
ARTICLE

Light oxygen isotopic composition in deep mantle
reveals oceanic crust subduction before 3.3 billion
years ago
Dongjian Ouyang1,2✉, Huiming Bao 1,2, Gary R. Byerly 3 & Qiuli Li 4,5

Compositional heterogeneity exists in Earth’s deep mantle, which can be caused by the

subduction of oceanic slabs. How early this process started on Earth remains highly debated

due to the scarcity of early Archean materials with pristine mantle compositional signatures.

Here, using the oxygen isotope and elemental compositions of fresh olivine grains in the

3.27-Ga komatiites of the Weltevreden Formation in the Barberton Greenstone Belt in

Southern Africa, we discovered two groups of samples with primitive olivine grains.

Group I exhibits normal mantle-like δ18O values and high Fo contents (δ18O= 4.9–5.4‰; Fo

= 93–95); Group II is characterized by lower δ18O values with slightly lower Fo contents

(δ18O= 3.6–4.7‰; Fo = 91–93). These δ18O values correlate with other geochemical proxies

of olivine-poor iron-rich pyroxenite sources, indicating that the Weltevreden komatiites were

derived from two distinct mantle sources. The existence of the low-δ18O magmas can be best

explained by recycling of the altered oceanic crust into deep mantle arguably by subduction,

which started 3.3 billion years ago and is responsible for the deep mantle heterogeneity in

early Earth.
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The interaction between the surface and the deep interior of
Earth shapes the habitability of our planet and strongly
affects the physicochemical properties of the mantle.

Composition variability in mantle-derived magmas is commonly
ascribed to mantle heterogeneity1,2, which occurs via two main
mechanisms. One is the ‘top-down’ model in which crustal
materials can be introduced into the mantle by either
subduction3,4 (a hallmark of plate tectonics), to a lesser degree by
delamination processes5. Thereinto, plate tectonics is well
accepted as the paradigm for modern Earth’s evolution that
distinguishes Earth from other planets in the solar system and
forms the most efficient mechanism to achieve mass circulation
and energy exchange between Earth’s crustal and mantle reser-
voirs. The timing of the onset of plate tectonics is intensely
debated, varying from the Hadean to the late Neoproterozoic6–8.
As an alternative, the ‘bottom-up’ model suggests that these
heterogeneities may be inherited from the primordial mantle,
which suffered early magmatic differentiation events, including
magma ocean partial melting and crystallization9, metal-silicate
re-equilibration10, or inefficient mixing11. These long-term iso-
lated deep-seated reservoirs have not been homogenized through
mantle convection and have persisted until today12. In addition,
meteorite impacting as an exogenetic process is also a potential
model13.

Oxygen isotopes (expressed as δ18O= {(18O/16O)sample/
(18O/16O)VSMOW− 1}, which are fractionated significantly only
during fluid-rock interactions at shallow depths, offer a clue to
the source of magma14. The oxygen isotope composition of the
upper mantle, revealed by fresh mantle-derived rocks (mid-ocean
ridge basalts (MORB), ocean island basalts (OIB), and mantle
xenoliths), shows narrow variations over Earth’s history, defining
an average δ18O value of 5.5 ± 0.5‰15,16. On the other hand, Mg-
rich komatiites occurred almost exclusively in the Archean and
are regarded as products of a high degree of partial melting of
deep-seated mantle plumes, which are generally considered to
originate in the lower mantle, even at the core-mantle
boundary17. They are unique archives of the compositional and
thermal state of the early deep mantle and can help constrain the
nature of mantle heterogeneity, which may not be recorded in
modern lavas due to the unidirectional evolution of the Earth.
The oxygen isotope compositions of komatiites are poorly con-
strained due to their restricted preservation and susceptibility to
alteration. A previous study reported low δ18O values of olivine
separates in ~3.3 Ga komatiites from the Barberton Greenstone
Belt (BGB) by CO2 laser fluorination, which has been interpreted
as the result of magma ocean crystallization during the Hadean18.
However, geochemical data of the old rocks from other cratons
provide no compelling evidence for such an isotopically depleted
or enriched mantle source before ~3.5 Ga (based on their Hf-Nd
isotope records19,20). Likewise, the existence of recycled crustal
material in the source or contamination of crustal material upon
ascent can give rise to deviation from the normal δ18O values of
mantle-derived rocks21. Therefore, constraining the origin of
komatiites with anomalous δ18O values reveals the link between
the potential deep mantle heterogeneity and geodynamic pro-
cesses. In addition, the trace element chemistry of olivine can
track source compositions and magma evolution3,22,23. Hence,
the oxygen isotopic compositions of unaltered olivine grains,
integrated with the chemistry and whole-rock compositions of
their host rocks may help to distinguish the variable processes
mentioned above.

The 3.27 Ga Weltevreden Formation in the BGB, which is part
of the Kaapvaal Craton in Southern Africa, possesses some of the
least altered komatiites. They belong to Al-enriched type koma-
tiites (Al/Ti ≈ 30), which feature light rare earth element (LREE)
depletion and heavy rare earth elements (HREE) enrichment9,24.

Here, we select 11 hand samples from 6 different lava flows from
the Pioneer Igneous Complex and Saw Mill areas, all of which are
massive peridotitic komatiites. We obtained olivine grains from
these komatiites and measured δ18O using secondary ion mass
spectrometry (SIMS) and laser fluorination (LF), major and
minor elements using electron-probe microanalysis (EPMA),
minor and trace elements using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS), and whole-rock major-
trace element (see Supplementary Methods). A detailed geological
background, sample description (Supplementary Fig. 1), and
location (Supplementary Data 1) can be found in Supplementary
Note 1.

Results
Olivine chemistry. Most fresh olivine grains are ranging from 0.3
to 1.0 mm in size. Back-scattered electron (BSE) images show that
the relict olivine cores are commonly well-preserved and no
obvious core-rim zoning has been recognized (Fig. 1). We per-
formed 383 in situ oxygen-isotope measurements of olivine by
SIMS on 290 olivine grains extracted from the 11 samples. The
δ18O values fall in two clusters (Fig. 2). One cluster consists of
208 grains from 6 samples and displays the canonical mantle
range for olivine16 (5.18 ± 0.28‰, 2 SD) ranging from
4.68 ± 0.34‰ to 5.72 ± 0.35‰ (2δ) with an average value of
5.08 ± 0.17‰ (1 SD, n= 208). The other cluster consists of 175
grains from 5 samples and shows δ18O values ranging from
3.56 ± 0.17‰ to 4.94 ± 0.30‰ (2δ) with an average value of
4.35 ± 0.30‰ (1 SD, n= 175). Likewise, olivine macrocrysts can
be subdivided into two groups based on their minor-trace ele-
ment contents (Supplementary Note 2; Supplementary Figs. 2 and
3). The normal-δ18O olivine group is characterized by extremely
high Fo contents ranging from 92.5 to 95.0; the low-δ18O olivine
shows slightly lower Fo contents with 90.7–92.5. There is little
overlap in δ18O-Fo compositions between the two groups (Fig. 3).
Overall, the compositional range of the low-δ18O olivine cluster
shows fewer scatter than those of the normal-δ18O olivine cluster.
Olivine grains from each sample show relatively homogenous
δ18O-element compositions (Figs. 3 and 4). The complete oxygen
isotope-element data sets of olivine and the corresponding
reference materials are presented in Supplementary Data 2–6.

Discussion
The Weltevreden komatiites have experienced serpentinization
and low-grade metamorphism, which could have altered the
original oxygen isotope-element composition. However, no
internal zoning or systematic difference in oxygen isotope-
element compositions between the core-rim domains of olivine
grains was observed. BSE images assisted all in situ analysis
(SIMS/EPMA/LA-ICP-MS) to avoid fractures, melt inclusion, or
alteration domains. The δ18O values of olivine are independent of
core-rim location, grain size, and degree of external alteration (as
described in Supplementary Note 3). Therefore, olivine grains
should have retained their original oxygen isotope compositions.

The two olivine clusters show distinct oxygen isotope-element
compositions, which may indicate their different source compo-
sitions. We propose that the low-δ18O olivine group crystallized
from magmas with the contribution of low-δ18O, subducted,
altered oceanic crust. Other processes, including partial melting,
crustal contamination, mantle metasomatism, and melt-mineral
fractionation, can also result in lowering the olivine δ18O value.
As we argued below, these other processes cannot explain the
origin of the BGB low-δ18O olivine group.

The magnitude of oxygen isotope fractionation during partial
melting and melt-mineral fractionation is relatively small in
peridotitic systems25. Strong correlations for both whole-rock
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samples and olivines between MgO content and most elements
indicate that olivine was the only major liquidus phase over the
crystallization process (Supplementary Fig. 4; Supplementary
Data 7), though the occurrence of an inflection point in the Fo
versus Cr diagram implies the co-crystallization of minor Cr-rich
chromite (Supplementary Fig. 3b), which are consistent with
previous observation9. The Weltevreden komatiites were char-
acterized by extremely high eruption temperatures (~1600 °C)
and mantle potential temperatures (~1800 °C)26,27, the oxygen-
isotope fractionation between olivine and ultramafic melt at

1600 °C is assumed to be <−0.3‰, removing olivine will thus
lead to an increase in δ18O and a decrease in the Mg# of the melt,
inconsistent with the low δ18O-Fo olivines. Such high-tempera-
ture, low-viscosity komatiitic lavas would lead to efficient heat
transfer to the surrounding wall rocks en route to the surface and
could result in contamination of crustal materials. When crustal
contamination and hydrothermal alteration occur, it is expected
that komatiitic lavas would exhibit lower eruption temperature,
elevated lithophile trace element abundances (such as Ba, Th, U,
Zr, and LREE), and trends of decreasing δ18O with decreasing Fo,

Fig. 1 Back-scattered electron (BSE) imaging of representative olivine grains in Weltevreden komatiites. Though affected by serpentinization, the
unaltered core is preserved. The upper row is low δ18O olivine grains; the lower row is normal δ18O olivine grains. The yellow spots represent the analysis
domain for δ18O by SIMS and Fo by EPMA. The yellow number is the δ18O value of olivine; the black number is the Fo content. Each grain shows uniform
δ18O-Fo compositions without core-rim zoning. Ol, olivine; Ser, serpentine; Py, pyroxene; Mt, magnetite.

Fig. 2 A compilation of the oxygen isotope composition of all olivines analyzed by SIMS in this study. Gary band represents the mantle olivine value
(5.18 ± 0.28‰, 2 SD; SD means standard deviation). Error bars indicate the 2δ of each analysis. 2δ= SQRT((2SE)2+ (2 SD)2), where SE is the analytical
standard error of each analysis and SD is the standard deviation of the analyses of the San Carlos olivine reference material in each session and represents
the 95% confidence level.
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MgO, and Zr/Nb, along with an increasing in (La/Yb)N, Sm/Yb,
Ba/La, and Ba/Li28–30. However, the observed geochemical
characteristics in Weltevreden komatiites contradict these
expectations, with extremely low concentrations of Ba and Th,
and uniform LREE depletion (Supplementary Fig. 5), indicating
no disturbance of incompatible elements. Additionally, the δ18O
values do not show a correlation with these crustal contamination
parameters (Supplementary Fig. 6). These distinctive geochemical
characteristics of olivines and host whole rocks effectively rule out
crustal contamination as the cause of the low-δ18O values in
parental Weltevreden komatiite melts. Assimilation of low-δ18O
sub-continental lithospheric mantle (SCLM) materials is a pos-
sible mechanism. In such cases, olivine δ18O values commonly
show a strong correlation with other geochemical parameters,
such as enriched in Na, Ti, Ca, Mn, and Zn, lower Fo and Ni
contents, with the occurrence of olivine rims and low-Fo cores31.
The Weltevreden olivine grains show no compositional zonation,
and their restricted δ18O-element systematics in each olivine
grain and sample with high Fo contents (>91) is inconsistent with
assimilation of SCLM materials as a mechanism for the low-δ18O
olivine. Moreover, the distribution and volume of low-δ18O
SCLM material are less than those of high-δ18O material32. It

seems implausible that the proto-melt selectively interacted with
low-δ18O domains but not any high-δ18O domains. Another
possibility is the assimilation of low-δ18O outer core material33. If
so, we would expect lower Mn/Fe ratios due to the high Fe
content of the core, which is not observed in the low-δ18O oli-
vines (Supplementary Fig. 7) and is inconsistent with the high Fo
content of olivines.

Byerly et al.18 proposed that the low-δ18O mantle source
represents an isolated deep-seated mantle domain, which
underwent fractional crystallization of magma ocean minerals
during the Hadean based on their Hf-Nd-Os isotope
systematics9,34. However, geochemical features suggest that the
mantle source of Weltevreden komatiites does not retain this
deep crystallization event because of the lack of obvious Zr
anomalies, high Hf/Sm ratios, and an unresolved 142Nd anomaly
in these lavas, which are inconsistent with the crystallization
trends35. Moreover, in any fractional crystallization scheme, the
assemblages will be dominated by a mixture of bridgmanite and
Ca-perovskite34,35. There is negligible oxygen isotope fractiona-
tion among Mg2SiO4 polymorphs36 (forsterite-wadsleyite-ring-
woodite-bridgmanite). In addition, perovskite shows lower δ18O
values than olivine when equilibrated at high temperatures37.
Therefore, precipitation of these minerals will lead to an increase
in δ18O values in the residual melt, ruling out this mechanism as
the cause of the low-δ18O olivine. A detailed assessment of our
results and those of Byerly et al.18 (Supplementary Data 8) can be
found in Supplementary Note 4.

The occurrence of olivine with mantle-like δ18O value in
komatiites suggests oxygen isotope composition of the 3.3 Ga
deep mantle domain is similar with that of the modern upper
mantle. It is conceivable that they are inherited from magma
oceans following the Moon-forming giant impact at 4.44 Ga,
which homogenized the oxygen isotope compositions of proto-
Earth and Theia38. The 3.55–3.30 Ga komatiites in the BGB and
East Pilbara in Australia39 and the 3.45 Ga Longwan ultramafic-
mafic suite in China40 may imply that large-scale deep mantle
convection has been operating since the Paleoarchean, in favor of
the homogenization of the oxygen isotope composition on the
whole mantle-scale.

Deep recycling of the high-temperature hydrothermally altered
oceanic crust (AOC) may provide substantial 18O-depleted
domains in the deep mantle. The mantle eclogite (is generally
deemed as the metamorphic subducted slab’s counterpart) and
the AOC (as low as −2‰)41 displays a similar variation range of
δ18O value (2–12‰)42, suggesting no obvious oxygen isotope
fractionation of the AOC during subduction. Both models and
geological records of marine iron oxides suggest that Archean
seawater had lower δ18O than modern seawater43,44. It is rea-
sonable to assume the δ18O value of 0–2‰ for the Archean high-
T AOC crust, and the ambient mantle is 5.5‰, a contribution of
just 20–10% recycled material is required to form the mantle
domain with low-δ18O values (3.6–4.4‰) observed in our sam-
ples. This estimate is consistent with the amounts of pyroxene-
rich lithologies-derived components in sources of komatiites
based on olivine-compatible element systematics3. On the other
hand, olivine minor element systematics has been proposed as a
proxy for source lithology identification, which is applied widely
to the geochemical enrichment of OIBs3,45. The rationale behind
this approach is the distinction of the modal mineralogy in both
the mantle source and the residue, which plays critical roles in
determining the bulk partition coefficients for elements and
further the compositions of olivine. Generally, the two groups of
olivine in our study display different evolutionary trends in dia-
grams of Fo versus some elemental concentrations and element
ratios (Supplementary Fig. 7). The low-δ18O olivines show higher
Xpx (weight fraction of pyroxenite-derived melt, related to

Fig. 3 Fo-δ18O covariations diagrams for olivine grains. a Binary diagram
of δ18O value and Fo content in olivine from the Weltevreden komatiites.
Blue symbols represent low δ18O olivines from five samples; red symbols
represent normal δ18O olivine from the other six samples. b Average δ18O
values versus average Fo values in olivine from each sample. “Error bars”
represent one standard deviation (1 SD) of δ18O and Fo content of olivines
in each sample, respectively. There is no overlap of δ18O-Fo systematics
between the two groups.
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Ni*FeO/MgO and Mn/Fe values of olivine46; Supplementary
Fig. 8), lower 100Ca/Fe, and Co/Fe than the normal-δ18O olivine
(Fig. 4), consistent with the contributions of partial melts from
olivine-poor mantle lithologies such as pyroxenite, garnet pyr-
oxenite, or eclogite3,23. However, not all pyroxene-rich litholo-
gies-derived proxies show differences between the two groups or
correlations with δ18O values; for instance, all olivine grains have
similar Mn/Fe and Mn/Zn ratios. These inconsistencies indicate
either decoupling or invalidation of these proxies in komatiitic
systems under higher P-T conditions. Both experiments and
thermodynamic models suggest that partial melts of pyroxene-
rich lithologies are not very different from those of peridotite at
similar melting conditions, which will hardly be detectable in the
major-element patterns47,48. The low-δ18O group samples show
lower SiO2 contents and higher FeO contents than those in the
normal-δ18O group samples, which is a reliable marker for the
presence of pyroxene-rich lithologies in the source48. In addition,
the buffering through garnet or clinopyroxene in pyroxenite falls
off rapidly when they are exhausted in restites at high melt
fractions49,50. The vestiges of pyroxene-rich lithologies may be
diluted or even erased under these extreme scenarios, leading to
an overwhelming control of compatible element contents in oli-
vine by olivine-bearing lithologies51.

Regardless of these complexities, oxygen isotope and elemental
systematics indicate that these two groups of olivine must sample
distinct mantle reservoirs, which cannot be explained by partial

melting of a single mantle source, magmatic differentiation, or
crustal contamination en route to the surface. The low-δ18O
komatiites need a modally enriched peridotite source that is
depleted in 18O.

Mantle enrichment by recycled crustal materials with anom-
alous oxygen-isotope compositions could be achieved by sub-
duction or delamination. Delamination of dense residues after
massive tonalite-trondhjemite-granodiorite (TTG) formation in
the Archean would facilitate the re-fertilization of the upper
mantle with a crust-like compositional signature4. There is no
compelling evidence that these residues have δ18O values lower
than the normal mantle because most TTG display mantle-like
δ18O values14. In addition, this process operates in the litho-
spheric mantle and has no expected impact on the composition of
the lower mantle where komatiite originates5. Therefore, the low-
δ18O olivines from nearly half of the BGB komatiite samples we
analyzed likely reflect a deep mantle heterogeneity in early Earth.

Blobs of the subducted oceanic crust may be entrained ran-
domly in an upwelling mantle plume, which may interact with
the ambient peridotite in various ways at such high P-T condi-
tions, and contribute to metasomatized peridotite, respective
melts from the slab and peridotite, and their mixed products. The
resulting metasomatic plume rises through the mantle and starts
to melt when its solidus temperature is reached. Then, the melt
can segregate and escape from the source once the neutral density
limit is reached during adiabatic decompression, and further

Fig. 4 δ18O versus some pyroxenite-contribution proxies for olivine grains. Covariation diagrams of δ18O versus a 10,000Co/Fe; b 10,000Zn/Fe;
c 100Ca/Fe and d Ni*FeO/MgO for olivine in the examined Weltevreden komatiites. The compositional range of low-δ18O olivine shows less scatter than
normal-δ18O olivine. The two groups of olivine display different trends. Overall, δ18O is positively correlated with Co/Fe and Zn/Fe ratios in the low-δ18O
olivine. The black line in (b) and the gray band in (d) represent the 10,000Zn/Fe and Ni*FeO/MgO values of the primitive mantle, respectively.
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ascends to the surface rapidly without reaction with SCLM
peridotite and crustal materials (Fig. 5). This model can explain
the co-occurrence of low-δ18O and normal-δ18O komatiites, but
in the different stack of flows. These results are consistent with
dehydrated oceanic crust-like hydrogen (strongly negative δD
values) and lithium isotope compositions of Weltevreden
komatiites obtained by melt inclusions in olivine and bulk rock-
olivine, respectively, suggesting a contribution of subducting
dehydrated lithosphere27,52.

The low-δ18O olivine in komatiite is indicative of melt supply
from a distinct 18O-depleted mantle source, imparted most likely
by deeply, subducted oceanic crust. A wealth of independent
geological and geochemical records reflects the transformation of
mantle properties (composition, thermal state, and the style of
mantle convection) during the Paleoarchean-Mesoarchean, such
as the widespread appearance of eclogitic inclusions diamonds53

and paired high T/P and intermediate T/P metamorphism
around 3.0 Ga54,55; an abrupt increase of sediments recycling
tracers (e.g., Ba/La and Ba/Nb) in both basaltic and komatiitic

rocks, accompanied by the rapid drop of Mg, Ni, and Cr contents
in basaltic rocks since ~3.2 Ga, corresponding to distinguishable
change in mantle potential temperature4,56; the presence of
positive δ15N anomalies and mass-independent fractionated sul-
fur isotopes from diamonds57,58 and the evolution of komatiite
compositions17. Combined these lines of evidence demonstrate
the onset of global-scale plate tectonics in the Paleoarchean,
which recycled the crustal materials into the mantle. The low-
δ18O Weltevreden komatiites provide an independent line of
evidence supporting interaction between surficial environments
and Earth’s interior that started before at least 3.3 Ga and con-
tinues until the present day.

Methods
To study the compositions of olivine grains, we used the fol-
lowing in situ analytical techniques: secondary ion mass spec-
trometry (SIMS), electron probe microanalysis (EPMA), laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-

Fig. 5 Schematic illustration showing the genesis of oxygen isotope variations in the two groups of olivine in Weltevreden komatiites. Blobs of
subducted oceanic crust (1, yellow) were entrained randomly in an upwelling mantle plume (orange). They can interact with the ambient peridotite in
various ways in such high P-T conditions, through metasomatic peridotite (2), melts from the slab (1) and peridotite (2), and their mixing and melt-rock
interaction (3, yellow core with green rim). The dotted plume traverses the mantle and starts to melt when its solidus is reached. Then, the melt (5) can
segregate and escape from the source once the neutral density limit is reached during adiabatic decompression and further ascends to the surface rapidly
without reaction with SCLM peridotite and crustal materials (inspired and modified after Fig. 5 in ref. 27).
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MS), and laser fluorination (LF). We analyzed the whole-rock
major and trace elements of komatiites by X-ray fluorescence
spectrometry (XRF) and LCP-MS, respectively.

SIMS. The in situ oxygen isotope analysis of olivine was carried
out using a CAMECA IMS-1280 ion microprobe at the Institute
of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS), Beijing, China. The targets were polished and coated
with gold for analysis. Cs + ions are used as the primary beam to
sputter olivine for O-isotope analysis. The primary beam size is
~10*20 μm in size and was accelerated at 10 kV with an intensity
of ~2 nA. An electron gun is used to compensate charging effect
in the bombarding area. The 16O and 18O ions are detected
simultaneously by two Faraday cups, and the signals are amplified
by 10E10 ohms and 10E11 ohms resistors, respectively. Each
analysis took 3 min, consisting of pre-sputtering, beam centering,
and signal collecting. The collecting process consists of 16 cycles,
and each cycle is 4 s long, which gives an average internal pre-
cision of 0.25 (2SE). The 18O/16O ratios are normalized to the
Vienna Standard Mean Ocean Water standard (VSMOW) and
expressed on the δ18O-scale. δ18O= ((18O/16O)sample/(18O/16O)
standard)− 1. The reference material San Carlos olivine was
analyzed after every six unknown samples to monitor analytical
precision and to calibrate instrumental mass fractionation. The
2 SD of δ18O values for San Carlos olivine measured by SIMS was
0.17–0.32‰ in all sessions. The San Carlos olivine δ18O value of
5.25‰ is recommended for correcting instrument mass fractio-
nation. Detailed analytical procedures are described by refs. 59,60.
Previous studies have undertaken detailed work on SIMS matrix
effects showing oxygen-isotope variations in olivine as a function
of Fe molar fractions and demonstrated a parabolic correlation
between instrumental fractionation of 18O/16O and Fo values61.
However, in olivine with Fo contents of 100–75, instrumental
fractionation was found to be too small to be resolvable. For
example, ref. 62 observed a systematic difference in instrumental
mass fractionation (IMF) for San Carlos (Fo90) and CI114 (Fo74)
olivine grains of 0.12‰, which corresponds to 0.0075‰ of IMF
per each Fo number. The olivine grains analyzed in this study are
characterized by high Fo contents with limited variations (95–91),
and the potential IMF is less than 0.03‰, which is negligible and
within the error of our measurements.

EPMA. Petrographic textures in the olivine grains were observed
using a Zeiss Supra55 scanning electron microscope under the
backscattering electron (BSE) mode at the IGGCAS. An energy-
dispersive spectrometer (EDS) installed on this SEM was used to
qualitatively identify mineral phases in the polished section.
Olivine grains were analyzed quantitatively for major and minor
elements on a JEOL 8230 microprobe installed with wavelength
dispersive spectrometers at the State Key Laboratory for Mineral
Deposits Research at Nanjing University, Nanjing, China. Each
olivine grain was analyzed in the geometrical center at 15 kV
accelerating voltage and probe current of 100 nA, with a spot size
of 2 μm. The diffracting crystals used for the analyses include two
TAP for Si, Mg, and Al (Kα); a LIF for Fe; a LIFH for Cr, and Ni
(Kα); a PETJ for Ca (Kα); and a LIFI for Mn (Kα). Peak counting
times include 20 s on the peak for Si, Mg, and Fe; 90 s for Cr, Ca,
Mn, and Ni; and 60 s for Al. The background counting time is
half of the peak counting time for each element. The total time of
analysis for a single point is 8 min. Instrumental drift was mon-
itored by analyzing San Carlos olivine twice every 20 analyses.
Matrix correction and elemental quantification were undertaken
using the phi-rho-Z matrix correction.

The high accuracy of the EPMA method for minor elements in
olivine was previously confirmed by comparing the results of

EPMA analyses with data from LA-ICP-MS. For each element,
the measured concentration plots on the one-to-one line within
the internal precision of both methods, as shown by error bars.
Considering the known compositional heterogeneity of olivine
phenocrysts, we conclude that both methods provide consistent
results.

LA-ICP-MS. Trace-element concentrations in olivine and ser-
pentine grains were acquired using the LA-ICPMS setup, a sys-
tem consisting of ASI RESOlution S-155 193 nm ArF Excimer
laser coupled to Thermo Scientific iCAP Qc quadrupole ICP-MS
at Nanjing University, Nanjing, China. The ICPMS instrument
was tuned using NIST610 standard glass to yield Th/U ratios of
unity and low oxide production rates (ThO+ /Th+ typically <
0.15%). Carrier gas was He (~0.8 liter per min) with the addition
of H2 (0.014 liters per min), which was mixed with Ar (0.85 liters
per min) before introduction into the spectrometer.

16 isotopes (25Mg, 27Al, 29Si, 31P, 43Ca, 45Sc, 47Ti, 51V, 53Cr,
57Fe, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, and 232Th) were monitored.
Spot size, pulse frequency/laser repetition rate, and laser fluence
were 29 μm, 5 Hz, and 3.8 J/cm2, respectively. Each analysis was
performed in time-resolved mode and included 20 s of back-
ground measurement, 50 s sample ablation, and 20 s of washout.
A full analytical session typically comprised blocks of 3 standard
analyses (two NIST610 standard glass, and one NIST612 standard
glass) followed by 8 olivine unknown samples. NIST 610 was used
as the primary trace-element calibration standard and NIST 612
was used as the secondary trace-element calibration standard.
Detailed analytical procedures are described in ref. 63. Data
reduction and production of trace-element distribution line
profiles were undertaken using ICPMSData version 12.0. 29Si
was used as an internal standard to account for variations in
ablation yield. Elemental abundances were determined using the
USGS glass reference material NIST 610 as a bracketing standard.
The reference material BCR-2G, GSE-1G, and San Carlos olivine
were analyzed as unknowns to assess the accuracy and precision
of the analyses. Repeated BCR-2G and GSE-1G analyses during
this study show that the accuracy for most elements and/or
masses is ≤5% when compared to the recommended published
values from the GeoReM Database (website: GeoRe, - Database
on geochemical, environmental and biological reference materials
(gwdg.de)).

Laser fluorination. Triple oxygen isotope compositions were
measured at the International Center for Isotope Effects Research
(ICIER) at Nanjing University. Olivine grains were selected,
washed, and crushed to a fine fraction (~150 μm). Approximately
2.5–3 mg of olivine was loaded onto stainless steel holders along
with the standard reference material San Carlos olivine. The O2

extraction from rock samples followed the procedure detailed by
ref. 64. Briefly, the olivine samples are reacted with BrF5 assisted
by CO2 laser heating to generate O2 gas. The produced O2 is
purified by three liquid nitrogen traps and subsequently collected
onto a 5 Å molecular sieve. The purified O2 is then expanded into
the sample bellows of a Thermo MAT 253 Plus mass spectro-
meter, and measured against a reference gas in dual inlet mode.
Each measurement consists of three acquisitions, and each
acquisition includes 8 sample/reference cycles. The pressure of
the sample and reference bellows are all adjusted to about 5 V on
mass 33 at the beginning of each acquisition. The reference gas
was calibrated to O2 liberated from silicate standards KRS and
SKFS using the same fluorination line, and triple oxygen isotope
compositions in KRS and SKFS are calibrated to VSMOW
previously65.
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Whole-rock major and trace elements. The major element
compositions were measured by Axios X-ray fluorescence spec-
trometry (XRF-1500) associated with the Claisse M4 gas fluxer at
the IGGCAS. Approximately 0.50 g of rock powder was first
ignited at 1050 °C for approximately 1 h to obtain the loss on
ignition (LOI). Oxide compositions of all the samples have been
recalculated to 100% on an anhydrous basis. The BHVO-2 and
AGV-2 standard materials are used for calibration. Uncertainties
were better than 1 wt%. Trace element analysis of whole rock was
conducted on Agilent 7700e ICP-MS at the State Key Laboratory
of Geological Processes and Mineral Resources (GPMR), China
University of Geosciences in Wuhan (CUGW), Wuhan, China.
The detailed sample-digesting procedure was as follows ref. 66:
(1) Sample powder (200 mesh) was placed in an oven at 105 °C
for drying of 12 h; (2) 50 mg sample powder was accurately
weighed and placed in a Teflon bomb; (3) 1 ml HNO3 and 1 ml
HF were slowly added into the Teflon bomb; (4) Teflon bomb was
put in a stainless steel pressure jacket and heated to 190 °C in an
oven for >24 h; (5) After cooling, the Teflon bomb was opened
and placed on a hotplate at 140 °C and evaporated to incipient
dryness, and then 1 ml HNO3 was added and evaporated to
dryness again; (6) 1 ml of HNO3, 1 ml of MQ water and 1 ml
internal standard solution of 1 ppm In was added, and the Teflon
bomb was resealed and placed in the oven at 190 °C for >12 h;
(7) The final solution was transferred to a polyethylene bottle and
diluted to 100 g by the addition of 2% HNO3. The BHVO-2,
AGV-2, and W-2A standard materials are used for calibration.
The precision of trace-element analyses was better than ~3%.

Data availability
All data used to support the findings of this study have been deposited in the public
repository figshare (https://doi.org/10.6084/m9.figshare.24845151.v1).
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