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Preface

Preface
Geothermal energy has the potential to significantly contribute to the EU
renewable energy mix. Its reliable supply coupled with low-carbon emissions
makes it a strategic technology for the EU, which aims at achieving a renewable
energy share of at least 27% by 2030. Already in 2015, geothermal energy
contributed 3.1% to the EU total primary renewable energy production. To exploit
the full potential of geothermal energy, the EU is funding several R&D projects.
One of them is IMAGE, which received a grant of over €10 million from the 7th
Framework Programme. The many different investigations performed in IMAGE
and the new approaches and methods tested are promising in terms of improving
geothermal exploration efforts and increasing the success rate of future projects.
The project can certainly be commended for its performance, its achievements and
its important contribution to the decarbonisation of the EU energy system.
Filippo Gagliardi, EC Project Officer of IMAGE

We look back on four years of constructive work, lively discussions and interesting
field trips with enthusiastic people from nine different countries. In those four
years, IMAGE was the framework for testing more than 20 novel geological,
geochemical and geophysical exploration methods and techniques of direct
relevance to industry workflows. More than 5 best practice documents, catalogues
and databases were produced for guidance in exploration workflows and as
constraints for models. More than 200 publications have been generated in peer
reviewed journals and conference proceedings, more than 50 deliverables were
reported. Furthermore, IMAGE has contributed to the geothermal knowledge
network between universities, knowledge organizations, and geothermal industry.
This document highlights the key results of IMAGE. We are looking forward to
IMAGE developments being widely used by industry in support of the energy
transition with geothermal energy. I like to thank all who contributed and made
IMAGE a success. It was a challenge and a pleasure to be the coordinator of this
great project.
Jan Hopman, Project Coordinator of IMAGE
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INTRODUCTION AND SUMMARY

WHAT IS IMAGE
IMAGE (Integrated Methods for Advanced Geothermal Exploration), received a
grant of over €10 million by the European Commission within the 7th Framework
Programme for Research and Technological Development (FP7). The project was
co-funded for four years (2013-2017) and was completed in October 2017. IMAGE
involved 20 partners from 9 different countries (Figure 1).
IMAGE main aim has been to develop exploration methods for an extended
resource base, including supercritical and deep basement/sedimentary geothermal
reservoirs.
Geothermal systems need to be appraised in such a way that exploration wells can
be sited with greater accuracy as capital costs for drilling are very high. The many
different investigations performed in IMAGE and the new approaches and
methods tested are promising to reduce mining risks and increase the success rate
of future projects. IMAGE aimed at the enhancement of relatively low TRL
exploration technologies moving from TRL 3-4 to TRL 5-6.
A multidisciplinary geothermal exploration approach, based on state-of-the-art
scientific methods and integrated in industry workflows, has been key to
advancement.
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INTEGRATED APPROACH
IMAGE developed a range of exploration and assessment methods for critical
exploration parameters in geothermal reservoirs (e.g. temperature, flow rate,
sustainability of flow) using an interdisciplinary and integrated approach based on
three general pillars:

 Understanding the processes and properties that control the spatial
distribution of critical exploration parameters at different scales
 Radically improving well established exploration techniques for imaging,
detection and testing of novel geological, geophysical and geochemical
methods to provide reliable information on critical subsurface exploration
parameters
 Field integration to demonstrate the added value of an integrated and
multidisciplinary approach for site characterization and well siting.

TESTING AND VALIDATION
The methods have been tested extensively and validated at new and existing
geothermal sites owned by the industry partners, both in high temperature
magmatic, including supercritical, and in basement/deep sedimentary systems.
Application of the methods as part of exploration in newly developed fields
provides a means of direct transfer from the research to the demonstration stage.
A number of tests have been performed at existing sites (brown field) where the
reservoir was already sited or targeted structures and parameters already known
from other sources. This allowed to validate the novel techniques. Subsequently the
methods have been applied to new sites (green fields) and used to complement
ongoing exploration activity.
Tests have been performed in Iceland and Italy for magmatic settings in wellknown subsurface structures, whereas tests in basement/sedimentary settings
benefitted largely from existing wells and data available from oil and gas
exploration and production.
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FIGURE 1 MAP OF PARTNER COUNTRIES (LEFT) AND SITES (RIGHT) WHERE FIELD TESTS AND STUDIES
HAVE BEEN PERFORMED, RED STARS DENOTE MAGMATIC SETTINGS AND THE BLUE ONES
BASEMENT/SEDIMENTARY.

RESULTS
Key results of IMAGE are:

 >20 novel geological, geochemical and geophysical exploration methods and
techniques, of high relevance to industrial workflows;
 >5 best practice documents, catalogues and databases to be used for
guidance in exploration workflows and constraints for models;
 >200 publications in peer reviewed journals and conference proceedings;
 >50 reported deliverables;
Furthermore, IMAGE has contributed to the geothermal knowledge network
between Universities, Knowledge Organisations and Geothermal Industries. The
positive personal and professional relations have resulted in effective
collaborations, which will stand after the project. IMAGE provided first-hand data
to support research and industrial projects, e.g. Horizon2020 DEEP-EGS and
DESCRAMBLE.
The results of IMAGE have been reported on the IMAGE website
http://www.image-fp7.eu.
Over half of the reports are publicly available from the website, major
part of the peer reviewed publications of IMAGE work will be published in 2017
and 2018.

Page | 3

Introduction and Summary

This document highlights the results of IMAGE in perspective of
the usability of the results in industrial workflows and
breakthroughs in ways of working.

BEYOND A STANDARDIZED WORKFLOW FOR
GEOTHERMAL EXPLORATION
This document presents the main achievements of IMAGE. It highlights the results
of IMAGE in perspective of the usability of the results in industrial workflows and
breakthroughs in ways of working. A number of methods and technologies of
IMAGE have shown their practical value in industry workflows such as new
processing techniques of vintage seismic in the Bavaria Basin, Controlled Source
Electro Magnetic (CSEM) studies, VSP studies in Iceland and continental Europe.
On the other hand, several technologies need to be further developed, but have
great potential such as time lapse passive seismic.
IMAGE demonstrates rapid and radical advances, including borehole fibre-optic,
passive seismic and electrical tomography at high temperature condition. These
have been dedicated to the major challenges at hand in geothermal exploration,
with major breakthroughs in a relative short time span of four years.
For example, IMAGE contributed significantly to exploration success in IDDP-2 in
Iceland, encountering supercritical fluids, and to the drilling and monitoring
design of the DESCRAMBLE project, which is going to demonstrate its efficacy. It
also provides key technological and conceptual breakthroughs for understanding
the distribution of deep geothermal resources and prospectivity in
basement/sedimentary settings such as in the Rhine Graben and in the
Netherlands, essential to tap geothermal energy in these basins.

OUTLOOK
The development of exploration technologies does not end with IMAGE. On the
contrary, the IMAGE team concludes that we are not at the end, nor at the
beginning of the end, but rather at the end of the beginning of the development of
breakthrough technologies. The development of geothermal exploration for the
extended resource base is at an embryonic stage. Enabling technologies are marked
by a rapid grow path. Think of growing capabilities of sensor and data collection
technologies (e.g. fibre-optics, wireless and remote sensing data collection),
processing power and deep learning algorithms extracting relevant information.
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Particularly important for further development is to work together in
multidisciplinary science and industry teams with the challenges at hand. This role
model of IMAGE has been successfully prolonged in the H2020 GEMex, DEEPEGS
and DESCRAMBLE projects, and will most likely see further follow up in future
funding by the EU.
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OBJECTIVES
ASSESSING CRITICAL EXPLORATION PARAMETERS

EXTENDING THE RESOURCE BASE
The rationale behind the IMAGE project is the application of cutting edge research
based on a solid understanding of the subsurface processes and properties to
significantly enhance the potential of geothermal energy in the energy mix. The
uncertainty about the resource at depth, however, has been defined as one of the
main bottlenecks for a more widespread use of geothermal energy. That’s why
initial geothermal development for power production was focused on areas with
abundant high-temperature magmatic resources at shallow depth, usually
associated with surface manifestations. Recent developments in magmatic areas
have targeted deep, often super-hot resources that are hard to detect from surface
exploration. For the various countries without magmatic resources, geothermal
energy production from deep basement and sedimentary environments is a
valuable local source of energy both for power and heat. In addition, resources
with a lower temperature can now be utilized with a better energy efficiency than
before, thanks to the improvement of binary cycles. Main targets for an extended
resource base are:

 Fracture dominated fluid pathways with no surface manifestations.
 Hot systems with insufficient natural permeability suitable for the
development of reliable Enhanced Geothermal Systems (EGS).
 Deep, very high temperature (>400°C) and pressure (>22 MPa)
“supercritical” geothermal systems, which can result in a significant increase
of geothermal power production in magmatic areas.

CHALLENGES
No supercritical system had been successfully explored when IMAGE started. The
barriers in the utilization of these resources, as well as in EGS and deep
sedimentary systems, are primarily connected to the financial risk of drilling a nonexploitable well. The risk for such a failure is related to pre-drill uncertainty in the
assessment of the following key performance indicators:

 Power and heat production, depending on expected flow rates (produced
and re-injected) and fluid temperature.
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 Operation and management costs, linked to physical state and chemical
composition of fluids (low temperature/pressure or very acid fluids for
instance are very difficult to exploit).
 Duration of the exploitation before a possible decline of temperature or
ageing of the wells, and potential decline of productivity.
 Cost of the project, linked notably to number, depth or architecture (e.g.
deviated) of wells.
 Public acceptance, often related to feared environmental impacts.

FIGURE 2 GEOTHERMAL POTENTIAL IN THE AZORES.

CRITICAL EXPLORATION PARAMETERS
The performance relates to critical exploration parameters:

 Resource temperature
 Resource depth
 Resource fracture permeability and connectivity
 Resource extension and recharge
 Resource quality (geochemical parameters, pressure)
 Seismogenic properties and stress
IMAGE aimed to improve exploration methods for the extended resource base,
which will reduce pre-drill uncertainty for the above performance indicators, based
on a robust assessment of the critical exploration parameters. It goes beyond
8 | Page
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current state of the art. The best possible assessment requires exploration methods
and technology able to quantify these parameters with the greatest possible
accuracy. Therefore, reliable exploration technology and synthesis of existing
exploration data are of critical importance for all stages of a geothermal project,
from the successful targeting and drilling of the first exploration well(s), as part of
a flexible drilling strategy (e.g. slimhole or conventional drillhole design), to
appraisal and production drilling, and later field management and plant operation.
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IMAGE CONCEPT
AN INTEGRATED AND MULTIDISCIPLINARY
APPROACH

THE THREE PILLARS OF IMAGE
The main idea of IMAGE is to address the problems encountered in geothermal
exploration and reservoir assessment through a three-step methodological
approach (Figure 3):

 First, understanding of underlying processes operating at European to local
scales controlling the spatial distribution of critical exploration parameters.
In particular, we focus on detecting and interpreting features that can be
determined remotely through application of advanced or innovative
exploration technologies, which can be deduced from predictive models and
remote constraints, and which can directly be studied in natural analogues
or laboratory condition. These studies are complemented by the
establishment of European reference models and rock catalogues of key
properties to be used for predictive models, and exploration techniques.
 Improving well-established exploration techniques for imaging and detection
beyond the current state of the art and testing of new geological,
geophysical and geochemical methods that can provide reliable information
on critical subsurface exploration parameters. These methods include
existing as well as novel geophysical and down-hole logging tools, to
predict subsurface structure, temperature and physical rock properties, and
the development of new tracers and geothermometers.
 Field Integration of all existing and new data derived from new exploration
techniques to provide predictive models for site characterization and wellsiting. These models link the novel exploration results on structures and
properties with the processes and boundary conditions from regional
predictive model approaches. All available information is integrated into a
final model to provide the basis for development of the resource.
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FIGURE 3 THE CONCEPT OF DEVELOPING EXPLORATION METHODS IN IMAGE: ADVANCED
UNDERSTANDING OF PROCESSES AND PROPERTIES OF THE SYSTEM - DEVELOPMENT OF EXPLORATION
TECHNIQUES - FIELD INTEGRATION AND VALIDATION AS A FEEDBACK LOOP.

MAGMATIC AND BASEMENT/SEDIMENTARY
ENVIRONMENTS
The three-step structure is adapted to specific geological environments with the
basic subdivision into magmatic systems and basement/sedimentary systems.
IMAGE adopts this approach in two subprojects: SP2 devoted to magmatic systems
and SP3 devoted to basement/sedimentary systems (
Figure 4). These two systems represent the general lines of recent development and
require somewhat different approaches. For example, in most exploited volcanic
geothermal systems the convective heat transport, and therefore the fluid flow, is
dominant, whereas conductive heat transport plays a significant role in the usually
less permeable basement and the sedimentary cover. Moreover, no significant
number of running operations exist in deep basement/sedimentary context,
whereas many geothermal plants are operational in magmatic areas. These general
considerations do not only lead to different calculations for the recoverable heat
but also require different approach for exploration, due to different characteristics
and inner processes. The understanding of these and their detectable signatures is
the basis of geothermal exploration. While major progress has been made in
exploration methodologies and in our general understanding of geothermal
systems, several questions remain open, related both to the general geological
environment and to the application of exploration tools.
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FIGURE 4 THE WORKING CONCEPT OF IMAGE.

The common aspect in both magmatic and sedimentary systems is the general need
for high temperatures that drives all geothermal development. Beyond
temperature, the main question is how to find and characterize the open fractures
that allow fluid flow within the reservoir: their size? orientation in space? amount
of fluid they transmit? The key factor to answer these questions is the local stress
field and its interaction with fluid circulation, controlled by crack aperture, and
rock-fluid interactions, which can lead to sealing and closure of cracks. The
orientation and magnitude of stress largely control the size and orientation of
fractures and thus fluid percolation. While the relevance of stress has been
understood for the development of EGS, it has mostly been underestimated for
magmatic environments, where it may play an important role, e.g. for the
development and exploitability of deep, supercritical resources.
IMAGE addresses these issues through a systematic exploration workflow
approach, from large to local scales (Figure 5):

 The “European scale” covers every scale from a 1000 km x 1000 km square
to the full European territory (scale of a lithospheric plate). At this scale, the
objective is to consider the large stress fields or temperature fields that
constrain regional models, considering parameters such as the thickness of
the crust or the movement of major geological objects (for instance mountain
chains).
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 The “regional scale” means an area with an extension of 50 to 100 km
squared; this covers the studied geological object that is considered as
relevant as a first step of exploration, because of some of its characteristics
(average geothermal gradient or average heat flow, depth of sedimentary
layers or deep fractured rocks etc.). It also includes the immediate
surroundings.
 The “local scale” corresponds to the focus which is made at the last step of
exploration, before drilling, when an area of interest is determined and has
to be closely characterized to validate its potential and to choose the location
of the first well. The extension associated to this scale, typically 10 to 25 km
squared, is adequate for building, after well drillings and plant construction,
a model of the exploitation of the resource.

FIGURE 5 EUROPEAN (YELLOW), REGIONAL (ORANGE) TO SITE SCALES (RED).
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FIELD INTEGRATION
At the heart of the IMAGE concept is testing, validation and integration of
developed methodology in a portfolio of prospective sites (Figure 1; Table 1)
owned by industry partners, which is representative for the European extended
resource base. This ensures:

 Momentum from the geothermal industry in IMAGE, including Small and
Medium Enterprises (SMEs).
 Timely and pragmatic approach, focusing exploration methodological
improvements on issues which need to be resolved and gain the most
benefit for site owners.
 Test and validation of methodologies based on site access and industry
support.
 Uptake of findings and technology in the marketplace.

Magmatic
A particular focus of the project was on the investigation of supercritical
geothermal reservoirs as part of the studies performed in the magmatic system. As
available information on such systems is scarce and fairly vague, the two most
known areas for shallow supercritical conditions, Tuscany in Italy and Iceland,
have been studied. In Iceland, the project results provided a basis for geophysical
and downhole measurements around the site in Reykjanes, and promoted the
success of the Icelandic Deep Drilling Project (IDDP2, https://iddp.is/), which
encountered supercritical reservoir conditions in 2017. In addition, the site allowed
testing the tracers developed for reservoir assessment at supercritical conditions. In
Italy, IMAGE tested exploration tools at large depths and in potential supercritical
conditions by integrated surveys including down--hole measurements and 3D
integrated modelling.
All testing involves industry partners with on-going projects, either at already
established sites with existing data or at sites to be developed, where
demonstrative application of the tested methods complemented exploration
activities by the site owners and contributes to the better understanding of the
geothermal field prior to drilling. Complementary to sites used for testing and
demonstration, IMAGE has selected several key Field Analogue sites, serving as
input to the conceptual models and providing property information. For the
magmatic environment, testing have been performed in Iceland in collaboration
with the Icelandic industry partners HS Orka and Landsvirkjun who provided
support, information and access to existing wells, and in Larderello/Italy, where
IMAGE testing was supported by Enel Green Power, in a hot (300-350°C) deep (2.1
km) well in an area where supercritical conditions are predicted at 3 km depth.
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Concept

Test site
Reykjanes
Reykjanes
Krafla
Krafla

Country
Iceland
Iceland
Iceland
Iceland

Environment
magmatic
magmatic
magmatic
magmatic

Iceland
Czech Republic
Czech Republic

Topic
passive seismic
fibre optic
VSP
tracers
resistivity
measurements,
including in-hole
resistivity
measurements
geothermometer
CSEM

Larderello

Italy

Krafla
Litomerice (Eger graben)
Litomerice (Eger graben)
Strasbourg (Upper Rhine
Graben)
Strasbourg (Upper Rhine
Graben)
Peel (Lower Rhine Graben)
Geneva (Molasse Basin)
Geneva (Molasse Basin)

France

CSEM

basement/sedimentary

France
Netherlands
Switzerland
Switzerland

passive seismic
passive seismic
VSP
geothermometer

basement/sedimentary
basement/sedimentary
basement/sedimentary
Basement/sedimentary

Study site
various wells
Geitafell
Krafla

country
Iceland
Iceland
Iceland

Topic
stress field
analogue study
conceptual model
supercritical well
Reykjanes
Iceland
design
conceptual model,
Larderello
Italy
including supercritical
Pico Alto
Azores
conceptual model
multiscale stress
Bavaria Basin (Molasse Basin) Germany
model
Upper Rhine Graben
France/Germany hydrothermal model
hydro-mechanical
Upper Rhine Graben
France/Germany models
Upper Rhine Graben
France/Germany Site selection studies
fracture
Friesland Platfrom
Netherlands
characterisation
Friesland Platform
Netherlands
hydrothermal models
Netherlands highs
Netherlands
Site selection studies
Eclepens (Molasse Basin)
Switzerland
analogue study
Bad Waldsee (Molasse Basin) Germany
seismic reprocessing
TABLE 1 SITES IN IMAGE USED FOR FIELD TESTS AND FIELD STUDIES.

16 | Page

magmatic
magmatic
basement/sedimentary
basement/sedimentary

environment
magmatic
magmatic
magmatic
magmatic
magmatic
magmatic
basement/sedimentary
basement/sedimentary
basement/sedimentary
basement/sedimentary
basement/sedimentary
basement/sedimentary
basement/sedimentary
basement/sedimentary
basement/sedimentary
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Basement/Sedimentary
For the basement/sedimentary contexts, few industry partners were included in
the project. Except GEOMEDIA in Czech Republic and SIG (Services Industriels de
Genève) in Switzerland as associated partner, unfortunately no electricity producer
was involved in the various test sites in the Rhine Graben and the Molasse Basin.
However, a lot of data is available in the sedimentary basins due to the previous oil
and gas exploration done in the past 50 years in Europe.
A particular focus was on the Upper Rhine Graben, well-known and particularly
suitable for geothermal energy exploitation. Geophysical testing, such as
Controlled-Source Electromagnetism (CSEM) measurements and application of
passive seismic were done in order to detail deep structure of the rift. A 3D
geological model was made and used as basis for thermal, mechanical and ground
water flow models. These models helped us to define the exploration workflow
performed in the project. Similarly, deep sedimentary systems in the Netherlands
have been studied, including thermal models, and gravity backstripping in order to
define the deep structures.
Other sites have been used to test application methods. In Litomerice, thanks to
GEOMEDIA, a previous geothermal well could be used to test CSEM using casing
as an electrode and a chemical study has been performed for the computation of
geothermometers in low temperature context. A similar geochemical study was
also performed in the old geothermal well of Thonex, close to Geneva in
collaboration with SIG and the University of Geneva. In this well, VSP
measurements have also been done. In the Netherlands, in the Grote Peel, a passive
seismic survey has been performed to test the surface wave method. In addition,
an automatic workflow for fracture characterization based on smart reprocessing of
vintage seismic profiles was tested in the Netherlands and Stadt Bad Waldsee in
the Bavarian Molasse Basin in Germany.
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PROCESSES AND
PROPERTIES
UNDERSTANDING AND PREDICTING THE
GEOTHERMAL RESERVOIR

CONCEPTUAL AND PREDICTIVE MODELS
The past decade has been marked by a number of exploration surprises and
failures, demonstrating clearly the need of better understanding processes and
parameters to improve the robustness of geothermal exploration methods. Our
state of understanding and major scientific and technical challenges are described
below. Internal structures and processes of supercritical systems: the IDDP1 project
in Krafla -targeting supercritical fluids- has resulted in a major surprise in hitting
magma at much lower depth than expected from an extensive exploration
campaign. IDDP1 did not encounter expected supercritical fluid conditions.
In the European basins, some geothermal operations 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. Detailed
studies on Soultz and Basel (Switzerland – Upper Thine Graben) clearly
demonstrate that pre-existing natural fractures play a key role in the flow
performance of the heat exchangers.
During later studies, it was demonstrated that our state of the art in conceptual
models and exploration techniques had insufficient spatial resolution to predict the
encountered relatively small-scale geological objects, like magma chambers or fault
controlling fluid flow.

Unravelling Supercritical systems
IMAGE addressed the lack of knowledge of the internal structures and processes of
supercritical systems and where the processes of heat extraction from magma or
very hot solidified intrusions take place. To this end, IMAGE performs detailed
mapping of the exhumed ancient geothermal systems where supercritical
conditions prevailed once and through comparison with presently active systems
where data from deep drillholes exist. This approach requires the combination of
structural geology with geochemistry to investigate fracture opening in fossil
systems and to understand the flow pattern of the geothermal fluid in deep
Page | 19
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systems, its flow pattern and geometry of structures that might be used to constrain
the interpretation of the geophysical exploration methods. Structural controls not
only influence magma emplacement but also control strongly the spatial
distribution and connectivity of fluid pathways. In Larderello and other
conventional magmatic fields these pathways are dominant in the temperature
distribution, marked by strong thermal anomalies near fault zones. The formation
and hydrological evolution of fractures relate to the tectonic setting, stress field and
geomechanical opening and chemical sealing mechanisms of the fractures and
faults in the system. Natural analogues of exhumed supercritical systems have
been analyzed in Elba Island and Geitafell Volcano (Iceland). The conceptual
models developed from these past systems have helped considerably in
constraining explorative concepts for supercritical reservoirs targeted in Iceland
and Italy.

FIGURE 6 GEITAFELL VOLCANO (ICELAND), NATURAL ANALOGUE FOR SUPERCRITICAL CONDITIONS.

Based on the key insights in supercritical analogues and physics-based and tectonic
considerations, we have been able to define a tentative map of favorable conditions
for hosting supercritical resources at drillable depth at European scale (Figure 7).

FIGURE 7 TENTATIVE MAP OF FAVOURABLE CONDITIONS FOR SUPERCRITICAL RESOURCES. SOURCE D5.05.
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Predictive models
In basement and sedimentary settings, the different types of resources that can be
successfully harnessed are unclear, due to the lack of a significant number of
running operations in these geological contexts. Exploration often relies on existing
oil & gas data. In some cases, these provide valuable information, but they also
have their limitations, notably because the well and geophysical data do not
include the basement and do not necessarily go to a sufficient depth in the
sedimentary layers. Moreover, the information is limited to the places where oil
and gas exploration has been performed; it does not necessarily cover the best areas
of interest in terms of geothermal power production. A consistent and integrated
geothermal exploration method, from a European scale to a very local one, does not
really exist at the moment.
Errors in estimation of critical exploration parameters, such as temperature and
(fracture) permeability, can bear a high project risk, especially for binary
production systems relying on a minimum production temperature. Therefore,
models at regional and site scale need to address these effects prior to drilling.
Detailed studies on Soultz and Basel clearly demonstrate that pre-existing natural
fractures play a key role in the flow performance of the underground heat
exchangers. The natural mechanisms behind the hydraulic performance of these
fractures are not well understood and hamper prediction of expected flow rates
prior to drilling. Typically order of magnitude uncertainties in hydraulic
transmissivity can occur in pre-drill assessment. Numerous studies on oil and gas
migration along deep faults and recent geothermal and neo-tectonic studies
indicate that relative orientation of pre-existing fractures in the natural stress field,
the geometric features of the fracture network and the presence of seismogenic
faulting play a key role in the distribution of fracture flow. In the framework of
IMAGE, we defined the key situations that correspond to geological patters that
constrain the favorable geothermal areas. These key situations included favorable
heat factors, as the presence of thermal blanket, plutonic intrusion and/or
convective thermal cell, and favorable fluid factor, as fault intersection, jogs, relay
ramps, tips and/or low-stress areas (for details see deliverable D6.02 and D5.01)).
Geomechanical processes contributing to opening of fluid pathways compete with
geochemical healing and creep. For basement and sediment systems, there is a
need to improve our pre-drill prediction of hydraulic performance of fractures,
based on estimated rock properties, fracture geometry, temperature, stress and
natural seismicity and structural studies. There is an excellent opportunity to learn
from a wealth of oil and gas data in this topic. IMAGE addressed with deliverable
D6.03 the above challenges with a focus towards predicting stress, interrelationship
between stress and faults/fractures, permeability and fractures and associated
thermal anomalies. Various approaches have been presented to perform multiscale
stress models capable to achieve both targets in increased stress resolution
constrained by local data as well as capability to constrain the models with regional
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and large scale tectonic boundary conditions. It presents a novel method to predict
complex stress/fault interactions caused by tectonic faulting and fault rheology, as
a function of full 3D structural complexity of sedimentary basins. These techniques
have been adopted in field studies and are shown as highlights in the Field
Integration section. In addition, IMAGE provided models for conceptual
understanding of the relationship between scaling laws occurring in natural
fracture networks and stress heterogeneities with practical implication for
characterizing attributes of the fracture network based on well log data sets.
Methods have been developed to assess the bulk permeability tensor from different
approaches in fracture characterization, which can be easily adopted in industrial
workflows. Coupled models allows to study the interrelationship of 3D reservoir
fracture permeability distributions and its potential effect on the occurrence of
thermal anomalies.
The deformation (i.e. forced folding, fracturing and faulting) induced by magma
overpressure at the time of the emplacement at shallow crustal levels in the country
rocks both at local and regional scale has been analyzed by means of sandbox
analogue modelling, i.e. by reproducing in the laboratory the development of
fracture/fault networks associated with the emplacement of magma at shallow
crustal levels. The analogue model evidenced that the emplacement of shallow
magmatic bodies can result in the growth of dome-shaped forced folds, with an
associated development of tensional and compressional deformation in the hostrock (Figure 8). Details can be found in Deliverable D5.02.

REFERENCE MODELS AND PROPERTY CATALOGUES
Water injection in Landau and Basel encountered considerable problems with
induced seismicity, resulting in reduced performance and postponement of the
projects, respectively. It is therefore of paramount importance to assess the limits of
pressure which can be applied to enhance flow performance and to provide a
robust estimator for the probability of induced seismicity below a required
threshold. This requires a more reliable estimation of the stress field, prediction of
rock mechanical properties and seismogenic characterization. IMAGE addresses
the lack of European and regional models for stress, seismogenic characterisation
and temperature to be used as constraints for regional and site-specific models. Up
to now these models have been constructed from either lithosphere constraints not
fully constrained by direct well data, or from simple data interpolation from
measurements. IMAGE improved the resolution of European and regional models
by extending physics based predictive models bridging lithosphere and basin
scales (Figure 5).
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FIGURE 8 SCHEMATIC CARTOON ILLUSTRATING THE EVOLUTION IN TIME OF MAGMA GEOMETRIES AND
RELATD DEFORMATION. (A) SILL SPREADING, AND (B) SILL GORWING DRING WHICH THE SILL BEGINS TO
THICKNES AND ENLARGE. (C) MAGMA RISES ALONG THE SHEAR BANDS, AND FAULTING CLEARLT
AFFECTS THE SAND PACK/HOST ROCK. DOWNWARD PROPAGATING NORMAL FAULTING FORMED TO
ACCOMMODATE THE UPLIFT ASSOCIATED WITH FORCED FOLDING OF THE SUPRA-INTRUSION
OVERBURDEN. NORMAL FAULTS AFFECTING THE MODEL SURFACE ARE GENERALLY CHARACTERIZED BY
A LIMITED VERTICAL THROW, AND AFFECT ONLY THE OUTER, UPPER PART OF THE BROAD DOME AND
SCARCELY EXTEND INTO DEPTH. CONVERSELY, IN ALL THE MODELS UPWARD-PROPAGATING REVERSE
FAULTS CROSSCUT THROUGHOUT THE SAND PACK.

Multi-scale rock properties and catalogues
In IMAGE guidelines have been developed for basement/sedimentary settings,
which is presented in D6.01. The workflow consists of a multiscale approach from
lithosphere to local scales, considering relevant data and models. D6.01 provides an
outline of reference physics-based models, and underlying properties,
compositional reference models, boundary conditions and observational data
constraints at EU scale for thermal and mechanical characterization. For
basement/sedimentary environment, evidently the multi-physics approach at EU
scale, is – in principle – not different from simulating processes active at regional to
site scale. Local model refinement is generally targeted at improving robustness
through more detail in the modelled processes as well as better constraints in
model parameters and properties.
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At the EU scale (but also more local scales), we use a lithological interpretation
approach to drive properties. This means we first interpret the lithological
composition (or lithofacies) in a layered geometry and from there derive the
relevant properties for that particular lithology based on databases and catalogues.
For this reason, we define jointly with the modelling approach, in what way a
lithological interpretation can be translated to relevant properties that characterize
a geometrically well-defined model unit.
For more local scale models, as the regional and local scale models defined for
IMAGE, direct measurements of physical properties may exist from within the
volume of such a geological unit. In this case, it is advisable to use this direct
information together with sophisticated (physical and empirical) laws to populate
accordingly the entire geological unit.
IMAGE developed for basement/sedimentary settings various novel digital
(property) datasets and catalogues, which are of key importance for constraining
and parametrization of thermo-mechanical models at EU to local scales. These
include:

 IMAGE rock property database
 IMAGE generic property database
 catalogues for sediment and crustal composition
 European-Mediterranean stress database
 Reference temperature data

High temperature and pressure conditions
In order to interpret and calibrate geophysical exploration data, it is essential to
know the variety of physical rock properties under in situ reservoir conditions. A
compilation of such data did not exist yet but is crucial for the further development
of magmatic areas. It involved rock samples taken from drill cores of very hot and
deep geothermal wells and from exposed former supercritical zones in exhumed
ancient geothermal systems that are now exposed on the surface. These allow to
improve model constraints and exploration techniques.
IMAGE compiled in D3.03 basic information and understanding of the physical
rock properties at high temperature and pressure conditions to design and develop
proper exploration methods and interpret the results in geothermal terms with an
interdisciplinary approach.
D3.03 provides an overview of a new petrophysical database, compiled from
existing literature data on rock physical properties. This part was prepared in
collaboration with work package 6. In addition, the report summarizes the results
of an extensive laboratory program to measure physical properties on rock samples
from exhumed and active systems by laboratory investigations at temperatures up
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to 700°C. Laboratory results have been validated with in situ down-hole
measurements of physical properties at virgin temperatures up to 340°C.
a

Sample Information

Petrophysical Properties

sample ID

grain density [kg/m³]

reference

bulk density [kg/m³]

sampling location
type (area, outcrop, well)
name
country
state/region
longitude
latitude
elevation (m a.s.l.)
radius of uncertainty (km)

total porosity [%]

sample
sample type (drillcore, etc.)
length (m)
height (m)
width (m)
diameter (m)
longitude
latitude
elevation (m a.s.l.)
depth
date of input
editor
measurement conditions
temperature (K)
pressure (Pa)
saturating fluid
degree of saturation (%)
sigma1 (MPa)
sigma2 (MPa)
sigma3 (MPa)
pore pressure (MPa)

effective porosity [%]

total/bulk permeability [m²]
matrix permeability [m²]
value
standard deviation
minimum
maximum
number of measurements
measuring method
remarks

Thermophysical Properties

Mechanical Properties

bulk thermal conductivity
[W/(m·K)]
value
standard deviation
minimum
maximum
inhomogeneity
number of measurements
measuring type
remarks

p-wave velocity [m/s]

matrix thermal conductivity
[W/(m·K)]

Lamé‘s first parameter

specific heat capacity
[J/(kg·K)]
volumetric heat capacity
[J/(m³K)]

thermal diffusivity [m²/s]
radiogenic heat production
[W/m³]

s-wave velocity [m/s]

Youngs modulus: dynamic
[MPa]
Youngs modulus: static
[MPa]
shear modulus: static
[GPa]
Lamé‘s second parameter
Cohesion [MPa]
Coefficient of friction [-]
Poisson ratio [-]

Uniaxial compressive strength
[MPa]
tensile strength [MPa]

Petrography/Stratigraphy
rock classification ID
rock classification parent ID
chronostratigraphic unit
local stratigraphic unit
petrography (simplified)
petrography (in detail)
texture
remarks
homogeneity
layering
direction of measurement

Electrical Properties
rock conductivity [S/m]
fluid conductivity [S/m]
formation resitivity factor [-]
standard deviation
minimum
maximum
number of measurements
measuring type
remarks

Magnetic Susceptibility
value
standard deviation
minimum
maximum
number of measurements
measuring type
remarks

FIGURE 9 SCHEMATIC STRUCTURE OF THE IMAGE ROCK PROPERTY DATABASE ILLUSTRATING THE MAIN
FOUR PILLARS: SAMPLE INFORMATION, PETROPHYSICAL PROPERTIES, THERMOPHYSICAL PROPERTIES
AND MECHANICAL PROPERTIES. ADDITIONAL ELECTRICAL CONDUCTIVITY AND MAGNETIC
SUSCEPTIBILITY ARE INCLUDED INTO THE DATABASE. THE ITALIC FIELDS INDICATE THE DIFFERENT
INPUT FIELD GROUPS, WHILE THE FIELDS WRITTEN IN SMALL FONT ARE THE REAL INPUT FIELDS (SOURCE
D6.01).

Document Number

Deliverable Title

IMAGE-D3.01-v2015.10.31

Understanding from deep drilling and exhumed
systems

IMAGE-D3.02-v2015.10.31

Rock/fluid interactions at supercritical conditions

IMAGE-D3.03-2016.11.04

Physical properties of rock at reservoir conditions

IMAGE-D5.02--v2016.10.27

Analogue modelling for fracturing

IMAGE-D6.01-2016.04.27

Catalogues and European models

IMAGE-D6.03-2016.11.09

Interacting processes

TABLE 2 PROCESSES AND PROPERTIES DELIVERABLES (PUBLIC) AVAILABLE AT HTTP://WWW.IMAGEFP7.EU/REFERENCE-DOCUMENTS.

Page | 25

Processes and Properties

26 | Page

Processes and Properties

HIGHLIGHTS
PROCESSES AND PROPERTIES

GEOLOGICAL STRUCTURES AND FLUID FLOW IN EXHUMED
GEOTHERMAL SYSTEMS

28

3D COUPLED HYDROTHERMAL MODEL OF THE UPPER RHINE
GRABEN

30

ROLE OF SMECTITE IN THE RESISTIVITY SIGNAL

32

BASED ON CORES FROM THE KRAFLA GEOTHERMAL FIELD

CHARACTERISATION OF GEOTHERMAL RESERVOIRS USING
FRACTAL MODELS

34

ROCK PROPERTY CATALOGUE FOR PHYSICS BASED MODELS

36

PETROPHYSICAL PROPERTY DATABASE (P³)

“GOING SUPERCRITICAL”

38

NEW EXPERIMENTAL PROSPECTS

ELECTRICAL CONDUCTIVITY OF ICELANDIC DEEP GEOTHERMAL
RESERVOIRS

40

INSIGHT FROM HP/HT LABORATORY MEASUREMENTS

EUROPEAN REFERENCE MODELS

42

3D TEMPERATURE AND MECHANICAL STRENGTH

THE WORLD STRESS MAP

44

UPDATE OF THE EUROPEAN AND ICELANDIC STRESS DATABASE

SUPERCRITICAL RESOURCES DATABASE

46

AN INTEGRATED APPROACH TO IMAGE FAVOURABLE CONDITIONS IN CONTINENTAL
EUROPE

Page | 27

Image developed a methodological approach for
analyzing geological structures and fluid path-ways in
(super-hot) geothermal reservoirs using field and
laboratory data from exhumed geothermal systems, in
Iceland and Italy. Results show that permeability
induced by transfer/transform fault zones played a keyrole in channeling deep fluids and geothermal reservoir
development.

Magmatic

Fig. 1 Up: hematite and pyrite
are the typical Fe-oxides
hydrothermal minerals of
eastern Elba Island (Italy).
Down: Garnet, epidote and
quartz characterize the
hydrothermal association in
Geitafell (Iceland).
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GEOLOGICAL STRUCTURES
AND FLUID FLOW IN EXHUMED
GEOTHERMAL SYSTEMS
CHALLENGE

APPROACH

Before, IMAGE, the study of exhumed
rock-volumes as proxies of deep
reservoirs was based on oil and gas
exploration approaches, relying mostly
on
geo-statistical
models
to
discriminate at surface those fractures
having induced permeability when the
rock-volume was at depth. IMAGE
challenged it, by analyzing both the
structural and rock-fluid interactions
over geological times, including the
relationships between fracture arrays
and veins sealed by hydrothermal
minerals. This requires both structural
and lab analysis in analogue, exhumed
systems and test and validation of the
results in view of existing knowledge
from active geothermal systems

IMAGE developed a methodological
approach based on the integration
between fluid inclusions studies and
structural geology was established. The
fracture array of shear and extensional
veins at different structural levels in the
exhumed geothermal systems of
eastern Elba Island (Italy) and Geitafell
(Iceland) have been studied as proxies
of active geothermal systems in
continental (Larderello, Italy) and
oceanic
(Krafla,
Island)
crust
environments.
Structural
and
kinematic data and samples for fluid
inclusions analyses have been collected
to define the P-T conditions at which
fluids circulated through kinematically
active shear zones.

CASE STUDY
Eastern Elba Island is characterized by
coeval activity of transfer and normal
faults since Late Miocene, at least. Fault
activity was contemporaneous to
circulation of geothermal fluids, during
cooling of the Porto Azzurro
mozogranite (5.9Ma), emplaced at
about 5 km depth. Fluid inclusion
studies on hydrothermal quartz
revealed that in fractures affecting the
deep structural levels, parental fluids
are
characterized by super-hot
temperature (up to 650°C) and highly
salinity testifying their magmatic
origin. Toward shallow levels, mixing
with meteoric waters decreased their
salinity and temperature and fluids
circulated in fractures and in
hydraulically
connected
lateral
reservoirs.

Geitafell is a 5-6 Ma central volcano,
now located in the south-eastern part of
Iceland. Glacial erosion exposed its
magmatic chamber, located at that time
at about 2-3 km depth and made up of
mafic rocks. Coeval transform and
transfer zones were active during
cooling of the Geitafell gabbro and
circulation of hydrothermal fluids was
favored by the fracture-induced
permeability. As for Elba Island,
hydrothermal minerals on fault
surfaces crystallized. Fluid inclusion
studies carried on these minerals
indicated that relatively hot (even >
320°C)
parental
low-salinity
geothermal fluids were of meteoric
origin, circulating from the deepest
levels (i.e. close to the gabbro) to
shallower structural levels.

Transfer and
transform shear
zone are the most
reliable structures
to channel deep
fluids

Conceptual
models on active
geothermal
systems can be
constructed from
field and
laboratory data

Fig. 2 LEFT: hydraulic
breccia from eastern Elba
Island, with tourmaline in a
shear zone, indicating high
fluid pressure during fluid
flow at deep structural levels.
RIGHT: example of fluid
inclusion in hydrothermal
quartz from Geitafell : the
analysis of it permits to get
information on the geothermal
fuids circulating at the time of
crystalization.

RESULTS
The study of the exhumed geothermal systems permitted to demonstrate the key
role of the transfer/transform fault zones as the most favorable structural conduits
to channel deep geothermal fluids. Furthermore, the analysis of the deep structural
levels of Elba Island and Geitaffel as proxies of Larderello and Krafla shaded new
light on the research of super-hot to supercritical fluids at technically reachable
depth.
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We used an integrated approach of data-driven 3D
structural, gravity, conductive thermal and
coupled hydrothermal modelling to better
understand the processes and properties that
control the thermal field of the Upper Rhine
Graben.

Basement/
Sedimentary

Fig. 1 Regional lithosphericscale 3D conductive thermal
model of the Upper Rhine
Graben (Freymark et al., 2017).
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3D COUPLED
HYDROTHERMAL MODEL OF
THE UPPER RHINE GRABEN
CHALLENGE

APPROACH

To predict the hydrothermal conditions
of a reservoir and reduce the risk of
drilling non-productive geothermal
wells, numerical models are often used.
One major problem related to such
reservoir-scale models is setting
appropriate boundary conditions that
define, for instance, how much heat
enters the reservoir from greater
depths.

Therefore, we have built a regional
lithospheric-scale 3D structural model
of the URG by integrating, e.g., existing
data-based 3D structural models and
deep seismic reflection and refraction
profiles. In addition, 3D gravity
modelling was performed to assess the
internal configuration of the crystalline
crust. Based on (i) the resulting gravityconstrained 3D structural model and
(ii) a seismological LithosphereAsthenosphere-Boundary representing
the 1300°C-isotherm, we calculated the
present-day 3D conductive thermal
field (Fig. 1).
Finally, smaller-scale 3D coupled fluid
and heat transport simulations were
performed for the central URG. The
conductive thermal model provides the
boundary
conditions
for
these
hydrothermal models.

For the Upper Rhine Graben (URG)
temperature variations are known to be
controlled also by regional scale
groundwater flow. So far, however,
predictions of the thermal field beyond
local measurements are based on
interpolation
only,
while
such
observations are sparse at the depth of
deep geothermal target horizons.

CASE STUDY
The Upper Rhine Graben is known for
its large potential for deep geothermal
energy that is already used, e.g., in
Soultz-sous-Forêts. In the frame of
IMAGE, we assessed the dominant
processes and effective physical
properties that control the deep
thermal field of the URG. The
lithospheric-scale 3D structural model
includes 14 sedimentary units, 7
different zones in the upper crystalline

crust (including the Variscan domains
and the Alps), lower crust and two
domains of lithospheric mantle.
The smaller-scale 3D coupled hydrothermal model of the central URG
reaches down to a depth of 8 km.
Beside the sedimentary and upper
crustal units it includes the two main
border faults of the URG.

Large-scale
models provide
boundary
conditions for
local models
Deeper
understanding of
the factors that
control
temperatures and
fluid flow

Fig. 2 Cross section through
the 3D coupled hydrothermal
model of the central Upper
Rhine Graben (Freymark et al.,
in prep.).

RESULTS
The 3D thermal field is the result of superimposed deep and shallow thermal
effects. The varying radiogenic heat production in the upper crystalline crust in
combination with the thermal blanketing effect of the thermally low-conductive
sediments has the largest influence on the deep thermal field. Therefore, highest
temperatures can be found in the central and northern URG covering the
Saxothuringian domain, where, e.g., the geothermal fields of Landau and Soultzsous-Forêts are located.
In the sedimentary infill of the URG the conductive thermal field is modified by
additional fluid flow. The simulated 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 (Fig. 2).
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.
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The type and quantity of alteration minerals at
depth are valuable information about
hydrothermal activity. We explore the sensitivity
of electrical measurements to a particular
alteration mineral: smectite, compared to other
parameters influencing the electrical signal
(porosity, temperature).

Magmatic

Fig. 1 Comparison of electrical
measurements on cores to
borehole logs before and after
correction for in-situ
temperature in two boreholes:
KH1 (Up) and KH3 (Down).
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ROLE OF SMECTITE IN THE
RESISTIVITY SIGNAL
BASED ON CORES FROM THE KRAFLA GEOTHERMAL FIELD

CHALLENGE

APPROACH

Because smectite is a good electrical
conductor compared to surrounding
minerals in hydrothermal systems,
resistivity methods are used to locate
the shallow “clay cap”, usually present
at the top of hydrothermal reservoirs
and richer in smectite than the rock
underneath.
But a clay cap doesn’t imply an active
hydrothermal system underneath. The
interpretation of resistivity at greater
depths, in terms of active hydrothermal
circulations, is therefore important. At
these depths, the presence of smectite is
an important constraint for geothermal
exploration but has been little
addressed. We aim here at a better
understanding of the quantitative
influence of smectite on the electrical
resistivity of altered igneous rocks.

Electrical measurements are compared
to independent measurements of
porosity and smectite content. We
show that the Cation Exchange
Capacity (CEC), measured by the backtitration
of
Copper–tri-ethylenetetramine adsorption, is a reliable
measure of the smectite content and
further use CEC measurements to
quantify the smectite weight content in
each sample. Quantification of other
minerals was performed by Rietveldrefinements of X-Ray Diffraction (XRD)
patterns. Electrical conductivity and
porosity are measured on cores; CEC
and XRD on powders.
The validity of the experimental results
for in-situ conditions was addressed
with a comparison to electrical
borehole logs (Fig. 1).

CASE STUDY
This study is based on laboratory
measurements for 88 core samples
from the Krafla high-temperature
geothermal field. The cores come from
four boreholes, down to 700 m, located
in distinct sections of the large-scale
Krafla geothermal system, with
variable degrees of hydrothermal
activity (from completely inactive to
highly active). The texture of our
samples varies between fully glassy
basalt (tuff, hyaloclastite),

vesicular lavas and highly crystalline
basalt (intrusions). Silicic extrusive are
also present in one borehole. Much
higher volumetric content of smectite
are present than in previous studies
addressing the electrical conductivity
of rocks, partly
due to the use of
igneous rocks
instead
of
sediments.

Constrains the
interpretation of
resistivity
soundings and
extends its use

Improves the
understanding of
electrical
processes in
smectite

Fig. 2 (Left) Interdependence
between electrical
conductivity, CEC and
porosity. (Right)
Interdependence between
porosity and alteration
quantity in borehole KH1, as a
function of depth.

RESULTS
The electrical conductivity of rocks can be described by porosity and smectite, at a
given salinity and temperature (Fig. 2). The strong interdependence between
porosity and alteration quantity is interpreted as a geological control on both. The
type of alteration (e.g. relative quantities of smectite and chlorite) is more related
to the thermal history and dynamics of the hydrothermal system.
The electrical measurements on cores are consistent with borehole logs (Fig. 1)
when the in-situ temperature is low (inactive section of the geothermal system),
while a significant effect of temperature is observed in the active section.
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Fractal models can be used to study the
relationships between fracture network, stress
heterogeneities and induced microseismicity in
deep geothermal reservoirs.

Basement/
Sedimentary

Fig. 1 Profile of correlation
dimension of natural fracture
positions along the BS-1 well.

34

CHARACTERISATION OF
GEOTHERMAL RESERVOIRS
USING FRACTAL MODELS
CHALLENGE

APPROACH

Fracture network characteristics and
stress heterogeneities are believed to be
key parameters controlling the microseismicity
development
during
hydraulic
stimulation
of
deep
geothermal
reservoirs.
These
parameters are difficult to estimate,
particularly at early project stages
when only a single exploration well
may be available. In this contribution,
we explore the possible linkage
between these parameters with the
objective
of
improving
the
characterization of the reservoir by
jointly considering information from
fracturing, stress and microseismicity.

The data sets available in deep
geothermal reservoirs are typically too
sparse to infer deterministically
systematic links between fracturing,
stresses and microseismicity within the
reservoir volume. Thus, we pursued a
probabilistic
approach
taking
advantage of the fact that scale
invariant power law distributions, also
referred as fractal distributions, are
present in all three of the data sets we
consider.
Robust methodologies have been
developed and tested in order to
provide reliable estimates of the fractal
characteristics for these various data
sets. An example of correlation
dimension for fracture position along
the BS-1 well is presented in Fig. 1.

CASE STUDY
We applied our fractal characteristics
estimation methods to data sets from
the deep geothermal reservoirs in the
Upper Rhine Graben at Basel and at
Soultz.
Concerning
fracturing
characterisation from borehole data, a
major difficulty is to assess fracture
length distributions. We explored the
possibility of constraining the fracture
length parameters using inputs from
stress-orientation heterogeneity from
boreholes and microseismicity data.

In characterizing stress-orientation
heterogeneity from wellbore failure, a
difficulty is posed by the commonly
discontinuous nature of the data,
which complicated the estimation of
unbiased fractal parameters from data
series. We tested a number of
approaches on synthetic data and then
applied the most robust methods to
evaluate the fractal parameter of data
sets from Basel and Soultz and assess
the uncertainty of the estimators.

Systematic
approach to
estimate fractal
characteristics of
deep geothermal
datasets
Joint assessment
of characteristics
of fracturing,
stress
heterogeneities
and induced
microseismicity

Fig. 2 Generated Discrete
Fracture Network to study
the link between fracturing
and induced microseismicity.

To investigate the fractal properties of injection induced microseismicity, we
performed a re-analysis of the Basel data set, using a template-matching and crosscorrelation based approach. The time-evolution of the relative earthquake size
distribution, or b-value, reveals that the fracture network activated during
different phases of the stimulation and post-stimulation periods varies
significantly.

RESULTS
Joint analyses of fracture, stress and microseismicity datasets should provide better
stochastic fracture models of reservoirs compared models obtained by considering
them in isolation.
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A catalogue of rock physical properties that are
essential for geothermal exploration is presented.
This PetroPhysical Property Database (P³)
contains laboratory-measured rock properties
complemented by meta-information for further
evaluation of the data. P3 already represents rock
samples from all over the world.

Basement/
Sedimentary

ROCK PROPERTY
CATALOGUE FOR PHYSICS
BASED MODELS
PETROPHYSICAL PROPERTY DATABASE (P³)

Fig. 1 (Top) Locations of all data
points currently included in P³.
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CHALLENGE

APPROACH

Petrophysical properties are key to
populate numerical models and to
interpret results from geophysical
investigations.
Searching for property values from a
specific rock unit at a specific location
is a very time-consuming challenge.
Such data are usually spread across
diverse compilations, the number of
newly published measurements is
continuously growing and data are of
heterogeneous quality.
Utilizing existing laboratory data to
populate numerical models or interpret
geophysical surveys at specific
locations or for individual reservoir
units is often hampered if information
on the sample location, petrography,
stratigraphy, measuring method and
conditions are sparse or
not
documented.

To facilitate (i) efficient search for and
research on measured rock physical
properties, (ii) further evaluation of the
data using complementing metainformation, and (iii) adequate
property generalization for specific
units, P³ was developed.
P³
provides
easily
accessible
information
on
physical
rock
properties for geothermal exploration
and reservoir characterization in a
single compilation.
A standardized hierarchic structure
ensures inter-comparability of all
values for statistical analysis, while
information on the experimental setup
and conditions allow for quality
control. Thus, properties can be related
to reservoir conditions to populate
models or for the interpretation of
geophysical exploration results.

DATABASE STRUCTURE
P³
only
contains
published
measurements with a minimum
amount of meta-information to allow
for
reasonable
interpretations,
generalizations or simulations based
on the collected data. The minimum
associated meta-information is the
reference to the data origin (citation)
and information about the petrography
for a classification according to a
certain
lithotype.
If
available,
additional meta-data were included
such as the sampling location, its type

(e.g. outcrop, quarry, drill hole), the
affiliation to a registered sample set
(e.g. International Geo Sample Number
(IGSN), stratigraphic age or unit,
sample dimensions, measurement
method or device and measurement
conditions (pressure, temperature,
stress) including degree of saturation
and type of saturating fluid.
P³ is structured into (i) meta-data, (ii)
properties, (iii) quality control.

We developed a
publicly accessible
web-based
interface to
facilitate specific
queries on
petrophysical
properties
P³ will help new
geothermal
projects with the
first assessment of
geothermal rock
properties

Fig. 2 Schematic structure of
P³ illustrating the three
sections or entities: meta
information, rock properties
and quality control. Different
input parameters (small font)
are grouped according to the
property they belong to.

RESULTS
P³ already comprises a great variety of properties, petrographies, stratigraphies etc.
from samples investigated all over the world.
Since it also contains multiple properties measured on one sample, direct
correlations of properties are facilitated (formal, causal or statistical) and
contribute to a better understanding of the limitations of generalization or
possibilities for upscaling approaches (Mielke et al., 2017). The possibility of
correlating data also simplifies and accelerates the identification of key references
for rock parameters in specific regions, rock types, or stratigraphic units.
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Growing economic interest in exploiting
supercritical geothermal reservoirs calls for an
improved understanding of fluid-driven processes
in magma-related hydro-thermal systems. A
laboratory program was set-up to extend the
existing petrophysical database to temperatures
higher 250 °C.

“GOING SUPERCRITICAL”
Magmatic

Fig. 1 High-temperature set-up
for combined conductivity and
permeability measurements.
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Growing
economic
interest
in
exploiting supercritical geothermal
reservoirs calls for an improved
understanding
of
fluid-driven
processes in magma-related hydrothermal systems. The knowledge of the
physical properties of the geothermal
fluid and the formation interacting
with the fluid above 374 °C and 221 bar
is a prerequisite to develop valid
reservoir models.
Up to date, there has been a lack of
calibration data for the models, as
experimental set-ups capable of pore
fluid flow are restricted to max. 250 °C
due to the technical complexity of hightemperature laboratory set-ups. Thus,
the aim of our laboratory program was
to design a suitable set-up to extend the
existing petrophysical database to
temperatures higher 250 °C.

We have developed two new flowthrough set-ups, which allow us to
investigate the impact of fluid-rock
interaction on the physical properties
of rock cores and geothermal fluids
from sub- to supercritical conditions.
Hydraulic and electrical properties of
rock cores were measured in an
internally heated gas pressure vessel
up to a maximum temperature of 380
°C at a fluid pressure of 25 MPa. The
second set-up is suitable to measure
both intrinsic temperature dependent
electrical fluid properties as well as the
effect
of
mineral
dissolution/
precipitation on fluid conductivities up
to supercritical conditions. The results
of
fluid
and
rock
physical
measurements were correlated with
fluid-chemical and microstructural
data.

CASE STUDY
Experimental conditions were adapted
to in-situ conditions in the deeper parts
of the active Reykjanes (SW Iceland)
and Krafla (N Iceland) geothermal
reservoirs. Borehole samples from both
sites were studied as well as cores from
an exhumed geothermal system in
Geitafell (S-Iceland), which is regarded
as a proxy for the Krafla reservoir. For
measurements on fluids, we have
focused on synthetic brines, which

mimic fluid compositions from Krafla
and Reykjanes areas.
Conductivity measurements were
performed with a 4-pol electrode
layout.
Fluid samples were taken for chemical
analyses at increasing temperatures.

Combined
measurements of
hydraulic and
electrical rock
properties up to
supercritical
conditions

Calibration data
for geophysical
reservoir models

Fig. 2 (a) Fluid and bulk
conductivities of a volcanic
breccia from Krafla well KH5
vs. T. Note the drop-in bulk
conductivity by 40%, when
supercritical conditions were
applied. (b) Normalized fluid
conductivities. Grey symbols
represent measurements on
stock solutions, green stars
and red diamonds display
measurements on Reykjanes
fluid in contact with a quartzcorundum composite and a
hyaloclastite from Reykjanes
area, respectively.

RESULTS
Both our physical and chemical data clearly indicate that the dissolution of silicates
begins above 200 °C and rise at near-critical conditions. At the critical point, the
drop-in water polarity results in mineral precipitations, indicated by an observed
decrease in rock permeability by 5% and in bulk conductivity by 40%. In long-term
experiments at supercritical conditions only temporary conductivity equilibria of
several hours could be attained, and the electrical properties of supercritical brinerock systems exhibit a broader range of conductivities. This points to a dynamic
interplay between mineral precipitation and dissolution.
CONTACT
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Electrical conductivity of rocks from Icelandic
deep geothermal reservoirs is experimentally
determined up to 700°C, under supercritical
conditions. The laboratory measurements highlight
the electrical signatures of supercritical fluids in
the Icelandic crust.

Magmatic

ELECTRICAL CONDUCTIVITY
OF ICELANDIC DEEP
GEOTHERMAL RESERVOIRS
INSIGHT FROM HP/HT LABORATORY MEASUREMENTS

Fig. 1 Sketch of the experimental
HT-HP cell used for
petrophysical experiments under
supercritical conditions.
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Exploitation of supercritical fluids is
expected to increase by a factor 10 the
electricity generation of a single well.
Exploration of potential sites requires a
good knowledge of the physical
properties of rocks under these extreme
conditions. However, there is no data
on physical properties of rocks on
which geophysicist could rely on to
localize these reservoirs. In particular,
electrical conductivity (E.C) data are
lacking under these conditions. Here,
we surpass experimental limitations
using a new E.C cell allowing for
laboratory
measurements
till
supercritical conditions on geothermal
reservoirs rocks. (Fig 1). We provide a
first database which highlights
supercritical fluids signatures as a
function of the rock-type.

A wide experimental protocol was
defined to quantify the contribution of
the electrolyte, surface conduction and
intra-minerals conduction on rocks
conductivity. First measurements on
mini-cores were achieved at ambient
conditions, using different NaCl
molalities in order to evaluate
formation
factors
and
surface
conductivities prior to HT and HP
measurements. Then we performed
conductivity measurements at HT and
HP on dry rocks to quantify the intraminerals
conduction.
Finally,
measurements on rocks saturated with
fluids of different salinities (from
distilled water to sea-water salinities)
were achieved at HT and HP. The
obtained database clearly points out
the different impacts of the rock-type,
the electrolyte conductivity, surface
and intra-minerals contributions.

CASE STUDY
Rock samples come from 4 different
boreholes located in Reykjanes (RN17B, RN-19, RN-30) and Hengill (NJ17) geothermal areas.
These samples, ranging from dolerites
to hyaloclastites and basalts, were
selected for their high degree of
hydrothermal alteration in the epidote
and amphibole facies and their various
range of porosity (from 3% to 20%).
They represent a wide range of
petrophysical
behavior.
The
hyaloclastites present intermediate

porosity (13.4%), low formation factor
(F=60) and low surface conductivity
(Cs=0.6mS/m) whereas dolerites show
high formation factor (F=559) with low
porosity (3%) characteristic of a dense
structure with microcracked pore
network. The basalts present high
surface conductivity (Cs=3.5mS/m)
linked to an important amount of
chlorite and clay minerals.
These samples are representative of the
wide range of geothermal rocks.

First quantitative
contributions of
intra-mineral,
electrolyte and
surface
conductions under
supercritical
conditions
Measurements on
a wide variability
of rock-type
representative of
deep geothermal
reservoirs
Fig. 2 Summary of the
electrical behavior of different
hydrothermally altered rocks at
a confining pressure of 100
MPa. Curves (a,b,c) represent
measurements under dry
conditions. Curves (d) to (i)
represent saturated conditions
with a pore pressure of 30
MPa and fluid of different
salinities. (d), (e) and (h) are
measurements on dolerites
with high formation factor F.
(g) and (i) are measurements
on altered basalt with high
surface conductance Cs. (j)
and (k) represent measurements on basaltic and rhyolitic
melts, respectively. (f) and (i)
also represent measurements
on Hyaloclastites.
F  formation factor
Cs  surface conductivity

RESULTS
Figure 2 summarizes the different electrical behaviors, highlighting the differences
between dry and saturated experiments as a function of the rock type. Under
saturated conditions, E.C has a maximum at 250°C-350°C and then decreases at
supercritical conditions. Above 600°C, intra-mineral conduction dominates the
rock conductivity. Between 370°C and 500°C (i.e. supercritical conditions targeted
by IDDP project), E.C values depend strongly on the rock type, their related
petrophysical properties, and fluid salinity. At sea water salinities, E.C is higher by
about one order of magnitude than dry rocks, leading to a potential electrical
signature of supercritical fluids in deep geothermal reservoirs.
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IMAGE developed a physics-based 3D temperature
model at EU scale, calibrated to temperature
measurements in wells, heat flow, and deep
lithosphere conditions. The model is a reference for
deep temperatures and mechanical strength.

Basement/
Sedimentary

Fig. 1 Temperature data (x-axis)
plotted against model values (yaxis) showing an improved fit
for the posterior model (lower
pane).

42

EUROPEAN REFERENCE
MODELS
3D TEMPERATURE AND MECHANICAL STRENGTH

CHALLENGE

APPROACH

Geothermal models require realistic
properties, consistent with boundary
conditions and temperature data. On
the base of these models it should be
possible to quantify uncertainties,
identify regions of non-conductive heat
transfer, and to obtain lithospheric
strength
estimates
to
study
deformation.
The thermal state of the lithosphere,
rheology, and stress regime control the
integrated strength of the lithosphere
and
determine
the
style
of
deformation.
Improving
our
understanding
of
the
thermomechanical state of the lithosphere can
aid in volumetric assessments of
(supercritical) geothermal resource
potential or other forms of geothermal
exploration.

A flexible fast track 3D workflow
modelling suite has been developed to
estimate subsurface temperatures from
site- to regional-scale, based on prior
estimates of temperature-dependent
bulk thermal
conductivity and
radiogenic heat generation. An
ensemble smoother with multiple data
assimilation (ES-MDA) method is used
to calibrate forward thermal models
with temperature or heat flow data and
improves prior estimates of thermal
properties and the thermal field. The
generated probability density functions
(PDF’s)
for
properties
and
temperatures
allow for
further
uncertainty assessments, vital for derisking prospects on site-scale models
and of use for improving volumetric
estimates of (supercritical) geothermal
resources.

CASE STUDY
We combine large-scale geophysical
models with regional-to-local-scale
geothermal data and apply the ESMDA to the prior European thermal
model to calibrate the model and
corresponding thermal properties.
Available temperature data have been
converted into regular-spaced grids
consisting of more than 30k cells at
depths of 1 - 6 km (Fig. 1). Probability
density functions (pdf) are assigned to
the observations and prior model
parameters.

Model parameters are stochastically
varied to minimalize the misfit
between model and observations,
given the prior pdf’s and the model
covariance. This results in updated
temperatures (Fig. 2) and model
parameters. Misfits can be used to
improve estimates of a-priori thermal
properties and boundary conditions
and to study the distribution of
different heat transfer mechanisms
within the lithosphere.

New thermal and
rheological model
of the EU
lithosphere with
updated range of
thermal properties
Investigate heat
transfer
mechanisms
Potential to
improve volumetric
estimates of
(supercritical)
geothermal
resources
Fig. 2 (Left) Temperatures of
posterior (upper left) and
posterior 3D temperature
model at 2000 m depth with
corresponding misfits (lower
left). (Right) 1D profile up to
100 km depth extracted from
the model showing prior
(dashed lines) posterior
(normal lines) thermal
properties and boundary
conditions: Geothermal
gradients in black, radiogenic
heat production in green,
(bulk) thermal conductivity in
blue, and associated yield
strength envelopes (blue lines
in the right pane). Negative
and positive values indicate a
compressional and extensional
stress regime, respectively.

RESULTS
Conduction is the dominant heat transfer mechanism within the European
lithosphere and together with the a-priori structural and compositional model it
explains most large-scale variation observed in the thermal structure of the
lithosphere. The conductive thermal field is regionally and locally disturbed by
active tectonic processes, volcanism, buoyancy-driven thermal convection, and
advective groundwater flow. The thermal state of the lithosphere, rheology, and
stress regime control the integrated strength of the lithosphere and determine the
style of deformation. We have updated strength estimates for Europe, in particular
affecting the upper part of the lithosphere.
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The European and Icelandic update of the World
Stress Map database results in a significant
increase in data on the orientation of the
maximum horizontal stress.

THE WORLD STRESS MAP
Magmatic

Fig. 1 Borehole breakouts (dark
areas) in an acoustic log from an
Icelandic geothermal borehole.
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A comprehensive understanding of the
in-situ stress state is a fundamental
component for a safe and sustainable
subsurface
utilization,
e.g.
for
geothermal or hydrocarbon reservoirs,
infrastructure, mining, or storage of
wastewater or nuclear waste. The
orientation of the maximum horizontal
stress SHmax and the stress regime
provide valuable information on the
stress state. Using a variety of different
stress indicators, the World Stress Map
project (www.world-stress-map.org)
provides a database with more than
42,000 quality ranked and geolocated
data records (Fig. 2). Furthermore, for
each entry a number of related metadata is available.

The orientation of SHmax is estimated
from different indicators such as
borehole breakouts (Fig. 1), drilling
induced tensile fractures, focal
mechanism
solutions,
hydraulic
fracturing experiments, geological fault
slip data, or overcoring measurements.
The World Stress Map quality ranking
lists specific requirements for each
method and assigns a quality from A
(SHmax believed to be within ±15°) to E
(no reliable information, uncertainties
larger than ±40°). This ranking ensures
the comparability of the stress
orientation derived from different
types of indicators.

CASE STUDY
In the framework of the IMAGE project
the World Stress Map database for
Iceland and Europe have been updated
from the last release in 2008.
The European stress map was updated
in several national or regional efforts
for e.g. Italy, Germany, Switzerland, or
Great Britain. Therefore, all available
data was compiled and the according
qualities were assigned.

In Iceland all the existing entries in the
database have been revisited and were
re-evaluated,
if
necessary.
Furthermore, image logs from 51
boreholes throughout the country have
been analyzed for stress indicators (Fig.
1). A comprehensive study of
according
literature
provided
additional data records.

Increase in data
records
Europe: doubled
Iceland: 10 times

Allows statistical
analysis of stress
pattern

Fig. 2 The World Stress Map
2016 with more than 40,000
SHmax orientations indicated by
the lines. The colour code
indicates the tectonic regime
normal faulting (red), strike
slip (green), thrust faulting
(blue), or unknown (black).

RESULTS
The update of the Iceland stress map increased the amount of data records from 38
SHmax orientations in 2008 to now 495 data records. This makes Iceland one of the
countries with the highest data density per area. The European update more than
doubled the amount of data records in the World Stress Map database (Heidbach
et al., 2016).
This massive increase in available data not only provides a comprehensive image
of the stress state but also allows the statistical analysis of the stress pattern.
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IMAGE produced a database of parameters
governing supercritical conditions and of places in
Europe where they can be potentially encountered
and exploited.

Magmatic

Fig. 1 Indicators (isotherm
400°C depth, crustal thickness,
brittle-ductile transition depth,
seismicity).
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SUPERCRITICAL
RESOURCES DATABASE

AN INTEGRATED APPROACH TO IMAGE FAVOURABLE
CONDITIONS IN CONTINENTAL EUROPE
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The exploitation of supercritical
geothermal resources, i.e. subsurface
fluids of extremely high temperature
and pressure, may become a game
changer in the power generation
market. In order to foster the growth of
the geothermal energy market through
enhanced awareness of the distribution
and extension of potential supercritical
resources, it is necessary to produce a
database of parameters governing
supercritical geothermal conditions at
depth, and to establish a hierarchy of
European areas based on their potential
for hosting supercritical resources at
accessible depth.

IMAGE’s approach exploits modern
geostatistical and GIS techniques and
integrates indirect information related
to supercritical condition at depth.
After defining indicators for the
presence of supercritical conditions at
depth, data were organized in form of
maps (raster layer). A score and a
weight was assigned to each layer on
the basis of expert opinion, following a
“knowledge-driven” model and using
the Index Overlay (IO) method. The
classifications for each map consisted
of identifying five ranges of values
(classes), which were scored from 1 to
5. Each map was then weighted with a
value ranging from 0 to 1.
The thematic maps were eventually
combined by IO computation to
produce the final map.

CASE STUDY
Since temperature is the key parameter
controlling the presence of supercritical
reservoirs at (relatively) shallow depth,
mapping of supercritical resources was
mainly driven by thermal models
derived from crustal and lithospheric
constraints and data interpolation from
available deep wells. Crustal thinning
was also considered, since it favours
shallow magmatic emplacement. A
combination of frequent seismicity and
shallow brittle-ductile transition

provides a good indication of
geodynamic conditions favourable to
shallow magmatic emplacement. These
three indicators were mapped (Fig. 1)
and classified (Fig. 2).
The location of recent (PleistoceneHolocene) volcanism has been also
mapped (Fig. 2). Being very sparse, it
was not used in the computation of
final favourability, and centers were
simply reported on the map.

The first map of
potential
supercritical
resources in
continental
Europe
A detailed and
systematic
resource
reporting system
related to
supercritical
resources

Fig. 2 Classified maps of:
isotherm 400°C depth (topLeft), crustal thickness (topRight), seismicity density for
shallow brittle-ductile
transition (bottom-Left);
recent volcanic activity
centers (bottom-Right).

RESULTS
The database of supercritical resources of Europe have been produced in grid
(geotiff and asc) format. By prioritizing favourable conditions using GIS spatial
analysis methods, the “favourability” map of geothermal resources at supercritical
condition was obtained. It provides a clear overview of the distribution of potential
resources in Europe, based on analytical data. The map highlights areas where
investment in knowledge has the highest probability of being productive, as in
Iceland, where supercritical resources have been reached. Supercritical potential in
Iceland is within a drillable depth of 4-5 km in the 32,000 km2 volcanic rift zone
where temperature above 400 °C and adequate pressure are expected.
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EXPLORATION
TECHNIQUES
IMAGING THE GEOTHERMAL RESERVOIR

AMBIENT NOISE AND FIBRE OPTICS
Active and passive seismic (ambient noise) techniques have been used more
frequently in recent years, as they help to understand subsurface structure and
controls on fluid flow in geothermal systems in various tectonic settings. This
applies especially to passive seismic. Magmatic geothermal systems are more or
less constantly emitting seismic energy, both in form of micro-earthquakes and in
form of noise due to the geothermal activity itself, like boiling. In non-magmatic
environments and areas of little tectonic activity, passive seismic methods have not
been applied due to the lack of signals. Recently, the development of ambient noise
interferometry, which uses permanent seismic noise as a source, often caused by
human activity, makes the application of passive seismic recording feasible even in
areas with little or no seismic activity to be used, such that the technology can be
used as well in basement/sedimentary settings.
Ambient noise methods had not been used in geothermal prospecting yet at the
onset of IMAGE. IMAGE has contributed considerably to the development of
passive seismic geothermal exploration methodology by a number of field tests,
both in magmatic and basement/sedimentary settings. Passive seismic has been
shown to be a useful tool, inexpensive and environmental friendly. Seismic signals
are not always strong enough in all regions and passive seismics are often
disturbed by human activity, especially in densely populated areas. Advanced
ambient noise correlation techniques and computer processing allow to use the
noise as source for information even in regions with low seismic activity. For data
acquisition in Iceland a large network of geophones has been deployed on- and
offshore (Figure 10).
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FIGURE 10 LOCATIONS OF OCEAN BOTTOM SEISMOMETERS (RED DOTS) AND LAND STATIONS (GREEN
DOTS) USED FOR REYKJANES AREA (ICELAND).

Another downhole tool to detect seismic signals that could be relevant for
geothermal applications is fibre optic technology for Distributed Acoustic Sensing
(DAS). DAS has been tested in a borehole and for an -out of normal use- surface
phone line.
In basement and sedimentary settings, passive seismic has been tested and applied
in the Rhine Graben, close to the town of Strasbourg (Figure 11), and the Peel area
in the Netherlands. Whereas in this type of context these technologies have to be
improved, the results are very promising and are more fully described in
upcoming scientific papers and the presented highlights.

FIGURE 11 LAYOUT OF THE NETWORK IN THE STRASBOURG AREA. STATIONS FROM 6996 TO 6995 AND T3602
WERE DEPLOYED BY BRGM, STR IS THE PERMANENT STATION MANNED BY RESIF/EOST.
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ACTIVE SEISMIC
Active seismic methods are standard tool for oil & gas exploration. They have been
used in geothermal prospecting at the small scale to image the subsurface, but are
not specifically directed to the exploration needs for geothermal systems. So far,
they have only been shown to work in areas with a sedimentary cover, whereas
conventional volcanic geothermal environments were not successfully investigated
by active seismic approaches. In basaltic high-temperature areas such
measurements are challenging because most basalt units are much thinner than the
detection limit for conventional seismic surveys. Seismic downhole methods were
applied to geothermal prospecting, especially the Alpine Molasse basin, including
Vertical Seismic Profiling (VSP), which allows the detection of vertical structures.
In volcanic high-temperature geothermal systems, however, VSP has only been
used in few sites such as Larderello.

FIGURE 12 REPROCESSED 3D SEISMIC TIMESLICE IN DEEPLY BURIED CARBONATES IN THE NETHERLANDS.

IMAGE addressed the problem of using seismic reflection data to image the major
acoustic impedance boundaries that are expected to exist on the top and bottom of
magmatic layers and porous zones filled with steam or supercritical fluid. There
exists evidence that the heat extraction zone in the roots of the geothermal systems
might be rather thin as well as in supercritical conditions. Hence, the importance of
detecting the productive zones precisely is a major issue for designing the drilling
operations. Ordinary seismic reflection surveys have turned out to give poor
results in volcanic geological environment, probably due to high scattering of the
seismic energy, especially at shallow depths. IMAGE has successfully tried to come
around this problem by performing a series of Vertical Seismic Profiling (VSP)
experiments in Krafla where there is a reasonable knowledge from the boreholes on
magma and steam zones to compare with the results of the VSP. High-temperature
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set very particular demands on the measurements and the geophone chain. Besides
standard processing techniques, three-component imaging techniques have been
applied to determine high resolution images of subsurface rock formations near the
wells to delineate magmatic bodies, zones of supercritical fluids, superheated
steam and high permeability. Details on the experiment in Krafla can be found in
Deliverable D4.02. A synthetic seismic modelling approach was used in Larderello
to verify the nature of a discontinuous, deep and very bright seismic reflector
(named K), which was treated as a physical perturbed layer hosting supercritical
fluids. Various hypotheses, based on information related to fracture and
permeability conditions in Elba proxy and petrological and fluid inclusion data,
were tested. The results showed that the productive geothermal horizon could be
either a thin (100 m) layer characterized by symmetric randomized velocity
distribution, or a thicker layer characterized by both symmetric and asymmetric
velocity distribution. Details can be found in Deliverable D5.01.
State of the art seismic processing techniques developed in oil and gas exploration
to detect fracture zones and fluids from reflection seismic and VSP have been
developed and applied to existing seismic data to image deep basement and flow
properties. IMAGE developed techniques to reprocess cost-effectively vintage 2D
and 3D seismic data (Figure 12) and methods to outline optimal arrangement of
surface geophone layouts for VSP. Details of these techniques can be found in
Deliverable D7.01.

ELECTRO-MAGNETIC METHODS
Electro-magnetic methods are among the most common exploration tools applied
today, in particular magnetotelluric (MT). MT imaging is largely used in
geothermal exploration to prospect hydrothermal anomalies at significant depths.
Its sensitivity to temperature anomalies and fluid bearing pores and fractures is
based on the correlation with electrical resistivity anomalies. It has therefore
become a standard tool for geothermal exploration in conventional geothermal
environments. MT method, however, has two main serious limitations: lack of
resolution at reservoir depth and lack of knowledge how to relate the subsurface
resistivity structure to real geothermal parameters like temperature, mineralogy
and permeability. In addition, MT is highly susceptible to noise, which is caused by
various human activities, including railways, electric fences and industrial
applications using electricity. Methods to overcome these shortcomings are
constantly improved. In addition, the use of MT as a tool for poorly permeable
basement sites was not well tested before IMAGE on a well-known site to validate
its efficiency for the development of EGS.
IMAGE addressed the lack of resolution of the MT method by a) improving the
inversion methodology, and b) addressing noise problem by applying other
resistivity and Controlled Source methods (CSEM) to overcome the weakness of
52 | Page

Exploration Techniques

natural signal used in MT surveys. We treated the 1D magnetotelluric inverse
problem with a probabilistic approach, by adopting the Particle Swarm
Optimization (PSO), a heuristic method based on the concept of the adaptive
behavior to solve complex problems. We tested this approach on theoretical and
measured MT data, and results were promising, also for the possibility to
implement different schemes of constrained as well as joint optimization (e.g. MT
and TDEM). As CSEM penetration depth using surface sources is generally not
sufficient for depth of geothermal prospection, the borehole casing has been used
to test and validate the use of CSEM techniques in Litomerice.
An in-hole experiment (named Surface-to-Hole Deep Electrical Tomography
SHDERT) to acquire electrical resistivity tomography data at high temperature
conditions (250 °C) and at the depth of reservoir (1.5 km) in Larderello has helped
in defining in more detail 1) the resistivity distribution at depth also by
constraining MT data inversion and 2) how resistivity distribution is influenced by
fracture distribution. The experiment, thanks also to Enel Green Power which
provided access to the site and deep well, proved successful and provided valuable
data for improved and constrained MT data inversion.
In IMAGE, a software has been introduced which inverts jointly MT and TEM data
for both the resistivity model and the shift of the MT. Besides determining the static
shift, joint inversion is an important quality check of the TEM and MT data sets, i.e.
whether they are compatible. To achieve a more reliable resistivity model,
constraints from other disciplines have been applied in the inversion as a part of
the IMAGE work. On one hand the depth-location of a low-resistivity anomaly, as
observed from borehole data, is build into the starting model, giving the program a
headstart into gaining information on the resistivity in the survey area and on the
other hand information on the ductile-brittle bounday location is used to infer the
location of a deep lying low-resistivity anomaly, which is put into the starting
model of the inversion. Further constraining resistivity models in geothermal
remains a major task in the EM world.
Details of MT methods developed, tested and validated in IMAGE are reported in
deliverables D4.06, D5.03 and 5.06 (magmatic), D7.04 and D8.02
(basement/sedimentary).

GEOCHEMICAL METHODS, TRACERS AND
TEMPERATURE MONITORING
The abovementioned methods have routinely been used for geothermal
exploration and for reservoir assessment. Interpretation of geochemical data
provides important information on the characteristics of a deep geothermal
reservoir. Temperature estimates calculated from classical geothermometers,
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however, are not always reliable due to water mixing processes, mineral
dissolution/precipitation reactions during the deep fluid rising, seawater
influence, etc. For this reason, auxiliary geothermometers such as Na/Li were
developed and proposed in the literature, but are poorly known and seem to be
dependent on the nature of the rocks and of the fluid salinity.
IMAGE addressed development and characterization of geothermometers and
tracers dedicated for the targets of the extended resource base. The lack of tracers
that are stable under supercritical conditions in geothermal reservoirs limits the use
of tracer tests to detect the flow path of fluid within the roots of the high
temperature systems. Such tracers are needed to assess the size of the reservoirs
and geometry of the flow paths and are under development in IMAGE. A similar
approach is taken to develop geothermometers and tracers for determination of the
temperature and origin of fluids in basement & sedimentary settings.
Tracers and Geothermometers have been developed for supercritical temperature
conditions and tested in various sites in magmatic and basement/sedimentary
environments, including Krafla. Estimating high-temperature (greater than 380°C)
in super-hot geothermal systems is often difficult or even impossible by using
conventional tools. In IMAGE this challenge was met through the development of a
new method, based on production of synthetic fluid inclusions within an apparatus
that was be placed in a geothermal well. The method was successfully tested in a
well in Krafla (1750 m deep at 336 °C) and in Larderello (250 °C). Laboratory tests
show that this method can be applied to temperatures up to 424 °C and even
higher. More details can be found in deliverable D7.03, D4.03, D4.05 and the
highlights presented in this report.

OUTCROP ANALOGUES AND STRESS ANALYSIS
Structural geology is a standard tool to identify favourable settings for geothermal
activity. Structural analysis can be based on field work and on the interpretation of
geophysical data, mainly seismic images of the subsurface. Potential settings are
investigated by analysis of the 3D geometry and kinematic evolution of fault
systems and fracture networks. The structural settings favouring geothermal
activity generally involve sub-vertical conduits of highly fractured rock along fault
zones oriented approximately perpendicular to the least principal stress. Generally,
the regional stress field can be derived because of several different types of data,
most of them require information from wells such as the analysis of borehole
breakouts and drilling induced fracturing. In-situ stress measurements can also be
performed in existing wells. Methods that do not require wells include the
determination of focal mechanism solutions from earthquakes of sufficiently high
magnitudes occurring in the region, from which the principal stress orientations
can be inferred; geological observations such as recent fault slips and volcanic
alignments can also serve as first-order stress indicators. IMAGE has developed
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and applied novel approaches to determine fracture and stress characteristics,
based on existing borehole data, seismic data and analogues.

FIGURE 13 TEST OF FLUID INCLUSION BASED GEOTHERMOMETER IN A KRAFLA WELL.

Document Number

Deliverable Title

IMAGE-D4.01-2017.09.21

Passive seismic at magmatic conditions

IMAGE-D4.02-v2016.05.01

Active seismic with VSP

IMAGE-D4.03-2017.09.20

High temperature (>380°C) measurement

IMAGE-D4.04-2017.09.14

Estimating crustal stress and fracture permeability

IMAGE-D4.05-v2016.11.07

Tracers for Supercritical Conditions

IMAGE-D4.06-v2016.10.31

Imaging deep structure with electrical resistivity

IMAGE-D5.06-v2017.06.28

MT-inversion techniques with external constraints

IMAGE-D7.03-2016.10.25

Chemical Geothermometers and Tracers

IMAGE-D7.04-v2016.05.01

Resistivity techniques. Electromagnetic Soundings
in the Litomerice Geothermal Area (Czech
Republic)

IMAGE-D7.05-v2016.05.01

Analogue Field Work

TABLE 3 PUBLIC EXPLORATION TECHNIQUES DELIVERABLES (PUBLIC) AVAILABLE AT
HTTP://WWW.IMAGE-FP7.EU/REFERENCE-DOCUMENTS.
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A dense network of 84 seismic stations recorded
over 2000 earthquakes along the mid-ocean ridge in
SW Iceland. Seismicity associated with the rifting
process occur on SW-NE trending faults at about 6
km depth while seismicity in the geothermal area
is limited to the uppermost 2 km of the crust.

Magmatic

Fig. 1 A sketch of the setup of an
on-land seismic station and an
OBS being prepared for
deployment.
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REYKJANES
SEISMOLOGICAL DATA
ANALYSIS
CHALLENGE

APPROACH

Seismic observations on Reykjanes, SW
Iceland, date several decades back and
have repeatedly witnessed periods of
active rifting along the mid-ocean
ridge. Parts of this activity could be
located on-land the peninsula but
numerous earthquakes occur also
along the rift zone that extents into the
Atlantic ocean. Until now earthquake
locations in the sea remained vague
due to the limited azimuth range of
seismic stations.
We address this problem with a dense
seismic network on the peninsula
complemented by the use of Ocean
Bottom Seismometers (OBS) with the
intention to gain structural information
on the rift zone in the sea and the
geothermal area located at the tip of the
peninsula.

A dense seismic network was installed
on and around the Reykjanes peninsula
in SW Iceland consisting of 30 on-land
stations and 24 OBSs (Fig. 1) in addition
to 30 other stations from local networks
on the peninsula. During a period of
about 17 months over 2000 earthquakes
where recorded along the mid-ocean
ridge on-land and off-shore and in the
geothermal area at the tip of Reykjanes
peninsula. All earthquakes were
automatically detected and located
with the Seiscomp3 software and later
manually revised. Results of a 1D
arrival time tomography (Jousset et al.,
2016) and an arrival time double
differences algorithm were used to
refine earthquake locations.

CASE STUDY
The Reykjanes peninsula is an oblique
spreading segment of the mid-ocean
ridge running through Iceland where
both extension and shear occur. This
segment consists of three volcanic
systems, each associated with NE-SW
trending fissure swarms, crater rows
and hyaloclastic ridges which lie highly
oblique to the direction of the main
spreading ridge which is oriented in
about N103°E. The fissure swarms are
intersected by N-S trending rightlateral
strike-slip
faults.
Four
geothermal areas are found along
them, from west to east: Reykjanes,
Eldvörp/Svartsengi, Krýsuvík and
Brennisteinsfjöll.

The Reykjanes field which is located at
the tip of the Reykjanes peninsula and
the focus of this study is exploited with
an installed capacity of about 100 MWe.
Earthquake activity on the western part
of the peninsula occurs typically in
continuous swarms where no main
event can be identified and local
magnitudes rarely exceed ML 2. The
bigger swarms can contain several
hundred to thousands of events, lasting
several days to weeks. During this
study we recorded up to 10 events
during most of the days but also about
10 swarms containing from 30 to over
200 events lasting 1 to 3 days.

An intense study
of on-and offshore seismicity
along the rift axis
in SW Iceland

Seismic activity at
different depths
may reveal
different stress
regimes – tectonic
movements or
geothermal
induced
seismicity

Fig. 2 (a) All earthquakes
recorded by the network. Well
resolved locations are red while
less reliable hypocenters are
plotted as green. A refraction
seismic profile from Weir et al.
(2001) is used as a reference.
In (b), a closer look at the
seismicity at the tip of the
peninsula and in the
geothermal area (pale red)
shows shallow activity in the
geothermal area and deeper
rifting events around it.

RESULTS
The hypocenters line up along the spreading axis (Fig. 2). With distance from the
shore earthquake locations become less reliable with depth being subject to the
highest uncertainties as the comparison with a refraction seismic profile illustrates.
Around the geothermal area a major part of the earthquakes is located NE-SW
trending faults at about 6 km depth probably associated with the rifting processes.
In the geothermal area itself earthquakes are located at shallow depths, underlain
by an aseismic zone with no activity present. NNE of the geothermal area, a cluster
of earthquakes was induced by the onset of injection in a newly drilled borehole.
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A cutting-edge technology using fiber optic cables
as seismic sensor allows recordings in wellbores
with high spatial and temporal resolution at
temperatures exceeding operating temperatures of
conventional geophones.

LIGHT THE SUBSURFACE
Magmatic
Title figure Record of a natural
earthquake along the
telecommunication cable.

Fig. 1 Top: Sketch of the setup
in the wellbore and along the
surface. Bottom: The fiber optic
cable in the wellbore is installed
behind the anchor casing and
cemented to the formation.
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DISTRIBUTED FIBER OPTIC SENSING ALLOWS TO IMAGE THE
SUBSURFACE IN AN UNPRECEDENTED DETAIL

CHALLENGE

APPROACH

Seismic methods are particularly suited
for investigating Earth subsurface. To
increase the accuracy of seismic
analysis,
sensor
networks
are
commonly densified which increases
complexity and costs of the acquisition
system.
Compared to measurements from the
surface, wellbore measurements can be
used to acquire more detailed
information about rock properties and
possible fluid pathways within a
geothermal reservoir. For high
temperature
geothermal
wells,
however, ambient temperatures are
often far above the operating
temperature range of conventional
geophones.

IMAGE’s approach is to apply the fiber
optic distributed acoustic/vibration
sensing (DAS/DVS) technology to
acquire seismic data with a very dense
resolution in time and space. Fiber
optic distributed sensing allows for
sampling of several thousand sensors
with a single acquisition unit. For the
measurement at the surface, we used
an optical fiber from an existing
telecommunication network erasing
any costs for the installation.
For downhole applications, only the
sensing fiber is subjected to the hostile
wellbore conditions. The temperature
tolerance of optical fibers, in addition to
the high sampling rate is very favorable
for seismic data acquisition.

CASE STUDY
A fibre optic cable was installed behind
than anchor casing of a newly drilled
geothermal well (RN-34) within the
Reykjanes geothermal field, Iceland.
Additionally, a 15.3 km fibre optic
telecommunication cable at the surface
could be used for the IMAGE
experiment. A DAS read-out unit was
connected to the downhole cable, a
second unit to the surface cable (Figure
2). Seismic data was acquired
continuously for 9 days with a
sampling rate of 1 kHz and a

spatial resolution of 4 m at the surface
and 1 m downhole. During this period
hammer shots were performed at the
wellhead as well as along the surface
cable in order to locate individual
acoustic traces and calibrate the spatial
distribution
of
the
acoustic
information. Two explosive sources
were used on-land on both ends of the
surface cable and seven shots were
performed in the surrounding sea.
Several natural seismic events could be
recorded with magnitudes of up to ML
2.3.

Cutting-edge
technology for
seismic
measurements

High temporal and
spatial resolution
seismic recordings
at temperatures
well above 200°C

Fig. 2 (a) The arrival of a
seismic wave recorded on a
single trace of the surface cable
and the wellbore cable. The
wellbore cable is subject to
higher levels of noise due to
injection. In (b), the arrival of
a seismic wave recorded by the
wellbore cable.

RESULTS
Active seismic recording Along the surface cable, seismic hammer shot recordings
were performed and could be traced for up to 300 m from individual shot locations.
Passive seismic recording Several earthquakes occurred and passive seismic data
could be acquired along the surface cable as well as the downhole cable. Figure 1
shows the strain-rate response of the surface cable. The p- and s-wave arrivals can
be clearly separated.
DAS proved to be suitable for recording seismic data with a high spatial and
temporal resolution in magmatic environments.
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We provide high-resolution structural detail of
subsurface volumes of geothermal exploration
interest by retrieving reflected body waves
(P-waves) from ambient seismic noise.

Magmatic

Fig. 1 Map of part of Reykjanes
peninsula, with the locations of
6 seismometer stations
indicated.
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REYKJANES AMBIENT
NOISE REFLECTION
INTERFEROMETRY
CHALLENGE

APPROACH

For geothermal exploration, travel time
tomography is a widely applied
technique for imaging the threedimensional distribution of physical
properties in the subsurface, as a result
of which it is possible to analyze the
subsurface in terms of lithology,
temperature, fracturing and fluid
content (Jousset et al.). The spatial
resolution is somewhat limited though,
as the images suffer from smearing of
seismic event travel times along ray
paths. Reflection imaging is a technique
that allows locating velocity contrasts.
When ambient noise is used to retrieve
reflected body waves we refer to it as
ANSI:
ambient
noise
seismic
interferometry. We investigate the use
of ANSI for subsurface reflection
imaging.

We use seismic data that were recorded
continuously in 2014 and 2015 at
Iceland’s peninsula Reykjanes and
apply ANSI for retrieval of P-wave
reflections from noise (Verdel et al.).
The processing sequence roughly looks
as follows:
Prior to autocorrelation and stacking,
elementary data processing is applied
first, including resampling and DCremoval. After autocorrelation and
stacking, a frequency-bandpass filter is
applied using a zero-phase Ormsby
bandpass filter with corner frequencies
2-3-8-10 Hz.
We compare the ANSI-reflectivities
with the autocorrelated coda of a global
seismic P-wave for the same frequency
band because we lacked active-seismic
and well-sonic data for calibration.

CASE STUDY
We present a few results of application
of the ANSI method on Reykjanes
station network data. We selected for
these examples 2 from the 30 deployed
onshore
20
Trillium
Compact
Broadband seismometers (BB): stations
RAR and SDV, and one from the 10
short-period
(SP)
Mark
L-4C
seismometers, KRV; their locations can
be seen in Figure 1. The uppermost
figure shows a time- lapse result for
station RAR, located on the very tip of
the peninsula overlying the producing

geothermal field Reykjanes. We
observe time-lapse variations in the
depth-interval of fluid production. The
figure on the left hereunder (Fig. 2)
shows a time-invariant example for
station SDV, where we indeed expect to
see no changes because of absence of
production activities. On the right of
Fig. 2 we see a good match between
ANSI reflectivities and those from the
autocorrelated P-phase of a global
earthquake offshore Chili.

Large spatial
detail in seismic
images of
magmatic
subsurface
volumes using
pure ambient
noise
Time-lapse
variations can be
mapped where
and when those
occur in the
subsurface

Fig. 2 Left figure: Time-lapse
ANSI example for BB
stationSDV (far from
production well). We see
hardly changes occurring, as
expected. Right figure: ANSI
result (Left) for station KRV
compared with the
autocorrelated P-phase of Chile
earthquake using 150 sec. data
around the P-phase(Middle)
and the autocorrelated noise
(150 sec) 12 hrs. after the
earthquake (Right).

RESULTS
Ambient noise seismic interferometry (ANSI) for reflection retrieval can provide
structural detail in a magmatic environment. Within the frequency band 3–8 Hz,
we have observed both time-lapse variations where we expect them and timeinvariant results where we do not expect to see changes. We discovered that the
coda of a global seismic P-wave, that is created by scattering of it in the crust,
contains very high frequent reflectivity information as it shows, in some depth
intervals, quite a striking correspondence with the 40-days ANSI results. This may
open up a large range of opportunities for detailed crustal research at any location
on the globe where broadband, and even short-period, seismometers are installed.
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How ambient noise seismic interferometry (ANSI)
can contribute to seismic image resolution and by
doing so de-risk geothermal exploration and
monitoring activities.

Basement/
Sedimentary

AMBIENT NOISE SEISMIC
INTERFEROMETRY IN THE
NETHERLANDS
DE-RISKING GEOTHERMAL EXPLORATION AND MONITORING

Title figure: Phase velocity /
frequency plots with picked
dispersion curves. Left: Passive
data, Center: Active data, Right:
Active and Passive merged

Fig. 1 Virtual source gathers.
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CHALLENGE

APPROACH

Build, test and validate the capability of
ambient noise seismic interferometry
(ANSI) to contribute to image
resolution
in
a
sedimentary
environment. This can be of use in, but
is not limited to, both geothermal
exploration and monitoring. Currently
seismic exploration typically makes use
of signals originating from carefully
designed and constructed seismic
sources. If comparable results can be
accomplished without the requirement
of complex man-made sources, but
rather by relying on (ambient) seismic
noise from the earth, pre-drill risks can
be lowered at significantly reduced
costs. Additionally the resolution of
seismic imaging can be increased by
combining
active
seismic
with
processed ambient noise recordings.

Seismic signals are extracted from
ambient noise data through the process
of
‘ambient
noise
seismic
interferometry’ (ANSI). This involves
pre-processing and cross-correlation of
ambient noise data that is continuously
recorded along a line or by an array of
receivers. The result are virtual source
gathers (see Fig. 1).
For comparison and additional analysis
with the passive data results, a basic
active survey was performed. Seismic
events were created along the line of
seismic stations by means of heavy
hammer blows.

CASE STUDY
Near-surface Shear wave velocity
profiles have been created from
ambient seismic noise (title figure). The
dispersion curves were generated from
surface waves present in the virtual
source gathers (up to ~10 Hz) and
inverted. The resulting shear wave
velocity depth profiles were linked to
formation transition depths of the
Sterksel Formation to the Stramproy
formation
at
±55m
(Fig.
2).
Additionally, from active (hammer

blow) seismic data we can observe that
the dispersion curve picked on the
active data (left title figure) forms a
smooth continuation to the high
frequency side (up to ~30 Hz) of the
dispersion curve picked on the passive
data (center title figure), thereby
allowing shorter wavelengths to be
used in the inversion resulting in a
shear-velocity versus depth profile
with increased resolution. This means
that thinner layers can be resolved.

Image or improve
the image of the
subsurface using
a low cost, low
impact acquisition
method
Broaden the
frequency
spectrum when
combined with
conventional
active seismic

Fig. 2 Shear wave velocity
with depth profile produced
from inversion, compared to
borehole survey results. The
transition found at a depth of
±55m corresponds precisely
with the transition of the
Sterksel Formation (Mid
Pleistoceen) to the Stramproy
formation (Early Pleistoceen).

RESULTS
ANSI has proven to be an effective, low-cost, low impact acquisition and
processing method for obtaining shear-wave velocity profiles that can improve
imaging of underlying reservoir structures. Inversion of the dispersion curves
generated resulted in shear-wave velocity profiles up to ±200m. The combination
of passive and active data allows for a broadband subsurface analysis. Dispersion
curves picked on the merged active and passive data resulted in a smooth
continuation to the high frequency side (up to ~30 Hz) of the dispersion curve
picked on the passive data (up to ~10 Hz), so thinner layers can be resolved.
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Two successful borehole seismic experiments were
conducted in the Krafla high-temperature
geothermal field, NE Iceland, to image structures
along and ahead of the boreholes. Results provide
important insights for seismic imaging of
geothermal fields in volcanic environments.

Magmatic

Fig. 1 Results of the threecomponent mode-constrained
Fresnel volume migration of the
(a) far- and (b) zero-offset VSP.
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SEISMIC IMAGING OF
GEOTHERMAL RESERVOIRS
VERTICAL SEISMIC PROFILING (VSP) EXPERIMENTS IN KRAFLA

CHALLENGE

APPROACH

Mapping of the reservoir properties in
magmatic provinces represents a major
challenge for the geothermal industry.
The challenges arise partly from the
heterogeneous nature of the igneous
rocks in the subsurface, but also due to
the high cost or lack of appropriate
technology. The development of new
imaging technologies may help to
identify new geothermal resources and
assist in cost-efficient development of
igneous reservoirs.

The main objective of this project was
to
conduct
borehole
seismic
experiments to better image magmatic
geothermal reservoirs.
Particular focus was on imaging
(1) layered igneous stratigraphy such
as lava flows,
(2) dipping features such as dikes,
(3) porosity, fractures, and faults
important for fluid flow,
(4) magma ahead of the borehole, and
(5) fluid saturation, in particular
supercritical fluids and steam caps.

CASE STUDY
The Krafla geothermal field in NE
Iceland was especially chosen as a VSP
test site since its subsurface structure is
quite well known from surveying,
drilling and geothermal production
during the past four decades. Magma
was also recently drilled in this area.
The successful seismic data acquisition
was completed during two weeks in
June 2014, using a VSP string with 17
receivers. The survey encompassed
several different experiments, included
zero-offset VSP, far-offset VSP, multioffset VSP, source compare-son, and
passive seismic monitor-ing. In
addition to the VSP experiments, sonic
and televiewer logs were acquired in
well K18 and borehole cuttings were
reanalyzed to correlate the geological
structure to the VSP data.

Imaging of
igneous
geothermal
reservoirs for
exploration and
production

Mitigate drilling
hazards such as
magma pockets

Fig. 2. VSP seismogram,
reflectivity character and
facies assessment
compared to the wireline
sonic and geological
model in K-18.

RESULTS
Seismic imaging of heterogeneous igneous sequences is difficult. However, this
study has shown that VSP experiments have a clear potential for imaging igneous
complexes in geothermal areas. This includes: (1) upgoing P and S wave reflections
can be recorded within the drilled sequence and from below the borehole, (2) zerooffset VSP data can be used to obtain velocity-depth functions, Vp/Vs ratios, and
one-dimensional stacks, and (3) multi-offset VSP can be used to image dipping and
sub-well targets away from and below the borehole. However, the VSP method
needs refinements to be more cost-efficient and downhole instruments would
benefit from a higher temperature rating for routinely use.
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VSP survey layouts were optimized in terms of
ideal source locations and optimal number of
sources to image moderately to steeply dipping
fracture zones in geothermal reservoirs with a
favorable benefit-cost ratio.

Basement/
Sedimentary

Fig. 1 The modelling study is
based on the geothermal site at
Soultz-sous-Forêts. The seismic
velocity model is shown together
with borehole receivers (black)
and 91 source positions at the
surface (green). Insets show
different fracture zone
configuration (white) that were
tested in this study.
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OPTIMIZING THE DESIGN OF
VERTICAL SEISMIC PROFILING
(VSP) FOR IMAGING
GEOTHERMAL RESERVOIRS
CHALLENGE

APPROACH

Surface-based
seismic
reflection
imaging in crystalline rocks is very
challenging due to the large impedance
contrast between sediments and the
underlying basement, small impedance
contrasts between lithological units
within the basement and the scattering
nature of the highly heterogeneous
crystalline rock. Vertical seismic
profiling (VSP) offers an alternative
means to image structures in the
vicinity
of
wells
in
complex
environments as VSP data usually
contain higher frequencies due to
shorter travel paths and hence suffer
less from attenuation. Optimized
experimental design allows planning
VSP surveys in a cost-effective way
while taking the particularities of
seismic geothermal exploration into
account.

A primary focus in hardrock
geothermal exploration is to map faults
and fracture zones, which control
permeability and fluid flow. We used
simulated 2D and 3D acoustic synthetic
seismic data after processing including
pre-stack depth migration to optimize
the design of a VSP survey with the
goal to image moderately to steeply
dipping fracture zones within a
possible
basement
geothermal
reservoir. We present a novel
methodology to optimize VSP survey
design in terms of favorable source
locations and number of sources in
areas where some a priori knowledge
on the target location and orientation is
available.

METHOD
The goal of the experimental design
study is to select optimal source
positions and number of sources to
image fracture zones with roughly
known dip. We construct a target
image from a comprehensive dataset
(91 source gathers; Figure 2c). Singlesource migrated images are crosscorrelated with the target image and
the
image
with
the
largest
crosscorrelation coefficient is selected.
Then, the most suitable add- on single-

source image is selected by computing
all possible combinations of two singlesource images and evaluating the
crosscorrelation coefficient with the
target image. Further single-source
images are added in equivalent manner
that finally leads to the benefit cost
curves shown in Figure 2a. This curve
allows determining the optimal
number of sources and inferring the
ideal source spread as shown in Figure
2b (red line).

VSP layouts are
optimized in
terms of ideal
source spread
and number of
sources
The methodology
is flexible and can
be applied to
arbitrary
subsurface and
borehole
geometries

Fig. 2 Illustration of
optimization procedure. a)
Benefit cost curves for
optimized source location
design (red) and regurarly
spaced sources (green). b)
Location of optimized source
positions (white dots) and ideal
source spread (red line). c)
Migrated image obtained
using the comprehensive
dataset including 91 sources.
d) Migrated image obtained
with 12 regurarly spaced
sources. e) Image obtained
with 12 optimized sources (see
b) for source locations).

RESULTS
Images of comparable quality to the comprehensive data image can be obtained
with a relatively small number of optimally placed sources (compare Figure 2c and
2e; see Figure 2b for source locations). For comparison, the same number of
regularly spaced sources leads to an inferior result (Figure 2d).
The developed methodology will be useful for designing VSP field surveys with a
favorable benefit-cost ratio as well as for optimum target-oriented seismic
processing.
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In this IMAGE study new seismic processing and
interpretation methodology is developed. It is
applied to seismic data from an actual ultra-deep
geothermal exploration case in the Netherlands; the
Friesland province. The result is a de-risked
technical business case for a possible deep Enhanced
Geothermal System in Friesland, the Netherlands.

Basement/
Sedimentary

Fig. 1. New Top Dinantian
interpretation on NLM
reprocessed 2D and 3D seismic
data. Carbonate platform is
better defined.
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NLM REPROCESSING OF
SEISMIC AND FRACTURES

DE-RISKING THROUGH LOW COST EXPLORATION
CHALLENGE

APPROACH

Low cost exploration for geothermal
energy is an important part of making
geothermal business cases work.
Currently, the budgets for geothermal
projects are considerably lower than
those of petroleum exploration and
production. This asks for cost-effective
solutions that use seismic data to the
fullest, thereby de-risking geothermal
prospects as best as possible. Seismic
reprocessing is one of the options for
cost-effective (re-)use of seismic data. A
fact is that seismic signals in the later
parts of seismograms were not
optimally processed for deeper,
geothermal targets. These signals need
to be enhanced to such an extent that
geothermal reservoir structures emerge
from the noisy background.

For the delineation of the geothermal
reservoirs on existing surface seismic
data, a new seismic processing
technique has been developed at TNO
in the context of the IMAGE
programme. New generations of preand poststack noise-reduction and
signal enhancement algorithms serve
this purpose. Strong noise suppression
together with edge preservation are
necessary for revised reflection
interpretation and fault delineation. 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.

CASE STUDY
An opportunity for a suitable Ulta
Deep Geothermal (UDG) case lies in
Friesland. There, a deviation from the
Dutch average geothermal gradient is
present: the temperature anomaly is
observed in the Luttelgeest deep well.
An anomaly that - based on presentday knowledge of the subsurface cannot be explained on the basis of
intrusion of igneous rock or the thermal
conductivity of the rocks. There are
indications of increased (secondary)

permeability that support convection
as an explanation for the anomaly.
Also, the margins of the carbonate
platform are typically characterized by
fractures. It is crucial to know
Carbonate platform depth, geometry,
location and properties. For the
delineation of the UDG reservoir on
existing surface seismic data, the new
re-processing method developed has
been applied on this Friesland UDG
case.

Efficient and low
cost reprocessing
algorithm NLM
applied to vintage
data gives data
second life
Improved
interpretation of
Dinantian
carbonate
platform and
fractures gives derisked EGS
business case

Fig. 2 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.

RESULTS
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 (Fig. 1 and Fig. 2). As such, the ultra-deep geothermal
case was de-risked at a fraction of the costs associated with new data acquisition
or raw data pre-stack reprocessing. Low cost exploration has made a major step
forward with these results. Uncertainties in the picked interpretation of the Top
Dinantian are greatly reduced (Fig. 1). Fractures are extracted from the NLM reprocessed seismic data (Fig. 2 and Title figure).
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Integrated (MT and DC) surface and in-hole
resistivity survey has been developed, and
provided new insights in the deep structure of the
Larderello geothermal system, in Italy.

Magmatic

INTEGRATED RESISTIVITY
SURVEYS IN HIGH
TEMPERATURE CONDITION
A NOVEL TOOL TESTED IN LARDERELLO, ITALY

Fig. 1 Distribution of the
electrodes in the borehole.
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CHALLENGE

APPROACH

In order to explore geothermal systems,
the electromagnetic (EM) methods are
the most useful since they detect a
physical
parameter
(electrical
conductivity or electrical resistivity)
that is very sensible to the electrolyte
(brine), the hydraulic (porosity) and
molten
fraction
(heat
source)
characters. Magnetotelluric (MT) may
achieve the deep investigation depth
required by geothermal exploration,
but resolution is low. It may be
improved by integrated active-source
EM methods. Electrical Resistivity
Tomography (ERT) is useful for
electrolyte monitoring, but it is limited
in depth. A novel technique of
integrated
surface-to-hole
EM
methods, to be used with deep, high
temperature wells, is required.

Active (DC) and passive (MT) methods
were integrated to produce surface and
in-hole resistivity surveys of deep and
very hot systems. A 3D Surface-Hole
Deep
Electrical
Resistivity
Tomography (SHDERT) was acquired
with surface and in-hole electrodes, the
latter deployed at deep depth (1-1.6
km) and high temperature (250 °C). The
crucial tasks were the in-hole sensor
cable preparation, and data processing,
considering the large distance between
the transmitter and receiver systems
that strongly reduces the signal tonoise ratio. The high-resolution
resistivity image obtained by this
method was used to constrain the
“shallow”
resistivity
model
of
magnetotelluric data inversions, thus
improving the MT capability of
detecting deep features.

CASE STUDY
The test site is located in the western
sector of the Larderello field (Italy),
where heat flow shows the highest
values and supercritical condition is
supposed to be very shallow. A
detailed MT-TDEM survey was
accompanied by a SHDERT test using a
deep (2.1km, accessible down to 1.6km)
and hot (up to 250 °C) geothermal well.
Transmitting and receiving electrodes
were distributed around and within the
well (Fig. 1). A special cable, able to
stand high temperature conditions,

was equipped with 12 flexible steel
electrodes spaced 50 m (Fig. 1). The
SHDERT survey was carried out using
a
special
dipole-dipole
array
configuration, a direct current (5-15 A)
injection into the ground and ad hoc
multichannel receiving equipment. The
obtained 3D resistivity distribution
down to a depth of 1.6 km (Fig. 2) was
integrated in the MT inversion
modelling and used to constrain the
inversion.

A surface-hole
ERT using a deep
and very hot well
was
demonstrated

Deep structures
have been imaged
by constrained
resistivity
methods

Fig. 2 3D deep electrical
resistivity tomography of
Larderello area.

RESULTS
The volume investigated by SHDERT appears very conductive at the depth of both
the shallow, sedimentary units and the crystalline units hosting the deep and
vapour-dominated geothermal reservoirs. On the wider volume investigated by
MT, the generally high resistivity response of deep, crystalline units results locally
interrupted by low resistivity anomalies. These anomalies provide new insights on
the tectonics, highlighting the role of a large and deeply rooted tectonic structure,
and on the partially molten igneous intrusion located at mid-crustal level (> 6 km),
possibly linked to supercritical resources under exploration in the area.
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A new active EM method (CSEM) has been
developed for 3D resistivity imaging of deep
geothermal prospects in sedimentary basins where
other EM techniques may fail due to the high
degree of urbanization.

Basement/
Sedimentary

Fig. 1 Dedicated CSEM survey
design, acquisition, processing
and imaging workflow designed
for deep resistivity imaging in
sedimentary basins.
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3D RESISTIVITY IMAGING
WITH THE CSEM METHOD
EXAMPLES FROM CZECH REPUBLIC AND FRANCE

CHALLENGE

APPROACH

In sedimentary basins, mapping deep
permeable fault zones is a key element
to assess the geothermal potential of an
area. Among the toolbox of geophysical
methods capable of remotely imaging
deep structures, the Electro-Magnetic
(EM) methods offer the unique
opportunity to assess the presence of
in-situ
geothermal
fluids
and
associated hydrothermal alteration via
the measurement of the rock electrical
resistivity.
In magmatic areas, passive EM
methods (e.g. Magneto-Telluric) are
traditionally deployed to image deep
resistivity
variations
but
in
sedimentary areas, they often suffer
from the presence of strong cultural
noise polluting the natural signals.

The active EM method (ControlledSource EM or CSEM) has been
developped to tackle the cultural noise
issue and hence provide robust deep
electrical resistivity soundings in any
types of noise environment.
It requires deploying powerful EM
transmitters (tens of kiloWatts) but also
applying a dedicated workflow in the
survey design, processing and imaging
stages (Fig. 1). To do so, a 3D predictive
modelling
and
imaging
tool
(POLYEM3D) and a noise-filtering
processing technique (RAZORBACK)
have been developped.

CASE STUDY
The dedicated CSEM workflow has
been applied to construct 3D resistivity
images of two geothermal prospects,
one in the Bohemian Cretaceous Basin
(Czech Republic) and the other in the
Lower Rhine Graben (France). In both
basins, geothermal targets are deep
(2km+) and lie in highly urbanized
areas preventing the use of passive EM
techniques.

In both areas, despite the presence of
strong cultural noise, 3D deep
resistivity images have been obtained
(Fig. 2) representative of the main
structural elements of the sedimentary
basins of interest (e.g. faults, thickness
variations of sedimentary layers).

Deep 3D
resistivity images
of geothermal
prospects in
sedimentary
basins
Adds robustness
to identification of
potential target
areas for deep
geothermal
development

Fig. 2 Resistivity images
obtained underneath
Litomerice in the Bohemian
Cretaceous Basin (Left) and
near Strasbourg in the Lower
Rhine Graben (Right) from the
analysis of newly acquired 3D
CSEM datasets.

RESULTS
The outcomes of the newly acquired CSEM surveys show a good fit to main
structural elements of the area of interest down to a depth of 3km, depending on
the local EM noise conditions. It however requires deploying powerful EM
transmitters as well as applying a dedicated CSEM survey design, processing and
imaging workflow.
In the end, this technique provides the unique opportunity to reduce the
subsurface uncertainties of the geothermal prospects via a 3D image of the rock
electrical resistivity, while the use of passive EM techniques may be limited due to
the high degree of urbanization.
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A probabilistic and evolutionary algorithm has
been successfully tested for the simultaneous
analysis of Magnetotelluric (MT) and Time
Domain EM (TDEM) data while correcting for
galvanic distortion (static shift) of MT data.

Magmatic

Fig. 1. Synthetic model for the
simulation of the static shift of
MT curves. Top: the theoretical
(computed) TDEM and MTdata. Bottom: the 1D model and
the surface thin 3D volume
causing the inhomogeneity and
producing the static-shifted MT
curves.
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MT-TDEM JOINT
OPTIMIZATION
A COMPUTATIONAL INTELLIGENCE-BASED APPROACH FOR
STATIC SHIFT CORRECTION

CHALLENGE

APPROACH

Magnetotelluric (MT) and Time
Domain ElectroMagnetic (TDEM) are
electromagnetic geophysical methods
commonly used for the indirect
imaging of the subsurface electrical
resistivity in geothermal exploration.
Their combination is particularly
effective since they have different
resolution at depth, and TDEM can be
used for constraining the highfrequency part of MT response and
correct the static shift problem of MT
data.
Different schemes have been proposed
for the joint analysis of TDEM and MT
datasets, but the quality of most of
them relies on the expertise of the
geophysicists and on additional
constraints. An automatic process for
optimizing the solution is needed.

The Particle Swarm Optimization
(PSO), a heuristic method based on
evolutionary and adaptive concepts,
has been explored. The developed
integrated data processing provides a
simultaneous optimization of MT and
TDEM soundings, that proves to be
particularly useful in minimizing the
inherent static shift problem commonly
encountered in MT data acquisition
while also increasing the accuracy and
the resolution of 1D interpretation of
both electromagnetic soundings.
The simultaneous optimization of both
TDEM and MT 1D models and static
shift by probabilistic and evolutionary
algorithms is a novel scheme, which
may be further explored for other
external constraints.

CASE STUDY
Firstly, the approach was tested on
synthetic datasets properly simulating
the static shift effects (Fig. 1). Figure 2
shows the optimization based on the
model in Fig. 1, the reference model
chosen among the 25 trials (in blue).
The overlap between the computed
dataset and the data undistorted by the
static-shift effect resulted visibly
satisfactory.
This approach was then applied to an
experimental dataset acquired in

Larderello (Italy), where MT data have
shown static shift problems (Front
Figure). Running the procedure several
times it was possible to evaluate the aposteriori distribution. Such analysis
proved very powerful in identifying
poor results of the optimized model
parameters (static shift S or layer
resistivities) in terms of scattered
distribution, as contrary of good results
marked by uniform distribution.

Optimized MT
and TDEM
models while
correcting static
shift
A novel
optimization
approach paving
the road to further
development for
introducing other
constraints and
higher
dimensionality

Fig. 2 PSO optimization of
synthetic model in Fig. 1. The
resulting 25 models are shown
in red and the best (minimum
NRMS) model is shown in
blue. The theoretical MT data
are shown (on the left) for the
best model and compared with
the synthetic MT and TDEM
data. The MT apparent
resistivity curve multiplied for
the optimized static shift (S) is
also shown.

RESULTS
The tests on synthetic and real datasets proved the suitability of PSO algorithm for
model parameters optimization of 1D layered Earth and for identifying and
removing the static shift effects of MT data based on the converted TDEM apparent
resistivity curves. The possibility to analyze a-posteriori distribution is of great
importance in the analysis of MT data. This kind of analysis is suitable for
identifying poorly resolved resistivity layers, due to high levels of noise or to
intrinsic lower sensitivity to the specific features.
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3D inversion of MT data is a highly under determined and
unstable problem. A variety of resistivity models can
explain the same dataset. Joint interpretation using
different datasets has been a major challenge within the
MT world. Applying external constraints in the inversion
from other geoscientific disciplines might be one of the
solutions. Here we suggest three different datasets that
can be used to better constrain 3D inversion of MT-data.

Magmatic

Fig. 1 Two examples of starting
models using fictitious borehole
data to constrain the location of
the low-resistivity (clay) cap.

78

3D INVERSION OF MT DATA
WITH EXTERNAL
CONSTRAINTS
CHALLENGE

APPROACH

Inversion of MT data is a highly under
determined
problem.
Additional
information should be used to guide
the inversion to the most probable
solution.
Which external datasets can be used to
better constrain the inversion and how
should they be implemented into the
inversion strategy?

Three datasets were identified and
used as external constraints in
inversion of MT data;
1. TEM data to correct for the
static shift of MT data, and
constrain the uppermost part of
the model.
2. Fictitious borehole data were
used as starting and prior
models in the inversion to
better constrain the location of
the low-resistivity (clay) cap.
3. Information on the brittleductile boundary from seismic
data were used to define the
upper boundary of the deep
lying low-resistivity layer,
which underlies most of
Iceland.

Datasets can be inverted jointly or
information can be implemented as
starting/prior models in the inversion.
Also, direct measurement of the
resistivity could be implemented.
We need to explore which datasets can
be used together with MT data and to
investigate different inversion schemes
with additional information at hand.

CASE STUDY
The location of the low-resistivity cap
from fictitious borehole data were
incorporated into the inversion, of
synthetic
resistivity
data,
as
prior/starting models. Two inversion
schemes were carried out; where the
discrete location of the low-resistivity
cap in the boreholes was used and
where a continuous low-resistivity cap
was created from fictitious boreholes
(Fig. 1).

An aseismic region in the Námafjall
area, NE-Iceland marks the location of
the brittle-ductile boundary. At a
similar location the deep lying lowresistivity layer of Iceland domes up.
Assuming that the two observations
have the same origin, an attempt was
made to use this inferred connection,
by making the deep low-resistivity
coincide with the aseismic zone in the
initial and prior models.

Introduced
external
constraints to the
inversion of MT
data
The boundaries of
the low-resistivity
cap can be better
constrained using
high-quality
resistivity data
from wells and
drill cutting
analysis (alteration
zoning)

Fig. 2 Results of the inversion
using a continuous lowresistivity cap inferred from
boreholes as a-priori
information (Left). Initial
model where the outline of the
deep low-resistivity layer
bulges up to match an aseismic
zone underneath the Námafjall
area (Upper Right) and
inversion results for the same
case (Lower Right).

RESULTS
Implementing other datasets into 3D inversion of MT data is a complicated task.
An attempt was made to work towards this goal. The results of the fictitious
borehole case demonstrated how resistivity measurements from boreholes can be
used to better constrain the location of the low-resistivity (clay) cap. The resistivity
borehole data need to be of good quality if they are to be used as a-priori
information to better constrain the inversion
Assuming that an aseismic body at depth should have the same origin as a bulge
on the deep low-resistivity layer, and using that as a constraint is a new approach.
The strategy was worthwhile and should be explored further, however, in this
study it did not result in a better data fit than previously obtained probably due to
limited sensitivity of MT data of anomalies at such depths.
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Importance of laboratory studies to
understand tracer behavior at reservoir
conditions.

Magmatic
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TRACER LABORATORY
STUDIES AT SUPERCRITICAL
CONDITIONS
QUALIFICATION OF TRACERS FOR FIELD STUDIES

CHALLENGE
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While tracers have been extensively
used by oil and gas industry, their
potential has been largely overlooked
by the geothermal community. The
major reason for this negligence is the
fact that the state-of-the-art tracers
developed for hydrocarbon fields are
thermally unstable in geothermal
reservoirs which have much higher
temperatures than the classical oil and
gas fields. Therefore one of the
objectives of the IMAGE project has
been development and qualification of
tracers for magmatic reservoirs which
could be stable at super-critical (SC)
conditions.

In order to advance to SC conditions,
IFE’s conventional laboratory facilities
for tracer static and dynamic
experiments had to be adjusted to
tolerate high temperatures and
pressures at SC conditions. The reactor
for static experiments which could be
used to measure stability of vapour
tracers at such condition is displayed
below. Tracers chosen for these
experiments was a family of
perfluorinated cyclic hydrocarbons
(PFC) used extensively by oil and gas
industry. The results of these
experiments have shown that PFCs are
indeed stable around critical point of
water (374 °C, 218 atm) for more than 2
months.

CASE STUDY
After these encouraging results we
proceeded
with
dynamical
experiments by passing the tracers
through a column containing porous
materials.
This
“home-made”
equipment which tolerates SC is
displayed at the top of the pamphlet.
Results from such experiments should
indicate if there is an interaction of the
tracers with the porous matrix when
they move through the geothermal
reservoir.

Surprisingly the PFC did not pass
through the column packed with
crushed rock from Krafla field on
Iceland. We repeated the same
experiments, replacing the Krafla rock
with silica sand. This time we could
detect all tracers after they passed
through the column.

Industry needs
tracers which
tolerate SC
conditions

RESULTS
These results suggest that the tracers interacted with porous matrix when they
passed through the column packed with Krafla crushed rock. However the PFC
tracers could still pass through medium where the flow is governed by open
fractures. This study indicates that it is important to understand behaviour of
tracers performed in laboratories at reservoir conditions before one proceeds with
field studies.

REFERENCES
Viig, S.O, Hubred, P.A, Brandvol, Ø, Haugen, O.B, Muller, J., “Laboratory Studies of Geothermal Tracers at Supercritical
Conditions”, proceedings of 79th EAGE Conference & Exhibition 2017 – Workshop Programme Paris, France, 12-15 June
2017
Juliusson, E., Markusson, S., Sigudardottir, A., “Phase-Specific and Phase-Partitioning Tracer Experiment in the Krafla
Reservoir, Iceland”, Proceedings of World Geothermal Congress 2015, Melbourne, April 2015

CONTACT
Jiri Muller (IFE)
jiri@ife.no

A new method for high-temperature temperature
measurements (>380°C) in geothermal wells was
developed and successfully tested in borehole
experiments. The method is based on the
production of fluid inclusions in quartz chips.

Magmatic

micro-reactor
gold capsule
(+ alkalinesaline solution +
powdered silica)

pre-fractured quartz
Fig. 1 Components of the
apparatus for the production of
synthetic F.I. in geothermal
wells.
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A NEW METHOD FOR HIGHTEMPERATURE ESTIMATES
A NEW THERMOMETER FOR HIGH-TEMPERATURE
MEASUREMENTS BY USING SYNTHETIC FLUID INCLUSIONS

CHALLENGE
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Recent deep drilling projects in
magmatic areas suggest that super-hot
geothermal systems can be a possible
target for the future geothermal
exploration either for the direct
exploitation of fluids or as a potential
reservoirs of Enhanced Geothermal
Systems.
Reservoir
temperature
measurements are crucial for the
correct assessment of the geothermal
resources. However, high-temperature
determinations (>380°C) in super-hot
geothermal systems are often difficult
or impossible by using either pressure
gauges (Kuster device) and electronic
devices.
To overcome this challenge a new
method for high-temperature borehole
measurement, based on the production
of synthetic fluid inclusions (F.I.), was
developed.

The method is based on synthetic F.I.
production within an apparatus that is
placed in geothermal wells (Fig. 1). The
apparatus consists of gold capsules put
in a micro-reactor constituted by a stain
steel vessel, the latter is partially filled
with an amount of distilled water such
that the bulk density in the microreactor is about the critical density of
water. The gold capsules contain: i) a
pre-fractured quartz fragment in which
synthetic F.I. will be trapped, ii) an
alkaline, saline aqueous solution that
will be trapped in synthetic F.I. and iii)
powdered silica as sealant (Fig. 1).
Borehole temperature corresponds to
synthetic F.I trapping temperature,
computed from the intersection of F.I.
isochore with the H2O critical density
isochore or with the H2O liquid-vapor
curve.

CASE STUDY
The method was tested with an in-hole
experiment carried out in the KJ-35
geothermal well of the Krafla
geothermal field (North Iceland).
Borehole test was performed by placing
two micro-reactors for 3 days at 1750 m
below the ground level, assembled as
described above, and inserted in a
bigger stainless steel tube. At this
depth, a temperature of 336°C was
measured by ÍSOR with a Kuster device
a few days before the test.

The alkaline, saline solution inserted in
the gold capsules had a total salinity of
~10 wt% NaCl. Synthetic F.I. formed in
all quartz chips recovered from the
gold capsules (Fig. 2). Homogenization
temperature of newly formed synthetic
F.I. varies from 337.7 to 341.7°C. F.I.
trapping temperatures (341±2°C) were
computed by the intersections between
isochores of synthetic F.I. and the
liquid-vapour curve of H2O (Fig. 2).

Reliable
temperature
measurement in
super-hot
geothermal
systems

Temperature
estimates also at
temperature
down to 250°C

Fig. 2 Upper part: microphotographs of a synthetic F.I.
at room temperature (Left),
just before homogenization
(centre) and just after
homogenization (right).
Bottom: Trapping
temperatures (Tt) of synthetic
F.I. produced during the
experiment given by the
intersections of F.I. isochores
(originating from
homogenization temperatures:
Th) with the liquid-vapour
curve of water (left);
temperature (measured by
Kuster device) vs. depth profile
of KJ-35 well and comparison
with T of synthetic F.I.
produced at a depth of 1750 m
(Right).

RESULTS
Trapping temperatures of synthetic F.I. formed in the KJ-35 well at 1750 m depth
are close to the measured temperature (Fig. 2). In addition, a test carried out in a
well of the Larderello geothermal field (Italy) indicates that trapping temperatures
of synthetic F.I. can also estimate temperature as low as 250°C. Such results
indicate that the proposed method is highly valuable for estimating temperature
in geothermal wells. Laboratory experiments also showed that such method
produces synthetic F.I. recording external temperature of up 400°C in less than two
days. Moreover, the method can be potentially applied for temperature
measurements of geothermal well with temperature up to 424°C (i.e. the working
temperature limit of the utilized commercial micro-reactor). This limit can be
exceeded by using a different micro-reactor.
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In order to refine the deep temperature of the
geothermal fluids, we developed and validated
auxiliary solute geothermometers, which associate
a major with a trace element, in a temperature
range from 50 to 320°C. The Na-Li, Na-Rb, Na-Cs
and K-Sr relationships seem to be promising in the
crystalline and sedimentary environments.
Sampling of dissolved gases
from the head of THX-1
borehole (Thônex, Switzerland)

Overview of the field material and
the head of PVGT-LT1 borehole
(Litomerice, Czeck Republic),
during the fluid sampling campaign

AUXILIARY CHEMICAL
GEOTHERMOMETERS

Basement/
Sedimentary

EXAMPLES FOR CZECH REPUBLIC, SWITZERLAND, GERMANY
AND FRANCE
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Several solute geothermometers such
as Na-K, K-Mg, Na-K-Ca, SiO2, and
18OH2O-SO4 are commonly available in
geothermal exploration to estimate the
reservoir temperatures from thermal
waters
sampled
at
surface.
Unfortunately, these tools do not
always give concordant estimations,
especially at low and medium
temperatures. The multicomponent
geochemical models developed for
direct application to geothermometry
are also difficult to use when the
conditions of full chemical equilibrium
between the geothermal waters and the
reservoir rocks are not reached.
Consequently, the auxiliary solute
geothermometers, which associate a
major element with a trace element, are
complementary, and can be very useful
for geothermal exploration.

After a literature review about the use
of auxiliary geothermometers, we
identified
several
thermometric
relationships proposed for dilute
geothermal waters from European
granite reservoirs [1], which were
tested, developed and validated on
dilute waters from two European lowtemperature geothermal areas in Czech
Republic (crystalline basement) and in
Switzerland (sedimentary). We also
developed three new Na-Rb, Na-Cs
and K-Sr thermometric relationships,
using literature data referring to 20 hot
natural brines discharged from granite
and sedimentary reservoirs [2], mainly
located in the Rhine Graben (France
and Germany, 70-200°C) with the
exception of two from the Salton Sea, in
the Imperial Valley (USA), which are
the hottest reservoirs (300-320°C).
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Fig. 1 New
auxiliarygeothermometers for
brines from granite and
sedimentary reservoirs.
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CASE STUDY
The Na-Cs, Na-Rb, K-Sr, K-Fe, K-Mn,
K-F, K-W thermometric relationships
proposed for dilute geothermal waters
from European granite reservoirs [1]
were tested, developed and validated
on dilute waters from two European
low-temperature geothermal areas [3,
4]: (1) the Litomerice and Teplice areas,
in Czech Republic, in which the PVGTLT1 deep geothermal borehole was
drilled down to a crystalline basement

(about 56°C at 2 000 m) and where
some thermal springs are observed; (2)
the Thônex (THX-1) and Lavey-lesBains areas, in Switzerland, where two
deep boreholes were drilled down to
sedimentary formations (about 70°C at
2 100 m, and 105 °C at bottom-hole,
respectively). As the PVGT-LT1 and
THX-1 boreholes have very low flowrates, the collection of representative
fluid samples was quite difficult.

Estimations of
reservoir
temperature for
dilute waters from
50 to 150°C and for
brines from 70 to
320°C
Complementary to
the classical
geothermometers
and
multicomponent
geothermometric
modeling

Fig. 2 Use and development of
auxiliary geothermometers for
dilute geothermal waters from
Czech Republic and
Switzerland areas.

RESULTS
This project has allowed testing, developing and validating different auxiliary
geothermometers to improve the reservoir temperature estimations. The existence
of several 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. 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.
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FIELD INTEGRATION
PUTTING METHODS TO WORK

MULTI-DISCPLINARY APPROACH
In Field Integration, many selected concepts and techniques of IMAGE have been
combined and integrated in the geothermal exploration workflow at several
selected sites in magmatic and basement/sedimentary environments (Table 1). The
integration is focused towards a multi-disciplinary complementarity including
geological, geophysical and geochemical techniques as well as numerical models in
order to a) first integrate the relevant data and interpretations and b) second,
predicts the geothermal target and design the well. The starting point is the 3D
geological interpretation model (namely geomodel) based on geological and
geophysical data. This provides 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 14).

FIGURE 14 GENERAL GEOTHERMAL EXPLORATION WORKFLOW (SOURCE D8.05).

The geomodels starting point constitute shared visions which are transdisciplinary
productions as they do not belong to a single field. There are no definite models
and uncertainties must be somehow considered in the modeling process. It is
essential that contributions from different experts (geologist, geophysicist) are not
piled up in sequential order but rather organized in a concurrent and interactive
way, with the focus being put on their interactions. This result in rather circular
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and iterative workflows with the geothermal conceptual model as a central target
(cf. details in deliverable D5.01, Figure 15).

FIGURE 15 MAIN STEPS/COMPONENTS OF AN INTEGRATED GEOMODELING WORKFLOW.

The first one concerns data and database(s). Then visualization tools to explore and
process the data constitute one of the most prominent aspect of modeling tools.
Finally, the integration work that involves interactions between experts can first
lead to the production of static geomodels, which achieve overall interpretations of
the subsurface based on inputs from various disciplines (Figure 15).
Magmatic and Basement/Sedimentary contexts are not at the same maturation
levels because industrial exploitations are more numerous in the magmatic
contexts, whereas basement/sedimentary can more easily take advantage of
technologies developed for the hydrocarbon industry. In the case of
basement/sedimentary environments, the starting scale was the continental scale
and the geothermal workflow has been applied until the local scale, whereas in the
magmatic environment, the local scale was directly focused as application (Table
1).
In the magmatic part, a workflow for conceptual modelling was proposed based on
lessons learned during the construction of the 3D geological static model for the
Brownfield high temperature area Krafla, NE-Iceland. The principal steps include
data acquisition and preparing, data importing, well correlation and 3D modelling.
The main datasets used in the model construction are given in Figure 16. The
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workflow was then tested in the Pico Alto Greenfield area on Terceira Island,
Azores.

FIGURE 16 SUBDIVISION OF MAIN DATASETS USED FOR THE CONSTRUCTION OF 3D GEOLOGICAL STATIC
MODELS FOR MAGMATIC SETTINGS.

MULTI-SCALE COUPLED MODEL APPROACHES
For a basement/sedimentary environment, we need a multi-scale approach for
exploration (cf. Figure 5). At continental scale, the objective is to determine the
major thermal anomalies as caused by geodynamic phenomena (Figure 17). The
models at this scale aim to bridge the gap between large-scale geophysical models
and more detailed regional models. They also provide boundary thermal and
mechanical conditions for the smaller-scale models.
The continental-scale models integrate first-order contrasts in lithology,
temperature and mechanical parameters. This scale is too large to numerically
simulate coupled processes predicting interaction of fluid fracture mechanics, flow
characteristics and hydraulic processes. Thermal modeling is then based on only
conductive phenomena. Geological models are often based on surface geological
data, such as geological and fault maps, and subsurface geophysical data, as deep
structures and rock properties.
At the regional scale, coupled models can be built by integrating hydraulic and
hydrochemistry data, 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 validating the hydraulic characteristics predicted by such models. However,
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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. 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 should be considered. The concentration of up
flowing fluid delineates the preferential target areas associated with the thermal
anomalies and low-stress areas (Figure 17).
At the local scale, models were refined 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 were
completed by additional, more local information such as, for example, data from
existing boreholes if they are available. At this scale, coupled mechanical and
groundwater flow models can be very important to determine the best location to
tap fluid and the main criteria to delineate the drilling area are based on these
preferably fully coupled models (Figure 17).
As no integration platform has yet been established as a de facto standard in the
field of geothermal modeling, it seems important to favor a modular approach and
the use of interoperable services with clearly defined and standardized interfaces
(e.g. between visualization tools and data flows or modeling algorithms). Thus,
both researchers and industrial operators will be able to combine complementary
tools and achieve a technical solution tailored to their specific needs.
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FIGURE 17 GEOTHERMAL EXPLORATION WORKFLOW FROM CONTINENTAL SCALE TO LOCAL SCALE
APPLIED FOR BASEMENT/SEDIMENTARY SETTINGS.
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SELECTION OF EXPLORATION METHODS
In this section, we summarize the benefits and drawbacks of the main methods
applicable for the assessment of favorable key situations for the development of
geothermal projects. The exploration of deeper parts of conventional geothermal
systems in magmatic settings, with potential supercritical resources, and extensive
areas around the magmatic fields is quite to the search for deep geothermal
resources in sedimentary settings. Key situations can be described as a favorable
heat factor (e.g. plutonic intrusion, presence of thermal blanket and convective
heat cell) and a favorable fluid factor (e.g. fault intersection, fault jog, relay
ramp, tip and stress field). Obviously, the size of the objects of interest depends
on the exploration scale and we have therefore presented the selection of
exploration methods as function of the exploration scale and subsequently of
the type of key situations in Table 4. It is obvious that there are no golden rules
to select the best exploration methods and, moreover, no single method can
assess the presence of all favorable key situations but rather a combination of
methods is necessary.

In addition to the key subsurface uncertainty that the method will address, it is
necessary to select the method that will meet the best technical, operational and
economical compromise. To help this selection, we have summarized the main
technical, operational and financial specifications of the proposed methods in
Table 5. These can subsequently be used to assess the value of acquiring this
new information for the project (e.g. through a Value of Information or VOI
study, see report D8.1) and help decide whether the method is worth applying
to the project.
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Geophysics

Geo
chemistry

Geology

ERT/CSEM

Active EM

Tracers

Geothermometers

Petrography/mineralogy

Structural analysis

Magnetism

Gravity

Passive EM MT

Microseismic

VSP

3D seismic

2D seismic

Noise
tomography

Method

Type of
method
Active
seismic
Active
seismic
Active
seismic
Passive
seismic
Passive
seismic

Applicable
Possible
Beyond today's technology
Not applicable

4

3

2

1

field4

Presence and location of magmatic intrusions, sedimentary layers…
Detection of fluid circulation implying convective heat transfert
Presence of favorable structural elements for fluid flow
Determination of present-day stress tensor

2

Stress

setting1

Elements3

2

field4

setting1

Elements3

2

field4

setting1

Elements3

Site Scale
Lithological Convection Structural

Stress

Regional Scale
Lithological Convection Structural

Stress

Continental Scale
Lithological Convection Structural

Field Integration

TABLE 4 SUMMARY OF MAIN RECOMMENDED (GREEN) AND POSSIBLE (ORANGE) EXPLORATION METHODS
TO USE TO ASSESS THE PRESENCE OF FAVORABLE KEY SITUATIONS, DEPENDING ON THE EXPLORATION
SCALE.
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TABLE 5 TYPICAL SURVEY SIZE, DURATION AND COSTS FOR DIFFERENT TECHNIQUES OF INTEREST FOR
GEOTHERMAL EXPLORATION.

Document Number

Deliverable Title

IMAGE-D5.01-2017.09.22

Integrated application in field models (magmatic
settings)

IMAGE-D5.04-2017.09.15

Strategy for Supercritical Well Design

IMAGE-D5.05-2017.09.21

Database: Potential supercritical conditions

IMAGE-D8.01-v2016.11.10

Selection of exploration techniques

IMAGE-D8.02-2017.09.18

Application of exploration techniques on
sedimentary basin fields

IMAGE-D8.04-2017.09.22

Combination and Integration

IMAGE-D8.05-2017.09.15

Proposition for integrated exploration method in
sedimentary basin contexts

TABLE 6 FIELD INTEGRATION DELIVERABLES (PUBLIC) AVAILABLE AT HTTP://WWW.IMAGEFP7.EU/REFERENCE-DOCUMENTS.
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We provide - prior to drilling - integrated
underground velocity distribution 3D images for
helping definition of drilling path.

Slice of P-wave velocity distribution at 3 km depth in
Reykjanes (triangles: seismic stations; red dots:
earthquakes; blue high velocity; yellow low velocity)

SEISMIC TOMOGRAPHY
FOR ACUTE DRILLING

Magmatic

Latitude (degrees)

EXAMPLE: SUPERHEATED GEOTHERMAL RESERVOIRS

Depth (km)
Fig. 1 Rays traced for more than
2000 earthquakes observed in
Reykjanes between 2014 and
2015.
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In high-enthalpy systems, passive
seismic recording is not always the first
choice for getting structural features of
the underground prior to expensive
drilling. Usually, only resistivity surveys
are
carried
out.
However,
the
distribution of seismic velocities, Vp/Vs
ratio, and attenuation properties of rock
reflect underground geology, and
fluid/rock distribution and conditions.
The distribution of elastic properties is a
good complement for integration of
seismic observations in exploration and
monitoring. The obtained images need to
be integrated for higher chances of
drilling success.

The significant advantage of continuous
seismic observations with diverse
processing
methodologies
is
the
complementarity aspect their provide:
1) Local seismic earthquakes give
indications on the mechanisms
generating seismic activity (e.g., fluid
induced seismicity) – Blanck et al.
2) Local
earthquake
tomography
produces
accurate
velocity
distribution – Jousset et al.
3) Ambient
noise
tomography
completes the velocity model where
no earthquake occurS – Martins et al.
4) Reflectivity techniques allow velocity
contrasts to be highlighted – Verdel
et al.
Integration of those methods provide a
complete picture of the elastic properties
of the underground, which can be further
integrated with resistivity models for a
better image at depth prior to drilling.

CASE STUDY
During the IMAGE project, those
techniques have been applied to
Reykjanes, prior to the IDDP2 drilling
project. In addition to existing seismic
networks (30 stations), we deployed 54
stations (including 20 broadband
stations and 24 Ocean Bottom
Seismometers) for 1.5 years. More than
2000 earthquakes were detected and
used to provide images of the tectonic
mechanisms and induced seismicity
(Blanck
et
al.).
We
obtained
tomography images at various scales
from local seismicity (Fig. 2a, Jousset et

al.) and ambient noise correlations (Fig.
2b, Martins et al.). In addition, we
computed auto-correlations which
revealed reflectors that diffract seismic
waves in the Reykjanes area (Verdel et
al.,).
All those images were then integrated
using resistivity models providing
clusters of properties that correspond
to different rocks at different
conditions at depth. This collected
information helped to define the best
path for drilling IDDP-2 in Reykjanes.

Provides
complete elastic
properties
distribution
underground
prior to drilling

Contributes –
prior to drilling –
to potential
reservoir
identification

Fig. 2 (Left) Vp/Vs ratio
obtained from local earthquake
tomography results at 3km
depth. (Right) Crosscorrelation pannel of stationpair combinations of 30
stations.

RESULTS
The outcome of the tomographic images obtained by the seismic tomographic
methods performed during the IMAGE project in Reykjanes indicates:
• Several mechanisms (natural and fluid induced) of seismic activity.
• Low Vp velocity in the upper reservoir until few km depth).
• Low Vp/Vs ratio at depth, indicating the absence of large magma
reservoir.
These results were confirmed by the drilling of IDDP-2 drilling until 3.6 km depth.
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Flow and fluid properties, are normally obtained after
drilling exploration boreholes, heavily weighing on the
pre-drill mining risk. These expenses can be strongly
reduced by studying fossil geothermal systems as
proxies of the active ones. We tested with success this
approach in assessing fluid properties in continental and
oceanic crust environments: Italy (Elba Island vs.
Larderello) and Iceland (Geitafell vs. Krafla).
respectively.

Magmatic

Fig. 1 Fracture filled up with
hydrothermal minerals (up)
from paleo-fluids as analogue of
fractures where present
geothermal fluids are circulating
(down).
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KEY-PARAMETERS FOR THE
ASSESSMENT OF FLOW AND
FLUID PROPERTIES
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Chemical and flow properties of fluids,
including permeability and hydraulic
conductivity are crucial for the reliability
of the predicting models, commonly used
for evaluating the economic performance
of any new exploitation. Before IMAGE
these
parameters
were
initially
considered from literature and then
revised after having drilled, thus
increasing the costs of exploration and
mining risk. After IMAGE, these
parameters can be measured integrating
field and laboratory studies on exhumed
geothermal systems, as proxies of active
geothermal systems, thus significantly
contributing to reducing costs of
exploration and increasing the reliability
of the economic outlook.

The approach is based on the classical
methods
of
structural
geology,
mineralogy and geochemistry in selected
exposed rock bodies (Fig. 1) belonging to
exhumed geothermal systems and
considered analogue of active systems.
Frequency, spatial distribution, size and
length of shear/extensional veins filled
up with hydrothermal minerals have
been measured. These parameters
describe the flow of the hydrothermal
fluids through the fractured rockvolume. From these data, permeability
(m2) is derived. In selected hydrothermal
minerals, fluid inclusions (i.e. portions of
the original fluid remained trapped
during the mineral growth) were studied
to derive fluid properties (salinity,
temperature and viscosity). Finally,
integrating the results, hydraulic
conductivity (m/s) is obtained.

CASE STUDY
The new approach was tested in keyareas of eastern Elba Island and Iceland
(Geitafell) where micaschist and femic
magmatic rock-volumes, respectively
analogue to the Larderello and Krafla
deep reservoirs, crop out. The
structural
study
evaluated
the
distribution of fractures and their
spacing,
defining
an
average
-15
2
permeability of 5x10
m (with
variations
among
the
different
generation of faults) for the Elba Island
(Fig.2), and of 5x10-16 m2, for Geitafell.
Fluid inclusion studies indicate that
high saline fluids were circulating

in the micaschist whereas a very low
saline fluids characterized the Icelandic
example. In both cases hot to super-hot
fluids have been documented. From
saline content and temperature, fluid
viscosity was determined, thus
obtaining parameters useful to
compute the hydraulic conductivity.
This is encompassed between 1.31 × 108 and 2.4 × 10-13 m/s (for Elba Island)
and 6.8 × 10-8 and 1.8 × 10-7 m/s (for
Geitafell). The results are comparable
with
* what is known in the active
systems of Larderello and Krafla.

HYDRAULIC CONDUCTIVITY (K)

Exploration costs
decrease while
predicting models
increase their
robustness

k ρ

K (m/s) ≈

η

Permeability and
hydraulic
conductivity are
derived without
drilling

η

ρ

k

K

viscosity

fluid density

permeability

hydraulic conductivity

(µPa*s)

(kg/m3)

(m2)

(m/s)

min

min

max

max

I generation

77,2

696

5*10-16

5*10-14 9.01*10-10

9.01*10-8

II generation

75,3

688

5*10-14

5*10-13 9.14*10-8

9.14*10-7

III generation

81,9

819

5*10-17

5*10-15 9.5*10-11

9.5*10-8

Fig. 2 Example of the
parameters that can be
obtained. This is the case of
Elba Island where different
fault generations contributed
to permeability.

RESULTS
By integration of laboratory and field data from exhumed geothermal systems
proxies of active ones, reliable values of permeability, fluid properties and
hydraulic conductivity can be defined. It implies that crucial data for predicting
models can be obtained before drilling, with benefit for the exploration costs and
economic outlook.
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The intrinsic complexity of geothermal systems is
a major challenge. The most efficient way to
mitigate the related geological risk is the
collaborative integration of multidisciplinary data
and interpretations into a geomodel.

Magmatic

Fig. 1 Revised and extended
conceptual model of the
Larderello geothermal system.
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WORKFLOWS FOR
CONCEPTUAL MODELLING
FROM BROWNFIELD TO GREENFIELD AREAS

CHALLENGE

APPROACH

In tectonically active areas such as in
magmatic settings, several multi-scale
geological structures, with spatial
discontinuities and sharp contrasts in
petrophysical properties, exert a
dominant control on mass and energy
transfers. Moreover, from the deep
roots of the geothermal system to the
shallower parts, geothermal brines go
through a large range of states and
thermodynamic
conditions.
Geomodelling, is then the science of
producing a consistent model of the
spatial architecture of geological
structures and their mutual relations. It
also involves a robust estimation of the
spatial
distribution of
physical
parameters: temperature, pressure,
permeability
out
of
multiple
interpretations and various data.

We focused on the workflows to build
static geological model of three
different
geothermal
fields
in
“magmatic settings. Two of them are
well-known brownfield areas - Krafla
(Iceland) and Larderello (Italy) - in the
sense that they are geothermal systems
where
substantial
exploration
experience has been gained and some
geothermal development has taken
place. Then, the workflow developed
for the Krafla geothermal field has been
adapted to the modelling of Pico Alto
geothermal field on Terceira Island
(Azores). Pico Alto is a greenfield area in
the sense that there is a proven
geothermal system with promising
drill sites but which is in its early stages
of development: it has limited data
availability
and
no
long-term
production history.

CASE STUDIES
In many aspects, brownfield areas are
still matter of research and of great
industrial interest. Then, the main steps
in tackling open questions remain
essentially the same in greenfield areas.
The main emphasis of the conceptual
modelling work for Krafla, was put on
the revision of previous data and an
addition of older and more recent
datasets and interpretations. It aimed at
understanding the links between the
exploited system and its basement
from the confrontation of various data.
The work performed on Larderello

aimed at characterizing the deep roots
of the system and the potential deepseated supercritical resources. It relied
on complementary techniques to the
conventional analyses related to
shallower levels (well logs, geological
modelling, geochemistry) and involved
the integration of other IMAGE
deliverables such as laboratory
analogue modelling, field analogue
modelling in the Elba Island,
geophysical surveys (magnetotellurics
and
experimental
resistivity
tomography).

Integration of
numerous
datasets from
Krafla highlights
the links between
local lineaments
and the regional
tectonic context
The conceptual
model of the
Larderello system
is used in the
drilling phase of
the
DESCRAMBLE
project

Fig. 2 Confrontation and
integration of different data
from the Krafla geothermal
field (Iceland): deep formation
temperature, alterations zones
(cross section) and structural
features interpreted from
geophysical data.

RESULTS
The proposed and applied methodology is not a linear workflow with a final
interpretation that would be a conglomerate of distinct interpretations. The
available information coming from multiple geoscientific disciplines is organized
in database in order to characterize the main elements of the geothermal system.
Then, contributors must look at the geothermal system as a whole complex system
so that the resulting model is a transdisciplinary consensus between experts.
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A 3D geological static field model of Krafla, NEIceland has been updated using geological and
geophysical data that had not been implemented
before. Datasets have been compared and crosscorrelated through deep structure sub-surface
analyses.

Caldera

Red earthquakes: 1.1-2 km

Magma chamber

Blue earthquakes: 2.1-3 km
Black earthquakes > 3 km

Magmatic

Fig. 1 A possible scenario of a
generalized lithological section
for the Krafla area correlated to
the geological history of Krafla
by Sæmundsson (1991).
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A GEOLOGICAL STATIC
FIELD MODEL OF THE
KRAFLA BROWNFIELD
CHALLENGE

APPROACH

The drilling history of Krafla spans 43
years. The geothermal field is defined as
a Brownfield due to its extensive
exploration history and geothermal
development. In IMAGE, a geological
static field model was constructed based
on geophysical and geological data in
order to gain a better understanding of
the system, whose structure has proven
to be rather complex. Data compilation
and comparison give an overview of
available interpretation that is essential
for geo-scientists to highlight gaps of
understanding and to facilitate the next
logical steps. Having a common platform
where all results are brought together,
saves time and results in a faster way of
comparing multi-disciplinary dataset.

Since the publication of the latest Krafla
conceptual model (Mortensen et al., 2009;
Weisenberger et al., 2015), additional
measurements and interpretations of
various datasets have led to an update of
different geophysical and geological
parameters. The already existing and
more recently acquired data, have been
divided into two groups; surface and
subsurface
datasets
comprising
geological
and
geophysical
interpretations. The 3D modelling
software Petrel was used as a common
platform for all digitally compiled input
data. An input data quality assessment
and pre-processing was conducted, as
included datasets were from different
research periods of Krafla´s long
development history. Primary emphasis
was set on updating the geological field
model and the implementation of new
and revised datasets (Fig 1).

CASE STUDY
The up-to-date 3D static field model of
the Krafla area includes data specific
sub-models
for
the
following
parameters:
• Geology
• Alteration
• Formation temperature
• Resistivity
• Seismic tomography
The geological model is composed of a
lithological and a structural model,
including new and revised borehole
data
for
lithological
intra-well
correlations, ranked surface and sub-

surface data, such as gravity,
magnetics, resistivity, seismic data, and
fault and fissure interpretation.
Specifically, 1D and 3D resistivity
inversion models were compared to
analyse the structural trends in an
interactive 3D work environment. The
3D inversion data model proved to be
in a better agreement as compared to
other datasets. This applies to the
relationship between seismic and
resistivity
datasets,
which
was
implemented by comparing the newly
acquired seismic data with the most
recent 3D resistivity model.

A geological static
field model based
on available
geophysical and
geological data

Interpolation
between surface
and sub-surface
datasets to reveal
the structural
pattern of the area

Fig. 2 An example of dominant
WNW-ESE and NE-SW
trends observed in the Bouguer
gravity data (to the left) and
resistivity data (to the right).
The orange and brown shaded
polygons mark magnetic low
in the area. Purple dashed lines
show anomalous Bouguer
gravity low lineaments, and
green dashed lines show
resistivity high lineaments.

RESULTS
An apparent WNW-ESE and NE-SW striking subsurface lineament is seen in
various datasets in Krafla. A discontinuity across the WNW-ESE lineament is also
observed in most of the datasets. This discontinuity shows a segmentation and a
left stepping fault system across the apparent WNW-ESE lineament (Fig 2). As
Krafla is located near the junction of the Tjörnes Fracture Zone (showing dextral
strike-slip component) intersecting the rift zone, the lineaments could be a
consequence of those two different movements.
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An integrated, multi-disciplinary approach
allowed a better understanding of the deep roots of
the Larderello geothermal field. In the study area,
temperature exceeding 400°C is recorded at a depth
of less than 3 km and the very high impedance of a
seismic marker hints toward the presence of
supercritical fluids above a shallow magma body.

Magmatic

Fig. 1 A section from the 3D
transient thermal model, with
main geological units and old
(3.8-1.3 Ma, yellow) and actual
(1.3-present, red) granitic
intrusions.
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INTEGRATED CONCEPTUAL
MODEL OF LARDERELLO,
ITALY
CHALLENGE

APPROACH

Thanks to many decades of surface
exploration and well logs, Larderello is
a brownfield with respect to
hydrothermal reservoirs. Some aspects,
however, still require further insights
on: a) the multiphase shallow
magmatic intrusions, providing heat to
the
hydrothermal
system
and
metasomatic
fluids possibly in
supercritical condition at shallow
depth; b) the status and evolution of
brittle-ductile transition in such
multiphase activity; c) the role played
by tectonics for the shallow and deep
fluid circulation. In this respect, the
deep roots of Larderello geothermal
field can be considered as a greenfield,
to be explored by a multidisciplinary
approach.

First, the available information coming
from multiple geoscientific disciplines
(e.g. structural geology, geochemistry,
geochronology,
petrology
and
geophysics) and characterizing the
essential
components
of
the
hydrothermal
system,
were
systematized in an integrated 3D
model. Then, old and new geophysical
data having a large investigation depth
were
analyzed.
Their
joint
interpretation, combined to the several
studies performed in the exhumed
geothermal system of eastern Elba
Island, considered a proxy of the
present deep structure of Larderello,
provided further insights on the
physical and chemical conditions about
the shallow magma emplacement and
the deep fluid circulation features.

CASE STUDY
A comprehensive conceptual model of
magma emplacement has been refined
and corroborated through the review
and updating of the velocity and
resistivity models integrated with other
geophysical evidences (e.g. heat flow,
seismological and gravity data). The
information related to fracture and
permeability conditions in Elba proxy
were verified by a synthetic seismic
modelling approach. Chemical fluid
composition and temperature-pressure
condition were obtained by fluid
inclusion analyses carried out in

the exhumed, analogue, geothermal
system of Eastern Elba Island.
The
simulation
of
magma
emplacement was carried out by means
of analogue modelling and transient
thermal modelling (Fig. 1 and 2).
Various hypotheses regarding the
tectonic framework were considered,
and pointed out the role of large faults
systems in controlling the deep fluid
circulation. Similar aspects were
moreover recognized in the Elba Island
proxy where the fault array supports
this interpretation.

A conceptual
model of
supercritical
resources in
continental crust

Insights in the
interplay between
tectonics and
magma
emplacement

Fig. 2 a) example of the
integration among the
available data highlighting the
Low Velocity Zone, explained
as the present cooling magma
underneath Larderello. In (b),
Magneto-telluric analyses
indicate the channeled fluid
path controlled by a NEtrending fault system.

RESULTS
The broader conceptual model of the Larderello geothermal system, including its
deepest roots possibly in supercritical condition and its complex heat source
evolution, has been defined. Very important information was retrieved about the
fluid-rock interaction at supercritical conditions. This knowledge is of primary
importance for the exploration in Larderello as well as other high temperature
fields worldwide. This model is going to be verified by the deep exploration
carried out in the EU-H2020 DESCRAMBLE project.
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Lessons learned through construction of a 3D
geological static field model of the Krafla
Brownfield have resulted in the development of a
workflow, and was applied to the Pico Alto
Greenfield area, on Terceira Island, Azores.

Magmatic

Fig. 1 Principal workflow steps.
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WORKFLOW FOR CONCEPTUAL
MODELLING TESTED IN PICO
ALTO, AZORES
CHALLENGE

APPROACH

Based on the lessons learned during the
construction of the 3D geological static
model for the high temperature
geothermal field of Krafla, NE-Iceland
as well as literature study from other
areas, a workflow for conceptual
modelling has been proposed. Due to
the large amount of information
gathered
through
decades
of
exploration and exploitation efforts of
the area, Krafla is regarded as a
Brownfield area. The workflow
describes sub-division of available data
and how steps are preformed
throughout the modelling process. It
has been tested in the less known and
not exploited Pico Alto Greenfield high
temperature geothermal area on
Terceira Island, Azores.

The workflow is based on a 3D model
built in the 3D modelling software
Petrel. The general workflow for
constructing a geological static field
model is presented in Figure 1. Iterative
work is essential to gain the most
reliable results. Following each step,
quality control should be checked
including e.g. listing of source,
constraints and uncertainties. Having
datasets across all disciplines from
different scientists requires close
integration and information sharing
during the modelling process. Through
a model construction, simplification of
data is unavoidable. Smoothing of data
can remove relevant information,
therefore, initial input and detailed
datasets should be preserved in the
background
for
interpretation
comparisons.

CASE STUDY
The developed workflow was applied
to the Pico Alto geothermal field, in
order to test its applicability. A total of
five production wells have been drilled
in the area, and available borehole data
from wells, as well as large scale
geophysical datasets were used to
construct a geological static field
model.
The static model includes four submodels with the following parameters:
• Alteration
• Fluid temperature
• Resistivity
• Density
No 3D datasets had been developed
prior to the project, and field

development work was based on
papers records, reports, or GIS data.
Two large scale models were created
for resistivity and density input
parameters provided by TARH (Figure
2). No lithological model had been
generated, due to lack of reliable
subsurface lithology and limited
borehole data and cross-borehole
correlation solutions. Model estimates
in regard to the degree of alteration
were included, based on thin section
and binocular analyses work by
GeothermEx (2010) & Mateus et al.
(2014). A fluid temperature model was
included, based on input data
published by ÍSOR & GeothermEx.

A general
workflow for
constructing a
geological static
field model has
been made and
tested in the Pico
Alto Greenfield
area, Azores

Fig. 2 Density model

constructed from a series of
vintage 2D maps, one
example of quality
assurance of input model
data. The density contrast
values used in the model
correspond to a discrete set
of values between -300 and
300 kg/m3.

RESULTS
The workflow presented above was based on lessons learned from a Brownfield
area, and could be applied to the Greenfield area to a limited extent, primarily due
to input data limitations for the Pico Alto geothermal field area. However, the
applicability of the workflow guided a step-by-step approach in building the Pico
Alto static field model, namely step 1, 2 and 4 in the workflow (Figure 1), by
accessing data types, sources, and quality. Even though no lithological model
could be constructed, the workflow was applied with success, by providing a first
time 3D visualisation of the geothermal field area, enabling a multi-disciplinary
investigation of all available and applicable dataset in a common platform, and
support future data acquisition focus decisions.
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Drilling deep geothermal wells aiming for
supercritical conditions needs careful well design,
which includes anticipating downhole conditions,
properly selecting materials and designing casing
programs for ensuring structural integrity at harsh
conditions.

Magmatic

Fig. 1 Concept diagram of the
roots of the Reykjanes
geothermal field indicating
existing wells (brown) and deep
well within the system (blue)
intersecting supercritical zone
beneath the producing reservoir
(Fridleifsson & Elders, 2017).
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STRATEGY FOR
SUPERCRITICAL WELL
DESIGN
CHALLENGE

APPROACH

Typical high-temperature geothermal
wells reach 2000-3000 m in total depth
aiming for medium to high-enthalpy
geothermal fluids that reach the surface
as two-phase steam or in some cases
single-phase saturated steam. The
Iceland Deep Drilling Project (IDDP)
consortium was established in 2000 to
investigate
the
feasibility
and
economics of deep, high-enthalpy
geothermal resources, and supercritical
hydrothermal fluids, as possible future
energy sources (Fridleifsson et al.,
2014). The IMAGE project has been a
part of the design phase by involving
scientists, engineers and other technical
personnel. Structural design of casings
and wellhead need careful considerations as harsh chemistry, thermal
stresses/strains and pressure will be
greater than in conventional wells.

Design phase of a typical geothermal
well includes several tasks, including:
determining design temperatures and
pressures at static and dynamic
flowing conditions, casing depth
selections, casing selections and
structural design, drilling program and
well completion, and after completion,
plan for warm-up and flow-testing. In
deep wells, the critical point (CP) of
water will be encountered at ~3500 m
depth, depending on water table and
fluid
salinity.
Below
the
CP
assumptions need to be taken on how
temperature and pressure changes
with depth. Scenarios regarding the
anticipated fluid chemistry in a deep
well in Reykjanes is thoroughly
described by Fridriksson et al., 2015.
Downhole conditions provide a
baseline for well design.

CASE STUDY
Drilling of the latest well in
the IDDP series RN-15/IDDP-2
has now been completed. Its
total measured depth is 4650
m, the deepest borehole in
Iceland.
A
“well
of
opportunity” already 2507 m
deep well RN-15 including
three casings, the narrowest
one 13 3/8”, was selected to
be deepened aiming for
supercritical conditions at
around 5000 m depth. An
emphasis was on sealing off
the
upper
production
reservoir, by installing and
cementing
3000
m
production
casing,
the
longest installed casing in a
well in Iceland. The casing
program is unconventional
as it is a continuation from a
previously drilled well, and
several improvements from
conventional
hightemperature geothermal well
design were needed.

RN-15/IDDP-2 has
been drilled to
4650 m depth, the
deepest borehole
in Iceland
By producing from
supercritical
sources the
potential power
output per well
might be increased
by an order of
magnitude
Many challenges
have been solved
over the past
decades in drilling
deep geothermal
wells, new
technology and
improved material
selection are key
for advancement

Fig. 2 Schematic drawing
of well RN-15/IDDP-2 as
it was built. The well was
designed by Mannvit.

RESULTS
In strategy for supercritical well design, possible scenarios of temperature,
pressure and fluid chemistry play a big role. The learning curve of designing and
drilling deep geothermal wells aiming for superheated/supercritical conditions
has been steep and many challenges have been solved along the way over the past
decade (and decades). However, some challenges still remain unsolved and
undoubtedly more will emerge in future deep drilling projects. Proper material
selection for such harsh environment, fluid handling, well control, casing and
wellhead design for stable structural integrity are key for utilizing future deep
geothermal resources.
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New passive seismic methods were tested for
geothermal exploration phase in the Strasbourg
area. These methods offer new cost-effective ways
to get a first estimate the sediment-bedrock
interface depth for sedimentary basins, that can be
used to plan ahead more precise and expensive
exploration methods.

Basement/
Sedimentary

Fig. 1 Receiver functions
computed at several stations on
the Strasbourg site.
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ADVANCED PASSIVE
SEISMIC METHODS FOR
SEDIMENTARY BASINS
CHALLENGE

APPROACH

Active seismic methods are used for
geothermal exploration in sedimentary
basins in order to find the position of
the main faults and the depth of the
rock-sediment
interface.
These
methods bring very accurate images,
but they have a high operational cost.
Moreover, while 4D seismic campaigns
are possible in order to monitor the
geothermal field in the exploitation
phase, the associated costs raise
quickly.
Passive seismic campaigns have a
better social acceptance and lower
operational costs, but shall be
improved to give operational results
for geothermal projects during the
exploration phase.

Recent advances in seismology allowed
to get insights into sedimentary basin
structure by using previously unused
seismological data and with improved
signal processing methods: receiver
functions generated with careful
selection and processing of teleseismic
events show the main interfaces,
combinations of long-range seismic
noise correlation and measurements of
the H/V amplification linked to the
sedimentary basin can bring good
estimates of the structure.
These methods have been adapted to
the geothermal project context, in order
to evaluate their sensitivity and their
relevance to geothermal energy.

CASE STUDIES
Passive
seismic
network
for
geothermal exploration research was
deployed west of Strasbourg in the
Rhine upper graben, previously
studied in the GeORG project. GeORG
realized a 3D geological model of the
Rhine Graben that was used as a
benchmark. Strasbourg urban area is
densely populated and hosts a major
road axis, generating a high level of
anthropic noise typical of European
seismological conditions.

Receiver functions were computed
with several earthquakes during the
time of the deployment; joint inversion
of H/V measurements and Rayleigh
wave group speeds led to depth
estimates of the sediment-bedrock
interface. These results were compared
with GeORG geological model and
show quite a good agreement, with
some points being deeper than the
model.

Cost-effectiveness
of the methods
and possibility to
deploy several
methods at once

Usability through
the entire project
even after
exploration phase,
good social
acceptance

Fig. 2 Map of Strasbourg with
stations deployed for the
project, the color indicates the
sediment-bedrock interface
depth range measured using
passive seismic methods (in
m).

RESULTS
The approach was validated by the case study in Strasbourg, using GeORG project
as a benchmarking tool : it is possible to get a first estimate of the sediment-bedrock
interface depth with a non expensive geophysical method that can be deployed on
a regional scale. Moreover, these methods can also be used in conjunction with a
general study of the regional seismicity that gives insights into the regional stress
state and the position of the active faults ; this makes passive seismic studies even
more versatile and able to bring answers for future geothermal exploration projects
in sedimentary basins.
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Ambient seismic noise techniques can be used to
assess aseismic responses of the subsurface to geomechanical well operations. In the case of St.
Gallen this method could have helped to recognize
the unexpected reservoir dynamics at an earlier
stage than the microseismic response alone,
allowed.

St. Galler Stadtwerke

Basement/
Sedimentary

AMBIENT SEISMIC NOISE
TECHNIQUES TO MONITOR
RESERVOIR DYNAMICS
LESSONS LEARNT FROM ST.GALLEN, SWITZERLAND

Fig. 5 Cross-correlating
continuous noise records from
two receivers yields the impulse
response function between them.
(Courtesy of Pierre Boué).

Fig. 6 Exemplary crosscorrelation function over 1.5
years containing coherent
information about the
subsurface.
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The failures of two recent deep
geothermal
energy
projects
in
Switzerland (Basel, 2006; St. Gallen,
2013) have again highlighted that one
of the key challenges for the successful
development and operation of deep
underground heat exchangers is to
control the risk of inducing potentially
hazardous seismic events.
In St. Gallen, after an injection test and
two acid injections that were
accompanied by a small number of
micro-earthquakes (ML<0.2), operators
were surprised by an uncontrolled gas
release from the formation. The killing
procedures that had to be initiated led
to a ML3.5 earthquake.
Could
ambient
seismic
noise
techniques yield insights to the
aseismic responses of the underground
to the injections?

For monitoring purposes a repeated
energy source is required. A powerful
(and cheap) solution is offered by the
omnipresent ambient seismic noise.
The cross-correlation function of a pair
of recordings can be used to retrieve the
Green’s
function
between
two
receivers, as if one of the receivers
behaved like an impulsive source
(Fig.1).
Changes in the elastic properties of the
subsurface can be detected as phase
shifts or waveform alterations in the
later arriving, scattered coda waves of
these cross-correlations.
These
techniques
have
been
successfully applied to continuously
monitor medium changes within
volcanoes and fault and shall be
extended to monitor reservoir changes
beyond the purely seismic response.

CASE STUDY
We calculate the cross-correlations
from the continuous seismic noise
records of nine seismic stations around
the St. Gallen injection well. We
observe a significant loss of waveform
coherence on the records of the stations
close to the injection well (Fig.3a) that is
not observed on the other station pairs
(Fig.3b).
The loss of waveform coherence starts
with the onset of the fluid injections 4

days prior to the gas kick. We interpret
the loss of coherence as a strong local
perturbation of the medium due to the
infiltration of gas and the associated
impact on attenuation and reflectivity.
We can horizontally and vertically
constrain the observed changes to the
injection location of the fluids.

Detection of
largely aseismic
response to
injections that
could not be resolved with
standard seismic
analysis
New possibilities
to assist the
monitoring of
engineering
projects

a)

Fig. 3 Zoom into the injection
period. Station pairs close to
the injection well (a) noticed a
waveform perturbation with
the onset of the injections,
while others did not (b). We
interpret the massive loss of
coherence as gas penetrating
into the formation, a
consequence of the injections
and acid jobs.

b)

RESULTS
Our results show that ambient seismic noise techniques can be used to assess
aseismic responses of the subsurface to geomechanical well operations (Fig.3). In
the case of St. Gallen, a real-time implementation of this method could have helped
to recognize the unexpected reservoir dynamics at an earlier stage than the
microseismic response alone, allowed.
We are convinced that ambient seismic noise techniques offer interesting
possibilities to assist the monitoring of engineering projects involving subsurface
stimulations. These techniques could also help to better understand reservoir
dynamics and mitigate associated risks.
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High resolution information of the 3D stress field
in a reservoir is provided by a geomechanical
modelling approach that uses several calibrated
models of different scales.
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Sedimentary

Fig. 1 Model areas in the
Bavarian Molasse Basin.
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HIGH RESOLUTION 3D
STRESS MODELLING

EXAMPLE OF THE MULTISTAGE APPROACH FOR THE
BAVARIAN MOLASSE BASIN

CHALLENGE

APPROACH

The assessment of reservoir stability
and fault criticality requires a detailed
knowledge of the local in-situ stress
field. The availability of information on
the stress state – in particular the stress
magnitudes – is limited and most likely
no information is available in the
designated reservoir area. Detailed and
high resolution information on the
stress field in the confined volume of
interest of a reservoir is therefore only
achieved by a 3D geomechanicalnumerical model. The available data
records situated in the periphery of the
reservoir are used to calibrate a stress
field model. Still, the model area is
usually 10 times larger than the
reservoir. Accordingly the spatial
resolution is not high enough.

The multistage modelling approach
applies more than one model in order
to derive a high resolution reservoir
stress field. A regional 3D stress field
model is established which main
characteristic is that it is large enough
to enclose representative stress data
records for calibration. A second high
resolution 3D geomechanical reservoir
scale model is setup which is
geographically within the regional
model. The reservoir model is
calibrated on the stress field that is
provided by the regional model. This
approach is beneficiary in that it
includes both high detail reservoir
geometry (in the reservoir model) and
a sufficient number of data records for
calibration (within the larger regional
model).

CASE STUDY
The multistage modelling approach
has been exemplified in the vicinity of
Munich/Germany in the Bavarian
Molasse Basin (Fig. 1). A regional scale
model (70 x 70 x 10 km³) of the Greater
Munich area includes the typical
southward dipping lithology of the
Molasse Basin. The model is calibrated
on stress magnitude data from
borehole measurements.

A potential geothermal reservoir in the
outskirts of Munich supplies the
structure for a high resolution reservoir
model (10 x 10 x 10 km²). This model is
calibrated using the in situ stress field
estimated with the regional model. The
resulting stress field of the reservoir
model can be visualized using e.g.
scalar values for fault criticality and
rock stability within the reservoir (Fig.
2).

Fast and
inexpensive stress
field modelling

High resolution
3D calibrated
reservoir stress
field

Fig. 2 The stress state of the
high resolution local model is
visualized using the scalar
value of slip tendency on
faults.

RESULTS
The multistage approach proves to be an inexpensive and fast method to estimate
the stress field in a confined volume. In addition, the uncertainties that are related
to geomechanical modelling can be assessed and thereby the results significance is
increased.
With a multi-billion Euro project Munich is currently the European hot spot of
sedimentary geothermal exploration. This model provides relevant information on
the stress state and the opportunity to calibrate more local reservoir models.

REFERENCES
Ziegler, M. O.; Heidbach, O.; Reinecker, J.; Przybycin, A. M. & Scheck-Wenderoth, M. A multi-stage 3-D stress field
modelling approach exemplified in the Bavarian Molasse Basin, Solid Earth, 2016, 7, 1365-1382, DOI: 10.5194/se-7-13652016

CONTACT
Moritz Ziegler (GFZ)
mziegler@gfz-potsdam.de
Oliver Heidbach (GFZ)
heidbach@gfz-potsdam.de

In order to give hints for designing exploration
campaigns in “blind” contexts, physical models
can be used to highlight the potential areas of hot
fluid upwelling. To this end, an approach relying
on cross-interpretation of 3D numerical flow and
mechanical models is proposed.
Faulted models considered in the approach.
Illustration from the Upper Rhine Graben case-study.
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Fig. 1 Structural information
incorporated in the models.
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TARGETING HIDDEN THERMAL
ANOMALIES: INSIGHTS FROM
MECHANICAL AND
GROUNDWATER FLOW MODELS
CHALLENGE

APPROACH

The proven presence of thermal
anomalies is traditionally a guide for
developing exploration campaigns. In
some geological contexts (faulted
basement under sedimentary cover),
for which little to no surface
manifestations
exist,
siting
of
exploration well remains a first order
issue in the perspective of deep EGS
exploitation. Anything that can help
limit the areas to explore will
contribute to the deployment of such a
geothermal
industry.
Proposing
practical help to locate and estimate the
extension of hidden and not yet
identified thermal anomalies is a
challenge
for
this
geothermal
exploration. To tackle this challenge,
we need physical models to highlight
potential areas of hot fluid upwelling.

The proposed approach relies on the
construction
of
numerical
groundwater flow and mechanical
models on the scale of the geological
systems to be explored (e.g., rift). These
3D models are built from a geological
model where structural data is
introduced (Fig. 1). The results of the
models are first analyzed individually
in order to highlight the preferential
discharge areas for upwelling of
warmer fluids. They are then combined
and put into perspective of potential
thermal anomalies.
Before applying this approach in a
practical way, the relevance of the
results of this combination requires a
comparison with existing thermal data
and its interpretation in terms of
anomalies. This is the subject of the
case study presented thereafter.

CASE STUDY
In the IMAGE project, the selected case
study is the Upper Rhine Graben,
which benefits from a relatively good
knowledge of thermal anomalies.
Fault zones are argued to play a major
role in the setup of thermal anomalies
and have to be incorporated in discrete
models. The structural data used to
build the models is derived from the
GEORG project and result from the
interpretation of seismic lines.
The studied models cover an area of
150 x 130 km2 and integrate more than
300 faults.

General comprehension of thermal
anomalies helps defining indicators
that are used to interpret the results.
For the flow model, the indicator is
related to upflows of heated fluids
characterized here by long distance and
deep going flow paths. For the
geomechanical model, the indicator is
related to less compressed areas that
are supposed to favor these upflows.
The zones delimited from the
indicators for each of the models are
compared with a thermal anomaly map
(Fig. 2).

Explicitly account
for the fault zones
playing a role in
the origin of
thermal
anomalies.

Include a multiphysics
combination to
delineate thermal
anomalies.

Fig. 2 Comparison of thermal
anomaly indicators for the flow
(Left) and the mechanical
(Right) models with a thermal
anomaly map of the Upper
Rhine Graben (Middle).

RESULTS
The zones delimited from the indicators correlate reasonably well with the
identified thermal anomalies in the North South distribution. The major thermal
anomaly is the best delineated one in each model. These initial results are
encouraging and underline the interest of the approach and the relevance of the
proposed indicators. This justifies the necessary improvement of the models, in
particular regarding the deep structuring of the rift.
According to this study, the joint-interpretation of flow models and geomechanical
models highlight already the potential contribution of this approach to design and
orient exploration campaigns in addition to other approaches.
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We applied a fast and easy to use 3D physics based
model for detailed temperature prediction. It takes
into account automated fitting to well and heat
flow data, addresses uncertainty and allows to
incorporate effects related to fluid flow
convection.
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Fig. 1 Profiles of the prior and
posterior (dashed and solid lines,
respectively) for Dutch LTG-01.
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FAST TRACK 3D
TEMPERATURE MODELS
EXAMPLES FOR HUNGARY AND THE NETHERLANDS

CHALLENGE

APPROACH

In mature oil and gas basins predictive
thermal
models
can
benefit
considerably from existing detailed
information on structure, thermal
properties and borehole temperature
data.
Existing thermal models do not capture
well full uncertainty away from
measurements of wells, as a
consequence
of
neglections
of
variations in structure, properties and
thermal processes. It is not easy to take
into account full complexity and to
constrain models to all available
measurements and to take into account
uncertainty. To overcome these
challenges we need a fast and easy to
use predictive tool which can
incorporate variation in properties and
processes,
and
performs
data
assimilation.

A fast track 3D workflow for
temperature prediction has been
developed. At the heart is a fast model
which solves the heat conduction
equation and is capable to take into
account high resolution input on
structure and thermal properties and
underlying uncertainty. It includes
boundary conditions representative for
tectonic processes and can approximate
effects of fluid flow convection.
The data-assimilation is done by using
an
advanced
data-assimilation
technique,
the
Ensemble-Kalman
Smoother multiple data assimilation
(ES-MDA) based on 1000s of runs of the
model. The model-runs are performed
by an easy to use program-interface
which runs on an ordinary PC.

CASE STUDY
The fast track workflow has been
applied for the Netherlands and
Hungary (Pannonian Basin). In both
basins the subsurface structure has
been mapped in detail, and 1000s of
temperature measurements up to 6 km
depth are available (Fig. 1).
The basin structures in both areas have
been mapped in detail. The thermal
models has been discretized by 3x3 km
cells laterally and ca. 100 cells

vertically. In both areas conceptual
scenarios for temperature distribution
have been developed, including
variation in thermal properties of
sediment and basement layers,
potential fluid flow and tectonic
boundary conditions.
For each of the scenarios the models
have been calibrated to the observed
temperatures in the wells.

Improved
temperature
assessment away
from wells and
for large depth

Adds robustness
to identification of
potential target
areas for deep
geothermal
development

Fig. 2 Excluding (Left) and
including (Right) widespread
fluid flow convection in deep
carbonates in thermal models
of the Netherlands.

RESULTS
The outcomes of the model scenarios show a relatively good fit to temperature
measurements in wells, however at large depth and away from wells the predicted
temperature field can vary considerably dependent on the chosen scenario (Fig. 2).
For Hungary, the updated models demonstrate the strong thermal control of
lithospheric extension interacting with the sedimentary infill of the Pannonian
Basin. For the Netherlands the deep zonation of thermal anomalies is most likely
strongly controlled by deep rooted fluid flow convection.
CONTACT
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We applied a fast 3D gravity model for inversion
of deep roots of density anomalies. The model
takes into account high resolution structure,
seismic and detailed gravity data. Our results
indicate a spatial correlation of density anomalies
with deeply buried carbonate platforms.
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Fig. 1 Misfits [mGal] of the
measured gravity anomalies: for
the initial density model (above)
and the final model (below).
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GRAVITY BACKSTRIPPING
AND INVERSE MODELING
APPLICATION TO THE NETHERLANDS

CHALLENGE

APPROACH

Gravity can provide an important
constraint on the deep structure of
sedimentary basins and the underlying
crust.
For known sediment structures the
gravity can be forward modelled and
compared to the measured gravity
(gravity back stripping). Comparison
between predicted and measured
gravity allows to test and validate
conceptual models for deep structural
controls on spatial distribution of
geothermal reservoirs. One such
example is a correlation to be expected
between spatial extent of deeply buried
carbonate platform areas and long
lived basement highs. These highs may
well related to relatively low density
areas in the underlying basement.

IMAGE developed a fast model
approach with data assimilation, which
allows to model high resolution gravity
for the known and unknown density
structure of the sedimentary basins.
The model can automatically derive
deeper density anomalies which are
consistent with observations. The
gravity anomaly of the density model is
calculated in the Fourier domain to
speed up the calculation which can be
performed numerous times in the data
assimilation.
The data-assimilation is done by using
an
advanced
data-assimilation
technique,
the
Ensemble-Kalman
Smoother multiple data assimilation
(ES-MDA) based on 1000s of runs of the
model. The model-runs are performed
by an easy to use program-interface
which runs on an ordinary PC.

CASE STUDY
The work flow has been applied to the
Netherlands for which a high
resolution interpretation of the
subsurface structure and densities
above deeply buried carbonates is
available from 50 years of oil and gas
exploration and mapping. For the
densities a 3D seismic velocity model
has been used (velmod3) which has
been converted to density using the
Gardner relationship. The density
model has been discretized by 3x3 km

cells laterally and ca 80 cells vertically
until a depth of 20 km.
The density structure of the deep
sediments
and
basement
(preNamurian, top Dinantian carbonates,
Fig. 2) is highly uncertain. The density
model uncertainty adopted in the preNamurian, in a 2 km thick layer. The
density have been varied with a
triangular variogram with a range of
30km to calibrate the model to the
measured gravity anomalies.

Automated
updating of the
density model by
incorporating
gravity
measurements

Gain insight into
deeper layers
which have been
underexplored

Fig. 2 Paleo-geography of the
Dinantian rocks (Left) and the
average density change from
the the initial model to the
final model, for the preNamurian layer (Right).

RESULTS
The data assimilation results in an excellent calibration of the measured gravity
values to the model (Fig. 1). The predicted density variations below the top of the
Dinantian rocks aid in constraining deep sediment and crustal zonation aligning
with spatial extent of carbonate platforms. The carbonate platforms areas appear
to be marked by relatively low densities.
Markedly the southwestern platform areas correlate with very low densities
relative to the remainder of the Netherlands. These can be explained by the
anticipated presence of a relatively thick pre-Namurian sediment infill on the
Brabant Massif. The platform areas in the South require a lower density to match
the measured gravity anomalies. In the South of Friesland and along the
Waddeneilanden a higher density is needed (Fig 2).

REFERENCES
Caratori Tontini, F., Cocchi, L. and Carmisciano, C. (2009): Rapid 3-D forward model of potential fields with application
to the Palinuro Seamount magnetic anomaly (Southern Tyrrhenian Sea, Italy). Journal of Geophysical Research, vol. 114,
B02103

CONTACT
Mark Vrijlandt (TNO)
mark.vrijlandt@tno.nl
Jan Diederik van Wees (TNO)
jan_diederik.vanwees@tno.nl

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. As part of IMAGE,
three modelling approaches were developed to
describe the permeability of fractured geothermal
reservoirs.

FLOW AND PERFORMANCE
MODELS OF FRACTURED
RESERVOIRS
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APPROACH

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. Although
many studies that model the
permeability around fault zones
address some aspects of fault
architecture,
few
consider
3D
permeability in all structural units.
Often, one dominant fracture set with
equally-spaced fractures is assumed to
describe fractured media such as
damage zones, hence ignoring relations
between the orientation of main faults
and damage zone fractures and spatial
variation in fracture density. To
overcome these challenges, a fault
permeability model
which
can
incorporate the structural complexity
of natural fault zones is required.

Permeability
and
fluid
flow
calculations for fractured reservoirs
were based on three modelling
approaches: (1) Analytical models for
fault zone and fractured reservoir
permeability were developed to
describe bulk permeability based on
fault and fracture populations derived
from outcrops and seismic surveys, (2)
semi-analytical models of fractured
reservoirs
with
anisotropic
permeability due to a power law
distribution of fault sizes were
developed to explore relations between
micro-seismicity,
pore
pressure
increase and permeability, (3) a semianalytical model for performance
assessment of geothermal doublets has
been used to analyze the evolution of
temperature and pressure for a doublet
in a fractured reservoir.

N
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360
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Fig. 1 Sensitivity of
permeability to varying
orientations of damage zone
fractures with a fracture density
Fw = 50 m-1 for all possible
orientations of a doublet.
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CASE STUDY
The evolution of temperature and
pressure for a geothermal doublet in a
fractured reservoir has been analyzed
using
a
semi-analytical
model
(DoubletCalc2D, Veldkamp et al.,
2015). 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 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.
Subsequent fracture sets are iteratively
incorporated by combining the
resulting bulk permeability tensor with
additional
fracture
permeability
tensors in fracture-based coordinate
systems.

Complete
permeability
description of
complex fault
zones

Optimization of
well placement by
incorporation of
fractures in
DoubletCalc2D

Fig. 2 Temperature and
pressure development in a
reservoir characterized by
three dominant fracture sets.
One injection well and two
producing wells are used in
this case study.

RESULTS
The simulation shows that the three fracture sets in the reservoir result in (1)
anisotropic permeability, (2) different timing for the onset of temperature decrease
in the two producing wells, 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. In this model, the 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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CONCLUSIONS AND
OUTLOOK
A FORWARD LOOK

IMAGE CONCLUSIONS
IMAGE was the framework for testing more than 20 novel geological, geochemical
and geophysical exploration methods and techniques of direct relevance to
industry workflows. More than 5 best practice documents, catalogues and
databases were produced for guidance in exploration workflows and as constraints
for models. More than 200 publications have been generated in peer reviewed
journals and conference proceedings, more than 50 deliverables were reported.
Furthermore, IMAGE has contributed to the geothermal knowledge network
between universities, knowledge organizations, and geothermal industry.
A large number of methods and technologies of IMAGE have shown their practical
value in industry workflows such as new processing techniques of vintage seismic
in the Bavaria Basin, Controlled Source Electro Magnetic (CSEM) studies, Surfaceto-Hole Deep Electrical Tomography (SHDERT), VSP studies in Iceland and
continental Europe. On the other hand, many technologies need to be further
developed, but have great potential such as time lapse passive seismic.
IMAGE demonstrates rapid and radical advances, including borehole fibre-optic,
passive seismic and resistivity imaging and modelling at high temperature
conditions. These have been dedicated to the major challenges at hand in
geothermal exploration, with major breakthroughs in a relative short time span of
four years.
IMAGE allowed to implement a reliable workflow at different scales to help
industries in their choices for deep geothermal exploration. This workflow
developed for basement/sedimentary contexts can be applied for supercritical
reservoirs and faraway magmatic fields. This includes a robust geomodel as
starting point based on geological and geophysical data. This static model
representing the geological structures is the skeleton of the physical and dynamic
models, like thermal, mechanical and groundwater flow models, which help
industries to determine the location of hidden deep reservoirs.
IMAGE contributed significantly to exploration success in IDDP-2 in Iceland,
encountering supercritical fluids, and to the drilling and monitoring design of the
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DESCRAMBLE project, which is going to demonstrate its efficacy, as well
providing key technological and conceptual breakthroughs for understanding the
distribution of deep geothermal resources and prospectivity in
basement/sedimentary settings such as in the Rhine Graben, Molasse Basin and in
the Netherlands.

OUTLOOK
A multidisciplinary geothermal exploration approach, based on state-of-the-art
scientific methods and integrated in industry workflows, has been key to
advancement in IMAGE. Therefore, particularly important for further development
is to work together in multidisciplinary science and industry teams with the
challenges at hand. This role model of IMAGE has been successfully prolonged in
the H2020 GEMex, DEEPEGS and DESCRAMBLE projects, and will most likely see
further follow up in future funding by the EU.
The development of exploration technologies does not end with IMAGE. The
development of geothermal exploration for the extended resource base is at an
embryonic stage. Enabling technologies are marked by a rapid grow path. This
includes growing capabilities of sensor and data collection technologies (e.g. fibreoptics, wireless and remote sensing data collection), processing power and deep
learning algorithms extracting relevant information.
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CHALLENGE

BEFORE IMAGE

AFTER IMAGE

Use analogue field laboratory for
super hot geothermal systems

Methodology only for oilexploration

Methodology also for geothermal
exploration

Assessment of Fracture-induced
permeability and hydraulic
conductivity

After drilling

Before drilling

Multiscale stress and temperature
models

Non-physics based approaches

Physics based approaches and
improved constraints

Rock physics data for geothermal
reservoirs

Limited availability

Public rock property database,
including over 100,000
measurements

Understanding resistivity of high
temperature reservoirs

Limited understanding of rock
properties determining resistivity
at high temperatures

Improved understanding of the
role of smectite and high
temperature and pressure from lab
experiments

Accurate high-temperature
measurements in super-hot
geothermal systems

380°C upper limit for accurate
temperature determinations in
geothermal wells by conventional
methods

425°C upper limit for accuracy in
temperature determinations by the
production of synthetic fluid
inclusions in geothermal wells

Analogue sandbox models for
Structural evolution of magmatic
systems

Methodology not applied to
geothermal exploration

Improved knowledge of magmainduced fracture/fault
development

Resistivity measurement in hightemperature boreholes

Only available at low temperature
and shallow depth

Deep electrical tomography with
in-hole sensors, acquired at 250 °C
and 1.6 km depth

Supercritical resources databases

No understanding where in Europe
supercritical systems can be found

An integrated approach to image
favorable conditions for
supercritical systems

Ambient Noise seismic
tomography, reflectivity and time
lapse monitoring

Ambient noise not used for
geothermal exploration

Ambient noise techniques
developed and tested

Fibre optic techniques for
geothermal exploration

Fibre optic hardly used for
assessment of rock properties and
seismic noise

Fibre optic techniques tested for
seismic acquisition and rock
property assessment

Passive seismic- Receiver
Functions for
basement/sedimentary systems

Method applied for exploring
deeper underground structures
(e.g. Moho) and lower resolutions
(<2 Hz frequency)

Possibility of applying the method
for exploring shallower structures
(<10 km depth) and resolving
higher frequency (>5 Hz)

Reprocessing of vintage seismic

Reprocessing costly

Low cost techniques for
reprocessing and automatic
interpretation

Optimizing design of VSP

Vertical Seismic profiling not
optimized for fracture
characterization

Methods for optimization of
Vertical Seismic Profiling

Development of Integrated
resistivity methods for deep
geothermal exploration

MT, TDEM integrated approach

MT inversion with TDEM and deep
electrical tomography data
constraints. MT-TDEM optimized
joint modelling
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CHALLENGE

BEFORE IMAGE

AFTER IMAGE

Understanding the deep roots of a
magmatic super-hot geothermal
system such as Larderello

No direct data, few indirect data
and no or very partial integrated
models

Conceptual model from a novel
integrated workflow, providing
insights in the interplay between
magma emplacement and tectonics,
and hints for drilling design and
targets

Understanding deep seismic
reflections in hot, magmatic
system of Larderello potentially
linked to supercritical resources

Standard seismic reflection
processing and interpretation

Seismic calibration of 2D complex
models and seismic modelling
including hypotheses of a rock
physics model of reservoir

CSEM for deep geothermal
reservoirs

Only used for near surface
geothermal exploration (Controlled
Source Audio-Magneto-Telluric
technique) and oil/gas exploration

Applicable for 2-3km depth
geothermal exploration, even in
highly industrialized areas

MT in peri-urban areas

MT data not recommended in periurban areas

Methodology to perform quality
assessment of the data in periurban areas. Noise to signal ratio
decreased by cross multiple remote
reference bounded influence
methods

Geothermometers for
Basement/sedimentary systems

Only Na-Li and Mg-Li auxiliary
geothermometers for geothermal
brines

Additional Na-Rb, Na-Cs and K-Sr
auxiliary geothermometers for
geothermal brines

Advanced data collection from
field analogues

Field data acquisition oriented
towards structural geology
(including geological modelling)

Field data acquisition oriented
towards structural geology and
physical modelling

Integrated 3D approach for
geological modelling

Scientific fields (e.g. geology,
geophysics, and geochemistry) are
taken into account in quite a
separate and sequential way

A step towards better scientific
fields integration, and interaction.

Mechanical modelling of
structurally complex fields

Un-/little faulted models

Models for highly segmented
models

Modelling of fluid flow
convection and groundwater
circulation

Large scale models either 2D or
unfaulted

Large, faulted, 3D models

Geothermal targets (key
parameters and situations)

No definition of the geothermal
targets in sedimentary basin and
basement contexts

Definition and synthesis of the
target types in sedimentary basin
and basement contexts

Fast workflows for 3D
temperature and gravity models

No easy to handle physics based
thermal and gravity models for
high resolution basementsedimentary systems

Fast model approaches for thermal
and gravity fields and data
assimilation for high resolution 3D
models

Flow and performance models for
fractured reservoirs

Lack of simplified algorithms and
tools to assess flow performance of
fractured reservoirs

Semi-analytical algorithms and
tools to assess flow performance of
fractured reservoirs
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