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Unique, perovskite(Prv)–andradite(Adr)-bearing serpentinized harzburgite fragments occur in Late Jurassic–Early 
Cretaceous subduction–accretionary wedge complex of the Meliata tectonic Unit (Slovakia, Western Carpathians). 
These rocks reflect magmatic (E1) and partial melting (E2) mantle events followed by metamorphic blueschist-facies 
(E3) and fluid–rock interaction (E4) events accompanied by crystallization of Prv and/or Adr. The incompletely solidi-
fied slightly depleted (residual) harzburgite composed of early-magmatic assemblage of Ol, Opx1, Cr-Spl ± Cpx1 (E1 
event) underwent partial melting (E2 event) under subsolidus mantle conditions. The late-magmatic aggregates of Cpx2,  
Cr-Spl, scarce Opx2, due to this batch melting, occur around the Opx1 (±Cpx1) porphyroclasts. The fractures and cleavage 
planes of the kinked Opx1 porphyroclasts are filled by Cpx3 as a result of subsolidus recrystallization of the Opx1. Cloudy 
lower Al Cpx4 associated with pargasite in reaction rims between the Opx1 and Cpx2, or antigorite replacing Ol, could 
represent the E3 high-pressure metamorphic event (dated at 160 to 150 Ma, according to published 40Ar–39Ar data for 
“phengitic” white mica from blueschists) in serpentinites. Serpentinized zones of harzburgite contain Prv, which occurs in 
serpentinized Opx1 porphyroclasts. Orthopyroxene (Opx1) breakdown and formation of Prv, (Ti-rich) Adr and chrysotile 
appears to be postdating the closure of the Meliata back-arc basin (c. 200 to 160 Ma) and HP metamorphism. Perovskite 
genesis can therefore be bound to the exhumation-related serpentinization in subduction channel and emplacement of 
serpentinites into subduction–accretionary wedge (E4 event at 300–500 ºC/5–15 kbar, at 150 to 130 Ma?). The bulk-rock 
trace-element patterns suggest enrichment in LREE, Ba, Cs, U, Pb, Sb and Li in comparison with HREE, HFSE, Rb and 
Sr. Such element mobility indicates fluid–rock interaction. Pervading aqueous fluids rich in CO2 were transporting Ca, 
Ti, Fe, LREE partitioned into Prv grown along the Cpx exsolution lamellae in Opx1. The sources of such fluids might 
have been the blueschist- to greenschist-facies rocks from the Meliata mélange type subduction–accretionary wedge. The 
late-metamorphic H2O–CO2/Si–Fe–Mn-rich fluids caused partial replacement of Prv by pyrophanite and crystallization 
of (Ti-rich) Adr at the expense of Cpx and Prv.
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1.	Introduction

Perovskite (Prv) typically occurs in SiO2-undersaturated 
magmatic (Currie 1975; Chakhmouradian and Mitchell 
1997, 2000; Mitchell and Chakhmouradian 1998; Heaman 
et al. 2003) or high-temperature contact-metamorphic 
rocks (Marincea et al. 2010; Uher et al. 2011). Perovskite 
was however also found from medium- to low-tempera-
ture reaction domains between the chemically contrasting 
rocks metamorphosed in blueschist to eclogite facies, as 
reported further. Alteration and reaction–metasomatic 
zones in ultramafics are reliable indicators of fluid–rock 
interaction processes (Grégoire et al. 2001; Scambelluri 
et al. 2004, 2006; Khedr and Arai 2009; Kodolányi et al. 
2012; Uysal et al. 2012). For example, abyssal perido-
tites are generally strongly affected by oceanic (seafloor) 

hydrothermal alterations like serpentinization (Bodinier 
and Godard 2007). Remarkable is the presence of Prv in 
the Alpine blueschist- to eclogite-facies metaophiolite 
units of northern Corsica (Malvoisin et al. 2012). There, 
the contact between a serpentinite body and a siliceous 
marble represents a rodingite-type reaction zone with a 
centimetre-thick selvage composed of diopside–andradite 
and/or grossular–perovskite on the serpentinite side. 
Müntener and Hermann (1994) found Ti-rich Adr in an 
assemblage of diopside, clinochlore and magnetite with 
rare ilmenite and perovskite from the peak metamorphic 
assemblage (400–450°C, 5 ± 2 kbar) of a metapyroxenite 
from Malenco, Italy. The hydrothermal crystallization of 
Ti-rich Adr in veins demonstrates there the Ti mobility 
in aqueous fluids under moderate P–T conditions. Me-
dium- to low-temperature mobility of Ti, Zr and REE in 
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hydrothermal systems was documented by Gieré (1990). 
Main products of Prv replacement in kimberlite – kassite, 
anatase, titanite, calcite, ilmenite and a LREE–Ti oxide – 
were reported by Mitchell and Chakhmouradian (1998). 
In melilitic rocks, Prv is typically replaced by Mg- and 
Al-poor Ti-rich andradite, commonly accompanied by 
titanite (Chakhmouradian and Mitchell 1997).

The perovskite–andradite-bearing serpentinized harz-
burgites, associating with blueschist-facies rocks, found 
in Slovakia (the Western Carpathians), could be of reac-
tion–metasomatic origin. Radvanec (2009) and Radvanec 
et al. (2009a) reported the occurrence of 20–50 µm Prv, 
partly replaced by pyrophanite, from a pale decimetre-
size fragment in the Danková serpentinite near Dobšiná 
town, eastern Slovakia. Zajzon et al. (2010) found 
pyrophanite with about 30 µm relic cores of Prv from 
serpentinite at Perkupa village, northern Hungary (Bódva 

Valley, Meliata Unit?). Putiš et 
al. (2011a, 2012) found homo-
geneous and/or zoned 30–300 
µm Prv crystals enclosed in 
orthopyroxene porphyroclasts of 
a serpentinized harzburgite in a 
quarry at Dobšiná, which is the 
subject of this study.

This manuscript describes 
four evolution stages (the E1 to 
E4 events in text), focusing on 
perovskite and andradite gen-
esis, constrained on the basis 
of field geological study, pe-
trography, mineral chemistry, 
X-ray microtomography for 3D 
analysis of Prv distribution, in 
combination with the whole-
rock major- and trace-element 
geochemistry. We attempt to 
reconstruct these events from the 
decimetre-sized serpentinized 
harzburgite fragments of a blue-
schist-bearing mélange complex.

2.  Geological setting

2.1.  The Central and Inner 
Western Carpathians

The studied Prv-bearing ser-
pentinized harzburgites from 
Dobšiná belong to the Jurassic 
mélange complex of the Me-
liata tectonic Unit, having been 
formed due to closure of the 

mid-Triassic–Jurassic Meliata Oceanic Basin. It represents 
the Inner Western Carpathians (Mock et al. 1998 and cita-
tions therein), because this unit builds small nappes thrust 
over the Central Western Carpathians (Fig. 1). The Alpidic 
orogenic cycle started roughly before 245 Ma in the An-
isian with continental break-up and opening of the Meliata 
Ocean (Kozur 1991), probably as a back-arc basin, due 
to northward subduction of the Paleotethys oceanic crust 
beneath the Eurasian continent (Stampfli 1996). The axial 
zones of the Meliatic oceanic rift were marked by the 
BAB and MORB-type basalts (Ivan 2002; Faryad et al. 
2005). The first eupelagic sediments, radiolarites, are of 
Ladinian age (Mock et al. 1998). Deepwater pelagic sedi-
mentation continued until the Late Jurassic in the Meliata 
Oceanic Basin and terminated with chaotic olistostrome/
mélange bodies developed within the Meliatic accretion-
ary wedge–trench system.

Fig. 1 Geological–tectonic sketch map of the Western Carpathians. OWC = Outer Western Carpathians; 
CWC = Central Western Carpathians, divided into the Tatric, Veporic and Gemeric basement–cover 
complexes (Late Cretaceous tectonic units) overlain by small (often less than kilometre size) fragments 
of the Meliata tectonic Unit (according to Biely et al. 1996).
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The association of sediments, basalts, dolerite dykes, 
gabbros and serpentinized mantle peridotites found 
in the Meliata Unit clearly indicates an oceanic suite 
as assumed by Kozur and Mock (1985, 1997). Part of 
metabasalts reveal a N-MORB [(La/Sm)n = 0.6–0.9] 
composition (Ivan 2002; Faryad et al. 2005). Traces of 
obducted oceanic crust (blocks of basalts alternating with 
radiolarite layers) were also identified from deepwater 
sedimentary breccias with radiolaritic matrix (Putiš et al. 
2011b). The Neotethyan Meliata Oceanic back-arc Basin 
closed in Late Jurassic, according to 40Ar–39Ar ages of 
“phengitic” white mica from the blueschists (Dallmeyer 
et al. 1996; Faryad and Henjes-Kunst 1997). The Meliatic 
subduction–accretionary wedge (Putiš et al. 2011b) was 
later incorporated into Cretaceous orogenic wedge of the 
Central Western Carpathians (Plašienka et al. 1997). Its 
formation was dated by 40Ar–39Ar method on white micas 
from c. 130 to 50 Ma (Putiš et al. 2009). From c. 130 Ma, 
the Meliatic subduction-accretionary wedge was rebuilt 
into numerous, mostly small nappe sheeted bodies, thrust 
over the Gemeric and Veporic units of the Central West-
ern Carpathians. However in Late Albian (at c. 100 Ma) 
some of these nappes were already overlying the frontal 
part of the Central Western Carpathians orogenic wedge, 
yielding material to deepwater sediments of the southern 
Penninic Basin (Dal Piaz et al. 1995; Putiš et al. 2008).

2.2.	Dobšiná locality

The Dobšiná quarry (N 48°49.622, E 20°21.977) is lo-
cated in a tectonic fragment of the Meliata tectonic Unit 
overlying the Gemeric tectonic Unit (Fig. 1). The local-
ity is famous for the occurrence of yellow–green Cr-rich 
andradite (demantoid) in serpentinite fissures (Fediuková 
et al. 1976; Hovorka et al. 1984, 1985).

The association of the exposed rocks indicates a mé-
lange complex within a frontal (subduction–) accretion-
ary wedge (Putiš et al. 2011b). Harzburgite seems to be 
the most abundant original ultramafic rock type in the 
Late Jurassic (to Early Cretaceous?) serpentinite–blue-
schist mélange complex in this quarry. The mélange 
complex is composed here of the talc–phengite–glauco-
phane schists, marbles, metaconglomerates, blueschists of 
magmatic and sedimentary origin, serpentinites. All rocks 
form decimetre- to 100 metre-sized fragments within the 
Late Jurassic very low temperature greenschist-facies 
metasediments. Harzburgitic, nearly spherical fragments 
of variable size (a few centimetres to 3 metres) occur in 
the serpentinite matrix. The best macroscopic indicator 
of potential Prv occurrence are relic dark spherical only 
weakly serpentinized harzburgitic “cores”, 1–20 cm in di-
ameter, surrounded by greenish distinctly serpentinitized 
rims. This “frontal” serpentinization zone in rims is 
typical of Prv occurrence. Similar ultramafic cores in ser-

pentinites of the Dobšiná quarry were found by Hovorka 
et al. (1984, photo 4), without mentioning Prv in serpen-
tinite country rocks. The harzburgite blocks have typical 
rounded shape. They most likely represent exhumed 
blocky fragments of metaultramafics from subduction 
channel rotated within the more plastic serpentinite ma-
trix during their exhumation. Mechanical disintegration 
and abrasion combined with serpentinization resulted in 
different size of these fragments.

3.	Methods

Twenty-eight samples of serpentinized harzburgite, col-
lected in the Dobšiná quarry, contain Prv, but only about 
ten of them were suitable for a detailed study because 
of strong alteration. In total 188 polished sections from 
110 samples were examined under Leica DM2500 P po-
larizing microscope equipped with CCD camera, at the 
Comenius University in Bratislava.

Mineral compositions (Tab. 1) were determined by 
Cameca SX-100 electron microprobe at the State Geo-
logical Institute of Dionýz Štúr in Bratislava. Analytical 
conditions of electron analyzer were 15 kV accelerating 
voltage and 20 nA beam current. Cameca Peak Sight v4.2 
software was used for recalculation of measured data. 
We used these standards for calibration: Na on albite, Si, 
Ca on wollastonite, K on orthoclase, Mg on forsterite, 
Al on Al2O3, Fe on fayalite, Mn on rodonite, metallic V, 
Cr, and Ni, Ti on TiO2, Sr on SrTiO3, Nb on LiNbO3, La 
on LaPO4, Ce on CePO4, and Ta on LiTaO3. The beam 
diameter used was 10 µm except for pyroxene lamellae 
(2–5 µm).

Whole-rock major- and trace-element analyses were 
determined by X-ray fluorescence spectrometry (XRF) 
using a PHILIPS PW 2400 (Department of Lithospheric 
Research, University of Vienna). Samples were cleaned, 
crushed in a metal jaw crusher and grounded in agate 
disc mill. Powdered whole-rock samples were dried in an 
oven at 110 °C overnight and heated in muffle furnace at 
1050 °C for 3 h to determine loss on ignition. For major 
elements, lithium-tetraborate (Li2B4O7) melt beads and 
for the trace elements pressed powder pellets were used. 
The former were casted using Philips Perl X3 automatic 
bead machine. Rhodium anticathode was employed for 
the XRF analyses.

Trace-element (including rare earth elements – REE) 
contents were analyzed by inductively coupled plasma 
mass spectrometry (ICP-MS) at the General and Analyti-
cal Chemistry, Montanuniversität Leoben. In total 0.1 g of 
fine grained sample was sintered with sodium peroxide to 
achieve complete digestion of all silicates and chromitite 
(Meisel et al. 2002). Certified and uncertified reference 
materials digested in the same way were used for external 
calibration. Measurements were performed with a Agi-
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Tab. 1 (Continuation) Representative electron microprobe analyses of minerals from harzburgite with number of all measurements of a given mineral

Mineral Prv Prv Pph Pph Mineral Ti-Adr Ti-Adr
Sample DO 2F-1B1 DO2f-1B1 DO 2-3 DO 2-3 Sample DO 2F DO 2f
Analysis No. 1 2 5 12 Analysis No. 1 2
wt.% wt.%
SiO2 b.d.l. 0.03 0.11 b.d.l. SiO2 34.03 33.42
TiO2 56.72 57.39 51.36 51.21 TiO2 5.99 6.05
Al2O3 0.02 b.d.l. b.d.l. b.d.l. Al2O3 0.33 0.24
Cr2O3 0.38 0.34 0.03 0.34 V2O3 0.06 0.04
FeO  0.91 0.61 2.91 2.49 Cr2O3 2.09 2.13
MnO  b.d.l. b.d.l. 40.96 43.45 Fe2O3  20.68 21.49
MgO  b.d.l. b.d.l. 0.24 0.12 FeO 1.42 0.53
CaO  40.28 40.26 1.89 0.77 MnO 0.02 0.07
NiO  b.d.l. b.d.l. b.d.l. b.d.l. MgO 0.68 0.76
Na2O 0.03 b.d.l. b.d.l. b.d.l. CaO 33.86 33.77
La2O3 0.33 0.21 b.d.l. b.d.l. Na2O 0.01 0.04
Ce2O3 1.17 0.93 0.13 0.13 Total 99.17 98.54
Total 99.82 99.74 97.52 98.51 a.p.f.u.
a.p.f.u. Si4+ 2.875 2.843
Si 4+ – 0.001 0.003 – Ti4+ 0.380 0.387
Ti 4+ 0.981 0.991 0.984 0.978 Al3+ 0.033 0.024
Al 3+ 0.001 – – – V3+ 0.004 0.003
Cr 3+ 0.007 0.006 0.006 0.007 Cr3+ 0.140 0.143
Fe 3+ 0.016 0.006 0.013 0.028 Fe3+ 1.315 1.376
Fe 2+ 0.002 0.006 0.049 0.026 Fe2+ 0.100 0.037
Mn 2+ – – 0.884 0.935 Mn2+ 0.001 0.005
Mg 2+ – – 0.009 0.005 Mg2+ 0.086 0.096
Ca 2+ 0.992 0.990 0.052 0.021 Ca2+ 3.064 3.079
Ni 2+ – – – – Na+ 0.002 0.006
Na + 0.001 – – – Total 8.000 8.000
Total 2.000 2.000 2.000 2.000 Prp 2.94 3.14

Sps 0.06 0.09
Alm 1.74 0.60
Adr 67.93 70.96
Grs 27.34 25.22

Prv = perovskite, 69; Pph = pyrophanite, 15; Adr = andradite, 58. 
Minerals are calculated on the basis of: 2 cations – perovskite and pyrophanite, 8 cations – Ti-rich Adr garnet. Formulae of garnets were obtained 
on the basis of 8 cations and 24 negative charges. The Fe2+/Fe3+ ratio was assessed from the charge-balanced formula according to the procedure 
of Droop (1987).

lent 7500 ce ICP-MS with and without He collision cell 
mode. International Association of Geoanalysts (IAG) 
Candidate reference material MUH-1, a highly depleted, 
serpentinized harzburgite from Kraubath, Styria, Austria 
(Burnham et al. 2010), was used for quality control pur-
poses (see the Electronic Supplementary Material).

The preceding sodium peroxide (purity >95%) sinter-
ing and acid digesting (37% HCl) followed the proce-
dures of Meisel et al. (2002). As a reference material 
was employed a solution with very accurately known 
concentrations of Ge, In and Re (1 μl/ml). The machine 
used was a standard quadrupole ICP-MS Agilent Tech-
nologies HP4500 with a v-groove type Babington or a 

Burgener pumped nebulizer and a cooled quartz glass 
spray chamber.

The size, shape and distribution analysis of Prv grains 
was carried out on drilled cylindrical specimens, 1 cm in 
diameter, sampled along a profile, c. 20 cm long, from the 
dark core to the greenish serpentinized zone, by X-ray 
micro-tomograph Nanotom 180 at the Institute of Mea-
surement of Science of the Slovak Academy of Sciences 
in Bratislava. A characteristic X-ray absorption of Prv, 
besides the other physical properties, such as density and 
shape, enabled to visualize the Prv crystals distribution 
in serpentinite matrix and distinguish them from other 
silicate, oxide and carbonate minerals.
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Mineral abbreviations used in text, tables and figures 
are after Whitney and Evans (2010): Act = actinolite, 
Adr = andradite, Alm = almandine (component), Amp = 
amphibole (group), Ap = apatite, Atg = antigorite, Chl 
= chlorite, Cpx = clinopyroxene, Ctl = chrysotile, Di = 
diopside, Ep = epidote, Grs = grossular (component), 
Grt = garnet, Hem = hematite, Hbl = hornblende, Lz = 
lizardite, Mag = magnetite, Ol = olivine, Opx = orthopy-
roxene, Prg = pargasite, Pph = pyrophanite; Prp = pyrope 
(component), Prv = perovskite, Qz = quartz, Spl = spinel, 
Sps = spessartine (component), Srp = serpentine minerals 
(undistinguished), Tlc = talc, Ves = vesuvianite, except 
for Carb = carbonates.

4.	Results

4.1.	Petrography and electron microprobe 
study

In general, the studied dark harzburgitic cores of rocks 
boulders, surrounded by greenish to greenish–yellow 
serpentinite, have granular textures lacking high-T folia-
tion and lineation. There are only rare domains in ser-
pentinites, showing relic macroscopic and microscopic 
lamination due to metamorphic–deformation processes 
related to serpentinization. Mineral compositions of 
less altered (only about 10) samples are practically the 
same and because of this reason we describe below their 
average or representative modal composition found by 
microscopic study.

The relic primary magmatic microstructures of slightly 
serpentinized dark harzburgitic cores consist of Ol (c. 70 
vol. %), Opx1 (c. 25 vol. %), accessory Cr-Spl (c. 4 

vol. %) and rare Cpx1 (c. 1 vol. %). Magmatically cor-
roded and partly dissolved porphyric Opx1 (± Cpx1) is 
enclosed in olivine matrix with Cr-Spl. Both pyroxenes 
show exsolution lamellae, of Cpx in Opx1, or Opx in 
Cpx1, respectively (Fig. 2a).

Effects of subsolidus deformation of Opx1 (± Cpx1) 
porphyroclasts by kinking and rotation are seen. Aggre-
gates of late-magmatic Cpx2 (c. 10 vol. %, at the expense 
of dissolved Opx1) with (c. 1 vol. %) Cr-Spl (Fig. 2a), 
and scarce aggregates of Opx2 (Fig. 2b) occur at the rim 
of the Opx1 porphyroclasts. Microfractures and cleavage 
planes of the kinked and rotated Opx1 porphyroclasts 
are filled by Cpx3 (Al-rich), the latter representing the 
late-magmatic subsolidus (syn-HT deformation) recrys-
tallization of the Opx1 porphyroclasts (Fig. 2b). Cloudy 
lower Al (1.2–2.5 wt. %) Cpx4 associated with Prg occurs 
in reaction rims between the Opx1 and Cpx2. Rarely Ol 
is consumed by antigorite coronas. Central parts of the 
Cpx2 grains contain exsolution lamellae of Opx (Fig. 2a), 
enclosed in metamorphic diopsidic rim (Cpx5, with very 
low Al2O3 contents of 0.02–0.1 wt. %). Scarcely present 
Opx2 contains Cpx exsolution lamellae, as well.

Perovskite usually occurs in close vicinity to the dark 
(Prv-free) slightly hydrated harzburgitic cores of serpen-
tinite boulders. The perovskite crystals, set within the 
serpentinized Opx1 porphyroclasts, are either chemically 
homogeneous or they show sector zoning (Fig.  3a) in 
back-scattered electron (BSE) images. Many of them ex-
hibit two types of lamellae. Yellow–brown Prv crystals 
show two systems of secondary polysynthetic lamellae 
under the optical microscope. These are perpendicular 
to each other (Fig. 3b), and oblique to Cpx exsolution 
lamellae in the hosting Opx1. They could be connected 
with the Prv phase transformations or deformation. On 

a

Cpx4

b

Opx2

Cpx3

Fig. 2a – Back-scattered electron (BSE) image of Opx1 (E1 event) partly replaced and enclosed by late-magmatic Cpx2 and rare Cr-Spl (E2 event). 
Metamorphic lower-Al Cpx4 pale rim with Prg (E4 event; sample DO-1d; DO = Dobšiná locality) follow the boundary between the Opx1 and Cpx2 
aggregate, indicating percolation of metamorphic fluids. b – BSE image of late-magmatic Cpx2(Spl) aggregates at the rim of the Opx1 porphyroclasts; 
the cleavage planes of kinked porphyroclasts are infilled by subsolidus (E2) recrystallization aggregates of Cpx3 (s. DO-1f).
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It is important to note that this Prv generation does not 
usually appear in the same alteration zone of serpentinites 
as Adr does. Although they can occur in the same thin 
section, aggregates of these minerals enclosed in Opx1 
porphyroclasts are not mixing and are strictly separated 
from each other. Andradite seems to be younger than 
perovskite because the former is characteristically bound 
to the yellowish (to white-coloured) zones of rodingitiza-
tion often crosscutting the Prv-bearing serpentinite in 
form of veins and veinlets. Because of similarities in 
described crystal morphology between Prv and especially 
Ti-rich Adr, one can not exclude that at least part of the 
Ti-rich Adr in the Opx1 porphyroclasts consumed Prv. 
In general, Adr indicates rodingitization domains, rather 
than serpentinization zones alone. Rarely, inclusions of 

the other hand, the growth lamellae system is observable 
in BSE, and this runs parallel to the Cpx exsolution la-
mellae, most likely (100) crystallographic plane system 
(Fig. 3c–d). Morphology of the Prv crystals (Fig. 4a–c) 
varies from single lamellae, 10–30 µm thick (parallel to 
the Cpx exsolution lamellae) to cube crystals (50–300 
µm in size) or their aggregates (300–600 µm across).

Some of the Opx1 in greenish–yellowish rodingitized 
domains of serpentinites enclose fine- to coarse-grained 
aggregates of Ti-rich and common Adr (Fig. 5a–b). Platy, 
prismatic to cube crystals of the (sometimes Ti-rich) Adr 
are oriented again parallel to the Cpx exsolution lamellae. 
Morphology of both the Prv and (Ti-rich) Adr crystals 
could indicate their growth mainly at the expense of Cpx 
exsolution lamellae in the Opx1.

Fig. 3a – Back-scattered electron (BSE) image of sector-zoned, partly resorbed Prv in serpentinized Opx1 (sample DO-2-3). Brighter domains in 
Prv indicate a higher content of REE (mainly La and Ce). Prv is partly replaced by pyrophanite pale thin rims (late E4 event). b – PL image of 
Prv polysynthetic lamellae (arrows), enclosed in serpentinized Opx1 (s. DO-2-3). c – BSE image of lamellar Prv grown parallel to the Cpx exsolu-
tion lamellae. Partial dissolution of Prv due to serpentinization (s. DO-2f-1). d – Detail of c, showing chemical zoning in Prv, parallel to growth 
lamellae (E4 event).

a

c d

b

pyrophanite rim
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platy Ti-rich Adr (parallel to Cpx exsolution lamellae of 
serpentinized Opx1 porphyroclasts) were found in the last 
generation of common (Ti-poor, Cr-rich) large greenish 
Adr grains (demantoid).

Thin alteration rims of pyrophanite are observable 
on Prv (Figs 3a, 4c) from serpentinites. The common or 
predominating mineral assemblage of a hosting greenish 
serpentinite contains Srp, Chl, Act to Hbl, Carb, Tlc, 
(Cr-Fe) Spl, Mag, Hem, Qz and Pph. Green–yellowish 
to yellowish alteration zones usually contain Ti-rich, or 
Ti-poor Adr (demantoid) mainly as a result of rodingitiza-
tion accompanying serpentinization.

Macroscopically, according to colour, there are at least 
three zones distinguishable in studied serpentinites, indicat-
ing differences in mineral and chemical compositions. These 
are, from the centre to rim: (1) a dark harzburgite core, with 
negligible effects of serpentinization and/or rodingitization 
(missing Prv and Adr), surrounded by (2) greenish zone 
of serpentinization (present Prv, usually missing Adr), and 
(3) yellowish zone of rodingitization (restricted occurrence 
or missing Prv, present Ti-rich and/or Ti-poor Adr).

The serpentinized zone (2) can be furthermore sub-
divided to (2a) a 1–20 cm wide inner zone, with relics 
of magmatic minerals (Prv often present, Adr missing), 
(2b) transitional greenish–yellowish zone, in which are 
Prv, Ti-rich and Ti-poor Adr often common but they 
occur separately in cm-sized domains, and (2c) pure 

serpentinite, without mineral relics (missing Prv and/
or Adr).

Recently we however found a newer skeletal to veined 
Prv(2) within centimetre-sized chlorite-rich veins in the 
Adr–Ep–Ves–Di–Ap-rich rodingites. This Prv is partly 
to almost totally replaced and surrounded by Ti-rich Adr 
halos (containing up to 14 wt. % of TiO2) enclosed in com-
mon Adr (Fig. 5c–d). Although these domains of Prv–Adr 
occurrences in rodingites have not yet been studied in 
detail, they are the best evidence that Ti-rich Adr in both 
serpentinites and rodingites was spatially closely related 
to Prv.

4.2.	Characterization of evolution events

This section reviews evolutionary stages of the studied 
Prv- and/or Adr-bearing harzburgite, termed events E1 
to E4 here. They were derived from microstructures, 
mineral and whole-rock chemical data. Although well-
preserved dark magmatic harzburgitic cores are rare and 
partly altered in serpentinite boulders, they still yield 
some important information on the magmatic (E1) and 
partial melting (E2) mantle events. The main attention 
was however focused on later E3, and especially on the 
E4 event, with signatures of fluid–rock interaction and 
genesis of perovskite and andradite as well.

4.2.1.	The E1 magmatic mantle event

The Cpx-poor harzburgites (Cpx harzburgites, further 
in text) from the preserved dark cores of serpentinite 
boulders are characterized by relatively low contents 
of TiO2 (0.02–0.03 wt. %), CaO (0.98–2.02 wt. %) and 
Al2O3 (1.14–1.51 wt. %) (Tab. 2) if compared to Primitive 
Mantle (McDonough and Sun 1995). Their modal com-
position features two different generations of magmatic 
Al-rich pyroxenes and low Cr-Spl (Cr#: 15–30).

The TiO2 content of the Dobšiná harzburgitic rocks 
(Tab. 2) is very low (0.02–0.03 wt. %), suggesting that 
this element was not added from any external source 
during the later metamorphic–metasomatic (E3 and/or 
E4) events. However, a tendency to a strong loss of CaO 
towards serpentinite rims of harzburgitic cores (Tab. 2), 
or a distinct gain in rodingitized serpentinites, can be 
related to such a process. Only limited, if any, mobility 
was observed for SiO2, TiO2, Al2O3 and MgO in both 
the dark cores and the serpentinized rims of the studied 
harzburgites.

There was found one exception until now, a second 
type of ultramafic protolith richer in Cpx with increased 
contents of Al and Ti. It could be called Cpx-rich harzbur-
gite, as it contains c. 25 % of Cpx1,2, most likely indicat-
ing a very low degree of melting of the original protolith.

a

b

c

100 mμ

100 mμ

Fig. 4 Basic morphological types of Prv from 3D X-ray micro-tomo-
graphy (sample DO-2-3). The artificial colour shade was chosen for 
showing the morphology details: a – single lamella; b – two-lamellae 
(prismatic to cube-shaped, elsewhere); c – an aggregate of crystals.
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a b

500 µm 200 µm
c d Adr

Prv

Prv

Prv

Prv

Prv+Chl

ChlChl

Chl

Adr

Ti-Adr

Fig. 5a – Back-scattered electron image of Ti-rich Adr in Opx1 porphyroclasts (E4 event; sample DO-2f-2). Morphology of Adr resembles that of 
Prv: platy to prismatic (arrows), parallel to relics of Cpx exsolution lamellae in the hosting serpentinized Opx1, or bigger cube-shaped crystals. 
b – Andradite with lamella structure after replacement of Cpx lamellae. Dark domains indicate higher Ti content. Both examples could indicate 
formation of Ti-rich Adr after Prv. c – vein-type Prv(2). d – Ti-Adr halo around Prv(2) in rodingite.

The Opx1 composition (TiO2: 0.03–0.1 wt.  %, Mg#: 
90–92; Tab. 1) does not exclude formation of the studied 
Cpx harzburgite in abyssal mantle. It could have formed 
as a residue after adiabatic melting of an inferred lher-
zolitic precursor (e.g. Kelemen et al. 1997), resulting 
from decompression of the mantle beneath spreading 
Neotethyan, Meliatic ridge. Extension thinning of the 
mantle lithosphere beneath spreading mid-ocean ridge 
could have been driven by the northward subduction of 
the Paleotethyan oceanic slab (Stampfli 1996). The E1 
event probably represents melting of original mantle 
(most likely lherzolitic) peridotite due to mantle upwell-
ing and an inferred subsequent extraction of a basaltic 
melt, forming an Ol–Opx1-rich weakly depleted harz-
burgitic residue.

Approximately 15–20 vol. % degree of melting of the 
primitive (lherzolitic?) mantle source was estimated ac-
cording to a visual comparison of bulk rock REE (HREE) 

patterns of studied harzburgites normalized to PM, with 
the HREE fractional-melting model of Niu (2004, fig. 9). 
Low TiO2 contents in Opx1 (0.03–0.1 wt.  %) and rare 
Cpx1 (0.09–0.18 wt. %) indeed speak for their residual 
character.

Klemme (2004) modelled the Spl- to Grt-lherzolite 
transition for pressures of 15 to 20 kbar and temperatures 
between 800 and 1 300 °C for Cr-poor mantle composi-
tions. The same author constrained this transition in Cr-
rich mantle compositions for a pressure of 24 kbar and 
a temperature of 1 400 °C, or a pressure of 17 kbar and 
a temperature of 1 100 °C.

We also used calculation sheet after Putirka (2008) for 
estimating P and T using two-pyroxene-based thermom-
eters. The pressure estimates strongly depend on the as-
sumed temperature. For 1 300 ºC, a pressure of 20.4 kbar 
was calculated from Cpx1–Opx1 pair (analyses no. 29 
and 37 in Tab. 1), but it would drop rapidly to 15.9 kbar 
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Tab. 2 Representative whole-rock analyses of harzburgite

Sample DO 1d-core DO 1d-rim DO 2-core DO 2-rim DO 23-core DO 23-rim
Rock type harzburgite serpentinite harzburgite serpentinite harzburgite serpentinite
wt.%
SiO2 39.41 40.62 40.94 40.48 39.46 40.35
TiO2 0.02 0.02 0.03 0.03 0.02 0.03
Al2O3 1.51 1.78 1.49 1.53 1.44 1.66
Fe2O3 7.51 3.63 7.44 3.63 7.22 3.60
MnO 0.17 0.12 0.17 0.12 0.18 0.14
MgO 37.89 40.01 39.44 40.02 38.24 40.52
CaO 1.22 0.12 2.02 0.38 1.22 0.08
Na2O 0.04 0.03 0.05 0.05 0.04 0.03
K2O 0.003 0.002 0.006 0.001 0.004 0.001
P2O5 0.007 0.010 0.004 0.015 0.009 0.011
Cr2O3 0.34 0.47 0.37 0.41 0.32 0.37
NiO 0.23 0.29 0.25 0.28 0.24 0.27
LOI 12.00 13.10 8.10 13.40 12.30 13.40
Total 100.39 100.19 100.32 100.32 100.66 100.43
ppm
Sc 11 8 10 9 10 12
V 64 55 54 49 58 57
Cr 2622 3695 2758 3227 2507 2937
Ni 2071 2590 2152 2511 2146 2442
Co 101 68 104 50 99 49
Li 3.41 1.53 2.58 1.26 2.83 1.02
Rb 0.33 0.27 0.38 0.15 0.25 0.25
Sr 7.68 6.26 7.17 1.76 4.65 4.15
Y 0.709 0.807 0.743 1.572 0.597 1.156
Zr <b.d.l. <b.d.l. <b.d.l. 2.928 4.890 <b.d.l.
Nb 1.578 1.587 1.594 2.344 1.584 2.231
Sb 2.060 1.001 0.288 2.008 5.162 1.615
Cs 0.149 0.026 0.507 0.044 0.198 0.033
Ba 24.172 3.769 153.162 13.533 16.040 3.799
La 0.1604 0.5771 0.0749 1.8001 0.1907 0.4212
Ce 0.1852 0.8994 0.1577 2.5815 0.2478 0.6151
Pr 0.0020 0.0459 0.0028 0.2129 0.0094 0.0433
Nd 0.0070 0.1362 0.0124 0.6627 0.0285 0.1459
Sm 0.0156 0.0432 0.0184 0.1333 0.0132 0.0421
Eu 0.0116 0.0097 0.0307 0.0411 0.0100 0.0157
Gd 0.0434 0.0670 0.0519 0.1682 0.0347 0.0780
Tb 0.0110 0.0129 0.0137 0.0305 0.0085 0.0188
Dy 0.0968 0.0954 0.1015 0.2024 0.0763 0.1414
Ho 0.0259 0.0242 0.0271 0.0499 0.0206 0.0391
Er 0.0845 0.0814 0.0867 0.1567 0.0730 0.1319
Tm 0.0146 0.0144 0.0150 0.0264 0.0123 0.0238
Yb 0.1117 0.1134 0.1086 0.1977 0.0944 0.1754
Lu 0.0189 0.0217 0.0184 0.0345 0.0166 0.0288
Hf <b.d.l. 0.0799 0.0033 0.0813 0.0706 0.0563
Ta <b.d.l. <b.d.l. <b.d.l. 0.0127 1.8438 0.0114
Pb 0.700 0.709 0.511 0.456 0.692 0.562
Th 0.0025 0.0918 0.0031 0.0061 0.0049 0.0059
U 0.0036 0.7097 0.0023 0.3453 0.2228 2.3561

LOI, loss on ignition; < b.d.l., below detection limit; Sc, V, Cr, Ni and Co measured by XRF, other trace elements by ICP-MS. Samples are com-
posed of dark harzburgitic cores and greenish serpentinized (Prv-bearing) rims. 
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for 1 200 ºC or 13.6 kbar for 1 150 ºC. For a temperature 
of 1 100 ºC, a pressure of 13.7 kbar was calculated from 
Opx1–Cpx exsolution(in Opx1) lamellae (analyses no. 22 and 
21 in Tab. 1). Alternatively, a pressure of 9.2 kbar could 
be modelled for 1 000 ºC, or 6.9 kbar for 950 ºC from the 
same mineral pair. For 1 100 ºC, a pressure of 10.3 kbar 
was obtained from Cpx1–Opx exsolution(in Cpx1) lamellae 
pair (analyses no. 15 and 14 in Tab. 1). The pressure would 
drop to 5.8 kbar at 1 000 ºC, or 3.5 kbar at 950 ºC from the 
same mineral pair. Taken together, the estimated maximum 
P–T conditions for the (early) E1 event could have been 
1 200–1 300 ºC/15–20 kbar.

4.2.2.	The E2 partial melting mantle event

Subsolidus crystal-plastic deformation of the Opx1 
(± Cpx1) porphyroclasts and the different clinopyroxene 
(Cpx1 vs. Cpx2) microstructures and chemical composi-
tions (especially in TiO2 and Al2O3 contents, Tab. 1) of 
the incompletely solidified Spl harzburgite, could be 
interpreted as the result of crystallization induced by 
a temperature decrease, as the upwelling mantle most 
likely entered the base of the oceanic lithosphere. In 
regions where upwelling rates of the mantle were slow, 
a small amount (~ 2 vol. %) of melt could have been 
present when e.g. abyssal peridotites entered the con-
ductive regime at the base of the oceanic lithosphere 
(Seyler et al. 2001). Such a “residual” melt would be 
undersaturated in Opx, but could have precipitated 
Cpx, Al-rich and Ti-poor Spl, and sulphides (Seyler et 
al. 2001).

In our samples, aggregates of the late-magmatic Cpx2 
with Cr-Spl and scarce Opx2 occur as selvages around 
the kinked and sigmoidally rotated Opx1 porphyroclasts. 
Another higher-Al Cpx(3) generation fills the fractures and 
axial plane cleavage of the kinked porphyroclasts. Both 
Cpx2 and Cpx3 represent (E2) late-magmatic or subsoli-
dus stage of the studied harzburgites. The late-magmatic 
assemblage with Cpx2 appears to have crystallized from 
an interstitial melt during plastic deformation of the 
harzburgite. Such microstructures resemble melt-filled 
microfractures that form at the end of the crystallization 
of plutonic rocks (e.g. Bouchez et al. 1992), when the 
rheology is principally controlled by the interconnected 
(load-bearing) framework of crystals rather than by inter-
connected melt (Dell’Angelo and Tullis 1988).

The described “residual” melt was undersaturated in 
Opx(2) but saturated in Cpx(2) and low-Ti Spl. The ex-
perimental studies show that at pressures above 17 kbar, 
the melting reaction for Spl and Grt lherzolite produces 
liquids saturated in Cpx and Spl (± Ol) but not in Opx 
(Kinzler 1997). The interstitial liquid present in our 
harzburgitic rocks was therefore most likely produced 
within the upper pressure range of the Spl stability field 
during the E2 event. Indeed the chemical compositions 
of the Cpx2–Spl pairs (Fig. 6b) suggest formation of this 
interstitial liquid by c. 10 vol. % partial or batch melting 
of the Cpx harzburgite during its slow upwelling close to 
the base of the oceanic lithosphere.

Any inferred increase in HREE and HFSE after a 
“refertilization” (infiltration of a Ca-enriched melt into 
the Ol–Opx rich crystal mush of incompletely solidified 
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residual harzburgite, e.g. Brunelli et al. 2006; Le Roux 
et al. 2007; Jean et al. 2010) was not found in the studied 
Cpx harzburgite. Most of the Cpx1 should have undergone 
the batch partial melting during the E2 event and, on this 
basis, we speculate that the Cpx1 contents of our residual 
harzburgites were originally higher. This is, on the other 
hand, consistent with a relatively low degree of the E1 
melting of a (lherzolitic?) protolith. Assumed additional, 
c. 10 % (E2) remelting of the harzburgite (Fig. 6b) could 
not principally change only weakly depleted character of 
our Cpx harzburgites (Fig. 7a). The only exception repre-
sents the rare Cpx-rich harzburgite, probably indicating 
lower still degree of the E1 melting of a deeper mantle 
protolith if compared with the rest of our harzburgitic 
samples.

P–T conditions of the E2 event were estimated using 
two-pyroxene-based thermometers after Putirka (2008). 
The pressure estimates depend on the assumed tempera-
ture input. For a temperature of 1 100 ºC, a pressure of 
14.3 kbar was calculated from Cpx2–Opx2 pair (analyses 
no. 15 and 19 in Tab. 1). Similarly, a pressure of 9.8 
kbar was found for the temperature of 1 000 ºC from the 
same pair. For a temperature of 1 000 ºC, a pressure of 
8.8 kbar was estimated from Cpx2–Opx exsolution(in Cpx2) 
lamellae pair (analyses no. 60 and 61 in Tab. 1). Al-
ternatively, for the temperature of 950 ºC, the pressure 
would drop to 6.5 kbar using the same mineral pair. The 
inferred pressure interval of the E2 event of 8–15 kbar 
is consistent with the Spl stability field (Klemme 2004). 
In summary, our estimated pressures for the E2 event 
could have been 7–14 kbar for a temperature interval 
of 950–1 100 ºC.

4.2.3.	The E3 and E4 metamorphic–metaso-
matic events

The Late Jurassic subduction of the back-arc basin 
oceanic crust and the underlying mantle culminated 

in blueschist-facies metamorphism (E3 event at 350–
460 ºC/10–12 kbar, Faryad and Henjes-Kunst 1997). 
40Ar–39Ar ages of “phengitic” white mica from blue-
schists, ranging in main interval from 160 to 150 Ma 
(Dallmeyer et al. 1996; Faryad and Henjes-Kunst 1997), 
dated the near peak metamorphic conditions. Cloudy 
lower Al Cpx4, associated with Prg in reaction rims be-
tween the Opx1 and Cpx2, or antigorite replacing Ol in 
coronas, could have recorded the E3 HP metamorphic 
event in serpentinites.

Perovskite and/or Adr seem to be related to serpen-
tinization and rodingitization during the exhumation of 
harzburgite fragments in subduction channel and their 
emplacement into subduction–accretionary wedge (E4 
event). A wider interval of the estimated P–T conditions 
of this event (300–500 ºC/5–15 kbar, at 150 to 130 Ma?) 
could be indicated by transition from the blueschist- to 
greenschist-facies mineral assemblages in serpentinites 
(antigorite replaced by chrysotile and lizardite) and in as-
sociating retrogressed blueschists with the newly-formed 
Chl, Ep, Ab, and Carb.

Perovskite was relatively more resistant to pro-
gressing serpentinization than the hosting Opx1 por-
phyroclasts. Despite the instability of Prv to pervasive 
H2O–CO2-rich fluids at lower temperatures (Nesbitt 
et al. 1981), this mineral is well preserved in serpen-
tinized Opx1 porphyroclasts. It is however usually 
missing in greenish–yellow to yellowish rodingitized 
domains crosscutting the serpentinites. There, the in-
teraction between the fluid and Prv obviously involved 
a strong leaching of Ca2+ from the Prv structure into 
an aqueous fluid, leading to Prv dissolution. Mitchell 
and Chakhmouradian (1998) described a replacement 
of Prv by Adr. Although an evidence for such a re-
action was not observed from common serpentinite 
samples, one cannot exclude that at least part of Ti-
rich Adr formed there at the expense of Prv (e.g. Fig. 
5a). However, our newly-found samples from Chl-rich 
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veins in rodingites, containing Prv rimmed by Ti-rich 
Adr halos and surrounded by common Adr (Fig. 5c–d), 
undoubtedly confirm this replacement. Now it is clear 
that much of the Ti-rich Adr most likely formed at the 
expense of Prv.

The late generation of Ti-poor and Cr-rich Adr often 
fills fissures or forms 0.5–3 cm thick veins especially in 
rodingitized domains of serpentinites. This Adr mainly 
replaces clinopyroxenes, possibly Ti-rich Adr and/or Prv.

Typical serpentinite of the E4 event is composed 
of Srp, Chl, Act to Hbl, Pph, Qz, Cr-Fe Spl, Mag and 
Hem ± Carb with Tlc. The presence of pyrophanite 
(MnTiO3) alteration rims on Prv crystals and the forma-
tion of the Cr–Fe-Spl to Cr-Mag is compatible with an 
increased Mn2+ and Fe2+ activity during the late stages 
of serpentinization. Oxides (Fe–Mn) and hydro-oxides, 
and hydration of the Spl harzburgite with the H2O–CO2 
and Si–Fe–Mn-rich fluids are therefore related to final 
stage (late E4 event) of serpentinization, combined with 
rodingitization.

4.3.	Definition of chemical changes in dark 
harzburgitic core and serpentinite rim

Chemical variations between the presumed lherzolitic 
protolith of “pyrolite” (McDonough and Sun 1995) 
composition and the studied dark harzburgitic core reflect 
two-stage melting (E1 and E2) events during the Cpx 
harzburgite formation. However, the pervasive meta-
morphic fluids penetrated also into the dark harzburgitic 
cores during serpentinization (E3 and E4 events). The 
best evidence is the presence of metamorphic phases 
as Cpx4,5, Hbl and Srp (Atg, or Ctl, Lz) in these cores, 
however limited.

For the reconstruction of a mechanism and geodynam-
ic setting of serpentinization (e.g. Kodolányi et al. 2012), 
we attempted to constrain a pristine chemical character 
of the studied Cpx harzburgite from the rarely preserved 
dark cores of the serpentinite boulders. We were in par-
ticular interested in deciphering the mineralogical and 
chemical changes during the low-degree partial melting 
(E1 and E2 events). For this purpose we compared the 
pristine harzburgite with the recommended “pyrolite” 
composition (after McDonough and Sun 1995). We also 
examined effects of fluid-rock interaction(s) (E3 and E4 
events) by comparison of chemical compositions of Cpx 
harzburgite in the dark core (only weakly affected by 
serpentinization) and its serpentinite rim.

4.3.1.	Chemical changes between “pyrolite” 
and the dark Cpx harzburgite cores

The changes which could have occurred between the 
chemical composition of an ideal “pyrolite” and the dark 

Cpx harzburgite core are best seen from the Primitive 
Mantle-normalized spiderplot (Fig. 7b), even though the 
part of the trace-element signature of the most mobile 
elements was obscured by subsequent metamorphic 
events.

The LILE in core samples display various and rela-
tively high enrichments in Cs (~7–24×) and Ba (~2–23×) 
beside depleted Rb and Sr. HFSE and REE contents show 
overall depletions, however Nb is slightly (~2.4×) and 
Sb extremely (~50–940×) enriched. Moreover, sample 
DO 23-core is also significantly enriched in U (~11×) 
and Ta (~50×).

The relative decrease in REE can be explained by 
extraction of a melt from a (harzburgitic) residue (E1 
event). Low-degree batch melting (E2 event) could not 
influence the REE (especially the HREE) and HFSE 
contents sufficiently. An increased content in Cs and Ba 
is usually interpreted as an impact of slab-derived (meta-
morphic) fluids (Scambelluri et al. 2004; Khedr and Arai 
2009). Therefore these signatures in the studied samples 
should be the result of the E3 and E4 events.

4.3.2.	Chemical changes between the 
harzburgitic cores and serpentinized 
rims

The chemical changes between a dark harzburgitic core 
and a serpentinized rim could reflect the two E3 and E4 
fluid–rock interactions, depending on conditions when 
trace elements became mobile in a fluid phase. It is 
obvious that the latest stages of (E4) serpentinization 
and rodingitization left a strong impact on the chemi-
cal composition mainly in serpentinized rim of the dark 
harzburgitic cores. The following chemical changes are 
observable between the dark Cpx harzburgite core and a 
serpentinized rim around this core.

No depletion (or a negligible change) exhibit Ti, Pb 
and Sc. The LILE from serpentinites (rim samples) dis-
play significant decrease in Cs and Ba (~4–11×). Among 
HFSE, characteristic are relative depletion in Sb (~2–3×), 
slight enrichment in Nb (~1.3×) and significant enrich-
ment in U (~10–200×) compared with the core equiva-
lents. Additionally, sample DO 2-rim shows an increase 
in Sb (~7×) and DO 1d-rim in Th (~40×). LREE display 
a distinct enrichment (La and Ce: ~7×, Pr and Nd: ~20×, 
Sm: ~5×). All HREE are weakly depleted (~1.3–2.5×) 
within serpentinites. Lithium exhibits relatively decreased 
contents (~2–3×), while Cr and Ni are slightly increased 
(~1.25×).

The previous review of the chemical changes is a good 
evidence for a relative stability of HREE to pervading 
fluids. The negligible changes were detected in HFSE 
elements (Ti and Nb); Sc and Pb behaved similarly. 
Only slight changes were also shown by Cr and Ni. On 
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the other hand, the enrichment of the most LILE (Li, Cs, 
and Ba), Th, U, LREE and Sb from pervading fluids was 
characteristic.

5.	Discussion

5.1.	Geodynamic setting of serpentinization 

Based on in situ study, Kodolányi et al. (2012) proposed 
criteria distinguishing the serpentinites formed in mid-
ocean ridge, fore-arc and passive margin settings, on the 
basis of trace elements. In general, bulk serpentinites 
showed up to several orders of magnitude enriched Cl, 
B, Sr, U, Sb, Pb, Rb, Cs and Li relative to elements of 
similar compatibility during mantle melting. Also the 
LREE enrichment and the appearance of positive Eu 
anomaly can be often related to serpentinization. These 
elements are largely hosted in serpentine (lizardite and 
chrysotile, but not antigorite). However, the magnitude 
of such enrichments often depends on the geodynamic 
setting.

The mid-ocean ridge serpentinites are enriched in B, 
U, Pb, Sb, Sr, Li, ± As. They also exhibit positive Eu 
anomaly on chondrite-normalized REE plots. Primitive 
Mantle-normalized multielement diagrams display U-
shaped patterns. Acidic fluids, like those emanating from 
mid-ocean ridge hydrothermal systems, have increased 
LREE/HREE ratios and positive Eu anomalies, but over-
all low REE contents.

The fore-arc serpentinites are characterized by low in-
compatible trace-element contents, the lowest Cl as well 
as the highest Rb, Cs and Sr enrichments, but lack the 
U enrichment commonly observed in MOR and passive-
margin serpentinites. On the other hand, passive-margin 
serpentinites show the highest B contents and prominent 
U enrichment, and overall high REE concentrations.

Scambelluri et al. (2004) with Khedr and Arai (2009), 
illustrated increasing Sr from serpentinized oceanic 
peridotite to HP antigorite peridotite. Olivine-, Opx- 
and Cpx-bearing metaperidotites displayed enrichment 
in B, Rb, Sr, Cs, Ba, Li, compared to the HFSE. They 
characterized subduction-zone metasomatism in hy-
drated peridotites as showing U-shaped REE patterns 
and enrichment in LILE (Cs, Pb and Ba) relative to 
HFSE (Hf, Ta, Zr and Nb) and Th. Such characteris-
tics are consistent with the mantle metasomatism by 
slab-derived fluids either in subduction channel, or in 
overlying mantle wedge.

Our chemical data (Tab. 2, Fig. 7) suggest the mobil-
ity most of the LILE (Th, U, Rb, Sr, Cs, Ba, in part Pb) 
and LREE, which was likely related to pervading fluids 
during the E3 to E4 events. In general, LILE and LREE 
show relative enrichment to HFSE and HREE. Part of 

the LILE shows an increase (Th, U, Cs and Ba), but the 
rest suffered a decrease (Rb and Sr) after serpentiniza-
tion and/or rodingitization. Uranium, Sb and Li exhibit 
positive anomalies. Similarly, Cs and Ba show positive 
anomalies in a spider diagram (Fig. 7b), interpretable as 
a consequence of slab-derived metamorphic fluids. The 
LREE display a U-shaped pattern. Our samples, enriched 
in Cs, Ba, U, Pb, Sb and Li (Fig. 7b) can therefore be 
interpreted as having been overprinted by slab-derived 
(metamorphic) fluids. The blueschist-facies metamorphic 
rocks were their most likely source.

5.2.	Perovskite and andradite genesis

Perovskite usually occurs in a restricted zone, which 
could be characterized as a serpentinization front or a 
reaction zone between the progressive serpentinization 
front and the original Cpx harzburgite of the dark core. 
The main reacting phase of the Cpx harzburgite was Opx1 
attacked by CO2-rich aqueous (serpentinization) fluids 
transporting Ca, Ti, Fe and LREE from a subducted slab, 
partitioned into Prv at fairly low Si activity. This indi-
cates post-magmatic, reaction-metasomatic origin of the 
Prv. On the other hand, the probability of Prv formation 
due to a melt–rock interaction (during the E2 event) was 
low. Perovskite does not occur in the preserved (not ser-
pentinized) Opx1 porphyroclasts surrounded by the (E2) 
Cpx2 aggregates in the dark harzburgitic cores.

The E3 event of HP subduction generated the slab-
derived fluids, which could have pervaded through the 
exhuming metaultramafic fragments in subduction chan-
nel also during the later E4 event.

Crystallization of Prv was highly improbable during 
the final stage of exhumation within an accretionary 
wedge (late-stage of the E4 event), because of chemical 
composition of metamorphic fluids (Si–Fe–Mn-rich), un-
suitable for the Prv nucleation. On the contrary, Prv was 
replaced by Pph and partly dissolved by rodingitization 
fluids. However, an earlier stage of the E4 event seems to 
be the appropriate for the likely Prv genesis. Perovskite 
might therefore form during exhumation of harzburgitic 
fragments in subduction channel or during a subsequent 
burial within the frontal (subduction–) accretion wedge. 
Pervading CO2-rich aqueous fluids (transporting Ca, Ti, 
Fe and LREE) might partly dissolve and destabilize the 
Opx1 porphyroclasts (Fig. 2a–b) and thus initiate the Prv 
growth along and at the expense of the Cpx exsolution 
lamellae (Figs 3, 5). Calcium, titanium and LREE (La, 
Ce) from slab-derived fluids might reside in Prv during 
exhumation serpentinization.

The inferred Opx breakdown/dissolution reaction 
(E4 event) is: (Mg,Fe,Ca)(Mg,Fe,Al)(Si,Al)2O6 (Opx 
with high-Al and higher-Ti Cpx exsolution lamellae) + 
LREE(La,Ce) bearing Cpx1-3 + (CO2)aq + H2O(P,F,Cl,La,Ce) + 
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Ca2+ + Ti/Fe3+ = (La,Ce)CaTiO3 (Prv) and/or Ti-rich Adr 
+ Ap + Di + Srp + Carb + Qz.

Activities of Ca were likely high, and of Si fairly low, 
to replace Cpx lamellae in Opx1 by Prv. Narrow asso-
ciation of Prv with other Ca-(Ti) rich phases (Adr, Ap, 
Di, Ves and Carb) indicates that both serpentinization 
and rodingitization processes initiated the breakdown 
of the Opx1 porphyroclasts. The exsolved Cpx lamellae 
were the main source of the Prv and/or Adr growth in 
the Opx1 porphyroclasts due to acting CO2-rich aqueous 
fluids obviously released from marbles in subduction 
channel or within an accretion wedge. Presence of Ap 
demonstrates that P with F were important components 
of the fluid phase. The textural relationships indicate that 
the formation of the Ap was linked to the crystallization 
of the hydrous minerals (Ap enclosed in Chl aggregates).

Most likely, a decreased oxygen fugacity and in-
creased Ca–Si activity in rodingitization fluids caused 
the change from Prv to Adr crystallization. Low oxygen 
fugacity supports the stability of Ti-rich Adr (Müntener 
and Hermann 1994). The presence of Prv and Ti-rich Adr 
in the same thin-section (e.g. sample DO-2f-2, Fig. 5a, 
and those two newly-found samples), on the other hand, 
clearly indicates such changes in activities of Si, Ti, and 
oxygen fugacity as well, especially in transition zones 
between serpentinization (Prv present) and rodingitiza-
tion (Prv missing).

The inferred fluid-enhanced origin of the Prv crystals 
is consistent with their variable size, shape and irregular 
individual or a group (up to 25 Prv grains occur in one 
Opx1 porphyroclast, or to about 80 grains in one thin 
section) distribution of Prv within the partly to totally 
serpentinized Opx1 porphyroclasts. Enrichment of per-
vading fluids in sulphur is inferred from millerite (NiS) 
inclusions in Prv (Fig. 3a).

Perovskite formation seems to be postdating the subduc-
tion–metamorphic (E3) event. Relatively fresh appearance 
of Prv after serpentinization (E3 to E4 event) supports this 
genetic model. Progressive rodingitization within serpen-
tinites (late E4 event) obscured the whole domain of the 
Prv distribution in original Cpx harzburgites. The older 
perovskite generation is preserved in Opx1 porphyroclasts, 
indicating relatively weak effect of both serpentinization 
and rodingitization around the well preserved dark cores 
of the original Cpx harzburgites in serpentinites. However, 
a newer generation of skeletal to vein-type Prv(2), discov-
ered from Chl-rich veins directly in rodingites, is usually 
partly to almost totally replaced by Ti-rich Adr halos and 
surrounded by common (Ti-poor) Adr.

5.3.	The age of the E1 to E4 events 

Although the age of the E1 event (300–250 Ma?) is not 
constrained by radiometric dating on the mantle rocks, the 

timing of continental crust extension at the margin of the 
Meliata Basin is well defined by the ages of S- and A-type 
Permian granites (Putiš et al. 2000; Radvanec et al. 2009b) 
as well as calc-alkaline and A-type volcanites (Kotov et al. 
1996; Vozárová et al. 2009). The magmatism is an indica-
tor that the crust, with the underlying mantle lithosphere, 
could have been melted due to extension above a subduc-
tion zone, and, after delamination, during the riftogenesis 
(Fig. 8). This is consistent with the northwest-ward (in 
present-day geographic co-ordinates) subduction of the 
Paleotethyan ocenic crust below the Intra-Alpine terrain 
(Stampfli 1996). The batch melting (E2 event) could, 
on the other hand, reflect mantle environment below a 
slowly spreading ridge related to evolving oceanic crust 
of the Meliata Basin. The proposed age for the E2 event 
(250–200 Ma?) is thus compatible with the opening and 
growth of the Melita Oceanic Basin in Triassic times that 
is well constrained also by lithostratigraphical data from 
sedimentary sequences (Mock et al. 1998).

The E3 event was dated by 40Ar–39Ar ages of “phen-
gitic” white mica from blueschists (Dallmeyer et al. 1996; 
Faryad and Henjes-Kunst 1997), falling mainly within the 
time interval of 160–150 Ma. The age of the E4 event 
is thus constrained at 150–130 Ma, because from c. 130 
Ma to c. 100 Ma the Meliatic nappes were thrusting on-
to the West-Carpathian orogenic wedge – compressed 
former passive continental margin of the Meliata Oce-
anic Basin. This thrusting within the orogenic wedge is 
well constrained by 40Ar–39Ar ages of white micas from 
the shear zones (Putiš et al. 2008, 2009). The Meliatic 
subduction–accretionary wedge (Putiš et al. 2011b) must 
have formed between c. 150 and 130 Ma. The age of the 
perovskite and/or andradite is therefore supposed to be 
overlapping with the age of the E4 event.

6.	Conclusions

The studied slightly depleted Cpx harzburgites from 
Dobšiná document rather complex evolution history of 
the mantle fragments incorporated into the Meliata tec-
tonic Unit in the Slovak part of the Western Carpathians. 
The Cpx harzburgite most likely represents an abyssal 
peridotite related to evolving oceanic crust of the Neo-
tethyan Meliata Oceanic back-arc Basin. The following 
evolution events (E1 to E4) have been distinguished.

The early magmatic E1 event (1 200–1 300 ºC/15–20 
kbar, at 300–250 Ma?) mineral assemblage of Ol, Opx1, 
Cr-Spl, ± Cpx1 formed during the early stage of mantle 
upwelling and c. 15–20 % adiabatic melting of a lher-
zolitic(?) precursor, resulting from decompression of the 
mantle beneath a spreading (Neotethyan, Meliatic) ridge.

Subsolidus or submagmatic deformation (E2 event, 
900–1 000 ºC/5–10 kbar, at 250–200 Ma?) of incom-
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pletely solidified harzburgite, forming the Opx1/Cpx1 
porphyroclasts, was accompanied by partial melting and 
crystallization of Cpx2, Cr-Spl, and rare Opx2 around the 
HT deformed, rotated and kinked Opx1/Cpx1 porphyro-
clasts. The E2 event indicates that the second stage of 
c. 10 % batch melting occurred within slowly upwelling 
mantle.

The perovskite and/or andradite formation seems to 
be postdating the subduction metamorphism (E3 event, 
dated at 160 to 150 Ma, according to published 40Ar–39Ar 
ages of “phengitic” white mica from associating blue-
schists). Formation of cloudy lower Al Cpx4 with Prg or 
Mg-Hbl in reaction rims between the Opx1 and Cpx2, or 
antigorite replacing Ol, could have recorded the E3 HP 
metamorphic event.

The harzburgite fragments might have undergone 
serpentinization and rodingitization during the exhuma-
tion in subduction channel and/or during formation of 
an accretionary wedge (E4 event at 300–500 ºC/5–15 
kbar, at 150 to 130 Ma?) due to pervading slab-derived 
aqueous fluids rich in CO2, transporting Ca, Ti, Fe, LREE 
partitioned into Prv. The sources of such fluids might 

have been the blueschist- to greenschist-facies rocks 
from subduction channel and/or a mélange type subduc-
tion–accretionary wedge. The bulk-rock enrichment in 
LREE, Cs, Ba, U, Pb, Sb and Li seems to be an effect 
of the metamorphic (mostly slab-derived) fluids. The 
late-metamorphic H2O–CO2/Si–Fe–Mn-rich fluids caused 
replacement of Prv by pyrophanite and crystallization 
of Ti-rich and/or Ti-poor Adr aggregates at the expense 
of Cpx and/or Prv during final stage of serpentinization 
combined with rodingitization.
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