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The main effect of magma–carbonate interaction on magma differentiation is the formation of a silica-
undersaturated, alkali-rich residual melt. Such a desilication process was explained as the progressive
dissolution of CaCO3 in melt by consumption of SiO2 and MgO to form diopside sensu stricto. Magma chambers
emplaced in carbonate substrata, however, are generally associated with magmatic skarns containing
clinopyroxene with a high Ca-Tschermak activity in their paragenesis. Data are presented from magma–
carbonate interaction experiments, demonstrating that carbonate assimilation is a complex process involving
more components than so far assumed. Experimental results show that, during carbonate assimilation, a
diopside–hedenbergite–Ca-Tschermak clinopyroxene solid solution is formed and that Ca-Tschermak/diopside
and hedenbergite/diopside ratios increase as a function of the progressive carbonate assimilation. Accordingly,
carbonate assimilation reaction should be written as follows, taking into account all the involved magmatic
components:

CaCO3
solid+SiO2

melt+MgOmelt+FeOmelt+Al2O3
melt→(Di–Hd–CaTs)sssolid+CO2

fluid

The texture of experimental products demonstrates that carbonate assimilation produces three-phases (solid,
melt, and fluid) whose main products are: i) diopside–hedenbergite–Ca-Tschermak clinopyroxene solid
solution; ii) silica-undersaturated CaO-rich melt; and iii) C–O–H fluid phase. The silica undersaturation of the
melt and, more importantly, the occurrence of a CO2-rich fluid phase, must be taken into account as they
significantly affect partition coefficients and the redox state of carbonated systems, respectively.
l rights reserved.
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1. Introduction

Recent petrological and experimental studies have constrained the
effect of magma–carbonate interaction on the evolution of magmas
(Wenzel et al. 2002; Barnes et al. 2005; Chadwick et al., 2007; Coulson
et al., 2007; Freda et al., 2008; IaconoMarziano et al., 2008; Gaeta et al.,
2009). These investigations have documented that magma contami-
nation is marked by an abundant crystallization of Ca-rich minerals
(mainly clinopyroxene) that affect the stability of liquidus phases
(mainly olivine). Consequently, magma becomes progressively deplet-
ed in silica and enriched in alkalis (Barnes et al. 2005; Freda et al., 2008;
Iacono Marziano et al., 2008).

The desilication reaction was schematised as follow (cf., Iacono
Marziano et al., 2008): CaCO3

solid+SiO2
melt+MgOmelt→Diopsidesolid+

CO2
fluid. According to this simplified reaction, the dissolution of CaCO3 in

silicate melts results in the progressive formation of silica-undersatu-
ratedmelts by consuming SiO2 to form diopside, thus implying that the
extent of carbonate assimilation is controlled by theMgOcontent in the
melt composition.

Magma chambers emplaced in carbonate substrata are generally
associatedwith cumulates and skarns showing clinopyroxenewith high
Ca-Tschermak-activity (Gaeta et al., 2009 and references therein). Some
of these skarn rocks are characterisedby thepresence of glass, indicating
high-temperature formation. These rocks, progressively grading into a
cumulate reaction zone (Beard et al., 2005; Gaeta et al., 2009), must be
considered magmatic rather than metasomatic skarns (Kerrick, 1977;
Fulignati et al., 2004). On the basis of microtextural observations,
mineral chemistry and geochemical data, Gaeta et al. (2009) have
demonstrated that rocks characterised by Ca-Tschermak-rich clinopyr-
oxene (i.e.,magmatic skarns) can act as a source of CaO-rich silicatemelt
and that the assimilation of this melt is the process responsible for
magma contamination, rather than the ingestion of carbonate wall-
rocks. Therefore, the carbonate assimilation reaction should take into
account, among reactants, not only MgO but also other magmatic
components (e.g., Al2O3).

In this paper we present new data from magma–carbonate
interaction experiments that provide a better understanding of the
carbonate assimilation process. Our work highlights the changes in
al based on experimental petrology, Lithos (2009),

mailto:mollo@ingv.it
http://dx.doi.org/10.1016/j.lithos.2009.10.013
http://www.sciencedirect.com/science/journal/00244937
http://dx.doi.org/10.1016/j.lithos.2009.10.013


Table 1
Run conditions and phases occurring in experimental products.

Run # P (GPa) T (°C) Time (h) Phases (wt.%)

1 wt.% H2O
2 0.5 1200 6 (1)Ol+(99)G
9 0.5 1150 24 (10)Ol+(44)Cpx+(1)Phl+(45)G

5 wt.% CaCO3+1 wt.% H2O
14 0.5 1300 21 (100)G
6 0.5 1200 24 (8)Ol+(41)Cpx+(1)Phl+(50)G
8 0.5 1150 24 (9)Ol+(60)Cpx+(1)Phl+(30)G

10 wt.% CaCO3+1 wt.% H2O
13 0.5 1300 6 (100)G
15 0.5 1200 24 (5)Ol+(50)Cpx+(1)Phl+(44)G
12 0.5 1150 23 (4)Ol+(66)Cpx+(1)Phl+(29)G

20 wt.% CaCO3+1 wt.% H2O
10 0.5 1300 15 (100)G
5 0.5 1200 24 (3)Ol+(56)Cpx+(1)Phl+(1)Cc+(40)G
7 0.5 1150 24 (1)Ol+(75)Cpx+(1)Phl+(1)Cc+(22)G

10 wt.% CaCO3+5 wt.% H2O
24 0.5 1150 11 (14)Phl+(4)Ol+(20)Cpx+(62)G

10 wt.% CaMg(CO3)2+1 wt.% H2O
23 0.5 1150 11 (15)Ol+(51)Cpx+(1)Phl+(33)G

Numbers in parenthesis refer to the amount (wt.%) of glass and minerals in each run as
estimated by means of mass balance calculations.
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textural features, phase chemistry, redox state, and equilibrium
conditions induced by magma–carbonate interaction. The information
allows us to reappraise the carbonate assimilation reaction which
has implications for the application of thermo-barometers to skarn
rocks.

2. Experimental conditions and analytical methods

The starting material used in this study is a synthetic glass
(SiO2=48.3, TiO2=0.7, Al2O3=11.4, FeO=7.5, MgO=13.7,
CaO=14, Na2O=1.2, K2O=3.3 [all wt.%]) representative of the
most primitive K-basalt outcropping at the Roman Province (Rogers
et al., 1985; Kamenetsky et al., 1995; Peccerillo, 2005; Conte et al.,
2009).

Starting glass was produced at the Institute for Mineralogy
(Leibniz University of Hannover, Germany) from synthetic oxide
and carbonate powders. The oxide powder mixture was fused in Pt
crucible at 1600 °C, 1 atm, and air fO2. The resulting glass was
removed from the Pt crucible, ground and re-melted under the
same conditions. To avoid alkali loss, melting duration did not
exceed 1.5 h. Backscattered images and microprobe analyses (see
below) performed on chips extracted from top, middle, and bottom
of the glass, demonstrated homogeneity and the absence crystal-
line phases.

Experiments were conducted in a 3/4inch piston cylinder at the
Bayerisches Geoinstitut (Bayreuth, Germany) and at the HP–HT
Laboratory of Experimental Volcanology and Geophysics (Istituto
Nazionale di Geofisica e Vulcanologia, Roma, Italy) at 0.5 GPa and
various temperatures. The purpose of the experiments was to unravel
carbonate assimilation processes occurring at amagma-chamber/wall-
rock interface. Therefore, in order to mimic interaction between hot
magma and cold carbonate-wall rock, charges were heated from room
temperature up to the experimental temperature and held for the
experimental duration (Table 1). Three sets of experiments were
performed by using the anhydrous starting materials doped with
different combinations of H2O and CaCO3 powder (Massa Carrara pure
marble): i) anhydrous glass plus about 1 wt.% of H2O, added by
microsyringe directly into the charge; ii) anhydrous glass mixed with
CaCO3 powder (5, 10 and 20 wt.%) plus about 1 wt.% of H2O, added by
microsyringe; iii) anhydrous glass mixed with 10 wt.% of CaCO3

powder plus about 5 wt.% of H2O, added by microsyringe. In order to
investigate the role played by water and dolomite on phase relations
and mineral chemistry, one additional run was performed at 0.5 GPa
and 1150 °C by doping the starting composition with about 1 wt.% of
H2O and 10 wt.% of powdered CaMg(CO3)2. Stoichiometry of the used
dolomite corresponds to 55.07 and 51.37 mol of CaO and MgO,
respectively.

Experimental products were analysed at the HP–HT Laboratory of
Experimental Volcanology and Geophysics. Chemical analyses were
performed with a Jeol-JXA8200 EDS-WDS combined electron micro-
probe equippedwith fivewavelength-dispersive spectrometers, using
15 kV accelerating voltage and 10 nA beam current. Glasses were
analysed with a defocused electron beam of 5 μm and a counting time
of 5 s on background and 15 s on peak. Whereas for crystals, a beam
size of 2 μm and counting time of 20 and 10 s on peaks and
background were used respectively. The following standards have
been adopted for the various chemical elements: jadeite (Si and Na),
corundum (Al), forsterite (Mg), andradite (Fe), rutile (Ti), orthoclase
(K), barite (Ba), apatite (P) and spessartine (Mn). Sodium and
potassium have been analyzed first to reduce possible volatilization
effects.
Fig. 1. Backscattered images of CaCO3-free and CaCO3-bearing experimental products. Phase ab
Gl: glass; V, vesicles.
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Images of experimental products were obtained with a Jeol FE-
SEM 6500F equipped with an energy dispersive microanalysis system.
Image analysis was performed by using the free WEB software
package ImageJ (Image Processing and Analysis in Java; http://rsb.
info.nih.gov/ij/).
3. Results

3.1. Textural features of experimental products

Images of experimental products clearly show significant textural
differences between CaCO3-free and CaCO3-bearing experiments
(Fig. 1). In particular, the 1200 °C, CaCO3-free run is almost completely
glassy, only rare olivine (1 wt.%) is present. On the contrary, CaCO3-
bearing runs, at the same temperature, show a high crystal content just
after the first 5 wt.% of CaCO3 added; the amount of crystals then
increases slowly by adding more carbonate (Table 1). These runs are
characterised by the ubiquitous occurrence of clinopyroxene (preva-
lent), olivine and phlogopite; several poikilitic olivines were also
observed (Fig. 2). Notably, runs doped with 20 wt.% of carbonate
produced rounded calcite (up to ~10 μm in size), indicative of CaCO3

saturation.
The 1150 °C, CaCO3-free experiment is characterised by the occur-

rence of rare phlogopite and rhombohedral crystal clusters (<50 μm)
made of a central olivine surroundedby clinopyroxenes (Fig. 1). CaCO3-
bearing charges are again characterised by the ubiquitous occurrence of
clinopyroxene, in larger amount than in the CaCO3-free run (Table 1,
Fig. 1), olivine (in several cases poikilitic), phlogopite, and a small
amount of glass. The CaMg(CO3)2-doped run, in agreement with the
higher content of magnesium in the starting material, shows the
highest olivine content (Table 1).
undances are reported in Table 1. Labels: Ol, olivine; Cpx, clinopyroxene; Phl, phlogopite;
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Table 2
Representative electron microprobe analyses of experimental olivines. sd represents the standard deviation (in parenthesis number of averaged analyses).

1 wt.% H2O 5 wt.% CaCO3+
1 wt.% H2O

10 wt.% CaCO3+
1 wt.% H2O

20 wt.% CaCO3+
1 wt.% H2O

10wt.% CaCO3+
5wt.% H2O

10wt.% CaMg(CO3)2+
1 wt.% H2O

Run# 2 9 6 8 15 12 5 7 24 23
P (GPa) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
T (°C) 1200 1150 1200 1150 1200 1150 1200 1150 1150 1150

wt.% sd(5) sd(5) sd(5) sd(5) sd(5) sd(5) sd(5) sd(5) sd(5) sd(5)
SiO2 41.95 0.26 40.67 0.29 41.51 0.54 40.50 0.11 41.22 0.36 40.60 0.35 41.00 0.14 40.66 0.20 41.97 0.34 41.35 0.54
FeO 3.74 0.69 10.39 0.67 5.81 0.18 10.70 0.35 7.89 0.94 11.72 0.43 8.43 0.17 11.85 0.40 3.00 0.12 8.50 0.67

47.55 0.97 49.95 0.51 46.80 0.77 49.34 0.08 46.38 0.13 54.55 0.40 49.52 0.32
0.70 0.03 0.79 0.18 0.86 0.17 1.09 0.05 1.10 0.17 0.45 0.06 0.59 0.29
99.45 99.85 99.98 99.86 99.99 99.97 99.96

1.002 1.003 1.004 1.001 1.007 0.789 1.007
0.222 0.161 0.242 0.172 0.245 0.223 0.173
1.755 1.813 1.726 1.797 1.712 2.056 1.798
0.019 0.021 0.023 0.029 0.029 0.142 0.015
88.79 91.25 87.68 89.14 87.47 97.01 91.22
11.21 8.75 12.32 10.86 12.53 2.99 8.78
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MgO 53.82 0.76 47.84 0.41 51.95 0.40
CaO 0.40 0.06 0.58 0.29 0.58 0.17
Total 99.91 99.49 99.85
Formula on the basis of 6 oxygens
Si 1.001 1.004 1.000
Fe 0.075 0.215 0.117
Mg 1.914 1.762 1.867
Ca 0.010 0.015 0.015
Fo % 96.25 89.14 93.47
Fa % 3.75 10.86 6.53
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crystals are sub-euhedral, abundant (about 14 wt.%), and large (up
to 1 mm in length); v) rare quench bubbles occur in the interstitial
melt of the 1150 °C, CaCO3-free run whereas abundant, larger
bubbles occur in all the CaCO3-bearing ones (Fig. 1); vi) sieve-
textured rims or skeletal shapes, witnesses of disequilibrium, were
not observed.
3.2. Experimental phases

Olivine is the liquidus phase only in CaCO3-free experiments.
Olivine chemistry varies considerably as a function of experimental
conditions. In CaCO3-free experimental products, olivine ranges from
Fo96 to Fo89, at 1200 and 1150 °C, respectively. The highest forsterite
content (Fo97) was measured in the run doped with 10 wt.% CaCO3+
5 wt.% H2O; high forsterite content (Fo91) was also measured in the
CaMg(CO3)2-doped run (Table 2). In CaCO3-bearing experiments
forsterite is generally higher at high temperature and low carbonate
content. In particular olivine ranges from Fo93 to Fo91 with increasing
carbonate at 1200 °C and fromFo89 to Fo87 at 1150 °C. Consistently, CaO
increases with increasing the CaCO3 amount loaded in the charges
(Fig. 4 and Table 2).

Clinopyroxene crystallizes cotectically with olivine in all CaCO3-
bearing runs. Crystals are zoned, the core being more diopsidic than
the rim, in both CaCO3-free and CaCO3-bearing runs (Table 3 and
Fig. 3). Changes in average clinopyroxene core-to-rim compositions
with increasing carbonate in the charge are: i) Fe3+/Fe2+ ratio
decreases (values calculated according to Putirka et al., 1996); ii) CaO
content increases, thus resulting in an increase of CaO-rich pyroxene
components (e.g., Ca-Tschermak and hedenbergite; Table 3 and Fig. 5)
and in a decrease of CaO-poor components (e.g., enstatite and
ferrosilite, Table 3). Diopside and CaFe-Tschermack components
remain almost constant (Table 3 and Fig. 5), with the exception of
the carbonated water-rich run (10 wt.% CaCO3+5 wt.% H2O) where
the diopside amount slightly decreases (Table 3) because of
phlogopite crystallization (Table 1). Notably, the higher amount of
Fig. 4. Olivine compositional variations in CaCO3-free and CaCO3-bearing experimental
products. Forsterite and fayalite molar fraction (XFo, XFa) and CaO contents in olivine are
reported against the amount of CaCO3 in charges.

Please cite this article as: Mollo, S., et al., Carbonate assimilation in mag
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water also favours crystallization of clinopyroxene richer in Fe3+

(Table 3).
Phlogopite crystals occur in two populations depending on the

amount of water in the charge, the large phlogopite in the carbonated
water-rich run shows higher MgO content than phlogopite occurring
in CaCO3-bearing runs.

Glass compositions range from tephri-phonolite to foidite as a
function of experimental conditions (Fig. 6 and Table 4). Glasses
formed in CaCO3-free runs move from the starting K-basalt toward
tephri-phonolite while those formed under CaCO3-bearing condi-
tions move towards K-foidite. Notably, experiments doped with
20 wt.% CaCO3 are characterized by the highest degree of
crystallization and by SiO2-poor (down to 31 wt.%, not reported
in Fig. 6), CaO-rich residual melts (Table 4). Glass in the CaMg
(CO3)2-doped run is less silica undersaturated than the run doped
with 10 wt.% CaCO3 (at the same temperature), in agreement with
larger olivine crystallisation (Fig. 6). Furthermore, the experiment
with 10 wt.% CaCO3+5 wt.% H2O, is characterised by Si- and alkali-
poor glass due to clinopyroxene and phlogopite crystallization
(Fig. 6).
4. Discussion

4.1. Texture

Backscattered images of experimental products (Figs. 1, 2, and 3),
allow us to reconstruct textural development during the progressive
carbonate assimilation.

1. Poikilitic olivines are well developed in CaCO3-bearing runs (Fig. 2)
suggesting high clinopyroxene nucleation rate and high olivine
growth rate (i.e. VCpx

nucleation>VOl
nucleation and VOl

growth>VCpx
growth). In

the studied K-basaltic composition, characterised by olivine as
the liquidus phase, this texture can be explained by taking into
account that carbonate addition favours clinopyroxene nucle-
ation with respect to olivine. Thus, by heating charges up from
room temperature (see “Experimental conditions and analytical
methods”), the clinopyroxene stability temperature is achieved
before the experimental temperature (TCpx<Texp). As a conse-
quence, when the latter is reached, nuclei of clinopyroxene
crystals are already present in large amount; an aliquot of these
nuclei manage to overstep their equilibrium temperature,
surviving as equilibrium phase while an aliquot is partially
resorbed during olivine crystallisation (Fig. 2). This texture
represents the reverse of the peritectic replacement reaction
between olivine and clinopyroxene observed in olivine-bearing
cumulate (heteradcumulate) forming at magma–wall rock inter-
face (Gaeta et al., 2009).

2. The number of clinopyroxenes in poikilitic olivines increases with
increasing CaCO3 amount in charges, suggesting a positive cor-
relation between VCpx

nucleation and the amount of carbonate.
3. By increasing the amount of carbonate, a significant reduction of

melt is observed (Table 1). Interestingly, the texture of the run
doped with 20 wt.% of CaCO3, although there is a large amount of
clinopyroxenes present, shows chemically homogenous pools and
layers of CaO-richmelt among clinopyroxene faces (Table 4, Fig. 2).
This therefore agrees with the permeability proposed by Cheadle
et al. (2004) and Holness (2005) models. Furthermore, this is also
in agreement with the Gaeta et al. (2009) model, suggesting CaO-
rich melt migrates frommagmatic skarn rocks towards the magma
chamber.

4. All CaCO3-bearing runs contain bubbles, demonstrating that
carbonate assimilation is a three-phase process (solid, melt, and
fluid) characterised by a C–O–H fluid phase.
mas: A reappraisal based on experimental petrology, Lithos (2009),
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Table 3
Representative electron microprobe analyses of experimental clinopyroxene. The average value refers to the averaged core–rim composition. sd represents the standard deviation
(in parenthesis number of averaged analyses).

1 wt.% H2O 5 wt.% CaCO3 + 1 wt.% H2O 10 wt.% CaCO3 + 1 wt.% H2O

Run# 9 6 8 15 12
P
(GPa) 0.5 0.5 0.5 0.5 0.5
T (°C) 1150 1200 1150 1200 1150

wt.% Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

SiO2 48.60 0.21 48.40 0.23 48.50 48.72 0.44 48.58 0.23 48.65 48.22 0.34 48.14 0.30 48.18 48.50 0.26 48.21 0.22 48.36 48.00 0.32
TiO2 0.78 0.02 0.79 0.03 0.79 0.70 0.03 0.71 0.03 0.71 0.70 0.06 0.73 0.05 0.72 0.66 0.02 0.68 0.02 0.67 0.66 0.05
Al2O3 5.83 0.23 6.09 0.26 5.96 8.00 0.35 8.20 0.29 8.10 8.45 0.37 8.78 0.30 8.62 8.55 0.35 8.65 0.35 8.60 8.83 0.26
FeO 6.39 0.32 6.80 0.26 6.60 4.00 0.40 4.18 0.31 4.09 4.27 0.38 4.80 0.30 4.54 3.95 0.44 4.50 0.33 4.23 4.40 0.37
MgO 14.77 0.16 14.10 0.16 14.44 14.96 0.29 14.57 0.21 14.77 14.40 0.33 13.45 0.27 13.93 14.40 0.32 13.68 0.29 14.04 13.90 0.23
CaO 23.00 0.25 23.15 0.22 23.08 23.09 0.19 23.20 0.25 23.15 23.34 0.19 23.49 0.11 23.42 23.40 0.27 23.69 0.26 23.55 23.60 0.24
Na2O 0.15 0.02 0.17 0.02 0.16 0.20 0.02 0.21 0.02 0.21 0.20 0.03 0.24 0.02 0.22 0.23 0.03 0.24 0.01 0.24 0.22 0.03
K2O 0.04 0.02 0.06 0.03 0.05 0.07 0.02 0.07 0.01 0.07 0.07 0.03 0.08 0.02 0.08 0.10 0.01 0.10 0.03 0.10 0.09 0.02
Total 99.56 99.56 99.56 99.74 99.72 99.73 99.65 99.71 99.68 99.79 99.75 99.77 99.70
Formula on the basis of 6 oxygens
Si 1.793 1.791 1.792 1.779 1.777 1.778 1.766 1.769 1.768 1.772 1.768 1.770 1.759
Ti 0.022 0.022 0.022 0.019 0.020 0.019 0.019 0.020 0.020 0.018 0.019 0.018 0.018
AlIV 0.207 0.209 0.208 0.221 0.223 0.222 0.234 0.231 0.232 0.228 0.232 0.230 0.241
AlVI 0.047 0.057 0.052 0.124 0.131 0.127 0.131 0.150 0.140 0.140 0.142 0.141 0.141
Fe3+ 0.129 0.123 0.126 0.076 0.071 0.074 0.082 0.062 0.072 0.073 0.073 0.073 0.083
Fe2+ 0.068 0.087 0.078 0.046 0.057 0.051 0.048 0.086 0.067 0.048 0.065 0.056 0.052
Mg 0.812 0.778 0.795 0.814 0.794 0.804 0.786 0.737 0.761 0.784 0.748 0.766 0.759
Ca 0.909 0.918 0.914 0.903 0.909 0.906 0.916 0.925 0.920 0.916 0.931 0.924 0.927
Na 0.011 0.012 0.011 0.014 0.015 0.015 0.014 0.017 0.016 0.016 0.017 0.017 0.016
K 0.002 0.003 0.002 0.003 0.003 0.003 0.003 0.004 0.004 0.005 0.005 0.005 0.004
Di 0.668 0.657 0.663 0.664 0.659 0.662 0.660 0.640 0.650 0.665 0.661 0.663 0.660
Hd 0.056 0.074 0.065 0.037 0.047 0.042 0.041 0.075 0.057 0.041 0.057 0.049 0.045
En 0.072 0.060 0.066 0.075 0.068 0.071 0.063 0.048 0.055 0.059 0.043 0.051 0.050
Fs 0.006 0.007 0.006 0.004 0.005 0.005 0.004 0.006 0.005 0.004 0.004 0.004 0.003
CaTs 0.099 0.103 0.101 0.144 0.148 0.146 0.154 0.160 0.157 0.156 0.157 0.156 0.163
CaFeTs 0.065 0.062 0.063 0.038 0.036 0.037 0.041 0.031 0.036 0.036 0.037 0.036 0.042
CaTiTs 0.022 0.022 0.022 0.019 0.020 0.019 0.019 0.020 0.020 0.018 0.019 0.018 0.018
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4.2. Redox state

CaCO3-free experiments were carried out under O–H fluid-absent
conditions and their redox state was computed according to the Kress
and Carmichael (1991) equation, using Fe2+ content of the melt
estimated from the Ol-meltKdFe–Mg=0.3±0.03 (Roeder and Emslie,
1970) and Cpx-meltKdFe–Mg=0.27±0.03 (Putirka, 1999). The calculated
fO2 value of NNO+1.5 (±0.2) is consistent with the intrinsic buffer of
the piston cylinder apparatus (Kushiro, 1990; Kawamoto and Hirose,
1994; Freda et al., 2008).

CaCO3-bearing experiments were carried out under C–O–H
fluid-present conditions, as testified by the occurrence of bubbles
increasing in size from micrometric to millimetric by increasing
the amount of CaCO3 in charges. Carbonate dissolution, by intro-
ducing CO2 in the system, drops water solubility in the melt
phase, induces a progressive increase of CO2/H2O ratio in the free-
fluid phase, and promotes bubble growth. Under these condi-
tions, the fO2 value is lowered by about two log units (Kadik et al.,
2004; Botcharnikov et al., 2005a,b; Schuessler et al., 2008; Behrens
et al., 2009), and is consistent with the negative correlation bet-
ween Fa in olivine and Fe3+/Fe2+ ratio in clinopyroxene as a
function of the addition of CaCO3 (Figs. 4 and 5). However, this is
not in conflict with the suggestion of Wenzel et al. (2002) that
natural systems are affected by a fO2 increase during magma–
carbonate interaction. In open natural systems, volatiles are free to
escape (Barnes et al., 2005), therefore CO2 effect on fO2 may be
less. Actually, magmatic skarns are characterised by clinopyrox-
enes and Al-spinels showing wide variability in the Fe3+/Fe2+ ratio
(Gaeta et al., 2009), suggesting fO2 fluctuation during carbonate
assimilation.
Please cite this article as: Mollo, S., et al., Carbonate assimilation in mag
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4.3. Mg–Fe2+ partitioning between olivine and melt

Theoretical and experimental studies have demonstrated that
Ol-meltKdFe–Mg is sensitive to temperature, pressure, and melt
composition (e.g., Longhi et al., 1978, Sack et al., 1987; Gee and
Sack, 1988; Kushiro and Walter, 1998; Kushiro and Mysen, 2002;
Toplis, 2005). With the aim of determining the main factor
controlling Mg–Fe2+ partitioning between olivine and melt during
the progressive carbonate assimilation, we calculated Ol-meltKdFe–Mg

of CaCO3-bearing experiments. Fe2+/Fe3+ partitioning in the melt
was estimated by considering that under C–O–H fluid-present
conditions, the fO2 is lowered by about two log units with respect
to the intrinsic buffer (NNO+1.5) of the experimental apparatus
(Kadik et al., 2004; Botcharnikov et al., 2005a,b; Schuessler et al.,
2008; Behrens et al., 2009). The values obtained of Ol-meltKdFe–Mg

range from 0.27 to 0.33 at 1200 °C and from 0.28 to 0.63 al 1150 °C.
As all the experiments were performed at 0.5 GPa and in a
relatively narrow temperature range, such a large variation of the
Ol-meltKdFe–Mg is likely to be related to melt compositional variation
induced by carbonate assimilation (Fig. 7). In particular, Fig. 7a and b
shows that melt SiO2 decreases and depolymerization increases,
produced by the ongoing carbonate assimilation, are positively
correlated with Ol-meltKdFe–Mg values. This feature is in agreement
with the observation that melt silica content is the major factor
controlling Mg–Fe2+ partitioning between olivine and the melt
(Longhi et al., 1978; O'Neill and Eggins, 2002; Toplis, 2005) and that
Ol-meltKdFe–Mg increases with the increase of the Non-Bridging
Oxygen/Tetrahedra ratio (up to NBO/T=2, Kushiro and Mysen,
2002). Notably, for these compositions, the negative correlation
between alkalis and Ol-meltKdFe–Mg (cf., Gee and Sack, 1988;
mas: A reappraisal based on experimental petrology, Lithos (2009),
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Table 3

20 wt.% CaCO3 + 1 wt.% H2O 10 wt.% CaCO3 + 5 wt.% H2O 10wt.% CaMg(CO3)2+1wt.% H2O

5 7 15 24

0.5 0.5 0.5 0.5
1200 1150 1150 1150

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average Core sd
(5)

Rim sd
(5)

Average

47.91 0.26 47.96 47.93 0.32 47.48 0.36 47.71 47.55 0.35 47.41 0.34 47.48 46.00 0.34 45.60 0.32 45.80 48.60 0.37 48.50 0.30 48.55
0.68 0.05 0.67 0.56 0.04 0.60 0.01 0.58 0.56 0.06 0.60 0.12 0.58 0.77 0.05 0.80 0.06 0.78 0.50 0.14 0.50 0.15 0.50
9.17 0.36 9.00 9.25 0.31 9.44 0.32 9.35 9.35 0.28 9.69 0.33 9.52 9.09 0.30 9.35 0.29 9.22 7.70 0.29 8.02 0.32 7.86
4.88 0.28 4.64 4.15 0.29 4.95 0.32 4.55 4.78 0.31 5.22 0.37 5.00 6.20 0.25 6.78 0.28 6.49 4.70 0.31 5.10 0.33 4.90
13.01 0.27 13.46 13.38 0.26 12.67 0.24 13.03 12.95 0.27 12.07 0.33 12.51 13.55 0.28 12.85 0.29 13.20 14.50 0.27 13.75 0.31 14.13
23.79 0.16 23.70 24.10 0.14 24.20 0.15 24.15 24.13 0.14 24.40 0.24 24.27 23.40 0.13 23.60 0.14 23.50 23.34 0.21 23.55 0.24 23.45
0.22 0.04 0.22 0.23 0.02 0.22 0.02 0.23 0.23 0.04 0.21 0.04 0.22 0.24 0.02 0.25 0.02 0.25 0.19 0.05 0.19 0.03 0.19
0.10 0.03 0.10 0.10 0.03 0.11 0.02 0.11 0.11 0.02 0.11 0.03 0.11 0.07 0.01 0.08 0.01 0.08 0.09 0.02 0.09 0.03 0.09
99.76 99.73 99.70 99.67 99.69 99.66 99.71 99.69 99.32 99.31 99.32 99.62 99.70 99.66

1.762 1.761 1.758 1.749 1.754 1.749 1.751 1.750 1.699 1.690 1.695 1.782 1.783 1.783
0.019 0.019 0.015 0.017 0.016 0.015 0.017 0.016 0.021 0.022 0.022 0.014 0.014 0.014
0.238 0.239 0.242 0.251 0.246 0.251 0.249 0.250 0.301 0.310 0.305 0.218 0.217 0.217
0.160 0.150 0.158 0.159 0.158 0.155 0.172 0.164 0.095 0.099 0.097 0.115 0.131 0.123
0.061 0.072 0.074 0.079 0.077 0.087 0.064 0.075 0.184 0.188 0.186 0.093 0.077 0.085
0.089 0.071 0.053 0.073 0.063 0.060 0.097 0.079 0.007 0.022 0.015 0.051 0.080 0.065
0.713 0.736 0.731 0.696 0.714 0.710 0.664 0.687 0.746 0.710 0.728 0.792 0.753 0.773
0.938 0.932 0.947 0.955 0.951 0.951 0.965 0.958 0.926 0.937 0.932 0.917 0.928 0.922
0.016 0.016 0.016 0.016 0.016 0.016 0.015 0.016 0.017 0.018 0.018 0.014 0.014 0.014
0.005 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.003 0.004 0.004 0.004 0.004 0.004
0.639 0.649 0.672 0.652 0.662 0.660 0.639 0.650 0.640 0.630 0.635 0.670 0.655 0.655
0.080 0.062 0.049 0.069 0.058 0.056 0.094 0.075 0.006 0.019 0.013 0.043 0.070 0.070
0.037 0.043 0.030 0.022 0.026 0.025 0.013 0.019 0.053 0.040 0.046 0.061 0.049 0.049
0.005 0.004 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.001 0.004 0.005 0.005
0.170 0.166 0.174 0.178 0.176 0.176 0.184 0.180 0.166 0.171 0.169 0.144 0.151 0.151
0.030 0.036 0.037 0.040 0.038 0.043 0.032 0.038 0.092 0.094 0.093 0.047 0.038 0.038
0.019 0.019 0.015 0.017 0.016 0.015 0.017 0.016 0.021 0.022 0.022 0.014 0.014 0.014
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Carmichael and Ghiorso, 1990; Falloon et al., 1997; Sugawara, 1998;
Toplis, 2005) is not evident (Fig. 7c).
4.4. Carbonate assimilation reaction

The dissolution reaction of CaCO3 in silicate melts producing silica-
undersaturated hybrid melt compositions was schematised as follow
(cf., Iacono Marziano et al., 2008):

CaCO
solid
3 þ SiO

melt
2 þMgO

melt→Diopside
solid þ CO

fluid
2 ð1Þ

According to this reaction, carbonate incorporation into silicate
melt leads toward silica-undersaturated melts by consuming SiO2

to form diopside; this implies that the extent of carbonate
assimilation is controlled by the MgO content in the melt.
Although this reaction may apply to primitive basaltic magma, it
is surely not suitable to describe assimilation occurring in
intermediate and evolved magma systems (Barnes et al., 2005;
Freda et al., 2008).

Experimental results from this study show that in a CaCO3-
bearing system, Ca-Tschermak and hedenbergite components
increase as a function of CaCO3 addition, whereas diopside molar
fraction remains almost constant (Fig. 5). In light of this, the
desilication reaction that yields silica-undersaturated melts
(Fig. 6), is driven by the crystallization of a Mg-, Al-, Fe-
clinopyroxene solid solution rather than by a diopside sensu
stricto.
Please cite this article as: Mollo, S., et al., Carbonate assimilation in mag
doi:10.1016/j.lithos.2009.10.013
This process is shown in Fig. 8 where Ca-Tschermak (CaTs),
hedenbergite (Hd), and diopside (Di) contents of clinopyroxenes
from experiments performed at 1200 and 1150 °C and variable
CaCO3 contents, are plotted versus their respective molar
fractions (XCaTs, XHd, XDi). Fig. 8a and b shows that mass and
molar fraction of CaTs and Hd increase as a function of both
CaCO3 addition and decreasing temperature; as a consequence,
assimilation and fractional crystallisation vectors coincide. On
the other hand, diopside molar fraction remains almost constant
during increase in CaCO3 amount, while its wt.% increases as a
function of decreasing temperature; therefore, assimilation and
fractional crystallisation vectors follow different directions
(Fig. 8c).

Unlike reaction (1), our experiments highlight that carbonate
assimilation has an effect not only on Di, but also on CaTs and Hd
clinopyroxene components. We thus propose that the carbonate
assimilation reaction should be re-written as:

CaCO
solid
3 þ SiO

melt
2 þMgO

melt þ FeO
melt þ Al2O

melt
3

→ðDi� Hd� CaTsÞsolidss þ CO
fluid
2

ð2Þ

This reactiondescribes the carbonate assimilationprocess leading to
the formation of magmatic skarns. These rocks are characterised by
CaTs-rich clinopyroxene showing chemical compositions comparable
with clinopyroxenes occurring in CaCO3-bearing experimental pro-
ducts (Table 5 and Fig. 9).Moreover,magmatic skarns are characterised
by interstitial glasses showing a SiO2-poor, CaO-rich composition
mas: A reappraisal based on experimental petrology, Lithos (2009),
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Fig. 6. TAS diagram showing compositio

Fig. 5. Clinopyroxene compositional variations in CaCO3-free and CaCO3-bearing experi-
mental products. Diopside, hedenbergite, Ca-Tschermak molar fraction (XDi, XHd, XCaTs), CaO
content, andFe3+/Fe2+ inclinopyroxeneare reportedagainst theamountofCaCO3 incharges.
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(Table 5) similar to the glass composition obtained in runs doped with
20 wt.% CaCO3 (Table 4 and Fig. 6).
4.5. Thermo-barometric application to skarn rocks

The Colli Albani Volcanic District, belonging to the ultrapo-
tassic Roman Province (Peccerillo, 2005), represents one of the
best examples of plumbing system emplaced in thick carbo-
nate substrata (Freda et al., 2008 and references therein).
Recent papers (Dallai et al., 2004; Gaeta et al., 2006; Freda et al.,
2008) have demonstrated that the extraordinary chemistry (low
SiO2 values, high K2O and CaO contents, and generally low Mg-
number) of K-foiditic rocks outcropping at Colli Albani,
results from the interaction between magma and carbonate wall-
rocks.

The important role played by carbonate assimilation during
the Colli Albani magmatism is also attested by the presence of
magmatic skarn xenoliths characterized by Ca-Tschermak-rich
clinopyroxenes (Fig. 9 and Table 5). According to Gaeta et al.
(2009) these rocks formed after carbonate contamination of
potassic magma at relatively low pressure (lower than 0.3 GPa)
and high temperature (1100–1200 °C). Thermo-barometric
conditions for their formation were deduced from melt inclusions
in olivines from cumulate rocks associated with skarns and from
the occurrence of glass in the skarn rocks themselves. Unfortu-
nately, no direct thermo-barometric calculations on Colli Albani
skarn phases, or on similar rocks occurring in other volcanic
districts emplaced in carbonate substrate (e.g. Vesuvius), are
available.

Solid state reactions generally used as thermo-barometers for
thermo-metamorphic carbonate rocks, cannot be applied to the
magmatic skarns characterised by modal clinopyroxene and
silicate glass; moreover, the reliability of thermo-barometric
equations has never been proved for carbonated silicate-melts.
In order to verify their applicability, we tested the most suitable
thermo-barometric equations against clinopyroxene–liquid equi-
libria on melt and clinopyroxene chemistries experimentally
obtained in this study. We applied the Nimis (1995), Putirka
n of experimental residual glasses.
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Table 4
Representative electron microprobe analyses of experimental glasses (normalised).

1 wt.% H2O 5 wt.% CaCO3+1 wt.% H2O 10wt.% CaCO3+1wt.% H2O

Run# 2 9 14 6 8 13 15 12
P (GPa) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
T (°C) 1200 1150 1300 1200 1150 1300 1200 1150

wt.% sd(5) sd(5) sd(5) sd(5) sd(5) sd(5) sd(5) sd(5)

SiO2 48.45 0.62 51.02 1.09 46.83 0.45 47.27 1.13 46.95 1.07 45.71 0.99 44.28 1.02 43.00 1.20
TiO2 0.71 0.03 0.70 0.01 0.68 0.03 0.76 0.01 0.67 0.13 0.65 0.03 0.69 0.02 0.76 0.07
Al2O3 11.52 0.21 19.00 0.72 11.02 0.66 14.71 0.89 19.98 0.77 10.85 0.79 14.00 0.90 16.04 0.82
FeO 7.40 0.13 7.40 0.33 6.65 0.29 7.10 0.29 7.20 0.34 6.13 0.10 7.00 0.33 7.10 0.49
MgO 13.26 0.30 3.98 0.49 14.00 0.39 7.20 0.63 5.30 0.64 12.10 0.31 6.40 0.55 4.90 0.50
CaO 14.15 0.71 7.10 0.68 16.47 0.29 14.00 0.31 7.20 0.41 20.47 0.24 18.71 0.29 15.11 0.30
Na2O 1.22 0.06 3.00 0.33 1.17 0.10 2.57 0.21 3.06 0.30 1.12 0.09 2.32 0.40 3.46 0.10
K2O 3.29 0.07 7.80 0.43 3.17 0.14 6.38 0.52 9.64 0.27 2.97 0.23 6.60 0.42 9.64 0.20
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Totala 98.91 98.01 98.59 97.83 97.12 97.92 97.07 96.33

20 wt.% CaCO3+1 wt.% H2O 10 wt.% CaCO3+5 wt.% H2O 10 wt.% CaMg(CO3)2+1wt.% H2O

Run# 10 5 7 24 23
P (GPa) 0.5 0.5 0.5 0.5 0.5
T (°C) 1300 1200 1150 1150 1150

wt.% sd(5) sd(5) sd(5) sd(5) sd(5)

SiO2 43.53 1.01 37.82 1.17 31.00 1.05 45.42 1.25 44.69 1.00
TiO2 0.61 0.02 0.67 0.02 0.81 0.02 0.54 0.03 0.71 0.02
Al2O3 10.08 0.81 14.05 0.78 12.16 0.93 14.57 0.87 18.05 0.78
FeO 6.00 0.28 7.00 0.35 8.10 0.41 6.15 0.31 8.00 0.16
MgO 11.35 0.32 5.40 0.44 5.70 0.49 6.50 0.51 6.10 0.34
CaO 24.50 0.31 24.90 0.36 26.83 0.40 23.35 0.45 10.00 0.31
Na2O 1.06 0.10 2.88 0.16 3.80 0.25 1.75 0.20 3.30 0.17
K2O 2.86 0.24 7.28 0.28 11.60 0.38 1.71 0.30 9.15 0.29
Total 100.00 100.00 100.00 100.00 100.00
Totala 97.37 95.93 93.74 92.97 97.08

sd represents the standard deviation (in parenthesis number of averaged analyses).
a WDS-EMP total.
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et al. (1996), Nimis and Ulmer (1998), Putirka et al. (2003), and
Putirka (2008) thermo-barometric equations to 72 clinopyroxene–
melt couples from CaCO3-bearing runs. Each model produced a
range of possible temperature and pressure. Then, we calculated
the standard error of estimate (SEE) for pressure and temp-
erature with respect to our experimental conditions (Table 6).
According to the obtained SEE values, the best predictive equations
are 32a, 32b (Putirka, 2008) and T1 (Putirka et al., 1996) for
pressure, and 34 (Putirka, 2008) for temperature. All the
considered equations give SEE below 10% of the experimental
temperatures and thus all can be considered suitable. In contrast,
for pressure prediction some of the used models give SEE up to
100% of the experimental value of 0.5 GPa. Interestingly, the most
suitable equations are those based upon clinopyroxene “alone”
composition while the only equation based on clinopyroxene–melt
equilibrium giving a low systematic error is the P1 equation of
Putirka et al. (1996) which was designed for anhydrous systems.
By applying equations 32a and T1 to estimate pressure and
temperature crystallization conditions of glass-bearing magmatic
skarns from Colli Albani, we obtain (Table 5) pressure values
ranging from 0.25 to 0.32 GPa and temperatures in the range 1081–
1126 °C. These values are in good agreement with crystallization
conditions (P=0.2–0.3 GPa and T=1180 °C) estimated by Gaeta
et al. (2009) for olivine-bearing cumulates associated with
magmatic skarns. However, we speculate that equations designed
for hydrous systems are not suitable for carbonated melts
because of the well-known CO2 effect on water activity (e.g.
Behrens et al., 2009). Therefore, barometric equations based on
Please cite this article as: Mollo, S., et al., Carbonate assimilation in mag
doi:10.1016/j.lithos.2009.10.013
mineral-liquid equilibria, in order to be applied to carbonated
systems, must be designed taking into account that carbonate
assimilation is a process involving three-phases, solid, melt and
fluid (C–O–H).

5. Conclusions

Experimental results from this study demonstrate that the
carbonate assimilation reaction is more complex than so far
assumed. Carbonate assimilation is a three-phase (solid, melt,
and fluid) process whose main products are: diopside-heden-
bergite-Ca-Tschermak clinopyroxene solid solution, silica-under-
saturated CaO-rich melt, and C–O–H fluid phase. Magma–
carbonate interaction affects texture, phase chemistry, redox
state, and equilibrium condition of experimental carbonated
systems as follow: i) VCpx

nucleation>VOl
nucleation and VOl

growth>VCpx
growth;

ii) Ca-Tschermak and hedenbergite components in clinopyroxene
are favoured; iii) silica decrease (high NBO/T) has a significant
effect on the Mg–Fe2+ partitioning between olivine and melt; iv)
Fa in olivine and Fe3+/Fe2+ ratio in clinopyroxene change
accounting for the fO2 decrease in closed system. This should be
taken into account when studying carbonated magmas and
magmatic skarns.

Application of thermo-barometric equations available in the
literature to carbonated experimental products shows that the most
suitable ones are those designed for dry systems (either clinopyrox-
ene alone or anhydrous system). Providing this is due to the well-
known effect of CO2 on water activity, it is clear that new barometric
mas: A reappraisal based on experimental petrology, Lithos (2009),
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Fig. 7. Ol-meltKdFe–Mg (Kd) variation as a function of a) SiO2 content, b) NBO/T ratio
(Non-Bridging Oxygen/Tetrahedra), and c) alkalis amount. Numbers (5, 10, and 20)
refer to the wt.% of CaCO3 added to the charges.

Fig. 8. Wt.% components of experimental clinopyroxene plotted versus respective molar
fraction. Themass is calculated as follow: total amount of clinopyroxene (inwt.%, Table 1)
times molar fraction of Ca-Tschermak, hedenbergite, and diopside component (Table3).
a) Ca-Tschermak (CaTs) vs. XCaTs. b) Hedenbergite (Hd) vs. XHd. c) Diopside (Di) vs. XDi.
Numbers (5, 10, and 20) in figure refer to the wt.% of CaCO3 added to the charge.
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equations based on mineral–liquid equilibria, in order to be applied
on carbonated systems, must be formulated accounting for the
important role played by CO2 in magmatic systems.
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FeO 5.70 0.15 8.70 0.82 8.68 0.48 3.30 0.38 7.14 0.23
MnO 0.39 0.06 0.19 0.03 0.16 0.02 0.12 0.04 0.16 0.02
MgO 5.87 0.43 3.74 0.17 5.12 0.95 6.15 0.85 3.78 0.08
CaO 20.92 0.52 11.58 0.82 14.12 1.99 19.33 2.72 13.96 0.22
Na2O 2.77 0.01 2.31 0.12 1.92 0.81 2.92 0.18 2.85 0.07
K2O 5.90 0.43 8.30 0.35 7.03 1.09 7.70 1.41 8.07 0.24
P2O5 1.09 0.02 0.81 0.06 0.65 0.09 1.39 0.01 0.63 0.04
Total 100.00 100.00 100.00 100.00 100.00
Totala 95.87 98.98 98.37 99.87 95.65

Clinopyroxene
wt.% sd(6) sd(5) sd(30) sd(8) sd(7)
SiO2 48.89 1.38 47.63 0.35 47.67 1.00 49.04 0.27 47.67 0.53
TiO2 0.48 0.14 0.88 0.22 1.02 0.22 0.79 0.13 0.35 0.06
Al2O3 7.47 1.74 7.56 0.36 8.31 0.64 8.54 0.34 8.40 0.60
FeO 3.90 0.59 6.35 0.96 4.74 1.39 2.36 0.05 3.76 0.24
MnO 0.09 0.03 0.06 0.03 0.05 0.03 0.03 0.02 0.05 0.03
MgO 13.92 0.82 13.15 0.46 12.97 0.83 14.77 0.20 13.56 0.32
CaO 25.18 0.22 24.43 0.26 24.79 0.40 25.49 0.24 24.93 0.31
Na2O 0.12 0.04 0.13 0.02 0.11 0.05 0.10 0.03 0.13 0.02
K2O 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Total 100.07 100.21 99.67 101.13 98.85

Thermo-barometric results
P (GPa) 0.25 0.25 0.32 0.29 0.31
T (°C) 1118 1087 1114 1126 1081

Pressure and temperature crystallization conditions were estimated by applying equations 32a in Putirka (2008) and T1 in Putirka et al. (1996), respectively. sd represents the
standard deviation (in parenthesis number of averaged analyses).

a WDS-EMP total.
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