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ABSTRACT 

A geothermal power plant in Unterhaching, south of 
Munich/Germany, generates 3.36 MW of electrical power. 
Two boreholes (doublet) penetrated the top of the Upper 
Jurassic (Malm) at a depth of approx. 3000 m. The Malm 
which is present in most parts of the Southern 
German/Upper Austrian Molasse Basin is a highly-
productive aquifer with increasing depths and temperatures 
from north (Danube River) to south (Alps). Information 
from boreholes in the eastern Molasse Basin indicates that 
the most prospective sites are in the immediate vicinity of 
faults. Optimal development of geothermal productivity 
therefore requires exploration of the geological structure, as 
well as information on the karstification of the Malm. 
Available seismic profiles, originally carried out in the 
framework of hydrocarbon exploration, were reprocessed 
with the aim of interpreting the facies and thus the degree 
of karstification within the Malm. 

The most prospective areas are, besides of faults, those 
where seismic diffractions (indicators for reef facies and 
karstification) occur together with low seismic velocities 
(indicators for large amount of water). Location and the 
deviation of the boreholes were defined from these 2D 
seismic profiles. Both boreholes, Gt 1 and Gt 2, about 4 km 
apart, were successful and supplied at least 118 l/s water of 
temperatures of 130.5 oC. Supplementary vertical seismic 
profiling (VSP) and moving source VSP-measurements 
were carried out in the production well Unterhaching Gt 1 
for a more detailed investigation of its vicinity. A high-
resolution 4 x 5 km 3D seismic reflection survey, scheduled 
for summer 2009 is used to explore a fault structure which 
was the target area of the injection well Unterhaching Gt 2. 
The interpretation of this dataset serves as a basis for a 
regional geological 3D model and for subsequent 
hydrological and numerical modeling. 

1. INTRODUCTION  

The Malm (Upper Jurassic) which is present in most parts 
of the southern German/Austrian Molasse Basin is a highly-
productive aquifer with increasing depths and temperatures 
from north (Danube river) to south (Alps). The limestones 
of the Malm consist of calcareous deposits accumulated in 
different regimes (Fig. 1).  

An increasing number of low-enthalpy geothermal power 
plants is being implemented in the Munich area with holes 
drilled into the Malm encountering increasing temperatures 
from North to South (Fig. 2). 

The resources and reserves of the Bavarian Molasse were 
estimated at the end of the 80s (Schulz and Jobmann 1989, 
see Fig. 3). The order of magnitude of regionally 

extractable energy can thus be estimated and has already 
been confirmed by a number of boreholes. 
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Figure 1: The limestones of the Malm formation (Upper 
Jurassic) are the focus of interest for geothermal 
exploration in the southern German Molasse 
Basin. Accumulated in different regimes, they 
consist of calcareous deposits. The required 
water paths were generated by coral reefs, 
karstification, fractures and faults. 

 

Figure 2: Simplified section through the southern 
German (Bavarian) Molasse from the Danube 
River (right) to the Alps (left). Some examples of 
power plants with drilling depths and 
encountered temperatures are indicated, among 
them the doublet of Unterhaching. D3 = Tertiary 
Molasse sediments, D2 = Mesozoic sediments 
including Malm, G1 = pre-Variscan basement. 
Modified from Bundesanstalt für 
Geowissenschaften und Rohstoffe 2004. 

2. 2D-SEISMIC REFLECTION DATA FOR 
BOREHOLE DEFINITION 

The Tertiary and pre-Tertiary structures of the Upper 
Bavarian Alpine margins have been the focus of intensive 
oil and gas exploration from 1952 to 1988. Information 
deduced from reflection seismic data has been largely 
verified by deep wells, e.g., Staffelsee 1, Miesbach 1 and 
Vorderriß (Bachmann and Müller 1981). A detailed model 
of the complicated geological structures (Bachmann and 
Müller 1992, Zweigel 1998) results from this exploration. 
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Figure 3: Location map with estimated geothermal re-
sources of the Malm in the central part of the 
Southern German Molasse Basin (Schulz and 
Jobmann 1989). A minimum temperature of 100 
°C is required for power generation. These areas 
are marked in yellow. Resources refer to the 
theoretically extractable energy per modeled 
doublet in an equidistant borehole grid of 1 km. 
Isoline separation 4 x 1015 J (million GJ) corres-
ponding to 2 GJ/m². 

2.1 Reprocessing Reflection Seismic Profiles 

Five seismic profiles of 1976 and 1986 vintage from the 
exploration industry were reprocessed and reinterpreted 
(Fig. 4). This investigation intends to homogenize the 
existing data according to modern processing techniques 
and to consider new scientific aspects. 

The profiles were reprocessed, especially taking into 
account better static and residual static corrections, new 
velocity analyses and noise suppression techniques to 
enhance and optimize the effective window for reflection 
events between first arrivals and ground roll. The new 
processing enables new insights into a number of 
stratigraphic and structural elements. For a more detailed 
description of the reprocessing of industrial profiles see 
Thomas et al. (2001, 2006). 
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Figure 4: Reprocessed reflection seismic profiles and 
Unterhaching Gt 1 and Gt 2 boreholes. 

2.2 Interpretation of Top Malm 

One of the main objectives of seismic reprocessing was to 
determine the depth of top Malm. The possibility of 
extrapolating drilling results of a borehole nearly 10 km 

apart from the investigation area was checked (Thomas 
2003). The dominant reflector in all of the seismic lines is 
interpreted as the Lithothamnion limestone (Eocene). It is 
followed downwards by the Turonian, Gault sandstone and 
Lower Cretaceous before reaching top Malm (Fig. 5). A 
constraining factor that needs to be taken into consideration 
is that the transition from Purbeckian to Malm is not 
marked by a clear reflector. Top Malm correlates with the 
appearance of diffraction hyperbolae in the vicinity of a 
reef facies. Reliable depths can therefore only be estimated 
for the Lithothamnion limestone because of its clear 
reflection pattern. 

Although the stratigraphy may be extrapolated, this does 
not justify using the velocity information from boreholes in 
the vicinity to calculate the depth in the investigation area. 

This is clearly shown by comparison of the stacking 
velocities which can be considered as a type of average 
velocity. The average velocities (from the 450 m asl 
reference level) down to top Malm range from 3150 m/s 
measured in a borehole 12 km W to 3670 m/s measured in a 
borehole 10 km SE; the value is 3550 m/s in the investiga-
tion area based on the averaging of stacking velocities. The 
reprocessing of N-S oriented seismic lines indicates a clear 
decrease in velocity towards the north. This marked change 
in velocity is directly attributable to the formation of the 
Alpine orogene (Lemcke 1988). The variation of velocity in 
the Molasse sediments is governed by the distance to the 
Alps and the tectonic pressure of the rising mountain chain 
(Reich 1957). In addition, a decrease in velocity from west 
to east is considered to be directly attributable to the in-
creasing width of the basin because the lateral pressure 
drops as the basin opens to the east (Lohr 1969). 
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Figure 5: a) Profile located in the investigation area. b) 
Profile 10 km SE of the investigation area near to 
a borehole. The dominant reflector in the 
sections is interpreted as the approx. 60 m thick 
Lithothamnion limestone with overlying Banded 
Marls. It is underlain by Tertiary and 
Cretaceous down to top Malm (Thomas 2005). 

The base of the Malm can only be interpreted in some parts 
of the lines. Nevertheless, the thickness of the Malm in the 
study area is estimated from 500 m to 550 m. 

2.3 Facies Interpretation of Seismic Sections  

In our opinion, reef facies is characterized by diffraction 
hyperbolae in seismic lines (Buness 2002, Thomas 2003) 
where these are not directly attributable to fault zones. 
Diffraction hyperbolae in unmigrated seismic sections are 
mainly observed in the higher stratigraphic levels of the 
Malm. They can be differentiated from horizontal and low-
diffraction or diffraction-free structures which may indicate 
lagoonal facies. A differentiation into reef and lagoonal 
facies is therefore only directly possible if both unmigrated 
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and migrated sections are considered because diffraction 
hyperbolae can only be identified in the first one (Fig. 6). 

It can be assumed that karstification of the Malm is 
associated with the reef facies. Therefore, it is possible to 
localise karstification to a certain degree. The diffractions 
indicate reef facies and fault zones where karstification 
occurs preferentially but not definitely. The seismic image 
alone is insufficient to predict karstification, but there are 
other hints. A variation in reflection character (Fig. 7) 
indicates a trisection of the Malm (Thomas 2003, Schulz et 
al. 2004). Top Malm is characterised by diffractors which 
are interpreted as reef facies (reef debris limestones). The 
base of this facies zone is marked by a clear reflector. This 
is followed by a poor reflective zone whose base is limited 
by a strong reflector (bedded limestone). This zone has 
neither clear horizontal reflectors nor diffractors, it 
indicates shallow water facies (shallow water sponge 
limestone; massive limestones?). The Middle and Upper 
Malm in the northern part of the profile are characterised by 
continuous reflectors. We interpret these as bedded 
limestones with overlying thick closed-basin sediments of 
the Upper Malm. The differentiation of the Malm into 
different facies zones improves the probability of predicting 
karstification. 

 

Figure 6 a) Unmigrated seismic depth section. b) 
Migrated seismic depth section. The analysis of 
diffraction hyperbola is an interpretation tool for 
assumed karstification of the Malm (Thomas 
2005). 

Additional analysis of the interval velocities calculated 
from the stacking velocities reveals velocity inversions in 
all lines but primarily in the Malm. In this context, it is 

interesting to clarify whether the zones of lower velocity 
are associated with specific seismic signatures which might 
give a handle on the various facies and/or karstification 
zones. The interpretation (Thomas 2003) shows that the low 
velocity zones are primarily related to diffractor clusters 
associated with fault zones, but they can also be linked to 
diffractors connected with possible reef facies. These two 
groups are concentrated near top Malm. The third low 
velocity group is associated with the assumed closed-basin 
sediments of the Upper Malm – although these lower 
velocity zones are not restricted to top Malm alone. Large 
sections of the Malm do not show low velocity zones. 
These zones are thought to consist of massive limestones 
(shallow water sponge limestones). The fact, that each of 
the low velocity zones in the Malm is highly localised, 
supports their interpretation as potential karst cavities. 

 

Figure 7: a) Stacked seismic section (unmigrated) in the 
Unterhaching area. Different seismic signatures 
associated with different facies in the Malm: A 
reef  facies, B massive limestone (?), C bedded 
limestones. Red dashed line: base Malm 
(supposed) (Schulz et al. 2004). b) Time-migrated 
seismic section derived from stacked section 
above. Presumed reef facies within the white 
circles. 

2.4 Geological Interpretation and Fault Zones 

Information from boreholes in the eastern Molasse Basin 
indicates that the most prospective sites are in the 
immediate vicinity of faults. Therefore an intensive analysis 
of fault zones is necessary. 

Numerous steep, antithetic and synthetic faults can be 
depicted at the base of the Molasse (Fig. 8). The reflection 
horizons above can be easily interpreted in the unfolded 
Foreland Molasse (Thomas et al. 2006). The thickness of 
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Tonmergel beds, Chatt Sands and Aquitan increases 
towards the South. 

Whereas a normal fault in the centre of the seismic section 
can be clearly interpreted, small displacements of faults 
within the Malm are only interpretable due to their visibility 
in the Lower Cretaceous. 

 

Figure 8: Interpretation of reprocessed seismic explora-
tion profiles. The location of Unterhaching Gt 2 
well is the conformal projection. It is located 
about 1.4 km W. 

2.5 Application of Scientific Results 

On the basis of these geoscientific results, a borehole devia-
tion was recommended for the production borehole Gt 1. 
Fault zones with small throws (decametres) could be 
identified in lines running to the east and to the north of the 
borehole. In addition clear diffractions and a low velocity 
zone were identified on the seismic line. The top Malm was 
predicted with 3017 m true vertical depth (TVD). 

Drilling stopped in September 2004 at 3350 m TVD (top 
Malm 3002 m TVD). The borehole was successful, as a hy-
draulic test after an acid treatment showed: The production 
rate is 65 l/s with a drawdown of ca. 70 m. The water 
temperature exceeds 122 °C. 

The location of the production borehole was constrained by 
requirements for the surface facilities such as available land 
for drilling and the power plant control room, as well as 
costumers for the district heating system using the hot wa-
ter. Therefore only the deviation had to be determined. 

Both the location and the hole deviation for the second 
(injection) well Gt 2 were completely planned on the basis 
of the reprocessing results. A nearly NE-SW striking fault 
zone was interpreted on two parallel profiles with a fault 
throw of up to 180 m. It was finally accepted that this fault 
zone could be interpolated between both profiles over a 
distance of nearly 4 km. The location of well Gt 2 is about 
1.4 km W of the seismic profile (Fig. 4). 

The structural interpretation of this fault zone reveals not 
only one single fault zone but a bundle of at least three fault 
zones. Top Malm was predicted within a depth interval 
2960 m to 3020 m. Regional analysis for the whole area 
reveal that production rates of 150 l/s with a maximum 
water drawdown of 500 m can be achieved with a pro-
bability of approx. 91% (Schulz and Jung 2005). These 
involve stimulation measures such as acid treatment. 

The injection borehole Gt 2 (3590 m TVD), drilled June 
2006 to January 2007, was also successful. Top Malm was 
verified by drilling in 2978 m TVD. Two fault zones can be 
interpreted with a (vertical) throw of 230 m (Unger 2007). 

A first hydraulic test has proven a water temperature of 
about 134 °C and the production rate was even higher than 
in the Gt 1 borehole. 

3. VSP- AND MS-VSP INVESTIGATIONS 

The reprocessing results imply an important decision 
criterion for possible karstification zones. Supplementary 
vertical seismic profiling (VSP)- and moving source (MS-) 
VSP-measurements were carried out in the Unterhaching Gt 
1 well in 2005 for a more detailed investigation (Thomas 
and Schulz 2007). 

3.1 Data Acquisition 

MS-VSP data were recorded using a single heavy vibrator 
(Fig. 9). Careful planning of the line geometry was 
necessary to explore the vicinity of the intersected Malm 
area. The borehole geophone was fixed at 2580 m vertical 
depth. The source points were located on four parallel 3.5 
km long profiles with 100 m point distance and one 
perpendicular 5 km long line with 50 m point distance (Fig. 
10).  

A vibration point distance of 100 m yielded a reflection 
point distance of only 12 m for a reflector at 3000 m (top 
Malm) depth. Different depth, of course, give different 
reflection point distances (Fig. 11). 

 

Figure 9: Vibrator used for VSP field experiment.  

The reflection points in Fig. 11 were plotted for a reflector 
at a depth of 3200 m. The immediate vicinity of the 
borehole could be mapped. 

The measurements were supplemented by a VSP at a depth 
interval of 2020 m to 2560 m. The receiver distance was set 
to 20 m. To avoid tube waves, the source point was located 
with an offset of 312 m to the borehole. 

3.2 Processing and Interpretation of VSP-Data 

A one way normal move out correction was applied to 
correct the first break travel times, since the source is offset 
from the well. The first-break times will then approximate 
those of a zero-offset VSP. Other processes applied were: 
geophone level (vertical) stack, spectral analysis, amplitude 
recovery and trace balance, first-break time pick, 2D 
median filter to separate down-going and up-going waves, 
time variant spectral whitening including band-pass 
filtering and f-x deconvolution. Fig. 12 displays raw data on 
the left and processed data on the right side. 

Zero-Offset VSP data shows a higher signal-to-noise-ratio 
than the stacked section (Fig. 13). The Lithothamnion 
limestone (thickness about  60 m), which was already 
dominating in the reflection seismic industry profiles 
(Thomas 2003, Schulz et al. 2004) and therefore used as a 
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stratigraphic reference level for the interpretation and 
determination of top Malm (Fig. 5) shows as well a clear 
reflection in the VSP data at a depth of 2840 m. 

 

Figure 10: Field geometry of VSP and MS-VSP. 
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Figure 11: Cross-section view of MS-VSP geometry. 

The 90 m thick rock sequence (Turon, Lower Cretaceous 
and Purbeckian) between Lithothamnion limestone and top 
Malm is reproduced with a higher resolution compared to 
the reflection seismic profile (Fig. 13).   

Top Malm at 3000 m and the basis Malm interpreted at 
3500 m depth are recognized clearly. The events beneath 
the basis Malm let suggest the existence of Dogger. 

The reflection seismic profile (Fig. 13) shows a high-
reflective area at a depth interval from 3100 m to 3350 m E 
of the position of borehole Gt 1, whereas to the W 
reflections are scarce. Only at 3250 m depth strong 
reflections can be tracked from E to the position of the 
borehole. 

3.3 Processing and Interpretation of MS-VSP Data 

MS-VSP 2 is displayed in Fig. 14 to demonstrate the data 
quality which could be achieved by working with one 
single vibrator. The left side of the image shows the raw 
data (correlated and 8-fold vertical stacked) while on the 
right side the data is displayed after enhancing the signal-
to-noise-ratio. 

The unprocessed field records do not show signals that 
could be attributed to specific reflectors. Individual trace 
processing improved data quality and Lithothamnion 
limestone, top Malm and base Malm can be interpreted. 

 

Figure 12: VSP data for the geophone depth interval 
2020 m to 2560 m for borehole Gt 1. Left: raw 
data. Right: processed data. 

 

Figure 13: Comparison of a zero-offset VSP and a 
reprocessed 2D surface seismic line. Elevation 
datum is top ground surface (564 m asl.) 
(Thomas 2006a). 

Recording a VSP with offset sources, the reflection points 
will also have a lateral offset (Fig. 10). To reconstruct the 
VSP image in the coordinate system of 2D surface seismic 
sections, Dillon and Thomson (1984) described a mapping 
procedure (VSP/CMP transformation; Fig. 15, bottom). If 
we need only a comparison of MS-VSP data with each 
other, a more simple zero-offset transformation is sufficient 
(Fig. 15, top). These sections can be used for the 
delineation of structures in the vicinity of the borehole and 
for detailed reservoir studies. 

Lithothamnion limestone, top and base Malm can be 
interpreted on MS-VSP profile 5 (Fig. 16). The depths 
interval from Lithothamnion limestone to Lower 
Cretaceous is portrayed with high resolution. The transition 
from Cretaceous to Malm is marked by a clear seismic 
event. Reflections are also visible within the Malm. This 
enables the interpretation of a fault system (Fig. 16; dashed 
lines). Contrary, the interpretation on basis of the reflection 
seismic profile yielded simply a single fault based on its 
visibility within the Lower Cretaceous. The geological drill 
well log from borehole Gt 1 (Fig. 16) validated the 
existence of this fault zone (Thomas 2006b). However, the 
analysis of the borings shows that the fractures are healed. 

Different influx areas over 250 m thickness within the 
Malm, measured during a hydraulic test (GTN 2006), 
correspond with seismic signatures in the MS-VSP data 
(Fig. 16). 
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Figure 14: Typical MS-VSP record. Offset is the 
horizontal distance between borehole and 
vibrator-position.  Top:  raw data.  Bottom:  data 
after signal-to-noise-enhancement. 

 

Figure 15: Depth section of MS-VSP 2 and 
interpretation. Elevation datum is top ground 
surface (564 m asl.). Dashed line marks a fault 
zone. Top: zero-offset transformation.  Bottom:  
VSP/CMP transformation. 

 

Figure 16: Depth section of MS-VSP 5. Different influx 
areas within the Malm are displayed in relation 
to the geological drill well log (Unger 2006). 

4. 3D-SEISMIC REFLECTION SURVEY 

3D-seismic reflection measurements as being used in the 
hydrocarbon exploration industry are the optimum tool for 
exploring and characterizing the geothermal reservoir, too. 
A test survey was performed during the MS-VSP field 
campaign in 2005. A high-resolution 3D-seismic campaign 
was then scheduled for summer 2009, taking advantage all 
previously gained knowledge. 

4.1 One-fold 3D-Test-Measurements 

The seismic source points of the MS-VSP experiment 
(compare Fig. 5) were not only recorded by the borehole 
geophones but also by an additional surface layout of 120 
channels. This resulted in four 2D-seismic lines with CMP 
intervals of 5m, 12-fold coverage and 215 m distance and a 
3D-seismic area with 5 x 25 m bin size and nominal one-
fold coverage (Fig. 17). The data show that even one single 
vibrator can be sufficient to obtain reliable records. The 
four 2D seismic lines show considerably variable 
reflectivity within the Malm even over short distances. 

For standard processing the nominal 5 x 25 m bin size of 
the one-fold 3D seismic reflection measurements was 
enlarged in order to obtain 6 inline and 21 crossline 
sections. This allowed up to 21-fold CMP stacking. 

In Figure 18 the inline I-1 (out of 6 inlines) is shown 
together with crosslines C-1 and C-3 (out of 21 crosslines). 
Even this simplified 3D survey exhibits a relatively high 
resolution. The most prominent and continuous reflector is 
the Lithothamnion limestone at about 2880 m depth. The 
structures below show lateral variations. The reflectivity of 
the Malm (3000-3500 m depth) is characterized by very 
pronounced lateral and vertical changes. These changes in 
seismic facies may be interpreted in terms of changes 
between bedded limestones, massive limestones and reefs 
exhibiting highly variable hot water content. 
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Figure 17: Coverage map of the four additional 2D 
seismic lines (NW-SE) and the 3D data block (in 
red colour). 

 

Figure 18: Fence diagrams of selected 3D sections of the 
3D seismic data block: inline 1 with crossline 1 
(top) and inline 1 with crossline 3 (bottom). 
The Lithothamnion limestone forms a 
continuous reflector at approx. 2880 m depth. 
The depth interval Turon to top Malm 
(approx. 3000 m) shows stronger variations of 
its seismic facies.  The Malm (3000-3500 m) is 
characterized by prominent changes in 
reflectivity. A fault dipping to SW is visible on 
the left side. 

4.2 Multi-fold 3D-Survey 

In order to explore the sum total geothermal capacity of the 
Malm in the Munich area, the following subprojects are 
scheduled by an integrated programme: 

1) A high-resolution 4 x 5 km 3-D seismic reflection 
survey to explore facies and geological structures 
around the injection well Unterhaching Gt 2 with 
target depths to 4000 m (Fig. 19); 

2) regional geological 3-D modelling of structures 
aided by additional existing 2-D seismic profiles; 

3) hydrological modelling and 
4) numerical modelling of ground water currents. 

Economical usage of the geothermal energy obtained from 
karst aquifers will be based at larger scale on results of the 
present study. Sustainable usage of geothermal energy can 
be improved and the operational risk will be reduced. The 
numerical model will be made available to administrative 
authorities as a tool for assessment of projected geothermal 
usage of the Malm reservoir. 

 

Figure 19: Theoretical grid of 3D seismic measurements. 
NW-SE striking lines are geophone lines. SW-NE 
striking lines are vibrator point lines. Wells 
Unterhaching Gt 1 and Gt 2 are indicated by red 
points. To the west information is available by 
the MS-VSP data. 

6. CONCLUSIONS 

Reprocessing the seismic data has increased resolution. The 
boreholes situated at the margins of the study area could be 
tied into a stratigraphic interpretation, but their velocity 
information could not be used for depth conversion down to 
top Malm. Lateral changes in seismic signatures indicate 
that rapid facies changes can be expected within the Upper 
Malm. The interval velocities calculated from the stacking 
velocities reveal highly localised velocity inversions. The 
low velocity zones coincide with areas that show diffractors 
associated with fault zones as well as diffractors associated 
with interpreted reef facies. This could be an important 
decision-making criterion for identifying potential 
karstification. 

VSP and MS-VSP data deliver a higher seismic resolution 
than the reflection seismic profile for the depth interval 
Cretaceous to Lithothamnion limestone. The energy of one 
heavy vibrator was sufficient to image the Malm down to 
its basis (about 3500 m).  

Different influx areas within the Malm, measured during a 
hydraulic test, could be identified in the MS-VSP data. 

A single fault, interpreted in the seismic reflection profiles 
based on its visibility in the Lower Cretaceous, could be 
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resolved as a fault system by means of the MS-VSP data 
within the Malm. 

The interpretation of the MS-VSP experiment shows that 
small scale changes of the layer structures in the vicinity of 
borehole Gt 1 do not suggest an undisturbed continuation of 
these structures between Gt 1 and injection well Gt 2 (about 
3.5 km distance). 

High-resolution 3D-seismic reflection measurements are 
used to explore and characterize the reservoir in the vicinity 
of the injection well Unterhaching Gt 2 at highest possible 
detail. The aim is to set up a regional 3D geological model 
taking also other available 2D seismic lines into account. 
Hydrological and numerical modeling is the final goal for 
estimating the geothermal potential. 
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