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Abstract

The Eastern Bavarian Molasse Basin is used for geothermal energy, natural gas, and hydrogen storage, making constraints on
the present-day stress field essential for assessing borehole stability and fault integrity. We integrate borehole breakout (BO)
observations from 70 wells with formation integrity tests (FITs), an extended leak-off test (XLOT), drilling-mud pressures,
RACOS® measurements, and geomechanical constraints to characterize stress orientation and magnitude. Oriented four-arm
caliper data from 20 wells reveal BOs in 19 wells. The results confirm a regional N—S-oriented maximum horizontal stress
(Symax) but also document local stress rotations of up to 70-90° within the Aquitanian and Chattian. These rotations are
associated with fault displacement, structural geometry, and the juxtaposition of mechanically contrasting units, indicating
that mechanical heterogeneity can be as important as fault-related effects for local stress orientations. The XLOT at 1484 m
TVD constrains S,,,,;, to approximately 28.2 MPa (~ 19 MPa/km), while Sy, is 33.7 MPa. Depending on pore pressure and
XLOT uncertainties, Sy,.c ranges from 34.1-42.9 MPa, consistent with an independent frictional-limit estimate of 32.4—
44.8 MPa, resulting in a strike-slip regime close to normal-faulting with relatively low differential stresses. BO formation at
approximately 400 m, is facilitated by low strength. The value of integrating heterogeneous legacy datasets within a consist-
ent geomechanical framework, providing a transferable workflow for stress characterization in mature hydrocarbon fields is
demonstrated. The suggested low differential stresses in the uppermost 1.5 km provide favorable conditions for subsurface
utilization of Eastern Bavarian Molasse Basin with a low likelihood of inducing significant seismicity.

Keywords Stress state - Borehole breakouts - Eastern Bavarian Molasse Basin - Material properties - Leak-off test

Abbreviations Simin  Minimum horizontal stress

BO Borehole breakouts Sumax ~ Maximum horizontal stress

DITFs Drilling induced tensile fractures Sy Vertical stress

P, Pore pressure 0, Injection rate

Py Fracture breakdown pressure Vi Injected volume

Py, Fracture closure pressure XLOT Extended leak off test

P, Mud pressure

P,.,  Fracture propagation pressure

Py Fracture re-opening pressure Introduction

Py Shut-in pressure
The Bavarian Molasse Basin has been extensively explored
for hydrocarbons and hosts the largest oil and gas reserves

04 Thomas Niederhuber in Bavaria. Exploration activity peaked between the 1950s

thomas.niederhuber @kit.edu and 1980s and declined markedly thereafter (StMWi 2021).
In recent years, however, the basin has become one of the

Division of Technical Petrophysics, Institute of Applied . .
most important regions for geothermal energy development

Geosciences, Karlsruhe Institute of Technology, Karlsruhe,

Germany in Germany, with numerous projects in operation, under
2 Competence Center Geology and Geophysics, Uniper Energy construction, or in advanced stages of planning (Scholderle
Storage GmbH, Diisseldorf, Germany et al. 2025). In addition, the basin hosts several underground
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Fig.1 a Overview map of Germany including the Molasse Basin
(gray) based on Reinecker et al. (2010) and the extent of b. b Detailed
map showing the Sy, orientation based on the World Stress Map
(Heidbach et al. 2025), along with fault traces and their periods of

natural gas storage facilities (Erhardt and Kraus 1975) and
serves as a test site for the development of technologies for
large-scale hydrogen storage (Strobel et al. 2023).
Knowledge of the present-day stress state is essential for
assessing fault stability, borehole integrity, and the safe oper-
ation of subsurface energy systems. Despite the increasing
utilization of the Bavarian Molasse Basin, its regional stress
field remains incompletely characterized. The orientation
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activity, redrawn from Eskens et al. (2024) within the Wasserburg
Trough. Red ellipse highlights the study area with the analyzed three-
way-dip closure. ¢ Schematic of the three-way-dip closure structure
along with the NNW-SSE profile of Fig. 2

of the maximum horizontal stress (Syn.,) 1S commonly
assumed to be laterally and vertically consistent within sedi-
mentary basins (e.g., Zoback et al. 1989). Consistent with
this assumption, 75 Sy, Orientations of variable quality are
currently available in the World Stress Map (WSM) database
for the eastern Bavarian Molasse Basin between Rosenheim,
Landshut, and Munich (Heidbach et al. 2025), indicating
a predominantly N-S-oriented stress field (Fig. 1b). This
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is also supported by regional numerical stress models e.g.,
Golke and Coblentz (1996) or Ahlers et al. (2022). However,
locally deviating stress orientations have been reported (Rei-
necker et al. 2010; Seithel et al. 2015), suggesting that stress
perturbations may occur at smaller spatial scales.

Information on stress magnitudes is considerably more
limited. While the vertical stress (Sy) is comparatively well
constrained from density data (Obermeier et al. 2025), the
horizontal stress magnitudes remain poorly resolved.

Estimates of the minimum horizontal stress (S;;,) are
sparse and are primarily derived from eight formation integ-
rity tests (FITs) of varying quality, which represent a lower
bound for §,,;, and two leak-off tests (Fig. 1b; Morawietz
et al. 2020). Additional information on stress magnitudes is
provided by laboratory measurements on core samples from
the Breitbrunn/Eggstiitt field (Fig. 1b; Rohler et al. 2001).
Estimates of Sy, are typically derived from borehole fail-
ure observations and frictional constraints on pre-existing
faults (Seithel et al. 2015; Budach et al. 2018), one-dimen-
sional mechanical earth models (Zain-Ul-Abedin and Henk
2020), or numerical FE models on regional scale (Ziegler
et al. 2016) or supra-regional scale (Ahlers et al. 2022).
However, owing to their coarse vertical resolution and sim-
plified rheological parameterizations, these models are gen-
erally unable to adequately resolve the uppermost kilometers
of the crust. Consequently, they often predict elevated fault
slip tendencies (Rockel et al. 2022) that are inconsistent
with the low level of background seismicity observed in the
Bavarian Molasse Basin (Megies and Wassermann 2014).

Modeled stresses and observations provide an ambiguous
picture of the present-day stress regime. The occurrence of
BOs suggests that one or both horizontal stress magnitudes
are relatively high, potentially indicating a thrust faulting
regime (Reinecker et al. 2010). In contrast, Seithel et al.
(2015, 2019), Ziegler et al. (2016), and Megies and Was-
sermann (2014) have suggested a predominantly strike-slip
regime, whereas Drews et al. (2019) have argued for a nor-
mal-faulting regime with low horizontal stress magnitudes.
In addition, local rotations of Sy, orientation are usually
interpreted as an indicator for low horizontal stress anisot-
ropy, which appears to contradict the occurrence of BOs,
particularly in the uppermost kilometers (Reinecker et al.
2010).

The aim of this study is to improve constraints on the
contemporary stress state within the shallow to intermediate
depth range of the Eastern Bavarian Molasse Basin, which
is relevant for underground gas storage, thermal energy stor-
age, and medium-depth geothermal development (JeBberger
et al. 2025), and to explain the widespread occurrence of
borehole breakouts (BOs) and their apparent variability in
orientation at depths shallower than 1500 m. We therefore
analyze previously unpublished legacy data from 70 wells to
determine Sy, Orientation from BOs. Particular emphasis

is placed on improving the utilization of legacy log data by
developing a workflow for BO interpretation and a quality-
ranking scheme for inclined wells compatible with the World
Stress Map (WSM) database. In contrast to previous studies,
we analyze BO azimuths and widths as a function of depth
and stratigraphy, and their suitability as indicators of the
far-field stress orientation.

To constrain stress magnitudes and pore pressure (P), we
analyze mud-weight records from 61 wells and an unpub-
lished extended leak-off test (XLOT), which provides an
estimate of S, ;.- These data are complemented by 10 for-
mation integrity tests (FITs) from five wells. In addition, two
unpublished RACOS® (Rock Anisotropy Characterization
On Samples) tests provide independent constraints on the
full stress tensor. These newly compiled data are integrated
with stress information from the World Stress Map (WSM),
pore pressure data reported by Drews et al. (2019) and pub-
lished (Seithel et al. 2015; Seithel 2019) and previously pub-
lished FIT results to obtain an improved characterization of
the present-day stress field. Finally, we evaluate the relation-
ship between depth-dependent mechanical strength and BO
width and discuss its implications for stress-field characteri-
zation. Particular attention is given to their potential role in
generating local rotations of apparent Sy, orientations and
deviations from the regional stress field.

Geology of the study area

During the Alpine orogeny, the Molasse forearc Basin devel-
oped with asymmetric deepening. This resulted in varying
sedimentary regimes led to the deposition of distinct facies.
The most important reservoir units for oil and gas fields in
the Eastern Molasse Basin are the Upper Oligocene Chat-
tian and Lower Miocene Aquitanian, which form the Lower
Freshwater Molasse (LFM).

During the middle Chattian (28-25 Ma), a transition from
neritic to littoral conditions (Eskens et al. 2024) facilitated
the deposition of permeable, porous deltaic sands, which
later formed important hydrocarbon reservoir rocks (Kraus
1969). These sands were subsequently sealed by marly shales,
deposited under the influence of sea-level fluctuations at the
Chattian—Aquitanian transition (Sissingh 1997). The NNW-
directed transgression (~25 Ma) led to the onlap of neritic
deposits onto Chattian Sands, shaping the eastward-facing
Bavarian Shelf. By the Aquitanian (23-20 Ma), sea-level
regression stabilized the shelf (Kuhlemann and Kempf 2002),
with the final Aquitanian transgression marking the end of
the first megacycle (Sissingh 1997). This is succeeded by a
depositional cycle comprising the Upper Marine Molasse
(UMM), Upper Brackish Molasse (UBM), and Upper Fresh-
water Molasse (UFM) units (Bachmann and Miiller 1992).

@ Springer
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Fig.2 Chronostratigraphic and lithological units in the study area
along with a NNW-SSE profile indicated in Fig. 1, perpendicular
to the main fault (red line) through the center of the three-way-dip

The sedimentary evolution of the basin was controlled
by both vertical deepening rates and lateral shortening
rates, which influenced fault formation and activity. Most
faults trend ENE-WSW or SW-NE, while the major alpine
thrust fault is E-W, parallel to the Alps in the Molasse Basin
(Seithel et al. 2019; Eskens et al. 2024). As a result of vary-
ing subsidence and shortening of the basin, the heave and
throw of the faults are changing during different stages of
formation of the Bavarian Molasse Basin. Generally, the
fault offset increases from west to east. Fault activity in the
Bavarian Molasse Basin was particularly pronounced dur-
ing the Late Oligocene (Chattian) to early Lower Miocene
(Aquitanian), when synsedimentary faulting and reactiva-
tion were widespread. Fault activity became negligible in
late Lower Miocene (Burdigalian) sediments. Not all faults
were active simultaneously, reflecting the episodic nature
of deformation driven by sedimentary loading and tectonic
forces (Eskens et al. 2024).
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closure structure. Coloring and classification is based on Erhardt and
Kraus (1975), Kuhlemann and Kempf (2002), DSK (2022)

The field is developed within a structural trap (three-way
dip closure) oriented SW-NE, and bounded by a parallel,
50-60° northwards dipping fault to the north (Erhardt and
Kraus 1975), typically for Cenozoic reservoirs in this area.
Reservoir formation in this region is primarily controlled by
variations in subsidence rates and lateral compression within
the Molasse Basin, which lead to flexural deformation and
the development of basin-parallel synthetic and antithetic
fault systems. Among these, north-dipping antithetic normal
faults serve as the main structural traps for hydrocarbon accu-
mulation (Bachmann et al. 1987; Bachmann and Koch 1983).

Data basis for stress analysis

The dataset comprises information from 70 boreholes.
The majority of which target depths between 1000 and
1200 m b.s.1. (Fig. 3a). A substantial fraction of the data
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was originally acquired in analog format during the 1970s
and 1980s. These legacy logs have been subsequently
scanned and digitized.

Borehole geometry is constrained using a combina-
tion of caliper and borehole imaging data. Microcaliper
(MCal) measurements are available for 11 boreholes,
unoriented four-arm caliper (FAC) data for 27 boreholes,
oriented FAC data for 20 boreholes, and six-arm cali-
per (SAC) data for 8 boreholes. In addition, Formation
MicroScanner (FMS) and Formation Microlmager (FMI)
logs are available for three boreholes (Fig. 3). No caliper
data are available for five boreholes. Only oriented meas-
urements may provide information on Sy,,,, orientation,
limiting the analysis to 20 wells. As a consequence, the
cumulative length of usable logging intervals is reduced
from approximately 75—17 km.

Depth-dependent drilling mud density data are avail-
able for 61 of the 70 wells (Fig. 3b). FITs are available
from four boreholes, and an XLOT was conducted in
well W1 in the Aquitanian formation at 1484 m TVD,
around 4 km SW of the main structural trap (Fig. 3a).
Additionally, results from an unpublished report pro-
viding estimates of stress magnitudes derived using the
RACOS® technique (see Appendix Al for methodologi-
cal details) are incorporated. These measurements have
been performed on core samples from both the caprock
(Aquitanian) and the reservoir (Chattian Sandstone) of a
nearby depleted gas field. For both units, rock mechanical
tests have been conducted. In the Aquitanian the angle
of friction (@) is 16° corresponding to a coefficient of
friction (u) of about 0.3. The unconfined uniaxial stress
(UCS) therein is 23.6 MPa and the tensile strength (o,)
is 2.8-3.2 MPa. The Young’s Modulus (E) of Aquitanian
is 30.6 GPa, whereas it is 45 GPa in the Chattian Sands.
Porosity (¢) and permeability (k) was measured on 116
samples. Within the Aquitanian and Chattian marls the
mean ¢ =0.02 (0.01-0.03) with k= 1.6 mD (0.1-6.0).
The Chattian sands are characterized ¢ = 0.25 (0.11-0.33)
with k = 604 mD (16-2680).

Methods

The stress state is commonly described by the Cauchy
stress tensor, a symmetric second-order tensor, with six
independent components. Assuming an Andersonian state
of stress, where the Sy is a principal stress (Anderson
1905) shear components can be neglected, and the stress
state can be fully characterized by a reduced stress tensor
(Angelier 1984) comprising the three principal stresses
(Svs Stmax and Spmin), and the orientation of Sy, (e.g.,
Zoback 2007).

Stresses around boreholes and borehole wall failure
for determination of S, orientation

In the vicinity of a borehole, stresses redistribute and are
described in cylindrical coordinates with radial (rr) and
tangential (00) components. For a vertical borehole, the
effective radial o,, and tangential o, stresses acting at the
borehole wall can be calculated by Eq. 1 after Moos and
Zoback (1990):

o, =AP=P, —P,,
2(Stmax — Shmin) * €0520 — AP — 2P, + 67,

ey
where P,, is the mud pressure, 67 is the thermal stress at
the borehole wall, which is positive for heating and negative
for cooling.

The most common and reliable indicators to determine
stress orientations from boreholes is the analysis of BOs and
drilling-induced tensile fractures (DITFs). The mechanism
of BO formation is dependent on rock strength, depth of
BO occurrence, and the state of stress (Plumb 1989). BOs
can form by tensile spalling at the borehole or tunnel wall,
as described e.g., by Hoek (1965), Lee and Haimson 1993,
Diederichs (2003), Barton and Shen (2017), Hoek (2023),
but at greater depth they are generally interpreted as a conse-
quence of shear failure at the borehole wall (Bell and Gough
1982; Plumb and Hickman 1985). BOs lead to an elongation
of the borehole cross section and are aligned with Sy;,-
According to Zoback et al. (1985) and Barton et al. (1988)
BO formation by shear failure requires that the tangential
stress at edge of the BO 6, to exceed the rock strength (e.g.,
unconfined compressive strength UCS). Therefore Eq. 1 can
be rewritten to Eq. 2:

Opo = Shmin + SHmax -

Cpp = (Sl-lmax + Shmin - 2P0) - 2(SHmax - Shmin)
cos(26,) — P,, + P, + c** > UCS. )

DITFs form in direction of Sy,,,., perpendicular to Sy i,
if o, is exceeded at the borehole wall (Eq. 3 based on Eq. 1):

Ogg = (SHmax + Shmin - ZPO) - 2(S}-Imax - Shmin)cos(zeb)
-P,+Py+c"" <o, 3)

In inclined boreholes, the concept of the reduced stress
tensor is violated because the borehole axis is no longer
aligned with a principal stress direction. Consequently, stress
orientation inferred from BOs and DITFs may be signifi-
cantly rotated relative to the far-field orientation, depending
on the Andersonian tectonic regime (Mastin 1988; Peska
and Zoback 1995). Mastin (1988) showed that in strike-slip
regimes, BO orientations are relatively insensitive to bore-
hole deviation, remaining within ~ 10° of Sy, for borehole
inclinations up to ~30°. In contrast, in normal and thrust
faulting regimes, subequal horizontal stresses can lead to

@ Springer
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Fig.3 a Overview map of the 70 analyzed boreholes. Stars indicate
boreholes with available drilling mud density data, whereas circles
denote boreholes lacking such information. Colors represent the type
of logging performed. Boreholes used for Sy, orientation analysis
is highlighted by larger symbols. b Overview of depth distribution of
logging and testing. Black lines show the total depth. Logged bore-

@ Springer

hole sections are colored according to the performed logging type.
FMI intervals are shown as orange ellipses, while yellow ellipses
indicate the top of the Chattian. Red markers denote the locations of
FIT/LOT measurements. Yellow stars mark wells for which drilling
mud density data are available
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substantial BO rotation even for borehole deviations of less
than ~10°.

BOs can exhibit quite wide openings, locally exceeding
90°, as observed in Tyrnyauz well (Hickman 2015). In con-
trast, DITFs are narrow, discrete tensional cracks and can
only be resolved with high-azimuthal-resolution imaging
tools like FMS and FMI. BOs can be captured with mechani-
cal caliper tools (FAC, SAC).

Most data in this study originate from FAC tools. To
analyze these data, we developed a custom software solu-
tion in MATLAB® (FAC-Tool V1.0) (Niederhuber 2025)
and Python (Niederhuber 2026a). In contrast to previous
versions or other available software, this software enables
the detection and correction of digitalization-related errors,
allowing a reliable identification and analysis of BOs. The
software requires several input parameters and thresholds,
including Bit-size, SCD-range (Difference of smaller Cali-
per to Bitsize), caliper difference limit (minimum difference
between the smaller and larger Caliper), RB (relative bear-
ing) limit, key seat deviation limit (difference to borehole
azimuth) and maximum deviation (DEVI). Based on these
parameters, the caliper data are automatically preprocessed,
and depth intervals containing potential BOs are suggested
to the user, which then can be manually picked (more details
on the workflow in Appendix A2). While SAC data need to
be centralized before they can be analyzed (e.g., with SAC
Tool; Niederhuber 2026b) the centralization of FAC is not
required due to the caliper sonde where the tool is auto-
matically centralized by the configuration of two dependent
caliper arms opposite each other. However, the Padl Azi-
muth (P1Az) must be corrected for wells with high inclina-
tion (Fuchs and Clauss 1988). Without correction, azimuths
rotate systematically toward hole azimuth (HAZI).

tan(RB)

P1Az = HAZI + atan—etP)_
¢ +atan s DEVI) )

Criteria for identifying BOs from FAC data were origi-
nally introduced by Plumb and Hickman (1985) and have
since been further refined. A comprehensive overview is
given in Reinecker et al. (2003). Once picked, BO data
(depth, length, azimuth, opening angle) are stored in a data-
base and can be analyzed in two methods (e.g., with SFRYV,
Niederhuber 2026c¢):

e Length-weighted: here the data is normalized by the
cumulative BO length

e Number weighted: here the data is normalized by the
cumulative BO number

For both approaches, mean BO azimuth and standard
deviations are calculated using the circular statistics of
Mardia (1972). The implementation follows the workflow

suggested in the World Stress Map, treating values between
180° and 360° as equivalent to 0°-~180° (Reinecker et al.
2003).

In this study, we use length-weighted BO azimuths.
Length weighting reduces sampling bias by accounting for
the proportional contribution of individual BOs along the
borehole, whereas number weighting treats short and long
BOs equally. The latter may bias stress orientations when
numerous short BOs contribute little to the overall borehole
coverage.

Where BO length information is available, length-weight-
ing therefore provides a more representative estimate of
the stress-induced azimuth. The software-processing input
parameters follow the recommendations of the WSM (Rei-
necker et al. 2003). The caliper difference limit is set to 10%
and the key-seat deviation limit to 5°, and the maximum
deviation threshold to 30°. To account for orientation uncer-
tainties associated with high borehole inclination and the
breakdown of the reduced stress—tensor assumption, the data
are further corrected according to the prevailing Anderson-
ian stress regime, using critical inclinations given by Mastin
(1988). In normal- and thrust faulting, all data with an incli-
nation > 10° must be excluded. For strike-slip regime, addi-
tional standard deviation of 10° must be considered when
the analyzed borehole section is inclined with more than 10
but less than 30°. All sections with an inclination >30° are
excluded by the deviation limit.

Depth-dependent BO analyses, including feature counts
per depth and depth dependent Sy, orientations, are
performed with SPUDS (Niederhuber 2026d). Thereby
a moving window counts and averages the observed BO
orientations using the statistics of Mardia (1972). The cor-
responding average BO opening width is determined with
SFBO (Niederhuber 2026e).

Determination of stress magnitudes

Sy is usually obtained by integrating density data. However,
due to the lack of density logs, we estimate Sy, based on an
empirical model for the Eastern Molasse Basin by Ober-
meier et al. (2025). The magnitude of minimum principal
stress (S3) is constrained by FITs and one XLOT. During a
FIT a borehole interval is pressurized toward the expected
Stmin- However, FITs are intentionally conducted below the
threshold of fracture initiation. Consequently, they provide
only an upper limit of S5 (Zoback et al. 2003). In contrast,
XLOT are designed to generate new fractures. For reliable
interpretations on the regional state of stress, the test must
remain unaffected by operational pressure and associated
stress changes, which can significantly alter the regional
stress state (e.g., Altmann et al. 2010; Niederhuber et al.
2019). The XLOT analyzed in this study can be assumed to
be unaffected by such perturbations because of its lateral of
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Fig.4 Extended leak-off test conducted in the Aquitanian Formation
at 1484 m TVD, comprising one frac (F) and four re-frac (RF) cycles.
Injection periods are highlighted by gray shading, and the injection
rate is given by the blue curve. Pressure data are shown as measured
wellhead pressure P,;. (left y-axis) and the calculated downhole pres-

approx. 4 km distance to the main structure (Fig. 3a). The
maximum principal stress magnitude (S,) is derived from a
fracture-mechanical model after Hubbert and Willis (1957)
for fracture initiation during hydraulic testing.

During the test, a 2 m long interval was isolated by pack-
ers within a 5-inch borehole section. The borehole in this
interval has an azimuth of N206°E and an inclination of 25°.
The test was conducted using KCL-Chalk drilling mud with
a density of 1080 kg/m>. It includes an initial frac cycle fol-
lowed by four re-frac cycles (Fig. 4). During each cycle, the
injection rate and wellhead pressure were recorded.

The wellhead pressure P, recordings are affected by vis-
cous friction loss and system stiffness or system compliance.
The latter represents how compressible the wellbore-fracture
system is. It consists of both wellbore compliance and frac-
ture compliance (Wang and Sharma 2020). The borehole
compliance is dominated by the fluid compressibility, with
additional contributions from the cased and open parts of the

@ Springer

sure Py, derived from Eq. 5 (right y-axis). LOP is the leak-off pres-
sure, Py is the breakdown pressure, Py is the refract pressure, Pg; is
the shut-in pressure; P, is the fracture propagation pressure, P, is
the fracture closure pressure

borehole, which both in most cases can be neglected. The
fracture compliance depends on the length of the fracture
(Raaen et al. 2006) and is small for short fractures. For small
fractures, the actual downhole pressure P, deviates from
P, by P, and the friction loss (AP;) between the pumped
fluid and the borehole wall (Eq. 4). Observations from Basel
1 well using high flow rates and large volumes at 4.6 km
indicate a difference between 0.25 and 0.36 MPa.

Pgn = Pyp + Py, — AP )

Frictional pressure losses mainly depend on the pipe
length, pipe diameter, the fluid viscosity and density as
well that govern the flow regime that can be expressed
by the Reynolds Number. It can be calculated using the
Darcy—Weisbach equation in combination with Hagen—Poi-
seuille equation for laminar flow (Re <2000) and Swa-
mee—Jain equation for turbulent flow (Re >4000).



International Journal of Earth Sciences (2026) 115:71

Page90f29 71

From the pressure recording during the test cycles the
breakdown pressure (Pg), fracture reopening pressure
(PR), shut in pressure (Pg;) and fracture closure pressure
(P,,) are determined. Pg; is identified as the transition
point from a rapid, linear pressure decline (immediately
following shut-in) to the onset of a diffusion-dominated
gradual pressure decrease. The exact transition point
was determined by fitting a tangent to the linear pres-
sure decline in a detailed P versus ¢ plot. Hickman and
Zoback (1983) and Addis et al. (1998) demonstrate that
the magnitude of Pg; stabilizes with the number of frac
cycles. The fracture closure pressure P, 1 is determined
from the decline part of each cycle, where the decline of
P deviates from the linear relationship of 4/t — ¢,. Here
t is the time of the test and ¢, the time of the shut-in of
each cycle (Nolte and Economides 1989). While this
method is known to overestimate the magnitude of P,
it is also determined using the G-function as described
e.g., in Nolte (1979). The G-function is a specialized time
function that linearizes pressure decline during shut-in,
allowing fracture closure behavior to be identified inde-
pendent of pumping history (Nolte 1979). Fracture closure
is identified as the point where the pressure vs G-function
plot departs from its initial linear trend (P, ), reflect-
ing a transition from Carter leak-off-controlled behav-
ior to increased system stiffness (Nolte 1979). The very
early time after shut-in should not be considered as it is
often characterized by a sharp pressure drop, which can
be related to the loss of friction within and in the vicin-
ity of the borehole (McClure et al. 2016). In practice,
this is equivalently picked at the inflection or peak in the
G-function derivative (dP/dG), which marks the loss of
fracture compliance and provides a more robust diagnostic
than pressure—time methods (Barree et al. 2009). However,
especially in low permeable rocks, it is recommended to
use the fracture compliance method (McClure et al. 2014,
2016), which instead pick the initial deviation from linear-
ity from the pressure vs G plot (P, gc)- If pressure esti-
mates obtained from methods with different sensitivities to
compliance effects are essentially identical, this suggests
that compliance-related effects are not strongly influencing
the interpreted pressures.

Py is determined from pressure versus volume plots.
Hickman and Zoback (1983) recommend using the third
cycle. Until the opening of a fracture the increase in vol-
ume V is linear with pressure P. Py is the pressure where
the pressure increase deviates from linearity, similar to
the leak-off test pressure in the frac cycle. In some tests,
the stiffness (dP/dV) during the pressurization of the test
interval was used as the stiffness trend also deviates from
linearity when a fracture is opened. Increasing number of
cycles and thus increasing injected fluid volume can lead

to poroelastic effects causing a progressive increase in Py
and Pg; (Addis et al 1998).

Based on the pressure parameters from the XLOT S, .i,
can be estimated. However, there is an ongoing debate
regarding the most reliable proxy for §; which represents
Shmin 1N Normal- and strike-slip regimes. Addis et al. (1998),
Gronseth and Kry (1982), Haimson and Cornet (2003), or
Schmitt et al. (2012) indicate that Pg; is the best estimate for
S5, particularly under conditions of low fluid viscosity and
limited fracture propagation (Haimson and Fairhurst 1967;
Fjaer 2008). In contrast, Economides and Nolte (2000),
Zoback (2007) or Fjaer (2008) indicate, that in some cases
also P, can be the most robust estimate of S5, particularly
when a fracture is generated over the entire thickness of the
gross pay interval, which requires high injection rates and
large volume. Both values can vary significantly and can
therefore largely influence the interpretation on the stress
state and stability considerations (e.g., Broker and Ma 2022).
Schmitt and Haimson (2017) indicated that the value that
best represents Sy, i, 1S strongly controlled by rock perme-
ability. For low rates and volumes, fracture dimensions are
expected to be limited, and P, may not be fully representa-
tive of far-field stress conditions. Consequently, Pg; is a first-
order approximation of S; (Economides and Nolte 2000).

To account for methodological uncertainty, S ., is
defined as a range rather than a single value (Desroches and
Kurkjian 1999). The lower and upper bounds are derived
from the minimum and maximum values of Pg; and P,
respectively. To assess the internal consistency of the data-
set, a reconciliation plot following Desroches and Kurkjian
(1999) is employed. This approach is particularly relevant as
the test interval is inclined with respect to the principal stress
axes. However, if P, stabilizes after a few cycles and if
the boreholes deviate less than ~30° from a principal stress
direction, P, can still provide a reasonable estimate of the
far-field stress magnitude (Desroches and Kurkjian 1999).

The determination of the Sy, is based on the classical
approach by Hubbert and Willis (1957), where we account
for the best fit S, ;, as well as the uncertainty derived
from the reconciliation plot. Using the approach of Brede-
hoeft et al. (1976) the tensile strength o, of the rock can be
expressed by o, = Py — Pg. The Hubbert and Willis (1957)
equation can be rewritten as:

SHmax = 3Shmin - PO - PR' ©6)

For the calculation of Sy, Py 1S a crucial parameter,
which can even change the determined stress regime if
assigned wrong (Niederhuber et al. 2025a). As the pore
pressure was not measured before the test, indirect meth-
ods are used to constrain the pore pressure. The Bavar-
ian Molasse Basin contains overpressured regions, with
overpressure reported from approximately 1500 m depth
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Table 1 Summary of BO Well ID length BO [m] Number BO Max. devia-  Sypa—azi [°] Std [°] Quality

statistics by well, including tion [°]

cumulative breakout length,

number of BO sections, w3 290.6 53 24.0 64.5 30.7% ©)D

max1mum. borehole deviation, Wil 39.4 3 0.9 914 18.9 D

length-weighted mean Sy,

azimuth, circular standard W26 490.8 26 28.0 151.9 28.7* B)D

deviation, and modified World W37 694.0 36 19.0 36.5 32.3*% ©)D

Stress Map (WSM) quality W45 59.6 21 17.2 90.4 30.0% (©D

classification W58 545 26 11.4 3.1 387¢ D
W59 69.4 14 0.9 178.5 13.3 C
W68 102.0 13 28.8 171.8 14.7* B
W67 83.9 12 20.9 158.5 14.0* C

Mean Sy, Orientations account for uncertainty associated with borehole deviation following the approach
of Mastin (1988) described in the Methods section. Asterisks (*) indicate wells for which the deviation cor-
rection contributes substantially to the reported orientation uncertainty

(Drews et al. 2018), close to the XLOT depth. Because P,
must exceed P for safe drilling conditions, P, can be used
as an upper limit for the pore pressure, while a hydrostatic
pore pressure Py . provide a lower bound.

In addition, Sy, is constrained by the frictional limit
approach for critically stressed, optimally oriented faults.
The ratio of the effective maximum o,/ to the effective
minimum stress o5/ is a function of the coefficient of fric-
tion u (e.g., Jaeger and Cook 1979; Townend and Zoback
2000; Zoback and Healy 1984). Thus, if either S, or S,
is known, the other principal stress can be derived from
Eq. 7:

O'll _ Sl - P

o3/ B S; —

p

<[P+ D)2 + ) )

p

Furthermore Sy, can be derived by inversion of BO
opening width under the assumption that BOs form by
compressive shear failure of the borehole wall rather than
tensile spalling. Following e.g., Zoback et al. (1985) or
Barton et al. (1988), BO opening width is related to the
stress concentration around the borehole and can therefore
be used to estimate Sy, Using the geometric relation
20, = w — wpg. Eq. (2) can be rewritten as

(UCS + PO + Pm) - Shmin (1 +2-cos(z - WBO))
Hmax — 1—-2-cos(n — WBO) '

®)
The inversion combines BO geometry with UCS, Pp,
P, and S}, magnitudes. Uncertainties in these param-
eters are propagated using Monte Carlo simulations,
resulting in a probabilistic estimate of Sy, and associ-
ated uncertainty bounds at each depth. The analysis is car-
ried out with the software SFBO—Stress Profiles From
BO Opening Width (Niederhuber 2026e), which generates
depth-dependent Sy, profile and associated uncertainty
bounds.
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Results
Breakout analysis and stress orientation

We observe BOs in 19 of the 20 wells with oriented four-arm
caliper (FAC) logs. Only well W65 does not exhibit iden-
tifiable BO intervals. Of the 19 wells, nine yield an overall
modified WSM quality rating between B and D (Table 1). A
complete list with all qualities and for all wells and separated
by units is given in Appendix A3.

Within the Burdigalian succession, comprising the
Oncophora Layer, Glauconite Sands, Neuhofener Layer,
and Eggenburgian units, we identify 213 BO sections with
a cumulative length of 2395 m, representing approximately
31% of the logged interval. The mean Sy, orientation is
NO005°+59°. Even though the average points to the regional
far-field orientation, the Burdigalian exhibits substantial
variability in Sy, orientation both within and between
wells. However, individual units of the Burdigalian achieve
moderate to good qualities. Even if borehole deviation is
considered, quality B is observed in two wells, and quality C
is observed in seven wells (Table 1), whereas the combined
Burdigalian dataset exhibits considerable scatter and only
well W59 shows a modified quality C.

Within the Aquitanian, we identify 389 BO sections with
a cumulative BO length of 2143 m, representing approxi-
mately 35% of the logged interval. The mean Sy, orienta-
tion is N175° +46°. The Aquitanian generally yields higher
modified WSM quality classes (four of quality B and five
of quality C) than the Burdigalian. Nevertheless, signifi-
cant variability between wells remains present. Particularly
observed in wells W3, W45, and W51, where stress orien-
tations nearly perpendicular to the far field orientation are
observed.

Within the Chattian, we identify 32 BOs with a cumula-
tive length of 184 m, representing approximately 31% of the
logged interval. The mean Sy, orientation is NO88° + 82°.
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Fig.5 Depth-projected Sy, Orientations within the local coordinate
system of the three-way-dip closure. The plotted wells are grouped
by modified WSM quality, where symbol size shows the quality. Col-

Only wells W3 and W37 achieve a modified WSM qual-
ity ranking of C. Approximately 95% of the cumulative BO
length occurs within the Chattian Marls, where BO affect
38% of the analyzed gross interval. In contrast, only 12 BO
intervals, with a cumulative length of 20 m, were identified
within the Chattian Sands, corresponding to approximately
9% of the gross thickness. Notably, the Sy, orientation
within the sands is NO16°E, which is a rotation of 85° coun-
terclockwise compared to the Marls (Fig. 5).

Pore pressure and stress magnitudes
Pore pressure and mud pressure

No direct measurements on the undisturbed pore pressure
are available for the study area. Therefore, two end-member
scenarios are considered. The lower-bound scenario assumes
hydrostatic conditions (P = Pyyq), Whereas the upper-
bound scenario assumes pore pressure equal to the lowest
drilling mud pressure (P, = P,,). To constrain the latter,
depth-dependent drilling mud densities from 61 wells are
evaluated (Fig. 6). Within the Aquitanian, where the XLOT
was performed, drilling mud densities range from 1050 to
1260 kg/m?, with a mean value of 1130 kg/m’. At the XLOT
depth, the minimum observed mud density corresponds to

oring indicates Aquitanian (yellow) and Chattian (orange) intervals.
The main fault is color-coded by the heave ranging up to 80 m

the mud pressure of P, = 15.7 MPa, whereas hydrostatic
conditions result in a pore pressure of P4, = 14.6 MPa
(Fig. 6).

Implications for Sy, i, and Sy . from XLOT test

The basis of the stress analysis is an XLOT at a depth of
1484 m TVD (Fig. 4), conducted with a fluid density of
1080 kg/m®. Therefore, an P,, of 15.7 MPa is added to
the wellhead pressure readings (Eq. 4). The viscous fric-
tion loss (Appendix A4) was found to be in the order of
AP;=0.001-0.004 MPa and is neglected in subsequent
analysis. The initial frac cycle does not show a clear charac-
teristic pressure response and is therefore not used to define
the stable refracturing pressures.

For the first-order approximation of the stress state,
we determine Py from RF3 at 30.1 MPa, in line with the
recommendation by Hickman and Zoback (1983). Pg; is
determined from RF3 and RF4 showing a constant value of
28.2 MPa. Because of the low rates of 18 1/min, small fluid
volumes of in total less than 285 L (51.9-62.5 L each cycle),
and low fluid viscosity used in the XLOT test, Pg; is used
as a first-order approximation of §,,;,. The results can be
treated reliably as the deviation between borehole orienta-
tion (206°) and the regional stress orientation (~ NOOS°E)
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Fig.6 Mud densities used dur- 0
ing drilling at the study area. Formation
Colors show the stratigraphic I Quaternary
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We calculate the Sy, magnitude of 39.9 MPa using _ a2 % R
Eq. 6 as proposed by Bredehoeft et al. (1976). Using Eq. 7 g3 : o
with 4 = 0.3 we derive a Sy, magnitude of 37.5 MPa. S, .30 Tupper bound ° ¢ x
at the test depth is 33.7 MPa based on the model introduced Q- 29 1 o *
by Obermeier et al (2025), placing the stress regime formally 287 % =
within a strike-slip faulting domain (i.e., Sgmax > Sv > Shmin 271 & * X
) % |lower bound -
To account for uncertainty, we define upper and 25 t g = f g >
F RF1 RF2 RF3 RF4

lower bounds based on a reconciliation plot (Fig. 7),
using Pg;=29.1 MPa from RF2 as the upper limit and
P06=26.6 MPa from RF3 as the lower limit. To calcu-
late S, range (Eq. 6), we constrain Py to 29.3-30.1 MPa
based on RF2-RF4 and combine this range with uncertain-
ties in S}, and pore pressure. We obtained an Sy, range
of 34.1-42.9 MPa. The lower bound for Sy, is derived
with the assuming P, = P,, and the upper bound by assum-
ing Py = Py, Using the same limits for the frictional limit
approach, we obtained an Sy, range of 35.2-38.7 MPa
based on Eq. 6. Despite these uncertainties and the presence
of pore pressure uncertainty, we classify the stress regime
as strike-slip. However, the lower-bound estimate of Sy,
approaches Sy, placing the stress state close to the transition
to a normal-faulting regime.

Stress profile of Sy,
The Symax profile analysis is conducted exclusively for the

Agquitanian interval because an independent stress magni-
tude constraint from one XLOT is only available within this
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Fig.7 Reconciliation plot of XLOT pressure indicators from the
initial frac and re-frac cycles. The stable RF2-RF4 cycles show the
pressure range used to constrain Sy ;. and Py; the shaded region illus-
trates the adopted lower and upper bounds for the uncertainty analysis

unit. The three FITs performed in the Aquitanian support a
linear S, gradient within the unit. The uncertainty range
of the S, is derived from the reconciliation plot (Fig. 7).
Because no direct pore pressure measurements are available,
P, is allowed to vary between a hydrostatic lower bound
and an upper bound defined by the P_,. Mud pressures are
calculated from drilling mud densities ranging from 1050 to
1260 kg/m® (Fig. 6), and the resulting P, and P, gradients
are propagated through the analysis as uncertainty bounds.
The UCS profile is adopted from Zain-Ul-Abedin and Henk
(2020). Because their study area is located farther south,
where the reservoir occurs at slightly greater burial depth,
the published UCS profile is adjusted to the present study
area using lithostratigraphic tops as correlation markers.
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Fig.8 Depth-dependent Sy« and BO analysis of the Aquitanian
interval: a BO count per interval; b mean Sy, orientation; ¢ BO
opening width; d UCS profile with the Aquitanian sample values; and

Based on this correlation, the UCS profile from Zain-Ul-
Abedin and Henk (2020) is shifted slightly upward prior to
the stress magnitude calculations.

The BO depth distribution (Fig. 8a) is characterized by
three distinct intervals of elevated BO abundance. The first
occurs approximately 50-150 m below the top Aquitanian.
BO occurrence then decreases markedly before increasing
again within a second interval approximately 200 m below
top Aquitanian. A third, peak in BO abundance is observed at
approximately 350 m below the top Aquitanian. Toward the
Aquitanian—Chattian boundary, BOs become increasingly
sparse. The Sy, orientations derived from BOs indicate a
generally NNW-NNE trend but exhibit considerable scatter
(Fig. 8b). Orientation variability is highest in the upper part
of the unit and gradually decreases with depth. In the deeper
sections, Sy, becomes more consistently oriented approx-
imately N-S, although these intervals are supported by a
smaller number of BO observations and therefore provide a
less robust statistical constraint than the shallower intervals.
Despite these variations in BO abundance and orientations,
BO opening width remains relatively uniform with depth,

BO width []

UCS [MPa] S, e [MP2]

e calculated Sy« magnitudes from BO-width inversion, including
the XLOT and FIT constraints and associated uncertainties

averaging approximately 15°, and exhibits only a weak linear
decrease downward (Fig. 8c). The UCS profile shows little
variation and remains close to 23.6 MPa (Fig. 8d), consistent
with the UCS measured on core samples in this study. Ele-
vated UCS values are observed between approximately 1200
and 1250 m depth and below 1480 m depth. These intervals
coincide with the highest calculated Sy,,,,, magnitudes. On
average, Symayx €Xceeds Sy within these zones, indicating a
strike-slip stress regime. Most other depth intervals indicate
Stmax and Sy are of similar magnitude. Locally, Sy exceeds
Stmaxe Suggesting normal-faulting stress conditions. Overall,
the calculated stress magnitudes indicate relatively low dif-
ferential stresses throughout the Aquitanian (Fig. 8e).

Discussion

The stress-orientation analysis is based on a dataset that
includes numerous inclined boreholes, some with borehole
deviations exceeding 30°. Mastin (1988) has shown that
BO orientations in deviated wells can be sensitive to the
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prevailing stress regime; however, in strike-slip settings,
Sumax Orientations inferred from BOs have remained com-
paratively robust, with uncertainties typically below ~10°
for borehole inclinations up to 30°. Our results indicate a
high likelihood of a strike-slip stress regime at ~ 1500 m
depth (approximately the depth of the XLOT).

Our study highlights the importance of considering Sy«
orientations on a unit-by-unit basis. When geological units
are analyzed separately, as commonly done in previous stud-
ies (e.g., Schnaitsee C7 in Reinecker and Miiller 2007; Rei-
necker et al. 2010; Heidbach et al. 2025; or MK-6, D-4 k,
and D-1 in Jarosinski et al. 2024), stress orientations often
achieve good WSM quality rankings (A—C), suggesting that
they reflect the regional far-field stress regime. In contrast,
analyzing an entire well as a single dataset can obscure these
relationships. This is particularly evident in wells W19 and
W40 (Appendix A3), where individual units yield B-quality,
such as Burdigalian (NO82°E) and Aquitanian (N171°E) in
Well W40, yet the combined dataset returns an E-quality
ranking. This demonstrates that significant stress variations
between stratigraphic units may be masked when unit-spe-
cific analyses are not performed.

Controls on Sy, orientations from borehole
breakouts

BOs are commonly observed in the Burdigalian, Aquitanian,
and Chattian intervals, as also evident in Sauerlach (Seithel
et al. 2015). The overall Sy, orientation of N178°E is con-
sistent with the regional stress field and likely reflects the
far-field tectonic stress orientation. However, substantial var-
iability is observed within and between stratigraphic units as
well as between individual wells, affecting BO orientations,
frequency and width.

Within the Burdigalian succession (NOO5S°E +59° 213
BOs, 2387 m BO length), Sy, Orientation varies con-
siderably between formations. The Oncophora Formation
yields a mean orientation of NO22°E + 30°, based on eight
BO intervals (28.5 m cumulative BO length) with an aver-
age BO opening angle of 15°. The Glauconite Horizon
exhibits a mean orientation of N137°E +41°, derived from
72 BOs (725 m cumulative BO length) and an average
opening angle of 20°. The Neuhofen Formation yields a
mean orientation of NO10°E +40° from 75 BOs (1134 m
cumulative BO length) and exhibit the largest average
BO opening angle (25°). The Eggenburgian interval
yields a mean orientation of NO68°E + 38° based on 64
BOs (500 m cumulative BO length) with an average BO
opening angle of 16°. These large rotations of Sy, ori-
entation at relatively shallow depths of less than 1100 m,
are consistent with observations from Schmidhausen A3,
Inzenham-West 14, Hohenrain A5, and the uppermost sec-
tion of Breitbrunn C10, Aitingen 4a, which are shallower
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than 1000 m (Reinecker et al. 2010). Despite differences
in mean orientation, all Burdigalian units display substan-
tial scatter (+30—41°), indicating pronounced local stress
variability.

The comparatively large number of BO and high open-
ing angles observed in the Neuhofen and Glauconite units
may indicate higher stress concentrations and/or lower rock
strength relative to the Oncophora and Eggenburgian inter-
vals. Because major fault-related stress perturbations are
restricted to the underlying Aquitanian and Chattian units,
where faults are present, the variations between formations
are interpreted as reflecting local geological and mechanical
heterogeneities superimposed on an overall N-S-oriented
regional stress field.

The Aquitanian interval yields a mean Sy, orienta-
tion of N175°E, based on 426 BO intervals with a cumula-
tive length of 2329 m. Overall 40% of the Aquitanian logs
exhibit BOs. Comparatively few BOs are observed within
the Aquitanian sandstone, which is consistent with its higher
rock strength and reduced susceptibility to BO formation
compared to the surrounding marls (Hoek and Brown 1997).
Also, a decreasing number is observed close to the transi-
tion to the Chattian (Figs. 8, 10), which reflects the findings
of Seithel et al. (2019). Although the average value sug-
gests that the N-S far-field stress field remains the domi-
nant control, the large standard deviation (+46°) reveals
significant local stress perturbations. These are particularly
pronounced in wells W3, W45, and W51, where Sy, ori-
entations locally deviated by almost 90° from the regional
trend (Fig. 6). Besides the shallow well (< 1000 m), such
rotations are also known from Illmensee 5 and 8, Monchsrot
26, Tacherting 1b, Schnaitsee 7, Vorderriss 1, and Hindel-
ang 3L (Reinecker et al. 2010). W3, W45, and W51 are all
located adjacent to major fault segments. Wells W45 and
W51 are situated close to the area of maximum fault throw
of around 80 m. W3 is located near the western fault zone
and Sy, orientations in both the Chattian and Aquitanian
intervals are subparallel to the strike of the western fault
zone. Similarly, well W30 exhibits a marked change in ori-
entation across the fault. Above the fault, BOs indicate a
near-regional orientation Sy, of NOO7°E + 13° whereas
within the first 70 m below the fault Sy, orientations rotate
to N117°E +9°, approximately parallel to the fault strike.
Because the perturbed interval is relatively short compared
to the undisturbed interval, the overall Sy,,,, orientation
(N174°E +34°), remains close to the regional N-S trend,
although the associated standard deviation increases. Such
fault-parallel orientations are consistent with stress per-
turbations that have been attributed to fault displacement,
fault-zone geometry, and mechanical contrasts across faults
(Dart and Swolfs 1992; Barton and Zoback 1994; Yale 2003;
Faulkner et al. 2006; Konstantinovskaya et al. 2012).
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The influence of the fault, however, is not uniform
throughout the field. No influence of the fault on the Sy,
orientation is observed in wells W19, W37, W26, W59,
and W68, while wells W27 and W40 exhibit only minor
variations that remain within the BO scatter. All are not in
the vicinity of the maximum fault heave. Even if a drilling-
related bias cannot be excluded in Well 70, because the Sy,
orientation below the fault closely matches the borehole azi-
muth, it might indicate, that the local structural control of
the fault on the stress field is spatially extremely limited, and
decrease with distance (Zoback 1991; Reiter et al. 2024).

The largest deviations within wells occur where fault dis-
placement does not necessarily intersect the fault but instead
generates lateral mechanical contrasts between juxtaposed
lithologies. The main fault strikes approximately NO70°E
and reaches a maximum displacement of ~80 m within the
Chattian Main Sandstone (Erhardt and Kraus 1975), locally
juxtaposing competent sandstones against weaker marls
and shales. Such mechanical contrasts have been shown to
perturb stress trajectories and rotate Sy, Orientations near
lithological contacts (Bell 1996; Gudmundsson 2004; Reiter
2021; Ziegler et al. 2024). This mechanism can explain the
observed rotations in wells W19 and W45. In these wells the
Chattian Marl and Chattian Sands intervals are constrained
by only a limited number of BOs and are therefore classified
as D or E quality. In W19, Sy, orientation changes from
N127°E+9° to NO42°E +2°, and in W45, Sy, orientation
changes from N150°E to NO37°E +33°. In both wells the
Chattian Sands exhibit orientations that are approximately
parallel to fault strike. South of the fault, these competent
sands (E = 45 GPa) are laterally juxtaposed against weaker
Chattian Marls or Aquitanian (E = 30.6 GPa) to the north
owing to fault displacement. This behavior is consistent
with observations that stresses in stiffer units rotate par-
allel to competency contrasts, whereas stresses in weaker
units rotate perpendicular to them (Bell 1996; Tingay et al.
2006; Reiter 2021). Such rotations were also observed in
Tachtering 1b with rotations of 85° counterclockwise from
the upper part, dominated by Aquitanian and Chattian to less
competent Chattian and Rupelian clays in the bottom part.
Also Schnaitsee 7 show a strong clockwise rotation by 34°
between the Molasse sequence (Aquitanian to Rupelian),
characterized by large sequences of Claystone and Marls
and the Mesozoic strata dominated by limestones (Reinecker
et al. 2010). The importance of lateral over vertical mechani-
cal contrasts is further supported by well W67. Here,
Stmax Femains nearly constant between the Chattian Marls
(N155°E + 3°), and Chattian Sands (N163°E + 14°), despite
the same vertical lithological transition. In contrast to wells
W19 and W45, W67 is located far from the fault zone, and
no lateral juxtaposition of mechanically contrasting units
occurs. The absence of significant stress rotation therefore
suggests that vertical lithological differences alone do not

perturb the stress field appreciably. Rather, the observed
rotations appear to require fault displacement that generates
lateral competency contrasts.

In addition to juxtaposing lithological units, spatially
variable fault heave has produced a gently folded structure,
where Sy, orientation may rotate parallel to fold axes
(Jarosinski et al. 2024). Thus, the stress tensor can locally
be inclined resulting in deviations from a purely Anderson-
ian stress state. However, the gentle dip (2-5°) of the flanks
suggests that the vertical stress remains close to a principal
stress. In depleted reservoirs, Yale et al. (1994), Wright and
Conant (1995), Wright et al. (1994) or Wolhart et al. (2000)
state that Sy, orientation aligns with the strike of the fault.
In our dataset, fault-parallel Sy, orientations are observed
only in wells W45 and W3. However, W3 is located laterally
outside the reservoir and therefore cannot be attributed to
reservoir depletion effects.

Constraints on pore pressure, stress magnitudes
and tectonic regime from in-situ testing

While horizontal stress orientations can generally be con-
strained reliably from BOs and other wellbore-failure indi-
cators, the magnitudes of the principal stresses, particularly
Stmax» are commonly estimated using empirical relation-
ships and geomechanical assumptions rather than direct
measurements. Pore pressure is a critical parameter in these
analyses (Eq. 6). Because no direct pore pressure measure-
ments are available for the study area, we consider two sce-
narios: Py = Py, and P, = P,,. The assumption of hydro-
static conditions is supported by the lowest recorded mud
weight of 1050 kg/m®. However, overpressure intervals are
known within the Eastern Bavarian Molasse Basin (Miiller
et al. 1988; Drews et al. 2018; Shatyrbayeva et al. 2023).
Dynamic fluid-flow simulations by Zain-Ul-Abedin and
Henk (2020) indicate nearly hydrostatic conditions above
the reservoir, followed by a transition to slight overpres-
sure at greater depth. The onset of overpressure has been
reported for the Chattian, which is at approximately 1500 m
depth (Drews et al. , 2018);, this corresponds closely to
the depth of the XLOT used to constrain Sy,,;,. The average
mud weight within the Aquitanian section is approximately
1130 kg/m?, which resembles the mud weights of nearby
wells drilled with 1100 and 1200 kg/m? (Shatyrbayeva et al.
2023), and also the mud weight (1100 kg/m3) used in Drews
et al. (2019) for a LOT in comparable depth (1345 m TVD)
and the same stratigraphic unit. Together, these observations
suggest that slightly overpressured conditions are plausible
at the test depth.

To enable comparison of stress magnitudes from our
study with datasets from other locations within the East-
ern Molasse Basin, we calculate stress gradients. While it
allows for comparison of data from different depths, this
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simplification introduces uncertainty because it neglects
local and depth-dependent lithological controls on stress.
Sy at the test depth is estimated at 33.7 MPa based on the
empirical model of Obermeier et al. (2025). The model
reflects progressive compaction and increasing bulk density
with depth, consistent with measurement reported in Zain-
Ul-Abedin and Henk (2020). From the model an average
overburden density of 2310 kg/m? (S, gradient of 22.7 MPa/
km) above the depth of the XLOT is estimated. This resem-
bles the value of 2330 kg/m® (Sy gradient 22.9 MPa/km)
based on Drews et al. (2019) for a similar depth or 23 MPa/
km reported in Seithel et al. (2015).

Shmin 18 determined from the XLOT and is subject to
several quantifiable uncertainties, including viscous fric-
tion losses, pressure-picking methodology, and the selec-
tion of the pressure representing S, ;.. The calculated vis-
cous friction losses are small (AP;=0.001-0.004 MPa),
because of the low flow rates (maxQ;=26.3 L/min) during
the XLOT and are therefore not considered in the analysis.
Examples from Basel with up to Q;=870 L/min demonstrate
that also for high flow rates, frictional losses are moderate
(AP;=0.26-0.36 MPa) and have no larger impact on the
derived stress magnitudes (Ortiz R et al. 2011). Pressure-
picking methodology uncertainties are considered explicitly
in the analysis and incorporated into the stress reconcilia-
tion plot. Within RF2-RF4, the difference between P, pc
and P, ranges from 1.2 to 1.9 MPa, while the difference
between P, rc and P, g ranges from 1.2 to 2.2 MPa. In
contrast, P, pc is generally within +0.5 MPa of Pg;. The
observed discrepancy between the compliance-based and
tangent-method estimates is comparable to the underestima-
tion of 1-2 MPa reported by Jung et al. (2016) and McClure
et al. (2016) for low-permeability formations. This inter-
pretation is consistent with the Aquitanian interval, where
permeability is typically around 1 mD and frequently lower.
Consequently, besides Pgy, P, gc is considered as represent-
ative estimate of S, ;, based on closure pressures, which
supports a strike-slip stress regime at the depth of the XLOT.
Furthermore, the differences among the closure-pressure
estimates remain largely constant across the refracturing
cycles, indicating that system stiffness did not change sig-
nificantly during the test.

However, uncertainty remains regarding the orientation
of the induced fracture, as no borehole image logs were
acquired before or after the test to exclude that an existing
fracture is reopened. Fracture propagation along a plane not
perpendicular to S,.;, would require higher injection pres-
sures and could therefore lead to an overestimation of S, ;..
Although this possibility cannot be excluded completely, the
FIT results from the same stratigraphic unit are consistent
with the XLOT-derived S, ;,. Also, the difference of Py and
Py of around 5 MPa indicates that o, is not zero as expected
when reopening an existing fracture.
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Reservoir depletion may also influence the least principal
stress through pore pressure reduction, compaction, and the
associated redistribution of total stresses (Teufel et al. 1991;
Teufel 1996; Santarelli et al. 1998; Zoback and Zinke 2002).
Field observations and geomechanical models indicate that
the largest stress reductions occur within the depleted res-
ervoir, whereas stress arching may locally increase stresses
near reservoir margins. However, the XLOT location is
approximately 4 km laterally offset from the depleted res-
ervoir. We therefore consider a significant depletion-related
effect on the XLOT-derived S,,,,;, unlikely.

Comparison with other sites is complicated by the fact
that only two LOTs have been conducted at Unterhaching,
whereas estimates of S, ;, at other locations are primarily
based on FITs (Fig. 1). The shallower LOT at Unterhach-
ing was performed in 825 m TVD and yielded an S, ;, of
12.8 MPa (15.6 MPa/km). The test was conducted in shale-
dominated stratigraphic unit rather than within the Aqui-
tanian, which may explain the comparatively lower S, ..\
values (Drews et al. 2019). The deeper LOT was conducted
at 1345 m depth, close to the depth of our XLOT and within
the Aquitanian. It yielded a stress magnitude of 16.2 MPa
(12.1 MPa/km), which is significantly lower than the value
derived in this study. In Unterhaching S;,,;, was estimated
from P, a method prone to overestimate Sy, especially if
viscous fluids are used (Zoback 2007) and therefore should
represent an upper bound. However, the value shows a lower
gradient as the lower bound in our study (17.9 MPa/km).
Lower bounds of S, are obtained from FITs provided by
Seithel et al. (2015), Seithel (2019), Drews et al. (2019) and
from the study area (Table 2).

FITs and CEMs are limit tests; therefore, the maximum
value provides the constraint on the lower boundary of S, ;.-
Except for Sauerlach data reported by Seithel et al. (2015),
pressure gradients are well approximated by 18 MPa/km,
closely matching the 17.9 MPa/km from the XLOT in this
study. Although slightly lower gradients have been reported
from Sauerlach, the data of Seithel et al. (2015) and Seithel
(2019) have shown no significant difference between Lower
Miocene and Upper Oligocene FIT/CEM pressure gradi-
ents, suggesting a linear Sy, gradient across both units.
Furthermore, the similarity between the gradients reported
by Seithel (2019) and Drews et al. (2019) indicates that this
linear trend has extended into the Middle Miocene.

RACOS® measurement on samples from a field nearby at
slightly greater depth indicate a systematic increase in the
Shmin gradient (Fig. 9). This trend coincides with increasing
mud pressure and overpressure with depth, consistent with
observations by Drews et al. (2018, 2019) or Shatyrbayeva
et al. (2023). As pore pressure increases, both Sy, and Sy ..
tend to converge toward Sy (Zoback 2007). Such an effect is
visible in the measurements results, with Sy ;. = 36.6 MPa
and Sy« = 37.8 MPa in 1754 m or S, ;, = 36.7 MPa and
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Table 2 Compilation of minimum, average and maximum pressure gradients from FITs and cementation pressures (CEM) from this study, and
from the larger Munich area digitized from Seithel et al. (2015), and reported in Seithel (2019), and Drews et al. (2019)

Strati-graphy Unit  FIT/CEM gradients [MPa/km]

this study Seithel et al. (2015) Seithel (2019) Drews et al. (2019)
min  mean max # min  mean max # min  mean max # min  mean max #
Middle Miocene  All 147 16.3 179 4
Lower Miocene All 13.1 153 18.1 10 11.1 135 169 11 14.0 16.2 18.0 22
B 13.1 145 17.6 140 16.2 18.0 17
A 16.5 17.1 18.1 154 16.2 170 5
Upper Oligocene  All 120 14.6 16.7 9 146 164 18.0 18 143 16.8 194 3
M 153 16.6 18.0 11
S 146 16.0 180 7

The data is sorted by stratigraphy and unit
A Aquitanian, B Burdigalian, M Chattian Marl, S Chattian Sands

FIT/CEM [MPa]
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0 T T T T
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* This study
e Seithel (2019)
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Fig.9 Comparison of S, values from this study (derived from
XLOT and FITs) with results from RACOS® results, FITs and CEMs
from Seithel et al. (2015), Seithel (2019), and FIT, CEM, and LOT
data from Drews et al. (2019). Sy, is estimated following Obermeier
et al. (2025). The values are colored according to their stratigraphic
unit. The blue line and polygon indicate the linear Sy, gradient used
for BO-inversion

Stmax = 38.2 MPa in 1779 m depth. The observed increase
in the horizontal stress gradient with depth therefore likely
reflects the progressive influence of overpressure on the
stress state.

To estimate Sy,,,.» We follow the classical approach of
Bredehoeft et al. (1976), which uses P, Pg;, and particu-
larly Py as key input parameters (Eq. 6). Among these, Py
is associated with the greatest uncertainty. Ito et al. (1999)
showed that uncertainty arises both from limitations of
the underlying model assumptions and from difficulties in
accurately identifying Py. Measured values may be overes-
timated because of system compliance, variable injection
rates, or incomplete fracture propagation during the initial
cycle, which can preserve residual tensile strength along the
fracture plane and elevate Py in subsequent cycles. Con-
versely, pressure diffusion and fluid infiltration into the frac-
ture network were observed by Hickman and Zoback (1983)
to reduce Py during repeated injection cycles. Poroelastic
effects were further shown by Addis et al. (1998) to influence
both Py and Py, thereby affecting the estimation of Sy,
We consider significant poroelastic effects to be unlikely
in the present study. The injected volumes are small, and
both Py and Pg; remain highly consistent between RF2 and
RF4. The observed Py /P ratios range from 1.04-1.07 and
closely resemble the ratio of approximately 1.03 reported by
Niederhuber et al. (2025b) for short-duration mini-frac tests
with small injection volumes (Rummel 1986), conditions
under which poroelastic effects were considered negligible.
This interpretation is consistent with the observations of
Rutqvist et al. (2000), who demonstrated that P, commonly
approximates Pg;.

Nonetheless, even if Py is determined correctly, the clas-
sical Bredehoeft equation neglects fluid pressure acting
within the fracture and may therefore overestimate Sy -
To address this limitation, Ito et al. (1999) proposed a modi-
fied formulation that accounts for this effect and yields lower
estimates of Sy,,,,. This interpretation is consistent with the
findings of Schmitt et al. (2012), who likewise concluded
that the classical approach tends to overestimate Syy-
The derived Sy, magnitudes range from 34.1-42.9 MPa
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Fig. 10 Depth-dependent BOs and stress analysis. a BO counts per
5 m interval. Black horizontal lines mark lithostratigraphic tops,
while gray shaded intervals indicate their local depth uncertainty and
lateral variability; b average orientation of Sy .. derived from BOs,
with uncertainty. Colors represent R* ¢ BO opening widths with
uncertainty. Colors indicate normalized BO count per interval relative
to the maximum number of observations, ranging from purple (few
BOs) to green (many BOs); d UCS profile adopted from Zain-Ul-
Abedin and Henk (2020); UCS values obtained from the Aquitanian
samples are shown as red dashed lines; e Stress magnitudes derived
from BO widths inversion using the UCS profile shown in d and a
linear S, ., gradient. The black line shows the Sy after Obermeier

(gradients of 22.9-28.9 MPa/km). In contrast, application
of the formulation proposed by Ito et al. (1999) yields Sy«
magnitudes of only 19.7-27.7 MPa. These estimates are
substantially lower than those obtained using the classical
Bredehoeft approach. For most parameter combinations, the
resulting Sy, values fall below S, .., contradicting the fun-
damental requirement that Sy, represents the maximum
horizontal principal stress. Consequently, the Ito formulation
is not considered applicable to the present dataset.

We further constrain Sy, in the depth of XLOT using
the frictional limit approach (Eq. 7). The friction angle
@ = 16°, equivalent to a coefficient of friction () of about
0.3, was used, based on uniaxial and triaxial compressive
strength tests. This friction coefficient falls within the range
(#=0.2-0.4) reported for shallow, shale-rich formations in
the Molasse Basin (Drews et al. 2019). Using the values
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et al. (2025). Circles denote FITs and CEMs from this study, Drews
et al. (2019), Seithel et al. (2015), and Seithel et al. (2019). Stars with
error bars indicate XLOT measurements from this study, and the
triangle represents the LOT measurement reported by Drews et al.
(2019). Blue triangle and line with shaded polygon indicate S,,,;, and
its uncertainty, and the red triangle and line Sy,,,. Red dashed and
red dotted-dashed lines represent Sy .. magnitudes from 1-D geome-
chanical model and the 3-D finite-element model of Zain-Ul-Abedin
and Henk (2020), respectively. The yellow shaded area indicates
Stmax €stimates from Ziegler et al. (2016), with the corresponding
best-fit trend shown as a dashed line

of Drews et al. (2019) as upper and lower limits of u, the
range of Sty 18 32.4-44.8 MPa (21.8-30.2 MPa/km), with
38.1 MPa (25.3 MPa/km) on average.

Similar analysis has been performed by Seithel et al.
(2015), who applied u = 0.6 and reported a gradient of
~28 MPa/km.

As discussed, a linear S, ,,;, gradient is assumed for the
Middle and Lower Miocene and the Upper Oligocene.
However, as shown in Fig. 10, local deviations may occur
due to lithological contrasts particularly pronounced in the
Aquitanian sands, a small layer surrounded by marls or the
Chattian sands within the clay-rich layers of the Chattian.
BOs are first and frequently observed within the Burdigalian
(Glauconite sands, Neuhofener layer, Eggenburgian), con-
sistent with Reinecker et al. (2010) and Seithel et al. (2015).
The occurrence of BOs at shallow depth (starting in around
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400 m) appears at odds with the pronounced stress rotations
reported from the Molasse Basin Reinecker et al. (2010).
Stress rotations, as described by Sonder (1990), Bell (1996),
Yale (2003), and more recently by Ziegler et al. (2024),
typically indicate low horizontal differential stresses, that
is, similar magnitudes of Sy, and Sy.i,- Such conditions
generally reduce the probability of BO formation.

However, inversion of BO widths using the XLOT-
derived S, gradient and the UCS profile of Zain-Ul-
Abedin and Henk (2020) yields comparatively low dif-
ferential stresses throughout the well (Fig. 10e). BO
width decreases almost linearly with depth, whereas UCS
increases, resulting in only minor changes in Sy — Spmin-
This suggests that the depth-dependent reduction in BO
width primarily reflects increasing rock strength rather than
major changes in the stress field. BO formation at shallow
depth is therefore facilitated by the low UCS of the Burdi-
galian sediments which only require low differential stresses
implied by the observed stress rotations. This interpreta-
tion is independently supported by borehole ellipticity data
(HDmax/HDmin). Increased number of elliptic borehole
intervals is observed within the Neuhofener Layer and the
Aquitanian, whereas lower values occur in the Eggenburgian
and Glauconite Sands, and almost no ellipticity is observed
within the Chattian Sands. The depth distribution of bore-
hole ellipticity closely mirrors that of BO occurrence and
BO width, suggesting that both indicators reflect the same
stress-induced wellbore deformation processes rather than
tool-related artifacts.

The BO-derived Sy,,,x magnitudes agree closely with
independent constraints. In particular, they are consistent
with the LOT data of Drews et al. (2019) when ¢, = 1.2 MPa
is assumed, which is slightly lower than values measured in
this study (2.8-3.2 MPa). The 1-D geomechanical model
of Zain-Ul-Abedin and Henk (2020) reflects the trend of
Stmax» as both are governed by the same UCS profile, but
with slightly higher magnitudes than the BO inversion. The
3D FE model of Zain-Ul-Abedin and Henk (2020), in con-
trast resembles the Sy, magnitudes derived from BO inver-
sion and the magnitude of the LOT of Drews et al. (2019)
for the Miocene, but underestimates Sy, in the Chattian.
In contrast, the FE model of Ziegler et al. (2016) overesti-
mates Symax 10 the shallow section but converges toward the
BO-derived estimates and XLOT near 1500 m depth. This
discrepancy likely reflects the limited vertical resolution of
regional-scale models, in which thin lithological units are
merged into mechanically homogeneous layers and calibra-
tion is predominantly constrained by deeper data. Similar
shortcomings are evident in the Germany-wide model of
Ahlers et al. (2022), which tends to underestimate horizontal
stress magnitudes at shallow depths. While such regional
models can adequately reproduce the first-order stress field
at depth, they cannot be used for shallow subsurface, where

local lithological controls become increasingly important.
Assuming a homogeneous stress state therein, without con-
sidering local stress concentration is insufficient for predict-
ing local fault stability or induced seismicity (Niederhuber
et al. 2025b). Our reconstructed stress magnitudes based
on FITs, XLOT und BO width inversion indicate a normal-
faulting stress regime in the Burdigalian, consistent with
findings of Drews et al. (2019) and geomechanical models
of Zain-Ul-Abedin and Henk (2020). With increasing depth,
Stmax approaches Sy, indicating a gradual transition toward
strike-slip faulting. Although local uncertainties result
in minor variations, our analysis reveals a predominant,
strike-slip regime within the Chattian, in agreement with
RACOS® measurements from Breitbrunn/Eggstiitt (Rohler
et al. 2001). Our results and the findings in literature point
to low differential stresses in the Burdigalian and Aquita-
nian. Together with the smaller number of faults within this
units compared to deeper units (Eskens et al. 2024), this may
explain the absence of natural tectonic earthquakes (Gru-
enthal and Bosse 1996; Megies and Wassermann 2014) and
induced seismicity. The observed trend toward a strike-slip
regime with depth is consistent with studies focusing on sub-
Molasse Mesozoic sediments (Budach et al. 2018; Seithel
et al. 2015) and the crystalline basement (Megies and Was-
sermann 2014).

Conclusion

This study provides new constraints on the present-day
stress state in the Eastern Bavarian Molasse Basin by inte-
grating BO observations from 70 wells with XLOT, FIT,
drilling-mud pressure, RACOS® measurements, and geome-
chanical constraints. The results demonstrate the value of
combining diverse and partly legacy datasets, including
records affected by digitization errors, incomplete docu-
mentation, and observations from deviated wells, to derive
a robust characterization of the stress field. The findings
show that the stress field cannot be described adequately
by a laterally and vertically uniform stress orientation or
by a single stress gradient. Instead, the regional stress field
is superimposed by pronounced local-scale variations that
are controlled by stratigraphic heterogeneities, faults, and
the three-dimensional structural geometry. We conclude
that the regional orientation of Sy, is broadly preserved
in the overburden but is not uniformly stable with depth or
stratigraphy. The 20 wells with oriented four-arm caliper
data provide 19 wells with identifiable BOs, allowing stress
orientation to be evaluated in detail for the Upper Oligocene
and Lower Miocene units compared to previous studies. The
Burdigalian shows a mean orientation close to the regional
N-S direction, but with considerable scatter, indicating that
the far-field orientation is present while local perturbations
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occur even within the overburden. The most pronounced
systematic deviations occur in the Aquitanian and Chattian
successions, particularly close to the main fault and at litho-
logical contacts. In consequence, treating all BOs from an
individual well or basin as a single representative Sy, ori-
entation can obscure important depth-dependent variations
in the local stress field.

This work highlights the importance of specific geologi-
cal and mechanical controls on rotation of Sy, orientation.

Local rotations of up to 70-90° are not restricted to the
immediate intersection with the main fault. Two wells show
rotation within the Chattian sands where the fault has dis-
placed mechanically stronger Chattian sands against weaker
Aquitanian marls. Other rotations are spatially associated
with fault displacement. These observations indicate that
the local stress field results from the superposition of the
regional far-field stress and perturbations caused by fault
geometry, fault displacement, structural morphology, and
contrasts in mechanical properties. In particular, we con-
clude from the occurrence of rotations at lithological con-
tacts away from the fault plane that mechanical heterogene-
ity can be as important as the fault itself in controlling the
local stress orientation.

Our integrated stress-magnitude analysis indicates high
Shmin Magnitudes at shallow depth and a stress regime vary-
ing from normal-faulting to strike-slip within Lower Mio-
cene and transition to strike-slip at 1.5 km depth. The XLOT
constrains Sy ,;, to approximately 28.2 MPa at the test depth
corresponding to a gradient of about 19 MPa/km, while Sy,
is approximately 33.7 MPa. Depending on the assumed pore
pressure and the uncertainty of the XLOT parameters, Sgyax
is constrained to approximately 34.1-42.9 MPa, with the
frictional-limit analysis providing a comparable range and
a mean value of approximately 37.5 MPa. Consequently, the
preferred stress state is characterized by Syax > Sv > Shmins
indicating a strike-slip regime, but one close to the normal-
faulting. Particularly important is the relatively high S, ;.
because it hints to lower the horizontal differential stress.
This is consistent with the shallow occurrence of BOs and
observed stress rotations, that are commonly associated with
low differential stress between Sy, and S, .;,, whereas BOs
are often interpreted as evidence for sufficiently high dif-
ferential stress to induce compressive failure. In the study
area, these observations can coexist because the weak marly
and clay-rich Aquitanian and Chattian formations have suf-
ficiently low UCS for borehole failure to occur at shallow
depths. Conversely, the mechanically stronger Chattian
sandstones or Aquitanian Sands generally show fewer BOs
and behave more consistently with the far-field stress state,
except where local structural or lithological contrasts perturb
the stress field. Pore pressure provides a plausible contribu-
tion to the observed low differential stresses, although the
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magnitude of pore pressure remains uncertain because direct
pore pressure measurements were unavailable. However,
drilling-mud densities and published data indicate that slight
overpressure is plausible near the XLOT depth. Increasing
pore pressure therefore promotes a state in which Sy, and
Shmin approach Sy,.

Overall, this study presents a transferable workflow
for stress characterization in mature hydrocarbon fields,
where data availability is commonly limited to historical
well records. Our results demonstrate that legacy datasets,
although frequently affected by incomplete documentation,
digitization errors, and other uncertainties, can provide valu-
able constraints on the present-day stress field when ana-
lyzed within an integrated geomechanical framework. Given
the large number of mature fields worldwide with extensive
archival datasets, such approaches offer significant potential
for improving stress characterization. Our study underscores
that the present-day stress field in the Bavarian Molasse
Basin is heterogeneous on the scale of individual strati-
graphic units and geological structures. While a regional
N-S Stymax Orientation is preserved local stress rotations arise
where this far-field stress interacts with faults, structural
morphology, and strong mechanical contrasts. Consequently,
stress information derived from individual boreholes should
not automatically be extrapolated vertically or laterally with-
out considering the geological and mechanical context. This
is particularly relevant for subsurface applications such as
gas and hydrogen storage, geothermal development, and
fault-stability assessment, where pore pressure, temperature
or both change effective stresses. Our results demonstrate
that the differential stresses in the uppermost 1500 m are
quite low, which may provide favorable stress conditions
for an intensive use of the subsurface without generating
seismicity of significant magnitudes.

Appendix
Appendix A1: Description of RACOS® test procedure

RACOS® is an advanced laboratory method for determining
the effective three-dimensional in-situ stress state directly
from core samples (Braun et al. 1999; Braun and Reinhold
2017). Upon core extraction, the natural stress field is
released, leading to decompression-related damage such as
fracturing and loosening. RACOS® compensates for these
effects by subjecting the cores to controlled isotropic reload-
ing while measuring the directional propagation velocities
of compressional and shear ultrasonic waves.

By analyzing the stress-dependent anisotropy of wave
velocities, RACOS® enables a direct, constitutive-law-
independent reconstruction of the effective principal stresses
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present at the time of core retrieval. Additionally, it allows  Appendix A3: Results of BO analysis for all 19 wells
for the derivation of elastic rock properties (e.g., Young’s  separated by units

modulus, Poisson’s ratio) and the total stress state, includ-

ing pore pressure effects, through integration with porosity ~ See Table 3.

data and standard plug tests. All results are resolved in three

dimensions and can be determined retrospectively, without

requiring in situ testing or real-time measurements at the

borehole (Braun et al. 1999; Braun and Reinhold 2017).

Appendix A2: Workflow used in FAC software

See Fig. 11.

Fig. 11 Integrative and coupled
workflow of the FAC-Tool
showing the input parameters,
the preprocessing, analysis step
as well as visualization of the
results and the export options

Input Data Settings
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& 5 E Appendix A4: Viscous friction loss
) & E rictional pressure losses mainly depend on the flow
3 £ g Frictional p 1 AP, mainly depend he fl
Bl @5 path length L, pipe diameter D, dynamic fluid viscosity y,
- =3 fluid density p, and flow rate Q, which controls the flow
g o = § E regime (e.g., Rennels and Hudson 2012). The flow regime
Tl % é can be expressed by the Reynolds Number Re:
EX vD
z 52 Re =22, ©)
g .2 H
o = .5
2 g B where v is the mean flow velocity. For laminar flow (Re <
2lo 0| 5T 2000), AP; can be calculated using the Darcy—Weisbach
5 equation:
S | OB
Flm &g L p?
S = AP; = fy—— (10)
=3 D 2
il X v| 3 g
HNESER . . . o
A EE With the Darcy friction factor fi, for laminar flow given by:
- o8 64
= m @ —_—
2 s o= Re’ 11)
x| ol &g
< o <F - = o
Elaa £ E z For fully developed laminar Newtonian flow in a circular
= 8 ; g pipe, this formulation is equivalent to the Hagen—Poiseuille
2 Q2é equation:
Q «n
o on =
2~ = 553 Ap, - 1286L0 "
@ = f= 7 a4\
5273 (D) (12)
S £33
& €9 & In the present test, a KCI-based drilling fluid with a den-
S o ‘g g _qg sity of p = 1080 kg/m> was used. The dynamic viscosity of
il 2 Z R comparable drilling fluids can vary between approximately
— <8 fé. E 11 and 37 cP (Elkatatny 2017; Leusheva et al. 2022). Drill-
g oz 2 = y
> 2% g 3 ing fluids of similar density commonly have viscosities on
A 2 & % = z e the order of 22 cP, corresponding to u = 0.022 P - s (Elka-
2" alsE -‘-2 g < tatny 2017). The flow path length was taken as the measured
283 2 depth, L = 1608 m, and the pipe diameter was D = 127 mm.
£ S35 2 or each injection cycle, the maximum flow rate listed in
E g T : F h injecti le, th i fl listed i
g &0 § E] % Table 4 was used. These flow rates range from Q = 17.4 to
=) = % . . .
4 A = o = 26.3 L/min. Using Eq. 9, the resulting Reynolds numbers
21878l s 2 S g bq g key
E S R é Z range from approximately Re = 85 to 431, indicating laminar
E mE,Z* 5 flow conditions. Applying Eq. 10 together with Eq. 11, or
SE 3 pplymg Eq g q
B ?D \é g B equivalently Eq. 12, gives frictional pressure losses between
< é"'g - £ approximately 0.001 and 0.004 MPa, depending on the
5o 3 S pPp y p g
5(Sz|®%5& < assumed dynamic viscosity.
) 2P LE &
8 ig 2
o F= & .
Sle | 2 = g e Appendix A5: Results from the extended leak-off
zl==2|28z 5
g8 2 test (XLOT) at 1484 mTVD
~ © .52 8
e) S % ~
3 3SR 2
é é § :% > :—“% See Table 4.
S SZ|EzE =
m| |53|E2E ¢
|| % S| 3 g § =
o | = S 2O T 7
2l5lszalees =
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Table 4 Test details from XLOT: injection rate (Q;), injected volume
(V,), fracture breakdown pressure (Pg), fracture re-opening pressure

(PR), propagation pressure (P,,), shut-in pressure (Pg;), and fracture

closure pressure (P,) determined with tangent method (P, 1), with
g-function (P, ), and fracture compliance method (P, rc)

Cycle  Q[L/min]  V;[L]  Pg[MPa] Py[MPa] P, [MPa] Pg[MPa] Py [MPa] Py,g[MPa] Py, pc[MPa]
F 17.40 6230  35.10 32.20 31.00 28.9 28.8 30.3
RF1 17.60 62.50 30.30 33.10 315 314 33.1
RF2 22.00 5240  35.50 29.80 31.30 29.10 27.1 27.0 28.6
RF3 23.20 56.10 30.10 30.00 28.20 26.7 26.6 27.9
RF4 26.30 51.90 29.30 29.80 28.20 26.7 (26.4) 28.6
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