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Copper isotopes track the Neoproterozoic
oxidation of cratonic mantle roots

Chunfei Chen 1,2 , Stephen F. Foley 2,3, Svyatoslav S. Shcheka 2 &
Yongsheng Liu 1

The oxygen fugacity (fO2) of the lower cratonic lithosphere influences dia-
mond formation, melting mechanisms, and lithospheric evolution, but its
redox evolution over time is unclear. We apply Cu isotopes (δ65Cu) of ~ 1.4 Ga
lamproites and < 0.59 Ga silica-undersaturated alkaline rocks from the
lithosphere-asthenosphere boundary (LAB) of the North Atlantic Craton to
characterize fO2 and volatile speciation in their sources. The lamproites’ low
δ65Cu (−0.19 to−0.12‰) show that the LABwasmetal-saturatedwithCH4 +H2O
as the dominant volatiles during the Mesoproterozoic. The mantle-like δ65Cu
of the < 0.59 Ga alkaline rocks (0.03 to 0.15‰) indicate that the LAB was more
oxidized, stabilizing CO2 +H2O and destabilizing metals. The Neoproterozoic
oxidation resulted in an increase of at least 2.5 log units in fO2 at the LAB.
Combined with previously reported high fO2 in peridotites from the Slave,
Kaapvaal, and Siberia cratonic roots, this oxidation might occur in cratonic
roots globally.

The continental lithosphere–asthenosphere boundary (LAB) is a
physically and chemically unique layer1 and controls and/or modifies
the chemical compositions (including volatile abundances) of con-
tinental magmas2. The oxygen fugacity (fO2) at the cratonic LAB
influences diamond formation, melting mechanisms, and litho-
spheric evolution2,3. Generally, the fO2 of the lithospheric mantle
decreases with depth at a rate of about 0.4–0.6 log units per GPa
because of the increasing stabilization and solubility of Fe3+ in garnet
with pressure4,5. Therefore, the lower reaches of the cratonic litho-
sphere (>150 km) are reduced with fO2 ≤ ΔFMQ−4 (FMQ:
fayalite–magnetite–quartz oxygen buffer)5. However, the lower
lithosphere has experienced extensive later metasomatism by var-
ious types of fluid and/or melt from the asthenosphere throughout
the history of the lithosphere mantle6, which may modify its fO2.
Several studies of metasomatized peridotite xenoliths have shown
thatmelt infiltration causes oxidation of the lower cratonicmantle7–9,
but these events are all thought to have occurred shortly before the
eruption of their host kimberlites in the Phanerozoic. The oxidation
state and redox evolution at the LAB further back in time remain
unclear.

Alkaline rocks are generally produced by volatile-triggered melt-
ing close to the LAB in continental settings and are more abundant in
rifts, where the passage of melts to the surface is easier2. The specia-
tion of C–O–H volatiles (H2O, CO2, CH4, and H2) is strongly dependent
on the fO2 of the mantle10,11. Under reducing conditions, melting is
causedby the increased activity ofwater (aH2O) during the oxidation of
CH4

10 and produces melts with high H2O contents but little carbon
(<0.2wt%) because the solubility of CH4 ismuch lower than thatofH2O
and CO2

12. Undermore oxidized conditions, melting occurs because of
further depression of the melting point when CO2 becomes stable10,13.
The melt compositions and rock types produced depend on the
melting conditions and mechanisms (Supplementary Fig. S1). Lam-
proites are generally silica-saturated mantle magmas formed in redu-
cing conditions in which C–O–H volatiles are dominated by CH4 and
H2O

14, as shown bymajor element andmineral compositions as well as
phase stabilities in high-pressure experiments15,16. This conclusion is
supported by their low carbon contents (generally <0.12wt%; see the
“Methods” section), which is explained by the very low solubility of
reduced carbon in melts. In contrast, carbonate-rich and/or silica-
undersaturated alkaline rocks, including carbonatites, aillikites,
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kimberlites, and nephelinites are produced in oxidized conditions
where C–O–H volatiles are present as CO2 and H2O

13.
The Labrador coast on the North Atlantic Craton (NAC) is a

representative occurrence where a sequence of alkaline rocks was
emplaced over more than 1200Ma: lamproites were emplaced in the
Mesoproterozoic and carbonate-bearing rocks since the Late Neo-
proterozoic (Fig. 1a)17. The rise of carbonate-bearingmagmas since the
Late Neoproterozoic in Labrador is consistent with a significant
increase in the abundance of carbonatites and kimberlites globally
over the past 700Myr18,19 (Fig. 1d). This Aillik Bay locality in Labrador
experienced three magmatic pulses: lamproites at ca. 1.4 Ga, CO2-rich
ultramafic lamprophyres and carbonatites at 590–555Ma, and silica-
undersaturated nephelinites andmelilitites at 142Ma (Fig. 1a). They are
believed to be formed by melting of fusible components at the

lithosphere–asthenosphere boundary (see the “Methods” section):
phlogopite pyroxenites are required in the source of the lamproites at
5–7GPa, whereas the later ultramafic lamprophyre (and carbonatite)
and nephelinite (and melilitite) periods require phlogopite–carbonate
veins at 5–7GPa, and amphibole wehrlite metasomes at 2–3GPa,
respectively. The lithosphere thinned under Aillik Bay over time
from> 180 km for the lamproites and ultramafic lamprophyres/car-
bonatites to 75–90 km for the nephelinites17,20,21 (see Supplementary
Fig. S2 and see the “Methods” section for geological setting, petro-
genesis, and the estimated pressure–temperature of melting).

Cu isotopes (63Cu and 65Cu) have been widely applied to trace
redox reaction processes because significant Cu isotopic variation can
occur during oxidation–reduction reactions22. They have great
potential to characterize the redox state of themantle sources of these
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Fig. 1 | Distribution of alkaline rocks and their Cu isotopes. a Age distribution of
the three stages of rift-related alkaline rocks in Labrador. b Cu isotope composi-
tions of rift-related rocks from Labrador in this study. Modern mid-ocean ridge
basalts and the bulk silicate Earth are shown for comparison24. The error bars for
δ65Cu values of the alkaline rocks at the three stages and MORBs are 2sd. c and

d Frequency distribution of ages of global nonorogenic lamproites (Supplementary
Data 1), carbonatites42, and kimberlites18. The cumulative U–Pb age data for detrital
zircons interpreted to originate from carbonatite-alkaline rocks in
Neoproterozoic–Triassic sandstones from Antarctica (red line, n = 493)43 and the
C–O–H species in their mantle sources13,14 are also shown.
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alkaline rocks. In a reduced and metal-saturated mantle (fO2 ≤ the
iron–wüstite buffer, IW), Cu ismainly sequestered in Fe–Ni alloy asCu0

and in sulfide asCu1+ 23. Cu0 in Fe–Ni alloy ismore enriched in 65Cu than
Cu1+ in silicate melt and sulfide (Fig. 2a)24,25. In a metal-free mantle at
intermediate oxidation states (IW < fO2 ≤ FMQ), Cu is mainly seques-
tered in Ni-bearing sulfide, whereas in an oxidized mantle
(fO2 ≥ΔFMQ+0.5), Cu ismainly hosted by sulfate as Cu2+ 26. Therefore,
if a melt is produced with a metal alloy in the source, the copper
isotope compositionof thatmeltwould be lighter than that of the Bulk
Silicate Earth (BSE). Compared to sulfides, the oxidized Cu2+ in sulfate
is generally enriched in 65Cu (Fig. 2a)22.

To delve into the redox evolution at the base of the cratonic
lithosphere,wedetermine the redox state and volatile speciation in the
mantle sources of these alkaline rocks from Aillik Bay by employing a
novel proxy that copper isotopes (Supplementary Table S1) and
compare our results with the redox state recorded in the peridotites
from the Slave, Kaapvaal, and Siberia cratons.

Results and discussions
Copper isotopic results and effect of magmatic differentiation
and crustal recycling
The Cu isotope compositions of theMesoproterozoic lamproites from
Aillik Bay are homogeneous (δ65Cu = −0.12‰ to −0.19‰) and con-
sistently lower than those ofmodernmid-ocean ridge basalts (MORBs,
0.07 ±0.1‰)24 (Fig. 1b). In contrast, the Late Proterozoic ultramafic
lamprophyres (aillikites and mela-aillikites) and the Mesozoic nephe-
linites show MORB-like δ65Cu values (0.03–0.15‰ and 0.04–0.11‰,
respectively). Evolved examples of the Late Proterozoic ultramafic
lamprophyres (damtjernites) and carbonatites have slightly higher
δ65Cu values than the primitive aillikites (Supplementary Fig. S3).

Firstly, it is necessary to consider whether Cu isotopes would
fractionate during sulfide segregation from Cu1+-bearing silicate melt
or during partial melting of a sulfide-bearing mantle in which Cu
remains monovalent. High-pressure experiments on Cu isotope frac-
tionationbetween silicatemelt andNi-free andNi-bearing sulfides (<1.3

and 21.4–29.0wt% Ni, respectively)24,25 show enrichment of 63Cu in Ni-
free sulfides but no resolvable Cu isotopic fractionation between Ni-
bearing sulfides and silicatemelt (Fig. 2a). Sulfides in natural peridotite
and pyroxenite xenoliths have enriched and highly variable Ni con-
tents (5–54wt%)27,28 (Supplementary Fig. S4). Although the effect of
such a large variation of Ni contents in sulfide on the Cu isotope
fractionation factor has not been investigated, the homogeneous
δ65Cu values of sulfide-saturated MORBs, sulfide-undersaturated
komatiites, and the bulk silicate Earth24,29 (Supplementary Fig. S5),
and the lack of Cu isotope fractionationduring the evolutionof sulfide-
saturated arc magmas30,31 indicate that most of the sulfide-dominated
magmatic processes in the mantle would not cause significant Cu
isotope variation in the melts. Highly variable δ65Cu values of some
peridotite and pyroxenite xenoliths have been attributed to kinetic Cu
isotope fractionation on the scale of individual xenoliths32, but these
effects have not been observed on a large magmatic scale. We model
Cu isotope fractionation during magmatic processes using Cu isotope
fractionation factors between silicate melt and Ni-free and Ni-bearing
sulfides (Fig. 2b, c, see the “Methods” section, Supplementary Figs. S6,
S7, and Supplementary Data 2, 3). The results indicate that Ni-bearing
sulfide-dominated partial melting andmagmatic differentiation would
not fractionate Cu isotopes of melts, whereas partial melting and
magmatic differentiation involving Ni-free sulfides would result in
heavy Cu isotope compositions in the melts (Fig. 2b, c).

Both Mesoproterozoic lamproites and Mesozoic nephelinites
show nearly constant Cu contents at 40–80ppm, independent ofMgO
content (Fig. 3). This indicates sulfide-saturated evolution, in contrast
to the sulfide-undersaturated evolution of komatiites and picrites33 or
oxidized arc magmas30 with increased Cu contents (Fig. 3). Their Cu
isotopes are homogeneous regardless of varying MgO contents, indi-
cating that the effect ofmagmatic differentiation on δ65Cu is negligible
(Fig. 2c). Furthermore, the lamproites and nephelinites have higher Ni
contents than MORBs (Supplementary Fig. S4c), suggesting that sul-
fides participating in partial melting and magmatic differentiation are
Ni-bearing rather than Ni-free. This is consistent with the observation
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that their Cu isotope compositions plot away from themodeling results
of Cu isotope fractionation during Ni-free sulfide-dominatedmagmatic
processes (Fig. 2b, c). Although their enriched trace element and
radiogenic isotope compositions have been interpreted to result from
metasomatism at the base of the lithosphere mantle caused by melts
infiltrating from the asthenosphere17, sulfide-dominated magmatic
processes would not modify their Cu isotope compositions. The pri-
mitive Late Proterozoic ultramafic lamprophyres (aillikites and mela-
aillikites) show sulfide-undersaturated evolution with increasing Cu
contents duringmelt evolution, consistent with the trend of komatiites
and picrites (Fig. 3). Copper behaves as an incompatible element dur-
ingmagmatic differentiation in sulfide-undersaturatedmagmas, and so
Cu isotopeswould not be fractionated. Themost evolvedmela-aillikites
show δ65Cu values similar to the aillikites (Fig. 1b), suggesting that no
significant Cu isotope fractionation occurred during magmatic differ-
entiation of the sulfide-undersaturated magmas. This is in agreement
with the homogeneous MORB-like δ65Cu values in sulfide-
undersaturated komatiites, picrites24, and arc magmas30 (Supplemen-
tary Fig. S5). The negligible Cu isotope fractionation during magmatic
differentiation of the alkaline magmas discussed above is attributed to
themonovalent state of Cu. The evolved damtjernites and carbonatites
are thought to have formedby liquid immiscibility fromaillikitemagma
at a shallow crustal depth20. The evolved damtjernites and carbonatites
show higher and more variable V/Sc ratios than their primary aillikite
magmas (Supplementary Fig. S3), which may be a result of variation of
magma fO2 during magmatic differentiation. Oxidized V4+ (or V5+) has a
greater affinity formelts than Sc3+, and the positive correlation between
V/Sc and δ65Cu values in the evolved damtjernites and carbonatites
(Supplementary Fig. S3) reveals oxidation of some Cu1+ to Cu2+ in the
magmas, which is supported by the occurrence of sulfate crystals in
carbonatites20.

Fluids or melts derived from oxidized subducting slabs have
higher Cu contents and δ65Cu values than the mantle34,35, so the addi-
tion of recycled crustal materials could appreciably elevate the Cu
content and change the Cu isotopic composition of some mantle
rocks26 (Supplementary Fig. S5). All primitive alkaline rocks have
similar or lower Cu content than MORBs (Fig. 3). Furthermore, the
addition of high-δ65Cu crustal materials to the mantle cannot account
for the low δ65Cu values of the lamproites (Supplementary Fig. S5). In

summary, the effect of magmatic differentiation and crustal recycling
onCu isotopes is negligible, so theδ65Cuof primitive alkaline rocks can
be confidently used to decode the redox state of their sources.

Copper isotopes reveal theoxidationof the LABunder theNorth
Atlantic Craton
The Mesoproterozoic lamproites were produced by the melting of a
mantle source involving phlogopite pyroxenite. The low δ65Cu values
of the Mesoproterozoic lamproites could be attributed to either a
metasomatic pyroxenitewith low δ65Cu values or isotope fractionation
during melting. Melting of a low-δ65Cu pyroxenite vein would cause
melting of and reaction with the surrounding peridotite wall, which
could produce a melt with a mixed isotope signature blending char-
acteristics between mantle peridotite with BSE-like δ65Cu and high
143Nd/144Nd, and metasomatic pyroxenite with low δ65Cu and low
143Nd/144Nd. The lack of correlations between δ65Cu and Sr-Nd isotopes
in the Mesoproterozoic lamproites precludes a low-δ65Cu pyroxenite
source for these lamproites (Supplementary Fig. S4d). As discussed
above, Ni-bearing sulfide-dominated magmatic processes could not
cause Cu isotope fractionation, also suggested by the BSE-like δ65Cu
values of mantle pyroxenite xenoliths (average 65Cu 0.068‰)36.
Therefore, we suggest that the metasomatic pyroxenites in the source
of the lamproites had a BSE-like source δ65Cu value, and their homo-
genous and low δ65Cu values are attributed to the melting of a metal-
saturated source as presented below and in Fig. 2b.

Fe-Ni alloy is thought to be stable in the deeper upper mantle37.
Based on Cu partitioning systematics between Fe–Ni alloy and sulfide
at 8GPa23, Fe-Ni alloy, along with sulfide, should be the major host of
Cu in the metal-saturated mantle. During partial melting of the metal-
saturated mantle, sulfide is consumed preferentially relative to Fe–Ni
alloy23. Consequently, any silicate melts produced are enriched in 63Cu
and the residue in 65Cu due to the high δ65Cu values of Fe–Ni alloy24,25.
The low δ65Cu values of the Mesoproterozoic lamproites (−0.19‰ to
−0.12‰) appear to require a Cu0-bearing mantle source. We modeled
Cu isotope fractionation during partial melting of metal-saturated
peridotite with a BSE-like δ65Cu value of 0.07‰24 at 6GPa (details see
the “Methods” section, Supplementary Fig. S8, and Supplementary
Data 4). The results suggest that melting of peridotite with
1000–2000ppm Fe–Ni alloy (reasonable Fe–Ni alloy content in metal-
saturated peridotite38) would produce silicate melt with a δ65Cu value
of −0.1‰ to −0.13‰ (Fig. 2b and Supplementary Fig. S8), which is
similar to that of the lamproites. Furthermore, the δ65Cu value of melt
would not vary significantly withmelting degree during partialmelting
of ametal-saturated peridotite. The low and homogenous δ65Cu values
of the lamproites, therefore, indicate that their source (at ≈200 km
depth) was metal-saturated at low fO2, which is in keeping with con-
clusions fromgeochemical and experimental results16. The redox state
of the metal-saturated mantle is controlled by the IW buffer reaction
(ΔFMQ-5)39, indicating that the oxygen fugacity of the LAB during
Mesoproterozoic was at least as low as IW with CH4–H2O as the major
volatile species at about 6–7GPa (Fig. 4a).

The MORB-like δ65Cu values of the Late Proterozoic aillikites and
Mesozoic nephelinites suggest that they originated from a sulfide-
dominated mantle with neither Cu0–metal nor Cu2+–sulfate
(IW< fO2 ≤ FMQ). Accordingly, a CO2-rich, oxidized mantle source is
needed to produce both the carbonate-rich aillikites at about 5–7GPa
and the nephelinites at 2–3GPa10,17. The mole fraction of CO3

2− in the
carbonated melt varies as a function of pressure, temperature, and
mantle fO2

40. At a depth of about 200 km, pure carbonatite melt may
exist at ambientmantle fO2 aroundΔFMQ-1,withdecreasing carbonate
components in the melt towards lower fO2

4,40 (Fig. 4a). Using the
method of Stagno et al.40, we estimated the fO2 of the Late Proterozoic
primary aillikites equilibratedwith themantle to bebetweenΔFMQ-2.5
and ΔFMQ-2.2. Given the similar melting depths for the aillikites and
lamproites, the LAB under the NAC during the Late Proterozoic was
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about 2.5 log units more oxidized than during the generation of the
lamproites 700–800Myr earlier in the Mesoproterozoic (Fig. 4a),
indicating a significant oxidation event. This is also supported by the
fact that the fO2 for CO2–H2Ofluids in themantlemust be 2–4 log units
higher than for CH4–H2O fluid10.

Therefore, Cu isotopes of the alkaline rocks of theNAC sampled at
the three stages of mantle evolution reveal the redox evolution of the

LAB. Before the Neoproterozoic, the LAB under the NAC was metal-
saturated and reducing, and CH4 and H2O were the dominant C–O–H
species (Figs. 4 and 5). Since the Neoproterozoic, the LAB became
more oxidized with metal saturation pushed to greater depth (from
≈200 to >250 km)37 so that CO2 and H2O came to dominate as the
dominant C–O–H species (Fig. 5b), and melts infiltrating the lower
lithosphere from this time were more oxidized and carbonated. We
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suggest that the transition from CH4 +H2O-dominated and metal-
saturated toCO2 +H2O-dominated and oxidized conditions at the base
of the NAC took place in the mantle in Neoproterozoic times prior to
600Ma (Fig. 4a).

Neoproterozoic oxidation at the base of cratonic lithosphere
We compare the redox evolution at the root of the NAC with that of
other cratons (Slave, Kaapvaal, and Siberia) as documentedby cratonic
peridotite xenoliths (Fig. 6). These cratonic peridotite xenoliths have
been divided into two groups based on their petrogenesis and equili-
bratedpressure8: (1) reduced anddepletedperidotites at lowpressures
(mostly at <5GPa) defining the redox state of cratonic lithosphere
mantle without modification by mantle metasomatism (gray region in
Fig. 6); and (2) relatively oxidized and enriched peridotite xenoliths at
pressures >5 GPa (light red region in Fig. 6). Based on the redox evo-
lution with depth recorded in the reduced and un-metasomatized
peridotites, the lithosphere mantle would be metal-saturated at the
pressure of >5.5–7GPa if they had not experienced mantle metaso-
matism by the oxidized agents (Fig. 6). This is consistent with our
results on the redox state of the mantle source of the lamproites from
the NAC, which in our case is anchored bymetal-saturated lithosphere
mantle at about 6–7GPa during the Mesoproterozoic. The extent of

the oxidation event is about 2–3 log units. The increase in fO2 beneath
the NAC is similar in magnitude to that documented by the peridotite
xenoliths from other cratons. The relatively oxidized and enriched
peridotites at >5GPa from the Slave and Kaapvaal cratons were sug-
gested to result frommantle metasomatism by carbonate-rich melt or
fluid8,41. Our estimated fO2 for the NAC aillikites is consistent with that
of the metasomatic and oxidized peridotite xenoliths from Slave,
Kaapvaal, and Siberia (Fig. 6). These results highlight that redox evo-
lution at the root of the NAC is robust and the oxidation of the litho-
spheric base caused by infiltration of asthenospheric carbonate-rich
melts was widespread beneath global cratons.

Our results suggest that the oxidization of the cratonic root of the
NAC took place between 1350 and 600Ma. Peridotite xenoliths from
the Premier kimberlite (1150Ma) in the Kaapvaal craton show that
oxidation of the Kaapvaal cratonic root first started prior to 1150Ma41.
However, the exact timing of the oxidation of the cratonic roots is
poorly constrained because it is difficult to date the carbonatite
metasomatism event seen in these peridotite xenoliths. We compiled
the global age distribution of nonorogenic lamproites (Supplementary
Data 1), kimberlites18, and carbonatites42 to decode carbonatite activity
in the mantle (Fig. 1c, d). Carbonatites (defined as containing >50%
carbonate minerals) and kimberlites show a marked crescendo from
the Neoproterozoic onwards42. Detrital zircons in sandstones from
Antarctica also indicate an onset of widespread carbonatite and silica-
undersaturated alkaline magmatism during the Late Neoproterozoic43

(Fig. 1d), suggesting that the age distribution of carbonatites cannot be
simply attributed to preservation bias (see the “Methods” section), as
also suggested for kimberlites by Tappe et al.18. For the lamproites, we
restrict our attention to nonorogenic lamproites because they occur in
stable continental regions and are thought to form by melting in
reduced conditions14. Our compilation shows that the nonorogenic
lamproites mainly occurred in the early-middle Proterozoic and
Mesozoic–Cenozoic periods, with a conspicuous gap between 1000
and 300Ma (Fig. 1c).

Based on the distribution of kimberlites and carbonatites, we
suggest that the oxidation of the global cratonic roots has continually
increased since the Neoproterozoic. The well-known association of
carbonate-rich magmatic rocks with rifts since the Late
Neoproterozoic2,44 is thought to be the result of either the remobili-
zation andoxidation of carbon thatwas stored in the lower lithosphere
as diamond2,6 or bymelting of carbonate-bearingmetasomatic veins at
the LAB with the aid of asthenosphere-lithosphere interaction, indi-
cating that the LAB has been oxidized since the late Neoproterozoic.
This is also suggested by a lack of lamproites between 300 and
1000Ma (Fig. 1a, b). Note that although there has been a resurgence in
nonorogenic lamproite activity since 300Ma (Fig. 1a), isotope data for
occurrences on different continents, including Australia45, North
America46, China47, and Antarctica48 indicate that the source compo-
nents of these lamproites in the lithosphere date from the Mesopro-
terozoic or earlier. This suggests that these young lamproites are
products of the melting of residual and regional Mesoproterozoic
veins that pre-date the oxidation of the LAB. We suggest that the oxi-
dation of the global cratonic roots started prior to 1150Ma, but the
large-scale oxidation of the global cratonic roots began in Neopro-
terozoic times prior to 600Ma (Fig. 4).

The origin of carbonate-rich melts as metasomatic agents of cra-
tonic roots is the key to understanding the driver of the oxidation of
cratonic roots. The continuous increase of carbonatites and kimber-
lites since 2.0 Ga has been interpreted to be the consequence of
secular mantle cooling18,19, an increasing oxidation state of the asthe-
nosphere through time49, or increased subduction of oxidized crustal
materials into the deepmantle50. Secularmantle cooling is not the only
factor in controlling the formation of carbonate-richmelts in the deep
mantle because oxidized conditions are also required to produce
carbonate-rich melts. The fO2 of the asthenosphere was suggested to
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Fig. 6 | Redox evolution in the lower cratonic lithosphere. ΔlogfO2 (ΔFMQ)
versus pressure in GPa for the lamproites and aillikites in Labrador, and published
peridotite xenolith data from the Slave, Kaapvaal, and Siberian Cratons8,41,81. The
gray and light red regions are defined by Yaxley et al.8 and encompass depleted and
enriched Slave Craton samples, respectively. The enriched Kaapvaal samples also
fall inside the light red field41. The gray-filled symbols for the Kaapvaal and Siberia
Craton samples are not defined as “depleted” or “enriched” in previous publica-
tions. The FeNi metal precipitation curve11, graphite/diamond transition, and the
reaction for carbonate/diamond stability in harzburgitic assemblages (enstatite +
magnesite = forsterite + graphite/diamond)4 are shown for reference. All fO2 for
peridotites were calculated by Yaxley et al.8 and Tappe et al.41 using the experi-
mental calibration for garnet peridotite assemblages of Stagno et al.4 and garnet
Fe3+/ΣFe. The source fO2 of the Labrador lamproites is constrained by metal-
saturated conditions at 6 GPa. The source fO2 of the aillikites was calculated using
the function of Stagno et al.40.
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have increased by 0.93–1.3 log units at 2.4–1.9 Ga51,52. One alternative
interpretation is the more effective recycling of oxidized crustal
materials (Fe3+-rich altered basalt, sulfate, and sedimentary carbonate)
into the mantle by colder subduction53,54 (Fig. 4b). The effective sub-
duction of oxidized crustal materials caused increased redox melting
and freezing reactions to produce carbonate-rich melt in the deep
asthenosphere55.

In summary, this study underscores the capability of Cu isotopes
to serve as an indicator of melting in the presence of metal alloys,
presenting a reliable marker for reduced melts. This could be sig-
nificant not only formantle petrology but also for researching reduced
bodies within the solar system.

Methods
Analytical methods
Copper isotopes. Chemical purification and measurement of copper
isotopes were performed at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences,
Wuhan, China (SKL GPMR-CUG). The analytical procedures, including
sample dissolution, column chemistry, and multi-collector inductively
coupled plasma mass spectrometry (MC-ICP–MS) measurements, fol-
lowed establishedmethods30,31,56,57. Aliquots of powderedmaterials (14-
60mg) were digested by a mixture of concentrated hydrofluoric and
nitric acids (HF or HNO3) in Teflon vessels on a hotplate (∼120 °C) for
48 h. After digestion, the samples were dried down and re-dissolved in
1mlHCl and 1mlHNO3on ahotplate at 120 °C for48 h. Theywere then
dried and converted into chloride form by the addition and evapora-
tion of concentrated HCl twice. Finally, the samples were dissolved in
1ml of 8mol/l HCl + 0.001% H2O2 for column chemistry.

The chemical purification method used in this study is modified
from Maréchal et al.58. Copper purification was performed in a Biorad
column containing 2ml pre-cleaned AG-MP-1M resin. The matrix was
removed by elution using 8ml 8mol/l HCl + 0.001% H2O2, after which
28ml 8mol/l HCl + 0.001% H2O2 was used to collect Cu. The column
separation procedure was repeated to guarantee the purity of the Cu
solution. The Cu fractions were dried down, converted to nitrides, and
re-dissolved in 2% HNO3 for isotope analysis. Copper was efficiently
separated from the matrix such as Na, K, Ca, Fe, Mg, Si, Ti, Ni, and Mn;
for details, see the elution curves for international rock standard
BHVO-2 basalt andAGV-2andesite fromZhuet al.56 and Liuet al.57. High
recovery of Cu (>99%) and a low total procedural blank of 3–5 ng were
achieved.

Copper isotope ratios were measured with a Nu Plasma 1700MC-
ICP–MS instrument. Isotope measurements were performed using
standard-sample bracketing to correct for instrumentalmass bias over
time. The Cu concentrations of the samples were checked and adjus-
ted to match the Cu standard solution within 10%. The measurements
were performed in wet plasma and low-resolution mode. About
300ppm Cu solution was used for routine analyses and achieved
about 4–5 V for 63Cu. For each measurement, data were collected over
three blocks of 25 cycles with 8 s integration. Copper isotope data are
reported in standard δ-notation in per mil relative to the standard
reference material (SRM) NIST 976.

The geological reference materials BHVO-2 and BIR-1 were
digested and analyzed along with samples; the long-term external
uncertainty for δ65Cu (reflected by these reference materials) is better
than ±0.05‰ (2sd). The δ65Cu values obtained for BHVO-2 and BIR-1
are 0.11 ± 0.02‰ (2sd, n = 3) and 0.05 ±0.01‰ (2sd, n = 3), respec-
tively, in agreement with previously published data (Supplementary
Table S2). All replicates of samples, digested from different aliquots of
sample powder, show identical δ65Cu results with an uncertainty of
about 0.05‰ (2sd, Supplementary Table S1).

Major and trace elements. No Cu contents have been reported for
these alkaline rocks previously, so we have remeasured major and

trace elements using solution ICP–MS of the sample rocks (Supple-
mentaryTable S1). The sample powdersweredigestedbyHF +HNO3 in
Teflon bombs and analyzed using an Agilent 7500a ICP–MS at the SKL
GPMR-CUG. The detailed sample digestion procedure for ICP–MS
analysis is given in Liu et al.59. Analyses of rock standards (BCR-2,
BHVO-2, and AGV-2) and sample replicates indicate both accuracies
and reproducibilities are better than 5% formajor elements and 10% for
trace elements.

Geological setting and petrogenesis of the alkaline rocks from
the Aillik Bay
Geological setting and samples. The NAC was split during the
Mesozoic–Cenozoic into two Archean blocks—the Nain Province of
Labrador and the Archean terranes of West Greenland, preserving
tonalitic crust as old as 3.8 Ga60 (Supplementary Fig. S1a). The NAC
experiencedoneof the longest craton splitting histories known17,20: the
first stage corresponds to ca. 1370Ma olivine lamproite magmas; the
second stage corresponds to widespread emplacement of ultramafic
lamprophyres and carbonatites in the late Neoproterozoic; the third
episode led to successful rifting and the production of new oceanic
crust with the eruption of kimberlites, ultramafic lamprophyres and
carbonatites, and eventually nephelinite and melilitite magmas along
the riftflanks at ca. 200–100Ma (Supplementary Fig. S1a). The samples
selected for Cu isotopic analysis are from the Aillik Bay locality, which
is the only known area where alkaline magmatic rocks of all three
rifting stages occur. They include four 1.37Ga old lamproites, 19
ultramafic lamprophyres and carbonatites emplaced between 590 and
555Ma, and five nephelinites dated at ca. 142Ma17,20,21.

Melting temperature andpressureof the alkaline rocks. Themelting
temperature and pressure of the alkaline rocks at Aillik Bay were
estimatedbyChenet al.21 using themethodofSun andDasgupta61. This
thermobarometer treats theMg-number (Mg#) of olivine in themantle
source and the H2O content of primary magmas as key parameters61.
Chen et al.21 compiled theMg#of olivine of carbonated peridotites and
wehrlites to calculate the melting temperature and pressure. Chen
et al.21 assumed 80 for Mg# of olivine in the source of the lamproites,
and here, we assume 80, 85, and 90 to evaluate the effect of Mg# of
olivine on the calculation of melting temperature and pressure (Sup-
plementary Fig. S2).We found thatMg# of olivine has a relatively small
effect on the estimation ofmelting pressure but has a significant effect
on the estimation ofmelting temperature. As shown in Supplementary
Fig. S2, themelting pressure was about 5–7GPa for the lamproites and
aillikites, and about 2–3GPa for the nephelinites. The lithosphere
thinned over time from >150km (5–7GPa) for the lamproites at ca.
1.4 Ga and ultramafic lamprophyres/carbonatites at 590–555Ma to
75–90 km (2–3GPa) for the nephelinites at 142Ma.

Metasomatic LAB sources for the alkaline rocks. The petrogenesis of
these alkaline rocks should be considered before decoding the redox
state of their sources using Cu isotopes. Cratonic alkaline rocks have
beenwidely thought to be derived from themelting ofmetasomatized
regions of the lower lithospheric mantle (such as the LAB)17.

However, recent geochemical studies on olivine geochemistry
have claimed that cratonic lamproites were formed by the interac-
tion between asthenospheric carbonate-bearing melt and
phlogopite-rich wall rocks in the lithosphere mantle, meaning that
lamproites would share a similar origin with kimberlites62,63. How-
ever, this interpretation was based on mineral chemistry alone and
overlooks the petrogenesis of many cratonic lamproites, e.g., their
low carbon contents (average values calculated as CO2 are 0.05wt%
for Gaussberg, 0.43 wt% for West Kimberley, and 0.5wt% for Leucite
Hills64,65). The “lamproites” studied by Sarkar et al.62,63 were pre-
viously known as orangeites and have much higher CO2 contents
(average 5.1 wt%65) and distinct origins.
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According to the major and trace elements and melting depth
estimation of the alkaline rocks at Aillik Bay17,20,21, we argue that the
lamproites originated from melting of the metasomatic lithosphere
mantle at the LAB and have no genetic similarity with kimberlites
(Supplementary Fig. S1b). The major element compositions of the
lamproites closely resemble experimentalmelts ofmelting of CO2-free
phlogopite pyroxenites. These lamproites are silica-rich, in contrast to
the silica-deficient for the aillikites, nephelinites, and kimberlites, as
shown in the diagram of CaTs-En join of O’Hara66 (Supplementary
Fig. S1b), which is caused by CO2 in the source.

The estimated melting pressure of the lamproites and aillikites is
about 5–7GPa, similar to those of the cratonic LAB (Supplementary
Fig. S2). Therefore, these alkaline rocks at the three stageswere formed
by the destruction and melting of the metasomatic LAB caused by the
convective instabilities in the asthenosphere during passive rifting of
the NAC (Supplementary Fig. S2) and can be used to decode the redox
state of the metasomatic LAB.

Effects of low-temperature alteration on Cu isotopes of the
studied samples
The lamproite, ultramafic lamprophyre, and nephelinite samples used
in this study are fresh with little or no signs of hydrothermal
overprinting20. For magmatic silicate rocks, homogeneous Cu isotope
compositions of both lamproites and nephelinites indicate negligible
effects of alteration. The primary magmatic carbonate-bearing ailli-
kites have overlapping mantle-like δ13C and δ18O values, and δ13C and
δ18O values of the evolved damtjernites and carbonatites show a trend
of high-temperature fractionation at >600 °C, in contrast to strongly
fractionated or hydrothermally overprinted carbonatites20. Impor-
tantly, the aillikites and mela-aillikites show MORB-like and homo-
geneous Cu isotope compositions. These observations suggest a
negligible effect of alteration on the Cu isotopic compositions of these
alkaline rocks.

Global age distribution of nonorogenic lamproites and
carbonatites
We compile the global age distribution of nonorogenic lamproites
(Supplementary Data 1 and Fig. 1c, d). The compiled nonorogenic
lamproites occur in stable craton regions (Supplementary Data 1)
and are much younger than the formation of cratons, indicating
that they have no relationship with subduction and collision. These
nonorogenic lamproites originated from the lower lithosphere
mantle and were formed by melting in reduced conditions14. In
contrast, orogenic lamproites occur in mobile belts and are gen-
erated at shallow depths in post-collisional environments, so they
are not relevant for the lower cratonic mantle67. The nonorogenic
lamproites mainly occurred in the early-middle Proterozoic and
Mesozoic–Cenozoic periods, with a conspicuous gap between
1000 and 300Ma (Fig. 1b).

The age distribution of carbonatites and kimberlites are from
Woolley and Kjarsgaard42 and Tappe et al.18, respectively. The
abundance of the carbonatites and kimberlites show a general
increase since ~2 Gawith a significant increaseover thepast 700Ma.
Previous studies suggested that no relationship exists between the
erosion-modified surface areas of kimberlite bodies and their
emplacement ages18, and the distribution of carbonatites exhibits
greater variability than the current surface area age distribution19,
suggesting that the global scale ‘delayed’ appearance of kimberlites
and carbonatites is genuine and cannot be simply attributed to
preservation bias18,19. Furthermore, the detrital zircons in
Neoproterozoic–Triassic sandstones from Antarctica also show an
onset of widespread carbonatite and silica-undersaturated alkaline
magmatism during the Late Neoproterozoic43 (Fig. 1c), suggesting
that the age distribution of carbonatites cannot be simply attrib-
uted to preservation bias.

Modeling of Cu isotope fractionation during magmatic
processes
Partial melting of peridotite at 1.5GPa. We quantitatively modeled
copper isotope fractionation during the partial melting of peridotite at
1.5 GPa using an incremental batch melting model in which the frac-
tionation factors between melt and residues were calculated at each
step (Supplementary Data 2). The starting mineral abundances and
melting modes of silicate phases are the same as those in Chen et al.68.
The starting mineral abundance of sulfide and partition coefficient
values (D) of Cu between mineral and melt during partial melting are
fromLee et al.69. Themelting of sulfide is dependent of the solubility of
sulfur which is a function of temperature, pressure, oxygen fugacity,
and FeS activity. The calculation of the solubility of sulfur follows Lee
et al.69. In detail, the δ65Cu ratio of starting peridotite is 0.07‰24. The
oxygen fugacity during partial melting ofmetal-free peridotite is set at
ΔFMQ-1.5. The Cu isotope fractionation factor between sulfide and
silicatemelt (αSulfide-Silicate melt) is 1 for Ni-bearing sulfide constrained by
Xia et al.25 and is 0.9990 and 0.9975 for Ni-free sulfide from high-
pressure experiments of Savage et al.24 and Xia et al.25, respectively.
The modeling processes and results are presented in Fig. 2b, Supple-
mentary Fig. S6, and Supplementary Data 2.

Magmaticdifferentiationof aMORBmelt at0.2GPa.Wequantitively
modeled the behavior of Cu isotopes during magmatic differentiation
of a MORB melt at 0.2 GPa using an incremental fractional crystal-
lization calculation in which the fractionation factors between melt
and cumulates were recalculated at each step70. The crystallization
sequence of silicate phases and compositions of melt are calculated
using the PETROLOGY software71 and are the same as those in Chen
et al.70. The crystallization of sulfide depends on the sulfur content of
melt and sulfur concentration at sulfide saturation of the melt. The
partition coefficient values of Cu and sulfur concentration at sulfide
saturation of the melt are calculated following Lee et al.69. The Cu
isotope fractionation factors αSulfide-Silicate melt are the same as those for
modeling partial melting of a peridotite as presented above. The
modeling processes and results are presented in Fig. 2c, Supplemen-
tary Fig. S7, and Supplementary Data 3.

Partial melting of a metal-saturated pyroxenite at 6GPa. We quan-
titatively modeled Cu isotope fractionation during partial melting of a
metal-saturated pyroxenite at 6GPa using an incremental batch
melting model. The abundance of starting minerals and melting of
silicate phases are the same as those in Chen et al.21. The starting
mineral abundance of sulfide, partition coefficient values of Cu, and
calculation of the melting abundance of sulfide are the same as those
of modeling partial melting of a peridotite as presented above. The
melting abundanceof sulfide is dependent on the solubility of sulfur in
the melt, which is a function of temperature, pressure, oxygen fuga-
city, and FeS activity. The oxygen fugacity during partial melting is set
at ΔFMQ-4. The abundance of Fe–Ni alloy in a metal-saturated peri-
dotite is assumed to be 1000 and 2000ppm, respectively. The chosen
concentrations of 1000-2000 ppm are reasonable for Fe–Ni alloy in
metal-saturated peridotite38. The partition coefficient of Cu between
Fe–Ni alloy and silicate melt is similar to that between sulfide and
silicatemelt based on experimental data at 8 GPa23. As discussed in the
main text, the Cu isotope fractionation factor αSulfide-Silicate melt is 1. The
Cu isotope fractionation factor between Fe–Ni alloy and silicate melt
(αFeNi-Silicate melt) is assumed to be 1.00025 within the range of experi-
mental values of 1.00025–1.0000624,25. The modeling processes and
results are presented in Fig. 2b, Supplementary Fig. S8, and Supple-
mentary Data 4.

Copper contents in these silicateminerals are too low to affect the
behavior of Cu isotopes69. In other words, the behavior of Cu isotope
fractionation depends on the sulfide and metal regardless of the sili-
cate mineralogy of the source (peridotite or pyroxenite)69. With
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increasing degree ofmelting, the consumptionof sulfideduring partial
melting of themetal-saturatedpyroxenite at 6 GPa ismuch slower than
that of melting of the peridotite at 1.5 GPa (Supplementary
Figs. S6 and S8) due to themuch lower solubility of sulfur in themelt at
6GPa. Furthermore, besides sulfide, the metal is also an important
carrier of Cu in the source of the metal-saturated source. Therefore,
the Cu isotope fractionation factor between the metal-saturated
source and melt would not significantly change with melting degree
(Supplementary Data 4), resulting in a small variation of melt δ65Cu as
the increase of melting degree (Fig. 2b and Supplementary Fig. S8).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authorsdeclare that all data used in themanuscript are available in
Supplementary Tables S1 and S2 and Supplementary Data 1–4 and are
also available at https://doi.org/10.6084/m9.figshare.25672236.v1.

References
1. Fischer, K. M., Ford, H. A., Abt, D. L. & Rychert, C. A. The

lithosphere–asthenosphere boundary. Annu. Rev. Earth Planet. Sci.
38, 551–575 (2010).

2. Foley, S. F. & Fischer, T. P. An essential role for continental rifts and
lithosphere in the deep carbon cycle. Nat. Geosci. 10,
897–902 (2017).

3. Stachel, T. & Luth, R. W. Diamond formation—where, when and
how? Lithos 220–223, 200–220 (2015).

4. Stagno, V., Ojwang, D. O., McCammon, C. A. & Frost, D. J. The
oxidation state of the mantle and the extraction of carbon from
Earth’s interior. Nature 493, 84–88 (2013).

5. Ballhaus, C. Is the upper mantle metal-saturated? Earth Planet. Sci.
Lett. 132, 75–86 (1995).

6. Foley, S. F. Rejuvenation and erosion of the cratonic lithosphere.
Nat. Geosci. 1, 503–510 (2008).

7. Creighton, S. et al. Oxidation of the Kaapvaal lithospheric mantle
driven by metasomatism. Contrib. Mineral. Petrol. 157, 491–504
(2009).

8. Yaxley, G.M., Berry, A. J., Rosenthal, A.,Woodland, A. B. & Paterson,
D. Redox preconditioning deep cratonic lithosphere for kimberlite
genesis—evidence from the central Slave Craton. Sci. Rep. 7,
30 (2017).

9. Yaxley, G. M., Berry, A. J., Kamenetsky, V. S., Woodland, A. B. &
Golovin, A. V. An oxygen fugacity profile through the Siberian
Craton—Fe K-edge XANES determinations of Fe3+/∑Fe in garnets in
peridotite xenoliths from the Udachnaya East kimberlite. Lithos
140–141, 142–151 (2012).

10. Foley, S. F. Magma Redox Geochemistry: Redox Melting in the
Mantle Ch. 5 (American Geophysical Union, 2021).

11. Frost, D. J. & McCammon, C. A. The redox state of earth’s mantle.
Annu. Rev. Earth Planet. Sci. 36, 389–420 (2008).

12. Taylor, W. R. & Green, D. H. Measurement of reduced
peridotite–C–O–H solidus and implications for redoxmelting of the
mantle. Nature 332, 349–352 (1988).

13. Foley, S. F. et al. The composition of near-solidusmelts of peridotite
in the presence of CO2 andH2Obetween 40 and 60 kbar. Lithos 112
(Suppl. 1), 274–283 (2009).

14. Foley, S. F. Experimental constraints on phlogopite chemistry in
lamproites: 1. Theeffect ofwater activity andoxygen fugacity.Eur. J.
Mineral. 1, 411–426 (1989).

15. Foley, S. F. An experimental study of olivine lamproite: first results
from the diamond stability field. Geochim. Cosmochim. Acta 57,
483–489 (1993).

16. Foley, S. F. Kimberlites and Related Rocks (Geological Society of
Australia, 1989).

17. Tappe, S. et al. Craton reactivation on the Labrador Sea margins:
40Ar/39Ar age and Sr–Nd–Hf–Pb isotope constraints from alkaline
and carbonatite intrusives. Earth Planet. Sci. Lett. 256,
433–454 (2007).

18. Tappe, S., Smart, K., Torsvik, T., Massuyeau, M. & de Wit, M. Geo-
dynamics of kimberlites on a cooling Earth: clues to plate tectonic
evolution and deep volatile cycles. Earth Planet. Sci. Lett. 484,
1–14 (2018).

19. Humphreys-Williams, E. R. & Zahirovic, S. Carbonatites and global
tectonics. Elements 17, 339–344 (2021).

20. Tappe, S. et al. Genesis of ultramafic lamprophyres and carbona-
tites at Aillik Bay, Labrador: a consequence of incipient lithospheric
thinning beneath the North Atlantic Craton. J. Petrol. 47, 1261–1315
(2006).

21. Chen, C. et al. Calcium isotopes track volatile components in
mantle sources of alkaline rocks and associated carbonatites. Earth
Planet. Sci. Lett. 625, 118489 (2024).

22. Moynier, F., Vance, D., Fujii, T. & Savage, P. The isotope geochem-
istry of zinc and copper. Rev. Mineral. Geochem. 82, 543–600
(2017).

23. Tsuno, K. & Dasgupta, R. Fe–Ni–Cu–C–S phase relations at high
pressures and temperatures—the role of sulfur in carbon storage
and diamond stability at mid- to deep-upper mantle. Earth Planet.
Sci. Lett. 412, 132–142 (2015).

24. Savage, P. S. et al. Copper isotope evidence for large-scale sul-
phide fractionation during Earth’s differentiation. Geochem. Per-
spect. Lett. 1, 53–64 (2015).

25. Xia, Y., Kiseeva, E., Wade, J. & Huang, F. The effect of core segre-
gation on the Cu and Zn isotope composition of the silicate Moon.
Geochem. Perspect. Lett. 12, 12–17 (2019).

26. Canil, D. & Fellows, S. A. Sulphide–sulphate stability andmelting in
subducted sediment and its role in arc mantle redox and chalco-
phile cycling in space and time. Earth Planet. Sci. Lett. 470,
73–86 (2017).

27. Aulbach, S. et al. Mantle formation and evolution, Slave Craton:
constraints from HSE abundances and Re–Os isotope systematics
of sulfide inclusions in mantle xenocrysts. Chem. Geol. 208,
61–88 (2004).

28. Aulbach, S. et al. Sulfide and whole rock Re–Os systematics of
eclogite and pyroxenite xenoliths from the Slave Craton, Canada.
Earth Planet. Sci. Lett. 283, 48–58 (2009).

29. Liu, S.-A. et al. Copper isotopic composition of the silicate Earth.
Earth Planet. Sci. Lett. 427, 95–103 (2015).

30. Wang, Z. et al. Copper recycling and redox evolution through
progressive stages of oceanic subduction: insights from the Izu-
Bonin-Mariana forearc. Earth Planet. Sci. Lett. 574, 117178 (2021).

31. Wang, Z. et al. Evolution of copper isotopes in arc systems: insights
from lavas and molten sulfur in Niuatahi volcano, Tonga rear arc.
Geochim. Cosmochim. Acta 250, 18–33 (2019).

32. Zou, Z. et al. Copper isotope variations during magmatic migration
in the mantle: insights from mantle pyroxenites in Balmuccia peri-
dotite massif. J. Geophys. Res.: Solid Earth 124, 11130–11149 (2019).

33. Sun, Z. et al. Sulfur abundance and heterogeneity in the MORB
mantle estimated by copper partitioning and sulfur solubility
modelling. Earth Planet. Sci. Lett. 538, 116169 (2020).

34. Little, S. H., Vance, D., McManus, J., Severmann, S. & Lyons, T. W.
Copper isotope signatures in modern marine sediments. Geochim.
Cosmochim. Acta 212, 253–273 (2017).

35. Liu, S. A., Liu, P. P., Lv, Y., Wang, Z. Z. & Dai, J.-G. Cu and Zn
isotope fractionation during oceanic alteration: implications
for oceanic Cu and Zn cycles. Geochim. Cosmochim. Acta 257,
191–205 (2019).

Article https://doi.org/10.1038/s41467-024-48304-2

Nature Communications |         (2024) 15:4311 9

https://doi.org/10.6084/m9.figshare.25672236.v1


36. Zhang, G. et al. Copper mobilization in the lower continental crust
beneath cratonic margins, a Cu isotope perspective. Geochim.
Cosmochim. Acta 322, 43–57 (2022).

37. Rohrbach, A. et al. Metal saturation in the upper mantle. Nature
449, 456–458 (2007).

38. Rohrbach, A., Ballhaus, C., Ulmer, P., Golla-Schindler, U. & Schön-
bohm, D. Experimental evidence for a reduced metal-saturated
upper mantle. J. Petrol. 52, 717–731 (2011).

39. O’Neill, H. S. C. & Wall, V. J. The olivine—orthopyroxene—spinel
oxygen geobarometer, the nickel precipitation curve, and the
oxygen fugacity of the Earth’s upper mantle. J. Petrol. 28,
1169–1191 (1987).

40. Stagno, V. & Frost, D. J. Carbon speciation in the asthenosphere:
experimental measurements of the redox conditions at which
carbonate-bearing melts coexist with graphite or diamond in peri-
dotite assemblages. Earth Planet. Sci. Lett. 300, 72–84 (2010).

41. Tappe, S. et al. Sheared peridotite and megacryst formation
beneath the Kaapvaal Craton: a snapshot of tectonomagmatic
processes across the lithosphere–asthenosphere transition. J. Pet-
rol. 62, 1–39 (2021).

42. Woolley, A. & Kjarsgaard, B. Carbonatite Occurrences of the World:
Map and Database (Geological Survey of Canada, Ottawa,
Ontario, 2008).

43. Paulsen, T., Deering, C., Sliwinski, J., Bachmann, O. & Guillong, M.
Evidence for a spike in mantle carbon outgassing during the Edia-
caran period. Nat. Geosci. 10, 930–934 (2017).

44. Brune, S., Williams, S. E. & Mueller, R. D. Potential links between
continental rifting, CO2 degassing and climate change through
time. Nat. Geosci. 10, 941–946 (2017).

45. Smit, K., Shirey, S., Richardson, S., le Roex, A. & Gurney, J. Re–Os
isotopic composition of peridotitic sulphide inclusions in
diamonds from Ellendale, Australia: age constraints on Kimberley
cratonic lithosphere. Geochim. Cosmochim. Acta 74, 3292–3306
(2010).

46. Griffin, W. et al. Archean lithospheric mantle beneath Arkansas:
continental growth by microcontinent accretion. GSA Bull. 123,
1763–1775 (2011).

47. Xiang, L., Zheng, J., Zhai, M. & Siebel, W. Geochemical and
Sr–Nd–Pb isotopic constraints on the origin and petrogenesis of
Paleozoic lamproites in the southern Yangtze Block, South China.
Contrib. Mineral. Petrol. 175, 29 (2020).

48. Murphy, D., Collerson, K. & Kamber, B. Lamproites fromGaussberg,
Antarctica: possible transition zone melts of Archaean subducted
sediments. J. Petrol. 43, 981–1001 (2002).

49. Foley, S. F. A reappraisal of redox melting in the Earth’s mantle as a
function of tectonic setting and time. J. Petrol.52, 1363–1391 (2010).

50. Liu, S.-L. et al. Trends and rhythms in carbonatites and kimberlites
reflect thermo-tectonic evolution of Earth. Geology 51, 101–105
(2023).

51. Aulbach, S. & Stagno, V. Evidence for a reducing Archean ambient
mantle and its effects on the carbon cycle. Geology 44, 751–754
(2016).

52. Nicklas, R. W. et al. Secular mantle oxidation across the Archean-
Proterozoic boundary: evidence from V partitioning in komatiites
and picrites. Geochim. Cosmochim. Acta 250, 49–75 (2019).

53. Ronov, A. B. Common tendencies in the chemical evolution of
the earth’s crust, ocean and atmosphere. Geokhiniiya 8,
715–743 (1964).

54. Chen, C., Förster, M.W., Foley, S. F. & Shcheka, S. S. Carbonate-rich
crust subduction drives the deep carbon and chlorine cycles. Nat-
ure 620, 576–581 (2023).

55. Rohrbach, A. & Schmidt, M. W. Redox freezing and melting in the
Earth’s deep mantle resulting from carbon–iron redox coupling.
Nature 472, 209–212 (2011).

56. Zhu, Y. et al. High-precision copper and zinc isotopic measure-
ments in igneous rock standardsusing large-geometryMC-ICP–MS.
At. Spectrosc. 40, 6 (2019).

57. Liu, S.-A. et al. High-precision copper and iron isotope analysis of
igneous rock standards by MC-ICP–MS. J. Anal. At. Spectrom. 29,
122–133 (2014).

58. Maréchal, C. N., Télouk, P. & Albarède, F. Precise analysis of copper
and zinc isotopic compositions by plasma-source mass spectro-
metry. Chem. Geol. 156, 251–273 (1999).

59. Liu, Y., Zong, K., Kelemen, P. B. & Gao, S. Geochemistry and mag-
matic history of eclogites and ultramafic rocks from the Chinese
continental scientific drill hole: subduction and ultrahigh-pressure
metamorphism of lower crustal cumulates. Chem. Geol. 247,
133–153 (2008).

60. Windley, B. F. & Garde, A. A. Arc-generated blocks with crustal
sections in the North Atlantic craton of West Greenland: crustal
growth in the Archean with modern analogues. Earth–Sci. Rev. 93,
1–30 (2009).

61. Sun, C. & Dasgupta, R. Thermobarometry of CO2-rich, silica-
undersaturated melts constrains cratonic lithosphere thinning
through time in areas of kimberlitic magmatism. Earth Planet. Sci.
Lett. 550, 116549 (2020).

62. Sarkar, S. et al. Sublithospheric melt input in cratonic lamproites.
Geology 50, 1296–1300 (2022).

63. Sarkar, S. et al. Derivation of lamproites and kimberlites from a
common evolving source in the convective mantle: the case for
southern African ‘transitional kimberlites’. J. Petrol. 64, 1–16 (2023).

64. Foley, S. F. The Origin of Ultrapotassic Igneous Rocks (University of
Tasmania, 1986).

65. Ngwenya, N. S. & Tappe, S. Diamondiferous lamproites of the
Luangwa Rift in central Africa and links to remobilized cratonic
lithosphere. Chem. Geol. 568, 120019 (2021).

66. O’Hara,M. J. Thebearingof phase equilibria studies in synthetic and
natural systems on the origin and evolution of basic and ultrabasic
rocks. Earth-Sci. Rev. 4, 69–133 (1968).

67. Prelević, D., Foley, S., Romer, R. & Conticelli, S. Mediterranean
Tertiary lamproites derived from multiple source components in
postcollisional geodynamics. Geochim. Cosmochim. Acta 72,
2125–2156 (2008).

68. Chen, C. et al. Calcium isotope fractionation during magmatic
processes in the upper mantle. Geochim. Cosmochim. Acta 249,
121–137 (2019).

69. Lee, C.-T. A. et al. Copper systematics in arc magmas and impli-
cations for crust–mantle differentiation.Science 336, 64–68 (2012).

70. Chen, C. et al. Calcium isotopic compositions of oceanic crust at
various spreading rates. Geochim. Cosmochim. Acta 278,
272–288 (2020).

71. Danyushevsky, L. V. The effect of small amounts of H2O on crys-
tallisation of mid-ocean ridge and backarc basin magmas. J. Vol-
canol. Geotherm. Res. 110, 265–280 (2001).

72. Hofmann, A. W. Chemical differentiation of the Earth: the relation-
ship between mantle, continental crust, and oceanic crust. Earth
Planet. Sci. Lett. 90, 297–314 (1988).

73. Herzberg,C. Depth anddegreeofmeltingof komatiites. J. Geophys.
Res.: Solid Earth 97, 4521–4540 (1992).

74. Sun, P. et al. Copper isotope fractionation during magma differ-
entiation: evidence from lavas on the East Pacific Rise at 10°30′N.
Geochim. Cosmochim. Acta 356, 93–104 (2023).

75. Jenner, F. E. & O’Neill, H. S. C. Analysis of 60 elements in 616 ocean
floor basaltic glasses. Geochem. Geophys. Geosyst. 13,
Q02005 (2012).

76. Nicklas, R. W., Puchtel, I. S. & Ash, R. D. Redox state of the Archean
mantle: evidence from V partitioning in 3.5–2.4Ga komatiites.
Geochim. Cosmochim. Acta 222, 447–466 (2018).

Article https://doi.org/10.1038/s41467-024-48304-2

Nature Communications |         (2024) 15:4311 10



77. Anand, M., Gibson, S., Subbarao, K., Kelley, S. & Dickin, A. Early
Proterozoic melt generation processes beneath the intra-cratonic
Cuddapah Basin, southern India. J. Petrol. 44, 2139–2171 (2003).

78. Halevy, I., Peters, S. E. & Fischer, W. W. Sulfate burial constraints on
the phanerozoic sulfur cycle. Science 337, 331–334 (2012).

79. Kah, L. C., Lyons, T. W. & Frank, T. D. Low marine sulphate and
protracted oxygenation of the Proterozoic biosphere. Nature 431,
834–838 (2004).

80. Hawkesworth, C. J., Cawood, P. A., Dhuime, B. & Kemp, T. I. S.
Earth’s continental lithosphere through time. Annu. Rev. Earth Pla-
net. Sci. 45, 169–198 (2017).

81. Creighton, S., Stachel, T., Eichenberg, D. & Luth, R. W. Oxidation
state of the lithospheric mantle beneath Diavik diamond mine,
central Slave craton, NWT, Canada. Contrib. Mineral. Petrol. 159,
645–657 (2010).

Acknowledgements
S.F.F. and C.C. are funded by ARC grant FL180100134. C.C. and Y.L. are
funded by NSFC (92355001 and 41530211), the Key R&D Program of
China (2019YFA0708400), and SKL-GPMR (MSFGPMR01). Fieldwork in
Labradorwas supportedbyDeutscheForschungsgemeinschaft grant Fo
181/15 toS.F.F.We appreciate the constructive comments fromDr. Sonja
Aulbach, Dr. Robert Nicklas, and Dr. Paul Savage that significantly
improved the manuscript. We thank Dr. Rong Xu, Yangtao Zhu, Ming Li,
and Zongqi Zou for the discussion and their support in the lab.

Author contributions
C.C. and S.F.F. designed the study. C.C. performed analytical mea-
surements. C.C. wrote the manuscript, and C.C., S.F.F., S.S.S., and Y.L.
contributed to interpreting data and revising the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48304-2.

Correspondence and requests for materials should be addressed to
Chunfei Chen or Yongsheng Liu.

Peer review informationNatureCommunications thanks Sonja Aulbach,
Paul Savage and Robert Nicklas for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-48304-2

Nature Communications |         (2024) 15:4311 11

https://doi.org/10.1038/s41467-024-48304-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Copper isotopes track the Neoproterozoic oxidation of cratonic mantle�roots
	Results and discussions
	Copper isotopic results and effect of magmatic differentiation and crustal recycling
	Copper isotopes reveal the oxidation of the LAB under the North Atlantic�Craton
	Neoproterozoic oxidation at the base of cratonic lithosphere

	Methods
	Analytical methods
	Copper isotopes
	Major and trace elements
	Geological setting and petrogenesis of the alkaline rocks from the Aillik�Bay
	Geological setting and samples
	Melting temperature and pressure of the alkaline�rocks
	Metasomatic LAB sources for the alkaline�rocks
	Effects of low-temperature alteration on Cu isotopes of the studied samples
	Global age distribution of nonorogenic lamproites and carbonatites
	Modeling of Cu isotope fractionation during magmatic processes
	Partial melting of peridotite at 1.5 GPa
	Magmatic differentiation of a MORB melt at 0.2 GPa
	Partial melting of a metal-saturated pyroxenite at�6 GPa
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




