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Abstract

We describe the first observation of primary magmatic aragonite in carbonatite and
carbonated syenite, occurring as xenoliths in a Pliocene basaltic diatreme located near the
Hungary—Slovakia border. The aragonite-hosting matrix consists of disordered P-rich calcite,
occasionally associated with trachyte glass. We interpret the aragonite growth as evidence of
supra-lithostatic overpressure in the magmatic plumbing system that connected the crustal
basaltic reservoir with the partial melting zone of the lithospheric mantle, and the disordered
calcite + trachyte as quenched residual, immiscible melts, generated close to the solidus of the
carbonated alkali basalt differentiated in the crustal reservoir. The quenching event was a
phreato-magmatic eruption within the stability field of the low-pressure calcite; this was triggered
by advective overpressure, caused by expanding gas bubbles in a quasi-incompressible silicate
melt system. The high-pressure, pre-eruption origin of aragonite is indicated by enrichment in *C
compared to the associated calcite interpreted as a record of CO, degassing at T > 500 °C. The
oxygen (8'*0 ranges of 22.1-24.5 %o V-SMOW in aragonite, 21.6-22.7 %o in calcite) and carbon
(8"C ranges of -4.4 to -5.9 %0 V-PDB in aragonite, -11.9 to -12.7 %o in calcite) isotope signatures
are consistent with a degassed carbonatite melt primarily derived from a subduction zone.

Keywor ds. aragonite, carbonatite, syenite, xenolith, alkali basalt, Slovakia

Introduction
Carbonatites are magmatic rocks, whose mantle origin is widely accepted (e.g., Bailey
1993; Harmer and Gittins 1997; Bell and Simonetti 2010). However, the origin of calcic

carbonatites remains controversial, because experimental work (e.g., Lee and Willey 1998a, b;
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Brooker and Kjarsgaard 2011) has ruled out the generation of CaCO3-dominant liquids devoid of
silica and alkalis via magmatic fractionation processes in the crust or the mantle. Consequently,
natural calcic carbonatites have been interpreted to represent either degraded alkalic carbonatites
modified by sub-solidus alteration and/or loss of alkaline aqueous fluid (Keller and Zaitsev
2006), or as cumulates of calcite crystals that have settled from parental dolomitic carbonatite
(Lee and Willey 1998a) or silicate melts (Brooker and Kjarsgaard 2011).

Here we describe aragonite phenocrysts that have crystallized from a calcic carbonatite
melt. We document variations in the structural ordering, major element partitioning and isotope
composition of calcite and aragonite, thus corroborating the existence of calcic carbonatite liquids
in nature. We propose, however, that the magmatic aragonite need not be related to ultra-high-
pressure (P > 3 GPa) conditions in the mantle, as proposed by Humpreys et al. (2010), but may
reflect episodic supra-lithostatic overpressure in the magmatic plumbing system and the

overlying crustal reservoir.

Field evidence, petrography and mineralogy

Carbonatite and carbonated syenite xenoliths with aragonite occur in a diatreme exposed
in the center of Hajnacka village (48°13°5.25°°N, 19°57°18.59”’E, southern Slovakia). The
diatreme, towering about 75 m above the surrounding river terrace, represents a feeder conduit of
a basaltic maar removed by erosion. The diatreme is composed of palagonitized tuffaceous
breccia and scoria breccia, and is intersected by a 2.7 = 0.5 Ma-old basalt dike (Vass et al. 2007).

The Hajnacka diatreme is one of numerous monogenetic volcanic centers of the Late
Miocene—Late Pleistocene alkali basalt province in the northern part of the intra-Carpathian back-
arc basin (Pannonian Basin). The volcanism was triggered by rifting in the orogenic hinterland

superimposed on Middle Miocene gravity-driven subduction, which was compensated by diapiric
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rise and decompression melting of the asthenosphere (Nemcok et al. 1998; Konec¢ny et al. 2002).

The northern Pannonian Basin has been characterized as having high (~80-90 mWm™) heat flow,
moderate (2628 km) crustal thickness and a 70-90 km-thick lithospheric mantle (Dérerova et al.
2006; Tasarova et al. 2009).

Direct evidence for carbonatitic melts in, and carbonate metasomatism of, the lithospheric
mantle beneath Pannonian Basin has been provided by the occurrence of calcite blebs in silicate
veins within mantle xenoliths (Chalot-Prat and Arnold 1999; Bali et al. 2002; Demeny et al.
2004, 2010), calcite inclusions and carbonate veins in mafic cumulate xenoliths ejected in
Pliocene alkali basalts (Hurai et al. 2007), and carbonatite-bearing mafic cumulate xenoliths in
Cretaceous lamprophyre dikes (Guzmicz et al. 2008).

Aragonite-bearing carbonatites described in this study occur as isolated xenoliths and
silicate-carbonate fracture infillings in carbonated syenite xenoliths within welded basaltic
breccias (Fig. 1a). Two of a total of five carbonatite and carbonated syenite xenoliths contain
aragonite and are described in detail in this paper.

The carbonated syenite xenolith HA-8 is composed of potassium feldspar and plagioclase,
minor quartz, and accessory ferroan spinel, magnesian ilmenite with inclusions of niobian rutile,
hedenbergite replacing aegirine-augite, and apatite enriched in rare-earth elements (REE). The
texture of the xenolith resembles those of hydraulic breccias, with angular clasts of quartz,
plagioclase, and feldspar cemented by a matrix composed of silicate glass and carbonatitic
material. The silicate glass corresponds to a metaluminous alkalic trachyte. In transmitted light,
the calcite matrix is polygonal, with a fibrous, radial-concentric microtexture. Aragonite crystals
appear freely suspended in the calcite matrix and locally encrust resorbed and fragmented

feldspar grains (Fig. 1b).
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The carbonatite xenolith HA-9 is composed of bladed aragonite crystal aggregates
interlaced with a fibrous polygonal calcite matrix that is texturally identical to that observed in
the syenite xenoliths (Fig. 1¢). The crystal-to-matrix volumetric ratio was estimated as ~7:3.
Apart from the carbonates, no other mineral phases were observed.

The aragonite crystals are essentially pure CaCO; with 0.69-1.80 wt% SrO (1.17 wt% in
average, N = 14), low P,0s (0-0.22 wt%, 0.08 wt% in average), and negligible MgO (< 0.05
wt%), whereas the calcite matrix, also dominated by CaCOs3, shows increased MgO (1.45-2.93
wt%, 1.9 wt% in average, N = §), P,Os (0.05-0.29 wt%, 0.21 wt% in average), and negligible
SrO (< 0.08 wt%) concentrations (Supplementary Table 1). X-ray maps (Fig. 2) corroborate the
preferential partitioning of Sr in the aragonite, and Mg and P in the calcite. Slightly increased P in
the aragonite overlaps the Sr-rich zones. P and Mg in the calcite behave competitively, creating a
feather-like pattern with P concentrated inside fibers and Mg along their periphery. The elemental
distribution is consistent with the orientation of fibers seen in polarized transmitted light (Fig.
lc).

Raman spectra of the carbonate crystals and matrix correspond to that of aragonite and
calcite I, respectively (Supplementary Fig. 1). The vibration peaks of the calcite are ~3-times
broader than those of the associated aragonite and the reference hydrothermal calcite
(Supplementary Table 2), being diagnostic of a partly disordered structure.

Raman mapping (Fig. 3) revealed the incremental oscillatory growth zoning of aragonite
aggregates, contrasting with an irregular patchy domain texture of the associated calcite matrix.
The aragonite growth zoning reflects alternating zones that are Sr-rich and highly fluorescent
with zones that are Sr-depleted and moderately fluorescent. The fluorescence is most likely

caused by variable Mn and/or REE contents in the Sr-rich zones. In contrast, the patchy texture of
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the low-fluorescent calcite matrix is due to variable intensity of the major symmetric stretching
V1C032' band, which reflects uneven structural ordering of individual domains.

The carbonatite HA-9 showed 8'*0O values that were approximately constant across the
carbonate phases (22.1-24.5 %o V-SMOW in aragonite, 21.6-22.7 %0 V-SMOW in calcite),
contrasting with variable 81C values (-4.4 to -5.9 %o V-PDB in aragonite, -11.9 to -12.7 %o in

calcite).

Discussion and geologic implications

Contrasting isotope ratios in aragonite and calcite from Hajnacka rule out a secondary
low-temperature hydrothermal alteration/precipitation. In addition, several lines of spectroscopic
(patchy domains with v;CO3”> bands of variable intensities, vibration bands broadening), textural
(polygonal fibrous texture similar to that of rapidly frozen brines), and compositional (increased
Mg and P) evidence suggest that the calcite matrix is a quenched carbonatite liquid, which
underwent CO, degassing at T > 500 °C, when the CO, gas is isotopically heavier than the
associated calcite (Chacko et al. 1991). The greater 8"°C values in aragonite are thus consistent
with crystallization from the carbonatite melt prior to degassing.

The P-T stability limit of aragonite-bearing carbonatite melt is defined by the aragonite-
calcite II-carbonatite liquid-aqueous fluid equilibrium curve of the CaO-CO,-H,O0 system (Fig.
4), extending from 580 °C and 1.22 GPa to higher T and P (Wyllie and Boetcher 1969). The
minimum pressure of 1.22 GPa at the aragonite solidus substantially exceeds the lithostatic load
of the 26-km-thick crust in the study area, assuming an average crust density of 2,700 kg.m™
(~0.7 GPa), thus favoring crystallization of the aragonite in the mantle. However, the low Mg

content in the calcite matrix is out of equilibrium with Mg-rich mantle minerals. Moreover, the

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4410 9/10

sharp edges and local growth onto resorbed anorthoclase grains fragmented within the calcite
matrix rule out the mantle origin of the aragonite, because the absence of corrosion and
resorption features is inconsistent with the isothermal decompression in basaltic magma
ascending from mantle depths. In addition, preservation of pristine mantle aragonite in magmas
residing and fractionating in crustal reservoirs is precluded by the extremely rapid kinetics (few
hours) of the aragonite-to-calcite transformation at T > 600 °C (Hacker et al. 1992).

One explanation consistent with our observations is that the aragonite crystallized due to
dynamic overpressurization of a volatile magma conduit (Sahagian and Proussevitch 1992).
According to this concept, a volatile-rich alkali basalts ascending from the partial melting zone at
the base of lithospheric mantle may generate short-lived overpressure in the crustal magma
reservoir through the interconnected melt network that becomes filled with rising and expanding
gas bubbles. The system remains sealed and pressure rises until failure occurs and eruption is
triggered. The explosive discharging leads to entrainment of fragmented flotation cumulate with
residual melts and aragonite phenocrysts from the top of the fractionated basalt reservoir into
incoming pristine basalt, and instantaneous quenching of the metastable aragonite-calcite
assemblage in the calcite I stability field at low P and T. An overpressure of at least 0.6 GPa, i.e.
~186% of the local lithostatic load, would be needed to stabilize aragonite instead of calcite
phenocrysts close to the solidus of the carbonated alkali basalt that underplated the ~26-km-thick
crust (Fig. 4).

The origin of calcic carbonatite is not fully understood. Its association with alkaline
silicate igneous complexes (Harmer 1999; Woolley and Kjarsgaard 2008) and rifted regions
(Harmer and Gittins 1997) suggests formation by differentiation of a mantle-derived parental
melt (Bell and Simonetti 2010), although experimental work (Lee and Willey 1998b, Brooker and

Kjarsgaard 2011) has ruled out silicate-carbonate liquid immiscibility, fractionation, or direct
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partial melting of a mantle source as the mechanisms capable of generating essentially pure calcic
carbonatite liquid at any P-T. However, alkali- and Mg-poor calcic carbonatites are generated in
subduction zones by partial melting of carbonated metapelite (Thomsen and Schmidt 2008) or
metasomatised eclogite (Pyle and Haggerty 1994). Alternatively, the calcic carbonatite may form
also by reaction of dolomitic melt with the depleted upper mantle and by partial melting of the
carbonated upper mantle (Kogarko et al. 1995).

The C and O stable isotope ratios in the Hajnacka carbonatite project along the
devolatilization trend of carbonatites derived by partial melting of crustal material subducted
beneath the Pannonian basin (Demény et al. 2004, 2010; Supplementary Fig. 2); this confirms the
contamination of the basalt produced in the zone of partial melting by the carbonatite from the
metasomatised mantle wedge above the subducted slab of oceanic crust. The basalt
contamination provides an effective mechanism for overcoming the thermal barrier along the
crust-mantle boundary, and for transfer of the subduction-related carbonatite into superimposed
intra-continental rift magmatic assemblages.
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Figure Captions

Figure 1. a) Carbonated syenite xenolith in a basalt bomb embedded in welded tuff breccia.
b) Back-scattered electron image of carbonated syenite xenolith (HA-8) showing calcitic matrix
(Cal) with dispersed aragonite crystals (Arg) interstitial to potassium feldspar (Kfs) with
inclusions of ilmenite (Ilm) and hercynite (Sp). Note aragonite crystals growing directly on
corroded feldspar in the lower right part of the photomicrograph. ) Plane-polarized transmitted
light image of carbonatite xenolith (HA-9) showing the contact between bladed aragonite crystals
(Arg) and polygonal calcite matrix with a fibrous microtexture (Cal).

Figure 2. False-color X-ray maps of aragonite crystals within the calcitic matrix of
carbonatite HA-9 (a-C), and carbonated syenite HA-8 (d). Preferential partitioning of Sr in the
aragonite, competitive behavior of Mg and P in the calcite, and bending of the calcite fibers
around the aragonite crystals reminiscent of a fluvial magmatic texture are observed.

Figure 3. False-color map of Raman intensities between 600 and 1200 cm™ reveals growth
zoning of aragonite, and the patchy domain texture of the associated calcitic matrix (see Figure
1¢ for comparison). Low-resolution (1.2 cm/pixel) spectra in the insets correspond to the places
marked by arrows and open circles in the Raman maps.

Figure 4. Phase diagram of the CaO-H,0-CO, system (Wyllie and Boettcher 1969) plotted
onto geophysical boundaries and mantle geotherm of the northern Pannonian lithosphere

(Dérerova et al. 2006), and stability field of carbonatite (diagonally striped area) mobilized from

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.4410 9/10

277  subducted oceanic crust (Thomsen and Schmidt 2008). Abbreviations: Arg — aragonite, Cal —

278  calcite.
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