Introduction
The Upper Jurassic (Malm) of the Bavarian Molasse Basin is the most important hydrogeothermal
reservoir in Germany. It consists of a 400 m – 600 m thick carbonate platform, overlain in places by
thin Cretaceous Purbeck units and Eocene Priabonian limestones that are considered the top of the
carbonate platform because of their strong and continuous seismic reflection character. The Malm
constitutes a karstified, faulted and fractured reservoir characterised by synthetic normal faults that
strike more or less parallel to the alpine front (Roeder & Bachmann 1996, Dussel et al. 2016).
The permeability of the carbonates is highly variable due to different sediment facies, tectonic activity
and karstification. The latter can be studied at the outcrop of Malm units to the north in the Swabian
and Franconian Alp (Lemcke 1987). Karstification often causes dolines, as found worldwide in
limestone strata. Their morphologies include bowl-, cylindrical-, conical- or pan-shaped forms
(Gutiérrez et al., 2007). On the surface, they appear as holes or troughs with diameters that range from
less than 100 m up to 1000 m and depths up to several 100 m, often creating steep slopes. The drainage
of the underlying karst prevents the doline from filling with water and prevents river valleys from
developing into karst terrain (Waltham et al. 2005).
Dolines could also be found on a high-quality 3D seismic dataset beneath the city of Munich, at depths
of 2000 – 2800 m below surface. The 170 km2 large dataset was shot 2015/16 to enable an area-wide
exploitation of geothermal resources (Hecht & Pletl 2015). We discovered dolines with diameters up to
450 m, which were clearly visible at the top of the carbonate platform (Fig. 1). The largest ones exist in
the SE of the seismic volume, located at the terminations of faults. Most dolines are linked to faults, but
not all. These dolines have never been drilled; however, their existence proves that the carbonate facies
were karstified, which may increase the hydraulic transmissivity near those locations.
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Figure 1: Distribution of paleo-dolines at the top of the carbonate platform, i.e. the Priabonian (Ziesch,
pers. com.). The largest dolines exist in the SE of the study area, which covers the southern and western
part of Munich. Seismic reference datum (s.r.d.) is 500 m a.s.l..
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Figure 2: Mapping of dolines using the seismic variance cube. The outlines of the structures picked on
several depth slices are connected to construct 3-D surfaces (lower left). An alternative representation
is to isolate a geobody by cancelling low variance values (lower right).

Method
We mapped a total of 21 doline structures at the top of the carbonate platform, i.e. the Priabonian.
Probably more dolines exist, however, but the seismic bin size of 25 m limits the detectability of dolines
< 50 m in this dataset. Due to their circular appearance, the best way to detect them is the interpretation
of depth slices (the dataset is pre-stack depth migrated) through the variance volume (Fig. 2). Picks
were taken in consecutive depth slices, high variance values could be followed for ~500 m at the largest
structures. Such large sinkhole structures do exist in the world, e.g. the Sótano del Barro in Mexico.
Most of the dolines show a characteristic ‚beehive‘ structure with outward-dipping surfaces of 60°– 80°
inclination (Fig. 2).
To prove these structures really exist, we carried out elastic FD modelling of the wavefield. The
geometric and seismic parameter (e.g. P-wave velocities and the dominant frequency of 30 Hz) were
taken from the pre-stack depth migrated dataset. We simulated a stacked section using an exploding
reflector approach, i.e. placing seismic sources at the interfaces at depth and assigning a source strength
according to impedance contrasts. The density was calculated from the velocities via Gardener’s
equation, the S-wave velocity using a Poisson’s ratio of 0.25. We migrated the stacked section using
different migration algorithms to evaluate their influence on the results. Since the 3-D seismic survey
is depth migrated, we used Kirchhof depth migration for the final version.
Results
In our model, we assumed the doline structure was 70 m deep, as indicated by the mapping of the
Priabonian limestone (Fig. 1, GR_DOL_SE_1). We observed strong artefacts below these dolines that
migrate outward (Fig. 3) and determined that they originate from the diffraction of the seismic waves
at the edges of the doline. They should be removed by the depth migration if the exact true velocities
were used. The reason that this is not the case is the interference with the underlying flat reflections.
This causes high variance values in a region otherwise dominated by continuous reflectors.
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Figure 3: (a) Model of a doline in the carbonate platform. (b, c) Kirchhoff-depth migrated sections (b)
showing the migration using the exact velocities shown in (a), (c) shows migration results with the
lower velocity inside the doline replaced by the velocity of the Molasse sediments.
In the real data, a downbending of the underlying reflectors in the Upper Jurassic is observed beneath
all larger dolines (Fig. 4b). We regard this as unrealistic, since the mechanism of sinkhole development
would not preserve continuous reflectors inside the structure. Instead, velocity pulldown seems more
realistic. In the pre-stack depth migration of the real data the velocity of the Molasse units is
extrapolated to the filling of the doline structure, since it is much too smooth to resolve the actual
velocities inside the structure. Since the internal velocities of the doline are not known, it allows us
some variation: reduction (Fig. 3) relative to the velocity of the Molasse can explain the downbending,
of course only if not considered by the depth migration (Fig. 3). In the final model (Fig. 4a) we had
even introduce a further velocity reduction beneath the doline to avoid unrealistic low velocities inside
the doline. However, this is plausible since the drainage of the doline requires some kind of fracturing
of the material below.

Conclusions
We modelled paleo-dolines that exist at large depths in a high-quality, 3D, pre-stack depth-migrated
seismic volume. The main findings are:


The deep-reaching ‚beehive‘-like structures, visible especially in the variance volume, are caused
by the incomplete migration of the interference of diffractions at the edges of the dolines and
reflections beneath the dolines. A 70-m vertical extent of the doline suffices to reproduce the data.



The observed downbending is best matched by velocity reduction inside and/or directly beneath the
doline. The PDSM velocity field cannot cope with these small-scale structures, and velocity
reduction would seem geologically plausible.

Taking these findings into consideration, dolines remain highly interesting for geothermal
reconnaissance.
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Figure 4: (a) Final doline model that fits
best principal phenomena in the observed
data (b). The fault zone at the eastern rim
of the doline was not modelled to avoid
too much complexity in the model. The
resulting final seismic section (c) shows a
comparable downbending of underlying
reflectors and the ‚beehive‘ like structure
beneath the doline, as is visible in the
variance volume.
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