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This study focuses on identifying major source areas in several stratigraphic intervals in the Permian sediments of the
Krkonose Piedmont Basin and integrates it with existing sedimentological data. Pebbles in Cisuralian-Guadalupian
conglomerates of alluvial fans, nearshore lacustrine and lacustrine fan-delta deposits that were deposited close to the
northwestern and southeastern basin margin, respectively, correspond almost exclusively to local material from adjacent
crystalline complexes. The heavy mineral associations of the sandstone matrix of these conglomerates support this inter-
pretation. Crystalline units of the south-western part of the KrkonoSe-Jizera Crystalline Complex and Orlice-SnéZnik
Crystalline Complex, respectively, are considered as the most favourable sources. Heavy mineral associations of fluvial
sandstone facies are of complex composition pointing to repeated recycling of clastic material. However, heavy mineral
indices reveal distinct source areas for the main lithostratigraphic units. Two main possible source areas for the fluvial
Asselian deposits (Vrchlabi Formation) of the south-western part of the basin were found. Pebbles of late Devo-
nian—early Carboniferous marine limestones probably came from the central part of the hypothetical Jitrava-Hradec Ba-
sin. The garnet compositions in sand detrital material point to leucogranites and pegmatites of the north-eastern
Moldanubian Zone, Pribyslavice area, as the possible source rocks. Guadalupian fluvial deposits reveal a wide range of
sources that can be attributed to the recycling of detrital material from Cisuralian and Carboniferous deposits. Garnet
compositions indicate Moldanubian granulites, garnet clinopyroxenites, leucogranites and pegmatites as a possible
sources. We infer that Moldanubian granulites and garnet clinopyroxenites were exposed to an erosion level in the Early
Permian at the latest.  Key words: provenance, Krkonose Piedmont Basin, Permian, heavy minerals, pebble composi-
tion, detrital garnet composition.
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Conglomerate pebble composition can be a good indicator
of adjacent source areas in basin studies, but it usually does
not provide information on more distant sources of detrital
material. A heavy mineral association (HMA) from san-
dstones and a sandstone conglomerate matrix can indicate
more distant sources. In areas with complex source rock lit-
hologies (igneous, low-grade and/or medium-grade meta-
morphics, volcanics), the HMA can often contain mixed
provenance information that is not easy to interpret. An ef-
fective method for discriminating the specific source areas
could be integrating palacocurrent data with a detailed
mineral chemistry determination using an electron micro-
probe (e.g., Morton 1985, Owen 1987, Morton 1991).
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Garnets with a potentially wide range in composition show
significant differences in composition among different ty-
pes of garnet-bearing lithologies (Copjakova et al. 2005).
Another advantage of garnet for provenance studies is its
relative stability during diagenesis (Morton & Hallsworth
1999).

The aims of this study include determining the source
areas of the Vrchlabi and Trutnov formations of the
Krkonose Piedmont Basin based on pebble composition,
heavy mineral assemblages, and detrital garnet composi-
tions. Additionally, previously acquired palaeocurrent data
obtained by conventional sedimentological methods are in-
tegrated. The composition of detrital garnets from fluvial
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Figure 1. Simplified geological map of the Krkonose Piedmont Basin (KPB) with sample locations. Inset map: outline of non-marine Permo-Carbonif-
erous basins (hash) and KPB (black hash). Outcrop samples: Bel — Béla, Brd — Brodky, Crm — Cermnd, Haj — Hajnice, HP — Honkiv potok,
Hra — Hradecek, JDv — Jansky Dvir, KU — Kundratice, N9, NSh, N8 — Nachod, N11 — Dolni Radechova, N310, N311, N313, N314 — Néchod-B¢loves,
N14 — Havlovice, PL — Prostfedni Lanov, Rsk — RoSkopov, SP — Stard Paka Railway Station, T21 and T22 — Pekelsky vrch, TrP — Trutnov-Pori¢i,

T2 — Trutnov — Stary Rokytnik, U13 — Suchovrsice, U8, 9, 10, 12 — Upice, Zbr — Zabofi.

Early Triassic deposits of Bohdasin Formation is also dis-
cussed.

Geological setting

The Krkonose Piedmont Basin formed as part of a system
of extensional/transtensional, intermontane basins during
the post-Variscan period (Asturian—Triassic, Fig. 1). There
has been systematic geological research on the Late Carbo-
niferous—Triassic basin fill during the last several decades.
This research was mainly based on geological mapping and
several structural boreholes were also made. The lithostra-
tigraphic concept of the basin was established by Tasler et
al. (1981), Tasler & Prouza (1985), and a summary of this
research was presented by Prouza & Tasler (2001). The
provenance of selected sedimentary units was determined
by Prouza & Tésler (2001) based mainly on the pebble
composition of conglomerates. They suggest the following
sources of the clastic material:

1. for the Stara Paka Sandstone (Vrchlabi Formation): ma-

terial eroded from the underlying Semily Formation (the
presence of cherts and tuffs of Plouznice Stephanian C age,
cropping out in the western part of the basin);

2. Horni Mésto Member (Trutnov Formation): material
transported from the north (the pebbles composed almost
entirely of KrkonoSe-Jizera Crystalline Complex rocks —
crystalline limestone (dominant, up to 90%), quartzite, ly-
dite, gneiss, mica shist, granitoid; Upper Palacozoic volca-
nites and sediments are rare);

3. for the Nachod Conglomerates (Trutnov Formation):
material transported from the south (based on the pre-
sence of pebbles of Orlice-SnéZnik Crystalline Complex
— phyllite, granite, granite porphyry, crystalline limes-
tone, quartzite).

Pebble composition provides basic information on the
provenance of local, coarse-grained, shortly transported
material and did not allow distant source areas to be deter-
mined. Novak et al. (1983) analysed heavy minerals of the
Vrchlabi Formation from ZZ-1 borehole. They found a
poor HMA that varied little with a predominance of zircon,
tourmaline, monazite and with sporadic occurrence of
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magnetite, apatite, garnets and Cr spinel, assuming low-
grade metamorphic and acid igneous source rocks.
Sedimentological research has been conducted recently
(Blecha et al. 1999, Martinek 2003, Martinek et al. 20006),
but palaeocurrent analysis gives only limited information
on provenance, because of the limited amount of suitable
outcrops, and the difficulties in correlating important out-
crops. Basin-wide unconformities (Fig. 2) and changes in
the thicknesses of sedimentary units indicate substantial
shifting of depocentres at the Stephanian B/C (mid
Gzhelian) and Autunian/Saxonian (Lower/Upper Rotlie-
gende, Cisuralian/Guadalupian) boundaries that led to
changes in basin configuration. The depocentres were
shifting from the south to the north at the Stephanian B/C
boundary, which was noted, e.g., by Pesek (1994, 2005) as
a common feature in Central and Western Bohemian Car-
boniferous—Permian sedimentary basins. The shift in
depocentre location was interpreted as a switching of the
major displacement from southern to northern marginal
faults still in an extensional half-graben setting (Uli¢ny et
al. 2002, Martinek et al. 2006). At the Cisuralian/Gua-
dalupian boundary a major tectonic rearrangement of the
basin occurred, probably from an extensional to a
strike-slip regime (Uliény ef al. 2002).

Palaeocurrent analysis of the fluvial sandstones of the
Vrchlabi Formation (Asselian) at the south-western part of
the Krkonose Piedmont Basin reveals dominant NNE
trending palaeocurrent vectors (Stolfovd 2004). Fluvial
sandstones of the Trutnov Formation (Guadalupian), de-
posited after major unconformity in the eastern part of the
basin, show a low spread of palacocurrent vectors trending
to the north and northeast (Martinek 2003). Very similar
north-eastern trends of fluvial sandstones of the Trutnov
Formation were observed in the adjoining south-western
part of the Intrasudetic Basin (Lojka 2003). This is in
agreement with Prouza & Tésler (2001) who suggested a
single depositional area covering the eastern part of the
KrkonoSe Piedmont Basin (Trutnov-Nichod Subbasin)
and Intrasudetic Basin during the Guadalupian.

Methods

The individual methods used in provenance studies have dif-
ferent significance and are influenced by a number of factors
that complicate the recognition of provenance. Therefore a
complex approach integrated the modal composition of san-
dstones and the typology of quartz grains of sandstones (23
samples from Vrchlabi Formation, 42 samples from Trutnov
Formation), pebble composition data (15 beds of 5 outcrops
from the Vrchlabi Formation, 9 beds of 8 outcrops from the
Trutnov Formation were inspected), heavy mineral analysis
(67 samples), and garnet composition (5 rock samples,
which correspond to 43 grains and 150 spot analyses).
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Figure 2. Stratigraphical chart of the Permian and Triassic of the
Krkonose Piedmont Basin based on the borehole Pé-1 in the centre of the
basin (Asselian—Cisuralian) and on the compiled stratigraphy of the Trut-
nov-Néachod Subbasin (Guadalupian—Triassic, Prouza & Tasler 2001).
Time values in Ma from Haq (2007).

Modal composition was studied using standard petro-
logical optical microscopy with semiquantitative estimates
of each component. Pebble composition was determined at
outcrops using lithology identification of all pebbles in
1 square meter of vertical outcrop section of each bed.
Heavy mineral assemblages provide the main database that
was further processed to separate provenance-specific fea-
tures and to eliminate other factors. The main sample set
was taken from outcrops of the Vrchlabi and Trutnov for-
mations, and several samples were also taken from the sur-
rounding units. Sample location is indicated in Fig. 1, sam-
ple age in Table 1 (see electronic Appendix A). Heavy
mineral samples were processed by the laboratories of the
Czech Geological Survey, Prague. Heavy minerals were
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separated from the sand fraction sieved below 0.5 mm
(70 g samples) using heavy liquids (tetrabromethane
C,H,Bry, 2.95 g/cm?) from disintegrated, washed and dried
sandstone samples (2-5 kg field specimens). Individual
minerals were identified using a standard petrologic optical
microscope; X-ray diffraction and electron microprobe
analyses were carried out where necessary for proper min-
eral identification. The chemical composition of garnet
was determined by electron microanalysis. Analyses were
carried out at the Laboratory of Electron Microscopy and
Microanalysis (Charles University in Prague) using a
CamScan S4 scanning electron microscope with an energy
dispersive analytical system Oxford instruments LINK
ISIS 300. The beam current was 7 nA. Accelerating voltage
was 20 kV. Acquisition time was 170 seconds. The energy
resolution of the EDS spectra was 72 eV. The analysis was
corrected by using the conventional ZAF correction
method (Z = atomic number factor, A = absorption factor,
F = characteristic fluorescence correction) to quantify the
spectra. Mg, Al, Si, Ca, Ti, Cr, Mn, Fe and V were ana-
lysed with following detection limits: MgO (0.21 wt.%),
ALO; (0.19 wt.%), SiO, (0.18 wt.%), CaO (0.10
wt.%), TiO, (0.08 wt.%), V,0s5 (0.13%), Cr,0; (0.08
wt.%), MnO (0.08 wt.%), FeO (0.13 wt.%). The SPI Sup-
plies 53 Minerals Standard Set #02753-AB was used for
routine quantitative calibration.

Results
Modal and pebble composition

The study was focused mainly on the pebble and modal
composition of the Vrchlabi Formation fluvial deposits,
where exotic limestone pebbles were found and where in-
formation on the source areas was scarce. The source areas
are expected south of the basin, according to palacocur-
rents (Stolfova 2004), and are mostly covered by Late Cre-
taceous deposits.

The provenance analysis of fluvial deposits of the
Vrchlabi Formation is based on the modal composition of
sandstones, the pebble composition of conglomerates and
the typology of the quartz grains. Identification of rock
composition is based on a hand specimen and a thin section
study. Conglomerates are oligomictic to polymictic in na-
ture with pebble and cobble sizes ranging from 0.5 to
16 cm. Pebbles of quartzite, para- and orthogneiss, lydites
and acid volcanics are common. Clasts of metamorphic
rocks are well rounded, generally better than the other peb-
bles. Sandstones are mainly composed of quartz grains
(58-82 vol.%) with variable rounding and levels of preser-
vation. The grains are sub-angular to sub-oval and com-
monly replaced by calcite cement. Quartz grains are inter-
preted in terms of four possible origins: plutonic,

low-grade metamophic, high-grade metamorphic and vol-
canic (Basu et al. 1975). Plagioclase and K-feldspar usu-
ally range from 2 to 12 vol.%. The individual samples
show low variability in feldspar content. Carbonate cement
and plutonic quartz are found in all samples, the original
mud-rich matrix is rarely preserved. The presence of bio-
tite, which breaks down easily due to its mechanical and
chemical instability, points to a very close source area, pos-
sibly the adjacent Zvicina Crystalline Unit (adjacent to ba-
sin margin south-east of Nova Paka). Metamorphic rock
fragments, mostly altered phyllites, quartzitic phyllites and
quartzites, are probably derived from underlying Carbonif-
erous deposits; they are very similar to material from the
Krkonose-Jizera and Zvicina crystalline complexes (Kach-
lik 2004, pers. comm.). Acid volcanic rock fragments prob-
ably have their origin in the southern part of the Krkonose
Piedmont Basin.

In the outcrops of the Stara Paka Railway Station local-
ity, five pebbles of shallow marine limestone were found in
fluvial sandstones. These pebbles occur in several beds and
their size ranges from 3 to 5 cm in diameter. They contain
abundant bioclasts, both intact and fragmented, of open
marine and shallow water carbonate origin. The rich faunal
assemblage includes foraminifers, ostracods, brachiopods,
molluscs, sponge spicules and less abundant crinoids,
echinoderms and calcispheres (Fig. 3). Limestone is highly
recrystallized, originally probably biomicritic. Interest-
ingly, some of the elongated bioclasts, which are inter-
preted as algae, are silicified and infilled by bitumen.

The preserved benthic foraminifers in these marine
limestone pebbles have a more complex test shape than
those known from Early and Middle Devonian strata
(Poiarkov 1969). However, the test shapes are not as com-
plex as those typical for fusulinids of the Late Carbonifer-
ous and Permian times (Tappan & Loeblich 1988, Kalvoda
1990, Kalvoda 2002). Hence we conclude that the
foraminifers probably fall within the Late Devonian (late
Famennian) to Early Carboniferous (Tournaisian—Viséan)
age interval. Other abundant fossils such as ostracods,
brachiopods, molluscs and calcispheres are difficult to
identify precisely, because of the diagenetic overprint of
the limestones, mainly neomorphism, and are therefore
poor indicators of exact limestone age. The identification
of algae remnants, with solid bitumen inclusions and the
occurrence of spheroidal or oval fossils, which have a thick
outer wall, remain problematic. The diverse assemblage of
organisms and their abundance points to a normal salinity
environment. The occurrence of the benthic foraminifers
and other organisms listed above suggests an open marine
shelf or epicontinental sea environment in a tropical or sub-
tropical climate.

Modal and pebble composition of other samples of the
Trutnov Formation point to local crystalline rock sources
that are known from previous works (summarized in
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Figure 3. Photomicrographs of limestone pebbles from the Vrchlabi Formation, locality Stard Paka Railway Station. * A — limestone silicification.
Microquartz (MQ) replacing calcite spar (C). Crossed nicols, scale bar 0.5 mm. ¢ B — bioclast or intraclast is rounded by organic matter (black). Crossed
nicols, scale bar 0.2 mm. ¢ C — the foraminifers have more cells than foraminifers of Lower and Middle Devonian age. They have more complicated forms
that are more typical of foraminifers from the Carboniferous or uppermost Devonian. Crossed nicols, scale bar 0.4 mm. * D — the shell of a mollusc or
brachiopod is filled by calcite spar, whereas foraminifer is partly silicified (top right). Crossed nicols, scale bar 0.5 mm. ¢ E — a photomicrograph showing
details of another foraminifer, at its right side the shell wall is well preserved (arrow). Parallel nicols, scale bar 0.8 mm. ¢ F — ostracod shell (O) and elon-
gated fragments of unknown origin (algae?). Parallel nicols, scale bar 1.2 mm.
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Prouza & Tasler 2001). Therefore these results are not pre-
sented or discussed in this study.

Heavy mineral suite

Heavy minerals are subject to a varying rate of alteration
and disintegration during weathering in the source area,
transport to the basin, weathering during periods of alluvial
storage on the floodplain, diagenesis during burial, and
weathering at the outcrop of sedimentary rock. These pro-
cesses significantly affect the proportions of individual
heavy minerals found in the sedimentary record, which can
differ from the proportions of accessory minerals in the
source area. Haughton et al. (1991), Morton & Hallsworth
(1994, 1999) discussed the factors influencing heavy mine-
ral composition and Morton & Hallsworth (1994, 1999)
isolated provenance-sensitive features, and avoided para-
meters that are influenced by other factors. The mineral
indices proposed by these authors can eliminate trans-
port/weathering/diagenetic modifications. Such an appro-
ach is successful in identifying provenance. The results
obtained are summarized in Fig. 4, where detrital heavy
minerals are plotted.

The major components of the heavy mineral associa-
tion found in most samples are zircon, apatite, tourmaline
and garnet. These minerals could originate from a wide
range of possible source rocks: metamorphic, plutonic,
volcanic, either from the adjacent Krkonose-Jizera Crystal-
line Complex or many other source rocks south of the ba-
sin. Cretaceous marine sedimentary rocks cover some
potential source areas south of the studied basin, which are
therefore not accessible for direct study. The prove-
nance-specific minerals presented in Fig. 4 are not abun-
dant in all samples. For example, in conglomerates depos-
ited close to the basin margin (Nachod and Horni Mésto
conglomerates) rock fragments (quartzite, phyllite, highly
altered — Fe-oxidized — phyllite) and Fe oxides predomi-
nate in the heavy fraction. The interpretation of the relative
proportions of the individual heavy minerals in the sam-
ples, where the sum of these selected provenance-specific
minerals is less than 5-10% of the total HMA, must be
done very carefully. There may be significant errors in cal-
culating the relative proportions of minerals. Several dis-
tinct HMA, which are also supported by distinct heavy
mineral (HM) indices, were found (Fig. 5). Stephanian C
samples from the north-western part of the basin have an
association of monazite-tourmaline-gahnite that is similar
to Cisuralian samples from the north-western and
north-central parts of the basin, while Cisuralian samples
from the south-western part of the basin (near Stara Paka,
samples SPxyz, Fig. 5A) have a different association domi-
nated by pyroxene-ilmenite-rutile-tourmaline-garnet.
Sakmarian samples Crm and Zbr belong to the Prose¢né

Formation, they have a very simple mineral association
dominated by tourmaline. The lower part of Guadalupian
deposits is characterised by an ilmenite-rutile-tourmaline
association, while Upper Guadalupian deposits have an il-
menite-rutile-tourmaline-garnet association. Kyanite and
staurolite were also found sporadically. They occur in the
fluvial sandstones of the Trutnov and Vrchlabi formations.

The RuZi (100 x TiO, group/TiO, group + zircon), GZi
(100 x garnet/garnet + zircon) and ATi (100 x apatite/apatite
+ tourmaline) HM indices of Morton & Hallsworth (1999)
give other provenance specific information. On the GZi/ATi
plot (Fig. 5) the distinct composition for the Horni Mésto
and Nachod conglomerates, the Cistd Sandstone, the upper
part of the Havlovice Sandstone, the Prosec¢né Formation
and the last group with similar heavy mineral composition
including Kumburk and Semily formations (Pennsylva-
nian), Stara Paka Sandstone, Rudnik member, and the lower
part of Havlovice Sandstone were recognized.

Garnet composition

An effective method for discriminating specific source areas
is detailed mineral chemistry determination using an elec-
tron microprobe (Morton 1985, Owen 1987, Morton 1991).
Garnet composition was successfully used for the prove-
nance study of clastic material of the Early Carboniferous
foreland Culm Basin deposits of the Moravo-Silesian Zone
at the eastern margin of the Bohemian Massif (Copjakova et
al. 2005). The results of garnet electron microprobe analyses
from the KrkonoSe Piedmont Basin (Permian—Triassic) are
summarized in Figs 6, 7, selection of representative analyses
are presented also in Table 2. Garnet separation was carried
out on 15 samples representing the main stratigraphic units.
Unfortunately, many samples contain garnet grains of small
size, and they are highly weathered. Only 5 samples contai-
ned garnet grains of size and preservation suitable for elec-
tron microprobe analysis. They included one sample of As-
selian and Triassic, respectively, and three samples of
Guadalupian age.

Sample SPU-1 (Fig. 7, one grain was analysed) comes
from the fluvial sandstones of the Vrchlabi Formation,
Asselian, the Stara Paka railway station locality, the same
locality from which Devonian/Carboniferous marine lime-
stone pebbles were described. Dominant spessartine (0.7)
composition with very low almandine (0.15), grossular
(0.05) and pyrope (0.01) components. The absence of
zonality is characteristic.

Samples U13 (Figs 6 and 7, six grains were analysed) are
from the upper part of the fluvial sandstone unit of the
Trutnov Formation (Guadalupian, locality SuchovrSice —
Adamov near Upice), Unit 3B sensu Martinek (2003). Most
garnet grains are dominated by almandine (0.45-0.65), have
high pyrope (0.25-0.45), low grossular (less than 0.1) and
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Figure 4. Detrital heavy minerals. Only heavy minerals considered as primary and derived from source rocks are presented. Rock fragments, carbon-
ates, muscovite, biotite/phlogopite and diagenetic and other secondary minerals are not included. Carboniferous rocks represent sandstones and a sand-
stone matrix of conglomerates; sampled crystalline rocks include low grade metamorphics.

very low spessartine components (less than 0.05). Zonality
is absent. Anomalous very high almandine (0.70) and low
pyrope (0.09) grain (U13-T1-2); and very high xMg garnet
also occurs (U13-T1-4, up to 0.50 pyrope).

Samples T2-3-T1 (Figs 6 and 7, 13 grains analysed) are
from fluvial sandstones of the Trutnov Formation (Trut-
nov-Stary Rokytnik, Unit 3B). Most grains (8) are of al-
mandine (0.65-0.8) — pyrope (0.25-0.05) composition with
variable grossular (0.05-01) and spessartine (0.15-less
than 0.05). Two spessartine (0.4-0.45) — almandine
(0.35-0.38) dominated grains have a grossular component
of 0.1-0.2. Three grains are pyrope (0.6—-0.38) —almandine
(0.1-0.38) dominated with grossular of 0.15-0.25, one of
these grains (T2-3-T1-45) has 0.6 pyrope and 0.1 uvarovite
(Cr garnet). Garnets T2-3-T1-06 and T2-3-39 have a
prograde chemical zonality preserved with a high xMg
value in the rim (0.35-0.45 pyrope, 0.3-0.6 almandine,
0.2-0.1 grossular).

Sample T21-21-1 (Fig. 7, one grain was analysed) comes
from the Horni Mésto Conglomerates of the Trutnov Forma-

tion, alluvial fan deposits forming a narrow (up to 1 km)
fringe along the northern margin of the Trutnov-Néachod
Subbasin (north of VI¢ice and Trutnov). Conglomerate peb-
bles are composed of local material from the Krko-
nose-Jizera Crystalline Complex (Prouza & Tasler 2001),
but the garnet sample is from a sandstone matrix, which can
contain material from more distal sources. In addition, a ma-
jor unconformity at the base of the Trutnov Formation was
accompanied by significant tectonic rearrangement of the
basin (Uli¢ny et al. 2002) that caused uplift and erosion of
older strata. Clasts of Stephanian C age within the Trutnov
Formation are reported by Prouza & Tasler (2001). A domi-
nant almandine (0.6)-spessartine (0.2) composition with low
xMg, Ca and the absence of zonality was found.

In samples Hajn (Figs 6 and 7, locality Hajnice, Boh-
dasin Formation, Early Triassic, fluvial red bed “Bunt-
sandstein” facies, 22 grains) almandine (0.7-0.55)-pyrope
(0.2-0.45) garnets with variable grossular (0.05-0.15) and
very low spessartine (less than 0.05) prevail (14 grains).
Five grains are almandine (0.6-0.8) dominated with a low
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Figure 5. The heavy mineral indices of Morton & Hallsworth (1999)
point to distinct source rocks of individual lithostratigraphical units.

grossular (0.05-0.1) and variable spessartine (0—0.2) com-
ponent. Two grains are pyrope (0.42—0.45) dominated with
almandine (0.35-0.38), grossular (0.21-0.23) and very low
spessartine (less than 0.05). Most pyrope-almandines have
flat profiles. In garnets Hajn3 and Hajn23 a weak prograde
zonality can be observed. There is a slight increase in xMg
from the core to the rim (see Figs 7, 8). Only grain Hajn18
has a higher pyrope (0.45) component (0.35 almandine,
0.2 grossular).

Although there is a wide variety in garnet composition
among the studied samples, some could be grouped ac-
cording to similarities in composition. The high xMg gar-
net of Ul3-T1-4 (up to 0.50 pyrope) is similar to
T2-3-T1-37, T2-3-T1-39 and Hajn18 (pyrope 0.45, alman-
dine 0.35, grossular 0.2). Almandine-pyrope garnets of
T2-3-T1 (0.65-0.45 almandine, 0.45-0.25 pyrope) have a
composition similar to sample U13. A dominant almandine
(0.6)-spessartine (0.2) composition with high Mn and low
xMg, Ca and the absence of zonality is characteristic for
the samples T21-21-1, T2-3-T1-32 and SPU-1.

Discussion

Based on the provenance-specific clastic materials found
in the samples studied, we discuss possible source areas for
particular stratigraphic units. Where direct evidence is mis-
sing, we comment on the possibility of other source areas.
The conglomerates of alluvial fan deposits, which were de-
posited close to the basin margin, contain almost exclusi-
vely local material in the pebbles (e.g., Semily Formation
near Semily; Lanov Conglomerates near Vrchlabi, Vrch-
labi Formation; Horni Mésto Conglomerates near Trutnov,
Trutnov Formation; Nachod Conglomerates near Nachod,
Trutnov Formation). Our findings are consistent with the
interpretations of Prouza & Tésler (2001).

Provenance of exotic limestone pebbles

We describe, for the first time, the occurrence and compo-
sition of exotic marine limestone pebbles within the fluvial
sandstones of the Vrchlabi Formation. Palaecocurrent data
indicate a sediment supply from the south or southwest of
the Krkonose Piedmont Basin. As stated above the most li-
kely age of this limestone is Upper Devonian or Lower
Carboniferous. We consider the deposits of the Jitrava-
Hradec Basin (sensu Cech et al. 1989) to be the most likely
source of pebbles. This hypothetical sedimentary basin is
known only from relics in which marine deposits of Late
Devonian and Early Carboniferous age occur. Deposits are
preserved only in the JesStéd area (near Jitrava) and in seve-
ral boreholes near Hradec Kralové. Upper Devonian to
Lower Carboniferous in sifu marine limestone was encoun-
tered in the Nepasice borehole near Hradec Kralové. Stro-
matoporoids, foraminifers and algae of probable Upper Fa-
menian age (Zukalova 1976) were found in the limestone
samples taken from the base of the carbonate sequence. A
specimen of rugose coral was also found and its age is Late
Famennian (Galle 1976). In the Nepasice borehole, the li-
mestone sequence has some features in common with the
development of the Jestéd area, but its appearance and fos-
sil content is most similar to the Devonian of Moravia, na-
mely the Moravian Karst facies (Chlupa¢ & Zikmundova
1976). It can also be correlated to Dzikowiec in the
Klodzko region (Gluszek & Tomas 1994). The limestones
of the Jitrava area are of Famennian age and contains a tri-
lobite and conodont fauna. They are organic matter rich
in places and may represent a mid to deeper shelf marine
environment (Chlupa¢ 1964, Chlupac 1997). Although the
fossil content of the limestone pebbles from the Stard Paka
Railway Station locality corresponds with neither the Ne-
pasice nor the Jitrava occurrence (Kalvoda 2004, pers.
comm.), the age of the deposits correspond well. The
source of limestone pebbles could be in the central part
of the Jitrava-Hradec Basin, where, unfortunately, the se-
dimentary record of this age is not known. This area is ex-
tensively covered by Pennsylvanian non-marine and Late
Cretaceous marine deposits, but Devonian/Carboniferous
deposits could have also been eroded during the Mississi-
pian/Pennsylvanian tectonostratigraphic rearrangement of
the area.

Inferences from heavy minerals

The stratigraphic significance of HMA and their usage for
outcrop correlation within the Trutnov Formation is dis-
cussed elsewhere (Martinek 2003). This study is focused
on the interpretation of possible source areas. The HM
composition of most samples is highly complex and it is
not easy to extract provenance-specific information from.
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Boundaries of the main lithostratigraphic units are marked
with changes in HMA (Fig. 5A, B). The similarity in the as-
sociation of monazite-tourmaline-gahnite in the Stepha-
nian C samples from the north-western part of the basin
and Cisuralian samples from north-western and north-
central parts of the basin point to the existence of a similar
source area for this part of the basin during the Stephanian
C and Cisuralian. Samples are mostly from basin margin
clastics (alluvial fan, nearshore lacustrine, lacustrine
fan-delta facies). Monazite is not very significant, but it is
abundant in granitoids and orthogneisses. Gahnite was not
described thus far from either the marbles or metapelites of
the Krkonose-Jizera Crystalline Complex, but some
calc-silicate rocks of contact metamorphic zones are po-
ssible candidates; gahnite is known from the Staré Mésto
Crystalline Complex and the Moldanubian Zone. Tourma-
line is abundant in the phyllites and shists of the Krko-
nose-Jizera and Zvic¢ina crystalline complexes. Possible
source areas include some units of the south-western part
of the Krkonose-Jizera Crystalline Complex or overlying
units that have been eroded away.

Cisuralian samples from the south-western part of the
basin have a different association dominated by pyroxene-
ilmenite-rutile-tourmaline-garnet. Samples come from flu-
vial facies of the Vrchlabi Formation, for which
palaeocurrents indicate transport from the south. Source
areas of the fluvial sandstones could be more distant. More
information is needed to determine particular units of the
central and southern Bohemian Massif as possible source
areas (see discussion of garnet composition below). The
simple mineral association (dominated by tourmaline) of
the Sakmarian samples (Crm and Zbr belonging to the
Prose¢né Formation) could be explained in terms of de-
struction of less stable heavy minerals. Unstable heavy
minerals were probably disintegrated and weathered due
to a prolonged exposure on the floodplain. The Prose¢né
Formation is characterised by a low-gradient alluvial-lac-
ustrine system with low subsidence rates and a semi-arid
climate (Martinek 1995, Prouza & Tasler 2001), and
long-time exposure of sediments on the floodplain is ex-
pected. The stratigraphy of garnet-free and garnet-rich
units of the Guadalupian is discussed in Martinek (2003) in
detail. It could be concluded that a major change in source
areas is expected at the mid-Guadalupian basin-wide un-
conformity. Changes in HM composition of various strati-
graphic units point to tectonic and tectonostratigraphic
changes in source areas that correlate with tectono-
sedimentary changes within the basin. At least the
Cisuralian/Guadalupian unconformity, but probably also
Stephanian B/C and mid-Guadalupian unconformities,
could be correlated with these changes. Minerals pointing
to more distant sources are kyanite and staurolite. These
minerals occur in the fluvial sandstones of the Trutnov and
Vrchlabi formations that have palaeoflows directed to the

north and northeast. Kyanite and staurolite do not occur in
either the adjacent KrkonosSe or Zvicina crystalline com-
plexes. The closest occurrence of such minerals is in the
Orlice-Snéznik granulites or Moldanubian metamorphics.

Inferences from garnet composition

Garnet SPU-1 with a dominant spessartine (0.7) composi-
tion with very low almandine (0.15), grossular (0.05) and
pyrope (0.01) components and an absence of zonality is in-
terpreted as probably coming from a magmatic source; gar-
nets from leucocratic granites and pegmatites can have a si-
milar composition. Mn rich garnets are described e.g., by
Breiter (2005) from orthogneisses, pegmatites and granites
near Pribyslavice, the NE part of the Moldanubian Zone
(7-15 wt.% MnO). Alternatively, very similar garnet
(0.6 Sps, 0.15 Grs, 0.15 Alm) with an absence of zoning
also occurs in the blueschists of the eastern part of the
Krkonose-Jizera Crystalline Complex in SnéZny potok
near Zaclét (Zackova 2006 pers. comm.). Nevertheless, pa-
lacocurrent data show an opposite direction, which elimi-
nates this source from further discussion.

Most UI3-T1 garnet grains are dominated by
almandine (0.45-0.65), have high pyrope (0.25-0.45) and
very low spessartine and grossular components (less than
0.05). Such a composition and the absence of zonality
(similar to sample Hajn) are interpreted as possibly indicat-
ing a granulite source. Tajémanova et al. (2006) described
garnets from felsic granulites of the StraZzek Unit, NE
Moldanubian Zone (approx. 90 km SE of Krkonose
Piedmont Basin), of the eastern Bohemian Massif, with a
similar composition (0.55-0.85 Alm, 0.1-0.3 Pyr, Spes
and Grs less than 0.05) and an absence of zonality. Similar
bright garnets, with a composition of 0.30-0.64 Alm,
0.14-0.40 Pyr, 0.05-0.27 Grs, were described by Fiala &
Kopecky (1964) from Carboniferous sandstones of the bore-
hole Titéno Tt-1 near Louny, the Kladno-Rakovnik Basin,
and interpreted by these authors as coming from felsic
granulites. The garnets from the KfiStanov Granulite of
Farsky Hill, southern Bohemian Moldanubian Zone
(approx. 200 km south of Krkonose Piedmont Basin) have a
lower pyrope component (0.18-0.20 Pyr, 0.66-0.73 Alm,
0.1-0.02 Grs and 0.02 Sps, Verner 2006 pers. comm.), simi-
lar to samples U13-T1-3a and 3b. Anomalous very high
xMg garnet also occurs here (U13-T1-4, up to 0.50 pyrope),
its composition is similar to T2-3-T1-39 and Hajn18. They
can come from Moldanubian garnet pyroxenites, as is, e.g.,
an occurrence in BezdéCin near Tabor (approx. 160 km
south of the studied basin) has garnets with 0.44 Pyr, 0.37
Alm and 0.16 Grs (Machart & Padéra 1982).

Most of the garnet grains of the sample T2-3-T1 are of
dominant almandine-pyrope and pyrope-almandine com-
position. Those without zonality could be interpreted as
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Figure 6. Garnet composition revealed from single point analyses of the grains in samples U13-T1, Upice, Trutnov Formation, Early Permian (Upper
Rotliegende); T2-3-T1, Trutnov — Stary Rokytnik, Trutnov Formation; Hajn, Hajnice, Bohdasin Formation, Triassic.

coming from granulites south of the basin. Garnet
T2-3-T1-06 has prograde chemical zonality preserved. A
high xMg value in the rim points to a possible high-grade
metamorphic source. The preservation of zonality can be
interpreted as being due to lower P/T conditions (amphibo-
lite facies) or just a short exposure of the garnet at granulite
facies conditions. Garnet T2-3-T1-39 has prograde
zonality and a high pyrope component, but also a high
almandine component. This composition is rare and can be
compared with garnet clinopyroxenites that are associated
with eclogites and ultramafic rocks in the Moldanubian
Zone. The high Mn garnet T2-3-T1-32 with an absence of
zonality is interpreted as possibly coming from a magmatic
source, leucocratic granites and pegmatites can have a sim-
ilar composition. The Cr-pyrope grain T2-3-T1-45 with
0.5-0.6 Pyr, 0.1-0.15 Alm, 0.1-0.15 Grs and a 0.1
uvarovite component has an affinity to violet Cr-pyropes
from Podsedice (near Lovosice, western Bohemia,
0.75 Pyr, 0.12 Alm, 0.09-0.12 Uvr, Sps and Grs less than
0.01) that originate in pyrope lherzolite on peridotite bod-
ies in basement gneisses and which have been recycled
several times to Permo-Carboniferous, late Cretaceous and
Pleistocene deposits and Neogene volcanic breccia (Seifert
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& Vrana 2005). The composition of particular grains in this
sample is rather variable pointing to source areas south,
southeast and southwest of the basin. These areas are not
necessarily considered as primary sources of detritic mate-
rial. Several phases of recycling of older sedimentary units
(Carboniferous, Cisuralian) is expected at the major inter-
vals of the basin tectonic rearrangements indicated, e.g.,
by basin-wide unconformities (Stephanian B/C, Cisural-
ian/Guadalupian).

Garnet T21-21-1 has a dominant almandine (0.6) —
spessartine (0.2) composition with high Mn, low xMg, Ca
and the absence of zonality, interpreted as possibly coming
from a magmatic source, leucocratic granites, ortho-
gneisses and migmatites. The sample is similar to garnets
T2-3-T1-26, U13-T1-2 and Hajn14, but the sample comes
from a sandstone matrix of Horni Mésto Conglomerates
and is located close to the northern margin of the basin. The
pebbles originated from the Krkonose-Jizera Crystalline
Complex but the sandstone matrix may contain material re-
cycled from older strata (Carboniferous, Cisuralian).

Most Hajn garnets are almandine rich and have flat
profiles. In garnets 3 and 23 a weak prograde zonality can
be observed. There is a slight increase in xXMg from the
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Figure 7. Profiles through garnet grains, zonality discussed in the text. xMg values are calculated as Mg/(Mg + Fe). Location of profiles is shown on Fig. 8.
Sample SPU1, Stara Paka, Vrchlabi Formation, Early Permian (Lower Rotliegende); U13-T1, Upice, Trutnov Formation, Early Permian (Upper Rotliegende);
T2-3-T1, Trutnov — Stary Rokytnik, Trutnov Formation; T21-21.5m, Pekelsky vrch, Trutnov Formation; Hajn, Hajnice, Bohdasin Formation, Triassic.

core to the rim. High xMg (0.3-0.4, but also 0.45 and
0.55), a grossular component in the range of 2—12% (up to
20%) and a very low spessartine component are charac-
teristics. The homogeneous garnet chemistry, low
spessartine and a high xMg component point to a high-
grade metamorphic origin corresponding to granulite fa-
cies. The differences in the grossular component content
can be explained by variable pressure conditions, includ-
ing decompression history.

In most samples almandine-pyrope garnets with high-
grade metamorphic features dominate. They probably
came from southern or north-eastern Moldanubian granu-
lites. The high pyrope garnets may have a possible source
area in southern Moldanubian pyroxenite bodies. The
dominant southward sources for Permian deposits are in
agreement with the palaeoflows. The high-grade metamor-
phic rocks of the Moldanubian Zone were already ex-
humed during the Early Permian. Assuming that

11
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Figure 8. SEM photomicrographs show typical garnet grains with loca-
tion of profiles (see Fig. 7). Sample SPU1, Stara Paka, Vrchlabi Fm., Early
Permian; U13-T1, Upice, Trutnov Fm., Early Permian; T2-3-T1, Trutnov —
Stary Rokytnik, Trutnov Fm.; T21-21.5m, Pekelsky vrch, Trutnov Fm.;
Hajn, Hajnice, Bohdasin Fm., Triassic. * A — SPU1-1. « B — U13-TI-1.
e C—Ul3-T1-4. « D — T2-3-T1-06. * E — T2-3-T1-32. « F — T2-3-T1-39.

G —T21-21-1.  H— Hajn2. « I - Hajn3. * J — Hajn6. * K — Hajn 23.
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Moldanubian garnets were recycled from Carboniferous, it
can be inferred that the Moldanubian Zone was exposed to
erosion during the Late Carboniferous, as indicated by the
data from Kulm in central Moravia (Dvotak 1973, Hartley
& Otava 2001, Kotkova er al. 2007).

Near Vestiev (12 km southwest of Trutnov) an abun-
dant detrital pyrope occurs in Quaternary alluvial gravels,
which was exploited for jewellery (Ridkosil et al. 1997).
The pyrope composition (0.75 Pyr, 0.13 Alm, 0.04-0.07
Uvar, and 0.01-0.04 Grs) is characteristic of garnet peri-
dotites, but the original source of pyrope near Vestiev is
uncertain. No pyrope was found in the nearby Permian
sandstones; a possible derivation from Permian volcanic
rocks, which could bring pyrope-rich basement rocks, re-
mains to be examined. We can also speculate that pyrope
could have been derived from some post-Permian deposits,
that are not currently preserved. In the Kolin area, 40 km
south of the studied basin, there are at present relatively
abundant local sources of pyrope, that contain characteris-
tically oriented acicular rutile inclusions (B&hal et al. 2000,
Vrana 2008). It is nearly certain that the pyrope peridotites
near Kolin were not exposed to erosion during the Permian,
as it would be difficult to understand the presence of
granulite- and pyroxenite-derived garnets in the studied
samples interpreted as coming in part from southern Bohe-
mia and the absence of Kolin pyropes. Another problem
that remains unresolved is the presence of unusual
almandine-spessartine garnets enriched in grossular
(T2-3-T1-01). We have not found a possible source rock
for such a garnet composition.

Conclusions

1. Local sources of detrital material are suggested for the
Asselian—Guadalupian alluvial fan, nearshore lacustrine
and lacustrine fan-delta conglomerate deposits of the
north-western and south-eastern basin margin, respecti-
vely. Crystalline units of the south-western part of the
Krkonose-Jizera Crystalline Complex and Orlice-SnézZnik
Crystalline Complex are considered as the most favourable
source.

2. The two main possible source areas for the fluvial Asse-
lian deposits of the south-western part of the basin were
found. Pebbles of late Devonian—early Carboniferous ma-
rine limestones come probably from the central part of the
hypothetical Jitrava-Hradec Basin, while the source of
sand detrital material could be located in leucogranites and
pegmatites of the north-eastern Moldanubian Zone, Ptibys-
lavice area.

3. Guadalupian fluvial deposits reveal a wide range of
sources that can be attributed to the recycling of detrital
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material from Cisuralian and Carboniferous deposits. Gar-
net compositions indicate Moldanubian granulites, garnet
clinopyroxenites, leucogranites and pegmatites as possible
source.

4. Moldanubian granulites and garnet clinopyroxenites
were exposed to erosion in the Early Permian at the latest.
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