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Introduction & summary 
This document gives a synthesis and a combination of all the research done in the subproject SP3 
dedicated to the sedimentary basins and their basement. The goal is to show the main 
achievements and advancements of the most relevant exploration methods in this context and how 
to combine them to build performant thermal, hydraulically and mechanical models, which allow to 
identify the best geothermal target. Based on that, we propose a consistent and integrated 
geothermal exploration workflow from an European scale to a local one. 
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1 Introduction 
 
 

The significant growth in electricity generation, but also for heat production, from geothermal 
energy has occurred worldwide in recent years (Bertani, 2016) and enhances the potential of 
geothermal energy in the energy mix. Therefore, the high-risk cost of drilling to confirm the 
existence of a viable geothermal resource remains one of the key challenges facing the industry. 

For the various countries, and particularly in Europe, no magmatic resources are present and 
geothermal power production from basement and sedimentary contexts is a valuable local source 
of energy, produced near the consumers who may also be interested in the co-produced heat. In 
addition, resources with a lower temperature can now be valorized with a better energy efficiency 
than before, thanks to the improvement of binary cycles for electricity production. 

Contrary to volcanic contexts, which are mainly located in the Islands, lots of human activities are 
present in the basins in Europe. This is an advantage in terms of final consumers but also a 
disadvantage in terms of exploration works. Besides the social acceptance aspect, some of usual 
geophysical measurements can be disturbed by noise caused by industrial activity, road traffic, 
railways or electric fences. However, certain methods, as ambient noise interferometry, could use 
the human activity as source. 

Another particularity of sedimentary basin context is the blind geothermal resource. Generally, a 
normal geothermal gradient (30°C/km) occurs and the temperature targeted is between 120°C and 
200°C. This temperature range is then reached between 4 and 6 km depth and corresponds to the 
deep layers of the sedimentary basins and the upper part of the basement. At this great depth, the 
main challenge is to find the presence of fluid, which is the main vector of the heat, and a sufficient 
permeability to allow economical production of this fluid. The different types of resources that can 
be nowadays successfully harnessed are unclear due to the lack of a significant number of running 
operation in this geological context. Therefore, firstly, we need to identify the geological key 
situations (type of lithology, type of fault network, stress field…) which characterize the best place 
for geothermal fluid extraction. And, secondly, we need to develop methods to identify this type of 
reservoir at great depth and in a noisy environment. 

The purpose of this integrative exploration method is to cost-effectively collect new geoscientific 
data to minimize uncertainty related to estimates of key reservoir parameters (temperature, depth, 
extent, permeability, etc.) prior to drilling. Exploration may start at a large scale and progressively 
focus on smaller target areas as data reveal the most attractive locations. In our exploration 
workflow, we use or develop high performance numerical hydraulically, thermal and mechanical 
models at the different scales in order to, firstly, determine the boundary conditions of the smaller 
scale models, and, secondly, identify the best hydraulic transmissivity zones. These models are 
based on data from surface, sub-surface and wells, if they already exist, using geological, 
geochemical, and geophysical methods. 

This report specifically addresses the exploration phase of geothermal resources in a sedimentary 
basin context for power generation or industrial heat production by limiting to the scientific and 
technical aspects. The awareness issues and legal aspects, which are a fully part of the first 
phases of a geothermal development process, were not treated in this project.  

Following the description of the geological sedimentary basin and basement context, we present 
different technical methods for geothermal exploration but without providing a comprehensive list, 
that can be found e.g. in the IGA report (2014). The goal is to show the main achievements and 
advancements of the most relevant exploration methods in a sedimentary basin context and how to 
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combine them to build performant thermal, hydraulically and mechanical models, which allow to 
identify the best geothermal target. These methods have been applied on different sites, namely 
brown sites and green following their previous knowledge level (IMAGE deliverable D8.02). Based 
on that, we propose a consistent and integrated geothermal exploration workflow from an 
European scale to a local one. 
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2 Sedimentary basin context 
Traditionally dedicated to volcanic regions, geothermal power generation is now also being 
developed in nonmagmatic areas. This is the case of the continental sedimentary basins, which 
host important resources such as drinking water, oil and gas, and also concentrate human 
activities and thus the electric power market.  

In Europe, three main types of basins exist in relation to the geodynamic setting (Figure 1): 

- Intracontinental basins, due to sedimentary load-induced and thermal subsidence. This is for 
example the Paris Basin (Figure 2-A) and the North German Basin; 

- Rift basins, due to the tectonic stretching and thinning of the continental crust. This is the case in 
the European Cenozoic Rift System, which includes for example the Rhine graben (Figure 2-B) 
and the Eger graben; 

- The foreland and forearc basins, linked to a compressive tectonic setting and crustal load-
induced subsidence. In Europe, the Molasse basin (Figure 2-C) is a foreland basin and the 
Pannonian basin is a forearc basin, both related to Alpine tectonics. 

 

Figure 1 – Litho-structural map of Europe (Genter, 2004). In light blue, the flexural basins; in 
yellow, the rift basins; in light brown, the foreland and forarc basins. 
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A  
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C  

Figure 2 – Schematic cross-sections of the Paris bassin (A), the Rhine graben (B) and the 
Molasse basin (C). 
 
Many basins are well-known in terms of geology due to oil and gas exploration activities. In some 
cases, such hydrocarbon exploration campaigns provide valuable information, but they also have 
their limitations, notably if the well and geophysical data do not include the basement and reach a 
sufficient depth in the sedimentary layers. Moreover, typically information is limited to the places 
where these kinds of resources have been explored, which does not necessarily correspond to the 
best areas of interest in terms of geothermal power production. 

Nowadays, the exploitation of temperatures between 120°C and 200°C for electricity production is 
possible because of the improvement of binary power plant productivities and the development of 
the enhanced geothermal system (EGS) technology targeting on an improved permeability of the 
rock mass. To exploit this temperature range from less favorable areas is a major issue for Europe, 
where such regions of moderate to low geothermal gradients prevail (Figure 3).  
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Figure 3 – Temperature map in Europe at 5 km depth (from Hurtig et al., 1992 in Genter et al., 
2003). 
 

For an average thermal gradient (30°C/km), sufficient temperatures are reached between 4 and 6 
km. This implies that the temperature range of 120-200°C is situated within deeper sedimentary 
layers (more or less permeable hot sedimentary aquifers, HSA) or the upper part of the basement. 

Sedimentary basins usually are characterized by the complex interaction of different heat transfer 
processes (conductive, forced and free convective) . Rift basinsare hydraulically controlled by 
complex fault systems so that convection contributes significantle to heat transfer (Moeck, 2014). 
On the contrary, in the flexural and foreland basins, heat transfer is mainly conductive (Moeck, 
2014). In general, conductive heat transport is overprinted by additional convective influences. 
Fluid convection  and thus a certain degree of rock permeability are essential for tapping the 
geothermal fluid. In the basins, pre-existing natural fractures play a key role in this fluid flow, but 
natural mechanisms controlling the hydraulic performance of these fractures are not well 
understood, which hamper prediction of expected flow rates prior to drilling. 

Generally, in the sedimentary basins, two types of resources exist and co-exist, namely HSA for 
Hot Sedimentary Aquifers and EGS for Enhanced Geothermal Systems (Figure 4). The HSA 
resources consist of hot water in layers of rock that easily allow the water to flow through them, 
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called aquifers, typically sandstone layers in sedimentary basins. Conduction is the main form of 
heat transport in these systems, although advection and convection are likely to be a contributor in 
some resources. HSA are reservoirs that contain hot water and high permeabilities. The concept 
for HSA usage is that permeabilities and the volume of water in the reservoir are sufficient to allow 
fluid extraction at high flow rates without any need for enhancement (Huddlestone-Homes and 
Russel, 2012). EGS resources are typically related to the deeper crust, i.e. crystalline rocks, but 
not only, that do not naturally have high permeability. In this case, the flow transmissivity needs to 
be enhanced by any engineering way (hydraulic, thermal, chemical stimulation, well design…). 

 
Figure 4 – Schematic geologic settings and related geothermal energy resource types in a 
sedimentary basin (Huddlestone-Homes and Russel, 2012). 
 
In the European basins, some geothermal operations already exploit the different types of 
reservoirs to produce heat or electricity or a combination of both (Figure 5; Table 1). Some projects 
such as Soultz, Landau, Basel and Traunreut have revealed a significant number of surprises. 
Soultz (France – Upper Rhine Graben) and Traunreut (Germany-Molasse Basin) encountered 
much (up to 25%) lower temperatures than expected from predictive models that were constrained 
by well data. For both settings, it appears that advective fluid flow plays a dominant role in 
distributing heat. Detailed studies on Soultz and Basel clearly demonstrate that pre-existing natural 
fractures play a key role in the flow performance of the heat exchangers (Gentier et al., 2010).  
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Figure 5 – Schematic of geothermal reservoirs (modified from Budd et al., 2015). 1: 
sediment/basement fractured interface; 2: faults within HAS; 3: EGS in basement; 4: HAS. 
 
 
 
 
 

 
Table 1 – Some European geothermal projects in sedimentary basins. Columns 1, 2, 3 and 4 
refer to Figure 5. RG: Rhine graben, MB: Molasse basin, NGB: North German basin. 
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Soultz RG 5000 200 15 x

Landau RG 3000 160 50-70 x x

Insheim RG 3600 165 50-80 x x

Rittershoffen RG 2700 177 70-80 x x

Bruchsal RG 2500 134 25 x

Riehen RG 1550 66 18 x

Basel RG 4680 174 x

Unterhaching MB 3350 123 150 x

Taufkirchen MB 3700 135 120 x

Sauerlach MB 4500 140 110 x

Traunreut MB 5000 116 135 x

Groß Schönebeck NGB 4300 150 14 x
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The exploration of these types of reservoirs in the sedimentary basins need then to define what we 
are looking for, firstly, in terms of parameters (namely key parameters) and, secondly, in terms of 
geological context (namely key situations). 

Three key parameters have to be taken into account: 
- Temperature: the highest temperature at the shallowest depth will be targeted, i. e. at least 

120°C-140°C at economically drillable depth; 
- Permeability: the highest natural permeability from porosity (primary permeability) and/or 

fractures (secondary permeability). This permeability could be enhanced and then the 
fracture network in relation to the stress field should be taken into account; 

- Reservoir sustainability: the renewable volume of brines and recharge waters should allow 
the sustainability of the production. 

The key situations bear greatest potential to have these key parameters in the same place, i.e. 
sufficient temperature and flow at an economically viable drilling depth to minimize the subsequent 
potential risks for geothermal exploitation. The understanding of such key situations and their 
parameter interactions will help to develop guides for the exploration methodology to be chosen; in 
particular, the exploration methods (such as geophysical measurements) will be constrained by 
defining objects that have to be identified (constraint on the method) and their size (resolution 
constraint). Two kinds of factors enable the geothermal exploitation (IMAGE deliverable D6.02):  

- Heat factor: patterns that provide a positive heat anomaly, i.e. that result in having higher 
temperature at one given depth than in a classic situation of normal geothermal gradient;  

- Fluid factor: patterns that enable fluid flow and that may be favorable to expect final 
sufficient flow (after enhanced processes) for a viable exploitation.  

Elementary situations can be related to lithology, structural geology, thermal field, fluid content and 
stress state. The heat key situations are patterns that suggest a positive heat anomaly. Four main 
patterns were reviewed: 

- Intrusive bodies of rock - Heat anomaly is due to the radioactive decay of 238U, 235U, 40K, 
and 232Th within plutonic rocks. Hence, the amplitude of the anomaly is controlled by the 
chemical type of the rock (related to the degree of fractionation) and the volume of the 
intrusive body (Richardson & Oxburgh, 1979) 

- Thermal blanket - Due to their high non-connected porosities and resulting low thermal 
conductivity and permeability, the thermally low-conductive sediments act as a thermal 
blanket, causing heat storage in the basin. The blanketing effect of sedimentation on crustal 
heat flow is largest for high sedimentation rates and sediments with low thermal 
conductivities. The amplitude of the heat anomaly depends on the rock nature, the rock 
mass structure and associated properties (thermal conductivity), the thickness of the 
blanket and its shape (Cacace , 2010, Theissen and Rüpke, 2009, Van Wees , 2009).  

- Forced convective heat transfer - fluid flow due to pressure gradients transports the heat 
from high pressure areas to low pressure areas. This process depends on the hydraulic 
regime and permeability contrasts. 

- Free convective heat transfer - Convection cells (liquids, gas…) develop when the warmer 
and less dense fluid rises while the cooler fluid sink down. It results in homogenizing the 
temperature profile (small gradient of temperature). The heat anomaly amplitude depends 
on the physical situation that enables the fluid motion (temperature contrasts), and on the 
fluid properties (e.g. viscosity). 

Fluid flow mainly depends on the bulk permeability of a rock mass that is the result of three main 

components (Rowland & Sibson, 2004):  

- the intrinsic bulk permeability of the lithologic units; 

- the anisotropy inherited from rock layering and existing fracture sets;  
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- recent structural components locally affecting the permeability, including faults, fractures 
and dikes.  

Whereas the bulk permeability of sedimentary layers depends of the rock nature, it appears 
generally that they have lower vertical than horizontal permeability. Therefore, the permeability 
anisotropy stemming from sedimentary processes favors lateral flow in high permeability levels. In 
less porous formations, as for example highly cemented deeper sandstones and granitoïds, 
discontinuities within a rock mass, faults or dikes could act as barriers, conduits or combined 
conduits-barriers depending on the size of the potential low-permeability fault core and the size of 
the damage zone (Caine; 1996). The permeability of a fault zone, both in-plane and perpendicular 
to the plane (across-fault) is governed both by the permeability of the individual fault 
rocks/fractures, their shale content and thus their fracture or fault sealing potential and, critically, by 
their geometric architecture in three dimensions (Faulkner et al., 2010).  

Faults affect the permeability in the way that they form complex patterns including fault 
intersections, dilational jogs, relay ramp, fault tips, etc (detail in IMAGE Deliverable D6.01; Faulds 
et al., 2011; Figure 6). 

 

Figure 6 - Characteristic structural settings for geothermal systems in the Great Basin 
region. C. Fault tip or fault terminations. D. Relay ramp. E. Fault intersection (From Faulds 
and Hinz, 2015). Numbers indicate the percent of geothermal operation in each context in 
the Great Basin (USA). 
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Fluid flow is also closely linked to local stress state as low stress areas favours flow. Fluids 
migration in response to mean stress gradients will tend to flow normal to the mean stress 
contours. The steeper the gradient the greater will be the impetus for fluid migration. Thus, the 
greatest volumes of fluid will migrate to any sink or reservoir along the steepest gradients. The 
most favorable sites for fluid accumulation will occur where closed minima of mean stress contours 
develop (Connoly and Cosgrove, 1999). 
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3 New achievements of exploration methods 
In order to better define the best place for geothermal exploitation in a sedimentary basin context, 
new knowledge has been achieved, new data have been collected and multiple exploration 
methods have been improved. 

The main achievements are summarized here, whereas single developments are presented in 
detail in the different deliverables of the IMAGE project. 

3.1 Knowledges and data acquisitions 
 

3.1.1 Active seismic 

For details, see IMAGE milestone MS71 
Controlled-source seismic imaging is the geophysical method providing the highest resolution with 
respect to depth penetration usually used in the oil and gas exploration. In de-risking geothermal 
plays, there is great need for the use of controlled-source seismic data to characterize and 
estimate geothermal reservoir properties and the 3D structure of the reservoirs and fault systems. 

However, active-seismic investigations are very expensive for the young geothermal industry and 
often existing data were re-interpreted for geothermal exploration. In many European sedimentary 
basins, comprehensive oil and gas exploration has been performed in the 60’s and the 70’s, and 
numerous 2D vintage seismic data are now available free of charge or at low cost depending on 
the countries. 

Another promising seismic-exploration technique is the seismic downhole method, Vertical Seismic 
Profiling (VSP), which allows the detection of faults, fractures and other heterogeneities around 
well as well as characterizing petrophysical properties such as seismic anisotropy, which allows 
inferring on fracture orientation. As these types of structures are the main target for geothermal 
exploitation in the sedimentary basins, the sparsely used VSP technique should be further 
developed using previous wells if available (Reiser et al., 2016). 

3.1.1.1  NLM algorithm development (TNO) 

For details, see IMAGE deliverable D7.01. 
Acquisition, processing and interpretation of seismic data is often a costly affair, hence the desire 
for low-cost exploration. A large step was taken into the development of new active seismic 
processing technology to achieve decreased exploration costs (Figure 7).  
 
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 neighbouring samples having similar Gaussian neighbourhoods 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. 
The following incremental innovations were achieved: 

1) A new continuity enhancing, edge preserving seismic denoising algorithm was developed 

and applied for re-processing vintage seismic data in an ultra-deep geothermal case. The 

Non Local Means (NLM) algorithm is suitable for any type of seismic data, 

2) Semi-automated horizon interpretations were enhanced by the use on the NLM re-

processed vintage seismic data, 
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3) Semi-automated fault interpretation, extraction and internal scaling relations were 

developed and applied to the NLM re-processed vintage seismic data. 

 

Figure 7 - NLM reprocessing and re-interpretation workflow 
 
The re-processing and automated horizon and fault interpretation on vintage 2D and 3D seismic 
data renewed the vintage data to such a high level that industry standards were achieved (Figure 
8). As such, the ultra-deep geothermal case was de-risked significantly at a fraction of the costs 
associated with new data acquisition or raw data prestack reprocessing (Capentier et al., 2016). 
Low cost exploration has made a major step forward with these results. 

  

Figure 8 – Example of 3D seismic volume of Friesland Ultra Deep Geothermal province. Left: 
Timeslice through original coherency 3D seismic volume. Note the black-red noise clouds 
where faults and horizons are masked by noise. Right: 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 NLM re-processing algorithm developed is in fact so general, that it can be applied to any 
seismic data (2D, 3D, poststack, prestack, land, marine) and for that matter, any type of 
gridded/matrix/vector data. A test of the NLM algorithm on satellite images revealed that surfacing 
faults can be enhanced and isolated. 

3.1.1.2 Vertical Seismic Profiling (ETHZ) 

For details, see IMAGE deliverable D7.01. 
Vertical seismic profiling (VSP) has the advantage that the method suffers less from absorption 
and attenuation since seismic waves travel shorter paths and pass only once trough the highly 
heterogeneous and absorbing shallow subsurface zone compared to surface seismic 
measurements (Schmelzbach et al. 2016). Due to the lack of previous data in a sedimentary basin 
context, the applicability and limitations of VSP for geothermal exploration to map the subsurface in 
complex hardrock environment were tested on data from the first VSP acquired in Iceland at the 
Krafla geothermal system (Reiser et al., 2017 a and b). Even though the Krafla data sets were 
acquired in a volcanic environment, the adaptation of the developed workflows to other 
environments is straightforward. 

A workflow was established to construct subsurface geophysical model based on first-arrival 
traveltime inversion and seismic-reflection processing. In case of the Krafla VPS data, the 
geophysical model reveals the main lithological units that can be linked to existing geological 
models and can serve as a basis for further studies in the area (Figure 9). Even though the 
workflow was tailored to the field study in Iceland, the approach can also be used in the context of 
sedimentary or basement environments. 

 

Figure 9 - Illustration the workflow to process VSP data proposed in Reiser et al. (2017). 
(Left) Example raw VSP data (zero-offset data from borehole K-18) with picked P-wave first-
arrival times overlaid. (Middle) Traveltime inversion result showing the velocity model 
derived from the inversion of data from six shots (red dots) recorded by receivers in 
boreholes K-26 and and K-18. (Right) Composite geophysical model based on the velocity 
tomogram shown in the middle as well as petrophysical and geological data. Most 
interfaces coincide with reflections extracted from the waveform data (not shown). Colorbar 
to the right applies to both the tomogram in the middle as well as the composite model to 
the right. 
 
A survey-design procedure was established to optimize the design of VSP experiments as well as 
the processing of VSP data for geothermal exploration. Our new survey optimization workflow 
provides optimal survey layouts in terms of ideal source locations and number of sources. The 
survey design workflow was especially tailored to the geothermal context with focus on fracture 
zone imaging in hardrock basement environment. However, the procedure is flexible in that it is 
applicable to any geological environment, different targets, and borehole layouts.  
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For our test case, we observe that the optimal survey layout strongly depends on the fracture zone 
dip and position. Therefore, à priori information on geological structures are essential for a 
successful survey optimization. It is reasonable to assume that geological information on the 
subsurface is available from previous surface seismic data and/or existing boreholes at the stage 
in geothermal exploration when VSP surveys typically are carried out. For example, the optimized 
experimental design will allow for the cost-effective acquisition of target-oriented VSP’s to plan the 
placing of additional production boreholes at already established geothermal sites. 

 

3.1.2 Passive seismic (TNO, BRGM, ETHZ) 

For details, see IMAGE deliverable D7.02, D7.07 and D8.02. 
Seismic exploration typically measures signals originating from a carefully constructed seismic 
source. If the same results can be accomplished without requiring a man-made source, but rather 
relying on randomly distributed ambient noise signals, significant cost reductions are possible. The 
main goal of this passive seismic data study was to determine, for a sedimentary environment, the 
value of information from passive noise data of interest for geothermal exploration.  

For this purpose, a passive seismic data set was acquired that consists of noise recordings along a 
linear array (‘spread’) of vertical geophones. More specifically, the objective was to: 

1. Efficiently retrieve near-surface shear wave velocity profiles from ambient seismic noise. 
Shear wave velocities allow for computation of rock properties that are key factors in e.g. 
building-construction as well as in mining, drilling and reservoir production activities. 
Surface wave signals are extracted from passive seismic data through the process of 
‘ambient noise seismic interferometry’ (ANSI). This involves cross-correlating the signal 
responses recorded with a line of receivers in order to make virtual source gathers (Figure 
10). Surface wave components with different wavelengths will travel at different speeds and 
disperse. Dispersion curves were generated from the ANSI-derived surface waves and 
inverted using a neighborhood algorithm. The resulting shear wave velocity profiles were 
successfully linked to formation transition depths from borehole data (Haeringen, 2017). 

2. Retrieve reflections from the deep subsurface using ANSI-autocorrelations and/or ANSI-
cross-correlations. Deep (1-2 km) reflections were indeed retrieved from auto-correlations 
and successfully linked with deep reflections from active vintage seismic data. 
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Figure 10 – Improved near surface determination with Ambient Noise Interferomery. 
 

Another passive seismic acquisition was acquired in an array layout of geophones close to a big 
town (Strasbourg), i.e. in a very noisy environment usually met in the European sedimentary basin. 
Based on this acquisition test, two approaches were simultaneously undertaken in order to detect 
the subsurface sedimentary structures and particularly in this case the interface between the 
sedimentary filling and the Hercynian basement at great depth:  

1. A joint inversion of group speed of Rayleigh waves obtained through long-range noise 
correlation and H/V curves associated with the main site effect was attempted in order to 
get the depth of the sediment-bedrock interface. H/V measurements were shown to exhibit 
strong peaks for sedimentary basins, the frequency of these peaks is linked to the speed in 
the sediment layers and the depth of the sediment/bedrock interface; with a good 
knowledge of the seismic wave speeds aforementioned, the interface depth more can be 
computed precisely as shown in Figure 11. Strasbourg case study showed that the 
interface depth can be determined with 10% error or less: future deep geothermal projects 
can therefore have a correct depth estimate in order to estimate the drilling tools needed 
and their associated cost. As H/V measurements are done on single points, this method is 
highly scalable for the covered area and the point density, does not need a large recording 
time in itself (long recording times may be needed in order to get enough data for a good 
estimate of the sediment speeds) and does not generate any disturbance for local 
population and activity. 

2. The possibility to compute receiver functions from teleseismic events recorded in an urban 
area was tested. The Receiver Function (RF) method is a classical technique for studying 
discontinuities beneath seismic stations, particularly for imaging deeper interfaces (e.g., 
moho), by using teleseismic (i.e. angular distance from 30 to 90°) records of earthquakes 
waveforms. Whereas this method is often focused on tectonic and geodynamic questions 
on regional scales of a few hundred square kilometers, few recent applications showed that 
RFs may provide information on shallow structure (e.g. depth <10 km), adapting RF 
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methodology to higher frequency range, leading to finer resolution (Licciardi and 
Agostinetti; 2014). Similar promising indications have also been observed in the results 
from the current study. Despite the relatively low-frequency range of teleseismic body 
waves and the limitations associated with the acquired data, the frequency content of the 
estimated RFs was observed to be as high as 5 Hz. 

Both methods are susceptible to site effects, which are the case for the geothermal sedimentary, 
and to very noisy recorded data, but this approach can therefore bring useful estimates for the 
target interface with a low cost in less known sites. 

 

Figure 11 - Results of the inversion 1) of the Rayleigh group dispersion curve (left) 2) of H/V 
and Rayleigh group dispersion curve (right), both with same parameters. For each inversion, 
several models were defined and their closeness to observed data was calculated. On the 
left, several models with widely different bedrock interfaces are equally close to the 
Rayleigh group speed observation alone ; on the right, there is a clear distinction between 
models brought by the H/V observation, allowing us to define the bedrock interface with a 
reasonable precision. 
 
Ambient noise cross-correlation can also use the seismic monitoring of the injection phases in a 
well, if these data are available in a site (Hiller et al, 2015; Obermann et al., 2015). The case 
studies show that ambient noise correlations can be used to assess the aseismic response of the 
subsurface to geomechanical well operations, yielding additional important information on the 
reservoir dynamics (Figure 12). 
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Figure 12 - Testcase St.Gallen : Observed waveform coherence for the indicated station 
pairs: (a) close to the injections and (b) further away from the injections. The vertical lines 
in the CC plots mark the injection tests, the gas kick and the ML3.5 earthquake. 
 

The passive seismic is a promising method for geothermal exploration, since the acquisition means 
very low costs and is not very difficult to perform, while bringing different kinds of information for 
geothermal exploration and reservoir understanding. However, this data does not provide a precise 
imaging to better locate faults, for example. A step in that direction would be the creation of a new 
seismic data set with a broad spectral content by combining active and passive recordings. How 
this should be done precisely, is not known yet, and should be investigated in future studies. 
Currently, the subsurface images produced from active and passive data are combined, not the 
data themselves. The geometry of the network of seismic stations needs to be well adapted to the 
application method. The installation of the stations should also ensure a better insulation from the 
anthropogenic noise and the duration of the experiment should be long enough (at least a year) to 
acquire a good volume of recordings, such as the teleseismics for RF application method. Overall, 
good quality data from more events is suggested to be added to improve the resolution of the 
results.  
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3.1.3 Resistivity Methods (BRGM) 

For details, see IMAGE deliverable D7.04. 
Resistivity inversion is a geophysical technique usually used in geothermal exploration. However, 
this method is rather performed in volcanic contexts where the geothermal reservoirs are shallow 
and the resistivity contrasts are significant. In sedimentary basin contexts, the target is deeper and 
also lots of urban noises are present, as power lines or rail trains. A 3D Controlled Source (CSEM) 
method has been successfully applied for the first time in this context and a modelling code has 
been developed to increase our knowledge on the physics and methods on how to apply this 
technique for geothermal exploration. 

In urban areas, frequent in sedimentary basins, power lines, rail ways and other noises disturb the 
electric signal. To avoid these interferences, the controlled source method has been choose to be 
tested and improved. In an older well, the use of borehole casing as a CSEM transmitter (Long 
Electrode Mise-A-la-Masse, LEMAM) allows to increase current density at the targeted reservoir 
depth. At surface, a 3D CSEM modelling code has been developed to increase our knowledge on 
the physics and methods on how to apply this technique for geothermal exploration (Bretaudeau et 
al., 2016). Therefore, we demonstrated that the CSEM method can be successfully applied in 
highly urbanized areas to map deep resistivity variations where conventional methods (e.g. 
Magneto-Telluric, Electric soundings) are not cost-effective or can even fail (Darnet el al., 2016). 
However, despite the use of a powerful transmitters, the level of EM noise still limits the depth of 
investigation of the CSEM method in sedimentary basins to 2/3km, whereas the geothermal target 
is rather at 4/6km depth (Figure 13). Thus, it appears that more powerful transmitters (e.g. KMS, 
Schlumberger) and/or the use of downhole transmitters (e.g. Schlumberger) are required. 
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Figure 13 - Top left: CSEM survey area near Strasbourg in the Upper Rhine Graben as part 
of the IMAGE work package on the application of exploration techniques in sedimentary 
basins. Top right: Principle of CSEM soundings: a grid of CSEM receivers is laid out a few 
kilometers away from a kilometer-long grounded electric dipole used a CSEM transmitter. 
Bottom:  CSEM resistivity soundings recovered in the Strasbourg area. The vertical bars 
represent the resistivity profile recovered at each CSEM stations. The colored lines 
represent the main geological interfaces from the 3D geological model of the area. Despite 
the highly industrialized area (railroads, power lines etc.), reliable resistivity values have 
been measured down to 3 km depth (Jurassic). 

3.1.4 Geochemistry and geothermometers (BRGM) 

For details, see IMAGE deliverables D7.03, D7.08 and D8.02. 
Since the 1960s, several classical geothermometers such as Na-K, Na-K-Ca, K-Mg, SiO2, and 

18OH2O-SO4 are commonly available in geothermal exploration. Since the early 1980s, numerical 
multicomponent geochemical models are also being developed for direct application to chemical 
geothermometry for geothermal exploration. However, for deep geothermal reservoirs at low and 
moderate temperatures, it is often difficult to estimate their deep temperatures because the 
conditions of full chemical equilibrium between water and reservoir minerals at these temperature 
ranges are not always reached. Except for the Na-Li and Mg-Li thermometric relationships, the 
potential auxiliary chemical geothermometers, which associate a major with a trace element and 
can be useful and supplementary tools for geothermal exploration, are still little developed. This 
project has allowed testing and validating, on low-temperature (56-105°C) dilute geothermal waters 
from two European areas (Litomerice and Teplice areas, in Czech Republic, and Geneva and 
Lavey-les-Bains areas, in Switzerland), several auxiliary thermometric relationships such Na-Li, 
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Na-Rb, Na-Cs, K-Sr, K-Fe, K-Mn, K-F and K-W, which had been initially proposed for dilute 
geothermal waters from European granite reservoirs (Michard, 1990; Figure 14). Other 
thermometric relationships (for Na-Li, for example; Figure 14) were also defined. The application of 
these tools will improve the estimations of deep temperature for this type of dilute geothermal 
waters. 

 

Figure 14 - Use and development of auxiliary geothermometers for dilute geothermal waters 
from Czech Republic and Switzerland areas. Left: Na-Li thermometric relationships. Right: 
Na-Rb thermometric relationship. 
Three new Na-Rb, Na-Cs and K-Sr auxiliary geothermometers were developed using literature 
data, referring to 20 hot natural brines discharged from granite and sedimentary reservoirs, whose 
the majority is located in the Rhine Graben (France and Germany, 70-200°C; Sanjuan et al., 
2016a), apart two which are at Salton Sea, in the Imperial Valley (USA), and are the hottest 
reservoirs (300-320°C; Werner, 1970; Williams and McKibben, 1989). With the Na-Li and Mg-Li 
thermometric relationships, these three new auxiliary geothermometers are the most reliable ones  
for temperature estimation of geothermal reservoir brines (Figure 15; Sanjuan et al., 2016b; 
Sanjuan; 2017).  

 
Figure 15 – New auxiliary geothermometers. Left: Na-Rb thermometric relationships. Right: 
Na-Cs thermometric relationships. 
For an efficient application, these auxiliary geothermometers must be always combined with a 
global geochemical data interpretation, being ideally tools complementary to the classical 
geothermometry approach and to the integrated multicomponent solute geothermometry approach. 
The existence of different thermometric relationships for a given geothermometer suggests that the 
latter not only depends on temperature, but also on other influential factors such as the nature of 
the rock, its degree of alteration, the water-rock ratio or the fluid composition and salinity. This 
allows concluding that it is essential to well define the environment in which these 
geothermometers will be applied before their use, and that additional investigations are mandatory 
to develop and validate these useful tools in each specific environment for geothermal exploration.  
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3.2 Integration and models 

3.2.1 Petrophysical property database (TUD, GFZ) 

For details, see IMAGE deliverable D6.01 and D6.04. 
In order to parameterize geothermal numerical models more easily, an open-access database has 
been developed (Bär et al., 2017). This database aims at providing easily accessible, peer-
reviewed information on physical rock properties relevant for geothermal exploration and reservoir 
characterization in one single compilation. Collected data include hydraulic, thermophysical and 
mechanical properties and, in addition, electrical resistivity and magnetic susceptibility (Figure 16).  

 

Figure 16 - Schematic structure of the PetroPhysical Property Database illustrating the main 
three sections: sample information, rock properties and quality control. Different input 
parameters (small font) are grouped according to the property they belong to (italics). 
 
Each measured value is complemented by relevant meta-information such as the corresponding 
sample location, petrographic description, chronostratigraphic age and, most importantly, original 
citation. The original stratigraphic and petrographic descriptions are transferred to standardized 
catalogues following a hierarchical structure ensuring intercomparability for statistical analysis. In 
addition, information on the experimental setup (methods) and the measurement conditions are 
given for quality control. Thus, rock properties can directly be related to in-situ conditions to derive 
specific parameters relevant for modelling the subsurface or interpreting geophysical data. The 
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database already comprises a great variety of properties, petrographies, stratigraphies etc. from 
samples investigated all over the world (Figure 17). 

 

 
Figure 17 – Locations of all data points currently included in the PetroPhysical Property 
database (January 2017). 
 
Since it also contains multiple properties measured on one sample, direct correlations of properties 
are facilitated, which may help identifying new relationships (formal, causal or statistical 
correlations) and, on the other hand, contribute to a better understanding of the limitations of 
generalization or possibilities for upscaling approaches (Mielke et al., 2017). Thereby, the partly 
automatic quality assessment allows for a quick evaluation of single data within a group of selected 
entries. The possibility of correlating data also simplifies and accelerates the identification of key 
references for rock parameters in specific regions, for specific rock types, or stratigraphic units. 
Furthermore, the database allows to systematically analyze the dependency of property values on 
the corresponding measurement conditions, which enables to transfer parameters measured on 
outcrop analogue samples to in situ reservoir conditions. Thus, the most important added values of 
this compilation compared to existent databases are its dimensions (large number of entries 
corresponding to a large number of petrophysical properties) and the abundance of given meta-
information. 

A public web-based interface could be now developed to facilitate access for external users for 
data analysis or integration. 

3.2.2 European scale thermal model (UU) 

For details, see IMAGE deliverable D6.01 and D6.04. 
In order to bridge the gap between large-scale geophysical models and more detailed basin-scale 
models, we have constructed a 3D thermo-mechanical model of the European lithosphere with 
differentiated thermal properties for the sedimentary layer and a layered thermal property structure 
for deeper parts of the lithosphere (Limberger et al., 2017, Figure 18). 



 
 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D8.05 
2017.09.15 
Public 
27 of 47 

 

 
 

 
 
 

 

 

Figure 18 – (a) Temperatures of the prior 3D temperature model at 2000 m depth. (b) 
Temperatures of the posterior 3D temperature model at 2000 m depth. (c) Misfit of prior 
model. (d) Misfit of posterior model. 
 
For that, an updated range of thermal properties and model temperatures have been used. The 
model is calibrated with 35 533 temperature points derived from regional thermal models using the 
ensemble smoother with multiple data assimilation method (ES-MDA; Figure 19). 
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Figure 19 - Work flow of the data assimilation approach method used to update the 
temperature model and thermal properties. Uncertainties are assigned to main input 
parameters (1) including the temperature at the lower boundary condition, radiogenic heat 
production (A), and thermal conductivity (k). In order to reduce the misfit between modelled 
and observed temperatures (2), the main parameters are varied using the Ensemble 
Smoother with Data Assimilation technique (3), resulting in an improved fit with 
temperature observations available (4). The model can be improved by varying parameters 
all at once, but in our case we varied the parameters sequentially. 
 

3.2.3 3D structural and (hydro)thermal modelling (GFZ) 

For details, see IMAGE deliverable D6.02. 
The first 3D lithospheric-scale model of the entire Upper Rhine Graben and parts of the western 
Molasse Basin has been built that is consistent with multiple observations such as well, seismic 
and gravity data (Freymark et al., 2016, 2017; Figure 20). By using 3D gravity modelling we 
assessed density heterogeneities in the crystalline crust, which helped to interpret differences in 
lithology and thus radiogenic heat production. 

Based on the 3D structural model and by parameterizing lithological units with thermal properties 
as derived mainly from published laboratory data, the steady-state conductive thermal field has 
been computed (Freymark et al., 2017).  
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Figure 20 - Lithospheric-scale 3D structural model of the Upper Rhine Graben and 
surrounding areas (Freymark et al. 2016; UC = Upper crust, VM = Vosges Mountains, JM = 
Jura Mountains; vertical exaggeration 1:5). 
 
The conductive model results showed that the distribution of different upper crustal rock types with 
different radiogenic heat productivity is strongly controlling the regional thermal field, which is 
overprinted by the thermal blanketing effect of the Upper Rhine Graben sediments. The 3D thermal 
regional models further provide (i) well-constrained boundary conditions for the setup of smaller-
scale local models and (ii) a basis for planning the next generation of data acquisition campaigns. 

Deviations of calculated from measured temperatures may indicate (i) where regional models 
require improvements in structural resolution and parametrization and (ii) where groundwater flow 
may contribute to heat transport. Our regional-scale conductive thermal model has been compared 
to 2633 temperature measurements from 355 wells. It can reproduce the most important observed 
thermal anomalies. However, larger misfits are located in the sedimentary basin of the Rhine 
Graben. Therefore, a local coupled 3D thermo-hydraulic (TH) model of the central Upper Rhine 
graben has been developed, that images the basin-wide groundwater flow pattern and related 
thermal anomalies. These numerical simulations are based on the boundary conditions from the 
regional conductive model and include the influence of the first order fault network, considering the 
major boundary faults of the Rhine Graben. The simulations results have shown that the basin-
wide flow in the Upper Rhine Graben is dominated by down-flowing fluids at the main border faults 
and upward flow east of the rift center and predicted localisations of fluid flow that are already 
consistent with some observed thermal anomalies, e.g. at Soultz-sous-Forêts (Freymark et al., in 
preparation). 
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3.2.4 Regional to local scale  3D thermal models (TNO) 

 
For details, see IMAGE deliverable D8.03 and D8.04. 
Borehole temperature information from Mature oil and gas sedimentary basins such as in the 
Netherlands provide a wealth of information to constrain thermal models, parametrized in 
agreement with knowledge on the detailed basin layering and underlying crust (Bonte et al., 2012). 
In IMAGE we developed fast model capabilities running on a normal PC, for high resolution 
thermal models to predict temperature based on data assimilation using ES-MDA, which can be 
used for regional to local scale (see also 3.2.2). The method allows to test various concepts for 
variations in thermal properties and boundary conditions and their effect on temperature 
distribution beyond the reach of well information.  The variation in the model outcomes, placed in 
physical and geological context augments considerably to addressing uncertainty in temperature 
estimations, and the underlying causes.   We tested the method for the temperature  prediction in 
the Netherlands, focussing on the effect of hydrothermal convection at large depth (ca 4-6 km) in 
Dinantian carbonates and deeper sediments. It has demonstrated before that observed 
temperature anomaly in the Dinantian layer in the Luttelgeest-well  (Figure 21) can be reproduced 
by this effect (Lindsay et al., 2016). However, it is uncertain to which extent fluid flow convection 
occurs in other areas. To demonstrate the implications we have run two model scenarios with a 
prior assuming no convection, and convection respectively and deploying ensembles of 1000 runs 
to adjust thermal parameters for a fit to over thousand temperature measurements. the effect of 
hydrothermal convection is approximated by a higher than expected conductivity called a ‘pseudo-
convective’ effect The outcome of the scenarios is shown in Figure 21. 

  
 
 
Figure 21 - (left) Paleo-geography of Dinantian carbonates (Zeeland formation) . (Presumed) 
Platforms in blue and basins in green. The black dots represents the wells which drilled the 
Dinantian layer. (right) Overview of isodepth temperature maps at 5 km and 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 different model scenarios, with a priori exclusion (left column) and inclusion 
(right column) of convection. 

Luttelgeest 
well 
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3.2.5 3D gravity models (TNO) 

 
For details, see IMAGE deliverable D8.03 and D8.04. 
In IMAGE we developed a very fast and detailed forward gravity model approach, capable of data 
assimilation using ES-MDA (see 2.5.2). The model approach allows (automated) detection of deep 
density anomaly structures underlying the known basin density structure. The gravity is calculated 
from a very high resolution density representation of the basin and underlying basement structure, 
according to  the mapped structures. It includes information from basin analysis, seismic velocity 
structure, constraining the a-priori density model. The model is subsequently updated to fit the 
observed gravity field.  
 
The model has been demonstrated for the Netherlands. The density structure for a two km layer 
thickness underneath the known sedimentary structure (pre dinantian; Figure 21), has been varied 
to fit the observed gravity field (Figure 22). To this end the ES-MDA was performed with an 
ensemble of 1000 forward runs, running on a normal PC. A map of the surface gravity anomaly of 
the initial density model is displayed in . This map has many similarities with the map of the 
measured gravity anomalies. The main deviations occur in southwestern part of the Netherlands 
(Zeeland) and Southernmost part of the Netherlands (Limburg) where the modelled gravity 
anomaly is too large, meaning that the subsurface around these locations is too dense. The 
updated model and associated density anomalies shows a number of marked features which can 
be related to deep structures. For example, the sharp transition to the markedly lower density 
regions in south-western part of the Netherlands can be related to a Paleozoic sedimentary 
sequence not included in the mapping and consequently marked with lower density than the prior 
model.  
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Figure 22 - (top  left) observed Bouguer gravity anomaly, (top right) prior forward model, 
(bottom left) posterior forward model, and (bottom right) associated density anomaly of 2 
km thick layer underneath the mapped sedimentary sequence. The latter is expressed in 
terms of density anomaly with respect to the density expected the seismic velocity of the 
paleozoic basement at depth according to seismic velocity depth trend. 
 

3.2.6 3D Hydro-Mechanical numerical models (BRGM) 

For details, see IMAGE deliverable D8.03 and D8.04. 
In the framework of the IMAGE project, we develop a methodology combining stress and 
groundwater flow models to delineate preferential target areas for geothermal resources. Building a 
stress model can provide information on areas where mechanical conditions would favor the 
presence of geothermal resources. In addition, a groundwater flow model can provide information 
on preferential discharge areas with specific features of geothermal anomalies (see D8.3). Using 
the same geometry for these two models allows transfers and comparisons of results. These 
mechanical and hydro models are first built at the regional scale to delineate the most favorable 
areas at lower scale (interpreted as overlapping preferential regions resulting from single physics 
models). The methodology also includes a sequential-run strategy to enable a step-by-step 
prediction of most favorable areas from larger models to smaller ones. With this strategy, the 
criteria to predict the presence of the geothermal resource can be adjusted to detect areas of 
regional importance in the first place, then search for site-scale favorable areas within the regional-
importance ones. Also, step-by-step downscaling of models offer the possibility to progressively 
refine the geometry description and/or mesh precision, and the possibility to infer smaller-scale 
boundary conditions from the larger models that were previously run. In the test case presented 
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here, the Upper Rhine Graben, the interpretation of regional models results helped delineate areas 
where more refined mechanical and groundwater flow models could be built. Then, these so called 
“local scale models” are executed, and their results give information more targeted on the potential 
geothermal site. 

During the IMAGE project, several efforts were put to build the models the methodology rely on. 
Regarding the mechanical part, at the base only a regional model of the northern part of the Upper 
Rhine Graben had been built based on the Distinct Element Method (DEM) where fault zones are 
explicitly taken into account through a DFN (Discrete Fracture Network) (Dezayes et al., 2014), see 
Dezayes et al., 2014). However, this model was limited and had to be improved in order to more 
accurately capture the regional geometry and its mechanical description (Guillon et al., 2016). 
First, the fault network geometry has been improved to take into account the discontinuity dips. 
Second, several configurations of boundary conditions were tested (stress, displacement and 
rigidity) and could be used to enhance their constraints by comparison with literature results (either 
from in situ measurements or from other numerical models). And third, local refining constraints 
implied global refining of the model and had severe impacts on computation times. Now, local 
refining of mesh and/or geometry can be handled using sequential executions of larger to smaller 
models (Guillon et al., 2017). 

Based on the same geometry as the one of the mechanical models (i.e., including the DFN), 
groundwater flow models were also built at the regional and local scales. These groundwater flow 
models rely on the Finite Element Method code 3FLO, where flow can occur through 3D blocks 
and 2D fault zones simultaneously, with possible transfers from blocks to fault zones and vice-
versa (Figure 23, Armandine les Landes et al., 2017)). These models, built from scratch during 
IMAGE, are the first at this large scale with high number of discontinuities and jointing mechanical 
and groundwater flow interpretations. Those can greatly help understanding the groundwater flow 
within faulted rock masses and its impact on the setup of geothermal anomalies. 

Besides improving the scientific understanding, and regarding the objectives of IMAGE, the models 
can be used for a more industry-oriented application: prediction of the geothermal resource 
location. The joint interpretation of the results from the groundwater flow models and from the 
mechanical models enables to delineate favorable areas where the geothermal resource has best 
chances to be located. 
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Figure 23 - Schematic view of the proposed methodology (Armandine les Landes et al., 2017 
in preparation) 

3.2.7 Analytical modelling of fractured reservoirs (TNO) 

For details, see IMAGE deliverable D6.03. 
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. Accordingly, 
exploration for new geothermal sites will benefit from site-specific data on fault-related factors like 
damage zone fracture density, connectivity and permeability. In most cases, such data is lacking 
during geothermal exploration, but existing knowledge can be used to constrain typical fault zone 
architectures, spatial distribution of permeability and characteristics of damage zone fracture 
populations. Site-specific characteristics of fault and fracture populations have been determined 
using seismic surveys, outcrop analogues, core material, and laboratory experiments (Figure 24). 
These studies have provided some generic fault scaling relationships that can be used to constrain 
fault zone characteristics, such as damage zone width, fracture density and dominant fracture 
orientation. Most fault zones consists of a specific architecture with different structural units, i.e. 
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. Furthermore, if micro-seismic data 
is available, the spatial and temporal distribution of micro-seismicity may be used in combination 
with semi-analytical models to constrain fault and fracture populations and rock properties for 
geothermal plays. This study improves geothermal exploration by providing a modelling tool that 
describes the permeability of fault zones or fractured reservoirs based on data on fault and fracture 
populations. 
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Figure 24- Faults crosscutting a Dinantian Carbonate platform around Luttelgeest in the 
North of the Netherlands (LTG-01). Faults are mapped using 2D and 3D seismic surveys 
using a non-local means approach for fault detection (Carpentier et al., 2016). 
 
The analytical models developed in this study predict the permeability of a geothermal reservoir 
around major fault zones, or in fractured reservoirs with specific fault populations. The models can 
be used to analyze 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 

study area
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vicinity of a fault zone, or in a fractured reservoir (ter Heege 2016; Figure 

25  

Figure 25). It can also be included in a semi-analytical model that predicts the spatial and temporal 
distribution of micro-seismicity during stimulation of geothermal reservoirs. Thereby, the models 
can be used in two ways: (1) for forward modelling of flow that helps to predict doublet 
performance and viability of geothermal projects, and (2) for determining the optimum orientation of 
injectors and producers that helps optimizing doublet designs to obtain maximum performance 
within geothermal plays. The models show that produced geothermal power can be considerably 
enhanced if doublets are placed in optimum orientation with respect to natural fault zone or fracture 
populations. The models therefore provide a toolbox for de-risking of geothermal exploration, and 
aid in increasing the success of geothermal exploration. 
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Figure 25 - Schematic diagram showing two different orientations for a geothermal doublet 
with an injector (in blue) and producer (in red) placed perpendicular or parallel to the fault 

zone (in directions 𝒗𝟏⃗⃗⃗⃗  and 𝒗𝟐⃗⃗⃗⃗ , respectively). The permeability model for flow between 

injector and producer incorporates the intact reservoir (matrix) with sedimentary layering, 
fractured damage zone and fault core (with typical widths Wc and Wd from fault scaling 

relationship). The change of permeability with injector-producer orientation (�⃗� ) is used to 

find the orientation with optimum doublet performance given site-specific knowledge about 
the orientation and properties of fault zones. 
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4 Geothermal exploration workflow 
The good results and advancements of all teams participating to SP3 dedicated to sedimentary 
basins and basements allow us to propose an exploration workflow in these blind geothermal 
context. 

This workflow includes geological, geophysical and geochemical techniques as well as numerical 
models in order to first, integrated the data and second, predicts the geothermal target. The 
starting point is the 3D geological interpretation model based on geological and geophysical data. 
This provide the structure to build thermal, mechanical and groundwater flow models, which are 
completed by other data, like temperatures, stress, fluid geochemistry and hydraulic data 
respectively (Figure 26). 

 

Figure 26 – General geothermal exploration workflow.  
 
However, we also take into account the scale at which the exploration will be performed. As in the 
fields of mineral deposit exploration (i. e. Campbell McCuaig et al., 2010) or petroleum exploration 
(i.e. Jahn et al., 2008), exploration should be performed sequentially from large to local scales 
(Figure 27): 

- The European scale, or more generally the continental scale, covers at least 1000 km x 
1000 km including the lithospheric plate. At this scale, the objective is to consider the 
overall thermal field linked to the thickness of the crust and lithosphere as a result of its 
geodynamic history. 

- The regional scale refers to an area of around 100-200 km covering (at least parts of) a 
particular geodynamic setting such as a basin or a graben (Figure 1). Any exploration 
campaign should start at this scale, because the geodynamic setting controls the geology 
and present-day physical state of the region of interest, including average geothermal 
gradients, depth of sedimentary layers or deep fractured rocks. It could be compared to the 
province scale for ore deposit exploration. 
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- The local scale will correspond to a 10-30km square, which is the last step of exploration 
before to define the field scale, or namely also the prospect area, where the location of the 
first well can be chosen. 

 
Figure 27 – Crossing different scales of exploration. Yellow: continental scale. Orange: 
regional scale. Red: local scale. 
 
The development of models at these different scales does not necessarily have to be based on the 
same data and exploration techniques, which both have to be chosen according to availability and 
characteristics of the region of interest.  

At continental scale, the objective is to determine the major thermal anomalies as caused by 
geodynamic phenomena. The models at this scale aim to bridge the gap between large-scale 
geophysical models and more detailed regional models. They also provide boundary conditions for 
the smaller-scale models. 

These continental-scale models integrate first-order contrasts in lithology, temperature and 
mechanical parameters (Figure 28). This scale is too large to numerically simulate hydraulic 
processes. Geological models are based on surface geological data, such as geological and fault 
maps, and subsurface geophysical data, as deep structures and rock properties (Figure 28). At this 
scale, thermal models only consider conductive heat transport processes and require the 
integration of (i) heat flux or temperature as boundary conditions and (ii) thermal conductivity of the 
main rocks usually based on generic models or literature values and radiogenic heat production of 
the main lithological units (Figure 28). The mechanical models are based on the geodynamic 
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knowledge and the stress field, including orientation and magnitudes (Figure 28). They provide 
boundary conditions for the smaller scale models. 

 

 
Figure 28 – Data needed for the exploration workflow at the continental scale. In italic: 
optional data. 
 

The key parameter derived from continental-scale models is temperature. Modelled thermal 
anomalies will be taken into account for choosing preferential regions for further exploration. Thus, 
the regional scale defines the first relevant exploration step. Models built at this scale benefit from 
boundary conditions as inherent in the continental-scale models. At the regional scale, 
groundwater flow models can be built by integrating hydraulic and hydrochemistry data (Figure 29), 
while generating observation-consistent images of the distribution of infiltration and exfiltration 
areas, deep conductivity and storage, and regional flow pathways. In general, the challenge related 
to this type of models lies in these validating the hydraulic characteristics predicted by such 
models. However, new methods for the analysis of geochemistry data and geothermometers allow 
interpreting which lithological units the fluids have perfused and what maximum equilibrium 
temperatures they thereby reached. . 

Based on geodynamic data, mechanical rock properties and stress data, mechanical models give 
information about the low-stress domains, which are favorable for fluid circulation. 

At the regional scale, thermal models can be refined based on more precise data, like borehole 
temperature or radiogenic heat production. Moreover, convective phenomena can be integrated 
into the thermal models based on groundwater flow and mechanical models, thus allowing the 
simulation of coupled fluid and heat transport and analyzing related thermal anomalies.  

The combined analysis of the thermal, mechanical and groundwater flow models, optimally in a 
fully coupled way, help us to define the target at local scale. While crossing the different scales, 
both criteria of available heat and potential fluid pathways have to be taken into account. The 
concentration of upflowing fluid will delineate the preferential target areas associated with the 
thermal anomalies. 
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Figure 29 - Data needed for the exploration workflow at the regional scale. In italic: optional 
data. 
 
At the local scale, models should be refined in order to define the area, where the exploration wells 
optimally should be located. Data used for the regional scale models are also needed for the local 
scale models, if available with more details. The data should be completed by additional, more 
local information such as, for example, data from existing boreholes if they are available (Figure 
30). At this scale, mechanical and groundwater flow models are very important to determine the 
best location to tap fluid and the main criteria to delineate the drilling area will be based on these 
preferably fully coupled models. The modelled location of upflow water plumes associated with 
deep/longest groundwater loops delineate the preferential target area for the exploration drilling. 
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Figure 30- Data needed for the exploration workflow at the local scale. In italic: optional data. 
 
Even if their scope is too general to be worth of industry funding, continental and regional scale 
models give valuable information for industrial stakeholders. Such models integrate precompetitive 
geoscientific data and benefit from the practical experience acquired in past years when 
researchers were improving our understanding of dual geothermal systems, whether in hot 
sedimentary aquifers or in the basement, whether with or without the involvement of EGS 
technologies. For the future, a constant and frequent exchange between privately and publicly 
sponsored sectors should be envisaged, including the exchange of both observational data and 
models, in particular on the local scale.  
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5 Conclusions 
The sedimentary basins offer an enormous but still largely unexploited geothermal potential and 
constitute the major part of the European territory. However, geothermal resources are located 
very deep in this geodynamic context and then are blind at the surface. Moreover, these highly 
populated territories generate a lot of noise disturbing classical geophysical exploration methods. 
The exploitation of resources in the basin context bears an investment risks related to insufficiently 
known geological and physical conditions at greater depth. An integrated modelling workflow 
developed by the IMAGE project has the potential to efficiently reduce these risks while making 
use of the huge amount of observations already available.  

The IMAGE project allowed to develop integrated methods for exploration and brought major 
improvements and innovations: 

- We defined the key situations for a deep geothermal reservoir and the key criteria to find 
the geothermal resources; 

- We adapted geophysical and geochemical exploration methods to the specificities of 
sedimentary basin contexts (deep resources, noisy environment); 

- We developed a petrophysical database accessible by the whole world in order to help 
populating numerical models with geothermal properties; 

- We achieved the coupling of mechanical and groundwater flow models to better estimate 
the flow pathways and the implementation of the geothermal exploration drilling. 

Future exploration campaigns can benefit from our exploration workflow. As the resources are 
blind, modelling is needed to better delineate the search area by simulation of fluid pathways and 
related thermal anomalies. These process models are based on geological and structural models, 
which consistently integrate all geological and geophysical data available in the modelled domain. 
This initial knowledge basis should be improved and complemented throughout the exploration 
process by adding acquisition data. The physical models, as thermal, mechanical and groundwater 
models, should be built based on the geological models and help to identify the fluid pathways and 
the place to focus the smaller-scale exploration. However, uncertainties in predictions of 
geothermal resource location persist and should be taken into account. 

For the future researches, several remaining challenges have been identified: 
- Improve the acquisition of passive seismic data by increasing the number of stations and 

the acquisition delay; 
- Combine geophysical methods with each other to better cover the exploration fields in 

terms of resolution and depth; 
- Increase the powerful transmitter to increase the depth of CESM investigation and achieve 

laboratory experiments to establish relationships between electrical conductivity anomalies 
and deep geothermal fluid flow; 

- Link field derived geophysical parameters and petrophysical properties from lab 
measurements to improve the geophysical methods; 

- Enlarge the database to larger-scale data in order to include, for example, well logging, 
hydraulic test or other field measurements, which integrate over larger rock volumes; 

- Improve the knowledge of fracture network and fault zone organization and properties, 
which are complex and fundamentally control the reliability of physical models. 
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