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ABSTRACT

This study outlines sediment-petrology methods for easily distinguishing between fine-grained Quaternary and pre-Quaternary
clastic sediments from the north-eastern part of the Budé&jovice Basin (Czech Republic), using standard sedimentological techniques
such as X-ray powder diffraction on bulk samples as well as heavy mineral analysis. There are significant differences in both the
mineralogical composition and the heavy mineral content of the two sedimentary units. The main components of pre-Quaternary
sediments are quartz, alkali-feldspar, muscovite, and kaolinite, reflecting longer periods of chemical weathering. Quaternary depo-
sits additionally contain the less weathering-resistant phases plagioclase and chlorite and have only minor amounts of kaolinite.
Quaternary sediments transported by the Vitava River generally contain significant amounts of amphiboles; these are missing in the
recent alluvia from its tributaries. The mineralogical compositions as well as the heavy mineral suites of analysed sediments in ge-
neral reflect the lithological properties and the duration of weathering processes the sediments underwent. The results allow Qua-
ternary sediments to be distinguished from pre-Quaternary deposits of the Budé&jovice Basin in places where optical characteristics
do not allow this. Further, different types of Quaternary sediments can be distinguished, mainly those transported by the Vitava or
its small local tributaries.

Die Studie folgt einer zweckmaRigen Methode zur einfachen Unterscheidung von feinkdrnigen Quartaren und pre-Quartaren Sedi-
menten vom norddstlichen Teil des Budweiser Beckens (Tschechische Republik) durch eine Kombination von sedimentpetrogra-
phischen Standardanalysen, wie der Bestimmung der Gesamtmineralogie mit Hilfe von Rontgendiffraktometrie in Verbindung mit
Schwermineralanalyse. Die Sedimentgruppen zeigen signifikante Unterschiede in ihrer mineralogischen Zusammensetzung sowie
im Schwermineralgehalt. Die wichtigsten Bestandteile des Gesamtmineralspektrums von pra-Quartéaren Sedimenten sind Quarz,
Alkalifeldspat, Muskovit und Kaolinit, die auf lange Phasen chemischer Verwitterung hinweisen. Quartare Ablagerungen enthalten
zusatzlich Anteile von weniger verwitterungsresistentem Plagioklas und Chlorit, aber nur geringe Mengen Kaolinit. Die quartaren Se-
dimente der Moldau enthalten auerdem signifikante Anteile von Amphibolen. Der Amphibolgehalt unterscheidet die Moldauablage-
rungen von den rezenten Alluvionen der lokalen Moldauzufliisse. Die mineralogische Zusammensetzung sowie die Schwermineral-
spektren der Proben spiegeln die lithologischen Gegebenheiten in den Einzugsgebieten sowie die Dauer von Verwitterungsprozessen,
denen die Sedimente ausgesetzt waren. Die Ergebnisse dieser Studie zeigen, dass sedimentpetrographische Methoden eine sichere
Unterscheidung quartérer von pre-quartaren Ablagerungen im Budweiser Becken ermdglichen. Petrographische Charakteristika er-
lauben ausserdem, zwischen fluviatilen Sedimenten der Moldau und Ablagerungen kleiner, lokaler Zuflisse zu unterscheiden.

1. INTRODUCTION

The sedimentary fills of the two southern Bohemian sedimen-
tary basins - the Budé&jovice and Trebor basins - are dominated
by Cretaceous and Miocene deposits, on top of which Qua-
ternary sediments form only a relatively thin layer of up to se-
veral meters thickness (Homolova et al., 2012). These Creta-
ceous and Miocene sediments have been extensively des-
cribed, with several studies documenting their petrography
(Slanska, 1963 and 1976) and paleontological content (Pacl-
tova, 1961; Malecha and Picha, 1963; Rehakova, 1963; Ga-
brielova et al.1964). In contrast, much less attention has been
paid to the Quaternary sediments.

In most studies of the Quaternary sediments deposited in the
southern Bohemian basins, the morphology of terrace stairca-
ses formed by rivers crossing the basins was described in de-

tail (Chabera, 1965; Chabera and Vojtéch, 1972; Novak, 1990;
Homolova et al., 2012) whereas the sedimentary petrography
was mentioned only marginally and was generally reduced to
pebble analyses of the fluvial gravels.

Extensive petrographic investigations on fluvial sediments
of Bohemian rivers, including grain-size and pebble analyses
as well as heavy mineral analyses, were done by Kodymova
(1960, 1962, 1963 and 1966). These studies, however, focus-
sed solely on sediments from recent river alluvia. Sediments

FIGURE 1: Geological map of southern Bohemia (modified after
Chab et al., 2007) and location of the study area (black rectangle).
Dashed line marks the catchment area of the Vitava River upstream of
Hluboka nad Vitavou. BB - Budé&jovice Basin; LH - LiSov horst.
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from Pleistocene terraces of rivers were analysed at a very
few locations along the middle and lower course of the Vitava
and currently there are no data for other types of Quaternary
sediments in the study area at all.

In both the Budéjovice and the adjacent Tfebor Basin, fine-
grained sediments from Quaternary and pre-Quaternary units
look very similar, making their stratigraphic assignment diffi-
cult. This causes problems when analysing drilling-cores in
places where Quaternary sands or gravels lie directly on Mio-
cene or Cretaceous deposits.

In studies dealing with fluvial terraces of the Vitava and MalSe
Rivers in the Budé&jovice Basin (Chabera, 1965; Homolova et
al., 2012) and Luznice River in the Tfeborn Basin (Chabera
and Vojtéch, 1972), only fluvial sandy gravels of the main ri-
vers were identified as the marker lithology of undoubtedly
Quaternary age. Sandy and silty fluvial sediments, frequently
forming most of the bodies of Pleistocene terraces could not
be distinguished from fine-grained deposits of Miocene or Cre-
taceous age, leaving severe difficulties in correlating Pleisto-
cene terraces and defining the thickness of the Quaternary
sediments.

Such correlations are, however, vital for understanding the
Pleistocene fluvial history of the region and for regional corre-
lations of terrace staircases along the Vitava and other rivers.
Furthermore, terrace correlations are also important for identi-
fying displacements at active normal faults in South Bohemia.
Such analyses can also be used to clearly distinguish between
terrace sediments of the main rivers (Vitava and MalSe) and
alluvial fans deposited by their local tributaries.

A simple assignment of sediments to different stratigraphic
units based only on the lithofacies is difficult, as fluvial sequen-
ces occur in the Quaternary as well as in the Miocene and
Cretaceous successions and the facies are generally not dis-
tinctive (Nehyba and Roetzel, 2010). A crucial part of this stu-
dy, therefore, was to find reliable parameters to distinguish
fine-grained sediments of Quaternary age from those of older
stratigraphic units using sediment-petrologic analyses such
as X-ray powder diffraction and/or heavy mineral analysis.

Another important issue was characterising the different Qua-
ternary sediments originating from the Vitava and ist tributaries.
Distinguishing fluvial sands and gravels from the lowermost
terrace level, forming the present-day Vltava floodplain from
alluvia deposited by small tributaries near their confluence with
the Vltava is very difficult. Only if clear differences between the
sediments from these two depositional sources have been
defined, can sediments of ambiguous morphological position
be correctly assigned.

2. REGIONAL AND GEOLOGICAL SETTING

Both the Budé&jovice Basin and the Trebon Basin to the east
are here referred to as the South Bohemian Basin System;
this lies within the Bohemian Massif. The characteristic elon-
gate shape of both basins is controlled by a system of faults
striking predominantly NW-SE and NNE-SSW. The two basins
are separated from each other by the fault-bounded basement

high of the Rudolfov Ridge (Fig. 1).

The study area comprises the Budé&jovice Basin as well as
areas northeast of the Hluboka Fault, which delimits the se-
dimentary fill of the Budéjovice Basin from its Moldanubian
crystalline basement to the northeast (Fig. 2).

The depocenter of the Budéjovice Basin lies in the eastern
part of the basin, where the sediment thickness reaches c.
340 m (Homolova et al., 2012). The distribution and offset of
Permian, Cretaceous and Miocene sediments allows the re-
peated reactivation of faults at or close to the basin margin to
be reconstructed; movement on some of the faults may have
continued into the Quaternary. Strong evidence for recent
vertical displacements is indicated by geomorphological data
from the Hluboka (Jachymov) Fault and the Rudolfov Fault
(Vyskocil, 1973 and 1979) that form the NE and E margins of
the Budéjovice Basin, respectively.

The Moldanubian crystalline complex forming the basement
to the Budéjovice Basin consists of Precambrian to Paleozoic
high-metamorphic grade mica-schists, gneisses and migmati-
tes as well as of igneous rocks forming the Central Bohemian
and Moldanubian Plutons (Slanska, 1976). Upper Carbonife-
rous to Lower Permian coal-bearing claystones and sandsto-
nes of the Blanice Graben east of the Hluboka Fault represent
the oldest unmetamorphosed sediments in this area (Suk et
al., 1989).

The thickest stratigraphic unit is the Upper Cretaceous Kli-
kov Formation, consisting of poorly-sorted white, grey and
reddish brown sands, sandstones and mudstones lying directly
on the weathered crystalline basement and reaching a maxi-
mum thickness of 340 m (Slanska, 1976; Domaci et al., 1989).
This is the most widespread stratigraphic unit in the southern
Bohemian basins, covering large areas of the Budéjovice Ba-
sin (Fig. 1). Palynology, carpology and the macroflora all indi-
cate that these fresh-water, fluvio-lacustrine sediments are of
Late Turonian to Santonian age (Knobloch, 1985). The main
sediment sources during the Cretaceous were the kaolinite-
rich eluvia of granitoid rocks and sillimanite-biotite gneisses;
these were strongly weathered as a result of the Late Creta-
ceous tropical and subtropical climate (Slanska, 1963). The
main mineralogical components are quartz, feldspar (mainly
microcline and orthoclase and very rarely plagioclase), mica
(muscovite and biotite) and kaolinite. Organic matter, illite and
limonite are present as well. Zircon, tourmaline, rutile, kyanite,
anatase and opaque minerals dominate the heavy mineral as-
semblages throughout the Klikov Formation. Less weathering-
resistant minerals such as apatite, andalusite, garnet, amphi-
boles and epidote group phases only occur locally, near base-
ment rocks and faults (Slanska, 1976).

The Miocene strata are represented by two stratigraphic units:
the Zliv Formation and the Mydlovary Formation. Their very si-
milar paleontological content suggests that they were deposi-
ted in close time intervals (Svoboda, 1966). These formations
either directly overlie the crystalline basement or Cretaceous
sediments.

The Zliv Formation, which reaches a maximum thickness of
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15 m, comprises grayish-green sandy clays at the base, coar-
sening upward into sandstones and conglomerates. These
are often strongly silicified in the upper part. The mineralogi-
cal composition is similar to the Klikov Formation but with a
significant amount of montmorillonite (Svoboda, 1966). Zircon,
tourmaline, rutile and opaques are the most abundant heavy
minerals, followed by minor amounts of kyanite, staurolite and
andalusite. In early studies, the Zliv Formation was considered
to be the uppermost part of the Cretaceous Klikov Formation
but later it was assigned to the Miocene (Ottnangian), based
on its diatomaceous flora, similar to that of the Mydlovary For-
mation. Fresh water, as well as brackish and marine diatoms
are preserved (Svoboda 1966).

The Mydlovary Formation, which is up to 60 m thick and
covers only small areas, mainly in the north-western part of
the Budéjovice Basin, consists of grayish-green clayey sands
and sandstones to olive-green clays with layers of dark-grey
coaly clays, xylites and greenish diatomaceous clays (Svo-
boda, 1966). These well-sorted sediments consist mainly of
quartz, kaolinite, illite, montmorillonite, organic matter and, in
places, calcite. Apart from stable heavy minerals, less stable
phases such as amphiboles, andalusite, epidote and sillima-
nite occur (Slanska, 1963).

The Pliocene Ledenice Formation occurs in both the Budé-
jovice and Trebon basins as well as on the crystalline base-
ment. The 15 - 20 m thick succession consists of light-grey,
bluish-grey, dark-grey and greenish, predominantly kaolinic
and highly sandy clays (Svoboda, 1966). The age is constrai-
ned by palynological data (Pacltova, 1963) and diatoms (Re-
hakova, 1963).

Quaternary sediments consist of fluvial sandy gravels and
pebbly sands deposited by the Vitava and Mal$e, alluvial fans
of their tributaries, solifluction loams and loess loams deposi-
ted on slopes surrounding the basin. Sandy overbank depos-
its are found on recent floodplains of the two main rivers as
well as along their tributaries (Domaci et al., 1989; Suk et al.,
1989; Vrana et al., 1990).

During the Pleistocene and probably in even earlier times,
the two main rivers, the Vltava and Mal8e, accumulated ter-
race bodies of different horizontal and vertical extents and
covering large areas in the southeastern part of the Budéjo-
vice Basin (Fig. 2). The former terrace staircase was subse-
quently smoothed by periglacial geli- and solifluction proces-
ses that occurred during the last glacial period and most pro-
bably also during all previous cold stages. The lowermost ter-
race level, corresponding morphologically with the present
day floodplain, represents a complex sediment body build up
of several distinct packages of river aggradation with ages
ranging between approx. 90 ka to the Holocene (Homolova et
al., 2012). Alluvial fans, found mainly along the morphologi-
cally pronounced Hluboka Fault scarp at the north-eastern
basin margin, were deposited by the small right-hand tribu-
taries of the Vitava and MalSe (Fig. 2).

The lithological composition of the fluvial sediments depo-
sited by the two main rivers reflects the bedrock properties of

their total catchment areas. The sediments, therefore, consist
mainly of subangular to well-rounded quartz pebbles and clasts
of Moldanubian crystalline rocks such as orthogneiss, granite,
granulite, migmatite, amphibolite, eclogite, schist, aplite, quart-
zite or pyroxenic hornfels (Kodymova, 1960). In contrast, the
composition of material deposited by the tributaries is much
less variable, consisting of quartz and only local lithologies
such as sillimanite-biotite gneiss, leucocratic migmatite as well
as clasts of Cretaceous and Permian sedimentary fragments,
which survived the short transportation event. An example of
such deposits is the sandy gravel of Kysela voda in the vici-
nity of Usilng; this consists of quartz pebbles, gneiss and mud-
stone clasts of Permian age (Spadek et al., 2011).

In recent alluvia of the Vitava and MalSe, the heavy mineral
spectrum is dominated by amphiboles with significant amounts
of garnet, sillimanite, kyanite, epidote, andalusite, titanite and
staurolite (Kodymova, 1966).

3. METHODS

3.1 SAMPLING

Samples for sediment analyses were taken from twelve drill
cores, six outcrops and from alluvia of small tributaries of the
Vitava. Sampling locations and site types are shown in Fig. 2
and Table 1. The position of samples within drilling cores and
outcrop profiles is summarized in Figs. 3 and 4. Samples not
shown in that figures (DH 004/2, DH 038/2, MUNICE 4, 7 and
9 as well as DH 040, 041, 042/1, and 042/2) were sampled from
the nearby surface and therefore only the location is given.

Samples were collected from all sediment types of pre-Qua-
ternary and Quaternary age, including Cretaceous and Mioce-
ne sandstones, claystones, clay, and sand and Quaternary
fluvial gravel and sand of the Vltava, sediments of small Vita-
va tributaries as well as other Quaternary deposits (Table 2).

3.2. GRAIN SIZE AND COLOR

The grain size of unconsolidated sediments was estimated
in the field and not further analyzed in detail. Such a method
is considered to be sufficient as similar sediment types can
be found in all different stratigraphic units occurring in the
study area (Slanska, 1963; Huber, 2003). Thus this charac-
teristic cannot be used to make a clear assignment of sedi-
ments to the different stratigraphic units; essentially, a detai-
led grain size analysis would not improve on the overall con-
clusion of this study.

The color of all air-dried samples was determined using the
Munsell Soil Color Charts (MUNSELL COLOR, 2000).

3.3 BULK MINERALOGY

Thirty-two samples from various stratigraphic units were ana-
lyzed with X-ray powder diffraction (XRD) to resolve their mine-
ralogical composition. The samples were first dried in a drying
chamber at 60 °C for 24 hours, milled in a vibration mill for two
to five minutes and analyzed in a Panalytical PW 3040/60
X'Pert PRO X-ray diffractometer (CuKa radiation, 40 kV, 40 mA,
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continuous scan, step size 0.02, 5s per step). Fifteen samples
(Table 3) were subsequently treated with ethylene glycol and
analyzed to better resolve their clay mineral content.

3.4 HEAVY MINERAL ANALYSIS

For heavy mineral analysis, samples were first treated with
dilute acetic acid for 7 days, wet sieved to separate the 0.063
- 0.4 mm fraction, and dried in a drying chamber at 60 °C for
24 hours. Heavy minerals were separated from the light frac-
tion by gravity separation in a funnel using tetrabrom-ethane
(C,H,Br,) with a density of 2.94 g/cm’. The separated minerals

Elevation

were subsequently washed with acetone and dried. A portion
of the prepared material was then dispersed on a glass mi-
croscope slide, embedded with Canada Balsam (refractive
index 1.54) and protected with a cover-glass.

Heavy minerals were identified using a polarizing micros-
cope. For quantitative analysis, 200 non-opaque grains per
sample were counted using the ribbon counting method. The
number of opaque grains was also noted.

Nine heavy mineral separates were powdered in an agate
mortar and analyzed with the X-ray diffractometer to identify
their main components and to cross-check the results of the
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sample site Site type Xe ye Long (E) Lat (N) Z(f#;fgﬁe
DH 004 Claypit 760703.4 11537533 14.386111- 49.079722- 404.0
DH 005 Outcrop 756934.3 1156667.9 14.442778- 49.058333- 3723
DH 007 Outcrop 756223.0 11562311 14.451667- 49.063056- 389.0
DH 011 Outcrop 754011 4 1637737 14.495556- 49.998611- 399.0
DH 038 Sandpit -753805.4 1160552.0 14.492500- 49.027500- 435.0
DH 040 Streambed 755405.0 11595810 14.468889- 49.034167- 4100
DH 041 Streambed -755363.0 1159558.0 14.469444- 49.034444- 412.0
DH 042 Creek outting 757046.0 1156702.0 14.441389- 49.058056- 388.0
HL4 Drilling 756523.8 1157955 1 14.450833- 49.047500- 3732
HL 7 Drilling -756230.3 1158202.2 14.455278- 49.045556- 373.0
HL8 Drilling 756647.5 1158528.6 14.449039- 49.041455- 3736
HL 9 Drilling -756583.6 11584319 14.450111- 49.042664- 373.0
HL 11 Drilling 756752.2 11568015 14.445556- 49.057500- 3721
HLR 1 Drilling -756690.1 11560910 14.445000- 49.063889- 376.7
HR 1 Drilling 7549315 1160825.8 14.476880- 49.023138- 387.3
13 Drilling 756757.8 156117.9 14.444167- 49.063611- 3753
J5 Drilling 756371.8 1156575.7 14.450278- 49.060000- 3714
17 Drilling 7563561 1156376.7 14.450000- 49.061667- 3715
J8 Drilling 756035.2 1156267 4 14.454167- 49.062778- 371.0
MUNICE 4,7, 9 Outcrop -758934.0 11557025 14.413889- 49.064722- 400.0
oP2 Drilling 755893.8 1159235 2 14.460572- 49.036141- 374.2

TABLE 1: Sample sites location data. * X-Y (m) stand for Jednotna trigonometricka sit katastralni (JTSK) system used in the Czech Republic.

microscope analyses.

4. RESULTS

4.1 CRETACEOUS AND MIOCENE SEDIMENTS

4.1.1 GRAIN SIZE AND COLOR

Samples collected from outcrops and drillings assigned to
the Cretaceous and Miocene show a relatively large variabi-
lity in sediment/rock type, grain size, and color. The sediment/
rock types range from clay/claystone through sand to more or
less consolidated sandstones cemented with clay (Table 2).
White, shades of grey, yellow and reddish brown dominate
the color spectrum.

4.1.2 BULK MINERALOGY

All samples of pre-Quaternary age contain mainly quartz, ka-
olinite, and muscovite and, except of DH 038/2, also significant
amounts of alkali-feldspars. In Miocene samples MUNICE 4
and MUNICE 7, smectites were found as well (Table 3).

4.1.3 HEAVY MINERALS

The heavy mineral assemblages of pre-Quaternary sedi-
ments show a clear dominance of the stable minerals zircon
and tourmaline (Table 3, 4 and Fig. 6). In sample DH 038/2,
anatase was recognised by XRD (Fig. 5). Relatively unstable
phases make up only a maximum of 40 % of all non-opaque
grains (Table 4). These are mainly staurolite, monazite, kyanite
and epidote. The relative amounts of opaque grains in the heavy
mineral assemblages of Cretaceous and Miocene sediments
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color and lithofacies.

Sample data: Depth, stratigraphy, sediment type/grain size

TABLE 2



are significantly higher than in samples of Quaternary age,
exceeding 50 %. There are no significant differences between
the heavy mineral contents of the Cretaceous and Miocene
samples.

4.2 QUATERNARY SEDIMENTS

4.2.1 GRAIN SIZE AND COLOR

The Quaternary Vitava River sediments are represented
mainly by sand, sandy gravel and pebbly sand with suban-
gular to well-rounded larger clasts, whereas the recent creek
alluvia mainly consist of angular sandy gravel or sand. Allu-
vial fan material and other Quaternary sediments are mostly
sandy, with variable contents of coarse grains. In general,
Quaternary sediments are uncemented and much less con-
solidated than Miocene or Cretaceous sediments.

A large variety of yellow and brown colours characterises all
the sediment types (Table 2).

4.2.2 BULK MINERALOGY
All samples of Quaternary age consist of quartz, alkali-felds-
pars (microcline and orthoclase), plagioclase and mica (mus-

ovite and/or biotite). Only very low amounts of kaolinite and
smectites were found.

Sediments from the recent Vitava floodplain both south and
north of the Hluboka Fault also contain significant amounts
of chlorite and amphiboles. The high amphibole content was
seen in both the XRD patterns of the bulk samples and in the
optical analysis of the heavy minerals (Table 3). Older terrace
deposits in the Budé&jovice Basin deposited on Cretaceous se-
diments (DH 011/2, HR 1/3) and recent alluvia of small Vitava
tributaries near Hluboka nad Vitavou (DH 040, DH 041, DH
042/1 and DH 042/2) show no evidence for amphibole in the
XRD analyses of bulk samples. Samples J 3/7 and HLR 1/2,
from terrace level CB 2 north of the Hluboka Fault, show on-
ly low amphibole contents (Table 3). No chlorite has been
found in Vltava river terrace deposits situated above the re-
cent floodplain.

4.2.3 HEAVY MINERALS

The heavy mineral content of the Quaternary sediments is
much more variable than that of pre-Quaternary samples, sho-
wing a clear dominance of relatively unstable minerals. These
are mainly amphiboles and garnets from the non-opaque mi-

Stratigraphy Sample name Bulk components Main heavy minerals (> 5%)
Klikov fm., Cretaceous DH 038/2 Q?, Alk-Fsp®, Kao®, Mus? Zr, Ruk, T', Kym, Mo"
DH 004/2EC Q, Alk-Fsp, Kao, Mus Zr,Ru, T
Zliv formation, MUNICE 4E¢ Q, Alk-Fsp, Kao, Mus, Bio®, Sm' T, Zr, Ru
Miocene MUNICE 7E¢ Q, Alk-Fsp, Kao, Mus, Sm Zr, Mo, Tu, Ky
MUNICE 9 Q, Alk-Fsp, Kao, Mus, Bio T, Zr, Ru
Klikov fm., Cretaceous HL 9/1EG Q, Alk-Fsp, Kao, Mus, Sm Zr, T, Ru, Mo
(This study) OP 2/1E6 Q, Alk-Fsp, Kao, Mus, Bio, (Sm) T, Zr
HR 1/4 Q, Alk-Fsp, Kao, Mus, Bio no data
CB4 DH 007/1 Q, Alk-Fsp, Plag?, Mus, Am", (Kao) Am, Py®
BB 4 DH 011/2 Q, Alk-Fsp, Plag, Mus, Kao Am, T, Py, Zr, GP?, Si9, Ep',
CB2 J 3/7 Q, Alk-Fsp, Plag, Mus, Kao G,Am, T, Si, Ap*
CB1 J 5/1E¢ Q, Alk-Fsp, Plag, Mus, Am, Chl', (Kao) no data
J 7/2E6 Q, Alk-Fsp, Plag, Mus, Bio, Am, Chl Am, G, Ap, T, Ep
J 8/1E6 Q, Alk-Fsp, Plag, Mus, Am, Chl, (Kao) Am, Py, T, Zr
J 8/5EC Q, Alk-Fsp, Plag, Mus, Am, Chl Am, G, Ep, Ap, Si
HL 11/1E¢ Q, Alk-Fsp, Plag, Mus, Am, Chl, (Kao) no data
CB 1 cover DH 005/1E¢ Q, Alk-Fsp, Plag, Bio, Am, (Chl) Am, G, T, Zr
DH 005/3 no data Am, G, Ap
> Colluvium DH 005/4F¢ Q, Alk-Fsp, Plag, Bio, Kao, (Am, Sm) Am, G, T
8 CB 2 cover HLR 1/2 Q, Alk-Fsp, Plag, Mus, Bio, Kao, (Am) Am, G, T, Ap, Py
‘g BB 1 HL 4/2 Q, Alk-Fsp, Plag, Mus, Am, Chl Am, G, T, Ep, Si
c:, HL 7/4.1 Q, Alk-Fsp, Plag, Mus, Am, Chl Am, G, T, Si
HL 8/1E¢ Q, Alk-Fsp, Plag, Mus, Am, Chl, Kao Am,Ep, T, G
HL 8/4€¢ Q, Alk-Fsp, Plag, Mus, (Am, Chl) no data
OP 2/5EC Q, Alk-Fsp, Plag, Mus, Bio, Am, Chl Am, G, Si, T
OP 2/6 Q, Alk-Fsp, Plag, Mus, Kao no data
Alluvial fan HR 1/1 Q, Alk-Fsp, Plag, Mus, Kao no data
HR 1/1.35 Q, Alk-Fsp, Plag, Mus, Am, Kao Am, G, Ep
BB 3 HR 1/3 Q, Alk-Fsp, Plag, Mus, Kao Am, G, Zr,Ep, T
Tributary alluvia DH 040 Q, Alk-Fsp, Plag, Mus, Bio, Chl, Kao, Am, G, T, Zr, Py, Ep
DH 041 Q, Alk-Fsp, Plag, Mus, Bio, Chl, Kao, Am,G, T Zr
DH 042/1 Q, Alk-Fsp, Plag, Mus, Bio, Kao T, G, Am, Ap, Ep
DH 042/2 Q, Alk-Fsp, Plag, Bio, Chl, Kao T, Ep, Am, Ap, G, Si
*Q - Quartz "Sm - Smectite * Ru - Rutile "G - Garnet
* Alk-Fsp - Alkali Feldspars ? Plag - Plagioclase 'T - Tourmaline @ 8i - Sillimanite
“ Kao - Kaolinite " Am - Amphiboles " Ky - Kyanite " Ep - Epidote group
¢ Mus - Muscovite ' Chl - Chlorite " Mo - Monazite * Ap - Apatite
‘ Bio - Biotite ! Zr - Zircon Py - Pyroxene EG - sample treated with etylene glycol

TABLE 3: Bulk mineralogy and heavy mineral content of analyzed samples.
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Heavy mineral content of analyzed samples.

TABLE 4



nerals and ilmenite from the opaques (identified using XRD;
Table 4, Fig. 5). Other phases are pyroxenes (mainly enstatite
and diopside), minerals of the epidote-group, sillimanite, an-
dalusite and apatite. The relative amounts of heavy mineral
components are variable, depending on factors such as the

horizontal or vertical position of the sample within the former
river bed. Together, zircon, rutile and tourmaline (the stable
minerals) make up < 15 % of all non-opaque grains.

The relative amounts of opaque grains in the heavy mine-
ral content of Quaternary sediments is < 40%, significantly lo-

a - ;.rﬁ": "‘R ‘@mn b
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FIGURE 6: Photomicrographs of representative heavy mineral separates from different stratigraphic units found in the study area. a) HL 9/1, 2.5
times enlarged, b) HL 7/4.1, 2.5 times enlarged, c) OP 2/1, 10 times enlarged, d) OP 2/1, 10 times enlarged with crossed nicols, e) OP 2/5, 10 times en-
larged, f) OP 2/5, 10 times enlarged with crossed nicols. Note the high relative amount of opaque grains and weathering-resistant minerals zircon (Zr),
tourmaline (T) and rutile (Ru) in samples HL 9/1 and OP 2/1 assigned to the Cretaceous. Samples HL 7/4.1 and OP 2/5 from the Quaternary show lower
amounts of opaque grains and higher amounts of less weathering-resistant minerals such as amphiboles (Am), garnets (G) and minerals of the epidote
group (Ep). Cretaceous samples also show a better sorting compared to samples from the Quaternary. Ky - kyanite, St - staurolite, Sil - sillimanite.
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FIGURE '7: Distribution of non-opaque heavy minerals (simplified) and relative amounts of opaques
and non-opaques in the heavy mineral suites of analyzed samples. Note the dominance of stable mi-
nerals zircon, rutile and tourmaline (Zr, Ru, T) in pre-Quaternary sediments as well as the dominance
of amphiboles in Quaternary sediments transported by the Vitava River. An — andalusite, Ky — kyanite,
Sil — sillimanite.

wer than in pre-Quaternary samples
(Table 4). Older terrace deposits in
the Budéjovice Basin (DH 011/2 and
HR 1/3) show slightly higher amounts
of opaques and strongly weathered
grains, probably because of a higher
content of reworked Cretaceous ma-
terial on which the terraces are de-
posited. Samples from local tributa-
ries in the vicinity of Hluboka nad
Vitavou (DH 042/1 and DH 042/2)
show larger relative amounts of stab-
le minerals, mainly tourmaline, and
slightly lower contents of amphiboles.

5. DiscussIiaN

5.1 GENERAL CHARACTE-
RISTICS OF PRE-QUATER-
NARY AND QUATERNARY
DEPOSITS

The results of this study show that
there are clear differences in the
mineralogical compositions as well
as in the heavy mineral contents of
Quaternary and pre-Quaternary se-
diments. With the sediment-petrolo-
gic methods applied here, a rela-
tively fast discrimination between
these two sediment groups can be
achieved (Table 3).

Pre-Quaternary sediments contain
mainly quartz, kaolinite, muscovite
and alkali-feldspars. Most of the pre-
Quaternary samples analyzed in this
study are assigned to the Upper Cre-
taceous Klikov Formation (Table 3),
consistent with the geological map of
the study area (Zakladni Geologicka
Mapa CSSR 1:25.000, 1982). The
high amounts of kaolinite and the ab-
sence of less stable minerals such
as plagioclase and amphiboles indi-
cates that tropical and subtropical
kaolinitic weathering occurred during
the Late Cretaceous and Miocene
(Slanska, 1976; Nehyba and Roetzel,
2010). Samples MUNICE 4, MUNICE
7 and MUNICE 9, bearing significant
amounts of smectites, most probably
belong to the Miocene Zliv Forma-
tion. This also conforms to the geo-
logical map (Zakladni Geologicka
Mapa CSSR 1:25.000, 1982). None
of the samples analysed in this stu-



dy can be assigned to the Miocene Myd-lovary Formation.

Compared to pre-Quaternary deposits, Quaternary sedi-
ments also contain plagioclase and have only low amounts of
kaolinite (Table 3). Most of the Vltava sediments contain signi-
ficant amounts of chlorite and amphiboles. The presence of
less stable minerals as well as the small amounts of kaolinite
in Quaternary sediments rule out long periods of chemical
weathering and are clearly consistent with the young age and
cold weathering conditions of these deposits.

A comparison of the heavy mineral content of pre-Quaternary
and Quaternary deposits shows a clear dominance of ultra-
stable minerals in the first group (Fig. 6 and 7). This can be
interpreted as a result of long-term weathering and dissolution
of unstable heavy minerals during the Cretaceous and Neo-
gene. In Quaternary deposits, relatively unstable minerals
such as amphiboles and garnet are the main components of
the heavy mineral suites. In this case, the weak recent che-
mical weathering has had almost no effect on the mineralo-
gical composition of the young clastic sediments (Kodymova,
1963) and therefore a much broader range of heavy minerals
is preserved.

The observations described above are supported by statisti-
cal analyses of the heavy mineral distributions of samples as-
signed to the Quaternary and Miocene/Cretaceous, showing
significant differences between these two groups (Fig. 8 and
Table 5). The results of the Student T-Tests for both groups
(Quaternary and Miocene/Cretaceous) are significant, even
though the number of samples in both groups was relatively
small (7 in the Miocene/Cretaceous group and 20 in the Qua-
ternary group).

The remarkable presence of amphiboles in the Vitava River
sediments is due to the high abundance of amphibole-bearing
lithologies (amphibolites, granulites, igneous plutons and or-
thogneisses; Slanska, 1963) found in the river catchment (see
Fig. 1). The source areas of local tributaries are significant-
ly smaller and geologically comprise leucocratic migmatites,
biotite gneisses and sillimanite-biotite gneisses, which in pla-
ces are partly migmatized (Zéakladni Geologicka Mapa CSSR
1:25.000, 1982). These lithologies deliver mainly sillimanite,
garnet and tourmaline with minor amounts of apatite, epidote,
monazite, opaques, and titanite (Vrana et al., 1990). The signi-
ficantly lower amounts of amphiboles in both the bulk samples
and the heavy mineral suites as well as the higher amounts of
tourmaline in samples DH 042/1 and DH 042/2 (Fig. 6) under-
line the strong influence of local lithologies on the overall mi-
neralogical composition as well as on the heavy mineral con-
tent of these sediments. The higher amount of tourmaline in
recent creek alluvia compared to the Vitava River sediments
was shown to be significant by the Students T-Test (T-Value: -
3.358; Significance: 0.003). The absence of chlorite is also a
characteristic of local creek alluvia and alluvial fan material.

Figure 9 gives an overview of all the stratigraphic units oc-
curring in the Budéjovice Basin with their basic characteris-
tics, including age, thickness, sediment type, bulk and heavy
minerals components, as well as their dating methods.

Mineral T-Test | T-Value | Significance
Garnets Welch -9.035 0.000
Zircon, Rutile, Tourmaline | Student | 20.959 0.000
Sillimanite Student -3.977 0.001
Amphiboles Welch -13.312 0.000
Apatite Student -3.498 0.002

TABLE 5: Student T-Test for the groups ,Quaternary” and ,Miocene/
Cretaceous”.

5.2 APPLICATION OF OBTAINED DATA FOR STRA-
TIGRAPHIC ASSIGNMENT OF SEDIMENTS

The results of this study have been applied to samples of
doubtful stratigraphic assignment, where field characteristics
were not sufficient for defining their age. A clear line dividing
Quaternary from pre-Quaternary sediments can be drawn in
drilling profiles OP 2 and HL 8 - HL 9 by looking at the minera-
logical composition of the material (Fig. 10). Samples of pre-
Quaternary age (OP 2/1 and HL 9/1) contain mainly quartz,
kaolinite and muscovite with a minor amount of alkali-feldspars
and smectites. Quaternary sediments additionally contain pla-
gioclase, chlorite and amphiboles. In profile OP 2, a decrease
in plagioclase, chlorite and amphiboles and an increase of
kaolinite with depth are recorded. The heavy mineral spectra
of those samples underline these results.

Samples HL 9/1 and OP 2/1 from the Vltava River floodplain
with luminescence ages of > 74 ka and > 176 ka (Homolova
et al., 2012) can be clearly assigned to the pre-Quaternary.
They are probably part of the Cretaceous Klikov Formation un-
derlying the Quaternary fluvial gravels in this area. The samples
also contain small amounts of smectites, but this is probably
because they are overlain by several meters of Quaternary
deposits, from which smectite could have been washed down.

A more complicated situation is observed in the profile HR
1, exposing sediments of a large alluvial/colluvial fan that was
deposited on top of an old Vitava river-terrace. In the upper-
most two meters of the profile, unsorted sub-rounded coarse
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FIGURE 8: Discrimination diagram showing the relationship between
the content of weathering-resistant heavy minerals zircone (Z), rutile (R)
and tourmaline (T) and amphiboles in all analyzed samples of Quater-
nary and Cretaceous/Miocene age. Based on this relationship, a clear
assignment of samples to these two groups can be done.
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FIGURE 9: Stratigraphic chart of the NE part of the Budé&jovice Basin. Thickness of pre-Quaternary sedimentary units is derived from the Geological
map 1:25.000 (Z&kladni Geologicka Mapa CSSR 1 : 25.000, 1982), thickness of Quaternary units derived from Homolova et al., 2012.




gravel mixed with sand (HR 1/1) is underlain by silty sand; this ist tributaries. The heavy mineral composition shows signifi-
sequence probably represents redeposited Vitava fluvial sedi- cantly higher contents of tourmaline compared to the Vitava
ments. The presence of amphiboles in the bulk analysis of HR River sediments, pointing to the strong influence of the local

1/1.35, dated by the luminescence
method to 54.4 + 5.9 ka (Homolova
et al., 2012) supports this. The alluvi-
al fan material is underlain by a rem-
nant of an old Pleistocene terrace
(sample HR 1/3) and Cretaceous
coarse sand (HR 1/4) (Fig. 11); ac-
cording to the mineralogical compo-
sition of the samples, the base of
Quaternary lies between these two
samples.

Within the different types of Qua-
ternary sediments, some remarkable
differences in mineralogical compo-
sition and heavy mineral assembla-
ges are also observed.

In lowermost parts of profile DH
005, well sorted, cross-bedded flu-
vial coarse sand overlying sandy
gravel occurs (DH 005/1). This layer
is covered by ~ 50 cm of medium to
coarse sand with plane lamination,
and about 90 cm of intercalated 2 to
5 cm thick layers of medium and
coarse sand, silt and shale (DH 005/
3) (Fig. 4). The whole succession
shows a general fining-up trend and
is interpreted as a fluvial channel fill
overlain by high-stage flood deposits.
In the upper parts of the profile, the
fluvial succession is overlain by al-
ternating layers of fine and medium
sand partly containing humus (DH
005/4). This succession, which has
a dip of 10° to 20°, parallel to the
surface slope, is interpreted as col-
luvium.

Since the bulk sample of the coarse
sand overlying the fluvial gravel (DH
005/1) contains amphiboles, it must
have been transported/deposited by
the Vltava River. Small amounts of
amphiboles were also found in the
colluvial material (DH 005/4). This
was probably originally transported
by the Vitava River and later rede-
posited by periglacial slope proces-
ses. In samples from the tributary
(DH 042/2) (Figure 11), the amphi-
bole peak is missing. This marks the
major difference between sediments
originating from the Vltava River and
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