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Abstract
The Meliata Unit (Meliaticum) is a tectonic superunit of the Western Carpathians that incorporates the blueschists-facies 
Bôrka Nappe and the low-grade metasediments and polygenetic mélange, Meliata Unit s.s., both occurring as scattered 
tectonic slices overlying the Gemeric Superunit. Calcitic marbles were sampled in a wide area within the Bôrka Nappe and 
blocks embedded in Jurassic oceanic sediments (Meliata Unit s.s.). Based on the microstructural evaluation and electron 
backscatter diffraction analysis (EBSD), the carbonates of the Bôrka Nappe experienced differential post-subduction P–T–D 
paths related to a collisional/exhumation setting following closure of the Neotethys-related “Meliata Ocean”. Variations in 
the calcite deformation microstructures were used to distinguish three principal microstructural groups. The first group (G1) 
contains large columnar and lobate calcite grains (≥ 1 mm) reflecting peak P–T conditions during subduction of the Meliata 
oceanic lithosphere. The second group (G2) exhibits dynamic recrystallization of the original G1 grains resulting in grain 
size reduction (< 0.5 mm) and shape-preferred orientation related to exhumation and formation of the accretionary complex. 
The third group (G3) shows a ‘foam’ microstructure with a uniform grain size (0.4–1 mm), sharp grain boundaries and triple 
junctions. The G3 microstructure may have been caused by a static recrystallization at elevated temperatures postdating 
the main deformation, and it is restricted to peripheries of the underlying Veporic metamorphic dome and probably is not 
associated with the Meliata sequences nor its tectono-metamorphic evolution. The corrected kinematic sections indicate 
dominantly ESE–WNW-trending lineations suggesting top-to-WNW kinematics of the Meliata subduction–exhumation 
process for G1 and G2 microstructures, and Gemeric–Veporic E–W orogen-parallel stretching for G3.
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Introduction

In collisional orogenic zones, the position of the fossil plate 
interface is represented by complexes characteristic of an oce-
anic suture. They include slices of ophiolites, high-pressure 
metamorphic rocks, a wide variety of syn-orogenic turbiditic 
flysch sediments with olistostrome bodies, and chaotic tectonic 
breccia masses of diverse composition known as mélanges 
(e.g., Hsü 1968, 1974; Ernst 1988; Festa et al. 2010). Another 
feature typical for the suture complexes is their complex and 
variable record of tectonic and metamorphic evolution (e.g., 
Wakabayashi 2015). Depending on the composition, position 
and velocity of the subduction and exhumation processes, 
certain rocks of the suture zone can record the initial stages 
of metamorphic and deformation processes associated with 
deep burial in the subduction channel (e.g., glaucophanites, 
eclogites). On the other hand, some rock units associated with 
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suture zones were completely uninvolved in the subduction 
and they rather reflect low-grade metamorphic transformations 
and deformation within the accretionary wedge. While deeply 
subducted complexes often provide valuable information about 
increasing temperature–pressure conditions during burial and 
subsequent exhumation associated with cooling and decom-
pression, the shallowly subducted units may record a simple 
pressure–temperature and strain path (Wakabayashi 2015).

Calcite-bearing rocks, such as limestones, represent an 
important lithology involved in subduction–accretionary 
complexes as they show plastic deformation even at rela-
tively low temperature–pressure conditions (e.g., Bestmann 
et al. 2000; Herwegh and Pfiffner 2005). More importantly, 
deformation in calcitic metacarbonates often leads to locali-
zation as a result of increasing strain (Oesterling et al. 2007), 
increasing strain rate (Rogowitz et al. 2014) or presence of 
impurities (Herwegh and Kunze 2002; Herwegh and Berger 
2004). As a consequence, the earlier deformation of metac-
arbonates can be revealed by microstructural studies allow-
ing for distinction of subducted and non-subducted portions 
of accretionary complexes, as well as for documentation of 
individual stages of the subduction–exhumation process. 
The subduction stages and high-pressure conditions in cal-
cite microstructures can be identified thanks to pressure-
induced transformation of calcite to aragonite and its later 
back-reaction to pseudomorphs of columnar calcite (Brady 
et al. 2004; Seaton et al. 2009; Gerogiannis et al. 2021; 
Aravadinou et al. 2022). On the other hand, formation of 
mylonite microstructures typically accompanies extreme 
deformation during exhumation (e.g., Herwegh and Pfiffner 
2005).

The present work is devoted to marbles of the high-pres-
sure metamorphosed Bôrka Nappe and blocks in low-grade 
mélange—Meliata Unit s.s., which are a parts of the sub-
duction–accretion complex of the Triassic–Jurassic, Neo-
tethys-related oceanic domain, commonly referred to as the 
“Meliata Ocean”, remnants of which are preserved in the 
Western Carpathians. The imbricated Meliatic complexes 
occur as a structurally complex nappe stack overriding the 
Gemer Unit (Gemericum) of the Central Western Carpathi-
ans (e.g., Plašienka et al. 2019). The sampled metacarbon-
ates come from different occurrences of the Meliata Unit 
subduction–accretion complex and as such reveal very dif-
ferent microstructures. An attempt has been made to cor-
relate the individual sites in terms of their tectono-meta-
morphic record.

Geological setting

Based on a regional tectonic division of the Western Car-
pathians (Plašienka 2018), the Meliata Superunit (Meliati-
cum) is placed in the contact area of the Central (CWC) and 

Internal Western Carpathians (IWC). The southern zones 
of the CWC are formed by the thick-skinned Veporic and 
overlying Gemeric complexes (Fig. 1). The structurally 
lower Vepor Unit (Veporicum) is a crustal-scale sheet com-
posed of the pre-Alpine basement and its Upper Paleozoic 
to Mesozoic sedimentary cover, both affected by the Eo-
Alpine (Cretaceous) greenschist- to lower amphibolite-facies 
metamorphism (e.g., Janák et al. 2001; Jeřábek et al. 2007, 
2012). This metamorphism was associated with burial of 
the Vepor Unit during overthrusting by the Gemeric thick-
skinned sheet from the south followed by extensional top-
to-east unroofing of the Vepor Unit from below the Gemeric 
sheet (Janák et al. 2001; Jeřábek et al. 2012; Bukovská et al. 
2013; Novotná et al. 2015; Vojtko et al. 2016). The contact 
zone between the two major units, in terms of both thrusting 
and extension events, is represented by the so-called Lubeník 
shear zone, which in the studied area shows WSW–ENE 
strike, changing eastward to N–S to NNW–SSE direction 
(Fig. 1). Bedding and metamorphic foliations in the SE part 
of the Vepor Unit are south or east-dipping, while the per-
vasive stretching lineation remains constantly plunging to 
the ENE to E (Plašienka 1993; Janák et al. 2001; Jeřábek 
et al. 2012). This structure represents regional axial plunge 
of the Veporic dome below Gemeric units which was later 
reactivated by significant transtensional movements (e.g., 
Novotná et al. 2015; Potočný et al. 2020).

The basement of the overlying Gemer Unit is composed 
of polymetamorphic greenschist-facies Lower Paleozoic 
metavolcano-sedimentary complexes, which are covered by 
low-grade Lower Paleozoic to Triassic deposits (Vozárová 
and Vozár 1988; Vozárová 1996). The general structure of 
the Gemer Unit shows a development of a large-scale cleav-
age fan affecting the pre-Alpine basement and its Upper 
Paleozoic to Mesozoic sedimentary cover. This structure 
reflects the Eo-Alpine northward thrusting of the Gemeric 
sheet over the Vepor Unit followed by transpression along 
the Lubeník shear zone (Lexa et al. 2003). The Meliatic, 
Turnaic and Silicic cover nappe systems, which represent the 
IWC, form a nappe pile overlying the Gemer Unit (Fig. 1).

The Meliata Superunit consists of four different, but 
interrelated imbricated complexes (Plašienka et al. 2019): 
(1) high-pressure and low-temperature (HP–LT) metamor-
phosed Bôrka Nappe in the lowest structural position (Per-
mian–Triassic, possibly also Jurassic; e.g., Faryad 1995a, 
b; Mello et al. 1998); (2) ophiolitic mélange with blocks 
of igneous and sedimentary rocks (Triassic–Jurassic; Ivan 
2002; Faryad et al. 2005); (3) a complex of weakly metamor-
phosed Jurassic shales, turbiditic sandstones and radiolarites 
with olistostrome bodies of Triassic carbonates and basalts 
(Meliata Unit s.s.; e.g., Mock et al. 1998; Árkai et al. 2003); 
and (4) polygenetic mélange at the interfaces of the previ-
ous complexes containing fragments of the Bôrka Nappe, 
ophiolites and the low-grade Jurassic clastics (e.g., Ivan and 
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Méres 2009; Putiš et al. 2011, 2019; Plašienka et al. 2019). 
The overlying Turňa Unit (Turnaicum) is in a close relation-
ship with the Meliata Unit. They jointly form an amalga-
mated, imbricated and folded accretionary complex over-
riding the Gemer Unit (Lačný et al. 2016; cf. Fig. 1). The 
low-grade Turňa Unit includes the Upper Paleozoic to Lower 
Triassic clastic deposits, but especially the Middle–Upper 
Triassic deep-water limestones. The unmetamorphosed Sil-
ica Nappe (Silicicum) in the uppermost structural position 
is composed of the Permian–Lower Triassic evaporites and 
clastic sediments, but is dominated by a massive complex 
of Middle–Upper Triassic platform carbonates (e.g., Mello 
1975; Reichwalder 1982). Jurassic sediments are preserved 
in few places only.

The HP–LT metamorphosed Bôrka Nappe, the main 
object of our study, represents a tightly imbricated com-
plex of metasedimentary and metavolcanic rocks. Due to its 
metamorphic overprint, no fossils have been preserved in 
this nappe and therefore its stratigraphic assignment is based 
only on lithological correlation. The period of the Permian 
to Early Triassic is represented by clastic continental meta-
sediments and acid metavolcanites (Mello et al. 1998). This 
lower lithological complex is very similar to the underlying 
cover of the Gemer Unit, but differences can be observed in 

the degree and character of deformation and metamorphism 
(e.g., Vozárová et al. 2019). The upper lithological complex 
of the Bôrka Nappe includes probably Anisian light massive 
metacarbonates containing coeval basic volcanoclastics and 
lava flows in the upper parts (named by Mello et al. 1998 
as the Dúbrava Formation), which are often transformed to 
glaucophanites. The overlying complex of phyllites, metach-
erts and carbonate breccias is of the Late Triassic to possibly 
Jurassic age.

There are several palaeotectonic reconstructions for zones 
associated with the Meliatic complexes inferring their rela-
tionship to the Middle Triassic opening and subsequent 
Late Jurassic closure of the “Meliata Ocean” (Kozur 1991; 
Kovács 1992; Rakús 1996; Channell and Kozur 1997; Cson-
tos and Vörös 2004; Haas et al. 1995; Less 2000; Stampfli 
and Kozur 2006; Schmid et al. 2008; Dallmeyer et al. 2008; 
Missoni and Gawlick 2011; Kövér et al. 2018; Szives et al. 
2018; Plašienka et al. 2019). These concepts assume dif-
ferent position of the Meliata Ocean: (1) as an independent 
back-arc basin inboard the European margin related to the 
northward subduction of Palaeotethys; (2) as the NW-ward 
wedging-out embayment of the Neotethys Ocean; (3) as a 
remnant oceanic basin in front of obducted Vardar ophiolite 
nappes, or (4) merely as a facies zone of the Neotethyan 

Fig. 1   Investigated part of the Western Carpathians in Slovakia: a tectonic sketch; b schematic profile with the main structural elements, red 
arrows—out-of-sequence thrusting
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distal passive margin. To avoid misunderstandings, the 
term “Meliata Ocean” in parentheses is used throughout 
this paper, which means that no genetic connotation of this 
oceanic domain is given and no its relationships to other 
Neotethyan domains are treated here.

The former northern European margin of the “Meliata 
Ocean” became the lower tectonic plate during the Juras-
sic subduction, when its southern Adria-related margin was 
transformed from a passive to an active one with the Meliatic 
complexes squeezed in between. Middle Anisian (Pelsonian) 
rifting of the “Meliata Ocean” is confirmed by deep-water 
pelagic sediments filling the cracks within the disintegrat-
ing Lower Anisian platform carbonates (e.g., Kozur and 
Mock 1973). Subsequent passive margin subsidence was 
associated with the expansion of the “Meliata Ocean”. The 
convergent stage is characterized by sedimentation of the 
distal turbidites and olistostrome bodies derived from the 
active margin setting. After the Meliatic oceanic lithosphere 
was fully subducted, the former European passive margin 
(the CWC Gemeric and the future Bôrka Nappe as its dis-
tal fringe) was dragged into the subduction and underwent 
HP–LT metamorphism characterized by mineral assem-
blages formed at 460–520 °C and 1–1.5 GPa (Faryad 1995a, 
b; Faryad and Hoinkes 1999; Nemec et al. 2020). Peak of the 
high-pressure metamorphism in metasediments was dated 
by 40Ar/39Ar method to approximately 160–150 Ma (e.g., 
Faryad and Henjes-Kunst 1997; Dallmeyer et al. 2008). 
However, these data are limited to the southernmost parts 
of the Bôrka Nappe, where it is mostly covered by the over-
lying tectonic units. The external (north-western) parts of 
Bôrka Nappe overlying the Gemer Unit reached lower meta-
morphic conditions of greenschist and/or transitional green-
schist–blueschist facies (Ivan et al. 2009; Putiš et al. 2012). 
Lower Cretaceous exhumation has been documented by the 
retrograde metamorphism of HP rocks under greenschist-
facies conditions, structural and thermochronological data 
(e.g., Faryad 1999; Dallmeyer et al. 2008; Putiš et al. 2009, 
2014, 2015, 2019; Potočný et al. 2020; Nemec et al. 2020).

Sampling and methods

Field work and sampling aimed to cover the largest pos-
sible number of occurrences of the Bôrka Nappe and the 
Meliata Unit s.s. (Fig. 2; Table 1). Sampling was focused 
on lithologically similar, pale to white massive metac-
arbonates, especially calcitic marbles designated as the 
Honce Limestone in Slovakia. Altogether 27 samples were 
collected. The thin sections were made perpendicular to 
the main metamorphic foliation and parallel to the line-
ation as observed in the field (see Table 1 for foliation 
and lineation measurements). Samples without visible 

lineation, were cut (thin sections) perpendicular to folia-
tion and parallel to the foliation maximum dip (MD meas-
urements in Table 1). The photomicrographs and stereo-
graphic projections of crystallographic orientations are 
presented in sections parallel to the measured lineation and 
perpendicular to the measured foliation. Sample investiga-
tion was focused on differences in the rock composition 
and various observable microstructure features.

To better understand the evolution of the microstruc-
tures, 12 selected samples were analyzed in Cathodolumi-
nescence (CL) mode. A “hot-cathode” (Walker and Burley 
1991) in the CL-Lab of Department of Geosciences at the 
University of Fribourg (Switzerland) was used to investi-
gate the cathodoluminescence of specific features of the 
calcite microstructures. An acceleration voltage of 19 kV 
was applied.

Based on the microstructural criteria, eight representa-
tive samples were selected for the Electron Backscatter 
Diffraction (EBSD) analysis performed at the Institute of 
Petrology and Structural Geology of the Faculty of Sci-
ence, Charles University in Prague (Czech Republic). 
EBSD data were acquired using the scanning electron 
microscope Tescan Vega equipped with NordLys Nano 
detector (Oxford Instruments), in point-beam mode at 
20 kV and 7 nA, and a step size between 5 and 15 μm. 
The EBSD data were collected using the AZtec software 
(Oxford Instruments) and processed with Matlab toolbox 
MTEX 4.5.1. (Hielscher and Schaeben 2008). This method 
was used to determine numerous structural and textural 
aspects as phase, crystallographic orientation of grains, 
grains reconstruction, twins recognition and their removal, 
grain size distribution, and shape-preferred orientation. 
The grain diameter was determined from reconstructed 
grain maps as equal area diameter, i.e., the diameter of a 
circle with area that is equivalent to the grain. The result-
ing grain size of each sample is presented as curves con-
necting peaks of grain diameter histogram. The grain maps 
based on EBSD measurements are shown after twin lamel-
lae removal. Crystallographic preferred orientation (CPO) 
data are plotted as orientation distribution function (ODF) 
calculated from all measured points in the respective 
EBSD maps by Fourier method with de la Vallée Pous-
sin kernel and a half width of 16°. Crystallographic and 
shape fabrics show preferred orientations with respect to 
a sample reference system. The resulting crystallographic 
data are shown in the equal area upper hemisphere projec-
tion pole figures for (0001), [11-20], {10-14}, {01-12}, 
{01-18} planes and directions that are commonly used 
to characterize texture of calcitic rocks. Shape preferred 
orientation (SPO) was illustrated as rose diagram for each 
sample in pole figures of {01-18}.
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Results

Altogether 27 samples (Table 1) were collected at 21 
localities in a wide area of the Meliata Unit (Fig. 2). Two 
main groups can be distinguished from structural point 
of view as (1) metacarbonates in association with basic 
volcanics and metasediments of the Bôrka Nappe, and 
(2) bodies of metacarbonates (olistoliths and/or tectonic 
slices) in polygenetic mélange of the Meliata Unit s.s. 
(Fig. 2a). All collected samples are represented by light, 
white or yellowish-colored crystalline metacarbonate, 
rarely with a tint of different color caused by impurities. 
Primary sedimentary layering of metacarbonates of the 
first group is observed as compositional banding related 
to contribution of volcanic material (Fig. 3). The layering 

is typically subparallel to the metamorphic foliation S0–1 
(Fig. 3) which usually shows a weak lineation L1. Locally, 
the mylonitic foliation S2 transposes S0–1 (Fig. 3b), or sec-
ondary axial-planar cleavage S2 is developed in northward-
facing tight asymmetric folds typical of the Bôrka Nappe 
(Fig. 3c). In places without clear overprinting relations, 
the S0–1 and S2 are macroscopically indistinguishable, 
therefore, only S and L measurements are indicated for the 
studied samples (Table 1). The metamorphic foliation S 
of the collected samples is generally gently to moderately 
SE–SW dipping (Fig. 2b, d) and the lineation L mostly 
plunges to the SE (Fig. 2c, d). The metacarbonate blocks 
of the second group occur as large bodies embedded in soft 
Jurassic sediments of the Meliata Unit s.s. (Fig. 3d). With 
the exception of two samples (Table 1), these carbonates 

Fig. 2   Tectonic sketch map, modified after Bezák et al. (2004), of the 
investigated area with stereograms of the main structural elements 
measured in the field: a tectonic map with occurrences of the Meliata 

Unit and sample locations; b orientation of the foliation planes of ori-
ented samples; c orientation of the lineation of oriented samples; d 
rose diagram of the structural elements
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are usually without any significant macroscopic structural 
elements.

Calcite deformation microstructures

The studied samples were divided into three groups based 
on differences in calcite microstructures. The distinctive fea-
tures are based on microstructural criteria including degree 
of recrystallization, recrystallization character and size and 
shape of grains. Figure 4 summarizes different microstruc-
tural features of the studied metacarbonates in relation to the 
observed deformation fabrics. In principle, the microstruc-
tures show an earlier coarse-grained microstructure with 
relics of columnar calcite that was overprinted by recrystal-
lization to various extent.

Group 1

Group 1 (G1) microstructure is characterized by large grain 
size (> 1 mm; Figs. 5a–f, 6). However, two distinct micro-
structural features further split this group into G1A and G1B 

microstructures. The main feature of G1A (Fig. 5a–c) is an 
occurrence of the columnar calcite, while lobate shapes of 
large calcite grains determine the G1B (Fig. 5d–f). The G1A 
grains are characterized by elongate shapes with usually 
strong intragranular deformation in the form of columnar 
subgrains and undulose extinction (Fig. 5). The columnar 
microstructure without evidence for subsequent recrystal-
lization is rarely well preserved, as recrystallization of cal-
cite is observed in almost all samples with columnar calcite 
microstructure. The G1B microstructure is characterized by 
typical irregular boundaries of big calcite grains that do not 
show any shape-preferred orientation (Fig. 5d–f). Similar to 
the columnar calcite microstructure, the lobate calcite grains 
shown intense intragranular deformation.

The large calcite grains of G1 show variable forms of 
twin lamellae, from very thin to thick, curved, and often 
recrystallized lamellae. Such twins correspond to geo-
metric types II–IV (˃ 200 °C) of Burkhard (1993). Three 
coarse-grained marble samples from G1 were investigated 
by EBSD. Sample BOR 1 and ŠUG 1 show similar texture 
with c-axes and poles to e-planes clustering in a broad single 

Table 1   Investigated samples, 
their GPS, positions and 
characteristics (measurement of 
oriented samples: S = foliation; 
L = lineation; MD = maximum 
dip)

a Samples studied by electron backscatter diffraction analysis (EBSD)

Sample GPS (WGS 84) Position Mineral composition Oriented sample

MEL 1 N48.517008 E20.324691 Meliata Unit s.s. Cal+Dol
MEL 2 N48.512410 E20.330896 Meliata Unit s.s. Cal+Dol
DRZK 1 N48.548337 E20.220391 Meliata Unit s.s. Cal+Dol
DRZK 2 N48.545695 E20.224864 Meliata Unit s.s. Cal+Dol
MS 7 N48.727736 E20.339937 Dúbrava Fm. Cal+Ms, Qz, Ab, Ilm
HAČ 1 N48.668891 E20.833704 Dúbrava Fm. Cal+Qz S230/60  L320/20
BOH 1a N48.505874 E20.386655 Meliata Unit s.s. Cal+Dol S170/60  L110/20
HNC 5a N48.657294 E20.394208 Meliata Unit s.s. Cal+Qz S20/70  L100/26
GES 1 N48.587896 E20.346326 Meliata Unit s.s. Cal+Dol
ŠUG 1a N48.673103 E20.874906 Dúbrava Fm. Cal+Dol, Ms, Qz S41/72  L125/25
ŽDIAR 1 N48.731328 E20.364704 Dúbrava Fm. Cal+Dol, Qz
BOR 1a N48.637285 E20.764396 Dúbrava Fm. Cal+Dol S160/62  L135/60
BOR 2 N48.638715 E20.763763 Dúbrava Fm. Cal+Dol, Ab S160/45  L160/45
ZADD 5 N48.638127 E20.811244 Dúbrava Fm. Cal
RODU 5 N48.714383 E20.313608 Dúbrava Fm. Cal+Qz, Dol
PTR 1 N48.715146 E20.361429 Dúbrava Fm. Cal+Qz
VC 29a N48.669312 E20.874925 Dúbrava Fm. Cal+Qz S140/35  L120/33
ROS 1a N48.692887 E20.333880 Dúbrava Fm. Cal+Qz, Ms, Dol, Ilm S208/40  L158/28
ROS 2a N48.693058 E20.332277 Dúbrava Fm. Cal+Qz, Dol S208/50  L210/49
LUB 1 N48.648782 E20.196047 Dúbrava Fm. Cal+Dol S185/42  MD185/42
LUB 5 N48.649058 E20.187635 Dúbrava Fm. Cal+Chl, Dol
STM 6 N48.672614 E20.377407 Dúbrava Fm. Cal+Dol
HR 9a N48.661829 E20.285482 Dúbrava Fm. Cal+Chl, Ilm, Qz, Ab S190/36  MD190/36
FS 6a N48.715119 E20.232087 Dúbrava Fm. Cal+Chl, Dol S145/35  L93/25
VC 29Ca N48.669312 E20.874925 Dúbrava Fm. Cal+Qz S125/30  L135/44
MS 10 N48.731402 E20.345607 Dúbrava Fm. Cal+Qz
RDZ 2 N48.773382 E20.331016 Dúbrava Fm. Cal + Qz, Ms, Ab, Ilm
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point maximum perpendicular to the reference foliation 
plane and a-axes showing a broad single girdle subparal-
lel to foliation (Fig. 5g, h). The maximum concentration of 
a-axes is subparallel and slightly oblique to the measured 
lineation for sample ŠUG 1 and BOR 1, respectively. SPO 
of reconstructed grains in these samples is subparallel to the 
foliation. Sample HNC 5 shows a single girdle of c-axes and 
poles to e-planes oblique to the macroscopic foliation and 
subparallel to the grain SPO (Fig. 5i).

Group 2

Large calcite grains of G1 are often overprinted by recrystal-
lization which, with increasing overprint intensity, can be dis-
tinguished as the separate Group 2 (G2) microstructure (Fig. 7). 
Augmenting stages of recrystallization are accomplished by the 
development of completely recrystallized mylonites (Fig. 7c, d). 
G2 grains are characterized by relatively small size of < 500 μm 
(Fig. 6) showing either no signs of shape-preferred orientation in 
less recrystallized samples, or strong shape-preferred orientation 

in calcitic mylonites (cf. Fig. 7c, d). Results from the cathodolu-
minescence (CL) imaging allowed to distinguish two separate 
generations of calcite associated with G1 and G2 microstruc-
tures (Fig. 8). Dark CL of the first generation calcite (Cal1) 
is associated with coarse-grained G1 microstructure, while 
brighter CL of the second calcite generation (Cal2) is associated 
with fine-grained G2 (Fig. 8a–d). The CL images also manifest 
different degree of transformation of Cal1 into younger Cal2 and 
consequently degree of recrystallization of G1 by G2 (Fig. 8).

In addition, G2 calcite grains show multiple sets of 
mostly very thin twin lamellae, such as the geometric type II 
(150–300 °C) described by Burkhard (1993). One mylonite mar-
ble sample VC 29 analyzed by EBSD is characterized by a sin-
gle maximum of c-axes and poles to e-planes perpendicular to 
the reference foliation and by a broad single girdle of a-axes sub-
parallel to foliation with their maximum concentration slightly 
oblique to the measured lineation (Fig. 7g). The grain SPO 
forms foliation that is oblique to the reference foliation plane.

Fig. 3   Phototable of Meliatic metacarbonates in the field: a folia-
tion S0–1 in Bôrka Nappe metacarbonates visible in an old quarry 
(Roštár—ROS 02); b strong tectonic overprint of mixture of car-
bonate and volcanic material with rotated σ and δ clasts pointing to 

generally top-to-NW shearing (Šugov Valley—VC 29); c folded 
metacarbonate strata interlayered by volcanic material (Hrádok—HR 
9); d block of marble embedded in Jurassic deep-water sediments 
(Držkovce—DRZK 01)
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Group 3

Group 3 (G3) of calcite microstructures is distinguished 
by a specific microstructure resembling the completely 
recrystallized so-called foam microstructure (Fig. 9a–c). 
Calcite grains of G3 are mostly equi-axed and of simi-
lar size (0.5–1 mm in Fig. 6) and often show relatively 
straight boundaries (Fig. 9). Similarly, to the Cal1 grains 
of G1, the CL of G3 grains is also dark (Fig. 8). G3 cal-
cite grains contain deformation twins, like geometric type 
I or II suggesting temperatures between 150 and 300 °C 
(Burkhard 1993). Regional occurrence of the G3 micro-
structure is limited to the surroundings of the Lubeník 
shear zone marking the major tectonic contact between 
the Gemeric and Veporic units (Fig. 11).

Four samples from G3 were selected for EBSD analysis 
(Fig. 9d–g). Samples ROS 1 and HR 9 show a single maxi-
mum of c-axes and e-axes perpendicular to the reference 
foliation and by a broad single girdle of a-axes subparallel 
to foliation (Fig. 9d, e). The maximum of a-axes in both 
samples is located close to the y-orientation of the finite 
strain ellipsoid, i.e., perpendicular to the measured linea-
tion. Sample FS 6 shows a single girdle of c-axes and poles 
to e-planes perpendicular to the reference foliation and by 
a broad single girdle of a-axes subparallel to foliation with 
their maximum concentration subparallel to the measured 
lineation (Fig. 9f). Analogously to the G1 sample HCN 5 
(Fig. 5i), the sample ROS 2 shows a single girdle of c-axes 
and e-axes slightly oblique to the macroscopic foliation and 
subparallel to the grain SPO (Fig. 9g).

Fig. 4   Photomicrographs of different calcite microstructures of the 
Meliatic metacarbonates: a columnar calcite oblique to the foliation 
as pseudomorphs after aragonite (Hačava—HAČ 1); b columnar cal-
cite parallel to foliation (Bôrka—BOR 2); c brittle overprint of HP 
metacarbonate with columnar calcite (Honce—HNC 5); d relict of 

a columnar calcite in recrystallized marble (Ždiar Hill—ŽDIAR 1); 
e zones of different grains size (Bohúňovo—BOH 1); f calcite mar-
ble recrystallized by Grain  Boundary  Migration mechanism (Šugov 
Valley—ŠUG 1); g recrystallized and annealed? microstructure with 
SPO of calcite grains oblique to foliation (Hrádok—HR 9)
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Fig. 5   Microphotographs of Group 1 calcite microstructures in cross-
polarized light: a columnar calcite; b–c recrystallized columnar cal-
cite; d–f lobate calcite crystals; g–i EBSD maps of reconstructed 
grains, arrows indicate top of the sample and lineation plunge, the 
associated pole figures show CPO plotted with respect to the sample 

reference frame (measurement of foliation S and lineation L is also 
indicated), foliation trace S and lineation orientation L (identical for 
all pole figures) are shown in the c-axis pole figure, the SPO of recon-
structed grains is shown as rose diagram in the e-planes pole figure
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Fig. 6   Histogram of the distri-
bution of microstructural groups 
based on the grain diameter

Fig. 7   Group 2  calcite microstructures; photomicrographs in cross-
polarized light: a, b microstructure with zones of grain size reduc-
tion without SPO; c, d microstructure of mylonitic marbles with 
strong SPO and grain size reduction; e, f microstructure of low-tem-
perature brittle deformation with relics of columnar calcite; g map of 
reconstructed grains, arrow indicates top of the sample and lineation 

plunge, the associated pole figures show CPO plotted with respect to 
the sample reference frame (measurement of foliation S and linea-
tion L is also indicated), foliation trace S and lineation orientation L 
(identical for all pole figures) is shown in the c-axis pole figure, the 
SPO of reconstructed grains is shown as rose diagram in the e-planes 
pole figure
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Fig. 8   CL images of two calcite generations: a microstructure with 
columnar calcite—Cal1 (dark CL, non-luminescent); b colum-
nar Cal1 (dark CL, non-luminescent) with new recrystallized Cal2 
domains (brownish-dark orange CL; c recrystallized Cal2 (dark 

orange-bright orange CL) with relicts of Cal1 (dark CL, non-lumines-
cent); d completely recrystallized mylonite with Cal2 (bright orange-
yellow CL); e, f foam texture of calcite with no or very weak lumi-
nescence (dark-dark brown CL)
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Fig. 9   Group 3  calcite microstructures; photomicrographs in cross-
polarized light: a, c foam microstructure; d, g maps of reconstructed 
grains, arrows indicate top of the sample and lineation plunge, the 
associated pole figures show CPO plotted with respect to the sample 

reference frame (measurement of foliation S and lineation L is also 
indicated), foliation trace S and lineation orientation L (identical for 
all pole figures) is shown in the c-axis pole figure, the SPO of recon-
structed grains is shown as rose diagram in the e-planes pole figure
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Discussion

Calcite microstructures in the context of regional 
tectonic events

Based on the character of observed calcite microstructures 
(Fig. 10), their spatial occurrence (Fig. 11), overprinting rela-
tions and nature of associated rocks (blueschist and/or green-
schist-facies metabasalts and clastic metasediments), the devel-
opment of the above-characterized microstructural Groups 1–3 
is interpreted in the context of regional tectono-metamorphic 
events.

Group 1 microstructure (Fig. 10) is associated with large 
columnar calcite grains that are commonly interpreted to 
originate from back-reaction of HP aragonite to calcite 
(e.g., Brady et al. 2004; Seaton et al. 2009; Gerogiannis 
et al. 2021; Aravadinou et al. 2022). For this reason, the 
G1A microstructure in the studied metacarbonates is inter-
preted to reflect deformation D1 related to subduction of 
the Meliatic oceanic lithosphere (e.g., Dallmeyer et  al. 
2008; Plašienka et al. 2019). High-grade microstructure of 
the sampled G1 metacarbonates is corroborated by locally 
intercalating basic volcanics or volcanoclastics with relics 
of blueschist-facies minerals (e.g., Faryad 1995a, b; Mello 
et al. 1998; Ivan and Méres 2009; Plašienka et al. 2019). 

The sampled G1 metacarbonates thus further constrain the 
extent of the HP Bôrka Nappe in the central and eastern part 
of the studied area at the northern edge of the Slovak Karst 
Mts and in the Nižná Slaná Depression (Fig. 11). Maximum 
P–T conditions in the glacophanized metabasalts, as well 
as in clastic metasediments, were estimated to 400–460 °C 
at 1–1.2 GPa (Faryad 1995a, b, 1999; Faryad and Henjes-
Kunst 1997). However, recent thermobarometric modeling 
concluded even higher P–T conditions reaching the eclogite-
facies stability field at 520 °C and 1.55 GPa (Nemec et al. 
2020). The lobate calcite grains of G1B microstructure, 
which do not contain relics of columnar calcite, indicate 
relatively high temperature deformation that may correspond 
to the initial phase of exhumation from the subduction chan-
nel (see below).

The Bôrka Nappe is currently located in the footwall of 
massive Triassic complexes of the Silica Nappe and in the 
hanging wall of the Gemeric Unit as a result of its subse-
quent exhumation/emplacement deformation D2. In the 
studied metacarbonates, this deformation is likely associated 
with recrystallization of G1 microstructure and development 
of fine-grained G2 microstructure (Fig. 7). Spatial coinci-
dence of G1 and G2 microstructures (Fig. 11) reflects the 
development of G2–D2 anastomosing mylonite shear zones 
surrounding the G1–D1 low–strain domains. Analogously, 

Fig. 10   Summary of the observed calcite microstructures of the Meliatic metacarbonates and their tentative evolution in the P–T space
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the better preserved HP–LT metamorphic assemblages 
(D1) in the blueschists correspond to low-strain domains 
of the D2 phase, while they are intensely overprinted by 
the greenschist-facies retrogression expressed as high-strain 
G2 calcite mylonites (Fig. 3b). Therefore, the blueschist to 
greenschist-facies transition determined from metabasites 
(Faryad 1999; Faryad et al. 2004; Dallmeyer et al. 2008) 
constrain also the P–T conditions of G1 to G2 microstruc-
tural transition (Fig. 10). In addition, the occurrence of G2 
mylonites marks zones of intense shearing during exhuma-
tion and incorporation of the studied marbles into the accre-
tionary wedge and/or thrusting over the Gemeric substratum.

It should be mentioned that the subduction-related Group 
1 microstructures occur also in marble blocks (Fig. 11) 
embedded in the deep marine low-grade metamorphosed 
Jurassic shales of the Meliata Unit s.s. (Árkai et al. 2003; 
Kövér et al. 2009). These were commonly interpreted as olis-
toliths (e.g., Mock et al. 1998), but their considerably higher 
degree of recrystallization/metamorphism with respect to 
the surrounding sediments indicates that they rather repre-
sent blocks tectonically separated from the underlying Bôrka 
Unit and incorporated within the low-grade matrix deposits 
that was associated with the development of an accretionary 

complex. Due to their location in the low-grade fine-grained 
sediments, which accommodated most of the ductile defor-
mation, the early G1 microstructure in these blocks was 
protected from significant later overprinting. With this 
respect only two samples (HCN5, BOH1 Table 1) showed 
pronounced foliation and lineation associated with the devel-
opment of G2 microstructure during D2 deformation. The 
microstructural record revealed in studied blocks is thus sim-
ilar to the Franciscan Complex in the North America where 
high-grade metamorphosed blocks are mixed with in low-
grade or unmetamorphosed matrix (Wakabayashi 2015). On 
the other hand, the observed D2 structures may reflect later 
deformation associated with thrusting of the Meliata sub-
duction–accretionary complex over the Gemeric basement.

The occurrence of Group 3 microstructure is confined to 
the vicinity of the Lubeník shear zone (Fig. 11) marking the 
major tectonic contact between the Gemeric and Veporic 
units (e.g., Novotná et al. 2015 and reference therein). This 
microstructure, characterized by uniform grain size and 
polygonal structure, is difficult to relate to the G1 and G2 
microstructures (Fig. 10). In general, there are two possi-
bilities: (1) G3 represents an event of static recrystallization 
related to the elevated temperatures in the vicinity of the 

Fig. 11   Tectonic map of investigated area (modified after Bezák et al. 
2004), with distribution of characteristic microstructures of metac-
arbonates. Note that the area with occurrence of G3 microstructures 

should be re-interpreted as a distinct Vepor–Gemer contact zone, but 
it has not been regionally constrained yet
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exhumed Veporic metamorphic dome, or (2) G3 microstruc-
ture is not related to deformation of the Meliata Unit. As the 
grain size of G3 microstructure is smaller than that of G1 
(Fig. 6), the formation of G3 from G1 by static recrystal-
lization is not likely. Although it is possible that G3 formed 
by static overprint of the finer-grained G2, the contrasting 
bright cathodoluminescence for G2 and dark for G3 (cf. 
Fig. 8c–f) makes this interpretation also unlikely. There-
fore, the lack of overprinting relations and coherent appear-
ance of G3 microstructures only next to the Lubenik fault 
zone together with the lack of blueschist-facies metamorphic 
rocks in this region suggest that G3 metacarbonates prob-
ably do not belong to the Meliata Unit. This conclusion is in 
agreement with opinions of some previous authors propos-
ing that metacarbonates to the south of the Lubenik fault 
zone belong to the Carboniferous sedimentary complex of 
the Gemer Unit (Fusán 1957; Abonyi 1970; Gazdačko 2005) 
that was deformed during the Cretaceous juxtaposition of 
the Gemeric and Veporic Units (e.g., Novotná et al. 2015).

CPO data and orientation of lineation

Despite microstructural differences between the three 
groups, the observed calcite CPOs in most analyzed sam-
ples show maxima of c-axes and e-axes perpendicular to 
the measured foliation and maxima of a-axes parallel to the 
measured lineation (Figs. 5, 8, 9). Such textures can be inter-
preted as a result of twinning + intracrystalline slip (e.g., 
Wenk et al. 1987; Bestmann et al. 2000). The e-twinning is 
corroborated by distribution of poles to e-planes perpendicu-
lar to foliation. The intracrystalline slip is likely dominated 
by basal <a> slip with some contribution of rhombic <a> 
slip (Schmid et al. 1987; De Bresser 1991; Bestmann et al. 
2000). The activity of such slip systems results in concen-
tration of a-axes subparallel to lineation. However, in some 
of the studied samples the maximum of a-axes is oblique 
or even perpendicular to the measured lineation implying 
wrong kinematic section. For this reason, the resulting CPOs 
were rotated around the axis perpendicular to the foliation, 
so that the maximum concentration of a-axes is located at 
the periphery of pole figures (Fig. 12a–d). The rotations 
led to correction of kinematic sections which consequently 
allowed for correction of field lineation measurements for 
samples ROS1, HR9, BOR1 and VC29. An incorrect deter-
mination of the stretching lineation in the field is probably 
related to its weak character, as well as to a possible over-
print during later low-grade deformation. The orientation 
of stretching lineation evaluated from calcite CPOs shows 
generally E–W to SE–NW trends which slightly contrasts 
with the E- to S-plunging lineation spread measured in the 
field (cf. Figs. 13, 2c).

The observed CPOs in samples HCN5 and ROS2 
(Figs. 5i, 8g) show a more complicated texture with the 

maximum of c-axis subparallel to the measured lineation 
and a girdle of a-axes subperpendicular to foliation. Simi-
lar texture had been previously reported from deformation 
experiments on the fine-grained Solnhofen limestone and 
interpreted as a result of grain boundary sliding with minor 
contribution of f-slip (Schmid et al. 1987). Such interpre-
tation, however, does not comply with the relatively large 
grain size observed in both samples that would likely pre-
vent the grain boundary sliding mechanism. It seems more 
likely that the observed CPOs in HCN5 and ROS2 samples 
reflect wrong kinematic sections. In the light of the prevail-
ing E–W kinematic sections for most of the studied samples, 
the CPOs of these two samples were tentatively rotated into 
the E–W-trending section (Fig. 12f, g). Although the rotated 
CPOs are still not ideal, they are much more coherent with 
textures recorded by the other samples. For this reason, the 
corrected lineation of the two samples has also been plotted 
into stereograms in Fig. 12.

Deformation history of the Meliata subduction–
accretionary complex

The time of the HP–LT metamorphism in the Bôrka Nappe 
is constrained by the K–Ar and 40Ar/39Ar data. Dallmeyer 
et al. (1996, 2008) reported plateau ages between 150 and 
160 Ma from clastic sediments of the lower complex. Pla-
teau ages of phengite from phyllites and impure marbles pro-
vided 155–152 Ma (Maluski et al. 1993; Faryad and Henjes-
Kunst 1997). However, older ages below 160–170 Ma were 
also detected. The electron microprobe analyzer (EMPA) 
monazite age spectra vary in a wide range, but ages up to 
180 Ma are common (Vozárová et al. 2014; Plašienka et al. 
2019; Potočný 2021; Potočný et al. 2020; Fig. 13). These 
data indicate that the deepest burial and subduction-related 
metamorphic peak of Bôrka Nappe complexes occurred dur-
ing the Late Jurassic, just before the onset of exhumation. 
Scarce older ages admit the Early Jurassic commencement of 
the “Meliata Ocean” subduction, which is indicated also by 
the sedimentary record (start of the flysch-type sedimenta-
tion, e.g., Kozur 1991).

Lineations from the Group 1 samples likely correspond 
to D1 deformation in the subduction channel at peak meta-
morphic conditions and/or during the early exhumation. 
The corrected orientation of the G1 stretching lineation 
revealed E–SE plunges determined in this work (Fig. 13), 
and differs from S to SE plunges of macroscopic lineation 
reported by Dallmeyer et al. (2008). The kinematic conti-
nuity of subduction–exhumation process is reflected by 
D2 shearing and development of Group 2 microstructures 
associated with E-plunging lineation (Fig. 12). D2 shear-
ing was concentrated to comparatively weaker rocks like 
phyllites and impure limestones, particularly at the base and 
within the Meliata complex. West- to NW-facing recumbent 
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isoclinal folds (Potočný 2021) with axial-planar cleavage 
and ESE plunging stretching lineation largely mimic D1 
kinematic framework, but decreasing pressures and tem-
peratures already indicate gradual exhumation and internal 
imbrication of the Bôrka Nappe. Preceding the closure of the 
“Meliata Ocean”, the ongoing shortening and possibly return 
flow in the subduction channel brought the Bôrka complexes 
to the sole of the upper-plate units consisting of the Meliatic 
ophiolitic mélanges, low-grade Jurassic flysch (Meliata Unit 
s.s.) and of the overlying Turňa Nappe. In time of the clos-
ing stage of the Meliata suture, all these units were mutually 
imbricated to form an amalgamated accretionary complex 
that was finally thrust over the lower plate CWC Gemer Unit 
(Fig. 1), see also Lačný et al. (2016). As revealed by the 
geochronological data, the early D2 thrusting event occurred 
during the earliest Cretaceous time (Fig. 13), approximately 
between 145 and 140 Ma (Plašienka 2018; Plašienka et al. 
2019 and references therein).

After the closure of the “Meliata Ocean”, the deforma-
tion progressed to the Eo-Alpine convergence reflected by 
shortening of the lower plate Gemer Unit with the devel-
opment of regional cleavage fan and its thrusting over the 
Veporic domain (e.g., Lexa et al. 2003; Jeřábek et al. 2012; 
Novotná et al. 2015). Thrusting was accompanied by crustal 
thickening and the first phase of extensional collapse of the 
upper parts of the thrust wedge built up mainly by the Meli-
atic accretionary complexes, described e.g., by Dallmeyer 
et al. (2008) as top-to-southeast simple shearing in calcitic 
mylonites. The associated greenschist-facies metamorphism 
in the Gemer Unit and topmost elements of the wedge 
(Meliata Unit s.s. and Turňa Unit), as well as the retrogres-
sion in the Bôrka Nappe, were dated as a long time span 
150–110 Ma by Árkai et al. (2003), Dallmeyer et al. (2008), 
Hurai et al. (2008, 2015), Putiš et al. (2012, 2014), Vozárová 
et al. (2014), Li et al. (2014), Plašienka et al. (2019), Kiefer 
et al. (2020) and Potočný et al. (2020)—see Fig. 13.

Deformation history of the Gemer–Vepor contact 
zone

The Group 3 microstructures most likely reflect deformation 
during the Cretaceous juxtaposition between the Gemer and 
Vepor units. The corrected orientation of G3 stretching line-
ation revealed major shift from dominantly S-plunging field 
lineations to dominantly E–W-trending corrected stretching 

directions (Fig. 12). Such orientations are in an excellent 
agreement with the generally E–W-trending stretching 
lineations of the underlying Vepor Unit (Hók et al. 1993; 
Plašienka 1993; Janák et al. 2001; Jeřábek et al. 2007, 2012; 
Bukovská et al. 2013; Novotná et al. 2015). These lineations 
are explained as orogen-parallel stretching of the underlying 
Vepor associated with northward overthrusting of the Gemer 
Unit (Jeřábek et al. 2007, 2012). The prograde subhorizontal 
deformation fabric associated with the lower crustal flow 
was followed by a static metamorphic overprint recorded 
namely in the kyanite-chloritoid schists of the Permian cover 
delineating the southern edge of the Veporic unit (Vrána 
1964; Lupták et al. 2000; Novotná et al. 2015). The kyanite 
and chloritoid overgrowing the subhorizontal fabric were 
associated with growth of monazite dated by ICPMS to 
97 ± 4 Ma (Bukovská et al. 2013; Jeřábek et al. 2012). The 
observed annealing of the G3 metacarbonates can be thus 
related to this postkinematic event, especially since recent 
EMPA dating of monazite in chlorite-sericite phyllites at the 
locality Hrádok (sampling site HR9) revealed dominant peak 
of ages at 97 ± 5 Ma (Plašienka et al. 2019). Consequently, 
the annealed microfabric observed in metacarbonates previ-
ously assigned to the Bôrka Nappe (Fig. 11) is apparently 
related to this event and thus should have not affected the 
Meliatic, but the lowermost Gemeric structural elements 
formed by Carboniferous, carbonate-bearing formations.

Conclusions

This work is devoted to microstructures of metacarbonates 
from the subduction–accretionary complex related to clo-
sure of the “Meliata Ocean”. Based on the observation of 
microstructures, the studied samples were divided into three 
groups that reflect different P–T–t–D evolution, and possibly 
also deformation stages as characterized below.

1.	 Deformation and metamorphism under conditions of 
high pressures (> 1 GPa) and medium-temperatures 
(< 500 °C) are expressed by columnar calcite preserved 
in metacarbonates of the Group1 microstructure in the 
sliced Bôrka Nappe. G1 microstructure occurs in a direct 
contact with intercalated blueschists but also within met-
acarbonate bodies enclosed in weakly metamorphosed 
matrix sediments. G1 microstructure is associated with 
subduction of the Meliata oceanic lithosphere (D1) 
recorded in the Meliatic high-pressure Bôrka Nappe. 
The documentation of high-pressure marble blocks in 
the low-grade pelagic-clastic sediments of the Meliata 
Unit infers development of the Franciscan-type accre-
tionary complex. The corrected orientation of lineations 
related to subduction–exhumation of the Meliata com-

Fig. 12   Correction of lineation orientation: a lineations before and 
after correction; b–g pole figures show CPO after rotation plotted 
with respect to the sample reference frame (measurement of folia-
tion S and lineation L), foliation trace S, lineation orientation L and 
corrected lineation CL (identical for all pole figures) is shown in the 
c-axis pole figure

◂
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plex suggests top-to-WNW kinematics which contrasts 
with the previously proposed N–NW directions.

2.	 The Group 2 microstructure indicates a lower tem-
perature overprint of G1, which locally led to com-
plete recrystallization of G1 and formation of calcitic 
mylonites in narrow shear zones. This deformation (D2) 
is associated with localization of deformation during 
exhumation of the Bôrka Nappe, as well as imbrication 
and splitting of the entire subduction–accretionary com-
plex into several slices probably during their thrusting 
over the underlying Gemeric units.

3.	 The Group 3 microstructure is spatially restricted to the 
vicinity of the Lubenik fault zone separating the major 
Gemeric and Veporic tectonic units. G3 microstruc-
ture shows evidence for static recrystallization that is 
difficult to relate to the G1–G2 microstructures of the 
Bôrka nappe. Instead, this microstructure likely reflects 
deformation during thrusting of the Gemeric Unit over 
the Veporic Unit resulting in an E–W orogen-parallel 
stretching of the lower complexes and their subsequent 
static metamorphic overprint. The studied metacarbon-
ates to the south of the Lubenik fault zone, formerly 
affiliated with the Bôrka Nappe, are thus re-interpreted 
as Carboniferous sedimentary complex of the Gemer 
Unit.
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