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Abstract

High-pressure experiments (5^10 GPa, corresponding to approximately 150^300 km depth in the mantle) have been
conducted on a basalt+calcite mixture in order to constrain the fate of carbonates carried on subducted ocean floor.
At 5 GPa, carbonate breakdown occurs between 1100 and 1150‡C, and coincides with silicate melting. At 6.5 GPa
and above, only carbonatitic melts were produced and the solidus temperature is located below 1000‡C. Liquid
immiscibility is observed at the transition from silicate to carbonate melting (6 GPa and 1300‡C). The carbonatitic
solidus in the eclogite is located 4 GPa higher in pressure than in the peridotitic system. This is due to the difference of
silicate mineralogies involved in carbonation reactions. In addition, carbonatites produced in the present study are
calcium-rich (Ca/(Ca+Fe+Mg) ca. 0.80), in striking contrast to those produced by melting of carbonated peridotite
(Ca/(Ca+Fe+Mg) ca. 0.50). Carbonated eclogite should therefore be considered as a potential source for the most
abundant carbonatite type worldwide, but it is stressed that carbonatitic magmatism could be a multistage process.
Compared to pressure^temperature paths of subducting slabs, the present results suggest that carbonates will most
likely be removed from the slab before reaching 300 km, and are unlikely to be introduced by subduction either in the
transition zone or in the lower mantle. Therefore, the deep carbon cycle appears to be restricted to the upper mantle
(300 km or shallower depths). Carbonate-enriched portions located in cooler parts of the slab (fractures) could allow
for oxidized carbon introduction to deeper mantle regions, but more experiments at higher pressures are necessary to
evaluate this hypothesis. Because carbonatite production from carbonated eclogites occurs in the diamond stability
field, the present experimental results lend further support to recent models of diamond formation involving
carbonated melts in the mantle.
: 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There are numerous indicators of carbon pres-
ence in the Earth’s mantle : CO2 degassing at mid-
ocean ridges, CO2-rich lavas (kimberlites, carbo-
natites) rooted in the mantle, and diamond- or
carbonate-bearing xenoliths originating from the
deep mantle. It has been shown that in order to
balance continuous CO2 emission at volcanic cen-
ters, carbon must be recycled in the mantle [1]. If
such a process does occur, the most likely place is
at convergent margins where altered, sediment-
bearing oceanic plates return to the mantle. For
example, some metamorphic ultrahigh-pressure
rocks reveal that sedimentary carbonates can be
brought to great depths in the mantle [2,3].

Previous experimental studies on the subduc-
tion of altered oceanic crust have shown that £u-
ids released from the plate at the early stages of
subduction are water-rich, and that carbon re-
mains trapped in the plate in the form of carbon-
ates [4]. It has also been shown that carbonates
constitute a refractory phase after silicate melt
production under water-saturated conditions [5].
Therefore, in order to constrain the fate of sub-
ducted carbonates carried on oceanic £oors, high-
pressure experiments have been conducted in a
multianvil apparatus in the pressure range 5^10
GPa (corresponding to approximately 150^300
km depth). A basalt+carbonate mixture was chos-
en as the starting material in the present investi-
gation. Here the focus is on carbonate stability in
eclogitic assemblages (as in [5], but at higher pres-
sure), as well as on melting relationships.

2. Experiments and analyses

Experiments were carried out on a mixture
composed of 89.8 wt% glass of basaltic composi-
tion, 10.1 wt% calcium carbonate and 0.12 wt%
H2O. The amount of carbonate was arbitrarily
chosen to facilitate carbonate phase identi¢cation,
and is not intended to mimic the actual carbon-
ate/silicate ratio of the oceanic plate. Water was
added in such an amount as to represent residual
water carried on the slab after breakdown of the
hydrous phases [6]. The altered basalt composi-

tion (OTB, Table 1) is close to that used in [4].
It was prepared by melting a gel in a gas-mixing
furnace at oxidizing conditions (NNO bu¡er) us-
ing a mixture of CO2+H2. Basalt glass, calcium
carbonate and water (in the form of Al(OH)3)
were thoroughly mixed under ethanol in an agate
mortar and loaded in gold capsules which were
subsequently welded shut. Experiments at
1300‡C and 6 and 6.5 GPa used AuPd (20 wt%)
capsules.

High-pressure experiments were performed in
the multianvil apparatus of the Laboratoire
Magmas et Volcans in Clermont-Ferrand, using
a 1000-ton press and a split-cylinder device
(Walker-type [7]). High-pressure assemblies con-
sisted of Cr-doped MgO octahedra and used py-
rophyllite gaskets. Experiments between 5 and
7 GPa were performed with a 25/17 assembly (oc-
tahedra side-length = 25 mm; WC cube truncation
edge-length= 17 mm) calibrated against the gar-
net^perovskite transition in the CaGeO3 system
[8] and the coesite^stishovite transition [9]. The
10 GPa experiments were performed with a 14/8
assembly calibrated against the coesite^stishovite
transition [9] and the K^L transition in the
Mg2SiO4 system [10]. The recorded pressures of
the experiments are believed to be accurate within
0.5 GPa. Heating was achieved using stepped
LaCrO3 tubular furnaces. The samples were
placed at the center of the furnace, inside MgO
sleeves to prevent contact between the furnace
and the gold capsules. Zirconia sleeves were

Table 1
Composition of strating material (wt% oxide)

OTBa S.D. OTBCb

SiO2 52.72 0.46 47.23
Al2O3 16.88 0.14 15.35
FeOtotal 9.97 0.35 8.93
MgO 6.96 0.18 6.24
CaO 10.19 0.19 14.77
Na2O 3.25 0.14 2.91
K2O 0.02 0.02 0.02
H2O 0.12
CO2 4.43
Total 100.00 100.00
a Electron microprobe analysis of fused gel mixture equili-
brated at NNO (average of 50 analyses normalized to 100%).
b OTB+10.1 wt% calcite+0.12 wt% water (as Al(OH)3).
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placed between furnaces and octahedra to mini-
mize heat loss. The temperature was read with a
Pt-PtRh10 thermocouple encased in a mullite
sleeve and positioned axially in the assembly, in
contact with the top of the sample container. The
temperature was monitored using a Eurotherm
900 controller and remained constant within 1‡C
during the course of the experiments. No correc-
tion for the pressure e¡ect on the thermocouple
emf was applied. Each experiment consisted of
¢rst raising the pressure to the desired value be-
fore heating. Run duration was typically several
days (Table 2). During the course of the whole
experiment, the load on the ram was maintained
constant by a regulating pumping unit using a
step-by-step motor. The runs were terminated by
switching o¡ the power of the furnace, resulting in
a temperature drop below 200‡C in less than 2 s.
Samples were then slowly decompressed during
approximately 12 h.

After recovery, experimental charges were
mounted in resin and polished to 1/4 Wm grit us-
ing diamond paste. The samples were observed
and phase compositions were determined with a
Cameca SX100 electron microprobe. Operating
conditions were 15 kV accelerating voltage and
beam current 15 nA for silicate minerals, using
a focussed beam. Standards used were albite
(Na, Si), Al2O3 (Al), Fe2O3 (Fe), olivine (Mg),
wollastonite (Ca), and orthoclase (K). Silicate
glasses were analyzed using a 10 nA beam current
using defocussed beam when possible. For car-
bonate analyses, various procedures were at-
tempted, using either lower current, lower count-
ing times or both, and carbonates as standards. It
was found that the di¡erence between these pro-
tocols and that used for silicates were small. Par-
ticularly it was noted that cation atomic ratios
were similar. Therefore, the silicate analytical pro-
cedure was used for all phases. The only di¡er-

Table 2
Experimental results

Run No. P T Duration Result
(GPa) (‡C) (h)

109 5 1000 48 Gt+Px+Coes+Cc
110 5 1100 24 Gt+Px+Coes+Cc
137 5 1150 75 Gt+Px+Coes+sil. melt+CO2

166 6 900 97 Gt+Px+Coes+Ar+Dol
165 6 950 94 Gt+Px+Coes+Ar+Dol
169 6 1000 72 Gt+Px+Coes+Cc
203 6 1100 48 Gt+Px+Coes+Cc
212 6 1200 24 Gt+Px+Coes+Cc+CO2

220 6 1250 24 Gt+Px+Coes+carb. melt
221 6 1300 24 Gt+Px+Coes+sil. melt+carb. melt
192 6.5 950 120 Gt+Px+Coes+Ar+Dol
206 6.5 1000 53 Gt+Px+Coes+Ar+Dol+carb. melt
210 6.5 1100 3 Gt+Px+Coes+Cc+carb. melt+CO2

223 6.5 1200 24 Gt+Px+Coes+Cc+carb. melt
222 6.5 1300 24 Gt+Px+carb. melt
181 7 900 114 Gt+Px+Coes+Ar+Mgst
164 7 950 118 Gt+Px+Coes+Ar+Dol
161 7 1000 75 Gt+Px+Coes+Ar+carb. melt
213 7 1100 24 Gt+Px+Coes+Cc+carb. melt
117 7 1300 96 Gt+Px+Coes+carb. melt
184 10 950 86 Gt+Px+Stish+Ar+Mgst
162 10 1000 48 Gt+Px+Stish+Ar+carb. melt
147 10 1100 75 Gt+Px+Stish+Ar+carb. melt
143 10 1200 75 Gt+Px+Stish+Ar+carb. melt

The phases are: Gt= garnet; Px=pyroxene; Coes= coesite; Stish= stishovite; Cc= calcite; Ar= aragonite; Dol =dolomite;
Mgst=magnesite; sil. melt = quenched silicate melt; carb. melt = quenched carbonatitic melt.
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ence is that carbonates were analyzed with a de-
focussed beam (1^10 Wm, depending on available
space).

3. Results

3.1. Sample description

Details of the experimental conditions and re-
sults are provided in Table 2. Run products usu-
ally consist of a mixture of silicate and carbonate
materials. The silicate assemblage is an eclogite
composed of garnet, Na-rich pyroxene (ompha-
cite) and a silica polymorph (coesite between
5 and 7 GPa, stishovite at 10 GPa). The type of
carbonates present in the experimental samples
varies depending on P^T conditions (Table 2).
The results of the experiments are summarized
in the P^T phase diagram given in Fig. 1. Two
solidi have been found: the low-pressure solidus

corresponds to the formation of silicate melt,
whereas high-pressure melting yields carbonatitic
melt. Four examples of melting textures are
shown in Fig. 2. No hydrous crystalline phase
was identi¢ed in the subsolidus run products.
This absence is interpreted as being due to the
fact that the small amount of water which was
added to the starting mixture was present as a
water-rich £uid phase at run conditions, although
a small fraction could have been dissolved in the
silicate or carbonate minerals.

Carbonate minerals were determined on the ba-
sis of their chemical composition obtained by an
electron microprobe, because no structural infor-
mation is available. In the following (as well as in
Table 2), aragonite (Ar) designates CaCO3 end-
member, while magnesite (Mgst) is used for
(Mg,Fe)CO3 having less than 10 mol% CaCO3.
These two minerals are easily distinguished. For
intermediate compositions (Ca,Fe,Mg)CO3 two
groups were found. Ca-rich (s 75 mol%) carbon-
ates have been named calcite (Cc) and occur in
the low-pressure range for temperatures between
1000 and 1100‡C. On the other hand, carbonates
with Ca between 50 and 70 mol% have been
named dolomite (Dol). Dolomite always occurs
together with aragonite. The nature of the car-
bonate assemblages is given in Table 2 and indi-
cated in Fig. 1. For increasing pressure at subso-
lidus temperature, the usual sequence calcite^
dolomite^magnesite [11] is observed. Below the
carbonatitic solidus and as pressure increases, car-
bonate assemblages consist of (i) Cc, (ii) Ar+Dol,
(iii) Ar+Mgst. For increasing temperature at con-
stant pressure below 6.5 GPa, the sequence is
(i) Ar+Dol, (ii) Cc, (iii) carbonate breakdown
( = decarbonation). For increasing temperature at
7 GPa, the sequence is (i) Ar+Mgst, (ii) Ar+Dol,
(iii) Ar+carbonatitic melt, (iv) carbonatitic melt
with no cristalline phase.

For each experimental sample, phase propor-
tions were calculated by mass balance using elec-
tron microprobe analyses (phase compositions are
given in the supplementary data set1). The results
have been included in Fig. 1, in the form of pie-

Fig. 1. Experimental P^T phase diagram for carbonated eclo-
gite. Fields have been labelled following phase identi¢cation
in the run products. Although not required by the data, a
slight positive slope has been drawn for the carbonatitic sol-
idus. The experimental data points are pie-diagrams repre-
senting phase proportions determined by mass balance (key
in the inset). The pattern ‘carbonate’ corresponds to any car-
bon-bearing phase (solid, liquid or vapor).

1 See online version of this paper.
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diagrams. In the subsolidus region, the propor-
tions of garnet relative to pyroxene vary accord-
ing to the nature of the carbonate assemblage,
with garnet/pyroxene increasing from carbonate-
free assemblages to eclogite+Cc and ¢nally to
eclogite+Dol+Ar. No notable change is noted be-
tween eclogite+Dol+Ar and eclogite+Mgst+Ar
regions.

3.2. Melting relations and melt compositions

At 5 GPa and 1150‡C, the amount of silicate
melt is very low. Only tiny pockets are present
and their composition is dacitic (Table 3). The
same result has been found at lower pressure [5].
Electron probe analysis totals for the silicate
glasses are lower than 100%. This di¡erence could
correspond to water contents. The ratio (di¡er-
ence to 100%)/wt% K2O is of the order of that
of the starting mixture, as expected for two com-
pounds (water and potassium) having the same

degree of incompatibility. The silicate solidus
was located between 1100 and 1150‡C at 5 GPa.
Carbonate breakdown seems to coincide with the
silicate solidus at this pressure. Whether or not
the cause for eclogite melting is CO2 release has
not been investigated here, since silicate melting
was not the main focus of the present study. Pre-
vious investigators have shown that CO2 has a
small e¡ect on the location of peridotite solidus
for silicate melting [12].

Liquid immiscibility was found at 6 GPa and
1300‡C, where silicate melt with an overall basal-
tic composition coexists with carbonatitic melt
(Table 3). The low Mg/(Mg+Fe) ratio (Mg#) of
the silicate melt is related to the eclogitic source
composition. The di¡erence normalized to 100%
is of the same order as in the 5 GPa melts. How-
ever K content is very low. For this reason and
also because the melt fraction is markedly higher
than in the 5 GPa sample, the di¡erence normal-
ized to 100% at 6 GPa is interpreted as represent-

St

Gt

Px

CM

20 µm

10 GPa - 1200°C

(c)

Px
Gt

Sil melt

CO2

20 µm

5 GPa - 1150°C

(a)
Px

Gt

Sil

melt
CM

6 GPa - 1300°C 10 µm

Px

Gt

CM

6.5 GPa - 1300°C 20 µm

(b)

(d)

Fig. 2. Electron photomicrographs illustrating melting textures in carbonated eclogite. Run conditions are given in the insets. (a)
Low-degree silicate melting. The porosity corresponds to former CO2 vapor present in the sample at run conditions. (b) High-de-
gree silicate melting with immiscible carbonatitic liquid. (c) Quenched carbonititic melt at high pressure. (d) High-degree carbona-
titic melting at lower pressure and higher temperature. Abbreviations: Gt= garnet; Px=pyroxene (omphacite) ; St = stishovite; Sil
melt = quenched silicate melt; CM=quenched carbonatitic melt.
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ing CO2 dissolved in the melt at run conditions.
This interpretation is compatible with the pres-
ence of an immiscible carbonate melt.

At 6.5 GPa and above, the carbonatitic solidus
was located between 950 and 1000‡C. This tem-
perature does not appear to vary much with pres-
sure even when the nature of subsolidus carbon-
ate changes from dolomite+aragonite to mag-
nesite+aragonite. The carbonatitic solidus temper-
ature is approximately 200‡C below that of the
silicate (Fig. 1). This topology (backbending of
the solidus with increasing pressure) is similar to
that observed for the peridotite+CO2 system [12^
15], as will be discussed below. Carbonatitic melts
are calcium-rich (Table 3), which is a major di¡er-
ence from liquids produced by carbonated perido-
tite melting [12^17]. The compositions of the ex-
perimentally produced Ca-rich carbonatitic melts
are compatible with naturally occurring calcitic
melts ([18] and Fig. 3). Their Ca# (i.e. Ca/(Ca+
Fe+Mg) in atoms) ranges between 75 and 84 and
their alkali content is very low. Implications for
carbonatitic melts in the mantle will be discussed
later.

Below 1300‡C or from 7 GPa and above, car-
bonatite melts are silicate-free. Melts produced at
1300‡C and 6 or 6.5 GPa have appreciable
amounts of dissolved silicate (see Table 3). There-
fore, silicate solubility in carbonate melt increases

when approaching the silicate solidus whereas
CO2 solubility in silicate melt increases while ap-
proaching the domain of stable carbonated liquid.
No continuum between the two types of melts
was observed but it is not excluded that it could
occur at higher temperature.

Fig. 3. Composition of carbonatitic melts produced by melt-
ing of carbonated eclogite at 7 and 10 GPa (this study) pro-
jected in the CaCO3^MgCO3^FeCO3 compositional space,
and comparison with naturally occurring calcitic melts [18].
In the natural carbonatite ¢eld, darker gray correspond to
higher frequency.

Table 3
Electron microprobe analyses of selected quenched silicate and carbonatitic melts

Run No. 137 220 221 221 222 161 117 147 143
P(GPa)/T(‡C) 5/1150 6/1250 6/1300 6/1300 6.5/1300 7/1000 7/1300 10/1100 10/1200

Silicate Carbonate Silicate Carbonate Carbonate Carbonate Carbonate Carbonate Carbonate

SiO2 63.67 0.78 45.16 10.78 9.70 0.14 0.38 0.21 0.18
Al2O3 13.42 0.38 12.73 3.35 2.53 0.34 0.28 0.57 0.57
FeO 2.54 7.48 7.79 8.64 8.56 4.34 6.81 4.53 7.16
MgO 0.68 3.74 3.61 4.78 4.74 4.11 6.10 4.06 5.08
CaO 6.19 44.19 16.57 34.53 34.85 46.51 41.96 46.47 42.96
Na2O 0.88 0.08 1.88 0.31 1.82 0.81 0.68 0.49 0.38
K2O 1.15 0.00 0.04 0.02 0.03 0.13 0.05 0.01 0.05
CO2 n.a. 43.34 n.a. 37.59 37.76 43.63 43.74 43.67 43.63
Total 88.52 100.00 87.79 100.00 100.00 100.00 100.00 100.00 100.00
CaCO3 80.00 72.06 72.41 83.63 75.26 83.50 77.26
MgCO3 9.43 13.87 13.71 10.27 15.21 10.15 12.70
FeCO3 10.57 14.07 13.88 6.10 9.53 6.35 10.05
Mg/Mg+Fe 32.11 47.16 45.25 49.63 49.68 62.75 61.47 61.50 55.82

For carbonatitic melts CO2 is determined by stoichiometry and all analyses are normalized to 100%. Oxides are in wt%, carbon-
ate end-members are in mol% and Mg/Mg+Fe is in atoms. n.a. = not analyzed.
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4. Discussion

4.1. Carbonation reactions in eclogite

Carbonation reaction in the peridotitic system
have been well studied and the location of the Mg
end-member reactions in the P^T space are well
known (reviewed in [11]). In contrast, except for a
few studies [19,20], little experimental work has
been devoted to eclogite carbonation. The most
relevant reactions for both systems are shown in
Fig. 4, which illustrates that carbonation occurs
at lower pressure in the peridotitic system, due to
the presence of olivine and/or orthopyroxene. In
the eclogitic system, because of the absence of

both olivine and orthopyroxene, carbonation re-
actions involve clinopyroxene or garnet of which
only Mg end-members have been experimentally
bracketed [19,20].

In the present study the model reactions (4) and
(5) of the eclogitic system (Fig. 4) could not be
observed. Mass balance performed on the exper-
imental assemblages indicates that carbonation re-
actions involve both garnet and pyroxene and
that one is formed at the expense of the other.
Comparing phase proportions and compositions
across (A) at 5 GPa yields the following reaction
(A):

4 CaCO3 þ 4 SiO2 þ ðMg;FeÞ3Al2Si3O12

¼ 3 CaðMg;FeÞSi2O6 þ CaAl2SiO6 þ 4 CO2

4 calciteþ 4 coesiteþ garnet

¼ 3 clinopyroxeneþ Tschermack0s molecule

þ4 CO2 ðAÞ

As written above, carbonation reaction (A) corre-
sponds to the formation of the pure Ca-calcite
end-member. That the observed Cc is Mg and
Fe bearing suggests that either orthopyroxene
partially replaces clinopyroxene in the right-hand
side of reaction (A) or that further Ca^Fe^Mg
exchange takes place between garnet and calcite
present in the left-hand side of the reaction.

Reaction (B) in Fig. 4 is more di⁄cult to mod-
el. The garnet/pyroxene ratio is higher in the do-
lomite-present domain, yet, its increase, although
sharp when crossing (B) toward lower tempera-
ture, is less pronounced than in the case of (A).
The analysis is further complicated by the fact
that in eclogites the garnet/pyroxene ratio in-
creases with P due to the dissolution of calcic
and aluminous pyroxene in garnet, as shown in
[22].

Because reaction (C) is not associated with
changes of the garnet/pyroxene ratio, it appears
to correspond to ferrous dolomite breakdown
rather than to a carbonation reaction. Dolomite
breakdown is due to pressure increase, and the
reaction has been bracketed in [23] for CaMg-
(CO3)2 end-member (reaction (7) in Fig. 4). In

Fig. 4. Comparison of model carbonation reactions from the
literature with the topology of carbonated eclogite from this
study. Reactions are labelled as follow: (1) CaMg(CO3)2+
2Mg2Si2O6 = 2Mg2SiO4+CaMgSi2O6+2CO2 ; (2) 2MgCO3+
Mg2Si2O6 = 2Mg2SiO4+2CO2 ; (3) 2MgCO3+CaMgSi2O6 =
CaMg(CO3)2+2Mg2Si2O6 ; (4)CaMg(CO3)2+2SiO2 =CaMgSi2O6+
2CO2 ; (5) 3MgCO3+Al2SiO5+2SiO2 =Mg3Al2Si3O12+3CO2 ;
(5a) 3CaCO3+Al2SiO5+2SiO2 =Ca3Al2Si3O12+3CO2 ; (7)
MgCO3+CaCO3 =CaMg(CO3)2. Reactions (1) to (3) corre-
spond to carbonation in the lherzolitic system [11,21], (4) to
(5a) to carbonation in the eclogitic system [19,20] and (7) to
dolomite breakdown at high pressure [23]. All curves have
been experimentally determined except for (5a) which has
been calculated [20]. The curves labelled (A), (B) and (C) for
the eclogitic system are discussed in the text.
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the present study, the dolomite breakdown reac-
tion is shifted toward higher P and lower T,
which is likely an e¡ect of iron addition to the
carbonate.

4.2. Comparison of melting relations in
peridotite+CO2 and in carbonated eclogites

Both eclogitic and peridotitic solidi have a cusp.
This cusp corresponds to the transition from sili-
cate melting (high temperature) to carbonate
melting (low temperature) and also to the inter-
section with the dolomite-in reaction in the subso-
lidus region (Fig. 5). Because melts produced near
the solidus are silicate-free the carbonatitic solidus
temperature of carbonated silicate lithologies is
governed by melting relationships in the pure car-
bonate system [13]. For carbonated peridotites,
most earlier experiments were performed in Fe-
free systems where the stable carbonate on the
subsolidus is dolomite (CaMg(CO3)2) [13,14].

Dolomite melts at about 1250^1300‡C in the
2.5^3 GPa range [24], i.e. the pressure where it
appears in the carbonated peridotite assemblage.
This value for the melting point is similar to that
reported for the carbonatitic solidus in the Fe-free
peridotite+CO2 system [13,14,17]. In comparison
with model (synthetic, Fe-free) peridotitic sys-
tems, melting in the presently investigated carbo-
nated eclogite system occurs at lower temperature
(by approximately 300‡C), which is likely due to
the presence of iron as an additional component.
In the few studies that considered iron [12,25], the
solidus for carbonated peridotite was located at
lower temperature (ca. 1050‡C at 2 GPa, see
Fig. 5).

The most remarkable di¡erence between the
peridotitic and the eclogitic carbonatitic solidi is
pressure. As discussed above, the carbonatitic sol-
idus is de¢ned by the appearance of a fusible car-
bonate on the subsolidus. In the previous section,
carbonation reactions in the peridotitic and the
eclogitic systems were discussed and it was shown
that carbonation reactions are shifted toward
higher pressure in eclogites. Here lies the cause
for the di¡erence in pressure of the carbonatitic
solidus between the two systems. Whatever the
temperature required for the carbonatitic melt to

appear, which depends on the composition of the
ternary carbonate present on the solidus, the min-
imum pressure is de¢ned by the dolomite-in reac-
tion in the subsolidus assemblage; this pressure is
governed by the nature of the silicate assemblage
(peridotitic vs. eclogitic). In the present study, we
can note that Cc produced by carbonation reac-
tion (A) is refractory. Only (B) yields a carbonate
that is fusible for the investigated P^T conditions.
The di¡erence for the slope of the carbonatite
melting curves between the peridotitic and the
eclogitic systems can be attributed to melting
pressure. In the case of end-members CaCO3

and MgCO3, it has been shown that the melting
temperature only slightly depends on pressure
above 5 GPa (reviewed in [24]).

To summarize, the temperature of carbonatitic
solidus is governed by the nature and composition

Fig. 5. P^T diagram comparing the topologies of carbonated
eclogite (this study) and peridotites: HP=Hawaiian pyrolite
[12] ; CMAS=CaO^MgO^Al2O3^SiO2 synthetic system [17];
CMS=CaO^MgO^SiO2 synthetic system [14,16]. Also indi-
cated is the graphite^diamond boundary. Lines labelled (1)
and (3) refer to dolomite- and magnesite-in reactions, respec-
tively, in the peridotitic system (see Fig. 4). Note that for the
three peridotitic systems, the points where the solidi display
their cusp lie approximately along the same line in the P^T
space. The dolomite-in reaction seems to vary little with iron
addition in the peridotitc system.
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of the ternary carbonate phases present in subso-
lidus assemblages, and, therefore, by cation distri-
bution (primarily Ca, Fe and Mg) between equi-
librium carbonates and silicates. Because
lherzolite Mg# is higher than that of eclogite,
carbonated solidus temperature is higher for lher-
zolite. On the other hand, carbonatitic solidus
pressure depends on the nature of the silicate as-
semblage: lower pressure for peridotites; higher
pressure for eclogites. It is worth noting here
that, in the case of eclogites, carbonatitic melts
are formed at pressures corresponding to the dia-
mond stability ¢eld.

4.3. Melting of carbonated eclogites and
carbonatite genesis in the mantle

A most remarkable feature of the present ex-
perimental carbonated melts produced from an
eclogitic source is their high calcium content (Ta-
ble 3; Fig. 3). In addition, the pressure and tem-
perature conditions of the eclogite carbonatitic
solidus are fully compatible with the P^T path
of subducting slabs [26] (Fig. 6). Although the
debate over the carbon of carbonatites is now

settled in favor of a mantle origin [27], the exact
nature of the magma sources is still not clear.
Experimental work in the peridotite+CO2 system
showed that dolomitic (i.e. Mg-rich) melts could
be produced at moderate to high pressure [12^17].
However, the vast majority of naturally occurring
carbonatites are calcic [18], although not all of
them are primary melts (i.e. some might result
from late stage fractionation or liquid immiscibil-
ity). The similarity between the present experi-
mentally produced melts and naturally occurring
calcic carbonatites suggests that carbonated eclo-
gite is a potential source for Ca-carbonatitic melt
production in the mantle. Since carbonatite erup-
tive centers worldwide are not located in arc re-
gions but rather correspond to extensive environ-
ments [28], the present experimental results should
be viewed rather as a means to create calcium and
carbon-enriched regions in the mantle. The excel-
lent wetting properties [29,30] and fast percolation
kinetics [31] of carbonated melts should favor this
mantle modi¢cation. Altered mantle portions
could then be the source of calcic carbonatites
during later magmatic events.

4.4. Implications for carbon cycle in the mantle:
can carbon be introduced into the lower mantle
by subduction?

Previous experimental work in the peridotitic
system showed that magnesium carbonate (mag-
nesite MgCO3) could be stable at pressure and
temperature conditions equivalent to those pre-
vailing in the lower mantle [32]. The conclusion
was that carbon could be hosted in the lower
mantle in the form of magnesite. Not considered
so far has been the origin of carbon (primordial
or recycled from the surface). The results of the
present investigation allow us to assess the possi-
bility that carbon could be introduced to the deep
mantle by subducting plates.

Fig. 6 shows that carbonates cannot be sub-
ducted to more than 300 km in the mantle. What-
ever the slab subduction rate and subsequent P^T
path (hot-slab or cold-slab regime [26]), carbon is
removed from the plunging plate by melting or
decarbonation reactions. Transfer to the overlying
mantle is expected, given the physical properties

Fig. 6. Carbonated eclogite phase diagram (this study) super-
imposed with P^T paths for subducting slabs [26] indicated
by arrows. Hot slab refers to slow subduction, while cool
slab refers to fast subduction.
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of carbonatites [29^31]. By taking into account
carbonate distribution in the slab we can evaluate
the possibility that some carbonates could escape
removal from the plate. Some results from the
Deep Sea Drilling Project on sea£oor alteration
[33] as well as studies on ophiolites (recent [34] or
ancient [35]) have shown that carbonates are
present either on top of the slab (sediments or
alteration) or in veins or fractures limited to
depths of a few hundred meters. Most of the car-
bonate precipitation occurs o¡-axis and the mas-
sive peridotite appears to be devoid of carbonates.
In addition, it seems that alteration pro¢les have
not dramatically changed from Archean times to
the present [35]. Because the plate interior is cool-
er, only carbonates located in deep fractures of
the oceanic crust could escape melting on the
cold-slab path. Further experimental work at
higher pressures, however, is desired to investigate
the e¡ects on the carbonate stability of eclogite
transformation into garnetite by sodic pyroxene
dissolution in majoritic garnet [22], and further
reaction yielding perovskite-bearing (lower man-
tle) assemblages [36].

5. Conclusion

The present experimental results suggest that
carbonates carried by subducted ocean £oors are
unlikely to cross a depth limit located approxi-
mately 300 km in the upper mantle. Although
additional work taking sediments into account is
desirable to re¢ne the present picture, it is rather
clear that the limit outlined above is governed by
the nature of the silicate assemblage (eclogitic)
and associated reactions between silicates and car-
bonates. The e¡ect of more components on phase
relationships would be to lower the carbonatitic
solidus even more than as reported in the present
investigation. It has been argued than carbon
could be hosted in the lower mantle in the form
of magnesite [32,37]. Although the present results
do not strictly contradict this statement, they raise
the question as to the origin of the carbon located
in the lower mantle; this carbon could be primor-
dial, i.e. resulting from the early stages of the
Earth’s history. If it is recycled, however, lower

mantle carbon would be introduced by the sub-
duction of carbon-rich portions located in cooler
slab parts (carbonate-¢lled fractures). This possi-
bility still needs experimental con¢rmation for its
feasibility.

Concerning carbonatite petrogenesis, the
present experimental results are in line with recent
views that recycling of crustal carbonates in the
mantle potentially plays an important role [38].
Because carbonatites are not situated above active
subduction zones, carbonatite magmatism cannot
be a single melting event. Rather, a ¢rst step in
carbonatite magmatism consists in removing car-
bonates from the plate and introducing them into
the overlying upper mantle. Because the sur-
rounding silicate assemblage is no longer eclogitic
but peridotitic, freezing of the carbonate should
occur by reaction with mantle silicates (see Fig.
5), resulting in modi¢ed, carbon- and calcium-en-
riched mantle regions. Recycling times which have
been invoked [38] could also represent the time
lag between subducted carbonate extraction
from the eclogite, and the modi¢ed (carbonated)
peridotite melting.

Finally, it is important to note that carbonate-
rich melts produced in the eclogitic system are
formed in the diamond stability ¢eld, which is
not the case for the peridotitic system. Diamond
precipitation from £uids has been discussed [39]
but the £uid origin is not clear. It has been shown
that CO2-bearing £uids could not migrate in the
mantle because of their poor wetting properties
[30], whereas carbonatites, in contrast, are highly
mobile [29^31]. Therefore, if carbonatites are re-
duced when transferred from the oxidized slab to
the surrounding reduced peridotitic mantle [37],
they may be involved in diamond formation in
the upper mantle, and a tight genetic link between
some diamonds and carbonated eclogites could
therefore be invoked.
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