORB, Hawaii
hotspot basalt and Palaeoarchaean komatiite are from Lee et al.?°.

We use FractionatePT software” to calculate the melting condi-
tions for primary magmas of the most primitive meta-ferropicrite
samples and the results indicate that their primary magmas were
derived from the melting of mantle lherzolite at high pressures and
temperatures (Fig. 5 and Supplementary Table 6), which corre-
sponds to a mantle potential temperature (T,) of 1,725 °C. However,
experimental studies have demonstrated that iron-rich lherzolites
have systematically lower solidus temperatures than fertile perido-
tites by ~50°C (ref. *'), and thus the T, for the meta-ferropicrites
should be conservatively corrected to be 1,675°C. The melting
conditions and T, are comparable to those for Palaeoarchaean
komatiites in Barberton and East Pilbara (Fig. 5). The above lines
of evidence clearly point to a derivation of primary magmas of the
meta-basalts through the melting of an anomalously hot mantle
source at high pressures.

The estimated T, for the Longwan meta-ferropicrites is 1,675 °C,
which implies that their mantle source was considerably hotter
than the ambient mantle with a T, of 1,500-1,600°C at 3.45Ga
(ref. °). Such conditions, when ascending mantle material is sig-
nificantly hotter than the surrounding mantle, are consistent with
the mantle plume model*>*. Their melting pressures should be
comparable to or higher than those of the Barberton aluminium-
depleted komatiites (Fig. 4a). Besides, the high Ni content of the
Longwan meta-basalts argue for a strong affinity to mantle-plume-
related rocks than that of their lower-temperature counterparts®.
Ferropicrites are rare throughout geological history, and most
Phanerozoic ferropicrite examples were identified at or near the
base of volcanic sequences in continental large igneous province
or continental flood basalt province settings, with a few cases in
accreted oceanic plateaux*. It is generally acknowledged that

676 NATURE GEOSCIENCE | VOL 12 | AUGUST 2019 | 672-678 | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE

ARTICLES

large igneous provinces result from the arrival of a mantle plume
head at the base of the lithosphere®~**. Thus, it is most likely that
the Longwan ultramafic-mafic suite represents remnants of vol-
canic successions generated during a Palaeoarchaean (~3.45Ga)
mantle plume activity, dismembered during later intracrustal
plutonic and tectonothermal activity.

Palaeoarchaean deep mantle heterogeneity

Mantle plume activities were infrequent through the Archaean
compared with the Proterozoic and the Phanerozoic®. Komatiites
and komatiitic basalts were generated by adiabatic decompres-
sion melting of upwelling mantle plumes at high mantle potential
temperatures and pressures, and serve as records of mantle plume
activities’. The 3.45-Gyr-old Longwan ultramafic-mafic suite and
the 3.5-3.46-Gyr-old komatiites in Barberton and East Pilbara are
the oldest confirmed records of mantle plume activities'”. These
Palaeoarchaean mantle-plume-related rocks record the oldest rec-
ognized plume event in Earth’s history and a counterpart to younger
occurrences of global mantle plume activities’. This global mantle
plume event may indicate that large-scale deep mantle convection
has been operating since the Palaeoarchaean.

Partial melting of a typical peridotitic mantle alone cannot
explain the iron-rich features observed in ferropicrites® . It
is commonly suggested that Archaean ferropicrites required an
iron-rich peridotitic mantle source, although how to reach this
iron enrichment remains controversial: the addition of recycled
crustal material, an initially iron-rich mantle and subsequent iron
sequestration, a core contribution and even an infall of iron-rich
chondritic meteorites***'~*’. Nonetheless, the occurrence of meta-
ferropicrites and meta-ferrobasalts in the ~3.45-Gyr-old Longwan
ultramafic-mafic suite indicates the existence of iron-rich domains
in their Palaeoarchaean deep mantle source. In addition, the
enriched REE patterns and the relatively high melting degrees of
these meta-ferropicrites and meta-ferrobasalts require an enriched
deep mantle source, whereas the depleted and flat REE patterns of
the 3.5-3.46-Gyr-old komatiites in Barberton and East Pilbara imply
a depleted or primitive deep mantle source** (Fig. 3d). Therefore,
deep mantle heterogeneity was present in the Palaecoarchaean, with
a partial enrichment of iron and incompatible elements. Enriched
domains in the Palacoarchaean deep mantle were most probably
caused by the incorporation of recycled crustal material****!, and
indicate an interaction between the lithosphere and mantle plumes,
and the crustal recycling processes.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
s41561-019-0410-y.
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Methods

In situ zircon U-Pb dating. Zircon grains were extracted from crushed samples
by standard heavy-liquid and magnetic techniques, and purified by hand-picking
under a binocular microscope. The selected grains were mounted in epoxy resin
and polished down to about half-sections to expose the grain interiors, and then
imaged under reflected and transmitted lights and by using CL. The CL images
were acquired using a Panchromatic CL detector installed on a MIRA3 scanning
electron microscope at the MOE Key Laboratory of Orogenic Belts and Crustal
Evolution, Peking University. The mineral inclusions in zircons were identified
using an Oxford INCA-Synergy energy dispersive spectroscopy installed on a FEI
FEG 650 scanning electron microscope at Peking University.

Measurements of zircon U, Th and Pb isotopes were conducted using the
CAMECA IMS-1280 SIMS at the Institute of Geology and Geophysics, Chinese
Academy of Sciences, following the standard procedures described in Li et al.*.
The primary O* ion beam spot was about 20 X 30 pm in size. Analyses of
the standard zircon PleSovice were interspersed with unknown grains. Pb/U
calibration was performed relative to the zircon standard Plesovice*; U and Th
concentrations were calibrated against zircon standard 91500%. To monitor the
external uncertainties of SIMS zircon U-Pb dating calibrated against the PleSovice
standard, an in-house zircon standard Qinghu was alternately analysed as an
unknown together with other unknown zircons. A concordia age of 159.9 + 1.2 Ma,
which is identical within error to the recommended value of 159.5 +0.2 Ma (ref. %),
was yielded by 15 measurements on the Qinghu zircon. A long-term uncertainty
of 1.5% (one relative s.d.) for 2°°Pb/?*U measurements of the standard zircons
was propagated to the unknowns. The measured compositions were corrected for
common Pb using non-radiogenic ***Pb. Corrections were sufficiently small to be
insensitive to the choice of common Pb composition, and an average of present-
day crustal composition*” was used for the common Pb assuming that the common
Pb was largely surface contamination introduced during sample preparation.

Data reduction was carried out using the Isoplot/Ex version 3.0*. Uncertainties of
individual analyses in the data tables are reported at the 1o level.

In situ zircon oxygen isotope analyses. After the U-Pb dating, the sample

mount was reground and repolished to ensure that any oxygen implanted in the
zircon surface from the O*~ beam used for U-Pb dating was removed. Zircon
oxygen isotopes were measured using the CAMECA IMS-1280 SIMS at the
Institute of Geology and Geophysics, Chinese Academy of Sciences following
standard procedures®. The primary Cs* ion beam spot was 10 pm in size. Oxygen
isotopes were measured using the multicollection mode on two off-axis Faraday
cups. The instrumental mass fractionation factor was corrected using the zircon
standard 91500 with a §'30 value of 9.9%o (ref. *°). The measured *O/'°O ratios
were normalized using the Vienna Standard Mean Ocean Water compositions
(**0/**0=0.0020052) and reported in standard per million notation. A second
zircon standard Qinghu was also analysed as an unknown to ascertain the veracity
of the instrumental mass fractionation factor. Uncertainties on individual analyses
are reported at the 1o level. The internal precision of a single analysis was generally
better than 0.2%o (20) for the *O/**O ratio. The external reproducibility of the
180/'O ratios by repeated measurements of the standard zircon was better than
0.40%o. A weighted mean of $'*0=5.38 +0.12%o (20, n=24) was yielded by 24
measurements of the Qinghu zircon standard during the course of this study,
which is consistent, within errors, with the reported value of 5.4 +0.2%o (ref. *°).

In situ zircon Hf isotope analyses. In situ zircon Hf isotope analyses of the dated
sample were carried out using a Neptune multicollector inductively coupled
plasma mass spectrometry attached with a New Wave UP-213 laser-ablation system
(ICPMS) at the MLR Key Laboratory of Metallogeny and Mineral Assessment,
Institute of Mineral Resources, Chinese Academy of Geological Sciences. The
analytical details are given in Wu et al.”. A laser spot size of 40 pm was adopted
for the analyses and helium gas was used as the carrier gas to transport the laser
ablated sample from the laser-ablation cell to the ICPMS torch via a mixing
chamber and mixed with argon gas. Correction for the isobaric interferences

of 7Lu and "7°Yb on '"*Hf was made following Wu et al.”’. Before the analyses,
standard zircons (TEMORA, GJ1 and FMO02) were analysed and the efficacy of
the correction method of isobaric interferences’' was tested. Zircon GJ1 was used
as the reference standard to monitor data quality during the analyses, and gave a
weighted mean "7*Hf/"7Hf ratio of 0.282015+9 (20, n=9), which is in accordance
with the weighted mean 7°Hf/"”"Hf ratio of 0.282000 + 5 (20) measured by the
solution analysis method*.

In situ zircon trace element analyses. Measurement of the trace elements in
zircons were carried out on an Agilent-7500a quadrupole ICPMS coupled with a
New Wave UP-193 solid-state laser-ablation system in the Geological Lab Center,
China University of Geosciences. A laser spot size of 36 pm, laser energy density
of 8.5Jcm and a repetition rate of 10 Hz were used for the analyses. The ablated
sample material was carried into the ICPMS system by high-purity helium gas.
Calibrations for the element concentrations were carried out using NIST 610 glass
and Harvard standard zircon 91500 as the external standards, with recommended
values taken from Wiedenbeck et al.”” and Pearce et al.” and using Si as an
internal standard. NIST 612 and 614 glasses served as the monitoring standards

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

simultaneously. The analytical accuracy for trace elements in the zircons was better
than +10% with abundances >10 ppm and +15% with abundances <10 ppm.

Bulk-rock major and trace element analyses. All the samples were fresh cuttings
away from late veinlets, any surface contaminants were trimmed off and the
cuttings were then thoroughly cleaned. Fresh portions of the trimmed samples
were crushed into 1-2 cm size chips using a percussion mill. These rock fragments
were ultrasonically cleaned in Milli-Q water, dried and powdered in a thoroughly
cleaned agate mill to 200 mesh in the clean laboratory at the Langfang Regional
Geological Survey. Bulk-rock major and trace element analyses were done in the
Geological Lab Center, China University of Geosciences following the procedures
described in Song et al.”*. Major elements were analysed on a Leeman Prodigy
inductively coupled plasma-optical emission spectroscopy system with high
dispersion Echelle optics. Based on rock standards AGV-2, W-2 (US Geological
Survey), GSR-1 and GSR-3 (national geological standard reference materials of
China), the analytical precisions (1¢) for most major element oxides were better
than 1% with the exception of TiO, (~1.5%) and P,O; (~2.0%). Loss on ignition
was determined by placing 1 g of samples in a furnace at 1,000 °C for a few hours
and then reweighing the cooled samples.

Bulk-rock trace elements were analysed using an Agilent-7500a quadrupole
ICPMS. About 35mg of powder of each sample was dissolved in a distilled acid
mixture (1:1 HF:HNO,) with Teflon digesting vessels and heated on a hotplate at
195°C for 48 h using high-pressure bombs for digestion and/or dissolution. The
sample was then evaporated to incipient dryness, refluxed with 1 ml of 6N HNO,
and heated again to incipient dryness. The sample was again dissolved in 2 ml of
3N HNO; and heated at 165 °C for a further 24 h to guarantee complete digestion
and/or dissolution. The sample was finally diluted with Milli-Q water to a dilution
factor of 2,000 in a 2% HNO; solution for the ICPMS analyses. Rock standards
AGV-2, W-2 and BHVO-2 (US Geological Survey) were used to monitor the
analytical accuracy and precision. Analytical accuracy, as indicated by relative
difference between measured and recommended values, was better than 5% for
most elements, and about 10-15% for Cu, Zn, Gd and Ta.

Calculation of Mg# and liquidus temperatures for melts in equilibrium with
meta-cumulates. Cumulus minerals should be in equilibrium with the melts
from which they precipitated and the liquidus temperature of basaltic melts is
proportional to the MgO contents in the melts>~*’. Thus, the Mg# and liquidus
temperatures of the melts that crystallize camulus minerals can be calculated
using the well-established Fe-Mg exchange coefficients (Kp,(Fe-Mg)minera--

liquid — (M gliauid/Fe2+liquid) /([ gmineral/Fe2+mineral)) - Ag the meta-cumulates experienced
high-pressure granulite-facies metamorphism at the end of the Archaean and
Fe-Mg re-exchanges should have occurred between minerals during this high-
grade metamorphism, the compositions of the pyroxenes or olivines present in
the meta-cumulates cannot represent primitive compositions in the equilibrium
with the melts. However, Kj,(Fe-Mg)®*aud (0.28 +0.08) is similar to K;,(Fe-
Mg)or<-liavid (0.29 +0.06) and Kp(Fe-Mg)°4 (0.30 +0.03) (cpx, clinopyroxenes;
opx, orthopyroxenes; ol, olivine)***, which allows us to use the bulk-rock Mg#
of the meta-cumulates to estimate the nature of their parental magma. The effect
of trapped liquid crystallization on the cumulus mineral compositions®’ means
that the calculated Mg# and liquidus temperatures should represent minimum
estimates for the equilibrated melts. The equations are:

Mg#(equilibrated melts) =1/{[1/Mg#(bulk — rock)—1]/Ky(Fe — Mg) +1} (1)
where K;,(Fe-Mg) =0.28 for meta-websterites and 0.30 for meta-lherzolites;

Tiiquiaus( 'C) = 1,066 + 12.067Mg# + 312.3(Mg#)’; @

Mg#=molar Mg/(Mg+ Fe). (3)

Data availability
The authors declare that all data supporting the findings of this study are available
within the article and its Supplementary Information files.
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