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Abstract

A suite of silicocarbonatite and lamprophyre rocks from SW Ireland, with mantle affinity and primitive composition, are used as
a proxy for parental carbonated silicate magmas to model early magmatic evolution. Reconstruction of volatile ratios is validated
using global occurrences. At 1200◦C, the point at which melts transition from ionic liquids with exceptionally low viscosity (0.06 PaS)
to covalently polymerised liquid (viscosity up to 1.3 PaS) is 33 mol% SiO2. Incremental and significant increase in magma density
accompanies magma ponding, due to dehydration of magmas from model molar CO2/(CO2 + H2O) of 0.60 in plutonic settings to
0.75 for initial subvolcanic magmas. Magma-crystal density differences dictate that repeated influxes of magmas into an inflating
magma chamber sustain a mechanical boundary layer between dense (silicate and oxide) mineral layers and a calcite ± phlogopite
flotation assemblage. The range of critical CO2 concentration at which calcite floats (10–13 wt% CO2) may be extended by the
presence of additional volatiles and fluid bubbles. The model accommodates a range of phenomena observed or inferred for
alkaline/carbonatite complexes, including the following: 1, a growing calcite-dominated flotation assemblage with an apparently early
magmatic mineralisation; 2, a residual liquid with high concentrations of incompatible metals; 3, variable carbonatite–pyroxenite–
phoscorite rock relations; and 4, multiple phases of overprinting metasomatism.
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INTRODUCTION

Observations of the cumulate plutonic carbonatites
and their surrounding fenites suggest that neither
intrusive nor volcanic rocks fully represent the com-
positions of parental melts and fluids (Kamenetsky et
al., 2021). Experimental petrology in synthetic systems
demonstrates that the possible parental melts from the
mantle ranges from dolomite carbonatite to carbonated
silicate compositions (Dalton & Presnall, 1998; Moore &
Wood, 1998; Girnis et al., 2005; Gudfinnsson & Presnall,
2005; Moore, 2012; Massuyeau et al., 2015). However,
case study-based research shows both that reactive
assimilation of silica by carbonatites can arise from
wall-rock entrainment in the crust (Drüppel et al., 2005;
Chmyz et al., 2022) and that carbonatitic lamprophyres
can be unaffected by contamination in either high or
low pressure regimes (Vichi et al., 2005; Stoppa et al.,
2014). In this manuscript, we present evidence that
silicocarbonatite (carbonatites with more than 20%
silicate minerals) and lamprophyre rocks from the
Beara Peninsula in SW Ireland are sufficiently free of

contamination to be a useful proxy for natural parental
compositions, and suitable for modelling of early
magmatic evolution.

Fractionation is an important petrogenetic process in
the formation of cumulate carbonatites, the evolution
of liquids that subsequently undergo immiscible sepa-
ration, and the generation of residual liquids or fluids
that are rare earth element (REE)-enriched (Watkinson
& Wyllie, 1971; Smith et al., 2016; Anenburg et al., 2021;
Yaxley et al., 2021). Silicocarbonatite and lamprophyre
have been described as important parental liquid compo-
sitions or compositions on the carbonatite fractionation
path (Middlemost, 1990; Mitchell, 2005; Vichi et al., 2005;
Moore, 2012). Calcite, mica and apatite are important
phases in the fractionation of a volatile enriched magma,
crystallising over a large compositional and temperature
range (Harmer & Gittins, 1997; Vichi et al., 2005; Weiden-
dorfer et al., 2017; Giebel et al., 2019), and an association
with pyroxene and mica-dominated cumulate rocks is
significant (e.g. Chakmouradian & Zaitsev, 2004; Woolley
& Kjarsgaard, 2008; Chmyz et al., 2022). The behaviour of
carbonate-rich magmas at the point of emplacement in
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the upper crust and the fractional relationship between
silicate and carbonate cumulates is obscured by complex
multi-stage evolutionary histories. Here, we use natural
silicocarbonatite and associated lamprophyre magmatic
compositions to model magma rheology and crystal set-
tling.

Experimental determinations of magma rheology
necessarily use end-member or simple synthetic compo-
sitions because of the propensity of carbonated silicate
liquids to separate at low pressures. Nevertheless, they
explain how low density and viscosity, small-fraction
magmas undergo rapid separation from source regions,
rapid ascent to the crust, and rapid crystal settling
(Treiman & Schedl, 1983; Hunter & McKenzie, 1989;
Genge et al., 1995b; Kono et al., 2014; Stagno et al.,
2018). Small-fraction carbonatite liquids can evolve
by reaction with wall-rock in the mantle or crust
with concomitant volatile exsolution or fractionation
(Freestone & Hamilton, 1980; Green & Wallace, 1988;
Gittins, 1989; Anenburg & Mavrogenes, 2018), which
reduce the thermal capacity of magmas. The scale and
rate of processes are difficult to reconcile with ponding
to form significant silicate and carbonate-dominated
cumulate rocks, even using lithosphere focussing of
melts derived from a large area of mantle (Bailey, 1985;
Gittins, 1989; Dalton & Wood, 1993; Lee & Wyllie, 1997;
Woolley & Bailey, 2012). We combine the field evidence
for emplacement of silico-carbonatite and lamprophyre
rocks with the chemical modelling of magma rheology
to postulate on the geometry and nature of an inflating
magma chamber that can accommodate incrementally
injected small-fraction magmas. A focus on the start
of magma fractionation within the crust has broader
implications: it may help to understand paths of
cumulate rock formation and magmatic evolution, and
thereby the extreme variability in carbonatite complexes,
and rock associations.

GEOLOGY
The subvolcanic intrusions in the Beara Peninsula
(western County Cork, SW Ireland) investigated were
1 diatreme, 2 pipes, 12 dykes and 11 sills (Fig. 1a). The
intrusions are dated to a 17-million-year time interval
straddling the end of Variscan deformation, from 314
to 297 Ma (Quinn et al., 2005). The magmatism follows
a recent period of mantle metasomatism at 318 Ma
in a source region greater than 75 km deep (Pracht
& Kinnaird, 1995; Pracht & Timmerman, 2004). Brady
& Moore (2012) ascribed the zoned silicocarbonatite
breccia pipe at Cahermore (1p3; Fig. 1a) to a near-primary
magma produced by partial melting in metasomatised
mantle at physical conditions between those in which
primary dolomite carbonatite and ultramafic magmas
of high-pressure originate.

Carbonatites and strongly carbonated silicate rocks
with only minimal signs of contamination by crustal
xenolith entrainment were selected for modelling. Field

relations show that injection of small volumes of magma
was episodic (Figs 1 and 2): repeated injection acted to
inflate intrusions, by dyke-in-dyke injection (Fig. 2a), or
following rough fractures and dyke/sill margins (Figs 1b,
c and 2c). In some instances, the first magma was rapidly
emplaced and transported mantle materials (Figs 1d and
2c, d), becoming consolidated before injection of a second
magma that has a fluidised appearance and sometimes
utilised fractures (Figs 1b, c and 2b, c). Figure 2a shows an
intrusion that comprises a rock with cleavage on its mar-
gins and a central rock with no cleavage, representing
injection of a magma that split and inflated the intrusion
after the stress field had changed. The field evidence
for the time interval between injection of magmas in
intrusions precludes an origin by co-genetic immiscible
separation.

Settlement of a xenolith population to the base of a
sill (Figs 1d and 2d) implies a diminished force of trans-
port. The settling of strongly autometasomatised mantle
xenoliths is explained by experiments that have mea-
sured a decrease in magmatic overpressure of up to
60% at the moment of sill inception (Kavanagh et al.,
2006; Daniels et al., 2012), such that the potential for
magma to transport mantle xenoliths is reduced. The
decrease in magmatic overpressure is accompanied by a
reduction in PH2O of the magma (Hort, 1998; Kavanagh et
al., 2015). It explains liquidus perturbations that increase
the crystal fraction (Hort, 1998; Kavanagh et al., 2015) and
autometsomatism of the xenoliths (Fig. 2d), which are
now dominated by hydrous talc-serpentine assemblages.
The point of emplacement is interpreted as proximal
to a central feeder area of magmas with strong mantle
affinity in a dyke-sill-pipe system at White Ball Head
(Fig. 1a).

The carbonated silicate intrusions are cross-cut by, and
in turn cross-cut, phonolite and trachyte intrusions. It
is possible that there are two source regions for magma
production. It is also possible that magmas can either
ascend rapidly without extensive fractionation, or pond,
or have an extensive petrogenetic history. The composi-
tions of lithologies that may represent residual magmatic
systems are not used for the purposes of modelling the
start of fractionation. The important characteristics of
the geology that are factored in the geometry of the
final model are (1) episodic addition to, or inflation of,
intrusions by mantle-derived magmas; (2) decrease in
transport velocity of magmas at the point of sill incep-
tion; and (3) accompanying release of volatiles.

ANALYTICAL METHODS
Representative samples were collected from 1 diatreme,
2 pipes, 11 dykes and 6 sills (not all intrusions were
accessible for sampling). Trachyte and phonolite samples
are not used for the modelling. Samples of breccia were
also not used for modelling where crustal contamination
was inevitable, e.g. the breccia pipe 2p3 on White Ball
Head (Fig. 1a). Weathered crusts on rock samples were
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(b)

(d)

(a)

(c)

Fig. 2. Field photographs depicting intrusive relations. (a) Dyke-in-dyke injection (2d5-2), where the syn-Variscan early intrusion has cleavage and the
post-Variscan central intrusion is without cleavage. (b) Explosive blow on the margin of dyke 2d5-3, incorporating large blocks of country rock and
brecciating the host-rock walls of the dyke. (c) Late stage silicocarbonatite magma intrudes alkaline ultramafic magma in sill 2s4-1, which has
entrained mantle xenocrysts. (d) The mantle xenoliths in 2s4-2 are subject to extreme metasomatism.

removed as far as possible, during rock cutting in the field
and/or prior to laboratory preparation.

Major element whole-rock compositions were anal-
ysed by OMAC Laboratories in Loughrea, Co. Galway,
using the Perkin Elmer Optima 3000DV dual view ICP
Atomic Emission Spectrometer (ICP-AES). A complete
suite of 29 trace elements and the REEs were analysed
using the X-Series Thermo Electron Quadrupole Induc-
tively Coupled Plasma Mass Spectrometer (ICP-MS). The
certified reference materials NIM-N (norite), SY-3 and SY-
4 (syenite), compositions as cited by Govindaraju (1994),
were analysed to clarify the accuracy of the prepara-
tion method and record any drift or changes in results
between the sample batches.

Stable isotope analyses were carried out at the Unitat
de Medi Ambient of the Serveis Científico-Tècnics, Uni-
versidad de Barcelona. Samples were analysed using an
automated Kiel Carbonate Device attached to a Thermal
Ionization Mass Spectrometer Thermo Electron (Finni-
gan) MAT-252. The average sample weight for each single
rock analysed was 60 ± 10 μg. Isotope measurements
were calibrated to the Pee Dee Belemnite (PDB) scale by
means of the International Atomic Energy Agency (IAEA)
NBS-18 and NBS-19 carbonate isotope standard. Values
are expressed as per mil differences relative to the PDB
and Standard Mean Ocean Water (SMOW) standards.

WHOLE-ROCK CHEMISTRY
Lithologies excluded from the modelling had visible
and extensive contamination due to entrainment of
country rocks (e.g. pipe 2p3; Fig. 1a), and high SiO2 (up to
53.61 wt%) and Al2O3 (up to 12.96 wt%), moderately high
Na2O concentrations (2.53 wt%) and low K2O contents
(0.92 wt%). The major element chemistry of rocks used
for modelling is presented in Table 1. The rocks have
groundmass carbonates spanning a large range of com-
positions: calcite, dolomite, ferroan dolomite, ankerite
and magnesite. The most magnesium-rich intrusions
classify chemically as either silicocarbonatite or ultra-
mafic lamprophyre (Fig. 3). The mineralogy, described
in detail by Brady (2010), confirms affinity to two
lamprophyre branches: ultramafic lamprophyres and
alkaline lamprophyres, which are more aluminium rich.
There are no lithologies that have chemistry similar to
co-genetic immiscible carbonate–silicate pairs.

The silicocarbonatite intrusions are pipe 1p3 and sills
2s4-1 and 2s4-2 (Figs 1 and 2). The 1p3 dolomite silico-
carbonatite has comparatively low CaO (10.26 wt%) but
high MgO, Fe2O3 and SiO2 contents (14.30 wt% 12.49 wt%
and 31.80 wt%, respectively). The abundance of alkalis is
conspicuously low (0.16 wt% K2O and 0.15 wt% Na2O). Sill
2S4-1 has the lowest SiO2 (27.32 wt%) but very high CaO
(17.07 wt%) consistent with a petrographic classification
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Table 1: Whole-rock major (wt%) and trace element (ppm) chemistry of Beara intrusions, this study and Pracht (1994): pipe and
diatreme, xenolith- and xenocryst-bearing sills and dykes, xenolith- and xenocryst-absent tuff dykes

Intrusion type Pipe Diatreme Sills Dykes
Sample no.: 1p3 3p5.1 3p5.3 3p5.4 91–58∗ 90–22∗ 2s4-1 2s4-1b 2s4-2 1d3 2d5-3 3d5 3d6 6d5 3d3 2d3

SiO2 31.8 30.11 43.5 34.17 33.95 34.177 27.32 33.45 44.13 27.73 33.3 35.05 31.68 35.37 33.03 39.84
TiO2 2 2.16 2.54 2.15 3.38 2.52 2.27 2.58 2.43 2.79 1.39 3.17 3.23 2.79 1.95 2.17
Al2O3 6.36 7.15 8.78 7.17 10.17 8.92 6.6 7.38 9.14 7.72 5.21 9.86 17.11 15.51 17.07 13.86
FeOT 11.24 10.76 11.1 11.12 13.87 12.04 11.41 12.42 11.62 10.29 9.74 11.66 19.72 9.83 8.52 10.19
MnO 0.36 0.37 0.26 0.24 0.302 0.24 0.27 0.3 0.31 0.23 0.32 0.25 1.36 0.69 1.24 0.42
MgO 14.3 12.15 14.71 14.26 11.48 13.67 12.21 18.27 14.21 10.81 18.7 10.99 4.16 3.1 3.44 4.8
CaO 10.26 18.21 10.06 16.86 14.63 11.32 17.07 8.3 3.98 14.81 9.36 11.91 5.46 13.35 10.27 7.89
Na2O 0.15 0.51 0.61 0.29 1.11 0.24 0.76 0.18 0.16 0.56 0.16 0.54 0.84 0.97 1.9 1.49
K2O 0.16 0.88 2.69 0.43 2.54 0.04 2.39 1.28 0.06 0.17 0.31 0.39 2.16 1.92 2.94 1.75
P2O5 1.18 2.63 1.27 2.23 1.51 1.02 2.61 1.55 0.93 1.02 0.35 1.54 0.76 0.57 0.82 0.59
LOI 19.83 11.22 4.16 8.3 8.14 17.37 14.3 10.52 8.83 21.35 19.6 12.03 9.29 14.72 15.07 13.53
Total 97.64 96.15 99.68 97.22 101.08 101.56 97.21 96.23 95.80 97.48 98.44 97.39 95.77 98.82 96.25 96.53
Mg # 69.4 66.8 70.3 69.6 59.6 66.9 65.6 72.4 68.6 65.2 77.4 62.7 27.3 36 41.9 45.6
LFSE
Rb 1.35 71.4 22.5 41.1 - - 196 124 1.84 10 28.6 24.8 108 102 178 97.3
Ba 49.4 442 477 160 - - 1627 744 16.2 79.7 150 878 308 276 332 314
Sr 1043 1634 933 1589 - - 2259 906 525 536 979 880 114 239 169 236
HFSE
Th 10.6 31 1.8 15.2 - - 22.5 11.3 7.83 15.5 3.6 15.08 10.6 6.7 11.3 8.7
U 2.63 6.4 0.8 5.52 - - 6.66 2.8 2.25 3.2 1 3.32 2.4 1.6 3.14 2.36
Nb 92.8 146 39.6 108 - - 129 117 85.7 127 47.7 120 118 70.7 127 80.4
Ta 4.52 4.51 2.4 4.21 - - 4.29 5.6 4.41 7.1 2.6 5.3 6.8 4.2 5.96 4.64
Pb 12.1 3.22 40.4 - - - 7.61 - 6.92 55.2 4.7 24.9 38 6.2 14.8 3.55
Zr 155 164 156 153 - - 162 165 163 209 93 236 351 232 300 235
Hf 4.23 3.94 5 2.62 - - 3.82 3 4.72 5 2 6.17 8 6 6.71 5.77
Y 22.4 54 23.7 60.8 - - 53.8 33.8 24.6 29.1 12.5 28.7 41.4 32.4 32.3 26.4
REE
La 68.8 184 23.9 185 - - 168 88.8 55 103 29.7 90.8 75.1 45.2 64.5 49.6
Ce 130 342 55.7 309 - - 305 167 105 188 55.9 170 145 91.1 136 95.6
Pr 14.8 37.5 8 40.5 - - 34 19.1 12.2 21.5 6.5 19.3 16.9 10.9 15.9 10.8
Nd 56.9 140 38.6 148 - - 128 72.7 48.4 79.5 25.4 73.8 63.3 41.6 60.9 40.7
Sm 10.4 24.2 9.3 28.7 - - 22.5 13.4 9.93 14.1 5 13.4 13.1 8.7 12.8 7.54
Eu 2.97 6.48 3.7 7.17 - - 6.94 4.2 2.67 4.1 1.5 4.08 4.2 2.7 3.66 2.56
Gd 9.2 21.6 8.4 25.5 - - 21 11.1 8.3 12 4.2 11.4 12.3 8.4 11 7.5
Tb 1.22 2.66 1.1 2.07 - - 2.71 1.4 1.15 1.5 0.5 1.53 1.7 1.3 1.48 1.07
Dy 5.41 12.5 5.8 10.7 - - 12.1 7.2 5.57 6.6 2.7 6.88 8.2 6.4 6.92 5.35
Ho 0.92 2.1 1 2 - - 2.12 1.2 0.95 1.1 0.5 1.12 1.5 1.2 1.27 1.02
Er 2.32 5.7 2.4 6.68 - - 5.68 3 2.59 2.6 1.2 2.86 4.1 3 3.65 3
Tm 0.27 0.6 <0.5 0.48 - - 0.69 0.4 0.28 0.3 0.1 0.31 0.6 0.4 0.45 0.36
Yb 1.46 3.5 1.6 4.03 - - 3.49 2.1 1.68 1.7 0.9 2.05 3.2 2.3 3.01 2.21
Lu 0.2 0.6 <0.5 0.38 - - 0.5 0.3 0.3 0.2 0.1 0.3 0.5 0.3 0.5 0.4∑

REE 305 783 160 771 - - 714 392 254 437 134 398 350 224 322 228
La/Lu 313 335 482 - - 358 317 204 443 256 349 158 133 143 134
Transition metals
Cr 847 411 16 714 - - 348 883 475 272 1295 221 212 120 10 170
Co 59.7 42 84.9 - - - 79.8 - 44.8 57.2 57.5 52 212 27.6 51.2 25.8
Ni 611 274 86 - - - 545 - 180 195 529 221 211 54.9 20.6 101
Sc 20.4 19.9 48.3 24.6 - - 33.6 22 22.1 18 17 24.8 23 16 3.88 19.9
V 210 227 414 202 - - 326 193 258 203 138 307 227 165 52 204

FeOT = total iron. Mg # = (Mg-number assuming all iron as Fe2+) = 100(Mg/(Mg + Fe2+)) in atomic units. -, not analysed.∗Pracht (1994)

(Brady, 2010) as calcite carbonatite. The subordinate
second melt (2S4-1b) observed in the sill 2S4-1 contains
higher MgO (18.27 wt%), SiO2 (33.45 wt%) and much
lower CaO (8.30 wt%). Sill 2s4-2 contains higher SiO2

(44.31 wt%) and very low CaO (3.98 wt%) compared with
sill 2s4-1. 2S4-1 and 2S4-2 have high Fe2O3 (12.68 and
12.91 wt%, respectively) and MgO (12.21 and 14.21 wt%,
respectively). On the Al2O3-CaO-MgO discrimination
ternary diagram for lamprophyres, sill 2s4-1 plots within

the ultramafic lamprophyre field whereas sill 2s4-2 sits
outside the two fields (Fig. 3a).

Intrusions that classify as alkaline ultramafic lam-
prophyres are dykes 1d3, 3d5 and 2d5-3 and diatreme
pipe 3p5 (Fig. 3a). The presence of Cr-spinel, Mn-rich
ilmenite and the abundance of Sr-rich groundmass cal-
cite support an ultramafic lamprophyric affinity. The
diatreme pipe 3p5 has very low but varying SiO2 (30.11–
43.5 wt%) and Al2O3 (7.15–11.33 wt%). MgO concentration
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Fig. 3. Representative whole-rock and stable isotope chemistry of the
primary sample set used for modelling. (a) Classification of subvolcanic
intrusions of the Beara Peninsula using the Al2O3-CaO-MgO (wt%)
ternary discrimination diagram (after Rock, 1987). There is a continuum
of alkaline ultramafic intrusions from silicocarbonatite sills, across the
compositions of the diatreme pipe 3p5, into the overlap field between
ultramafic and alkaline lamprophyres. There alkaline lamprophyre
dykes have more evolved compositions. (b) Oxygen and carbon isotope
ratios in carbonates from silicocarbonatites, alkaline ultramafic
lamprophyres and lamprophyres (relative to SMOW and PDB). PIC and K
& H represent the isotopic compositions of primary unaltered
carbonatites as proposed by Taylor et al. (1967) and Keller & Hoefs (1995),
respectively.

is high (11.97–14.71 wt%) and CaO concentration (10.06–
18.21 wt%) is also high, but variable. The compositional
variation corresponds with the fluidised nature of the
intrusion, such that samples likely represent successive
injections of magma (Gernon et al., 2009). The compo-
sition is comparable with average ultramafic lampro-
phyres (Rock, 1991). Mg-numbers are high (57–70) and
TiO2 concentrations are also elevated (2.15–5.78 wt%).
The alkaline ultramafic lamprophyre dykes contain high
MgO (10.99–18.70 wt%), low Al2O3 (5.21–9.86 wt%) and
low alkali concentrations. Low alkali concentrations (e.g.
Na2O < 0.61 wt% and K2O < 1.38 wt% in 3p5) are, accord-
ing to Tappe et al. (2006), characteristic for the ultramafic
lamprophyre type aillikite.

Dykes 2d3, 3d5, 3d6 and 6d5 contain kaersutite, Ti-rich
phlogopite and Ti-magnetite megacrysts and are classi-

fied as alkaline lamprophyres (Fig. 3a). The presence of
abundant plagioclase feldspar in dyke 3d5 also supports
an alkaline affinity, while diopside is common to both
alkaline and ultramafic lamprophyres. The alkaline lam-
prophyre dykes have high Al2O3 (13.86–17.11 wt%) and
low MgO (3.10–4.80 wt% MgO) concentrations. The group
is also markedly potassic (K2O > Na2O, Table 1).

On the Al2O3-CaO-MgO discrimination ternary dia-
gram for lamprophyres (Fig. 3a), the alkaline ultramafic
group forms a continuum from silicocarbonatite com-
positions, across the compositions of the diatreme pipe
3p5, towards and into the overlap field for ultramafic and
alkaline lamprophyres.

STABLE ISOTOPE CHEMISTRY
The stable isotope data for a selection of the Beara
subvolcanic intrusions are summarised in Table 2 and
Fig. 3b. Nearly all δ13 CPDB values (−5.64 to −8.51�)
obtained for the selected Beara intrusions are compa-
rable with the primary igneous carbonatite (PIC) box
of Taylor et al. (1967), indicating a dominantly mantle-
derived influence. An anomalous δ13C result (−2.43 rela-
tive to CPDB) for dyke 6d5 (Fig. 3b) is isotopically explained
by sedimentary contamination (Santos & Clayton, 1995)
although this is not apparent in the appearance of the
rock, nor the major element chemistry, nor the modelling
results. The extensive remobilisation of sedimentary
carbonate for the rest of the Beara subvolcanic rocks
is very unlikely because even completely recrystallised
carbonate usually preserves sedimentary δ13C (e.g.
Demény & Harangi, 1996; Hegner et al., 2020) and because
only one of the host formations (RD Reenydonagan
Formation; Fig. 1a) includes calcareous mudstones.

The δ18O values vary from 12.64 to 18.57�. The most
primitive end of a near-primary cluster of δ13C and
δ18O data is defined by the calcite-rich lamprophyre
diatreme (3p5) and dyke (3d5), which have field and
chemical characteristics indicating that they were
rapidly emplaced from the mantle. Nevertheless, they
are somewhat removed isotopically from the PIC box.
The high δ18O end of the correlation is constrained by
the xenolith- and xenocryst-free dyke 3d6, which has
chemical and mineralogical characteristics indicating
some greater extent of crustal residency and magmatic
evolution. Assimilation of significant silicate host rocks
(dominantly sandstones and mudstones) might be
expected to explain this result. However, silicocarbon-
atite 1p3 also has elevated δ18O and preserves mantle
xenocrysts in preference to crustal xenoliths, and is it
unlikely that crustal material was selectively consumed
by magma during rapid emplacement, while mantle
material was preserved.

Breccia pipe 2p3 (White Ball Head; Fig. 1a) was not
included in the data or modelling because it has
excessively high Al2O3 and SiO2 concentrations, being
dominated by clasts of host rock. There is no positive
correlation between δ18O values and SiO2 concentrations
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Table 2: C- and O-isotope compositions of carbonate minerals in a selection of pipes (p), dykes (d) and sills (s) from the Beara
Peninsula, relative to SMOW and PDB

Intrusion no: δ13C (�. PDB) δ18O (�. SNOW) Carbonate

Silicocarbonatites
1p3 −7.26 17.56 Ferroan dolomite
2s4-2 −7.77 14.23 Ferroan dolomite

Alkaline Ultramafic Lamprophyres
3p5-2 −7.26 13.36 Calcite
3p5-3 −7.20 12.90 Calcite
2d5-3 −8.51 14.38 Calcite
3d5 −6.80 12.64 Calcite

Alkaline Lamprophyres
2d3 −5.64 14.82 Ankerite
3d6 −7.59 21.26 Ankerite
6d5 −2.43 15.13 Ankerite

for rocks 1p3, 2d3 or 3d6, which would indicate similar
assimilation of crustal silicate rocks. Variable Al2O3

concentration and Mg number (Table 1) are better
explained by fractionation than by crustal assimilation,
such that the δ18O composition of rocks is interpreted
as the result of low-temperature alteration. Overall,
the isotope data suggest that the low-temperature
alteration has not affected the major element chemistry
and that screening of samples for the purpose of
modelling primitive (silicocarbonatite and ultramafic
lamprophyre), and somewhat fractionated (alkaline
lamprophyre) magmas, was successful.

MAGMA VISCOSITY
In order to constrain input data in the first instance,
whole-rock data from the primary data set have
32.7 < mol % SiO2 < 54.5 and were used to estimate the
non-Arrhenian Newtonian viscosity. The viscosity model
of Giordano et al. (2008) reliably predicts the viscosities
of melts from 10−1 to 1014 PaS, such that it has been
successfully used to approximate carbonated melts
(Valentini & Moore, 2009).

The viscosity of intruding magmas is calculated using
the selected rock compositions from the Beara Peninsula
as a proxy and an established method based on the
general VFT Vogel–Fulcher–Tamman equation (i) for tem-
perature dependence of viscosity (Giordano et al., 2008):

logη = A + B
T(K) − C

, (i)

where A, B and C are adjustable parameters, including
the pre-exponential factor, pseudo-activation energy, and
the VFT-temperature, respectively. The data (Table 3) are
plotted in Fig. 4. Although the depolymerising effect
of CO2 is ignored by the model, one of the whole-
rock compositions from the Beara Peninsula contains
SiO2 < 33 mol%, such that it should behave as an
ionic liquid (Masson et al., 1970; Masson, 1972). The
whole-rock composition with molar CO2/(CO2 + H2O) or
Vr = 0.75 produces a calculated magma viscosity that
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Fig. 4. Relationship between viscosity and temperature for carbonated
liquids. The viscosities of carbonate-free granodiorite (solid line) and
silica-absent carbonate ionic liquids (cross-hatched area) are shown for
reference. The data for each range of silica concentrations are mean
viscosities calculated using the whole-rock analyses of intrusions in the
Beara Peninsula and error bars are 1 standard deviation from the mean.

is comparable with ionic liquids at high temperatures.
The rest of the rock compositions have SiO2 > 33 mol%,
such that silica liquids behave covalently and SiO2

concentration is the dominant control on viscosity.
Viscosity increases by 0.59–2.02 PaS for every 100◦C fall
in temperature, with the largest increase in viscosity
at lowest magmatic temperatures as predicted by the
model, such that the difference between carbonated
magmas and silicate magma (as depicted using the
carbonate-free granodiorite composition; Giordano et al.,
2008) is reduced at lower temperatures.

The results show that melts with <33 mol% SiO2 at
high temperatures (1200◦C) have exceptionally low vis-
cosities (0.06 PaS) and behave as ionic liquids similar to
a pure carbonate melt with high thermal conductivity
(Masson et al., 1970; Treiman & Schedl, 1983; Wolff, 1994;
Genge et al., 1995a; Dobson et al., 1996; Kono et al., 2014;
Vuilleumier et al., 2014; Stagno et al., 2018). Above 33 mol%
SiO2, magmas behave as a covalently polymerised liquid,
with viscosity up to 1.3 PaS, similar to alkali basalt.
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Table 3: Representative outputs of modelling using the primary data set of rock compositions from SW Ireland. The effect of
temperature is demonstrated for viscosity outputs over the full 700–1200◦C range modelled. The viscosity data is not P-sensitive and
can apply to plutonic settings. The results of density modelling are given for a temperature of 900◦C: a variation of ±100◦C produces a
change in density of less than 0.02 g/cm3. Density data is P-sensitive and applies to subvolcanic and shallow plutonic settings only
(81 MPa equivalent to 2.5 km depth). Crystal settling rates were calculated for olivine, pyroxene, magnetite, apatite, phlogopite and
calcite, over the full temperature range. Olivine, pyroxene and magnetite settling rates are not included here, because they are not
significantly affected by the CO2 concentration of magmas: minimum settling rates are 0.4 cm/sec for olivine and pyroxene and
1.5 cm/sec for magnetite. Crystal settling data is presented for a 900◦C system and a 1 mm size of crystal.

Sample 1p3 3p5-1 3p5-3 3p5-4 91-58 90-22 2s4-1a 2s4-1b 2s4-2 1d3 2d5-3 3d5 3d6 6d5 3d3 2d3

CO2 wt% 17.45 9.87 3.66 7.30 7.16 15.29 12.59 9.26 7.77 18.79 17.25 10.59 8.18 12.96 13.26 11.91
Viscosity (Pa S) for Vr = 0.75
700.00 6.05 5.95 7.46 6.49 6.44 5.93 5.68 6.35 6.97 5.90 6.10 6.44 6.46 6.44 5.88 6.61
800.00 4.17 3.86 5.17 4.31 4.18 3.96 3.67 4.31 5.07 3.87 4.22 4.42 4.37 4.47 4.08 4.85
900.00 2.86 2.47 3.61 2.85 2.69 2.61 2.33 2.92 3.71 2.51 2.90 3.02 2.95 3.11 2.81 3.58
1000.00 1.89 1.47 2.49 1.81 1.64 1.63 1.36 1.90 2.69 1.52 1.93 2.00 1.91 2.10 1.86 2.61
1100.00 1.14 0.72 1.63 1.02 0.85 0.89 0.63 1.13 1.89 0.78 1.18 1.23 1.13 1.33 1.13 1.84
1200.00 0.55 0.14 0.96 0.40 0.24 0.30 0.06 0.52 1.25 0.20 0.59 0.61 0.52 0.71 0.55 1.22
Density (g cm−3) for 900◦C
Vr = 60 2.26 2.58 2.71 2.64 2.63 2.31 2.46 2.58 2.54 2.24 2.26 2.47 2.61 2.32 2.35 2.35
Vr = 0.75 2.46 2.72 2.76 2.75 2.74 2.49 2.62 2.72 2.65 2.46 2.46 2.61 2.74 2.47 2.51 2.54
Vr = 0.86 2.58 2.80 2.79 2.81 2.80 2.59 2.72 2.79 2.71 2.58 2.57 2.69 2.80 2.56 2.60 2.57
Vr = 0.92 2.64 2.84 2.81 2.84 2.82 2.65 2.77 2.83 2.74 2.65 2.63 2.73 2.83 2.60 2.65 2.62
CRYSTAL SETTLING
(cm sec −1)
Phlogopite
Vr = 0.6 0.27 0.13 0.04 0.08 0.09 0.26 0.21 0.11 0.11 0.31 0.26 0.17 0.10 0.27 0.29 0.22
Vr = 0.75 0.17 0.04 0.01 0.02 0.03 0.17 0.10 0.04 0.06 0.19 0.17 0.09 0.03 0.15 0.15 0.10
Vr = 0.86 0.10 0.00 0.00 −0.01 0.00 0.10 0.04 0.00 0.03 0.12 0.11 0.04 0.00 0.09 0.08 0.08
Vr = 0.92 0.07 −0.02 −0.01 −0.02 −0.02 0.07 0.01 −0.02 0.02 0.07 0.07 0.02 −0.02 0.07 0.05 0.05
Apatite
Vr = 0.6 0.51 0.40 0.22 0.32 0.35 0.52 0.50 0.33 0.30 0.59 0.49 0.40 0.35 0.54 0.60 0.45
Vr = 0.75 0.40 0.29 0.18 0.23 0.25 0.42 0.37 0.25 0.22 0.46 0.40 0.29 0.23 0.36 0.38 0.28
Vr = 0.86 0.32 0.22 0.15 0.18 0.20 0.34 0.29 0.19 0.18 0.36 0.33 0.23 0.17 0.27 0.27 0.23
Vr = 0.92 0.26 0.17 0.13 0.15 0.16 0.28 0.23 0.15 0.15 0.29 0.27 0.19 0.13 0.22 0.21 0.19
Calcite
Vr = 0.6 0.34 0.12 0.00 0.06 0.07 0.33 0.24 0.10 0.11 0.40 0.33 0.19 0.08 0.33 0.35 0.26
Vr = 0.75 0.19 −0.01 −0.03 −0.03 −0.02 0.18 0.08 −0.01 0.04 0.22 0.19 0.07 −0.02 0.17 0.15 0.10
Vr = 0.86 0.10 −0.07 −0.05 −0.07 −0.06 0.09 −0.01 −0.06 0.00 0.11 0.10 0.01 −0.06 0.09 0.07 0.07
Vr = 0.92 0.05 −0.09 −0.05 −0.08 −0.07 0.04 −0.04 −0.07 −0.01 0.05 0.06 −0.01 −0.07 0.06 0.03 0.04

MAGMA DENSITY
Magma density calculations follow established methods
(Bottinga & Weill, 1980), but incorporate thermal expan-
sion and compressibility data for CO2, where

ρ =
∑

i

YiVi, (ii)

ρ is density; Yi is unnormalised mol proportion and Vi

is partial mol volume of each component i. Vi at pressure
(P) and temperature (T) is given by

Vi (at P and T) = Vi (at 0.1 MPa and T) + dVi

dT
(T − 1400◦C)

+ dVi

dP
(P − 0.1MPa) (iii)

dVi/dT is thermal expansivity and dVi/dP is compressibil-
ity. A variety of published data is used for the thermal
expansivity and compressibility of metal oxides (Lange
& Carmichael, 1987; Kress & Carmichael, 1991), H2O

(Lange, 1994; Ochs & Lange, 1999), P2O5 (Knoche et al.,
1995; Webb & Courtial, 1996) and CO2 (Genge et al., 1995b;
Bourgue & Richet, 2001). There is some ambiguity over
the thermal compressibility of CO2 as the carbonate
CO3

2− ion: low thermal compressibility at low CO2 con-
centrations in silicate magma at low pressure (Bourgue &
Richet, 2001) versus high thermal compressibility in pure
CaCO3 magmas at high pressures (up to 10 GPa) (Genge
et al., 1995b). However, the melts under consideration
are carbonated silicate magmas in the crust, such that
the low pressure data (Bourgue & Richet, 2001) are most
applicable.

Density modelling requires consideration of the
volatile loss during ascent and emplacement of primitive
mantle-derived melts. Published data sets (Nixon &
Hornung, 1973; Woolley & Jones, 1987; Barker & Nixon,
1989; Bedard & Chown, 1992; Kalinkin et al., 1993; Beard et
al., 1996; Riley et al., 1996; Pracht & Kinnaird, 1997; Lapin
et al., 2005; Brady, 2010; Brady & Moore, 2012) for six well-
described rock suites (volcanic or subvolcanic, silicocar-
bonatite and carbonated ultramafic lamprophyre litholo-
gies) were used to extend the primary data set from
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Ireland to a wide range of transitional carbonated silicate
compositions. The published data are for rock suites in
Germany, Scandinavia, Uzbekistan, Uganda, Malawi and
Canada, which have variable nature and major element
composition. However, all have features characteristic of
parental magmas (isotopic signatures and transporting
mantle-derived material), rather than aluminous or
carbonate-rich magmas that assimilated crustal silica.
In the first instance, the data were utilised to deter-
mine a molar ratio of dominant volatiles in primitive
magmas.

Published whole-rock data that includes both CO2

and H2O (Nixon & Hornung, 1973; Woolley & Jones,
1987; Barker & Nixon, 1989) generates a (Vr) molar
CO2/(CO2 + H2O) ratio of 0.80 ± 0.11 (1 s. d.). A similar
volatile ratio is obtained where measured CO2 and Loss
on Ignition (LOI) data are published (Lapin et al., 2005)
and LOI-CO2 data has been used as a proxy for bound
H2O. The scatter in data for Fort Portal is caused by
the inclusion of analyses from volcanic rocks as well
as subvolcanic rocks, and the relationship between
carbonate content and density of magmas in subvol-
canic settings is otherwise good (Fig. 5a). In contrast,
silicocarbonatite melt inclusions that are trapped in
plutonic calcite-carbonatite at Magnet Cove (Nesbitt
& Kelly, 1977) have Vr = 0.60 (Fig. 5b). This indicates
that the subvolcanic silicocarbonatite and lamprophyre
magmas preferentially devolatilised H2O relative to CO2

during ascent, for little change in the major element
composition of the primitive magma. Therefore, Vr
conditions are constrained for modelling on the basis
of increased dehydration of magmas from Vr = 0.60
in plutonic settings, to Vr = 0.75 for initial subvolcanic
magmas and Vr = 0.86–0.92 for devolatilised subvolcanic
and volcanic magmas. More recent melt inclusion studies
do not present sufficient volatile data for modelling but
Nielsen et al. (1997) provide corroboration that melt inclu-
sion compositions are low-pressure fractionates of more
magnesian larnite-normative ultramafic lamprophyre-
type melts of primary mantle origin.

Table 3 and Fig. 5 shows the expected negative correla-
tion between CO2 concentration and magma density in a
root zone complex of 81 MPa (equivalent to 2.5 km depth)
and 900◦C. The partial molar volume of CO2 exists as the
carbonate ion CO3

2− and CO2 (mol) > H2O (mol). Measured
CO2 + H2O, or CO2 + LOI (assumed to be equivalent to
H2O concentration) are used in calculations where
the data are available, and molar CO2/(CO2 + H2O) or
Vr = 0.80 ± 0.11 (1 s. d.). LOI is assumed to represent total
CO2 + H2O where data are not available and Vr = 0.75
is used to provide meaningful initial volatile ratio in
near-primitive parental magmas in subvolcanic settings.
Application of a volatile ratio Vr = 0.75 to whole-rock
analyses produces similar results for magma density as
calculations including measured volatile ratios, despite
variations in major element composition, such that
volatile concentration is the dominant control on magma
density in transitional magmas. There is an expected
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Fig. 5. Variation in density of magma as a function of volatile content,
where Vr = mol CO2/(CO2 + H2O). Conditions used for density calculation
are 900◦C and 2.5 km depth (81 MPa). (a) Density of magma as a function
of measured and inferred volatile concentrations in whole-rock
analyses: Vr is calculated for localities 3–5; a Vr = 0.75 is applied to LOI
for other localities∗. An error in estimation of temperature of ±100◦C
will result in an error of <0.02 g/cm3. (b) Density of magma as a
function of the volatile ratio, using Beara suite of analyses as a proxy for
major element compositions. Crustal densities and the density
calculated for the composition of melt inclusions from the Magnet Cove
(MC) carbonatite (Nesbitt & Kelly, 1977) are shown for reference.
∗Whole-rock data are from the following localities: 1, Beara Peninsula,
Co. Cork, Ireland (Pracht & Kinnaird, 1997; Brady, 2010; Brady & Moore,
2012); 2, Auf Dickel, Rockeskyll, Germany (Riley et al., 1996); 3, Chagatai,
Uzbekistan (Lapin et al., 2005); 4, Fort Portal, Uganda (Nixon & Hornung,
1973; Barker & Nixon, 1989); 5, Chilwa, Malawi (Woolley & Jones, 1987); 6,
Kola Peninsula (Kalinkin et al., 1993; Beard et al., 1996); and 7, Abitibi,
Canada (Bedard & Chown, 1992).

negative correlation between CO2 concentration and
melt density for natural rock compositions. The most
significant error in the model arises from the estimate of
magma temperature but this is not considered significant
for density calculations, given that a variation of ±100◦C
produces a change in density of less than 0.02 g/cm3.

A significant increase in magma density of 0.2 g/cm3

is caused by 50% dehydration from a deep emplace-
ment level (Vr = 0.60) to a shallow emplacement level
(Vr = 0.75) for magmas with 10 < CO2 wt% <20 (Fig. 5b).
The instantaneous exsolution of volatiles from low vis-
cosity magmas is confirmed by autometasomatism of
xenoliths in sills of the Beara Peninsula (Fig. 2e) at the
point of sill inception and decrease in magmatic over-
pressure. Even though the most hydrated silicocarbon-
atite magmas (Vr < 0.75) remain positively buoyant rel-
ative to continental crust (Fig. 5b), rheological contrasts
and the stress regime in the crust will promote sill for-
mation (Menand, 2011). The estimate of Vr prior to the
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instant of sill formation is 0.60, since the plutonic context
(MC; Fig. 5b) is comparable with the magma density cal-
culated for the Beara lithologies prior to devolatilisation.

CRYSTAL SETTLING
Sill inception, such as that observed in the Beara Penin-
sula, followed by incremental inflation is cited as a gen-
eral mechanism for the growth of magma chambers
(Kavanagh et al., 2006, 2015; Menand, 2011). Entrainment
in a magma chamber is described by wd/v, where w is
the inflow velocity of a recharging magma from a feeder
dyke of width d, into a magma of viscosity v (Camp-
bell & Turner, 1986). Carbonatite that ascends rapidly
and turbulently through a wide-enough feeder dyke may
entrain a higher viscosity magma (Moore et al., 2009).
However, with an increase in viscosity with cooling of
the magma during ascent and a wd/v that will usually be
<7, it is more likely that carbonatite magma will spread
in a thin sheet at the bottom of a carbonatite magma
chamber (Valentini et al., 2010). We use a sheet-shaped
and inflating silicocarbonatite magma body to postulate
on the nature of crystal settling.

Where small incremental injections of silicocar-
bonatite magmas move along the base of a tabular
magma chamber, laminar flow is likely and Reynold’s
number is reduced. Stoke’s Law settling is then a valid
means to approximate crystal settling, modified for
crystal shape using the shape factor Se (Kerr & Lister,
1991). Initial Stoke’s Law modelling inputs include a
crystal size of 1 mm, phlogopite shape factor Se of
0.67, apatite shape factor Se of 0.76, an intrusive depth
of 2.5 km, an emplacement temperature of 900◦C and
a Vr = 0.6. Olivine, pyroxene and magnetite settling is
not significantly affected by the CO2 concentration of
magmas: minimum settling rates are 0.4 cm/sec for
olivine and pyroxene, and 1.5 cm/sec for magnetite.

The results deviate significantly from the rapid
settling of an entire mineral assemblage previously
modelled for silica-absent end-member carbonatite
magma emplaced in one event into a cylindrical chamber
(Treiman & Schedl, 1983). Under the conditions of
an inflating chamber of primitive carbonated silicate
liquids, calcite will float and flotation of phlogopite also
becomes possible at low CO2 contents and higher Vr
(Fig. 6a). Crystal shape influences the phlogopite and
apatite settlement rates: thin books of phlogopite will
preferentially float in liquids; recently nucleated and
immature apatite will settle more slowly. The flotation of
calcite is promoted by dehydration of the magma and the
critical CO2 concentration at which calcite (± phlogopite)
will float is 10 wt% for Vr = 0.6; approaching 13 wt% for
Vr = 0.92 (Fig. 6b).

The critical CO2 concentration at which flotation
occurs was determined in this study for rheological
properties of hydrated magmas (Table 3). However, the
loss of fluorine, chlorine and alkali metals may also
play a role in the concentration of CO2 at which a
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Fig. 6. Settling rates of apatite, phlogopite and calcite as a function of
CO2 concentration in magma at 900◦C and 81 MPa. (a) All minerals sink
in carbonated magmas with high water content. The settling rates for
all minerals are lowest in dehydrated magmas (e.g. Vr = 0.75). Phlogopite
tends towards neutral buoyancy and calcite floats at the critical CO2

concentration x = 10 wt% CO2 (dashed line). (b) The critical CO2

concentration at which calcite floats (x) is extended towards 13 wt%
CO2 by continued dehydration of the magma to Vr = 0.92.

f lotation mineral assemblage forms. We did not account
for the effect of mineral attachment on fluid bubbles,
which is known to assist magnetite flotation in silicate
magmas (Edmonds et al., 2015; Knipping et al., 2019).
Attachment onto bubbles is very likely to accelerate
flotation of calcite, apatite and silicate minerals but the
higher density contrast between carbonatite magma and
magnetite may yet preclude magnetite flotation. Cooling
simply slowed settling rate and pressure variation did not
affect the range of liquid compositions over which calcite
± phlogopite will float. An increase in grain size increases
the efficiency of separation between cumulate layers and
flotation assemblages as long as CO2 concentration is
<13 wt%.

MODEL OF A RECHARGING
SILICOCARBONATITE MAGMA CHAMBER
The model is premised on the geological field observa-
tions and the results of modelling. A sketch is presented
(Fig. 7) of the geometrical instance where a sill inflates to
become an initial crystallising magma body. New pulses
of primitive magma spread out in a thin sheet across
the base, with a reduction in magmatic overpressure
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Fig. 7. Model of a density stratified silicocarbonatite magma chamber, with the geometry of an inflating sill. The settling regime is controlled by x, the
critical CO2 concentration at which a flotation assemblage forms, and by Vr. In scenario (a), the volume in a mechanical boundary layer is maintained
by repeated injections of dehydrating primitive magma that percolate through cumulates and flotation of calcite. In scenario (b), the mechanical
boundary layer is no longer sustained by new pulses of magma injection and all magma in the mechanical boundary layer evolves and migrates
upwards through the flotation assemblage.

and concomitant reduction in PH2O of the magma.
The injected CO2-rich magma and exsolved volatiles
percolate easily through the growing silicate cumulate
pile. Magmas accumulate between the cumulate pile
and the calcite-dominated flotation assemblage (or
crystal mush) due to their intermediate density. Thus,
a mechanical boundary layer is created where a density
filtering system will operate. Only highly evolved CO2-
rich magmas can percolate through the upper carbonate
flotation cumulate pile. The mechanical boundary
layer is insulated by both the cumulate and flotation
assemblages and the latent heat of crystallisation is
retained, in contrast to individual small-volume, carbon-
ate magmas with low heat capacity. Very significantly,
repeated replenishment by relatively small fraction
melts into a maintained and crystallising magmatic layer
provides a mechanism to (1) incrementally create a large
carbonatite intrusion from small pulses of carbonated
magma from metasomatically enriched mantle; (2)
pre-concentrate incompatible elements, such as the
Large Ion Lithophile Elements (LILE) and REEs that are
characteristic of late-stage carbonatites.

Silicate cumulates will be dominated by pyroxen-
ite or phoscorite (olivine/diopside-magnetite-apatite-
phlogopite rocks), depending on flotation of phlogopite
(Fig. 2), both of which are characteristically associ-
ated with calcite-carbonatite intrusions (Woolley &
Kjarsgaard, 2008). A thickening cumulate pile of dense
ultramafic minerals would simultaneously displace the
mechanical boundary layer and the flotation assemblage
upwards. The upwards stress on the flotation calcite
layer, in conjunction with the lower density of the
calcite mush, would promote vertical plastic injection

of a crystal-rich carbonatite mush. In this model, a
low density calcite crystal mush might ascend further
through the crust in suitable stress regimes, and a
calcite-carbonatite complex might have no apparent
silicate rock association (Woolley & Kjarsgaard, 2008).

The compacting cumulate pile would also load the
underlying crust and the local stress field could even-
tually inhibit magmatic injection and recharge. Where
the magma evolution rate exceeds replenishment rate
in the magma chamber, then CO2 concentration in the
magma will increase as a function of closed system
crystallisation of silicate minerals and magma density
will be reduced. When calcite ± phlogopite flotation can
no longer be sustained in low density magmas, then
incompatible element-enriched residual magmas will fil-
ter upwards, metasomatising the carbonatite flotation
assemblage, i.e. autometasomatism will occur due to the
percolation of paramagmatic fluids (Elliott et al., 2018;
Yaxley et al., 2022).

Transfer of small volumes of parental magma to an
injection site with a more conducive local stress field
could repeat the processes of magma ponding and
evolution, resulting in complex multi-stage magmatic
and metasomatic relations. Variable rock associations
and multiple generations of metasomatic overprinting, in
combinations unique to the evolving local stress regime,
are characteristic of calcite-carbonatite complexes. Our
model is a potential precursor to diapirically-emplaced
pairings of phoscorite and carbonatite arising from
multiple intrusions/injections of partially crystallised
magmatic masses, with PGE enrichment more normally
associated with ultramafic layered intrusions (Fontana,
2006).
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CONCLUDING COMMENTS
The rheological properties for natural parental silic-
ocarbonantite magmas, not previously available for
magmatic modelling, are determined. Silicocarbonatite
has a lower density and higher viscosity than that
previously modelled for pure end-member carbon-
ate liquids. Silicocarbonatite liquids will nevertheless
ascend rapidly along fault-facilitated pathways, perhaps
assisted by decrease in silica activity at the point
of ‘take off’ (Bailey, 1985; Woolley & Bailey, 2012;
Massuyeau et al., 2015). There is a preservation bias of
silicocarbonatites towards subvolcanic and explosive
emplacement because the magmas that are arrested
at rheological barriers in the crust evolve to form
cumulates, immiscible liquids and residual fluids, which
may interact extensively with crustal host rocks. The
dehydration accompanying ponding of silicocarbonatite
parental magmas increases crystallisation and molar
CO2/(CO2 + H2O), promoting a mechanical and magmatic
boundary layer between calcite-dominated flotation and
silicate-dominated settlement cumulate mineral assem-
blages. Thermal capacity is maintained and open-system
crystallisation concentrates incompatible elements prior
to immiscibility- or fluid-dominated processes. The
model provides a framework for consideration of the
early evolution of parental magmas, for which there
is scant evidence. The model represents a transitory
scenario prior to further ascent of calcite-dominated
crystal mush and separation of calcite-dominated and
silicate-dominated lithologies. In particular, the model
explains the volumetric disparity between the small frac-
tion melts of metasomatised mantle and relatively large
volumes of evolved magmas in carbonatite complexes
and the variable rock associations observations in some
natural carbonatite complexes.
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