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ABSTRACT

Sediment contribution to the mantle is the key step for the generation of orogenic magmatism to produce its isotopic and
geochemical inventory. Even though they are exceptional for the subduction settings, there are worldwide samples of arc
related ultrapotassic mafic magmas which require complex multi-stage processes along with sediment melting. To understand
the metasomatism leading the mantle to produce ultrapotassic mafic melts we simulated the reactions of depleted (harzburgite)
and fertile (Iherzolite) mantle with subducted carbonate-rich sediment at relatively cold (800-850 °C) and shallow (2 GPa,
60-80 km) slab-mantle interfaces. The progressive devolatilization of the sediments can trigger the formation of immiscible and
conjugate carbonatitic and silicic melts which flux the mantle to develop exotic minerals and dolomitic melts. The metasomatic
growth product is a wehrlite composed of clinopyroxene, phlogopite, carbonate minerals, and amphibole.

Introduction

Sediment recycling within the mantle wedge contributes considerably to the geochemistry of arc magmas. In orogens like the
Alpine-Himalayan orogenic belt (AHOB), this recycling is not only essential for the composition of the arc volcanism, but
also forms metasomatic domains within the lithospheric mantle, so-called metasomes which will be stored and activated after
active-margin processes have ceased, that is, during subsequent post-collisional ultrapotassic magmatism'-%. Carbonates and
silicates are major constituents of the sediment load of the subducting column, and their devolatilization and melting represent a
principal source of fluids and/or melts that will metasomatize the overriding mantle?. By interaction of the mantle with hydrous
silicate melts, aqueous fluids and supercritical siliceous, carbonatitic, and alkaline solutions, the metasomes will be ultimately
produced (*7).

The metasomatic effects of the recycling of silicate- and carbonate-rich sediments on the mantle-wedge are distinct: recycling
of siliciclastic sediments will result in enrichment in silica with potassium and depletion in HFSEs relative to LILE whereas it
is expected that the carbonate-rich sediments will lead to extreme silica depletion with unusual enrichments in REE evident by
geochemical features of the carbonatites (e.g.®). Available data suggest that the melting of carbonate-rich siliciclastic sediments
forms melt of granitic composition at lower pressures (2.5 GPa), and of phonolitic composition at higher pressures (5.0 GPa)’.
Only at a higher temperature (> 1100 °C), the conjugate carbonatitic melt will combine with alkaline granitic to phonolitic
melts. To date, however, systematic studies of the interaction between mantle and fluid/melt derived from the melting and
dehydration of the mixed carbonate and silicate sediments are still lacking and our understanding of the underlying mechanism
of this interaction remains limited.

In this study, we performed a series of 2 GPa sediment-peridotite reaction experiments in a piston-cylinder apparatus at 800
and 850 °C by combining carbonaceous pelites with either harzburgite or lherzolite in the presence of water (20 wt.% of
the sediment). These experiments simulate the crust-mantle interactions and formation of mantle metasomes under fore-arc
mantle conditions where pressures <3 GPa and temperatures <1000 °C prevail, and where expected strong dehydration of
serpentinized peridotites below oceanic crust trigger flux melting/dissolution of overlying carbonaceous pelites. The metasomes
produced in this study consist of clinopyroxene + phlogopite + amphibole + carbonate minerals that would be able to produce
Si-undersaturated ultrapotassic melts (leucitites and kamafugites) during the further stages of orogenesis resulting in the
reactivation of the accreted fore-arc mantle.



Fore-arc mantle as a metasome stowage

In orogens like the Alpine-Himalayan belt, a significant portion of Tertiary volcanic associations is characterized by universal
enrichment of potassium coupled with invariably high incompatible trace element contents and an isotopic signature that
compositionally overlaps the upper continental crust®” 1. This has for a long time been a puzzling issue, especially for the
mantle-derived lamproites (Si-saturated), and leucitites and kamafugites (Si-undersaturated), which have the most extreme
compositions: K,O up to 12 wt.%, 37Sr/30Sr up to 0.723, eNd down to -13 as well as highly forsteritic olivine (Fo up to 93
%) with 3'8Ov.smow values up to +11.5 %c>>. These data establish a connection between the volcanism and the massive
crustal recycling that must have played a crucial role in the mantle source preconditioning of AHOB'?, and represent a global
feature! =13, Some of the best-documented case studies come from AHOB, including the Upper Cretaceous Pontide and South
Aegean arcs, but also Indonesian Batu Tara, Trans Mexican Volcanic Belt, Central and Southern Vosges Mts. of northeastern
France within the European Variscan Belt etc.” !“"'8. However, it is still enigmatic which segment of the arc architecture
might constitute this enrichment and what physical and chemical mechanisms might underlie it. Nevertheless, a few scenarios
concerning the physical mechanism of the fore-arc mantle preconditioning have been in previous literature. The involvement of
small continental slivers that are characteristic of accretionary orogens such as those produced by the Cenozoic closure of the
Tethys Ocean in the Alpine—-Himalaya belt or modern-day Indonesia is of profound significance for this recycling® !%17-19 In
contrast to the steady-state subduction zone, their presence will ultimately provide isotopically old crustal material reappearing
also later in post-orogenic lavas”. An alternative mechanism to arrive at a similar result is the stacking of mixed “cold plumes”
under the orogenic wedge, composed of similar tectonic mélanges but derived from deeper within the subduction channels?*-22.
This model proposes that subducted sediments may move across the Benioff zone due to “delamination” and rise into the
overlying mantle wedge?> especially when they are carbonate-rich>3. These plumes can transport the fertile subducted crustal
materials towards hotter zones of the mantle wedge above the subducting plate.

Table 1. Starting materials, water source, capsule architecture, and conditions for the peridotite-crust reaction experiments.
AVX: Harzburgite, KLB: Lherzolite, SD48: carbonaceous pelite.

Water Mantle/  Capsule Duration T P
# % Water  Source Crust Design Mantle Crust Days °C GPa

E10 Reaction 20 H,O 1/3 Modular AVX & KLB SD48 14 850 2
E15 Reaction 20 H,0 1/3 Modular AVX & KLB SD48 14 800 2
E17 Reaction 20 Mg(OH), 3/5 Simple AVX SD48 13 800 2
E25 Reaction 20 Mg(OH); 3/5 Simple KLB SD48 13 800 2
E33 Reaction 20 Mg(OH), 3/5 Simple AVX SD48 13 850 2
E41 Reaction 20 Mg(OH), 3/5 Simple KLB SD48 14 850 2
E45A  Melting 20 H,O Simple SD48 6 850 2
E45B  Melting 20 H,0 Simple SD48 7 800 2

Despite the challenge to provide the exact mechanism of fore-arc preconditioning, existing thermal, geophysical and geochemical
models suggest that the area between fore-arc serpentinites and the source region of arc magmas may represent a more efficient
ground for sediment recycling than previously assumed®*%>. Subduction zone seismicity data coupled with new high P-T
experiments suggest that in the fore-arc region increased fluid pressures produced by the melting of sediments will promote
the occurrence of small magnitude earthquakes and episodic tremor and slip?®?’. In this region, the melting of the subducted
sedimentary material will take place well below 1000°C, and will be additionally forced by the fluids expelled from the
underlying serpentinites®. Recent data on the subduction zone slab top temperatures as well as empirically obtained thermal
models show that in many subduction zones hydrous sediments will begin to melt already in the fore-arc region>?°. Sediment
melting will produce melts of different compositions, depending on the ratio between carbonate and silicate components. In
each case, it is expected that the melt will not be able to induce melting of the overlying mantle, but will infiltrate and react
with peridotite and metasomatize it, producing domains enriched in hydrous minerals® %18

Results

We conducted 6 sediment-peridotite reaction experiments at 800 and 850 °C and 2 GPa with carbonaceous sediments and either
synthetic lherzolite or harzburgite, in which a layer of sediment was placed in the bottom of the noble metal capsule above the
layer of diamond melt-trap (more details on starting compositions and two types of capsule architecture see in Supplementary
Data File I). The experimental capsules were geochemically and mineralogically thoroughly characterized in Supplementary
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Figure 1. Element mapping reveals the composition of melts extracted due to the wet sediment melting during the reaction
experiment at 800°C/2 GPa (Experiment 15B).

Data File I and comprehensive data set including major and trace elements of all experimental runs and melt compositions are
presented in Supplementary Data File II.

Melt composition

In all experiments, two melt compositions were obtained in the melt trap: carbonate-rich and silica-rich, which we interpret as
conjugate immiscible carbonatitic and silicic melts. It is important to mention that, at fore-arc depths low solute concentration
fluids are referred to as aqueous fluids whereas high silicate concentration (> 65 wt.%) is adopted to be the marker of the
melts®”. Despite the significant controversies over the conditions controlling the formation and composition of the two liquids,
aqueous fluids and melts are found to coexist at shallow depths of the mantle wedge at 2 GPa, 748 — 926 °C3%3!_ Given the
compositional criteria and the conditions, that the hydrous silicic melts and aqueous fluids could coexist in our experiments, we
prefer to define produced liquids as the hydrous carbonate and silicate melts, instead of deepening the argument over the melt
and fluids in the mantle™.

The experiment performed at 800°C/2 GPa (E15B), revealed that the conjugate melts are stratified (Figure 1), what was
previously suggested to have resulted from density differences between compositionally contrasting melts>>. In most cases, they
are found to be either mingled or segregated within the voids of diamond grains to various extents (Figure 1). This relationship
is a reminiscence of carbonate droplets separated from silicate glass along the veins of olivines observed in metasomatized
mantle lherzolites as previously reported**. Besides two immiscible melts observed in the diamond trap, we have also found
the carbonatitic melt in the peridotite part of the capsules regardless from the peridotite composition (Figure 2b and d).

The carbonatitic melts have totals as low as 50 wt.% and elevated CaO (13.5 — 48.3 wt.%), MgO (0.6 — 36.5 wt.%) and FeO(tot)
(0.7 — 4.5 wt.%) with low NaO, and K,O (av. 0.4 wt.% and 0.08 wt.%). There is a substantial difference in the carbonatitic
melt composition within the trap and within the peridotite, with the latter having dolomitic Ca/(Ca + Mg) ratios of 0.38 — 0.60
(Figure 3a). The conjugate silicic melts are high in Si0,(53.3 — 84.5 wt.%), Al,03 (10.9 — 20.3 wt.%), and have extreme K,O
contents av. 9 wt.% (1.1 — 12.7 wt.%) (Figure 3b-c). Most of the silicic melt compositions are characterized by lower totals
than 100 wt.% due to the high volatile contents. Analyses with totals below 80 wt.% were rejected.

In parallel two conjugate melts display characteristic carbonatite and silicate melt trace element variations; the silicate melt
being enriched in LILE including Th and U, as well as Ti, Nb, Ta and Zr compared to the carbonatitic melt which is enriched in
REE, Sr and P (Figure 6a). These variations can be better seen in particular ratios of trace element pairs such as Rb/Nb and
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Th/La that are up to 5-fold higher in the silicic melts compared to the carbonatitic melts (Figure 6b).

Melt-peridotite interaction and formation of metasomes

There is no systematic difference between the lherzolitic and harzburgitic portions of the experimental charges in terms of the
metasomatic mineral association resulting from the melt-peridotite interaction in our experiments: wehrlitization of peridotite
with the replacement of Opx by Cpx represents the universal process, which is most intense in the nearest area closest to
the sediment-peridotite interface (Figure 2a, c). However, all these interactions may appear as distinguished compositional
variations in the same metasomatic or newly formed mineral species in the lherzolite- and harzburgite-sediment experiments.
Opx and Cpx grains demonstrate significant disequilibrium textures, especially in the proximity of the sediment-peridotite
interface, in contrast to spinel and olivine which are the least affected phases displaying no distinguishable textural changes
(Figure 2b). Cpx is the most abundant newly formed and metasomatic phase in the reaction experiments. According to its
relation with orthopyroxene, it can be grouped as follows:

¢ A rim of newly formed Cpx (Cpx-r, Figure 2a) surrounds Opx grains, partially resorb and detach them from the peridotite
portion. Moreover, this type of Cpx occurs in the Cpx-Phl-Amph veins and pockets (Figure 2b-d). In lherzolite-sediment
experiments, it is generally diopsidic (Mg# = 0.88—0.89; Wo4s5.49En45.43 Fsg) with extreme enrichment in CaO up to
23.8 (wt.%) and has low contents of MgO (14.5 -16.9 wt.%) and Na;O (0.1 - 0.2 wt.%) (Figure 5a-b). However, the
Cr,03 contents in Cpx from the reaction pockets are higher (0.46-0.51 wt.%) than in the Cpx from the interface (0.16 —
0.21 wt.%). On the contrary, in harzburgite - sediment reaction experiments reaction pocket Cpx are augite (Mg#= 0.91 —
0.92; Wo36.41 Ensg_sg Fsqq.6) with high Cr,O3 contents (2.0 — 2.7 wt.%) whereas Cpx from the interface display variation
between augite and diopside with lower Cr,O3 contents (0.04 — 1.5 wt.%).

* Metasomatic Cpx (Cpx-m, dark colour, homogenous, euhedral crystals up to 20 um) grains embay opx grains due to
the melt invasion, dissolution and recrystallization processes (Figure 2b, ¢). The Cpx-m grains in lherzolite-sediment
experiments are augitic and similar to Cpx from the unreacted peridotite portions (Mg#= 89-90; Wo35.39 Enss_sg Fs¢ 7,
CaO 15.8- 17.7 wt.%, Na,0 0.8 — 1.1 wt.%, Cr,03 0.2 — 0.4 wt.%; Figure 2 a-b and 5a-b). The same type of Cpx in
harzburgite-sediment experiments is similar (Mg#= 0.91 — 0.93; Woy7.36Enss.¢ Fss5.7, CaO 14.2- 16.1 wt.%), but show
slightly elevated MgO contents up to 24.1 wt.% (Figure5c). They also display variation in Cr,O3 (0.4 — 2.6 wt.%) and
Na;O (0.02 —2.14 wt.%) (Figure 5d).

In addition to the newly formed Cpx (Cpx-r), phlogopite and amphibole are found as veins and domains together with dolomitic
melt pockets within the peridotite (Figure 2b and 4). Phlogopite forms small bladed and/or acicular crystals (largest 7 x 0.2
pm) (Figure 2b). They are generally low in Ti (TiO;< 0.8 wt.%) and in Cr (CryO3: 0.03 — 0.5 wt.%) and their Mg# is in the
range between 85 and 92. The phlogopite crystals belonging to lherzolite-sediment reaction experiments (E10 and E15) display
K5O contents up to 7.8 wt.% and Cr,O3 between 0.4 — 0.5 wt.% with Mg# ranging 90 - 93. In contrast, phlogopites from
harzburgite-sediment reaction experiments (E10 and E17) have broader variation in Mg# (85 - 93) and more elevated contents
of K70 (8.3 - 9.9 wt.%) with lower contents of Cr,03 (0.03 — 0.15 wt.%) (Supplementary File I - Figure 1). Amphibole in
lherzolite-sediment reaction experiments is pargasitic with high Mg#= 91. The composition of the accompanied carbonate
minerals was not identified but elementary maps reveal their high Ca and low Si contents (Figure 4).

In summary, there is no systematic difference in the mineral assemblages forming metasomes within peridotite of different
extents of depletion, and only their mineral composition reflects the more enriched (higher Ca, Al and Ti) character of the
lherzolitic vs. harzburgitic host.

Discussion

New constraints on the petrogenesis of AHOB UP lavas

AHOB volcanic associations are generally characterized by universal enrichment of potassium coupled with invariably high
incompatible trace element contents and isotopic compositions approaching crustal values (e.g>’ and references therein). In
more detail, two compositionally different ultrapotassic volcanic series are recognized including Si-saturated leucite-free
(lamproitic, shoshonitic and high-K calk-alkaline) series, and Si-undersaturated leucite-bearing series with kamafugites as the
most primitive lavas’®#!. Experimental data suggest that the primary melts of Si-saturated series require high-degree melting
of a phlogopite-bearing mantle source>*>~*?. On the other hand, ultrapotassic Si-undersaturated primary melts will be sourced
in the peridotite fluxed by the volatile components HyO and CO,, or alternatively in the wehrlitic mantle with the presence of
metasomatic phases such as dolomite, phlogopite and amphibole®®>%. A single experimental study investigated the interaction
between limestone and peridotite at upper mantle conditions, ultimately producing alkaline reaction melts>>.

Our experiments demonstrate that wehrlitisation is universally caused by sediment-melt interaction with peridotite due to
carbonatite metasomatism, as previously observed (e.g.,55‘58). Moreover, the immiscible carbonatitic and silicic melts which
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Figure 2. Backscattered electron images of the experimental charges revealing the formation of metasomatic minerals due to
reaction of sediment with peridotite. a) The reaction interface seen as a bright film layer between mantle and crust in
harzburgite-sediment reaction experiment at 850 °C/2 GPa, b) Closer view revealing the embayment of Opx by metasomatic
Cpx (Cpx-m), the development of sieve texture in newly formed Opx(Opx-r) and of inclusions of phlogopite needles in Cpx
(Cpx-1); olivine (ol) remained intact, c) The reaction interface dominated by the second generation clinopyroxenes and poorly
developed reaction pockets seen at right top corner (lherzolite-sediment reaction experiment at 850 °C/2 GPa), d) Dolomitic
melt ponds and reaction pockets (ol: olivine, opx: orthopyroxene, opx-r: second generation orthopyroxene, cpx-m:
metasomatic clinopyroxene, cpx-r: second generation clinopyroxene, phl: phlogopite, cb: carbonate minerals, amp: amphibole,
dol: dolomitic glass)
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Figure 3. The chemical compositions of the hydrous carbonate and silicate melts in this study in comparison with previous
experimental products and with melts detected in natural peridotite samples. The arrows indicating the evolutionary trends of
melt compositions with increasing temperature are taken from other experimental studies® 333,

released from the carbonaceous pelite interact with peridotites to form low-density assemblages of several hydrous minerals
and dolomite within werhlite. The mineral assemblage produced, that is, a wehrlitic peridotite with phlogopite, amphibole and
carbonate minerals (Figure 4) perfectly matches the proposed mantle source compositions of the orogenic Si-undersaturated
ultrapotassic magmatism accounting for the K-enrichment and silica depletions.

The phlogopites are characterized by low Ti and Cr contents, comparable with those in similar reaction experiments and natural
xenolith samples*®>° (Supplementary Data File I- Figure 7). The composition of the carbonate minerals in the metasomes has
been inferred to be dolomite-type based on the elementary maps revealing that Ca and Mg are proportionally equal in these
occurrences (Figure 4). This is partly comparable with the mantle wedge peridotites which host Mg-Calcite and dolomite®* 0.
The presence of phlogopite and carbonate minerals is accepted as sole evidence of modal metasomatism>®-°!-? and various
metasomatic agents in a range of composition and conditions are held responsible for their generation®® %4,

For example, the Mount Leura xenoliths from Victoria State, Australia were suggested to indicate the leading of K-Na-OH-rich
fluids in a peridotite ambient under reduced conditions based on the thermodynamic modelling of the system>’. Moreover, these
fluids and melts are also suggested to might have originated from various media (subducted slab, convective asthenosphere and
uprising plume’”. This variety in proposed mantle sources of the metasomatic agents is not unexpected because identification
of the metasomatic components percolating the upper mantle is challenging: they can not be examined directly, but can be
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Figure 4. Element mapping revealing the mineral paragenesis of the metasome that formed by the reaction of carbonaceous
pelite and lherzolite (E-10) at 850 °C/2 GPa (see Figure 2 caption for the abbreviations).
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inferred from fluid and solid inclusions in primary minerals of deep xenoliths, peridotite massifs and eclogites, and modelling
based on trace element compositions of alkali basalts, carbonatites and/or mantle minerals. In this respect, the finding of the
immiscible and conjugate melts in our experiments is of greate importance, therefore we can especially ascribe specific element
enrichments to the different melt compositions.

In summary, our experiments demonstrate that phlogopite, pargasite and carbonate minerals can grow within the mantle wedge
as a consequence of slab-fore-arc interaction, resulting in metasomatic domains within the depleted peridotite mantle. Its later
activation will preferentially involve these domains which are internally heterogeneous on scales similar to those of melting and
magma extraction (i.e. metres to kilometres), as suggested by isotopic data'?, to form silica-undersaturated ultrapotassic melts
if the degree of partial melting is not too low’!-’?. We favour a combination of the mélange diapir model which provides a
minimalistic approach and the conventional model which requires a combination of dehydration, melting and mixing processes
of various components.

The Th/La conundrum revisited

Besides potassium, trace element and isotopic enrichments, the Si-saturated AHOB lavas (lamproites) demonstrate a positive
correlation of extremely high Th/La with the high Sm/La'® whereas it is absent in Si-undersaturated lavas. This kind of
enrichment is inconsistent with a mantle source metasomatized by slab-derived components including recycling of the subducted
sediments because Sm/La doesn’t show a positive correlation with the Th/La ratio in arc magmas that is also never greater than
0.573 (Figure 6). Moreover, it is not observed in the crust, the mantle, or in mantle-derived melts generally, suggesting that
either some unusual source or previously unrevealed process may be responsible for this enrichment. The most recent and
comprehensive treatment of the subject has been given by researchers'® who have also reviewed the most important solutions to
this conundrum. These include the presence of a fictional ancient component (coined SALATHO) enriched in lawsonite that
can considerably fractionate Th and La and provide high Th/La and Sm/La, which possibly has been stored in the recycled
mélange in form of diapir within the mantle’*7°. An important aspect not fully addressed'?, is the extent to which several
other ingredients, including high K and the extreme isotopic signature, are provided in the mélange to satisfy the compositional
enrichment observed in AHOB ultrapotassic lavas.

Our experiments support an alternative explanation for this paradox. Conjugate carbonatitic and silicic melts generated by
melting of the carbonaceous pelites demonstrate substantial differences in trace element concentrations and ratios (Figure
6a-b). If we focus on the Th/La ratios in the hydrous and K-rich silicic melt, it is up to 5-fold higher than in the carbonatitic
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Figure 6. a) Primitive mantle normalized trace element patterns of the representative conjugate carbonatitic and silicic melts
from sediment-peridotite reaction experiments. Primitive mantle value is from®. b) Th vs. Th/La diagram for the carbonatitic
melts from reaction experiments with silicate melts from reaction and melting experiments in this study. Carbonaceous
sediments®’, global subducting sediment (GLOSS®), bulk continental crust (BCC®), upper continental crust (UCC®), arc
magmas (Pontide arc ultrapotassic rocks?), carbonatites (Mt. Vulture Carbonatites®), Tethyan Realm Lamproites19 are also
plotted for comparison.

melt, due to the very intense fractionation of these two elements (Figure 6b). This kind of fractionation is in accordance with
experimentally determined carbonatite/silicate melt partition coefficients obtained in the hydrous K-rich silicic systems’’.
We assume that this geochemical fingerprint will be effectively conveyed to the silicate portion of the mantle, mostly in the
phlogopite-clinopyroxene-rich metasomes. It will be provided by silicate melt separated from the conjugate carbonatitic melt,
which will have all ingredients proposed to build a metasomatized source of lamproites: extreme potassium enrichment, variable
but high Sm/La ratio, extremely high Th/La ratios, as well as extremely radiogenic isotopic signatures. In other words, if the
metasomes are generated by the recycling of carbonate-rich sediments within the mantle wedge, their melting will produce the
magmas with the same fingerprint. We envisage that during subduction-induced sediment recycling and cyclic metasomatism
that is active at the slab-(fore-arc) mantle interface, the dense alkaline fluids will migrate upward by means of cycles of melting,
solidifying/freezing and reacting as subduction progresses’*’8. We speculate that the melting of the carbonaceous sediments
will successfully yield an alkaline dolomitic melt and a hydrous silicate and potassic melt. The infiltration of these distinct
melts into depleted mantle may result in decoupled metasomatic events. First, metasomatism by the dolomitic melt creates
a trend from harzburgite to olivine-rich wehrlite. If the melting will take place in the metasomatized region comprising of
the dolomite-bearing phlogopite wehrlites, the melting of the metasomes will produce kamafugite that by default doesn’t
show a Th/La anomaly. As the melt transmission through the peridotite involves multistage processes, we envisage that its
interaction with the peridotitic mantle will result in silica and potassium enrichment and depletion in HFSEs relative to LILE
situated within the universally present phlogopite clinopyroxenites*®”?. In the case the two melts have been separated within
the mantle due to differences in viscosity and permeability, the infiltration of the silicate melt enriches the metasomatized rocks
in clinopyroxene and phlogopite, which after melting will produce lamproites showing the Th/La anomaly. These multiple
imprints of the recycled sedimentary materials in the relatively restricted area have been described in the Italian arc, in Latera
volcano® as well as in San Venanzo’, where both Si-saturated (lamproitic) and Si-undersaturated (leucititic and kamafugitic)
melts and derivative minerals have been observed. This is also in accordance with the recent studies investigating the fate of the
CO; in the upper mantle, underscoring that the Tethyan subduction might have transported a much larger amount of CO, than
previously assumed’!-7%-81 Moreover, it is also recently proposed that the recycled carbonate sediments are responsible for low
52°Mg and high 3°0Zn signatures observed in the Mediterranean lamproites defining so-called “Mg-Zn isotopic decoupling”®?.

Conclusion
We can draw following conclusions from our study:

¢ In a series of 2 GPa experiments in a piston-cylinder apparatus at 800 and 850 °C, we combine carbonaceous pelites
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with either harzburgite or lherzolite in the presence of water (20 wt.% of the sediment), simulating the crust-mantle
interactions and formation of mantle metasomes in fore-arc mantle conditions.

* Two conjugate melts, that is, carbonatitic and ultra-high-K silicate melts are produced, representing strong metasomatizing
agents.

* The metasomes produced consist of clinopyroxene + phlogopite + amphibole + carbonate minerals that would be able
to produce Si-undersaturated ultrapotassic melts (leucitites and kamafugites) during the further stages of orogenesis
resulting in the post-collisional reactivation of the accreted fore-arc mantle.

* Two conjugate melts demonstrate a strong potential for incompatible trace-element fractionation, with silicate portions
driving high Th/La, Sm/Nd and LILE/HFSE, as being observed in Si-saturated utrapotassic lavas.

Methods

Selection of Starting Materials and Capsule Design

Starting materials were composed of the synthetic mantle and natural lithologies. To prepare the peridotite end-members,
high-purity, commercially available oxide powders (SiO,, TiO,, Al, O3, Fe,03, K;0, Na,O, MgO, Ca0, Cr,03, NiO and MnO)
were mixed with ethanol in an agate mortar and pestle for more than 2h and were synthesized at 1250 °C/2 GPa according to
the standart procedure by Rapp et al. (1999). Fertile peridotite is a natural spinel lherzolite sample (KLB-1) from Kilbourne
Hole, USA®3, while the depleted peridotite (AVX) is a harzburgite from Volvoyam Volcanic Field, Kamchatka Arc®*.

The natural sediment sample is a carbonaceous pelite - marlstone from the Apennine Region (SD48), which is geochemically
characterized by Avanzinelli et al (2008) and Conticelli et al. (2009) and discussed as one of the potential end members involved
in crustal recycling within the mantle source of Italian ultrapotassic magmatism. The reaction experiments were performed in
two different types of capsule designs. The further details of the capsules and the compositions of the starting materials are
given in Supplementary File 1.

Experimental Procedure

The experiments in this study have been conducted using the piston cylinder apparatus in the Experimental Petrology Laboratory
at Johannes Gutenberg University Mainz (JGU) . The reaction experiments were performed at 800 - 850 °C and 2 GPa. The
first two runs were performed with modular capsules at 850 °C and 800 °C/2 GPa and the following runs with simple design
repeated under the same conditions separately for the combinations of the harzburgite + marl and the lherzolite + marl (Table
1). Melting experiments (6 days) have been conducted under the same conditions as reaction experiments (15 days) but for a
shorter duration.

Analytical Methods

The polished experimental charges were imaged and the mineral and melt phases were analyzed using the JEOL JXA 8200
Superprobe at JGU for electron probe microanalyzation (EPMA). Operating conditions were set to 20 kV accelerating voltage,
20 nA beam current and 2 nm beam diameter. Synthetic and natural minerals were used as reference materials. To better
document reactions between mantle and crust under given conditions backscattered electron images of the reaction zones and
metasomatic portions were produced. We identified the melt composition by measuring glasses which are devoid of quench
crystals throughout the experimental charges. Where sufficiently large melt pockets are absent, element distribution maps were
produced to document the glass compositions (Figure 1). The diamond trap drained the initial melts from the sediment and
helped us with the accurate determination of unfractionated melt compositions.

Trace element analyses of the glasses were performed by LA-ICP-MS at the University of Mainz using an ArF EXCIMER-
laser (193 nm wavelength, NWR193 system by esi/NewWave) coupled to an Agilent 7500ce ICP-MS system according to
the standard procedure described in”. The measurements were calibrated based on the NIST 610, NIST 612 and BCR glass
reference materials. Iron-loss from the system to the Au-Pd outer capsule was calculated and found to be insignificant based on
mass balance (Supplementary File IT). We also employed mass balance calculations to justify the visually estimated modal
proportions of the mineral and melt phases.
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