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Abstract
The Miocene deformation history of magmatic and host metamorphic rocks and surrounding sediments was reconstructed 
by measuring meso- and microscale structures and anisotropy of magnetic susceptibility (AMS) data in order to constrain 
the structural evolution of the Pohorje pluton during the onset of lithospheric extension at the Eastern Alps–Pannonian 
Basin transition. Principal AMS axes, lineation and foliation are very similar to mesoscopic lineation and foliation data 
from the main intrusive body and from some dykes. Although contribution from syn-magmatic texture is possible, these 
structures were formed during the cooling of the pluton and associated subvolcanic dykes just shortly after the 18.64 Ma 
pluton intrusion. Dykes emplaced during progressively younger episodes reflect decreasing amount of ductile strain, while 
firstly mesoscopic foliation and lineation, and then the tectonic AMS signal gradually disappears. In the structurally highest 
N–S trending dacite dykes, the AMS fabric only reflects the magmatic flow. The Miocene sediments underwent the same, 
NE–SW to E–W extension as the magmatic and host metamorphic rocks as indicated by both AMS and fault-slip data. All 
these events occurred prior to ~ 15 Ma, i.e., during the main syn-rift extension of the Pannonian Basin and during the fastest 
exhumation of the Tauern and Rechnitz windows, both demonstrating considerable extension of diverse crustal segments 
of the Alpine nappe pile. After a counterclockwise rotation around ~ 15 Ma, the maximum stress axis changed to a SE–NW 
orientation, but it was only registered by brittle faulting. During this time, the overprinting of a syn-rift extensional AMS 
texture was not possible in the cooled or cemented magmatic, metamorphic and sedimentary rocks.
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Introduction

Numerous syn-magmatic structures, formed before com-
plete crystallization, have been observed in granitic plutons 
(Bouchez 1997; Bouchez and Gleizes 1995; Talbot et al. 
2004). Combined with solid-state structural elements, they 
provide important information about emplacement mecha-
nism and regional structural evolution. While crystallization 
follows emplacement within a short time span, generally 
less than 1 Ma (Paterson et al. 1989), the age of the syn-
magmatic and solid-state structures can be determined with 
good precision providing that the age of the intrusion and 
phases of cooling are determined by independent geochro-
nological methods.

AMS is an excellent tool for studying small-scale defor-
mation of different rock types (Graham 1954; Borradaile and 
Henry 1997). This method is particularly useful in grani-
toid intrusions and related dykes emplaced under varying 
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temperature and pressure. Specifically, AMS is frequently 
used to understand processes related to intrusions, such as 
syn-emplacement magmatic deformation or post-emplace-
ment solid-state ductile structures (Djouadi et al. 1997; 
Kratinová et al. 2007; Stevenson et al. 2007). In addition, 
AMS can also be used to study metamorphic rocks (e.g., 
Hrouda and Janák 1976; Parés and van der Pluijm 2002; 
Ferré et al. 2003). In crystal-plastic shear zones, the AMS 
ellipsoid can reveal important information about the geom-
etry of the foliation and the shear sense, and can be used 
to estimate shear strain (Borradaile 1991; Borradaile and 
Alford 1987; Till et al. 2010; and a review of Ferré et al. 
2014). In intrusive and metamorphic rocks, the AMS axes 
can be compared to macroscopically observed foliations and 
lineations (e.g., Parés and van der Pluijm 2002; Hrouda and 
Janák 1976). The combined AMS and structural data can 
reveal a complex deformation history (Pomella et al. 2011; 
Georgiev et al. 2014). AMS can also reveal incipient defor-
mation in sediments which seem to be undeformed in out-
crop scale (Cifelli et al. 2004, 2009). In this case, the AMS 
axes are compared to strain or stress axes of the deformation 
observed in more intensely deformed, adjacent rocks (Bor-
radaile and Jackson 2004).

Our study uses the techniques of AMS to determine the 
deformation history of the Miocene Pohorje pluton and 
adjacent metamorphic and sedimentary rocks in a region 
situated in the transition zone between the Eastern Alps 
and the Pannonian Basin. An important consequence of 
our study is that we were able to compare the AMS tex-
ture and structural elements within a variety of rock types 
and degree of anisotropy. The emplacement of the pluton 
was immediately followed by cooling and rapid exhuma-
tion to the surface which occurred within a time period of 
less than 3 Ma. This thermal evolution can be followed in 
the structures, i.e., deformation mechanism changed from 
crystal-plastic to brittle with the AMS fabric being formed 
within the former regime. The other aspect of our study 
reveals important information on the initiation of the Pan-
nonian Basin system. The whole process from emplacement 
through cooling was coeval with the early phase of crustal 
thinning of the Alpine–Carpathian orogen, which led to the 
Pannonian Basin subsidence. Our results confirm domi-
nantly extensional deformation which is recorded in both 
the AMS and plastic-to-brittle structures. This roughly E–W 
extension marked the syn-cooling deformation, and, together 
with early sediment deformation, reflects crustal stretching 
at the Alpine–Pannonian transition.

Geological setting

The Pohorje and Kozjak Mts. represent the easternmost out-
crops of the Eastern Alps and the western marginal zone of 
the Miocene Pannonian Basin (Fig. 1). The deepest tectonic 

units in the massif belong to the Pohorje nappe (Janák et al. 
2004) and are composed of metapelitic rocks (Hinterlechner-
Ravnik 1971), diamond-bearing gneisses, which underwent 
UHP metamorphism in the Late Cretaceous (~ 95–92 Ma) 
(Janák et al. 2015; Sandmann et al. 2016). Metapelites incor-
porate lenses and bodies of marbles, quartzites, eclogites and 
garnet peridotites; the latter two lithologies also record UHP 
metamorphic conditions (Hinterlechner-Ravnik 1988; Miller 
et al. 2005; Vrabec et al. 2012).

The medium-grade metamorphic rocks are overlain by 
higher Upper Austroalpine tectonic units, which are built 
up of very low-grade Paleozoic and non-metamorphosed 
Permian–Triassic and late Cretaceous sediments (Mioč and 
Žnidarčič 1977) (Fig. 1). The major jump in metamorphic 
grade suggests that the original thrust contacts were over-
printed during Late Cretaceous and Miocene extensional 
exhumation, the consequence of which is a mylonitic shear 
zone (Fig. 1, Fodor et al. 2002, 2008; Trajanova 2002).

The metamorphic rocks were intruded by the Pohorje 
pluton, an elongated magmatic body, about 30 km long 
and 4–8 km wide, with ESE–WNW orientation (Fig. 1) 
(Faninger 1970; Exner 1976; Mioč and Žnidarčič 1977). 
Original intrusive contact marked by thin metamorphic 
aureole was mapped along the margins (Mioč and Žnidarčič 
1977; Žnidarčič and Mioč 1988). The pluton margin has 
been cut by N–S to NE–SW trending late faults.

The Pohorje pluton consists predominantly of granodi-
orite and tonalite (Dolar-Mantuani 1935; Faninger 1970; 
Zupančič 1994; Trajanova et al. 2008). Al-in hornblende 
barometry yielded pressure up to 7 kbar (Altherr et al. 1995) 
suggesting mid-crustal depth of about 20 km during intru-
sion. More recent data indicate a much shallower intru-
sion level for the NW than the SE end of the pluton, 3–4 
and 6.2–7 kbar, respectively (Fodor et al. 2008, Sotelšek 
et al. 2019, Fig. 1). Aplite, pegmatite, “mafic” and dacite 
dykes occur both in the pluton itself and in the metamor-
phic country rocks (Kieslinger 1935; Mioč and Žnidarčič 
1977), while the western part the pluton is transitional to 
subvolcanic dacite (Trajanova 2013). Since the surrounding 
Miocene sediments contain volcanoclastic levels (Winkler 
1929; Mioč and Žnidarčič 1977), dacitic volcanic edifices, 
now completely eroded, must have also existed.

The age of the Pohorje pluton was uncertain for a long 
time. The intrusion was considered to belong to the Oligo-
cene Periadriatic tonalite suite due to petrological and geo-
chemical similarity and its geographical proximity to other 
Periadriatic intrusions (Mioč 1977; Pamić and Palinkaš 
2000; Rosenberg 2004). New U–Pb IPCMS data on zircons, 
however, clearly demonstrate its late Early Miocene intru-
sion age (18.64 ± 0.11 Ma) (Fodor et al. 2008). This age has 
several implications for the magmatic and structural evolu-
tion of the Pohorje Mts. and wider area: (1) the pluton is 
very close in age to shallow subvolcanic and volcanic dacites 
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Fig. 1  Geological overview map of the study area with radiomet-
ric ages of various magmatic rocks in the Pohorje–Kozjak Mts., NE 
Slovenia (after Fodor et al. 2002, 2003, 2008; Trajanova et al. 2008, 
modified). Paleomagnetic sampling sites as well as pressure and 

temperature conditions determined previously for plutonic rocks are 
indicated. Inset shows location of the Pohorje–Kozjak area within the 
Alpine orogeny. MHZ: Mid-Hungarian Shear Zone
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(17.7–14.9 Ma, Fig. 1). (2) The intrusion age is within 3 Ma 
of most of the K–Ar ages (18.1–15.7 Ma) from different 
minerals both from the pluton and subvolcanic dacitic rocks 
and also within 3 Ma of zircon fission track ages (Fig. 1.). 
These observations are interpreted as a sign of rapid uplift 
and related cooling from crystallization temperature below 
the partial annealing zone of zircon fission tracks (Fodor 
et al. 2008). (3) The intrusion overlaps in time with the 
initial magmatism of the Pannonian Basin (Harangi et al. 
2005; Pécskay et al. 2006; Trajanova et al. 2008), and finally 
(4) the short time span from intrusion to rapid cooling also 
corresponds to the onset of lithospheric extension (rifting 
phase) of the Pannonian Basin system.

North of the Pohorje Mts., in the Ribnica–Selnica trough 
and on top of the Kozjak Mts., Miocene clastic sediments 
cover the older rock units (Fig. 1). They represent the mar-
ginal part of the Mura Basin, which is the westernmost 
sub-basin of the Pannonian Basin system. The late Early 
Miocene age of these sediments (Karpatian, 17.2–15.97 Ma, 
in Paratethys time frame; Sant et al. 2017) can also be pro-
jected from the main part of the Mura Basin, where a more 
than 1-km-thick deep marine succession was documented 
(Márton et al. 2002; Jelen and Rifelj 2003). Similar Miocene 
sediments also occur WSW of the Pohorje Mts. between 
the Labot and Periadriatic fault zones in the Slovenj Gradec 
basin (Fig. 1) which could also be part of the Mura Basin in a 
large sense, before the neotectonic uplift of the Pohorje Mts. 
and partial erosion of the covering once-continuous syn-rift 
sediments. Therefore, calcareous nannoplankton assemblage 
from the upper 860 m of the MD-1 borehole (Fig. 1) yielded 
NN4 and NN5 zones, representing Early to Middle Miocene 
(Karpatian to middle Badenian, ~ 17.2–14 Ma age, Ivančič 
et al. 2018). Below 860 m to a total depth of 1260 m, the 
section mostly represented slope sediments and was barren 
of calcareous nannofossils; hence, no biostratigraphic attri-
bution was possible and an early Miocene age was proposed 
(Ivančič et al. 2018).

Methods

For most geological materials, magnetic susceptibility is an 
anisotropic property, which can be represented by a triaxial 
magnetic fabric ellipsoid with Kmax, Kint and Kmin axes. Their 
mean value is the bulk susceptibility of a rock sample. The 
magnetic susceptibility anisotropy (AMS) of a rock sample 
is controlled by paramagnetic (e.g., biotite, amphibole) and 
magnetic minerals (e.g., magnetite, hematite). When the 
bulk susceptibility is higher than a few times  10−4 SI, the 
contribution of the paramagnetic minerals to the susceptibil-
ity and to the AMS is considered negligible. The magnetic 

anisotropy of the magnetic minerals without the contribution 
of the paramagnetic constituents can also be calculated from 
the directional measurements of either the isothermal rema-
nent magnetization (IRM) or of the anhysteretic remanent 
magnetization (ARM) imposed on the specimens in several 
directions in the laboratory.

The magnetic anisotropy measurements are carried out 
on samples fully oriented in situ in the field. At each sam-
pling site, several samples were drilled, and the cores cut into 
standard-size specimens for laboratory analysis. The results of 
geographically closely related sites were sometimes evaluated 
together (this correspond to the widespread term “locality” in 
paleomagnetic terminology). The AMS of the specimens were 
measured in the Paleomagnetic Laboratory of the Mining and 
Geological Survey of Hungary using a KLY-2 Kappabridge. 
The statistical analysis of the AMS data was carried out on 
specimen level with a program developed by Bordás (1990) 
based on Jelínek (1977), on site level using the ANISOFT 
program (Hrouda et al. 1990; Chadima and Jelínek 2008; 
Chadima 2018; based on Jelínek 1978, 1981).

The rocks studied for magnetic anisotropy in the Pohorje 
area were mafic enclaves in granodiorites, typical granodiorites 
and dacites, mostly occurring as dykes. Additionally, we sam-
pled dykes with variable but mostly andesitic composition; they 
were referred to as “lamprophyres” or “mafic dykes” in earlier 
works (Márton et al. 2006; Zupančič 1994). In addition, some 
samples represent quartz monzodiorite (locally called cizlakite) 
with very restricted occurrence limited to the SE part of the 
Pohorje pluton. We also investigated the late Early Miocene 
syn-rift sediments in the Ribnica–Selnica trough and in the 
Slovenj Gradec Basin, both structurally positioned at the mar-
gins of the Mura Basin. Additionally, we also sampled four sites 
in metamorphic rocks distributed around the Pohorje pluton.

Brittle structures were analyzed using fault-slip data. 
Stress inversion was performed with the software package of 
Angelier (1984). Phase separation was carried out by auto-
matic (Angelier and Manoussis 1980) and manual methods. 
Special emphasis was put on the tilt test, in which a complete 
or partial backtilting of faults of a given phase was performed, 
using bedding as the reference horizon. When tilt test moved 
the symmetry plane of conjugate faults away from vertical, it 
was concluded that the faults were formed in their present-day 
position. If the symmetry plane of conjugate faults became 
vertical after backtilting, the faults were considered to have 
formed before the tilt event, and are therefore referred to as 
the pre-tilt faults.

In order to compare AMS and structural data, we made 
structural observations and took orientation measurements at 
the sites where paleomagnetic sampling for AMS was carried 
out. We also collected structural data at additional sites, mostly 
in the Miocene sediments, where paleomagnetic sampling was 
not possible (e.g., too coarse-grained clastics).
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Results

Magnetic anisotropy measurements and results

In an earlier publication, Márton et al. (2006) pointed out 
that different rock types in the Pohorje Mts. exhibited a 
great variability in the magnetic susceptibility and in the 
degree of AMS (Kmax/Kmin), of the foliation (Kint/Kmin) and 
lineation (Kmax/Kint). Magnetic susceptibility data and val-
ues of degree of anisotropy, together with new data and 
with directional data of  Kmax,  Kint and  Kmin, are now sum-
marized in Fig. 2 and in Tables 1, 2 (see Supplementary 
material). The axial information is presented on maps and 
stereograms together with macroscopic structural data 
(Figs. 4, 6) and will be discussed successively.

Weak susceptibility, low degree of AMS and somewhat 
scattered principal susceptibility directions characterize 
the quartz monzodiorite, suggesting a very weak inter-
nal deformation. From the granodiorite outcrops, mainly 
mafic enclaves (2–4 large ones from one outcrop) were 
drilled, which contained more mafic minerals than the host 
rock itself, and were usually finer grained and less hard 
for drilling. Both the host rock and the enclaves have typi-
cally high susceptibilities, (in the range of  10−3–10−2 SI) 
high to extremely high degree of AMS anisotropy (Fig. 2) 
and fairly well-defined magnetic fabric, both on site (e.g., 
within individual enclaves) and locality (a quarry) level. 
The grouping of the principal susceptibility directions is 
good on both site and locality level. According to the ori-
entation of the magnetic foliation planes and the directions 

of the magnetic lineations, several groups can be distin-
guished which will be described later (e.g., Fig. 4).

Among the “mafic” (andesitic) dykes, the susceptibilities 
of two sites (27 and 29 in Fig. 2) are much higher  (10−2–10−1 
SI), matching those of the granodiorite enclaves with the 
highest susceptibilities, but the degree of AMS anisotropy is 
moderate (around 1.15). Six other dykes are characterized by 
susceptibilities in the  10−4–10−3 SI range, i.e., similar to the 
monzodiorite and the degree of AMS anisotropy is between 
1.05 and 1.18 (sites 4, 5, 32, 51b, c, 54).

Some sampled dykes form a distinct group, which shows 
a variable but observable sign of mesoscopic and micro-
scopic deformation, mostly foliation. They will be referred 
to as “deformed dykes” in the following. Sites 35 and 51a 
of dacitic and andesitic composition are the most striking, 
where the extremely large degree of anisotropy associated 
with well-grouped anisotropy axes clearly reflects the meso-
scopic deformation. Site 54 bears somewhat larger anisot-
ropy than other dykes of this susceptibility range, and an 
incipient foliation is present. The difference in anisotropy is 
the smallest between spatially closely related dykes 32 and 
5. The mesoscopic deformation is also the smallest in site 
32 where only dyke margins show a foliation.

The magnetic susceptibilities of the dacites are in the  10−2 
SI range, and the degree of the AMS anisotropy is typically 
below 1.05. The orientations of the AMS fabrics show some 
variations between localities, but the best developed fabrics 
exhibit lineations close to the N–S direction.

Among the metamorphic rocks, those of site 34, which 
consist of low-grade Paleozoic slate contact metamorphosed 
by a young dacite dyke (Fig. 1), showed a low degree of 

Fig. 2  Anisotropy data in func-
tion of degree of anisotropy for 
the Pohorje intrusions (includ-
ing dykes), syn-rift sediments 
and host metamorphic rocks
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AMS, with susceptibility in the range of  10−3 SI. Amphibo-
lites were studied from three localities. They exhibit simi-
larly large susceptibility values but lower anisotropy as the 
Miocene plutonic rocks (Fig. 2, sites C).

All sediments exhibit susceptibility in the  10−4–10−5 SI 
range, except for site 48 (~ 10−3 SI), and the anisotropy is 
very low, below 1.1 (Fig. 2). All sites show good cluster-
ing of AMS axes, and all but one site were tilted after the 
acquisition of the magnetic texture; tilt test clearly shows 
that AMS fabric predates the tilting (or fault-related folding).

Structural data

Deformation in plutonic rocks

The predominantly granodioritic rocks of the Pohorje plu-
ton in most cases show an oriented fabric, i.e., a foliation 
and locally they also show an associated mineral lineation 
(Fig. 3a). Intensity and frequency of these structural ele-
ments vary with sampling sites and lithology, and depend on 
the origin of foliation. In general, the foliation is less devel-
oped in the plutonic rocks than in the host metamorphics.

The orientation of biotite and amphibole grains was 
considered to be of magmatic in origin, if no (or negligi-
ble) signs of subsequent solid-state deformation could be 
observed in the rock. Clear evidence for solid-state defor-
mation is ubiquitous and totally overprints the preexisting 
magmatic fabric, when the former is well-developed.

On a microscale, the solid-state deformation in the plu-
tonic rocks is best marked by the advanced, frequently 
complete, dynamic recrystallization of quartz by “fast” 
grain-boundary migration (GBM; Stipp et al. 2002) indi-
cated by the grain-boundary morphology within the recrys-
tallized aggregates (Fig. 3b). The deformed quartz grains 
are arranged into elongated lenses and ribbons in the most 
heavily deformed samples (Fig. 3c, e). In less deformed 
rocks, quartz is only partly recrystallized, and relict grains 
show intensive undulose extinction and the formation of sub-
grains. Along the northern pluton margin quartz recrystal-
lization also occurred by subgrain rotation (Fig. 3c).

Primary biotite was locally sheared and partly recrystal-
lized into highly elongated, fine-grained tails along the folia-
tion. Feldspars show basically brittle behavior as evidenced 
by intra- and intergranular fractures crosscutting well-pre-
served magmatic zonation and twins. However, the presence 
of tapering deformation twins, bent twins, the occurrence 
of myrmekites at stressed grain contacts, and the variably 
developed core–mantle structures indicate that limited crys-
tal-plastic deformation also occurred at several locations.

All these microstructural features indicate deformation 
temperatures characteristic of medium-to-high-temperature 

greenschist facies, in agreement with earlier results of Fodor 
et al. (2008). Varying deformation features could form dur-
ing the cooling path within the greenschist field.

In the SE part of the pluton, the small quartz monzodi-
orite body shows a contrasting deformation. The foliation 
in the granodiorite is well-developed close to, and wraps 
around the rigid, angular monzodiorite boudins (Fig. 3f), 
while away from blocks, the foliation is less intensive. At 
the contact of the two lithologies, shear zones occur with 
chloritic lineation. S–C foliation observed both at meso- and 
microscale indicates oblique dextral-normal top-to-ENE 
shear (Fig. 3e, f). In contrast, the quartz monzodiorite does 
not show any mesoscopic ductile deformation. On a micro-
scale, undulose extinction of secondary amphibole, quartz 
and K-feldspar can be seen, and plagioclase can exhibit 
deformational twins.

Original mapping data (Mioč and Žnidarčič 1977; Fodor 
et al. 2008) and new field observations suggest that the plu-
ton has different dip domains with variable foliation orien-
tation. At the northern pluton margin, foliation is clearly 
formed by solid-state shearing and is sub-parallel to foliation 
in surrounding host metamorphic rocks. Both rock suites 
are moderately to steeply south dipping; therefore, the plu-
tonic rocks are here structurally above metamorphic rocks 
(Fig. 4b). The moderately or poorly developed lineation is 
gently east–southeast or west–northwest plunging, except for 
a steep oblique lineation near the NW pluton margin (site 
S216, Fig. 4a). In the internal part of the pluton, foliation 
strike makes a small angle to the pluton margin (Fig. 4b, 
sites 13–16). At the western pluton termination, the foliation 
orientations vary considerably (Fig. 4a, sites 20a, b). There-
fore, the foliation is mainly defined by oriented biotites, and 
could be partly magmatic in origin.

Foliation becomes gently SW dipping in the eastern part 
of the pluton (near sites 17–19, Fig. 4b), where the host 
metamorphic rocks dip below the pluton. Slightly westward, 
north of Cezlak, the plutonic rocks are covered by a cap of 
metamorphic rocks (Fig. 4b). Everywhere south and south 
westward of this cap, the map-scale geometry of the intru-
sion contact clearly shows that the pluton dip southward 
under the metamorphic host rocks. This geometry is entirely 
in agreement with the conclusion of Kirst et al. (2010) that 
the southeastern tail of the pluton exhibits both its upper and 
lower contacts, implying its gently southwest dipping posi-
tion, as well as its relatively small thickness. In the eastern 
pluton, the lineation strike is close to N–S (Fig. 4a).

Along the southern margin of the pluton, the foliation 
dips gently to the SE or WSW, making a small angle to the 
south dipping pluton boundary which slightly undulates due 
to intersections with the topography (Fig. 4). The lineation 
gently plunges E or W, being oblique or downdip within 
the foliation planes (Fig. 4). The scatter in the orientation 
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of the foliations is at least partly due to later deformation, 
but could locally also represent primary magmatic foliation 
geometry. In this part of the pluton, sub-vertical shortening 
is also indicated by strongly flattened mafic xenoliths and 

weakly foliated aplite–pegmatite dykes (Fodor et al. 2008). 
We classify all these deformation features as D1 structures, 
despite their variable geometry.

Fig. 3  Deformation features in the granodiorite pluton, and in the 
Cezlak quartz monzodiorite body. a Field example of foliation in 
the granodiorite. b Dynamically recrystallized quartz and internally 
undeformed, zoned feldspars in granodiorite. Quartz fabrics indicate 
grain-boundary migration (GBM) as recrystallization mechanism, in 
northwestern pluton. c Quartz aggregates recrystallized by sub-grain 
rotation along the northern pluton margin. d Map view picture just 

at the northern contact of the granodiorite, in host metamorphics. 
Quartz lens indicates sinistral shear sense. e Microfabrics of a mod-
erately northeast-dipping shear zone at the contact of quartz monzo-
diorite and granodiorite. Moderately developed S–C foliation indi-
cates top-to-E (oblique extension) shear sense. f Map view of foliated 
granodiorite wrapping internally undeformed quartz monzodiorite. A 
larger body was sampled for AMS study. Locations of sites see Fig. 1
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Dykes and their deformation

The pluton and its surroundings are cut by 1–10-m-thick 
subvolcanic dykes having the composition of andesite with 
varying contents of biotite and amphibole. Dacite dykes 
occur in the host metamorphics. The former group was 
called “mafic dykes” in the paleomagnetic studies of Márton 
et al. (2004, 2006). Phenocrysts within fine-grained matrix 
indicate that the intrusion depth of the dykes was less than 
that of the main granodiorite body.

The most dominant outcrop-scale ductile structure is the 
weakly to moderately developed foliation sub-parallel to the 
dyke–host rock contact, and its intensity generally changes 
within a single dyke (Fig. 5a, b). In closely spaced dacite 
dykes of site 51a-c (Fig. 4a), the foliation drastically changes 
from one dyke to another, although spatially they are only 
10 m apart. Near the main dacite body, in one dyke (site 
35, Fig. 4a), the foliation is well-developed and contains 
a WNW plunging stretching lineation. Dykes in the north 
(sites 51, 54, Fig. 4a) exhibit poorly developed mineral line-
ation. In site 54, the intensity of the foliation is stronger in 
the granodiorite than in the intruding dykes; thus, the onset 
of crystal-plastic deformation in the pluton preceded the 
dyke emplacement.

On a microscale, the original magmatic quartz has been 
internally deformed into elongated lenses, locally up to rib-
bon quartz (Fig. 5). Relic grains display undulose extinc-
tion and subgrains, whereas new grains with serrated grain 
boundaries were formed by dynamic recrystallization. Bio-
tite and amphibole grains are often sheared, and suffered 
pressure solution along foliation planes. Amphiboles are 
twinned along their long axis. Part of the feldspars phe-
nocrysts is idiomorphic with magmatic zoning and shows 
brittle fracturing (Fig.  5a–c). Some large feldspar phe-
nocrysts show undulose extinction and subgrain formation, 
and locally they display core and mantle structures (Fig. 5b). 
The shape-preferred orientation of quartz grains in dynami-
cally recrystallized quartz aggregates feldspar sigma clasts, 
mica and amphibole fishes, (sites 51, 54; Fig. 5a–d), and 
weakly developed shear bands indicate a consistent shear 
sense; it is top-to-WNW (extensional) in the western site 
35 (Figs. 4a, 5b) and top-to-ESE (normal-sinistral) in the 
northern dykes (Fig. 4a).

Dynamically recrystallized quartz, boudinaged biotite and 
deformation features in feldspars broadly place the deforma-
tion into the higher greenschist facies. Variably deformed 
feldspars indicate progressively lower temperature for defor-
mation initiation. This can be a sign of deformation dur-
ing cooling, just after dyke emplacement when dyke tem-
perature was still high enough to enhance its crystal-plastic 
deformation.

Sub-vertical andesite dykes within the southern part of 
the pluton do not show any mesoscopic ductile deformation, 
but in thin section display aligned biotite and amphibole, 
which can be attributed to magmatic flow (Fig. 5f, sites 27, 
29, 4). Evidence for crystal-plastic deformation is generally 
lacking, except for minor subgrain formation in some quartz 
phenocrysts (site 29).

The westerly located sub-vertical or steeply dipping dac-
ite dykes clearly crosscut the foliation of the host metamor-
phic rocks (Fig. 5g). In such dykes, only brittle deformation 
is detected in the form of tensional joints and small faults; 
these structures generally show symmetry planes parallel to 
dyke margins. In thin section, oriented biotite, amphibole or 
feldspar can locally be observed, and this texture is attrib-
uted to magmatic flow (Fig. 5h).

Brittle deformation in syn‑rift sediments and magmatic 
rocks

Karpatian sediments north of the Pohorje Mts. exhibit a 
great number of small-displacement brittle faults, which 
belong to several deformation events. The majority of faults 
have normal or normal–oblique kinematics, while oth-
ers are strike-slip faults; reverse faults are rare. Displace-
ments for normal faults vary from cm to few meters, but 
the maps clearly indicate larger displacement in the order 
of 100–1000 m. Faulting resulted in tilted blocks, in which 
bedding dip can reach 30° to 40°. Near the normal faults, 
the beds show folding; the combined effect of drag and tilt 
in opposite directions resulted in fault-related folds.

Paleostress calculations indicate two main directions of 
σ3 axis. One group of sites incorporates faults with tension 
oriented between NNE–SSW and E–W, while the other one 
has σ3 axes E–W to SE–NW directed (Fig. 6a, b). The strike 
of outcrop-scale normal faults changes correspondingly from 
NW–SE to NE–SW. Oblique slip is also frequent, both at 
map- and outcrop scale. All these faults are classified into 
the D1(b) (b = brittle) and D2 deformation phases. We also 
attributed brittle faults observed in the plutonic and meta-
morphic rocks to these deformation phases D1(b) to D2. 
They clearly postdate crystal-plastic structures and were 
formed after the cooling of the rocks.

Consistent relative chronology exists between these 
phases; faults of D1(b) mostly predate the tilting, while 
D2 fractures everywhere formed after the tilting. The 

Fig. 4  Structural and AMS data in the Pohorje–Kozjak area. a Map 
of AMS and mesoscopic lineations, together with AMS stereoplot 
data; b map of mesoscopic foliation. Symbols for sites are the same 
as in Figs. 2 and 6 and appear both on the maps and at upper right-
hand corner of stereograms. Red and green labels indicate sites for 
AMS and structural studies. Lithological and structural symbols as in 
Fig. 1. Stereograms are on lower hemisphere projection, their legend 
is in Fig. 9. M & Z: data of Mioč and Znidarčić (1977)

◂



1386 International Journal of Earth Sciences (2020) 109:1377–1401

1 3



1387International Journal of Earth Sciences (2020) 109:1377–1401 

1 3

reactivation of dip-slip faults by oblique slip also suggests 
a clockwise change in tensional direction from D1 to D2 
phases (e.g., site S-353, Fig. 6b).

Conjugate strike-slip faults also occur at several sites and 
indicate a broadly N–S to NNE–SSW compression, and per-
pendicular tension. Their relative chronology with respect to 
tilting and normal faults is not unequivocal; in most cases, 
they were formed after the tilting, but exceptions also exist 
and some could have formed, while the beds were still hori-
zontal, i.e., before normal faulting and the associated tilting 
(e.g., S67, S116, Fig. 6a). Pre-tilt strike-slip faults could 
represent spatial variation of the deformation style within the 
dominantly extensional syn-rift phase, and we include them 
within the D1(b) phase (Fig. 6a). Fodor et al. (2008) argued 
that post-tilt strike-slip faults represent a separate (neotec-
tonic) phase that could be latest Miocene to Quaternary in 
age (annotated as D3 in Fig. 6b).

Comparison of AMS fabric and mesoscale structures

In this section, we compare principal AMS axes and mes-
oscale structural features, namely foliation/lineation data 
from magmatic rocks and the strike of the dykes. We also 
took into account fault-slip data which complete the defor-
mation history although in magmatic rocks brittle defor-
mation postdates the temperature range during which the 
AMS fabric could develop. The brittle structures are the only 
mesoscale deformation features within the Miocene syn-rift 
sediments, which can be compared with AMS data.

Comparison of data from plutonic rocks

In the southern part of the Pohorje pluton, the magnetic 
foliation is gently dipping, which is reflected by steep  K3 
axis coinciding with mesoscopic foliation poles (Fig. 7c). 
The degree of AMS is very high (Fig. 2), atypical for unde-
formed granitic pluton, suggesting that the granodiorite 
acquired the magnetic fabric under the influence of tectonic 

stress. Mineral and magnetic lineations (K1 axis) are E- or W 
plunging and closely match each other (Figs. 4a, 7c).

The quartz monzodiorite blocks (sites 1–3) show peculiar 
AMS data and need a detailed description. In the monzo-
diorite boudins, the degree of the AMS anisotropy is low 
(Fig. 2), and only the Kmin axis is well-defined. This axis is 
parallel to σ1 axis calculated from a few oblique striations 
occurring on brittle fault planes (Fig. 7a). We consider these 
features to be coincident, although the two methods may 
describe two deformation episodes with different mecha-
nisms. As we described earlier, the granodiorite surround-
ing the monzodiorite boudins exhibits bent foliation and 
chloritic lineations (Fig. 3e, f), which, although occurring 
on variably oriented planes, are kinematically and geo-
metrically coherent, and indicate an ENE–WSW elongation 
(Fig. 7b). However, a few lineations are consistent with a 
NNE–SSW extension direction. The variation is probably 
due to the complex geometry of the shear zones around the 
quartz monzodiorite boudins. This double orientation pat-
tern is reflected in the AMS data (Fig. 7b), in which the two 
groups in Kmin axes orientation are parallel to the suggested 
extensional directions.

The contrasting AMS texture and deformation geometry 
is the expression of different deformation mechanisms; while 
the granodiorite shows signs of crystal-plastic deformation 
at greenschist facies deformation, the monzodiorite mostly 
remained internally undeformed (Fig. 3f). These observa-
tions support the interpretation that monzodioritic blocks 
might have been incorporated into the granodioritic melt, 
and their magnetic fabric may refer to an earlier episode and 
remained unaffected by subsequent solid-sate deformation 
of the granodiorite. The contrasting strain between the two 
rock types is visible in their deformation pattern and in their 
AMS characteristics, both in degree of deformation and the 
orientation of the principal axes.

Some of the data in the eastern part of the pluton show 
good coincidence of AMS and structural data from ductile 
fabric (Figs. 4, 7d). Along the northern pluton margin most 
magnetic fabric is parallel to the well-developed, moderately 
to steeply dipping foliation and gently plunging lineation of 
the granodiorite as well as to the strike of the pluton bound-
ary (Figs. 4a, b, 7e). Within these sites (55a, 54, Fig. 7e), 
foliation is locally E–W trending and thus making a small 
angle to the generally WNW trending foliation. We attribute 
this angular difference to specific locations within the shear 
zones along the pluton–host rock contact. Similar angular 
differences are typical for shear zones, where the AMS ellip-
soid is between the S and C foliation planes (Sidman et al. 
2015; Zhou et al. 2002). Finally, in few sites, the magnetic 
fabric and mesoscale structures slightly deviate in orienta-
tion from this general WNW–ESE trend toward NNW trend 
(e.g., sites 13–16, Fig. 7f).

Fig. 5  Deformation features in variably deformed dacite and andesite 
dykes. a Sigma clasts in foliated andesite dyke, at the northern mar-
gin of the pluton, within granodiorite, sub-horizontal view. Note 
recrystallized quartz grains and zoned undeformed feldspar grains. 
b Strongly foliated dacite dyke, and its contact with host micaschist, 
in the western dacite body. c Weakly oriented texture in a dacite 
dyke intruding metamorphic rocks, just near the northern contact of 
the granodiorite. Section perpendicular to dyke margin. d Dynamic 
recrystallization of primary feldspar phenocrysts at the margin of the 
same dacite dyke as in c, 20 cm away. e Scanned picture of a thin sec-
tion of an N–S trending “mafic” (andesite) dyke, in the southern plu-
ton. Note weakly developed magmatic foliation. f Thin section from 
the same dyke with oriented biotite, amphibole crystals. g Field view 
of undeformed dacite dyke intruded in foliated Paleozoic slate. Note 
joints parallel to dacite dyke wall and also to host rock foliation. h 
Scanned view of thin section from the same dyke as in g. Locations 
of sites, see Fig. 1

◂
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In the westernmost part of the pluton, the AMS and struc-
tural data do not fit well (sites 20a & b, Figs. 4, 7g). Mes-
oscale foliation is sub-vertical and N–S trending, whereas 
two of the AMS axes are inclined, and all AMS axes are 
oblique to structural foliation planes. We cannot explain 

this discrepancy yet. Apart from this problematic area, we 
generally find that the magnetic fabric reflects the defor-
mation pattern. In most cases, the deformation occurred in 
solid state, although sometimes it could follow precursor 

Fig. 6  Map of AMS Kmax axes, stress axes and AMS stereoplots from syn–rift sediments. Lithological and structural symbols as in Fig. 1. Ste-
reograms are on lower hemisphere projection, their legend is in Fig. 9
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magmatic foliation marked by the alignment of biotite and 
amphibole.

In the southern part of the pluton, post-cooling D1(b) 
brittle structures still record ~ E–W directed extensional 
strain similar to that recorded in the crystal-plastic fabric, 
whereas at the northern margin, both the AMS and the 
younger D1(b) brittle fractures seem to be compatible with 
strike-slip deformation, exhibiting roughly the same ~ E–W 
extension direction (Fig. 7c, e, respectively). However, in 
the eastern part of the pluton, the AMS fabric is slightly 
deviating from D1 phase and the younger fractures appear 
to belong to a different deformation event, the D2 phase.

Comparison of data from dykes

Mesoscopically undeformed dacite dykes show well-defined 
AMS fabrics regardless of their location either north (sites 
21–24) or south (sites 25, 26, 33) of the main dacite body 
(Fig. 8a). The Kmax axes are typically N–S oriented, while 
minimum axes are mostly sub-horizontal. The strike of the 
dykes matches perfectly the orientation of near-horizontal 
maximum AMS axes. However, no internal deformation of 
the rocks is visible in thin sections (Fig. 5f) which suggests 
that the AMS fabric is coeval with magma emplacement. 
Parallelism of Kmax and the dyke strike suggests that the 
AMS reflects magmatic flow which occurred parallel to the 
dykes (Tarling and Hrouda 1993; Chadima 2018). The forma-
tion of dykes is associated with extensional stress; therefore, 

Fig. 6  (continued)
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the N–S orientation of the dyke margins suggests an E–W 
minimum stress axis (Fig. 8a). It is noted that post-cooling 
brittle fractures also indicate the E–W extension (Fig. 8a). 
However, tectonic stresses are only indirectly responsible for 
AMS fabric, and they simply controlled dyke geometry and 
hence magmatic flow.

The andesitic (“mafic”) dykes intruded into the south-
western Pohorje Mts. show a complex deformation his-
tory. The AMS fabric in the dykes of the sites 4, 27 and 
29 shows ~ E–W maximum axis which is perpendicular to 
the strike of the dykes (Figs. 4a, 8b). This AMS fabric may 
reflect the continuation of extensional deformation which 
opened the dykes and subsequently affected the magnetic 
fabric of the crystallizing dyke. Deformation is also sug-
gested by the degree of anisotropy, which is much higher 
here than at “typical” dacite localities in the west (21–26, 
33, Fig. 2). The microstructure of the mafic dyke rocks does 
not show strong crystal-plastic deformation (Fig. 5e, f), and 
their weakly oriented texture is probably mostly magmatic in 
origin, connected to viscous deformation in the final stage of 
crystallization (sensu Mancktelow and Pennacchioni 2013). 
Post-cooling faulting still shows similar E–W directed exten-
sional stress [Fig. 8b, phase D1(b)]; this may suggest that 
deformation was closely coaxial from dyke emplacement, 
subsequent week crystal-plastic deformation to brittle fault-
ing during cooling. It was followed by a clockwise change 
in extension direction during D2 phase.

SW and W from the Pohorje pluton, two deformed dac-
ite dykes containing mafic minerals are intruded along the 
gently dipping foliation of the metamorphic rocks. The mini-
mum AMS axis is parallel to poles of foliation and dyke 
margins, and the fabric can be interpreted as reflecting a 
sub-vertical flattening (sites 32, 35, Figs. 4, 8c). This is sup-
ported with the observation at site 32, where foliation with 
crystal-plastic deformation is present at the dyke boundaries, 
but fades out inward corroborating such flattening. The max-
imum AMS axis plunges gently toward ESE and is parallel 
to one set of brittle-plastic lineations found in the surround-
ing metamorphic rocks (Fig. 8c), whereas the other set of 
metamorphic lineations has the same trend but is plunging 
collinearly to WNW (Fig. 8c). Although we did not observe 

lineation in the dyke itself, we suggest that the AMS in the 
dyke reflects the same deformation as observed in host meta-
morphic rocks. While host rocks were already cooled below 
250 °C in the Oligocene (Fodor et al. 2008), we suggest that 
they were probably reheated in close proximity to the dykes 
and deformed in a transitional plastic–brittle regime together 
with dyke material. The other dyke in this set, located near 
the western tip of the intrusion, shows a penetrative foliation 
and a WNW plunging stretching lineation (site 35, Figs. 4, 
5b, 8c). This plastic deformation pattern matches perfectly 
the AMS pattern, while minimum and maximum AMS 
axes are parallel to foliation pole and stretching lineation, 
respectively. The exceptionally high anisotropy of the dyke 
(Fig. 2) correlates with the strongly foliated texture seen 
both in meso- and microscale.

Within andesite and dacite dykes along the northern plu-
ton margin, the orientation of magnetic foliations and line-
ations is close to that of the dyke margins and to the solid-
state foliation. It is suggested therefore that the AMS reflects 
the crystal-plastic deformation of these dykes (Figs. 4, 5a, c, 
d, 8d). The AMS value is the highest when the foliation and 
shearing is the strongest (Fig. 2, site 51a, Fig. 5a).

All these observations show that dyke orientation and posi-
tion played a crucial role in the formation of the deformation 
fabric; N–S oriented dykes are less deformed, while dykes par-
allel to pluton margin or host rock foliation exhibit larger anisot-
ropy, and the magnetic fabric matches the mesoscale structures.

Comparison of AMS and mesoscale fault data 
from sediments

Sampled syn-rift sediments from the Ribnica–Selnica trough 
and from the western margin of the Mura depression show 
a good clustering of the AMS axes. After tilt correction, the 
minimum  K3 axes are approximately vertical, whereas the 
maximum  K1 axes are between NE–SW and E–W directions 
(Figs. 6a, 9). This geometry demonstrates that AMS fabric 
is bound to the bedding planes and reflects an early defor-
mation episode before the tectonic tilting of the sediments. 
The only exception is site 49; Kmin departs from the vertical 
considerably after tilt correction, indicating that the AMS 
fabric is of post-tilting age. For the youngest sediments of 
Middle Miocene (Badenian) age, situated northeast of the 
Pohorje Mts., the AMS fabric is of a compaction origin; 
the scattered K1 and K2 axes indicate the lack of detectable 
deformation (Fig. 6a, site 44).

Because AMS fabric mostly registers early deformation, 
which occurred while the beds were in a sub-horizontal 
position, we compared AMS data to D1(b) brittle structures 
which were similarly formed at the early stage of macro-
scopic deformation history. The D1(b) stress axes show a 
good match with maximum AMS axes (Figs. 6, 9), particu-
larly at sites 40, 41 and 49. At site 48, two faulting episodes 

Fig. 7  Comparison of AMS and outcrop-scale structural data from 
the pluton, including the quartz monzodiorite of Cezlak. D1(b) frac-
tures are younger than the AMS fabric, but considered as part of the 
same D1 phase. Gray boxes indicate averaged AMS and structural 
data. Fractures, stress axes are measured, calculated or estimated 
from individual sites, but shown together. Geogr. coord.: data in geo-
graphic coordinate system (actual position). Tectonic coord. system 
contains data backtilted to horizontal bed position. Gray frame marks 
compared data sets, dashed when uncertain. S at lower left corner 
marks the number of sites. The number of data involved is at lower 
right-hand corner. Upper left corner: average misfit angle, calculated 
for all faults with standard deviation, with respect to the ideal stress 
axes/number of misfit data; lower line: ratio φ = σ2 − σ3/σ1 − σ2

◂
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occurred before the tilt, and the AMS  K1 axis is between the 
two reconstructed σ3 directions (Fig. 9d). Taking all these 
data into account, we conclude that the AMS fabric has a 
tectonic origin, and is not related to sediment transport. We 
also suggest the same tectonic origin for AMS data in sites 
42–43 (Fig. 6a), although the faults recorded in the nearby 
site 67 do not reflect extensional but strike-slip deformation 
with different extension direction (Fig. 9e). For the youngest 
Middle Miocene (Badenian) site 44, the compactional AMS 
fabric is not compatible with the stress field.

SW from the Pohorje, in the Slovenj Gradec Basin, the 
AMS fabric of syn-rift sediments shows a very regular 
picture, a pre-tilt deformation with E–W stretching and 
vertical flattening (Fig. 6a). The paleostress inversion of 
fault-slip data from nearby sites S37–38 does not reflect 
this deformation; the calculated N–S compression can be 
attributed to the post-extensional D3 phase (Fig. 6b). In 
fact, the sampled rocks are folded, reflecting the reverse 
reactivation of the Periadriatic fault zone during the 

Pliocene–Quaternary (Fodor et al. 1998), which hampered 
the observation of the earliest fractures.

The direction of  K1 in the Slovenj Gradec Basin is similar 
to  K1 direction obtained in some sites within the Pohorje 
pluton, but differs from the direction characteristic for the 
northern Pohorje sediments. This can be due to (1) spatial 
variation in coeval extensional direction, (2) slight differ-
ence in age of the sediment (and the consequent difference 
in deformation history) or (3) differential vertical-axis 
rotation well after early brittle deformation and magnetic 
fabric formation. Similar declination–inclination data of 
Fodor et al. (1998) and Márton et al. (2002) both from the 
Pohorje sediments and Slovenj Gradec Basin (sites 40–43 
and 45–47, Fig. 6) do not support this latter interpretation. 
New biostratigraphic data of Ivančič et al. (2018) suggest 
that the sediments in the Slovenj Gradec Basin are mostly 
Badenian, somewhat younger than the postulated Karpatian 
age of the northern Pohorje Mts.; this would favor scenario 
2, but we cannot exclude explanation 1.
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AMS data from metamorphic rocks

The magnetic fabric at site 34 was oriented similarly to that 
measured at the deformed dyke 35 which lies in close prox-
imity (Fig. 4a). The amphibolite of site 36 has a lineation, 
which is close to magnetic lineation of a deformed dyke 
(site 32, Fig. 4a). In the southeastern Pohorje Mts. in site 37, 
only an inclined magnetic foliation plane was recognized. 
At locality 38, a large outcrop with two sets of macroscopi-
cally observable foliation planes, 15 samples from five sites 
were drilled. The sites comprising 38a yielded consistent 
AMS directions, with near-horizontal foliation planes and 
E–W directed lineations, while those belonging to 38b did 
not yield consistent results (Table 2). The near-horizontal 
magnetic foliation planes and E–W directed lineations are 
parallel to mesoscopic structural orientations and are also 
close to the magnetic fabric of the plutonic rocks (Fig. 4a).

All these sites show that the magnetic fabric of the meta-
morphic rocks is similar to that of the magmatic rocks, the 
sampling sites partly being situated in close vicinity of each 
other. This coincidence can support the Miocene origin of 
magnetic fabric even in the metamorphic rocks. However, 
their magnetic fabric could also be acquired earlier during 
Cretaceous shortening and extensional episodes, which 
exhibit tectonic transport directions similar to Miocene 
extension (Fodor et al. 2008).

Discussion

Magnetic properties and deformation

The comparison of anisotropy of magnetic susceptibility 
and mesoscale structural elements generally yields a good 
correlation. In most cases, the AMS axes are identical or 
similar in orientation to the kinematic or stress axes deduced 
from ductile or brittle structures. Exceptions do exist in the 
westernmost part of the pluton where magnetic and mineral 
foliations seem to be different. Thus, we infer that the AMS 
fabric reflects deformation of the magmatic and sedimen-
tary rocks and is not related to other effect (e.g., intrusion, 
deposition, water flow).

It is thus worth comparing structural elements and other 
properties of the AMS. In sites where the degree of anisot-
ropy is low (Fig. 2), we did not observe ductile deformation. 
This is the case in young dacite dykes and in the quartz mon-
zodiorite body. The latter rock offers an important observa-
tion regarding the rheology of the deforming rocks and the 
physical conditions under which this occurred; while the 
quartz monzodiorite bodies are not internally deformed, the 
surrounding granodiorite and also their contacts with host 
granodiorite show intense ductile deformation (Fig. 5f). This 

is perfectly reflected in the AMS fabrics, with the degree of 
anisotropy being low in the internally undeformed quartz 
monzodiorite and high in the deformed granodiorite, respec-
tively. Thus, the AMS fabric reflects the contrasting rhe-
ology of the two rock types after the incorporation of the 
monzodioritic blocks into the granodiorite.

The degree of anisotropy also follows the mesoscopic 
deformation of the dykes. The mesoscopically weakly 
deformed, moderately south dipping dykes (site 32) show a 
much lower anisotropy than the dykes with a moderate folia-
tion (Fig. 2, sites 54, 35). At site 51a-c, we could observe 
changes within a few meters; dyke portions with low suscep-
tibility show almost non-deformed magmatic texture, while 
the highest anisotropy was measured in sheared (mylonitic) 
dacite dyke (sub-sites 51a-c in Figs. 2, 5a, c, d). These obser-
vations show a strong concentration of deformation along a 
few selected dykes.

Inferences about the pluton geometry 
and emplacement

The mesoscale and microscale observations are not sufficient 
to clearly separate the magmatic and solid-state deformation 
fabrics in the plutonic rocks of the Pohorje. That is, the data 
do not show a clear difference in fabric orientation of the 
magmatic and later, solid-sate structures. Thus, we consider 
that the AMS reflects the combined effect of magmatic and 
solid-state deformation. Because the degree of anisotropy in 
granitoids is generally only a few percent (e.g., Hrouda and 
Chlupáčová 1980; Cañón-Tapia 2011; Lesić et al. 2013), we 
suggest that our AMS data which show a high anisotropy in 
the granitoids of the study area, mainly record the solid-state 
deformation.

Because of the lack of clear separation of magmatic 
and solid-state deformation texture, a characterization of 
the structural style of the emplacement was not possible 
from our data sets. The AMS fabric of the southern part 
of the pluton is similar to the foliation–lineation geometry 
of other plutons associated with extensional tectonics (Tal-
bot et al. 2004). However, the strong solid-state deforma-
tion overprint makes such similarities of the AMS to other 
extensional plutons only apparent, and it is not enough to 
confirm an extensional origin for the Pohorje body. Nev-
ertheless, emplacement in an extensional setting would be 
logical from both the regional and structural context, since 
the study area is located at the western margin of the crus-
tal extension domain of the incipient Pannonian Basin, and 
the timing of the intrusion matches with the onset of exten-
sion. Generation of the AMS fabric occurred very soon after 
the emplacement, with less than 3 Ma time span between 
emplacement and solid-state deformation in the southern 
parts of the intrusion. Therefore, had the deformation style 
changed before the solid-state deformation started, this 
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change would have to have happened within this narrow 
time bracket.

Our combined data sets characterize well the present-
day pluton geometry, after the intrusion underwent con-
siderable solid-state deformation. Both data sets indicate 
vertical flattening and ~ E–W extension along the south-
ern part of the pluton which dips below the metamorphic 
rocks. In the eastern part of the pluton, the lower pluton 
contact is exposed, as shown by our data and by earlier 
mapping (Kirst et al. 2010). Here, the foliation is gently 
dipping, but the lineation trends close to N–S, an obser-
vation that cannot be explained in our model. Moving 
from the east to west along the northern pluton margin, 
the metamorphic rocks dip below the pluton. Deformed 
dykes also show this geometry. The AMS and mesoscale 
fabrics in the north show differences when compared 
with the southern margin; in the north, the lineation is 
sub-horizontal but foliation is steep. These observations, 
combined with sinistral shear criteria, indicate that the 
deformation regime along the northern intrusion margin 
had a more transtensional character than in the southern 
one. Because the steep lateral or lower northern pluton 
boundary is now at the same topographic height as the 
southern (upper) margin, it is apparent that the whole body 
has been deformed on a large scale, by tilting or folding 
during which the northern side moved up.

Deformation and magmatic events

Micro- and mesoscale observations demonstrate that the 
whole Pohorje pluton as well as some related andesitic and 
dacitic dykes underwent solid-state deformation in the upper 
greenschist facies during the cooling of the pluton. Magnetic 
and stretching lineation indicate variable deformation ori-
entation although a broadly E–W extension associated with 
sub-vertical flattening is dominant in the south and a more 
strike-slip type deformation occurred in the north (Fig. 4a). 
The dominant deformation style indicates that cooling was 
connected to extensional or transtensional tectonic exhuma-
tion and did not occur in a tectonically passive setting.

K–Ar ages of different mineral separates constrain dyke 
emplacement although ages sometimes overlap within 
analytical error (Fig. 1). Deformed, moderately dipping 
dykes intruded between 18.5 and 18.2 Ma (with uncertain-
ties of ± 0.7 Ma), while N–S trending dykes seem to be 
slightly younger, ~ 17.7–17.5 Ma for mafic and 16.7–14.9 
for dacite dykes (Fodor et al. 2008). The old dykes show 
deformation in both their AMS fabric and their meso- and 
microscale structures and fabrics. The younger, steeply dip-
ping, N–trending mafic dykes show only ductile deforma-
tion in their AMS but not on a mesoscale, while the young-
est dacite dykes record only magmatic flow fabric formed 

during emplacement. This suggests that dyke emplacement 
occurred during progressive cooling, and that crystal-plastic 
deformation gradually ceased as the regional temperature 
decreased. Such deformation could continue only in a lim-
ited manner, mainly near the dykes, if dyke intrusion ele-
vated very locally the temperature above the brittle-plastic 
temperature threshold. Near the northern contact of the plu-
ton, concentrated deformation and shear heating might also 
have contributed to maintaining crystal-plasticity.

AMS and brittle faulting in sediments

It is clear that the outcrop-scale fault patterns and the AMS 
fabric reflect different aspects of the deformation in the 
studied syn-rift sediments. The AMS depicts grain-scale 
features, whereas the faults are mesoscale elements. It fol-
lows that the deformation mechanisms were different on 
these two scales. It is suggested that the AMS fabric may 
characterize the earliest deformation episode, when grain 
rotation was still possible before it was inhibited by early 
diagenetic processes. Faulting might have occurred after this 
episode, when the sediments had acquired a certain degree 
of cohesion (cementation) such that trans- and intergranular 
fracturing could occur. However, the observed association of 
faulting and pronounced fault-related folding may suggest 
that mesoscale deformation preceded advanced cementation.

The differences between the states of deformation indi-
cated by these two data sets may suggest that the deforma-
tions occurred at two slightly separate times. However, the 
similarity of AMS and stress axes orientations suggests that 
the two data sets reflect the same extensional deformation 
phase around the Pohorje pluton. Similar conclusion have 
been obtained from studies in other parts of the Pannonian 
Basin where the AMS and fault-slip data both indicate meso-
scopically brittle deformation (Márton et al. 2012; Sipos-
Benkő et al. 2014; Sipos et al. 2018).

In line with our conclusions, a few previous studies also 
suggested that the AMS textures indicate extensional defor-
mation of the sediments. Cifelli et al. (2004, 2005) observed 
a maximum AMS axis perpendicular to the basin-bounding 
normal faults. Borradaile and Hamilton (2004) also found 
 Kmax perpendicular to rift margins in Cyprus. Our findings 
are similar to conclusions from these investigations and 
affirm the usefulness of AMS in sediments for unraveling 
early deformation episodes (Mattei et al. 1999; Cifelli et al. 
2004, 2005; Márton et al. 2012).

Deformation history

The structural evolution of the pluton and surrounding sedi-
ments is shown in Fig. 10. This model extends our under-
standing obtained from earlier studies (Fodor et al. 2002, 
2008) and emphasizes the deformation stages revealed in 
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this work by the combined AMS and structural data. The 
intrusion of the pluton occurred at 18.64 Ma ago, and the 
emplacement was associated with the development of early 

magmatic structures; the formation of an incipient foliation 
and occasionally mineral lineation (Fig. 10a). It was prob-
ably during emplacement that the small quartz monzodiorite 

Fig. 10  Evolutionary scheme 
of the Pohorje pluton, modified 
after Fodor et al. (2008), and 
completed with AMS and struc-
tural data (Str). Stereograms 
reflect AMS data (axes only) 
and simplified stereograms (few 
characteristic faults, stress axes)
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body underwent minor internal deformation and acquired a 
poorly defined magnetic foliation; this deformation was fol-
lowed by brittle faulting in this rock type (Fig. 10a).

Although structures could be formed at variable times 
on the cooling path, crystal-plastic deformation was domi-
nant during the high-T greenschist facies conditions. This 
deformation predated the cooling of white mica, and K–Ar 
ages constrain this time span as ~ 18.5 to 16 Ma (Fodor 
et al. 2008; Trajanova et al. 2008). During this deformation 
event the dominant AMS fabric and mesoscopic foliation 
and lineation were formed (Fig. 10b–d). The AMS and 
mineral fabrics both show variable geometry in different 
parts of the pluton. Variable foliation/lineation patterns 
probably reflect the spatial heterogeneity of deformation. 
However, the presence of two, temporally closely spaced 
but distinct deformation events cannot be excluded.

Andesitic, aplitic and pegmatite dykes intruded into the 
pluton and host rocks between ~ 18.5 and 17.5 Ma. The 
strike of the steep dykes suggests ~ E–W extensional defor-
mation during dyke emplacement. Some dykes followed 
preexisting ductile fabric of the host rocks, both along the 
gently and steeply dipping foliation planes (in the SW and 
NE parts of the intrusion, respectively; Fig. 10c). In the 
SW, dykes intruded rocks which had already been cooled 
to below 250–300 °C (Fodor et al. 2008). However, it is 
suggested that dyke intrusion could warm the adjacent 
country rock, and that both underwent crystal-plastic 
deformation, which resulted in the formation of a folia-
tion and occasionally a lineation within these deformed, 
early dykes (Fig. 10c). In the northern pluton, considerable 
strain was accumulated in some dykes which dip moder-
ately below the pluton. Since these deformed dykes are 
always less deformed than the host granodiorite, it is con-
cluded that their emplacement postdates the early defor-
mation of the pluton (Fig. 10b, c).

Subvolcanic dacite magmatism may have started 
at ~ 18 Ma (Fig. 10d). The onset of sedimentation above and 
around the pluton started at ~ 17.2 Ma, although the lowest 
sediment package could be somewhat older, ~ 19?–17.2 Ma. 
Fodor et al. (2002, 2008) suggest that these basins were 
formed above shear zones partly composed of mylonites. 
Low-angle detachment zones could reactivate earlier meta-
morphic foliations of the medium-grade rocks (Fig. 10e). 
During this deformation advective heat transfer affected the 
sediments and resulted in high vitrinite values (Sachsenhofer 
et al. 1998). The AMS records the earliest deformation epi-
sode which occurred, while the beds were still horizontal. 
Broadly, NE–SW and E–W extension was detected NE and 
SW of the pluton, in the Mura and Slovenj Gradec basins. 
It is not yet clear whether these different directions repre-
sent spatial variations in deformation, or slightly different 
deformation events. While still in their sub-horizontal orien-
tation, the sediments were dissected by normal faults. They 

were then tilted and faulted again in a coaxial way (Fig. 10e). 
All these deformation events occurred before the late Bade-
nian, ~ 14 Ma, since the sediments of this age are only weakly 
deformed. In the Slovenj Gradec basin the pre-tilt E-W exten-
sion was overprinted by D3 neotectonic folding.

Dacite magmatism may have started somewhat before, 
and was continuously active during syn-rift sedimenta-
tion (~ 17.2–15 Ma), witnessed by intercalated tuff layers 
and small dacite intrusions within the sediments (Fig. 10d, 
e). The AMS only indicates dyke-parallel magmatic flow 
(Fig. 10e) which is reflected neither in the mesoscopic nor in 
microscopic structural data. However, dyke orientation and 
post-cooling brittle fractures may indicate an E–W extension 
during the formation and cooling of the dykes.

K–Ar ages of the Pohorje Mts. indicate a tilt event during 
the cooling of the pluton. The tilting has resulted in different 
structural levels within the original pluton now occurring 
at similar levels in the crust (Fig. 10f). Due to this tilting, 
the cooling occurred somewhat later in the eastern part of 
the pluton. Normal faulting continued during the Badenian 
(15.97–12.8 Ma) and ductile shear zones were reactivated 
as brittle faults (Fodor et al. 2008). This deformation was 
not registered by the AMS data; plutonic and subvolcanic 
rocks were cooled and early syn-rift sediments cemented. 
Thus, in the youngest studied sediments, the AMS shows 
only sedimentary fabrics (Fig. 10f).

Faults of this phase were observed in all rock types (e.g., 
pluton, cooled dykes, dacite bodies, sediments). Oblique reac-
tivation of originally dip-slip faults demonstrates a younger 
relative chronology for this event. Fault-slip data may indi-
cate a slight clockwise change in the stress direction from 
an E–W to a SE–NW extension (Fig. 10f, from phase D1 to 
D2), although the data are somewhat scattered. This clockwise 
rotation of the stress axes would correspond to a counterclock-
wise block rotation of ~ 20–25°. In fact, Márton et al. (2002) 
observed a 45° CCW rotation in the early syn-rift sediments; 
thus, part of this rotation can correspond to the suggested 
clockwise rotation of the stress field. Further to the east, in 
the Pannonian Basin, CCW rotation occurred in the time span 
of ~ 16–15 Ma (Márton and Pécskay 1998). The amount of 
rotation increased from west to east, and thus was smaller in 
the western Pannonian Basin and in the Eastern Alps (Márton 
et al. 1990; Márton and Fodor 2003). The postulated Mid-
Miocene rotation and subsequent apparent change in stress 
field in the Pohorje region is compatible with this model.

Connection with the Pannonian Basin and Eastern 
Alps

The time span of dominantly extensional deformation of the 
Pohorje rocks exactly matches the main rifting phase of the 
Pannonian Basin, established by combined stratigraphic and 
structural data sets (Tari 1994; Fodor et al. 1999; Horváth 
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et al. 2015). Thus, our extended and refined structural data 
verify the idea of Fodor et al. (2003, 2008) that the defor-
mation and exhumation of the Pohorje pluton and the host 
metamorphic rocks are connected to the Pannonian rifting, 
which started at ~ 19 Ma (Fodor et al. 1999).

The reconstructed broadly E–W extensional direction 
is not very much different from other parts of the Pannon-
ian Basin, deduced from surface stress data (Fodor et al. 
1999) and subsurface fault mapping (Tari 1996); any dif-
ferences can be accounted for by differential vertical-axis 
rotation. The deformation of the Pohorje pluton represents a 
deeper crustal segment having been subjected to extension. 
E–W to NE–SW stretching is compatible with the Miocene 
extensional exhumation of the Eastern Alpine deeper nap-
pes, as demonstrated by a number of authors (Genser and 
Neubauer 1989; Cao et al. 2013; Schmid et al. 2013) and 
also with the brittle extension of the highest nappes (e.g., 
Frisch et al. 2000; Gruber et al. 2004; Pischinger et al. 2008). 
The Pohorje magmatic rocks record a stage of exhumation 
which is younger than the onset of this process in the Tauern 
window (Fig. 1), which started as early as 23 Ma (Sharf et al. 
2013). On the other hand, extensional exhumation of the 
Pohorje rocks is coeval with the fastest exhumation period in 
the Tauern and the Rechnitz windows (Bertrand et al. 2017; 
Dunkl and Demény 1997). The extensional structures and 
overlying detachment zones suggest that the Pohorje intru-
sions represent the footwall of a basin-margin detachment 
zone. In this way, these rocks are part of the extensional 
domains surrounding the western and southern periphery of 
the Pannonian Basin, from the Rechnitz windows through 
the Medvednica (van Gelder et al. 2016) to the Moslavačka, 
Bukulja, Cer and Fruska Gora massifs (Ustaszewski et al. 
2010; Maƫenco and Radivojević 2012; Toljić et al. 2013).

Conclusions

The combined AMS and structural data set point to a 
dominantly extensional deformation of the Pohorje rocks 
although locally a transtensional setting can occur. They 
confirm major tectonic exhumation by extension, although 
the role of erosional denudation cannot be denied. All these 
events are thought to have happened in a relatively short time 
span, mainly during the magmatism, from 18.6 to 15 Ma.

The magnetic fabrics show a good correlation with the 
meso- and microscale deformation features. The degree of 
anisotropy is in agreement with macroscopic observations 
on strain intensity, particularly in the dykes. The strain local-
ization is partly connected to rheological differences due to 
rock composition (e.g., monzodioritic blocks were not plas-
tically deformed within granodiorite), but it is also linked 
to the position of the sampled rock within the magmatic 
complex. The shallower, dacite dykes do not show ductile 

deformation, and their AMS fabric is the result of magmatic 
flow. At shallow depths, crystal-plastic deformation was only 
possible very locally, around dykes, as a result of a transient 
increase in temperature. Although situated above the mag-
matic suite, the syn-rift sediments show a consistent AMS 
fabric, which mimics the brittle deformation observed on 
both outcrop- and map scale. It is thought that the mag-
netic fabric was acquired early in the deformation history, 
when the layers were horizontal and probably not completely 
cemented. All rock types show consecutive deformation in 
the same regime after cooling and cementation, while a 
change in stress field appears to have occurred related to 
vertical-axis rotation at around 15 Ma. The deformation of 
the Pohorje rocks is related to the formation of the Pannon-
ian Basin and marks its western extensional margin.
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