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The North Alpine Thrust Front divides the outer wedge of the northern Alps from its foredeep, the North Alpine
Foreland Basin, representing a classic fold-and-thrust-belt system. In its SE German part, this system is charac-
terized by a complex pore pressure distribution, which we investigate to better understand the impact of hori-
zontal loading (tectonic stress) on sediment compaction, vertical stress and overpressure formation. To do so, we
analyze velocity, pore pressure and drilling data of 20 deep wellbores along both sides of the North Alpine Thrust
Front. Our results indicate that overpressure in the wedge is largely driven syntectonically by horizontal loading,
while vertical loading appears to be the main overpressure mechanism not only in the foredeep but also in the
footwall of the wedge. Here, pore fluids can support up to 90% or even more of the overburden weight. Still, the
lateral transition zone from horizontal to vertical loading conditions likely comprises only a few kilometers. Our
study provides real-world evidence of the complex processes of overpressure development in onshore fold-and-
thrust-belts and helps to mitigate pore pressure related drilling and exploration risks along the North Alpine
Thrust Front in SE Germany.

1. Introduction

Geological processes such as deformation, subsidence, fault slip and
related earthquakes as well as fluid migration critically depend on the
distribution of pressure and stress in the subsurface (Allen and Allen,
2013; Zoback, 2007). Likewise, planning and operation of safe drilling
campaigns, fluid production and injection, and waste storage require an
in-depth understanding of the distribution of subsurface pressure and
stresses (Fjaer et al., 2008; Zoback, 2007). This is in particular valid, if
pore pressure exceeds normal hydrostatic pressure, resulting in over-
pressured formations, which can significantly reduce the mechanical
integrity of the subsurface (Suppe, 2014).

In most sediments, overpressure primarily forms as a result of rapid
loading rates, which exceed sediment dewatering rates (Flemings, 2021;
Osborne and Swarbrick, 1997; Swarbrick and Osborne, 1998). As a
consequence, the pore fluid cannot escape the pore space during
loading, sediment compaction is impeded and the pore pressure in-
creases above a hydrostatic level. This process usually depends on the
presence of low permeability formations and is also known as disequi-
librium compaction (Flemings, 2021; Osborne and Swarbrick, 1997;
Swarbrick and Osborne, 1998). In many areas, such as sedimentary
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basins, the loading source would usually be vertically oriented due to
rapid burial, while in compressive settings horizontal loading can
significantly contribute (Flemings, 2021; Osborne and Swarbrick, 1997;
Swarbrick and Osborne, 1998). Horizontal loading also includes shear
enhanced compaction. Tectonic compression can also lead to uplift and
erosion, both of which — depending on the rate — often dissipate over-
pressure (Luo and Vasseur, 1995).

In vertical loading-dominated areas, the relationship between ver-
tical effective stress and the compaction-state of clay-rich sediments
(shales) has been successfully used to estimate overpressure (e.g. Drews
et al., 2018a; Heppard et al., 1998; Merrell et al., 2014). The advantage
of this relationship is that it only requires an estimate of vertical stress, e.
g. by integrating density data measured in a wellbore, and an under-
standing of the shale compaction behavior at hydrostatic pore pressure.
The relationship between this normal shale compaction behavior and
the actual disequilibrium compaction state can then be used to estimate
pore pressure and overpressure (e.g. Eaton, 1972; Eaton, 1975; Yang and
Aplin, 2004). The compaction state of shales can be determined by
porosity-sensitive geophysical measurements, such as seismic/sonic
velocity (e.g. Bowers, 1995; Raiga-Clemenceau et al., 1986; Wyllie et al.,
1956).
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In compressive settings, such as fold-and-thrust-belts, sediment
compaction and overpressure formation is more complex. Fold-and-
thrust-belts usually consist of a deformed wedge which advances over
undeformed strata. The latter forms the footwall below the basal
detachment of the wedge and transitions into the undeformed foredeep
in front of the wedge. Within and directly in front of the wedge, hori-
zontal loading significantly contributes to overpressure formation
(Flemings, 2021; Osborne and Swarbrick, 1997; Swarbrick and Osborne,
1998). Here, utilizing vertical effective stress as a proxy for shale
compaction will likely result in an underestimation of shale pore pres-
sure (e.g. Couzens-Schultz and Azbel, 2014; Flemings and Saffer, 2018;
Obradors-Prats et al., 2017). Nevertheless, vertical loading usually
dominates below the basal detachment of fold-and-thrust-belt systems
(Byrne and Fisher, 1990; Saffer and Tobin, 2011), which is often evi-
denced by velocity reversals and a sudden porosity increase (e.g. Bangs
et al., 1990; Cochrane et al., 1994; Flemings and Saffer, 2018; Saffer and
Tobin, 2011; Tsuji et al., 2008). The transition from horizontal loading
in the wedge towards vertical loading-dominated far-field conditions is
less rapid, but can still comprise only a few kilometers (cf. Flemings and
Saffer, 2018; Gao et al., 2018; Obradors-Prats et al., 2017).

An onshore example, representing an overpressured system
including a transition from wedge conditions to far-field conditions is
given by the northern Alps behind and the North Alpine Foreland Basin
(NAFB) in front of the North Alpine Thrust Front (NATF) in SE Germany
(cf. Miiller and Nieberding, 1996; Miiller et al., 1988). The NATF divides
the Alpine wedge from its foredeep (NAFB) and thus marks the northern
structural outline of the European Alps.

The overpressure distribution along both sides of the NATF has only
been addressed on the basis of drilling data of a few wells, yet (Miiller
and Nieberding, 1996; Miiller et al., 1988), whereas the overpressure
distribution in the NAFB has been studied in more detail (Drews et al.,
2018a, 2018b, 2020b; Miiller and Nieberding, 1996; Miiller et al.,
1988). However, the vertical and lateral distribution of pore pressure
and overpressure mechanisms are yet poorly understood in the direct
vicinity of the North Alpine Thrust Front. In particular, the impact of
tectonic stress (or horizontal loading) compared to vertical stress (or
vertical loading) on sediment compaction and hence overpressure for-
mation is unknown. However, preliminary work by Lohr (1969, 1978)
showed that seismic velocity in the NAFB increases towards the Alps,
possibly as a result of increasing horizontal stress/loading (cf. Lohr,
1978; Miiller et al., 1988). Still, the lateral extent of the transition from
horizontal loading behind the NATF towards vertical loading in front of
the NATF is unclear as evidenced by the controversial discussion of
horizontal stress propagation into the foreland (cf. Drews and Stollho-
fen, 2019; Drews et al., 2018a; Drews et al., 2020b; Reinecker et al.,
2010; Ziegler and Heidbach, 2020; Ziegler et al., 2016).

In this study, we analyze the distribution of vertical stress,
compaction, overpressure and horizontal loading using velocity, pore
pressure and drilling data of 20 deep wellbores, which have been drilled
on both sides and in direct vicinity of the North Alpine Thrust Front in SE
Germany. The results are set into context with previously published
interpretations of 2D seismic data (Miiller, 1995; Miiller et al., 1988;
Ortner et al., 2015; Shipilin et al., 2020) and the relative timing of
overpressure development and possible changes of loading mechanisms
in the foredeep, wedge and footwall along the NATF will be discussed.

The study provides a unique reference case for overpressure devel-
opment in onshore fold-and-thrust-belts for specialists working in the
fields of geomechanics, structural geology and geodynamics and helps to
mitigate pore pressure related drilling and exploration risks along the
NATF in SE Germany.

2. Representation of pore pressure, vertical stress, vertical
effective stress and overpressure

Pore pressure u and vertical stress o, are discussed and displayed as
either absolute values in MPa, in combination as vertical effective stress
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a;, as overpressure u* in MPa or in equivalent mud weight representa-
tion EMW in this study. The latter has the advantage that it directly
relates to the density of the drilling fluid (mud) used to drill deep
wellbores. The drilling fluid density (mud weight) is usually adjusted
such that the wellbore pressure counterbalances the pore pressure of the
drilled formation. Drilling mud weights often only reflect the driller’s
perception of pore pressure (cf. Drews et al., 2022; Mouchet and
Mitchell, 1989), but still provide a valuable overpressure indicator. The
equivalent mud weight EMW in g/cm® therefore allows for a represen-
tation of estimates and measurements of vertical stress and pore pressure
in combination with drilling mud weights and calculates as follows:

u

EMW = 1000*—
g*TVD

@

where units of the pore pressure u and the true vertical depth below
ground level TVD are in MPa and m, respectively. An EMW > 1.0 g/cm’®
reflects the presence of overpressure and we denote a pore pressure that
translates to an EMW of 1.2-1.4 g/cm? as mild, 1.4-1.6 g/cm? as inter-
mediate, 1.6-1.8 g/cm® as high and >1.8 g/cm® as very high over-
pressure. u can be also replaced by vertical stress o, to be represented in
EMW.

Vertical effective stress o, is defined as the difference between ver-
tical stress and pore pressure:

’

6,=0,—U 2)

and becomes the vertical hydrostatic effective stress a:,_hyd, if u is the

hydrostatic pore pressure exerted by a vertical water column up to
ground level.

Overpressure u* is defined as the excess pore pressure above hy-
drostatic pore pressure. Overpressure is also expressed by 1*, which is
the fractional distance between hydrostatic and lithostatic or the frac-
tion of overburden supported by the pore fluid:

A :L 3)

7
6\'.hyd

3. The North Alpine Thrust Front (NATF) and North Alpine
Foreland Basin (NAFB)

The Alpine wedge and NAFB represent a classical onshore fold-and-
thrust-belt and foredeep system, divided by the NATF. The system
comprises of passive margin sediments on top of crystalline basement
and below foredeep sediments, both of which are partly subducted
below an advancing wedge (Allen and Allen, 2013; Pfiffner, 1986). The
Alpine wedge and NAFB formed as a result of the collision of the Eu-
ropean and Adriatic plates at c. 35 Ma (e.g. Pfiffner, 1986; Schmid et al.,
2004) and stretches from Geneva, Switzerland, in the West to Lower
Austria and into the Carpathian foreland basin and thrust front system in
the East. Thereby, the NAFB widens from West to East, reaches its
maximum lateral extension in SE Germany (Fig. 1A) before it quickly
narrows against the Bohemian Massif as its northeastern boundary
(Schmid et al., 2004). Our study area along the NATF is constrained by
Lake Constance in the West, the Austrian border in the East (west of Lake
Chiemsee and south of the Landshut-Neuotting-High), the Latitude of
Munich in the North and the Alpine Nappes in the South (Fig. 1A and B).

3.1. Structural-stratigraphic subdivision of the study area

The study area is subdivided into three structural-stratigraphic units
(Fig. 2), which, from youngest to oldest, represent the wedge, foredeep
and footwall below the wedge and foredeep. The division builds on
previous studies by Bachmann and Miiller (1996), Bachmann et al.
(1987), Kuhlemann and Kempf (2002) and Ortner et al. (2015).
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Fig. 1. Overview of the study area. A: Map showing
the North Alpine Foreland Basin and North Alpine
Thrust Front in SE Germany (modified after Drews
et al., 2018a; Reinecker et al., 2010). The black
dashed line with southeastwards pointing arrows
marks the northwestern border of the overpressure
zone in the North Alpine Foreland Basin (cf. Drews
et al., 2018a). The inset is indicating the regional
position of the study area in southern Germany
(modified from Drews et al., 2018a). B: N-S
cross-section (red line in Fig. 1A) showing the tran-
sition from the Alpine wedge into the North Alpine
Foreland Basin (modified from Drews et al., 2018a;
Liischen et al., 2006; Reinecker et al., 2010). (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
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3.1.1. Subalpine Molasse and Alpine Nappes (wedge)

The Subalpine Molasse is the outermost tectonic unit of the Alpine
wedge (outer wedge). It contains deformed and thrusted foredeep sedi-
ments (Foreland Molasse; Fig. 2A) in front of the Alpine Nappes
(Fig. 1A and B, Fig. 2B). The Alpine Nappes form the actual thrust sheets
of the Alps and are also part of the wedge (inner wedge).

The N-S width of the Subalpine Molasse diminishes from West to
East in SE Germany and finally tapers out around Lake Chiemsee
approximately 30 km westward of the German-Austrian border (Schmid
et al, 2004) (Fig. 1A). Thin-skinned thrusting included both,
in-sequence-thrusting followed by out-of-sequence thrusting within the
Subalpine Molasse (Ortner et al., 2015; Schuller et al., 2015; von Hagke
et al., 2014). The former resulted in the formation of a prominent tri-
angle zone due to duplex thrusting in the western part of the study area
(Ortner et al., 2015) (Fig. 2B). In the eastern part of the Alpine
fold-and-thrust-belt and foredeep system in SE Germany, the triangle
zone is only weakly expressed or completely missing (Fig. 2B).

3.1.2. Foreland Molasse (foredeep and footwall of wedge)

The Foreland Molasse is the undeformed foredeep of the Alps filled
with Cenozoic Molasse sediments on top of Mesozoic Passive Margin
Sediments. Cenozoic sedimentation is characterized by two distinct
megacycles, each starting in a marine setting and progressing with a
subsequent marine regression and shift towards a terrestrial deposi-
tional environment (Bachmann and Miiller, 1996; Kuhlemann and
Kempf, 2002; Sissingh, 1997) (Fig. 2A). During Oligocene times, a
geographic transition from a terrestrial depositional environment in the
West towards a marine depositional environment in the East is reflected
by a decreasing grain size trend from West to East and the presence of
brackish-water sediments in the transition zone (Kuhlemann and Kempf,
2002) (Fig. 2A). This grain size trend is also expressed in the Oligocene
sediments of the Subalpine Molasse (Ortner et al., 2015). Sheared and
subducted Foreland Molasse shales of Oligocene age also form the basal
detachment and footwall below the wedge of the Subalpine Molasse and

the Alpine Nappes (Bachmann et al., 1981; Ortner et al., 2015) (Fig. 2A
and B).

Close to the wedge, the Foreland Molasse is called Tilted Molasse,
which is characterized by mostly foreland-dipping Foreland Molasse
sediments above the triangle zone of the Subalpine Molasse (Fig. 2B).
Analogous to the triangle zone, the Tilted Molasse is only weakly
expressed or even missing in the eastern part of the study area (Fig. 2B).

3.1.3. Mesozoic passive margin sediments (footwall below foredeep and
below wedge)

Autochthonous Mesozoic passive margin sediments of the European
plate below the Foreland Molasse are present in the entire study area on
top of mostly pre-Mesozoic sediment troughs and Variscan crystalline
basement rocks (Fig. 2A). Mesozoic passive margin sediments include
Upper Triassic sandstones, Lower and Mid Jurassic shales, Upper
Jurassic and Lower Cretaceous carbonates and Upper Cretaceous shales
(Bachmann and Miiller, 1996; Bachmann et al., 1987). While Upper
Jurassic carbonates are present in the entire study area, Lower and Mid
Jurassic shales are only present in the central and western part and
Cretaceous sediments are only present in the central and eastern parts of
the study area. Triassic sandstones are only locally preserved within
minor graben systems. Mesozoic passive margin sediments are also
subducted below the wedge of the Subalpine Molasse and Alpine Nappes
(Fig. 2B). Since the Lower Cretaceous and Upper Jurassic carbonates
share the same pressure regime in the NAFB (Drews et al., 2018a, 2020b;
Lemcke, 1976) they are summarized as Mesozoic Passive Margin
Carbonates in this study.

3.2. Current understanding of pore pressure along the NATF

Despite the significance of the Subalpine Molasse, Foreland Molasse
and Mesozoic passive margin sediments for past hydrocarbon explora-
tion (Bachmann et al., 1981; Lemcke, 1979) and more recent deep
geothermal production (Agemar et al., 2014b; Flechtner and Aubele,
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Fig. 2. Chronostratigraphic and structural configuration of the northernmost Alpine wedge and North Alpine Foreland Basin. A: Chronostratigraphic chart with
color-coding used on maps and cross-sections in this study between Lake Constance (LC) and the Landshut-Neuotting-High (LNH) (cf. Fig. 1A) (modified from Drews
et al., 2018a; Drews et al., 2020b; Kuhlemann and Kempf, 2002). MPMC = Mesozoic Passive Margin Carbonates. B: Schematic zoom into the transition from the
Foreland Molasse to the Subalpine Molasse with the Tilted Molasse in between (see red rectangle in Fig. 1B for the regional context). The Subalpine Molasse is on top
of subducted Foreland Molasse and Mesozoic passive margin sediments (adapted from Ortner et al., 2015). Upper Cretaceous is not present in the western part. The
triangle zone (dotted black line, lighter green shading) is missing in the eastern part of the study area (here the dashed black line marks the thrust front). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2019), few studies addressed the distribution of pore pressure in front of
the NATF (Drews et al., 2018a, 2022; Lemcke, 1976; Miiller et al., 1988)
and behind the NATF (Miiller et al., 1988). Overpressure is present in the
south and southeast in Foreland Molasse sediments of Oligocene and
Eocene age and underlying shales of Late Cretaceous age as evidenced
by drilling data and velocity data from wells located in the undeformed
foredeep (Drews et al., 2018a; Miiller et al., 1988) (Fig. 1A and B). Pore
pressure in equivalent mud weight can exceed 1.8 g/cm® in the
south-eastern part of the NAFB in SE Germany (Drews et al., 2018a;
Miiller et al., 1988).

Mesozoic Passive Margin Carbonates and underlying formations are

generally hydrostatically pressured or underpressured (Drews et al.,
2018a; Lemcke, 1976; Miiller et al., 1988) and follow the hydraulic head
of the Danube river in the North (Lemcke, 1976). Along the Danube
River, the carbonates of the Upper Jurassic are expressed at the surface
(Fig. 1A and B).

Within and below the wedge, overpressure is also present; however,
it has only been investigated by maximum drilling mud weights (Miiller
et al., 1988) and exemplarily at a few well locations (Drews and Stoll-
hofen, 2019). Here, pore pressure EMW-magnitudes in excess of 2.0
g/cm® have been reported and have mainly been attributed to “tectonic
compaction” by Miiller et al. (1988) and Miiller and Nieberding (1996).



M.C. Drews and F. Duschl

A general increase of compaction and possibly horizontal loading has
also been supported by the preliminary work by Lohr (1969, 1978) who
noted a general increase of seismic velocities towards the Alps, but did
not consider the effect of lithological variation and compaction
disequilibrium due to overpressure.

4. Data

The dataset includes 20 wells (sidetracks not counted, Table 1) and 7
cross-sections, which are based on previously published interpretations
of seismic sections from Miiller (1995), Miiller et al. (1988), Ortner et al.
(2015) and Shipilin et al. (2020) (Fig. 3). 7 wells are located in the
Foreland Molasse, close and along to the NATF; 12 wells have their
surface location in the Subalpine Molasse; and one well was drilled
through the Alpine Nappes into the Subalpine Molasse (Fig. 3). Four
Foreland Molasse wells have reached the Mesozoic Passive Margin
Carbonates. Five Subalpine Molasse wells have penetrated the basal
detachment and reached at least the subducted part of the Foreland
Molasse. The well dataset contains drilling/logging mud weights (19
wells), formation tops (20 wells), cutting descriptions (16 wells), pres-
sure data (13 wells) and velocity data (19 wells).

The data have been derived from geological well reports, the
geological division of the Environmental Agency of Bavaria, end of well
reports and previously published datasets (Drews et al., 2020b; Miiller,
1970, 1995; Miiller et al., 1988). Logging mud weights have been
retrieved from the headers of geophysical well logs and usually reflect
the maximum mud weight used within the logged section. An overview
for each well and respective data sources is given in Table 1.

5. Methods

The drilling and velocity dataset are analyzed in four steps to
investigate the relationship between overpressure, compaction, vertical
and horizontal loading along the NATF in SE Germany:

First, we look at bulk sediment compaction by comparing modelling
parameters of velocity-constrained density and vertical stress profiles
along each well.

Second, we combine drilling and velocity data to estimate vertical

Table 1
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pore pressure profiles at each well location. The resulting overpressure
distribution is investigated on a regional scale in relation to the struc-
tural position within, below or in front of the wedge.

Third, shale velocity is analyzed as a function of vertical effective
stress to assess the impact of mechanisms other than vertical loading on
the compaction state of shales in the different tectonic units along the
NATF.

As a fourth and last step, we further delineate the impact of vertical
vs horizontal loading on overpressure by considering the structural
evolution and related relative timing of overpressure formation in
context of the present day overpressure distribution.

5.1. Vertical stress estimation

5.1.1. Vertical stress integration from different data sources

Estimates of vertical stress o, are required for both pore pressure and
compaction analyses. For reasons of simplicity, we assume that vertical
stress is a principal stress component of the stress tensor in the entire
study area. Vertical stress can be estimated by integrating the weight of
the overlying material (e.g. Flemings, 2021; Zoback, 2007):

z

0, = / rhoy(z)gdz C)]

0

where rhop, is the bulk density which varies with depth z and g is the
Earth’s gravitational acceleration at 9.81 m/s2. In this study, depth is
always provided as true vertical depth below ground level TVD.

Bulk density rhoy is ideally derived from density logs or, in case of
missing density data, indirectly from sonic logs or vertical seismic pro-
file (VSP) data. In this study, density data is not available at sufficient
quality and quantity and therefore sonic log and VSP data are converted
to a density profile by employing Gardner’s velocity-density transform
(Gardner et al., 1974):

rho, = 0.23%(V,*3.281)"% (5)

where V), is the interval velocity in m/s. When using geophysical well
logs, we apply a 30 m moving average filter to smooth and eliminate

Well data overview with well location and data sources. VSP = vertical seismic profile, GR = gamma ray, DST = drill stem test or production test.

Wellname Acronym  Easting Northing Data (data source)
Coordinate System:
DHDN/GK3
Eberfing 1 Eb 3,667,581 5,296,543 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), VSP, sonic log, resistivity** (LfU***)
Egling 1 Vtfg Egl 3,665,817 5,286,457 Mud weight (log header), tops, cutting descriptions (GWR*), sonic log, GR** (LfU***)
Elbsee 1 Elb 3,615,871 5,298,328 Mud weight (log header), tops, cutting descriptions (GWR*), VSP (LfU***)
Endorf 2 End 3,746,448 5,312,219 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), sonic log, resistivity** (LfU***)
Feilnbach 1 Fei 3,725,731 5,297,775 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), sonic log, resistivity** (LfU***)
Geretsried GEN- GEN 3,682,222 5,306,521 Mud weight, tops, pressure data, drilling events, VSP, DST (Drews et al., 2020b)
01
Grambach 1 Gra 3,651,824 5,293,177 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), VSP, sonic log, GR** (LfU***)
Hindelang 1 Hin 3,604,616 5,262,488 Mud weight, tops, pressure data, cutting descriptions (GWR*; Miiller, 1995; Miiller et al., 1988), VSP, sonic log, GR*
(LfU***)
Immenstadt 1 Imm 3,592,870 5,271,240 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), VSP, sonic log, resistivity** (LfU***)
Kempten 1/1a Kem 3,608,780 5,284,728 Mud weight, tops, Kicks (EOWR****)  VSP, sonic log, GR** (LfU***)
Miesbach 1 (1.) Mie 3,712,678 5,299,083 Mud weight (Miiller et al., 1988), tops, pressure data, cutting descriptions (GWR*), VSP, sonic log, GR** (LfU***)
Murnau 1 Mul 3,668,814 5,288,295 Mud weight (log header), tops, cutting descriptions (GWR*), VSP (LfU***)
Murnau 2 Mu2 3,665,962 5,290,837 Mud weight (log header), tops, cutting descriptions (GWR*), VSP, sonic log, GR** (LfU***)
Oberhof 1 Ob 3,693,201 5,295,533 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), VSP, sonic log, GR** (LfU***)
Opfenbach 1 Opf 3,563,310 5,276,740 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), VSP, sonic log, resistivity** (LfU***)
Schongau 1 Sch 3,651,010 5,302,504 Mud weight (log header), tops, pressure data, cutting descriptions (GWR*), VSP (LfU***)
Seeg 1 See 3,616,796 5,282,005 Mud weight, tops, pressure data (EOWR****), sonic log, GR** (LfU***)
Staffelsee 1 Sta 3,666,001 5,289,953 Mud weight, tops, pressure data, cutting descriptions (GWR*; Miiller, 1970; Miiller et al., 1988), VSP, sonic log,
resistivity** (LfU***)
Sulzberg 1 Sul 3,571,658 5,266,868 Mud weight, tops (Miiller et al., 1988)
Vagen 1 Vag 3,715,317 5,306,441 Tops, cutting descriptions (GWR*), VSP, sonic log, resistivity** (LfU

*geological well report; **shale discriminator; *** Environmental Agency Bavaria; ****end of well report.
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outlier readings and small-scale lithological variations.

In the case where neither density nor velocity data are available, a
density profile can be estimated using an Athy-type porosity decay
function (Athy, 1930) modified for vertical effective stress a; (Heppard
et al., 1998; Hubbert and Rubey, 1959; Scott and Thomsen, 1993):

@ =g, exp(— U’v,hyd / C) (6)

where ¢ and ¢ are the porosity at vertical hydrostatic effective stress
O';/,hyd and at the surface, respectively. C is a compaction constant and

typically set to 31 MPa ! in the study area according to Drews et al.
(2018a) and Drews et al. (2019). In combination with an estimate of
grain density and pore water density, the resulting porosity profile can
be converted into a bulk density profile.

5.1.2. Calibration of ¢ to model vertical stress and related bulk sediment
compaction

In combination with constant grain and fluid densities and assuming
hydrostatic pore pressure, equation (6) can be used to model a density
profile which can be integrated to a vertical stress profile (equation (4)).
In order to investigate the combined effect of lithological composition
and compaction on vertical stress we fit equation (6) to data-derived
vertical stress profiles by iteratively solving for ¢¢. Thereby, C is kept
constant at 31 MPa . The process is iterative, because no-data intervals
are filled with a density estimate that results from equation (6) and
constant grain and fluid densities, using the following workflow:

1) Employ Gardner’s density-velocity relationship (Gardner et al.,
1974) to convert velocity data into density data.

2) Fill no-data gaps of the resulting velocity-based density profile with a
modelled density, using equation (6) with C = 31 MPa~ ! and matrix
and fluid densities of 2.7 and 1.0 g/cm®, respectively.

3) Integrate the resulting vertical density profile to a vertical stress
profile (equation (4)) represented in EMW (equation (1)).

4) Model a vertical density profile using equation (6) with C = 31
MPa~! and matrix and fluid densities of 2.7 and 1.0 g/cm?’
respectively.

5) Integrate the resulting density model to a vertical stress profile
(equation (4)) represented in EMW (equation (1)).

6) Iteratively solve for ¢¢ in steps 2) and 4) until the vertical stress
profiles represented in EMW and generated in steps 3) and 5) have a
minimum least square difference. ¢y is identical in steps 2) and 4).

The resulting ¢o represents the best fit vertical stress model and is a
measure for the overall compaction state and lithological composition at
the respective well location.
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5.2. Pore pressure analysis

Pore pressure is analyzed on a well-by-well basis. We integrate
drilling indicators such as drilling/logging mud weights in combination
with mud gas readings, pressure tests (e.g. wireline formation tests and/
or drill stem tests) as well as kill mud weights or shut-in drill pipe
pressures during reported kick control incidents. In addition, we
consider shale pore pressure estimated from velocity data using Eaton’s
pore pressure transform (Eaton, 1972, 1975):

! V, obs.
p.obs. \3 (7)

_ _ *
u=oy Uv.hyd (

Voner

where V), ops. is the observed shale velocity and Vj, ncr is the expected
shale velocity at a given vertical hydrostatic effective stress le.hyd- The

observed shale velocity is derived from sonic log data by either
employing a gamma ray (variable) and/or deep resistivity (<10 £2 m)
cut-off (cf. Table 1 for an overview of used shale discriminators for each
well) or from VSP data in combination with cutting descriptions.

Drews et al. (2018a) constrained Vj, ycr to velocity data of hydro-
statically pressured shales in the NAFB (Fig. 4) by combining equation
(6) and a porosity-velocity transform for shales (modified from Raiga--
Clemenceau et al., 1986):

v = 5076 m/s * (1 — @) ®

P NCT
Where ¢gnq is the shale porosity, and, according to Drews et al. (2018a)
can be computed as follows in the NAFB (cf. equation (6)):

Pspate = 0-4%exp( — Giv,hyd / 31) (C)]

The resulting normal compaction trend for shale velocity uses ver-
tical effective stress as a proxy for sediment compaction and should thus
only yield reasonable results where overpressure is primarily generated
by vertical loading. Application of this methodology to velocity data in a
fold-and-thrust-belt setting should therefore provide insights on the
impact of horizontal loading, uplift and erosion on compaction and
overpressure generation.

5.3. Extraction of overpressure and velocity-vertical effective stress pairs

Overpressure is extracted from either measured pore pressures (drill
stem tests, wireline formation tests, kicks or kill mud weights) or
maximum pore pressure estimates per stratigraphic unit. The latter also
considers general drilling/logging mud weights and shale pore pressure
estimated from velocity data.

Vertical effective stress is derived from pore pressure and vertical

Foreland Molasse U

Kaufbeuren

Sch Weilheim

g/

:?; - subalpine Molas

Lake Chiemsee

Rosenheim

Fig. 3. Map of the study area along the North Alpine Thrust Front in SE Germany (simplified from Ortner et al., 2015) (see red-dashed rectangle in Fig. 1A for
regional position). Blue and green dots represent hydrocarbon and geothermal wells, respectively, with surface location in the Foreland Molasse. Yellow dots show
the surface location of wells in the Subalpine Molasse (see Table 1 for full well names). Black lines indicate major faults, the grey dashed line marks the northern limit
of the Tilted Molasse (cf. Ortner et al., 2015). The dotted black line in the south marks the German-Austrian Border. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Normal compaction trend (NCT, black dashed line) for velocity data of hydrostatically pressured shales located in the North Alpine Foreland Basin (modified
from Drews et al., 2018a). The inset indicates the surface locations of the wells from which velocity data of hydrostatically pressured shales has been retrieved. TVD

= true vertical depth below ground level.

stress estimates of all wells with velocity data (cf. Table 1). Hereby, pore
pressure profiles for each well are guided by its available pore pressure
indicators. In order to account for the uncertainty related to unresolv-
able lithological variations, shale velocity and estimated vertical effec-
tive stress data pairs are derived by employing two different
methodologies:

1) Gamma ray or deep resistivity guided filtering of sonic logs for shale-
rich sequences and subsequent averaging by using a 30 m moving
window. The resulting average shale velocity profiles are directly
displayed versus estimated vertical effective stress.

2) Computing arithmetic averages of velocity data and vertical effective
stress estimates from the clay-rich Oligocene age formations only for
each well.

6. Results
6.1. Bulk sediment compaction and modelled vertical stress

The inferred initial porosity (¢, equation (6) and workflow

described in section 5.1.2) indicates that sediments are more densified
(lower ¢p) within the wedge at a given depth than outboard in the
foredeep (Fig. 5A). Thereby, ¢o decreases as a function of distance to the
NATF when starting from in front of the wedge (Fig. 5A). In addition,
¢o also decreases from East to West in front of the wedge (Fig. 5B). This
trend is less pronounced at well locations behind the NATF (Fig. 5B).
However, behind of the NATF, ¢, is always lower, when compared to
locations in front of the NATF at similar Easting (Fig. 5B).

The observed densification trends are most likely impacted by
different factors: An eastward change of the depositional environment of
Foreland Molasse sediments towards a more marine setting (cf. Kuhle-
mann and Kempf, 2002) and the onset of overpressure (cf. Drews et al.,
2018a) reflect an increase in clay content and probably under-
compaction from West to East and thus densification in the opposite
direction. However, since the same lithological variations are present
within the Subalpine Molasse (Ortner et al., 2015), the densification
(decreasing ¢g) towards and within the wedge most likely indicates an
increase of compaction either due to uplift/erosion, horizontal loading
or a combination of both processes. We would like to point out that these
findings are in concordance with and expand the preliminary work by
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Fig. 5. Calibrated surface porosity ¢o and modelled vertical stress (in MPa) at all well locations where sufficient velocity data were available. A: Variation of ¢o and
vertical stress at a depth of 4000 m as a function of well distance to the North Alpine Thrust Front. Negative distances indicate wells are located behind (southward)
of the North Alpine Thrust Front. B: Variation of ¢, and vertical stress at a depth of 4000 m as a function of geographical Easting.
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Lohr (1969, 1978), who noted a general increase of seismic velocities
towards the Alps.

Finally, the resulting initial porosities ¢y can be used to model ver-
tical stress (equations (4) and (6), in combination with constant grain
and fluid densities of 2.7 g/cm® and 1.0 g/cm?, respectively). Analogous
to the decrease of ¢, vertical stress then increases towards and into the
wedge (Fig. 5A). Hereby, vertical stress could be up to 7 MPa higher at a
depth of 4 km within or below the wedge when compared to vertical
stress at the same depth in front of the wedge (Fig. 5A and B).

6.2. Pore pressure distribution

6.2.1. Pore pressure in front of the wedge: Mesozoic passive margin
sediments and Foreland Molasse (foredeep)

Although the investigated wells in front of the wedge are in a dis-
tance <10 km to the NATF (cf. Fig. 5A), the relative pore pressure dis-
tribution generally follows previous pore pressure studies in front of the
wedge (Fig. 6) (Drews et al., 2018a; Lemcke, 1976; Miiller et al., 1988).

The Mesozoic Passive Margin Carbonates of early Cretaceous and
late Jurassic age are generally (sub-)hydrostatically pressured, as pre-
viously reported by Lemcke (1976). Overpressure in Upper Cretaceous
and Oligocene shales is increasing from West to East, with hydrostatic
pore pressure in the very Western part of the study area (Fig. 6). In the
East, pore pressure in front of the wedge exceeds 2.0 g/cm® in EMW in
Upper Cretaceous and Oligocene shales (see Vagen 1 and Endorf 2 wells
in Fig. 6). Previously, such magnitudes have only been observed by
maximum drilling mud weights (Miiller and Nieberding, 1996; Miiller
et al., 1988) and can now be confirmed by additional drilling, pore
pressure and velocity data.

Moreover, not only the magnitude of overpressure is increasing from
West to East, but also the vertical thickness of the overpressured zone
(Fig. 6). This can be explained with significantly thicker Chattian,
Rupelian and Upper Cretaceous shale packages in the East of the study
area (cf. Bachmann et al., 1987; Kuhlemann and Kempf, 2002). Upper
Cretaceous shale thickness decreases from >500 m in the East to less
than <100 m in the central part and Cretaceous sediments are
completely missing in the western part of the study area (Fig. 6). The
effect of Upper Cretaceous thickness is also underpinned by a shallower
onset of the pore pressure regression in wells with a significantly thinner
Upper Cretaceous section (cf. Geretsried GEN-1 well on Fig. 6) which is
in agreement with earlier studies by Drews et al. (2018a) and Drews
et al. (2020b).

6.2.2. Pore pressure within the wedge: Subalpine Molasse

In contrast to the overpressure trend in front of the wedge, over-
pressure is decreasing from West to East in the Subalpine Molasse
(Fig. 6). Shale velocity data often yields an underestimate of shale pore
pressure within the wedge, when using a vertical effective stress based
compaction trend and pore pressure transform (cf. equations (7)-(9);
Fig. 6).

Within surface connected thrust sheets of the western Subalpine
Molasse, significant overpressure only builds up within clay-rich for-
mations. For example, very high overpressure is encountered in the
Immenstadt 1 well location while hydrostatic pore pressure prevails
along the Seeg 1 well (Figs. 6 and 7). Nevertheless, the exact structural
position of the Immenstadt 1 well is not known, since the well has been
projected on section 2 (cf. Fig. 3). However, other studies addressing the
deformation style of this area also project the Immenstadt 1 well behind
the triangle zone (e.g. Zerlauth et al., 2014).

Presence of overpressure in the duplexes and/or triangle zone yields
pore pressures in excess of 2.0 g/cm® in EMW (cf. Sulzberg 1 and
Kempten 1/1a on Figs. 6 and 7). In particular, two kicks in the same
lithostratigraphic unit in the Kempten 1 and 1a wells, but from different
thrust sheets of the triangle zone, yield overpressure magnitudes of 34
MPa at 3380 m and 47 MPa at 4160 m, respectively (Fig. 7, section 2).
These very high overpressure kicks provide direct evidence of the

Marine and Petroleum Geology 143 (2022) 105806

extreme pore pressure contrast between the overpressured wedge and its
hydrostatically pressured foredeep in the western part of the study area
(cf. Elbsee 1 on Figs. 6 and 7).

In the central and eastern part of the Subalpine Molasse, the triangle
zone is less expressed or missing (Fig. 8), because emergent forethrusts
take up almost all shortening and the triangle zones were abandoned
before they could grow large. Only intermediate overpressure (1.4-1.6
g/cm3 in EMW) can be observed in these isolated duplexes (cf. Gram-
bach 1 well on Figs. 6 and 8) and in Oligocene age shales of the surface
connected thrust sheets (cf. well data in the Subalpine Molasse east-
wards of Kaufbeuren on Figs. 6 and 8).

6.2.3. Pore pressure below the wedge (footwall): subducted Mesozoic
passive margin sediments and subducted Foreland Molasse

In contrast to their counterparts in front of the wedge, subducted
Mesozoic Passive Margin Carbonates (Lower Cretaceous and Upper
Jurassic) below the Subalpine Molasse can be significantly over-
pressured (Figs. 6-8), although a pressure regression is usually still
observable (cf. Sulzberg 1 and Miesbach 1 wells, Fig. 6).

The subducted parts of the Foreland Molasse (Oligocene shales) and
Upper Cretaceous shales are always highly overpressured with pore
pressures that translate to EMWs between 1.8 and 2.3 g/cm® (Fig. 6).
Also, estimated shale pore pressure from velocity data yields a good
match with observed pore pressure magnitudes (Fig. 6). However, some
uncertainty is related to the pore pressure magnitudes around the basal
detachment in the central part of the study area. Here, pressure might
drop below the basal detachment to increase again in the fairly thick
subducted Foreland Molasse where it converges towards lithostatic
stress. This possible pressure inversion is usually highlighted by a
discrepancy between pore pressure indicators from drilling data and
velocity data (cf. question marks of Grambach 1, Staffelsee 1 and
Oberhof 1 wells on Fig. 6) and could be related to shear enhanced
compaction in the detachment. However, these inconsistencies require
further investigation, for example pore-scale analysis of core samples
from the detachment and/or numerical modelling of deformation-
driven compaction along the NATF.

6.2.4. Regional overpressure trends within, below and in front of the wedge
In the study area, an upper limit overpressure u; , increases linearly
with TVD (black dotted line in Fig. 9A):

‘max

MP,
W =0.0194—2+TVD — 33.47MPa (10
m

Compared to the foredeep, overpressure onsets at shallower depths
within the wedge (Fig. 9B). Pore fluids within the wedge are supporting
up to 60% of the vertical overburden load at 3000 m and more than 70%
below 4000 m (Fig. 9B). The shallowest onset of overpressure is within
shales of the forethrusts at depths below 2000 m. Below 3000 m,
overpressure also reaches the maximum overpressure trend (u,,,
equation (10)) in the triangle zone and duplex thrusts (Fig. 9B). In front
and below the wedge, overpressure is approaching u _ below 4000 m.
Within Mesozoic Passive Margin Carbonates, ovepressure can also be
observed below 4000 m and quickly converges towards u,,at depths
>5000 m (Fig. 9B).

Based on u,,, a range of A, can be calculated. The range results
from variable ¢o used to model vertical stress (cf. Fig. 5), which is
required to calculate 1* (cf. equation (3)). Interestingly, A . extrapo-
lates to values > 0.95 at depths of 6-8.5 km, when speculating that u;,
keeps linearly increasing according to equation (10) (Fig. 9A and B). The
resulting depth range correlates with the depth where the basal
detachment and post-Mesozoic footwall below the Subalpine Molasse
converge towards a subhorizontal dip (cf. Figs. 6-8). Natural seismic
focal depths below the Subalpine Molasse roughly coincide with this
depth range, too (Department Of Earth And Environmental Sciences,
2001).

*

‘max
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6.3. Velocity as a function of vertical effective stress in front, within and
below the wedge

Cenozoic and Mesozoic shale velocity and average velocity of
Oligocene age sediments are investigated as a function of estimated
vertical effective stress to assess the role of horizontal loading, uplift and
erosion on compaction and overpressure development in front, within
and below the wedge (Fig. 10).

Shale velocity from wells located in front of, but very close to, the
wedge (Fig. 10A, D) still follows the NCT calibrated to hydrostatically
pressured shales in the NAFB. However, a diversion towards faster ve-
locities can also be seen in velocity data of shales, which currently
experience a vertical effective stress of less than 10 MPa (Fig. 10A).
These elevated velocities are mostly related to the shallower sequences
of the Upper and Lower Freshwater Molasse, Brackish Molasse and
Upper Marine Molasse (cf. Fig. 2), all of which are characterized by
alternating sequences of shale, sandstone and carbonate-rich sediments.
The resulting heterolithic character complicate the process of consistent
shale picking, which is likely the reason for higher velocites.

Sediments within the wedge (Subalpine Molasse) have significantly
faster velocities (Fig. 10B, D) over a similar range of vertical effective
stress when compared to the NCT by Drews et al. (2018a) and shales in
front of the wedge (Fig. 10A). With increasing vertical effective stress,
the discrepancy between shale velocity in the wedge and in front of the
wedge is decreasing (Fig. 10D). However, a clear distinction between
horizontal loading and uplift/erosion is not possible on the basis of ve-
locity data only (Fig. 10D).

The present day loading conditions below the wedge follow the same
velocity-vertical effective stress trend that has been observed in front of
the wedge (Fig. 10C). Shale velocity (subducted Foreland Molasse and
Mesozoic Passive Margin Sediments) and average velocity data from
Oligocene sediments in the footwall follow the NCT of Drews et al.
(2018a) over a large range of vertical effective stresses (Fig. 10C and D).

7. Discussion

7.1. Overpressure vs vertical loading, uplift/erosion and horizontal
loading along the NATF

The heterogeneous pore pressure distribution along the NATF in SE
Germany allows for an interpretation of the relative timing of over-
pressure generation in front, within and below the wedge. In combina-
tion with the presented velocity-vertical effective stress relationships,
the role of horizontal vs vertical loading in front, within and below the
wedge can be assessed.

7.1.1. Overpressure development and loading in front of the wedge

In front of the wedge, velocity data correlates well with vertical
effective stress and shale velocity matches the NCT previously estab-
lished in the NAFB (Drews et al., 2018a) (Fig. 10). Thereby, overpressure
in the central and eastern parts matches peak sedimentation and burial
rates during late Oligocene and early Miocene times (Drews et al.,
2018a; Kuhlemann and Kempf, 2002; Zweigel, 1998). Accordingly,
overpressure in front of the wedge can be assumed to be predominantly
a result of vertical loading due to rapid subsidence/sedimentation and
the presence of thick low-permeability shale packages in the central and
eastern parts of the study area. Nevertheless, hydrostatic pore pressure
prevailed in the western part in front of the wedge (cf. Fig. 6), which is
likely related to the lithological shift towards less clay-rich and more
permeable sediments and the absence of Upper Cretaceous shales (cf.
Bachmann et al., 1987; Kuhlemann and Kempf, 2002) (cf. Fig. 2).

7.1.2. Overpressure development and loading within the wedge

In the west, overpressure is not present in front of the wedge (cf.
Fig. 6), suggesting that significant overpressure has likely never built up
in this part of the foredeep. Consequently, the observed significant
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overpressure in the western parts of the wedge (cf. Fig. 6) has most likely
been generated syntectonically. Even compared to the overpressured
parts of the foredeep, overpressure develops with higher magnitudes at
shallower depth in the wedge than in front of the wedge (Fig. 9), while
velocity does not follow the vertical effective stress trend of the foredeep
(Fig. 10). Only below 4000 m overpressure magnitudes match magni-
tudes in front of the wedge (Fig. 9), which is probably marking the depth
where vertical loading also dominates within the wedge. Consequently,
mechanisms in addition to vertical loading are contributing to over-
pressure development within the wedge at depths shallower than 4000
m.

A precise assessment of the possible role of uplift, erosion, horizontal
and vertical loading within the wedge would require more detailed
analyses, such as pore scale compaction studies of core samples from the
wedge. Still, some general conclusions regarding overpressure devel-
opment and loading within the wedge can be made based on the pre-
sented pore pressure and velocity data:

Within the triangle zone and duplex thrusts, uplift/erosion is mini-
mal in comparison to shortening (Fig. 7) and horizontal loading is most
likely the key driver of overpressure development.

Within imbricates in the western part of the study area, uplift/
erosion can be assumed to amount several 100s-1000 s m, depending on
the structural position (Fig. 7). Here, overpressure develops at the
shallowest depths in the entire study area (Fig. 9) and uplift/erosion is
eventually an additional source of overpressure.

In the central and eastern imbricates of the wedge, pore pressure is
less than in front of the wedge (Fig. 6). Excess pore pressure has thus
never been developed or has been released during uplift/erosion. Miiller
et al. (1988) also suggest that bedding parallel pressure release towards
the surface along the tilted forethrusts might be a possible cause of
reduced or missing overpressure.

7.1.3. Overpressure development and loading below the wedge (subducted
Foreland Molasse sediments)

Velocity data indicate that vertical loading is probably dominating
below the wedge in the entire study area (Fig. 10). Since hydrostatic
pore pressure prevails in front of the western wedge, overpressure in the
western footwall (subducted Foreland Molasse), must have also devel-
oped syntectonically as a result of rapid vertical loading due to the
advancing thrust front. Rapid overthrusting of the western footwall is in
agreement with the structural-kinematic model proposed by Ortner
et al. (2015). In the central and eastern part of the study area, over-
pressure below the wedge is probably less influenced by overthrusting,
since the sediments have already been overpressured due to fast basin
subsidence and high sedimentation rates (Drews et al., 2018a, 2020b)
(Fig. 6).

7.1.4. Overpressure development and loading below the wedge (Mesozoic
Passive Margin Carbonates)

In addition to rapid vertical loading, overpressure in Mesozoic Pas-
sive Margin Carbonates below the wedge is most likely also a result of
deteriorated reservoir quality. In front of the wedge, Mesozoic Passive
Margin Carbonates normally display exceptional hydraulic properties
and connectivity: hydrothermal production from Upper Jurassic car-
bonates often exceed flow rates of 360 m>/h (Agemar et al., 2014a) and
the pressure regime is consistently (sub-)hydrostatic, following the hy-
draulic head of the Danube River - even at depths of 4000 m below
ground level (Lemcke, 1976). However, this is not the case for deep
geothermal projects which are closest to the NATF. Here, five out of six
projects either failed due to poor reservoir quality of the Upper Jurassic
carbonates or produce at significantly reduced flow rates (BVG, 2019;
Drews et al., 2022; Drews et al., 2020a; Flechtner and Aubele, 2019).
Accordingly, a loss of hydraulic connectivity has been observed by a
decrease of matrix permeability and porosity of Upper Jurassic car-
bonates with increasing effective stress (Bohnsack et al., 2020, 2021).
Thereby, the role of diagenetically-driven fault sealing could also be a
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possible mechanism (cf. Figs. 7 and 8).

We therefore speculate that reservoir quality of Mesozoic Passive
Margin Carbonates is first reduced by mechanical and chemical
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Fig. 9. Measured and estimated overpressure as a
function of depth. Bordered symbols mark actual
measured pressures from drill stem test, wireline for-
mation test or kick data. Data points with borderless
symbols have been retrieved from interpreted/
modelled pore pressure, drilling/logging mud weights
and vertical stress profiles (cf. Fig. 6). A: Overpressure
in MPa vs true vertical depth TVD below ground level.
A maximum overpressure trend can be modelled by
equation (10) (black dotted line). B: Overpressure
expressed as A*. The black dotted lines and grey
shaded area indicate the range of the maximum
overpressure trend constrained in Fig. 9A (see text).
The inset shows the range of the maximum over-
pressure trend, when extrapolated to depths of
6000-8500 m. The legend of Fig. 9A also applies to
Fig. 9B. MPMC Mesozoic Passive Margin
Carbonates.

compaction and local fault sealing at depths greater than 4000 m. This

self-sealing process might then prevent further hydraulic communica-
tion and dewatering towards the Danube River in the north of the NAFB.
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Fig. 10. Shale velocity as a function of interpreted vertical effective stress. A-C: Quantitatively derived shale velocity vs vertical effective stress from wells located in
front of the wedge (A), within the wedge (Subalpine Molasse) (B) and below the wedge (C). Pale small symbols represent all velocity data filtered for shale-rich
sequences using either gamma ray or deep resistivity cut-offs and subsequent 30 m-moving average smoothing. Black-bordered larger symbols show average ve-
locities within Oligocene age formations. D: Zoom into average velocities as a function of interpreted vertical effective stress within Oligocene age formations. The
arrows indicate the theoretical impact of horizontal loading, vertical loading, uplift and erosion on velocity and vertical effective stress. NCT = normal compaction
trend from Drews et al. (2018a) calibrated to hydrostatically pressured shales in front of the wedge.
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Secondly, overpressure possibly develops and quickly converges to-
wards lithostatic magnitudes in the self-sealed carbonates due to the
additional and rapidly occurring vertical load of the advancing wedge.

7.2. Comparison with other fold-and-thrust-belt systems and implications
for the N-S extent of the transition zone between horizontal and vertical
loading along the NATF

The above described interpretation of overpressure development and
sediment compaction matches the generic loading pattern of other
onshore fold-and-thrust-belt and foreland basin systems like the Assam
foreland basin in NE India (Dasgupta et al., 2019) or well-studied
offshore accretionary prisms such as the Nankai accretionary prism
(Flemings and Saffer, 2018; Karig, 1986; Saffer and Tobin, 2011; Tsuji
et al., 2008), Sabah fold belt (Couzens-Schultz and Azbel, 2014),
Barbados Ridge complex (Bangs et al., 1990; Saffer and Tobin, 2011;
Yaolin and Chi-Yuen, 1988) or the Oregon accretionary prism (Cochrane
et al., 1994). In all these locations, horizontal loading impacts the
wedge, while vertical loading conditions control compaction and over-
pressure formation in front and below the wedge.

Numerical modelling of fold-and-thrust-belt systems have also
reproduced these patterns and also indicate that the transition from
wedge conditions (horizontal loading contributes) to far-field conditions
in front of the wedge (vertical loading dominates) can span only a few
kilometers (Gao et al., 2018; Obradors-Prats et al., 2017). Our study
allows us to confirm such a narrow transition zone for onshore
fold-and-thrust-belts: all wells in front of the wedge are in a distance of
less than 10 km to the NATF and indicate vertical loading is predomi-
nant. We therefore propose that the lateral transition zone between
horizontal loading and vertical loading conditions along the NATF must
be smaller than 10 km and is likely confined to the zone between the
northern limits of the Subalpine Molasse and Tilted Molasse (cf. Figs. 2B
and 3). This idea is supported by strain analysis based on the deforma-
tion of clastic components within Cenozoic conglomerates from
different structural elements of the Molasse Basin (wedge — foredeep —
forebulge) which indicate a thrust-dominated regime within the wedge
and strike-slip or normal faulting regime, respectively, within the
Foreland Molasse (Schrader, 1988).

8. Conclusions

Overpressure, vertical stress, compaction and horizontal loading
along the North Alpine Thrust Front (NATF) have been investigated
using drilling and velocity data of 20 wells and previously published
interpreted seismic cross-sections.

In general, compaction increases towards and behind the NATF,
which results in significant differences of vertical stress magnitudes in
front and behind the NATF.

Overpressure is increasing from West to East in front of the wedge
and decreases from West to East in the wedge. Below the wedge, over-
pressure is always present and close to lithostatic stress. Mesozoic Pas-
sive Margin Carbonates (Lower Cretaceous and Upper Jurassic), which
provide a prolific deep geothermal reservoir in the NAFB and are nor-
mally sub-hydrostatically pressured in front of the wedge, can also be
overpressured towards and below the wedge, indicating a loss of hy-
draulic connectivity with increasing depth and vertical effective stress.
The onset of overpressure in Mesozoic Passive Margin Carbonates could
therefore be a useful indicator for poor reservoir quality and an
increased exploration risk, as underpinned by recently failed deep
geothermal projects close to the wedge.

The general loading pattern along the NATF matches loading pat-
terns of other onshore fold-and-thrust-belt systems and offshore accre-
tionary prisms: Vertical loading controls compaction and overpressure
formation in front and below the wedge. In front of the wedge, vertical
loading is most likely related to basin subsidence and sedimentation,
whereas below the wedge, vertical loading is mainly due to rapid
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overthrusting. Overpressure within the wedge is generated syntectoni-
cally by horizontal loading within duplex thrusts and eventually uplift/
erosion in imbricates in the western part of the study area, while in the
eastern part of the study area, overpressure has either never built up in
isolated imbricates of the wedge or dissipated during uplift/erosion. The
lateral transition from horizontal loading conditions within the wedge to
vertical loading conditions in front of the wedge likely only comprises a
few kilometers (<10 km) and probably coincides with the extent of the
Tilted Molasse.

In addition to an improved regional understanding of the NATF, and
the implications for local deep geothermal exploration, the results of our
study also provide a unique reference case for overpressure development
in onshore fold-and-thrust-belts and are of relevance to specialists
working in the fields of geomechanics, structural geology and
geodynamics.
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