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The only previous U-Pb zircon date for the the Early Carboniferous flysch sequence of the Moravo-Silesian Paleozoic Basin
was published in 1987 from tuffogenic material from Kobyli Quarry at Krasné Loucky near the town of Krnov (Silesia, Czech
Republic). The measured age of 319 Ma did not agree with its stratigraphic position, and was used as the basis for a hypothe-
sized block of Late Carboniferous paralic molasse incorporated during a later tectonic event. During a survey of the still-ac-
tive quarry in 2010, volcaniclastic horizons were identified and sampled. Direct correspondence of the tuff units to those
sampled in 1987 cannot be proved but is likely. High precision chemical abrasion — thermal ionization mass spectrometry
(CA-TIMS) U-Pb dating of zircon from this new material has yielded an age of 340.05 + 0.22 Ma, which correlates to the previ-
ously inferred stratigraphic age of the locality and the current calibration of the Early Carboniferous geologic time scale. The
newly established age corresponds to the Visean stage and dates the boundary between the Horni BeneSov and Moravice
formations that can be correlated with other foredeep basins of the Culm in the European Variscides. A population of detrital
Cambro-Ordovician zircons and a single 2.0 Ga old zircon crystal from the same volcaniclastic layer dated by laser ablation
inductively coupled plasma mass spectrometry (LA-ICPMS) are consistent with the known age of source material in the
Variscan orogenic front.
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INTRODUCTION 319 Ma for the volcaniclastic horizon exposed in Kobyli Quarry

at Krasné Loucky near the town of Krnov was problematic for
various reasons (not being consistent with either local lithology

The stratigraphy of the flysch deposits of the Culm in the
Early Carboniferous of the Moravo-Silesian Paleozoic Basin
contains many unsolved problems. This is mainly due to its uni-
form lithology and lack of biostratigraphically important fossils.
There is ongoing debate about the age and relationships of its
lithostratigraphical units. This discussion may be solved (at
least partly) by radiometric dating, but so far, the only available
absolute age is that reported in an unreviewed publication
(Prichystal, 1987). The published isotope dilution — thermal ion-
ization mass spectrometry (ID-TIMS) U-Pb zircon age of
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or biostratigraphy) documented below. Nevertheless, this age
has been quoted in a number of later studies dealing with the
Moravian-Silesian Culm (e.g., Prichystal, 1993; Hladil and
Dvorak, 1994; Chab, 2010).

“Two decimetre-thick layers of weathered crystalloclastic
tuff’ from an unspecified location are mentioned in the unpub-
lished explanatory notes that accompany the geological base
map at 1:25,000 scale, sheet 15-134 Brantice (Mastera and
Otava in Otava, 1984). This date for these rocks was also re-
ported by Prichystal (1987), but further details of the locality
were not given. It was mentioned that one of these layers had
been quarried out in 1985. Prichystal (1987) also mentioned
spores which should have confirmed a Late Carboniferous age,
but gave no more information. Karkusz (1989) stated that this
layer of “crystal tuff’ had been quarried out, and described at
least one other tuffaceous layer that was very similar to the orig-
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inal horizon. However, he found no evidence for a Late Carbon-
iferous age of any tuffaceous beds in the quarry. Several at-
tempts were made after 1990 by geologists under the leader-
ship of O. Kumpera to locate the layers of volcaniclastic mate-
rial in the quarry, but these were not successful, nor did they
find any rock or palaeontological material with an age corre-
sponding to the Late Carboniferous. Palaeontological revision
of flora found in the quarry (Purkynova, 2003) did not confirm
any occurrence of Late Carboniferous species. Prichystal,
Hladil, Kuovo, Otava and Valterova in Weyer and Menning
(2006) again published the original information and radiometric
age without any further details of the site. The latter authors are
also vague regarding the palynological evidence for a
Namurian A age — no single taxon is identified and no relevant
photographs are given. They refer only to an unpublished
manuscript by Otava and Valterova (1992, in Weyer and
Menning, 2006).

In 2010, during a survey of the still-active quarry, we discov-
ered layers of volcaniclastic sediment (tuffite) which are macro-
scopically and microscopically very similar to the originally de-
scribed exposures. Here we report a newly determined
high-resolution CA-TIMS U-Pb zircon-based age of deposition
for one of these layers which is compatible with the geological
setting and structure of the quarry and its surroundings. In this
study, we present a number of arguments in support of the ac-
curacy of this new age (e.g., geological setting and degree of
metamorphic transformation).

GEOLOGICAL SETTING

MORAVO-SILESIAN PALEOZOIC BASIN

According to Unrug (1966) and Unrug and Dembowski
(1971), the Moravo-Silesian Paleozoic Basin was formed in the
eastern domain of the Central European Variscides. It was de-
veloped in the foreland of the Variscan orogen and became part
of its outer zones, the so-called Rhenohercynicum and
Subvariscicum (Schulmann and Gayer, 2000; Schulmann et
al., 2009).

The basin is filled by some of the younger deposits overly-
ing Brunovistulicum (Buta and Zaba, 2005; Kalvoda et al.,
2008). Devonian sedimentation started with pre-flysch carbon-
ates (Babek et al., 2007) and continued into the marine clastic
sediments of the Carboniferous flysch (Kumpera, 1983;
Dvorak, 1994). This so-called Culm facies provides indirect evi-
dence of syn-orogenic sedimentation during the Variscan orog-
eny from possibly as early as the Tournaisian through the whole
of the Visean to the lowermost Serpukhovian (Babek et al.,
2007; Jirasek et al., 2013a). The final stages are marked by de-
position of the coal-bearing paralic and terrigenous molasse of
the Upper Silesian Basin. The basin fill is overlain mostly by
Neogene and Quaternary sedimentary sequences and, in the
eastern part of the basin, also by Neogene deposits of the
Carpathian Foredeep and, further to the south-east, by the
nappes of the Outer Western Carpathians (Late Jurassic to
Paleogene).

In the Czech Republic, the Early Carboniferous flysch se-
quence is exposed in the Drahany Upland, the Oderské vrchy
Mts., and the Nizky Jesenik Mts. (e.g., Patteisky, 1929;
Kumpera, 1983; Dvorak, 1994), and in Poland west of the Upper
Silesian Basin and east of the town of Gluchotazy (Trzepier-

czynska, 2003). It is composed of four major lithostratigraphic
units: the Andélska Hora Fm., the Horni BeneSov Fm., the
Moravice Fm., and the Hradec-Kyjovice Fm. (Fig. 1). Their total
thickness probably reaches 7.5 to 12 km (Kumpera and
Martinec, 1995; Mazur et al., 2006), but precise thicknesses can-
not be given because of strong tectonic reworking in the Variscan
accretionary wedge (Grygar and Vavro, 1995; Kumpera and
Martinec, 1995), as well as intense post-Carboniferous and prob-
ably also Carboniferous erosion in those parts close to the
orogenic front (Francu et al., 2002). Only limited information has
been obtained from a few boreholes.

The types of strata filling the basin, together with their thick-
ness and extent, vary both stratigraphically and spatially. Gen-
erally, in the Andélska Hora Fm., the coarse-grained deposits
(conglomerates, greywackes) are as abundant as are siltstones
and clayey shales. In the Horni BeneSov Fm. greywackes pre-
dominate. In the Moravice Fm. and Hradec-Kyjovice Fm. (with
the exception of the Hradec Member) the proportion of
siltstones and clayey shales is greater and the deposits are
more mature so sandstones are more abundant than
greywackes (Kumpera, 1974, 1976; Kukal, 1980; Dvorak,
1994). Kumpera and Martinec (1995) concluded that sedimen-
tation was driven by multiple geotectonic events in the foreland
basin. Mostly deep-water siliciclastic turbidites were deposited
on an elongate submarine fan, although shallow-water strata
are also present. Cyclicity in the sedimentary sequence was
also recognized by Skocek (1989) and Babek et al. (2004). The
intensity of the diagenetic overprint decreases upwards in the
stratigraphic sequence i.e., from the west to the east. In the
Hradec-Kyjovice Formation the vitrinite reflectance R, is mostly
between 5.5 to 2.0% (authors’ unpubl. data); in the Ostrava For-
mation values of R, in the range 2.0 to 0.5% were reported by
Sivek et al. (2003) and Kandarachevova et al. (2009).

Biostratigraphic information on the Culm strata of the
Moravian-Silesian Basin varies considerably. The stratigraphi-
cally higher units (the Moravice and Hradec-Kyjovice formations)
are known to contain a locally rich fauna, especially bivalves and
goniatites, and flora including both macroflora and spores. Ac-
cording to Kumpera (1996), fossil remains in the stratigraphically
lower units (the Andélska Hora and Horni BeneSov formations)
are very rare and because of the higher grade of metamorphism
they are not very well-preserved, so they are of little use for
biostratigraphic correlation. The lack of biostratigraphic informa-
tion does not preclude the idea that the flysch zone in the Nizky
Jesenik Mts. consists of two internally imbricated nappes and
that the Andélska Hora and Horni BeneSov formations are strati-
graphic equivalents of the Moravice and Hradec-Kyjovice forma-
tions (e.g., Chab, 2010; and counter-arguments by Dvorak,
1986). In this study, however, we adopt the lithostratigraphic divi-
sion of the Culm in the Nizky Jesenik Mts. proposed by Zapletal
et al. (1989). This is the result of systematic work by three most
distinguished post-World War Il investigators of this area and is
widely accepted. The zonation of heavy minerals in the flysch
strata described by Hartley and Otava (2001) also supports this
division of the stratigraphy. The Moravice Formation is classified
as belonging to goniatite zones Goay,_3 to Gofm, (Kumpera,
1983). In terms of the content of heavy minerals, the lower part of
the Moravice Formation belongs to the Lower Heavy Mineral
Zone, and the middle belongs to the Middle Heavy Mineral Zone,
while the upper section ranges up to the bottom of the Upper
Heavy Mineral Zone (Hartley and Otava, 2001).
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Fig. 1. Simplified geological map of the Nizky Jesenik part of the Moravo-Silesian Paleozoic Basin (modified from Dvorak, 1994)

with stratigraphic column and goniatite zonation (after Kumpera,

KRASNE LOUCKY — KOBYLI QUARRY

The locality Krasné Loucky — Kobyli, where the dated
volcaniclastic horizon is exposed, is the operating quarry
owned by KAMENOLOMY CR s.r.o./Ltd. It lies on the north-
western slope of Kobyli Hill, approximately 1 km south-west of
the village of Krasné Loucky, a suburb of the town of Krnov,
about 50 km north-west of the city of Ostrava (coordinates Lat.
N 50°7°13.08” Long. E 017°37°40.30").

The flysch sequence, consisting mainly of coarse flysch
with lesser amounts of rhythmic flysch and shale, is perma-
nently quarried (Novak and Horak, 1981). These strata belong
to the Brantice Member of the Horni BeneSov Formation near
the transition to the pelite-dominated Moravice Formation
(Kumpera, 1961; Kumpera and Vasicek, 1961). The whole

1983, modified) and Heavy Mineral zones (Hartley and Otava, 2001)

area has been strongly affected by tectonism (Kumpera, 1966).
In detail, the complex structure of the Kobyli greywacke deposit
results in significant variations in facies in both horizontal and
vertical directions (Karkusz, 1989).

The first fossils from Kobyli Quarry were described by
Kumpera (1961), who found a layer rich in fragments of
Asterocalamites cf. scrobiculatus (Schlotheim). The same spe-
cies was also found at several sites nearby (Patteisky, 1929;
Kumpera, 1966). Karkusz (1989) refers to the discovery of fos-
sil-bearing, grey-black, micro-biodetrital limestone containing
the foraminifera Globoendothyra sp., Eostaffella sp.,
Archaediscus krestovnikovi Rauser, Archaediscus sp.,
Endothyra sp., Palaeotextulariidae indet., and the algae
Calcisphaera sp. and Stacheiinae indet. This layer is described
as a slipped block with an age in the range from the upper Mid-
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dle to Late Visean. Purkynova (2003) published a new assess-
ment of palaeobotanical material collected from the quarry. In
addition to finds of Asterocalamites scrobiculatus (Schloth.),
abundant fragments of the tree-like lycopodiophyta Lepido-
dendron lossenii Weiss, together with rarer Lepidodendron
volkmannianum Sternberg and Knorria sp. and also probably
the pteridosperms Sphenopteris (?Rhodeopteridium -
Sphenopteridium) sp. ind. and ?Fryopsis sp. were identified.
Purkyriova (2003) therefore interpreted the plant thanato-
coenosis as being of Early Carboniferous age without younger
floral elements. In terms of the occurrence of heavy minerals
(Karkusz, 1989) and their utilization for local stratigraphy
(Hartley and Otava, 2001), the quarry lies in the Lower and at
the transition to the Middle Heavy Mineral Zone (Fig. 1).
Low-temperature hydrothermal mineralisation occurs in fis-
sures and tectonically disturbed zones in the quarry and was
described by Zimak et al. (2002). The mineral assemblage con-
sists of calcite, quartz, limonite, pyrite (Kruta, 1954—1955), bar-
ite, galena (Kruta, 1963), chalcopyrite, malachite, stilpno-
siderite (Kruta, 1973) and chlorite (Zimak et al., 2002).

CONTROVERSIAL DATING AND SUPPORTING EVIDENCE

Tuffaceous horizons in the quarry at Krasné Loucky —
Kobyli were first described by Otava (1984). Two approximately
decimetre-thick layers were identified, but no further details
were given. Zircons were separated from these tuffaceous lay-
ers and subsequently dated in the Isotope Geology Department
at the Geological Survey of Finland and the results were pub-
lished by Prichystal (1987). The ID-TIMS method (Krogh, 1973)
was employed using the decay constants published by Steiger
and Jager (1977). According to the author, three entirely con-
cordant ages were determined: Z2U/”®Pb: 319 + 2 Ma,
#5U/7Pb: 319 + 3 Ma and **’Pb/*®Pb: 319 + 21 Ma. Further-
more, it was stated that “in the vicinity of the investigated tuff,
J. Otava collected samples of coal material from which spores
of Namurian age were extracted (pers. comm. from J. Otava,
identification by P. Valterova)”. Karkusz (1989 stated that the
site of the original dated tuff had been quarried out. He also
mentioned the occurrence of an unspecified number of other
tuffites, often containing plant detritus. Subsequently, an identi-
cal report on the dating of the tuff at 319 (x2, 3, 21) Ma was pub-
lished by PFichystal et al. (in Weyer and Menning, 2006).

MATERIALS AND METHODS

Dozens of samples of tuffite and nearby organic-rich shale
were obtained from the quarry. They were used for zircon sepa-
ration and dating, mineralogical and petrological analysis
(tuffite) and for the search for palynological material and organic
matter analysis (shale).

Zircon crystals were separated from the tuffite by conven-
tional density and magnetic methods. The entire zircon sepa-
rate was placed in a muffle furnace at 900°C for 60 hours in
quartz beakers to anneal minor radiation damage; annealing
enhances cathodoluminescence (CL) emission, promotes
more reproducible interelement fractionation during laser abla-
tion inductively coupled plasma mass spectrometry
(LA-ICPMS), and prepares the crystals for subsequent chemi-
cal abrasion (Mattinson, 2005). Following annealing, individual
grains were hand-picked and mounted, polished and imaged by
cathodoluminence (CL) on a scanning electron microscope.
From these compiled images, the locations of spot analyses for
LA-ICPMS were selected.

U-Pb isotope systematics and trace element compositions
were analysed by LA-ICPMS using a ThermoElectron X-Series
Il quadrupole ICPMS and New Wave Research UP-213 Nd:
YAG UV (213 nm) laser ablation system. In-house analytical
protocols, standard materials, and data reduction software were
used for simultaneous acquisition and real-time calibration of
U-Pb dates and a suite of high field strength elements (HFSE)
and rare earth elements (REE). Zircons were ablated with a la-
ser diameter of 25 or 40 micrometres using fluence and pulse
rates of ~5 J/cm? and 10 Hz, respectively, during a 45 second
analysis (15 sec gas blank, 30 sec ablation) that excavated a pit
~25 um deep. Ablated material was carried by a 1.2 L/min He
gas stream to the 0.8 L/min nebulizer flow of the plasma. Spe-
cific analyte dwell times, background subtraction, elemental
and isotopic calibration methods, and error propagation algo-
rithms are described in Rivera et al. (2013). Quoted uncertain-
ties on the isotopic ratios and dates in the data table are based
upon analytical counting statistics for the purpose of
intercomparison of dates in our screening study. While not the
purpose of our work here, the calculation of absolute age uncer-
tainties on individual data points or group statistics should in-
clude propagation in quadrature of the calibration uncertainties
noted in the footnote to the data table.

The procedure for U-Pb geochronology using isotope dilu-
tion thermal ionization mass spectrometry follows that given by
Davydov et al. (2010). Zircon crystals were subjected to a modi-
fied version of the chemical abrasion (CA-TIMS) method of
Mattinson (2005), enabling carefully selected single crystal
fragments to be prepared and analysed. Many analyses were
made on crystals previously mounted, polished and imaged by
cathodoluminence (CL), and selected on the basis of zoning
patterns and spot laser ablation inductively coupled plasma
(LA-ICPMS) analyses. U-Pb dates and uncertainties for each
analysis were calculated using the algorithms of Schmitz and
Schoene (2007) and the U decay constants of Jaffey et al.
(1971). Other details of the analytical conditions are given in the
notes that accompany Table 1. The analyses were carried out
in the Isotope Geology Laboratory of the Department of
Geosciences at the College of Arts and Sciences, Boise State
University, Idaho, USA. Uncertainties are due to non-system-
atic analytical errors, including counting statistics, instrumental
fractionation, tracer subtraction, and blank subtraction. These
error estimates should be considered when comparing our
26pp/28Y dates with those from other laboratories that have
used tracer solutions calibrated against the EARTHTIME
gravimetric standards. When comparing our dates with those
derived using other decay schemes (e.g., “ArAr,
¥"Re/"®"0s), the uncertainties in tracer calibration (0.05%; Con-
don et al., 2007) and U decay constants (0.108%; Jaffey et al.,
1971) should be added to the internal error in quadrature.
Quoted errors for calculated weighted means are thus of the
form = X(Y)[Z], where X is solely analytical uncertainty, Y is the
combined analytical and tracer uncertainty, and Z is the com-
bined analytical, tracer and #*®U decay constant uncertainty.

The mineral composition of the clay fraction of the
volcaniclastic horizon was determined by X-ray powder diffrac-
tion analysis at the Institute of Geological Engineering (VSB —
Technical University in Ostrava). Representative samples were
measured after crushing the material to a grain size below ca.
20 um and also analysing the sedimented clay fraction of grain
size below 1 um. These clay fractions were prepared by sedi-
mentation in demineralised water after disintegration and dis-
persion of the samples using ultrasound. Samples of the clay
fraction were measured in a natural state, and after saturation
with ethylene glycol (saturation in vapour at 50°C for 12 hours)
and after heating to 250°C for one hour. Carbonates and Fe ox-
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Weighted mean calculations (h)
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mean square of weighted deviations; * 95% conf. int. = 2c * Student’s
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, propagated using the algorithms of Schmitz and Schoene (2007); g — calculations are based on the decay con-

37.686 + 0.63% (all uncertainties 1-sigma), excess over blank was assigned to initial common Pb, using the Stacey and Kramers

CA-TIMS U-Th-Pb isotopic data for zircons from the Krasné Loucky tuffite

-—
£
o}
~
— +
X
5 2
S o
R
F o
E‘_.
O\O./
°
e 8
o —
H O
> H
g w©
5 <
o o
<
g &
o |ololo(s|v|o
< NN NN =N
H N (NN NN NN
o |o|lo|o|o|o|o
o |w|lolo||N|=
e N PN AR E=1E]
o 2 N [N =00 X
s 8 o [<|lo|o|lo|lo|lo
& I (H T TS0 @
O[O DO D|D| 0@
(2
o ool jo|n|v|=
2 + ¥ (Re|o|v|v|<
S o |o|oc|oc|oc|o|o
e o [s|lo|lv[nlo|o
218 2 QN |20 |0
Q| g ® ||~ |o|lo|lo|o
Llg| & < (S (S| ST|2| S
O[O DD DO
© [N~ |v(n|o|x
Q [N ©QIO|— O
N N[ |||~
~ |lo|lojo|lo|lo|lm
g & Q [©Q| Q|0 |0
| @ o |d|lo|ld|g|a|a
S| 8 < (S|S0
O (OO DD ®
o < |o|lo|lo|o|wo|o
E <t || O LN NN
Q Q9 D (RN~ 0)0
© ©° o |o|lo|loc|oc|o|o
= < [No|o|o|v|o
@ © ([o|o|o|0|o|©
° S [e|e|e|e|e|e
© o |o|lo|o|lo|o|o
o |ololo|s|a|o
© |IN[O|Id(I~||N
Qo 5 © ||~ |—|—|~|—
& 3 S (S|
e & O |V O Vv |[v|v
~ Qo [eje|e|ele|e
2 o |c|lo|o|o|o|o
® E o |lolt|in|o|la|x
= 5] ¥ |@|-|o|o|0|<F
[0} ° S oY NS o
=3 & 0| S |o|lo|o|oc|o|o
] 2
o &=
2 5| o |an|o~lolo
2 2| o |N|o|lo=|a|o
ol & o SNk O|lu|vw|o
Lol 2l o |oloo|d|N|~
cis| 8 IR=NE=1k k1 k2 RE)
g =2 I A e R e e e B
o S| o |o|o|o|o|o|o
s} ©
& = cl = |=In|s|ololw
5 S| o |m|o|o|F|F|D
Tle iz = =e
X Y| o |o|lo|c|o|o|o
~N (v - Oo[m|olom
N INloolvw|o|=
o 9 < |0t S|V ™
o o O (Do D000
51 g O |V IV WVMW[v|v
S Qe [e|e|e|e|e|e
o |clo|o|o|o|o
o |lo|l=|o o0
g & QR |8|»|&|2|Q[&
2| 8 M D DD D D e
&I o |d|c|o|o|o|o
o o o |lolalt|o|la|o
o o © |®|lo|lo|d|N|=
S| 2 © [N |K|o|=|o
S O [F|®|o|F|| =
o = o |o|lo|lo|o|x|=
o 2 N [0 X| 0| |©
o =2 o |o|lo|o|o|o|o
X ° ~ |lo|lololol~
Qo Q9 S |3|8|38|8|6|T
o o = =

mol %
206Pb*

99.73
99.57
99.41
99.51
99.64
99.56
99.74

Compositional parameters

206Pb*
x10™" mol

1.2651
2.4270
1.1847
1.0516
0.9987
1.1940
2.8513

O | OO N|0|D|©
= © |®|-|o|o|d|®
=] AR kA

o |Oo|o|Oo|lOo|O|O
©
Q.
£
© — [N lO|N|M| S
wn N | N|N|[N|N|N|N

a — z1, z2 etc. are single zircon grains or fragments annealed and chemically abraded after Mattinson (2005); b — model Th/U ratio iteratively calculated from the radiogenic 208pp2%6p ratio and apparent

205pp/2%8 age; ¢ — Pb* and Pb, represent radiogenic and common Pb, respectively; mol % 2°°Pb* with respect to radiogenic, blank and initial common Pb; d — measured ratio corrected for spike and fractionation

only; fractionation estimated at 0.16 + 0.03%/a.m.u. based on analysis of NBS-981 and NBS-982; e — corrected for fractionation, spike, and common Pb; all common Pb was assumed to be procedural blank:

208ppy204pp = 18.042 + 0.61%; 27’Pb/?®Pb = 15.537 + 0.52%: 2%°Pb/2**Pb

stants of Jaffey et al. (1971), 2°Pb/?®U and 2°"Pb/?°Pb ages corrected for initial ilibrium in 2°Th/?*®U using Th/U [magmal]

(1975) two-stage Pb isotope evolution model at the nominal sample age; f — errors are 2-s£gma
T* (MSWD)"0.5

Fig. 2. Sketch-map of Kobyli Quarry

The position of the volcaniclastic layers is marked by a black
asterisk; the direction of strike and dip are also indicated

ides and hydroxides were not removed from the samples. Mea-
surements were carried out using a Bruker-AXS D8 Advance
instrument with 20/ geometry measured using a LynxEye po-
sition-sensitive detector under the following conditions: radia-
tion CoKa/Fe filter, accelerating voltage 40 kV, current 40 mA,
step by step mode with 0.014 26 with an interval of 1 sec per
step. The data were digitally processed using Bruker Diffrac
Suite software. Semi-quantitative analyses of the phase com-
position were carried out on samples of grain size <20 um by
means of the Rietveld method using the Bruker Topaz version
4.2 program.

The morphology of zircon grains on the fracture surfaces of
samples was examined in the Institute of Geological Engineer-
ing (V8B — Technical University in Ostrava) using an FE/
Quanta 650 FEG scanning electron microscope equipped with
EDX, WDA, EBSD and CL detectors. The observation was car-
ried out under low vacuum (50 Pa) on specimens which were
not coated by conductive layer. Only semi-quantitative analy-
ses of the compositions of the grains were made using EDX. In
addition to the zircon grains, other phases containing concen-
trations of heavier elements were also located using backscat-
tered electron imagery and analysed using EDX.

The petrology of thin sections of representative samples
was studied under the microscope using transmitted light.
Semiquantitative estimates of each component were made.

A petrographic study of samples from two layers of the sedi-
mentary rock rich in organic matter from the vicinity of the
volcaniclastic rock was made to determine the character of the
organic matter. Both thin sections and polished grain mounts
were prepared. Fractions of these samples were ground to less
than 0.2 mm for analysis of ash, sulphur, organic and inorganic
carbon contents.

The light reflectance of dispersed organic matter (DOM)
was determined in three samples of rock which were cut and
polished in section perpendicular to bedding. Measurement of
random reflectance of the prevailing types of organic particles
was made in normal light at A = 542 nm using an Opton-Zeiss
microscope-microphotometer with oil objectives (magnification
40x and 100x), and oil immersion (n = 1.518). The maximum
reflectance and optical anisotropy were determined under the
polarized light at the same equipment and measurement condi-
tions. Zircon (R = 3.12%) and strontium titanate (R = 5.41%)
were used as optical standards to calibrate measurements.
The size, shape, and optical anisotropic texture of the organic
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Fig. 3. Layer of the light grey volcaniclastic material exposed in the central part
of the eastern face of the second level of the quarry (GPS coordinates
N 50°7°12.79" E 017°37°42.89"), state of June 2012 (photo J. Jirasek)

matter were classified according to Diessel et al. (1978), Suchy
et al. (1997, 2007), Kwiecinska and Petersen (2004), and
KFibek et al. (2008).

The content of organic matter was determined by elemental
analysis after dissolving the inorganic carbonates using 1N HCI
and heating to 80°C. The elemental analysis was carried out
using a Flash FA 1112 Thermo Finnigan CHNS/O mi-
cro-analyser in the Institute of Rock Structure and Mechanics at
the Academy of Sciences of the Czech Republic.

——

RESULTS

Two to three layers of pale grey volcaniclastic material were
identified in the central part of the eastern face of the second
level of the quarry (Figs. 2 and 3, the coordinates N 50°7°12.79"
E 017°37°42.89"). They are concordant to the bedding and the
separation between them is approximately 1.5 m. Their aver-
age strike and dip derived from ten measurements is 48/57 NW.

-

¥

Fig. 4. Layer of volcaniclastic material (tuffite) within the greywacke sequence

The layer shows evidence of tectonic disturbance; laminae of grey-black organic
matter alternate with the pale tuffaceous detritus (photo J. Jirasek, 2012)
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Fig. 5. Photomicrograph of a thin section of the volcaniclastic material
in plane polarized light (A) and between crossed polars (B)

Angular and subangular quartz grains (Qz), the former most likely of volcaniclastic
origin, together with plates of biotite (Bt), partly or completely chloritized (Chl) in clay
matrix with disseminated organic matter

The thickness of the horizons ranges from 1 to 10 cm, and they
are traceable for a minimum distance of 8 m. Intervals of graded
bedding and dark laminae richer in organic matter can be seen
by naked eye within these volcaniclastic layers (Fig. 4).

COMPOSITION OF THE NEWLY EXPOSED TUFFITE

Thin sections of the samples collected from the
volcaniclastic horizon show that it is fine-grained psammitic
sediment with a high proportion of clay and can be classified as
an arkosic greywacke. Quartz grains are abundant. In addition

to the more rounded grains, there are angular fragments which
are presumably of volcanic origin. Feldspar, tabular aggregates
of muscovite and biotite, in places chloritised, are less abundant
(Fig. 5). Accessory minerals were not investigated in detail.
Diffraction patterns of representative samples of the
volcaniclastic rock show that the main constituents are quartz,
illite-muscovite, 1.4 nm minerals (chlorite, illite-smectite),
plagioclase and potassium feldspar. The results of semi-quanti-
tative analyses show that the quartz content is relatively low
(ca. 40 wt.%). The content of illite mica (illite, illite-muscovite) is
estimated to be 35 wt.%. The contents of plagioclase are rela-
tively high, varying between 15 and 20 wt.%. The 1.4 nm min-



666 Jakub Jirasek, Jifi Wlosok, Martin Sivek, Dalibor Matysek, Mark Schmitz, lvana Sykorova and Zdenék Vasicek

illite
1.001 nm

illite

2500

IM
1.346 nm

A

Il
P IM illite
) u'w ! 07460m  05nm
> ! f kaolinite/
-‘g ﬂ“rn‘mnm <1pm
5 ‘ kaolinite illite
= Wl IMK,
- M| ,,.

1.665 nm £l |
f Wi
e ‘ \ - § illite
W, W " LT
i s /
kaolinite u'";tfn
o 7I3I:.‘Inm kaolinite
‘ e <1 um, ethylene
. glycol

illite

illite

illite
1.001 nm

50 illite
kaolinite “°"™™  kaolinite
IM IMK
0,726 nm A

| 'Y

W JLS LR ilite <1 um, 250 °C

10 20 30 40 50 60
26 CoKa

Fig. 6. XRD powder diffractograms of the sedimented
fine-grained fraction from the volcaniclastic layer

The peaks of the natural sample are compared with those from the
sample saturated with ethyene glycol and after heating to 250°C; IM —
illite-smectite (montmorillonite), IMK — illite-smectite (montmorillo-
nite)-kaolinite

eral (chlorite, illite-smectite) is characterized by a distinctly
broadened (001) diffraction peak with a half-height width of up
to 1.5° 20. Evidently several mineral phases contribute to this
diffraction peak. For the purpose of semi-quantitative analysis
this pattern can be approximated by using the disordered
chlorite structure. Estimation of chlorite content then corre-
sponds to 4-8 wt.%. Only traces of potassium feldspar were de-
tected, though one sample contained up to 2 wt.%. Lattice pa-
rameters of the plagioclase updated by the Rietveld method
match those of albite based on the published nomograms (e.g.,
Kroll, 1983). Refined lattice parameters for plagioclase are as
follows: a, = 0.814143(75) to 0.8147445(74) nm, by, =
1.27968(13) to 1.28039(12) nm, co = 0.715747(49) to
0.716052(66) nm, o = 94.220(13)° to 94.3457(98)°, B =
116.5739(51)° to 116.6019(60)°, y = 87.7870(68)° to
87.90499(80)°. The Ry, error parameter of Rietveld analyses
ranged from 9.7 to 10.8%. A higher content of plagioclase
(about 8 wt.%) was found in a sample of shale from the same lo-
cality. This sample of shale also contains a 1.4 nm mineral,
matching well with chlorite.

X-ray powder diffraction analysis (XRD) of the sedimented
clay fraction with a grain size below 1 um showed that samples
of the psammitic rock with an assumed admixture of tuffitic ma-
terial contain a significant proportion of polycomponent clay ma-
terial. The main component of the clay fraction consists of mica
minerals (illite-muscovite). The diffraction patterns show a ratio-
nal sequence of peaks with interlayer spacings of 1.0 nm,
0.5 nm and 0.25 nm. The peaks of the mica mineral do not shift
after saturation with ethylene glycol or with heating. Moreover,
the diffraction patterns also show peaks for a mineral indicating
an interlayer spacing of 1.35 to 1.45 nm. After saturation with
ethylene glycol the peaks shift to values from 1.60 to 1.66 nm
and disappear after heating or the interlayer distance becomes
the same as for illite. This behavior is typical of the mixed struc-
tures of illite-smectite type with a high proportion of the smectite
component. The diffractograms also contain relatively broad
diffraction peaks corresponding to an interlayer distance of
0.7 nm, which match that of minerals of the kaolinite group. The
width of these peaks is affected to some extent by peaks of a
mixed structure. After heating to 250°C, the samples show a
peak for the 0.7 nm spacing that is also quite wide, which sug-
gests the presence of a mixed structure of three components
containing a proportion of kaolinite. The small proportion of the
mixed structure component in the samples did not allow more
precise conclusions to be drawn. The results of XRD analysis of
the clay fraction in a sample are shown in Figure 6.

The morphology of the zircon grains in samples of the
psammitic rock was studied using scanning electron micros-
copy and energy dispersive microanalysis. It was found that zir-
con is a relatively rare accessory and shows marked variations
in grain size and morphology (Fig. 7). It is obvious that the sam-
ples contain several populations of zircons. It is possible to find
columnar, thin, perfectly developed crystals with a length under
85 um, also semi-rounded zircon grains showing signs of crys-
tal edges about 10-40 pm in length, and almost perfectly
rounded zircon grains 20—40 um in diameter. Other accessory
minerals include framboidal pyrite up to 10 um in size,
microcrystals of barite confined to tiny fractures, grains and also
aggregates of imperfectly developed columnar microcrystals of
rare earth phosphate with predominance of Ce (probably
rhabdophane) and rare grains of a phosphate rich in Th. Coat-
ings and very thin aggregates of fluorocarbonate of Ca and Ce
were found on the foliation planes of the shales. The mineral is
likely to be a member of the bastnasite or synchysite group.

Tiny amounts of dispersed secondary lead minerals were
found in micro-fractures in the psammitic rock. Microcrystalline
pseudomorphs after galena crystals up to 50 um across con-
sisting of a mixture of anglesite and cerussite were identified. In
the vicinity of these pseudomorphs there is a zone of
microcrystalline pyromorphite-vanadinite occupying fractures.
Individual acicular crystals and aggregates range between 5
and 10 um in size. Grains in which the vanadium content is
higher than that of phosphorus tend to form at a greater dis-
tance from the galena pseudomorphs and are usually of elon-
gate columnar form. Grains in which phosphorus is more abun-
dant than vanadium occur closer to the pseudomorphs and take
the form of small spherical bodies showing only traces of crystal
planes on their surface.

U-PB GEOCHRONOLOGY

Sample GP-8 from the Krasné Loucky tuffite yielded a
mixed population of silt to fine sand-sized zircon grains, ranging
from skeletal, highly elongate, prismatic crystals to rounded
equant grains (Fig. 7). From the mineral separate, the most
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Fig. 7. BSE images of two different zircon populations from the volcaniclastic horizon

A, B — euhedral volcanic zircon crystals; C, D — rounded detrital zircon grains; white scale bar is 10 um

sharply faceted crystals were selected and mounted for CL im-
aging, which revealed a diversity of luminescence intensities
and zoning patterns (Fig. 8). LA-ICPMS spot ages confirmed
this diversity, including one crystal dated at 2.0 Ga, a population
of Cambro-Ordovician grains (544 to 448 Ma), and a dominant
population of grains with ages grouped around ca. 340 Ma (see
Appendix 1*). This latter group of ages was obtained from both
CL-dark and CL-bright crystals.

Seven single zircon grains selected on the basis of CL-dark
patterns and young LA-ICPMS spot ages yielded, by CA-TIMS,
a range of ?*Pb/**®U dates from 343.2 to 339.8 Ma (Fig. 9 and
Table 1). The two older grains are interpreted as reworked de-
tritus or inherited xenocrysts. The five youngest grains cluster
around a weighted mean 2®Pb/2®U date of 340.05 +
0.22(0.27)[0.45] Ma (MSWD = 2.76), which, given their
reproducibility is assumed to correspond to the age of eruption
and deposition of the tuff.

ANALYSIS OF ORGANIC MATTER

We collected new samples from the layers rich in organic
matter that are stratigraphically close to the volcaniclastic hori-
zons. These layers are up to 10 cm thick and macroscopically
resemble bituminous coal. Analyses showed that these are
pelitic rocks with a mixture of various types of dispersed organic

matter (DOM) that indicate varying thermal transformation. Val-
ues of total organic carbon (TOC) range between 0.14 and
6.57%. Carbonaceous matter consists of four types of particles
which differ in size, morphology and optical properties. The first
type of dispersed organic matter (DOM) is abundant in all sam-
ples studied and consists of small (<10 ym) irregular (Fig. 10A)
or elongated (Fig. 10B) particles. They are dispersed in inor-
ganic matter or are arranged in planes following microtectonic
structures. Reflectance values were often difficult to obtain due
to small particle size, where measured reflectance values range
from 3.11 to 5.71%, and random reflectance R, is 4.32%. The
second type of DOM consists of larger (10-50 ym) irregular or
elongated particles (Fig. 10A, B). Most of the particles are opti-
cally isotropic but some exhibit distinct undulatory extinction un-
der crossed polars (Fig. 10B). Reflectance values range from
3.61 to 6.15% and random reflectance is 4.79%. A third type of
dispersed organic matter resembles to fragments of
pyrobitumen (Jacob, 1989). Most of the particles occur in the
form of relatively large (>30 um across), irregular, well-defined
fragments (Fig. 10C) which exhibit internal pores, cracks and
optical anisotropy that corresponds to a fine-grained mosaic
texture. Maximum reflectance values vary from 6.15 to 8.06%
Rmax- Relatively rare, the fourth type of organic matter repre-
sents dispersed structures likely to be of biological origin
(Fig. 10C, D). Their reflectance ranges between 4.0 to

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1201
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Fig. 8. CL images of Krasné Loucky tuffite zircon crystals shown with LA-ICPMS spot locations
Crystals z1 to z7 correspond to Table 1, numbers 205 to 236 correspond to the Appendix 1;
size is indicated by 25 um spot
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Fig. 10. Reflected light photomicrographs showing characteristic types of dispersed organic matter
in the volcaniclastic horizon (oil immersion)

A — mixture of fine- and coarse-grained carbonaceous particles in the rock matrix; B — fine-grained carbonaceous particles
aligned along the cleavage plane in the rock matrix (crossed polars); C — third type of large, highly reflective irregular parti-
cles DOM resembling pyrobitumen and a fourth type of fusinite-like structure of biological origin; D — structure of possible

biological origin

5.06% R,. The average reflectance R, = 4.32 to 4.79% of the
majority of carbonaceous particles suggests anthracite to
meta-anthracite rank (ECE-UN, 1998). The rank of the carbo-
naceous particles can be classified according to maximum
reflectance Rnax (Kwiecinska and Petersen, 2004): anthracite
(Rmax < 5.0%), meta-anthracite (Rpnax < 6.5%), semi-graphite
(Rmax 6.5 t0 9.0%) and graphite (Ryax > 9.0%).

DISCUSSION

Based on the observations made above, we believe that, af-
ter an interval of almost thirty years, we have rediscovered the
volcaniclastic horizons in the quarry that may have been the
subject of the original dating reported by Prichystal (1987).
Even if these new exposures are not identical, their strati-
graphic position is thought to be approximately the same. The
new date of 340.05 + 0.22 Ma obtained from zircons in this
volcaniclastic layer is 21 Ma older than the previously published
date. This ends the controversy caused by the first date
(319 £ 2 Ma) which suggested that the volcaniclastic horizon
belonged to the uppermost part of the Ostrava Formation of the
Upper Silesian Basin, i.e. the stratigraphic horizon correspond-
ing to the tonstein contained in coal seam no. 479 in the Poruba

Member. We suggest that the earlier date was likely biased by
Pb-loss from the bulk analysis of relatively high-U zircon crys-
tals which were not treated via modern methods (chemical
abrasion) of open system crystal domain removal. It was diffi-
cult to explain how rocks equivalent to the Ostrava Formation
were present 50 km, as the crow flies, from the nearest outcrop
of the Poruba Member. Moreover, this distance was probably
much greater before folding of the Culm strata (Jirasek et al.,
2013b). Because Prichystal (1987) considered the original dat-
ing to be correct, he proposed two possible explanations. The
first was the preservation of marine sedimentation in a separate
basin in the western part of the Nizky Jesenik Mts. that pushes
the top of the Horni BeneSov Formation into the Namurian. The
second explanation offered was that a fragment of the Poruba
Member was overthrusted to the west from the Upper Silesian
Basin.

The original dating of tuffite from the Krasné Loucky Quarry
corresponds approximately to the boundary between the
Ostrava and Karvina formations in the Upper Silesian Basin
(Jirasek et al., 2013a, b), i.e. in the top of the Poruba Member
(ca. 320 Ma). The new dating places these rocks in the Visean
(Davydov et al., 2012), which is compatible with what is known
about their geology and biostratigraphic position. Records of
the occurrence of spores of Namurian age at the site
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(Prichystal, 1987; Prichystal et al. in Weyer and Menning, 2006)
cannot be validated without an authoritative publication. How-
ever, it would be difficult to explain their preservation in an envi-
ronment where the mean reflectance R, of vitrinite is 4.32% cor-
responding to a rank of meta-anthracite. If significantly younger
sediments had been tectonically incorporated in the local strati-
graphic sequence, then this must have happened during the
latest Carboniferous, around 310 Ma (Bashkirian, Early Penn-
sylvanian) when the local Variscan orogenic belt collapsed
(Schulmann et al., 2009). This would have been the only possi-
ble reason for local tectonic deformation. If strata of 319 Ma age
really were present and survived erosion, then they must have
been tectonically buried almost immediately after deposition,
and their grade of metamorphism should correspond to that of
the neighbouring rocks. It is also difficult to imagine that during
tectonism the surface material was almost immediately buried
to depths of 4-10 km, which is the estimated thickness of the
eroded deposits (cf. Francu et al., 2002).

The new studies of the Upper Silesian Basin show that its fill
is similar to that of other foredeep basins, and its western flank
probably did not have a length of tens of kilometres (Hylova et
al., 2013). In other words, the area of deposition of the Poruba
Member could not have extended as far as the town of Krnov.
The continuation of marine sedimentation into the Namurian in
a separate basin proposed by Prichystal (1987) for the Horni
BeneSov Formation has no real justification because, to the
contrary, the uplift of the orogenic belt in the west caused pro-
gressive erosion of the fill in the basin that was cannibalized to
create younger sediments. The hypothesis of “reverse
overthrusting” proposed by Prichystal (1987) based on the work
of Chab (1986) has already been proved incorrect by Dvorak
(1986).

In addition to zircon grains of Visean age, older populations
of zircon were identified. The origin of the single grain of
Paleoproterozoic age is not clear, but might be derived from
older material incorporated into Brunovistulicum during the
Pan-African  (Cadomian) orogeny. More abundant
Cambro-Ordovican grains are consistent with the age of
granitoids in the Desna Dome (Kroner et al., 2000). These re-
sults are in agreement with the interpretation of heavy mineral
associations described by Hartley and Otava (2001), who iden-
tified their source in strata and in meta-igneous rocks.

Diffraction patterns of the clay fraction from the Krasné
Loucky samples of psammite with admixed tuffitic material are
not identical to those of clay fractions from other Late Carbonif-
erous volcaniclastic horizons from the Upper Silesian Basin
(e.g., Dopita and Kralik, 1977; Horak et al., 1992). Tuffitic rocks
(the so-called whetstones, tonsteins, tuffites) from the Upper
Silesian Basin contain a significant proportion of disordered
mixed structures such as illite-smectite with a lower content of
the smectite component. In fact, the grade of metamorphism is
significantly lower (R, 0.5 to 2.0%) in the Upper Silesian Basin
than in the Culm strata (R, 2.0 to 5.5%). The difference in min-

eralogy may be due to the fact that the volcaniclastic material in
the Upper Silesian Basin was deposited in a terrestrial environ-
ment, while at the Krasné Loucky site, deposition took place ina
marine environment.

Having obtained further datable material from the flysch
strata of the Culm from the Moravo-Silesian Paleozoic Basin, it
will be possible to resolve the long-standing debate about the rel-
ative age of these formations. It will also be possible to make an
effective correlation with other foredeep Variscan basins in Eu-
rope that were filled at the beginning of the orogeny by Early Car-
boniferous flysch, e.g. the Rhenohercynian Turbidite Basin in
Germany (Ricken et al., 2000), the Culm and South Wales Car-
boniferous basins in Britain (Hartley and Warr, 1990) and the
basins of the Franco-Spanish Pyrenees (Delvolvé et al., 1998).

CONCLUSIONS

Arkosic greywackes with a significant volcaniclastic compo-
nent (tuffites) were rediscovered in the second level of the ac-
tive quarry at Krasné Loucky — Kobyli near the town of Krnov.
We interpret them as redeposited volcanic ash washed down
from the adjacent mainland into a foreland basin. In addition to
older zircon grains (exceptionally Paleoproterozoic, commonly
of Cambro-Ordovican age) grains with ages clustered around
ca. 340 Ma were found to be most abundant. The CA-TIMS
U-Pb age of 340.05 £ 0.22 Ma that was determined is different
to the previously published age of 319 (+2, 3, 21) Ma
(Prichystal, 1987) determined using samples assumed to be
from stratigraphically identical material. If this assumption is jus-
tified, then no isolated occurrences of sediments of this age are
present west of the present boundary of the Upper Silesian Ba-
sin. The new date also defines an approximate age for the
boundary between the Horni BeneSov and Moravice formations
of the Culm flysch in the Nizky Jesenik Mts.
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