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Abstract 

For the successful realization and productivity prediction of new hydrothermal projects 
in the South German Molasse Basin, the hydraulic matrix properties of the Upper 
Jurassic Malm reservoir have to be determined as accurately as possible. To obtain 
specific information on the distribution of the petrophysical parameters (e.g., rock 
density, porosity, and permeability) 363 samples of rare drilling cores from the reservoir 
northeast of Munich (wells Moosburg SC4 and Dingolfing FB) were investigated using 
different experimental methods. Additionally, porosity was calculated by a downhole 
resistivity log of a nearby borehole close to Munich for comparison and the attempt of 
transferability of the data set to other locations within the Central Molasse Basin. Core 
data were divided into groups of different stratigraphic and petrographic units to cover 
the heterogeneity of the carbonate aquifer and provide data ranges to improve reser-
voir and prediction models. Data for effective porosity show a high variance from 0.3 to 
19.2% throughout this heterogeneous aquifer. Permeability measured on core samples 
is scattered over several orders of magnitude (10−4–102 mD). Permeability models 
based on the porosity–permeability relationship were used to estimate permeability 
for the whole aquifer section and identify possible flow zones. A newly developed 
empirical model based on distinct lithofacies types allows a permeability estimation 
with a deviation < 10 mD. However, fractured, karstified, and vuggy zones occurring 
in this typically karstified, fractured, and porous reservoir cannot yet be taken into 
account by the model and result in an underestimation of permeability on reservoir 
scale. Overall, the dominant permeability trends can be mapped well using this model. 
For the regional transfer and the correlation of the results, a core-related porosity/
permeability log for the reservoir was compiled for a well close to Munich showing 
similarities to the core investigations. The validation of the regional transferability of the 
parameter set to other locations in the Molasse Basin was carried out by correlation 
with the interpreted log data of a well near Munich.
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Introduction
Due to its relatively high temperature and promising hydraulic conditions, the Upper 
Jurassic Malm aquifer buried within the Molasse Basin is the main target formation 
for geothermal (hydrothermal) exploration in South Germany (Steiner et al. 2014). The 
Molasse Basin, extending along the northern flank of the Alps as far north as the Fran-
conian Alb, represents an alpine foreland basin (Fig. 1a). In the proximity of Munich, the 
basin offers ideal conditions for the use of geothermal (hydrothermal) energy to cover 
the increasing demand for renewable heat sources in Germany. Hence, the Energy Sup-
plier SWM Services GmbH of Munich announced the ambitious goal to cover the heat 
demand of the city CO2-emission free until 2040 based on geothermal use (Dufter et al. 
2018).

The Molasse Basin itself is filled with Cenozoic sedimentary rocks, which are mostly 
alternating sequences of sandstone with claystone that overlie and locally cut down into 

Fig. 1  Overview over the geological setting of the Jurassic sediments in South Germany. a Cross section 
through the South German Molasse Basin (from BayStMivt 2012; modified after Lemcke 1988). b Distribution 
of the calcareous Malm deposits during the uppermost Jurassic. Note the heterogeneity of depositional 
sequences due to local development of reefal buildups in alternation with restricted lagoons and small 
enclosed basins (modified after Meyer and Schmidt-Kaler 1990a)
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Upper Jurassic carbonate deposits (Meyer and Schmidt-Kaler 1996). These carbonates in 
turn directly rest on Permo-Carboniferous troughs and a Variscan crystalline complex 
(Lemcke 1988). The Upper Jurassic is composed of alternating shallow marine sequences 
of limestones, marls, and dolostones that can be separated into a massive and a bedded 
facies (Meyer and Schmidt-Kaler 1990b) (Fig. 1b). The deposits can reach a thickness of 
up to 400 m, with the depth increasing south to about 5 km below the fringe of the Alps 
(Goldbrunner and Vasvári 2016; Mraz 2019).

As a result of the Alpine orogeny, the Molasse Basin is a typical wedge-shaped foreland 
basin formed by tectonic movements. The formation of synsedimentary fractures and 
fault zones is widespread throughout the southern part of the basin, directly influencing 
the carbonates of the Upper Jurassic (Bachmann et al. 1987; Büchi et al. 1965). In addi-
tion, the carbonate deposits were affected by emersion during the Cretaceous resulting 
in locally extensive erosion and karstification (Koschel 1991).

As a result of the high variability in its depositional environment (Fig. 1b), sedimen-
tary and diagenetic features as well as irregular fractures, faults, and locally intensive 
karstification, the aquifer properties are very heterogeneous throughout the basin (Koch 
et al. 1994, 2010; Koch 1997, 2000; Koch and Munnecke 2016; Mraz 2019; Niebuhr 2014; 
Stier and Prestel 1991). Therefore, petrophysical and hydraulic properties of the aquifer 
rock are presumed to be variable throughout this carbonate platform setting as well. A 
detailed evaluation of pumping tests in the Munich area showed that, contrary to the 
expectation of a rather linear or bilinear flow, a significantly more frequent radial flow 
could be observed (Konrad et al. 2019). Most of the investigated geothermal boreholes 
(37 of 41) show a homogeneous flow behavior, which was observed by the interpretation 
of pressure derivatives and indicates radial flow conditions. Hence, these wells seem not 
to be entirely dominated by faulted, fractured, and karstified zones alone and benefit or 
are even masked by considerable volume produced from the rock matrix. For charac-
terization of the reservoir, porosity and permeability of the rock matrix combined with 
fractures and karstified zones are controlling factors regarding the storage and flow of 
fluids. They have an impact on a variety of different rock properties like rock density, 
thermal conductivity as well as geomechanical parameters (Stober and Bucher 2013). 
For thermal, hydraulic, and mechanical modeling (THM) of a reservoir, the distribution 
and variety of these parameters for each type of rock are required as an important input 
parameter range (Brehme et al. 2016; Cacace and Jacquey 2017; Cherubini et al. 2013; 
Jacquey et al. 2018; Konrad et al. 2019). For a better prediction of mining models and 
productivity prognosis in the Molasse Basin, it is therefore necessary to investigate these 
parameters and their influence on local aquifer conditions in detail.

The heterogeneity of carbonate deposits on a regional scale causes difficulties in gen-
eralization and transferability of the measured properties (Eaton 2006; Koltermann and 
Gorelick 1996; Lucia et al. 1992). To improve the understanding of the regional distribu-
tion, the correlation of real aquifer parameters (from rock cores) with information from 
outcrops and geophysical borehole measurements is crucial. However, comprehensive 
geophysical logging in geothermal wells throughout the South German Molasse Basin 
is for many different reasons (e.g., costs, risks, technical problems) scarce, incomplete, 
or even missing. Additionally, rock cores of the aquifer section are usually not acquired 
during the geothermal exploration. Reliable petrophysical data for the characterization 
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of the aquifer is therefore based on literature, analogue outcrops, research wells (e.g., 
Moosburg SC4), or hydrocarbon wells. These outcrops are located some 100 km from 
the drilling sites of the central Molasse Basin and were subject to decompaction and 
weathering (Hedtmann and Alber 2017, 2018; Homuth 2014; Mraz et al. 2018). Hence, 
the representativity and transferability to reservoir conditions of these data are quite 
questionable.

To improve the understanding of the hydraulic, thermal, and geomechanical behavior 
of the aquifer rock matrix, several samples from two of those rare cored boreholes were 
investigated for laboratory experiments in this study. The cores of the exploration drill-
ings Moosburg SC 4 and Dingolfing FB, which are located in the center of the Molasse 
Basin near a structural high (“Landshut-Neuöttinger Hoch”) comprise a complete suc-
cession of the upper Jurassic sediments and shall therefore be used as a reference for 
correlation towards the center of the basin. The transferability of these data to other 
wells in the Molasse Basin based on the correlation with downhole logs is also exempla-
rily shown in this research.

Previous investigations in the Molasse Basin

Petrophysical rock characterization is a common practice in the field of reservoir engi-
neering to describe hydraulic properties of an aquifer (Essley 2013; Okotie and Ikporo 
2019). A few studies already described the petrophysical and hydraulic properties of the 
Upper Jurassic aquifer of the Bavarian Molasse Basin in the context of geothermal explo-
ration. Most of these studies focused more on local areas or specific projects for which 
detailed data should be evaluated. A summary of most available data sets for porosity of 
the Upper Jurassic in comparison with the results of this research is shown in Appendix 
1.

The hitherto most comprehensive work was carried out by Homuth (2014) and 
Homuth et al. (2014, 2015). The authors investigated petrophysical properties on several 
samples from outcrops and shallow boreholes of the Swabian and Franconian Alb, which 
represent an analogous area for the Malm aquifer. However, only very few selected sam-
ples of deep boreholes from the Malm reservoir were investigated (Moosburg SC 4, Ger-
etsried GEN-1).

Mraz et al. (2018) used a similar approach to describe hydraulic, petro- and thermo-
physical properties of analogous outcrop material to transfer it to the deep geothermal 
well Geretsried  GEN  1  ST. Effective porosities for gas and water were measured with 
a helium gas expansion porosimeter (HEP) and water immersion porosimetry (WIP). 
Analogous samples were taken from quarries and outcrops in the Southern Franconian 
Alb.

Hedtmann and Alber (2017, 2018) also investigated analogous material from the 
Southern Franconian Alb to collect petrophysical and hydraulic parameters for the 
Malm aquifer.

Böhm et  al. (2010) analyzed hydraulic active zones of borehole Moosburg  SC  4 by 
investigation of permeable and porous intervals. Measurement of effective porosity was 
realized on selected rock core samples by WIP and petrographic image analysis (PIA) 
of thin sections (total porosity). Permeability was measured for some samples in a Has-
sler type cell. At the geothermal well Pullach Th 2, Böhm et al. (2010) used PIA on thin 
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sections of drill cuttings to describe porosity for different stratigraphic intervals in the 
vicinity of Munich.

Beichel et al. (2014) developed a water saturation and vaporization method to allow 
the assessment of effective porosity for drill cutting samples from a drilling project in 
Unterhaching near Munich.

Nonetheless, the abovementioned studies focused primarily on analogous outcrop 
samples and drill cuttings of some boreholes. Only a few selected core samples of the 
buried reservoir were investigated for the characterization of porosity and permeabil-
ity distribution. The common goals of these studies are the correlation of petrophysical 
properties from drill cutting/core or outcrop samples to different areas of the aquifer 
within the Molasse Basin. However, the high heterogeneity throughout the depositional 
sequences of the Upper Jurassic remains as the main problem for correlation of analo-
gous outcrop data or selective core data to the whole aquifer system buried beneath the 
Molasse Basin.

To properly address this problem, a high quantity of rock samples from two almost-
complete drill cores from the reservoir were examined in this study. Based on this data 
set, a detailed porosity and permeability distribution can be provided with respect to 
utilization as input parameters for models and simulations. Transferability of data to 
other locations in the Molasse Basin can be achieved by correlation with downhole logs 
of already existing and future drillings.

Materials and methods
Workflow

To improve the data basis for hydraulic and petrophysical properties of the reservoir, 
rock samples of drilling cores were investigated. After the acquisition of drilling cores, 
a description of lithology, facies, and microstructures was carried out before the cores 
were sampled and subsequently prepared for further procession in the laboratory work-
flow (Fig.  2). Rock density, effective porosity, and permeability were measured using 
different methods and saturation/flow media (water, air/gas). The obtained parameter 
set was then consolidated into distributions based on lithofacies and microstructural 
aspects in order to develop a statistical poro–perm relationship. As a result, an empiri-
cal permeability model based on lithofacies and porosity was developed. In addition to 
the laboratory workflow, the porosity was interpreted from an electrical resistivity log 
of a geothermal well. The calculation of the porosity following Archie’s law was supple-
mented with parameters based on the laboratory results. The permeability was then esti-
mated using different existing permeability models and validated by the empirical model 
based on laboratory results. Finally, local flow zones could be identified within the reser-
voir that can be correlated in a regional context.

Materials and preparation

In this study, two of the rare rock cores comprising the entire reservoir section of the 
Malm reservoir, Moosburg SC 4 (MSC-4) and Dingolfing FB (DGF-FB), were available 
for laboratory experiments on several rock samples.

The exploration well MSC-4 was drilled in 1990 to a total vertical depth of 1585  m 
(Fig.  3). The reservoir section (Upper Jurassic Malm Aquifer), which is capped by 
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deposits of the Purbeck and underlain by sediments of the Dogger, was cored completely 
over a total length of approximately 453 m (Böhm et al. 2011; Böhm 2012; Meyer 1994). 
The Purbeck and the top of the Dogger formations were also cored and investigated. 
The Malm is composed of an alternation of limestones, dolomitized limestones, and 
dolostones (Fig. 3). Limestone can be found in the top and bottom parts of the borehole, 
whereas the middle part predominantly consists of dolostone. Limestone as well as dolo-
mite rocks vary in their appearance throughout the borehole and show changes in facies 
and crystal size of the crystalline dolostone. Furthermore, the significant influence of 
tectonic fracturing and karstification affected the aquifer in the vicinity of the borehole 
MSC-4 (Böhm et al. 2011).

The well DGF-FB was drilled in 2014 as part of an industrial research project for 
the storage of thermal energy in the reservoir (Ueckert and Baumann 2019). The well 
reached a total vertical depth of 473 m and intersected about 230 m of the Upper Juras-
sic Malm succession with a successful coring of 130 m in total. The aquifer section is 
mainly composed of crystalline dolomite rock with varying bedding and crystal size 
and capped by about 20 m of limestone deposits at the top (Fig. 3). However, compared 
to the complete Malm-sequence found in the borehole MSC-4 located about 50  km 
south-west, the borehole DGF-FB was not completely drilled down to the base of the 
Malm. Additionally, the succession seems to be incomplete at the top. Due to a local 
horst structure related to a local ridge (“Landshut-Neuöttinger Hoch”), the deposition 
in this area could have been affected already during the Upper Jurassic (BayGLA 1996). 
This may have resulted in reduced accommodation space and less deposition or even 
nondeposition during the latest depositional sequences of the Upper Jurassic or exten-
sive erosion caused by temporary exposure of this area. Therefore, the correlation of the 
upper part of the succession to the section of the borehole MSC-4 is not entirely unam-
biguous. However, the middle part of the Malm shows a similar lithology for both bore-
holes to the maximum depth of the borehole DGF-FB.

A detailed description of lithology, facies, and rock fabric was accomplished for the 
entire rock core in order to assign the petrophysical measurements to different rock 
properties. Limestone and dolomitic limestone were subdivided into groups of differ-
ent grain and particle/component size (Dunham 1978; Flügel and Munnecke 2010; Lucia 
1995, 2007; Lucia and Conti 1987). Dolostone was classified with regard to dolomite 
crystal size into three major groups: fine, medium, and coarsely crystalline (Beichel et al. 
2014; Folk 1974; Lucia 2007; Sibley and Gregg 1987). Morphology of dolomite crystals 
was also taken into account ranging from irregular to well-shaped dolomite rhombs 
(xenomorphic, hypidiomorphic, idiomorphic) (Sibley 1982; Sibley and Gregg 1987; 
Tucker and Wright 1990).

In order to ensure a representative data set for the whole reservoir, samples were taken 
according to changing stratigraphic intervals as well as varying lithology and facies 
alongside the rock cores. However, the sample intervals had to be adjusted to the qual-
ity of core recovery and the local occurrence of core disking and fragmentation. Test 
plugs with a diameter of 50 mm were drilled from the original rock core parallel to its 
vertical axis. The plugs were then cut to a standard length of 100 mm and ground for 
smooth and perpendicular end faces to achieve best possible cylindrical test specimens 
according to the ASTM Standard D4543-08e1 (2008). Following this procedure, a total 
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of 363 test plugs of the rock cores MSC-4 and DGF-FB were prepared and subsequently 
analyzed. The effective porosity was measured for all 363 samples by two different tech-
niques using purified water (WIP) or helium (HEP) as saturation fluid (Table 1). Addi-
tionally, the permeability for 65 of these samples was measured. Most of the test plugs 
(40) met the requirements for measurement in the triaxial test cell (minimum length of 
90 mm, no vugs and cavities connected to sample surface). However, 25 test plugs had to 
be measured with an air-driven minipermeameter to cover parameter ranges for desired 
stratigraphic units, lithologies or facies types that could not be measured by the triaxial 
flow test.

Experimental techniques

Porosity

The effective porosity φeff is defined as fraction of the interconnected nonsolid volume 
allowing flow through the rock and is described as a percentage (%) in this research. To 
allow a comparison and evaluation of results from different measurement techniques 
or rock types, porosity deviations are referred to as absolute difference �φeff in % p.u. 
(porosity unit) (Schlumberger Oilfield Glossary 2018).

Helium porosimetry (HEP)  The gas expansion method is seen as one of the most accu-
rate and repeatable non-destructive techniques for determination of effective porosity 
in a variety of rock types (Anovitz and Cole 2015; McPhee et al. 2015). In order to quan-
tify the porosity of a rock sample using HEP, several different steps of preparation and 
measurement must be performed. For calculation of �φeff , the specific volumes of the 
sample have to be measured. Those are the bulk volume Vb and the grain volume Vg , 
which describe the total volume or rather the pure volume of grain material excluding 

Table 1  Overview of rock samples and the corresponding measurement methods

HEP helium porosimetry, WIP water immersion porosimetry, AirPerm minipermeameter, Triax triaxial flow test

Location Stratigraphy Porosimetry Permeability

HEP WIP Total AirPerm Triax Total

Moosburg SC 4 Purbeck 73 73 73 5 2 7

Malm ζ 4–5 32 32 32 5 3 8

Malm ζ 3 18 18 18

Malm ζ 2 35 35 35 2 2

Malm ζ 1 32 32 32 5 2 7

Malm ε 19 19 19 4 1 5

Malm δ 36 36 36 4 4

Malm γ 15 15 15

Malm β 14 14 14

Malm α 18 18 18

Top Dogger 20 20 20

Dingolfing FB Malm ζ 4–5 6 6 6 3 3

Malm ζ 2 9 9 9 7 7

Malm ζ 1 5 5 5 3 3

Malm ε 19 19 19 13 13

Malm δ 12 12 12 6 6

Total 363 363 363 25 40 65
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pores. Usually bulk volume of a sample can be determined by buoyancy methods based 
on the principle of Archimedes (American Petroleum Institute 1998). Bulk volume Vb (1) 
was therefore calculated by measurement of sample dimensions at several points using a 
digital caliper (height L = mean of 8 readings, diameter u = mean of 6 readings) to ensure 
the best possible accuracy. Dry sample weight Wd was collected by repeated weighing 
(≥ 5 times) with accuracy of 0.01 g (McPhee et al. 2015) so that bulk density ρb (2) can be 
calculated:

A helium pycnometer with accuracy within ± 0.03% and reproducibility within 
± 0.02% was used to measure the pore volume, effective porosity, and grain density 
(Micromeritics, AccuPyc II 1340 Series). Following Boyle’s law, the required parameters 
can be determined by displacement of known volumes of injected gas. Helium of high 
purity is used due to its inert character that minimizes the absorption of gas on the core 
surface and therefore the influencing of the measurement. The helium grain volume VHe

g  
of the rock sample is the direct output of this method. However, some isolated pores 
may affect measurement of VHe

g  as they cannot be penetrated by gas. The connected 
pore volume VHe

P  (3), grain density ρg (4) and effective porosity φHe
eff  (5) can be calculated 

as following:

Water immersion porosimetry (WIP)  The Water Immersion Porosimetry (WIP) was 
used to determine the effective porosity of rock samples for the fluid water. The method 
is based on imbibition of purified water by immersion of the rock sample under vacuum. 
Before saturation, the sample was oven dried at 105 °C for 48 h and the weight of the dry 
sample Wd was measured. Subsequently, the sample was placed in a desiccator under vac-
uum to remove trapped air/gas from connected pores. The desiccator was then flushed 
with purified water until the rock sample was completely covered. Vacuum was main-
tained for at least 72 h to ensure best possible saturation before saturated weight Ww

s  of 
the sample was measured. Assuming a known constant density of the imbibed water ρw 
(0.997 g/cm3 at 24–26 °C) (Wagner and Pruß 2002), the pore volume Vw

P  (6) and effective 
porosity φw

eff (7) can be calculated (American Petroleum Institute 1998; Anovitz and Cole 
2015; McPhee et al. 2015):

(1)Vb = π ·

(u

2

)2
· L,

(2)ρb =
Wd

Vb
.

(3)VHe
P = Vb − VHe

g ,

(4)ρg =
Wd

VHe
g

,

(5)φHe
eff =

(

1−
VHe
g

Vb

)

∗ 100%.
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Porosity from log interpretation (Archie‑porosity)  For correlation and validation of the 
measured porosity data, porosity of a geothermal well near Munich using the deep elec-
tric resistivity reading of a downhole log was calculated by Eq. (8) proposed by Archie 
(1942):

where R0 is the resistivity of 100% water-saturated rock, Rw is resistivity of the formation 
water, φ is the fractional porosity of the rock matrix and m is the cementation factor.

The lithology and facies of the aquifer were interpreted by cutting samples (mud log) 
and downhole logs (Gamma, Image) and processed in the software “Interactive Petro-
physics” (IP). For calculation of porosity from resistivity logs, knowledge of formation 
water resistance Rw and cementation factor m are required. Rw was determined from 
the hydrochemical analysis of formation water which generally shows low mineraliza-
tion throughout the Malm of the central Molasse Basin (Birner et al. 2011; Stober et al. 
2014). The m value depends on the rock fabrics and is mainly subject to vuggy porosity 
in carbonate rocks (Lucia and Conti 1987). The cementation factor for this carbonate 
reservoir has not yet been determined and therefore had to be estimated. Lucia (2007) 
suggested to use m  = 2 for heterogeneous carbonate deposits as usually applied in the 
hydrocarbon industry, while Rashid et al. (2015) recommended a range of 2 <  m  < 4 for 
well-cemented carbonates. However, knowing the effective porosity (interparticle poros-
ity) and permeability from laboratory measurements, the cementation factor can also 
be determined by empirical power laws to validate the abovementioned assumption and 
assign m values to different lithology and facies. Following Focke and Munn (1987), the 
uncertainty in estimating the cementation factor can be considerably reduced by the fol-
lowing trends for carbonate core samples:

where m is the lithology component or cementation factor, k is permeability in milli-
darcy (mD), and φeff is effective or interparticle porosity (%).

A rather simple approach to calculate the m value was suggested by Borai (1987) in 
form of an empirical cementation factor versus porosity relation found for a wide range 
of porosities for pure limestones offshore Abu Dhabi:

(6)Vw
P =

(

Ww
s −Wd

)

ρw
,

(7)φw
eff =

Vw
P

Vb
· 100%.

(8)R0 = Rwφ
−m,

(9)m = 1.2+ 0.1286φeff for k < 0.1 mD,

(10)m = 1.4 + 0.0857φeff for k ≥ 0.1 mD < 1 mD,

(11)m = 1.2+ 0.0829φeff for k ≥ 1 mD < 100 mD,

(12)m = 1.22+ 0.034φeff for k ≥ 100 mD,



Page 11 of 47Bohnsack et al. Geotherm Energy            (2020) 8:12 	

The relationship of Focke and Munn (1987) was used for 61 samples with both known 
porosity and permeability while that of Borai (1987) was used for 298 samples where 
only porosity data are available.

Limitations of the Archie-approach can be the changes in mineralogy and the occur-
rence of borehole breakouts and karstification. Due to the increasing clay content from 
the section Malm γ to Malm α the simple Archie equation could not be used without 
correction (Waxman and Smits 1968). Accordingly, the log porosity was calculated 
based on the Archie equation only for the Purbeck and the sections Malm ζ–δ, which 
corresponds to the total depth of the well near Munich. Open fractures with opening 
widths of maximal 0.1 mm at a fracture spacing of at least 10 cm throughout the aqui-
fer were determined from the Image log of the same well. According to Lucia (1983), 
this corresponds to a fracture porosity of less than 0.1% and was therefore neglected for 
calculation of log porosity. Furthermore, log porosity can be affected by breakouts and 
zones showing abundant vugs or karstification. These zones were detected by interpreta-
tion of the Caliber and Image logs and highlighted accordingly (compare “Scale of obser-
vation and transfer of parameters for regional interpretation” section).

Permeability

Identification of permeability is of major importance to identify productive flow zones 
in a geothermal aquifer (Mahjour et  al. 2016). Permeability is a rock property that is 
directly linked to pore size and effective porosity and varies widely in heterogeneous car-
bonate deposits from < 0.01 millidarcy (mD) to well over 1 Darcy (Lucia 2007). There-
fore, core samples from different types of lithology and facies of the aquifer were selected 
to determine ranges for each type and heterogeneity within the aquifer. Permeability was 
measured for 65 core samples by two different techniques using water and air as fluid 
(Table 1). Based on the poro–perm relationship of the measured core samples, perme-
ability was also calculated using different empirical power laws and models to estimate 
the permeability of the entire aquifer section based on the derived porosity distribution.

Triaxial flow test—water permeability  To determine the permeability by the triaxial 
cell, the percolation of deionized water was tested for 40 cylindrical core samples under 
hydrostatic conditions (Fig. 4a). After the core sample was installed in the sample holder 
of the test cell, a vacuum was applied and the sample was saturated from bottom to top 
against a closed downstream fluid port until the pore pressure was constant. The sample 
was then flushed for several hours with the downstream reservoir open to atmosphere 
to remove trapped air from the sample. Following saturation of the core sample, axial 
and confining stress were cycled up to 30  MPa to eliminate inelastic behavior and to 
close microcracks that may have resulted during decompaction of the rock core. For per-
meability measurements, hydrostatic stress was maintained at 3 MPa with a fixed flow 
rate of Qup  = 0.15 ml/min at the upstream fluid port resulting in pore pressures between 
1.0  and  1.5  MPa. After reaching stationary flow between up- and downstream pump 
( Qup  =  Qdown ) and stabilization of pore pressure, flow through the sample was measured 
over a period of at least 6 h for time steps of 5 min. Temperature of the fluid and at the 

(13)m = 2.2− 0.035/(φ + 0.042).
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sample were recorded during the test for correct determination of fluid properties. Per-
meability was calculated according to Darcy’s Law (Darcy 1856; Lucia 2007) (14):

where Qav is the averaged flow between up- and downstream ports (in m
3

s  ), k is the per-
meability (in m2), µ is the dynamic viscosity of the fluid (in Pa · s ) as a function of meas-
ured temperature, �Pp is the pore pressure drop (in Pa ) across the length of the sample 
L (in m ) and A is the cross-sectional area of the sample (in m2 ). The permeability was 
converted to the unit millidarcy ( mD ) using Eq. (15), which is commonly used to evalu-
ate the hydraulics of reservoir rocks:

Minipermeameter—air permeability  For measurement of air permeability, the “Tiny 
Perm II”, a portable probe minipermeameter designed by New England Research Inc. for 
measurements of air-driven permeability, was used. The measurement is performed by 
pressing a nozzle with rubber seal against the rock surface connected to a vacuum test 
chamber (Fig. 4b). The vacuum dissipates by flow of air through the rock matrix while 
volume and time are recorded by a microcontroller and computed to a device-specific 
value ( T  ). The permeability can subsequently be calculated through a specific conversion 
equation provided by the manufacturer (16):

where T  is a device-specific value without unit and kg is the air permeability in millidarcy 
(mD).

(14)k =

(

Qav ∗ µ ∗ L

A ∗�Pp

)

,

(15)1mD = 9.86923 · 10−16 m2,

(16)T = −0.8206 · log10
(

kg
)

+ 12.8737,
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Fig. 4  Test design for permeability measurement on cylindrical core samples. a The core sample is placed 
between axial pressure stamps and connected to pore fluid pressure pumps establishing vertical flow. 
The sample is jacketed by a Hassler sleeve in order to separate pore and confining pressure. b Tiny Perm II 
minipermeameter to determine permeability by applying a vacuum (modified from Filomena et al. 2014)
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Filomena et  al. (2014) provide a specific description of test design, procedure, and 
limits of the test device. In order to obtain resilient values, several measurements per 
sample were carried out and combined to a mean value. Air permeability was success-
fully tested on 25 cylindrical core samples of different lithology and facies. According 
to Filomena et al. (2014), the measured permeability results have to be reduced by 37% 
to correct for shorter flow paths, resulting in apparently higher permeabilities for plug 
samples compared to field measurements.

In addition, since permeability as an intrinsic rock parameter is independent of fluid 
properties, a correction is required for a direct comparison of air and water-derived per-
meabilities due to non-Darcy flow (McPhee et al. 2015, Tanikawa and Shimamoto 2006). 
In a low-pressure gas flow through a porous medium, the mean free path of gas mol-
ecules approaches the size of the pores and individual molecules can accelerate due to 
interaction with the pore walls (Bear 2013; Klinkenberg 1941; McPhee et al. 2015). The 
laminar flow theory of Darcy’s law is not valid under these conditions, which results in 
higher flow velocities and permeability results (Bear 2013; McPhee et al. 2015). Accord-
ing to Filomena et  al. (2014), gas permeabilities of sandstone tend to be about 50% 
higher than those derived with water. Accordingly, the carbonate samples measured in 
this work showed distinctly higher deviations even after the correction by 37%.

Air permeability was therefore measured at several points on the end faces of some 
sample plugs, which were also measured for water permeability, in order to find a suit-
able correction factor. By correlation and fitting of data points, a correction was found 
by the following relationship (17):

where Ki is the intrinsic permeability in mD, kg is the gas permeability in mD, and the 
value 0.63 corresponds to the correction factor after Filomena et al. 2014.

Permeability models  Since the availability of rock cores for direct measurement of 
permeability is generally scarce and permeability cannot be derived directly from avail-
able geophysical downhole logs (Lucia 2007), an estimation of permeability using exist-
ing parameters is necessary. The quantification of permeability for a porous medium has 
already been attempted by several authors, who estimated permeability based on different 
properties of the porous rock material, such as characteristic grain size, pore geometry 
or porosity (Glover et al. 2006; Hommel et al. 2018; Nelson 1994). Many of the perme-
ability models are based on the modification of the Kozeny–Carman relationship, which 
describes the flow in a porous medium through a tubular pore model as a function of the 
pressure drop when flowing through tubes of different shapes and radii (Carman 1937; 
Kozeny 1927).

In this study, various empirical laws (e.g., power laws) based on the measured effective 
porosity as a function of the rock properties (facies, grain size, cementation factor) were 
used to assess the permeability of the aquifer. By establishing the global porosity–per-
meability transform (GPPT) (18), Lucia et al. (2001) and Jennings and Lucia (2003) used 
a similar approach by assigning a rock fabric number (rfn) (0.5–4.0) for petrophysical 
classes. Mud-supported limestones and fine crystalline dolostones are assigned a rfn of 
4.0 − 3.5, grain-supported packstone and medium crystalline dolostones refer to a rfn 

(17)Ki = 0.94 · (kg · 0.63)− 0.09,
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of 2.5 −  1.5, and grainstones and coarsely crystalline dolostones to a rfn of 1.5 −  0.5. 
Permeability can be calculated based on porosity data for each petrophysical class by the 
use of multiple linear regressions:

where k is permeability of the rock, A  = 9.7982, B  = 12.0838, C  = 8.6711, D  = 8.2965, 
rfn is the rock fabric number (0.5–4), and φip is the fractional interparticle porosity 
(effective porosity).

The GPPT was also used for the data set of this study to compare it to empirical power 
laws for each petrophysical class of the core samples. The rock fabric numbers used for 
calibration of the GPPT model are listed in Table 2.

In clastic reservoirs permeability can also be calculated as a function of the geomet-
ric mean grain diameter. Berg (1970) discovered a complex relationship of permeability 
with grain packing, grain size, grain sorting, and porosity calibrated with empirical data 
of a sandstone reservoir. The Berg model (19) was simplified using only the mean grain 
size (Berg 1975; Glover et al. 2006) and can therefore also be used for estimation of per-
meability in carbonate rocks replacing grain size by mean particle size:

where kB is permeability in m2, mp the mean particle size in m. The mean particle size 
used for calibration of the Berg model is listed in Table 2.

Glover et  al. (2006) introduced another model for permeability prediction 
(RGPZ model) (20) based on electrokinetic coupling between fluid flow and electrical 
flow in a porous medium. The permeability can be calculated using the RGPZ model by:

where kRGPZ is the permeability in m2, d is the geometric mean grain size in m, a is the 
packing parameter, and m is the cementation factor.

(18)log (k) =
(

A− B · log (rfn)
)

+
((

C − D · log (rfn)
)

· log
(

φip
))

,

(19)kB = 8.4 ∗ 10−2mp2φ5.1,

(20)kRGPZ =
d2φ3m

4am2
,

Table 2  Calibration data for permeability models GPPT and Berg model for different facies 
types

Rfn rock fabric number, mp mean particle size, d geometric mean grain size

Lithology Facies rfn mp (d) [m]

(Dolomitic) limestone Mudstone 4 3.0 * 10−5

Wackestone 4 3.0 * 10−5

Packstone (grain-supported) 4 (3) 3.0 * 10−5

Grainstone 1.75 1.25 * 10−4

Rud/floatstone 1.5 5.0 * 10−4

Dolostone Fine crystalline 3.5 6.3 * 10−5

Fine–medium crystalline 3 2.2 * 10−4

Medium crystalline 2.5 3.5 * 10−4

Medium–coarsely crystalline 2 4.0 * 10−4

Coarsely crystalline 1.5 5.0 * 10−4
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The RGPZ model was used for all measured samples to compare it to the empirical 
based permeability models. Mean grain size was replaced by mean particle/crystal size 
and determined for every petrographic group by evaluation of core samples and thin 
sections. The geometric mean grain size used to calibrate the RGPZ model is shown in 
Table 2, while the packing parameter was set to a  = 8/3, as proposed by Glover et al. 
(2006) and Rashid et  al. (2015). The model was tested with both approaches of Borai 
(1987) and Focke and Munn (1987) to estimate the cementation factor as described in 
“Porosity” section.

Results and discussion
Effective porosity

The result of all investigations is a wide-ranging data set of porosity values comprising 
different methods and various sample properties. The porosity data must therefore be 
classified under specific aspects to make the results valuable for input parameters in 
models and for a regionalized reservoir characterization to improve the prediction of 
production rates. Accordingly, the measured porosity data have to be subdivided into 
different groups defined by measurement method, sample location, stratigraphy, lithol-
ogy, and facies or secondary processes like dolomite crystal size. Each class was evalu-
ated regarding its statistical distribution and correlated with classes of other groups to 
gather information about direct relationships in the superordinate context of the aquifer 
system.

Due to the rather complex pore space geometry and surface roughness of the carbon-
ate matrix, which is already heterogeneous on a small scale, the saturation of the core 
plugs with fluids can be influenced by wettability of the rock matrix (Arif et al. 2020). 
The porosity measured by saturation with the inert gas helium (HEP) is unaffected by 
wettability and represents the maximum effective porosity. On the contrary, the porosity 
measured by saturation with purified water (WIP) can be underestimated to an uncer-
tain extent due to wettability and is therefore referred to as minimal effective porosity. 
In this study, a conservative approach was chosen to interpret the hydraulic properties 
of the rock matrix, using the minimum possible effective porosity to avoid an overesti-
mation of the hydraulic properties. Consequently, the effective porosities from the WIP 
were used. A detailed comparison between HEP and WIP methods with possible devia-
tion of effective porosity is provided in Appendix 2.

Subset stratigraphy

The compiled data set was subdivided according to the stratigraphic position in the 
Upper Jurassic succession of the Bavarian Molasse Basin. To better compare the data 
with reports of older drillings and data from the literature, the outdated subdivision of 
Quenstedt and Richter (1987) was used to describe the local strata. However, the recent 
classification of stratigraphy of the Upper Jurassic following the Stratigraphic Commis-
sion of Germany (STD 2016) is also provided in Appendix 1 and Fig. 3 (Menning and 
Hendrich 2016).

Appendix 3 shows the complete porosity data set classified to stratigraphy for the loca-
tions MSC-4 and DGF-FB. Besides porosity, the data set also includes information about 
the rock density and grain density of the rock matrix, which were obtained during the 
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experiments as well. The data set points out differences of porosity distribution due to 
stratigraphic interval and location of sample material.

Based on φw
eff data, the Upper Jurassic aquifer can be divided into three superior poros-

ity units: Malm ζ, Malm ε–δ, and Malm α–γ (Fig. 5), agreeing with the interpretation of 
Böhm et al. (2013). The first unit shows high variety for the porosity of Malm ζ 1–5 with 
a range from 0.3 to 19.2% (median 4.8%) for both locations MSC-4 and DGF-FB. The 
distribution of porosity also shows a bimodal distribution for some of the units reflect-
ing high variations in lithology and facies, as indicated by divergent average and median 
values (Fig. 5). However, the porosity in unit Malm ζ 3 seems to be more evenly distrib-
uted due to a more uniform lithology and facies based on the core description. Due to 
the fact, that no rock cores were extracted from the DGF-FB well in this section, this 
interval could only be evaluated at MSC-4 well. The second superior unit (Malm ε–δ) 
ranges between 0.5 and 12.2% (median 2.9%) and shows a rather unimodal distribution.

The outliers in unit Malm ε and Malm δ represent brecciated dolostones and dolos-
tone containing abundant vugs. Apart from one strongly dolomitized sample with rela-
tively high porosity (10.3%) which was identified as a statistical outlier for this unit, units 
Malm α–γ indicate a comparatively low and unimodal distribution of 0.3–3.5% (median 
1.7%) and represent the third unit with the lowest porosity.
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The Upper Jurassic aquifer with its three porosity units is surrounded by the under-
lying Dogger and the deposits of the Purbeck capping the aquifer. The Dogger shows 
porosities ranging from 3.8  to  15.4% with a relatively high median of 7.9% compared 
to those of the Malm units. The Purbeck is characterized by a widespread bimodal dis-
tribution from 0.5  to  17.3% with a median of 4.6% and some outliers showing higher 
porosity values caused by increased interparticle porosity due to dolomitized in grain-
stones formed of black pebbles. Reasons for the high porosity variations are changing 
lithologies depending on the facies and the degree of dolomitization due to the regional 
heterogeneity of the depositional system and diagenesis. Figure  6 gives an example of 
how dolomitization affects rock density and porosity for samples from Malm ζ 4–5 of 
the same primary lithology and facies. Most units with a high variance in their porosity 
distribution also show a high variance in particle density (Appendix 3). This points to a 
variable lithological character within the unit.

Comparing the results of the drillings MSC-4 with DGF-FB regarding stratigraphic 
units, the distribution for some of the sections seems to be slightly different. Whereas 
φw
eff of Malm ζ 4–5 and Malm ζ 2 shows a lower median at DGF-FB, it was found to be 

higher for the units Malm ζ 1, Malm ε and Malm δ (Appendix 3). The high heterogeneity 
of the upper Malm units together with overall fewer available data from samples could 
affect the distribution for Malm  ζ  4–5 to Malm  ζ  2 and be the reason for the variety 
between both locations. For unit Malm ζ 1 only a few samples of the lowermost meters 
from the well DGF-FB could be investigated. The rock core shows partly intense breccia-
tion accompanied by intense dolomitization and abundant intercrystal and vuggy poros-
ity (Fig. 7e), which explains the high porosity of these samples. The rock core of MSC-4 
also shows brecciated intervals at the basal part of this unit, but lacks the abundance of 
intercrystal and vuggy porosity compared to DGF-FB. The deviation for Malm ε can be 
explained by the fact that rock cores from the drilling MSC-4 showing abundant vuggy 
porosity in this unit, are often fragmented by intense core disking and could therefore 
not be included in the laboratory program. Hence, it can be assumed that the porosity 
distribution of the MSC-4 borehole could generally be higher in this interval and would 
rather correspond to the distribution of the DGF-FB borehole. For the Malm δ unit, the 
porosity distribution in both wells is quite similar and unimodal, although slightly higher 

Fig. 6  Bioturbated wackestones showing different stages of dolomitization. Porosity increases with grade of 
dolomitization. Note bioturbation and burrows (black arrows) that are progressively substituted by sucrose 
dolomite rhombs. Location of the right sample is only 30 cm deeper than the middle one, but shows 
complete dolomitization with abundant intercrystal porosity and moldic porosity (red arrows). Left: DGF-FB, 
246 mTVD, middle: MSC-4, 1138.9 mTVD, right: MSC-4 1139.2, mTVD
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in the DGF-FB well, which may be related to a more frequent occurrence of vugs in this 
well.

As the classification solely by stratigraphic units is too unspecific for this heteroge-
neous aquifer, another more representative classification is needed to transfer porosity 
data to other boreholes or locations.

Subset lithology

To find more specific porosity patterns, the data set was additionally subdivided accord-
ing to the lithology. Three major lithological groups were identified in both drillings—
limestone, dolomitic limestone and dolostone. The distribution of φw

eff for limestone 
ranges widely from 0.4 to 19.2% with a median of 2.3%. The samples of dolomitic lime-
stone show a slightly tighter distribution between 1.8 and 17.3% but a higher median of 
6.1%, whereas porosity of the dolostone group ranges from 0.3 to 18.4% with a median 
of 3.1%. A comparison of porosity distributions according to lithology is presented in 
form of statistical box plots and histograms (Fig. 8a). When comparing the wells MSC-4 
and DGF-FB, partially large deviations can be detected for lithology dependent porosity 
(Appendix 4). The median for φw

eff measured at DGF-FB is 11.6% p.u. higher for lime-
stone but 3.3% p.u. lower for dolomitic limestone than that of MSC-4. Due to the miss-
ing or reduced strata of the upper part of the Malm of the borehole DGF-FB, only a small 
number of samples for the group limestone (n = 2) and dolomitic limestone (n = 3) could 
be measured. The greater variance in porosity may therefore be related to the lack of 
data. Nevertheless, the difference for dolostone shows only minor deviation of 1.4% p.u. 

Fig. 7  Thin sections of Jurassic carbonate rocks from the Dingolfing FB rock core. a Fossiliferous grainstone 
of Malm ζ 4–5 section containing peloids and abundant fragments of green algae Clypeina jurassica (CJ) and 
Campbelliella striata (CS). Note interparticle porosity (blue staining) cumulating to φw

eff
 of 13.0% for the whole 

sample. b Same rock type and strata than in a but pore space is reduced by sparitic cementation (arrows) 
between particles. ( φw

eff
= 1.7%) . c Euhedral dolomite crystals floating almost isolated in a microcrystalline 

calcite matrix of a dolomitic wackestone (Malm ζ 4–5). No porosity is visible in this thin section but φw

eff
 of 

sample is 2.4%. d Idiotopic dolostone (medium crystalline) with abundant intercrystal porosity (Malm ζ 4–5) 
reaching φw

eff
 of 16.3%. e Hypidiotopic dolostone (medium crystalline) showing some intercrystal and vuggy 

porosity (arrows) of dissolved fossil fragments. Fragment of a bryozoan (Br) is still preserved in one of the vugs 
( φw

eff
 = 8.6%, Malm ζ 1). f Xenotopic (non-rhombic) dolostone with sutures along contacts of coarse dolomite 

crystals (Malm δ). Due to complete dolomitization and compaction, pore space is highly reduced in this 
sample ( φw

eff
 = 1.4%)
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and is based on a larger dataset (n = 45). The upper part of unit Malm ζ 1 of the borehole 
MSC-4 consists of fine crystalline dolostone with relatively high porosity (1303–1316 m, 
φw
eff = 8.1–18.5%) (Fig. 3).
However, the separation of data solely by lithology still reflects insufficiently wide-

spread porosity distributions, which might result in a high uncertainty when transferring 
ranges to other locations.

Subset facies, crystal size and morphology

The results for samples classified by facies, crystal size, and morphology show an appar-
ent correlation of particle size with effective porosity, as it increases with coarsening of 
particles (Fig. 8, Appendix 5). For limestone samples of the group mudstone φw

eff ranges 
from 0.4 to 3.9% with a median of 1.8%. The group wackestone shows a rather similar 
distribution of 0.3–2.9% with a median of 1.9%. According to the increase in particle 
size, the groups packstone and grainstone show higher porosity values. The distribution 
for packstone varies between 2.1 and 7.1% with a median of 4.6%. The highest poros-
ity values, but also widest spread are observed for the group grainstone. The porosity 
ranges from 1.1 to 19.2% with a median of 9.5% here. The wide spread is caused by sam-
ples showing abundant open pore space between particles with high porosity as well as 
samples where pores were almost completely filled by sparitic cement resulting in lower 
porosity values (Figs.  7a, b, 8b). By separating the group according to the occurrence 
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of sparitic cementation, the median for sparitic cemented grainstone would be 5.2% 
(n = 12) and 14.2% (8.9–19.2%, n = 13) for uncemented grainstone.

Overall, the results for the groups of limestone and dolomitic limestone show a simi-
lar relationship regarding grain size. However, effective porosity is usually higher for 
dolomitic limestone due to intercrystalline and interparticle porosity resulting from 
partial dolomitization (Fig. 6) (Lucia 2004). In mud-supported facies classes, small euhe-
dral dolomite rhombs are often floating embedded in a matrix of fine-grained micrite 
increasing porosity only slightly (Fig. 7c).

For mudstone, the porosity was measured in a range of 1.8–4.4% with median of 
3.1%. Wackestone samples show a distribution of rather similar range of 2.4–15.0% with 
median of 5.4%. Compared to results for the corresponding group of limestone, some of 
the values seem to be unusually high for wackestones (10–15% p.u.) (Fig. 8c). These sam-
ples are intensively bioturbated and contain burrows that were completely dolomitized 
as sucrose dolomite rhombs with abundant intercrystalline pores (Fig. 6).

Besides those bioturbated samples, the distribution for packstone and grainstone 
indicates distinctly higher values across almost the whole range. Porosity for packstone 
was measured between 4.1 and 5.8% with a median of 4.9%, compared to 7.6–17.3% for 
grainstone with a median of 11.7%.

The results for dolostone samples were categorized by size of dolomite crystals into 
three groups: fine crystalline, medium crystalline, and coarsely crystalline (fine-X, 
medium-X, coarsely X). The fine- and medium-X samples display a very wide positively 
skewed distribution of 0.3–18.4% with a median of 2.6% for fine-X and 0.7–13.8% with 
a median of 3.1% for medium-X dolostone. For coarsely X dolostone, porosity is overall 
higher with a distribution from 1.9 to 16.3% (median of 8.2%), which shows a rather uni-
form distribution.

Despite the positive correlation of porosity with increasing particle size observed in 
limestone and dolomitic limestone, this relation seems to be affected by crystal mor-
phology and secondary porosity of dolostone samples. All three groups are characterized 
by a distribution with high variance (Appendix 5, Fig. 8d). The highest porosity values 
were measured for fine-X and coarsely X dolostone consisting of idiomorphic dolomite 
rhombohedrals which form a framework around abundant intercrystal pores (Fig. 7d).

The effective porosity is distinctly affected by irregular occurrence of vuggy porosity 
(Fig. 7e). Due to the large volume of the measured sample plugs, they can contain abun-
dant vugs that distinctly influence the result of matrix porosity. Vugs can be both con-
nected and isolated pores and thus participate or not in the effective pore network (Koch 
2000; Lucia 2007). However, vugs located inside the rock cylinder cannot be quantified 
without further investigation methods such as µCT and can therefore not be considered 
here. An indicator for the presence of numerous isolated vugs could be a relatively low 
reading of grain density. These pores cannot be penetrated by the medium (gas, water) 
used for porosity determination, thus adding to the rocks grain volume and reducing the 
grain density of the sample.

The effective porosity is also controlled by the morphology of dolomite crystals. 
Depending on the primary facies and type of diagenesis, dolomite crystals of different 
size and morphology may develop during dolomitization. The morphology of crystals, in 
turn, is decisive for the type of pore space to be formed. Typically, dolostones composed 
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of poorly evolved dolomite crystals (nonplanar, xenomorphic) and moderately evolved 
crystals (subhedral, Planar-s, hypidiomorphic) possess a rather low porosity due to miss-
ing intercrystalline pores. Perfectly grown crystals (euhedral, Planar-e, idiomorphic) 
form some kind of sucrose framework with significantly larger intercrystalline pores and 
therefore high porosity (Böhm et al. 2010; Lucia 2007; Sibley and Gregg 1987).

On the contrary, the closure of intercrystal porosity by overgrowth of existing crystals 
due to further dolomitization during deep burial (Fig. 7f ) can also reduce rock porosity 
distinctly ( φw

eff  < 5.0%) (Lucia 2007).

Significance of  porosity data for  geothermal projects  The widespread porosity distri-
bution of the Upper Jurassic Malm aquifer reflects the heterogeneous architecture of 
lithology and facies of this sedimentary succession. The aquifer explored in the bore-
holes MSC-4 and DGF-FB can be divided into three characteristic units based on poros-
ity determination on rock core samples from the buried aquifer. The lowermost part of 
the aquifer (Malm α–γ) shows the lowest porosity values and practically no dolomitiza-
tion. It can therefore be interpreted as a rather hydraulically inactive zone and is usually 
no target for geothermal projects. The aquifer zone actually targeted in the middle part 
of the Upper Jurassic sequence (Malm δ–ε), is completely dolomitized, but still shows 
relatively low porosity in the investigated wells. However, irregularly distributed zones 
with abundance of vuggy porosity and commonly intense karstification can enhance the 
connection of the borehole to the matrix porosity of the aquifer rock and improve the 
productivity of the well (Böhm 2012). When dolomitized, the Malm δ–ε therefore rep-
resents the most promising target for geothermal exploration in South Germany (e.g., 
Pullach Th 2 well) (Böhm et al. 2010). Highest, as well as lowest porosities, occur in the 
upper part of the aquifer (Malm ζ 1–5). Due to the high heterogeneity of the lithofacies, 
the porosity is strongly dependent on the type of facies and grade of dolomitization in 
these units. Dolomitized zones with highly developed intercrystal porosity and occur-
rence of interconnected vuggy porosity, as well as uncemented peloidal grainstones may 
represent zones of higher hydraulic activity in the upper Malm. However, the uppermost 
Malm generally consists of micritic and mud-supported limestone beds of a restricted 
basin facies, which have rather low effective matrix porosity and are therefore more of an 
aquitard than an aquifer.

Permeability

Whereas porosity is an important parameter that controls the availability of pore space 
for storage of fluids, the permeability of an aquifer rock mainly depends on the effective 
porosity and thus the connection between the pores (Koponen et al. 1997). Knowledge 
of the porosity gives at most an indication of whether the rock matrix could possess a 
low or high permeability. Geometry and pore size and especially the connection between 
pores (pore throat size) are also important in order to make valid statements about per-
meability, especially in the case of very heterogeneous carbonate deposits (Lucia 2007). 
Information on pore space geometry can be obtained by detailed and complex investi-
gations based on digital image processing of thin sections (PIA) or investigations with 
mercury injection capillary pressure (MICP) (Anovitz and Cole 2015; Ehrlich et  al. 
1984). However, both methods can only provide information for a rather small sample 
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volume and destroy the sample. Moreover, PIA can only provide information on a two-
dimensional relationship of the pore network. In order to establish a general poros-
ity–permeability relationship without having information on pore geometries, e.g., for 
drilling projects with suitable borehole logs but without rock cores or cutting samples 
due to high circulation losses, a statistical approach should be used that allows perme-
ability estimation based on porosity and information on rock fabric. To determine these 
empirical correlations, the results of the permeability measurements on 63 core samples 
were correlated with the respective results of the porosity studies.

Porosity–permeability relationship of laboratory measurements

The correlation was tested in the context of various aspects to find a reliable relation 
between porosity data and permeability. Figure 9 shows the poro–perm relation found 
for the Malm aquifer at locations MSC-4 and DGF-FB regarding stratigraphic units, 
lithology, facies, and secondary features like fractures, dissolution (vugs) or the pres-
ence of stylolites. Poro–perm based on stratigraphic units shows a barely satisfying 
relationship of hydraulic properties (Fig. 9a). However, similar to porosity distribution, 
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permeability tends to be higher in the Malm ζ units than in Malm δ with exception of 
some samples from Malm  ε which reflect high permeable zones due to brecciation. 
The relationship between porosity and permeability as a function of lithology shows a 
slightly better correlation (Fig. 9b). Dolostones tend to have a higher permeability than 
limestone or dolomitic limestone, which are only well permeable at relatively high effec-
tive porosity (> 12%). However, the correlation is still not satisfying for transferability 
of results as it may be dependent on a more distinct petro-fabric within each lithologi-
cal group. Figure  9c shows the porosity–permeability relationship for different lime-
stone classes (including dolomitic limestone) and dolostone fabrics. The correlation for 
dolostone indicates higher permeability with increasing size of dolomite crystals. Fine-
X dolostone was mostly found to be poorly permeable for rather low porous samples, 
whereas medium-X and coarsely X dolostones tend to higher porosity and permeability. 
However, the correlation within these groups still shows some scattering as crystal mor-
phology has significant impact on the permeability of dolostones (Böhm 2012; Sibley 
and Gregg 1987).

Poro–Perm relationship for different limestone facies was difficult to address and 
might be affected by bias due to a rather low availability of permeability data. Even after 
a long test duration (several days), it was not possible to generate a stationary flow for 
some of the mud-supported limestone samples (mudstone, wackestone, packstone), 
which can therefore be interpreted as technically impermeable ( k  < 10−5 mD). The per-
meability for mud-supported limestones is generally microporous with only rare inter-
particle or intercrystal pores and exhibit permeabilities lower than 0.1  mD. On the 
contrary, grain-supported limestones (packstone, grainstone, floatstone) exhibit mod-
erate-to-good permeability if interparticle pores are not affected by cementation. Some 
samples show a rather low permeability compared to their porosity—these samples were 
affected by partial cementation of interparticle pores or formation of stylolites reducing 
permeability significantly (compare Fig. 7b).

General limitations in interpreting permeability data of the Malm reservoir

The Malm reservoir in the Bavarian Molasse Basin is generally defined as fracture- and 
karst-dominated porous aquifer (Fritzer 2012, Konrad et al. 2019). The hydraulic proper-
ties of the reservoir can therefore to a certain extent be interpreted as dual porosity and 
preferential flow. Alternation of facies depending on the depositional environment of the 
Malm as well as karstified or vuggy zones along bedding planes can result in an ani-
sotropic hydraulic behavior of the strata. Unfortunately, most of the permeability data 
could only be measured perpendicular to bedding during this research due to technical 
reasons of sample dimensioning.

As both investigated wells are near vertical and bedding of the strata is more or less 
horizontal, the anisotropy could have a significant influence on the characterization of 
the flow zones. The impact of directional permeability was therefore examined exempla-
rily for different fabrics and facies types using the air-driven permeameter (Fig. 10). For 
non-vuggy carbonate samples the results show 2–30% higher horizontal permeability, 
but it can increase to about + 200% when abundant vugs are accumulated parallel to the 
bedding and connected to the pore network. On the contrary, the occurrence of vugs 



Page 24 of 47Bohnsack et al. Geotherm Energy            (2020) 8:12 

does not appear to effusively increase the permeability perpendicular to the bedding 
of the studied samples. The vugs mostly represent a separate-vug pore space, whereas 
their contribution to the effective pore network depends on the prevailing interparticle/
intercrystal porosity. Furthermore, samples with lamination and stylobedding showed a 
reduced permeability perpendicular to bedding by about an order of magnitude (Fig. 9d).

A further limitation in the interpretation of the generated data set is the irregu-
lar occurrence of fracturing or karstification throughout the Malm aquifer. While the 
impact of karstification cannot be covered in this paper, some of the “highly” perme-
able samples are associated with open fractures or fissures that increase the permeability 
(Fig. 9d). However, fractures were also observed for some low permeable samples indi-
cating that fracture orientation could be a controlling factor and directional permeability 
can vary accordingly.

Empirical permeability estimation model

Based on the discussed porosity–permeability relationship measured on rock cores, 
an empirical permeability estimation model was developed that should be valid for the 
Malm aquifer and can be used for regional transfer. The poro–perm relationship for the 
complete data set of this study was found by the power law (21):

where kall is the permeability in millidarcy (mD) and φ the core porosity effective for 
water (in %).

However, the typical permeability variations of a heterogeneous carbonate aquifer are 
averaged if the entire data set is correlated at once (Lucia 2007). The low coefficient of 
determination reflects this problem since detailed information about the rock fabric, the 

(21)kall = 0.0003 ∗ φ3.37 with R2
= 0.36,

Fig. 10  Verification of directional permeability caused by anisotropy of rock samples. a The measurements 
are distributed along each spatial dimension of the cylindrical plug to generate vertical ( kv ) and horizontal 
( kh ) permeability information. Horizontal permeability generally shows a higher variance due to vertical 
variations in deposition. Sample C contains abundant vugs along the cylinder, which significantly increase 
the horizontal permeability, while the vertical permeability of sample F is reduced due to stylobedding. b 
Permeability anisotropy for all samples measured with the air-driven permeameter, which often show a 
higher permeability in the horizontal direction
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associated pore geometry, and the influence of the secondary porosity were not taken 
into account. By subdividing data into respective petrographic rock classes (lithology, 
particle/crystal size) more reliable relationships were established:

where Lms  = mud-supported limestone, Lgs  = grain-supported limestone, fX = fine 
crystalline dolostone, mX = medium crystalline dolostone, cX  = coarsely crystalline 
dolostone, and Sb  = stylobedding.

In order to create a valid relationship that depends only on these petrographic rock 
classes, samples showing secondary characteristics which biased the measured perme-
ability were excluded. Samples that contain open fissures are expected to have a signifi-
cantly increased permeability and have therefore been excluded. Two limestone samples 
showing sparitic cementation of the pore spaces in the thin sections have also been 
excluded. Cementation can occur to varying degrees and significantly affect porosity and 
permeability. The models can therefore not reliably estimate the permeability for these 
sample types. Depending on the degree of fracture and cementation, permeability fluc-
tuations of up to two orders of magnitude are to be expected and must be taken into 
account accordingly for these secondary characteristics.

Limestone and dolomitic limestone samples were separated into mud-supported and 
grain-supported fabric classes as well as samples showing stylobedding (Fig. 11a). The 
empirical power law for each of these classes shows an overall better fit compared to 
that based on the whole data set. Permeability of mud-supported limestones is signifi-
cantly lower than for grain-supported limestones due to microporosity, smaller pore 
throats, and absence of interparticle porosity (Figs. 9c, 11a). The lowest permeability 
values can be expected for samples affected by stylobedding when stylolites are ori-
entated perpendicular to flow direction (Fig. 11a). However, the reduction in perme-
ability caused by stylolites still seems to have a relation to the effective porosity for this 
data set, but might be valid only when stylobedding is oriented perpendicular to flow 
direction.

In order to find a valid relationship for dolostone, the data set was separated into 
classes according to the prevailing dolomite crystal size. Coarsely X dolostone shows the 
highest permeabilities, followed by medium-X dolostone with fine-X dolostone tending 

(22)kLms = 2.0E−04
∗ φ3.10 with R2

= 0.49,

(23)kLgs = 7.7E−03
∗ φ2.64 with R2

= 0.88,

(24)kfX = 9.0E−08
∗ φ6.47 with R2

= 0.94,

(25)kmX = 2.0E−04
∗ φ4.40 with R2

= 0.78,

(26)kcX = 3.9E−03
∗ φ3.97 with R2

= 0.86,

(27)kSb = 2.0E−05
∗ φ2.33 with R2

= 0.80,
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to rather lower permeabilities (Fig. 11). However, the hydraulic properties of dolostone 
are not only controlled by crystal size, but also by the morphology of crystals. Dolostone 
composed of idiomorphic dolomite rhombs mostly shows a network of porous and per-
meable intercrystal pores.

Overall, the assignment of the rock samples to different petrographic classes indicates 
a significant improvement in the porosity–permeability relationship for this data set.

Validation and discussion of permeability models

In addition to the empirical model based on laboratory data of this study, pre-existing 
models were adopted and tested. Permeability was calculated by the GPPT (18), the 
model of Berg (19) as well as the RGPZ model (20) using different cementation factor 
estimations (9)–(13). Comparing the measured permeability to that calculated by the 
different models, best fit was found for the model of Berg at the well MSC-4 and the 
empirical model of this study for the well DGF-FB (Fig. 12). Most models show an under-
estimation of permeability up to two orders of magnitude for the well M-SC4, especially 
in vuggy and fractured zones in the lower well section (Fig. 12a). The measurement of 
porosity of vugular carbonate samples using the WIP method is usually corrupted due 
to the loss of saturation and results in an underestimation (Appendix 2). However, these 
vugs do not necessarily participate in the flow through the rock matrix, but estimation 
of permeability as a function of porosity will be biased. The fracture zones, in turn, can 
have significantly higher permeabilities if the fractures are open and offers preferred flow 
paths. In order to avoid a general overestimation of the permeability of fracture zones, 
a conservative approach was chosen, whereby core samples with open fractures/cracks 
were not considered in the empirical models.
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The models can therefore not include secondary porosities, such as karst, associated 
vugs or open fractures satisfactorily in the calculation. However, all models can reflect 
the prevailing permeability trend quite well. For the well DGF-FB, all models except the 
Berg model show a fairly good fit to the core-derived permeability (Fig. 12b). The per-
meability modeled by the Berg model shows a significant overestimation compared to 
core data of up to three orders of magnitude. The mean particle/crystal size appears to 
have a greater influence on this model than on the other models. At the well DGF-FB, 
dolostones with medium-to-large crystals are very common, but the further growth of 
crystals reduces the pore space and therefore the permeability is rather low. This case 
can apparently not be reproduced sufficiently by the Berg model. On the contrary, the 
empirical model developed in this study shows the highest accuracy. For almost all sam-
ples of the well DGF-FB, the permeability was measured in addition to porosity, which 
allows a more robust empirical relationship than for the well MSC-4. For estimation of 
permeability with the empirical model, however, a detailed description of the type of 
rock and particle/crystal size is required.

For model validation, measured and modeled results were correlated in a log–log 
plot (Fig.  12c). All models show an underestimation for measurements of low per-
meability and an overestimation for measurements with high permeability. The Berg 
model overestimates the permeability for almost all measured rock cores up to several 
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orders of magnitude (except for the vuggy zones of the MSC-4). On the contrary, the 
RGPZ models and the empirical model show a much better fit, but still deviate by 
about an order of magnitude for min/max permeabilities. Overall, the GPPT model 
shows rather small deviations from the core measurements (less than one order of 
magnitude). Larger deviations occur only in the high permeability range. The GPPT 
model seems to have even a higher accuracy than the empirical model at MSC-4. If 
no detailed information on the lithofacies is available, the GPPT model can therefore 
be used for permeability estimation. Since the model is based on a classification of the 
reservoir rock into distinct rock fabric numbers ( rfn ), which can also be determined 
by the interpretation of image logs, no precise information on particle/crystal size is 
required.

Distribution of resulting permeability throughout the Malm reservoir

The results of the investigated wells show a very broad distribution of permeability scat-
tered over several orders of magnitude from less than 10−6 mD to a maximum of 102 mD. 
This high variation reflects the heterogeneous character of alternating lithologies and 
facies within the sedimentary Malm reservoir. Figure 13a shows the permeability distri-
bution for the different Malm units and the overlying Purbeck for the core-derived and 
modeled data set. A detailed overview of permeability distribution for each stratigraphic 
unit can be found in Appendix 6.

The lower sections, Malm α–γ show the lowest permeabilities with only minor varia-
tions for the well MSC-4. The permeabilities for this section of tight bedded limestones 
range from 2 * 10−6 mD to a maximum of 7.9 * 10−1 mD reflecting rather poor suitability 
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as a reservoir. The middle part of the reservoir (Malm δ–ε) shows up to five orders of 
magnitude higher permeabilities, but also a higher variance than the lower units. Perme-
ability data derived by the GPPT model range from at least 6 * 10−6 mD to 12 mD for 
these units. However, the permeability measured on rock cores show significantly higher 
values (up to 144 mD) than those estimated by the GPPT model. This section consists 
almost entirely of dolostone with varying size and morphology of dolomite crystals. 
Additionally, locally abundant occurrence of vugs and intense fracturing may enhance 
the permeability of the rock. These conditions cannot be included in the models and 
therefore lead to an underestimation of permeability.

The uppermost units, Malm ζ 1–5 together with the overlying Purbeck show a per-
meability variation over several orders of magnitude which reflects this highly het-
erogeneous part of the reservoir. The permeability ranges from as low as 10−6 mD for 
mud-supported bedded limestone and very fine crystalline and compacted dolostone 
up to 120 mD for a ooidal–peloidal grainstone with high interparticle porosity. Due to 
the heterogeneous depositional character of these units (see Fig. 1), permeability can be 
expected to vary widely in a vertical as well as lateral direction throughout the reservoir.

By comparing permeability with regard to lithology, no significant differences between 
limestone and dolostone can be found for the population of the investigated data set 
(Fig. 14a). Both lithologies show a normal permeability distribution with a high variabil-
ity. On average, both groups show permeabilities in the order of 10−3 mD, with dolos-
tones achieving a slightly higher permeability. Dolomitized limestones have an average 
permeability of about one order of magnitude higher than limestone and dolostone 
(10−2 mD).

n =  48

101

Fr
eq

ue
nc

y

a b

c

d

mudstone

10-5 10-2 101

limestone

dolom. limestone

dolostone

0

5

10

15 n =  96

10-5 10-2 101

0

5

10

15 n =  42

10-5 10-2 101

0

5

10

15 n = 138

0
2.5

5
7.5
10

10-5 10-2

n =  15

101

wackestone

10-5 10-2

n =   9

101

packstone

10-5 10-2

n =  24

101

grainstone

10-5 10-2

101

mudstone

10-5 10-2 10110-5 10-2 10110-5 10-2

n =   3 n =  13 n =   7 n =  19

10110-5 10-2

wackestone packstone grainstone

0
1
2
3
4
5

n =  65

101

fine crystalline

0
2.5

5
7.5
10

10-5 10-2

n =  47

101

medium crystalline

10-5 10-2

n =  26

101

coarsely crystalline

10-5 10-2

modeled permeability (GPPT model), mD
Fig. 14  Distribution of the permeability modeled by the GPPT for different lithology and facies classes. a The 
permeability is normally distributed within the limestone and dolostone groups, but shows a wide scattering 
over several orders of magnitude. Dolomitic limestone shows on average higher permeability with a bimodal 
distribution. b–d The permeability tends to be higher with increasing particle size for (dolomitic) limestone. 
Dolostone shows a similar correlation with the crystal size, but not as pronounced as for the limestone 
groups



Page 30 of 47Bohnsack et al. Geotherm Energy            (2020) 8:12 

The comparison of the permeability for different lithologies and rock fabrics shows a 
dependence on the particle and crystal size, i.e., the interparticle and intercrystal poros-
ity, available for the flow through the rock matrix (Fig. 13b). Whereas mud-supported 
(dolomitic) limestone facies exhibit a rather low permeability, grain-supported facies 
types can reach permeabilities of up to 100  mD. Grainstones composed of ooids and 
peloids usually show distinctly higher permeability than mud-, wacke- or packstones if 
the pore space is not cemented by sparry calcite—especially when dolomitized (Fig. 14b, 
c). A similar trend towards increasing permeability with increasing crystal size was 
observed for the dolostone samples (Figs. 13c, 14d). However, the relationship is not as 
clear as for limestone facies, since permeability is controlled not only by the crystal size, 
but also by the morphology of the dolomite crystals (Fig. 13c). Ideally, grown dolomite 
crystals with clear crystal boundaries exhibit a large number of intercrystal pores in a 
crystal-supported pore network that usually exhibits high permeabilities (see Fig.  7d). 
The permeability for dolostones composed of large idiomorphic dolomite crystals was 
measured within a range of 1–120 mD reflecting good-to-very good reservoir quality. 
Dolostones composed of xenomorphic dolomite crystals without clear crystal bounda-
ries exhibit very low permeabilities, independent of the dominant crystal size (see 
Fig. 7f ). The permeability of these types of dolostones can be as low as 1 * 10−6 mD since 
no pore network is available for the flow of fluids. A detailed overview of permeability 
distribution for the different lithologies, rock fabrics, crystal sizes, and crystal morpholo-
gies is also given in Appendices 7 and 8.

Scale of observation and transfer of parameters for regional interpretation

The interpretation of hydraulic properties of a reservoir is usually tied to the problem of 
different observation scales and detailed information about the aquifer rock. The investi-
gation of rock properties on a pore scale (microscale, e.g., microscopy, tomography) may 
differ from the properties measured on the core scale (macroscale, e.g., HEP, WIP, triaxial 
flow test) due to the heterogeneity of the rock matrix, particle size, and pore size on dif-
ferent scales. By transferring these parameters to a regional reservoir scale or even to a 
basin scale, further properties such as fractures, faults(-systems), karstification, diagene-
sis, and a spatially heterogeneous lithostratigraphic distribution will influence the hydrau-
lic behavior of the reservoir. Therefore, different factors on different scales control the 
hydraulic and geothermal field of a basin reservoir. These factors are strongly dependent 
on the distribution of petrophysical rock properties, which should be investigated on both 
laboratory and field scale (Kumari and Ranjith 2019; Scheck-Wenderoth et al. 2014).

The matrix properties measured in this research on a core scale refer to the aquifer 
matrix, which summarizes all heterogeneities below the reservoir scale, such as changes 
in facies, particle sizes, vugs, stylobedding, and fissuring of the rock samples. The meas-
ured rock cores thus represent a continuous volume of averaged properties of the pore 
scale and are defined here as representative elementary volume (REV) within a centime-
ter range for interpretation of hydraulic rock properties (Bear 2013; Hommel et al. 2018; 
Konrad et al. 2019). The porosity and permeability data set can therefore be used for the 
parametrization of models at different scales by using the different distributions for the 
facies (core and reservoir scale, Appendices 5, 8), the lithology (reservoir scale, Appen-
dices 4, 7) or the stratigraphy (basin scale, Appendices 3, 8) depending on the scale and 
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detail of the model. However, the REV investigated in this study cannot be considered 
representative on the reservoir and basin scale alone, without considering the super-
ordinate properties (e.g., karstification, faults, diagenesis). Therefore, porosity and per-
meability could be underestimated if the data set measured at the rock cores has to be 
upscaled for regional transfer without further information from geophysical well logs.

In order to validate a regional transfer of hydraulic properties from the investigated 
wells MSC-4 and DGF-FB to the area of Munich, the porosity data measured on the 
rock cores were compared to the porosity calculated from an electrical downhole log of 
the Munich well (Fig. 15). Porosity is plotted as a function of natural gamma radiation 
(gamma ray), the only available log for the well MSC-4, to implicate the petrographic 
character for both locations. In addition, the data were grouped by their respective 
stratigraphic units to show the distribution of porosity for each of these units. The cor-
relation of the data generally shows a good agreement of porosity distribution for each 
stratigraphic interval. However, the effective porosity measured on the drill core samples 
appears to be slightly lower as the Archie porosity calculated from the log refers to the 
total porosity (including isolated pore space). It can therefore be assumed that the effec-
tive porosity for the borehole near Munich is somewhat lower than the calculated Archie 
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porosity. Similar to the MSC-4 and DGF-FB data sets, the porosities interpreted from the 
well log are widely scattered both in the upper Malm units and in the Purbeck. Log poros-
ity shows a range of 2.5–27.0% for the Purbeck and 1.0–24.0% for the Malm ζ. Porosities 
exceeding 20% were calculated for zones where karstification, vuggy layers or intense bio-
turbation were identified by the interpretation from Image Log and could not be covered 
by rock core analysis (Fig. 15a, b). The widely scattered gamma ray measurements also 
reflect very heterogeneous deposition for those units (5–100 API units). The middle and 
lower parts of the reservoir (Malm δ–ε), on the other hand, appear to be much more uni-
form and show a porosity range between 0.5 and 6.5%. Porosities higher than 6% correlate 
with locally occurring vuggy and karstified zones in unit Malm δ at the well near Munich, 
which were detected during the interpretation of the image log (Fig.  15c). At Malm  δ, 
porosity values higher than 11.5% were caused by an intense borehole breakout, which 
is probably an indicator of a vuggy/karstified zone and eventually resulted in erroneously 
low resistivity readings of the electrical log at this depth (Fig. 15d).

Figure 16 shows a trans-sectional correlation of hydraulic parameters from the wells 
northeast of Munich to the geothermal well in the Munich area. The distance between 
each well is about 40 km. For the wells MSC-4 and DGF-FB, the porosity and perme-
ability data were measured on rock cores. In addition, a permeability log using the GPPT 
model was estimated to cover rock samples without permeability measurement. The 
data set for the well near Munich, however, is based exclusively on the interpretation of 
geophysical downhole logs. The porosity was calculated from the electrical resistivity log 
while petrographic rock types were derived by interpretation of gamma ray and Image 
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Log and subsequently were translated to rock fabric numbers ( rfn ) according to Lucia 
(2007). The permeability log was then estimated by the GPPT model. Secondary poros-
ity (vugs, fractures) and karstified zones were identified by the Caliber Log and Image 
Log (Munich well) or the description of rock cores when vugs, or cavities enlarged by 
karstification could be observed (MSC-4, DGF-FB).

As the Malm aquifer in the Munich area is buried significantly deeper (TVD 2215 m) 
than in the investigated wells DGF-FB (TVD 243 m) and MSC-4 (TVD 1115 m), it must 
be assumed that the in situ pressure and temperature conditions have a negative influ-
ence on the porosity and permeability at this depth. Hedtmann and Alber (2017) and 
Homuth et al. (2015) reported a reduction of permeability in the order of magnitudes 
considering the effective pressure and temperature conditions in this depth. To allow an 
accurate comparison between log data and core data, various conversions must be found 
for each lithofacies type and for different stress and temperature conditions. However, 
this research focuses on general porosity and permeability trends in the context of the 
heterogeneous Malm aquifer, and the effects of in  situ conditions have therefore been 
neglected for the time being.

In general, the models show a rather similar pattern for the hydraulic matrix proper-
ties within the reservoir at the investigated wells. The Purbeck and Malm  ζ  4–5 units 
show a high variance of poor-to-reasonably well-permeable layers in the well near 
Munich, reflecting the heterogeneity of sedimentary deposits of the uppermost Malm. 
These units are represented with reduced thickness in the wells MSC-4 and DGF-FB 
(Purbeck is missing at DGF-FB), but show a rather similar appearance in lithology and 
facies. Possible permeable flow zones are expected in karstified, fractured, and vuggy 
horizons as well as layers of grainstones composed of peloids, ooids, and fossil fragments 
which contain abundant interparticle pores. These grainstone layers were found in both 
wells MSC-4 and DGF-FB showing effective porosities up to 18% and permeabilities 
of 101 mD and can be expected to be also present at the Munich well. Throughout the 
units Malm ζ 1 – 3, fluctuation of hydraulic properties is common at all wells. Permeable 
zones of often fractured and vuggy, dolomitized limestone and dolostone were observed 
on rock cores of units of Malm ζ 1–2 (MSC-4 and DGF-FB). For the well near Munich, 
no reliable indications were found for such vuggy zones, but intense karstification was 
interpreted from Image Log and Caliber Log at the transition to Malm ζ 2. Brecciated 
dolomitic limestones and dolostones were found at the basal layers of Malm ζ 1 at MSC-4 
and DGF-FB, indicating a layer of rubble and debris of a nearby reef. Depending on the 
grade of dolomitization, this layer can be rather well permeable. At the DGF-FB well, 
this layer is well dolomitized and a rather high permeability of 102 mD was measured 
on core samples. In the well near Munich, these layers are interpreted from Image Log 
to be represented by a massively bedded layer composed of fossil debris and lithoclasts. 
However, dolomitization seems to be not as advanced as at the well DGF-FB here. The 
low porosity interpreted from resistivity log (< 5%) therefore suggests a rather low per-
meability (10−2–10−3 mD) as this layer might be mud-supported here. The lowermost 
units of the reservoir (Malm δ–ε) are mainly composed of dolostone at the wells MSC-4 
and DGF-FB and show rather low porosities (< 5%) and permeabilities (< 10−1 mD) com-
pared to the overlying units. However, in locally occurring vuggy, fractured, or karstified 
horizons higher permeabilities could be observed. For the well near Munich these units 
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are interpreted to be composed of massive bedded limestones showing some degree of 
dolomitization and locally occurring vuggy layers. A fractured and karstified horizon was 
interpreted at the top of Malm ε indicating a possible flow zone.

Conclusion
The results of laboratory measurements on 363 rock core samples of the wells Dingolf-
ing FB and Moosburg SC4 show that the hydraulic properties of the rock matrix within the 
Malm reservoir are strongly dependent on lithology and facies. Due to the heterogeneous 
nature of the Upper Jurassic deposits, focussing on rock characteristics such as lithology 
and facies allows a more distinct estimation of porosity and permeability. By subdividing 
the data into corresponding groups, the widespread ranges of effective porosity and per-
meability could be limited based on basic attributes. As a result, a comprehensive data set 
of the effective porosity and permeability controlled by the rock matrix of the Malm aqui-
fer was developed, which is subjected to variation of stratigraphy, lithology, and facies. The 
data set can consequently be used for the estimation of hydraulic properties of the rock 
matrix based on information of past and present geothermal projects to extend the knowl-
edge about spatial distribution of rock parameters within the reservoir. The porosity data 
set and permeability estimated from the empirical porosity–permeability relationships 
form a good basis as input parameters for hydraulic and geomechanical models.

The interpretation of the results from laboratory measurements indicate that good 
hydraulic properties of the rock matrix are mainly restricted to grain-supported rock fab-
rics and strongly dolomitized layers throughout the reservoir. Especially when vuggy, frac-
tured or karstified zones are combined with a rock matrix of good hydraulic properties, 
very productive flow zones can be expected in that part of the reservoir. However, a quan-
titative prediction of the hydraulic productivity on a reservoir scale resulting from fractur-
ing and/or karstification cannot be covered within the limits of this parameter study.

The investigated wells showed that the upper part of the reservoir (Malm ζ 3 to Pur-
beck) is very heterogeneous and often dominated by mud-supported limestone deposits 
that possess rather poor hydraulic properties. However, locally occurring layers of peloi-
dal grainstones, dolomitized and vuggy or karstified horizons are expected to possess 
good hydraulic properties and are possible flow zones in the upper part of the Malm. The 
middle section of the reservoir (Malm δ–ζ 2) showed less heterogeneity, but was almost 
completely dolomitized in the wells Dingolfing  FB and Moosburg  SC4. The hydraulic 
properties of the rock matrix in this section are mainly controlled by the size and mor-
phology of the dolomite crystals. Large, idiomorphic dolomite crystals can form a highly 
porous and very permeable rock matrix. On the other hand, dolostone, composed of fine 
crystalline and rather xenomorphic dolomite crystals, as well as pore space reduced by 
diagenetic compaction lack permeability. However, locally fractured and vuggy areas 
may strongly favor flow also in this section of the reservoir.

An approach of a possible regional transferability of the collected data set from the 
wells Moosburg SC4 and Dingolfing FB towards the area of Munich showed a generally 
similar subdivision of hydraulic properties in the reservoir. The upper and middle part 
of the reservoir can possess a good productivity if fractures and karstification synergize 
with good hydraulic properties of the rock matrix in distinct zones. However, the usually 
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well-dolomitized Malm  δ and Malm  ε units showed relatively poor hydraulic matrix 
properties and are more dependent on enhancement by fracturing or karstification.

In order to draw a conclusion for the possibility of regional transfer throughout the 
Molasse Basin, a precise correlation between different wells is difficult when lack-
ing important downhole logs—but can be done based on estimation and assignment 
of parameter ranges within stratigraphic units. However, in order to further improve 
the understanding of the regional contexts within the reservoir, an ongoing process is 
required that involves further data from wells and projects.
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Appendix 2: Evaluation of WIP and HEP methods

Evaluation of WIP and HEP methods

The porosity data set derived from the investigations on the core samples show a widely 
scattered distribution in the range between 0.2 and 22.2% with a median of 4.1%. This 
data set includes data for the effective porosity measured on 363 samples using both the 
gas expansion method and the water immersion method. The distribution for the φHe

eff  
(HEP method) varies in the same range between 0.2  and  22.2% with a slightly higher 
median of 4.7%. The φw

eff (WIP method) is distributed between 0.3  and  19.2% with a 
lower median of 3.4%. Both methods produced a positively skewed distribution and high 
variance for each lithological group (Fig. 17a). To compare the results of each method 
and allow prediction of φw

eff measured by the HEP method or vice versa, the deviation of 
results for each sample has to be evaluated. Figure 17a indicates predominantly higher 
porosity readings using the HEP method. The deviation of porosity was determined as 
difference by subtracting HEP results from WIP results, resulting in negative values for 
higher HEP porosity and positive values for higher WIP porosity. The comparison of 
porosity deviation shows a rather unimodal distribution with wide range from 6.8% p.u. 
to 3.1% p.u. and a median of 1.0% p.u. (Fig. 17b). Most of the values (80%) fall within a 
range of − 2.8 to 0.6% p.u. with 50% of all values between 0.5 and 1.5% p.u. deviation.

Contrary to water, pure helium gas seems to easily penetrate all connected pores 
including the micropores and thus describing the highest possible value for the effec-
tive porosity. Furthermore, saturation by purified water is also limited to the size of pore 
throats connecting the pores to allow percolation through the rock matrix and can be 
affected by wettability of the rock matrix. The cohesive and adhesive nature of water 
impedes flow through narrow pore throats and channels, resulting in lower effective 
porosity (Stober and Bucher 2013). In addition, the irregular occurrence of vugs and 
fractures connected to the surface of the plugs produce further negative results by satu-
ration loss when the sample has to be removed from desiccator to determine saturated 
weight (McPhee et al. 2015).

a b

Fig. 17  Comparison of porosity measured by HEP and WIP methods. a φw

eff
 is directly plotted against φHe

eff
 . 

Data were separated to control lithology dependency. Density plots show a positively skewed distribution 
and a high variance of porosity. B: Histogram and cumulative frequency of porosity deviation between 
both methods (bin width = 0.25%). Red dotted lines show 10% and 90% percentiles between which most 
deviation values were found. Blue dashed line indicates that 50% of all samples have a deviation of less 
than—0.9% p.u. and 50% more than—0.9% p.u
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The measurements during this study show the same behavior. Comparing them for 
each individual sample, the porosity measured by the WIP method is generally lower 
than that measured by the HEP method (Fig.  17a). The deviation seems to increase 
with increasing porosity and is mostly negative. However, some samples show a posi-
tive deviation, indicating a higher porosity reading by the WIP method. By separating 
the data set according to lithology of the samples, a positive deviation can be detected 
almost only for very fine-grained, marly limestone samples with generally low porosity 
(Fig.  17a). Swelling of clay minerals causing fissures, grain losses during saturation of 
more friable samples as well as a strong capillarity of the fine-grained material result-
ing in increased adhesion to liquids on the outside of the sample can be an explanation 
(McPhee et al. 2015).

Besides relation to lithology, further parameters were controlled on their impact to 
the porosity deviation between WIP and HEP methods. The results are presented as 
correlation matrix (Fig. 18) indicating a negative correlation of porosity deviation with 
porosity itself, lithology, facies, and grain density. Hence, with increasing dolomitization 
and increasing size of components or crystals, the HEP method should provide higher 

a b

c d

Fig. 18  Dependency of porosity deviation between HEP and WIP methods related to different factors. a 
Porosity deviation becomes increasingly negative with increasing porosity. A positive deviation was mainly 
found for samples with low porosity. b Correlation of the porosity deviation with grain density suggests a 
dependency on lithology. c The porosity deviation seems not to be related to bulk volume (i.e., dimensions) 
of the sample. d The matrix shows the Pearson correlation coefficients of different parameters. Blue color 
represents a positive correlation, whereas red represents a negative correlation. ( φHe

eff
  = effective porosity 

(HEP), φw

eff
  = effective porosity (WIP), ρB  = bulk density, ρT  = grain density, VB  = bulk volume, VT  = helium 

grain volume, VP = pore volume)
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porosity results than the WIP method. Figure  18a, b shows the dependence that with 
increasing φHe

eff  as well as increasing ρg the deviation between the measurements seems 
to become increasingly negative and vice versa. Other factors like sample volume, sam-
ple location, and depth of the rock core do not appear to have a significant impact on the 
porosity deviation (Fig. 18c, d).
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Appendix 6

See Table 7.

Appendix 7

See Table 8.

Table 7  Permeability data set for MSC-4 and DGF-FB grouped by stratigraphic units

Min minimum, Max maximum, Med median, MAD median absolute deviation, n count

Location Stratigraphy Permeability (core), mD n Permeability (GPPT model), mD n

Min Max Med ± MAD Min Max Med ± MAD

Moos-
burg 
SC 4

Purbeck 3.0 E−3 1.6 E+0 7.9 E−2 ± 6.1 
E−1

6 1.0 E−7 6.2 E+1 4.1 E−3 ± 9.1 E+0 54

Malm ζ 4–5 1.4 E−1 2.6 E+1 5.9 E+0 ± 1.2 
E+1

4 9.6 E−4 1.2 E+2 1.2 E+1 ± 3.7 E+1 23

Malm ζ 3 4.0 E−4 2.2 E−3 9.5 E−4 ± 5.7 E−4 9

Malm ζ 2 9.7 E−1 3.5 E+0 2.2 E+0 ± 1.8 
E+0

2 1.0 E−7 4.7 E+0 9.2 E−3 ± 1.2 E+0 27

Malm ζ 1 2.3 E+0 2.1 E+1 3.9 E+0 ± 7.8 
E+0

5 1.0 E−7 1.5 E+0 1.6 E−4 ± 3.7 E−1 25

Malm ε 7.2 E−2 3.3 E+1 1.6 E+1 ± 1.6 
E+1

4 6.0 E−7 6.4 E−2 5.8 E−4 ± 1.8 E−2 13

Malm δ 1.6 E+0 1.7 E+1 2.5 E+0 ± 7.6 
E+0

4 1.5 E−6 1.1 E−2 1.5 E−4 ± 2.2 E−3 36

Malm γ 2.3 E−5 9.9 E−4 1.7 E−4 ± 2.9 E−4 15

Malm β 4.0 E−7 1.5 E−3 1.8 E−4 ± 4.5 E−4 14

Malm α 2.0 E−7 7.9 E−2 1.4 E−5 ± 1.9 E−2 18

Dingolf-
ing FB

Malm ζ 4–5 1.3 E−3 2.0 E+1 1.4 E−2 ± 1.1 
E+1

3 3.4 E−4 1.9 E+1 2.3 E−1 ± 7.9 E+0 6

Malm ζ 2 4.0 E−4 7.3 E−1 8.4 E−3 ± 2.7 
E−1

7 6.4 E−5 1.6 E+0 6.4 E−3 ± 6.1 E−1 7

Malm ζ 1 2.2 E+1 1 1.0 E−1 3.7 E+1 1.2 E+1 ± 1.9 E+1 3

Malm ε 2.0 E−4 2.2 E+1 1.5 E−3 ± 5.8 
E+0

15 3.9 E−4 1.2 E+1 3.4 E−3 ± 3.1 E+0 21

Malm δ 1.0 E−4 1.4 E−2 6.5 E−3 ± 4.6 
E−3

6 2.0 E−5 1.8 E−2 9.8 E−4 ± 5.2 E−3 12

Table 8  Permeability data set subject to lithology for MSC-4 and DGF-FB

Min minimum, Max maximum, Med median, MAD median absolute deviation, n count

Location Lithology Permeability (core), mD n Permeability (GPPT model), mD n

Min Max Med ± MAD Min Max Med ± MAD

Moosburg 
SC 4

Limestone 3.0 E−3 2.6 E+1 3.6 
E−1 ± 1.1 
E+1

5 1.0 E−7 1.2 E+2 2.6 E−4 ± 1.8 E+1 94

Dolom. 
limestone

1.0 E−2 5.1 E+0 7.9 
E−2 ± 2.5 
E+0

4 1.2 E−4 6.2 E+1 7.9 E−2 ± 1.2 E+1 39

Dolostone 7.2 E−2 3.3 E+1 3.5 
E+0 ± 1.0 
E+1

16 1.0 E−7 1.0 E+2 2.4 E−4 ± 1.0 E+1 98

Dingolfing 
FB

Limestone 2.0 E+1 1 9.4 E+0 1.9 E+1 1.4 E+1 ± 6.8 E+0 2

Dolom. 
limestone

1.3 E−3 1 3.4 E−4 6.0 E−3 9.4 E−4 ± 3.1 E−3 3

Dolostone 1.0 E−4 2.2 E+1 6.5 
E−3 ± 5.6 
E+0

30 2.0 E−5 3.7 E+1 2.5 E−3 ± 6.1 E+0 40
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Appendix 8

See Table 9.
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