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The genesis of anatectic carbonatites — i.e., rocks crystallized from carbonate melts generated by
partial melting of metasediments — remains unclear, though essential to elucidate their occurrence.
Reports of anatectic carbonatites are increasing, but their origin from marly metasediments has never
been proved. Here we present mesostructural, microstructural and geochemical evidence
documenting the origin of anatectic carbonatites through in situ incongruent melting of meta-marls in
an orogenic setting. The presence of silicate vs calc-silicate assemblages (K-feldspar vs calcite +
scapolite) interstitially crystallized in distinct domains of the migmatitic meta-marl leucosome
indicates late-stage immiscibility between silicate and (silico-)carbonate liquids, preceded by
fractional crystallization. The carbonate/silicate melt partition coefficients estimated for major
elements are consistent with those experimentally determined for water-bearing silica-rich potassic
systems. Our results introduce a new perspective on carbonatite genesis by proposing a viable
process for generating carbonate melts in the orogenic crust, challenging the prevailing view that most

carbonatites are mantle-derived.

Anatectic processes are mainly studied in metamorphosed pelitic, felsic and
mafic lithologies of the continental and oceanic crust because petrological
investigation of the natural record of these lithologies is supported by
experimental studies and predictions from thermodynamic modelling'™*.
However, anatectic processes can also occur in carbonate-bearing rocks,
which have been rarely investigated, although carbonate-bearing sediments
represent relevant components of the continental crust involved in orogenic
processes™'’. Experimental studies at upper crustal conditions on simplified
synthetic systems have highlighted the key role of H,O, silica and alkalis in
lowering the solidus of the carbonatic system below 650 °C'"". These
conditions are commonly experienced in contact and regional metamorphic
settings, suggesting that melting of carbonate-bearing rocks could be more
common than currently supposed'”’. Different end-member processes are
invoked to explain melting of these lithologies as either (i) induced by the
intrusion of felsic or mafic magmas®*, (i) related to high-temperature
regional metamorphism, or (iii) a combination of these two processes in an
evolving orogenic system” . However, a definitive explanation for the
genesis of crustal carbonate melts is still lacking’”. In the absence of
experimental data on complex chemical systems and of appropriate solution
models for carbonate melts, the investigation of the natural record remains,
so far, the only source of information for understanding the response of
carbonate-bearing sediments when metamorphosed at high-temperature
conditions, typically supra-solidus in pelite to felsic systems.

In the last few years, several field occurrences of carbonatite-like rocks
in orogenic settings have been reported, interpreted as derived from partial
melting of carbonate-bearing sedimentary protoliths (ie, para-
carbonatites”, or anatectic carbonatites™) in relation to mesoscopic struc-
tures commonly observed in high-grade metamorphic terranes™”. These
lithologies occur as small (cm-sized) veinlets and pods””, metre- to tens of
metres wide dykes and/or pegmatites™*********, as well as larger scale (tens
of km®) bodies”, locally including crustal xenoliths™**>*. However,
microstructural evidence of the former presence of a carbonate melt is often
elusive, especially in slowly cooled migmatites, because they are prone to
rapid recrystallization”>”. Because clear microstructural evidence of car-
bonate melts is rare, fewer than twenty case studies have documented
anatectic processes in crustal-derived carbonate-bearing rocks”.

Here we present mesostructural, microstructural and geochemical
evidence documenting in situ partial melting of calc-silicate rocks derived
from marly sediments metamorphosed at ca. 750-800 °C, and 0.7-0.8 GPa
during the Himalayan orogeny"'. Petrographic observations show com-
pelling evidence of immiscibility between silicate and (silico-)carbonate
liquids, indicating that liquid unmixing affects silicate-carbonate sedi-
mentary protoliths at least during the final stages of their anatectic evolution.
This interpretation is supported by carbonate/silicate melt partition coef-
ficients for major elements, which are consistent with experimentally
determined values for H,O-bearing silica-rich potassic systems*. Our
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results have clear implications for understanding the genesis of crustal-
derived orogenic carbonatites and demonstrate that anatexis of calc-silicate
rocks followed by fractional crystallization and late-stage liquid immisci-
bility is a viable mechanism to generate carbonate melts in the continental
crust. Although it does not question that most carbonatites originate from
the mantle, this model challenges the prevailing idea that anatectic melting
of crustal rocks cannot produce true carbonatites”. It potentially offers an
explanation for the origin of carbonatites that lack a clear mantle signature
and are found in collisional settings.

Results

Mesostructural features

The studied meta-sedimentary succession is hundreds of metres thick, and
consists of calc-silicate gneisses interbedded with dm- to m-thick layers of
fine-grained biotitic gneisses (Supplementary Fig. S1d). At the top of the
succession, the calc-silicate rocks are overlaid by biotite + garnet-bearing
anatectic orthogneisses, which locally host tens of metres thick bodies of
garnet + tourmaline-bearing granites characterized by centimetric radial
aggregates of sillimanite (Supplementary Fig. Sle). At the outcrop scale, the
calc-silicate gneisses show migmatitic texture, mainly stromatitic*’, char-
acterized by the widespread occurrence of leucosome veins and pods
hosting large clinopyroxene, garnet and titanite porphyroblasts (Fig. 1), and
by an alternation of green and white mm- to cm-thick leucosome and
melanosome layers. Leucosome veins and pods range in thickness from
about 10 to 50 cm and are either concordant or discordant to the main
foliation. The discordant leucosomes are generally coarse-grained, locally
pegmatitic, and show sharp and irregular boundaries with the main mig-
matitic foliation, and host spotted greenish domains dominated by dark-
green clinopyroxene and dark-red garnet porphyroblasts (Fig. 1 and Sup-
plementary Fig. S2). Clinopyroxene is often poikiloblastic, ranging in size
from 1 to 5-6 cm (Fig. 1 and Supplementary Fig. S2). Garnet is less abundant
and has variable size, from 0.5 to 2 cm; it is locally poikiloblastic and is often
replaced by a dark-green kelyphitic corona (Fig. 1 and Supplementary
Fig. S2). The leucosome assemblage is more challenging to identify, except
for mm-sized sulphur grains, which are locally surrounded by an oxida-
tion halo.

Microstructures and mineral chemistry

The studied samples 19a-50_1, 19a-50_2 and 19a-50_3 were collected from
the same leucosome pod (Fig. 1). At the microscale, leucosome veins and pods
are dominated by K-feldspar, clinopyroxene, scapolite, garnet, calcite, plagi-
oclase and titanite, with minor amphibole, quartz, pyrrothite, rare relics of
biotite and accessory apatite, allanite and rutile. An overview of the samples at
the thin section scale is shown in Figs. 2, 3a, b and Supplementary Figs. S3, $4,
while representative microstructures are illustrated in Figs. 2, 3 and Supple-
mentary Figs. S5-S9; mineral chemical results are summarized in Supple-
mentary Data S1 and Supplementary Figs. S10, S11. Most minerals occur in
different generations (discriminated below in assemblages 0 to 4; Fig. 4),
which are clearly recognisable according to their grain size, microstructural
relationships and composition (mineral abbreviations are after Ref. 44).

The peritectic minerals record. Coarse-grained clinopyroxene (Cpx1),
garnet (Grtl), K-feldspar (Kfs1) and titanite (Ttnl) are interpreted as
peritectic phases, i.e., the solid products of a melt-producing reaction.
The pluri-cm poikiloblastic Cpx1 (XMg = 0.74-0.81) includes coarse-
grained euhedral Kfsl and Ttnl (Fig. 2a), all minerals showing equili-
brium relationships (i.e., straight boundaries and no compositional
variations along the inclusion-host contact; Supplementary Fig. S5c).
Plagioclase and quartz are also included in Cpx1 but show disequilibrium
microstructures. Plagioclase (P10: XAn = 0.35-0.41) has a rounded shape,
indicating partial resorption, and quartz (Qz0) is corroded and sur-
rounded by discontinuous films of K-feldspar pseudomorphs after melt
(Fig. 2a, sample 19a-50_3). Micro- to meso-perthitic crystals of Kfsl
(XAb = 0.11-0.17) (Supplementary Fig. S5a, b) are either included in
Cpxl or occur as coarse-grained (up to several millimetres in size)

crystals in the matrix, generally concentrated in the proximity of Cpx1
(Fig. 3e). Either when included in Cpx1 or in the matrix, Kfs1 hosts fine-
grained rounded Qz0, Pl0 and biotite (Bt0) (Supplementary Fig. S5c¢),
which likely represent reactants of the melt-producing reaction. Grtl
(Almy4GrsyoPrp13Sps,Adry) is pervasively replaced by composite kely-
phitic/symplectitic microstructures, which are described below. The size
and the shape of these symplectitic domains suggest that Grt1 originally
formed pluri-mm-sized porphyroblasts (Fig. 2a), although only small
relics are now preserved. As well as Kfs1, the Grt1 is mainly concentrated
around the large Cpx1 poikiloblasts (Fig. 2a). Small, rounded calcite
inclusions (Cal0) are observed within Grtl relics, indicating it was a
reactant. Ttnl forms euhedral to sub-euhedral crystals up to several mm
in size, and it includes fine-grained Qz0, Cal0 and PI0 (Supplementary
Fig. S5d). Ttnl is rich in fluorine (F =0.20-0.28 a.p.f.u.) and has Al =
0.21-0.27 a.p.f.u., inversely correlated with its Ti content. Accordingly,
Qz0 + Pl0+Cal0 + Bt0, included in the coarse-grained Cpx1, Grt1, Kfs1,
and Ttnl poikiloblasts, constitute the reactant mineral assemblage that
formed the peritectic assemblage coexisting with melt (Fig. 4).

Disequilibrium microstructures between peritectic minerals and
the matrix. Cpx1 and Grtl (i.e., the femic peritectic minerals) show
disequilibrium microstructural features with the surrounding matrix.
Cpxl is replaced at the rim and along fractures by a spongy clinopyroxene
(Cpx2a: XMg = 0.56-0.74) (Supplementary Fig. S6a). Cpx2a is in optical
continuity with Cpxl and is crowded with fine-grained polyphase
inclusions of plagioclase (P12a: XAn = 0.43-0.58), amphibole (Amp2a:
pargasite) and calcite (i.e., assemblage 2a; Fig. 4, Supplementary Fig. S6a),
forming a network of interconnected inclusions with irregular and ver-
micular shapes. Grtl is almost entirely replaced by a composite sym-
plectitic microstructure, which is both texturally and compositionally
zoned. The inner portion of the Grt1 reactive domain consists of a fine- to
medium-grained symplectitic aggregate of amphibole (Amp2b: potassic-
hastingsite), Ca-rich plagioclase (PI12b: XAn = 0.73-0.89) and minor
clinopyroxene (Cpx2b: XMg = 0.29-0.40) (Supplementary Fig. S6b-d)
(i.e., assemblage 2b; Fig. 4). The grain size of the symplectitic aggregate
increases outward with respect to the contact with Grtl. In some Grtl
reactive domains, P12b is partially replaced by scapolite (Scp3d: XMe =
0.76-0.81) (Supplementary Fig. S7); at the contact with Scp3d, the relic
Grtl is overgrown by a thin rim of garnet (Grt3d:
Almy; Grs;gPrpsSps;Adry;). The outer portion of the Grtl reactive
domain consists of a fine-grained granoblastic aggregate of plagioclase,
clinopyroxene, calcite and pyrrothite (Supplementary Fig. S7) (i.e.,
assemblage 3c: Fig. 4). P13c has a strongly variable composition (XAn =
0.60-0.36), being progressively enriched in Na toward the outer portion
of the domain. Cpx3c is patchy zoned, with highly variable XMg (XMg =
0.39-0.64), and is often partially replaced at the rim and along cleavages
by a late generation of amphibole (AmpL: magnesio-hornblende to
actinolite).

Matrix. The matrix hosting the coarse-grained peritectic phases consists
of two distinct domains, which differ in mineral assemblages and overall
compositions: a silicate domain (a), and a (silico-)carbonate domain (b)
(Fig. 3a, b), hereafter indicated as the carbonate domain for the sake of
simplicity. The silicate domain consists of K-feldspar and minor quartz
and clinopyroxene (i.e., assemblages 3a/4a; Fig. 4). Two different gen-
erations of K-feldspar are clearly recognisable based on their grain size: a
medium-grained, micro-perthitic Kfs3a (XAb = 0.09-0.13) (Fig. 3c-e
and Supplementary Fig. S5a,b), and a fine-grained homogeneous Kfs4a
(XAD = 0.08-0.12) (Fig. 3c—e and Supplementary Fig. S9d). The latter is
systematically interstitial between Kfs1 and Kfs3a grains, thus defining a
sequential microstructure. Cpx3a/Cpx4a (XMg = 0.54-0.63) are locally
replaced at their rim by a late amphibole of actinolite composition. The
carbonate domain forms rounded ocelli up to a few cm in diameter and
shows sharp contacts, suggesting equilibrium with the surrounding sili-
cate domain (Fig. 3b). These ocelli are either isolated within the silicate

Communications Earth & Environment| (2026)7:586


www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03572-2

Article

Fig. 1 | Representative images of the studied samples at the outcrop scale. a,b The
leucosome pods and veins are discordant with respect to the main foliation of the
hosting calc-silicate gneisses and have a pegmatitic structure. Pluri-cm dark green
clinopyroxene (Cpx) and pluri-mm red garnet (Grt) porphyroblasts, almost com-
pletely replaced by dark green kelyphites are set in a whitish matrix, mostly con-
sisting of K-feldspar. The greenish rounded ocelli in the matrix mainly consist of
scapolite + clinopyroxene. Blue pen, 13 cm long, for scale. The three thin sections
investigated in this study (i.e., 19a-50_1, 19a-50_2 and 19a-50_3) correspond to the
domains highlighted by the boxes in (a).

matrix domain or adhere to the garnet reactive sites described above. The
carbonate domains forming the ocelli consist of fine-grained granoblastic
to symplectitic aggregates of scapolite (Scp3b: XMe = 0.73-0.76;
Cl=0.02-0.09 a.pfu.), clinopyroxene (Cpx3b: XMg = 0.36-0.48) and
minor calcite + pyrrothite (Supplementary Fig. S8c, d) (i.e., assemblage
3b; Fig, 4).

Thin interstitial polymineralic films consisting either of calcite +
clinopyroxene or scapolite + quartz + clinopyroxene (Fig. 2b, c) (ie.,
assemblage 4b; Fig. 4), depart from the ocelli and penetrate the silicate
domain. In the first type of polymineralic films, calcite shows cuspate ter-
minations with low dihedral angles against the adjacent K-feldspar; scapolite
(Scp4b: XMe = 0.61-0.70, Cl = 0.13-0.28 a.p.f.u) and quartz in the second
type of polymineralic films form fine-grained intergrowths (Fig. 2b). Cpx4b
has XMg = 0.52-0.56. Both these types of polymineralic films have the same
microstructural features of the so-called pseudomorphs of melt-filled pores
described in pelitic migmatites and interpreted as the product of the last melt
crystallization (i.e., highly cuspate grains with low dihedral angles'*°). The
occurrence of fine-grained myrmeckitic microstructures consisting of pla-
gioclase (XAn = 0.32-0.41) and quartz (Supplementary Fig. S9a-e) at the
K-feldspar grain boundaries (ie., interstitial between adjacent Kfs3a)

suggests that K-feldspar interacted with Ca-rich melt/fluid during cooling.
Pyrrothite (Feg g0_0.93S) is mainly concentrated within, or in the proximity
of, the carbonate domains and systematically occurs in an interstitial posi-
tion (Supplementary Fig. S91).

Large polymineralic inclusion within peritectic Cpx1. The peritectic
Cpxl includes a fine-grained polymineralic inclusion a few mm large;
around the inclusion, the Cpx1 is replaced by a spongy Cpx2a rim, tex-
turally and chemically similar to that observed at the contact between
Cpx1 and the matrix. Two distinct domains are recognisable in the
inclusion based on their mineral assemblages; these domains reflect
different compositions, which resemble those of the silicate and carbo-
nate domains previously described for the rock matrix (Fig. 2d). The
contact between the two domains is sharp. The silicate domain consists of
K-feldspar (Kfs3a*: XAb = 0.08-0.11), minor quartz and interstitial
amphibole (Amp3a*: hornblende-edenite) (i.e., assemblage 3a*; Fig. 4),
this last defining thin interstitial films between K-feldspar crystals. The
carbonate domain is composed of plagioclase (P13b*: XAn = 0.52-0.60),
amphibole (Amp3b*: potassic-pargasite), calcite, and minor chlorite (i.e.,
assemblage 3b*; Fig. 4); thin interstitial films of calcite infiltrate from the
carbonate domain into the silicate domain.

Bulk compositions of the silicate and carbonate domains

The bulk compositions calculated for the silicate domains in the matrix (i.e.,
solid assemblages 3a and 4a) have SiO, contents of 65.7-67.3 wt.% and
Na,0 + K,0 = 14.1-15.0 wt.%, plotting in the trachyte field on the TAS
diagram (Supplementary Fig. S13); domain 4a is slightly enriched in SiO,
and K,O and depleted in CaO, Na,O, FeO and MgO compared to domain
3a (Table 1). The silicate domain 3a* in the polymineralic inclusion hosted
in Cpx1 is the hydrous equivalent of domain 3a. The carbonate domains in
the matrix (ie., solid assemblages 3b and 4b) have a wider compositional
range, with both SiO, and Na,O + K,O decreasing from domain 3b to 4b
(SiO, = 43.2-22.5 wt.%; Na,O + K,0 =2.7-1.3 wt.%), counterbalanced by
an increase of CaO (22.6-38.8 wt.%) and CO, (6.8-26.6 wt.%). The car-
bonate domain 3b* in the polymineralic inclusion hosted in Cpx1 is the
hydrous equivalent of domain 3b.

The approximate composition of the whole leucosome pod, obtained
by combining the compositions of domains 3a and 3b in a 70:30 ratio as
described in the Methods section, is that of a trachyte, with a NBO/T value of
0.23, a #K molar value of 0.77, a K,0/Na,O wt.% ratio of 5.00 (Table 1) and a
normative composition (vol.%) of Q = 2.9, Pl = 26.2, Or = 56.5, Di = 9.9, Hy
= 0.3, Cal = 4.3; therefore the system can be classified as potassic, silica-
saturated, according to Ref. 42.

Discussion

Fractional crystallization and liquid immiscibility explain the
observed meso- and microstructures

The observed meso- and microstructural features suggest that the studied
samples derive from zones of accumulation of anatectic melt produced by
in situ partial melting of a marly protolith (Fig. 1, Supplementary Fig. S2). In
these melt accumulation zones, porphyroblasts grow to a larger grain size
than in melanosome, as typically documented in metapelitic migmatites'~".
Accordingly, the melt accumulation zones accreted from in situ leucosomes
formed through spatial focussing of the melt-producing reaction around the
growing peritectic clinopyroxene®. The spatial relationships observed
between the leucosomes and clinopyroxene poikiloblasts are analogous to
those in garnet-rich leucosomes of metapelitic migmatites*****"; focussing of
the melting reaction around clinopyroxene led to the preferential produc-
tion of melt and the other peritectic phases (i.e., K-feldspar, garnet and
titanite) around the growing clinopyroxene. Mineral assemblages, mineral
compositions and microstructural relationships observed in the leuco-
some’s matrix allowed reconstructing a complex anatectic evolution, con-
sisting of a main melt-producing stage (Stage 1) followed by three cooling
stages (Stages 2 to 4; Fig. 4). A brief description of each stage is given below
and the reconstructed evolution is summarized in Fig. 5.
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¥ 19a-50_1 [19a-50_3

-

Fig. 2 | Microstructures of the investigated samples at the thin section scale.

a Processed X-ray maps of the whole thin sections (19a-50_1, 19a-50_2 and 19a-
50_3), showing the microstructures of the investigated samples at the thin section
scale. b—d Processed X-ray maps showing representative microstructures of the

carbonate domains in the matrix (domains 4b; b, ¢) and of the melt pod included
within the peritectic clinopyroxene (d). In (d) note the separation between the Kfs-
rich silicate domain and the P1 + Amp + Cal + Chl carbonate domain.

Stage 1: Melt production and growth of peritectic phases. During
this stage, an H,O- and CO,-rich melt L was produced through the
breakdown of calcite (Cal0), biotite (Bt0), quartz (Qz0) and plagioclase
(P10). Coarse-grained peritectic clinopyroxene (Cpxl), K-feldspar
(Kfsl), garnet (Grtl) and titanite (Ttnl) grew in equilibrium with this
carbonated silicate melt L. Occasionally, mm-sized pods of melt were
entrapped within growing Cpx1; from this stage onward, such inclu-
sions of melt (L*) were isolated from the outside. The bulk composition
of the carbonated silicate melt L is approximated by that of the whole
leucosome pod (Table 1), except for H,O, which was likely lost in the
subsequent evolution. Experimental studies on CO, and H,O solubility
in silicate liquids™*’ suggest that CO, is about one order of magnitude
less soluble than H,O, with CO, solubility values generally < 0.5 wt.%
for rhyolitic compositions at 0.5 GPa, 800 °C****. However, CO, solu-
bility in silicate melts increases with: (i) increasing pressure and, to a
lesser extent, temperature™’; (ii) decreasing degree of polymerization
(i.e., increasing NBO/T values™), and (iii) increasing K,O concentra-
tion in the melt, both in term of absolute values (i.e., increasing K,O wt
%) and relative to Na,O (i.e., increasing #K values”). The moderate
degree of polymerization (NBO/T = 0.23) and the high K concentra-
tion (K,O =9.1 wt.%, #K = 0.77) estimated for the melt L, allow us to
speculate that the CO, solubility in the liquid L was in the range
1-2 wt.%, i.e., higher than that of rhyolitic melts (which have lower
NBO/T and #K values), but lower than the very high values of 3-4 wt.%

obtained for K,O-rich nephelinite melts (NBO/T = 1.4; #K up to 1.0)
by Ref. 57.

Stage 2: back-reactions between melt and solid phases. During
cooling and decompression, the peritectic Grt1l and Cpx1 were no longer
in equilibrium with the carbonated silicate melt L and back-reacted with
it. A spongy rim of clinopyroxene (Cpx2a) resulted around Cpxl,
crowded with amphibole + plagioclase + calcite inclusions (i.e.,
assemblage 2a). A Cpx2a spongy rim also developed around the mm-
sized pod of melt L* entrapped within Cpx1. Grtl reacted with L at the
rim and along fractures, producing back-reaction symplectites consisting
of amphibole + plagioclase + clinopyroxene (i.e., assemblage 2b). A
compositional boundary layer (CBL; i.e., interface-melt layer around
growing or dissolving crystals with composition different from that of the
bulk melt, as defined by Ref. 58, see also Ref. 59) developed around the
growing symplectites in the Grt1 reactive domains. The liquid in the CBL
concentrated those elements that were not consumed by the minerals
growing within the symplectites, thus developing a compositional gra-
dient, particularly evident for Na,O, which progressively increases out-
ward of the Grtl reactive domains (Supplementary Fig. S4). Spongy
clinopyroxene rims and kelyphitic coronae around garnet are generally
described in exhumed mantle xenoliths. Although their formation
mechanisms are still controversial®, the interaction with a melt phase
either in the mantle or during transport of the xenoliths to the surface is
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Fig. 3 | Overview of the silicate and carbonate domains. Same processed X-ray
maps as in Fig. 2a, highlighting the silicate (a) and carbonate (b) domains discussed
in the text. Other phases not belonging to the silicate and carbonate domains are
reported in grey. Modal proportions of mineral phases in the silicate domains 3a*, 3a
and 4a and in the carbonate domains 3b*, 3b and 4b are reported in the insets.
c—e Crossed-polarized light images (XPL) highlighting the different silicate domains

(i.e., 3a and 4a) within the leucosome matrix. The different K-feldspar generations
are recognizable based on their grain size (Kfs1 = coarse-grained; Kfs3a = medium-
grained; Kfs4a = fine-grained). Note that domains 4a delimited by the yellow lines,
occupy interstitial positions between the previous K-feldspar generations Kfsl

and Kfs3a.

Fig. 4 | Summary of the different assemblages
stable during each evolutionary stage. Assemblage
0 represents the sub-solidus assemblage stable dur-
ing stage 0. Note the different style of the arrows:
continuous = compositional differentiation of the
parental liquid; dotted = back-reactions between
melt and solid phases; dashed = crystallization of
specific assemblages from the corresponding liquid.

Heaﬁng_?}
Stage 0 Stage 1

S-;cage_é_

Mineral assemblages
2a: Cpx+Pl+Amp+Cal
2b: Pl+AmpxCpx

3a: Kfs+Qz+Cpx

3a*: Kfs+Qz+Amp

3b: Scp+Cpx+Cal

3b*: Pl+Cal+Amp+Chl
3c: Pl+Cpx+Cal

Stage 3

*

3d: Scp+Grt
4a: Kfs+Qz+Cpx
4b: Cal+Scp+Qz+Cpx

3a*

Liquids. L = parental liquid; Lr = residual carbonated silicate liquid; LSr-LCr= residual immiscible

silicate-carbonate |

iquids; CBL = liquidinthe compositional boundary layer

commonly accepted for clinopyroxene® ™ and has been recently pro-

posed also for garnet®, further supporting our interpretation.

Stage 3: early crystallization. As the temperature decreased further, the
carbonated silicate liquid L began to crystallize. Fractional crystallization
induced compositional heterogeneity®, leading to the crystallization of a
silicate assemblage 3a (Kfs + Qz + Cpx) and a calc-silicate assemblage 3b

(Scp + Cpx + Cal) in distinct domains of the leucosome matrix, leaving
behind a residual carbonated silicate liquid Lr. In the Grtl reactive sites,
assemblage 3¢ (Pl + Cpx + Cal) crystallized from the CBL liquid, pro-
ducing the granoblastic aggregates surrounding the Amp + Pl + Cpx +
Scp symplectites. The composition of P13c in these domains reflects the
compositional gradient that developed initially within the CBLliquid, i.e.,
it becomes progressively more sodic toward the external part of the
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Table 1 | Compositions of silicate and carbonate domains and
of the residual silicate (LSr) and carbonate (LCr) immiscible
liquids, and partition coefficients D(LCr/LSr)

Liquid LSr LCr L D(LCr/
composition LSr)
Mineral 3a* 3b* 3a 3b 4a 4b

assemblage

wt.%

SiO, 64.9 446 657 432 673 225 594 0.3
Al,O3 17.5 206 16.7 16.8 16.9 6.7 16.8 0.4
FeO 1.0 7.0 1.2 5.7 0.2 2.8 2.5 1.1
MnO 0.0 0.0 0.0 0.2 0.0 0.3 0.1 35.9
MgO 0.7 4.0 0.4 1.9 0.1 0.9 0.8 10.7
CaO 1.2 14.4 1.7 22.6 0.4 388 7.6 105.0
Na,O 14 3.4 15 2.6 0.9 1.2 1.8 1.3
K0 13.2 1.0 126 0.2 1441 0.1 9.1 0.01
CO, 0.0 3.3 0.0 6.8 0.0 26.6 1.9

H.0 0.1 1.4 0.0 0.0 0.0 0.0 0.0

The approximate composition of the initial liquid L was calculated by combining the composition of
domains 3a and 3b in a 70:30 ratio. LSr and LCr compositions are derived from those of the 4a and
4b mineral assemblages.

domain. The residual liquid Lr occupied interstitial positions between the
crystallising minerals. Crystallization also occurred within the melt pod
isolated in Cpx1, producing different assemblages compared to those in
the matrix (i.e., assemblages 3a* and 3b*).

Stage 4: liquid immiscibility and late crystallization. During this stage,
immiscibility occurred between a residual carbonate liquid (LCr) and a
residual silicate liquid (LSr), which were exsolved from the residual
carbonated silicate melt Lr. Fine-grained Kfs + Qz + Cpx (assemblage 4a)
eventually crystallized from LSr, forming interstitial domains (i.e., silicate
domain 4a) characterized by a grain size significantly finer than that of the
surrounding matrix. The final crystallization of residual LCr led to the
development of two distinct types of mineral associations (i.e., carbonate
domains 4b): (i) fine-grained, interstitial symplectitic aggregates of Scp +
Qz, and (ii) fine-grained Cal occupying interstitial positions at the grain
boundaries of the medium-grained Kfs3a.

The sharp physical separation between the carbonate domains 3b (i.e.,
the calc-silicate ocelli) and the silicate domain 3a in both the leucosome
matrix and the melt pod isolated within Cpx1, may also suggest early liquid
immiscibility during stage 3, at the onset of melt crystallization. In that case,
the medium-grained assemblage 3a (Kfs + Qz + Cpx; ie,, silicate domain
3a) and the granoblastic aggregates of Scp + Cpx + Cal (assemblage 3b),
would represent the crystallization products of two immiscible silicate and
carbonate liquids (LS-LC), which were exsolved from L during the initial
cooling stage. According to this hypothesis, liquid immiscibility was possibly
triggered by the back-reactions between Cpx1/Grtl and the surrounding
melt, as well as by decompression, which decreased the CO, solubility in the
melt L**. This alternative interpretation is summarized in Supplementary
Fig. S12.

Compositions and partition coefficients of the residual silicate
and carbonate melts

The residual silicate liquid LSr is trachytic in composition (Table 1; Sup-
plementary Fig. S13), enriched in alkalis and SiO, compared to the initial
liquid L. Its conjugate carbonate liquid LCr is relatively high in SiO, (ie.,
SiO, = 22 wt.%), and therefore its crystallization product should be formally
classified as silico-carbonatite, having SiO, > 20 wt.%*, although it actually
falls within the carbonatite sensu lato definition of Ref. 43 (i.e., any rock
containing > 30vol.% primary igneous carbonate regardless of silica
content).

To confirm the conjugate nature of the LSr-LCr pair, their major
element partition coefficients D(LCr/LSr) were calculated and compared
with those experimentally determined by Ref. 42. Following Ref. 42,67, the
partitioning coefficients calculated for the LSr-LCr pair are reported as a
function of ionic potential (i.e., the charge/ionic radius ratio, Z/r, of each
element) in Fig. 6. It emerges that K,O is strongly partitioned into the silicate
liquid, with D = 0.01, while Na,O is partitioned into the carbonate liquid,
with D =2.5. CaO has the highest partition coefficient (D = 105.0) and is
therefore predominantly sequestered within the carbonate liquid. Similarly,
MnO, MgO and FeO are preferentially incorporated into the carbonate
liquid, with D values of 35.9, 10.7, and 11.1, respectively. Both Al,O; and
SiO, have D < 1 and are therefore partitioned into the silicate liquid (D = 0.4
for Al,Os; D = 0.3 for SiO,). Overall, the calculated D values are consistent
with the trend in experimentally determined partition coefficients of Ref. 42
for H,O-bearing, silica-rich, potassic systems. Particularly well reproduced
are: (i) the positive correlation between the partition coefficients of alkalis
and alkaline earth elements and the ionic potential Z/r (Fig. 6), a distinctive
feature of potassic systems (i.e., Na<<K), but not of sodic (Na>>K) and
alkalic (Na = K) systems; (ii) the very high (>>1) or very low (<<1) values of
the partition coefficients for all elements, which are especially characteristics
of H,O-bearing systems (and also of SiO,-rich systems); this led to the
separate crystallization of Na,O- and CaO- (ie., calcite + scapolite) and
K,O- (i.e., K-feldspar) bearing phases in distinct interstitial domains of the
leucosomes”’.

Compared to most carbonatitic melts produced by immiscibility
experiments***”*, LCr is relatively enriched in SiO, and depleted in alkalis
(Fig. 7). However, most immiscibility experiments on compositions closer-
to-natural melts"**”* used SiO,-undersaturated, alkali-enriched, starting
materials that approximate variably carbonated and metasomatized peri-
dotites, which differ significantly from the average composition of
carbonate-bearing sediments™" (Fig. 7a). Silicate-carbonate liquid immis-
cibility has been reported from a few experiments based on starting mate-
rials representative of carbonate-bearing sediments (i.e., marl and
calcareous pelite’*”) at pressure > 2.5 GPa. The carbonate liquids generated
through this process are characterized by lower alkali contents compared to
most experimental carbonatitic melts (Fig. 7b). This indicates a strong
correlation between the composition of the silicate-carbonate melts and
that of the initial melt from which the conjugate liquids are generated. The
fact that the composition of LCr identified in the studied migmatitic meta-
marls is fully consistent with those of natural crustal-derived carbonatites®
(Fig. 7b) further supports this hypothesis, and highlights the need for spe-
cifically designed experiments to investigate immiscibility behaviour in
carbonate-bearing sediment analogue materials. Only such experimental
studies would eventually elucidate whether the observed Scp + Cpx + Cal
ocelli (assemblage 3b) actually represent the crystallization product of an
immiscible carbonate liquid LC separated from a silicate liquid LS during
the initial cooling stage, possibly reconciling the microstructural record with
the experimental evidence.

Genesis of orogenic carbonatites and implications for their
mobility in the crust
Since the 1960s, carbonatites have mainly been interpreted as mantle-
derived magmas formed by low degrees of partial melting of carbonated
peridotites (cf. review by Ref. 36,76-78). This view is supported by isotopic
signatures, trace-element patterns, and associations with mantle rocks”*’.
In a seminal paper, Mitchell (2005)* proposed that carbonate-rich rocks
formed by anatectic melting of crustal rocks should not be classified as
carbonatites. This considerably questioned an igneous origin and suggested
alternative terms such as mobilised calc-silicate skarns, anatectic skarns, or
anatectic calc-silicate veins

Recent petrological and geochemical data suggested the possibility of a
crustal source for carbonate magmas, with several studies providing strong
evidence that carbonate melts can indeed form through partial melting of
crustal rocks. Su et al. (2024a)”” recently introduced the term para-
carbonatite to describe carbonate igneous rocks that crystallise from a liquid
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clinopyroxene 2a and its inclusions of plagioclase, amphibole and calcite, while
assemblage 2b refers to the kelyphitic corona around garnet, consisting of amphi-
bole, plagioclase, + clinopyroxene.

generated by the partial melting of carbonate-bearing (meta)sedimentary
rocks within the Earth’s crust, distinguishing them from ortho-carbonatite,
which refers to igneous rocks mostly composed of carbonates that
crystallise from mantle-derived melts**®. Yaxley et al. (2022)* used the term
anatectic carbonatites to describe the same type of rocks, noting that
recognising these rocks can be challenging, especially when melt migration
is limited, which prevents anatectic carbonatite melts from escaping their
(meta)sedimentary source rocks. Although the occurrences of anatectic
carbonatites have been increasingly recognised in recent years”, their
genesis remains unclear.

Our findings provide direct evidence of (silico-)carbonatitic melts
formed through in situ partial melting of mixed silicate—carbonate meta-
sediments within an orogenic setting, a process not previously documented
in natural systems. The textural association of fine-grained silicate vs calc-
silicate assemblages (K-feldspar vs calcite + scapolite) interstitially crystal-
lized in distinct domains of the leucosome supports liquid immiscibility as a
plausible mechanism for producing carbonate melts. From a micro-
structural point of view, the calc-silicate ocelli embedded in the silicate
matrix might also be interpreted as crystallized droplets of (silico-)carbonate
melt exsolved from a carbonated silicate liquid during the early cooling
stage. Indeed, similar immiscibility microstructures have been observed
between carbonate and silicate melts experimentally obtained for
H,0-bearing systems under comparable pressure-temperature conditions,
although from different starting bulk compositions**"*’. In such experi-
ments, near-perfect phase separation is evidenced by quenched
carbonate melt droplets or globules within a silicate melt glass matrix, or vice
versa. In natural systems, microstructural evidence of immiscibility between
carbonate and silicate melts has been mainly reported from melt
inclusions””***** where rounded carbonate droplets embedded in a

silicate matrix and sharp phase boundaries between the two phases indicate
separation of immiscible melts. Whatever the interpretation (i.e., liquid
immiscibility occurred during the earlier or later cooling stages), the final
conclusion remains unchanged: partial melting of meta-marls can
generate carbonate-rich melts. This crustal model offers a new perspective
on the genesis of carbonatites, expanding the petrogenetic framework to
include anatexis of carbonate-bearing sediments in orogenic crust. It
emphasizes that carbonatitic melts can form in the absence of mantle-
derived magmatism, without needing ultramafic precursors or partial
melting deep in the mantle. Instead, regional (or contact) metamorphism
and the presence of carbonate-rich sedimentary protoliths provide
conditions sufficient for generating carbonatitic melts. Furthermore, if a
marly protolith is involved, alkalis and H,O are internally available in
the system, potentially lowering the solidus to temperatures compatible with
the amphibolite-to-granulite-facies transition, without the need for
externally-derived aqueous fluids fluxing as proposed by Ref. 19 for nearly
pure carbonatic systems. These findings align with recent experimental "’
and field-based studies”, including melt inclusions from high-grade
metamorphic terranes, which document carbonate-rich liquids of non-
mantle origin”’.

Recognising crustal anatexis as a viable pathway for forming carbo-
natites requires a re-evaluation of genetic models for carbonatites in colli-
sional and metamorphic environments. In such geological settings, when
mantle-derived signals are unclear or absent (e.g., the C-O isotopic sig-
nature is clearly distinct from that of mantle-derived carbonatites™**), a
supracrustal origin should be considered. Our data, along with previous
reports”, suggest that crustal carbonatites are not merely local anomalies but
rather an essential and previously underestimated aspect of carbon mobility
and magmatism within the continental lithosphere.
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Fig. 6 | Partition coefficients of conjugate carbonate and silicate residual melts.
Partition coefficients D(LC/LS) for major element oxides between conjugate car-
bonate and silicate residual liquids (LCr and LSr), plotted as a function of the ionic
potential (charge/ionic radius; radii from Ref. 95). The dashed lines represent trend
lines for given cation groups”. Na, Ca, Mn, Mg and Fe partition into the carbonate
melt, while K, Al (and Si) in the silicate liquid. The estimated partition coefficients
are consistent with those experimentally determined by Ref. 42 for H,O-bearing
silica-rich potassic systems.

This finding adds to the ongoing debate about the mobility of carbo-
nate melts within crustal environments. Carbonatite magmas are well
known for their high mobility, due to their very low viscosities
(0.01-0.1 Pa-s), densities, low dihedral angles (< 60°) at grain boundaries,
and high volatile contents***. These properties suggest that carbonate melts
can be inherently highly mobile. However, when a viscous silicate melt is
present, the carbonate melt phase may remain arrested due to disrupted
melt connectivity until the silicate component begins crystallising™. This
interaction delays migration even if immiscibility promotes early segrega-
tion. Field observations of carbonate melt mobility in crustal settings, such as
in Ref. 23, confirm that when structural pathways and rheological condi-
tions are favourable, carbonate melts can indeed migrate through the crust.
In the contact aureole of the Adamello intrusion (Italy), these authors™
documented carbonate melts forming along grain boundaries, triple junc-
tions, and pressure shadows, demonstrating effective melt segregation and
channelization. These structures provided low-viscosity pathways, enhan-
cing melt extraction. The rheological weakening of the host rock due to melt
infiltration further enhanced transport by reducing the strength of the solid
matrix. Their study also showed that the presence of early-formed silicate
minerals (e.g., clinopyroxene and K-feldspar) helped frame a rigid scaffold
that enabled carbonate melts to percolate through a partially molten yet
structurally coherent system. This combination of mechanically coherent
frameworks and localized permeability zones is crucial for allowing car-
bonate melt migration at crustal depths.

Our data challenge the general view that Earth’s carbon mobility is
mainly governed by mantle processes and highlight the possibility that
crustal melting of carbonate-bearing rocks can play a role in the long-term
carbon cycling. More broadly, recognizing that anatectic melting of
carbonate-bearing sediments can generate carbonatitic melts fundamentally
revises our understanding of the crustal carbon cycle. Anatectic carbonate
melts imply that the continental crust is not simply a degassing or passive
degassing zone for deep carbon fluids and melts, but an active carbon source,
especially under thickened crust and high geothermal gradients. Depending
on whether these melts crystallize in situ or migrate upwards, the crust may
act as a transient CO, reservoir or impact orogenic carbon fluxes.
These findings emphasize the importance of including crustal carbonatite
formation into future models of Earth carbon cycling and tectonic
degassing.

Methods

Sample location

The studied sample was collected from the upper structural levels of the
Greater Himalayan Sequence (GHS), in eastern Nepal Himalaya. The GHS,
exposed in the metamorphic core of the Himalayan belt (Supplementary
Fig. Sla, b), mostly consists of a Neoproterozoic-Ordovician sedimentary
sequence originally deposited on the northern edge of the Indian passive
margin, and later involved in the India-Asia continental collision, which
culminated in the formation of the Himalayan orogen”. The GHS meta-
sedimentary sequence comprises different lithologies derived from proto-
liths ranging from pure pelites to calcareous pelites, with minor
intercalations of marls and impure limestones™**. In the upper half of the
GHS, abundant augen gneisses and bodies of two-micas and tourmaline-
bearing leucogranites are also present. The GHS experienced a Barrovian-
type metamorphism, with increasing peak temperature conditions toward
structurally higher levels*""’; a progressive decrease of maximum pressure is
instead observed upward, as testified by the transition from garnet +
K-feldspar + sillimanite + kyanite assemblages to K-feldspar + sillimanite
+ cordierite + garnet assemblages*"**”.

The studied samples were collected from the Upper-GHS exposed in
the Ilam region of far eastern Nepal (sample 19a-50: N27°01'16.77,
E87°41'53.37;2040 m a.s.; Supplementary Fig. S1b, c). In that region, garnet
+ K-feldspar + sillimanite + biotite anatectic gneisses are mostly exposed,
with abundant intercalations of calc-silicate gneisses (Supplementary
Fig. S1d). The occurrence of radial aggregates of prismatic sillimanite in
equilibrium with peritectic K-feldspar in the garnet + tourmaline-bearing
granitic leucosomes and pods (e.g, sample 19a-51b; N27°01'01.0%,
E87°41'53.17, 2050 m a.sl; Supplementary Fig. Sle) allows constraining
peak metamorphic conditions of about 750-800 °C, 0.7-0.8 GPa for this
portion of the GHS", i.e., biotite dehydration melting occurred in the sil-
limanite stability field.

Optical microscopy and CL imaging

Petrographic observations were made on three thin sections (19a-50_1; 19a-
50_2; 19a-50_3) obtained from the same sample, using an Olympus BX41
transmitted-light microscope at the Department of Earth Sciences, Uni-
versity of Torino, Italy. Large-area image mosaics of the whole thin sections
were acquired at the same microscope, equipped with a digital camera
DP23-CU and the software PRECiV Core, Version 2.1, using the 1.25
objective with plane polarized (PPL) and crossed polarized (XPL) light. The
mosaics were manually assembled using CorelDraw 2020.

Optical cathodoluminescence (CL) was used to further investigate the
microstructural features of the samples at the thin section scale. CL images
were acquired using a CITL 8200 mk3 cathodoluminescence microscope
stage operating at 15-17 kV and a current of 400-500 mA, installed at the
Department of Earth Sciences, University of Torino, Italy.

SEM-EDS analyses and maps

High-resolution multispectral mapping was performed on the entire thin
sections (ca. 3 cm x 1.5 cm) to highlight their microstructures at the thin-
section scale. These X-ray maps were obtained using a JEOL IT300LV
Scanning Electron Microscope (SEM) hosted at the Department of Earth
Sciences, University of Torino, Italy. The instrument is equipped with an
Oxford Aztec energy-dispersive spectrometry (EDS) and an Oxford
ULTIMAXG®65 silicon drift detector. For this kind of detector, the Aztec Live
software (Oxford Instruments) was used. The operating conditions used for
large mapping are: 15kV acceleration voltage, process time 3, 3 frame
counts, 2048 x 1536 pixel resolution (ca. 1.5 um spot distance), and 20 ms
pixel dwell time (ca. 1 min frame live time). High-resolution multispectral
mapping was additionally performed on nine smaller areas to highlight
specific microstructural details; these small maps were obtained using the
same instrument but different operating conditions: 15kV acceleration
voltage, process time 3, 3 frame counts, 4096 x 3072 pixel resolution (ca.
0.5pum spot distance), and 60 ms pixel dwell time (ca. 13 min frame
live time).
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compositions of LSr and LCr derived in this study are plotted in (b): they are fully
consistent with the natural record of crustal-derived carbonatites and with the few
experimental data for calcareous sediments’”*. Experimental data are plotted
independently of the pressure and temperature at which they have been obtained.
Grey and orange dashed or dotted curves in (b) delineate the miscibility gap between
silicate and carbonate liquids as reported by Ref. 78 for MgO in the silicate melt,
respectively < 3.8 wt.% (grey dashed line) and > 3.8 wt.% (grey dotted), and by
Ref. 75 (orange dashed).

The rock-forming minerals were analysed with the same SEM-EDS
instrument used for the high-resolution X-ray maps. The operating con-
ditions for spot analyses are: 15 kV accelerating voltage, a 10 mm working
distance, a process time 3, HighProbe current mode, and a 15 s counting
time. Quantitative SEM-EDS data were acquired and processed using the
software Aztec Live 6.1 (Oxford Energy). Natural oxides and silicates
standards from Astimex Scientific Limited were used to calibrate the raw
data; the ®pZ correction was applied. Most analyses were recalculated and
plotted using MinPlotX’; amphibole group minerals were normalised
according to Ref. 92, while for carbonates the NORM computer program”
was used. XMg for clinopyroxene is defined as XMg=Mg/(Mg+Fe’"), XAn
and XAb for feldspars are defined as XAn=Ca/(Ca+Na+K), XAb=Na/(Ca
+Na+K) and XMe for scapolite is defined as XMe = >Me?*", where Me*" are
divalent metal cations.

Bulk compositions of residual silicate and carbonate conjugate
liquids and of the initial liquid L

Raw data for both large and small X-ray maps were processed using Mul-
tiSpec© software (Purdue Research Foundation, USA) to obtain the modal
compositions of the silicate and carbonate domains (i.e., silicate domains:
3a*, 3a, 4a; carbonate domains: 3b*, 3b, 4b; Fig. 3a, b). The bulk composition
of each domain was calculated by combining mineral modes and compo-
sitions and considering the molar volumes of each phase. The mineral
modes and compositions used are reported in Supplementary Data S2. The
bulk compositions of the silicate (4a) and carbonate (4b) domains were used
as a proxy of the composition of the liquids from which they crystallized, i.e.,
the compositions of the residual conjugate LSr-LCr pair were approximated
to those of domains 3b and 4b in the matrix. An approximate composition
of the whole leucosome pod was calculated by combining the compositions
of domains 3a and 3b in a 70:30 ratio, according to the observed proportions
of these domains in the studied samples (see Fig. 3a, b); this composition
approximates that of the initial liquid L. This approach was based on the
assumption that the major-element compositions of the different (solid)
domains reflect those of melts from which they derive; this assumption is
supported by the absence of evidence for either significant melt extraction
from the system or interactions between the melt and the host rock.

However, it is to be noted that H,O was lost during cooling and crystal-
lization (see discussion in the text); therefore, its original amount in the
various liquid generations is unknown. The degree of polymerization of the
parental liquid L is expressed in terms of NBO/T ratio as defined by Ref. 94,
with NBO = non-bridging oxygens associated with the presence of network
modifier cations (i.e., Ca’*, Mg’*, Fe’*, Na*, K*), and T = network-forming
cations (i.e., Si*", AP’"). #K is the molar ratio K,O/(K,0 + Na,0).

Data availability

Most data generated or analyzed during this study are included in this
published article (and its Supplementary Information file). The whole set of
mineral chemical data discussed in the text (Supplementary Data S1), the
spreadsheets used to reconstruct the bulk compositions of each composi-
tional domain (Supplementary Data S2) and the source data used for Fig. 7
(Supplementary Data S3) are available in the Zenodo repository at: 10.5281/
zeno0do.19345712.
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