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Abstract

Borehole image data and a 1D-stress model built on open hole logs, leak-off tests (LOT) and image logs are used to evaluate
the potential of seismicity caused by fault triggering during geothermal heat production in the city of Vienna. Data were
derived from a 4220 m deep geothermal exploration well that investigated the geothermal potential of fractured carbon-
ates below the Miocene fill of the Vienna Basin. The well penetrated several normal faults of the Aderklaa Fault System
(AFS) that offset Pleistocene terraces at the surface and hence are regarded as active. Stress-induced borehole failures and
1D geomechanical modeling proves that the potential reservoirs are in a normal fault stress regime with S, > Sy.4 > Shmin-
While stress magnitudes in the upper part of the well (down to about 2000 m) are significantly below the magnitudes that
would trigger the rupture of critically oriented faults including the AFS, stresses in the lower part of the drilled section in the
pre-Neogene basement (below about 3300 m) are not. Data evidence a rotation of Sy, for about 45° at a fault of the AFS
at 3694 m to fault-parallel below the fault suggesting that the fault is active. Critical or near-critical stressing of the fault is
corroborated by the stress magnitudes calculated from the 1D geomechanical model. The safety case to exclude unintended
triggering of seismic fault slip by developing geothermal reservoirs in close vicinity to one of the branch faults of the AFS
may therefore be difficult or impossible to make.
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Introduction

In the last decades, the increasing need for renewable ener-
gies led to an exponential growth of enhanced geothermal
projects in many parts of the World, including continental
Europe, that led to several episodes of unpredicted induced
seismicity (Majer et al. 2007; Witze 2017; Buijze et al.
2020), which in some instances brought to the temporary
interruption of the geothermal activities or even to the com-
plete cancelation of projects (SERIANEX 2009; Diehl et al.
2017). In particular, after the unsuccessful geothermal pro-
ject in Basel (Switzerland), which experienced seismicity up
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to M 3.4, the enhanced geothermal projects are facing criti-
cism. Unwanted seismicity can occur during the stimulation
phase (Baisch et al. 2006; Hiring et al. 2008; Deichmann
and Ernst 2009) or normal production activities (Kwiatek
et al. 2015), as in both cases fluids are injected into the sub-
surface, resulting in pore pressure build-up associated with
the decrease of the effective normal stress acting on faults,
which could lead to unpredicted fault-slip and triggered seis-
micity (Catalli et al. 2013; Kim 2013). In the case of trig-
gered seismicity, human intervention causes the initiation of
the seismic rupture process of a fault while the subsequent
rupture propagation is controlled by natural stress. Triggered
earthquakes are advanced by human intervention and natural
stress aggravates the ground shaking.

A reliable physical upper bound of the maximum cred-
ible triggered earthquake may only be estimated from the
size of the triggered fault using established scaling laws (e.g.,
Wells and Coppersmith 1994). Fault triggering was reported
to result in earthquakes with comparably large magnitudes
such as the M,,=35.5 (I,=VIII MMI) 2017 Pohang earthquake
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(Grigoli et al. 2018; Choi et al. 2019; Woo et al. 2019). Such
events cannot be tolerated as side effects of geothermal heat
production in populated areas. The planning and implementa-
tion of a geothermal project, therefore, requires a safety case
which accounts for the actual tectonic situation and natural
stress in the project area to exclude unintended triggering of
seismic fault slip. This may be achieved by demonstrating
that (1) faults with significant sizes are sufficiently remote
and will not be affected by human-induced stress changes,
(2) faults are oriented unfavorably with respect to the current
stress field thus prevent triggering, and/or (3) human-induced
stress changes will not suffice to reach a critical state of stress.

Figure 1 shows a scenario where geothermal heat extrac-
tion and the re-injection of cooled water leads to pore pres-
sure increase in the vicinity of a pre-existing fault (Fig. 1a)
and a schematic representation of the resulting stress change
near to the fault, due to lowering the magnitude of the effec-
tive stresses (stress magnitude minus the corresponding pore
pressure), that eventually leads to critical stressing of part of
the fault and its triggering (Fig. 1b). It is evident that fault
slip is aided by initial stress represented by a Mohr circle
close to the failure envelope and by a favorable orientation
of the fault. In this case a safety demonstration needs to
demonstrate that pressure buildup will not result in critical
stress states for critically oriented faults. This demonstra-
tion requires well-constrained stress data, kinematic fault
data (orientation and failure envelope), and robust esti-
mates of the increase of pore pressure, the later depending
on parameters such as injection rate, reservoir permeability,

Fig.1 Schematic diagrams
illustrating the effects of
pore pressure changes due to

Re-injection

Heat
extraction

geothermal heat production.

A Scheme of a doublet with
re-injection in the vicinity of
pre-existing fault. B Mohr
diagram and Griffith-Coulomb
failure envelope illustrating the
shift of the Mohr circle towards
the failure envelope by reducing
effective stress (stress-pore

and temperature changes. An alternative scenario, achieved
by swapping the production and injection wells, is shown
in Fig. 1c, d. In deep geothermal fields, the thermo-elastic
stresses resulting from the injection of colder fluids into
the reservoir might further destabilize the stress system, in
particular, in the case of high enthalpy system (Evans et al.
2012; Martinez-Garzén et al. 2016; Buijze et al. 2020).

Exploration of the deep geothermal potential for the city
of Vienna is still in an early stage. However, almost from its
beginning, exploration included assessments of the potential
of triggered and induced seismicity. This is due to the fact
that, first, the threshold of tolerable earthquakes in the urban
environment of Vienna is very low and, second, explora-
tion focuses on an area with numerous active and potentially
active faults belonging to the Vienna Basin Transfer Fault
System. The activity of the fault system is evident from seis-
mological, paleoseismological, and geological data (Gut-
deutsch and Aric 1988; Decker et al. 2005; Hinsch et al.
2005; Apoloner et al. 2015; Hintersberger et al. 2018; Weissl
et al. 2017). It has to be assumed that these active and poten-
tially active faults are close to critical stressing.

In 2012, a geothermal exploration well was drilled
within the city limits of Vienna (Well 1; Figs. 2, 3), in
which open hole logs, image logs, and geomechanical
data (leak-off tests) were acquired. More recently, in a
new era of geothermal exploration, 2D and 3D reflection
seismic were acquired in the urban area of Vienna. We
use these data to constrain the current stress field in the
exploration area and estimate the distance to failure for a
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Fig.2 Tectonic sketch map summarizing evidence of active fault-
ing in the Vienna Basin (synthesized from Decker et al. 2005; Bei-
dinger and Decker 2011). Note the releasing bends of the VBTF and
locations of normal faults compensating transtension at these bends.
References: AP15: Apoloner et al. (2015); EH14: Hintersberger et al.

group of sub-parallel active normal faults locally referred
to the Aderklaa Fault System (AFS).

2014; EH18: Hintersberger et al. (2018); FM90: Marsch et al. (1990);
GG75: Gangl (1975); HU99, HUOQO: Téth et al. (1999). 2000; WL97:
Lenhardt 1997, pers. comm; see also Reinecker and Lenhardt (1999);
MW17: Weissl et al. (2017); LO: Oppenauer et al. (2022). Seismic
events are derived from the database ACORN (2004)

Geologic background

Geothermal exploration focuses on deep aquifers in the
Vienna Basin, a pull-apart basin that formed in the Mio-
cene (Royden 1985; Wessely 1988; Decker 1996). Pull-
apart basins are tectonic depressions dominated by systems
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Fig.3 A Geomorphological map of the Marchfeld area of the Vienna
Basin showing the locations of Quaternary faults offsetting the Pleis-
tocene Ginserndorf Terrace (modified from Weissl et al. 2017). B
Cross-section denoting the locations of fault scarps delimiting the
Ginserndorf Terrace and fault-delimited Quaternary basins. AB:

of normal faults, which are formed in the area comprised
between two stepped strike-slip faults with same kinemat-
ics, usually with similar orientation (Aydin and Nur 1982).
Explored aquifers are located both, within the Miocene fill of
the pull-apart basin and in the pre-Miocene basement. The
latter is represented by the dismembered fold-thrust nappes
of the external Eastern Alps with Rheno-Danubian Flysch
and the Northern Calcareous Alps (Kroll and Wessely 1993).
These units are overlain by the Early Miocene sediments of
a wedge-top basin system that was deposited on the frontal
part of the Eastern Alpine allochthon during the final stages
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Aderklaa Basin; AFS: Aderklaa Fault System; GDT: Génserndorf
Terrace; LB: Lassee Basin; MF: Markgrafneusiedl Fault; OB: Ober-
siebenbrunn Basin; SHT: Schlosshof Terrace; TWS: Terrace West of
Seyring;VBTF: Vienna Basin Transfer Fault System. The blue line
indicates the position of profile in Fig. 4

of fold-thrusting (Holzel et al. 2010). Pull-apart subsidence
commenced in the Midde Miocene at the left-stepping sin-
istral Vienna Basin Transfer Fault System (VBTF; Royden
1985; Fig. 2). The associated basin fill consists of several
shallow-marine, limnic and fluviatile sedimentary sequences
mostly represented by shales, sandstones and marls deposed
between the Lower Badenian and the Upper Pannonian
(Arzmiiller et al. 2006; Strauss et al. 2006; Lee and Wagre-
ich 2017; Harzhauser et al. 2020). These sediments reach a
maximum thickness of close to 5000 m in the basin depo-
centers. The maximum strike-slip activity was located close
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to the SE basin boundary, where a principle displacement
zone (PDZ) with prominent negative flower structures
formed. These flower structures form up to 10 km wide sys-
tems of en-enchelon faults at surface. The largest normal
faults are aligned with the NW basin margin resulting in a
rather asymmetric basin shape (Sollenau, Leopoldsdorf and
Steinberg fault; Kroll and Wessely 1993; Lee and Wagreich
2017; Fig. 2). The normal faults branch from releasing bends
of the strike-slip system. Pull-apart subsidence terminated in
the Upper Pannonian due to regional stress change leading to
localized inversion of the Vienna Basin structures (Decker
and Peresson 1996; Peresson and Decker 1997).
Quaternary to recent tectonics of the Vienna Basin is
characterized by the sinistral re-activation of the VBTF as
evidenced by the distribution of seismicity along the strike-
slip fault, fault plane solutions, and the subsidence of Qua-
ternary pull-apart basins on top of negative flower structures
along the VBTF (Gutdeutsch and Aric 1988; Decker et al.
2005; Hinsch et al. 2005; Lenhardt et al. 2007; Beidinger
et al. 2011; Hammerl and Lenhardt 2013; Nasir et al. 2020;
Fig. 2). Almost all of the seismic activity is observed along
the VBTF at the SE boundary of the basin, whereas his-
torical and instrumental seismicity is very low in the basin
center and on the normal fault systems that splay from the
main strike-slip faults. Unequivocal evidence of the activity
of normal faults in the Vienna Basin, however, comes from

geomorphological, Quaternary and paleoseismological data.
Hinsch et al. (2005) have shown that Pleistocene river ter-
races of the Danube are tilted by hanging wall rollover above
the Leopoldsdorf fault. Decker et al. (2005) and Weissl et al.
(2017) provided evidence of the displacement of river ter-
races, Quaternary growth faulting and basin formation at the
Seyring (SFS) and Aderklaa fault system (AFS) as well as
the Markgrafneusied! fault (Fig. 3). Paleoseismological data
from the AFS (Weissl et al. 2017), the Markgrafneusiedl
fault (Hintersberger et al. 2018) and the SFS (Oppenauer
et al. 2022) demonstrate that these normal faults have been
the locations of strong paleo-earthquakes with magnitudes
estimated from surface displacements ranging between
6.2+0.5 and 6.8 +0.4 for the Markgrafneusied] fault, and
about M =6.4 for the SFS.

Active faulting of the Steinberg fault is corroborated by
a switch of the orientation of Sy, from about N-S in the
hangingwall to SSW-NNE (i.e., parallel to fault strike) in
the footwall of the normal fault (Marsch et al. 1990) with
the fault-parallel Sy, possibly indicating a normal fault-
ing stress regime. Beidinger and Decker (2011) related the
activity of the normal splay faults of the VBTF strike-slip
system to two prominent releasing bends in the southern and
central Vienna Basin where fault strike changes for about
22° and 35°, respectively, causing transtension and extension

Fig.4 Regional 2D seismic cross section through the central Vienna
Basin showing the main normal fault systems (SFS: Seyring fault
system; AFS: Aderklaa fault system; MF: Markgrafneusiedl fault)
and the negative flower structure of the Vienna Basin Transfer Fault
System (VBTF) together with tectonic geomorphology of Pleisto-

cene river terraces (ST: Seyring terrace; GT: Ginserndorf terrace; ST:
Schlosshof terrace) and Quaternary basins that formed on top of the
faults (AB: Aderklaa basin; OB: Obersiebenbrunn basin; LB: Lassee
basin)
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Fig.5 Well stratigraphy, data coverage and inclination of the geother-
mal exploration Well 1. MD: Measured Depth. OHL: open hole logs

perpendicular to VBTF in the part of the basin NW of the
releasing knickpoints (Fig. 2).

Exploration of the deep geothermal potential for the city
of Vienna and Well 1 focused on reservoirs below the Mio-
cene fill of the Vienna Basin in the area close to and between
the SFS and AFS (Fig. 4). A geomorphological map of the
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area shows that both fault systems form fault scarps offset-
ting the Pleistocene Génserndorf Terrace, deviate the fluvial
system of the Russbach (Fuchs and Grill 1984; Weissl et al.
2017), and cause the subsidence of the up to 30 m deep
Quaternary Aderklaa basin (Fig. 3b). Faulted Quaternary
sediments have been observed along the boundaries of the
GDT, terrace, suggesting recent tectonic activity (Posch-
Trotzmiiller and Peresson 2010; Weissl et al. 2017). For
the AFS, a slip rate of 0.05 mm/y was estimated based on
the ages of offset terrace sediments (200-300 ka) and post-
Pleistocene covers (15 ka) (Weissl et al. 2017). Regional
seismic cross sections show that the SFS comprises of a
series of E-dipping normal faults that are located next to
the W border of the pull-apart basin (Fig. 4). The WNW- to
WSEW-dipping normal faults of the AFS are interpreted
to abut against the SFS at depth. The exploration Well 1,
located about 5 km S of the regional cross section shown in
Fig. 4, drilled several branch faults of the AFS.

Well data

Well 1 is located within the urban area of Vienna, South of
the Géanserndorf Terrace, in the Danube lowlands where the
AFS is buried below Holocene fluvial gravels and overbank
fines of the Danube (Fig. 3A). The 4224 m deep well was
drilled with a nearly vertical trajectory, with just the cen-
tral section deviated up to 17° towards 161° (2200-3499 m
MD) (Fig. 5). From top to base, the Miocene section of the
borehole (11-3397 m MD) consists of shales, marls, and
sandstones of the Pannonian stage, Sarmatian marl with
minor sandstones, and middle-upper Badenian marl. The
lower Badenian consists of the Aderklaa Fm., subdivided
into an upper conglomerate forming a prominent aquifer, and
a lower sandy section. In Well 1, the base of the Miocene
basin fill is represented by the Ginserndorf Conglomerate
(Fig. 5). The pre-Neogene basement of the Vienna Basin
consists of successions belonging to the Northern Calcare-
ous Alps, with lower-middle Anisian shallow-marine lime-
stones (Furth Lst.; Moser and Piros 2018), lower Triassic
siliciclastic Werfen Fm. and anhydrite (3633-3694 m). The
lowermost part of the borehole drilled Upper Cretaceous
sandy marls of the Gosau Group (Fig. 5).

Several runs of open hole logs (OHL) are available from
Well 1, including various curves and covering different
depth intervals (Table 1). Two data gaps with no OHL occur
between about 3170 and 3373 m MD and below 3884 m.
Curves measuring the borehole diameter from not oriented
caliper are available covering various sections of Well 1.
Two types of not oriented caliper curves are available in
the well: the curve labeled BD (interval 750-2090 m) is an
individual measurement of the borehole diameter on two
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Table 1 Available logs in Well 1, with the corresponding depth intervals in measured depth (MD)
Gamma Ray Density RHOZ Sonic DTCO  Phot. Fact PE  Resistivity RL  Neut. Por Not oriented caliper Image Log FMI
GR (m) (m) (m) (m) NPHI (m)
(m) 2-arm (BD 6-arm (HD
curves) curves) (In)
(In)
0-3370 756-3170 740-3170 751-3161 1748-3170 0-2075 740-2082
2099-3178
3370-3877 3370-3876 3370-3855 3370-3860 3370-3868 3373-3884
Fig.6 Summary of the drilling Day 05-08-12 25-08-12 14-09-12 04-10-12 24-10-12 13-11-12
. . D : . . : : + Mud
experience in Well 1, based on il & B e . > = weight
data of the daily mud reports. 2 "chg 1850 Csg 13 3/8 Csg 958 (g/cm?)
Csg: casing; FIT: formation s00d © [ I ! ! r
integrity test; LOT: leak-off test; 5 “ Drilling progress 1.36 g/lcm®
AK: Aderklaa conglomerate; | | ATTTTTTTpTmmmmmmmmmmmmeeete ‘E \
FK: Furth Lst.; WF: Werfen 1000 E / ".
Fm. TVD is True Vertical 3 5
Depth = LOT 12.516 MPa o 1.22:1.24 g/cma L.
1500 ) T - "
= i LOT 39.747 MPa \
« Q /
c [}
20001 @ 3
® S S 1.2
m
i Mud weight (g/cm?’ ‘
AK ud weight (g/cm?)
o 14
30001 2
-
3500 FK | A Casing "
EWF ] i
= W LOT/FIT (Mpa) )
4000 & F on Bourd 5
(o] '
@ | © Femahonbounday Reaming 3800-4223 m—y.%_____
0.9
TD =4224 m

opposite arms; curves HD (HD-1, HD-2, HD-3; interval
2099-3178 m) derive from 6 arm caliper and display the
borehole diameter between two opposite arms (Table 1). One
single image log (FMI) was acquired in the lower part of the
well (3373-3884 m) (Fig. 5; Table 1).

Daily mud density data are recorded in drilling reports.
The well was initially drilled with a mud density in the range
1.12-1.17 g/ecm® without any significant issues (Fig. 6).
Between 3473 and 3880 m, a mud weight of 1.22-1.24 g/
cm’ was initially used. Below 3880 m, the mud density was
subsequently raised to 1.29 g/cm? and finally to 1.36 g/cm®
(Fig. 6). Repeated reaming was attempted in the interval
3800—4223 m to keep the borehole on gauge. The results
of two leak-off tests (LOT) were acquired at 754 m MD
(754 m TVD) (upper Pannonian silty shales) and 2103 m
MD (2103 m TVD) (Badenian siltstones), providing a frac-
ture pressures of respectively 12.516 MPa and 39.747 MPa.
No raw LOT were provided, but just the results of the tests
as fracture gradients that have been converted into absolute
pressures using the corresponding TVD. Thus, these data are

not replicable and should classified as D quality in the qual-
ity ranking for stress measurements proposed by Morawietz
et al. (2020). A third test at 3437.6 m MD (3399.9 m TVD)
(in Triassic limestones) did not reach the breaking point and
is labeled as formation integrity test (FIT) (56.82 MPa).

Structural analysis of the FMI data

Stress-induced failures are the result of the stress pertur-
bations generated along the borehole wall, when stressed
rocks are replaced with drilling fluid (Fig. 7). The stresses
acting on the borehole wall can be subdivided into three
components: the axial stress acting along the borehole
axis, the radial stress, and the hoop stress acting along the
circumference of the borehole wall. Both the axial stress
and hoop stress change greatly in magnitude with azi-
muth, whereas the radial stress is constant (Fig. 7a; Moos
and Zoback 1990; Zoback 2007). As a result, the stress
perturbation around the well leads to the development of
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tudes at the azimuth of the S, . and Sy .. (after Zoback 2007). B

symmetric compressive and extensional tangential stresses
along the borehole wall (Fig. 7b). The complex relation-
ship between the various components of the geome-
chanical model defines the conditions that might lead the
borehole to fail into tension (in the sectors with tensile
tangential stresses) or into compression (in the area with
compressive tangential stresses) (Zoback et al. 1985, 2003;
Bell 1990; Moos and Zoback 1990; Zoback 2007; Hei-
dbach et al. 2016).

Borehole Breakout (BO) is typically observed in the
borehole sectors with compressive tangential stresses and
consists of two symmetric areas where the borehole was
enlarged (Heidbach et al. 2016). Drilling-induced tensile
fractures (DITF) can develop in the borehole sectors with
tensile tangential stress, appearing as two symmetric open
fractures elongated parallel to the borehole axis. In vertical
wells, the azimuth of BO is parallel to the orientation of
Shmin Whereas DITFs are parallel to Sy, Stress-induced
failures in deep wells are some of the most reliable indica-
tors of the Sy, orientation in the upper part of the crust.
Stress-induced failures can be detected by tool measuring
the borehole diameter in two directions (calipers), or by
borehole image logs such as the Formation Micro Imager
(FMI tm), a tool that scans the surface of the borehole with
pads covered by tens of high-resolution electrodes. For this
project, FMI is available from the interval 3473-3888 m
MD, which includes part pre-Neogene basement of the
Vienna Basin (Table 1). Bedding determined from FMI in
the Furth Lst. and Werfen Fm. dips to WNW with mostly
20°-35°. A few small-scale faults are imaged in this interval,
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Sketch of the stress perturbation surrounding a vertical borehole
showing the relationships between horizontal stresses Sy, and Sy ins
and the azimuth of the borehole sectors with compressive and tensile
tangential stresses (modified after Kirsch 1898)

in particular in the upper part of the Furth Lst. (Fig. 8). In
the Gosau Group, bedding dips equally to WNW, but it is
in general steeper, in particular below 3750 m, indicating
intense deformation (Fig. 8).

The analysis of the FMI data shows that the contact
between the Lower Triassic Werfen Fm. and the underlying
Upper Cretaceous Gosau Group at 3694 m MD is formed
by a fault oriented 250°/54° (Fault 1). The fault is marked
by a dramatic change of tool response. It is associated with
brecciation and two sub-parallel faults in the hanging wall
and truncation of the bedding in the footwall (Fig. 9).

The analysis of stress-induced failures revealed no DITF
in the study interval, whereas BO is relatively abundant
(Fig. 8). In the Furth Lst., BO is observed in the upper 30 m,
where four zones with a total length of 2.8 m are affected
by compressive failures (Fig. 10A). In the Werfen Fm., only
two small BO zones with a combined length of 0.85 m are
interpreted (Fig. 10B). In the Gosau Group, in particular in
the upper part, BO is very well developed covering a total
length of 33.8 m (Fig. 10C, D).

In the Furth Lm. and Werfen Fm., the BO is consistently
oriented, with features aligned close to E-W indicating that
the Syna 1S oriented close to N-S (Table 2). Even if the
BO in the Furth Lst. And Werfen Fm. Is rather short and
small-sized they interpretation is sound. In fact, on the FMI
these structures appear as symmetric areas 180° apart, with
blurry appearance and conductive response, which is the
typical appearance of BO on micro-resistivity image logs. In
both formations, due to the rotation of the FMI tool during
logging, the pads/flaps covered the entire areas affected by
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Fig.8 Overview of the interval covered by the FMI data (3473—
3888 m MD). Calipers are shown in tracks 1; Tracks 5-6 displays
the static and dynamic FMI; Track 7 shows the tadpole track of the
interpreted bedding (green symbols); Track 8 shows the orientation of

compressive failures, thus the azimuth of the BO in the two
formations is fully constrained (Fig. 10A, B). Furthermore,
as the intervals with BO in the Furth Lst. And Werfen Fm.
Are about 150 m apart, the similar azimuth of the BO is
a further confirm for the orientation of Sy, in the hang-
ingwall of Fault 1. In the lower part of the Gosau Group,
the BO is oriented SW-NE suggesting that Sy, 1S oriented
close to NW-SE (Table 2). Data, therefore, indicate differ-
ent stress orientation in the footwall and hanging wall of the
fault mapped at the contact between the Triassic formations
and the Gosau Group below.

natural fractures (simple bar) and faults (double bar); Track 9 shows
the azimuth of BO in the stratigraphic intervals shown in track 4. The
position of the fault of Fig. 9 is shown on both the FMI images and
the track 8 (green circle)

1D geomechanical model

Overburden stress (S,), mud pressure and pore
pressure

Prior to the estimation of the geomechanical model a pre-
liminary analysis was performed to identify the major lith-
ological boundaries in the well from available data (FMI,
OHL, mud log, and drilling report). The Miocene Vienna
Basin fill is mostly dominated by silty marls and shales,
with minor sandstones and conglomerates, whereas in the
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Fig.9 A FMI data covering the contact between lower Triassic Wer-
fen Fm. and upper Cretaceous Gosau Group. Data shows a ESE-
dipping fault (250/54) between the two formations at 3694 m MD
(corresponding to 3657.8 m TVD). Note the brecciated texture in
the hanging wall and truncated bedding in footwall. Two additional
sub-parallel faults are interpreted in the hanging wall between about

basement limestones are also present. Due to the lack of
shear wave data, a synthetic shear-wave sonic log (DTS) was
extrapolated from the compressional sonic log (DTC), based
on a fixed relationship, which in sandstones and shales was
derived from Castagna et al. (1985) (Eq. 1):

V, = 0.804V,, — 0.856 (km/s). )

The relationship was used for the complete Miocene sec-
tion, the Werfen Fm. and Gosau Group. For the limestones
of the Furth Lst., V, was extrapolated according to Castagna
et al. (1993) (Eq. 2):

= —o.ossvj +1.017V, — 1.031 (km/s). )

The magnitude of the overburden stress (S,) was calcu-
lated using the relationship (Eq. 3):

@ Springer

3693.0 and 3693.5 m MD. Red sinusoids and tadpole: fault; purple:
faults in hanging wall; green: bedding B Near-well profile of Well 1
in the interval 3500-3900 m MD covering the fault at 3694 m MD
between Werfen Fm. and Gosau Group. Bedding dips are based on
FMI data. The cross-section is oriented perpendicular to the fault
strike, projected dips have been decimated

S, = /o p(2)gdz 3)

where p is the density determined from the density log
(RHOZ), z the true vertical depth and g the gravitational
acceleration (Zoback 2007). As no density correction curve
was provided, the raw density curve (RHOW) was used for
the vertical stress modeling after removing intervals with
obvious poor data that might have introduced some poten-
tial error for the intervals in which the density log readings
might have been affected by poor logging. For the top-hole
interval (0-750 m) a constant density of 2.1 g/cm® was
assumed based on the average measurements in the upper
part covered by the OHL, where Pannonian sediments occur,
as in the majority of the remaining part of the upper part of
the borehole (Fig. 5). No data were available in literature or
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Fig. 10 Instances of borehole breakout in different intervals of Well
1 and corresponding BO azimuths shown in stereonets in the right
part of each figure. A, B: E-W oriented BO in Furth Lst. and Werfen

Fm. C, D SW-NE oriented BO interpreted in the Gosau Group. Green
sinusoids and tadpoles denote bedding; red boxes highlight BO

Tabl(:: 2 B(,) (?bserved in the Top (m) Bottom (m) Stratigraphy BO zones no Total length (m) Shmax (@zimuth)
stratigraphic intervals covered
by FMI data of Well 1 and 3397 3633 Furth Lst 4 2.8 174°+4.9°
the corresponding inferred 3633 3694 Werfen Fm 2 0.85
orientation of the Sy«
3694 4224 Gosau Group 40 338 131°+7.3°

DITFs are not observed at any depth

from nearby boreholes covering the upper part of the Vienna
Basin succession (at the moment in Austria there is no open
database for borehole logs). This may have caused a poten-
tial over-estimation of S, in the upper part of the well that

can be estimated between 0.74 and 1.47 MPa (at 750 m),
for densities in the range 2.0 and 1.9 g/cm?. For the interval
not covered by open hole logs (3166-3362 m MD) density
was extrapolated from the first reliable data recorded above
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Fig. 11 Open hole logs (OHL) of Well 1 (track 3-5), computed over-
burden stress, mud pressure and pore pressure (tracks 9 to 11). Track
3: gamma ray; Track 4: density (red, RHOZ) and neutron porosity
(blue NPHI); Track 5: compressional (blue DT) and estimated shear
(orange DTS-Ext) sonic slowness; Track 7-8 display the well stra-
tigraphy and corresponding lithofacies. Track 9 shows pore pressure
(green curve) mud pressure (red curve) and overburden stress (black

and below the interval. The mud pressure (MP) at depth
was computed from the mud weight profile derived from the
daily reports (Fig. 5) and assuming a static pressure gener-
ated by the hydrostatic column at the given true vertical
depth. An overview of the computed overburden stress (S,)
and mud pressure is shown in Fig. 11 (track 9).
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curve). Track 10 shows the pore pressure (green curve) plotted over
the hydrostatic pore pressure (light blue curve). Track 11 displays the
shale intervals (green dashed lines), the reference sonic log (blue) and
the normal trend line (black) used for the Eaton’s formula. DT: sonic
log; NTL: normal compaction trend line. For the facies (Track 8) the
following color coding was used: yellow conglomerate, orange sand-
stone, dark gray silt and light gray shale

The pore pressure profile was estimated with the Eaton’s
(1975) method based on the assumption that in shaly litholo-
gies the overburden stress (S,) generates progressive com-
paction with depth, which is associated with a loss of poros-
ity. The trend is frequently observed in sonic logs showing
increasing velocities with depth. A drop of sonic velocity
from the normal trend is typically interpreted to reflect
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overpressured sediments. The method of Eaton (1975) is
based on the difference between the compaction trend, or
normal trend line (NTL), and the sonic log (DT) (Eq. 4):

P, (shales) = S, X (1 —wt) + H, X wt. 4)

With P, (shales): pore pressure in the shales; S,: overburden
stress; H i Hydrostatic Pore Pressure; wt=(DT/NTL)"; n is
an adjustable exponent. After the identification of the shale
intervals, based on the indications from both mud-log and
open hole log data, a normal compaction trend line (NTL)
was defined on the sonic log (DT) (tracks 10-11 of Fig. 11).
The base of normal pressure was set at 950 m, whereas
below that the pore pressure in the shales was estimated
using the Eaton’s equation (Eq. 4), setting the exponent n to
0.5. In permeable sections confined within shales the pore
pressure was estimated from the values in the shales above
and below and assuming hydraulic continuity. Approxi-
mating the pore pressure with the Eaton’s method in the
pre-Neogene basement of the Vienna Basin below 3397 m
(MD) was particularly problematic due to a gap of sonic
data between 3170 and 3370 m (MD) and due to the fact
that shales of the Werfen Fm. and Gosau Group preserve
an older compaction history. Lacking any direct pore pres-
sure in the study well and in nearby boreholes, there are no
data for a direct validation of the modeled pore pressure.
Only the daily drilling reports and the described equilibrium
with static mud pressures can be used to provide some con-
straints for the pore pressure estimation. In the upper part of
the borehole, represented by the Miocene Vienna Basin fill
(11-3397 m), the lack of kicks or mud losses during drilling
indicates that the chosen mud density (close to 1.12 g/cm?)
was adequate to cope with the encountered pore pressure
(Fig. 6). This evidence agrees with the estimated pore pres-
sure close to hydrostatic conditions over most of the interval
with the onset of moderate overpressure in the Aderklaa Fm.
(tracks 9—10 of Fig. 11). In the pre-Miocene basement drill-
ing required a mud density significantly higher than in the
basin infill, which was initially close to 1.22—1.24 g/cm?
and later even higher 1.25-1.26 g/cm?® (Fig. 6). The lack of
both kicks and mud losses in this section indicates drilling
parameters (relatively high mud pressure) close to balance,
which strongly supports overpressured conditions.

Rock properties

The rock properties were extrapolated from existing geo-
physical logs, using well established empiric correlations
(for a review see Chang et al. 2006). Curves with obvi-
ously wrong values have been discharged in a preliminary
quality control phase, mostly at the top and bottom of the
logged intervals. However, small-scale spikes in some of

the OHL curves, mostly resulting from poor borehole con-
dition or logging, were not corrected, resulting in local
spikes also in the estimated properties. In the upper part of
the section with OHL, a few spurious curves resulted from
poor logs at the very top, that did not affect the geome-
chanical model (Fig. 14). In the shales, the unconfined
compressive strength (UCS) was estimated with the Lal
(1999) equation (Eq. 5):

UCS (MPa) = 10(304.8/A1 — 1) )

where At is the interval transit time Ar= Vp_l (V,=P-wave
velocity). In the various carbonatic lithologies present in the
well, Militzer’s (1973) formula was used (Eq. 6):

UCS (MPa) = (7682/At)'%2 /145 (6)

In sandstones and conglomerates, the unconfined compres-
sive strength was estimated with the formula of Moos et al.
(1999) (Eq. 7):

UCS (MPa) = 1.745 = 10—9pv§ -21 7

With Ar: transit time; p: density; V,,: P-wave velocity. After
the calculations, the curves were merged and smoothed, to
correct high frequency fluctuations resulting from the input
curves (track 9 of Fig. 12).

The coefficient of internal friction (1) was estimated from
V,, (P-wave velocity) with the empirical formula proposed by
Lal (1999) (Eq. 8):

pul = tan [sin”'(V, = 1)(V, + 1)] 8)

This formula was originally proposed for shales but proved
to work well also for other shaly sedimentary rocks, thus it
was used also for marls. In the clean limestones character-
izing the Further Lst., for which no empirical formula can be
used, a fixed value of 0.8 was used. The smoothed estimated
coefficient of friction can be seen in track 10 of Fig. 12.
Compressional and shear wave velocities (Vp and V)
of the sonic logs (DT and DTS) were used to calculate the
dynamic Poisson’s ratio (v) using the formula (Eq. 9):

v= (V2 =2V)/2(V2 = V) ©)

Due to coverage of the sonic logs, reasonable Poisson’s ratio
estimations are available for the intervals 740-3174 m and
3374-3876 m (MD). The Poisson’s ratio in combination
with Vs and the density measurements (p) of the density
log (RHOZ) was further used to estimate the shear modulus
(G-MOD), using the relationship (Eq. 10):

12
%=<9> (10)
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The dynamic Young (E) and Bulk (K-MOD) moduli were
inferred from shear modulus and Poisson’s ratio using well
established relationships (Zoback 2007). The resulting
curves have been manually edited in intervals with severe
borehole rugosity and smoothed to remove high frequency
spikes derived from both sonic and density logs. Smoothed
dynamic elastic moduli can be seen in tracks 11-13 of
Fig. 12.

The dynamic Young modulus (E) was converted to the
static equivalent using one of the linear relations reported
by Wang (2000) (Eq. 11):

E (GPa) = 0.41(Eyy,,) — 1.06 (11)

Ideally, the dynamic-static conversion of the Poisson’s ratio
should be performed using the results of tested cores in the
same formation, and use basic correlations against dynamic
values to apply a correction. However, no cores were
retrieved in Well 1. The dynamic—static conversion of the
Poisson’s ratio is a rather problematic procedure, as there are
not many published correlations in literature that can be con-
sidered valid in other settings, as they tend to provide locally
relationships but that are sometimes not univocal and diffi-
cult to extrapolate to other settings (Blake et al. 2019, 2020;
Yang et al. 2022). This issue is discussed in detail in Blake
et al. (2020), in which they combine results of new tests with
available data in literature, summarized in their Fig. 12. This
overview of old and new data indicates relatively scattered
distribution, even with some significant outliners. However,
a low-confidence correlation can be inferred suggesting that,
lacking any better data, we can estimate that (Eq. 12):

Vatar = 0-75Vgyn- (12)

Most of the estimated rock properties have been slightly
smoothed, to mitigate the effects of the above mentioned
high-frequency spikes resulting from poor borehole condi-
tion or logging. The only interval in which no improvement
was achieved is the washout zone in the lower part of the
Werfen Fm., in which the rock properties are poorly esti-
mated over a longer interval, which is highlighted in Fig. 12.

Stress polygons

Stress polygons allow evaluating the field of potential stress
magnitudes at a given depth, corresponding to specific pore
pressure, overburden stress (S,) and coefficient of friction
(u). As the coefficient of friction of faults (u) is in general
comprised between 0.6 and 0.8, two sets of stress polygons
were made, using the two values. The external limits of the
stress polygons are estimated assuming a Mohr—Coulomb
failure criterion, whereas the internal boundaries identify
the three Andersonian stress regimes: normal-faulting (NF),
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Fig. 13 Stress polygons for the two leak-off tests (LOT) at 754.0 m
(A) and 2103.1 m (B), and the formation integrity test (FIT) at
3473.0 m depth (C). The conditions for the development of BO in the
borehole wall based on Eq. 15 are also plotted. Black stars represent
the magnitudes of the modeled S, ,;, and Sy, Bold vertical lines
in (A) and (B) represent the range of potential Sy .. magnitudes for
the given friction coefficients (1) (0.6 or 0.8), S, and Sy;, from the
LOTs. C FIT provides only a lower bound magnitude for S, ;,.- The
field of possible horizontal stresses is therefore much larger than in
(A) and (B) NF: normal-faulting; SS strike-slip; TF thrust faulting

strike-slip (SS) and thrust faulting (TF). Any point near to
the limits inside of the polygon represents a stress field close
to critically stressed conditions, with a suitable oriented fault
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close to slip (Moos and Zoback 1990; Zoback 2007). Leak-
off tests (LOT) provide an estimation of the S, ;. magni-
tude, thus on the stress polygons, these data are plotted as a
vertical line delimiting the values of all the possible Sy«
magnitudes corresponding to a given magnitude of S, ;, to
that line.

The stress polygons corresponding to the two leak-off
tests at 754 and 2103.1 m MD (at this depth MD is equal
to TVD) indicate that at both depths the stress regime is
normal-faulting or strike-slip (Fig. 13). Moreover, both
stress polygons represent rather stable conditions for both
coefficients of friction, with the critical conditions expected
only at the upper limit of the strike-slip regime and with very
high Sy« magnitudes (arrows in Fig. 13). For the Mesozoic
units at 3473.1 m MD (3399.9 m TVD), the stress polygon
indicates a much larger field of potentially possible stress
magnitudes as the formation integrity test (FIT) does not
provide a close estimation of the S ,;, magnitude but just
constrains its lower boundary (Fig. 13).

Horizontal stresses

The two LOT in the upper part of the borehole could be used
to estimate the S;;, at depth by computing the correspond-
ing gradients and extrapolating them to depth. At 754 m
(MD =TVD), the computed gradient is 16.60 MPa/km,
whereas at 2103.1 m (MD =TVD) the gradient is 18.90 MPa/
km. Thus, there is a difference of about 2.3 MPa/Km (13.8%
of the gradient at 754 m). Using the two gradients to esti-
mate Sy, at the depths of the FIT (3474.1 m MD; 3399.9 m
TVD) would result in a magnitude of S, ,;, between 56.44 and
64.26 MPa, with a difference of about 7.8 MPa (about 13.8%).
The estimate derived using the gradient at 754 m (16.60 MPa/
km) is rather close to the value of the FIT (56.82 MPa). How-
ever, using the deeper and closer gradient would appear more
advisable. Furthermore, the two LOT are from intervals in
which the pore pressure has similar gradients (close to hydro-
static), whereas the lower part of Well 1, below 3000 m, is
characterized by increasing overpressure (Fig. 11), which
might also affect the S, ,,;, gradient at depth. For these reasons
we concluded that estimating the S, magnitude at depth with
a constant gradient was not the best option.

Instead, the estimation of the magnitudes of the two hori-
zontal stresses (Symax and Symin) Was performed with the
following poroelasticity model with the Biot’s coefficient
set to 1 (Egs. 13, 14):

With v Poisson’s ratio (static), P, pore pressure, E Young’s
modulus (static), ex and €y two adjustable parameters to
account for the tectonic component. This method to esti-
mate the stress field at depth is rather well known and has
been successfully used in many studies in various geologic
setting (Najibi et al. 2017; Radwan and Sen 2021a, b; Leila
et al. 2021), including also areas with expected active fault-
ing (Alam et al. 2019). In the 1D model of Well 1, the two
parameters ex and ey were used dynamically with depth, also
to account for the uncertainties in the estimation of the static
E Young’s modulus and in particular the v Poisson’s ratio.
To evaluate the impact of potential error due to a wrong
dynamic-static conversion of the Poisson’s ratio (see Eq. 12),
various other scenarios were tested resulting in slightly dif-
ferent stress magnitudes. If the dynamic-static correlation is
in between 0.5 and 1, the model would predict stress magni-
tudes that increase by 1.7 and 1.8 MPa, or drop for about 1.5
and 1.6 MPa at 2103.1 m MD (depth of the LOT). This indi-
cates maximum error in the range of +3.7/4.2%. As the esti-
mated rock properties include some high-frequency spikes
derived from poor quality of the curves used to derived them
(density and sonic logs), these propagate also in the esti-
mation of the magnitudes of S, and Sy,.c- The intervals
with poor prediction of the stress magnitudes resulting from
significant issues in the estimated rock properties are high-
lighted in the figures.

The two parameters ex and ey are first edited to fit the
magnitude of S}, at the available LOT, assuming that it is
the smallest stress (o3). Subsequently, the two constants are
interactively edited to generate stress magnitudes that fit the
observed borehole conditions. A validation is performed by
comparing the borehole stability predicted by the model for
the given mechanical system, borehole orientation and drill-
ing parameters, and the actual drilling experience and bore-
hole conditions. The method is very similar to the procedure
originally proposed by Zoback et al. (2003) but uses slightly
different equations for the stability analysis. The conditions
for the development of BO in the borehole are defined based
on the hoop stress at the borehole wall in the sectors with
the maximum concentration (see Eq. 6.8 of Zoback 2007)
and assuming a linearized Mohr—Coulomb criterion. This
results in the equation below defining the conditions for a
compressive failures of the borehole wall (Eq. 15):

SHmax = ((Shmin + UCS - Po(q - 1) + Mp(q + 1))/3 (15)

Spmin = [0/ =0)]* (S, = P,) + P+ [(v* E)/(1 = v)lex + [(E)/(1 — v)]ey (13)

Stimax = [0/ =0)|* (S, = P,) + P,+ [(w* E)/(1 —v)ley + [(E)/(1 —v)]ex (14)
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With M: mud pressure and g is from Eq. 4.7 of Zoback
(2007) and (ul) is coefficient of internal friction estimated
with Eq. 8 (Eq. 16):

g= (Vi +1+ ,ul)z. (16)

The validation is performed calculating two hypo-
thetical mud weight curves for drilling the borehole with
no borehole breakout (curve Min-MUD) (Eq. 15) and no
DITF (curve Max-MUD), respectively. These hypothetical
curves are then compared to the actual mud weight used to
drill the borehole (curve Mud-Weight). Intervals where the
geomechanical model predicts the development of borehole
breakouts should be characterized by Mud-Weight < Min-
MUD, whereas tensile failures should occur where Mud-
Weight > Max-MUD. In this wellbore stability analysis, in
intervals with predicted BO, thus where Mud-Weight < Min-
MUD, the larger the separation between the curves, the more
intense are the compressive failures going to be, providing
also a tool to estimate also the BO width. The model is
adjusted until a good match between predicted and observed
failures is reached.

In the upper part of the well (750-3473 m MD), ex and
ey were first adjusted to match the magnitude of S, ;, with
the values of the two leak-off tests at 754.0 and 2103.1 m
MD depth and subsequently interpolated (track 7 of Fig. 14).
Plotting on the stress polygons, the lines corresponding to
the conditions for generating BO in the borehole as defined
by Eq. 15 can provide some further constrains for the mod-
eling. At 754 m MD the well might develop BO if the Sy«
is more than 13.8 MPa. Unfortunately, in the 17.5 in sec-
tion (750-2090 m MD), only one un-oriented caliper curve
is available, measuring the borehole diameters along two
opposite arms (curve BD-1), which shows some enlarged
sections that might be either BO or any other sort of bore-
hole enlargements. The modeled Sy, at this depth lies
very close to the line for the development of BO (Fig. 13a).
However, there is no caliper data supporting that assump-
tion. The model predicts BO development and no DITF
over the lower part of the 17.5 in section as indicated by
Mud-Weight < Min-MUD and Mud-Weight < Max-MUD
(Fig. 14). Some of the enlargements detected by the indi-
vidual caliper correlate to some of the predicted BO by the
model, but should not be considered a good validation (track
9 Fig. 14).

In the 12.25 in section (2100-3179 m MD), there are
three sets of un-oriented caliper curves (HD-1, HD-2, HD-3)
measuring the borehole diameter between 3 sets of oppo-
site arms, originally logged with a 6 arms tool (track 9 of
Fig. 14). Thus, intervals where two curves are on gouge
(compared with bit size curve: BS) and one is over-gauged
are almost certain BO. However, lacking the orientation

curves BO cannot be fully confirmed. The stress polygon at
2103.1 m shows that there are no possible ranges of Sy«
that can avoid the development of BO (Fig. 13). The mod-
eled magnitude of Sy, at 2103.1 m fits within the limits of
the stress polygon for both 0.6 and 0.8 coefficient of friction
(Fig. 13b). The BO predicted by the data plotted on the stress
polygon agrees with the observed abundant potential break-
outs in interval just below the LOT (track 9 Fig. 14). In the
entire 12.25 in section, several intervals display good match
between the modeled BO and the potential BO detected by
the calipers (2100-2600 m; at 2750 m).

In the lower part of the borehole (3473-3888 m) the less
accurate formation integrity test (FIT) limited the level of
confidence of the estimated S),,;, value, as shown by the
stress polygon (Fig. 13). The conditions for BO indicate that
almost any magnitude of Sy, (greater than the FIT) would
lead to BO, except for only a small interval with Sy, close
to Spmin that would be stable. The modeled stress magni-
tudes at 3473 m MD indicate that Sy, is greater than the
FIT (as it should be), whereas Sy, 18 rather close to the
transition to strike-slip. These conditions plot in the field in
which BO cannot be avoided (Fig. 13c). FMI data covering
the depth between 3373 and 3884 m MD allow a detailed
validation of the 1D geomechanical model by comparing
of model predicted and observed failures. The FMI data
show no DITF and little borehole breakout in the Furth Lst.
and Werfen Fm., whereas in the upper part of the Lower
Gosau BO is very intense (track 12, Fig. 15). In the lower
part of the Lower Gosau, the borehole diameter is badly
out of gauge, indicating a potential collapse, which agrees
with the repeated reaming attempted in this section to keep
the borehole open. In the lower section, the 1D model is
compatible with the results of the FMI data as indicated
by the curve Min-MUD > Mud-Weight mostly in the inter-
vals where borehole breakout is observed on the FMI, and
the curve Max-MUD > Mud-Weight over the entire interval
(excepted sections with poor data, due to borehole enlarge-
ments) (tracks 11-12, Fig. 15). Moreover, the azimuth bore-
hole breakout rotates from E-W to SW-NE at the bottom
of the Werfen Fm., where a fault was interpreted (track 7,
Fig. 15). Below the Furth Ist both stress magnitudes show
significant variations, due to varying elastic moduli, which
in part result from poor borehole conditions affecting the
sonic logs. An interval with poor stress estimation occurs in
the lower part of the Werfen Fm., in which a long washout
occurs, which affected the estimation of the rock properties
(Fig. 15).

Seismic data

Integration of Well 1 data with 3D seismic shows that the
well penetrates five WSW-dipping normal faults of the AFS
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«Fig. 14 1D geomechanical model in upper part of Well 1 (750-
3170 m MD). Stress magnitudes are plotted in track 7 together with
pore pressure and the leak off tests (LOT). Below about 1500 m MD
the model indicates normal faulting with S, > Syax > Shmin- Olive: S
red: Sypa; blue: Sy s black: pore pressure. Track 8 shows the well
stability analysis with the Min-MUD curve (red) and Max-MUD
curve (blue) plotted against the actual mud density (Mud-Weight
curve). In track 9 the bit size (BS) is plotted against not oriented cali-
pers. In the 17.5 in section (750-2090 m) only one curve (BD-1) is
available, measuring the borehole diameter between two opposite
arms, which allows the identification of borehole enlargements that
could be BO or washout. In the 12.25 In section (2100-3179 m) three
curves occur, measuring the diameter along 3 sets of opposite arms of
a 6 arm tool (HD1, HD2, and HD3). These curves allow a much bet-
ter identification of potential BO in interval ¢ with two curve close to
BS and one over-gauge. Green boxes indicate intervals in which the
model predicts BO, that partially correlate to potential BO detected
by the caliper data. For the facies (track 5) the following color coding
was used: yellow conglomerate, orange sandstone, dark gray silt and
light gray shale

(Fig. 16). Faults are reliably mapped in the Miocene sedi-
ments above the band of strong reflectors of the Aderklaa
conglomerate between about 2300 and 2500 m depth. Below
these reflectors seismic quality falls off progressively and is
particularly low in the pre-Neogene basement belonging to
the Northern Calcareous Alps, probably due to intense fault-
ing and the frequent occurrence of steep reflectors. Termina-
tions of short continuous reflectors, however, allow mapping
the downward continuations of faults below the Aderklaa
reflectors with sufficient accuracy. Horizon maps and time
slices of the 3D seismic show that the faults of the AFS are
strongly non-planar showing SSW—NNE strikes and WNW-
directed dip in the N, and a progressive rotation of fault
strike to WNW-ESE and dip towards WSW next to Well 1
(Fig. 17). Seismic data further show that in the WNW-ESE
striking part of the AFS is represented by a system of closely
spaced faults rather than one single structure. Well 1 pen-
etrates WSW-dipping normal faults between about 2000 and
3500 m depth below sea level (Fig. 16). The maximum nor-
mal fault offset of about 100 m is observed at fault A5 within
the Aderklaa Fm. (ca. 2650 m below sea level). The fault
at the contact Werfen Fm. / Gosau Group in 3694 m MD
of Well 1 (compute TVD 3656.8 m) (Fig. 8) is correlated
to Fault 1 in the seismic, which is part of an array of three
sub-parallel faults cutting the borehole between about 3200
and 3600 m depth.

Discussion

Fault 1 (3694 m) interpreted on the FMI data of Well
1 between the Werfen Fm. and Gosau Group strikes
NNW-SSE and dips to the WSW with 54°. The FMI
mapped fault is, therefore, sub-parallel to the nearby seg-
ment of the AFS (Figs. 8, 17). Even if the kinematics of

Fault 1 cannot be inferred from the analysis of the FMI
data, the structural data and the presence of older forma-
tions in the hanging wall suggests that it can be regarded
as a normal fault cutting through an older thrust, which
brought the Lower Triassic Werfen Fm. on the Upper Cre-
taceous Gosau Group. 3D seismic shows that the fault is
part of the AFS, which consists of several WSW-dipping
seismic-scale normal faults. In the hanging wall of Fault
1 the orientation of BO, even if it is represented by rela-
tively few data, indicates that the Sy, is oriented close
to N-S, whereas in the footwall abundant BO indicates
that Sy, 1S oriented NW-SE, i.e., parallel to the strike
of the normal fault (Figs. 8, 9). Progressive rotations of
the in-situ stress in an active fault zones have been inter-
preted as resulting from stress perturbations, generated by
stress release trough fault slip (Barton and Zoback 1994;
Brudy et al. 1997; Zoback et al. 2003; Pierdomenici et al.
2011; Alam et al. 2019; Levi et al. 2021), whereas differ-
ent stress orientations preserved in independent tectonic
blocks separated by active faults have been interpreted as
stress decoupling (Reinecker and Lenhardt 1999; Jarosin-
ski 1998). The observed stress rotation at fault 1 in Well
1, therefore, strongly indicates that the drilled branch fault
of the AFS should be regarded as potentially active. In
the Vienna Basin, similar stress rotations associated to
active faulting have also been observed in several other
deep wells and interpreted to indicate active faults (Marsch
et al. 1990; Decker and Burmester 2008). The fact that
Fault 1 is capable of interfering with local stress field is an
indication of tectonic activity which suggests that this part
of the AFS should be regarded as active. Thus, the AFS is
not only active in the Northern SSW-NNE-striking seg-
ment, where multiple evidences for recent tectonic activity
are reported (Fig. 3, 4; Weissl et al. 2017), but also fur-
ther to the South, where surface expressions of the fault
are blanketed by Late Pleistocene and Holocene Danube
sediments.

The level of confidence in the 1D geomechanical model
is affected by a few issues. Due to uncertainness in the
unlogged section, the S, magnitude is potentially affected
by an overestimation in the range of 5% to 9% at 750 m
MD, that quickly becomes less relevant with depth, as at
2103.1 m MD the potential error is between 1.6% and 3%.
The low confidence conversion from dynamic to static
Poisson’s ratio might result in an error of the estimated
stress magnitudes in the range of +3.7-4.2%. A few high-
frequency spikes in the modeled stresses result from spikes
in the calculated rock properties that could not be avoided
using a smoothing filter. These small scale errors do not
affect the geomechanical model significantly as the vali-
dation and general evaluation of the model are performed
considering longer intervals rather than individual data
in the spikes. The only problematic interval in the well
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Fig. 15 1D geomechanical model of the lower part of Well 1 (3473— plotted against the actual mud density (Mud-Weight curve). Track 10
3888 m). Stress magnitudes are plotted in track 8 together with pore indicates the BO zones and the corresponding azimuth interpreted
pressure and the formation integrity test (FIT). The stress model indi- from the FMI. Green boxes indicate intervals where the model pre-
cates normal faulting with S, > Sy > Simin- Olive: S,; red: Symac dicts BO, that partially correlate to potential BO detected by the FMI
blue: S, .i,; black: pore pressure. Track 9 shows the well stability data

analysis with the Min-MUD curve (red) and Max-MUD curve (blue)
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Fig. 16 Uninterpreted (A) and Depth
interpreted seismic section (B) TVD(fnS)

Well 1 (155.11 m) v

across Well 1. Profile orienta- 0
tion is perpendicular to the

strike of the ENE-dipping

Seyring fault system (SFS) and

the WSW-dipping Aderklaa b
fault system (AFS). Depth

of fault intersections in (B)

denote depth below sea level 10008
(1931 m=2086 m TVD in Well
1; 2682 m=2837 m TVD). See
text for discussion

-2000—
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-4000—
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765000 770000

Fig. 17 Upper Sarmatian horizon map showing fault heaves of the
Seyring (SFS) and Aderklaa fault system (AFS) and the location of
Well 1. Bars denote the orientation of Sy, above (black) and below
(gray) Fault 1 drilled at 3694 m depth (MD)

is a rather large washout in the lower part of the Werfen
Fm. that resulted in a poor estimate of stress magnitudes
(Fig. 15). The values in the poor quality interval were not
used for any further geomechanical analysis. The estima-
tion of the pore pressure is based only on the equilibrium
during drilling and it not constrained by any actual meas-
urements neither in Well 1, nor in nearby wells, as there
are no published data in the Vienna Basin.

Model validation, in particular the estimation of Sy,
by comparing modeled and actual stress-induced borehole
failures, is not feasible in the depth intervals where the lack
of appropriate log data prevents reliable detection of BO and
DITF. In the interval with the two LOT the available calipers
provide a reasonably reliable assessment of the occurrence
of BO only in the 12.25 in section (2100-3179 m MD), in
which there is rather good match between well stability anal-
ysis and potential BO. Well stability analysis indicates Mud-
Weight < Min-MUD almost over the entire interval with sev-
eral sections with big separation between the two curves,
suggesting intense BO (Fig. 14). That partially agrees with
the potential BO from caliper curves and indicates that the
magnitude of Sy, cannot be much higher than the modeled
one as this would result in excessive BO or even borehole
collapse. Between 750 and 2090 m (17.75 in section) the
model cannot be validated. However, Sy,..., is estimated with
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similar gradient as in the 12.25 in section. In the lower part
of the well (3473-3888 m MD), the lack of LOTSs limits the
reliability of the estimation of S, , whereas the presence
of FMI data allow for a validation of the model. In this sec-
tion, a few intervals with borehole enlargements afflicted
the sonic log and potentially also the density log, resulting
in potential issues in the estimation of the elastic moduli
and thus also the stress magnitudes. These intervals were
not used to validate the model and do not affect the model
in nearby intervals.

In spite of the discussed limitations, the 1D geomechani-
cal model clearly indicates that the stress regime is a normal-
faulting regime with S, > Symax > Shmin- The stress regime
appears particularly well constrained for the depth below
about 1700 m where S, > > Sya > Shmin (Figs. 14, 15). As
the stress regime is normal faulting over the entire modeled
interval, S;=3S,, S5 =Symax and S3=3S}i,- As no other 1D
geomechanical data have been published so far in the Vienna
Basin, these observations cannot be compared to any other
model.

In the Vienna Basin, all the available focal mechanisms
indicate a strike-slip regime in the center of the basin, where
the regional strike-slip fault system is are located (Fig. 2),
whereas there is no earthquake data to constrain the stress
regime in the central part of the basin, close to the loca-
tion of Well 1. Instead, there is unequivocal geological evi-
dence for a normal faulting regime from faulted Late Pleis-
tocene sediments recorded in several paleoseismological
trenches located N-NE of Vienna (Fig. 2) (Hintersberger
and Decker 2014; Weissl et al. 2017; Hintersberger et al.
2018; Oppenauer et al. 2022).

Stress polygons at 754 m and 2103.1 m (MD), where
the two leak off tests were performed, indicate rather sta-
ble conditions for suitable oriented faults with coefficient
of friction (u) in the range 0.6-0.8 (Fig. 13). The estimated
Stmax Magnitudes fit within the limits derived for both coef-
ficients of friction. Values indicate little/no BO at 754 m MD
and BO formed at 2103.1 m MD. At 3473 m MD, the stress
field is less constrained, due to the limits of the FIT. The
modeled Sy i, magnitude is about 2.3 MPa > FIT, whereas
the magnitude of Sy, (74.9 MPa) indicates a rather stable
normal faulting regime (Fig. 13).

The 1D geomechanical model indicates that in the upper
part of the well (0—2000 m), the deviatoric stress (in this
case S§,—S; as the stress is normal faulting) is rather small,
whereas below 2000 m it is increasing with a higher gradi-
ent (Fig. 18). Two faults of the AFS identified on the seis-
mic data go through the path of Well 1 at depth 2086 m
and 2837 m (TVD) in the interval not covered by the FMI
data (Fig. 16). Two Mohr-diagrams were generated for
the two faults, based on the corresponding geomechanical
model, with fault orientation similar to the AFS and for two
values of coefficient of friction (1) 0.6 and 0.8, which are
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reasonable values for regular faults (Fig. 18). Both faults
of the AFS are far away from critical conditions for both
values of the coefficient of friction. Calibrated Mohr-circles
are far away from the failure envelopes, which suggests that
the faults are probably not critically stresses, unless they are
very weak (u<0.6).

Below 3000 m, the onset of progressively overpressured
fluids (below 3000 m) (Fig. 11) further shifts the system,
already characterized by high deviatoric stress, towards
critical conditions (Fig. 18). The Mohr diagram for Fault
1 (3694 m, 3657 m TVD) confirms that the in case of a
weak fault (u=0.6) the system is close to critical conditions
(red line touching the envelope), whereas for a strong fault
(u=0.8) the system is in stable conditions (blue line not
touching the envelope) (Fig. 18). Two stress polygons were
computed for the conditions close to Fault 1, assuming two
different values of the coefficient of friction p for a weak
fault (0.6) and strong fault (0.8) (Fig. 19). As shown also in
Fig. 18, in case of a weak fault the system is already close
to critical conditions, whereas in case of a strong fault the
system is currently stable, but it could be destabilizing by an
increase of pore pressure of 6.4 MPa (Fig. 19). These results
agree with the observed stress rotation taking place at Fault
1, interpreted as resulting from active faulting.

Conclusions

The analysis of stress-induced borehole failures and 1D
geomechanical modeling of the geothermal exploration Well
1 penetrating the Aderklaa Fault System (AFS) in the Vienna
Basin proves that the drilled potential geothermal reservoirs
are in a normal fault stress regime with S, > Sy > Symins
thus §; =S, S, =Symax and S3==5}.i,- BO evidence a rota-
tion of Sy, from close to N-S in the hanging wall of a
drilled branch fault of the AFS (Fault 1) to NNW-SSE, i.e.,
parallel to the strike of the fault. Stress rotation suggests that
the drilled fault is active. This interpretation is in line with
geological surface data from the northern continuation of the
AFS that likewise proves Quaternary fault activity.

In spite of the partial incompleteness open hole, caliper
and image logs, a 1D stress model could be calculated
which appears sufficiently reliable to support decisions
about the feasibility of deep geothermal heat production.
While stress magnitudes in the upper part of the well
(down to a depth of about 2000 m) are significantly below
the magnitudes that would trigger the rupture of critically
oriented faults including the AFS, stresses in the lower
part of the drilled section in the pre-Neogene basement
(below about 3300 m) are not. The geothermal devel-
opment of reservoirs in the upper (“stable”) part of the
drilled succession may, therefore, be practicable provided
that it can be shown that the re-injection of cooled water
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Fig. 18 Near-well section, stress magnitudes and differential stress
calculated from the 1D-stress model of Well 1. Above the depth of
about 2000 m TVD differential stress increases only slightly. Below
2000 m the increase of differential stress with depth is significantly
higher. Excursions of the curves representing S;, S, and S; below
about 3700 m TVD are partly due to poor borehole conditions that
bias the sonic log data. Mohr circles illustrate effective stresses at

>
03 01 Gn /61

Fault 1 @ 3657 m

03 61 Gn /61

the depths of three faults of the AFS intersecting Well 1. Note that
the distance to failure, indicated by the proximity of the Mohr circle
to the failure envelopes, decreases with depth. Failure envelopes are
shown for “strong” (u=0.8) and “week” (u=0.6) faults. The Mohr
circle for Fault 1 at 3657 m TVD (=3694 m MD) suggests that the
fault is close to critical stressing

@ Springer



606

International Journal of Earth Sciences (2024) 113:583-609

300
\
Fault 1: weak fault @ natural pore pressure
250
Po 38.68 MPa
200 ‘ =06

Shmax (MPa)
@
o

TF
ss
100 T

W < Sv 86.43 MPa
50

Modelled stress = critical

3694.0 m TVD
% 50 100 150 200 250 300
Shmin (MPa)
300 T
Fault 1: strong fault @ natural pore pressure
250 { : : {
n=0.8

200
g
s
< 150
g TF
& SS

100 : -

W < Sv 86.43 MPa
50

Modelled stress = stable | 3694.0 m TVD
Po 38.68 MPa
% 50 100 150 200 250 300
Shmin (MPa)
300 T
Fault 1: strong fault @ increased pore pressure
250 | | , |
Perturbated pore pressure = 45.08 MPa
n=0.8
200
w
o
2
% 150
e TF
& SS
100 ;
< Sv 86.43 MPa

50

Modelled stress = critical 3694.0 m TVD

0 50 100 150 200 250 300
Shmin (MPa)

Fig. 19 Stress polygons of the estimated stress field in the vicinity
of Fault 1 at 3657 m TVD (3694 m MD), which is associated to the
stress rotation. Two polygons represent the present-day conditions
with coefficient of friction (u) 0.6 (weak fault) and 0.8 (strong fault).
For the weak fault the conditions are close to critically stressed. For
the strong fault, an increase of 6.4 MPa of the pore pressure is suffi-
cient to destabilize the fault, as shown in the polygon in the lower part

would only lead to reductions of Sy, that are still remote
from instable conditions. In the deeper “instable” part of
the succession data particularly highlights the drilled Fault
1 in 3694 m depth. The calculated stress polygon proves
that stressing of the fault is close to critical. It has to be
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assumed that the same is true for all other faults in the
pre-Neogene basement that have similar orientations with
respect to §,. Near-critical stressing consequently is also
likely for other branches of the AFS oriented sub-parallel
to Fault 1 and faults belonging to the ENE-dipping Seyring
Fault System (SFS), which are symmetrical with respect
to S, and the AFS. The safety case to exclude unintended
triggering of seismic fault slip by developing geothermal
reservoirs in close vicinity to one of the branch faults of
the AFS and SFS may therefore be difficult or impossible
to make.

As many of the faults in the studied part of the Vienna
Basin are curved (Fig. 17), it is unclear how far a dynamic
rupture would propagate along the fault. The stress data
from Well 1 indicate that mostly the NNW-SSE-striking
segments of the AFS system would be at risk of desta-
bilization, whereas the potential reactivation also of the
N-S-striking fault strands is difficult to assess. However,
earthquake magnitudes of up to M =6.4 derived from pale-
oseismological data from the SFS (Oppenauer et al. 2022)
prove that the ruptured fault areas were sufficiently large
to create earthquakes of such magnitudes. It is concluded
that at least some dynamic ruptures were not confined to
NNW-SSE-striking fault segments, because these are too
small to create earthquakes with the observed magnitude.

We conclude that structural analyses of borehole image
data and stress models built on open hole logs are impor-
tant tools to evaluate the potential of unintended seismic
fault triggering by geothermal heat production and the re-
injection of cooled water. To utilize the full potential of
the methods exploration wells should, from the beginning,
be planned to collect all necessary tests and log data. Our
case study identified the lack of a sufficient number of
LOTs, incomplete log coverage of the drilled succession,
and unavailability of image logs as the most important
factors limiting the reliability the resulting model. Plan-
ning of exploration wells should therefore not limit the
acquisition of such data to the targeted reservoir interval.
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