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Introduction
The ultramafic alkaline lamprophyre dykes (UML) from Ebers-
bach (Lusatia) were discovered in 1995. Lösch et al. (2000) and 
Renno et al. (2000 and in press) gave the first description of the 
petrographic and geochemical features of these rocks. It was the 
first description of this rock type from the Lusatian part of the 
Bohemian Massif. Regardless of their general scarcity, these 
rocks are widespread in the wings of the Eger Rift. Similar meli-
litic rock associations represent the Zeughausgangzug (Germany) 
and the Osečná Complex (Czech Republic), and the carbonatite 
ultramafic lamprophyre complex of Delitzsch (Germany). Age 
determinations showed (Renno et al. in press), that the Lusatian 
UML can be assigned to the pre-rift series according to Ulrych 
and Pivec (1997).

The aim of this paper is to provide first data on composi-
tional variations of characteristic rock-forming minerals, such 
as phlogopite, apatite and calcite, and to reconstruct the crystal-
lization history of the UML dykes.

Geological setting

The Lusatian Granodiorite Massif (LM) consists of mostly unde-
formed Cadomian granodiorites with intrusive ages of about 
550 Ma (see Fig. 1). Widespread minor intrusions of mafic plugs 
and dyke swarms as well as rare rhyolitic bodies have been 
described from the region. Ages of these intrusions have not 
been well constrained yet. The youngest magmatic activity is 
characterized by three volcanic series of the latest Cretaceous to 
Late Neogene ages at the southern and eastern border of the LM 
associated with the Eger Rift (Ulrych and Pivec 1997).

The active quarry of Klunst in Ebersbach exploits pre-
Cretaceous microgabbro. The presence of several cross-cutting 
dyke swarms allow the study of the age relations of the individual 
dykes.

The Cadomian granodiorite was penetrated by plugs of 
ophitic microgabbro. These plugs reach several hundred me-
tres in diameter and show thermal-metamorphic effects on the 

granodiorite. The granodiorite and the gabbro plugs are inter-
sected by several dyke systems. 

The older swarm consist of three sets of basaltic dykes. Lam-
prophyre dykes cutting the basaltic dykes, represent the youngest 
dykes in the Klunst quarry. The general thickness of the dykes 
reaches several meters. Mica megacrysts are orientated parallel 
to the sharp contacts, indicating the flow direction in the dyke.

Petrography

The modal composition of the lamprophyres is variable. The most 
outstanding feature is the high amount of centimetre-sized mica 
megacrysts in thin dykes sometimes not broader than five cen-
timetres. All mica megacrysts are characterized by resorbed 
margins (Fig. 2). They show clear signs of mechanical stress 
like kink bands, opened cleavage planes, filled with carbonate 
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Fig. 1. A sketch map of the Lusatian granodiorite massif and 
the location of the Klunst quarry.
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minerals, and “fringed-out” rims. The phlogopite shows a weak 
zoning in the marginal parts, characterized by a stronger but 
not reverse pleochroism as described by Farmer and Boettcher 
(1981). Abundant clinopyroxenes also occur, showing a different 
degree of preservation. There are either fresh, having the form of 
euhedral and rarely broken crystals, or rounded and almost com-
pletely pseudomorphosed. Typical forms of the clinopyroxene 
alterations are uralitization, serpentinization and carbonatization. 
Many of the clinopyroxenes are tiny zoned in marginal parts and 
show an expressive sectorial zoning in the cores of the crystals. 
In contrast to the nearly inclusion-free micas, the pyroxenes bear 
inclusions of spinel, apatite and carbonate. No olivine crystals 
but some pseudomorphs after olivine were found. Typical feature 
of the microstructure of the lamprophyres are the ocelli, formed 
of carbonate minerals and apatite (Fig. 3). These ocelli were in-
terpreted as segregation of a carbonatitic melt from the silicate 
lamprophyric melt. The groundmass is mainly composed of car-
bonate minerals, mica, apatite, magnetite, and pyrite. In contrast 
to the mica megacrysts, the groundmass micas are euhedral, 
showing sometimes a broad zoning, and are unaltered. Strong 
alteration of the glass phase resulted in the development of a 
fine-grained assemblage of amphibole, chlorite, serpentine-like 
minerals and calcite.

The contacts of these dykes with the wall-rock are formed 
as chilled margins. These chilled margins are today recrystal-
lized, but in the form of extremely fine-grained aggregates (< 1 
μm). Euhedral magnetite, mica and apatite were identified.

In some parts of the dykes, a flow-banding texture is pro-
nounced by the parallel arrangement of mica megacrysts.

Cathodoluminescence microscopy allowed to distinguish 
two types of carbonate minerals. Carbonates in the ocelli and 

a majority of carbonates in the groundmass show clear orange 
luminescence colours. This colour is also displayed by carbon-
ate minerals in opened cleavage planes of mica megacrysts. 
Carbonates in the pseudomorphs of calcite after clinopyroxene 
and olivine have a pale yellow luminescence colour. These 
pseudomorphs are filled with a lot of very small inclusions of 
non-luminescing minerals. Apatite is concentrated in the ocelli 
and in selected parts of the groundmass. No inclusions of apa-
tite in micas were found.

Analytical methods

The characteristic cathodoluminescence (CL) features of 
carbonate minerals and apatites were investigated by CL-mi-
croscopy using a “hot cathode” CL microscope at 14 kV. The 
CL images were captured on-line by means of an adapted 
video-camera.

Analyses of the minerals were made with a JEOL JXA-
8900R electron microprobe operated with five wavelength-
dispersive spectrometers at an accelaration voltage of 20 kV 
and beam currents between 5 nA and 15 nA. We used a ZAF 
matrix correction. The problem of the fluorine diffusion during 
exposure to the electron beam (Stormer et al. 1993) was mini-
mized through the use of a low beam current (max. 8 nA) and 
by avoiding apatite sections perpendicular to the c-axis. Beam 
diameter, 10 μm on average, depended on the size of the ana-
lysed apatites. The smallest analysed crystals were not larger 
than 12 by 8 μm. The unknown amount of REE and yttrium 
affected the calculation of the occupancy of the Ca-site. The 
second problem is the estimation of the OH and CO3 contents 
in the apatites. Both components were calculated on the basis 
of ideal stoichiometry only. Especially the uncertainties in the 
fluorine, phosphorus and sulphur determinations influenced the 
calculations. A possible non-ideal stoichiometry is also able to 
affect the calculations of OH and CO3 contents.

Fig. 2. Typical appearance of ultramafic alkaline lamprophy-
res. The phlogopite megacryst in the centre shows 
resorption structures and bears a rounded core (change 
in pleochroism). The filling of a cleavage plane with 
calcite (arrows) took place after the crystallization of 
the rim. The groundmass is composed of calcite (1), opa-
que minerals (2) and pseudomorphs of calcite + serpen-
tine + chlorite after clinopyroxene (3). Plane-polarized 
light, width of photomicrograph ca. 5 mm.

Fig. 3. Typical ocellus in the UML. The ocellus is formed by 
Sr-rich calcite (1) and surrounded by euhedral ground-
mass micas. Calcite (2), opaque minerals (3) and mica 
are present in the groundmass. Crossed-polarized light, 
width of photomicrograph ca. 3 mm.
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Mineral chemistry
Calcite

Chemical analyses indicated the occurrence of two different 
calcite types. Calcite with orange luminescence colour is cha-
racterized by a noteworthy enrichment in SrO (max. 6 mol.% 
SrCO3). FeCO3, MnCO3 and MgCO3 components occur in near-
ly all analysed samples but generally do not exceed 1 mol.%. 
BaO and Na2O contents are negligible.

Pale yellow luminescing calcite is nearly pure calcite. The 
SrCO3 component generally does not exceed 1 mol.%. Some 
of the analyses included inclusions of Mg- and Si-rich phase, 
probably of serpentine mineral. Inclusion-free analyses exhi-
bited that this calcite is only slightly enriched in MgCO3 (up 
to 4 mol.%) and FeCO3 and MnCO3 (1 mol.%) components. 
The variations are illustrated in the SrCO3 vs. CaCO3 diagram 
(Fig. 4). On the other hand Ulrych et al. (1997) determined 
primary Sr-poor carbonates (0.02–0.05 wt.% Sr) from melilitic 
rocks of the Osečná Complex.

Apatite

The representative microprobe analyses and formulas of apa-
tites are presented in Table 1. We assumed an ideal stoichi-
ometry and calculated the formulas on the basis of 10 Ca-site 
(A-site) cations. The general apatite formula is A10[TO4]6(OH, 
F, Cl)2, where the A-site can be occupied by Ca2+, Sr2+, Ba2+, 
Fe2+, Mn2+, Mg2+; LREE3+, Y3+, and Na+, whereas the T-site 
stands for P5+, Si4+, C4+, and S6+. The content of C4+ is estimated 
by a difference assuming T=6. In addition, we calculated OH 
assuming (F + Cl + OH) = 2. This procedure is generally used 
for microprobe analyses according to Comodi et al. (1999) and 
Seifert et al. (2000). Other possible substitution mechanism like 
O2- for OH- (Young and Munson 1966) was disregarded.

Contents of F range between 0.3–3.8 wt.% , Cl contents are 
negligible. According to the XF / XOH ratio, both hydroxylapa-
tites (XOH > 0.5) and fluorapatites (XF > 0.5) occur in the UML. 
This distribution is shown by both apatite types from the ocelli 
and from the groundmass.

Contents of SrO are substantial (0.5–2.5 wt.%; i.e., 0.25 Sr 
apfu). The highest concentrations of other elements in the A-site 
were revealed for Na2O: 1.84 wt.% (0.62 apfu), BaO 1.84 wt.% 
(0.03 apfu), MnO: 0.12 wt.% (0.02 apfu), FeO: 1.87 wt.% 
(0.28 apfu) and MgO 0.12 wt.% (0.49 apfu).

Apatites are characterized by significant concentrations of 
SiO2 (0.03–5.68 wt.%) and SO3 (0.05–0.75 wt.%). The calcu-
lated CO3 representation reaches 0.4 apfu.

Fig. 4. Calcites plotted in CaCO3 vs. SrCO3 diagram in mol.%. 
Field I represents Sr-rich calcites formed by crystalli-
zation from the carbonatitic melt, field II represents 
Sr-poor calcites from the pseudomorphs after clinopyro-
xene. These calcites are slightly enriched in MgCO3, 
MnCO3 and FeCO3. Only uncontaminated analyses 
(SiO2 <0.3 wt.%) were plotted.

98-18-26-1 99-KL-1-3-6 99-KL-4-6-1

P2O5 36.52 39.92 39.44
SiO2 1.71 1.13 1.21
SO3 0.19 0.25 0.22
CaO 52.87 55.11 53.75
SrO 1.24 0.71 0.59
BaO 0.16 0 0.24
Na2O 0.78 0.05 0
MgO 0.18 0.13 0.15
MnO 0.01 0.02 0.04
FeO 0.35 0.27 0.25
F 2.54 0.45 0.65
Cl 0.10 0.16 0.16

Number of ions in apfu on the base of structural formula
A10 [TO4]6 (OH, F, Cl)2 

P 5.20 5.80 5.71
Si 0.28 0.21 0.21
S 0.02 0.03 0.03
Ccalc 0.49 0.00 0.06
Ca 9.52 9.84 9.84
Sr 0.12 0.10 0.06
Ba 0.01 0.00 0.02
Na 0.25 0.02 0.00
Mg 0.05 0.03 0.04
Mn 0.00 0.00 0.01
Fe 0.05 0.04 0.03

XOH 0.31 0.88 0.80
XF 0.67 0.09 0.18
XCl 0.01 0.02 0.02
XF / XOH 2.17 0.10 0.22
TSI 15.45 3.44 5.11

Tab. 1. Representative apatite compositions and structural formu-
las on the basis of the general apatite formula A10 [TO4]6 

(OH, F, Cl)2 from 3 different UML samples. TSI – tetra-
hedral substitution index after Stoppa and Liu (1995).
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Different substitution mechanisms are proposed for apatite 
in carbonatites and alkaline rocks:

P5+ + P5+ Ω (Si + C)4+ + S6+ (Hogarth, 1989)(1)
P5+ + P5+ Ω Si4+ + S6+ (Dihn and Klement, 1942)(2)
Ca2+ + P5+ Ω REE3+ + Si4+ (Comodi et al. 1999)(3)
Ca2+ + P5+ Ω S6+ + Na+ (Dihn and Klement, 1942)(4)
Sr2+ Ω Ca2+ (Comodi et al. 1999)(5)
Ca2+ + Ca2+ Ω REE3+ + Na+ (Rønsbo, 1989)(6)

The tetrahedral substitution index [TSI = 100(Si+S+C)/P] 
sensu Stoppa and Liu (1995) is a measure of the degree of sub-
stitution in the T-site. High TSI-values together with the high 

amounts of calculated C in the apatite formulas indicate that the 
dominant tetrahedral substitution mechanisms follows scheme 
(1) – see Fig. 5. But this substitution is not ideal, as shown by 
the indistinct correlation in the Ca2+ + P5+ vs. S6+ + Na+ diagram 
(see Fig. 6) and the substantial correlation between Ca and Sr. It 
can be therefore assumed that the substitution in the apatite was 
influenced by schemes (4) and (5), too.

Substitutions including REE were not justified due to the 
lack of REE data. However, the clear and homogeneous blue 
cathodoluminescence colour of apatite is – according to Kempe 
and Götze (2002) – due to activation by trace quantities of ions 
of LREE, like Ce3+ and Eu2+.

Phl 2-4 C Phl 1-1 R Phl 7-2 R-C Phl 4-1 M

SiO2 37.40 35.85 39.10 36.96
Al2O3 15.52 16.35 11.88 12.42
TiO2 5.63 4.17 2.90 4.54
Cr2O3 1.28 0.02 0.06 0.08
FeO 5.77 6.37 17.06 16.81
MgO 19.34 20.67 15.57 14.45
MnO 0.02 0.04 0.09 0.03
BaO 0.62 1.69 0.21 0.35
CaO 0.03 0.05 0.17 0.36
Na2O 0.29 0.34 0.53 0.07
K2O 9.93 9.48 8.81 9.43
F 0.15 0.11 b.d.l. b.d.l.
Cl 0.02 b.d.l. 0.03 0.01
H2Ocalc 4.06 4.89 3.58 4.48

Total 95.94 95.11 96.42 95.52

Number of ions in apfu on the base of the structural formula 
XY3[Z4O10](OH,F,Cl)2

Si 2.79 2.59 2.94 2.77
AlIV 1.21 1.39 1.05 1.09
Fe3+ IV - 0.02 0.01 0.13
AlVI 0.16 0.42 - -
Ti 0.32 0.23 0.16 0.26
Fe2+ 0.36 0.37 1.06 0.92
Mg 2.16 2.22 1.74 1.62
Cr 0.08 0.00 0.00 0.00
Ba 0.02 0.05 0.01 0.01
Ca 0.00 0.01 0.01 0.03
Na 0.04 0.05 0.08 0.01
K 0.95 0.87 0.85 0.9
OH 1.01 1.18 0.90 1.12
F 0.04 0.03 0.00 0.00
O 0.76 1.18 1.10 0.88

Tab. 2. Representative microprobe analyses of mica. C – core 
of megacryst; R – rim of megacryst; R-C – rim of mega-
cryst with chemical composition similar as the ground-
mass mica; M – groundmass.

Fig. 5. Apatites plotted in the T-site cations [PO4]3- – [SO4]2- – 
[SiO4]4- + [CO3]2- diagram (data in apfu) indicating the 
dominant substitution scheme P5+ + P5+ W (Si + C)4+ + 
S6+ in the UML apatites.

Fig. 6. Apatites plotted in the Ca2+ + P5+ vs. S6+ + Na+ diagram 
(data in apfu). The indistinct correlation proves the ef-
fect of the substitution mechanism Ca2+ + P5+ Ω S6+ + 
Na+ in addition to the dominating P5+ + P5+ Ω (Si + 
C)4+ + S6+ substitution scheme.
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The apatites are unzoned, with only slight core-rim varia-
tions in the intensity of backscattered electrons.

Micas

Three types of micas can be distinguished: (i) cores of the me-
gacrysts, (ii) rims of the megacrysts and (iii) groundmass micas. 
Representative microprobe analyses of all types are presented in 
Table 2. The formulas were calculated according to the general 
formula of micas XY3 [Z4O10] (OH,F,Cl)2 (Rieder et al. 1998). 
The total amount of OH was calculated by assuming (OH + F + 
Cl) = 2. Some of the micas revealed Si + Al < 4.00 apfu. In these 
cases we used Fe3+ to fill the deficiency in the Z-position. The 
remaining Fe was added as Fe2+ to the Y-position. End-member 
calculations defined the majority of the micas as phlogopite 
and tetraferriphlogopite with rare biotite and tetraferribiotite 
(Fig. 7). The occurrence of tetraferriphlogopite in carbonatites 
and alkaline lamprophyres is not uncommon (e.g., Gaspar and 
Wyllie 1987, McCormick and LeBas 1996, Dunworth and Wilson 
1998, Seifert et al. 2000) but is not a condition for micas in car-
bonatites and melilitites (Lloyd et al. 2002). Ulrych et al. (1996) 
recognized tetraferriphlogopite in zoned phlogopites of melilitic 
volcanic rocks of the Osečná and Dvůr Králové complexes.

All micas were found to be Ti-bearing (> 4 wt.% TiO2). 

Cr2O3 contents are mostly low (<0.1 wt.%), but rarely in cores 
of the megacrysts exceeding 1 wt.%. Both fluorine and chlorine 
contents are remarkably low (rarely >0.1 wt.%). In some sam-
ples BaO contents in the rims of the megacrysts reached values 
of 1.7 wt.%, otherwise it shows values about 0.5 wt.% in the 
cores and in the groundmass micas. The megacrysts have mark-
edly higher Al2O3 contents than the micas of the groundmass. 
The groundmass micas show Al-poor chemical compositions. 
Indirect Al2O3 and FeO contents relations in the groundmass 
micas are characteristic.

Discussion

The three rock-forming minerals from the UML studied in this 
work have variable forms and significant chemical composi-
tions. In general terms, the observed calcite–apatite ocelli prove 
the coexistence of a carbonatitic melt and a silicate melt. As 
suggested by petrographic criteria, the calcite–apatite ocelli 
were formed by the segregation of carbonatitic magma from 
the lamprophyric one. Fig. 8 shows a flow-chart for the evolu-
tion of the UML.

The presence of micas in all phases of the UML development 
is indicative for the high activity of K during the evolution of these 
rocks. Titanium-rich micas with 10–14 wt.% Al2O3 from lamproi-
tes were considered relatively unevolved phases by Mitchell and 
Bergman (1991), indicating an early crystallization at high pres-
sure. Experiments made by Tronnes et al. (1985) and Foley (1990) 
showed that high-Ti micas crystallized under conditions of decreas-
ing pressure and increasing temperature in lamproitic melts. 

Significant contents of Cr2O3 in rock-forming minerals are 
commonly regarded as an indicator of mantle provenance. The 
highest Cr2O3 values of the UML micas are of the same order 
as in Matsoku vein micas (Delaney et al. 1980) at higher Al2O3. 
We interpret the cores of the phlogopite megacrysts as xeno-
crysts from a metasomatically affected phlogopite-enriched 
mantle. The wide range of Cr contents indicates either the incor-
poration of micas from a heterogeneous mantle or the remobili-
zation of Cr2O3 by a later recrystallization. 

The compositions of phlogopite in rims and the groundmass 
is sensitive to the availability of Al, as well as the Mg/(Mg+Fe) 
value of the crystallizing magmas. The Al content in phlogopite 
crystallizing in carbonatite is low (ca. 12 wt.%), see McCormick 
and Le Bas (1996). Therefore, the most obvious explanation for 
the change in the chemical composition in the groundmass mi-
cas is associated with the segregated carbonatitic melt.

Due to the characteristic substitutions in the anion and cation 
sites of apatites, these are considered to be sensitive indicators 
of magma evolution. Stoppa and Liu (1995) subdivided apatites 
from ultra-alkaline rocks into three groups. The studied apatites 
from the UML fit into Group II, i.e., apatites with high Si, OH, C 
and low S contents, characteristic for extrusive calcite carbona-
tites. This classification supports our CL-microscopic observa-
tions that apatite crystallized together with Sr-rich calcite from 
the carbonatitic melt.

Two groups of calcites were distinguished by their SrO con-
tents. Sr-rich calcite is also a typical mineral of carbonatitic ori-
gin. Sr-poor calcite was formed by the hydrothermal alteration 
of the UML rocks. Pseudomorphs of calcite + serpentine mine-
rals ± chlorite ± opaque minerals resulted in the enrichment of 
calcites in FeCO3, MnCO3 and MgCO3; negligible amount of 
the SrCO3 component is typical.

The study of the UML dykes documented the magmatic his-
tory of these ultra-alkaline rocks. We suppose that this rock type 
plays a key role in the interpretation of the starting conditions 
of the Tertiary magmatism in the eastern part of the Bohemian 

Fig. 7. Micas plotted in the FeVI/(FeVI + Mg) – [4–(Si + Altotal)]* 
10 diagram.
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Fig. 8. A scheme of the crystallization history of the UML rocks from Ebersbach. A: Incorporation of phlogopite and clinopyroxene 
xenocrysts from a metasomatically transformed mantle by ultraalkaline melt. B: Partial resorption of the xenocrysts. 
C: Crystallization of phlogopite and clinopyroxene from ultraalkaline melt. D: Segregation of carbonatitic melt and crystalliza-
tion of the groundmass micas. E: Formation of calcite-apatite ocelli, and penetration of mica megacrysts by carbonatitic melt. 
F: Hydrothermal alteration of the UML. Formation of calcite + serpentine + chlorite + opaque minerals pseudomorphs after 
clinopyroxene.
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Massif in the Eger Graben region similar to the complexes of 
Osečná (Czech Republic) and Delitzsch (Germany).
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