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Abstract Two petroleum systems are present in the eastern
(Austrian) sector of the Alpine Foreland Basin. Whereas
oil and thermogenic gas in Mesozoic and Eocene reservoir
rocks have been generated beneath the Alps in Lower Oli-
gocene source rocks, relative dry gas in Oligocene—Mio-
cene clastic rocks deposited in the deep marine basin-axial
channel system (Puchkirchen Channel) is interpreted as
microbial in origin. Detailed investigations of the molecu-
lar and isotope composition of 87 gas samples from 86
wells, representing all producing fields with Oligocene and
Miocene reservoir rocks, suggest that the presence of pure
microbial gas is rare and limited mainly to the northern
basin flank (e.g., KK field). All other fields contain vary-
ing amounts of thermogenic gas, which has been generated
from a source rock with oil-window maturity. A relation
with the underlying thermogenic petroleum system is obvi-
ous. Upward migration occurred along discrete fault zones
(e.g., H field) or through low-permeability caprocks. Local
erosion of Lower Oligocene sediments, the principal seal
for the thermogenic petroleum system, as well as a high
percentage of permeable rocks within the Puchkirchen
Channel favored upward migration and mixing of thermo-
genic and microbial gas. All gas samples in Oligocene—
Miocene reservoirs are biodegraded. Biodegradation and
the formation of secondary microbial gas resulted in gas
drying. Therefore, the gas samples analyzed in this study
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are relative dry, despite significant contributions of ther-
mogenic hydrocarbons. Biodegradation probably continues
at present time. The degree of biodegradation, however,
decreases with depth.

Keywords Foreland basin - Gas mixing - Gas
biodegradation - Secondary microbial methane

Introduction

Significant progress has been achieved in the last decades
in the understanding of the formation, mixing and altera-
tion of natural gas as well as of gas-oil and gas-source rock
correlations. Based on the molecular and isotope composi-
tion of gas, it has been recognized that in addition to ther-
mogenic processes and biodegradation of organic matter in
pelitic rocks (primary microbial gas), commercial gas accu-
mulation may result from biodegradation of preexisting oil
and gas (secondary microbial gas) (e.g., Head et al. 2003;
Jones et al. 2008; Milkov 2010, 2011).

Important parameters for the interpretation of gas data
are stable carbon and hydrogen isotope ratios. Stable car-
bon isotopic ratios are mainly controlled by the forma-
tion mechanism (thermogenic vs. microbial), as well as
the isotopic signature and thermal maturity of the source
rocks (Berner and Faber 1987; Chung et al. 1988; Clay-
ton 1991; Fuex 1977; Galimov 2006; James 1983, 1990;
Krooss et al. 1995; Littke et al. 1995; Rice and Claypool
1981; Rooney et al. 1995; Schoell 1980, 1983; Stahl 1977,
Whiticar 1994). Hydrogen isotope ratios are controlled by
the exchange of hydrogen between water and thermally
maturing organic matter (Lewan 1993, 1997; Schimmel-
mann et al. 2001, 2004; Yoneyama et al. 2002). In contrast,
the exchange between water and already formed n-alkanes
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Fig.1 a, b Location maps of study area, ¢ cross section through the Alpine Foreland Basin (modified after Wagner 1996). Inset in ¢ explains
migration from source rocks into stratigraphically deeper carrier beds across normal faults (Malzer et al. 1993). See b for location of section

is limited (Hoering 1984; Sessions et al. 2004; Seewald
et al. 1998). Enrichment in deuterium with increasing ther-
mal stress is observed in natural samples (Dai 1990; Radke
et al. 2005; Schoell 1980) as well as in theoretical and labo-
ratory studies (e.g., Ni et al. 2011; Tang et al. 2005).

Since the pioneering work on carbon and hydrogen iso-
tope ratios of Schoell (1977, 1984), it is known that both
oil-associated thermogenic gas and microbial methane
exist in the Alpine Foreland Basin, which extends along
the northern margin of the Alps from Vienna to Geneva
(Fig. 1a, b). According to traditional concepts, thermogenic
hydrocarbons are found in Mesozoic and Eocene reser-
voirs, whereas microbial gas prevails in Oligocene—-Mio-
cene reservoirs separated effectively from the underlying
thermogenic petroleum system by several hundred meters
of shales (e.g., Brix and Schultz 1993).

However, recently Reischenbacher and Sachsen-
hofer (2011) emphasized that molecular and isotopic gas
data from the Austrian part of the Alpine Foreland Basin
are in conflict with this simple model. Actually, Pytlak
et al. (2016) could show that methane associated with oil
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deposits in Cenomanian and Eocene reservoirs is a mixture
of thermogenic, primary and secondary microbial methane.
Moreover, the presence of condensate in some Oligocene—
Miocene reservoirs challenges the interpretation of pure
microbial gas in Oligocene—Miocene reservoirs.

The present paper focusses on gas in Upper Oligocene
and Lower Miocene clastic reservoirs. Main aims of the
present contribution are to determine the origin of the gas
and to understand possible mixing and alteration processes.
To reach this goal, gas samples from 86 wells represent-
ing all producing fields in the Austrian sector of the basin
(fields labeled in Fig. 2) were studied for their molecular
and isotopic composition. Note that the present paper deals
with gaseous hydrocarbons and condensates will be studied
in a separate paper.

Geological background

The Alpine Foreland Basin extends along the northern
margin of the Alps between Geneva and Vienna (Fig. la,
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Fig. 2 Oil and gas fields in study area. Labels denote currently producing gas fields with Oligocene-Miocene reservoirs. Cross sections N'—S’

and N”-S" are presented in Fig. 10a, b

b). The asymmetric basin deepens toward the south and
extends below the Alpine nappes (Fig. 1c). In the Aus-
trian sector of the Alpine Foreland Basin, the sedimentary
succession overlies crystalline basement of the Bohemian
Massif and comprises from bottom to top: (1) Permo-Car-
boniferous graben sediments, (2) Jurassic and Upper Cre-
taceous mixed carbonate-siliciclastic shelf sediments, and
(3) Eocene to Upper Miocene Molasse sediments (Fig. 3).
The Cenozoic section starts with Upper Eocene shallow-
marine and fluvial carbonates, shales and sandstones. Late
Eocene and Early Oligocene loading of the Alpine nappes
caused down-bending of the foreland, southward increas-
ing basement depth and rapid deepening of the depositional
environment. Deep marine pelitic rocks with thin carbon-
ate layers were deposited during Early Oligocene time
(Schoneck, Dynow, Eggerding formations). Locally these
rocks, about 60 m thick, have been removed by submarine
erosion before deposition of the overlying Zupfing For-
mation. During Late Oligocene and Early Miocene times
gravity flow deposits (Puchkirchen Group, lower Hall For-
mation; Fig. 3) accumulated in a deep marine basin-axial
channel system (Puchkirchen Channel) originating in the
west (near Munich) from a prograding—retrograding delta
system (Covault et al. 2009; Hubbard et al. 2005, 2009).
The coarse-grained clastic rocks form part of the Lower
Puchkirchen Formation (uppermost Chattian to lowermost
Aquitanian), the Upper Puchkirchen Formation (Aquita-
nian to lower Burdigalian) and the Hall Formation, which
follow above a major erosional event (Grunert et al. 2013,
2015). Pelitic rocks, typically with low organic matter

contents, were deposited outside of the channel system.
However, organic matter-rich intervals, including a “fish
shale” near the top of the Upper Puchkirchen Formation,
occur as well (Wagner 1996, 1998). Decreased subsidence
and increased sedimentation rates resulted in filling of the
basin between late Eggenburgian and Ottnangian times.
Coal-bearing freshwater sediments with a Middle to Late
Miocene age dominate the top of the Cenozoic succession.
Different fault systems occur in the Alpine Foreland Basin.
NE-SW and NW-SE trending faults formed during Pale-
ozoic times and were reactivated in the Mesozoic and the
Paleogene. During Late Eocene and Early Oligocene times
flexural down-bending resulted in the formation of W-E
trending normal faults. Many of them were reactivated dur-
ing the Miocene (Wagner 1996, 1998). Extensive regional
uplift after Late Miocene time caused erosion of sediments,
500-900 m thick and cooling of about 20 °C (Gusterhuber
et al. 2012).

Traditionally, two petroleum systems are distinguished
in the Austrian part of the Alpine Foreland Basin: A ther-
mogenic petroleum system is based on Lower Oligocene
source rocks (Schoneck Fm., Eggerding Fm.; Sachsenhofer
et al. 2010; Sachsenhofer and Schulz 2006; Schulz et al.
2002), which reached the oil window beneath the Alpine
nappes in Miocene time (Gusterhuber et al. 2013). Main
reservoirs are Cenomanian and Upper Eocene non-marine
to shallow-marine sandstones in structural traps. The
Lower Oligocene Schoneck Formation is also the primary
seal formation (Veron 2005). The cumulative production
of oil 4+ condensate was 8903825 tons and 1647 M Nm®
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of associated gas (RAG production until 2015, industrial
data).

Methane depleted in '°C, traditionally interpreted as
microbial in origin (e.g., Schoell 1984; Schulz and van
Berk 2009), prevails in clastic deep water sediments with
a Late Oligocene to Early Miocene age (Puchkirchen
Group, Hall Fm.; Covault et al. 2009; Hubbard et al. 2005,
2009). Intraformational shales form the seals (Veron 2005).
The occurrence of condensate and wet gas suggests at
least local mixing with thermogenic hydrocarbons (Reis-
chenbacher and Sachsenhofer 2011; Wagner 1998). The
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cumulative production from Oligocene and Miocene units
was 23352 M Nm?® of gas (RAG production until 2015,
industrial data).
Sampling and analytical methods

Sampling procedure

Samples (87) have been taken from 86 wells using the Iso-
Tube® gas sampling system. The aluminum-made sampling
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cylinders were attached directly to the wellheads via the
pressure reduction unit and purged with produced gas sev-
eral times to avoid air contamination. Finally, the IsoTubes
were filled to the maximum allowed pressure of 8 bar. In
addition, mud gas data of a recently drilled well are consid-
ered in the interpretation section.

Laboratory methods

Molecular compositions of gas samples were determined
by mounting the IsoTubes directly to the sampling loop
of a Trace GC-ultra equipped with three various gas chan-
nels. Hydrocarbons were resolved on a 30-m Rtx-Alumina
capillary column (i.d. 0.53 mm; filling Na,SO,, 10 um film
thickness) and detected by FID. Permanent gases were
resolved on two packed columns: HayeSep Q (2 m x 1/8"
OD) and MolSieve 5A (2 m x 1/8” OD) and detected by
TCD. The column oven was programmed to hold a tem-
perature of 50 °C for 4.3 min and then heated to 165 °C
at 10 °C/min, at which point the temperature was held for
0.5 min. Helium was used as carrier gas for all three chan-
nels. Peak identification has been performed based on com-
parison of retention times of calibration gas mixtures and
analyzed samples. Concentrations have been calculated
based on peak areas against calibration gas mixtures con-
sisting of most compounds observed in the samples.

Stable C and H isotope measurements were carried out
using a Trace GC-ultra gas chromatograph attached to the
ThermoFisher Delta-V isotope ratio mass spectrometer
(IRMS) via a combustion and high-temperature reduction
interface, respectively (GC Isolink, ThermoFisher). The GC
coupled to the IRMS was equipped with a 25-m PoraPlot
capillary column (i.d. 0.32 mm; 0.10 pm film thickness).
The oven temperature was programmed from 30 to 180 °C
at a rate of 5 °C/min followed by an isothermal period of
5 min. Helium was used as carrier gas. For calibration, a
CO, or H, standard gas was injected at the beginning and
at the end of each analysis. Analytical reproducibility was
controlled by repeated measurements of a calibration gas.
2H/'H and '3C/'C relative ratios are expressed relative to
VSMOW and VPDB, respectively.

Results
Molecular composition

The studied gas samples are dominated by methane
(97.2-99.4%) with minor concentrations of C,, hydrocar-
bons, nitrogen (0.2-2.1%) and carbon dioxide (<0.5%).
In few samples traces of ethene and/or propene were
detected (Table 1). Traces of different Cs, isomers have
been detected, but only some of them have been quantified

(Fig. 4). Thus, results reported in Table 1 were not normal-
ized to 100%.

Gas dryness, defined by C,/(C, + C;) (Bernard et al.
1978), varies between 96 and 471 with an average value
of 228. An exceptional dry gas (~4400) is produced from
the KK field (Fig. 5) in the northern part of the basin (see
Fig. 2 for location).

Ratios of branched versus straight n-alkanes range
between 0.9 and 4.4 for butanes and 1.9 and 19.8 for pen-
tanes, respectively.

Isotopic composition

The stable carbon isotopic composition of methane varies
widely from —48.5 to —65.1%¢. Methane, most enriched in
13C has been found in the F—O fields located in the western
part of study area (Table 1; Fig. 5), whereas methane, most
depleted in 1*C is from the KK field. 5°H of methane ranges
between —178 and —221%o (Fig. 6). Similarly to 8'*C dis-
tribution, methane with elevated 2H content occurs in the
F-O fields. In addition, methane enriched in *H is recorded
in gas from the X field (Table 1).

C, (—55.7 to —33%0), C5 (—38.5 to —24.5%0) to n-C,
(—33.4 to —17%0) hydrocarbons show a decreasing vari-
ability in stable carbon isotope ratios (Table 1).

Stable isotope ratios of methane obtained in the present
study show a wider range of values than carbon (—59.7 to
—63.3%0) and hydrogen isotope ratios (—197 to —212%o)
reported by Schoell (1984) and Schulz and van Berk
(2009). This is because these authors coincidently did not
sample wells with isotopically heavy methane.

Interpretation and discussion
Microbial versus thermogenic gas

The driest gas is present in the KK field, where only meth-
ane and traces of ethane are observed. Moreover, methane
from this field is characterized by the most negative car-
bon isotopic values (Fig. 5; Table 1). This suggests a pure
microbial origin of the KK gas, located in the shallow
northern flank of the basin, and confirms the established
models (e.g., Brix and Schultz 1993; Schoell 1984). Inter-
estingly, ethane from KK gas is isotopically lighter than
that of oil-associated gas from Mesozoic and Eocene reser-
voirs (Fig. 7, Pytlak et al. 2016).

All other gas samples contain hydrocarbons up to n-hex-
ane and yield significantly lower dryness values. Moreover,
a significant number of them display isotope values charac-
teristic for varying contributions of thermogenic hydrocar-
bons (Figs. 5, 6). Carbon isotope values as low as —48.5%o
(Fig. 5) indicate the presence of the highest amount of
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thermogenic methane in the F-O fields. Apart from wet
gas, some wells produce even liquid hydrocarbons (con-
densates), another proof for the presence of thermogenic
input (Pytlak et al. 2014; Wagner 1998). Traces of higher
hydrocarbons are also visible in total gas composition
(Fig. 4). Interestingly, gas dryness in Puchkirchen and Hall
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reservoirs with liquid hydrocarbons is often relative high
(>200; Fig. 5).

Ethane in many samples is strongly depleted in '3C
(Fig. 7). This suggests that most of the detected ethane is
microbial in origin. Actually, ethane and propane can be
generated by microbial activity, although their contribution
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Fig. 4 Flame ionization detector (FID) chromatogram of gas sample from gas field F. For location see Fig. 2
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Fig. 6 Genetic characterization of gas from Oligocene—Miocene reservoirs in the Austrian part of the Alpine Foreland Basin (plot modified after

Whiticar et al. 1986)

in total gas composition is typically very low (Hinrichs
et al. 2006; Oremland et al. 1988; Rice and Claypool 1981).

Origin of thermogenic hydrocarbons

Figure 8a shows that gas dryness decreases with reser-
voir depth implying a downward increase in thermogenic
hydrocarbons (see also Reischenbacher and Sachsenhofer
2011). Potentially these hydrocarbons may have been gen-
erated locally in pelitic rocks within the studied succes-
sion (or below) or may have been derived from oil-bearing
deeper horizons (e.g., Eocene reservoir rocks).

The Cenozoic succession includes potential source
rocks. However, these are immature north of the Alpine
front (e.g., Gusterhuber et al. 2012, 2013). This is not only
valid for Lower Oligocene source rocks, but also for “fish
shales” near the top of the Upper Puchkirchen Formation
containing up to 3.5% TOC (Belaed 2007).

Therefore, it is likely that the thermogenic hydrocar-
bons migrated upward from Eocene carrier beds and res-
ervoir rocks (e.g., Wagner 1998). Although commercial

@ Springer

oil deposits in the western part of the study area are miss-
ing, industry data show that wet gas and oil stains within
Eocene horizons have been detected in the entire study
area.

The plot of 3'3C of ethane versus 8'3C of propane
(Berner and Faber 1996; Fig. 9) is often used to determine
the maturity of gases. The data from Oligocene—Miocene
reservoirs are generally shifted toward light 8'°C values of
ethane (Fig. 9). This may indicate a contribution of micro-
bial ethane. Moreover, propane may be enriched in '*C due
to biodegradation (see “Gas biodegradation and secondary
microbial methane” section). Nevertheless, propane and
n-butane isotope ratios are similar to those measured in oil-
associated gas from Mesozoic and Eocene reservoirs (Pyt-
lak et al. 2016; Fig. 7), suggesting oil-window maturity.

Controls of mixing of thermogenic and microbial gas
Whereas the microbial component of the gas has been

generated locally within the Upper Oligocene to Lower
Miocene succession (Schulz and van Berk 2009), the
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Fig. 7 Natural gas plots (Chung et al. 1988) showing the carbon expressed in meters. Gray bars indicate isotopic signature of hydro-
isotopic compositions of individual hydrocarbons as a function of carbons associated with oil deposits in the Austrian part of Alpine
the carbon number. Depths are true vertical depth subsea (TVDSS) Foreland Basin (Pytlak et al. 2016)

thermogenic fraction migrated vertically upward from characteristic for microbial origin, while those of C,
Mesozoic and Eocene carrier beds and/or reservoirs. to C, hydrocarbons are characteristic for thermogenic,
Migration may have occurred (1) along relative permeable oil-associated gas (Fig. 7b). The producing Hall hori-
faults or (2) within low-permeability rocks along subseis- zons in the above fields are located above or close to
mic fractures. oil deposits in Eocene strata. Faults were active in the
Alpine Foreland Basin during different times. In some

1. Samples G-1, E-1, H-1 and gas from a V field produce areas fault activity stopped already during deposition
methane from Hall reservoirs in the eastern part of the of the Lower Puchkirchen Formation, whereas in oth-
study area. 8'3C values of methane in these fields are ers it continued till Eggenburgian time (Fig. 10). These
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Fig. 8 Depth distribution of selected geochemical parameters. i/n-C4H, ratios >1 indicate that all gases are biodegraded. However, dryness and
813C—C,Hj trends indicate that biodegradation decreases with depth
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Fig. 9 Relative gas maturity base 8'>C distribution in ethane and propane (plot modified after Berner and Faber 1996)

long-lived faults provided potential migration path- sion. It is likely that upward migration may be facili-
ways connecting Eocene reservoirs and the Hall For- tated in areas where lower Oligocene fine-grained
mation (Wagner 1998). rocks are eroded and along the Puchkirchen Channel
2. In areas without distinct faults, migration may have system, where a high percentage of permeable clastic
occurred through low-permeability caprocks along rocks have been deposited. Within this context, it is
subseismic fractures, silty intervals and/or by diffu- remarkable to observe that the F-O fields containing

@ Springer
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Fig. 10 Seismic examples
of the Alpine Foreland Basin
(for location see Fig. 2). a
Across gas field A. Location
of Puchkirchen Channel belt S i — - -
and adjacent overbank deposits Thme= ~ —Overbankarear
(both are the main gas reser- N ) >
voirs) are indicated with dashed
red lines. Northern Slope
Unconformity (NSU, Masali-
mova et al. 2015) separates
Lower Puchkirchen Formation
(Lower P. Fm.) from Upper
Puchkirchen Formation (Upper
P. Fm.). The NSU is cross-cut
by faults active during deposi-
tion of Upper Puchkirchen
Formation providing potential
migration pathways for ther-
mogenic hydrocarbons (dashed
green lines). b Across gas field
H and oil fields. Majority of

oil and thermogenic gas in

the Alpine Foreland Basin are
trapped in Cenomanian and
Eocene reservoirs in fault-
related structures

~ Top Eocene-

S

 Top Eggerdi
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~

Fig. 11 Cross-plot of C,/C, 0.35
molecular ratio versus 8'*C of ¢ ®
methane (after Prinzhofer and
Pernaton 1997) of mudgas from
. 0.3 1
a well near the southern margin
of the Alpine Foreland Basin. 9
Inset presents theoretical mixing
and diffusion trends. Diffusion 0.25
trends depend on ratios of the
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Fig. 12 Correlation of molecular and isotopic composition. Gray arrows indicate possible selective components removal and mixing with ther-

mogenic hydrocarbons

isotopically methane enriched in *C (—48 to —61.4%o)
testifying to a high amount of thermogenic gas are
located both along the axis of the Puchkirchen Chan-
nel and above an area where more than 60 m of lower
Oligocene fine-grained rocks have been removed by
submarine erosion (Sachsenhofer and Schulz 2006). In
contrast, the KK field hosting no thermogenic hydro-
carbons, but pure microbial gas is located far north
of the Puchkirchen Channel and in an area with thick
pelitic Lower Oligocene deposits.

Migration through low-permeability caprocks may
involve diffusion. Diffusion processes lead to molecular
and isotopic fractionation due to differences in the effective
diffusion coefficients (e.g., Krooss et al. 1988; Leythaeuser
et al. 1983; Xia and Tang 2012; Zhang and Krooss 2001).

@ Springer

Prinzhofer and Pernaton (1997) proposed a plot of the C,/
C, ratio versus 8'°C of methane (Fig. 11) to distinguish dif-
fusive fractionation from simple mixing of two end-mem-
ber gases. Because the Prinzhofer plot may be used for
gases in seal rocks, but not for reservoir gases (Zhang and
Krooss 2001) and because the thermogenic end-member
gas in the case of the Alpine Foreland Basin is a gas mix-
ture itself (Pytlak et al. 2016), we do not plot reservoir gas
data, but mud gas data from a recently drilled well, which
penetrated shaly units, several hundred meters thick. The
mud gas data show a strong linear relationship between
the C,/C, ratio and §'*C of methane (in the plot with lin-
ear axis) suggesting that mixing processes are dominant,
whereas fractionation associated with diffusion does not
appear to have influenced gas compositions significantly.
Obviously, diffusive fractionation cannot be completely
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ruled out, but its effect on the governing molecular and iso-
topic gas composition may have been overprinted by other
processes (mixing, alteration; see below).

Gas biodegradation and secondary microbial methane

During microbial alteration of gaseous hydrocarbons pro-
pane is primarily degraded (Head et al. 2003; Kniemeyer
et al. 2007). In addition, straight chain alkanes are prefer-
entially removed compared to branched ones (James and
Burns 1984; Palmer 1993) resulting in increasing i/n-C,
ratios. Although i/n-C, ratio can depend on maturity (Alex-
ander et al. 1981), those of non-degraded gases are usually
below 0.8 (Huang and Larter 2014). In most cases micro-
bial activity leads to enrichment in *C isotope of remain-
ing molecules (e.g., C;, n-C,).

To visualize gas alteration trends, i/n-C, ratios and sta-
ble carbon isotopic composition of propane are plotted ver-
sus depth in Fig. 8c, d. i/n-C, ratios significantly above 0.8
indicate that all gases are biodegraded. i/n-C, ratios show a
weak, 8'°C ratios of propane a strong downward decreas-
ing trend providing evidence that the effect of in-reservoir
biodegradation decreases downward with increasing for-
mation temperature. Although microbes may be active at
high temperatures, it is commonly accepted that microbial
activity relevant for petroleum formation and degradation
is restricted to temperatures below 80 °C (Head et al. 2003
and references therein). This observation agrees with the
fact that in the study area a formation temperature of 80 °C
is reached between 1500 and 2000 m depth subsea (Kam-
yar 2000). However, it is important to note that regional
uplift after Late Miocene maximum burial resulted in cool-
ing of about 20 °C (Gusterhuber et al. 2012). This argues
for biodegradation, at least in deep reservoirs, before or
after maximum burial.

The natural gas plot (Chung et al. 1988) shows that a
significant number of samples show deviations from typical
813C distribution patterns (3'3C o6 < 8"°Crapg < 8°Ceapyio
Schoell 1984; Tang et al. 2000) (Fig. 7b, d). This is caused
mainly by an enrichment of '3C in propane and reflects the
selective microbial removal of this compound.

Some samples contain ethene and propene (Fig. 8),
which are considered instable over geological timescales.
Although microbial processes yielding unsaturated hydro-
carbons are poorly understood, their presence may indicate
recent bacterial activity (Whiticar 1994). Microbial activity
is also confirmed by the presence of metabolites in reser-
voir rocks (Gruner, pers. comm.). Drill bit metamorphism
as source for unsaturated hydrocarbons in reservoirs, which
are in production since several years, can be ruled out.
Whereas (ongoing) biodegradation is well confirmed, only
a weak correlation is observed in the cross-plot of i/n-C,
versus 8!°C of propane (Fig. 12a).

A general positive relation exists between the difference
of 8'3C of methane and ethane and the 8'3C of propane
(Fig. 12b). This may result from either gas mixing or bio-
degradation. A cross-plot of 3'3C of methane versus §!°C
of propane shows two separate trends indicative for mixing
and biodegradation of propane, respectively (Fig. 12¢).

Recently, biodegradation of hydrocarbons followed by
methanogenesis has been recognized as a significant source
of (secondary microbial) gas (e.g., Head et al. 2003; Jones
et al. 2008; Milkov 2010; Zengler et al. 1999). The isotopic
signature of secondary microbial methane depends on dif-
ferent factors, including the methanogenic community,
reaction pathways, progress of alteration, isotopic signature
of the substrate and reservoir temperature (Brown 2011;
Jones et al. 2008). Frequently, secondary microbial meth-
ane is accompanied by CO, enriched in the '3C isotope (up
to 20%0) (Milkov 2011 and references therein). Methane
depleted in *C (—65%o or lower) is produced when CO,
reduction commences, while CO, is moderately enriched
in 3C isotope (Jones et al. 2008). However, as CO, reduc-
tion progresses, carbon in both, CO, and methane, become
heavier. CO, concentrations in total gas volume are not
necessarily high, since CO, can be transformed into cal-
cite cement (Dimitrakopoulos and Muehlenbachs 1987,
Wiggins et al. 1993). Actually, Grundtner et al. (2014)
could show that organic matter-derived CO, triggering cal-
cite precipitation plays an important role in the diagenetic
history of the Alpine Foreland Basin. In the present study
measured 3'°C of CO, reaches values up to 18%¢ with an
average value of —5.9%o (Table 1; Fig. 12d). Moreover, a
general positive relation between §'3C of CO, and C,Hj
points to methanogenesis (Table 1; Fig. 12d). Therefore,
biodegradation and formation of secondary microbial gas
are considered at least as a minor additional source of
methane.

Generation of secondary microbial methane results in
gas drying. This may explain the relative high dryness val-
ues of gas samples with high 8'3C ratios.

Conclusions

Gas trapped in Oligocene—Miocene reservoir rocks in the
Alpine Foreland Basin has traditionally been considered
(primary) microbial in origin. A detailed investigation of
samples from all producing gas fields provides a more dif-
ferentiated picture, which contributes significantly to the
understanding of the petroleum system.

e Dryness and the most negative 5'°C values of methane
suggest a pure primary microbial origin of gas in Oligo-
cene—Miocene reservoir horizons in the KK field, con-
firming the traditional model.
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e In all others samples heavier hydrocarbons are present.
The amount of C, hydrocarbons increases with reser-
voir depth, indicating a downward increasing contribu-
tion of thermogenic hydrocarbons. Varying contribu-
tions of thermogenic hydrocarbons are also reflected by
strongly varying 8'°C values of methane. Based on 3'3C
values of methane, gas from the F-O field in the west-
ern part of the study area contains the highest contribu-
tion of thermogenic hydrocarbons.

e The thermogenic hydrocarbons display an oil-window
maturity and are derived from the deeper Mesozoic and
Eocene oil-bearing reservoir and carrier beds. Upward
migration along faults is likely (e.g., fields in the eastern
part of the study area). Migration also occurred through
low-permeability seal rocks (e.g., along subseismic
fractures). Migration may have been facilitated in areas
where lower Oligocene pelitic rocks are eroded and
along the Puchkirchen Channel system, where a high
percentage of permeable clastic rocks have been depos-
ited. An effect of diffusion on molecular and isotopic
composition of the gas cannot be observed.

e All gas samples in Oligocene—-Miocene reservoirs are
biodegraded, but the degree of biodegradation decreases
downward. Biodegradation results in an increase in the
i/nC, ratio, a selective removal of propane, an increase
in 3'3C of propane and gas drying.

e Biodegradation is accompanied with the generation of
secondary microbial methane (and 13C enriched CO,)
resulting in further drying of the gas. Hence, gas dry-
ness is high even in samples with high contributions of
thermogenic hydrocarbons.

e The presence of alkenes suggests that biodegradation is
an ongoing process.
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