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ABSTRACT

Pre-Alpine basement units in the Apuseni Mountains and Romanian Carpathians consist
of high- and medium-grade assemblages intruded by Paleozoic granitoids. Gneissic assemblages
yielded relatively narrow ranges of eNdy, and T,y model age values which indicate high
concentration of Precambrian crustal material and similar protoliths. Associated granitoid intrusions
yielded eNd, and Ty, model age values suggesting variable assimilation of the gneissic crust. U-Pb
zZircon data for the granitoids of the Apuseni Mountains indicate Paleozoic magmatic events that
correlate with those documented in Variscan Europe. “°Ar/*%Ar dates from gneissic assemblages
indicate mainly Variscan and Cretaceous cooling ages. Retrogressive low-grade assemblages
define an anastomosing network more than 1000 km long of crustal-scale shear zones. eNd,,
values and T,,, model ages from phyllonites are similar to those from adjacent medium-grade or
granitic rocks. “®Ar/*°Ar direct dating of most phyllonites indicates Late Paleozoic and Cretaceous
polyphase tectonism. Carbon and oxygen isotope data suggest the invoivement of a juvenile-origin
fluid in the development of carbonate layers which grew metasomatically during progressive
exhumation and local invoivement of cover strata in the crustal shear zones.

Low-grade shear zones accommodated most of the Early Alpine strain in the Carpathian-
Pannonian region and record: | - tangential stretching of the Pre-Alpine basement at the southern
boundary of ancestral Europe which resuited in two elongated flysch troughs floored by thinned
continental crust with local mantle-derived material separating the Carpathians and the Apuseni-
South Pannonian continental fragments. Il - Cretaceous intra-continental tectonism dominated by
transcurrent displacement with local uplift of the basement and gravitational emplacement of cover
nappes in the peri-Carpathian basins; several “wildflysch” assembiages record strain concentration
at shallow structural levels along the long-lived transcurrent shear zones.

Tertiary brittle strain varies from strike-parallel to thrust- and normal slip related to complex
northeastward transiation and rotation mainly accommodated by domains of thinned continental
crust. The development of the Pannonian basins system accompanied by Neogene volcanic activity
is consistent with crustal extension above a zone of mantie upwelling and contemporaneous

tectonic loading of the surrounding European crust at the exterior of the Carpathian arc.
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CHAPTER 1

INTRODUCTION



une théorie, fat-elle sduisante,

ne vésiste guére d léprevve du temps
si elle west pas fondée sur

des observations de terrain
nombreuses, précises et bien coordonées.
(Aubouin, 1970)

1.1. STATEMENT OF PROBLEM

The Carpathians orocline and the Apuseni Mountains belong to the central European
belt of complex late Mesozoic and Cenozoic terrane accretion. Current tectonic models postulate
that the kinematics of both the Carpathian and the Apuseni segments of the orogen are
subduction-related. The present structural and isotopic study on basement rocks corroborated
with existing geological and geophysical data, shows that subduction is either not required, or
indeed, precluded. The thesis proposed here is that the geological evolution of the Carpathians
and Apuseni mountains is the result of intra-continental tectonics.

The association of accretionary wedge-magmatic arc, similar to typical subduction
zones, was initially emphasised in the East Carpathians (R&dulescu and Sandulescu, 1973,
Bleahu et al., 1973). Regional synthesis extrapolated the subduction model to the entire
Carpathian-Pannonian region (e.g., S&ndulescu, 1975; 1984; Burchfiel, 1980; Balla, 1982; 1986;
Debelmas and Sindulescu, 1987; Royden, 1988, Hamilton, 1990). In the Romanian segments
of the orogen, two Mesozoic oceanic basins were postulated to have been consumed in west-
dipping subduction zones, one beneath the Carpathians and a second beneath the Apuseni
Mountains. Geologic evidence was presented as a drama in three acts that includes Middle-,
and Late Cretaceous syn-subduction nappe stacking in the intemal units along the entire orogen
and Miocene syn-collision thrusts in the externai units of the East Carpathians. The Cretaceous
internal nappes are considered to be huge rigid basement nappes and scattered remnants of
Mesozoic cover.

Although recent kinematic analysis (e.g., Royden and Burchfiel, 1989; Csontos etal.,
1992; Ratschbacher et al., 1993; Linzer, 1995; Peresson and Decker, 1997) indicates that the
Carpathians orocline resulted from complex Cenozoic tectonism, the original interpretation of
Early Alpine evolution was never questioned. It is generally assumed that most of the evidence



Fig. 1-1. Simplified tectonic sketch of the Alpine Orogen (compiled from Debelmas et
al., 1980,Burchfiel, 1980; Sandulescu, 1984; Krautner, 1988). 1 to 7 - External zones of
the European continental margin: 1 - Foreland; 2 - Molasse sequences of the northern
foredeep; 3 - Helvetic units; 4 - Flysch units: a - Internal (Magura, Dragovo-Petrova;
Rheno-Danubian), b - external ( West - East Carpathians, Trojan, T; Kotel, K);

5 - Dacidic crustal fragment; 6 - Serbo-Macedonian Massif; 7 - Rhodope; 8 - Internal
zones of the European continental margin: External and Median Pennine (Valais,
Briancon, External Piedmont); 9 - Ophiolite suture (Internal Pennine, Transylvanides,
Vardar); 10 to 14 - Southern continental border; 10 - Pieniny Klippen Belt; 11 - Austro-
Alpine, Bukk, Tatric, Veporic, and Gemeric units; 12 - Bihor, Codru, and Biharia units;
13 - Inner Dinarides, Southem Alps; 14 - Outer Dinarides; 15 - Neogene volcanics,

16 - Neogene internal depressions; 17 - Upper Cretaceous and Paleogene.

E - Engadine Window; T - Tauern Window; Re - Rechnitz Window; W - West
Carpathians; B - Bakony Mountains; M - Mecsek Mountains; V - Villany Mountains;

LHP - Little Hungarian Plain; IB - Igal-Bukk zone; Bk - Bikk Mountains; GHP - Great
Hungarian Plain; P - Pannonian Depression; A - Apuseni Mountains; Tr - Transyivanian
Depression; E - East Carpathians; S - South Carpathians; PB - Prebalkan. SG - Sredna
Gora; SP - Stara Planina; R - Rhodope Massif; SM - Serbo-Macedonian Massif.
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for early Alpine subduction and thrust tectonics was lost due to overprinting by subsequent
widespread extension associated with the development of the Pannonian basin.

An increasing amount of data is inconsistent with the current interpretation of Early
Alpine evolution and encourages alternative tectonic interpretations. No unambiguous evidence
of Cretaceous subduction exists, the proposed Cretaceous stacking of far-travelled nappes is
contradicted by kinematic indicators and isotope dating, the basement nappes supposed to be
rigid and to preserve original stratigraphic successions show widespread internal strain
consistent with Alpine kinematics.

The present study has investigated the relationships between internal strain observed in
low-grade basement units of the Apuseni Mountains and Romanian Carpathians, and the Alpine
tectonics. A three-part analysis has been undertaken in the case study area, the Apuseni
Mountains:

- a detailed structural study aimed at deciphering the kinematic significance of
the observed structures.

- the age of tectonism and the resolution of the Variscan versus Alpine
tectonism were investigated using “Ar/*°Ar dating techniques.

- a stable (carbon and oxygen) and radiogenic isotope (Sm-Nd and U-Pb) study
was undertaken to determine the origin and age of the protoliths of the
metamorphic assemblages, and understand pre-Alpine tectonic framework of
the region.

In addition, preliminary kinematic and isotopic data from the Carpathians Mountains,
were collected and a first-order comparison with the basement units adjacent to the Apuseni
Mountains crustal fragment was made. Representative traverses in the Carpathians were
conducted in order to put kinematic and age constraints on major contacts involving basement
rocks. Critical analysis of the existing data base followed by rejection of unreliable data and
speculative interpretation was carried out in an attempt to develop an updated tectonic model.
An outline of the major tectono-stratigraphic units of the Carpathian-Pannonian region and
outstanding problems in the interpretation of the evolution of basement assemblages is

presented in Appendix .

1.2. THE CURRENT TECTONIC MODEL FOR THE CARPATHIAN REGION

The present anatomy of the Mesozoic-Cenozoic Carpathian orogen (Fig. 1-1)is
interpreted to include an arcuate thrust-and-fold belt, basement units, and a volcanic arc. A
complete record of the Variscan Orogeny is interpreted within basement units in the western
segments of the Alpine orogen. In the Carpathians and Apuseni segments of the orogen, several

superposed pre-Alpine orogenies have been inferred.
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Fig. 1-2. The configuration of three geosynclinal areas developed during the Precambrian and
Paleozoic (after Giugci et al., 1969). a) before the Pre-Baikalian cycle (Early Proterozoic ?):

1- oceanic zone; 2 - Pre-Karelian and Karelian shield rocks; 3 - deep-seated fractures;

b) in the Pre-Baikalian (Middle Proterozoic?): 1- geosyncline area; 2 - shield; c) in the Baikalian
(Late Proterozoic): 1 - geosyncline area; 1.a area of the metamorphic formations in the
Carpathians; 1.b. - area of the green schist formation; 1.c - cordillera; 2 - area of the green
schist formation overlying the shield; 3 - shield; d) in the Variscan cycle: 1 - geosyncline area;
1.a - submerged; 1.b - emerged; 2 - platform.
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Fig. 1-3. Model representation of the metamorphic history of the basement rocks in the
Carpathians. Retrograde metamorphism would underlie stratigraphic unconformities postulated
between sequences assigned to one of the three geosyncline cycles (after Krautner, 1980).
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1.2.1 Pre-Alpine evolution of the basement units

In the existing synthesis (Giugca et al., 1969; Krautner, 1980; Dimitrescu, 1985;
Krautner, 1988), basement rocks in the Carpathians and Apuseni mountains are assigned to
three geosynclinal cycles superposed in the same area (Fig. 1-2). Voicano-sedimentary
sequences of Middle Proterozoic, Late Proterozoic-Cambrian, and Middle Paleozoic age were
interpreted to have been metamorphosed under amphibolite, epidote-amphibolite and
greenschist grade conditions, respectively. Stratigraphic and metamorphic discontinuities were
postulated between the products of the three orogenic cycles (Fig.1-3). Retrogressive reactions
documented in the greenschist rocks (e.g., Balintoni, 1969; Giugca et al., 1977) raised
suspicions about the previous stratigraphy, but were accommodated in the model as re-hydrated
stratigraphic units of the underlying older successions, and the boundary was moved up-section
to the next lithologic unit without medium grade relics (e.g., Krdutner, 1980). Pre-Permian-
Mesozoic basement sequences were interpreted to have been involved in a large number of
Alpine and pre-Alpine nappes (e.g., Popescu-Voitesti, 1942, Sandulescu, 1975; 1984; Bercia et
al., 1976; Balintoni et al., 1983; 1989; Berza et al., 1994).

1.2.2 Alpine Evolution

In the late Paleozoic, the Alpine-Carpathian realm was part of Pangaea. From the east
this continent was transgressed by Paleo-Tethys, an oceanic embayment of Panthalassa
(Laubscher and Beroulli, 1977). Paleo-Tethys was consumed in the Cimmerian - Indosinian
suture zone interpreted in Bulgaria and Turkey, due to northward drift of Gondwanian
microcontinents (Sengér et al., 1980). This northward drift of Gondwanian fragments created the
space for a new oceanic domain called Neo-Tethys (Dercourt et al., 1986).

Throughout the Permian and Triassic, the southeastern Alpine-Carpathian area was
increasingly dominated by marine facies, whereas to the west and north, the occurrence of
terrestrial sediments (e.g., Verrucano) and detrital facies (e.g., Buntsandstein, Keuper) record
epicontinental conditions (Tollmann, 1986). The north-westward propagation of Tethys sea is
shown by the syn-tectonic progression of the deep-water sediments (Hallstatt facies): it reached
Turkey in the Late Permian, the Dinarides in the Early Anisian, and the Alpine region in Middle to
Late Anisian time (Bechstadt, 1978). In the Late Triassic, rifting ceased and a giant carbonate
platform developed on the underlying thinned crust. The resulting distal (outer shelf) and
proximal (inner shelf) facies zonation suggests a north-westward gulf-like embayment of Tethys,
the Vardar Ocean (Haas et al., 1995) (Fig. 14). Paleomagnetic data from the African and
Eurasian plates and the absence of island arc terranes in the western Alps constrain Tethys to
being a relatively small embayment of a larger easterly ocean. The Triassic deep-water seaway
was variously traced from the Central Alps (Austroalpine) to the inner West Carpathians into the
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inner East Carpathians (Tollmann, 1969, 1990; Kovacs, 1982; Sandulescu, 1984; Debelmas and
SAndulescu, 1987). it was locally floored by oceanic crust as indicated by pillow lavas
interfingered with Middle Triassic radiolarites in the Meliata unit of the inner West Carpathians,
by basalts unconformably overiain by Camian and/or Norian limestones in the Persani
Mountains (southern East Carpathians) and by mafic pebbles in Jurassic klippen within
Senonian strata north of the Apuseni Mountains (Botiza). A Jurassic tholeiitic to calc-alkaline
suite exposed in the southeastern Apuseni Mountains and inferred as basement of the
Transylvanian Basin is currently interpreted to represent the main remnant of oceanic crust that
traces Tethys from Vardar in the Dinarides to the south Penninic ocean in the Central Alps.

After Triassic-Jurassic spreading and local subduction of oceanic crust (e.g., Meliata),
periods of relative stability seem to be separated by episodic, relatively rapid local plate
migrations as a consequence of the motions of larger plates: 1. Middle to Late Jurassic brake-up
of Pangea and the development of the Central Atlantic and Ligurian - Piemont (South Penninic)
oceans; 2. Cretaceous opening of the South Atlantic accompanied by closure of Tethys. Motions
of intra-Tethyan plates were primarily meridional, but eastward (ltaly, Corsica, Sardinia,
Carpathian) and westward (Alboran) arcs were also well established.

The Alps are a result of southward subduction of the Penninic ocean, followed by highly
complex tectonism related to collision and thrusting of the Apulian promontory of the African
plate onto the European shelf.

The Carpathians and the Inner Carpathian region resulted from the aggregation of
several terranes, separated by sutures and/or major faults. Magmatic arc rocks, variously
oceanic, continental, and hybrid in the Dinarides, Carpathians, and Aegean Sea, are interpreted
to record major subductions. The main Tethyan suture is interpreted along the Transylvanides,
would connect the Vardar Ocean to the Pieniny ocean, and farther to the Ligurian-Piemont
ocean (S&ndulescu, 1984). A second-order rift would have separated the Carpathians from
stable Europe (Fig. 1-5a and 1-6).

As plates converged by subduction of intervening oceanic lithosphere, variably
aggregated and deformed light crustal masses were brought together with offscrapings from
subducted oceanic plates. (Figs. 1-5a and 1-6). Cretaceous compression resulted in closure of
the Tethys Ocean partly by subduction and partly by bilateral obduction, to the west on the
Apuseni fragment and to the east on the Carpathian fragment. Nappe emplacement would have
prograded from the Tethys into the Carpathian crust and into the accretionary wedge during
westward subduction of the oceanic or thinned continental crust that separated the Carpathians
from Europe. Basement rocks have been involved as rigid slices in a large number of
Cretaceous nappes (Appendix 1), some of them of significant extent and displacement.
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Fig. 1-5. a) Palinspastic sketch of the Carpathians at the end of the Mesozoic spreading and
b) at the end of Cretaceous subduction. c) The major Tethyan suture in the Alpine-Carpathian
orogen. 1-Austroalpine-inner Dacides; 1b - Bikk Mountains and correlative units; 2 - Major
Tethyan sutures (Vardar,V; South Pannonian, SP; Transylvanides, T; Pieniny Klippen Belt,P;
Tauern, T and Rechnitz Windows); 3 - Flysch sequences of the M&gura Group; 4 - Middle
Dacides, MD (Central East Carpathian nappes, Getic and Supragetic nappes). 5 - Flysch
sequences of the Outer Dacides, OD; 6- marginal Dacides (Danubian); 7 - Moldavides, M;
NTF - North Transylvanian Fault; IMF - Intra-Moesian Fault; Peceneaga-Camena Fault,
Bc-Bucharest, Be-Beograd, Bd-Budapest; K-Krakow, W-Wien (from S&ndulescu, 1988).
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In recent tectonic analysis, the Carpathian arc is thought to be the response to tectonic
filling of what was, in Early Tertiary time, a westward-opening oceanic embayment. This filling is
viewed in two different ways:
- a coherent continental plate pushed obliquely by north-moving plates, bounded and
sliced by strike slip faults as needed to fit into this embayment (e.g., Tapponier, 1977,
Royden et al., 1983), or

- the migration of the Carpathian arc and the complex suturing of various plates, some of
them far-travelled in the inner Carpathians and intra-Carpathians (e.g., Balla, 1982;
Hamilton, 1990)

Subduction magmatism started in the West Carpathians and Apuseni mountains during
the Early Miocene and migrated to the East Carpathians. Continued subduction caused retro-arc
crustal extension and formation of the Pannonian basin system. The arc migrated to the east
and younger volcanism initiated in the southern East Carpathians. The older calc-alkaline
volcanics were left behind in the southern Apuseni Mountains during development of the
Transylvanian inter-arc basin (Bleahu et al., 1973). Progressive crustal extension of the
Transylvanian basin is suggested by the Burdigalian strata accumulated within its centre, and
expansion of the Sarmatian strata towards the peripheries.

Late Tertiary strike-slip faults are accompanied by Pliocene-Pleistocene alkali-basalts.

1.3. THE MODEL AND THE REAL WORLD

Recent overviews and tectonic syntheses tend to use a “self-explanatory” terminology.
Although unavoidable in large scale generalizations, the self-explanatory terms are in some
cases misleading. For example: a) an areally-limited complex of basalt, gabbro, pegmatoid
quartz-diorite, granophyre, plagiogranite has been interpreted as a sheeted dyke complex with
subvertical igneous contacts (Savu, 1984a), although the sub-vertical discontinuities are
joints/cleavages consistent with the youngest Miocene tectonism in the southern Apuseni
Mountains; b) strained agglomerates with tectonic enclaves from adjacent Jurassic strata were
interpreted as Cretaceous “mélange” (Savu, 1984b), although they are located along an E-W
lineament that projects into the south Transylvanian Late Tertiary strike-slip fauit zone;
c) volcanic rocks in the northeastern part of the Pannonian Basin were interpreted as a
subduction arc related to northward subduction from K,0/SiO, ratios (Balla, 1982) although
significant uncertainties associated with K,O zoning were known (e.g., Arculus and Johnson,
1978). Assimilated into regional tectonic synthesis the “self-explanatory” terms derived from
suspect original interpretations resulted in evolutionary models that included wide oceans
followed by subduction/obduction (e.g., Hamilton, 1990). Space and time inconsistencies exist
and geochemical and geophysical data appear to have been disregarded.
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1. Only the anatomy of the East Carpathian segment of the orogen resembles a
subduction zone defined by the pair of accretionary wedge-magmatic arc. The local expression
of the main Tethyan suture interpreted between the Apuseni and the Carpathians mountains
bears no resemblance to a subduction zone. The original model (Radulescu, Sandulescu, 1973)
argued for Cretaceous subduction, and for the consumption of the oceanic crust in front of the
Carpathians by Turonian time. For recent models, a remnant of Jurassic oceanic crust in
Paleogene (eg., Royden et al., 1983; Linzer, 1995) or even Miocene time (Peresson and Decker,
1997) in front of the Carpathians is critical.

a) The only mafic rocks in front of the East Carpathians are intra-continental basalts
interlayered in the most internal flysch units (Russo-S&ndulescu, 1985). The Mesozoic igneous
complex between the Apuseni Mountains and the Carpathians is dominated by calc-alkaline rocks
with tholeiitic rocks restricted to its westernmost part. The source of sediments in flysch units is of
continental origin (e.g., Winkler and Slaczka, 1992). There is no geological evidence for extensive
Mesozoic oceanic crust in the region. The survival of oceanic crust until the Miocene is unlikely.

b) Deep water strata make a coherent thrust-and-fold belt only along the West and East
Carpathians; it disappears in front of the South Carpathians, and reappears at the tip of the
Moesian platform (Severin-Trojan flysch) and in front of the easternmost segment of the Balkans
(as the Kotel flysch) (Fig. 1-1). The lack of continuity of deep water strata makes their
interpretation as accretionary wedge suspect.

¢) No volcanic arc associated with the assumed Cretaceous subduction zones can be
traced: 1 - the belt of Late Cretaceous calc-alkaline intrusions stretching from the Balkans to the
Apuseni Mountains, cuts the suture interpreted in the southern Apuseni Mountains, precluding a
subduction zone/volcanic arc relationship for the main Tethyan suture; 2 - basaltic tuff and
basaltic andesite (Savu et al., 1987) from the Turonian-Senonian “mélange” (Pop, 1973)
overlying the external Danubian crust of the South Carpathians would record Cretaceous
subduction in front of the Danubian domain and not between Danubian and Getic as postulated;
3 - andesitic tuffites interlayered in several Cenomanian flysch sequences of the East
Carpathians were tentatively interpreted to record local subduction within the flysch basins
(R&dulescu and Dimitrescu, 1982) because no contemporaneous andesitic tuff is known on the
overriding East Carpathian plate.

d) The Neogene-Quaternary magmatic rocks cannot be matched with correlative
sutures. The zone of igneous activity was diffuse and discontinuous, unlike most subduction-
related magmatic arcs (Pécskay et al., 1995). Geochemical data are at variance with the notion
of subduction-related volcanism (Seghedi and Szakéacs, 1995; Masson et al., 1996). The
magmatic events do not show interpretable age progressions and chemical zoning, as proposed
by subduction-related models.
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The belt of Neogene magmatic rocks is generally interpreted to track the contour of the
~100 km isobath at the top of a subducting siab of oceanic crust (e.g., Royden, 1988) or
delaminated lithosphere (Doglioni, 1993) along the West and East Carpathians orocline. A
single, retreating subducted slab cannot expiain the areal and temporal distribution of the calc-
alkaline volcanism in the Carpathian-Pannonian region. While the Carpathians thrust-and-fold
belt is strongly divergent, the volcanic “arc” consists in fact in lineaments that cut the internal
units obliquely in the East Carpathians and transversely in the West Carpathians and Apuseni
Mountains. Volcanoes within the Pieniny Klippen Belt, Magura and Sinaia flysch units are
located forlandwards from the hinge of the postulated subduction. Moreover, there is a 100 My
time gap between the first major subduction-related thrusts (Aptian), and over 60 My between
the inferred complete consumption of the eastern oceanic basin (Turonian, Sandulescu, 1988),
and the initiation of Miocene calc-alkaline volcanism. Along the South Carpathians segment,
volcanic arc rocks are missing. The assumption that overriding did not proceed far onto the
preexisting continental shelf (Hamilton, 1990) conflicts with current interpretation of the Getic
(Murgoci, 1907) and the Supragetic (Streckeisen, 1934) basement nappe systems which are
believed to have been thrust more than 100 kilometres onto the European foreland.

e) No geophysical evidence of fossil paleo-subduction zones exists. Magneto-telluric
and seismic investigations of the contacts between the European, Carpathians, and Apuseni
continental fragments show that shallow-dipping detachments in the upper crustal levels merge
into vertical tectonic discontinuities at intermediate and deep crustal levels (e.g., Sollogub et
al., 1973; 1986; Sténici and Stanic, 1993) (Appendix !). Horizontal seismic reflectors at the
crust - mantle interface (e.g., Tomek, 1993) and the lack of any remnant of subducting slab
underneath the West Carpathian (Spakman, 1990) and Apuseni mountains is interpreted as
Moho rejuvenation via the gabbro-eclogite phase transition. The explanation is petrologically
tenuous and at odds with the clear subduction geometry imaged under the Dinarides (Spakman,
1990). Several attempts to relate the subduction zone postulated beneath the East Carpathians
to the seismically active Vrancea region (e.g., Roman, 1970; Royden, 1988; Linzer, 1995) invoke
speculative models to explain the location of a vertically descending slab at the exterior of the
“subducting wedge” under the stable European foreland, and its orientation perpendicular to the
inferred subduction zone.

2. Cretaceous subduction is critical to the generalized nappe interpretation of the internal
units. Strain associated with the Cretaceous subduction was implicitly considered to be regional-
scale Cretaceous nappe stacking in the overriding plates. Thrusts inferred in different segments
of the orogen long before the plate tectonics concept (e.g. the Getic nappe - Murgoci, 1907, the
Supragetic nappes - Streckeisen, 1934, the Supragetic nappe - Codarcea et al., 1967; the
Bucovinic and Transyivanian nappes - Uhlig, 1903) were correlated along the entire Carpathians
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based on isolated exposures of Mesozoic cover strata reinterpreted as facies zones facing the
postulated Tethys ocean (Sdndulescu, 1975, 1984). All tectonic contacts involving basement
rocks were interpreted as major Cretaceous (or older) overthrusts (e.g., Balintoni et al., 1983,
1989; Balintoni, 1994; lancu, 1986; Hann and Szasz, 1984; Berza et al., 1994). Although very
popular, the assumed Cretaceous nappe stacking model is inconsistent with key evidence
presented here: kinematic indicators and isotopic dating.

3. The stratigraphic interpretation of the metamorphic / magmatic assemblages (e.g.,
Codarcea, 1967, Krautner, 1980, Dimitrescu, 1988) offered support to the nappe model: by
postulating sedimentary protoliths in original stratigraphic succession, nappe contacts were
justified by the omission of lithostratigraphic units. The age of sedimentary protoliths of
greenschist to high-grade facies rocks were assigned on the basis of paleontological data (e.g.,
Codarcea and lliescu, 1967; Visarion and Dimitrescu, 1971; Krautner, 1980). A large number of
K-Ar analyses were generally inconclusive.

1.4. NEW RESULTS

Detailed field and laboratory work on basement rocks of the Apuseni Mountains and
selected regions of the Carpathians presented here shed new light on the crustal evolution and
mode of involvement of basement units in Alpine tectonism.

1.4.1 Crustal evolution

Basement assemblages in the Apuseni and Carpathians mountains previously assigned
to three superposed ‘geosynclinals cycles’ are inferred to be Precambrian crust variably
reworked during subsequent tectonothermal events.

Medium-grade lithotectonic assemblages have yielded Early Proterozoic Sm-Nd crustal
residence ages. U-Pb zircon data for granites previously assigned to the Middle Proterozoic
tectonic-magmatic cycle have yielded Middle to Late Paleozoic ages. The Highig igneous
complex assigned to Variscan (e.g., Savu, 1965; Giugcd, 1979) or Caledonian and Variscan
igneous events (Balintoni, 1986) is of late Early Permian age. Corroborated with U-Pb zircon
dates from associated pre- and post- tectonic granites, “OArf°Ar dates on metamorphic rocks are
interpreted to indicate either rapid cooling following a metamorphic event or cooling during uplift.

Similar lithologies and isotopic compositions of basement units from the Apuseni and
Carpathian mountains cast doubts upon their interpretation as distinct African and European
crustal fragments, respectively. Sm-Nd isotopic data indicate that both crustal fragments started
their evolution at about the same time in the Early Precambrian. U-Pb zircon data and “Ar/**Ar
data record Early and Late Variscan tectonothermal events, pointing to a similar Paleozoic
evolution. Itis highly unlikely that a crustal fragment detached and displaced during the opening
of Tethys would have returned to its original location following ocean closure.
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The low-grade assemblages show a large component of non-coaxial strain
accompanied by retrogressive metamorphic reactions and are interpreted here as retrogressive
Alpine shear zones overprinting basement units. Sm-Nd model ages are younger and € Nd
values less negative than those of medium-grade rocks; model ages are in the same range as
Paleozoic granites variably contaminated during ascent through gneissic crust. Sm-Nd data
suggest a stepwise evolution of the crust by repetitive addition of juvenile material followed by
shearing and metamorphism. “°Ar/*°Ar data for syn-kinematic muscovite, and whole rock
samples from the belts of low-grade rocks indicate polyphase tectonism between Late
Carboniferous and Late Cretaceous. The kinematics of these long-lived, tectonically active
zones of weakness are integrated into a new regional geodynamic model below.

1.4.2 Alpine evolution

Crustal fragments at the southern margin of the European platform were repeatedly
broken and re-welded during complex plate interaction dominated by iarge scale transcurrent
shear zones. The Early Alpine extension of the European crust was dominated by tangential
stretching rather than normal rifting. Mesozoic mafic rocks and deep water sediments are more
likely related to local tracts than to a wide oceanic basin. Tithonian to Early Cretaceous flysch-
like sequences developed in tectonically active troughs and are often accompanied by mantle-
derived intrusions up to Albian.

Cretaceous to Recent compression resulted in diachronous phases of stress release
and tectonic relaxation at fragment margins with distinct kinematics.

U-Pb zircon data on a calc-alkaline intrusion within the tholeiitic suite of the Southemn
Apuseni Mountains (S&varsin granite) is inconsistent with the subduction/obduction model. The
tholeiitic rocks were previously interpreted as a slab of oceanic crust obducted onto the Apuseni
continental crust. The inherited grains of a uniform high-Th zircon population yielded a Callovian
date (c. 155 Ma) for the tholeiitic substratum. No inheritance from continental crust has been
found. The emplacement of the S&varsin granite was previously inferred to be of Cretaceous
age and related to Early Alpine subduction and nappe stacking. The youngest zircon population
yielded a date of 55 Ma, suggesting Eocene emplacement instead.

Kinematic indicators along most contacts between postulated far-travelled Cretaceous
basement nappes are orogen-parallel and oriented consistently with the internal strain within the
adjacent metamorphic assemblages. The Alpine strain was gradually accommodated in wide
retrogressive shear zones overprinting metamorphic and igneous basement and “wildflysch”
assemblages in clastic cover strata. Although compressional structures including thrust faults
are common, no evidence exists for a tectonic model that postulates hinterland nappes passing
over frontal ones (eg., Getic, Supragetic, Bucovinic, Transylvanian nappes). The Cretaceous
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juxtaposition of crustal fragments resulted from transcurrent displacement and local oblique
thrusts rather than from large overthrusts normal to a hypothetical subduction zones. During
Cenozoic tectonism, the overridden crust in front of the East Carpathians is essentially thinned
continental crust; the Moesian platform was not a passive promontory of Europe, but a relatively
active west moving indenter. This view drastically limits the extent of the supposed Tertiary
ocean embayment in the Carpathian area and the implied hundreds of kilometres of shortening
by nappe stacking.

The Carpathian orocline is defined by a coherent thrust-and-fold belt along the Eastern
Alps, West Carpathians, and East Carpathians (Fig. 1-1). Internal units however, are more
discontinuously exposed, more deeply eraded, and have incomplete cover sequences. Their
correlation is a matter of debate. The Apuseni Mountains, located between the Carpathians and
the Dinarides branches of the Alpine orogen, are surrounded by Neogene fill of the Pannonian
and Transylvanian basins. The correlation of lithologic assemblages from the Apuseni
Mountains with isolated exposures along the orogen is tenuous. Paleo-geographic
reconstruction and tectonic analysis based exclusively on Alpine (Permian to Recent)
stratigraphy have resulted in contradictory interpretations. This study emphasises the Alpine
kinematics recorded by basement lithologies relevant for regional correlations and tectonic
interpretations.
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CHAPTER 2*

ALPINE CRUSTAL SHEAR ZONES AND
PRE - ALPINE BASEMENT TERRANES
IN THE ROMANIAN CARPATHIANS
AND APUSENI MOUNTAINS

* This chapter contains an article published in Geology, 1 994, 22, 9, p.807-810
by Dinu Pand and Philippe Erdmer
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2.1. INTRODUCTION

In the traditional interpretation of metamorphic basement rocks in the Carpathian
Orogen, three superposed geosynclinal cycles of mid-Proterozoic, Late Proterozoic to Cambrian,
and mid- to late-Paleozoic age resulted from the Dalradian, Cadomian/Caledonian, and Variscan
orogenies, respectively (Codarcea, 1967; Giugcd et al., 1969; Krautner, 1980; Dimitrescu, in
R3dulescu and Dimitrescu, 1982; Dimitrescu, 1985). The cycles were interpreted to have
produced metamorphic sequences of amphibolite, epidote-amphibolite, and greenschist grade,
respectively. Contacts between products of each cycle were inferred to be stratigraphic or
metamorphic discontinuities.

Following a reexamination of metamorphic sequences in the orogen, we consider that
some textures previously interpreted as metasedimentary and metavolcanic are
pseudodepositional and are in fact polyphase blastomylonitic fabrics. For many epidote-
amphibolite and greenschist grade sequences, we consider that the sense of the metamorphic
reactions is retrograde and that rocks were involved during Alpine tectonism in wide retrograde
shear zones that cut continental fragments on both sides of the Tethys suture. In addition, we
consider that tectonic syntheses that highlight thrust faulting almost to the exclusion of other
processes (e.g. Sandulescu, 1984; Balintoni et al., 1989) require revision to accommodate
strike-slip displacements. We present the geologic setting, an evaluation of available data, and a
new proposal for the style of Carpathian basement involvement in Alpine orogeny.

2.2. GEOLOGIC SETTING

Alpine evolution of the Carpathian orogen began with Triassic and Early Jurassic rifting
and transform faulting. Mesozoic closure of the Tethys ocean and related rifts led to diachronous
collision of continental fragments against the East European plate. Continental fragments have
been considered as blocks locally rifted and rewelded during collision (the internal and Median
Dacides: R#dulescu and Sandulescu, 1973; Sandulescu, 1984), or as exotic fragments from
more southern paleolatitudes (Apulian and Rhodopian continental fragments: Burchfiel, 1980). In
the first interpretation, a recess-and-promontory rift geometry resulted in the inverse-S shape of
the Carpathians (Fig. 2-1). In the second, initial northward-directed normal convergence was
followed by eastward escape; the Moesian foreland promontory acted as a stress deviator
during Paleogene compression (Ratschbacher et al., 1993), and Miocene back-arc extension in
the hinterland (Transylvanian and Pannonian basins) was partly coeval with foreland thrusting
(Royden and Burchfiel, 1989). Involvement of basement rocks in Alpine tectonism has been
largely considered as being thrusting of rigid sheets. Strike-slip displacement and associated
penetrative deformation during rifting (S&ndulescu, 1984; Trampy, 1988) or collision (Burchfiel,
1980) have been suggested, but not demonstrated.
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2.3. REEVALUATION OF EXISTING DATA

As a result of different interpretations of the sense of metamorphic reactions, conflicting
proposals were made for the evolution of the basement rocks. Barrovian zonation was initially
interpreted (e.g. Dimitrescu, 1963; Savu, 1970; Streckeisen and Hunziker, 1975; Krautner,
1980), but other researchers inferred that metamorphism in low-grade domains were retrograde,
and that zonation is only apparent and resulted from retrograde metamorphism of medium- or
high-grade crust (e.g., Balintoni, 1969; Popescu, 1974; Giugcé et al., 1977; Hann and Sasz,
1984; Pani, 1990). The extent of reworking of metamorphic crust during Alpine orogeny is
unclear. Basement rocks in the eastern Carpathians have been considered either as structurally
rigid blocks unaffected by Alpine tectonism (eg.: B&ncild, 1965; Mutihac, 1974) or as slices
involved in complex pre-Alpine and Alpine stacking (S&ndulescu, 1984). In the southern
Carpathians, continental crust originally interpreted as part of a single nappe (e.g., Murgoci,
1907) has also been interpreted as a stack of pre-Alpine and Alpine nappes (e.g., Balintoni et
al., 1989).

In previous syntheses, the lithologic layering of metamorphic sequences was interpreted
to be primary, foliations to be parallel to bedding, and metamorphic rocks to preserve primary
structures (e.g. Codarcea, 1965; Krautner, 1980; Dimitrescu et al., 1974). Lithostratigraphic
"groups" with detailed stratigraphic columns were assigned to one of the three geosynclinal
successions inferred to be separated by major depositional unconformities. Upon examination of
these contacts, we were unable to locate basal conglomerates in several field localities in the
southern Carpathians; rocks interpreted as basal arkosic transgressive beds are more likely
brittlely deformed augen gneiss and granitic-microgranite. In the Apuseni Mountains, we
interpret some horizons of metaconglomerate to be entirely tectonic in origin. Contacts
interpreted as major thrusts by previous workers (e.g.: Hann and Sasz, 1984; lancu, 1986; and
even by one of us [Pan3, 1990]) appear on reexamination to be slight lithologic contrasts or
zones of slight retrograde metamorphic contrast, locally marked by faults.

We consider that domains mapped as Barrovian prograde zones or as distinct
lithostratigraphic intervals are characterized instead by different intensities of retrograde
metamorphism. Very-low-grade fault rocks are locally developed at domain margins; these rocks
were previously considered as Carboniferous or Permian sedimentary deposits. We found them
to range from gouge and cataclasite to tectonic breccia and conglomerate, and low-temperature
mylonite.

Palynological data cited in support of lithostratigraphic models consist of microspores of
Late Proterozoic or early to mid-Paleozoic age, reported from rocks considered to be simple
prograde metamorphosed sedimentary strata (e.g. Codarcea and lliescu, 1969; Olaru and
Dimitrescu, 1990). The data are inconclusive, and may be suspect as most of the palynologically
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Fig. 2-1. Sketch map of the distribution of basement rocks in the Romanian Carpathians and
Apuseni Mountains showing the extent of proposed Alpine shear zones. Shear zone
abbreviations are: Highis-Bihor tectonic zone (HBTZ), Trasc&u shear zone (T. §Z), Gladna
Roman3-Geoagiu shear zone (GGSZ), Valeapai-N&drag-Cincig shear zone (VNCS2Z), Lescovita-
Maciova-Dabica shear zone (LMDSZ), Sibigel shear zone (SiSZ), Simbéta shear zone (SaSZ),
Célusu shear zone (CSZ), Bélan shear zone (BSZ), Tulghes shear zone (TgSZ), Rusaia shear
zone (RSZ). The Danubian domain forms a separate terrane of the orogen not considered here.
Open circles with letter abbreviation represent the following localities: D, Ditrdu; L, Lucaref; R,
Racos; T, Tomegti. Named faults are OF, Oravita Fault; BF, Boerigte Fault. Other abbreviations:
MM, Muntele Mare granite; Ti, Tincova Banatite; RM, Rusca Montana basin.
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"dated" greenschist rocks have been later shown to be retrograded older metamorphic crust or
even foliated igneous rocks (e.g. Hann and Sasz, 1984; Pani et al., 1991), suggesting the
possibility of infiltration.

Isotopic age data are difficult to reconcile with proposed tectonic models. In medium- to
high-grade metamorphic rocks, biotite yielded a Rb-Sr age of 840 Ma; in others, the oldest K-Ar
mineral ages fall in the range 500-700 Ma, and K-Ar isochron ages are 850+50 Ma (cf. Krautner,
1980); widespread mid-Cretaceous and younger K-Ar ages in low-grade rocks were originally
interpreted to result from local resetting along faulits, rather than from penetrative regional
deformation (Soroiu et al., 1969; Krautner, 1980). Recent “°Ar/**Ar analyses of medium- to high-
grade metamorphic rocks in the South Carpathians yielded results of 294 to 309 Ma, and data
from low grade rocks record two tectonothermal events, at 200 Ma and 118 Ma, respectively
(Dalimeyer and Neubauer, 1993). These data hint that the last medium-grade metamorphic
overprint is Variscan and show that the penetrative Alpine tectonism that affected at least some

areas must be accommodated in regional interpretation.

2.4. NEW INTERPRETATION: ALPINE CRUSTAL SHEAR ZONES
2.4.1 Basement Rocks

Lithotype Associations. Using published data and preliminary results of field work, we
have divided basement rocks into a sheared volcanic rock-gabbro-diorite and granite
("greenstone-granite") assemblage and two gneissic assemblages: type A, dominated by
migmatitic gneiss and granitoid rocks with rare small eclogitic pods, and type B, dominated by
large crystalline dolomitic and/or calcitic marble bodies and amphibalite. Original contact
relations are masked by deformation and metamorphism.

Metamorphic History. The metamorphic history is best documented in the South
Carpathians in type A crust, in where granulitic, eclogitic, and peridotitic bodies are preserved
within medium-grade gneiss. Prograde medium-pressure mineral assemblages were variously
overprinted by low pressure assemblages (Hartopanu, 1975; Sébau et al., 1987). Secldman et
al. (1987) proposed that nearly 80% of medium-grade metamorphic assembiages were
retrograde. A discontinuous, cryptic blastomylonite zone hosting chloritoid is known (Hartopanu
et al., 1989). Wide areas of relict gamet + kyanite * staurolite in a greenschist matrix record
shearing under chlorite-grade conditions (Pand, 1990; Stelea and Stelea, 1992). In the easten
Carpathians, medium-pressure parageneses overprinted by low-pressure assemblages have
been reported (Balintoni and Gheuca, 1977) in type B crust, together with low-grade mylonitic

reactivation.
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2.4.2 Greenschist Shear Zones

We infer the existence of at least 10 discrete retrograde shear zones that may be part of
an anastomosing network more than 1000 km long. These are (Fig. 2-1): the Highig-Biharia
tectonic zone (HBTZ), the Trascdu , Gladna Romand-Geoagiu, Valeapai-Nddrag-Cincis, the
Lescovita-Maciova-Dabica, Sibigel, Sambdata, Calugu, Bélan, Tulghes, and the Rusaia shear
zones. Although detailed study is needed to establish the outline of each shear zone and their
interrelations, the zones have the following common features.

Extent, Orientation, Displacement. Greenschist rocks occupy in discontinuous linear
domains between higher grade rocks. Their contacts are gradational and parallel to the local
trend of the Carpathian orogen, except for the north-striking segment of the Sibigel shear zone,
which cuts across regional strike. Although greenschist domains are dismembered along fauits,
locally juxtaposed, differentially exhumed, or buried beneath Tertiary deposits, most can be
followed along strike for several tens of kilometres and some are continuously exposed for more
than 200 km ( Highig-Biharia, Sibigel, Bilan, and Tulghesg shear zones). The Bélan shear zone
correlates with a geophysically inferred fault (Socolescu et al., 1975), and the Valeapai-Nadrag-
Cincig shear zone coincides with a geophysical lineament that extends to Beigrade (Milan,
1989); both structures may exceed 500 km in length. The width of the zones varies from less
than 1 Km (Sibigel, Trascdu), to about 15 km (Highig-Biharia, Gladna Roméan&-Geoagiu,
Tulghes). A width of 3 km of completely reequilibrated rock is average.

Strike-slip displacement can be demonstrated for at least some of the shear zones: the
offset of the Muntele Mare granite suggests a minimum of 20 km of sinistral displacement along
the Highig-Biharia shear zone and the geometry of the Rusca Montana basin (S&ndulescu et al.,
1978) suggests to us that it is a pull-apart, which implies about 30 km of late displacement along
the Legcovita-Maciova-D&baca shear zone; similarly, 40 to 50 km of dextral displacement along
Sibigel shear zone is suggested by the outline of the M&gura-Cozia-Cumpéna augen-gneiss
domain. On the basis of regional kinematic analysis, we suggest an initial left-lateral
displacement for the B&lan and Tulghes shear zones.

Metamorphic Conditions, Lithotectonic Assemblages. Reactions within the shear zones
are retrograde. Shearing and fluid influx resulted in a symmetrical zonation about a relatively
narrow axial zone where rehydration of medium-grade or magmatic parageneses commonly
produced the assemblage chiorite + epidote + actinolite + albite + white mica + magnetite +
quartz. The growth of chloritoid (in the Highig-Biharia, Lescovita-Maciova-Dabaca, Sibigel,
Balan, and Rusaia shear zones), stilpnomelane (in the Legcovifa-Maciova-Dabaca and Bélan
shear zones), or margarite ( in the Sibigel shear zone) may be the result of local strain rate
variation. Domains of greenschist reequilibration are characterized by quartz-, carbonate-, and
graphite-rich lenses of probable metasomatic origin. Although the size and proportions of
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quartzofeldspatic and mafic rock bodies vary widely at the outcrop scale, single or multiple
layers of quartzite and/or carbonate schist to crystalline dolostone-limestone can be followed for
tens of kilometres.

Rare gold, uranium, and sulphide occurrences are spatially and probably genetically
related to the greenschist zones. Domains of albite schist several tens of square kilometers in
area, some with higher-grade relict minerals, occur on both sides of the lowest-grade domains
and indicate that fluids spread outside the axial zone. Lithotype and mineralogic assemblages in
axial zones point to metamorphic conditions generally above the 400°C isotherm, but the range
of retrograde metamorphism is wide. As indicated by the assemblage muscovite + margarite +
quartz + fibrolite in garnet-kyanite micaschist within Sibigel shear zine (Stelea and Stelea, 1992),
retrogression took place at high P-T conditions locally (500-520°C and 3.7-4.2 kb), and
reequilibration temperatures as low as 280-250°C are indicated by caicite-dolomite
geothermometry in carbonate lenses within the Highig-Biharia shear zone (Pan4, unpublished).
Low-temperature fault-rocks such as breccia and gouge occur in many places.

Protoliths. Protoliths can be deduced from relations with adjacent prograde crust and
from lithologic and mineralogic relicts. The Sambaéta, Gladna Roméan&-Geoagiu and Trasciu
shear zones are overprinted on mainly carbonate-lens gneiss crust, whereas the Tulghes and
Cilusu shear zones were developed mostly within granitic migmatitic-gneiss crust. Mylonitized
granitoid bodies occur in the Tulghesg, Bélan, and Calugu shear zones. The Rusaia and the
Valeapai-N&drag-Cincig shear zones mark the general boundary between the two gneissic
assemblages. The Highig-Biharia and the Legcovita-Maciova-Dabéaca shear zones are
overprinted mainly on greenstone-granite assemblages; the Highis-Biharia shear zone also
affects the margin of the adjacent northermn granitic gneiss terrane and of the southern
carbonate-lens gneiss terrane. The Lescovita-Maciova-Dabaca shear zone affects adjacent
granitic gneiss crust. Relict pods of gabbro-diorite and alkaline granite within the Highis-Biharia
(Pana et al., 1991) suggest a rift-like setting.

Ages of Shearing. The main retrogressive tectonism is sealed locally by
unmetamorphosed cover as old as Permian(?)-Triassic (Highig-Biharia, Sambdta, Bélan, and
Tulghes shear zones), or Jurassic (Célugu and Trascédu shear zones ); basement-cover relations
elsewhere are ambiguous. Contacts are commonly complicated by faults (Tulghes, Bélan, and
Sibigel shear zones) and unmetamorphosed pre-Late Cretaceous deposits do not overlie the
axial parts of some shear zones (Highig-Biharia, Trascéu, Legcovita-Maciova-Dabaca, Sibigel).
Greenschist belts mark crustal-scale discontinuities in which Alpine (Jurassic and Early to mid-
Cretaceous) activity in at least some cases is indicated by K-Ar and “’Ar/**Ar isotopic data
(Dalimeyer and Neubauer, 1993). Upper Cretaceous strata unconformably overlie parts of the
belts and are affected locally by brittle strain and Late Cretaceous-Paleogene regional banatite
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(quartz diorite) intrusions follow the trend of the Oravita strike-slip fauit (Fig. 2-1), slightly oblique
to the Legcovija-Maciova-Dabaca shear zone. The Rusca Montana basin hosts Cretaceous-
Paleogene clastic strata and coeval igneous rocks in a bend of the Lescovita-Maciova-Dabaca
shear zone. The Tincova banatite is elongate parallel to the northern border of the Valeapai-
N#drag-Cincig shear zone, and banatite intrusions and explosion breccias follow the trace of the
Boerigte fault within the Trasc#u shear zone (Fig. 2-1). Undated small intrusions that may be
coeval with the banatite suite occur along the east-trending segment of the Sibigel shear zone.
Alpine doleritic sills are sheared and retrograde metamorphosed within Bilan shear zone
(Popescu, 1974), but the 130 Ma-old Ditr3u alkaline massif (Streckeisen and Hunziker, 1974)
cuts that zone. Quaternary basalts hosting mantle xenoliths at Lucaret and Racog and Gataia
(Fig. 2-1) may pinpoint loci of extension along young faults overprinting the Gladna Romana-
Geoagiu and Sambata zones, respectively. For all shear zones, isotopic ages and/or associated
magmatism clearly indicate tectonic activity younger than inferred cover strata.

Internal Structure. Our reconnaissance data indicate that metamorphic rock units within
the shear zones are tabular or linear, and contacts are gradational. Rock units display strong
interfingering L-S shape fabric or random shape fabric, indicating polyphase deformation.
Mesoscopic fold hinges are parallel or subparallel to the strike of the shear zones, and stretching
lineations are everywhere parallel to fold hinges. Foliation is parallel to rock unit boundaries and
ranges from steep to shallow dipping. We infer that a dominantly transpressional tectonic regime
produced early steady-state ductile strain fabrics, and that brittle overprint at zone margins
indicates strike-slip or thrust motion. Exceptions are the western part of the Highig-Biharia
tectonic zone, where we have observed top-to-the-northwest shear-sense indicators in
southeast-dipping mylonite zones, and the Tulghes shear zone, where a strike-parallel stretching
lineation is overprinted by down-dip slickenlines indicating thrusting normal to the orogen.
Isotopic age data show that the youngest medium-temperature fabrics are Variscan and the low-

grade ones are Alpine.

2.5. SUMMARY AND CONCLUSIC::

We interpret the data to indicate that the Carpathian low-grade metamorphic beits are
loci of repeated retrogressive metamorphism and deformation of higher grade polycyclic crust
and associated igneous rocks. Basement rocks in continental fragments involved in Alpine
tectonism in the Romanian Carpathians west of the former European platform consist of three
Variscan lithotectonic assemblages: a "greenstone-granite” assemblage and two gneissic
assemblages, one dominated by migmatic and granitoid rocks (type A) and the other by
crystalline dolostone-limestone lenses (type B).

Early Alpine rifting (Triassic?- Jurassic) occurred within the type B crust; associated
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igneous activity is inferred to have occured in the Mureg zone (Fig. 2-1). Although the Mureg
zone is traditionally interpreted as an oceanic remnant and the local expression of Tethys, the
exposed magmatic suite is largely intermediate in composition. Because suturing juxtaposed the
same (type B) lithologic assemblage on two relatively small "microplates”, the ocean was
probably not wide. We relate the geometry of most of the crustal-scale shear zones to tectonic
inheritance from this early deformation phase. Shear-zone initiation could have been controlled
by isostatic contrasts between crustal domains, but the locus of most intense strain likely
migrated over time. Alpine strain concentration along at least some lineaments within the
Variscan lithotectonic assemblages resulted in wide, generally steeply dipping tectonic
discontinuities whose shallow parts are now exposed as greenschist belts. Reactivation in large
strike-slip, transpressional, or extensional fault systems is recorded by igneous activity that
follows the local strike of the zones. We propose that strain recorded by the greenschist belts
accommodated most of the stress field in the Carpathian Orogen and is responsible for the
Carpathian's double bend. The time when some of the shear zones began to form is probably
Late Paleozoic, but Alpine activity is consistent with the present configuration of the Carpathian
arc. Some zones were involved passively or actively in later deformation. Our observations
strongly favor Burchfiel's (1980) suggestion that crustal fragments were repeatedly broken into
smaller units and then welded and enlarged, so that their number and identity changed over
time. On this basis, we consider unlikely the current interpretation of large rigid Cretaceous
nappes involving basement rocks in the southem and eastern Carpathians. The extent and
tectonic significance of the greenschist belts indicate that revisions to the interpretation of
metamorphic rocks in the Romanian Carpathians and Apuseni Mountains must be made to
accommodate Alpine tectonism.
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CHAPTER 3*

PRE-ALPINE TECTONIC FRAMEWORK
OF THE APUSENI MOUNTAINS:
CONSTRAINTS FROM A Sm-Nd AND U-Pb ISOTOPIC
STUDY ON THE METAMORPHIC AND IGNEOUS
BASEMENT ASSEMBLAGES

* A version of this chapter has been submitted to Journal of Geology
by D. I. Pand L. H. Heaman, R.C. Creaser, and P. Erdmer
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3.1. INTRODUCTION

The Apuseni Mountains represent the largest basement exposure between the
Carpathians and Dinarides branches of the Alpine orogen. The Alpine evolution of the Apuseni
Mountains has been debated in an impressive number of contributions, whilst the pre-Alpine
evolution of the crust is largely speculative due to the lack of analytical data.

Recent geodynamic models agree to a certain degree upon the Cenozoic extent, nature
of boundaries and geodynamic evolution of the Apuseni crustal fragment (e.g., Kovacs et al.,
1989; Marton and Mauritsch, 1990; Csontos et al., 1992; Haas et al., 1995). However, the Early
Alpine evolution is controversial. In some reconstructions (e.g., S&ndulescu, 1988) the Apuseni
Mountains belong to a large crustal fragment that includes the Austroalpine units of the Alps and
hence would have an African origin. In other reconstructions (e.g., Balla, 1982), the Apuseni
fragment is interpreted as a slice of European crust.

The European Alpine belt is superposed on the wider Variscan belt. The Variscan
orogen is currently interpreted as a collage of various tectono-stratigraphic units accreted along
the northern margin of Gondwana during Early to Late Carboniferous transpressional collision
(von Raumer and Neubauer, 1993). Extensive petrological and geochronological studies in the
Alps and in the extra-Alpine Variscides have resulted in a relatively well constrained Late
Proterozoic - Paleozoic evolutionary model. Attempts to integrate basement units from
southeastern Europe into the model are based almost exclusively on lithostratigraphic
correlations (e.g., Krautner, 1988; Neubauer and Raumer, 1994). Precambrian and Paleozoic
tectonothermal events have been inferred in the basement units of the Apuseni Mountains (e.g.,
Giugci et al., 1969; Krautner, 1980; Dimitrescu, 1986). A widespread low-grade Alpine overprint
affected the basement units of the Apuseni Mountains (Pan& and Erdmer 1994). Alpine vs.
Variscan tectonothermal evolution has been recently constrained by “Ar/*°Ar data on
metamorphic rocks (Dallmeyer et al., 1998).

We present the first set of Sm-Nd and U-Pb data on representative lithotectonic
assemblages and associated igneous rocks that constitute the Apuseni crustal fragment, inan
attempt to reveal its ancient geological history and relationships to other Variscan terranes
incorporated elsewhere as basement units in the Alpine orogen. Sm-Nd analysis on gneissic
assemblages of the Apuseni and Carpathians mountains yielded similar Early Proterozoic
crustal residence ages. The U-Pb zircon data indicate that several Paleozoic tectonomagmatic
events documented in the Alps can be partly recognized in the basement rocks of the Apuseni
Mountains. Low-grade assemblages traditionally attributed to the Variscan orogeny record in fact
Alpine strain overprinting mainly Permian igneous rocks. However, further extensive petrological
studies are needed to substantiate the appurtenance of a dated magmatic event to a certain pre-
Alpine geotectonic setting in order to attempt the reconstruction of the Variscan orogen anatomy.
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3.2. GEOLOGICAL UNITS, PREVIOUS ISOTOPE DATA

Amphibolite, epidote-amphibolite and greenschist facies assemblages were defined in
the central and northern Apuseni Mountains (e.g., Giugca et al., 1968, Dimitrescu 1985). In the
absence of reliable age data, the metamorphic rocks were traditionally assigned to either a
Middle Proterozoic, a Late Proterozoic/Cambrian or Caledonian and a Variscan
tectonomagmatic cycle, with the higher metamorphic grade rocks being the oldest. The age of
the spatially associated igneous rocks were assigned assuming that they represent the
magmatic activity during the tectonometamorphic event that affected the surrounding
metamorphic assemblages. Stratigraphic and metamorphic unconformities were interpreted
between rocks assigned to different tectonomagmatic cycles. Although the location and nature
of these contacts are controversial (Balintoni, 1985; Dimitrescu, 1988) and the existing K-Ar data
(Soroiu et al., 1969; Pavelescu et al., 1975) are inconsistent with the postulated evolutionary
model, the stratigraphic systematics of the basement rocks is extensively used.

Recent recognition of a large component of non-coaxial strain and of the retrograde
character of the metamorphic reactions in the low-grade assemblages (Pand and Erdmer, 1994)
and systematic “°Ar/*°Ar dating of low- and medium grade rocks (Dallmeyer et al., 1998) resulted
in a different interpretation: the low-grade assemblages define a kilometre wide arcuate belt of
polyphase Alpine strain concentration, the Highig-Biharia Shear Zone (HBSZ). It can be traced
across the Apuseni Mountains from the southern Pannonian Basin to the northern Transylvanian
basin (Fig. 3-1). On either side, medium-grade rocks define distinct lithologies: to the north the
Somes gneiss-granitic assemblage and the Codru amphibolite-granitoidic assemblage, and to
the south the Baia de Arieg carbonate lenses gneissic assemblage.

The low-grade assemblages within the Alpine shear zone are defined by distinct
lithologic and mineral relics, but have no stratigraphic connotation. In the axial zone of the belt
the rocks are phylionite and metre to kilometre size igneous pods. The igneous rocks show a
range of chemical compositions and grain-sizes indicative for an upper crustal igneous complex.
The protolith of the the HBSZ phyllonite is uncertain. Igneous textures are progressively
obliterated towards the peripheries of the pods until completely losing their identity within the
phyllonitic matrix which may indicate that most phyllonitic rock-types derived from igneous
protoliths (Pan and Ricman, 1988). Partial overlapping between the field of igneous acidic
rocks and that of the quartz-clast bearing schist (“metaconglomerate”) samples suggest direct
derivation of the schist from granitoids by shearing accompanied by loss of alkalies and relative
enrichment in quartz (Appendix |l, Figs. lI-1 and 1I-2).

In the westernmost segment of the HBSZ, the Highig Mountains expose an igneous
complex, tens of square kilometres wide, wrapped in a mesh of phylionite with undigested pods
of gabbro-diorite-monzodiorite and tonalite-adamellite-granite (Appendix ll, Fig. II-1). The



40

'Z-€ pue |-g S8|qeL U] Se siaquinu ajdules aie Siejs pue sasenbs ejjum U) siequinu ‘sassiaub 1oj WpN3 - sajbue)os) yep U} (palisju) jo
UMOUY) UOISNJJUI JO B} B} Je S%00J plojyuelB o) WpN 3 - sasdj|je u| ‘suoujieso| sjdwes sy} Yim suiejunoly luasndy ayj jo dew yoaeys *|=¢ .m_..._

Ny
g&uﬁg /. \/
un
»
e KT ‘ e 0g ol 0
LUK LY . X 2T eme _ -
W Ny >»>4> PP e e gy TR \

@ua.w

UOHD2O| SIALUDS Gd-N) PUD PN-WS Mu

Uoo0] eidwios Ph-ws O
sy

uoissaiBbotel Jo Alppunoq ejowpoddo )

Aropunoq [poBoped ——

'oBoiqUUBSSD JHUDS syeud sewos [T < < 5
JaA02 AIDJUBWIES UDIUOIN] O} UojULLiag _U
NOHIHIOLNV.HOHIE
6B0IqUIesSO BHIOAIUAWO Pepnyur-euoiB pod [[Eiv, 34
18000 Aipjueiupes uoydy o uowed [ |
SLINN WHNLONYLS MHG0D
pemeus=0 ‘ejns snosud opou - sueH  [PEII

E_on%un> se|ly op bPg=Ya ‘serypor=\
‘0bojqQLUIesSD ossieub sesus|-8|DUOAIDD

81Ins BUIDYIO-{0D / JHRION) noaDjerD eippI of ossomr e [L1FTFT]
SIUN PBIGLUBSSD SNOBDIBIY SIPPIW Bk |0 18802 edAl-NDsoD E
sysodep Aolsl puo ojozosei B0 _l||.||_

aN3o3ai

:, ﬁ////////
A 'o.>.v1////////
L N I I N N N O S N O S N Y

> SO NN

///////////////y
////////////\\
A N O N N S S N




41

igneous rocks were previously interpreted to intrude a prograde greenschist facies assemblage
and were consequently assigned to the Variscan event (e.g., Giugca et al. 1968). In a limited
area near the westemn extremity of the Highis Mountains, an association of black to gray massive
rocks and their sheared equivalents, were initially mapped as black quartzite and shale (Giugc3,
1979) and interpreted to represent a post-Variscan Carboniferous (Permian?) sedimentary cover
named the “Black Series” (BS). Commonly, a very fine grained mesh of mica-quartz-albite-
magnetite with epidote nests overprints and obscures the original texture. Similar rocks, later
described from additional locations were shown to be low temperature hornfelses up to biotite
isograde (Pana and Ricman, 1988), spatially and genetically related to basalt, quartz-latiandesite
and trachyte of the Highis igneous complex. Completely hornfelsed rocks plot in the latibasalt
and trachyte fields and show a more alkali character than the associated igneous rocks
(Appendix Il, Figs. II-1 and [I-2).

K-Ar age data ranging from 75 to 123 Ma (Soroiu, et al. 1969; Pavelescu et al., 1975)
and “Ar/*°Ar plateau ages of 100-114 Ma on the low-grade rocks (Dalimeyer et al. 1997)
indicate Early to Middie Cretaceous tectonism. A 350 Ma whole rock K-Ar age is the only isotope
data reported so far on a granite sample from the Highig Mountains (Giugca et al. 1968).

Along the HBSZ to the east, in the Biharia and Gildu mountains weakly to highly sheared
gabbro-quartz diorite and granodiorite-tonalite (trondhjemite) units suggesting a bimodal
magmatism (Appendix II, Fig. ll-1c), are interlayered with subordinate phyllonite. Sheared and
hydrated diorite bodies were previously interpreted as epidote-amphibolite facies clastic
sediments and consequently assigned to the Caledonian event (e.g. Dimitrescu, 1985;1988).
Balintoni (1986) interpreted the mafic rocks from Highig and Biharia mountains to represent
Caledonian ophiolitic crust and the granitic rocks to represent the Variscan magmatism. This
model also assumes two metamorphic events contemporaneous with the intrusions, although
the only available data were K-Ar ages ranging from 143 to 76 Ma (Pavelescu et al., 1975). An
“Ar°Ar plateau age of c. 108 Ma and several Jurassic and Cretaceous Total Gas Ages were
recently reported from the phyllonite in the Biharia Mountains (Dallmeyer et al. 1998).

Mafic rocks from the HBSZ show ambiguous chemical characteristics inconsistent with
the classical patterns constrained for major tectonic settings. Same rocks plot within different
fields in different discrimination diagrams or outside the defined fields (Appendix I, Figs. lI-2 and
I-3). Rocks from the eastern sector of the HBSZ (Highis Mountains) with a more pronounced
tholeiitic character plot in the “ocean floor" and “within plate” fields whilst rocks from the eastern
segment (Biharia and Gildu mountains) show a calc-alkaline tendency and plot in the “ocean
floor” and “island arc” fields (Appendix Il). However, the initiation of magmatic activity with mafic
intrusions along the entire HBSZ suggests a pre-Alpine rift-like setting with more advanced
extension across the western segment. The pre-Alpine crustal thinning / weakness is also
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inferred from its overprinting by a wide Alpine shear zone.

Whereas no medium-grade relics exist within the axial zone of the belt, toward the
peripheries, retrogressed medium-grade protoliths can be traced into the adjacent gneissic-
amphibolitic assemblages.

To the north, HBSZ is bounded by the Codru assemblage which consists of a
discontinuous belt of orthoamphibolite and their gabbroic protolith, invaded by mulitiple phases of
diorite to granite intrusions. The cross-cutting relationships within individual exposures are
difficult to correlate due to the limited size and variable chemistry of the granitoid bodies and
widespread low-grade shearing. Two-mica gneisses are interlayered mainly in the western part
and appear to be derived from two-mica granodiorite. K-Ar data on rocks assigned to the Codru
assemblage range between 243-596 Ma (Giugca et al., 1968; Soroiu et al., 1969; Pavelescu, et
al., 1975). Recent “°Ar/°Ar data on an hornblende concentrate from the orthoamphibolite and
muscovite from gneiss samples yielded ages of c. 366 to 405 Ma and c. 335 to 340 Ma,
respectively (Dallmeyer et al., 1998).

The lithology gradually changes northward into the Somes assemblage, dominated by
monotonous micaceous gneisses, with interlayers of quartzofeldspathic gneisses and scarce
amphibolite. The presence of gamet and staurolite zone followed by local sillimanite growth
have been interpreted as evidence for a poly-metamorphic evolution (Hartopanu and Hartopanu,
1986). The Somes assemblage is intruded by the Muntele Mare granite. The contact is
overprinted by a kilometre wide biotite to chiorite zone normal detachment. K-Ar data on the
Someg assemblage yielded a wide range of values 77- 381 Ma (Soroiu et al., 1969; Pavelescu,
et al., 1975). “®Ar/*°Ar data on hornblende and muscovite concentrates yielded ages of c. 316-
306 Ma and c¢. 303-314 Ma, respectively and were interpreted to date rapid cooling following the
Variscan metamorphic event (Dalimeyer et al., 1998).

To the south, the low-grade assemblages of HBSZ are bounded by a gneissic
assemblage dominated by kilometre-size lenses of variable dolomitic marble. The contact is
gradational and often obscured by sheared granites of uncertain appurtenance. The gneiss-
carbonate assemblage crops out in several isolated ‘islands’ along the southern margin of the
Apuseni crustal fragment (Fig. 3-1). From west to east these are the Madrigesti, Baia de Arieg
and Vidolm exposures of gneiss-carbonate assemblages. Unfortunately, detailed lithologic
correlation is not possible, so different local names are still in use. However, a striking lithologic
difference compared to the northern Somes assemblage is the presence of carbonate rocks with
similar C-O isotopic signature (Pani et al., 1996) in all these relatively limited gneissic
exposures south of HBSZ. The gneisses are intruded by concordant granite bodies up to
several hundreds metres in size at M&drigesti and Surduc and by the Vinta stock at Baia de
Aries. A polyphase tectonometamorphic evolution is indicated by metamorphic textures and
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©Ar/°Ar data. Different “°Ar/*°Ar cooling ages in different ‘islands’ suggest heterochroneous
Alpine tectonism along the now, southern margin of the Apuseni crustal fragment from Middle
Jurassic (c. 156 Ma, Vidolm) to Early-Middle Cretaceous (c. 119-111 Ma, Baia de Arieg)
(Dallmeyer et al., 1998).

3.3. U-Pb GEOCHRONOGY OF IGNEOUS ROCKS

The age of the intrusive units in the basement of the Apuseni Mountains was previously
arbitrarily assigned based on the interpreted age of the associated metamorphic assemblages.
We have selected seven granitoid samples from the most representative lithotectonic
assemblages (Fig. 3-1) in order to constrain the pre-Alpine tectonomagmatic evolution of the
region. A sample from the Savirsin granite intruding the supposed Tethyan suture in the
southern Apuseni was analysed in order to constrain the Early Alpine evolution of the Apuseni
fragment. Three to five zircon fractions have been analysed from each sample using the isotope
dilution thermal ionization (TIMS) method.

Analytical procedure

10 to 15 kilograms of rock samples were pulverized to a fine powder with a jaw crusher
and Bico mill and then passed over a Wilfley Table to obtain a heavy mineral concentrate.
Zircon was separated from this concentrate using standard heavy liquid and magnetic mineral
separation techniques outlined by Heaman and Machado (1992). Further zircon selection was
made using a binocular microscope to avoid grains with cracks, alteration, inclusions or other
imperfections. Multi-grain fractions were selected based on distinct optical features and grain
quality for each sample. All the zircon fractions were abraded following the abrasion technique
outlined by Krogh (1982) and washed prior to dissolution (Krogh, 1973; Heaman, 1986) The
zircon fractions were spiked with a mixed 2®Pb-**U tracer solution (Krogh and Davis, 1975).
Sample dissolution and the extraction of Pb and U follows closely the procedure of Krogh
(1973). Pb and U blanks measured during this study were progressively improved from 40 pg to
1.4 pg and from 0.36 pg to 0.06 pg, respectively.

Pb and U were loaded onto outgassed, single Re filaments in a silica gel-phosphoric
acid mixture and analysed on a VG354 mass spectrometer. The Pb isotopic ratios were
measured on a single Faraday cup collector and for a typical load of 10 ng of Pb the average
beam intensity at mass 206 (1,450°C) was 0.5 x 10"'A (10''ohm resistor). All the Pb and U
isotopic data were corrected for mass fractionation using factors of +0.088% /AMU for Pb and
+0.155% /AMU for U (based on replicate analysis of the NBS-SRM 981common Pb and the
NBS-SRM U 500 standards) and for isotopic ratios measured with a Daly photomuitiplier
detector, a Daly-Faraday empirical conversion factor of +0.13% / AMU was applied.

The errors associated with the Pb/U and 2’Pb/?®Pb ratios, are estimated to be 0.25 and
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0.05% (10), respectively (numerical propagation of alt known sources of error) based on the
reproducibility of samples. The initial common Pb isotopic composition was calculated using the
model proposed by Stacey and Kramers (1975). The regression lines and the errors associated
with the age determinations (quoted at the 95% confidence level) were calculated using the
ISOPLOT software (version 2.12 by K. Ludwig, USGS). The decay constants for 2°U (9.8485 x
107%r") and #2U (1.55125 x 107'%r") and the isotopic composition of uranium (137.88) used in
this study are those recommended by Jaffey et al. (1971) and the IUGS Subcommission on
Geochronology (Steiger and Jager, 1977).

Results

U-Pb zircon data are summarized in Table 3-1.

Granitoid intrusions associated with the gneissic assemblages contain an invisible
inherited radiogenic Pb component that is common for granitoids of anatectic origin. In contrast,
the Codru granodiorite and two of the three analysed granitoids within the phyllonitic belt do not
show radiogenic Pb inheritance consistent with a non-contaminated juvenile source.

Two samples from the Highig igneous complex were selected in an attempt to bracket
the age of the magmatism. Field relationships unequivocally indicate that crystallisation of mafic
rocks was followed by granitoid intrusion and veining (Fig §-5). An alkali-diorite (sample 11)
previously assigned either to the initial phase of Variscan magmatism (Giugca, 1979; Savu,
1965) or to the Caledonian ophiolitic crust (Balintoni, 1986) was selected as a representative
sample for the initiation of the igneous activity. Three multi-grain fractions of optically clean,
euhedral zircons have been separated from the Cladova diorite. The first best fraction consisted
in fluid inclusion-free, strongly abraded grains. The three near concordant analyses yield a
discordia array with an upper intercept age of 267+/-4 Ma (Fig. 3-3a) which is interpreted as the
emplacement age for the mafic rocks. A sample of porphyric microgranite (sample 12) was
selected as the best estimate for the cessation of the igneous activity. Three fractions of tiny
zircons yielded three points on a discordia array with an upper intercept age at 264+/-2 Ma (Fig.
3-3b). U-Pb zircon data on intrusive rocks from the Highig Mountains indicate a relatively short
lived (267-264 Ma) igneous event in late Early Permian and roll out the previous interpretations.

A weakly deformed granite from the Biharia Mountains (sample 16) was selected in
order to investigate the assumed correlation of the igneous pods along the Alpine Highig-Biharia
Shear Zone. Under the microscope, a homogeneous population of tiny zircon grains show
obvious core structure, interpreted as zircon inheritance (Fig. 3-2a). Two multi-grain fractions of
tiny euhedral zircons yielded two data points 10% and 14% discordant, respectively. A
regression line through origin and the two analysis intersect the concordia line at 516+/-8 Ma
(Fig. 3-3c), and is tentatively interpreted as the best approximation of the emplacement age
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Table 3-1. Summary of U-Pb zircon data on igneous rocks of the Apuseni Mountains

i Fr.  Weight | U |Pbrad| Tn | TCPb | 2067204 Atomic ratios™ T Apparentage (Ma) Discord |
| mg | (opm) | (opm) | (ppm) | (PR 206P0238Pb | 207PB2ISPD | 207TPV206Ph : 208/238| 207/235| 20772080 % |
[NORTHERN GNEISSIC ASSEMBLAGE i ]
4 1] 0134 | 1209 | 58 ! 207 | s573 | a8 0.04555: 15 0.32795.109 |  0.05222 4 287 . 288 298 . 27
Muntele |2 | 0027 | 8950 41 | 188 | 11.85 | 8152 00452614 | 0.32595.107 . 00522% S . 285 286 : 285 . 35
Mare 3| ooss | 902 39 | 137 | 4188 | 3925 0.04537: 14 | 0.33210:108 : 0.05309; 4 286 | 291 P2, 143
24 |1 oos0 | 284 18 114 | 728 | s418 0.08008; 20 044751:158 | 0054028 | 378 ; 3716 | 312 . -12 |
Codru |2 | 0034 | 201 17 127_| se7 | e2s4 .05774; 19 043028;148 |  005404;5 | 362 ; 363 | 313 310
3| 0125 | 285 17 125 | 1332 | 9610 0.05719; 14 0.42601; 133 005402 4 | 359 | 360 | 372 . 37
4 | oos0 | 3325 | 19 155 1 12.20 | S48 0.05814: 28 0.41810: 198 0.05401; 5 352 . 388 | 312 | 54
HIGHIS-BIHARIA IGNEOUS COMPLEX [ | |
11 1 | 0e8s 534 24 339 | 29084 | 32274 0.04198; 24 0.29866; 175 005160; 3 | 265 | 265 ' 288 10 |
Cladova |2 | 0805 | 358 18 222 {3428 | 21783 0.04132 14 0.29426; 100 005164:3 . 261 , 262 | 270 | 33
[ 3 | 1.158 429 19 | 269 | 44.78 | 28780 0.04141; 18 0.28482; 118 005168; 3 | 262 | 282 270 | 33
12 1| 0124 | 1389 | S8 | 548 (12500 | 3587 0.04111; 28 029230:189 | 0051585 | 260 | 261 : 268 : 24
i 2| ooss | 2301 96 | 1058 138909 | 891 0.04028: 28 028683;739 | 0.05157:13 : 253 . 256 | 267 ' 46
: 3 | 0050 1208 48 474 | 48.18 | 3070 0.0388S5; 18 0.27711:424 | 0.05173; 8 248 | 248 ' 2713 10.4
16 |11 oo2s | 219 17 ! 89 {1483 | 1854 0.07820; 18 061803;167 | 005732: 8 | 485 | 489 ' S04 . 38
Leuel 2 | 0075 | 240 18 | 75 13148 | 2724 0.07551: 28 0.59480; 230 005713; 8 ' 469 . 474 | 497 87
SOUTHERN GNEISS-CARBONATIC ASSEMBLAGE 1 { i |
[ 1] 0275 213 13 | 50 !ss583 | 2942 0.05979; 35 0.44981; 182 005454; 7 | 374 | 377 | 393 50
Madrigesti 2 | 0209 | 200 12 57 | 778 | 28258 0.05881: 15 0.44174; 141 005448: 4 | 368 | 371 | 391 . 59
3 o3e2 | 24 13 61 | 1437 | 20934 0.05525: 23 0.46818; 181 0057077 | 371 | 389 | 434 | 257
9 1, 0039 | 728 29 | 38 l2s419 ] 241 0.03325; 11 | 0.23591:205 005146:41 | 211 | 215 | 281 | 197
Vinta 2 | 0005 46810 178 | 228 {19978 | 327 0.03978; 11 | 0.36385.182 | 008637:27 | 251 | 315 818 . 70.6
; 3] 0139 | 1013 | 43 | 48 [9g735| 397 0.04295; 12 045077.188 | 00761223 | 271 : 378 | 1098 769
f- ‘e ; 0024 | 338 18| 37 2457 | 1147 0.05431; 14 0.45585; 141 008088; 9 341 _ 381 . 635 | 475
ITRANSYLVANIAN IGNEOUS COMPLEX ("TETHYS") [ i { |
T S |1 0843 |, 683 | 19 | €25 ;11085 | 6082 002435:13 | 016544, 89 | 004927. 4 | 155 | 155 | 161 = 34
Savarsin |2 | 0093 | S73 ! 18 | 497 | 1432 | 7180 002422, 6 | 016481 51 ' 004930: 7 | 154 | 155 162 48
; 3! 0189 | 270 | 3 | 245 | 1095 . 2441 000830; 3 | 00S38%: 21 ' 0047218 | 53 ! s3 55 34

* Spike and fractionation corrected only

= Atomic ratios corrected for fractionation, blank, spike, initial common Pb; 1 sigma errors
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(inheritance can not be precluded). This Late Cambrian age for the granite sample from the
Biharia Mountains contrasts significantly with the Permian age of the igneous complex from the
Highig Mountains. The heterochronous character of the igneous protolith within HBSZ indicates
that geotectonic setting reconstructions based on geochemical data may be irrelevant unless the
emplacement age of several other major intrusions along the magmatic arc are determined.

From the Codru assemblage, we have selected a representative two-mica granodiorite
sample (sample 24). It shows no medium grade metamorphic record being only affected by
localized low-grade shearing. Four multi-grain fractions of colourless, transparent, well abraded
zircons (Fig. 3-2c) define a discordia array with an upper intercept age of 372+/-1 Ma (Fig. 3-4a).
Under the microscope, the transparent, colourless, euhedral prismatic to needle-like zircon grains
show no visible sign of disturbance or core structure. The upper intercept age is interpreted as
emplacement age of the Codru granodiorite (Middle-Late Devonian). The amphibolite grade
metamorphism is constrained to be pre-Late Devonian, and therefore can not be related to the
Early Carboniferous main phase of Variscan collision/ metamorphism.

A granite sample from the central part of the Muntele Mare batholith (sample 4) was
selected in order to put an upper limit on the last medium-grade overprint of the northern Somes
gneissic assembiage. Two slightly discordant multi-grain fractions (1 and 2 in Fig. 3-4b) yield=d
27pp2%Ph ages of 295 Ma. The selected grains of fraction 1 were long prismatic, euhedral,
transparent small zircon crystals whereas fraction 2 consisted of transparent fragments of larger
prismatic crystals. The regression line through analysis 1, 2 and origin intersects the concordia
line at 295+/-1 Ma. We interpret the upper intercept age as the minimum emplacement age of
the Muntele Mare granite. A third muiti-grain fraction with a significantly lower Th content (Table
3-1) yielded a 332 Ma ’Pb/”®Pb age suggesting the presence of an inherited component. The
inferred Late Carboniferous emplacement age represents the upper limit of the last medium-
grade metamorphism that affected the main body of the Apuseni crustal fragment.

Two samples were selected from different granite intrusions in the carbonate-lenses
bearing gneissic assemblages south of the HBSZ: one from a concordant granitic unit in the
Mé&drigesti gneisses (sample 6), and the other from the Vinta stock (sample 9) intruding the Baia
de Arieg gneisses. Two fractions from the Mé&drigesti granite yielded two data points ca. 5%
discordant with similar 27Pb/?®Pb ages of 393 and 391 Ma, respectively. Both multi-grain
fractions consisted of transparent, colouriess euhedral well abraded zircon grains. The upper
intercept age of ca. 392+/-6 Ma defined by the first two fractions (Fig. 3-4c) is interpieted to
represent the emplacement age of the Madrigesti granite. A third multi-grain fraction yielded a
27pp2%Ph age of 495 Ma which is similar to the age of the orthogneiss from the Biharia
Mountains. The M&drigesti granitoids are decimeter to metre thick and up to few hundred metes
long two-mica granite units interlayered with gamet-plagiogneiss. The last medium-grade



Fig. 3-2. Microphotographs of zircon grains in granitoid samples from the Apuseni
Mountains; a) zircon grains separated from the Leucii granite slightly sheared and
retrogressed within the Highig-Biharia shear zone, Biharia Mountains, Leucii Creek: to
the left unabraded grains, to the top selected best fraction and to the right best fraction
after abrasion. b) zircon grains from the Vinta granitic intrusion in the Baia de Aries
carbonate lense gneissic assemblage, Hermeneasa Creek: centre left selected
fragments of prismatic transparent grains; bottom left comner - the big grain that yielded
the smallest discordance pointing to a late Paleozoic emplacement age. c) zircon grains
from the Codru granodiorite, Neagu Creek; at the top selected first and second best
fractions of intact bi-pyramidal transparent crystals and fragments, respectively; centre
and right same fractions after abrasion; d) zircon grains from the Savarsin granite,
Arad-Deva highway at the Royal Castle in Savarsin: yellow and larger grains yielded the
late Middle Jurassic age and smaller colourless grains yielded the Eocene age.
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overprint recorded by the Madrigesti gneisses is thus constrained to be older than Early
Devonian. U-Pb zircon data on the Vinta granite (sample 9) yielded three highly discordant data
points and a less discordant one that corresponds to a well abraded transparent zircon fragment
(Fig. 3-2b and fraction 1 in Fig. 3-4d). The *’Pb/”"®Pb age of 261 Ma is therefore the best
approximation of the emplacement age and roughly corresponds to the emplacement age of the
Highis igneous complex (c. 267-264 Ma). Fractions 1, 2 and 3 define a discordia array with an
Early Proterozoic upper intercept age of c. 2365 Ma and a Late Triassic lower intercept age of c.
211 Ma. Both intercept ages may be geologically significant: Early Proterozoic zircon ages are
reported in basement units of the Western Alps (Gebauer, 1993) and the 211 Ma age may be
related to the Late Triassic - Early Jurassic tectonism that led to the development of Tethys.
“ArfAr plateau ages between 216 Ma and 169 Ma at the margins of the HBSZ (Dallmeyer et
al., 1998) support this interpretation. Fractions 1 and 4 define a poorly constrained discordia
array with an upper intercept age of 980 Ma. Ages around 1000 Ma have been sporadically
reported in central-western Europe (Pin, 1991). Although insufficiently well constrained, the U-Pb
ages on zircon from the Vinta intrusion suggests Precambrian inheritance in the Baia de Arieg
gneiss-carbonate assemblage.

The age of the Savarsin granite in the southern Apuseni Mountains is critical for the
current interpretation of Alpine evolution of the region.

Two distinct population of zircon grains have been found in a sample from the Savarsgin
granite (Fig. 3-2d). Most zircons are relatively large yellowish transparent zircon crystals and
fragments with cracks and small fluid inclusions. A second group of smaller zircon grains are
colourless, transparent incusion and cracks free. Two multi-grain fractions of the larger yellowish
zircons yielded 2"Pb”%Pb ages of 161 and 162 Ma, respectively. One fraction of colourless
zircon crystals yielded a 2’Pb/®Pb of 55 Ma. The yellowish zircon grains yielded a Callovian
age. We interpret them as xenocrysts from the tholeiitic wall-rock. The Early Eocene age of the
transparent colourless zircon grains is most likely the emplacement age of the S&varsin granite.
(Fig. 3-5).
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Fig. 3-3. Concordia diagrams for the granitoid intrusions of the Highis Biharia shear zone; sample

and fraction numbers as in Tables 3-1 and 3-2.
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Fig. 3-4. Concordia diagrams for the representative granitoid intrusions within medium-grade
assemblages of the Apuseni Mountains; sample and fraction numbers as in Tables 3-1 and 3-2.
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3.4. Sm-Nd ANALYTICAL DATA

A suite of 31 samples of gneisses and granite of the basement units of the Apuseni and
Carpathians mountains were analysed for their Nd isotopic signatures. For comparison, Sm-Nd
data on 7 samples from the most representative basement assemblages of the Romanian
Carpathians were also collected.

Analytical procedure

Samples were crushed to gravel size without direct contact with any metal surfaces,
followed by final grinding to -35 microns. Neodymium isotopic analyses were performed at the
University of Alberta. Sample powders were weighted, totally spiked with a tracer solution of
1S9Nd and '°Sm, and disolved in a 5:1 mix of vapour-distiled 24N HF and 16N HNO, in sealed
teflon vessels at 160°C for 24 hours to dissolve flourides. This solution was evaporated and the
residue taken up in HCI for separation of the rare earth elements as a group using standard
cation chromatography, followed by separation of Nd from Sm using Di (2-ethylhexy! phosphate)
chromatography (HDEHP). The purified Nd and Sm fractions were analyzed for isotopic
composition using a VG354 mass spectrometer. Total procedural blanks for Nd and Sm are 0.5
ng. The '®Nd - “*Sm tracer solution was made from highly purified material; ONd = 97.62 %
and *Sm = 97.22 %. The concentrations of '**Nd and '“°*Sm in this solution were determined by
direct calibration in triplicate against a mixed Sm/Nd normal solution (Wasserburg et al., 1981)
with reproducibility of better than +/- 0.01 % for **Nd and +/-0.03% for “°Sm. Isotopic analysis of
Nd used a dynamic multicollector routine, correcting raw ratios both for variable mass-
discrimination to “6Nd/"“Nd = 0.7219 using an exponential law (Wasserburg et al., 1981) and
for the effects of low abundance (non-"*Nd) tracer Nd isotopes. Sm was analysed in static
multicollector mode and corrections made both for variable mass-discrimination to 125 m/**'Sm =
1.17537 using the exponential law (Wasserburg et al., 1981), and for the effects of low
abundance (non-"“Sm) Sm tracer isotopes on '2Sm/*>*Sm.

Results

Sm-Nd data on basement assemblages from the Apuseni and Carpathians mountains
are summarized in Table 3-2 and 3-3, respectively.

The Somes assemblage is characterized by the most depleted initial eNd(0) values
ranging from ca. -12.5 to -15.5. A quartzofeldspathic layer (sample 1) in the northem, and a
garnet-bearing plagiogneiss (sample 2) in the southeast Apuseni Mountains yielded very similar
eNd(0) (-15.5 and -15.4, respectively) and crustal residence ages (1 .80 and 1.87, respectively).
A less negative eNd(0) value of -4.7 has been calculated for a kyanite-bearing micaceous
plagiogneiss (sample 3), in an area interpreted to record two medium grade metamorphic events
(Hartopanu and Hartopanu, 1986). However, all the three samples from the Someg assemblage
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Table 3-2. Nd and Sm Concentrations and Isotopic Data for Samples from the Apuseni Mountains

Sample Rock Nd Sm 147Sm | 143Nd / eNd(0)* E eNd(t) TDM™
# | Location Type ppm ppm | 144Nd 144Nd | (Ga)
SOMES GNEISS-GRANTTIC ASSEMBLA =295
1 |Giurcuta gneiss-Qz/F 30.84 5.52 0.1082 | 0.511846 +/9 | -155 -12.1 1.90
2 |Boisoara gneiss-Grt 54.66 9.70 0.1073 | 0.511850 +-6 | -154 -12.0 187 |
3 |lara micaschist-Ky 36.47 6.80 0.1128 | 0.511996 +/-8 | -12.5 9.4 1.76 |
4 |Muntele Mare |granite(295Ma) 33.99 7.27 0.1294 | 0512266 +-11| -7.3 47 162 |
BAIA DE ARIES GNEISS-CARBONATIC ASSEMBLA
Highis Mountgins t=392Ma '
5 |Madrigesti gneiss 19.31 431 0.1351 | 0512267 +-16] -72 | 4.2 1.73 |
6 |Madrigesti |granite(392Ma) 18.81 445 0.1429 | 0512346 +/-8 | -5.7 3.0 175 |
Biharia-Gilau Mountains t=261Ma :
7 |Cioara valley |gneiss-Grt 34.38 7.04 0.1238 | 0.512151 +-10} -95 7.1 1.71 1
8 |Salciua Village jgneiss-Grt 3273 6.48 0.1196 | 0512036 +-9 | -11.7 9.2 182
9 |Vinta granite(261Ma?) 11.07 273 0.1492 | 0.512460+-13! -35 -1.9 165
10 | Surduc Village |gneiss-Grt 36.74 7.35 0.1209 | 0512131 +-12| -99 74 169 |
HIGHIS-BIHARIA IGNEOUS COMPLEX
Highis Mountains =267 ’;
11 |Ciadova Valley|diorite(267Ma) 40.52 9.87 0.1472 | 0512574 +-11| -13 0.4 135 |
12 |Jemova Valley |granite(265Ma) 32.68 9.61 0.1779 | 0.512661 +/-8 0.5 1.1 212 |
13 |Casoaia Valley|granite 20.89 543 0.1570 | 0.512432 +-8 4.0 2.7 196
14 |Siria Fortress {conglom. 10.03 1.82 0.1095 | 0.512011 +~10| -12.2 9.3 168 |
Biharia-Gilau Mountains ' =516 i
15 |Leucii valley |diorite 8.23 219 0.1609 | 0.512547 +-10| -18 o6 | 11 |
16 |Leucii valley |granite(516Ma) 20.65 5.12 0.1499 | 0.512508 +/-9 -25 06 | 15
17 |Mihoiesti granite 36.92 7.42 0.1215 | 0.512221 +/-8 8.1 32 | 155
18 |Dobra Valley igranite 11.71 327 0.1687 | 0512483 +/-14| -28 40 | 22 |
19 |Ocofisel Valley |granite 2277 6.73 0.1786 | 0.512371 +-11| -52 4.0 3.40
CODRU ASSEMBLAGE =372
20 |Codru Moma |gneiss-Grt-And 30.90 5.98 0.1170 | 0.512136 +~-10| -9.8 -6.0 161 |
21 |CodruMoma |granie 29.69 5.60 0.1141 | 0.512353 +/-8 56 | -18 124
22 |Huzii valley  |fibrolite schist 182.57 3153 0.1044 | 0511993 +-6 | -126 82 : 163
23 |laravalley  jgranite 11.56 1.96 0.1025 ! 0512158 +-10] -9.4 49 | 138
24 |Neagu Valley |granodiorite(372Ma) | 33.75 6.94 01243 | 0512597 +-11| 08 | 26 | 096 |
Table 3-3. Nd and Sm Concentrations and Isotopic Data for Samples from the Romanian Carpathians
Sample Rock Nd Sm 147Sm/ 143Nd / eNd(0)* | TOM™
# | Location type ppm ppm 144Nd 144Nd (Ga)
South Carpathians
25 |Sugag pl-gneiss Grt-Ky Seb |  26.20 492 0.1134 | 0511893 +-9 | -145 1.92
26 |Pattinis plgneiss Grt Sebes | 32.88 6.50 0.1195 | 0511883 +-9 | -14.7 2.06
27 |gilea schist Chi-Ser Suru | 14.70 3.19 0.1311 | 0.512101+-9 | -10.5 1.95
East Carpathians
28 |Balan conglom Pangarati 37.09 6.81 0.1109 | 0512092410 | -10.7 1.58
29 |Gheorghieni |plgneiss-Grt Bretila | 18.88 368 0.1179 | 0.511888+~11 | -14.6 2.02
30 !Gheorghieni |porphyroid Mandra 50.38 961 0.1154 | 0.512108+/-8 -10.3 1.63
31 |Neagra plgneiss-Grt-And Re| 42.29 8.09 0.1156 | 0.511971+8 | -13.0 1.85

* NA(0) = ["*Nd/"“Nd e/ NI/ N cye-1] X 10%

present day '*Nd/"“Nd_,,z= 0.512638, normalized to

SNd/**Nd = 0.7219 (DePaolo & Wasserburg, 1976)

* Tou= 1A X N[N NG e "N NG ) / (7SI N gy "SI NG pge) + 1] (DePa0l0, 1981);
with Goldstein et al. (1984) values for "“NA/"“Nd .= 0.513163 and *Sm/ *Nd pese= 0.2138.
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yielded similar middle Early Proterozoic Ty, model ages ranging from 1.76 to 1.9 Ga. Sm-Nd
data on the Muntele Mare granite (sample 4) intruded in the Somes assemblage yielded a less
negative ENd 5 values of 4.7.

From the Codru assemblage two gneiss and three granitoid samples have been
selected for Sm/Nd analysis. A chlorite-fibrolite bearing schist apparently derived from the
adjacent granitoids yielded an eNd(0) value of -12.6 (sample 22) similar to the value yielded by
the adjacent plagiogneiss from the Somes assemblage (-12.5, sample 3). The gneiss sample
from the westermmost area (Codru Mountains) yielded a less negative eNd(0) value of -9.8,
which is in the range obtained for the southern gneiss-carbonate assemblage. The three
granitoids of the Codru assemblage yielded eNd(t) values of -4.9 to +2.6 and the youngest Toy in
the basement rocks of the Apuseni Mountains ranging from 1.38 to 0.96 Ga. The most positive
eNd(t) value (+2.64, sample 24) was found in one of the most characteristic rock types of the
Codru assemblage, the granodiorite that yielded an emplacement age of c. 372 Ma.

From the southemn gneiss-carbonate assemblage one sample from each of the main
three ‘islands’ have been analysed as well as the granitic intrusions dated by U-Pb. The
gneisses yielded a relatively narrow range of eNd(0) values from -7.2 to -11.7 and Ty, model
ages of 1.7-1.8 Ga. The Madrigesti gneiss (sample 5) shows the least depleted eNd(0) value of -
7.2, whilst the Vidolm gneiss (sample 10) yielded a value of -9.9, in the range obtained for the
gneisses (samples 7, 8) in the main Baia de Arieg island (-9.5 and 11.7, respectively). Sm-Nd
data indicate that all basement ‘islands’ incorporate similar ancient crustal material with addition
of more juvenile material at Madrigesti. Meanwhile, they reveal a distinct evolution of the gneiss-
carbonate crust from the southern Apuseni compared to the gneiss-granitic crust in the central-
northermn Apuseni Mountains.

The Madrigesti granite (sample 6) with the emplacement age of ¢. 392 Ma yielded less
negative eNd values but the same Ty, model age as the adjacent gneisses. The stock-like Vinfa
granite which intrudes the gneisses with more depleted eNd(0) in the Baia de Arieg ‘island’,
yielded even less depleted eNd values and younger Tgy, model age indicating that the mixing
process was dominated by the juvenile material.

Within the Highig-Biharia shear zone, the quartz-clasts bearing mylonite or
metaconglomerate (sample 14) shows eNd and Ty, model age values of -12.2 and 1.68 Ga
which are comparable to those of the gneisses. This rock-type may be interpreted either as a
Paleozoic conglomerate derived from a gneiss-granitic (Somesg type) protolith, or as tectonic
enclaves of highly deformed gneissic basement underlying the igneous complex which were
tectonically intercalated within the phyllonitic belt. Sm-Nd and isotopic ratios from variably
deformed pods of granitoid rocks (samples 11,12,13,15, 16,17,18,19) yielded eNd(i) values
ranging from +1 to -4 and Ty, model ages ranging from 1.35 Ga to 3.4 Ga. These ranges
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contrast significantly with those yielded by the adjacent gneissic assemblages. The extremely
old T, model ages do not have a direct geologic significance since thzy correspond to samples
with 147Sm/144Nd ratios close to, or higher than 0.17. Samples with 147Sm/144Nd < 1.5
yielded Middle Proterozoic T,,, model ages ranging from 1.35 to 1.56 Ga. The wide range of
eNd(t) from -4 to +1 (even when recalculated for the same age of 300 Ma) indicate isotopically
heterogeneous sources and/or very diverse petrogenetic processes. Similar variability was
reported from the anorogenic granite from Corsica (e.g., Poitrasson et al., 1995)

Fig. 3-6 shows the spread in the Sm-Nd isotopic composilion of the Highig-Biharia
igneous samples with no clear isotope mixing pattern with older crustal material. Two sets of
eNd(t) values recalculated for each of the adjacent gneissic assemblages at the time ¢
corresponding to the two dated magmatic events within HBSZ show no clear correlation with the
Paleozoic intrusions (except for the sheared phaneritic Mihciesti granite, sample 17) (Appendix
I1). In contrast, a mixing line can be traced between the scuthern gneiss-carbonate crust
(samples 10, 7, 5) and the Méadrigesti (sample 6) and Vinja (sample 9) granites intruding the
former rock units. Similarly, the Muntele Mare granite (sample 4) plots in the continuation of the
Somes (samples 1, 2, 3) and eventually Codru gneisses samples (20, 22) suggesting mixing of
the old crust with Late Carboniferous juvenile material. These data suggest a “hybrid” crust-
mantle (Barbarin, 1990) origin for the Muntele Mare: granite. The Codru intrusions do not seem
to be isotopically related to the Codru gneisses. They plot along a distinct line whose y intercept
is 0.51 corresponding to a 3 Ga poorly constrained isochrone age of uncertain geologic
significance.

The samples from the Romanian Carpathians (Fig. 3-7 and Table 3-3) have been
selected from lithologic assemblages similar to those separated in the Apuseni Mountains: the
Sebes kyanite-garmnet bearing gneisses (samples 25, 26) in the South Carpathians and the
Bretila garnet plagiogneiss (sample 29) are part of a gneiss-granitic assemblage without
significant carbonate lenses, similar to the Someg assemblage in the Apuseni Mountains. The
Suru (sample 27) retrogressed plagiogneiss in the South Carpathians and the Rebra (sample
31) andalusite-gamet bearing gneiss in the East Carpathians belong to a plagiogneiss-
micaschist carbonate lenses assemblage similar to the Baia de Arieg assemblage of the
Apuseni Mountains. Samples 28 and 30 from low-grade mylonites on igneous rocks of the
controversial Tulghes assemblage yielded eNcl(0) values of ca. 4.8 and Toy model ages around
1.6 Ga similar to those of the Highig-Biharia igneous phyllonite rocks.

Fig. 3-8 comparatively presents the Sm-Nd evolution of similar lithologic assemblages
from the Apuseni and Carpathians mountains. The gneiss-granite assemblage plots bellow all
the other assemblages; an irregular pattern characterises the carbonate lense dominated
assemblage A very consistent evolution is suggested by the Mandra and Pangérati sheared
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Fig. 3-7. Sketch map of the distribution of the metamorphic assemblages in the Apuseni and
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59

Tom
+10 1
+5
0
i}
b=
w
-5
-10
— —= Codru assemblage
— Tulghes assemblage
== (neiss-carbonatic asssemblage
7 =—amax Gneiss granitic asssemblage
..1 5 7 \5‘ —
=20 ‘} ’ . .
0 400 800 1200 1600 2000 2400
Age (Ma)

Fig. 3-8. Evolution of ENd through time for analysed samples from the Apuseni Mountains
and Romanian Carpathians. The depleted mantle mode! after Goldstein et al., (1 984).
Continuous line - assemblages from the Carpathians; broken line - assemblages from the
Apuseni Mountains; note that the gneiss-granitic assembiage plots below all the other
assemblages; a very iregular pattern characterises the gneiss-carbonatic assemblage

while a very consistent evolution is typical for gneisses in the Tulghes assembiage.



60

granitoids in the Tulgheg shear zone. A tentative isochron age for the sheared granitoids,
although poorly constrained (Appendix i) suggests a Lower Paleozoic magmatic event which
can be correlated to the 500 Ma intrusions in the Biharia Mountains and may be related to the
Latest Proterozoic-Early Paleozoic crust-forming event documented in the central and western
Europe (e.g., Pin, 1991).

3.5. SUMMARY AND COMPARISON WITH CENTRAL-WESTERN EUROPE

Variscan collision is interpreted to have welded pieces of the northemn passive margin of
Gondwana to the active Laurasian margin between 500 and 330 Ma (e.g., Gebauer et al., 1989)
or during the Early Carboniferous (e.g., von Raumer and Neubauer, 1994). Age estimates of 2-3
Ga, in different western and central European sectors of the Variscan orogen aithough model
dependent, allow the intriguing possibility that Variscan Europe comprise recycled Archean crust
(Liew and Hofmann, 1988).

Early Alpine rifting resulted in the development of new oceanic troughs and separation
of several crustal fragments. The same Alpine crustal fragment may contain distinct Variscan
terranes and distinct Alpine panels may be constituted by the same Variscan basement. In the
Western Alps, the Valais trough partly separates Europe from its foreland, the Penninic
basement and its continuation in the external Alpine units, the Helvetic basement. The major
Ligurian / Piemontais ophiolitic suture separates the European Helvetic/Penninic basement from
the African Austro-Alpine basement. In the Carpathian sector of the Alpine belt, the basement
units are separated from Europe by the Vahicum-Sinaia-Severin trough. Between the Dinarides
and Carpathians branches of the Alpine orogen, several associations of Mesozoic deep-water
strata and mafic rocks interpreted as suture zones (Vardar, Transylvanian, Bikk-Meliata)
apparently define a coherent Early Alpine continental fragment (“Tisia" -Kovécs et al., 1987)
which includes the basement units exposed in the Apuseni Mountains. Subsequent Alpine
compression resulted in the consumption of the supposed wide oceanic troughs accompanying
large translation/rotation and strain in the continental fragment.

Sm-Nd and U-Pb data that constrain the pre-Alpine evolution of individual crustal
fragments provide a basis for regional correlation of basement units across the supposed Alpine
sutures.

Various pre-Permian-Mesozoic medium-grade assemblages from the Apuseni and
Carpathians basement units yielded a range of Early Proterozoic Ty model ages which suggest
a similar crustal evolution. The very narrow ranges of eNd(0) values (-15.4; -15.5 in the Apuseni
Mountains: -14.5; -14.7 in the South Carpathians; -14.6 in the East Carpathians) and Tpy model
ages (1.87 and 1.90 in the Apuseni Mountains; 1.92 and 2.06 Ga in the South Carpathians; 2.02
Ga in the East Carpathians) for the granite gneiss assemblages indicate a relatively uniform
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protolith. A uniform protolith of sedimentary origin for all regionally extensive gneiss-granitic
assemblages appears unlikely because it would involve a unique and constant provenance in a
huge sedimentary basin for a long time interval. Instead, the uniform Sm/Nd ratios may indicate
a uniform Early Proterozoic mantle-derived protalith multiply recycled during subsequent
tectonism. A trondjemite-tonalite-granite (TTG) association is a good candidate for the likely
precursor of the gneiss granitic crust of the Carpathians and Apuseni mountains. its evolution
included: a) Precambrian TTG and granulite stages, b) Paleozoic granitization and incorporation
of upper mantie materials followed by evolution through mid-crustal levels and c) localized,
intense Alpine shearing and retrogression.

The carbonate lense and micaschist dominated assemblage yielded wider ranges for
both eNd(0) (-9.2 to -4.2 in the Apuseni Mountains; -13 in the South Carpathians and -10.5 in the
East Carpathians) and Toy (1.82 to 1.69 in the Apuseni Mountains; 1.95 Ga in the South
Carpathians and 1.85 Ga in the East Carpathians) and suggest various additions of more
juvenile material. The carbonate lense dominated assemblage appears to be located at the
interior of the Carpathian Arc and Eastern Alps and to occupy a structurally higher position in
respect with the gneiss-granitic crust.

Paleozoic granitoids yielded consistently younger Nd model ages ranging from 1.96 Ga
to 0.9 Ga with a cluster between c. 1.5 to 1.6 Ga and a relatively wide range of € Nd(t) values
(-4.9 to +2.6) providing compelling evidence for broad mixing processes involving adjacent
mature crust and Paleozoic juvenile end-members. These data are consistent with data reported
in the central and western Europe where the almost complete lack of unequivocal evidence for
magmatic events in the 1.8-0.7 Ga range contrasts markedly with the abundance of Nd model
ages falling in this time interval. A “middle Proterozoic hiatus” in the crust-forming processes
similar to other parts of Europe (Pin, 1991) may be interpreted in the crustal fragments exposed
in the Romanian segments of the Alpine orogen.

Low-grade assemblages yielded £ Nd(0) and T, model ages similar to either the
gneissic assembiages or to the Paleozoic granitoids. in the South Carpathians, a retrogressive
schist (sample 27) yielded a Ty, in the range of the gneisses (sample 25 and 26) and in the East
Carpathians granitic phyllonites (samples 28 and 30) yielded Tou Model ages in the same range
as the Paleozoic intrusions dated in the Apuseni Mountains. Corroborated with field and
petrographical data, Sm-Nd data may be interpreted to indicate direct derivation of the low-grade
assemblages by shearing and retrogression of distinct units of the pre-existing crust.

Lithologically similar assemblages across the local expression of the Tethys ocean have
similar € Nd(0) and T,y model ages. The Somes assemblage from the Apuseni Mountains
shows the same isotopic signature as the Sebes-Lotru and Bretila gneiss-granite assemblages
of the Carpathians. The Baia de Arieg carbonate lense dominated assemblage yielded similar
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isotope concentrations and ratios as the Suru and Rebra assemblages of the Carpathians. Since
the Carpathians crustal fragment is of European origin we propose the same origin for the
basement units of the Apuseni crustal fragment. Similarly to the Alpine stratigraphy, isotope data
on pre-Alpine basement suggest that tectonic models that assume consumption of wide oceans
and amaigamation of far travelled crustal fragments of African origin in the Carpathian-
Pannonian region are suspicious.

Four groups of Paleozoic emplacement ages have been determined in the basement
rocks of the Apuseni Mountains: Late Cambrian-Early Ordovician (c. 516 - 495 Ma), Early
Devonian (c. 392 and 372 Ma), Late Carboniferous (c. 295 Ma) and late Early Permian (c. 267-
261 Ma) magmatic events (Table 3-4).

Table 3-4. Summary of the isotope data on granitoid samples from the Apuseni Mountains

SAMPLE # LOCATION ROCK TYPE U-Pb AGE € Nd(t) Tou
9 Vinta granite c. 261 -1.9 1.65
12 Jemova nmicrogranite 264+/-2 +1.1 -
11 Cladova alkali-diorite 267+/-4 +04 1.35
4 Muntele Mare granite 295 +/-1 47 1.62
24 Codru granodiorite 372+/-1 +2.6 0.86
6 Madrigesti granite 392+/-6 3.0 1.75
16 Leucii granite 516+/-8 +0.6 1.56
S Savarsin granite c. 55

1. The c. 516 Ma old Leucii plagiogranite (sample 16 ) is the oldest age determined so
far in the Apuseni Mountains. The discordant fraction from the Madrigesti granite that yielded a
207Pb/206Pb age of ¢. 495 Ma may indicate inheritance from the same tectonomagmatic event.
in central and western Europe the Early Paleozoic igneous activity suggests ensialic rifting
processes (Weber, 1984) that may have evolved to a seafloor spreading stage (Pin, 1991).
Bimodal suites of similar age (“leptino-amphibolitic’ assemblages) received controversial
geodynamic interpretation as back-arc (e.g., Giraoud et al., 1985; Briand et al., 1988) or ensialic
rifting unrelated to subduction (Pin and Vieizeuf, 1988). In the West Carpathians the “leptino
amphibolite complex” of Tatricum is interpreted to represent a slice of 500(?) to 430 Ma old
oceanic crust (Puti§, 1994). In the Alps, ultra-basic, basic and acidic rocks of different ages from
various basement units of the Penninic, Helvetic (Gotthard), Ultrahelvetic (Aar) and Austro-
Alpine domains are interpreted to represent a cryptic Variscan suture zone with remnants of the
Proterozoic-Early Ordovician “Penninic-Austro-Alpine mobile belt” (von Raumer and Neubauer,
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1994). A Late Proterozoic oceanic crust interpreted in the Danubian units of South Carpathians,
based on Nd and Sr isotope data on amphibolites from the Draggani assemblage followed by
copious Late Proterozoic and Cambrian crustal melting indicated by abundant granitoids
(Liégeois et al., 1995, Dallmeyer et al., 1996) corresponds to a period of significant continental
growth. It appears that the “Pan-African” crustal evolution documented along the northern
margin of the Gondwana supercontinent extended over most of the mid-European domain (Pin,
1991; Liégeois et al., 1995). A direct tectonic relationship of the Danubian units to the Pan-
African evolution recorded along the northern margin of Africa is uncertain since no such record
was reported so far from the intervening Carpathian-Rodopian crust.

No record of a Middle-Late Ordovician tectonothermal event was found so far in the
Apuseni crust in contrast with the intense tectonomagmatic activity documented in the Alps. The
presence of eclogite and granulite facies rocks of uncertain age in various Helvetic units
(Silurian-Early Devonian-Paquette et al., 1989; Ordovician-Gebauer, 1993) and of granitic rocks
with chemical characteristics similar to modern subduction-related igneous rocks in most units of
the Central, Western and Southern Alps has been interpreted to document Ordovician
subduction (von Raumer and Neubauer, 1993). The Ordovician granitoids were also interpreted
as the result of a “thermal event” caused by Early Paleozoic under-plating (Schmid, 1993).

2) The M&drigesti granite (sample 6) intruded the southern gneiss-carbonate
assemblage at ¢. 392 Ma (Middle Devonian). On the Alpine crustal fragment that includes the
Apuseni Mountains, Rb-Sr data on granodiorite from the Mecsek Mountains, suggest an Early
Silurian (c. 430 Ma) magmatic event (Svingor and Kovach, 1981). Devonian high-pressure
metamorphism in the Austro-Alpine units of the Eastern Alps (Neubauer, 1983) and the external
massifs of the Helvetic domain (Paquette et al., 1989) is currently interpreted to document a
Silurian-Devonian phase of collision at the level of the lower and middle crust (von Raumer and
Neubauer, 1994). In the West Carpathians, the Gemericum leucogranite that yielded an
emplacement age of 403+/-5 Ma (U-Pb zircon Shcherbak et al., 1988) the Rb-Sr isochron data
in the Tatricum (380+/-20 Ma) and Veporicum (391+/-6 Ma) (Cambel and Kral, 1989) would be
related to compression during the Early Devonian.

The 372+/-1 Ma old Codru granadiorite with no microscopically visible zircon inheritance
and the most juvenile +2.6 eNd,, belongs to the Codru assemblage, a discontinuous beit
mainly consisting of igneous rocks along the southern and eastern margin of the Somes
assemblage. Strike-parallel tectonic flow lines and “Ar/*°Ar dates on amphibolite (405-366 Ma)
suggest Devonian transcurrent tectonism accompanied by magma intrusion and uplift of the
crust. The positive eNd(t) may be interpreted as the least contaminated, juvenile material
possibly related to a zone of Late Devonian crustal thinning. Devonian continental thinning and
rifting accompanied by intrusion of trondhjemitic melts is recorded by the Riouperoux-Livet
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igneous complex in the external massifs (Ménot and Paquette, 1993). The tectonic significance
of other isotopic ages in this range is unclear. in the Mecsek Mountains, Late Devonian
migmatization processes are documented by the U-Pb zircon age of 365+/-8 Ma (Balogh et al.,
1983). An isolated “°Ar/%Ar plateau age of 375 Ma on a homnblende concentrate has been
reported from the East Carpathians (Dallmeyer et al., 1997).

General Early Carboniferous collision in the Alps (360-320 Ma) is inferred to be the main
Variscan tectonic event. Dextral transpression is interpreted to have resuited in south verging
nappe-tectonics accompanied by migmatitic and magmatic events in the Helvetic domain
(324+/-12 Ma K-Ar on amphiboles, Ménot et al., 1987; 317 Ma U-Pb monazite, Bussy and von
Raumer, 1993).

In the Apuseni Mountains, the main Paleozoic tectonic event documented in the Alps
was only recorded by “°Ar/*°Ar ages of c. 340-335 Ma on muscovite in minor gneissic units from
the Codru assemblage (Dallmeyer et al., 1998). A transcurrent plate margin can be inferred
along the Codru assemblage that evoived from transtensive during the Late Devonian intrusion
of Codru granodiorite to transpressive in the Carboniferous (?). In the Mecsek Mountains an
Early Carboniferous (c. 335 Ma) tectonothermal event accompanied by metasomatism is
suggested by Rb-Sr (Svingor and Kovach, 1981) and K-Ar (Balogh et al., 1983) data. In the
West Carpathians, Early Carboniferous tectonothermal event is documented by “ArfeAr
plateaus on muscovite and homblende in the Tatricum (Malusky et al., 1993; Dallmeyer et al.,
1996). The interpreted compressive tectonic regime (Putis, 1994) corresponds to the stepwise
decrease in K-Ar ages from hornblende, to muscovite and biotite which suggest progressive
uplift of Tatricum during the Devonian-Carboniferous and of Veporicum during the Late
Carboniferous.

3) A Late Carboniferous tectonothermal event in the Apuseni Mountains is recorded by
the intrusion of Muntele Mare batholith (c. 295 Ma) and “°Ar/°Ar ages on hornblende (317-306
Ma) and muscovite (314-303 Ma) in the adjacent Someg assemblage (Dallmeyer et al., 1998).
However, the tectonic setting of the Apuseni basement units is uncertain. The Someg
assemblage evolved above the ~500° C and ~400° Cisotherms corresponding to homblende
and muscovite argon retention, respectively and exhumed following the intrusion of the Muntele
Mare granite. Widespread Carboniferous (?)- Permian conglomerates in the western Apuseni
Mountains suggest rapid uplift and erosion of the Someg-Muntele Mare crustal fragment.

Late Carboniferous I-type granites accompanied by high-temperature metamorphism in
the middle Austro-Alpine units would record a phase of “Late” Variscan collision/subduction (von
Raumer and Neubauer, 1994). In the East Carpathians “Ar/*?Ar plateau ages (Dallmeyer et al.,
1996) on muscovite and hornblende indicate Late Carboniferous strike-slip tectonism along the
Tulghes shear zone (c. 307-304 Ma) followed by Early Permian uplift of core complexes (c. 283 -
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267 Ma). In the South Carpathians “°Ar/*Ar plateaus ages on homblende ranging from c. 323 to
317 Ma and from c. 310 to 286 Ma on muscovite (Dalimeyer et al., 1996) indicate the general
Late Carboniferous uplift of the medium-grade metamorphic basement. The tectonic significance
of other isotope ages reported in regions adjacent to the Apuseni Mountains are uncertain. In the
Velence Mountains K-Ar data indicate a Late Carboniferous-Early Permian tectonothermal event
(c. 290-270 Ma, Balogh et al., 1983) and in the Mecsek Mountains, Rb-Sr isochrone ages and
K-Ar ages indicate tectonism and metasomatism between c. 284 and 270 Ma (Svingor and
Kovach, 1981; Balogh et al., 1983) probably related to shearing and retrogression of the Mecsek
granodiorite into the Ofalu carbonate shear zone.

4) Late Early Permian igneous activity in the Highig Mountains took place in a relatively
short time interval during the (c. 267 to c. 264 Ma). Although equivocal, the geochemical data
suggest an extensional tectonic setting at least during the initial mafic intrusions. Since the
metamorphism recorded by the surrounding low-grade rocks is Jurassic and Cretaceous, the
evolution of the Highig-Biharia igneous belt should be related to the Alpine (development of
Paleotethys ?) rather than to the Variscan “cycle”. No record of the Variscan orogeny could be
recognized so far in the Highig Mountains, previously a classical example of the Variscan
tectonism.

Available data from other segments of the Alpine orogen suggest that Late
Carboniferous/ Permian evolution was dominated by strike-slip tectonics accompanied by uplift
and erosion as a precursor to the Alpine cycle. In the Alps, major extensional lineaments of
igneous activity developed in the Helvetic and Penninic basement (Bonin et al., 1993). Clastic
sedimentation in elongate troughs and volcanic activity related to puil-apart basins are
interpreted in the Western and Ligurian Alps. In the West Carpathians, Rb-Sr whole rock and
mineral isochrons indicate magmatic activity during the Late Carboniferous in the Tatricum (300
Ma, High Tatra) and Early Permian in the Veporicum (285+/-5 Ma) and Gemericum (282+/-2
Ma)(Cambel et al., 1989). The 264+/-18 Ma K-Ar isochrone age on homnblende from the
Gemericum (Burchart et al., 1987), from rocks which have provided pebbles to the non-
metamorphosed Carboniferous cover strata may be related to cooling during uplift and erosion
following the Early Permian granitic intrusions. In this general framework, the Highig igneous
complex (c. 267-264 Ma) and eventually the emplacement of Vinfa granite (c. 261 Ma) in the
southern gneiss-carbonate assemblage may record Early Permian rifting of the continental
fragment.

In current models for the Alpine evolution of the region (e.g., R&dulescu and
Sindulescu, 1973; Bleahu et al., 1981; S&ndulescu, 1984; Savu, 1983; Nicolae et al., 1992;
Ridulescu et al., 1993; Lupu et al., 1993), intra-oceanic subduction is suggested to have
resulted in Cretaceous emplacement of the S&varsin granite within Callovian tholeiitic rocks of
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the Tethyan crust. Late Cretaceous nappe stacking and obduction would have brought the
composite igneous crust onto the Apuseni continental crust. Our U-Pb zircon data indicate that
the emplacement age is in fact Early Eocene. Consequently, no evidence of Cretaceous
subduction at the now southern margin of the Apuseni exists. The only contaminant during the
Eocene emplacement of the Savarsin granite appears to be the tholeiitic crust. The proposed
major Late Cretaceous obduction onto the Apuseni continental fragment is questionable
because subsequent intrusions did not sample continental crust.
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4.1. INTRODUCTION

The Alpine-Carpathian orogen originated during the Mesozoic-Cenozoic collision of
Europe with continental crustal fragments derived from Gondwana. These continental plates
were initially separated by oceanic crust of the Penninic and at least part of the Tethyan oceans.
Stratigraphic constraints and previously published geochronologic data suggest that initial
phases of aceanic subduction and localized high-pressure metamorphism occurred during the
Late Jurassic-Cretaceous (e.g., "Early” Alpine tectonothermal events: Frank et al., 1976, 1983,
1987; Krist et al., 1992; Cambel and Kral, 1989; Maluski et al., 1993; Thoni and Jaquoz, 1992;
Dallmeyer et al., 1996). As a result, nappe assembly and associated imbrication of internal units
occurred within the Alpine-Carpathian orogen. However, the exact chronology of thrusting and
the sequence of internal deformation from hanging wall to footwall has not been clearly
resolved. Final collision of Europe and Gondwana occurred in the Paleogene ("Late" Alpine
orogenesis: e.g., Burchfiel, 1980; Tollmann, 1987; Trimpy, 1988), and resulted in the
emplacement of previously assembied nappe complexes onto external tectonic elements of the
Alpine-Carpathian orogen. The Paleogene collisional suture separates internal tectonic units
which experienced both Cretaceous and Paleogene penetrative Alpine deformation from
external tectonic units which record only “Late” Alpine events. Resolution of the chronology of
Alpine events and distinction from pre-Alpine evolution has been difficult within internal structural
units which include basement tectonic elements. Among these, the Apuseni Mountains have
particular tectonic significance because they are separated from other basement units in the
Alpine-Carpathian orogen by an ophiolitic suture.

Back-arc extension and/or strike-slip translation associated with the Neogene
development of the Pannonian Basin system variably overprinted older compressional structures
of the Carpathian arc. Basement and Mesozoic cover sequences in the Apuseni Mountains
represent critical exposures regionally situated between the Pannonian and Transylvanian
basins (Fig. 4-1). Previous workers considered metamorphic basement rocks exposed in the
Apuseni Mountains to have evolved in three distinct tectonothermal cycles, with highest grade
sequences being considered the oldest (see reviews in Giugcd et al., 1968; lanovici et al.,1976;
Krautner, 1980; Dimitrescu, 1985, 1988a). The location of boundaries between the contrasting
metamorphic sequences has been controversial, and there have been conflicting interpretations
of the nature of unit boundaries and the age and origin of protoliths. The effects of Alpine
orogenesis have generally been interpreted as translations of rigid thrust sheets with relatively
insignificant internal ductile strain (e.g., lanovici et al., 1976; Sandulescu, 1984; Balintoni, 1985,
1986, 1994; Dimitrescu, 1988b). Recent field work and structural analysis in the Apuseni
Mountains (Pan& and Ricman, 1988; Pana and Erdmer, 1994; and Pani et al., 1996) have
uncovered an extensive record of non-coaxial strain in basement areas affected by retrogressive
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metamorphism (Fig. 4-1). The data suggest regional Alpine reactivation of basement units within
the Apuseni Mountains. A systematic “°Ar/*°Ar dating program has been carried out to help
resolve the extent, intensity, and detailed chronology of Alpine vs. earlier tectonothermal events
within the Apuseni Mountains.

These results are presented here. They suggest a complex tectonothermal evolution
that involved "Early" and "Late" Variscan and polyphase Alpine events. These new data
necessitate a revision of the traditional interpretation of the geological history of the region and
its role within the overall Alpine-Carpathian orogen.

4.2. GEOLOGIC SETTING, PREVIOUS GEOCHRONOLOGY

The Apuseni Mountains expose various structural elements consisting of contrasting
metamorphic and igneous basement rocks and Permian-Tertiary cover sequences with
"Western Carpathian” - "Austroalpine” affinities (Fig. 4-1).

Basement units of the Apuseni Mountains were previously interpreted to represent
volcanic-sedimentary sequences which originated and were metamorphosed during three
successively superposed geosynclinal cycles (e.g., Giugca et al., 1968; lanovici et al., 1976,
Krautner, 1980; Dimitrescu, 1985; 1988b). The age of tectonothermal events was established on
the basis of relative metamorphic grade and lithostratigraphic correlations. The highest-grade
and most complexly deformed units were considered the oldest. Garnet-bearing gneiss /
micaschist / amphibolite associations were assigned to a Middle Proterozoic cycle (e.g., the
Somes, Codru, Baia de Aries and Madrigesti "series"), transitional upper greenschist-lower
amphibolite grade units were considered Upper Proterozoic-Early Paleozoic (e.g., the Biharia,
Arada and/or Bistra "series" and/or "formations") and chlorite-dominated rocks were assigned a
Late Paleozoic age (e.g., the P3iugeni, Arieseni, Sohodol, Muncelu, Belioara, Vidolm and
Trasciu "series” and/or "formations"). Regional orogenic unconformities were inferred between
assemblages of different matamorphic grade and were interpreted to record a succession of
superposed Precambrian, Early Paleozoic ("Caledonian”) and Late Paleozoic ("Variscan")
events. As a result, a formal stratigraphic classification of the metamorphic assemblages was
developed (e.g., Krautner, 1980; Dimitrescu, 1985, 1988b)

Previous geochronology consisted of a relatively large number of K-Ar data for most of
the representative basement units of the Apuseni Mountains (Soroiu et al., 1969; Pavelescu et
al., 1975). In contrast to the proposed classification, all isotopic ages reported so far for
low-grade (greenschist) samples are Alpine whereas all gneissic and granitic samples have
yielded Middle Paleozoic or younger ages (Table 4-1). Mesozoic and Tertiary K-Ar mineral ages
reported from several areas of medium- and low-grade metamorphic rocks were interpreted to
record local fault reactivation (e.g., Dimitrescu, in Soroiu et al., 1969).
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Table 4-1. Previous radiogenic data in the Apuseni Mountains (K-Ar neutron activation)

. Assemblage Locality Rock type [Analysed sample |z = .. KSArz‘aga(Ma)c .. . -
: Sorolu et al,, 1969 | Pavelescu et al., 1975|
[COWGRADEROCKSS . |7 -0 :

‘Arada Valea Mare Valley, Bistra sericite-feidspar schist WR 49 !

'Arada Albacului Valley sericite schist WR 111 '

'Arada Bistra Valley sericite-feldspar schist WR ; 164 ;

‘Arada Bistra Vailey sheared homfels WR L 204

‘Biharia Ariesul Mare Valley,Vadul Matilor |sericite schist WR : 115

‘Biharia Bistra Valley ChI-Mu-Ab schist WR ‘ 181

\Biharia Valea Mare Valley, Bistra sericite schist WR i 106

Paiuseni Highis Valley, Casoaia sericite schist WR : 113

Paiuseni Highis Valley, Casoaia Chi-Mu-Ab schist WR i 115

Paiuseni Siria Fortress | "metaconglomerate”™ WR i 123
MEDIUM-GRADEROCKS:.. _ | | i

'Somes Cosului Valley Imicaschist | WR i 227+/-8
Somes lara Valley lamphibolite I Ho i 209+/-6
Somes lara Valley quartz-feldspar schist Bi 79+/-5
iSomes Cosului Valley gamet micaschist WR 268

‘Somes Bulzului Valley gamet micaschist WR 381 |
llcu!ousnocmt—:a T ;

{Somes Prejuca Mountains, Copalnic pegmatoid granite : Mu 90 i

iSomes Preluca Mountains, Copalnic pegmatoid granite ! Mu 107 :

iSomes Valea Mare Valley, Bistra Muntele Mare pegmatite Mu ; ) 237+/-6
Somes Valea Mare Valley, Bistra Muntele Mare pegmatite . Mu , . 199+/-6
Somes Valea Mare Valley, Bistra Muntele Mare granite i Bi . 119+/-3
‘Somes Calatele Muntele Mare granite Bi : 85+/-3
1Somes Somesul Rece Valley ‘Muntele Mare granite Bi : 90

iSomes Somesul Rece Valley 'Muntele Mare granite K-F ' 89

Somes Valea Mare Valley, Bistra Muntele Mare granite Bi 115

/Somes Valea Mare Valley, Bistra Bi-enclave in the MM granite Bi j 160

‘Somes Somesul Rece Valley Muntele Mare pegmatite Mu 156 ,

:Somes |Valea Mare Valley, Bistra Muntele Mare pegmatite Mu 194 :

iSomes ‘Valea Mare Valley, Bistra Muntele Mare pegmatite Mu 232 :

‘Codru Dosul Neagului pegmatoid granite Mu 296 ;

iCodru Dosul Neagului pegmatoid granite Mu ! 305 i

‘Codru Valea Mare Valley, Bistra pegmatoid granite i Mu 326 :

‘Codru |Bistra Valley pegmatoid granite : Mu ' 343 '

'Codru {Ariesul Mare Valley, Pojorata trondhjemite i Bi i 303 ;

:Codru |Bistra Valley Ipegmatoid diorite | Ho i 288 !

‘Codru {Valea Mare Valley, Bistra 'pegmatoid diorite | Ho i 300

‘Codru ‘Valea Mare Valley, Bistra |homblendite j Ho | 357+/-10
\Codru ‘Valea Mare Valley, Bistra pegmatite ; Mu i ! 356+/-9
‘Codru Ariesul Mare Valley, Pojorata biotitite i 8i ; ! 340+/-9
iCodru Ariesul Mare Valley, Pojorata pegmatoid granite Bi ! ! 281+/-10
Codru Ariesul Mare Valley, Pojorata trondhjemite Bi i 230+/-9




76

: TRANSILVANIDES

l—-BmL—de—ﬁIﬂepﬂansl T ' l T
rl —— VlDOLM NAPPE jW_J__,_!_,_

1 ) 1 !
I l — MUNCEL NAPPE | I

1 3 B T 1 Hi 1
y i 1 | [ [ ) | I I
Paiuseni series

Biharia series [ BIHARIA NAPPE |

BIHARIA
NAPPE SYSTEM

HIGHIS - POIANA NAPPE

ARIESENI NAPPE

COLESTI NAPPE] Tr-J
J

i
m
5 - VASCAU NAPPE| Tr -

!

MOMA NAPPE] P-Tr
[DIEVA NAPPE] P- K1 CODRU

i NAPPE SYSTEM
SRR —{FINIS - GIRDA NAPPE}—,\—.,—,—»
! Codrusenesu'a\\ '\\'f\\ f\\ —\\ »\\\—\
}IL_\ BT ,_|,‘,, |~,, |\_,/ |\‘,, \\-,, |\_,, |\_
‘\‘\\‘ Pl N N e N I R
<. VALANI NAPPE Tr-K]
— P-Ki

[BIHOR UNIT :
t\SSn;e;;e}u;s::\L:Y—{‘\}\\ e NN - 5 (0)3
NONN NN N N NN N Al NN
PSP NNNNNNN PARAUTOCHTHON

NN NN NN NN = N NN N NN
\\\\\\\\%\,MunteleMareGramte '\\\\\\\\

-

Fig. 4-2. Nappe stacking model for the Apuseni Mountains (compiled from Bleahu,
1981; Sandulescu, 1984; Balintoni, 1994).
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Alpine tectonism was largely considered to be the Cretaceous (pre-Gosau) assembly of
several nappe complexes associated with rigid translation of basement and cover units. An
idealized thrust stack derived from existing compilations (Bleahu et al., 1981, Sé&ndulescu, 1984,
Balintoni, 1994) is presented in Fig. 4-2. Resolution of the timing of individual Alpine events was
based on stratigraphic controls. In northern sectors of the Apuseni Mountains, a climactic
"Mediterranean”, intra-Turonian deformation was reported to have followed initial Middle
Cretaceous tectonism and to have resulted in empiacement of the contrasting Codru and Biharia
nappe complexes onto the Bihor "autochthon” (e.g., Bleahu et al., 1981; Sandulescu, 1984). The
Codru nappe complex was inferred to consist of six or seven distinct thrust units dominated by
cover sequences. Only one nappe near the base of the Codru nappe complex was considered
to include basement rocks (the Codru assemblage). In contrast, the Biharia nappe complex was
described as comprising only basement units (Bleahu et al., 1981; Sdndulescu, 1984). Balintoni
(1986, 1994) considered that each Alpine thrust sheet comprised several Variscan nappes. The
Codru nappe complex was considered to have been assembled and thrust over the Bihor para-
autochthon in the Turonian. The Biharia nappe complex structurally overlies different Permian to
Barremian-Aptian cover sequences within various Codru nappe units. Senonian, Gosau-type
sequences stratigraphically overlie the Biharia nappe complex (Bleahu et al., 1981; Sandulescu,
1984). Alpine nappe assembly in southern sectors of the Apuseni Mountains has been
considered to be of Middle Cretaceous age in the Trasciu Mountains (Lupu, in Bleahu et al.,
1981) and of Early Laramian age (Maastrichtian) in other areas. However, no unambiguous
stratigraphic constraints are available, and rocks ranging up to Paleogene are locally involved in
Alpine thrusting (Bordea, 1992).

4.3. GEOLOGICAL UNITS

Pani and Erdmer (1994) and Pan3 et al. (1996) described continuous zones of
concentrated ductile strain within the Apuseni Mountains. They interpreted these to record
regionally significant horizontal displacements between distinct lithologic assemblages, and
questioned the extent of rigid Alpine thrusting within most sectors of the Apuseni Mountains.
They recognized several regionally mappable "lithotectonic assemblages" which record marked
along-strike variations in Alpine tectonism. These include the Somes, Codru, and Baia de Arieg
medium-grade assemblages and the Paiugeni, Biharia, Ariegeni and Poiana low-grade
assemblages (Fig. 4-1).

Pan3 and Erdmer (1994) and Pani et al. (1996) described the Bihor structural unit
("autochthon”) as plagiogneiss, amphibolite, micaschist, and variably deformed granite which
together comprise the Somes assemblage. The last medium-grade tectonothermal event
recorded in this assemblage predated emplacement of the large Muntele Mare granite. Pand et
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al. (1996) described the Codru assemblage to include gabbro-diorite, dolerite, microdiorite, and
amphibolite, which together are cut by veins and stocks of granite and granodiorite. The distinct
Highig, Biharia and Arieseni assemblages comprise a penetratively sheared, upper crustal
igneous complex composed of variably transformed mafic-felsic subvoicanic units and local
gabbro-diorite-granite tectonic enclaves. An early, low-grade contact metamorphism is locally
preserved in mafic rocks adjacent to large granitic units. The Highig-Biharia composite magmatic
crust was affected by polyphase ductile-brittle shearing. Heterogeneous strain partitioning
resulted in localized preservation of early fabric elements. The medium-grade Baia de Aries
assemblage is composed of plagiogneiss, micaschist, amphibolite, quartzite, granite pegmatite,
and discontinuous lenses of variably dolomitic marble. It is characterized by less significant
low-temperature retrogressive alteration than the Highig-Biharia assemblage.

4.4. TECTONOTHERMAL EVOLUTION

The Somes assemblage records a complex metamorphic history. The oldest
recognizable fabrics reflect medium-pressure, medium-grade metamorphic conditions up to the
gamet- staurolite zone. The Barrovian zonation initially proposed by Dimitrescu et al. (1974) has
been questioned in later work (Balintoni, 1985; Pand et al., 1996). Sillimanite and cordierite
(Dimitrescu, 1988a) and sillimanite and magnetite-biotite (Pana et al., 1996) occur along the
periphery of the Muntele Mare granite. A distinct sillimanite zone was mapped by Hartopanu and
Hartopanu (1986) within garmet and staurolite-bearing gneiss, which may relate to an unexposed
stock of the Muntele Mare granite. Field relationships suggest that initial phases of the last post-
metamorphic uplift of the Somes assemblage from middle crustal levels resulted in development
of sillimanite - or biotite/magnetite- bearing mylonitic gneiss with gently dipping fabrics. These
were variably overprinted by generally lower grade, more steeply dipping mylonitic-brittle fabric
elements also developed under greenschist facies metamorphic conditions. Erdmer and Pana
(1995) suggested that these fabrics record the development of a late chlorite-grade detachment
zone during extensional exhumation of the Somes assemblage. This contrasts with previous
interpretations of the low-grade rocks ("Arada series") as a Late Proterozoic volcanic-
sedimentary succession affected by Early Paleozoic ("Caledonian”) tectonic activity (e.g.,
Dimitrescu, 1985) or by retrogression of the Someg assemblage during Cretaceous thrusting
(Balintoni, 1985).

The Codru assemblage comprises igneous rocks deformed under medium- to low-grade
metamorphic conditions. Layered mylonitic amphibolite is commonly spatially associated with
massive dolerite (e.g., Bistra Mare Valley) or pegmatitic gabbro/diorite (e.g. Bistra Valley).
Quartzofeldspatic gneiss generally contains either biotite or muscovite, or chlorite and muscovite
and appear to have been derived from a Codru granodiorite protolith. Fibrolite occurs in sheared
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Bleahu et al., 1981, and Sandulescu, 1984).
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chlorite-bearing rocks, indicating that peak metamorphic conditions locally reached the
"sillimanite-in" isograd. Textural characteristics suggest local relative aluminum enrichment
together with fibrolite blastesis during shearing and retrogression. However, the rocks rarely
display medium-grade textures. Most frequently, massive or non-penetratively deformed
diorite/dolerite/granite are enveloped by phyllonite. Shallow-dipping mullions and fold hinges in
the amphibolite mylonite everywhere trend paralle! to strike, and surround the Bihor autochthon.
Kinematic indicators in phyllonite suggest concurrent or successive strike-parallel and normal
dip-slip transiations. The tectonic boundaries of the Codru assemblage are difficult to trace
between the Somes and Biharia assemblages. Continuous thrust surfaces cannot be mapped
and there is no evidence for the extensive Alpine thrusting which was previously proposed (e.g.,
Sandulescu, 1984; Balintoni, 1985). Pani et al. (1996) suggested that an amphibolite/
granodiorite mid-crustal domain was structurally emplaced over the Somes assemblage during
early Variscan tectonism. This allochthon was structurally disrupted during Alpine strike-slip and
normal detachment, resulting in development of a tectonically composite Codru assemblage.
The dominant low-grade structures record this evolution at relatively shallow crustal depths.
Coniacian strata unconformably overlie a thrust contact between a Codru structural unit
and underiying Turonian cover of the Bihor autochthon (Bleahu et al., 1981). In westem parts of
the Apuseni Mountains, both the Somes and Codru assemblages are unconformably overiain by
a Permian clastic sequence which can be traced stratigraphically upward into Lower Cretaceous
units. The Permian-Lower Cretaceous sequence records locally penetrative Alpine strain.
Lithotectonic assemblages within the Highig-Biharia shear zone record evolution under
low- to very low-grade metamorphic conditions. In the Highis Mountains, the Paiugeni
assemblage consists of a composite igneous crust surrounded by polyphase, variably mylonitic
units that have been thrust over Permian-Mesozoic cover in lowermost Codru structural units.
Kinematic indicators suggest top-to-the-northwest thrusting followed by normal dip-slip motion.
Protoliths of the foliated rocks are controversial. The rocks were interpreted initially to represent
a Middle Paleozoic clastic sequence affected by Variscan metamorphism and magmatism
(lanovici et al., 1976; Giugca, 1979; Dimitrescu, 1985). Assuming different protoliths for parts of
the Paiuseni assemblage, Balintoni (1986) assigned them to Variscan and Cretaceous nappes.
Pan and Ricman (1988) proposed that the foliated rocks are low-grade mylonites formed within
a Middle Cretaceous thrust zone affecting composite igneous crust. Thrust kinematics are
supported by structural data (Pan3 et al., 1996), but there is no evidence for distinct tectonic
boundaries within the Paiugeni assemblage (Balintoni, 1986; 1994). The Ariegeni, Biharia, and
Paiugeni assemblages exposed in the Biharia Mountains consist of low-grade, polyphase
mylonites derived from different protoliths. These structurally overlie imbricated Permian to
Barremian-Aptian cover within Codru structural units. Internal strain in all assemblages is similar,
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and records northwest thrusting followed by extension (similar to the Highig Mountains). In the
southern and eastern Gildu Mountains, the Biharia assemblage records evidence of strike-slip
and local reverse-slip motion, followed by extensive down-dip slip motion. Pana et al. (1996)
suggested that oblique Alpine compression between the Someg and Baia de Arieg continental
fragments was accommodated mainly within the Highig-Biharia igneous belt by west-directed
tectonic extrusion and thrusting. Subsequent extension overprinted previous zones of crustal
weakness.

The Baia de Aries assemblage occupies upper structural positions south and east of the
Highig-Biharia shear zone. It underwent sillimanite-grade metamorphism. Fine-grained biotite
+/-garnet +/- kyanite mylonite bands are spatially associated with two-mica gamnet +/-
aluminosilicate protoliths, indicating a tectonic evolution from lower- to mid-crustal levels.
Chlorite-bearing mylonite zones overprint this assemblage in places: one in the southern Gilau
Mountains along the Highig-Biharia shear zone and the second one in the Trasciu Mountains
along the TSZ. In both zones, kinematic indicators record movement parallel to strike. Senonian,
Gosau-type sedimentary sequences unconformable overlie both low-grade assemblages within
the Highis-Biharia shear zone and medium-grade rocks of the Baia de Arieg assembiage.

4.5. ANALYTICAL METHODS

The Apuseni mineral concentrates and whole-rock samples were analyzed using
incremental - release, “°ArP°Ar analysis. The techniques used generally followed those
described by Dallmeyer and Gil Ibarguchi (1990). Variations in flux of neutrons along the length
of the irradiation assembly were monitored with several mineral standards, including MMhb-1
(Sampson and Alexander, 1987). Intra-laboratory uncertainties have been calculated by
statistical propagation of uncertainties associated with measurements of each isotopic ratio (at
two standard deviations of the mean) through the age equation. Inter laboratory uncertainties are
c. +1.25-1.5% of the quoted age (Dallmeyer and Gil Ibarguchi, 1990). A "plateau” is considered
defined if the ages recorded by four or more contiguous gas fractions (with similar apparent
K/Ca ratios) each representing > 4% of the total **Ar evolved (and together constituting > 50% of
the total **Ar evolved) are mutually similar within + 1% Intra laboratory uncertainty. Analyses of
the MMhb-1 monitor show that apparent K/Ca ratios may be calculated through the relationship
0.518 (+0.005) x *Ar/*°Ar vs. **Ar/*°Ar isotope correlation diagrams. Regression techniques
followed methods described by York (1969). A mean square of the weighted deviated (MSWD)

has been used to evaluate the isotopic correlations.
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4.6. RESULTS

“ArAr incremental-release heating techniques were used to date 34 representative
samples collected within various structural units comprising the Apuseni Mountains. These
included 24 multigrain mineral concentrates (9 horblende and 15 muscovite) and 10 whole-rock
samples of slate/phyllite or phyllonite (Fig. 4-3). Sample locations and descriptions of the
petrographic characteristics of the dated samples are listed in Table 4-2. The “Ar/*°Ar analytical
data are listed in Tables ilI-1 to llI-4 (Appendix 1Il) and are portrayed as apparent age spectra in
figures 4-4 to 4-13.

4.6.1. HORNBLENDE

Nine hornblende concentrates from the Somes, Codru and Baia de Arieg assembiages
display internally discordant “°Ar/*°Ar age spectra of variable complexity (Figs. 4-4 to 4-6).
Apparent K/Ca ratios are relatively small and display little intra sample variation. All spectra are
marked by considerable variations in apparent ages recorded by gas fractions evolved at low
experimental temperatures. These are matched by fluctuations in apparent K/Ca ratios that
suggest experimental evolution occurred from compositionally distinct, relatively non-retentive
phases. These could be represented by: 1) very minor, optically undetectable contaminant
minerals in the hornblende concentrates; 2) petrographically unresolved exsolution or
compositional zonation within constituent hornblende grains; 3) minor chloritic replacement of
hornblende; and/or 4) intra crystalline inclusions. Most intermediate- and high-temperature gas
fractions evolved from the hormnblende concentrates display little intra sample variation in
apparent K/Ca ratios, suggesting that experimental evolution of gas occurred from populations
of compositionally uniform intra crystalline sites. These fractions generally display little intra
sample variations in apparent ages and correspond to well-defined plateaus.
Someg Assemblage

Two samples of amphibolite were collected within the non-retrogressed (pre-Permian /
Mesozoic) crystalline basement of the Bihor "autochthon" (Someg assemblage) at locations 28
and 30. Hornblende concentrates from these samples yielded well-defined intermediate- and
high-temperature plateaus (Fig. 4-4) which correspond to ages of 306.1 + 0.8 Ma (28) and 316.7
+ 0.5 Ma (30). The plateau data yield well-defined *Ar/*°Ar vs.**Ar/*°Ar isotope correlations
(MSWD < 2.0: Table 1lI-1, in Appendix lIi) with inverse ordinate intercepts (*°ArfEAr ratio) are
slightly larger than the “°Ar/*°Ar ratio in the present-day atmosphere. This suggests that there is
no significant intra crystalline contamination with extraneous ("excess") argon components.
Using the inverse abscissa intercepts (’Ar/*°Ar ratio) in the age equation yields plateau isotope-
correlation ages of 300.4 £+ 1.0 Ma (28) and 313.6 £ 1.0 Ma (30). Because calculation of
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Table 4-2. Ar/ Ar sample localities and petrography

L Lithotectonic| Locality Rocktype . Sample . Plateau Isotope Total Gas
\_____| assemblage ‘3 ‘ Age ' Correlation age Age
G EIDAR RS HEATOZONETN 5
1 |Black Series  |Cuvinquarry |phylionte ! WR 114.1 114.4
2 |Paiuseni Covasint Hill | phylionits | WR 99.7 106.1
3  |Paiuseni Siria Fortess | “metaconglo . Mu 299.4 288.6
4 |Poiana Criscior Vilage | phyflondic granite WR 107.7 110.5
5§  |Paiuseni Banesti Valley | “metacongk . Mu 111.7
" 6 |Adeseni | Aneseni Village __green phyfionite Wr 2165 192.2
7  Biheria | Vadul Motilor Villag | curty schist Mu 251.1
8 i sheared granile Mu 2074
9 |sheared granite . Mu 3214
ag |phy WR 144.5
mylonitic quartzite i WR 185.9 217.3
{u-mylonite orthogneiss | WR 168.7 177.5
w-mylonite orthogneiss | WR 124.1 128.6
micaschist i Mu 116.9 116.9
phibolite ! Hb 118.2 124.2
16 |Baiade Aries |Sartes Village gneiss i Mu 110.7 111.9
17 |BaiadeAdes |Sakiua de Sus Vildamphiboite ©  Hb 119.0 115.0 1334
18 |BaiadeAnes |Surduc Vilage amphibolite i Hb 155.5 151.0 167.2
. 19 iBaiadeAnes |Baisoara Vilage |phylionite ' WR 111.8
CcOD ;
i 20 lcodru {Huzi vatiey chi-muscovite schist | Mu 339.9 336.3
I 21 !Codru ' Huzii Valley lcht-muscovte sctist ¢ Hb 334.6 326.4
| 22 |Codru !Salasele Valley  |amphiboite Hb 371.1
. 23 |Codru ilara Valley | amphibolite Hb 366.4 364.0 367.1
. 24 Codru ‘lara Valley | amphibolite Hb 373.7 386.8
| 25 |Codru ilara Valiey | amphiboiite Hb 404.9 400.8 405.0
|Arade Mu 253.0
Bihor Mu 302.5 295.1
Bihor i Hb 306.1 300.0 266.8
| 29 !sihor |Ciurtuci Vilage \retrogressed plagiogned  Mu 313.8 3114
| 30 |gihor Belisu Vilage phibolta | Hb 316.7 313.0 319.6
C31 |Mansese Vilage |M.M. Granite Mu 191.3 189.8
32 |Arada lara Valley plagiogneiss ! Mu 122.9 116.0
33 |Arada Tarnita Lake mylonitic orthogneiss | Mu 100.6 99.6
| 34 ' Siria quamry isheared sitstone | WR 1172 111.1
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isotope-correlation ages does not require assumption of a present-day “°’Ar/**Ar ratio, they are
more reliable than ages calculated directly from the analytical data and, therefore, are
considered geologically significant. They are interpreted to date the last cooling through
temperatures required for intra crystalline retention of radiogenic argon in the constituent
homblende grains. Harrison (1981) suggested that temperatures of c. 500 + 25°C are
appropriate for argon retention within most hornblende compositions in the range of cooling
rates likely to characterize most geologic settings.
Codru Assemblage

Hornblende concentrates were prepared from four samples of amphibolite collected
within non-retrogressed (pre-Permian/Mesozoic) crystalline structural units of the Codru
assemblage (locations 22-25). Concentrates from samples 23-25 yielded well-defined
intermediate- and high-temperature plateaus (Fig. 4-5) corresponding to ages ranging between
366.4 + 0.3 Ma (23) and 404.9 + 0.3 Ma (25). Isotope-correlations of the plateau analytical data
yield slightly younger ages which range between 364.4 + 0.3 (23) and 400.8 + 1.2 Ma (25). The
isotope-correlation ages are considered geologically significant and are interpreted to date the
last post-metamorphic cooling through appropriate argon retention temperatures. The analysis
of sample 22 was poorly resolved (Fig. 4-5), and corresponded to a total-gas age of 371.1 + 0.3
Ma. Insufficient spectrum resolution precludes definition of a meaningful isotope-correlation.
Baia de Arieg Assemblage

Amphibolite samples were collected at three locations within pre-Permian / Mesozoic
crystalline structural units of the Baia de Aries assemblage (15, 17 and 18). Homblende
concentrates from these samples record well-defined intermediate- and high- temperature
plateaus (Fig. 4-6). Samples 17 and 15 yielded similar results (119.0 £ 0.1 Maand 118.2 £ 0.3
Ma), which are markedly younger than the 155.5 + 0.4 Ma plateau recorded by sample 18.
Similar contrasts are seen in the plateau isotope-correlation ages which range between 151.6 +
1.2 Ma (18) and 115.8 £ 0.3 Ma (17). The plateau isotope-correlation ages are interpreted to
date contrasting times of post-metamorphic cooling through appropriate argon retention

temperatures.
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Fig. 4-4. 4°Ar/3°Ar age and apparent K/Ca spectra for multigrain hornblende concentrates from

amphibolite collected within the Somes assemblage. Analytical uncertainties (two sigma, intra
laboratory) are represented by vertical width of bars. Experimental temperatures increase from
left to right. Plateau (PA) and/or total-gas (TGA) ages are listed on each spectrum. Sample number

as in Fig. 4-3a.
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4.6.2. MUSCOVITE

The 15 muscovite concentrates yielded variably discordant “°Ar/°Ar age spectra (Figs.
4-7 to 4-10). Apparent K/Ca ratios are very large, with considerable uncertainties. Consequently,
they are not shown with the age spectra. The K/Ca ratios display minor and non-systematic intra
sample variations, suggesting that experimental evolution of gas occurred from compositionally
uniform populations of intra crystalline sites.

Somes Assemblage

Muscovite concentrates were prepared from samples of variably retrogressed gneiss
and schist collected within variably retrogressed pre-Permian/Mesozoic crystalline rocks (Somes
assemblage) of the Bihor "autochthon" at locations 27 and 29. A sample of sericite quartzite was
also collected within lower grade crystalline sectors ("Arada series”) of the Bihor "autochthon" at
location 26. The muscovite concentrates yielded variably discordant “°Ar/*?Ar spectra with
generally similar characteristics (Fig. 4-7). Apparent ages systematically increase throughout the
low- and initial intermediate-temperature increments evolved from the three concentrates. Little
intra sample variation in apparent ages is observed in the higher temperatures portions of the
analysis of samples 27 and 29. These define plateaus corresponding to 302.5 £ 0.2 Ma (27) and
313.8 £ 0.2 Ma (29). Apparent ages systematically increase throughout the analysis of sample
26. Characteristics of the three internally discordant apparent age spectra are similar to those
described for muscovite from partially rejuvenated intra crystalline systems in other poly-
metamorphic terranes (e.g., Dallmeyer and Takasu, 1992) and suggest that initial
post-metamorphic cooling through appropriate argon retention temperatures (c. 400 + 25°C:
Cliff, 1985; Blankenburg et al., 1989) likely occurred between c. 300 and 315 Ma (plateau ages
defined by samples 27 and 29). This appears to have been followed by a variable thermal
rejuvenation at ¢.150-125 Ma (low-temperature ages recorded by sample 26). Rejuvenation was
most extensive in sample 26.

A muscovite concentrate was prepared from a sample of penetratively retrogressed,
mylonitic orthogneiss collected within a ductile shear zone developed in the Someg assemblage
exposed in easternmost sectors of the Bihor "autochthon” (location 33). The concentrate
displays an internally concordant “°Ar/*?Ar spectrum corresponding to a plateau age of 1006 £
0.2 Ma (Fig. 4-7). This is interpreted to date cooling through argon retention temperatures
following synkinematic growth of muscovite during the mylonitic overprint. The relatively
low-grade character of the associated mylonitic mineral assemblage suggests that
synkinnematic muscovite growth likely occurred at approximately the same temperatures
required for intra crystalline argon retention. Therefore, the c. 100 Ma plateau age likely closely
dates the ductile strain event.

Muscovite concentrates were prepared from a sample of retrogressed orthogneiss
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collected within the Somes assemblage (location 32) and from a sample of massive granite
collected within the Muntele Mare batholith (location 31). Both concentrates are characterized by
internally discordant “?Ar/*°Ar apparent age spectra (Fig. 4-7). Although intermediate -
temperature plateaus are defined (191.3 £ 0.2 Ma, 31; 122.9 £ 0.2 Ma, 32), the complexity of the
two analyses does not permit a reliable interpretation of their geologic significance.
Codru Assemblage

Muscovite concentrates were prepared from two samples of slightly retrogressed schist
collected within pre-Permian/Mesozoic crystalline structural units of the Codru assemblage
(locations 20 and 21). Both are characterized by internally discordant “°Ar/*°Ar spectra (Fig. 4-8)
in which apparent ages systematically increase through low-temperature portions of the
analyses. The intermediate- and high-temperature increments display little intra sample
variations in apparent age and define plateaus of 339.9 + 0.2 Ma (20) and 334.6 + 0.2 Ma (21).
These are interpreted to date initial post-metamorphic cooling through appropriate argon
retention temperatures. The character of the low-temperature age discordance is interpreted to
reflect the effects of a minor, subsequent thermal rejuvenation.
Baia de Arieg Assemblage

Muscovite concentrates were prepared from samples of pre-Permian/Mesozoic
crystalline structural units of the Baia de Arieg assemblage. These included penetratively
retrogressed mylonitic granite (location 16) and progressively metamorphosed pelitic schist
(location 14). Both concentrates are characterized by internally concordant “°Ar/*°Ar spectra (Fig.
4-9) which correspond to plateau ages of 110.7 £ 0.1 Ma (16) and 116.8 £ 0.1 Ma (14). These
are interpreted to date the last cooling through appropriate argon retention temperatures.
Highis-Biharia Shear Zone

Muscovite concentrates were prepared from samples of variably mylonitic granite
collected at three locations within pre-Permian/Mesozoic crystalline rocks exposed within the
Highis-Biharia shear zone (3, 5, 7, 8 and 9). These are characterized by internally discordant
apparent age spectra (Fig. 4-10) of contrasting character. The concentrate from sample 9
displays a marked and systematic increase in apparent age throughout low-temperature portions
of the analysis. Intermediate and high-temperature portions of the analysis record apparent ages
which vary between c. 340 Ma and 330 Ma; although this portion of the analysis was poorly
resolved, the results suggest an initial cooling at c. 340-330 Ma. The concentrate from sample 8
displays an internally complex age spectra with an intermediate-temperature age maximum. The
geologic significance of the two analyses is uncertain. However, the low portion of both spectra
indicate Alpine rejuvenation.

A concentrate of metamorphic muscovite was prepared from a sample of pre-Permian/
Mesozoic mylonitic schist collected at location 7 within the Highig-Biharia shear zone. The
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concentrate displays an internally discordant apparent age spectrum (Fig. 4-10) in which
apparent ages systematically increase from ¢. 125 Ma at low temperatures to c. 275 Ma at
highest temperatures. These characteristics suggest that initial post-metamorphic cooling
occurred sometime prior to c. 275 Ma and was followed by extensive Alpine rejuvenation.

Two concentrates of muscovite were prepared from samples of pre-Permian/Mesozoic
mylonitic "metaconglomerate” collected at locations 3 and 5. The concentrate from sample 3
displays an internally discordant age spectrum (Fig. 4-10) in which apparent ages systematically
increase throughout low-temperature portions of the analysis to define an intermediate- and
high- temperature plateau of 299.4 + 0.2 Ma. The internally discordant spectrum suggests that
the muscovite originated within a protolith that experienced cooling through argon retention
temperatures at c. 300 Ma. The muscovite experienced slight thermal rejuvenation, probably
during the low-grade metamorphism which accompanied development of mylonitic fabrics. The
muscovite concentrate from sample 5 is characterized by a slight but systematic increase in
apparent age from c. 90 Ma in low-temperature increments to c. 127 Ma in high-temperature
portions of the analysis.

4.6.3. WHOLE-ROCK

The 10 low-grade whole-rock samples display variably discordant apparent age spectra
(Figs. 4-11 to 4-13). Variable and relatively young apparent ages are typically recorded in the
small- volume increments evoived at low experimental temperatures, accompanied by relatively
small and fluctuating apparent K/Ca ratios. Gas fractions liberated during intermediate- and
high-temperature portions of the analysis generally display large and only slightly fluctuating
apparent K/Ca ratios. Although the samples consist primarily of very fine-grained white mica,
systematic intra sample variations in apparent K/Ca ratios suggest that several other phases
likely contributed gas at various stages in the whole-rock analyses. Relative to white mica, these
appear to have included 1) a non-retentive phase present in variable modal abundance, with
relatively low apparent K/Ca ratio, and 2) a more refractory phase with relatively low apparent
K/Ca ratio, also present in minor modal abundance. Mineralogical characteristics and observed
modal variations suggest that these phases may be chlorite and plagioclase feldspar,
respectively. Apparent ages recorded throughout intermediate- and initial high-temperature
portions of the analyses are attributed to gas largely evolved from constituent, very fine-grained
white mica.
Triassic Cover Of The Codru Assemblage

A sample of phyllonite derived from a pelitic protolith was collected within ductilely
sheared Triassic cover of the Codru assemblage near the lower thrust contact with the Highig-
Biharia assemblage (location 34). Intermediate- and high-temperature portions of the whole-rock
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analysis record similar apparent ages corresponding to a plateau age of 117.2 + 0.1 Ma (Fig.
4-11). This is considered geologically significant and interpreted to date the synkinematic grown
near or below the closure temperature of constituent fine-grained white mica during thrusting.
Baia de Aries Assemblage

Five samples of phylionite derived from pre-Permian/Mesozoic crystalline protoliths were
collected for “°Ar°Ar analysis within the Baia de Arieg assemblage. These included mylonitic
quartzite (11), ultramylonitic orthogneiss (12 and 13) and phyllonite (10 and 19). The five whole-
rock analyses are characterized by variably discordant “’Ar/*®Ar apparent age spectra (Fig.
4-12). The mylonitic quartzite (sample 11) yielded an internally complex spectrum with
considerable variation in apparent ages at low and intermediate experimental temperatures. In
contrast, the high- temperature increments record similar apparent ages corresponding to a
plateau of 185.9 + 0.2 Ma. The ultramylonitic orthogneiss samples (12 and 13) record
intermediate- and high- temperature plateaus which yield contrasting ages of 168.7 £ 0.2 Ma
(12) and 124.1 + 0.3 Ma (13). These three plateaus are considered geologically significant and
interpreted to closely date the diachronous growth of synkinnematic white mica during formation
of the mylonitic fabrics. The two phyllonite samples (10 and 19) are characterized by complex,
internally discordant age spectra with uncertain geologic significance.

Highis-Biharia Shear Zone

A dark-gray phyllonite was collected within the "Black Series” exposed within the Highig-
Biharia shear zone (location 1). The whole-rock sample yielded a well-defined intermediate
temperature plateau corresponding to an age of 114.1 £ 0.1 Ma (Fig. 4-13). This is interpreted to
closely date the synkinematic growth of constituent, fine-grained white mica during
mylonitization.

Three phyllonite samples were collected within pre-Permian/Mesozoic structural units
exposed within the Highis-Biharia shear zone. These included two samples of mylonitic schist
(locations 2 and 6) and a sample of ultramylonitic granite (location 4). The whole-rock phyillonitic
granite yielded a well-defined intermediate-temperature age of 107.7 £ 0.2 Ma (sample 4 in Fig.
4-13) which is considered geologically significant and interpreted to closely date development of
the mylonitic fabric. The two samples of mylonitic schist yielded markediy contrasting results
(Fig. 4-13). Intermediate- temperature increments experimentally evolved from sample 2
recorded a plateau of 99.7 + 0.3 Ma (Fig. 4-13) which is considered to date development of the
mylonitic fabric. The analysis of sample 6 was characterized by apparent ages which generally
increase from c. 100-75 Ma at low temperatures to define an intermediate- and high-temperature
plateau age of 216.5 + 0.2 Ma. These characteristics may reflect partial rejuvenation of older
intra crystalline argon systems during the mylonitic overprint.
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Fig. 4-13. “eAr%Ar age and apparent K/Ca spectra for whole-rock samples of phyllonite collected within
the Highis-Biharia shear zone. Data plotted as in Figure 4-4.
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4.7. SIGNIFICANCE

The “°Ar/*°Ar results record a complex tectonothermal evolution of basement units in the
Apuseni Mountains. Plateau ages can be grouped into distinct Paleozoic and Mesozoic intervals
(Table 4-3). Interpretation and integration of the new data relies upon calibrations of the geologic
time-scale by Palmer (1983) and Gradstein et al. (1994).

Table 4-3. Summary of the “Ar/*?Ar plateau ages on rocks from the Apuseni Mountains

Assemblage Homblende Muscovits Whole Rock Tectonism
Trigssic cover 17 middle Cretaceous imbrication
Baia de Aneg 156; 119; 118 17111 Jurassic to middle Cretaceous diachroneous
Zzone of low grade retrogression 186; 169; 124 tectonism and rasatting
HBSZ 321; 299 216; 114; 108; 100 mid-Cretaceous tectonism on Variscan protoliths
2zone of low grade retrogression 123; 101 middle Cretaceous lectonism
Somes 317, 306 314; 303
“Late Variscan® tectonism
Codru 340; 335 main phase of Variscan transpression
Codru 405; 374; 366 *Early Variscan” tectonism (?)

The spread in “°Ar/*°*Ar homblende ages recorded by amphibolite of the Codru
assemblage could indicate delayed post-metamorphic Devonian cooling similar to the "early”
Variscan tectonothermal events recorded in parts of northwest Iberia (e.g., Dallmeyer et al.,
1991) and the Bohemian Massif (Tepla Barrandian Zone; Dalimeyer and Urban, 1994).

Muscovite in gneiss of the Codru assemblage records cooling ages of c. 340 and c. 335
Ma. Structures in the mylonitic gneisses indicate dominant strike-slip tectonism with a northward
thrust component. Contemporaneous tectonism in the Alps has been interpreted to represent
Variscan collision accommodated by dextral transpression and south verging nappe
emplacement (e.g., von Raumer and Neubauer, 1994). Because the Apuseni crustal element
underwent c. 90° Tertiary clockwise rotation (Ptragcu et al. 1990), the “°Ar/*°Ar ages from the
Codru gneisses may record the same tectonothermal event.

Hornblende and muscovite within non-retrogressed sectors of the Somes assemblage
record post-metamorphic cooling ages which range between c. 315 and ¢. 300 Ma. The
concordance of the hornblende and muscovite ages suggests relatively rapid post-metamorphic
cooling in the middle Late Carboniferous. This implies that the cooling followed a regionally
penetrative "Late Variscan” tectonothermal overprint of similar age to that of pre-Permian/
Mesozoic sequences exposed throughout much of Iberia and central Europe (e.g. Dallmeyer
and Martinez-Garcia, 1990; Dallmeyer et al., 1995), in the West Carpathians (Malusky et al.,
1993 and Dallmeyer et al., 1996) and East and South Carpathians (Dallmeyer et al., 1996). In
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the Alps, Late Carboniferous tectonism accompanied by granite intrusion and high temperature
metamorphism. This has been interpreted to record a finai phase of Variscan subduction /
collision (von Raumer and Neubauer, 1994). Although the Muntele Mare batholith intruded the
Someg assemblage at c. 295 Ma (Pand et al., 1996), no evidence of a Variscan subduction
setting exists in the Apuseni Mountains.

A record of Variscan tectonothermal activity in the Apuseni Mountains is also provided
by muscovite from pre-Permian/Mesozoic lithologic elements exposed within the Highig-Biharia
shear zone. Although the rocks were variably rejuvenated during Mesozoic orogenesis, initial
cooling between c. 320 Ma and c¢. 300 Ma is recorded by muscovite from variably mylonitized
granite and schist.

Mesozoic effects are recorded within most structural elements of the Apuseni
Mountains. Post-Variscan resetting is relatively weak within central and northwestern sectors of
the Somes assemblage. It was limited to localized and relatively minor rejuvenation of
muscovite intra crystalline argon systems (manifested in the low-temperature age discordance
observed in muscovite). There is no evidence of post-Variscan rejuvenation of hornblende. The
intensity of Mesozoic thermal and structural effects increases eastward and southward across
the central Apuseni Mountains. The c. 100 Ma plateau age of synkinnematic muscovite within a
ductile shear zone in the eastern part of the Bihor "autochthon" suggests that a low-grade event
occurred in the late Albian.

The effects of Early-Middle Cretaceous tectonism are also evident throughout the
Highig-Biharia shear zone, where variable rejuvenation of Variscan muscovite occurred atc.
100-90 Ma. Whole-rock samples of phyllonite within the shear zone yield ages between c. 114
Ma and c. 100 Ma. Aptian internal imbrication at a relatively high crustal level within the Codru
assemblage is dated by a c. 117 Ma whole-rock phyllonite age. These ages can be interpreted
to date phases of Austrian compression if the subsequent extension recorded by kinematic
indicators throughout HBSZ (Pand et al., 1996) occurred at temperatures too low to effect partial
rejuvenation.

Aptian to early Albian tectonism is also recorded in the Baia de Aries assemblage,
where homblende within foliated amphibolite yielded plateau isotope-correlation ages of ¢c. 117
Ma and c. 116 Ma, and muscovite from gneiss and schist yielded plateau ages of c. 117 Ma and
c. 111 Ma. The general concordance of hornblende and muscovite ages suggests relatively
rapid cooling following higher grade penetrative Early-Middle Cretaceous tectonothermal activity
in the Baia de Aries assemblage. However, both amphibolite and gneiss units of the Baia de
Aries assemblage at different locations yielded older “Ar/**Ar dates which indicate local
Mesozoic activity that pre-dated the middle Cretaceous. The regional extent and tectonic
significance of the pre-middle Cretaceous tectonic phase is uncertain. Whole-rock samples of
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ultramylonitic granite yielded plateau ages of c. 124 Ma, 169 Ma and 186 Ma, which have been
interpreted to date diachronous growth of synkinematic white mica during formation of mylonitic
fabrics at the elusive contact with the HBSZ. Homblende from an amphibolite in the easternmost
basement unit of the Apuseni Mountains yielded c. 150 Ma. Consequently, the ages locally
recorded on amphibolite and gneiss units within the Baia de Arieg assemblage date different
times of cooling following several distinct phases of structural imbrication associated with Alpine
oblique convergence. As a result, medium- and high-grade Baia de Arieg rocks were transported
to relatively shallower crustal levels at several different times.

4.8 CONCLUSIONS

“Ar°Ar results suggest that pre-Permian-Mesozoic lithologic units of the northem
Apuseni record three distinct phases of Variscan tectonism at mid-crustal levels. Amphibolite of
the Codru assemblage records stepwise Devonian uplift, and the associated gneiss, Early
Carboniferous transpression within a relatively narrow belt along the southern margin of the
Somes assemblage. The Codru assemblage may represent a segment of the Variscan suture
subsequently disrupted by Alpine tectonism. The Someg assemblage records Late
Carboniferous uplift, interpreted to follow a regional medium-grade tectonometamorphic event.

“ArP9Ar data for basement units to the south record only Alpine tectonothermal events.
The phyllonitic belt that marks the HBSZ developed during polyphase Alpine tectonism with a
climactic Aptian-Albian phase of compression. South of the HBSZ, slices of medium-grade rocks
experienced thermal resetting during tectonic transport at shallower crustal levels during multiple
phases of Jurassic-Cretaceous tectonism. This suggests that Alpine compression in the interior
of the Carpathian arc was gradually accommodated within wide shear zones with complex strain
patterns that include transpression and thrusting followed by normal detachment. No regionally
significant rigid basement nappe with distinct Alpine kinematics and tectonothermal imprint can
be inferred in the Apuseni Mountains.
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5.1. INTRODUCTION

The arcuate Carpathian orogen of eastern Europe (Fig. 5-1) is a response to the
tectonic filling of a westward-facing oceanic embayment in early Tertiary time. The outer part of
the Carpathians is a coherent thrust-fold beit. The inner part is a discontinuous belt of disrupted
pre-Mesozoic continental basement and dismembered Mesozoic strata, a poorly understood
aggregate of crustal fragments that record Mesozoic and Cenozoic rifting, drifting, and accretion
and are largely covered by Neogene fill of the Pannonian Basin. The Apuseni Mountains of
Romania are the main area of basement exposure in the Pannonian Basin, consisting of
metamorphic and igneous rocks and Permian to Mesozoic strata. The rocks contrast greatly with
basement exposures in the Transdanubian Central Range to the west and the Bakk Hills to the
north, and are similar to basement exposures in the Villany and Mecsek hills to the southwest.

The heterogeneous character of the Pannonian basement has led to contrasting
paleotectonic interpretations. Some reconstructions assigned the Apuseni crust during early
Alpine extension to a coherent micro-continental fragment which included the West Carpathians
and Eastern Alps (e.g. S&ndulescu, 1975; 1994; Bleahu, 1976). Subduction of a hypothetical
Mures-Pienniny branch of the Tethys Ocean beneath this micro-plate was proposed (Rédulescu
and Sandulescu, 1973; Radulescu et al., 1993, S&ndulescu, 1984, 1994). Other reconstructions
interpreted the Apuseni crust as a small continental fragment surrounded by Mesozoic ocearnic
crust (e.g., Misic et al., 1989; Hamilton, 1990; Dal Piaz et al., 1995; ) consumed during complex
Tertiary translations and rotations (e.g., Balla, 1982, 1985,1986; Csontos et al., 1992; Marton
and Mauritsch, 1990).

Tectonic interpretations of the Apuseni Mountains have emphasized pre-Late
Cretaceous (“pre-Gosau”) and Laramide phases of nappe stacking with no metamorphic
overprinting (lanovici et al. 1976; Bleahu et al., 1981; Sandulescu, 1975; 1984; Balintoni, 1985;
1986). The nappe interpretation extends to the unexposed basement of the South Pannonian
Basin (e.g., Szepeshazy, 1979; Dimitrescu, 1981; Balazs et al., 1986) and has thus been
proposed for most of the Alpine Orogen in eastern Europe.

The aim of this paper is to show that strain partitioning during Mesozoic tectonism in the
Apuseni Mountains was more complex than simple nappe stacking. We show that crustal
deformation was not confined to discrete thrust surfaces but was gradually accommodated
within wide strain zones. A range of structural levels are now exposed as wide retrogressive
ductile to brittle shear zones in the pre-Alpine basement rocks, and as "wildflysch" assemblages
in cover sequences. We present data on the nature, distribution, penetrative structure,
geothermometry, and kinematics of metamorphic rocks in the Apuseni Mountains. We discuss
the regional implications of the data and propose a geodynamic model that contrasts
significantly with existing interpretations for the region.
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5.2. REGIONAL SETTING: PREVIOUS WORK

The metamorphic sequences of the Apuseni Mountains were initially classified as meso-,
epi-, and anchi-metamorphic (Geologic Map of Romania, 1: 500 000 scale, 1958) and assigned
to the Precambrian, Late Proterozoic, and Paleozaic, respectively (Geologic Map of Romania,
1: 200 000 scale, 1967). Scarce age data were used to propose a stratigraphy inferred to include
the products of three pre-Alpine orogenies, the Grenvillian, Cadomian or Caledonian, and
Variscan, respectively (Giugc3 et al., 1968; lanovici et al., 1976; Dimitrescu, 1985; 1988 b).
A formal lithostratigraphic nomenclature was established (Kréutner, 1980; Bleahu et al., 1981;
Dimitrescu, 1988b) (Tab. 5-1). The Permian to Mesozoic sedimentary cover of the Apuseni
Mountains has been assigned to two distinct sedimentary basins (Bleahu et al., 1981):
a northern one, with a nearly complete Permian to Eo-Cretaceous platformal sequence of East-
Alpine/Carpathian affinity with increasing southward “Mesogean” character (Patrulius, 1976),
and a southern, tectonically active basin with Late Jurassic to Late Cretaceous flysch and
wildflysch associated with tholeiitic to calc-alkaline igneous activity (Savu,1980; Cioflica and
Nicolae, 1981; Lupu et al., 1993; Nicolae, 1994, 1995).

In the northern Apuseni Mountains, two nappe systems of presumed Cretaceous, pre-
Gosau age were proposed (lanovici et al., 1976; Bleahu et al., 1981). The Bihor “autochthon”
(Fig. 5-2) was inferred to consist of Permian to Lower Turonian sedimentary cover and
underlying metamorphic basement (the latter consisting of the Somes "series", of amphibolite
grade, and the Arada "series", of upper greenschist grade). The Codru nappe system was
inferred to consist of several cover nappes of Permian to Lower Cretaceous sequences and a
lowermost nappe involving basement rocks (the Codru "series" of amphibolite grade). The
Biharia nappe system was inferred to consist of either four (lanovici et al., 1976) or three
basement nappes (Balintoni, 1985). In the sedimentary basin of the southern Apuseni
Mountains, eleven Laramide (Bleahu et al., 1981) or seven Austrian and eight Laramide nappes

(Balintoni, 1994) have been proposed.

5.3. LITHOTECTONIC ASSEMBLAGES:
DISTRIBUTION, NATURE OF PROTOLITHS AND METAMORPHIC CONDITIONS

5.3.1 Low-grade rocks

Low-grade metamorphic rocks are distributed along a belt that wraps around the Bihor
autochthon; a second belt is less well exposed in the Trascdu Mountains (Fig. 5-2). Fine-grained
foliated rocks were previously considered to be prograde phyllite, and coarse ones to preserve
sedimentary structures (Papiu, 1960; Savu, 1965; Dimitrescu, 1962; 1993; Giusca, 1979;
Balintoni, 1986).

Our mapping (Figs. 5-2, 5-16 and 5-17) shows that lithologic assemblages previously
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assigned to the Late Proterozoic and Paleozoic (Tab. 5-1) contain rocks texturally and
mineralogically equilibrated under low-grade metamorphic conditions, as well as rocks with
disequilibrium textures. Within each assemblage, occur metre- to kilometre-sized lensoid bodies
of incompletely reequilibrated or unaffected rocks. On the basis of mineralogic and lithologic
relics, lithotectonic assemblages can be separated that contain petrographically similar
tectonites and either igneous or medium-grade metamorphic relics. Sheared igneous rocks
previously considered as intrusions into the pre-metamorphic sedimentary succession exhibit
strong foliation and/or compositional layering and obvious stretching lineation (i.e., they are L-S
or L tectonites). All stages of deformation and metamorphism of massive igneous rocks of
various mineralogy and grain size into completely equilibrated greenschist facies tectonites are
recorded. A continuous progression from granitoid to pseudo sedimentary textures was reported
in the Highis Mountains by Pan& and Ricman (1988).

We assign to the Paiugeni assemblage a lithologic succession dominated by quartz-
sericite-albite schist and secondary-quartz-clast bearing tectonites, associated with numerous
granitic, microgranitic, and rhyolitic bodies and rare metamorphic carbonate lenses in the
northern Highis Mountains and southemn Biharia Mountains. Crosscutting quartz veins indicate
multiple phases of silica release within the HBSZ. We interpret quartz-pebble-like clasts in the
Piiuseni assemblage to result from local shearing and stretching of quartz veins in a more
competent mylonitic matrix (Figs. 5-3 and 5-4). In the Biharia Mountains, we observed a gradual
transition from biotite- and/or hormnblende-bearing diorite to chlorite-albite schist. Carbonate
mineral reactions accompanied the process, as evidenced by widespread carbonate layers or
carbonate-pebble-like structures (Fig. 5-7). We term this association the Biharia assemblage. On
the westemn slope of the Biharia Mountains, it overiies the Poiana assemblage consisting of
foliated tectonic breccia and conglomerate, largely overprinted by thermal metamorphism
associated with Paleogene quartz diorite (“Banatite”) intrusions. On the eastern siope, the
Biharia assemblage overlies an association of mainly fine-grained silky schist and small aplite,
hornfels, and diorite relic bodies that can be separated as the Ariegeni assemblage. At different
locations (e.g., Ariesul Mic, Bucura, and Ghizghitului valleys) a conglomerate-like fabric resulted
from the dismembering of a porphyritic rock within a microgranitic host.

Fine-grained magnetite/epidote/sericite homnfels of aplite and basalt constitutes one of
the protoliths of the Paiugeni and Ariegeni assemblages. The hornfelsing likely resulted from the
youngest bodies of the upper crustal igneous complex. In the Biharia Mountains, diopside
homnfels overprints the foliation and is interpreted to result from Paleogene ("Banatite”)
magmatism.

Farther along strike to the east, these separate assemblages cannot be recognized and
schist with large sheared granitoid pods defines the Biharia assemblage; in the Arieg Valley,



Figure 5-3. Quartz-filled tension gashes in a microgranite of the Pdiugeni assemblage,
Cigher Creek, central Highig Mountains.







Figure 5-4. Pseudo-metaconglomerate in the P3iuseni assemblage; a) and b)
Otcovac Peak, western Highis Mountains; c) Hulumaos Creek, and d) Highis Peak,
central Highig Mountains.
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Fig. 5-5. Late granite intrusions in diorite within the Highis igneous complex of the
Paiuseni assemblage: a) Soimos quarry; b) Lipova-Arad highway.
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concordant quartzo-feldspathic rock bodies previously interpreted as sills (e.g. the Lunca Larga
granites - Balintoni, 1985) or as sedimentary layers (e.g. the Mihoesti metaconglomerate -
Dimitrescu, 1973) are sheared intrusions which have gradational boundaries with the enveloping
tectonites. Metre- to kilometre-sized bodies of incompletely metamorphosed granite to diorite are
commonly hosted by chiorite schist. Unsheared domains several tens of square kilometres in
area in the Highis Mountains expose all igneous rock types found along the belt. Various
granitoids intrude and partly assimilate older mafic intrusions (Fig. 5-5).

Stable isotope data from the low-grade assemblages

Carbonate and silicate rocks from the low-grade assemblages have been analysed for
carbon and oxygen isotope ratio and oxygen isotope ratios, respectively.

Carbonate rocks. Lenses and nodules of calcite, dolomite and ankerite occur (usually
as mixtures of end-members) throughout the low-grade assemblages and are traditionally
interpreted as metamorphosed limestone strata. Their sedimentary origin is questionable
because carbonate rocks were found at different structural levels as discontinuous metre-sized
lenses which rarely can be followed for more than a few hundred metres. Augen (Fig. 5-7) and
lens-shaped (Figs. 5-6 and 5-8) carbonate structures and microstructures indicate widespread
carbonate reactions in all low-grade rocks. Carbonate rocks consist of a fine-grained,
preferentially oriented carbonate +/- quartz matrix with micro-lenses of coarser carbonate grains,
ribbon-like quartz grains and corroded relics or pseudomorphs of feldspar and mica. The matrix
is commonly affected by discrete shear zones locally highlighted by white mica flakes and
opaque minerals indicating polyphase deformation. A mylonitic layering is locally defined by
carbonate versus ribbon-like quartz layers. Kinematic indicators are similar with those displayed
by the surrounding quartzo-feldspathic rocks.

Analytical method. The carbonate samples were ground to < 200 mesh ( <70 pm), and
phase composition of each sample was verified by X-ray difractometry. The carbonates were
reacted with 100 % phosphoric acid. In the case of calcite-dolomite mixtures, CO, was extracted
separately from calcite and dolomite. To minimize potential cross-contamination CO, from
calcite was removed after two hours reaction at 25°C, then the vessel was closed and the
reaction was continued for a few days more at 25°C, or 24 hours at 50°C (Al-Aasm et al., 1990).
Isotopic analysis of extracted carbon dioxide were carried out on VG 602 and Finnigan MAT 252
mass spectrometers at the University of Alberta. The d-values are reported with respect to PDB
(carbon) and SMOW (oxygen) and are precise to ~0.05 °/,, . A correction factor of 0.72 was
used for dolomite and ankerite 5'%0 values determined at 25°C. Most of the samples have been
analyzed twice under the same and/or different conditions in order to verify the validity of data
and possible kinetic effects due to grain size, time and temperature of reaction. Analysis that
yielded unusually low 5°C values have been repeated two or three times. The kinetic effect of



Fig. 5-6. Centimetre-size veins of carbonate within igneous rocks affected by strain
under low-grade metamorphic conditions; a) sheared microgranite, Paiuseni
assemblage, Casoaia resort, Ardneag Creek, Highis Mountains; b) granodiorite, Codru
assemblage, Neagu Creek, southern Gildu Mountains.







Fig. 5-7. Carbonate nodules within quartz-muscovite-carbonate-epidote+albite+
chlorite schist (“metaconglomerate”); a) Binesti Creek, southern Biharia Mountains,
b) Ariesul Mic River, Biharia Mountains.
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Fig. 5-8. a) Massive replacement of a diorite by carbonate, Neagu Creek,
southern Gildu Mountains; b) carbonate layer developed within the chlorite schist
matrix; incomplete substitution at the top of the carbonate layer.
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grain size was found to be insignificant for calcite reacted more than two hours (sample 11 106).
No fractionation occurred after the completion of the reaction; similar isotopic values have been
obtained for ankerite (sample 11 162) analyzed after one hour at 25°C, after one week at 25°C,
and after one week at 50°C, and for calcite (sample 11 083) analyzed at 25°C after 2 hours and
2 months. Differently colored carbonate bands within the same layer have slightly different
isotopic compositions. The same observation is valid for calcite vs. dolomite from mixtures. This
suggests that perfect homogenization did not occur.

Results and Discussion. Analytical data are summarized in Table 5-2 and Fig. 5-9.

Stable isotope ratios record information about the origin of samples (source information)
and their subsequent reaction history. The source sets an isotopic baseline that can
subsequently be shifted by isotopic fractionation.

The &'*C values of carbonate rocks of marine origin of Cambrian to Tertiary age are
virtually constant and have values close to zero on PDB scale. Marine carbonate rocks of
Precambrian age are enriched in 5"3C by about 3 %, (Veizer and Hoefs, 1976). Although much
wider ranges of variation have been also reported from different areas (+6 to +11 by Schidlowski
etal., 1976, -5 to +6 by Veizer and Hoefs, 1976), a field of most common isotopic values is
defined by carbon (-2 to +4) and oxygen (20 to 26) for unmetamorphosed marine limestones
(Fig. 5-9) based on data compiled by Valley (1986). Sedimentary whole rock isotopic values
(including marble and calcareous quartzite) are preserved through greenschist and amphibolite
facies metamorphism (Schwarcz et al., 1970). Isotopic values of greenschist facies limestone
range from -0.3 to +5.6 (mean of +3) and 18.1 to 28.1 (mean of 21.4) for carbon and oxygen,
respectively (Dunn and Valley, 1985). The low 5'0 and §'°C values yielded by the carbonate
lenses from the low-grade assemblages of the Apuseni Mountains are outside the reported
range for marine limestone affected by prograde metamorphism (Valley, 1986).

The "batch"” volatilization model implies a "calc-silicate limit" of 0.6 which limits the 5'%0
depletion at less 2 °/,,. Larger depletions in '®O require decarbonation reactions with F-oxygen
vs. F-carbon trends that cross the calc-silicate limit i.e., a "silicate absent decarbonation” trend.
Since the carbonate lenses in the Apuseni Mountains are interfingered with silicate rocks,
carbonates must have volatilized without maintaining isotopic equilibrium with coexisting
silicates ("decarbonation-silicate disequilibrium”, Lattanzi et ai., 1980). Disequilibrium conditions
suggest large amounts of reaction involving massive rock-volume loss and are consistent with
the "open system" metamorphic conditions of a shear zone overprinting marine limestone.
Alternatively, the plot of isotopic data along the skam trend (Bowman et al., 1985) is the
combined effect of infiltration of chemically evolved superficial waters and volatilization of
“juvenile” low-5"C carbonates. The depleted isotopic ratios of mantle-origin CO, (eg. Wyman
and Kerrich, 1988) incorporated in the igneous protolith or released along the shear zone
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Table 5-2. Carbon and oxygen isotope data from carbonate lenses within the HBSZ.

| ANALYSED REACTION TIME
SAMPLE LOCATION | PHASE FRACTION | afew hours 2 da¥.s 7 dg# 10 da;s

__ "Ceual "Opna| “Conn | "Ocpal “Cena| "Ocna| “Conni —Opnn]

CODRU ASSEMBLAGE
11115 _|Aries Valley S D 0.34 |-14.33| -4.20 | -12.25 ;
13211 _|Bistrisoara Valley C+ minor D bulk -3.90 | -18.58 |
| 13230 |Neagului Spring [o] -5.60 | -21.23 i
232 |Neagului Spring [o] -4.48 | -17.55 :

62 |Lupsei Valley N A -1.64 | -17.08] -0.55 | -15.44{ -1.78 | -17.67] -1.70 | -17.67
1124 Aries Valley N A o -1.10 1 -15.27
PAIUSENI ASSEMBLAGE |

11077__|Covasint Hill [o] -8.78 | -15.76] -7.56 | -15.896] -7.56 | -14.79 :
*l -7.61 | -14.79 !
11083 ! Otcovac Hill C bulk 0.29 [-17.34] -2.22 | -17.42] 0.95 | -17.09 .
C white layer 0.84 | -1545 ;
[&] brown layer | 0.74 | -16.99 i
13673 !Agrisul Mare Valley C+25%D -0.14 | -14.75 :
13686 i Highis Valley (casoaia)l C+25%D :
[o] -1.23
D -1.8 | -20.09
11081 _{Highis Valley C+22.5%0D ; bulk -1.45 | -1593 0.31 1 -14.19
*l -1.56 | -16.14 -0.45 ! -15.04
[o] -1.50 | 16.00 i
D -0.50 | -15.72 :
11106 {Radesti Valiey [o buik -3.99 1-13.98] 4.02 | -13.91] -5.21 | -17.08
[&] coarse fraction} -4.17 | -14.27
[} pinkish layer | -3.38 | -13.84 '
t C qre r -2.64 | -13.70 !
11057 !Cladovita Valley N )i [+] bulk -0.29 i -18.58 :
! [o] yellow layer | 4.86 | -12.30 !
[o] black layer -1.62 ! -18.40 ;
11058 [Cladovita Valley S C bulk :
C greenish [ayer| -2.59 ; -14.75 | !
] greylayer | -2.22 |-17.56 ] !
BIHARIA ASSEMBLAGE :
11110 ' Dolii Valley I D+3%C bulk 0.84 | -19.34| 1.53 |-1847| 0.84 |-17.28] 0.75 : -17.35
| D 0.80 | -18.02
i [+] 0.80_ | -19.30
13727 ! Trib. Banesti Valley [o -0.56 | -17.74
13773 _ | Ariesul Mic Spring [+ -4.84 |-21.25
13776__ Ariesul Mic Valley D+v. minorC bulk -3.14 | -16.94
13789 _|Avram lancu Village D -1.09 | -18.67 ;
13324/1_[Caselor Valley (Cimpe D 1.5 -14.03 |
3324 _;Caselor Valley (Cimpe D 1.58 | -13.38 i
3111 _!Bistra Vall D+v. minorC bulk -1.29 i -15.38 |
1203 !Lupsei Valley S D £5.42 1-16.44] 4.39 | -15.10| 6.33 | -16.06 !
13892 |Sagacea Valley C+D bulk 0.961 -16.05 :
[o] 0.571 -14.57 !
13804 ! Ocolis Valley D 0.59} -17.00 |
13933 _ ; Baisorii Valley C+D butk :
C -3.44| -14.38
D -5.68] -15.80
13936 | Baisorii Vall D+v. minorC bulk 0.021 -14.93
BAIA DE ARIES ASSEMBLAGE
11020 |Unguruiui Valley D+3%C bulk -1.86 | 839 | -210 | -9.10 | -0.85 | -6.42
D -2.00 | -9.22 i
[o] -1.90 | -8.40
13720 |Madrigesti Valley (o] -7.90 | -15.64
1116 __|Sohodol C 96 | -740 | 248 709 ] 243 | -6.79 i
11119 (Vinta C 96 | -7.36 | 2.32 -6.97 |
3812 |Cioara Valley [o] 0.52 | -10.56
13860 _|{Belioara Valley ! [o] 2.3¢ 475
13863 [Posaga Valley(Belioar| D+v. minorC bulk 220 | 4.06
13864 |Posaga Valley(Belioar| [o] 244 | -1.33
13914__|Ocolis Valley (Belioara D 2.09 ! -3.90
13980 _|lara Valley (Surduc) [] 263 _|-10.19
9947 |lara Valley (Surduc) D+22.2%C bulk 207 | 9741 2.1 -8.77 045 | -6.25
“]_1.68 {-11.08 270 | -7.24
*{ 123 | -867
D 270 -7.92
C 1.7 -11

* Repeat

analysis



128

suejunoy Jussndy au Jo sabe|quasse ojydiowe)aw aLy UlyIMm siake| ajeuoqied ay) jo uopisodwoo adojos| a|qels *6-6 614

sobe|quesse passalfone)

einxjw sjuezue/sjwolop @ & (D) nupon ‘() epely ‘(g) ereojjeg ‘(S) jopolos MW ebejquwesse eleyig @
i o,_Eo_oM\_m_:w"% % % ebejquosse sopy opeleg M ebejquesse |uesnied O
e O 0O {pesseibosnal -/+) 1snJ0 epeiB-winipawl Juedelpy  8uoz Jesys apelb-mo| eireyig-siubiH
MOWS-A
0,

0c 6C 8¢ L¢Z 9¢ GZ vZ €T ¢z Lc O0C 6L 8L ZL 9L GL L €L 2L LL OL 6 8 L

hdala Ul i e

56/08) gim&m

sayboros el €

o
€ad
2.Q

-~

< ™M

.m&o& Isiyosueesib §



129

(eg. Taylor and Green, 1986) may have been altered by the overwhelming influx of surficial
water in the shear zone. Laocal massive replacement of preexisting country rocks by
metasomatic carbonates as inferred elsewhere (e.g., Baratov et al., 1984; Bohlke and Kistler,
1986; Lapin et al., 1987; Cameron, 1988; Groves et al 1988; Goldfarb et al., 1988) may have
resulted in the carbonate layers and nodules from the low-grade assemblages of the Apuseni
Mountains.

Silicate Rocks. Oxygen isotope ratios of quartzo-feldspathic schist and interlayered
igneous pods of the PAiugeni assemblage are presented in Table 5-3. Traditionally, the low-
grade sequence is interpreted to represent a volcano-clastic sequence metamorphosed under
low-grade conditions. The analyzed samples from the HBSZ show considerably lower 50
values than greenschist facies metasediments (Valley, 1986). SMOW &'°0 values of 7.18 for the
diorite and 10.03 for the granite samples (11 060 and 11 063, respectively) collected from the
Highis igneous complex are in the expected range for igneous rocks (Taylor and Sheppard,
1986). 5'®0 value of 6.32 for the “albite porphyroblast schist” (11 109) is lower than the 5'°0
value of the diorite (11 060) and indicates its direct derivation from an igneous protolith. & %0
values of 14.37 and 12.67 for the rhyolite samples (11 107 and 11 100, respectively) and of
15.67 for the granite sample (11 090) from metric size pods within the schist matrix are
considerably higher and indicate enrichment by exchange with the metamorphic fluid. There is a
clear overlap between the 50 values of some rhyalite pods (11 100 and 11 107) and the matrix
of the "metaconglomerate” (11 087) and "phyllite" samples (11 103 and 11104), respectively
(Tab. 5-3). These data indicate that the schist matrix and small igneous pods have locally
reached isotopic equilibrium with a pervasive metamorphic fluid. An igneous protolith appears
obvious for at least some of the schists. The source of fluid cannot be inferred in the absence of
6D values.

Temperalture estimates

Mineral assemblages in the low-grade rocks indicate metamorphic conditions below the
biotite isograd. Chloritoid, fine-grained biotite, and an isolated occurrence of kyanite along the
southern margin of the PAiuseni assemblage show that at least parts of the shear zone
experienced higher metamorphic conditions. However, no regular distribution of index minerals
can be mapped and the low- to very low-grade silicate rocks are not amenable to
thermobarometric analysis. The calcite-dolomite solvus thermometer (Anovitz and Essene,
1987) shows that temperatures in carbonate mixtures in lenses throughout the schistose matrix
(Fig. 5-7) are in agreement with general metamorphic conditions in surrounding quartzo-
feldspathic and mafic schists (i.e., below biotite stability). However, peak temperatures retained
by some lenses (Fig. 5-10) are above the biotite isograd, suggesting that biotite in the
surrounding matrix was altered during subsequent shearing. Trapping temperatures of fluid
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Table 5-3. Oxygen isotope composition of silicate-rocks within the Paiuseni assemblage

SAMPLE  LOCATION ROCK TYPE MINERAL PHASES 0t Yield  ™Oguow
Mylonitic schist
11087 Siria Hill secondary qz-clasts schist Qz + Mu -11.870 13.20 12.58
11098 Paiuseni Valley white silky schist Qz + Mu +c-chlor 12.880 15.46 11.57
11103 Paiuseni Valley greenisch silky schist Qz + Mu +c-chior -10.408 14.18 14.04
11092 Paiuseni Valley massive qz-feidspathic rock -11.430 14.38 13.02
11 104 Paiuseni Valley gray silky schist Ab + Mu + cchlor + Hm -9.741 12.90 14.71
11077 Covasna Hill layered silky schist Qz + Mu + c-chlor + Hm -11.110 14.16 13.34
11 109 Leudii Valley Ab-ciasts schist Qz + Ab + cchior + Mu -18.127 13.93 6.32
Massive Igneous rocks
11063 Jernova Valley granite Qz + Ab + Mi + Mu -14.424 14.03 10.03
11090 Highis Valley-Casoaia granite Qz + Ab + Mi+Mu -8.783 10.77 15.67
11100 Paiuseni Spring dark-grey rhyolite Qz + Ab + Mi + Mu + c-chlor -11.778 15.15 12.67
11107 Radesti Valley white-grey rhyolite Qz + Ab + Mu + cchlor + Cc + -10.080 12.24 1437
11060 Cladovita Valley alkali-diorite Qz + Ab + Mi + Ph + mg-Hb -17.628 13.00 7.18
‘GOSHQW = ZHOM +24 45
Theoretical yeids for the involved minerals (oxygen as CO,):
Qz 16.64 Ch: 14.92
Ab: 15.25 Ph: 14.38; PhgAnyy: 13.37; PhgpAne:12.91
Kf: 14.37 Hb: 13.76
Ko: 17.43 Cc: 9.99
T T T T i
Hm: 9.34 Do: 10.84 #* SMOW
[i] o 8 ---: -
H
]
:
R Y A
. 4
50— : : 1 ] / ~
- H : J‘ H /
g / o E i i 5 _}.
: T T
; P /:-“’ . ; .l Sediments
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Fig. 5. Isotopic composition and fields for formation waters, ocean waters, meteoric waters,
metamorphic waters, magmatic waters, and common sedimentary rocks (after Sheppard, 1984).
Hatched - field of common greenschist grade metasediments. Vertical lines - samples from the
Paiuseni assemblage. The Kaolinite weathering line from Savin and Epstein (1970).



282 k100 oL\ oD Ble
¢S 12000 Uy op ejeg Aajjen wig) L

€000 )
218 09100 (epeyig-siyBiH) epewig As|jen viv0s|Rg 8

8000
ohe ¢8100 {sowog) epasy Aa)ieA eleos|is|g ]
802 02100 -§1uB 4
1244 pieog | (SEEEMOM)misi Sun e v ‘g|qa) ay) U s1aquinu ajdwes o) puodsaliod dew ayj uo
262 ¥S10'0 |(sepy ep ejeg) nsabupew AajjeA Inininbun £ $9)2J12 8liym | slequinp ‘peresebexa A6y st s1001 epesb-mol Jo jjeq
M“M hmmum oy Buoje sasuaj 8jeu0qIed JO 82|s 'sujRUNOW |uasndy 8y} uf 8400
g0y Joc00 | (BVEWIE-SINBIH) asnied Aeiie siuBiH ¢ sleuoqied Aq papiode) sainjesadwe) uojjeiqyinbesi yeed Q|-G ‘B4
£le 891L0°0 | (epeyig-siyBin) uesnie, kajep e1ep nsyb
44 be20'0 (eveyig-siyBiH) juasnjed IleA 81e nspby '
(01 | Eoobiwx JOVIGNISSY NOIVo01 | # 31anvs T S o ]

310 JI90T0HLIN

131

SNIVINNOWL

A1epunoq ojBojoaB —
O5UD| B1BUOGIED —ecmcm

eBejquesse opueib ssjeub sewog E
oBejquissse ayjogiydwe pepniu)-elusIB nipod E

ebequesse 9jssjouB sesue|-ojjeuoqies selly ep ejeg E

[N
LIS SN
R N Y

mo - ==~
Ay s04i0g
971Ny

pelesys-e e)ns snosub) ojozoeje epeyid - S|YBIH

_ ]

uny
« o o oS eujay|e-ojao / ol||e|oyl sneoeei) Alieg o} oissesnp E
N s)|sodap UBISPBA-JSOJ _H_




132

inclusions in secondary quartz clasts range from 320 to 285°C (Savu et al., 1967). Our
preliminary data on fluid inclusions from quartz grains in carbonate lenses indicate wide ranges
of homogenization temperatures of 275° to 135°C and 180° to 90°C. Ali fluid inclusions are
pseudo secondary- to secondary two-phase hydrous, low-salinity mixtures (4-5 weight % NaCl)
and we interpret them to be surficial water trapped late in the tectonic evolution.

We propose that a wide shear zone, the Highig-Biharia shear zone (HBSZ), overprinted
a composite igneous crust of diorite to basalt and aplite intruded by granite to rhyolite, and gave
rise to the P3iuseni, Ariegeni, Poiana and Biharia lithotectonic assemblages. Although
sedimentary cover strata may have been incorporated into the Paiugeni, Poiana, or Ariegeni
assemblages, the presently exposed structural levels of the HBSZ consist essentially of highly
strained igneous rocks. The carbonate lenses developed by metamorphic differentiation and
grew by metasomatism. Temperature ranges from c. 470°C to less than 300°C recorded within
the same lens indicate gradual cooling and continued growth during shearing and progressive
exhumation of the shear zone.

At its margins, the greenschist-grade belt contains relics from the adjacent medium-
grade metamorphic rocks.

5.3.2 Medium-grade rocks

To the north, in the Gilau Mountains, a lithologic association of amphibolite, mafic
igneous rocks similar to those in the HBSZ axial zone, and a distinctive muscovite-bearing
granite-granodiorite can be separated as the Codru assemblage. Although discontinuous and
with elusive boundaries, this assemblage rims the southern and eastern margins of the Bihor
autochthon. Fibrolite within sheared granodiorite in the Huzii Valley indicates a metamorphic
peak at sillimanite grade. Farther north, retrograde gamet- and (or) biotite-bearing rocks occur in
the greenschist-grade matrix of the Arada assemblage, and an association of plagiogneiss,
micaschist, and amphibolite in the central and northern Gildu Mountains, the Someg
assemblage, records peak metamorphism at sillimanite grade and is intruded by the post-
kinematic two-mica and garnet-bearing Muntele Mare granite. The batholith is bounded by a
discontinuous aureole of sheared sillimanite- and/or magnetite-biotite hornfels that grades
outward into a diffuse zone of chlorite retrogression.

To the south, the apparently low-grade sequence aiso contains relics of medium-grade
rocks. Along the Aries Valley, a marker of graphitic mylonite can be followed nearly continuously
for several tens of kilometres. A chloritized garnet-bearing schist forms a belt a few hundred
metres thick north of the graphitic marker. On either side of the marker, sheared, stretched, and
dismembered granite bodies show that granitic intrusions were not confined to Highig-Biharia
crust before shearing but also invaded medium-grade crust to the south. The metamorphic rocks
here are dominated by large lenses of marble and crystalline dolomite and can be separated as
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the Sohodol-Belioara assemblage. This is in gradational contact to the south and east with
aluminosilicate-bearing rocks hosting abundant carbonate lenses, the Baia de Aries
assemblage, which is intruded by the two-mica and garnet-bearing Vinta granite. Local names
previously used for this lithologic association are, to the west in the Drocea Mountains, the
“M&drigesti series” (Papiu, 1960), and to the east in the Trasciu Mountains, the “Vidolm series”
(Krautner, 1980). In the Trascdu Mountains, the Baia de Aries carbonate lense-gneissic
assemblage is overlain by Tithonian-Oxfordian carbonate cover strata and is retrograded and
brecciated along a north-striking sinistral shear zone (the Trascdu shear zone, TSZ) associated
with Paleogene granodiorite, andesite, and explosion breccia. At the confiuence of the Arieg and
lara rivers, amphibolite lenses commonly show symplectitic ims (mainly epidote-quartz) around
garnet that may record earlier eclogitic facies conditions for at least parts of the Baia de Arieg
assembiage.

Stable Isotope Data On Medium-Grade Rocks

Several samples from the large, variably dolomite marble lenses of the Baia de Aries
assemblage have been analysed for carbon and oxygen isotope ratios. Analytical data are
grouped in a narrow range +1.5 to +2.7 for carbon and 19.5 to 23.7 for oxygen (Table 5-2) and
plot in the field defined for metamorphosed limestone under medim- and high-grade
metamorphic conditions (Fig. 5-9). Sample 11 120 represents a carbonate lens from the
southemn terrane affected by the shear zone. It is depleted 4%, in *C but only 1-2 %/, in **0 in
respect with the marbles from the unretrogressed domain of the southem gneissic terrane.

Geothermobaromeltry

Metamorphic conditions for the medium-grade assemblages have been previously
estimated based on petrographical observations and existing petrogenetic grids. The originally
proposed prograde metamorphic zonation (e.g., Dimitrescu et al., 1974), was shown to be
apparent, and to have resulted by retrogression (Balintoni, 1985). The distribution of index
minerals in the eastern part of the Someg assemblage was interpreted to be the result of two
medium-grade metamorphic events overprinted by a chlorite-zone aureole around the Muntele
Mare granite-granodiorite batholith (Hartopanu and Hartopanu, 1986). Similarly, the Baia de
Aries assemblage is interpreted to record two medium-grade metamorphic events and local
retrogression to the chorite zone (Balintoni and lancu, 1986). Alumosilicate minerais have been
reported from all medium-grade assemblages but their distribution is random.

P-T estimates for the Somes and Baia de Arieg assemblages are based on the gamet-
biotite thermometer and GASP barometer (first formulated by Thompson, 1976 and Ghent,
19786, respectively) for gneiss samples and calcite-dolomite thermometer (Anovitz and Essene,
1987) for a marble sample from the Baia de Aries assemblage (Fig. 5-10). Chemical analysis of
minerals have been determined with a JEOL JXA-8900R electron microprobe at the University
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Fig. 5-14. Microphotographs of probed gamnet grains
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of Alberta; uncertainties in the microprobe analysis likely contributed less than 10 % to the total
PT uncertainty (Kohn and Spear, 1991). P-T calculations for the gneiss samples have been
performed using the internally consistent thermodynamic data base incorporated in the
computer software TWQ 2.02 (Berman, 1996). The relevant reactions and the estimated PT
conditions are presented in Figs. 5-11; 5-12 and 5-13. Tentative interpretations follow, although
more data are needed (e.g., on chemical equilibrium between matrix biotite and garnet core).

In the eastern part of the Baia de Aries assemblage (“Vidolm island”) a staurolite- and
andalusite (?)-bearing plagiogneiss (sample 8033, Fig. 5-11) yielded a very good intersection at
3.8 kb and 610°C which roughly corresponds to the center of the triangle error defined in a
nearby gneiss (garnet 3 - sample 7345, Fig. 5-11) by a population of small garmnets. Data on a
distinct population of larger broken gamets (gamet 2 - sample 7345) suggest higher pressures,
but the PT values are poorly constrained. PT estimates of 6-7 kb on an adjacent mylonitic gneiss
with very fine grained biotite garet and kyanite (7369, Fig. 5-11) and symplectitic coronas on
garmet in nearby amphibolite lenses suggest a complex PTt path for the Baia de Arieg
assemblage that included isothermal decompression from deep- to mid-crustal conditions.
Temperature estimates using garmnet rim and contact biotite range between 550 and 750°C, but
the preservation of zoning in garnets (Fig. 5-14) constrain temperatures to less than c. 600-
650°C. A sample from a large marble layer hosted by the analyzed gneiss retained a peak
temperature of 573°C (Fig. 5-10). The eastern part of the Baia de Arieg assemblage (“Vidolm
island”) was uplifted above the 500°C isotherm during the Middle/Late Jurassic (Dallmeyer et al.,
1998).

In the central part of the Baia de Arieg assemblage, PT estimates using garnet core and
rim data (sample 7500, Fig. 5-12) suggest an evolution from approximately 3 kb/675°C to
5kb/575°C on a counterclockwise PTt loop. The Baia de Aries assemblage was intruded by the
spessartin-bearing Vin{a granitoid during the Permian (c. 261 Ma, Pana et al., 1998) and was
uplifted above the c. 400°C isotherm during the Early Cretaceous (Dallmeyer et al., 1998).

Temperatures recorded by the two-mica gamet-bearing gneiss exposed in the eastem
part of the Somes assemblage (samples 688) range from c. 550 to c. 650°C. This region was
uplifted above the c. 400°C isotherm during the Early Cretaceous (Dalimeyer et al., 1998).

The lithologic units defined here have no stratigraphic connotation. We interpret the
medium-grade assemblages and the igneous rocks to represent pre-Alpine crust, and the low-
grade metamorphic rocks to represent wide Alpine retrogressive shear zones overprinting this

crust.
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5.4. PROTOLITH AGES AND TIMING OF TECTONISM

Fossil microflora have been reported from both low- and medium- to high-grade
metamorphic rocks (see Tab. 5-1); their relation to the host rock is unclear and their significance
is therefore uncertain (e.g., infiltration after metamorphism cannot be ruled out). Early K-Ar data
for both medium- and low-grade rocks indicate a range of Variscan to Alpine ages (Soroiu et al.,
1969; Pavelescu et al., 1975), but these may have no geologic significance because the dates
are randomly distributed throughout the lithologic assemblages and recently obtained “Ar/*Ar
spectra indicate strong disturbance (Dallmeyer et al., 1996). Tectonothermal evolution is directly
constrained by “°Ar/*%Ar results (Dallmeyer et al., 1996) and by U-Pb zircon data from granites in
several of the lithologic assemblages outlined above (Fig. 5-15).

The non- or only slightly retrograded medium-grade Someg assemblage records late
Variscan ages (c. 315 to c. 300 Ma). A zircon U-Pb crystallization age of c. 295 Ma was
obtained for the Muntele Mare granite that intrudes the Somes assemblage (Pana et al., 1998).
An “Ar/°Ar plateau age of c. 191 Ma for muscovite from the same granite suggests Early
Jurassic uplift and erosion. In the retrograded Arada assemblage, “°Ar/*°Ar spectra indicate
Alpine disturbance of the Variscan ages, or Austrian plateau ages. In the Codru assemblage, an
U-Pb zircon age of ¢. 372 Ma was obtained from a granodiorite and the amphibolites record
Early Variscan ages (405 to 335 Ma). In the Highig-Biharia shear zone, U-Pb ages of the
igneous protolith vary from c. 267 Ma in the Highis Mountains to c. 500 Ma in the Biharia
Mountains (Pani et al., 1998). The re-equilibrated greenschist rocks of the HBSZ record
Austrian tectonism (plateau ages of c. 114 to 110 Ma), and the relic-bearing rock types have
yielded disturbed spectra with various Paleozoic and Mesozoic ages.

The southern medium-grade Baia de Aries assemblage yielded a Jurassic plateau age
(156 Ma) near Surduc, and Austrian ages (c. 119 to 111 Ma) closer to the HBSZ. The
retrograded Sohodol assemblage yielded three plateau ages: c. 186 Ma, 169 Ma and 124 Ma
and a disturbed Variscan spectrum. However, because the c. 260 Ma Vin{a granitoid and the
c. 390 Ma Madrigesti granite intrude the Baia de Aries assemblage we infer that the medium-
grade fabric in the Baia de Aries assemblage is pre-Variscan and that the Middle Cretaceous
dates record uplift and cooling. The retrogressive Trascau shear zone is the locus of Paleogene
intrusions (“Banatite”), suggesting Early Tertiary tectonism and surficial-water enhanced melting.
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Figure 5-15. Proposed informal classification of the metamorphic-magmatic basement
rocks in the Apuseni Mountains. U-Pb zircon dates indicate the approximate emplacement
age of the granitoid plutons; “Ar/*Ar data from Dallmeyer et al., 1998.
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5.5. REGIONAL ORIENTATION DATA AND EVIDENCE OF STRAIN PARTITIONING
ALONG THE BELT OF LOW-GRADE ROCKS

A complex pattern of strain distribution is recorded by both planar (Fig. 5-16) and linear
(Fig. 5-17) structural elements in the greenschist belts.

Outcrop-Scale Structures. As seen in road cut exposures at least several hundred
square metres in area, rock bodies of contrasting lithology are tabular or linear. Centimetric to
decametric mullions and mineral stretching lineations are strike-parallef along the lara and Aries
rivers and gradually change to oblique or dip-parallel in the Biharia and Highig mountains.
Isoclinal minor folds are mostly subparallel to mullions. Around the Bihor autochthon, low-grade
rocks display a later set of normal-slip striations.

Microscopic Fabrics. Most rock types along the greenschist beit show non-equilibrium
textures with strained aggregates and clasts of quartz, feldspar, amphibole, and pyroxene set in
a matrix of sub-granulated quartz, sericite and/or chlorite. On the basis of detailed sampling of
massive pods, from the core outward to the highly sheared matrix, all protoliths of the HBSZ are
of igneous origin. Shear-sense indicators including S-C fabric, shear bands, rotated remnants of
fractured minerals, and strain shadows show a dominant component of non coaxial strain (Fig.
5-18).

Equilibrium textures are characterized by compositional layering and a simple
mineralogy of albite + quartz + sericite + chlorite +/- carbonate +/- magnetite +/- epidote.
Differences exist only in the relative proportion of particular minerals, grain size, and intemnal
structure. Calcite, quartz, phyllosilicate, quartz-feldspar, and quartz-feldspar-phyllosilicate
lithons can be recognized in a continuum of microstructures stretched in the foliation plane.
Microstructures indicate a change in flow pattern from dominantly continuous, steady-state
deformation at high temperature to more localized discontinuous deformation at lower
temperature. This flow partitioning allowed the preservation of earlier-formed microstructures at
a range of stages of development. Higher-temperature microstructures are common at the
periphery of the HBSZ in fine-grained amphibolite derived from diorite along the northern
boundary of the Codru assemblage and in fine-grained biotite-bearing mylonitic orthogneiss
along the southern boundary of the Sohodol and Belioara assemblages. Within the same low- or
very low grade of metamorphism, a range of stages of transformation can be seen for each
protolith. We consider that metamorphic textures within the Paiugeni, Ariegeni, and Biharia
assemblages of the HBSZ were derived from igneous textures by shearing and hydration.

Tectonic fabric elements vary in orientation along the HBSZ but show identical
orientation across lithotectonic assemblages within a segment. There is no structural
discordance between successions previously assigned to different nappes. Stretching lineations
and mullions are parallel, and mesoscopic fold axes are slightly discordant to subparalle! with
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the stretching structures, suggesting incomplete realignment of early structures along tectonic
flow lines during later strain. Distinct tectonic regimes are apparent from a gradational change of
strain axes between domains of uniform orientation and a change of tectonic regime in time is
obvious in some domains.

In the northern Highis Mountains, the structurally lowest Pdiugeni assemblage is thrust
over Permian and Triassic strata of the Codru assemblage and displays subhorizontal shear
planes and mainly SE plunging ductile (mullions, stretching lineation) and brittle (slickenside
striae and striated dip-parallel cleavage) linear fabrics. Shear-sense criteria in thin section
indicate mainly normal dip-slip, suggesting a “deck-of-cards” style of deformation within the
thrust sheet, and/or post-thrust isostatic reequilibration accommodated by normal slip on the
original thrust-related foliation (Fig. 5-18). At several locations, strong E-W along-strike
stretching lineation is developed.

Timing remains ambiguous. The independent maxima in the centre of the
stereograms indicate late vertical displacement on young E-W faults, which likely caused the
observed northward tilting of some foliation and lineation. The structurally overlying igneous
complex to the south shows similar albeit more scattered orientations with a greater proportion
of subvertical N-S fault planes, suggesting a similar deformation history. No structural evidence
of an older event is apparent, which is at variance with the proposal of an early metamorphic
record by Balintoni (1986). The southern, upper part of the Paiugeni assemblage shows foliation
and stretching orientations similar to the northern one and a secondary, poorly preserved E-W
stretching fabric. The NW-SE trending faults in the eastern Highig Mountains are likely related to
the development of the adjacent Neogene Brad-Gurahont Basin (Fig. 5-20).

In the Biharia Mountains, the average orientations of foliation and stretching lineation
within the Paiugeni, Biharia, Poiana, and Ariegeni assemblages indicate oblique to dip-slip
displacement. Shear-sense indicators in outcrop and thin section are compatible with thrusting
to the NW and subsequent inversion (Fig. 5-19). Striated dip-parallel vertical fractures are
commonly invaded by Tertiary rhyolite dykes, suggesting that thrust-related anisotropy was a
control during subsequent extension.

Farther east, along the Arieg Valley, most foliations are steeply south-dipping and most
lineations gradually change to an ENE trend; a second-order, dispersed maximum defined by
normal dip-slip slickenside striations on south-dipping foliation planes mainly in the retrograde
Arada and Codru assemblages suggests normal-sense detachment (Fig. 5-18) related to the
uplift and erosion of the Muntele Mare granite in the core of the Bihor autochthon. To the north,
in the lara Valley, foliation gradually changes to southeast-dipping and stretching lineations form
a girdle as the belt wraps around the eastern boundary of the Bihor autochthon. Within the
adjacent Somes assemblage, similarly-oriented mullions in plagiogneiss and stretching



Fig. 5-18. Microscopic shear-sense indicators:

a) Pressure-solution enhanced ¢ structure showing sinistral sense of shear
within highly sheared, serpentinized gabbro/diorite of the P&iugeni assemblage, Highisg
Creek, Highis Mountains; foliation 200/45; stretching lineation 130/27. Data indicate
oblique thrust to NW (crossed polars, scale bar = 0.6 mm).

b) Domino structures show dextral slip on shear planes affecting previous
foliation within sheared granite of the P3iuseni assembiage, on a right tributary of
Ardneag creek, Highis Mountain; foliation 240/35; stretching lineation
190/20. Data indicate post-thrust extension to the south (crossed polars, scale
bar = 0.6 mm).

¢) Tail of rotated quartz-clast in “metaconglomerate” indicates dextral shear,
foliation 160/25, stretching lineation 125/15; Pdiugeni assemblage, Banesti Creek,
southern Biharia Mountains. Data indicate normal-slip detachment to the southeast
(crossed polars, scale bar = 0.6 mm)

d) S, structure in albite shows dextral sense of slip in sheared granodiorite of
the Codru assemblage, Neagu Creek, southern Gildu Mountains; foliation 180/45,
stretching lineation 190/30. Data indicate extension under greenschist facies
conditions within the Codru assemblage (crossed polars, scale bar = 0.24 mm).

e) & structure of gamet shows dextral slip in slightly retrogressed gneiss of
Somes assemblage; lertii Creek, upstream of the Muntele Baisorii village; foliation
160/35; lineation 50/20; Data indicate northeastward extension along the eastern
margin of the Bihor autochthon (paralle! polars, scale bar = 0.6 mm).

f) Sinistral sense of shear from asymetric “5" feldspar porphyroclast within
sheared granite of the retrogressed Someg assemblage, Bistra Creek, southern
Gildu Mountains; foliation 182/67; stretching lineation 170/65; Data indicate local
thrusting to the north along the southern margin of the Bihor “authochthon”;
(crossed polars, scale bar =2.4 mm).
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Fig. 5-19. Outcrop scale kinematic indicators:

a) Prismatic “cleavage mullions” (~25/7) at the intersection of closely spaced,
subhorizontal thrust related shear planes (S,=80/18, L,=160/5) with subsequent widely
spaced, steeper normal-slip shear planes (S,=110/55, L,=140/50); Paiugeni
assemblage, Gubului Creek, central Highig Mountains.

b) Sheared microgranite, stretching lineation in all shear planes is
subhorizontal, oriented perpendicular to the outcrop: L = 140/5; Paiugeni assemblage,
Cornului Creek, eastern Highis Mountains.
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Fig. 5-19 (continued). Outcrop scale kinematic indicators:

a) Mylonitic layering developed within granite of the Biharia assemblage, road
cut along the Ariegul Mare River, 1km upstream from its confluence with the Ariegul
Mic River, Biharia Mountains;

b) Detail of the same outcrop: duplex-type structure in sheared granite; foliation
160/10, stretching lineation 130/7. Data indicate initial top to the NW thrusting within the
Biharia assembiage;

c) Detail of the same outcrop: granitic pods within the mylonitic layering.
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lineations in the gneissose tail of the Muntele Mare granite suggest formation by clockwise
rotation of the Bihor autochthon followed by extension (Fig. 5-18). Although thrust-sense shear
indicators occur locally along the southem (Fig. 5-18) and eastern boundaries of the Bihor
autochthon, a thrust fault cannot be mapped unequivocally.

5.6. TECTONIC EVOLUTION OF THE NORTHERN APUSENI SEDIMENTARY BASIN
Permian and Mesozoic cover strata record the isostatic and tectonic evolution of the
Variscan Somes and Codru medium-grade assemblages in the western part of the Apuseni
Mountains. A red-bed sequence with interbedded basalt flows and ignimbrite is assumed to be
Permian in age. Ladinian to Early Norian sedimentation took place on subsiding carbonate
platforms, with basinal accumulation. This was followed by mainly clastic continental
sedimentation in the Hettangian, shallow and slightly subsident shelf conditions in the
Sinemurian, phosphate and glauconite deposition in the Pliensbachian to Aalenian, and intense
biochemical activity probably controlled by upwelling currents in the Pliensbachian to Oxfordian.
Beginning in the Tithonian, sedimentation records existing topographic contrast: a carbonate
platform developed in the north and a rapidly subsiding trough in the south, with flysch of
Tithonian-Berriasian age (Patrulius, 1976). The distribution of rock units suggests a long-lived
strain zone between the Gil&u-Bihor and Codru mountains which evolved as an arm of the
Tithonian-Neocomian Mures Basin (Fig. 5-20). Subsequent compression resulted in high strain
in clastic sequences and northwestward thrusting, consistent with kinematic indicators in the
tectonically overlying metamorphic assemblages of the Biharia Mountains. Timing of thrusting is
uncertain. In one locality east of Beius, a local thrust is stratigraphically constrained as intra-
Turonian in age. However, there is no evidence for the existence of large, coherent, and far-
travelled thrust sheets. Nappe correlation across the Neogene Beiug Basin into the Codru
Mountains is contradicted by facies correlations of the Mesozoic sequences (Bleahu et al.,
1981). The medium-grade basement exposed in the Codru Mountains is similar to the Somesg
assemblage of the Bihor autochthon (Fig. 5-20). The similarity of Permian to Jurassic
extensional structures and of mafic rocks in adjacent carbonate-dominated successions
currently assigned to separate nappes suggest to us only modest relative displacement.

5.7. TECTONIC EVOLUTION OF THE SOUTHERN APUSENI SEDIMENTARY BASIN

A tectonically active Middle Jurassic to Cretaceous basin overlying the gneiss-carbonate
assemblage is presently exposed in the southern Apuseni Mountains and in the South
Carpathians. Characterized by a suite of tholeiitic to calc-alkaline rocks extruded within a
complex sedimentary environment, its remnants are known as the "Mureg Basin".

Middle Jurassic tholeiitic rocks crop out over a limited area in the westernmost



Figure 5-20. Tectonic sketch of the Apuseni Mountains; large letters refer to mountain
segments mentioned in the text: H - Highis Mountains, D - Drocea Mountains, C - Codru
Mountains, B - Biharia Mountains, G - Gildu Mountains, T - Trascdu Mountains,

P - Plopis Mountains, M -Mezes Mountains, R - Poiana Ruscd Mountains; capital letters
indicate the age of the platformal deposits: J; = Upper Jurassic limestone; small letters
indicate the age of flysch and molasse deposits: th-ne = Thitonic to Neocomian,

br-ap= Barremian to Aptian, ap-al = Aptian to Albian, al,-cm = Late Albian to
Cenomanian, cm,-ma = Late Cenomanian to Maastrichtian, tu-ma = Turonian to
Maastrichtian, co-ma = Coniacian to Maastrichtian, st-ma = Santonian to Maastrichtian,
ma = Maastrichtian. White numbers in black circles refer to the "wildflysch” sequences,
interpreted here as shallow structural levels of major shear zones: 1- parts of the Ponor
formation (Albian); 2- part of the Rameti Formation (Vraconian to Maastrichtian);

3 - “Mates Formation” (Upper Aptian to Albian); 4 - southern part of the Suharu
formation (Upper Aptian to Albian); 5 - the "Ciuruleasa Formation” (Barremian to Aptian);
6 - the "Valea Morgasului Formation” (Aptian to Albian); 7 - part of the Grogi Formation
(Barremian-Aptian to Paleogene (?); 8 - the "Bejani Formation" (Barremian to Aptian).
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part of the Mures Basin (Savu, 1980; Nicolae, 1994). They are intruded by granite stocks (e.g..
at S&varsin and Cerbia) and grade eastward into calc-alkaline rocks. An Oxfordian to Berriasian
carbonate platform was established both on the southern Apuseni continental crust, the Baia de
Aries assemblage (e.g. in the Trasciu Mountains), and on rocks of the Mures igneous suite (Fig.
5-20). Stretching along the poorly defined northern contact of the Mures igneous suite and the
Apuseni continental fragment was accompanied by the deposition of Tithonian to Albian flysch-
like sequences interlayered with mafic detritus and intruded by calc-alkaline dykes and sills. The
retrogressive Trascdu shear zone projects into the northeastern extremity of the flysch basin. A
wide belt of slices and tectonic enclaves of the underlying carbonate and igneous rocks in a
highly sheared flysch matrix can be followed along the northern boundary of the Mureg igneous
arc. It correlates with the wildflysch formations (horizons) of the Tithonic to Albian flysch (see
Fig. 5-20) previously assigned to different nappes. Its continuity along the northern boundary of
the Mures igneous arc (Fig. 5-20) is inconsistent with a nappe interpretation. Moreover, the
Maastrichtian cover (Bordea, Constantinescu, 1975; Bordea et al., 1979) of the HBSZ can be
traced across some of the “nappes” postulated in the southem Apuseni Mountains (Sandulescu,
1984). The southem side of the Mureg magmatic arc is also bounded by an Early Cretaceous
flysch sequence and a wildfysch belt that projects into the Tisa shear zone (Dinica et al., 1996)
(Fig. 5-20). We suggest that the flysch basins that bound the Mureg igneous arc record Middle
Jurassic to Early Cretaceous tangential stretching of the Carpathian crust and that wildflysch
assemblages are linear domains of high strain accumulation that accommodated Middle
Cretaceous compression through folding and local thrusting. Post-Middle Cretaceous tectonic
relaxation is recorded by Cenomanian molasse (Fig. 5-20). Segments of these crustal strain
zones were reactivated during subsequent tectonism. Late Cretaceous strain is recorded in the
northeastern part of the basin by wildflysch horizons in the Cenomanian-Senonian Rameti
Formation in the Trasciu Mountains, by Campanian wildflysch along the southern bank of the
Aries Valley, and by sandstone flysch of the Bozeg Formation (Santonian to Maastrichtian) in the
southeast. Tertiary reactivation of the Trascéu shear zone is recorded by a discontinuous belt of
Paleogene dioritic to andesitic rocks and by folding of Maastrichtian strata. West of Zlatna, the
Mures Basin is cut by NW-trending dextral transtensional faults plugged by the Miocene to
Pliocene Brad-Gurahont andesite belt, transversely oriented to the postulated subduction zone

in the southern Apuseni.

5.8. REGIONAL CORRELATIONS

The Permian-Mesozoic cover of the Someg and Codru assembiages of the Apuseni
Mountains is lithologically similar to rocks in the Villany and Mecsek hills of southern Hungary
(Patrutius, 1976). Drill-core data indicate the presence of Permian-Mesozoic strata beneath the
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south Pannonian Basin (Bérczi-Makk, 1986). Correlative Triassic cover of Eastern Alps-
Carpathian affinity has been recognized to the southwest in the Slavonian Mountains (Siki6,
1981 fide Pamié, 1993). The metamorphic sequences of the Apuseni Mountains are aiso
recognizable beneath the Pannonian Basin and in the Slavonian Mountains. The pre-Alpine
polymetamorphic evolution proposed for the basement of the southern Pannonian Basin (Arkai
et al., 1985) is similar to the record in the Someg assemblage (Hartopanu and Hartopanu, 1986).

Low-grade metamorphic rocks and associated granitic bodies similar to the Highig-
Biharia lithotectonic assemblages occur in drill cores from the Vojvodine region of Serbia
(Kamenci and Canovic, 1975)(Fig. 5-21) and farther west in the central Slavonian Mountains.

North of the HBSZ, between the Slavonian and Apuseni mountains, drill holes have
intersected a wide zone of retrogressed medium/high grade crust. Intense sodium and/or
carbonate metasomatism associated with shearing and retrograding resulted in locally complete
pseudomorphing of mica and feldspar by carbonate (Nusszer, 1986). The retrograde overprint
diminishes northward, and SW- striking “metamorphic regional units” have been recognized in
several hundred drill-core samples from the southern Pannonian basement (Szili-Gyemant,
1986: Nusszer, 1986; Cserepes-Meszéna, 1986). These match rock types in the westernmost
outcrops of the Apuseni Mountains. An association similar to the Codru assemblage can be
recognized in drill core from the Kérés-Beretty6é and Szank areas and in outcrops in the Mecsek,
northern Papuk and Moslavacka Gora mountains (Szili-Gyémant, 1986; Nusszer, 1986;
Cserepes-Meszéna, 1986; Pamic, 1986); some variability is seen along strike. The northernmost
outcrop of the Bihor assemblage in the Plopig Mountains correlates with the "Almosd Unit" (Szili-
Gyémant, 1986) of the Pannonian basement (Fig. 5-21).

In the central Slavonian Mountains a belt of low-grade rocks similar those described in
the HBSZ separate two medium-grade “complexes”, the Papuk-Jankovak complex, to the north,
and the Psunj-Kutjevo complex (Pamic¢, 1986; 1993). The Papuk-Jankovak complex correlates
with the Codru assemblage in the Apuseni Mountains, and the Psunj-Kutjevo complex, with the
Baia de Arieg assemblage. As in the Apuseni Mountains, shearing and retrogression of
medium/high grade rocks resulted in the development of a phyllonitic belt across the Papuk-
Jenkovac complex, the Ravna Gora sequence, and of mappable bands of graphite- or chloritoid-
blastomylonite and gneissic or phyllonitized granite across the Psunj-Kutjevo complex (Pamic,
1986). Along the Sava shear zone, the Prosara-Motajica complex (Pamic, 1986) represents the
westernmost exposure of the Baia de Arieg assemblage.

Facies similarities and basement/cover thrust relations recognized in drill holes at two
localities led to the application of the nappe model to the southeastern part of the Pannonian
basement, with the proposal of a central Hungarian autochthon and a south Hungarian nappe
system (Dimitrescu, 1981; Szederkényi, 1982; Balazs et al., 1986, Grow etal., 1989). On the



Figure 5-21. Proposed correlation of the metamorphic assemblages from the Apuseni
Mountains along the unexposed basement of the southern Pannonian Basin, to the
Mecsek and Slavonian mountains; 1 - exposed metamorphic/igneous basement of the
Carpathian-Pannonian area; 2 - amphibolite-lense dominated assemblage; 3 -carbonate
-lense dominated assemblage; 4 -migmatite; 5 - granite-phyllonite assembiage;

6 - Pieniny-Ddmuc belt of arc parallel shear at the transpressional contact between the
inner and outer Carpathian units; 7 - flysch sequences; 8 - Neogene igneous rocks;

9 - diffuse chlorite zone retrogression; 10 - mylonitic zones in the unexposed basement
of the southern Pannonian basement; 11 - Early Alpine boundary of the “Tisia" crustal
fragment; 12 - major faults related to its Tertiary 80-100° clockwise rotation;

13 - Pleistocene alkaline igneous rocks (mostly basalts); Fs - Pieniny; D - D&muc;

P-J - Papuk-Jankovak; P-K - Psunj-Kutjevo; Ra - Ravna Gora; P-Mj - Prosara-Motaijica;
Vo - Vojevodina; K - Kecsemét; Sz - Szank; K-B - Kérés-Beretty6; A - Almosd;

Hi-Bi - Highis-Biharia upper crustal igneous complex; S - Somes; C - Codru
assemblage; BA - Baia de Arieg; Mo - Moslavacka Gora; S - Slavonian Mountains;

M - Mecsek Hills, V - Villany Hills; TDR - Transdanudian Range; B - Bikk Hills;

Z - Zemplin Hills; P - Plopig Mountains; Ps - Persani Mountains; Rmcc - Rodna
metamorphic core complex; Bmcc - Banat system of metamorphic core complexes (eg.,
Godeanu, Porile de Fier, Bahna); DVFZ - Dragog Voda sinistral fault zone;

STFZ - South Transylvanian dextral fault zone. SFZ - Sava fault zone.




157

1 23 = 4[5 s[] oEEEd

70 BfE 9.0 0= 11 2 12— 134

Fig. 5-21.




158

basis of the parallelism of mylonite zones in drill holes and the Szolnok transcurrent fault zone
(Fig. 5-21), we infer a genetic relationship, which casts doubt on a nappe interpretation.

5.9. PROPOSED GEODYNAMIC MODEL

In a paleotectonic reconstruction of Early Alpine evolution, the Apuseni Mountains,
Villany Hills, and Slavonian Mountains belong on the European margin as the
south(west)ernmost expression of the Carpathian crust. Facies correlations and similarities of
the Apuseni-south Pannonian continental fragment with the present East- and South
Carpathians fragments have been noted both for the Paleozoic to Mesozoic sedimentary cover
(MiSik et al., 1989) and for the metamorphic assemblages (Pan& and Erdmer, 1994). The Sava
Fault Zone defines the southwestern boundary with the South Alpine-Dinaric facies zones
(Pamidé, 1986; 1993), and the enigmatic "mid-Hungarian line" to the northwest separates the
Apuseni-south Pannonian facies zones (Tisia) from the allochthonous Pelso unit (Haas et al.,
1995) (Fig. 5-21). These major long-lived transcurrent discontinuities may have obliterated the
vestiges of the Vardar-Bikk-Meliata branch of the Triassic Tethys Ocean. To the east, the
Middle Jurassic to Early Cretaceous Mures transcurrent shear zone separated the Apuseni from
the Carpathian crust. Beyond the present exposure of the Mureg basin, its trajectory is difficult to
infer but there is no unequivocal evidence for the proposed continuation of a Triassic branch of
Tethys from Vardar along the Mureg Basin into the Pieninny Basin(s) (e.g. Séndulescu, 1984,
1994). In addition, significant facies differences between the Permian to Mesozoic sequences of
the Apuseni Mountains and the West Carpathians exist (Patrulius, 1976; MiSic et al., 1989). The
vergence and style of deformation in the Apuseni Mountains preclude structural correlation with
the thrust sheets interpreted in the West Carpathians. In contrast, the granite/orthogneiss-
dominated Tatra (Jaraba) assemblage of the West Carpathians (Kamenicky and Kamenicky,
1988) is similar to the Pietrosu-Haghimas-Bretila granite/orthogneiss assemblage of the East
Carpathians and occupies the same tectonic position as the first basement unit in
transpressional contact with the Carpathian outer flysch (Fig. 5-21). In both regions, medium- to
high-grade assemblages are cut by retrogressive, orogen-parallel shear zones, suggesting a
common Alpine evolution.

Early attempts to integrate the Apuseni Mountains into Alpine plate tectonics (e.g.
Ridulescu and Sandulescu, 1973; Bleahu et al, 1973, Bleahu, 1976) inferred the Mures Basin to
represent the main branch of the Tethys Ocean. Models of a single arc (Cioflica and Nicolae,
1981), dual converging arcs (Savu, 1983), or changing subduction polarity (Sandulescu, 1984)
were proposed to accommodate the juxtaposition of tholeiitic and calc-alkaline rocks. The
igneous petrochemistry and sedimentologic characteristics of the western part of the Mures
Basin have also been interpreted as those of a marginal basin developed on continental crust
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(Lupu et al., 1993). Remnants of the Tethys Ocean were postulated to be obscured by Tertiary
cover of the Transylvanian Basin (e.g., Sdndulescu, 1994; Radulescu et al. 1993) but core
samples from the Transylvanian basement are gneiss or calc-alkaline igneous rocks (I. Nicolae,
personal communication, 1995).

Westward subduction beneath the Apuseni crustal fragment was considered to have
resulted in subduction magmatism and the thrusting of a large number of antithetic nappes but
the number, composition, age, and boundaries of the proposed nappes varied between authors
(e.g. lanovici et al., 1976; Bleahu et al., 1981; S&ndulescu, 1984; Balintoni, 1994). The present
spatial distribution of rock assemblages and their temporal relationships are incompatible with
ocean opening and subduction.

We propose that general crustal extension of the European margin is recorded by
igneous activity (commonly alkali basalt) in Permian to Triassic platformal sequences in the
West, East, and South Carpathians, as well as in the Codru Mountains and Poiana Botizei
klippen. Middle Jurassic to Early Cretaceous tangential stretching of the European continental
margin resulted in a network of anastomosing crustal-scale faults and local adiabatic upwelling
of material from a mantle of constant potential temperature. [n this model (cf. McKenzie and
Bickle, 1988), a hot rising sheet is not required to induce crustal spreading, and mid-ocean ridge
magmatism is not required. A releasing bend of a transcrustal strike-slip shear zone overprinting
the gneiss-carbonate assemblage in Carpathian crust allowed the emplacement of most igneous
rocks of the Mures Basin in the Kimmeridgian. During early extension, cold, mature, and highly
strained crust was intruded by mantle magma dissipating heat over a large depth range.
Following a model of progressive extension of continental lithosphere (at B>2and T, > 1380°C,
McKenzie and Bickle, 1988), we interpret that a gradual increase in the amount of melting was
accompanied by a change in meit composition: the initial alkali basalts were replaced during the
Middle to Late Jurassic by tholeiitic to calc-alkaline rocks. The presence of tholeiite records a
specific rate and amount of crustal stretching in a particular region and does not require the
existence of a major ocean. Tholeiites crop out only in the westernmost part of the Mureg
tectonic zone, where Rb/Sr dates of 180-140 Ma were estimated (Hertz et al., 1974) and K/Ar
ages of 168-143 Ma have been obtained (Nicolae et al., 1992). An inherited population of zircon
in the S&varsin granite that intruded the tholeiitic suit yielded a U-Pb age of c. 155 Ma which
corresponds to the Callovian age of the oldest sediments interlayered with the tholeiitic rocks
(Lupu et al., 1995). Strongly layered crust below the brittle-ductile transition provided favourable
conditions for sill intrusion. Intracrustal mixing and hybridization resuited in the emplacement of
the Tithonian to Albian calc-alkaline suite in the adjacent subsiding flysch basins and in the
Eocene emplacement of the Sévarsgin (c. 55 Ma, Pani et al., 1998) and Cerbia granites within
the tholeiitic complex. The Callovian-Kimmeridgian age of mafic igneous activity in the Muresg
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Basin correlates with the c. 156 Ma “Ar/*°Ar cooling age of hornblende within the most external
Baia de Arieg assemblage. Similar ages yielded by high-pressure rocks of the Meliata
assemblage in the southern West Carpathians (Dalimeyer et al., 1996) suggest a link along a
Jurassic tectonic lineament.

Continued crustal thinning and rifting led to the development of Late Jurassic to Early
Cretaceous elongate flysch basins separating the Apuseni-south Pannonian (Tisia) and East
(Bucovina) and South (Getia) Carpathians crustal fragments from the European continent.
Kinematic indicators in the Bucovinian and Getic crust record Late Paleozoic to Alpine orogen-
paraliel stretching (Pan& and Erdmer, 1994). Similarly to earlier models (e.g., Le Pichon etal.,
1988) we assume Jurassic to Early Cretaceous sinistral displacement along the Mureg
transtensional zone. Oblique compression of the Bihor autochthon against the Highig-Biharia
igneous complex and the Baia de Aries gneissic crust resulted in strain concentration within the
igneous complex and uplift and thrusting of the Baia de Aries gneissic crust. West of the Bihor
block, lateral extrusion of the sheared igneous crust resuited in a wide northwestward verging
thrust zone and high strain throughout the cover sequences in the footwall. Compression ceased
at about 100 Ma. Subsequent extensional structures throughout the HBSZ were followed by
deposition of Santonian-Campanian “Gosau”-type strata that overlap the metamorphic
assemblages in the central Apuseni Mountains. Campanian wildflysch exposed in the Arieg
Valley along the EW segment of the HBSZ indicate a long-lived zone of crustal weakness. The
Late Cretaceous to Early Tertiary Viddeasa taphrolite ($tefan, 1980) records breakup of the
Bihor block (Fig. 5-20) and independent trajectories for the resulting crustal fragments.

Middle Cretaceous compression was also accommodated by the wildflysch belts along
the Mures igneous arc. The overlapping Cenomanian molasse record post-Austrian tectonic
relaxation and flysch- and wildflysch-type sequences indicate active Late Cretaceous tectonism
in the southeastern part of the Mures Basin. Tertiary tectonism reactivated the Trascau shear
zone and resulted in Paleogene igneous activity and in a SSE-trending fold system involving
strata as young as Maastrichtian. The bend of the sinistral Trascdu shear zone and of the
associated fold system in the southern Apuseni Mountains (Fig. 5-20) suggests a clockwise
rotation of the northern structural units during compression between the Apuseni and the
Carpathian/Moesian promontory. More data are needed to link the major structures described
here with the paleomagnetic data which suggest that the Apuseni-South Pannonian crustal
fragment (“Tisia") travelled more than 1000 km northward and rotated about 90-100° clockwise
during the Late Cretaceous to Miocene (Marton, 1986; Péatragcu, et al., 1990; Marton and
Mauritsch, 1990).

Neogene isostatic reequilibration resulted in post-orogenic collapse accommodated by
major fault zones with associated igneous activity along the margins of the Apuseni-
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Transylvanian block: to the east, a NNW striking, southward-propagating fault zone was
progressively plugged by the Miocene to Pleistocene Calimani-Harghita volcanic belt; to the
south-west, a wide dextral NW striking fault zone is plugged by the Miocene to Pliocene Brad-
Gurahont volcanic belt. Post-Miocene eastward translation of the Apuseni-Transyivanian
fragment was accommodated to the south by the dextral South Transylvanian fault zone which
is overlapped by Pleistocene alkaline intrusives, and to the north by the sinistral Dragos Voda
fault zone.

5.10. CONCLUSIONS

The previous stratigraphic interpretation of metamorphic rocks in the Apuseni Mountains
was internally inconsistent. We propose that they can be grouped into the Somes gneissic
assemblage to the north and the Baia de Aries carbonate-lense dominated gneissic assemblage
to the south, separated by the Highig-Biharia upper crustal igneous complex and the Codru
amphibolite-dioritic assemblage. Shearing and hydration of igneous and gneissic protoliths
during Alpine tectonism resulted in the development of several low-grade lithotectonic
assemblages. Two beits of high strain concentration have been mapped: the Highisg Biharia
shear zone, overprinting mainly igneous rocks across the central Apuseni Mountains, and the
Trasciu shear zone, overprinting the Baia de Aries crust along the eastern margin of the
Apuseni Mountains.

The widespread intemnal strain in Cretaceous metamorphic assemblages indicates that
revision of the previous model of coherent nappes is required. In the western Apuseni
Mountains, thrust-related structures within the low-grade assemblages are consistent with the
imbrication and NW-thrusting of underlying Permian-Mesozoic cover. In the eastern Apuseni
Mountains, contemporaneous transpressional structures are dominant throughout the low-grade
assemblages and regionally significant thrust faults cannot be mapped. Widespread late
extensional structures obliterate variably the Early to Middle Cretaceous compressional
structures.

Tectonosedimentary and igneous activity in the Mures Basin is consistent with the
evolution of a transtensional shear zone during the Middle Jurassic to Early Cretaceous. We
propose a model in which extension of the European crust by tangential stretching was
accompanied by local mantle intrusion. Middle Cretaceous compression and Tertiary
compression and rotation were accommodated in wide shear zones that record deformation
during complex plate interaction. We explain the intrusion of calc-alkaline plutons within the
tholeiitic rocks of the Mures Basin by intracrustal hybridization within a transcurrent setting. The
Neogene volcanism likely resulted from mantle processes unrelated to subduction.
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CHAPTER 6

ALPINE STRAIN DISTRIBUTION
AND LITHOLOGICAL CORRELATION
OF BASEMENT ASSEMBLAGES IN THE
CARPATHIAN-PANNONIAN REGION
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6.1. INTRODUCTION

The current tectonic model for the Romanian Carpathians and Apuseni Mountains has
been derived from the facies distribution of sedimentary cover strata and inferred suture zones
(e.g., Codarcea, 1940; R&dulescu and Sandulescu, 1973; Sdndulescu, 1984). Basement units
have been regarded as rigid slices, and passive carriers of the sedimentary record. The
paradoxical interpretation of Carpathian metamorphic tectonites as tectonically irrelevant entities
was enhanced by the stratigraphic approach to the metamorphic lithology. Lithologic units have
been regarded as metamorphosed Precambrian and Paleozoic strata in original stratigraphic
succession (e.g., Krautner 1980,1988; Dimitrescu, 1988; Gheuca, 1988). The metamorphic
record and lithologic content of the basement units were considered of little or no relevance for
the Alpine paleogeographic reconstructions. The kinematic indicators were overlooked (e.g.,
Siandulescu, 1984; Balintoni et al., 1983; 1989; Berza et al., 1994). At the scale of the Carpathian-
Pannonian region, paleotectonic reconstructions based essentially on Alpine facies distribution
and interpreted suture zones resulted in conflicting evolutionary models (Sandulescu, 1975;
1988; Bala, 1985; Birkenmayer, 1986; Debelmas and S&ndulescu, 1987; Haas et al., 1995;

Del Piaz et al., 1995).

It is now clear that the fragments of continental crust involved in Alpine tectonics record
polyphase tectonothermal evolution. “Arf°Ar dating indicates that most low-grade lithotectonic
assemblages record Alpine growth of syn-kinematic muscovite (e.g., Maiusky, 1993; Dallmeyer
et al., 1996). Metamorphic petrogenesis of low-grade assemblages is likely related to syn-
kinematic hydration/carbonation of older crust within crustal scale shear zones (e.g., Pana and
Erdmer, 1994).

This chapter emphasises the Alpine strain and accompanying metamorphic reactions
within basement units adjacent to the Apuseni Mountains and discusses their implications for the

tectonic evolution of the Carpathian-Pannonian region.

6.2. BASEMENT UNITS OF THE APUSENI MOUNTAINS

Lithotectonic assemblages of the Apuseni Mountains can be grouped into the Somesg
gneiss-granite assemblage to the north and the Baia de Arieg carbonate-lense dominated
gneissic assemblage to the south, separated by the Highis-Biharia upper crustal igneous
complex and the Codru amphibolite-diorite assemblage. Shearing and hydration of igneous and
gneissic protoliths resuited in the development of several low-grade lithotectonic assembiages.
Two belts of high strain and retrograde metamorphism define the Highig-Biharia shear zone
(HBSZ) and the Trascau shear zone (TSZ), overprinting mainly igneous rocks across the central
Apuseni Mountains, and the Baia de Arieg crust along the eastern margin of the Apuseni

Mountains, respectively.
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In the western Apuseni Mountains, compressional structures within the low-grade
assemblages are consistent with local imbrication and NW-thrusting of underlying Permian-
Mesozoic cover (Fig. 6-1). In the eastern Apuseni Mountains, contemporaneous transpressional
structures are dominant throughout the low- and adjacent medium-grade assemblages (Fig. 6-
2), and regionally significant thrust faults cannot be mapped. Penetrative extensional structures
variably obliterate compressional structures.

The two principal medium-grade assemblages yielded Early Proterozoic Ty, model ages
and the most negative eNd,,, values, but show relatively distinct isotopic signatures (see chapter
3). The Somes gneiss-granite assemblage yielded the oldest Ty, of c. 1.8-1.9 Ga and most
depleted eNd g, values that reach -15.5. Various Paleozoic granitoids yielded Early to Middle
Proterozoic T, model ages between 1.9-1.4 Ga and less depleted eNd,, values, indicating
different degrees of crustal contamination. Positive eNd,,, values of the Codru diorite and Highig-
Biharia alkali diorite appear to correspond to Paleozoic rift-like settings, whilst the most negative
eNd,, values are similar to those of intrusions in the Someg-Codru crust.

30" _-5C* values of carbonate layers within the low-grade assemblages plot outside the
field of limestone strata metamorphosed under low-grade conditions and suggest a mixing
pattern between igneous values and chemically evolved surficial fluids (see chapter 5).
Although, the data may be interpreted as the result of uncommon non-equilibrium metamorphic
reactions, widespread carbonate reactions within igneous protoliths favour a metasomatic origin
for the thin carbonate layers within the Highis-Biharia shear zone.

“Arf?Ar dating of medium- and low-grade assemblages from the Apuseni Mountains
indicates a complex tectonothermal evolution that included “Early” and “Late” Variscan events
as well as polyphase Alpine tectonism. Homblende and muscovite within non-retrogressed
northern sectors of the Somes gneissic assemblage yielded ages between ¢. 317 Ma and c. 300
Ma. The development of medium-grade textures during Variscan tectonism (Dalimeyer et al.,
1998) is speculative and the cooling ages may simply record Carboniferous uplift accompanied
by the emplacement of the Muntele Mare batholith at c. 295 Ma. Simitarly, the Codru
assemblage yielded “°Ar/*°Ar dates that range from c. 405 to c. 335 Ma and may be interpreted
as stepped Devonian to Carboniferous uplift.

Retrogressed domains within the Someg assemblage record Mesozoic thermal and
structural effects. Shallow-dipping phyllonites overprinting various Paleozoic granitoids
throughout western sectors of the HBSZ record effects of Aptian to Albian (1 14-100 Ma)
north-vergent thrusting and concomitant low-grade metamorphism. A penetratively sheared
Triassic siltstone in the footwall yielded a similar whole-rock plateau date of c. 117 Ma. Southemn
sectors of the Baia de Aries carbonate-lense gneissic assemblage record both Jurassic (186 Ma;

156 Ma) and Early-Middle Cretaceous (124-111 Ma) piateau dates in different structural units.



Fig. 6-1. Stretching lineation within the Highig-Biharia shear zone; highly variable
orientation of planar structures contrasts with constant subhorizontal orientation of linear
structures: a), b) and d) sheared leucogranite in the upper crustal igneous complex
exposed in the northem Highis Mountains, Ardneag Creek (L = 150-160/ 5-10),

c) sheared granodiorite in the Biharia Mountains, Dedului Creek, L = 115/10. L - linear

structure; S - foliation.







Fig. 6-2. Stretching lineation within the Baia de Aries assemblage metre-size mullions
and mineral lineations are everywhere consistent and subhorizontal in the garnet-
bearing plagiogneiss of the Baia de Arieg assemblage along the contact with the Highis-
Biharia shear zone: a) L = 70/3; b) 80/20; c) polyphase deformation in the Baia de Arieg
assemblage: the main foliation S = 175/45 contains two lineations L1 = 90/10 (hammer)
and L2 = 160/25 (marker pen); axis of isoclinal folds are subparallel to L1 stretching:

B = 250/10.
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The Trascau shear zone has not been dated yet; it is cut by Late Cretaceous -Paleogene
“Banatite” calc-alkaline intrusions. it projects southward into highly strained Late Jurassic-
Cretaceous flysch-like sequences of the Mureg Basin.

Basement units of the Apuseni Mountains indicate that Alpine strain in interior sectors of
the Carpathian arc was gradually accommodated within major shear zones. Transcurrent
faulting and local thrusting are variably obliterated by widespread extensional structures around
the central Somes-Muntele Mare basement unit and resulted in juxtaposition of contrasting
structural units which include both metamorphic assemblages and Permian-Mesozoic cover.

No unequivocal data constrain the development of medium-grade textures to the time of
Variscan tectonism. Internal strain in low-grade metamorphic assemblages indicates that
revision of the previous model of coherent basement nappes is required. Synkinematic hydration
and carbonation reactions within wide Alpine shear zones overprinting older crust resulted in the
development of a low-grade lithology dominated by phyllonite and thin carbonate and quartzite
layers.

Sedimentary record. In the northwestern Apuseni Mountains, Carboniferous (?) -
Permian conglomerate records post-Variscan exhumation of the Somes assemblage following
the emplacement of the Muntele Mare batholith at c. 295 Ma. Triassic to Middle Jurassic strata
record a passive continental shelf and Tithonian to Neocomian flysch-like strata indicate a
subsiding trough between the central Gildu Mountains and the western Codru Mountains.
Flysch-like strata along the southern and eastern margin of the Apuseni Mountains, in the Mureg
Basin, indicate active Middle Jurassic-Cretaceous tectonism. Around 90-100° clockwise rotation
since Late Cretaceous documented by paleomagnetic data (Pétragcu et al., 1990), indicates that
the northern basin was facing the Mesozoic Vardar Ocean to the southwest, and that the Mures
Basin separated the Apuseni and Carpathian basement units to the northwest. Mafic intrusions
in Albian flysch strata indicate extension during flysch deposition. “Wildflysch” belts within flysch
sequences are spatially and most likely genetically related to zones of Alpine strain overprinting

basement rocks.

6.3. BASEMENT UNITS OF THE NEOGENE PANNONIAN BASIN

Low-grade metamorphic rocks and associated granitic bodies similar to those exposed
in the HBSZ have been reported in drill cores from the Vojvodine region of Serbia (Kamenci and
Canovic, 1975). North of the HBSZ, intense carbonate and/or sodium metasomatism associated
with shearing and retrogression of medium- to high-grade crust resulted in locally complete
pseudomorphing of mica and feldspar by carbonate and/or albite (Nusszer, 1986). The
retrograde overprint diminishes northward, and southwest-trending “metamorphic regional units”
recognized in core samples from the southern Pannonian basement (Szili-Gyémant, 1986;
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Nusszer, 1986; Cserepes-Meszéna, 1986), roughly match lithotectonic assemblages exposed in
the westernmost part of the Apuseni Mountains (Fig. 5-21). An association similar to the Codru
assemblage can be recognized in drill core from the Kérds-Berettyé and Szank areas and in
outcrops in the Mecsek, northern Papuk, and Moslavacka Gora mountains (Szili-Gyémant, 1986;
Nusszer, 1986; Cserepes-Meszéna, 1986; Pami¢, 1986). The northernmost outcrop of the
Somes assemblage in the Plopis Mountains correlates with the basement rocks drilled in the
Almosd region of the Pannonian Basin (Szili-Gyémant, 1986). Some variability is seen along
strike. Several northwest trending mylonite zones in drill holes are parallel with the Szolnok
transcurrent fault zone (Fig. 5-21), suggesting a genetic relationship which casts doubt on the
current nappe interpretation extrapolated from the Apuseni Mountains (Dimitrescu, 1981;
Szederkényi, 1982; Balazs et al., 1986, Grow et al., 1989).

Farther west, in the central Slavonian Mountains, low-grade rocks similar to those of the
HBSZ assemblage separate the northern Papuk-Jankovak and the southem Psunj-Kutjevo
medium-grade complexes (Pami¢, 1986; 1993) each with strata correlative with the Codru and
Baia de Aries assemblages, respectively. As in the Apuseni Mountains, shearing and
retrogression of medium/high grade rocks resuited in the development of the Ravna Gora
phyllonitic belt across the Papuk-Jenkovac complex and of mappable bands of graphite- or
chloritoid-blastomylonite and gneissic or phyllonitized granite across the Psunj-Kutjevo complex
(Pamic, 1986). Along the dextral Sava shear zone, cut by Tertiary calc-alkaline intrusions, the
Prosara-Motajica complex (Pamié, 1986) represents the westernmost, slightly retrogressed
exposure of the Baia de Arieg assemblage.

In the Mecsek Mountains, the Mecsek migmatitic gneiss is separated from the Moragy-
Gorcsony staurolite and kyanite-bearing gneiss, with eclogite and pyroxenite pods, by the
retrogressive Ofalu assemblage. Retrogressed gneiss, granites, amphibolite, pyroxenite with
calc-silicate schist and marble define a 1-2 km wide NNE trending lineament of high strain and
retrogression sealed to the south by Upper Carboniferous coal bearing strata (Fig. 5-21). Rb-Sr
isochron dates and K-Ar dates indicate tectonism and metasomatism between c. 284 - 270 Ma
(Svingor and Kovach, 1981; Balogh et al., 1983). In the western Mecsek, a 200 m-wide zone of
retrogression overprints migmatitic gneiss, micaschist and mafic protoliths, and west of the
Mecsek Mountains, phyllonite that overprints granulite rocks drilled at Gorgeteg-Babocsa
(Jantsky et al., 1988) can be traced southwestward into the Molve area of the Slavonian
Mountains.

Post-kinematic Variscan granitoids exposed in the Transdanubian Mountains yielded
Rb-Sr and K-Ar dates of 310-330 Ma along Lake Balaton and K-Ar dates of 270-290 Ma at
Velence (Balogh et al. 1983). Southeast of Lake Balaton, driltholes reached a partly retrogressed
marble-bearing assemblage that records medium-grade, medium-pressure metamorphism
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(gamet and staurolite) followed by low-pressure overprint (up to andalusite) related to Variscan
granitoid intrusions (Arkay, 1987). The rock-type described as “porphyroid” in the Bakony
Mountains is located along a wide lineament of Alpine tectonism defined by retrogression of the
gneissic basement at Lake Balaton and prograde metamorphism of Paleozoic-Mesozoic strata
in the Bikk-Uppony Mountains.

"Porphyroids" described in a limited area close to Zemplin, at the Hungarian-Slovakian
border, appear to be the result of shearing and retrogression of the adjacent gneiss-granitic
crust. Kyanite-staurolite-sillimanite bearing gneiss from Zemplin yielded K-Ar dates for
amphibole and muscovite of 307+/-14 Ma and 222+/- 9 Ma, respectively. The overprinting strain
accompanied by retrogression is likely related to Alpine tectonism.

6.4. BASEMENT UNITS OF THE SOUTH CARPATHIANS

In the northern part of the South Carpathians, the Suru and Padeg micaschist
plagiogneiss and amphibolite assemblages include kilometre-sized lenses of variably dolomitic
marble. To the south, the Cumpana, Sebes-Lotru, Leaota, and Danubian assemblages define a
granite-plagiogneiss crust with scattered ultramafic and eclogite lenses and insignificant marble
layers. Sebeg-Lotru, the largest exposure of medium-grade rocks shows flat-lying lithological
units draped around granite domes (e.g., Stelea, 1994). The Sebeg-Lotru succession is
regarded as a composite Precambrian assembly of crustal slices with distinct M1 evolution,
stacked during M2 collision at intermediate crustal levels; this was followed by diapiric addition
of lower crust during M3 (Sabau, 1994).

Several zones of retrogression throughout the South Carpathians show progression
from intact medium-grade assemblages through rocks variably overprinted by chlorite, sericite,
carbonate, sulfide and oxide, to a zone of complete mineral and textural reequilibration (see
chapter 2). Ultimately, gneissic rocks are replaced by various phylionites with discontinuous
layers or lenses of carbonate and white and black quartzite with graphite and sulfides which can
be followed tens of kilometres along strike (e.g., Piatra Dracului crystalline limestone and
Boldanu Quartzite along the southern periphery of the Sambéta shear zone, Pana, 1990).
Kinematic indicators are consistent with strike-parallel and/or normal detachment.

The best- expressed asymmetric normal shear zones are the Moldele, Ursu, and Vidra
chlorite + chloritoid phyllonite assemblages overprinting the Suru, Sebeg-Lotru and Danubian
assemblages, respectively.

The most prominent transcurrent low-grade shear zones are the Legcoviia shear zone
mainly in a composite igneous protolith and in the adjacent Sebeg-Lotru assemblage and its
Carboniferous cover strata (Fig. 6-3a), the Sibigel shear zone in Sebeg-Lotru assemblage (Fig.
6-3b and 6-4), the Sambiita shear zone in Suru assemblage (Fig. 6-5), the Corbu, Vodna and
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Lainici shear zones in Danubian assemblages (Fig. 6-6 and 6-7).

Sm-Nd data for two samples of kyanite-bearing plagiogneiss from the Sebeg-Lotru
assemblage yielded very similar Tp,, model ages of c. 2 Ga and eNd values of c. -14.5,
suggesting similar protoliths with Early Proterozoic inheritance. One sample of a retrogressed
plagiogneiss from the Suru carbonate assemblage yielded the same Ty, but a less negative
eNd,, value of -10.5. These data are in good agreement with data on the gneiss-granite and
carbonate lense-bearing assemblages from the Apuseni Mountains. Scattered Carboniferous
“ArP°Ar dates from muscovite and hornblende concentrates have been interpreted to record a
penetrative, relatively high-grade Variscan tectonothermal event (Dallmeyer et ai., 1996). The
interpretation is questionable because contemporaneous cover strata in the western part of the
Getic assemblage do not record metamorphism and ¢. 10 My younger dates from muscovite
(286-309 Ma) compared to hornblende (322-319 Ma) suggest cooling during uplift. Lithotectonic
assemblages originally interpreted as Proterozoic stratigraphic units appear to be slices of the
lower and middle crust assembled sometime prior to Late Carboniferous. Consistency with
interpretations in the Alps would require Early Carboniferous collision (M2) and Late
Carboniferous doming (M3). Consequently, “’Ar/°Ar data record only the Late Carboniferous
passage of the Sebeg-Lotru assemblage across the ¢. 500°C and c. 400°C isotherms. Similarly,
fossiliferous Ordovician-Silurian strata (Stanoiu, 1982) constrain “’Ar/*°Ar dates of c. 296 Ma
from medium-grade rocks of the Danubian units to represent Late Paleozoic cooling during
isostatic uplift. K-Ar dates of c. 99 Ma and c. 86 Ma along the Getic-Danubian contact at
Petrosani from muscovite concentrate from quartzo-feldspathic and carbonate mylonite,
respectively (Ratschbacher et al., 1993) may record development of mylonitic fabric during
Cenomanian-Santonian dextral transpression. The same tectonic phase is recorded by a
“ArPSAr date of c. 99 Ma for a muscovite concentrate (Dallmeyer et al., 1996) along the dextral
transpression contact between the Danubian Drégsani and Lainici-Pdiug assemblages. K-Ar
dates of c. 70 Ma (Grinenfelder et al., 1983) for phyllonite from the chloritoid-bearing Schela
shear zone suggest Late Cretaceous tectonism along the contact of the southern Danubian
Lainici and Schela units, contemporaneous with the shearing of the northern Danubian units
suggested by a Rb-Sr data of c. 76 Ma (Ratschbacher et al., 1993). 3Ar/ “Ar whole-rock dates
of c.118 and c. 118.6 Ma within the phyllonite of the Legcovita shear zone record Aptian dextral
transpression.

Similarly to the Apuseni Mountains, there are no unequivocal constrains for the
development of medium-grade textures during the Variscan tectonism. Fossiliferous early
Paleozoic strata overlain medium-grade/granite units of the Danubian basement (Stanoiu, 1982).
Kinematic indicators along tectonic contacts are in conflict with the previously inferred major

thrusts.



Fig. 6-3. Kinematic indicators along different segments of the shear zone through the
Getic crust (“*Supra Getic / Getic thrust contact”, see Appendix I). a) Kinematic indicators
along the Lescovita shear zone in the western part of the South Carpathians; outcrop
along Resita-Bocga highway at Moniom: variably sheared granite pebbles and matrix of
the assumed Carboniferous conglomerate underiaying the Getic crust are stretched

(L = 37/15) along a subvertical contact roughly oriented 320/70; b) Kinematic indicators
along the Sibigel shear zone in the northern part of South Carpathians, south of Pianu
village, Strugari Valley; carbonate-mica layer within the Sibigel shear zone display E-W
stretching lineation (L = 85/20) in shallowly dipping shear planes (S = 140/25); a few
tens of metres to the north, augen gneiss in the “Supra-Getic nappe” display similar
stretching lineation (L = 270/22) in steeply dipping shear planes (S = 350/80);

S - foliation; L - lineation.
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Fig. 6-4. Kinematic indicators along the Sibigel shear zone overprinting the Getic crust
in the northern part of South Carpathians, Sebes Valley (“Supra Getic / Getic thrust
contact”, see Appendix l); a) progressively sheared and retrogressed augen gneiss of
the Sebes-Lotru assemblage, looking towards the low-grade Sibige! assemblage.

S = 185/75; L1 = 270/3; L2 = 255/65. Sinistral shear along L1 (c) is locally overprinted by
steeply dipping normal detachment along L2 (b). S - foliation; L - lineation.
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Fig. 6-5. Kinematic indicators in the northern Fagaras Mountains, eastern part of the
South Carpathians, Balea Valley; linear structures have variable plunges but very
consistent trend throughout the retrogressed gamet-bearing plagiogneiss; a) Balea

P2 R E3 848 54

which is consistent with the mineral stretching and with the local trend of the orogen.
L - lineation.







Fig. 6-6. Kinematic indicators along the Corbu shear zone overprinting the Danubian
crust in the southwestern part of the South Carpathians (“the Upper Danubian Duplex”,
see Appendix |); Ponicova Creek 7 km upstream from the confluence with the Danube
River, locality 8 in Fig. I-4. The sheared eastern periphery of the luti gabbro, S = 237/85,
L = 155/2. S - foliation; L - lineation.
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Fig. 6-7. Kinematic indicators in the southwestem part of the South Carpathians along
the contact between the Getic and Danubian units (“the Getic / Danubian thrust contact”,
see Appendix I); a) Armenig village; biotite plagiogneiss interlayered with marble,

S = 30/75, L = 305/5. b) along the Danube River at Portile de Fier; the foliation wraps
around steeply plunging linear structures developed in two mica gamet plagiogneiss,

L = 200/47; c) Urgonian limestone of the Danubian cover at Obarsia Closani;

S =130/30, L = 190/20. S - foliation; L - lineation.
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Stratigraphic Record. Several faults and fault zones are overlain by Cenomanian or
Upper Senonian strata deposits. Barremian-Aptian reef deposits of the Resifa-Moldova Noua
Basin on Getic crust extend as isolated outliers on the adjacent “Supra-Getic” basement
indicating the same Early Cretaceous facies zone and modest relative displacement between
the two units. Along the Mures River, a succession of Vraconian to Coniacian strata overlie
Supra-Getic and Transylvanide units, in total conflict with their previous interpretation as Late
Cretaceous nappes verging south and north, respectively.

6.5. BASEMENT UNITS OF THE EAST CARPATHIANS

In the eastern part of the East Carpathians, the Bretila assemblage includes the
H&ghimas-Pietrosu-Rariu granitoids and gneiss; the Rebra assemblage dominated by the
presence of crystaliine dolo/limestone and amphibolite within mica-plagiogneiss crops out
mainly in the western part of the East Carpathians (Fig. 6-8).

The original relationships between the two medium-grade assemblages are obliterated
by a mesh of north-south trending, steeply dipping retrograde shear zones. Lens-shape domains
of granitic crust are preserved at Rar&iu and Haghimag (former “nappe outliers”) and of Rebra-
type crust at lacobeni (former “tectonic window"). Various stages of shearing and retrogression
are recorded from the Haghimas intact granitic crust to augen gneiss on the Rarau granite or to
low-grade mylonites ("porphyroides”) on the Pietrosu granodiorite. The axial zone of the
phyllonite belts are dominated by graphite and mineralized quartzite and schist, thin and
discontinuous layers of calc-silicate rocks and marble. The Bélan shear zone separates the
western carbonate and the eastern granitic crust. The Tulghes shear zone overprints the non-
carbonate assemblage separating the eastern Rardu-Bretila gneiss unit and the western
Haghimag-Pietrosu granitoid unit. Zones of incomplete retrogression along the low-grade shear
zones previously mapped as distinct stratigraphic units (e.g., Chirit and Tib&du “Series” -Nedelcu,
1984, Negrigoara “Series"-Balintoni et al., 1983; Balaj “Formation”-Bindea et al., 1990), include
metasomatic quartzite layers previously interpreted to mark stratigraphic unconformities (e.g.,
Gliganu Quartzite between the Vaser [Tulgheg equivalent] and Rebra groups in the Maramuresg
Mountains).

Along strike, the subvertical transcurrent shear zones dip east or west. Thus, the
northern segment of the B&lan shear zone dips steeply mainly eastward (at lacobeni) whilst the
southern segment dips steeply mainly westward (at Bélan); the Tuighes shear zone dips
generally westward in the northern segment (at Pojorita), eastward in the central segment and is
subvertical in the southern segment (at D&muc) (Fig. 6-9). Everywhere, stretching lineation is

subhorizontal and orogen-parallel (Figs. 6-9 and 6-10).
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Post-Albian deposits
Haghimas nappe P
(highly exagerated)

Tithonian to Albian flysch deposits T
Mesaozoic cover of the East Carpathian basement &‘ .
Ditrau alkaline intrusive complex

!
I
Retrogressed gneissic crust ’\

Bretila granite-gneiss assemblage

lineament of maximum crogen-paralle! strain

within the phylionite befts and flysch basins
metamorphic core complex of a) Bretila or b) Rebra crust
and overlying normal detachments

Mantie derived intrusions within the flysch basins %’\ “-“-5“5 -

Il A
Rebra carbonate lense bearing assemblage H ! 3 o

N

Fig. 6-8. Tectonic sketch with the major low-grade shear zones exposed in the East Carpathians;
transcurrent shear zones: TgSZ - Tulghes shear zone, BSZ - Balan shear zone. Normal detachment
shear zones overprinting the Bretila and the overlying Rebra assemblages: Re - Repedea SZ;

Ru - Rusaia SZ: A - Anies SZ. Normal detachment within the Bretila assemblage: Ci - Cimpoiasa SZ.
Gneissic dome structure in the Rebra assemblage: I-P - lacobeni-Panaci; D - Darmoxa; T - Tomnatec.
Normal detachment overprinting the Rebra assemblage: N - Neagra SZ; B - Borsec SZ. “Ar/*Ar dates

from Dallmeyer et al., 1998.



Fig. 6-9. Kinematic indicators along the contact of the East Carpathian basement with
the internal flysch unit are consistent with kinematic indicators within the low-grade
shear zones: a) S = 270/80 and L = 0/10; Glodu Creek, a right tributary of the Damuc
Creek (less than 10 metres from the unexposed contact of the “Bucovinic nappe” with
the most internal flysch unit in the Central East Carpathians), b) detail of the same
outcrop; c) linear structures in a mylonitized leucogranite of the Tulghes shear zone few
hundred metres from the contact, Ddmuc valley 1.3 km upstream from the confluence
with the Glodu Creek. S - foliation; L - lineation.
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Fig. 6-10. Stretching lineation within the Tulghes shear zone is everywhere parallel to
the local trend of the orogen; a) mylonitic layering in a biotite granodiorite; b) detail:

S = 72/40; L = 145/25; the confluence of Bistrita Valley with the Chiril Valley, central East
Carpathians; ¢) strain in the Bucovinian cover appears consistent with the stretching in
the basement: L = 165/5 to 330/25, in variably oriented shear surfaces; Middle Jurassic
limestone along the Gheorghieni-Bicaz highway. S - foliation; L - lineation.




195




196

‘8661 "'[e 10 Jokow|leq wos) sebe iy, /1y, ‘ZS Ssejuy 8y yim sebiew pue ebejquesse
e)peug Ajujew syupdieno 7S jewou esejodw)) ey 'sebBejquasse B1qay Jaddn ay) pue ejpelg Jemo| 8y yioq Jupdiano sauoz Jeeys juswyorjep |euliou
eleuLoD pue sajuy ayL (6861 ‘€861 ‘2861 ‘8261 I8 1 Jouinesy Jaye pajaidisiule)) xa|duiod 8100 dlydiowelaw euUpoy 8u) Jo Yolexs oluojdaL *LL-9 .m_ 4

aJnjponns swop dissjeul e
ebejquissse ssjoub-oyuelB e|ieig

aInonIls swop dissieub ‘e
eBg|quasse Bupeaq - SSUL| 61BUOQIBI BIGEY

SUOISPUES 'e1IBWO|BUCD
uBjUOIN] - UBjUBWIOUDD)

ejesawo|Buos apojwkiod ‘pas [Ty
vepany |0 1

T T
T
R R Y S S Y

h_t_ ¢ 4 4 4 4 ¢

SUOJBIUIU) BUBIOIN

i

3 i‘;:
I

=
Peneed
s o

wy g

A
P
4 »
il |
B
\‘.IL
i 1
L\
K\wﬁﬁ \\\\

=\

|

wNaoy -

Py

-

A

W“.<>m<n_

L'v6

S0

,

¥'96
£'86
€9oll

0L¢

~— Av</mem




197

In the Rodna Mountains, spectacular phyllonite belts separate the Bretila augen gneiss
core from the mantle of Rebra micaschist-pagiogneiss-marble assemblage defining the easward
Anies and the westward Cormaia normal detachments (Fig. 6-11). The Cimpoiasa normal shear
zone cuts through gneissic crust in the northern Rodna Mountains and marks the contact with
the overlaying Rebra assemblage in the central part of the Rodna Mountains. The dome
structure was likely achieved during several phases of Alpine tectonism related to the
Cretaceous evolution of the Bilan and Tulghes shear zones and to the Miocene evolution of the
North Transylvanian sinistral fault zone.

A gamet plagiogneiss from the Bretila assemblage yielded a Ty, model age of 2 Ga and
eNd,,, of -14.6, almost identical to those obtained from the gneiss-granite assemblages of the
East Carpathians and Apuseni Mountains. An andalusite-bearing gneiss from the Rebra
assemblage (N - in Fig. 6-8) yielded a Ty, model age of 1.85 Ga and eNd,, values of -13, in the
range obtained from carbonate-lense bearing assemblages in the other analysed segments of
the orogen. Granite phyllonite in the Bilan shear zone yielded a very similar Toy mode! age
around 1.6 Ga and eNd,, values around -10.5, in the same range as the Paleozoic granitoids
from the Apuseni Mountains.

“ArfeAr data from a few muscovite concentrates from the Tulghes phyllonitic granite
indicate Late Carboniferous syn-kinematic development of mica. However, Mesozoic strata,
especially Triassic dolomite, incorporated in the low-grade shear zone in the Bistrifa and
Maramures mountains indicate its Alpine exhumation and reactivation.

in the Bistrita Mountains “’Ar/*°Ar analyses of medium-grade rocks yielded c. 375 Ma
from a homblende concentrate and dates between c. 283 to 271 Ma from muscovite
concentrates, suggesting Devonian and Permian uplift above the 500°C and 400°C isotherms,
respectively. In the Rodna Mountains, medium-grade rocks yielded a range fromc. 117 to c. 94
Ma, indicating an evolution from intermediate to shallow structural levels during the middle
Cretaceous.

Stratigraphic record. The main remnant of the Mesozoic cover sequence preserved in
the Haghimas syncline includes two lineaments of megabreccias and mafic rocks previously
mapped as wildflysch horizons within the Albian flysch (Sandulescu et al, 1975). Mafic rocks
interpreted as remnants of a far-travelled Transylvanian Nappe are located exclusively along
these lineaments and are spatially associated with in situ vesicular and spilitic basaltic flows
(Pani and Bindea, 1982, unpublished data). The main lineament is 1 to 1.5 km wide and
stretches NNW-SSE on the eastern side of the syncline. It projects northward into the Tulgheg
shear zone and farther north it follows the centre of the Rardu syncline marked by the middle
Triassic limestone at Botus cut by a mafic dyke and by the large serpentinized dunite-gabbro at
Breaza. The second lineament is less well expressed, runs through the centre of the Haghimag
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syncline and projects into the spectacular northwest trending graphite-mylonite at Capu Corbului
(Fig. 6-8)

The rock distribution along the eastern lineament suggests a transcrustal discontinuity
along the eastern margin of the East Carpathian crustal fragment which provided a conduit for
mantle derived materials.

The main body of the Highimas nappe consists in fact of the missing members of the
Bucovinian sequence in the western limb of the syncline (Fig. 6-12). A normal detachment formed
approximately at the level of the Kimmeridgian jasper appears to have allowed about 10
kilometres of eastward gravitational gliding of the Late Jurasic-Early Cretaceous reef into the
Albian flysch basin.

The compiled stratigraphy of the Transylvanian nappe (Sandulescu, 1984) is misleading,
as the paleogeography of the Mesozoic Bucovinian shelf towards the eastern flysch basins can
be reconstructed. The only reasonably constrained nappe structure is a typical gravitational
nappe with a horizontal displacement of a few kilometres. Similarly to the Fatric nappes of the
West Carpathians and to the Bajuvaric, Tirolic, and Juvavic nappes of the Eastern Alps (Northem
Calcareous Alps), the Highimag nappe is a cover sequence that glided from the uplifted
basement towards the external Cretaceous flysch basin. The derived generalization of huge and
far-travelled basement nappes appears completely unsupported.

Relics of the most “internal” flysch trough on the Carpathian crust are represented by the
Rariu and Highimag synclines. Similarly to the southem Apuseni Mountains, extensional
tectonism during Albian flysch deposition was accompanied by mantle intrusions into the flysch
basins. The extensional tectonic regime up to the Albian is in conflict with the interpreted phase of
major Aptian-Albian (“Austrian”) thrusting.

Rock assemblages previously interpreted as wildflysch successions in the East
Carpathians are strictly confined to a linear zone of orogen-parallel strain concentration within
flysch strata with slices of the underlying Triassic and Jurassic cover (“klippe”). Deeper levels of
the high-strain zone expose the graphite-phyllonite Tulghes shear zone developed on the

Bucovinian basement.

6.6. BASEMENT UNITS OF THE WEST CARPATHIANS

Gneiss-granitic crust is represented by the Hron - Ciemy Balog assemblage of
plagiogneiss-micaschist-amphibolite-serpentinized peridotite intruded by the Carboniferous
Dumbier and other Tatric granitoids in the northern part, and by the Veporic and Hrancok
granitoids in the southemn part of the West Carpathians. To the interior of the West Carpathians
arc, the Kohut assemblage of micaschist, micaceous quartzite, graphite quartzite, amphibolite,
crystalline dolo-limestone and metasomatic magnesite serpentinite and talc is the local
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expression of the micaschist-carbonate crust.

Flat-lying medium-grade successions are overprinted by moderately to steeply dipping
sinistral strike-slip and low-angle normal shear zones. intermediate and shallow structural levels
of transcurrent shear zones are now exposed in the central West Carpathians (Fig. 6-13). The
Certovica and north Pohorela low-grade shear zones overprint gneiss-granitic crust. The elusive
contact between granite-gneiss and carbonate assemblages is overprinted by the sinistral Muran
shear zone. Quartz and feldspar microstructures in the foliated granite indicate ductile
deformation, and the breakdown of the granitic and/or medium-grade paragenesis indicates
mylonitization temperatures at and below 450° C and abundant hydration. Wide zones of ductile
deformation developed under mid-crustal conditions were gradually exhumed and are obliterated
by brittle faults with similar kinematics. Variably dipping gneissic foliation shows stretching
lineation consistent with the adjacent strike-slip brittle fauits.

The inferred Veporic sole thrust, the “Certovica line”, is a major strike-slip fauit recently
interpreted to cut Tatric basement (Puti$, 1994). Shearing under low-grade conditions of the
Tatric granitoids along the Certovica line resulted in mylonitic granite assemblages: to the north,
the Boca Formation is derived from the Dumbier granodiorite, and to the south the Lubietova
zone of mylonite and retrogression is derived from Tatric granitoids. Steeply dipping foliation
(Zoubek, 1960) and subhorizontal stretching lineation with sinistral shear sense (PutiS, 1994) is
indicative of transcurrent kinematics. Lower Triassic quartzitic conglomerate/quartzite and Middle
Triassic dolo-limestone (Zoubek, 1960) of the Tatric cover sequence is locally strained and
slightly metamorphosed (PlaSienka et al., 1989) within the Certovica shear zone, suggesting
post-Middle Triassic transpression.

South of the Certovica tectonic lineaments, the Tatric granite-gneiss assemblage is
overlain by the Hron micaschist, plagiogneiss, quartzite, and amphibolite assemblage locally
associated with orthogneiss and small size lenses of serpentinized peridotite. Shearing and
retrogression led to the development of the Janov Grun complex of phyllonitized micaschist and
various low-grade mylonitic granites.

The gneiss and granite assemblage to the south is assigned to the “Austrian” Veporic
nappe. The tectonic contact is represented by the Pohorela sinistral shear zone which dips more
than 50° south. Associated thrust shear zones in the footwall dipping from 10° to 60°and gently
plunging E stretching lineation in the hanging wall suggest transpression along the Pohorela
shear zone (Puti§, 1994).

Shearing and retrogression of the Kohut assemblage resulted in the Hladnomorna Dolina
assemblage being overprinted by contact metamorphism (Vozarova and Kristin, 1986) around the
Variscan Rimavica leucogranites (Bibikova et al., 1988). The sinistral Lubenik fault zone is the
Cenozoic expression of long lasting intense tectonism within the Gemeride and Meliata
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Fig. 6-14. Late-Cretaceous and Paleogene low-grade normal shear zone developed within the
gneiss-granite core of the High Tatra metamorphic core complex (adapted from Malusky et al., 1993).

lithotectonic assemblages.

To the north, in the High Tatra Mountains, the basement core is a medium-grained,
locally porphyritic Variscan granodiorite (324-330 Ma, Malusky et al., 1993) tectonically overiain
by Carboniferous to Cretaceous strata of the Veporic (Middle Austroalpine units). Synkinematic
sericite on gently northward dipping normal shear zones overprinting the basement records
several phases of Alpine rejuvenation at c. 190, 80 and 67 Ma (Fig. 6-14). The best expressed
event is the one at the Cretaceous-Tertiary boundary (c. 67 Ma), which corresponds to the
initiation of the adjacent Paleogene Podhale Basin.

To the west, the gneiss-granite assemblage is exposed in isolated massifs consisting of
a Taric core and Veporic cover of Paleozoic-Mesozoic strata. In the Povazsky Inovec Mountains,
a northwest-dipping normal detachment developed across the Tatric gneiss-granite core and
resulted in the phyllonitic Hradok-Selec assemblage. in the Little Carpathians, the Borinka and
Modra phylionitic assemblages mark westward and eastward normal detachments respectively,
flanking the 347 Ma old (Rb-Sr data) Bratislava granodiorite pluton (Biely et al, 1966; Putis,
1994). In the Tribec Mountains, the Razdiel phyllonitic assemblage marks a normal detachment
northeast of the Tribec granitoid pluton. The “melaphire series” in the northeastern Lower Tatra
Mountains defines a north-dipping shear zone of uncertain sense between High and Low Tatra.

The traditional model (e.g., Machel, 1981; Sandulescu, 1988) postulates that the
Vahicum branch of Tethys was subducted underneath the Tatric-Veporic continental fragment
(Apulian) of African origin which developed Cretaceous nappe stacking. There is no evidence of
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large-scale Alpine thrusting within the Tatric basement. The only regionally significant record of
Alpine tectonism is represented by sinistral transcurrent shear zones accompanied by normal
detachment of the Fatric cover.

Striking similarities between the rock types and metamorphic evolution of the basement
of the West and East Carpathians casts doubt on their interpretation as distinct African and
European crustal fragments, respectively. The granite/orthogneiss-dominated Tatra (Jaraba)
assemblage of the West Carpathians (Kamenicky and Kamenicky, 1988) is similar to the
Pietrosu-Haghimas-Bretila granite/orthogneiss assemblage of the East Carpathians and
occupies the same tectonic position as the first basement unit in transpressional contact with the
Carpathian outer flysch. In both regions, medium- to high-grade assemblages are cut by
retrogressive, orogen-parallel shear zones, suggesting a common Alpine evolution.

Stratigraphic record. Seismic data show that the Pieniny Klippen Belt is not overthrust
by the Tatric crust. The vertical orientation of the Pieniny Klippen belt is proven by deep
boreholes and seismic profiles down to 10 km in its central-eastern area (Birkenmayer, 1986)
and its extension down to ¢. 20 km depth is well constrained by deep seismic transects in the
central and westem parts (Tomek, 1993; Tomek and Hall, 1993) (see Appendix I). The
tectonism recorded by the Pieniny Klippen Belt is strike-parallel and affects Mesozoic to Tertiary
strata (Birkenmayer, 1986). The Fatric units characterized by the uniform upper Triassic
continental sediments (Carpathian Keuper) are gravitational cover nappes of limited extent and
displacement around the Tatric granite-gneiss dome structures.

6.7. BASEMENT UNITS AT THE JUNCTION
OF THE WEST CARPATHIANS WITH THE EASTERN ALPS

The Leitha Mountains (Fig. 6-15) expose plagiogneiss and staurolite-bearing micaschist
intruded by two mica granodiorite-granite-leucogranite. This assemblage is partly retrogressed
to quartz-biotite-phyllonite and greenschist with carbonate layers. It is very similar to rocks
exposed in the Little Carpathians and to the Grobgneis complex of the Eastern Alps. Granitoid
intrusion is coeval: Rb-Sr data from the Bratislava granodiorite pluton of the Little Carpahtians
yielded 347 Ma, and the granitoids of the Grobgneis complex, c. 343 Ma. Permian(?) and
Triassic cover strata and the underlying retrogressed assemblage in the Leitha Mountains are
similar to the “Lamac formation” of the Little Carpathians (Tollmann and Spendlingwimmer, 1978).

To the south in the Sopron Hills, strong shearing/retrogression resulted in a mylonitic
assemblage dominated by hornblende-bearing, chlorite-carbonate phylionite overlain by a distinct
assemblage, the Sopron granite-gneiss and the Obrennberg andalusite-sillimanite-microcline
gneiss/micaschist, that can be correlated to the Grobgneis of the Eastern Alps. Strong shearing /
retrogression and intense metasomatism led to the development of the chloritoid bearing
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Vérdshidi phyllonite with kyanite and gamet relics, which defines a subhorizontal shear zone of
unknown sense of displacement.

The Rechnitz quartz-phyllite and greenschist-serpentinite assemblages may represent a
zone of intense shearing and retrogression overprinting a gneissic protolith and mafic pods,
respectively. Most prominent kinematic indicators consist of shallow to moderately SE dipping
shear planes with south-west trending subhorizontal stretching lineation and fold axes
(Ratschbacher et al., 1990) (see Appendix l). Therefore, strain at the sole of the Austro-Alpine
basement nappes interpreted to have accommodated 270 km of northwestward or westward
thrust is in fact orogen-parallel. It is likely related to the evolution of the Raba transcurrent shear

zZone.

6.8. BASEMENT UNITS OF THE EASTERN ALPS

Assemblages dominated by plagiogneiss and various Paleozoic granitoids are known as
the Grobgneiss Complex in the easternmost part, as the Core Complex in the north-central part
and as the Koriden Complex in the south-central Eastern Alps (Fig. 6-15). Assemblages
dominated by micaschist and marble are known as the Micaschist-Marble Complex in the central
Eastern Alps (Muriden), and as the Plankogel Complex in the south-central Eastern Alps.

“Quartz phyllite series” appear to define normal shear zones developed asymmetrically
around granitic-gneiss domes. Several examples follow:

1. The easternmost part of the Eastern Alps is dominated by the Grobgneiss Complex
which consists of plagiogneiss and micaschist with minor intercalations of amphibolitised gabbro
and diorit, intruded by various Carboniferous to Permian granites.

a. The structurally lower Wechsel plagiogranite is sheared and retrogressed to
albite porphyroblast plagiogneiss towards its top; mylonitization progressed to a
phyllonite (the “Wechsel phyllite”) that defines a low-angle normal shear zone to
the north and west; to the south, incipient retrogression progressed upwards from
an assemblage of albite plagiogneiss interlayered with epidote amphibolite (the
“Variegated Wechsel! gneiss unit"), to greenschist, white or black quartzite and then
decreases through phyllonitized micaschist to the overlying gamet-micaschist,
amphibolite, sulphide-bearing black micaschist and quartzite, homblende diorite-
gneiss.

b. The Wiesmath leucogranite (“Waldbach Complex”) grades structurally up into
the “Hangenden schiefer”, a southeastward low-grade normal shear zone that
includes the “Semmering quartzite” at the bottom of the plagioclase micaschist of

the Grobgneis Complex.
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2. The central part of the Eastern Alps, the Muriden complex shows a dome-like shape,
with the more massive plagiogneiss of the structurally lowermost Core assemblage, mantled by
plagiogneiss, amphibolite, gamet micaschist, and rare intercalations of thin calc-silicate rocks.

A spessartine-bearing mylonitic quartzite within the micaschist suggests a mid-crustal tectonic
discontinuity within the Core assemblage similar to the one interpreted in the Sebes-Lotru
assemblage of the South Carpathians (S&b&u, 1994). The overlying Speik assemblage is a few
hundred meters thick, and dominated by gamet amphibolite with discontinuous layers of augen
gneiss, mixed siliceous and dolomitic marble, and serpentinite that contains relics of olivine-
gabbro and eclogite. This assemblage grades through a zone of high strain with sulfide-rich
quartzite and retrogressed micaschist, into a structurally higher assemblage of garnet micaschist,
biotite amphibolite, quartite, black schist, and variably dolomitic marble with abundant pegmatitic
bodies.

3. Within the Tauern Window, the Penninic Zentralgneis assemblage consists of various
dome-shaped Carboniferous and Permian granitoids generally deformed under low-grade
conditions. The Habach-Storz Group consists of biotite plagiogneiss, amphibolite, micaschist and
quartzite, and subordinate cummulate pyroxenite. Both micaschist and quartzite are locally
graphitic and associated with phyllonite. The overlying Stubach Group consists of amphibolite
and gneiss, micaschist, and quartzite with variably serpentinized layered cumulate (Neubauer et
al., 1989).

The subdivisions and structure of the Penninic and Austro-Alpine basement are strikingly
similar. Their adjacent location at about the same latitude within the orogen suggest their
appurtenance to the same continental fragment.

Interpretations of crustal evolution in the Eastern Alps benefit from the greatest number of
isotopic data in the orogen. U-Pb data from a hornblende gneiss of the Frauenberg assemblage
involved in the Kaintaleck tectonic slices, record emplacement ages of 2.53 Ga for the igneous
protolith and contamination with 2.8 Ma old crustal material. U-Pb zircon dates from the tonalitic
rocks of the Core Complex yielded upper intercept dates near 3 Ga and 2.25 Ga (Neubauer and
Frisch, 1993). These data indicate that Precambrian granitoids are part of the plagiogneiss-
granite dominated assemblage, which is widespread in the Alpine-Carpathians orogen.

U-Pb lower intercepts at c. 516 Ma and 356 Ma in orthogneisses from the Frauenberg
and Core, respectively (Neubauer and Frisch, 1993;Haiss, 1991) and Rb-Sr dating (c. 518 Ma -
Frank et al., 1976) suggest an Early Paleozoic (Caledonian) tectonomagmatic event. Several
dates from igneous rocks ranging between 460-425 Ma suggest Late Ordovician-Early Devonian
igneous activity.

U-Pb and Rb-Sr dates from granites, granite gneiss and migmatite of the lowermost
assemblage of the Eastern Alps range from Ordovician to Carboniferous and are interpreted as
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Fig. 6-15. Simplified map of the Austro-Alpine basement units east of the Tauern Window
(compiled after Neubauer and Frisch, 1993 and Dallmeyer et al., 1996); non-metamorphosed
strata omitted, except for the tectonically significant Gosau strata. 1 - Late Cretaceous Gosau
strata; 2 - Quartz-phyllite and fossiliferous Paleozoic formations; 3 - Kaintaleck slices and
Ackerl Complex; 4 - Carboniferous and Permian of the Veitsch Nappe; 5 - Eisenkappel
Complex; 6 - Pohorje gamet-peridotite-granulite Complex; 7 - Plankogel Complex and similar
micaschist complexes;8 - Koriden Gneiss Complex; 9 - Bundschuh Complex;

10 - Sieggrabener Complex; 11 - Micaschist-Marble Complex; 12 - Speik Complex; 13 - Core
Complex; 14 - Grobgneis Complex; 15 - Tatric unit; 16 - Wechsel Gneiss Complex;

Gu - Gurktaler Alpen; K - Koralpen; L - Leitha Mountain; LC - Little Carpathians; N - Niedere
Tauern; P - Pohorje Mountains; W - Wechsel.
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assemblage of the Eastern Alps range from Ordovician to Carboniferous and are interpreted as
Variscan tectonomagmatic events. Rb-Sr data from coarse-grained porphyritic granite-gneiss of
the Grobgneis Complex are interpreted as Carboniferous emplacement ages (326+/-11Ma;
338+/-12 to 343+/-20 Ma; 353 Ma), similar to the granitoid intrusions in the basement of the
West Carpathians (Neubauer et al., 1993; Sharbert, 1981).

““Ar*°Ar dates from basement rocks in the north-central Eastern Alps range from c. 98 to
c. 84 Ma. To the east, “/Ar/*°Ar data on muscovite throughout the Grobgneis Complex range
between c. 82 Ma and c. 71 Ma, and two dates from hornblende concentrates from
amphibolitised eclogite yielded c. 108 and 136 Ma (Dallmeyer et al., 1996). The Santonian
clastic sequences of the “Gosau” basins clearly overstep shear zones interpreted to be related
to Alpine nappe assembly. Intra- and post “Gosauian” “?Ar/°Ar dates reported from ductile shear
zones in the Eastern Alps record extension which led to Gosau basin development (c. 86 Ma,
Gradstein et al., 1994). Overlapping pre-, syn- and post-Gosau date ranges obtained from
muscovite in medium-grade rocks and syn-kinematic muscovite within phyllonite beits record
uplift and cooling of intermediate structural levels and diachronous normal shear zones
respectively, as required by local isostatic re-equilibration of the crust.

No Tertiary overprint has been detected in the Austro-Alpine units, in contrast with the
currently interpreted major phase of Eocene thrusting.

Stratigraphic record. Paleo-geographic reconstructions based on Permo-Mesozoic
isopic zones (e.g., Bechstadt, 1978; Schmidt et al., 1991; Haas et al., 1995) indicate 300-400 km
of eastward lateral dislocation of the Drauzug, and Transdanubian Mountains. Malm to Early
Neocomian compression resulted in the uplift of the basement and gravity nappes gliding
northward toward the Neocomian Rossfeld flysch. E-W trending facies zones are stacked in the
Alpine nappe pile, with the southernmost zone in the northermost and structurally uppermost
position. Deposition of the Senonian Gosau facies is regarded as a post-tectonic succession
with the Santonian (86 Ma, Gradstein et al., 1994) clastic sequences commonly overlying
Eoalpine thrust contacts. Late Tertiary strike-slip and normal faulting suggest a pattern of
eastward extrusion tectonics.
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6.9. CONCLUDING REMARKS
6.9.1. LITHOTECTONIC ASSEMBLAGES WITHIN THE OROGENIC BASEMENT

Medium-grade rocks discontinuously exposed along the Carpathian orogen can be
roughly assigned to two distinct lithotectonic assemblages: one dominated by various gneisses
subordinate micaschist, and amphibolite, intruded by Paleozoic granitoids, and another
dominated by kilometre-size marble lenses within a matrix of micaschist, amphibolite, graphite-
ore schist and/or quartzite and subordinate granitoids. Mafic-ultramafic and eclogite lenses are
scattered throughout both lithotectonic assemblages and were variably overprinted during their
evolution under intermediate and shallow crustal conditions.

Unless obliterated by Alpine strain, medium- to high-grade assemblages display flat-
lying fabrics with a record of coaxial strain and two, locally three, superposed parageneses.
Although the timing and tectonic significance of metamorphic events is still controversial, recent
petrologic and petrostructural studies agree upon the tectonic assembly of medium- to high-
grade rock units (e.g., Hartopanu, 1978; lancu et al., 1987; Sabau, 1994, Puti§, 1994). Several
generations of granitoids were incorporated into the medium-grade metamorphic assemblages
as orthogneiss, and several phases of anatexis are documented mainly in the non-carbonate
assemblage.

Medium-grade assemblages record a complex polyphase pre-Alpine tectono-
metamorphic evolution and variable Alpine rejuvenation. No classical Barrovian metamorphic
zonation on a sedimentary protolith can be mapped. Instead various decompression PTt paths
through the high- and medium-grade fields have been modelled (e.g., Arkai, 1985; Secldman et
al., 1987; Sdbau, 1994).

Attempting to recover original stratigraphy in the medium- to high-grade rocks of the
Carpathian-Pannonian system (e.g., Krautner in Zoubeck et al., 1988) is unrealistic. Detailed
paleogeographic reconstructions of the pre-metamorphic environment based on sedimentary
facies zones inferred from the lithology of metamorphic assemblages (Neubauer and Frisch,
1993) are suspect. No plausible evidence exists for interpretation of mafic-ultramafic
assemblages as oceanic assemblages obducted during Variscan tectonism. Routinely applied in
the Eastern Alps, and exclusively based on geochemical data, this interpretation has resulted in
a confusing tectonic model that includes west-directed obduction of the “Plankogel ophiolitic
mélange” and south-directed obduction of the “Speik ophiolitic complex” in a relatively limited
area of the central Eastern Alps (e.g., Frisch et al., 1984, 1993; Neubauer and Frisch, 1993).
Various models for the incorporation of upper mantle rocks within the crust (e.g., Maruntiu, 1987;
S#biu, 1994) challenge the simplistic Variscan obduction model. The common association of
ultramafic and eclogitic relics with granulite and granites (e.g., Sebes-Lotru and Leaota in the
South Carpathians, Speik in the central Eastern Alps, Pohorje in the southemn Eastern Alps)
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suggests that most of them reached mid-crustal levels during gneissic doming and/or granite
emplacement.

Sm-Nd data from gneiss samples from two lithologically distinct assemblages in the
Apuseni Mountains and Romanian Carpathians yielded Early Proterozoic Tpy model ages.
Corroborated with the U-Pb data from lithologically similar assemblages in the central Eastern
Alps, these data suggest that basement units involved in the Alpine tectonism are fragments of
ancient crust multiply and variously rejuvenated through tectonism, magmatism, and anatexis.
There is no unequivocal evidence of Paleozoic addition of sedimentary protoliths. “’Ar/*°Ar dates
record various Middle to Late Paleozoic and Cretaceous events. U-Pb zircon data and field
relationships constrain the Paleozoic ages to represent cooling during uplift associated with
granitoid emplacement. There is no unambiguous evidence of Variscan development of the
medium-grade textures. Cretaceous ages are commonly recorded within medium-grade rocks
involved in the development of Alpine gneissic dome structures.

Most low-grade assembiages in the Carpathian-Pannonian region show retrograde
metamorphic reactions (e.g., Balintoni, 1969; Giugcd et al., 1977; Hann and Szasz, 1986; Pani,
1990; Stelea, 1994). Mineral and lithologic relics are consistent with their derivation from the
adjacent rocks. A large component of non-coaxial strain associated with retrogression indicate
that most low-grade rocks formed within hydrated shear zones (Pan& and Erdmer, 1994).
Anastomosing low-grade mylonite belts throughout the Carpathians and Apuseni Mountains
define an irregular mesh of transcurrent and normal shear zones overprinting continental crust.
Sm-Nd analyses from low-grade rocks yielded a wide range of eNd values that overlap with the
medium-grade rocks and the Paleozoic granitoids. “°Ar/**Ar data from whole rock phyllonite and
synkinematic muscovite indicate that fabric developed in different segments of the low-grade
shear zones at different times, from Late Carboniferous to Late Cretaceous.

Low-grade rock units resulted from strain concentration and hydration metamorphic
reactions in formerly higher grade and igneous rocks. Synkinematic metasomatic reactions
commonly contributed to the development of carbonate, quartzite and metallic oxide and/or
sulphide layers. Lithologic associations previously viewed as slightly re-crystallised sedimentary
sequences are here interpreted as lithotectonic assemblages derived from preexisting crust,
without any stratigraphic connotation. Field relations and stable isotope data suggest that
carbonate layers traditionally interpreted as evidence of a sedimentary protolith may be
metasomatic. Progressive deformation and exhumation of shear zones with continuous textural
reequilibration resulted in the evolution of microstructures from ductile to brittle accompanied by
mineral reactions. The shallowest structural levels may have incorporated cover sequences
(e.g., Triassic sequences within the Certovica shear zone in the West Carpathians and within
the Tulghes and Blan shear zones in the East Carpathians). Followed along strike, the zones of
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strain concentration may expose different structural levels. Consequently, a variety of rock
assemblages may trace the same tectonic fineament (e.g., the Trascéu and Tulghes
transcurrent shear zones are marked by subvertical phyllonite belts that project into highly
strained flysch strata previously interpreted as “wildflysch”).

The stratigraphy of metamorphic rocks is an unacceptable oversimplification.
Interpretations of Alpine nappes derived from omission in the stratigraphy of metamorphic
assemblages (e.g., Bucovinic/Subbucovinic nappe contact in the East Carpathians, Krautner,
1988) are unrealistic and inconsistent with observable kinematic indicators.

No structural evidence of major overthrusts is preserved at the contact of the basement
units with the peri-Carpathian flysch previously interpreted as upper plate and “subducting
wedge” respectively. Where exposed, the contact of the Carpathian basement with strata from
the peri-Carpathian basin invariably shows orogen-parallel stretching (Pieniny Klippen Beit in the
West Carpathians, Black Flysch-Damuc in the East Carpathians, Severin in the South
Carpathians) in shear planes dipping steeply towards the interior or towards the exterior of the
arc. The current interpretation of such relationships as nappe contacts obliterated by late faulting

is unsatisfactory.

6.9.2 OCEANIC REMNANTS IN THE CARPATHIAN-PANNONIAN REGION

Combining classical Alpine overthrusting explanations with actualistic plate tectonics,
the existing evolutionary models postulate several subduction zones in the Carpathian-
Pannonian region. The Early Alpine evolution is inferred from traditional nappe interpretations
modified to accommodate Alpine facies zonation with respect to one or several hypothetical
basins floored by oceanic crust. The complex Tertiary evolution, relatively well constrained by
kinematic analyses, paleomagnetic and geochemical data, is regarded as the final plate
interaction in a region of long lasting subduction. Quantitative evaluations of continental collision
based on these interpretations arrive at the paradoxical conclusion that about half of the total
amount of continental crust involved must have disappeared into the mantie (e.g., Le Pichon et
al., 1988).

A) Mesozoic oceanic crust between the European and the Carpathian continental crust ?

Danubian and Stara Planina basement and cover units indicate direct continuation of the
European Moesian platform into the Carpathian and Balkan segments of the orogen. The
projection of lithotectonic assemblages and structures from the East Carpathians into the West
Carpathians and similarities between the Tatric crust of the West Carpathians and the adjacent
Moldanubicum crust of the European Bohemian Massif may be regarded as additional evidence
of little travel of the Carpathian crust away from stable Europe. The direct continuation of the
West Carpathian lithotectonic assemblages into the Eastern Alps makes the interpretation of the
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Austro-Alpine nappes as African crust, untenable.

Major tectonostratigraphic assemblages defining a subduction zone are not present.

a) The boundary between the “subduction wedge” and the “overriding plate” is elusive:
Cretaceous flysch sequences of the peri-Carpathian basin are in contact with contemporaneous
fiysch troughs located on the external margin of the Carpathian crust. Moreover, the Balkanic
Trojan and Kotel flysch strata are located in a zone of gradational structural transition from the
Moesian platform to the Balkan segment of the Alpine orogen.

b) The evolution of flysch troughs associated with mantle intrusions on the West and
East Carpathians continental crust, the intracontinental basalts in the internal flysch (Russo-
S3ndulescu and Bratosin, 1985) and the continental floor of the external flysch troughs (eg.
Bancil3, 1965; Stefinescu, 1983; Sandulescu, 1984; Birkenmayer, 1986) do not support the
current interpretation of an oceanic crust (Sinaia - Magura = Vahicum) in front of the Carpathian
arc. Continuously, rapidly evolving morphology of the flysch basins indicated by the change of
transport directions, isochronous heteropic facies development (e.g., Sotrile vs. Tarcdu) and
intervals of inward migration of the furrow axis (Stefiinescu, 1983), indicate complex translation
with local compression or extension kinematics, rather than steady cratonward migration of a
classical subduction wedge.

The reconstruction of an Early Alpine Severin suture between the Danubian and Getic
units in the interior of the South Carpathians is at variance with several lines of evidence. In
particular, the location of the Late Jurassic-Early Cretaceous Severin sequence (Sinaia flysch
associated with peridotite pods and pillow-basalt) exclusively on the external Danubian units
suggests that the Sinaia flysch trough rimmed the East and South Carpathians segments of the
orogen in a similar tectonic position to the Trojan and Kotel fiysch of the Balkans. Slices of mafic
and ultramafic rocks in the East Carpathians are located along an orogen-parallel zone of high
strain accompanied by basalt flows and various intrusions. Because tholeiitic- to calc-alkaline
rocks are located along a transcurrent shear zone, the oceanic and island arc Cretaceous
paleogeography inferred exclusively from rock chemistry is unrealistic.

There is no evidence that a significant Mesozoic ocean opened between the
Carpathians and the European continental crust.

B) Mesozoic oceanic crust between the Carpathian and Apuseni-South Pannonian
continental crustal fragments ?

East of the presently exposed Mures belt of flysch and calk-alkaline igneous rocks, the
basement of the Transylvanian Basin consists of continental crust underiain by a slightly
elevated Moho (e.g., Visarion et al., 1973, R&dulescu, 1981; Horvath, 1993). Mafic rocks were
only sampled in drill holes near Ocna Mureg and Zoreni along steeply dipping mantle
penetrating fractures (Visarion et al, 1973, R&dulescu, 1981) and show a calc-alkaline chemical



212

character (Nicolae, personal communication, 1996). A vertical conduct to the upper mantle is
suggested by magnetotelluric data in the southem Apuseni Mountains (Sténicé and Sténic3,
unpublished report).

The postulated subduction/obduction in the southemn Apuseni Mountains is at variance
with rock unit distribution and their space-time relationships (see chapter 5). The interpretation of
an eastward-obducted slab of oceanic crust (R&dulescu et al., 1976; Sédndulescu and Visarion,
1978) is contradicted by mathematical modelling of a magnetic anomaly in the western part of
the Transylvanian Basin which suggests a deep crustal magnetic source (Botezatu et al., 1971),
and by gneiss core samples at Pogéiceaua, in the centre of the anomaly (S&ndulescu and
Visarion, 1978). The proposed Transyivanian (Tethys) origin of sparse mafic and ultramafic
rocks on the external margin of the East Carpathian basement (Rardu and Highimag synclines)
is contradicted by their association with in situ basalts and by the lack of correlative rocks in the
basement of the Transylvanian basin.

Geophysical data and core samples from the unexposed basement of the Tertiary
Transylvanian basin constrain the local expression of Tethys to a narrow vertical zone at the
southem and eastern periphery of the Apuseni Mountains (Figs. 6-16 and 6-18).

There is no unequivocal evidence for the proposed continuation the Mureg Basin across
the Carpathian arc into the Pieniny Basin(s). None of the facies zones reconstructed from the
Pieniny Klippen Belt can be correlated with the Poiana Botizei klippen in northwestern
Transylvania (Birkenmayer, 1986). Moreover, the proposed direct correlation of facies zones
and structures from the Apuseni Mountains into the West Carpathians (e.g., S&ndulescu, 1975)
is contradicted by significant facies differences in the Permian to Mesozoic sequences
(Patrulius, 1976; Misi& et al., 1989) and by opposite vergence of the interpreted Cretaceous

nappes.

6.10. TOWARDS A NEW TECTONIC MODEL FOR THE CARPATHIAN-PANNONIAN
REGION: BLOCK ROTATION AND OROGEN-PARALLEL TECTONICS

Time and space relationships between major lithotectonic assemblages and tectonic
events discussed in previous chapters suggest that the inferred allochthoneity of adjacent
crustal fragments is less significant, and thrusting less dramatic than currently interpreted. Pre-
Mesozoic basement everywhere in the Carpathians and Eastern Alps records strong Late
Paleozoic to Cretaceous orogen-parallel strain. Direct dating of deformational fabrics and
kinematic analysis along individual zones of strain cannot yet constrain a consistent kinematic
picture. Nevertheless, the poor evidence of subduction and the overwhelming evidence of
transcurrent motions point to an alternative tectonic model (Fig. 6-16).

Mantle intrusions (commonly alkali basalt) in Permian to Triassic platformal sequences



Fig. 6-16. Proposed kinematic model for the Alpine evolution of the Carpathian-
Pannonian region. 1 -continental crust; a. Paleozaic granitoids: MM -Muntele Mare
granite, T - Tatra granitoids, H -Haghimas granitoids; 2 - thinned continental crust;

3 - oceanic crust and loci of mantle leaking along Jurassic sinistral transcurrent shear
zones; 4 -Paleozoic composite igneous arc; 5 -active flysch basins; 6 -wedged flysch
strata; 7 -calc-alkaline rocks along the Mureg transcurrent; 8 -regional sense of
displacement; 9 -sense of displacement for individual crustal panels; 10 -fault;

11 -Miocene to Pleistocene volcanics along faults related to the orogenic collapse;

12 -Pleistocene shoshonite and mantel xenolites bearing aikali basalts along late
transcurrent fault zones.
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in the West, East, and South Carpathians, as well as in the Codru Mountains and Poiana Botizei
klippen record local extension and cannot be directly correlated with each other. Global-scale
geodynamic analysis (e.g., Le Pichon et al., 1988) indicate that Jurassic opening of the southern
Atiantic basin resulted in a large-scale sinistral transcurrent system marking the southern margin
of Europe. Middle Jurassic to Early Cretaceous tangential stretching of the European continental
margin resulted in a network of anastomosing crustal-scale shear zones and southeast
migration of crustal panels. Narrow flysch troughs developed on thinned continental crust and
releasing bends of the transcurrent shear zones allowed the emplacement of various mantle-
derived materials within the flysch basins. Regional Late Jurassic to middie Cretaceous flysch
troughs locally intruded by mantle materials define the Carpathian-Eastern Alps and the
Apuseni-South Pannonian terranes. Extension probably never reached the spreading stage and
the two fragments were never completely separated from each other and from stable Europe by
intervening oceanic crust (Fig. 6-16 a). Various degrees of extension along the peri-Carpathian
flysch troughs are suggested by variably serpentinized peridotite intrusions at Severin (within
Danubian / Moesian crust) and Breaza (Bucovinian crust) and by intracontinental basalts of the
Sinaia and Black Flysch sequences. Similarly, the Mures basin is intruded by tholeiitic rocks in
the Dracea Mountains and calc-alkaline rocks elsewhere. Extension within the Mures basin

and rejuvenation of the basement in the eastern Apuseni Mountains (c. 1565 Ma) synchronous
with high-pressure metamorphism in the southern West Carpathians (Meliata sequence)
indicate complex Jurassic strain partitioning at the interior of the Carpathian Orogen.

The early Late Jurassic age of the oldest mafic rocks preserved in flysch troughs of the
southern Apuseni and the East Carpathians indicates initiation of extensior: at about the same
time and does not support the notion of a Triassic Tethys ocean along the southern Apuseni
Mountains.

Cretaceous spreading at higher rates documented in the southemn Atlantic requires
northward migration of the African plate and reversal in the displacement of crustal fragments
located between Africa and Europe (Fig 6-16 b). Early Cretaceous oblique compression is
recorded in the western part of the South Carpathians. Thickening and uplift of the Carpathian
basement and gravitational gliding of cover sequences is locally recorded along the orogen.
However, the Albian age of the youngest basaltic rocks associated with flysch deposition (e.g.,
the Zliechov trough on Tatric basement in the West Carpathians, the Raradu-H&ghimag trough on
the Bucovinian basement in the East Carpathians, the Feneg trough in the southem Apuseni
Mountains) casts doubts on the middle Cretaceous, “Austrian” phase of general thrusting
interpreted in the entire orogen. The extrapolation from reasonably-defined gravitational cover
nappes (e.g., nappes of the Northern Calcareous Alps, the Fatric nappes, the Haghimag Nappe)
to a wilde involvement of the basement in thrusting is unrealistic. Consequently, Early and
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middle Cretaceous “Ar/*°Ar dates routinely interpreted to record the major “Austrian” phase of
nappe stacking require revision.

Widespread Cenomanian molasse overlapping internal units of the Carpathian Orogen
records post-middle Cretaceous tectonic relaxation.

Local stratigraphic unconformities indicate Late Cretaceous tectonism. The development
of Gosau basins, and Vraconian to Paleogene basin development along the contact of the
Apuseni Mountains and South Carpathians, indicate widespread Late Cretaceous extension.
Contemporaneous “°Ar/*°Ar dates and the kinematic indicators from phyllonite beits in the
Eastern Alps and West Carpathians are consistent with transcurrent motion accompanied by the
development of gneissic dome structures and normal detachment shear zones. However, Late
Cretaceous oblique compression in internal units of the South Carpathians prevents regional
generalizations.

Jurassic and Cretaceous tectonism was accommodated in wide shear zones that record
deformation during complex plate interaction with phases of compression and stress release
alternated with phases of tectonic relaxation. Neither the sedimentary record nor the kinematic
indicators in the basement rocks are consistent with the interpretation of two distinct phases of
Cretaceous general thrusting. The boundaries of the initially detached terranes migrated over
time, defining new domains with independent kinematics.

During the Early Tertiary compression, the Apuseni-South Pannonian crustal fragment
travelled more than 1000 km across latitude, probably on an oblique trajectory, to its present
position (Ptragcu, et al., 1990; Marton and Mauritsch, 1990) (Fig. 6-16 c). About 100° clockwise
rotation of the Apuseni-South Pannonian crustal fragment (Marton, 1986; Pétragcu etal., 1990)
during Tertiary compression and eastward translation of the fragment south of the Szolnok
sinistral transcurrent system may have been driven by Eocene eastward crustal extrusion from
the Alps. The Carpathian crustal fragment(s) advanced progressively from west to east,
accompanied by front lengthening and curving through internal stretching of the arc to fill a bay
sketched on the European continental crust. Lateral ramps developed along the West and South
Carpathians, while in front of the advancing continental arc strain was partitioned: a coherent
thrust-and-fold belt developed in the peri-Carpathians flysch strata and rode up obliquely on the
surrounding thinned continental crust, whilst orogen-parallel shear zones accommodated strain
in the internal units (Fig. 6-17). The most stretched and thinned portions of the arc were
transgressed by the Pannonian sea (e.g., Vienna, Trans-Carpathian basins).

The fault pattern in the basement units in Romania (Fig. 6-18) suggests that oblique
compression against the northern part of the Transylvanian basement was mostly
accommodated in southward escape towards the Carpathians bend. The diverging fan of
transcrustal vertical faults documented in the Moesian basement, in front of the Carpathian



Fig. 6-18. Major fractures significant for the Tertiary kinematics of the Apuseni and
Carpathian crustal fragments. Data compiled from Airinei et al., 1963; Socolescu et al.,
1964, Visarion et al., 1973; Radulescu et al., 1976; Airinei, 1977. Capital and smalil
letters are first and second order basement fractures respectively, as defined by
Socolescu et al.,, 1964. 1 - Apuseni-South Pannonian crustal fragment (“Tisia™);

2 - Carpathian - Rodopian crustal fragment; 3 - The southem margin of Europe;

4 - Late Jurassic - Cretaceous flysch sequences of the Mureg Basin; 5 - Calc-alkaline
and subordinate tholeiitic rocks of the Mures Basin; 6 - Peri-Carpathian Cretaceous -
Paleogene flysch sequences; 7 - Neogene to Pleistocene weakly deformed mainly
clastic sequences; 8 - Neogene to Pleistocene volcanic centres; 9 - inferred sense of
displacement of the crustal fragments during the early Tertiary tectonism; 10 - relative
sense of movement along major fault zones.
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bend, suggests the propagation of Tertiary strain in the foreland and independent westward
migration of the western part of Moesia. Therefore, Miocene dextral shearing at the westem tip
of Moesia is the combined result of north and eastward Tertiary translations of microplates as
required to fill a sketched Carpathian recess and the westward indentation of Moesia. The
recess north of Moesia was likely smaller than assumed in previous models that regard Moesia
as a stable promontory.

Miocene to Quaternary igneous activity has a diffuse and discontinuous character, with
weakly expressed trends of propagation outward from the Pannonian Basin and southeastward.
The volcanos pinpoint loci of extension cutting previous structures (Figs. 6-16 d and 6.18), which
precludes any relationship with inferred former plate boundaries.

Igneous activity appears to have initiated through crustal melting and the development
of magma-chambers at mid-crustal levels. Geochemical data suggest that a basait derived from
depleted mantle sampled a markedly different lower crust and mixed with crustal meits; storage,
mixing, assimilation, and homogenization processes within the crust resulted in an “enriched”
chemical character.

Spatial and temporal distribution of Neogene volcanos suggest Miocene orogenic
collapse and decompression meiting of the overthickened crust or alternatively, the advection of
a thermal anomaly by mantle up-welling. The Miocene development of the Pannonian Basin
accommodated by contemporaneous divergent thrusting in the Outer Carpathians suggests that
unloading of the dome apex resulted in a general mass-transfer towards the circular periphery of
the dome and loading of the surrounding European foreland.
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APPENDIX 1

OUTLINE OF THE MAJOR TECTONOSTRATIGRAPHIC UNITS
OF THE CARPATHIANS-PANNONIAN BASIN SYSTEM

AND OUTSTANDING PROBLEMS IN THE INTERPRETATION
OF THE ALPINE EVOLUTION OF BASEMENT ASSEMBLAGES
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I.1. INTRODUCTION

The foilowing review of the main tectonostratigraphic units in different segments of the
Carpathian-Pannonian system introduces the tectonic setting for the study area. The traditional
Alpine nappe concepts in the central part of the Alps were extrapolated to different segments of
the Carpathians at different times. Heterogeneous approaches and levels of detail and the
proliferation of local names along the orogen, as well as the complexity of the geological
processes have prevented a straightforward interpretation of the geologic evolution of the
region. The least controversial and most explicit tectonic and stratigraphic representation of the
Alpine geology appears on the geological map of Austria. The model was extrapolated in recent
compilations to the scale of the entire Carpathian-Pannonian region (Fig. [-1) for pre-Alpine
stratigraphy (Zoubek et al., 1988) and for Alpine stratigraphy (Tari, 1994). Figures adapted from
these and other published papers are used here to present the distribution and currently inferred
evolution of the major tectonostratigraphic units in the Carpathian-Pannonian system. The
legend for lithostratigraphic columns is in Fig. I-2.

Inconsistencies in the current evolutionary models relevant to the alternative
interpretations proposed in this study are pointed out. Recent contributions which depart from
the traditional stratigraphic approach to metamorphic terranes and from their currently
interpreted Alpine kinematics are discussed in the final chapter - a first step towards a new

tectonic model for the Carpathian-Pannonian region.

.2 EASTERN ALPS

An arbitrary boundary between the Eastern and Western Alps corresponds to the N-S
trending outline of the Austroalpine overthrust on the Penninic units. The major Neogene Insubric
(Periadriatic) transcurrent fault marks the sharp southern boundary of the Eastern Alps, while the
molasse basin can be regarded as the northern geological border. To the east, the Vienna and
Danube Tertiary basins cover the link with the Westem Carpathians segment of the orogen(Fig. I-3).

The following brief summary of the geology of the Eastern Alps is based on synthesis
work by Oberhauser (1974, 1980), Tollmann (1977; 1986; 1989), Janoschek and Matura (1980),
Flagel and Faupl (1987), Neubauer (1992) and Schmidt et al. (1994).

Major tectonostratigraphic units

From north to south, and structurally upward, the main Alpine tectonic units emplaced on
the European foreland during the Alpine tectonism are the Helvetic-Ultrahelvetic foreland thrust-
and-fold-belt that involves shallow-water carbonates, marly facies or coal-bearing Lower
Jurassic “Gresten” facies, followed ocean-ward by the Cretaceous-Eeocene Rhenodanudian
flysch. The Mesozoic Hochstegen and Schieferhille cover sequence in the central Eastern Alps
and the Jurassic succession from Rechnitz at the eastern extremity are assigned to the South
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Fig. I-2. Leger{d of the lithostratigraphic columns compiled for the segments of the Alpine-
Carpathian orogen discussed in text (after Tari, 1994).
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Penninic oceanic basin. The African-derived Austro-Alpine nappe complex dominates the
structure of the Eastern Alps. In the south, adjacent to the Periadriatic lineament, basement units
and isolated Permo-Mesozoic cover are interpreted as structurally lower units. Permo-Mesozoic
sequences exposed in the northern Calcareous Alps are high-level gravitational nappes.
Basement assemblages

The metamorphic basement of the Central and Eastern Alps belongs to the Austro-
Alpine nappes and the Penninic Tauern window (Fig. I-4).

The Penninic basement exposed in the Tauern Window consists of the Paleozoic
Venediger nappe system that includes from top to bottom: the Stubach Group, the Habach-Storz
Group, and Variscan granitoids of the Zentralgneis (Frisch et al., 1993).The Zentralgneis Group
consists of sheared I-type and subordinate S-type granitoids ranging in age from Carboniferous
to Permian. Tonalite, granodiorite, granite batholites are exposed in dome-like or antiformal
structures (“kerne” = core). The Habach-Storz Group consists of biotite plagiogneiss,
amphibolite, micaschist and quartzite, and subordinate cummuiate pyroxenite interpreted to
represent a volcanic island arc association. Both micaschist and quartzite are locally graphitic
and associated with phyllonite. A Late Proterozoic to Early Paleozoic age is assigned based on
microfossils and U-Pb zircon ages and Sm-Nd whole rock ages ranging from 640-490 Ma. The
Stubach Group consists of amphibolite and gneiss, micaschist, and quartzite with variably
serpentinized layered cumulate (Neubauer et al., 19889). From the chemical characteristics of the
ultramafic lenses which are similar to MORB and island arc tholeiite, the Stubach Group is
interpreted as an ophiolitic association obducted during Variscan tectonism (Frisch et al., 1993).
The ophiolitic assemblage is defined by the Stubachtal and Ochsner ultramafic/mafic rocks and
several splinters of serpentinite within a matrix of plagiogneiss, micaschist and amphibolite.
U-Pb and Sm-Nd mineral isochron ages in the range of 660-640 Ma on a gabbro-amphibolite
are interpreted as formation ages (von Quadt, 1989).

The Austro-Alpine basement is relatively homogeneous west, and highly diverse east of
the Tauern Window. It is commonly separated into fossil free medium to high-grade lithotectonic
assemblages (“Altkristaliin”), low-grade “quartzphyllite units”, and nearly un-metamorphosed
fossiliferous Paleozoic sequences. Geochemical data are considered to document all stages of
the Variscan Orogeny (Neubauer and Frisch, 1993).

In different parts of the Eastern Alps, similar lithotectonic assemblages are separated as
distinct “complexes” and assigned to a multitude of Variscan and Alpine nappes (e.g., Neubauer
and Frisch, 1993; Ratschbacher et al., 1990; Dallmeyer et al., 1996) (Table I-1). The age of the
protolith is unknown and the age of the medium-grade textures is uncertain.

The easternmost part of the Eastern Alps is dominated by the Grobgneis Complex which
consists of plagiogneiss and micaschist with minor intercalations of amphibolitised gabbro and
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diorite (e.g., at Birkfeld and Kulm), intruded by various Carboniferous to Permian granites. Low-
grade retrogression resulted in various phyllonite assemblages (Murztal and Birkfeld) with
quartzite and talc schist.

Table I-1. Lithostratigraphic and tectonic units of the basement in Central and Eastern Alps
(compiled from Tollmann, 1977; Neubauer and Frisch, 1993; Frisch et al., 1993)

Upper Austro-Alpine Kaintaleck slices, Ackerl complex

Middle Austro-Alpine Muriden complexes: Core, Speik, Micaschist-Marble complexes
Koriden gneiss complexes, Plankogel micaschist complex

Lower Austro-Alpine Semmering system: Grobgneis Raabalpen(=Tatric)
Wechsel system: Waldbach and Wechsel gneiss complexes

Tauem Window Venediger system: Stubach group,
Habach-Storz group,
Zentralgneis Group

In the central Eastern Alps up to the Tauern Window, the Grobgneis assemblage can be
correlated with the “Core assemblage” of the Muriden Complex. Structurally upwards, the
Muriden Complex is subdivided into a plagiogneiss-amphibolite (“*Core”), a metaophiolite
(“Speik”), and a micaschist - marble assemblage. Gneissic layers of the lowermost assemblage
include relics of tonalitic rocks: porphyritic biotite granite and assorted amphibolite gneiss or
amphibolite with pyroxenite, wehrlite, hornbiendite, and gabbro. The more massive plagiogneiss
of the Core assemblage shows a dome-like shape, mantled by plagiogneiss, amphibolite, garnet
micaschist, and rare intercalations of thin calc-silicate rocks. A spessartine-bearing mylonitic
quartzite within the micaschist suggests a mid-crustal tectonic discontinuity within the Core
assemblage similar to the one interpreted in the Sebeg-Lotru assemblage of the South
Carpathians (Sab&u, 1994). The overlying assemblage (the Speik Complex) is a few hundred
meters thick, and dominated by garnet amphibolite with discontinuous layers of augen gneiss,
mixed siliceous and dolomitic marble, and serpentinite that contains relics of olivine-gabbro and
eclogite. This assemblage grades through sulfide-rich quartzite and micaschist, into a
structurally higher assemblage of garnet micaschist, biotite amphibolite, quartite, black schist,
and variably dolomitic marble with abundant pegmatitic bodies.

To the south in the central Eastern Alps, the Koriden Complex consists of plagiogneiss
enclosing up to kilometer-sized lenses of amphibolitized eclogite, gabbro, calc-silicate rocks
marble, and manganese-rich mylonitic quartzite; typically, the plagiogneiss shows kyanite
pseudomorphs after andalusite. The nature of the protolith and the age of eclogitization are
uncertain. Kyanite-bearing low-Ti eclogite and kyanite-free high-Ti eclogite are interpreted to be
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Fig. I-4. Simplified map of the Austro-Alpine basement units east of the Tauern window
(modified after Neubauer and Frisch, 1993). 1 - Permian to Cenozoic formations; Upper A-A
nappes: 2 - fossiliferous Paleozoic formations and “Qquartzphyllites” 3 - Kaintaleck slices and
Ackerl complex; 4 - Carboniferous and Permian of the Veitsch nappe; 5 - Eisenkappel crystalline
complex; 6 - Pohorje gamet-peridotite-granulite complex; Middle A-A nappes: 7 - Plankogel
complex and related micaschist complexes; 8 - Koriden gneiss complex; 9 - Bundschuh
complex; 10 - Sieggrabener complex; 11 - Micaschist-Marble complex; 12 - Speik complex; 13
Core complex; Lower A-A nappes 14 - “Grobgneis” complex. 15 - Tatric unit, Wechsel gneiss
complex. Geographic markers: Gu - Gurktaler Alpen; K - Koralpe; L - Leitha Mountain; LC - Little
Carpathians; N - Niedere Tauern; P - Pohorje Mountains; W - Wechsel.
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derived from gabbro and MORB basalt, respectively. To the south, the Koriden plagiogneiss
assemblage is overlain by the Plankogel complex of staurolite-garnet micaschist matrix with up
to kilometer-size lenses of silicate-marble, amphibolite, variably serpentinised ultramafic lenses,
manganese quartzite overlain by the Krauping micaschist, and quartzite with thick amphibolite
lenses.

Lithotectonic assemblages similar to the Koriden Complex are known east of the Tauern
Window as the Bundschuh-Einach and Ackerl complexes, and further east as the Sieggrabener
Complex. The Bundschuh-Einach Complex consists of plagiogneiss and granite gneiss. The
Ackerl Complex consists of staurolite-bearing plagiogneiss, rare orthogneiss, micaschist,
quartzite and amphibolite and concordant phyllonitic shear zones. The Sieggrabener Complex
consists of gamnet + kyanite plagiogneiss, serpentinized peridotite, amphibolitised eclogite, calc-
silicate rocks, and marble.

The northern basement exposures are represented by the Kaintaleck tectonic slices with
diverse rock types (Ritting, Frauenberg and Prieselbauer assemblages) and are bounded to the
north by the highly strained Kalwang trondhjemite and covered by Carboniferous fossiliferous
greywacke.

All mafic assemblages of the Eastern Alps are routinely interpreted as pre-Alpine
ophiolitic sequences. In the Austro-Alpine nappes, the Speik assemblage of the Muriden
Complex is considered an ophiolite sequence obducted southward (Neubauer and Frisch,
1993). Similarly, the Plankogel Complex is interpreted as a pre-Alpine east-vergent ophiolitic
melange (e.g., Frisch et al., 1984). In the basement of the Tauern Window, the Stubach
assemblage is also interpreted as an obducted ophiolite complex (Frisch et al., 1993).

Interpretations of crustal evolution in the Eastern Alps benefit from the greatest number
of isotopic data in the orogen. Within the Frauenberg assemblage involved in the Kaintaleck
tectonic slices a population of rounded zircons from a hornblende gamet gneiss yielded a U-Pb
upper intercept of ¢. 2.53 Ga with a lower intercept of c. 516 Ma. A population of brown,
metamictic zircons yielded an upper intercept of c. 2.8 Ga. The lower intercept is interpreted to
date the Caledonian metamorphism, the 2.53 Ga date to be the crystallization age of the
protolith, and the 2.8 Ma date to indicate crustal contamination of the igneous source (Neubauer
and Frisch, 1993). The age of metamorphism is suspicious because it corresponds to the
c. 500 Ma age of emplacement of the Kalwang trondjemite of the Kaintaleck slices suggested by
the U-Pb zircon upper intercept. However, these U-Pb zircon data indicate that Precambrian
granitoids are part of the plagiogneiss-granite dominated assemblage, which is widespread in
the Alpine-Carpathians orogen.

U-Pb zircon dates from the tonalitic rocks of the Core Complex yielded upper intercept
dates near 3 Ga and 2.25 Ga and a lower intercept of ¢. 356 Ma. U-Pb zircon (c. 500 Ma -Haiss,
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1991). Rb-Sr dating (c. 518 Ma - Frank et al., 1976) in the plagiogneiss matrix (tonalite gneiss)
also suggests an Early Paleozoic tectonomagmatic event. Several dates from igneous rocks
ranging between 460-425 Ma suggest Late Ordovician-Early Devonian igneous activity. Other
othogneisses yielded Carboniferous ages (Sharbert, 1981). The assemblage is invaded by
trondjemitic migmatite at c. 353 Ma (Neubauer et al., 1993), indicating an Early Carboniferous
magmatic event. U-Pb and Rb-Sr dates from granites and granite gneiss of the lowermost
assemblage range from Ordovician to Carboniferous. Rb-Sr data from coarse-grained
porphyritic granite-gneiss of the Grobgneis Complex are interpreted as Carboniferous
emplacement ages (326+/-11Ma; 338+/-12 to 343+/-20 Ma ), similar to the granitoid intrusions in
the basement of the West Carpathians.

In the Muriden Complex, evidence of Early Carboniferous Variscan tectonism consists of
U-Pb zircon lower intercepts of c. 425 Ma and c. 365 Ma from an augen gneiss and a
metatonalite lense, respectively (Neubauer and Frisch, 1993). These ages correspond to the
main phases of plutonism documented within the Lower Muriden succession between 460-425
Ma and 360-350 Ma. “°Ar/°Ar plateau dates of c. 364 and c. 375 Ma are in the Keintaleck
nappes are interpreted to record Early Variscan orogenesis.

“ArSAr data from homblende concentrate of the Sieggrabener eclogite yielded c. 136
Ma and c. 108 Ma whilst a muscovite concentrate yielded c. 82 Ma, in the range of all Ar/Ar ages
obtained on the subjacent Grobgneis Complex. The Sieggrabener is interpreted as a klippe of
the Koriden Complex emplaced during Cretaceous thrusting. The interpretation is suspect
because rock types of the Grobgneis and Koriden complexes are similar and the eclogite pods
may have been incorporated in the gneissic crust prior to the Alpine tectonism.

“ArP9Ar dates from basement rocks in the north-central Eastern Alps (Dallmeyer et al.,
1996) range from c. 98 to c. 84 Ma. To the east, “°Ar/*°Ar data on muscovite throughout the
Grobgneis Complex range between c. 82 Ma and c. 71 Ma, and two dates from hornblende
concentrates from amphibolitised eclogite yielded c. 108 and 136 Ma. Intra-Gosau (c. 86-65 Ma)
dates on non-mylonitic basement are interpreted to date exhumation and cooling following
nappe assembly (e.g., Ratschbacher et al. 1989; Neubauer et al., 1995). Dates within ductile
shear zones of the Lower Austro-Alpine units range between c. 78 and ¢. 71 Ma and are
interpreted as thrusting in deep crustal levels (Dallmeyer et al., 1992).

Paleogeographic and tectonic evolution

After the Hercynian orogeny, during the Late Permian, the area of the original Eastern
Alps was invaded by sea. The Lower Triassic neritic sandy shales and sandstones were
replaced by Anisian carbonate platforms, followed in the Ladinian, mainly to the south, by the
deep-water Hallstatt facies strata probably related to deep fault-controlled troughs. A broad Late
Triassic carbonate platform suggests a phase of regional thermal subsidence most active in the
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south. In the Early Jurassic, the centres of subsidence shifted to the northernmost part of the
North Alpine shelf as a result of the initial extension of the South Penninic ocean, and by the end
of the Jurassic, deep-water environments with radiolarite deposition prevailed in the whole
region. The Malm to Early Neocomian initial phase of compression resulted in the uplift of the
basement and gravity nappes gliding towards the north. E-W trending facies zones are stacked
in the Alpine nappe pile, with the southemmost zone in the northemmost and structurally
uppermost position. The whole edifice was pushed northward toward the Neocomian Rossfeld
flysch trough interpreted as a trench in front of a N-vergent accretionary compiex. The Austro-
Alpine nappe pile overthrust the Penninic facies zones during the Albian-Turonian. The
Engandine, Tauern, and Rechnitz tectonic windows expose the Penninic foreland of Europe.

Deposition of the Senonian Gosau facies began in the Coniacian. It is regarded as a
post-tectonic succession commonly overlying Eoalpine thrust contacts. The Gosau strata are
commonly involved in Tertiary thrusting and folding. Late Tertiary strike-slip and normal faulting
suggest a pattern of eastward extrusion tectonics.

Geophysical data

Most data indicate subhorizontal seismic reflectors dipping north or south toward an
inflexion zone outlining a low-velacity crustal root along the southern boundary of the Central
Alps (Moeller, 1989)(Fig. I-5) and major upper mantle heterogeneities interpreted to record
subduction (Spakman, 1990) (Fig. 1-6).

Inconsistencies

Recent structural data and paleogeographic reconstructions have largely improved
knowledge of the tectonic evolution of the Austroalpine domain, but their accommodation in the
traditional nappe stacking interpretation appears speculative:

- Austro-Alpine lithotectonic assemblages on the northern and southern side of the
Tauern Window are different.

- the subdivisions and structure of the Penninic basement and of the Muriden Complex
of the Austro-Alpine nappe system (A-A) are almost identical: the Zentralgneis unit correlates
with the Grobgneis and the Holbach-Storz correlates with the assemblage of piagiogneiss,
micaschist, amphibolite, phyllonite and quartzite forming the matrix of the Grobgneis in the
Eastern Alps. The Stubach ophiolitic association comprises few lenses of more or less
serpentinized layered gabbro-cumulate, common in all basement units of the Alps. Their location
at about the same latitude within the orogen casts doubts on the current tectonic interpretation
that places Penninic basement on the lower European plate and A-A on the upper African plate
following subduction of the South Penninic ocean and complex collision.

- the interpretation of the Sieggrabener eclogite-bearing complex as a klippe of the
Koriden Complex emplaced during Cretaceous thrusting is suspect because rock types of the
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Preliminary interpretation of the explosion—seismic reflection data for the traverse through eastern
Switzerland (cf. Fig. 3b). The most conspicuous reflection *bands’ are represented by hand-migrated line
drawings (after Finckh er a/. 1987). In the north the lower and middle crust with the C. X and M reflectors
appear to be *decoupled” from the upper crust and secem to move intact down into the steeply southward
dipping subduction zone (cf. Figs 11, 13b and 14a). In the upper crust the Aar Massif which is exposed in a
‘window’ near Vittis separates the Helvetic domain with its distinct Triassic marker (cf. Fig. 5) from the
Penninic domain with the Suretta, Tambo and Adula nappes (cf. Fig. 3a). The ‘Penninic Front’ (PF) outcrops
at the Rhine—Rhone Line (RRL) near Tamins (shotpoint 9). The steeply northward dipping reflectors in the
southernmost part of the section have not been properly migrated. There is a distinct gap in the reflection bands
(C, X and M) delineating the lower crust between shotpoints 10 and 12 in the north and shotpoints 16 and 17 in
the south which has not yet been explained. When approaching the Engadine Line (EL) the M-discontinuity
seems to rise gently towards the south. It should be noted that the crust-mantle boundary (M) as derived from
seismic refraction measurements appears to be continuous.

Fig. I-5. Deep structure of the Alps (from Moeller, 1989).
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adjacent Grobgneis are similar and the eclogite pods may have been incorporated in the
gneissic crust prior to the Alpine tectonism.

- the Helvetic/Penninic facies zone exposed in tectonic windows is only present west of
the windows and not north or in front of the originally interpreted Austro-Alpine front.

- the thicker Triassic and the low-grade Radstatt (Jurassic?) succession of the lower
Austroalpine units, are similar to contemporaneous Penninic successions; existing differences
can be explained by lateral facies variations of cover strata similar to those documented in the
Austro-Alpine units (e.g., the facies of the Upper Triassic changes from peritidal carbonate
(Hauptdolomite) in the west to continental variegated clays (Carpathian Keuper) to the east.

- there are significant facies differences between the Upper Triassic carbonate facies of
the upper Austroalpine nappes (lagoonal-Hauptdolomite, reefal platform-Dachstein limestone, to
basinal carbonate-Hallstatt limestone) and contemporaneous sequences in the supposed root
zone, in the Drauzug area (Upper Triassic and Lower to Middle Jurassic sequence of Licicum).

- the Triassic Hauptdolomit facies of Drauzug and the Transdanubian mountains (Fig. I-23)
is also exposed on the Austro-Alpine basement, in the “Gurktal Nappe”. Clasts of South Alpine
origin within the Gosau strata from Graz suggest a relatively uniform cover of South Alpine affinity
for the southern Austro-Alpine basement.

- no structural evidence exists for the involvement of Drauzug and Transdanubian (Figs. 1-3
and |-23) mountains in a gigantic pre-Gosau “Ultrastyrian nappe"as postulated by Tolimann (1987),
to explain the Triassic facies distribution and Gosau clasts. Instead paleo-geographic
reconstructions based on Permo-Mesozoic isopic zones (e.g., Bechstadt, 1978; Schmidt etal., 1991;
Haas et al., 1995) indicate 300-400 km of eastward lateral dislocation of the Drauzug,
Transdanubian mountains, and implicitly the “Gurktal Nappe”.

- the northwest-trending displacement vectors in the lower basement “nappes” are
parallel to dextral strike slip faults in the upper cover nappes of the Northern Calcareous Alps
(Ratschbacher and Frisch, 1993) and suggest widespread dextral internal strain in the Austro-
Alpine units.

- there is no kinematic evidence for the popular interpretation of all mafic assemblages of
the Eastern Alps as pre-Alpine ophiolitic sequences obducted during the Variscan tectonism;
consequently, the confusing kinematic picture includes Variscan obductions in different directions:
eastward for the Plankogel “ophiolitic mélange” (Frisch et al., 1984), southward for the Skeik
“ophiolitic assemblage” (Neubauer and Frisch, 1993).

- the vergence of Austro-Alpine nappes is highly controversial (Oberhauser, 1991); the
vergence of cover nappes was originally inferred to be northwest or west (e.g., Termier, 1903;
Rothpletz, 1905), then north (e.g., Tollmann, 1963). Recent models argue for Cretaceous west-
directed thrusting and Tertiary piggyback transport of the whole nappe pile to the north (e.g.,
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Schmid and Haas, 1989). A paradoxical orogen-paralilel nappe stacking model resuited from the
combination of modern kinematic analysis (e.g., Ratschbacher, 1986) with the originally
interpreted outlines of the “Penninic windows": a narrow (less than 100 km) wedge of African
crustal slices would have travelled from east to west over 260 km of the narrow Penninic
continental fragment. Moreover, no Tertiary overprint has been detected in the Lower Austro-
Alpine Nappes, in contrast with the currently interpreted major phase of Eocene thrusting.

- micro-structural work showed that many faults and shear zones previously interpreted
as thrusts are in fact low-angle extensional faults (e.g., Nievergelt et al., 1991, Werling, 1992;
Handy et al., 1993). Even some spectacular recumbent folds (e.g., the Ela “frontal fold") are not
related to thrusting and crustal shortening, but to crustal extension (Froitzheim, 1992).

- sinkinematic muscovite in ductile shear zones are contemporaneous with the
development of Gosau basins; ‘intra-Gosauian” mineral ages cannot be interpreted as thrust
related.

It appears that previous models have largely overestimated the thrust tectonics and

overlooked tangential strain and displacement.

I.3. THE JUNCTION BETWEEN THE EASTERN ALPS

AND THE WEST CARPATHIANS

The Neogene fill of the Vienna Basin prevents direct correlation of major tectono-

stratigraphic units of the Eastern Alps and Carpathians. However, the Leitha Mountain exposes
the same plagiogneiss-micaschist association intruded by granitoids as the eastern extremity of
the Alps and the Little Carpathians (Fig., I-4). South of the Leitha ridge to the Raba fracture
zone, metamorphic assemblages in the southeasternmost spurs of the Eastern Alps can be
recognized in isolated exposures in the Rechnitz-Koszeg and Sopron regions and in drill holes in
the Little Hungarian Plain (Fig. I-7).

The Rechnitz-Koszeg series (Schénlaub, 1979) consists of three low-grade lithotectonic
assemblages; from north to south, these are quartz phyllite, phyllite, and greenschist with pods
of metadiabase and serpentinite. The protolith is considered to be a Jurassic to Lower
Cretaceous sedimentary sequence that correlates with the Penninicum sequence. Glaucophane
relics suggested affinities to the Meliata lithotectonic assemblages of the West Carpathians.
Zircon fission track data ranging from 19 to 13 Ma (Dunkl, 1992) indicate a Miocene
metamorphic core-complex evolution, interpreted to have partly obliterated structures related to
major Cretaceous thrusts (e.g., Tari, 1996). To the north, it is tectonically overlain by Lower
Austro-Alpine units (the Wechsel Series and the Grobgneis unit), and to the south, by Paleozoic
to Mesozoic rocks assigned to the Upper Austroalpine units (essentially the Graz Paleozoic).
The model implies that the Lower and Middle Austro-Alpine units are missing on the southern
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Fig. I-7. Subsurface geology around the Rechnitz window compiled after Flugel and Neubauer
(1984); Kréll et al. (1988); Neubauer et al. (1992); Stereographic projections of mesoscopic
planar and linear fabrics in outcrops, after Ratschbacher et al. (1980): S2-main foliation; L2 -
main stretching lineation; S3 - subsequent foliation; B3 - minor fold axis.
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gneiss is tentatively correlated with the Wechsel series of the Eastern Alps (Jantsky et al., 1988).
limb of the nappe antiform and that Paleozoic strata in northern Hungary represent a thrust sheet.

In the Sopron region, the Fertérakos-Csapod assemblage of amphibolites and two-mica
It is overlain by the Sopron granite-gneiss and the Obrennberg andalusite-sillimanite-microcline
gneiss/micaschist that can be correlated with the Grobgneis unit of the Eastern Alps. Strong
shearing/retrogression resulted in a mylonitic assemblage dominated by chioritoid-bearing
phylionite with kyanite, garnet relics . in contrast to the Eastern Alps where the Grobgneis and
Wechsel series are interpreted as distinct Lower Austro-Alpine nappes, no sharp contact can be
traced between the Fertérakos and Sopron-Orennberg assemblages.

Table |-2. Correlation of the main tectonic units in the Alpine-Carpathian transition zone
(modified after Horvath, 1993)

Alpine Units HW Hungary Carpathian - Pannonian Units
Alpine molasse foredeep Carpathian molasse foredeep
Alpine flysch zone Carpathian flysch zone
St. Veit klippen Pieniny klippen
Upper and Middle Austroalpine Hronic, Gemeric
Lower Austroalpine Grobgneiss Sopron Tatric
Wechsel Fertorakos, Leitha
South Penninic Rechnitz
Veporic
Drauzug Transdanubian Central Range
South Alpine Igal-Bikk-Meliata zone
Inconsistencies

Stretching lineations and axes of minor folds, within the Rechnitz window, although
assigned to distinct events (Ratschbacher et al., 1990), are roughly paralle! (Fig. 1-4). Their
subhorizontal plunge and NE-SW trend in a subhorizontal foliation are inconsistent with the NW-
or W-ward thrusting of the Austro-Alpine nappe complex.

The Graz Paleozoic strata cover Middle Austroalpine units in the Eastern Alps and
Penninic units at Rechnitz. No unequivocal data exist to support a thrust contact between the
Paleozoic strata and the Rechnitz sequence. The continuity of the Graz Paleozoic succession
overlying different Austro-Alpine nappes makes the thrust interpretation suspect.

In contrast to the Alps, the lowermost nappe of the West Carpathians occupies the
northemnmost position, which implies that the horizontal transport of the upper nappes in the
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West Carpathians is considerably less significant than in the Alps. The South Penninic oceanic
trough closes eastward. The Meliata sequence is geometrically above equivalents of the Austro-
Alpine nappes and shows south Alpine (?) Dinaric facies affinities (e.g., Balla, 1987).

Penninic oceanic remnants from Rechnitz project along the orogenic trend into the remnants of
the Meliata assemblage of the West Carpathians Vardar-Bukk- oceanic trough.

.4. WEST CARPATHIANS
The West Carpathians segment of the orocline is exposed between the Neogene

depressions of the Vienna basin to the west and the Transcarpathian basin to the east. The
northern boundary is located between the molasse and the European foreland. The southern
boundary with the north Pannonian unit is marked by the Meliata oceanic sequence (Fig. |-8).

Major Tectonostratigraphic units

The following geologic summary is based on work of Andrusov (1968) Mahel (1974),
Birkenmayer (1985;1986), Kamenicky and Kamenicky (1988), Rakus et al. (1990) and Putis (1994).

The West Carpathian are traditionally subdivided into the Outer Tertiary and Inner
pre-Tertiary units, separated by the Pienniny Klippen Belt. The Mesozoic cover and Miocene
molasse of the European foreland is tectonically overlain by Malm to Oligocene age deep-water
clastic strata involved in the Neogene Sub-Silesian and Silesian foreland thrust-and-fold belt,
and in the Paleogene Magura thrust-and-fold belt which includes Early Cretaceous flysch. The
Pieniny Klippen Belt is a 1-20 km wide belt of highly deformed, chaotically disrupted, and
jumbled Triassic to middle Tertiary rocks, which extends along the inner side of the thrust belt.
The Upper Cretaceous and Paleogene component of this mélange is mostly deep-water clastic
sediment, whereas older sedimentary rocks include both abyssal carbonate rocks, pelagic
radiolarites, and shallow-water carbonates; correlative rocks now juxtaposed record widely
contrasting facies with quite different faunas. The Klippen belt is subdivided into four north-
vergent units (Csorsztyn, Pieniny, Klape and Manin) based on facies differences of generally
deep-water Jurassic to Cretaceous strata (Birkenmaijer, 1986, 1988; Misik and Marschalko,
1988). Chrome spinel, serpentine, and glaucophane grains are interpreted to be clasts derived
from a composite nappe stack including multiple subduction-derived metamorphic units (Dal
Piaz et al., 1995).

Along the Ukrainian Carpathians, the polymict mélange loses its identity and its
southward continuation in front or behind the East Carpathian basement is a matter of debate.

Basement assemblages

Metamorphic and igneous rocks of the West Carpathians crop out in the central part of
the Inner West Carpathians and in several isolated exposures (Fig. I-9) along the arc. Based on
isotope and palynological data, they were interpreted as products of the Dalslandian, Cadomian,
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Caledonian, and Variscan cycles (Table [-3) and partly affected by Alpine tectonism.

An association of granite-gneiss and migmatite with subordinate kyanite and/or
sillimanite plagiogneiss and amphibalite is assigned to the Proterozoic Jaraba (Tatra) and
Kazimir (Zemplin) groups. The association of micaschist, graphite quartzite, carbonaceous
rocks, and amphibolite is assigned to the Early Paleozoic Kohut (Kokava) Group. Several low-
grade assemblages are dominated by metarhyolite, phyliite, metasandstone and graphite schist
are assigned to the Middle-Late Paleozoic. The southemmost metamorphic assemblage is a
discontinuous lineament (Fig. 1-9) of deep-water Mesozoic strata associated with basic and
ultrabasic rocks, the Meliata sequence, overprinted by late Middle Jurassic (Dalimeyer et al.,
1996) low-temperature high pressure metamorphism (glaucophane schist).

Correlation between individual exposures along the arc is uncertain due to isolated
exposures and multiple phases of tectonism. Various names are in use and the contacts
between most lithologic associations are controversial. The stratigraphic classification appears
obsolete, since most basement assemblages incorporated in Alpine nappes were recently
reinterpreted as south-vergent Variscan nappes (e.g., Janak, 1992; Fritz et al., 1992;). For
example, the Tatra and Cierny Balog gneiss-granitoid association were considered as Variscan
thrust sheets overlaying the micaceous/amphyboalitic Hron association (Puti§, 1994).
Serpentinite-amphibolite-gneiss associations found at isolated locations were interpreted as a

Table I-3. Lithostratigraphic units of the West Carpathians basement
(after Kamenicky and Kamenicky, 1988)

Age Group Subgroup Formation
Tatride Veporide Gemeride
Raztoky Rakovec
LatePz Harmonia(Little
W-Carpathian Hron
MiddPz (Variscan) Klinisko (Low Tatra)
Upper Hladomorna
Gelnica X
EarlyPz (Caledonian) Cierny Balog X
Kohut Lower Hladomorna
Jaraba Bystra (Low Tatra) X
LatePtz (Cadomian) Muranska Lehota X
Podbrezova Boca
Libietova
Mid-Ptz | Kazimir (Dalslandian)
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dismembered leptino-amphibolite complex, evidence of a Paleozoic suture (Hovorka and
Meres,1993). The Jaraba Group is intruded by Late Variscan Vepor, Hroncok, and (I-type) Sihla
granites (c. 303 - 280 Ma, U-Pb zircon dates by Bibikova et al., 1988; c. 284 Ma, Rb-Sr isochron
age by Bagdasaryan et al., 1986).

Basement rocks are assigned to three north-vergent Middle Cretaceous nappe
complexes the Tatride, Veporide, and Gemeride (e.g., Andrusov, 1968). The North Veporicum
region was recently assigned to Supratatricum nappe based on similarities of the Permian-
Middle Cretaceous Velky Bok cover succession to the Tatricum cover, and the Veporide nappe
complex was restricted to the basement units to the south covered by the Foederata succession
(Puti§, 1994; Fig. -9). Other interpretation considered the basement of the West Carpathians as
a rigid tectonic lid with minor Alpine internal thrusts (Grecula and Roth, 1978).

Paleogeographic and tectonic evolution

The Foederata cover succession records Triassic extension on the South Veporic
basement. Extension progressed to the Middle Triassic opening of the Meliata oceanic basin
south of the Gemeric basement. Middle Jurassic subduction of the Meliata ocean is
contemporaneous with extension of the European shelf to the north recorded by the Velky Bok
cover succession of the North Veporic (Supratatric), Tatric and infra-Tatric basement (Puti§,
1993). Jurassic to Middle Cretaceous extension of the Tatric basement resulted in deep-water
basins. The Vahic furrow is regarded as the eastern continuation of the Penninic ocean
(Plasienka, 1990). Extension culminated with the Barremian-Early Albian emplacement of
basanitic rocks in the Tatric and Fatric units. It coincided with the development of a flysch
sequence in the Zliechov trough on the Tatric basement. Flysch deposition apparently ceased
first in the southern and then in the northern Inner West Carpathians: in Cenomanian time in the
Krizna unit in the Cenomanian-Turonian of the southern Tatric and in the Turonian-Coniacian of
the northern Tatric unit. During the Turonian, units of the Krizna zone gravitationally spread north
over the Tatric units. South-vergent thrusts are also reported in the inner West Carpathians
(e.g., Biely, 1989).

The Pieniny Klippen Belt marks the elusive boundary between the Inner and Outer West
Carpathians. It consists of tectonically juxtaposed rock types originating in separate deep-water
basins and is currently interpreted to represent a subduction mélange (e.g., Birkenmajer, 1988;
Hamilton, 1990). Tectonism within this narrow belt is post-Paleogene, and vertical tectonic
boundaries and recorded strain are consistent with sinistral strike-slip (Birkenmajer, 1986;
Csontos et al. 1992). In the Outer West Carpathians, the Magura nappes formed between the
Early Oligocene and Middle Miocene, and were backthrust along the Pieniny Klippen Belt onto

the Inner West Carpathians.



256

Geophysical data

The crust/mantle interface under the Outer West Carpathians is horizontal and no relic
of subducted slab has been depicted by any geophysical method (Sologub et al., 1973;
Chekunov and Sollogub, 1989; Tomek and Hall, 1993) (Fig. I-10). Several subhorizontal
reflectors in the Inner West Carpathian crust were interpreted to define shear zones and
Cretaceous thrust sheets (Tomek, 1993) (Fig. I-11).

In the western extremity of the West Carpathians, an almost symetrical lithospheric root
reaches c. 180 km in the axial zone under the Little Carpathians and is cut by steeply dipping to
vertical, deep-reaching tectonic discontinuities (Chekunov and Sollogub, 1989). Similarly, at the
eastern extremity, several subhorizontal reflectors define a crustal root under the West
Carpathians-East Carpathians junction region reaching 60 km depth. Deep tectonic
discontinuities dip steeply towards the European foreland. The tomographic image of the
uppermost portion of the mantle under the central West Carpathians indicates a high velocity
domain dipping northward under the European crust (Spakman, 1990; Fig 1-6,continued).

Inconsistencies

The far travelled Eoalpine nappe complexes of the West Carpathians are inferred
exclusively from the interpretation of the Permian Mesozoic cover sequences. The proposed
basement thrust sheets are separated by steep south-dipping tectonic discontinuities that
coincide with major sinistral Cenozoic strike-slip faults: Certovica, Pohorela, Muran, Lubenik
(e.g., Pospisil et al., 1989, Puti§, 1994). A mesh of splays with various kinematics related to the
main Cenozoic tectonic lineaments overprint the whole region. The tectonic juxtaposition of
cover sequences previously interpreted as major Eoalpine thrusts may be the result of Cenozoic
faulting.

The interpretation of subhorizontal seismic reflectors in the West Carpathians basement
as a nappe stack (Tomek, 1993) is speculative because basement assemblages originating at
middle and lower crustal levels are inherently sub-horizontal. The projection of the inferred
nappes and thrusts into the shear zones at surface (Tomek, 1993) is contradicted by the
subhorizontal stretching in outcrop.

The main exposures of calc-alkaline volcanic rocks from Central Slovakia and Tokaj-
Presov are clearly related to the Tertiary Muran-Hurbanovo and Hemnad strike-slip faults,
respectively. Moreover, the Tokaj-Presov volcanic lineament is perpendicular to the proposed
subduction zone and the Vihorlat volcanic lineament in the eastem extremity of the West
Carpathians segment overiaps the postulated suture, the Pieniny Klippen Belt.
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.5. EAST CARPATHIANS

The East Carpathians are the only segment of the orogen with a subduction zone anatomy:
accretionary wedge, continental island arc, and volcanic arc (Fig. [-12).

The following presentation is based on syntheses by Bancila (1958), Sdndulescu (1975;
1984; 1988), Bercia et al. (1976), Krautner (1980, 1988), and Balintoni at al. (1983).

Major tectonostratigraphic units

The outer part of the Carpathian arc consists of a coherent thrust-and-fold belt generally
interpreted as an accretionary wedge related to westward subduction. Concentrically inward
away from the European platform, Mesozoic and Cenozoic strata define the following facies
zones: foreland-basin syn-thrust Neogene strata; mostly Upper Cretaceous and Tertiary
outer-shelf strata; Jurassic to middle Tertiary inner-shelf strata; deep-water strata of Jurassic to
Late Cretaceous age. Tectonic units derived from the innermost strata, interpreted as
Cretaceous nappes from an internal trough floored by oceanic or thinned continental crust are
assigned to the “External Dacides”. Tectonic units to the east are interpreted as Miocene
syn-collision nappes and assigned to the “Moldavides” (Dumitrescu et al., 1962; Sandulescu, 1984;
1988).

The upper plate represented by the East Carpathians continental crust (ECC) is
currently interpreted as a stack of four Alpine nappe complexes (Fig. I-14). From bottom to top,
these are: the Infrabucovinian nappes, the Subbucovinian nappe, the Bucovinian nappe, and the
Transylvanian nappes. The Infra-Bucovinian, Sub-Bucovinian, and Bucovinian nappes are
crystailine basement nappes with distinct Mesozoic cover strata (Fig I-13) postulated to originate
in different facies zone facing the Tethys ocean. The uppermost nappes would carry deep-water
strata from the most internal facies zone and slices of the Transylvanides oceanic crust.

The lowermost Infra-Bucovinian nappes are exposed in small tectonic windows or as
slivers pushed in front of the overlaying nappes (Figs. [-13 and |-14). The thin Mesozoic
sedimentary cover typically starts with the Lower Jurassic sandstones and coal seams (Gresten
facies) and is characterized by several stratigraphic gaps attributed to erosion. The Sub-
Bucovinian nappe is exposed mainly in the northern part of the ECC fragment and has reduced
Mesozoic cover. The most widespread Bucovinian nappe is characterized by a Lower
Cretaceous flysch and an Upper Barremian to Lower Albian wildflysch. The Transyivanian
nappes would carry rocks from different oceanic environments. The Triassic to Jurassic of the
Persani Mountains showing a typical Austroalpine development with mafic rocks and Hallstatt
limestone is interpreted as an oceanic slice, the Olt succession suggests a shelf margin, and the
stratigraphy of the Haghimas reconstructed in part from olistoliths found in the Bucovinian
wildflysch, suggests an island arc succession. The nappes are supposed to have been emplaced
between Aptian (Infrabucovinian) and Late Albian (Bucovinian).
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Basement rocks

West of the flysch basin, the inner part of the Carpathian arc is an irregular and poorly
defined tract of widely varied and highly stretched crystalline rocks and stratigraphically overlying
and tectonically interspersed upper Paleozoic, Mesozoic sedimentary rocks (the “Crystallino-
Mesozoic Zone").

The medium-grade rocks are assigned to the Middle Proterozoic Bretila and Rebra groups,
of the Carpian Supergroup (Krautner, 1988) (Table I-4). Most of the low-grade rocks are assigned
to the Cambrian Tulghes Group and to several Middle Paleozoic formations. K-Ar dates from the
Bretila and Tulghes groups are generally spread between c. 500 and ¢. 100 Ma, with a maximum

Table 4. Principal lithostratigraphic groups of Precambrian metamorphic rocks and their
position in the main structural units of the East Carpathians (after Kréutner, 1980).

Supergroup | Group Series (Formations)
Bistrifa nappes Maramuregs nappes
Marisian Bucovinian Tulghes (U.Delovetsk)
Carpian Aluta Rebra (Negrigoara, L.Delovetsk)
Bretila (Rardu, Cemii Div) Bretila (Belipotok)

at c. 300 Ma which may suggest a Variscan record. K-Ar dates from the Rebra Group are widely
spread (Krautner, 1988). All basement assemblages are currently separated in distinct Variscan
nappes (e.g., Bercia et al., 1976; Balintoni et al., 1983). The assumed nappe contacts show
various dips and have led to conflicting interpretations regarding the vergence of the thrusts.

The East Carpathians Volcanic Arc

From north to south along the inner part of the Romanian East Carpathians (Fig. 1-12),
large occurrences of calc-alkaline rocks are clustered in three principal segments: 1) Oag-Gutai
(OG); 2) Tibles-Toroioaga-Rodna-Bargau (TTRB); 3) Célimani-Gurghiu-Harghita(CGH), the
longest (160 km) continuous volcanic range in the Carpatho-Pannonian region. The general
location behind the East Carpathians accretionary prism and calc-alkaline geochemical
signatures led R&dulescu and Sandulescu (1973), Boccaletti et al. (1973) and Bleahu et al.
(1973) to interpret these successions as a subduction-related volcanic arc. The model has been
extrapolated to accommodate Neogene to Quaternary volcanism at the scale of the entire
Carpathians-Pannonian Basin system (e.g., Bala, 1982; Royden, 1988).

Based on extensive published and unpublished petrographic, geochemical and isotopic
data for the East Carpathians volcanic arc (ECVA) (e.g., R&dulescu et al., 1973; Peltz etal,,
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1974; Peccerillo and Taylor 1976; Udubaga et al., 1983; Seghedi et al., 1987, 1995; Masson et
al., 1995), the complex petrogenetic evolution can be summarized as follows:

1) magma shows a “subduction-related” chemical signature; most of the volcanic rocks
belong to the calc-alkaline suite, ranging from basalts to dacites and rhyolites, but andesites are
most abundant; weak tholeiitic trends are shown by some of the earliest rocks in the Célimani
Mountains.

2) the rocks in South Harghita have a different mantle source and resuited from a
gradually decreasing degree of partial melting;

3) in areas of large volumes of erupted magmas (Calimani, Gutai), the dominant
petrogenetic processes are fractional crystallization combined with crustal assimilation; in areas
of smaller volumes of erupted products (Oas, Tibleg, Toroioaga, Rodna), the petrogenesis is
the result of extensive mixing between magmas derived in deep-seated intracrustal magma
chambers; in the South Harghita, fractional crystallization was combined with crustal assimilation
and magma mixing. None of the ECVA rocks, even the most basic ones, are representative of
parental or close to parental mantle-source partial melts (Fig. [-15).

Paleogeography and tectonic evolution

The Early Alpine development of the Inner Eastern Carpathians includes the opening of a
Triassic to Late Jurassic Transylvanian-Pienniny branch of the Tethys ocean west of the ECC.
Isolated exposures of Permo(?)-Mesozoic cover strata on the ECC have been interpreted as
relics of facies zones stretching parallel to the postulated ocean (S&ndulescu 1975, 1984). The
original location of the deep water (interal) facies zone and mafic rocks would be to the west,
on the Transyivanide oceanic crust. Cratonward, thin and lacunar successions have been
assigned to successive facies zones facing the ocean: the Bucovinian, Sub-Bucovinian, and
Infra-Bucovinian. The present reversed order would have resulted from nappe stacking with
hinterland nappes (originating in the Tethys domain) overthrusting underlying nappes
(originating in the ECC fragment). Transylvanian nappe(s) would have been transported piggy-
back fashion on the Bucovinian nappe.

Cover strata of the ECC show an evolution typical of the European margin,
characterized by the absence of Upper Triassic and of Lower Jurassic Gresten facies. Two
sedimentary cycles have been separated, a Permo-Triassic-Liassic one and a Aalenian-
Neocomian one (e.g., Bancild, 1958; Sandulescu, 1984).

A relatively large intracontinental basin resulted from Jurassic rifting and separation of
the Carpathian crustal fragment from the edge of stable Europe. A complicated morphology was
characterized by elongated ditches and furrows filled with flysch deposits separated by swells
(with condensed successions) or even transient "cordilleras”. An ensimatic basin was assumed
for the Black flysch and for the outer (R&dulescu and Sandulescu, 1973) or inner part
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(Stefanescu, 1983) of the Sinaia flysch, but its existence and extent remain speculative.

In the inner part of the flysch belt (External Dacides), folding and thrusting started in the
Middle Cretaceous but the main thrust phase is intra-Turonian. Deep-water materials were
pushed up onto the outer continental shelf and sheif strata were pushed further cratonward.
Meanwhile, during the initial phases of collision the inner deep-water facies and strips of
associated oceanic crust were scraped under the Bucovinic tract (eg. Maramureg Mountains).
They were uplifted and were subject to tectonic erosion as accretionary-wedge materials were
stuffed beneath them.

The oldest strata in the first (most internal) flysch trough to the east are Kimmeridgian,
but subsidence and sedimentation of the Sinaia flysch took place in Late Tithonian to Late
Albian, and consists of a 2200 m thick sequence of schist, sandstone, argilite, and black
limestone. The Lower Cretaceous Black Schist series is similar to the Silesian lithofacies of the
West Carpathians. To the north, the Black Flysch is defined by a Pienniny-type facies with
graphite-bearing schist, sandstone, tuff, basalt, and Aptychus- and Calpioneila- bearing
limestone. Albian - Vraconian (locally up to Cenomanian) Curbicortical flysch strata were
involved in the Ceahl3u, Baraolt, Teleajen, and Macla nappes during the Early Miocene,
followed by the Late Cretaceous Bistra Comarnic, and Ceahldu-Zaganu flysch.

To the east, a furrow with non-flysch sedimentation contains Lower Cretaceous to
Vraconian black argillaceus schist and siltstone with subordinate bituminous strata (Bancila,
1958). The upper strata that include banded mudstone and quartz or glauconite sandstone
correlate with the Silesian facies of the Western Carpathians and Eastern Alps. Vraconian-
Turonian banded argillaceous strata with tuffite and cherty intercalations record volcanism.
Similar successions known both in more external units (the Tarcsu nappe) and internal units (the
Pienniny Klippen-Birkenmajer, 1977) would indicate andesite volcanism related to an island arc
within the basin in front of the East Carpathian crustal fragment related to Middle Cretaceous
subduction (R&dulescu and Dimitrescu, 1982). Breccia and coarse sandstone beds with red
granodiorite fragments are interpreted to originate in a string of Vraconian-Turonian islands
between the Audia and Tarciu furrows, the “Cuman Cordillera” (Murgeanu, 1933). This
sequence is involved in highly imbricated Late Cretaceous folds and interpreted to define the
intra-Burdigalian Audia nappe.

The third trough was located east of the Audia sedimentation zone and consists of
Barremian-Late Badenian poly-facial deposits. Flysch deposition started in Early Senonian. This
sequence is assigned to the Medio-Marginal Unit.

Four distinct areas (Putna-Suceava, Bistrifa, Oituz-Cagin, Vrancea) with correlative
sequences are interpreted to represent tectonic half-windows under the Medio-Marginal Unit.
The first thin flysch-like sequence is of Paleogene age. During the Eocene, flysch strata were
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deposited only in parts of the Vrancea region. The Oligocene-Miocene sequence is
characterized by bituminous lithofacies (Kliwa sandstone) with coarse clastic strata, and by both
longitudinal and transversal facies variations that define the External Unit (Dumitrescu, 1952).

Oligocene cherty and bituminous facies including the Kliwa sandstone is overiain by
Burdigalian - Lower Badenian molasse strata interpreted to define the Peri-Carpathian Nappe
(or sub-Carpathian Nappe) (Bancild, 1958).

Geophysical data

Roman (1970) defined a vertical lithospheric slab oriented NE-SW located in the
Vrancea region in front of the East Carpathians bent. Constantinescu et al. (1973) interpreted
the same data as “subduction streams” in the upper mantle. Fochs et al. (1979) and Oncescu
(1986) interpreted seismic data in the Vrancea region to indicate to westward subduction.
Magnetotelluric data in the central East Carpathians depict two subvertical discontinuities; the
western discontinuity corresponds to the Neogene volcanic lineament, and the weaker eastern
one is located under the most external Carpathian units (Stéinicd and Stanica, 1993)(Fig. I-16).
A lithospheric root and subvertical mantle reaching fractures are depicted by a combination of
geophysical methods (Sollogub et al., 1986) (Fig. I-17).

Inconsistencies

The presence of Transylvanian deep-water strata and mafic rocks only on the easten
edge of the ECC fragment in contact with the deep-water sediments of the easten basin is
inconsistent with the interpretation of far travelled basement nappes.

Relationships between tectonic processes and magmatism in the East Carpathians
show that a subduction model cannot be applied (Sackaci and Seghedi, 1995). Recent attempts
to integrate new data in the subduction model (Linzer, 1995) have major shortcomings (Pana
and Erdmer, 1996). A detailed discussion is offered in the last chapter.
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(from Sténica and Sténica, 1993).
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Density distribution in the lithosphere beneath the Apuseni Mountains and Romanian
Carpathians along Geotraverse V: 1-mean density in crust and upper mantle; 2-intrusions of
basic and uitrabasic rocks in crust; 3-fault zones and calculated densities; 4-upper mantie
boundaries and density contrasts; 5-top of astenosphere; 6-isodensity line; 7-boundaries
between blocks of different density; 8-crust-mantle layer; 9-mass-excess body in upper mantle;
10-faults from seismic data; 11-Moho discontinuity from seismic data ’

Fig. |-17. Deep structure of the East Carpathians along Geotraverse V (for location see Fig. |-1)
as depicted by seismic and gravimetric data (from Sollogub et al., 1986)
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2.6. TH CARPATHIAN

The geographic boundaries of the South Carpathians may be arbitrarily placed along the
Prahova and Timig rivers towards the Eastern Carpathians and along the Danube River towards
the Balkans. To the north, the South Carpathians are bounded by the Transylvanian Basin and
to the south, by the Moesian platform.

The following summary is based on syntheses by Nastdseanu et al., (1981), Krautner et
al., (1981), Sandulescu (1975, 1984, 1988), Balintoni et al., (1989), and Berza et al., (1994).

Major tectonostratigraphic units

The Moesian platform is regarded as a promontory of the European foreland covered by
the Neogene to Recent molasse basin. The molasse also covers the deep Getic depression with
a 3 km-thick Middle Eocene to Lower Miocene sequence. The Senonian Mokranje flysch is
located in a similar tectonic position as the internal flysch units of the Moldavides in the East
Carpathians.

The Danubian units crop out only in the western half of the South Carpathians and are
grouped into upper and lower nappes. In the South Carpathians, Late Proterozoic oceanic
crust is interpreted from Nd and Sr isotope data from amphibolites of the Drégsani assemblage
(Liégeois et al., 1996). U-Pb zircon data from an orthogneiss in the Drggani assemblage
suggested a 777+/-3 Ma emplacement age of the protolith. A Late Paleozoic-Early Cambrian
tectonomagmatic event is represented by the Tismana granite (565-507 Ma K-Ar,

Grunenfelder et al. 1983; 567 Ma, U-Pb zircon date, Liégeois et al., 1996) and the Novaci
granite (588+/-5 Ma, U-Pb zircon date, Grinenfelder et al., 1983, recalculated by Liégeois et al.,
1996). These granites intrude the medium-grade Lainici-P&iug assemblage which has yielded
several Cambrian K-Ar dates (Granenfelder et al., 1983) and a 560 Ma “°Ar/*°Ar plateau date for
muscovite concentrate (Dallmeyer et al., 1996). These dates probably record uplift and cooling
following the intrusion of the granitic batholiths.

The sedimentary cover of the Danubian units is slightly metamorphosed. The lowermost
Schela nappe has a Liassic cover with metasandstone, metapelite, and anthracite suggesting a
coal-bearing Gresten facies.

The Severin nappe overlies the Danubian unit and consists of the Lower Cretaceous
Sinaia flysch and slices of basalts and ultramafics interpreted as Jurassic ophiolite.

The Getic nappe involves mainly crystalline basement rocks assigned to the Sebes
assemblage which includes (S&bau, 1994): the Armenig complex of sillimanite-bearing biotite
gneiss, quartz-feldspar and homblende gneiss, subordinate calc-silicate and marble layers; the
Vaideeni complex dominated by ultramafic and eclogite pods associated with anatectic
granitoids in a matrix of amphibole, quartz-feldspar or mica gneisses; discontinuous layers of
mylonite gneiss with microblastic biotite throughout this package; the Negovanu Mare complex
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dominated by garmnet-kyanite-staurolite-rutile-bearing micaschist; the interpreted tectonic
boundary between the Vaideeni and the Negovanu assemblages is marked by a Mn-rich
discontinuous package of spessartine quartzite and schist or by a thin discontinuous quartzite
layer; the Ursu complex includes orthaclase-biotite-sillimanite-cordierite gneiss, amphibolite,
quartz-feldspar gneiss and leptinite. The Sebeg-Lotru succession is regarded as a composite
Precambrian assembly of crustal slices with distinct M1 evolution, stacked during M2 collision at
intermediate crustal levels; this was followed by diapiric addition of lower crust during M3
(S&bdu, 1994) (Fig. 1-19).

Cover strata preserved in isolated exposures, span from the Upper Carboniferous to the
Upper Cretaceous with several unconformities. Upper Paleozoic strata exposed in the western
extremity (Resija-Moldova Nou3) are considered as Variscan molasse. Lower and Middle
Triassic strata are known at the eastern extremity (Bragov). At the base of the Lower Jurassic
Gresten facies, an angular unconformity was recognised in the Postivaru Massif. The Jurassic
to Lower Cretaceous succession is generally complete. The first regional unconformity is
pre-Albian. It was interpreted to date the first Getic phase (Codarcea, 1940) of nappe
emplacement. The Upper Cretaceous shows local episades of flysch (Hateg, Rusca Montana,
Sopot) and wildflysch (Rusca Montan3) sedimentation.

Table 2-5. The principal lithostratigraphic groups of Precambrian metamorphic rocks and their
position in the main structural units of the South Carpathians (after Krautner, 1980).

Supergroups | Groups Series (Formations)
Variscan Cartigoara
Fdgaras nappe Marisian
Carpian Fagdarag
Cumpdna
Leaota nappe Marisian Leaota Leresti
Carpian Ezer Célinegti
Getic nappe Marisian Cibin Sibigel, Raugorul, Raginari,
Dabaca, Minis, Buceava
Carpian Sebes-Lotru
Danubian nappes Marisian Riul Ses, Corbu
Carpian Paring, Petreanu, Bistra, | Lainici P&iug, Drigsani, Bodu,
Neamtu, Almaj Petreanu Bistra-Bucovei, lelova,

Poiana Mraconia
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The Supra-Getic nappes described in the western Banat, Poiana Ruscd Mountains, and
the Fagéras Mountains involve mainly basement rocks. Paleozoic and Mesozoic strata known in
few small exposures are thin and with many stratigraphic gaps. The Upper Triassic, Lower
Jurassic, Tithonian, and Neocomian are absent. Middle Triassic strata similar to those in
the Median Dacides of the East Carpathians crop out only in the eastern part (Stan Valley and
Fig3ras Mountains). The Urgonian-Aptian strata of the eastern Fagérag Mountains are similar to
those of the Transylvanian nappe in the Persani Mountains. This suggests that paleogeographic
relations did not change by thrusting.

Palogeography and tectonic evolution

Similarly to the East Carpathians, the very condensed shallow-water Early Alpine
successions suggest a proximal facies of European affinity. The Jurassic ophiolites of the
Severin nappe are interpreted as remnants of an oceanic basin between the Getic and
Danubian crustal fragments. The Danubian unit was initially regarded as an autochthonous
basement (Murgoci, 1907; 1910) due to its southward projection into the Pre-Balkans which are
a continuation of the Moesian platform. The reinterpretation of its internal structure as a stack of
pre-Alpine and Alpine nappes, and of the Late Paleogene Getic depression as a foredeep
setting, led to the reinterpretation of the Danubian as an allochthonous crustal fragment (e.g.,
Berza et al., 1994).

The Getic and Supra-Getic nappes involve two phases of thrusting with complex
cross-cutting relationships between different thrust sheets. The intra-Aptian “first Getic phase”
resulted in the closure of the Severin basin and partial overriding of the Severin flysch units by
the Getic nappe. The intra-Senonian “second Getic phase” resulted in a main detachment in
front of the Severin - Ceahl&u flysch units. The Supra-Getic nappe system is also interpreted to
have been emplaced during the Middle Cretaceous and Late Cretaceous (pre-Maastrichtian)
phases of overthrusting.

Geophysical data

Megnetotelluric data in the western part of the South Carpathians revealed a crustal
depression on the Getic foreland in front of the Danubian units. No transcrustal discontinuity has
been recorded in the postulated suture zone between the Danubian and Getic units (Stanica,
pers. communication, 1996).

Inconsistencies

The nappe structure of the South Carpathians was developed starting from the
classification of the metamorphic basement in two groups (Mrazec, 1897). Murgoci (1905, 1910)
assigned them to the Danubian Autochthon and the Getic nappe, imagined as a “suprafolding
nappe”. The original model invoked a mechanism of regional folding common for the basement
and cover sequences. It was later realized that the Alpine cover is in fact more or less flat-laying
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and since the internal structure and stratigraphy of the metamorphic assemblages was
considered synmetamorphic, i.e., Precambrian, the mechanism of nappe emplacement was
reinterpreted as a huge thrust shear zone at the sole of the Getic basement. Thus, the premises
of the original nappe interpretation have been disproved. Nevertheless, the nappe model was
further enriched with the Supra-Getic nappes (Streckeisen, 1934) and the Severin nappe
(Codarcea, 1934; 1940). In the last two decades an impressive number of local nappes have
been added in different parts of the South Carpathians. The Danubian basement originally
regarded as “autochthon” is currently interpreted as a stack of Alpine and pre-Alpine nappes
(e.g., Berza et al, 1994) (Fig. 1-21).

Kinematic indicators along the postulated thrust surfaces of the huge basement nappes
interpreted in the South Carpathians record oblique compression or extension associated to
major transcurrent shear zones (see Chapter 6).

Tectonic contacts along the shear zones have been consistently interpreted as major
thrusts. A simplified scheme based on correlation of basement units as nappes along the South
Carpathians includes some 22 Cretaceous nappes and several pre-Alpine nappes (Balintoni et
al., 1989, Berza et al., 1994). The Getic nappe is now regarded as a large rigid nappe, thrust
more than 100 km from the west or northwest during Cretaceous subduction of the Severin
Ocean (e.g., Codarcea, 1940; S&ndulescu, 1984) (Fig. 1-21). The Danubian units are regarded
as a complicated Alpine duplex that includes several Variscan nappes (e.g., Berza et al., 1994)
exposed in a large tectonic window under the Getic structural cover (Fig. I-21). The kinematics
of all basement overthrusts was never a mater of concem; similarly to the ‘unquestionable’ Getic
Nappe, a vergence normal to the orogen was implicitly assumed.

The Getic thrust. The southwestern and northern outline of the Danubian nappe
complex with the Getic Nappe is supposed to be the locus of the major suture along which the
Severin Ocean was subducted and its remnants squeezed and dragged under the advancing
Getic front. The southwestern contact is represented by the Miocene northeast-southwest
trending Rudaria fault (locality 1 in Fig. [-21) which follows the lithological boundary between the
lelova gneiss amphibolite assemblage and the Sebeg-Lotru plagiogneiss-micaschist
assemblage. The presence of calc-alkaline “Banatitic” infrusions within the lelova assemblage
conflicts with its interpretation as the lower plate.

To the north, at Armenis (locality 2 in Fig. I-21), strain recorded within the Getic nappe a
few hundred metres from the inferred thrust contact is represented by steeply dipping foliation
with spectacular horizontal stretching lineation (Fig. 6-7 a). In the nothwestern, extremity a wide
northwest trending fault zone with subhorizontal stretching partly obliterated by normal faults
overprints both the Getic (Tumu Ruieni) and the Danubian (Maru) units (locality 3 in Fig. 1-21).
Most of the northern contact is represented by the Zeicani low-grade mylonitic assemblage
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(Berza et al., 1988) with yet unknown kinematics.

Strain analysis along a segment of the inferred thrusts of the Getic and Severin nappes
on the Danubian basement (locality 5 in Fig. I-21) showed that a penetrative foliation defined by
low-grade mineral assemblages parallels the moderately northwest dipping contacts and
contains a subhorizontal northeast trending stretching lineation. These data have been
interpreted to record top-to-northeast shearing during Cretaceous nappe emplacement
(Ratschbacher et al., 1993). Similarly to the Eastern Alps, strain analysis indicates material flow
parallel to the local trend of the orogen in contrast to the originally inferred nappe vergence.
However, the analysed region is located along the Cerna-Jiu fault zone; consequently, kinematic
indicators interpreted as “top-to-northeast” (Ratschbacher et al., 1993) record in fact orogen
parallel, dextral transpression as previously inferred from regional criteria (Berza and
Driginescu, 1988). Strain within the Sebeg-Lotru assemblage at Portile de Fier, interpreted as a
Getic outlier on the eastern limb of the nappe antiform (locality 6 in Fig. [-21), is in fact consistent
with orogen parallel shearing and associated normal detachment on transfer shear zones
bounding a metamorphic core complex (Fig. 6-7 b). Strain under the sole thrust of the huge
Getic nappe, within the Urgonian limestone cover of the Lower Danubian Lainici nappe (locality
7 in Fig. 1-21) is orogen parallel (Fig. 6-7 c).

The Intra-Danubian thrusts. The eastern contact of the mafic-ultramafic lufi complex
(locality 8 in Fig. I-21) interpreted as a pre-Alpine obduction-related thrust is in fact a vgrtical low-
grade shear zone with spectacular horizontal stretching lineation consistent throughout the
Corbu shear zone (Fig. 6-6). Similarly, the contact between the main Danubian Dr&gsani and
Lainici-P&ius assemblages, (locality 9 in Fig. [-21) traditionally interpreted to be a major pre-
Alpine thrust (e.g., Krautner et al., 1981; Berza et al., 1994), is an Alpine orogen-parallel shear
zone (Dallmeyer et al., 1996). The contact between the Céleanu and Petreanu “nappes” (Berza
et al., 1994) is in fact a low-angle normal detachment shear zones defined by the Vidra chiorite-
chloritoid-bearing phyllonitic assemblage (locality 3' in Fig. 1-21).

The Supra-Getic Thrust. The western outline of the Supra-Getic Nappe corresponds to
the Oravita N-S trending vertical fault which is cut by Late Cretaceous “banatite” intrusions. At
Moniom (location 11 in Fig. I-21), stretching lineation records dextral transpression (Fig. 6-3a)
consistent throughout the adjacent Legcovita shear zone. In the northern Sebeg Mountains
(localities 12 and 13 in Fig. I-21), the south-dipping contact was interpreted as a Laramian back-
thrust (Balintoni et al., 1989). The recorded strain is consistent with sinistral shear followed by
high-angle normal detachment (Fig. 6-4). Within one of the Supra-Getic “nappes” (locality 14 in
Fig. 1-21), retrogressed assemblages mapped throughout an area of c. 80 x 10 km in the
northern F&g#ras Mountains (Pand, 1990) display orogen-parallel stretching lineation (Fig. 6-5).

Sm-Nd data for two samples of kyanite-bearing plagiogneiss from the Sebeg-Lotru
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assemblage yielded very similar T,y model ages of c. 2 Ga and eNd values of c. -14.5,
suggesting similar protoliths with Early Proterozoic inheritance. One sample of a retrogressed
plagiogneiss from the Suru carbonate assemblage yielded the same T,y but a less negative
eNd,,, value of -10.5. These data are in good agreement with data on the gneiss-granite and
carbonate lense-bearing assemblages from the Apuseni Mountains. Scattered Carboniferous
“OAr/°Ar dates from muscovite and homblende concentrates have been interpreted to record a
penetrative, relatively high-grade Variscan tectonothermal event (Dalimeyer et al., 1996). The
interpretation is questionable because contemporaneous cover strata in the western part of the
Getic assembiage do not record metamorphism and c. 10 My younger dates from on muscovite
(286-309 Ma) compared to hombiende (322-319 Ma) suggest cooling during uplift. Lithotectonic
assemblages originally interpreted as Proterozoic stratigraphic units appear to be slices of the
lower and middle crust assembled sometime prior to Late Carboniferous. Consistency with
interpretations in the Alps would require Early Carboniferous collision (M2) and Late
Carboniferous doming (M3). Consequently, “°Ar/*°Ar data record only the Late Carboniferous
passage of the Sebes-Lotru assemblage across the c. 500°C and c. 350°C isotherms. Similarly,
fossiliferous Ordovician-Silurian strata (St&noiu, 1982) constrain “°Ar/°Ar dates of c. 296 Ma
from medium-grade rocks of the Danubian units to represent Late Paleozoic cooling during
isostatic uplift. K-Ar dates of c. 99 Ma and c. 86 Ma along the Getic-Danubian contact at
Petrogani from muscovite concentrate from quartzo-feldspathic and carbonate mylonite,
respectively (Ratschbacher et al., 1993) may record development of mylonitic fabric during
Cenomanian-Santonian dextral transpression. The same tectonic phase is recorded by a
“ArSAr date of ¢. 99 Ma for a muscovite concentrate (Dalimeyer et al., 1996) along the dextral
transpression contact between the Danubian Drégsani and Lainici-Pdiug assemblages. K-Ar
dates of c. 70 Ma (Grunenfelder et al., 1983) for phyllonite from the chloritoid-bearing Schela
shear zone suggest Late Cretaceous tectonism along the contact of the southern Danubian
Lainici and Schela units, contemporaneous with the shearing of the northern Danubian units
suggested by a Rb-Sr data of c. 76 Ma (Ratschbacher et al., 1993). *Ar/ “°Ar whole-rock dates
of c.118 and c. 118.6 Ma within the hanging wall phyilonite close to the Getic / Supra-Getic
contact record Aptian dextral transpression.

No unequivocal constraint exists for the timing of thrusting. The large number of nappes
is currently assigned to the first two acts of the three-act drama of catastrophic thrusting events
in the Carpathians: the Middle Cretaceous “first Getic phase”, and the Late Cretaceous “second
Getic phase”(e.g., Codarcea, 1940; Sandulescu, 1984, 1988; Balintoni et al., 1989).

“The first Getic phase” is interpreted to be Middle Cretaceous because the youngest
strata in the underlaying Severin sequence are Lower Aptian. Tectonic contacts dip eastward
and the oldest strata overlying both the Getic basement and the Severin sequence are Miocene,
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along the Danube River. Several hundred kilometres to the east near Bragov, at the junction of
the South and East Carpathians, ambiguous contacts of Jurassic limestone assigned to the
Getic nappe and Barremian-Aptian flysch strata assigned to the Ceahl&u nappe are covered by
the Albian Postdvaru conglomerates. This is considered as the evidence of Middle Cretaceous
(*Austrian”) thrusting of the Getic nappe onto the Ceahldu nappe (Séndulescu, 1984), although
a thrust contact of the basement can not be mapped anywhere in that region.

“The second Getic phase” interpreted to have resulted in the final overthrust of the
Severin and Getic nappes on the Danubian units is supposed to be intra-Senonian because the
youngest strata on the underlying Danubian units are Lower Senonian. The first strata with
pebbles of both Getic and Danubian rocks are Eocene strata at Bucova, on the other side of the
orogen, in a region of polyphase Tertiary strike-slip displacement (Ratschbacher et al., 1993).
There is no constraint on the Late Cretaceous (“Laramian”) thrusting of the Severin-Getic
nappes.

There is no stratigraphic constraint on the two Cretaceous phases of thrusting in the
Danubian units. The angular unconformity underlying the Cenomanian-Turonian Nadanova
Strata would record the “first Getic phase” of thrusting, and the Turonian-Senonian “wildflysch”
is interpreted to correspond to the initiation of the “second Getic phase” (Sandulescu, 1984).

The main phase of Supra-Getic thrusting is interpreted to be Middle Cretaceous,
contemporaneous with “the first Getic phase” because several tectonic contacts are overlain by
Cenomanian deposits. Tectonic contacts overiain by Upper Senonian strata are believed to
record “the second Getic phase”. Barremian-Aptian reef deposits of the Regita-Moldova Noua
Basin on Getic crust extend as isolated outliers on the adjacent Supra-Getic basement indicating
the same Early Cretaceous facies zone and modest relative displacement between the two
units. Along the Mures River (locality 15 in Fig. I-21), a succession of Vraconian to Coniacian
strata overlie Supra-Getic and Transylvanide units, in total conflict with their interpretation as
Late Cretaceous nappes verging south and north, respectively.

The Tithonian-Neocomian Sinaia and Comarnic flysch sequences assigned to the
Severin nappe and interpreted to represent the subducting wedge dragged eastward at the sole
of the Getic nappe are only located on the eastern margin of the Danubian units, i.e., on the
external margin of the orogen similarly to the East Carpathians; their local westward thrusts are
likely related to Tertiary dextral transpression at the tip of the Moesian Platform Calc-alkaline
intrusions located on the Danubian units contradict the current tectonic model which postulates
westward subduction and underthrusting of the Danubian. Barremian-Aptian reef deposits of the
Resita-Moldova Nou# Basin on Getic crust are also present as isolated outliers on the adjacent

Supra-Getic basement.
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.7. DINARIDES
The Dinarides are located south of the Pannonian basin, between the Vardar suture and

the median line of the Adriatic Sea. To the west, they merge into the Southern Alps of Italy, and
to the south into the Hellenides.

The following summary of the geology of the Dinarides is based on Aubouin (1970),
Channel and Horvath, 1976; Dimitrijevic, 1982, 1991; Dimitrijevic and Dimitrijevic (1973, 1987),
Herak (1986), Pamic (1986, 1993), Kovéacs (1992) .

Major tectonostratigraphic units

From bottom to top, the following four southwest-verging major tectonostratigraphic units
were differentiated: the Adriatic zone in an autochthonous position, overthrust by the Budva,
Dinaric, and Internal (or Vardar s.l.) zones (Fig. 1-22).

Along the Adriatic coast, in the Istrian Peninsula and on the islands south of Split, the
Adriatic zone is an almost uninterrupted Ladinian-Middle Eocene carbonate platform succesion
followed by Eocene flysch strata. In the southemn Dinarides, it is overridden by the Mesozoic
deep-water deposits and Paleogene flysch of the Budva zone which represent the northemmaost
continuation of the oceanic Pindos - Cukali - Kreasta zone of the Hellenides.

The Dinaric zone is involved in a nappe complex that consists of the vast Triassic -
Cretaceous platform carbonate sequence interrupted by bauxite horizons mainly in the
Cretaceous. It is geographically subdivided into the High Karst Zone to the southwest and the
Pre-Karst Zone to the northeast. Mesozoic carbonates in the Pre-Karst Zone are overlain above
a major unconformity by Upper Paleocene-Lower Miocene clastic strata. To the NE, the
uppermost tectonostratigraphic unit is the complicated accretionary wedge of the Vardar zone
s.l. comprising the Upper Cretaceous-Paleogene Bosnian flysch, overthrust by the Durmitor
Upper Jurassic ophiolitic melange and flysch, the Drinja-lvanjica units, and the Vardar zone s.s.
Several strips of ophiolitic rocks in the internal zone are interpreted as obducted oceanic crust
dismembered by subsequent tectonism. Rare Ladinian pillow lavas and radiolarites in the
Dinarides suggest a Triassic opening of the Vardar Ocean. However, the bulk of the Vardar
zone s.s. consists of Late Jurassic serpentinite and gabbro forming isolated blocks within the
mélange. Locally, Lower Cretaceous intermediate and acidic calc-alkaline volcanics and
granites are interpreted as island arc magmatism. To the north, the Vardar zone is covered by
Neogene to Recent succession of the Pannonian Basin.

Paleogeographic and tectonic evolution

The Dinaric zone is interpreted as a thin-skinned thrust-fold belt overlying the carbonatic
platform of the Adriatic promontory of Africa (Channel and Horvath, 1976). Thrusts in the Vardar
Zone s.I. are assumed to have involved the crystalline basement and to be responsible for large-
scale allochthony. The ophiolitic mélange and blueschist-facies rocks formed during the Late
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Jurassic-Early Cretaceous closure/subduction of the Vardar ocean. The Maastrichtian -
Paleogene Bosnian flysch is interpreted either as a flysch basin in front of the major thrusts of
the Vardar s.l. imbricates or as a local subduction zone. In the Vardar zone, Miocene calc-
alkaline igneous activity including andesite are spatially related to the Sava SE-trending dextral
strike-slip fault zone.

1.8. THERN ALP

The Southern Alps are bounded to the North by the Insubric (Periadriatic) Line. To the
south, the Southermn Alpine foreland is hidden below the Po Plain.

Major tectonostratigraphic units

The following summary is based on several synthesis papers including Winterer and
Bosellini (1981), Doglioni and Bosellini (1987), Massari (1990), Bernoulli et al., (1990), Bigi et al.,
(1990). The subdivision of the Southern Alps is based on early Alpine facies zones. These
roughly N-trending zones include from W to E the Lombard Basin, the Trento Plateau, the
Belluno Trough, and the Friuli Platform (Fig. 1-23).

The stratigraphic sequence of the Friuli Platform dominated by shallow-water
carbonates is comparable to that of the Adriatic zone of the Dinarides. Similarly, the Eocene
Friuli fiysch correlates with the Late Eocene flysch of the Adriatic zone. It is unconformably
overlain by an Upper Oligocene to Lower Miocene clastic sequence (Massari etal., 1 986) which
itself, above another major unconformity, is overlain by Late Neogene to Recent clastics. The
Beliuno Trough has a distinct deep-water Jurassic facies overlain by Cretaceous pelagic
carbonates. The Trento Plateau represents a relatively elevated and undeformed carbonate
platform from Early Mesozoic to Jurassic age, covered unconformably, by Upper Eocene
carbonates. The Lombard basin has a distinct deep-water Jurassic sequence, characterized by
deposition of radiolarites during the Bathonian - Oxfordian. Water depth remained considerable
throughout the Cretaceous until the Turonian, when an E-W flysch trough developed
perpendicular to the direction of the underlying Early Alpine zones, and submarine fans
accumulated during the Middle Oligocene - Early Miocene.

Tectonic evolution of the Southern Alps

The Alpine evolution of the Southern Alps started with Middle Triassic magmatism.
Although geochemical studies were inconclusive, the magmatic activity is related to rifting (e.g.,
Bechstadt et al., 1978) with a component of left-lateral strike-slip (Doglioni, 1987). Jurassic strata
record the opening of the Penninic ocean to the west. Subsequent compression is indicated by
the development of a south-vergent thrust and fold belt involving the Late Cretaceous Lombard
flysch, (e.g., Bernoulli and Winkler, 1990) and thrusts within the Eocene Termnate Formation (e.g.,
Schénborn, 1992). The Adamello, Bergell, and Pohorje intrusions suggest an Oligocene
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extensional stage along the Periadriatic lineament (Laubscher, 1986). The Oligocene Venetian
basin is considered the foredeep of the SW-vergent Eocene Dinaric thrust-and-fault belt that
extends to the Southern Alps (Doglioni, 1987). A south-vergent Middie Miocene thrust and fold
belt in the Southern Alps accommodated up to 100 km shortening and cuts the earlier Dinaric
structures in the eastern part.

1.9. THE INTRA-CARPATHIAN REGION
Three major tectonostratigraphic levels suggest three main stages in the Alpine

evolution of the 400 km wide intra-Carpathian region.

The upper, Neoalpine level comprises the Neogene Pannonian Basin s.s., consisting of
a Miocene to Quaternary succession that covers almost the entire area and occurs in a number
of small, irregular and diversely oriented subbasins (locaily over 8 km thick). The upper strata
represent largely passive filling, in general by deltas prograding from the northwest, followed by
lacustrine and terrestrial sedimentation. Seismic-reflection profiles across many basins show no
clear structure other than compaction of their fill. Positive Bouguer gravity anomalies whose
amplitudes increase with the thickness of fill in the Bekes Basin of Hungary and Romania and in
the southeastern-most Slovakian basin are interpreted to indicate syn-depositional shortening of
open oceanic-lithosphere gaps (Hamilton, 1990). Abundant Neogene volcanic rocks are known
in outcrops and subsurface.

The middle, Mesoalpine level consists of isolated Paleogene basins with either “flysch”
(Szolnok-Maramures and Podhale) or “epicontinental”(Krappfeld, Slovanian, Hungarian, and
Transylvanian) sequences. The lower level is interpreted to consist of a collage of numerous
Mesozoic-Paleozoic tectonostratigraphic units distinguished by their Early and Eoalpine
lithofacies and/or structure. The basement of the Pannonian Basin s.s. was initially considered a
median mass, “Tisia", situated between the Alps, the Carpathians and the Dinarides (eg. Kober,
1931). Its heterogeneities were interpreted as distinct Variscan complexes (Fig. 1-24). As isotopic
age determinations have yielded very dispersed data, the subdivision and age problems of the
crystalline basement are very controversial.

Paleozoic to Mesozoic facies and sequences differ between neighbouring crustal blocks,
which suggests that they were widely separated before aggregation. The widespread, mainly
subsurface Cretaceous and Tertiary volcanic rocks are currently interpreted to be, byproducts of
subduction between crustal blocks and island arcs now inside the Carpathian arc. Regional
tectonic interpretations include:

-an aggregate of accreted terranes that record Mesozoic and Cenozoic rifting, drifting,
and accretion; a number of small continental and island-arc fragments were squashed together
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during Tertiary time (Szadeczky-Kardoss, 1975; Balla, 1982; 1985; 1986, Hamilton, 1990).

-moderate Tertiary disruption of a previous coherent mass by linked strike-slip faults
(S&ndulescu, 1984; 1988; Royden, 1988).

Based on contrasting pre-Miocene stratigraphy and structure, the Panonnian Basin can
be subdivided into the northern (Pelso) and southem (Tisia) units (see Fig. 5-21). Their
paleogeographic positions have been reversed by complex plate motions: Jurassic fossils in
limestone on the crustal fragments of the northern part of the inter-arc region are of southem
Mediterranean types, whereas those in the southern part are much more like those of Europe to
the north.

1.9.1 The North Pannonian Unit
The North Pannonian Unit (Fig. I-25) is bounded to the northwest and north by the

Raba-Hurbanovo-Diésjend Line and the northern tectonic boundary of the Meliata sequence; to
the south and southeast, by the poorly understood Mid-Hungarian Line. To the northeast, the
boundary is uncertain as the pre-Tertiary basement is covered by Miocene voicanics and the
Neogene fill of the Transcarpatian Basin.

The following summary is based on Balla (1982; 1985; 1987), Arkai (1985; 1987a;
1987b), Jantsky et al. (1988), Kazmér and Kovacs (1989), and Haas et al. (1995).

Pre-Tertiary rocks are exposed in the Transdanubian (TDM), Bikk, and southern West
Carpathians (Meliata) mountains. While the early Alpine successions of the Transdanubian
Mountains show a clear South Alpine affinity, the Bikk and Meliata sequences show a Dinaric-
type evolution.

Based on the Liassic sedimentary record, the TDM can be divided into three
paleogeographic units. According to Winterer and Bosellini (1981) and Kazmer and Kovacs
(1985) these units can be correlated with the South Alpine paleogeographic units in the following
way: the Gerecse platform corresponds to the Belluno trough, the Bakony platform to the Trento
platform, and the Zala basin to the Lombardian basin with deep-water black shales (Fig. 1-23).

In the Zala Basin, continuous Mesozoic sedimentation was terminated in the Aptian; a
Senonian carbonate succession was deposited above a major unconformity, in contrast to the
coeval clastic Gosau facies of the Eastern Alps. The Senonian is unconformably overiain by a
Middle to Upper Eocene carbonate and clastic sequence including Upper Eocene andesite and tuffs.

The Permo-Mesozoic succession of the Bakony unit unconformably overlies Hercynian
low-grade metamorphic rocks. The Middle Triassic volcanoclastic sequence is similar to that of
the Southern Alps. A thick (>3 km) Upper Triassic carbonate platform sequence is overiain
without interruption by deep-water Jurassic radiolarites. By the Early Cretaceous, shailow-water
carbonates were again being deposited. An unconformity-bounded Aptian to Cenomanian
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sequence is followed by the Senonian carbonate succession in the Zala Basin. A Late Eocene
transgressive sequence is overlain by Upper Oligocene to Lower Miocene continental clastics.

In the Gerecse unit, the early Mesozoic succession is similar to the units above but a
significantly different Early Cretaceous evolution is suggested by Barremian flysch deposits.
These are followed by deep-water Aptian - Lower Albian clastics.

Metamorphic/Magmatic basement

Basement rocks of the Northern Pannonian unit are very poorly exposed in the
Transdanubian Mountains (Figs I-24 and |-25). Post-kinematic Variscan granitoids intruding
along the Balaton fault zone yielded Rb-Sr and K-Ar dates of 310-330 Ma at Balaton and K-Ar
dates of 280-290 Ma at Velence (Balogh et al. 1983). To the northwest, between the Balaton
lineament and the Raba Fault zone, the basement is known from a few outcrops and numerous
boreholes. Paleozoic strata of uncertain age include pelites, psammites, carbonate beds, marls
with graptolites, conodonts, and acritarchs, and volcanics, metamorphosed under very-low to
low-grade conditions during the Variscan orogeny (?). The distribution of the very-low grade
rocks suggests over 20 km left lateral offset along the Raba Line. To the northeast, in the
Uppony Mountains, Middle Devonian to Middle Carboniferous strata includes basaltic lavas and
pyroclastics related to subsidence and are affected by very-low to low-grade Alpine
metamorphism. Significantly, no Variscan metamorphism has affected the area (Arkai et al.,
1987). In northern Hungary (Szecseny, Diosjeno, and Soshartyan), several boreholes
encountered gamet micaschist and gneiss in a structural position that may correspond to the
SW extension of the Veporic basement in the West Carpathians.

At the northemn extremity, close to the Hungarian-Slovakian border, an area of 2 km?
exposes basement rocks of uncertain affinity. The gneiss-granitic crust with kyanite-staurolite-
sillimanite K-Ar data on amphibole and muscovite yielded 307+/-14 Ma and 222+/- 9 Ma,
respectively. A Rb/Sr date of 962+39 Ma is suspect, as no other Middle Proterozoic ages are
known in the region. Intense shearing and retrogression resulted in quartz- and feldspar-
porphyroclast-bearing low-grade mylonite ("porphyroids”).

Southeast of Lake Balaton, drillholles reached a partly retrogressed marble-bearing
assemblage that records medium-grade, medium-pressure metamorphism (garmet, staurolite)
followed by a low pressure overprint (up to andalusite) related to the Variscan granitoid
intrusions (Arkay, 1987). The K3szarhegy “metasiltstone”, Als6drs “porphyroid”, and “slate” from
the Bakony Mountains are interpreted as Ordovician formations with a low-grade Variscan
overprint. Petrographic descriptions suggest that the porphyroid-bearing sequence from Bakony
and northeastern Hungary is an Alpine low-grade mylonitic assemblage contemporaneous with
the retrogression of the Balaton gneissic basement and prograde metamorphism in the Bikk-

Uppony Mountains.
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Extreme alkali magmatism: monchiquite dyke 60 Ma. Andesite volcanism is dated by
tuffs intercalated in the fossiliferous Late Eocene strata and K-Ar on lavas (30 Ma).

To the southeast, between the Balaton and Zagreb -Tokaj - Hernad tectonic lineaments
is the Igal-Bukk region (Fig. I-24). No pre-Alpine crystalline basement is known. The
stratigraphic column ranging from Devonian (?) / Carboniferous to Oligocene is poorly known. it
includes marine Upper Carboniferous limestone, Lower and Middle Permian sandstone, slate,
dolomite and limestone; Upper Permian fluviatile and lagoonal siltstone and dolomite, marine
mainly carbonate Triassic with tuffitic intercalations, and Mesozoic ophiolite fragments with chert
and shales. The Igal unit is generally interpreted as the connection between the Dinaride and
Bukk-Meliata, i.e., the northern end of the Vardar oceanic reaim. Formations of uncertain
Paleozoic age are similar on either side of the Balaton tectonic lineament suggesting that this is
not a sharp crustal discontinuity, but more likely a wide fault zone.

To the northeast, the Igal unit projects into the Bakk, Uppony, and Szendro Hills where a
continuous sedimentary sequence from Devonian to Upper Triassic shows close relationship to
the Southern Alps and Dinarides. The Lower Triassic is developed in a neritic carbonate facies
with characteristic black dolomites. The Middle Triassic includes calc-alkaline intermediate to
acidic volcanics. By the end of the Carnian, the carbonate sheif was drowned, and deep-water
sedimentation with turbidites and olistostromes persisted during Late Triassic - Jurassic time.
The whole early Alpine sequence is metamorphosed to zeolite to lower greenschist grade (Arkai
et al., 1985). The Meliata sequence crops out in the southwestern part of the Bukk Mountains
and in the southern West Carpathians. It consists of deep-water Triassic-Jurassic strata with
ophiolites of Middle Jurassic (Damé Hill) and Upper Jurassic (Szavaskd) age. The Meliata
sequence is correlated with the Vardar zone of the Dinarides. It is involved in north-verging
thrusts in the West Carpathians and in south verging thrusts in the Bukk Mountains, and records
Middle Jurassic high pressure low temperature metamorphism (c. 155 Ma, “Ar/Ar data,
Malusky et al., 1993; Dallmeyer et al., 1996).

The long lived sedimentary basin records no Variscan metamorphism.

Tectonic evolution of the North Pannonian unit

Widespread Middle Triassic volcanism in the Transdanubian region was regarded as an
“aborted rift" (Bechstadt et al., 1978), and the contemporaneous calc-alkaline volcanics in the
Bikk Mountains, as subduction magmatism (Kovacs, 1992). The pelagic Jurassic sedimentation
in the Transdanubian units suggest an oceanic realm to the NW in present-day coordinates
(Galacz et al., 1985). In the Bikk Mountains, the Meliata branch of the Vardar Ocean opened in
the Middle Triassic and expanded as an oceanic domain until the Jurassic. The Early
Cretaceous flysch in the Gerecse Mountains is interpreted to be related to the closing of the
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Vardar ocean (Sztand, 1990). The emplacement of numerous south-verging Eoalpine nappes
(including the Meliata-Szavaské nappes) between 115 - 90 Ma (K-Ar dates, Arva-Sés et al.,
1986), was accompanied by low-temperature and high-pressure metamorphism (Arkai, 1983). In
contrast, only minor Middle Cretaceous thrusts have been recognized in the Transdanubian
region (Balla, 1988), although large-scale allochthoneity was suggested based on subsurface
data (Horvath and Rumpler, 1984).

The Senonian of the Zala and Bakony units and the whole Paleogene of the Northern
Pannonian are considered to be post-tectonic, epicontinental or molasse-type sequences. (e.g.,
Haas et al., 1986; Nagymarosy, 1990) The Paleogene basin was also interpreted as a pull-apart
feature related to regional dextral strike-slip (e.g. Royden and Baldi, 1988; Csontos et al., 1992).

Szolnock-Maramureg flysch belt

Approximately between the North and South Pannonian units, a belt of strained Middle
Cretaceous basalt and abyssal pelagic sediments, and Upper Cretaceous through Upper
Oligocene marls and turbidites (Dicea et al., 1980; Baldi-Beke and Nagymarosy, 1981; Ful6p et
al., 1987) about 50 km wide trends northeast across Hungary (Fig. I-26). It is overlain by
undeformed upper Miocene and younger strata. The west-southwest prolongation of the linear
magnetic anomalies related primarily to Cretaceous basalts within the strained belt, and sparse
well data (Fal6p et al., 1987) suggest its continuation in the subsurface across southwest
Hungary. Along strike in the other direction, the belt swings north-eastward intc northem
Romania. Here, the "Maramures Transcarpathian zone" consists of broken formation and scaly
clay that includes abundant fragments of ophiolite and disrupted deep-water clastic strata at
least as young as Oligocene (Dicea et al., 1980). Defined as a Tertiary mélange in an
accretionary wedge, the belt is interpreted to record subduction of oceanic lithosphere. it merges
with the polymictic mélange belt of the main Carpathian arc. Exposed and subsurface Miocene
volcanics (andesite and allied) north of the belt are interpreted to define the paired volcanic arc
trending west-southwestward from the southeast border of Slovakia across Hungary. The belt of
strained strata and the volcanic rocks are considered the evidence of a long and complex history
of rifting, convergence and subduction in the intra-Carpathian region (Szadeczky-Kardoss, 1975,
Balla, 1982; Hamilton, 1990). An alternative interpretation suggests that the Szolnock -
Maramures complex is the Palaeogene fill of a narrow transtensional basin formed in a strike-
slip system (Royden and Baldi, 1988).
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1.9.2 THE TH PANNONIAN UNIT AND THE APUSENI TAIN

The Early Pliocene subsidence of the Panonian Basin imposed a limitation on direct
observation. Data are provided by lithological logs and isolated exposures from the Mecsek and
Apuseni mountains (Fig. [-26).

The basement of the Great Hungarian Plain between the Apuseni Mountains to the east
and the Zagreb -Tokaj fracture zone crops out only in the Mecsek Hills. In the divide between
Danube and Tisa rivers and Trans-Tisa regions, Mecsek-type granite and migmatic gneiss are
intensely retrogressed, suggesting Alpine reactivation. From Mohacs to Szeged and Debrecen,
gamet-bearing plagiogneiss, micaschist and amphibolite are variably retrogressed. Granitic
bodies are present around Szeged and North of Endrod. Intercalations of marble and dolomites
are known only at Kiskundorozsma, west of Szeged.

In the south-eastern part close to the Hungarian-Romanian border the migmatic gneiss
crust and the Battonya granite may represent the westward extension of the Cadru assemblage
exposed in the Apuseni Mountains. Near Battonya, staurolite-bearing plagiogneiss was
interpreted to represent the Baia de Aries nappe of the Apuseni Mountains (Dimitrescu, 1981).
At Backa, in Vojvodina (Yugoslavia) and in northern Banat (Romania) core samples indicate a
mediun- to high-grade metamorphic basement that includes aimandine, staurolite, sillimanite
gneiss and migmatites, sheared and retrogressed to quartz-albite-epidote schist with
interbedded marbles (Kamenci, 1975).

Early attempts to integrate the Apuseni Mountains into Alpine plate tectonics (e.g.
R&dulescu and Sandulescu, 1973; Bleahu et al, 1973, Bleahu, 1976) inferred the Mureg Basin to
represent the main branch of the Tethys Ocean. Models of a single arc (Cioflica and Nicolae,
1981), dual converging arcs (Savu, 1983), or changing subduction polarity (Sandulescu, 1984)
were proposed to accommodate the juxtaposition of tholeiitic and calc-alkaline rocks. The
igneous petrochemistry and sedimentologic characteristics of the western part of the Muresg
Basin have also been interpreted as those of a marginal basin developed on continental crust
(Lupu et al., 1993). Remnants of the Tethys Ocean were postulated to be obscured by Tertiary
cover of the Transylvanian Basin (Fig. I-1) (S&ndulescu, 1994; Radulescu et al. 1993) but core
samples from the Transylvanian basement are calc-alkaline igneous rocks (I. Nicolae, personal
communication, 1995).

Westward subduction beneath the Apuseni region was considered to have resulted in
subduction magmatism and the thrusting of a large number of antithetic nappes but the number,
composition, age, and boundaries of the proposed nappes varied between authors (e.g. lanovici
et al., 1976; Bleahu et al., 1981; Sandulescu, 1984; Balintoni, 1994). The present spatial
distribution of rock assemblages and their temporal relationships are incompatible with ocean

opening and subduction.
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Fig. I-26. a) Simplified tectonic sketch of the South Pannonian Unit; b) Alpine stratigraphy;
(adapted from Tari, 1994). M - Mecsek Mountains; A - Apuseni Mountains.
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The Alpine nappes in the Apuseni Mountains (Fig. [-27) are inferred to have been
emplaced during three tectonic events: middle Cretaceous, pre-Gosau and Laramian. Middle
Cretaceous tectonism resulted in the emplacement of the Transyivanides, the pre-Gosau
tectonism resulted in the emplacement of the Apusenide and the Laramian tectonism in the
reactivation of the Transylvanides (Balintoni, 1994).

The Transylvanides of the southern Apuseni Mountains originate in an island arc and a
marginal basin related to Middle Jurassic to Early Cretaceous subduction under the Apuseni
continental crust (Nicolae, 1992). Middle Cretaceous (“Austrian”) tectonism was originally inferred
to have resuited the emplacement of a single nappe (llie, 1936). The interpretation of the Mureg
igneous suite as an ophiolite complex led to ophiolite obduction models (lanovici et al., 1976;
Bleahu, 1981) involving at least seven “Austrian” nappes (Balintoni, 1994,and references therein).

The Apusenides are considered pre-Gosau nappes north of the Transylvanides. Nappes
consisting mainly or only of basement are assigned to the upper Biharia Nappe System and
nappes consisting of basement and cover sequences are assigned to the lower Codru Nappe
System. The Biharia Nappe System consists of three major basement nappes. From top to
bottomn these are: a) the Baia de Aries Nappe represented by the medium-grade Baia de Arieg
assemblage, the Biharia, and Belioara low-grade assemblages; b) the Biharia Nappe consisting
of the Biharia, Poiana, P&iugeni, Cladova lithotectonic assemblages, the Upper Paleozoic Highig
granitoids and the Permian(?) Baigoara conglomerates; c) the Ariegeni Nappe of metabasites
and Permian rhyolite-bearing clastic rocks overlain by Triassic carbonate cover strata. The
Codru Nappe System includes from top to bottom: a) the Vagc&iu-Colesti Nappe consisting of
Triassic to Lower Jurassic strata; b) the Moma Nappe consisting of Permian to Triassic cover
strata; ¢) the Dieva-Bétrinescu-Vetre Nappe represented by three tectonic slices of Permian
and/or Triassic cover strata; d) the Finig Nappe consisting of the medium-grade Codru
assemblage and associated granitoids and a Permian to Neocomian sedimentary cover, e) the
Valani Nappe, a cover nappe of Permian to Albian strata. The Codru Nappe System overthrusts
the Bihor “Autochthonous Unit” consisting of the medium-grade Someg assemblage intruded by
the Muntele Mare granite. The sedimentary cover consists of Permian to Turonian strata.

The Laramian Transylvanides are nappes resulting from the Late Cretaceous
reactivation of the Middle Cretaceous nappes interpreted in the southern Apuseni Mountains.
The thirteen nappes originally defined by Bleahu et al. (1981) were redistributed by Balintoni
(1994) to Middle and Late Cretaceous (Fig. |-27). The outline of the interpreted Laramian
overthrusts in the southern Apuseni Mountains is roughly parallel to the Carpathian bend and
interpreted to have resulted during clockwise rotation of the Apuseni and South Carpathians
crustal fragments around the Moesian promontory of stable Europe (Ratschbacher et al., 1993).
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Fig. I-27. Tectonic sketch of the Apuseni Mountains with the traditional Alpine nappe
interpretation (after Balintoni, 1994): 1 - Neogene strata; 2 - Senonian; 3 - Turonian-
Senonian; 4 - Vreconian - Coniacian; 5 - Neogene igneous rocks; 6 - Banatite igneous
rocks; 7 - Eocretaceous granite. Laramian Transylvanides: 8 - Cdpalnag-Techereu
Nappe; 9 - Curechiu-Stinija Nappe; 10 - Fenes Nappe; 11 - Crig Nappe; 12 - Grosi Unit;
13 - Vulcan Nappe; 14 - Frasin Nappe; 15 - Bucium Unit. Middle-Cretaceous
Transylvanides: 16 - Bedeleu Nappe; 17 - Coltul Trascdului Nappe; 18 - Valea Muntelui
Nappe; 19 - Izvoarele Nappe; 20 - Ardeu Unit; 21 - Cbesti Unit; 22 - Bejan Unit.
Apusenides-Biharia Nappe System: 23 - Baia de Aries Nappe; M - Muncelu Scale;
V.B. - Vultureasa-Belioara Series; 24 - Biharia Nappe; Li - Lipova Nappe; H-P - Highis-
Poiana Nappe; P-G - Piatra Griitoare Scale; 25 - Ariegeni Nappe; Apusenides-Codru
Nappe System: 26 - Vasciu-Colesti Nappe; 27 - Moma Nappe; 28 - Dieva-Batranescu-
Vetre Nappe; 29 - Finig-Ferice-Garda-Urméat Nappe(s); 30 - Valcani Nappe; 31 - Bihor
Unit; 32 - South Carpathian basement; 33 - fault; 34 - reverse fault; 35 - Laramian
overthrust; 36 - Pre-Gosau overthrust; 37 - Middle Cretaceous overthrust; 38 - Variscan
overthrust; 39 - transgression; 40 - outline of igneous rocks; 41 - transform fauit, plate
boundary; 42 - strike-slip displacement; 43 - dip-slip displacement; 44 - tectonic contact
in general; 45 - Bozes Beds.
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1.10. Neogene to Quaternary volcanism in the Carpathians-Pannonian Region

The following summary is tased on synthesis articles by Kovacs et al., 1992; Pécskay et
al., (1995 a, 1995 b), Koneény et al., (1995); Kaliiak and Zec (1995), Lyashkevich (1995).

Similarly to the structures of the Carpathian arc, the Neogene volcanic rocks become
younger eastward (Balla 1981; Poka 1988). They are of Early and Middle Miocene age in
Slovakia, Middle to Late Miocene and Pliocene age in Ukraine, and of Late Miocene and
Pliocene in Romania.

Recent K-Ar data indicate a more complex picture of volcanic events (Pécskay et al.,
1995 a; 1995 b). The space and time distribution of the Neogene to Quaternary volcanism are
interpreted to suggest three patterns: 1) Miocene acidic volcanism; 2) Miocene to Pleistocene
mostly intermediate calc-alkaline arc-type magmatism related to contemporaneous subduction
beneath the Carpathians arc; 3) alkaline (shoshonitic, alkali-basaltic, K-trachytic, and
ultrapotassic) volcanism postdating convergence and related to back-arc extension.

Calc-alkaline subduction-related magmatism interpreted to have started at c. 20 Ma with
acid calc-alkaline explosive high-volume eruptions in the Pannonian Basin and West
Carpathians. From 17 to 0.2 Ma, calc-alkaline mainly intermediate stratovolcanic complexes
were formed first in the West Carpathians and later in the East Carpathians. Rocks of this cycle
(12.6 Ma), considered arc-type subduction-related, intrude the Pienniny belt generally
interpreted to mark the main Tethys suture zone. In the Pannonian Basin, andesitic eruption
centres are located on the intersection of major NE-SW tectonic lineaments with a set of
perpendicular faults. In the Apuseni Mountains the intermediate calc-alkaline volcanic rocks
occur mostly along a NW-SE alignment that cuts the supposed Tethys suture. The only region
where a clear age progression was documented is in the East Carpathians but the progression
is along the postulated subduction zone, and the volcanic arc consists of a lineament that
intersects the local trend of the inferred subduction wedge.

The alkaline rocks interpreted to record back-arc extension following convergence have
yielded two date groups: 17 to 7 Ma and 6 to 0.5 Ma. Back-arc extension would thus be
contemporaneous with subduction and collision along the Carpathians arc.

Where both are present, the alkali volcanism is younger and follows calc-alkaline
volcanism usually after a gap. However, in central Slovakia and the south Harghita and Persani
mountains, calc-alkaline, shoshonitic, and alkali basalt volcanism overlap in time and space.
Their assignment to two distinct tectonic phases does not seem justified.

Inconsistencies

Magmatic rocks cannot be confidently matched with correlative sutures. The Neogene-
Quaternary magmatic event does not show interpretable age progressions and chemical zoning,
No age and/or geochemical distinction can be made between the Neogene volcanic rocks from
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the Carpathian volcanic arc and the Pannonian Basin. Their assignment to contrasting tectonic
environments (arc vs. back-arc, e.g., Lexa et al., 1993) does not seem justified.

The East Carpathians Neogene to Pleistocene volcanoes (ECVA) define a 160 km long
chain that cuts the strongly divergent inner flysch units. This is in conflict with the supposed
curved subduction wedge which would imply a bent subducting slab and a curved isobath
corresponding to the depth of magma generation.

Sr/Ca vs. Ba/Ca, and Sr-Nd systematics indicate that none of the ECVA rocks, even the
most basic, are representative of parental or close to parental mantle source partial melts
(Seghedi and Szakacs, 1995; Masson et al., 1995). The evolution trends on fractionation plots
start at a certain distance from the partial melting line and are parallel to the crustal fractionation
line. Except for the southernmost segment, volcanism started with acid rocks which precludes
their genesis through magmatic differentiation from basaltic magma. It can be explained either
by partial melting of the lower crust that has facilitated the intrusion of mantle derived materials
and accompanying magma mixing and assimilation processes, or by fractional crystallization
within a crustal chamber of a mantle-derived andesitic magma.

High initial Sr isotopic ratios (0.710-0.711) and low "“*Nd/"*Nd (0.51245) in the oldest
erupted rhyolite and dacite indicate a crustal source. K-enrichment, resulting in smail-volume
shoshonitic bodies, is evident at the southern end of the range.

Multi-system isotope studies concluded that there is no unequivocal evidence of
enriched isotopic characteristics of parental magmas by addition of sediments to the mantle
source via subduction (Mason et al., 1996). Coupled variations between radiogenic and oxygen
isotopes indicate that crustal assimilation and fractional crystallization were the most likely
processes to produce the enriched radiogenic isotopic signatures in most magmas ("“*Nd/*“Nd
<0.5127, 5'°0> 7%,). Differences in the isotopic characteristics of parental magmas in different
parts of the Carpathian-Pannonian region may have resulted from mixing, assimilation, storage,
and homogenization processes in a deep crustal zone. Trace elements and Sr, Nd, and Pb
isotopes in most of the East Carpathians chain are more consistent with a depleted MORB-
source mantle ( the European Asthenospheric Reservoir) than with enriched mantle.

The Neogene-Pleistocene igneous activity in the Carpathian-Pannonian region appears
to have initiated through crustal melting and the development of magma-chambers at mid-
crustal levels; in the following stages, a mantle-derived basalt sampled a markedly different
lower crust and mixed with crustal melts. The arc-like geochemical patterns could result from
mantle geochemical processes unrelated to subduction. Alternative tectonic models for Neogene
to Quaternary magmatism can incorporate plausible heating or decompression mechanisms for
regional magma generation.
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APPENDIX 1i

GEOCHEMICAL DATA FROM ROCKS
OF THE HIGHIS-BIHARIA SHEAR ZONE
APUSENI MOUNTAINS
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Table lI-1. Average compositions within the unsheared igneous complex, Highis Mountains (%)

| 05 i 1430 514 . 0.13 | O ' Q. 0. .
{GRANOPHIRE 7266 11216 3.17 064 1003 167 094 561 175 ' 022 007 000 0.0t :075 :0.10 ' 99.78;

{ALBITITE 6872 1493 1403 | 139 1005 05 _140 '635 089 030 (006 000 004 027 006 . 99.11,

30 268 ;051 002 015 104 [497 | 451 |024 1005 1000 010 025 _0.13 :100.05
'MONZOGRANITE 7348 [12.13 : 203 ' 069 :003 073 123 445 [421 029 009 :002 004 041 010 99.93
) : 1210 080 :003 072 .123 {436 [391 ;032 012 002 :006 052 009 9995/
'PLAGIOGRANITE :73.70 [13.07 160 078 , 003 074 153 :634 096 028 009 00 0.07 049 0.11 ' 99.82

'GRANODIORMTE _ |66.41 |15.13 | 2.79 | 204 | 008 [ 071 1239 |528 |[264 [062 | 018 000 007 059 ' 0.14 . 99.07
DOLERITE 50.08 | 6.11 | 683 {1098 | 0.19 | 500 | 798 | 4.80 .62 452 [053 000 025 043 009 9941
‘DIORITE 5167 [14.68 | 4.71 | 5.71 .09 | 6.37 | 8.08 62 | 117 1146 | 020 048 0.04 094 0.15 9935
GABBRO 47.25 {14.88 | 464 | 8.02 1S | 7.54 | 8.81 51 |079 [ 225 {027 001 008 132 012 9964

U-MAFIC 14004 - 838 6526 ;. 616 : 079 2727 265 U:19 . 0.06 61 012 000 000 778 000 1003




314
Table l1-2 Chemical composition of SiO2 - rich rocks within Paiuseni assemblage of the HBSZ

Major elements concentrations (%)

EE ; ;
1 € \Cuvin Quarty . 8.20 | 1 0. . - 0.50 ; 0.10
2 2 Cumn 7271 {1261 {238 (072 (005 {010 | 154 | 3.40 0 038 :0.15 DOO 1
3 3752 '‘ClagovaM Cree|76.99 110.90 } 1.13 | 085 ! 002 1 051 ) 0.52 ; 4.85 97 068 008 ; 000 @
4 3764 CladotaCreek |74.84 110.30 ' 188 | 1.30 1002 ;090 ; 137 '485 077 056 | 004 000 :
T 2500 LvorscuPesk | 7463 | 1360 : 077 052 000 :0.30 ;050 ; 3.80 566 016 ; 0.06 ' 000 !
6 | 2551 RevnaCreex 72.70 .13.14 1 338 ( 0.58 | 001 | 0.08 | 0.48 .04 601 048 0.06 . 0.00
3816 CasosaCreek 17324 '13.10 1 1.12 (058 {000 | 0.77 ; 0.24 .52 ‘428 :020 .01« 0.00
8 | Crimerces Cree 165.78 | 14.10 | 249 | 272 | 0.05 | 0.75 1176 3.80 [ 3.64 060 013 ;000
g | 2977 | Cree 68.87 1388 | 388 [ 120 : 001 085 ;085 : 460 . 472 023  0.12 ' 023
G | 3254 ClwmercsaCiee|74.68 (14.10 i 095 ( 0.14 [ 002 050 ;070 ; 3.75 430 ; 0.06 : 0.06 ; 0.00
1 3162  MNacasCreek 76.20 :13.88 1 070 [ 020 ' 002 050 ;039 (370 : 260 . 0.13  0.07 : 0.33
2 | 4496 NadasCreek 8142 | 940 079 [ 038 {001 029 | 026 98 1 0.58 : 0.72 ' 0.02 - 0.00
13 | 3143 'mnadesCresk |74.62 11290 023 {033 /000 ;020 (016 | 437 385 : 000 ;023 _0.00
4 | 4014 PustacuCreek |74.51 :13.80 ; 0.80 048 | 000 | 0.53 : 0.10 ; 4.80 73 024 003 : 000 ; 039
5 | 2444 MoghesCreek 7567 11204 : 051 ;023 1001 ;050 ;034 034 {730 :0.10 | 0.05 uno
6 | 2713 CrimercesCree| 7182 (1440 ' 1.51 | 0.56_1 0.00 _ 060 _, 012 . 050 ! 840 028  0.14
Amﬁgﬁvm fﬁ"ﬁ?"’ﬁf‘ﬁ’ 071 35T fﬁ“ﬁﬁ”ﬁ*‘?‘iﬁf 67’
“"Metaconglomerate” texture
'=“‘31§g‘==_‘==“ﬁa “Otcovac Hil 45 | 804 . 000 065 .0 .ancﬁ"?".‘?@"?’f‘*?. T102_ 028 008 000 0317 0.15 ._m
2 | 3834 |MswaCresk 6825 | 560 | 0.00 024 001 ;020 | 020 | 016 ; 4.54 000 . 003 000 (030 026 , 185  99.64!
3 | 9 scaru 8443 | 3.34 244 057 004 . 080 | 1.12 "375 .065 7060 . 0.08 000 005 . 004 183 . 99.74|
4 | 3572 Setntm 80.09 75 1205 1014 (002 100 140 ' 060 :135 136 005 000 :0.13 : 0.11 1.78 ! 99§l'
5 | 22 Bacns WM 18482 (6688 [0.71 091 1000 080 1024 031 ;158 {078 005 000 010 009 021  9748|
B | 024 Hoteaedge 18980 : 534 1 0.18 | 020 (001 : 023 026 | 180 |0.44 1038 [ 003 [000 016 , 014 . 135 _100.1]
7 . 4181 AwasCreex 6456 ' 1.06 | 137 1057 1006 100 .210 255 083 045 1051 078 000 000 028 - 96.12:
8, 4551 ChcoraPeak 87.74 1 590 . 057 024 (000 026 008 _230 052 044 001 000 032 028 064 ' 99.28!
E 3818 Cascaia 18398 1 058 ; 188 : 013 1 000 | 0.74_: 005 046 134 040 ' 000 ;000 020 017 249 9242}
10 . 2681 DratCreex  88.95 . 6.54 ' 044 | 048 001 ' 038 ' 026 10'»3 "0.96_ ' 040 ' 005 . 000 . 035 0.30 66 99.31
11, 2641 HghePeak _ 178.84 |1029 . 031 . 111 [ 001 017 028 ‘361 095 130 006 000 072 063 088 _99.17'
12, 2849 HghwPeak  'B87.38 582 091 072 :002 1.70 T0.70 [ 0.15 | 0.95 026 _0.04 000 000 000 122 99.87
13 | 2820 Stuganeaw (9061 : 419 | 1.04 $ 0.00 ;003 ' 040 ;058 ' 0.30 00 026 004 000 003 003 1.00 9991
14| 2455 MeghesCreek (71682 1389 - 207 042 . 003 ;111 ;022 '120 594 ;040 003 000 : 014 0.1 223 99.42.
15 | 2442 MoghweCreek 17256 +13.20 : 2.00 ' 0.58 : 001 ; 064 49 ,uea 1807 038 . 005 005 004 00 76 100.54
18 1070 __PowmnaBihans__ 82.12__ 9.68 000 003 020 1112 030 245 026 004 000 _ 004 0.03 173 10069/
AVERAGE . 7044 002 078 081 1.1 204 050 007 005 017 0. 144 98
Minor elements concentrations (ppm)
]iiﬁiimtm P'Slﬁ!ﬂl;Sn[Gi]leCo[cerls_c‘[Yn [ T Sr
lgneous texturs : ; ; : | . : .
1_._ 6 ‘Cuvin quarry 6 75 - 22 4 g 2 10 20 4 91 700 40 82 — —
2 2 Cuwn vilage 75 12 . — 28 . 8 2 10 20 4 90 € 700 34 82 — —_
3 . 3752 CisdovaM.Cr._| 4 11 <0 10 2 35 [ 32 33 7 27 2 540 10 42 410 : 80
4 3764 Cladovta Cr 42 23 32 | 18 » 95 7 96 8 7 7 260 10 . 30 75 100
[ 2500 Livorscy Peak 2 27 A 14 2 2 2 2 40 3.6 240 _ 44 230 37
€ 2551 Ravmacr. 15 14 <0 20 2 2 2 8 64 850 — 58 400 19
7 . 3816 CascaaCr 11 90 34 1 15 | 13 11 3 4 € 43 48 130 10 30 550 14
8 3230 . ) E 20 . 35 27 4 7 12 62 2 90 8 740 18 48 BOO 140
9 2977 _CrumercasCr. 2 30 | 32 4 3 2 10 9 74 8 360 1 30 600 70
10 3254 Crumerces Cr. 2 i <30 12 ¢ 7 _« 2 3 8 2 74 88 - 290 4 65 200 20
1 3162 _ Nadas Cr 2 4 & <40 7 3 8 4 2 ' 40 41 100 ' 10 30 38035
12, 44968 NadasCr € 8 ' <30 ;. 8 2 . 8 Z 14 30 4 24 2. 620 . 10 66 100 . 22
13 3143 NacascCr 14 11 <30 _; 18 . 4 2 2 5 32 3¢ 90 10 30 480 20
14 4014 Pustacu Cr 8 17 . <30 . 30 4 2 2 .8 1 8 : 83 72620 15 42 17024
15 | 2444  MeghesCr 21 35 . <0 14 2 2 - 3 7 . 4 30 1 165 — 38 ' 240 8
16 2713 _ Clumerces Cr 2 7__ <30 19 g 2 9 | 30 6 _ 38 55 __ 320 10__- 65 _ 400 _ 10_|
AVERAGE 14 24 — 7 i 3 13 21 5 52 53 = 48— —
'Mmcon fomerate” taxture
i ﬁé‘; [Otcavac Hilt | . <30 ) 3 5 - 11 2 1 i 90 50 10|
2 3834 MawaCreek T 20 <30 . <2 _ 4 . 9§ - 2 g 7 2 0 1 90 — <30 600 22 !
9___Sinahi ! T —- <2 ' 23 i 38 : 34 . 44 270 : 30 80 ' 47 330 — <30 - —
4 3572 isina Hilt 4 34 ¢ <« 2 15 4 23 A3 1 80 ' 704 : 1680 — <30 130 7
5 2231  !Batnna Hit . <30, < 7T 9 « 3 . 17+ 30 [] 30 23 | 250 — . 44 125 75
6 | 2024 Hortem odge " 8 <30 . <2 2 10 6 11 10 1 100 — <0 53 22
7 4181 AmasCreek T 6 <30 | <2 . g T 14 . 19 . 25 8. 160 - <30 140 40
8 | 4551 CmcomPeak 22 <30 | <2 4 1 10 2 1 8 : 12 . .10 4 170 — . <30___80 12
9 | 3818 .Cascaa 2 . 4 <0 | < 6 . 14 4 . 7 1 19 1 8 130 . — <30 ' 190 14
10| 2681 Oraut Creek 3 3 <0 ; <« ! 10 2 7 . 8 | 3 1 11§ — . <30 . 125 _ 18
2641 Highe Peak 20 12 . 185 | <2 | 11| 2 37 80 7 15 . 1 260 — <30 160 53
2 | 2849 Highu Pesk 2 | 3 <0 <2 4 7 1 4 8 1 98 - 2 0 1 75 — <0 __85 10
3 | 2828 |Struganta Hdl ;4 <30 ' <2 | 4 7 | 4 .5 | S G2 .10 1 60 . — <30 A 130 | 10
4 2455 M Cruek [ <30 6 ! 15 | 10 2 1 13 | 24 . & 38 25 230 . - 55 ' 340 : 30
§ . 2442 |Megies Creek . 20 <30 5 14 1 2 1 2 3 7 4 30 11 . 165 | -~ . 38 240 8
6 | 3070 _'Poana-Bihana 4 38 <2 . 7 8 g 12 5 30‘17_0_8\1401—135-.100‘3
AVERAGE — - 7 11 | 35 7 — — — =
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Major elements concentrations (%)

Table 1I-3. Chemical composition of the granitic rocks from HBSZ in the Biharia and Gilau mountains
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Table lI-4. Chemical composition of mafic rocks within Paiuseni assembiage of the HBSZ, Highis Mountains

Major elements concentrations (%)

[ALFC3 [FaR [WaG | WO | Ca0 [Raz0 | Ra0 [ TIOZ | [COZ .S [FelS] [0+ ] Yohl]
2 1395 (852 [516 | 0.17 | 486 |[11.06 | 265 | 0.13 | 1.10 [ 0.15 | 1.38 ; Q. 00 | 1.96 | 97.69]
2 4100 Pesk  |4566 |13.18 | 12.96 | 086 | 0.18 | 6,18 |10.50 | 3.35 | 040 | 1.22 | 0.50 ; 1.06 [ 0. .00 | 2.06 | 96.11|
3 2134 _|Otcovec M 4132292 {1926 1 6.02 | 044 | 1150 | 447 | 230 | 040 | 148 | 055 | 3.55 | 0. .00 | 1.90 : 98.11
4 384 __|Cladove Cresk 4440 | 730 ;1871157 (032 | 688 | 8.12 | 335 | 060 | 182 } 087 | 1.06 | 207 ; V.80 ; 1.44 110031
5 3902 Cladove Creex 4994 (1620 | 260 | 550 | 012 | 751 [9.00 | 386 {027 {088 {020 { 1.33 | 025 ; 0.22 | 263 100.68]
€ 5037 __|Meedin Pesk 4506 1760 | 279 | 654 | 0.25 | 8.10_| 9.2 75 | 163 1216 [ 021 1 000 [ 0.38 | 0.31 ; 254 | 9941
7 4548 _|Miadio Creakim-d) | 44.78 | 15.95 | 541 | 7.79 | 032 | 6.168 | 7. 000 | 154 | 344 [ 034 | 1868 | 024 ) 021 299 | 9984
416 |Cloacs Vermee: Hl | 43.68 | 16.86 | 620 | 788 | 020 ; 482 [ B854 | 403 [ 025 | 285 | 040 | 0.68_| 0.00 } 0.00 60 | 98.04
| 2488 |Velicu Creek 4146 [14.33 {13431 114 ; 0.16 | 566 |12.74 | 398 | 048 : 260 | 0.37 | 1.10 | 000 ;6 0.00 | 2.18 | §9.83
2471 Vecu Creek 4430 {1295 | 869 | 573 | 021 | 7.93 |11.08 | 3.40 | 0.18 { 048 | 0.28 | 0.96 | 000 | 0.00 | 1.94 | 68.11
10| 3020 JemovaCreekib) [49.08 |23.36 | 465 | 348 | 0.14 | 3.70 | 3.50 | 410 | 415 | 100 1 0.22 1 0.00 ; 000 : 0.00 235 : 99.74
11| 2619 Mg Cresk 4884 11443 [ 360 | 6.74 | 015 | 500 |10.36 | 485 | 0.30 ; 1.30 | 0.35 | 0.80 ' 0.00 ; 0.00 ; 1.58 ' 98.40
2| 4484 |OreutCreek 4876 116,92 | 432 | 6.70 | 024 | 530 [B.12 |3 038_: 0.00 | 015 . 0.13_: 3.85 .100.17
3 40711 _|Pustacus Creek 45211590 | 7.21 [ 6.59 | 0.20 | B.15 | 2.25 .24 | 0.00 | 037 ' 032 ' 603 | 9944
4 10 S b 5039 {1528 | 419 [ 6668 | 0. 480 | 7.28 X .50 | 0.00 | 000 | 0.00 - 226 ; 968.49
5 | 3852 |Mawa Creek 5066 1580 | 426 [ 728 | 023 | 363 | 542 2 .34 | 0.00 {030 1 026 . 309 | 99.38
§ | 2218 |Bodroc Creek 4448 | 16.85 | 462 | 660 | 0.1 6.85 | 532 7100 ;061 ; 292 | 000 | 000 | 352 | 98,12
17__| 2200__|Bodroc Creek 51.10 (1045 | 8.92 | 700 | 0.23 . 437 | 6.06 | 343 | 173 | 185 | 002 | 066 | 0.00_{ 0.00 . 0.98 [ 98.80
AVERAGE BT 1448 TB3 B85 022 6820 787 330 085 104 041 0098 021 018 25 9904
letamorphic texture (sheared / retrogressed mafic igneous mcks!
Chersca Cresk .02 120 88 | 7.74 | 042 | 775 1 043 1013 1176 [ 055 [ 262 | 600 000 | 430 | 8768
2 2299 |Agrisu Creek 4848 11515 | 3.78 | 745 | 025 | 524 | 0868 [ 280 {013 | 1.30 [ 048 ; 1.34 | 241 |2.10 | 284 ;10039
3 2541 _[Ravna Cresk 4864 (1749 | 525 16.78 | 0.16 | 644 | 334 | 302 {006 | 218 | 0.31 1 0.80 | 0.00 ; 0.00 ' 3.45 | 99.92
4 4494 |Oraut Creek 4158 [18.05 | 1.51 {12.09 | 0.10 ;1110 | 238 | 150 {020 | 275 [ 028 ; 0.00 | 022 | 0.19 : 8.00 ; 99.93|
5 2929 [Sicut Crwek 46.96 11399 | 3.01 | 990 | 024 | 670 | 714 [ 1.75 | 000 | 240 | 0.15 ; 215 | 0.00  0.00 / 4.11  _ 98.50
7 2008 |Sicut Creek 4483 11507 [ 2.16 [ 9.03 | 023 [ 650 | 840 [ 250 ; 000 | 264 ; 021 | 3.74 | 041 : 036 ' 257 | 9885
8 . 4370 Midova-OudCreex 151,67 | 16.28 | 1.76 | 7.50 | 009 | 7.20 ; 3.08 | 2.30 | 0.35 | 275 | 0.32 . 1.41 . 0.17 . 0.15 | 467 1100.00|
@ . 2872 .CrwmerceaCreek | 54,55 {16.90 | 453 | 527 {012 {390 {583 | 362 [ 177 1082 {026 {099 000 ; 0.00 : 1.04 | 99.60]
Q| 2437 | Megtes Cresk 4502 (16,77 [1493 1 157 | 014 (685 | 560 | 325 : 048 ! 1.30 [ 030 | 1.14 | 0.00 ' 0.00 : 2.00 : 9945
10 4411 [Lugol Creek 51,06 117.25 | 1.57 [ 626 1 0.15 | 7.00 | 504 | 295 : 135 1 210 _/ 026 1000 1013 | 011 _: 454 & 9977
' AVERAGE 4758 1601 488 737 64 583 276 074 2 038 128 026 022 3 99.19
Minor elements concentrations (ppm)
[# [Fleikd#] Location Pb | Cu 2n Sa | Ga Ni Co | Cr ] VIsel ¥ Yo | Zr [ Nb [ La | Ba | Sr |
Jgneogs taxture : : : ! ] :
2156 |Oxcovac Hil 2 20 <2 20 21 14]_ 135 24 a4 230] _<10] <301 330] 120
T 2] 4100 Peak € 25| 1 <2 8 27]  22] 100] 230 33 38| 2 90| <10 <301 180] 300
312134 Otcovec Mt F 23 <2 4 30] _ 110] 250 40 37 2 80| <10; <30 207 200
4 384 [Cladova Creek 12 1 110 18 3 28 71220 27 €0 441 300] <100 <30 30350
5| 3902 Cladova Creek 18] 40 <2 3 5 35| 220] 300] 48 24 2.5 1 <10/ <30 34220
f B 5037 |Miadin Pesk 221 280 65 4 2] 110 341 370] 260 23 40 2] 330] <10 341 220] 300}
7\ 4548 |Misdin Creek(m-d) 3¢ §5] 140 2 42 34 75] 250 34 50 7] __300; <10] <30 270{ 260!
416 [Cloaca Vamam Hit 17 85 2 29] 27] 380 44 45 2.5 40] <10! <30 80] 250
488 IVelicu Cresk S 407 110 1 37 40 00] 360 40 42 4 40 40] <30i _ 85{ 370
471 [Vecu Creek .10 27 _120] <z 13 85 34 18] 170 27 26 2 00] <10] <30i 40] 420
[ 020 [Jemove Creskid) | 7 2 3 26 47 18 00! 105/ 25 32 K] 8 — {880] 370
: 1] 2019/reghaCreek | 4 40 0 < 16 27 30]  8s] 220 34 368 28] 150 12] _<30] 85| 440
I 2] 4484 Dreut Crosk T 44 12] 1201 < 29 40 41 65/ 300| 42 52] 48 770] _<10] <30 45] 500
: 3] 4011 PustacuCreak | 8 50 90 < 26 28 34| 901 320] 42 44 34 40] <10 <30 28] 78
14 OiSina Har 3 40 —i_ <2 3 38 34 4 270 30 60| 47 330 20] <30 - =
[__15] 3852]maws Cresk 5 32 80 < 23 32 4 37] 280 30 7] 500 101 300 65] 2307 48
16] 2218 Bodroc Creek 6 20 80 < 17 20 1 4] 135 24 447 35, 230] <10 <30] 330! 120
™17 22001Bodroc Creek 4 30] 1001 <z 22 12 1 0]_170 26 551 447 340 20 45! 400! 250
AVERAGE 1 40 93 - 20 38 29 88 242 41 31 88 — — 196 270
{Metamorphic texture (sheared / retrogressed mafic igneous rocks)
1] 2059 ChencaCreek | 120] <z 13 53 32] 110] 200 34 50] _ 3.6] 160 12] <30 257 10
2] 2299] Croek. 1 1 120] < 18 26 291 __65] 280 38 50| 4.4 70 10] < 32] 340
3] 2541 Ravna Cresk i 4 138 < 5 42 48 43]__280] _ 38 36] 28] 220 — <30 12]_170
4] 4454 |0rmut Cresk 1 31 200 170 <z M4 as 55| 1351 270 48 25 2.4 75 101 <30 17 16|
5] 2929 |Sicx Cresk ] 2 85 75] <3 8 50 40]  135] 330 67 44 28] 100 —i <30 27] 98
712908 |Sicut Creek ! 48 84 <2 5 48 38 901 330 60 40 3 20 —i <30 28] 40
4370 [Niove-Oud Creek 2 48 30| < 27 20 30 58] 250 32 53 .71 300 10 40 28] 35
2972 |Chimarces Creek € 45 < 2 24 181 110{ 180; 25 50 48! 240 [ 313! __270] 220
2437 Megtves Cresk 1 3120 <4 12 5 25]  180] 140 2 30] 21 20 0] _<30] 130] 540
10 4411 Croek 18 40 < 23 75 3112000 225 35 37] 471 300 0l _<30{ 290] 200
AVERAGE 4 45 84 — 20 48 34 13 248 40 42 4 191 - - 86 167
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Table 11-5. Chemical compositions of the sheared mafic racks from HBSZ in the Biharia and Gilau mountains

Major elements concentrations (%)

& [ Bi02 | AIZO3 [Fe203] FeO | WnO | NigO | CaO | Na2D | K20 | [P208] COz | ¢
; 8011 _TeuMersPesk | 46.04 | 18.99 | 3.76 | 4.32 | 0.13_| 7.85 111.20 | 2.30 | 035 lc_.w'f.w - 00 | 000 | 0.00 | 291 ; 9951
T B0G7 _|Taut Mars Poak | 48.58 | 13.85 | 441 | 700 [ 0.21 | 7.21 |11.85 [ 1.96 | 0.12 ; 1.26 | 0.20 [ 0.96 | 004 | 0.03 | 1.66 . 99.44
I 8005 _[Taul Mare Pesk [45.86 | 16,83 | 270 1 6,18 | 0.18 | 869 | 786 | 431 | 0.09 | 060 | 025 | 283 : 003 : 0.03 . 300 : 99.44
4 8005 Taut Mare Pesk | 44.06 | 13.04 | 4.14 | 546 ; 021 | 6.61 [11.79 | 242 | 0.27 | 1.16 | 0.2 .99 | 008 | 0.05 ' 140 | 9967
5 8013 __jAnes River 4B.04 | 17.81 | 3.47 | 720 { 020 | 86.26 | 7.70 | 3.70 | 0.00 | 1.75 | 0. .00 | 000 ;| 0.00 ; 335 | 9859
3 5029 ;Anesul Mic Creek] 45.35 | 16.39 | 544 | 763 | 0.19 | 558 | 927 | 3.38 | 041 . 257 | 0.83 | 067 | 0.14  0.12 ' 244 100.41
7 5028 VAnewt Mic Creax] 44.90 | 17.11 | 3.72 | 7.34 | 022 | 6.25 | 1147 | 3.07 | 067 . 223 | 0.52 | 054 | 0.12 { .10 ' 211 ,100.37
8 5026 |Anew Mic Creek] 40.80 | 14.80 | 6.00 | 8.64 | 0 36 | 856 | 3.03 | 025 | 257 | 0.75 | 225 . 006 | 0.05 ; 505 1100.38
3 8025 Dragresedge (4205 {1764 | 520 | 4.14 4 | 820 |14.25 | 198 | 051 | 076 | 047 | 175 ' 0.03 | 003 ; 165 . 99.70
[ 8024 Oagresedge 149.27 | 1848 | 252 | 547 [ 0.10 | 7.04 | 9.38 | 400 [ 035 [ 0.85 | 0.07 [ 0.00 ' 0.00 000 | 228 ' 99.81
] 188 | 0.14 | 6.54 | 742 | 400 [ 0.00 . 090 | 0.07 | 0.61 | 0.00 : 0.00 264 ' 99.88
.45 | 0.10 | 7.16 X 175 | 0.37 | 035 0.08 : 0.00 . 0.00 ;. 0.00 ; 249 _ 9946
33 | 0.19 | 853 | 9. 32 | 0.00 | 085 | 0.10 { 017 | 0.00 | 0.00 | 3.22 | 99.47
.76 1 0. . , 75 1 0.5 [ 220 | 0.7 [ 1.18 | 0.31 , 0.27 36 . 6950
.05 . 35 1025 | 115 | 0.7 | 1.05 [ 0.18 : 0.16 | 2.79 . 99.47
44 . .00 | 0.00 | 1.75 | 0. 035 | 1.13 1 098 | 206 | 99.15
.62 X .30 | 0.00 | 1.25 | 0. 0.39 ; 0.00 | 000 | 3.08 ;. 9948
20 4| 4. . 56 [ 000 | 125 | 015 [ 272 | 0.00 | 0.00 [ 3.31 ; 99.4i
33 [ 0.14 | 756 {©9.2¢ | 260 | 0.7 [ 035 | 0.05 | 088 | 0.00 : 0.00 . 3.07 - 98.55
372 | 558 1018 | 6.08 | 702 | 4.16 | 0.14 | 1.50 | 0.00 | 0.00 , 0.00 : 0.00 | 2.30__99.63
AVERAGE 4719 |17, 68 [ 610 | O 664 | 9.07 | 339 [ 022 | 1.30 | 02 47 {011 ] 009 | 265 |
Minor elements concentrations (ppm)
[ Pb [ Cu | Zn [ Sn [ Ca | M [ Co [ & [ V [ 8 [ ¥ | Vb [ 2r ] I
1 8011 TwdMarePesk | 5 %6 | 30| <2 14 | 65 | 32 | 370 | 280 | 44 | 19 | 10 _ 85 ' <10 ;001 102 .030 O
2 8007 _|Toud Mare Peek 17 30 | < 14 | 67 | 42 | 260 | 420 | 53 , 18 1 13 | 57 . <10 | — = - =
. 3| 8006 Tmd MarePosk 2_ 1 30 | < 19 | 60 | 32 1 460 | 320 | 60 | 27 . 20 | 57 1 <10 . — - = =
74| 8005 Teu Mare Pesk L 85 | 30 | < 19 . 60 | 32 | 460 _; 320 | 60 . 27 | 20 57 <10 : 0,00 ; 0.14 026 1329
75 1 8013 _'Anes River 4 | 44 | 38 | < 20 | 34 | 36 | 160 | 410 | 54 | 40 . 44 | 180 . <10 1 058 ;. 102 :002 0O
3 8029 __ ' Anesul Mic Croek] T80 | 44 | < 211 13 23 ] 45 1 250 32 | 36 | 44 180 _ <10 —  — | —  —
7| 8028 |Anesul Mic Creek] T 65 | 44 < 20| 42 30 | 170 1 280 , 29 . 42 | 50 & 250 . <i0 . 046 027 064 0O
s 8026 Anasul Mic Crosk] i 65 | €0 <d 2 54 31 ;] 200 | 380 ; 41 40| 20 : 220 : <10 | — - — e
9 | 8025 Dragwmedge | 18 | 10 | 30 < 1 105 | 43 | 280 | 185 ' 40 1 .10 1 25 ;. <10 | — - = =
10 8024 _Dragres edge 3 . 2 1% < 14 85 | 35 | 250 | 360 | 44 | 30 | 36 | 105 | <10 ! 020 ' 000 1010 O
11| 8022 Orsgresedge | 24 . 100 | 32 < 26 | 50 | 40 | 170 | 310 | 40 | 33 | 4l 180 1 <10 | — — — =
12| 8020 Dagreseage | 10 1| 7 . 30 < 17 | 47 | 25 | 40 | 260 ;. 38 1 20 1. 57 | <10 | 0.16 , 093 033 . O
13 8019 __|Oragiva edge 7 . 50 | 32 < 17 ] 120 | 40 | 400 | 370 | 45 | 26 . 23 | 100 . <10 = — - - -
14 8035 _|Oobram Creek 3 | 80 | 48 < 26 16 30 | 28 . 360 | 39 . 60 70 . 25 <10 | — = - =
15 8033 DobrawCreek | 10 | & 50 < 31 13 23 | 45 | 250 | 32 1 36 44 . 160 <10 , 0.79 _3.80 ;0.10 431
16 8015 Croek 3 0| M < 21 1 115 | 48 | 300 . 370 | 42 | 36 . 40 | 185 | <10 | — = — | — @ —
"T17__: 8016 'Neagra Creex 171 55 | 48 . < 21 2 28 | 70 1 620 | 52 21 : 23 | 78 . <0 | — T — i — =~ —
181 8037 _'obraCreek . 37 | 48 | < 2 6 26 . 43 | 450 | 44 . 24 23 . 85 1 <10 | o= | == o == o~
18| 8039 jPosagaCresk | g 32 < 41 33 27 1 190 | 260 | 44 1 15 i 10 . 53 . <10 - 0.09 . 117 026,
20 . BO53 OcomCresk | T2 W < 14 7 25 | 45 1 260 | 41 . 15 . 10 : 53 | <10  0.09 090 023 1047
AVERAGE [ 3 | 38 | — [ 18 | 81 32 | 100 [ 336 | 44 | 28 | 3 1119 | — 1012 [ 048 [o0.11
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Table lI-6. Chemical compositions of rocks within the "Black Series"”
Major elements concentrations (%)

0
. 86
. .00
y .82
 Hornfels texture - black massive : ] i
41 3712 Comviege 5439 | 2014 | 527 | 250 13 | 341 | 227 | 3.39 | 403 10 | 0.10 ¢ 0.00 Tz .85
7T |Camviege 5562 | 19.51 | 457 73 .08 140 | 308 | 265 | 6.40 .74 25 1 0.00 . 2
389 Cladove Creex 61.20 | 1525 | 1.55 | 484 15 | 287 .00 54 | 1.18 12 21 - 104 .01 9968,
379 |CdovaCreek | 53.90 | 1585 31| 2.00 X 74 4.90 .70, 5.38 .82 | 0.40 24 00 . .97
8| 3760 |ClsdowaCrest | 50.60 [ 20.34 | 6.15 | 1.62 12| 425 60 | 436 | 4.19 72_] 012 .00 . ) 69 . 98,
9 3780 |Cledowts Creekivols 49.68 | 20.74 | 6.18 .50 10, 403 90 | 527 |, 394 | 0684 0.1 .00 . . 3 )
101 3031 WAM 4954 | 2128 | 369 | 4.07 18| 3.30 | 602 | 450 , 350 | 1.00 .24 .00 .00 Y X 99.46
11| 2740 |CremerceaCrees | 67.85 | 14.00 | 4.42 .08 04 | 115 | 4% | 437 | 402 | 0.52 .18 47 .00 00_© 0. ;
[ 12 | 2748 Crimercas Creek | 53.53 | 19.03 | 660 | 0.73 10 | 320 | 560 [ 4.30 ; 400 | 1.10 .2 .00 .20 A7 . 119 . 99.96;
13 | 4477 NadesCreex 47.86 | 2090 | 563 .10 . 450 | 290 | 426 ;| 5.75 04 3 .00 0.18 16+ 2.86 §9.60,
14 4429 INsossCreex | 48.92 | 21.90 | 524 .97 X 37 429 ( 466 1 411 .04 17 00 ; 0.34 30 | 2.14 . 10289,
15 | 3122 |Nedea Creek 47.10_| 22.24 | 698 18 . 4.3 244 | 442, 4.84 .92 .24 100 1 0.33 310 _100.58!
AVERAGE L<¥ 927 | 530 1 253 0. 3 382 | 412 | 428 ; 1 | 023 | 020 | 097 | 203 | 09.82]
\Phyifonite - black | : ; ]
18_| 4547 Misdin Creex 51.76 | 23.10 | 331 ) 205 1 0.1 .58 | 208 81 543 §2 ' 010 ' 000 . 022 _ 019 . 3.08 - 99.72,
17 | 4049 |Pustacts Creex 54.76 | 15.50 26 | 4.83 .24 00 | 334 | 559 | 0.18 .04 .74 1| 000 | 038 . 033 . 3.50 _ 10069'
18| 4580 |Chiode Creek 45.30_| 15.60 73_|_6.04 11 87 40 05 | 3.26 56 | 021 1 000 . 0.12 ' 0. 31_._93.46
AVERAGE 50.81_| 18.07 10 | 4. 15 | 542 | 227 | 4.82 | 296 217 ] 035 | 0.00 | 024 | 023 | 320 | 9706
Hornfels texture-grey massive _ | ; ! ‘ :
19 5 |Cumviege 55.74 ) 18.03 | 485 | 202 11 30 | 338 | 460 | 535 ; 104 . 021 | 000 ' 000 ' 000 _ 1.75 99.36
0| 3767 CicowtaCreek | 55.04 | 20.04 | 554 | 113 10| 2.74 ] 4. 482 | 4.05 .78 41 . 0.00 1 0.34 0. 1.87 _ 100.65'
1| 2081 CmercssCreex | 5082 | 21.96 | 2.94 .78 10 80 | 504 ' 485 | 325 24 25 | 000 | 018 | 014 ' 187 . 99.80!
2 | 3002 [ChumercesCreek_| 53.43 | 20.05 | 4.38 | 2.03 1 790 | 434 | 550 , 3.00 24 .12 00 . 015 ' 0.13_ ' 269 | 100.07.
[ laverace §3.78 | 20.02 | 443 | 224 A1 | 204 | 419 | 489 | 391 07 A7 100 ] 0.18 | 0.14 | 18
Phylfonite - grey ] | : ; !
(237 1 Comvaege 5388 | 22.11 | 527 20 o7 40 | 304 | 400 |, 400 | 104 T 000 003 . 003 . 188 | 6922
| 24 3574 [Cuwnvaege §353 | 16.20 | 154 . 4.55 & 0.11 83 | 056 | 0.2, 3.19 | 080 42, 0.00 _ 0.37 32 | 7.75 . 98.99!
25 | 4553 Cracdecresx 49.84 | 2260 | 732 | 0.80 .08 24 | 126 | 487 | 514 . 0.96 7000 | 030 . 026 : 3.26 . 100.06;
AVERAGE $242 [ 20.30 | 471 | 2.21 00 | 5.16_| 1.82 | 3.00 | 411 | 063 | 014 | 0.00 | 0.23 [ 020 | 430 | 9.42)
ihatia ' ! ! ji : ! .
26| 3077 |Poem 1009 12205 | 639 | 153 | 013 | 390 | 490 | 330 | 356 | 124 . 005 | 000 ' 014 | 0.312 055 _ 9785
27 3071 _lsam 8315 ] 1264 | 3.01 | 072 | 009 | 200 | 882 | 170 310 _ 074 | 007 | 000 ' 003 003 _ 375 9585
La e
8| THghm Creek BTG | 20.17 | .81 .73 03 | 218 1 081 | 410 ' 390 | 049 18 0.1 00 600 ., 225 G981,
29 | 379 _iCledova Creex 5786 | 16.63 | 8.57 86 | 004 | 240 . 154 | 513_| 300 _ 1.20 i 0.14 ' 1.28 01, 001 ;. 056  §9.23;
(30 | 2732 |CmercseCreek | 66.56 | 17.20 . 26 00 30 026 | 167 320 | 043 ' 0.14 | 000 . 000 . 000 221 _ 9925
31 1 4366 OudCreek 68.60_| 17.63 & .66 .01 25 026 1| 182 | 332 | 048 . 011 | 023 , 0.00 ' 0.00 . 2.55 99.73;
I "AVERAGE [6215 [ 17.91 | 8. 63 .02 78 1 074 1 318 ] 331 | 085 | 044 ] 05 000 | 000 [ 180 | ue48]
Minor elements concentrations (ppm)
{ i Pb | [ Sn | To.| Cr \ S 1 V 1.6 1. 2 | N6 | La | Ba | S |
Ugneous textlre : ! i : : : : ‘
1| 5037 [MsdnPesk 22 260 65 1 2 . 110 34__| 370 1 260 29 40 32 330 <10 34 220 300
"2 | 4548 'Medn Creeuma) {38 55 140 3 | 22 1 42 34| 15 250 | 34 . 50 57 300 . <10 . 30 270 260
3 3020 Jemove 7 2 73 5 26 ' 47__ 18 100 . 105 . 25 32 K] 87 — 3 880 370 |
1 'vA”J""mvm 2 108 93 ] 4 | 23 [ 8 | 20 | 182 [ 205 | 20 | 41 | 38 [ 239 | — | 39 | 457 | 310 1
\Hom texture - black massive ! i i i i i : ! : ! :
"4 [ 3712 _Comveege 16 2 < 7 30 %8 ' 22 80 | 140 | . 4 200 12 52 . 300 _ 180
5 7 ‘G 2 5 : 13 70| 150 80 T & | 190 18 80 — -
389 __ iGladova Creek 107 65 @ T 20 3T | 2% 140 85 [ 33 . 200 < 30 250 210
7| 379 iCiadove Creek 21 2 30 19 §5 1 90 110 12 T 8S | < 38 300 50
8| 3769 (Ciscowts Creek 6] 6 52 26 46| 25 45 | T 28 | 170 <1 55 $70___ 230
3 7 Mﬂ 26 52 . 25 65 . 18 90, 2 ! - 180 <1 87 . 900 900
101 3031 _jJemove Creex 24 27 105 | 4 20 48 18 20 120 . 25 . 30 . 22 105 — a5 390 260 |
[ 2740 |Crumercea Cresk 2 4 | 32 1 2 2 27 7 (3 70 41| 2T . 7250 . <10 40 450 75
2 | 2748  iChwnerces Creek 15 3 ] 85 4 .40 100 [] 36 1 4. 200 @ <10 55 630 - 310
3| 4477 [Nacms Creex T T 110 5 27 | 80 120 60 ) 40_ | 32 | 130 <10 . 50 ' 1200 310
4 | 4429 Nades Creek 10 24 70 4 28 50 40 7 32 | 34 | 160 . <t0 - 55 ' 620 @ 270
15 | 3122 INedesCresk 75 7 05 4 30 78 2 80| 200 22 38 30 | 200 ' 18 1 75 1050 300
i AVERAGE 18 3 (3 3 23 53 17 25 48 18 33 1 31 [ 318 | — [ 82 | — | —
‘Phyllonite - black ! i ; ‘ ‘
[ 16_| 4547 [Misdn Creex 15 a2 80 [ 20 87 | 18 110 40 7 T 2190 <i0__42 850 . 280
7| 4049 _|Pustacas Creek 10 ED) 72 2 26 5 4 50 22 | 80 . 240 | <t 46 28 120
4590 |Crdode Creet 3 8 140 4 24 4 7 150 210 35 40 2. 75 <10 _|_30___ 160 75
AVERAGE ] 29 o7 3 3 2 20 88 67 25 1St X 202 — [ 39 | 348 | 158 |
‘Homfels texture - grey massive ! ! . i
Cuwn visge 3 - 2__ | 20 60 18 130 %0 17 42 30 . 170 10 34 — =
3767 |Clacowta Creek 19 22 [ 23 44 2 95 60 13 35 22 210 | < 58 300 |
2881 |Crumerces Creek. 63 20 43 100 00 16 23 ' 280 70 < 40 20__. 280
2| 3002 |Crumerces Creek 35 20 46 4 95 82 13 18 2.4 125 < 50 150 70
AVERAGE 51 21 48 3 105 123 15 30 [X 144 — 48 17 217
Phyifonite - grey |
23 1 o 4 0 —= 19 70 20 50 80 20 33 X 120 12 34 — —
24_| 3574 [Cum 25 65 23 67 23 30 30 13 24 . 190 11 30 280 | 10
[ 25 | 4553 _|Crodia Creek 2 74 29 55 12 20 35 20 38 3 150 <10 3 960 ' 190
T __|avERAGE 10 70 24 [ 18 33 48 | 18 33 X 153 — 43| €20 | 100 |
Iharia
26 | 3077 [Poene 15 2 180 4 20 [ 20 130 130 20 30 35 110 10 45 350 | 130
37 | 3071 |Bets _ 9 2 58 3 15 16 7 48 42 i3 39 38 120 341 260 1 130
2 Creek 1 3 L] 18 38 10 yii ik} 150 : g =
29 | 379 [Cladovs Crask 5l 4 30 20 48 12 110 80 13 85 X 8 — 40
31_| 4366 __DudCreek 3 3 30 18 28 8 85 53 9 260 4 4 = a5
AVERAGE [] 35 1 38 10 83 e ! 1 148 18 41




Debon 8 Le Fart 1983 [fg 1)
; ot !
1 . . 1- Granite-Rhyolte S- Qz.Syenite-Qz.Trachyte : 9- Syenite-Trachyte
- ! 1 2- Adameilte-Oslienite Latite i 10-
§:m 3 > 3-Granodiortte-Ryodacte - - 7- Qz. Monzodbortte-Qz Latandesite - 1. .
: 4 Tonalts-Dacite 8 Qz Dlorite-Qz Andesite i 12- Gabbro-Besat :
+ | s .- " 2
+ 200 - S IYHY - PG ' i+ AT ' 4
g D Y S SV FRETR i e 32! ‘ '3
2 'l S el B VLA ; ‘20
{ ! » &,/ / : ! @ o P .
X i » *./ : Ehal . i - ’ :
* 100 - — —— i . —
e ' 8, 27 6, 5 ae 1% 6B 5 ! ,ﬁrl:,*r-ovr [
R | F
. 1 10 9 N ) | 12 1L g % § -4 10 9
400 300 200 00 O 100 200 300 300 200 -l00 0 100 200 300 300 200 o0 O 100 200 30
P = K-[Na + Cal P =X-[Na +Cal P =X-[Na + Cal
| Madtemat 1985 (G 3331
! . ! I ; ;
' P o2 N ! ©
g 2 | 3 e s ! i [Irﬁf;iﬁ!] Far s 2 3 s 5
g S i@ﬁ_nﬂ. i i S
. ‘ ! it Lo Al . ] i i I : .
" [ ) ! ':k\\‘—"—| ., L ok gl ‘L\'\-———, ; : : e
T o011 12 13 118 » o ity 12003 lmie 15 10) 11 12 [ 13 14 Wi§
g 1 9 /T_f—i' N Oom|® — T | ! ‘ [ -~
v AR L ot . i by L %
o :'° -I" * ‘ : e ! 6‘ /;l | | i [0 g : i ',‘3—;"\.
" @ > - [ : iy . S
§s[-$zé e, | ':/ Y S g g, | S
R el 18] 19 20‘ 2! 2 1 23 ! g 18] 19 201 a2 -2 EI’J:“" 1819 200210 22 23
R 3 gy b i . ' 'd. : S :
oy ,,ﬁﬁ_@]; D AR Co ks, ‘
o ! (Aal picrits] | L 6! | ; : o
50 ] 80 50 80 50 60 70 80
SIO; {wt %} SOy Wi %K) SOz (wt %}
Mademost 1985 (ig 3.3.6)
15 - v T b R 1
3 } : + s .
{ S, . Comm ] 5 o ,"2 I
| “Monzodiortel . . L . — k .
£ i T, . P 3 ! ; T
£ i 4’5/~.31»\, H @gemy ¢ 8 3 T « 5 :
! Dionte, | . ~ : ; P 2 .
Q  ‘Gabom| | -~ g - 4.",:- qie tE] - 4/;"5/ ", HE - o™ .
> ; _é,/z,,—/"*.\.\.—n i - Vi I8~ ° .~
T u . S o, — —__ vl
o | el 10 n .}\Jl g. 10 1" o LI 10 i g
] o e - = 4 PP S e i 4 W
g5 o 3 4 gLz & NG T ja T
s . it g2 B T = —
. ‘;‘/;""J_,/ ‘\Mnnm,nm\,' o ! —iig 0 &F T
¢ ="» Gz Diote R Tonafls] - :
o : N e
50 60 70 80 s0 60 70 8o 50 60 70 80
SIO;z twt %) S0 (wt %) SO (wr %]
Le Marre 1989 (Ag B.15)
5 i | i -
i T e honk | ;
45 . I .
4 L M [ gk
4 - . 1 % oo = o
- P . '
e ' o .
_ 35 LT - | : e . T - i ¥ !
F ; i P i : g o P H
x ! o ® - | P e :
gz's. - i : E!' iri medun—xi' % ; - |T g medum-K|
2y 4| . ! I §/r i :
[N 1P i * - g | [ !
151 ! L%L .g[ o | B 1} @® § /T | . "
i 2 % ! [ | Zm 1 .
Gade T Lo AT o
51 Qe owk o0 :
LS t:- SRS R ol |
5
45 5 com %t %5 5 as sortm %1 %5 75
Paiuseni assemblage The Black Series Biharia assemblage
mafic rocks @ massive e igneous texture mafic rocks e massive
» sheared u black hormnfels » sheared
acidic rocks - igneous texture ° shearhed bflack homfels acidic rocks - massive
% *metaconglomerate® e ggm‘:‘r’;rﬂz homfels . sheared
+ average cpn&"po;it.iorr’[s of particular ' « associated layered phylionite Arieseni assemblage a
rocktypes in the Highis igneous compiex ~  similar rocks in the Biharia Mts.
a) b) c)

Fig. ll-1. Major elements discrimination plots for the igneous and metamorphic rocks of the
Highis-Biharia shear zone; a) Paiuseni assemblage, Highis Mountains; b) “the Black Series”;
c) Biharia and Arieseni assemblages, Biharia and southem Gilau mountains.
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Fig. lI-2. General petrochemical characteristics of the igneous and metamorphic rocks within the
Highis-Biharia Shear zone; a) the Paiuseni assembiage, Highis Mountains; b) “the Black Series”;
c) Biharia and Arieseni assemblages, Biharia and southem Gilau mountains. Symbols as in Fig. 1I-1.
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Fig. lI-3. Trace elements - tectonic discrimination plots for rocks of the Highis-Biharia shear zone;
a) Paiuseni assemblage,Highis Mountains; b) “the Black Series”; c) Biharia and Arieseni assemblages,
Biharia and southem Gilau mountains. Symbols as in Fig. lI-1.
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Fig. 11-3 (continued). Trace elements - tectonic discrimination plots for rocks of the Highis-
Biharia shear zone; a) Paiuseni assemblage, Highis Mountains; b) “the Black Series”; c) Biharia

and Arieseni assemblages, Biharia and southern Gilau mountains. Symbols as in Fig. 1I-1.
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DISCUSSION

In an attempt to reconstruct the pre-Alpine tectonic framework of the region, the geochemical
study has addressed two problems: 1. the tectonic significance of the igneous belt separating the two
gneissic assemblages; 2. the nature of protolith within the low-grade assemblages of the HBSZ.
85 samples from the igneous pods and 74 samples of metamorphic rocks have been analysed for major
and trace elements at the Chemical Analysis Laboratory of the Geological Survey of Romania. Chemical
analysis for SiO,-rich rocks are presented in Table il-2 (Highig Mountains) and Table II-3 (Biharia and
Gil&du mountains) and for mafic rocks in Table I1-4 (Highis Mountains) and [I-5 (Biharia and Gil&u
mountains). Average chemical compositions for the most common igneous rocks of the unsheared
igneous complex in the Highis Mountains (Tatu et al. 1993, unpublished report) are presented for
comparison in Table lI-1.
1. The tectonic significance of the igneous belt

The chemical compositions of igneous rocks from the Highig Mountains are spread over the
gabbro-diorite-monzodiorite and tonalite-granite fields (Fig. I1-1.1.a). Most acidic samples fall in the
narrow adamellite field. In contrast, igneous rocks from the Biharia-Gildu mountains are well grouped in
the gabbro-quartz diorite and tonalite (trondhjemite) fields suggesting bimodal magmatism (Fig. [I-1.1.c).
The SiO, vs. K,0 diagrams emphasize the wide range of K concentrations of the late acidic intrusions in
the Highis Mountains. The alkali vs. silica diagram (Figs. II-1.2 and 1I-1.3) indicates a gap between acidic
and mafic compositions better expressed in the Biharia and Gildu mountains. Mafic rocks show a
transitional tholeiitic/calc-alkaline character (Fig. 11-3.1). Rocks from the western segment of the HBSZ
with a more pronounced tholeiitic affinity show V-Ti ratios indicative for “ocean floor” (Fig. 11-3.3a), whilst
rocks from the eastern segment evenly distributed between the tholeiitic and calc-alkaline fields
(Fig. 11-4.1c) are spread over the “ocean floor” and “arc” fields (Fig. 11-3.3c). In the Zr/Y-Zr diagrams
samples from the western HBSZ are spread over the “within plate” and “mid-ocean ridge” fields
(Fig. 1I-3.4a) whilst samples from the eastern segment plot mainly in the “within plate” and “island arc”
fields (Fig. 11-3.4c). Most samples have Y-Nb ratios higher than 3, indicative for ocean floor basalts
(Pearce and Cann, 1973) and Ti-Cr ratios of ocean floor basalts (Fig. 11-3.2). In the Ti-Zr-Y diagrams
(Fig. 1I-3.5), most samples piot outside the “within plate” field. Further discrimination using Ti-Zr
(Fig. 1i-3.6) and Ti-Zr-Sr (Fig. II-3.7) diagrams is not possible as the same samples plot on different
diagrams in different fields or outside the diagram. The mafic rocks from the HBSZ show ambiguous
chemical characteristics inconsistent with the classical patterns constrained for major tectonic settings.
We suggest that the tholeiitic and “ocean floor” character of some rocks all along the Highig-Biharia
igneous beit is the evidence for an extensional tectonic setting and that the calc-alkaline (Fig. 11-3.5¢ and
I-3.6¢), “within plate” (Fig. 1I-3.4), and “island arc” (Fig. I1-3.3c and Fig. [I-3.4¢) affinities only indicate
different degrees of differentiation and/or larger participation of continental crust. The wider igneous
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complex from the Highis Mountains with stronger tholeiitic and “mid-ocean ridge” character of the mafic
rocks suggests more advanced extension across the western segment the Highig-Biharia igneous belt.
The narrower igneous belt from the southern Gildu with more prominent calc-alkaline chemical
characteristics suggest that extension across the eastern segment was less advanced.

2. The nature of protolith within the low-grade assemblages of the HBSZ

The wide belt of low-grade assemblages contains a variety of sheared, partly re-equilibrated
igneous rocks as well as pods of massive igneous rocks. Rock types completely re-equilibrated under
low-grade conditions have been traditionally considered metamorphosed clastic sediments, and were
defined based on their inferred original grain-size. The interpretation is questionable since all low-grade
rocks record a large component of non-coaxial strain accompanied by extensive hydration reactions. For
some of these rocks an igneous protolith could be traced by detailed sampling. Nevertheless, for several
other rack types the nature of the protolith remains uncertain. The original chemical characteristics of the
low-grade metamorphic rocks from the HBSZ have been altered to various degrees either by diagenetic
and metamorphic processes or only by the shear zone metamorphism. For comparison metamorphic
and igneous rocks are plotted on the same diagrams. One of the most characteristic metamorphic rocks
within the HBSZ mainly exposed in the Highis Mountains, is a quartz-clast bearing schist interpreted
either as a “metaconglomerate” (e.g., Giugca, 1979; Dimitrescu, 1985;) or as a secondary quartz-clast
phyilonite derived from igneous rocks (Pand and Ricman, 1988). Chemical analyses on SiO, - rich rocks
are presented in Table 1I-2. Both massive (igneous) and sheared rocks of acidic composition are plotted
in the discrimination diagrams of column a) in Figs. II-2 and II-3. All diagrams indicate an intriguing
partial overiapping between the field of igneous acidic rocks and that of the quartz-clast bearing schist
(“metaconglomerate”) samples. Most quartz-clast bearing schists plot outside the field of igneous rocks;
this does not necessarily indicate a sedimentary origin. Quartz veining, a common process in
extensional shear zones, may have drastically altered the bulk whole rock composition (see chapter 5
Fig. 5-3 and 5-4). The quartz-clast bearing schists occupy large areas and do not correlate along strike.
They may represent the locus of intense crack-seal processes in acidic protoliths within the wide HBSZ.

Controversial interpretations also exist for an association of black to gray massive rocks and
their sheared equivalents. Initially mapped in a limited area near the western extremity of the Highis
Mountains, the rocks were considered black quartzite and shale (Giugca, 1979) and interpreted to
represent a post-Variscan Carboniferous (Permian?) sedimentary cover named the “Black Series"(BS).
Similar rocks, later described from additional locations were shown to be low temperature hornfelses up
to biotite isograd, spatially and genetically related to the Highis igneous complex (Savu, 1965; Pand and
Ricman, 1988). Commonly, a very fine grained mesh of mica-quartz-albite-magnetite with epidote nests
overprints and obscures the original texture. Behind this veil at several locations, basaltic and aplitic
textures have been noticed. The chemical analysis on these controversial rocks are presented in
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Table 1I-4 and in discrimination diagrams of column b) in Figures lI-2, 1I-3 and II-4. Most samples of the
“Black Series” plot in the latibasalt and trachyte fields. Spatially associated igneous rocks partly
overprinted by similar homnfels texture are quartz-latiandesite and trachyte. Completely hornfelsed rocks
show a more alkali character than the associated igneous rocks (Fig. lI-1.1b). The particular alkaline
character of the “BS” could not result from mixing of sediments originating in the acidic and mafic end
members from the adjacent igneous rocks (Fig. lI-1.2c). Although diagenetic K-rich clay minerals may
eventually cause the shift, we note that all massive and sheared hornfels samples plot around one of the
igneous subvolcanic rocks in the phonolite-trachybasalt fields, and outside the fields of their plutonic
equivalents. The SiO, vs. K,0O diagrams emphasise a continuous transition between the “BS” and the
high-K rhyolite of the late acidic intrusions in the Highig Mountains . The field occupied by most “BS”
samples corresponds to the high-K basalt and basaltic andesite and includes again the spatially
associated aplitic rock. Whilst in the alkali vs. SiO, diagrams the “BS” occupies a separate field

(Figs. 11-1.1; 11-1.2; and 1l-2.1), in diagrams that consider also the Al concentration (Fig. II-2.2) the “BS”
rocks occupy an intermediate field between the essentially peraluminous acidic rocks and the mainly
metaluminous mafic rocks. The AFM and ACF diagrams (Figs. [-2.3 and 1I-2.4) suggest a closer
chemical affinity to the mafic suit. Ti/Cr ratios for most mafic rocks correspond to the ocean floor basalts
(Figs. 11-3.2.a and [I-3.2.c) while most of the hornfelses show an intermediate character between ocean
floor basalts and low potassium tholeiites (Fig. [I-3.2.b). In the Zr/Y vs. Zr diagrams most rocks fall in the
within plate basalt and MORB fields.

The geochemical data allow the following general conclusions:

a) the Highis-Biharia igneous belt plugged a pre-Alpine transtensional setting separating two
gneissic assemblages. The zone of crustal thinning favoured the development of the wide HBSZ during
the Alpine tectonism.

b) the interlayered highly sheared rocks show chemical affinities with the adjacent igneous
rocks. They may be interpreted either as low-grade mylonites or as proximal epiclastic deposits in a
narrow basin following the igneous lineament. The lack of volcanic rocks in the unsheared domains and
the presence of plutonic and subvoicanic pods throughout the low-grade metamorphic assemblages
dominated by non-coaxial deformation favours the first interpretation.

c) the hornfels rocks of the “Black Series” most probably represent a subvolcanic differentiate of
the mafic suit (phonolite/trachybasalt/trachyandesite), thermally affected by the late granitic intrusions.
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Table lil-1. “°Ar/*°Ar analytical data for incremental-heating experiments on hornblende
concentrates from structural units comprising the Apuseni Mountains, Romania

Release CPAPPAD* CfArPAn* (CPArPPAr PAr %*Ar MAre, Apparent

temp (°C)

% of

total

non-
amos.+

%

BAIA DE ARIES ASSEMBLAGE

Sample 15: J=0.010122 (amphibolite)

Age (Ma) **

620 7745 0.22316 5.204 1.76 15.59 0.63 206.2 = 3.0
720 21.68 0.04067 4566 1.88 46.24 3.05 1748 = 1.0
735 12.01 0.00429 5.906 .35 93.35 37.43 194.6 = 0.4
780 10.27 0.01131 1777 3.653 73.50 13.7 [35.2 = 0.6
800 9.20 0.00809 7.719 6.63 30.70 1396 I51.3 = Q.2
320 8.25 0.00775 7.755 972 79.79 2727 116.9 = 02
835 7.13 0.00411 3.107 12.44 92.0t 55.60 116.6 = 0.2
850 7.16 0.00399 7.867 1591 92.30 33.69 7.4 = Q.1
865 7.71 0.00455 7755 13.33 90.57 46.33 123.7 = (1]
830 7.21 0.00396 7.751 9.74 92.29 33.05 118.2 ot Q2
893 7.69 0.00576 7412 [4.63 8351 34.97 116.7 - 0.2
913 7.98 0.00697 6.937 296 31.14 27.20 120 = 9.9
940 898 0.00997 7.334 344 73.90 2061 1178 et 1.3
Fusion 9.02 0.00243 6.843 2358 93.09 76.74 1334 et 2.z
Total 9.38 0.01004 7.377 100.00 85.534 40.71 1242 = -
Total without 620-800°C. 32.20 i18.2 = 0.3
fusion
Sample 17: ] =0.01014+ (amphibolite)
620 139.52 0.43586 4409 1.22 7.94 0.28 192.4 = 1.3
720 28.99 0.03808 3223 2.06 62.06 230 3029 = 0.8
733 19.54 0.01352 3719 4.10 81.13 7.39 267.0 = 0.3
780 10.13 0.00273 5.494 321 96.32 3463 170.3 = Q.2
793 7.93 0.003:0 3.361 15.68 92.355 43.33 130.0 = 0.1
315 7.02 0.00357 3471 7.07 91.16 4171 11338 - 9.2
830 7.16 0.00333 3317 10.65 91.46 42.29 116.3 = 0.1
850 743 0.00516 3.563 1351 93.39 47.88 1234 = 0.2
870 7.15 0.00513 3.639 15.69 93.28 48.73 118.3 = 0.1
885 7.09 0.00308 5.673 935 93.51 30.11 7.7 = 0.2
900 731 0.00332 5.607 15.07 92.65 43.90 120.5 et 0.1
Fusion 9.85 0.00766 5385 2.10 81.35 19.12 141.4 = 1.7
Toral 10.05 0.00930 5438 100.00 90. ¢ $2.71 1334 = 0.4
Total without 620-795°C, 75.62 119.0 = 0.1

fusion



Table -1 (continued)

Sample 18: J =0.010045 (amphibolite)

620 35.67
720 15.37
755 14.31
770 14.59
790 13.79
305 10.86
820 10.26
835 10.38
850 9.90
865 9.70
8385 997
910 9.56
940 1144
Fusion 112
Total 13.03
Total without 620-790°C

Sample 22: J = 0.00974- (amphibolite)

W
[=]
[=]

tn
tn
o

161.74
100.56
3345
3841
40.45
37.85
29.65
31.06
53443
27.76
26.07
24.04
23351
25.65
25.51
25.57

0.08177
0.01735
0.01964
0.01332
0.00841
0.00849
0.00657
0.00673
0.00379
0.00305
0.00565
0.00443
0.00855
0.00925
0.01336

0.46107
0.22413
0.09179
0.09903
0.0-4043
0.04139
0.01706
0.04046
0.02788
0.01023
0.00812
0.00764
0.00509
0.00459
0.00934
0.01020

328

5.390 6.22 33.02
5.275 8.64 69.56

10.502 4.14 65.18
7.460 5.73 77.10
4.401 3.18 84.50
7312 9.97 82.26
7.761 1547 87.09
7.544 11.97 86.65
8.182 6.19 8951
7.730 6.51 90.96
6.920 414 88.78
7.113 3.67 91.31
7.244 6.55 84.20
6.693 3.02 80.21
6.904 100.00 30.26

67.09

CODRU ASSEMBLAGE
6.903 0.36 16.10
4232 0.23 34.34
1.399 0.35 49 44
6421 0.14 30.7
1175 0.22 7123
2022 0.29 67.93
3.710 0.57 34.51
6.808 0.33 63.25
7.128 0.83 71.72
8338 224 91.46
9.255 17.87 93.63
9.539 8.26 93.78
9.409 29.60 96.76

10.036 31.70 97.66
9.705 6.79 92.21
9.458 100.00 94.46

0.41
0.51
0.41
1.76
2.81
1.532
9.10
428
6.96
212
31.01
34.05
50.26
59.63
28.325
44.69

202.1
184.1
162.5
194.0
200.2

— e
W

Wy
~

—
in

£ 8o W
(7]

—
oW
O o

n
n
N

—
[=,)
~)
12

-~
Ly
i
4

I+

(R ]]

It

It

0.4
0.6
0.9
0.5
0.5
0.5
0.5
0.3
0.5
04
0.7
2.0
1.0
29
0.7
0.4
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- O

[B]
~

o
19 W

w

12t
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in

0.5
0.3
02
02
02
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Table ill-1 (continued)

Sample 25: J=0.008311 (amphibolite)

620
700
730
755
TI5

380
89<
°10
Fusion
Toral

69.39
2546
32.68
51.83
44.64
37.28
29.9:
29.27
29.52
29.02
2394
24.93
24.11
24.01
24.76
3045

0.03898
0.02341
0.01512
0.02037
0.01217
0.01581
0.00505
0.00434
0.00424
0.00397
0.00304
0.00455
0.00306
0.00103
0.01143
0.00769

Total without 620-790°C,
§30°C - tusion

Sample 24: J=0.009

322 (amphibolite)

600 198.92 55472
700 3750 0.02594
730 30.55 0.0lez~
300 41.07 0.04769
850 38.0t 003474
87s 2738 0.006:9
SGC o B 0.00236
925 24.74 0.00158
950 24.68 0.00261
975 2438 0.0011!
1000 25.48 0.00611
Fusion 23.56 0.00339
Total 29.15 0.01553

Total without 600-875°C,

fusion

329

4.971
2.621
4.312
8.436
5528
4.766
4317
3.754
S.054
5.196
3432
4.325
7282
3418
5376
5.028

-2 1a7
257

1381
10.121

6.332

—
4

-

RV VO N VAV

ot
O G 60 — o 0
) A ) 00 ~e O

~3

1.30
3.3
2.31
1.82
286
390
6.66
12.30
17.49
19.17
12.289
7.71
3.06
1.9s
1.74
100.00
63.51

nzs
6.27
3.01
S.4s
10.09
32.71
32
10.74
A7
622
3.90
100.00
62.11

62.68
73.63
87.49
89.68
92.93
8843
96.17
96.91
S7.11

98.38
96.14
98.65
99.35
88.05
9372

15.18
79.07
3260
§7.65
7343
9431
98.63
99.43
98.73
100.56
9542
98.45
92.65

1.32
e

3.08

8.66
11.26
1256

8.20
pric c
29.83
3243
35.64
18.56
28.86
64.65
39.97
12.256
3

"1}

536.7
276.1
406.4
622.0
563.6
4614
408.7
403.5
4074
4022
4050
346.6
3447
126+
3179
105.0
1039

bRi 1
1202
3394
<173
1239
3902

3780

u‘ [
[E =
f 23

b in

i

[V TN VY S VS I V1 I 1Y)
o0 )
o — O
o0

(1]
o
1

<

"o
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g+
6.7
c.8
DI
Q.4
9.0

0.2
0.z
0.l
03
a.3
0.2
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Table llI-1 (continued)

Sample 23: J=0.008985 (amphibolite)

610 138.53 0.35535 4.746 L1l 24.47 0.36 4310 = 0.3
710 3.09 0.00068 0.040 120 95.44 1.60 62 = 0.5
740 28.836 0.04425 1372 - 182 55.06 0.34 2410 = 0.3
770 27.05 0.02915 3.703 1.43 69.26 3.46 281.3 = 0.3
800 48.45 0.06598 13.152 0.24 63.14 5.58 414 = 2.8
830 48.50 0.05094 10.416 0.82 70.56 5.56 4837 = 0.4
855 39.72 0.00999 6.891 121 93.95 18.76 32336 = 0.2
880 31.50 0.00725 5242 5.96 94.51 19.66 4289 = 0.3
905 27.96 0.01032 4.976 20.73 90.51 13.12 3707 = 0.3
930 25.73 0.00419 4.384 2626 96.69 3172 3630 = 0.3
965 24.67 0.00081 5.007 15.59 100.63 167.26 3645 04
1000 25.62 0.00521 281 8.99 97.93 4470 3679 = 0.2
1050 235.17 0.00190 5.360 6.66 99.46 76.94 1672 e 02
Fusion 25.50 0.00443 s.148 797 36.47 3181 613 = 0.2
Total 27.78 0.01043 4.980 100.00 93.3% 50.38 367.1 = 3
Total withour §10-880°C 8620 662 = 0.3
SOMES ASSEMBLAGE

Sample 28: J=0.009634 (amphibolite)

§29 17.32 0.03376 T.02t 1142 623 .66 364 = 3.0
720 i3.31 0.01077 2.330 3.94 78.3% 8.26 179.5 = C.1
770 15.32 0.00749 3.569 1233 38.32 201z 230+ = 2z
800 19.65 0.00520 $.255 1175 95.94 13.36 303.7 = 0.2
820 20.07 0.00385 10.722 17.18 9s.50 +3.98 308.1 = 02
815 20.02 0.00549 10.015 kN 9:.39 19.63 3034 = g2
S0 20.39 0.00697 10.083 542 93.35 39.40 073 = i.t
863 20.77 0.00508 3.924 £3¢ 90.51 268.78 3624 = .2
$90 2148 0.01166 11.093 6.91 38.07 2538 3062 = 13
920 20.65 0.00819 11.022 728 92.34 36.60 507.5 = 2.
950 2044 0.00759 11.329 493 93.67 40.62 3075 = 0.7
Fusion 20.50 0.00620 3.679 4.74 94.43 38.05 3108 = 2.t
Total 18.92 0.01051 8.579 100.00 86.36 3149 2668 = 1.9
Total without 620-770°C 67.01 3061 - 0.3
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Table llI-2. BAr/“°Ar vs. “°Ar/*°Ar plateau isotope-correlations for hornblende concentrates from
structural units comprising the Apuseni Mountains, Romania.

Sample [sotope WArASAr MSWD [ncrements % of Calculated
Correlation Age  Intecept™ [ncluded” total ®Ar “°Ar/°Ar Plateau
(Ma)’ Age (Ma)

BAIA DE ARIES ASSEMBLAGE

15 72 = 04 296.5 + 3.8 1.23 820-940 82.20 1182 = 05

17 [15.8 += 0.3 3672 £ 129 1.98 815-900 73.62 1190 = 0.1

1516 + 1.2 3341 = 84 [.15 8035-fusion 67.09 1555 = 04
CODRU ASSEMBLAGE

23 008 = 1.2 366.1 £ 175 1.66 803-863 68.51 4049 = 0.5

24 3722 +£ 0.3 298.1+ 8.3 1.05 900-1000 6211 373.7 0.2

25 644 + 0.3 3518+ 29 1.1l 905-fusion 86.20 366.4 + 0.5
SOMES ASSEMBLAGE

28 3004 =1.0 3765 = 121 1.87 800-fusion 67.01 306.1 = 0.8

50 3156 £1.0 5145z 51 1.36 720-920 87.62 316.7 = 0.3

Calculated using the inverse abscissa intercept (**Ar/*®*Ar ratio) in the age equation.
" Inverse ordinate intercept.

** Table {II-1

oc.
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Table H1I-3. “Ar/Ar analytical data for incremental-heating experiments on muscovite
concentrates from structural units comprising the Apuseni Mountains, Romania.

Release (CAr/PAn*  CSAr/PAD* (TAKPArE PAr %*°Ar BArc, Apparent
temp (°C) %of  non- % Age (Ma) **
total atmos.+

HIGHIS-BIHARIA SHEAR ZONE

Sample 3: J=0.010045 (mylonitic metaconglomerate)

380 40.18 0.10500 1.133 0.46 2298 0.29 160.1 =
420 12.09 0.00127 0.080 1.65 96.91 1L.71 200.7 =
455 12.89 0.00436 0.146 275 90.06 091 199.1 =
490 14.55 0.00183 0.051 3.25 96.18 0.74 2372 =
525 15.86 0.00032 0.027 5.04 99.37 227 265.1 =
560 17.50 0.00556 0.014 6.78 95.95 Q.11 2758 =
598 18.15 0.00059 0.056 11.88 99.03 .39 299.1 =
630 18.39 0.00070 0.074 1548 98.37 2.36 302.6 >
663 18.40 0.00139 0.056 1574 97.77 L1l 299.7 =
700 18.21 0.00095 0.096 12.053 98.47 2.76 298.3 =
735 17.81 0.00020 0.050 716 99.66 6.97 296.0 =
770 17.87 0.00021 0.075 340 99.63 37 296.9 et
310 18.15 0.00107 0.037 4.38 98.25 0.93 972 =
850 18.45 0.00094 0.040 4.11 98.43 L7 302.1 bt
890 18.18 0.00225 0.184 2.39 96.43 228 2927 =
Fusion 18.53 0.00589 0.196 2.55 93.85 1.37 290.5 =
Total 17.7 0.00172 0.073 100.00 97.51 262 238.6 =
Total without 380-360°C. 74.68 994 -

890°C - fusion
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Table liI-1 (continued)

Sample 30: J=0.009233 (amphibolite)

620 38.68 0.05833 7.637 10.11 57.01 3.56 335.7 =
720 2228 0.00690 3302 16.32 92.02 13.02 3152 =
745 25.66 0.01755 5.756 1547 81.57 8.92 319.7 -
770 24.04 0.01305 6.371 9.29 86.06 15.28 3164 -
785 23.20 0.01161 10.882 11.41 88.96 25.50 316.6 -
300 22.81 0.01008 10.089 11.91 90.47 27.23 3163 =
815 21.80 0.00603 10.282 7.48 95.59 46.40 5193 =
830 22.39 0.00874 9.828 3.830 91.96 30.57 3157 el
920 2234 0.00823 11485 11.95 98.51 73.88 3138 =
Fusion 20.54 0.01498 7.189 236 S1.24 15.06 259.5 =
Total 24.73 0.01510 7914 100.00 86.57 25.01 319.6 -
Total without 620, 87.62 316.7 =

fusion

* measured.

¢ corrected for post-irradiation decay of *"Ar (33.1 day 1/2-life).
-[m-'\-rm - (SéArumo&) (295-5)] / wAr'.DL'

" calculated using correction factors of Dalrvmple et al. (1981): two sigma. intralaboratory errors.
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Sample 5: J=0.009160 (mylonitic granite)

500
550
580
610
640
670
700
740
780
820
860
900
Fusion
Total

Sample 7: J =0.010095 (mylonitic schist)

00
30
585
620
630
685

Wy

tn

~
—
th

~4
LY.
[~

785
820
850
830
Fusion
Total

8.67
6.11
6.81
6.76
6.58
7.00
727
7.62
785
7.78
s.12
8.46
8.89
725

[1.67
t1.21
[1.20

0.01035
0.00006
0.00148
0.00015
0.00032
0.00051
0.00018
0.00003
0.0010t
0.00019
0.00041
0.00148
0.00594
0.00092

0.01521
0.00357
0.00022
0.00077
0.000+1
0.00029
0.00038
0.00055
0.00062
0.000+41
0.00069
0.00367
0.00887
0.00106

0.033
0.067
0.016
0.007
0.007
0.008
0.004
0.002
0.012
0.003
0.035
0.019
0.194
0.015

0.096
0.142
0.019
0.051
0.045
0.020
0.020
0.021
0.021
0.025
0.084
0.095
0.257
0.037

3.7
4.53
1034
838
12.58
15.82
13.75
13.84
741
3.87
4.05
2.15
1.60
100.00

64.74
99.70
93.55
99.26
98.50
97.76
99.19
99.80
96.12
99.21
98.45
94.77
80.35
96.50

61.51
90.64
99.38
98.11
99.05
99.54
99.22
98.94
98.85
99.27
98.85
94.06
85.85
97.75

0.09
30.82
0.29
1.30
0.65
0.42
0.64
2.00
0.32
0.46
2351
0.35
0.89
230

90.4

98.0
102.5
107.6
104.1
109.7
L15.4
1214
120.6
123.5
127.6
127.9
4.4
L7

126.2
176.t
192.1
206.0
219.0
2331
255.0
262.2

273.7

285.1
2929
288.1
266.8

2511

It It It

I+

It

It

It

b

0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.2
0.2
0.1
0.1
0.1
0.1

0.2
0.2
Q9.2
0.2
0.2
0.1
0.1

0.1
0.2

0.2
02
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Sample 9: J =0.008902 (mylonitic granite)

Fusion
Tortal

Sample 10: J=

500

14.04
11.91
12.72
12.42
12.33
15.72
14.67
1527
14.74
14.06
13.58
153.10
1528

14.21

0.02247
0.00162
0.00303
0.00078
0.00082
0.01012
0.00071
0.00069
0.00065
0.00068
0.00041
0.00046
0.00015
0.00173

0.045
0.012
0.0t
0.005
0.002
0.004
0.012
0.002
0.003
0.009
0.051
0.024
0.124
0.011

0.009782 (mylonitic granite)

22.87
16.60

7.1
18.035
18.35
18.85
19.77
20.16
20.63
20.80
21.09
21.32
2136

20.47

0.05114
0.00068
0.00504
0.00614
0.00144
0.00221
0.00166
0.00113
0.00088
0.00155
0.00122
0.00068
0.00035
0.00175

0.056
0.015
0.009
0.012
0.009
0.007
0.007
0.009
0.006
0.008
0.01t
0.012
0.043
0.010

1.34
0.65
1.30
1.61

2.71

7.40
1.20
20.47
28.17
18.20
6.91
254
100.00

52.68
95.93
9291
98.09
98.07
30.94
98.55
98.63
98.66
98.55
99.09
98.95
99.75
96.44

39.76
98.77
94.73
89.91
97.63
96.30
97.49
98.52
98.71
98.05
98.26
99.03

0.05
021
0.09
0.11
0.08
0.0t
0.47
0.08
0.14
0.37
2.10
144
26.39
0.74

0.05
0.60
0.08
0.03
0.18
Q.08
0.12
022

0.18

o o o
in & L-J —
©w  ~) PR

[= VT
19
~1

115.0
174.6
180.4
185.7
191.5
193.5
2184
227.0
219.6
209.3
2041
197.0
2001
207.4

It

0.1
0.2
0.1
02
0.1
0.3
0.2
0.2
0.3
04

0.1
0.1
0.2

0.2
0.1

0.2
9.2
0.z

Q.1
0.1
0.2
0.2
0.3
0.1
0.1
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Table I1i-3 (continued).

BAIA DE ARIES ASSEMBLAGE

Sample 14: J =0.009802 (schist)

500 11.58 0.02147 0.054 0.94 44.24 0.07 $6.9
550 9.30 0.00762 0.004 1.06 75.71 0.0t 120.4
580 7.75 0.00i75 0.03t 2,05 93.28 0.49 125.6
610 7.59 0.00101 0.028 1.62 96.00 0.76 1244
640 744 0.0018s5 0.018 235 92.58 0.27 1179
670 7.34 0.00172 0.005 8.77 93.01 0.08 116.9
700 7.05 0.00105 0.002 17.51 95.52 0.06 11535
740 7.04 0.00073 0.002 1835 96.834 0.07 116.6
780 749 0.00179 0.007 6.34 92.88 0.11 119.0
820 731 0.00123 0.021 6.25 94.96 047 118.8
860 7.20 0.00098 0.020 6.64 95.94 0.56 1182
900 7.05 0.00103 0.006 7.96 95.61 0.16 1151
950 7.15 0.00073 0.005 11.87 96.90 0.19 [18.5
Fusion 7.40 0.00515 0.002 I.12 7.56 0.02 110.8
Toral 7.24 0.00136 0.008 100.00 94.74 0.17 116.9
Total without 500-610°C. 73.37 1169
900°C-fusion
Sample 16: J =0.009183 (mylonitic gneiss)

510 10.95 0.00973 0.552 151 74.10 154 1297
560 12.87 0.00793 0.498 1.76 82.07 1.71 167.1
3595 7.35 0.00220 0.013 3.36 91.07 0.16 107.4
630 7.39 0.00219 0.048 4533 91.46 0.60 s
663 742 0.00177 0.066 6.54 92.96 1.02 110.8
695 7.14 0.00105 0.038 14.98 93.69 0.99 109.8
25 7.37 0.001635 0.112 21.46 93.44 1.86 110.6
755 721 0.00119 0.014 10.52 95.07 0.31 [10.1
785 7.08 0.00040 0.016 9.54 98.28 1l L7
825 7.12 0.00072 0.009 5.90 96.92 0.32 110.8
865 7.09 0.00071 0.037 8.57 97.01 1.40 110.3
Fusion 7.07 0.00038 0.014 11.01 98.35 0.97 111.8
Total 7.38 0.00140 0.062 100.00 94.76 1.09 9
Total without 510-395°C 92.87 110.7

X}

I+

L T I B T I I N N K O N B

I+

0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.2
0.1
0.1

1.6
9.9
0.2
0.1
0.1
0.1
0.2
0.1
0.1
Q.1
0.1
0.1
0.2
0.1



Table 1Il-3 (continued).

Sample 20: J =0.009645 (schist)

500
550
580
610
640
670
700
740
780
820
860
900
Fusion

Total

Total without 510-580°C,

29.75
18.77
2045
20.14
20.99
21.48
2179
21.82
21.86
2184
21.98
2,14
21.98
21.80

840°C and fusion

0.03588
0.00284
0.00366
0.00287
0.00115
0.00057
0.00175
0.00128
0.00141
0.00124
0.00149
0.00139
0.00093
0.00184

Sample 21: J = 0.009432 (schist)

500
550
580
610
640
670
700
740
780
820
860
900
950
Fusion
Total

Total without 500-700°C,
950°C-fusion

19.29
1540
17.88
17.96
19.58
21.05
2151
21.99
22,01
2198
22.05
22354
22.20
21.96
21.64

0.03144
0.00201
0.0t167
0.00345
0.00209
0.00242
0.00230
0.00208
0.00150
0.00138
0.00129
0.0011!
0.00031
0.00054
0.00197

337

CODRU ASSEMBLAGE
0.072 12 6437
0.002 1.97 95.50
0.005 285 94.68
0.022 2.66 95.76
0.004 .76 98.35
0.004 5.92 99.19
0.001 10.24 97.539
0.003 153.05 98.24
0.002 834 98.07
0.006 14.17 98.50
0.005 14.48 97.97
0.005 1451 98.12
0.004 7.15 98.72
0.005 100.00 97.61
87.67

0.062 1.10 51.84
0.049 1.88 96.13
0.056 0.97 80.71

0.001 1.97 94.28
0.006 2.68 96.78
0.007 4.66 96.37
0.002 4.14 96.12
0.008 1548 97.18
0.002 18.87 98.23

0.004 12.96 98.12
0.003 19.10 98.24
0.004 9.54 98.51

0.005 5.54 99.56
0.041 1.32 99.54
0.007 100.00 97.17

75.74

0.05
002
0.04
0.21
0.10
0.18
0.02
0.06
0.05
0.14
0.05
0.09
0.15
0.08

0.03
0.66
0.15
0.01
0.07
0.07
0.02
0.11
0.03
0.09
0.06
0.09

Ls
L¥]]

[= I
4=

[ O N 5 O N R ]

tt ot h

[N ]

1

0.4
0.1
0.2
0.2
02
02
0.2
02
0.5

0.2
02
0.1
0.2

0.3
0.!
0.z
0.3
0.2

0.2
0.2
0.2
0.2
0.3
0.1
02
0.z
0.2
02
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SOMES ASSEMBLAGE

Sample 26: J =0.009202 (retrogressed schist)

550 10.22
580 11.99
610 1138
640 12.04
670 12.80
700 13.75
740 15.89
730 1743
820 18.68
860 19.41
900 19.75
Fusion 19.98
Total 16.70
Sample 27: J=
510 17.53
340 18.09
380 1644
615 17.27
650 17.94
680 1845
710 18.44
740 18.30
765 1843
795 18.35
325 18.75
860 19.00
895 18.89
930 19.51
Fusion 19.05
Total 18.32
Total without 510-650°C.

930°C -fusion

0.00356
0.00707
0.00085
0.00036
0.00110
0.0011!
0.00066
0.00095
0.00079
0.00056
0.00097
0.00033
0.00098

0.029
0.007
0.0t
0.001
0.009
0.002
0.004
0.005
0.004
0.005
0.005
0.004
0.005

0.009973 (micaceous quartzite)

0.01402
0.01147
0.00104
0.00134
0.00094
0.00028
0.00042
0.00022
0.00068
0.00060
0.00150
0.00173
0.00134
0.00090
0.00230
0.00166

0.957
0.047
0.050
0.067
0.025
0.020
0.014
0.027
0.019
0.015
0.038
0.084
0.044
0.090
0.600
0.045

89.66
32.52
97.79
99.07
97.42
97.56
98.73
98.56
98.73
99.12
98.52
99.48
98.01

76.37
8122
98.11
97.37
98.45
99.55
99.30
99.65
938.39
99.01
97.63
97.52
97.53
98.6+4
96.65
97.28

0.22
0.03
0.37
0.11
023
0.05
0.16
0.09
0.12
0.14
0.14
0.34
0.14

0.11
0.11
0.30

146.1
157.1
175.8
137.8
195.9
210.0
2432
264.2
2828
294.0
297.1
303.0

2550

02
0.3
0.2
0.1
0.1
0.4

0.2
0.2
Q.2
0.2
0.2

0.8
0.4
0.1
0.2
0.2

0.3
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Sample 29: J = 0.009695 (retrogressed gneiss)

510 20.89
560 19.39
595 18.76
630 19.80
665 19.92
695 19.96
725 19.73
755 19.68
785 19.72
815 19.60
350 19.61
885 19.76
Fusion 19.58
Toral 19.73
Total without 510-395°C.
and fusion

Sample 31: J=0.010025 (Muntele Mare granite)

510 11.70
360 15.08
593 9.74
630 10.13
663 10.48
6935 11.16
28 11.64
755 1144
785 11.53
815 I1.75
845 12.33
880 [2.62
915 12.90
Fusion 13.18
Total 11.69
Total without 510-663°C.

845°C-fusion

0.01544
0.00424
0.00010
0.00082
0.00082
0.00058
0.00074
0.00064
0.00047
0.00047
0.00050
0.00088
0.00432
0.00099

0.01762
0.01334
0.00026
0.00198
0.00098
0.000i10
0.0014t
0.00122
0.00112
0.00200
0.00120
0.00083
0.00180
0.00282
0.00211

0.014
0.055
0.017
0.076
0.019
0.013
0.055
0.056
0.047
0.032
0.061
0.024
0.077
0.057

0.334
0.326
0.127
0.053
0.047
Q.016
0.033
0.062
0.074
0.058
0.047
0.085
0.084
0.081
0.074

141
5.18
6.55
8.36
17.88
16.56

9.25

~
%)
=

)

~3
th W W
[V

~

.30
5.19
0.98

100.00

37.38

78.15
93.52
99.82
98.78
98.76
99.12
98.38
99.05
99.28
99.28
99.23
98.67
93.41
98.52

0.03
0.54
4.62
252
0.62
0.61
2.00
236
272
1.84
3.28
0.74
0.49
.74

0.:3
0.67
13.23
0.73
132
429
0.63
1.9
1.80
0.79
0.86
270
1.28
0.78
1.83

265.0
2922
300.9
31535
3149
316.6
312.6
31235
315.3
3117
3118
3124
2917
3it4

515.8

(K O N A Y]

It

02
a2
0.2
02
0.3
0.3
0.1
0.2
Q.3
0.3
0.2
0.6
0.3
02

0.3
0.5
0.1
0.2

0.2
0.1
0.2
0.t
9.2
0.1
0.3
0.2
0.2
Q.2
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Sample 32: J=10.009295 (retrogressed gneiss)

04
0.3
0.3

0.z
0.1
02
02
0.2
0.2
0.1
0.1
0.1
0.2
0.2

510 25.92 0.06609 0.621 1.35 24.83 0.26 i04.9 =
560 10.54 0.01091 0.022 3.59 69.39 0.06 118.7 b
595 7.65 0.00664 0.047 6.74 74.35 0.19 93.0 =
630 7.74 0.00051 0.070 9.09 98.06 3.76 1129 =
665 7.66 0.00017 0.042 1548 99.31 6.71 125.2 =
695 7.76 0.00092 0.073 12.60 96.51 2.16 121.5 hed
725 8.08 0.00152 0.078 8.84 94.44 1.40 123.7 =
755 8.04 0.00149 0.149 6.46 94.59 27 1233 =
78§ 8.19 0.0018s 0.077 6.61 93.54 113 1259 =
815 8.04 0.00621 0.086 5.90 77.19 0.38 1012 =
850 7.60 0.00420 0.152 6.57 83.74 0.99 105.7 =
885 729 0.00247 0.139 6.39 90.07 1.53 106.9 =
920 7.34 0.00176 0.219 3.65 93.06 3.58 1Lt *=
953 7.40 0.00081 0.212 3.95 96.93 7.16 116.4 =
Fusion 7.353 0.00047 0.095 230 98.12 5.57 116.8 =
Total 8.09 0.00319 0.099 100.00 90.64 2.77 1160 =
Total without $10-583°C. 39.08 1229 =

$15°C-fusion

Sample 33: J=0.008882 (retrogressed mylonitic gneiss)

510 17.74 0.04636 0.251 0.48 2238 0.1s 63.9 =
560 3.39 0.0081+ 0.065 3.26 72.92 0.21 100.9 =
$9s5 6.70 0.0025< 0.077 5.03 83.79 0.35 929 =
30 6.72 0.00174 0.026 6.36 92.51 Q.40 96.7 =
665 6.69 0.00096 0.057 8.72 95.70 1.04 993 =
693 6.59 0.00024 0.020 14.51 98.35 223 101.3 =
725 6.63 0.00030 0.027 13.61 96.38 0.91 99.3 =
753 6.90 0.00122 0.068 14.74 94.77 1.52 101.8 =
785 6.94 0.00166 0.046 934 92.90 0.75 100.4 =
815 6.80 0.00126 0.033 8.29 94.49 0.72 100.1 =
850 6.25 0.00032 0.023 6.33 98.44 1.97 96.0 =
885 6.74 0.00020 0.064 5.06 99.09 847 103.9 =
Fusion 6.32 0.00020 0.026 3.69 99.02 3.65 97.6 =
Total 6.82 0.00144 0.042 100.00 94.55 1.66 99.6 =
Total without 510-630°C, 69.71 100.6 =

850°C-fusion

" measured.

¢ corrected for post-irradiation decay of Ar (35.1 day 1/2-life).
-[wAer - (“Ar:umu) (295-5)] /wArmL'

* calculated using correction factors of Dalrymple et al. (1981); two sigma, intralaboratory errors.
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Table 4. “ArAr analytical data for incremental-heating experiments on whole-rock samples
of slate/phyllite or phylionite from structural units comprising the Apuseni Mountains, Romania.

Release
temp (°C)

(*ArPAr)*

(*ArF?Ar)*

Sample 1: J=0.009625 (phyllonite)

420
455
490
528
560
595

733
770
810
830
890
Fusion

Total

8.4
7.89
7.64
7.55
7.08
7.19
7.13
7.08
6.90
6.85
6.83
6.82
749
7.22
7.16
7.16

Total withour $420-360°C.
850°C-fusion

0.01279
0.00656
000117
0.00264
0.00008
0.00082
0.00100
0.00127
0.00062
0.00018
0.00042
0.00042
0.00080
0.00015
0.00267
0.00119

(A ALy

39 Al'
% of
total

% Ar
non-
atmos.+

Arc,
%

HIGHIS-BIHARIA SHEAR ZONE

0.070
0.05t
0.037
0.045
0.058
0.037
0.010
0.026
0.013
0.019
0012
0.044
0.040
0.044
0.035
0.022

2.59
2.14
3.06
3.43
4.58
24.96
7.88
9.26
9.31
7.69
5.02
741
7.66
+4.36
100.00
67.20

55.25
75.58
95.42
89.65
99.62
96.58
95.78
94.66

7.30
69.17
98.12
98.14
96.78
99.33
83.93

9573

0.15
0.05
0.85
0.46
270
1235
0.28
0.57
03!
287
0.79
187
0.36
7.94
0.36
146

Apparent

Age (Ma) **

792
100.4
1223
I13.8
114.0
116.7
1149
1128
1129
1143
123
2.7
121.6
120.5
1074
4.4
14,1

0.2
0.1
6.1
0.1
0.1
0.1
0.1
0.1
0.1
Q.1
0.5
0.2
Q.1
0.1
Q0.3
0.1
0.1
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Tabile lli4 (continued).

Sample 2: J=0.009655 (phyllonite)

400 8.16 0.01010 0.068 147 63.44 0.18 33.0
440 7.70 0.00455 0.088 240 82.47 0.05 107.3
475 8.35 0.00518 0.172 241 90.04 1.47 101.0
550 7.94 0.00777 0.068 2.54 71.08 024 95.7
590 720 0.00641 0.087 322 73.62 0.03 90.1
600 6.94 0.00478 0.061 3.72 79.62 0.35 93.8
625 6.92 0.00329 0.021 13.75 85.88 0.17 100.7
650 6.41 0.00165 0.026 6.84 92352 043 1060.2
675 7.58 0.00563 0.035 8.50 78.01 0.17 100.2
700 743 0.00531 0.043 5.21 78.82 0.06 99.2
725 7.58 0.00606 0.052 8.58 76.35 0.5 98.1
750 7.64 0.00619 0.122 5.87 76.08 0.54 98.3
775 7.52 0.00552 0.068 7.00 78.52 0.34 99.83
800 8.0¢ 0.00511 0.058 9.11 88.55 0.33 119.9
835 8.40 0.00146 0.016 13.01 9491 0.30 133.8
840 8.68 0.01024 0.032 338 65.10 0.08 95.8
Fusion 9.15 0.01147 0.150 3135 63.03 0.36 97.3
Total 7.66 0.00467 0.045 100.00 82.07 0.29 106.1
Total without 400-600°C. 53.76 99.7
800°C-fusion
Sample 4: J=0.009601 (phyllonitic granite)
430 3.05 0.00444 0.085 044 85.7 0.32 1131
300 12.46 0.02630 0.017 0.37 37.11 0.02 783
575 6.36 0.00152 0.087 292 94.54 179 108.7
600 6.40 0.00004 0.013 4.54 99.74 10.01 107.3
635 6.36 0.00009 0.013 8.05 §9.50 3.84 106.4
630 6.44 0.00027 0.006 12.20 98.69 0.63 106.9
680 6.35 0.00034 0.006 16.283 98.59 0.20 108.5
700 6.37 0.00039 0.007 11.61 98.17 0.63 108.3
720 6.92 0.00169 0.006 11.40 92.70 0.10 107.9
750 7.13 0.00252 0.015 10.09 90.30 0.i8 108.1
780 749 0.00003 0.014 3.79 99.82 153.40 125.1
800 7.69 0.00006 0.019 1.73 99.70 8.09 1282
850 7.83 0.00227 0.009 740 91.37 0.10 119.9
Fusion 7.89 0.00591 0.056 2.69 77.85 0.26 1054
Total 6.94 0.00119 0.014 100.00 95.45 223 110.5
Total without 430-500°C, 77.07 107.7

780°C-fusion

0.1
0.1
02
0.4
0.1
0.2
0.2
0.2
0.1
0.2
03
0.6
0.5
0.2
0.1
0.5
0.6
0.2
0.5

0.4
0.4

0.1
0.1
0.1
0.1
0.1
0.1
0.6
0.5
0.1
0.2
0.5
02
02
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Table lli-4 (continued).

Sample 6: J=0.009375

510 8.20 0.00460 0.096 0.94 85.44 0.56 2.1
580 6.57 0.00602 0.089 2.06 72.94 0.40 79.2
600 1221 0.02551 0.095 1.85 38.25 0.02 713
650 8.39 0.00344 0.169 1.26 89.25 1.35 86.5
650 8.96 0.01008 0212 0.95 66.89 0.57 98.7
670 8.35 0.00546 0.095 248 81.71 0.06 118.4
700 8.76 0.00337 0.065 10.91 88.62 0.52 126.83
720 12.44 0.00248 0.092 7.58 94.11 1.00 187.9
740 1338 0.00292 0.065 834 93.54 0.58 200.2
765 14.14 0.00199 0.050 895 95.82 0.69 2157
780 13.78 0.00066 0.047 10.94 98.58 1.94 216.3
800 13.77 0.00057 0.058 6.37 98.76 1.81 216.5
820 13.67 0.00030 0.041 9.47 99.54 3.75 2162
810 14.54 0.00248 0.027 14.29 94.87 0.29 2163
Fusion 14.47 0.00276 0.069 13.60 94.36 0.68 2172
Total 12.84 0.00276 0.056 160.00 92.34 1.10 192.2
Total without 510-740°C 63.63 216.5
Sample 8: J =0.009653

510 54.65 0.00843 1.5328 0.38 93.66 4.93 737.3
580 91.58 0.28145 0.537 0.8 17.99 0.04 1926
610 16.37 0.01852 0.275 [.14 67.66 0.40 138.7
640 17.95 0.01927 0.082 7.04 84.72 009 2071
675 17.39 0.01649 0.098 4.04 7232 0.16 209.0
700 18.78 0.02138 0.137 371 66.39 0.17 205.1
720 17.50 0.01445 0.128 5.39 75.62 022 2169
775 18.26 0.00065 0.110 10.70 98.96 4.39 190.1
800 16.82 0.00251 0.031 12.39 95.57 0.33 260.3
820 1145 0.00015 0.041 6.68 99.58 737 1884
850 11.83 0.00232 0.058 6.51 94.27 1.36 184.5
875 1175 0.00126 0.067 9.71 96.83 1.43 183.0
900 11.30 0.00015 0.070 13.30 99.62 12.99 186.2
Fusion 11235 0.00036 0.086 15.92 99.06 6.51 134.0
Total 14.90 0.00541 0.090 100.00 92.24 4.10 2173
Total without 510-800°C 3213 1859

[ R N N 4

It
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0.2
0.4
0.5
0.5
0.6
03
0.4
0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.5
0.2

79
93
1.0
Q.3
0.4
0.4
04
0.3

0.2
04
02
02
02
0.3
0.2



Table Ili-4 (continued).

Sample 11: J=0.008843 (phyvllite)

450
510
580
600
630
650
675
700
725
760
780
810
840
860
Fusion
Total

Sample 12: J =

510
530
610
640
675

710

840
875
900
Fusion
Total

Total without 510-815°C

52.74
20.78
10.65
7.57
9.13
9.0l
7.48
6.76
6.69
8.69
9.43
9.70
10.27
10.96
11.43
10.00

0.009625 (phyilonitic orthogneiss)

S1.82
10.49

7.37

9.04
20.81
14.87
18.45
16.00
13.63
14.17
10.87
11.08
10.95
11.04

12.532

0.02606
0.04514
0.01467
0.00171
0.00577
0.00348
0.00468
0.00160
0.00039
0.00037
0.00142
0.00030
0.00124
0.00066
0.00103
0.00184

0.02797
0.01636
0.00171
0.00529
0.04934
0.00982
0.02375
0.00047
0.00095
0.01075
0.00261
0.00292
0.00259
0.00300
0.00525

BAIA DE ARL:S ASSEMBLAGE

1.326
0.326
0.267
0.097
0.092
0.089
0.059
0.055
0.026
0.013
0.022
0.026
0.029
0019
0.022
0.043

1.426
0.279
0.099
0.095
0.088
0.097
0.205
- 0.094
0.298
0.347
0.521
0.231
0.087
0.284
0.244

0.24
1.01
1.45
1.77
227
238
2.30
5.75
3.66
10.96
7.13
I1.18
15.15
22535
15.91
100.00

0.45
2.63
3.26
4.18
0.36
413
446
10.82
6.96
8.46
7.22
1+.49
17.29
14.76
100.00
53.77

§5.62
35.89
3944
93.54
8136
89.05
81.51
92.98
98.24
98.70
95.32
99.06
96.42
98.18
97.30
9s5.12

1.59
0.20
0.30
134
0.44
147
0.54
0.89
1.83
1.00
042
235
0.86
0.78
0.39
0.99

19
(¥

B oo
O
19

th
~!

~
o
[=))

606.7
115.5

983
109.4
114.8
107.6

94.8

97.6
101.9
15319
138.3
147.1
IS1.5
164.1
169.5
144.5

[« 2}
[
(%)
(V]

0
W
o

118.7
i254
136.4
197.1
2083
1563
218.8
181.8
167.9
169.4
168.7
168.3
177.5
168.7
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Table lll-4 (continued).

Sample 13: J=0.009103 (phyll(;nitic orthogneiss)

430 8.14
510 10.14
580 8.30
600 743
620 9.46
650 9.27
670 9.34
690 8.56
720 932
750 9.45
775 10.33
800 8.43
820 1135
Fusion 9.60
Toul 10.75
Total without 430-690°C.
fusion

Sample 19: J =0.009406 (phyllonite)

380
420

54.54
9.12
6.653
831
7.91
6.66
7.18
7.14
6.34
6.85
6.93
7.86
7.18
7.11
7.37
7.56

0.01139
0.00839
0.00247
0.00095
0.00233
0.00226
0.00349
0.00025
0.00460
0.00591
0.00852
0.00168
0.01235
0.00415
0.00839

0.16797
0.01773
0.00587
0.00038
0.00018
0.00074
0.00032
0.00027
0.00035
0.00053
0.00167
0.00142
0.00017
0.0011t
0.00060
0.00256

345

0.096
0.125
0.146
0.091
03521
0.322
0.186
0.176
0.158
0.381
0.359
0221
0.268
0.113
0.245

0.053
0.251
0.075
0.081
0.058
0.032
0.069
0.074
0.068
0.060
0.047
0.069
0.065
0.130
0.433
0.083

448
1.48
2.28
4.47
4.27

28
6.04
5.06

10.53
9.26
15.54
21.56
4.18
100.00
63.45

0.23
0.09
1.60
2.61
3.75
3.87
145
8.27
0.95
175
.17
3.57
0.59
0.78

2.07

76.8

824
102.6
113.7
1383
136.2
1316
15342
126.2
122.6
[25.2
1259
122.4
132.6
128.6
124.1

[ A Y|

It

(R O R R R A R

bt

0.4

0.2
0.2
0.t
0.1
0.1
0.2
02
0.1
0.1
0.2
0.1
0.1
0.2
0.1
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Table [1I-4 (continued).
TRIASSIC COVER - CODRU ASSEMBLAGE

Sample 34: J=0.009672

450 8.43 0.01279 0.076 3.25 535.15 0.16 793 =
500 7.71 0.00490 0.082 1.77 81.16 0.07 1059 =
600 6.98 0.00116 0.092 0.64 935.73 2.13 108.6 -
625 591 0.00114 0.106 093 94.21 0.15 94.7 =
640 6.837 0.00749 0.242 1.04 62.56 0.83 93.0 -
675 5.90 0.00009 0.038 1.39 99.51 11.59 99.6 =
700 6.05 0.00086 0.019 257 95.75 0.27 98.4 -
720 6.09 0.00021 0016 223 98.83 202 1022 -
750 6.94 0.00369 0.044 3.26 81.90 0.32 98.4 -
775 6.38 0.00217 0.055 343 89.837 0.16 97.5 =
810 9.74 0.01250 0.080 244 55.05 0.18 106.2 -
850 6.99 0.00010 0.014 12.40 99.49 3.71 - 1173 =
875 7.07 0.00038 0.007 30492 98.33 0.49 117.3 =
900 6.94 0.00008 0.0i6 17.41 99.38 512 116.7 -
Fusion 7.01 0.00017 0.046 16.81 9927 7.34 117.3 =
Total 6.96 0.00129 0.025 100.00 94 75 3.05 Tt =
Total without 450-810°C 77.053 1172 =
° measured.

< corrected for post-irradiation decay of "Ar (33.1 day [,2-life).
-[w"\rmt - (EéAr:umos) (295'5)1 / w‘\r!nt.'

* calculated using correction factors of Dalrvmple et al. (1981): two sigma. intralaboratory errors.
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SAMPLE 11110 - SUDE 1
CALCITE DOLOMITE
grain 1 wt¥%  nomwt% Ox stoich X-M@CO3

MnO 0.13 0.23 0.0053
Total 58.93

grain 4 - game vein

0.09 0.15  0.0038
MnO 0.14 023  0.0055
Total 58.18

700803 o.oteazs
0.0062
0.0044

20282

. RO 3258 |- 5007 1.531 -
10.0832 0.021148

2233 4049 14509 0.488113

0.0029 0.13 024 00048
0.0088 0.11 021  0.0042
5518
Calcite limb
T=A"X+BX2+C"x"2+0°x"05+E
A 8 (o4 o} 13 X-MgCo3 T.(K) T.(C)
-2360 -0.01345 2820 2608 334 0.037335 744.1228 273 471.1228
-2360 -0.01345 2820 2608 334 0.030093 702.9194 273 429.9194
~2360 -0.01345 2820 2608 . 334 0.021143 634.4535 273 361.4535
-2360 -0.01345 2820 2608 334 0.019101 613.4551 273 340.4551
~2360 -0.01345 2620 2608 334 0.018957 611.8571 273 338.8571
-2360 -0.01345 2820 2608 334 0.016825 535.8085 273 312.8085
Dolomite limb
X-MgCO3 ,(C) graph.
0.477801
0.478552
0.485171
0.487101
0.488113

0.489835



SAMPLE 11110 - SLIDE 2
CALCITE DOLOMITE
wish orm wtdb norm wt%é Ox stoich X-MgCO3
379843 8083 7 15888

rain 1

FeQ 0.11 0.19 0.0043
MnO 0.15 0.28 0.0061 MnO 0.13 0.23 0.0047

Calcite limb

T=AX+BX2+C*x"2+D°x"0.5+E
A B C D 3 X-MgC03 T,(K) T.C)
-2360 =0.01345 2620 2608 334 0.021231 635.2450 273 3822450
=-2360 -0.01345 2620 2608 334 0.016842 586.0368 273 313.0368
-2360 -0.01345 2820 2608 334 0.015721 570.1254 273 297.1254
-2360 =0.01345 2820 2808 334 0.014942 557.8744 273 284.8744
-2380 -0.01345 2620 2608 334 0.013848 540.4884 273 267.4684

Dolomite limb

X-MgCO3 ,(C) graph. -

0.487787 >

0.479985

0.481104

0.484421

0.48987
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SAMPLE 11020 SLIDE 1

CALCITE DOLOMITE
grain 1/1 wtié  normwtdé Oxstoich X-MgCO3 wtse

FeO 0 o o FeO 0.04 007  0.0014
MnO 0.03 005 0.0012 MnO 0.02 004  0.0009 .

MnO 0.03 0.05 0.0013
Total 58.51

0.017568

2" EGEE
1. 00712 0.023745
0




Calcite fimb

T=A"X+BX2+C"x"2+D*x"0.5+E

A
-2360
-2360
-2360
-2360
~-2360
-2360
-2360
~-2360
-2360

B
-0.01345
-0.01345
-0.01345
-0.01345
-0.01345
-0.01345
-0.01345
-0.01345
-0.01345

Dolomite limb

X-MgCO3
0.479118
0.481261
0.482004
0.482381
0.483041
0.488479
0.487123

c
2620
2620

2820
2620

2620
2620
2620
2620
2620

D

2608
2608
2608
2608
2608
2008
2608
2608
2608

RRRgERRRe

351

X-MgCco3
0.023745
0.023566
0.023327
0.021052
0.019768
0.017768
0.017568
0.017507
0.016773

T.(0
657.4815
655.9804
653.9309
633.5327
620.6339
597.9288
595.4196
594.6782
585.1084

3

N
(24

7.

33333833

T.0)
384.4615

380.9600
380.5327

324.9288
322.4108
321.6782
312.1084



SAMPLE 11020-SLIDE 2

CALCITE DOLOMITE
rain 11 wth  normwt% Oxstoich X-MgCO3 grain 1 wit%6  norm wt% Oxstoich X-MgCO3
i Ca0: 97,62 :::-2.9030 ' [

FeO 0.05 008  0.0019 FeO 0.13 024  0.0048
MnoO 0.07 012  0.0028

Total 50.83
grain 2-v wveinlet

O 58.42.

0.1
Total 57.08

_q_rain 4 - gmaller v_e_h
b 8.

0.03
0.1
s7.8

0 0.01 0.0001

1.5885 .
1.4376 _ 0.479823
0.0024
0.0015
Calcite limb
T=A"x+B/x"2+C*x"2+D*x-0.5+E
A 8 (o] D E X-MgCO3 T.(X T.(C)
-2380 -0.01345 26820 2608 334 0.031084 708.9384 273 435.8384
-23680 -0.0134§ 2820 2608 334 0.029512 699.2208 273 4262208
-2380 -0.01345 2820 2608 334 0.018391 605.3972 273 332.3972
-2380 -0.01345 2620 2608 334 0.016028 574.6636 273 301.6688
-2360 -0.01345 26820 2608 334 0.015833 571.8003 273 298.8003
-23680 -0.0134§ 2620 2608 334 0.015368 564.6778 273 291.8778
Dolomite limb
X-MgCO3 ,(C) graph.
0.477051
0.477369
0.479823
0.482719
0.484421

0.48727



Sample 9047 v.iara
Grain |
point 1 core
FeO 0.03 0.06 0.0013
MnO 0.08 0.14 0.0032

FeO 0.02 0.03 0.0007
MnO 0.04 0.07 0.0017

Total 5578

paint 1

0.0001

... 0
©:-0.1881 0.082702
..28118

point 2

FeO 0.07 0.12 0.0027

MnO 0.01 0.02 0.0008
Mgo e e, T 0097 0.022368
Ca0_ - 28097

Total ’
paint 3

FeO [}

MnO 0.0006

"% 0.1482 | 0.0498408

CMge” T ¢ i
' .28518°

55.51

point 4 at contact with Dol

0.12 021  0.0048
0.1 '

184. 0.061515

XMgCO3: T C (graf)

0.062702 ~580 573
0.081515 575 589
0.080283 §70 585
0.080125 570 584
0.051578 545 533
0.048408 540 525
0.038063 485 474
0.032368 460 444
0.019639 350 348
0.014741 305 282

353

CALCITE

Coef.

moom>»

Value
-2380
-0.01345
2620
2608

point 1

0
04
.8
.83

Grain il

point 3

T K{calc)

845.9558
842.0264
837.8339
837.3477
808.4787
797.9871
747.4976
716.7267
619.2730
§54.5275

273 T Clcalc)
572.9556
569.0284
564.8839
584.3477
533.4797
524.9871
474.4576
443.7267
348.2730
281.5275



Sample 9047 vliara
Grain |
point 1 wtdb
FeO 0.18 0.3
MnO 0.04 0.07

point 2

norm wt% Ox stoich

0.006
0.0014

X MgCo3

3 0.494419

point 1
FeO
MnO

T Mgo

_CeO
Total
point 2
FeQ
MnO

- Mgo
: Cao
Total
point 3
FeO
Mno

S Mgo
. CaO

" Total
point 4

0.09

0.01 B

Grain |l

0.18
0.03
41,69

- s8.12

0.0032
0.0005

'1.4966
'1.4097

0.489482

. 0.501551

XMgcoa: Tc, graph.

0.485755
0.483555
0.493887
0.494419
0.485358
0.495601

0.496942
0.487543

0.409081
0.499432
0.498482
0.499882

~550
425
420
400
380
375

355
350

~ 300
<300
<300
<300

354

DOLOMITE

MnO

Thigd
L <

Total
point S5

FeO

MnO

:”Gb__ =
Ca0 - -
Total

point 8
FeO
MnO

Mgo *
. Ca0

Total

Mno

Mg
Total

near Cc
0.11
0.05

Grain i1l
contact

0.2
009

[

0.12 0.22
005 0.1
22357 4178
T3t 5792
5§3.52
near opposite
0.14 0.25
0.04 0.08
221 4123
13132 - sga3
- Y
at oppo edge
0.13 0.024
0.08 0.1
2253 4182
3142 5303
54.14
Grain v
0.11 0.21
0.05 Q.08
L2189 - 4032
3238 s
5453

0.004

0.0045

. 0.0021

1.4989

1.4648

edge
0.0051
0.0018
1.4227
1.5105

0.0048
0.0021
1.4948
14882

Dol incl.

0.0042
0.0017
1.4544

0.0019

0.500718

0.495356

0.489432

inCe

0.485755

: 1'535: .
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SAMPLE 11091-SUDE 2

CALCITE DOLOMITE
rain 1 wi%é  normwtd% Oxstoich X-MgCO3 rain 1 wtdb  normwtd Ox stoich

FeO 0 0 0 FeO 0.42 078 00157
MnO 0.03 008  0.0013 MnO 0.03 005  0.001

MnO 0.03 0.08 0.0012

MnO 0.02 0.03 0.0008
Total 55.72
grain §
. CaO . 3227 7/ '5878 - 15289 o
I M@O 2207 . 402 14528 0.487531
""'Fe0 054 089 002
MnQ 0.02 0.03 0.0008 MnO 0.02 0.03 0.0008
Total 57.43 Total 54.89
Calcite limb
T=A*x+BX"2+C*°x"2+D*x*S+E
A B (o D E X-MgC03 T.K) T.(©)
-2360 -0.0134S5 26820 26808 334 0.036684 740.5207 273 487.5207
=-2360 -0.01345 2620 2608 334 0.033869 724.1912 273 451.1912
-2380 -0.01345 2820 2608 334 0.033197 721.5165 273 4485185
-2360 -0Q.01345 2620 2608 334 0.032047 714.8392 273 441.8392
-2360 -0.0134S 2820 2608 334 0.030731 706.8963 273 433.8963

Dolomite limb
X-MgCO3 T, (C) graph

0.483054

0.484529 ~
0.487531

0.487731

0.488681
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SAMPLE 11091-SUDE 1
CALCITE
grain 1 norm wt%

FeOQ 0.48 08 0.0181
0.01 . MnO 0.04 0.08 0.0018

FeO 0.07 0.12  0.0027 " "FeO 0.38 068  0.0133
MnO 0.01 001  0.0003
Total s7.16

FeO 0.08 0.1 1H 0.0025 FeQ 0.2 1.14 0.0231

MnO 0.05 0.09 0.0021 MnO 0.07 0.013 0.0026
Total 5§7.38 Total 54.84

grain5: _calcio at cantact with dolomite

1.521
© 1.4581 .0.489614
“o.0184
0.0015

1.5308
1.4511 0.486668
0.016
0.0023

Totai 58.79
Calcite [imb of solvus .
T=A"X+BiX"2+C*x"2+D°x~.5+E o

A B c D E X-MgCo3 TK T.C
-2380 <0.01345 26820 2608 334 0.035388 733.6343 273 460.8343
-23680 -0.01345 2620 2608 334 0.035286 733.0864 273 4860.0884
-2380 ~0.01345 2820 2608 334 0.033667 724.1800 273 451.1800
-2360 <0.01345 2620 2608 334 0.030081 702.8437 273 429.8437
~2360 -0.01345 2620 2608 334 0.0284688 692.3784 273 419.3764
-23680 -0.01345 2620 2608 334 0.026717 680.2615 273 4072615
-2360 -0.01345 26820 2608 334 0.023621 658.4370 273 383.4370

Dolomite limb of solvus
X-MgCO3 T,C (graph)
0.480463

0.483341

0.486868

0.489614

0.491648

0.491399
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