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MELT-PERIDOTITE INTERACTIONS AT SUBDUCTION ZONES

The fate of crust-derived melts at warm 
subduction zones and the transport mechanism of 
slab-derived components to the supra-subduction 
mantle is still a matter of debate. 
Migration of crust-derived melts into the mantle by 
porous flow is limited by instant reaction with the 
peridotites and the consequent production of 
metasomatic orthopyroxene (±clinopyroxene) 
and phlogopite hybrid rocks at the slab-mantle 
interface. 
Alternatively, the occurrence of a network of 
pyroxenite veins in metasomatised mantle 
xenoliths from arc lavas indicates that 
metasomatic melts may percolate the mantle by a 
mechanism of focused flow.
Melt-peridotite interaction via reactive porous flow 
has been largely studied in mantle samples from 
oceanic and subcontinental settings. We know 
little about the role of these interactions at the slab 
interface.Spandler and Pirard 2013 (Lithos)

that reaction products are subsolidus in the vicinity of the slab and that
low permeability is the leading factor for the formation of hydrous
minerals (Rapp et al., 1999). The formation of metasomatic layers, par-
ticularly containing micas and amphiboles, are suspected to strongly
influence the composition (e.g., LILE and LREE) of fluids residual to
metasomatism (Malaspina et al., 2009; Marocchi et al., 2010; Wunder
and Melzer, 2003). The filtering effect caused by these minerals can
limit fluid transfer of LILE and LREE from the slab to the zone where
arc magmas are generated. In this case, additional processes such as
mantle drag and multi-stage melting are necessary in order to release
these critical trace elements to arc magmas (Fig. 5a; Manning, 2004;
Marocchi et al., 2010; Plank et al., 2009).

An alternative mode of fluid/melt transport in the mantle wedge
involves a strongly focussed network of veins that minimise the effec-
tive fluid–rock ratio, leaving only minor interaction products at the
wallrock (Fig. 5b). Natural evidence for highly focussed fluid/melt
transfer is found in sub-arc mantle xenoliths (Arai et al., 2003;
Kepezhinskas et al., 1995) and in ophiolites (Berly et al., 2006;
Cluzel et al., 2006; Varfalvy et al., 1997). Residual products in these
veins are generally cumulative pyroxenes and amphiboles that can
potentially alter the slab signature of the slab fluid/melt, but it is pos-
sible that fluid/melt channelled rapidly though the core of these veins
could avoid significant precipitation and wall–rock reaction.

Studies of short-lived isotopes in arc lavas indicate that relatively
short timescales (b1 to 30 k.y.) are required for the slab signature
to be transferred from the slab to the surface (Elliott et al., 1997;
Turner et al., 2001). These timescales are consistent with modelled
timescales of channelled flow (Hack and Thompson, 2011), whereas
models involving multi-stage hydration and melting cycles (as need-
ed for porous flow regimes; Fig. 5a) require at least tens of thousands
of years (Manning, 2004). The good agreement between slab
geothermometers based on arc lava geochemistry (e.g., K2O/H2O
and H2O/Ce; Fig. 5) indicate that slab-derived LILE/H2O and LREE/
H2O ratio are largely unaffected by their journey through the mantle
wedge. This would also support a channelled transfer process where
fluid/melt avoids interaction with, or precipitation of, hydrous phases
such as phlogopite or pargasite. High-silica adakites are interpreted as

an end-member product of this process, where melt transfer occurs
directly from the slab to the surface with minimal interaction with
the surrounding mantle (Martin et al., 2005). On the other hand,
the vast majority of arc lavas derive via flux melting of mantle perido-
tite, which implicitly requires significant interaction between the slab
mobile phase and mantle wedge. A porous flow regime also provides
a mechanism to generate some isotopic aspects (e.g., Tomascak et al.,
2000) and the universal trace element signature (e.g., Navan and
Stolper, 1987) of arc magmas. Overall, there are no decisive argu-
ments to favour porous versus channelled flow of fluid or melt
through the mantle wedge, and it may be that a spectrum of flow re-
gimes are involved (e.g., Manning, 2004).

An alternative mechanism to explain transfer of slab components
through the mantle wedge is via detachment and buoyancy-driven di-
apiric upflow of slab materials (Behn et al., 2011; Hacker et al., 2011;
Marschall and Schumacher, 2012). Behn et al. (2011) suggested that
the slab component of arc magmas could be explained by melting of
slab-sourced sedimentary diapirs in the mantle wedge (Fig. 5c),
under relatively high temperature conditions. However, this model
does not seem to reconcile the H2O-rich composition of arc magmas,
and is inconsistent with the general concordance between model and
geochemical slab geothermometers (Fig. 6), and isotopic evidence
supporting involvement of serpentinite (Fig. 2), and subducted oceanic
crust (e.g., Elliott, 2003) in arc magma-genesis. In any case, calculated
rates of diapiric upwelling of metasediments (Behn et al., 2011) are or-
ders of magnitude slower that rates of advection of slab-derived aque-
ous fluids (Hack and Thompson, 2011), so upwelling metasediments
are unlikely to escape at least partial fluid flushing and hydrousmelting
at sub-arc depths. Likewise, crustal components of upwelling mélange
diapirs, as advocated by Marschall and Schumacher (2012), could be
expected to undergo fluid-present partial melting soon after detaching
from the slab, due to rapid heating by the surrounding mantle wedge
and influx of fluids derived from dehydration of the underlying slab
or from themélange diapir (Marschall and Schumacher, 2012). The rel-
atively fast ascent velocities of the produced melts (Hack and
Thompson, 2011) would allow effective melt transport out of the diapir
and into the overlying mantle wedge.

Fig. 5. Cartoons showing the schematic path of melts in the mantle wedge according to the (a) porous flow, (b) focussed flow and (c) diapiric flowmodels. Red arrows represent the
path of melt transport from the subducted crust through the mantle. The grey arrows denote the direction of asthenosphere flow in the mantle wedge. (a) Porous flow includes
mantle metasomatism (deep green) forming phlogopite (brown) in garnet harzburgite. A succession of melting and hybridisation events eventually transfers slab components
to the principal site of mantle wedge melting (Manning, 2004). Focussed flow is represented by the direct transfer of slab melt (light blue core) from the top of the slab to the
locus of partial melting of the mantle wedge using pyroxenite (dark blue walls) veins. Diapiric flow is caused by detachment of slab sediments or mélange due to buoyancy
(e.g., Behn et al., 2011; Marschall and Schumacher, 2012). If sedimentary diapirs undergo partial melting, we expect the melt to react with surrounding mantle to form phlogopite
pyroxenite (brown and blue reaction rims) (after Wyllie and Sekine, 1982).
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2000) and the universal trace element signature (e.g., Navan and
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through the mantle wedge, and it may be that a spectrum of flow re-
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apiric upflow of slab materials (Behn et al., 2011; Hacker et al., 2011;
Marschall and Schumacher, 2012). Behn et al. (2011) suggested that
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under relatively high temperature conditions. However, this model
does not seem to reconcile the H2O-rich composition of arc magmas,
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THE CASE STUDY OF BORGO (CENTRAL ALPS)

The Borgo outcrop of the Monte Duria area (Adula-Cima
Lunga unit, Central Alps, Italy) is an ideal example of melt-
peridotite interaction which occurred under a deformation 
regime at HP. Grt-peridotites occur in direct contact with 
migmatised orthogneiss and eclogites that record a 
common HP peak at 2.8 GPa and 750 °C

3. Field occurrence

The Monte Duria area is located at northwest of the Como Lake
(Northern Italy) (Fig. 1a) and it is part of the southern ACL. Peridotite
lenses hosted by crustal rocks occur at two localities: (i) Mt. Duria and
(ii) Borgo (Fig. 1b). At Mt. Duria garnet peridotites are hosted by
migmatitic biotite-muscovite gneiss whereas at Borgo a large chlorite
peridotite body is in direct contact with amphibole-bearingmigmatites,
the latter containing several boudins of lithologically heterogeneous
eclogites (Tumiati et al., 2018; Fig. 2).

At the mesoscale, the garnet peridotites of Mt. Duria display a com-
positional layering consisting of garnet-rich and garnet-poor layers,
transposed by a chlorite foliation. Such foliation becomesmore penetra-
tive close to the outermost part of the peridotite lenses (Fig. 3a, b). Pe-
ridotites consist of garnet, clinopyroxene and minor amphibole
porphyroclasts enclosed in a dark fine-gained matrix consisting of oliv-
ine, clinopyroxene and orthopyroxene. Garnet is surrounded by
kelyphitic coronas and in most of the peridotite lenses is progressively
replaced by chlorite pseudomorphs. Garnet-pyroxenite lenses often
occur within the garnet peridotite bodies of the Monte Duria area
(Fumasoli, 1974; Hermann et al., 2006).

At Borgo, an hm-sized chlorite peridotite body is in direct contact
with amphibole-bearing migmatites containing boudins of mafic,
high-Al2O3 and kyanite-bearing eclogites (Fig. 2; Tumiati et al., 2018).
The chlorite peridotite body, along with the associated mafic rocks, is
enclosed within biotite-bearing migmatitic gneiss (yellow in Fig. 2).
The chlorite peridotite (lilac in Fig. 2) mainly consists of fine-grained

olivine, orthopyroxene and rare clinopyroxene. Garnet is always re-
placed by chlorite pseudomorphs (Fig. 3c), likely indicating that the
Borgo chlorite peridotites represent the retrogressed variety of the gar-
net peridotites of Mt. Duria. Chlorite peridotites preserve a composi-
tional layering made by alternate levels rich or poor in chlorite
pseudomorphs after garnet. Such layering is locally transposed by a
new chlorite-bearing foliation (Fig. 3c, d).

The contact between the peridotite body and the associated mafic
rocks at Borgo is marked by the occurrence of a tremolitite layer (violet
in Fig. 2) composed by N90 vol% of fine-grained tremolite associated
with several phlogopite + chlorite + talc + tremolite pseudomorphs
after garnet and minor Mg-hornblende. These rocks also occur as m-
scale boudins within the peridotite body and show sharp contacts
with the host peridotite (Fig. 4a, b, c). The garnet foliation in the perido-
tite body wraps around the boudins and flows into the boudins necks
indicating that the deformation of tremolitite precusors occurred during
the development of the garnet foliation in the host peridotite (Fig. 4b, c).
Such boudins are confined within 20 m from the contact (Fig. 2).

The amphibole-bearing migmatites of Borgo display evidence for
partial melting at different scales. These rocks (salmon in Fig. 2) display
mm- to m-thick leucosomes consisting of quartz + plagioclase + K-
feldspar + biotite and amphibole-rich restitic layers (Fig. 4d). Partial
melting occurred in a deformation regime, as displayed by the strong
layered structure of amphibole-bearing migmatites and the occurrence
of peculiar deformation structures like lobes and cusps (Fig. 4e;
McLellan, 1989). These migmatites contain boudins of mafic, high-
Al2O3 and kyanite-bearing eclogites (Tumiati et al., 2018). Fine grained,

Fig. 1. (a) Tectonic scheme of the Adula-Cima Lunga nappe modified after Burri et al. (2005). (b) Detailed geological scheme of the Monte Duria area with the locations of Mt. Duria and
Borgo outcrops modified from Tumiati et al. (2018). At: Antigorio; Mg: Maggia; Sm: Simano; LL: Leventina-Lucomagno; Tb: Tambò; Su: Suretta; SSB: Southern Steep Belt.
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fluids and garnet peridotite (Campione et al., 2017) indicate that also
H2O-rich fluids released from a subducted eclogite are able to crystallise
metasomatic orthopyroxene in the mantle. Whether the metasomatic
agent responsible for the modal metasomatism of Monte Duria perido-
tites is a C-bearing silicatemelt or an aqueous COHfluid (Hermannet al.,
2006) must be searched in the associated crustal rocks and in their re-
constructed P-T path.

Further evidence of metasomatism recorded by Monte Duria garnet
peridotites is the peculiar fractionation of LREE (LaN/NdN = 2.4; Fig. 8a)
related to the LREE enrichment in Cpx1 and Amp1, both crystallised in
the garnet stability field, as shown by the relative depletion in HREE
(Fig. 11a). The “spoon-shaped” LREE pattern of Monte Duria peridotites
strongly resembles that of the Ulten Zone peridotites (pink area in
Fig. 8a), which has been interpreted as acquired by the interaction with
a hydrous melt (Rampone and Morten, 2001; Scambelluri et al., 2006).
Interestingly, Monte Duria peridotites also show a selective enrichment
in some LILE (Fig. 8b), which weremainly incorporated by those amphi-
boles equilibrated in the spinel stabilityfield. Indeed, as shown in Fig. 11a
and b, the most LILE enriched Amp1 (yellow symbols) shows HREE
enriched patterns indicating non-equilibriumwith garnet. This observa-
tion suggests that the LREE and LILE enrichment occurred at different
pressure conditions (garnet and spinel stability fields) and likely by dif-
ferentmetasomatic agents, silicatemelt and aqueous fluids, respectively.

7.1. The HP partial melting of Borgo eclogites

In the Monte Duria area, garnet peridotites occur embedded in low-
grade migmatitic gneiss (Mt. Duria) or in direct contact with variably
migmatised HP mafic rocks (Borgo). Bulk rock and mineral phase as-
semblages indicate that these mafic migmatites derive from an eclogite
precursor, with a basaltic or gabbroic protolith (Table 2 and Fig. 7 and
8e). Peridotites and HP mafic migmatites of Borgo share a common
metamorphic evolution, reaching peak conditions at 2.5–3 GPa and
750–800 °C and post-peak static equilibration at 0.8–1.0 GPa and
850 °C (Tumiati et al., 2018). Field occurrence ofmafic rocks in Borgo in-
dicates that partial melting started in a deformation regime that is nei-
ther related to the shear zone at the contact with migmatitic gneiss
(Fig. 2 and Fig. S-1a), nor to the static re-equilibration at HT conditions,
recorded by sapphirine-baddeleyite-srilankite and sapphirine-
corundum assemblages in coronas around garnet (peridotites) and ky-
anite (eclogites), respectively (Tumiati et al., 2018). Moreover, the
strong layered structure ofmelanosomeand leucosome containing zois-
ite, omphacite and garnet of amphibole-bearing migmatites (Fig. 4d),
along with the occurrence of peculiar deformation structures like
lobes and cusps, characteristics of syn-melting deformation (Fig. 4e;
McLellan, 1989), strongly suggest that Borgo eclogitic rocks underwent
partial melting during prograde-to-peak HP metamorphic conditions.
Field structures are supported by microstructural evidence in eclogite

Fig. 13.Peak P-T conditions ofmafic (red square) and ultramafic (green square) rocks in theMonteDuria area (fromTumiati et al., 2018). In the P-T space are reported: i) basaltwet solidus
(Schmidt and Poli, 1998); ii) zoisite and amphibole-out curves (Schmidt and Poli, 1998); iii) phengite dehydration melting curves in basalt ((1) Hermann and Green, 2001; (2) Liu et al.,
2009); iv) basalt dry solidus (Lambert and Wyllie, 1972); v) chlorite-out curve in the peridotite system (Fumagalli and Poli, 2005); vi) top slab geotherms of warm subduction zones
(orange field; Syracuse et al., 2010) and of cold subduction zones (grey field, Arcay et al., 2007). Note that the peak conditions of the coupled eclogites and garnet peridotites overlap
the “warm” subduction P-T path suggesting that Borgo eclogites can be considered as a proxy for partial flush melting of a mafic crust in a thermal regime characterised by a low angle
subduction zone. (For colour interpretation of symbols and areas, the reader is referred to the web version of this article)
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Tumiati et al. 2018 (J Pet); Pellegrino et al. 2020 (Lithos)



Fig. 2. (a) Borgo outcrop. PDT: retrogressed garnet peridotite; TR: tremolitite, AG: amphibole-bearingmigmatites; ME:mafic eclogites; E: kyanite eclogites; HAE: high-Al2O3 rim between
kyanite eclogites and host amphibole-bearing migmatites. (b) Detailed geological map of the Borgo outcrop (from Tumiati et al., 2018) with samples locations.
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dark green mafic eclogites (dark green in Fig. 2) occur as m-sized bou-
dins. These rocks show a compositional layering consisting of garnet-
rich and garnet-poor layers. At the rim of the boudins, such layering is
crosscut by the foliation of the surrounding amphibole-bearing
migmatites. Larger boudins (up to 10 m) of light green, kyanite-
bearing eclogites also occur (Fig. 2). As already described for the mafic
eclogites, a compositional layering marked by garnet-rich and garnet-
poor layers represents the main fabric at the mesoscale. The high-
Al2O3 eclogite (red rim in Fig. 2) occurs as a cm-thick reddish
corundum-rich rim at the contact between kyanite-bearing eclogite
and amphibole-bearing migmatites. These rocks are garnet-free and
the only HP relicts are porphyroblastic kyanite and emerald-green zois-
ite (Tumiati et al., 2018).

The peridotite body and the associated mafic rocks are both sepa-
rated from the surrounding migmatitic biotite gneiss by a few meters
thick mylonitic shear zone (Fig. 2; Fig. S-1a). The migmatitic gneiss
has a stromatic structure defined by alternating leucocratic bands com-
posed by quartz, plagioclase and alkali feldspar, and melanocratic do-
mains enriched in biotite.

4. Petrography

Representative samples among garnet peridotites from Mt. Duria
and chlorite peridotites, tremolitites, mafic eclogites, kyanite-bearing
eclogites, high-Al2O3 eclogites and amphibole-bearing migmatites
from Borgo (Fig. 2) have been selected for this study. All the recognised

mineral assemblages and the relativemetamorphic conditions are sum-
marized in Table 1.

4.1. Peridotites

Garnet peridotites from Mt. Duria show porphyroclastic texture
with mm-sized garnet, clinopyroxene (Cpx1), orthopyroxene (Opx1)
and amphibole (Amp1), surrounded by fine-grained recrystallised ma-
trix of olivine, orthopyroxene (Opx2), clinopyroxene (Cpx2), amphibole
(Amp2) and Cr-spinel (Fig. 5a, b). Garnet porphyroclasts contain inclu-
sions of clinopyroxene, orthopyroxene and olivine. In sample B3A inclu-
sions of edenitic to pargasitic amphibole and dolomite have been
observed in Cpx1. Frequently, garnet is statically replaced by chlorite
(Chl1)-bearing pseudomorphs surrounded by amphibole + spinel co-
ronas (Fig. S-2a). During the subsequent LP-(U)HT metamorphism
(see Tumiati et al., 2018), Chl1 decomposes into a orthopyroxene+ spi-
nel assemblage (Fig. S-2b, c), while composite kelyphitic coronas
consisting of orthopyroxene (OpxSym) after olivine and orthopyroxene
(OpxSym) + clinopyroxene (CpxSym) + spinel (SpSym) ± amphibole
(AmpSym) after garnet developed in correspondence of the previous
garnet-olivine grain boundaries. In kelyphites replacing olivine
tiny crystals of baddeleyite and srilankite occur, while sapphirine crys-
tallises within symplectitic assemblages around garnet (Tumiati et al.,
2018).

Chlorite peridotites display a porphyroclastic microstructure with
mm-sized chloritised garnet, in textural equilibriumwith coarse olivine,
orthopyroxene and minor clinopyroxene. Sample C2A shows a finer-

Fig. 3. Structures of ultramafic rocks ofMt. Duria andBorgo. (a) Garnet peridotite lens on the southern ridge ofMonteDuria. (b) Detail of garnet layering transposed by a secondary chlorite
foliation in garnet peridotite from Monte Duria. (c) Chlorite-bearing pseudomorphs replacing garnets in chlorite peridotite of Borgo. (d) Retrogressed garnet layering transposed by a
younger chlorite foliation in chlorite peridotite of Borgo.

5L. Pellegrino et al. / Lithos 358–359 (2020) 105391

grained assemblage made of olivine, clinopyroxene, orthopyroxene,
amphibole (Amp2) and Cr-spinel, resembling the recrystallised matrix
of garnet peridotite from Mt. Duria. Both samples C2A and DB113 dis-
play a strong foliation defined by syn-tectonic chlorite (Chl3) and am-
phibole (Amp3), post-dating the porphyroclastic and neoblastic
assemblages (Fig. S-2b). Notably, sample DB113 has been collected
close to the contact with the innermost tremolitite boudins and shows
relict olivine and orthopyroxene extensively statically overgrown by a
new generation of porphyroblastic orthopyroxene (OpxPorph), Mg-
hornblende (AmpPorph) andphlogopite (PhlPorph) (Fig. 5c). Thesemicro-
structures clearly indicate a metasomatic event pre-dating the chlorite
foliation. Several dolomite crystals (Fig. 5d) and round-shaped brucite

+ calcite pseudomorphs after dolomite also occur within the olivine
matrix.

4.2. Tremolitite layers within the peridotite

Tremolitites display an assemblage dominated by tremolite, Mg-
hornblende and minor chlorite. In all the investigated samples
(DB148, DB151 and DB179), tremolite forms a mosaic-like texture
with 120° triple junctions and straight grain boundaries. The tremolite
matrix hosts older mm-sized Mg-hornblende porphyroblasts (Fig. 5e).
Mg-hornblende is zoned, showingdusty coreswith opaqueminerals oc-
curring along the cleavages, and clear inclusion-free rims. Isolated

Fig. 4. Lithologies and structures of ultramafic andmafic rocks of Borgo. (a) Tremolitite boudin within the chlorite peridotite, with samples location. (b) Detail of tremolitite boudin with
garnet layering wrapping around the boudins and flowing into the boudins neck. (c) Garnet layering wrapping the tremolitite boudin and Phl3 + Chl + Tr+ Tc pseudomorphs replacing
garnet in tremolitites. (d) leucosomes and melanosomes in amphibole-bearing migmatites; (e) lobes and cusps structures in amphibole-bearing migmatites.
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The bulk-rock composition of mafic, kyanite-bearing and high-Al2O3

eclogites indicates that they all have a mafic composition (SiO2 =
48.96–51.17 wt%; Table 2, Fig. 7) and are compared to that of N-MORB
(Gale et al., 2013), layered mid ocean-ridge gabbros (Gillis et al.,
2014) and ophiolitic gabbros from the Bellinzona-Dascio Zone (Stucki
et al., 2003). The composition of the mafic eclogite overlaps that of the
reference N-MORB showing Mg# = 0.61, Ni = 139 ppm, CaO =
9.57wt% and Al2O3=15.50wt%. The other two types of eclogite display
a composition resembling that of reference gabbros with Mg# ranging
from 0.74 to 0.83 and the highest CaO (11.52–11.67 wt%) and Al2O3

(16.11–18.63 wt%) concentrations.

5.2. Trace elements

The bulk rock trace elements composition of the analysed samples is
reported in Table 2 and portrayed in Fig. 8, normalised to the Primitive
Mantle (PM, McDonough and Sun, 1995). The trace elements pattern of
the DepletedMantle (DM, Salters and Stracke, 2004) is also reported for
comparison (DM, blue bold line of Fig. 8a, b). Garnet peridotites show
absolute rare earth elements (REE) concentrations slightly lower than
the PM, with fractionated patterns enriched in light-REE (LREE) (LaN/
NdN = 2.4) relative to the medium-REE (MREE) and heavy-REE
(HREE) (Fig. 8a). Also the trace elements composition of the studied

Fig. 6. BSE images of eclogites fromBorgo. (a) Quartz porphyroblasts surrounded byCpxM+KfsM coronas andK-feldspar porphyroblasts surrounded by symplectitic clinopyroxene (Cpx2)
in mafic eclogite D6. (b) Zoisite porphyroblast surrounded by tiny, bright allanite crystals in mafic eclogite D6. (c) Melt pocket of recrystallised CpxM + KfsM around relict quartz and
Pl2 + Cpx2 + Amp2 symplectite after omphacite in high-Al2O3 eclogite D9. (d) Melt pocket of recrystallised KfsM + PlM + QzM + CpxM around relict quartz in high-Al2O3 eclogite D9.
(e) Pl2 + Amp2 symplectite replacing garnet in Na-rich Pl2 + Amp2 + Cpx2 symplectite after omphacite in amphibole-bearing migmatite D5. (f) Pl2 + Cpx2 + Amp2 symplectite after
omphacite in amphibole-bearing migmatite D5.
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At Borgo, migmatised eclogites are in 
direct contact with retrogressed Grt-
peridotites showing a Grt compositional 
layering, crosscut by a subsequent LP 
Chl foliation. 

Eclogite boudins in 
migmatites show 
thin films and 
interstitial pockets 
of crystallised melts 
parallel to the 
eclogite foliation 
(partial melting of 
eclogites at HP 
conditions) 



THE CASE STUDY OF BORGO (CENTRAL ALPS)
Tremolitites occur both at the peridotite/eclogite contact 
and within the peridotite body and derived from the 
retrogression of previous Grt-websterites formed after the 
interaction at HP between eclogite-sourced melts and 
peridotites. The peridotite Grt-layering flows into the 
necks of the boudins, indicating that the stretching of the 
tremolitites (previous Grt-websterite) occurred when the 
peridotites were still in the Grt stability field.  

We analysed the composition of 16 samples 
collected along a profile, from the eclogite-peridotite 
contact to the inner part of the peridotite lens 

Malaspina et al. 2023 (GPL)



THE CASE STUDY OF BORGO (CENTRAL ALPS)
Metamorphic stage HP peak HP hydration HP melt/rock 

reaction
Decompression LP-(U)HT LP-LT hydration 

and Chl foliation
Retrogression

Olivine Ol1 Ol2
Orthopyroxene Opx1 Opxporph Opx2 *Opxsym
Clinopyroxene Cpx1 *Cpxsym
Garnet
Amphibole Amp1 Ampporph Amp2 *Ampsym Amp3

Chlorite Chl1 Chl3
Phlogopite Phlporph Phl3
Spinel Spl2 *Splsym
Serpentine

Orthopyroxene
Clinopyroxene
Garnet
Amphibole Hbl Hbl Tr1 Tr2
Phlogopite
Talc
Chlorite

Chlorite peridotite

Tremolitite



BULK ROCK GEOCHEMISTRY

Chl-peridotite

Tremolitite

Grt-peridotites (Duria)

Grt-orthopy. and 
websterite (Dabie-Shan)

Pellegrino et al. 2020 (Lithos)

Malaspina et al. 2006 (EPSL)

Sp-Grt-pyroxenite 
(External Ligurides)
Montanini et al. 2012 (EPSL)

Chl-peridotites: Mg# (90), high Ni, and low Al2O3 + CaO. 
Tremolitites: Mg# (0.91) and Ni up to 1390 μg/g plotting into the field of the 
ultramafic compositions (marked difference with respect to Grt- and Spl-
pyroxenites of subcontinental ophiolites). They show high SiO2, high CaO
and Al2O3 vs SiO2/MgO close to the composition of metasomatic Grt-
orthopyroxenites and websterites from Dabie-Shan, which were formed after 
the interaction of Grt- harzburgites with Si-rich crust-derived melts at UHP 



BULK ROCK GEOCHEMISTRY

Peridotites: REE close to or slightly lower than the DMM, with fractionated patterns enriched in LREE relative to 
the MREE and HREE. 
Tremolitites: REE up to 4.63 × PM with enrichments in MREE and LREE/HREE two orders of magnitude higher 
than subcontinental pyroxenites from External Ligurides. Both peridotites close to the contact with the mig-
matised eclogites, and tremolitites display a negative Eu anomaly, resembling that of eclogite leucosome
produced from a Pl-bearing source. 

Chl-peridotites Tremolitites

Eclogite Leucosome

External Ligurides

Depleted MORB Mantle
Salters and Stracke, 2004 (GGG)

Sp-Grt-pyroxenite 
(External Ligurides)
Montanini et al. 2012 (EPSL)



REE GEOCHEMICAL EVOLUTION IN GRT-WEBSTERITES AND 
PERIDOTITES AT HP

Tremolitites show a progressive increase in LREE from the contact up to about 30 m within the adjacent peridotite. 
Among the fluid mobile elements, both tremolitites and peridotites show a progressive depletion in Pb from the 
contact to 80 m within the peridotite body, whereas Sr is almost constant . 



To test this hypothesis, we have numerically 
simulated the REE gradient applying the Plate Model 
of Vernieres et al. (1997) using the REE composition 
of the eclogite leucosome of Pellegrino et al. (2020) 
as starting melt and the DMM as peridotite matrix. 

In the first step, the crustal melt derived from partial melting of 
eclogites reacts with the peridotite at the eclogite-peridotite 
interface. The liquids resulting from increasing interactions are 
assumed to form veins of websterites that are supposed to be the 
protoliths of tremolitites preserving their original REE composition. 
After several interactions, the final reacted melt crystallised at the 
eclogite-peridotite contact likely forms the first websterite DB177, 
showing a diffusive contact with retrogressed Grt-peridotite . 

REE GEOCHEMICAL EVOLUTION IN GRT-WEBSTERITES AND 
PERIDOTITES AT HP



REE GEOCHEMICAL EVOLUTION IN GRT-WEBSTERITES AND 
PERIDOTITES AT HP

After the interaction at the eclogite-peridotite contact, 
the reacted melt infiltrates the peridotite producing the 
REE gradient observed in the tremolitites profile. 

We assume an initial peridotite porosity of 20 % that reflects a high 
perido- tite assimilation coupled with the progressive melt 
consumption through melt-peridotite reaction during the 
percolation (i.e. a high extent of transient melt crystallisation), 
simulated by the progressive increase in crystallisation rate of 50 
% Opx, 20 % Cpx, 20 % Grt, 10 % Phl



REE GEOCHEMICAL EVOLUTION IN GRT-WEBSTERITES AND 
PERIDOTITES AT HP



LaN and CeN/YbN resulting from Step 2 calculations (yellow squares) compared with those measured in our 
tremolitite (coloured squares) along the first 30 m from the eclogite-peridotite contact. Grey scale symbols show 
the sensitivity of the model to the different extents of initial and final crystallisation rate of the percolating melts in 
the fractionation of LREE/HREE

REE GEOCHEMICAL EVOLUTION IN GRT-WEBSTERITES AND 
PERIDOTITES AT HP



POSSIBLE PERSPECTIVES

The numerical simulation aims to model the effect 
of interaction between crust-derived melts 
produced by partial melting of mafic components 
of the slab with the supra-subduction mantle 
peridotite at sub-arc depths. This includes a first 
step of crustal magma stagnation and melt-
peridotite reaction at the slab-mantle interface and 
the following metre-scale percolation of reacted 
melt within the overlying peridotite that buffers the 
composition of the infiltrating melt. 
Reactive melt infiltration at HP is a plausible 
mechanism to modify the REE budged of mantle 
peridotites that lie on top of the subducting crustal 
slab. Samples from those settings tend to show 
peculiar LREE “spoon-like” fractionations. 



SENSITIVITY OF THE MODEL

PM-normalised Yb vs La/Sm of melt resulting from the 
percolation of the liquid after Step1 at variable porosity 
(squares) and 30% or 50% of orthopyroxene (triangles and 
circles) in the crystallizing assemblage.
The model shows that at high Ma/Mc ratio the addition of 
variable amount (30 or 50%) of orthopyroxene (having 
rather low Kd for the REEs) in the crystallizing assemblage 
does not impact significantly on the melt REE composition 
resulting from the reaction. We also evaluated the role of 
variable extent of initial porosity: Figure S-6b shows that 
porosity higher than 0.1 fails to reproduce the low LaN/SmN
of melt that generated the retrogressed Grt-websterite
(DB177) close to the contact with the peridotite-eclogite 
interface. On contrary, assuming porosity lower than 0.1 the 
model results in too fast melt LaN/SmN lowering. 


