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The role of continental subduction in mantle
metasomatism and carbon recycling revealed by melt
inclusions in UHP eclogites
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Laurent Remusat6, Giulio Borghini7, Sula Milani7

Subduction is the main process that recycles surface material into the mantle. Fluids and melts derived by de-
hydration and partial melting reactions of subducted continental crust, a major reservoir of volatiles (i.e., H2O
and CO2) and incompatible elements, can substantially metasomatize and refertilize the mantle. Here, we inves-
tigate glassy inclusions of silicate melt of continental origin found in Variscan ultrahigh-pressure eclogites to
assess the continental crust contribution to mantle metasomatism and the journey of volatiles, carbon in par-
ticular, to the deep roots of mountain belts. We argue that the melt preserved in these inclusions is the agent
responsible for mantle metasomatism and subsequent ultrapotassic magmatism in the Variscides. We propose
that continental subduction can redistribute a substantial volume of carbon in the continental lithosphere,
which is subsequently transferred to the continental crust during postcollisional magmatism and stored for a
time length longer than that of the modern carbon cycle.
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INTRODUCTION
Fluids andmelts generated by devolatilization and partial melting of
buried surface materials in subduction zones are responsible for
metasomatism of the overlying mantle wedge (1–3), thus playing
a major role in controlling element fractionation associated with
crustal differentiation in Earth’s lithosphere (4, 5). In convergent
settings, fluids and melts can be released at depth by both oceanic
lithosphere and continental crust. In the case of the oceanic litho-
sphere, the components released during devolatilization and partial
melting reactions, after being temporarily stored in the mantle
wedge, may return to Earth’s surface as the magmatic and volatile
products of volcanic arc activity (1, 2, 6). Additional evidence for
this mantle-crust interaction is found in the overriding plate in
the form of ultrapotassic plutons emplaced in the latter stage of con-
tinental collision (7–9), a common occurrence in both modern arc
settings (10) and eroded collisional belts. However, studies on the
quantification of remobilization of surface material and transfer of
volatiles, notably carbon, to the mantle have so far mainly focused
on the oceanic lithosphere [(11) and references therein], thus
leaving the impact of continental subduction on the global carbon
budget of the deep Earth poorly constrained (12). In this work, we
show that volatiles and incompatible elements derived from the
felsic continental crust substantially contribute to mantle enrich-
ment and carbon storage in the deep crust, upper mantle, and post-
collisional (ultra-)potassic rocks.
Exhumed (ultra)high-pressure [(U)HP] rocks provide a direct

window into deep lithospheric processes (9). Analogous to

peritectic minerals in crustal migmatites (13), eclogitic garnets
can also trap primary melt and fluid inclusions from metasomatic
agents present at (U)HPmetamorphic conditions (14, 15). The melt
enclosed in primary inclusions during high-grade (U)HPmetamor-
phism does not experience CO2 degassing before entrapment (11,
16), unlike melt in inclusions from low-pressure arc basaltic
magmas, as CO2 solubility in silicate melts strongly increases with
pressure (17). Moreover, previous in situ measurements have shown
that preserved melt inclusions in metamorphic rocks have main-
tained their original H2O content (18–20). Thus, (U)HP inclusions
represent a powerful tool to investigate mobilization of volatiles as-
sociated with the subduction of the continental crust (13, 21). We
targeted UHP eclogites embedded in diamond-bearing granulitic
gneisses (22, 23) from the Saidenbach Reservoir in the Erzgebirge,
Bohemian Massif (Germany). These eclogites experienced peak
metamorphism likely at the same conditions of the surrounding
gneisses, 1000°C and 4.5 GPa (24). The former, originally mafic
dykes, were subducted along with continental felsic material and
subsequently involved in the continent-continent collision respon-
sible for the formation of the Variscan orogenic belt in Europe (25).
These eclogites contain preserved primary melt inclusions, some of
them glassy, trapped in garnet. Their characterization provides
quantitative data on the nature and budget of crustal-derived vola-
tiles and incompatible elements at 130 to 150 km depth.
Building mountain ranges is a complex process that balances

consumption and production of carbon (25, 26). The study of the
deep melts, the medium in which volatiles are preferentially parti-
tioned at high P and T, trapped in inclusions is possibly the most
fruitful approach for shedding light not only on the past but also
on the future evolution of modern orogens. In many respects, the
Bohemian Massif could be regarded as representative of what will
become of the present-day Himalaya-Tibet-Karakoram-Pamir
system (25).
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RESULTS
Melt inclusions in UHP eclogites of Saidenbach
The Saidenbach UHP eclogites are dominated by garnet, clinopyr-
oxene, and minor quartz (Fig. 1A and table S1). The garnet shows a
core with composition Prp28Alm44Grs27Sps1 [Mg# = 40 where
Mg# = molar Mg/(Mg + Fe2+tot) × 100] and a narrow rim slightly
higher in Alm and lower in Grs. The clinopyroxene has an
average jadeite (Jd) content of 44 mol % (Mg# = 77). The inner
part of garnet contains primary melt inclusions, both glassy and
polycrystalline (i.e., nanogranitoids) (27), arranged as clusters
(Fig. 1). Polycrystalline quartz pseudomorphing former coesite is

also present in the same microstructural position (Fig. 1B) (28).
The coexistence of coesite and melt inclusions in the same cluster
indicates that the melt was trapped at UHP metamorphic condi-
tions, thus likely at the metamorphic peak.
The glassy inclusions, 2 to 4 μm in diameter, represent <10% of

the clusters, often exhibit a shrinkage bubble (Fig. 1D), and are
hydrous, as shown by the Raman spectrum (Fig. 1F). Nanograni-
toids are generally bigger, 5 to 20 μm in diameter, and contain a
constant mineral assemblage of kumdykolite (orthorhombic poly-
morph of NaAlSi3O8), quartz, kokchetavite (hexagonal polymorph
of KAlSi3O8), biotite, white mica, calcite, and rare graphite (Fig. 1, C

Fig. 1. UHPeclogites of Saidenbach, Erzgebirge, Germany. Backscattered electron (BSE) image (A) and photomicrograph (B) of eclogite texture and BSE images ofmelt
inclusions (C to E). (A) Eclogite dominated by garnet (Grt) and clinopyroxene (Cpx) with minor quartz (Qtz) and accessory coarse-grained rutile (Rt). Grt contains a cluster
of melt inclusions (dashed red line). (B) Detail of Grt with inclusion of polycrystalline quartz (in the red box inclusions in cross-polars) surrounded by radial cracks and
interpreted as former coesite (Coe), in the same microstructural position with the cluster of melt inclusions (dashed red line). Melt inclusions are randomly distributed;
they are both glassy (C andD) and crystallized as nanogranitoids (C to E). Some glassy inclusions contain a shrinkage bubble (red arrow) (D). The darker spots visible in the
middle of the glassy inclusions are beam damages due to analysis. (E) Nanogranitoids are bigger than glassy inclusions; they have a regular shape that mimics that of the
host mineral (i.e., negative crystal), and they consist of kumdykolite (Kml), phlogopite (Phl), calcite (Cal), kokchetavite, and quartz. (F) Raman spectrum of a preserved
glassy inclusion in which the OH bands are visible.
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and E), consistent with crystallization from a crustal-derived anatec-
tic melt (29). The presence of feldspar polymorphs indicates that
nanogranitoids are chemically preserved as the reopening of the
system, through cracking or decrepitation, would have caused
them to convert to their more stable counterparts (30). Despite be-
having differently on cooling, glassy inclusions and nanogranitoids
occur in the same cluster and thus contain the samemelt (27, 31), as
confirmed by microchemical analyses (Fig. 2). Nanogranitoids were
successfully rehomogenized in the multianvil apparatus at 1000°C
and 4.5 GPa, theminimum conditions expected for the formation of
the garnet in the Erzgebirge UHP unit (24), and thus likely to cor-
respond to the entrapment conditions of the melt. The attained re-
homogenization confirms that garnet and melt were both stable at
the metamorphic peak conditions as demonstrated in previous
studies (19, 27, 29). Preserved and rehomogenized glassy inclusions
are granitic in composition, rich in alkalis [Na2O + K2O = 9.31
weight % (wt %) and Na2O/K2O = 0.75], and slightly peraluminous
[aluminasaturation index:molarAl2O3/(Na2O+K2O+CaO)=1.10]
and have a low magnesium number (Mg# = 27; see table S2). The
melt trace element signature shows features in agreement with a
continental crust origin, such as enrichment in large ion lithophile
elements (LILEs; in particular Cs), Th, U, Pb, Li, B, and light rare
earth elements (LREEs) and depletion of Nb and Ti (Fig. 3 and table
S4) (32). The application of LREE thermometry based on experi-
ments on the solubility of monazite in granitic melt (33) suggests
temperatures of melt entrapment ranging between 610° and
950°C with an average at 725°C (see Materials and Methods).

These temperatures are substantially lower than those inferred for
entrapment (1000°C) based on complete experimental rehomoge-
nization of the inclusions as well as the peak equilibration of the
diamond-bearing metasediments [1000°C (24)] and for the UHP
ultramafic rocks in the samemetamorphic unit [i.e., the gneiss-eclo-
gite unit (34). The successful rehomogenization of the inclusions,
the compositional match between the preserved glassy inclusions
and the rehomogenized ones, and the general agreement on the
peak T of the unit suggest that 1000°C rather than 725°C is more
likely to represent the minimum T of entrapment. Moreover,
using a different solubility model [i.e., Zr calibrated for high pres-
sures; (35)], we obtain temperatures of 1040°C that overall support
our hypothesis for melt entrapment at minimum 1000°C, indicating
that the discrepancy observed for LREE-solubility thermometry
may result from complexities in the accessory mineral saturation
processes upon the production and evolution of the Saiden-
bach melts.
The H2O content of the inclusions ranges between 3.14 and 5.23

wt % (Fig. 4A). The measured CO2 content of inclusions ranges
between ~600 and 28,880 parts per million (ppm) (Fig. 4A, fig.
S1, and table S5), with the rehomogenized inclusion containing
more CO2 (28,880 ppm) than the preserved glassy inclusions
(2470 ppm in average). This is entirely expected, as CO2 exsolves
from the trapped melt on cooling and depressurization (36) and
is sequestered in the shrinkage bubble visible in the glassy inclu-
sions (Fig. 1D). Rehomogenization experiments on unopened in-
clusions still enclosed in the garnet led instead to the
redissolution of the CO2 into the melt, thus allowing the retrieval
of the original CO2 content of the melt at depth (36). Our measure-
ments on the preserved glassy inclusions were corrected using a
mass balance approach by integrating the amount of CO2 originally

Fig. 2. Major element composition of Saidenbach eclogites melt inclusions.
Normative anorthite-orthoclase-albite (An-Or-Ab) diagram where the melt from
Saidenbach samples, measured on both glassy (Glass) and rehomogenized
(Rehom) inclusions (this study), are compared with data from literature. Circles
are used for natural melts, squares for experiments: Granulitgebirge eclogites
(31); melts from partial melting of metasediments at UHP conditions (45, 46);
melts from rehomogenized nanogranitoids in metasediments of the Central
Maine Terrane (19), Connecticut, USA; and melts from HP—UHP partial melting
of metabasites (47–49). Compositional fields in the diagram are from (92). For
details on melt composition and experimental conditions, see tables S2 and S3.

Fig. 3. Trace element patterns of melt inclusions and bulk rock. Primitive
mantle-normalized (93) [except for B (94)] patterns of the melt inclusions in
garnets of the UHP eclogites of Saidenbach (see table S4) compared with melt in-
clusions in HP eclogites of the Granulitgebirge (3, 31) and the bulk rock composi-
tions of metasomatized mantle rocks (peridotites and pyroxenites) of the T-7
borehole (52) and the average bulk rock values for the durbachite suite (54).
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present in the vapor bubble (see Materials and Methods). It results
in a total amount of CO2 held in glassy inclusions (melt + vapor) of
20,180 ± 4440 ppm, close to what we measured in the rehomogen-
ized inclusion.

DISCUSSION
Saidenbach melt inclusions compared with multiphase
solid inclusions in UHP rocks
The occurrence of polyphase inclusions in garnet is a rather
common feature of UHP eclogites (14, 37–43). They are generally
identified as multiphase solid inclusions (MSIs) and interpreted
either as melt inclusions (37–41) or as remnants of supercritical sil-
icate-rich aqueous fluid inclusions (14, 42, 43). MSIs were identified
mainly in the UHP eclogites in the Dabie Mountains (37–39, 41), in
the zoisite-bearing UHP eclogites of the Sulu Orogen in China (40),
and the Kokchetav complex (Kazakhstan) (44). The MSIs in the
Dabie and Sulu differ substantially in terms of microstructure,
mineral assemblage, presence of glass, and compositions from the
melt inclusions in Saidenbach samples. The former contain indeed
variable amounts of K-feldspar + quartz ± plagioclase ± barite ±
zoisite/epidote ± carbonates ± zircon (37–41) and were interpreted
as evidence of partial melting of mafic eclogites under UHP condi-
tions (37–40). In general, such inclusions are not pristine as they
show clear evidence of postentrapment decrepitation, e.g., irregular
shape, protrusion textures, radial cracks surrounding the inclusions,
and the presence of a network of thin healed cracks in the host
mineral (39–41). Decrepitation leads to OH loss, which, in turn,
may explain the absence of OH-bearing phases in such MSIs,
unlike nanogranitoids (27). In terms of trace elements, the Dabie
and Sulu MSIs display a dominant Ba-positive anomaly, along
with positive anomalies of Pb, U, Li, and Sr and negative anomalies
of Th, Zr, and Hf. To explain such features, these inclusions were

previously interpreted as the result of a reaction between an en-
closedmineral, e.g., coesite and rutile, and an external fluid infiltrat-
ing the garnet during the first stage of exhumation at HP (41).
In comparison, the melt inclusions at Saidenbach range from

glassy to polycrystalline in the same cluster, the mineral assemblage
is constantly granitic, and they have a negative crystal shape without
any decrepitation crack, even healed ones, connecting to the host
boundary. From the geochemical point of view, the melt inclusions
investigated here display a dominant positive anomaly in Cs, Th, U,
and Pb and a slight enrichment in Zr and Hf, whereas Ba is only
present in low concentrations (Fig. 3). All of these features,
coupled with the successful rehomogenization of the nanograni-
toids (27, 29) and the presence of glass with limited H2O concen-
trations, indicate that these inclusions were former melt droplets
trapped during garnet growth, rather than remnants of supercritical
silicate-rich aqueous fluid. Hence, Saidenbach melt inclusions rep-
resent a snapshot of processes happening at (near) peak metamor-
phic conditions rather than along the retrograde path.
TheMSIs in the Kokchetav complex are of two types, typeM and

type L, found in melanosomes and leucosomes, respectively. Type
M inclusions are concentrated in the central part of the garnets
forming irregular clusters and they have been interpreted to have
formed at peak conditions: For this reason, they will be the only
type considered here for comparison. These inclusions contain a
wide variety of rock-forming minerals and accessory phases, partic-
ularly quartz, biotite, phengite, kyanite, plagioclase, K-feldspar, Ba-
feldspar, chlorite and rutile, ilmenite, apatite, zircon, baddeleyite,
allanite, monazite, REE-carbonates, and sulfides. Inclusion size is
extremely variable from 1 μm to over 1 mm, with the bigger inclu-
sions often surrounded by radiating cracks. Melt composition ob-
tained via rehomogenization of type M inclusions is granitic with
high concentration of LREE, Th, U, Pb, and LILE, consistent with
a continental crustal origin. Once again, the melt inclusions of

Fig. 4. Volatiles content in melt inclusions. (A) H2O (wt %) and CO2 (ppm) content of glass and a rehomogenized (indicated with an asterisk) nanogranitoid from
Saidenbach eclogitesmeasured and corrected by NanoSIMS (error bar smaller than the symbol) and compared with H2O and CO2 contents of lower continental crust melt
inclusions in granulites [Central Maine Terrane (CMT) (19), Ivrea Zone (20), and Gruf Complex (61)]. See table S5 for volatiles data, and for NanoSIMS calibration curves, see
fig. S1. Primitive mantle, mid-oceanic ridges (MOR), and arc volcanoes after (13). The dashed area indicates the compositions of melt derived from the metasedimentary
continental crust. (B) Carbon isotopic compositions in the Erzgebirge [see table S6 for δ13C data of carbonate (76), calcite (75, 77, 95), and dolomite (77) of postcollisional
mineralization and of diamond in garnet (66), whole rock (68), and graphite in zircon (65) of metasediments of the Erzgebirge]. Shaded areas for the range of organic and
carbonate δ13C values after (70). The mantle values are from (71). (C) CO2 and H2O content of mantle and crustal melt mixing compared with potassium-rich postcolli-
sional intrusions in the Bohemian Massif (empty circles) (96–99). See table S7 for CO2 and H2O data of (ultra)potassic magmatic rocks. The star indicates the average
composition of the calculated melt. The dashed arrow indicates the inferred general decrease in melt CO2 and H2O concentration during ascent and cooling due to the
increase in melt/fluid immiscibility and the partition of volatile species between these two phases.
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Saidenbach differ substantially in terms of both microstructural fea-
tures, i.e., they have a rather constant size (2 to 20 μm) and no de-
crepitation cracks, and phase assemblage: They contain a much
more restricted number of phases (only quartz, feldspar poly-
morphs, micas, and calcite). Similarities are found instead in their
geochemistry, as the two melts show similar major and trace ele-
ments, a feature that supports the continental crust origin of the
melt trapped in Saidenbach eclogites.

Anatectic melt as metasomatic agent and element
redistribution during subduction
As a general rule, melts with similar signatures are likely to have
similar sources and share a similar genetic process (3). In the case
of the Saidenbach eclogites, the most likely origin is external, i.e.,
metasomatic, as already proposed for melts trapped in HP eclogites
from the nearby Granulitgebirge (3), which indeed show similar
compositions for both major and trace elements (Figs. 2 and 3).
Melt in Saidenbach eclogites is more akin to anatectic melts from
silicic continental crust rather than from mafic protoliths (Fig. 2),
as shown by the comparison with both natural and experimental HP
(19) and UHP melts from metasediments (45, 46) and metabasites
(Fig. 2 and table S3) (47–49). This signature is consistent with the
involvement of phengite in the melt-producing reaction (3), point-
ing to the surrounding phengite-bearing metasedimentary rocks—
some also microdiamond bearing (24)—as a possible source.
An internal production of the melt can be instead ruled out.

Melting of mafic rocks in UHP experiments mainly produces a to-
nalitic-trondhjemitic-granodioritic melt rather than a granitic melt
(Fig. 2). However, experiments also show that the first melt fraction
(5 to 10 volume %) can have a granitic composition (47, 49, 50), but
with the progression of the reaction, K-rich phases are completely
consumed and clinopyroxene breaks down, driving the melt toward
a more tonalitic composition (Fig. 2) (51). The microstructures ob-
served in the rocks are inconsistent with this hypothesis. According
to experiments, eclogite melting would produce a small amount of
melt coexisting with a large portion of solids (as residue) (49), in-
cluding a second generation of garnet capable of trapping melt as
inclusions. However, neither residue nor two different generations
of garnet can be identified in Saidenbach eclogites. Thus, the most
likely scenario to explain the presence of melt inclusions in the
garnets of Saidenbach eclogites is a metasomatic interaction
between a melt generated in the continental crust at metamorphic
peak conditions and former intrusive mafic layers (e.g., dykes),
already present in the continental package [see discussion in (3)].
This melt-rock interaction originated the eclogites studied in this
contribution.
The anatectic melt displays a trace element pattern close to that

of metasomatized mantle rocks in multiple locations of the Bohe-
mianMassif [e.g., T-7 borehole (3, 52) and Horní Bory (53), respec-
tively, in the northwest (NW) and east-southeast (ESE) portions]
(Fig. 3). Such a pattern also has notable similarities with postcolli-
sional ultrapotassic plutonic rocks, e.g., durbachite series, vaugner-
ites, appinites, shoshonites, and some lamprophyres through the
geological record (3, 8, 54–56) (Fig. 3). These potassic intrusions
show a peculiar composite signature with enrichments in compati-
ble elements (Cr, Ni, and high Mg#) and incompatible ones (LILE,
LREE, U, and Th). The former indicates a mantle origin whereas the
latter points toward a crustal origin. This contradictory signature is
explained with the formation of the (ultra)potassic magmas via

partial melting of a mantle previously metasomatized by a mature
crustal component (8, 54, 57, 58), similar to themelt trapped in both
Saidenbach eclogites (this study) and HP eclogites of the Granulit-
gebirge (3, 31). Together, these similarities suggest that mantle
metasomatism through partial melting of a deeply subducted con-
tinental material is widespread beneath the BohemianMassif. Given
the wide distribution of (ultra)potassic postcollisional rocks world-
wide (8, 55), it is also possible that this process is more common in
collisional orogens than previously expected (9, 41 and references
therein, 52). Hence, we argue that the melt preserved in these
UHP eclogites represents the first natural example of ultradeep
crustal melt and pristine metasomatic agent capable of refertilizing
the overlying mantle wedge in the context of continental
subduction.

Consequences for carbon and water recycling
One of the main strengths of melt inclusions in metamorphic rocks
is the fact that they record the volatile content of the melt at the
moment of entrapment (13, 18), hence providing an opportunity
to investigate the redistribution of volatile elements from the
surface to the mantle. In Saidenbach eclogites, the H2O content
of the melt (3.89 wt % in average; see table S5) is within error
very similar to the one measured in other melts produced by the
partial melting of metasediments in continent collision settings
(~5 to 6 wt %, see table S5) (Fig. 4A). One caveat worth pointing
out is related to what these H2O values measured in glassy inclu-
sions actually represent. Recently, it was shown how glassy inclu-
sions in natural migmatites have generally a lower amount of
H2O with respect to the crystallized ones (nanogranitoids)
present in the same cluster (60). The dataset presented in this con-
tribution shows that preserved glassy inclusions contain ~4 wt % of
H2O on average, ~1 wt % less than the amount measured in the re-
homogenized one, a former nanogranitoid, hence expected to be
richer in water. It thus appears possible that H2O contents may
be slightly underestimated, around 20% relative based on the ratio
between H2O content in glassy and rehomogenized inclusions,
when only glassy inclusions are considered to obtain data on the
volatiles in the melt, in agreement with the available previous
work on melt inclusions in metamorphic rocks (59).
The CO2 concentration in the melt is high, ca. 16,000 to 29,000

ppm, and is overall substantially greater than the average content in
melt inclusions from lower pressure metasediments (ca. 200 to 2400
ppm) (20, 61) and HP granulites (ca. 500 to 8000 ppm) (19)
(Fig. 4A), arguing for an increase in crustal carbon content with
depth (Fig. 4A). Such a high CO2 content in the melt is not unex-
pected in UHP rocks, as the solubility of CO2 in (anhydrous) melts
is directly proportional to the pressure (17). The solubility of CO2 in
rhyolitic melts is ca. 5700 ppm CO2/GPa (17), suggesting a CO2
content in the melt of ~25,700 ppm at 4.5 GPa, close to both the
values measured (not corrected) for the rehomogenized inclusion
and the corrected values for the glassy inclusions.
The key question is then to understand whether the CO2 present

in the melt inclusions can be linked to the same source as the ana-
tectic melt. The incorporation of carbon in slab-derived carbon-free
silicate melt via the interaction between the latter and eclogite-facies
metacarbonate rocks in collisional environment was documented in
a migmatite system from the Sulu UHP terrane in China (62).
However, in the Erzgebirge, such metacarbonate rocks are absent
and there is evidence for internally derived crustal carbon being
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carried in the slab during continental subduction in the vicinity of
the Saidenbach eclogites. In some of these eclogites, where melt in-
clusions are notably absent, dolomite and calcite/aragonite were
identified in both the matrix and as inclusions in garnet (22, 28).
In the adjacent quartzo-feldspathic granulites, carbonates are
absent, but garnet contains carbon in the form of diamond as
daughter phase in MSIs (interpreted as former fluids) and graphite
is present as mineral inclusion in both garnet and zircon (23, 63–
65). While it is not yet possible to retrieve the stable carbon isotopic
composition of rehomogenized melt inclusions and glassy inclu-
sions of such a small size, isotopic data on bulk rock, graphite,
and microdiamonds of the surrounding quartzo-feldspathic granu-
lites and metasediments in general in the Erzgebirge do exist (65,
66). Graphite and diamonds in inclusions in zircon and garnet in
the quartzo-feldspathic granulites yield δ13C values of −33 to −19
per mil (‰) and−29 to−17‰ (65, 67), respectively, similar to that
of bulk rock δ13C values of the metasedimentary package of the Erz-
gebirge, −38 to −20‰ (Fig. 4B) (68, 69). Such a strong organic sig-
nature in the Erzgebirge (70) indicates that neither mantle carbon
(~−5‰) (71) nor sedimentary carbonates (−1 to +3‰) have
played a substantial role in the carbon budget of this specific
buried continental package (70). Carbon-rich siliciclastic Devonian
sediments accumulated in passive margins have been suggested to
be the source of this organic carbon (65). Taking into account that
the protolith reacting with themetasomatic melt that originated Sai-
denbach eclogites was probably part of this original crustal package,
and that the melt itself now trapped in the garnets originated in the
same crustal package, we argue that the CO2 content measured in
rehomogenized melt inclusions share the same origin, i.e., organic.
Moreover, this assumption is in agreement with experimental pe-
trology works, suggesting that oxidative dissolution of graphite in
oceanic metasediments is the main process controlling the produc-
tion of CO2 in the subducted sedimentary slab at depth >120
km (72).
Some of the surface carbon remains trapped in solid phases (i.e.,

diamond and graphite) in the subducted crust. The carbon-bearing
melt phase is mobile and can thus escape the continental slab and
metasomatize the overriding mantle as observed in the case of the
melt in Saidenbach. As already discussed above, the partial melting
of this metasomatized mantle wedge can originate hybrid melts, i.e.,
postcollisional (ultra)potassic magmas (8, 54, 55, 57). The bulkmass
of these hybrid magmas is provided by a mantle component (62 to
85%) contaminated by crustal material from the subducted slab
[~10 to 20%; see (54)]. Assuming that partial melting of the
mantle wedge occurs at depths similar to those of the eclogites
studied here (130 to 150 km) and considering that the anatectic
melt acted as a metasomatic agent, a simple mass balance calcula-
tion between our crustal melt (15 to 38%) and a primitive mantle
melt (62 to 85%) composition [H2O, 0.1 to 0.5 wt % (73); CO2,
1800–2000 ppm (74)] suggests that the melt at the origin of postcol-
lisional magmatism should contain 1.9 ± 0.7 wt % of H2O and
8320 ± 4530 ppm of CO2 (Fig. 4C). The compilation of the bulk
volatiles content of (ultra)potassic postcollisional plutons (i.e., dur-
bachites, shoshonites, and lamprophyres) from the Bohemian
Massif indicates a similar average composition, 2.0 ± 0.6 wt %
H2O and 6130 ± 2490 ppm of CO2. The H2O concentration is
also within error identical to the primitive melts of subduction
zone basalts, 1.7 wt % H2O (73). The isotopic composition of a
mineral deposit associated with postcollisional plutons supports

furthermore the hypothesis of organic carbon addition to the
mantle, with δ13C values in carbonates precipitating frommagmatic
fluids ranging from −16 to −3‰ (Fig. 4C) (75–77).
Although less widespread than oceanic subduction, continental

subduction has the capacity to recycle and redistribute a substantial
volume of volatiles and other incompatible trace elements first into
the mantle and ultimately back to the overriding continental litho-
sphere, at least in part (Fig. 5). Such processes influence both the
global growth and differentiation of the continental crust (57) and
the long-term evolution of the carbon cycle. Our observations show
that the endogenic carbon cycle is not limited to the consumption of
the oceanic lithosphere alone and might then carry on after closure
of the oceanic basin. The general scarcity of arc volcanism during
continental subduction (67) suggests that buried volatiles are isolat-
ed from the surface cycle because they are stored within the litho-
spheric mantle wedge, the continental crust itself and in midcrustal,
postcollisional plutons. The occurrence and preservation of such
magmatic bodies in the geological records as far back as the
Archean (78) favor the long-term solid storage of carbon at a time
scale exceeding that of theWilson cycle (i.e., rifting-subduction-col-
lision). The recycling and reworking of the continental crust (26)
constitutes a crucial aspect of the carbon cycle that extends
beyond erosion and weathering (26). Future work aiming to recon-
struct the carbon cycle in early Earth (e.g., preplate tectonics) will
then need to integrate growth rate, differentiation, and evolution of
the continental crust to understand how Earth achieved its current
volatile exchange regime.
In conclusion, deeply subducted rocks of continental crust

origin record fluid/melt-rock interaction processes taking place in
the subarc depths. As continental crust material can be preserved
over exceedingly long geological times, it is self-evident how these
rocks are an excellent playfield for exploring ultradeep processes,
which, despite being common during the subduction of the
oceanic lithosphere, in the latter are often not preserved and thus
not well constrained (79).

MATERIALS AND METHODS
Sample preparation
The investigation of the eclogites and the melt inclusions was per-
formed on eight thin and double-polished thick sections (150 μm).
The samples were initially studied with a polarized light optical mi-
croscope available at the University of Potsdam and melt inclusions
were found in most of the garnet crystals of all sections investigated.

Microprobe and field-emission gun electron microprobe
The major element chemistry of the mineral phases and the glassy
and rehomogenized melt inclusions were determined using a mi-
croprobe JEOL JXA-8200 available at the University of Potsdam.
The analyses on glassy and rehomogenized inclusions were per-
formed on inclusions exposed to the surface at 15 kV and 3.5 nA
with a beam diameter of 1 μm. The calibration was performed
using hydrous leucogranitic glass standards and the analytical con-
ditions were kept constant on each session. The values of Na, K, Al,
and Si were corrected to correct for alkali loss (80) with a factor de-
termined using glass standards with similar H2O content with
respect to the glassy inclusions. A field-emission gun electron mi-
croprobe JEOLHyperprobe JXA-8500F available at theMuseum für
Naturkunde in Berlin was used for the acquisitions of high-
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resolution backscattered electron images and energy-dispersive
spectrometer elemental mapping of mineral phases and melt
inclusions.

Micro-Raman spectroscopy
Themineral assemblage inside the nanogranitoids and the nature of
the glassy inclusions were determined using a HORIBA Jobin Yvon
Confocal LabRAM HR 800 equipped with a Peltier-cooled multi-
channel CCD detector and an Olympus BX41 petrographic micro-
scope. An air-cooled Nd-doped yttrium aluminum garnet
(Nd:YAG) laser (λ = 532 nm, laser power on the sample was 2 to
3 mW) was used for excitation, and the spectra were acquired
with an objective of 100×, a slit of 100 μm, and a confocal hole of
200 μm. All the analyses were performed with a grating of 300 lines/
mm, doing three accumulations of 30 s in a range between 100 and
4000 cm−1 with a spectral resolution of 10 cm−1.

Rehomogenization experiments
Nanogranitoid rehomogenization was performed at the condition
expected for the formation of the garnet, 1000°C and 4.5 GPa.
The experiment was conducted using a 1000-ton Walker-type
multi-anvil module at the Earth Science Department “Ardito
Desio” of the University of Milano. Inclusion-bearing garnets
were mechanically removed from a double-polished thick section
(~150 μm) and three garnet chips were loaded in a gold capsule sep-
arated by SiO2 powder from each other and from the walls. The
capsule was welded after being loaded. Cr-doped MgO octahedra
of 25-mm edge length were used as pressure cells in 32-mm edge
length tungsten carbide cubes. The assembly consisted of a ZrO2
sleeve, a graphite heater, internal MgO spacers, and graphite end
spacers ensuring electrical contact. Temperatures were controlled

by an Eurotherm controller within ±2°C and measured by a
Pt100-Pt90Rh10 thermocouple (S type). Typical thermal gradients
across the capsule are of about ±20°C. Pressure uncertainties were
assumed ±3% according to the accuracy of calibrant reactions (81).
The experimental sample was heated in 30 min and the temperature
was kept at 1000°C for 24 hours.

Laser ablation inductively coupled plasma mass
spectrometry analyses
Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) at the Department of Earth Science, ETH Zurich was used
to determine the trace element content of mineral phases and melt
inclusions. For the mineral phase, three thin sections were analyzed
using a RESOlution (Australian Scientific Instruments/Applied
Spectra) laser ablation system equipped with an S-155 dual-
volume, fast-washout ablation cell (Laurin Technic, Australia).
The analyses were performed with a laser repetition rate of 5 Hz
with an on-sample energy of ~3.5 J/cm2 and a spot size of 29 μm.
For the melt inclusions investigation, 27 garnet chips were selected
from three different double-polished thick sections. The laser abla-
tion system used was the ETH-prototype GeoLas equipped with an
Excimer ArF (193 nm) COMPex 102F laser source (Coherent,
Germany). Sample chips were loaded in an in-house made, fully
glassy, small-volume (ca. 6 cm3) ablation cell. In this case, the
laser repetition rate was 10 to 15 Hz with on-sample energy densi-
ties of 5 to 10 J/cm2 and a variable spot size between 10 and 30 μm,
depending on the size of the inclusion. The spot size was kept always
slightly larger than the inclusion diameter to avoid unrepresentative
sampling due to heterogeneity and to ensure complete ablation of
the entire inclusion. For the same reason, our analyses targeted only
melt inclusions below the sample surface and fully included in the

Fig. 5. Schematic diagram of the path of carbon (C) in continental subduction and collision. In collision zone, buried sedimentary carbon subject to Barrovian
metamorphic conditions undergoes major metamorphic decarbonation (MD). A fraction of this carbon survives this process and is later remobilized during partial
melting in the lower crust, eventually redistributed in syn-collisional granites (26). In the continental subduction zone, inorganic carbon would be more easily transferred
to themantlewedge during the early stage of subductionwhile organic carbon (Corg) would remain preferentially sequestered to the slab, allowing the transfer of organic
matter to greater depths (100). In the case of the Saidenbach eclogites, Corg would be remobilized during partial melting to form a metasomatic agent, which, when
interacting with the mantle wedge, would lead to the formation of hybrid melts and the genesis of (ultra)potassic postcollisional magmatic rocks.
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chip under observation. Both laser ablation systems are coupled
with an Element XR (Thermo Fisher Scientific, Germany) sector-
field ICP-MS. In both cases, the sample was transported to the
ICP-MS through an aerosol made of He (5.0 grade) at ca. 0.5 to
1.1 liter min−1 flow to which was admixed make-up Ar gas (6.0
grade Ar) at ca. 1.0 liter min−1 before introduction into the
plasma. The instrument was optimized for highest sensitivity on
the high mass range, a low oxide production rate (248ThO+/232Th+-
< 0.4%), and a U/Th ratio of ~1 on NIST SRM612 glass (ablated
with 43-μm raster at 5 μm/s, 10 Hz, and 3.5 J/cm2). A typical run
consisted of ca. 30 s of gas blank acquisition followed by ablation, ca.
30 s for mineral analyses, and variable duration for inclusions, de-
pending on their depth and size. Raw intensities were collected on
low-resolution, triple-detector mode and peak jumping. The fol-
lowing isotopes were recorded (corresponding dwell times in milli-
seconds between parentheses): 7Li (10), 11B (10), 23Na (10), 24Mg
(5), 27Al (5), 29Si (5), 31P (10), 39K (10), 43Ca (5), 45Sc (5), 49Ti
(10), 51V (5), 53Cr (5), 55Mn (5), 57Fe (5), 59Co (5), 62Ni (10),
63Cu (10), 66Zn (5), 85Rb (10), 88Sr (10), 89Y (10), 90Zr (25), 93Nb
(25), 133Cs (10), 137Ba (10), 139La (50), 140Ce (50), 141Pr (50),
146Nd (50), 147Sm (25), 151Eu (25), 157Gd (25), 178Hf (25), 181Ta
(25), 208Pb (10), 232Th (25), and 238U (25). All data processing
was performed offline using the software Signal Integration for Lab-
oratory Laser Systems (SILLS) (82). The reference material used is
NIST SRM612 for the minerals and NIST SRM610 for the melt in-
clusions (83). NIST SRM612 was measured with the same setup
used for the mineral phases, whereas NIST SRM610 was measured
with a repetition rate of 5 Hz, ca. 5 J/cm−1, and a spot size of 30 μm
in the case of inclusion analyses. The standard material was used to
perform instrumental drift correction through conventional stan-
dard-sample bracketing and quantify trace element concentrations
in both minerals and inclusions. In the case of inclusions, the con-
tribution of the host matrix to the inclusion signal was deconvo-
luted as described in (84). For deconvolution and relative
sensitivity correction, we used as internal standards the concentra-
tion of K2O in the melt measured by electron microprobe (EMP) on
preserved glassy inclusions and MgO as a host-dominated tracer
owing to the large concentration contrast between garnet (ca. 7
wt %) and melt inclusions (ca. 0.20 wt %). The limit of the
method used here is that elements strongly enriched in the host
compared to the inclusions, such as HREE, Y, and some of the tran-
sition metals, are not quantifiable in the inclusions.

Nano-secondary ion mass spectrometry
To measure the content of H2O and CO2 in the melt inclusions, a
CAMECA nano-secondary ion mass spectrometry (NanoSIMS) 50
installed at the Muséum National d’Histoire Naturelle of Paris was
used following the procedure of Bartoli et al. (18) and Créon et al.
(85). The analyses were performed on seven exposed preserved
glassy inclusions on a thin section and one rehomogenized nano-
granitoid mounted in indium in order to improve the vacuum
(86), along with standard glasses. All samples and standards were
gold-coated (20 nm thick). Before each analysis, the sample
surface was presputtered using a Cs+ primary beam (250 pA) over
a surface area of 5 × 5 μm2 for 2 min so that the coating was
removed, surface contamination was avoided, and the sputtering
steady-state regime was reached (87). Images of 28Si− and
56Fe16O− secondary ions were used to identify the inclusions, and
the analyses were performed with a 20-pA Cs + primary beam

rastering a surface area of 3 × 3 μm2. Each analysis is a stack of
200 cycles being 1.024 s long. Only the ions from the inner 1 × 1
μm2 (use of beam blanking mode) were collected to minimize the
surface contamination. Using electron multipliers with a dead time
of 44 ns inmulticollectionmode, the secondary ions of 12C−, 16OH−

(proxy for H2O), 19F−, 28Si−, and 56Fe16O−were simultaneously col-
lected. To resolve any mass interference on the selected ions, the
mass resolving power was set to 5500. The analyses with unstable
16OH−/28Si− ratio were rejected. For H2O calibration, three leucog-
ranitic glasses were selected with knownH2O concentration varying
between ~0.3 and 4.86 wt %: B H2O = 300 ± 42 ppm, LGB1
H2O = 4.9 wt %, and DL H2O = 5.5 wt % (fig. S1) (18). For C cor-
rection, four trachyandesitic standards [STR 9, 10, 11, and 13; (85)]
were used: part of shoshonitic lavas from Stromboli volcano exper-
imentally doped in C andH2O (88) and B. The analytical uncertain-
ty on each measurement, based on counting statistics, was
combined with the uncertainty on the calibration, based on confi-
dence interval at 66%, by quadratic sum to obtain the 66%
uncertainty.

CO2 reintegration in primary glassy inclusions
To retrieve the total amount of CO2 contained in glass inclusions,
we reintegrated the concentration of CO2, [CO2]vap in parts per
million, contained in the vapor bubble

½CO2�vap ¼ 106 �
ρCO2Vvap

ρmeltVmelt

whereVmelt andVvap are the volume of themelt phase and the vapor
bubble, respectively, and ρmelt and ρCO₂ are the density of the silicate
melt and the density of the vapor bubble, respectively (89). The
volume of the bubble and the inclusion are estimated using image
analyses on three inclusions. At UHP conditions, a CO2-rich vapor
phase has a density ρCO₂ of 1.04 ± 0.02 g cm−3 (90), and silicic melt,
deduced from the modeling, has a density of ~2.75 ± 0.15 g cm−3.
The total CO2 contents of the glassy inclusions is then obtained by
summing the equivalent amount of CO2 in the vapor bubble with
the concentration of CO2 measured in the melt phase by Nano-
SIMS. The average concentration of CO2 in these inclusions is
20,177 ± 4444 ppm. As the vapor bubble is not visible in all the
glassy inclusions due to removal of portion of the inclusion
during polishing, we used the average value calculated above to
correct from CO2 concentration in the vapor phases in bubble-
free inclusions.

LREE thermometry
LREE thermometry was applied to the data of this study based on
the equation (33)

ln
X

LREE ¼ 16:16 ð+0:3Þ þ 0:23 ð+0:07Þ
ffiffiffiffiffiffiffiffiffiffi
H2O

p

�
1149ð+410Þ

T
�
19:4ð+4ÞP

T
þ lnXLREEmnz

where ln ∑ LREE is the sum of LREE concentration from La to Sm
in themelt; for H2O in the melt, we took the average valuemeasured
with NanoSIMS (3.89 wt %), P was 45 kbar, and for lnXLREEmnz , we
used the data from (91) (see table S8 for T values). It is worth
noting that, although part of the same terrain, the monazite used
for the calculation comes from a rock different from where the
melt inclusions were identified. Therefore, because of the lack of
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textural relationships, the temperature obtained estimates should be
interpreted with caution.

Supplementary Materials
This PDF file includes:
Fig. S1
Tables S1 to S3
Tables S5 to S8

Other Supplementary Material for this
manuscript includes the following:
Table S4
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