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ABSTRACT
In this experimental study, we documented the formation of strongly ultrabasic and ul-

tracalcic melts through the interaction of melilititic and basanitic melts with calcite. Three 
strongly to moderately SiO2-undersaturated volcanic rocks from the Bohemian Massif (central 
Europe) were mixed with 10, 30, and 50 wt% CaCO3 and melted at 1100, 1200, and 1300 °C 
at 2 kbar to evaluate the maximum amount of carbonate that can be assimilated by natural 
ultrabasic melts at shallow depths. Experiments revealed a surprisingly complete dissolu-
tion of the CaCO3, only rarely reaching carbonate saturation, with typical liquidus phases 
represented by olivine, spinel, melilite, and clinopyroxene. Only in the runs with the most 
SiO2-undersaturated compositions did abundant monticellite form instead of clinopyroxene. 
For all starting mixtures, strongly ultrabasic (SiO2 down to 15.6 wt%), lime-rich (CaO up 
to 43.6 wt%), ultracalcic (CaO/Al2O3 up to ∼27) melt compositions were produced at 1200 
and 1300 °C, with up to ∼25 wt% dissolved CO2. When present, quenched olivine showed 
much higher forsterite content (Fo95–97) than olivine in the natural samples (Fo79–85). The two 
major results of this study are (1) silicate-carbonatite melt compositions do not necessarily 
imply the existence of carbonatitic components in the mantle, because they are also produced 
during limestone assimilation, and (2) Fo-rich olivines cannot be used to infer any primitive 
character of the melt nor high potential temperature (Tp).

INTRODUCTION
Near-solidus partial melting of a carbonated 

mantle produces carbonatitic liquids (e.g., Ham-
mouda and Keshav, 2015). An increase of the 
melting degree results in a more diluted carbon-
ate component, due to the increasing contribu-
tion of the partial melts derived from the silicate 
matrix. As a result, melts with a broad spectrum 
of compositions can be produced, varying from 
nearly pure carbonatitic (i.e., without SiO2) to 
basaltic (Gudfinnsson and Presnall, 2005; 
Green, 2015; Yaxley et al., 2019; Weidendorfer 
et al., 2020; Keshav and Gudfinnsson, 2021).

A secondary, but frequently overlooked 
mechanism for the origin of carbonatitic 
 magmas has little relation to upper-mantle 

 dynamics. Indeed, carbonatite melts can be 
produced at crustal depths via sedimentary car-
bonate anatexis caused by hydrothermal fluids 
with high H2O/(H2O + CO2) (∼0.95; Lentz, 
1999) released by deep-seated solidifying mag-
mas. The interaction between carbonatite (both 
mantle- and crustal-derived) and silicate com-
ponents leads to the formation of a group of 
poorly characterized compositions, classified 
as silicocarbonatites (Le Maitre, 2002; Mitch-
ell, 2005). Hybrid compositions can result af-
ter the assimilation of sedimentary carbonates 
by ultrabasic melts (e.g., Lustrino et al., 2019, 
2020; Sklyarov et al., 2021) or, vice versa, as-
similation of crustal silicate rocks by carbon-
atitic to ultrabasic-ultracalcic CO2-bearing melts 
(e.g., Ackerman et al., 2021). In this experi-
mental study, we documented the formation of 

 silicate-carbonatite melts through the interaction 
between basaltic melts sensu lato and limestones 
and dolostones. Large amounts of CO2 can be 
dissolved at crustal depths and then abruptly re-
leased through simple upwelling, cooling, and 
crystallization magma mechanisms.

MATERIALS AND METHODS
Three compositionally distinct volcanic 

rocks from the Bohemian Massif (central Eu-
rope) were used as starting material for car-
bonate-melt interaction experiments (Table 1): 
(1) a Paleocene melilite-olivine-nephelin-
ite (polzenite, sampled on the Great Devil’s 
Wall, Osečná Complex, Czech Republic) with 
∼38.5 wt% SiO2 (sample BM1); (2) a Paleo-
cene monticellite-bearing melilitite (vesecite, at 
the type locality Vesec village, Czech Republic) 
with ∼30.3 wt% SiO2 (sample BM2); and (3) 
an olivine basanite (collected at the village of 
Jauernick, near the town of Görlitz, Germany) 
with ∼43 wt% SiO2 (sample BM3). The com-
position of the three volcanic rocks resembles 
mafic melts in equilibrium with a peridotitic as-
semblage, being characterized by high contents 
of MgO (15.9–17.1 wt%), Ni (300–440 ppm), 
and Cr (710–1010 ppm), and with Mg# ∼74 
(assuming Fe3+/ΣFe = 0.15).

Each starting material was subjected to two 
cycles of melting at 1400 and 1450 °C for up 
to 12 h, quenching as glass, and powdering, 
and was then mixed with 10, 30, and 50 wt% 
of reagent-grade CaCO3 and inserted in plati-
num capsules. In total, 41 isobaric experiments 
were performed at 2 kbar in a non-end-loaded 
piston cylinder, using standard 1 inch (2.54 cm) 
low-pressure assemblies (Masotta et al., 2012). *E-mail: michele .lustrino@uniroma1 .it
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The pressure of 2 kbar was selected to mimic the 
interaction between silicate melts and the base of 
the overthickened limestone thrusts of the Cen-
tral Apennines, located at a depth of ∼5–6 km 
(Barchi et al., 2003). Mixtures were maintained 
at temperatures of 1100, 1200, and 1300 °C for 
1–12 h and then quenched (Table 1). Full details 
on the analytical techniques and bulk analyses 
of natural rocks and experimental compositions 
(including mineral compositions) are provided 
in the Supplemental Material1.

RESULTS
Vesicles were common in all the experimen-

tal runs, thereby indicating the attainment of CO2 
saturation in all the residual melts. Runs carried 
out at 1100 °C were either subsolidus or charac-
terized by compositionally heterogeneous glass 
pools. Runs carried out at 1200 °C and 1300 °C 
were characterized by large patches of homo-
geneous glass containing scarce quench crys-
tals, and, for this reason, these runs were used 
to constrain the composition of the  hybrid melts. 
The most important compositional changes of 
the experiments are presented below in order of 
increasing SiO2 content of the starting material.

BM2 Experiments
Only the experiment doped with 50 wt% of 

CaCO3 at 1300 °C was supraliquidus (except 
for a minor amount of quench crystals of cal-
cite). All the other experiments crystallized Ca-
rich (CaO ∼2.0–2.5 wt%) and Mg-rich olivine 
(Fo96–97) always associated with minor monti-
cellite (La35–47; Mg# = 84–94) and Al-Fe-Mg 
spinel (occasionally chromite-rich) ± melilite. 
No substantial chemical differences among the 
glasses quenched at 1200 °C and 1300 °C were 
observed (Fig. 1). The experiments performed at 
1300 °C showed a negative correlation between 
all the major oxides of the melt and CaCO3 add-
ed, with very high coefficients of determination 
[R2 varying from 0.94 (FeOtot) to 1.00 (Al2O3)]. 
The amount of CaO in the residual melt and the 
estimated CO2 content (i.e., 100 – glass weight 
percent total from the microprobe analyses) 
showed a positive correlation with the amount 
of CaCO3 added (R2 = 0.99 for both oxides). 
The SiO2 content ranged from ∼30 wt% to 
∼16 wt%, while CaO increased from ∼23 wt% 
to ∼44 wt% with increasing CaCO3 added.

BM1 Experiments
Runs at 1100 °C did not crystallize olivine, 

but abundant kushiroite-rich (Al2O3 = 9.4–
10.6 wt%) clinopyroxene, melilite, and spinels 
were observed, also with calcite ± perovskite. 
Olivine (Fo95–97; CaO = 1.1–2.8 wt%), Al-rich 
clinopyroxene (Al2O3 = 7.7–10.6 wt%), and 
spinel were present in all the experiments at 
1200 °C and 1300 °C, with calcite found only 
in experiments doped with 30 wt% and 50% 
CaCO3. Also in this case, the 1200 °C and 1300 

°C runs produced residual melts with nearly 
indistinguishable compositions (Fig. 1). Major 
oxides showed negative correlations with the 
amount of CaCO3 added, with R2 mostly clus-
tering around 0.94–0.99. Experiments carried 
out at 1200 °C showed lower R2 with CaCO3, 
likely due to subliquidus conditions and the 
selective removal of specific oxides by nearby 
quenched minerals (e.g., see the drop of MgO 
in charges doped with 10 wt% CaCO3, likely 
related to strong MgO incorporation in olivine). 
As the amount of CaCO3 increased, the concen-
tration of SiO2 in the residual melt decreased 
from ∼40.0 wt% to ∼29.8 wt%. At the same 
time, CaO of the residual melt increased from 
∼13.4 wt% to 30.5 wt%, coupled with an in-
crease of CO2 from ∼1 to ∼9 wt%.

BM3 Experiments
Residual melts obtained at 1200 °C and 1300 

°C showed similar major-oxide compositions, 
again defining a nearly perfect negative corre-
lation with the amount of CaCO3 added to the 
starting material (R2 = 0.96–1.00). As reported 
above, the concentration of CaO in the melt 
was also perfectly correlated with the amount 
of CaCO3 added (R2 = 1.00). However, the es-
timated amount of CO2 was less correlated with 
CaCO3 (R2 = 0.76), perhaps due to CO2 lost in 
the abundant vesicles. The oxides of BM3 and 
BM1 glasses showed a nearly complete overlap, 
except for TiO2, which was more abundant in 
the BM3 starting composition. The modal con-
tent of olivine (Fo94–97) tended to decrease with 
increasing CaCO3, due to the enlargement of 
the clinopyroxene and melilite stability fields.

1Supplemental Material. Experimental and analyti-
cal procedures, including SEM images of the experi-
mental runs, and a data set containing the entire set 
of EMP analyses of glass and quenched minerals, as 
well as the original composition of the starting materi-
als and additional plots. Please visit https://doi .org /10 
.1130 /GEOL.S.17139341 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

TABLE 1. NATURAL SAMPLES AND QUENCHED GLASSES USED FOR EXPERIMENTS.

Run number T 
(°C)

P 
(kbar)

CaCO3

added 
(wt%)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total CO2

(100 – 
total)

CaO/
Al2O3

Mg#

BM1 (natural sample; polzenite) 38.52 2.86 9.85 11.20 0.18 15.94 13.58 2.75 1.82 1.15 97.84 2.2 1.4 0.73
BM1 (quenched glass) 0 40.11 3.00 9.66 9.98 0.17 15.94 13.40 2.88 1.73 1.09 98.09 1.9 1.4 0.75
QP1_123_10 1100 2 10 38.87 2.54 10.94 7.57 0.18 5.88 22.93 3.90 2.66 1.25 96.73 3.3 2.10 0.59
QP1_123_30 1100 2 30 31.25 1.24 6.73 4.29 0.12 2.92 29.54 3.60 3.51 1.93 85.13 14.9 4.39 0.56
QP1_123_50 1100 2 50 29.49 1.23 3.98 2.05 0.14 4.57 40.40 3.36 2.08 0.73 88.03 12.0 10.15 0.81
QP1_125_10 1200 2 10 37.19 2.77 9.69 8.80 0.16 10.88 20.20 2.91 1.82 1.13 95.56 4.4 2.08 0.70
QP1_125_30 1200 2 30 33.21 2.43 7.89 6.91 0.14 11.33 26.56 2.42 1.55 0.98 93.42 6.6 3.37 0.76
QP1_125_50 1200 2 50 29.34 2.15 5.91 5.48 0.13 10.46 31.33 2.19 1.36 0.89 89.23 10.8 5.30 0.78
QP1_124_10 1300 2 10 37.40 2.55 8.95 9.30 0.15 14.26 18.61 2.62 1.65 1.03 96.52 3.5 2.08 0.74
QP1_124_30 1300 2 30 33.26 2.28 7.71 7.60 0.14 12.67 25.88 2.41 1.47 1.00 94.41 5.6 3.36 0.76
QP1_124_50 1300 2 50 29.78 2.00 6.88 6.42 0.14 11.54 30.52 2.11 1.30 0.89 91.57 8.4 4.43 0.77

BM2 (natural sample; vesecite) 30.29 2.27 7.39 11.25 0.20 17.10 21.96 0.93 0.74 1.46 93.59 6.4 3.0 0.74
BM2 (quenched glass) 0 32.84 2.44 7.68 11.12 0.22 18.23 22.82 1.06 0.74 1.66 98.80 1.2 2.97 0.76
RM41_10 1200 2 10 30.70 2.50 6.56 6.44 0.19 10.80 30.16 1.23 0.78 1.99 91.35 8.6 4.60 0.76
RM41_30 1200 2 30 21.69 1.75 2.83 3.15 0.18 8.21 38.80 1.64 1.15 2.25 81.64 18.4 13.73 0.83
RM41_50 1200 2 50 15.62 1.45 1.62 2.40 0.12 6.92 43.58 1.05 0.81 1.34 74.90 25.1 26.89 0.84
RM37_10 1300 2 10 30.13 2.17 6.10 7.71 0.19 14.39 29.19 1.01 0.69 1.57 93.14 6.9 4.79 0.78
RM37_30 1300 2 30 24.79 1.67 3.98 5.11 0.15 12.08 36.25 0.79 0.51 1.28 86.59 13.4 9.12 0.82
RM37_50 1300 2 50 17.83 1.23 1.99 2.97 0.12 8.42 43.37 0.53 0.37 0.96 77.81 22.2 21.76 0.84

BM3 (natural sample; basanite) 43.92 1.94 10.91 11.61 0.17 16.93 10.49 2.35 1.00 0.55 99.87 0.1 1.0 0.73
BM3 (quenched glass) 0 44.95 2.00 10.81 10.70 0.19 16.86 10.21 2.47 1.00 0.68 99.84 0.2 0.94 0.75
RM44_10 1100 2 10 44.58 2.22 10.05 7.82 0.09 11.91 20.81 1.24 0.32 0.47 99.51 0.5 2.07 0.74
RM44_30 1100 2 30 42.38 0.17 6.15 2.03 0.05 12.60 33.79 0.51 0.28 0.21 98.16 1.8 5.49 0.92
RM44_50 1100 2 50 16.51 1.52 2.19 2.24 0.12 6.01 43.47 1.85 0.94 0.73 75.57 24.4 19.85 0.84
RM43_10 1200 2 10 42.63 2.00 10.92 8.69 0.18 11.41 17.95 2.44 0.96 0.60 97.78 2.2 1.64 0.71
RM43_30 1200 2 30 35.76 1.52 8.31 6.48 0.14 11.45 28.20 1.88 0.78 0.51 95.04 5.0 3.39 0.77
RM43_50 1200 2 50 26.10 1.09 5.13 3.16 0.07 8.94 38.69 1.33 0.54 0.36 85.40 14.6 7.54 0.84
RM42_10 1300 2 10 41.74 1.89 10.65 9.39 0.15 12.44 16.94 2.31 0.96 0.54 97.01 3.0 1.59 0.71
RM42_30 1300 2 30 35.85 1.48 8.19 7.08 0.12 12.93 27.27 1.85 0.73 0.44 95.94 4.1 3.33 0.78
RM42_50 1300 2 50 26.85 1.08 5.74 4.67 0.09 9.41 37.90 1.33 0.50 0.35 87.92 12.1 6.60 0.79

Note: Values for major oxides are given in wt%. Mg# = 100 × Mg/(Mg + Fe2+) assuming Fe3+/ΣFe = 0.15.
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DISCUSSION
Maximum Amount of Carbonate 
Assimilation by a Natural Melt

CaO- and MgO-rich ultracalcic and ul-
trabasic compositions are interpreted in the 
literature as the result of low-degree partial 
melting of carbonated peridotite sources (e.g., 
Hammouda and Keshav, 2015; Lustrino et al., 
2021). However, experimental melts from this 

study  document that these kinds of  ultracalcic 
and  ultrabasic compositions can be easily ob-
tained by magma-carbonate interaction at 
crustal depths. In particular, while previous 
studies focused on the assimilation of carbon-
ate material by basaltic melts (Iacono Mar-
ziano et al., 2008; Mollo et al., 2010; Carter 
and Dasgupta, 2015; Di Stefano et al., 2018) 
to andesitic-dacitic melts (Carter and Das-

gupta, 2016), our experiments were carried 
out on natural ultrabasic and strongly silica- 
undersaturated melts.

Figure 1 shows the increase of CaO and 
CO2, as well as the decrease of SiO2 content, in 
the melt as a function of the amount of CaCO3, 
showing a good agreement with literature data 
from similar experiments. Literature composi-
tions reach carbonate saturation at contents of 
<20 wt% of CaCO3 added, as proved by the 
presence of quenched calcite crystals in the ex-
perimental runs (Mollo et al., 2010; Jolis et al., 
2013). Carter and Dasgupta (2015) reported the 
presence of variable amounts of quenched glass 
(∼9 to ∼69 vol%) associated with abundant cal-
cite (∼26 to ∼50 vol%) and other minerals (i.e., 
clinopyroxene, plagioclase, spinel, and scapo-
lite, in order of lower abundance). This phase 
assemblage testifies to prolonged calcite satu-
ration for a 1:1 mixture of a synthetic basalt 
and CaCO3 equilibrated at 1100–1200 °C and 
5–10 kbar. In contrast, our results only rarely 
reached carbonate saturation, as evidenced by 
the presence of minute amounts (<5 vol% of 
the capsule) of calcite microlites.

Experiments from the literature are charac-
terized by higher degrees of crystallization of 
Ca-Mg-Al-Fe–rich clinopyroxene (e.g., Iacono 
Marziano et al., 2008; Mollo et al., 2010) dur-
ing carbonate assimilation. This leads to the 
formation of residual melts depleted in SiO2 
and enriched in alkalis. These chemical varia-
tions were not observed in our experiments, 
where only CaO and the estimated CO2 in-
creased in the residual melt as the added CaCO3 
increased.

Changes in Olivine Crystal Chemistry
The key chemical features of olivine crystal-

lized from CaCO3-doped melts are summarized 
in Figure 2, where the maximum CaO and the 
maximum Fo contents of olivine are plotted as 
function of CaCO3 added to the experimental 
charge. The maximum CaO content in olivine 
was 2.84 wt%, 2.21 wt%, and 2.46 wt% for 
BM2 (vesecite), BM1 (polzenite), and BM3 
(basanite), respectively (Fig. 2A). Our results 
showed an increase in CaO content in oliv-
ine only for the BM1 and BM3 compositions 
(Fig. 2A), whereas the Fo content remained 
more or less unchanged in all the experiments 
(Fig. 2B) with increasing CaCO3. This partially 
contrasts with the results reported in previous 
works (Iacono Marziano et al., 2008; Mollo 
et al., 2010; Di Stefano et al., 2018).

Overall, the increasing solubility of CaO 
in the melt favors Ca incorporation in the M2 
site of olivine, thereby increasing the Ca → 
Fe2+ substitutions (Di Stefano et al., 2018). 
On the other hand, Mg in the M1 site of ol-
ivine increases with increasing CaCO3 as-
similation due to the fact that Ca cations are 
incorporated in the M2 site only. The result-

Figure 1. (A) CaO, (B) CO2, 
and (C) SiO2 in experimen-
tal glasses obtained at 
1200 and 1300 °C versus 
CaCO3 added. Litera-
ture experiments mixing 
CaCO3 with natural and 
synthetic basaltic com-
positions are reported for 
comparison.

A

B

C
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ing effect is an increase of the Fo content in 
olivine, as already experimentally noted (Jo-
lis et al., 2013; Di Stefano et al., 2018) and 
found in natural systems (e.g., Lustrino et al., 
2019). The constant high forsterite content 
of the quenched olivines indicates a sort of 
saturation of Ca-Fe-Mg ions in the M1 and 
M2 sites. The value of partition coefficient 
KD(Fe-Mg)olivine/melt calculated to equilibrate 
Fo96 olivine in equilibrium with a Mg# = 77–
84 melt (∼0.15–0.24) is much lower than the 
expected equilibrium range between olivine 
and basaltic melts (0.27–0.39). This conclu-
sion is opposite to what is observed for natural 
ultrabasic-ultracalcic systems (e.g., Lustrino 
et al., 2021). As a consequence, high-Fo oliv-
ine crystals can be no longer considered as an 
indicator of primitive magma compositions, 
nor for the elevated  potential temperature (Tp) 
of crystallizing magmatic systems.

CONCLUSIONS
The effects of the addition of 10, 30, and 

50 wt% CaCO3 on three different natural SiO2-
undersaturated compositions were investigated 
at 2 kbar and 1100, 1200, and 1300 °C. We 

demonstrated that, upon availability of the en-
ergy required for the assimilation of crustal 
material (i.e., heating of crustal rocks to melt-
ing temperature and latent heat of fusion), up 
to 50 wt% of CaCO3 can be assimilated by 
SiO2-ultrabasic liquids, producing strongly 
SiO2-ultrabasic (SiO2 down to 15.6 wt%) ul-
tracalcic melts (CaO/Al2O3 = 1.6–26.9). The 
major-oxide content of these melts varied as 
a function of the dilution by the CaO and CO2 
components and eventual mineral saturation. 
The resulting ultracalcic melts were extremely 
poor in SiO2 (maximum CIPW normative lar-
nite = 19.3 wt%) and rich in MgO (average 
11.9 ± 2.0 wt%) and had an Mg# (71–84) pro-
portional to the amount of CaCO3 assimilated. 
These compositional changes are particularly 
relevant to interpretations of the genesis of 
some ultrabasic compositions cropping out in 
central Italy (e.g., Polino, San Venanzo, Cupa-
ello volcanoes; Lustrino et al., 2011), although 
the implications can be exported to all igneous 
crustal settings where mafic magmas are in con-
tact with thick carbonate systems.

The main conclusions from this experimen-
tal study are:

(1) Ultrabasic magmas can assimilate lime-
stone up to a 1:1 ratio, reaching only minimum 
amounts of calcite saturation.

(2) Olivine is the liquidus phase in CaCO3-
doped, strongly ultrabasic magmas, replaced or 
joined by clinopyroxene and melilite in CaCO3-
doped, mildly ultrabasic magmas.

(3) Monticellite rims develop around Ca-rich 
olivine crystals when strongly SiO2-undersatu-
rated melts assimilate carbonate (as, for exam-
ple, recorded at Polino volcano in central Italy; 
Lustrino et al., 2019).

(4) Olivine crystallizing from CaCO3-doped 
ultrabasic magmas is characterized by strongly 
forsteritic compositions (up to Fo97), a feature 
that shares more similarities with skarn than 
with alleged primitive magma compositions 
generated at high Tp.

(5) The KD(Fe-Mg)olivine/melt calculated in this 
study (∼0.15–0.24) is lower than that observed 
for natural basaltic systems (∼0.3; Roeder and 
Emslie, 1970) and much lower than that mea-
sured or calculated for carbonatitic and ultracal-
cic-ultrabasic compositions (>0.4–0.5; Dalton 
and Wood, 1993; Lustrino et al., 2021).

(6) The maximum inferred CO2 content in 
the CaCO3-doped melt reaches ∼25 wt%, a fea-
ture that can have a strong impact on the eruptive 
styles of natural systems, because it can abruptly 
exsolve when magma approaches the surface, 
giving rise to violent paroxysms.

(7) The presence of CaO- and CO2-rich mag-
mas, as well as primary carbonate crystallization 
or the presence of immiscible carbonate-silicate 
droplets, and the presence itself of carbonatitic 
magma are features not necessarily related to 
the presence of a carbonated mantle.
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