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Abstract. We systematically analysed density and velocity data from 41 boreholes to establish velocity-density 

relationships for the main lithological units in the North Alpine Foreland Basin in SE Germany. We applied these 

relationships to velocity data and spliced the resulting density values with actual density data and a shallow density 

model to retrieve complete density profiles along 55 deep wellbores, which at least penetrated the Cenozoic section 10 

in the study area. We integrated density profiles to vertical stress to investigate the spatial distribution of vertical 

stress gradients. Thereby, we observed an eastward decrease of vertical stress gradients, which correlates well with 

the geological configuration of the North Alpine Foreland Basin in SE Germany. Thereby, vertical stress gradient 

profiles can be reasonably estimated as a function of true vertical depth below ground level TVD in the western, 

central, and eastern parts of the study area using a power law relationship: 15 
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In addition, we also investigated the distribution of vertical stress gradients at the top of Upper Jurassic carbonates, 

an important aquifer for deep geothermal energy production. Our study, therefore, provides a valuable resource 

for future geophysical, geomechanical, and geological studies in the North Alpine Foreland Basin, both in a 

fundamental and applied research context. 
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1 Introduction 

Knowledge of the stress field in the Earth’s crust is a key prerequisite to understand geological processes and to 

mitigate risks associated with the economic usage of the subsurface (Allen and Allen, 2013; Zoback, 2007). 

Hereby, vertical stress is often assumed to be one of the principal stresses of the stress tensor and the first stress to 

be estimated since its magnitude at any depth largely depends on the weight of the overlying material (Zoback, 30 

2007). The weight of the overlying sediments can be estimated if the density of the material is known. Density in 

the subsurface can be determined along boreholes by measuring the energy loss between a gamma ray source and 

a detector (Asquith and Krygowski, 2004). The density of rocks thereby averages the density of the grains or 

matrix of the rock and the fluid stored in its pore space and is, therefore, directly related to the rock’s porosity 

(Asquith and Krygowski, 2004). Acoustic wave velocity through rocks or its inverse, the acoustic slowness, 35 

correlates well with density and porosity of different rock types. Several authors have investigated this correlation 

and established relationships that are widely used in geophysics and rock physics applications (e.g. Gardner et al., 

1974; Raiga-Clemenceau et al., 1986; Wyllie et al., 1956). In sedimentary basins, the density typically increases 

with depth due to compaction (Allen and Allen, 2013), which also impacts the increased rate of vertical stress with 

vertical depth below ground level, also known as vertical stress gradient. The intensification of compaction 40 

typically is highest at shallow depth before it converges towards grain or matrix densities of the buried sediments 

at greater depths. This reduction of porosity or increase of density with increasing depth has been previously 

described by exponential or logarithmic functions for sedimentary rocks (e.g. Athy, 1930; Sclater and Christie, 

1980; Yang and Aplin, 2004; Couzens-Schultz and Azbel, 2014). 

In this study, we investigate velocity-density relationships of main lithological units and the distribution of vertical 45 

stress gradients in the SE German part of the North Alpine Foreland Basin. To do this, we first correlate - depending 

on the lithological composition - acoustic velocities from high-resolution sonic logs with quality-controlled density 

logs from 41 wells by modifying Gardner’s relationship (Gardner et al., 1974). We use these lithologically 

constrained velocity-density relationships to create density profiles in 55 boreholes with velocity data and 

lithological information that have at least penetrated the entire Cenozoic basin fill. We complement these profiles 50 

with a shallow density model calibrated to density and density-transformed velocity data using an exponential 

density-depth relationship (Couzens-Schultz and Azbel, 2014). In a third step, these density profiles are integrated 

into vertical stress to acquire vertical stress gradient profiles at each of the 55 drilling locations. In addition, we 

derive geographically constrained vertical stress gradient models as a function of true vertical depth below ground 

level using a power law relationship to provide a practical tool for future vertical stress modelling. The resulting 55 

distribution of vertical stress gradients is shown on maps and placed into context with the geological conditions 

and deep geothermal energy use in the North Alpine Foreland Basin in SE Germany.  

2 The North Alpine Foreland Basin in SE Germany 

The North Alpine Foreland Basin (NAFB) is located in Central Europe and extends from Lake Geneva in the West 

to Upper Austria in the East (Kuhlemann and Kempf, 2002). Our study area encompasses the SE German 60 

(Bavarian) part of the NAFB. Here, the NAFB deepens towards the North Alpine Thrust Front (Fig. 1a), which 

separates the undeformed foreland part (Foreland Molasse) from the deformed part (Folded Molasse) and the 

Northern Alps (Fig. 1b). In front of the North Alpine Thrust Front, the Cenozoic basin fill of the NAFB reaches 

thicknesses of up to 5 km (Bachmann and Müller, 1992; Bachmann et al., 1987; Lemcke, 1973; Pfiffner, 1986). 
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This asymmetric wedge shape (Fig. 1b) was generated by the flexural subsidence of the European plate in 65 

consequence of the continental convergence of the African and European plates and is filled with Cenozoic 

molasse sediments (Bachmann and Müller, 1996; Bachmann et al., 1987; Pfiffner, 1986) (Fig. 2). The lateral extent 

of the Folded Molasse, which is largest in the western part of the study area, reflects the clockwise rotation of the 

North Alpine Thrust Front during late Oligocene – early Miocene and an associated westward increase of strain 

(Ortner et al., 2015). Below the basin fill, Mesozoic passive margin sediments and Variscan crystalline basement 70 

rocks can be found (Bachmann et al., 1987).  

While Upper Jurassic deposits are present in the entire study area, Lower Cretaceous, Upper Cretaceous and 

Eocene sediments are missing in the Western part, with a SE-NW increasing erosion (Bachmann et al., 1987). The 

sedimentary succession of the Cenozoic can be attributed to two transgressive-regressive megacycles, both of 

which are defined by an eastward marine regression changing the depositional environment from a marine to a 75 

terrestrial setting (Fig. 2). Consequently, terrestrial sediments (sandstones) are dominating in the western part 

while marine sediments (shales and marls) prevail in the eastern part of the NAFB in SE Germany (Bachmann and 

Müller, 1996; Bachmann and Müller, 1992; Bachmann et al., 1987; Kuhlemann and Kempf, 2002). Since 

Late/Middle Miocene, sand and coarse-grained clastics were deposited (Kuhlemann and Kempf, 2002) (Fig. 2). 

The NAFB in SE Germany has been extensively explored by the oil and gas industry in 1950-1980s (Bachmann 80 

et al., 1981; Lemcke, 1979) and more recently for deep geothermal energy extraction (Flechtner and Aubele, 2019; 

Schulz et al., 2017). Hereby, knowledge of stress magnitudes is critical to mitigate drilling and production risks 

such as wellbore instabilities and induced seismicity, in particular for deep geothermal energy drilling and 

production (Drews et al., 2022; Megies and Wassermann, 2014). Overall, more than 900 deep wells have been 

drilled in the SE German part of the NAFB and along many of them density, sonic and/or seismic interval velocities 85 

were measured, but only became publicly accessible recently (Großmann et al., 2024). As a consequence, stress 

magnitudes and even the stress regime of the NAFB are subject to controversy in the scientific community. While 

this controversy mostly addresses the magnitudes of horizontal stresses (Budach et al., 2018; Drews and Duschl, 

2022; Drews et al., 2019; Seithel et al., 2015; Von Hartmann et al., 2016; Ziegler and Heidbach, 2020), the actually 

much easier vertical stress estimation has only been addressed and investigated by a few studies so far. Thereby, 90 

most studies estimated vertical stress as a necessary requirement to investigate other geomechanical phenomena. 

While some studies assumed a constant vertical stress gradient (Seithel et al., 2015) or average density values per 

stratigraphy (Budach et al., 2018) published from other areas of the NAFB (Leu et al., 2006), others introduced 

compaction dependent vertical stress estimates (Drews et al., 2018; Drews and Duschl, 2022; Drews et al., 2020; 

Drews et al., 2019). Regional studies utilize numerical modelling to estimate vertical stress (Ahlers et al., 2021; 95 

Ahlers et al., 2022; Ziegler and Heidbach, 2020; Ziegler et al., 2016), but are subject to large uncertainties due to 

data limitations.  
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Figure 1: Location and overview of the study area and used well datasets. a) Study area (red outline) and used well 
locations for the calibration of the velocity-density transform (Dataset A with black markers) and for the generation of 100 
vertical stress gradient profiles (Dataset B with orange markers). The Lauterbach 1 (LAU) and Bromberg 1 (BRO) 
wells are highlighted to showcase density profiles in Fig. 5b and c. The inset in the upper left corner shows an overview 
map of the North Alpine Foreland Basin after Kuhlemann and Kempf (2002) and the area of interest (red box). b) 
Cross-section (black line in Fig. 1a) showing the asymmetric basin geometry from north to south (after Reinecker et al., 
2010). 105 

Only very few studies incorporated density and velocity data to analyse compaction or stress in the NAFB (Drews 

et al., 2018; Drews and Duschl, 2022; Drews et al., 2020; Drews et al., 2019; Lohr, 1969, 1978). Lohr (1969) and 

Lohr (1978) found that seismic velocities in the NAFB increase towards the South and West and attributed this 

effect to a general increase of stress magnitudes. Drews et al. (2018) and Drews et al. (2019) fitted an Athy-type 

porosity decay function (Athy, 1930) modified for vertical effective stress to an average density profile based on 110 

density and velocity data from a few wells to integrate vertical stress profiles. They also found that Gardner’s 

average velocity-density relationship (Gardner et al., 1974) reasonably captures the velocity-density correlation of 

sediments in the NAFB in SE Germany, but only presented a model, which reflects the average density profile 

along the investigated wells. Drews and Duschl (2022) used the same Athy-type porosity decay function to model 
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vertical stress in 18 deep wells distributed along both sides of the North Alpine Thrust Front. They found that 115 

vertical stress gradients are mainly increasing towards the North Alpine Thrust Front and southward of it, and, in 

a less pronounced fashion, also from East to West. Drews and Duschl (2022) interpreted the southward increase 

as  a result of increased horizontal compaction towards the Alps and the eastward decrease to reflect changes in 

lithological composition and undercompaction due to overpressure presence.  

 120 

 
Figure 2: Chronostratigraphic chart of the North Alpine Foreland Basin in SE Germany modified from Drews et al. 
(2018) after Kuhlemann and Kempf (2002) and Bachmann and Müller (1992). 

Overpressure in the NAFB is present due to high sedimentation rates during Late Oligocene and Early Miocene 

times (Drews et al., 2018; Zweigel, 1998) and can be found in Oligocene and Upper Cretaceous sediments (Drews 125 

et al., 2018; Müller and Nieberding, 1996; Müller et al., 1988), which is reflected by low interval velocities and 

electrical resistivities (Drews et al., 2018; Drews and Duschl, 2022; Rizzi, 1973; Shatyrbayeva et al., 2024). Since 

disequilibrium compaction is believed to be the main overpressure mechanism (Drews et al., 2018; Drews et al., 

2020), the presence of overpressure possibly impacts density and, thus, vertical stress. Overpressure appears in the 

south and south-eastern parts of the study area and roughly follows the distribution of Upper Cretaceous shales, 130 

which are missing in the north-western part of the study area (Drews et al., 2018; Shatyrbayeva et al., 2023; 

Shatyrbayeva et al., 2024). The top of overpressure is usually tied to the top of Oligocene shales and is not found 

at depths above 1500 m below ground level (Drews et al., 2018; Shatyrbayeva et al., 2023). In contrast, Lower 

Cretaceous and Upper Jurassic carbonates roughly follow the hydraulic head of the Danube River in the North 

over geological timescales and are underpressured (Lemcke, 1976), which results in a sharp pressure regression if 135 

the overburden is overpressured (cf. Drews et al., 2022). 
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3 Data and methods 

In total, the dataset comprises of 78 deep oil and gas wells drilled in the North Alpine Foreland in SE Germany 

(cf. Großmann et al., 2024 for a detailed description of the data sources). We split the dataset into two subsets to 

a) establish lithologically constrained velocity-density relationships (Dataset A) and to b) use these relationships 140 

to generate and model continuous density and vertical stress profiles along deep wells in the NAFB in SE Germany 

(Dataset B) (Fig. 1a and Table 1). Dataset A contains 41 wells with overlapping sonic velocity and density data 

from geophysical borehole measurements and lithological information from cutting descriptions. Dataset B 

encompasses 55 wells which have at least penetrated the entire Cenozoic basin fill and which have either measured 

density, sonic velocity or seismic interval velocity in addition to lithological information from cutting descriptions. 145 

Seismic interval velocities are derived from vertical seismic profiles and checkshots. Information on stratigraphic 

tops and cutting descriptions are extracted from geological end of well reports. In addition, wells of Dataset B are 

not allowed to have data gaps larger than 30 m except for the shallow section (< 1500 m vertical depth below 

ground level). Eighteen wells are part of both Dataset A and Dataset B (Table 1).  

 150 
Table 1: Wellnames, well locations, dataset membership and coverage of considered data sources for complete density 
profiles in percent. 

Wellname 
Easting Northing 

Dataset 
ρb DT Vint Shallow ρb-model 

[GK-Zone3] [GK-Zone3] [%] [%] [%] [%] 
Aitingen 1 3633108 5343026 A + B 72 17 7 4 
Allershausen 1 3693032 5370061 B 0 0 72 28 
Almertsham C3 3747589 5315874 A - - - - 
Altensteig 1 3614191 5319589 A + B 19 67 11 3 
Anzing 3 3710871 5336680 B 0 92 7 1 
Arlesried 1 3601094 5329898 A - - - - 
Attel 1 3732498 5323993 A + B 17 66 14 3 
Balzhausen 1 3609710 5344235 B 0 48 45 7 
Birnbach 5 3800774 5376767 A - - - - 
Bodenkirchen 1 3753875 5365979 A + B 39 39 20 2 
Bonbruck 1 3750695 5368819 B 0 0 87 13 
Brombach 1 3795599 5374319 A - - - - 
Bromberg 1 3776038 5322287 A + B 21 67 10 2 
Buch 1 3587080 5343460 B 0 0 84 16 
Dietershofen 1 3586760 5346050 B 0 0 84 16 
Doepshofen 1 3626512 5349133 B 0 0 76 24 
Eggstaett C1 3755955 5315546 A - - - - 
Eigelwald 1 3762453 5341158 B 0 89 6 5 
Elbsee 1 3615871 5298328 B 0 0 95 5 
Emmersdorf 1 3794880 5388036 A + B 73 23 3 1 
Endlhausen 1 3693234 5314903 A + B 50 45 5 0 
Erisried 1 3608609 5321614 B 0 76 18 6 
Frickenhausen 1 3597410 5327330 B 0 59 31 10 
Fuessing 1 3819610 5366465 B 0 0 88 12 
Garching 1 3766720 5339770 A + B 28 63 7 2 
Giftthal 1 3747313 5364083 B 0 78 13 9 
Grucking 1 3721857 5361744 B 0 0 66 34 
Haimhausen 2 3687679 5355705 B 0 36 42 22 
Hebertshausen 1 3681210 5352544 A + B 44 49 4 3 
Heimertingen 1 3585770 5321430 B 0 0 99 1 
Hofolding 1 3702024 5320847 A + B 17 76 7 0 
Irlach C1 3743720 5317263 A - - - - 
Isen-Dogger 1 3733480 5347448 B 0 91 7 2 
Jedesheim 1 3582140 5340380 B 0 0 63 37 
Kaufbeuren 1 3633043 5308573 B 0 0 49 51 
Kinsau 2 3643758 5309716 A + B 3 90 5 2 
Kirchheim C1 3781222 5328779 A - - - - 
Kirchisen 1 3759503 5356241 A - - - - 
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Klosterbeuren 1 3593930 5330640 B 0 0 82 18 
Lauterbach 1 3616090 5347049 A + B 34 29 21 16 
Legau 1 3588180 5298680 B 0 0 100 0 
Mattenhofen 1 3713917 5318622 B 0 83 16 1 
Mering 1 3640312 5347661 A + B 90 10 0 0 
Mittelstetten 1 3633449 5341164 A + B 66 7 24 3 
Moosburg 1 3716841 5372652 B 0 0 83 17 
Muenchsdorf 1 3732941 5372432 B 0 0 55 45 
Oberrieden 1 3606340 5327840 B 0 0 94 6 
Opfenbach 1 3563310 5276740 B 0 86 13 1 
Pfarrkirchen 1 3791305 5377281 B 0 85 6 9 
Pierling A1 3770615 5319752 A - - - - 
Pless 2 3587430 5329040 B 0 87 9 4 
Poering 1 3709405 5333378 A - - - - 
Reichertshausen 1 3685237 5373265 B 0 39 14 47 
Rettenbach C1 3772592 5314865 A - - - - 
Rieden 3 3605344 5330686 A - - - - 
Rimsting C1 3749730 5311951 A - - - - 
Scherstetten 1 3621332 5340584 B 0 0 86 14 
Schmidhausen A2 3726856 5313867 A - - - - 
Schnaitsee 7 3752143 5331016 B 0 67 21 12 
Schongau 1 3651010 5302504 A + B 25 66 6 3 
Schwabegg 1 3626859 5340150 B 0 0 89 11 
Schwabmuenchen 1 3629287 5341453 B 0 0 96 4 
Seeham C1 3717215 5305624 A - - - - 
Soehl 1 3718770 5317643 A - - - - 
StLeonhard C1 3777709 5315529 A - - - - 
Tacherting 1 3765537 5331338 A + B 9 84 6 1 
Teisenham 1 3747561 5314926 A - - - - 
Teising 1 3758436 5363071 A - - - - 
Trostberg A1 3768410 5324674 A - - - - 
Unterbrunn 1 3671892 5328896 B 0 0 96 4 
Unterkammlach 1 3607030 5326190 B 0 0 88 12 
Utting 2 3650760 5321594 A + B 0 94 5 1 
Walchenberg 1 3775455 5316870 A - - - - 
Weitermuehle1 1 3739183 5349822 A - - - - 
Winzer 1 3604690 5341805 B 0 22 70 8 
Wurmannsquick 1 3779989 5362316 A + B 13 77 0 10 
Zaisertshofen 1 3615464 5332448 B 0 0 87 13 
Zaissberg C4 3736126 5313742 A - - - - 
ρb: quality-controlled density data from density log; DT: sonic velocity data from sonic log; Vint: seismic interval velocity data from 
vertical seismic profiles of checkshots; Shallow ρb-model: shallow density model (equation 4) 

 

In order to establish lithologically constrained velocity-density relationships and to generate and model vertical 

stress gradient profiles, we follow a four-step workflow, which will be explained in more detail in the subsections 155 

below: 

1. Retrieving standardized lithological information and quality control of density data 

2. Establishing lithologically constrained velocity-density relationships based on wellbores, along which 

both density and sonic velocity have been measured 

3. Generation of complete density profiles along wellbores which at least penetrated the Cenozoic basin fill 160 

by splicing density data and density-transformed velocity data (using the velocity-density relationships 

from step 2) with modelled densities in the shallow section; this step includes a homogenisation of litho-

stratigraphic information from cutting descriptions with density and sonic/seismic velocity data from 

geophysical borehole logging  

4. Integration of continuous density profiles from step 3 to calculate vertical stress gradient profiles and 165 

establishing practical vertical stress gradient models as a function of true vertical depth below ground 

level 
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3.1 Lithological information and quality control of density data 

3.1.1 Lithological information 

Lithological information is required to constrain lithology-dependent velocity-density relationships and to use 170 

these relationships to transform velocity to density where no measured density data was available. We grouped 

lithological information from cutting descriptions of Mesozoic and Cenozoic sections of the analysed wells into 

five main lithological units: coarse-grained clastics (gravel and conglomerates), carbonates (limestones, 

dolostones), sandstones (clean, marly or clayey calcareous and siliciclastic sandstones and siltstones), marls (clean, 

silty or sandy marls) and shales (clean, silty or marly clays and claystones). Other lithologies, such as coal, have 175 

only been recorded in accessory amounts and are neglected in our study. 

Two deep wells in the southwest of the study area, Heimertingen 1 and Legau 1, only have little or no lithological 

information from cutting descriptions or core samples. However, both wells are important for geographic coverage 

of the study area, and we generated average synthetic lithological columns based on the information of the 

immediate offset wells. 180 

3.1.2 Quality control of density data 

Density data in the NAFB is often impeded by borehole breakouts and washouts (cf. Reinecker et al., 2010). Since 

the density tool requires physical contact with the borehole wall, the quality of density data is challenged in these 

intervals. To exclude sections of questionable quality from the density dataset, we use two quality measures: 

1. The ratio between the actual borehole diameter from the caliper log and the used drill bit size is not 185 

allowed to exceed a critical value of 1.10  

2. The bulk density correction value DRHO, which is an indicator of the quality of the measurement at each 

data point, has to be lower than 0.05 

These strict cut-off values delimit the amount of utilized density-sonic data pairs by 51 % but simultaneously 

ensure reproducible data quality. 190 

3.2 Lithologically constrained velocity-density relationships 

We establish lithologically differentiated velocity-density relationships by fitting Gardner’s relationship (Gardner 

et al., 1974) to Dataset A:  

 

𝜌𝜌𝑏𝑏 = 𝐴𝐴 ∗ �𝑉𝑉𝑝𝑝 ∗ 3.281�
𝐵𝐵

 (1) 195 

 

Where ρb is the modelled density value in g/cm³, Vp is the sonic or seismic interval velocity in m/s and A and B are 

lithology-dependent constants, which, according to Gardner et al. (1974), provide a reasonable fit to mixed 

lithology datasets, if A and B are set to 0.23 and 0.25, respectively. We fit equation 1 to our lithologically 

differentiated Dataset A by changing A and B such that the sum of the squared differences between the calculated 200 

and measured densities becomes minimal. For realistic ranges of density (1.5-3.0 g/cm³) and interval velocity 

(1500-6000 m/s), A and B will result in value combinations which follow a logarithmic relationship (Fig. 3): 

 

𝐵𝐵 = 𝑎𝑎 ∗ ln(𝐴𝐴) + 𝑏𝑏 (2) 

 205 
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Where a and b define the curvature of the relationship and the minimum value of B and typically takes values of 

~-0.11 and ~0.08 for the mentioned parameter space, respectively (Fig. 4). Thereby, low A and high B 

combinations refer to steep velocity-density relationships which are typical for softer, “compressible materials”. 

In contrast, high A and low B combinations reflect sediments where density is not changing as fast with velocity, 

which is typical for more competent or “incompressible materials” (cf. Gardner et al., 1974). 210 

 

 
Figure 3: Mathematically possible range for Gardner A and B (blue markers) for realistic densities (1.5-3.0 g/cm³) and 
velocities (1500-6000 m/s) with a step size of 100 m/s. The black dot marks the A-B combination for mixed lithologies 
after Gardner et al. (1974). 215 

3.3 Continuous density profiles 

Along each well of Dataset B, we generate continuous density profiles, which cover the entire Cenozoic basin fill 

and, if present, sediments of Cretaceous age. We generate a homogenised dataset with quality-controlled density 

data, sonic and seismic interval velocity data and litho-stratigraphic information from cutting descriptions from 

Dataset B. Since the cutting descriptions apply to larger intervals than the measured density and velocity data, we 220 

defined a desired interval length of 2 m. Each interval must cover only a single stratigraphic and lithological 

section, which might result in slight deviations from the desired 2-m-interval size.  

The generation of continuous density profiles follows a hierarchical approach. Quality-controlled density logs are 

the preferred data source. Gaps in the quality-controlled density logs are then primarily filled by transforming first 

sonic velocity and second seismic interval velocity to density using Gardner’s relationship (Gardner et al., 1974; 225 

equation 1) with lithologically constrained A and B parameters according to the main lithological unit of the depth 

interval. The remaining gaps with intervals > 30 m, which are exclusively present in the shallow section (TVD < 

1500 m), are filled with a lithology-dependent density model, which we fit to available shallow density data from 

all wells. Finally, we apply a 30 m moving average window filter to the entire spliced density dataset to smooth 

outliers and to close remaining data gaps. 230 

3.3.1 Density from checkshots and vertical seismic profiles 

In intervals where neither density nor sonic velocity data are available, seismic interval velocity from checkshots 

or vertical seismic profiles is converted to density. However, intervals measured by vertical seismic profiles or 

checkshots often cover several depth intervals with different main lithological units. Here, we estimate Gardner’s 

A by calculating an average weighted by the thickness hMLU of each main lithological unit MLU covered by the 235 

measured velocity interval 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑝𝑝: 

 

https://doi.org/10.5194/egusphere-2024-2692
Preprint. Discussion started: 18 September 2024
c© Author(s) 2024. CC BY 4.0 License.



10 
 

𝐴𝐴�𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑝𝑝� = 1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉𝑝𝑝

∑ ℎ𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 ∗ 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖
𝑖𝑖=5
𝑖𝑖=1  (3) 

 

Where 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖  is Gardner’s A of the ith main lithological unit MLU and the sum of all thicknesses of all main 240 

lithological units is 𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑉𝑉𝑝𝑝. Subsequently, Gardner’s B is derived by using 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 in equation 2. 

3.3.2 Shallow density profiles 

Intervals without any measured log data over a length of more than 30 m only occur in shallow well sections. Since 

these intervals are above the shallowest recorded top of overpressure of 1500 m (cf. Drews et al., 2018; 

Shatyrbayeva et al., 2023), we model density 𝜌𝜌𝑏𝑏  in these intervals as a function of true vertical depth below ground 245 

level TVD in m for each defined main lithological unit (Couzens-Schultz and Azbel, 2014): 

 

𝜌𝜌𝑏𝑏 = 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 − �𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑇𝑇𝑇𝑇𝑇𝑇
𝐶𝐶
� (4) 

 

Where 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum density occurring above a TVD <1500 m, 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 the average surface density and C a 250 

compaction constant. We then fit equation 4 for each main lithological unit to density-depth pairs from all wells 

with respective data above 1500 m and an interval size of 1 m by adjusting 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚, 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and C and by minimizing 

the sum of squared differences between the measured and modelled densities. 

3.4 Vertical stress gradient profiles and models 

3.4.1 Integration of density to vertical stress and calculation of vertical stress gradient profiles 255 

Vertical stress Sv in MPa at any true vertical depth below ground level TVD in km is calculated by integrating the 

weight of the overlying material:  

 

𝑆𝑆𝑣𝑣(𝑇𝑇𝑇𝑇𝑇𝑇) = ∫ 𝜌𝜌𝑏𝑏(𝑇𝑇𝑇𝑇𝑇𝑇) ∗ 𝑔𝑔 ∗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇
0  (5) 

 260 

Where g is the Earth’s gravitational acceleration at 9.81 m/s². We then calculate vertical stress gradients by 

dividing Sv by TVD in km: 

 

∇𝑆𝑆𝑣𝑣 = 𝑆𝑆𝑣𝑣
𝑇𝑇𝑇𝑇𝑇𝑇

 (6) 

 265 

Where ∇Sv is the vertical stress gradient in MPa/km. 

3.4.2 Vertical stress gradient modelling 

We model the vertical stress gradient as a function of TVD using a power law relationship: 

 

∇𝑆𝑆𝑣𝑣∗ = ∇𝑆𝑆𝑣𝑣0 + �𝑇𝑇𝑇𝑇𝑇𝑇
𝛼𝛼
�
1
𝛽𝛽 (7) 270 
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Where ∇𝑆𝑆𝑣𝑣∗ is the modelled vertical stress gradient at TVD and ∇𝑆𝑆𝑣𝑣0 is the starting vertical stress gradient close to 

surface. α and β are fitting parameters which we determine by minimizing the sum of the squared differences 

between actual and modelled vertical stress gradients. 

4 Results and discussion 275 

4.1 Velocity-density relationships for the main lithology units in the NAFB 

The calibration of Gardner’s A and B (Gardner et al., 1974) to data pairs of quality-controlled density and sonic 

velocity measurements of Dataset A results in distinct A-B combinations for the investigated main lithological 

units, which fall into the corridor of realistic velocity-density combinations (Fig. 4a). The correlation between A 

and B can be described by a logarithmic relationship (cf. Fig. 4 and equation 2), where for our Dataset A, a and b 280 

of equation 2 become -0.105 and 0.0966, respectively (Fig. 4a). Hereby, the established trendline plots at the upper 

limit of possible A-B combinations and slightly above Gardner’s mixed lithology combination of A = 0.25 and 

B = 0.23 (Fig. 4a), showing that density of the investigated main lithological units in the study area increases rather 

fast with velocity. This observation might indicate that the investigated main lithological units are either generally 

more compressible or that their compaction is additionally affected by mechanisms other than burial and vertical 285 

loading. Compaction mechanisms other than burial have also been hypothesized by previous authors who 

investigated the distribution of overpressure and stress in the NAFB (Drews and Duschl, 2022; Drews et al., 2020; 

Lohr, 1969, 1978; Müller and Nieberding, 1996; Shatyrbayeva et al., 2024). 

In addition to the relationship between Gardner’s A and B parameters, our results also confirm that stiffer or rather 

incompressible lithologies such as coarse-grained clastics (Fig. 5b) and carbonates (Fig. 5c) follow a less steep 290 

(higher A, lower B) velocity-density relationship when compared to marls (Fig. 5d), sandstones (Fig. 5e) and shales 

(Fig. 5f), whose velocity-density relationships can be described with lower A and higher B values. The results also 

indicate that marls and sandstones show very similar properties and velocity-density relationships.  

It should be noted that the resolution of lithological information from cutting descriptions is typically ≥ 5m, which 

might result in the mixing of lithologies where the lithological variations are below this resolution. Thin-bedded 295 

intercalations of sandstones and marls have been especially reported for late Oligocene and early Miocene 

sediments in the western and central part of the study area (Kuhlemann and Kempf, 2002) and might explain the 

similarity in our results between marls and sandstones. Also, it is important to understand that we assume that that 

the grouped and investigated main lithological units are representative for the entire study area. However, the basin 

fill of the NAFB is a result of different routing systems with variable mineralogical composition of the respective 300 

sources (Kuhlemann and Kempf, 2002), which might explain the rather large uncertainty around the fitted velocity-

density relationships. Nevertheless, since we grouped several lithologies, we believe that our results represent valid 

average relationships on a basin-scale. Also, due to lack of high-quality density data it was not possible to 

investigate sub-regional variations. 

 305 
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Figure 4: Lithologically calibrated velocity-density relations based on Gardner et al. (1974). a) Relationship between A-
B-parameters for the main lithological units. A-B-parameters were fitted to quality-controlled velocity-density-relations 
for b) coarse-grained clastics, c) carbonates, d) marls, e) sandstones and f) shales. 

4.2 Density profiles 310 

Based on the established values for Gardner’s A and B parameters for the main lithological units of the SE German 

part of the NAFB (cf. Fig. 4), sonic and seismic interval velocities have been transformed to density and spliced 

with quality-controlled density data for each well of Dataset B. Remaining gaps with intervals ≥ 30 m are 

exclusively left in the shallow section (TVD ≤ 1500 m). To fill these gaps, we fitted equation 2 to shallow density 

and transformed density (from sonic or seismic interval velocity) data from all wells for each main lithological 315 

unit (Fig. 5a). The fitting values for the varied parameters ρmax, ρsurf and C are listed in Table 2. In concordance 

with the established velocity-density relationships (cf. Fig. 4) shales show the fastest compaction (highest 

compressibility) and lowest surface density (Fig. 5a). Compaction in the shallow section is very similar for all 

other main lithological units except for carbonates, which compact fast towards high densities close to grain 

densities of carbonates (cf. Gardner et al., 1974). 320 

 
Table 2: Shallow (<1500 m) density modelling parameters for the main lithological units. 

Shallow density modelling 
parameter 

Coarse-grained 
clastics Carbonates Sandstones Marls Shales 

Maximum density ρmax [g/cm³] 2.39 2.93 2.43 2.45 2.29 
Surface density ρsurf [g/cm³] 2.22 2.16 2.07 2.14 1.80 
Compaction coefficient C 246.59 1542.50 405.40 504.76 272.10 

 

Complete density profiles after splicing quality-controlled density data, densities transformed from sonic and 

seismic interval velocities and the shallow density model show reasonable alignment between the different data 325 

sources (Fig. 5a and b). The largest deviations are observed towards higher densities from transformed vertical 

seismic profiles and checkshots (cf. elevated densities from seismic interval velocities at 400 m and 500 m in Fig. 

5a and b, respectively), which could be due to mixing of several main lithological units within the measured 

intervals or the typically lower acoustic wave frequency of these measurements, when compared to sonic velocity 

measurements (cf. Zoback, 2007).  Although we applied rather rigorous cutoffs for borehole enlargements and 330 

density corrections to quality-controlled density data, obvious outliers remain (cf. negative spikes of density data 

at 1070 m in Fig. 5b and between 1400 m and 1750 m and at 4100 m in Fig. 5c). However, for subsequent vertical 
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stress integration a moving average window of 30m was applied to remove these outliers and to close remaining 

gaps with intervals ≤ 30 m (black lines in Fig. 5a and b), resulting in realistic and complete average density profiles. 

 335 
Figure 5: Density profiles. a) Shallow density profiles for each main lithological unit (lines) fitted to quality-controlled 
and transformed density data from all wells with available data. b) Example of a spliced and averaged density profile 
for the shallow Lauterbach 1 well in the north-western part of the study area (LAU in Fig. 1a). c) Example of a spliced 
and averaged density profile for the deep Bromberg 1 well in the south-eastern part of the study area (BRO in Fig. 1a). 
The pie chart insets of b) and c) indicate the coverage by quality-controlled density data (blue), density-transformed 340 
sonic velocity (orange) and seismic interval velocity from vertical seismic profiles (VSP) or checkshots (gray) and the 
shallow density model (yellow). 

4.3 Vertical stress gradient distribution in the NAFB 

Vertical stress gradients were calculated after integrating the complete density profiles at each well location of 

Dataset B to vertical stress. Vertical stress gradients are decreasing from west to east, which is in concordance 345 

with previous investigations of vertical stress gradients along the North Alpine Thrust Front (Drews and Duschl, 

2022). While this trend is less pronounced at shallower depths (Fig. 6a), wells in the western part of the study area 

display vertical stress gradients which are up to 1.5 MPa/km higher when compared to wells located in the east of 

the study area at greater depths (Fig. 6b and Fig. 6c). At 3 km true vertical depth below ground level, this gradient 

difference can cumulate to absolute vertical stress magnitude differences of 4.5 MPa. Note that since the NAFB is 350 

deepening from north to south in the study area, less wells become available with each horizontal slice through the 

vertical stress gradient distribution.  

While the increase of vertical stress gradients with depth simply reflects increasing compaction and with it the loss 

of porosity and an increase of density (cf. Allen and Allen, 2013), the reasons for the eastward decrease of vertical 

stress gradients are more complex. First, the lithological composition of sediments of Lower Oligocene (Rupelian) 355 

to Lower Miocene (Aquitanian) age is significantly changing from west to east in the study area: coarser grained 

terrestrial material was deposited in two regressions in the western part, while a marine setting prevailed in the 

eastern part of the study area, resulting in the deposition of fine-grained sediments. The central part was subject to 

a transitional depositional environment during that time (Kuhlemann and Kempf, 2002). Shales, which are typical 

deposits from a marine environment, display the lowest densities in our study area, which could be a significant 360 

factor for lower vertical stress gradients in the eastern part of the study area (cf. Fig. 4). The abundance of shales 
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in the eastern part of the study area compared to the western part is also pronounced by the presence of Upper 

Cretaceous shales, which are missing due to erosion in the western part (Bachmann et al., 1987). The presence of 

shales, also fostered the development of significant pore fluid overpressure in the eastern part of the study area 

(Drews et al., 2018). Here, the main postulated mechanism for overpressure formation is disequilibrium 365 

compaction, which results in abnormally high porosity and possibly low density in the overpressured zone. The 

overpressured section can be up to 2 km in thickness in the eastern part of the study area (Drews et al., 2018; 

Drews and Duschl, 2022) and disequilibrium compaction could therefore be a main factor for reduced vertical 

stress gradients in the area. In addition, the western part is also subject to higher horizontal strain rates, which is 

reflected by the decreased N-S extent of the NAFB and a more pronounced deformation front (Folded Molasse) 370 

along the North Alpine Thrust Front in this area (Ortner et al., 2015; Drews and Duschl, 2022). Elevated horizontal 

strain combined with lower pore pressures and higher permeability of the basin fill would also foster sediment 

compaction and therefore favor lower porosities, higher densities and finally higher vertical stress gradients. 

We also show the distribution of vertical stress gradients at the top of the Upper Jurassic (Fig. 6d), which is an 

important thermal aquifer for deep geothermal energy utilization in the NAFB (Flechtner and Aubele, 2019; Schulz 375 

et al., 2017). In addition to the aforementioned eastward reduction, also an apparent southward increase in vertical 

stress gradients can be observed, reflecting the southward dip and associated increasing depth of the Upper Jurassic 

in the study area. Our results highlight the importance of careful vertical stress gradient estimation for 

geomechanical studies of the Upper Jurassic aquifer, e.g. to mitigate the risk of induced seismicity (Megies and 

Wassermann, 2014): depending on the location of a deep geothermal energy project, vertical stress gradients can 380 

differ by up to 3 MPa/km at the top of the Upper Jurassic. Utilization of a simplified and constant vertical stress 

gradient (e.g. 23 MPa/km) is therefore not recommended to accurately plan safe geothermal production. 
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Figure 6: Distribution of vertical stress gradients in MPa/km in the North Alpine Foreland Basin. Vertical stress 385 
gradient distribution at a true vertical depth below ground level a) TVD = 1000 m, b) TVD = 2000 m, c) TVD = 3000 m 
d) Vertical stress gradient distribution at the top of Upper Jurassic carbonates. The N-S trending dashed black lines 
divide the study area in a western, central and eastern part. 

4.4 Vertical stress gradient modelling 

In order to provide practical vertical stress gradient models for the SE German part of the NAFB, we model vertical 390 

stress gradients as a function of TVD and geographical easting. Thereby, we divide the study area into a western, 

central and eastern subdivision (Fig. 6) to account for the lithological variations in the Cenozoic section and their 

impact on compaction (Bachmann and Müller, 1992; Bachmann et al., 1987; Kuhlemann and Kempf, 2002) (cf. 

Fig. 2). We calculate the arithmetic mean of vertical stress gradients of all wellbores of Dataset B within these 

three subdivisions using a 500 m step size with a tolerance of +/- 2 m. We restrict the calculation of the average to 395 

a maximum depth of TVD = 3500 m, because only very few wells drilled into greater depths, and to avoid bias 

towards single wells. Fig. 7a shows the three resulting vertical stress gradient models (cf. equation 7) fitted to the 

mean vertical stress gradients in the western, central and eastern parts. Both the mean vertical stress gradients and 

fitted models capture the eastward decrease of vertical stress gradients in the study area.  

Due to its relevance for deep geothermal energy production in the NAFB, we also established vertical stress 400 

gradient models for the top of the Upper Jurassic (Fig. 7b) using equation 7. Likewise, both the vertical stress 

gradients established through density integration and modelling reflect the eastward decrease of vertical stress 

gradients and provide a simple tool to more accurately estimate vertical stress for future geomechanical studies, 

e.g. to mitigate the risk of induced seismicity due to fluid injection. 
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 405 
Figure 7: Vertical stress gradients from Dataset B as a function of true vertical depth below ground level TVD. a) 
Average and modelled vertical stress gradients in the western, central and eastern part of the study area (cf. Fig. 6). 
Average vertical stress gradients reflect the arithmetic mean from all wells in the western, central and eastern part of 
the study area at 14 depths and with a step size of 500 +/- 2 m. b) Well-based and modelled vertical stress gradients in 
the western, central and eastern part of the study area at the top of the Upper Jurassic. 410 

The fitting parameters α and β along with the coefficient of determination for both the average vertical stress 

gradient models and the top Upper Jurassic vertical stress gradient models are listed in Table 3. For all models the 

starting vertical stress gradient close to the surface ∇𝑆𝑆𝑣𝑣0 was set to 21 MPa/km. 

 
Table 3:  Parameters to model vertical stress gradients for Dataset B. 415 

Vertical stress gradient model 𝛁𝛁𝑺𝑺𝒗𝒗𝟎𝟎  
[MPa/km] 

α β R² 

Average (entire study area) 

21.0 

381 1.91 0.99 
Average (West) 325 1.80 0.98 

Average (Central) 410 1.93 0.99 
Average (East) 531 1.95 1.00 

Top Upper Jurassic (West) 451 1.64 0.91 
Top Upper Jurassic (Central) 449 1.91 0.96 

Top Upper Jurassic (East) 706 1.66 0.89 
𝛻𝛻𝑆𝑆𝑣𝑣0, α and β: vertical stress gradient close to the surface and fitting parameters (equation 7);  
R²: coefficient of determination 
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5 Conclusions 420 

Based on Gardner’s relationship, we established regional velocity-density relationships for the main lithological 

units of the North Alpine Foreland Basin in SE Germany. We used these relationships to generate complete density 

profiles along 55 wells, which at least penetrated the entire Cenozoic section to integrate vertical stress and to 

calculate vertical stress gradients. Thereby, the following observations were made: 

• Density data is often impeded by washouts and/or breakouts and has to be rigorously quality-controlled 425 

• Velocity-density relationships differ for the main lithological units, but can be approximated by 

modifying the A and B parameters of Gardner’s relationship 

• Calibrated A and B parameters of Gardner’s relationship for each main lithological unit follow a logical 

sequence on a logarithmic relationship: more compressible rocks such as shales and marls display a 

steeper velocity-density relationship with lower A and higher B values, while the opposite is the case for 430 

less compressible rocks such as carbonates and coarse-grained clastics 

• Vertical stress gradients decrease from west to east in the SE German part of the North Alpine Foreland 

Basin, correlating well with lithological variations, overpressure and tectonics 

In addition, we provided applicable vertical stress gradient models for the western, central and eastern parts of the 

study area, which can be used to either calculate vertical stress profiles in these parts or vertical stress gradients at 435 

the top of Upper Jurassic carbonates, which pose an important aquifer for deep geothermal energy production. Our 

results, therefore, provide a useful resource for future geophysical, geomechanical and geological studies in the 

North Alpine Foreland Basin, which require velocity-density relationships and an estimate of vertical stress. 
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