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Alpine metamorphism of organic matter in metasedimentary rocks
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ABSTRACT

The diagenetic to low-temperature metamorphic alteration of Mt. Medved-
nica (Internal Dinarides, Croatia) has been studied by vitrinite reflectance,
ordering data of organic matter determined by X-ray powder diffraction and
Raman spectroscopy of extracted carbonaceous material.

In metapelites of the Medvednica Metamorphic Complex (MMC), maxi-
mum vitrinite reflectance varies between 6.9 and 9.8%. By X-ray powder dif-
fraction, the finely dispersed carbonaceous material is classified as d;-graph-
ite. Based on the “Raman Spectroscopy of Carbonaceous Material Thermo-
meter”, peak metamorphic temperatures of ca. 410 °C are estimated. The
degree of organic maturation and the estimated peak temperature correlate
fairly well with the Cretaceous (120-80 Ma) high-temperature anchizonal to

epizonal metamorphism of the unit, determined by illite Kiibler index, chlo-
rite “crystallinity” and K-white mica — chlorite thermobarometry.

In the tectonically higher Jurassic Ophiolitic Mélange and in the uncon-
formably overlying Cretaceous—Paleocene Sequence, random vitrinite reflec-
tance between ca. 0.7 and 2.2% suggest a stratigraphical trend of the data
and therefore a common burial history. In the Jurassic Ophiolitic Mélange
and the Cretaceous-Paleocene Sequence, the synmetamorphic carbonaceous
material is classified as ds;-graphite. In both units, organic thermometers pro-
vide peak temperatures of 100240 °C. These estimates are in accordance with
phyllosilicate reaction progress indicators, showing no systematic variation in
the stratigraphic succession.

Introduction

The northern Internal Dinarides comprise pre-Neogene tec-
tonic and sedimentary units formed during different stages in
the geodynamic history of the Dinaric branch of the Neotethys
and its continental margins. These units are locally exposed as
inselbergs (Medvednica, Zumberak, Ivani¢ica and Kalnik Mts.)
within a triangular wedge between the Southalpine Unit, the
External Dinarides and the Tisia Unit (Fig. 1). In Mt. Medved-
nica, following the pre-Eocene structural order from bottom
to top (Tomljenovi¢ 2002; Tomljenovié et al. 2008), these units
are (Fig. 2): (1) the very low- to low-grade metamorphic Med-
vednica Metamorphic Complex (MMC) overlain by (2) the
Jurassic Ophiolitic Mélange (or Repno Complex sensu Babié
et al. 2002). Both units are unconformably covered by (3) the
Cretaceous (Senonian) to Paleocene (Gosau-type) Sequence
(Babic¢ et al. 1973; Siki¢ et al. 1977; Crnjakovi¢ 1979, 1987). The
Zumberak nappe (4) is thrust upon the Senonian—Paleocene

Sequence at the southwestern edge of Mt. Medvednica (Sikic
et al. 1977).

In the Inner Western Carpathians, pre-Neogene tectonic
and sedimentary units akin to those of the Internal Dinarides
have been described from the Biikk Mts. and its surroundings
(e.g. Balogh 1964; Arkai et al. 1995; Csontos 1999, 2000; Pamié
etal.2002;Sudar & Kovacs 2006). In terms of petrography, strati-
graphy and geochronology of the regional Alpine metamorphic
event, the major tectonic units of the Biikk and Medvednica
Mts. might have both, a common palaeogeographic origin and
a similar pre-Neogene tectonic history. However, in contrast to
the comparatively large data base on phyllosilicate “crystallin-
ity” indices, K-Ar and fission track ages of the Biikk area (e.g.
Arkai 1983; Arkai et al. 1995 and references therein), a correla-
tive data base on the pre-Neogene units of Mt. Medvednica is
published only partly (e.g. Judik 2007; Judik et al. 2004, 2006;
Ripsz—Judik 2008; Lugovi¢ et al. 2006), and still under construc-
tion. Metamorphic temperature and pressure estimates of rock
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sequences from Mt. Medvednica were described by e.g. Judik
et al. (2004) and Lugovi¢ et al. (2006).

Carbonaceous matter, often dispersed in siliciclastic and
carbonate rocks, is transformed progressively under increas-
ing temperature and pressure conditions. This process can be
evaluated quantitatively by vitrinite reflectance measurements
(e.g. Teichmiiller & Teichmiiller 1981; Taylor et al. 1998), X-ray
powder diffraction (Landis 1971) and Raman spectroscopy
(Pasteris & Wopenka 1991; Wopenka & Pasteris 1993; Yui et
al. 1996; Beyssac et al. 2002; Rantitsch et al. 2004, 2005; Rahl et
al. 2005). All these methods are used here to better constrain
the Cretaceous (Alpine) tectonothermal history of Mt. Med-
vednica.

Furthermore, phyllosilicate reaction rate indicating pa-
rameters (illite Kiibler index, chlorite “crystallinity” Arkai in-
dex, apparent mean crystallite thickness and lattice strain of
illite-K-white mica and chlorite), supplemented by results of
empirical chlorite AI(IV) thermometers, the thermobarometer
of Vidal & Parra (2000) and the empirical illite—K-white mica b
barometry (see Guidotti & Sassi 1986) are compared with the
obtained organic maturity data.

Geological setting

In the area north of Zagreb, within the triple junction zone
between the Southalpine Unit, the External Dinarides and
the Tisia Unit, the overall NW-trend of the Internal Dinarides
sharply turns into the ENE direction (Fig.1). According to
Tomljenovi¢ et al. (2008) the reason for this dramatic change
of trend is a Late Paleogene (possibly Oligocene—carliest Mio-
cene) 130° clockwise rotation of a tectonic block comprising
the Medvednica, Ivans¢ica and Kalnik Mts. This rotation was

(! 200 km

Mt. Medvednica

caused by right-lateral shear along the Periadriatic-Balaton
fault system (e.g. Fodor et al. 1998; Tomljenovi¢ et al. 2008)
or the Zagorje-Mid-Transdanubian shear zone (Pami¢ &
Tomljenovi¢ 1998), which also resulted in the eastward es-
cape of the Internal Dinaridic units along this fault system, all
the way up to the area of the Inner Western Carpathians (e.g.
Kazmér & Kovacs 1985; Balla 1989; Haas et al. 2000; Haas &
Kovdcs 2001; Csontos & Voros 2004; Schmid et al. 2008) leading
to the recent far displaced positions in the mosaic of the previ-
ously neighboring tectonic units.

From bottom to top, the pre-Eocene structural assemblage
of Mt. Medvednica comprises the Medvednica Metamorphic
Complex, the Jurassic Ophiolitic Mélange, and the Creta-
ceous—Paleocene Sequence (Tomljenovi¢ 2002; Tomljenovi¢ et
al. 2008; Fig. 2). In the southwestern part of Mt. Medvednica, a
thick Triassic platform carbonate succession of the Zumberak
Nappe represents the uppermost pre-Neogene structural unit.
The Miocene (Ottnangian—Pontian) fill of the Pannonian Basin
and Pliocene-Quaternary sequences unconformably overly
these units along the southern slopes of the mountain (Siki¢
et al. 1977; Basch 1995). Along the northwestern foothills, the
Upper Miocene strata are frequently overturned and are, to-
gether with Pliocene-Quaternary sequences, overthrusted by
basement units (Tomljenovi¢ & Csontos 2001).

Cropping out in the central and northeastern part of the
range, the lowermost tectonic unit of Mt. Medvednica, the
Medvednica Metamorphic Complex (MMC, Siki¢ et al. 1978;
Basch 1983, 1995; Tomljenovi¢ 2002) comprises greenschists,
metagreywackes, slates, phyllites, marbles, recrystallized do-
lomites, metaconglomerates and quartzites. Biostratigraphic
data prove Silurian to Late Triassic ages of the sediments
(Purdanovi¢ 1973; Sremac & Mihajlovi¢-Pavlovi¢ 1983).

Units related to the Variscan Moldanubian
and Median zones and to the “northern”
(European) Tethys margin

Neotethyan ophiolite complexes
(Vardar, Dinaridic, Biikkium, “Meliatic™)

Penninic - Outer Dacidic ophiolite
complexes

Pieniny Klippen Belt
Alpine flysch zones

Units related to the southern
(Adriatic - Apulian) Tethys margin

BELLLE

Fig. 1. Simplified tectonic sketch map of the Pannonian Basin and the surrounding areas (after Haas et al. 2000; Kovdcs et al. 2000); ZMTZ: Zagorje-Mid-Trans-

danubian Zone, ZZ: Zagreb—Zemplin Lineament, PB: Periadriai-Balaton Line.
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Alpine K/Ar whole rock age data obtained on greenschists and
on a separated muscovite fraction of a vein vary between 122
and 110 Ma (Belak et al. 1995). The illite—-K-white mica rich
<2 um fractions of metasediments show K/Ar ages of ~110 Ma.
K/Ar ages of ~80 Ma were determined in meta-volcanoclastics
and meta-igneous rocks (Judik et al. 2006). The age differences
may be explained by missing inherited, detrital K-white-mica
in the metavolcanic-volcanoclastic rocks. The corresponding
age data represent minimum ages of the very low- to low-grade
metamorphism (Judik et al. 2006). Parameters indicating phyl-
losilicate reaction rate prove a medium pressure, anchizonal
to epizonal regional metamorphism within the MMC (Judik
et al. 2004). Based on inorganic empirical thermometers and
barometers, the physical conditions of the Alpine metamorphic
event were estimated at ca. 300-400 °C and 3—4 kbar (Judik et
al. 2004; Judik 2007; Lugovic¢ et al. 2006).

Thrusted onto the MMC, the diagenetically altered (Ju-
dik et al. 2004) Jurassic Ophiolitic Mélange forms a chaotic
assemblage of an accretionary wedge (Babi¢ et al. 2002 and
references therein). It consists of fragments of metamagmatic
rocks, graywackes, radiolarites and limestones, embedded in a
sheared shaly-silty matrix (Pami¢ & Tomljenovi¢ 1998; Babic¢ et
al. 2002). Halami¢ & Gori¢an (1995) and Halamic¢ et al. (1999)
documented Upper Ladinian to Carnian and Upper Bajocian
to Lower Callovian ages of radiolarites, while the age of the
shaly-silty matrix was constrained as Lower Jurassic to Bajo-
cian (Babi¢ et al. 2002).

The MMC and the Jurassic Ophiolitic Mélange are both
unconformably overlain by the diagenetically altered (Judik et
al.2004) Late Cretaceous—Paleocene (Gosau-type) Sedimentary
Sequence comprising alluvial fan and delta fan conglomerates,
Inoceramus-bearing sandstones, and Scaglia-type hemipelagic
biomicrites and siltstones of Upper Cretaceous age (Sikié et al.
1978; Crnjakovi¢ 1979). Locally, biomicrites intercalated with
calcareous turbidites and carbonate megabreccias (Babi¢ et al.
1973) grade into calcareous and siliciclastic turbidites of Maas-
trichtian (Crnjakovi¢ 1981) and Paleocene ages (Tomljenovi¢
1995).

Tomljenovi¢ et al. (2008) described four pre-Miocene defor-
mational events in Mt. Medvednica (D1-D4).The D1 synmeta-
morphic deformation is related to Aptian—-Albian top-to-the-
north nappe stacking in the central-northern Dinarides, D2 is
evidenced by folding and top-to-the-west shearing attributed to
Early Albian orogen-perpendicular shortening, D3 folding and
thrusting is related to post-Palaeocene, most probably Middle
Eocene to Oligocene E-W shortening, and D4 is documented
by pervasive dextral shearing on previously formed NE-strik-
ing structures. Following the main period of tectonic escape and
induced clockwise rotation in the Late Paleogene, Mt. Medved-
nica and the surrounding inselbergs were affected by Neogene
extensional and partly transpressional tectonics, which finally
resulted in the formation of basement pop-ups and km-scale
folds during Early Miocene to recent times (Tomljenovi¢ &
Csontos 2001).

Due to the limited exposures and quite complex structural
evolution (Tomljenovi¢ & Csontos 2001; Tomljenovi¢ 2002;
Tomljenovi¢ et al. 2008), the exact origin, formation ages, and
even composition of the pre-Neogene units of Mt. Medved-
nica are still problematic (see e.g. Babi¢ et al. 2002; Slovenec
& Pami¢ 2002). Hence, the original paleogeographic origin,
regional correlation and classification of these units into par-
ticular tectonic zones or nappes of the Internal Dinarides fur-
ther ESE are interpreted controversially (see e.g. Pami¢ 2002;
Schmid et al. 2008 and references therein). In this study we re-
fer to the tectonic subdivision of Schmid et al. (2008) and attri-
bute all mentioned units into the Jadar-Kopaonik thrust sheet
of the Internal Dinarides.

Methods

Organic maturity was determined in selected samples from the
MMC (Fig. 2), the Jurassic Ophiolitic Mélange and the Creta-
ceous—Paleocene Sequence of Mt. Medvednica.

Apparent maximum and minimum vitrinite reflectance
(Rpax and R;) in slate and phyllite samples from the MMC
and random reflectance (R,) in pelitic and carbonate rock sam-
ples from the Jurassic Ophiolitic Mélange and the Late Creta-
ceous—Paleocene Sequence were measured on polished sec-
tions cut perpendicular to the foliation. The measurements
were carried out using a LEICA MPV microscope at the Uni-
versity of Leoben, in oil immersion and at a wavelength of
546 nm. R, and R,;, were recorded using polarized light, R,
were measured in un-polarized light on fine-dispersed vitrinite
particles of elongated shape, showing smooth surface and
strong bi-reflectance, without evidence of any traces of oxida-
tion and/or re-deposition.

Carbonaceous material (CM) dispersed in pelitic and lime-
stone samples from all the three studied units was character-
ized also by X-ray powder diffraction (XRPD) of the CM con-
centrates. The samples were crushed in a jaw crusher, followed
by crushing in a mortar mill for 3 min. The organic matter was
concentrated by using HCI and HF. An amount of 1-3 mg/cm?
of the organic concentrates was mounted onto glass slides and
dried at room temperature. Diffraction patterns were obtained
by a Philips PW-1730 diffractometer (with computerized APD
system) at the Institute for Geochemical Research (Hungar-
ian Academy of Sciences) using the following instrumental and
measuring conditions: CuK, radiation, 45 kV, 35 mA, propor-
tional counter, graphite monochromator and divergence and
detector slits of 1°. Data were collected with 0.01 and 0.02 20
steps, applying time intervals of 1s and 5 s, respectively. The
peak position of the 002 reflection of the CM was determined
according to Landis (1971).

Raman spectra of the dispersed CM were obtained on
the organic concentrates of selected samples from all three
units. For the acquisition of the Raman spectra, a Dilor confo-
cal Raman spectrometer equipped with a frequency-doubled
Nd-YAG laser (100 mW, 532.2 nm) and diffraction gratings of
1200 and 1800 grooves/mm, a Peltier-cooled, slow-scan, CCD
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Fig. 2. Geological map showing the study area with the sample locations (modified after Siki¢ et al. 1978 and Tomljenovi¢ 2002) and the measured vitrinite
reflectance and R2 ratios in Mt. Medvednica. MMC: Medvednica Metamorphic Complex.

matrix-detector and an Olympus BX 40 microscope were
used at the University of Leoben. To obtain a better signal
to noise ratio five scans with an acquisition time of 30 sec in
the 700-2000 cm™ (first-order) and 2200-3200 cm™ (second-
order) region are summed. Five spectra were recorded for each
sample. The measured first-order bands of the Raman spectra
were the D1 (Beyssac et al. 2002) or D band (Yui et al. 1996)
at ~1350 cm™'; the G (Beyssac et al. 2002) or O band (Yui et
al. 1996) at ca. 1580 cm™', the D2 band at ~1610 cm™, and the
D3 band at ~1500 cm™. The second-order bands were recorded
at ~2450 cm™, ~2700 cm™' (S1 band) and ~2900 cm™! (S2 band,
Beyssac et al. 2002). Peak position, area and peak width (full
width at half maximum-FWHM) of the bands were determined
using the computer program LAB-SPEC 2.08 (Dilor SA). The
R1 ratio is calculated as D1/G peak intensity ratio and the R2
ratio is given as D1/(G + D1 + D2) peak area ratio (Beyssac et
al.2002).
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Results

Organic petrography

Slates and phyllites from the MMC contain highly bireflecting,
elongated vitrinite particles with an average length of 2-10 um,
oriented mainly parallel to the foliation. In many cases the
width of these particles is smaller than the spot diameter of
the microscope, thus in some slate samples only a few particles
provided acceptable conditions for vitrinite reflectance mea-
surements. In general, vitrinite particles in the MMC are char-
acterized by smooth surfaces, but some grains show granular,
mosaic-like structure.

Siliciclastic and carbonate rocks samples from the Jurassic
Ophiolitic Mélange and the Cretaceous—Paleocene sequence
contain vitrinite particles with visible bireflectance and smooth
surfaces. In addition to vitrinite grains, in lower amounts, iner-
tinite particles with sharp boundaries, higher reflectance and
with no optical anisotropy are recognized in the samples.



Table 1. (a) R,,,, and R,;, data from metapelites of the MMC.

Sample Lithotype R« s R, s Bireflection n Biostratigraphic
(%) (%) protolith age
Medvednica Metamorphic Complex
JK-3 slate 8.86 227 1.81 0.34 7.05 6 Devonian
JK-4 marble with phyllite 8.51 - 1.14 - 7.37 2 Devonian
intercalations
JK-11 phyllite 7.96 0.99 1.31 0.28 6.65 10 Anisian or Carboniferous
JK-19/a slate 7.71 0.57 1.56 0.46 6.15 30 Middle-Late Triassic (?)
JK-19/b phyllite 9.76 1.63 1.91 0.51 7.85 21 Middle-Late Triassic (?)
JK-19/3 phyllite 722 0.69 1.94 0.42 5.28 30 Middle-Late Triassic (?)
JK-24b/1 phyllite 6.94 0.48 1.26 0.20 5.68 40 Paleozoic (?)
JK-26 phyllite 6.88 0.64 2.07 0.31 4.81 4 Paleozoic (?)
JK-27 metasandstone 8.13 0.63 2.33 0.42 5.80 19 Paleozoic (?)
JK-101 phyllite 8.44 0.66 2.30 0.34 6.14 10 Middle-Late Triassic
JK-106/1 phyllite 6.92 1.09 1.43 0.27 5.49 30 Triassic (?)
PA-7 phyllite 8.14 0.64 1.60 0.11 6.54 3 Late Triassic
PA-12 phyllite 6.50 0.36 2.62 0.47 3.88 9 Middle-Late Triassic
PA-13 slate 5.28 0.23 2.07 0.28 321 7 Middle-Late Triassic

n: number of measurements, R,,,: maximum vitrinite reflectance, R, ;,: minimum vitrinite reflectance, s: standard deviation.

Vitrinite reflectance

In the MMC, maximum reflectance values vary between 6.9%
and 9.8%, minimum reflectance data range between 1.3 and
2.3% (Table 1). No systematical spatial variation of the data
can be recognized (Fig. 2).

Average values of 2.20% and 1.27% R, were measured
on siliciclastic and carbonate rocks from the Jurassic Ophi-
olitic Mélange and the Cretaceous—Paleocene Sequence
(Table 2).

XRPD characterization of the dispersed CM

In the MMC, d values of 3.35-3.36 A (Table 3) indicate the
graphite-d, stage of Landis (1971). Landis (1971) correlated the

graphite-d, stage with the pumpellyite-actinolite facies and the
chlorite zone of the greenschist facies.

In some XRPD patterns from concentrates of the Jurassic
Ophiolitic Mélange and the Cretaceous—Paleocene Sequence,
sharp and intense peaks at ca.3.35-3.36 A superimpose broad, low
intensity d,-graphite peaks at ca. 3.50 A. The broad peaks are fea-
tures of synmetamorphic CM, whereas the graphite-d, peaks are
related to an older, detrital, high-ranked CM population (Fig. 3).
Landis (1971) correlated the d;-graphite with the zeolite facies and
the prehnite-pumpellyite facies.

Raman spectroscopy

Raman spectra acquired from slate and phyllite samples of the
MMC display sharp and intense G peaks at ~1578 cm™!, D1

4000
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CM 3.24 Angstrom
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3000 3.50
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JK-29
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0 Jurassic Ophiolitic Mélange:
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15004

1000 4

5001 Medvednica Metamorphic Fig. 3. Representative XRPD patterns from the

(:’ﬁ(r?f;?: studied units of Mt. Medvednica, CM: extracted
0 v - T T . g g g r r . - - 7 carbonaceous matter, Rt: rutile.
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Table 2. R, and calculated maximum temperatures (Barker 1988 equation) of siliciclastic and carbonate rocks from the Jurassic Ophiolitic Mélange and the

Cretaceous—Paleocene Sequence of Mt. Medvednica.

Sample Lithotype R, (%) n Temperature Biostratigraphic
0), age
Barker (1988)
Jurassic Ophiolitic Mélange
PA-1/a marl 2.19 0.15 52 230 E.-M. Jurassic
PA-1/c marl 1.96 0.10 32 218 E.-M. Jurassic
PA-3 siltstone 2.30 0.12 51 235 E.-M. Jurassic
JK-113c/2 calcareous, fine-grained 2.16 0.13 50 228 E.-M. Jurassic
sandstone, siltstone
JK-113/d siltstone 2.37 0.12 50 238 E.-M. Jurassic
Cretaceous-Paleocene Sequence
PA-4 calcareous, fine-grained 1.62 0.15 50 198 L. Cretaceous
sandstone, siltstone
PA-5 calcareous, fine-grained 1.53 0.09 50 192 Paleocene
sandstone, siltstone
PA-11/a sandstone-siltstone 1.54 0.14 50 193 L. Cretaceous
PA-11/b sandstone 1.59 0.09 39 196 L. Cretaceous
JK-29 marl 1.84 0.16 38 211 L. Cretaceous
JK-102a/1 calcareous, fine-grained 0.67 0.05 50 106 Paleocene (?)
sandstone
JK-102/c siliceous limestone 0.67 0.05 50 107 Paleocene (?)
JK-103 marl 0.88 0.12 50 135 L. Cretaceous
JK-104 fine-grained sandstone 0.79 0.06 50 123 L. Cretaceous
JK-105 marl 1.16 0.13 50 163 L. Cretaceous
JK-107/a siliceous limestone 1.16 0.09 50 163 L. Cretaceous
JK-110/b siliceous limestone 1.66 0.20 11 201 Paleocene
JK-110c/1 marl 1.70 0.06 50 204 Paleocene
JK-115/b limestone 1.18 0.06 25 165 L. Cretaceous
JK-115b/1 limestone 1.01 0.14 17 158 L. Cretaceous

n: number of measurements, R,: random vitrinite reflectance, s: standard deviation.

peaks at ~1347 cm™!, and weakly resolved, broad shoulders of
the D1 bands at ~1615 cm™! indicating the D2 peak (Fig. 4). The
second-order spectra are characterized by bands at ~2446 cm™,
2693 cm™ and 2951 cm! (Table 4).

D1 bands at ~1352 cm™ and G peaks at ca. 1602 cm™ were
measured on the first-order Raman spectra of samples from
the Jurassic Ophiolitic Mélange. No spatial variation in the data
can be recognized (Fig. 2).

The Raman spectra of some samples from the Cretaceous—
Paleocene Sequence indicate the contribution of detrital CM
(Table 4 and Fig. 4).

Discussion

Paleotemperature estimations

It is well documented that Raman spectra of fine-dispersed
CM change systematically with increasing metamorphic grade
(Pasteris & Wopenka 1991; Wopenka & Pasteris 1993; Yui et
al. 1996; Beyssac et al. 2002; Rantitsch et al. 2004, 2005; Rahl
et al. 2005). Beyssac et al. (2002) investigated CM particles in
situ beneath transparent grains in sections orientated perpen-
dicular to the foliation. They described an empirical equation

610 K.Judik et al.

(1) in which the peak metamorphic temperature (T,,,) was
calculated as a linear function of the R2. The thermometer is
calibrated in the range of 330-650 °C.

Table 3. Results of the XRPD characterization of the dispersed carbonaceous
material concentrated from selected rock samples from Mt. Medvednica.

Sample Lithotype d(002) graphite
(A “ordering” *
Medvednica Metamorphic Complex
JK-3_1 slate 3.36 graphite-d,
JK-3_2 slate 3.35 graphite-d,
JK-19 slate 3.36 graphite-d,
JK-26_1 phyllite 3.36 graphite-d,
JK-26_2 phyllite 3.36 graphite-d,
Jurassic Ophiolitic Mélange
PA-1/a marl ~3.50 graphite-d;
Cretaceous-Paleocene Sequence
JK-29 marl ~3.50 graphite-d;

* after Landis (1971).
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Medvednica Metamorphic D1
Complex:

JK-27

Jurassic Ophiolitic
Mélange:
PA-3

Cretaceous - Paleocene
Sequence:
PA-11/a

Increasing organic maturity

Fig. 4. Representative first- and corresponding
second-order Raman spectra from Mt. Medved-
nica. Note the well-ordered second order spec-
trum in sample PA-11/a indicating a detrital com-
ponent in the CM.
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T (°C) =-445 R2 + 641 @8]
Rantitsch et al. (2004) modified the equation of Beyssac et
al. (2002) and applied equation (2) successfully for dispersed
organic material separated from acid-treated whole rock sam-
ples.

T (°C) =—(457 £ 53) R2 + 648 £ 25 (2)
Rahl et al. (2005) gave peak metamorphic temperature esti-
mates (3) of in situ CM using the degree of resetting of low-
temperature thermochronological data (apatite and zircon

fission track ages, (U-Th)/He ages) at temperatures as low as
100 °C.

T (°C) =737.3 +320.9 R1 - 1067 R2 — 80.638 R1? (3)
By applying these formulae, a T,,,, of 460 + 50 °C is obtained
for the MMC (Table 4). However, depending on their whole
rock chemical composition, pelitic rocks affected by thermal
alteration of ca. 450 °C may contain biotite and/or garnet as
metamorphic facies indicating minerals (see e.g. Bucher & Frey
1994). They are absent in the studied slate and phyllite samples
from the MMC (Judik et al. 2004; Judik 2007). Therefore, mini-
mum calculated T,,,, of ca. 410 °Cis used for further interpreta-
tion for the MMC (Table 4).

Using equation (3), peak metamorphic temperatures of
190 to 220 °C are estimated from representative samples of the
Jurassic Ophiolitic Mélange and the Cretaceous—Paleocene
Sequence.

As an alternative, maximum alteration temperatures of the
Jurassic Ophiolitic Mélange and the Cretaceous—Paleocene Se-
quence can be quantified from vitrinite reflectance data using
the empirical equation of Barker (1988). This approach consid-
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2800 3000 3200 cm’

ers the temperature as prime factor that controls the matura-
tion of the CM, excluding the effect of a short, intense heat
pulse. Based on the above-mentioned facts and noticing that
the burial history and the physical properties of preserved and
eroded sedimentary rocks of the units are not well established,
a temperature of 230 = 8 °C is given by the method of Barker
(1988) for samples from the Jurassic Ophiolitic Mélange. In the
Cretaceous—Paleocene Sequence temperatures vary between
100 and 210 °C. These estimates are consistent with the “Ra-
man temperatures”.

Thermal history

The present data coverage indicates a hiatus in organic matu-
rity data between the MMC and the overlying units (Fig. 5). In
the MMC vitrinite reflectance of ca. 7.8% R,,,, is correlated to
the graphite-d, stage of Landis (1971). The graphite d,-stage
in turn correlates to the pumpellyite-actinolite facies and
chlorite zone of the greenschist facies (Landis 1971). Raman
spectroscopy suggests peak paleotemperatures of ca. 410 °C.
The MMC suffered Cretaceous metamorphism at 120-80 Ma
(Belak et al. 1995; Judik et al. 2006). To explain this thermal
alteration by burial heating, we have to assume an eroded
succession of a 10-12 km thick pre-Cretaceous rock sequence
on top of it. However, there is no evidence for such an over-
burden (Siki¢ 1995). Consequently, metamorphism of organic
matter in the MMC can not be explained by sedimentary
burial. Therefore, we speculate about a tectonic burial of the
MMC beneath cover nappe(s) that are not preserved in Mt.
Medvednica. Missing evidence prevents a more conclusive
interpretation.

The overlying Jurassic Ophiolitic Mélange and the Cre-
taceous—Paleocene Sequence were affected by a significantly
lower thermal alteration. In these sequences, synmetamorphic
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Fig. 5. Geological cross section of Mt. Medvednica (modified after Tomljenovi¢ et al. 2008 and Tomljenovi¢ 2002) with R, R, (in grey) and R2 parameters

(encircled). For legend, see Fig. 2.

d;-graphite can be correlated with the zeolite facies and the
prehnite-pumpellyite facies. Vitrinite reflectance within the
Cretaceous—Paleocene Sequence is only slightly lower than the
data obtained from the Jurassic Ophiolitic Mélange complex.
This might suggest a heating of the succession during burial
of the Cretaceous (Jurassic?) to Paleocene strata. The vitrinite
reflectance pattern (Fig.2) suggests a thermal peak before or
during post-Paleocene to pre-Early Miocene D3 folding of the
sequence (Tomljenovi¢ et al. 2008).

Organic maturity versus phyllosilicate characteristics

A reasonably consistent correlation between inorganic (e.g.
phyllosilicate characteristics) and organic indicators was estab-
lished from a large number of data, accumulated during the last
40 years (see e.g. Kisch 1987; Merriman & Peacor 1999; Arkai et
al.2007). In this period, numerous papers described the chemi-
cal, mineralogical, lithological and kinetic controls of organic
maturation and phyllosilicate reactions. It is generally accepted
that temperature is the main physical factor influencing both
indicators (see Frey 1987). However, differences in the rates of
phyllosilicate reactions in relation to organic maturation and
the presence of numerous driving forces for the contributing
processes prevent the establishment of a global, overall valid
correlation. On the other hand, correlation can give valuable
information about heat flow processes in upper crustal levels.
Therefore, a local correlation between phyllosilicate reaction
rate indicating parameters (illite Kiibler index, chlorite “crys-
tallinity” Arkai index, apparent mean crystallite thickness and
lattice strain of illite—K-white mica and chlorite, and results
of empirical chlorite Al(IV) thermometers and those of the

thermobarometer of Vidal & Parra 2000) and organic maturity
data (vitrinite reflectance, XRPD-based graphite-d stage and
Raman parameters) is given here.

The MMC was affected by high-temperature anchizonal
to epizonal regional metamorphism (Judik et al. 2004) de-
termined by illite “crystallinity” Kiibler index values of 0.22—
0.31 A °20 (Fig. 6), chlorite “crystallinity” (Arkai index) data of
0.24-0.43 A °20, apparent mean crystallite thickness (D) of ca.
486 + 78 A for ca. 10 A illite—K-white mica basal reflections and
ca. 505 + 158 A for chlorite reflections at ca. 7 A. The empirical
chlorite Al(IV) thermometers (Cathelineau 1988; Kranidiotis
& MacLean 1987; Jowett 1991) and thermobarometer of Vidal
& Parra (2000) estimated ca. 270-410 °C and 3.5-4 kbar. The
Kiibler index zones correlate fairly well with R, of 6.9-9.8%
(Fig. 6), the graphite-d, stage of organic maturation (see Arkai
et al. 2007; Merriman & Kemp 1996), and Raman peak paleo-
temperatures of ca. 410 °C.

The Jurassic Ophiolitic Mélange and the Cretaceous—Pa-
leocene Sequence suffered diagenetic (partly low-temperature
anchimetamorphic) alteration. Illite Kiibler index values are
0.35-0.60 A °20 and 0.37-0.78 A °2© (Fig. 6) and the chlorite
Arkai index data vary between 0.29-0.67 A °20 and 0.32-0.54
A °20 for the Jurassic Ophiolitic Mélange and the Cretaceous—
Paleocene Sequence, respectively. The mean crystallite thick-
nesses of illite—K-white mica and chlorite in the Jurassic Ophi-
olitic Mélange are 184 +39 A and 264 + 88 A, respectively. D
values of ca. 197 + 50 A and 297 + 41 A are determined from
the Cretaceous—Paleocene Sequence. Temperatures of ca.
230 °C are estimated from vitrinite reflectance data in the Ju-
rassic Ophiolitic Mélange. Slightly lower temperatures of ca.
100-210 °C derive from vitrinite reflectance values in the Cre-
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2.0-5.0% Fig. 6. Correlation of organic maturity and phyl-
losilicate reaction rate indicating parameters
(Judik et al. 2004) from Mt. Medvednica.
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taceous—Paleocene sequence. Although the calibration of the
Raman thermometer was extended into the diagenetic zone,
the presence of detrital, “ordered” CM (d,-graphite) in addi-
tion to the synmetamorphic CM (d;-graphite) limits the appli-
cation of the temperature calibration of Rahl et al. (2005) in
CM concentrates of diagenetically altered rocks of Mt. Med-
vednica. Raman spectra of samples containing pure synmeta-
morphic CM give peak temperatures which are in agreement
with temperature estimates obtained by using the formular of
Barker (1988).

Summary

In this study, the diagenetic—low-temperature metamorphic
alteration of Mt. Medvednica (Croatia) of the Internal Dina-
rides (Schmid et al. 2008) has been characterized by vitrinite
reflectance of dispersed carbonaceous material, X-ray powder
diffraction and Raman spectroscopy of extracted carbonaceous
material.

Vitrinite reflectance in the Medvednica Metamorphic
Complex (MMC) ranges between 6.9 to 9.8% R, The fine-
dispersed organic material is classified as d,-graphite of Lan-
dis (1971). The organic maturity stages are correlated with the
pumpellyite-actinolite facies and to the chlorite zone of the
greenschist facies as well as with the high-temperature an-
chizone to epizone. A peak metamorphic temperature of ca.
410 °C is estimated from the “Raman Spectroscopy of Carbo-
naceous Material Thermometer”. The MMC suffered meta-
morphism during the Cretaceous at ca. 120-80 Ma (Judik et al.
2006; Belak et al. 1995). Metamorphism of the organic matter
within this unit cannot be explained by sedimentary burial.

In samples from the Jurassic Ophiolitic Mélange and the Cre-
taceous—Paleocene Sequence, the vitrinite reflectance values are
ca. 220% and 1.27% R,. Varying organic maturity data in the
units contrast with very similar diagenetic (partly low-tempera-
ture anchimetamorphic) phyllosilicate reaction progress indicat-
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ing parameters (Judik et al. 2004). In the Cretaceous—Paleocene
Sequence, vitrinite reflectance nearly matches data from the Ju-
rassic Ophiolitic Mélange complex. This observation might sug-
gest their common burial and thermal history.
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