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1 Introduction 
 

1.1 Background 

Geothermal energy exploitation in the Netherlands is a relatively young sector, however it is 

developing rapidly. In 2017, there were 15 installations producing an average of 0,2 PJ of heat per 

installation annually. Given the physical limitations of heat transportation, geothermal energy tends 

to be restricted to local markets. Current installations mostly provide heat to horticultural 

greenhouses, and the provision of heat to the built environment is currently limited to 2 projects.  

The Utrecht Province and Municipality of Utrecht, located centrally in the Netherlands, have strong 

ambitions for the energy transition, including a potentially important role for geothermal energy. 

However, the development of geothermal energy has thus far been limited. This is related to the fact 

that the Utrecht province area is considered a ‘white-spot area’ (Figure 1.1), a term given to areas 

for which limited subsurface information is available. The reason for this lack of information is due to 

the low density and quality of wells, combined with the fact that seismic data from past oil and gas 

exploration and production in the Utrecht area is relatively poor compared to other regions in the 

Netherlands. Consequently, geothermal energy exploration is hampered by high financial risk due 

to the possibility of drilling an underperforming well, as anticipated flow rates can vary one order of 

magnitude. This renders the potential contribution of geothermal uncertain, even when including 

incentives from the SDE+. 

ENGIE has taken the initiative for a public-private consortium, consisting of the LEAN partners, to 

invest in a demonstration geothermal doublet to prove the suitability of the subsurface in the Utrecht 

region for geothermal energy production. If the project succeeds, a significant potential for follow up 

geothermal projects could be established. The geothermal doublets will feed their produced heat into 

a large district heating network owned by LEAN partner Eneco, with appr. 38,500 heated buildings. 

The heat is currently delivered by gas-fired boilers, however these need to be replaced by 

renewables. In 2018, Eneco published a roadmap for renewable development of the heat network 

energy sources anticipating that 30 MWth renewable power will be produced by geothermal doublets 

stemming from the success of the LEAN project. 
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1.2 Scope of this report in the LEAN project 

The LEAN project aims at development of the Rotliegend reservoir. Based on existing seismic surveys and 

geological studies, this appears the most promising reservoir for geothermal development.  

 

Figure 1.1 (left) Resource prospectivity (green shades) overlain with transparency for low data density 

showing white-spot for geothermal development (source thermogis.nl) and (right) existing heat 

networks (orange) and municipalities with strong ambitions to reduce gas fired heating (source 

‘RVO aardgasvrije wijken’). 

According to the workplan of LEAN, the first 1.5 year up to May 2020 is used to select a target 

location for an exploration well.  

This report presents preliminary results of reprocessing of seismic data, and structural and geological 

interpretation as well as evaluation of reservoir quality in a regional context. Subsequently, the 

generic findings and improved subsurface data can be used by the SPV of LEAN to develop the 

business plan, well design and SDE application. 
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Figure 1.2 Preferred surface locations (WOS: Warmte Overdracht Station, green numbers) for feeding the 

heat network of Eneco with geothermal heat. 

 
Figure 1.3 LEAN exploration license polygon and protected areas for drilling (blue areas, and polygons) 

1.3 Surface criteria 

The Business case and VoI analysis as well as the subsurface data reprocessing, analysis and 

interpretation is performed in the context of preferred surface locations for connecting geothermal 

sources to the heat network in the Utrecht area (Figure 1.2) as well as restricted areas for drilling 

(Figure 1.3) 
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1.4 Subsurface Criteria 

The subsurface criteria in terms of key parameters affecting KPI listed in Table 1.1 have been used 

for the selection of an appropriate subsurface location: 

• Structure: The location needs to be marked by a relatively continuous structure which is not 

heavily faulted, in order to allow sustainable flow and a pressure connection between injector 

and producer well. Risk for failure in a flow connection may strongly influence POS. In addition, 

due to past deformation and vertical movements the reservoir may have experienced 

overcompaction, high temperatures or deep fluid circulation. These can negatively affect the 

reservoir quality (power) 

• Depth: With depth the temperature linearly increases. The power is proportional to production 

temperature. Furthermore, a minimum usable production temperature in the Utrecht case is 

around 50 °C. For relatively shallow reservoir conditions (e.g. <2000m depth, <70 °C production 

temperature) the power output is limited, unless a heat pump is used.  

• kH Transmissivity: power output scales to the flowrate which is largely dependent on the 

transmissivity of the reservoir (which is the product of permeability -k, and thickness – H). 

Table 1.1 Key subsurface parameters affecting Key Performance Indicators (KPI) for geothermal 

exploration, affecting either the Probability of Success (POS) of the exploration well and/or the 

power. 

Parameter Effect Business case KPI 

1) Structure (inversion area, heavily deformed, fault 
intensity) 

No continuity layers, 
Depth uncertainty 
Cement 

POS, power 

2) Depth Production temperature power 

3) kH (thickness x permeability) Flow rate power 

1.5 Structure of report 

- Chapter 2 outlines the geology of the subsurface in the Utrecht area, and the working concept 

for developing the Rotliegend reservoir. 

- Chapter 3 presents the selection of relevant seismic lines for detailed analysis and the results of 

seismic reprocessing.  

- Chapter 4 presents the preliminary geological interpretation (structure and depth), and the 

regional assessment of reservoir quality and thickness. Based on these data preferred 

subsurface subregions for a LEAN exploration well are selected, which are located north and 

south of the city of Utrecht.  
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2 Geological DGM deep model, working concept  
A first order impression of the depth of the various reservoirs present in the Utrecht subsurface can 

be obtained from the DGM-Deep model (Digital Geological Model) developed by TNO-Geological 

Survey of the Netherlands. The current version is v4. This national to regional scale model contains 

information about the depth and thickness of the main geological units. The spatial resolution is 

250x250 meter. The differentiated units are specified in Table 2.1. For most units the base was 

mapped on seismic when the data allow the reflector to be picked. 

Figure 2.2 shows the seismic data available around Utrecht. It is clear that the distance between the 

seismic lines is often considerably more than 250 meters. Therefore uncertainty exists about the 

exact depth of the units. In the area, the Rotliegend, which is currently considered the most attractive 

reservoir in the area based on temperature and permeability estimates, is roughly located at a depth 

between 2000 and 3000 meters (Figure 2.2, Figure 2.4). Deeper and therefore warmer units consist 

for the largest part of shales. Shallower units are currently less interesting because of the low 

temperature. The general trend in DGM shows that the Rotliegend is relatively shallow (around 

2000m) north of Utrecht, and relatively deep (between 2000 and 3000m) south of Utrecht. 

In the area the base of the Rotliegend is defined by an angular unconformity separating the 

Rotliegend from the Carboniferous rocks (BPU = Base Permian Unconformity). In principle, the base 

of the Rotliegend could be distinguishable on seismic given its anticipated depth and thickness 

(~100m). If top and base can in practice be distinguished separately depends on the acoustic 

impedance contrast with the underlying Carboniferous rocks. In practice, this turns out to be hardly 

the case. Therefore only the top Rotliegend, which is, in this area, equal to the base Zechstein, was 

mapped on seismic in DGM. 

Consequently, the thickness of the Rotliegend in Utrecht in the DGM-model is based on an 

interpolation of the reservoir thickness observed in the sparse oil and gas exploration wells (Table 

2.2,Figure 2.3). In the area, the Rotliegend thickness is between 11 (WRV-01) and 133 (JUT-01) 

meter. In WRV-01 however the thickness is disputed as being influenced by faulting. The majority of 

wells is located more than 10 kilometres away from Utrecht (Figure 2.2). The conclusion is that 

considerable uncertainty exists about the thickness of the Rotliegend in the area. 

Kombrink et al. (2012) generated a map from DGM using a so-called stratpiler analysis1 which shows 

the degree of inversion that took place in Late Cretaceous – Paleogene times (c.f. Figure 2.4, Figure 

2.6,). The resulting map in Figure 2.6 shows that Utrecht is located in a structurally complex and 

strongly inverted area, exactly on the border of the West Netherlands Basin (WNB) in the south and 

the Central Netherlands Basin (CNB) in the north, and only slightly west of the Peel Maasbommel 

Complex (PMC). The tectonic history (subsidence and uplift) has a strong bearing on the current 

reservoir quality. Figure 2.4, for example, shows that south of Utrecht Leidsche Rijn the Cretaceous 

is absent, and in the direct vicinity the largest part of the Jurassic 

The inversion in the WNB becomes clear from the JUT-01 well, which drilled a reverse fault which 

causes the stratigraphy from Carboniferous to Triassic to be repeated. Therefore also the Rotliegend 

was drilled twice. The upper part is thought to have been buried deeply and thrusted upward in a 

                                                

 

1  The stratpiler analysis uses the vertical rock succession encountered in the DGM-model, 

registering the presence, absence and superposition of layers which together illustrate the tectonic 

history. 
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northern direction. This has significant implications for the expected reservoir quality of the 

Rotliegend at deeper locations away from well JUT-01 (discussed in more detail in chapter 5). Some 

of the nearest exploration wells that were drilled by NAM like BLA-01, JUT-01 and EVD-01 show 

good reservoir quality in the Rotliegend. 

Table 2.1 Units mapped in the DGM-Deep v4 model 

age code Name 

Tertiary NU Upper North Sea Group 

Tertiary NL/NM Lower / Middle North Sea Group 

Cretaceous CK Chalk Group 

Cretaceous KN Rijnland Group 

Jurassic AT Altena Group 

Jurassic S Schieland Group 

Triassic RB/RN Triassic Supergroup 

Permian ZE Permian Zechstein Supergroup 

Permian RO Permian Rotliegend Supergroup 

Carboniferous DCC/DCD/DCH Limburg Group 

Carboniferous DCG Geul Subgroup 

 

Table 2.2 Exploration wells in a 25 km radius around Utrecht 

well location year 
end 

depth 
(mTVD) 

formation @TD oldest Group drilled 
thickness 

Rotliegend 

BKN-01 Breukelen 1943 588 Ommelanden Chalk - 

BLA-01 Blaricum 1982 1912 Maurits Carboniferous 118 

BKP-01 Boskoop 1949 1000 Aalburg Jurassic - 

EVD-01 Everdingen 1965 2181 Maurits Carboniferous 77 

GOU-01 Gouda 1944 663 Nieuwerkerk Jurassic - 

GOU-02 Gouda 1944 694 Nieuwerkerk Jurassic - 

HIL-01 Hilversum 1944 732 Vlieland Claystone Cretaceous - 

HST-01 Haastrecht 1951 2525 Hellevoetsluis Carboniferous (fault) 

HST-02 Haastrecht 1983 2433 Hellevoetsluis Carboniferous 61 

JUT-01 Jutphaas 1969 3325 Hellevoetsluis Carboniferous 126 / 133¹ 

MRK-01 Meerkerk 1990 2721 Hellevoetsluis Carboniferous 82 

ODK-01 Odijk 1943 650 Ommelanden Chalk - 

PKP-01 Papekop 1986 2404 Hellevoetsluis Carboniferous 64 

VRE-01 Vreeland 1950 1014 Aalburg Jurassic - 

WLK-01 Willeskop 1988 2418 Hellevoetsluis Carboniferous 60 

WRV-01 Waverveen 1971 2313 Ruurlo Carboniferous 11 (fault?) 

ZST-01 Zeist 1948 1100 Upper Holland Marl Cretaceous - 

¹JUT-01 drilled through a fault, encountering the Rotliegend twice. 
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Figure 2.1 All available (analogue and digital) seismic lines in the area surrounding Utrecht. 

 
Figure 2.2 DGM Deep v4 top Rotliegend depth map showing the nearest deep wells. Dashed circle centred 

around Utrecht has a 10 km radius. Only the JUT-01 well plots within this circle. 
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Figure 2.3 DGM Deep v4 thickness Rotliegend map based on interpolated well thickness. 
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Figure 2.4 Simplified vertical cross section along part of the Deep NAM seismic line in Utrecht, showing the 

DGM v4 units (and the tentatively added Zeeland Formation). Faults not shown. 
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Figure 2.5 Vertical cross section along the A27 motorway east of Utrecht, showing the DGM units. The 

expected structural complexity between the southern West Netherlands and northern Central 

Netherlands Basins are not covered in the national-scale DGM model. Faults not shown. 
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Figure 2.6 Late Jurassic – Early Cretaceous structural elements map based on DGM (Kombrink et al., 2012). 

The key JUT-01 and EVD-01 wells belong to a different tectonic unit (West Netherlands Basins) 

than the BLA-01 well (Central Netherlands Basin). The bounding fault between WNB and CNB is 

the extension of the Peel Boundary Fault. The fault just south of BLA-01 is the extension of the 

Tegelen Fault. 
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3 Seismic reprocessing and selection of relevant wells  

3.1 Choice of seismic lines to interpret 

Figure 2.1 in the previous chapter shows all the available seismic lines, both digital and analogue. 

The green circles shows the positions of the Eneco stations, with the shaded orange area 

representing the heat network in Utrecht. A future geothermal plant would have to be proximal to 

these stations to allow the heat to be transported easily.  

The survey marked in red to the west of Utrecht, was shot by NAM in 1984  and 1971. In 1984 NAM 

also shot the DEEP-NAM-84 line, shown in blue, which extends from Bergen op Zoom to Zeewolde. 

The corresponding  depth interpretation in DGM is  shown in Figure 2.4. The lime green survey to 

the east of Utrecht was produced by Elf Petroland in 1987 and is known as the ‘Amersfoort’ survey. 

The dark green lines located on either side of Utrecht and to the north were shot in 1985 by 

ExxonMobil. The pink lines located to the south and north of Utrecht were also shot by ExxonMobil 

in 1987. The dotted lines represent analogue surveys. 

Figure 3.1 shows the seismic lines which are used in the interpretation of the Utrecht subsurface. All 

the analogue (dotted) lines have been removed, as they were of lower quality and because there is 

no pre-stack data available of these surveys they could not be reprocessed. Although the DEEP-

NAM-84 line is also close to Utrecht and of high quality, the pre-stack data was not available, so it 

could not be reprocessed. The MZ85-15 in east Utrecht was reprocessed by (Abidin, 2018). In this 

study the MZ85-13 to the north east of Utrecht and MZ85-14 in west Utrecht were chosen to be 

reprocessed. These ExxonMobil lines are the most proximal to the area of interest and are of high 

enough quality to allow interpretation of the deeper sequences. Furthermore, the seismic lines run 

perpendicular to the direction of faulting in the region, which allows the faults to be interpreted. 

ExxonMobil lines from the 1987 and 1988 surveys were also used when interpreting the subsurface 

of Utrecht. 
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Figure 3.1 The seismic surveys in the Utrecht region which were used in this project. The green MZ85-13 

and MZ85-14 surveys to the north-east and west of Utrecht respectfully were chosen to be 

reprocessed. The boundary of the Utrecht province is shown by the thick black lin. 

3.2 Seismic processing  

The seismic processing of the old seismic surveys was done using the Globe Claritas seismic 

processing software, version 6.6. The workflow was completed using the conventional methods 

described by (Yilmaz, 2001). When pre-processing the data there are three main goals. Firstly, to 

increasing the signal to noise ratio by removing random noise from the data, secondly to remove 

random noise from the data and finally to make up for acquisition-associated effects. This is done to 

make it easier to observe the reflectors and thereby a more accurate image of the subsurface can 

be created. In standard seismic processing there are three main processes: deconvolution, stacking 

and migration together with additional processes which result in further improvements. The most 

important steps in the processing workflow are outlined below. 
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Figure 3.2 Seismic processing workflow used to reprocess the MZ85-14 and MZ85-13 lines 

3.2.1 Building a geometry data base  

A geometry data base is needed as it allocates source and receiver coordinates to the trace headers, 

together with spread information. Following this the traces are grouped into common depth point 

(CDP) gathers. For the ExxonMobil survey a wiggly-line CDP gather was used. Although the terrain 

which the ExxonMobil lines cross is relatively flat, a floating datum is used to correct for the slight 

variations in elevation. Finally, a quality control is done by overlaying an offset on the merged-

geometry file and checking that the trace has the smallest ‘first break’ time is most proximal to the 

zero offset. It is essential that the geometry is correct as an incorrect geometry will result in problems 

later in the processing. 

3.2.2 Refraction statics 

Due to varying near surface terrain localized velocity anomalies are often observed when seismic 

surveys are shot on land. Consequently, the seismic travel times will be distorted, which needs to 

be corrected for using a static shift. To apply refraction statics a near surface model of the low velocity 

weathering layer is needed. The velocity is estimated from first arrivals on the shot gather as these 

are refracted from the base of the weathering layer. The first arrivals data can be obtained by using 

the ‘first break’ picking tool in Globe Claritas. The first break is the first coherent signal observed on 

a seismic shot. The chosen first break picks can be quality controlled by flattening the shot and 

viewing if the overall waveform of the direct and refracted arrivals is continuous. In this mode fine 

scale adjustments can be made. Following this the Refstat2D application in Globe Claritas, is used 
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to convert the first break pick times into a near-surface velocity model. This model is then used to 

calculate the static shift. 

3.2.3 Noise suppression 

The coherent noise seen in all the shots is known as the ground roll cone. To suppress this noise a 

FK-domain mute and FX deconvolution was used. 

3.2.4 Deconvolution 

Deconvolution further improves the resolution of the image by compressing any reverberant section 

of the wavelet and to alter the wavelet shape, giving it a sharper pulse. A maximum filter length of 

37 ms was used (150% of the average wavelet size) and the max gap length was 0 (need to add 

why I did this). Unlike previous reprocessed jobs a Butterworth bandpass filter was not used during 

the deconvolution. 

3.2.5 Velocity analysis 

To further improve imaging further a more complex velocity model is needed. To do a velocity 

analysis different movement correction are tested on the data. The output of the velocity analysis is 

a table which contains the velocity versus two-way travel time for a given common depth point. This 

relationship represents the signal coherency of the hyperbolic curves controlled by the time, offset 

and velocity (Yilmaz, 2001). The velocity time picks are selected using the Claritas Velocity Analysis 

(CVA) tool. CVA has two modes which are used to achieve this. The first is based on constant 

velocities, where the one can pick in time windows showing a full range of velocities. The time 

windows used to track across the data contain 50 CDPs and overlap so that events can be followed 

through the stack. It contains 41 panels with a different constant velocity NMO applied to the 50 

CDPs. Flicking through the different panels the optimum velocity can be found. This mode is used 

first to create the initial velocity model. The second mode in CVA uses variable velocities, which is 

used to sharpen the picks. Here the variable velocity stacks are presented side by side for the entire 

time range.  

Following this the new velocity model is applied in the normal moveout (NMO) correction of the CDP 

gathers. Unfortunately, the moveout in CDP gathers does not always correspond to a perfect 

hyperbolic trajectory. This could be the result of near-surface velocity anomalies which trigger a static 

or distortion problem (Yilmaz, 2001). 

3.2.6 Residual statics 

To eliminate nonlinearities from NMO corrected gathers, residual statics creates shot and receiver 

surface consistent static shifts. This will assist the data to conform to the NMO equation and improves 

the stacking quality. Initially the residual statics job begins with a “pilot stack”, where the NMO 

corrected data is correlated with the stack to create a shift. Following this, the shift is split into the 

shot- and receiver components. The residual statics job is iterative and each time small shifts are 

applied, and the inversion builds a new “pilot stack” to allow the final statics to continue to merge. 

During the processing of the Exxon Mobil lines 8 iterations were run. 

3.2.7 Pre-stack migration 

Migration is needed to collapse diffractions and to reposition a dipping interface to its theoretically 

correct subsurface position (Yilmaz, 2001). This is done using a mathematical model of the 

subsurface to adjust wavefields that have been diffracted by dipping interfaces. As the initial velocity 

analysis contained incorrect dip and diffraction energy a second velocity analysis was done following 

the migration. The migration was done using the Globe Claritas 2D Kirchhoff PreSTM module. 

Following the pre-stack migration, a second velocity pass was completed.  
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3.2.8 Post PSTM data enhancement: NLM denoising and SSD deconvolution 

Conventional seismic reprocessing of seismic pre-stack data and new unconventional processing 

techniques are now combined in one workflow to improve the seismic imaging. The new processing 

techniques used are the Non-Local Means (NLM) filter (Buades et al., 2005) and sparse spike 

deconvolution (SSD) (Chapman & Barrodale, 1983). The NLM filter aims to denoise the seismic 

images while preserving edges which are important for identifying risk elements such as faults and 

fractures. SSD using L1 norm regularization aims to increase the vertical and lateral resolution of 

seismic images. The conventional seismic reprocessing improves the data by superior imaging with 

statics, demultiple, velocity modelling, Prestack Time Migration, which improvements are then 

magnified by the novel techniques. 

 
Figure 3.3 a) NLM as compared to b) Adaptive local slant stack, both applied to synthetic data. In both a) 

and b): Left column = original section, middle column = filtered section, right column = difference 

section. 

The NLM filter is a next-generation signal denoising algorithm which is originally proposed for image 

processing and has been used in medical imaging and seismic processing. It takes advantage of 

high redundancy in most natural images, which assumes for every small window in an image there 

are many other windows in the same image with similar structures. It takes the similarity between a 

neighbourhood window of a main pixel with other neighbourhood windows within the same image to 

calculate the averaged value of the main pixel. It is non-local because the whole image contributes 

to the value of the denoised pixel in consideration, not just the neighbourhood of the pixel. In practice, 

using the entire image for search window can became very computationally demanding and thus the 

process is restricted within a limited search window. Figure 3.3 shows the concept on synthetic data. 

In SSD, the prior information is the assumption of earth reflectivity as a sparse sequence of spikes. 

This assumption is based on the fact that bigger reflectivity coefficients are the main contributors of 

acoustic impedance, which is spatially spaced geological boundaries. By adding a sparsity constraint 

as prior information about reflectivity in the inversion, an approximation of the correct amplitude and 

location of the sparse reflectivity series can be obtained, and significant increase in bandwidth 

content can be achieved from band-limited seismic observations. In this research this is done by L1 

norm regularized inversion, an estimated source wavelet and L2 norm smoothness derivative 

constraints in the cost function. Figure 3.4 shows the concept on synthetic data. 

a b 
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Figure 3.4 Demonstration of sparse spike deconvolution. a) A single stacked seismic trace in the first column 

a is deconvolved to sparse reflectivity traces with varying L1 sparsity constraints and L2 

smoothness constraints in columns b, c and d. b) A synthetic seismogram imaging a wedge is 

deconvolved from left (original) to right (sparse). 

3.2.9 Time-depth conversion 

To convert the two way travel time of the seismic waves into depth a job was made on Globe Claritas 

with the TDCONV1 module. This module does a depth conversion on the stacked data using the 

final velocity model created in previous steps.  

3.3 Interpretation 

The interpretation of the seismic sections was done using the Petrel 2018 software. An existing 

interpretation of the seismic surveys surrounding Utrecht was done by the DGM-deep V4 model 

(Digitaal Geologisch Model). This regional interpretation only used selected lines and is not accurate 

in the small scale. 

3.4 Results 

The seismic reprocessing improved the old data, particularly the deeper reflectors. Furthermore, 

migration artefacts that were present in the original stack (Bottom left corner of Figure 3.5) have 

been removed. Particular observations are: 

- The shallow part of the seismic has been better imaged on the original version 

- Faults better imaged in the deep section 

- The base of the Germanic Trias group (RB) is the top reflector in the high amplitude red-blue-

red-blue-red package. 

a b 
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Figure 3.5 The original stack of MZ85-13 

 
Figure 3.6 Reprocessed Prestack time migrated stack of MZ85-13 

 

Figure 3.7 Enlarged section of the original (left) and reprocessed (right) MZ85-13 

 

Figure 3.8 

Figure 3.8 
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Figure 3.8 The original stack of MZ85-14 

 
Figure 3.9 Reprocessed Prestack time migrated stack of MZ85-14 

 
Figure 3.10 Enlarged section of the original (left) and reprocessed (right) MZ85-14 

 

 

Figure 3.11 



 

 
ID: 
Version: 
Classification: 
Page: 

 
LEAN-D1.03 
2020.02.21 
public 
22 of 64  

 

 

Hernieuwbare 

Energie 

 

 

3.5 Conclusion 

The processing of the seismic data with merely the conventional processing techniques showed 

improvement compared to the original data. The Pre-Stack Kirchoff Time Migration algorithm applied 

in the processing proved to be better at imaging the sequences and faults compared to the post 

stack migration which was used in the processing of the original data. The amount of improvement 

that can be achieved through reprocessing is limited by the acquisition in cases where the offset is 

insufficiently large. 
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4 Geological interpretation and subregion selection 
The working hypothesis for the Utrecht area at the initiation of the project has been that the depth 

structure is well represented by the top depth of the Rotliegend as shown in Figure 4.1. It was 

anticipated that the dashed red line can be interpreted as the transition from the strongly inverted 

West Netherlands Basin (WNB) at the southern side of the line, to the mildly inverted Central 

Netherlands Basin (CNB) north of the line. 

Based on this tectonic interpretation, it was expected that the locations 1, 2, 8 and 9 and in particular 

6 and 7 would be preferred over the others because of their distance to the strongly inverted area. 

In terms of the interpreted depth structure, all locations qualify within the depth range 2 - 3 km, 

equalling temperatures between 70 and 100 °C. In terms of depth, target locations 5 - 9 are located 

at a depth of 2500 m or deeper. These are preferred over the others, as this depth corresponds to 

production temperatures which best match the heat demand. 

However the structural and depth interpretation needs revision based on the reprocessed data. In 

particular the locations 1, 2, 6, 7, 8 and 9 are poorly constrained by seismic control. In this chapter 

we analyse the reprocessed seismic data in view of its implications for re-interpreting the structural 

framework in the Utrecht area. In addition, we investigate the reservoir quality of the Rotliegend of 

the area and locations, and finally, we outline preferred subregions. 

 
Figure 4.1 Depth of base Zechstein / top Rotliegend (DGM v4), Eneco stations (dots with numbers) and 

digital seismic lines considered in this study 

less inverted CNB 

strongly inverted WNB 
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4.1 Geological structure in Utrecht region 

Figure 4.2 shows the seismic sections which have been used to re-interpret the geological structure 

in the Utrecht Region. MZ85-13, MZ85-14, MZ85-15 are seismic lines which have been reprocessed 

(see chapter 3). The DEEP NAM line is the best quality regional line available, and runs immediately 

(north)west of the city of Utrecht. 

The (northern) MZ85-13 and (southern) MZ85-15 lines depicted in Figure 4.3 show a structurally 

complex pattern, especially in the MZ85-15, compared to the geological map in Figure 4.1. In the 

section upthrusts are visible that are marked by considerable offsets, clearly demonstrating a more 

northward continuation of the strongly inverted WNB. The strongly inverted zone continues at least 

to the (projected) locations of locations 6 and 7 in the section. Only in the northern half of the MZ85-

15 line the depth structure of the Rotliegend appears to be well constrained and to be marked by a 

relatively smooth structure in the south of Bilthoven. However, in this part of the section the 

Rotliegend is relatively shallow at a depth of about 2000 meter, at which depth temperature are less 

favourable for feeding the heat network and which location is relatively distant from the Eneco 

stations. 

Figure 4.4 shows the NAM DEEP line. It is marked by a heavily folded structure north of the city of 

Utrecht. The projected locations 1, 2 and 6 are at anticlinal structures, marked by relatively shallow 

depth of the Rotliegend (< 2000 m) in agreement with the structural interpretation of the geological 

map (Figure 4.1). 

The MZ85-14 line west of Utrecht clearly shows the anticlinal structure which has been drilled by 

JUT-01. The Rotliegend structure north of the anticline is poorly visible in the seismic and marked 

by significant throw between the projection of 1, 2 and 3. The anticlinal crest (location 4) is relatively 

shallow with the top Rotliegend at only 1659 m in JUT-01, which makes this location unfavourable 

for heat production. Similarly, locations 1 and 2 are relatively shallow. The depth of 5 is favourable, 

while 3 appears to be marked by sufficient depth, but is located in the overthrusted block, and the 

depth is poorly constrained. 
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Figure 4.2 Seismic sections used in the structural interpretation (shown in detail in Figure 4.3, Figure 4.4, 

Figure 4.5). 

 
Figure 4.3 The reprocessed MZ85-13 and MZ85-15 (north is at the right hand side), at the eastern side of 

Utrecht with a tentative interpretation of the top Triassic and Rotliegend. Projected Eneco WOS 

stations 6 and 7 are shown. 
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Figure 4.4 The NAM DEEP line between Bergen op Zoom and Harderwijk with projected Eneco stations 1, 

2 and 6. Vertical exaggeration: 6. Source: Bouroullec et al. in prep. 
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Figure 4.5 The MZ85-14 seismic line (north is at the right hand side), with Eneco stations 1-5 projected to 

the section. 4 is located very close to JUT-01. The pink line is a tentative interpretation of the top 

Triassic. 

4.2 Rotliegend reservoir quality 

The quality of the reservoir is expressed in the transmissivity (Darcy-meter Dm), which is the product 

of permeability (D) and net thickness (m) The reservoir thickness and permeability has been 

determined from wells in a wide region surrounding Utrecht. Data is available regarding a limited 

number of wells (Table 2.2). Figure 4.6 shows the most relevant wells. Three wells have been 

selected for the analysis of reservoir transmissivity. These are BLA-01 (Blaricum), JUT-01 (Jutphaas) 

and EVD-01 (Everdingen). In these wells, there are relatively large datasets of core plug data with 

porosity and permeability measurements which can be used to determine the transmissivity of the 

formation (Pluymaekers et al., 2012). For these wells we also inspected the well reports (if available) 

and used these to assess the reservoir quality. 

 
Figure 4.6 Location of wells discussed in this section, BLA-01, JUT-01, EVD-01 
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4.2.1 Thickness 

The thickness of the Rotliegend in almost all of the wells in Table 2.2 is more than 50 m, and for the 

selected wells ranging from 77-127 m. In view of facies development Aeolian deposits are present 

in the JUT-01, EVD-01, and BLA-01 wells. Past studies (ref) have shown that towards the south the 

Rotliegend is marked by a rather thick succession in the centre of the Utrecht province, petering out 

towards the south and west in the WNB and towards the eastern side of the province. In the region, 

north from JUT-01 towards BLA-01 a thickness of about 100 m is expected. This is also in line with 

sonic velocity structure and the seismic facies as shown in Figure 4.7 for BLA-01 and the NAM line 

(blue line in Figure 4.6). In the BLA-01 well, the Rotliegend is marked by relatively low and uniform 

sonic velocities which is indicative for a transparent seismic facies, whereas the high velocities in 

the overlying Zechstein result in a strong reflector. This seismic facies sequence appears to be 

laterally continuous in the reprocessed lines – as far as it can be recognized- , supporting a lateral 

rather uniform stratigraphic development. For these reasons we assume the facies to be laterally 

uniform underneath the city of Utrecht, and to the north of Utrecht. Towards the south of JUT-01, 

east and west thickness and facies is expected subject to change. 

 
Figure 4.7 Consistency between thickness from well stratigraphy (BLA-01), sonic velocities in the well (panel) 

and Seismic reflectors and transparency in line DEEP NAM-84 at base Zechstein and base 

Rotliegend level (source of logs and stratigraphic interpretation NLOG) 

4.2.2 Lithology and diagenesis 

NAM published a report on the lithology and diagenesis of the EVD-01 and JUT-01 wells (Nachtegaal, 

1969),based on core and cutting material. It is concluded that low permeability in the deeper 

occurrence of the Rotliegend in the JUT-01 well is caused by the presence of illite and muscovite, 

and some chlorite. In the EVD-01 well and the upper occurrence of the Rotliegend in the JUT-01 

well, the reservoir quality is much better than in the deep JUT-01 (although, in contrast to the 

exploration well evaluation resume of EVD-01, the quality of the reservoir is referred to as ‘poor’ 

(porosity EVD-01: 10.9%, JUT-01: 8%, permeability less than 62 mD)). The permeability reduction 

here is caused by diagenetic growth of dolomite, quartz and clay minerals, making up 67% of the 

pore space. 

4.2.3 Salinity 

The salinity of the reservoir brine is important, as it determines density, viscosity and heat capacity. 

The more dense a brine, the easier it is injected. The more viscous a brine, the more difficult it is 

injected. Increasing the salinity of a brine decreases its heat capacity. 
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Multiple water samples from the DST of JUT-01 were analysed (Figure 4.8). The composition is 

believed to represent the composition of the brine in the Rotliegend. The equivalent NaCl 

concentration is 136 gram/litre, about 125,000 ppm. 

 
Figure 4.8 Jutphaas-1 salinity analysis (Nachtegaal, 1969). 

4.2.4 Permeability and transmissivity 

The reservoir quality is largely determined by the permeability. Various estimates of the permeability 

are available: 

- in core plugs the porosity and permeability is measured directly, but the scale (1-2”) is very small. 

- various petrophysical logs (usually sonic velocity and density) can be used to determine the 

permeability indirectly. Log are usually acquired over the entire reservoir section at intervals of 

about one foot. The depth of penetration is the same order of magnitude. Direct measurements 

of porosity and permeability are required for calibration. 

- a well test can be used to estimate the average reservoir permeability up to a certain distance 

away from the well. The longer the well is tested, the further into the reservoir the signal reaches.  

In general, the reservoir quality is expected to be good. This is confirmed by the JUT-01 and EVD-01 

well résumé reports (Arnold, 1971; Arnold, 1972). The major depositional environments of the 

Rotliegend were understood in an early stage of exploration (Fryberger et al., 2011) (Figure 4.9). 

Fluviatile and playa lake deposits tend to contain more clay, which is unfavourable for reservoir 

quality. The Utrecht area is located in the aeolian sand domain. The EVD-01 formation evaluation in 

the exploration well resume report states that ‘the 76 m thick Rotliegend shows aeolian 
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characteristics and has average porosity of 9.7%’. Under the particulars it is listed multiple times that 

‘kegging’ occurred during the coring (‘vertikale en horizontale scheuren’), as well as mud losses. 

This could indicate that the reservoir is fractured, meaning that it may have secondary porosity not 

recorded in the core plugs. Porosity-permeability relationships of the Rotliegend show comparable 

trends for the three domains, but the aeolian domains largely lacks the low porosity-permeability tail 

of the other two. Locally, however, the overlap between the aeolian domain and the other two 

domains is absent altogether, like for instance in a number of wells in the UK offshore (Figure 4.11). 

Here, the porosity range is more or less equal, but the permeability of the former is superior. An 

additional advantage of a largely clay-free reservoir is the low anisotropy. Generally, the anisotropy 

is in the order of about 5-20 for Dutch geothermal reservoirs having lower net-to-gross ratios like in 

the West Netherlands Basin. For the aeolian Rotliegend, with, in EVD-01 an N/G of 100%, the 

anisotropy is thought to be in the order of ~3. This is very advantageous for flow towards the well 

when the latter is inclined or even horizontal. 

In the area, the reservoir quality of the Rotliegend is based a conversion of the sonic and density 

derived porosity logs to a permeability log by using a core plug derived relation between porosity 

and permeability. 

 
Figure 4.9 Major depositional environments of the Rotliegend. Source: (Fryberger et al., 2011). 
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Figure 4.10 Porosity-permeability cross plots for three good to very good reservoir facies in the Rotliegend in 

the Southern Permian Basin (from XX, 2011 A) fluvial; B) aeolian sandflat; C) aeolian dune as 

identified in Groningen and Rotliegend gas fields in the Netherlands. Note that the high-end 

property ranges are similar for the three facies (~10³ mD), but the low-end properties become 

increasingly poor from the aeolian dune (C, ~1-10 mD) to the fluvial facies (A, ~0.01-0.10 mD). 

Playa-margin facies, more abundant towards the north of the Groningen Field, has low-end 

properties as a result of increasing clay content. Source: (Grötsch et al., 2011). 

 
Figure 4.11 Porosity and permeability of the Rotliegend in UK offshore wells 47/14A-1, 47/13-1 and 47/15-2. 

Note the reversed porosity scale. Source: (Fryberger et al., 2011; Grötsch et al., 2011) 
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Table 4.1 Petrographic composition of Rotliegend sandstones. Average values for EVD-01 and JUT-01 

(Nachtegaal, 1969). 

 

4.2.4.1 Core plug data 

Core plugs from the nearest relevant wells were obtained from the NLOG website. The porosity-

permeability relationship can be based on either a linear trend between log of permeability and 

porosity (see Figure 4.12, Figure 4.14). The formation evaluation report of EVD-01 shows that a 

linear relationship was used by NAM. A petrophysical evaluation of the upper Rotliegend occurrence 

in the JUT-01 well by TNO-AGE uses a non-linear concave curve. This fit is obtained by calculating 

the average porosities and permeabilities for porosity intervals (bins), and fitting a curve to the 

obtained averages. In contrast, other measures can be used such as the arithmetic or geometric 

mean, Swanson’s Mean, the P50 or the P90. The relatively unknown Swanson’s mean is often used 

in the Oil and Gas industry to calculate reserves. Swanson's rule defines the mean as 0.3×P10 + 

0.4×P50 + 0.3×P90. It provides a good approximation to the mean value for a modestly skewed 

distribution (Nachtegaal, 1969), although its theoretical justification is sometimes disputed (Bickel et 

al., 2011). 
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Figure 4.12 Core plug measurements showing poro-perm relationship of the nearest wells BLA-01, EVD-01, 

and JUT-01 and various other near wells (source: NLOG). The more remote LSM well is 

considered to be an outlier. 

 
Figure 4.13 Various curves calculated from core plug averages using 2% porosity intervals and 50% bin 

overlap. The (arithmetic) average and Swanson’s mean are close, and generally higher than the 

P50 and geometric mean. The arithmetic mean is favoured on theoretical grounds. 

Figure 4.14 shows that a linear curve tends to over-estimate the permeability for the better reservoir 

sections (high porosity). A concave curve is usually observed for the different facies for the 

Rotliegend (Figure 4.10). By far the nearest wells are JUT-01 and EVD-01. From both, core plug 

measurements are available. Only the abundant series belonging to EVD-01 were used in the 

evaluation because the few belonging to the JUT-01 well come from the deepest Rotliegend section, 

in which the permeability was destroyed by diagenesis caused by deep burial (muscovite and illite 

(Nachtegaal, 1969)). BLA-01 is thought not to have been inverted (given the good reservoir quality), 

but the core plugs of this well are discarded because BLA-01 belongs to a different tectonic unit 

(although the core plugs fit the EVD-01 trend reasonably well). 
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The average permeability corresponds to the arithmetic mean of the formation based on the 

permeablity obtained from the adopted poro-perm relationship (e.g. Pluymaekers et al., 2012). The 

resulting transmissivity is equal to the product of thickness and average permeability of the formation. 

shows that the JUT-01 transmissivity based on this workflow may lie between 7.4 and 28 Dm, based 

on the most likely porosity log and adopting either the concave poro-perm relationship (dubbed as 

LEAN) or linear trend (cf. NAM) based of EVD-01 core plug data (Figure 4.14). In a similar fashion, 

based on BLA-01, the transmissivity kH would about 12 Dm, at slightly shallower depth than JUT-01, 

but as already mentioned, BLA-01 is considered less relevant to the southern Utrecht area. 

Please note that the results for transmissivity are very sensitive to the adopted porosity log and the 

poro-perm relationship.  We list the range of linear vs expected concave poro-perm relationship in 

EVD-01, JUT-01 in Table 4.2. In addition, a lower  average porosity can result in a significant lower 

transmissivity values than those listed above.  

 
 

Figure 4.14 Concave (dubbed LEAN and LEAN optimized) and linear (cf NAM report, dubbed NAM EVD-01) 

porosity-permeability relationships, in agreement with the core-plug data in well EVD-01, and the 

resulting transmissivity when applying the relationship to the JUT-01 (petrophysical) porosity log 

available from NLOG. The orange and green curves overestimate the quality in the less relevant 

low-porosity realm where few data points are available, but the fit in the more important high 

porosity realm is conservative to good. The core plug binned average corresponds to the 

arithmetic mean shown in Figure 4.13  
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Figure 4.15 EVD-01, JUT-01 and BLA-01 petrophysical logs, flattened on the base of the Zechstein. The 

permeability logs of EVD-01 and JUT-01 are based on the density logs using the various porosity-

permeability relationships shown in Figure 4.14. Good quality reservoir appears to be present in 

the middle part of the shallow Rotliegend section. The reservoir quality of the upper and lower 

parts appears to have deteriorated in the vicinity of the layers belonging to the Zechstein and 

Carboniferous. For EVD-01 and BLA-01 the density and sonic logs appear to give a best fit to 

core plug data respectively. 
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Table 4.2 Summary of reservoir properties of the three key wells. NAM calculated properties were available 

for the EVD-01 well only. For JUT-01, the NAM phie-k relationship of EVD-01 was used on the 

NLOG porosity log. The same relationship is considered to be invalid for BLA-01. 

Well EVD-01 JUT-01 BLA-01 

Depth top Rotliegend [mTVD NAP] 1776 1648 1443 

Thickness Rotliegend [m] 77 126 118 

Average petrophysical porosity [%],either 

based on available density or sonic based 

on best fit with core plug measurements 

(EVD-01, BLA-01), or adopts the porosity 

log in nlog database based on extensive 

petrophysical interpretation (JUT-01). 

10 (DEN) 13 (NLOG) 19 (SON) 

Transmissivity [Dm] from permeability log, 

adopting concave (this study) and linear 

poro-perm relationship (NAM) from Figure 

4.14.  

0.9 (this 

study) 

1.4 (NAM) 

7.4 (this 

study) 

28.0 (NAM) 

12 (this 

study) 

 

Corresponding Average permeability [mD] 

15 (this 

study) 

18 (NAM) 

58 (this 

study) 

219 (NAM) 

403 (this 

study) 

 

 

4.2.4.2 Well tests 

The EVD-01 well was not tested in the Rotliegend. In JUT-01 NAM well test reports 49 mD over 

125.7 m net thickness, which yields a transmissivity of 6.2 Dm. The Exploration Well Resume states 

that ‘The Rotliegend in the upper block was found in good reservoir development. (Dune sands, 

average porosity 12.4% and a permeability to water of 49 mD)’. Regarding the well test, the report 

remarks that ‘1 Drill stem test was carried out on a selected high porosity interval (sonic log) of the 

Rotliegend Sandstone to determine the productivity.’ (perforated interval 3.7m). The test lasted about 

8 hours and consisted of two flowing (5 and 140 minutes) and two close-in periods (20 and 360 

minutes). During the flowing periods 230 and 10900 litres of water were produced. 

The question was raised whether the permeability of 49 mD applies to the whole reservoir, or only 

the tested interval. NAM was able to comment on this question as follows:  

“the JUT-01 well test report with respect to the reported permeability of 49 mD. As I understood, the 

question is whether this holds for the whole reservoir height or only for the perforated 5 m (with a 

reported higher than average porosity). 

Both in the Summary (page 4) and Conclusions and recommendations (page 61) the Rotliegend is 

mentioned as respectively a good and an excellent reservoir with a permeability of 49 mD. Based 

on my experience with NAM reporting it would not fit their careful reporting if they actually meant 

only part of the reservoir. The fact that the report is from 1971 is off course an uncertainty, but 

probably in NAM it would have been treated as full reservoir permeability. 

To get further clarification I contacted a former colleague from NAM. Based on this (confidential) 

personal communication I can confirm that the reported 49 mD is most likely for the whole Rotliegend 
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section. Based on the relatively high kv/kh and the fact that they probably used pressure transient 

analysis you would expect to have mapped full reservoir height.  

Some minor remarks would be that the drill stem test was relatively short and that the report is from 

1971.” Concludingly, the estimated transmissivity is subject to major uncertainty as the data leave 

room for alternative interpretation and the old reported well test is not conclusive. 

4.2.5 Burial anomalies 

Major basin inversion, taking place in the Late Cretaceous, has caused a significant burial anomaly 

in the West Netherlands Basin, adjacent to the Utrecht area, and including the JUT-01 and EVD-01 

anticlinal structures. A burial anomaly is defined as the difference between maximum burial of the 

rock in the geological history compared to the present day. For (regional) reservoir characterization 

a burial anomaly is of significant relevance, as for clastic rocks the porosity (and permeability) of a 

reservoir generally deteriorates with increasing burial, due to mechanical compaction. This means 

that at the location of the burial anomaly, the observed reservoir properties are relatively poor for the 

depth encountered. This appears indeed to be the case for JUT-01, and EVD-01, which are marked 

by relatively low porosity values for its depth, compared to other regions, including for example 

BLA-01. 

(Worum & van Wees, 2017) did perform a quantitative burial anomaly analysis for a large range of 

wells in the West Netherlands Basin (Figure 4.16). Their analysis indicates that the JUT-01 anticline 

has been marked by an erosion of 1500-1600 m, in Late Cretaceous times. The present day 

thickness of the overlying (Tertiary and Quaternary) North Sea Group is ca 800 m. Taking into 

account decompaction (The estimated eroded sequence is primarily based on the preserved 

thickness in the southern extension of the JUT-01 anticlinal flank, see also Figure 4.4), it is estimated 

that JUT-01 is marked by a burial anomaly of 1000 m or more, and consequently may have been 

buried just prior to inversion at a depth 2600 m or more. The burial anomaly is also consistent with 

the seismic velocities structures presented in the next section. 
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Figure 4.16 Burial analysis from (Worum & van Wees, 2017). (top) Map of analysed wells; (bottom) Table of 

burial anomaly analysis data from sonic velocities (columns BA) and structural consideration 

(column direct observation) in the wells. JUT-01 has been marked by an estimated erosion of 

1500-1600m. 

The burial anomaly in JUT-01 is in agreement with the findings from Van Wees et al., 2019, estimating a 

pre-inversion burial of ca 2800 m. The burial of at least ca 2500 m has lasted from the end Jurassic  (ca 

145 Ma) until the onset of inversion estimated at ca 80-70 Ma (Nelskamp and Verweij, 2012). The 

reservoir quality at the anticlinal crest evidences that geologically long residence times of 10s of millions 

of years  at burial depths of 2500-2800 m did not affect negatively the reservoir quality. Since heat flow 

and thermal conditions did not significantly change over the last 100 Ma in this area (e.g. Nelskamp and 

Verweij, 2012), it is likely that the last 65 My after inversion did not significantly modify the reservoir quality 

at these depth conditions. 

The estimated maximum burial up to ca 2800 m for the top Rotliegendes in JUT-01 results in a burial 

anomaly of ca 1260 m. This number is in close agreement with the burial anomaly of 1300 m estimated 

by Nelskamp and Verweij (2012). 

4.2.5.1 Velocity model of MZ85-14 

The interval velocity of the MZ85-14 (Figure 4.17) shows a relatively constant velocity in the North 

Sea group (Upper blue part of section). The transition from the blue colours to yellow/green at around 

1000ms at the base of the North Sea group is very abrupt due to the unconformity present, which 

resulted in a rapid transition of different lithologies. The green colour (2300) at the base of the North 

Sea Group follows the contact, in the middle of the section the shallow normal fault, which offsets 

the unconformity. Even the effects of the shallow fault through the North Sea Group can be seen (In 
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the middle of the stack at 1 second depth, the velocity follows the trend of the lithology). Below the 

unconformity there are two large anomalies (red in colour) in the velocity field, where there are zones 

of faster velocities than what is expected at that depth. Figure 3.6 shows that these anomalies 

roughly follow the pattern of the southern limb of the anticline and the trend of the dipping strata on 

the right side of the section. 

 
Figure 4.17 Interval velocity model of MZ85-14, with the re-processed seismic line of MZ85-13 overlain. 

4.2.6 Summary of reservoir quality and thickness 

The reservoir thickness is relatively uniform in thickness and facies in the order of 100 m. The 

thickness of the Rotliegend in almost all of the wells in Table 2.2 is more than 50 m, and for the 

selected wells ranging from 77-127 m. In addition, the seismic facies, which appears to be laterally 

continuous in the reprocessed lines – as far as it can be recognized- , supports a lateral rather 

uniform stratigraphic development. For these reasons we assume the facies to be laterally uniform 

underneath the city of Utrecht, and to the north of Utrecht. Towards the south of JUT-01, east and 

west thickness and facies is expected subject to change.  

Salinity is found 125,000 ppm at the 1600-1800 m depth. Deeper in the structure it is most likely 

slightly higher. We assume 135,000 ppm in chapter 5. 

The Rotliegend developed in aeolian facies, with, in EVD-01 an N/G of ~100%. The ratio horizontal 

over vertical permeability is thought to be in the order of ~3. This is very advantageous for flow 

towards the well when the latter is inclined or even horizontal. 

The reservoir average porosity varies from 10%, 13%, and 19% in the different key wells of relevance 

EVD-01, JUT-01 and BLA-01 respectively. All are presently at less than 2000 m depth. EVD-01, and 

JUT-01 have been buried at considerably larger depth. Consequently, the reservoir porosity for these 

wells (and derived permeability and transmissivity) can be considered representative for deeper 

depths levels if subject to less burial anomaly.  
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The reservoir transmissivities, based on petrophysical data and logs, are 0.9, 7.4, 12 Dm for 

EVD-01,JUT-01 and BLA-01 respectively. These are based on preferred porosity log, a best fit 

concave poro-perm relationship. Alternative interpretation for the porosity log and poro-perm 

relationship can typically result in 3 times lower or higher transmissivity values than listed here. 

The reservoir transmissivities, based on a well test in JUT-01, is 6.2 Dm.  The expected transmissivity 

of JUT-01 is assumed 6.8 Dm, which is the average of the well test and the petrophysical/log 

analysis. However, the estimated transmissivity is subject to major uncertainty as the data leave 

room for alternative interpretation and the old reported well test is not conclusive. 
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4.3 Preferred subregions North and South 

Based on the improved interpretation of the Structural complexity, depth and quality of the reservoir, 

we have the following findings of this report which strongly affect the choice of preferred subregions: 

- The subsurface of city of Utrecht is structurally more complex than suggested by the national 

mapping. This implies that the transition of the zone of strong inversion towards a zone of mild 

inversion is placed more north than originally anticipated (Figure 4.18) 

- The Eneco stations 1, 2, 3, 6, 7, 8 and 9 are located in an area with large structural complexity 

and very limited seismic coverage. The Rotliegend is most likely heavily faulted and folded in this 

area. This is a negative finding compared to our original working hypothesis. Due to this reason 

it is argued that “north” and “south” subregions, indicated in Figure 4.18 are best qualified for a 

LEAN explorative well 

- Within the strongly inverted zone, the “south” area is marked by a relatively smooth anticlinal 

structure, with good seismic coverage and reaching sufficient depth southward from the anticlinal 

crest. The JUT-01 well (marked by considerable burial anomaly) reservoir quality is considered 

representative for the subregion also at larger depth along the flank 

- In the “north” area, the geological structures are mildly inverted, with a smooth structural high at 

approximately 2000 m.  

 

Figure 4.18  Re-interpreted transition of strong to mild inversion zones, based on this study. The re-

interpretation results in all Eneco stations being located in the strong inversion zone. 
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4.4 Detailed Seismic Interpretation of subregions North and South 
Utrecht is found on the border of the strongly inverted Central Netherlands basin and West 

Netherlands Basin bounding fault. To the north of Utrecht, the subsurface is less inverted but there 

is a high concentration of faults (figure 3.7). Further south there are large reverse faults in the 

inverted section of the basin. Here the Rotliegend reservoir is at 1617m at the top of the anticline 

and extends down to 3097 m at the base of the anticline. To the south of Utrecht, a large anticline 

formed during the basin inversion. This structure is relatively continuous and the Rotliegend reservoir 

is located at the base of the anticline is located more than a kilometre deeper than the north. Using 

the surrounding seismic (both originals and reprocessed) the anticline was interpreted in detail; the 

results are given below. The MZ88-50 line, which transects the south east part of the anticline and 

M85-14 line, which transects the north western part of the anticline will be described in more detail, 

to show that the structure is laterally continuous. 

The horizons have the same colour as the ones given by the stratigraphic column from Van Adrichem 

Boogaert and Kouwe, (1993). The yellow horizons represent the Base of the North Sea Group; the 

light green horizon is the base of the Chalk Group; dark green is the base of the Rijnland Group; the 

base of the Altena Group is shown by the blue horizon; the base of the Germanic Triassic Group by 

the pink and the base of the Zechstein is shown by the orange colour. 

Figure 3.7 shows the interpretation of the MZ85-13 line, located to the north east of Utrecht. Here, 

there is a series of normal faults, with a conjugate fault in the middle. These faults were activated 

during the extensional phases that the Netherlands underwent, and later reactivated as some of the 

faults extend into the North Sea Supergroup. In this seismic section the Rotliegend is located at 

approximately 1900m, which is shallower compared to the seismic lines which are located further to 

the south. 

 

Figure 4.19 The MZ85-13 section with the main stratigraphic horizons and faults interpreted. This seismic 

section is located to the north east of Utrecht 
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The MZ88-50 seismic line is shown by figure 3.8. In the south western part of the section there are 

two large normal faults, which were active after the deposition of the Germanic Triassic group as the 

thickness of this lithology remains constant at either side of the fault. The faults were likely 

reactivated at a later stage as they can still be seen in the North Sea Group. The large anticline in 

the north eastern part of the section was formed as a response to the series of inversions. The 

sequences have been thrusted upwards by the large reverse fault in the middle of the section. This 

large fault was also the reason that sequences are encountered twice in the Jutphaas -01 well. There 

are two smaller back thrust faults associated with the large fault. These faults, however, have an 

insignificant offset. In the shallow part of the north east part of the section there is a fault with a visible 

offset in the shallow part of the section, but not in the deeper part. An explanation for this could be 

that the fault behaved in a ductile way in the deeper part of the section as it encountered the 

claystones of the Germanic Triassic Group. The base of the North Sea group (yellow) is very 

prominent on all the seismic sections, shown by a strong reflector unconformably on top of the older 

sequences. The Zechstein group is also characterized by a very reflective package and is easily 

recognized in all the seismic lines. The large impedance contrast between the carbonates and shales 

of the Zechstein group results in this strong reflection. 

Figure 3.9 shows the interpretation of the MZ85-14 line. The same anticline is seen in the middle of 

the section, with the same large reverse fault. To the North there is a syn-depositional normal fault 

which was active during the deposition of the Germanic Triassic Group. As the fault was activated, 

more accommodation space was created in the hanging wall where more sediments were deposited. 

This resulted in the observed wedge shape. The same shallow normal fault which is observed in the 

MZ88-50 line is seen in this section too. Again, there is no displacement observed in the deeper part 

of the section. Both the Chalk group and the Rijnland group are not present in the southern seismic 

lines (figure 3.8 and figure 3.9). These sediments were eroded away during the inversion stages. An 

enlarged section of the MZ85-13 is shown by figure 3.10. Here the base of the Rotliegend Group 

has been interpreted. The thickness of the average thickness of the interpreted Rotliegend Group is 

115m here. 
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Figure 4.20 The MZ88-50 section with the main stratigraphic horizons and faults interpreted. The location of 

the line is highlighted in red on the inserted map. This seismic section shows the south west part 

of the anticline. 

 

Figure 4.21 The MZ85-14 section with the main stratigraphic horizons and faults interpreted. This seismic 

section shows the eastern part of the anticline 

 

Figure 4.22 Enlarged section of MZ85-14 line, with an interpreted base of the Rotliegend Group 

 

Figure 3.10 
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Figure 4.23 The interpreted seismic lines viewed in 3D space with the interpolated Top Rotliegend surface. 

The green dots highlight the location of the Eneco stations 

In figure 3.11 all the interpreted seismic lines can be viewed in 3D, with the interpolated top of the 

Rotliegend surface. The anticline is seen in all the seismic lines (The warm colours show that it is 

getting shallower) and trends in an WNW- ESE direction. The anticline is roughly 10 km long if 

measured from MZ85-19, which runs through Vleuten (north west of Utrecht) to MZ 88-51 which runs 

through Nieuwegein (south of Utrecht). The faults are also laterally continuous and have been 

interpolated between the seismic lines where they were interpreted. The faults have a strike roughly 

parallel to the anticline, in a NW-SE direction.  

Figure 3.12 shows the northern part of the Deep NAM-84 line where it intersects the Blaricum-01 

exploration well. Here the Rotliegend is located a lot shallower (the base has a TVD of 1561) and is 

shown on the seismic as a homogeneous transparent line. The overlaid interval velocity shows a 

relatively constant interval velocity for the Altena (At) and Germanic Triassic Group (RB); a fast more 

varied velocity in the Zechstein Group (ZE) and then a uniform velocity in the Rotliegend (RO).  

4.5 Geological model 

The strikes of the faults interpreted in this study are consistent with the general strike direction of the 

faults in this region of the Netherlands. Most of the faults are normal in character and were active 

during the Mesozoic times because of the Jurassic to Cenozoic rifting phase. The large reverse fault 

north of the anticline was activated during the inversion period during the Late Cretaceous. Despite 

the improvements of the reprocessing, the base of the Rotliegend remains difficult to see in most 

seismic lines. This is because there is not a large impedance contrast between the sediments of the 

Rotliegend group with the sediments below. Further to the north on the Deep Nam-84 line, where it 

intersects with the Blaricum-01 well, the base of the Rotliegend is interpreted as the transition from 

a homogenous transparent package to the low amplitude reflectors. Due to the structural complexity 
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of the area, the seismic line where the Rotliegend is seen can unfortunately not be traced the entire 

distance along the line to Utrecht. 

The nearest wells that were drilled deep enough to transect the Rotliegend group showed that the 

thickness of the Rotliegend reservoir is relatively constant (Table 2.2). This is consistent with the 

thickness trend in the interpreted seismic sections. If it is assumed that when the thickness remains 

constant below Utrecht, the average thickness of the reservoir in Blaricum (119m), Everdingen (77) 

and Jutphaas (128; 138) is taken, the thickness would be 113 m. 

On the northern part of the MZ85-14 line the base of the Rotliegend has been interpreted. Here a 

transition occurs from transparent continuous reflectors towards more higher amplitude, less 

continuous reflectors. The transparent continuous reflectors of the Rotliegend Group is expected as 

it is a homogenous sandstone, deposited in an aeolian setting. The underlying Limburg group has 

been deposited in a floodplain environments which explains why the reflectors are less continuous. 

If this horizon is taken to represent the base of the Rotliegend, the formation would be 115m thick 

here. This confirms the relative constant thickness that is observed in the surrounding wells. 

The seismic velocity increases with depth, due to compaction. Therefore, strata which have been 

uplifted because of erosion will have higher velocities relative to strata which have experienced 

continuous subsidence. The amount of erosion can be calculated by comparing the baseline depth 

trend with the observed interval velocity. The difference of the two velocities with depth is the 

apparent erosion or burial anomaly (Worum & van Wees, 2017). As the seismic velocities in the 

MZ8514 line follow the same anticlinal structure which is observed in the reflection seismic (figure 

3.6b), a large burial anomaly can be interpreted. Worum & van Wees (2017) used Sonic velocities 

to assess the erosion patterns in the West Netherlands Basin and concluded that burial anomalies 

were present. That the velocity follows a similar trend to the suggests that the lithology, and thereby 

also the porosity of the anticline flank remains relatively constant with depth.  

Using the average geotherm of the Netherlands (31°C/km + 10°C surface temperature) the 

temperature of the Rotliegend at the top of the anticline (at 1620m) corresponding to 60°C. At the 

base of anticline (3100) the temperature of the Rotliegend corresponds to 110°C. 

4.6 Discussion and outlook 

In the future other seismic lines proximal to the anticline (MZ88-50; MZ88-51; MZ85-18; MZ87-51 in 

figure 2.2) could be reprocessed, to allow a more detailed interpretation of the structures and faults 

present in the area. Of the fore mentioned seismic lines, the MZ88-50 seismic line would have the 

most value as it shows the eastern part of the anticline, and there are migration artefacts present in 

the northern part of the section which could be removed.  

The conversion from time to depth of different horizons that was done in the project could be 

improved further by using a better velocity model. Velmod-4 will become available in the near future, 

and using this model the stacking velocities created in Globe Claritas could be used to make a more 

accurate velocity model and therefore a better time to depth conversion. 

Furthermore to obtain an insight in the quantitative rock properties of the Rotliegend reservoir the 

pre-stack data can be used. In the coming months TNO will use seismic version methods to 

investigate the rock properties, here a link is relationship is made between seismic velocity and angle 

reflectivity with the rock properties. This will hopefully result provide more information about the 

reservoir properties, especially the porosity, which is crucial in determining the amount of energy 

that the doublet will produce.  
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The temperature estimate of the Rotliegend reservoir was done using the average geotherm of the 

Netherlands. However, the observed temperatures in the Jutphaas well are slightly higher, a more 

accurate temperature estimate could be made if this would be taken into account. 

4.7 Conclusion 

The reprocessing of the old seismic lines resulted in considerable improvement in the imaging of the 

deeper structures and faults. Using the reprocessed seismic lines the faults located in the Mesozoic 

rocks could be viewed in more detail. The more detailed interpretation of the seismic lines has 

resulted in a more accurate image of the faults present in the Utrecht subsurface. The base of the 

Rotliegend interpreted on the MZ85-14 line (figure 3.10), confirms what is observed in the exploration 

wells in the area- that the thickness of the Rotliegend group is relatively constant, with a thickness 

of more than 100m. The results confirm the regional structural maps, but the area underlying and 

direct north of the Utrecht city is more strongly inverted than previously thought. 

Based on the improved interpretation of the Structural complexity, depth and quality of the reservoir, 

we have the following findings of this report which strongly affect the choice of preferred subregions: 

- The subsurface of city of Utrecht is structurally more complex than suggested by the national 

mapping. This implies that the transition of the zone of strong inversion towards a zone of mild 

inversion is placed more north than originally anticipated (Figure 4.18) 

- The Eneco stations 1, 2, 3, 6, 7, 8 and 9 are located in an area with large structural complexity 

and very limited seismic coverage. The Rotliegend is most likely heavily faulted and folded in this 

area. This is a negative finding compared to our original working hypothesis. Due to this reason 

it is argued that “north” and “south” subregions, indicated in Figure 4.18 are best qualified for a 

LEAN explorative well 

- Within the strongly inverted zone, the “south” area is marked by a relatively smooth anticlinal 

structure, with good seismic coverage and reaching sufficient depth southward from the anticlinal 

crest. The JUT-01 well (marked by considerable burial anomaly) reservoir quality is considered 

representative for the subregion also at larger depth along the flank 

- In the “north” area, the geological structures are mildly inverted, with a smooth structural high at 

approximately 2000 m.  

 

The “south” area is marked by a relatively smooth anticlinal structure, with good seismic coverage 

and reaches sufficient depth southward from the anticlinal crest. In the JUT-01 well (marked by 

considerable burial anomaly) reservoir quality is considered representative for the south area also 

at larger depth along the flank (up to appr. 3000 m depth). In the south area, based on the reservoir 

quality analysis, presented in  the expected reservoir transmissivity is 6.8 Dm. However, the 

estimated transmissivity is subject to major uncertainty as the data leave room for alternative 

interpretation and the old reported well test is not conclusive. 

 

In the “north” area, the geological structures are mildly inverted, with a smooth structural high at 

approximately 2000 m. The reservoir quality in the North is most likely better than in the south. We 

assumed an expected transmissivity of 12 Dm. 

For both reservoirs we assume a thickness of around 100 m, and a salinity of 135,000 ppm. The 

salinity is based on JUT-01. For the reservoirs we assumed a horizontal to vertical permeability ratio 

of Kh/Kv ~3. Furthermore we assumed a temperature gradient of 31 C/km which is the default value 

for the Netherlands (Bonté et al., 2012). 
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The best location of a future well would be proximal Eneco station 5 (Figure 1.2) as this is located 

above the southern flank of the anticline. This is a gently, laterally extensive structure, not cut by 

major faults. If the spacing between wells is taken to be 1500 m, an estimated 6 geothermal doublets 

could be placed along the strike of the anticline.  
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5 Conclusions  
This report presents preliminary results of reprocessing of seismic data, and structural and geological 

interpretation as well as evaluation of reservoir quality in a regional context in the Utrecht City and 

immediate surrounding. Subsequently, the results have been used in generic and tentative tools for 

the evaluation of the business case and VoI. These preliminary generic findings and improved 

subsurface data can be used as a starting point by the SPV of LEAN to develop the business plan, 

well design and SDE application 

The processing of the seismic data with merely the conventional processing techniques showed 

improvement compared to the original data. The Pre-Stack Kirchoff Time Migration algorithm applied 

in the processing proved to be better at imaging the sequences and faults compared to the post 

stack migration which was used in the processing of the original data. The amount of improvement 

that can be achieved through reprocessing is limited by the acquisition in cases where the offset is 

insufficiently large.  

The reprocessing of the old seismic lines resulted in considerable improvement in the imaging of the 

deeper structures and faults. Using the reprocessed seismic lines the faults located in the Mesozoic 

rocks could be viewed in more detail. The more detailed interpretation of the seismic lines has 

resulted in a more accurate image of the faults present in the Utrecht subsurface. The results confirm 

the regional structural maps, but the area underlying and direct north of the Utrecht city is more 

strongly inverted than previously thought, and places the transition from strongly inverted to less 

inverted zone towards the northeast (cf Figure 4.18).  

The reservoir thickness is relatively uniform in thickness and facies in the order of 100 m. The 

thickness of the Rotliegend in almost all of the wells in Table 2.2 is more than 50 m, and for the 

selected wells ranging from 77-127 m. In addition, the seismic facies, which appears to be laterally 

continuous in the reprocessed lines – as far as it can be recognized- , supports a lateral rather 

uniform stratigraphic development. For these reasons we assume the facies to be laterally uniform 

underneath the city of Utrecht, and to the north of Utrecht. Towards the south of JUT-01, east and 

west thickness and facies is expected subject to change.  

Salinity is found 125,000 ppm at the 1600-1800 m depth. Deeper in the structure it is most likely 

slightly higher. We assume 135,000 ppm in chapter 5. 

The Rotliegend developed in aeolian facies, with, in EVD-01 an N/G of 100%, the ratio horizontal 

over vertical permeability is thought to be in the order of  ~3. This is very advantageous for flow 

towards the well when the latter is inclined or even horizontal. 

The reservoir average porosity varies from 10%, 13%, and 19% in the different key wells of relevance 

EVD-01,JUT-01, BLA-01 respectively. All are presently at less than 2000 m depth. EVD-01, and 

JUT-01 have been buried at considerably larger depth. Consequently, the reservoir porosity for these 

wells (and derived permeability and transmissivity) can be considered representative for deeper 

depths levels if subject to less burial anomaly.  

The reservoir transmissivities, based on petrophysical data and logs, are 0.9, 7.4, 12 Dm for EVD-

01,JUT-01, BLA-01 respectively. These are based on preferred porosity log, a best fit concave poro-

perm relationship. Alternative interpretation for the porosity log and poro-perm relationship can 

typically result in 3 times lower or higher transmissivity values than listed here. 

The reservoir transmissivities, based on a well test in JUT-01, is 6.2 Dm.  The expected transmissivity 

of JUT-01 is assumed 6.8 Dm, which is the average of the well test and the petrophysical/log 
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analysis. The estimated transmissivity is subject to major uncertainty as the data leave room for 

alternative interpretation and the old reported well test is not conclusive. 

Based on the improved interpretation of the Structural complexity, depth and quality of the reservoir, 

we have the following findings of this report which strongly affect the choice of preferred subregions: 

- The subsurface of city of Utrecht is structurally more complex than suggested by the national 

mapping. This implies that the transition of the zone of strong inversion towards a zone of mild 

inversion is placed more north than originally anticipated (Figure 4.18) 

- The Eneco stations 1, 2, 3, 6, 7, 8 and 9 are located in an area with large structural complexity 

and very limited seismic coverage. The Rotliegend is most likely heavily faulted and folded in this 

area. This is a negative finding compared to our original working hypothesis. Due to this reason 

it is argued that “north” and “south” subregions, indicated in Figure 4.18 are best qualified for a 

LEAN explorative well 

- Within the strongly inverted zone, the “south” area is marked by a relatively smooth anticlinal 

structure, with good seismic coverage and reaching sufficient depth southward from the anticlinal 

crest. The JUT-01 well (marked by considerable burial anomaly) reservoir quality is considered 

representative for the subregion also at larger depth along the flank 

- In the “north” area, the geological structures are mildly inverted, with a smooth structural high at 

approximately 2000 m.  

 

The “south” area is marked by a relatively smooth anticlinal structure, with good seismic coverage 

and reaches sufficient depth southward from the anticlinal crest. In the JUT-01 well (marked by 

considerable burial anomaly) reservoir quality is considered representative for the south area also 

at larger depth along the flank (up to appr. 3000 m depth). In the south area, based on the reservoir 

quality analysis, presented in  the expected reservoir transmissivity is 6.8 Dm. 

 

In the “north” area, the geological structures are mildly inverted, with a smooth structural high at 

approximately 2000 m. The reservoir quality in the North is most likely better than in the south. We 

assumed an expected transmissivity of 12 Dm. 

For both reservoirs we assume a thickness of around 100 m, and a salinity of 135,000 ppm. The 

salinity is based on JUT-01. For the reservoirs we assumed a horizontal to vertical permeability ratio 

of Kh/Kv ~3. Furthermore we assumed a temperature gradient of 31 C/km which is the default value 

for the Netherlands (Bonté et al., 2012). 

The best location of a future well would be proximal Eneco station 5 (Figure 1.2) as this is located 

above the southern flank of the anticline. This is a gently, laterally extensive structure, not cut by 

major faults. If the spacing between wells is taken to be 1500 m, an estimated 6 geothermal doublets 

could be placed along the strike of the anticline.  
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