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A B S T R A C T

A new discovery of carbonatites at Pianciano, Ficoreto and Forcinelle in the Roman Region demonstrates that
Italian carbonatites are not just isolated, mantle xenoliths-bearing, primitive diatremic rocks but also evolved
subtype luor-calciocarbonatite (F ~ 10wt%) associated with luor ore (F ~ 30wt%). New data constrain a
multi-stage petrogenetic process, 1-orthomagmatic, 2-carbothermal, 3-hydrothermal. Petrography and geo-
chemistry are conducive to processes of immiscibility and decarbonation, rather than assimilation and crystal
fractionation. A CO2-rich, ultra-alkaline magma is inferred to produce immiscible melilite leucitite and carbo-
natite melts, at lithospheric mantle depths. At the crustal level and in the presence of massive CO2 exsolution,
decarbonation reactions may be the dominant processes. Decarbonation consumes dolomite and produces calcite
and periclase, which, in turn, react with silica to produce forsterite and Ca silicates (monticellite, melilite,
andradite). Under carbothermal conditions, carbonate breakdown releases Sr, Ba and LREE; F and S become
concentrated in residual luids, allowing precipitation of luorite and barite, as well as celestine and anhydrite.
Fluor-calciocarbonatite is the best candidate to exsolve luids able to deposit luor ore, which has a smaller
volume. At the hydrothermal stage, REE concentration and temperature dropping allow the formation of
LREEF2+ and LREECO3+ ligands, which control the precipitation of interstitial LREE luorcarbonate and sili-
cates: (bastnäsite-(Ce), Ce(CO3)F and britholite-(Ce), (Ce,Ca)5(SiO4,PO4)3(OH,F). Vanadates such as wake-
ieldite-(Ce), CeVO4, vanadinite, Pb5(VO4)3Cl and coronadite Pb(Mn4+6 Mn3+2 )O16 characterise the matrix. At
temperatures of ≤100 °C analcime, halloysite, quartz, barren calcite, and zeolites (K-Ca) precipitate in expansion
fractures, veins and dyke aureoles.

1. Introduction

Since the pioneering overview into Italian carbonatites by Stoppa
and Woolley (1997), a number of new carbonatite outcrops have been
discovered. Consequently, there is a need to address new outcrops and
new data in a general petrogenetic model that combines and explains,
consistently, old and new indings. The newly discovered carbonatites
are in fact diferent from the mantle debris-bearing, primitive calcio-
carbonatites occurring in diatremes described by Stoppa and Woolley
(1997). They are evolved rocks, without mantle debris, characterised by
high concentrations of LREE, Y, V, Pb, As and Cs and the presence of
abundant luorite and barite.

Fluor-calciocarbonatites occur in central Italy in a large volcanic
area, named ‘Roman Region’ (RR) by Washington (1906) (Fig. 1).
Locardi (1990) made the irst mention of carbonatite magmatism in the
RR and this has recently been re-evaluated by Stoppa et al. (2016). RR
is 60–70 km to the West of the small monogenic carbonatitic-kamafu-
gitic volcanoes of San Venanzo, Cupaello, Polino and Oricola (Fig. 1).
Considering the diferent tectonic setting and speciic peralkaline rock-
type association and speciic mineralogy (Lavecchia et al., 2006;
Sharygin et al., 1996, 2013; Stoppa et al., 1997; Stoppa and Lupini,
1993; Stoppa and Schiazza, 2013, 2014), Lavecchia and Stoppa (1996)
grouped them all in a diferent igneous province, the Intermountain
Ultra-alkaline Province (IUP). Shortly after, Stoppa and Principe (1998)
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provided the irst description of extrusive carbonatites containing
nyerereite, Na2Ca(CO3)2, at the Vulture volcano (Stoppa et al., 2009).
IUP carbonatites are generally silicocarbonatites having SiO2 ~20wt%
and modal carbonate> 50 vol%. These rocks are probably con-
sanguineous but distinct from RR carbonatites.

A peculiarly notable, textural mode of occurrence of IUP and RR
carbonatites is a variety of tuisites (Francis, 1989), which is here
deined as a natural mixture of carbonatite droplets or carbonatitic,
concentric-shelled lapilli cored by ultramaic silicate crystals, emplaced
as subvolcanic tuf in dykes and diatremes (Stoppa et al., 2003). Car-
bonatitic tuisites can erupt as lapilli tuf aprons around maar-diatreme
systems (Stoppa, 1996). Massive microporphyritic luor-calciocarbo-
natites (lava-like) associated with large luor ore deposits are only of
the RR.

The petrological data are indicative of a mantle origin for the Italian
carbonatite parental melt. Italian carbonatites present a potentially
compelling challenge to the petrological policies instituted after the
Daily and Rittman theory of limestone assimilation (Peccerillo, 2016).
In fact, all the carbonate occurrences appear to be in textural and
chemical equilibrium with the silicate phases and are inferred to have a
primary magmatic origin (Di Battistini et al., 2001; Martin et al., 2012).

In this paper, we detail the petrography and geochemistry (in-
cluding isotopes and radiometric dating) of three carbonatitic outcrops
from the RR, including two in situ tuisite occurrences plus a large
volume of microporphyritic luor-calciocarbonatite and associated luor
ore (Fig. 1). We compare new data with the updated panorama of Ita-
lian carbonatites. The paper focuses on the presentation of a new model
based on immiscibility and decarbonation. The mass of new data allows
us to hypothesize petrogenetic processes that go from high to low
temperature processes. We suggest that decarbonation reactions are as
important as typical carbonatite processes, such as immiscibility. In
addition, we propose a mechanism of evolution for the carbonatitic
system and ore-precipitation. Knowledge of the mechanism of REE
precipitation, speciation and the role of carbothermal/hydrothermal
luids in the formation of economic deposits is important, due to the
increasing market demand for critical metals (Wall, 2013; Goodenough
et al., 2016). At the moment, the Italian extrusive carbonatites having

REEs values< 1% are not of economic interest (i.e. not REE carbona-
tites according to Jones et al., 2013), whereas they might be of interest
at these low concentrations as a by-product of luorite production. This
would require speciic knowledge of the mineral compositions and a
diferent processing route for the luor ore that is actively quarried,
which are discussed elsewhere (Al-Ali et al., 2019). However, our pet-
rogenetic model indicates that subvolcanic complexes can host poten-
tially economically critical metals deposits, as seen in similar geological
conditions to those in RR, such as China (Hou et al., 2015; Liu and Hou,
2017) and India (Viladkar et al., 2019).

2. Roman region carbonatite occurrences

Subvolcanic carbonatites occur at Forcinella and Ficoreto and ex-
trusive carbonatites are widespread on the west side of RR volcanoes
(Fig. 1). RR carbonatites are associated with hundreds of millions of
tonnes of luor ore deposits (Mastrangelo, 1976; Stoppa et al., 2016)
(Fig. 1).

The Forcinella outcrop is approximately 2 km south of the town of
Monteiascone, within the Vulsini district. The outcrop is a partially
eroded, small diatreme located near the shoreline of the Bolsena Lake,
next to the large maar of Monteiascone. The Forcinella tuisite consists
of nucleated, concentric-shelled lapilli of carbonatitic melilite leucitite
set in a very ine-grained matrix of Sr-rich calcite, analcime, barite,
britholite-(Ce), baritocelestine and Ba-Ca zeolites (Fig. 2a). Melilite
leucitite lapilli show rounded or amoeboid calcite globules having the
same composition as the carbonate matrix of the tuisite (Fig. 2e).
Analcime and halloysite almost completely replace leucite, but ine
details of the original texture are preserved. Veinlets of luorite, har-
motome, calcite and barite testify to a late hydrothermal deposition.
Melilite leucitite lavas, dated from 0.28 to 0.22Ma, surround the tuf-
isite (Brocchini et al., 2000).

Ficoreto is located 1.5 km ESE of Campagnano Romano town on the
northern rim of the Sacrofano caldera in the Sabatini District. Ficoreto
is a leucitite scoria and lava cone, dated to 0.200 ± 0.020Ma (sample
FIC06, Table 3a). The scoria cone is topped by a paleosol which, in turn,
is covered by ash lapilli fall-out and late pumice-ash phonolitic

Fig. 1. Sketch map of the Roman Region (in
yellow) and IUP volcanic centres (red boxes
and red stars). The igure shows extrusive
REE – luor-calciocarbonatite belt (in or-
ange, main outcrops pink diamonds), car-
bonatitic tuisites (blue and yellow stars)
and foid syenite ejecta (green diamonds)
occurrences. Only larger calderas (dotted
lines) with calderic lakes are reported
among volcano landforms. The igure re-
ports toponyms cited in the text. All symbols
are in the igure. Software Q-GIS v. 2.8
(https://qgis.org/it/site/). Inset at the right
top corner: Lithosphere-Asthenosphere
boundary (LAB) depth contour lines, the
area of Fig. 1 is indicated by a box. Tectonic
and structural data from Lavecchia and
Stoppa (1996) and Lavecchia et al. (2017).
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pyroclastic lows (< 0.1Ma). Calciocarbonatite lapilli, cemented by
sparry calcite (tuisite), ill a vent structure approximately 30m in
diameter, as described by Cozzupoli et al. (1976) (Fig. 2b). This rock is
very similar to Polino tuisite (Fig. 2c, h) described by Stoppa and
Lupini (1993). A complex fracture network, associated with carbonatite
dykes, crosscuts the cone. Ca-Ba zeolites and calcite iniltrate the scoria

layers for several decimetres on the side of the dykes. In addition, there
are many satellite dykelets of carbonatite microbreccia or soft, collo-
form quartz-zeolite-halloysite deposits. Carbonatite breccia has a ine-
grained, turbid carbonate matrix, which suspends carbonatite and
leucitite lapilli (Fig. 2b, d). The carbonatite lapilli are porphyritic and
show 1mm long laths or pseudo-hexagonal euhedra of calcite. Often
they are cored by a maic crystal kernel (Fig. 2f). Pseudo-hexagonal
calcite is likely to be pseudomorph of aragonite (Hurai et al., 2013).
Microcrystalline groundmass contains Sr-rich barite, luorite, luor-
apatite, hydroxylapatite, luorellestadite, vanadinite, coronadite, bast-
näsite-(Ce), magnetite and siderite. Rare accessory phases include ga-
lena, pyrite, sphalerite, monticellite, witherite and unidentiied Ca-Ce-
vanadates. The groundmass contains abundant globules of Sr-rich cal-
cite with inclusions of a hydrated Ca-Ce-vanadate, strontianite, luor-
apatite and hydroxylapatite (Fig. 2e). Leucitite lapilli are composed of
leucite/analcime, anorthite, diopside, Ti-rich andradite, Ba-rich
luorphlogopite, titanite, luorapatite, and Ti-rich magnetite. Andradite
locally rims the lapilli at the contact with the carbonate groundmass
(Fig. 2g).

The Pianciano extrusive luor-calciocarbonatite outcrop is 20 km
west of Ficoreto (Stoppa et al., 2016) (Fig. 1). The deposit comprises
luor-calciocarbonatite dykes and small cryptodomes, which intrude an
overlying, plastically deformed luor ore deposit (Fig. 3a). The volume
of luor-calciocarbonatite is much greater than that of luor ore. Per-
vasive veins of halloysite plus zeolites and hydroxide-sulphides crosscut
the deposit. A deeply altered and mineralised leucitite tuf occurs at the
top and at the bottom of the sequence, which is up to 10m thick
(Fig. 3a). A charcoal-rich paleosol coats the original morphology.
A>10m thick leucitite pyroclastic low, dated 0.214 ± 0.010Ma,
tops the paleosol (sample PIA12, Table 3a). Trachyte, foid syenite,
hornfels and skarn ejecta are noticeable components of the pyroclastic
low. Fluor-calciocarbonatite is porphyritic and consists of abundant
calcite, occurring as laths, and pseudo-hexagonal micro phenocrysts (up
to 100–200 µm) (Fig. 3b, c) set in a luorite, calcite, barite, apatite and
periclase cryptocrystalline groundmass. In particular, the pseudo-
hexagons of calcite are identical to those of the Ficoreto rocks (Fig. 3b).
Moreover, discrete cleavage fragments of K-feldspar, Ti-rich phlogopite,
Ti-rich magnetite, titanite and diopside (up to 1mm diameter) occur in
the groundmass. Accessory phases are luorapatite, luorellestadite, Ba-
Ca zeolites and hydrated varieties of Ca-Ce-vanadates, wakeieldite,
hollandite- and alunite-supergroup minerals, celestine, siderite, quartz
and vanadinite (Fig. 3d). Rare accessory phases are anhydrite, por-
tlandite, Na-K-sulphates, galena, pyrite, sphalerite hellandite-(Ce) and
scheelite.

3. Results

Twelve new analyses of RR carbonatites and seventeen new ana-
lyses of associated silicate rocks provide complete geochemistry in-
cluding thirteen new stable and radiogenic isotope data with two
radiometric dates; these are given in Tables 1–3. Conventional chemical
diagrams for igneous rocks are not suitable for carbonatites and sta-
tistical analysis is preferred. The Rank Entropy (H) Analysis (RHA) is an
informatics language that can be used to describe, group and organise
the composition of objects of any nature (Petrov and Moshkin, 2015;
Petrov et al., 2016; PETROS-3 software package). The RHA system
calculates three parameters: R – Rank formula, H – Entropy, A – An-
entropy. Software 'Petros-3′ outputs gave three main statistical dis-
criminating factors in terms of their atomic wt% (supplementary data):
F+C+Ca, Si+Al+Na+K, and Mg+Fe+P. The triangular dia-
gram, built with these factors, separates groups of rock-types into two
broad diferent petrogenetic lineages (Fig. 4). The F+C+Ca corner
accounts for calcite and luorite, the Si+Al+Na+K corner accounts
for the felsic component, and the Mg+Fe+P corner accounts for the
rest of the maic minerals. Diopside, monticellite and apatite bridge the
lower corner and left corner at some distance from the axis, whereas

Fig. 2. Hand-scale samples and thin sections of Italian carbonatite tuisites
(stars in Fig. 1). Mineral abbreviation: cc= calcite, cpx= clinopyroxene,
grt= garnet, anl= analcime, mtc=monticellite, ol= olivine, gl= glass. a)
Polished sample of Forcinella carbonatitic tuisite showing melilite leucitite
concentric-lapilli set in a carbonatite groundmass (sample MF1703, of Table 1).
b) Ficoreto calciocarbonatite tuisite showing agglutinated calciocarbonatite
lapilli cemented by sparry calcite (sample FIC05a of Table 1). c) Polino car-
bonatite tuisite showing monticellite silicocarbonatite lapilli cemented by
sparry calcite (PO2/3). d) Optical microscope image of carbonatite (left) and
leucitite (right) ash droplets in carbonatitic tuisite (FIC05d), // polarized
light. e) Optical microscope image of carbonate globules hosted in a leucitite
lapillus from Ficoreto (FIC01), // polarised light. Calcite laths, Sr-rich micro-
crystalline calcite, Sr-rich barite, luorite, luor and hydroxylapatite, magnetite,
monticellite, vanadinite, hydrated Ca-Ce-vanadate and bastnäsite-(Ce) form the
micro-porphyritic texture. f) Optical microscope image of porphyritic carbo-
natite pelletoidal ash with a kernel of clinopyroxene fragments, showing calcite
laths in a microcrystalline groundmass of Sr-carbonate, analcime, barite, brit-
holite-(Ce), luorite from sample FIC05d. // polarised light. g) SEM image of a
Ficoreto leucitite lapillus immersed in a microcrystalline carbonate matrix
(FIC05b). Note the garnet reaction rim and the carbonate globules. h) SEM
image of Polino carbonatite showing monticellite euhedra on relict forsterite
core in a Sr-REE rich microcrystalline groundmass with microphenocrysts of
Th-Zr-perovskite, Zr-schorlomite, REE-Sr apatite, Ti-magnetite and Cr-phlogo-
pite xenocrysts (PO2-5).
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phlogopite bridges the lower corner to the right corner, but is located
closer to the axis due to the relatively low F levels in this mineral.
Fluorite and K-feldspars are important toward the upper left and right
corners, respectively. The compositions of relevant mantle and experi-
mental carbonatitic liquids are also plotted for comparison (Sweeney,
1994 and references therein). Ideally, the primary mantle melt is lo-
cated where the standard lithosphere mantle adiabat intercepts the line
linking mantle composition and primary mantle carbonatites. The
PETROS output gives a notional composition, corresponding to a CO2-
rich magma, which converts into oxide percentages given the following
igures: SiO2 24.2, TiO2 0.42, Al2O3 1.63, Fe2O3tot. 7.29, MgO 29.1,
CaO 11.8, MnO 0.06, K2O 1.87, Na2O 2.22, P2O5 0.32, and CO2 21.1
(silicomagnesiocarbonatite)

Plotting irst order factors, F+C+Ca and Si+Al+Na+K,
against second order factors, La-Ce-V-(Ba/100) and Rb-Zr-Nb, the stu-
died compositions form a positive correlation curve (Fig. 5a and b).
Carbonatites have a high La-Ce-V (Ba/100)/F+C+Ca ratio and as-
sociated maic silicate rocks have a high Rb-Zr-Nb/Si+Al+Na+K
ratio.

The magnesium number Mg# (100*Mg/Mg+Fe2+) is consistently
high in primitive Italian carbonatites, with an average of 71 and max-
imum of 95. The Cr+Ni/Mg# diagram shows that mantle-debris-
bearing rocks, e.g. Polino carbonatite, plot separately from the other
examples, having a Cr+Ni content up to 1100 ppm (Fig. 6a). Pb and V
strongly correlate with LILE and Zn, As, U, LREE and Y (Fig. 6b and c).
The highest values are from luor-calciocarbonatites and luor ore,
whereas Italian primitive carbonatites have relatively low Pb, V (with
the exception of VLT, Vallone Toppo del Lupo carbonatite from Vulture
volcano), REE and U (Fig. 6c). Vanadium in Italian carbonatites
averages 175 ppm (36–494 ppm), in between the extrusive and in-
trusive worldwide carbonatites, respectively with averages of 155 ppm

(18–383 ppm) for extrusive and 136 ppm (20–642) for intrusive.
The combined ratios of Hf, Zr, Ta, Y, and Nb vs Yb show a positive

correlation and lie along a narrow mantle array, deined by Pearce
(2008) for primitive middle ocean ridge basalts (MORB) and ocean is-
land basalts (OIB) (Fig. 7a–d). Carbonatite and kimberlite extend the
MORB and OIB range towards higher values of these ‘immobile’ pair
ratios. Italian ultra-alkaline rocks generally lie between OIB and kim-
berlites and match general carbonatite composition, but the associated
carbonatites may show considerable deviations of the HFSE4+5+ vs
HREE ratios.

Fig. 8 illustrates the primitive mantle-normalised (PM) multi-ele-
ments and chondrite-normalised (CN) REE variations of RR carbonatites.
As a whole, Pianciano and Ficoreto carbonatitic rocks and luor ore
show a similar distribution with Large Ion Lithophile Elements (LILE:
Cs, Pb, U, Ba) at approximately 1000 to 10.000PM when compared to
the primitive mantle, with a negative spike of K, Rb, Hf and Th (Fig. 8a,
c). Arsenic is higher in Pianciano, by one order of magnitude in com-
parison with Ficoreto. La, Ce, and Sr are between 100 and 1000PM. Ta-
Nb and Zr-Hf form negative spikes. Transition metals are between 1 and
10PM (Eu, Y, Zn, Sc and V). Compatible elements (Co, Ni and Cr) are
between 0.001 and 0.01 units. Pianciano luor-calciocarbonatite and
luor ore have a parallel trend, with luor ore having a substantially
higher trace element content. Ficoreto calciocarbonatite dyke rock has
higher Pb and Cs and lower Ba, Th, Nb, Ta, P, As, La, Ce and Sr com-
pared to calciocarbonatite tuisite. In terms of REE, three main patterns
are apparent at the Pianciano outcrop: luor-calciocarbonatite, luor ore
and tufs (7b). La is up to 5000CN in luor ore, 1500CN in luor-calcio-
carbonatite and tuf. The average LaCN/YbCN ratio igures for the three
facies are 3088, 1350, and 92 units, respectively. LREE crossover be-
tween hydrothermal rocks and luor-calciocarbonatite occurs at Pr,
indicating high concentrations of LREE in luor ore and luor-

Fig. 3. Pianciano a) General view of luor ore layers (top centre) overlaying two luor calciocarbonatite blocks (on the left and the right). b) Optical microscope image
of pseudo-hexagonal calcite (after aragonite) (PIA06). Relected and // polarised transmitted light. c) Fluor-calciocarbonatite showing calcite laths immersed in a
micro-crypto crystalline groundmass of luorite, barite, periclase and REE-V-Pb-Mn phases (dark amoeboid patches) (PIA06). d) Back-scattered SEM image of PIA06
showing a very ine-grained groundmass of calcite, luorite, barite and wakeieldite. Symbols: cc - calcite; brt - barite; wak - wakeieldite; lu - luorite.
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calciocarbonatite. The Ficoreto rocks show almost parallel REE pat-
terns, with progressive enrichment passing from tuisite to dyke rock
(Fig. 8d). A comparison among tuisites from Forcinella, Ficoreto and
Polino shows a very similar general pattern at about two orders of
magnitude, compared to associated limestone country-rock xenoliths
(Fig. 8e). The relative diferences are a deeper Zr-Hf negative anomaly
and higher positive spike of Sr at Ficoreto. Forcinella tuisite has higher
Cs and Rb. At Ficoreto, the calciocarbonatite breccia dyke has La/Yb at

a value of 105, carbonatite tuisite at 60 and a hydrothermal deposit at
40 with a slightly negative Eu and positive Gd with La/Yb ratios of 53,
51 and 112 units, respectively (Fig. 7f). Regionally associated limestone
xenoliths have a much lower content of REE and low LREE
(LaCN=10 pm, with low La/YbCN=18) (Rosatelli et al., 2010). Fi-
coreto tuisites have a crossover at Nb level with the Forcinella and
Polino tuisites.

Table 1
Twelve new whole rock analyses of carbonatites from Roman Region of Italy. Major oxides in wt%, trace elements in ppm. LOI=mass loss on ignition. Analyses
carried out at Activation Laboratories (www.actlabs.com). Rock compositions correspond to those of the rock-type groups in Fig. 3. Key letters and symbols refer to
the compositional ield in Fig. 3.

# analyses PIA05 PIA06 PIA07 PIA02 PIA03 PIA04 FIC03 FIC04 FIC05a FIC05b FIC05d MF1703
locality Pianciano Pianciano Pianciano Pianciano Pianciano Pianciano Ficoreto Ficoreto Ficoreto Ficoreto Ficoreto Forcinella
rock-type (1) (1) (1) (2) (2) (2) (3) (3) (3) (3) (3) (4)
litho-facies tuf tuf tuf tuf tuf tuf dyke dyke tuisite tuisite tuisite tuisite

SiO2 (wt%) 1.57 0.64 1.54 4.82 8.00 1.94 10.2 2.39 23.7 19.8 2.64 28.3
TiO2 0.02 0.01 0.03 0.09 0.13 0.03 0.18 0.05 0.40 0.34 0.04 0.61
Al2O3 0.87 0.18 0.47 1.65 3.21 0.77 2.96 0.70 6.74 5.63 0.87 10.0
Fe2O3 0.41 0.01 0.13 1.31 2.01 0.52 1.94 0.57 3.49 2.87 0.46 6.32
FeO 0.10 0.20 0.40 0.50 0.10 0.10 0.20 0.20 0.70 0.60 2.64 0.80
MnO 0.07 0.03 0.12 0.15 0.26 0.20 0.11 0.09 0.07 0.06 0.04 0.14
MgO 0.15 0.11 0.21 0.58 0.53 0.15 2.28 1.28 3.39 2.84 0.60 3.95
CaO 55.2 56.9 55.6 53.3 46.8 49.7 45.9 52.1 33.1 36.6 53.2 25.7
Na2O 0.09 0.06 0.06 0.19 0.27 0.21 0.12 0.02 2.70 2.31 0.17 0.28
K2O 0.07 0.05 0.10 0.48 0.35 0.11 0.66 0.06 0.45 0.34 0.10 0.61
P2O5 0.52 0.25 0.59 2.43 1.71 2.97 1.16 1.17 0.33 0.29 0.51 0.66
CO2 30.5 30.4 31.6 3.89 0.46 0.34 30.9 37.8 21.0 24.7 38.7 11.5
S 0.27 0.25 0.30 0.39 0.43 0.52 0.31 0.39 0.02 0.02 n.d. n.d.
F 8.65 8.65 8.17 29.0 26.7 30.8 0.65 0.81 0.14 0.13 n.d. n.d.
LOI 1.37 1.32 2.44 5.66 -0.46 6.06 1.94 1.61 3.00 2.61 1.36 10.6
SrO 0.52 0.56 0.58 0.53 0.44 0.19 0.93 1.12 0.14 0.16 0.18 0.27
BaO 2.51 2.96 0.35 7.89 10.05 12.06 0.27 0.26 0.07 0.06 0.03 0.44
Total 102.9 102.6 102.7 112.9 101.0 106.6 100.7 100.6 99.4 99.3 101.5 100.2
O=F 3.64 3.64 3.44 12.21 11.24 12.97 0.27 0.34 0.06 0.05 — —
Total 99.2 99.0 99.2 100.7 89.7 93.6 100.4 100.2 99.3 99.3 101.5 100.2
Mg# 72.8 49.5 48.3 67.4 90.4 72.8 95.3 91.9 89.6 89.4 28.8 89.8

V (ppm) 128 76 161 438 384 235 183 164 150 122 92 221
Sc 0.62 0.16 0.72 1.64 2.06 0.44 6 1 15 13 2 10
Cr < 0.5 < 0.5 15.0 < 0.5 23.4 23 20 < 20 50 40 < 20 20
Co < 0.1 < 0.1 4.8 < 0.1 9.6 < 0.1 5 < 1 14 11 < 1 22
Ni 2.0 < 1 2.0 6 7 2 30 20 50 40 < 20 50
Cu 6.0 1.0 41.0 98 26 9 40 40 20 20 20 80
Zn 53 55 140 418 243 209 < 30 < 30 < 30 < 30 < 30 80
As 181 115 186 545 565 508 26 35 13 9 15 25
Rb < 10 < 10 < 10 220 110 < 10 52 6 524 428 55 153
Sr 4378 4751 4939 4474 3706 1629 7862 9442 1146 1363 1500 2257
Y 8.0 8.0 8.0 15 16 15 28 24 16 14 12 35
Zr 15.0 27.0 12.0 43 68 21 82 19 186 157 24 345
Nb 24.0 13.0 31.0 94 64 40 23 29 8 6 12 19
Cs < 0.2 7.0 9.9 < 0.2 51.4 53.1 4.8 0.9 38 27.9 6.2 51.8
Ba 22440 26520 3155 70710 89970 108000 2428 2295 615 535 300 3949
Hf < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 1.7 0.4 4.7 4 0.5 6.5
Ta < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 < 0.3 0.6 0.5 0.4 0.3 0.2 0.7
Pb 380.0 150.0 676.0 1010 780 492 85 111 752 535 702 111
W 76.0 33.0 < 1 504 194 159 25 23 2 2 5 6
Th 2.8 0.9 2.6 7.2 12.3 1.2 40.1 32.8 27.5 23.4 13.4 53
U 15.1 19.2 11.9 51.7 29.6 13.5 18.6 19.1 8.2 8.6 10.9 14.7
La 201 190 264 1020 766 642 226 220 59.8 50.4 89.3 159
Ce 184 155 246 968 714 534 416 400 126 108 155 304
Pr 112 87.5 144 560 418 312 40.9 38.1 14.8 12.7 15 32.8
Nd 40.0 20.0 42.0 152 122 90 132 121 56.7 48.9 47.5 123
Sm 1.43 1.10 2.34 6.57 6.44 2.84 18.5 16.2 10.6 9.2 6.1 21.8
Eu 0.50 0.50 0.28 1.45 1.3 0.58 3.7 3.23 2.03 1.77 1.3 4.17
Gd n.d. 1.98 1.46 0.30 n.d. 1.06 10.9 9.2 7.3 6.1 3.6 14.5
Tb n.d. 0.08 0.05 0.29 0.3 0.07 1.3 1 0.9 0.7 0.4 1.7
Dy n.d. 0.12 0.08 1.73 n.d. 0.45 5.6 4.5 4.1 3.3 1.9 7.7
Ho n.d. 0.02 0.02 0.33 n.d. 0.09 0.9 0.8 0.6 0.5 0.3 1.2
Er n.d. 0.10 0.07 0.85 n.d. 0.22 2.5 2 1.6 1.3 0.8 3.1
Tm n.d. 0.01 0.01 0.11 n.d. 0.03 0.3 0.25 0.2 0.16 0.11 0.37
Yb n.d. 0.07 0.05 0.65 n.d. 0.18 1.6 1.4 1.2 0.9 0.7 2.2
Lu n.d. 0.01 0.01 0.10 n.d. 0.03 0.22 0.18 0.16 0.14 0.1 0.31

Note: (1)= Fluor Calcio-carbonatite; (2)= Fluor ore; (3)=Ca-carbonatite; (4)=Carbonatitic leucitite; n.d.= not determinated.
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Table 2
Seventeen new whole rock analyses of silicate rocks (leucitites and syenites) associated with carbonatites of Table 1. Symbols as in Table 1.

# analyses MF1701 MF1702 FIC06* PIA12* PIA14 RRE02 RRE11 RRE05 RRE07 VEJ27 VEJ3B VEJ3C VEJ3D PIA13 FIC01 PIA01 PIA08
locality** Forcinella Forcinella Ficoreto Pianciano Pianciano RR_FIC RR_FIC RR_PIA RR_PIA IUP_VUT IUP_VUT IUP_VUT IUP_VUT Pianciano Ficoreto Pianciano Pianciano
rock-type*** (5) (5) (5) (5) (5) (6) (6) (6) (6) (6) (6) (6) (6) (7) (8) (9) (9)
litho-facies lava lava scoria lava lava sub. ejecta sub. ejecta sub. ejecta sub. ejecta sub. ejecta sub. ejecta sub. ejecta sub. ejecta lava tuf tuf tuf

SiO2 (wt%) 45.17 48.43 46.4 48.3 49.84 52.7 55.9 57.7 56.2 54.9 58.4 57.3 57.1 53.67 49.2 43.32 46.3
TiO2 0.842 0.775 0.73 0.83 0.739 0.873 0.48 0.22 0.18 0.27 0.62 0.23 0.12 0.838 0.73 0.82 0.73
Al2O3 16.2 14.65 12.7 17.2 17.35 15.5 19.8 20.4 20.6 19.5 19.3 20.6 22.1 17.15 16.1 19.49 18.2
Fe2O3 5.15 2.72 5.68 3.60 4.08 2.31 2.14 1.20 1.01 1.90 0.87 1.51 1.11 5.17 6.80 6.03 6.23
FeO 3.3 5.0 1.80 4.50 3.4 4.5 1.80 1.30 1.10 1.10 1.50 1.10 0.80 2 0.20 1.5 0.80
MnO 0.155 0.147 0.13 0.16 0.163 0.14 0.11 0.18 0.15 0.10 0.08 0.19 0.10 0.141 0.13 0.13 0.15
MgO 5.54 6.41 5.69 3.71 3.48 4.42 0.45 0.19 0.12 0.70 0.63 0.33 0.16 2.32 4.00 3.27 1.71
CaO 12.51 12.8 13.6 9.44 9.28 7.26 3.98 2.46 3.24 4.04 2.19 1.85 0.74 6.13 7.30 7.71 3.62
Na2O 1.54 1.22 0.59 1.60 1.83 1.57 3.07 4.40 4.57 4.49 3.20 5.70 7.56 1.86 2.09 0.68 0.69
K2O 7.29 5.87 7.51 8.13 8.54 8.27 10.2 10.1 10.5 8.23 9.94 8.06 7.56 7.12 5.01 1.74 2.51
P2O5 0.55 0.42 0.64 0.52 0.41 0.45 0.07 0.05 0.03 0.16 0.13 0.07 0.04 0.54 0.42 0.43 0.39
CO2 0.01 0.03 1.50 0.02 0.03 0.04 0.02 0.03 0.06 0.17 0.04 0.04 0.04 0.02 0.22 1.16 1.60
S n.d. n.d. n.d. n.d. n.d. 0.11 0.14 0.19 1.34 n.d. n.d. n.d. n.d. n.d. 0.04 0.03 0.11
F n.d. n.d. n.d. n.d. n.d. 0.22 0.09 0.11 0.02 n.d. n.d. n.d. n.d. n.d. 0.11 0.31 0.17
LOI 0.18 0.11 2.41 1.04 0.45 1.44 1.75 1.49 1.19 4.52 1.58 1.77 1.40 1.20 7.82 11.84 11.9
SrO 0.19 0.18 0.21 0.27 0.24 0.22 0.48 0.19 0.19 0.28 0.44 0.11 0.06 0.16 0.17 0.16 0.39
BaO 0.16 0.13 0.19 0.21 0.16 0.21 0.24 0.04 0.11 0.17 0.29 0.05 0.04 0.19 0.17 0.75 4.24
Total 98.8 98.9 99.8 99.6 100.0 100.2 100.7 100.3 100.5 100.5 99.2 98.9 98.9 98.5 100.6 99.4 99.6
O=F — — — — — 0.09 0.04 0.05 0.01 — — — — — 0.05 0.13 0.07
Total 98.8 98.9 99.8 99.6 100.0 100.1 100.7 100.2 100.5 100.5 99.2 98.9 98.9 98.5 100.5 99.2 99.6
Mg# 0.75 0.70 84.9 59.5 0.65 0.64 0.31 0.21 0.16 0.53 0.43 0.35 0.26 0.67 0.97 0.80 0.79

V (ppm) 270 240 251 255 239 207 150 67 74 58 67 46 18 183 207 192 179
Sc 15 26 29 14 15 21 2 < 1 < 1 2 2 < 1 <1 14 19 16.9 13.2
Cr 40 160 100 50 40 120 < 20 < 20 < 20 30 < 20 < 20 < 20 30 100 107 57.6
Co 32 30 33 25 23 22 4 1 1 4 5 2 1 19 22 22.3 25.9
Ni 60 70 80 30 30 60 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 60 48 28
Cu 110 60 110 80 70 30 < 10 < 10 < 10 10 < 10 < 10 < 10 30 80 93 79
Zn 80 80 70 80 80 90 60 120 110 70 50 80 60 90 80 204 148
As 11 9 11 < 5 < 5 14 19 8 14 33 11 15 16 < 5 19 < 1 < 1
Rb 446 374 527 446 470 386 363 165 188 252 233 276 363 401 452 210 170
Sr 1642 1498 1768 2289 2013 1846 4071 1581 1581 2374 3760 916 470 1320 1472 1364 3315
Y 29 30 30 34 33 28 57 8 6 15 55 31 5 28 30 23 36
Zr 312 299 359 364 344 413 562 436 491 332 410 724 1040 364 306 349 400
Nb 13 14 16 25 20 34 36 29 29 139 182 176 255 24 18 35 58
Cs 39.1 24.5 47 35 41 14.1 13.4 2.1 2.4 8.3 12 19.8 17 21.5 48.1 65.4 48.5
Ba 1389 1127 1679 1857 1473 1850 2114 358 1003 1516 2576 458 323 1673 1515 6757 37950
Hf 5.9 5.9 8.2 8.1 7.7 10.7 10.1 6.6 6.6 4.6 6.5 10.3 11.1 9.3 7.4 10.1 11
Ta 0.7 0.8 0.7 1.1 0.9 1.9 2.3 1.1 1 5.3 14.7 4.7 8 1.4 1 < 0.3 < 0.3
Pb 78 55 55 102 97 100 152 171 99 123 137 77 51 87 84 1050 663
W 5 5 6 6 5 7 9 5 17 3 < 1 < 1 < 1 5 10 131 70
Th 45.5 41.1 63.6 62 56.5 47.5 149 109 94.4 78.7 366 131 85.2 57.9 49.1 68.6 56.9
U 9.5 9.3 12.3 12.3 10.7 8.7 29.8 27.2 26.5 37.2 40.7 46 77.9 12.6 9.5 2.6 32.2
La 96.2 92.1 134 139 128 121 168 240 164 213 410 489 117 122 130 136 559
Ce 200 189 285 269 254 245 325 399 296 308 707 612 167 227 246 217 554
Pr 22.8 21.9 32.6 30.2 28.3 27.8 35.4 35.6 26.9 26.2 67.1 38.5 11.4 26.4 27 n.d. n.d.
Nd 90.7 84.7 128 109 105 102 123 89.5 68.8 71.5 204 82.2 25.4 96.9 97.8 72 124
Sm 16.9 16 24.1 19.4 18.6 17.9 22 7.6 5.8 8.3 29.6 8 2.5 16.9 16.8 15.9 15.9
Eu 3.39 3.2 4.64 3.88 3.71 3.36 4.48 1.12 0.8 1.84 6.56 1.75 0.49 3.43 3.18 2.3 3.2
Gd 11.2 11.1 16.4 13 12.8 11.8 15.3 3 2 4.9 18.7 5 1.3 11.5 11 n.d. n.d.
Tb 1.4 1.3 2.1 1.6 1.6 1.4 2.1 0.3 0.2 0.6 2.4 0.8 0.2 1.4 1.4 1.3 1.3
Dy 6.4 6.5 9.1 7.6 7.4 6.7 10.6 1.3 0.9 3 12.1 4.7 0.9 6.7 6.6 n.d. n.d.

(continued on next page)
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3.1. Isotope geochemistry

RR carbonatites have very radiogenic 87Sr/86Sr (0.709–0.712) as
well as un-radiogenic 143Nd/144Nd isotopic ratios (εNd −8.5 to −14),
which are in isotopic equilibrium with the associated maic alkaline
silicate rocks and exceed Enriched Mantle 2 end-member (EM2) values
in radiogenic Sr (Fig. 9a, Table 3b). IUP rocks partially overlap the RR
data in the covariation Sr/Nd diagram, while Forcinella lavas plot in
between (Fig. 9a). Vulture has much lower values but shows some
possible EM2 enrichment. Italian ultra-alkaline rocks are on a trend-line
passing through Italian lamproites and lamprophyres (Vichi et al.,
2005), and an extremely enriched mantle end-member, named ITEM
(Bell et al., 2013). Notably, mantle-derived Polino phlogopite plots
along the trend-line near the ITEM. Italian Triassic-Jurassic limestones
and dolostones (Di Battistini et al., 2001; Rosatelli et al., 2010) are
located between the Bulk Silicate Earth - EM1 and EM2 triangle and RR
rocks. In general, previous authors noticed that the isotopic ratio de-
creases from northern to southern Italy on a regional scale (Bell et al.,
2013).

Ten new δ13C and δ18O ratio determinations of RR and other Italian
carbonatites can be added to the previous literature (Fig. 9b, Table 3b).
Stable isotopes were determined at the Mass Spectrometry Laboratory
of the IGAG-CNR in Rome, using a Finnigan Mat 252 mass spectrometer
and a Finnigan Kiel II device for the extraction of CO2 from the CaCO3.
Vulture carbonatites plot very close to the mantle box values (PIC). All
the extrusive Italian carbonatites show a general variation trend with
δ18O positive and δ13C negative shifts (Fig. 9b). In the Pianciano car-
bonates, δ13C varies from −3.87‰ to −4.47‰, and δ18O from
14.64‰ to 16.20‰, respectively. Carbonates at Ficoreto show large
variations of both C and O isotopic ratios. These data cluster in two
distinct areas: the dyke rock (FIC04, Table 1) has δ13C (vs PDB)
−3.81‰ and δ18O (vs SMOW) 18.05‰, while tuisite rock (FIC05,
Table 1) has δ13C ranging from −11.31 to 12.01‰, and δ18O ranging
from 23.25 to 24.25‰. In particular, Ficoreto tuisites match the va-
lues of Polino tuisite (Fig. 9b), while massive Polino calciocarbonatite
has less extreme values (Fig. 9a). Masi and Turi (1971, 1976) report
that Ficoreto dyke rocks average δ13C=−2.31‰ and δ18O=17.13‰
(close to the values of sample FIC04) and report less extreme values for
the luor ore deposits of Corso Francia in Rome city. Forcinella has δ18O
20.95‰ and δ13C −7.11% values, very close to Cupaello carbonatite
tuf (Stoppa and Cundari, 1995). San Venanzo carbonatitic tuisite
shows more extreme values for δ13C and δ18O of −14.0 and 23.0‰,
respectively (Table 3b). Italian limestones have positive δ13C > 2‰
and δ18O > 28‰ (Fig. 9b).

4. Discussion

The vast majority of authors agree about a mantle origin of carbo-
natites according with experimental petrology. The geological evidence
indicates that Italian extrusive carbonatites frequently formed luidised
breccias carrying mantle nodules in diatremes (tuisite). The Italian
carbonatites also show a wide range of compositions (primitive silico-
carbonatites with mantle nodules, calciocarbonatites and luor-calcio-
carbonatites), which are particularly suitable, in our opinion, for in-
vestigating a complex carbonatite system. Popular diferentiation
processes, such as immiscibility and crystal fractionation, are con-
sidered to be crucial (Martin et al., 2012). Plastically deformed carbo-
nate globules in the groundmass of the melilite leucitite lapilli, found in
the tuisite, together with carbonatitic lapilli, are both textural evi-
dence for the magmatic development of immiscibility. Petrographic
studies indicate that, after carbonatite immiscibility, essential mineral
phases precipitated between 650 and 900 °C, based on the paragenetic
relationship of calcite, luorite and periclase (Treiman and Essene,
1984; Kokh et al., 2015). The formation of monticellite and garnet at
the contacts between silicates and carbonates are convincing signs of
magmatic reactions at shallow crustal pressures. Sulphate minerals andT

ab
le
2
(c
on
ti
nu
ed
)

#
an
al
ys
es

M
F1
70
1

M
F1
70
2

FI
C
06
*

P
IA
12
*

P
IA
14

R
R
E
02

R
R
E
11

R
R
E
05

R
R
E
07

V
E
J2
7

V
E
J3
B

V
E
J3
C

V
E
J3
D

P
IA
13

FI
C
01

P
IA
01

P
IA
08

lo
ca
li
ty
**

Fo
rc
in
el
la

Fo
rc
in
el
la

Fi
co
re
to

P
ia
nc
ia
no

P
ia
nc
ia
no

R
R
_F
IC

R
R
_F
IC

R
R
_P
IA

R
R
_P
IA

IU
P
_V
U
T

IU
P
_V
U
T

IU
P
_V
U
T

IU
P
_V
U
T

P
ia
nc
ia
no

Fi
co
re
to

P
ia
nc
ia
no

P
ia
nc
ia
no

ro
ck
-t
yp
e*
**

(5
)

(5
)

(5
)

(5
)

(5
)

(6
)

(6
)

(6
)

(6
)

(6
)

(6
)

(6
)

(6
)

(7
)

(8
)

(9
)

(9
)

li
th
o-
fa
ci
es

la
va

la
va

sc
or
ia

la
va

la
va

su
b.

ej
ec
ta

su
b.

ej
ec
ta

su
b.

ej
ec
ta

su
b.

ej
ec
ta

su
b.

ej
ec
ta

su
b.

ej
ec
ta

su
b.

ej
ec
ta

su
b.

ej
ec
ta

la
va

tu
f

tu
f

tu
f

H
o

1.
1

1.
1

1.
5

1.
3

1.
2

1.
1

1.
9

0.
2

0.
2

0.
5

2
1

0.
2

1.
1

1.
1

n.
d.

n.
d.

E
r

2.
8

3
3.
6

3.
2

3.
2

2.
8

5.
2

0.
6

0.
5

1.
4

5.
1

3.
1

0.
4

3
2.
9

n.
d.

n.
d.

T
m

0.
38

0.
4

0.
44

0.
45

0.
46

0.
36

0.
71

0.
09

0.
07

0.
2

0.
64

0.
54

0.
08

0.
4

0.
39

n.
d.

n.
d.

Y
b

2.
3

2.
4

2.
5

2.
6

2.
7

2.
1

4.
6

0.
6

0.
4

1.
2

3.
4

3.
6

0.
5

2.
4

2.
3

1.
84

2.
43

Lu
0.
34

0.
37

0.
36

0.
37

0.
36

0.
3

0.
68

0.
09

0.
06

0.
17

0.
4

0.
55

0.
06

0.
36

0.
35

0.
15

0.
51

N
ot
e:

*
=

K
/A

r
ge
oc
h
ro
no
lo
gy

te
st
;
**

=
R
R
_F
IC

=
R
om

an
re
gi
on

fo
id

sy
en
it
e
fr
om

Fi
co
re
to
;
R
R
_P
IA

=
R
om

an
re
gi
on

fo
id

sy
en
it
e
fr
om

P
ia
nc
ia
no
;
IU
P
_V
U
T
=

V
ul
tu
te

vo
lc
an
o
fo
id

sy
en
it
e;

**
*
(5
)=

Le
uc
it
it
e;

(6
)=

A
lk
al
i
fe
ld
sp
ar

sy
en
it
e;
(7
)
=

T
ra
ch
it
e;
(8
)
=

ep
it
h
er
m
al
de
po
si
ts
;
(9
)=

al
te
ra
te
d
le
uc
it
it
e
tu
f
;
su
b.

ej
ec
ta
=

su
bv
ol
ca
ni
c
ej
ec
ta
;
n.
d.
=

no
t
de
te
rm

in
at
ed
.

F. Stoppa, et al. Ore Geology Reviews 114 (2019) 103041

7



REE-luorcarbonates precipitated as a very ine-grained matrix as
cooling proceeded. It is necessary to conirm all these puzzling details
with multiple convergent lines of investigation. In addition, this paper
serves to focus attention on carbothermal processes, with a high CO2

partial pressure, equivalent to the pegmatitic stage, and the hydro-
thermal stage because many ore-deposits are associated with late stage
carbonatites (Mitchell, 2005).

Our model focuses on the relationship of the luor ore with luor-
calciocarbonatite and alkaline rocks. This link has been seen in several
carbonatite complexes associated with luor ore. Italian primitive car-
bonatites are in general small volume whereas luor-calciocarbonatites
(i.e. Pianciano) are large volume. A composition very similar to
Pianciano rocks is from REE-rich Lizhuang ore, having calcite (76%),
luorite (14%), barite (3%), mica (3%), quartz (2%) and bastnäsite
(2%), and even La/Y (~69) and Pb content (1375 ppm) (Liu and Hou,
2017).

4.1. Geochemistry

Italian carbonatites are similar to worldwide extrusive carbonatites,
having an enrichment in LREE and Sr over HREE and HFSE4+5+, which
appears to be a characteristic of mantle carbonatites according to Jones
et al. (1996, 2013), Nelson et al. (1988) and Zaccarini et al. (2004).
Subtypes of REE-carbonatites with> 1wt% REE2O3 (Jones et al., 2013)
are very rare among extrusive carbonatites, which in general have<
5000 ppm of LREE. LREE contents in these rocks are directly related to
luorine content and this may apply to several Italian carbonatite lo-
calities.

Cr, Ni, Cs, V and Pb are unusually high in Italian carbonatites. The
high Cr-Ni content in Italian carbonatites and associated rocks corre-
lates to the amount of Cr-phlogopite, Cr-diopside, forsterite and chro-
mite mantle xenocrysts. According to Bell and Kjarsgaard (2006), the
presence of mantle debris in Italian carbonatites “is a testament to the
rapid ascent of the carbonatitic magmas”. High caesium is hitherto rare
in carbonatites. Among 256 worldwide carbonatites with Cs above the
detection limit (generally 0.2–0.5 ppm by INAA, FUS-MS respectively)

and an average of 3.6 ppm, only 46 samples have a Cs content above the
average and up to 55 ppm. Two thirds of the deposits are extrusive.
Carbonatites in West Qinling (China), Western Baikal area (Russia),
Samalpatty (India) and Oldoinyo Lengai (Tanzania) have a similar
speciic geochemistry (Savelyeva et al., 2016; Zaitsev and Keller, 2006).
High Cs is a signiicantly distinctive feature of these extrusive carbo-
natites and is poorly related to Rb in Italian carbonatites. A discrete Cs-
bearing mineral of the vanadate group might be expected to occur in
the Pianciano carbonatite and luor ore. V is a characterising element of
carbonatites and may reach>1000 ppm in Glenover-Namibia, Liz-
huang-China and Amba Dongar-India carbonatites (e.g. Viladkar et al.,
2019), but is usually< 500 ppm. Italian carbonatites form two groups:
primitive calciocarbonatites with relatively low V and REE, and evolved
luor-calciocarbonatites with high V and REE.

We found that LFSE2+ and HFSE2+3+ (Sr, Ba, REE, V) are parti-
tioned into the carbonate phases and HFSE4+5+ into a silicate phase.
Italian carbonatites do not neatly conform to established mantle ‘im-
mobile’ ratios, which should be quite insensitive to crystal settling and
relect the mantle source condition and composition when the parental
melt was generated (Pearce, 2008). In Fig. 7, rocks outside the mantle
array are potential scavengers of speciic HFSE. We explain this geo-
chemical peculiarity as because of immiscibility processes. In fact,
HFSE4+5+ have diferent fractionation coeicients for silicates and
carbonates (Chakhmouradian, 2006). Shifting or decoupling of co-
magmatic carbonatite compositions in ‘immobile’ ratio diagrams is a
ingerprint for the silicate-carbonatite immiscibility process (Brod et al.,
2013). Thus, we favour immiscibility rather than crystal fractionation
in this case, owing to the rapid propagation of the magma towards the
earth surface (10m s−1, estimated by mantle nodules mass). A one
order of magnitude of HFSE4+5+ over HREE fractionation is particu-
larly evident at Ficoreto, where facies range from pure calciocarbona-
tite to mixed carbonatite and carbonatitic melilite leucitite (Fig. 7a, c).
It is characteristic to ind that carbonatite has a higher LREE/HREE
ratio in comparison with conjugate silicate melts (Stoppa et al., 2005).
The LREE/HREE ratio in carbonatites is controlled by both major and
minor phases and vapour phase fractionation (Jones et al., 2013). In

Table 3a
Two new K-Ar dating performed at Activation Laboratories (www.actlabs.com), analyst Mahadi Ghobadi.

Locality Rock type Sample K, %±σ 40Ar rad, (ng/g) % 40Ar air Age, Ma Error 2σ

Ficoreto leucitite FIC06 5.82± 0.06 0.0864±0.0017 57.0 0.214 0.010
Pianciano leucitite PIA12 6.51± 0.07 0.0910±0.005 83.7 0.200 0.020

Table 3b
Thirteen radiogenic and stable isotopes new analyses of Italian carbonatites and reference compositions obtained at Lab IGAG-CNR Montelibretti Italy, analyst Mauro
Brilli (stable isotopes) and IGAG-CNR Roma Sapienza, analyst Francesca Castorina (Sr-Nd isotopes).

Locality Rock type Sample 87Sr/86Sr ± 2se 143Nd/144Nd ± 2se

Ficoreto hydrothermal deposit FIC01 cc(b) 0.709819 ± (10) 0.512096 ± (6)
Ficoreto Ca-carbonatite (dyke) FIC04 cc 0.709017 ± (4) 0.512090 ± (7)
Ficoreto Ca-carbonatite FIC05b cc 0.709842 ± (9) 0.512093 ± (10)
Forcinella carbonatitic leucitite MF1703 0.709810 ± (10) 0.512109 ± (8)
Pianciano luor ore PIA02 cc 0.709620 ± (9) 0.512136 ± (13)
Pianciano luor ore PIA03 cc 0.709639 ± (8) 0.512141 ± (9)
Pianciano luor Ca-carbonatite PIA06 cc 0.709617 ± (8) 0.512115 ± (8)

Note: 2se = standard error; cc= carbonate fraction.

Locality Rock type Sample δ13C (V-PDB) δ18O (V-SMOW)

Ficoreto Ca-carbonatite (dyke) FIC04 cc −3.81 18.05
Ficoreto Ca-carbonatite FIC05b cc #3 avg. −11.96 24.10
Ficoreto Ca-carbonatite FIC05d cc −11.31 23.25
Forcinella carbonatitic leucitite MF1703 −7.11 20.95
Pianciano luor Ca-carbonatite PIA05 cc #2 avg. −4.36 14.92
Pianciano luor Ca-carbonatite PIA06 cc #2 avg. −3.98 13.82
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Italian REE-rich carbonatites, Y concentrates in luorite, whereas the
amount of HREEs drops dramatically (Fig. 7d). The LREE/HREE ratio
marks an increase of carbonatitic liquid diferentiation. In fact, the REE
patterns of Italian co-magmatic carbonatites cross over when more
evolved facies, having higher LREE/HREE ratios, are compared with
less evolved facies (Fig. 8). As a whole, Italian carbonatites conform to
the general geochemical features of worldwide extrusive carbonatites
without deviation; some speciic signatures have been seen in other
carbonatites, but these do not represent a petrological challenge and
can be explained by trace element fractionation between the carbonate
and silicate components.

4.2. Isotopes

Italian ultra-alkaline rocks have high radiogenic 87Sr/86Sr ratios and
un-radiogenic 143Nd/144Nd isotope ratios. Similar Sr isotope-enriched

carbonatites, although unusual, have been identiied in the Amba
Dongar carbonatite, India (Deans and Powell, 1968; Simonetti et al.,
1995) as well as at Phalaborwa, South Africa (Eriksson, 1989), Wal-
loway, Australia, Jacupiranga, Brazil (Nelson et al., 1988), southwest
Transbaikalia (Doroshkevich et al., 2008), Laiwa-Zibu, Fangcheng
China (Ying et al., 2004) and Mianning-Dechang (Hou et al., 2015; Liu
and Hou, 2017). In all cases, they are associated with alkaline silicate
magmas that have equally elevated initial 87Sr/86Sr ratios. Italian car-
bonatites are associated with mantle-derived kamafugites, so their high
Sr isotope ratios are interpreted as the result of an enriched mantle
source (Castorina et al., 2000; Rosatelli et al., 2007). Mantle nodules
from IUP indicate a carbonate-bearing, phlogopite–clinopyroxene
source with highly radiogenic 87Sr/86Sr and un-radiogenic 143Nd/144Nd
(Di Battistini et al., 2001; Rosatelli et al., 2007; Castorina et al., 2000).
Notably, both the IUP carbonatites and their associated alkaline maic
silicate rocks preserve isotopic and chemical equilibrium. This

Fig. 4. Ternary diagram illustrating diferent ultra-
alkaline rock-types and petrogenetic system pro-
cesses, parental melt and derivative rock-types
based on PETROS-3 software outputs (Petrov and
Moshkin, 2015). Data are from supplementary data
1 and 2. New whole rock data are in Tables 1 and 2.
Primary melt at the lithosphere/asthenosphere
boundary lies on a line linking mantle compositions
(Dalton and Wood, 1993; Downes et al., 2002;
Lyubetskaya and Korenaga, 2007) and experimental
carbonatitic melts (Sweeney, 1994 and references
therein), crossed by the adiabatic path of ultra-al-
kaline melts. Above this line, there is the diatresis
point and violent CO2 exsolution after Bailey (1985).
Forcinella tuisite (blue star) represents the ideal
candidate to demonstrate the tuisitisation process,
being exactly on the eruptive path. After im-
miscibility, the carbonatite system diverges from
maic silicate derivatives. The depth of the MOHO
and Lithosphere-Asthenosphere Boundary (LAB) are
from Lavecchia et al. (2002, 2006). The depth of
mantle metasomatism, diatresis and immiscibility
are after Bailey (1985). Kamafugite temperatures at
1 bar are from Cundari and Ferguson (1991).

Fig. 5. Diagrams a) and b) plot geochemical data grouped by principal component deined by rank statistics La+Ce+V+Ba/100 and Rb+Zr+Nb vs.
F+C+Ca and Si+Al+Na+K factors, respectively. Data are from supplementary data 1 and 2. Symbols as in Fig. 4.
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coherence is only compatible with a closed system and magmatic dif-
ferentiation, with the carbonate fraction derived by either fractional
crystallisation or liquid immiscibility from a common parental magma
(Stoppa et al., 2005). The isotopic signature is distinctive and may be
associated with the Nd-Sr-Pb mantle end-member called 'Italian En-
riched Mantle' (ITEM) (Bell et al., 2013). Both the RR and the IUP share
isotopic characteristics for Nd, Pb and Sr, which trend towards this
ITEM mantle end-member (Fig. 9a).

A common feature of the stable isotopes in carbonates associated
with extrusive carbonatites is their linear co-variation with decoupled
δ18O positive and δ13C negative trends (Fig. 9b). This trend is char-
acteristic of global carbonates in carbonatites, kimberlites and lam-
prophyres, and is widely interpreted as being produced by a magmatic
process (Deines, 1989; Demény and Harangi, 1996). Previous authors
interpreted the variation observed in the RR carbonatites and luor ore
as being the result of precipitation of calcite from circulating supericial
waters enriched in organic C or from carbonated thermal waters (Masi
and Turi, 1971, 1976). However, the high temperature mineralogical
assemblage of the RR carbonatites allows for a diferent explanation.
Demény et al. (1994) suggested that the negative δ13C shift derives
from solid-vapour fractionation during exsolution of CO2 dissolved in
the parental magma. The degree of CO2 escape from the parental
magma would determine the extent of 13C depletion in the residue and
thus the δ13C values of carbonates precipitated from such an evolved
luid, as was experimentally determined (e.g. Mattey et al., 1990).
There are assumptions of kinetics, and mass volume connectivity by
difusion, which are implied. These conditions would probably generate
heterogeneity, unless subsequent turbulent magma mixing was

involved, but could also lead to immiscibility in the liquids and in the
vapour phases (Lowenstern, 2001).

The luor ore has increasingly positive δ18O and negative δ13C iso-
topic ratios. δ13C is very negative; it is lower than those typical for
primary mantle carbonatites, reaching −13.5. However, δ18O is very
positive and much higher than Primary Igneous Carbonatite (PIC).
Santos and Clayton (1995) concluded that the largest contributor to
elevated δ18O values in carbonatites is the release of one or more phases
of H2O–CO2 luids from degassing magma that was allowed to equili-
brate with the carbonatite. Textural indications of rapid carbonate
quenching, together with high-T minerals, for example in the Ficoreto
and Polino calciocarbonatites, and the presence of Sr, REE and P in the
groundmass, rule out secondary low-temperature hydrothermal al-
teration/precipitation of calcite. These rocks are fresh, unaltered, and
their isotopic composition can be attributed to CO2 degassing during
crystallisation and fractionation between calcite and CO2-H2O luid
under evolving XCO2 (Demény and Harangi, 1996). C and O variations
are equally large among diferent outcrops or in a single outcrop, ruling
out local fractionation processes. This suggests that the calcite matrix is
a quenched carbonatite liquid, which underwent CO2 degassing at
T > 500 °C, when the CO2 gas was isotopically heavier than the asso-
ciated calcite (Chacko et al., 1991).

Some geochemical peculiarities of carbonatites, especially stable
isotopes, have often been linked back to low-temperature near-surface
meteoric water (supergene) exchange. In our opinion, this phenomenon
has a minor importance if we exclude meteoric waters mixing with the
hydrothermal system.

Fig. 6. Miscellaneous geochemical characteristics of Italian ultra-alkaline rocks (data from Tables 1 and 2 and literature cited in the text. a) High Cr+Ni when
associated with high Mg# indicates an abundance of mantle debris in Italian ultra-alkaline rocks, debris are inherited during immiscibility; b) A peculiar feature
shared with a few other carbonatites (see the text) is the abundance of Pb and V; c) Italian luor-calciocarbonatites concentrate speciic elements (Pb and V) with an
increase of the La/Y ratio. Acronyms POL=Polino, VTL=Vallone Toppo del Lupo.
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4.3. Magmagenesis, metasomatism and petrogenesis

Experimental petrology suggests that the formation of primary
carbonatite melts (average ~15wt% MgO and ~21wt% CaO plus
~8wt% alkalis) can occur by low degree melting of carbonated peri-
dotite (Sweeney, 1994 and references therein). However, a pure car-
bonatite, formed in near solidus conditions, is not easily eruptible and,
when magma passes through the thermal boundary layer, it probably
impacts on the lherzolitic solidus. This event can consume carbonate by
metasomatic reactions:

+ + +CaMg(CO ) 4MgSiO CaMgSi O 2Mg SiO 2CO3 2 3 2 6 2 4 2

and

+ + +

+ +

(K ,Ca)CO 7MgSiO Al O 2H O

CaMgSi O 2KMg (Si Al)O (OH) CO ,

2 3 3 2 3 2

2 6 3 3 10 2 2

which could explain phlogopite wehrlite veins found in Italian lherzo-
lite mantle xenoliths (Rosatelli et al., 2007). CO2 widely degasses from
active magmatic systems and moves towards the surface, as evidenced
by high CO2 low in Italy (Gambardella et al., 2004). To avoid total
carbonate consumption by metasomatism, magma has to come up from
a deeper and hotter mantle level. This postulates complex mass

transport, lux, and velocity calculation but is rather constrained by
carbonate peridotitic solidus and local geotherm (Presnall and
Gudinnsson, 2005). If C-rich magma lows rapidly in a conduit through
the lithosphere (diatresis), following an adiabatic geotherm at tem-
peratures above the lherzolite solidus, it may escape solidiication and
erupt to the surface. Campeny et al. (2014) consider the primary
magma to be a batch of silicocarbonatite from a single deep-mantle
melting event. In fact, if the subasthenospheric mantle is strongly re-
ducing, a pure carbonatite melt may be unlikely to form (Brooker and
Kjarsgaard, 2011). When the pressure is greater than> 40 kbar, the
partial melting decreases in the CO2-bearing lherzolite and CO2 de-
creases, whereas SiO2 increases to form silicocarbonatite, also at low
melting temperatures (Gudinnsson and Presnall, 2005). Italian carbo-
natites are in equilibrium with alkaline melts and, thus, their parental
melt has to be alkaline (Weidendorfer et al., 2017). Experimental pet-
rology supports this observation (Martin et al., 2013). In addition,
Vulture carbonatites and IUP rocks preserve the co-crystallisation of
nyerereite and calcite in melilite and clinopyroxene inclusions (Stoppa
et al., 2009; Panina et al., 2003; Isakova et al., 2017). Testing this
model in Fig. 4, the experimental primary carbonatites lie outside the
likely eruptive adiabatic decompression path (“corridor”) and are dif-
ferent from the notional alkaline silico-magnesiocarbonatite calculated
at the intercept of the eruptive adiabat corridor with the line linking the

Fig. 7. ‘Immobile pairs’ diagrams. The mantle array as deined by Pearce (2008 and references therein) is in grey. Arrows indicate the position of worldwide MORB,
OIB, kimberlites and calciocarbonatites. Italian ultra-alkaline rocks plot in the range of OIB, extending over the carbonatite-kimberlite plotting area. Compositions
that detach from the mantle array have a special ability to fractionate HFSE and REE strongly. Data from Tables 1 and 2 and literature cited in the text. Acronyms
CUP=Cupaello, VTL=Vallone Toppo del Lupo.
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experimental primary carbonatite and mantle composition (Fig. 4). We
explain the diference with a deeper source and the physical or virtual
content of mantle debris that would be able to react with carbonate
liquid. Concerning the mechanism of magma propagation through the
lithosphere, there is evidence for a rapid and energetic mechanism to
explain the abundance of mantle nodules. Very rapid emplacement is
also in accord with the quenching of carbonatite melts, and the

extremely rapid nucleation and crystallisation of carbonate, producing
a cryptocrystalline groundmass and micropellets (carbonate droplets).
Bailey (1985) constructed the model of diatresis to explain the forma-
tion of tuisite. Diatresis occurs when there are constraints due to the
CO2 solubility limit, magma composition and local geotherms. Violent
CO2 exsolution propels the magmatic convoy to the surface at high
speeds. Diatresis produces a luidised mantle peridotite breccia, which

Fig. 8. Multi-element diagrams Tables 1 and 2 and literature cited in the text. a) Primitive-mantle normalised (Sun and McDonough, 1989), LFS and HFSE patterns of
Pianciano carbonatites and associated luor ore and altered tufs; b) Chondrite normalised REE patterns for Pianciano luor-calciocarbonatite, luor ore and altered
tufs; c) Primitive-mantle normalised LFS and HFSE patterns for Ficoreto calciocarbonatite dyke rocks (FIC03, FIC04), calciocarbonatite tuisite (FIC8a) and hy-
drothermal deposits (FIC01); d) Chondrite normalised REE patterns for calciocarbonatite dyke rocks (FIC03, FIC04), calciocarbonatite tuisite (FIC8a) and hy-
drothermal deposits (FIC01); e) Primitive mantle normalised multi-elements diagram showing Forcinella carbonatitic tuisite, Ficoreto calciocarbonatite tuisite and
Polino calciocarbonatite tuisite. Polino limestone country-rock is shown for comparison; f) Chondrite normalised REE pattern for Italian carbonatitic tuisites from
Ficoreto, Forcinella and Polino. Polino limestone country-rock is shown for comparison.
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rapidly disaggregates into iner mantle debris, immersed into an
emulsion of immiscible carbonatite-silicate melts and leading to the
typical tuisite texture (Lloyd and Stoppa, 2003). We suggest that the
reactive surface area, kinetics and size distribution of mantle debris
versus liquid during luidisation (diatremic propagation) has an active,
unevaluated role in magma diferentiation. Jones et al. (2000) used a
range of geothermometers/barometers for Vulture mantle nodules,
which gave an indication of detachment from the mantle at a maximum
of 22 kbar, a value that is in accord with the diatresis model.

The experimental study by Martin et al. (2012) demonstrated that
Italian carbonatite and kamafugite melts are immiscible at 17 kbar and
1220 °C, above the diatresis limit. Based on textural and experimental
evidence, and rock geochemistry, we assume that diatresis and im-
miscibility were the dominant magmatic phenomena at mantle depth.

In Figs. 4 and 10, rock compositions are ideally associated with
diferent physical processes. Magma can erupt along a diatremic/
adiabatic corridor as a mechanical mixture of the carbonate and silicate
component or as the carbonatite and silicate maic alkaline systems

diverge and evolve up to their minimum 'solidus' and later, luid-
dominated, stages. The lower corner of the diagram in Fig. 3 represents
conditions at the lithosphere-asthenosphere boundary (LAB) depth and
high-T liquidus, CO2-rich alkaline silicate melt (Lavecchia et al., 2002;
Isakova et al., 2019). The F-C-Ca corner represents the “endstop” of
luor-calciocarbonatites and so-called “residua” deposited under car-
bothermal-hydrothermal conditions (Mitchell, 2005). The Si-Al-Na+K
corner represents evolved orthomagmatic foid syenite or trachyte near
to the phonolitic minimum (Carmichael, 1964). Carbonatite, luor-cal-
ciocarbonatite and luor ore deposits trend on the left side up to the F-C-
Ca corner. Notably, Ficoreto carbonatite dykes cover a range of com-
positions, from IUP carbonatites to RR extrusive luor-calciocarbona-
tites. Forcinella carbonatitic tuisite is an ideal composition re-
presenting eruptible silicocarbonatite in this model. The main textural
and mineralogical evolution is depicted in Fig. 10.

Gupta and Yagi (1980) and Velde and Yoder (1976) described a lot
of silicate-carbonate system reactions, including limestone assimilation.
However, none of the principal mineral constituents of the common
calciocarbonatite melt are congruent at geologically reasonable tem-
peratures and crustal pressures. In silicocarbonatite magmatic systems,
decarbonation reactions may be dominant. At high temperature, the
reaction CaMg(CO3)2⇒MgO+CaCO3+CO2 explains the presence of
periclase. Periclase may react with the silicate melt component to
generate pure forsterite 2MgO+SiO2⇒Mg2SiO4, which exceeds the
mantle Mg#. Olivine with low Ni+Cr, thus diferent from mantle
debris, and very high Mg# may have been formed by this transient
periclase-consuming reaction. Another Ca-rich form of olivine, mon-
ticellite CaMgSiO4, is a common mineral, typical of early stage carbo-
natites (Hogarth, 1989), occurring as rims around olivine and clin-
opyroxene (Barker, 1989). Euhedral crystals or reaction rims of
monticellite around mantle forsterite are widespread in Italian silico-
carbonatites (Fig. 2h). The reaction Mg2SiO4+CaCO3

=CaMgSiO4+MgO+CO2 explains the formation of monticellite at
high temperatures and crustal pressures. A similar reaction, producing
andradite garnet Ca3Fe2(SiO4)3 which forms rims around maic crystals
in the Ficoreto tuisite, may be written as 3CaCO3+Fe2O3

+3SiO2=Ca3Fe2(SiO4)3+3CO2. Silicate saturation experiments
show low SiO2-solubility in carbonatite melts, even at high tempera-
tures; such reactions involving carbonate and silicate minerals should
probably be peritectic and conserve SiO2 contents in the carbonatite
melt (Weidendorfer et al., 2017). Calcite with pseudo-hexagonal mor-
phology, a feature of RR carbonatites, can best be explained as a
pseudomorph after aragonite. The stability limit of an aragonite-
bearing carbonatite melt extends from ~1100 °C (at ~30 kbar at the
base of the lithosphere) to asthenospheric temperatures and pressures
(Wyllie and Boettcher, 1969). The minimum pressure of the aragonite
solidus substantially exceeds the crustal lithostatic load, thus favouring
crystallisation of the aragonite in the mantle above the local geotherm.
However, aragonite is not stable at high T and low P and requires hy-
draulic over-pressurisation, possibly produced in the magmatic convoy
by saturation with CO2 globules conined in a narrow conduit, or pro-
pagating dykes, after diatresis. Near-surface CO2 decompression causes
the metastable aragonite phenocrysts to quench in the calcite stability
ield at low P and T, preserving a pseudo-hexagonal shape (Hurai et al.,
2013), although very rarely aragonite survives as inclusions in mantle
olivine from carbonatite tufs (e.g. Calatrava; Humphreys et al., 2010).

The liquid temperature of carbonatite varies from 800 to 1200 °C, at
crustal pressure, and the melt is stable in this temperature range
(Durand et al., 2015). Crystallisation of luor-calciocarbonatite may, in
orthomagmatic conditions, be at a temperature near 875 °C, according
to the phase diagram CaF2-CaCO3 (Gittins and Tuttle, 1964). Calcite is
in the liquidus phase at temperatures> 800 °C in a system
K2CO3–CaCO3 and with additional luorine this temperature drops
to< 600 °C, approaching the peritectic point nyererite+ cc – L+ cc
(Jago and Gittins, 1991; Cooper et al., 1975). Fluorellestadite ±
periclase inclusions both in calcite microphenocrysts and in the

Fig. 9. a) Conventional Sr and Nd isotope diagram showing the enriched
quadrant where the Roman Region and IUP rocks plot. The diagram displays
the BSE, EMI and EMII triangle, which represents the usual metasomatised
mantle source compositional ield, the Italian Triassic and Jurassic dolostones
and limestones compositional ield (unpublished data courtesy of Bell K.), the
Italian lamprophyres trend and Italian Enriched Mantle (ITEM) isotopic end-
member of Bell et al. (2013); b) C and O isotopes of Italian carbonatites. Pri-
mary Igneous Carbonatite (PIC) represents the mantle composition (Taylor,
1985). The results are expressed in the usual d-notation, where the reference
standards are Pee Dee Belemnite (V-PDB) for C and standard mean oceanic
water (V-SMOW) for O.
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groundmass at Pianciano and Ficoreto suggest precipitation at 700 to
800 °C, by analogy with periclase marble (Kokh et al., 2015).

In carbothermal conditions below orthomagmatic temperatures but
above H2O critical temperatures, the REEs preferentially enter apatite,
hellestadite and britholite. At this stage, REEs form complexes with
CO2-

3 , SO
2-
4 , and F- ligands (Liu and Hou, 2017; Liu et al., 2018; Zheng

and Liu, 2019; Shu and Liu, 2019). LFSE2+ increases by orders of
magnitude and precipitates, mostly as sulphates. Sulphate minerals may
precipitate together with luorite, according to the reactions

+ + +

+ + +

CaCO 2HF CaF CO H O

BaCO H SO BaSO CO H O

3 2 2 2

3 2 4 4 2 2

or

+ + +

+ + +

SrCO H SO SrSO CO H O

CaCO H SO CaSO CO H O

3 2 4 4 2 2

3 2 4 4 2 2

These reactions predict a drastic increase of the H2O+CO2/F2 ratio
value. The breakdown of LREE-enriched calcite in the reaction above
could provide a source of LREE to produce a succession of lower tem-
perature REE-minerals. The theoretical solubility products for luorides
are higher for Y and HREE than for LREE (Migdisov et al., 2009;
Tropper et al., 2011); hence, sulphate complexation has an important
role to play in the Y-concentration in luorite. Critically, luorine be-
haves diferently depending on the cooling rate (subvolcanic/volcanic),
CO2 abundance and the availability of water in mixed COHF luid
systems. Subvolcanic cooling conditions favour precipitation of
HSFE4+5+ in the silicate fraction, whereas LFSE2+ and HFSE2+3+ are
concentrated in the carbothermal residua (Figs. 5 and 6) (Lowenstern,
2001; Bühn et al., 2002).

4.4. Hydrothermal stage

The hydrothermal stage may be divided into high-, medium-T
(350–200 °C, H2O vapour) and low-T (< 200 °C, juvenile water) hy-
drothermal stages. Due to the increase of REE and Y passing from luor-
calciocarbonatite to luor ore, we assume that the solubility of REEs and
Y in F-bearing luids increases with decreasing temperature. There is
not experimental support about that, but it could be easily tested with
future laboratory reaction experiments. Crystallisation of REE-luor-
carbonates is favoured in the high-T hydrothermal stage, by the

previous massive precipitation of luorite–barite–calcite as gangue mi-
nerals in the carbothermal stage, and this removes the REE-stabilizing
ligands F-, (SO4)2-, and (CO3)2- in the ore-luids. The source and bal-
ance of energy in this system, i.e. chemical, mechanical, thermal, may
be suicient to produce a vigorous 'hydrothermal ascent' phase moving
towards the surface, producing eruption of the system (Stoppa et al.,
2016) and the complex fracture/intrusion system observed, for ex-
ample, at Pianciano and Ficoreto. Homogenisation temperatures
(~250–350 °C) of luid inclusions in bastnäsite suggest that at the high-
T hydrothermal stage (Shu and Liu, 2019), CO2 exsolution may still
have an important role to play in mineralisation:
REEF2++CO2−

3 =REE(CO3)F (bastnäsite) (Hou et al., 2015; Liu and
Hou, 2017). Vanadinite, wakeieldite and many other REE-minerals
(i.e. ciprianiite) also precipitate at this stage (Guo and Liu, 2019).

Deposition in multiple generations of pervasive veins supports the
idea that the luorite, quite pure calcite, gypsum, celestine, quartz,
analcime, halloysite and zeolite mineral assemblage does not represent
in situ alteration of previous rocks as suggested by Di Sabatino et al.
(1979). Substitution of Na+ for K+ and hydration explains the trans-
formation of leucite into analcime. Analcime may then be transformed
into halloysite and quartz:

+ = + + +2Na(AlSi O )H O 2HF Al (Si O )(OH) 2NaF H O 2SiO .2 6 2 2 2 5 4 2 2

This reaction requires a change of K+/H+ and high Na+/H+,
producing a transition from leucite to analcime and, at low or negative
ratios, precipitates to halloysite in the low-T hydrothermal stage
(Savage et al., 2001). In low-T hydrothermal conditions, hydroxyl-
bastnäsite and hydroxyl-wakeieldite and other Ce-V-hydroxylated
phases also precipitate, and this has, hitherto, only been described from
pegmatites (Guastoni et al., 2009, 2010).

Alkaline igneous carbonates are very reactive and prone to re-
crystallise and re-equilibrate with the atmosphere and hydrosphere.
External waters enter the crystallising system when the pressure in the
luid system changes from hydrostatic to lithostatic (descent phase). At
low-T, alkaline elements preferentially complex as hydroxide or bi-
carbonate species in the presence of elevated pH2O:

+ + ×

+ +

+ + +

3(Na K Ca)CO 6HCO 2H O 2(Na K )(CO )(HCO ) 2(H O)

3CaCO 2CO

(Na, K) Ca(CO ) H O CaCO 2(Na, K)OH CO ,

2 2 3 3 2 3 3 3 3 2

3 2

2 3 2 2 3 2

Fig. 10. Synoptic scheme of carbonatite, luor-calciocarbonatite and luor ore deposits textural and mineralogical features. Mineral stable assemblages are deduced
by experimental petrology literature and textural observation. Distribution of speciic critical metals in function of decreasing compatible metals are also displayed.
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or

+ + = +(Na, K) Ca(CO ) H O CO CaCO 2(Na, K)HCO .2 3 2 2 2 3 3

The phases illustrated as the products on the right hand side of the
above reactions are readily soluble in water, and do not survive in the
geological record (Wall, 2004).

5. Conclusions

In terms of mineralogy, trace element geochemistry and isotope
geochemistry, Italian carbonatites show compositional ranges that are
compatible with chemical immiscibility. After separation from the main
silicate component, carbonatite en route to the surface evolves by
progressive decarbonation. We emphasise the role of mantle debris in
the magma evolution by means of silicate-carbonate reactions. The
breakdown reaction of former dolomite explains the presence of peri-
clase. These phenomena account for the transformation of the primary
silicomagnesiocarbonatite melts into silicocalciocarbonatite magmas.
The physical-chemical peculiarities of the melt enabled a sequence of
carbonate-silicate reactions to crystallise near end-member forsterite,
andradite garnet and monticellite olivine, which are distinctive.

The Italian carbonatites exhibit important and localised outcrop
textures characterised by pelletal lapilli, which are typical of tuisites,
considered to represent a subvolcanic natural mixture of silicate and
carbonate components generated by energetic CO2 exsolution from
mantle lithospheric levels through propulsion in a crustal-dissecting
narrow conduit (diatreme). Textural and chemical equilibrium between
carbonatite and associated silicate rocks favours immiscibility over
crystal fractionation and assimilation, which are diicult in high velo-
city magma propagation. Very high Mg# and Cr+Ni, mantle xenoliths
and xenocrysts, experimental petrology inferences and statistical cal-
culation all suggest that primitive Italian carbonatites are derived from
a CO2-rich alkaline magma by immiscibility. Mineral-hosted inclusions
indicate that, at the magmatic stage, nyerereite co-crystallised with
calcite. Primary melt may come up from a subasthenospheric deep
mantle level.

We remark that Italian carbonatites are not just very primitive,
mantle nodules bearing but also evolved carbonatite and (carbo) hy-
drothermal system too. Large volumes of luor-calciocarbonatite formed
during the orthomagmatic stage when calcite, luorite and barite
formed stable mineral assemblages at magmatic temperatures
(> 800 °C). Cotectic crystallization of luorite and calcite is strictly
associated with immiscibility and has been documented by several
authors (e.g. Panina, 2005) and discussed by Kynicky et al. (2018). We
conclude that luorine concentration is related to late evolution of the
melt that produces luor calciocarbonatites, syenites and, inally, luor
ore.

CO2, H2O, S and F concentrate at the carbothermal stage, which is
equivalent to a pegmatitic stage. Upon passage from the orthomagmatic
to the carbothermal stage, luorite and barite (as well as celestine and
anhydrite) precipitate, forming luor-calciocarbonatite. The REE pat-
terns of minerals give a measure of thermal and compositional evolu-
tion (Fig. 10) and show progressively stronger and more pronounced
LREE enrichment, coupled with high concentrations of V, Cs, Pb, Sr,
and Ba. Alkaline carbonate minerals, complexed as hydroxide or bi-
carbonate species, recede with the loss of hydrous luids.

The solubility of REEs and Y- in F-bearing luids increases at the
high-T, hydrothermal stage. Bastnäsite, vanadinite, wakeieldite and
many other ore-forming minerals precipitate at this stage. This multi-
stage model is not entirely new or speciic to the Italian carbonatitic
system, but is quite similar to those in Maoniuping and Dalucao (Liu
and Hou, 2017) and Pianciano luor ore and luor calciocarbonatite
have very similar compositions to Lizhuang bastnäsite-bearing calcite,
luorite and barite ore (Liu and Hou, 2017) and Amba Dongar (Viladkar
et al., 2019).

Sr–Nd isotopic compositions suggest a co-participation of an

extremely enriched mantle component ITEM. Fractionation, operated
by high-temperature CO2 exsolution, explains the elevated δ18O and
negative δ13C recognised in Italian carbonatites. The heavy C isotopic
signature requires open-system fractionation at near magmatic tem-
peratures (> 500 °C).

To summarise, the geology and geochemistry of Italian carbonatites
convincingly depicts the following scenario:

1. Partial melting of a metasomatised mantle forms primary CO2-rich
ultra-alkaline magma (silicomagnesiocarbonatite).

2. Violent deep exsolution of CO2 propels the magmatic convoy to-
wards the surface.

3. Immiscibility produces conjugate carbonatite and silicate ultra-al-
kaline melts.

4. Decarbonation reactions occur at crustal level with intense CO2 re-
lease.

5. Carbothermal luids, rich in F-S-P, precipitate luorite, barite and
REE luorphosphates.

6. The hydrothermal stage precipitates hydrated variants of bastnäsite,
wakeieldite, vanadinite and coronadite.

7. Fluor-calciocarbonatite probably exsolved-fractionated the asso-
ciated luor ore during a carbothermal stage and was then modiied
by hydrothermalism, so luor-calciocarbonatites can also be a useful
exploration tool for high-grade REE-ore.

We are conident that the extensive arguments we have documented
across Italy (RR, IUP etc.) and their agreement with systematic global
carbonatites, and laboratory experiments, provide a sound basis for a
petrogenetic model that requires a primary carbonate presence in the
parental melt of the ultra-alkaline rocks of Italy. The presence of car-
bonatites in the RR makes limestone assimilation unnecessary because
carbonate was already present in the RR parental melts as a primary
component.

This model may be generalised for use with worldwide carbonatites
associated with alkaline rocks and REE (and luorite) ores, and could be
easily tested with future laboratory reaction experiments. This paper
ofers a model that changes the way we think about the Italian carbo-
natites. It implies that the RR luor-calciocarbonatites and luor ore are
produced by a decarbonation reaction and volatile (CO2, F, S) con-
centration after separation of calciocarbonatite from melilite leucitite
melt. Further low-temperature processes precipitate REE minerals. This
completes the previous petrogenitic model for IUP primitive silico-
carbonatites based on rapid propagation by diatremic luidiication.
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