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1 Introduction and summary
Among other objectives, the FP7-IMAGE project aims to understand “the processes and properties
that control the spatial distribution of critical exploration parameters”. Such an understanding would
help reducing the uncertainty on the localization of the geothermal resource, and hence, mitigating
the pre-drill risk. In the framework of the improvement of exploration methods, the numerical
modeling of physical processes provides useful tools in order to more accurately locate the
geothermal resources. Indeed, the understanding of physical processes in a specific geodynamic
system, such as fluid flow, heat transport and tectonic stresses distribution, as well as their
interactions, is fundamental in order to predict the location of favourable conditions and, moreover,
to explain why they are favourable. To do that, the numerical models deal with description of the
geodynamic context at different scales, from the regional scale to the more local scale. The
information leading to delineation of preferential target areas (i.e., areas where the resource has
best chances to be located) should be collected from various disciplines such as, e.g., geology or
geophysics. This information can originate from in situ data and/or predictions of analytical/numerical
models, in order to improve the confidence in the predicted locations by cross-checking.
In the combination and integration, we focus on various aspects
• Combine results on predicted parameters in an integrated 3D framework and apply multicriteria assessment on these parameters to find favourable zones
• Partially coupled models (Thermo, Hydro and/or Mechanics) based on physical integration of
previous local models. Dynamic models or inclusion of fracture related -fluid dynamic and
mechanical aspects constitutes a significant improvement in the assesment of key properties
which are critical to exploration succes, including temperature and permeability.
• The merits of the new workflow through comparison of performance by adopting standard and
improved prediction performance (in terms of robustness of prediction, augmenting insights in
pre-drill uncertainty.
The aspects are covered through integrated studies for two regions : the Upper Rhine area and the
Netherlands.
Upper rhine Graben
In the Upper Rhine area, first the results of groundwater flow, stress and temperature models were
analyzed separately at a regional (the northern part of the Rhine Graben) and a local (around the
city of Strasbourg) scale. Secondly, groundwater and stress models were coupled to better
understand the deep fluid circulation at regional scale in the basin and at local scale to target the
best drilling place. The resulting fluid flow field is generally characterized by a downward flow
along the discontinuities at both borders of the URG, which leads to a cooling in these areas (with
respect to the reference conductive thermal model). Inside the URG the fluid mainly flows with a
northward drift towards the center of the rift, where it forms an upflow axis. Highest temperatures
are predicted along this upflow axis. An alternative approach for an improved combined model
approach has been to constrain hydraulic conductivity of fault zones within the groundwater flow
model based on a mechanical analysis.. The results (stress and groundwater flow paths) are
independently interpreted using specific criteria (the same as previously) correlated to the
presence of the deep geothermal resource. The cross-analysis of results from these two
independent models have been used to highlight and delineate preferential target areas for
geothermal projects, and indicate more focused areas for further exploration.
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The Netherlands
In the Netherlands, we demonstrate the capability of fast yet versatile 3D gravity and thermal
modelling techniques , to effectively model various scenarios for temperature prediction, including
uncertainty at large depth. The models are easy to use and calibrate thanks to data assimilation
techniques and user friendly user interfaces, The models highlight the strong sensitvity of
predicted temperatures to assumptions on thermal properties and the capability of the simplified
model approach to reproduce the effects and fluid flow convection in enhancing local thermal
anomalies. Gravity forward models assist in additional constraints on the deep structure of basins,
beyond the reach of existing seismic and well data.. We highlight the capability to integrate the
findings from the thermal and gravity model, in terms of consistently showing the presence of a
deep rooted structural feature controlling both thermal and gravity signal.
Main potential reservoirs in the Netherlands at large depth consist of fractured carbonates. In
IMAGE we developed in WP7 and WP6 various techniques to enhance imaging of faults and
fractures from seismic and well data and to assess fracture permeability. Here we integrated these
approaches in a combined workflow and show how 3D seismic can be used for characterization of
fracture distributions and subsequently how such distributions can be used as input to estimating
the permeability. We show that the latter can be marked typically by a significant anisotropy of
permeability, which has in turn has a strong influence on optimal well spacing and well orientation.
In addition, geomechanical analysis indicates that fracture anisotropy can be further enhanced and
can be used for understanding seismic risk. Therefore, pre-drill assessment of the anisotropy of
fracture permeability and geomechanical rock-fluid interaction is of key importance for assessment
of prospectivity of fractured reservoirs

Doc.nr:
Version:
Classification:
Page:

IMAGE-D8.04
2017.09.22
public
5 of 74

2 Upper Rhine Graben
2.1 Introduction
The Upper Rhine Graben was chosen to illustrate a so-called brown site case study, i.e., sites for
which a certain amount of data is already available prior to any exploration study. In this graben, as
many other in Europe, lot of data acquisition has been done by the oil and gas industries in the 60’s
and 70’s. Whereas the target is not the same and usually less deep, these data give lot of information
about the sub-surface structures and lithology.
An accessible database is essential information for the models presented in this section, since they
provide constraints on the models. Two kinds of approaches have been proposed thereafter. First,
the results of groundwater flow, stress and temperature models were analyzed separately at a
regional (the northern part of the Rhine Graben) and a local (around the city of Strasbourg) scale.
Secondly, groundwater and stress models were coupled to better understand the deep fluid
circulation at regional scale in the basin and at local scale to target the best drilling place.

2.2 Cross- analysis of results from independent 3D models
2.2.1 2D analysis of 3D model results
In this section, we focus on how geomechanics and groundwater flow numerical simulations can be
used to predict the location of the geothermal resource, and hence the target areas for future
exploration. To improve the objectivity in the target area selection, the results of the two
independently run models (i.e., no hydromechanical coupling) are cross-analyzed, and the final most
favourable target areas are given by the superposition of the “single-physics” target areas estimated
by the two models independently. Favourability maps are most commonly represented in 2D (Harris
et al., 2015; Iovenitti et al., 2016; Trumpy et al., 2015), and we decided to present the results with
2D horizontal projections.

2.2.1.1 Groundwater flow model
The groundwater flow model is based on a hybrid method using a Discrete Fracture Network (DFN)
and 3D elements to simulate groundwater flow in the 3D regional fault network and in sedimentary
deposits, respectively. Then, a particle tracking methodology is introduced to study groundwater flow
paths. Following a Monte-Carlo approach, ensembles of regional groundwater flow paths are
estimated and post-processed. This analysis is based on respective properties of each particle
trajectory acquired and measured from recharge (starting point) to discharge area (ending point).
Then, criteria are defined in accordance with geothermal anomalies causes to select and identify
relevant particles, then the particles positions (close to discharge area) are used to delineate
preferential zones to explore at lower scales.
Selection criteria are based on the groundwater flow path length, the time required to cover the
distance, the depth reached by the particle along its trajectory and the flow direction. Indeed, the
underlying assumptions are that geothermal anomalies result from regional groundwater loops and
from upward flow in discharge areas due to ascending of warm waters. That is why to highlight
relevant particles, particles that correspond to longest distances and times and particles which have
reached a minimum depth of 2km along its trajectory are selected. Then, these relevant particles are
plotted as a function of their positions (x,y) at 2 km depth (z) close to discharge areas and ensemble
of these relevant particles in a confined space delineate zones corresponding to preferential
discharge areas (zones delineated with green circles for groundwater flow model on the Figure 2.2).
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2.2.1.2 Stress model
A 3D geomechanical model is built for the Upper Rhine Graben. Fault zones are evidenced to impact
the stress redistributions in situ, and we decided to explicitly account for them in the model. The
numerical method involved (the Distinct Element Method, DEM) simultaneously handles deformable
blocks and mechanical joints (to model the rock matrix and fault zones, respectively). The DEM
ensures that the blocks and the joints are balanced with gravity and boundary conditions at any
mechanical step. Since we want to be able to compare the results of the groundwater flow and the
stress models, the same geometry is used for both of them. In particular, the same DFN as the
groundwater flow model’s one is used to create the mechanical joints. A complete description of the
mechanical model and some typical mechanical results for the DEM can be found in IMAGE
deliverable D6.03.
A selection criterion is then applied to the model results in order to predict areas where the
mechanical conditions favours the location of the geothermal resource. In this study, the mechanical
criterion is chosen so as to reflect the mechanical impact on fluid circulation. Theoretical
poromechanics predict that fluid migrates from more compressed to less compressed areas (see,
e.g., Connoly and Cosgrove 1999 for experimental demonstration). Fluid is then expected to
discharge in blocks where the mean stress 𝜎𝑚 is minimum. 𝜎𝑚 is defined as the third of the trace of
the stress tensor 𝜎(𝑥, 𝑦, 𝑧), which varies spatially. Although the fault zones are not part of the
selection criterion, they implicitly impact the final selection of areas since they affect the stress
distributions and contribute to the heterogeneous distribution of 𝜎(𝑥, 𝑦, 𝑧) through the model.

2.2.1.3 Temperature model
The temperature model used to compare with the groundwater and stress models comes from the
GEORG study (GEORG team, 2013a). This model is based on the interpolation by kriging of more
than 3000 temperature data collected in the previous boreholes in both French and German part of
the graben (GEORG team, 2014,
Figure 2.1).

2.2.1.4 Cross-analysis results at the regional scale
We propose to highlight how results from the 3D mechanical model and the 3D groundwater flow
model can be used to predict the location of preferential areas. Specific focus on mechanics and
groundwater flows was chosen because both these physics strongly impact how the geothermal
resource is setting up:
-

-

Mechanics is responsible for the stress distribution within the medium and affects the creation
of flow paths within the rock matrix (pore and fracture networks) or through the regional fault
zone network,
Fluid circulations within permeable structures such as fault zones have a significant impact
on the distribution of geothermal anomalies

Firstly, stress and groundwater flow models are built at the regional scale based on the same
geometry. Each one of them is then independently interpreted using specific criteria correlated to
the presence of the deep geothermal resource (see previous sections). When several models are
run concurrently, the most favorable areas are interpreted as overlapping preferential regions
resulting from single physics models. The superposition of preferential areas using the results of the
geomechanical study and the results of the groundwater flow model are presented in Figure 2.2.
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Figure 2.1 - Distribution of boreholes used for temperature data interpolation (GEORG team,
2013b).
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Figure 2.2 - Location at 2km depth of geomechanics-favoured areas (blue) and groundwater
flow-favoured areas (green) at the regional scale superimposed on the temperature
interpolations map (based on GEORG team, 2013).
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The shared preferential areas are superimposed on the main thermal anomalies (Figure 2.2). It is
typically the case for the Soultz area. In the north of the Graben, the preferential area is located in
the northern part of the Landau-Speyer thermal anomaly. In the southern part of the Graben, the
preferential area is located on the eastern part of the Strasbourg thermal anomaly. This area embeds
the big town of Strasbourg and its southern region. This is this area, that was chosen to precise
analyse at local scale.
At this point, the next step depends on the precision of the results:
- either the model definition is fine enough to delineate site-scale areas (i.e., ~ kilometric
length-scale),
- or the model geometry and/or mesh size must be refined, in which case additional studies
can be performed in order to eventually improve the precision of the predicted preferential
target areas.
In our case, the mesh at the regional scale is too coarse to delineate site-scale areas and a local
model is built to embed one of the cross-analysed preferential areas (red square in Figure 2.2).

2.2.1.5 Cross-analysis results at the local scale
The target area selection process presented in the previous section is repeated at the local scale:
- The stress and groundwater flow models are built at the local scale based on the same
geometry (the 3D geometries of both models are available in IMAGE deliverable 8.03),
- each one of them is then independently interpreted using specific criteria correlated to the
presence of the deep geothermal resource,
- and finally, the cross-analysis of results from these two independent models are used to
highlight and delineate preferential target areas for geothermal projects (Figure 2.3).
The selection criteria are defined based on physical considerations but also accounting for the scale
of the models, and some criteria defined for larger scales might become irrelevant for smaller scales.
For example in this study, the mechanical criterion is different at the regional and local scales:
- In the first step, the criterion must delineate areas of regional importance. And is chosen to
predict the areas where the regional fluid circulations are expected to converge (i.e., less
compressed blocks),
- In the second step, the aim is to discriminate site-scaled areas where the mechanical
conditions ease the fluid circulations (i.e., permeable areas). Recalling that the effective
permeability of a fractured/faulted geothermal reservoir is affected by the fault zones and by
second-order structures that could not be included in the model, we defined a double-criterion
accounting for both entities. For the fault zones, shear-active discontinuities are argued to be
less prone to mineral precipitation (Sibson, 1996) and to thus be more permeable. For the
second-order structures, and following the procedure proposed by (Buchmann and Connolly,
2007), we relate fractured blocks to areas where the maximum shear stress 𝜏𝑚𝑎𝑥 is
maximum. Due to local stress redistributions, fault zones shear displacement and 𝜏𝑚𝑎𝑥 are
highly heterogeneous through the model.
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Figure 2.3 - Location at 2km depth of geomechanics-favoured areas (blue) and groundwater
flow-favoured areas (green) superimposed to the temperature interpolation map (based on
GEORG team, 2013) at the local scale.
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2.2.2 3D analysis of 3D model results
2.2.2.1 3D geological model of Strasbourg area
A 3D local geological model has been built on the area. Located between Strasbourg and northern
Sélestat, it covers a 35 km x 45 km horizontal zone with a 7 km vertical extension. Based on a
detailed geological study combining data derived from 15 previous oil boreholes and more than
200km length of seismic profiles, the main sedimentary interfaces including geological layers and
faults have been interpreted between the outcropping Quaternary layers and the deeper parts
made of Permo-Triassic formations (Dezayes et al., 2010). Therefore, seven formations have been
modelled (
Figure 2.8). They are limited by the following six geological interfaces:
Base of the Oligo-Miocene (Top of the Pechelbronn Formation)
Base of the Tertiary sediments
Base of the Upper Jurassic (Top of the Aalenian)
Base of the Upper Triassic (Base of the Keuper)
Base of the Muschelkalk
Base of the Buntsandstein

Figure 2.4 - 3D geological model at local scale. Yellow line: seismic profiles. Grey dots:
previous oil boreholes.
The selected seismic lines have been reprocessed and interpreted in order to determine the
geometry of the main interfaces of the geological formations. After converting the time of the seismic
interpretation into depth, the location of these interfaces has been imported in the GeoModeller
software developed by BRGM. Faults have been identified on each seismic profile. Then a coherent
3D correlation has been done between all profiles. After building a consistent fault pattern, the
formation interfaces have been interpolated using the potential field cokriging method and geological
rules (Lajaunie et al., 1997; Calcagno et al., 2008). In this method, interface locations, orientation
data, fault influence, and geological history have been taking simultaneously into account.
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2.2.2.2 3D temperature model
The 3D temperature model to be used for the cross-analysis at local scale is derived from GuillouFrottier et al., (2013). This model is based on more than 500 temperature data coming from drillstem test (DST) and bottom hole temperature (BHT). The authors applied a geostatistical method to
interpolate the data in 3 dimensions. A variogram of the data has been built and adjusted before
kriging the residual and compute the final interpolation. The temperature values of this model have
been imported in the GeoModeller software as 3D points (Figure 2.5).

Figure 2.5 - The 3D point set temperature values derived from Guillou-Frottier et al., (2013).
These points have been interpolated using inverse distance computation to achieve a 3D grid
populated with temperature values on the same 3D area than the geological model described in the
above section. The temperature grid voxels dimensions are: 1000 x 1000 m horizontally and 50 m
vertically. The final 3D grid of temperature is displayed on Figure 2.6.
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Figure 2.6 - Interpolated 3D grid of temperature.

2.2.2.3 Cross-analysis at local scale
To compare the temperature field with the local fault network, we used the temperature interpolated
model based on real data. Both have been combined in 3D but we used two horizontal cross-sections
at -1000m and -2000m (altitude) in order to illustrate the cross-analysis (Figure 2.7).
At these altitudes, we can observe an increase of the temperature in the centre of the model in
relation to the border. This zone is at the same place in both altitudes, that indicates it is a vertical
anomaly. The maximum variations of temperature between the maximum and the minimum
temperature in a same horizontal cross-section are 24°C at 1000m, 15°C at 2000m and 4°C at
3000m. Thus, the anomaly decreases with depth and seems to disappears behind 3000m, i.e. from
the bottom of the sedimentary filling.
This zone corresponds to a very dense fracture network with many fault intersections, which
constitute a preferential structural setting for upward fluid circulation.
This type of cross-correlation brings lot of information about the relationship between structural
pattern and temperature field. However, this methodology could be refined to better detail the
relationship. Indeed, in this example, the temperature data didn’t interpolate with exactly the same
fault network, that can introduce some differences.
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A- 1000m

B- 2000m
Figure 2.7 - Map of 3D temperature interpolation (Carré, 2011) and fault network. A- map at 1000m (altitude); B- map at -2000m (altitude); Right: temperature scale in °C.
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2.3 Results from 3D coupled models
2.3.1 3D thermo-hydraulic simulation at the graben scale
In a first step a regional 3D structural and conductive thermal model of the Upper Rhine Graben
(URG) has been built (IMAGE deliverable D6.2). Based on this model a smaller 3D structural
model was developed for the central URG (
Figure 2.8; Freymark et al., in prep.). It differentiates three sedimentary units inside the rift and three
upper crustal domains down to a depth of 8 km. In addition, the two main border faults of the URG
(data from GeORG Projektteam, 2013) were implemented as discrete 2D elements.
The regional conductive thermal model provides the thermal boundary conditions for the 3D coupled
thermo-hydraulic simulations. As hydraulic boundary condition, the hydraulic head was assigned to
the topography, whereas the lateral boundaries and the base of the model were defined as no-flow
boundaries.
3D simulations of coupled fluid and heat transport were performed by using the software GOLEM
(Cacace & Jacquey, 2017).

Figure 2.8 - (a) Geological map showing the main geological units of the regional model
(IMAGE Deliverable D6.2; Freymark et al., 2017) and the location of the coupled model
(Freymark et al., in prep.). (b) Map of Germany with location of the regional model and parts
of the European Cenozoic Rift System (after Ziegler 1992).
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The resulting fluid flow field is generally characterized by a downward flow along the discontinuities
at both borders of the URG, which leads to a cooling in these areas (with respect to the reference
conductive thermal model). Inside the URG the fluid mainly flows with a northward drift towards the
center of the rift, where it forms an upflow axis. Highest temperatures are predicted along this upflow
axis (Figure 2.9).

Figure 2.9 - Cross section through the URG with temperatures and fluid flow vectors extracted
from the 3D coupled simulation after reaching steady-state conditions (Freymark et al., in
prep.).
With this approach the first-order basin-wide fluid flow and associated temperature anomalies have
been predicted. The detected complexity of the regional flow pattern in combination with subsequent,
more detailed local models will provide a basis for successful geothermal drill-planning.

2.3.2 One-way coupled mechanical to hydraulic model
As mentioned in sections 2.2.1.2 and 2.2.1.5, stresses influence the groundwater flowpaths by, e.g.,
creating more or less compressed areas or fracturing the rock mass. Here, we propose an approach
using geomechanical constraints provided by the geomechanical model to assess the impact of
stress distribution on groundwater flow paths.
As illustrated in Armandine Les Landes et al., (2017), the groundwater flow model predicts that flow
migration mainly occurs through the fault zones, and we focused the mechanical to hydraulic input
on those structures. In the hydraulic software used, fault zone conductivity is a cubic function of
hydraulic aperture (ITASCA Consultant, 2011), and, as a first approximation, the fault zones normal
displacements given by the mechanical model are used to modify the hydraulic apertures which will
impact the fault zone permeability distribution in the groundwater flow model.
In the first place, the normal displacement statistical distribution given by the mechanical results is
studied using a histogram plot in order to sweep out outliers (i.e., selection of minimum and maximum
values of displacement).The normal displacement distribution and outliers-swept histogram are
plotted in Figure 2.10.
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b.

a.

Figure 2.10 - (a) distribution of fault zones normal displacement for the local model (red
contours = open-trending fault zones, blue = close-trending fault zones), and (b)
corresponding histogram. For both pictures, outliers smaller than 10-4 m and greater than 104
m are swept out.
From the stress model results, we obtain the hydraulic conductivity for each fault zone at the local
scale (Figure 2.11).

a.

b.

Figure 2.11 - (a) Constant hydraulic conductivity used in the initial model at the local scale.
(b) Hydraulic conductivity as function of geomechanic constraints for the new model at the
local scale.
In Figure 2.12, the one-way coupled results at the local scale are presented. The study is carried out
in exactly the same way as the previous one in order to enable comparison with previous results.
The only difference is the variable distribution of hydraulic conductivity on fault zones within the
groundwater flow model. Results (stress and groundwater flow paths) are independently interpreted
using specific criteria (the same as previously) correlated to the presence of the deep geothermal
resource. The cross-analysis of results from these two independent models are used to highlight and
delineate preferential target areas for geothermal projects (zones delineated by yellow circles in
Figure 2.12).
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Figure 2.12 - Delineation of preferential target areas (yellow) resulting from the superposition
of geomechanics-favoured areas (blue) and groundwater flow-favoured areas (green) for the
one-way coupled model at the local scale.
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3 The Netherlands
3.1 Introduction
In the Netherlands, an important target for deep geothermal exploration (4-8 km depth) are the
Paleozoic carbonates of Dinantian age (Figure 3.1). In the past 2 years IMAGE has contributed to
the exploration studies for these carbonates at multiple scales, from regional to site, demonstrating
combination and integration of various exploration techniques.
For the Netherlands, main challenges are uncertainties on structures, reservoir temperatures and
flow properties. In this chapter we present the integration of various IMAGE approaches to improve
structural, thermal, and reservoir characterization.

Luttelgeest
well

Figure 3.1 - Paleo-geography (left) and depth of top (right) of Dinantian rocks. (Presumed)
Platforms in blue and basins in green. The black dots represents the wells which drilled the
Dinantian layer. Source: Boots (2015), Hoornveld (2013), Kombrink (2008), TNO.

3.2 Deep roots of basin temperature1
3.2.1 Introduction
One of the aims of IMAGE is to improve thermal models constructed at deeper levels than drilled
and in areas with little coverage of information from wells. Physics based models allow to predict
temperature in between wells at large distance and at deep depth levels and in accordance with
tectonic and thermal processes and properties. In the model presented by Bonté et al. (2012),
temperature estimations from such models had been applied to the Netherlands, based on a

1

This section incorporates preliminary findings from D8.03
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computationally intensive conductive heat transfer, taking into account transient geological
processes (cf. Van Wees et al., 2009).
In this model, simple techniques were used to constrain the model to the data failing to assess
uncertainty of temperature prediction at large depth and limiting the possibility to easily study various
scenarios. In particular, sophisticated models hamper the possibility to easily test various conceptual
models for variations in deep basin structures, and variations in thermal properties and boundary
conditions. Consequently, such an approach is unsuccessful to provide the full range of possible
temperature variation at large depth.
To overcome these challenges, we developed a new method neglecting the transient geological
processes and using a pseudo-convective approach to include non-conductive aspects. The model
includes high computational performance in combination with an advanced data–assimilation
technique, the Ensemble-Kalman Smoother multiple data assimilation (ES-MDA) (Emerick &
Reynolds, 2013). The models can smoothly run 1000s of model realisations to calibrate to the data
on an average PC, and have been applied to the Netherlands and are presented in section 3.2.2.
Gravity forward models assist in additional constraints on the deep structure of basins, beyond the
reach of existing seismic and well data. Similar to the thermal modelling approach, we have
developed a fast forward high resolution 3D model and data assimilation with ES-MDA to effectively
and easily assess quantitatively conceptual models for deep sources of gravity anomalies and their
correspondence to structures affecting the temperature distribution in the deep subsurface. The
model has been applied to the Netherlands. The results show an excellent capability of the model to
fit the data. We demonstrate its use for the Netherlands in section 3.2.3. We highlight the capability
to integrate the findings from the thermal and gravity model, in terms of consistently showing the
presence of a deep rooted structural feature controlling both the thermal and gravity signal.

3.2.2 Thermal model
3.2.2.1 Initial set-up and approach
For the Netherlands case study, first the temperature database has been updated and newly
available temperatures have been added to have better constraints on the new temperature model
(Figure 3.2).
In a first step, the model has been applied with specific focus to the observed thermal anomaly in
the 800 m thick Dinantian carbonates (Figure 3.3; Bonté et al., 2011) in the Luttelgeest-01 well (LTG01) located in the northern onshore part of the Netherlands (Location in Figure 3.1). Lipsey et al.
(2016) showed in earlier work of IMAGE that Rayleigh number calculations indicate that convective
flow within the Luttelgeest carbonate platform (Figure 3.3) can predict the higher temperatures at
depth. Long term thermal effects of fluid flow convection can be approximated by a pseudoconvective approach in which the convecting layer is marked by a higher than natural thermal
conductivity (e.g. Luijendijk et al., 2011; Beglinger et al., 2012). In this model, we simulate this
convection effect by a pseudo-convective variability to assess potential effect on uncertainty in the
geotherm and heat transfer at larger depth.
The model is discretized at the horizontal resolution of 3 km and vertical resolution of 200 m in the
top 7000 m and below that increasing to 2 km. The base of the model is placed at the LAB at 110km
depth. The temperature at the base and top of the model is fixed. This results into a large set of
linear equations, which are solved for a steady state solution of the heat equation by the
Preconditioned Conjugate Gradient method (PCG) (Van Wees, 2016).
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Figure 3.2 - Locations of wells which contain one or more corrected temperature
measurements in the onshore Netherlands.
In the model, the sediment structure above the top of the Dinantian Carbonates has been well
mapped from seismic and well data (e.g. Pluymaekers et al., 2012). However, the deep structure
below the top of the Dinantian Carbonates (Figure 3.4) and thermal parametrization are highly
uncertain. Therefore for the various stratigraphic and upper crustal layers the structure, thermal
conductivity and radiogenic heat production are varied respectively to fit temperatures in all wells.
The models presented here, aim to highlight the strong sensitivity of predicted temperatures to
assumptions on thermal properties and the capability of the simplified model approach to reproduce
the effects of fluid flow convection in enhancing local thermal anomalies such as observed in
Luttelgeest. Table 3.1 gives an overview of variation of the thermal parameters and boundary
conditions in the models.
For the data-assimilation we use an advanced data-assimilation technique, the Ensemble-Kalman
Smoother multiple data assimilation (ES-MDA). The multiple iterative ES (ES-MDA) is needed as
the forward model contains non-linear problems (radeogenic heat production and thermal
conductivity). More details about the ES-MDA can be read in the ‘IMAGE-D6.01: Catalogues and
European models’- report.
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Figure 3.3 - Temperature-depth profiles for the Dutch subsurface. (a) The temperature
gradient based on all available (thick solid line) and only > 4 km (dashed line) temperature
measurements (symbols) of the Netherlands. (b) Predicted (black line) and observed
(symbols) temperatures for the LTG-01 well (adapted from Bonté et al., 2012, for location see
Figure 3.1).

‘pseudo-convective’
system in the carbonate
platforms of the Dinantian
layer.

Figure 3.4 - Vertical cross section through the Dutch subsurface. The thickness of the
Dinantian is still uncertain and therefore presented by the dashed line (Zeeland Fm). The
carbonate platforms are part of the Dinantian layer, where hydrothermal convection can
occur. For locations of the platforms see Figure 3.1.
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Different scenarios for modelling the temperature

We evaluated the sensitivity of different scenarios for modelling the final temperature distribution of
the subsurface of the Netherlands. Both changing the parameterization of the a-priori model and
varying parameters for data assimilation can have a substantial effect on the final temperature results.
Scenario 1 incorporated the effect of hydrothermal convection by assuming a constant thickness of
approximately 2000 m for the Dinantian layer. It is important to note that this thickness is interpreted
as the vertical extent of the convective systems, which may include the older Palaeozoic sediments.
The observed temperature anomaly in the Dinantian layer in the Luttelgeest-well can be reproduced
allowing the variation of the thermal conductivity in the Dinantian layer. The heat generation within
the upper crust was also allowed to vary within a large bandwidth to incorporate the uncertainty of
heat generation and heat flow in the Netherlands. This model generates only high temperature
anomalies where anomalous temperature observations are located, due to the rather data
assimilation driven modelling. This is, for example, seen at the high temperature anomaly around
the Luttelgeest-well in scenario 1 (Figure 3.6A). However, we do not only expect the pseudoconvective effect in the Luttelgeest-well, but possibly everywhere where carbonate platforms are
located. Therefore, refining the a-priori physical interpretation of the model set-up can improve the
results adopting new geological insights. Different model scenarios are discussed below. An
overview is given in Table 3.1.
Overview
a-priori
model

Scenario 1
The subdivision of the
sedimentary model is based on
DGM-diep v4.0 onshore model
going down to the top of the
Dinantian
(http://www.nlog.nl/dgm-diep-v4onshore, Figure 3.4). Thickness of
Dinantian is set at 2000 m, which
is a vertical extent of the
convective systems.

Overview
parameters
dataassimilation

Varying heat generation (HG) in
the upper crust and vertical
conductivity (KV) in the Dinantian
layer and two layers overlain by
the Dinantian.
- HG: scale between 0.2 and 3 for
the upper crust with variogram of
45 km.
- KV: scale between 0.2 and 2 for
the Dinantian layer with
variogram of 30 km
- KV: scale between 0.8 and 1.3
for the layer above Dinantian
with variogram of 30 km.

Highlights
results

Modelling results shows data
assimilation driven model, but
results can explain the higher
temperatures using the pseudoconvective approach.

Scenario 2
Changed priori model set-up w.r.t.
scenario 1:
1. Add distinctions between
presumed Dinantian carbonate
platforms (2000 m) and basins
(600m) (Figure 3.1).
2. Add presumed Palaeozoic
sediments in the south.
3. A-priori changed the
conductivity of carbonate
platforms and the layers
overlain to add the pseudoconvective effect in the a-priori
model set-up.
Varying HG in a lesser extent as
scenario 1 in the upper crust and
KV in the Dinantian carbonate
platforms and two layers overlain
by the Dinantian.
- HG: scale between 0.6 and 1.6
for the upper crust with
variogram of 45 km.
- KV: scale between 0.6 and 1.4
for the Dinantian carbonate
platform with variogram of 30
km.
- KV: scale between 0.8 and 1.3
for the layer above Dinantian
with variogram of 30 km.
By adding geological insights into
the a-prior model based on the
results of scenario 1, convection
can take place everywhere where
the Dinantian carbonate platforms
are located and therefore
temperatures are increased not
only where high observed
temperatures located.

Scenario 3
Heat flow (HF) model:
1. Model set-up as scenario 2 but
without a-priori fixing the
conductivity of the carbonate
platforms.
2. Fixed heat flow at 10 km of
48 mW m-2.

Allow the variation of heat flow at
the base of the model.
- Variogram size: 45 km
- Scale between: 0.6 - 1.5

Variation of the heat flow at 10
km shows another possible
explanation of explaining the
observed temperatures at larger
depth.

Table 3.1 - Overview different model scenarios for estimating the temperature.
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For model scenario 2, we incorporated the expected location of the paleo-geography of the Dinantian
rocks (Figure 3.1). According to well data and earlier studies, we estimated the thickness of the
Dinantian up to 600 m, except for some areas where the carbonate platforms are present where the
thickness is approximately 2000 m. Again. The thickness of the carbonate platforms are again
interpreted as the vertical extent of the convective systems.. In the southern part of the Netherlands
we included a new layer based on well data and seismic sections representing the deep Palaeozoic
sediments below the Dinantian. For this case, we increased the thermal conductivity in the Dinantian
carbonate platforms to a constant value of 5.0 W/mK in the a-priori model set-up. The temperature
anomaly at larger depth (5000-6000 m) could not only be explained by realistically increasing the
conductivity in the Dinantian layer. Therefore, the thermal conductivity in the layers overlain by the
Dinantian is fixed to a value of 1.5 W/mK to be consistent with an increase in the temperature
gradient just above the Dinantian layer. This is visualized in the conductivity and temperature profiles
of the Luttelgeest well in Figure 3.6 comparing scenario 1 and 2. An overview of the used calibration
parameters are specified in ‘overview data assimilation’ in Table 3.1. The modelling results of
scenario 2 at 5 km show higher temperatures everywhere where the carbonate platforms are located
(Figure 3.6B). In this case, the effect of the pseudo-convective approach is not only working in the
Luttelgeest-well but everywhere where carbonate platforms are present.
The previous explained models are based on a lithospheric-scale set-up focusing on the pseudoconvective approach. As an alternative, in scenario 3 the lower boundary of the model is set at 10
km, where the conductivity is not a-priori increased. During data assimilation, we allow the variation
of heat flow at 10 kilometer within a scaling bandwidth between 0.6 and 1.5. Predictions of heat flow
in the Netherlands are not well constrained and the observed higher temperatures at larger depth
could as well be explained by an increase in heat flow at the basement.
The scenario’s 2 and 3 are marked in the southwest by an elevated temperature at 5 km depth of
approximately are ~20°C , relative to scenario 1. This is related to the inclusion of a thick layer of
Palaeozoic sediments below the top of the Dinantian in excess of 2000m. This results in an insulating
effect of the basement below.
In general, we observe an slight overestimation of the modelled temperatures at shallow depth
(Figure 3.6B at 1 km). Whereby, an underestimation of the modelled temperatures is observed at
large depth (Figure 3.5). It is possible that the thermal anomaly relates to anomalous thermal
properties (e.g. related to the burial history, affecting the porosity and thereby the conductivity), could
explain these overestimated modelled temperatures at lower depth. Alternatively transient thermal
effects related paleoclimatic temperature variations can play a role.

Figure 3.5 - Statistics of model scenario 2. Modelled versus observed temperatures.
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C. SCENARIO 3

Figure 3.6 - Overview of isodepth temperature maps at 1 and 5 km. Temperature (T), thermal
conductivity (k), Heat Generation (HG) and Heat Flow (HF) profiles of the priori- and after data
assimilation model (dashed and solid lines, respectively) for the Luttelgeest well (LTG-01) for
the different model scenarios described in Table 3.1.
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3.3 Gravity modelling2
Gravity can provide an important constraint on the deep structure of sedimentary basins and the
underlying crust. In IMAGE we construct high resolution gravity models of the sedimentary basin
infill and the underlying crust from the predicted density of the sediment layers, taking into account
lithological information, the porosity depth information and information on burial anomalies. The first
two have been defined from generic relations of porosity depth relationships (cf. Limberger et al.,
2017) and/or can be inferred from seismic.
The gravity can be forward modelled and compared to observed gravity. Comparison between
predicted and observed gravity allows to test and validate scenarios of structural build up of the
sedimentary sequence. Analysis of residual anomalies (dubbed as gravity backstripping) and may
also allow to identify deep rooted sedimentary sequences (causing negative anomalies) and deep
eroding unconformities (causing positive anomalies).
In this section we present preliminary results of an analysis of deep rooted gravity anomalies to
assess the Paleozoic sequence, providing better understanding of the deeper structural fabric of the
basin. In order to the strong sensitivity of gravity models to burial anomalies we demonstrate its use
in the Netherlands.

3.3.1 Gravity measurements
The observations used in this case study were measured between 1990-1995 by the former Survey
Department of Rijkswaterstaat (now known as Ministry of Transport, Public Works and Water
Management). The absolute gravity measurements were performed using free fall absolute
gravimeters. The error in the measurements is estimated to be 0.1 – 0.3 mGal (standard deviation).
This is caused by limitations of the internal precision of the measurements and by external factors
such as ground water variation, tidal effects and atmospheric pressure variations. The amount of
observations is approximately 8000, and covers the Netherlands on land almost completely. On sea
there are no observations, thus in Zeeland, Ijsselmeer and the Waddenzee the coverage is not ideal,
see Figure 3.7. The following corrections are applied to the absolute gravity measurements to obtain
the gravity anomalies as displayed in Figure 3.7:
• Latitude correction
• Free-air correction
• Bouguer correction
For more information on the gravity measurement see De Min, 1996 and Crombaghs et al., 2002.
The interpolated measured gravity anomaly values are plotted in Figure 3.8.

3.3.2 Initial Density Model
To construct an initial density model for gravity computations a similar approach to the initial thermal
model has been used. The Netherlands has a large volume of subsurface data thanks to the
exploration for oil and gas. The numerous 2D and 3D seismic volumes and available wells have
been interpreted regionally which results in nationwide depth surfaces of geological interfaces (TNO
DGM-deep 2017) with a 250 m lateral grid spacing. The deepest level is the base of the Limburg
group or base Namurian. The basement has been defined two kilometers deeper for the purpose of
this gravity study. The densities above the basement are derived from seismic interval velocities
derived from detailed well ties of seismic interpretation, which will be explained in the next paragraph.

2

This section incorporates preliminary findings from D8.03
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Below the basement level we have the upper crust, lower crust and mantle. The depths of the base
of these is based on the EuCRUST-07 model (Tesauro et al., 2008) which has an average thickness
of 32 km for the crust in the Netherlands, see Figure 3.9. These layers below the basement level
have a constant density in the initial model.

Figure 3.7 – Provinces of the Netherlands (left) and gravity observation locations coloured
by measured the gravity anomaly (right).
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Figure 3.8 - Interpolated measured gravity anomaly values.
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Figure 3.9 - Depth of the crust mantle boundary after the EuCRUST-07 model (Tesauro et al.,
2008).
The density grid used for the gravity modelling has a 3km grid size in x and y direction and 200m
grid size in the z direction until 10km, below that 1km grid size is used until the maximum model
depth of 20km for our base case model.
The velmod 3 (Pluymaekers et al., 2017) project uses well data, mainly sonic logs and check shot
data to create a seismic velocity model for the Netherlands. It is assumed that for compacting layers
velocities increase linearly with depth, described by: 𝑣 = 𝑣0 + 𝑘 ∙ 𝑧. Per geological interval a value
for the compaction trend k is derived in the velmod 3 project. The normalized velocity 𝑣0 is derived
as a grid, with the exception of deeper layers with few data measurements, where it has a constant
value. Using the depth surfaces of the geological interfaces, the k-values and 𝑣0 grids, a 3D seismic
interval velocity model can be constructed. For the non-compaction layer of the Zechstein the wedge
model is used, which assumes a variable thickness of moving halite and a fixed thickness of
stationary rock, consisting of mainly anhydrite and carbonate. This results in a 𝑣0 grid with a k-value
of 0. For an overview of the parameters used for all the layers see Table 3.2.
To convert the seismic interval velocity to density Gardner’s relationship (Gardner et al., 1974) is
used:
𝜌 = 𝑎 ∙ 𝑣𝑏
1

where 𝑎 = 0.31 and 𝑏 = 4. For the Zechstein layer another approach has to be used since salt does
not follow Gardner’s relationship, see Figure 3.10. The 𝑣0 grid is converted to back to fractions salt
and anhydrite/carbonate, along which the density is calculated.
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Figure 3.10 - Velocity density relationship (dashed line) after Gardner et al., 1974.

ABBREVIATION LAYER NAME
Upper North Sea
NU
Group
Lower and Middle
NL-NM
North Sea Group
CK

Chalk Group

KN

Rijnland Group

PERIOD
Tertiary
Quaternary
Tertiary
Upper
Cretaceous
Lower
Cretaceous

&

AGE (MA)

V0K: K

V0K: V0

0 - 20

0.436

V0-grid

20 - 61.7

0.235

V0-grid

61.7 - 99.1

0.593

V0-grid

99.1 - 145

0.536

V0-grid

Schieland, Scruff
and
SL-SG-SK
Upper Jurassic
45 - 163.4
0.52
Niedersachsen
Group
Lower & Middle 163.4
AT
Altena Group
0.436
Jurassic
203.6
Upper and Lower
RN-RB
Germanic
Trias Triassic
203.6 - 251 0.374
Group
ZE
Zechtstein Group
Permian
251 - 258
0
RO
Rotliegend
Permian
258 - 268
0.309
Caumer,
Dinkel
DCC-DCDand
Hunze Carboniferous
268 - 313
0.261
DCH
Subgroup
DCG
Geul Subgroup
Carboniferous
313 - 326
0.262
Dinantien
and Devonian
&
DCG and older
326 - 358.9 0.5
older
Carboniferous
Table 3.2 - V0k parameters of the sedimentary layers from velmod 3.

V0-grid

V0-grid
V0-grid
V0-grid

V0-grid
3377
2250
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For the upper crust, lower crust and mantle constant velocities are used to populate the initial model,
see Table 3.2. In our base case initial density model there is no mantle material present since it has
a maximum depth of 20km.
INTERVAL
DENSITY
Upper Crust
2750 g/cm3
Lower Crust
2850 g/cm3
Mantle
3200 g/cm3
Table 3.3 - Crust and mantle densities.

3.3.3 Gravity field calculation
The gravity field of a density distribution can be calculated by:
𝜌(𝒙)(𝑧 − 𝑧0 )
𝒅𝒙
|𝒙 − 𝒙𝟎 |
ℝ3

∆𝑔𝑍 (𝒙𝟎 ) = 𝐺 ∫

When this is implemented numerically it takes a long time to run because for every point where you
want to calculate the gravity a loop through the entire 3D model is necessary. To improve the
efficiency of the calculation the approach from Caratori Tontini (Caratori Tontini et al., 2009) is
implemented. This approach makes use of the convolution theorem to reduce the integration over
the 3D domain to a multiplication in the Fourier domain:
ℱ3𝐷 [∆𝑔𝑍 (𝒙)] = 𝑖4𝜋G

𝑘𝑍
ℱ [𝜌(𝒙)]
|𝐤|2 3𝐷

This means that the gravity field for the entire 3D volume can be obtained by:
• Discrete Fourier Transform
• Apply the equation above in the Fourier domain
• Inverse Discrete Fourier Transform
This decreases the runtime significantly which is important for the data assimilation in which the
forward modelling has to be run many times. The gravity at the surface can then be extracted from
the 3D volume. The average value of the gravity at surface is subtracted from the surface gravity to
obtain the gravity anomaly which can be compared with the measured gravity anomalies which will
be done in the data assimilation. A map of the surface gravity anomaly of the initial density model is
displayed in Figure 3.11. This map has many similarities with the map of the measured gravity
anomalies. The main deviations occur in Zeeland and Southern Limburg where the modelled gravity
anomaly is too large, meaning that the subsurface around these locations is too dense.

3.3.4 Gravity data assimilation
The ensemble smoother with multiple data assimilation was used as inversion technique to
incorporate the gravity measurements into the model. This technique is based on the Ensemble
Kalman filter which assimilates data sequentially in time (Burger et al., 1998 and Houtekamer et al.,
1998). This is very time consuming with a large number of data observations. The ensemble
smoother computes a global update including all data available which greatly reduces the run time.
(Emerick and Reynolds, 2012 and 2013). In this method an uncertainty has to be defined for both
the observations and the model. Within one data assimilation multiple ensemble members are
created to cover the space of possible model parameters within the uncertainty specified. In the
subsequent model update the misfit between the measured gravity anomalies and the gravity
anomalies calculated with the ensemble members is reduced, taking into account the observation
uncertainties. The uncertainty spaces of the observations and the models has to overlap. In other
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words, if the initial model gives a gravity anomaly which differs a lot from the observations, the
uncertainty has to be set accordingly large. More on the ensemble smoother with multiple data
assimilation is explained in the ‘IMAGE-D06.01: Catalogues and European models’ report, section
7.2.3.

Figure 3.11 - Surface gravity anomaly map of the initial density model.
The data assimilation results in a decrease of the misfit at the observation locations between the
measured gravity anomalies and the gravity anomalies calculated with the updated density model.
In Figure 3.12 is a histogram of the misfits of the initial model without data assimilation. This is a
representation of the difference between Figure 3.8 and Figure 3.11. There is quite a large mismatch
between the initial model and in Zeeland and Limburg, which means that the observation uncertainty
values need to be larger than the 0.1-0.3 mGal mentioned previously. That is why a model update
was run with one iteration with 1000 ensemble members with an observation uncertainty of 6 mGal.
The model is varied in the pre-Namurian 2 km thick layer with a triangular variogram of 30km and a
maximum value of 800 g/cm3. This results in a reduction of the misfits, as displayed in Figure 3.13.
Subsequently a model update was run with four iterations with 1000 ensemble members each, with
an observation uncertainty of 3.5 mGal. Varying the model in the same way as before. This results
in a further reduction of the misfits shown in Figure 3.14. These figures show that the data
assimilation is successful in reducing the misfits. The surface gravity anomalies of the final model in
Figure 3.15 are very similar to the interpolated measured surface gravity anomalies in Figure 3.8.
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Figure 3.12 - Misfits (in mGal) between the measured gravity anomalies and the gravity
anomalies calculated with the initial density model.

Figure 3.13 - Misfits (in mGal) between the measured gravity anomalies and the gravity
anomalies calculated with the updated density model after one model update update with one
iteration and 1000 ensemble members, varying the density in the pre-Namurian.
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Figure 3.14 - Misfits (in mGal) between the measured gravity anomalies and the gravity
anomalies calculated with the updated density model after two model updates, one with one
iteration and 1000 ensemble members and subsequently one with 4 iterations, also with 1000
ensemble members varying the density in the pre-Namurian in both updates.

Figure 3.15 - Surface gravity anomaly after two models updates, see text for more details.
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3.3.5 Density model results and discussion
The density of the 2km thick pre-Namurian interval was updated in the data assimilation. For each
x,y location and average density was computed of the pre-Namurian interval which is displayed in
Figure 3.16. There is a relationship between density and depth due to compaction and loss of
porosity which is imprinted on this map, see Figure 3.17. On this plot each red dot represents an x,y
location at which the density has been vertically averaged over the pre-Namurian interval. In blue is
a linear depth trend resulting from a regression on the data, in green the depth trend as derived for
the Namurian layers in the velmod3 and in cyan the depth trend which was used to construct the
initial model. The initial trend and regression trend both show lower velocities above 4 km depth and
a larger density increase with depth than the V0k trend derived for the Namurian layers just above
this pre-Namurian layer. These lower velocities and larger increase with depth is also found in the
less compacted sedimentary layers of the Cretaceous and Jurassic. The depth trend of the initial
model is subtracted from the average pre-Namurian densities which results in a map of the deviation
of the depth trend in the initial model of the average pre-Namurian densities in Figure 3.18.
In both Figure 3.16 and Figure 3.17 especially the low densities in Zeeland and Limburg stand out,
as well the high densities in the South of Friesland and around the Wadden eilanden. This could
point to a larger sedimentary package being present in Zeeland than the general current assumption
that the subsurface there consists of mainly dense basement. Furthermore, it is remarkable that the
predicted density anomalies show resemblance with the map of the paleogeography of Dinantian
rocks in the Netherlands (see Figure 3.1), notably the narrow lower density region in the north of
Limburg extending towards the northwest towards across Utrecht. It should be noted that a deeper
Moho could explain part of these anomalies. This is why we will discuss a deeper model next, which
does incorporate the Moho.

Figure 3.16 - Vertically averaged densities of the pre-Namurian after two model updates.
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Figure 3.17 - Depth versus average density for the pre-Namurian with a linear depth trend,
each red dot represents an xy location at which the density is vertically averaged over the
pre-Namurian interval, in blue the linear depth trend, in green the Namurian V0k depth trend,
in cyan the depth original V0k depth trend.

Figure 3.18 - Deviation of the initial depth trend of the vertically averaged densities of the preNamurian after two model updates.
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In the initial model a maximum depth of 20km was used, implying that the effect of depth variation
of the crust-mantle boundary is not taken into account as it is located at ca 30 km depth. As an
alternative we created a model with a total depth of 40km, thereby incorporating the Moho. Data
assimilation was run on this model with one iteration and 1000 ensemble members, varying the preNamurian in the same way as we did previously. The resulting pre-Namurian average density
deviation from the initial density is displayed in Figure 3.19. There is an imprint of the Moho depth
(see Figure 3.9) present in this result, for example the sharp change going from Eastern NoordBrabant to Zuid-Holland. The Moho depth map that we use is a small part of the EuCRUST-07 model
(Tesauro et al., 2008). The large variation pattern present in The Netherlands may not be accurate
which is why the map below is not our base case model.

Figure 3.19 - Deviation of the initial depth trend of the vertically averaged densities of the preNamurian of one model update of the 40km deep model, including the Moho.
The successful application of data assimilation using an ensemble smoother with multiple data
assimilation technique to the gravity data has resulted in an improved understanding of the density
distribution of the subsurface in The Netherlands, especially the pre-Namurian.
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3.4 Integrated workflows for fracture characterization from Wells and
seismic
3.4.1 Introduction
As proven by several successful projects, the subsurface in the Netherlands (1000-4000 m) is
suitable for deep geothermal energy exploration. Water extracted from these depths has a
temperature of about 60-90◦ C and is mainly used for heating in green houses. However, 31% of the
industrial heat demand in the Netherlands concerns temperatures of 100-200◦ C. Heat to cover this
demand could be obtained by Ultra Deep Geothermal energy (UDG). Sources for ultra-deep
geothermal energy are characterized by temperatures exceeding 120°C and depths between 4-8
km. To date no ultra-deep doublets have been drilled in the Netherlands, due to the lack of data and
knowledge of the subsurface below 4 km depth.
Due to deep burial, reservoir rocks for UDG are characterized by low porosities (primary
permeability). Flow in these reservoirs is therefore restricted to natural fracture systems. These
fracture systems cause a secondary, bulk porosity and permeability. Indications for such secondary
permeability are seen in the Luttelgeest-01 (LTG-01), Uithuizermeeden-02 (UHM-02) and California01 (CAL-GT-01) wells in the north and south of the Netherlands. Drilling wash-outs, fracture imaging
and karst observations have directly been seen in these wells and their logs. Temperature anomalies
in the temperature logs of the LTG-01 and UHM-02 wells can only be explained by an elevated
secondary permeability of minimum 60 mD. Scaling relations exist between fracture statistical
distributions in properties such as fracture density, length, fractal dimension, strike, dip and more.
With reliable measurements of these distributions from well and seismic data, estimates of
secondary permeability for the Dinantian carbonates can be made and predictions of geothermal
flow and performance follow.
If the permeability in these fracture networks is still not sufficient to obtain economical flow rates,
hydraulic stimulation can be applied. This concept is referred to as an Enhanced Geothermal System
(EGS). Due to shearing of the rough fracture surfaces dilation occurs, increasing the permeability of
the fracture. The possible side effect of hydraulic stimulation is micro-seismicity or occasional larger
earthquakes. To reduce seismic risk in the case of EGS and for optimal doublet location and
orientation for both EGS and UDG, it is necessary to make an in-depth analysis of the fracture
networks in these reservoirs.
This chapter briefly describes a workflow for estimating fracture properties from input data. The
resulting distributions can then later be used to estimate fracture permeability.

3.4.2 Seismic fracture and horizon extraction workflow
In order to derive distributions in fracture properties and seismic horizons that bound different
fracture domains, we need:
1) suitable input data
2) definition of fracture and horizon properties
3) a workflow to extract distributions in the fracture- and horizon properties
4) interpret the distributions and scale them to predictions of permeability
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Figure 3.20 - NLM reprocessing and re-interpretation workflow

Figure 3.21 - The workflow for the characterization of fracture networks used in this study.
Green boxes are input values or data, blue boxes are processing steps and the orange box are
the results of this study.
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Figure 3.22 - A visualization of parameters of Davy et al.’s (1990) double power law for
Euclidean dimensions 2 and 3. A fractal dimension equal to the Euclidean dimension show a
homogeneous distribution of fractures, while a decreasing D implies an increase in clustering.
A decreasing length exponent a implies a relative increase in larger fractures. Figure from
Darcel et al. (2003a).

Figure 3.23 - Lithography and logs in LTG-01 well.
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3.4.2.1 Workflow
Figure 3.20 and Figure 3.21 schematically show the workflows to derive distributions of fracture and
horizon properties from input data. Figure 3.20 emphasizes the overall workflow for getting fracture
and horizon attributes whereas Figure 3.21 describes the in-depth determination of distributions in
fracture properties.
Figure 3.22 explains how fracture properties and distributions therein are parameterized and how
they are computed from input seismic and well data. For details of this approach, we refer to the
study of van Bijsterveldt (2017).

3.4.2.2 Wells
Figure 3.23 and Figure 3.24 illustrate the input data to the proposed workflow: well and seismic data.
Well lithography and logs over the deepest interval of the Dinantian formation in the LTG-01 well are
displayed in Figure 3.23. This well was extensively sampled: besides caliper, gamma ray, resistivity,
sonic, density, porosity, temperature and other common logs a suite of image logs were also
acquired. One of them, Formation Micro Imaging (FMI), is very useful for the estimation of fracture
density and fractal dimension in this Dinantian interval. From this distribution on centimeter/meter
scale a connection can be made to the seismic scale, where fractures are observed on
tens/hundreds of meter scale. Together, wells and seismic span a large range of scales leading to a
more robust estimation of the pervasive fracture distribution in the Dinantian. This in turn will improve
our estimations of fracture permeability and the overall structure of the Dinantian geothermal
reservoir.

Figure 3.24 - NLM application to synthetic data. Left column = original, middle column = NLM,
right column = difference.
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Figure 3.25 - Example of 3D seismic volume of Friesland Ultra Deep Geothermal province.
Above: Inline section through original 3D seismic volume. Note the speckled noise clouds by
which faults and horizons are masked. Below: Inline section through NLM processed 3D
seismic volume. Note how the speckled noise clouds are suppressed while preserving faults
and horizons.

3.4.2.3 Seismic
The other input, seismic data, needs to be ‘conditioned’ first to make it suitable for high-resolution
fracture imaging and property extraction. Seismic data tends to be affected by incoherent and
coherent noise, leading to a bias in structural features such as fractures. De-noising of the seismic
data is a requirement for unbiased fracture property estimation. Within the IMAGE programme, a
new de-nosing algorithm was developed and implemented: the Non Local Means (NLM) algorithm.
In the next paragraph, a brief explanation of NLM follows, but Figure 3.24 already demonstrates the
main achievement of NLM on seismic data. The left columns features original data, the middle
column show NLM processed data and the right column shows the noise removed.
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Figure 3.26 - Example of 3D seismic volume of Friesland Ultra Deep Geothermal province.
Above: Timeslice through original coherency 3D seismic volume. Note the black-red noise
clouds where faults and horizons are masked by noise. Below: Timeslice through NLM
coherency 3D seismic volume. Note how the black-red noise clouds are suppressed while
preserving faults and horizons.
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The Non Local Means (NLM) algorithm acts as a multi-dimensional adaptive filter on seismic data in
the spatio-temporal domain. It averages a central seismic sample exclusively with weighted
contributions of neighboring samples having similar Gaussian neighborhoods as the central sample
under consideration. The algorithm scores as one of the best denoising techniques on synthetic
seismic data because of its superior random and coherent noise suppression, reflection continuity
enhancement albeit with edge and amplitude preservation. It is because of this edge preservation
ability that we developed NLM because fault and fracture detection are of paramount importance.
For further details on the NLM method we refer to Carpentier and Steeghs (2016).
Where Figure 3.24 demonstrated the application of NLM on a syntheticcase, Figure 3.25 and Figure
3.26 display the results of applying NLM to 3D seismic data imaging the Dinantian in the north
Netherlands.

Figure 3.27 - Tracked horizon Top Dinantian cross-secting inline with coherence of NLM data.
Note the previously undiscovered large fault in the yellow ellipse bounding the elevated
Dinantian platform at the very left.

Figure 3.28 - Dinantian faults and fractures autotracked in NLM data with the workflow as
described in this study. Topview.
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In Figure 3.25 an inline cross-section of a Dinantian carbonate platform can be seen. The upper
panel shows the original data, the lower panel shows the NLM processed data. The overall image
was already of reasonable quality, but clouds of noise in the upper panel suggest the presence of
many fractures, visually but also in the distributions of fracture length and fractal dimension as
defined in Figure 3.22. The NLM algorithm has separated noise from structure in a robust way,
preserving pervasive fractures and removing the bias therein as seen in the lower panel of Figure
3.25.
This result is further quantified in Figure 3.26, where the coherence (or variance) attribute of the 3D
seismic data from Figure 3.25 is displayed. Coherence (or variance) is a seismic attribute that
highlights discontinuities in seismic data and thereby acts as an input for fault/fracture extraction
routines. Figure 2 explains the role and place of coherence (variance) in the fault extraction and
property distribution workflow. Figure 3.26 features the coherence (variance) computed on a
timeslice through the Dinantian in the original 3D seismic data (upper panel) and through the NLM
processed data (lower panel). Fracture extraction will be more successful on the NLM processed
data as there are fewer false positives in the extracted fractures and property distributions.
In Figure 3.27 and Figure 3.28, examples of resulting extracted horizons (Figure 3.27) and fractures
(Figure 3.28) are displayed. They are extracted flowing the workflow in Figure 3.21. The horizon in
Figure 3.27 denotes the top of the Dinantian reservoir whereas the fractures in Figure 3.28 span the
reservoir vertically and horizontally. From these horizons and fractures, geometrical fracture
properties are computed for input in the workflow from Figure 3.22. Such properties, for example
maximum fracture length and fracture strike are computed for the Dinantian volume spanned by the
top and bottom Dinantian interval, displayed in Figure 3.29 and result in distributions like that in
Figure 3.30, where fracture strikes for several NLM realisations are displayed.

3.4.3 Conclusions and recommendations
A new workflow for estimating fracture property distributions from well and seismic data was
developed. The workflow selects input data from well logs and seismic data. The input data are
quality controlled and conditioned to remove any leftover biases on the fracture property distributions.
One of these conditioning steps is the application of the Non Local Means algorithm which de-noises
the seismic data.
From the well data and seismic data fractures are extracted using geometrical attributes and
counting algorithms. From these extracted faults, property distributions are computed. A theoretical
framework for fracture property distribution estimation is then implemented to parameterise and
interpret the property distributions. Properties like fracture length, fractal dimension, strike, dip are
taken from the well and seismic data, parameterised and fitted to theoretical relations. The fitted
parameters can then be interpreted and inserted in further fracture models to predict fracture
permeability. As such the Dinantian geothermal reservoir can be de-risked two-fold: 1) the predicted
geothermal performance is constrained by the estimated fracture permeability and the fracture
orientation and 2) the fracture distribution is analysed for induced seismic risk.
We recommend to assess the impact of different NLM realisations on computed fracture property
distributions. Also, the connection between fracture distributions from wells and those of seismic
data need to be made to cover all the necessary length and fractal scales of fracturing. Furthermore,
calibration datasets and models need to be conceived to test our workflow against ground truth.
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Figure 3.29 - Dinantian horizons: (a) old interpretation of Top Dinantian (Kombrink, 2010; Van
Hulten & Poty, 2008), (b) revised interpretation of Top Dinantian tracked in NLM data, (c) new
interpretation of Bottom Dinantian tracked in NLM data.
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Figure 3.30 - Rose diagrams showing the strike of fractures extracted from the seismic data
for several NLM realisations.
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Permeability predictions for optimum doublet designs in fractured
geothermal reservoirs

3.5.1 Background
The occurrence and properties of natural faults in geothermal reservoirs are key in determining
reservoir flow properties, and thereby the success of many geothermal projects (Hickman et al.,
1997; Fairly and Hinds 2004; Faulds et al., 2010; Moeck 2014). The relationship between fluid flow
and faulting has been studied extensively (Frank 1965; Sibson 1981; Caine et al., 1996; Fisher and
Knipe 2001). The characteristics of natural fault zones can vary widely depending on local geological
and tectonic settings (Chester and Logan 1986; Kim et al., 2004; Wibberley et al., 2008; Faulkner et
al., 2010). Most fault zones consists of a specific architecture with different structural units, i.e. a
single or multiple fault cores and damage zones, surrounded by intact reservoir rock. Permeability
may vary considerably in each of these structural units, and the characteristic architecture of a fault
zone will determine the permeability in and around fault zones (Barton et al., 1995; Wibberley and
Shimamoto 2003; Mitchell and Faulkner 2012). Although many studies that model the permeability
around fault zones address some aspects of fault architecture (Yielding et al., 1997; Brown and
Bruhn 1998; Odling et al., 2004), few consider 3D permeability in all structural units. Moreover, one
dominant fracture set with equally-spaced fractures is often assumed to describe fractured media
such as damage zones (Pickup et al., 1995; Lei et al., 2015), hence ignoring relations between the
orientation of main faults and damage zone fractures (Tchalenko 1970; Kim et al., 2004) and spatial
variation in fracture density (Mitchell and Faulkner 2012).
Another major challenge for application to fault-controlled geothermal energy resources is the
general lack of site-specific data on fault and fracture populations. Site-specific characteristics of
fault and fracture populations have been determined using seismic surveys, outcrop analogues, core
material, and laboratory experiments (Odling et al., 1999; Bonnet et al., 2001; Torabi and Berg 2011).
These studies have provided some generic fault scaling relations that can be used to constrain fault
zone characteristics, such as damage zone width, fracture density and dominant fracture orientation.
In most cases, such data is lacking during geothermal exploration, but the generic fault scaling
relations to constrain fault zone properties for populations of fractures and fault zones in fractured
reservoirs. By combining the data with fault zone permeability models, the bulk permeability of
fractured reservoirs can be described even if site-specific (subsurface) data on fault zone
characteristics is lacking.
The permeability models can be used to analyse the geothermal power for a doublet system
consisting of a surface heat exchanger, an injection well (“injector”) and a production well (“producer”)
that is placed in the vicinity of a fault zone or in a fractured reservoir (). In these cases, factors such
as preferred orientations and permeability of faults and fractures, local stress field, and
injection/production rates interact to determine the geothermal power of a doublet system. With the
permeability models and data on fault and fracture populations, optimum placement of geothermal
doublet systems can be determined. It can be shown that produced geothermal power is enhanced
if doublets are placed in optimum orientation with respect to fault and fracture populations.
Accordingly, optimization of geothermal doublet designs in fractured geothermal reservoirs can be
performed on the basis of data on fault and fracture populations from interpretation of seismic
surveys. Such optimization helps de-risking geothermal exploration and exploitation as it outlines
preferred placement of doublets in terms of optimum flow conditions.
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Figure 3.31. Schematic diagrams of a doublet placed around a fault zone. (a) Producer and
injector with nodes (1-12) separating doublet elements used in calculations of doublet
performance. 1- Aquifer at its half thickness at the producer, 2- Lowest point of inflow at the
producer, 3- Inflow into the production pump, 4- Outflow of the production pump, 5- Top of
the producer, 6- Inflow into the heat exchanger, 7- Outflow of the heat exchanger, 8- Inflow
into the injection pump, 9- Outflow of the injection pump, 10- Top of the injector, 11- Outflow
of the injector, 12- Aquifer at its half thickness at the injector (from Van Wees et al., 2012). (b)
⃗⃗⃗⃗𝒙 ) of producer and injector in
Different locations and orientations (indicated by vectors 𝒗
doublets around fault zones with different structural units (i.e. intact reservoir matrix with
sedimentary layers, damage zone and fault core). Horizontal (H) and vertical (V) planes and a
geographical coordinate system (with axes x, y, z in northern, eastern and depth direction,
respectively) are indicated. L- length along fault strike, S- length along fault dip, DSdisplacement along fault dip, WD- damage zone width, WC- fault core width, Wtot- distance
between injector and producer.
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3.5.2 Approach
Permeability predictions and fluid flow in fractured reservoirs were based on three modelling
approaches: (1) Analytical models for fault zone and fractured reservoir permeability were developed
to describe bulk permeability on the basis of fault and fracture populations derived from outcrops
and seismic surveys (Ter Heege et al., 2016), (2) semi-analytical models of fractured reservoirs with
anisotropic permeability caused by a power law distribution of fault sizes have been developed to
explore theoretical relationships between micro-seismicity, pore pressure increase and permeability,
(3) a semi-analytical model for performance assessment of geothermal doublets for direct heat
applications (DoubletCalc2D, Veldkamp et al., 2015) has been used to analyse the evolution of
temperature and pressure for a doublet in a fractured reservoir and explore the relation between
permeability anisotropy and cold water breakthrough.
The analytical models describe bulk permeability around major fault zones and in fractured reservoirs.
Fault zones are modelled with a typical architecture consisting of 3 structural units, i.e. a fault core,
a damage zone and surrounding intact reservoir matrix (Ter Heege et al., 2016). Permeability is
modelled using 3D permeability tensors that describe non-isotropic permeability in each of the
structural units. Permeability of intact reservoir rock includes anisotropy due to sedimentary layering.
Damage zone permeability is based on fracture density and orientation, and includes the effect of
decreasing fracture density with increasing distance from the fault core. Multiple fracture sets can
be included in the damage zone. The permeability of the fault core can include anisotropy due to
fabric in the fault gouge. Multiple fault cores can be included to account for complex fault zones
(Faulkner et al., 2010). The bulk permeability of fault zone is described by combining permeability of
the fault core, damage zone and intact reservoir including dimensions of each structural unit. The
bulk permeability of faulted or fractured reservoirs is described by volume averaging the contribution
of fault zones or fractures based on the frequency distribution of fault dimensions (e.g., a power law
distribution of fault lengths, Bonnet et al., 2001). The sensitivity of bulk permeability to the
orientations of layers, fractures and faults as well as damage zone fracture density is analyzed using
the fault zone permeability model. In addition, a graphical method is outlined that aid in choosing the
orientation of injector-producer for optimum permeability and geothermal performance.
The semi-analytical model for doublet performance assessment is used to illustrate pressure and
temperature evolution in an example of a doublet placed in a reservoir containing 3 sets of parallel,
equally-spaced fractures. Contrary to the other two approaches, this model uses a regular 2D
permeability grid to model fluid flow. The model is used to assess how fracture populations can be
incorporated in models for the development of temperature and pressure around geothermal wells,
and illustrate the effect of fracture populations on doublet performance.
The permeability of fractures and fault zones can change as a result from reactivation due to pore
pressure changes. These changes can be constrained using micro-seismicity based on theoretical
relationships between micro-seismicity, pore pressure increase and permeability. To explore such
relationships, semi-analytical models of fractured reservoirs have been developed with anisotropic
permeability caused by a power law distribution of fault sizes. The semi-analytical models of
fractured reservoirs incorporate synthetic natural fault populations with anisotropic permeability due
to a parallel, equally-spaced fracture set, or due to faults with a power law distribution of sizes and
a preferred orientation. The spatial distribution of fault locations is based on a latin hypercube
sampling method which prescribes the location of faults so that large faults are surrounded by
smaller faults. The models are used to simulate fluid flow, fault reactivation and the distribution and
characteristics of micro-seismicity during fluid injection.
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3.5.3 Analytical models for bulk permeability in fractured reservoirs
The analytical models for bulk permeability around major fault zones and in fractured reservoirs use
basic expressions for the description of 3D permeability in anisotropic media. The models combine
the permeability of multiple structural units. The structural units can be (1) layers or bedding in a
reservoir (matrix), (2) individual fractures or a fracture set with regular, equally-spaced fractures, (3)
the fault core, damage zone or surrounding reservoir of a fault zone, (4) a fault zone with a specific
orientation and dimensions, (5) fault populations with a preferred orientation.

3.5.3.1 Basic expressions for permeability in anisotropic media
Anisotropic permeability in a structural units can be described using a 3D permeability tensor (*)
that is defined in terms of 3 orthogonal principal permeabilities:

 K1* 1 0
0 


Kij*   0 K 2* 2 0 


0 K3* 3
 0

(3-1)

The asterisk in Eq. (3-1) is included to acknowledge that the principal permeabilities are defined
using a Cartesian coordinate system that is specific for the structural unit (following the right-hand
rule for axes orientations).
Permeability tensors for structural units can be transformed between different coordinate systems
by a tensor transformation using a full Euler rotation (R..*RT) with rotation matrix R. Euler angles
underpinning R are based on the convention adopted by Rose (1957) which involves (intrinsic)
rotations about the original z-axis, the new y-axis and the new z-axis, respectively (see also Fjaer et
al., 2008).
For uniform fluid flow in anisotropic media with regular, parallel layers or equally-spaced
discontinuities (X, e.g., fractures) embedded in a matrix (M), the effective permeability in the direction
parallel to the layers or discontinuities is given by the arithmetic mean (Muskat 1937; Pickup et al.,
1995):
NL

K|*| 

  |*|nWn
n 1
NL

(3-2a)
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*
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(3-2b)

n 1

with NL the number of layers, Wi the thickness of layer n, WX the thickness of discontinuities, and FX
the density of discontinuities. The effective permeability in the direction perpendicular to the layers
is given by the harmonic mean:
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The effective permeability of different structural units can be combined using Eqs. (3-2)-(3-5) if
permeabilities are expressed in a common coordinate system. The permeability of an anisotropic
medium with NU structural units that exhibit a distribution of orientations can be expressed as the
volume average of the contribution of each unit and the matrix between units in a common coordinate
system:
NU

VU n K U* ni j

n 1

Vt ot

K 
*
ij

NU
 V
* 

 1  Ut ot  Mi
j  with VUt ot   VU n
Vt ot
n 1



(3-4)

with NU the number of structural units, VUn the volume of structural unit n, Vtot the total volume of the
medium, VUtot the total volume of the structural units.
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Figure 3.32 - Schematic diagram of a simplified fault zone showing different structural units
(i.e. intact reservoir matrix with sedimentary layers, damage zone and fault core), horizontal
(H) and vertical (V) planes, and northern direction (N). Different (right-handed) coordinate
systems used to define 3D permeability tensors of the reservoir matrix (M) with axes x’, y’
and z’ parallel to the largest in-layer permeability, perpendicular to the largest in-layer
permeability and parallel to the depth axis, respectively), damage zone (D with axes w’’’, l’’’
and s’’’ parallel to the normal vector, strike and slip direction of dominant damage zone
fractures, respectively), and fault core (C with axes w’’, l’’ and s’’ parallel to the normal strike
and slip direction of the fault zone). The orientation of the principal permeabilities of fault
zone, dominant damage zone fractures and reservoir layers (subscripts C, F, and M,
respectively) in the geographical coordinate system are described by the angle between the
largest principal permeability and dip direction in the sedimentary layers (M), the dip
directions () and dips ().
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Axes

Euler angles for transformation to geographical system

x, y, z
x’, y’, z’
w”’, l”’, s”’

-

w”, l”, s”

rotation: -(90-C); -C

rotation: -M; +M; -M
rotation: -(90-F); -F

Table 3.4. Different coordinate systems used to describe 3D permeability in the reservoir
matrix, damage zone and fault core with axes as indicated in Figure 3.32. Euler angles for
transformation of the coordinate systems to the geographical coordinate system (x, y, z
aligning with North, East and depth) are expressed in terms of angle between the largest
principal permeability and dip direction in the sedimentary layers (M), dip direction () and
dip () for different structural units (positive angles indicate clockwise rotation in the righthanded coordinate systems).

3.5.3.2 Bulk permeability around fault zones
3.5.3.2.1 Modelling approach
The bulk permeability at different locations around a fault zone with a typical architecture consisting
of 3 structural units (i.e. a fault core, a damage zone and surrounding intact reservoir matrix) can be
derived using Eqs. (3-1)-(3-4) with expressions for the dimensions of the 3 structural units. In the
most basic approach, fault zone permeability is modelled using (1) intact matrix permeability ( ij* =
Mij’) with principal permeabilities that can be set or calculated for multilayered reservoirs using Eqs.
(3-2a) and (3-3a) with M11’ = ||*; M22’ = ||*; M33’ = *, (2) damage zone permeability (ij* = Dij’’’)
that combines the permeability of fractures and matrix, (3) fault zone permeability (ij* = Zij’’) that
combines the permeability of the fault core and damage zone, and (4) bulk permeability (ij* = Bij’)
that combines the permeability of fault zone and matrix. If consistent definitions of the different
coordinate systems and transformations is adopted, expressions for the permeability in the different
structural units can be generalized as (Figure 3.32; Table 3.4, cf. Ter Heege et al., 2016):

K* 1 j

 W  W  W2 

 1 * 2 
 W1Kij W1K*ij 



*
K
ii 

Kij 
*

1

W1  W2 K* i i  W2 K* i i
W1

W1 W2 K* ij
W1

W1



(3-5)

for j = 2, 3

W3 K*ij
W1

for i = 2, 3

(3-6)

for i  j ; i = 2, 3

(3-7)

Expressions for the different permeabilities are found if subscripts and constants given in Table 3.5.
ij*

System

Subscripts

KDij”’

ij*=Kij”’

KZij”

ij*=Kij”

KBij”

ij*=Kij”

=D
=Z
=B

=M
=D
=M

Constants
=F
=C
=Z

W1=1
W1=WD
W1=Wtot

W2=FwWF
W2=WC
W2=WD

W3=0
W3=0
W3=WD

Table 3.5 Coordinate system, subscripts and constants that give damage zone, fault zone and
bulk permeability when used in combination with Eqs. (3-5).
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The off-diagonal tensor components of M’, KC’’ and KF’’’ are zero per definition so that cross flow
for the damage zone (D’’’) is controlled by off-diagonal components in M’’’, cross flow for the fault
zone (Z’’) is controlled by off-diagonal components in D’’, and cross flow for bulk permeability (B)
is controlled by the combination of off-diagonal components in D and M (note the different
coordinate systems indicated by the quotation marks).
In the basic approach the damage zone incorporates a single uniform fracture set with regular,
parallel, equally-spaced fractures. The analysis can be extended to include a decrease in fracture
density with increasing distance (w) from the center of the fault core that can be described by an
exponential decay function (Mitchell and Faulkner, 2012):


2w 

Fw  FCD exp   F
WD 


for 0  w  ½WD

(3-8)

where the distance from the fault core is offset to give fracture density Fw = FCD at the core-damage
zone boundary (w = 0, Figure 3.31) and Fw = FCDexp(-F) at the damage zone-matrix boundary.
The constant F describes the decay in fracture density with distance from the fault core (F = WD/2F
which can be regarded as a dimensionless damage zone width, Mitchell and Faulkner 2012). A
symmetrical damage zone on both sides of the fault core is assumed. Alternatively, a power law
decay of fracture density has been observed (Fw  CFw-n with fault-specific damage decay constant
CF and exponent n, Savage and Brodsky 2011). The average damage zone permeability can be
calculated by integrating local permeability tensor components over damage zone width:

2
~
K 'D'i' j 
WD

1
W
2 D

0

K 'D'i' j dw

(3-9)

This integral can be rewritten as combinations of integrals with known solutions (cf. Gradsteyn and
Rhyzik 1994; Ter Heege et al., 2016). In addition, multiple damage zone fracture sets can be
combined by volume averaging contributions of each set following Eq. (3-4).

3.5.3.2.2 Sensitivity of bulk permeability to orientation of layers, fractures and faults
The analytical model can be used to explore the influence of the orientation of fault core, damage
zone fractures and reservoir layering on bulk permeability around fault zones (Figure 3.33). The
orientation of these structural units are systematically varied to show the effect on permeability for a
typical sandstone reservoir with anisotropic permeability that is crosscut by a major fault zone (case
1, Table 3.6). The examples show values for bulk permeability for doublets that are placed at a
location where permeability is controlled by the intact reservoir matrix outside the damage zone
(Figure 3.33a, b), by the damage zone (Figure 3.33c, d), or by the entire fault zone (Figure 3.33e, f).

Examples show bulk permeability for a doublet that is oriented in S-N direction ( v  1,0,0 ) and
varying orientations of layers, damage zone fractures and fault core (Figure 3.33a, c, e), and bulk
permeability for all possible orientations of a doublet and given orientations of layers, damage zone
fractures and fault core (using color contouring in stereonets, Figure 3.33b, d, f). The stereonets can
be used to map out permeability for all possible injector-producer orientations. Note that the
stereonets map permeability for any orientation of a doublet without considering if the doublet design
is technically feasible.
For example case 1, a constant density of damage zone fractures is assumed (Table 3.6). Analysis
of fracture densities around fault zones in outcrops often show a decay in fracture density with
increasing distance from the fault core (Savage and Brodsky 2011; Mitchell and Faulkner 2012). The
effect of decreasing density of randomly oriented fractures on mean permeability around a fault zone
is illustrated by example case 2 (Figure 3.34).
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Both example cases show how bulk permeability around major fault zones can be described on the
basis of (generic) data that can be obtained from laboratory experiments or outcrops, and sitespecific data on the presence and orientation of sedimentary layering and fault zones (Ter Heege et
al., 2016). This information aids geothermal exploration if used in combination with a model for the
potential of geothermal doublets (cf. section 3.5.4) to obtain maximum flow while preventing early
cold water breakthrough.

Parameter

Unit

Case 1

Case 2

M11’
KM22’
KM33’
KF11”’
KF22”’
KF33”’
KC11”
KC22”
KC33”
Kmean/Fw
Fw
FCD

mD
mD
mD
mD
mD
mD
mD
mD
mD

100
90
10
1000
1000
1000
1
1
1
50
50
0.001
33
1.0

100
90
10
1
1
1
10
varying
100
2.7
587
0.8
33
1.0

F
CF
n
WF
WD
WC

#/m
#/m
m
m
m

Table 3.6. Model input parameters for a typical fractured sandstone reservoir used in the
sensitivity analysis of bulk permeability on layering and discontinuities.
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Figure 3.33 - Sensitivity of permeability to different orientations of reservoir layers, damage
zone fractures, fault zones for input parameters given in Table 3.6 (case 1). Permeability in
northern direction is plotted, i.e. the average permeability along a horizontal vector oriented
N-S (v = 0, v = 0, diagrams on the left), or along different vectors in a (fractured) reservoir
(stereonets on the right). (a) Reservoir (matrix) permeability (M) for varying orientations of
reservoir layers, (b) damage zone permeability (D) for varying orientations of damage zone
fractures with a fracture density Fw = 50 #/m, (c) fault zone permeability (Z) for varying
orientations of the fault core with damage zone fractures dipping 30 to the North and an
average damage zone permeability calculated using Eq. (3-9). Reservoir layers are horizontal
with largest principle permeability in northern direction (M = 0, M = 0) in (b) and (c). Color
coding of permeability in stereonets according to legend (on the right).
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Figure 3.34. Profile of mean permeability for a typical sandstone reservoir and randomly
oriented fractures in the damage zone (case 2, Table 3.6). Mean permeability of matrix and
fault core is calculated using mean = (11 + 22 + 33)/3. The mean permeability of the damage
zone is related to damage zone fracture density (mean/Fw =10), and is described using an
exponential decay of fracture density with F = 2.7 (solid lines, cf. Faulkner et al., 2010) or
power law decay with n = 0.8 (dashed lines, cf. Savage and Brodsky, 2011) with increasing
distance (w) from the centre of the fault zone (Eq. (3-8).

3.5.3.3 Bulk permeability of fractured reservoirs
Fractured reservoirs generally exhibit one or more populations of faults and fractures. The model for
bulk permeability around fault zones can be used to describe the permeability of individual fault
zones or fractures in the populations. The contribution of a fault zone or fracture to bulk permeability
can be described if the dimensions (and hence volume fraction relative to total reservoir volume) are
known. Relations for the distribution of fault properties and dimensions can be used together with an
volume averaging approach (cf. Eq. (3-4) to describe the overall effect of multiple faults and fractures
on bulk permeability. The frequency distribution of fault properties and dimensions in a population of
faults is often observed to follow power law or lognormal distributions (Odling et al., 1999; Bonnet et
al., 2001; Torabi and Berg 2011). If a population of faults is analyzed for an area of observation (Ar)
crosscutting a fractured reservoir volume (Vr = XrYrZr), the number of faults of size T can be
described by considering the density or cumulative density function (e.g., Bonnet et al., 2001). If the
distribution of fault sizes is characterized by a power law distribution, the number of faults of size T
(nZ) or the cumulative number of faults with size greater than T (NZ) can be described by:
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N Zt ot  n  1
Tm1inn

n

n  1



(3-10)

N Zt ot
  n  1
Tm1inn ; N

(3-11)

where, within the framework of the current model, T can denote the fault length along strike (L) or
along dip (S), or fault core width (WC). NZtot is the total number of faults observed in Ar, and can be
calculated by taking T = Tmin in Eq. (3-11) with Tmin the minimum fault size that is observed or set as
a theoretical limit for faults that contribute significantly to bulk permeability. The volume fault zones
or fractures can be expressed as VZ = CZLZSZWD or VF = CFLFSFWF, respectively (with CZ and CF
constants that describe fault zone and fracture geometries, e.g., CF = 1 for rectangular and CF = 1/6
for ellipsoidal fault volumes). If multiple fault or fracture sets are present, they can be clustered
according to their orientation so that each orientation cluster  contains a number of faults or
fractures with different sizes but roughly similar orientations (described by the dip direction  and
dip ). The contribution of fault and fracture clusters to the bulk permeability in the reservoir can be
accounted for by defining cluster volumes (V) representing the cumulative volume of faults and
fractures in each cluster. If data on the number (NZ) and dimensions (LZ, SZ, W) of faults and
fractures in each cluster are available (for example from seismic surveys), the individual and total
volumes of N clusters can be expressed as:
NZ

NZ

n1

n1

V  VZ  Cn Ln SnWn

V 

T max

 nZ T VZ T dT

T mi n

N

Vto t  V

(3-12)

n1
N

Vto t  V

(3-13)

n1

with Tmin and Tmax lower and upper limits for fault sizes in each cluster. Overlap in limits on fault
and fracture sizes need to be accounted for in Eq. (3-13) as nZ(T) usually gives the number of faults
and fractures of size T in the total reservoir volume rather than in individual clusters. The bulk
permeability of Vr can be derived by volume averaging the contribution of all clusters (cf. Eq. (3-4):
N 
V KZ ij   Vto t

K B ij   n n   1 
 M ij
 Vr
 
Vr
n1




N

with Vt ot  V n
n 1

(3-14)

Different coordinate transformations (RG with  and  as Euler angles) are required for each cluster.
Data of fault properties from seismic characterization can be used with the fractured reservoir
permeability model to aid geothermal exploration by allowing the optimum injector-producer to be
selected based on modelled permeability (Ter Heege et al., 2016).

3.5.4 Performance of geothermal doublets in fractured reservoirs
The evolution of temperature and pressure for a geothermal doublet in a fractured reservoir has
been analysed using a semi-analytical model (DoubletCalc2D, Veldkamp et al., 2015). Pressure and
temperature evolution is modelled in an Eulerian reference framework following a similar approach
as adopted by Harbaugh (2005). Advective fluid velocities are derived from solving the Darcy flow
equation and used in the generalized heat to derive temperature evolution as described by the
following equations (Veldkamp et al., 2015):
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with pressure (P), temperature (T), time (t), advective fluid velocity ( v ), fluid density (f), reference
fluid density (0), fluid viscosity (f), the specific heat capacity (ct), storage capacity (cf), thermal
conductivity (kt), bulk permeability (b), fluid flow source term (Q), gravity acceleration (g).
The model calculates reservoir pressure and temperature resulting from injection and production of
water from 1 or more wells located within a regular 2D grid. The permeability of the grid is defined in
terms of principal permeabilities (ii and jj). Off-diagonal components of the permeability tensor are
zero.

0

0

j
i

Figure 3.35 - 2D regular grid used for modelling temperature and pressure evolution for a
permeability tensor with two principal permeabilities aligning with the grid (indicated on the
right).
Multiple fracture sets each exhibiting regular, parallel and equally-spaced fractures with
homogeneous aperture and permeability (KF) can be defined to describe a fractured reservoir. The
fracture sets are defined in a geographical (global) coordinate system (cf. Table 3.4). The bulk
permeability tensor (KB”’) is determined by combining the matrix permeability tensor (KM”’) with
fracture permeability (KF) in a coordinate system with axes parallel and perpendicular to the fractures.
The two principal permeabilities are calculated using Eqs. (3-2)-(3-3), i.e. KB11”’ = K* and KB22”’ = K||*.
Subsequent fracture sets are iteratively incorporated by combining the resulting bulk permeability
tensor with additional fracture permeability tensors in fracture-based coordinate systems (Table 3.7).
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Parameter

Unit

Value

grid size X
grid size Y
grid cells
cell thickness
X injector 1
Y injector 1
X producer 1
Y producer 1
X producer 2
Y producer 2
well diamater
well skin
well excess P
prod. flow rate
prod. temp.
inj. temp.
inj. flow rate
aquifer temp.
aquifer depth
porosity
net to gross
salinity
runtime

m
m
m
m
m
m
m
m
m
inch
bar
m3/h

5000
5000
100x100
100
2000
3000
3100
3000
2500
3300
7.0
0
30.0
-125.0
15
-1.0
250.0
85
1500
12
1.0
70000
40

C
C
m3/h
C
m
%
m
ppm
years
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Parameter

Unit

Value

M11’
KM22’

mD
mD

M (M = 0)
SF0
WF0


m

1.5
1.0
14
0.6
0.5
0.83
208.3
25
2.0
1.0
0.5
833.3
50
0.25
0.7
2.8
408.3
-35

Fw0=WF0/XF0
KF0
F0
SF1
WF1

m
m
D

m

Fw1=WF0/XF0
KF1
F1
SF2
WF2

m
m
D

m

Fw2=WF0/XF0
KF2

m
m
D

F2



* [mD]

11

12

21

22

M

’

M
M
M0”’
B0”’
B0
B2

1.5
1.47
1.48
1.48
4.6
66.6

0
-0.12
0.01
0.01
6.5
-26.6

0
-0.12
0.01
0.01
6.5
-26.6

1.0
1.03
1.02
18.4
15.3
109

14
0
25
25
0
0

B*

53.8

0

0

122

-25.7

Table 3.7 - Model input parameters for modelling grid, injector and producer wells and
reservoir (left table), matrix and three fracture sets (top right table), and permeability tensors
following from different steps to determine overall bulk permeability (B*). Note that the
coordinate system for B* is at an angle M = -25.7 to the geographical (global) coordinate
system, and that M = 0 indicates the global coordinate system.
The resulting 2D grid for KB* is indicated in Figure 3.36. The simulation shows that the three fracture
sets in the reservoir result in (1) anisotropic permeability (Table 3.7), (2) different timing for the onset
of temperature decrease in the two producing wells (Figure 3.37), and (3) asymmetric propagation
of the temperature and pressure front during doublet operation with lower temperatures at producing
well 2 compared to producing well 1 (Figure 3.38). It shows that fracture populations play an
important role in determining doublet performance over the lifetime of a geothermal well. A series of
model simulations can be performed to determine the optimum location of injectors and producers
in doublet systems, taking into account flow rates as well as temperature decrease at producers (i.e.
early cold water breakthrough). The modelling approach aids geothermal exploration if fracture sets
are based on fault populations derived from seismic characterization of geothermal reservoirs (Ter
Heege et al. 2016).
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Figure 3.36 - 2D grid associated with the final bulk permeability (B*, in dark blue) and three
fracture sets (in grey, orange and light blue, respectively) for the example simulation of the
evolution of pressure and temperature for the geothermal system and reservoir properties
indicated in Table 3.7.

Figure 3.37 - Temporal evolution of pressure, flow rate and temperature for the geothermal
system and reservoir properties indicated in Table 3.7 (1 step is equivalent to 1 year).
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Figure 3.38 - Spatial distribution of pressure and temperature for the geothermal system with
one injection and two production wells and reservoir properties indicated in Table 3.7.
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3.5.5 Permeability changes due to fluid injection in fractured reservoirs
A semi-analytical (MATLAB) model of a fractured reservoir with a synthetic natural fault network and
a power law distribution of fault lengths has been developed to (1) assess changes in permeability
of fractures and faults as a result from reactivation due to pore pressure changes, (2) explore the
possibility of using micro-seismic data to constrain permeability of stimulated fractured reservoirs. A
synthetic fault network was set up with fractures lengths following a power law distribution (cf. Eq.
(3-10) and a weighted probability of fracture locations controlling the spatial distribution (Figure 3.39).
To introduce natural fractures into a fractured reservoir was developed with a size range following a
power lar distribution and a weighted probability regarding their distribution in space. In outcrops, it
is often observed that large faults are not situated next to each other (Tchalenko 1970; Ouillon et al.,
1996; Kim et al., 2004). To acknowledge this observations, faults are sub divided into large, medium
and small faults and latin hypercube sampling (LHS) is used to ensure that the center of large and
medium sized faults are not situated next to each other. LHS “remembers” the location of the fault
centers and can be thought of as Monte Carlo sampling with memory. It ensures a significant
distance between fault centers. Circles are drawn around each fault and smaller faults were given a
50% chance of being randomly placed at a location in the circles surrounding large faults, a 25%
chance of being randomly placed at a location in the circle surrounding medium faults, and a 25%
chance of being randomly distributed within the reservoir.
Radial transient fluid flow was modelled by assuming the injector acts as a line source in an infinite
reservoir. Combining Darcy flow with the principle of mass conservation leads to (Dake 1978):

1   K f P 
P
r
 C f  f


r r   f
r 
t
with well radius (r), and reservoir porosity ().

a

(3-18)
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b

𝒗

Z direction (m)

Y direction (m)

X direction (m)

𝒙

c
Figure 3.39 - Synthetic fault network for the fractured reservoir model (map view). (a)
Randomly located faults with fault centres within the model space determined using the
Monte Carlo method. (b) Spatial distribution of fault centres with a weighted probability
depending on the length of neighbouring faults. The method leads to clustering of faults with
small faults preferentially located around larger faults (see text for explanation). (c) 3D fault
distribution used in the model simulations with preferred orientations of fault strikes C = 0 
10 and C = 90  10, and fault dips C = 50-80. Orientation of principal stresses are also
indicated.
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If a constant fluid viscosity and compressibility is assumed and higher order pressure derivatives are
neglected, the evolution of pressure with time at radius r can be described by:

 f C f r 2
e s
x

Pr ,t   Pi 
ds with
4 Kt
4KH  s
Q f

x

(3-19)

For anisotropic permeability due to a fracture network with a preferred orientation of fracture strike,
a scaling method can be applied to Eq. (3-19), yielding:

 f C f r' 2
es
Pr' ,t   Pi 
ds with x 
and
4t
4Keff H  s
Q f

r' 

x

x' 2  y' 2 

x2
y2

Kx Ky

(3-20)

where anisotropy of the progressing pressure front is described by dimensionless radius r’ and upper
integral bound x. Permeability is calculated from the synthetic fault network using a volume averaging
method (cf. Eq. (3-4 and (3-14). Simulations of pressure evolution for specific input parameters are
indicated in

Figure 3.40 - Pressure distribution for transient flow conditions after 100 hours and after 1000
hours for and isotropic permeability (= 50 mD) and after 1 hour and after 100 hours for
anisotropic permeability (11=10 mD, 22 =50 mD). Q =0.0007 m3/s , f =0.001 Pa.s, φ=0.30,
Pi=0 Pa, Cf =14.7e-10 Pa-1, H=60 m.
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Fluid injection in fractured reservoirs can lead to the initiation of tensile (mode I) fractures and/or the
reactivation of shear (mode II) fractures (or hybrid forms, Fischer and Guest 2011). If existing
fractures at critical orientations within the prevailing stress state are present, rising pore pressure
due to fluid injection may reduce effective stresses and cause fault and fracture reactivation (Figure
3.41).

Mohr-Coulomb failure criterion
total stress state (far field stresses)
effective stress state before injection
effective stress state after injection
stable fault orientations before injection
stable fault orientations after injection
critically-stressed orientations after injection (friction 0.6)
critically-stressed orientation before injection (friction 0.44)
tensile failure (hydraulic fracture initiation)

0.4

t/Sv

0.3

i = 1.0

w = 1.0

w = 0.6

w = 0.44

0.2

-Pp

0.1S
i

-0.1

Sw
0
0

T

0.1

2*inj 0.2
'hmin

0.3

2*ini 0.4

'Hmax

0.5

'v

0.6

0.7

0.8

Shmin

SHmax

0.9

1

n/Sv

Sv

Figure 3.41 - Schematic Mohr circle diagram showing the potential effects of fluid injection
during hydraulic fracturing on the local stress state for a normal faulting regime. For the initial
stress state before injection, the effective stresses (’1 = ’2 = ’v, ’3 = ’Hmax, ’hmin, thin black
lines) driving deformation are determined by the total stresses (Sv, SHmax, Shmin, thick black
lines), pore pressure (Pp) and the poroelastic behavior of the rock described by the Biot
coefficient (). In this example, different Mohr failure criterion for fault and fracture
reactivation are indicated (red lines) with similar cohesion (Sw) and different friction
coefficients (w), assuming existing natural faults and fractures form planes of weakness
(Fjaer et al., 2008). A Mohr failure criterion for intact rock with cohesion (Si) and internal
friction coefficient (i) is also indicated. Some fractures may be critically-stressed at initial
stress conditions (red/black dot) due to a relatively low friction coefficient ( w = 0.44 in this
example) and a critical orientation (at angle *ini to v’), and will be reactivated even for small
variations in pore pressure at the start of injection. The critical angle * is related to the friction
angle w = arctan(w), i.e. * = 45  w/2. Other fracture orientations (black dots) will be stable
at initial stress conditions. During injection, effective stresses (in green) will be reduced, and
the range of critical fracture orientations (*inj) becomes larger and fractures with higher
friction coefficient (w = 0.6 in this example) can become critically-stressed and may be
reactivated (red/green dots). Due to the poroelastic behavior of the rock the decrease of ’hmin
is less than the decrease of ’v for increasing pore pressure, resulting in a small decrease of
the Mohr circles during injection (mainly determined by the Poisson ratio ). If existing
fractures at critical orientations within the prevailing stress state are absent or not
hydraulically connected to the injection point, effective stresses may be reduced due to rising
pore pressure until the minimum horizontal stress (’hmin) reaches the tensile rock strength
(T). At this pressure, hydraulic fractures will initiate and continue to open and grow as long
as ’hmin = -T0.
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The pore pressure required to reactivate faults and fractures can be determined by considering shear
failure of existing faults and fractures that act as planes of weakness in a fractured reservoir. Shear
failure of faults and fractures can be described by the Mohr-Coulomb failure criterion (Figure 3.41):

t  S 0   w n'

(3-21)

with shear stress (t), cohesion (c0), friction coefficient of the plane of weakness (w) and effective
normal stress (n’ = n - Pp with n indicating the total normal stress and Pp pore pressure). A method
comparable to that outlined by Fang et al., (2017) was used to determine seismic moments (M0)
resulting from seismic slip along faults and fractures. This method assumes that stress drops
associated with seismic fault slip are related to a drop in friction coefficient ( = w - s with s the
coefficient of frictional sliding), and uses conventional relations between stress drop, displacement,
rupture area, fracture stiffness and seismic moment. The results of a simulation for a reservoir a low
matrix permeability (e.g., crystalline rock) are summarized in Figure 3.42.
Base case
Power law distribution
𝛽𝑛

2

Max fault length

30 m

Min fault length

10 m

Number of faults

100

Ratio Shmin / Sv

0.63

Reservoir parameters

Pore pressure (MPa)

30

Injection induced pore pressure
increase (MPa)

15

Seismic moment - displacement
Change in friction coefficient

0.2

Permeability

𝑚
Shear modulus

0.2
3e11

Figure 3.42 - Simulation of fault reactivation and associated seismic moment distribution due
to fluid injection in a hypothetical fractured reservoir with low matrix permeability and a
power law distribution of fault length. Note that changes in fault permeability are related to
seismic moment by considering changes in normal and shear aperture analogous to stresscontrolled fracture opening (Fang et al., 2017).
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The results show a spatial distribution of induced seismicity and Gutenberg-Richter type relation
between the frequency and magnitude of seismic events. The semi-analytical (fast) models allow
running an extensive series of simulations for different input parameters. Accordingly, reservoir and
fault/fracture properties can be constrained by comparing of the spatial distribution of hypocentres
of seismic events and (a- and b-) parameters describing the linear seismic magnitude-frequency
relations between model simulations and actual micro-seismic data.

3.5.6 Summary & conclusions
The main work and conclusions can be summarized as follows:
• An analytical 3D permeability model have been developed that describe the permeability of
fault zones using 3D permeability tensors for intact layered reservoir (matrix), damage zone
and fault core. The models are used to outline a graphical method that aid geothermal
exploration by providing a tool for choosing the optimum orientation of injector-producer around
major fault zones that result in optimum permeability and geothermal performance while
preventing cold water breakthrough.
• The fault zone permeability model is extended to a fractured reservoir permeability model that
includes populations of faults and fractures with a power law distribution of fault sizes. The
model can be used together with data on fault sizes and generic data on fault properties to
constrain anisotropic bulk permeability in fractured reservoirs. The model aids geothermal
exploration in fractured reservoirs if used in conjunction with the tool for choosing optimum
injector-producer orientations based on permeability.
• The effect of fault and fracture sets on the pressure and temperature evolution for a geothermal
system consisting of an injector and two producers in a fractured reservoir is tested using an
existing semi-analytical modelling package (DoubletCalc2D), specifically focussing on the
timing of temperature decrease at producers. The simulation illustrate the importance of upfront
characterization of fault and fracture populations in obtaining optimum designs of geothermal
systems in fractured reservoirs.
• A semi-analytical model of a fractured reservoir with a synthetic natural fault network and a
power law distribution of fault lengths has been developed to (1) assess changes in
permeability of fractures and faults as a result from reactivation due to pore pressure changes,
(2) explore the possibility of using micro-seismic data to constrain permeability of stimulated
fractured reservoirs. The model can be used to aid exploration if seismicity data is available by
constraining reservoir and fault/fracture properties using comparison of spatial distribution of
induced seismicity and Gutenberg-Richter relation between the frequency and magnitude of
seismic events.
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