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ABSTRACT

This study provides new thermomagnetic and petrographic data on specific basaltic
rock association from the broader vicinity of the Loucnd-Oberwiesenthal volcanic centre,
western Bohemia/Saxony. Two types of volcanic rocks were recognized there: (i) high-Ti
types (3.5-5.2 wt% TiO;) represented by (mela)nephelinite s.s., and sporadically present
(ii) medium-Ti types (2.5-3.5 wt% TiO;) of olivine nephelinite, nepheline basanite and
phonotephrite compositions. In order to examine the rock-magnetic behaviour, they were
studied for their variations in the Curie temperature (T¢) and field-dependent
susceptibility, spinel group minerals, chemistry and petrology.

Magnetic susceptibility of ulvdspinel-rich titanomagnetite, as a dominant magnetic
carrier, depends on the amplitude of measured magnetic field, whereas pure magnetite is
field-independent. Field dependence parameter kyp of the studied basaltic rocks ranges
from 0.8 to 18.7%, TiO; contents in titanomagnetite range from 12.7 to 20.1 wt.%. TiO,
content in titanomagnetite does not correlate with whole-rock TiO, content (2.8 to
5.6 wt.%). The content of substituted titanium in the sublattice of magnetite is also
sensitively reflected in the Curie temperature, ranging from 200 to 580 °C. The spinel
group minerals are designated as titanomagnetite with the dominance of ulvdspinel,
magnetite and magnesioferrite components, or titanomagnetite with the magnetite,
ulvospinel and magnesioferrite components. Only two samples are characterized by
a significant presence of Cr-spinel and magnesiochromite components forming cores of
titanomagnetites.

The titanomagnetite-bearing rocks in the studied area, likewise the low- to medium-Ti
basaltic rocks from the Ceské stiedohori Mts., provide similar thermomagnetic curves.

Keywords: high-Ti and medium-Ti basaltic rocks, magnetic carriers,
thermomagnetic experiments, Curie temperature variation, field-dependent susceptibility,
Kru$né hory/Erzgebirge Mts., Ohte/Eger Rift

Stud. Geophys. Geod., 54 (2010), 77-94 77
© 2010 Inst. Geophys. AS CR, Prague



P. Schnabl et al.

1. INTRODUCTION

The main magnetic and titanium carrier in basaltic volcanic rocks is represented by
minerals from the spinel group (mostly titanomagnetite). Titanium, as a common element
in volcanics, is also incorporated in paramagnetic minerals such as Ti-bearing
clinopyroxene, amphibole, ilmenite, perovskite, etc. This means that not the whole TiO,
content is incorporated in the structure of titanomagnetite. To effectively determine the
TiO, distribution, we used samples from a specific volcanic region with extremely high
TiO, contents (max. 5.64 wt.%).

Magnetomineralogic methods can detect TiO, content in titanomagnetites using
variations in the Curie temperature, field dependent susceptibility and variations in the
IRM spectra. Wavelength dispersive spectroscopy brings data on mineral chemistry. We
tried to establish a relationship between magnetomineralogic and chemical data. The
original aim of this study is (i) to make a comparison between high-Ti (mela)nephelinites
(exceptionally high-Ti olivine nephelinite) with titanomagnetite containing a higher/lower
ulvospinel component and medium- to low-Ti rock types (basanite and phonotephrite);
(i) to demonstrate the changes in magnetic susceptibility during heating/cooling
experiments; (iii) to study the dependence of magnetic susceptibility on the conductive
coil field and (iv) to provide magnetomineralogic data.

1.1. Geological Setting

Titanium-rich Cenozoic basaltic rocks (TiO, over 3.5% in whole-rock analyses)
concentrate to the western Krusné hory/Erzgebirge Mts. (KH) region (Shrbeny, 1980),
outside the structure of the Ohte/Eger Rift (Fig. 1). Some authors (Ulrych et al., 2005;
Haase and Renno, 2008) suppose this volcanism belongs to the rift structure at its uplifted
shoulder. This unique region reaching nearly 150 km? (between Jichymov, Abertamy,
Kovaiskd and Annaberg) is centred approximately around the Loucni-Oberwiesenthal
volcanic centre. Nephelinite sensu stricto of the centre represents a remnant of deeply
eroded vent of a supposed huge Cenozoic composite volcano, situated in the crystalline
rocks of the Saxothuringian Zone. Now, it is exposed in subvolcanic position as a result of
long-lasting erosion from the time of its detected volcanic activity (33—30 Ma). Rocks of
the centre locally bear xenoliths of alkali clinopyroxenite-ijolite, with a high proportion of
Ti-Fe oxides (Herre, 1930; Ulrych et al., 2005). Similar xenolithic material has been
reported from several other locations in this area (e.g. Popovsky Kiiz, TiB-13). In a very
close vicinity to the volcanic centre, the Hammerunterwiesenthal/Ceské Hamry maar
structure is present (Suhr, 1999). The maar fill is intruded by phonolite (Richter Quarry,
Saxony) and phonotephrite (Ceské Hamry, TiB-06). Several additional occurrences of
basaltic rocks were sampled near the bodies of Ti-rich rocks for comparison. The studied
rocks range between 30 and 14 Ma in age and mostly form subvolcanic bodies. Some of
them may represent vents of smaller volcanoes (esp. TiB-03, TiB-08). Only the Pohlberg
nephelinite (TiB-18) represents a relic of a lava flow. New geochronological data using
K-Ar radiometry were obtained to study possible age dependence of the elevated TiO,

contents. For details see Table 1.
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In order to compare the thermomagnetic behaviour of the low- to medium-Ti basaltic
rocks, we also used a set of samples from the Ceské stiedohoii Mts. (CS) region
(Chadima et al., 2008). This volcanic range represents an erosional remnant of a volcanic
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Fig. 1. Location of sampling sites and geological setting of the region. a) volcanic rocks;
b) granitic pluton; ¢) Tertiary sediments (Sokolov Basin); d) Saxothuringian crystalline rocks.

Stud. Geophys. Geod., 54 (2010) 79



P. Schnabl et al.

complex with preserved superficial volcanic products, situated inside the Ohte/Eger Rift
(see Fig. 1). Its volcanic activity lasted from 37 to 9 Ma, and four stratigraphic units are
distinguished (Cajz et al., 1999; Cajz, 2000). Comparative samples were taken from two
older units (37-25 Ma), similar in their age to the studied KH rocks. Subvolcanic bodies
were chosen for their similar geological position. Several of them represent possible
vents; most bodies form dykes. For adequate chemical comparison, we selected samples
closest to the studied Ti-rich rocks. As nephelinite s.s. is not present among the CS
samples, we compared the respective KH samples with olivine nephelinite or with
tephrite/trachybasalt rock group.

1.2. Previous Studies

First rock magnetic characteristics of the high-Ti basaltic bodies of the KH were
presented by Kropdcek and Pokornd (1975) and Kropdcek (1976a,b; 1985). A high
natural remanent magnetization (NRM) and low Curie temperature of this rock type was
explained in terms of high titanomagnetite and decomposed olivine modal contents as
well as high oxygen fugacity (fO,) in basaltic melts.

The Curie temperature is influenced not only by ulvospinel component (Ti-
constituent) but also by the hercynite (Al-constituent) (Golla-Schindler et al., 2005) and
magnesioferrite component (Mg-constituent) (Clark, 1997).

The effect of the ulvospinel-magnetite system on Curie temperature was studied by
Lattard et al. (2006) on synthetic titanomagnetites.

2. METHODS

We analysed selected bodies of high-Ti (mela)nephelinite (TiB-03, 04, 07, 08, 12, 18,
19), high-Ti olivine nephelinite (TiB-23), medium-Ti basanite (TiB-13, 15, 25), and
a phonoteprite body (TiB-06) to obtain new rock magnetic and petrographic data.

Field dependence of susceptibility was measured in the field range of 10-300 A/m and
frequency 2000 Hz using AGICO susceptibility meter KLF-4. Field dependence was
quantitatively evaluated as:

kpp [%]=100(k300 — k30 ) /K300 -
where k, is the susceptibility measured in the magnetic field with amplitude expressed in
A/m (sensu Vahle et al., 2007).

The temperature dependence of magnetic susceptibility was measured using AGICO
KLY-4 Kappabridge coupled with a temperature control unit CS-3 and CS-L in the
temperature range from —192 to 700°C. The measurement was performed at field of
300 A/m and frequency of 875 Hz. Heating was performed using powdered samples in air
atmosphere with heating rate of approximately 10°C/min.

The IRM was acquired on Magnetic Measurements Pulse Magnetiser MMPM 10 in the
field range from 12 to 1000 mT and measured on AGICO JR5 spinner magnetometer. The
coercivity spectra were quantified by gradient acquisition plot method (Kruiver et al.,
2001) by the IRMUNMIX v.2.2 software. Hysteresis loops were measured using
a Princeton Measurements Model 3900 VSM and then plotted in Day diagram modified
by Dunlop (2002).
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Titanium oxide concentrations of the rock samples were determined by instrumental
neutron activation at the Nuclear Physics Institute AS CR v.v.i.; the precision of analytical
data is about 5%. Accuracy of analytical data was tested against the reference rock
standard USGS AGV-1 (cf. Randa et al., 2007).

To observe the textures of magnetic mineral phases (mostly titanomagnetite),
a polarized microscope and back-scatter electron images were used. Chemical data for
rock-forming minerals including spinel group minerals were obtained using the CAMECA
SX-100 electron microprobe working with a wavelength dispersive spectroscopy (WDS)
at the Institute of Geology ASCR v.v.i., Prague. The contents of opaque minerals and
olivine were determined from bulk rock chemical analyses by means of recalculation into
normative mineral composition (Burri, 1959). The end-member composition of the spinel
group minerals was calculated from the number of ions per formula unit after
recalculation on 3 cations and 4 oxygens and stoichiometry. The K-Ar age determinations
were carried out at ATOMKI (Debrecen, Hungary) according to the procedure described
in Balogh (1985). Data were calibrated by inter-laboratory standards for dating purposes
and by atmospheric Ar (Odin et al., 1982).
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Fig.2. The TAS classification diagram after LeMaitre (1989) showing the composition of the
studied samples.
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3. PETROGRAPHY

The studied rocks were classified according to IUGS recommendations (Fig.2).
A dominant magnetic carrier in the high-Ti basaltic rocks is titanomagnetite, with a high
proportion of ulvospinel component (18-21 wt.% TiO,), which particularly occurs in
(mela)nephelinite types and forms several grain-size populations. The TiO; content in
whole-rock analyses does not correlate with TiO, content in titanomagnetite (Table 1),
because additional Ti-bearing mineral phases are represented by dominant Ti-diopside and
accessory kaersutite, ilmenite, titanite, and perovskite. Magnetic properties of olivine-

Table 1. Location and specification of the studied rocks; their K-Ar age, TiO2 content, Curie
temperature and field-dependent susceptibility. New K-Ar data, others from **Lustrino and Wilson
(2007) and *Pfeiffer at al. (1984); TiOy content taken from whole-rock analyses and magnetite

grains using WDS; Curie temperature of original titanomagnetite (7cy), Curie temperature of
magnetite after exsolution of ilmenite (Tp); field-dependence parameter kgp after Vahle and
Kontny (2005).

~ Age TiOy | TiOy | Tcy |Tc2| kHD
Numb Locat Rock T
umber ocation ock Type [Ma] w.ry | (men) | °c1 o] 191
Krusné hory (Erzgebirge Mts)
TiB-03 | Jeleni hora nephelinite s.s. 184+1.0 | 5.12| 15.66 | 200 [550| 18.4
TiB-04 | Velky Spicak nephelinite s.s. 293+1.0 | 527 | 17.12 | 320 |500| 17.1
TiB-06 | Ceské Hamry phonotephrite 228109 | 2.87| 12.76 | 400 [580| 7.7
TiB-07 | Stéedni Spi¢dk nephelinite s.s. 21.6+0.9 | 5.64| 1293 | 300 |500| 10.4
TiB-08 | Spi¢ak-Bozi Dar nephelinite s.s. 16.9+£0.7 | 4.05| 19.03 | 300 |580( 7.7
TiB-12 | Popovska hora nephelinite s.s. 25.6+0.8 | 590 | 19.80 | 260 520 18.7
TiB-13 | Popovsky kiiz basanite 17.1£1.0 | 1.97| 20.14 | 320 |550( 13.7
TiB-15 | Hutnicky vrch basanite 199+1.1 | 290 | 19.42 | 200 [580| 14.0
TiB-18 | Pohlberg (D) nephelinite s.s. 242+£09* | 5.04 | 16.05 | 370 |530| 5.3
TiB-19 | Neudorf (D) nephelinite s.s. 253+1.0 | 459| 1446 (gég) 580| 0.9
TiB-23 | Rudnd u Poticki ol. nephelinite 28.5+1.4 | 437| 17.92 | 330 [550| 18.2
TiB-25 | Rotava-monument | basanite 142+0.6 | 2.72 - 200 |580| 17.5
Ceské stiedohoii Mts. (Bshmisches Mittelgebirge, Czech Central Mts.)

CS-02 | Dobkovice ol. nephelinite 30.9%* - 500 | ---| 9.0
CS-04 | Dobkovice ol. nephelinite - 341 - 560 | --- | 9.6
CS-09 |Jakuby ol. nephelinite 29.3%* --- 385 | - | 11.6
CS-14 | Stépanov trachybasalt --- - --- 290 (510|104
CS-15 | Lukov trachybasalt - 1.24 - 130 | --- [ 27.2
CS-19 | Téchlovice trachybasalt < CS09 --- - 550 | --- | -0.1
CS-21 | Téchlovice tephrite < CS09 - - 570 | -—- | 0.6
CS-22 | NesStémice ol. nephelinite 26.0-26.7%* | 2.82 - 200 | --- [ 28.0
CS-26 | Milesov tephrite 155 {540 20.6
CS-28 | Biezina ol. nephelinite --- - --- 130 | --- | 27.8
CS-36 | Cesky Bukov trachybasalt - - --- 580 | - | 1.1
82 Stud. Geophys. Geod., 54 (2010)
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200, BSE 15KV ————————L kv

Fig. 3. BSE images of thin sections from selected locations. a) TiB-03 Jelen{ hora Hill - Enclosed
pyroxenite with proper microphenocrysts of titanomagnetite, surrounded by nephelinite with small-
sized crystals of titanomagnetite; b) TiB-06 Ceské Hamry quarry - remnant of porphyritic
nephelinite in phonotephrite with phenocrysts of kaersutite, diopside and titanomagnetite. Note two
populations of titanomagnetite of different in size and composition; ¢) TiB-08 Spi¢dk Hill at Bozi
Dar - zoned titanomagnetite in nephelinite. Cores of crystals are rich in the magnesiochromite
component, rims are composed of ulvospinel, magnesioferrite and magnetite; d) TiB-08 Spi¢ak Hill
at Boz{ Dar - a close-up view of nephelinite groundmass. White arrow - titanomagnetite, white
cross - titanite, black “snowflake” - xenocrystic barite.

bearing rocks (high-Ti olivine nephelinite) are influenced by titanomagnetite with a high
proportion of ulvospinel component (53—58 mol.%) and by the rare presence of
recrystallized dusty magnetite from decomposed olivine. Further important mineral
assemblages, if present, consist of symplectic magnetite-diopside.

Other factors that are relevant for enhanced magnetization of basaltic rocks are:
(1) a higher proportion of small-sized grains of the spinel group minerals (mainly
titanomagnetite), (ii) large surface area to volume, and (iii) the presence of distinct spinel
group mineral populations (texture). Back-scattered electron images (Fig. 3) demonstrate
the most frequent minerals and structures of selected rocks.

According to microscopic observations of (mela)nephelinite (TiB 03, 04, 07, 08, 12,
18, 19), the main silicates are zoned Ti-bearing diopside as phenocrysts (3—6 wt.% TiO,)
and a matrix constituent (0.10-0.15 wt% TiO;), and nepheline and/or analcitized
nepheline as constituents of crystalline matrix. No olivine remnants and/or pseudomorphs

Stud. Geophys. Geod., 54 (2010) 83
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after olivine were found. Titanomagnetite occurs in xenocrystic or dusty populations. The
latter is sometimes associated with 30-50 um-sized perovskite. The amount of
titanomagnetite ranges from 4.5 to 8.8 vol.%.

Olivine nephelinite (TiB-23) is an igneous rock with well preserved but broken
olivine and zoned diopside phenocrysts as well as with serpentinized microxenoliths. Thin
reaction rims around fresh olivine and in fractures are filled with 30—50 um-sized grains
of titanian magnetite. Kaersutite prisms (0.4 mm in length) are rare. Semi-translucent
holocrystalline matrix is composed of analcitized nepheline and contains up to 4.5 vol.%
of dusty titanomagnetite. In the titanomagnetite composition, the ulvospinel component
significantly dominates over magnesioferrite, magnetite and hercynite.

Nepheline basanite (TiB-13, 15, 25) is a porphyritic holocrystalline rock, dominated
by relatively fresh olivine in broken phenocrysts and microphenocrysts. Under
a microscope, the rounded diopside phenocrysts are rimmed by clinopyroxene-magnetite
intergrowths. The mineral assemblage of the matrix is composed of fresh nepheline and
labradorite feldspar laths; the fine-sized titanomagnetite represents common accessory
mineral (about 3.8 vol.%). The titanomagnetite composition is similar to that in olivine
nephelinite.

Phonotephrite (TiB-06) is the most evolved igneous rock in the studied set, where
phonolite-like groundmass is present with Na-K feldspar laths, zoned clinopyroxene
prisms, minor kaersutite, and accessory titanian magnetite. Fresh phenocrysts are
composed of zoned diopside and reddish brown-coloured kaersutite with opacitized rims.
Analcite infills dominate on rock fractures. The magnetite and wulvospinel in
titanomagnetite dominate over the magnesioferrite, hercynite and jacobsite components.

4. MAGNETIC PROPERTIES

WDS results were recalculated to obtain the content of a possible spinel component:
ulvospinel, hercynite, jacobsite, magnesioferrite, magnesiochromite, chromite and
magnetite (Table 2).

It is evident that magnetic properties of high-Ti basaltic rocks are mainly controlled by
variations in titanomagnetite composition, not only in pure ulvospinel-magnetite system.
Some crystals are zoned with high magnesiochromite component in the core and
increasing content of ulvospinel, magnesioferrite and magnetite in the rim (see Fig. 3c).
The studied titanomagnetites are characterized by relatively close dispersal of Fe-Ti cation
constitutes (Fig. 4).

The content of secondary magnetite resulting from decomposed olivine in basanite and
olivine nephelinite is very low and depends on the relatively low proportion of the fayalite
component and the degree of alteration. Magnetic properties are insignificantly influenced
by this.

4.1. Curie Temperature

The content of substituted titanium in the magnetite structure is also sensitively reflected
in the Curie temperature (7). The Curie temperature of pure magnetite is about 575°C
and decreases with increasing content of Ti in the magnetite-ulvospinel system; the
ulvospinel end-member is paramagnetic above —150°C and this transition temperature
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Table 2. Recalculated mineral components from WDS analyses and their correlation with the Curie
temperature and field-dependent susceptibility. Ulv. - ulvospinel (TiFe;O,4), Herc. - hercynite
(FeOAl0O3), Jacob. - jacobite (MnOFe;0O3), Mgfr. - magnesioferrite (MgOFe,O3), Mgchr. -
magnesiochromite (MgOCr03), Chr. - chromite (FeOCryO3), Mgn. - magnetite (FeOFe,03).

T k
Sample | Ulv. Herc. | Jacob. | Mgfr. | Mgchr. | Chr. Mgn. OCI HD
[°Cl [%]

TiB-03 | 44.94 4.95 2.95 18.14 0.09 0.03 | 28.90 200 18.42
TiB-04 | 48.00 10.89 2.45 25.40 0.06 0.02 13.17 320 17.15

TiB-06 | 37.21 3.82 5.25 6.31 0.01 0.00 | 47.38 400 7.67
TiB-07 | 36.00 6.02 3.88 10.57 0.02 0.01 43.51 300 10.37
TiB-08 | 54.80 7.02 2.70 16.74 0.13 0.04 18.57 300 7.69

TiB-12 | 55.78 8.46 2,12 | 2277 2.07 2.07 6.71 260 18.67
TiB-13 | 55.73 8.32 2.25 15.98 3.47 1.16 13.09 320 13.74
TiB-15 | 53.03 5.96 2.45 10.82 0.97 0.65 | 26.13 200 13.97
TiB-18 | 46.23 2.34 3.72 8.70 0.08 0.03 | 38091 370 5.34
TiB-19 | 42.04 3.29 4.63 7.57 0.02 0.01 42.44 510 0.86
TiB-23 | 58.64 4.07 2.81 23.10 0.18 0.18 11.02 330 18.25

Correlation Parameters

kgp [%1| 0.50 0.55 | -0.73 0.81 0.33 044 | -0.73 | -0.75
Tci[°Cl| -0.37 | -0.41 070 | -0.44 | 024 | -0.33 0.45 -0.75

also decreases with hercynite content (Golla-Schindler et al., 2005), which is
paramagnetic above —265°C.

Two Curie temperatures Ty and T, were identified for all samples except TiB-19:
Ty ranges between 200 and 510°C and T, is in the range of 500 and 580°C. T
represents the Curie temperature of original titanomagnetite of the sample, and Tp
originated during the measurement after thermal exsolution of ilmenite.

Susceptibility after heating is slightly lower for TiB-03, 08, 12, 13, 15 and 18. Three
samples TiB-04, 06, 07 are reversible with unchanged susceptibility before and after
heating, and susceptibility of TiB-25 slightly increases. Samples TiB-19 and 23 show
a lower Curie temperature (T-) after heating.

We observed several different patterns of magnetic susceptibility changes as a function
of temperature. The first one is shown on samples TiB 03, 04, 06, 07, 08, 12, 13, 15 and
25. Its Curie temperature is between T¢; 200 and 320°C, and a prominent peak around
400°C indicates a secondary mineral with Curie temperature T, between 500 and 580°C.
This can be explained by the exsolution of ilmenite, hercynite (Golla-Schindler et al.,
2005) or possibly magnesioferrite lamellae during laboratory heating. Original
titanomagnetite is then relatively depleted in Ti, Al or Mg, which can explain the second
T, identified on the thermomagnetic curves. The second pattern can be seen on samples
TiB-06, 18 and 19. A major difference from the previous pattern is in 7¢y, which ranges
between 370 and 510°C and is close to T,. This pattern is caused by the high magnetite
content in the titanomagnetite. The third pattern is represented by sample TiB-23: there is
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Fig.4. Classification ternary diagram of Fe-Ti oxides after O’Reilly and Banerjee (1966).
Projection points show a relatively close dispersal within the magnetite-ulvospinel series.

only one peak with two Curie temperatures. This sample has a very low content of the
magnetite component. Low to moderate negative correlation was proved between the
Curie temperature and the ulvospinel (-0.37), magnesioferrite (—0.44) and/or hercynite
(—0.41) components, respectively (see Table 2, and following text).

In comparison, samples from the CS region show a much wider dispersion of Curie
temperatures than samples from the KH. Moreover, the shape of the MS curves for the CS
samples reflects titanomagnetite without any phase changes or alterations. The only
exception is sample CS-14 with a peak of newly formed magnetite after ilmenite
exsolution.

4.2. Field-Dependent Susceptibility

Twelve representative samples were subjected to rock magnetic experiments in order
to correlate the analysed titanium, aluminium and magnesium contents in titanomagnetites
(spinels) to various magnetic properties. Their magnetic susceptibility depends on the
amplitude of the measuring field (Fig. 5). This dependence increases with increasing Ti
content in titanomagnetite, whereas pure magnetite is field-independent. The field-
dependent parameter kgp is between 5.3 and 18.6%, the only exception is TiB-19, where
kyp = 0.86%. Values of kyp strongly correlate with the magnesioferrite component, the
correlation parameter is 0.81. The correlation between hercynite or ulvospinel and kgyp is
only moderate, correlation parameters are 0.55 and 0.50, respectively. The possible reason
for a moderate correlation is the relatively low dispersion in hercynite and ulvdspinel
contents.
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Fig. 5.

Curves of temperature and field variations of magnetic susceptibility for samples from the

Krusné hory Mts. The full heating curve (black) and the cooling curve (grey) were obtained as
follows: (i) cooling the sample to —192°C and measuring susceptibility while heating to room
temperature, (ii) heating from room temperature up to 700°C and cooling again to room
temperature. The variations in magnetic susceptibility, as a function of AC field, were measured in
the field intensity gradually increased from 10 to 300 A/m. Powdered samples were heated in air

atmo

sphere.
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Fig. 6. Curves of temperature and field variations of magnetic susceptibility for analogous rock
types in the Ceské stiedohoii Mts. region. The full heating curve (black) and the cooling curve
(grey) were obtained by heating from room temperature up to 700°C and cooling again to room
temperature. The variations in magnetic susceptibility, as a function of AC field, were measured in
the field intensity gradually increased from 2 to 700 A/m (peak values). Powdered samples were
heated in air atmosphere.
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Fig.7. Plot of T versus kgp demonstrates a logarithmic function, which is in agreement with
Vahle and Kontny (2005).

O>—0—0 TiB-04
3—8—F1 TiB-06
AN—A—A TiB-07
X—X—X TiB-12
O—O—™0 TiB-13

IRM/SIRM

0.0 I L B — —
0 100 200 300 400 500
Pulse Field [mT]

Fig. 8. Normalized IRM acquisition curves for 5 representative samples from the Kru$né hory
Mts. SIRM falls in the range 185-901 A/m. Field B1/2 when half of the SIRM is reached (Kruiver
et al., 2001) ranges between 15 and 53 mT.

In comparison, data from similar rock types in the CS region show a much wider
variety; their kyp range between 0 and 28% (Fig. 6). We found a logaritmic function

between T and kgyp for samples from both regions (Fig. 7), which is in agreement with
Vahle and Kontny (2005).
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Table 3. Mean coercivity By and dispersion DP acquired by IRM component analysis (Kruiver,
2001).

Sample By [mT] log(B1/2) DP
TiB-04 20.6 1.31 0.35
TiB-06a 18.3 1.26 0.32
TiB-06b 50.1 1.70 0.46
TiB-06¢ 50.1 1.70 0.53
TiB-07 17.0 1.23 0.26
TiB-08 15.5 1.19 0.35
TiB-13a 20.5 1.31 0.06
TiB-13b 28.2 1.45 0.51
TiB-15 53.7 1.73 0.47
TiB-19 50.1 1.70 0.47
TiB-23 50.1 1.70 0.46
TiB-25 45.7 1.66 0.53

Table 4. Magnetic properties of samples from the Krusné hory Mts. M - saturation magnetization,
M, - saturation remanence, H,. - coercive force, H,, - remanent coercive force.

Sample | M,[mAm%kg] | M;[mAm?kg] | MJ/M; | Ho[mT] | Hep[mT] | He/H,
TiB-06 222.7 3295 0.083 5.40 19.65 3.64
TiB-13 146.4 865.4 0.169 7.69 19.53 2.54
TiB-15 204.4 783.4 0.261 10.21 19.30 1.89
TiB-18 530 3878 0.137 8.27 18.52 2.24
TiB-19 480.2 2862 0.168 1145 29.40 2.57
TiB-23 578.7 3146 0.184 9.32 30.04 3.22
TiB-25 222.3 845 0.264 9.12 19.10 2.09

4.3. IRM Acquisition

Nine samples with different spinel compositions were chosen for the IRM acquisition
study. Their coercivity spectra show small differences (Fig. 8). Component B|,, ranges

between 15 and 53 mT (Table 3), which is considerably lower than By, (21.9-79.4 mT)
obtained by Grygar at al. (2003) and roughly corresponds to Bjip (35.4-50.1 mT)
obtained by Robertson and France (1994). This is probably caused by high Ti, Al and Mg

constituent of volcanogenic spinels compared to sedimentary magnetite or laboratory-
prepared mixtures.

4.4. Hysteresis

Hysteresis parameters (Table 4) and curves (Fig. 9) for the KH samples document
pseudo-single-domain (PSD) particles. The Day plot (Day at al., 1977) with mixing lines
after Dunlop (2002) shows pseudo-single-domain behaviour for samples TiB-06, 13, 19
and 23, while samples Tib-18, CS-14 and CS-36 fall close to the SD-MD (single-domain
to multidomain) mixing curve (Fig. 10). Samples TiB-15 and 25 are exceptional due to
their slightly wasp-waisted shape, and probably contain a mixture of super paramagnetic
and single-domain grains. Sample CS-19 is clearly a multidomain one.
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waisted shape caused by a mixture of PSD and SP particles (cf. Tauxe et al., 1996).
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Fig. 10. Day diagram modified by Dunlop (2002). Samples TiB-06, 13, 19 and 23, are PSD or

a mixture of SD and MD particles; TiB-18, CS-14, 19 and 36 are close to the SD-MD mixing curve;
Samples TiB-15 and 25 are in the PSD area close to the SP saturation envelope.

5. CONCLUSIONS

A moderate positive correlation was found between ulvospinel and/or hercynite
components and field-dependent susceptibility kgp. A lower degree of correlation is
caused by small variability of ulvospinel component in the studied samples. A very strong
positive correlation was proved between field-dependent susceptibility and the
magnesioferrite component. Low to moderate negative correlation was proved between
the Curie temperature and ulvOspinel, magnesioferrite and/or hercynite components,
respectively.

The theoretical Curie temperature T can be calculated from the mole fraction of

ulvospinel x as T [°C] =578 —580x~150x% (Clark, 1997).
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In our case, the measured Curie temperature T is higher than T¢° (Table 5). On
the contrary, T should be lower because of abundant aluminium and magnesium which
should decrease the Curie temperature of the spinel group minerals. Solution of this
question needs further investigation.

Standard deviation for T- and kgp from the CS region is twice as high as for those
from the KH region, while the mean is slightly lower for the KH region. The shape of the
MS curves for the CS samples shows titanomagnetite behaviour without any phase
changes or alterations, while the KH samples indicate exsolution of ilmenite lamellae
during laboratory heating.

No magnetic property is influenced by the whole-rock TiO, contents, the best example
is CS-15 with the lowest whole-rock TiO; content and the lowest Curie temperature and
one of the highest kyp, which is quite the opposite to which should be expected.

We found neither a direct proportion nor any correlation between TiO; contents in the
whole rock analyses and the structure of titanomagnetite. These two phenomena are
totally independent. Titanium is present not only in different types of titanomagnetite but
also in Ti-bearing silicates such as Ti-bearing diopside, Ti-Ba phlogopite, kaersutite,
titanite, and in oxides such as ilmenite and perovskite.

In the western KH, the Cenozoic igneous activity proceeded in two volcanic episodes.
According to recent results of K-Ar geochronological data, their ages range between
33-28.5Ma and 25.6—11.9 Ma. From our samples, two sites (TiB-04 and 23) are
attributed to the first sequence, while most high-Ti basaltic rocks are related to the second
sequence. Moreover, there exists no time span in which the high-Ti basaltic rocks can be
grouped. A more realistic idea is a spatial dependence of incidence of these rocks from a
local Ti-enriched mantle source or more probably an enrichment of the ascending magma
en route. Based on alkali pyroxenite xenolithic material in the Ti-rich basaltic magmas,
we assume a contact of basaltic melt with an alkali pyroxenite body in a crustal position.
This supposed body can be closely connected with the deeper subvolcanic apparatus of
the Lou¢na-Oberwiesenthal volcanic centre.

Table 5. Theoretical 7€ using the formula presented by Clark (1997) compared to actual T¢.

Sample Ulvospinel [%] Theoretical Theor [°C] Measured Ty [°C]
TiB-03 44.94 287 200
TiB-04 48.00 265 320
TiB-06 37.21 341 400
TiB-07 36.00 350 300
TiB-08 54.80 215 300
TiB-12 55.78 208 260
TiB-13 55.73 208 320
TiB-15 53.03 228 200
TiB-18 46.23 278 370
TiB-19 42.04 308 290
TiB-23 58.64 186 330
Average 261 299
Standard deviation 54 59
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Abstract: This paper presents the results of a paleomagsietity carried out on Plio-
Pleistocene Cenozoic basalts from the NE part®Bbhemian Massif. Paleomagnetic
data were supplemented by 27 newly obtained K/Ax dgterminations. Lavas and
volcaniclastics of 6 volcanoes were sampled. Dattm and Inclination values of
paleomagnetic vector vary in the spans of 130 t¢ a@d -85 to -68° for reversed
polarity (Pleistocene); or 345 to 350° and aroud ®r normal polarity (Pliocene).
Volcanological evaluation and compilation of oldgrophysical data from field survey
served as the basis for the interpretation of thheselts. The Pleistocene volcanic stage
consists of two volcanic phases, fairly closelycgghin time. Four volcanoes constitute
the Bruntal Volcanic Field; two others are loca28dkm to the E and 65 km to the NW,
respectively. The volcanoes are defined as mondigeaees, producing scoria cones
and lavas. Exceptionally, the largest volcano shewpossibility of remobilization
during the youngest volcanic phase, suggested lepmpagnetic properties. The oldest
one (4.3-3.3 Ma), #dlicna Volcano, was simultaneously active with the hiay
Volcano (Poland) which produced the Zalesi lavé rglormal polarity). Three other
volcanoes of the volcanic field are younger ancrsely polarized. The Velky Roudny
Volcano was active during the Gelasian (2.6-2.1 k&) possibly could have been
reactivated during the youngest (Calabrian, 1.8Ma) phase which gave birth to the
VenusSina sopka and Ukgky vrch volcanoes. The reliability of all availakdK-Ar data
was evaluated using a multidisciplinary approach.

Key words: Plio-Pleistocene basalts, paleomagnetism and etagtnatigraphy,
volcanology, K/Ar dating, airborne magnetometry gmavimetry, Moravia and Silesia

Introduction
Cenozoic volcanism in the NE part of the BohemiaasBif occurs prevalently
in Polish Silesia. It stretches to the territorytloé Czech Republic to a limited extent
only. The volcanic locations of this wider area stitnte the Odra Tectono-Volcanic
Zone (OTVZ,sensuKopecky 1987) of the WNW-ESE strike, as a parthef $o-called
Bohemo-Silesian Volcanic Arc. Volcanic rocks aredted mostly inside the Fore-
Sudetic Block which is limited by the Odra Faulttire NE (outside the studied area in



Poland) and the Sudetic Marginal Fault (SMF) in W, and elongated parallel to the
OTVZ.

Basaltic volcanic products in northern Moravia aedithernmost Silesia belong
to the youngest ones in the territory of the Bolamassif (e.g. Ulrych et al. 2011).
Their composition ranges mostly between olivine hedipite and nepheline basanite
(e.g. Barth 1977; Fediuk and Fediukova 1985, 198eych et al. 1999; and others).
These volcanics represent primitive basaltic magfWwakurka and Bendl 1992, 1993),
much like most other similar Cenozoic volcanicghia Bohemian Massif. These rocks
were studied in their paleomagnetic properties bgréd (1969, 1973, 1974) and
Kolofikovéa (1976), in the Czech Republic and bykBimmajer et al. (2002) in Poland.

Volcanic occurrences of this wider region concedrtian three smaller areas in
the territory of the Czech Republic. The greatemtcentration of basalts is in the
Bruntal Volcanic Field (BVF) near Bruntal in theaky Jesenik Mts. These basalts are
not eroded to a very high degree, and their lavasally overlie river terraces (e.g.
Horsky et al. 1972). Unpublished data of Bellomir&a970s ifh Kopecky 1987) brought
first information that they formed in the Pliocen€he Plio-Pleistocene age was
confirmed by Sibrava and Hawtik (1980) using the K/Ar method. The second area of
basaltic occurrences lies on the Czech-Polish bongar Zalesi. No radiometric
datings have been published from this location drdlogical evidence assigns these
rocks to the Lutynia area in Poland. The only otbeparate occurrence near Opava
(third area) was dated to the Miocene (Shrbeny\aokiuirka 1985). The rock of the
nearby situated location of Stemplovec has beailyotxcavated and cannot provide
data anymore.

Geological setting and volcanology

Magma of the volcanic occurrences was emplacedUmpper Paleozoic rocks.
Only the Lutynia area and the Zélesi area are teiiuan the Kralicky S&znik
Crystalline Complex; basalts near Bruntdl are Hhistederlain by slightly
metamorphosed rocks of the Horni BeneSov Fm. amdetamorphosed rocks of the
Moravice Fm., both belonging to the Nizky Jesenits.Megional unit (Fig. 1). The
Miocene Hirka Hill near Opava and the occurrence at Stemplafeunknown age
penetrate through the Moravice Fm. sediments only.
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Fig. 1. A simplified geological map showing samglisites and primary magnetic polarities of the
studied rocks. Bruntal Volcanic Field (BVF) is sholy samples SU-02 to 10 and SU-12+13 in
the central part of the frame. Zalesi (SU-11) aachples BP (14 to 16; taken from Birkenmajer
et al. 2002) locate the Lutynia area in the NW.

The Sudetic Marginal Fault, separating the Zulovanigic massif from the
crystalline complexes of the Kralicky &mik Mts. and the Hruby Jesenik Mts. in the
territory of the Czech Republic, is accompaniedsbyeral faults of similar strike in
both crystalline complexes. A continuation of origh® closest faults to the SMF, or
the continuation of the SMF itself, proceeds todhea of the BVF (see Fig. 1). As the
SMF is presently active (Siartikova et al. 2010), it could be responsible for som
magmatic activity during the Pleistocene or evemieza A similar scenario of tectonic
predisposition was published by Barth (1977).

Volcanic landforms have been described as stratamoles or composite
volcanoes. This terminological misunderstanding spig arose from the first
description of Jahn (190@nd an old-fashioned understanding of the presehbeth
explosive and effusive products. Volcanic activitythe BVF started as somewhat
explosive one and produced scoria cones. The explusss was partly influenced by
contact with water during magma ascent. Palagauitinffs were formed. This is best
visible at the VenuSina sopka Volcano. In this pmh view, the role of the SMF-
parallel faults during the volcano formation is Wwatceptable — surface water and
ascending magma can meet on fault planes. Nevesthehis influence was relatively
small, and the activity of all the below descrilwedcanoes of the BVF can be described
as solely phreatomagmatic at the beginning. Futblranic activity was of magmatic
type, producing scoriae and plastic bombs (Fig. 2agn, it passed to an effusive one
with smaller or larger lava production (Fig. 2bhiF is a typical development of the
most common type of a monogenetic volcano. We ssgpmostly low-energy
magmatic activity of Strombolian type, close to Hewaiian one.

As Hurka Hill near Opava represents an old eroded sechuwad form and
Stemplovec site does not provide any data, we &mtosly on four separate volcanoes
and one "rootless" basaltic occurrence.



Fig. 2. Selected volcanological features visibl®iricrops:

a) — A ballistic-transported plastic bomb from tdhlirsky vrch Hill Volcano (UV) cinder cone.

b) — A thick columnar-jointed lava flow of the V8ma sopka Volcano (Mezina, sampling site SU-10),
the change in jointing corresponds to facies dgwalent.

B#idli¢éna Volcano(BV)

This is the oldest preserved basaltic rock of th&BThe volcano is eroded
down to the near-surface level of magmatic venjust to the pre-volcanic superficial
position. The inner-crater facies passing to th&-\aeeccia is exposed in an old quarry.
Semi-plastic bombs are preserved, documenting sigposery close to the vent. The
majority of clastic material is represented by soma&t altered scoriae and the finest
material is possibly primarily reduced in volumé&he alteration visible on the outcrop
can be caused by syngenetic process (phreatieimf®) and by weathering, too. The
massive basalt of the plug has been excavatedofomercial use. The volcano very
probably produced lava(s) but no outcrops are predenow. Nevertheless, a small
relic of lava was observed before exploitation (J4809). The size of the vent cut
suggests a relatively large scoria cone of tlidliBna Volcano at the time of its origin.

UhliFsky vrch Hill Volcano (UV)

This volcano is situated closest to Bruntdl. Itresgnts a remnant of a scoria
cone with a single thin lava flow extending to #ast. Now, two walls of an old quarry
expose scoriae, while the central more solid roak been excavated. The exposed,
mostly centroclinally stratified layers (the innkacies) mostly consist of scoriaceous
lapilli and bombs. Centripetal layers are develogedvell, farther from the feeder. The
stratification is visible in grading and in colouan alternation of more and less
palagonitized pyroclastics is visible. This may d&@eesult of a pulsation caused by
interaction with water in the vent in the early gda of volcanic activity.
Palagonitization decreases upwards while the frecyuef semiplastic bombs increases
in the same direction. Red- to brown-coloured baiedts of country rock (accidental
pyroclasts) are present. There can be found avwelaigreat number of large ballistic-
transported bombs, which have been deposited atigptanes. Spindle- to cow dung-
shaped forms were observed, sometimes an indicatidoread crust-type bomb is
visible. These bombs contain primary paleomagnfeid vector — their temperature
was above the Curie one. A small outcrop of slightsiculated and sonnenbrand-
altered lava is hardly detectable in a railway Tiim to the E from the vent. The idea
of Barth (1977) on the collapse of the cinder congs eastern part and production of
a single small lava flow in this direction seem&#&overy realistic.



Venusina sopka Volcano (VS) near Mezina

This is another small volcano of the BVF but wiigher effusive activity. The
cinder cone in the central part of the hill is thest phreatic-influenced one among the
volcanoes of the BVF. Accidental pyroclasts of Balec country rocks are relatively
frequent in altered scoriae. Basaltic vesiculatgmbglasts with chilled margins were
observed. Spindle-shaped bombs are also presenalamat 1 m large bomb with
a bomb-sag is exposed in an old quarry at the sumniava flow over 20 m thick was
exploited in two abandoned quarries down on theeslmear the& erny potok Creek
(see Fig. 2b). The older quarry described by JaABO()really shows an unconformity
dipping 40° to the E, but this does not repredeatioundary between "two lava flows™:
no typical lower and upper facies of flows are deped. The rock is the same on both
sides of this boundary; only a small differencejamting is visible, representing
a facies change inside the flow. Most probably,theonformity originated subparallel
to the dip of the lava body during cooling. A yoengjuarry in the same lava body
exposes several facies of the same unit. Lava laieace developed at the base, and the
facies are represented by levels with differenénstty of vesiculation and different
intensity of sonnenbrand alteration. Columnar jomtruns across all the facies.
We suppose that the thickness is not caused bwckisg of several (up to 4!) lava
flows. The enormous thickness resulted from a dsgrein flow velocity and its
stopping by a body of hyaloclastic breccia at #nealfront, now mostly eroded. This
body was produced by thermal shock at the conththeolava with an active water
flow.

Velky Roudny Hill Volcano (VR)

This is the largest volcano of the BVF. Also, isplays the largest preserved
effusive production. Our description of this voloaslightly differs from that of
previous authors (e.gBarth 1977. The two summits lying closely apart — Velky
("large™) Roudny and Maly ("small") Roudny Hills were sometimes believed to
represent two separate volcanoes. We suppose thit Roudny Hill is not an
independent volcano. Now, it represents only a parthe same volcano (its cinder
cone), separated and modelled by erosion from anstimmit. This is supported by the
presence of a single vent based on the evaluatigeaphysical survey. The same idea
of a large volcano is suggested from small basalktcurrences like Volarensky vrch
Hill, Kiistanovice and possibly Zlatad Lipa ne@erveny vrch Hill. All these may
represent erosional relics of other flows from #aene volcano. No signs of separate
vents were found. All the exposed basalts of tlusitpn show only signs of lavas.
Unfortunately, the outcrops in pyroclastics are rpfmw comparison. Variation in the
chemistry of lava in one flow mentioned by previaghors is a usual phenomenon
and cannot be used for the flow determination. Mwoee, the compact facies has been
altered. We suppose a location of the feeder betweefuture Velky Roudny and Maly
Roudny Hills, building of a large cinder cone wijbssible (but not proved) parasitic
vents and production of several lava flows (3?)e Térgest preserved flow fills the
valley of the paleo-Moravice River (Slezskd Hamdlcice-Leskovec). Volarna relic
represents the second flow. The southern flow eamrdred as far as to the proximity of
Kiistanovice (4 km) now forming a small erosional reRertinence of the Zlata Lipa
site to this flow is more problematic because @& thrge distance (ca. 12—-13 km).
Although it is far from the supposed vent, this mection cannot be excluded. Lava
production in several flows can be deduced fromgbatial distribution of the relics,
not from superposition as no superimposed lavasgpesed now. The largest flow
filling the paleovalley of the river shows only seal facies, and the unconformity still



visible in the active quarry of Rice does not represent a boundary between two. units
The enormous thickness of ca. 50 m can be explamedlow deceleration by
hyaloclastite breccia which formed at the lavagstienterface at the front and on the
surface of the flow. Sediments of fluvial terrace® known to underlie this flow
(Horsky et al. 1972). Kolofikova (1976) employedsatropy of magnetic susceptibility

to the study of the flow orientation. Her resultsrespond to the supposed directions of
the flow and its facies developmeseé alsolarling and Hrouda 1993). The lens-like
layer of porcelanite-rich material in the old qya(near the lava front) mentioned in
Barth and Zapletal (1978) and interpreted as a thaynbetween two flows may also
represent a hyaloclastite breccia (not preserveg.no

The volcanological results briefly described abowere tested using the
orientation of the paleomagnetic field vector andaleation of magnetic and
gravimetric regional fields. K/Ar dating was usediveell.

The paleogeographic reconstruction of this volcgBGajz et al. 2010) also
incorporated two other sites of tuffites near tiilages of Karlovec and Razova (Barth
and Zapletal 1978). Our opinion on their originagain only slightly different from
previous authors. The source area for most of tbeaceous material in tuffites can be
placed in an old cone of theiBli¢na Volcano, destroyed and transported by the paleo-
Moravice River. The country rock surrounding thadoano (low-grade metamorphosed
slates) was removed together with the scoriaceaatermal. Sedimentary clasts of the
tuffites are low-grade metamorphosed rocks whichnaibcorrespond with the country
rock of the tuffites. During effusive activity dfi¢ younger Velky Roudny Hill Volcano,
a lava dam-lake was formed, the stream gradietiteofiver got changed, and the mixed
pyroclastic-sedimentary material was depositedhénlake. Afterwards, the river used a
contact of lava and the former valley side to ¢ present Moravice River channel.
Some of the scoriae in tuffites were possible gismluced during the activity of the
Velky Roudny Volcano. This can be documented by voéume of redeposited
pyroclasts in the sedimentary record at Razovachvehows a very slow increase in
upwards direction. We cannot exclude productiorpyroclastic flows or surges into
this small sedimentary basin during the possiblenger VR activity. In the case of this
remobilisation, the term “monogenetic” used fostholcano is questionable.

Zélesi lava flow

This erosional remnant is situated at the CzechstPdlorder near Zalesi and
has no vent in the territory of the Czech Republte suppose the production of this
lava from the Lutynia area (Poland) where the veidcated, 1-2 km from the sampled
location. The idea of this relation was tested gisicomparison of magnetic properties
of basalts on both sides of the border, comparia @f the Zalesi lava flow and
previously published data from Lutynia (Birkenmageml. 2002).

Methods of study

Paleomagnetic and basic rock-magnetic studies
The previous studies by Krs (1968) and Marek (19688 3) first discovered

reversed polarity in the BVF, with the exceptiontbé Hidlicna Volcano which is
normally polarized. The latter author (Marek 19Tdg¢asured normal polarity at the
Zalesi lava flow, which is the closest Czech lamatio the Polish sites, and discovered
normal polarity of the basaltic occurrence from é€ladZdrdj. We have confirmed the
older data obtained on an astatic magnetometeg ugiater number of samples and
different measurement techniques (see below). Nopolarity was recently detected
by Birkenmajer et al. (2002) in the Lutynia are@mwiand.



Thirteen sites in the territory of the Czech Repuklere newly sampled and
processed. Hand-operated drilling on outcrops plexvi216 laboratory samples. The
natural remanent magnetization was measured ugdiegJR5a and JR6 spinner
magnetometers and 755R superconducting rock mage&to made by AGICO and 2G
Enterprises, respectively. The samples for meaguviere predominantly chosen
according to Koenigsberger ratio (Q-parameter) twhahould be lower than 10;
however on the Bdlicna volcano was proved that Q-parameter can priynaghch
over 40. The samples were demagnetized by altagh&gld in LDA-3a demagnetizer
and 2G600 automatic sample degaussing systeman98sticcessive fields between 2
and 80 mT, and thermally demagnetized in MAVACS appus at temperatures
between 80 and 600 °C with a 40° step. On moshefsamples were recorded two
Curie temperatures.F=160-200° (300°) C and.7=500-580°C (Tab. 1).

_ Curie temp. | Q- declin.| inclin. | o 95 age age
code site area |volcano | landform N E A¢CHBEC)H ratio pol. ) ) ) nN prev. studies ATOMKS
SU-01 |Karnenna hora u Otic [ Opava | Otice |vent eroded  [48°64.825717°51.5417] 200 25 | #77 | 206| 13.8] 54[1242] 20+3 5V

SLH02 | Zlatd Lipa (Cervend h.) | BYF | WR? |lava relic 48°46. 4557 |17°31.7 27" 580|108 [ R |173.9] 835 42| 99 1.24 LW 1.79+£0.15
SIU-03 |Bil€ice guarry BT R |lava-S.margin [49°93.032°[17°34.385° 200 | 520 [ 1.2 [ R | 1653 758 37)25/5 | 27 +0.655H |2.33+£0.14
S04 |Slezska Harta 1 BwF WHR|lava-N.margin |48%93.230° [17°34.6890°) 200 | 560 [ 1.6 | R [166.1| -76) 4.5[1920 146 £0.15 SH| 221 £0.16
SLH05 | Slezska Harta 2 BwF WR O |lava-surface  |49°92.524°[17°34.891°) 160 | 520 [ 2.0 | R [157.4] -81.5) 5.0{15622|1.28+04 SH| 237 £0.28
SLH06 |Yolarna BwF WR|lava relic 48°53.6347[17°28.352°| 200 | 580 | 1.2 [ R | 1308 -75.5] 5.1) 16/16 2458 £0.31
SU-07 |Bidlicna BwF By |vent 4954726 [17°23.7897] 180 300 M [3499] 615 52| BF 3.74 +0.56
SLH05 |Bruntal-trat’ BwF L |lava relic 48°55.302°[17°27.923°| 200 | 560 |11 [ R | 1405 B85 42)10A0 | 24+055H [1.54+0.15
SL-09 |Mezina 1 BwF WS |lava A8°57 8977 |17°28.355°| 200 | 560 | 46 [ R | 145.1] -79.6| 52| 16A6 [1.94 +0.22 SH[ 1.26 +0.16
SUH10 | Mezina 2 BwF WS |lava 48757 4757 [17°28.226°| 200 | 560 | 05 [ R | 172.1] -B4.8] 3.6) 17417 0.83£0.12
SUH11 | Zalesi u Javamika Lutynia| Lutynia |lava relic 50°21.300°[16%55.369° 300 | 500 |17.5[ M 345 B2.8| 36[20520

SLH12 |Wenusina sopka BwF WS |bomb-cinder £|45°%7.007" [17°28.7337 S50 |46 | R 134| -78.4| 39|1747 1110w (214 +0.08
SL-13 |Uhlisky wreh BwF U |borb-cinder ¢|48°65. 366" [17 “25.339] 580|187 | R |138.7] 83.8] 31| 16/25 147 LW

BP-14 |Lutynia-active quarry  [Lutynia| Lutynia [plug 50°21.5747[16%64.67 17 i 345%|  B7F 377 4.56 +0.20%
BP-15 |Lutynia-old quarry Lutynia| Lutynia |lava 50°21.8277[16°54.091" i 345%|  B27| 4.4% 3.83 £0.17
BP-16 |Ladek Zdrdj Lutynia 7 |lava S0°21.121°[16°51.849" M| 3897 B17] 367 5.46 £ 0.23%
explanations:

B*%F = Bruntal “olcanic Field n - number of samples used for statistics SH = Sibrava and Havli¢ek 1980

* = paleomagnetic and radiomagnetic data from Birkenmajer et al. 2002 M - number of measured samples 5% = Shrbeny and Yokurka 1985

R - reversed polarity; N - normal palarity n£N-reasons described in text LW = Lustrino and ¥ilson 2007

Table 1: Paleomagnetic and radiometric data for aenpling sites, data of Birkenmajer et al. (2082
added for comparison. Curie temperature A and &disquate to & and T, respectively.
Abbreviations of volcanoes: VR — Velky Roudny BM,— Bidlicha, VS — VenuSina sopka Hill,
UV — Uhlisky vrch Hill. For more information on age see b2 and 3 and the text.

A principal component analysis by Kirschvink (1980as performed for all
measured samples and group statistics includingnnagection (Fisher 1953) was
computed on the distinguished primary components dlb sites. The primary
components were recorded in the temperature raP@e550°C or field range 15 — 80
mT.

Representative alternating field and thermal deratgation curves of four
samples are shown in Fig. 3. Magnetic suscepibilians measured by KLY-4S. In
order to identify the main magnetic carriers, terapge dependence of magnetic
susceptibility was also measured in argon atmogptiem the room temperature up to
600 °C, and field-dependent magnetic susceptibifityhe field range of 2—-450 A/m.
The Curie temperature of 180 °C and the steep-fiefiendent susceptibility curve (Fig.
4) obtained from the SU-7 site can be explainethleypresence of titanomagnetite and
other spinelid-group minerals. A similar situatismas detected for the volcanics from
the Krusné hory Mts. (Schnabl et al. 2010) andesponds with the findings of Vahle
and Kontny (2005).
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Fig. 3. Demagnetization curves and Zijderveld dags of four representative samples:

a) and c) — AC field demagnetization curves of damphow a low-coercivity mineral (magnetite). The
reversely polarized sample has a relatively streisgous component.

b) and d) — A thermal demagnetization curve showlmgpresence of magnetite with, Bf 160-200 °C
and T, of 560-600 °C and no change in magnetic suscdptibafter individual
demagnetization steps.
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Fig. 4. Basic rock-magnetic measurements at thiglliBna Volcano (SU-07) prove the presence of
minerals from the spinelid group (titanomagnetét,.):
a) — field-dependent magnetic susceptibility



b) — temperature-dependent magnetic susceptilsitipivs phase change during laboratory heating. It is
caused by newly formed magnetite in the altere# tchoing the procedure.

Conventional K/Ar age determination

Several authors published radiometric ages of tsaBam the BVF (e.g. Sibrava
and Havléek 1980; Kopecky 1987; Lustrino and Wilson 20079m® data remained
unpublished but are accessible in a report (ShrizenlyVokurka 1985). Results from
ten years-old set were recently published by Pgcekal. (2009) as an abstract during
a regional conference in Olomouc. Birkenmajer e(2002) published data from sites
in Polish Silesia close to Zalesi.

K/Ar dating of two data sets of samples was pergxnm the K/Ar laboratory of
the Institute of Nuclear Research of the HungaAaademy of Sciences (ATOMKI),
Debrecen, Hungary. The new K/Ar data set of the BVdS obtained from the same
sites as the set for paleomagnetic research. APOOtg of each rock sample were
crushed and sieved to 3@dn. Adhering fine particles were removed by rinsing
distilled water. Approximately 0.8 g of sieved sdenwere weighed for the whole rock.
The amount of radiogenf@Ar was determined by means of the isotope diluti@ihod
using *Ar as a spike. Mass discrimination of argon isotopeas corrected by
measuring air Ar. Previously preheated whole raskgles were degassed by RF fusion
in Mo crucibles, and usual getter materials (tiiamisponge, getter pills of SAES St707
type and cold traps) were used for cleaning antsgarting argon. The purified argon
was directly introduced into the mass spectrom@@t magnetic sector type of 150mm
radius and operated in the static regime). For dbgermination of the potassium
content, about 1g of the identical sample that wsesl for Ar measurement was ground
in an agate mortar to the grain size finer thanu®0 About 100 mg of this powdered
sample was dissolved in hydrofluoric acid and aitacid using a teflon bomb.
Potassium content was determined by flame photgmeth Lithium internal standard
(CORNING M 480 flame photometer, digitised). Thecale constants of Steiger and
Jager (1977) were used in the age calculation. afbllytical errors represent one
standard deviation (68% confidence level). Multiplens of the inter-laboratory
standards (Asia 1/65., LP-6, HD-B1. and GL-0) warsed for checking the
measurements. Details of the instruments, the eghpihethods and results of the
calibration have been described elsewhere @alogh 1985.

Gravity and airborne magnetometry used for interpretation

Geomagnetic data were acquired by a detailed aebsurvey of the Nizky
Jesenik Mts. to the scale 1:25,000 in late 1970xl&2k and Gnojek 1980). The
anomalies were interpreted by Salansky and Gnop&0) and Salansky (2004).
A detailed gravity survey was realized during thelye 1970s (with measurement
density of 3 points per kih and the gravity data were compiled to the Bouguer
regional and residual gravity maps (Kadlec et ar.2).

The generally monotonous positive regional magnggicl in the study area
(except for the distinct positive magnetic Sterkbeforni BeneSov Zone with iron
mineralization) is modified by several local anomslin the Bruntal area induced by
Cenozoic volcanics. Reversely polarised volcanidié® with Q-parameter above 1
cause negative anomalies. Lavas and pyroclastksrof the VR Volcano near
Leskovec nad Moravici represent the source oftineetdistinctive negative anomalies
(Fig. 5). ). Each negative anomaly in the origimalps is accompanied by small positive
anomaly on the N. It points to the tabular shapeboflies more than the steep
anisometric one. But only detailed field measureimecould have specify their
geometry. Anomaly of about -10 nT situated to the Blong the Moravice River



reflects the largest preserved volcanic flow. Themaaly of -50 nT to the SW

corresponds to Maly Roudny Hill. Central, very tlistive negative magnetic anomaly
of about -60 nT coincides with a small local pestgravity anomaly of more that 15
ums? in the regional gravity survey. Such a type ofcaence is typical for a volcanic
vent (e.g. Lidner et al. 2006, Cassidy et al. 200/)e close-up gravity field map places
this small positive gravity anomaly close to VelRoudny Hill. As the magnetic

anomalies correspond to the tops of both hills mmdolid basalts are known on their
summits, the anomalies are supposed to reflect\asibaniclastics. On the other hand,
their intensity is higher than that of an anomaiguced by a relatively thick lava flow.

The existence of parasitic feeders of a large valca one of possible explanations.
Volcanologic interpretation of such data is probdgim because the results of
geophysical survey are not unambiguous. More aetdileld geophysical survey is
needed for correct specification of geometry aracelocation of the vent.
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Fig. 5. Summarized regional magnetic [nT] and gtaViums?] fields of the Bruntal Volcanic Field

(BVF) and a close-up map of the gravity field atkyeand Maly Roudny Hills (VR) — (kBns?

=1 mGal). Adapted from Salansky and Gnojek (2@0®) Kadlec et al. (1972).

The Uhlisky vrch Hill (UV) and the VenuSina sopka (VS) vahoes, closer to
Bruntal, are characterized by weak negative magretomalies (about -10 nT relative
to background). The individual vents cannot be igedg determined from geophysical
fields, they are monotonous. Theidi¢cna Volcano vent is indicated by an elongated
local positive magnetic anomaly (normal magnet@ati Similar positive magnetic
anomaly about 3 km to the S, accompanied by a iveggtavity anomaly (-25ms?),
indicates the supposed buried volcanic maar neamice. This uniqgue phenomenon is
visible only in the gravity and magnetic data.

Results

A new volcanological evaluation of the volcano remts was made. The older
volcanological evaluation was generally confirméhly in the case of the largest
volcano, Velky Roudny Hill and the neighbouringl lnif Maly Roudny, our results are
slightly different. Basalts of this area were saablin their paleomagnetic properties and
several of them were processed to obtain their Kiges. Paleomagnetic results were
compared with existing reliableadiometric data. This, together with the analysis
magnetic and gravity fields, allowed to reconstruglcanic activity in time and space
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and supported volcanological evidence. Combinatiodifferent approaches resulted in
evaluation of the whole set of K-Ar data.

Paleomagnetism

Lavas and bombs from cinder cones on both smatieanoes of the BVF (UV
and VS) were sampled. The sampled bombs were choased on volcanological
observation — the plastic type ones (e.g. cow-camd) spindle-shaped) were preferred.
Only lavas were accessible at VR. Paleomagnetidtsegroved that larger bombs were
transported above the Curie temperature (560 °/®and 400-560 °C for UV). The
primary field of explosive and effusive productsUtilitsky vrch Hill is visible in Fig.
6a. The primary field of both lavas and pyroclastixt VS is documented in Fig. 6b.
Differences in the paleofields between UV and V&aly 1.3°. Secular variation of all
volcanoes is not centred because of the supposatl diration of volcanic activity,
complying with relatively short lives of monogemetrolcanoes. From this, we can
conclude about a nearly identical time of origintleé two volcanoes, moreover, when
K/Ar ages are very close.
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Fig. 6. Summarized paleomagnetic vector projectmfrthe youngest volcanoes:

a) — Uhli'sky vrch Hill (UV), pyroclastics and lava. Compotsecomputed between 400 and 600°C or 20
-100mT, respectively.

b) — VenuSina sopka Volcano (VS), pyroclasticslamd. Components computed between 280 and 560°C
or 15-80mT, respectively.

c) — Velky Roudny Hill (VR), lava. Components caegibetween 320 and 560°C or 15-80mT,
respectively.

Paleomagnetic data from the Velky Roudny Volcanig.(Bc) were obtained
from lava of its largest flow; pyroclastics are ravailable for sampling. The samples
chosen for paleomagnetic evaluation come from thrapact facies of the lava flow.
Data from site SU-03 (Bilce quarry) were systematically rotated 13° to the
compared to the others from the same lava flowskpet al. (1972) have discovered
tilting of large basaltic blocks during the investiion for the dam construction. This
finding is in agreement with the geological positiof the sampling site and the
mechanism of disintegration of the lava body. This the reason for the apparent
heterogeneity of data from one location.

One interesting effect was observed on a-a bresgtistirface of the largest lava
flow of VR. Figure 7 shows extraordinary distritmrti of samples taken from breccia
clasts, which resulted im95 value of 23.2° for the whole location. This &used by a
special type of sample — the rotation of clastenfrdestroyed already cooled surface
incorporated into fluidal lava is responsible farst phenomenon. Grouping of these
samples shows direction of axis similar to thediom: of the flow and very close to the
interpreted AMS data of Kolofikova (1976). This pbenenon can be derived from
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style of rotation of a-a clasts at the surfacehi@ tentral part of the flow. Data from
only one location cannot be statistically significaanyway, combination of AMS and
direction of remanent magnetisation offers a theime methodological study on
behaviour of a-a lava flows.

GEO
(Wulf)

270 |

® Down
up 180

Fig. 7. Paleomagnetic vector projection of the cterplata with a-a lava breccia clasts (Slezska Hart
lava flow — VR) and the lava flow direction. Coments computed between 280 and 600°C or
15-80mT, respectively.

Grouping of all reliable data of the VR lava flowegé Fig. 6¢) enabled to
compare the paleofield of the largest lava flownfr&R with that of smaller volcanoes
(UV and VS). The angle between the mean directairnteir vectors is 4.5 and 5.0°,
respectively. Unfortunately, this small differerd@es not provide a conclusive basis for
magnetostratigraphic interpretation itself. Anywdyagrees with new radiometric data
which divide the reversely polarized volcanic badigo two separate phases.

A wider difference of 6.4 and 8.0° is obtained & wompare the sites of isolated
lava relics of Zlata Lipa and Volarna, most possii¢longing to the VR volcano, too.
From this, we conclude the possibility of produstiof other flows from the same
volcano (VR). The Volarna relic seems to be produdese in time to the main flow,
while the Zlata Lipa relic may represent a yourfpew.

Two our sampling sites are normal polarized. Thé&dIBEna Volcano has
extremely high Q-parameter (average around 30,olften exceeding 40). Usually,
these high values are explained by secondary mékeiee.g. the lightning. But in this
case, the sampling site is situated in the deptth@fold quarry, so the influence by
lightning is not realistic. More probable reasom dze seen in the titanomagnetite
composition (see Fig. 4).

Another normal-polarized occurrence is the lavac nekar Zalesi at the Czech—
Polish border. Its paleomagnetic characteristics @mparable with those of the
basaltic occurrences in the Polish territory (Mat8k4; Birkenmajer et al. 2002), close
to the sampling site. Volcanological evaluationye® the relation of this lava relic of
Zalesi to the plug of Lutynia. Figure 8 shows vefgse vector orientations for all
normal-polarized volcanics in Lutynia vicinity, inding the Bidli¢nd Volcano. This
situation can be explained by volcanic activityaimery close time span. The conclusion
offers two results: the Zalesi lava flow was praatlidrom the Lutynia Volcano as
supposed from geology; and thé&iddicna and Lutynia volcanoes were active nearly
simultaneously.

12



GEO

o SU-07 Biidliéna  Bp.16 Ladek Zdroj

BP-15 Lutynia
- old quarry

""""

”IIIII

270 1 % SU-11 Zalesi

""" BP-14 Lutynia
- active quarry

I 1 1111 +1

® Down
Oup 180

Fig. 8. Paleomagnetic vector projection of the Zaléava relic and the Bdlicnd Volcano vent,
compared with products from the Lutynia area. Congmis computed between 200 and 500°C
or 10-80mT, respectively.

The Kamenna hora Volcano near Otice is one of tdesb in the region. The
site displays a deeply eroded vent whose volcartik was strongly altered. The main
magnetic carrier is titanomagnetite (Curie tempgeataround 200 °C). The mean
paleomagnetic directions are D = 206° and | = -#thjlar to those measured by Marek
(1974). The inclination is extremely low comparedother Cenozoic rocks. Given the
known age of 20 Ma (Shrbeny and Vokurka, 1985),abeeptable explanation can be
seen in a possible rotation of the only preserdedkbin an old quarry, most probably
due to quarrying activities. This is the reason wieysuppose that the primary polarity
is impossible to reconstruct (see Fig. 1), and tlisation is not suitable for
paleomagnetic studies.

K/Ar datings

Table 1 compares new data from the laboratory ibr&=en and older data of
previous authors from other laboratories. Olderadétom several sites differ
significantly from new ones (Tab. 2), moreover, thealization of several previous
sampling sites is very poosde e.gLustrino and Wilson 2007). The latter data were
published without analytical errors, so their imf@tive value is not fully comparable
with the others.
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volcano| landform original site name | adequate to | K/Ar age {Ma) | sampling year| authors
Otice |went (eroded)  |Kamenna hara Hill SU-m 203 ? o 1985
B |went (surface) |Biidlicna SU-07 3.6941.56 2000 P 2009
YR [lava-Somarging |Welky Roudny (BilSice) |SU-03 3314124 2000 P 2009
YR 1 |lava-S.margin |Biléice-Leskovec =U-03 27105 ? =H 1980
YR 1 |lava-S.margin |BilEice-Leskovec SU-03 34+£09 ? SH 1980
YR 1 |lava-S.margin |BilEice U-03 2.3340.14 2010 this paper
YR 1 |lava-M.margin |Slezska Harta 1 U-04 2214016 2010 this paper
YR 1 |lava-surface Slezska Harta 2 U-05 237429 2010 this paper
YR 1 |lava-front Slezskd Hara no sampls 1.28+£04 ? =H 1980
YR 1 |lava-front Slezskd Hara no sampls 1.46 £0.15 ? =H 1980
YR 1 |lava-front Slezskd Hara no sample 16+06 ? =H 1980
YR 1 |lava-front Slezska Hara no sample 22089 ? =H 1980
VR 2 |lava relic “olama SU-06 2484031 2010 this paper
WR 2 |lava relic “olarensky wrch SL-06 241414 2000 P 2009
WR? |lava relic Llata Lipa SU-02 1.7540.15 2000 P 2009
WR? |lava relic Llats Lipa SU-02 1.24 1992 Ly 2007
WS |[lava “enugina sopka SU-09, 5010 0.80+1.11 2000 P 2009
VS |lava bezina =U-09 1.2640.16 2010 this paper
WS |lava Mezina SU-09, SU-10 ) 1.94+£0.22 ? SH 19580
WS |bomb-cinder . |Venugina sopka al-12 2144108 2010 this paper
WS ? “enugina sopka ? 1.11 19592 LWy 2007
LI ? LIhlifsky wrch sU-08 7 2405 ? =H 19580
L Jlava relic Bruntaltrat SU-05 1.5440.15 2000 P 2009
L Jbamb-cinder &, |Uhlifsky vrch SU-13 1.47 1992 Ly 2007
? ? 9141 - no location ? 0.9 1992 Ly 2007
? ? 9142 - no location ? 1.2 1992 Lvy 2007
? ? 91/4a - no location ? 4.58 1992 Ly 2007
WR1 ="%elky Roudny Hill %olcana, its largest lava flow
WRZ =%elky Roudny Hill Volcano, relic of anather flow
WR? = relic of possible next younger flow from the Velky Roudny Hill
WS =%enugina sopka Yolcano
LN = Uhlifsky wrch Hill Yolcano

Table 2: All available primary K/Ar age data froimetregion in the territory of the Czech Republior F
abbreviations of authors see Tab. 1; and P 200@esskay et al. 2009.

Conventional K/Ar dating of 12 representative whiadek samples was carried
out in two sets (Tab. 3). The first set of 6 sarmplas collected and analysed 10 years
ago. These preliminary data remained unpublishea fong time but were accessible.
In the meantime, a new flame photometer (CORNINGA80) has been set up in
Debrecen, therefore the potassium analyses madtheofiirst set of samples were
repeated. Considering that consistent results wehéeved, the mean K contents were
used for the recalculation of the previous K/Ar @gat the same time, 6 additional
samples were collected from the same sites foropagnetic studies, hoping to get
confirmation of the meaningful ages obtained onpifevious samples.

Based on the preliminary results, we concluded th@atBVF basaltic rocks are
generally younger than the alkaline basaltic roekgosed at Lutynia and Ladek Zdrg;.
On the other hand, the analytical data suggestgdhk volcanic activity was episodic:
older than 3.4 Ma, around 2.3 Ma and younger thd&n Ma. However, such an
estimation does not consider possible geologidaltiuced disturbances of the argon
isotope system, e.g., Ar loss by alteration or sxcér by incorporation of
xenocrysts/xenoliths. Because of these uncertaintiee use all the available and
reliable radiometric data in this study, determimedifferent laboratories (see Table 2).
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The paleomagnetic data are also taken into acdourhe final model of the volcanic
evolution.

K/Ar code [sample code site K (%) | “"Ar raq (ccSTP/g) | Arcaq (%) | K/Ar age (Ma)
5373, CZB-4A  |Welky Roudny (Bilgice) .39 1,155 w107 202 3.3541 23
5375/B C7B-FE flatd Lipa 1.08 7 526 w10°® 16.4 1.7941.15
5370/B CiB-1B Biidlicna 1.31 1.909 %107 91 3.7441.56
S3T1EA, CIB-24, Uhlifsky wrch .66 3.973 x10° 141 1544115
S3720A CiB-3A “enugina sopka 1.14 3652 x10°® 9F 0834012

5374 CiB-5 “olarensky vrch Molarna) 1.12 1.066 %107 272 2454113
8012 Sl-03 Bilcice 0.93 B.845 x10°® 23.4 2.3341.14
8013 SU-04 Slezzka Harta 0.95 B 169 w10® 19.3 2214016
014 SU-05 Slezska Harta 075 5.945 x10° 109 2.3741.29
80145 Sl-06 “Yolarensky vich olarna) 0.99 9.519 x10° 111 2.4841.31
8016 SU-09 Mezina 1.45 7 095 x10°® 111 1.2640.16
8017 S-12 “Yenudina sopka 1.19 9,872 x10° 273 2.1441.08

Table 3: Results of radiometric analyses usedHix study (ATOMKI Debrecen, Hungary); sets 2000
(CZB samples) and 2010 (SU samples). Data of thieese 2000 (Pecskay et al. 2009) are
recalculated with new results on potassium content.

Four new K/Ar ages of whole-rock samples (SU-03,@Bland 06) are identical
within the analytical error. Based on the concotdege, we consider these ages to be
statistically significant for the geological seginTherefore, one can assume that these
whole rocks contain negligible rock or mineral caments with insufficient Ar
retentivity or with excess Ar. This assumption nfirmed by the analytical data
obtained for a sample from previous set (CZB-5,darg site identical with SU-06) —
see Tab. 3. In contrast, the radiometric ages fiteanVS (CZB-3A and SU-12) appear
to be affected by excess Ar (0.83+x0.12 and 2.148:0Ma), assuming that the age
disturbances are mainly caused by the presencenoé sery fine-grained xenocrystic
material, which is impossible to eliminate from g@mples. Consequently, the younger
age is closer to the real geological age than tbdercone. However, it cannot be
completely excluded that sample CZB-3A was affedtgda slight alteration which
resulted in Ar loss. As a consequence, the analyige determined for this sample
should be considered, as a “minimum age”.

Discussion

Reversed-polarized young volcanoes of the BVP rbhasblder than 0.781 Ma
(Gradstein et al., eds. 2004) — the Matuyama pglafiron. Based on polarity and
group statistics results, supported by volcanoklgievidence, we can discuss the
reliability of K/Ar datings originated during theadt nearly 40 years in different
laboratories. On the example of the products froetk¥ Roudny Hill (see Fig. 1 for
location, samples SU-03 to SU-06) we can explaarésult of the evaluation which is
documented in Fig. 9. The data obtained in earB0§Jor the largest lava flow (Slezka
Harta and Bilice-Leskovec) have relatively large analytical esre over 30%. As a
result, a part of the time period belongs to themab polarity event. One rock body
measured several times and in several samplingplatows different ages. The
possible period is therefore so wide that it loog&glity. Moreover, the evaluation of
volcanological phenomena, which is proved by grasgtistics of paleomagnetic
results, now summarizes 9 ages for the same lagg OR1 — see Tab. 2). The time
span counted from all these data is 4.3-0.88 Mgyédn the same weight to each result.
The high age of the two above mentioned reversetples from VR is comparable
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with normal polarized activity of BV and Lutynia lgrby chance; the measured polarity
does not allow this possibility. Therefore, such age is not realistic for the VR
activity. So, we have chosen data which were grdupea time period closest to the
reversed polarity subchron. It is important to cetihat only newly obtained data with
smaller analytical errors were the result. Thus,rttost possible chron of the lava flow
origin is C2r2r (2.581-2.148 Ma). The Volarna laghc with a slightly different vector
orientation is very close in time, belonging to §ane chron. Only the Zlata Lipa lava
relic is younger (1.24 Ma in Lustrino and Wilson0ZOor 1.79 + 0.15 in Pécskay et al.
2009) with a possible origin during the C1r3r chrits vector orientation is slightly
different as well.

rcel cn Statndta_rd by |Geomagnetic Uv| Vs VR Zalest BV A
ge ronostratigraphy | pojarity Zlaté . i ge
[Ma]| period, EpochStage Harta Lipa | Volamna Lutynia [Ma]
[onian S +
" — =

Calabrian

Cirar 10Ol L
U N :(lﬁ':': O

Quaternary
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C2r2r

=3
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Fig. 9. The highest probability age (dotted timersp) of Pleistocene (reverse-polarized — open escl
volcanoes of the BVF compared to Pliocene (nornaddjized — black dots) volcanic activity. If
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open circle only — no analytical error was given psevious authors (Lustrino and Wilson
2007). Stratigraphic chart after Gradstein et &004).

Based on this, we can conclude on the productidawofava flows from the VR
vent, close in time or simultaneous — to the SEA&{a& Harta) and to the W (Volarna).
As has been mentioned above, another lava flowmiaiketo the S (KStanovice—Zlata
Lipa) could have been produced later, during aiplessemobilization connected with
UV and VS formation. This model corresponds with tiew volcanological evaluation.

The orientation of the paleofield vector in the guwots of both smaller
volcanoes is nearly identical. Therefore, we sugdlesat these youngest volcanoes
(Uhlitsky vrch Hill and VenuSina sopka Volcano) were ¢tibmted most probably
during C1r3r or C1r2r chrons (1.778-1.072 Ma), @lthh one K/Ar age from VS
(0.80+0.11 Ma in Pécskay et al. 2009) is youngémaged within C1rlr — see above,
Chapter 5.2. The only oldage (2.14+0.08 Ma), newly obtained from the bomithef
cinder cone (VS), might have been easily influendgad contamination during
vesiculation or alteration during the phreatomageratent.

As the K/Ar age of the normal-polarized oldefidli¢cna Volcano meets three
normal subchrons (C2An2n — 3.207-3.116 Ma; C2An38.596-3.330 Ma; C3nln —
4.300-4.187 Ma), only two older ones representntiost probable time of origin. This
is substantiated by the results of group statistidsere the vectors of BV and the
Lutynia Volcano are similar. From the same attitude can evaluate the age of the
plug in Poland (Lutynia I) as slightly shifted tdvegher age.

Another interesting conclusion can be seen frompibiat of view of tectonic
development. All the studied area is influencedtéstonics of the Sudetic Marginal
Fault. For the ascent of basaltic magmas, we assuentectonic activity at the shape of
relative extension, at least. It allows us to siggpolose interrelationship of volcanism
and tectonics (changes in paleostress field) ire.tifor the time of older volcanic
activity (Bridlicna and Lutynia), there is mentioned tectonic disgin the mountain
ranges of Velka and Mala Fatra (Kéwt al. 2011), some 150 km SE far away. On the
contrary, the time of two younger volcanic phaséslKy Roudny, VenuSina sopka and
Uhlitsky vrch) is supposed to represent a period obiméctquiescence at the Fatra
region. Unfortunately, this study is not able t@lexn this disparity.

Conclusions
Newly obtained data on spatial and time distributid volcanic activity do not
confirm the idea of its shifting in time from thetblthe S (sensu Birkenmajer et al.

2004) in the Czech part of Silesia. It can be @téited that three different Upper

Cenozoic volcanic phases exist, with the followmngst probable timing:

i) Pliocene (Upper Zanclean or Lower Piacenzian) pb&sermal polarity in the
span of 4.3-4.2 Ma (C3n1n) or 3.6—3.3 Ma (C2An3mstituting the Bidli¢na
and Lutynia Volcanoes;

i) Gelasian phase (2.6—-2.1Ma, C2r2r) which formedvi&y Roudny Volcano
with its large lava production; and

i) Lower Calabrian phase (1.8-1.1 Ma, C1rlr+Clr2NehuSina sopka and
Uhlitsky vrch Hills, with possible remobilization of tMelky Roudny Volcano
(southern flow of Zlata Lipa).

These results represent a strong basis for the lpgreozoic volcanostratigraphy of

this region. They can also contribute to the id@agoung history and development of

tectonic activity, connected to the Sudetic Margkeult system. The Otice Volcano
rock is not appropriate for paleomagnetic studies.
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Abstract: This paper proposes lithostratigraphy of Cenozoic ba-
saltic volcanism of the Ji¢in Volcanic Field (Eastern Bohemia).
Two formations are distinguished: Trosky Fm. (Upper Miocene;
15.7-18.3/24.67? Ma) and Kozdkov Fm. (Lower Pliocene;
4.6-5.2Ma). Both of them are represented by products of Strom-
bolian- or phreatomagmatic-type volcanic activity with preserved
relics of cinder/tuff cones and lava-filled maar craters (Trosky
Fm.) and lavas with their feeder (Kozakov Fm.). Accuracy of ra-
diometric data of the volcanic activity is evaluated using results of
paleomagnetic research.

Kenozoicky vulkanismus Ceského masivu je prevazné
soustfedén do oherské struktury. Pfesto existuje nékolik
dal$ich oblasti, kde jsou produkty sopecné ¢innosti vyvi-
nuty v takové mife, Ze je 1ze definovat jako oblasti vulka-
nické. Ji¢inské vulkanické pole, jehoZ dochované projevy
tvoii dominanty Ceského raje, je oblasti doneddvna pova-
Zovanou za uzemi vyskytu hluboce erodovanych keno-
zoickych vulkanickych projevu. Posledni vyzkumy vSak
potvrdily existenci vyskytd predpokladanych povrcho-
vych forem (Rapprich et al. 2007). Vysledky dosavadniho
vyzkumu proto nyni dovoluji navrhnout stratigrafické
¢lenéni neovulkanita této oblasti, zalozené na odliSnosti

litologické, paleomagnetické, casové i petrografické.
V souladu s mezinarodné uzndvanymi stratigrafickymi
principy (Salvador ed. 1994) navrhujeme kenozoicky vul-
kanismus vychodnich Cech ¢lenit do dvou souvrstvi —ko-
zékovského (spodni pliocén) a troseckého (svrchni mio-
cén).

Jicinské vulkanické pole (JVP) je oblast zahrnujici tize-
mi piiblizné mezi Zeleznym Brodem, Turnovem, Mnicho-
vym Hradi$tém, Ji¢inem, Laznémi Bélohrad, Novou Pakou
a Lomnici nad Popelkou. Produkty vulkanismu jsou tvote-
ny horninami skupiny olivinickych bazaltoida. S vyjimkou
lavovych relikti v blizkém okoli vrchu Kozakov maji neo-
vulkanity charakter izolovanych téles vétSinou relativné
izometrickych tvard. Ty z nich, které jsou tvofeny vulka-
noklastickymi horninami, byly dfive souhrnné zobrazova-
ny jako subvulkanické (intruzivni, kominové) brekcie. Na-
pomahala tomu predstava znacné eroze (od predpokladané
doby vulkanické aktivity) i analogie s télesy kompaktnich
bazaltoidt (zily, vypreparované sopouchy). JVP je mode-
lovou oblasti vyvoje drobnéjsich monogenetickych vul-
kant strombolského (struskové kuZele) a freatomagmatic-
kého (tufové kuzele) erupcniho typu, a to podle miry
interakce magmatu s okolim v dob€ aktivity. Za silné mag-
matickou Ize oznacit napf. lokalitu Prackov, nejvyssi frea-
tické ovlivnéni je pozorovatelné na Zilném télese pod hra-
dem Frydstejn. Jednotlivé lokality JVP nabizeji moZnost
studia vulkanického aparatu v riznych eroznich drovnich
od sopecného kuzele aZ po hluboké partie pfivodni drahy.
Blize charakterizovali néktera télesa Rapprich et al.
(2007), kteti zpracovali 13 lokalit.

Lavy na samotném vrchu Kozédkov a v jeho blizkém oko-
li jsou produkty patrné jediné spojité efuzivni aktivity z pfi-
vodni drahy solitérniho vulkdnu u Prackova. Vytékaly
v nékolika smérech, coz dokladaji dalSi drobné relikty
v okoli. Lava ve své distalni &sti u Semil a Zelezného Bro-
du leZi na mladoterciérnich sedimentech Paleojizery, coz
vedlo jiz pfed zjisténim prvnich radiometrickych ddaji
k zatfazeni vulkanické ¢innosti do mladsich tietihor (napf.
Fediuk 1972). Souc¢asna vyskova rozrtiznénost bazi lavo-
vych segmentt a reliktd je disledkem kombinace postvul-
kanické tektoniky a tvard paleoreliéfu. K diskusi o tekto-
nické stavbé, mife eroze a na vyplyvajici souvislosti
odkazujeme na studii Rappricha et al. (2007).
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Litostratigrafie

Pfi terénnim pozorovani kenozoickych vulkanitl zjistuje-
me v oblasti dvé horninové skupiny definovatelné jako
kompaktni bazaltoidy a vulkanoklastika. Z jiného pohledu
pak opét dvé skupiny — typy povrchové a subvulkanické.
V tomto druhém pfistupu se velmi uplatiiuje stafi sopecné
¢innosti, tedy uroveil eroze, v niz jsou dnes télesa zachova-

Obr. 1. Rozdil mezi horninovym typem kozéakovskym (a — Prackov) a tro-
seckym (b — Dubolka, ¢ — Kumburk) je dan absenci/pfitomnosti vyrostlic
klinopyroxenu. Zkfizené nikoly.

na. A¢ posuzovéano z odliSného dhlu pohledu, do zna¢né
miry se oba odli$né pfistupy prolinaji a to spolu s vysledky
radiometrického datovani a paleomagnetickych studii
umoziluje navrhnout litostratigrafické ¢lenéni kenozoic-
kych vulkanickych hornin oblasti:

Kozakovské souvrstvi

Kozédkovské souvrstvi (Kozdkov Formation — podle vrchu
Kozédkov, k. 744; 3,54-6,69 Ma, resp. 4,92 + 0,25 Ma) je
tvofeno bazanitovymi lavami s hojnymi svrchnoplastovy-
mi uzavieninami s pfevahou olivinu (lherzolitovymi nodu-
lemi). Tyto horniny byly a jsou pfedmétem zvySeného pet-
rologického zajmu (naposledy Ackerman et al. 2007).
Privodni draha 1av je eroznim reliktem struskového kuzele
(cinder cone) u Prackova se zachovanou vnitini kraterovou
facii pyroklastik a vyplni krateru kompaktni ldvou (zbytek
lavového jezera). V $ir§im okoli kozakovského hiebene 1ze
nalézt téZ nékolik drobnych eroznich reliktd, které jsou po-
zustatky dalSich lavovych proudt produkovanych tymz
vulkdnem. V dnesni podobé lavy pokryvaji znacnou cast
kozékovského hiebene a zasahuji téméf az k soucasné Jize-
fe. Stavajici prevyseni reliéfu pokrytého lavami — pfes
300 m — je druhotné, zptsobené vertikalni sloZkou nasled-
nych tektonickych pohybil. Ackoliv jsou to vSe produkty
jediného vulkanu, tvoii plosné i objemové prevaznou vét-
Sinu kenozoickych vulkanickych hornin oblasti. Lavy vy-
tékaly do depresi tehdejsiho reliéfu, ktery se patrné gene-
relné svazoval k S. Soudime tak podle vzajemné pozice
pfivodni drahy a maximalniho objemu zachovanych lav.
Nicméné jsou znamy i drobné relikty 1av v jizni, pokleslé
kte. Proto predpokladdme spiSe Clenity smér toku 1avy nez
piimy. Lavy u Semil a Zelezného Brodu dosahly koryta Pa-
leojizery (Gotthard 1931), kde nasedaji na jeji Stérkopisko-
vé nanosy. Dal$imi mladSimi sedimenty jsou ¢4ste¢né pie-
kryty (Fediuk 1953). Rostlinné zbytky z asi 10 cm mocné
vlozky hnédého jilovitého prachovce ve Stérkopiscich
v podlozi proudu byly zafazeny Konzalovou (1973) do
stiedniho aZ svrchniho miocénu.

Hornina je klasifikovédna jako olivinicky bazalt aZ nefeli-
nicky bazanit. Tvoii ji hojné vyrostlice olivinu (azZ 1 cm),
ale vyrostlice klinopyroxenu se prakticky nevyskytuji. Toto
je vyznamné rozliSovaci kritérium (obr. 1). Zakladni hmotu
tvori hojny drobny olivin, méné hojny klinopyroxen, Fe-Ti
oxidy a sklo (méné Casto krystalované faze — plagioklas a
nefelin). Absence klinopyroxenu mezi vyrostlicemi mize
souviset s vyS$si teplotou magmatu pii erupci.

Vysledky prvych radiometrickych rozbori metodou
K-Ar z bazanitovych l4v, odebranych v lomech Slap a
Smréi, publikovali Bellon a Kopecky (1977) a Sibrava a
Havlicek (1980). Souhrnné vykazuji stafi v intervalu
3,54-6,69 Ma, coz je pro vyvoj malého strombolského vul-
kanu prili§ dlouha doba. Udaj 4,25 Ma, bez udané chyby,
z lomu Chuchelna (Lustrino — Wilson 2007) do tohoto
intervalu vhodné zapada a zaroven je té€Z velmi blizky no-
vému udaji 4,92 + 0,25 Ma ziskanému z mista vystupu
lav. Z porovnani radiometrickych a paleomagnetickych dat
(obr. 2) vyplyva, Ze aktivita s jistotou probihala v jednom
z obdobi normalni polarity v zéné C3 (4,2-5,2 Ma). Vy-
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sledky paleomagnetickych studii ze Sestnacti
lokalit vykazuji malou sekuldrni variaci a ex-
trémni magnetickou inklinaci vektoru pfirozené
remanentni magnetizace (obr. 3). Mal4 sekular-
ni variace pri extrémnich hodnotach inklinace
doklada krystalizaci vSech vzorkovanych hornin
béhem velmi kratkého casového tseku (napf.
Butler 1992), a tedy rychlé tuhnuti lavy. Odpo-
vid4 to také predstavée spojité efuzivni aktivity.
Na zakladé charakteru produktd, tedy minimalni
petrologické variability, typu vulkanické aktivi-
ty a zhodnoceni pfivodni drahy (Rapprich et al.
2007), predpokladame vyvoj vulkdnu v dobé
rozhodné nepfesahujici jeden milion let. Proto
se priklanime spiSe k dobé udané posledné
zjisténym radiometrickym rozborem, a to
pro vSechny produkty tohoto souvrstvi.

a) Lomy Smrci (50°37,25°N; 15°17,12’E) a
Pelechov (50°38,01" N; 15°16,20” E) v témZe
proudu — holostratotyp

Cinny lom (Smr¢i) mé odkrytou mocnost baza-
nitového proudu az 20 m. Pozorovatelné jsou tfi
facie — nejnizsi sloupcovité odlu¢na se svislymi
sloupci o priméru 30-40 cm (kolonada), vyssi

Obr. 2. Pozice radiometrickych dat kozakovského souvrstvi ve stratigrafické skale v po-
rovnani s geomagnetickou polaritni ¢asovou skalou (http://www.stratigraphy.org/). Vys-

nepravidelné blockove odlu¢na (entablatura) a ka barevnych obdélnicku predstavuje rozsah analytické chyby. Modfe starsi data z lavo-

ol

nejvysSsi porovita a alterovana facie bez znamek  vych proudd, Eervend nové privodni draha Prackov, Srafou diivéjsi paleontologické uréeni
brekciace. Hranice mezi spodnimi faciemi je podloznich sedimentd.

,opticky* vyraznd (to dfive vedlo k interpretaci

rozhrani dvou pfedpokladanych proudu), pfi blizsim ohle-
dani vSak jde pouze o ndhlou zménu odlucnosti v jediném
proudu (Fediuk 1972). V nejvyssi facii pak pozvolna pfi-
byvaji drobné vezikuly a s jejich mnoZstvim se stupiiuje al-
terace, predpokladanad brekciovita facie pii povrchu proudu
chybi. Opustény lom (Pelechov) odkryva tentyZ bazanito-
vy proud ve sloupcové odlu¢né a dosti alterované facii.
V nadloZi lavy jsou uloZeny povulkanické Stérky Paleoji-
zery. Podle star§i dokumentace (napf. Fediuk 1953) byla
pfi bazi proudu v nadloZi predvulkanickych Stérkopiski
popisovana vulkanoklastika, tehdy interpretovana jako
Htufy“. Vzhledem k okolnosti, Ze vylev dostihl koryta
feky, Ize je i bez moZnosti ovéfeni ve vychoze reinterpre-
tovat jako hyaloklastické spodni brekcie (nejniZsi facie
proudu). Tomu odpovidd také zminovany zapracovany
piscity material.

b) Prackov (50°36,25°N; 15°14,71’E; 4,92 + 0,25 Ma) —
parastratotyp

Vychozy ve strmém svahu z. a zjz. od obce. Odkryty jsou
nespékané a netfidéné, avSak vrstvené uloZeniny bazaltic-
kych strusek se stratifikaci uklanéjici se dovniti vulkanic-
kého télesa. Tento trend je pozorovatelny po zna¢né ¢asti
obvodu télesa. Velikost struskovych ¢astic kolisa prameér-
né kolem 1-10 cm (lapilli az bomby), 1ze nalézt i vietenové
bomby o velikosti pres 30 cm. Casto je jadrem takové
bomby lherzolitova nodule. Erozi je zde obnaZena vnitini
partie struskového kuzele — vnitini svahy krateru, povr-
chového aparétu strombolského vulkinu. Pivodni kréiter
vypliiuje kompaktni bazanitova hornina s vysokym obsa-

Obr. 3. Projekce paleomagnetickych smérii vektort hornin obou defino-
vanych souvrstvi — mala sekuldrni variace doklada kratky Casovy usek
tvorby hornin v obou piipadech. PIné zelené body znaci normélni polaritu
kozékovského souvrstvi (projekce na dolni polokouli), prazdné modré
body pak reverzni polaritu troseckého souvrstvi (projekce na horni polo-
kouli).

hem noduli, dnes tvofici rovinu nad vychozy. Je to poziis-
tatek lavového jezera, odkud byly produkovany lavy to-
hoto souvrstvi.
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Trosecké souvrstvi

Trosecké souvrstvi [Trosky Formation — podle vrchu
Trosky, k. 488; 15,7-18,3 (24,6?7) Ma] sestava z produkti
a pfivodnich aparati mnoha solitérnich vulkand v podobé
struskovych kuZzelil, tufovych kuzell a freatomagmatic-
kych kraterG (maari). Vzhledem k vysSimu staii a tedy
déle trvajici erozi jsou produkty zachovany v podstatné
mensi mife neZ u souvrstvi mladsiho. Rozdily v erupénim
stylu jednotlivych monogenetickych vulkand jsou dany
prostfedim, ve kterém k erupci doslo — pfedevsim hydro-
logickymi a hydrogeologickymi podminkami. Jednotlivé
porce magmatu byly drobné a po eruptivni aktivité docha-
zelo k intruzim kompaktniho magmatu do erup¢niho apa-
ratu. Neni znama produkce 1av, i kdyZ z charakteru sopec-
né ¢innosti je znacné pravdépodobna alespoii v pripadé
nékterych z vulkanti. V soucasnosti jsou sopky tohoto
souvrstvi zachovany v podobé eroznich trosek, vice ¢i
méné postizenych odnosem. Nejlépe jsou povrchové vul-
kanické aparaty zachovany napf. na lokalitich Trosky,
Dubolka, Zebin anebo Kumburk. Na mnoha jinych ziista-
vaji pouze subvulkanické aparaty, popt. pouhé hluboce
erodované ptivodni kanaly.

Hornina v kompaktnim stavu je klasifikovdna v pfevazné
vétsin€ pripadi jako bazanit, resp. limburgit. Urceni vSak
miZe kolisat v hranicich olivinicky bazalt aZ olivinicky ne-
felinit. V horninach tohoto souvrstvi jsou patrné hojné vy-
rostlice olivinu (az 5 mm) a o néco méné hojné vyrostlice
klinopyroxenu (do 3 mm) — oboji identifikovatelné pou-
hym okem nebo lupou na makrovzorku a zcela nezaméni-
telné pri ovéfovani ve vybrusu (viz obr. 1). Zakladni hmotu
tvoti drobné vyrostlice olivinu a klinopyroxenu, Fe-Ti oxi-
dy, bazicky plagioklas a nefelin/analcim, nebo sklo.

VSechny analyzované horniny troseckého souvrstvi vy-
kazuji reverzni polaritu a malou sekuldrni variaci, inklina-
ce vektoru pfirozené remanentni magnetizace odpovida
primérné hodnoté pro dané casové obdobi (viz obr. 3). Sta-
fi tohoto souvrstvi dokladaji radiometrickd K-Ar data nové
ziskana na Ctyfech reliktech struskovych/tufovych kuzeld,

Obr. 4. Pozice radiometrickych dat troseckého souvrstvi ve stratigrafické Skale v porovna-
ni s geomagnetickou polaritni ¢asovou Skélou (http://www.stratigraphy.org/). Vyska ba-
revnych obdélnicki predstavuje rozsah analytické chyby na jednotlivych lokalitach.

ktera lezi v uzkém rozpéti 2,5 mil. let kolem stafi 17 Ma
(Trosky 16,49 = 0,79, Kumburk 17,31 + 0,56, Dubolka
17,32 + 0,86, Zebin 17,51 + 0,74 — ATOMKI Debrecen
2006-7). Vzajemny prekryv téchto radiometrickych dat od-
povida zéné reverzni polarity C5Cr (16,7-17,2 Ma —obr. 4),
tedy interval pouhych 0,5 mil. let. Dfive ziskan4, avSak ne-
dévno publikovand datovéni 20,6 a 24,6 Ma pro Cefovku a
Strele¢skou hirku (Lustrino — Wilson 2007) postradaji
udéni chyby, coZ vyznamné sniZuje moznost posouzeni je-
jich objektivity. Pfesto nas vSak v soucasné situaci omeze-
nych znalosti nuti roz§ifit ¢asovy rozsah navrhovaného
souvrstvi smérem ke stafi vy$§imu, i kdyZ indicie zahrnu-
jici zhodnoceni typu vulkanické ¢innosti, tektonicky pod-
minéné privodni drahy, paleomagnetické charakteristiky
a absence diferenciace magmatu spise nasvédcuji predpo-
kladu kratSiho obdobi vulkanické aktivity. Do budoucna,
na zéakladé poznatkd z dalSich lokalit, zdaleka neni vylou-
¢ena moznost vyc¢lenéni starSiho obdobi vulkanické aktivi-
ty, ¢i pfehodnoceni vysledki prfedchozich radiometrickych
rozbord.

a) Trosky (50°31,000’N; 15°13,845’E; 16,49 + 0,79 Ma)
— holostratotyp

Dominanta a symbol Ceského raje je poziistatkem strusko-
vého kuZele vzniklého strombolskou aktivitou. Tvofi ji
akumulace $patné vyttidénych, nezretelné vrstvenych, ne-
specenych, nezpevnénych a nealterovanych bazaltovych
strusek o velikosti 0,5-3 cm (lapilli, bomby) s obcasnymi
vietenovymi bombami az 70 cm velkymi (obr. 5). Pyro-
klastika jsou proniknuta kompaktnim limburgitem. Misty
Ize pozorovat struktury degazace (vyfouknuti jemnéjsiho
materidlu odchédzejicimi plyny). Zachovény jsou s nejvetsi
pravdépodobnosti pouze vnitini kraterové facie pyroklas-
tik.

b) Kumburk (50°29,608°N; 15°26,700’E; 17,31 + 0,56 Ma)

— parastratotyp

Lavové jezero vypliujici freatomagmaticky krater, z néjz

velmi pravdépodobné mohly vytékat lavy. Tvar kompaktni
vyplné je konicky — coz koresponduje se spodni
partii jezera — stejn¢ jako usporadani sloupcové
odlu¢nosti v podobé milife. V lemu kompaktni
vyplné jsou v hradnich ptikopech odkryty zbyt-
ky polymiktni brekcie. Vysoky obsah xenolitd,
zejména sedimentll permokarbonu, odpovida
freatomagmatické erupci (maar).

¢) Zebin (50°27,212°N; 15°22,360’E; 17,51 +
0,74 Ma) — parastratotyp

Tretim typem aktivity troseckého souvrstvi
jsou povrchové freatomagmatické exploze ne-
tvofici kratery, ale tufové kuzele. Zebin je tvo-
fen akumulaci bazaltovych slabé vezikulo-
vanych nebo nevezikulovanych fragmentt
s prevazujici velikosti klasti kolem 1 cm. Vrst-
veni ani gradace nebyly pozorovany, ve svrch-
ni partii vSak byly zjiStény znaky degazace.
Pyroklastické uloZeniny jsou opét protnuty
kompaktnim limburgitem.
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Diskuse — vztahy definovanych
litostratigrafickych jednotek k okoli

Ve studované oblasti je kenozoicky vulkanismus nejmlad-
$im projevem platformniho vyvoje, odhlédneme-li od sedi-
mentl kvartérnich. UZSi stratigrafické vztahy 1ze definovat
superpozi¢né pouze k sedimentim kiidovym (v pfevazné
vétsing vyskytim troseckého souvrstvi) a ke staré ficni te-
rase/terasdm Paleojizery (souvrstvi kozédkovské). V prvém
pripadé pfivodni aparaty vulkanit proraZeji a jejich produk-
ty nasedaji na sedimenty kiidy. V pfipadé druhém pak
s nejvétsi pravdépodobnosti jsou 1avy synchronni s uklada-
nim terasy Paleojizery. To vyznamné posunuje stafi Stér-
kopiskl ze stfedniho aZ svrchniho miocénu (diivé;jsi pa-
leontologické urceni) do spodniho pliocénu. Na zakladé
vulkanologickych indicii 1ze ddvodné pfedpokladat zahra-
zeni toku vylevem (lava-dam lake), prekryti stavajicich
Stérkopiski lavou a kontinualni usazovani dalSich fi¢nich
sedimentll na lavé po vzedmuti hladiny toku a po alesponi
castecné erozi nejvyssi lavové facie. JelikoZ z okoli nejsou

Obr. 5. Bazaltové strusky pod hradem Trosky. Nezietelné vrstvena a $pat-
né vytiidéna pyroklastika s prevahou frakce lapilli; nékteré z bomb vyka-
zuji ulozeni v poloplastickém stavu — viz vietenovd bomba velikosti
70 cm vlevo nad kladivem.

Obr. 6. Srovndni litostratigrafickych jednotek vulkanosedimentdrniho komplexu Ceského stfedohofi a ji¢inského vulkanického pole na standardni chro-
nostratigrafické a geomagnetické polaritni casové Skale (http://www.stratigraphy.org/). Intenzivni barva v pravém sloupci zndzorfiuje ziZeni casového
intervalu obou definovanych souvrstvi, interpretované na zdkladé paleomagnetickych studii. Piekryv barev v pfedchozim sloupci zndzoriuje doposud
nevysvétleny piekryv analytickych dat isteckého a dé¢inského souvrstvi, ktery neni v souladu se superpozi¢nimi a vulkanologickymi charakteristikami

obou jednotek.
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uvadény sedimenty obdobného stéfi, které by opraviiovaly
k predstavé zmény toku Paleojizery vlivem efuzi, pfedpo-
kladame névrat toku do pivodniho koryta bezprostfedné
po vylevné epizod€. Vzajemné stratigrafické vztahy obou
nové definovanych vulkanickych jednotek byly popsany
v predchozim textu a vyplyvaji z obrazk.

Z cCasového udaje mladSiho kozakovského souvrstvi
(ca 5 Ma) a charakteru vyskytu jeho reliktd Ize vSak Cinit
zavéry o stafi a charakteru jedné z fazi pohybové aktivity,
patrné souvisejici s vyvojem luzické poruchy. V lomu
Chuchelna zaznamenand zlomova plocha (60/64°) doku-
mentuje Cisté horizontdlni pohyb zpiisobeny napétovym
vektorem ssz.-jjv. orientace. Je tudiz velmi pravdépodob-
né, Ze tektonickd aktivita oblasti v blizkosti luZické poru-
chy mohla probihat v nékterych okamzicich zpiisobem
prostych horizontalnich posunt i patrné prostych vertikal-
nich pohybu. V kazdém pfipadé je tato vyznamna tektonic-
ka ¢innost — amplituda ptes 300 m a prosté lateralni posu-
ny — postvulkanickd, mlads$i neZ kozakovské souvrstvi
(blize Rapprich et al. 2007).

Obeé litostratigrafické jednotky lze také porovnavat s ob-
dobnymi jednotkami vulkanosedimentarniho komplexu
Ceského stiedohoti (Cajz 2000). Obg starsi souvrstvi kom-
plexu (ustecké a décinské), kterd do soucasnosti tvori val-
nou vétSinu vulkanické produkce komplexu, jsou starsi nez
souvrstvi trosecké. Souvrstvi dé¢inské pak je navic geo-
chemicky a vulkanologicky zasadné odlisné. Dobrnské
souvrstvi komplexu se vSak se souvrstvim troseckym da
porovnat ¢asové (19-24 Ma a 16-24? Ma), typem vulka-
nické aktivity (solitérni strombolsky vulkanismus) i petro-
grafickymi charakteristikami produktt (skupina olivinic-
kych bazaltoid). Jak jsme vSak jiZz upozornili, velky
Casovy rozptyl osmi miliond let pro trosecké souvrstvi,
zvlasté smérem ke starSim hodnotam, je zpiisoben pouze
zaclenénim dvou lokalit s dfive publikovanymi udaji, ac-
koliv ostatni indicie nejsou v souladu s tak dlouho trvajicim
obdobim vulkanické aktivity. Proto je vysoce pravdépo-
dobné (za pfedpokladu spravnosti udaju), Zze prave tyto dvé
lokality jsou v oblasti vychodnich Cech ekvivalentem sou-
vrstvi dobrnského. Potom by na zékladé tdaji z nového
vyzkumu souvrstvi trosecké (s pfipadné redukovanym roz-
sahem 15,7-18,3, resp. 16,7-17,2 Ma) bylo mladsi nez sou-
vrstvi dobrnské vulkanosedimentérniho komplexu Ceského
stfedohofi. Nejmladsi souvrstvi komplexu (Strbické) pak
svym ¢asovym rozsahem (9-13 Ma) zapada mezi ob& navr-
hovana souvrstvi vychodoceské oblasti. Je jim blizké typem
vulkanické aktivity i geochemii produktii. Vokurka a Kober
(1993) udavaji poméry ¥’Sr/*°Sr bazanitu z 14v kozakovské-
ho souvrstvi v hodnotach 0,7031-0,7035, které jsou blizké
dobrnskému souvrstvi. Je vSak tfeba upozornit na nepomér
poctu tdaji ze srovnavanych souvrstvi.

Na zédkladé porovnéani obou oblasti by pak litostratigra-
ficka posloupnost kenozoického vulkanismu od nejstarsi-
ho po nejmladsi souvrstvi byla nasledujici (obr. 6): distecké
—décinské — dobrnské — trosecké — Strbické — kozdkovské.

Vysledky vyzkumu nabizeji mozZnost popularizanich
aktivit pro dalsi rozvoj geoturistiky v Geoparku Cesky r4j.
V této oblasti je geoturistika vyznamnou soucasti trvale
udrzitelného ekonomického rozvoje.
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ARTICLE INFO ABSTRACT
Afﬁf{e history: This study summarizes the final results of magnetostratigraphic and biostratigraphic investigations of
Received 17 June 2009 the Tithonian/Berriasian (J/K) boundary limestones at the locality of Puerto Escafio, Spain. The aim is to

Accepted in revised form 28 October 2009

‘ ) prepare the background for correlation of an upper Tithonian and lower Berriasian biostratigraphic
Available online 10 November 2009

zonation with global magnetoevents (manifested in detailed magnetostratigraphic profiles) between the
Tethyan and the Boreal realms.

Keywords: Magnetostratigraphic studies were applied to an 8.1-m-thick part of the section embracing upper
Ammonites . . L. . . .

Magnetostratigraphy Tithonian and lower Berriasian strata. The average sampling interval was 30 mm. The analysis of the IRM
Jurassic/Cretaceous boundary acquisition curves proved the presence of magnetite and hematite, the former mineral being the main
Tintinnoids carrier of the remanent magnetization. Progressive thermal demagnetization mostly revealed three NRM
Southern Spain components, and magnetostratigraphy was based on the directions of the most stable of them, with
Subbetic Zone unblocking temperature varying mostly from 300 to 540 °C. Due to almost parallel beds, the fold test

applied to this component did not give convincing results. In contrast, the reversal test received the best
classification ‘A’. The detected polarity zones could has been unequivocally identified against the
M-sequence of polarity intervals drawn from the Geomagnetic Polarity Time Scale 2004. This fact,
together with the results of the reversal test, confirmed the ChRM to be the primary component. The
sampled part of the section included a part of magnetozone M20r, full magnetozones M20n to M18r and
a part of magnetozone M18n. Especially the detection of two reverse respectively by M20n.1r and
M19n.1r with thicknesses only 40 and 90 mm, respectively, required much effort when sampling the
section. The calculated sedimentation rate varied from 1 to 5 mm/ky.

The positions of the individual events of tintinnoid biostratigraphy (mainly calpionellids) relative to
the global magnetic polarity timescale are precisely defined. The base of the Calpionella Standard Zone,
which is considered to be a potential J/K boundary indicator in ammonite-free sections from the Tethyan
realm, or in sections where calpionellid stratigraphy applies, lies within magnetozone M19n at the level
of 35% of its local thickness. None of the boundaries in the calpionellid zonation coincides precisely with
any of those in the palaesomagnetic zonation, but the first appearance datum (FAD) of Calpionella
grandalpina Nagy, indicating the base of the Intermedia Subzone, lies in close proximity to the base of
magnetozone M19r. The last appearance datum (LAD) for Praetintinnopsella andrusovi Borza in Bed 14A
corresponds approximately to the base of the Kysuca Subzone.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

This study is included in a long-term project aiming at the

correlation of biozones along the Jurassic/Cretaceous (J/K)

boundary in the Tethyan and Boreal realms by means of magnetic

* Corresponding author. ) ) o polarity stratigraphy, which, unlike the biostratigraphic criteria, can
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simultaneously in all rocks in the world. Our attention is, therefore,
confined to the sections where the geomagnetic polarity horizons
can be precisely detected, allowing testing of the isochroneity of
the biostratigraphic criteria that are currently in use.

In the last thirty years, magnetostratigraphy has been applied to
many sections embracing the J/K boundary strata in the Tethyan realm
(e.g., Ogg and Lowrie, 1986). These studies are, however, typically
focussed on the construction of isochronous horizons in a series of
stratigraphic sections rather than on detailed determination of
boundaries in biostratigraphic terms and their correlation with
magnetozones. The J/K boundary has been placed at various levels
within the range of magnetozones M19 to M17 by different authors.

A synoptic magnetostratigraphic profile for Upper Mesozoic
rocks from Tunisia was published by Nairn et al. (1981). Lowrie and
Channell (1983) placed the boundary into the lowermost part of
magnetozone M17 in pelagic limestones of the Maiolica Formation
in the Bosso Valley, Italy. Magnetozones detected in this 110-m-
thick section were correlated with the M-sequence of marine
magnetic anomalies M19 to M14, or probably M13. The magneto-
stratigraphic investigation of the Maiolica and Calcari ad Aptici
limestones from the Arcevia, Bosso, Contessa, and Gorgo a Cerbata
land sections (Italy) was published by Speranza et al. (2005)
including a detailed record of polarity chrons M21 to M14 and M9
to MO. Magnetozones M19-M15 were detected in pelagic lime-
stones at the localities of Carcabuey and Sierra Gorda in southern
Spain by Ogg et al. (1984). A short reverse polarity subzone was
indicated in the normal part of magnetozone M20. Magnetozones
M19-M14 were detected in the Umbrian Maiolica Formation in
white pelagic limestones at Fonte del Giordano (Cirilli et al., 1984).

After the correlation of magnetostratigraphic data with calpio-
nellid zones, Marton (1986) proposed placing the J/K boundary
close to the base of M17; also Lowrie and Channell (1983), Channell
and Grandesso (1987), Channell et al. (1987), and Ogg et al. (1991)
contributed to the solution of this problem. Housa et al. (1999)
detected magnetozones M20r-M17r in the Brodno section near
Zilina and, on the basis of calpionellid zonation, placed the J/K
boundary at approximately the middle of M19n, between M19r and
reverse subzone M19n.1r (the Brodno Subzone), a solution which
has been accepted by Grabowski and Pszczétkowski (2006), too.
The fine structure of polarity zones was completed by the detection
of subzone M20n.1r, too (the Kysuca Subzone). Namely the pres-
ence of these subzones makes the pattern of, say, eight polarity
zones around the J/K boundary so distinctive that it can be unam-
biguously identified against the whole M-sequence of polarity
intervals by a mathematical procedure (Man, 2008). To generalize
the obtained results, particularly with respect to equal definition of
calpionellid zones and their position relative to the detected
magnetozones, the project was completed by other localities in the
Tethyan realm, namely: (1) the Bosso Valley, central Italy, Umbria,
where the magnetostratigraphy and biostratigraphy were well
documented (Housa et al., 2004); (2) Rio Argos, Caravaca, Province
of Murcia, SE Spain (Hoedemaeker et al., 1998) where limestones
throughout the section were, however, found to be syn-tectonically
and post-tectonically remagnetized.

This paper presents conclusive results concerning sub-section
GA-7 located at Puerto Escafio, Spain (Fig. 1). This section complied
with our requirements in three fundamental criteria: (1) litholog-
ical succession showing relatively “continuous” sedimentation not
interrupted by marked diastems or hiatuses (i.e., sedimentary
discontinuities with biostratigraphic relevance); (2) occurrence of
rich fossil assemblages (calpionellids, ammonites) allowing
a detailed biostratigraphic division; and (3) rocks evidencing
magnetic properties that are favourable for reliable determination
of palaeomagnetic polarity. The calpionellid assemblages are very
well preserved and highly diversified. The record of their evolution

is practically complete. Boundaries between individual zones and
subzones of calpionellid stratigraphy could, therefore, be very
precisely determined.

In the Tethyan realm, J/K boundary strata are ususally identified in
limestones lacking ammonites (and other macrofossils) and there-
fore interpreted as relatively deep-water deposits. These sections also
provide a relatively continuous lithological succession (i.e., hiatuses
being below biostratigraphic resolution) which is assumed to
represent a sedimentary record with minor incidence of hiatuses,
thus, a very suitable condition for obtaining the magnetostratigraphic
framework. Stratigraphy of these sections is therefore based on
microfossils, among which calpionellid assemblages in particular
provide very good possibilities for detailed biostratigraphic subdivi-
sion. However, the Puerto Escafio sub-section reflects not so deep
environment with a relatively rich ammonite assemblage, belem-
nites, brachiopods, echinoids and less abundant bivalves.

A generally accepted provisional J/K boundary based on cal-
pionellids is the base of the Calpionella Standard Zone (Remane
et al., 1986). It was considered to be practically identical to the base
of the ammonite Jacobi Zone. However, the interpretation of the J/K
boundary coinciding with the lower boundary of calpionellid Zone
A and the boundary between the Durangites and Jacobi ammonite
zones has been proved wrong in Tethyan areas such as the Subbetic
Zone and the Majorca Island (Ol6riz and Tavera, 1989, 1990; Tavera
et al., 1994; Oloriz et al., 1995). In accordance with data given by the
authors mentioned, Tavera et al. (1994) showed that the base of
the Jacobi Zone at Puerto Escafio is somewhat older than the base of
the Calpionella Zone, which was detected ca. 1 m higher there.
Inasmuch ammonites are absent from Brodno and other sites in
deeper basinal facies of the Tethys, the J/K boundary in the Tethyan
basinal sediments is defined as the base of the Calpionella Standard
Zone. The position of this boundary in sections can usually be
determined precisely (within the range of a few centimetres),
mostly lying within a particular bed. In contrast, a precise J/K
boundary determination on the basis of ammonites is possible in
most probably shallower mid-outer shelf and epioceanic deposits
(i.e, swells seawards from epicontinental shelves, underlain by
continental crust) within the Tethyan realm. Ammonite taxa
stratigraphically significant for the J/K boundary identification
unfortunately occur “restricted” to these settings, whereas calpio-
nellid assemblages are widely distributed in mid-outer shelf, epi-
oceanic swells and deeper basinal troughs. Thus, looking for
enhancig the correlation potential as the most, the provisional J/K
boundary at the base of the Calpionella Standard Zone is favoured
as the reference in this research.

2. Geological setting

The upper part of section GA-7, UTM 30SUG449859, investigated
at Puerto Escarfio, province of Coérdoba, approximate coordinates
37°27' N, 4°17° W, belongs to the External Subbetic, Betic Cordillera,
exposed in southeastern Spain (Fig. 1). Palaeogeographically, the
External Subbetic corresponded to a distal, epioceanic environment
during the Late Jurassic and the earliest Cretaceous (e.g., Oloriz et al.,
2004). The upper Jurassic to lowermost Cretaceous deposits in
section GA-7 consist of Ammonitico Rosso and related facies, ranging
from well-bedded limestones to clayey limestone horizons of
nodular aspect reflecting deposition on distal, epioceanic swell.
Although the depositional conditions on raised blocks (swells)
commonly resulted in omission/erosion below biostratigraphic
resolution (e.g., frequent firmgrounds as identified by Caracuel et al.,
2000 in the studied sub-section GA-7), precise biostratigraphy at the
biozone level is available for both ammonites and tintinnoids (Oloriz,
1978; Tavera, 1985; Tavera et al., 1994; Caracuel, 1996, Oloriz et al.,
2004 and references therein) and, hence, biochronostratigraphic
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Fig. 1. A, Geographical location of the area with the studied section (top); inserted map showing the position of section GA-7 at Puerto Escafio (geographical coordinates: 37.44 N;
4.28" W) and roads in the surroundings (bottom): black area for the Betic Cordillera. B, Palaeogeographic sketch for Tithonian - Berriasian as interpreted in Olériz et al. (2004):
Algarve Shelf [AL-S]; Iberian Shelf-System [IB-SS]; Lusitanian Shelf [Lu-S]; Majorca and related areas [M], except Minorca; Malaguide Complex [Ma]; Nevado-Filabride Complex [Nf];
Prebetic Shelf [Pb-S]; Rondaides Complex [Rd]; Subbetic Basin [Sb-B]. Section GA-7 at Puerto Escafio [black point]; Epicontiental (AL-S, IB-SS, Lu-S, PB-S) and epioceanic (Sb-B & M)

environments [white]; Oceanic environments [shaded].

correlation with the standard zonation for the Western Tethys (e.g.,
Geyssant, 1997).

The studied sub-section is dominated by wackestones showing
microfacies with variable contents of radiolarians, calcisphaeres,
dinoflagellates, planktonic crinoids, unidentifiable foraminifers
(planktonic and benthic), organic and hyaline loricated tintinnoids
(“chitinoidellids” and calpionellids, respectively), ostracodes,
cephalopods (ammonitella, and fragments of juvenile and adult
ammonite shells), and broken molluscs, echinoderms (plates and
spines), sponge spicules and pelagic bivalves, among others.
Dominant, macroscopic fossil remains are ammonoids, and less
abundant components are belemnites, brachiopods and echinoids.

Burrowing was common and mainly realized through Thalassi-
noides- Chondrites- and Planolites-makers (e.g., Caracuel, 1996;
Caracuel et al., 2000).

3. Rock magnetism and magnetostratigraphy

Our approach is confronted below with the quality criteria
proposed by Opdyke and Channel (1996). Their list is too long to be
reproduced here, but its separate points will be mentioned in the
following text. The first of these criteria, requiring the stratigraphic
age of the section to be known to the level of the stage, has been
satisfied by the nature of the project. The ninth and the tenth
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criteria, however, requiring radiometric dating and multiple
sections, respectively, have not been satisfied; radiometric dating
could not be carried out due to the absence of magmatic rocks.

3.1. Sampling

An 8.1-m-thick part of the section embracing upper Tithonian
and lower Berriasian sediments was accurately measured and
systematically logged (the second criterion). The beds were labelled
with numbers. Orientated hand samples for magnetic measure-
ments were not collected once and for all; instead, we started with
relatively few samples, took the necessary measurements, and
constrained the levels of the expected geomagnetic polarity hori-
zons. With the increasing number of samples, these levels and the
boundaries between biostratigraphic zones were progressively
detected with higher precision. The sampling density was,
however, limited by the 20 mm size of the cubes used for magnetic
measurements. The above described economic sampling strategy
finally yielded 278 samples. The average sampling interval was
30 mm. Taking into account the average deposition rate estimated
in sub-section 3.5, this value corresponds to 8.6 ky in the time scale,
classifying our magnetostratigraphic data as high-resolution data.

The uniform bedding-plane orientation of the beds with strike
of 44.1 +19.4° and dip angle of 29.2 + 6.3° was unfavourable for the
successive fold-test applied to the directions of the natural rema-
nent magnetization (NRM).

3.2. Laboratory equipment

NRM measurements were carried out using either the spinner
magnetometers JR-5A and JR-6A (AGICO Brno) or Liquid helium-
free Superconducting Rock Magnetometer type 755 4 K SRM (2G
ENTERPRISES). In order to resolve the components of NRM, the
latter equipment used the alternating field demagnetization up to
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the peak field of 160 mT, while the former was mostly combined
with the thermal demagnetization in the field-free space produced
by the MAVACS equipment, and seldom with the Mu metal shielded
alternating field demagnetizer LDA-3A (AGICO Brno). The ambient
magnetic field in the cooling chamber of the MAVACS demagne-
tizer did not exceed 1 nT owing to a built-in rotating coil magne-
tometer controlling the currents in its Helmholtz coil system
(Pfihoda et al., 1989). Processing of the output data, including, e.g.,
the multicomponent analysis of the demagnetization path, was
carried out by Remasoft 3.0 software (Chadima and Hrouda, 2006).
Magnetic susceptibility was measured by the KLY-4 Kappabridge
(AGICO Brno) (Jelinek, 1966, 1973).

3.3. Identification of magnetic minerals and significance of the NRM
components

According to the sixth criterion of Opdyke and Channel (1996),
particular attention should be given to magnetic mineralogy, which
may constrain the timing of remanence acquisition. The coercivity
spectrum of magnetic minerals studied by means of acquisition
curves of the isothermal remanent magnetization (IRM) provides
one possible key to it. Having been obtained for ten pilot samples in
magnetic field progressively increasing up to 2T, these curves
demonstrated the presence of magnetite and hematite (see
examples in Fig. 2). These components, widely differing in their
coercivities, were quantified by the method of Kruiver et al. (2001),
which is based on the assumption that the IRM acquisition curve of
a particular mineral can be approximated by a log-normal distri-
bution function described by two parameters, of which parameter
B> represents the field at which the mineral phase would acquire
half of its saturation IRM. The application of the Irmunmix V2.2
software proved that magnetite, with parameter By, between 8 mT
and 12.5 mT, contributed by 70 to 93 % to the bulk IRM curve, while
hematite, with parameter B;, between 63 mT and 630 mT,
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Fig. 2. Examples of IRM acquisition and AF demagnetization curves for limestone samples CA21A (2.14 m), CA28B (4.41 m), C33A2 (5.17 m), CA35D2 (5.55 m).
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Fig. 3. Results of the progressive AF demagnetization of two limestone samples (a - C34H3 (540 m); b - C35BC (7.73 m). The NRM directions are tilt-corrected. Top left,
stereographic projection of these directions after each demagnetization step. Solid and open circles represent projections on the lower and upper hemispheres, respectively. Top
right, the Zijderveld diagram, showing projections of the demagnetization paths. Projections onto horizontal (XY) and vertical (XZ) planes are marked by solid and open circles,
respectively. Bottom left, normalized remanent magnetization depending on the AF intensity.

contributed by 7 to 30 %. Since the saturation magnetization of
magnetite is almost thousand times higher than that of hematite, it
can be concluded that, although magnetite is the main NRM carrier
in the studied rocks, the rocks contain higher amounts of hematite,
likely the authigenic secondary mineral formed during diagenesis.

The third criterion requires complete thermal/AF demagneti-
zation of all specimens and analysis of the components of the NRM
carried out using orthogonal projections. An experiment carried
out with several pilot samples proved that the progressive stepwise
demagnetization in 11 or 12 thermal fields gave better results than
the AF demagnetization (Fig. 3). The former procedure was,

therefore, applied to the majority of samples. Each heating step was
followed by the measurements of both the vector of NRM and the
magnetic susceptibility. If the symbols M, and M; denote the NRM
in the natural state and that heated to temperature t and cooled in
magnetic vacuum to the room temperature, respectively, the ratio
MM, plotted against temperature t shows the unblocking
temperatures of the NRM carriers. Similarly, the bulk magnetic
susceptibility measured after the above heating step plotted against
the temperature t can detect possible phase changes of minerals
during the thermal processing. The examples are given in Figs. 4
and 5, showing also the demagnetization paths expressed both by
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Fig. 4. Results of the progressive thermal demagnetization of two limestone samples (a - C341 (5.42 m); b - C33A (5.17 m) with normal polarity of component C. The NRM directions
are tilt-corrected. Top left, stereographic projections of these directions after each heating step. Top right, the demagnetization path expressed by the Zijderveld diagram. Bottom left,
the normalized remanent magnetization M;/M,. Bottom right, the bulk magnetic susceptibility depending on the temperature achieved during the previous heating step.
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Fig. 5. Results of the progressive thermal demagnetization of two limestone samples (a - C02A (-0.14 m); b - C35B (5.53 m) with reverse polarity of component C. See the caption

of Fig. 4.

Zijderveld diagrams consisting of two orthogonal projections of
NRM vectors after each heating step, and by stereographic projec-
tions of their directions.

The fourth criterion requires the directions of particular NRM
components to be determined from the least squares line fitting of
the demagnetization path (Kirschvink, 1980). This multicomponent
analysis of thermal demagnetization paths revealed that the NRM
of the vast majority of samples is composed of three components.
The A-component was erased in the temperature range of 20 to
60 °C (sometimes 120 °C), the B-component in the temperature
range of 60 to 240 °C, and the C-component in the temperature
range 300 to 520°C (580 °C). The B-component is not always
visible in the AF demagnetization path. The most stable C-compo-
nent is the characteristic component of NRM (ChRM). Since it
cannot exceed the Curie temperature, the above unblocking
temperature confirms magnetite and, maybe, hematite, as the
carriers of this component.

The A-component is undoubtedly of viscous origin. The
B-component is the dominant one and its direction reflects always
the normal polarity of the geomagnetic field. Applied to the direc-
tions of this component, the fold test after McElhinny (1964) has
proved that there is no significant difference at the 95% significance
level in the precision parameter between distributions of bedding-
tilt-corrected directions and those expressed in geographic coor-
dinates (Table 1). The mean direction in geographic coordinates is
close to the direction of the present-day geocentric axial dipole field
(D=358° I=51.5°), suggesting that this component has been
acquired in the near past, probably during the Neogene. It is worth
mentioning that similar post-tectonic components have been

detected at other localities in the Tethyan realm (Parés and Roca,
1996, Villalain et al., 1996, Hoedemaeker et al., 1998, Housa et al.,
2004). In contrast to the B-component, the bedding-tilt-corrected
directions of the ChRM (Fig. 6) reflect both the normal and the
reverse polarities of the geomagnetic field. The directions of the
latter group having been reversed (see the following sub-section),
the fold test applied to the set of all directions did not prove
a significant difference in the precision parameter between two
possible coordinate systems, which can be attributed to the almost
uniform bedding mentioned in sub-section 3.1. The virtual pole
position corresponding to ChRM (Table 2) is not very different from
the positions given by other authors for nearby localities and Late
Jurassic to Early Cretaceous Periods, for example locality Carcabuey,
146 to 155 Ma, VGP 62.3° N, 113.49'E (Ogg et al., 1984) and locality
Cehegin, 136 to 146 Ma, VGP 63.8° N, 100.5°E (Ogg et al., 1988). This
fact makes the primary origin of the ChRM very likely, but the
definite evidence will be given in sub-section 3.5.

3.4. The NRM and the bulk magnetic susceptibility

Susceptibilities and NRM values are plotted against the sample
level (also termed stratigraphic distance, cf. Opdyke and Channel,
1996) in Fig. 7. An obvious decrease in these values from older to
younger rocks in the vicinity of J/K boundary (cf. Table 3) was
observed also in Brodno and Bosso Valley sections (Housa et al.,
1999; 2004) as well as in sections from the Tatra Mts (Central
Carpathians, see Grabowski and Pszczotkowski, 2006). A local
decrease in these values observed around the level of 4.3 m may be
attributed to the partial recrystalization of Bed 28.

Table 1
Results of the fold test applied to the particular NRM components.
Age Component Number of Bedding-tilt corrected directions Directions expressed in geographic K2/ K1 Result
of NRM samples coordinates
Mean ogs [ '] K2 Mean ags [°] K1
D[] I1] D[] I1]
L. Tithonian - E. Berriasian B 278 57.3 58.6 141 354 15.5 50.4 141 354 1.00 Insignificant
L. Tithonian - E. Berriasian C 272 29.6 459 1.54 304 9.6 30.2 1.59 28.7 1.06 Insignificant
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Fig. 6. Stereographic projections of the bedding-tilt-corrected directions of the ChRM and the classification of these directions. The directions of normal, reverse, and intermediate

polarities are plotted by different symbols.
3.5. Magnetostratigraphy

Magnetostratigraphy is based on the bedding-tilt-corrected
directions of ChRM (herein termed simply ‘directions’, for short),
depending on the sample level (Fig. 7). The resolution of geomag-
netic polarity zones and their identification against the geomag-
netic polarity time scale (GPTS, Gradstein et al., 2004) were carried
out by the MPS program available at http://gli.cas.cz/man (see also
Man, 2008).

Table 2
VGP position corresponding to ChRM.
Age Location Palaeomagnetic  Ovals of
pole position confidence
Lat.[] Long. [l dp[1 % [1 dml] 3]

L. Tithonian - E. Berriasian 37.45N 4.28W  63.13N 9926 E 1.3 2.0

In order to be classified, the directions, regarded as axial vectors
at the beginning, were characterized by a principal axis, i.e., by the
eigenvector of the orientation matrix linked with its greatest
eigenvalue (cf. Fisher et al., 1987); this approach was recommended
by Opdyke and Channel (1996). The principal axis has, however, two
possible orientations. The orientation D =26°, [=45° has been
regarded as a positive one, since the corresponding VGP (65°N,
105°E) was situated on the northern hemisphere, and each direction
was characterized by the cosine of its deflection from the orienta-
tion of the principal axis, which is herein termed the discriminant
function. The set of directions has been partitioned into two basic
groups according to the sign of this function. The hypotheses that in
both groups the mean directions are identical with the respective
orientations of the principal axis and the deflections from these
mean directions are equally distributed could not be rejected at
the 5% significance level. This result may be taken for the evidence
that the ChRM is really the primary component (the eighth criterion
- reversals are antipodal). Moreover the hypothesis that the above
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(reverse) bar diagram are compared with the corresponding part of the GPTS 2004, against which they have been identified (on the right).
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Table 3
Natural remanent magnetization and bulk magnetic susceptibility.

Table 5
The GPRH levels and their identification against the GPTS.

Age Number NRM [10-6A/m] Bulk magnetic
of samples susceptibility [10-6 SI]
Mean value Standard Mean value Standard
deviation deviation
Late Tithonian 157 8281 3190 353 12.0
Early Berriasian 121 3937 1640 22.0 8.0

distribution is Fisherian (Fisher, 1953) with precision parameter
k=29 could be rejected. The normal or reverse polarities were,
therefore, assigned to the directions within the cones of 95%
confidence (whose deflections from the mean direction did not
exceed 26.4°), while the directions beyond these limits were
considered intermediate (see Fig. 6). This way, 166, 86, and 20
directions were classified as normal, reverse, and intermediate,
respectively.

In order to enable the conventional classification of our data, the
reversal test after McFadden and McElhinny (1990) was applied to
both groups of directions. The results shown in Table 4 are in good
agreement with the previous ones. With v, = 1.9°, the reversal
test must be classified as ‘A’ (as for the definition of angle vy, see
McFadden and McElhinny, 1990).

The above classification of directions is visible in Fig. 7, too, the
range (-1,1) of the discriminant function being partitioned by two
vertical lines into three intervals, corresponding (from the left) to
reverse, intermediate, and normal polarities, respectively. Having
omitted the intermediate directions, opposite polarities of the
successive samples indicated the borders between successive
geomagnetic polarity zones, i.e.,, the polarity reversal horizons
(GPRH). Since we considered the above approach to be superior to
the widely recommended one based on the VGP latitudes, these
latitudes were not included into Fig. 7.

The detected levels of the GPRH are shown in Table 5, as
required by the fifth criterion of Opdyke and Channel (1996). As the
stratigraphic position of the section was inferred from palae-
ontology, the detected polarity zones could be easily identified
against the Geomagnetic Polarity Time Scale (GPTS) 2004 redrawn
at a proper scale (Fig. 7). This way, GPRH levels were given
numerical ages according to the Geologic Time Scale 2004 (Grad-
stein et al., 2004). The striking similarity between the sequence of
polarity zones and that of polarity intervals leaves no doubts about
the completeness of the former sequence and the correctness of the
identification. This similarity, together with the convincing result of
the reversal test, represents the definite evidence that the charac-
teristic component is really the primary one.

In fact, the constraints inferred from palaeontology were not
necessary for the unequivocal identification of polarity zones
against the M-sequence of polarity intervals. In order to prove it,
a special transform reducing the impact of the variable sedimen-
tation rate (Man, 2008, Eq. (1)) was applied to the thicknesses of the
polarity zones. The M-sequence of polarity intervals was trans-
formed in a similar way (Man, 2008, Eq. (2)) and the resemblance
between both sequences shifted relative to each other was assessed
by their cross-correlation function. The lag maximizing this func-
tion linked the uppermost detected GPRH with the reversal M18r/
M18n (Fig. 8). The reliability of this identification was about 99 %

Table 4
The reversal test.
Polarity Number of samples Mean direction K ags [°]
D [°] 1]
Normal 166 26.8 44.9 33.8 1.9
Reverse 86 205.5 —46.1 35.7 2.5

GPRH level [m] Reversal Age in Ma (GPTS 2004)
0.105+£0.015 M20r/ M20n.2 n 147.16
1.530 4+ 0.005 M20n.2 n/M20n.1r 146.52
1.570 + 0.005 M20n.1r/ M20n.1n 146.47
2.580+0.020 M20n.1n/M19r 146.16
3.180+0.010 M19r/M19n.2n 145.95
5.495 +0.015 M19n.2 n/M19n.1r 145.06
5.585+0.015 M19n.1r/M19n.1 n 144.99
5.705 +0.005 M19n.1 n/M18r 144.88
6.960 +0.010 M18r/M18n 144.57

owing to characteristic features of the sequence of the polarity
intervals around the J/K boundary, mentioned in Sect. 1, namely to
the existence of short polarity intervals M20n.1r and M19n.1r.

The studied portion of the section included a part of magneto-
zone M20r, full magnetozones M20n to M18r and a part of mag-
netozone M18n (Fig. 7). A special attention, expressed by sampling
density, was focused on the detection of two narrow reverse
subzones M20n.1r and M19n.1r, named Kysuca Subzone and
Brodno Subzone, respectively (Housa et al., 1999). Being situated in
the upper parts of zones M20n and M19n, they are only 40 and
90 mm thick, respectively (Figs. 9 and 10). Previously detected in
the Brodno and Bosso Valley sections (Housa et al., 1999; 2004), and
in the Tatra Mts. (Grabowski and Pszczétkowski, 2006), these
subzones were correlated with the distribution of calpionellid taxa.
Like with the Brodno and Bosso Valley sections, the thickness of the
detected polarity zone M20n.1r was much smaller than the thick-
ness of 14 cm deduced from the average sedimentation rate and the
length of the polarity interval given by the GPTS 2004. A possible
explanation is that the latter has been overestimated.

Using a substantial part of Table 5, the time-dependent section
thickness was expressed by a smoothing spline, whose derivative
showed the smoothed sedimentation rate ranging from 1 to 5 mm/ky
(Fig. 11). Regarding this sedimentation rate as a stationary Gaussian
random process, its parameters were estimated by the maximum
likelihood method as follows: mean 2.87 mm/Ky, standard deviation
117 mm/ky. These values are in general agreement with those
expected for pelagic sediments (cf. Butler, 1991, p. 191). When
combined with the smoothed sedimentation rate, Table 5 confirms
that the duration of some polarity reversals does not exceed 3.5 ky.

4. Biostratigraphy
4.1. Biozonation based on tintinnoids

From the basal part of the sub-section (i.e., Beds 5-13, Fig. 12)
the registered assemblage of tintinnoids consists of species
belonging to the Deflandronellidea family Chitinoidellidae [Long-
icollaria dobeni (Borza) (Beds 5-11) and Chitinoidella boneti Doben
(Beds 7-13)] and clearly proves the presence of the Chitinoidella
Zone, as previously identified in the area as well as in more or less
distant Tethyan sections (e.g., Oloriz and Tavera, 1981, 1989; Ben-
zaggagh and Atrops, 1995; Oloriz et al., 1995; Caracuel 1996;
Rehakova 2000a,b; 2002; Zeiss, 2001; Housa et al. 1999, 2004).
Longicollaria dobeni has been recorded from the base of the sub-
section (from Bed 5): from the topmost part of the M20r and basal
part of the M20n magnetic zones. Tintinnoid diversity is very low in
the interval between Bed 5 and Bed 11, and only Chitinoidella
species occur in this part of sub-section. The combined record of
the single occurrence (LAD) of Borziella slovenica (Borza) in Bed 5
and the FAD of Chitinoidella boneti in Bed 7 support the interpre-
tation of the Longicollaria dobeni/Chitinoidella boneti Subzones
boundary at the top of Bed 6.
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Middle to upper parts of Bed 11 show a higher diversity of tin-
tinnoids, including the FAD of Semichitinoidellidea (Semi-
chitinoidellidae). The first appearance datum (FAD) of the
Semichitinoidellidae Praetintinnopsella andrusovi Borza in Bed 11
defines the base of the Praetintinnopsella Zone, located in the
middle part of the M20n magnetic zone, and the last appearance

(LAD) was recorded just below the reverse Kysuca Subzone
(M20n.1r) - i.e., the upper part of Bed 15 at Puerto Escafio. The FAD
of P. andrusovi at Puerto Escafio is in accordance with that in the
Brodno section in Slovakia (Housa et al., 1999; Rehakova 2000b). In
the Bosso Valley section in Italy, however, P. andrusovi appears later
- in the upper but not the uppermost part of the M20n magnetic
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Fig. 9. A part of Fig. 7 that includes the Kysuca Subzone (M20 n.1r) redrawn at a more detailed scale. See the caption of Fig. 7.



202 P. Pruner et al. / Cretaceous Research 31 (2010) 192-206

k [10° SI] M [mA/m] D[] 11°] discriminant function Polarity
0 20 40 60 80 0 5 10 15 -180-90 0 90 -90 0 90 -1 0 1
T T T I ) L 1 1 1 1 1 J

5.6 1 1 5.6 ] 5.6 5.6
E 1
* b
3 ]
% 5.5 1 5.5 1 5.5*: N 5.5
i ]
— ]

5.4 ] 5.4 — 5.4 5.4

5.3 J 5.3 J 5.3 5.3

Fig. 10. A part of Fig. 7 that includes the Brodno Subzone (M19 n.1r) redrawn at a more detailed scale. See the caption of Fig. 7.

zone (i.e., about 4 m above the Kysuca Subzone M20n.1r, HouSa
et al., 2004 - see below). In the studied sub-section GA-7, the base
of the Praetintinnopsella Zone coincides with the FAD of Calpio-
nellidae - i.e., Calpionella species (Calpionella sp A and B; HousSa
et al., 2004), which are morphologically closely related to the large
Berriasian form of Calpionella alpina Lorenz. However, their strati-
graphic range at Puerto Escafio is limited to the interval between
Beds 11 and 16, and 11 and 20, respectively. In west-Tethyan areas,
the FAD of scarce calpionellids together with a variable record of
the youngest Chitinoidella have been previously interpreted as the
lowermost part of the Crassicollaria Zone (e.g., Oloriz et al., 1995),
even below the FAD of Tintinnopsella remanei Borza (e.g., Benzag-
gagh and Atrops, 1995), and referred to the standard Remanei
Subzone or to a slightly older horizon where the index species is
scarce.

The first Tintinnopsella (Tintinnopsella remanei and T. carpathica
(Murgeanu et Filipescu)) appears in Bed 14. The Praetintinnopsella/

Thickness [m]

M20n.1r/M20n.1n

0~ "M20rM20n.2n

M20n.1n/M19r

Crassicollaria zonal boundary is placed at the FAD of T. carpathica
(Remane et al., 1986) - i.e. 15 cm below the base of the reverse
Kysuca Subzone (M20n.1r). This occurrence corresponds to the
situation in the Brodno section (Housa et al., 1999). In the Bosso
Valley, the major part of the M20n including the M20n.1r Kysuca
Subzone does not contain any relevant calpionellid record (see
Housa et al., 2004, fig. 9) and the stratigraphic position is indicated
by the presence of cysts of calcareous dinoflagellates. The range
zone of Tintinnopsella remanei at Puerto Escafio was recorded from
Bed 14 (base of the Crassicollaria Zone) to the lower part of the Bed
22 (lower part of the Crassicollaria Zone). The base of the Remanei
Subzone was established at the FAD of Tintinnopsella remanei and
T. carpathica.

The reported records from the nearby Tethyan areas indicate an
alternative record of Tintinnopsella remanei below the FAD of
Crassicollaria intermedia (Morocco, Benzaggagh and Atrops, 1995)
or their co-occurrence (Majorca Island, Olériz et al., 1995). It seems

M18r/M18n

o
o
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Fig. 11. The thickness of the section plotted against the age according to Table 5 (squares) and interpolated by a smoothing spline (full line). The reversal of M20 n.1r/M20 n.1 n was
omitted because the length of polarity interval M20 n.1r given by the GPTS 2004 was likely overestimated. The derivative of the spline function (dashed line) represents the

smoothed sedimentation rate.



P. Pruner et al. / Cretaceous Research 31 (2010) 192-206 203

. n
Thick- No. o .
: . L L S [Ammonite
ness | Polarity Litology of Tintinnoid distribution ] zonation
[m] Beds 5 S
N &
7.5+ 2o | ° —
i 42 = N
] ] 2|3
i 41 2 0
g
] — 3 E
7.0 8 2
1 40 8 —E'
] a
i § 39 2
654 | _ | ey 2 §
AE NV ANEE "
1 = — S s
4 + [ ©
| ? =
6.0 1 .‘ g [
] S S
J S =
- ) 3 [
1 £ © S
o< o
554 ¢ N
]l o 5
4 o
©
4 r
5.0 1
_ g
i o <48
L ) |
4.5 1
4 by -
4 L J
[3)
4.0 1
3.5
] 3
] 0|8
- o|.8
- M-
a ©
3.0 g HE N
i o % =l e »
) @ E a ;§" g = £
] 38 83 a g
J g g e 3 J s
8 g
2.5 1 g g S o a
1 g 88838
i @ S 3 S 3 38 —
- EREES D
i S o8 T g N
2 = © o O e}
2.0 1 g 5 3 g ®
1 £ o s 2 3
= 3 9 c
- 28 s s
4 S 9 (S £
© 3 L O [ [
o S 9
{18 £ 3 © © <
o L 3 o = o
1549 & 3 £O 2 N
] € s O a @
: 282 2e 5
] 5 S s 6% 2
= = r
] s £ 5 En g
1.0 s <o o8 8 5
S v v 28 g <
E 2 = = 2 s @ [N N
i 2 © @ o 2 o
256§ ¢° ® ©
1 & 2 o ¥ g ol N <
s 8§ 8 S S clo|la ]
4 3 © © E ol E|N N
0.5+ 2 N| 8|z »
] g = g 2
J S [ ] 2
£ =} S -.Z
i = E 2 © =
= ) =
E . SN x| limestone S8 (2,2
0.0 s — 5| |3 |E8s|8
4 I = . o -
] 398: 2 E altered limestone o |Eh|®
NSRS §|ets
g 82 = o | 3 o
J ° 5 marlstone m o

Fig. 12. Lithostratigraphy and biostratigraphy (calpionellid and ammonite data) plotted together with the detected polarity zones. Note: Bed numbers in intervals 5-21 and 30-42
are newly re-numbered in more detail. CAAZ - Calpionella alpina “acme zone” (=epibole), ?CPAZ - Crassicollaria parvula “acme zone” (= potential epibole). Black dots - abundant
specimens, null dots - rare occurrences.



204 P. Pruner et al. / Cretaceous Research 31 (2010) 192-206

that the range of Tintinnopsella remanei Subzone in the studied
Puerto Escafio sub-section reveals an intermediate case, the rele-
vance of which will deserve attention in the future.

Crassicollaria intermedia (Durang Delga) first appears in Bed 16
(LAD in Bed 26-2) in the middle part of the M20n, about 5 cm above
the M20n.1r Kysuca Subzone and indicates the base of the Crassi-
collaria Zone. Its FAD is therefore identical with that registered at
Bosso Valley and Brodno (Housa et al. 1999; 2004). The LAD of
Crassicollaria intermedia was registered in Bed 26-2 and, therefore,
the identification of the Subzone (Intermedia Subzone) is conclu-
sively supported for Puerto Escafio as well (see also Oloriz in Tavera
et al., 1994, p. 474; Caracuel, 1996). The base of the Crassicollaria
intermedia Subzone is defined by the FAD of Calpionella grandalpina
in the upper part of Bed 22. The same interpretation was adopted
by Olériz et al. (1995) using the FAD of medium- to large-sized
C. alpina in the relatively close Majorca Island.

The increase in calpionellid diversity was registered from Bed 22
(uppermost part of the M20n), and culminated between Bed 23-5
(upper part of the M19r) and the lower part of Bed 26-2. This
assemblage consists of Crassicollaria, Calpionella and minor Tintin-
nopsella (see Fig. 12). A decrease in calpionellid diversity was found
between Beds 26-3 and 27 (middle part of the M19 n). Beds 22 to
26-3 are characterized by the typical Tithonian Crassicollaria
assemblage (e.g., Crassicollaria massutiniana (Colom), C. brevis and
C.intermedia), as recognized by Tavera et al., (1994, p. 474; Fig. 2a-b)
for the same sub-section GA-7.

The J/K boundary sensu Remane et al. (1986), Oloriz and Tavera
(1989, 1990), Olériz in Tavera et al. (1994), Olériz et al. (1995) and
Housa et al. (1999, 2004) was defined by the mass occurrence of
smaller globular (spherical) Calpionella alpina. Cecca et al. (1989)
used the same C. alpina explosion level as the base of Zone B to
identify the Tithonian/Berriasian boundary, but they proposed its
correlation with ammonite horizons older than established in the
GA-7 sub-section investigated at Puerto Escafio (to compare with
Tavera et al., 1994). In the Puerto Escafio sub-section, the base of the
Calpionella Zone falls within Bed 28 (the second option for estab-
lishing the J/K boundary noted in Tavera et al., 1994, p. 474). The
boundary between the Crassicollaria and Calpionella Zones at Puerto
Escafio therefore lies inside the Bed 28, approximately in the middle
of the M19n magnetic zone. Abundant occurrence of C. alpina
(relative frequency of C. alpina reaches more than 80-90%, being
Tintinnopsella carpathica and Crassicollaria parvula the remaining
record of calpionellid) is recorded at the base of the Calpionella zone.
On the assumption of its relative isochrony, the mass occurrence of
C. alpina at the base of the Calpionella Zone should be considered as
indicating the epibole for this species. It can be correlated with other
Tethyan sections: Brodno and Bosso Valley (Housa et al. 1999, 2004)
and the relatively close Majorca Island (e.g., Oloriz et al., 1995),
although the recorded abundance may vary in the nearby Tethyan
areas (Caracuel, 1996). Another important bioevent, the abundant
occurrence of Crassicollaria parvula Remane (above the C. alpina
acme, Bed 31) has been also recorded in the Brodno and Bosso Valley
sections. However, in these sections, the C. parvula acme lies in
somewhat younger sediments, most probably revealing local acmes
(potential), but see Oloriz et al. (1995) for allusion to depositional
dynamics in analogous situations.

Calpionellid taxonomic diversity recorded at the Bed 27 (Fig.12)
decreased rapidly at the base of Bed 28. Through the J/K boundary
interval, calpionellids show a less diversified and monotonous
assemblage of Tintinnopsella carpathica, Crassicollaria parvula and
Calpionella alpina. No calpionellid bioevents were observed either
in the M19n.1r Brodno Subzone or at the boundary of the M19n/
M18r zones. Tintinnopsella doliphormis (Colom) was first registered
in the uppermost part of Bed 39 (upper part of the M18r zone). This
species is supposed to be a phyletic ancestor of Remaniella ferasini

(Catalano), which appears in the youngest part of the measured
sub-section - i.e. in Bed 42 (lower part of the M18n). Stratigraphic
occurrences of these species are also in accordance with other
Tethyan sections in relatively nearby areas, rather indicating the
upper part of the Doliformis interval (e.g., Oloriz et al., 1995) within
the lower Remaniella Subzone.

4.2. Ammonite zonation

The ammonite assemblages collected from bottom to top in the
studied GA-7 sub-section at Puerto Escafio allow to identify the
following biozones (Fig. 12). Only ammonites relevant to biostra-
tigraphy are cited:

Burckhardticeras Zone (Beds up to 5): Burckhardticeras peroni
(Roman), B. sp., Kutekiceras pseudocolubrinus (Kilian), Lemencia sp.
cf. pseudociliata Oloriz, L. sp. cf. pergrata (Schneid), L. sp. cf. patula
(Schneid), Aulacosphinctes sulcatus Tavera, Simoceras (Simoceras)
volanense (Oppel), S. (S.) sp. gr. volanense (Oppel), Cordubiceras
maius Tavera, Haploceras (Hyppolissoceras) sp. cf. rhinotonum
(Zittel), H. (H.) sp. cf. cristifer (Zittel).

Simplisphinctes Zone (Beds 6 to 7 =20 cm): Oloriziceras magnum
Tavera, O. salariensis Tavera, O. sp. cf. checai Tavera, Simplisphinctes
sp. cf. rivasi Tavera, S. sp., Micracanthoceras (Micracanthoceras) sp.
gr. radians-flexuosum Tavera, Micracanthoceras (Corongoceras) sp.
juv., Cordubiceras sp.

Transitorius Zone (Beds 8 to 21): Paraulacosphinctes transitorius
(Oppel), P. senex (Oppel), P. senoides Tavera, P. algariensis Tavera, P.
zakharovi Tavera, P. complanatus Tavera, P. sp. cf. exigus Tavera, P. sp.
cf. compressus Tavera, P. sp. cf. validus Tavera, P. sp. cf. elegans Tavera,
P. sp., Moravisphinctes moravicus (Oppel), M. fischeri (Kilian), M. sp.
cf. tenuis Tavera, Andalusphinctes sp. cf. fontannesi Tavera, A. sp.,
Aulacosphinctes sulcatus Tavera, A. sp., Tithopeltoceras haranensis
Oloriz and Tavera, Micracanthoceras (Micracanthoceras) micro-
canthum Oppel, M. (M.) sp., “Corongoceras” sp. cf. hexagonus Tavera.

Durangites Zone (Beds 22 to 25-1): Paraulacosphinctes senoides
Tavera, P. senex (Oppel), Protacanthodiscus andreaei (Kilian),
P. nodosus Tavera, P. heterocosmus (Canavari), P. sp. cf. coronatus
Tavera, P. darwini Tavera, P. sp. cf. coronatus Tavera, P. sp. 1 gr.
andreaei (Kilian in Tavera, 1985), Durangites vulgaris Burckhardt,
D. acanthicus (Burckhardt), D. heilprini (Aguilera), D. gigantis Tavera,
D. astillerensis Imlay, D. sp. cf. apertus Tavera, D. singularis Tavera,
D. sutneroides Tavera, D. sp. cf. heilprini (Aguilera), D. sp. cf. acan-
thicus Burckhardt, Neoperisphinctes falloti (Kilian) and N. nexus
Tavera, Berriasella (Berriasella) tithonica Tavera, Proniceras sp. gr.
simile Spath, Aspidoceras sp. gr, taverai Checa.

Jacobi Zone (Beds 25-1 to 42): Protacanthodiscus heterocosmus
(Canavari), P. berriasensis (Tavera), Durangites sutneroides Tavera,
D. sp. cf. apertus Tavera, “Corongoceras” sp. cf. kéllikeri (Oppel),
Berriasella (Berriasella) chomeracensis (Toucas), B. (B.) moreti
Mazenot, B. (B.) sabatasi Le Hegarat, B. (B.) jacobi Mazenot, B. (B.)
subcallisto (Toucas), B. (B.) aurousei (Le Hegarat), B. (B.) sp. cf. oxy-
costata (Jacob) B. (B.) sp. cf. elmii (Le Hegarat), B. (B.) sp. cf. oppeli
(Kilian), B. (B.) sp. cf. mazenoti Breistroffer, B. (B.) sp. cf. berthei
(Toucas), Elenaella cularensis (Mazenot), Malbosiceras chaperi (Pic-
tet), M. tarini (Kilian), Fauriella floquinensis Le Hegarat, Jabronella
companyi Tavera, J. subbetica Tavera, Tirnovella sp. cf. allobrogensis
(Mazenot), Dalmasiceras sayniforme Tavera, D. subloevis Mazenot, D.
progenitor (Oppel), D. sp. cf. praecox (Jacob), D. sp. cf. toucasi
Mazenot, “Corongoceras” sp. gr. kéllikeri (Oppel), Proniceras sp. aff.
scorpionum Imlay, Negreliceras sp. cf. negreli (Matheron).

5. Conclusions

Section GA-7, located at Puerto Escafio, Spain, is formed by
limestones of epioceanic origin rich in fossils like calpionellids and
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ammonites. Magnetostratigraphic studies were applied to an 8.1-
m-thick part of the section embracing upper Tithonian and lower
Berriasian strata, the average sampling interval was 30 mm.

The analysis of the IRM acquisition curves proved magnetite to
be the main carrier of the NRM and hematite to be the
most abundant magnetic mineral. As a rule, the progressive
thermal demagnetization revealed three NRM components.
Magnetostratigraphy was based on the directions of the most stable
component, whose unblocking temperature varied from 300 to
520 °C or, possibly, to 580 °C. Due to only slightly varying strike and
dip of the beds, the fold test applied to this component did not give
convincing results. In contrast, the reversal test received the best
classification ‘A’.

The detected polarity zones could be unequivocally identified
against the M-sequence of polarity intervals drawn from the GPTS
2004. This fact, together with the results of the reversal test,
confirmed the ChRM to be the primary component. The sampled
part of the section included a part of magnetozone M20r, full
magnetozones M20n to M18r and a part of magnetozone M18n
(Fig. 7). A special attention was paid to two reverse subzones
M20n.1r and M19n.1r, named Kysuca Subzone and Brodno Subzone,
with thicknesses only 40 and 90 mm, respectively. Their presence
enabled easy identification of the detected polarity zones. The
smoothed sedimentation rate has been deduced to vary from 1 to
5 mm/ky.

This study satisfied at least seven of the ten quality criteria
considered by Opdyke and Channel (1996); the high density of
sampling of the section and high data quality confirmed by the
classification of the reversal test are its extraordinary features. The
J/K boundary defined by mass occurrence of Calpionella alpina lies
approximately in the middle part of the M19n magnetozone. The
boundary between Durangites and Jacobi Zones is located below the
top of the Intermedia Subzone, inside the Crassicollaria Zone - i.e.
above the base of the M19n.
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Abstract: The key objective of investigation of hemipelagic sediments from the Gresten Klippenbelt (Blassenstein For-
mation, Ultrahelvetic paleogeographic realm) was to shed light on environmental changes around the Jurassic-Cretaceous
(J/K) boundary on the northern margin of the Penninic Ocean. This boundary is well exposed in a newly discovered site at
Nutzhof. Around the critical interval including the boundary, this new outcrop bears a rich microplanktonic assemblage
characterized by typical J/K (Tithonian/Berriasian) boundary faunas. The Nutzhof section is located in the Gresten Klippenbelt
(Lower Austria) tectonically wedged into the deep-water sediments of the Rhenodanubian Flysch Zone. In Late Jurassic—
Early Cretaceous time the Penninic Ocean was a side tract of the proto-North Atlantic Oceanic System, intercalated be-
tween the European and the Austroalpine plates. Its opening started during the Early Jurassic, induced by sea floor spread-
ing, followed by Jurassic-Early Cretaceous deepening of the depositional area of the Gresten Klippenbelt. These tectonically
induced paleogeographic changes are mirrored in the lithology and microfauna that record a deepening of the depositional
environment from Tithonian to Berriasian sediments of the Blassenstein Formation at Nutzhof. The main lithological
change is observed in the Upper Tithonian Crassicollaria Zone, in Chron M20N, whereas the J/K boundary can be pre-
cisely fixed at the Crassicollaria-Calpionella boundary, within Chron M19n.2n. The lithological turnover of the deposi-
tion from more siliciclastic pelagic marl-limestone cycles into deep-water pelagic limestones is correlated with the deep-
ening of the southern edge of the European continent at this time. Within the Gresten Klippenbelt Unit, this transition is
reflected by the lithostratigraphic boundary between siliciclastic-bearing marl-limestone sedimentation in the uppermost
Jurassic and lowermost Cretaceous limestone formation, both within the Blassenstein Formation. The cephalopod fauna
(ammonites, belemnites, aptychi) and crinoids from the Blassenstein Formation, correlated with calcareous microfossil
and nannofossil data combined with isotope and paleomagnetic data, indicate the Tithonian to middle Berriasian
(Hybonoticeras hybonotum Zone up to the Subthurmannia occitanica Zone; M17r-M21r). The succession of the Nutzhof
section thus represents deposition of a duration of approximately 7 Myr (ca. 150-143 Ma). The deposition of the lime-
stone, marly limestone and marls in this interval occurred during tectonically unstable conditions reflected by common
allodapic material. Along with the integrated biostratigraphic, geochemical and isotopic analysis, the susceptibility and
gamma-ray measurements were powerful stratigraphic tools and important for the interpretation of the paleogeographic
setting. Two reverse magneto-subzones, Kysuca and Brodno, were detected within magnetozones M20n and M19n, re-
spectively.

Key words: Jurassic/Cretaceous boundary, Penninic Ocean, paleoecology, paleogeography, environmental changes.

Introduction sion consists of marls, marly limestone and marl-limestone

alternations, whereas the upper part of the Blassenstein For-

Jurassic and Lower Cretaceous pelagic sediments are known
to form a major elements of the northernmost tectonic units
of the Gresten Klippenbelt (Czjzek 1852; Kithn 1962;
Kiipper 1962; Gottschling 1965; Decker & Rogl 1988,
Decker 1990; Piller et al. 2004). Preliminary results on a
Jurassic-Cretaceous boundary section of the Gresten Klip-
penbelt were presented including description of new faunas
and localities (Lukeneder 2009; Kroh & Lukeneder 2009,
Pruner et al. 2009; Rehdkova et al. 2009).

The Gresten Klippenbelt at Nutzhof comprises Upper Ju-
rassic (Tithonian) to Lower Cretaceous sediments belonging
to the Blassenstein Formation. The lower part of the succes-
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mation (Tithonian to Valanginian) is composed of very pure
limestones. The biostratigraphy of the Lower Cretaceous
sediments in the study area is mainly based on microfossils
(Rehdakova et al. 2009). The first description of the lithology
and stratigraphy of this area was provided by Czjzek (1852),
followed by Kiipper (1962). Biostratigraphic data on the
Blassenstein Formation (Stollberger Schichten of Kiipper
1962) near Nutzhof are remarkably scarce (Czjzek 1852;
Kiipper 1962).

The tectonically highly active northern zone of the Penninic
Ocean (the southern margin of the European continent) is
crucial for understanding the formation of the Penninic
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Ocean, its subsequent subduction and the following Alpine
history.

Formation of the Penninic Ocean, here defined to include
the Ligurian Basin (sensu Dercourt et al. 1993, 2000; Masse
et al. 2000; Mandic & Lukeneder 2008) and synonymous
with the Alpine Tethys (Stampfli & Borel 2002 and Stampfli
et al. 2002) was initiated in the Late Triassic by rifting and
disjunction of the Austroalpine microcontinent from the
southern European Plate margin (Stampfli & Mosar 1999;
Scotese 2001). It formed an eastern prolongation of the
North Atlantic Rift-System, which affected the final break-
up of the Permo-Triassic supercontinent Pangaea (e.g. Faupl
2003). The formation of the oceanic crust and the sea-floor
spreading lasted from the Middle Jurassic to the Early Creta-
ceous, terminating with the introduction of its southward-di-
rected subduction beneath the northern Austroalpine plate
margin (Faupl & Wagreich 2000; Mandic & Lukeneder
2008). This tectonic phase is reflected by the lithological
change within the Nutzhof section. An increasing deepening,
reflected in the sedimentary succession (e.g. allodapic lime-
stones and microturbidites), in the section at Nutzhof, marks
the opening of the Penninic Ocean. The pelagic carbonate
sedimentation, which started in the Late Jurassic, changes
from siliciclastic-dominated limestone deposition to pure
limestone-dominated. The Penninic Ocean persisted from
the Late Jurassic until close to the end of the Cretaceous.

The paleomagnetic and rock-magnetic study is a continua-
tion of detailed paleontological and magnetostratigraphic
studies of the Jurassic/Cretaceous (J/K) boundary in the
Tethyan Realm (Housa et al. 1999). The section at Brodno
near Zilina, W Slovakia, was the first section investigated
with high-resolution magnetostratigraphy and micropaleon-
tology in the Carpathians (Housa et al. 1999). Magnetostrati-
graphic studies were carried out in the Bosso Valley of
Umbria, Italy (Housa et al. 2004) and the Tatra Mountains,
Poland (Grabowski & Pszczotkowski 2006). The magneto-
stratigraphic investigations published by Pruner et al. (2009)
preliminarily determine the boundaries of magnetozones
M17n to M22r (six reverse and six normal zones). The aim
of these studies was to globally and objectively establish a
correlation between biozones around the J/K boundary in the
Tethyan Realm using global paleomagnetic events and pre-
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cisely determine the boundaries of magnetozones M19 and
M20 including narrow reverse subzones. These studies pro-
vided a precise record of polarity changes in the Earth’s
magnetic field and determined their stratigraphic positions
precisely within a biochronostratigraphic zonation.

The Nutzhof locality represents the only known section that
includes the J/K boundary interval in the Gresten Klippenbelt.
The section contains rich assemblages of radiolarians,
calpionellids, saccocomids, nannofossils and in some inter-
vals ammonites. The J/K boundary sediments of the Nutzhof
section provide an excellent succession for quantitative and
integrated methods due to their fossiliferous and undisturbed
bedding for a period of almost 7 million years.

Location and geological setting of Nutzhof
Locality description

The Nutzhof locality is situated in the Gresten Klippenbelt
of Lower Austria (48°04’ 49" N, 15°47" 36" E), about 20 km
south of Boheimkirchen and 5 km north of Hainfeld (Fig. 1),
600 m above sea level (m a.s.l) (OK 1:50,000, sheet 56 St.
Polten). The outcrop is located in an abandoned quarry in the
south-eastern-most part of the northeast-southwest striking
Gresten Klippenbelt, between Kasberg (785 m a.s.l.) to the
east and the vicinity of the Nutzhof (550 m a.s.1.) to the west.
The quarry is located on the northern side of the Kasberg
ridge and the measured section is exposed on the eastern side
of the quarry.

Geological setting

The Gresten Klippenbelt at Nutzhof is surrounded by
deep-water successions of the Rhenodanubian Flysch Zone.
The Gresten Klippenbelt represents an independent and
scarcely known geological unit. It is tectonically incorporat-
ed in the Flysch Zone as a long, thin, east-west striking marly
and calcareous unit (Fig. 1). Sediments from the Gresten
Klippenbelt are considered to belong to the southern part of
the Helvetic paleogeographic realm. The Gresten Klippen-
belt sediments were deposited on the southern shelf and
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Fig. 1. Locality map of Austria with indicated position of the Nutzhof locality in Lower Austria (left). Detailed map of the area around
Nutzhof with outcrop position within the Jurassic-Cretaceous Klippenbelt (right).
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slope of the European continent, on the slope of the Bohemian
Massif at the north-western margin of the Penninic Ocean.
The Nutzhof site consists of two different facies within the
Blassenstein Formation (Lukeneder 2009). The lower part
(Tithonian; 18.0-10.0 m) with dark marl-limestone alterna-
tions and its characteristically intercalated limestone beds, and
the upper part (Tithonian-Berriasian; 10.0-0.0 m) with light
grey, almost pure limestone. Limestone beds display uniform
overturned bedding-plane orientation. The mean strike is
151°+30° and the mean dip angle 44°+22°. The succession is
characterized by a marked lithological and faunal change at
Nu 10.0 which does not coincide with the Jurassic/Cretaceous
boundary at bed Nu 7.0 (Nu for Nutzhof samples). Sediments
occur as wacke-, pack- or mudstones.

The Nutzhof section

The Jurassic-Cretaceous boundary in the Gresten Klippen-
belt

The most recent reports concerning the J/K boundary in-
terval from the Gresten Klippenbelt present preliminary re-
sults (Lukeneder 2009; Kroh & Lukeneder 2009; Pruner &
al. 2009; Rehakova et al. 2009) (Fig. 2). Therein first results
have been presented on macro-, micro- and nannofossils.
Tectonic units including the J/K boundary of the Gresten
Klippenbelt were reported by Czjzek (1852), Kiihn (1962),
Kiipper (1962), Gottschling (1965), Decker & Rogl (1988),
Decker (1990) and Piller et al. (2004).

Materials and methods

The Jurassic-Cretaceous boundary section at Nutzhof was
studied with an integrated approach. Beds were sampled for
biostratigraphical, paleomagnetic, geochemical (CaCOs,
TOC, S) and istotopic (8'%0, §'3C, 5*7Sr) data. Focus is di-
rected to an interval of about 18.0 m (Nu 0.0-Nu 18.0) that
was studied in detail (Figs. 2, 3, 4). Macro-, micro- and nanno-
fossil contents were quantitatively investigated (Fig. 4).
Samples were collected at intervals of 0.1 and 0.2 meters for
stable isotopes, total organic carbon (TOC), sulphur (S), cal-
cium carbonate (CaCO3), susceptibility and gamma log. The
microfossil content was analysed for calpionellids, radiolari-
ans, saccocomids (thin sections) and insoluble residues.
High resolution studies were combined with grey-scale
quantification, gamma-ray and susceptibility analyses. Sam-
ple numbers, for example Nu 10.0, correspond to the sample
interval at 10.0 m within the log (for all numbers and figures,
Nu = Nutzhof). All samples are stored at the Natural History
Museum of Vienna, in the collection of the Department of
Geology and Paleontology.

Gamma-ray analysis
The gamma log measures the radioactivity of the rock,

which represents a direct function of its clay-mineral content.
Increasing radioactivity reflects the increasing clay content.

367

Gamma response (counts per second — cps) was measured
using a hand-held standard gamma-ray scintillometer.

Macrofossils

Macrofossil material includes 46 ammonite specimens, 238
lamellaptychi and 82 rhyncholites were examined. Four
brachiopods and three inoceramids as well as a single
belemnite specimen were collected. Ammonites are preserved
as steinkerns or are represented by calcitic aptychi. Shell-
preservation is restricted to organisms with primary skeletal
calcite of belemnite-rostra and brachiopods in addition to rare
inoceramid fragments (calcitic prisms). The ammonite
assemblage contains six different genera: Subplanites,
Haploceras, Phylloceras, Ptychophylloceras, Lytoceras and
Leptotetragonites dominated by the perisphinctid genus
Subplanites (Lukeneder 2009).

Calpionellids and calcareous nannofossils

Quantitative micro- and nannofacies analysis includes study
of calpionellids and calcareous dinoflagellates in 93 thin sec-
tions. The thin sections are deposited in the Natural History
Museum in Vienna; NHMW 2007z0271/0000. Changes in the
distribution of calpionellids and calcareous nannofossils were
studied in detail in order to correlate them with the changes in
nannoplankton associations (Figs. 2, 3 and 4).

Calcareous nannofossils were analysed semiquantitatively
in 19 smear slides, prepared from all lithologies by standard
techniques, using a light polarizing microscope at 1250x%
magnification. At least 200 specimens were counted in each
slide to record relative abundances and the stratigraphic range
of taxa (Figs. 2, 3). Nannofossil preservation can be character-
ized as moderately to intensely etched by dissolution. The cal-
careous nannofossil zones were adopted from the zonal
scheme proposed by Bralower et al. (1989).

Magnetic components

Paleomagnetic analyses presented in this studies come
from 244 samples, but the preliminary results include only
111 samples (see Pruner et al. 2009). All the samples were
subjected to progressive thermal demagnetization (TD) or
alternating field (AF) demagnetization in 11-12 temperatures
or fields. The individual components were precisely established
using multicomponent analysis of remanence (Kirschvink
1980). Isothermal remanent magnetization (IRM) to satura-
tion was measured to identify magnetically active minerals.
Magnetomineralogical analyses and unblocking temperature
determination show that magnetite and goethite are the main
carriers of remanent magnetization.

Microfossils

Apart from thin sectioning also employed for a study of
calpionellids, an effort was made to obtain three-dimension-
al specimens of the crinoids and other microfossils common-
ly observed in the thin sections (namely foraminifers,
ostracods, rhyncholites, small aptychi, ophiuroid remains,
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Fig. 2. Nutzhof log with occurrence and range of calcareous nannofossils, calcareous dinoflagellates and calpionellids and indicated paleo-

magnetic zonation: normal magnetozones are denoted black, reverse zones in white, and unknown parts in grey.
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etc.). Bulk samples were collected in closely spaced intervals
in the lower, marly part of the succession (10.0-18.0 m).
Strong lithification hampered dense bulk sampling in the up-
per part of the section (0 to 10.0 m). These beds were analysed
by thin sections only. Traditional washing methods were not
applicable due to strong lithification of the sediment. Partial
disaggregation was achieved by repetitive, combined treat-
ment with hydrogen-superoxide and the tenside Rewoquat
(see Lierl 1992). After cleaning, the microfossils were hand
picked under a microscope. For the present study we used
the sediment fractions larger than 250 um only.

TC and TOC content

Calcium carbonate contents (CaCOj3; wt. % bulk rock, TC)
were determined using the carbonate bomb technique. Total
carbon content was determined using a LECO WR-12 analy-
ser. Total organic carbon (TOC) contents were calculated as
the difference between total carbon and carbonate carbon,
assuming that all carbonate is pure calcite. All the chemical
analyses were carried out in the laboratories of the Depart-
ment of Forest Ecology at the University of Vienna.

Stable isotopes

A total of 37 bulk sample stable isotope analyses were
measured by automated continuous flow carbonate prepara-
tion GasBenchll device (Spdtl & Vennemann 2003) and
ThermoElectron Delta Plus XP mass spectrometer at the
IAMC-CNR (Naples) isotope geochemistry laboratory.
Acidification of samples was performed at 50 °C. For each
six samples, an internal standard (Carrara Marble with
8'8%0=-2.43 vs. V-PDB and 8'3C=2.43 vs. V-PDB) was run,
and for each 30 samples, the NBS19 international standard
was measured. Standard deviations of carbon and oxygen
isotope measures were estimated 0.1 and 0.08 %o, respective-
ly, on the basis of ~ 10 repeated samples.

All the isotope data are reported in per mil (%o) relative to
the V-PDB standard.

87Sr/8Sr isotope data were analysed from 19 bulk-rock
samples of limestones at the Geochronological Laboratory of
the Department of Lithospheric Research, Centre for Earth
Sciences, University of Vienna using strontium separation
by standard methods of ion-exchange chromatography and
isotope ratio measurements on a TIMS (Triton mass spec-
trometer). The measured NBS 987 standard value during
measurements was 0.710256 +/-0.000004 (7 measurements)
and samples were not adjusted to the NBS 987 standard
value of 0.710248.

Data and results
Biostratigraphy and magnetostratigraphy

The stratigraphic investigation of the calcareous microfos-
sils (calpionellids, calcareous dinoflagellates) and nannofos-
sils demonstrate that the Nutzhof section represent the Lower
Tithonian-middle Berriasian. The calcareous dinoflagellate
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cyst zonation of Rehdkova (2000a) was followed. The pres-
ence of the Lower Tithonian Tithonica, Malmica and Semira-
diata cyst Zones is demonstrated. The standard calpionellid
zones and subzones proposed by Rehakova (1995) and Reha-
kova & Michalik (1997) were adopted for the biostratigraphic
subdivision of the section into the Chitinoidella Zone (Boneti
Subzone), the Praetintinnopsella Zone and the Crassicollaria
Zone (Remanei Subzone). These belong to the middle to
Upper Tithonian. The standard Calpionella Zone (Alpina,
Ferasini and Elliptica Subzones) were observed in the overly-
ing Lower Cretaceous (Fig. 2).

The nannofossil zones include the Conusphaera mexicana
mexicana Zone, Microstaurus chiastus and Nannoconus
steinmannii steinmannii Zones. This stratigraphic interval cor-
responds to the Lower Tithonian Hybonoticeras hybonotum
ammonite Zone to the middle Berriasian Subthurmannia
occitanica ammonite Zone, demonstrated in the Nutzhof
section on chronostratigraphic diagnostic cephalopods (Sub-
planites fasciculatiformis, Ptychophylloceras ptychoicum,
Leptotetragonites honnoratianus, Haploceras elimatum,
Hibolithes (gr.) semisulcatus and some lamellaptychi.

The magnetostratigraphic log across the Nutzhof section
includes the M21r to the M17r magnetozones subdivided
into the Kysuca (M20r) and Brodno (M19r) subzones
(Figs. 2, 6). The average sedimentation rate in the Nutzhof
section is ca. 3.7 m/Myr (Fig. 7), but with high dispersion
(from 2-11 m/Myr). The scatter of the sedimentation rate is
similar to Hlboéa profile in Slovakia (Grabowski et al.
2010). The main difference between these two sections is in
the thickness of M19 and M20 mangentozones. Nutzhof has
higher sedimentation rate at M19 while Hlboca appears with
higher rates in M20.

Macrofossil content

The macrofossil content is characterized by ammonoids,
aptychi, belemnites, brachiopods, bivalves and echinoderms.
The ammonite fauna comprises six different genera repre-
sented by Lytoceras sutile Oppel, Lytoceras sp., Leptotetra-
gonites  honnoratianus (d’Orbigny), Phylloceras sp.,
Ptychophylloceras ptychoicum (Quenstedt), Haploceras
(Haploceras) elimatum (Oppel), Subplanites fasciculatiformis
Lukeneder. The ammonite fauna is dominated by the
perisphinctid-type. Ammonitina is the most common com-
ponent (60 %; Subplanites and Haploceras), followed by the
Phylloceratina (25 %; Ptychophylloceras and Phylloceras),
and the Lytoceratina (15 %; represented by Lytoceras and
Leptotetragonites). The belemnite Hibolithes (gr.) semisul-
catus (Minster) and aptychi (Lamellaptychus) occur. Only
Mediterranean cephalopod elements are present at Nutzhof.
Brachiopods are represented by Triangope, bivalves by inoc-
eramid shells and echinoderms by crinoids (Phyllocrinus
belbekensis Arendt, Balanocrinus sp., Crassicoma? sp. and
Saccocoma tenella (Goldfuss).

The crinoid fauna recovered from the bulk samples of
Nutzhof is typical for Upper Jurassic strata of Central and
Eastern Europe. The low diversity of stalked crinoids, com-
mon in many contemporaneous deposits (Hess et al. 1999),
may be interpreted as a result of the distal position of the sec-
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Fig. 3. Compiled geochemical, isotope and fossil data on the J/K boundary at Nutzhof.
below the J/K boundary.
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Fig. 4. A — Conusphaera mexicana minor Bown & Cooper; Nu 18.0, NHMW2008z0271/0028. B — Conusphaera mexicana mexicana Bra-
lower et al.; Nu 17.0, NHMW2008z0271/0003. C — Cadosina semiradiata semiradiata Wanner; 17.0, NHMW2008z0271/0003. D — Paras-
tomiosphaera malmica (Borza); Nu 13.0, NHMW2008z0271/0002. E — Calpionella alpina Lorenz and Calpionella grandalpina Nagy;
Nu 9.8, NHMW2008z0271/0011. F — Crassicollaria parvula Remane and Calpionella grandalpina; Nu 9.6, NHMW2008z0271/0012.
G — Calpionella elliptica Cadisch; Nu 3.2, NHMW2008z0271/0014. H — Nannoconus steinmannii steinmannii Kamptner; Nu 4.0,
NHMW2008z0271/0034. I — Nannoconus kamptneri kamptneri Bronnimann; Nu 2.0, NHMW2008z0271/0035. J — Phyllocrinus belbek-
ensis Arendt; Nu 12.3; NHMW 2008z0226/001. K — Balanocrinus sp.; Nu 14.6, NHMW2008z0228/0003. L. — Saccocoma tenella (Gold-
fuss); Nu 11.5, NHMW2008z0236/0015. M — Saccocoma tenella (Goldfuss); Nu 13.0, NHMW2008z0236/0012. N — Hibolithes (gr.)
semisulcatus (Miinster); Nu 14.3, NHMW2008z0264/0025. O — Subplanites fasciculatiformis Lukeneder; Nu 17.0, NHMW2008z0264/0012.
P — Triangope sp.; Nu 1.0, NHMW2008z0264/0028. Q — Lamellaptychus sp.; Nu 18.0, NHMW2008z0264/0024. Graphic scale bars

equal 1 um for A, B and H, I; 50 um for C-G; 1 mm for J-K, and 10 mm for N-Q.

tion, which represents a deep-water facies. The incomplete
size ranges of isocrinid and phyllocrinid ossicles, the lack of
fragile elements and the presence of allodapic material
(Lukeneder 2009) suggest that the majority of the crinoid ma-
terial is allochthonously deposited. Saccocomid fragments, in
contrast, are not sorted and include abundant fragile elements
suggesting that these crinoids are autochthonous.

Of the crinoid material only the saccocomids can be used
for biostratigraphy. Saccocoma tenella is restricted to the
Upper Kimmeridgian-Upper Tithonian. From a biogeo-
graphic point of view the faunal composition indicates con-
nections with contemporaneous units of the northern Tethys
shelf in Eastern Europe.

Microfacies and calcareous microplankton assemblages

The limestones in the section include wackestones, pack-
stones and mudstones. Fine-grained micrite with pelagic

microfossils (calpionellids, calcareous dinoflagellates, radio-
larians) and calcareous nannofossils characterize an open-ma-
rine environments. Rare skeletal debris from fragmented and
disintegrated shells of invertebrates (benthic foraminifers,
echinoderms, molluscs) are derived from shallower environ-
ments. The studied microfacies are typical for basinal settings.

Calpionellids

Calpionellids in the studied samples are generally well-
preserved. Hyaline forms dominate, whereas chitinoidellids
are rare. The chitinoidellid taxonomy of Pop (1997) and
Rehakova (2002) is followed here. The group is represented
by Borziella slovenica (Borza), Dobeniella tithonica (Borza)
and Chitinoidella boneti Doben, species typical for the
Boneti Subzone of the Chitinoidella Zone (Figs. 2, 4). The
appearance of first hyaline calpionellid loricas of Praetintin-
nopsella andrusovi Borza and Tintinnopsella remanei Borza
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precede the crassicollarian radiation. Crassicollaria parvula
Remane and Calpionella alpina Lorenz dominate relative to
Crassicollaria massutiniana (Colom), Calpionella grandalpina
Nagy and Tintinnopsella carpathica (Murgeanu & Filipescu)
in the Remanei Subzone of the Crassicollaria Zone. Higher
in the section, crassicollarians abruptly decrease in abun-
dance, being replaced by an interval with radiation of small
spherical forms of Calpionella alpina Lorenz. The diversifi-
cation of a monospecific calpionellid association started in
the overlying Ferasini and Elliptica Subzones of the stan-
dard Calpionella Zone where Calpionella alpina Lorenz is
accompanied by Tintinnopsella carpathica (Murgeanu &
Filipescu), Remaniella ferasini Pop, R. duranddelgai Pop,
R. catalanoi Pop, Calpionella elliptica (Cadisch), Tintinnop-
sella longa (Colom), and Lorenziella hungarica Knauer.

Calcareous dinoflagellates

Calcareous dinoflagellates predominate in the Lower and
Upper Tithonian being represented by Cadosina parvula
Nagy, Carpistomiosphaera borzai (Nagy), Schizosphaerella
minutissima (Colom), Parastomiosphaera malmica (Borza),
Cadosina semiradiata semiradiata Wanner, Cadosina semi-
radiata fusca (Wanner), Carpistomiosphaera tithonica
Nowak, Colomisphaera fortis Rehanek, Colomisphaera
tenuis (Nagy), Colomisphaera carpathica (Borza), and
Stomiosphaerina proxima Rehéanek. For the first time the ap-
pearance of Colomisphaera fortis Rehének precedes the ap-
pearance of Colomisphaera tenuis (Nagy), hampering the
determination of the Tenuis and Fortis dinoflagellate Zones
sensu Rehanek (1992) (Figs. 2, 4).

Calcareous nannofossils

The semiquantitative study (Figs. 2, 3) reveals that only the
taxa Conusphaera spp., Polycostella spp., Nannoconus spp.,
Cyclagelosphaera margerelii Noé€l, Watznaueria barnesae
(Black) Perch-Nielsen, and W. manivitae Bukry occur in sig-
nificant abundances. Nannofossils indicative of eutrophic
environments such as Zeugrhabdotus erectus (Deflandre) Re-
inhardt, Diazomatholithus lehmannii Noél, and Discorhabdus
ignotus (Gorka) Perch-Nielsen occur sporadically.

The calcareous nannofossil assemblage from the basal part
of the Nutzhof section (samples 17, 18, Tithonica dinoflagel-
late Zone) contains the dissolution-resistant nannofossil spe-
cies Conusphaera mexicana mexicana Bralower et al.,
Conusphaera mexicana minor Bown & Cooper, Cyclagelo-
sphaera margerelii, Cyclagelosphaera deflandrei (Manivit)
Roth, Watznaueria barnesae, Watznaueria britannica
(Stradner) Reinhardt, and Watznaueria manivitae. The FO
(first occurrence datum) of Faviconus multicolumnatus
Bralower was recorded. The absence of the nannolith Poly-
costella beckmannii Thierstein allowed us to distinguish the
Conusphaera mexicana mexicana NJ20 Zone; Hexapodor-
habdus cuvillieri Subzone NJ20-A (Roth et al. 1983; emend-
ed Bralower et al. 1989) of the Lower Tithonian.

The calcareous nannofossil assemblages from the samples
Nu 16.0 to Nu 12.0 show dominance of Watznaueria and
Conusphaera. The FOs of Zeugrhabdotus embergeri (Noé€l)

Perch-Nielsen, Zeugrhabdotus erectus, and Diazomatho-
lithus lehmannii were observed. The FO of the nannolith
Polycostella beckmannii is the most significant marker indi-
cating the base of the Polycostella beckmannii Subzone
NJ20-B of the Conusphaera mexicana mexicana Zone, NJ20
(Roth et al. 1983; emended Bralower et al. 1989). The age of
this Subzone is middle Tithonian. The range of the Poly-
costella beckmannii Subzone NJ20-B fits with dinoflagellate
Malmica and Semiradiata Zones and the lower part of the
Chitinoidella Zone.

The calcareous nannofossils investigated in sample Nu 11
reflect a rather distinct change. The FO of Helenea chiastia
Worsley, Hexalithus noeliae Loeblich & Tappan and the
nannolith species Nannoconus compressus Bralower et al.
are evidence for the base of the Microstaurus chiastius Zone
NJK Bralower et al., 1989 and its Hexalithus noeliae Sub-
zone NJK-A, which is thought to represent the Late Titho-
nian interval. The Subzone coincides with the upper part of
the Chitinoidella Zone.

The calcareous nannofossil assemblages from samples
Nu9.0 to Nu6.0 contain dissolution-resistant nannofossil
genera  Conusphaera, Cyclagelosphaera, Watznaueria,
Diazomatholithus and Assipetra. The FAD of Nannoconus
wintereri Bralower & Thierstein (1989) was observed (sam-
ple 9.0). Many remains of dissolution-susceptible coccoliths
are present. In the upper part of the studied interval, the abun-
dance of Conusphaera drops. This interval was correlated
with the Microstaurus chiastius Zone NJK, Subzone Rote-
lapillus laffitei NJK-C, determining the J/K boundary interval.
It shows good correlation with the upper part of the Upper Ti-
thonian Crassicollaria Zone and the Calpionella Zone (Alpina
Subzone), which represent the J/K boundary interval.

The interval bearing the calpionellid species of the Lower
Berriasian Calpionella Zone (Ferasini Subzone) (sample
Nu 5.0) shows a distinctive change in the calcareous nanno-
fossil assemblage — the onset of nannoconids (Nannoconus
globulus minor Bralower, Nannoconus steinmannii minor
Deres & Achéritéquy, Nannoconus kamptneri minor Bralower,
Nannoconus cornuta Deres & Achéritéquy). This nannofossil
event indicates the base of the Nannoconus steinmannii minor
Subzone NJK-D (Microstaurus chiastius Zone NJK) Bralower
et al., which belongs to the lowermost Berriasian.

The calcareous nannofossils studied from the sample inter-
val Nu4.0-Nu0.0 (correlating with the calpionellid
Calpionella Zone, Elliptica Subzone) record the diversifica-
tion of nannoconids. The FAD of Nannoconus steinmannii
steinmannii Kamptner is recorded at level Nu 2.0. It could re-
flect the explosion in nannoconid abundance (sensu Bralower
et al. 1989: p. 188). Nannoconus globulus minor, Nannoco-
nus kamptneri minor, Nannoconus wintereri, Nannoconus
globulus globulus Deres & Achéritéquy, Nannoconus
steinmannii minor Deres & Achéritéquy, Nannoconus stein-
mannii steinmannii, and Nannoconus kamptneri kamptneri
Bronnimann, Nannoconus spp. indicative of the Nannoconus
steinmannii steinmannii Zone NK-1, Bralower et al. (1989),
which is middle Berriasian in age.

On the basis of calcareous nannofossil distribution, the in-
terval between the FO of Nannoconus wintereri co-occurring
with small nannoconids in bed Nu 9.0 and the FO of Nanno-
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conus steinmannii minor in bed Nu 5.0 (FAD after Hardenbol
et al. 1998 — 143.92 Ma) is interpreted as the Tithonian-
Berriasian boundary interval (Figs. 2, 3).

Stable isotope data
Oxygen and carbon (O, C)

The bulk carbon-isotope values (Fig. 3) lie between +0.49
and +2.10 %o corresponding to biogenic calcite precipitated
under open marine conditions during the Jurassic-Creta-
ceous (e.g. Weissert et al. 1985). All 880 values are be-
tween -1.94 to -5.49 %o and appear depleted relative to
diagenetically unaltered marine calcite (e.g. van de Schoot-
brugge et al. 2000, and reference therein). This reflects ele-
vated temperature during burial diagenesis and/or effects of
meteoric diagenesis (Weissert 1989). The carbon isotope sig-
nal is considered of primary importance as a calibration tool
between ammonites and magnetostratigraphy (Hennig et al.
1999), but it should be noted that the absence of covariance
between §'%0 and §'*C suggests a limited influence of sec-
ondary diagenesis on the isotope record (Fig. 3).

A positive trend in the 8'3C, from the base of the section at
Nu 18.0 up to Nu 14.0, is followed by a decreasing excur-
sion shifting the isotope values to their lowest values
(0.69 %0) at about Nu 10.0. After that point the §'3C values
stabilize at near constant averages of ~1.20 %o.

Strontium (Sr)

87Sr/%%Sr isotope data from the section show a range from
0.707370 +/-0.000004 to 0.707598 +/-0.000004. A gentle
trend from lower values in the lower, Jurassic part of the sec-
tion (Nu 18.0-Nu 12.0: mean 0.707472) to higher values in
the upper part including the J/K boundary and the Creta-
ceous interval (Nu 11.0-Nu 0.0: mean 0.707553) can be rec-
ognized (Fig. 3). A special interval is represented in the
strong increase from Nu 13.0 (lowest isotope value) to
Nu 11.0 (highest isotope value) and probably indicate a local
diagenetic phenomenon. The slight increase of mean stron-
tium isotope ratios in the section is compatible with the gen-
eral increase of strontium isotope ratios from the latest
Jurassic into the earliest Cretaceous as reported by the stron-
tium isotope seawater curve of McArthur et al. (2001) and
McArthur & Howarth (2004). The values measured in the
present study are generally higher by a factor of ca. 0.0002
compared to the values reported by McArthur & Howarth
(2004), who measured Upper Tithonian values around
0.707150 and Berriasian values between 0.707200-0.70725
(see also McArthur et al. 2007) with the Berriasian/Valang-
inian boundary slightly above 0.707300. Thus, the lowest
measured value in the Nutzhof section thus does not fall
within the J/K boundary range of values recorded by
McArthur & Howarth (2004). This confirms a strong diage-
netic overprint upon strontium isotope values. However, the
increase in mean values is within the reported magnitude of
increase expected for the J/K boundary interval, thus being
compatible with the stratigraphy inferred by other methods,
but precluding detailed dating.
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Geochemistry

The CaCOj (calcium carbonate contents, equivalents calcu-
lated from total inorganic carbon; carbonate bomb) differ
markedly in the lower and upper part of the log. The lower
part shows variations from 89.03 % (Nu 12.0) in limestone
beds to 40.72 % (Nu 13.4) in marl beds, whereas the upper
part displays more constant values ranging from 86.16 %
(Nu 9.6) up to the highest measured value of 97.4 % (Nu 3.6).

As recorded by the biostratigraphic results, the strong
lithological and faunal changes at Nu 12.00 and Nu 10.0 are
3 to 5 meters below the Jurassic/Cretaceous boundary (Bed
Nu 7.0) indicating changes in depositional environment 0.5
to 1 million years before the end of the Jurassic. The interval
from Nu 12.0-10.0 (CaCO; 89.03-68.97 %; S 0.59-0.45 %;
TOC up to 0.97 %) differs markedly and heralds the environ-
mental change observed (Fig. 3).

Both the CaCOj and the S content clearly show a trend to-
wards higher values and stable conditions from bed
Nu 10.00 to Nu 18.00. Unstable conditions are mirrored in
alternating values in the lower part of the log by variations
from 89.03 % CaCOj3; and 0.59 % S (Nu 12.0) in limestone
beds to 40.72 % and 0.30 % (Nu 13.4) in marl beds.

The range is smaller and more constant in the interval
Nu 10.0-18.0 with CaCOj3 values from 86.16 % at Nu 9.6 up
to the maximum value of 97.4 % at Nu 3.6. The total sulphur
content is positively correlated to the CaCO;3 values. The
maximum value is at bed Nu 9.0 with 0.58 % S and its mini-
mum with 0.5 % S in bed Nu 0.0. As confirmed by Hirano
(1993) the sulphur content is a reliable index for oxic-anoxic
conditions of the bottom water and sediment at the time of
preservation.

The weight % TOC values show no positive correlation
with S or CaCO;. TOC values oscillate throughout the log.
They vary from 0.001 % to 0.91 % (Nu 11.2) in the lower
part and from 1.07 % (Nu 3.4) to 0.001 % in the upper part.

The above described geochemistry is also reflected in the
results of grey-scale data marking siliciclastic input. The sec-
tion can be subdivided into three parts: a lower part
(Nu 18.0-12.0) with 170-111 (mean 140.5), a middle part
(Nu 12.0-10.0) with 138-90 (mean 114) and an upper part
(Nu 10.0-0.0) with 254-195 (mean 224.5). In combination
with other analyses, the grey-scale factor is a good indicator
for siliciclastic input (clay, not sandstone) in pelagic to
hemipelagic sediments. This indicates the dominance of si-
liciclastic components and allodapic microturbidites within
the dark mid-part. These results corroborate those obtained
from susceptibility and gamma log (increasing values show
higher contents in clay minerals), thin sectioning and micro-
facies analysis.

Susceptibility

Susceptibility measurements at Nutzhof represent a direct
function of the clastic or turbiditic content and associated
mineral spectra (Fig. 3). Higher susceptibility data reflect
higher detritic input of terrigenous material. The paleomag-
netic data given in the magnetostratigraphic profile indicate
a significant jump of remanent magnetization and magnetic
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susceptibility, at Nu 10.0. This change marks the change
from marls and marly limestone to pure limestone. Magneto-
susceptibility measurements allow a subdivision of the
Nutzhof section into three parts or intervals. A general de-
creasing trend throughout the log reflects a decreasing con-
tent of siliciclastic material indicating a decrease in clastic
input to the depositional area at Nutzhof during the Late
Jurassic-Early Cretaceous. Mean values of volume magnetic
susceptibility (k) are shown in Table 1. The k ranges from
-8.6 to 15.6x107° SI for upper interval between 0-10 m of
the section and from 30 to 85.1x107° SI for the lower part
(10.12-18.4 m). The lower part from Nu 18.0-12.0 shows
values from 0.052-0.028 (mean 0.039). Above Nu 12.0 val-
ues range from 0.050-0.026 (mean 0.033). The most marked
change appears at Nu 10.0 from values of 0.050 to 0.010.
The upper interval from Nu 10.0 to 0.0 is characterized by
very low values from 0.012-0.000 (mean 0.004). The J/K
boundary strata itself are not characterized by significant
changes in values.

Gamma log

The radioactivity variation of the studied section is mea-
sured by gamma-ray measures and represents a direct func-
tion of the variation of the clay-mineral content. Hence,
higher radioactivity reflects higher clay contents. Measure-
ments of gamma response (cps) are a powerful tool for inter-
preting the stratigraphy in the outcrop.

Generally measured cps values range between 4 and 30. The
gamma response allows a clear subdivision of the section into
three parts each corresponding to the three identified main
lithological units within the Blassenstein Formation. The gam-
ma response gradually decreases from Nu 18.0 to Nu 0.0,
reaching the highest values at Nu 16.5 and lowest values at
Nu 7.7 and Nu 3.3. Within this gradually decreasing trend, the
biggest excursion is recorded close to bed Nu 10.0. Values
range in the lower interval (Nu 18.0-12.0) from 15-30 cps
(mean 22.53 cps), in the middle interval (Nu 12.0-10.0) from
13-23 cps (mean 19.95cps), and in the upper interval
(Nu 10.0-0.0) from 4-14 cps (mean 9.07 cps) (Fig. 3).
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The gamma response becomes gradually weaker in the up-
per, undisturbed part of the section. The uppermost part of
the section, however, shows an upwards decreasing gamma
response. The curve pattern therefore shows a vertically con-
gruent curve to the susceptibility values.

The decreasing gamma log values together with the charac-
teristic pattern in decreasing susceptibility suggest a more sta-
ble depositional environment from about Nu 10.0 and
upwards, predating the J/K boundary by 3 meters or 0.5 mil-
lion years.

Paleomagnetism

The paleomagnetic study of the section identifies the
boundaries of magnetozones from M17r to M21r and the re-
verse subzones Kysuca and Brodno (M20n.1r and M19n.1r,
respectively). The record of polarity changes in the Earth’s
magnetic field can determine the precise age. The identifica-
tion of the detected polarity zones against the M-sequence of
polarity intervals given by the GPTS (Gradstein et al. 2004)
is the most important topic. The preliminary determination
of boundaries of magnetozones M17n to M22r was the result
from 30 samples of C-component direction (Pruner et al.
2009). The number of polarity zones, namely six normal and
six reverse, is the same number as in preliminary results. The
mean values of the modulus of NRM (Jn) and of volume
magnetic susceptibility (k) for 244 samples of Upper Tithonian
and Lower Berriasian limestones are shown in Table 1. The k
ranges from -8.6 to 15.6x 107 SI for the upper interval be-
tween 0-10 m of the section and from 30 to 85.1x 107 SI for
the lower part (10.12-18.4 m). The results of AF and TD de-
magnetization procedures are displayed in Pruner et al.
(2009: figs. 3, 4). The A-component is of viscous origin and
is demagnetizable in the temperature range of 20-100 °C (or
AF 0-5 mT). The origin of the B-components, low tempera-
ture (LTC) or low field (LFC) were undoubtedly imprinted,
most probably in the Neogene, after Alpine folding. Both
magnetic polarities are present in C-component (high tem-
perature — HTC or high field — HFC) directions, but the di-
rections are highly scattered (Table 2, Fig. 5). The statistical

. Fig. 5. J/K limestones and marls,
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directions of N polarity (left) and
R polarity (right) of C-compo-
nents of RM corrected for dip of
strata. Stereographic projection,
full (open) small circles repre-
sent projection onto the lower
(upper) hemisphere. The mean
direction calculated according to
Fisher (1953) is marked by a
small crossed circle, the confi-
dence circle at the 95% probabil-
ity level is circumscribed about
the mean direction.
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Fig. 6. Magnetostratigraphic profile across the Nutzhof J/K boundary strata, paleomagnetic and lithostratigraphic data. M — NRM in the
natural state; k — value of volume magnetic susceptibility in the natural state; D — declination; I — inclination. Normal (reverse) magne-
tozones are denoted black (white), unknown (grey).
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Table 1: Basic magnetic parameters and statistical properties of the

physical quantities in the basic groups of samples from the Nutzhof.

Modulus of NRM Volume magnetic susceptibility
Age Polarity Number of samples J.[107° A/m] k [107°ST]
Mean value Standard deviation Mean value Standard deviation
Early Berriasian N+R 82 88 39 2.3 3.1
Late Tithonian N+R 155 165 132 21.4 26.5
Table 2: Mean directions of B (LFC or LTD) and C-components (HFC or HTD) corrected and not corrected for structural tilt.

S ® Structural tilt correction No str:uct.ural .tllt <o rrection

=& & (in-situ directions)

g g ; — ——

Age of rocks g g E Mean directions Mean directions
g S

Es| ~ Decl. [] Incl.[] | @[] k Decl. [] Incl.[°] | s [’] k n

&)
L. Tith.+ E.Berr. B R 351.7 -55.4 3.1 12.1 104 71.5 3.1 11.9 168
L. Tith.+ E.Berr. C N 278.0 53.3 7.1 32 199.3 =273 8.0 2.6 119
L. Tith.+ E.Berr. C R 104.1 —46.1 6.4 4.8 19.3 132 6.4 4.8 101
L. Tith.+ E.Berr. C N*) 286.1 445 4.7 4.0 198.1 -15.0 52 3.7 220

parameters for component C (total number 220) are influ-
enced by samples close to the boundary of shorter polarity
zones. The mean values of C-component directions are
anomalous, having been affected by counter clockwise paleo-
tectonic rotation. The paleomagnetic data given in the
magnetostratigraphic profile (Fig. 6) indicate a significant
change of remanent magnetization and magnetic susceptibility,
at level Nu 10 due to the significant change in lithology from
marl (Nu 18.0-10.0) to limestone (Nu 10.0-0.0).

Figure 5 presents the results of the magnetostratigraphic
profile with indicated moduli values of natural remanent mag-
netization (Jn), volume magnetic susceptibility values of sam-
ples in the natural state (k), paleomagnetic declination Dp and
inclination Ip (of C-components of remanence inferred by
multi-component analysis). The values of the angular deflec-
tion of the direction of C-components of remanence from the
mean direction, with only normal polarity being taken into
consideration (reverse directions were transformed into nor-
mal directions for the calculation of the mean direction), are
given in the next column. The resulting normal and reverse
magnetozones are indicated in the last column.

Discussion

The high-resolution quantitative analysis of selected organic
groups (calpionellids, radiolarians, saccocomids) indicates
major variations in their abundance and composition (Figs. 2,
3, 4). The Upper Jurassic (Tithonian) depositional setting at
Nutzhof was influenced by the periodic input of biodetritus
from surrounding shallow marine paleoenvironments, whereas
deposition was more constant during the Berriasian and
characterized by pelagic sediments predominantly composed
of planktonic microorganisms (radiolarians, calcareous dino-
flagellates, calpionellids, and nannofossils).

Calcareous dinoflagellates predominate in the Lower and
Upper Tithonian. Their stratigraphic and paleoecological po-
tential has been discussed by Rehdkova (2000a,b). In the

Nutzhof section, the Lower Tithonian record of calcareous di-
noflagellates shows a distinct change in abundance and com-
position. Forms with radial orientation of calcite crystallites in
their cyst walls dominate in the Tithonica and Malmica Zones,
whereas cadosinid species with oblique arrangement of the
calcite crystallites dominate the Semiradiata Zone. According
to Michalik et al. (2009), coinciding acme peaks of Cadosina
semiradiata semiradiata Wanner and Conusphaera spp. prob-
ably indicate warmer surface waters.

Chitinoidellids are very rare in the Nutzhof section. The
appearance of the first hyaline calpionellid loricas precedes
the crassicollarian radiation. A monospecific calpionellid as-
sociation consisting predominantly of Calpionella alpina
Lorenz characterizes the section. A similar calpionellid evo-
lution and biostratigraphy of the Jurassic-Cretaceous bound-
ary interval was recorded by Remane (1986), Pop (1994),
Rehdkova (1995), Oldriz et al. (1995), Griin & Blau (1997),
and Andreini et al. (2007). Rehdkova (in Michalik et al.
2009) demonstrated that the J/K boundary interval can be
characterized by several calpionellid events: the onset, diver-
sification, and extinction of chitinoidellids (middle Titho-
nian); the onset, diversification, and extinction of
crassicollarians (Upper Tithonian); and the onset of the
monospecific Calpionella alpina association at the J/K
boundary. Due to synsedimentary erosion probably originat-
ing during several extensional pulses, which denivelated the
sea bottom, clast-bearing calpionellid biomicrites were doc-
umented along the Upper Jurassic and Lower Cretaceous
(Lower Berriasian) formations in several areas studied
(Michalik et al. 1990, 1995; Grabowski et al. 2010).

The calcareous nannofossil ranges in the Nutzhof section
provides a tool for biostratigraphic subdivision of the J/K
boundary interval. The coccoliths of the family Watznaueri-
aceae and three nannolithic genera Conusphaera, Polycostel-
la, and Nannoconus dominate the assemblages. This is in
accordance with nannofossil studies in other locations at low
latitudes sections across the J/K boundary (Thierstein 1971,
1973, 1975; Erba 1989; Gardin & Manivit 1993; Ozkan 1993;
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Tavera et al. 1994; Bornemann et al. 2003; Pszczotkowski &
Myczynski 2004; Tremolada et al. 2006; Haldsova in Micha-
lik et al. 2009).

The lowermost occurrences of nannofossils are partly ob-
scured due to poor preservation, but we tentatively identified
the boundaries of zones and subzones based on certain strati-
graphic markers (Polycostella beckmannii, Helenea chiastia,
Hexalithus noeliae, Nannoconus wintereri, Nannoconus
globulus minor, Nannoconus steinmannii minor, Nannoco-
nus kamptneri minor, Nannoconus steinmannii steinmannii,
Nannoconus kamptneri kamptneri, Nannoconus globulus
globulus).

Tremolada et al. (2006) detected that Conusphaera domi-
nates the nannolith assemblage in the upper middle Tithonian
(“Conusphaera world”). This is corroborated by data obtained
in this study. The acme peak of the genus Polycostella in sam-
ples Nu 13.0 and 14.0 coincides with the middle Tithonian
Semiradiata Subzone (Rehakova 2000b). Comparison with
the Brodno section (Michalik et al. 2007 and Michalik et al.
2009) indicate that the dominance of the nannolith Polycostel-
la beckmannii occurs somewhat lower in the Chitinoidella
Zone in the Nutzhof section. The first appearance of Helenea
chiastia is also demonstrated to be diachronous, being close to
the base of the calpionellid Crassicollaria Zone in the Brodno
section, but recorded in the uppermost part of the Chitinoidel-
la Zone in the Nutzhof section.

The most distinct nannofossil event is the onset of nanno-
conids which was observed in the interval comprising the
calpionellid Calpionella Zone, Ferasini Subzone (lowermost
Berriasian). This indicates a change in the paleooceano-
graphic regime. From the biostratigraphic point of view, the
upper J/K boundary datum based on nannofossils (Borne-
mann et al. 2003).

The change of saccocomid marl and limestone by overlying
calpionellid limestone in the Upper Tithonian also character-
izes J/K-boundary successions reported from numerous other
localities in Austria (e.g. Kristan-Tollmann 1962; Fligel
1967; Holzer 1968; Holzer & Poltnik 1980; Rehdkova et al.
1996), Germany (Lackschewitz et al. 1989), Poland (Pszczét-
kowski & Myczynski 2004) and Slovakia (Vasicek et al.
1992). Many of these localities, however, differ lithologically
from the section studied at Nutzhof. In most cases the sacco-
comid-bearing beds are pure, reddish limestone.

Saccocomid limestones have often been interpreted as
Kimmeridgian (e.g. Fligel 1967: p. 35; Sauer et al. 1992:
p. 183; Wessely 2008: p. 210, fig. 5) and have been used as
the marker bed for that stage (Bernouli 1972). Reliable strati-
graphic data is, however, commonly lacking. Based on well-
dated sections, the majority of the recorded saccocomid-
occurrences are of Tithonian age (Nicosia & Parisi 1979;
Keupp & Matyszkiewicz 1997). This is corroborated/support-
ed by the data from the present study.

Summary and conclusions

The studied section at Nutzhof represent a J/K-boundary
succession deposited in a distal slope-setting in the Gresten
Klippenbelt, a part of the Helvetic paleogeographic realm.

377

The Upper Jurassic to Lower Cretaceous pelagic sediments
represent a major sedimentation cycle.

The significant depositional change from a mixed silici-
clastic/carbonate to a pure carbonate depositional system is
marked by a change from a lower marly cyclic part to an up-
per calcareous part. Accordingly, the lower (Tithonian) mar-
ly part is characterized by dark, laminated pelagic marls and
marly limestones with intercalated turbiditic limestone beds
(e.g. allodapic limestones). The upper part (limestone) repre-
sents a phase of autochthonous pelagic sedimentation char-
acterized by bright, chert- and aptychi-bearing nannoconid
limestone. The macro-invertebrate fauna of the Berriasian
limestone succession is sparse, comprising rare ammonoids,
aptychi, belemnites and brachiopods. The macro-inverte-
brate fauna of the Tithonian marl-limestone succession is
rich in saccocomids accompanied by rare bivalves (inocera-
mids) and partly by abundant ammonites. The microfauna,
in contrast, is abundant, with dominating calpionellids and
radiolarians in the limestone succession and saccocomid
blooms within the marl-limestone succession.

The macrofauna, as already stated, is represented especially
by ammonoids, belemnoids, aptychi and bivalves. The
whole section yielded 46 ammonite individuals/specimens.
Sampling of the sparse ammonites was difficult due to hard-
ite sediments. The ammonite biostratigraphy is integrated
with micro- and nannofossil biostratigraphic data from the
marl-limestone succession and indicates Early Tithonian to
middle Berriasian ages (Hybonoticeras hybonotum Zone up
to the Subthurmannia occitanica Zone). Descendants of
Subplanites have not previously been reported within the
Gresten Klippenbelt. All ammonoids are typical of the Medi-
terranean Province.

The limitation of ammonite biostratigraphy obtained by
the new ammonite findings from Nutzhof has demonstrated
the importance of integrating macrofauna biostratigraphy
with the micro- and nannofossil biostratigraphy. The de-
scribed fauna increases our understanding of ammonite fau-
nas from the area of the Gresten Klippenbelt and the
neighbouring Waschberg Zone during deposition of the Juras-
sic/Cretaceous boundary interval. Both areas were at the time
located on the passive northern margin of the Penninic Ocean.

Magnetostratigraphic, geochemical and isotopes studies
contribute to the understanding of the environmental history
during the Jurassic-Cretaceous boundary interval in a little
known area. Sediment deposition took place during condi-
tions of relatively stable water masses with relatively low
sedimentation rates in an unstable sedimentological environ-
ment. This is reflected by a change in lithology from Nu 11.0
to Nu 13.0 (11 to 13 m). A series of event layers with rede-
posited faunal elements (e.g. phyllocrinids) indicate a trans-
port of sediment from shallower areas in the North. The
depositional area was influenced by the opening of the Pen-
ninic Ocean during the Late Jurassic to Early Cretaceous. A
phase of an earlier Penninic opening, is reflected as a signifi-
cant change in lithology and composition of faunal assem-
blage in the uppermost Tithonian (at Nu 10.0 m).

There is no evidence for redeposition of ammonites, which
are considered autochthonous and parautochthonous pelagic
elements from the open sea. Four crinoid taxa are recorded in
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Fig. 7. Estimated average sedimentation rate diagram around the
J/K boundary at Nutzhof based on magnetostratigraphic and bios-
tratigraphic data.

the Tithonian Blassenstein Formation and comprise Balano-
crinus sp., Saccocoma tenella (Goldfuss), Crassicoma? sp.,
and Phyllocrinus belbekensis Arendt. Only S. tenella is abun-
dant. The other taxa, in particular the benthic isocrinids and
phyllocrinids are rare. Preservation and ossicle size range of
the latter groups indicate their allochthonous origin. The sac-
cocomid remains are restricted to the Tithonian, the saccoco-
mid-rich facies being overlain by calpionellid limestones.

The biostratigraphic study based on the distribution of
calpionellids allowed an identification of the Boneti Subzone
of the Chitinoidella Zone. The J/K boundary is recorded be-
tween the Crassicollaria and Calpionella Zone and is de-
fined by the morphological change of Calpionella alpina
tests. The base of the Crassicollaria Zone approximately co-
incides with the onset of Tintinnopsella remanei Borza and
the base of the standard Calpionella Zone, with the monospe-
cific calpionellid association being dominated by Calpionella
alpina Lorenz. Two further Subzones (Ferasini and Elliptica)
of the standard Calpionella Zone were recognized in radiolari-
an-calpionellid and calpionellid-radiolarian wackestones in
the overlying uppermost part of the section.

The appearance of several important nannofossil genera
allow the identification of the Lower, middle and Upper
Tithonian, and a relatively accurate identification of the
Tithonian-Berriasian boundary, and the definition of the
Lower Berriasian nannofossil zones. Coccoliths of the fami-
ly Watznaueriaceae and nannoliths of the genera Conus-
phaera, Nannoconus and Polycostella dominate the
assemblages. The interval between the FAD of Nannoconus
wintereri co-occurring with small nannoconids in sample
Nu 9 (the uppermost Tithonian) and the FAD of Nannoconus
kamptneri minor in sample Nu 5 (lowermost Berriasian) is
interpreted as the Tithonian-Berriasian boundary interval.
The nannoconid dominance in the lowermost Berriasian,
known as the “Nannoconus world” sensu Tremolada et al.
(2006) is now recorded in the Nutzhof section.

Paleomagnetic data across the J/K boundary strata allow the
construction of a detailed magnetostratigraphic zonation. The
interval between Nu 5 to 10.5 m provides a high-resolution
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profile with an almost continuous record of magnetic and
paleomagnetic parameters, that records the critical intervals
with boundaries of the magnetozones M19n-M20n. Accord-
ing to magnetozone M19n and Brodno Subzone, the J/K bound-
ary is identified within the interval between Nu 6.5-7 m.
Significant changes do not occur at the J/K boundary itself.
The step of remanent magnetization and magnetic susceptibil-
ity, at level Nu 10.0, occurs in magnetozone M20n below the
Kysuca Subzone. A similar jump of NRM and susceptibility
lies in the M20n just above the Kysuca Subzone in the Bosso
section. The average sedimentation rate in the Nutzhof sec-
tion is ca. 3.7 m/Myr (Fig. 7), but with high dispersion (from
2-11 m/Myr) differing from the average sedimentation rates
of 2.27 m/Myr recorded in Brodno and 2.88 m/Myr in Puerto
Escano. Relatively low rates (1 m/Myr) are recorded in the
Bosso Valley, but higher rates (3-11 m/Myr) are reported by
Grabowski & Pszczoétkowski (2006) from the Tatra Moun-
tains. No significant change can be noted at or within the J/K
boundary interval. The integration of fossil and magnetostrati-
graphic data demonstrates a duration of approximately 7 mil-
lion years (approximately 150-143 Ma) for the deposition of
the Nutzhof section (Figs. 6 and 7).

The carbon isotope record documents a significant change
in the C-cycle dynamic suggesting a sluggish 3-D dynamic
of the marine system possibly associated with a decrease in
primary productivity. Abrupt oscillations mainly recorded
between the levels 10 and 6 m suggest a significantly unsta-
ble global carbon system during the Jurassic but a change to-
wards balanced conditions in the Cretaceous interval.
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Abstract: The key objective of investigation of hemipelagic sediments from the Gresten Klippenbelt (Blassenstein For-
mation, Ultrahelvetic paleogeographic realm) was to shed light on environmental changes around the Jurassic-Cretaceous
(J/K) boundary on the northern margin of the Penninic Ocean. This boundary is well exposed in a newly discovered site at
Nutzhof. Around the critical interval including the boundary, this new outcrop bears a rich microplanktonic assemblage
characterized by typical J/K (Tithonian/Berriasian) boundary faunas. The Nutzhof section is located in the Gresten Klippenbelt
(Lower Austria) tectonically wedged into the deep-water sediments of the Rhenodanubian Flysch Zone. In Late Jurassic—
Early Cretaceous time the Penninic Ocean was a side tract of the proto-North Atlantic Oceanic System, intercalated be-
tween the European and the Austroalpine plates. Its opening started during the Early Jurassic, induced by sea floor spread-
ing, followed by Jurassic-Early Cretaceous deepening of the depositional area of the Gresten Klippenbelt. These tectonically
induced paleogeographic changes are mirrored in the lithology and microfauna that record a deepening of the depositional
environment from Tithonian to Berriasian sediments of the Blassenstein Formation at Nutzhof. The main lithological
change is observed in the Upper Tithonian Crassicollaria Zone, in Chron M20N, whereas the J/K boundary can be pre-
cisely fixed at the Crassicollaria-Calpionella boundary, within Chron M19n.2n. The lithological turnover of the deposi-
tion from more siliciclastic pelagic marl-limestone cycles into deep-water pelagic limestones is correlated with the deep-
ening of the southern edge of the European continent at this time. Within the Gresten Klippenbelt Unit, this transition is
reflected by the lithostratigraphic boundary between siliciclastic-bearing marl-limestone sedimentation in the uppermost
Jurassic and lowermost Cretaceous limestone formation, both within the Blassenstein Formation. The cephalopod fauna
(ammonites, belemnites, aptychi) and crinoids from the Blassenstein Formation, correlated with calcareous microfossil
and nannofossil data combined with isotope and paleomagnetic data, indicate the Tithonian to middle Berriasian
(Hybonoticeras hybonotum Zone up to the Subthurmannia occitanica Zone; M17r-M21r). The succession of the Nutzhof
section thus represents deposition of a duration of approximately 7 Myr (ca. 150-143 Ma). The deposition of the lime-
stone, marly limestone and marls in this interval occurred during tectonically unstable conditions reflected by common
allodapic material. Along with the integrated biostratigraphic, geochemical and isotopic analysis, the susceptibility and
gamma-ray measurements were powerful stratigraphic tools and important for the interpretation of the paleogeographic
setting. Two reverse magneto-subzones, Kysuca and Brodno, were detected within magnetozones M20n and M19n, re-
spectively.

Key words: Jurassic/Cretaceous boundary, Penninic Ocean, paleoecology, paleogeography, environmental changes.

Introduction sion consists of marls, marly limestone and marl-limestone

alternations, whereas the upper part of the Blassenstein For-

Jurassic and Lower Cretaceous pelagic sediments are known
to form a major elements of the northernmost tectonic units
of the Gresten Klippenbelt (Czjzek 1852; Kithn 1962;
Kiipper 1962; Gottschling 1965; Decker & Rogl 1988,
Decker 1990; Piller et al. 2004). Preliminary results on a
Jurassic-Cretaceous boundary section of the Gresten Klip-
penbelt were presented including description of new faunas
and localities (Lukeneder 2009; Kroh & Lukeneder 2009,
Pruner et al. 2009; Rehdkova et al. 2009).

The Gresten Klippenbelt at Nutzhof comprises Upper Ju-
rassic (Tithonian) to Lower Cretaceous sediments belonging
to the Blassenstein Formation. The lower part of the succes-
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mation (Tithonian to Valanginian) is composed of very pure
limestones. The biostratigraphy of the Lower Cretaceous
sediments in the study area is mainly based on microfossils
(Rehdakova et al. 2009). The first description of the lithology
and stratigraphy of this area was provided by Czjzek (1852),
followed by Kiipper (1962). Biostratigraphic data on the
Blassenstein Formation (Stollberger Schichten of Kiipper
1962) near Nutzhof are remarkably scarce (Czjzek 1852;
Kiipper 1962).

The tectonically highly active northern zone of the Penninic
Ocean (the southern margin of the European continent) is
crucial for understanding the formation of the Penninic
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Ocean, its subsequent subduction and the following Alpine
history.

Formation of the Penninic Ocean, here defined to include
the Ligurian Basin (sensu Dercourt et al. 1993, 2000; Masse
et al. 2000; Mandic & Lukeneder 2008) and synonymous
with the Alpine Tethys (Stampfli & Borel 2002 and Stampfli
et al. 2002) was initiated in the Late Triassic by rifting and
disjunction of the Austroalpine microcontinent from the
southern European Plate margin (Stampfli & Mosar 1999;
Scotese 2001). It formed an eastern prolongation of the
North Atlantic Rift-System, which affected the final break-
up of the Permo-Triassic supercontinent Pangaea (e.g. Faupl
2003). The formation of the oceanic crust and the sea-floor
spreading lasted from the Middle Jurassic to the Early Creta-
ceous, terminating with the introduction of its southward-di-
rected subduction beneath the northern Austroalpine plate
margin (Faupl & Wagreich 2000; Mandic & Lukeneder
2008). This tectonic phase is reflected by the lithological
change within the Nutzhof section. An increasing deepening,
reflected in the sedimentary succession (e.g. allodapic lime-
stones and microturbidites), in the section at Nutzhof, marks
the opening of the Penninic Ocean. The pelagic carbonate
sedimentation, which started in the Late Jurassic, changes
from siliciclastic-dominated limestone deposition to pure
limestone-dominated. The Penninic Ocean persisted from
the Late Jurassic until close to the end of the Cretaceous.

The paleomagnetic and rock-magnetic study is a continua-
tion of detailed paleontological and magnetostratigraphic
studies of the Jurassic/Cretaceous (J/K) boundary in the
Tethyan Realm (Housa et al. 1999). The section at Brodno
near Zilina, W Slovakia, was the first section investigated
with high-resolution magnetostratigraphy and micropaleon-
tology in the Carpathians (Housa et al. 1999). Magnetostrati-
graphic studies were carried out in the Bosso Valley of
Umbria, Italy (Housa et al. 2004) and the Tatra Mountains,
Poland (Grabowski & Pszczotkowski 2006). The magneto-
stratigraphic investigations published by Pruner et al. (2009)
preliminarily determine the boundaries of magnetozones
M17n to M22r (six reverse and six normal zones). The aim
of these studies was to globally and objectively establish a
correlation between biozones around the J/K boundary in the
Tethyan Realm using global paleomagnetic events and pre-
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cisely determine the boundaries of magnetozones M19 and
M20 including narrow reverse subzones. These studies pro-
vided a precise record of polarity changes in the Earth’s
magnetic field and determined their stratigraphic positions
precisely within a biochronostratigraphic zonation.

The Nutzhof locality represents the only known section that
includes the J/K boundary interval in the Gresten Klippenbelt.
The section contains rich assemblages of radiolarians,
calpionellids, saccocomids, nannofossils and in some inter-
vals ammonites. The J/K boundary sediments of the Nutzhof
section provide an excellent succession for quantitative and
integrated methods due to their fossiliferous and undisturbed
bedding for a period of almost 7 million years.

Location and geological setting of Nutzhof
Locality description

The Nutzhof locality is situated in the Gresten Klippenbelt
of Lower Austria (48°04’ 49" N, 15°47" 36" E), about 20 km
south of Boheimkirchen and 5 km north of Hainfeld (Fig. 1),
600 m above sea level (m a.s.l) (OK 1:50,000, sheet 56 St.
Polten). The outcrop is located in an abandoned quarry in the
south-eastern-most part of the northeast-southwest striking
Gresten Klippenbelt, between Kasberg (785 m a.s.l.) to the
east and the vicinity of the Nutzhof (550 m a.s.1.) to the west.
The quarry is located on the northern side of the Kasberg
ridge and the measured section is exposed on the eastern side
of the quarry.

Geological setting

The Gresten Klippenbelt at Nutzhof is surrounded by
deep-water successions of the Rhenodanubian Flysch Zone.
The Gresten Klippenbelt represents an independent and
scarcely known geological unit. It is tectonically incorporat-
ed in the Flysch Zone as a long, thin, east-west striking marly
and calcareous unit (Fig. 1). Sediments from the Gresten
Klippenbelt are considered to belong to the southern part of
the Helvetic paleogeographic realm. The Gresten Klippen-
belt sediments were deposited on the southern shelf and
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Fig. 1. Locality map of Austria with indicated position of the Nutzhof locality in Lower Austria (left). Detailed map of the area around
Nutzhof with outcrop position within the Jurassic-Cretaceous Klippenbelt (right).
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slope of the European continent, on the slope of the Bohemian
Massif at the north-western margin of the Penninic Ocean.
The Nutzhof site consists of two different facies within the
Blassenstein Formation (Lukeneder 2009). The lower part
(Tithonian; 18.0-10.0 m) with dark marl-limestone alterna-
tions and its characteristically intercalated limestone beds, and
the upper part (Tithonian-Berriasian; 10.0-0.0 m) with light
grey, almost pure limestone. Limestone beds display uniform
overturned bedding-plane orientation. The mean strike is
151°+30° and the mean dip angle 44°+22°. The succession is
characterized by a marked lithological and faunal change at
Nu 10.0 which does not coincide with the Jurassic/Cretaceous
boundary at bed Nu 7.0 (Nu for Nutzhof samples). Sediments
occur as wacke-, pack- or mudstones.

The Nutzhof section

The Jurassic-Cretaceous boundary in the Gresten Klippen-
belt

The most recent reports concerning the J/K boundary in-
terval from the Gresten Klippenbelt present preliminary re-
sults (Lukeneder 2009; Kroh & Lukeneder 2009; Pruner &
al. 2009; Rehakova et al. 2009) (Fig. 2). Therein first results
have been presented on macro-, micro- and nannofossils.
Tectonic units including the J/K boundary of the Gresten
Klippenbelt were reported by Czjzek (1852), Kiihn (1962),
Kiipper (1962), Gottschling (1965), Decker & Rogl (1988),
Decker (1990) and Piller et al. (2004).

Materials and methods

The Jurassic-Cretaceous boundary section at Nutzhof was
studied with an integrated approach. Beds were sampled for
biostratigraphical, paleomagnetic, geochemical (CaCOs,
TOC, S) and istotopic (8'%0, §'3C, 5*7Sr) data. Focus is di-
rected to an interval of about 18.0 m (Nu 0.0-Nu 18.0) that
was studied in detail (Figs. 2, 3, 4). Macro-, micro- and nanno-
fossil contents were quantitatively investigated (Fig. 4).
Samples were collected at intervals of 0.1 and 0.2 meters for
stable isotopes, total organic carbon (TOC), sulphur (S), cal-
cium carbonate (CaCO3), susceptibility and gamma log. The
microfossil content was analysed for calpionellids, radiolari-
ans, saccocomids (thin sections) and insoluble residues.
High resolution studies were combined with grey-scale
quantification, gamma-ray and susceptibility analyses. Sam-
ple numbers, for example Nu 10.0, correspond to the sample
interval at 10.0 m within the log (for all numbers and figures,
Nu = Nutzhof). All samples are stored at the Natural History
Museum of Vienna, in the collection of the Department of
Geology and Paleontology.

Gamma-ray analysis
The gamma log measures the radioactivity of the rock,

which represents a direct function of its clay-mineral content.
Increasing radioactivity reflects the increasing clay content.
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Gamma response (counts per second — cps) was measured
using a hand-held standard gamma-ray scintillometer.

Macrofossils

Macrofossil material includes 46 ammonite specimens, 238
lamellaptychi and 82 rhyncholites were examined. Four
brachiopods and three inoceramids as well as a single
belemnite specimen were collected. Ammonites are preserved
as steinkerns or are represented by calcitic aptychi. Shell-
preservation is restricted to organisms with primary skeletal
calcite of belemnite-rostra and brachiopods in addition to rare
inoceramid fragments (calcitic prisms). The ammonite
assemblage contains six different genera: Subplanites,
Haploceras, Phylloceras, Ptychophylloceras, Lytoceras and
Leptotetragonites dominated by the perisphinctid genus
Subplanites (Lukeneder 2009).

Calpionellids and calcareous nannofossils

Quantitative micro- and nannofacies analysis includes study
of calpionellids and calcareous dinoflagellates in 93 thin sec-
tions. The thin sections are deposited in the Natural History
Museum in Vienna; NHMW 2007z0271/0000. Changes in the
distribution of calpionellids and calcareous nannofossils were
studied in detail in order to correlate them with the changes in
nannoplankton associations (Figs. 2, 3 and 4).

Calcareous nannofossils were analysed semiquantitatively
in 19 smear slides, prepared from all lithologies by standard
techniques, using a light polarizing microscope at 1250x%
magnification. At least 200 specimens were counted in each
slide to record relative abundances and the stratigraphic range
of taxa (Figs. 2, 3). Nannofossil preservation can be character-
ized as moderately to intensely etched by dissolution. The cal-
careous nannofossil zones were adopted from the zonal
scheme proposed by Bralower et al. (1989).

Magnetic components

Paleomagnetic analyses presented in this studies come
from 244 samples, but the preliminary results include only
111 samples (see Pruner et al. 2009). All the samples were
subjected to progressive thermal demagnetization (TD) or
alternating field (AF) demagnetization in 11-12 temperatures
or fields. The individual components were precisely established
using multicomponent analysis of remanence (Kirschvink
1980). Isothermal remanent magnetization (IRM) to satura-
tion was measured to identify magnetically active minerals.
Magnetomineralogical analyses and unblocking temperature
determination show that magnetite and goethite are the main
carriers of remanent magnetization.

Microfossils

Apart from thin sectioning also employed for a study of
calpionellids, an effort was made to obtain three-dimension-
al specimens of the crinoids and other microfossils common-
ly observed in the thin sections (namely foraminifers,
ostracods, rhyncholites, small aptychi, ophiuroid remains,
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Fig. 2. Nutzhof log with occurrence and range of calcareous nannofossils, calcareous dinoflagellates and calpionellids and indicated paleo-

magnetic zonation: normal magnetozones are denoted black, reverse zones in white, and unknown parts in grey.
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etc.). Bulk samples were collected in closely spaced intervals
in the lower, marly part of the succession (10.0-18.0 m).
Strong lithification hampered dense bulk sampling in the up-
per part of the section (0 to 10.0 m). These beds were analysed
by thin sections only. Traditional washing methods were not
applicable due to strong lithification of the sediment. Partial
disaggregation was achieved by repetitive, combined treat-
ment with hydrogen-superoxide and the tenside Rewoquat
(see Lierl 1992). After cleaning, the microfossils were hand
picked under a microscope. For the present study we used
the sediment fractions larger than 250 um only.

TC and TOC content

Calcium carbonate contents (CaCOj3; wt. % bulk rock, TC)
were determined using the carbonate bomb technique. Total
carbon content was determined using a LECO WR-12 analy-
ser. Total organic carbon (TOC) contents were calculated as
the difference between total carbon and carbonate carbon,
assuming that all carbonate is pure calcite. All the chemical
analyses were carried out in the laboratories of the Depart-
ment of Forest Ecology at the University of Vienna.

Stable isotopes

A total of 37 bulk sample stable isotope analyses were
measured by automated continuous flow carbonate prepara-
tion GasBenchll device (Spdtl & Vennemann 2003) and
ThermoElectron Delta Plus XP mass spectrometer at the
IAMC-CNR (Naples) isotope geochemistry laboratory.
Acidification of samples was performed at 50 °C. For each
six samples, an internal standard (Carrara Marble with
8'8%0=-2.43 vs. V-PDB and 8'3C=2.43 vs. V-PDB) was run,
and for each 30 samples, the NBS19 international standard
was measured. Standard deviations of carbon and oxygen
isotope measures were estimated 0.1 and 0.08 %o, respective-
ly, on the basis of ~ 10 repeated samples.

All the isotope data are reported in per mil (%o) relative to
the V-PDB standard.

87Sr/8Sr isotope data were analysed from 19 bulk-rock
samples of limestones at the Geochronological Laboratory of
the Department of Lithospheric Research, Centre for Earth
Sciences, University of Vienna using strontium separation
by standard methods of ion-exchange chromatography and
isotope ratio measurements on a TIMS (Triton mass spec-
trometer). The measured NBS 987 standard value during
measurements was 0.710256 +/-0.000004 (7 measurements)
and samples were not adjusted to the NBS 987 standard
value of 0.710248.

Data and results
Biostratigraphy and magnetostratigraphy

The stratigraphic investigation of the calcareous microfos-
sils (calpionellids, calcareous dinoflagellates) and nannofos-
sils demonstrate that the Nutzhof section represent the Lower
Tithonian-middle Berriasian. The calcareous dinoflagellate
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cyst zonation of Rehdkova (2000a) was followed. The pres-
ence of the Lower Tithonian Tithonica, Malmica and Semira-
diata cyst Zones is demonstrated. The standard calpionellid
zones and subzones proposed by Rehakova (1995) and Reha-
kova & Michalik (1997) were adopted for the biostratigraphic
subdivision of the section into the Chitinoidella Zone (Boneti
Subzone), the Praetintinnopsella Zone and the Crassicollaria
Zone (Remanei Subzone). These belong to the middle to
Upper Tithonian. The standard Calpionella Zone (Alpina,
Ferasini and Elliptica Subzones) were observed in the overly-
ing Lower Cretaceous (Fig. 2).

The nannofossil zones include the Conusphaera mexicana
mexicana Zone, Microstaurus chiastus and Nannoconus
steinmannii steinmannii Zones. This stratigraphic interval cor-
responds to the Lower Tithonian Hybonoticeras hybonotum
ammonite Zone to the middle Berriasian Subthurmannia
occitanica ammonite Zone, demonstrated in the Nutzhof
section on chronostratigraphic diagnostic cephalopods (Sub-
planites fasciculatiformis, Ptychophylloceras ptychoicum,
Leptotetragonites honnoratianus, Haploceras elimatum,
Hibolithes (gr.) semisulcatus and some lamellaptychi.

The magnetostratigraphic log across the Nutzhof section
includes the M21r to the M17r magnetozones subdivided
into the Kysuca (M20r) and Brodno (M19r) subzones
(Figs. 2, 6). The average sedimentation rate in the Nutzhof
section is ca. 3.7 m/Myr (Fig. 7), but with high dispersion
(from 2-11 m/Myr). The scatter of the sedimentation rate is
similar to Hlboéa profile in Slovakia (Grabowski et al.
2010). The main difference between these two sections is in
the thickness of M19 and M20 mangentozones. Nutzhof has
higher sedimentation rate at M19 while Hlboca appears with
higher rates in M20.

Macrofossil content

The macrofossil content is characterized by ammonoids,
aptychi, belemnites, brachiopods, bivalves and echinoderms.
The ammonite fauna comprises six different genera repre-
sented by Lytoceras sutile Oppel, Lytoceras sp., Leptotetra-
gonites  honnoratianus (d’Orbigny), Phylloceras sp.,
Ptychophylloceras ptychoicum (Quenstedt), Haploceras
(Haploceras) elimatum (Oppel), Subplanites fasciculatiformis
Lukeneder. The ammonite fauna is dominated by the
perisphinctid-type. Ammonitina is the most common com-
ponent (60 %; Subplanites and Haploceras), followed by the
Phylloceratina (25 %; Ptychophylloceras and Phylloceras),
and the Lytoceratina (15 %; represented by Lytoceras and
Leptotetragonites). The belemnite Hibolithes (gr.) semisul-
catus (Minster) and aptychi (Lamellaptychus) occur. Only
Mediterranean cephalopod elements are present at Nutzhof.
Brachiopods are represented by Triangope, bivalves by inoc-
eramid shells and echinoderms by crinoids (Phyllocrinus
belbekensis Arendt, Balanocrinus sp., Crassicoma? sp. and
Saccocoma tenella (Goldfuss).

The crinoid fauna recovered from the bulk samples of
Nutzhof is typical for Upper Jurassic strata of Central and
Eastern Europe. The low diversity of stalked crinoids, com-
mon in many contemporaneous deposits (Hess et al. 1999),
may be interpreted as a result of the distal position of the sec-
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Fig. 4. A — Conusphaera mexicana minor Bown & Cooper; Nu 18.0, NHMW2008z0271/0028. B — Conusphaera mexicana mexicana Bra-
lower et al.; Nu 17.0, NHMW2008z0271/0003. C — Cadosina semiradiata semiradiata Wanner; 17.0, NHMW2008z0271/0003. D — Paras-
tomiosphaera malmica (Borza); Nu 13.0, NHMW2008z0271/0002. E — Calpionella alpina Lorenz and Calpionella grandalpina Nagy;
Nu 9.8, NHMW2008z0271/0011. F — Crassicollaria parvula Remane and Calpionella grandalpina; Nu 9.6, NHMW2008z0271/0012.
G — Calpionella elliptica Cadisch; Nu 3.2, NHMW2008z0271/0014. H — Nannoconus steinmannii steinmannii Kamptner; Nu 4.0,
NHMW2008z0271/0034. I — Nannoconus kamptneri kamptneri Bronnimann; Nu 2.0, NHMW2008z0271/0035. J — Phyllocrinus belbek-
ensis Arendt; Nu 12.3; NHMW 2008z0226/001. K — Balanocrinus sp.; Nu 14.6, NHMW2008z0228/0003. L. — Saccocoma tenella (Gold-
fuss); Nu 11.5, NHMW2008z0236/0015. M — Saccocoma tenella (Goldfuss); Nu 13.0, NHMW2008z0236/0012. N — Hibolithes (gr.)
semisulcatus (Miinster); Nu 14.3, NHMW2008z0264/0025. O — Subplanites fasciculatiformis Lukeneder; Nu 17.0, NHMW2008z0264/0012.
P — Triangope sp.; Nu 1.0, NHMW2008z0264/0028. Q — Lamellaptychus sp.; Nu 18.0, NHMW2008z0264/0024. Graphic scale bars

equal 1 um for A, B and H, I; 50 um for C-G; 1 mm for J-K, and 10 mm for N-Q.

tion, which represents a deep-water facies. The incomplete
size ranges of isocrinid and phyllocrinid ossicles, the lack of
fragile elements and the presence of allodapic material
(Lukeneder 2009) suggest that the majority of the crinoid ma-
terial is allochthonously deposited. Saccocomid fragments, in
contrast, are not sorted and include abundant fragile elements
suggesting that these crinoids are autochthonous.

Of the crinoid material only the saccocomids can be used
for biostratigraphy. Saccocoma tenella is restricted to the
Upper Kimmeridgian-Upper Tithonian. From a biogeo-
graphic point of view the faunal composition indicates con-
nections with contemporaneous units of the northern Tethys
shelf in Eastern Europe.

Microfacies and calcareous microplankton assemblages

The limestones in the section include wackestones, pack-
stones and mudstones. Fine-grained micrite with pelagic

microfossils (calpionellids, calcareous dinoflagellates, radio-
larians) and calcareous nannofossils characterize an open-ma-
rine environments. Rare skeletal debris from fragmented and
disintegrated shells of invertebrates (benthic foraminifers,
echinoderms, molluscs) are derived from shallower environ-
ments. The studied microfacies are typical for basinal settings.

Calpionellids

Calpionellids in the studied samples are generally well-
preserved. Hyaline forms dominate, whereas chitinoidellids
are rare. The chitinoidellid taxonomy of Pop (1997) and
Rehakova (2002) is followed here. The group is represented
by Borziella slovenica (Borza), Dobeniella tithonica (Borza)
and Chitinoidella boneti Doben, species typical for the
Boneti Subzone of the Chitinoidella Zone (Figs. 2, 4). The
appearance of first hyaline calpionellid loricas of Praetintin-
nopsella andrusovi Borza and Tintinnopsella remanei Borza
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precede the crassicollarian radiation. Crassicollaria parvula
Remane and Calpionella alpina Lorenz dominate relative to
Crassicollaria massutiniana (Colom), Calpionella grandalpina
Nagy and Tintinnopsella carpathica (Murgeanu & Filipescu)
in the Remanei Subzone of the Crassicollaria Zone. Higher
in the section, crassicollarians abruptly decrease in abun-
dance, being replaced by an interval with radiation of small
spherical forms of Calpionella alpina Lorenz. The diversifi-
cation of a monospecific calpionellid association started in
the overlying Ferasini and Elliptica Subzones of the stan-
dard Calpionella Zone where Calpionella alpina Lorenz is
accompanied by Tintinnopsella carpathica (Murgeanu &
Filipescu), Remaniella ferasini Pop, R. duranddelgai Pop,
R. catalanoi Pop, Calpionella elliptica (Cadisch), Tintinnop-
sella longa (Colom), and Lorenziella hungarica Knauer.

Calcareous dinoflagellates

Calcareous dinoflagellates predominate in the Lower and
Upper Tithonian being represented by Cadosina parvula
Nagy, Carpistomiosphaera borzai (Nagy), Schizosphaerella
minutissima (Colom), Parastomiosphaera malmica (Borza),
Cadosina semiradiata semiradiata Wanner, Cadosina semi-
radiata fusca (Wanner), Carpistomiosphaera tithonica
Nowak, Colomisphaera fortis Rehanek, Colomisphaera
tenuis (Nagy), Colomisphaera carpathica (Borza), and
Stomiosphaerina proxima Rehéanek. For the first time the ap-
pearance of Colomisphaera fortis Rehének precedes the ap-
pearance of Colomisphaera tenuis (Nagy), hampering the
determination of the Tenuis and Fortis dinoflagellate Zones
sensu Rehanek (1992) (Figs. 2, 4).

Calcareous nannofossils

The semiquantitative study (Figs. 2, 3) reveals that only the
taxa Conusphaera spp., Polycostella spp., Nannoconus spp.,
Cyclagelosphaera margerelii Noé€l, Watznaueria barnesae
(Black) Perch-Nielsen, and W. manivitae Bukry occur in sig-
nificant abundances. Nannofossils indicative of eutrophic
environments such as Zeugrhabdotus erectus (Deflandre) Re-
inhardt, Diazomatholithus lehmannii Noél, and Discorhabdus
ignotus (Gorka) Perch-Nielsen occur sporadically.

The calcareous nannofossil assemblage from the basal part
of the Nutzhof section (samples 17, 18, Tithonica dinoflagel-
late Zone) contains the dissolution-resistant nannofossil spe-
cies Conusphaera mexicana mexicana Bralower et al.,
Conusphaera mexicana minor Bown & Cooper, Cyclagelo-
sphaera margerelii, Cyclagelosphaera deflandrei (Manivit)
Roth, Watznaueria barnesae, Watznaueria britannica
(Stradner) Reinhardt, and Watznaueria manivitae. The FO
(first occurrence datum) of Faviconus multicolumnatus
Bralower was recorded. The absence of the nannolith Poly-
costella beckmannii Thierstein allowed us to distinguish the
Conusphaera mexicana mexicana NJ20 Zone; Hexapodor-
habdus cuvillieri Subzone NJ20-A (Roth et al. 1983; emend-
ed Bralower et al. 1989) of the Lower Tithonian.

The calcareous nannofossil assemblages from the samples
Nu 16.0 to Nu 12.0 show dominance of Watznaueria and
Conusphaera. The FOs of Zeugrhabdotus embergeri (Noé€l)

Perch-Nielsen, Zeugrhabdotus erectus, and Diazomatho-
lithus lehmannii were observed. The FO of the nannolith
Polycostella beckmannii is the most significant marker indi-
cating the base of the Polycostella beckmannii Subzone
NJ20-B of the Conusphaera mexicana mexicana Zone, NJ20
(Roth et al. 1983; emended Bralower et al. 1989). The age of
this Subzone is middle Tithonian. The range of the Poly-
costella beckmannii Subzone NJ20-B fits with dinoflagellate
Malmica and Semiradiata Zones and the lower part of the
Chitinoidella Zone.

The calcareous nannofossils investigated in sample Nu 11
reflect a rather distinct change. The FO of Helenea chiastia
Worsley, Hexalithus noeliae Loeblich & Tappan and the
nannolith species Nannoconus compressus Bralower et al.
are evidence for the base of the Microstaurus chiastius Zone
NJK Bralower et al., 1989 and its Hexalithus noeliae Sub-
zone NJK-A, which is thought to represent the Late Titho-
nian interval. The Subzone coincides with the upper part of
the Chitinoidella Zone.

The calcareous nannofossil assemblages from samples
Nu9.0 to Nu6.0 contain dissolution-resistant nannofossil
genera  Conusphaera, Cyclagelosphaera, Watznaueria,
Diazomatholithus and Assipetra. The FAD of Nannoconus
wintereri Bralower & Thierstein (1989) was observed (sam-
ple 9.0). Many remains of dissolution-susceptible coccoliths
are present. In the upper part of the studied interval, the abun-
dance of Conusphaera drops. This interval was correlated
with the Microstaurus chiastius Zone NJK, Subzone Rote-
lapillus laffitei NJK-C, determining the J/K boundary interval.
It shows good correlation with the upper part of the Upper Ti-
thonian Crassicollaria Zone and the Calpionella Zone (Alpina
Subzone), which represent the J/K boundary interval.

The interval bearing the calpionellid species of the Lower
Berriasian Calpionella Zone (Ferasini Subzone) (sample
Nu 5.0) shows a distinctive change in the calcareous nanno-
fossil assemblage — the onset of nannoconids (Nannoconus
globulus minor Bralower, Nannoconus steinmannii minor
Deres & Achéritéquy, Nannoconus kamptneri minor Bralower,
Nannoconus cornuta Deres & Achéritéquy). This nannofossil
event indicates the base of the Nannoconus steinmannii minor
Subzone NJK-D (Microstaurus chiastius Zone NJK) Bralower
et al., which belongs to the lowermost Berriasian.

The calcareous nannofossils studied from the sample inter-
val Nu4.0-Nu0.0 (correlating with the calpionellid
Calpionella Zone, Elliptica Subzone) record the diversifica-
tion of nannoconids. The FAD of Nannoconus steinmannii
steinmannii Kamptner is recorded at level Nu 2.0. It could re-
flect the explosion in nannoconid abundance (sensu Bralower
et al. 1989: p. 188). Nannoconus globulus minor, Nannoco-
nus kamptneri minor, Nannoconus wintereri, Nannoconus
globulus globulus Deres & Achéritéquy, Nannoconus
steinmannii minor Deres & Achéritéquy, Nannoconus stein-
mannii steinmannii, and Nannoconus kamptneri kamptneri
Bronnimann, Nannoconus spp. indicative of the Nannoconus
steinmannii steinmannii Zone NK-1, Bralower et al. (1989),
which is middle Berriasian in age.

On the basis of calcareous nannofossil distribution, the in-
terval between the FO of Nannoconus wintereri co-occurring
with small nannoconids in bed Nu 9.0 and the FO of Nanno-

PDF vytvoreno zkuSebni verzi pdfFactory www.pdffactory.com



http://www.pdffactory.com

STRATIGRAPHY OF THE JURASSIC-CRETACEOUS GRESTEN KLIPPENBELT (AUSTRIA)

conus steinmannii minor in bed Nu 5.0 (FAD after Hardenbol
et al. 1998 — 143.92 Ma) is interpreted as the Tithonian-
Berriasian boundary interval (Figs. 2, 3).

Stable isotope data
Oxygen and carbon (O, C)

The bulk carbon-isotope values (Fig. 3) lie between +0.49
and +2.10 %o corresponding to biogenic calcite precipitated
under open marine conditions during the Jurassic-Creta-
ceous (e.g. Weissert et al. 1985). All 880 values are be-
tween -1.94 to -5.49 %o and appear depleted relative to
diagenetically unaltered marine calcite (e.g. van de Schoot-
brugge et al. 2000, and reference therein). This reflects ele-
vated temperature during burial diagenesis and/or effects of
meteoric diagenesis (Weissert 1989). The carbon isotope sig-
nal is considered of primary importance as a calibration tool
between ammonites and magnetostratigraphy (Hennig et al.
1999), but it should be noted that the absence of covariance
between §'%0 and §'*C suggests a limited influence of sec-
ondary diagenesis on the isotope record (Fig. 3).

A positive trend in the 8'3C, from the base of the section at
Nu 18.0 up to Nu 14.0, is followed by a decreasing excur-
sion shifting the isotope values to their lowest values
(0.69 %0) at about Nu 10.0. After that point the §'3C values
stabilize at near constant averages of ~1.20 %o.

Strontium (Sr)

87Sr/%%Sr isotope data from the section show a range from
0.707370 +/-0.000004 to 0.707598 +/-0.000004. A gentle
trend from lower values in the lower, Jurassic part of the sec-
tion (Nu 18.0-Nu 12.0: mean 0.707472) to higher values in
the upper part including the J/K boundary and the Creta-
ceous interval (Nu 11.0-Nu 0.0: mean 0.707553) can be rec-
ognized (Fig. 3). A special interval is represented in the
strong increase from Nu 13.0 (lowest isotope value) to
Nu 11.0 (highest isotope value) and probably indicate a local
diagenetic phenomenon. The slight increase of mean stron-
tium isotope ratios in the section is compatible with the gen-
eral increase of strontium isotope ratios from the latest
Jurassic into the earliest Cretaceous as reported by the stron-
tium isotope seawater curve of McArthur et al. (2001) and
McArthur & Howarth (2004). The values measured in the
present study are generally higher by a factor of ca. 0.0002
compared to the values reported by McArthur & Howarth
(2004), who measured Upper Tithonian values around
0.707150 and Berriasian values between 0.707200-0.70725
(see also McArthur et al. 2007) with the Berriasian/Valang-
inian boundary slightly above 0.707300. Thus, the lowest
measured value in the Nutzhof section thus does not fall
within the J/K boundary range of values recorded by
McArthur & Howarth (2004). This confirms a strong diage-
netic overprint upon strontium isotope values. However, the
increase in mean values is within the reported magnitude of
increase expected for the J/K boundary interval, thus being
compatible with the stratigraphy inferred by other methods,
but precluding detailed dating.
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Geochemistry

The CaCOj (calcium carbonate contents, equivalents calcu-
lated from total inorganic carbon; carbonate bomb) differ
markedly in the lower and upper part of the log. The lower
part shows variations from 89.03 % (Nu 12.0) in limestone
beds to 40.72 % (Nu 13.4) in marl beds, whereas the upper
part displays more constant values ranging from 86.16 %
(Nu 9.6) up to the highest measured value of 97.4 % (Nu 3.6).

As recorded by the biostratigraphic results, the strong
lithological and faunal changes at Nu 12.00 and Nu 10.0 are
3 to 5 meters below the Jurassic/Cretaceous boundary (Bed
Nu 7.0) indicating changes in depositional environment 0.5
to 1 million years before the end of the Jurassic. The interval
from Nu 12.0-10.0 (CaCO; 89.03-68.97 %; S 0.59-0.45 %;
TOC up to 0.97 %) differs markedly and heralds the environ-
mental change observed (Fig. 3).

Both the CaCOj and the S content clearly show a trend to-
wards higher values and stable conditions from bed
Nu 10.00 to Nu 18.00. Unstable conditions are mirrored in
alternating values in the lower part of the log by variations
from 89.03 % CaCOj3; and 0.59 % S (Nu 12.0) in limestone
beds to 40.72 % and 0.30 % (Nu 13.4) in marl beds.

The range is smaller and more constant in the interval
Nu 10.0-18.0 with CaCOj3 values from 86.16 % at Nu 9.6 up
to the maximum value of 97.4 % at Nu 3.6. The total sulphur
content is positively correlated to the CaCO;3 values. The
maximum value is at bed Nu 9.0 with 0.58 % S and its mini-
mum with 0.5 % S in bed Nu 0.0. As confirmed by Hirano
(1993) the sulphur content is a reliable index for oxic-anoxic
conditions of the bottom water and sediment at the time of
preservation.

The weight % TOC values show no positive correlation
with S or CaCO;. TOC values oscillate throughout the log.
They vary from 0.001 % to 0.91 % (Nu 11.2) in the lower
part and from 1.07 % (Nu 3.4) to 0.001 % in the upper part.

The above described geochemistry is also reflected in the
results of grey-scale data marking siliciclastic input. The sec-
tion can be subdivided into three parts: a lower part
(Nu 18.0-12.0) with 170-111 (mean 140.5), a middle part
(Nu 12.0-10.0) with 138-90 (mean 114) and an upper part
(Nu 10.0-0.0) with 254-195 (mean 224.5). In combination
with other analyses, the grey-scale factor is a good indicator
for siliciclastic input (clay, not sandstone) in pelagic to
hemipelagic sediments. This indicates the dominance of si-
liciclastic components and allodapic microturbidites within
the dark mid-part. These results corroborate those obtained
from susceptibility and gamma log (increasing values show
higher contents in clay minerals), thin sectioning and micro-
facies analysis.

Susceptibility

Susceptibility measurements at Nutzhof represent a direct
function of the clastic or turbiditic content and associated
mineral spectra (Fig. 3). Higher susceptibility data reflect
higher detritic input of terrigenous material. The paleomag-
netic data given in the magnetostratigraphic profile indicate
a significant jump of remanent magnetization and magnetic
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susceptibility, at Nu 10.0. This change marks the change
from marls and marly limestone to pure limestone. Magneto-
susceptibility measurements allow a subdivision of the
Nutzhof section into three parts or intervals. A general de-
creasing trend throughout the log reflects a decreasing con-
tent of siliciclastic material indicating a decrease in clastic
input to the depositional area at Nutzhof during the Late
Jurassic-Early Cretaceous. Mean values of volume magnetic
susceptibility (k) are shown in Table 1. The k ranges from
-8.6 to 15.6x107° SI for upper interval between 0-10 m of
the section and from 30 to 85.1x107° SI for the lower part
(10.12-18.4 m). The lower part from Nu 18.0-12.0 shows
values from 0.052-0.028 (mean 0.039). Above Nu 12.0 val-
ues range from 0.050-0.026 (mean 0.033). The most marked
change appears at Nu 10.0 from values of 0.050 to 0.010.
The upper interval from Nu 10.0 to 0.0 is characterized by
very low values from 0.012-0.000 (mean 0.004). The J/K
boundary strata itself are not characterized by significant
changes in values.

Gamma log

The radioactivity variation of the studied section is mea-
sured by gamma-ray measures and represents a direct func-
tion of the variation of the clay-mineral content. Hence,
higher radioactivity reflects higher clay contents. Measure-
ments of gamma response (cps) are a powerful tool for inter-
preting the stratigraphy in the outcrop.

Generally measured cps values range between 4 and 30. The
gamma response allows a clear subdivision of the section into
three parts each corresponding to the three identified main
lithological units within the Blassenstein Formation. The gam-
ma response gradually decreases from Nu 18.0 to Nu 0.0,
reaching the highest values at Nu 16.5 and lowest values at
Nu 7.7 and Nu 3.3. Within this gradually decreasing trend, the
biggest excursion is recorded close to bed Nu 10.0. Values
range in the lower interval (Nu 18.0-12.0) from 15-30 cps
(mean 22.53 cps), in the middle interval (Nu 12.0-10.0) from
13-23 cps (mean 19.95cps), and in the upper interval
(Nu 10.0-0.0) from 4-14 cps (mean 9.07 cps) (Fig. 3).
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The gamma response becomes gradually weaker in the up-
per, undisturbed part of the section. The uppermost part of
the section, however, shows an upwards decreasing gamma
response. The curve pattern therefore shows a vertically con-
gruent curve to the susceptibility values.

The decreasing gamma log values together with the charac-
teristic pattern in decreasing susceptibility suggest a more sta-
ble depositional environment from about Nu 10.0 and
upwards, predating the J/K boundary by 3 meters or 0.5 mil-
lion years.

Paleomagnetism

The paleomagnetic study of the section identifies the
boundaries of magnetozones from M17r to M21r and the re-
verse subzones Kysuca and Brodno (M20n.1r and M19n.1r,
respectively). The record of polarity changes in the Earth’s
magnetic field can determine the precise age. The identifica-
tion of the detected polarity zones against the M-sequence of
polarity intervals given by the GPTS (Gradstein et al. 2004)
is the most important topic. The preliminary determination
of boundaries of magnetozones M17n to M22r was the result
from 30 samples of C-component direction (Pruner et al.
2009). The number of polarity zones, namely six normal and
six reverse, is the same number as in preliminary results. The
mean values of the modulus of NRM (Jn) and of volume
magnetic susceptibility (k) for 244 samples of Upper Tithonian
and Lower Berriasian limestones are shown in Table 1. The k
ranges from -8.6 to 15.6x 107 SI for the upper interval be-
tween 0-10 m of the section and from 30 to 85.1x 107 SI for
the lower part (10.12-18.4 m). The results of AF and TD de-
magnetization procedures are displayed in Pruner et al.
(2009: figs. 3, 4). The A-component is of viscous origin and
is demagnetizable in the temperature range of 20-100 °C (or
AF 0-5 mT). The origin of the B-components, low tempera-
ture (LTC) or low field (LFC) were undoubtedly imprinted,
most probably in the Neogene, after Alpine folding. Both
magnetic polarities are present in C-component (high tem-
perature — HTC or high field — HFC) directions, but the di-
rections are highly scattered (Table 2, Fig. 5). The statistical

. Fig. 5. J/K limestones and marls,
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directions of N polarity (left) and
R polarity (right) of C-compo-
nents of RM corrected for dip of
strata. Stereographic projection,
full (open) small circles repre-
sent projection onto the lower
(upper) hemisphere. The mean
direction calculated according to
Fisher (1953) is marked by a
small crossed circle, the confi-
dence circle at the 95% probabil-
ity level is circumscribed about
the mean direction.
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Fig. 6. Magnetostratigraphic profile across the Nutzhof J/K boundary strata, paleomagnetic and lithostratigraphic data. M — NRM in the
natural state; k — value of volume magnetic susceptibility in the natural state; D — declination; I — inclination. Normal (reverse) magne-
tozones are denoted black (white), unknown (grey).
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Table 1: Basic magnetic parameters and statistical properties of the

physical quantities in the basic groups of samples from the Nutzhof.

Modulus of NRM Volume magnetic susceptibility
Age Polarity Number of samples J.[107° A/m] k [107°ST]
Mean value Standard deviation Mean value Standard deviation
Early Berriasian N+R 82 88 39 2.3 3.1
Late Tithonian N+R 155 165 132 21.4 26.5
Table 2: Mean directions of B (LFC or LTD) and C-components (HFC or HTD) corrected and not corrected for structural tilt.

S ® Structural tilt correction No str:uct.ural .tllt <o rrection

=& & (in-situ directions)

g g ; — ——

Age of rocks g g E Mean directions Mean directions
g S

Es| ~ Decl. [] Incl.[] | @[] k Decl. [] Incl.[°] | s [’] k n

&)
L. Tith.+ E.Berr. B R 351.7 -55.4 3.1 12.1 104 71.5 3.1 11.9 168
L. Tith.+ E.Berr. C N 278.0 53.3 7.1 32 199.3 =273 8.0 2.6 119
L. Tith.+ E.Berr. C R 104.1 —46.1 6.4 4.8 19.3 132 6.4 4.8 101
L. Tith.+ E.Berr. C N*) 286.1 445 4.7 4.0 198.1 -15.0 52 3.7 220

parameters for component C (total number 220) are influ-
enced by samples close to the boundary of shorter polarity
zones. The mean values of C-component directions are
anomalous, having been affected by counter clockwise paleo-
tectonic rotation. The paleomagnetic data given in the
magnetostratigraphic profile (Fig. 6) indicate a significant
change of remanent magnetization and magnetic susceptibility,
at level Nu 10 due to the significant change in lithology from
marl (Nu 18.0-10.0) to limestone (Nu 10.0-0.0).

Figure 5 presents the results of the magnetostratigraphic
profile with indicated moduli values of natural remanent mag-
netization (Jn), volume magnetic susceptibility values of sam-
ples in the natural state (k), paleomagnetic declination Dp and
inclination Ip (of C-components of remanence inferred by
multi-component analysis). The values of the angular deflec-
tion of the direction of C-components of remanence from the
mean direction, with only normal polarity being taken into
consideration (reverse directions were transformed into nor-
mal directions for the calculation of the mean direction), are
given in the next column. The resulting normal and reverse
magnetozones are indicated in the last column.

Discussion

The high-resolution quantitative analysis of selected organic
groups (calpionellids, radiolarians, saccocomids) indicates
major variations in their abundance and composition (Figs. 2,
3, 4). The Upper Jurassic (Tithonian) depositional setting at
Nutzhof was influenced by the periodic input of biodetritus
from surrounding shallow marine paleoenvironments, whereas
deposition was more constant during the Berriasian and
characterized by pelagic sediments predominantly composed
of planktonic microorganisms (radiolarians, calcareous dino-
flagellates, calpionellids, and nannofossils).

Calcareous dinoflagellates predominate in the Lower and
Upper Tithonian. Their stratigraphic and paleoecological po-
tential has been discussed by Rehdkova (2000a,b). In the

Nutzhof section, the Lower Tithonian record of calcareous di-
noflagellates shows a distinct change in abundance and com-
position. Forms with radial orientation of calcite crystallites in
their cyst walls dominate in the Tithonica and Malmica Zones,
whereas cadosinid species with oblique arrangement of the
calcite crystallites dominate the Semiradiata Zone. According
to Michalik et al. (2009), coinciding acme peaks of Cadosina
semiradiata semiradiata Wanner and Conusphaera spp. prob-
ably indicate warmer surface waters.

Chitinoidellids are very rare in the Nutzhof section. The
appearance of the first hyaline calpionellid loricas precedes
the crassicollarian radiation. A monospecific calpionellid as-
sociation consisting predominantly of Calpionella alpina
Lorenz characterizes the section. A similar calpionellid evo-
lution and biostratigraphy of the Jurassic-Cretaceous bound-
ary interval was recorded by Remane (1986), Pop (1994),
Rehdkova (1995), Oldriz et al. (1995), Griin & Blau (1997),
and Andreini et al. (2007). Rehdkova (in Michalik et al.
2009) demonstrated that the J/K boundary interval can be
characterized by several calpionellid events: the onset, diver-
sification, and extinction of chitinoidellids (middle Titho-
nian); the onset, diversification, and extinction of
crassicollarians (Upper Tithonian); and the onset of the
monospecific Calpionella alpina association at the J/K
boundary. Due to synsedimentary erosion probably originat-
ing during several extensional pulses, which denivelated the
sea bottom, clast-bearing calpionellid biomicrites were doc-
umented along the Upper Jurassic and Lower Cretaceous
(Lower Berriasian) formations in several areas studied
(Michalik et al. 1990, 1995; Grabowski et al. 2010).

The calcareous nannofossil ranges in the Nutzhof section
provides a tool for biostratigraphic subdivision of the J/K
boundary interval. The coccoliths of the family Watznaueri-
aceae and three nannolithic genera Conusphaera, Polycostel-
la, and Nannoconus dominate the assemblages. This is in
accordance with nannofossil studies in other locations at low
latitudes sections across the J/K boundary (Thierstein 1971,
1973, 1975; Erba 1989; Gardin & Manivit 1993; Ozkan 1993;
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Tavera et al. 1994; Bornemann et al. 2003; Pszczotkowski &
Myczynski 2004; Tremolada et al. 2006; Haldsova in Micha-
lik et al. 2009).

The lowermost occurrences of nannofossils are partly ob-
scured due to poor preservation, but we tentatively identified
the boundaries of zones and subzones based on certain strati-
graphic markers (Polycostella beckmannii, Helenea chiastia,
Hexalithus noeliae, Nannoconus wintereri, Nannoconus
globulus minor, Nannoconus steinmannii minor, Nannoco-
nus kamptneri minor, Nannoconus steinmannii steinmannii,
Nannoconus kamptneri kamptneri, Nannoconus globulus
globulus).

Tremolada et al. (2006) detected that Conusphaera domi-
nates the nannolith assemblage in the upper middle Tithonian
(“Conusphaera world”). This is corroborated by data obtained
in this study. The acme peak of the genus Polycostella in sam-
ples Nu 13.0 and 14.0 coincides with the middle Tithonian
Semiradiata Subzone (Rehakova 2000b). Comparison with
the Brodno section (Michalik et al. 2007 and Michalik et al.
2009) indicate that the dominance of the nannolith Polycostel-
la beckmannii occurs somewhat lower in the Chitinoidella
Zone in the Nutzhof section. The first appearance of Helenea
chiastia is also demonstrated to be diachronous, being close to
the base of the calpionellid Crassicollaria Zone in the Brodno
section, but recorded in the uppermost part of the Chitinoidel-
la Zone in the Nutzhof section.

The most distinct nannofossil event is the onset of nanno-
conids which was observed in the interval comprising the
calpionellid Calpionella Zone, Ferasini Subzone (lowermost
Berriasian). This indicates a change in the paleooceano-
graphic regime. From the biostratigraphic point of view, the
upper J/K boundary datum based on nannofossils (Borne-
mann et al. 2003).

The change of saccocomid marl and limestone by overlying
calpionellid limestone in the Upper Tithonian also character-
izes J/K-boundary successions reported from numerous other
localities in Austria (e.g. Kristan-Tollmann 1962; Fligel
1967; Holzer 1968; Holzer & Poltnik 1980; Rehdkova et al.
1996), Germany (Lackschewitz et al. 1989), Poland (Pszczét-
kowski & Myczynski 2004) and Slovakia (Vasicek et al.
1992). Many of these localities, however, differ lithologically
from the section studied at Nutzhof. In most cases the sacco-
comid-bearing beds are pure, reddish limestone.

Saccocomid limestones have often been interpreted as
Kimmeridgian (e.g. Fligel 1967: p. 35; Sauer et al. 1992:
p. 183; Wessely 2008: p. 210, fig. 5) and have been used as
the marker bed for that stage (Bernouli 1972). Reliable strati-
graphic data is, however, commonly lacking. Based on well-
dated sections, the majority of the recorded saccocomid-
occurrences are of Tithonian age (Nicosia & Parisi 1979;
Keupp & Matyszkiewicz 1997). This is corroborated/support-
ed by the data from the present study.

Summary and conclusions

The studied section at Nutzhof represent a J/K-boundary
succession deposited in a distal slope-setting in the Gresten
Klippenbelt, a part of the Helvetic paleogeographic realm.
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The Upper Jurassic to Lower Cretaceous pelagic sediments
represent a major sedimentation cycle.

The significant depositional change from a mixed silici-
clastic/carbonate to a pure carbonate depositional system is
marked by a change from a lower marly cyclic part to an up-
per calcareous part. Accordingly, the lower (Tithonian) mar-
ly part is characterized by dark, laminated pelagic marls and
marly limestones with intercalated turbiditic limestone beds
(e.g. allodapic limestones). The upper part (limestone) repre-
sents a phase of autochthonous pelagic sedimentation char-
acterized by bright, chert- and aptychi-bearing nannoconid
limestone. The macro-invertebrate fauna of the Berriasian
limestone succession is sparse, comprising rare ammonoids,
aptychi, belemnites and brachiopods. The macro-inverte-
brate fauna of the Tithonian marl-limestone succession is
rich in saccocomids accompanied by rare bivalves (inocera-
mids) and partly by abundant ammonites. The microfauna,
in contrast, is abundant, with dominating calpionellids and
radiolarians in the limestone succession and saccocomid
blooms within the marl-limestone succession.

The macrofauna, as already stated, is represented especially
by ammonoids, belemnoids, aptychi and bivalves. The
whole section yielded 46 ammonite individuals/specimens.
Sampling of the sparse ammonites was difficult due to hard-
ite sediments. The ammonite biostratigraphy is integrated
with micro- and nannofossil biostratigraphic data from the
marl-limestone succession and indicates Early Tithonian to
middle Berriasian ages (Hybonoticeras hybonotum Zone up
to the Subthurmannia occitanica Zone). Descendants of
Subplanites have not previously been reported within the
Gresten Klippenbelt. All ammonoids are typical of the Medi-
terranean Province.

The limitation of ammonite biostratigraphy obtained by
the new ammonite findings from Nutzhof has demonstrated
the importance of integrating macrofauna biostratigraphy
with the micro- and nannofossil biostratigraphy. The de-
scribed fauna increases our understanding of ammonite fau-
nas from the area of the Gresten Klippenbelt and the
neighbouring Waschberg Zone during deposition of the Juras-
sic/Cretaceous boundary interval. Both areas were at the time
located on the passive northern margin of the Penninic Ocean.

Magnetostratigraphic, geochemical and isotopes studies
contribute to the understanding of the environmental history
during the Jurassic-Cretaceous boundary interval in a little
known area. Sediment deposition took place during condi-
tions of relatively stable water masses with relatively low
sedimentation rates in an unstable sedimentological environ-
ment. This is reflected by a change in lithology from Nu 11.0
to Nu 13.0 (11 to 13 m). A series of event layers with rede-
posited faunal elements (e.g. phyllocrinids) indicate a trans-
port of sediment from shallower areas in the North. The
depositional area was influenced by the opening of the Pen-
ninic Ocean during the Late Jurassic to Early Cretaceous. A
phase of an earlier Penninic opening, is reflected as a signifi-
cant change in lithology and composition of faunal assem-
blage in the uppermost Tithonian (at Nu 10.0 m).

There is no evidence for redeposition of ammonites, which
are considered autochthonous and parautochthonous pelagic
elements from the open sea. Four crinoid taxa are recorded in
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Fig. 7. Estimated average sedimentation rate diagram around the
J/K boundary at Nutzhof based on magnetostratigraphic and bios-
tratigraphic data.

the Tithonian Blassenstein Formation and comprise Balano-
crinus sp., Saccocoma tenella (Goldfuss), Crassicoma? sp.,
and Phyllocrinus belbekensis Arendt. Only S. tenella is abun-
dant. The other taxa, in particular the benthic isocrinids and
phyllocrinids are rare. Preservation and ossicle size range of
the latter groups indicate their allochthonous origin. The sac-
cocomid remains are restricted to the Tithonian, the saccoco-
mid-rich facies being overlain by calpionellid limestones.

The biostratigraphic study based on the distribution of
calpionellids allowed an identification of the Boneti Subzone
of the Chitinoidella Zone. The J/K boundary is recorded be-
tween the Crassicollaria and Calpionella Zone and is de-
fined by the morphological change of Calpionella alpina
tests. The base of the Crassicollaria Zone approximately co-
incides with the onset of Tintinnopsella remanei Borza and
the base of the standard Calpionella Zone, with the monospe-
cific calpionellid association being dominated by Calpionella
alpina Lorenz. Two further Subzones (Ferasini and Elliptica)
of the standard Calpionella Zone were recognized in radiolari-
an-calpionellid and calpionellid-radiolarian wackestones in
the overlying uppermost part of the section.

The appearance of several important nannofossil genera
allow the identification of the Lower, middle and Upper
Tithonian, and a relatively accurate identification of the
Tithonian-Berriasian boundary, and the definition of the
Lower Berriasian nannofossil zones. Coccoliths of the fami-
ly Watznaueriaceae and nannoliths of the genera Conus-
phaera, Nannoconus and Polycostella dominate the
assemblages. The interval between the FAD of Nannoconus
wintereri co-occurring with small nannoconids in sample
Nu 9 (the uppermost Tithonian) and the FAD of Nannoconus
kamptneri minor in sample Nu 5 (lowermost Berriasian) is
interpreted as the Tithonian-Berriasian boundary interval.
The nannoconid dominance in the lowermost Berriasian,
known as the “Nannoconus world” sensu Tremolada et al.
(2006) is now recorded in the Nutzhof section.

Paleomagnetic data across the J/K boundary strata allow the
construction of a detailed magnetostratigraphic zonation. The
interval between Nu 5 to 10.5 m provides a high-resolution
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profile with an almost continuous record of magnetic and
paleomagnetic parameters, that records the critical intervals
with boundaries of the magnetozones M19n-M20n. Accord-
ing to magnetozone M19n and Brodno Subzone, the J/K bound-
ary is identified within the interval between Nu 6.5-7 m.
Significant changes do not occur at the J/K boundary itself.
The step of remanent magnetization and magnetic susceptibil-
ity, at level Nu 10.0, occurs in magnetozone M20n below the
Kysuca Subzone. A similar jump of NRM and susceptibility
lies in the M20n just above the Kysuca Subzone in the Bosso
section. The average sedimentation rate in the Nutzhof sec-
tion is ca. 3.7 m/Myr (Fig. 7), but with high dispersion (from
2-11 m/Myr) differing from the average sedimentation rates
of 2.27 m/Myr recorded in Brodno and 2.88 m/Myr in Puerto
Escano. Relatively low rates (1 m/Myr) are recorded in the
Bosso Valley, but higher rates (3-11 m/Myr) are reported by
Grabowski & Pszczoétkowski (2006) from the Tatra Moun-
tains. No significant change can be noted at or within the J/K
boundary interval. The integration of fossil and magnetostrati-
graphic data demonstrates a duration of approximately 7 mil-
lion years (approximately 150-143 Ma) for the deposition of
the Nutzhof section (Figs. 6 and 7).

The carbon isotope record documents a significant change
in the C-cycle dynamic suggesting a sluggish 3-D dynamic
of the marine system possibly associated with a decrease in
primary productivity. Abrupt oscillations mainly recorded
between the levels 10 and 6 m suggest a significantly unsta-
ble global carbon system during the Jurassic but a change to-
wards balanced conditions in the Cretaceous interval.
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Abstract: Magnetic susceptibility (MS) and gamma-ray spectrometry (GRS) stratigraphy were used for correlation and
characterization of eight Silurian-Devonian (S-D) sections in the Prague Synclinorium (Czech Republic). They repre-
sent two different facies developments: lower subtidal to upper slope deposits and slope-to-basin-floor distal
calciturbidites. Sections from relatively shallow- and deep-water sections are easy to compare and correlate separately,
although the detailed relationship between these two facies is still not entirely clear and correlations between the two
settings are difficult. This may be due to sharp facies transitions and presence of stratigraphic gaps. The MS and GRS
stratigraphic variations combined with sedimentologic data have been also used for reconstruction of the evolution of
the sedimentary environment. The beds close above the S-D boundary show noticeably enhanced MS magnitudes but
weak natural gamma-ray emissions. It may correspond to an increased amount of terrigenous magnetic material occur-
ring with short-term shallowing (sedimentological evidence). In deep-water sections the uppermost Silurian is charac-
terized by high MS and GRS values. It corresponds to a supply of recycled sediment to the lower wedge which occurred
during the late Pridoli regression phase. The basal Devonian beds correspond to gradual deepening, but the overlying
sequences reflect other shallowing episodes which are expressed in increasing MS and gamma ray activity of rocks. The
MS and GRS fluctuations are interpreted as a result of local subsidence of the sea bottom along synsedimentary growth-
faults and/or a biotic event rather than of eustatic sea-level changes.

Key words: Silurian-Devonian boundary, Prague Synclinorium, magnetic susceptibility stratigraphy, gamma-ray

spectrometry, carbonate slope system.

Introduction

The Prague Synclinorium in central Bohemia (Czech Re-
public) provides many instructive sections exposing the Si-
lurian-Devonian (Pridoli-Lochkovian) boundary strata,
including the Global Boundary Stratotype Section and Point
(GSSP) Klonk near Suchomasty and its auxiliary section at
Budilanska skala (Budiiany Rock) near Karlstejn. Two stan-
dard sections were approved by a decision of the Internation-
al Commission on Stratigraphy at the 24" International
Geological Congress in Montreal, 1972 (McLaren 1977).
During more than thirty years of investigation these standard
sections have been studied by various methods. Stratigraphic
correlations here were traditionally based mainly on bio-
stratigraphic data. In this stratigraphic succession graptolites
and trilobites are practical for biozonation. However, the oc-
currences of index species depend on facies to various de-
grees. Microfossils, namely conodonts and Chitinozoa have
high resolution potential, but detailed micropaleontological
research was predominantly concentrated on the standard
sections (Paris et al. 1981; Jeppsson 1988, 1989; Brocke et
al. 2002, 2006; Carls et al. 2007). In many other sections
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precise biostratigraphic data are incomplete to mostly absent.
In several recent papers different stratigraphic approaches
were applied, including magnetic susceptibility (MS) strati-
graphy (Crick et al. 2001) or chemostratigraphy (Hladikova
et al. 1997; Herten 2000; Kranendonck 2000; Mann et al.
2001; Fryda et al. 2002; Buggisch & Mann 2004). Crick et
al. (2001) introduced the MS stratigraphic profile for the
GSSP at Klonk and a drilling core situated close to the surface
section. They used the MS record for establishment of
magnetosusceptibility event and cyclostratigraphic (MSEC)
zones as an alternative stratigraphic tool. They also suggest-
ed possible interregional correlations with the area of the
Anti-Atlas in Morocco using MSEC.

This study involves eight sections, which have been stud-
ied before for paleontology and sedimentology, but not for
MS and GRS (gamma-ray spectrometry) stratigraphic varia-
tions. Both methods will be tested for the detailed strati-
graphic correlations across varying facies and could also be
used in combination with supplementary data for complex
characteristics of the depositional environment and its evolu-
tion in several Silurian-Devonian (S-D) boundary sections in
the Prague Synclinorium.
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Geological setting

The Variscan folded Silurian and Devonian formations crop
out in the central part of the Prague Synclinorium between
Prague and vicinity of Beroun (Fig. 1). They consist of marine
sediments (mostly shales and limestones; Chlupac et al. 1998)
and submarine volcanic rocks (basic volcanics and coeval ba-
sic/ultrabasic volcaniclastics; Fiala 1970; Patocka & Storch
2004). Prague Synclinorium was interpreted as located on the
northern margins of Gondwana during the S-D interval with
affinities to Armorica (e.g. Krs & Pruner 1995; Krs et al.
2001), at a paleolatitude of about 17°S (Patocka et al. 2003).

The S-D boundary is situated close to the boundary be-
tween the Pozary (approximately corresponding to the Prido-
li Series) and Lochkov Formations (~the Lochkovian Stage).
Both formations are generally characterized by lateral transi-
tion from coarse-grained bioclastic limestones in the NW
part of the synclinorium to fine-grained limestones and
shales in the SE part (Chlupac et al. 1998), defining a NW
shallow zone and SE deeper zone. However, the boundaries
of these two lithostratigraphic units are slightly diachronous
over the region. Proximity of the S-D boundary is broadly
characterized by blooms of pelagic crinoids with plate-type
loboliths, typically Scyphocrinites, which often (but not al-
ways) occur in the beds of the latest Pridoli and early Loch-
kovian ages. They may form several meters thick beds of
coarse-grained crinoidal limestones at the base of the Loch-
kov Formation, informally called the Scyphocrinites Horizon
(Scyphocrinites H). It may be locally associated with cepha-
lopod limestones and also with beds of flat-pebble conglom-
erates. It is better recognizable in the deeper zone because in
the shallow-water environment it may be concealed by over-
all bioclastic deposition.

Several localities exposing the S-D boundary strata repre-
senting the two different facies were selected for study (see
Fig. 1, Table 1). These facies were deposited on the margin of
an open-sea carbonate shelf with adjacent carbonate slope en-
vironment (Vacek 2007). Generally a deepening trend can be
traced from the NW to the SE of the basin.

Methods

Limestone “beds” are traditionally numbered 1, 2, 3, etc.,
designations such as 1/2, 2/3 are used for the shale “inter-
beds”.

Magnetic susceptibility study

In the last ten years, the number of studies on stratigraphic
MS variations in the Devonian marine carbonate or mixed se-
quences has increased significantly (Crick et al. 1997, 2000,
2001, 2002; Ellwood et al. 2000, 2001, 2006; da Silva &
Boulvain 2006; Hladil et al. 2006; da Silva et al. 2009a,b,
2010; Koptikova et al. 2010).

The outcrop sections were sampled for the MS study at
0.05 m intervals. Small cubic or slice rock samples were col-
lected (20-50 g). Only fresh samples were taken (i.e. avoiding
the veins, visible pyrite or limonite aggregates, various spots
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related to late diagenetic alterations and weathering, epigenet-
ic dolomitization and also shear-deformed parts of the rock).
The thickness of the MS profiles ranges from 4 to 11 meters
depending on geological conditions. The complete sample
collection includes more than 1,000 samples. Measurements
were carried out in the Laboratory of Paleomagnetism (Inst.
Geol. AS CR, Prague) on Kappabridges KLY-2 and 3 (pro-
duced by Agico Ltd. Brno; for technical details we refer to
www.agico.com). The values of magnetic susceptibility in
this paper are expressed as mass-related magnetic suscepti-
bility (10 m3.kg™"). These are further referred as MS values
which are used for plotting the curves and assessment of
their possible stratigraphic importance.

Magnetic susceptibility is the intrinsic property that deter-
mines the amount of magnetism, which a rock can have in a
given magnetic field. It is related to bulk chemistry and mag-
netic mineralogy and particularly to the amounts of easily
magnetizable minerals in a rock sample. The increased MS
signal in limestones is induced by presence of various ferro-
magnetic (s.l.) minerals (magnetite, maghemite, hematite,
monoclinic pyrrhotite), and also weakly magnetic but much
more abundant paramagnetic minerals (clay minerals, pyrox-
ene, amphibole, biotite, chlorite, pyrite, chalcopyrite, a.o0.).

In contrast, diamagnetic minerals such as calcite, quartz,
and others have very weak negative MS magnitudes and re-
duce mass susceptibility of a rock sample. However, the MS
of detrital ferromagnetic and paramagnetic minerals is much
greater than the MS of diamagnetic minerals. Therefore, a
small amount of even weakly paramagnetic mineral can sig-
nificantly outweigh the MS of volumetrically more abundant
diamagnetic minerals (Ellwood et al. 2000).

The amount of magnetic particles mainly depends on terrig-
enous influx, which is mostly controlled by fluctuations in sea
level. Generally, the maximum input of terrigenous detritus
corresponds to intensive erosion during the lowstand of sea
level. This is considered to be recognizable on both the re-
gional and global scale because of synchronous variations in
global erosion controlled by eustasy (Ellwood et al. 2000,
2001). The large-scale redistribution of sub-silt and silt-sized
particles (<63 pm) often comes about through eolian trans-
port, and the deep parts of carbonate slopes can also be affect-
ed by distant riverine flux (Hladil 2002; Hladil et al. 2006).

Magnetite can also be produced by magnetotactic bacteria
or algae. However, it is mostly formed in shallow-water con-
ditions with restricted circulation, which is not the case of
the studied sections. The other magnetically important min-
eral components related to deep-water carbonate or mixed
carbonate-siliciclastic sediments are authigenic carbonates
with iron in lattices or iron-oxide inclusions (siderite and
rarely other minerals; e.g. Ellwood et al. 1988; Frederichs et
al. 2003), and these are also tentatively related to bacterially-
mediated precipitates. For more discussion on the primary
and secondary magnetic minerals in carbonates we refer to
da Silva et al. (2009a).

Rock magnetic methods

Several methods have been used for identification of possi-
ble carriers of the MS. They have been applied both on miner-
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al concentrates obtained by dissolution in acids (10 samples;
X-ray diffraction — XRD; temperature dependence of the
MS; magnetic hysteresis) and the whole-rock samples (5 sam-
ples; isothermal remanent magnetization — IRM).

Mineral concentrates have been obtained by leaching in
10% hydrochloric and acetic acids, separately. However,
some important magnetic minerals such as iron oxides may
be dissolved in these acids, therefore we had to also use the
IRM method applied to whole rock (see above).

The method of temperature dependent MS identifies mag-
netic minerals and mineralogical phase changes during heat-
ing. It was measured using KLY-4S Kappabridge (produced
by Agico Ltd. Brno; Jelinek & Pokorny 1997) combined
with a temperature control unit CS3 (Parma & Zapletal
1991) in the temperature range of 20-700 °C in an argon at-
mosphere. Paramagnetic minerals exhibit parabolic-shaped
MS decay curves at relatively low temperatures (up to
~200 °C) because the MS of these minerals is inversely pro-
portional to the temperature (Hrouda 1994). On the other
hand, ferromagnetic minerals usually show increasing MS
up to the point where it decays to the Curie temperature. For
magnetite the Curie temperature is ~580 °C and for hematite
it is ~680 °C.

The method of magnetic hysteresis is based on response of a
magnetic material to magnetic field. Hysteretic behaviour is
highly dependent on mineralogy and grain size (Tauxe et al.
1996). The sample is placed in an intensive magnetic field
(+1 T) and magnetization is examined as the applied intensi-
ty drops to zero and then increases to the negative maximum
(-1T). Changes in magnetization during regaining of the
original intensity (+1 T) are significant for interpretation of
magnetic components. These measurements were performed
on a vibrating sample magnetometer Model 3900 VSM (pro-
duced by Princeton Measurement Corporation).

IRM was measured on Pulse Magnetizer MMPM 10 (pro-
duced by Magnetic Measurements Ltd.) and magnetometer
JR6a (produced by Agico Ltd. Brno) in order to identify co-
ercivity spectra. The used field range was 10 to 2000 mT.
Contribution of particular magnetic components ferromag-
netic to the total remanent magnetization has been tested by
the IRM component analysis (Kruiver et al. 2001). Various
magnetic minerals can be identified by B, values, which is
the magnetic field at which a half of Saturated Isothermal
Remanent Magnetization (SIRM) is reached. For magnetite
it is 20-63 mT, hematite 63-200 mT, and goethite >1T
(Gryagar et al. 2003).

Gamma ray spectrometry study

The spectral gamma-ray approach is a significant parallel to
MS-detected concentrations of background sediment impurity
in limestone (Hladil et al. 2006). The MS-GRS combination
has an overall potential to improve the quality of MS based
stratigraphic correlation, with the background reasoning in
magnetomineralogy.

The gamma-ray spectrometric (GRS) based correlations of
outcrop logs have been frequently used in the last decade in
the Devonian of the Czech Republic on the platform to basin
formations of Moravia (Hladil et al. 2000, 2003a,b; Hladil
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2002; Gersl & Hladil 2004; Babek et al. 2007, a.o.) or Pra-
gue Synclinorium (Slavik et al. 2000; Koptikova et al. 2007,
2008, 2010).

For this study, a gamma-ray spectrometer Geofyzika-Satis-
Geo GS-512 with Nal(Tl) scintillation detector 37 x3”
(7.62x7.62 cm) and 3” photomultiplier was used (SatisGeo
2009). This instrument was used in the mode that the whole ele-
ment concentrations of K (%), U (mg/kg=ppm) and Th (ppm)
were automatically calculated. The instrument was calibrated
at the regional reference centre of Bratkovice near Piibram
(parameters frequently quoted, e.g. Lis et al. 1997). Using this
technique and instrument, the gamma rays registered for this
purpose correspond to isotopes 2'“Bi and 2%T1, uranium and
thorium decay series isotopes in naturally occurring materials,
respectively. The data on potassium is obtained using the
spectra for “°K isotope. The total natural gamma-ray variation
has been inferred from selected energy windows, all above
720 keV. With this instrument, this additional parameter is
set to display automatically a notional uranium equivalent
(eU) that is routinely expressed in mg/kg (ppm) of U-equiv-
alent contents, but for imagination or rough comparison
only. In addition, the recalculation to API units or radioac-
tive doses cannot be accomplished in general terms, for its
relationships to techniques, conditions and details of probes
or instruments (Gersl & Hladil 2004). These approximate
data on the totals of natural gamma ray (NGR or GR) emis-
sion from measured sedimentary rocks often differs accord-
ing to apparatuses and has, therefore, only relative and not
absolute information value.

The thicknesses of the GRS logs are identical with the MS
ones, except the lower part of the Praha-Podoli section, which
could not be measured due to its intensive weathering.

The GRS measurement was performed with 0.25 m step at a
time of 240 seconds, perpendicular to the rock face at the full
contact. This regular spacing strategy was preferred over the
irregular (rock-type selective) one. This choice was based on
the preliminary-test findings that gamma-ray signal of differ-
ent magnitudes and structure was obtained from the beds of
comparable lithology (e.g. great variation within the class of
coarse-grain calciturbidites, or the same for the very fine-
grained shale interbeds). The size of this 0.25 m step was se-
lected heuristically but with respect to the fact that
approximately 95% signal at the front of the probe (with crys-
tal) originates from a slightly deformed hemisphere of mea-
sured rocks that corresponds to a target of 0.25 m radius at an
ideal planar surface (Lovborg et al. 1971). Hence, this empiri-
cally tested precondition for overlapping of measurements
with these sections makes possible to keep the overlap below
15 % of the signal, even for irregular arrangements of beds
and rock materials. The combined error from conditions, in-
strument and repeated measurements was established to be
less than about +7.5 % for the whole element U, Th, K auto-
matically calculated results.

Detected concentrations of K, U, and Th are mostly related
to amount of feldspars, micas, and clay minerals, among oth-
ers. Uranium is also known to be remarkably trapped in or-
ganic matter (e.g. Durrance 1986). Higher concentrations of
these elements should again reflect increased amount of non-
carbonate impurities in limestones that are caused by detrital
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influx from a supposed land surface in both the regional and
interregional contexts.

Sedimentology and studied sections

The lithology, sedimentology, and biostratigraphy of the se-
lected sections have been described in many previous papers
(for more details we refer to Chlupac et al. 1972; Hladil 1991,
1992; Cép et al. 2003; Vacek 2007).

Shallow facies

The relatively shallow-water carbonate facies with predomi-
nance of bioclastic, mainly crinoidal packstones to grainstones
is distributed in the NW flank of the synclinorium with several
other finger-like projections in its western part (studied sec-
tions at Pozary Quarry near Praha-Reporyje, Srbsko, and
Opatfilka Quarry near Praha-Holyné; Fig. 1, Table 1). These
deposits locally show reworking by storms, which indicates
the conditions above the storm wave base. It corresponds to
the lower subtidal to upper slope environment.

VACEK, HLADIL and SCHNABL

The shallow-water carbonate facies possess rich benthic
fauna, including crinoids and trilobites, and brachiopods. The
uppermost Silurian is characterized by abundant occurrence of
the index trilobite Tetinia minuta. The first appearance of
trilobite Warburgella rugulosa rugosa indicates the base of
Devonian (Chlupac¢ et al. 1972).

Deep facies

Deep-water facies are distributed in the SE flank of the
Prague Synclinorium (sections at Karlstejn, Klonk, Praha-
Radotin and Praha-Podoli; Fig. 1, Table 1). These facies are
characterized as dark bioclastic and peloidal wackestones/
packstones to mudstones alternating with calcareous shales,
locally with several meters thick Scyphocrinites H. They yield
common pelagic fauna, including graptolites, cephalopods
and ostracods. The S-D boundary interval is characterized by
abundant occurrence of crinoids of Scyphocrinites sp. The up-
permost Silurian corresponds to the graptolite Monograptus
transgrediens Zone. The base of Devonian is marked by the
first appearance of the index graptolite Monograptus unifor-
mis (Chlupa¢ et al. 1972). Other fossil groups (conodonts,

sectian willh shallcw-water
dewrlopmrat

ey seclion wilh deep-water
w1 denesloprmg il

I:l Fozary Farnatian (U oper Siluran. Pridal)

| pchkow Farmmation (1 oower Navorian, D ockhkowian)

Yar scan thrust faukts

Fig. 1. Position of the studied localities in the Prague Synclinorium area: 1 — Pozary Quarry near Praha-Reporyje; 2 — Opatfilka Quarry
near Praha-Holyné; 3 — Srbsko; 4 — Karlstejn (Budnany Rock); 5 — Praha-Radotin (U topoli); 6 — Praha-Radotin (near Cement Plant);
7 — Praha-Podoli; 8 — Klonk near Suchomasty. GSSP — Global Boundary Stratotype Section and Point. The geological sketch map of the
Prague Synclinorium benefits partly from the working materials provided by R. Melichar.
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Table 1: List of studied sections with their geographical position, measured intervals and numbers of analysed MS samples and GRS mea-
surements. * The GRS measurements were performed in the bed interval 10-12 only due to poor state of the lower part of the section.

No.| Section L ocation Sampling interval MS GRS |Environment
1 | Pozéry Quarry 50°1'42.3" N; 14° 19' 28.4" E  |beds 155-163 (9 m) 177 36 Shallow
2 | Opatfilka Quarry 50°2'81"N;14°21'2.7"E  |beds1-8 (10 m) 200 41 | Shalow
3 | Srbsko 49°56'29.6" N; 14° 7' 57.2" E |beds1-3 (6 m) 120 25 Shallow
4 | Karl&gn 49°56' 45" N; 14° 10'51.4" E  |oeds 1-42 (11 m) 224 45 Deep
5 | Praha-Radotin (U topol &) 49°59'51.2" N; 14° 20' 2.6" E |beds1-31 (7 m) 141 28 Deep
6 | Praha-Radotin (near Cement Plant) [49° 59" 33.9" N; 14° 20" 46.4" E peds 9-14 (3.5 m) 70 15 Deep
7 | Praha-Podoli 50°3'6.9"N;14°25'7.6"E beds 1-11 (3.5 m) 76 9* Deep
8 | Klonk near Suchomasty 49°54'1.3"N; 14°3'463"E  [1-44(12.75m) adopted from Crick et a. (2001) |52 Deep

Chitinozoa) can be used as auxiliary indicators (Paris et al.
1981; Brocke et al. 2002, 2006; Carls et al. 2007).

This facies is interpreted as rhythmical distal calciturbidites
deposited on carbonate slope and its toe (often with the Bou-
ma Tc and Td units). These turbidite beds alternate with layers
of the “background” hemipelagic sediments (Te), which are
preserved mostly in the form of highly compacted calcareous
shales. The occurrences of channelized calciturbidite grain-
stones and rudstones with several layers of flat pebble con-
glomerates are interpreted as debris flow deposits or dense
turbidite flows. The input of the coarse-grained detrital materi-
al of shallow-water origin was interpreted as the result of rela-
tive sea-level drop in the S-D boundary interval and possible
subsidence along synsedimentary growth faults (Vacek 2007).

The MS and GRS stratigraphy of the studied
sections

Main characteristics of the MS and GRS records of the
shallow facies

Generally, the carbonate rocks in the studied sections have
relatively low MS signal in the order of 10~ m? kg™ (further
referred as 10 SI Units). Shallow-water bioclastic pack-

stones/grainstones exhibit relatively low differences of the av-
erage MS values between the Pozary and Lochkov Formations
(see Table 2, Fig. 2). The MS curves mostly show only low to
moderate oscillations (see Fig. 2). The critical S-D boundary
interval in the shallow-water deposits (especially the Pozary Q
and Opatrilka sections) is marked by enhanced MS values. In
the Pozary Q this increase is observable directly above the
boundary in the lowermost part of bed No. 159 (see Fig. 2A).
In the Opatrilka section, the same pattern characterized by
high oscillation is recognizable in bed No. 8 approximately
1 m above the first appearance of W. rugulosa rugosa, which
determines the S-D boundary (Fig. 2B). However, this pattern
is less distinctive in the Srbsko section (Fig. 2C).

This facies is characterized by relatively low concentrations
and variations of potassium in the Pozary and Srbsko sections
(0.3-0.5 %; Table 2). The concentrations of K show a consid-
erably weak covariance with those of Th (R?=0.37 and 0.47).
On the contrary, at Opatfilka this covariance is very high
(R?=0.91). Correlation between K and U and Th and U is also
generally weak, with the concentration of U changing quite in-
dependently of K and Th. Trends of the eU curves visually
correspond mostly to variations of U, less to Th concentra-
tions (Fig. 2A-C). It corresponds well to the fact that the Th/U
ratio is generally very low, with an average of 0.17-0.39 (i.e.
the GRS-based concentrations for U are much higher than

Table 2: Average magnitudes of the MS and GRS-based concentrations in the studied sections or their distinguished segments. S — Silurian;
D — Devonian; Po — Pozary Fm; S¢ — Scyphocrinites H; Lo — Lochkov Fm. The uppermost part of the Pozary Fm in the Podoli section
was not GRS measured due to weathering. The “raw” MS data for the Klonk section were not available.

Sections'their segments M Sy [10°m3 kg™ eU [ppm] K [%] U [ppm] Th [ppm]
Pozary Q. Po (0.04.40 m) 98 75 05 53 15
Lo (4.45-8.7 m) 11.0 5.8 05 38 15
Srbsko Po (0.04.75 m) 7.3 45 0.3 3.6 0.9
Lo (4.8-6.0m) 5.3 4.6 0.4 2.7 0.8
Opatfilka Q. Po (0.0-65 m) 9.0 14.9 10 10.3 21
Lo (6.55-9.9 m) 113 117 03 106 10
Klonk Po (0.0-5.25 m) - 13.6 17 5.2 51
Lo (5.3-12.75m) - 8.8 1.2 31 3.2
Karl&egn Po (0.0-2.45m) 30.2 224 17 13.6 5.6
Sc (2.5-7.45m) 18 8.4 05 6.1 16
Lo (75-11.1m) 102 7.2 0.8 36 2.3
U topoli Po (0.0-1.95 m) 289 14.8 19 6.0 4.6
Sc(2.0-3.35m) 38 130 06 102 16
Lo (34-7.0m) 56 9.3 09 5.4 22
Radotin Sc (0.0-1.15 m) 6.9 10.4 0.7 7.4 25
Lo (1.2-3.45m) 5.9 6.5 0.6 3.8 1.9
Podoli Po (0.0-1.65 m) 29.5 - - - -
Sc (L7-3.75m) 33 16.1 07 127 25
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A. Pozary Quarry near Praha-Reporyje
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for Th) and shows only slight variations. The eU curves of all
sections possess more or less conspicuous wave-like cyclic
patterns.

Main characteristics of the MS and GRS records of the deep
facies

Three different segments can be distinguished in the deep-
water sections (mudstones/wackestones alternating with cal-
careous shales). The first one corresponds to the uppermost
part of the Pozary Formation. It is characterized by high oscil-
lations and the highest MS mean values in the studied sections
(28.9-30.2 10 SI Units, maximum up to 95; Table 2). The
overlying coarse-grained crinoidal limestones of the Scypho-
crinites H (the lowermost part of the Lochkov Formation)
have much lower average magnitudes (1.1-7.6 107 SI Units;
see Fig. 3B-E). Amplitudes of the MS curves are also much
lower. The upper segment corresponds to recovery of distal

10

N\

VACEK, HLADIL and SCHNABL

B. Opatrilka Quarry near Praha-Holyné
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Fig. 2. Magnetosusceptibility and gamma-ray spectrometric logs of
sections representing the shallow-water facies (bioclastic pack-
stones and grainstones predominate). The S-D boundary is deter-
mined by the first occurrence of W. rugulosa rugosa and
L hesperius. Notice remarkable increase of the MS at or immediate-
ly above the boundary.

calciturbidite deposition higher in the sections. It is character-
ized by a slight increase in the MS (mean 5.6-10.2 10~ SI
Units), but not as high as in the uppermost part of the Pozary
Formation.

The broader S-D interval is characterized by a remarkable
decrease of the MS magnitudes associated with facies change
(Fig. 3).

This facies shows much higher variations in the K content.
The K concentrations are highest in the distal calciturbidite fa-
cies of the uppermost part of the Pozary Formation (average
concentrations 1.7-1.9 %; Table 1). The K contents tend to
decrease upwards and reach their minima within the Scypho-
crinites H (average contents 0.5-0.7 %). The recovery of platy
limestone/shale deposition is marked again by a slight in-
crease in K concentrations (Fig. 3B-E). Generally, the amount
of K shows excellent covariance with Th (R*=0.87-0.98),
while correlation between K and U and Th and U remains
weak or has even slightly negative values (U topold, Radotin,
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modified after Chlupac et al. (1972). The normalized MS curve was adopted from Crick et al. (2001).
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fossils in coarse-grained calciturbidites and mass flow con-
glomerates.

Magnetic susceptibility and mineral carriers

Several samples were collected from the studied sections for
assessment of the magnetic composition of insoluble residue.
These samples were taken in order to represent the main litho-
logical types (macrofacies): crinoidal grainstones (Opatfilka
Quarry, the upper part of bed No. 8; sample O8), coarse-
grained crinoidal packstones of the Scyphocrinites H (Rado-
tin — near the Cement Plant, the lower part of bed No. 10;
sample R10), fine-grained mudstone to bioclastic wackestone
(Karlstejn, bed No. 10; sample K10), laminated bioclastic
wackestone (Karlstejn, bed No.27), and calcareous shale
(Karlstejn, bed No. 31/32). They were dissolved in 10% hy-

drochloric and acetic acids, separately. The amount of insolu-
ble residue varies between 2 % (bioclastic packstones/grain-
stones) and 30 % (calcareous shales). The insoluble residues
were analysed by X-ray diffraction (XRD), which identified
common minerals including quartz (semi-quantitative content
60-80 %), albite (1-12 %), microcline (3-7 %), kaolinite
(~1%), muscovite (5-10 %), chlorite-serpentine (1-12 %),
and pyrite (1-20 %). However, some important magnetic min-
erals such as iron oxides may be leached during dissolution in
acids. Therefore several rock magnetic methods applied to the
whole-rock samples have been used for identification of them.

The results of rock magnetic analyses showed that most of
the studied samples contain small amount of hematite, magne-
tite, and goethite. Our measured B, values for magnetite are
in the range of 37-60 mT, hematite 63-200 mT, and goethite
1023-2884 mT. However, these minerals contribute only very
little to the total MS (see Figs. 4 and 5). Both magnetite and
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hematite can also be of diagenetic origin, while goethite is of- measured on 37 samples with remarkably high or low MS.
ten a weathering product. If so its amount could not be related The percentage contribution of magnetite to the remanent
to depositional processes. magnetization has been compared with the bulk MS of the

Possible effects of secondary magnetite and other ferromag-  samples (Fig. 5). Their covariance is very low (R?=-0.34),
netic minerals have been tested by the IRM component analy- showing that the MS does not depend on magnetite content,
sis. Contribution of the above mentioned minerals has been and thus the role of diagenetic magnetite may be excluded.
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the MS variations.

The major effects on rock magnetic susceptibility must be as-
cribed to varying amounts of paramagnetic detrital minerals
(e.g. iron-bearing muscovite, chlorite) and only subordinately
to oxides and sulphides (hematite/maghemite, pyrite/pyrrho-
tite). This fact justifies our following interpretations of the MS
stratigraphic variations with respect to changing input of erod-
ed detrital material related to sea-level fluctuations.

It is surprising that illite, which was often reported as an
abundant component of the insoluble residues in the Pozary
Formation on many places of the Prague Synclinorium
(Suchy & Rozkosny 1996; Suchy et al. 1996) was not found.
On the other hand, the indicated amounts of white mica are
considerably higher than normally expected. It also belies the
infrared-absorption and chemically based detections of up to
several per cent of illite in the S-D sediments at Klonk (Hladil
1992) where the XRD evidence was also unclear. In this case,
it was tentatively explained that due to the extensive damage
to illite structures in ultrafine subcrystalline mixtures with
quartz, organic matter, and carbonates. The absence of typical
illite spectra in XRD diagrams can be explained by its low rel-
ative concentrations at ~1 % or less, but the possible presence
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of both very high and very low crystalline forms related to il-
lite remains unsolved.

The greatly increased amounts of albite and microcline are
interesting in comparison with the proportions of plagioclases,
pyroxenes and amphiboles, which were detected in these
rocks together with small, basalt related volcaniclastic grains
by direct observation and Energy Dispersive X-ray Spectro-
scopy (EDX; e.g. Hladil 1992), but which have no significant
record in XRD. At least some of these albites and microclines
can be considered authigenic, but the differentiation between
the detrital and authigenic populations according to their crys-
tal shapes and compositions (cf. Kastner 1971; Kastner &
Siever 1979; Misik 1994) does not yet provide unambiguous
evidence in favour of this origin. Of course, quartz and also
kaolinite (to lesser extent) are probably not only of purely de-
trital origin (Hladil 1992).

Interpretation of the MS and GRS records

The MS and GRS variations can be used not only for
stratigraphic correlations of the studied sections but also for
interpretation of sedimentary environments and their evolu-
tion (especially in combination with sedimentological data).
It is based on methods and principles described in chap-
ter Methods.

The lowermost Lochkovian (and approximately the basal
part of the Lochkov Formation) in the shallow-water sections
is characterized by an abrupt increase of the MS (Fig. 2). On
the other hand, the eU curves mostly exhibit decreasing trend
in the proximity of the S-D boundary (Fig. 2). It is mostly re-
lated to decline of U content. It does not need to respond to the
decreasing content of clay, however. Very low covariance of
K and U contents indicates different natures and sources of
these two components. Potassium is related to clay minerals
and K-feldspar, while U is also known to be significantly
trapped in organic matter. A slight increase of K concentra-
tions immediately above this pattern is indicative of higher
amount of clay minerals.

Thus, both magnitudes indicate enhanced amount of non-
carbonate impurities (magnetic components and clay) and
may be interpreted as a result of sea-level fall, which caused
increased erosion and terrigenous influx to marine environ-
ments (Ellwood et al. 2000). This is in accordance with sedi-
mentological data, which also suggest a shallowing trend in
the lowest parts of the Lochkov Formation (approximately the
base of Lochkovian). It is expressed in partial sorting and re-
working/rounding of bioclasts and washing out of fine-
grained matrix in grainstone deposits in contrast to underlying
strata (Vacek 2007).

In deep-water facies the high oscillation of the MS curve in
the upper part of the Pozary Formation (generally the upper-
most Pridoli) is related to alternation of limestone and shale
interbeds (Figs. 3 and 8). It is noticeable that there are a num-
ber of analysed limestone beds, which have higher MS values
than the background hemipelagic shale interbeds, which usu-
ally possess a higher amount of insoluble residue. It may be
indicative of larger amount of detrital magnetic particles de-
livered to the basin with calciturbidites. The short-term facies
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change occurring in the slope environment as the Scypho-
crinites H at the base of the Lochkov Formation (and close to
the S-D boundary) is usually interpreted as a result of a rela-
tive sea-level fall, which caused increased erosion in shallow-
water areas (e.g. Kiiz et al. 1986; Chlupa¢ & Kukal 1988;
Crick et al. 2001; Vacek 2007). Such facies changes indicat-
ing relative shallowing of sedimentary environments have
been described from other regions of Europe (e.g. Carnic
Alps—Schoénlaub et al. 1994), and North America (e.g. cen-
tral Nevada—Klapper & Murphy 1975; Matti & McKee
1977; Appalachian Basin— Denkler & Harris 1988). Howev-
er, this event should be accompanied by increased magnitudes
of the MS with enhanced supply with terrigenous detrital
magnetic particles. It is interesting that the MS of these rocks
is much lower than of the underlying limestone/shale se-
quence (Fig. 3). It might be explainable either by dispersion of
fine-grained magnetic particles in the bulk of calcium carbon-
ate (carbonate dilution effect) or by significant washing-out
before re-deposition to slope and toe-of-slope environments
(e.g. da Silva & Boulvain 2006). More properly, the observed
effects of irregular washing of fine-grained matrix (often com-
bined with current-driven orientation of cephalopod shells in
these beds) suggest condensed deposition affected by bottom
currents. Another explanation of deposition of Scyphocrinites H
occurring in the described facies mosaics may be increased
local subsidence at synsedimentary growth faults (namely
“the precursor” Koda Fault, as presumed e.g. by Kfiz 1992
or Vacek 2007) and a large amount of carbonate material
with primary low concentrations of magnetic minerals derived
from the upper part of the slope (as documented by the pres-
ence of carbonate lithoclasts derived from slope areas). Thus,
this locally developed rapid carbonate sedimentation alternat-
ing with periods of sedimentary starvation is not expressed in
enhanced MS values. Another explanation of the decline of
the MS can be proposed as a restriction of terrigenous input
during transgression. According to Schlager et al. (1994), the
maximum thickness of calciturbidites corresponds to periods
of increased carbonate production during sea-level rise
(highstand shedding).

An evident decreasing eU tendency from the upper Pozary
Formation to the lowermost Lochkov Formation (related to
concurrently decreasing K, U, and Th concentrations) was doc-
umented in records from the deep-water sections (especially
Klonk and Karlstejn; Fig. 3). In the latter, it culminates within
the Scyphocrinites H. The overlying limestone/shale sequence
of the Lochkov Formation is again characterized by a slight
increase of detected GRS values (Fig. 3). Here, the main eU
peaks partly correspond to background shale sediments with
greater proportion of insoluble residue (namely clay minerals).
However, there are also peaks situated within the seemingly
massive bedding sets of proximal, often amalgamated calci-
turbidites (Karlstejn or Radotin-U topold; Fig. 3B and C). At
the U topold section two distinctive U peaks (related to the
GRS-based concentrations of 15.1 and 16.4 ppm) are situated
within and slightly above the Scyphocrinites H (bed 11, sec-
tion 2.75 and 3.75 m — Fig. 3C), which do not match en-
hanced K and Th values. Uranium is known to be highly
mobile during diagenesis, so these enormous peaks may corre-
spond to post-sedimentary concentration or indicate consider-
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Fig. 8. Interpretation of the sea-level changes based on the MS records of the deep-water sections. Interpretation of the Klonk section was adopted
from Crick et al. (2001), our results correspond in its lower part, but differs in the upper. Po — the upper part of the Pozary Fm, S¢ — Scypho-

crinites H., Lo — the lower part of the Lochkov Fm.

able dissolution (in some beds stylolites or extensive dissolu-
tions can be observed). However, similar peaks can be traced at
least in two other sections (Klonk section 5.5 m and Karlstejn
section 4.0 m; Fig. 3A and B) and may therefore correspond to
some widespread basinal events such as hiatuses or periods of
sedimentary starvation, or delivery and concentration of exotic
U-rich material.

At least three models must be considered for prograding of
basinal carbonate deposits with reduced shale intercalations:
1) the increased input of eroded material from shallow-marine
areas during the falling stage and lowstand system tracts; 2) the
opposite situation of a period of enhanced carbonate production
during the transgressive pulse, accompanied by highstand shed-
ding effect (Schlager et al. 1994), and 3) other environmental
effects influencing the shallow-water carbonate factories or
pelagic carbonate productivity would be employed (e.g. in-
creased abundance of pelagic crinoids, cephalopods).

Our interpretation based on evaluation of the GRS and MS
records of the slope facies and comparison with published
data is as follows: the uppermost part of the Pozary Formation
has a regressive character, which is expressed in high MS and
eU values (Figs. 3 and 8). Decreased carbonate productivity
and low depositional rates have been accompanied by lithifi-

cation of the sea-bottom. The lowermost part of the Lochkov
Formation reflects a transgressive pulse, which resulted in de-
creased input of terrigenous material and pronounced decline
of both magnitudes (Figs. 3 and 8). It was followed by slight
MS and eU rise, which responded to gradual regression. How-
ever, it is possible that deepening during the S-D interval was
caused by local sea-bottom subsidence and delivery of lithi-
fied deposits from underlying strata. The following regression
might have corresponded to a eustatic sea-level fall well docu-
mented in shallow-marine areas. The deposition of the
Scyphocrinites H also did not have to result only from in-
creased supply of eroded material, which was formerly accu-
mulated on appropriate shallower-water parts of the slope but
rather was related to the mass development of floating echino-
derms in general, as their distribution is widespread across the
area and in many regions worldwide. Although it is certainly
less conspicuous in the shallow-water deposits composed most-
ly of crinoidal limestones, thicker accumulations of Scypho-
crinites debris are known, for example in the Daleje Valley
(between the Pozary Q and Opatfilka sections).

This interpretation is partly in agreement with Crick et al.
(2001), who presumed pronounced regression during the late
Pridoli followed by a moderate transgressive/regressive pulse

PDF vytvoreno zkuSebni verzi pdfFactory www.pdffactory.com



http://www.pdffactory.com

270

in the critical S-D interval. According to results of the last
mentioned study, the earliest Lochkovian has a clearly trans-
gressive trend (focused on Klonk), and this is in contrast to
our present results, which are based on several juxtaposed sec-
tions. The locally protracted high MS values with slowly de-
creasing GRS values in the combination with the presence of
coarse-grained crinoidal beds up to the lower Lochkovian
(magnetic intervals VII-VIII) are unexpected or even counter-
intuitive with the first lower Lochkovian transgressive episode
(compare Fig. 8 herein to figs. 3, 4 in Crick et al. 2001).

However, we are aware that there are also alternative inter-
pretations based on the MS and GRS variations and other data
(e.g. carbon and oxygen isotopes) described in numerous pa-
pers from the Silurian and Devonian of the Prague Synclinori-
um and other regions. Due to limited space we briefly refer for
discussion to Hladikova et al. (1997), Slavik et al. (2000),
Mann et al. (2001), Saltzman (2002), Buggisch & Mann
(2004), Buggisch & Joachimski (2006), Babek et al. (2007),
and Malkowski et al. (2009).

Conclusions

The combined MS-and-GRS stratigraphic assessment and
regional comparison of the carbonate facies around the S-D
boundary in the Prague Synclinorium showed a significantly
good correlative value between sections with similar facies
development (i.e. lower subtidal to upper slope bioclastic
grainstones/packstones and lower slope to toe-of-the-slope
calciturbidites with predominance of bioclastic and peloidal
wackestones/mudstones and calcareous shales). This compari-
son shows that the onset of the index species and the biostrati-
graphically determined S-D boundary may be diachronous
and highly depend on facies. This fact makes the MS-and-
GRS stratigraphy a powerful tool for precise correlation
within the region. It also proved remarkable condensation and
gaps in sedimentary record, especially in the lower slope con-
ditions where distal calciturbidites predominate.

A major effect on the MS is ascribed to paramagnetic min-
erals, which have been delivered to the basin from land.
Therefore, we can relate the changing amount of this terrige-
nous material detected by the MS and GRS to fluctuating
erosion and sea-level changes.

The critical S-D interval is characterized in relatively shal-
low marine areas by increased values of MS, which are inter-
preted as related to a higher influx of terrigenous material
during a regressive pulse. This interpretation is supported by
contemporaneous increasing concentrations of GRS-detected
potassium (clay) and is also supported by sedimentological
evidence.

On the contrary, a broader S-D interval in the deep-water
facies is characterized by visible facies change and decreasing
of the MS values. Maxima of MS and GRS in the uppermost
part of the Pozary Formation (generally upper Pridoli) are in-
terpreted as a response to a regressive phase associated with a
low depositional rate and sea-bottom lithification. The very
lowermost part of the Lochkov Formation (generally the base
of the Lochkovian) reflects a transgressive pulse leading to de-
creased input of terrigenous material and distinctive decline of
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both magnitudes. The overlying sequence characterized by
slightly rising MS and eU corresponds to gradual regression.
The deepening trend during the S-D interval was probably ac-
companied by local subsidence and influx of eroded lithoclas-
tic material. The following regression may reflect a eustatic
sea-level drop well supported by evidence from the shallowest
marine areas. The facies change close to the S-D boundary
and deposition of the Scyphocrinites H might predominantly
result from a biotic event unrelated to sea-level changes and
local subsidence, rather than from sea-level rise/drop.
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Abstract:

Magnetic images have been produced at the distahé@l mm from the polished
basaltic thin sections from Prague Synform in Badlian area. When combined with the optical
microscopy images, the three magnetic texturesafedetheir relationship to the optically
imaged structures. First magnetic texture revedled most of the magnetic signature is
localized within the amygdales formed later aftbe tdike intruded into the sedimentary
sequence. Second texture showed that the bas&iicdntains large grain size distribution of
magnetic carriers tainted with variable viscous neigations. Third texture suggested
a presence of magnetic anisotropy of igneous arfgirch textural magnetic information along
with the paleomagnetic characteristics of the h@sadikes of Silurian age constrained the

interpretation of the paleomagnetic characteriggorigin and timing.

Key words: paleomagnetism, magnetic scanner, magnetic mograkbmygdales, magnetic

anomalies, magnetic texture.

Introduction:

Magnetic anomalies were obtained remotely from sheface of Mars and their
interpretation is often quite complicated (Conngre¢ al., 2005; Connerney et al., 2001,
Kletetschka et al., 2004; Kletetschka et al., 200etetschka et al., 2000a, b). With the

1



advance of technological automatic processes (©dh,€£011) we have developed a magnetic
scanner helping in interpretation of the geolopia sections or polished plugs of rocks that are
associated with somewhat stronger magnetizatiomh Siudies were focusing mainly on

meteorites due to their strong remanent magnetipgsties. Reports from the Prague Synform
(Aifa et al., 2007) suggests a presence of rockl substantial magnetic properties, allowing
magnetic detection with the Hall probe that cancbebined into a magnetic scan over its
surface with resolution of about 0.2 mm (Kletetsclegt al., 2009b). Such resolution is enough

to get more specific information about the naturéhe remanent magnetization and its origin.

Geology setting of the samples:

We have selected three basaltic samples from &ilwblcanic region that is located in
the NE sector of the today’s relict of the Pragyaf&m. Revival of basaltic volcanism since
the Late Ordovician generated a specific geologgtaicture, where olivine basalt magma
ascended along several deep, ENE-WSW trendingréissparallel to the longitudinal axis of
the Prague Synform. Additional basaltic fissuresntwalong WNW-ESE trending faults
perpendicular to this axis i, 1991).

The volcano-sedimentary sequence (Telychian—Gajsigaexposed in the Svaty Jan
volcanic center in northern flank of HalHostim Syncline between Beroun-Tetin and Mézou
Villages. The syncline is composed of up to 400hickt succession of pyroclastics, tuffs,
tuffitic shales, shallow water limestones and bettusive and intrusive basalts i{&, 1992,
1998). Additionally, the central part of Svaty Jasicanic center formed an emergent elevation
above the sea level from early Wenlock to late dtarery, which is indicated by a presence of
sub-aerial volcanic products. Despite the significdhickness of volcano-sedimentary complex,
the effusive basalts formed only minor part of fuecession and are concentrated into a few

stratigraphic intervals.

The first of the three sites is site C5, near droce—Bubovice road cut'ernidla).This
road cut ( ~210 m) is along the road betweené¢hask and Bubovice villages revealing
a section of volcano-sedimentary facies of the Mokwrmation ranging from mid-
Sheinwoodian to late Homerian (Wenlock). Exposettamo-sedimentary succession (early
Sheinwoodian—Gorstian) consists of tuffitic shaes yellow-brown tuffs, with thin beds and
lenses of skeletal limestones and mudstones camdsm to shallow-marine deposition, which
are interrupted with several thick basalt lava 8diBowek, 1942; Kiz, 1992).

The second site, Si07, is from U \iké Section near LiSticdJ Vitacka section is on
the left side of Berounka river, 2 km east from Beroun railway station and represents the

volcano-sedimentary succession at the boundary otoMand Kopanina Formation of
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Wenlock/Ludlow age. There the top of volcanic coempbf the LiStice river section (tuffs,
hyaloclastites, tuffitic shales) is exposed, ovarlay 4 m thick basalt with calcite amygdales.
Sub-marine lava flow overlain by a succession ofygbioclastic limestones containing
brachiopod and coral dominated fauna corresponditigformer “C. beaumonti Horizon”, i.e.
Gorstian stage. Thus, the underlying volcani-atasieposits and effusions are likely of the
earliest Gorstian age resting on the limestonaiast Wenlock (Kozla facies). The uppermost
part of this volcano-sedimentary succession isgowesl within 100 m distance. Major exposed
rocks consist of agglomerates and yellow-greenseograined tuffs, which contain basaltic
bombs and limestone xenoliths. The 4 m thick efisava flowforms the top of the volcanic
sequence (FiSera, 1965a; Horny, 1965; Kodym e1@B1; Kiz, 1992).

The third site, Si08, comes from the Listice qualiy this quarry leads the road from
Listice to Beroun, exposing the basaltic intrusamd calcareous shales of lowermost Motol
Formation, Telychian (Llandovery), representing lilneermost part of the Svaty Jan volcano-
sedimentary section near LiStice. Exposure of tlastezn part of the quarry includes
a development of 60 cm thick fine-grained datotitert representing contact aureola between
basaltic intrusion and calcareous shale, contaigragtolites ofS grandis Subzone, Telychian,
latest Llandovery [P. Storch, personal communicatsee also (Kodym et al., 1931)]. Another
basaltic body in the area is reaching its thickr&#sS0 m. The maximum age of the basaltic

intrusion correspond to the latest Llandovery (Ri$&965b; Strnad, 1961).

Material and method:
Sampling:

Several oriented cores had been obtained from efthe sites. Each site provided
about 12 cores that were used for making a gedibgysection, magnetic scanning, thermal
demagnetization, alternating field demagnetizatémd magnetization, and measurement of

magnetic susceptibility.
Magnetic scanning:

We used a magnetic scanner built by Youngwood $ei@md Engineering (YSE) that
consists of a stationary hall probe and a 2D mpédristage whose motion is controlled by
software (MagScan) also developed by YSE. The pralbe senses the magnetic component
perpendicular to the scanning surface (e.g. geoltddn section) and returns its value along
with the X-Y coordinates to the computer. The ottigua 2D image that shows the values of
magnetization detected over the surface of the EarfApr all our images the scanned area is 17

mm x 17 mm (the maximum capability of the 2D stagih a spatial step of 0.2 mm.



We scanned three thin sections that were cut flogetbasaltic cores of the Barrandian
area. These sections were scanned in saturated =gt with and without any magnetic
shielding. We found no significant difference. Sation magnetization was acquired along the

long side of all three thin sections.

Remanent magnetization:

Paleomagnetic directions were obtained from ther.th diameter and 2 cm long
cores that were drilled out from the volcanic ursits that their orientation was preserved in
special coordinates. After measurements of nattgaianent magnetization (NRM), these
samples were subject of progressive thermal andfternating magnetic field (AF)
demagnetizations. Thermal demagnetization was waethiaising the MAVACS (Magnetic
Vacuum Control System {foda et al., 1989) equipment with temperaturegingnbetween
80°C and 580°C and with step intervals between 3Q8ad 40°C. Demagnetization by AF
(LDA-3 apparatus, Agico Brno) up to 100 mT was duoil the steps of every 5-20 mT. NRM
measurements were carried out using either thenspimagnetometers JR-5A and JR-6A
(AGICO Brno). The magnetic susceptibility) (of the specimens was determined using a KLY-
4 Kappabridge (Jelinek, 1966, 1973). Results of suesmments were analyzed using the
software package Remasoft (Chadima and Hrouda,)2804ticomponent analysis separated

the remanent magnetization components (KirschviB0; Man, 2003).

At each step of the thermal demagnetization, thle fmagnetic susceptibility value was
checked. Thermal treatment often results in chenticanges involving the magnetic carriers
and thus compromising the data. Chemical changes oésult in increase or decrease of the
amount of magnetic carriers in the sample and theranagnetic susceptibility conveniently

monitors any chemical changes in the sample.

Coercivity spectra:

After AF demagnetization the samples were progvelsi magnetized by pulse
magnetizer (MMPM10, Magnetic measurements U.K.)luhey reached the saturation and
then stepwise demagnetized by AF using LDA-3, tgtimaximum obtainable AF field of 100
mT.

Microscopy:

Standard geological thin sections were obtainednfrihe relevant samples C5

(Cernidla), Si07 (Listice roadcut), and Si08 (Listapearry). Because the magnetic scanning has
4



a special resolution of only 0.2 mm and we neededparison at the similar scale we placed
a standard thin sections on the light table and taophotograph that was subsequently
combined with the magnetic scan images (Figure ané 3). The detailed nature of the regions
with magnetic anomalies detected by the scanneimaged and photographed using polarized

light optical microscope Spencer.

Results:

Magnetic image of the sample Si07 (Figure 1) froanlye Ludlow showed eye-like
magnetic texture. The image was combined with thtécal image (Figure 1A, 1B, 1C). The
regions that showed significant magnetic signatfreip to 22uTesla at 0.1 mm above the
surface, were looked at in more detail (red squareBigure 1A, A-1, A-2, using standard
polarized microscope. The images show that thes&sr@ontain numerous vesicles with
associated amygdales. The original vesicle walisw® in red in Figure 1A-1) and sometimes
the entire vesicle (Figure 1A-2) is commonly filledth iron oxides. The rest of the section

show glassy matrix and devitrified plagioclasedwib significant magnetic signal.
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Figure 1: Combination of the optical transparent image with the magnetic scan. A. Optical image of the
thin section 3i07. Red rectangles are insets A-1 and A-2 B. Magnetic scan of the thin section 5i07.
C. Overlap of the magnetic image with the optical image.

Basaltic section C5 (Figure 2) from the Wenlodkernidla) showed somewnhat
anisotropic magnetic texture with several of magnanomalies trending diagonally at 45
degree from bottom left to top right across the gedFigure 2B). This section contained a
fracture that followed the anisotropic charactdre Tetail of the regions near the fracture and
within the matrix associated with magnetic anonsafias marked by red rectangle in Figure 2A
and shown by two insets (A-1, and A-2) where omaashthe detail near the fracture and one
the pyroxene grain with associated magnetic anomnalip 61uTesla 0.1 mm over the surface.

The magnetic and transmitted images were combimedie in Figure 2C.
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Figure 2: Combination of the optical transparent image with the magnetic scan. A. Optical image of the thin section CS.
Two red rectangles are locations of the two insets, A-1, and A-2. B. Magnetic scan of the thin section CS5. C. Overlap of
the magnetic image with the optical image.

The latest Llandovery basaltic sample SiO8 revealedmage with discrete magnetic
anomalies separated from each other (Figure 3B3s@magnetic anomalies were almost two
orders of magnitude stronger than previous sectonsreached 1160T at 0.1 mm over the
surface (compared with 2@T and 60uT for Si07 and C5, respectively). Optical images
revealed a presence of discrete magnetic oxide® Upmm in size, contributing to the large
magnetic signature. These oxides have sharp eddesting that the magnetic mineral was
growing in size during the solidification of thedadt.
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Figure 3: Combination of the optical transparent image with the magnetic scan. A. Optical image of the thin section Si08.
Red rectangles show the locations of the insets A-1 and A-2. B. Magnetic scan of the thin section Si0B8. C. Overlap of the
magnetic image with the magnetic anomalies transparent to identify parts of the thin sections with magnetic grains.
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Figure 4: Acguisition of saturation remanence and its demagnetization for samples 5i07, C5, and 5i08.

The magnetic acquisition and demagnetization ofghgasalts (Figure 4) showed that
saturated state of the basaltic sample C5 was tis¢ magnetic reaching 980 mA/m, followed
by Si07 with 580 mA/m and Si08 with 320 mA/m. Themmple SiO8 has the lowest overall
magnetization when measured using rotational magmeter, however when scanned with the

magscan it shows the largest magnetic anomalies.

Sample C5 had 9 mT and 30 mT values for medium deetezing and magnetizing

field, respectively. This is a minimum set of regdi field to demagnetize or magnetize when
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compared with 15 mT and 70 mT medium fields for7S#d 15 mT and 50 mT medium fields
for Si08. Thus magnetically, sample Si07 is thelbar and sample C5 the softest.

A. /_\ SI7_028B - 4 B. " SI7T_02A .
ceo = seo ==
A 2 - g e 7
/ . ~ / AN e
/ { \ by / ) i
/ + ’ / 2 13
\ , / H

:
L
.

N - S & /
\\ - 2 \\ //
] B S ]
. v % ; Sy i
s e 5% . s
i e RN, B oS SR
T,
e - Y

Figure 5: Demagnetization of the natural remsnent magnetization (NRM) of sample Si07. A. Sterecnet projection, Zijderveld projection,
magnetization magnitude and magnetic susceptibility plots of thermal demagnetization:; B. Sterecnet projection, Zijderveld projection,
magnetization magnitude of demagnetization by alternating field.
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Figure 6: Demagnetization of the natural remanent magnetization (NRM)
of sample C5. Stereonet projection, Zijderveld projection magnetization
magnitude of demagnetization by alternating field.

When treating the original magnetic remanence e$ehbasalts (Figures 5, 6, 7), we
have sample C5 with the largest remanence (15.9 Adllowed by Si07 (0.76 A/m) and Si0O8
(0.12 A/m). Magnetically the sample C5 had the datg(most stable remanence) medium
demagnetizing field (MDF) just over 20 mT followéy almost exactly 15 mT for MDF of
Si07 and magnetically weakest MDF of 10 mT wassi@ample Si08. Both C5 and Si07 show
fairly stable paleodirections. Paleodirections ®i08 (Figure 7), however, are somewhat

chaotic showing a viscous overprint.
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Figure 7: Demagnetization of the natural remanent magnetization (NRM) of sample Si08. A. Stereonet projection, Zijderveld projection,
magnetization magnitude and magnetic susceptibility plots of themral demagnetization; B. Stereonet projection, Zijderveld projection,

magnetization magnitude of demagnetization by alternating field.

Thermally most stable is the sample Si07 holdinglioma thermal stability (MTS), 50% of its
remanence, up to 300°C followed by MTS of 260°Cdample Si08. In both cases the sample
starts to have slight chemical changes as revdajdtie susceptibility plots (Figure 5A, 7A,
lower right section). Sample Si0O7 shows at leaseghcomponents during the thermal
demagnetization while S08 at least two directi@mmhponents. We did not perform the thermal

demagnetization for sample C5.

Discussion:

Without magnetic maps produced by magnetic scatimerdemagnetization of the
remanence is quite complicated and there are dgy@eadirections and it is difficult to figure
out what is the primary and what is the secondamponent of magnetization. Even harder is
to assign a specific time to individual componemtswever magnetic maps (Figure 1, 2, 3)

helped to localize the magnetic carriers.

For example most of the magnetic signature assutigith the basalt Si07 is carried by
amygdales, the secondary (diagenetic) mineraliadiiling the vesicles of the buried lava flow
(Figure 1 A, A-1, A-2). Most of the time formatioof amygdales is associated with
hydrothermal fluids that flow through the porestloé lava flow, dissolving the Si and Fe ions
when fluids are of reduced nature and precipitatiregn as oxides when mixing with air inside
the vesicles. The timing of this event is tied ville Permocarboniferous paleodirection (Krs et
al., 2001) that seems to be fairly stable as shooth in AF and thermal demagnetization plots
(Figure 5).

The basalt characterized by sample Si08 (Figune&aled a unique characteristic of
separated dipoles buried in the thin section asrelis magnetic grains whose magnitude is

astounding, almost 2 orders of magnitude strongerpared with the other basaltic sections.
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We don't see any magnetic scaling like this in tkenanence characteristics. In fact the
remanence of this sample is the weakest of alR(@/n for Si0O8 compared to 0.76 A/m for
Si07 and 15.8 A/m for C5). Magnetic remanence f bfasalt is somewhat chaotic and reflects
the potential to acquire viscous magnetic signahyeéhe large discrete grains in this basalt
flow. Therefore, nearby lightning, sub-continentadation, or any other magnetic disturbance
would likely change the magnetic direction of indival grains according to values of
individual grain magnetic coercivity. This is rafted in demagnetization plots. Thermal
demagnetization at low temperatures looses smalegnetic carriers with lower blocking
temperature while AF demagnetization at low fidloisses larger grains with lower magnetic
coercivity. Therefore the final paleodirections felif when using either demagnetization
technique. This difference, in fact, points to &ue lava flow because it is possible to separate
the magnetic anomalies based on the magnetic sgpaocording to their size. Changes in the
individual dipole direction may reveal the timinglues acting on individual grains due to
geomagnetic and environmental changes. Therefattee iPrague Synform has been moving in
respect to geomagnetic field, the grain size distibn of the carriers as detected in Figure 3
would randomize the paleo directions of individgedins in such a way that it would randomize
the overall magnetic signature. This is consistétit our observation that the sample Si08 has

the weakest natural remanent magnetization.

From the stability point of view and paleodirectidmaracteristics, basalt C5 appears to
be most reliable. C5 does not contain amygdalelisorete soft magnetic grains. Based on the
Figure 2, it suggests certain anisotropy of magretiomalies detected over the surface, even if
we neglect the anomaly that copies the fracturthénthin section. This is likely a signature of
the solidification of this specific lava flow anti¢ give certain credibility that the magnetic
signature is genuine from the time of lava flow lomp Sample C5 shows only slight signs of

either viscous or diagenetic overprint (Figuret@ttwas possible to clean using 5 mT AF field.

Conclusions:

Magnetic eye-like texture revealed during the sganpoints to dominant magnetic
carriers associated primarily with the amygdalesnéd inside the lava flow's vesicles of
sample Si07. Paleodirections are stable (D=20%°}=and points to the Permocarboniferous

episode during which the amygdales formed.

Magnetic texture of the sample Si0O8 revealed styomgplated dipolar signature,
therefore the sample with large distribution ofigrsizes of magnetic carriers. This phenomena,

when occurring within the rock sample Si08, resultghaotic paleodirections due to variable
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viscosity of contrasting grain sizes of magnetio@nals. The result is overall demagnetization

of the original remanence and strong viscous ougrpr

Magnetic scanning of sample C5 revealed homogen@agsetic signature with signs
of anisotropy, possibly pointing to the settlingtbé lava flow. This sample indicates the most
reliable paleomagnetic characteristic and showy titile signs of either diagenetic and/or
viscous overprint of the fairly stable Silurian @amnagnetic direction (D=227°,1=-26° or
D=217°,1=-9° before the tilt correction) for theague Synform.

Magnetic scanner proved to be a vital tool whererjpreting the paleomagnetic

information from the basaltic lava flows.
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