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Abstract

Diatomaceous sediments are often prolific hydrocarbon source rocks. In the Paratethys area, diatomaceous rocks are
widespread in the Oligo-Miocene strata. Diatomites from three locations, SzurdokpUspoki (Hungary) and Limberg and
Parisdorf (Austria), were selected for this study, together with core materials from rocks underlying diatomites in the Lim-
berg area. Bulk geochemical parameters (total organic carbon [TOC], carbonate and sulphur contents and hydrogen index
[HI]) were determined for a total of 44 samples in order to study their petroleum potential. Additionally, 24 samples were
prepared to investigate diatom assemblages.

The middle Miocene diatomite from Szurdokplispoki (Pannonian Basin) formed in a restricted basin near a volcanic
silica source. The diatom-rich succession is separated by a rhyolitic tuff into a lower non-marine and an upper marine
layer. An approximately 12-m thick interval in the lower part has been investigated. It contains carbonate-rich dia-
tomaceous rocks with a fair to good oil potential (average TOC: 1.28% wt.; HI: 178 to 723 mg HC/g TOC) in its lower
part and carbonate-free sediments without oil potential in its upper part (average TOC: 0.14% wt.). The composition
of the well-preserved diatom flora supports a near-shore brackish environment. The studied succession is thermally
immature. If mature, the carbonate-rich part of the succession may generate about 0.25 tons of hydrocarbons per
square meter. The diatomaceous Limberg Member of the lower Miocene Zellerndorf Formation reflects upwelling
along the northern margin of the Alpine-Carpathian Foreland. TOC contents are very low (average TOC: 0.13% wt.)
and demonstrate that the Limberg Member is a very poor source rock. The same is true for the underlying and over-
lying rocks of the Zellerndorf Formation (average TOC: 0.78% wt.). Diatom preservation was found to differ consid-
erably between the study sites. The Szurdokpuispdki section is characterised by excellent diatom preservation, while
the diatom valves from Parisdorf/Limberg are highly broken. One reason for this contrast could be the different
depositional environments. Volcanic input is also likely to have contributed to the excellent diatom preservation
in Szurdokplispdki. In contrast, high-energy upwelling currents and wave action may have contributed to the poor
diatom preservation in Parisdorf. The hydrocarbon potential of diatomaceous rocks of Oligocene (Chert Member;
Western Carpathians) and Miocene ages (Groisenbach Member, Aflenz Basin; Kozakhurian sediments, Kaliakra can-
yon of the western Black Sea) has been studied previously. The comparison shows that diatomaceous rocks depos-
ited in similar depositional settings may hold largely varying petroleum potential and that the petroleum potential
is mainly controlled by local factors. For example, both the Kozakhurian sediments and the Limberg Member accu-
mulated in upwelling environments but differ greatly in source rock potential. Moreover, the petroleum potential of
the Szurdokpispoki diatomite, the Chert Member and the Groisenbach Member differs greatly, although all units
are deposited in silled basins.

1. Introduction

Diatomaceous sediments may form important hydro- the Oligocene to lower Miocene Menilite Formation in
carbon source rocks (e.g. Shukla and Mohan, 2012). the Carpathians (Kotarba and Koltun, 2006), which in-
Well-known examples include the Miocene Monterey cludes chert layers interpreted as diagenetically altered
Formation in California (Isaacs and Rullkotter, 2001); diatomite; and the middle Miocene Diatom Suite in
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Azerbaijan (Alizadeh et al., 2017 cum lit.; Sachsenhofer
et al, 2018b). Moreover, diatom-rich lower Miocene
sediments, which accumulated in a canyon offshore in
Bulgaria, are important potential source rocks in the
western Black Sea (Mayer et al., 2018; Sachsenhofer
et al.,, 2018a).

A number of Miocene diatomaceous deposits are doc-
umented in Central Europe (Fig. 1). Middle Miocene de-
posits within the Pannonian Basin are typically related to
volcanic activity (Dill et al., 2008), whereas the accumula-
tion of lower Miocene diatomaceous rocks in the Alpine-
Carpathian Foreland Basin has been linked to upwelling
(Grunert et al., 2010).

The main aim of the present paper was to study the
source rock potential of diatomaceous rocks, both with-
in the Pannonian Basin and in the Alpine-Carpathian
Foreland Basin. For this purpose, abandoned diatomite
quarries have been selected for sampling, Szurdok-
plspoki (Hungary) and Parisdorf/Limberg (Austria),
together with a borehole drilled near Limberg, which
are located within a sub-basin of the Pannonian Basin

and the Alpine-Carpathian Foreland Basin, respectively
(see Fig. 1 for locations). Although the diatom assem-
blages of Szurdokpiispoki (Hajds, 1959; 1968; 1986) and
Parisdorf/Limberg (Rehakova, 1994; Roetzel et al., 2006)
have been described in detail by previous workers,
some additional observations are added briefly in this
contribution.

2. Geological setting

2.1 Szurdokpiispoki (Hungary)

The Szurdokplispdki quarry is located about 50 km
northeast of Budapest and 3.2 km southeast (SE)
from the Szurdokpuspdki locality at the southwestern
slope of the Matra Mountains (Fig. 2). The diatoma-
ceous rocks of Szurdokplispoki accumulated in the
Gyongyospata Basin, a small sub-basin of the Panno-
nian Basin. The basement of the Gydngydspata Basin
is composed of pyroxene-andesite, andesite, rhyolite,
dacite and tuff from Karpatian to Badenian (early to
middle Miocene) (Hajos, 1968, Varga et al., 1975). The
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Figure 1: Occurrences of significant Oligocene and Miocene diatomaceous rocks in the Central Paratethys (redrawn after Tari and Horvath, 2006).
1 - Parisdorf quarry; 2 — Szurdokpuispoki quarry; 3 — Aflenz Basin (Sachsenhofer et al., 2003); 4 — Loucka section (Jirman et al., 2019); 5 - Jawornik
deposit (Figarska-Warchot et al,, 2015); 6 - Sibiciu de Sus quarry (Funzescu and Branoiu, 2004; Tulan et al., 2019); 7 — Zarand Basin; 8 - Vad-Borod
Basin (Codrea et al.,, 2018); 9 — Brno-Kralovo Pole (Basistova, 2007); 10 — Kr$ko Basin (Horvat, 2004) and 11 - Turiec Basin (Ognjanova-Rumenova and

Radovan, 2015).
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irregular volcanic surface is covered by middle Miocene
rocks, up to 300 m thick. The middle Miocene sedi-
ments in the SzurdokpUspdki quarry were described in
detail by Hajos (1986) and include from base to top (a)
an approximately 50-m-thick sequence with freshwa-
ter to oligohaline diatomite; (b) light greyish to white
rhyolite tuff with pumice and mollusc shell remains,
about 20 m thick; (c) brackish-marine calcareous and
marly diatomite, approximately 90 m thick and 60 m
of brackish-freshwater diatomite, which are overlain by
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(d) (“Leitha-") limestone, 24 m thick. The Pliocene and
Quaternary covers are represented by andesitic tuffs
(30 m) and tuffaceous clays (20 m).

The lower freshwater to oligohaline diatomite is cal-
careous in its lower part and carbonate free in its up-
per part. Chert layers (“limnoopalite”) are characteristic
features within the lower diatomites. Apart from fish
remains and ostracodes, a remarkably well-preserved
toad fossil is found in this lower freshwater interval (Sz-
entesi, 2008).
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Figure 2: Geological map (a) and geological cross-section (b) of the Szurdokpuspoki quarry indicating the study area (after Hajos, 1986).
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The upper interval with brackish-marine diatomite in-
cludes marine diatoms, siliceous sponges, foraminifera,
shark teeth, fish scales and several tuff layers.

2.2 Parisdorf/Limberg (Austria)

Diatomaceous rocks of early Ottnangian (mid-Burdi-
galian) age in the Alpine-Carpathian Foredeep accumu-
lated along the south-eastern margin of the Bohemian
Massif and are attributed to the Limberg Member of the
Zellerndorf Formation (Roetzel et al., 2006; Grunert et al.,
2010). Based on sedimentological and paleontological
evidence, as well as foraminiferal stable isotope data and
dinocyst assemblages, Grunert et al. (2010) suggested
that the clay-diatomite succession of the Limberg Mem-
ber accumulated along the steep escarpment of the Bo-
hemian Massif due to upwelling.

In the study area, Palaeozoic crystalline rocks of the Bo-
hemian Massif are overlain by lower Miocene nearshore
sands and gravels (upper Eggenburgian Burgschleinitz
Formation) and sandy shallow marine limestones (lower
Ottnangian Zogelsdorf Formation), which laterally and
vertically pass into deep-water pelitic sediments (Zellern-
dorf Formation), 25 to 100 m thick. The laminated diato-
maceous sediments of the Limberg Member within the
Zellerndorf Formation reach a maximum thickness of 5
to 7.5 m but pinch out laterally. The top of the Zellerndorf
Formation is disconformably overlain by lower-middle
Miocene marine and freshwater sediments covered by
Pleistocene loess (Grunert et al., 2010).

Diatomaceous sediments of the Limberg Member have
been mined in small quarries, currently abandoned. The
Parisdorf diatomite mine is located about 400 m SE of Pa-
risdorf (Fig. 3). Here, the diatomites are exposed at the
base, followed by pelites of the Zellerndorf Formation.
The Neogene sediments are covered by Pleistocene de-
posits. The Limberg quarry is located 800 m northeast of
Limberg (Fig. 3). Similar to the Parisdorf mine, the finely
stratified diatomites of the Limberg Member are exposed
at the base, followed by the pelites of the Zellerndorf
Formation.

3. Methods

Two sample sets are used in this paper. The first set
consisting of 44 samples have been collected from aban-
doned diatomite quarries in 2017 by E. Tulan, G. Tari, R.
F. Sachsenhofer and J. Mayer and include 24 samples
from Szurdokpispoki, 13 samples from Parisdorf and 7
samples from Limberg. The samples from the quarries
are referred to in the text as quarry samples. The second
set consisting of 12 samples have been collected by P.
Grunert and R. Roetzel from the Limberg-Hangbriicke
(KB2/07) borehole drilled north of Limberg in 2007, and
the samples are here referred as borehole samples.

Total carbon (TC), total sulphur (S) and total organic car-
bon (TOC) contents were analysed for all samples using a
LECO CS-300 carbonate-sulphur analyser (borehole sam-
ples) or an ELTRA Elemental Analyzer (quarry samples).
Samples for TOC measurements were decarbonised

with HCl and concentrated phosphoric acid, respec-
tively. Results are given in weight percent (wt.%). Total
inorganic carbon (TIC) was determined (TIC = TC - TOC)
and used to calculate calcite equivalent percentages
(TIC x 8.333).

Pyrolysis measurements were performed for 24 samples
(quarry samples) using a“Rock-Eval 6" instrument. The S1
and S2 peaks (mg HC/g rock) were used to calculate the
petroleum potential (S1 + S2 [mg HC/g rock]), the pro-
duction index (Pl = S1/(S1 + S2); Lafargue et al., 1998)
and the hydrogen index (HI; HI = S2/TOC x 100 [mg HC/g
TOC]). The Rock-Eval parameter T .. was used as a ther-
mal maturity indicator in the present study. The amount
of hydrocarbons, which can be generated below 1 m? of
surface area, was calculated using the Source Potential
Index (SPI; SPI = thickness X (S1 + S2) x bulk density/1000)
(Demaison and Huizinga, 1994).

The mineral composition of the 44 samples (quarry
samples) was determined using a Bruker AXS D8 Advance
X-ray diffraction spectrometer (copper radiation gener-
ated at 40 kV and 40 mA). The powdered samples have
been placed carefully in sample holders to create a flat
upper surface to achieve a random distribution of lattice
orientation. To identify the different mineral phases, the
software Diffrac.Eva and the method described by Schul-
tz (1964), which is based on peak heights, were used.
X-ray power diffraction was the main technique used to
determine the type of silica phase.

Thin sections were prepared from 8 samples (quarry
samples). The low number is due to high friability of the
diatomites. The thin sections were studied using a Leica
DM 2500P microscope, and pictures were taken using a
Leica DFC490 camera.

Flame atomic absorption spectroscopy was performed
on 29 (quarry) samples to determine biogenic silica con-
tents using the methods described by Zolitschka (1988).
Approximately 100 mg of the sample material and 50 ml
of 0.5 mol/l potassium hydroxide solution were boiled for
an hour to dissolve the opaline diatom shells. Afterwards,
5 ml of the solution was diluted with distilled water (1:1).
A Perkin Elmer 3030 Atomic Absorption Spectrometer
(AAS) was used for analysis and operated with a CH,-N.,O
flame to create free Si atoms in a gaseous state. A Si-hol-
low cathode lamp was used as a spectral line source. The
AAS was calibrated using a Merck CertiPUR* silicon-stan-
dard solution (No. 1.1231.0500).

For siliceous microfossil examination, 1 g of dry sedi-
ment from each of the 24 quarry samples was treated
for two days with 30 ml of 33% hydrochloric acid (HCI)
and 30 ml of 33% hydrogen peroxide (H,0,) (Schrader,
1973). After the reaction settled, the solution was heat-
ed at 90°C to finish the rest of the reaction. The sam-
ples were cooled and washed three times with 30 ml of
distilled water. The solution was then sieved through a
50 um sieve to concentrate the fine fraction. For micro-
scope slides, 5 ml of solution was strewn on a glass slide.
For the determination of the relative abundance of dia-
tom genera, the first 300 valves were counted following
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Figure 3: Geological map (a) and cross-section (b) of the Limberg and Parisdorf study sites together with the position of the studied borehole (after
Roetzel, 1999; 2004).

the method by Schrader and Gersonde (1978). Siliceous In addition, some of the diatom valves were examined
microfossil slides were studied using a Leica DM 2500P and photographed using the scanning electron micro-
microscope, and pictures were taken using a Leica scope (SEM) Leo 1450EP. In all, 2 ml of the fine fraction was
DFC490 camera. placed on an aluminium stub covered with conductive
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carbon tab and set for the water to evaporate in a fume
hood. After the water evaporated, the stubs were gold
sputtered for a maximum 20 s.

4, Results
4.1. Szurdokplispoki

4.1.1. Lithology

A 12-m-thick section representing diatomaceous rocks
has been studied in the abandoned Szurdokpiispo-
ki quarry (Figs. 2 and 4). Unexposed parts are marked in
Figure 4 with question marks. The diatomite is laminat-
ed (paper like) and very fragile with dark grey to yellow-
whitish colour when freshly broken. Few dark-grey chert
layers have been observed to be intercalated with the diato-
maceous rock. In thin-section observation, the rock contains
diatom valve masses in an argillaceous matrix with very rare
detrital grains (Fig. 5). The detritus is represented by angular
quartz, plagioclase, volcanic clasts and volcanic glass. Few
samples are heavily altered, but in sample IlI-Sp, the sili-
ceous diatom valves are replaced by calcite or clay minerals.

In X-ray diffractograms, opal-A is present in the majority
of the samples from Szurdokplispoki. Opal-CT is present
only in sample 6-Sp. The diffractograms show that clay
minerals, biogenic silica and varying amounts of calcite
are the major constituents of the studied rocks (Fig. 6).

A change in mineralogy with height is observed on XRD
diffractograms. The base of the section (samples I-Sp to
9-Sp) is calcite dominated, whereas the upper part of the
section (samples 10-Sp to 21-Sp) is dominated by clay
minerals.

The same trend has been observed in the carbonate
contents, where the lower 6-m-thick interval is char-
acterised by high carbonate contents (samples I-Sp to
9-Sp, 10%-70% wt.; Table 1), whereas the rest of the
section is largely carbonate free (samples 10-Sp to
21-Sp). The percentage of biogenic silica ranges from
15%to30%andistypically higherinthe carbonate-poor
upper part than in the carbonate-rich lower part
(Figure 4).

Chert layers are found both in the carbonate-rich lower
part (between samples 6-Sp and 7-Sp; Fig. 4) and in the
carbonate-free upper part (between samples 15-Sp and
16-Sp).

Based on the very low carbonate contents in the upper
part and the presence of chert layers, this section can be
correlated to the lower freshwater to oligohaline interval
with diatomite described by Hajos (1986). The overlying
andesite tuffs (Fig. 4) are exposed in the south-eastern
sector of the quarry.

4.1.2. Bulk geochemical parameters

Bulk parameters for the Szurdokplispoki sections
are listed in Table 1 and plotted versus height in
Figure 4. TOC contents are high (0.2%-3.0% wt.; aver-
age 1.28% wt.) in the lower part of the Szurdokpuispoki
section (samples I-Sp to 13-Sp) and very low (average
0.14% wt.) in the carbonate-free upper part of the
section (samples 14-Sp to 21-Sp). Within the organ-
ic matter-rich section, the interval around the lower
chert layers is poor in TOC, but TOC contents increase
upwards and are in the order of 1.5% wt. in the middle
part (samples 10-Sp to 13-Sp).
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29



Szurdokplispoki quarry
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Parisdorf quarry (Limberg)

Zellerndorf Formation

Figure 5: Photographs of diatomite in Szurdokpiispoki and Parisdorf quarries. (a) and (b) — overview of studied sections, (c) — calcareous diatomite with
chertintercalate (sample 7-Sp), (d) - argillaceous diatomite (sample 15-Li), and (e) and (f) — thin-section microphotographs: (e) — abundant diatom valves
with argillaceous matrix (21-Sp) and (f) — argillaceous diatomite with common diatom valves and relatively large angular quartz grains (4-Pa).

Sulphur (S) contents ranging up to 1.16% wt. TOC/S ra-
tios are meaningful only for the organic matter-rich lower
portion of the section. For samples with TOC contents ex-
ceeding 0.3% wt., TOC/S ratios range from 1 to 8 (Table 1)
and show an upward decreasing trend.

S2 values reach a maximum of 14.4 mg HC/g rock and
strongly relates to TOC contents. Hl values in the lower or-
ganic matter-rich section range from 178 to 723 mg HC/g
TOC. A plot of S2 versus TOC suggests that the true
HI is in the order of 640 mg HC/g TOC, which sug-
gests the prevalence of type | to Il kerogen. T__ is
on average 406°C, indicating that the organic matter
is immature.

30

4.1.3. Diatom assemblages and depositional environment
Samples from the Szurdokplispdki quarry contain di-
verse and abundant diatom assemblages, including
numerous extant brackish and marine forms along-
side fossil taxa that were likely brackish or freshwater.
Fossil brackish and freshwater diatoms are generally
poorly known, and therefore, we focus on genus-level
rather than species-level identifications in the paleo-
environmental interpretation given in the following.
For the present, we generally follow the identifications
by Hajés (1986) but make the necessary amendments
where newer taxonomic concepts are involved. We also
stress that further work is needed in order to obtain a
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Figure 6: X-ray diffractograms of diatomaceous sediments in Szurdokpuispoki (4-Sp, 7-Sp, 12-Sp), Parisdorf (12-Pa, 1-Pa) and Limberg (18-Li).

proper understanding of Central Paratethys’ diatom
assemblages.

We identify the dominant diatom as Melosira bitumi-
nosa Pantocsek following Hajés (1986). This species is
morphologically dissimilar from Melosira sensu stricto,
however, certainly belongs to another genus. In SEM,
we note that the valve structure of M. bituminosa gen-
erally resembles that of Ehrenbergia granulosa (Grunow)
(Witkowski, Lange-Bertalot and Metzeltin 2000), espe-
cially in the placement of the marginal processes and
the presence of carinoportulae. However, a formal taxo-
nomic transference is beyond the scope of the present
study.

Hajés (1959) identified Amphora sp. Ehrenberg ex Kiitz-
ing in the brackish section. Nevertheless, the genus Am-
phora was divided into several subgenera, one of them
being Halamphora Cleve. In 2009, Levkov raised the sub-
genus Halamphora to the genus level and transferred
many Amphora spp., which presented all morphological
features of the new genus to Halamphora. In our identifi-
cation, the diatom from Szurdokpuspdki previously iden-
tified as Amphora presents the features of the new genus
Halamphora. A similar case is represented by Fragilaria

Lyngbye, from which Williams and Round (1988) separat-
ed the genus Pseudostaurosira.

Diatom assemblages from the Szurdokpuspdki quarry
are often dominated by single genera. Seven samples
(I-Sp, V-Sp, 14-Sp, 16-Sp, 18-Sp, 20-Sp, 21-Sp) are domi-
nated (average 92%) by “Melosira” (refer to the Discussion
section) and in two samples (10-Sp, 12-Sp). Pseudostau-
rosira (previously part of Fragilaria) is the most abundant
(81%). Halamphora (previously a subgenus within Am-
phora) dominates only in sample 5-Sp (98%). Less-fre-
quent genera include Brachysira Kiitzing (including the
extant Brachysira aponina Kiitzing), Cocconeis Ehrenberg,
Cymbella C. Agardh, Diploneis Ehrenberg ex Cleve, Epithe-
mia Kitzing, Navicula Bory, Nitzschia Hassall (including
the extant Nitzschia inconspicua), Planothidium Round
and Bukhtiyarova, Podosira Ehrenberg, Seminavis Mann
and Surirella Turpin (Figs. 7 and 8), including the extant
Surirella striatula. Only few samples (II-Sp, 4-Sp, 7-Sp) con-
tained sparse diatoms (Fig. 4).

Based on the valve structure similarity discussed earlier,
we hypothesise that M. bituminosa must have occupied a
similar ecological niche to E. granulosa, i.e. in littoral and
often in tidal flats (Witkowski et al., 2000).
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Table 1: Bulk parameters of Szurdokpuspoki quarry
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Sample Location Sample | Height Calc. TOC Sulphur | S1(mg | S2(mg | T__(°C) | PI(-) HI (mg TOC/S
number (m) equiv. (%) HC/g) HC/g) HC/g TOC) (-)
Szurdokpuspoki quarry | 21-Sp 11.4 0.00 0.31 0.05 0.09 0.27 379 0.24 88 5.8
20-Sp 11.0 0.24 0.20 0.1 0.07 0.15 384* 0.30 74 2.0
19-Sp 10.5 0.71 0.14 0.13 0.03 0.15 403 0.17 102 1.1
18-Sp 10.0 0.32 0.13 0.06 0.03 0.19 403 0.14 143 20
17-Sp 9.5 142 0.10 0.03 0.01 0.15 407 0.06 158 3.2
16-Sp 9.0 0.36 0.13 0.11 0.05 0.19 387 0.21 146 1.1
15-Sp 8.6 0.05 0.14 0.48 0.02 0.08 399* 0.20 59 0.3
14-Sp 8.9 0.30 0.19 0.63 0.04 0.12 413 0.26 61 0.3
13-Sp 7.5 4.62 1.42 1.12 0.28 5.68 415 0.05 399 13
12-Sp 7.0 3.40 1.39 1.16 0.33 6.18 415 0.05 445 12
11-Sp 6.5 3.40 1.53 0.83 0.48 11.05 418 0.04 723 1.8
10-sp 6.0 5.13 1.47 0.8 0.2 6.61 416 0.03 450 1.8
9-Sp 5.0 37.05 1.03 0.91 0.2 345 402 0.05 336 1.1
8-Sp 4.5 28.55 0.91 0.74 0.17 2.39 387 0.06 261 1.2
7-Sp 4.2 70.89 0.44 0.33 0.05 0.78 412 0.05 178 13
6-Sp 3.8 33.62 0.22 0.44 0.02 0.43 422 0.04 193 0.5
5-Sp 35 59.94 0.37 0.14 0.06 1.11 407 0.05 298 26
4-Sp 3.0 18.88 2.31 0.52 0.96 144 405 0.06 623 4.5
3-Sp 25 10.36 1.41 0.44 0.46 9.71 404 0.05 689 3.2
V-Sp 20 25.79 1.1 0.14 0.23 6.05 402 0.04 544 7.7
IV-Sp 1.5 10.59 1.47 1 0.27 6.18 406 0.04 421 1.5
lI-Sp 1.0 22.16 2.95 0.73 1.67 16.25 418 0.09 551 4.1
II-Sp 0.5 47.44 1.20 0.63 0.35 6.49 412 0.05 540 19
I-Sp 0.0 34.50 1.22 0.75 0.32 6.35 407 0.05 519 1.6

TOC - total organic carbon, HI - hydrogen index, Pl - production index, calc. equi. - calcite equivalent. *T__ is unreliable, because of low S2 peak.

Halamphora is a relatively large, widely distributed ge-
nus, with most of the species being found in marine or
brackish water habitats, some in coastal environment
and only a few in freshwater. Most of the genera found
in Szurdokplspoki are periphytic and benthic, and
some are haptobenthic (Cocconeis), i.e. living in near-
shore littoral brackish water. A few planktonic genera
are found, represented by Nitzschia and Navicula. This
is generally consistent with previous interpretations
(Hajos, 1986) of the paleoenvironment, which is mainly
near-shore littoral brackish water. In addition, we ob-
serve favourable conditions for single genera blooms
(5-Sp: Halamphora sp.; 10- and 12-Sp: Pseudostaurosira
sp.), which were most likely a result of the volcanic ac-
tivity in the area.

Thus, the diatom assemblage composition strongly
indicates a brackish marine environment. Modern taxa
such as S. striatula, N. inconspicua and B. aponina gener-
ally occur in salinities lower than 10 psu (e.g. Hajos, 1973;
Gaiser et al., 2005; Rovira et al., 2015), for instance in mod-
ern-day Mediterranean lagoons, which perhaps could be
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viewed as an analogue for the depositional setting of the
Szurdokplispoki site.

4.2. Parisdorf and Limberg

4.2.1. Lithology

The Zellerndorf Formation below the diatomaceous
Limberg Member has been studied in borehole KB 02.
In the borehole, the Zellerndorf Formation is 19.3 m
thick and contains a layer with well-rounded quartz
gravels at its base. The main part of the formation is
dominated by laminated silty clay, often with sea ur-
chin spines and phytoclasts. Carbonate contents are
low (1%-8% wt.).

The diatomaceous sediments of the Limberg Member
are exposed in Parisdorf (c. 6 m height) and Limberg (<4 m
height) (Fig. 9). The exposed rocks are finely laminated di-
atomite with few clay intercalations. At Parisdorf, the ex-
posed section starts at the bottom with a chert layer. The
carbonate content is very low. Both outcrops are over-
lain by pelitic rocks of the upper part of the Zellerndorf
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Figure 7: SEM photographs of diatoms from Szurdokpuispoki quarry; scale bar is 10 pm unless specified otherwise. Explanations of figures: 1-3 and
7-9 tentative identification: Melosira bituminosa Pantocsek, 4-6 tentative identification: Melosira nuda? Hajés, 10 Surirella striatula Turpin and

11-13 Halamphora sp. (Kitzing) Levkov. SEM - scanning electron microscope.

Formation. The Parisdorf outcrop is partly covered with
vegetation, and the missing section is marked in Figure 9
with question mark.

Clay minerals form the main component of most sam-
ples. Detrital quartz grains are rare. The average bio-
genic silica content has 9% wt. with higher contents in

samples 12-Pa (23.7%), 8-Pa (15.4%), 16-Li (22.7%) and
17-Li (14.5%). In thin sections, the lithology is represent-
ed by an argillaceous mass with frequent diatom valves
and rare detritus (Fig 5).

X-ray diffractograms support that clay minerals, bio-
genic silica and calcite are the major constituents of
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diatomaceous rocks. In contrast to Szurdokplispoki
samples, diffractograms from the Limberg Member do
not indicate opal-A in any of the samples; only two sam-
ples from Parisdorf show opal-CT (e.g. chert sample 12-
Pa; Fig. 6).
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5.

Figure 8: SEM photographs of diatoms from SzurdokpUspoki quarry; scale bar is 10 um unless specified otherwise. Explanations of figures: 1-2 Surire-
Ila sp. Turpin, 3 Cocconeis californica? Grun, 4-6 Epithemia turgida? (Ehrenberg) Kiitzing, 7-9 Pseudostaurosira sp. Williams and Round, 10-11 Nitzschia
frustulum (Ktzing) Grunow, 12 Brachysira Kiitzing, 13 Cymbella sp. Agardh, 14 Seminavis sp. Mann, 15 Planothidium sp. Round and Bukhtiyarova, 16-18
Podosira robusta Pantocsek, 19 Seminavis sp. Mann, 20 Navicula sp. and 21-22 Diploneis sp. Ehrenberg ex Cleve. SEM - scanning electron microscope.

4.2.2. Bulk geochemical parameters

TOC contents in the Zellerndorf Formation borehole
samples range from 0.58% to 0.91% wt. (Table 2). Sulphur
contents are relatively high (0.48%-1.38% wt.) resulting
in low TOC/S ratios (0.57-1.73).
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Figure 9: Outcrops of Limberg Member, Austria. (a) Lithology of the Limberg Member in Parisdorf quarry and (b) lithology of the Limberg Member in
Limberg. bSi — biogenic silica, cal. equiv. — calcite equivalent, TOC - total organic carbon.

Bulk parameters for the diatomaceous rocks in the Paris-
dorf and Limberg quarries are listed in Table 2 and plot-
ted versus height in Figure 9. TOC contents are very low
(average 0.13% wt.), and the S content does not exceed
0.08% wt. S2 values reach a maximum of 0.36 mg HC/g
TOC but are typically less than 0.2 mg HC/g TOC. HI and
TOC/S values are unreliable due to low TOC contents. T_
has to be considered with caution, because of low S2 val-
ues, but is typically in the order of 400 to 420°C.

4.2.3. Diatom assemblages and depositional environment
Samples from Parisdorf and Limberg contain a high
amount of broken diatom valves (Fig. 10). Very rare,
small diatoms valves and cryophyte scales have been
preserved. Two samples were barren (2-Pa from Limberg
Member and 20-Li from Zellerndorf Formation). There-
fore, diatom genera identification and quantification
were impossible. Previous work in the area yielded bet-
ter results. Rehakova (1994) and Roetzel et al. (2006) de-
scribed 46 diatom genera from Parisdorf sediments, the
most common genera being Thalassionema, Chaetoceros,

Coscinodiscus, Rhizosolenia, Stephanopyxis and Thalassi-
osira, and noticed a lack of shallow-water benthic taxa.
Hence, Rehékové (1994) postulated a sublittoral deeper
marine depositional environment with neritic and pelag-
ic marine plankton.

5. Discussion

5.1 Maturity and hydrocarbon potential of diatomite in
Szurdokplisp6ki and Parisdorf/Limberg

None of the studied successions experienced deep
burial. Therefore, as expected, very low T values
(Tables 1 and 2) show that all studied rocks are immature.
For Szurdokpiispoki samples, this is also proven by the
presence of opal-A.

With TOC contents up to 3.0% wt. and partially high
HI values, the lower part of the diatomaceous succes-
sion at Szurdokpispdki contains a good hydrocarbon
potential (Fig. 11). In contrast, the hydrocarbon poten-
tial of the upper part of the studied section is very low.
The average hydrocarbon potential (51+52) of the lower
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Table 2: Bulk parameter of the Limberg Member and the Zellerndorf Formation
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Sample Sample Height (m) Calc. TOC S (%) S1(mg | S2(mg | T__ (°C) Pl (-) HI (mg HC/g | TOC/S

locations number equ. (%) (%) HC/g) HC/qg) TOCQ) (-)

Parisdorf Zellerndorf Formation (above Limberg Member)

quarry 11-Pa 7.0 3.82 0.16 0.01 0.02 0.04 * 033 25 206
10-Pa 6.5 9.67 0.16 0.01 0.01 0.03 * 0.25 19 11.4
Limberg Member
9-Pa 6.2 0.21 0.11 0.00 0.02 0.12 401* 0.14 106 26.2
8-Pa 5.5 0.32 0.11 0.01 0.03 0.17 408 0.15 151 20.7
3-Pa 5.0 0.09 0.13 0.01 0.02 0.08 396* 0.17 58 20.7
7-Pa 4.2 0.31 0.13 0.01 0.02 0.09 403* 0.19 68 20.8
2-Pa 35 0.13 0.15 0.08 0.03 0.10 386* 0.20 67 1.9
1-Pa 3.0 0.28 0.15 0.11 0.02 0.08 395*% 0.20 54 13
6-Pa 25 0.33 0.11 0.01 0.03 0.09 402* 0.25 85 20.1
5-Pa 20 0.17 0.10 0.01 0.01 0.03 * 0.29 25 1.7
4-Pa 1.2 0.00 0.13 0.01 0.02 0.08 * 0.20 61 15.7
13-Pa 0.5 0.16 0.21 0.01 0.04 0.12 * 0.23 56 246
12-Pa 0.0 0.43 0.07 0.01 0.02 0.16 420 0.11 236 8.1
Zellerndorf Formation (above Limberg Member)

Limberg 20-Li 4.9 019 | 016 | 001 | 002 | o006 | 423+ | o025 | 0 1.1
Limberg Member
19-Li 3.1 0.29 0.17 0.32 0.02 0.13 0.25 34 0.5
18-Li 24 1.44 0.30 0.02 0.03 0.25 379* 0.13 43 12.7
17-Li 1.9 0.45 0.18 0.07 0.03 0.29 414 0.11 135 2.6
16-Li 12 0.32 0.16 0.01 2.06 0.31 436 0.10 174 14.4
15-Li 0.5 0.56 0.13 0.01 1.03 0.36 421 0.87 233 134
14-Li 0.0 0.29 0.18 0.18 0.04 0.11 0.74 205 1.0
Zellerndorf Formation (below Limberg Member)

Limberg KB02 | KB 02/1 -16.05 to -16.15 7.08 0.85 0.57 1.5

(Hangbriicke) | g oy/2 | .1655t0-1660 | 458 | 082 | 069 12
KB 02/3 -17.00to-17.10 6.06 0.83 0.48 1.7
KB 02/4 -17.50to-17.55 5.13 0.84 1.48 0.6
KB 02/5 -18.10t0-18.15 5.54 0.80 0.86 0.9
KB 02/6 -18.55t0-18.60 4.65 0.73 0.92 0.8
KB 02/7 -19.00 to -19.10 548 0.75 0.86 0.9
KB 02/8 -19.55 to0 -19.60 7.04 0.58 0.87 0.7
KB 02/9 -20.10t0-20.15 6.31 0.64 0.72 0.9
KB 02/10 | -20.55 to -20.60 4.81 0.74 0.74 1.0
KB 02/11 -21.10to -21.15 2.66 0.91 0.73 1.2
KB 02/12 -21.45to-21.55 1.75 0.86 0.76 1.1

TOC - total organic carbon, S - sulphur, HI - hydrogen index, Pl - production index, calc. equi. - calcite equivalent. *T__ is unreliable, because of

low S2 peak.

part is 6.8 mg HC/g rock. The thickness of the exposed
organic matter-rich succession is 7.5 m, but because the
base of the succession is not exposed, it is likely that its
thickness is significantly higher (see also Figure 4 based
on Hajos, 1986) and may be as high as 20 m. The density
of diatomite is typically low. Assuming a density of 1.8 g/
cm? and applying the approach of Demaison and Huizin-
ga (1994), it is suggested that the succession may gener-
ate about 0.25 tons of hydrocarbons per square meter, if
mature.
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The diatomites of the Limberg Member in Parisdorf and
Limberg do not hold any hydrocarbon potential. This is
valid also for the under- and overlying pelitic rocks of the
Zellerndorf Formation.

5.2. Comparison of hydrocarbon potential of different
diatomaceous rocks within Paratethys

In this section, we briefly review the depositional envi-
ronment and geodynamic setting of some Oligocene to
middle Miocene diatomaceous rocks in the Paratethys
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Figure 10: SEM photographs of broken diatoms observed on the rock surface of Parisdorf diatomite. SEM - scanning electron microscope.
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Figure 11: Petroleum potential of Szurdokplispoki and Limberg Member in comparison with that of different Oligocene to middle Miocene siliceous
sediments. Data are from Jirman et al. (2019), Chert Member of the Oligocene Menilite Formation (Western Carpathians); Mayer et al. (2018), lower
Miocene (Kozakhurian) from the Kaliakra Canyon (West Black Sea Basin) and Sachsenhofer et al. (2003), middle Miocene Groisenbach Member (Aflenz
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area and compare their hydrocarbon potential with that
of the studied sections. Their stratigraphic position is
shown in Figure 12.

Similar to the middle Miocene Limberg Member, the
Oligocene Menilite Formation represents a foreland ba-
sin setting. In the Western Carpathians (the Czech Repub-
lic), the Menilite Formation comprises from base to top
the following: Subchert Member, Chert Member, Dynéw
Marlstone and Sitbofice Member. The lower Oligocene
Chert Member is represented by laminated cherts and
non-calcareous siliceous shales, which were deposited
in an anoxic bathyal environment with a limited influx of
detritus (Krhovsky, 1981). High silica contents are due to
diatom blooms. Picha and Stranik (1999) postulated that
cherty rocks were deposited due to high siliceous bio-
productivity caused by upwelling. In contrast, based on
fish and trace fossil assemblages, Kotlarczyk and Uchman
(2012) argued that lower Oligocene cherts accumulated
in a silled, anoxic basin with a stratified water column.

Jirman et al. (2019) investigated the Menilite Formation
exposed in the Loucka section of the Silesian Unit (West-
ern Carpathians, Czech Republic) and found that the
best source rocks occur within the Chert Member (TOC
1.51%-16.5% wt.; average 5.9% wt.,; type lI-| kerogen; HI
up to 725 mg HC/g TOC). The very good petroleum po-
tential (see Figure 11) is mainly due to excellent organic
matter preservation caused by strictly anoxic conditions
in a silled basin.

Upwelling locally enhanced by the geometry of a shelf-
break canyon (e.g. Kaempf, 2007) has been postulated
for the lower Miocene (Kozakhurian) diatomaceous sed-
iments in the Kaliakra Canyon in the West Black Sea Ba-
sin (Mayer et al,, 2018; Sachsenhofer et al., 2018a). Here,
Kozakhurian rocks contain high biogenic opal (up to 87%
wt.) and TOC contents (1.2%-4.3% wt.). HI values (180-
530 mg HC/g TOC) show the presence of type Il kerogen
(Mayer et al., 2018). Their petroleum potential is good but
not as high as in the Chert Member (Figure 11). In case of
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Figure 12: Stratigraphy of Oligocene to Miocene sediments within the Paratethys (compiled from Jirman et al., 2019; Hajds, 1986; Roetzel, 1999;

Sachsenhofer et al., 2003 and Sachsenhofer et al., 2018).

the Kozakhurian rocks, high TOC contents and moderate-
ly high HI values reflect high bioproductivity typical for
upwelling settings and deposition in an oxygen-deplet-
ed environment (Mayer et al., 2018), which facilitated the
preservation of the organic matter.

This is in major contrast to the roughly coeval (Ottnang-
ian) Limberg Member, where poor organic matter pres-
ervation caused very low TOC contents. According to
Roetzel et al. (2006), the Limberg Member accumulated
in a pelagic, deep-neritic zone. Maybe depositional depth
was still not deep enough to reach the Oxygen Minimum
Zone (0.2-1.5 km).

In addition to the marine diatomaceous sediments, the
lacustrine middle Miocene Groisenbach Member in the
Aflenz pull-apart basin (Sachsenhofer et al., 2003) is worth
mentioning. The pelitic Groisenbach Member forms the
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lower part of the Goériach Formation. It was deposited in
shallow fresh to oligosaline waters (Hajés, 1972) within
an anoxic water column (Sachsenhofer et al., 2003) and
contains high biogenic silica contents (~30%). Sachsen-
hofer et al. (2003) assumed that volcanic ashfalls provid-
ed both nutrients and the high dissolved-silica content in
the lake water stimulating diatom productivity. The rocks
contain an average TOC of 1.78% wt. and mixed type IlI
and type Il kerogen (80-330 mg HC/g TOC; Sachsenhofer
et al., 2003). Their petroleum potential is similar to that
of SzurdokpUspoki, although relatively low HI values may
reflect a high contribution of land plants transported into
the relatively small basin from its margins.

Overall, the compilation in Figure 11 shows that diato-
maceous rocks may contain largely varying petroleum
potential. Nevertheless, anoxic events play one of the
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biggest roles in preservation of the organic matter as
seen in the Chert Member, Groisenbach Member and
Kozakhurian sediments. In the Limberg Member, even
though bioproductivity was probably high due to up-
welling, TOC contents are very low due to poor preser-
vation of organic matter in a high energy environment
(see section 5.3). In the Szurdokpispdki sediments, the
organic matter preservation at the first glance seems
to be controlled by the calcite content, although there
is no clear causal relation. The presence of periphytic
and benthic diatoms suggests that anoxic conditions
were not present. Probably, excellent organic matter
preservation in the lower part of the Szurdokpuspdki
quarry was caused by other factors such as high rates
of deposition.

5.3 Comparison of diatom preservation in Szurdokplisp6-
ki and Parisdorf/Limberg

The Szurdokpiispoki diatomite yields abundant and
unusually well-preserved diatom frustules (Figs. 7 and 8).
The fact that even the most fragile raphid diatoms are well
preserved makes Szurdokplispoki one of the best sites
for studying fossil diatoms. This was realised early on in
the history of diatom study, as a cleaned sample from this
locality has been distributed among early 20th-century
European diatom researchers under the name “Castel”
(e.g.Ross, 1995). The excellent preservation testifies to an
unusual mode of biogenic silica preservation. Nowadays,
a direct relationship of the volcanic activity and diatom
blooms is accepted (i.e. volcanic ash weathering provides
silica supplies and nutrients; Cressman, 1962). Neverthe-
less, a discussion on the relationship between volcanic
activity and diatom preservation has emerged. Harper
et al. (2015) demonstrated an excellent relationship be-
tween the volcanic tephra and the diatom preservation
in Quaternary sediments, as well as the change in the en-
vironment caused by volcanism. In Szurdokplispoki, the
tuff layers are present in between the diatomaceous lay-
ers (Fig 4), which, besides providing silica supplies, act as
a barrier in the preservation of diatom valves.

In contrast to Szurdokpiispoki, frustules in Parisdorf/
Limberg are heavily broken (Fig. 10). The siliceous exo-
skeleton of the diatom valves is usually tough, and they
can resist decaying (Weckstrém et al., 2017). Dissolution
and physical fragmentation are the two main damages
on diatom valves. The dissolution of the diatom valves
appears when there is a shortage in biogenic silica (Olli
et al., 2008); however, this is not the case in Parisdorf/
Limberg. The physical fragmentation can be caused by
high-energy environments (i.e. friction with sand grains)
or racking by zooplankton (Flower 1993; Flower and
Ryves, 2009). As observed on the rock surface, the dia-
toms were not broken before settling down to the sub-
stratum since their shape is still recognisable (Figure 10).
The breakage to the diatom valves in Parisdorf and Lim-
berg was probably caused by a high-energy environment
in the coastal upwelling condition (Roetzel et al., 2006).
Wave action may have also contributed to poor diatom

preservation. Furthermore, fragmentation due to sedi-
ment compaction cannot be excluded.

6. Conclusions

Diatomaceous sediments in the abandoned Szurdok-
puspdoki, Parisdorf and Limberg quarries have been stud-
ied for their hydrocarbon potential. The results indicate
a fair-good potential for the lower part of the middle
Miocene Szurdokpiispoki succession. In contrast, the up-
per part of the SzurdokpUispoki succession and the lower
Miocene Limberg Member contain very poor potential.
At both locations, the sediments are thermally immature.
If mature, the SzurdokpUspoki succession may generate
about 0.25 tons of hydrocarbons per square meter.

The detected diatom assemblage in the Szurdokpiispo-
ki succession, deposited in a restricted basin, supports a
near-shore, littoral, brackish depositional environment.

The preservation of diatom valves in Szurdokplispoki
is excellent, probably due to the presence of tuff layers
providing silica. In contrast, diatom frustules in Parisdorf,
deposited in a sublittoral deeper marine setting, are se-
verely broken, probably because of a high-energy envi-
ronment related to upwelling currents.

The comparison of Oligocene to middle Miocene dia-
tomaceous rocks in different environmental and geody-
namic settings reveals major differences in petroleum
potential varying from excellent source rocks (e.g. Chert
Member of the Maikop Formation) to very poor source
rocks (Limberg Member).
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