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Fluorite-dominated rocks are occasionally found in association with carbonatites, but their geologic and petrologic relations are rarely
reported. The Dunkeldyk area of the Pamir mountains in south-eastern Tajikistan contains dikes of distinctive rocks composed of calcite,
fluorite, celestine-barite, sulfides, apatite, with minor quartz, biotite, and REE fluorcarbonates. The dikes have sharp contacts with the
host (meta-)sedimentary rocks and layering with ribbons, ranging from fluorite-bearing calcite carbonatites to fluoritites (rocks with
>50% fluorite). The fluoritites are characterized by high Ca, F, Ba, Sr, REE, and S coupled with anomalously low O. The geologic relations
and textures suggest a magmatic origin of the dikes from melts close to calcite–fluorite eutectic that experienced nucleation-controlled
differentiation during the crystallization of dikes and the formation of fluoritite cumulates in larger intrusions. The Dunkeldyk dikes
demonstrate that sizable geological bodies of fluorite-dominated rocks could form from carbonate–fluoride melts originating from the
differentiation of alkaline silicate magmas.
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INTRODUCTION
Magmatism on the Earth is dominated by silicate liquids. However,
less common sulfide and carbonate melts attract a lot of attention
due to their economic significance and anomalous geochemical
properties. Experimental data suggest that fluoride and carbon-
ate–fluoride melts could exist at conditions relevant to terrestrial
magmatic systems (Veksler et al., 2005, 2012; Chebotarev et al.,
2018; Yang & van Hinsberg, 2019), yet the evidence of such melts in
the crust remains tentative. Products of crystallization of fluoride-
rich melts have been observed as aggregates of F-rich minerals
in topaz-bearing felsic rocks (Peretyazhko et al., 2007), peralkaline
granites (Vasyukova & Williams-Jones, 2016), and calcite–fluorite
aggregates (Kynicky et al., 2019). Fluoride-rich melt inclusions
have been discovered in the peralkaline granite of the Strange
Lake pluton, Canada (Vasyukova & Williams-Jones, 2016). The
findings of fluid inclusions in fluorite-rich rocks led to interpre-
tation of crystallization of these rocks from hydrous fluids and
in magmatic-hydrothermal processes (Redina et al., 2020, 2021).
While these observations demonstrate that fluoride-rich melts
could form during the late stages of silicate and carbonate magma
crystallization, the existence and appearance of rocks produced
by such melts remain enigmatic. Rocks with high fluorite content,
commonly associated with carbonatites, have been observed in
multiple locations (Table 1) and are particularly well known in

Central Italy (Stoppa et al., 2016). However, the geology, petrogra-
phy, and geochemistry of these rocks are rarely characterized in
detail.

Here, we describe dikes from the Dunkeldyk, south-eastern
Pamir, Tajikistan, containing significant portion of fluorite-
dominated rocks. We propose dikes crystallization from carbon-
ate–fluoride melts and offer a new mechanism for the formation
of orthomagmatic fluorite-dominated rocks.

GEOLOGICAL SETTING
The Pamir plateau comprises three main terranes: the Northern,
Central, and Southern Pamir (Fig. 1A). While the Northern Pamir
is of Laurasian-Asian affinity, the Central and Southern Pamir
represent parts of the Gondwana accreted to the southern margin
of Eurasia (Angiolini et al., 2013). The Cenozoic India-Asia collision
intensively deformed, uplifted, and thickened the Pamir terranes
(Stubner et al., 2013). The oldest igneous rocks of the Southern
Pamir are late Triassic to early Jurassic, related to the closure of
the Mesotethys ocean (Yogibekov et al., 2023). During the early Cre-
taceous, northward flat-slab subduction of the Neotethys oceanic
crust led to widespread arc-related magmatism (Aminov et al.,
2017; Chapman et al., 2018). In the early Miocene, the gravita-
tional instability of the overthickened crust of the Pamir triggered
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Table 1: Summary on localities, where fluorite-rich rocks related to carbonatite magmatism have been reported

Locality Description References

Eldor carbonatite, Canada Fluorite-rich rocks associated with carbonatites Beland & Williams-Jones (2021)
Grenville Province, Canada Fluorite–apatite–calcite veins Lentz (1991)
Daluxiang, China Fluorite-rich rocks associated with carbonatites Xu et al. (2008)
Maoniuping, China Fluorite-rich rocks associated with carbonatites Xu et al. (2008)
Bayan Obo, China Fluorite-rich rocks associated with carbonatites Xu et al. (2008)
Pianciano, Italy Volcanic and hypabyssal rocks with fluorite, fluoritites Stoppa et al. (2016)
Ruri dikes, Kenya Fluorite-rich rocks associated with carbonatites Stoppa et al. (2003)
Lugiin Gol, Mongolia Nepheline syenite–fluorite–calcite veinlets with pseudo-graphic intergrowths of

fluorite and calcite
Kynicky et al. (2019)

Mushgai-Khudag, Mongolia Quartz-fluorite, fluorite–apatite-celestine, fluorite–calcite rocks Redina et al. (2020)
Arshan, Yuzhnoe, and
Ulan-Ude, Russia

Fluorite-rich rocks Redina et al. (2021)

Fig. 1. (A) Tectonic map of the Pamir orogen with outlines of gneiss domes and the study area and (B) Geological map of the Dunkeldyk area, modified
after Dmitriev (1976). The investigated outcrop is located 37◦47′59.9”N, 74◦58′11.64′′E.

orogenic collapse and deep crustal exhumation, which produced
the metamorphic core complexes with anatectic granites in the
center (Stubner et al., 2013).

The Dunkeldyk area is located in the south-eastern part of
the Pamir plateau of Tajikistan, on the western slopes of Sarykol
mountain range, which marks the border between Tajikistan and
China, in the upper reaches of the Dunkeldyk river, a tributary
of the Aksu (Fig. 1A). The Dunkeldyk alkaline province is repre-
sented by the fractionated Verhne-Dunkeldyk alkaline intrusion
and abundant dikes, pipes, and volcanic tuffs of alkaline rocks
and carbonatites (Fig. 1B; Dmitriev, 1976; Faiziev et al., 2000). The
magmatism of the province started with leucite-bearing rocks
and was followed by syenites, quartz trachytes, and carbonatites
(Faiziev et al., 2000). The Dunkeldyk fluorite-bearing carbonatites
and syenites yielded U–Pb zircon ages of 10.3–10.8 Ma (Hong et al.,

2019; Li & Liu, 2023), which are similar to the ages of the Taxkorgan
intrusive complex (10.3–11.5 Ma), located east of Dunkeldyk in
China (Tang et al., 2022). The mid-Miocene alkaline magmatism in
the Southern Pamir has been attributed to crustal shortening and
the foundering of the lower crust into the mantle (Shaffer et al.,
2017).

The dikes of carbonate and fluorite-rich rocks have been
observed on the eastern flank of the upper reaches of the
Dunkeldyk valley, whereas boulders of similar rocks were found
on the western flank and in the alluvial deposits. The dikes are
hosted by the dark, fine-grained metasedimentary rocks of the
Triassic Bardara Formation (Fig. 2A). Dikes vary in thickness from
30 to 60 cm and dip at 30 to 60◦. The contacts of the dikes with the
host are sharp and linear (Fig. 2A, B). Occasionally, the host rocks
are brecciated and cemented by quartz-fluorite stockworks with
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Fig. 2. Geologic relations of Dunkeldyk carbonatite-fluoritite dikes. (A) The field photo of the dikes outcrop. A person is for scale. (B) The
carbonatite-fluoritite dike with clear contact and layering. (C) The internal structure of the dike sample.

sulfides; otherwise, visible alteration in the vicinity of the dikes
is absent. For this study, four different dikes have been sampled
and lump samples were collected from the alluvium.

ROCK TEXTURES AND MINERAL
CHEMISTRY
The dikes show layering parallel to the host contacts, with
boundaries varying from sharp to gradual and diffuse (Fig. 2B, C).
The layering is caused by the differentiation of the light layers
enriched in calcite and the dark layers with fluorite and sulfides
(Fig. 2B, C). The dikes margins show zonation with a layer of
calcite carbonatite at the contact, sometimes with skeletal
calcite clouded by fluorite micro inclusions growing in the
direction of the dike center followed by coarser fluorite (Fig. 3A).
The dike central parts have textures from equigranular to
weakly porphyritic (Fig. 3B–D). The mineralogy is diverse and
represented by calcite and fluorite, with sulfate (celestine-
baritocelestine-barite), phosphate (apatite), sulfides (pyrite,
sphalerite, chalcopyrite and galena), REE fluorcarbonates and
minor silicates (quartz and biotite). The rocks are dense, have
low porosity and low oxidation/weathering, indicated only by
the presence of oxides wulfenite (PbMoO4) and plattnerite
(PbO2).

Calcite ranges from skeletal to fine-medium-grained, often
elongated crystals in the groundmass of calcite-rich rocks
and interstitial grains in fluorite-rich rocks (Fig. 3A–F). Calcite

contains up to 0.3 wt% MgO, ∼0.2 wt% MnO, 0.4–2.0 wt% FeO, and

0.2–1.0 wt% SrO (Supplementary Table S3). Fluorite grains are
isometric, generally anhedral, range from ultra-fine to 1–2 mm

in size (Fig. 3) and either dispersed in calcite or concentrated in
bands (Fig. 3). The significant impurity in fluorite is Sr reaching
2.1 wt% (Supplementary Table S3). The cathodoluminescence
images (CL) of fluorite revealed rounded blue zonation of some
grains (Fig. 3B). The Ba-Sr sulfates form irregular grains and
range from barite to celestine with the majority of analyses

showing 62–88% of celestine (Supplementary Table S3). Sulfides
are disseminated in the rocks and mostly represented by pyrite
(Fig. 3C).

In addition to dike samples, a coarse-grained fluorite–apatite
rock was investigated. Fluorite accounts for >70 wt% of the

rock and euhedral prismatic apatite forms ∼15 wt%, whereas
minor quartz, biotite, and calcite occur in interstices between
fluorite and apatite. Apatite hosts rounded inclusions of fluorite

(Fig. 3E), similar to fluorite zonation in carbonatite samples
(Fig. 3B). Apatite contains 14–15 wt% of total rare earth oxides
(TREO), which correlate with 7.7–8.2 wt% SiO2 (Fig. 4), and 2.4–
3.1 wt% SO3 (Supplementary Table S3). Apatite shows alteration to
the secondary low-REE apatite containing <2 wt% TREO and 0.2–
0.6 wt% Na2O with fine-grained inclusions of REE fluorcarbonates

(parisite and synchysite), formed by dissolution–precipitation

replacement of the primary apatite (Fig. 3F). The purple coloration
of fluorite contacting altered/recrystallized apatite could be due

to U and Th released by alteration (Fig. 3E).
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Fig. 3. Mineralogy and petrography of carbonatite-fluoritites. (A) Skeletal
feathery crystals of calcite grew from the contact with the host rock to
dike center. Fluorite forms micro inclusions in calcite, resulting in cloudy
calcite appearance, and larger fluorite crystals concentrated closer to the
dike center. (B) Colored CL image of fluoritite, with fluorite highlighted
by blue and calcite by red luminescence. Fluorite has rounded
brighter blue annular zonation and occasional circular intergrowth with
calcite, suggesting that it had spherical crystal shape during early stages
of crystallization. Image pair (C; PPL) and (D; XPL) shows the occurrence
and morphology of fluorite in the matrix of fine-grained calcite. Sulfides
(mostly pyrite) are visible as black grains in PPL and fluorite becomes dark
in XPL. Transmitted light (E; PPL) and BSE (F) images of coarse-grained
fluorite-apatite rock. Euhedral apatite contains round fluorite inclusions
(highlighted by arrows) and calcite occurs in interstices between apatite
and fluorite. Primary transparent high-REE apatite is partially altered
(F), forming aggregate of low-REE apatite and REE fluorcarbonates.
The release or radioactive elements (U and Th) by alteration
likely is responsible for deep purple coloration of fluorite adjacent to
altered apatite. Minerals include fluorite (fl), calcite (cal), baritocelestine
(bc), pyrite (py), apatite (ap), and REE fluorcarbonates (REEfc).

GEOCHEMISTRY
The bulk rock composition was determined by a combination of
energy dispersive spectroscopy, X-ray fluorescence, and ICP-MS
(Table 2; Supplementary Tables S2 and S3). The samples range
from calcite carbonatites with high fluorite content to fluorite-
dominated rocks (Fig. 4A). Due to the predominance of the F anion,
the fluorite-rich rocks have anomalously low content of O. The
cations are dominated by Ca ranging from 29.2 to 36.4 wt%. The
Sr and Ba content is high and variable, reaching 4.7 wt% Ba and
7.1 wt% Sr. The content of Si, Al, and Ti is <2 wt% in all rock
varieties, while Na is close to the detection limit of 0.03 wt%

and K < 1 wt%. Celestine-barite, together with pyrite, hosts 0.3–
4.4 wt% S. The fluorite-rich rocks have an elevated P content,
reaching 3.4 wt% P in apatite-fluorite rock, while carbonatites
contain <0.4 wt% P. Elevated concentrations were observed for
base metals (Pb and Zn) and > 3 wt% TREO in fluorite-apatite rock
(Table 2). The rocks have LREE-enriched patterns with 6–20 times
the upper crustal average (Fig. 4B), and the Y/Ho ranges from 28
to 47, with average 41.

DISCUSSION
Magmatic origin of carbonate-fluorite rocks
Dunkeldyk carbonate-rich rocks contain REE fluorcarbonates,
which are characteristic for carbonatites (Nikolenko et al., 2022).
Carbonatite compositions show high content of Ba, Sr, and REE,
which are characteristic for magmatic carbonate rocks (Stoppa
et al., 2023). Because of the magmatic origin of carbonatites, the
intricate association with fluorite-rich rocks and mineralogy
suggests the magmatic origin of the Dunkeldyk fluorite-rich
rocks. The fluorite inclusions in apatite and calcite have a round
shape and circular CL zonation (Fig. 3D, E). Spherical shape is
characteristic for fluorite produced in magmatic crystallization
experiments (Veksler et al., 2005; Chebotarev et al., 2018) and
was attributed to minimal surface energy of this crystal shape
(Veksler et al., 2005). While both calcite and fluorite are common
hydrothermal minerals, the textures of Dunkeldyk rocks are
distinctively different from the hydrothermal veins, where drusy
aggregates and cubic/octahedral oscillatory zoning are typical for
hydrothermal fluorite (Schwinn & Markl, 2005; Barker et al., 2009).

The key parameter of the magmatic process is temperature.
Dolejs (2005) argued that fluorite melt is unlikely to form in
nature because of very high melting temperature of fluorite
(1418◦C). Carbonate reduces the fluorite solidus dramatically,
and the system of CaCO3–CaF2 has eutectic at 880◦C and
36 wt% CaF2 and 64 wt% CaCO3 (Gittins & Tuttle, 1964). The
presence of components such as sulfates, sulfides and water,
likely additionally suppressed the crystallization temperatures of
melts; however, the low porosity and absence of explosive and
brecciated textures argue against large-scale fluid exsolution
during crystallization. In fluorite–apatite rocks, primary apatite
with 14–15 wt% TREO, LREE-enriched patterns, and britholite-type
substitution (Fig. 4C), which is characteristic for magmatic apatite
(Stepanov et al., 2023), decomposed to REE fluorcarbonates and
low-REE apatite, typical for subsolidus replacement. The primary
apatite has a composition similar to apatite synthesized with
britholite at 800◦C in melt crystallization experiments (Stepanov
et al., 2023). Calcite from carbonatite has a high REE content
(∼4000 ppm REE) measured by LA-ICP-MS and REE patterns
parallel to apatite (Fig. 4D). The significant content of Mn, Sr, and
REE-enriched patterns are typical for magmatic calcite (Vichi et al.,
2005; Chakhmouradian et al., 2016; Ying et al., 2020). Considering
that fluoritites are found in multiple localities of Dunkeldyk
(Supplementary Fig. S1) and the diversity of fluoritite textures, it
is likely that rocks have formed over a range of temperatures 600–
800◦C. Our observations reaffirm the conclusion of Dolejs (2005)
that pure fluorite melts are unlikely to occur in nature; however,
the much lower temperature of melts close to fluorite–calcite
eutectics is favorable for the formation of fluorite-dominated
othomagmatic rocks (Kynicky et al., 2019).

The compositions of Dunkeldyk rocks are remarkably similar to
the rocks of Central Italy (Table 2; Stoppa et al., 2016), which could
be another evidence for the similarity of their origin. The term
fluoritite has occasionally been used for volcanic rocks in Italy
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Table 2: Whole rock compositions of carbonatites and fluoritites from Dunkeldyk

Sample 22T50a 22T53a 22T52xb 22T56b 22T56a 22T51SH 21 T98 22T51ab 22T52xa 22T51Y 22T51aa PIA03∗

Si (wt%) 0.48 1.52 0.36 0.74 0.02 0.14 1.96 0.88 0.89 0.20 0.71 2.32
Al 0.14 0.45 0.09 0.05 <0.01 0.03 0.05 0.18 0.17 0.03 0.17 1.05
Ti 0.006 0.023 0.011 0.008 0.007 0.006 0.015 0.017 0.016 0.005 0.017 0.05
Fe 0.38 0.78 0.57 0.62 0.71 0.53 0.62 2.96 2.82 0.52 0.69 1.33
Mn 0.06 0.08 0.10 0.15 0.12 0.10 0.02 0.07 0.08 0.08 0.15 0.18
Mg 0.05 0.19 0.20 0.40 0.04 0.13 0.03 0.46 0.46 0.14 0.28 0.20
Ca 31.9 31.6 31.6 29.2 31.3 32.9 36.4 32.7 30.6 33.1 34.1 40.09
Na 0.02 0.04 0.02 0.02 0.01 0.02 0.06 0.03 0.03 0.02 0.02 0.18
K 0.18 0.59 0.15 0.20 0.01 0.06 0.01 0.35 0.33 0.08 0.29 0.19
Ba 3.33 0.90 2.11 4.72 2.71 0.75 0.02 1.31 1.29 0.72 1.03 9.39
Sr 5.7 6.0 6.1 6.6 6.6 6.8 0.1 3.2 2.9 6.7 4.3 0.29
P 0.06 0.10 0.09 0.21 0.37 0.08 3.39 0.38 0.37 0.07 0.17 0.170
S 1.94 2.25 2.25 2.16 2.60 2.21 0.29 4.38 4.13 2.17 1.72 0.48
F 14.1 12.0 12.1 14.5 13.6 13.0 32.3 25.2 25.0 13.1 13.5 28.8
O 24.18 24.20 25.85 21.33 23.30 25.85 9.15 12.66 10.33 26.01 27.40
C 5.54 6.05 6.02 4.62 5.50 6.15 1.71 2.62 2.05 6.18 6.37 0.11
Cu (ppm) 15.8 15.9 13.8 59.8 6.9 10.5 1.5 89.0 89.9 3.7 31.5 4.0
Zn 126 311 274 328 118 289 18 1050 936 141 300 54
Pb 1925 1570 1030 750 827 1100 31 5400 4200 993 1160 636
V 35 44 56 80 21 31 107 144 140 34 53 310
Ga 1.0 3.0 2.2 1.4 0.6 1.2 9.7 3.1 2.8 1.4 2.3 NA
Cr <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 23
Y 33 43 27 34 17 47 888 52 49 45 46 16
La 422 1020 1275 1115 1125 1270 10 902 1140 1240 1370 892 195
Ce 428 1395 1470 1195 1370 1700 17 464 1750 1805 1825 1210 170
Pr 26.4 110.0 102.5 73.1 90.2 132.0 1632 142.5 148.5 139.0 94.8 NA
Nd 68.4 321 273 177.5 214 372 5160 439 424 389 274 30
Sm 7.40 33.5 24.6 13.10 14.15 38.8 624 47.5 44.9 39.1 30.8 1.0
Eu 2.10 6.69 4.98 2.64 2.47 7.84 122.5 9.28 8.96 7.63 6.01 0.50
Gd 5.29 15.95 10.60 7.16 5.17 18.15 333 21.2 20.5 17.45 14.60 NA
Tb 0.88 1.72 1.16 1.17 0.66 1.96 37.9 2.22 2.10 1.86 1.61 <0.1
Dy 4.66 6.55 3.94 6.11 2.70 7.44 158.5 8.28 7.74 6.90 6.48 NA
Ho 0.84 1.02 0.58 1.22 0.47 1.12 25.6 1.19 1.09 1.04 0.98 NA
Er 2.10 2.20 1.11 3.11 1.14 2.47 59.4 2.50 2.32 2.15 2.22 NA
Tm 0.29 0.26 0.14 0.43 0.17 0.30 7.59 0.30 0.28 0.27 0.28 NA
Yb 1.58 1.43 0.75 2.58 0.97 1.61 39.7 1.70 1.52 1.49 1.63 <0.05
Lu 0.19 0.19 0.10 0.34 0.13 0.22 5.12 0.21 0.20 0.21 0.22 <0.01
Th 9.35 17.15 7.98 34.8 49.3 13.25 781 107.0 106.5 11.00 24.3 7
U 2.00 12.55 11.95 15.50 17.75 22.5 276 19.20 19.65 10.55 59.1 22
Nb 1.3 13.4 14.2 1.0 3.8 18.6 4.8 25.1 25.6 10.6 64.1 52
Ta <0.05 0.08 <0.05 <0.05 <0.05 <0.05 0.07 0.11 0.10 <0.05 <0.05 <0.3
REE 981 2945 3188 2649 2894 3590 37 629 3692 3833 3823 2619 >396
Total (wt%) 100.6 98.1 100.8 97.8 99.5 101.7 98.9 98.2 91.0 102.0 103.8 96.6
Fluorite 31.0 27.0 26.7 33.2 29.9 28.0 81.4 58.2 62.1 28.2 29.4
Calcite 52.3 58.7 57.3 46.2 51.9 57.1 18.5 26.9 22.9 57.3 60.0
Sulfate 16.6 14.4 16.1 20.7 18.2 14.8 0.1 14.9 15.0 14.5 10.6

∗denotes composition of ‘carbothermal residua’ from Stoppa et al. (2016). NA, not analyzed.

(Stoppa et al., 2016) and in Mushgai Khudak, a rare metal deposit
in Mongolia (Redina et al., 2020). Fluoritite seems to be the most
suitable name for Dunkeldyk rocks with >50% fluorite.

Crystallization mechanisms
The Dunkeldyk rocks show a wide range of textures, suggesting
different mechanisms of crystallization. The skeletal spinifex-
like texture of the dike margin (Fig. 3A) indicates heterogeneous
nucleation and fast crystallization from a quickly cooling melt.
The textures with disseminated euhedral crystals observed in
the majority of samples (Fig. 3B, C) are typical for homogeneous
nucleation in melts with moderate supersaturation (London,
2005).

The characteristic feature of Dunkeldyk dikes is the layering
of carbonatite and fluoritite (Fig. 2). The delineation of the layers

parallel to the host suggests that both carbonatites and fluo-
ritites have originated from the same magma. Gravity settling
was unlikely to play a role as the layering is parallel to the
host contact and rather symmetrical. The projection to calcite–
fluorite mixtures plots carbonatites close to CaF2-CaCO3 eutectic
(Fig. 4A). The fluoritites fluorite content is significantly higher
than CaF2-CaCO3 eutectic, which suggests melt oversaturation in
fluorite and/or concentration during crystallization. Differentia-
tion by sequential nucleation of rock-forming minerals, similar
to the mechanism of layered aplite crystallization by London
(2005) can explain layered structure. The fast cooling of the melt
caused immediate nucleation and crystallization of calcite, which
resulted in the development of a boundary melt layer enriched
in fluoride, forming fluoritite. The fluorite–apatite rocks possibly
formed from a larger melt volume, where gravity settling of dense
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Fig. 4. Key chemical characteristics of the Dunkeldyk carbonatite–fluoritites. (A) The anhydrous CaF2-CaCO3 phase diagram at 0.1 GPa based on
Gittins & Tuttle (1964). The projection of the rocks to calcite-fluorite joint is shown. (B) Bulk rock REE patterns normalized to chondrite. (C) Projection
of apatite composition on a ternary Na-Ca-REE plot. The experimental REE-saturated apatite from Stepanov et al. (2023) marks the REE solubility in
apatite at 800◦C. (D) REE patterns of Dunkeldyk calcite and apatite normalized to chondrite (McDonough & Sun, 1995).

apatite and fluorite resulted in the formation of fluoritite–apatite
cumulates.

Petrogenesis of Dunkeldyk carbonatites and
fluoritites
The carbonatite dikes show clear association with alkaline rocks
of Verhne-Dunkeldyk intrusion (Dmitriev, 1976; Faiziev et al., 2000).
The absence of voluminous mafic magmatism and low Mg of
Dunkeldyk carbonatites precludes the formation of these rocks
by mantle melting (Hong et al., 2019). Dunkeldyk samples show
elevated Y/Ho, with average 41, higher than upper crustal Y/Ho of
25 (Rudnick & Gao, 2003). Enrichment of Y relative to Ho is consis-
tent with preferential partitioning of Y to fluoride melt observed
in experiments by Veksler et al. (2005) and provide evidence for
the formation of Dunkeldyk carbonatite–fluoritites by miscibility
from silicate melt.

Molten salts with the same cation and different anions show
near ideal behavior and complete solubility (Treiman, 1995).
Therefore, most carbonatites likely were fluorite undersatu-
rated during crystallization (Fig. 4A; Stoppa et al., 2023), and
crystallization of carbonates concentrated F in the residual
liquid. If calcite–fluorite (eu-)cotectic could be reached then high-
fluorite carbonatites with eutectic proportion form. Gravity and
crystallization fractionation of fluorite from such melts produce
fluorite-dominated rocks: fluoritites.

A number of studies proposed that fluoride melts could play an
important role in transport and concentration of metals (Veksler
et al., 2012; Vasyukova & Williams-Jones, 2016; Kynicky et al.,
2019). The experiments have demonstrated high solubility of REE
and Nb in carbonatite–fluoride melts (Chebotarev et al., 2018).
The rocks described in this study contain abundant accessory
sulfides, consistent with association of base metal mineralization
with fluoritites in Dunkeldyk area (Faiziev et al., 2000). Similarly,
carbonate–fluorite rocks from Mongolia showed association with

abundant sulfides (Kynicky et al., 2019). The fluorite–apatite rock
has a significant content of P and ∼ 3 wt% TREO. All this evidence
points to high capacity of fluoride melts to concentrate and trans-
port a wide range of economically important metals. Fluorite-rich
rocks have been observed in carbonatite-associated REE deposits
in Bayan Obo, Maoniuping, and Daluxiang in China (Xu et al., 2008),
Eldor carbonatite in Canada (Beland & Williams-Jones, 2021) and
other mineral deposits. Carbonatites and especially those in large
deposits have complex magmatic and postmagmatic evolution,
obscuring primary textures. Future studies will investigate the ori-
gin of fluoritites in those deposits; however, Dunkeldyk fluoritites
suggest that crystallization from carbonate-fluoride melts should
be considered.
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