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Carbonate-rich dyke in Roztoky Intrusive Complex – an evidence for 
carbonatite magmatism in the Eger Rift?
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The possible presence of carbonatites in the Eger Rift (NW Bohemian Massif, Czech Republic) has been debated for 
several decades without any apparent resolution. Here, we document an almost 2 m thick dyke of a silicocarbonatite 
(23 wt. % SiO2, 27 wt. % CO2) in the R2 (Roztoky nad Labem) drilling at the depth of 152.9–154.8 m. Despite the 
fact that the silicocarbonatite is associated with alkaline intrusive complex, its content of alkalis is rather low (Na2O + 
K2O = 2.5 wt. %), as are REE (ΣREE = 82.6 ppm). The stable isotope signature (δ18O = 7.43 ‰, δ13C = −2.46 ‰) of 
this rock is distinct from surrounding sedimentary rocks, while it can be compared with C–O isotope systematics of 
some carbonatites in the world which probably sourced carbonates from older subduction events. The Sr–Nd isotope 
composition (87Sr/86Sr30 ~ 0.7062; 143Nd/144Nd30 ~ 0.51205) points to an enriched reservoir without known counterparts 
among alkaline rocks from the Eger Rift, perhaps a lithospheric mantle modified in course of the Variscan subduction. 
The position of the R2 silicocarbonatite in the Sr–Nd space may indicate a continuum of enriched radiogenic isotope 
systematics in worldwide carbonatite occurrences.
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dolomite occurs in the alkaline dyke from the Ralsko 
Hill, NE Bohemia (Ulrych et al. 1997). Primary carbonate 
in a metasomatized harzburgite xenolith was described 
by Frýda and Vokurka (1995) from the České Středohoří 
Volcanic Complex.

Here, we report on the presence of a silicocarbonatite 
dyke in the Roztoky Intrusive Complex, the axial and 
chemically most evolved part of the České Středohoří 
Volcanic Complex. The silicocarbonatite was drilled by 
the R-2 borehole (probably in 1968) but the core has 
never been documented in detail. Petrographic, mineral-
ogical, geochemical, and isotope analyses of the newly 
discovered dyke are provided, opening questions on the 
genesis of this unusual rock and its relation to the evolu-
tion of mantle-derived intra-plate alkaline magmas. 

2.	Geological setting

Two large alkaline volcanic complexes are located in the 
SW–NE trending Ohře/Eger Rift: the České Středohoří 
Volcanic Complex (CSVC) in the northeast (Ulrych et 
al. 2002) and the Doupovské hory Volcanic Complex 
(DHVC) in the southwest (Holub et al. 2010). Both units 
have a central evolved alkaline intrusion: (a) Roztoky 
Intrusive Complex (RIC) in the centre of the CSVC, well 
exposed due to deep erosion of the Labe (Elbe) River 

1.	Introduction

Intraplate silicate alkaline magmatism commonly in-
volves carbonatites of various types (e.g., Le Bas 1977; 
Wooley and Kjarsgaard 2008; Chen and Simonetti 2013; 
Stoppa and Schiazza 2013; Ackerman et al. 2017), al-
though the nature of this relationship remains elusive. 
Extensive alkaline magmatism was associated with 
Cenozoic extension in Central and Western Europe 
(Wimmenauer 1974; Wilson and Downes 2006; Lustrino 
and Wilson 2007), including the Ohře/Eger Rift in the 
Bohemian Massif during the Oligocene and Miocene 
(e.g., Cajz et al. 1999, 2009; Holub et al. 2010; Ulrych 
et al. 2011). 

Whereas carbonatites were documented in association 
with Cenozoic alkaline complexes in Western Europe 
(Kaiserstuhl, Delitzsch, Hegau, Laacher See, Auf Dickel, 
Chabrieres, Calatrava; Wooley and Kjarsgaard 2008), evi-
dence for carbonatites in the Bohemian Massif has been 
only indirect so far. For example, Kopecký (1987–88) 
reported on the presence of fenites and the involvement 
of carbonatite-related metasomatism was proposed for the 
alkaline intrusive centre in the Doupovské hory Volcanic 
Complex (Holub et al. 2010). Abundant carbonates of 
presumably magmatic origin were also described from 
Late Cretaceous to Early Paleogene alkaline ultramafic 
lamprophyres (Ulrych et al. 1993, 2014), and magmatic 
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(Ulrych et al. 1983; Ulrych 1998; Ulrych and Balogh 
2000; Skála et al. 2014), and (b) the Doupov Intrusive 
Complex (DIC) in the centre of DHVC, with only the 
apical part exposed due to limited erosion (Haloda et al. 
2010; Holub et al. 2010). The Loučná–Oberwiesenthal 
Intrusive Centre  located on the Krušné hory/Erzgebirge 
shoulder of the Ohře/Eger Rift lacks the accompanying 
extrusive alkaline rocks (Ulrych et al. 2005).

The Roztoky Intrusive Complex (Fig. 1) is considered 
the main feeding and intrusive centre of the CSVC. Evo-
lution of the CSVC lasted from the Late Eocene until the 
Late Miocene and its eruptive products represent a se-
quence of four formations: (Cajz et al. 1999, 2009; Ulrych 
et al. 2002): basanitic Ústí Fm. (36.1–25.5 Ma), trachy-
basaltic Děčín Fm. (30.8–24.7 Ma), basanitic Dobrná Fm. 
(24.0–19.3 Ma), and basanitic Štrbice Fm. (13.9–9.0 Ma). 
The rocks of the RIC (33.1–25.6 Ma, bulk-rocks, K–Ar; 
Ulrych and Balogh 2000; Ulrych et al. 2011) most likely 
are intrusive counterparts of the trachybasaltic Děčín Fm.

The RIC was emplaced into an elliptical (3 × 1.5 km), 
SW–NE elongated caldera filled with trachytic breccia 
and also intruded wider surroundings, up to 5 km from 
the central caldera (Skála et al. 2014). The trachytic 
breccia in the caldera fill is penetrated by numerous tra-
chytic, phonolitic and tinguaitic dykes and plugs (Fig. 1). 
Hypabyssal intrusions of monzodiorite, essexite, sodalite 
syenite as well as a radial dike swarm of lamprophyres 
and felsic differentiates occur in a close proximity to the 
centre (Ulrych et al. 1983; Jelínek et al. 1989; Ulrych 
1998). The geometry of the essexite and monzodiorite 
intrusions was reconstructed on the basis of a geophysi-
cal survey (Mrlina and Cajz 2006) which suggested the 
existence of a single deep body with several protrusions 
closer to the surface. The monzodiorite intrusion at Ro-
ztoky is cross-cut by hydrothermal carbonate veins with 
Pb–Zn–Cu(–Ag–Te) mineralization (Pivec et al. 1998).

The drilling R2 was located in the central part of the 
RIC and started in large xenoliths of metamorphosed and 
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metasomatized Cretaceous sediments (Kopecký 2010) 
forming the roof of the intrusion. Deeper, the drilling 
reached carbonatized trachytes and trachytic breccias 
penetrated by a dyke of a silicocarbonatite at the depth 
of 152.9–154.8 m.

3.	Methods

Two samples were collected from the R2 drill-core. 
The R2/154.0 sample represents the carbonatite brec-
cia with pyrite-rich dykelets (depth 152.9–154.35 m). 
The R2/154.4 sample constitutes an apparently coherent 
silicocarbonatite (depth 154.35–154.8 m). Both samples 
were thin-sectioned, studied under petrographical mi-
croscope and analysed with an electron microprobe. The 
X-ray diffraction, bulk-rock major element, trace element 
and Sr–Nd–Pb–C–O isotope analyses were obtained on 
sample R2/154.4. All analytical procedures were car-
ried out at the Czech Geological Survey. Analytical data 
were processed using the GCDkit software (Janoušek et 
al. 2006).

3.1.	X-ray diffraction

The powder X-ray diffraction analysis was performed 
to identify the mineral phases. The raw data were col-
lected in a conventional Bragg–Brentano geometry on 
the Bruker D8 Advance diffractometer equipped with 
Lynx Eye XE detector. The CuKα radiation was used. To 
minimize the background, the sample was placed on a 
flat low-background silicon wafer. Data were acquired 
in the angular range 4–80° 2Θ, with a step interval of 
0.015°. Automatic divergence slit (ADS 10 mm) was 
used. The quantitative phase analysis of the sample was 
performed using the Rietveld method (Young 2000) in 
the Topas program (Bruker 2014). The structure models 
used in the refinement were as follows: calcite (Markgraf 
and Reeder 1985), quartz (Le Page and Donnay 1976), 
dolomite (Reeder and Dollase 1989), albite (Ferguson et 
al. 1958), kaolinite (Bish and Von Dreele 1989), pyrite 
(Finklea et al. 1976) and phlogopite (Rayner 1974). The 
March–Dollase correction for the preferred orientation 
was applied; the [001] direction was used for phlogopite, 
kaolinite and albite, and the [104] direction for calcite 
and Fe-bearing dolomite.

3.2.	Whole-rock major and trace element 
chemistry

The major element contents were determined by the 
conventional wet analysis, following the methodology 
described in Dempírová et al. (2010). The sample was 
dissolved in the first step using HF + HNO3 + H2SO4 at 

220 °C (determination of SiO2), and in the second step 
in a HCl + H2SO4 mixture (remaining oxides). Trace ele-
ment concentrations were acquired for the bulk sample, 
leached carbonate fraction (sample treated by cold 
2.5M HCl for 10 minutes in an ultrasonic bath) and a 
non-carbonate residue using an Agilent 7900x ICP-MS. 
Reference rocks BHVO-2, COQ-1 and JSy-1 were ana-
lyzed together with unknown samples. Their values were 
consistent with published data to within ±10 % for most 
elements (Jochum et al. 2005).

3.3.	Mineral chemistry and X-ray elemental 
mapping

The quantitative chemical analyses of individual mineral 
phases were conducted on a Tescan MIRA 3GMU elec-
tron microprobe fitted with SDD X-Max 80 mm2 EDS 
detector and AZtecEnergy software (Oxford Instruments). 
Point analyses, and the area analyses of selected miner-
als and parts of the sample were acquired individually, 
using the following conditions: accelerating voltage 
15 kV, working distance 15 mm, 3 nA probe current, 30 s 
acquisition time. Mineral set of standards (SPI) was used 
for standardization. Representative proportions of MgO, 
CaO and FeO were integrated from X-ray elemental maps 
with 0.5 μm step.

3.4.	Radiogenic isotopes (Sr–Nd–Pb)

For Sr–Nd–Pb isotope analysis, two aliquots of the 
powdered sample (~0.5 g each) were leached in 40 ml 
of 2.5N HCl for 10 min in ultrasonic bath to dissolve the 
carbonate phase. Residual silicate phases were removed 
by centrifugation and dissolved in the mixture of concen-
trated HF and HNO3. The final solution of the bulk-rock 
sample was then recombined from the dissolved carbon-
ate and silicate portions; carbonate and silicate fractions 
from the second aliquot were treated separately. 

Cation-exchange column chemistry (BioRad AG50W-
X8, 200–400 mesh) was employed to isolate Sr from 
the REE fraction. Strontium and Pb fractions were then 
cleaned using Sr.spec resin whereas Nd was isolated from 
the other REE using Ln.spec resin (Pin et al. 2014).

The Sr–Nd isotope compositions were analysed us-
ing Thermo Fisher Neptune MC-ICPMS. The external 
precision was established by repeat measurements of 
the international reference standards [NBS987: 87Sr/86Sr 
= 0.710300 ± 46 (2σ, n = 48); JNdi-1: 143Nd/144Nd = 
0.512081 ± 14 (2σ, n = 32)]; results were re-normalized to 
87Sr/86Sr = 0.71024 and 143Nd/144Nd = 0.512115 (Jochum 
et al. 2005). The Nd isotope compositions were verified 
using a Thermo Fisher Triton Plus thermal ionization 
mass spectrometer in static mode; identical mass bias 



Vladislav Rapprich, Yulia V. Kochergina, Tomáš Magna, František Laufek, Patricie Halodová, František Bůzek

124

frequent late open cracks filled with hydrothermal 
calcite and dolomite. 

The lower facies (154.35–154.8 m; sample R2/154.4 
m) is light in colour and appears macroscopically 
homogeneous. However, inhomogeneous texture be-
comes apparent at the thin-section scale (Fig. 2b–c). 
Three different sub-facies were distinguished, based on 
variations in mineral proportions, geometry and tex-
tures: (1) the dolomite-rich (D-type), (2) the silicate-rich  
(S-type) and (3) the pyrite-rich (P-type). The character-
istic features of all three types are summarized in Tab. 
1. This facies does not contain any open cracks or joints 
filled with idiomorphic crystals resulting from hydrother-
mal precipitation (Chakhmouradian et al. 2016), or any 
heterogenic fragments (alkaline rocks or xenoliths), all 
of which would indicate explosive, or kinetic brecciating 
of solidified rock. 

The dolomite-rich (D-type) silicocarbonatite forms 
angular fragments 1–3 mm in diameter. Among the 
dolomite-rich silico-carbonate fragments, two different 
varieties can be distinguished (D1 and D2, Fig. 2b–c). 
The D1 variety is silicate-poor (up to 10 vol. % silicate 
phases) with accessory pyrite. The individual crystals 
of carbonates reach up to 0.2 mm in diameter, but their 
boundaries are irregular and rugged. The carbonates 
contain frequent dispersed inclusions of K-feldspar, oli-
goclase (An16–An28), diopside, phlogopite, fluorapatite, 
quartz, titanite, rutile, celestine, Ba-celestine and gypsum 
(Fig. 2d). The surrounding silicates (quartz, oligoclase 
and kaolinized K-feldspar) are skeletally intergrowing 
with carbonates. The D2 variety is more silicate-rich 
(30–40 vol. % silicate phases) and finer grained (Fig. 2c) 
with intimate intergrowths of silicates (quartz, albite An06, 
kaolinized K-feldspar) with carbonates. The carbonates 
form larger crystals (up to 0.05 mm) compared to silicates 
(< 0.02 mm). 

The D-type fragments are enclosed in a network of 
silicate-rich (S-type) silicocarbonatite dykelets ~0.2–0.5 
mm thick (Fig. 2b–c). The S-type is characterised by 
larger amounts of silicates (up to 55 vol. %); it is very 
fine-grained with intimate intergrowths of silicates and 
carbonates (Fig. 3), where none of the minerals has au-
tomorphic crystal shapes.

Locally, isolated, up to 1.5 mm wide dykelets of 
coarser-grained pyrite-bearing silicocarbonatite (P-type) 
occur (Figs 2e–f, 3). Idiomorphic phenocrysts of pyrite 
(5 vol. %; up to 0.15 mm) are enclosed in an aggregate 
dominated by relatively coarse-grained carbonate (indi-
vidual crystals up to 0.4 mm) with variable amounts of 
silicates (up to 50 vol. %). Even these large carbonate 
crystals intergrowing with surrounding silicates have 
irregular rugged boundaries. The pyrite phenocrysts 
contain apatite inclusions, and the surrounding carbonate 
encloses microcrysts of zircon and rutile.

correction as above (JNdi-1: 143Nd/144Nd = 0.512099 ± 6; 
2σ, n = 19) was applied. 

The initial Sr–Nd ratios were calculated using the fol-
lowing decay constants: λ87Rb = 1.42 × 10–11 y–1 (Steiger 
and Jäger 1977) and λ147Sm = 6.54 × 10–12 y–1 (Lugmair 
and Marti 1978). The ɛNd values were calculated using 
147Sm/144NdCHUR = 0.1967 and 143Nd/144NdCHUR = 0.512638 
(Jacobsen and Wasserburg 1980; CHUR: Chondritic 
Uniform Reservoir).

Lead was separated using Sr.spec resin and Pb fraction 
was collected with 6M HCl. Samples were diluted with 
2% HNO3 and spiked with the NIST SRM 997 Tl (~20 
ppb Tl at 100 ppb Pb). Isotope analyses were made with 
a Neptune MC-ICPMS. Total procedural blanks were ~66 
pg Nd and ~25 pg Pb.

3.5.	Stable isotopes (C–O)

Selective leaching of a bulk sample of R2 silicocarbon-
atite was applied to acquire δ13C and δ18O values for the 
carbonate fraction following the methodology of McCrea 
(1950). In brief, H3PO4 with K2Cr2O7 was administered 
to the sample powder, and reacted at room temperature 
under vacuum for 24 hours (calcite) and 72 hours (do-
lomite). The measurements were performed using a dual 
inlet Delta V Advantage mass spectrometer (Thermo 
Fisher). The results for C and O are presented relative to 
V-PDB and V-SMOW reference materials, respectively, 
with the total analytical error of < 0.1 ‰ (2σ). Due to dif-
ferent acid fractionation factors for calcite and dolomite, 
the δ18O value for dolomite was corrected by −0.84 ‰ 
(Becker and Clayton 1976; Kim et al. 2015).

4.	Results

4.1.	Petrography

The silicocarbonatite dyke with the total thickness of 
1.9 m in the drill section has two macroscopically distinct 
facies: (i) a brecciated upper section, and (ii) a macro-
scopically homogeneous lower section. 

The upper section (152.9–154.35 m; sample 
R2/154.0 m) is characterised by a macroscopically vis-
ible brecciated texture. The breccia consists of angular 
jig-saw-fitting fragments of a whitish to yellowish 
carbonate-rich rock healed by another generation of a 
similar rock. In its lower part (153.9–154.35 m) this 
facies contains frequent 1–5 mm thick darker bands 
(Fig. 2a) with abundant aggregates of radially arranged 
fibre-shaped magnetite, possibly replacing the original 
pyrite. The set of bands is displaced by frequent sub-
vertical fractures (Fig. 2a). The conspicuously brec-
ciated part of the silicocarbonatite dyke also contains 
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The carbonates in all described types consist of mix-
tures of calcite and Fe-bearing dolomite (Tab. 1; Fig. 3). 
The small domains (~20 μm) of dolomite are randomly 
distributed throughout the prevailing calcite. The shape of 
such domains is irregular and diffuse (Fig. 3), not respect-
ing any crystal structure (oscillatory zoning of growing 
crystal, immiscibility lamellae, etc.).

The textures of D-, S- and P-type silicocarbonatites 
with intimate intergrowths of silicates and carbonates 
and dispersed diffused micrometre-scale domains of do-
lomite in calcite stands in contrast with the structure of 
idiomorphic carbonate crystals with well-defined growth 
zones observed in late hydrothermal veins filling the open 
cracks in the breccia facies.

4.2.	Mineralogy

The quantitative XRD phase analysis (calcite, quartz, Fe-
bearing dolomite, albite, kaolinite, pyrite and phlogopite) 
confirmed the petrographical observations showing that 

the studied dyke is dominated by calcite (54.6 wt. %) 
and Fe-bearing dolomite (20.1 wt. %). The predominant 
silicate phases are quartz (10.0 wt. %), sodic plagioclase 
(9.8 wt. %), kaolinite (2.5 wt. %), phlogopite (2.5 wt. %), 
and pyrite (0.5 wt. %).

The bimodal chemical composition of carbonates was 
detected by microprobe analysis. Calcite has uniform 
composition with a low proportion of magnesite, rhodo-
chrosite and siderite admixtures (in total < 6.2 mol. %; 
Fig. 4). Dolomite displays a wider compositional range 
with the sum of rhodochrosite and siderite proportions 
varying between 11 and 16 mol. % (Fig. 4). The composi-
tion of sodic plagioclase varies from oligoclase to albite 
(An06 to An28), but the chemistry of K-feldspar could not 
be constrained due to kaolinization. Several grains of 
intact K-feldspar were found only as inclusions in car-
bonates or in the upper brecciated part, where the fluids 
could escape rapidly without altering the cooling rock. 
The mafic minerals are represented by Mg-rich members 
such as diopside (Mg = 0.7–0.8 apfu; Ca = 0.97–1 apfu), 
and phlogopite (Mg = 2.35 apfu). Accessory Ba–Sr sul-
phates (barite–celestine) with up to 15 wt. % BaO were 
found in carbonates.

4.3.	Bulk-rock geochemistry

Major and trace elements were determined in a bulk-
rock sample. In parallel, trace element analysis was also 
performed for the acid-leached carbonate fraction (here-
after referred to as CF) and the non-carbonate residuum 
(NCF). The results of the analyses are listed in Tabs 2 and 
3. The bulk rock contains 22.8 wt. % SiO2 and 7.6 wt. % 
Al2O3 with rather low concentrations of alkalis (Na2O + 
K2O = 2.5 wt. %). In the Hamilton’s diagram (Hamilton 
et al. 1979) the rock plots on the carbonate/silicate liquid 
field boundary (Fig. 5).

Most elements are carried by the carbonate fraction, 
except the alkalis (Li, Rb, Cs), Th, U and high-field-
strength elements (HFSE: Zr, Hf, Nb, Ta) (Fig. 6a). In 
particular, HFSE show extreme depletions in the CF. The 
low REE content (ΣREE = 82.6 ppm in bulk sample) is 

D1 S

P

D2

calcite

dolomite

quartz

kaolinite

pyrite

1 mm

Fig. 3 Areal mapping scan of the sample R2/154.4 showing variabili-
ties in texture and mineral proportions among defined types (see also 
Tab. 1): D1 – dolomite-rich variety with less silicates, D2 – dolomite-
-rich variety with more silicates, S – silicates-rich, P – pyrite bearing.

Tab. 1 Petrological characteristics of three types of silicocarbonatites, and inferred temperatures of carbonate magma crystallization (calculated 
according to Rice 1977)

D-type P-type S-type
Characteristics Dolomite-rich Pyrite-bearing Silicate-rich
Form Clasts Isolated dykelets Branched dykelets

Silicates (vol.%) D1: <10 (D1) 
D2: 30–40 <50 52–55 

Dolomite (% of carbonates) 28.0 33.5 38.0
Pyrite (vol. %) Traces 3–5 Absent
Mg# 62 61 47
Ca# 84 80 80

TRice (°C) D1: 780–800;  
D2: 700–800 720–800 660–800
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dominated by the CF (ΣREE = 208 ppm), whereas the 
NCF has only 17 ppm REE. The chondrite-normalized 
(Anders and Grevesse 1989) REE patterns are plotted in 
Fig. 6b. All three sub-samples show subparallel LREE 
segments (LaN/SmN = 3.9–4.1) but the degree of LREE/
HREE fractionation differs for bulk sample and carbon-
ate (LaN/YbN of 11.5 and 14.2, respectively) versus non-
carbonate fraction (LaN/YbN = 3.3), likely as a result of 
somewhat decreased middle REE (Sm–Gd) concentra-

tions in the NCF (Fig. 6b). The moderate depletion in Eu 
is apparent for all aliquots (Eu/Eu* = 0.71–0.78). 

The distribution of incompatible trace elements be-
tween CF and NCF observed in this study (Fig. 6) is 
not a general feature of all carbonatites. For example, 
the complementary behaviour of HFSE in carbonate and 
non-carbonate fractions such as found in this study, i.e. 
troughs in carbonates and enrichments in non-carbonate 
fractions, is similar to that reported for some carbonatites 
from Uganda and Malawi (Bizimis et al. 2003) as well as 
to experimental results (e.g., Veksler et al. 1998). On the 
other hand, some other carbonatites analysed by Bizimis 
et al. (2003) showed no HFSE fractionation between 
the carbonate and non-carbonate fractions. This implies 
that carbonate fraction is not always devoid of HFSE, as 
also indicated by experimental investigations and natural 
observations (Martin et al. 2012). Interestingly, REE in 
the R2 sample from the current study are preferentially 
incorporated into carbonate, which may have important 
implications for the unmixing history of the carbonatite–
silicate melt system. The results of Veksler et al. (1998 
and discussion therein) showed some dependence of 
partitioning on pressure, temperature and chemistry; pref-
erential partitioning of REE into carbonate over silicate 
melt could indicate greater depths for the immiscibility 
to occur. However, only a future in situ analytical work 
may provide further constraints on the petrogenesis of 
the R2 silicocarbonatite.

4.4.	Radiogenic and stable isotope systematics

The results of radiogenic and stable isotope measurements 
of the R2 silicocarbonatite are listed in Tab. 4. Strontium 

Mg

Cacalcite

magnesite

dolomite

Fe+Mnsiderite

D-type

P-type

S-type

hydrothermal
vein

Ca

Fig. 4 Composition of carbonates in 
the studied rock (in molar proportions).

Tab. 2 Major-element composition of whole-rock sample R2/154.4 m 
(wt. %)

wt. % R2/154.4 m
SiO2 22.82
TiO2 0.29
Al2O3 7.56
Fe2O3 0.52
FeO 2.32
MnO 0.099
MgO 2.74
CaO 31.54
Na2O 0.92
K2O 1.58
P2O5 0.092
H2O+ 0.79
H2O− 0.39
CO2 27.02
F 0.125
S 0.765
Mg# 67.8
Ca# 0.84
Total 99.58
Mg# – molar MgO/(MgO + FeOtot)
Ca# – molar Ca/ (Ca + Fe + Mg)
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and Nd data were recast to initial values assuming the 
intrusion age of 30 Ma (Ulrych and Balogh 2000) and 
using the ICPMS concentration data. Whereas there is no 
difference between the carbonate and non-carbonate frac-
tions for 143Nd/144Nd30 outside the analytical uncertainty 
(143Nd/144Nd30 = 0.51205 for the whole-rock aliquot), the 
NCF of the R2 silicocarbonatite has slightly more radio-

genic Sr isotope signature than 
CF (87Sr/86Sr30 = 0.70622 versus 
0.70610; Fig. 7), the whole-rock 
aliquot has 87Sr/86Sr30 = 0.70615 
(Tab. 4).

All three aliquots have similar 
Pb isotope compositions (Tab. 4). 
The δ18O and δ13C values for CF 
of the R2 silicocarbonatite are 
+7.43‰ and −2.46‰, respec-
tively, falling slightly above the 
currently accepted range of the 
primary mantle carbonatites (δ18O 
= 5–8‰ and δ13C = −7 to −5‰; 
Ray and Ramesh 2006 and refer-
ences therein).

5.  Discussion

5.1.  Texture of the  
     studied rock

The presence of three types of 
silicocarbonatite (D, S and P; 
Section 4.1) suggests complex 
evolution of the Roztoky sili-
cocarbonatite. The texture of 
all three types indicates several 
phases of magmatic origin. The 
annealed texture with the ab-
sence of wall-rock fragments 
(Cretaceous sedimentary xe-
noliths and alkaline igneous 
rocks), or open cracks with late 
mineralization suggests that this 
rock does not represent brec-
cia (e.g., McPhie et al. 1993; 
Chakhmouradian et al. 2016). It 
rather originated from a continu-
ous process of melt injection – 
cooling – kinetic fragmentation 
– annealing by new portions of 
melt. Similar textures, albeit 
with larger grain-size contrasts, 
were found for carbonatites from 
Kaiserstuhl (Germany) and Keri-

masi (Tanzania), and were interpreted in terms of re-
incorporated autholiths of a disaggregated carbonatite 
cumulate (Chakhmouradian et al. 2016). The intimate 
calcite–dolomite intergrowths document further evolu-
tion through sub-solidus immiscibility re-equilibration 
(Fig. 3) commonly described from carbonatites (e.g., 
Chakhmouradian et al. 2016). These textural features 

Tab. 3 Trace-element composition of whole-rock, carbonate (CF) and non-carbonate (NCF) fractions 
and data obtained for international standards (ppm)

Bulk CF NCF BHVO-2 COQ-1 JSy-1
Li 2.92 0.89 8.06 4.50 3.83 15.6
Sc 5.67 14.1 3.31 31.0 2.34 0.16
V 48.4 31.4 115 313 <2 21.3
Cr 33.1 24.4 78.4 281 3.94 1.63
Co 4.37 8.72 4.52 42.2 2.87 0.02
Ni 23.5 35.6 33.3 147 0.56 0.20
Cu 0.31 <0.1 1.28 123 <0.1 <0.1
Zn 27.1 57.9 26.4 103 185 1.56
Ga 8.15 2.17 22.4 20.5 24.3 21.7
Rb 24.8 9.81 133 10.3 11.9 59.6
Sr 336 917 110 376 11333 18.9
Y 10.6 28.2 4.40 25.1 82.3 2.47
Zr 31.4 6.47 84.5 118 22.7 33.3
Nb 5.71 0.31 16.4 19.0 4265 0.24
Cd 0.056 0.059 0.10 0.14 0.55 0.024
Cs 1.89 1.40 4.49 0.12 0.27 0.70
Ba 32.0 29.6 71.5 134 1095 14.9
La 17.4 44.0 3.33 15.5 826 1.62
Ce 34.7 89.9 6.81 38.6 1860 3.31
Pr 4.14 10.9 0.72 5.70 164 0.38
Nd 15.0 37.1 2.54 25.2 480 1.37
Sm 2.82 6.83 0.51 6.30 59.2 0.29
Eu 0.63 1.56 0.14 2.15 19.5 0.15
Gd 2.58 6.47 0.54 6.35 53.4 0.30
Tb 0.36 0.88 0.10 0.98 9.01 0.058
Dy 2.03 4.59 0.73 5.40 13.8 0.38
Ho 0.41 0.92 0.19 1.05 7.45 0.095
Er 1.17 2.48 0.61 2.70 12.2 0.34
Tm 0.16 0.35 0.10 0.35 4.67 0.057
Yb 1.05 2.14 0.69 2.10 8.06 0.43
Lu 0.16 0.32 0.11 0.30 4.30 0.075
Hf 1.18 0.16 3.22 5.33 0.56 0.94
Ta 0.39 0.01 1.17 1.77 45.6 0.12
W 0.77 0.17 2.02 0.30 2.17 0.058
Tl 0.41 0.09 1.11 0.017 0.25 0.65
Pb 1.58 3.63 1.30 1.58 3.84 4.83
Th 4.07 7.12 6.10 3.56 1.41 0.54
U 0.88 0.70 2.10 0.43 9.70 0.13
Zr/Hf 26.8 39.9 26.3
Nb/Ta 14.6 53.2 14.1
Th/U 4.61 10.21 2.90
LaN/SmN 3.87 4.04 4.10
LaN/YbN 11.5 14.2 3.33
Eu/Eu* 0.71 0.71 0.78
Eu/Eu* is defined as chondrite-normalized Eu/√(Sm×Gd); normalization values are from Anders and 
Grevesse (1989)
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related to gradual cooling and coupled with the overall 
carbonatitic mineralogy clearly indicate the magmatic 
origin of the studied dyke. The dolomite-rich silicate-
poor type with accessory pyrite (D1), present in the form 
of autholiths with the lowest content of silicates and the 
highest Mg# (62; Tab. 1), appears to represent the paren-
tal batch. The pyrite-free (D2) and pyrite-rich (P) types 
were most likely derived from the primary (D1) type by 
gravitational settling of pyrite from a melt. The late-stage 
interaction resulted in formation of the early-crystallized 
mixed D–P silicocarbonatite au-
tholiths enclosed by the silicate-
rich (S-type) silicocarbonatite 
(Fig. 2b, Fig. 3). 

The “pseudobreccia” tex-
tures may commonly reflect a 
non-homogeneous alteration 
with “clasts” of the fresh rock 
enclosed in “matrix” of the al-
teration product (McPhie et al. 
1993). Such a process may ex-
plain the high content of quartz, 
with different proportions in 
individual types. On the other 
hand, the quartz is present in all 
types of silicocarbonatite with 
approximately the same grain 
size (Figs 2 and 3). The distri-
bution of quartz does not follow 

any preferential zones (inhomogeneities or cracks) and 
quartz/carbonate intergrowth textures are always sharply 
cut-off on boundaries of individual types.

We observed neither alteration fronts, which can be 
seen in other parts of the drilling (e.g., carbonatized 
trachytes, carbonatized sandstones), nor any leaching 
haloes, well developed in other altered rocks of the R2 
drilling. The alteration is also evoked by the presence 
of pyrite. Pyrite obviously is of secondary origin in the 
breccia facies, where it is strongly concentrated along the 

Na O+K O2 2

SiO +Al O +TiO2 2 3 2
CaO+MgO+FeOtot

Silicate
liquid

CO undersaturated

solvus
2

C saturated

solvus

O2

evolved
nephelinites

alkaline
basalts

immiscible
carbonatites

1200 °C, 1.0 GPa

1275 °C, 1.5 GPa

Carbonate liquid

e
f

RIC alkaline rocks

R2 silicocarbonatite

Fig. 5 Bulk-rock major oxide com-
position (R2/154.4 sample as filled 
circle) in the Hamilton’s projection 
(Hamilton et al. 1979) illustrating the 
silicate–carbonate liquid miscibility 
gap and a possible melting path of a 
carbonated peridotite (the grey arrow 
from the area of immiscible carbona-
tite to alkali basalts to evolved nephe-
linites), projected from CO2 (after Lee 
and Wyllie 1997; Tappe et al. 2006). 
The e–f arrow shows the silicate-car-
bonate liquidus field boundary (after 
Lee and Wyllie 1997). The 1.0 GPa 
solvus is from Lee and Wyllie (1997), 
and the 1.5 GPa solvus from Brooker 
(1998). Silicate rocks data from RIC 
(Skála et al. 2014, open circles) are 
shown for comparison.

Tab. 4 Isotope compositions of Sr, Nd and Pb in the R2 silicocarbonatite: whole-rock, carbonate (CF) 
and non-carbonate (NCF) fractions

Bulk CF NCF
87Sr/86Sr 0.706238 ± 09 0.706113 ± 12 0.707716 ± 15
87Sr/86Sr30 0.70615 0.70610 0.70622
143Nd/144Nd 0.512067 ± 05 0.512069 ± 05 0.512071 ± 17
143Nd/144Nd30 0.512045 0.512047 0.512047
εNd30 −10.8 −10.8 −10.7
replicate TIMS 0.512041 ± 9 0.512060 ± 9
206Pb/204Pb 18.982 ± 02 18.839 ± 29 19.202 ± 05
207Pb/204Pb 15.630 ± 17 15.548 ± 26 15.654 ± 08
208Pb/204Pb 38.979 ± 04 38.772 ± 58 39.092 ± 26
δ13CV-PDB
replicate

−2.46 ± 0.04
−2.45 ± 0.04

δ18OV-SMOW
replicate

7.43 ± 0.07
7.43 ± 0.07

Analytical uncertainty of Sr, Nd, Pb isotope ratios is expressed as two standard errors of the mean 
(2SE(M)), for δ13CV-PDB and δ18OV-SMOW as two standard deviations (2 sd)
subscripts ‘30’ indicate age-corrected isotope ratios
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cracks (Fig. 2a), although it has been later hematitized. 
In the coherent facies, pyrite is not distributed randomly, 
or along inhomogeneities, but mostly concentrated in the 
coarser-grained P-type silicocarbonatite (Figs 2e–f).

5.2.	Bulk-rock chemistry

The carbonatitic magmas could be generated by (i) partial 
melting of a mantle peridotite or eclogite, (ii) fractional 
crystallization from parental alkaline silicate magmas, 
or (iii) liquid immiscibility (Wyllie and Tuttle 1960; Le 

Bas 1977; Bell and Keller 1995). Lee and Wyllie (1997) 
concluded that most carbonatite magmas are derived from 
parental carbonated silicate melts by fractional crystal-
lization at crustal levels. These authors pointed out that 
the carbonate liquidus represents the ‘forbidden zone’ 
in phase diagrams for initially CO2-rich silicate liquids 
(Hamilton et al. 1979; Fig. 5). Derivative magmas can 
precipitate carbonates only along the defined silicate–car-
bonate boundaries in the Hamilton’s projection (Lee and 
Wyllie 1997). As shown in Fig. 5, the composition of R2 
silicocarbonatite corresponds to the silicate–carbonate 

field boundary, where carbon-
ate co-precipitated, indicating 
that R2 silicocarbonatite should 
be magmatic in origin. It could 
also be classified as ‘primary 
carbonatite’ on the basis of its 
high Mg# [molar MgO/(MgO 
+ FeOtot) = 67.8]. According to 
Eggler (1989), primary carbon-
atite magmas should have Mg# 
> 64. We note here, however, 
that this value is much lower 
than that of average Mg-carbon-
atites with Mg# = 0.81 ± 0.08 
(Litasov and Ohtani 2009). 

Relatively high Mg# of R2 
silicocarbonatite is in contrast 
with the presence of quartz 
and albite, suggesting that its 
parental melt should have been 
likely derived from extremely 
fractionated alkaline magma 
(alkali syenite). Hammouda 
(2003) suggested on the basis 
of experiments with carbonated 
eclogite at 5–10 GPa that Ca-
rich carbonatites [Ca# = mo-
lar Ca/(Ca + Fe + Mg) ~0.80] 
are related to subduction and 
partial melting of carbonated 
eclogites. In contrast, Litasov 
and Ohtani (2009) concluded 
that carbonatites produced by 
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ples from the Roztoky Intrusive Com-
plex (RIC) (from Skála et al. 2014).
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melting of carbonated peridotites have moderate Ca# 
values (0.3–0.5). The R2 silicocarbonatite has Ca# = 
0.87, compatible with the former scenario. However, the 
original Ca# could be obscured by polyphase evolution of 
the studied rock (Fig. 3).The magmatic origin of the R2 
silicocarbonatite is further supported by the calcite–do-
lomite thermometer (Rice 1977) yielding temperatures of 
carbonatite formation between 660 and 800 °C (Tab. 1). 
These values correspond to mantle conditions, where 
Mg-rich calcite, dolomite, and magnesite are known to 
be stable (Kraft et al. 1991). 

The REE pattern of the CF of R2/154.4 mimics that 
of alkaline rocks of the Roztoky Intrusive Complex 
investigated by Skála et al. (2014; Fig. 6b). The overall 
low REE content in comparison with most carbonatites 
worldwide (Jones et al. 2013) probably reflects their low 
abundance in the carbonatite source; rather low total 
REE contents of c. 80 ppm were also reported from other 
intrusive carbonatites (e.g., Chakhmouradian et al. 2016). 
Thorium/uranium, Zr/Hf and Nb/Ta ratios are elevated in 
the CF over the NCF (Tab. 3) and common mantle values, 
which is consistent with their general behaviour in such 
systems (Bizimis et al. 2003; Chakhmouradian 2006).

5.3.	Radiogenic and stable isotope  
composition

The initial Sr–Nd isotope compositions of the three 
analyzed samples are almost indistinguishable (εNd30 

~ –10.8; 87Sr/86Sr30 ~0.7061–0.7062). This provides 
evidence for common origin of both fractions, again 
underscoring their magmatic origin. On the other hand, 
it differs significantly from most other carbonatite oc-
currences worldwide, which usually carry significantly 
more primitive, mantle-like Sr–Nd isotope signature 
(often between HIMU and EM-1 composition; Bell and 
Bleinkinsop 1987; Schleicher et al. 1990; Kramm 1993; 
Jones et al. 2013). 

However, even more radiogenic Sr and less radiogenic 
Nd isotope systematics than those found for R2 silico-
carbonatite have been observed for carbonatites from 
Shandong, China, which was explained by their deriva-
tion from enriched lithospheric mantle that had been 
previously modified by subduction (Ying et al. 2004). 
The Sr–Nd isotope signature of R2 is also strikingly dif-
ferent from both primitive and evolved Cenozoic alkaline 
volcanic rocks in the Bohemian Massif (e.g., Haase and 
Reno 2008; Holub et al. 2010; Ackerman et al. 2015; 
Ulrych et al. 2016; Fig. 7a). Generally, there are two 
possible explanations for the anomalous Sr–Nd isotope 
composition of the studied sample: isotopically evolved 
crust-like source, or late contamination by post-magmatic 
fluids. The latter explanation is less plausible because 
REE are not readily soluble in aqueous fluids in silicate 
and carbonate environments (Song et al. 2016). Also 
the scenario of assimilation of Cretaceous sedimentary 
country rocks can be excluded because Nd concentrations 
in these sediments vary between 3 and 7 ppm, rarely 
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up to 14 ppm (unpublished data of the authors). There-
fore, a more probable explanation for the radiogenic εNd 
signature seeks the origin of R2 silicocarbonatite in an 
isotopically evolved environment of enriched lithospheric 
mantle (e.g., Janoušek et al. 1995). 

The range of Pb isotope data for R2 silicocarbonatite 
falls between the EM1 and HIMU component (Fig. 7b). 
The Pb isotope composition of NCF is close to the com-
position of silicate rocks from the Eger Rift (Haase and 
Renno 2008; Ulrych et al. 2016) and EM2 component. 
However, the Pb isotope composition of CF is similar to 
the field of GLOSS (global subducting sediments; Plank 
and Langmuir 1998). This fact could be explained by the 
influence of recycled sedimentary material, as described 
by Yang et al. (2014) for western Tianshan.

The stable C–O isotope composition of carbonate 
fraction of the R2 silicocarbonatite is, to some extent, 
remarkable in having a relatively 13C-enriched signature 
at a given δ18O value (Fig. 8). The δ18OV-SMOW = 7.4 ‰ 
would correspond to Primary Igneous Carbonatites (PIC: 
Taylor et al. 1967). The values observed in the R2 silico-
carbonatite are less common for primary mantle-derived 
igneous carbonatites but can be associated with metaso-
matic overprints by CO2 released from a subducted slab, 
as advocated for Turiy Mys (Demény et al. 2004), for 
example. Indeed, an older subduction event (~370–350 
Ma) has been evidenced in north-western part of the Bo-
hemian Massif (Schulmann et al. 2009, 2014), thereby 
possibly introducing necessary quantities of CO2 into the 
source region of the R2 silicocarbonatite. 

Several previously published C–O isotope data from 
xenoliths in the Košťál conduit (Kopecký et al. 1984) 
and Linhorka diatreme (Mihaljevič 1988) display a clear 
mixing trend between primary igneous and sedimentary 
rocks (Fig. 8). In contrast, from Fig. 8 it follows that 
contamination by sedimentary lithologies from the Bo-
hemian Cretaceous Basin in our case is largely excluded 
given their 13C–18O-enriched signature (Uličný et al. 
2014). We note that the C–O isotope compositions of 
carbonatites from Eifel (Taylor et al. 1967; Riley et al. 
1996, 1999) and Kola Peninsula (Demény et al. 2004) 
also plot towards 13C-enriched composition, similar to the 
R2 silicocarbonatite (Fig. 8). In general, the same trend is 
followed by magmatic carbonates enclosed within several 
alkaline silicate rocks of the Bohemian Massif (Ulrych 
et al. 1997). Alternatively, the increased δ13C value (−2.5 
‰) could be interpreted in terms of CO2-rich influx. 
Such an overprint would result in loss of REE such as 
described from carbonatites in southern India (Ackerman 
et al. 2017) but shifts towards more positive δ18O would 
likely be observed.

Further studies will require application of advanced 
microanalytical techniques applicable also for isotope 
systems and focusing on individual batches at microscop-
ic scale (e.g., microdrill, laser ablation). Even though the 
present study of the newly discovered R2 silicocarbon-
atite leaves many questions open, it also holds promise 
for earning more knowledge about relation of carbonate 
and silicic melts and their country rocks in continental 
rift settings.

6.	Conclusions

•	 We report on the first direct find of carbonatite in 
central Europe, associated with Cenozoic alkaline 
magmatism, from the Roztoky Intrusive Complex 
(RIC) in Eger Rift (NW Bohemian Massif).

•	 The investigated silicocarbonatite in the R2 drill-core 
is of magmatic origin (formation temperatures 660–
800 °C), as evidenced by textures and calcite–dolomite 
thermometry.

•	 Based on the annealed inhomogeneous texture of the 
R2 silicocarbonatite, i.e., three distinct textural types, 
we propose a scenario comprising interplay of three 
batches of silicocarbonatite magma. 

•	 The presence of quartz and albite would imply a po-
ssible origin by extreme fractionation of highly diffe-
rentiated CO2-saturated alkaline magma (like alkali sy-
enites of the RIC). However, Mg# of ~68 and isotope 
ratios of Sr and Nd (87Sr/86Sr30 ~0.7062, 143Nd/144Nd30 
= 0.51205), distinct from published RIC values, rather 
point to an independent source, possibly an enriched 
lithospheric mantle beneath the NW Bohemian Massif.
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•	 The Pb isotope composition of the R2 silicocarbonatite 
is not inconsistent with the hypothesis of the origin 
from the recycled subducted sediments.

•	 The stable isotope data (δ13CV-PDB = −2.5 ‰, δ18OV-SMOW 
= 7.4 ‰) exclude a significant role of Cretaceous se-
diments in the petrogenesis of R2 silicocarbonatite.
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