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ABSTRACT: Oligocene rocks are one of the most important sources of hydro-
catbons within the Paratethyan realm. In the Alpine Foreland Basin (Central
Paratethys) the main Oligocene source rock is the Schoneck Formation, but
organic-rich rocks occur in the entite Lower Oligocene succession. Based on
well-log calibration by core data, the spatial distribution and thickness variations of
different Lower Oligocene source-rock facies are investigated. The deeper-water
sediments are characterized by lateral continuity, but exhibit vertical variability. The
latter reflects major palacoceanographic changes in the Central Paratethys, such as
the closure of seaways, basin-wide changes in salinity and in redox conditions. The
upper shaly part of the Schéneck Formation has the highest source potential (>5%
TOC, initial HI: 500-600 mgHC g~ "TOC) and reaches its maximum thickness
(¢. 5 m) in a narrow belt parallel to the palaco-shoreline.

The present-day distribution of Lower Oligocene rocks is controlled by submarine
erosion which affected the northern passive slope of the foreland basin. Erosion
climaxed during the late Early Oligocene. The eroded material was re-deposited
along the lower basin slope (Oberhofen facies). The source-rock potential of the
re-deposited sediments is relatively low. The oil kitchen (47 km burial depth) is
located beneath the Alpine nappes where the Lower Oligocene succession was
removed locally by the advancing nappes. Both submarine erosion at the northern
basin slope and tectonic erosion beneath the Alps have to be considered in the
evaluation of the prospectivity of the basin.

Because deposition of the Lower Oligocene succession in the Alpine Foreland
Basin is controlled by basin-wide processes, it may serve as a model for source-
rock deposition in foreland basins of the Paratethyan realm (e.g. Carpathians,
Terek—Caspian Foredeep).
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INTRODUCTION

Oligocene organic-rich rocks were deposited during the initial
separation of the Paratethys, a marginal sea which formed after
the Eocene break-up of the Tethys (e.g. Popov ez al. 2004).
Proven and potential Oligocene source rocks in Central and
Eastern Burope include, from west to east, the Schoneck
Formation, the Menilite Formation (Carpathians), the Tard
Clay (Pannonian Basin), the Ruslar Formation (western Black
Sea) and the lower part the Maykop Suite (Black Sea, Caspian
Sea; Fig. 1). These units have generated hydrocarbons in basins
extending from the Alpine—Carpathian Foredeep in the west to
the Terek—Caspian Foredeep in the east (e.g. Ziegler & Roure
1999, Ulmishek 2001). Although economically very significant,
detailed data on depositional environments, lateral facies vari-
ations and resulting source-rock potential of these Oligocene
sediments are largely missing.

Petrolenm Geoscience, Vol. 12 2006, pp. 363-377

In the present contribution, the architecture of source rocks
in the eastern (Austrian) part of the Alpine Foreland Basin
(Fig. 2a) is analysed for the impact of different geological
processes. This regional study covers an area of approximately
7500 km?, emphasizes vertical and lateral facies and thickness
variations, and includes the northern marginal zone of the
source rocks as well as their deeper, central parts. Within the
boundaries of the study area, core-based investigations by
Schulz ¢ al. (2002, 2004) provided a detailed description on the
vertical variability of lithology, palaco-environment and source-
rock potential of the Lower Oligocene Schéneck Formation
and Dynow Marlstone. The present paper is based on this
information, additional core studies, logs from more than 300
wells (Fig. 2b) and seismic data.

Based on the results of Schulz ez a/. (2002, 2004), well logs
were calibrated with core data and used to study the regional
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Fig. 1. Palacogeography of the Paratethyan realm during early
Oligocene (Pshekian) time. The distribution of oxygen-depleted
environments is shown after Popov e al. (2004). W.+Cent. Par,,
Western and Central Paratethys (=Alpine Carpathian Basin of Popov
et al. 2004).

distribution and thickness variations of different source-rock
facies. The Schéneck Formation is missing in nearly 20% of the
wells (Fig. 2b). It has been speculated that this is due to erosion
above basement highs (e.g. Kollmann 1966) or due to non-
deposition (e.g. Gerhard 1988). Obviously, lack of source rocks
in significant parts of a basin decreases its prospectivity.
Therefore, the mechanisms that caused the absence of Lower
Oligocene deposits are also studied. Finally, implications of the
results for the hydrocarbon potential of the Alpine Foreland
Basin are discussed.

GEOLOGICAL SETTING

The Alpine Foreland (Molasse) Basin extends along the north-
ern margin of the Alps from Geneva to Vienna (Roeder &
Bachmann 1996; Sissingh 1997; Wagner 1998; Tig. 2a). The
southern part of the basin is overthrust by the Alpine nappes
(Fig. 3). Within the Alpine foreland, the sedimentary history is
characterized by three main stages separated by unconformities:
Permo-Carboniferous graben sedimentation; Mesozoic mixed
carbonate—siliciclastic shelf sedimentation; and Cenozoic
molasse sedimentation (Wagner 1998).

The Molasse stage began in Late Eocene time with deposi-
tion of fluvial and shallow-marine sandstones, shales and
carbonates (Fig. 4). Around the Eocene/Oligocene boundary,
thrust loading by the advancing Alpine nappes caused flexural
down-bending of the foreland (Fig. 5). This and a coeval
sea-level rise resulted in drowning of the carbonate platform
and a rapid deepening of the Molasse Basin (e.g. Zweigel 1998).

During Oligocene times, the tectonically active southern
margin of the Molasse Basin was steep, whereas the northern
basin slope was gently dipping (Fig. 5). Gravity flow deposits,
up to 2 km thick (Deutenhausen, Rogatsboden, Puchkirchen
formations; Fig. 4), accumulated near the active margin,
whereas fine-grained pelagic and hemipelagic rocks were
deposited on the northern basin slope. The pelitic rocks include
from the base to the top (Fig. 4 Wagner 1998):

® the Schoneck Formation (formerly “Lattorf Fischschiefer”;
nannoplankton zone NP19-20 to the lower part of NP23),
a typically 1020 m thick succession consisting of organic-
rich marls and shales. Water depth during deposition of
the Schoneck Formation increased from 400 m to 600 m
(Dohmann 1991);
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Fig. 2. (a) Geological situation of the study area. (b) Location map
of wells used in the study. Some key wells are labelled. Full symbols
indicate wells with Schoneck Formation; open symbols indicate
wells without Schoneck Formation. Fi 1, Fischlham 1; Osch 1,
Oberschauersberg 1; P 2, Puchkirchen 2; Sat 2, Sattledt 2; Schw
20W, Schwanenstadt 20W; St 2, Steindlberg 2. (¢) Fault pattern and
depth to base of Molasse sediments (after Wagner 1998; Kroll ez al.
2005). White lines represent the position of the thrust front of the
Imbricated Molasse, the Helvetic and Flysch zones and the Northern
Calcareous Alps (see Fig. 2b).

® the Dynow Marlstone (formerly “Heller Mergelkalk™;
NP23), about 5-15 m thick. It is composed of light-coloured
matrlstones partly dominated by coccolithophorides;

® the Eggerding Formation (formerly “Banded Marl”; NP23—
24) composed of dark—grey laminated pelites with thin white
layers of nannoplankton. The thickness of the Eggerding
Formation is typically in the range of 35 m to 50 my;

® the Zupfing Formation (formerly “Rupelian Matl”), up to
450 m thick, consisting mainly of dark grey hemipelagites
and distal turbidites from the south. They intercalate with
slumps, slides and turbidites detived from the northern
slope. Limestone layers with nannofossils occur in the lower
part of the section.

According to sequence stratigraphic analysis (Jin e a/. 1995;
Zweigel 1998), shallow-marine Eocene sediments and deeper-
marine Lower Oligocene deposits (Schoneck Formation,
Dynow Matrlstone, Eggerding Formation) form a transgressive
systems tract. The Zupfing Formation represents very distal,
basinal highstand deposits (Zweigel 1998). A major sea-level fall
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(200 m) occurred at the boundary between Lower and Upper
Oligocene (e.g. Haq et al. 1987). Its consequence for the
development of the Molasse Basin is not fully understood
(Zweigel 1998).

Whereas deep-marine conditions with water depths exceed-
ing 1000 m persisted during Late Oligocene to Early Miocene
times east of the river Inn, a prograding—retrograding deltaic
complex filled the western part of the basin.

The Cenozoic sediments are divided structurally into
the Autochthonous Molasse and the Allochthonous Molasse.
The Autochthonous Molasse rests relatively undisturbed on the
European basement. The Allochthonous Molasse, including
the Imbricated Molasse, is composed of Molasse sediments,

Upper l Helvetic & Flysch
nappes

25 km

Fig. 5. Reconstruction of the early
Oligocene geometry of the Molasse
Basin (after Wagner 1996). The position
of some key wells is shown. Inset
shows the present-day situation.

which are included in the Alpine thrusts and which were moved
tectonically into and above the southern Autochthonous Molasse.

Several fault systems occur in the Austrian part of the
foreland basin (Fig. 2c). NW-SE- and NE-SW-trending faults
existed already during Palacozoic times and were reactivated in
Mesozoic and Palacogene times. Roughly W—E-trending exten-
sional faults result from the down-bending of the foreland crust
due to the subduction of the European Plate under the
Periadriatic Plate and the weight of the advancing Alpine nappe
system (Wagner 1998). Almost all Early Oligocene faults were
reactivated during Miocene times.

Two petroleum systems occur in the Alpine Foreland Basin
east of Munich: a Mesozoic to Lower Oligocene thermally
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generated oil and gas system and an Oligo-Miocene biogenic
gas system (Wagner 1996; Véron 2005; Fig. 3).

Most important reservoirs for oil and minor thermal gas are
upper Eocene basal sandstones, typically on the upthrown side
of W-E-trending antithetic normal faults. Some hydrocarbons
are trapped in Focene carbonates. Additional reservoirs occur
in Mesozoic and Oligocene horizons. Correlations of the
isotope and biomarker ratios of the oils with the rock extracts
suggest that the thermogenic hydrocarbons are mainly sourced
by the Lower Oligocene Schoneck Formation (e.g. Wehner &
Kuckelkorn 1995; Sachsenhofer ¢ al. 2000), but the Dynow
Matlstone and the Eggerding Formation also have an oil
potential. Vitrinite reflectance gradients in the Austrian part of
the Alpine Foreland Basin are low (Fig. 3) and the source rock
is immature in the vicinity of the oil fields. The kitchens are
¢. 4T7km deep and lie only beneath the Alpine nappes,
indicating long-distance migration (Schmidt & Erdogan 1996;
Fig. 3). Generation started during thrusting in Miocene times.

Reservoirs  for dry and isotopically light gas, con-
sidered biogenic in origin, are Oligocene (Egerian) and Miocene
(Eggenburgian) sandstones and sandy conglomerates deposited
within and in close vicinity of the “Puchkirchen” deep-sea
channel belt (de Ruig 2003). Significant accumulations of gas
are stratigraphically and structurally trapped in channel thalweg
and slope-fan sandstones, with more modest amounts in
overbank lobe and tributary-channel deposits (de Ruig &
Hubbard 2006). Probably the biogenic gas was generated in
Oligocene and Miocene shales.

DATABASE AND METHODOLOGY

The study area is situated in the eastern part of the Molasse
Basin. It is bounded to the north by the pinchout of Lower
Oligocene rocks at shallow depth (Fig. 2a) and to the south by
the position of the southernmost wells (Molln 1, Grianau 1; for
position of wells see Fig. 2b), which have drilled autochthonous
Lower Oligocene sediments beneath the Alpine nappes. The
base of the Oligocene in these wells is located at about 5 km
depth (>4 km below sea-level). Information from even more
southerly positions is provided by Lower Oligocene rocks
incorporated into Allochthonous Molasse imbricates (e.g.
Oberhofen 1, Fig. 5). The original position of these rocks was
30—60 km south of their present-day position.

The study is based on results from 320 wells including
witeline logs from more than 200 of them. Conventional cores
from the Schoéneck Formation and the Dynow Marlstone were
available for many wells, allowing a direct correlation between
log facies, sedimentary facies and source-rock parameters (e.g.
Fig. 6). In contrast, the Eggerding Formation is represented by
only a few core fragments.

Each of the lithological units, described in the introduction
chapter, is characterized by distinct vertical carbonate trends. In
the case of the Molasse Basin, the sonic log, available for most
wells, yields the best fit with carbonate content (see also Schulz
et al. 2004) and, therefore, is used most often for correlation.

Wireline logs, together with core data, were used to deter-
mine thickness variations of different lithological units. Maps
of the present-day thickness and the original thickness were
constructed using the Kriging approach. W—E- and S-N-

trending seismic sections were used to map erosional features.

RESULTS
Lithology and log facies

Sedimentology and organic geochemistry of the Schéneck
Formation and the Dynow Matlstone have been described by
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Fig. 6. Soutce-rock data from wells from the upper slope
((a) Oberschauersberg 1, Aistersheim 1, Fischlham 1) and from the
lower slope ((b) Oberhofen 1) together with gamma ray (GR) and
sonic logs (DT). Source-rock data from the Oberschauersberg 1 and
Oberhofen 1 wells are from Schulz ez al. (2002).

Schulz e al. (2002, 2004, 2005). Information on the Eggerding
Formation is taken from Wagner (1998). Basic geochemical
proxies for wells Oberschauersberg 1, Aistersheim 1, Fischlham
1 and Oberhofen 1 are shown together with log motifs in Figure
6. Sonic and gamma-ray log motifs of the organic-rich Lower
Oliogocene sequence using the examples of wells Eggerding 2,
Perneck 1, and Oberhofen 1 are shown in Figure 7. These wells
represent a transect from shallow water in proximal position to
deep water in the distal basin (see also Fig. 5).

Although lateral facies variations exist, the Lower Oligocene
succession is similar in most settings. Only the autochthonous
part of the Oberhofen 1 well (lower slope) displays a sig-
nificantly different facies. Therefore, this facies is discussed
separately at the end of the present section.

Schineck Formation The Schoneck Formation was deposited on
the northern palacoslope of the Molasse Basin. An expected
narrow belt with shoreline sands along the northern coast is not
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preserved, but some northern, land-proximal wells show strong
detrital influence (e.g. Eggerding 2; Fig. 7a).

Apart from the proximal wells, the Schoneck Formation
from the upper slope is typically 10-20 m thick and can be
divided into two marlstone units (A, B) and an upper shale unit
(C) (Figs. 6a, 7b).

Unit A is characterized by strongly varying carbonate con-
tents, a consequence of episodic globigerina blooms. Phospho-
rite and authigenic carbonate formed during deposition of unit
A. In some wells, the base of unit A is bioturbated. Silty/sandy
sediments, often with glauconite occur frequently in the lower-
most few decimetres. Compared with unit A, unit B is
characterized by more uniform carbonate contents and the lack
of phosphorite nodules. With the exception of bioturbated
intervals, total organic carbon (TOC) contents in units A and B
are in the range of 2-2.5%. Hydrogen index (HI) values range
from 400 mgHC g~ "TOC to 500 mgHC g~ "TOC (kerogen
Type II). Unit C is dominated by black shales with TOC
contents exceeding 5%. HI values reach 600 mgHC g~ "TOC
(kerogen Type II-I). A few layers composed of micritic laminae
with a nodular structure are intercalated. They are interpreted as
zooplankton faecal pellets made up of coccolith debris from
planktonic copepods (Haczewski 1989).

Typically, the interval transit time increases upward in unit A,
displays a secondary minimum in unit B and is characterized by
very high values in unit C (Figs. 6a, 7b). The interval transit
time minimum in unit B is less significant in wells from the
basin floor (Fig. 7d). For these wells, therefore the distinction
between units A and B is often difficult. Subordinate transit
time minima in the shaly unit C are related to thin marl layers
(Fig. 6a).

The relation between gamma-ray values and lithological
units A—C is more complicated. In many wells, gamma maxima
occur near the base of unit A and at the transition between
units B and C. Obviously the gamma lacks a clear response to
lithology or TOC content. In contrast, the lower maximum
reflects the occurrence of glauconite near the base of the
Schoneck Formation. Crossplots of gamma-ray values versus

(Perneck 1); (c) lower slope (Oberhofen
1); (d) basin floor (allochthonous part
of Oberhofen 1). Only the lower part
of the Zupfing Formation, several
hundred metres thick, is shown.

Schulz et al. (2002)

interval transit time show a decrease in the gamma-ray signal
near the base of unit A with increasing distance from the
palaco-shoreline (Fig. 8). This decrease may be correlated
with a decrease of glauconite content. At least in wells
Oberschauersberg 1 and Aistersheim 1, local gamma-ray
maxima at the base and within unit C can also be correlated to
detrital glauconite.

Dynow Marlstone The Dynow Matlstone is ¢ 5-15 m thick and
overlies the Schéneck Formation with a sharp boundary. It is
composed of several sedimentary cycles, each starting with
matlstone, including carbonate made up by coccolithophorides,
and each ending with increasing shale and TOC contents. In
contrast with the lower boundary, the transition of the Dynow
Marlstone to the ovetlying marlstones of the Eggerding
Formation is gradual (Fig. 6a). TOC contents range from 0.5%
to 3.0% and are diluted by catbonate contents made up by
calcareous nannoplankton. HI ranges generally between
500 mgHC g~ "TOC and 600 mgHC g~ "TOC (kerogen Type
11-1).

With the exception of the autochthonous part of the
Oberhofen 1 well, sonic and gamma-ray logs display a bell
shape (Figs. 6, 7) and reflect the upward-decreasing carbonate
contents (see also Schulz e a/. 2004). Single peaks represent
distinct limestone layers made up of coccolithophorides.
Figure 8 displays a linear trend between gamma-ray and sonic
values.

Eggerding Formation The Eggerding Formation is composed of
dark grey laminated pelites with thin white layers of nanno-
plankton. The thickness of the Eggerding Formation is typically
in the range of 35 m to 50 m. According to Schmidt & Erdogan
(1996), the mean TOC is only 1.5% and the HI ranges from
100 mgHC g~ '"TOC to 350 mgHC g~ "TOC. However, TOC
and HI trends at the transition between the Dynow Marlstone
and the Eggerding Formation (Fig. 6a) suggest that a signifi-
cantly better source-rock quality has to be expected in the lower
part of the Eggerding Formation. Nevertheless, the source-rock
potential of the Eggerding Formation is considered to be less in
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Fig. 8. Crossplots of gamma-ray values versus interval transit time
for wells Aistersheim 1, Perneck 1 and Oberhofen 1 (allochthonous
part). Note that the presence of glauconite — apart from mica and
potassium feldspar — causes high gamma-ray values in the Schéneck
Formation from the upper slope.

comparison with the lower formations. Thin, highly porous
sandstone beds interfingering with matls were drilled in north-
ern land-proximal position (e.g. Eggerding 2; Fig. 7a). Some of
these sandstones carry viscous oil at shallow depth (<600 m),
which is uneconomic because of heavy biodegradation (Brix &
Schultz 1993).

The Eggerding Formation is characterized by high interval
transit times and gamma-ray responses with little vertical
variation (Fig. 7b Fig. 8). Single peaks represent either sandy
or carbonaceous layers. A peak—peak correlation is locally
possible, but usually fails for wells from different fields. The
upper boundary of the Eggerding Formation is characterized
by a decrease in interval transit time and gamma ray, a
consequence of carbonate-rich layers within the lower part of
the Zupfing Formation.

Oberhofen facies Following Wagner ez al. (1986), Schulz et al.
(2002) considered a 53.5 m thick succession in the Oberhofen
1 well (4283.5-4337.0 m depth; Fig. 7¢) as a time-equivalent of
the Schoneck Formation. These rocks were deposited on the

lower palacoslope and consist of alternations of packstones and
wackestones in the lower part, dark marls with olistholites
of Eocene material in the middle part and limestones in the
upper part. However, biostratigraphic age data are ambiguous.
Carbonate contents, TOC contents, HI values and log signals
of the respective depth interval are presented in Figures 6b and
7c. Based on new log correlations (see below), the upper
limestone package, which was not cored, is considered to be
an equivalent of the Dynow Matlstone, and the lower lime-
stone package an equivalent of the Eocene Lithothamnium
Limestone.

The log facies, which is termed the “Oberhofen facies”,
differs significantly from that in other wells (Fig. 7c):

® the interval transit time in the Schoneck Formation is low, a
result of the high carbonate content. A subdivision of
Schéneck Formation into subunits A—C is impossible;

® the Dynow Matlstone is relatively thick and exhibits a blocky
log motif without internal structure;

® the Eggerding Formation exhibits a highly structured log
pattern and is characterized by relatively low interval transit
times. Lithothamnium limestones found in cutting samples
from this stratigraphic interval suggest that the structured
log pattern is a result of re-deposited Eocene (and Lower
Oligocene) material.

In addition to the Oberhofen 1 well, the Schoneck Forma-
tion and the Dynow Marlstone in “Oberhofen facies” were also
encountered in two nearby wells (Lenzing 1, Timelkam 1).

Log correlations

Figure 9 presents a cross-section through the Ried, Trattnach
and Aistersheim fields, an area where the Lower Oligocene
rocks are partly missing. The cross-section is illustrated to aid in
understanding whether the stratigraphic gap is due to non-
deposition or to erosion. Note that most wells in this area are
located at a considerable distance from faults. Reduction or
lack of formations due to normal faulting, therefore, can be
excluded largely.

A complete sequence from the Lithothamnium Limestone to
the Zupfing Formation is present in the western Ried wells
(Ried 2, 6, 1). The thickness of the Eggerding Formation in
these wells is about 40 m. In wells Ried 5 and Ried 3 the
thickness of the Eggerding Formation is significantly reduced
(20-10 m). The eastern Ried wells (Ried 11, 8, Ost 1) are
characterized by a few metres of Eggerding Formation directly
overlying thin Lithothamnium Limestone. This geometry
clearly shows that the organic-rich rocks in the eastern Ried
Field are missing due to erosion rather than non-deposition.
Erosion removed sediments ¢ 60 m thick and probably
occurred during the final stages of the deposition of the
Eggerding Formation.

Erosion was also active in the Trattnach area, but relatively
thick Eggerding Formation overlying deeply eroded Litho-
thamnium Limestone (Trattnach 4 well; Fig. 9) suggests that
erosion began earlier. Early erosion also removed the topmost
part of the Dynow Marlstone and the lowermost part of the
Eggerding Formation in the Aistersheim W1 well. On the other
hand, in the Trattnach 11 well, Zupfing Formation directly
overlies Schoneck Formation. This argues for a later erosional
phase and suggests that erosion was a multi-stage process
during and after deposition of the Eggerding Formation.

Three N-S-trending profiles are presented in Figure 10.
Profiles a—b and c—d incorporate logs from the allochthonous,
imbricated Molasse. According to Wagner ez al. (1986)
the allochthonous Lower Oligocene sediments from the
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Fig. 9. Profile through the Ried, Trattnach and Aistersheim oil fields revealing significant erosion. Datum level is the base of the Lithothamnium
Limestone. DT, sonic log; GR, gamma-ray log.

Oberhofen 1 well were transported 30—60 km northwards. The the Oberhofen 1 well, the structured log motif of the succes-
transport distance for the allochthonous sediments in the sion overlying the Dynow Marlstone in Griinau 1 might
Dorfbeuren 1 and Perwang 1 wells (profile a—b) was probably indicate re-deposited sediments from the Schoneck Formation
in the same order of magnitude. and the Dynow Marlstone.

Despite the considerable transport distance, Schoneck NW-SE-trending profiles are shown in Figure 11. Profile
Formation and Dynow Marlstone can be correlated easily along 1-2 runs close to the northern margin of Molasse Basin
transect a—b. Unit A is thin in well Mattighofen 1. Unit B in well between the land-proximal wells Eggerding 2 and Dietach 1.
Helmberg 1 is ¢ 10 m thick and exhibits a rather flat sonic log The thickness of the Schoneck Fomation varies signifi-
pattern. This is a typical feature of wells from the south- cantly. This is mainly a result of thickness variations of
western part of the study area, which is also observed in the unit A. The thickness of the Dynow Matlstone is ¢. 10 m, but
allochthonous Schoneck Formation in wells Dorfbeuren 1, reaches maxima in well Zupfing 1 (17.2 m) and Aistersheim 1
Perwang 1 and Oberhofen 1. (13.4 m).

Profile c—d crosses the autochthonous part of the Oberhofen Profiles 3—4 and 5-6 run in a more southern (distal) position.
1 well in “Oberhofen facies”. The Eggerding Formation in this Dynow Matlstone and unit C of the Schéneck Formation are
well shows a strongly structured log pattern. As discussed significantly thinner than along profile 1-2. Unit C is even
earlier, this is probably due to re-deposition of Focene and missing in well Kirchdorf 1. Because Dynow Marlstone is
Lower Oligocene material. All other sections, including that in present, this is probably because of non-deposition (or early
the allochthonous part of the Oberhofen 1 well, exhibit normal erosion). Profile 3—4 shows a uniform facies distribution
log motifs. The uppermost part of the Dynow Marlstone in between Schwand 1 and Horgersteig 2. Although well
Steindlberg 2 is eroded, together with most of the Eggerding Puchkirchen 2 was cored, the situation is less clear along the
Formation. southeastern end of this profile. Lower Oligocene rocks in

The northern segment of profile e—f shows a southward well Timelkam 1 are present in “Oberhofen facies”. Sonic
decrease in thickness of the Dynow Marlstone and of unit C of logs are unavailable from the old well Puchkirchen 2 (drilled
the Schoneck Formation. In well Steinfelden 1 the upper part in 1956) but Dynow Matrlstone and unit C are clearly visible
of unit B, the entire unit C and the Dynow Matlstone are in the gamma-neutron log. However, units A and B cannot
missing due to erosion or normal faulting. At the southern end be distinguished. Similar to the Oberhofen 1 well, re-deposited
of the profile, the Schéneck Formation in the Griinau 1 well is Lithothamnium Limestone occurs within a 15 cm thick layer

characterized by a very thick unit B and a thin unit C. Similar to at 2585 m depth in unit A/B of the Schoneck Formation.
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Fig. 10. S—N-trending profiles. The profiles show the wide lateral continuity of Lower Oligocene sediments in the Alpine Foreland Basin.
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Steindlberg 2 and Steinfelden 1 wells are missing. DT, sonic log; GR, gamma-ray log.

Present-day thickness of Lower Oligocene source rocks

Isopach maps of the Schoéneck Formation, the Dynow
Marlstone and the Eggerding Formation are shown in Figure 12.

The Schoneck Formation is typically ¢. 10 m thick (Fig. 12a).
Thickness maxima (>16 m) occur near the NE basin margin
and in more distal southwestern positions. East of the Lindach
Fault, the thickness distribution is rather uniform. Only in a few
wells the Schoneck Formation is missing due to normal
faulting. In contrast, the Schéneck Formation was not drilled in
many wells located within the Ried-Schwanenstadt and Braunau
blocks west of the Lindach Fault.

The Dynow Matlstone (Fig. 12b) extends slightly further
northwards than the Schoneck Formation. A WNW-ESE-
trending zone with up to 17 m thick Dynow Marlstone
stretches along the northern basin margin. In a more southerly
position the Dynow Marlstone is typically 4-8 m thick. Rela-
tively thick Dynow Marlstone in the “Oberhofen facies” occurs
in wells Lenzing 1, Timelkam 1 and Oberhofen 1. West of the
Lindach Fault the Dynow Marlstone is missing in wells, which
also did not drill Schéneck Formation.

The Eggerding Formation (Fig. 12¢) is often 35-50 m thick.
However, west of the Lindach Fault (Ried—Schwanenstadt and
Braunau blocks) its thickness decreases strongly. In some wells
located in these tectonic blocks the entite succession from the
Schéneck Formation to the Eggerding Formation is missing
due to erosion.

Maps of the original thickness of the Schoneck
Formation and the Dynow Marlstone

In order to reveal depositional trends, isopach maps of units A,
B and C and of the Dynow Matrlstone, shown in Figure 13,
include only information from wells unaffected by erosion or
normal faulting.

The original thickness of unit A ranges from a few deci-
metres to more than 10 m. The lateral thickness distribution is
quite irregular (Fig. 13a). Maxima occur near the northern basin
margin in the Aistersheim area and in the autochthonous
part of the distal well Perwang 1. The isopach map of unit B
(Fig. 13b) is characterized by a strong southward increase in
thickness. Within northern positions the thickness is uniformly
in the order of 3—-6 m, but increases to more than 10 m in distal
wells (e.g. Griinau 1, Perwang 1). In contrast with older units,
the WNW-ESE-trending thickness maxima of unit C (>5 m)
are aligned along the northern basin margin (Fig. 13c). Very
thin unit C was drilled in some distal wells. However, unit C, up
to 3 m thick, occurs in some Molasse imbricates, suggesting
that the thickness increases again in southern positions.

The Dynow Marlstone exhibits a thickness pattern similar to
that in unit C, with maxima in proximal positions along the
former basin margin (Fig. 13d). In well Zupfing 1 the Dynow
Martlstone is 17 m thick. Another thickness maximum is related
to the “Oberhofen facies” (wells Timelkam 1, Lenzing 1,
Oberhofen 1) in a distal setting.
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Seismic data DISCUSSION

The top of the Lithothamnium Limestone and the top of the
Schéneck  Formation form  prominent continuous high-
amplitude reflectors (Fig. 14). In contrast, the top of the
Dynow Matlstone and the top of the Eggerding Formation are
characterized by reflectors with a low to medium amplitude. All
reflectors are roughly parallel.

In some areas the parallel reflectors are cut by erosional
surfaces. These are especially visible in shallow portions of

Depositional processes

Based on biomarker, isotope and pyrite data from key wells,
Schulz et al. (2005) reconstructed palacoceanographic changes
in the Molasse Basin during deposition of the Schéneck
Formation and the Dynow Marlstone (Fig. 15). The present
study, using data from numerous wells, upscales their results to
a basin-wide scale.

the basins, for example in the northern part of the Schineck Formation: Unit A A sharp break separates the Litho-
Ried—Schwanenstadt Block (e.g. Fig. 14). Here, an erosional thamnium Limestone and unit A. Gradual transitions occur
channel, ¢. 60 m deep and up to 20 km wide, occupies nearly exclusively in land-proximal, northern positions, where the
the entire area of the tectonic block. The channel margins Schoéneck Formation is partly underlain by Eocene and Lower
follow the eastern (Lindach) and western boundary faults of Oligocene clastic rocks.
the Ried-Schwanenstadt Block closely. Local relicts of The base of unit A is often bioturbated and contains
Lower Oligocene strata are preserved near the northeastern end significant silt- and sand-sized detrital material. Abundant
of the erosional channel and form island-like structures. The glauconite in the basal layer may cause a greenish colour.
Trat 7 and 8 wells (Fig. 8) are located within one of these Glauconite is also a likely reason for the high gamma-ray
structures. response near the base of unit A. The observed general
In some areas the internal reflection configuration of the decrease in the gamma-ray peak from proximal to distal
Lower Oligocene succession is chaotic near erosive channels, boreholes suggests that the amount of glauconite decreases
suggesting that the rock sequence is loosened. The Eggerding with increasing palacowater depth. Coaly debris occurs together
Formation in the Kemating—Pattigham area shows complex with sand-sized detrital material in some proximal wells (e.g.
reflection patterns (Fig. 14), reflecting different erosional Utzenaich 1; Sattledt 2). The bioturbated interval is typically
phases. 10—40 cm thick, but reaches 2.5 m in the proximal Aistersheim
The Eggerding Formation is overlain by the Zupfing 1 well.
Formation, characterized by parallel low-amplitude reflectors. Biomarker data indicate that the lower part of the Schoneck
The basal units of the Zupfing Formation onlap onto the Formation (unit A, B) was deposited in a stagnant basin with an

margins of the erosive channels. oxygen-depleted (dysoxic to anoxic) bottom water (Fig. 15).
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Fig. 12. Isopach maps of (a) Schoéneck Formation, (b) Dynow
Matlstone and (c) Eggerding Formation. Maps were constructed
using a “simple Kriging” approach. The fault pattern is shown
according to Wagner (1998).

Water stratification was caused by an estuarine circulation
pattern and was accompanied by enhanced surface water
productivity. Phosphoritization and methanogenic dolomitiz-
ation occurred during deposition of unit A and were especially
effective in relatively shallow, proximal positions. Obvious
variations in carbonate content are due to cyclic blooms of
globigerinoides.

Primary lateral thickness variations are higher in unit A than
in any other studied unit. Probably, this variability reflects the
palacorelief of the underlying Eocene rocks (Rasser & Piller
2004). The high thickness in the southwestern part of the study
area may be related to increased subsidence rates. Slump
sttuctutes in the topmost part of unit A were recognized in
borehole Schwanenstadt 20W.

Schoneck Formation: Unit B Photic zone anoxia developed at the
transition of units A and B. Clay-rich layers are less frequent in
unit B than in unit A. Unit B, therefore, is characterized by a
more uniform carbonate trend with a carbonate maximum in its
central part. Carbonate contents are due to recrystallized
nannoplankton. Because of the greater thickness of unit B in
distal settings, the carbonate maximum in the middle part of
unit b is less pronounced. Therefore — and because carbonate
and phosphorite concretions are less frequent in distal settings
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Fig. 13. Isopach maps of (a) unit A, (b) unit B, and (c) unit C of the
Schoéneck Formation, with (d) Dynow Marlstone. In order to show
the original thickness distribution, only wells unaffected by normal
faulting and erosion were considered. Maps were constructed using a
“simple Kriging” approach.

— a subdivision of units A and B is difficult in cotes from some
distal wells. Turbidites occur in some northern, proximal wells
(Aiterbach 1, Oberschauersberg 1). Thin tuff layers were also
detected so far only in proximal setting.

Schineck Formation: Unit C Biomarker and isotope data (Fig. 15)
indicate that the environment during deposition of the lower
part of unit C was characterized by low surface water produc-
tivity, high surface water salinity and CO, recycling within the
water column. These features were supported by a rise in the
chemocline into the photic zone. The environment changed
significantly during deposition of the upper part of unit C:
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anoxia decreased as a result of major fresh-water influx. northward increase in thickness. Occasional blooms of cocco-
Unit C is characterized by dominant clay deposition. lithophorids resulted in marl layers. Number and thickness of

The detrital material has a northern provenance (Bohemian the marl layers decrease southwards suggesting that the blooms
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of coccolithophorids were more intensive near the coast.
However, these matl layers also occur in allochthonous
Schoéneck Formation deposited in southern basinal positions.

Dynow Marlstone The base of the Dynow Matlstone is charac-
terized by an abrupt increase in productivity and photic zone
anoxia persisted. During the late NP23 intensified photic zone
anoxia and an increase in salinity worsened the ecological
environment for calcareous nannoplankton and led to the
deposition of marls of the Eggerding Formation.

The Dynow Marlstone has been formed by cyclic blooms
of coccolithophorids. Its thickness decreases from proximal
to distal settings. The decrease in thickness is mainly due to
a basinward decrease in the thickness of individual cycles.
Moreover, the lowermost cycle I splits in proximal settings.
The northward increase in thickness, therefore, reflects both
increased detrital input and increased productivity of cocco-
lithophorides in nearshore environments.

“Oberbofen facies” An unusual log shape occurs in the Timelkam
1, Lenzing 1 and Oberhofen 1 wells. Unit C of the Schoneck
Formation cannot be recognized. In Oberhofen 1 the Schéneck
Formation includes olistolithes with Focene Lithothamnium
Limestone. Similarily, detrital Lithothamnium Limestone
occurs in a thin layer within the Schéneck Formation in the
Puchkirchen 2 well. Both phenomena are the result of gravity
flows from topographic highs which disturbed marly/shaly
background sedimentation. Moreover, it emphasizes that
Eocene rocks were exposed north of the Oberhofen 1 and
Puchkirchen 2 wells during deposition of the Schoéneck
Formation.

Because of the lack of core material from the Dynow
Marlstone in the “Oberhofen facies”, the explanation for the
unusual thickness and log shape remains speculative. It
is proposed here that the enhanced thickness is due to
re-deposition of unlithified ooze shortly after their original

accumulation, a phenomenon well known from the North Sea
(e.g. Schatzinger e al. 1985; Hatton 1986). Whatever the reason,
the “Oberhofen facies” seems to be a feature restricted to the
lower slope, because log patterns from the Allochthonous
Molasse show that sediments with “typical” Schoéneck and
Dynow facies were deposited in more southern, basinal posi-
tions. The distribution of the Oberhofen facies is shown
schematically in Figure 16.

Post-depositional processes

Some important features of post-depositional processes atre
summarized in Figure 16. Pebbles and slides of Lithothamnium
Limestone in the Schéneck Formation in wells Oberhofen 1
and Puchkirchen 2 show that erosion and re-deposition had
commenced already during the earliest Oligocene (NP21/22).
Perhaps the great thickness of the Dynow Marlstone in the
“Oberhofen facies” is due to syn-sedimentary re-deposition of
nannofossil ooze. Erosion during eatly stages of the deposition
of the Eggerding Formation (NP23) is evident, e.g. in the
Trattnach (Fig. 8) and Kemating—Pattigham areas (Fig. 14).
However, major erosion, which created valleys up to 60 m deep
and several kilometres wide, occurred only during late stages of
the deposition of the Eggerding Formation (NP24).

All relevant formations were deposited in several hundred
metres of water depth (Dohmann 1991; Wagner 1998).
Therefore, even the major sea-level fall at the boundary
between the early and the late Oligocene (NP24; see Fig. 4)
could not establish subaerial conditions. Consequently, all
erosional events are considered as submarine processes.

Submarine erosion occurred mainly west of the Lindach
Fault in the Ried-Schwanenstadt and Braunau blocks (Fig. 6c;
Fig. 16). These blocks experienced enhanced tectonic activity
during Palacogene times (Wagner 1998) suggesting that the
gravity-induced movements were triggered by earthquakes. The
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Fig. 17. Map showing the distribution
of the Schéneck Formation and the
Menilite Formation (after Picha &
Stranik 1999). The position of the study
area (large box) and the original
position of sediments which are now
found in Molasse imbricates (small box)
are indicated. Staffelsee, Ampfing and
Anzing are boreholes mentioned in the
text. Insets show the stratigraphy of
Oligocene successions in the Molasse
Basin and the western Carpathians

((A) Slovakia, Krhovsky e a/. 2001;

(B) Poland, Kotlarczyk 1988).

available stratigraphic dataset is insufficient for an exact dating
of the uppermost part of the Eggerding Formation, but it is
probably older than the sea-level fall during NP24. Thus, it
remains unclear whether mobilization of sediments at the
northern basin slope is related to sea-level fall. Southward
transport directions were controlled by the deepening of the
basin in front of the Alpine nappes (Fig. 5).

Deposition of slumps and pebbles of the eroded material
probably occurred in basinal settings south of the study area.
However, material overlying the Dynow Matlstone in the
Griinau 1 and Oberhofen 1 wells (cf. Fig. 9) also may represent
slides of Schoneck Formation and Dynow Marlstone. This is
supported further by Eocene limestones in the Eggerding
Formation in the Oberhofen 1 well (4255-4284 m depth;
Wagner ez al. 1986). Figure 16 gives an approximate idea on the
regional distribution of re-deposited material.

Similar erosional features occurred in the western
Carpathians during NP23 (“Sitborice Event”; Krhovsky &
Djurasinovic 1993). Cortelations of such events highlight that
slope instability may have occurred basin-wide rather than
being a local phenomenon.

In contrast to more eastern areas, Molasse imbricates north
of Salzburg (e.g. Oberhofen 1, Perwang 1, Dorfbeuren 1; see
Fig. 2 for position of wells) contain Schoneck Formation,
Dynow Marlstone and Eggerding Formation. For example,
the Perwang 1 well penetrated Schoéneck Formation in the
Autochthonous Molasse and in three tectonic slices. This
shows that lower Oligocene source rocks south of Salzburg
were removed from their basement by the advancing thrusts.
Tectonic erosion is highlighted schematically in Figure 16.

Implications for hydrocarbon exploration in the
Alpine—Carpathian Foredeep

Molasse Basin in Aunstria The Schéneck Formation is the
dominant source rock for oil and thermogenic gas in the
Austrian part of the Alpine Foreland Basin (Wagner 1996;
Schulz ez al. 2002). The Dynow Marlstone and Eggerding
Formation represent less effective source rocks. The Lower
Oligocene succession is also the principal seal. East of Munich
the oil kitchen is located at 47 km depth beneath the Alpine
nappes. This indicates long-distance migration (Schmidt &
Erdogan 1996). A continuous seal and a carrier bed are
prerequisites for lateral migration.

The petroleum-generating potential of the Lower Oligocene
sequence varies significantly in a vertical direction and reaches
a maximum in unit C of the Schéneck Formation (Fig. 6a). The

thickness of unit C decreases southwards, implying that this
unit is relatively thin where the source rock is mature. Never-
theless, this is a minor problem for the prospectivity of the
basin as other units also possess an excellent potential. On the
other hand the extrapolation of observed trends suggests
mature Schéneck Formation with a very thick unit C east of
borehole Molln 1. Therefore, additional exploration activities in
the area of the Amstetten Block are recommended.

The Schoéneck Formation in the “Oberhofen facies” has a
source-rock potential (average TOC 1.3%; HI up to
400 mgHC g~ "TOC; Fig. Gb) that is significantly lower
than that of the “normal” facies (see also Schulz ez a/ 2002).
According to the available data, the extension of the
“Oberhofen facies” is restricted. Nevertheless, further explora-
tion activities should pay special attention to the distribution of
the “Oberhofen facies”, which can be recognized easily in
electric logs.

Submarine erosion removed substantial volumes of the
Lower Oligocene sequence. This affects both the source-rock
potential and the seal capacity of the sequence. Therefore,
detailed knowledge of the geometry of the erosional features,
both in the soutce area beneath the Alpine nappes, and along
the migration pathways is necessary.

Tectonic transport of source rocks by the advancing nappes
south of Salzburg also influences the hydrocarbon potential of
the basin. This is because the source rocks were transported
from the area of the present-day oil kitchen to the thrust front,
where the rocks remained immature (Wagner ef a/. 1986).

Molasse Basin in Germany Only a few well logs from the German
Molasse Basin are published in a scale useful for an investi-
gation of the Lower Oligocene succession (e.g. Anzing 3,
Kowing e al. 1968; Ampfing 15, Boigk 1981; Staffelsee 1;
Miller 1970; see Figure 17 for position of wells). However,
these few logs clearly reveal the subdivision of the Schéneck
Formation into units A—C and the cyclic structure of the
Dynow Marlstone. This emphasizes the lateral continuity of the
organic-rich Lower Oligocene succession, which, for example,
enables the correlation of specific decimetre-thick coccolith
limestone layers between Staffelsee and Dietach over a distance
of almost 250 km. In addition, data from Wehner e a/. (1983)
and Gerhard (1988) show that the source-rock potential also
continues in an E-W direction.

On the other hand, well logs published by Zweigel
(1998) suggest that the Schoneck Formation and the Dynow
Marlstone are missing in some areas. By analogy with the
situation in Austria, it is presumed that the stratigraphic gaps
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are due to submarine erosion. Therefore, detailed investigations
of the distribution and erosion features of the Lower Oligocene
rocks are necessary for a thorough re-evaluation of the
petroleum potential of the basin.

Western Carpathians The main source rock for oil in the
Carpathians is the Menilite Formation. The Dynow Marlstone
forms a marker horizon within the organic-rich sediments
and facilitates cortrelations with the Molasse Basin (Picha &
Stranik 1999; Krhovsky e 2/ 2001; Fig. 17). The Sheshory
(Globigerina) Matrls (upper part of the Nemcice Formation),
together with the Subchert and Chert Members of the Menilite
Formation, are coeval with the Schoneck Formation, whereas
the Sitborice Member correlates with the Eggerding Formation.
Apart from the Dynow Marlstone, additional coccolith lime-
stones occur in the Sitborice Member and can be correlated all
along the Carpathians to Romania (Haczewski 1989). Slumps
and pebble deposits in the basal part of the Sitborice Member
indicate submatine erosion and wete related to an Eatly
Oligocene sea-level fall (e.g. Krhovsky ez a/ 2001).

Picha & Stranik (1999) underlined the similarities between
the Alpine Foreland and the Carpathians, which formed a
continuous basin (Fig. 17). Obviously similar palacoceano-
graphic processes, including salinity variations triggering
blooms of coccolithophorides (Haczewski 1989), photic zone
anoxia and activity of methanotrophic bacteria (Koster ef al.
1998b) were active in both realms. However, the distribution of
diatomites and cherty (Menilitic) deposits shows that diatom
blooms were restricted to the Carpathians.

A wealth of source-rock data from the Menilite Formation
has been published (e.g. Besseteau e al. 1996; Koster e al.
1998a). According to these papers high TOC (up to 18%) and
HI values (200-750 mgHC g~ "TOC) highlight substantial
vertical and lateral variabilities. The highest TOC contents
occur in the lower part of the Menilite Formation. Bessereau
et al. (1996) emphasized that the observed lateral and vertical
vatiations require high density data for a reliable evaluation of
the petroleum potential.

Based on the results of this contribution, detailed sedi-
mentological and geochemical investigations of key wells are
recommended. These investigations may prove that a part of
the “lateral” facies variability is actually due to sampling of
different horizons. Similatily, because of a poor control on
sampling locations, vertical facies variations between units A/B
and C in the Molasse Basin were interpreted in terms of lateral
facies variations (e.g. Gerhard 1988). Comparison of well-logs
and the measurement of outcrop gamma-ray logs may help to
correlate different profiles. Obviously, biostratigraphy is an-
other important correlation tool. However, at least in the
Molasse Basin, biostratigraphy alone is not precise enough to
distinguish horizons with completely different source-rock
potential.

Apart from this, a reliable evaluation of the petroleum
potential should consider that significant volumes of the
Menilite Formation might be missing due to erosion.

CONCLUSIONS

Like many other Paratethyan basins, the Molasse Basin contains
organic-rich rocks with an Early Oligocene age, which were
deposited in deeper water. The Schoneck Formation is the
main source rock in the Molasse Basin. The Dynow Marlstone
and Eggerding Formation represent secondary sources. The
Lower Oligocene succession is characterized by lateral con-
tinuity, but very high vertical variability. The latter results from
palacoceanographic changes in the Paratethys (closing and
opening of seaways, fresh-water incursions, etc.).

The Schoneck Formation is subdivided into three units. The
marly unit A is characterized by cyclic blooms of globigerinoids.
Its thickness distribution reflects the burial of an old relief. The
thickness of the marly unit B increases towards the basin centre.
Shaly unit C has the highest source potential. Thickness
maxima occur in a narrow belt parallel to the palaco-shoreline
and are controlled mainly by detrital input.

The Dynow Matlstone shows a thickness distribution similar
to unit C. As the carbonate content of the Dynow Marlstone
is derived from coccolithes, nannoplankton blooms may
have been concentrated along the basin margin. The Dynow
Matlstone grades upward into the Eggerding Formation.

The present-day distribution of Lower Oligocene rocks is
controlled by submarine erosion. Erosion commenced during
deposition of the Schéneck Formation, but reached a maxi-
mum during deposition of the upper part of the Eggerding
Formation. The eroded material became deposited along the
lower basin slope where the series thickens (“Oberhofen
facies”). Erosion was controlled by the inclination of the
northern basin slope and the position of major basement faults.

Significant parts of the source potential were destroyed by
submarine and tectonic erosion. Large parts of the Lower
Oligocene succession south of Salzburg were tectonically
removed by the advancing nappes.

The same processes, described from the study area, were
probably also active in the German patt of the Molasse Basin
and in the western Carpathians. This suggests that the Lower
Oligocene of the Alpine Foreland Basin can be considered a
model for source-rock deposition in wide parts of the Western
and Central Paratethys.
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