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Abstract: The Danubian window, characterized by diagenetic to low greenschist facies
conditions at a high thermal gradient, is evidently of great interest for methodological studies,
because high metamorphic thermal gradient conditions during low grade metamorphism have
received little attention so far. The general increase in metamorphic grade from SW to NE in
the Danubian window is indicated by mineral Parageneses studies, as well as by illite Kiibler
index (KI) measurements and organic matter reflectance (OMR). For the first time, this study dis-
tinguishes between metamorphic conditions related to Jurassic ocean floor, Cretaceous nappe
stacking, post-collisional accommodation and syn-kinematic Getic detachment metamorphism
and cooling after Oligocene exhumation.

The occurrence of the prehnite—pumpellyite facies in the Severin—Cosustea units in the south-
eastern area is the result of Cretaceous metamorphism. Remnants of ocean floor metamorphism
prevailed. The highest pressure is constrained by the upper stability limit of prehnite to be at
around 4.0 kbar. The Danubian units situated within the diagenetic zone were not below
200 °C, due to epidote formation. The KI, OMR and mineral data, indicate diagenetic conditions.
Assuming temperatures between >200 and <250 °C, pressures between 1.8 and 2.6 kbar were
calculated using kinetic and numerical maturity models.

Orogenic collisional Cretaceous peak pressure conditions of 4.0 + 1.0 kbar are found in the
Danubian nappes not altered by a subsequent syn-detachment metamorphic overprint. Highest
temperatures in chloritoid schists and epidote—hornblende-bearing mylonites have been inferred
for samples from the northern border of the Danubian window (between >300 and <400 °C).
Along a syn- to post-detachment retrograde pressure path, post-dating the chloritoid formation,
the occurrence of clinozoisite + chlorite + quartz suggests temperatures >300 °C in the north-
west, while the association andalusite 4 quartz and biotite + muscovite indicates temperatures
between 370 and 400 °C at <3.5 kbar in the northeast.

It is demonstrated that the slope of the regression lines between KI and OMR data gives valu-
able qualitative information about the relative magnitudes of P and T: the slope of the regression
line for the Danubian window samples indicates normal heat flow conditions during nappe stack-
ing and hyperthermal conditions during the formation of the Getic detachment.

High thermal gradient conditions can easily be explained by partly isothermal decompression
during the Getic detachment event, the elevation of the geotherm being caused by crustal thinning
and rapid exhumation of the Danubian units. Probably, also a higher heat-flux prevailed at the end
of the Getic detachment, at a time when the retrograde chloritoid decomposition reactions took
place, documenting late-stage HT greenschist facies metamorphism.

From: SIEGESMUND, S., FUGENSCHUH, B. & FROITZHEIM, N. (eds) Tectonic Aspects of the Alpine-Dinaride-
Carpathian System. Geological Society, London, Special Publications, 298, 281-315.
DOI: 10.1144/SP298.14  0305-8719/08/$15.00 © The Geological Society of London 2008.
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Location of the study area and
geological Setting

The South Carpathians represent a roughly
east—west-striking segment of the Carpathian
loop, situated between the foredeep of the
Getic depression in the south and the Transyl-
vanian basin in the north (Fig. 1). Eastward,
the mountain chain prolongates in the East
Carpathian range in the bending area NE of
Bucharest. Southwestward, they find their con-
tinuation in eastern Serbia and ultimately in
the Balkanides of Bulgaria.

The South Carpathians consist of a pile of
basement and cover nappes formed during Cretac-
eous orogeny (e.g. Sandulescu 1984, 1994). From
bottom to top, this nappe stack comprises, the
following units used as a reference to locate the
metamorphic data of Figures 3 to 6: (1) a stack
of Danubian thrust sheets (Upper and Lower
Danubian nappes), consisting of pre-Mesozoic
metamorphic and magmatic rocks (basement)
and their Mesozoic cover; (2) due to a differing
lithofacies compared to the other Danubian
nappes, the Arjana cover nappe is shown, which
occupies the structurally highest position within
the Danubian nappe stack; (3) the Cosustea
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mélange, mostly together with locally preserved
tectonic slices of an ophiolitic-sedimentary
sequence, representing remnants of the oceanic
Severin nappe lithosphere (in Figs 2 and 3, both
are shaded undifferentiated); and (4) the Getic
and Supragetic nappes which mostly consist of
Precambrian and Variscan basement, overlain by
a Palaeozoic to Mesozoic cover.

The Severin Ocean opened during the Jurassic
between the Danubian and Getic—Supragetic units,
which were parts of the European Plate (Sandulescu
1975, 1994). Convergence in the Cretaceous led to
the suturing (subduction and obduction) of the
Severin oceanic lithosphere (Stanoiu 1972), followed
by collision of the Severin and Getic—Supragetic
units with the Danubian continental block during an
orogenic stage in the Late Senonian. The final nappe
stack was subsequently affected by orogen-parallel
extension, which, according to fission-track data, led
to final exhumation of the Danubian window during
Eocene times (Schmid er al. 1998; Fiigenschuh &
Schmid 2005). The post-orogenic (i.e. post-Eocene)
movements did not substantially alter the tectonic
edifice as observed today, except for sinistral
strike-slip motions in the order of 35 km along the
Cerna-Jiu strike-slip fault (Berza & Draganescu
1988). The curved Cerna—Jiu fault (Fig. 2) can be

Getic
depression

Fig. 1. Sketch map of the Alpine—Carpathian mountain chain and the main tectonic units (modified after

Sandulescu 1994).
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Fig. 2. Tectonic map of the Danubian window between Portile de Fer (Iron Gate) and the eastern end at Voineasa with the
mountain ranges, localities and tectonic structures referred in the text (modified after Fiigenschuh & Schmid 2005).

followed across the entire Danubian window, chan-
ging strike direction from NNE to SSW towards NE
to SW following sub-parallel to the Carpathian
bend. This strike-slip fault is directly related to the
opening of the intramontane Petrosani basin, which
formed during the Chattian to Badenian (Berza &
Draganescu 1988; Ratschbacher et al. 1993). A south-
directed thrusting onto the Getic depression (Fig. 2)
occurred in the Miocene (Matenco et al. 1997).

Zircon fission-track data show that pervasive
Cretaceous low-grade metamorphism (Alpine meta-
morphism) is restricted to the northern and northeast-
ern part of the Danubian units and the Severin nappe.
They are found below an extensional detachment (the
Getic detachment), with the Getic and Supragetic
units forming the non-metamorphic hanging wall
(Schmid er al. 1998; Matenco & Schmid 1999;
Fiigenschuh & Schmid 2005). The Getic detachment
is identical with the tectonic boundary between the
Danubian—Severin nappes and the Getic—Supragetic
units. Consequently, the studied area is restricted to
the Danubian and Severin units.

The pioneering work of Mrazec (1898) and
Murgoci (1905, 1912) indicated Alpine (Cretaceous)
low-grade metamorphism in the Danubian units,
based on the occurrence of chloritoid in Liassic sedi-
ments. This metamorphism was assumed to take
place under anchimetamorphic to lowermost greens-
chist facies conditions (Savu 1970; Stanoiu et al.
1982), with a metamorphic grade increasing from
southwest to northeast (Stanoiu et al. 1988). Part of
the information available on this low-grade meta-
morphism in the northern and northeastern part of
the window is also based on the occurrence of pyro-
phyllite (Paliuc 1972; Ianovici et al. 1981), kaolinite
(thought to be Alpine) and chloritoid (Iancu et al.
1984; Iancu 1986). Alpine metamorphism was
related to nappe thrusting by many authors (e.g.
Manolescu 1937; Pop 1973; Berza et al. 1983).

Ocean-floor metamorphism was suggested in
literature due to the studies of Savu et al. (1985)
and Maruntiu (1987) for the mafic rocks of the
Severin nappe, based on prehnite 4+ pumpellyite +
epidote + actinolite assemblages and K—Ar ages
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Fig. 3. Cross-section through the easternmost part of the Danubian window (for location see Fig. 2, strongly simplified
after Schmid ez al. 1998). Lithostratigraphic sections are compiled after Seghedi & Berza 1994). Flysch rocks in
stratiform contact in Danubian nappes was not recognized during fieldwork, but often described in literature.

of the Jurassic/Cretaceous boundary (127 to
143 Ma according to Lemne et al. 1983). In the
southwest, the regional occurrence of pumpellyite
in successions derived from an accretionary
complex and the local transition to pumpellyite—
actinolite facies in the northeast were interpreted
as evidence for subduction-related Alpine meta-
morphism of the Severin and Cosustea units
(Seghedi et al. 1996; Ciulavu & Seghedi 1997).
Petrological mineral data from literature need a
more critical discussion corresponding to our
present knowledge.

Recently, a series of papers used a combined
structural and fission-track (FT) data approach in
order to discuss the tectono-metamorphic evolution
of the South Carpathians (e.g. Schmid ez al. 1998;
Bojar er al. 1998; Willingshofer 2000; Fiigenschuh
& Schmid 2005). Zircon and apatite fission-track
ages from the Getic nappes indicate that the Getic
nappes were not metamorphosed. Locally, the
Getic basis and the Danubian nappes are generally
characterized by Cretaceous ages. Cooling to
near-surface temperatures of these units immedi-
ately followed Late Cretaceous orogeny. Eocene
and Oligocene zircon and apatite ages from the
part of the Danubian nappes situated SE of the

Cerna—Jiu fault monitor Late Palaeogene tectonic
exhumation in the footwall of the Getic detachment,
while zircon fission-track data from northwest of
this fault indicate that slow cooling started during
the Latest Cretaceous. The Danubian window is
therefore a metamorphic core complex. The
change from extension (Getic detachment) to
strike-slip-dominated tectonics along the curved
Cerna—Jiu fault allowed for further exhumation
on the concave side of this strike-slip fault, while
exhumation ceased on the convex side. The
available FT data consistently indicate that the
change to fast cooling associated with tectonic
denudation by core complex formation did not
occur before Late Eocene times, i.e. long after the
cessation of Late Senonian thrusting. Core
complex formation in the Danubian window is
related to a larger-scale scenario that is character-
ized by the NNW-directed translation, followed
by a 90° clockwise rotation of the Tisza—Dacia
block due to rollback of the Carpathian embayment
(Fiigenschuh & Schmid 2005).

Based on a previous work (Ciulavu 2001),
this paper represents a first systematic study
attempting to map the grade of metamorphism
in the Danubian window on Romanian territory.
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Samples from Mesozoic units of the Danubian
and Severin units have been analysed by optical
microscopy, X-ray diffraction and electron-
microprobe. Special attention has been paid to
illite Kiibler index, bituminite reflectance and
vitrinite reflectance data because these methods
proved to be efficient for the quantification
of metamorphic grade under sub-greenschist
facies conditions.

Studied lithologies and sampling

The Danubian unit, subdivided due to lithofacies
changes into Upper and Lower Danubian nappes
(Berza et al. 1983, 1994, fig. 4), partly comprises
Variscan basement nappes. The Variscan cycle
ends with locally preserved Late Carboniferous
molasse-like sediments and Permian red beds
(Fig. 3) followed by Jurassic unconformity and
syn-rift sediments. To study Alpine (Cretaceous)
metamorphism, the work is focused on the post-
Variscan cover.

252-258

Coal-bearing Liassic terrigenous deposits in
Gresten facies (Schela Formation) directly overlie
the basement or Permian rocks. In the western
part of the Danubian window, this Schela For-
mation is overlain by Liassic black belemnite-
bearing shales (Ohaba Beds), deposited under
anoxic conditions (Nastaseanu 1979). These sedi-
ments and meta-sediments were sampled for all
analytical methods used (Fig. 3).

The Middle Jurassic is represented by shallow
marine quartzites or carbonate sandstones (Stanoiu
1973; Nastaseanu et al. 1985) in the central part
of the Danubian window and by Bajocian lime-
stones, Bathonian marls and Upper Jurassic
nodular limestones ‘ammonitico rosso’ in the
western part of the window (Codarcea & Raileanu
1960). Late Jurassic to Early Cretaceous carbonate
platform sediments overlie these formations (Pop
1973; Berza et al. 1988a, b). Organic matter is
very dispersed and mostly of inertinite and alginite
composition not suitable for organic matter reflec-
tance studies. Samples for clay mineral studies
were collected.

201

Samples A to E = Sampled basement rocks.

Samples 1 to 271 = Samples from Mesozoic cover rocks
(Jurassic to Cretaceous), but also some
ophiolite volcanic material.

Coal 1 to 5 = Chattian coal seams and resedimented
caol clasts in Chattian sediments,
sampled to determine Palaeogene heat
flux conditions and the syn- to post-
Getic thermal history.

Fig. 4. Sample location map: data from Figs 5, 6, 7, 9, 11, 13 and 17 can be compared together and related to the

corresponding location.
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In the Arjana nappe west of the Godeanu range
(Fig. 2), however, the Middle and Upper Jurassic
succession is represented by volcano-sedimentary
deposits with basic and alkaline lava flows (Russo-
Sandulescu, pers. comm.), pyroclastic and epiclastic
deposits, stromatactic limestones and red shales
(Codarcea 1940). The pelagic limestones and marls
of the Nadanova Beds (Albian to Turonian age)
and locally flysch sediments (Fig. 4) represent the
youngest formations of the Danubian carbonate plat-
form (e.g. Codarcea 1940; Pop 1973). In these litho-
logical units, organic matter was locally observed but
mostly altered by oxidation, as also the pelitic rocks
and no authigenic mineral could be found mesoscopi-
cally. Sampling was very difficult.

Senonian ‘wildflysch’, represented by terrige-
nous and volcanoclastic turbidites (Fig. 4) with
pelitic background sedimentation, forms the main
compound of a tectonic mélange complex. The
Cosustea mélange is shown undifferentiated with
the Severin nappe in Figures 2, 3, 5, 7, 9 and 13.
This mélange complex is characterized by a
block-in-sheared matrix structure formed during
early stages of tectonic accretion of these sediments
to the overlying Severin and Getic units. Its contact
to the underlying Nadanova Beds is always tectonic
(Seghedi et al. 1996). Organic matter is very dis-
persed but sufficient and samples for clay mineral
studies were collected. Sample locations are
shown in Figure 4; the results shown on map
Figures 5, 7, 9 and 13 can be related to these
sample numbers and the numbers referred to in
the text.

The Severin nappe overlies the accretionary
wedge in some areas. It includes Late Jurassic
radiolarian sediments (Azuga Beds) followed by
Early Cretaceous terrigenous turbidites (Sinaia
and Comarnic Flysch; see Codarcea 1940). The
base of these sediments is formed by a strongly dis-
membered ophiolite mélange (Savu et al. 1985;
Maruntiu 1987), consisting of ocean floor tholeiite
basalts (Cioflica et al. 1981), pillow basalts,
gabbros and harzburgitic ultramafites.

The Getic—Supragetic nappes found above
this accretionary wedge consist of a high-grade
metamorphic Proterozoic basement (lancu &
Maruntiu 1994), locally covered by Late Carbon-
iferous to Turonian sediments (a few samples
were collected). They were already foliated during
the Cretaceous but not overprinted by Alpine oro-
genic metamorphism. The contact at their base is
deformed by the Getic detachment, which produced
an extremely discrete jump in metamorphic grade
between the non-metamorphic and brittle-deformed
Getic—Supragetic nappes and the mylonitized
greenschist to sub-greenschist facies units of the
Danubian window (Schmid er al. 1998; Matenco
& Schmid 1999).

Analytical methods

Optical microscopy and electron-microprobe
analysis

Index mineral associations and facies-critical mineral
parageneses in basalts, volcanics and volcaniclastics
of the Severin and Cosustea nappes were investigated.
In order to determine relationships between mineral
growth and deformation, optical microscopy was
combined with electron-microprobe analysis. For a
better qualitative determination and quantification
of metamorphic grade, the chemistry of the index
minerals has been determined by electron-
microprobe analysis (EMPA). Chlorite and white
mica chemical compositions were used for approxi-
mate temperature and pressure estimates based on
the methods of Cathelineau (1988) and Massonne &
Schreyer (1987), respectively. Special interest has
also been paid to a combined optical and electron-
microprobe analysis of the pelitic rocks from the
Schela formation in order to determine the lower
stability limit of the chloritoid. The determination of
chloritoid-formation reactions led to the mapping of
a chloritoid-in isograd.

For chemical analyses, a Jeol JXA-8600 Super-
probe with an accelerating voltage of 15 kV and a
beam current of 10 nA was used. The data were
reduced using the PROZA correction. The stan-
dards used are: olivine for Si and Mg, rutile for
Ti, graphtonite for Fe and Mn, orthoclase for K,
albite for Na, wollastonite for Ca, gehlenite for Al
and F-topaz for F.

X-ray powder diffraction (XRD)

XRD analyses on pelitic lithologies were used to
determine clay-mineral associations and the illite
Kiibler index (KI) on 170 samples from the
Schela and Ohaba Formations, the Nadanova
Beds, the Cosustea mélange, the Azuga Bed and
Sinaia Flysch. The samples were crushed, decarbo-
nated and prepared using the procedure described in
detail by Schmidt et al. (1997).

All X-ray diffraction analyses were performed
on a Bruker-AXS (Siemens) D-5000 diffractometer
with the following settings: CuKa, 40 kV, 30 mA,
V20-V20-2.0 mm slits, step size 0.02, counting
time 2 seconds and rotation of the sample during
measurement of run interval 2 to 50°20. For
samples with superposition of peaks in the 10 A
region, the interval 2 to 21°26 was remeasured
with a 0.05° step size and 10 seconds counting
time to obtain better diffractogram peak resolution.
The clay mineral determination was assisted
by Siemens software, namely ‘Evaluation’ and
‘Profile fitting’. Mineral identification and profile
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analyses were performed using the Siemens soft-
ware ‘Diffrac plus’.

The KI is defined as the full width at half
maximum intensity (FWHM) of the first illite
basal reflection. FWHM data obtained were trans-
formed into KI values using the correlation from
Frey (1986) in order to relate them to literature
data with anchizone limits KI at 0.25 and
0.42 A°26. We used the KI calibration from the
Frey standards. The conservative reason is that
most papers on illite ‘crystallinity’ (the Kiibler
index was called illite ‘cristallinity’ (IC) in earlier
publications) in the Alpine—Carpathian system
refer to Frey (1986, 1987; for details see also
Ferreiro Midhlmann 1994).

Organic matter reflectance

Organic matter reflectance has been determined on
some samples used for the XRD study, for 31
samples from the Schela Formation, 5 from the
Ohaba Formation, 4 from the Nadanova Beds
and 8 from the Cosustea mélange, but also 3
from Chattian coal seams, and 2 from Chattian
coaly clays. Mean random reflectance (R, %)
under non-polarized light of 546 nm wavelength
was used for the Tertiary samples of the lignite
to sub-bituminous stage A. Maximum reflectance
(%R ,ax) and minimum reflectance (%R,,;,) have
been measured on Jurassic and Cretaceous
samples of the semi-anthracite to meta-anthracite
stage (ASTM classification) using monochromatic
polarized light (546 nm). Bireflectance (%R ,.x—
%R nin) has been used to distinguish the maceral
group vitrinite and secondary maceral group
bituminite (e.g. Stach er al. 1982; Robert 1988;
Ferreiro Méahlmann 2001).

The analyses were performed on a Leitz
Orthoplan-photometer microscope with an ocular
(x10), an oil-immersion objective (x125), and
a photomultiplier with an aperture of 2.5 pm’
using resin-mounted polished sections and apply-
ing standard methods (Robert 1988; Ferreiro
Maihlmann 1994, 2001).

Results

Detrital mineral associations

Samples from the pelitic background sedimentation
of the Sinaia Flysch from the Azuga Bed, Cosustea
mélange and Nadanova rocks only occasionally
contain detrital mineral assemblages. Thin sections
of the Schela and Ohaba Formations from the
southern and central area of the Danubian
window revealed clasts of white mica (phengite,
muscovite—Ms), chlorite (Chl), zoned tourmaline
(Tur), red allanite (All), rutile (Rt) and zircon (Zr).

287

In the central part there was also graphite (Gr)
as mineral inclusion or determined by the
polymodal highest reflecting organic matter popu-
lation, light red garnet (Grt) and titano-hematite
(Ti—Hem) or hematite (Hem), sometimes together
with very minor amounts of K-feldspar (Kfs),
plagioclase (Plg), kyanite (Ky) and staurolite (St).
All minerals are strongly rounded, and micas and
graphite show kinking, disintegration and oxidation
due to reworking. The detrital mineral assemblages
are related to the basement rocks (also samples A
and B) of the Variscan MP-MT metamorphic
Dragsan Group (Berza & Seghedi 1983) and
will be partly of interest regarding the educts of
Cretaceous metamorphic mineral reactions.

Diagenetic and metamorphic mineral
associations from the Danubian nappes

EMPA data were used to verify optical studies of
very small mineral phases and therefore chemical
raw data are not presented in this study. A
thermodynamic re-examination and geochemical
investigation has to follow our petrogenetic
determinations. Because also chemical chrotite-
thermometry and phengite-barometry were only of
informative character in the present paper, a chemi-
cal data presentation was thought to be of minor
interest in the study.

Samples of Nadanova Beds consist of illite,
chlorite, quartz and rare albite. In contrast, the
Schela and Ohaba Formations often have a more
complex modal composition and have additionally
pyrophyllite, paragonite and chloritoid (Fig. 5).

Kaolinite (Kln) has been identified in some
samples of the Schela Formation by XRD. Kaolinite
was treated with dimethyl-sulphoxide (causing shift
of the kaolinite (001) peak and, consequently,
discriminating it from the chlorite (002) peak) or
heated at 550 °C (causing the breakdown of the
kaolinite structure) and confirmed in a HRTEM
study (D. Schmidt ‘pers. comm.’). In the northeast-
ern part of the Danubian window, pyrophyllite is
frequently found in the Schela Formation (Al-rich
schists).

Illite-smectite mixed-layer clay minerals, ident-
ified after a treatment with ethylene-glycol and
heated to 30 °C during 72 h, together with kaolinite
and corrensite (in one sample), point to diagenetic
conditions in the Severin nappe and Cosustea
mélange south of the Cerna range and the Brebina
fault (Fig. 5). The smectite content in illite was
determined using air dry and glycolated specimens.
The smectite content is temperature-dependent and
the conversion of smectite into illite and the extent
of reaction is used as an indicator of diagenetic
to metamorphic grade (Frey 1987). Illite of the
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Fig. 5. Distribution of diagenetic and metamorphic mineral phases in Mesozoic sedimentary rocks of the
Danubian window. The legend order reflects the increase in metamorphic grade from bottom to top. For mineral
abbreviations (after Kretz 1983), see Bucher & Frey (1994) and the text.

diagenetic zone and low anchizone commonly show
a marked asymmetry of the 10 A diffraction peak,
with a low-angle tail, indicating the presence of
expandable layers (Kiibler 1967). In the high anchi-
zone, the tail disappears. After glycol treatment, the
smectite content in mixed-layer illite/smectite is
recognized by a peak shift (due to swelling) to
16.8 + 0.1 A. Swelling of the smectite component
leaves the 10 A reflection free of interference. Sur-
prisingly, most samples also in the diagenetic zone
were smectite-free.

North of the Godeanu outlayer and at Schela,
north of Bumbesti (Fig. 2), chloritoid (Cld) was
found (Fig. 5) in the Schela Formation. At these
locations, and in the central part of the window,
chloritoid rosettes and sheafs are preserved
without deformation in massive mesoscopically
unfoliated rocks. Mesoscopically also well-
crystallized idioblastic chloritoid was found at
Rafaila and the southern Tarcul range (Fig. 6b). In
both areas, chloritoid is cross-cutting the slaty clea-
vage with lenticular aggregates of mineral grains
(flaser structure) or a poorly developed schistosity

with mineral grains, which display a weak preferred
orientation. The chloritoid shows a greenish to
bluish pleochroism, a lamellar twinning and partly
a zonation with a fainter pleochroic rim.

Along the southwestern border of the Petrosani
basin (Fig. 2) and in the northeastern part of the
Danubian window, colourless chloritoid crystals
(Cld1) have also been observed, strongly deformed
and partly syn-kinematically recrystallized (Cld2)
within a second foliation (Fig. 6e).

Andalusite (And) was found in two samples of
the Schela Formation rich in pyrophyllite and
Al-white mica at the northern border of the Danubi-
nan window. North of the Petrosani basin (Fig. 5),
microprobe observations revealed an alumino-
silicate, presumed to be andalusite, intergrown
between tabular chloritoid crystals in contact with
quartz and pyrophyllite. In the backscatter image,
this aluminosilicate is slightly darker in the grey
scale than quartz, has euhedral crystals and a
poikiloblastic texture. A second occurrence is situ-
ated in the Latorita range at Sasa Stefanu (Fig. 2)
where poikiloblastic andalusite (Fig. 6c, d) was
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Fig. 6. (a) Prehnite (Prh) in an amygdule replacing plagioclase grains (Albite, Ab) occurring together with pumpellyite
(Pmp) and epidote (Ep) in pillow basalt rocks of the prehnite—pumpellyite facies (sample 52 (Fig. 4) close to the
Brebina fault). (b) Chloritoid (Cld) rosettes at Rafaila (Fig. 2, sample 219) well preserved without deformation in massive
unfoliated rocks. In a combined optical and EMPA study, chloritoid shows a fainter pleochroic Mg-rich rim.

(¢) Poikiloblastic andalusite (And) at Sasa Stefanu (Fig. 2, sample 192) well identified by the high relief in quartz

(see Fig. 6d). (d) Andalusite was identified in a quartz (Qtz) pressure shadow of chloritoid together with Al-rich muscovite
(Ms). Pyrophyllite (Pyr) shows rotation and kinking and is part of the chloritoid mineral assemblage, but not in
paragenesis with andalusite. A reaction involving andalusite is speculative. (e) Sample from the south of Petrosani (Fig. 2,
sample 218) at Hotel Gambrinus, located close to the footwall of the Getic detachment. In the thin section, a rotated,
deformed and broken chloritoid (Cld1) is shown. Organic matter (OM), sheet silicate and opaque mineral inclusions
oriented in a parallel planar order reflect an old foliation (s;). The deformation of the Cld1 sheaf was caused by a second
foliation (s;). The formation of quartz, muscovite and a second chloritoid generation (Cld2) in s; is shown.
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identified by optical microscopy in the pressure
shadow of chloritoid (Fig. 6d), formed during
deformation related to the Getic detachment.
These represent the first occurrences of andalusite
found in Al-rich Schela schists of the Southern
Carpathians. No metamorphic kyanite or sillimanite
was identified in the Mesozoic cover rocks. A blue
amphibole was identified as riebeckite (Rbk) by
EMPA (Fig. 5).

Metamorphic mineral associations from the
Cosustea mélange and the Severin nappe

The mineral association identified by XRD in the
clay fraction from the Cosustea mélange, from
the Azuga and Sinaia Beds of the Severin nappe
consist of illite, chlorite, quartz, mixed white
mica—paragonite minerals and rare albite. Inter-
mediate peaks between paragonite and muscovite
reflections in powder diffraction data are consistent
with intimate mixtures of Na- and K-rich micas
(Livi et al. 1997). These authors have shown in an
HRTEM-work that the majority of these complex
minerals are best described as domains and not as
intercalation (mixed layer K-mica/paragonite,
sensu strictu Frey 1969). Powder XRD spectra
alone do not allow the determination of the exact
nature of this metastable phase. Therefore, the
name mixed Na-K white mica is suggested.
Hematite is frequent in samples from the Azuga
beds. Some other minerals were detected by
transmitted light microscopy:

e Prehnite (Prh) is usually present as irregular
vein fillings and amygdules (Fig. 6a), or it may
replace plagioclase grains. Microscopic folds
and/or faults overprinted some prehnite-filled
veins. In the southwestern part of the window,
prehnite occurs together with pumpellyite
(prehnite—pumpellyite facies) in volcanic and
volcanoclastic rocks. Prehnitel is overgrown
by fibro- to diablastic partly nematoblastic
prehnite2 + pumpellyite +epidote2;

e Pumpellyite (Pmp) replaces plagioclase and
clinopyroxene. Under prehnite—pumpellyite
facies, also pumpellyite has been observed in
amygdules (Fig. 6a), or as a relict phase, being
broken and elongated along the schistosity and
having a lenticular shape. Usually, pumpellyite
is preserved only in the core of the crystals,
while the rim is transformed to chlorite. In the
northeastern part of the Danubian window, unal-
tered pumpellyite forms patches and is associated
with newly formed actinolite (pumpellyite—
actinolite facies) and sheet silicates (Fig. 5).
In some volcanic rocks from the northeastern
part of the Danubian window, granular aggre-
gates of pumpellyite are overgrown by fibrous
crystals of the same mineral. It is possible that

granular pumpellyite is cogenetic with yellow
granular epidote, which is overgrown by colour-
less epidote—zoisite in the same samples;

e Actinolite (Act), together with chlorite, epidote
(Ep) and pumpellyite, replaces clinopyroxene
(augite—aegerinaugite) in gabbros from the
northeastern border of the window. Actinolite
may also be intergrown with clinozoisite. In gab-
broic rocks and basalts, olivine and clinopyrox-
ene are serpentinized. The colour and the
needle-like habit suggest antigorite as the ser-
pentine mineral (Srp, Fig. 5);

e Zoisite/clinozoisite (Zo/Czo) has been observed
in the assemblage Act-+ Pmp + Chl+ Ab+
Ms + Kfs. In the northeast, Zo/Czo is found in
pressure shadows related to the deformation of
the Getic detachment, mostly in connection
with relict feldspars. Euhedral plagioclase (also
plagioclase in flysch rocks) and sometimes horn-
blende in the ophitic texture of the gabbros is
partly saussuritized to epidote/clinozoisite +
chlorite + albite. Granular epidote is partly
overgrown by a colourless epidote—zoisite;

e Diopside (Di) occurs as a rim of relict
clinopyroxene (Severin nappe, northern border
of the Danubian window). Diopside is associ-
ated with Srp + Chl + Ep + Pmp + Act
(Fig. 5); and

e Chlorite (Chl) occurs within volcanic and
volcanoclastic rocks, both within the prehnite—
pumpellyite and the pumpellyite—actinolite
facies areas. However, chlorite is absent in
many samples from the two Lower Jurassic
formations, specifically at the northern border
of the Danubian window (Fig. 5). The ultrama-
fites are strongly serpentinized, and falc (Tc) is
frequent. Epidote and clinozoisite are found in
nearly all rocks of the northeasternmost part of
the Severin nappe.

Mineral chemistry

Microprobe analyses indicate that pumpellyite
commonly found in Severin and Cosustea units is
low in Fe. There is a decrease in FeO content, com-
paring samples from the prehnite—pumpellyite
(FeO = 4.52 wt%) and the pumpellyite—actinolite
association (FeO = 3.59 wt%).

The chemistry of actinolite in mafic rocks of
the Severin nappe overprinted by pumpellyite-
actinolite facies metamorphism varies between
Mg/(Mg + Fe*™) ratios 0.69 and 0.81. A trend in
chemical variation related to degree of metamorph-
ism (e.g. Schmidt ef al. 1997) cannot be detected
since actinolite was only found at two localities.

Undeformed chloritoid rosettes from the
central part of the window have an Mg-rich rim,
MgO content increasing from 0.72 wt% in the
core to 1.69 wt% on the rim (Fig. 6b). The
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paragenesis is Ms (% paragonite) + Al-Chl +
Qtz + Hem (Ti—Hem) + Pyr + Rt + Ep/Zo, and
in rare cases paragonite and Fe-chlorite are
formed at the expense of chloritoid. The same
mineral assemblage without hematite is found at
the northern margin of the window, where it is
strongly deformed by a second schistosity (main
foliation) as shown in Figure 6d and 6e. In many
of these samples, chlorite is also missing. Chloritoid
(Cld2) formed in the main foliation (Fig. 6e) is
Fe-rich or has an iron-rich rim in many samples.
Chloritoid in the main foliation may also
be replaced by Ms (partly ferri-muscovite) +
Al-Fe—Chl + Qtz + Ep (£ Bt).

Paragonite (Pg) composition ranges from that
of the Na-mica end-member to a low Na content
in cases where interlayer positions are occupied
by K-cations. Sometimes, interlayer positions
are filled by similar amounts of Na and K. This
probably represents a mica,/paragonite interstratifi-
cation (Frey 1969). Towards the muscovite end-
member, the interlayer sheet composition is
K-rich, still with a relatively high content in Na.
No compositional trend as a function of meta-
morphic grade was found. Mostly paragonite
occurs parallel to muscovite and often also parallel
in the schistosity plane s;. Here paragonite
grows fibroblastic on muscovite in the shear sense
and describes K-mica dissolution and Na-mica
cleavage-parallel precipitation as shown by Livi
et al. (1997).

Chlorite analyses, when plotted as non-
interlayer cation versus Al, scatter along a line
from close to clinochlore toward sudoite. In a
chlorite Si—Fe*"—Al chemography, the analyses
are situated between clinochlore and chamosite.
No trend of chemical variation related to degree
of metamorphism is evident. Also, the chemical
composition gives no indication about a smectite
contamination. The chlorite chemistry (Al-Si sub-
stitution) was used to determine temperatures with
the ‘geothermometer’ proposed by Cathelineau
(1988). Microprobe analyses of authigenic chlorites
were normalized to 28 oxygens and fulfill the
criterion 3(Na + Ca + K) < 0.20 constraining the
contamination by other phases. Furthermore, all
iron was assigned to Fe?*, because the electron
microprobe does not distinguish between Fe*" and
Fe’" (see also Cathelineau 1988). In recent years,
chlorite ‘geothermometry’ has been used to deter-
mine palaeo-temperatures in  sub-greenschist
facies metamorphic rocks. According to Catheli-
neau (1988), the increasing tetrahedral Al content
of trioctahedral chlorite is a function of increasing
temperature. Schmidt et al. (1997) discussed
the ‘geothermometer’ by a critical revision on the
reliability. The decrease of tetrahedral Al in
authigenic chlorites as a function of decreasing
temperature can be explained by interstratification

of smectite with chlorite. TEM studies support
this view (Schmidt er al. 1997). Interstratifications
in chlorite were not detected by XRD analysis in
the samples used. Nevertheless, the chlorite
‘geothermometry’ is interpreted with caution in
this study.

White mica 1is ubiquitous in all samples
analysed. White micas were normalized to 20
oxygens. In samples from the northeastern border
of the study area, characterized by the high anchi-
zone to epizone (see below), the interlayer cation
content reaches values of 8.6 to 11 wt.% (1.45 to
1.9 atoms per formula unit (pfu)). The Si/2 ratio
is 3.3 atoms pfu, and illites from the central part
of the Danubian window show a ratio of 2.8 to
3.2 pfu. It is assumed that Si substitutes Al in the
tetrahedral position as a function of pressure. Si
content of white mica has been used to estimate
pressure by applying the Massonne & Schreyer
(1987) method only for those samples where
the chemical composition indicated a phengitic
component with a Si/2 ratio >3.2 pfu. However,
because the assemblage phengite + K-feldspar +
quartz + phlogopite is not present in our samples,
the celadonite content has to be interpreted with
caution. Detrital phengite in some samples show
higher Si pfu values (>6.8 pfu).

Illite Kiibler index

Cosustea mélange, Nadanova Beds, Azuga Beds
and Sinaia Flysch (Severin—Cosustea unit)
yielded KI values which indicate a trend (Fig. 7)
ranging between the high diagenetic zone in the
southwest at the Danube, the low anchizone at
Bumbesti, the high anchizone at Polovraci and the
epizone found in the northern and northeastern
part of the Danubian window (in the Retezat
range and at Voineasa). From a previous study,
the trend is known (Ciulavu & Seghedi 1997).
Intra- and intersample variations and petrovariances
(dependency on the rock chemistry, Ferreiro Mihl-
mann (1994)) decrease from the diagenetic zone to
the anchi- and epizone from KI + 0.11 to +0.06
and +0.012 A°26.

Since samples from the Schela Formation in the
Danubian nappes often contain paragonite and
pyrophyllite, the (001) reflection of illite is fre-
quently broadened (the presence of mixed-layer
phases was not detected). In anchi- and epizonal
illite-muscovites, the 2M; polytype predominates.
In these cases, we used two methods to determing
KI: (1) deconvolution of the reflection in the 10A
region; or (2) measurement of the FWHM of
the (00,10) illite reflection. This latter reflection
is not influenced by the presence of paragonite
and pyrophyllite. The transformation of the values
obtained for the (00,10) illite reflection into
values corresponding to the (002) reflection was
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values of the epizone

values of the anchizone

0.48 values of the diagenetic zone
trend of Kl values along
A 0.27-0.31

road sections

Fig. 7. Illite Kiibler index (KI) map of the Danubian window. Values are indicated as Kiibler index data A°26. The
anchizone limits are given by KI values based on a calibration with standards provided by Bernard Kiibler and

Martin Frey.

10A

FWHM

0.5

0.4

0.3

0.2

0.1

0.0

rFWHM 10A=0.7BxFWHM2A,n=30,r2=0.88for ] ]
- [ = K from samples with paragonite
B = Ki from samples without paragonite o
4 o O
AL o
=]
-+ g = ho O
m]
: | VIR W
0.0 0.1 0.2 0.3 04 05 0.6
Fwhm 2 A

Fig. 8. Correction of illite Kiibler index data (FWHM in A"20) using the transformation of the values obtained for the
(00,10) reflection (2 A) into values corresponding to the (002) reflection (10 A). The (002) and (00,10) regression
indicated is based only on those samples that lack an illite interference with paragonite and pyrophyllite.
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achieved with an empirical regression equation,
which correlates (002) and (00,10) reflections
(Fig. 8). The results given by both methods are
similar, although the values obtained by deconvolu-
tion are usually slightly lower (in the second
decimal order).

In the area of the northern border of the Danu-
bian window (Tarcul-, Retezat- and northern Lator-
ita range, Fig. 2), the KI values obtained from
samples with high organic matter content (deter-
mined from samples used also for VR) indicate
both high anchizone and epizone conditions.
However, the high anchizone values can be attribu-
ted to the retardation of illite aggradations. The
organic matter forms a hydrophobic mantle
around illite crystals, preventing them from aggra-
dations (Frey 1987a). The organic coat is well
recognized by reflected light microscopy around
phyllosilicates. These samples were not used for
the further study.

In the western area (Arjana nappe), diagenetic
KI values in samples from the Ohaba Formation
were found to be associated with the presence of
paragonite and pyrophyllite. Both minerals are
typical anchizone metamorphic index minerals
(Frey 1987a). In general, in these samples the
illite (002) reflection is very asymmetric, with a
very long tail towards low 2 theta angles, indicating
the presence of an illite /smectite component. In the
Ohaba Formation, gypsum is abundant and was
probably produced by reaction between sulphuric
acid with calcium. Sulphuric acid may result from
pyrite weathering. An organic petrography study
revealed that pyrite is transformed to an hydroxide.
Organic matter is also strongly oxidized. This
intense alteration is not visible in the hand-
specimen due to the high organic content, which
preserves the black colour of the sample. Low
diagenetic values from these samples were not
used for further correlation and therefore not
shown in Figure 7.

Clays from the same area, intercalated in sand-
stones of the Ohaba Formation, show KI values of
the epizone. Mesoscopically, a coarse detrital
mica fraction is observed in these samples from
the Arjana nappe (Fig. 2). To avoid an over-
interpretation due to a possible detrital contami-
nation, these samples were not used for further
correlation and therefore not shown in Figure 7.

Using only pelites for a detailed study, most values
show anchizonal conditions. Along three road sec-
tions (10 samples each) at the east of the Godeanu
outlayer, a KI decrease to the east is evident (A, B
and C in Fig. 7). At the eastern margin of the
window, the KI variation is 0.34 + 0.06 and at the
outlayer it is 0.29 + 0.03 A°26.

In spite of the difficulties regarding non-
metamorphic influences on KI data from the

Lower Jurassic formations, the trend from the
diagenetic/low anchizone in the southwestern
part of the Danubian window towards epizonal
values for the northeastern parts is shown by the
KI study in the Danubian nappes (Fig. 7). This
metamorphic gradient indicated by the KI distri-
bution pattern is disturbed across three tectonic
structures:

(1) In Figure 7 at the south of the Godeanu
outlayer (Fig. 2), diagenetic zone—low anchizone
values west of the Cerna—Jiu fault show a SW to
NE trend from KI 0.56 to 0.29 A°26 (road
section C) and are juxtaposed with a KI trend
from 0.33 to 0.27 A°26 at the east of this fault
(road section D, Fig. 7). If the data uncertainty
is taken into account, the discontinuity is
not pronounced;

(2) A road section (section E) crosses from west
to east the Getic outlayer at the south of the Brebina
fault (Mehedinti klippen area). In the west, in the
Danubian nappes, KI from 0.33 to 0.27 (section
D) differs from KI values of 0.39 + 0.03 A°260
(5 samples) in the Cosustea mélange and
0.43 + 0.02 A°26 (5 samples) in the Severin
nappe. In the Danubian nappes in the eastern
footwall of the Getic outlayer, KI values of
0.25 + 0.04 A°260 (3 samples) differ again from
KI values of 0.48 to 0.51 A°26 in the Cosustea
mélange and 0.42 to 0.48 A°20 in the Severin
nappe. The diagenetic zone values observed in
Severin nappe and Cosustea mélange in the south-
ernmost area contrast with the predominantly anchi-
zonal KI data obtained from the Schela Formation
of the Danubian nappes. With a much smaller
and not well-defined hiatus, a similar contrast
is found between Cosustea mélange (KI = 0.44 to
0.40 + 0.06 A°20, n=10) and the Schela
Formation (KI = 0.30 to 0.36 A°26, n =2) in an
area close to Bumbesti; and

(3) The Brebina fault rather abruptly delimits the
diagenetic zone (KI = 0.44 to 0.52 A°26) found in
the Severin—Cosustea units to the south versus the
anchizone to the north (KI = 0.27 to 0.31 A°26,
road section F, Fig. 7).

Organic matter reflectance (OMR)

Organic matter reflectance measured on samples
from the Schela and Ohaba Formations, the Cosus-
tea mélange, and Palaeogene coals are shown on the
map of Figure 9. The organic matter in pelitic
siltstones of the Schela Formation consists of the
following percentages of macerals:

o vitrinite: 0—20% in the west and south, 70 up to
80% in the east;

e liptinite: recognized by its
shape: 2%;

characteristic
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e inertinite: (mostly semifuzinite + fuzinite +
macrinite + micrinite): 40-50% in the west
and south, 10% in the east;

o Dituminite: 30—-40%, in pelitic samples and
coals from the western area (Ohaba Beds). In
the southern areas, bituminite can yield much
higher percentages. In the east, the bituminite
content is between 10—20%. At high coalifica-
tion stages, some bituminite varieties with a
homogeneous anisotropic reflection can easily
be mistaken for vitrinite (Koch 1997; Ferreiro
Mihlmann 2001). The trend towards more
anoxic conditions towards the west and within
the Ohaba Beds observed by Nastaseanu
(1979) is confirmed in this paper.

Due to the low vitrinite content in the west and
south of the Danubian window, bituminite was
also considered for maturity determination. Solid
homogeneous bituminite occurs as large reworked
fragments, or was observed in situ in layers parallel
to bedding (cata-bituminite). A homogeneous
anisotropic variety can be used for maturity

10 km

studies and not only in diagenetic studies (Jacob
& Hiltmann 1985; Jacob 1989) but also under
very low-grade metamorphic conditions (Ferreiro
Maihlmann er al. 2001; Belmar et al. 2002). Solid
bituminite is also found to fill pores or late veins
(migra-bituminite), which cut through the host
rock. In cata-bituminite-rich siltstones of the
Schela Formation, vitrinite is sometimes strongly
impregnated by migra-bituminite, as described by
Radke et al. (1980) and Ernst & Ferreiro Mahlmann
(2004). This leads to bireflectance values, which are
characteristic for bituminite rather than vitrinite
(Wolf & Wolff-Fischer 1984; Ferreiro Mahlmann
1994). This is well recognizable in coal seams at
the mining locality of Schela (samples 21, 220)
and in some samples west of the Godeanu outlayer.
To avoid an over-interpretation due to a possible
bituminite contamination, these samples were not
used for further correlation and therefore not
shown on Figure 9.

In the eastern part of the window, organic matu-
ration was determined by VR measurements. Many
samples, especially in the western part of the

vitrinite reflectance, n > 20

vitrinite reflectance, n < 20

bituminite reflectance

vitrinite and bituminite
reflectance of the same
sample

vitrinite reflectance, n > 20
from Oligocene coals

Fig. 9. Coalification map of the Danubian window based on vitrinite and bituminite reflectance %R ,.x data (organic
matter reflectance). The Oligocene coals are measured as R, %.
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Danubian window, contained little or no vitrinite
but abundant cata-bituminite. In the central and
southern part also, only a few VR single values
were obtained in one sample, but mostly the
mean value is not statistically significant (n < 20
measuring points, s, > 10%, Fig. 9). Therefore, a
correlation between vitrinite reflectance and cata-
bituminite reflectance has been calculated on the
basis of Schela samples, which contain both con-
stituents (Fig. 10). In Figure 10, the values are
superposed with the correlation given by Ferreiro
Mihlmann (1994, 2001). Cata-bituminite reflec-
tance correlates well with vitrinite reflectance. Con-
sequently, cata-bituminite reflectance (BR) is used
for the evaluation of metamorphic grade. Due to
the well-constrained correlation between VR and
BR, the combination of the reflectance data will
be denominated as organic matter reflectance
(OMR %R jax)-

In strongly sheared samples from the epizone,
the organic matter yields much higher reflectance
values compared to unfoliated rocks, and bireflec-
tance is anormal. In shear zones, R,,,« reaches 9.0
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to 12% for bituminite and 7.0 to 11.3% for vitrinite.
These high reflectance values are due to the pre-
sence of pre-graphitic vitrinite and bituminite.
Pre-graphitization, as described by Ramdohr
(1928), Teichmiiller (1987) and many others, was
optically found (anisotropic or undulatory extinc-
tion and a high bireflectance, occurrence of
rounded nearly submicroscopic spheres with
poorly developed or no Brewster cross and helicitic
extinction in cross-polarized light and graphitoid
spheroliths). The highest VR were obtained in
samples very close to the northern margin of the
window deformed by the Getic detachment
(Fig. 10). The detachment footwall is formed by
mylonites, suggesting a strong influence of strain
on the graphitization of organic matter (Bustin
1983; Teichmiiller 1987; Suchy et al. 1997; Ferreiro
Mihlmann et al. 2002). At the east of Petrosani, a
sample from a mylonite composed of Schela rocks
(sample 205-1) shows a value of 11.2% R, a
nearby sample in Schela schists (sample 205-2),
only 100 m away from the mylonite, shows a VR
of 8.5% Rpax-
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Fig. 10. Correlation diagram of vitrinite and bituminite reflectance. Between 1.5 and 5.0% R ,,.x, both methods indicate

the same rank of maturation.
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All VR reflectance values of 9.2 to 11.3% R«
are taken from ductile deformed and penetratively
foliated detachment rocks and a strong maturity
enhancement to >11% R,,.x is found in mylonites
(samples 203b, 205-1, 211, 215). The lowest peak
in these samples with a bi- or polymodal distribution
(Fig. 11c, d, sample 218 and 203b) is mostly around
7.5 to 8.5% Ryx. In less-foliated epizonal rocks
from the same areas, values of 6.4 to 8.5% R,,.x
are found for bituminite and vitrinite. Therefore,
the mean values of >8.5% R,,.x close to the detach-
ment do not reflect the grade of metamorphism.

In all parts of the Danubian window, a population
with vitrinite reflectance of the meta-anthracite to
graphite stage, found in several samples without oxi-
dation, is distinguished as detrital organic matter
(e.g. samples 206 and 207, Fig. 11a, b). This is best
explained from sample 83 at the north of the Cerna
range. A clay-rich foliated siltstone shows silt
layers with abundant organic matter, giving a
bimodal VR of 8.5 and 10.7% R,a«. In the clay-rich
part, a unimodal peak is determined with a mean
value of VR 5.0 and BR 5.3% R,,,.x. Few organo-
clasts show also values of 7.0 to 11.5% R,,4«. Such
detrital particles are rotated and have an inhomo-
geneous extinction; also maximum extinction is
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not oriented parallel to the foliation or bedding.
Usually, they are boudinaged and kinked.

In the epizonal part of the Danubian window,
the difference between detrital and pre-graphitic
particles (semi-graphite) is not visible due to a com-
plete reorientation of organic matter. Also, the
variance of the mean reflectance values of both
vitrinite/graphite populations becomes more similar
(Fig. 11d) making it impossible to discriminate
between detrital and pre-graphitic populations in the
reflectance histogram. From the diagenetic zone to
the epizone (Fig. 11a, b) in a polymodal reflectance
distribution, the lowest rank population is diagnostic
for the determination of maturity and rock meta-
morphism. These populations were shown in the coa-
lification map (Fig. 9). In the epizone, the histograms
have a more unimodal shape.

In summary, an increasing metamorphic grade
from southwest to northeast is indicated by the
OMR data. However, again the distribution
pattern is disturbed across three tectonic structures:

(1) the metamorphic discontinuity across the
Cerna—Jiu fault is not well recognizable due to
scarce OMR data. South of the Godeanu outlayer,
an increase in BR from 4.5% R, in the west to
5.4 t0 5.8% R, in the east is poorly constrained.
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Fig. 11. Representative organic matter reflectance histograms from the Schela formation. From Figure 11a—d, an
increase in deformation is indicated (from brittle to ductile). For discussion, see the text. n = absolute number

of measurements.
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Nevertheless, the change in rank of organic matu-
ration is significant;

(2) The anthracite stage values found in Severin
nappe and Cosustea mélange from the Mehedinti
klippen (VR 3.0, BR 2.9% R,., southern area
and VR 3.4, 3.5, 3.6, BR 3.6% R,,. northern
area) contrast with mostly high meta-anthracite
data from the Schela Formation of the Danubian
nappes (VR 4.8, BR 5.5% Ry southern area
and VR 5.0, BR 5.3, 5.8% R.x, northern area).
A sudden increase in rank of organic maturation
going across the tectonic contact between Severin
nappe/Cosustea mélange and the Danubian
nappes in the footwall is evident; and

(3) The zone of anthracite maturation in the
south is abruptly limited by the Brebina fault
towards the north. OMR values immediately north
of this fault show a much higher reflectance (VR
4.6, 5.0, BR 53% R,,.) than values from the
same tectonic unit at the south close to the fault
(VR 3.6% R,,.x) and further south (VR 3.6, 3.5,
3.4, BR 3.6% Ry,x). The OMR data provide a sig-
nificant argument to postulate a metamorphic hiatus
coinciding with this tectonic structure (Fig. 9).

Discussion

Correlation of metamorphic field trends and
establishment of a metamorphic map

lllite Kiibler index versus organic matter reflec-
tance. All data of this study, as well as published
data on mineral assemblages (Stanoiu et al. 1988;

| Graphite jump [i|
reflectance gap

&

0.25

Blueschist facies

ub—greenschist facies
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Ciulavu & Seghedi 1997) and FT data
(Schmid et al. 1998; Bojar et al. 1998; Willinghofer
2000; Fiigenschuh & Schmid 2005) indicate an
overall increase in metamorphic grade from
SW-NE.

The KI values obtained for Severin nappe and
Cosustea mélange range from the diagenetic zone
or lower anchizone in the southwest, up to the
high anchizone in the east and finally to the
epizone north and northeast of the Danubian
window. Near the southern border of the Danubian
window, KI values always remain anchizonal.
Within the Danubian window, the Schela and
Ohaba Formations yield high anchizonal to epizo-
nal values along the northern rim of this window,
but only anchizonal values along the western
border and in the southern part. South of the
Godeanu outlayer, some values indicating the
diagenetic zone also occur. Overall, the trend
given by the KI values is gradual but discontinuous
across the Cerna—Jiu fault, across the Brebina fault
and in the southern part also across the boundary
between the Severin—Cosustea and Danubian
nappe systems.

This same trend and discontinuities were con-
firmed by the measurements of OMR. High values
were obtained in the northern and eastern parts of
the Danubian window, the values decreasing
towards the SW. The correlation between KI and
OMR data (correlation coefficient, r* = 0.72) is
presented in Figure 12. The comparison with other
IC/KI-VR/OMR, mostly linear regressions is not
dependent from different VR measuring techniques,

VR and Kl data, present paper
%5 organic matter reflectance % Rimax

Regression for all samples of
the Danubian window

*«,, Regression for the samples of
the Severin-Cosustea system

VR and Kl data from literature
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(Ferreiro Mahimann 1995, 2001)
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(Potel et al. 2006)

o
-
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Fig. 12. Correlation diagram of organic matter reflectance and illite Kiibler index values. The regressions for different
sample groups from the Danubian window are compared with literature data (see text).
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illite-calibrations and standardization procedures,
because all studies cited were performed by the
low-grade working group in Basel or by
collaborating groups.

The KI-OMR regression line obtained for the
Danubian window has a different slope and position
compared to correlations obtained for samples from
different tectonic units of the Alps and other areas
(Fig. 12). In the white area of Fig. 12, all data of
KI-VR correlations are integrated from studies in
which the metamorphic imprint was generated by
pressure and temperature conditions intimately
related to LT-LP orogenesis (Frey et al. 1980;
Krumm et al. 1988; Ferreiro Mihlmann 1994,
1995, 1996; 2001; Rahn er al. 1994; Schmidt
et al. 1997: Arkai et al. 2002). The area of oroge-
netic diagenesis/metamorphism is limited by the
90% confidence boundary.

Correlation trends situated to the right side of this
white area are derived from areas where high thermal
gradient sub-greenschist to greenschist facies events
were recognized (Krumm er al. 1988; Ferreiro
Mihlmann 1994, 1995; Belmar et al. 2002). Meta-
morphism is triggered by hyperthermal conditions
as diastathermal-, contact-, hydrothermal- or ocean
floor metamorphism. Correlation trends on the left
side, however, comprise areas where hypothermal
orogenic metamorphism is described (‘high pressure
sub-greenschist ~ facies’  conditions,  Ferreiro
Mihlmann 1994; Petrova et al. 2002) and data
from the Diablo range are characteristic for a
blueschist facies event (Dalla Torre er al. 1996).

Steady-state equilibrium is documented in the
Lower Austroalpine (Fig. 12) as shown by Ferreiro
Mihlmann (2001). With an identical regression,
the one from New Caledonia (Potel et al. 2006)
is given by a complete re-equilibration under
normal-thermal conditions.

Compared with the correlation from the Lower
Austroalpine and New Caledonia, that derived for
the Danubian window points to enhanced VR all
the way from the diagenetic zone to epizone
(Fig. 12). Hence, on the basis of the previous dis-
cussion, this indicates ‘high temperature gradient
sub-greenschist facies’ conditions. Furthermore,
the data from the Danubian window are similar to
those derived for samples from contact meta-
morphic rocks (Belmar er al. 2002). Note that
samples from the Severin nappe and Cosustea
melange give a regression line (Fig. 12) noticeably
different from that composed by all samples of
the Danubian window. The regression falls in
the diagram on the right border of the white
area related to orogenic (LT-LP) conditions
(temperature-dominated). The slope is sub-parallel
to that of the Silvretta nappe. A diastathermal
regime describes Ferreiro Mdhlmann (1995) in the
latter Alpine tectonic unit.

M. CIULAVU ET AL.

Sub-greenschist facies metamorphism of
the meta-basalts

The prehnite—pumpellyite facies (Fig. 14),
restricted between 200 to 270°C and 2.0 to
3.8 kbar (Frey er al. 1991), is characteristic for the
volcanic and volcanoclastic rocks of the Severin—
Cosustea nappe system adjacent to the southern
part of the Danubian window (Mehedinti klippen)
and is correlated with the zone of diagenesis
(Fig. 13). In some samples, epidote is found
together with prehnite and/or pumpellyite
(Fig. 6a), post-dating an older Chl—Prh, Ep—Prh
and Ep—Chl mineralization. The feldspars show
no sericitization and are not partly saussuritized as
is the case under epizonal conditions prevailing
northeast of the Danubian window. The lower stab-
ility limit of epidote at low pressures <4.0 kbar is
given at 200 to 220 °C (Seki 1972) by the following
reactions, both possible in the study area (Fig. 6a):

2Prh + Hem — 2Ep + H,O (Seki 1972) (1)

6Pmp + 4Qtz + 3Hem — 12Ep + Chl 4+ 11H,O
(2)

Reactions (1) and (2) are found in the high
diagenetic zone to lower anchizone, and OMR
data indicate semi-anthracite to low anthracite
coal rank.

In the northeast, in the basalts of the Severin
nappe, the mineral association Ep + Zo/Czo +
Pmp + Act + Chl + Qtz points to the pumpel-
lyite—actinolite facies, which indicates tempera-
tures in excess of 300 °C. Diopside was also
identified in this area. The lower limit of the diop-
side stability field (Bucher & Frey 1994) also
points to a minimum temperature of 300 °C. The
maximum temperature is roughly estimated by the
upper limit of the pumpellyite stability field at
250 to 350 °C (at 2 to 9 kbar, Frey et al. 1991).

The kaolinite-pyrophyllite reaction isograd

The clay mineral fraction from pelitic rocks of the
Schela Formation from the southern Danubian
window consists of illite 4- chlorite + kaolinite in
the diagenetic zone. Additionally, mica/paragonite,
pyrophyllite and Al-chlorite appear in the anchi-
zone. In the northern and eastern epizonal parts of
the Danubian window, pyrophyllite, paragonite,
mixed-layer K-mica/paragonite or mixed Na-K
white mica and chloritoid are frequently found
(Fig. 5) as a typical assemblage of Al-rich pelites.

With increasing diagenetic to incipient anchizo-
nal grade, pyrophyllite appears as the first index



METAMORPHIC EVOLUTION OF THE DANUBIAN WINDOW 299

mineral. The pyrophyllite (Pyr)-in isograd in the
Danubian units is located west of the Godeanu out-
layer. The reaction:

Kin + 2Qtz — Pyr + H,O (Thompson 1970) (3)

postulated for the western border of the window
(Fig. 5) is pressure-independent (Hemley et al.
1980; Frey 1987b) but strongly dependent on
water activity (Frey 1978). In Al-rich sediments,
this reaction is reported at water in excess of tempe-
ratures >260 °C (Fig. 14). Water in excess is indi-
cated, as in the Danubian window, by the large
amount of different phyllosilicates (Theye 1988)
formed during metamorphism.

In contrast, based on a different kinetic approach,
Tancu ez al. (1984) and Iancu (1986) suggested meta-
morphic conditions of 390 to 420 °C at PH,O =
2.0 kbar for the Schela Formation, based on the
same reaction Kln + 2Qtz — Pyr + H,O. These esti-
mates of metamorphic conditions, also referred to in
some recent papers, are too high for the following
reasons:

(1) at 370 to 400 °C, the association Ky + Cld
would be expected in pyrophyllite-rich rocks.
Instead, we observed And + Qtz, indicating that
the temperature was lower than 370 °C at pressures
lower than 4 kbar (Fig. 14). Note that andalusite is
found far away to the north of the pyrophyllite reac-
tion isograde (Fig. 5), being part of a syn- to post-
kinematic Getic detachment mineral association
(Fig. 6c, d);

(2) the high content in organic matter suggests a
water activity less than 1.0 a(H,0), which leads to
a lowering of temperature for all dehydration
reactions. Therefore, Frey (1987b) and Livi et al.
(1997) give temperatures of 260 to 280 °C for the
kaolinite-pyrophyllite association in the presence
of CH4 or CO, at a(H,O0) of 0.6 to 0.9;

(3) pyrophyllite has been reported at the tran-
sition from the high diagenetic zone to the anchi-
zone (Frey 1987b; Merriman & Frey 1999), but
also at temperatures as low as 200 °C (Frey
1987a; Ferreiro Mahlmann 1994);

(4) based on new thermodynamic calculations,
temperatures of more than 300 °C postulated
by Thompson (1970) and Iancu (1986) with
a(H,0) < 1 are unrealistic (Theye 1988). The asse-
mblage Ka+ Chl+ Ms + Qtz is stable between
a(H,O) 0.5 and 1.0 below 3.5 and 5.5 kbar, but
also temperature is strongly a(H,O) dependent. At
an a(H,O) of 0.6, temperature is close to 240 °C
(Potel et al. 2006); and

(5) kaolinite in the anchi- and epizone is related
to a post-metamorphic P-T retrograde event.
Some thin sections from the Schela Formation
taken from localities close to the Petrosani basin

and along the Cerna—Jiu fault show fibrolitic,
wool fibre-like or cloudy kaolinite aggregates
between pyrophyllite and chloritoid. This is con-
firmed by microprobe studies and high magnifi-
cation images obtained by HRTEM studies (David
Schmidt, pers. comm.). The HRTEM study indi-
cates that the kaolinite is newly formed between
pyrophyllite layers and more abundant in screw dis-
locations, and in twin re-entrant angles of chloritoid
were the potential of screw dislocations is ampli-
fied, providing suitable growth sites for kaolinite
and some smectite. Feldspars were also altered
to kaolinite.

The pyrophyllite-chloritoid reaction isograd

In the Schela Formation from the northern epizonal
part of the area, chlorite is present only in 40% of
the samples analysed. Chlorite is absent in those
samples from the high anchizone to epizone,
where both pyrophyllite and chloritoid are present
in the clay fraction (Fig. 5). In samples 202, 203,
206b, 217, 219, 266 and 267 from the epizone,
phyrophyllite is also missing. A breakdown of
chlorite and phyrophyllite is well known for the
epizone (Frey & Wieland 1975). This indicates
that chlorite and pyrophyllite have probably been
consumed by the reaction:

Pyr + Chl — CId + Qtz + H,O (Zen 1960) (4)

The choritoid—chlorite thermometer (Vidal
et al. 1999) could not be used due to the fact that
chlorite is either entirely consumed in the above
reaction or represents a post-chloritoid phase (see
below). It is suggested that the initial sediments
were Al-rich and poor in iron and magnesium.
Based on thermodynamic calculations, a tempera-
ture of 300 °C (independent of pressure) is indi-
cated for this reaction (Theye et al. 1996).
Sometimes, hematite is still present in the same
samples. At slightly higher grade (increasing VR
up to values typical for the anthracite/
meta-anthracite stage), the following reaction was
observed by optical microscopy (Fig. 14):

Chl 4 Pyr 4+ Hem (Ti-Hem) — Cld + Qtz

5
+ TiO,-phase + H,O (Frey 1969) )

Due to this reaction, rutile is formed in the
Schela Formation. Theye & Seidel (1991) showed
that chlorite reacts with hematite at about 310 to
320 °C and produces chloritoid, quartz and some
magnetite. In the northern Latorita range, in the

epizone (meta-anthracite/semi-graphite stage),
bipyramidal opaque minerals are also found, the
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habitus being typical for magnetite. Therefore,
the hematite—magnetite reaction (Fig. 14) is also
present in the samples 203, 205 and 206b:

Chl 4 Pyr + Hem — Cld + Qz + Mag

(6a)
+ H,O (Frey 1969)

An additional reaction is proposed for some
samples by combining reactions (5) and (6a):
Chl + Pyr 4 Ti-Hem — CId + Qz + Mag

+Rt+ HO (6b)

An iron oxide was observed under the micro-
probe and in thin sections, but could not be found
mesoscopically. Magnetite is a typical product of
chloritoid formation as hematite is consumed at
the same time (Bucher & Frey 1994). The chloritoid
is Fe-rich, hematite being an important source for
its formation (Frey 1969). From reactions (1) and
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(2) to (6a) and (6b), an increase of metamorphic
grade is evidenced (Fig. 14), correlating well with
KI and OMR results.

In two samples, Fe-chlorite, together with biotite
and mica, was found to form the product of a
retrograde reaction decomposing chloritoid. In
two other samples, andalusite was also formed
due to retromorphism.

Metamorphic map

Similar trends indicated by the results obtained
from different methods, as well as the good corre-
lation between these trends, allow the construction
of the metamorphic map presented in Figure 13.
Due to the lack of data in the central part of the
Danubian window and to both sides of the
Cerna—Jiu fault, the known dextral movement of
about 35 km along the Cerna—Jiu fault (Berza &
Draganescu 1988; Ratschbacher er al. 1993),
which must have been post-metamorphic (Schmid
et al. 1998), was additionally taken into account

Metamorphic map of the Danubian window

\—-\ Metamorphic discontinuity
\_\ Metamorphic zone boundary
D Diagenetic zone
= Temperature estimation by mineral
reactions and chlorite thermometry
Pressure determination by mineral reactions
and phengite barometry
- Temperature estimation from
sub-greenschist mineral paragenesis
a. = Alpine collisional conditions
g. = Getic detachment conditions

Fig. 13. Metamorphic map with the zone boundaries defined by illite crystallinity (diagenetic zone, anchizone and
epizone) and the correlation with vitrinite reflectance, also including some temperature and pressure estimation.
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when extrapolating the anchizone—epizone limit in
Figure 13. Here, all metamorphic minerals are
shown, independent of the chronology of their
appearance. Hence the map only reflects
maximum P-T conditions.

Relations between metamorphism and
deformation

The base of the Getic units generally exhibits brittle
deformation. In the northeast, syn-detachment
deformation near the quartz brittle—ductile tran-
sition is restricted to the first ten metres. Within
shear zones and specifically within the basement
rocks near the Severin—Danubian boundary, a
strong mineral banding, oriented parallel to the
detachment foliation, is observed. Bands of (a)
Ep/Czo + Chl, (b) Act — hornblende + Chl + Qtz,
and (c) Qtz+ Ab/Plag + Bt indicate syn-
detachment greenschist facies conditions.

The metamorphic minerals of the prehnite—
pumpellyite—epidote assemblage (Fig. 6a) from
the Severin-Cosustea unit (Mehedinti klippen)
were overprinted by the foliation related to the
Getic detachment, or they were brittle deformed.
The prehnite—pumpellyite facies assemblage is
therefore pre-kinematic, and pre-dates the Getic
extensional detachment.

In the Severin nappe of the northeastern part of
the window, most minerals of the Act—Pmp-Di—
Ep/Zo-Srp, Ep—Czo and Act—Czo assemblage +
Cc—Qtz—Ap-Tc (Fig. 5) were affected by the
detachment foliation and therefore also pre-
kinematic to normal faulting. In samples exhibiting
a strong detachment foliation, the mineral
assemblage shows syn-kinematic deformation, as
indicated by some pressure shadows, kinking of
phyllosilicates, fragmented crystals and displace-
ment-controlled fibres. A second generation of acti-
nolite and epidote/clinozoisite is syn-kinematically
formed. The feldspars were probably saussuritized
synchronously. In a very few cases, both minerals,
together with Fe-chlorite, cross-cut the deta-
chment foliation and are associated with a late
crenulation cleavage.

In the Danubian units, it is very difficult to
evaluate metamorphic grades during Cretaceous
nappe stacking and Palacogene detachment for-
mation separately. The mineral paragenesis Pg +
Ms + Qtz + CId found in the Tarcul range and at
‘Rafaila’ (Fig. 2) roughly indicates greenschist
facies conditions. The minerals are well preserved
with an idioblastic shape. Such undeformed assem-
blages are found in lower structural units, i.e.
further away from the Getic detachment (samples
219, 266, 267). It can be thought that they were
unaffected by deformation related to the Getic

detachment or that deformation diminishes with
increasing depth (Fig. 17). It is also possible that
higher temperatures prevailed during the detach-
ment so that the paragenesis continued to recrystal-
lize. Chlorite, hematite and pyrophyllite are missing
in these samples (Fig. 6b), therefore also the follow-
ing reaction, not involving pyrophyllite, can be
assumed:

Ms/Pg + Chl + Hem — Cld + Qtz

7
+ H,O (Ghent et al. 1989) ™

For the first time, blue riebeckite was found in
one sample (Fig. 5), together with clinozoisite.
Both minerals are affected by solutions related to
the syn-detachment foliation. In some other
samples, old rotated epidote/zoisite, chlorite and
white mica were found. Chemical EMPA compo-
sition and thermo-barometric  interpretation
roughly indicate that temperatures of 300 to
350 °C and pressures around 3 to 5 kbar (Ms Si/2
(pfu) = 3.25 + 0.05) prevailed prior to the detach-
ment event. This is in good agreement with the
chloritoid reactions (5) and (7) observed in some
nearby samples (220, 218, 271). In summary, the
mineral assemblage, the calculated temperatures,
and the chloritoid (Cld1) formation reaction with
and/or without pyrophyllite are probably related
to a first greenschist facies and deformation event
(Fig. 6e) that pre-dates the Getic detachment.

In the northern and northeastern Danubian
window, greenschist facies conditions prevailed
during the activity of the Getic detachment, since
indicative mineral assemblages (samples 179 to
191) are stable within Getic detachment mylonites
(Schmid et al. 1998). In syn-detachment micas,
the Si content is commonly lower compared to
that of the older and rotated micas, pointing to
lower pressure conditions. In most cases, the mica
is ferri-muscovite.

The thermal evolution during the Getic detach-
ment can be only reconstructed in the Latorita
range. In the other areas of the Danubian nappes,
the results concerning P-T data related to pre-,
syn- and post-Getic detachment stages are only
scanty. Regarding the retrograde path (syn- to
post-Getic), the occurrence of clinozoisite sugg-
ests temperatures >300 °C, while biotite +
muscovite + chlorite indicate temperatures around
400 °C (Fig. 14). Hence, temperatures after chlori-
toid (Cld1) formation are slightly higher and evi-
denced by the syn-detachment Ep/Czo-Act/
hornblende-Plag-Bt mylonites. Syn-detachment
pressures of around 3 kbar, based on the phengite
barometry (Ms Si/2 (pfu) = 3.20 4+ 0.05) are indi-
cated with caution for the northeastern border of
the Danubian window. Andalusite formed along a



302

pressure retrograde path and limits the maximum
pressure to 4.5 kbar (Bucher & Frey 1994) at the
aluminium-silicate triple point, but to 3.5 kbar at
400 °C (Fig. 14).

After formation of the Getic detachment and
during rapid cooling, post-Eocene fluid circulation
and a low temperature hydrothermal activity is evi-
denced by the presence of small veins cutting the
detachment-related deformation with Qz + Chl +
Sm + Kln. Zones with an intense but very local kao-
linitization are revealed along the main Oligocene
to Miocene faults and related to a relative high
maturity of Oligocene coals (Fig. 9), specifically
in the area around the Petrosani basin.

Interpretation of metamorphic data

In the diagenetic zone (Fig. 13), between the Cerna
range and the Danube (Fig. 2), mineral associations,
including clay minerals, represent mostly a primary
sedimentary or volcanic origin. Because the entire
stratigraphic section (Permian to Cretaceous)
occurs under metamorphic conditions all over the
Danubian window, the lithologies of this area are
used as reference for reaction educts.

Metamorphic evolution of the
Severin-Cosustea nappe system

Ocean-floor and Alpine metamorphism in the Mehe-
dinti klippen area. In basites and ultramafites of the
Mehedinti klippen area, index minerals epidote +
prehnite, chlorite + prehnite and chlorite + epidote
are related to an old fabric. Epidote veins and amig-
dule fillings together with prehnite, chlorite, albite
and also smectite, are remnants of a typical ocean-
floor metamorphism (Robinson & Bevins 1999).
The assemblages have been described in several
earlier papers (e.g. Cioflica et al. 1981; Maruntiu
1987; Savu er al. 1985). However, diagenesis
from the sedimentary rocks was high enough to
overprint a burial KI and OMR trend. Rocks of
different age at the same structural level show iden-
tical grade of diagenesis. In the slices of the
ophiolitic-sedimentary sequence in the accretionary
wedge, a top-down increase of diagenesis—
anchimetamorphism is not recognized. The
increase of diagenesis and maturity to the northeast
is a post-wedge tectonic trend within the Severin—
Cosustea units.

Attempting a P-T determination, diagenesis
cannot have been below 200 °C in the entire diage-
netic zone studied since discrete smectite was not
identified and liptinite and bituminite do not show
a lower reflectance than vitrinite phytoclasts
(Ferreiro Mihlmann 1996, 2001). In the southern
Mehedinti klippen area, pumpellyite was not
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found; therefore we can conclude that minimum
conditions for orogenic diagenesis are established
at >200°C, in agreement with reaction (1)
and the formation of prehnite, not exceeding
2.5 kbar (point S-SC in Fig. 14, samples 94 to
96), in agreement with the epidote—phrenite
stability field.

The prehnite—pumpellyite facies identified
in sandstones from the Cosustea mélange and in
basalts from the Severin nappe (point N-SC in
Fig. 14, samples 52, 85, 87), is characteristic for
the northern part of the Mehedinti klippen area
(Fig. 5). Orogenic (Cretaceous) diagenesis (e.g.
Manolescu 1937; Stanoiu 1972) has to be distin-
guished versus ocean-floor metamorphism (e.g.
Maruntiu 1987; Savu et al. 1994). Ocean-floor
relicts are again present in epidote veins and
amigdules. Prehnite is overgrown by prehnite2 +
pumpellyite + epidote2. The prehnite2—pumpel-
lyite facies assemblage reflects re-equilibration to
higher grade.

Pumpellyite is extremely rare from oceanic crust
and related hydrothermal systems. Pressure is also
generally too low for the stability of pumpellyite
in mid-ocean ridge systems. This commonly
results in the formation of prehnite + epidote
(Frey et al. 1991; Alt 1999). Prehnite—pumpellyite
facies is indicative for a LT-HP trend in the sub-
greenschist facies (Frey et al. 1991) and typical in
the LP zone (<4 kbar) for convergent settings
(Alt 1999; Robinson & Bevins 1999).

KI data from the prehnite—pumpellyite facies in
the northern part of the Mehedinti klippen area
correspond to the diagenetic-/anchizone limit.
Temperatures around 250 °C, based on the high dia-
genesis zone-anchizone temperature limit (Kisch
1987), are not very reliable due to the data uncer-
tainty, but also kaolinite is present in nearby
Al-rich samples (Fig. 5). Also the use of the chlorite
thermometry is controversial, giving unrealistic
high and inconsistent results, with a mean of 300
to 330 °C and variations in the range of +50 °C.
Bulk rock chemistry, especially the Al/(Fe—Mg)
ratios of rocks, strongly control the chemistry of
chlorite (Arkai et al. 2002b). The original ther-
mometer (Cathelineau & Nieva 1985) was elabo-
rated for meta-andesites. Chlorite geothermometry
values from pelites in the diagenetic zone often
appear too high when compared with those indi-
cated by the other methods (Schmidt et al. 1997)
and should not be discussed, or with caution, at
higher grade (De Caritat 1993).

In Figure 14, the southern (S-SC) and northern
(N-SC) part of the Severin—Cosustea unit of the
Mehedinti klippen are presented in a P-T
diagram. The T °C estimation discussed were
related with the Si (pfu) mica values as a first
approach and plotted on the MP gradient of the
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outlayer); NE-S = northeastern Severin nappe; NE-D1
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orogenic metamorphism path (Bucher & Frey
1994). The phengitic mica points to low pressures
of <3.0 kbar, but mostly the mica is a ferri-
muscovite. Muscovites with very small celadonite
component cannot be used for pressure estimation.

With the available petrological and clay mineralo-
gical data, a precise pressure determination is
not possible.

On the basis that temperatures are around
>200 °C (S-SC) and <250 °C (N-CS), VR/OMR
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is 3.0 (S-SC) and 3.6% R,a.x (N-SC), and pressures
probably below 2.5 (S-SC) and 3.0 kbar (N-SC) a
kinetic maturity and numerical model calculation
for a better P-T approximation is used. The
thermo-barometry proposed by Dalla Torre et al.
(1997) was applied (see also Ernst & Ferreiro
Mihlmann 2004), combined for forward coalifac-
tion simulation with the EASY%R, model from
PDI-PC 2.2-1D (IES GmbH Jiilich). From dis-
cussed field evidence, the diagenetic field gradient
between S-SC and N-SC is synchronous in the
klippen area. Therefore, the model is calibrated
between the lowest temperature from S-SC and
the highest from N-SC. In the OMR/VR-T °C
plot (Fig. 15), the maturity range must fit with the
temperature range from Figure 14. Pressure was
calculated for a diagenetic interval of 1.0, 5.0, 10
and 15 million years. Below 5 million years,
modelled temperatures are consistently too high to
simulate OMR and above 15 million years pressures
do exceed the stability field of prehnite and much
above the Si/2 (pfu) 3.20 line (Fig. 14). The
best fit results use 10 million years for modelling
pressures of 2.1 + 0.2 kbar (S-SC) at 215 to
245 °C for 3.0% Rp.x and 2.6 + 0.2 kbar (N-SC)
at 245 to 265 °C for 3.6% R,.x (Fig. 15). The
plotted ovals for S-SC and N-SC represent the
range of error from measuring and modelling
(Fig. 15).

In Figure 16, a very conservative approach is
done using the EASY%R, model from PDI-PC
2.2-1D. Calibration as for the kinetic maturity
model is applied. Additionally, burial during
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sedimentation is modelled assuming a heat flow
value of 1.5 HFU = 63 mWm 2 The sedimentary
burial modelling step was very important to syn-
thesize maturity in some Alpine nappes (Ferreiro
Mihlmann 2001; Arkai et al. 2002a). In the pre-
sented model, changes of +5.0 mWm 2 do not sig-
nificantly influence the result, but during tectonic
burial variations of + 1.0 are much more important.
During nappe stacking, a heat flow value of
60 mWm ~ was chosen, giving credit to a colli-
sional scenario on the kyanite path (Bucher &
Frey 1994). Time in the collisional part of the
model is the main factor. At maximum depth,
heating time during 10 million years is again
proposed, reflecting the age determinations of
100 Ma (mica ages) and 80 Ma (zircon FT ages,
see discussion for the Danubian nappes) and the
results from the kinetic model. The EASY%R,
PDI-PC 2.2-1D result is very similar to that of the
kinetic model (Fig. 15) and the petrogenetic grid
(Fig. 14). At 3.0% Ry, temperature is 220 °C
and eroded tectonic overburden is determined
around 6 km (Fig. 16), therefore pressure should
be 1.75 kbar for S-SC and 2.55 kbar for N-NC
(8 to 9 km overburden).

The estimated metamorphic path shown in
Figure 14 connecting S-SC with N-SC leads to a
heat-flow path through the P-T field of 40 to
60 mWm™ 2 (Bucher & Frey 1994) and is therefore
normal- to hypothermal.

The results obtained in this area show a coherent
thermal pattern related to regional diagenesis post-
dating ocean-floor metamorphism. The comparison

%R, = kj P_mr" exp%

with ko= 195.195 bars -1,
m=0.131,
n=0.071428571,
E= 24.99 kJmol~l,

(Dalla Torre et al. 1997)

0.0 | |
25 100 200

300

400 T°C

Fig. 15. Kinetic maturity model to substantiate the petrological and clay mineralogical study on Cretaceous

metamorphism. For explanations, see text.
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between grades of diagenesis, together with FT data
on zircon (220 to 173 Ma) and apatite (55 to 50 Ma)
from the very detailed study by Bojar er al. (1988)
in the Mehedinti klippen area, suggest that an
important Palacogene orogenic thermal imprint
did not affect the area south of the Brebina fault.
Therefore, the indication by pumpellyite, together
with the result that the values of OMR correlate
with KI (Fig. 12), showing a typical trend for
orogenic metamorphic conditions at LP on the
kyanite path (Fig. 14), post-ocean floor metamorph-
ism is related to Cretaceous Alpine orogeny. While
the slope of the P-T path, defined by S-SC and
N-SC, is typical for a LT-HP trend in the sub-
greenschist facies between the kyanite and glauco-
phane P-T path.

Subduction-related Cretaceous metamorphism in
the eastern Severin—Cosustea unit. While KI and
OMR show an increase of metamorphism, the
epidote + pumpellyite assemblage at Bumbesti
(Fig. 5, samples 3, 5, 11 to 20) is not facies indica-
tive and strongly dependent on fO,, a(H,0), Fe,O5
and whole rock composition (Potel et al. 2002). The
lack of pyrophyllite and paragonite in clastic sedi-
ments, and also the lack of actinolite in volcanic
rocks of the anchizone, indicate that metamorphism
did not exceed 300 °C (Merriman & Frey 1999;
Robinson & Bevins 1999) in this area.

At the northernmost corner of the Danubian
window, the metamorphic mineral assemblages in
the Severin nappe (NE-S) are partly deformed by
the fabrics related to the Getic detachment, as is
the case for the older granular population of
pumpellyite. In case of the replacement of clino-
pyroxene by actinolite and diopside in gabbros,
the relationship to deformation is not known.

For the ophiolite and flysch rocks, temperatures
between 300 and 350 °C are roughly estimated from
the Alpine mineral paragenesis as shown above.
Chlorite in the s-c fabric of s; in foliated volcanics
(basalts—andesites to prasinites) give 310 to 345 °C
using the chlorite thermometry. Chlorite thermome-
try from volcanic rocks of the epizone is in agree-
ment with other temperature estimations as
was found for the Severin nappe. Although the
use of the chlorite ‘geothermometer’ proposed by
Cathelineau (1988) for volcanics is uncertain
when applied to meta-sediments, the temperatures
obtained are often in good agreement with tempera-
tures derived by other methods (Schmidt er al.
1997; Ferreiro Midhlmann 2001). In case of the
pelite samples (mostly silty marls) from the
Cosustea mélange and the Severin nappe, tempera-
tures increase from 300 + 20 °C at Bumbesti to
340 + 20 °C in the eastern Latorita range. Chlorite
found in the Nadanova beds of the same area indi-
cates temperatures around 340 + 20 °C. Chlorite2
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in the syn-Getic detachment s, fabric is not very
frequent; the fabric is dominated by mica. A few
temperature determinations show no significant
difference to chloritel.

For the older mica population, the phengitic
mica (Si/2 pfu > 3.23) points to pressures of
>4.0kbar (point NE-S in Fig. 14, see also
Fig. 13). In general, the Si/2 pfu differences of
white mica indicate a relative pressure increase
from southwest to northeast, but the celadonite
content differs strongly in different samples.
Pressure conditions during s; based only on phen-
gite barometry are not well established. Using the
P-T estimate, the pre-Getic orogenic metamorph-
ism was probably pressure dominated and is
located in the P-T diagram (Fig. 14) at the tran-
sition of the HP greenschist to blueschist facies.
Because of many uncertainties, the P-T area for
NE-S is much larger than shown for S-SC and
N-SC, but also reflects the same thermal path in
the P—T diagram.

Comparing all areas studied in the Severin-
Cosustea units, it is demonstrated that metamorphism
post-dates ocean-floor metamorphism and sedimen-
tary burial, but is pre-kinematic in respect to the
Getic detachment. Hence it is a subduction-related
sub-greenschist to greenschist facies Cretaceous meta-
morphic event (Seghedi er al. 1996; Ciulavu &
Seghedi 1997) close to the glaucophane path, related
to the ‘Austrian’ phase of the older literature (e.g.
Stanoiu 1972). Based on radiometric ages of amphi-
bole K/Ar-ages, biotite K/Ar- and Rb/Sr- ages, the
metamorphic peak is dated at around 100 + 10 and
110 £ 10 Ma (Ratschbacher er al. 1993;
Grunenfelder et al. 1993; Dallmeyer et al. 1996).

The increase of pressure with increasing meta-
morphic grade from south to north results in a sub-
duction geometry to the north and an accretionary
wedge thrusting top-south. Therefore, a Late
Cretaceous nappe stacking top-south/southeast, as
postulated by Schmid er al. (1998) and not
top-east/northeast as reported by Ratschbacher
et al. (1993) and Willingshofer (2000) is substan-
tiated by the data of this paper.

Regarding the syn-detachment conditions in
the northeastern part of the Danubian window,
basalts from the Severin nappe show the following
mineralogical association characteristic for the
pumpellyite—actinolite facies: Chl+ Ep/Czo +
Ab + Act+Pmp + Qtz. The Zo/Czo + Pmp +
Act assemblage, together with paragonite (deter-
mined by XRD), is typical for a HP transition
(higher pressure bathozone) from sub-greenschist
to greenschist facies (Robinson & Bevins 1999).
The conditions did not change considerably, but
the celadonite content in mica is much lower,
indicating a pressure decrease from pre- to the
syn-detachment metamorphism.
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The replacement of hornblende by actinolite
with epidote and rutile in syn-Getic mylonites
(samples C, D and E) of the same area probably
points towards higher pressures (Maruyama et al.
1986) than those expected for common greenschist
conditions, or were controlled by oxygen fugacity
and/or the bulk composition of the host rock. The
transition from green hornblende to actinolite in
the basement rocks may also indicate pressures
decreasing to conditions <3.0 kbar during the
detachment, together with an increase in tempera-
ture (Black 1977; Sperlich 1988). A systematic
geochemical study of the basement rocks has to
verify this hypothesis.

Metamorphic evolution of the Danubian
nappes

Accretion and nappe stacking. For the transition
from diagenetic zone to anchizone, temperatures
of 250 °C are inferred. The kaolinite—pyrophyllite
reaction isograd (3) indicates temperatures
>260 °C, probably around 280 °C (Fig. 13,
between samples 230 and 250) due to the high a
(H,0) and the close vicinity of reaction (4).

The maximum metamorphic temperatures, such
as indicated by reactions (4) and (5) in the Schela
Formation of the Tarcul and Vilcanu range
(Fig. 2), are between 300 and >320 °C (Figs 13
and 14). Cooling in the west of the Cerna—Jiu
fault is dated at 81 in the west to 51 Ma in the
east (Willinghofer 2000; Fiigenschuh & Schmid
2005). The reaction products (4) and (5) show
deformation by s, close to the Getic detachment
but cross-cut the flaser structure or a poorly devel-
oped schistosity with also mineral grains displaying
a weak preferred orientation s;. Metamorphism
occurred after last sedimentation in the Early
Cretaceous and prior to cooling at 81 Ma.
Cretaceous deformation s; is related to nappe
thrusting and the mineral paragenesis accommo-
dated due to tectonic burial. Metamorphism can
be related syn- to post-kinematic to the deformation
during plate convergence posterior to the subduc-
tion of the Severin ‘ocean’ and collision of
the Danubian continental block with the Getic—
Supragetic units (Berza et al. 1994).

In the northeastern corner of the Danubian
window, lower greenschist facies conditions
(Stanoiu et al. 1982; Tancu 1986) in the semi-
graphite stage (Popescu et al. 1982) at maximum
temperatures of 400 °C were also inferred by
Ratschbacher et al. (1993) for the northeastern
corner of the Danubian window. This assumption
is not evidenced by mineral reaction in the s; foli-
ation. Relicts of the Cretaceous metamorphism
(Pgl1-Ms1-Chl1-Cld1-Czol—-Rbk) are typical
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for Barrovian orogenic low greenschist facies meta-
morphism but an increase in metamorphic grade is
not demonstrated. Relicts are found, as in the
locality of Rafaila far away from the detachment
(Fig. 17).

Only Msl, Chll and Czol grow in many
samples syn-kinematic in s;. Therefore, the
EMPA study was focused on the regional variations
in the chemistry of Chll and Msl. 300 to
320 + 50 °C were obtained in Schela Formation
samples from the north of the Petrosan basin
(Retezat range, samples 212, 213) and in the north-
ern Cerna range, increasing to 350 + 30 °C in the
Vilancu range (samples 3, 210) and in the northern
Latorita range (samples 181, 189, 192) and
350 + 50 °C at Schela (sample 21). In a Nadanova
marl at Sasa Stefanu (sample 192b) from a homo-
genous composition analysis, a temperature of
325 + 25 °C was calculated. The wide range of
inferred temperatures is probably due to a detrital
contamination, which is not recognized in the back-
scatter image. Big crystals of probably detrital
origin gave calculated values around 400 to
450 °C. Compared with the other methods, the
temperatures calculated are much too high in the
Al-rich Schela Formation. The results confirm that
the use of the chlorite ‘geothermometer’ proposed
by Cathelineau (1988) for volcanites is unreliable
when applied to Al-rich sedimentary rocks (Jiang
et al. 1994). In case of Al-rich metapelites, a
re-calibration of the temperature values is needed
(Arkai et al. 2002D).

The result from the Nadanova marl may be
close to realistic temperatures (see discussion
related to samples from the Cosustea—Severin
units). From phengite barometry, an increase of
pressure from the Retezat range (>3.0 kbar) to
Schela (>4.0 kbar) is evident on the same
samples used for the Chll study. The Msl NW
to SE trend may reflect the accretionary wedge
geometry explaining increasing pressure with
structural depth pointing to Late Cretaceous nappe
stacking top-south/southeast, as postulated by
Schmid et al. (1998).

Getic detachment and syn-kinematic metamor-
phism. 1llite Kiibler index, vitrinite reflectance,
mineral associations and mineral chemistry, but
also zircon fission-track (FT) data (Fiigenschuh &
Schmid 2005), all present the same trend, which
indicates, different to that of s;, an increase in meta-
morphic grade from southwest to northeast within
the Danubian units. Shown by zircon FT ages,
cooling started in the west in the Cretaceous
and in the east during Palaeogene combined with
a trend from partial to complete annealing
(Fiigenschuh & Schmid 2005). The clay mineral
and maturity trends in the Danubian nappes, as
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Fig. 17. Tectonic cross-section through the Danubian window at the east of the Sadu—Petrila fault with the

metamorphic results from the Latorita range. Data from the Severin—Cosutea unit west of Bumbesti were projected into
the section showing two progressive metamorphic discontinuities at nappe boundaries. Also the reason for preservation
of Cretaceous Alpine conditions (s;) at a structural deep position at Rafaila is indicated. Getic deformation during s,

could not blur the Alpine fingerprint in Mesozoic cover rocks.

also the s, mineral paragenesis, is distinguished by a
different distribution pattern and not controlled by
the structural level of the Cretaceous nappe
system or topographic elevation.

The metamorphic pattern shown on Figures 13
and 17 cannot be related to a Cretaceous orogenic
scenario, as shown in the last chapter, but was gen-
erally postulated (e.g. Mrazec 1898; Murgoci 1912;
Manolescu 1937; Pop 1973; Berza et al. 1983), with
a thermal peak during the Cenomanian to Turonian
(Iancu et al. 1984; Berza et al. 1988a), and more
recently dated at 100 Ma (Griinenfelder er al.
1983; Ratschbacher et al. 1993; Dallmeyer et al.
1996; Bojar et al. 1998). The main metamorphic
pattern needs re-interpretation.

The lower temperature boundary of the anchi-
zone at +250 °C at the north of the Cerna—Jui
fault (not found in the south of the fault) in the
Danubian nappes is extraordinarily high (Fig. 13).
In a collisional orogenic setting without mag-
matism, temperatures limit the anchizone in the
range between 220 + 20°C and 300 + 20 °C
(Frey et al. 1980; Kisch 1987; Merriman & Frey
1999; Frey & Ferreiro Mihlmann 1999; Ferreiro

Mihlmann 2001). The correlation between
OMR and KI points to hyperthermal heat flow
conditions and to a high thermal gradient

sub-greenschist facies.

Data from Chl2 chlorite and Ms1 muscovite—
phengite thermometry and barometry have to be
discussed with the same caution as for the s;
study. The temperature calculations from Chl2,
applied on the same samples, are in the identical
range of error showing higher temperatures, but a
higher standard deviation. In the marl sample
192a from Sasa Stefanu, a homogeneous ChI2
chemistry resulted in temperatures of 350 to
400 °C. Regarding Ms2, the Si/2 (pfu) values
scatter around 3.2 (most being lower and identified
as ferri-muscovite). Only three samples (213, 220,
189) fulfil the criteria for the estimation, indicating
3.0 kbar in the Retezat range (identical to s; con-
ditions), <3.0 at Schela and 3.0 at Voineasa. It
can be inferred that the metamorphic temperatures
during the Cretaceous evolution and during the
Eocene Getic event were very similar while
pressure decreased.

Cld1 formation is post-kinematic to Alpine
nappe stacking (samples 219 at Rafaila, 266 and
267 in the Tarcul range) and pre- to syn-kinematic
to the Getic detachment (northeastern Danubian
nappes). In the s, foliation, CId2 is present from
south of the Hatec basin to Voineasa, all along the
northern margin of the Danubian window and in
the epizone east of the Petrosani basin. In the
Retezat Mountain and in the east and south of
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Petrosani, reactions (A), (5) and (6) are defined
from thin and EMPA sections. A temperature of
>320 °C is defined by these reactions in agreement
with the minimum values of Chl2 thermometry
(by accident?).

As described above, the neoformation of And +
Bt+Chl +Ms (Fe-Ms) +Qtz in the pressure
shadow of chloritoid (Cld1) was syn-kinematic to
CId2 within the schistosity related to the Getic
detachment (Fig. 6¢, d). K-Fsp in grain contact is
also involved in the reaction (Fig. 14). It is possible
that peak temperatures of 380 to 410 °C measured
by chlorite thermometry and derived from
Figure 14 were reached close to the end of the
Getic detachment movement. This points to a temp-
erature increase after Alpine orogenesis. Most data
are in accordance with a P—T loop typical for a
setting between orogenic collisional and HT-LP
metamorphic conditions (Fig. 14) on the andalusite
path. Maximum pressure (Cretaceous) and tempera-
ture (Eocene) were not reached simultaneously, but
this is typical for all clockwise loops without
isothermal decompression.

Under low-pressure conditions, OMR/VR is
particularly dependent on temperature and time
because the maturation of thermodynamically
metastable organic matter is a mere expression of
reaction rate (e.g. Hood et al. 1975; Waples 1980;
Hunt er al. 1991; Ernst & Ferreiro Méahlmann
2004). Therefore, the OMR can provide very
important information about the thermal regime.
The thermobarometry proposed by Dalla Torre
et al. (1997) and Ernst and Ferreiro Mihlmann
(2004) could not be applied because for OMR
>5.0% R . kinetic modelling is not calibrated.

OMR is very high compared to KI and mineral
paragenesis data. As deduced from Figures 12 and
14, the metamorphic imprint was dominated by a
thermal event under low-pressure conditions and
high heat flow. Comparing our data (Figs 12 and
13) with published data (e.g. Frey et al. 1980; Rahn
et al. 1994; Ferreiro Mahlmann 1994, 1996, 2001;
Belmar et al. 2002), the high VR values (3.5 to
4.5% Ry at the upper limit of the diagenesis
zone are associated with either hyperthermal
(>70 m Wm™%; Robert 1988) heat flow conditions
or high geotherms (>35°Ckm ). From the
general correlation (Fig. 12), a VR value of
44% R is calculated, possibly indicating
enhanced heat flow during the detachment evolution.

A short heating time is indicated by the fact that
OMR suggests a higher metamorphism than that
deduced from the corresponding KI values and the
mineral assemblages. The retardation of mineral
reactions and illite aggradation versus OMR,
specifically under short thermal events or during
short time with elevated heat-flux, is well demon-
strated (see Wolf 1975; Teichmiiller 1987; Barker

1989). A short heating time is also explained by
the local detection of HT reactions and a poor
mineral re-accommodation to the new P-T con-
ditions. During crustal thinning in the South Car-
pathians and exhumation of the Danubian nappes,
the chemical composition of minerals probably
did not change and nearly no mineral neo-formation
occurred. However, during the temperature
increase, OMR was enhanced due to the high reac-
tion rate of the organic maturation processes. The
observed disequilibrium between KI, mineral para-
genesis and OMR, similar to conditions known
from contact metamorphic settings (e.g. Bostick
1973; Barker & Pawlewicz 1994; Elliot et al.
1999; Belmar et al. 2002), can only be preserved
during a short time of temperature and/or heat
flow increase.

The relatively elevated OMR in Danubian
window can be well explained by isothermal
decompression during the detachment related to a
slight elevation of the geotherm due to crustal thin-
ning and rapid exhumation of Danubian units. High
heat flow can be enhanced by the rapid uplift of hot
basement rocks with a high thermal conductivity.
An elevated higher heat flux probably followed
during maximum exhumation at the end of the
Getic detachment, a time when the retrograde chlor-
itoid decomposition reactions took place. Durin%
exhumation, heat flow increases to >150 mWm
during uplift of the Tauern dome (Fig. 1), as is
well demonstrated by maturity studies (Sachsenho-
fer 2001). Thermal effects of exhumation of a meta-
morphic core complex on hanging wall syn-rift
sediments were also well studied from the Rechnitz
window (Fig. 1, Dunkl er al. 1998). The scenario
demands a thermal influence to be considered in
the Getic-Supragetic units. In this paper, it is evi-
denced: (1) by a ductile deformation of the basis
of the Getic—Supragetic units in the northeast of
the Danubian window (deformation is found in
the first 10m on top of the detachment
Ep—Chl—Act—mylonites); and (2) by sediments
on the Getic basement showing a high maturity.
Coal seams and resedimented coal particles of Oli-
gocene age were coalified to the sub-bituminous to
high volatile bituminous stage at the southeast of
the Hatec basin and in the Petrosani basin. In the
area of Bumbesti and close to the Danube, the
coal remains in the lignite stage (Fig. 9).

A slight increase in temperature in the Danubian
nappes is supported in Figure 12 by the occurrence
of andalusite and biotite (NE-D2). Fresh biotite,
actinolite, blue-green amphibole and chlorite
cross-cutting all microstructures are known from
the basement rocks (Tudor Berza, pers. comm.).
An initial increase of temperature is typical during
the thermal evolution of a metamorphic core
complex footwall (e.g. Genser et al. 1996; Dunkl



310

et al. 1998). An extremely rapid shortening com-
bined with an advective heat transport causes an
elevation of isotherms and thus the increase of near-
surface geotherms (Koons 1987; Mancktelow &
Grasemann 1997; Fiigenschuh ef al. 1997). There-
fore, the main metamorphic pattern in Figure 13 is
caused by a syn-Getic, Eocene metamorphism,
and the Danubian window can be regarded as a
very low- to low-grade high thermal gradient meta-
morphic core complex. Cooling below zircon
annealing is determined for the Retezat and
Vilcanu range at 64 to 54 and 67 to 46 Ma (Bojar
et al. 1998; Schmid et al. 1998; Willingshofer
2000; Fiigenschuh & Schmid 2005). East of the
Sadu—Petrila fault, thermal metamorphism did not
decrease below zircon annealing at 31 to 21 Ma
(Fiigenschuh & Schmid 2005). A much longer pres-
ervation of metamorphic conditions in this area may
be the reason for establishment of equilibrium con-
ditions in the microscopic scale and for identifi-
cation of poikiloblastic andalusite (Fig. 6¢c, d) at
Sasa Stefanu (Fig. 2) by optical microscopy
together with biotite and chloritoid2.

Getic detachment and cooling history of the
Danubian window. Fission-track data from the lit-
erature (Figenschuh & Schmid 2005) show three
main trends: age decrease toward the north (east),
towards lower tectonostratigraphic levels and
towards the Tarcul-Retezat dome. The tempera-
tures obtained in the northeastern part of the Danu-
bian window confirm the temperatures in excess of
320 °C indicated by FT analysis (Schmid et al.
1998; Willingshofer 2000). These data emphasize
a north(east)-ward-directed unroofing of the dome
that was coupled with an increase in strain intensity
at its northern margin (Bojar er al. 1998; Schmid
et al. 1998; Willingshofer 2000; Fiigenschuh &
Schmid 2005).

In the Tarcul—Retezat dome, zircon FT data indi-
cate cooling below 250 °C during the Campanian to
Oligocene (Schmid et al. 1998). Therefore, the reac-
tions (3) and (4) were of pre-Campanian age but
post-nappe tectonic (Cenomanian to Turonian,
Ratschbacher et al. 1993; Griinenfelder et al. 1983;
Dallmeyer et al. 1996). In the east of the Cerna—
Jui fault, cooling is much younger as determined
by zircon data (Maastrichtian to Oligocene,
Fiigenschuh & Schmid 2005) and reactions (4), (5),
(6) and (A) may have occurred later or reaction pro-
gress continued. Therefore, the zone boundaries on
both sides of the fault do not need to be synchronous.

The trends shown by Figure 13 can be well
explained by asymmetric extension, starting in
the south(western) part of the Danubian window
and propagating towards north(east). Asymmetric
extension led to the rise of an asymmetric thermal
dome, which results in higher temperatures for a
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longer time in north(eastern) parts of the Danubian
window (Fig. 14). In Figure 14, this is shown by
thermal re-equilibration to NE-D2 instead of an
isothermal decompression.

In the Mehedinti klippen area and at Bumbesti, a
diagenetic—metamorphic discontinuity separates
diagenetic to low anchizone rocks of the Severin—
Cosustea system from hot high anchizonal (Cerna
range) to epizonal rocks (Vilcanu range) of the
Danubian nappes. The disturbed metamorphic
pattern between Severin—Cosustea nappes and
Danubian nappes can be explained by a progressive
metamorphic hiatus (Fig. 17). A sudden P-T
increase towards the footwall is typical for the dis-
placement of a cool upper structural unit on a hotter
lower unit along a normal fault. Probably normal
faulting between the Severin—Cosustea system
and the Danubian nappes is cogenetic with the
Getic detachment.

In the Mehedinti klippen area and at Bumbesti,
the ocean-floor metamorphism and the diagenetic
to anchizonal metamorphic pattern related to
Cretaceous nappe stacking in the Severin—Cosustea
system was preserved and remained unaffected by
the hyperthermal Getic low-pressure event docu-
mented for the central and northern part of the meta-
morphic core complex. The normal faults caused a
displacement of the higher nappes towards the
southeast, to the extremity of the dome. Conse-
quently, this area escaped the high heat flux in the
central part of the dome and the stage of the
Alpine KI-VR equilibrium (note the different
trend in Fig. 12) was not altered.

Conclusions (geochronology)

(1) Jurassic ocean-floor (prehnite—epidote facies)
and Cretaceous collisional orogenic metamorphism
(prehnite—pumpellyite facies in the southwest to
pumpellyite—actinolite facies/incipient HP greens-
chist facies in the northeast) is constrained in the
Severin—Cosustea nappe system. The trend in
increasing metamorphic grade is related to a sub-
duction geometry top-north/northwest. Due to the
metamorphic discontinuity at the base of the Cosus-
tea wildflysch and Severin nappe in the Mehedinti
klippen area and the displacement to southwest by
a normal fault (probably a syn-Getic detachment
fault), the Jurassic and Cretaceous metamorphic
high diagenetic conditions were also not blurred
in sedimentary rocks by the Maastrichtian to
Oligocene thermal event.

(2) Two steps in the Cretaceous metamorphic
path can be distinguished. The peak metamorphic
conditions in the syn-nappe stacking epizone of
the subducted Severin unit are close to those of
the blueschist—greenschist transition. Also the syn
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sy (first deformation) metamorphism in the
Danubian nappes appears characteristic of LT-HP
collisional orogenic conditions between the
kyanite and glaucophane path. Peak pressure con-
ditions >4 kbar in the structural lowest units
under sub-greenschist to greenschist facies were
reached in the Mesozoic cover during top-southeast
Cretaceous nappe stacking. The accretional wedge
was formed during Cenomanian to Turonian time.

(3) In the west of the Cerna—Jiu fault, reaction
isograds and the diagenetic to metamorphic zone-
boundary pattern are established due to meta-
morphic accommodation after nappe thrusting
(diagensis to greenschist facies, diagenetic zone to
epizone). Metamorphic conditions indicate an
increase in heat flow and temperature, related to
an early stage of Getic detachment movements in
the Senonian. Cooling started at Maastrichtian
time. The metamorphic pattern is re-equilibrated
between the Cenomanian and Maastrichtian.

(4) In the east of the Cerna—Jiu fault peak temp-
erature conditions were reached during or slightly
after formation of the Eocene Getic detachment.
Decompression during the detachment event
caused a high thermal gradient greenschist facies
metamorphism with the characteristics of hyperther-
mal conditions between the kyanite and andalusite
path, but far away from a contact metamorphic
path. This is best explained with crustal thinning
and exhumation, because no magmatism is known.
Cooling followed in the west during Maastrichtian
and Palaeocene time and in the east during the
Eocene and Oligocene. In this area, reaction pro-
gress may have continued until the Oligocene.

(5) Crustal thinning is located between the
Getic-Supragetic nappes and the Severin—Cosustea
nappes. However, part of it must be located between
the Severin-Cosustea nappes and the Danubian
nappes. The amount of missing crust increases
from the southwest to the north and northeast indi-
cated by the metamorphic progressive discontinuity
between the foot- and hanging wall of the detach-
ment and at the normal fault below the Mehedinti
klippen area.

(6) Oligocene to Miocene faults (Cerna—lJiu,
Brebina) disturb the metamorphic pattern in the
Danubian window. A very low-grade hydrothermal
event is related to Oligocene—Miocene faulting.
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