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Abstract

This paper reports the results of CHIME (chemical Th—U—-Pb isochron method) dating of detrital monazites from Carboniferous
sandstones in the Upper Silesia Coal Basin (USCB). A total of 4739 spots on 863 monazite grains were analyzed from samples of
sandstone derived from six stratigraphic units in the sedimentary sequence. Age distributions were identified in detrital monazites
from the USCB sequence and correlated with specific dated domains in potential source areas. Most monazites in all samples
yielded ca. 300-320 Ma (Variscan) ages; however, eo-Variscan, Caledonian and Cadomian ages were also obtained. The
predominant ages are comparable to reported ages of certain tectonostratigraphic domains in the polyorogenic Bohemian Massif
(BM), which suggests that various crystalline lithologies in the BM were the dominant sources of USCB sediments.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Upper Silesia Coal Basin (USCB) in Poland is
part of a complex group of geological units that com-
prise a foreland basin system associated with the Car-
boniferous Variscan orogeny. On the basis of
petrological studies, Paszkowski et al. (1995) proposed
that the crystalline Bohemian Massif (BM) is the main
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source of sediments filling the USCB. This proposal
can be further supported by comparing age estimates
from radioisotope-bearing detrital minerals with lithol-
ogies in the BM of known age. The present work is the
first extensive geochronological study of sedimentary
lithologies in the Upper Silesia Coal Basin. The chem-
ical Th-U-total Pb isochron method (CHIME) of
Suzuki et al. (1991) is applied to detrital monazites in
order to (1) characterize the ages of sediments in the
USCB; (2) compare ages in detrital materials to those of
rock-forming events in potential provenance areas; and
(3) test the hypothesis that the Bohemian Massif is the
dominant source of coarse-grained sediments. The aim
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of this research is to identify age distributions in detrital
monazite and correlate them with specific dated
domains in potential source areas.

Monazite is a phosphate of Ce, La, and Th, and is
commonly present as a detrital mineral in sedimentary
rocks. Monazite typically occurs in sediments as equant
subhedral to rounded grains and, despite its strong
radioactivity, it is much less susceptible to metamicti-
zation than similar radioisotope-bearing minerals, such
as uraninite, thorianite and thorite. Monazite is widely
used in geochronological studies, either by utilizing U—
Pb and Sm-Nd isotope systematics (e.g. Parrish and
Tirrul, 1989; Noble and Searle, 1995; Hawkins and
Bowring, 1999; Vavra and Schaltegger, 1999; Zhu
and O’Nions, 1999; Krohe and Wawrzenitz, 2000), or
by electron microprobe chemical dating (Suzuki and
Adachi, 1994; Montel et al., 1996; Finger and Helmy,
1998). Radiogenic Pb derived from U and Th decay
commonly remains in the monazite crystal lattice
(Bosch et al., 2002) and, despite a few documented
cases of partial Pb loss from grains (e.g. Suzuki et al.,
1994), is generally regarded to be resistant to Pb mo-
bilization by diffusion under high-temperature condi-
tions (Cherniak et al., 2004). CHIME geochronology
was developed on the basis of precise electron micro-
probe analysis (Suzuki and Adachi, 1991). This method
is well suited for sedimentary rocks, where a large
amount of analyses are required to define age popula-
tions. Palacozoic and older monazites are particularly
suitable for electron microprobe dating. A CHIME age
has geological meaning only if: (1) all Pb is radiogenic
and non-radiogenic (“common” lead) is negligible, and
(2) the system, in this case the monazite crystal,
remained closed after crystallization (e.g. Parrish,
1990). The Pb detection limit of an electron microprobe
determines the precision of chemical age results. The
lack of detection of Pb isotopes may lead to a false
assumption that monazite is generally concordant, i.e.
(1) it does not incorporate appreciable amounts of
“common” lead during growth, (2) it is resistant to
post-crystallization disturbance and (3) it is mostly
free from inheritance (Harrison et al., 2002). Compar-
ative studies between isotopically derived and electron
microprobe age estimates, however, indicate that the
assumption of concordance is generally valid and that
“common” Pb contents are typically negligible (e.g.
Williams et al., 1999). The high spatial resolution of
the microprobe technique (2—5 pm) allows for the study
of heterogeneous mineral grains. This study aims to
demonstrate the effectiveness of electron microprobe
dating for provenance studies of monazite-bearing
sediments.

2. Geological setting

The Upper Silesia Coal Basin constitutes a large late
Mississippian to Pennsylvanian marine to non-marine
sedimentary basin located in southwestern Poland and
the northeastern Czech Republic (Fig. 1). The USCB
overlies the Moravo—Silesia Zone to the west and the
Krakéw—Myszkéw Zone to the north and northeast. To
the south, the basin can be traced by subsurface occur-
rence of coal beds below Miocene deposits and in
nappes in the outer Carpathian Mountains.

The USCB is a remnant of the Carboniferous fore-
land of the Variscan orogen (Gradzinski, 1982). The
basement consists of Precambrian crystalline rocks of
the Cadomian Brno—Upper Silesia Massif, overlain by
Devonian—Mississippian platform carbonates. The fore-
deep succession includes flysch sediments, overlain by
a coal-bearing shallow-marine to non-marine molasse.
The Pennsylvanian coal-bearing rocks of the USCB
concordantly overlie older strata (Kotas, 1972). The
stratigraphic thickness of the coal-bearing sequence is
estimated at around 8000 m and decreases eastwards
(Kotas, 1982). Syn- to post-Carboniferous erosion re-
moved part of the succession in the west (Fig. 1b).
Gradzinski (1982) described the depocenters of each
stratigraphic unit, showing an eastward gradual shift of
the maximum subsidence zone, as commonly observed
in flexural foredeep basins.

Based on palacobotanical, palinological and palaco-
zoological data, the coal-bearing succession is divided
into four, informal series (Fig. 2) that are, in ascending
order of stratigraphic age: (1) the Paralic Series (PS) of
the Pendleian—Arnsbergian; (2) the Upper Silesia Sand-
stone Series (USSS) of the Kinderscoutian—Yedonian;
(3) the Mudstone Series (MS) of the Langsetian—Duck-
mantian; and (4) the Cracow Sandstone Series (CSS) of
the Bolsovian—Westphalian D (Dembowski, 1972a).

The Paralic Series is interpreted as near-shore ma-
rine, deltaic, and fluvial in origin (Doktor and Grad-
zinski, 2002). The Stur marine band (XVI) is the lowest
member of this series (Namurian A; Kotas, 1995),
whereas the base of the overlying USSS is defined at
the bottom of coal seam number 510, which represents
the onset of on-shore deposition. The PS is character-
ized by marine, brackish and fresh-water horizons, and
is subdivided into the Petrkovice, HruSov, Jaklovec and
Poruba Beds, based on marine and tuffaceous layers
(Kotas and Malczyk, 1972a). Each of these units is
composed of conglomerates, sandstones, siltstones,
claystones and phytogenic facies. Conglomerate clasts
include sedimentary rocks, phyllites, quartz—chlorite
and quartz—mica schists, microgranites, gneisses and
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Fig. 1. Generalized geographic location of the Upper Silesia Coal Basin; A — location of USCB, B — main lithostratigraphic units, C — study area

and sample location.

granulites (Paszkowski et al., 1995). Sandstones are
composed of arkoses, lithic arenites, sublitharenites
and subarkoses (Swierczewska, 1995).

The Upper Silesia Sandstone Series is characterized
by sandstones and conglomerates deposited in meander-
ing to braided fluvial (Kedzior et al., 2003) and limnic
settings (Kotas and Malczyk, 1972b). The series contains
subarkoses, sublitharenites and quartz arenites, with li-
thic clasts of metamorphic rocks, such as quartz—mica
and chlorite schists. The USSS has been divided into the
Zabrze Beds, overlain by the Ruda Beds, and underlain

by the Jejkowice Beds to the west. The Zabrze Beds
consist of an approximately 150 m thick sequence of
sandstones and conglomerates. The Jejkowice Beds have
a similar average petrographic composition to the upper
part of the Paralic Series, but have relatively lower
amounts of plagioclase (Swierczewska, 1995).

The Mudstone Series is a clastic and phytogenic
sequence deposited in an extensive alluvial plain (Dok-
tor and Gradzinski, 1985). Based on fresh-water and
tufogenic horizons, the MS is subdivided into the
Zateze Beds and Orzesze Beds, both dominated by
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Fig. 2. Simplified stratigraphical scheme of coal-bearing succession of
the Upper Silesia Coal Basin.

overbank deposits. Medium-grained sandstones are
subarkoses and sublitharenites, in which volcanic grains
are prevalent. Swierczewska (1995) suggested that
these sediments were derived from felsic acidic rocks.

The Cracow Sandstone Series represents a sharp
lithological change from the underlying Mudstone Se-
ries. It is subdivided into the Laziska Beds and the
Libiaz Beds, which are separated by a hiatus (Dem-
bowski, 1972b). Both of these units consist of arkoses,
lithic arenites, subarkoses and sublitharenitic sand-
stones, pebbly sandstones and conglomerates, deposit-
ed within channels of distal braided rivers (Gradzinski
et al., 1995). Lithic grains within these facies are dom-
inated by acidic volcanics (Swierczewska, 1995).

The Stephanian Kwaczata Arkose has features of the
red-bed facies and contains silicified Dadoxylons
trunks (Rutkowski, 1972). This unit is broadly similar
to the Cracow Sandstone Series (Kotas, 1995), but the
Kwaczata Arkose lacks coal seams. As in the CSS,

lithic fragments were mostly derived from acidic vol-
canic rocks (Swierczewska, 1995).

3. Sampling

Samples were collected from underground mines
and surface outcrops of each lithostratigraphic unit:
(1) two samples from the Paralic Series: J1 from the
“Ryduttowy” coal mine and P1 from the Rydultowy
outcrop; (2) one sample from the Upper Silesia Sand-
stone Series: R1 collected at the “Chwatowice” coal
mine in Rybnik; (3) one sample from the Mudstone
Series: 023 from the Mikotoéw brick-factory pit; (4) one
sample from the Cracow Sandstone Series: L21 from
the “Janina” coal mine; and (5) one sample from the
Kwaczata Arkose: AK21, from Grédek Gorge (Figs la
and 2). Samples were selected to represent the major
sedimentary types in the USCB.

Individual rock samples varied between 5 and 20 kg.
Samples were crushed and sieved using a 0.32 pm
screen. Monazite and other heavy minerals were con-
centrated from the powders using isodynamic-magnetic
and magneto-hydrostatic separators. A description of
the heavy mineral separation method is given in Pasz-
kowski et al. (1999). Monazite grains were selected and
mounted on glass slides with epoxy, set on a hot plate at
150 °C for 15 min, and polished with diamond paste
until most grains were exposed at half-thickness.

4. Analytical method

Monazite was analyzed at the Nagoya University
Center for Chronological Research, which houses a
JEOL JXA-733 electron microprobe in a temperature-
controlled room and optimized solely for EMP chrono-
logical research. The JXA-733 is set up with four wave-
length-dispersive spectrometers, each with a 140 mm
radius Rowland circle, PET diffraction crystal and
sealed Xe gas detector, for the simultaneous measure-
ment of ThMa, UMPB, PbMa, and YL« spectral lines.
Euxenite provided by Smellie et al. (1978) was used as
the standard for Th and U, synthetic glass with 10.18
wt.% PbO for Pb and Pb-free synthetic glass for Y
(Suzuki and Adachi, 1998). The instrument was opera-
ted at 15 kV accelerating voltage, ~300 nA probe current
on the Faraday cup and a beam diameter of 5—7 pm. For
the analysis of Th, U, Pb and Y, X-ray intensities were
measured in five 80-s cycles on each spectral position
(for a total counting time of 400 s). Two optimal back-
ground positions, chosen from wavelength-dispersive
profiles of a range of typical monazite grains, were
measured in five 40-s cycles (total 200 s) above and
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below each spectral line position. From these, back-
ground values for each line were estimated by interpo-
lation on a linear fit. Background estimations using an
exponential fit have been found in some cases to pro-
duce lower values (Jercinovic and Williams, 2005; Pyle
et al., 2005). In this study, however, wavelength-disper-
sive profiles examined prior to analysis suggest that the
resulting discrepancies in element concentrations (espe-
cially for Pb) would be significantly less than the rela-
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tive errors calculated. Spectral interferences of YLy and
ThM¢ on PbMa and ThM+y on UMp were corrected
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Fig. 3. Plot of PbO vs. ThO,*, distribution of apparent ages for monazite grains from particular sandstone series of the Upper Silesia Coal Basin.
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wt.% Tb,03, 0.21 wt.% Dy,05, 1.29 wt.% CaO and
28.6 wt.% P,0Os. Small differences in the compositional
matrix produce a negligible effect in ThO,, UO,, PbO,
and Y,O3 determinations, and errors are estimated at
<1% of concentrations, comparable to uncertainties in
X-ray counting statistics. Detection limits at a 2¢ con-
fidence level are 0.009, 0.012 and 0.006 wt.% for
ThO,, UO, and PbO, respectively. The relative errors
are about 10% for 0.03 wt.% PbO, 5.0% for 0.1 wt.%
UO,, and 0.5% for 7.0 wt.% ThO,.

Single-spot analysis ages were calculated using the
method described in Suzuki and Adachi (1991) and
Suzuki and Adachi (1998). Age errors at 20 are esti-
mated from counting statistics to be about 20 Ma. Since
detrital monazite in sedimentary rocks is not typically
derived from a single provenance, isochrons were not
calculated for the data.

5. Results

A total of 4739 analyses were carried out by electron
microprobe on 863 monazite grains from sandstone
samples of the Carboniferous USCB (Fig. 3). Numbers
of monazite grains and spots analyzed in each sample
are listed in Table 1, along with compositional ranges.
Usually five to ten analytical spots were done on each
grain to check the homogeneity of the chemical com-
position and age in the monazite. Table 2 contains 20
representative analyses from each sample. The follow-
ing supplemental data are available for viewing at the
URL listed below.

Analyzed monazite grains vary greatly in shape and
size. They are predominantly well rounded and oblate,

although euhedral grains are also present and the degree
of abrasion on grains is highly variable. Backscattered
electron imaging on a scanning electron microscope
reveals that most grains are compositionally homoge-
neous, with fewer grains showing sector zoning, irreg-
ular patches and areas of monazite recrystallization or
regrowth.

Variations in Th, U and Y contents are much
greater between monazite grains from the same sample
than within individual grains. Thorium content ranges
from 0.29 wt.% ThO, for sample J1 to 27.9 wt.%
ThO, for sample P1, but values higher than 20 wt.%
are rare. Uranium content ranges from 0.06 wt.% UO,
for sample OR23 to 3.03 wt.% UO, for sample AK21.
Average U contents for each stratigraphic level range
from 0.51 to 0.67 wt.% UO,. Lead content ranges
from 0.01 wt.% PbO for sample L21 up to 0.38 wt.%
PbO for sample P1, with sample averages varying
from 0.08 to 0.13 wt.% PbO. No systematic correla-
tion between thorium content and calculated ages
could be identified. Multiple spot analyses on most
individual grains have similar ThO, and UO, contents
and ages. Grains with variable ThO, contents gener-
ally have identical ages within analytical error. Yttri-
um content averages for each sample range from 3 to
4 wt.% Y,03, and is highest at 7.26 wt.% for a grain
from sample L21, which is exceptionally high for
monazite. Jonasson et al. (1988) demonstrate that
monazites formed in high-temperature mineral assem-
blages can contain up to 5% Y,0;. Monazite with 7
wt.% Y,0O3 has also been found associated with hy-
drothermal activity (Schandl and Gorton, 2004). There
is a positive correlation between Y and U contents.

Table 1

Monazite sample-set analysis from the USCB Poland

Sample group J1 Pl R1 023 L21 AK21
Number of analyses performed 666 1012 172 519 781 1589
Number of grains analyzed 67 203 23 100 152 318
Y,05 average content 1.98 1.41 1.83 2.06 2.24 1.59
Minimum Y,O; value 0.04 0.02 nd 0.10 nd 0.01
Maximum Y,0j3 value 4.20 3.58 3.59 4.06 7.26 3.97
ThO, average content 6.53 8.18 6.63 7.45 6.42 6.80
Minimum ThO, value 0.29 0.94 341 3.59 0.48 1.15
Maximum ThO, value 21.2 27.9 19.2 15.4 18.5 20.4
UO, average content 0.59 0.55 0.51 0.67 0.60 0.65
Minimum UO, value 0.08 0.08 0.21 0.08 nd 0.06
Maximum UQO, value 2.42 2.15 1.23 1.71 2.97 3.03
PbO average content 0.11 0.13 0.10 0.12 0.11 0.12
Minimum PbO value 0.02 0.02 0.06 0.06 0.01 0.02
Maximum PbO value 0.24 0.38 0.21 0.22 0.28 0.30
Minimum age [Ma] 139 252 230 215 234 192
Maximum age [Ma] 652 545 444 717 545 546

All analyses are given in wt.%; nd — not detected.
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Table 2

Electron microprobe analyses of Y,03, ThO,, UO,, PbO, ThO,* [wt.%] (total ThO, and ThO, equivalent of measured UO,) and apparent age [Ma]
Pt# Y,05 ThO, U0, PbO ThO,* AGE Pt# Y,05 ThO, U0, PbO ThO,* Age
IMOI1-1 1.27 3.96 0.54 0.08 5.72 342 OMOI-1 2.38 5.40 0.61 0.09 7.38 296
IMO1-2 1.28 421 0.52 0.09 5.90 344 OMO1-2 2.39 5.42 0.61 0.09 7.40 302
IMO1-3 0.76 3.98 0.53 0.07 5.70 296 OMO1-3 0.36 6.92 0.70 0.11 9.20 271
IMO1-4 1.12 4.54 0.55 0.09 6.33 330 OMO1-4 2.89 5.29 0.78 0.11 7.84 332
IMO1-5 1.17 4.60 0.43 0.08 6.00 318 OMOL1-5 1.63 5.88 0.65 0.10 8.00 287
JMO1-6 242 4.27 0.52 0.08 5.96 323 OMO1-6 2.04 5.67 0.68 0.11 7.87 316
IMO1-7 2.19 4.12 0.53 0.08 5.86 319 OMO2-1 2.49 6.89 0.66 0.12 9.05 299
JMO1-8 2.48 4.79 0.46 0.10 6.29 359 OMO2-2 2.27 6.83 0.79 0.11 9.40 282
IMO1-9 0.69 7.95 0.55 0.13 9.73 315 OMO2-3 1.61 7.48 0.31 0.10 8.48 287
JMO1-10 2.32 4.65 0.51 0.08 6.30 313 OMO2-4 1.49 8.36 0.29 0.12 9.30 309
IMO2-1 1.41 7.36 0.17 0.09 7.93 274 OMO2-5 1.37 8.24 0.28 0.11 9.14 282
IMO2-2 1.65 8.25 0.19 0.12 8.85 316 OMO2-6 2.16 8.29 0.39 0.12 9.54 297
IMO2-3 1.46 8.10 0.20 0.10 8.74 282 OMO2-7 2.59 7.74 0.85 0.14 10.50 314
IMO2-4 1.53 8.15 0.20 0.11 8.80 301 OMO2-8 1.87 7.69 0.35 0.11 8.81 285
IMO2-5 1.26 7.71 0.16 0.10 8.24 294 OMO3-1 2.67 4.46 0.96 0.11 7.59 325
IMO2-6 1.80 7.76 0.23 0.10 8.51 281 OMO3-2 2.21 5.18 0.90 0.11 8.11 314
IMO2-7 1.16 7.66 0.16 0.10 8.16 294 OMO3-3 2.28 4.65 0.79 0.10 7.22 313
IMO2-8 1.37 7.93 0.18 0.10 8.50 284 OMO3-4 2.67 4.47 0.93 0.10 7.51 303
IMO2-9 1.09 7.62 0.16 0.11 8.14 316 OMO3-5 2.38 4.54 0.83 0.09 7.23 300
IMO2-10 1.20 7.54 0.17 0.10 8.08 289 OMO3-6 2.20 6.86 1.29 0.15 11.10 324
PMOI1-1 0.37 9.97 0.19 0.13 10.60 286 LMOI1-1 2.57 6.26 0.41 0.10 7.58 307
PMO1-2 0.39 9.85 0.17 0.12 10.40 281 LMO1-2 2.85 6.16 0.43 0.09 7.56 295
PMO1-3 0.37 9.36 0.17 0.12 9.91 283 LMO1-3 2.93 6.04 0.44 0.10 7.45 315
PMO1-4 0.35 9.52 0.17 0.12 10.10 282 LMO1-4 2.84 6.10 0.43 0.10 7.51 319
PMO1-5 0.33 9.36 0.18 0.12 9.95 276 LMOL1-5 2.87 6.12 0.43 0.10 7.53 310
PMO2-1 0.91 22.70 1.07 0.33 26.20 297 LMO2-1 1.88 6.35 0.84 0.12 9.10 313
PMO2-2 0.90 22.90 0.74 0.33 25.40 305 LMO2-2 2.01 6.78 1.38 0.15 11.30 312
PMO2-3 0.84 19.10 0.46 0.28 20.60 316 LMO2-3 2.19 5.94 0.80 0.11 8.55 306
PMO2-4 0.82 13.60 0.46 0.19 15.10 298 LMO2-4 091 9.26 1.04 0.16 12.60 304
PMO2-5 0.74 13.30 0.45 0.19 14.70 310 LMO2-5 0.95 9.28 0.99 0.16 12.50 309
PMO3-1 0.48 6.26 0.71 0.11 8.57 297 LMO3-1 322 6.19 0.70 0.13 8.47 371
PMO3-2 0.36 7.94 0.93 0.14 11.00 301 LMO3-2 0.63 5.53 0.66 0.10 7.69 309
PMO3-3 0.30 12.20 0.97 0.19 15.40 292 LMO3-3 1.51 4.97 0.50 0.08 6.61 298
PMO3-4 0.31 10.90 0.94 0.17 13.90 287 LMO3-4 2.65 4.77 0.46 0.08 6.26 319
PMO3-5 0.26 6.66 0.82 0.12 9.31 303 LMO3-5 2.51 5.36 0.35 0.10 6.49 346
PMO4-1 0.39 5.85 0.75 0.09 8.27 258 LMO4-1 0.13 3.35 0.51 0.06 5.00 272
PMO4-2 0.28 6.92 0.44 0.09 8.33 269 LMO4-2 0.14 4.63 0.71 0.09 6.94 298
PMO4-3 0.29 7.86 1.28 0.14 12.00 276 LMO4-3 0.14 3.30 0.56 0.07 5.11 303
PMO4-4 0.29 6.67 0.72 0.10 9.01 264 LMO4-4 0.14 3.27 0.52 0.06 4.95 299
PMO4-5 0.95 5.86 0.95 0.11 8.94 299 LMO4-5 0.13 3.27 0.52 0.06 4.95 294
RMO1-1 2.61 5.24 0.53 0.09 6.96 308 KMOI1-1 2.50 6.14 1.15 0.13 9.89 316
RMOI1-2 2.96 4.46 0.85 0.09 7.24 296 KMO1-2 2.52 5.36 1.00 0.11 8.61 304
RMOI1-3 2.68 5.05 0.63 0.10 7.10 317 KMO1-3 245 5.10 0.83 0.10 7.81 311
RMO1-4 2.93 4.54 0.85 0.09 7.30 296 KMO1-4 2.28 5.02 0.82 0.10 7.68 310
RMO1-5 2.89 5.07 0.72 0.10 7.41 312 KMOL1-5 2.17 5.23 0.72 0.11 7.57 338
RMOI1-6 2.79 5.25 0.63 0.10 7.29 311 KMO2-1 0.63 4.77 0.16 0.06 5.28 284
RMOI1-7 2.36 6.23 0.52 0.10 7.91 311 KMO2-2 0.62 4.89 0.16 0.07 5.42 289
RMO1-8 3.52 5.62 0.44 0.10 7.05 342 KMO2-3 0.60 4.90 0.17 0.07 5.45 294
RMO1-9 3.37 4.97 0.40 0.09 6.28 326 KMO2-4 0.59 435 0.14 0.06 4.82 301
RMO1-10 2.63 4.93 0.59 0.09 6.87 308 KMO2-5 0.53 6.18 0.20 0.08 6.82 284
RMO2-1 3.39 5.80 1.14 0.13 9.51 328 KMO3-1 2.04 5.38 0.55 0.10 7.15 324
RMO2-2 3.34 5.73 1.13 0.13 9.42 315 KMO3-2 1.83 5.43 0.48 0.10 7.00 327
RMO2-3 2.93 5.79 1.02 0.13 9.13 335 KMO3-3 1.71 6.21 0.40 0.10 7.51 312
RMO2-4 2.98 5.80 1.02 0.12 9.14 317 KMO3-4 1.71 5.05 0.38 0.08 6.28 316
RMO2-5 3.24 6.09 1.17 0.14 9.91 332 KMO3-5 1.70 5.56 0.39 0.09 6.83 326
RMO2-6 2.95 5.75 1.01 0.13 9.05 326 KMO4-1 2.67 6.32 0.40 0.11 7.63 327
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RMO2-7 2.92 5.76 1.01 0.13 9.04 333 KMO4-2 2.71 5.63 0.53 0.10 7.36 334
RMO2-8 3.16 5.44 1.05 0.12 8.86 314 KMO4-3 2.73 6.16 0.46 0.10 7.66 319
RMO2-9 3.16 5.49 1.05 0.12 8.92 313 KMO4-4 2.54 5.51 0.60 0.10 7.46 310
RMO2-10 3.16 5.74 1.12 0.13 9.40 328 KMO4-5 2.17 4.55 0.36 0.08 5.73 333

Single-spot age distributions for samples J1, 023,
L21, and AK21 are nearly identical (Fig. 4). For all
samples analyzed, most single-spot analysis ages fall
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Fig. 4. Histograms of the CHIME age pattern for monazites from particular sandstone series of the Upper Silesia Coal Basin.
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Fig. 5. Distribution of the a) CHIME ages; b)Y,03 content; ¢) ThO, content, d) UO, content from the sandstone samples.

samples except R1, where they are skewed towards
older ages. All samples have smaller modal distribu-
tions in the 420-440 Ma range as well. Ages older than
500 Ma are also present in all samples except R1. Ages
obtained from heterogeneous monazite grains do not
differ greatly from their homogeneous counterparts.
Gaussian curves comparing age clusters with U, Th,
and Y content are displayed in Fig. 5. Comparisons of
backscattered electron images, analyzed Th, U and Y
contents, and single-spot analysis ages of monazite
grains revealed no systematic correlations between
these variables.

6. Discussion

Based on petrographic and palaeontological evi-
dence from exotic pebbles in the coal-bearing succes-
sion, the Bohemian Massif was suggested as the main
source area for the USCB sediments (Paszkowski et al.,
1995 and references therein). To correlate potential
source terranes with detrital materials, published re-
search was reviewed in order to identify (1) monazite-
bearing lithologies within the BM that resemble crys-
talline clasts in the USCB; and (2) age distributions in
the BM corresponding to those obtained in this study
from the sedimentary succession.

6.1. Monazite-bearing rocks of the Bohemian Massif

Kodymova and Kodym (1984) sampled a wide va-
riety of magmatic, metamorphic and sedimentary rocks
at 332 randomly distributed sites in the Bohemian
Massif, to characterize the occurrence of heavy miner-
als. The average monazite contents in crystalline rocks
of the BM vary from trace amounts in pyroxene gran-
ulite, up to 6.7% of the heavy mineral fraction in the
granitoids of the Moldanubian Pluton (equivalent to
176 g/t of bulk rock). Monazite is present in sparse
amounts in Palaeozoic sediments of the BM, except for
Permo—Carboniferous sandstones in intramontane
basins, especially the Plzen Basin (Fig. 6), where mon-
azite contents amount to 4.6% of the heavy mineral
fraction.

Detrital monazite can be derived either directly from
the erosion of lithologies in which the mineral was
grown, or from the erosion of pre-existing sedimentary
deposits. Despite having a hardness of only 5, monazite
can be readily recycled from weakly cemented silici-
clastic sediments. There are only a few basin-fills in the
BM area which could potentially deliver recycled de-
trital monazite to the USCB. These are (1) Devonian
sediments in the Hradec Kralove Basin in the Tepla-
Barrandian terrane; (2) Devonian sediments of the
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constituent metamorphic core complexes (crystalline domes). Important notice: Zabreh crystalline complex (Zabreh dome) is not a part of Variscan
Moldanubicum composite megadome. Particular exhumed units: Cadomian/Variscan: 1. Thaya (Dyje) dome, 2. Svratka dome, 3. Keprnik dome, 4.
Desna dome, 5. Rohle dome, 6. Oskava dome, 7. Velké Vrbno dome, 8. Vidnava dome, 9. Biala dome, 10. Klodzko dome (structurally upper
subunits of exhumed Klodzko Metamorphic Unit). Caledonian?/Variscan: 11. Orlica—Snieznik dome. Eo-Variscan: 11. Ktodzko dome (structurally
lower subunits of exhumed Ktodzko Metamorphic Unit), 12. Zabreh dome, 13. Géry Sowie dome, 14. Rychory Mts., 15. Karkonosze dome, 16.
Granulite Mts. dome (Granulitgebirge). Eo-Variscan syn-exhumational basins: 17. Mohelnice Unit, 18. Swiebodzice Depression, 19. Bardo
Mountains parautochthonous Unit, 20. Hradec Kralove Basin, 21. Rozmital Islet, 22. Plzeii Basin. B) General tectonostratigraphic model of
telescoping, successive exhumations in Bohemian Massif polyorogenic crystalline dome system as syn-sedimentary active source terrains for
siliciclastics of the Upper Silesia foreland basin.

Bardo Mountains autochthon, which unconformably However, the major source of recycled detrital monazite
overlie the Klodzko Metamorphic rocks; and 3) is likely to be the weakly cemented and monazite-rich
Upper Devonian conglomerates and sandstones of the sandstones of the Carboniferous intramontane basin

Swiebodzice Basin (Fig. 6A; Porgbski, 1981, 1990). system (Fig. 6B), which forms a ‘cascade’ of sedimen-
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tary catchments between the BM and the USCB. Due to
the isolation of monazite grains in the USCB sediments,
however, the proportion of recycled detrital monazite to
that derived by direct erosion is very difficult to deter-
mine. Lithic clasts with sedimentary origins were ex-
amined but provided no correlations of source with
detrital monazite in equivalent units of the USCB. For
example, in the Libiaz Beds and Kwaczata Arkose, up
to 30% of clasts consist of greywacke, which was
probably derived from a thick Upper Proterozoic silici-
clastic-volcanic sequence of units in the Tepla-Barran-
dian terrane. The detrital provenance of this sequence,
however, is of a shallowly dissected volcanic arc, which
is unlikely to be a significant source of monazite.

6.2. Monazite age distributions in the USCB and BM

The sedimentary architecture of the USCB sequence
has two important characteristics. Firstly, there are
sharp transitions in the sedimentary column, both in
the average thickness and abundance of coarse-grained
lithosomes and in the grain sizes of sediments. These
transitions are attributed to rapid changes in the supply
rate and fraction of fluvial sediments. The clearest
example is the sudden appearance of thick, coarse-
grained lithosomes at the contact between Mudstone
Series and Cracow Sandstone Series. Secondly, there
are large changes in depositional systems between
stratigraphic units, as observed in the transition between
the Paralic Series and the Upper Silesia Sandstone
Series (Gradzinski et al., 2004). Despite these changes,
which strongly affect the entire basin, the age distribu-
tion pattern of detrital monazite in the USCB lithologies
reveals no distinct differences between the sandstone
units sampled.

Most monazite grains in all samples analyzed
yielded 300-320 Ma ages, which correspond to the
timing of the Variscan orogeny. Pre-Variscan ages
were also obtained, including ages corresponding to
the timing of the Cadomian and Caledonian orogenies.
All three orogenic episodes produced lithologies in the
Bohemian Massif. More problematic are the occurrence
of late to post-Variscan monazite ages, which are youn-
ger than the previously determined stratigraphic ages of
the sandstone series. In order to compare monazite age
distributions with the ages of tectonostratigraphic
domains in the polyorogenic BM, age data with con-
tinuous distributions between 340 and 280 Ma were
binned in 20 Ma intervals.

On exposed surfaces of the BM, a complex mosaic
of crystalline domains can be observed, each character-
ized by distinct protolith, metamorphic and post-peak

metamorphic cooling ages. The mosaic represents a
polyorogenic set of exhumed crystalline bodies, includ-
ing metamorphic core-complexes and associated plu-
tons. These bodies can be grouped by time of formation
into Cadomian, Caledonian, eo-Variscan and Variscan
ages (see Fig. 6B).

6.2.1. Variscan sources for detrital monazite in the
Bohemian Massif

The modal age range for all samples analyzed from
the USCB (300-320 Ma) corresponds to the Sudetean—
Asturian phase of the Variscan orogeny, the final major
tectonothermal event that formed the BM. During the
final, Sudetian phase of Variscan orogenesis, the par-
tially molten mid to lower crust was overthickened,
leading to the rapid uplift and exhumation of metamor-
phic core complexes and the subsequent collapse of the
orogen. This phase is related to the final and most
important episode of erosion of highly elevated topog-
raphy in the BM. Rapid exhumation and post-orogenic
collapse are indicated by the almost syn-sedimentary
cooling ages of detrital muscovite (K—Ar dating by
Banas et al., 1995; Ar—Ar dating by Schneider and
Manecki, 2005) and the ages of monazite grains
(Kusiak et al., 2001; Lekki et al., 2002) in the USCB
sediments. The exhumation rate is estimated at ~10 km
for the first 20 m.y. (Zulauf et al., 2002). This rapid
uplift would have generated an elevated relief higher
than the permanent snow line, subjecting exposed rock
to intense physical weathering and producing copious
amounts of extremely immature siliciclastic detritus.

The Moldanubian metamorphic complex, together
with associated plutons (Gerdes et al., 1998, 2000;
Janousek et al., 2004), is the largest exposed crystalline
core complex in the BM (Bues et al., 2002). Franz et al.
(1996) distinguished several metamorphic events in the
Moldanubian complex. Granulite-grade metamorphism
occurred ca. 340 Ma (Kroner et al., 2000). Metamor-
phism ended with the rapid uplift of the Moldanubian
complex shortly after (340 Ma; Friedl et al., 2004).
Within the Moldanubian complex, high-grade meta-
morphism resulted in formation of the syn- to post-
tectonic Moldanubian and Central Bohemian Plutons.
The Moldanubian Pluton, a group of granitoid intru-
sions that include the South Bohemian Batholith, was
emplaced around 300-330 Ma from magma generated
by the partial melting of pre-existing Cadomian crust
(Gerdes et al., 2000). Most Moldanubian crystalline
rocks are relatively rich in monazite, and the South
Bohemian Pluton contains the highest concentration
of monazite among BM lithologies (Kodymova and
Kodym, 1984).
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Erosion of the Moldanubian complex and associated
plutons during the Variscan age would have provided
an excellent source for detrital monazite in the intra-
montane basins of the BM and in the foreland USCB.
There is some debate, however, as to whether the
plutons would have been exposed to erosion during
the Variscan orogeny. Petranek (1978) considered the
granitoids to have been completely covered by meta-
morphic country rocks throughout the Late Carbonifer-
ous. Other studies indicate that the plutons were
exposed at this time (Kukal, 1984; Vlasimsky, 1986).
The age correlation between most of the detrital mon-
azite in the USCB and 300-340 Ma monazite-rich
lithologies associated with the Moldanubian complex
supports the latter view.

The Moldanubian complex is polymetamorphic and
contains mineral associations with ages that reflect
Cadomian and Ordovician tectonothermal events
(Friedl et al., 2004; Schenck and Todt, 1981; Van Bree-
men et al., 1982). If the Moldanubian lithologies are the
main source for detritus in the USCB, older age groups
from detrital monazite in the USCB samples may rep-
resent inherited ages from pre-Variscan events. Howev-
er, a lack of eo-Variscan ages in the crystalline
Moldanubian rocks suggests that they were not affected
by tectonothermal activity at this time. This leads us to
conclude that they are not the source for eo-Variscan
monazite ages from the USCB sandstones.

Several crystalline complexes that were exhumed in
the late stages of the Variscan orogeny are distributed
along the N-trending Moravo—Silesian Zone, at the
eastern edge of Bohemian Massif. These include a
series of gneissic domes (from south to north): the
Thaya window (a half-dome), the Svratka dome, the
Keprnik dome, the Desnd dome, the Velké Vrbno dome
and the Orlica—Snieznik dome (Fig. 6). All of these
domes contain ages indicating Variscan metamorphic
events overprinting Cadomian protoliths. During the
Carboniferous, these deeply buried metamorphic core
complexes rose and pierced through an accretionary
prism that was derived from the erosion of the Brno—
Upper Silesia terrane. U-Pb SHRIMP zircon ages
(Turniak et al., 2000) from the Orlica—Snieznik dome
cluster around the Cadomian (530-540 Ma) and Var-
iscan (ca. 342 Ma) events. However, Borkowska and
Dorr (1998) has proposed a younger, Ordovician pro-
tolith for the Snieznik orthogneisses.

Pre-Variscan age groups from the USCB sand-
stones can be also attributed to less extensive Cado-
mian and eo-Variscan crystalline core-complexes in
the BM, which were also overprinted by Variscan
metamorphism.

6.2.2. Eo-Variscan sources

Eo-Variscan (380400 Ma) ages from USCB mona-
zite can be correlated with a distinct age population
from accessory minerals in exhumed crystalline rocks
of the Zabreh metamorphic complex and the Sowie
Gory block. Although some authors have grouped the
Zabreh complex with the Moldanubian complex, we
consider it to have formed during an eo-Variscan high-
pressure tectonothermal event. Eo-Variscan ages are
also found in the detritus of intramontane sedimentary
basins, such as the Swiebodzice depression and the
Palacozoic Mohelnice basin.

6.2.3. Caledonian sources

Significant distributions of Caledonian (420440
Ma) ages were obtained from detrital monazite in all
of the USCB samples, except for the Kwaczata Arkose.
Such ages are rare in the BM, being found only as
protolith ages in rocks from the Izera—Karkonosze and
Snieznik-Orlica domes (Fig. 6). In Germany, the Var-
iscan Mid-German Crystalline High and the Northern
Phyllite Zone both contain relicts of Caledonian proto-
liths in some orthogneisses, which may represent traces
of a hidden, Silurian magmatic arc (comp. Franke and
Zelazniewicz, 2000; Koztowski et al., 2004). No evi-
dence of Caledonian protoliths, however, has been
found in the Fore Sudetic Monocline, which is the
eastern extension of the Northern Phyllite Zone. Cale-
donian ages have been reported in the Gory Sowie
block (Cymerman, 1998). However, Franke and
Zelazniewicz (2002) consider these ages to be analyti-
cal artifacts. A suitable source, therefore, for Caledo-
nian ages in the USCB has not been yet identified.

6.2.4. Ordovician (eo-Caledonian) sources

Crystalline metamorphic complexes in the BM con-
tain Ordovician magmatic protolith ages (ca. 450480
Ma), which have been attributed to rifting and the
opening of the Rheic Ocean (Crowley et al., 2000).
Detrital monazite from the USCB samples, however,
did not yield any significant populations of this age.
This may indicate that rocks did not deliver detritus to
the USCB. It is probable, however, that the age gap is
simply due to the scarcity in the BM of Ordovician ages
in the rocks exposed by Variscan exhumation.

6.2.5. Cadomian sources

Cadomian crystalline complexes in the BM, weakly
overprinted by later metamorphism, provide potential
sources for Cambrian and Precambrian detrital ages
(Fig. 6). These include 1) the Lusatian Block (LB), a
Neoproterozoic complex containing a thick sequence of
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greywackes intruded by eo-Cambrian granitoids (Kryza,
2004); 2) the upper sub-units of the Klodzko Meta-
morphics (or Ktodzko dome), which yield zircon ages
of 590-600 Ma (Mazur et al., 2004); and 3) the Tepla-
Barrandian (TB) unit, which is similar in composition
and timing to the LB (Drost et al., 2004). The TB unit and
the LB are distinguished by the presence in the form of
extensive extruded lava flows, whereas only isolated
layers of volcanic ash have been noted in the LB. Neo-
proterozoic sequences in both are intruded by ca. 540 Ma
granitoids (Zulauf et al., 1999; Drost et al., 2004).

6.2.6. Ages younger than 300 Ma

Aside from the age ranges discussed above, a sig-
nificant distribution of ages in the 280-300 Ma range
was obtained from all of the USCB samples. These ages
are younger than the stratigraphic ages determined for
the sandstone series. Due to the relative large errors
estimated for calculated ages (20=20 Ma), most of
these ages may not be statistically resolvable from the
300-320 Ma modal distribution. However, they should
still be accounted for, and in lieu of petrographic con-
straints and textural or compositional evidence of mul-
tiple stages of growth within detrital monazite grains,
several possibilities are suggested. 1) Problems in the
analytical method, especially in the estimation of Pb
contents, have produced a systematic lowering of age
estimates. In particular, overestimation of background
values on PbMa by linear interpolation, as described in
the Analytical methods section, would lower age esti-
mates. Although estimation of background on PbMa
with an exponential model (Jercinovic and Williams,
2005) may produce lower background estimates (Pyle
et al., 2005), careful examination by the authors of
wavelength-dispersive profiles for typical monazite
compositions indicate that the difference is significantly
less than 20 Ma on ca. 300 Ma age estimates. 2) The
ages resulted from the preferential loss of Pb from
monazite and do not represent true ages of monazite
growth. This may have been caused by post-sedimen-
tary processes, such as chemical leaching or corrosion
by hot fluids percolating through the sandstones during
diagenesis. Grains chosen for analysis, however, were
generally clear and free from inclusions or evidence of
alteration. The sandstone samples lack petrological ev-
idence for the effects of such fluid activity as well. It is
also unclear why such processes would preferentially
affect Pb. Selective loss of Pb may also have occurred
while monazite was still in the source rocks. Such
behavior, however, has not been reported yet from
crystalline lithologies in the Bohemian Massif. 3)
New monazite grew during diagenesis in the USCB

sandstones. Weathering and leaching of Th, U and
REEs from allanite and monazite, and leaching of
phosphorous from apatite, monazite and other minerals
can provide a source for the crystallization of monazite
from percolating fluids. The high actinide content of
crystalline source rocks in the BM, as well as the
occurrence of Uranium ore deposits in the Carbonifer-
ous sediments of the intramontane Lower Silesia Coal
Basin, demonstrate the availability of components for
monazite deposition. Although no textural or composi-
tional evidence of such processes were observed in
analyzed monazite grains, this possibility is worthy of
further investigation. 4) Loss of radon, of which the
222Rn, **°Rn and 2'’Rn isotopes are intermediate pro-
ducts in the Th and U radioactive decay series, from
monazite in liquid was investigated by Garver and
Baskaran (2004). Although such loss could be signifi-
cant adjacent to surfaces, inclusions, cracks and pores,
the distance of transport in a crystalline lattice by
fission recoil is on a scale of only tens of nanometers.
Considering recoil distances and the number of inter-
mediate isotopes that decay by a-particle emission, it is
very unlikely that daughter isotopes of Th and U decay
would be lost on a scale greater than 1 pm. All of these
explanations are presented as working hypotheses. Fur-
ther work is required to evaluate the relative importance
of these suggestions.

7. Conclusions

This study shows the effectiveness of electron mi-
croprobe dating for provenance studies of monazite-
bearing sediments. The majority of electron microprobe
ages obtained in this study of Carboniferous foreland
USCB sandstones fall within the 300-340 Ma range,
along with subordinate Cadomian, Caledonian and eo-
Variscan ages. The detrital monazite ages are compara-
ble to reported ages of tectonostratigraphic domains in
the polyorogenic Bohemian Massif, which suggests that
various crystalline lithologies in the BM were the dom-
inant sources of USCB sediments. A viable source for
monazite with Caledonian ages may be identified by
future studies.
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