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Recycled carbonates elevate the electrical
conductivity of deeply subducting eclogite
in the Earth’s interior
Chenxin Jing 1,2, Haiying Hu1✉, Lidong Dai1, Wenqing Sun1, Mengqi Wang1,2 & Ziming Hu1,2

The elevated pressure and temperature conditions encountered by a subducted slab entering

the deep Earth can substantially alter the chemical composition and physical properties of

recycled carbonates. Carbonate-silicate reactions are believed to have a pivotal role in this

process. Here we conduct high temperature and high pressure experiments on carbonated

eclogite and measure the electrical conductivity in order to constrain the evolution of geo-

physical properties and chemical composition in the carbonate-bearing eclogitic slab. We find

that the carbonate-silicate reaction elevates the conductivity of carbonated eclogite by cations

(e.g., Ca, Mg, Fe) exchange between carbonates and silicate. We propose that carbonate-

silicate cations exchange can alter the chemical composition of recycled carbonates, potentially

impacting their stability and reducing the solidus temperature of carbonate-bearing systems.

Combining thermodynamic calculations with the elevated conductivity in our experiments, we

re-evaluate the contribution of recycled carbonates to the Earth mantle geophysical anomalies

and obtain the potential carbonate capacity in the subducting slab.
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Recycled carbonates via the down-going altered oceanic crust
into deep Earth are inevitably regarded as an essential
carbon sink1–4. Carbonates in subduction zones originates

from the oceanic sediments, serpentinites, altered oceanic crust,
and suboceanic mantle lithosphere1,2. A part of them was devo-
latilized or stagnated at relatively shallower depths (~50 km in the
hot subduction zone and ~100 km in the cold subduction zone),
while the residual carbonates was sequestrated in the eclogitic slab
into deep mantle further. Decarbonation (metamorphism, car-
bonate dissolved5,6, and carbonate molten4,7–9), carbonate stag-
nation, and carbonates deep subduction decide the deep Earth
carbon cycling paths and flux as a research hotspot in the last
decade1–4,6,8–25. Until now, details of these procedures are still
exploring constantly.

For the stability of single carbonate under high-pressure and
high-temperature conditions, dolomite CaMg(CO3)2, magnesite
MgCO3, and calcite CaCO3 can survive in the deep Earth
mantle26–28. However, after experienced carbonate-silicate inter-
actions in the eclogitized slab15,16,29, physicochemical properties
(e.g., chemical composition and electrical conductivity) of these
carbonates can be perturbed. However, in contrast to the carbo-
nate dissolution and melting occurring in the shallow hydro-
thermal environment of the subduction zone, the impact of
carbonate-silicate interactions (e.g., cations exchange) which take
place in all stages of slab subduction before carbonate melting is
still not explicit in the Earth’s interior. Tao and Fei15 conducted a
series of experiments focusing on redox reactions between
majoritic garnet and carbonates in the lowermost upper mantle.
However, there is still a lack of understanding whether other
carbonate-silicate interaction (e.g., cations exchange and redox
reactions) has been existed in the subducting slab from Earth’s
surface to deep Earth. The carbonate-silicate reactions at the
lower mantle has been uncovered16,28; nevertheless, it is too
doubtful whether pure carbonates (CaCO3 or MgCO3) like on the
Earth surface are carried down after going through the subduc-
tion zone. Also, the Fe-bearing carbonates (Fe-dolomite, Fe-
magnesite, and Fe-calcite), possibly caused by carbonate-silicate
cations exchange, often occur in the many carbonated rocks (e.g.,
natural carbonated eclogites), whereas the origin and influence of
these carbonates rarely are attained more attention yet29–31. Thus,
the carbonate-silicate interaction and its impact in deeply sub-
ducting eclogitic slabs should be figured out distinctly.

From geological investigations, most carbonates host in
some subducted rocks, typically natural (hydrous) carbonated
eclogite29,30,32–41, which by exhumation provide a direct observa-
tion of recycled carbonates in the Earth shallow depths (<~100 km).
Experimental studies on the solidus of dry carbonated eclogite
reveal the maximum subducting depth of recycled carbonates in the
eclogitized slab before carbonates melting in the Earth’s interior,
and has provided clues to the evolution of carbonate-bearing system
in the deep Earth (depth >150 km)42–46. We conducted electrical
conductivity experiments and revealed carbonate-silicate reactions
at high temperature and high pressure by adding dolomite, calcite,
and magnesite in a relatively dry eclogite (no hydrous minerals),
respectively, to explore geophysical peripeties and chemical com-
position evolution of the carbonate-bearing eclogitic slab. Three
types of dry carbonated eclogite (dolomite+ eclogite, magnesite+
eclogite, and calcite+ eclogite) were constructed to investigate their
electrical conductivity and chemical composition evolution under
elevated conditions. Different types (dolomite, calcite, and magne-
site) and content (10–40 wt%) of carbonates were added in
the eclogite, which were referenced to the mineral proportions
and the bulk chemical composition of natural carbonated
eclogites30–32,47 and starting materials and recovered products of
high-pressure and high-temperature experiments43–46,48 (Fig. 1 and
Supplementary Note 1).

Results
Carbonate-silicate cations exchange. Carbonate-silicate cations
exchange was uncovered through analyzing recovered products
after in situ electrical conductivity (EC) measurements of car-
bonated eclogites, which may be an essential carbonate-silicate
reaction in the deeply subducted slab. Three types of carbonated
eclogite, including dolomite+ eclogite, calcite+ eclogite, and
magnesite+ eclogite, were employed in our EC experiments, to
obtain the conductivity and explore the thermochemical evolu-
tions of measured system at 3 GPa and up to 1200 °C. Upon
comparing pre-sintered samples before EC measurements and
recovered products after EC measurements (Fig. 2a, b and Sup-
plementary Fig. 1a), severe reactions between dolomite and sili-
cates (garnet and omphacite) in the recovered dolomite eclogites
produced metamorphic features. Concretely, carbonate-silicate
cations (Ca, Mg, Fe) exchange, induced by chemical potential
gradients between carbonates (dolomite, calcite, and magnesite)
and silicates (garnet and omphacite) in metastable assemblages
(Fig. 2b–d and Supplementary Fig. 1b–f), plays a key role. Despite
a small amount of water (or hydrogen) in the crystal lattice of the
garnet and omphacite (Supplementary Note 2), it is worth noting
that we ignore the potential impact and process of inter-diffusion
of trace elements, like H+ or OH−.

EC experiments of dolomite-bearing eclogites were carried out,
including 10, 20, 30, and 40% dolomite+ eclogite as starting
material. A garnet reaction zone is observed in the all recovered
products texture (Fig. 2b and Supplementary Fig. 1c–e), which may
be caused by Fe-Mg exchange between dolomite and garnet:

CaMgðCO3Þ2ðDolÞ þ Fe3Al2ðSiO4Þ3ðGrtÞ ! CaðMg; FeÞðCO3Þ2ðDol�AnkssÞ
þ ðMg; FeÞ3Al2ðSiO4Þ3ðGrtssÞ

ð1Þ
Dolomite received Fe from garnet and released Mg to it; as a

results, the FeO content of the dolomite-ankerite solid solution
increase from near zero in the starting dolomite to ~4–8 wt% in
the recovered dolomite (Supplementary Data 1). On the other
hand, Fe-Mg exchange between dolomite and omphacite also
increased the FeO content of the dolomite:

CaMgðCO3Þ2ðDolÞ þ CaFeSi2O6ðOmphÞ ! CaðMg; FeÞðCO3Þ2ðDol�AnkssÞ
þ CaðMg; FeÞðSi2O6Þ3ðOmphssÞ

ð2Þ
Electron probe microanalyzer (EPMA) element maps display

details of the exchange and diffusion for Si, Ca, Mg, and Fe
(Supplementary Fig. 2). A visible Ca concentration gradient, from
the core and mantle to the rim of the recovered dolomite, suggests
that a part of Ca diffused into the neighboring garnet
(Supplementary Fig. 2c), possibly generated by moderate Ca-Fe
exchange between dolomite and garnet:

CaMgðCO3Þ2ðDolÞ þ Fe3Al2ðSiO4Þ3ðGrtÞ ! ðCa; FeÞMgCO3ðDol�AnkssÞ
þ ðCa; FeÞ3Al2ðSiO4Þ3ðGrtssÞ

ð3Þ
Ca-Fe exchange, thus, also could promote the formation of Fe-

dolomite.
EC experiments on magnesite-bearing eclogite were also

conducted, setting 10 wt% and 20 wt% magnesite+ eclogite as
initial assemblies, respectively. For the recovered magnesite eclogite
(Fig. 2d–i and Supplementary Fig. 1f–i), its garnet reaction zone is
similar to the dolomite eclogite (Fig. 2b and Supplementary
Fig. 1c–e); accordingly, magnesite composition was enormously
transformed from MgCO3 in the starting materials to
Fe0.8–0.14Mg0.42–0.39Ca0.50–0.47CO3 in the recovered products (Sup-
plementary Data 1). Combined with BSE images, elemental maps,
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Fig. 1 Chemical compositions of carbonated eclogites. a MgO versus SiO2 plot displays the distinction of the bulk composition of natural carbonated
eclogites and marbles, synthetized carbonated eclogites, and normal eclogites. b AFM diagram129,130 of carbonated eclogites. These carbonated eclogites
are tholeiitic and likely formed from subducted basaltic oceanic crust. Natural carbonated eclogites and marbles are found in the Southwestern Tianshan
UHP belt, NW China30–32,47, and the Dabie-Sulu UHPM belt, E China41. Synthetized carbonated eclogite I is the starting material composition in HT-HP
simulation experiments42–46,48. Three types of carbonated eclogite (synthetized carbonated eclogite II) bearing different types and content of carbonates
(dolomite, calcite, magnesite) were constructed for this study (Supplementary Tables 2 and 3). The light green area represents the compositional
distribution of normal eclogites in (a)129. Each sample bearing carbonates is covered by hollow shells of different colors that indicate the range of CO2

content. Red dash lines with the arrow direct the increasing carbonation of eclogite.

Fig. 2 Experimental products at high pressure and high temperature. Representative backscattering electron (BSE) images of mineral assemblages on
20% dolomite+ eclogite before (a) and after (b) the EC experiment (YJ-17), including garnet (Grt), omphacite (Omp), dolomite (Dol), quartz (Qtz), and
rutile (Rt) or ilmenite (Ilm). Pores were produced due to the slight devolatilization during the reaction between dolomite and silicates (Grt and Omp).
Garnet reacts with dolomite to form a reaction zone (garnet rim) when its electrical conductivity tended to be repeatable (Supplementary Fig. 6b). c Typical
BSE image of 10% calcite+ eclogite after EC experiment (YJ-226). Carbonate melt pool appeared when its electrical conductivity tended to be repeatable
(Supplementary Fig. 6d). A typical SE (the second electron) image presents the carbonate melt pool in the system. In these mineral assemblages, the
addition of calcite significantly changes the composition of Omp (Supplementary Data 1), leaving only a small amount starting omphacite (Omp-core). d A
global BSE image of 20% magnesite+ eclogite after EC experiment (YJ-231). It also displays the partial melting of magnesite (Mgs) in the system when
the conductivity tended to be repeatable (Supplementary Fig. 6e). d-i A typical reaction area of Mgs and silicates (Grt and Omp). d-ii A typical partial
melting zone of magnesite in the center of the sample and an SE image showing the carbonate melt pool details.
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and EPMA data (Fig. 2d–i, Supplementary Fig. 3 and Supplemen-
tary Data 1), the modification of magnesite composition could be
traced by Fe-Mg and Ca-Mg exchange between magnesite and
silicates:

MgCO3ðMgsÞ þ ðFe;CaÞ3Al2ðSiO4Þ3ðGrtÞ ! ðCa; Fe;MgÞCO3ðMgs�AnkssÞ
þ ðCa; Fe;MgÞ3Al2ðSiO4Þ3ðGrtssÞ

ð4Þ

MgðCO3Þ2ðMgsÞ þ CaFeSi2O6ðOmphÞ ! ðCa; Fe;MgÞCO3ðMgs�AnkssÞ
þ CaðFe;MgÞðSi2O6ÞðOmphssÞ

ð5Þ
where Ca and Fe in garnet and omphacite substitute for parts of Mg
in magnesite to form iron-calcium-magnesium carbonate solid
solutions (Mgs-Ankss). Notably, Ca in the solid solutions mainly
comes from omphacite, and Fe mainly derives from Garnet
(Supplementary Fig. 3).

We also performed the EC experiment of 10 wt% calcite+
eclogite. However, the recovered calcite in eclogite was melting
when temperature up to 1200 °C (Supplementary Note 3). Based
on the reactions between dolomite (or magnesite) and silicates
and residual silicate reaction zone in recovered calcite eclogite
texture, the calcite-silicate reaction was not negligible under
thermal disequilibrium of calcite eclogite before calcite melting.
What can be observed is that only a little starting omphacite
(Omp-core) remained in the recovered products (Fig. 2c); In the
omphacite reaction zone, the weight percent of CaO contents
increased by～2 wt% and the weight percent of MgO contents
decreased by ~ 2 wt% (Supplementary Data 1), which may be
caused by the Ca-Mg exchange between calcite and omphacite.
Similarly, the garnet reaction rim lost ~2 wt% FeO and obtain～2
wt% CaO. Hence, the same as dolomite and magnesite, calcite in
the eclogite also could transformed into iron-calcium-magnesium
carbonate solid solutions:

CaCO3ðCalÞ þ ðFe;MgÞ3Al2ðSiO4Þ3ðGrtÞ ! CaðFe;MgÞðCO3ÞðCal�AnkssÞ
þ ðCa; Fe;MgÞ3Al2ðSiO4Þ3ðGrtssÞ

ð6Þ

CaðCO3Þ2ðCalÞ þ ðFe;MgÞSi2O6ðOmphÞ ! CaðFe;MgÞCO3ðCal�AnkssÞ
þ CaðFe;MgÞðSi2O6ÞðOmphssÞ

ð7Þ

EPMA element maps give details of elements exchange and
diffusion for Si, Ca, Mg, and Fe in calcite eclogite (Supplementary
Fig. 4), and EPMA data indicate the negligible diffusion of Al, K,
and Na (Supplementary Data 1). It should be noted that the
validity of Eqs. (1)–(7) should be verified by some phase
transformations of carbonates or silicates further, but this is
beyond the scope of this study.

Three types of carbonates reacted with silicates uncover that the
composition of carbonates evolved in the eclogite (Supplementary
Note 4), and the participation of carbonates upset the thermo-
chemical equilibrium of the initial normal eclogite. Figure 3 shows
a data compilation of carbonate and garnet compositions in
carbonated eclogites from this study and previous experiments,
which reveals the evolution directions of carbonate compositions.
The compositional fate of recycled carbonates following the slab
subduction from shallow Earth to deep Earth may eventually move
toward the iron-calcium-magnesium carbonate (CaxMgyFe1-x-
yCO3) before the carbonate melting (Fig. 3a and Supplementary
Note 4.1). Meanwhile, the composition of silicates (e.g., garnet)
also evolves with that of carbonates (Fig. 3b and Supplementary
Note 4.2).

Elevated electrical conductivity. The electrical conductivity of
the carbonated eclogite (dolomite eclogite, magnesite eclogite,
and calcite eclogite) was measured in situ at 3 GPa and up to
1200 °C. The conductivity of all measured systems increases as a
function of reciprocal temperature (Fig. 4a, b). The participation
of carbonates elevated the conductivity of eclogite below the
solidus of carbonated eclogites and carbonates. Commonly, car-
bonates have lower conductivity than eclogite (Fig. 4a, b and
Supplementary Note 5.1), so the addition of carbonates would
reduce the conductivity of eclogite based on mixing models of
electrical conductivity for aggregates. However, a series of elec-
trical conductivity of carbonated eclogites, including 10, 20, 30,
and 40 wt% dolomite+ eclogite, 10, 20% magnesite+ eclogite,
and 10% calcite+ eclogite, suggest that carbonates facilitate the
conductivity of the carbonated eclogites (Fig. 4a, b).

The enhancement of eclogite conductivity by added carbonates
coincides with the carbonate-silicate cations exchange, differing
from the previous research ascribed to the higher conductivity of
carbonate melt49–52. Hence, carbonate types and contents varied
in eclogite may affect their conductivity by different degrees and
types of reactions between silicates and carbonates (Fig. 4a, b and
Supplementary Note 5.2). By detecting the weight percent of FeO
content in dolomites of the recovered products, we determined
that the FeO content in recovered dolomite decreased from 8.11
wt%, 7.17 wt%, 5.19 wt%, to 4.47 wt% with the increase of
dolomite content in eclogite from 10% to 40%, respectively
(Supplementary Data 1). Correspondingly, the weight percent of
MgO content in their garnet reaction zones are similar. Because
of the increase in carbonate content following the decreases in
garnet content and the total iron content in the measured
constituents under laboratory experimental conditions, less
weight percent of garnet needs to provide iron for more weight
percent of dolomite, resulting in that the higher dolomite content
was contained in eclogite and the lower iron was partitioned into
dolomite. As a result, the repartition and the reduction of
conductivity-sensitive cations (e.g., Fe2+) makes the conductivity
increase first and then decrease with the increasing carbonate
content in eclogite (Fig. 4a). Also, the effect of carbonate types on
the electrical conductivity of eclogite may be caused by the
difference in the dominant cation exchange (or diffusion)
between different carbonates and silicates (Fig. 4b), such as
dolomite reacting with silicates to accept Fe and release Mg,
magnesite accepting Ca and Fe to release Mg, and calcite
accepting Mg and Fe to release Ca (Supplementary Figs. 2–4).
Meanwhile, all calcite and partial magnesite melted in eclogite
under our experimental conditions may also contribute to the
promotion and difference in the conductivity of three types of
carbonated eclogite (Supplementary Note 5.2).

Electrical conductivity capture carbonate-silicate cations
exchange. Carbonate-silicate cations exchange enhancing the
electrical conductivity of the carbonated eclogite at high pressure
and temperature relies on two crucial factors: (1) Ionic diffusion
between mineral grains and (2) conductivity-sensitive ions (e.g.,
Mg2+ and Fe2+) homogenization in measured samples. Specifi-
cally, the ionic diffusion between carbonate-silicate grains leads to
the gradually increasing conductivity of the dry carbonated
eclogites, and then cations homogenization sustains the result.

The conductivity of diffused cations, namely ionic conduction,
contributing to the system conductivity could be expressed by the
Nernst-Einstein relation53:

σ ¼ ∑i
f iDiciqi

2

kT
ð8Þ

where σ is the electrical conductivity, fi is the nondimensional
formation factor for the ith species, Di is the diffusion coefficient
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of the ith charged mobile species, ci is the concentration of the ith
species, qi is the electrical charge of the ith species, and k and T
are the Boltzmann constant and the absolute temperature,
respectively. The potential ionic conduction may be crucial for
increasing the electrical conductivity in different heating-cooling
cycles (Fig. 4c and Supplementary Note 5.3). Taking 20%
dolomite+ eclogite as an example, the contribution of the ionic
diffusion induced by carbonate-silicate cations exchange between
dolomite and silicates to elevate electrical conductivity was
recorded by the EC measurements in different heating-cooling
cycles (Fig. 4c). The results show that the electrical conductivity
of dolomite eclogite has considerable boost from the initial EC
measurement cycle to the end cycle after conductivity-sensitive
cations (e.g., Fe2+, Mg2+) experienced the diffusion between
dolomite and silicates (garnet and omphacite) (Fig. 4c). With its
correspondence, the activation enthalpy of the initial cycle
conductivity to the end gradually decreases at low temperature
(from 76 to 35.95 kJ/mol) and high temperature (from 115 to
63 kJ/mol), respectively (Fig. 4c, d). Finally, the cations diffusion
between carbonate-silicate grains was weakened because the
system gradually tended to reach chemical equilibrium in the
dolomite. For other carbonated eclogites in this study, with the
reaction between carbonates and silicates, their conductivity
variation from the initial cycle heating to the end cycle cooling is
similar to that of 20% dolomite+ eclogite (Fig. 4c and
Supplementary Fig. 5a, b). Nevertheless, the two experiments
on magnesite eclogites are different (Supplementary Fig. 5c, d).
The magnesite reacted with silicates and enhanced conductivity
of magnesite eclogite in the first heating cycle. The end of the
subsequent increase in electrical conductivity may be related to
the formation of some low conductivity phase or slight
devolatilization (Supplementary Note 5.2.3.1). Even so, the fact
that the conductivity of magnesite eclogite increases with
increasing magnesite content remains unchanged (Fig. 4b).

The trend of conductivity-sensitive ion homogenization in
samples allow ions that were initially aggregated in a mineral (e.g.,
major Fe2+ concentrated in garnet in a normal eclogite) to more
widely partition into other minerals (e.g., the formation of Fe-
bearing carbonates and Fe-richer omphacite) to be adequately

distributed throughout a sample when the system tends to
chemical equilibrium (Supplementary Figs. 2–4). Although, in
most cases, the measured system only achieves local equilibrium
as in this study, the diffusion of ions distributed from order to
disorder provides potential opportunities to elevate the con-
ductivity: (1) Multicomponent diffusion, specifically between
carbonates and silicate, may reduce the activation enthalpy (ΔH
in Eq. (9)) and consequently increase the electrical conductivity of
measured samples (Fig. 4c, d); (2) It promotes the formation of
some new high-conductivity phases (e.g., Fe-bearing carbonates
and Fe-richer omphacite); (3) Even though the grain-boundary
conduction subject to many factors, such as the concentration of
hydrogen and the grain size (<10 μm), the increase in
conductivity-sensitive ion concentration at the grains boundary
may prompt the contribution of the grain-boundary conduction
to the bulk conductivity of measured samples54. Therefore, the
increase in the electrical conductivity of eclogite caused by
carbonate-silicate cations exchange needs careful and compre-
hensive consideration (Supplementary Note 5.2).

The EC measurement tends to obtain the conductivity of a
textual equilibrium sample via several heating-cooling cycles until
they achieve remarkably consistency. Although we have made effort
to measure the electrical conductivity of each sample to reach the
apparent textural equilibrium as inferred from in situ conductivity
measurement (Supplementary Fig. 6 and Fig. 4c), the observed
microscopic textural of recovered samples are not a global
equilibrium yet. According to our microscopic analysis, the
recovered carbonates (e.g., dolomite) are close to chemical
equilibrium, while the recovered silicates (e.g., garnet) exhibit a
clear chemical potential gradient. Thus, we assume that the
disparity is due to the cessation of carbonate-silicate cation
exchange when the conductivity are consistent, whereas the cations
self-diffusion of silicate (e.g., garnet) cations is still going on. For the
case of 20% dolomite+ eclogite (Fig. 4c), its conductivity gradually
increase from the first heating cycle to the third cooling cycle due to
the carbonate-silicate cations exchange, while its conductivity
hardly change from third cooling cycle to the fourth cooling cycle,
though the measured samples are not a global equilibrium.
Specifically, the carbonate-silicate cations exchange can significantly

Fig. 3 Compositional evolution of recycled carbonates and garnets. The cations exchange (e.g. Mg-Fe) between carbonates and silicates altered their
initial composition (Supplementary Note 4). a FeO-MgO-CaO ternary diagram shows composition trends of carbonates in the eclogite during slab
subduction. Analyzing carbonates (dolomite, magnesite, and calcite) in eclogite from the field survey (natural carbonated eclogites)30–32,34,40,47,67,74,
laboratory simulation experiments (SLEC, EC1, GA1cc, and ATCM1 see Supplementary Table 2)43–46,48, this study experiments, and the garnet-carbonates
reaction experiments15 determine the chemical composition fate of recycled carbonates. b Compositional evolution diagram of garnet in subducting
carbonated eclogite. The diagram shows a compositional gradient, from garnet core, mantle, to rim in natural carbonated eclogite30,31,34,47,67 and this
study experiments products, which records the reaction between carbonates and garnet, providing an insight into a compositional direction of subducted
garnet. Laboratory simulation experiments43–46,48 and carbonate-silicate reaction experiments15 suggest other possibilities for the composition evolution
of recycled garnet. The increase in Fe and decrease in Mg in carbonate correspond to the decrease in Fe and the increase in Mg in garnet.
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enhance the carbonated eclogite conductivity, but the cations self-
diffusion of silicate has little effect on it. This is also supported by
the effect of silicate composition on the electrical conductivity, i.e.,
the little difference of garnet or omphacite composition (e.g., Fe and
Mg) may not significantly impact their conductivity55. Conse-
quently, once the electrical conductivity of carbonated eclogite was
measured by the cessation of carbonate-silicate cations exchange,
even though silicate did not reach chemical equilibrium, the
electrical conductivity of measured systemwill be close to that of the
global chemical equilibrium system.

Implications
Cations exchange on carbonate stability in the Earth’s interior.
The melting of magnesite and calcite in the eclogite during our
experiments could shed light on the impact of cations exchange

on the carbonate stability under elevated conditions (Fig. 2c, d
and Supplementary Note 3). As usual, pure carbonates (e.g.,
CaMg(CO3)2, CaCO3, and MgCO3) in the previous high-
temperature and high-pressure experiments have a high melting
point27,56–58, whereas several studies on the solidus of the car-
bonated eclogite or peridotite have shown that the melting point
of carbonates in a silicate system is relatively lower4,42–46,59

(Supplementary Fig. 7a). Although, as usual, carbonate melted
earlier than silicates reducing the solidus of the carbonated
eclogite and peridotite has been ascribed to several
factors43,44,48,60, such the composition of the bulk rocks (Sup-
plementary Fig. 7b), the carbon content of the bulk rocks, and a
dry or hydrous system, the nature (e.g., chemical composition) of
carbonates itself deserves more attention.

We know that the composition of recycled carbonates evolves
with the increasing temperature and pressure in the carbonated

Fig. 4 Electrical conductivity of three types of carbonated eclogites and the effect of carbonates-silicate cations exchange on it. a Electrical conductivity
of dolomite eclogite as a function of reciprocal temperature. Measured electrical conductivity of 10%, 20%, 30%, and 40% dolomite+ eclogite,
respectively. b Electrical conductivity of calcite eclogite and magnesite eclogites as a function of reciprocal temperature. Measured electrical conductivity
of 10% calcite+ eclogite, and 10% and 20% magnesite+ eclogite, respectively. Also, the electrical conductivity of carbonated eclogite is compared to that
of the initial eclogite, dolomite, Fe-dolomite, calcite, and magnesite as references in (a) and (b). The red star in (a) indicate a shift in electrical conductivity
due to the variation of dolomite content in the eclogite. c The relationship between the elevated electrical conductivity of carbonated eclogites and the
carbonates-silicate cations exchange. The schematic cube of carbonates+ eclogite aggregates represent an carbonated eclogite assemblages. Three types
of carbonated eclogites corresponds to three scenarios, i.e., dolomite+ eclogite, calcite+ eclogite, and magnesite+ eclogite, respectively, showing details
in the schematic sample cross-Sections 1–3 of the carbonated eclogite cube. Sample cross-Section 1 displays the schematic texture of dolomite eclogite
after the EC experiment. The texture of 20% dolomite+ eclogite experienced changes before, during, and after EC experiments in the heating-cooling
cycles of EC measurement due to the carbonate-silicate reactions. Sample cross-Sections 2 and 3 illustrate the schematic texture of calcite and magnesite
eclogite during EC experiments before calcite and magnesite melting, respectively, and show their elements exchange between carbonates and silicates.
Schematic minerals aggregate displays the three-dimensional cations exchange paths between carbonates and silicates at the elevated condition. d XFe (=
wt% FeO/(MgO+ FeO)) in dolomite of dolomite eclogites versus the activation enthalpies of the electrical conductivity at high and low temperature (left
axis), and the XFe versus the electrical conductivity at 673 K and 1373 K (right axis). Dolomite and eclogite are set as references to compare with the
dolomite eclogites in (d). The red dashed arrows indicate the increase in electrical conductivity from dolomite or eclogite to dolomite eclogites, and the
black indicate the decrease in activation enthalpies.
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eclogite (Supplementary Note 4.1). The composition variation of
carbonates induced by the carbonate-silicate cations (mainly
Ca2+, Mg2+, and Fe2+) exchange may be a critical process highly
related to its many physicochemical behaviors (e. g., stability) in
the Earth’s interior. According to the available data from
carbonated eclogites, the composition of single-cation (CaCO3,
MgCO3, and FeCO3) or double-cation (CaMg(CO3)2) carbonates
in a silicate system will eventually evolve into the iron-calcium-
magnesium carbonate (CaxMgyFe1-x-yCO3) (Fig. 3a). Previous
experiments on the carbonate solidus have pointed out that
carbonates with a particular Ca# (Molar Ca/(Ca+Mg))=～0.6)
have a lower melting point61–63, which is consistent with the
behavior of carbonate in the carbonated peridotite and
eclogite48,60,64. Besides, Yaxley and Brey44 assumed that the
newly added FeO and Na2O in carbonates also could affect
carbonate melting temperature in carbonated eclogites, in which
alkali ions (e.g., K and Na) could lower its melting temperature65

and specific molar Fe/(Mg+ Fe) ratio (~40–48) in carbonates
also could reduce its melting temperature66. Other carbonate-
bearing systems, such as carbonate–biotite gneiss, suggest that the
presence of Ca–Mg–Fe carbonates enable to decrease its melting
temperature64. Notably, the iron content of recycled carbonates in
the eclogite increases considerably, so we assume that the
increased iron may positively promote the melting of carbonates
in a silicate system. In this study, the composition of magnesite
and calcite in the eclogite moved toward the miscibility of Ca, Mg,
and Fe (Supplementary Note 4.1). Perhaps a potential low
melting point due to a particular composition of iron-calcium-
magnesium carbonate caused the melting of calcite and magnesite
in our experiments at a specific temperature and pressure.

In addition, the compositional change in recycled carbonates
may be closely associated with their phase transition. Fe could
prompt Fe-dolomite to decompose into magnesite (or siderite) and
aragonite at high temperature and high pressure67. Phase transi-
tions of dolomite can be regarded as a function of iron content at
high temperature and high pressure68–70. Moreover, carbonate-
silicate cations exchange may accelerate cations disorder in
carbonates, affecting their phase stability as well27,71,72.

Carbonate-silicate reaction on the eclogitic slab redox status.
Recently, recycled carbonates have come into our view as an effi-
cient oxidation agent, which can react with Fe2+-bearing silicates
(e.g., garnet) to lead to Fe3+ sink in the Earth’s interior15,38,73.
However, recycled carbonates widely modifying the redox state of
the Earth’s mantle is debatable. With the combination of our
experimental assemblages (eclogite+ carbonates), thus, we col-
lected primary silicates (garnets and clinopyroxenes) of carbonate-
bearing eclogites to overwhelmingly explore variations in their Fe3+

atomic number (p.f.u.) to trace their redox status and link it to the
impact of carbonate-silicate reactions during eclogitic slab sub-
duction (Fig. 5).

In a more general context, the effect of carbonate-silicate
reactions on redox state may be minimal in comparison with Tao
and Fei’s scenarios (a carbonated Fe-rich peridotite system)15

(Fig. 5a). In this study, we conducted HT-HP experiments on a
normal eclogite with different contents and types of carbonates
(Supplementary Table 3). Although carbonates intensely reacted
with silicates to generate a distinct reaction rim or zone in silicates
(e.g., garnet) in all our experiments, no obvious increase in Fe3+

atomic number from garnet cores (initial garnet) to garnet rims
(reacted with carbonates) was displayed in Fig. 5a. Dasgupta et
al.43,48 also carried out a series of experiments on the solidus of
bearing-carbonate eclogite (SLEC) under higher temperature and

Fig. 5 The Fe3+ atomic number (p.f.u.) variation in major silicates of
carbonated eclogites. All garnets and omphacites (or clinopyroxenes)
were collected from carbonate-bearing eclogites, including the field survey
(natural carbonated eclogites)30,31,34,40,47,67,74–76, laboratory simulation
experiments (SLEC, EC1, GA1cc, and ATCM1 see Supplementary
Table 2)43–46,48, this study experiments, and garnet-carbonate reaction
experiments15, and then their chemical composition were recalculated
(Supplementary Data 2). a Fe2+ versus Fe3+ in garnet (Grt) of carbonated
eclogites. The Fe3+ atomic number (p.f.u.) of the grain core, grain mantle,
and grain rim of garnets from natural carbonated eclogites in the
southwestern Tianshan UHP belt, NW China30,31,40,47,67, the Dabie-Sulu
UHPM belt, E China74–76, and the UHPM of Tso-Morari Region, India34

are tracked with black arrows. Using red and pink arrows direct the Fe3+

atomic number (p.f.u.) of garnet’s core (initial garnets) and garnet’s
rim (garnets reacted with carbonates) in this study and Dasgupta
et al.43,48, respectively. The Fe3+ atomic number (p.f.u.) of garnets in
other high-temperature and high-pressure simulation experiments
serves only as the reference44–46. b Fe2+ versus Fe3+ in omphacite
(Omp or Cpx) of carbonated eclogites. The blue arrow indicate the Fe3+

atomic number (p.f.u.) range in the omphacite of carbonated eclogites.
The Fe3+/ΣFe ratios range is labeled at a specific Fe2+ atomic number
in garnets and omphacites of carbonated eclogites when the Fe3+

atomic number is 0.3.
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higher pressure than ours. Similarly, the introduction of carbonates
into the eclogite did not significantly increase the garnet Fe3+

content compared with their initial garnet (Fig. 5a). Other HT-HP
experiments44–46 used a mixture of oxide and carbonates to
crystallize carbonated eclogites (EC1, GA1cc, and ATCM1)44–46,
which also attained a relatively low Fe3+ atomic number (<0.3
p.f.u.) in the recovered garnets (Fig. 5a). Garnets in natural
carbonated eclogites, which were taken from the southwestern
Tianshan UHP belt, NW China30,31,40,47,67, the Dabie-Sulu UHPM
belt, E China74–76, and the UHPM of Tso-Morari Region, India34

(Supplementary Fig. 7a), had experienced the HT-HP metamorph-
isms to provide metamorphic features (e.g., garnet core, mantle,
rim) for us to trace their redox status. Despite a complex phase
assemblage (e.g., garnet, omphacite, carbonates, quartz, rutile,
epidote, and amphibole), the variation of Fe3+ atomic number
from the garnet core, mantle to rim implies that these natural
carbonated eclogites are still in a low redox state (Fig. 5a). In
addition, the low Fe3+ atomic number (p.f.u. < 0.3) of clinopyrox-
enes in these carbonate-bearing eclogites also agrees with their
relatively reduced redox state (Fig. 5b). Notably, it is necessary to
consider the effect of carbonate-silicate cations exchange on Fe3+/
ΣFe ratios to prevent the misperception on the redox degree of
carbonate-bearing system (details see “Methods”).

In conclusion, carbonates may slightly enhance redox state of
carbonated eclogite and should not be considered as an inner
Earth oxidation agent widely. Correspondingly, the change of the
redox state, despite being a crucial factor (e.g., oxygen fugacity)
for electrical conductivity as usual77,78, will not be taken into
account in the conduction mechanism of the carbonated eclogite
(Supplementary Note 5.2).

Geophysical anomalies and carbonate capacity in the deeply
subducted slab. The elevated electrical conductivity of dry carbo-
nated eclogites induced by the carbonate-silicate cations exchange
may reverse the conventional cognition that unmelted carbonates
cannot contribute to the high conductivity of inner Earth electrical
structure79–81. Additionally, carbonates are generally low wave
velocity and density50,82–85. Thus, recycled carbonates following the
subducted slab into deep Earth may result in Earth’s interior geo-
physical anomalies (e.g., low-velocity and high-conductivity zones).
It is found that the added carbonates in eclogites may have sig-
nificant impact on the subducting eclogite geophysical peripeties
(density, wave velocity, and electrical conductivity)50,82,85. In con-
sequence, we comprehensively explored the density, wave velocity,
and electrical conductivity of carbonated eclogites, which are mainly
constrained by the carbonate content (0–40 wt%) and types
(dolomite, magnesite, and calcite) in eclogite, the constitution of
eclogite (dry high-Fe/low-Fe eclogite and hydrous eclogite), and
carbonated eclogites in a hot or cold subduction zone (Fig. 6 and
Supplementary Note 6.1).

Plate subduction companied by mass circulation between the
Earth’s surface and interior cause the mantle heterogeneity86–89, so
properties of subducted plate are significant to the inner Earth
physicochemical anomalies90–94. In this regard, we try to link the
geophysical features of subducting carbonated eclogites to the
anomalies of the field geophysical inversions in the upper mantle
(Fig. 6). Analyzing our calculations and experimental results
(Supplementary Note 6.2), we find that dry eclogites with ~10–20
wt% carbonates (i.e., ~5–10 wt% CO2) would coincide with
geophysical anomalies (positive/negative-density, low-velocity, and
high-conductivity zones) of the upper mantle (100–300 km) in hot
and cold subduction zones (Fig. 6a–e); more carbonates (> ~20 wt
%) may cause the exhumation and stagnation of subducting
carbonated eclogite in the mid-lower crust or uppermost mantle to
assist the geophysical anomalies of shallow Earth (<~100 km,

Fig. 6a, b), such as the mid-lower crust magnetotelluric anomalies
of Ladakh Batholith in India95, Kazakh Platform in Tianshan96,
and Dabie-sulu in China97 (Fig. 6e-i); and hydrous carbonated
eclogites could contribute to the geophysical anomalies of the
mantle wedge (Fig. 6a–d). Compared with the hot subduction zone
in the upper mantle, the density of carbonated eclogites are
generally higher than that of the cold subduction zone, and the
conductivity are lower and the wave velocity are higher in the cold
subduction zone. Thus, we suggest that carbonated eclogites in the
cold subduction zones could carry more carbonate (maximum to
~30 wt%) into the deep mantle than in the hot subduction zones,
which would produce the potential positive/negative-density, low-
velocity, and high-conductivity zones in the deeper mantle
(>300 km) (Fig. 6). Combined with the carbon cycle in the deep
Earth4,16,26,98–100, potential geophysical anomalies tied to the
recycled carbonates in the Earth’s interior are marked in Fig. 7.
Given the above discussions based on the hottest and coldest
subduction zone in this study, our results for a specific subducting
slab can serve as upper and lower thresholds for the density, wave
velocity, and electrical conductivity of its explicit geothermal
gradient. Meanwhile, the impact of carbonate types and content
and the chemical composition and mineral constitutes of a specific
subducting slab on the contribution of inner Earth geophysical
anomalies cannot be ignored as well (Supplementary Note 6.2).

According to our results, the density, wave velocity, and
electrical conductivity of the dry carbonated eclogite are sensitive
to the carbonate content. Specifically, the increasing carbonates in
the subducting eclogites will reduce its density and wave velocity
and increase its conductivity (Supplementary Note 6.2), which
may be essential to bind the carbonate capacity in the deeply
subducting eclogitic slab. The plate subduction is due to the
negative buoyancy of the surrounding mantle, so an appropriate
carbonate content is critical for its further subduction (Supple-
mentary Note 6.1.1). Based on the lower bound (ρ > 3.3 kg/m3) of
the plate subduction in the upper mantle, the maximum carbon
capacity of the dry eclogitic slab may be ~10–30 wt% in the hot
and cold seduction zones (Fig. 6a, b and Supplementary Fig. 8).
Considering the carbon recycling efficiency (~ 40–60 wt%)1,6,17,
the incomplete dehydration of subducting slab (i.e., bearing low-
density hydrous minerals)101,102, and the density of subducting
slab higher than the surrounding mantle commonly103, we
suggest that the carbonate capacity in deeply subducted slabs is ~
5–15 wt% (i.e., ~ 2.5–7.5 wt% carbon). Due to the diversities of
geophysical inversion, it is relatively weak for the velocity and
conductivity to constrain a specific carbonate/carbon capacity in
the deeply subducted slab currently. However, they may support
the density result by comparing them with the deciphered seismic
and magnetotelluric signals (Fig. 6c, d and Supplementary Fig. 9).

Experimental methods
Starting materials. A natural gem-grade eclogite from the Dabie-
Sulu ultrahigh-pressure metamorphic belt in eastern China was
used as the initial material. Its chemical composition was ana-
lyzed and compared with a normal eclogite, MORB, simple crust,
and alt-MORB in Supplementary Table 1. The eclogite contains
54 wt% omphacite, 43 wt% garnet, 1.5 wt% coesite, and 1.5 wt%
rutile according to mass balance calculations (using Supplemen-
tary Data 1) and microscopic observations (Supplementary
Fig. 1a), which represent a deeply subducted eclogite104. The
water content of single garnet and omphacite picked out from the
natural eclogite is 922 ppm and 447 ppm (Supplementary
Fig. 11a), respectively. Three kinds of natural water-poor carbo-
nates (Supplementary Fig. 11b), including dolomite, magnesite,
and calcite as carbon source in carbonated eclogites, is fresh
and no alteration. The carbonated eclogites were synthesized by
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mixing eclogite and carbonate powders in a series of mass ratios
at high pressure and temperature (Supplementary Tables 2 and
3). It should be noted that no permissions were required for the
samples used in this study.

Natural eclogite and carbonates (dolomite, Fe-bearing dolo-
mite, calcite, and magnesite) were ground to 10–20 μm powder
under ethanol in an agate mortar and pestle, respectively, then
both of them were dried at 120 °C for 48 h to remove ethanol.

Notably, the conductivity of silicate minerals by lattice conduc-
tion is independent of grain size105,106, and the effect of grain size
on the carbonate-silicate reactions is consistent across all of our
experiments and did not pay more attentions. Mixtures of
carbonates and eclogite based on a series of mass ratios were
weighed for each starting material (Supplementary Table 3).
Before loading into capsules, these mixtures are further ground
under ethanol for 2 h to ensure significant homogeneous

Fig. 6 Geophysical profiles of carbonated eclogites. a–d Density and P-wave velocity profiles for carbonated eclogites calculated along the hottest and
coldest subduction zone geotherms122,123 using Perple_X 6.9.014. Dry eclogite is associated with the deeply subducting eclogite (depth >～50 km in the
hot subduction zone and depth >~100 km in the cold subduction zone), and the hydrous eclogite represents a shallowly subducting eclogite; the presence
of hydrous minerals, such as amphibole and epidote, distinguishes one from the other (Supplementary Table 4). Two eclogites, the low-Fe composition
(MORB131) and high-Fe composition (this study), are considered to the impact of the eclogite composition on the density and wave velocity of carbonated
eclogite; how much carbonates content is carried by different subducted eclogites into the deep Earth. The term “20% or 40% carbonates+ eclogite (or
MORB)” refers to the arithmetical average density and P-wave velocity of dry eclogite (low-Fe or high-Fe) containing either 20% or 40% dolomite,
magnesite, and calcite eclogites, respectively (details see Supplementary Figs. 8 and 9). The term “Dabie-sulu (or Tianshan) average” refers to the
arithmetical average density and P-wave velocity of dry natural carbonated eclogites from Dabie-sulu and Western Tianshan, respectively. This paper
focuses on dry carbonated eclogites, but hydrous natural carbonated eclogites (11RC-8E* from Dabie-sulu and H146-3* fromWestern Tianshan in (a–d)) as
references. The density of PRAM132, MORB eclogite133, pyrolite134, and the P-wave velocity of PRAM134 and pyrolite135 are also as references. The yellow
shaded areas present where hydrous mineral in hydrous eclogite undergo dehydration, while blue arrows show how density or P-wave velocity changes
from the hydrous to dry systems in hot or cold subduction. Areas of density, velocity and electrical conductivity anomalies are delineated in (a–d) (details
see Supplementary Note 6.2). a, c and b, d are the same legends, respectively. e, f Conductivity profiles for carbonated eclogites based on our EC
experiments along a hottest and coldest subduction zone geotherms122,123. e-i Electrical conductivity profiles of exhumated carbonated eclogites along a
60mWm−2 continental lithosphere geotherms136. The crust conductivity anomalities (σ > 2 S/m) were labeled with a red dashed line. The magnetotelluric
anomalities profile of Ladakh Batholith B-B’ in India95, Kazakh Platform A-A’ in Tianshan96, and Dabie-sulu A-A’ in China97 were obtained (details in
Supplementary Fig. 10), where carbonated eclogites were reported30,32,34,41,74. e-ii The electrical conductivity profiles of deep subducted carbonated
eclogites along a 70Ma upper mantle geotherms137. The electrical conductivity range (−2.5 S/m <log σ <−1 S/m) of the global and regional mantle138, the
north Pacific and Philippine Sea mantle139 are displayed, labeled with a two-way arrow. The shaded light-gray color area (50 km < depth < 250 km in hot
subduction zone and depth >100 km in cold subduction zone) represents a ubiquitous region of a dry eclogite140 and before carbonates melting7.
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distribution of minerals in the bulk rock, then dry at 120 °C for
48 h to remove ethanol again, and their chemical composition
was compiled in Supplementary Table 2. After the above
procedures, each mixture was loaded into a Ni-lined Cu capsule
(ID 6mm, OD 6.3 mm, and length 13 mm). These capsules
proceeded to hot-press at 3 GPa and 700 °C for 300 min using a
YJ-3000t multi-anvil apparatus installed at the Institute of
Geochemistry, Chinese Academy of Sciences, Guiyang, China,
and its experimental assemblies are displayed in Supplementary
Fig. 12a. The recovered samples were cored into cylindrical
shapes of 5 mm diameter and 4 mm length for subsequent EC
experiments.

In situ electrical conductivity measurements. In situ electrical
conductivity measurements on carbonate-bearing eclogites were
executed in the YJ-3000t multi-anvil apparatus at 3 GPa and up to
1200 °C using pyrophyllite pressure medium and stainless-steel
sheets heater (Supplementary Fig. 12b). The hot-pressed sample
was placed in MgO and Al2O3 sleeves for insulation from the
stainless-steel sheets heater and was sandwiched between Ni
electrodes. A piece of 0.025 mm thick nickel foil grounding as a

shield layer was curled between the MgO and Al2O3 sleeves to
avoid interference for conductivity measurements by the current
in the heater. Meanwhile, the Ni electrodes and Ni foil served as
Ni-NiO buffer to control the oxygen fugacity of the sample,
corresponding to the redox condition within 200 km depth of
subduction slab107. Two nickel-aluminum (Ni97All3) thermo-
couples were used as measuring wires, internally connected to the
nickel electrodes at both ends of the sample and externally to the
Solartron 1260 impedance/gain-phase analyzer. Ni90Cr10-Ni97All3
thermocouples were electrochemically welded in spherical contact
directly against the middle of the sample, monitoring real-time
temperature of the measured sample in each experiment. Each
sample in this study was subjected to a fixed pressure (3 GPa) and
then undergoes several heating-cooling cycles (473–1473 K), at an
interval of 50 K, to collect the impedance spectrum at desired
temperature (Supplementary Fig. 13). Each recovered sample
after EC measurements was used for subsequent petrological
analysis. In each conductivity measurement, the complex impe-
dance spectra were recorded through the impedance analyzer by
frequency sweeping at 106–10−1 Hz, and 1 V applied alternating
voltage. The impedance spectrum was fitted by R-CPE (resis-
tance-constant phase element) parallel circuit to obtain each

Fig. 7 Recycled carbonates tied to potential geophysical anomalies in the Earth’s mantle. Two models depicting the subducted slab, including hot and
cold subduction zone, exhibit different geothermal structures and subducted depths103,141. Recycled carbonates (e.g., dolomite, calcite, and magnesite) are
injected into the subducting slab and lithosphere mantle through the serpentinization of the oceanic crust142–147. Once carried into the Earth’s mantle via
the two models of subducted slab, these carbonates undergo various process such as decarbonation (e.g., metamorphic decarbonation, dissolved
decarbonation, and melting decarbonation)6,11,148–151, reactions with silicates (e.g., cations exchange), melting43,44,46, and phase transitions152–154 under
elevated conditions in Earth’s interior. Ultimately, they are brought back to the Earth’s surface due to erupted magma or mantle plume155,156, completing
the carbon cycle within the Earth’s interior. Eclogite, formed by high-temperature and high-pressure metamorphism of basaltic oceanic crust, plays a crucial
role as a carrier of carbonate to the deep Earth. Hydrous eclogites are associated with the decarbonation of carbonates as usua16,157,158, while dry eclogites
facilitate to the deep subduction of carbonates43. Based on our results and the carbon cycle within the Earth’s interior4,16,26,98–100, recycled carbonates
may potentially contribute to geophysical anomalies, such as low density, low velocity, and high conductivity in the two subduction models, as indicated by
purple circles. The shaded light-gray color area (50 km < depth < 250 km in hot subduction zone7,140 and 100 km <depth in cold subduction zone28)
represents a ubiquitous region of dry eclogites and carbonates before melting.
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sample resistance R using the impedance analysis software
Z-View (Supplementary Fig. 13). The electrical conductivity were
calculated by the formula σ= L/SR, where L is the thickness of the
sample (4 mm), and S is the sectional area of the sample (dia-
meter 5 mm). There is almost no deformation (less than 5%) in
the recovered samples due to the experimental pressure of the
samples is consistent with its prefabricated pressure. Under a
constant pressure, electrical conductivity of measured samples
experienced several heating-cooling cycles achieved remarkable
consistency (Supplementary Fig. 6), which means that the mea-
sured sample almost tend to be textural equilibrium. The elec-
trical conductivity (σ) of a sample is linearly dependent on the
temperature (T), which is generally expressed by the Arrhenius
formula:

σ ¼ σ0 exp �ΔH
kT

� �
ð9Þ

Where σ0 is called the preexponential factor (a constant), ΔH is
the activation enthalpy (J/mol or eV), and k is the Boltzmann
constant (J/K). Equation (9) was obtained for each sample
through fitting the electrical conductivity of measured samples in
this study (Supplementary Table 3), and its activation enthalpy
linked to the conduction mechanisms of each sample (Supple-
mentary Note 5).

Analytical methods. The chemical composition of eclogite was
determined using a PANalytical Axios-advance (Axios PW4400)
X-ray fluorescence spectrometer (XRF) at the State Key Labora-
tory of Ore-Deposit Geochemistry in the Institute of Geochem-
istry, Chinese Academy of Sciences, Guiyang, China. The initial
samples and all recovered samples used in this study were
embedded in epoxy resin to polish with diamond powders (3, 1,
and 0.5 μm) for scanning electron microscopy (SEM) and elec-
tron probe microanalyzer (EPMA). Mineral compositional ana-
lyses (major element analyses and elemental maps) of each phase
in our experiments, including omphacite, garnet, quartz, rutile,
dolomite, Fe-bearing dolomite, calcite, magnesite, and melt glass
(Supplementary Data 1), were performed using a JEOL JXA-
8530F-plus Field Emission electron microprobe at the State Key
Laboratory of Ore-Deposit Geochemistry in the Institute of
Geochemistry, Chinese Academy of Sciences, Guiyang, China,
under operating conditions of 10–25 kV accelerating voltage and
a beam (1–10 μm) current of 5–10 nA with peak counting times
in 100–200 s. BSE images were obtained by a FIB scanning
electron microscope, a beam current of 1.6 nA, and a 10 kV
voltage, at the Center for Lunar and Planetary Sciences, Institute
of Geochemistry, CAS, Guiyang, China.

Trace water in minerals could significantly increase the electrical
conductivity108,109. Garnet and omphacite are nominally anhy-
drous minerals but host a small amount of water (or hydrogen) in
their crystal lattice110. Although this study centers the eclogite
carbonation on the chemical composition evolution and geophy-
sical properties, the intrinsic water content in garnet and omphacite
as a crucial factor may affect the order of magnitude and
conduction mechanism of the bulk rock’s electrical
conductivity55,111,112. Thus, garnet and omphacite were individu-
ally selected from natural eclogite aggregates used in this study for
double-sided polishing to ≤150 μm thickness to detect their initial
water by a Fourier transform vacuum infrared spectrometer
(Vertex 70 V and Hyperion-1000 infrared microscope), with
50 × 50 μm aperture size to allow sufficient dozens of grains in
the horizon, at the Key Laboratory of High-Temperature and High-
Pressure Study of the Earth’s Interior, Institute of Geochemistry,
CAS, China. We obtained the infrared absorption spectra of garnet
and omphacite by randomly selecting five spots in each sample

with unpolarized light. (Supplementary Fig. 11a). Water contents
in the natural garnet and omphacite were calculated by calibrated
Beer-Lambert law with the infrared absorption spectra in the
wavenumber range from 3000 to 4000 cm−1:

COH ¼ 1
εγ

Z 4000

3000

KðvÞ
d

dv ð10Þ

where COH is the water concentration (mol/l) in the targeted
minerals; K(v), a dimensionless quantity, is the absorption intensity
(absorbance) of the water from the infrared absorption spectra113;
ε, γ, and d are the molar absorption coefficient (l/mol/cm2), the
orientation factor (a dimensionless quantity) that depends on
crystallographic anisotropy and is 1/3 for the unpolarized IR
spectra as usual, and the thickness of samples (cm), respectively. In
addition, the infrared absorption spectra of two recovered samples
and natural carbonates (dolomite, calcite, and magnesite) were also
obtained to qualitatively determine whether these samples contain
water (Supplementary Fig. 11b, c).

Charge balance calculations. Figure 5 shows Fe2+ versus Fe3+

plots of garnets and clinopyroxenes in the carbonated eclogites.
The Fe3+ atomic number (p.f.u.) is derived from the EPMA data
via recalculating the formula of garnet and omphacite with the
charge balance method114. Only using the charge balance method
may bring some uncertainty about the accurate Fe3+ content in
garnet and omphacite without other assistance (e.g., the Moss-
bauer data), but enough data, i.e., more than 150 garnets
omphacites, and carbonates participating in this study (Supple-
mentary Data 2), may minimize the potential error.

The Fe3+/ΣFe ratio, which characterizes the redox state of
garnet in the carbonated eclogites, may overestimate or under-
estimate the role of carbonate as an oxidation agent in the Earth’s
interior. As is well known, both an increase in Fe3+ and a
decrease in Fe2+ will enhance the Fe3+/ΣFe ratio. The cations
exchange between garnet and carbonates can either decrease or
increase the iron content of garnet under elevated conditions
(Fig. 3b). Thus, relying on the Fe3+/ΣFe ratio to determine the
redox state of a sample may not provide an accurate result. In this
study, the Fe3+/ΣFe ratio at the garnet rim is higher than the
garnet core (Fig. 5a), which suggests a relatively higher oxidized
state after reacting with carbonates. However, it is important to
note that the decrease in Fe2+ content of garnet is due to
carbonate-silicate cations exchange, while its Fe3+ content
remains nearly unchanged. Tao and Fei15 reported strong
oxidation of their Fe2+-garnets after reacting with calcite and
siderite (Fig. 5b), but they may have overlooked this fact (Fig. 3b).
As a result, they exaggerated calcite as an oxidant and neglected
siderite as a potential oxidant in their report (Fig. 5b).
Consequently, we primarily investigate the variation of Fe3+

atomic number (p.f.u.) in analyzing of the redox status of garnets,
omphacites, and carbonates directly, and the Fe3+/ΣFe ratio is
used as an auxiliary tool, as shown in Fig. 5a, b.

Thermodynamic calculations. P–T pseudosections for carbo-
nated eclogites based on the chemical composition of bulk rock
were drawn up with the software Perple_X package 6.9.1115,
which is based on a thermodynamic database (hp62ver.dat)116.
Major elements of carbonated eclogites for the calculation com-
piled the chemical composition of eclogites (from XRF) and
carbonates (from EPMA) across a series of mass ratios in Sup-
plementary Data 3. According to the petrography of natural
carbonated eclogites (hydrous) and dry carbonated eclogites in
this study, Gt(WPH)116, Omph(HP)117, IIHm(A)118, Do(HP)116,
Cc(AE)119, and M(HP)116, Amph(DPW)120 and Ep(HP)116 as
solid solution models were applied in these thermodynamic
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calculations (Supplementary Table 4). The carbonate-silicate
reaction under elevated conditions may induce slight devolatili-
zation (H2O and CO2), so the compensated Redlich–Kwong
(CORK) equation of state (EoS) was utilized for fluids121. The
density and velocity of carbonated eclogites as a function of
temperature and pressure were calculated using Perple_X 6.9.1
alongside the P–T paths of the hottest and coldest slab-top
geotherms122,123 after the pseudosection calculations. The density
of the eclogitic slab may play a vital role in the subduction zone
due the impact of the slab pull124,125. Generally, the density of
eclogite is determined by mineral constituents, including the
proportion of rich-Fe or poor-Fe garnet and omphacite126,127 and
the content of accessory minerals (e.g., carbonates, hydrous
minerals)82,125 in the bulk rock. These factors can affect that
downgoing plates exhume to the shallow Earth crust, stagnate in
Earth’s interior, or subduct into the deep mantle61,125,126,128. The
carbonation of eclogite can decrease its density due to the lower
density of carbonates85, which could hinder its further subduction
of the eclogitic slab. In addition, carbonates are generally low
wave velocity that could result in low velocities of seismic waves
in the Earth’s interior82–84. Thus, we calculated the density and
P-wave velocity of eclogites containing dolomite, calcite, and
magnesite at varying proportions (0, 20%, and 40%) of carbonates
(Supplementary Figs. 8 and 9). This could help us determine the
amount of carbon that carried by an eclogitic slab into the deep
Earth mantle and estimate the depth at which geophysical
anomalies caused by carbonated eclogitic slab may occur (Sup-
plementary Data 3). On the other hand, the impact of the iron
content in eclogites on the carbon carrying capacity and the
potential geophysical anomalies of carbonated eclogitic slab
cannot be ignored126. Therefore, we chose two types of eclogites
for this calculation: high-Fe (this study) and low-Fe (MORB)
eclogites (Supplementary Figs. 8 and 9). Additionally, we selected
six natural carbonated eclogites from the Dabie-sulu and Western
Tianshan UHP/UHPM belts after complete dehydration as dry
carbonated eclogites to calculate their density and velocity in the
hottest and coldest subduction zones in comparison with our lab-
constituted carbonated eclogites (Supplementary Figs. 8 and 9).
H146-3* and 11RC-8E* are two natural carbonated eclogites
from the Dabie-sulu and Western Tianshan UHP/UHPM belts
before dehydration to participate in the calculations for com-
parison with dry carbonated eclogites (Supplementary Figs. 8 and
9).

Data availability
The datasets of the electrical conductivity measurement supporting the finding of this
study are available at https://doi.org/10.6084/m9.figshare.23559903.

Code availability
The open-sourced software Perple_X and thermodynamic data can be downloaded from
http://www.perplex.ethz.ch/.
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