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Introduction & summary
This document gives an overview of the current experience and challenges in defining a workflow
for a 3D geological model representation and visualization of high temperature geothermal
reservoirs in magmatic settings. The intrinsic complexity of geothermal systems is a major
challenge in the exploration and exploitation of any geothermal field. This is sometimes coined as
the “geological risk”. This feature makes deep geothermal operations high-risk projects with
substantial initial investments related to drilling costs. Better knowledge and useful models of the
subsurface are then key bottlenecks for the large deployment of deep geothermal technologies.
It has been observed that the most efficient way to mitigate the geological risk is the collaborative
integration of multidisciplinary data and interpretations into a geomodel of the subsurface. These
geomodels are conceptual and transdisciplinary. Though they are made of numerical geometric
(geological) objects and can be viewed and explored quantitatively on digital platforms, they are
largely conceptual, in the sense that they embed descriptive or qualitative knowledge from various
disciplines. Consequently, as they gather contributions from various backgrounds the overall
interpretation of the subsurface that they constitute is transdisciplinary.
In a geothermal context, one of the ultimate goals of geomodels is the prediction of the spatial
distribution of temperature and permeable structures. Indeed, in order to reach economic
profitability, deep geothermal projects need power levels that require convective exchanges with
the reservoir at high flow rate through production and injection wells. Moreover, the distribution of
temperature – natural state of the reservoir – is largely controlled by transient convective
processes. Several multi-scale geological structures exert a dominant control on such convective
processes among which fault zones and fracture networks. These are ubiquitous in tectonically
active areas such as magmatic settings where they act as corridors with a preferential location of
flow, spatial discontinuities and sharp contrasts in petrophysical properties. The construction of a
3D structural model is thus a crucial step in the building of the geological model of a geothermal
field.
The works gathered in this report have focused on the workflows to build static geological model
(subsurface mass and energy transfers were not considered) and their implementation for the
modelling of three different geothermal fields in “magmatic settings”, trying to identify common
practices. 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 on
Krafla geothermal field has been adapted to the modelling of Pico Alto geothermal field (Azores)
which 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 with limited data availability and no longterm production history.
Chapter 1 recalls preliminary definitions and concepts after what chapter 2 is about general
considerations on the processes involved in the building of a geological model of a geothermal
system. Complementary details are covered in Annex 7, which is about the promotion of
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collaborative workflows to achieve truly transdisciplinary observations. Chapter 3 deals with the
geological model built on the Krafla brownfield area and the subsequent construction of a workflow,
later to be applied in a greenfield area, covered in details in Annex 1. Then, chapter 4 is a
summary of the geomodeling work performed on the Larderello brownfield area, which is covered
in details Annex 2 to Annex 6. Chapter 5 is about the modelling of the Pico Alto greenfield area
also covered in details in Annex 1. Finally, chapter 6 proposes a few conclusions and perspectives.
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1 Preliminary definitions and concepts
Whatever the nature of the resource is, the usual objective of geothermal exploration is to locate
the most favorable (hot and permeable) target for well drilling to exploit the resource. Building a 3D
conceptual model provides a consistent framework to reach this goal but the intrinsic complexity of
geothermal systems makes it a major challenge. Data integration is then a crucial step and
requires bringing together multidisciplinary results based on characterization, exploration results
and modelling of known physical properties like resistivity and elastic and mechanical behaviour
over a large range of temperature (200 – 700°C or more if the geothermal roots are taken into
account).
A brownfield area is referring to a well-known geothermal system, where substantial exploration
experience has been gained and some geothermal development has taken place. In this task, the
Krafla (Iceland) and Larderello (Italy) geothermal field were the two magmatic brownfield areas that
were considered.
The drilling history in Krafla spans around 40 years. Yet, of the 47 drilled wells, only 20 are used as
production wells, which is a low success rate in comparison to other high temperature geothermal
fields in Iceland. Challenges include the ubiquity of volcanic activity - two wells intersected shallow
magma chamber(s) – and the presence of acidic geothermal fluids. Consequently, techniques
were developed to map geological risks and/or mitigate them (cf. Annex 1 for more details).
Larderello is the oldest high-energy geothermal field under exploitation in the world and a century
of industrial and scientific research provided a large amount of data and knowledge. The
conceptual model of Larderello, as described by various authors (cf. the latest by Romagnoli et al.,
2010), results from surface exploration and from direct data obtained by well drilling and logging,
and is essentially related to the shallow crustal levels where the exploited hydrothermal reservoirs
of the system are located (cf. below and Annex 2 to Annex 6).
A greenfield area is an area with a known geothermal system, that has promising drill sites, but
which is in its early stages of development with limited data availability and no long-term production
history. Pico Alto1 on Terceira Island, Azores is such a site and was a benchmark site to adapt the
modelling workflow developed on the Krafla geothermal site (cf. annex 1 for more details).
There is no clear boundary on the transition between a greenfield area to a brownfield area and
there is no sudden change from one to the other. A so-called brownfield area may still have many
surprises in store as Krafla and Larderello studies clearly demonstrate. A workflow consists of an
orchestrated and repeatable pattern of business activity enabled by the systematic organization of

1

There was a change in WP5.1 partners from Petratherm to Electricidade dos Açores (EDA) which
caused complexities and a lot of extra work. Consequently, Pico Alto geothermal has been used as
a greenfield area instead of Guayafanta.

Doc.nr:
Version:
Classification:
Page:

IMAGE-D5.01
2017.09.22
public
8 of 47

information processing. It can be depicted as a sequence of operations (Wikipedia). Yet, as data
are site specific, just like interpretations, workflows cannot be transposed from one area to another
without adaptation. Consequently, rather than being doctrinal, the aim was rather to outline the
main principles of data integration in field modeling.
A conceptual model is a descriptive or qualitative model incorporating and unifying the essential
physical features of a geothermal system (Grant and Bixley 2011). Conceptual models are useful
to understand the large-scale picture of the system and can be used when only limited data are
available. They often consist of sketches outlining the location of heat sources, the possible flow
paths and the main structure of the area (e.g. Figure 1). One of the main characteristics of
conceptual models is that there are not quantitative nor constrained by measurements.

Figure 1: The classical conceptual model of a geothermal resource in a magmatic setting
(Einarsson and Níelsson 2015; Dickson and Fanelli 2004)
The rationale behind building a 3D conceptual model of a geothermal reservoir in an operational
context is to constrain an a priori knowledge of the physical processes with available data. In such
a context, one of the main difficulties lies in how to mix all the information to infer a consistent
geothermal conceptual model. As more data become available, its analysis, interpretation and
processing can lead to propose geometries for the main (conceptual) geological structures and
spatial distributions of the relevant physical parameters such as permeability, thermal
conductivity… All of these interpreted and computed spatial data form a geological static model.
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2 Static geothermal reservoir modelling
2.1 Why? Achieve a consistent interpretation of the available data
Geothermal exploration produces various kind of data that need different field of expertise to be
interpreted. Taken separately each of these expert interpretations may lead to diverging or
inconsistent view of the mass and energy distributions and transfers in the subsurface which is the
ultimate goal of geothermal exploration (“to find the temperature with a sustainable flowrate”).

2.2 How? Multidisciplinary confrontation to build a transdisciplinary
geological consensus
A first step toward consistency is putting all the data in the same visualization environment that
allows a global quality checking by cross-comparison of the data. Then, integration is about trying
to make a consistent 3D model out of all of these heterogeneous data and contributions in order to
reduce the variance (and the associated risk of drilling failure) of interpretations. As it makes
possible to build an overall interpretation based on inputs from various disciplines, geomodelling
provides an integration platform, which allows gathering contributions from various backgrounds to
achieve such a transdisciplinary interpretation.
Building on the experience from recent research projects it appears that an efficient way to achieve
integration of complementary contributions is to focus on their interaction rather than piling them up
in a sequential order. The main idea is that the interpretation coming from one discipline can be
enhanced by the others instead of putting them one after the other in a sequential workflow. To do
so, the methodology has to be object oriented instead of workflow oriented. In this approach, the
central object is the geothermal conceptual model. Finally, the 3D model benefits from a common
interpretation implemented jointly by geologists, geophysicists and geochemists. In other words,
they can compare, connect, discuss, adapt, and integrate their own approaches for a mutual result
on a geomodelling platform. In the end, the conceptual model is not a conglomerate of distinct
interpretations but a consensus agreed by the contributors.
It is then essential that this process is iterative and collaborative. The model can be progressively
completed through successive stages bringing new information at each step. For instance, a
preliminary 3D model can be based on very rough data from bibliography, even before any
fieldwork dedicated to the exploration has been performed. Then, geological data can be observed
in the subsurface and incorporated in the model to refine the interpretation. The process can be
continued using gravity data to improve the model at depth. Then, a magnetotelluric resistivity
model can be added to infer possible fluid occurrence. Finally, location and properties of
geothermal springs can be displayed in the 3D model to complete the interpretation. This kind of
interdisciplinary workflow leads to a coherent conceptual model integrating geology, geophysics,
geochemistry, and other relevant methods. Nevertheless, every sequence of the workflow is
somewhat frozen and quite independent from the others. In addition, the later a discipline appears
in the workflow, the more important is its influence on the final model. Consequently, switching
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from a sequential way of working to a more interactive approach between thematic “flows” is a
promising perspective (Philippe Calcagno 2015a, 2015b).
Annex 7 details this methodology with examples to demonstrate how 3D geomodelling is helpful to
integrate multi-sources information and infer a collaborative interpretation in the exploration phase.

2.3 What? Main steps of static geological modelling
Figure 1 details the main steps and components of static geological modelling.

Figure 2: Main steps components/steps necessary to build a static geological model
Figure 2 shows the main components and steps necessary to build a 3D static geologic model. We
propose to distinguish three main components:
-

All what concerns the data and that is store in databases: data are to be distinguished
from the model itself though at some point models can be used as data in building new
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models. Collecting, selecting, digitizing legacy data is often the most consuming task in
model building.
Modellers interact with databases, the model and any other intermediate (digital)
products through visualisation tools, whatever the views the tool provide (3D view, 2D
graphics, file system explorer…). These views can be pipelined to produce new views
(such as computing new property fields, contouring, and extracting iso-surfaces)… The
most important point is that they are interactive so that users can select objects to
interact with them. If considering the development of mobile devices on one side and
the development of high performance computing on the other side, as well as the
advent of cloud computing facilities, it’s likely than more and more ways will be
available to produce and interact with such views.
Finally, modellers (which is maybe a convenient shorthand and misleading that can
designate any people interacting with the model whatever his background is) analyse,
explore, compare and validate data in order to produce interpretations out of these data
and scientific concepts and their own background. This is maybe where the most
beneficial aspect of model lies: transforming grey material (i.e. thoughts and
deductions) into, yet conceptual, but concrete digital objects. This step can be
performed through modelling algorithms to produce distribution of scalar or tensor fields
(e.g. temperatures, permeability…) or geometries of subsurface objects.

Each of these components shall have clearly defined interfaces. Yet, the fact that geomodelling
software (e.g. Petrel, (SKUA) Gocad, GeoModeller, Leapfrog…) propose ways to perform each of
these tasks may blur the boundaries between each of these components. Though these
boundaries may seem irrelevant from the modeller point of view that master a given tool, keeping
them in mind is paramount to be able to propose different interactions and disseminate the
knowledge that models bears. For example, it is likely that stakeholders will like to have synthetic,
processed views of the model and this is more a matter of visualization rather than modelling.
To take another example, nearly all the data used in geothermal exploration is spatial data and
people still prefer to manage a large part of their data through GIS, producing maps. This not only
a matter of technology acceptance (or price – GIS software being cheaper than geomodelling
platforms) but also that maps still make the communication and exchange of ideas easier. Yet
different types of program often have overlapping functionality, without one of them being the
ultimate and definite solution.

2.3.1 Databases
One of the first steps of constructing a geothermal conceptual model is to incorporate data from the
exploration phase. These data include surface data such as geological mapping (surface geology,
faults and fractures, geothermal surface manifestations), aerial images and topography and
geophysical data such as resistivity, results from magnetic and gravity studies and location of
micro-earthquakes. Well paths and eventually data from boreholes (cutting analysis, lithological
logs, and pressure and temperature logs) are incorporated into the conceptual model. These data
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include lithology (stratigraphy) from each of the wells resulting in a geological model; alteration
(alteration zones, appearance of temperature dependent alteration minerals) resulting in an
alteration model; aquifers in relation to the structural mapping, intrusions and lithological contacts;
temperature logs which with time establishes a formation temperature model and geophysical logs
such as resistivity, neutron-neutron, gamma ray, televiewer data etc. Drilling data such as
circulation losses should also be added. Figure 3 attempts at classifying different types of
geothermal exploration data that can be useful in building a geological static model.

Figure 3: Subdivision of main datasets used for the construction of 3D geological static
models as proposed from the work on Krafla geothermal field (cf. Annex 1). Overlapped
areas and red arrows represent integration between datasets and models
It is important to stress that putting all data in the same space is not integration but rather
organizing/managing a database and that is already a great benefit to have a clearly organized
database. Integration is more about producing new transdisciplinary knowledge out of this
database. Obviously, this knowledge may eventually be versioned and archived in the database.
In order to have a well-managed database, it is important to check data quality, source, type… The
oil industry usually distinguishes between hard data (wells) and soft data (geophysics…). This
distinction may not be relevant at the data management step, but is rather important when the data
is used in the integration process. The main challenge here is to be able to discriminate qualitative
and quantitative data that come in a large variety of format. Qualitative information is often
categorized which is often an obstacle to its integration in continuous models.
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Ideally, each data should have meta-data detailing its history and relational attributes to other data
that have possibly been used for its production. An example of the importance of keeping track of
this data lifecycle is for example when producing digital maps, or blocks out of legacy hand drawn
maps – cf. the Pico Alto example in Annex 1). This Product/Data Lifecycle Management (PLM) has
long been implemented in manufactory industries and georesource companies tend to use it. Yet it
is far from being standardized on an international level yet, what makes the communication and
exchange of more than the raw data difficult.
OGC standard. This specification describes a logical model and GML/XML encoding rules for the
exchange of geological map data, geological time scales, boreholes, and metadata for laboratory
analyses. It includes a Lite model, used for simple map-based applications; a basic model, aligned
on INSPIRE, for basic data exchange; and an extended model to address more complex
scenarios.
As stated previously most of geothermal exploration (and exploitation) data can be georeferenced
and its 3D location is a key constraint in producing 3D geometries. There have been several
international initiatives to standardize geodata in order to achieve interoperability between
databases and data consumers (e.g. modellers). The gain of interoperability is to be able to have
distributed data sources in a consistent format that be seamlessly be exchanged between partners.
Several open initiatives exist in the Earth Sciences domain to propose logical models and encoding
rules for the exchange of geological data and related metadata. Among these, GeoSciML has
recently became an OGC (Open Geospatial Consortium) standard and is compliant with INSPIRE.
RESQML is another standard that has been initially developed in the petroleum industry (cf. also
the book by Perrin and Rainaud, 2013).
With subsurface data being very sparse, standardization is an opportunity for data acquired and
coming from different fields of activity to be exchanged more easily. Powerful database query
systems are also developing and it is likely than data selection based on spatial criteria and objects
relations will become more and more powerful.
Finally, it is noteworthy that once a static geological model version is archived in a database, only
two predicates are necessary to explore it. These predicates relate to the domain any point lie in
and the geological interface (geological body boundary, erosion surface, fracture…) an arbitrary
ray might intersect (Loiselet et al. 2016). Obviously, the semantics (dictionary) of domain and/or
contacts that can be returned by the predicates must be provided.

2.3.2 Visualisation
Subsurface data are inherently multi-dimensional, spatially referenced, and typical span several
orders of magnitude from centimetre scale samples, to well, to outcrops and to regional scale.
Small structures which are drilling targets (the size of outcrop analogues) need to be located using
large structural geology/geometries. Beyond exploration, the conceptual (geo)model is constantly
updated with data from drilling and field monitoring. Moreover, the modelling scale can vary a lot
depending on the model target, with possibly nested scales and different models (cf. for example
the work performed in sedimentary basin settings – IMAGE D8.5).
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Actually, the production of a single geological model implies the exploration and combination of a
large number of different geological and geophysical data sources. Jones et al. (2009) stressed
that point and the fact that because data analysis methods tend to be highly specialised for
particular purposes, there is a large variety of different kinds of software tools within the general
domain of 3D geoscientific analysis (cf. Figure 4). This often makes it necessary to transfer
geospatial data between separate software packages within a single analysis workflow. For
example, in a greenfield context, the first exploration phases, typically geological field work, often
involve a 2D software such as a GIS. The integration of data in a 3D tool usually comes into play
latter. Integrated geomodelling platform tend to minimize the needs to transfer data, yet the link
with the data production process may be lost and the original data no longer edited.
Jones et al. (2009) promote a multi-scale approach so that spatial precision and dimensionality can
be preserved at all scales. They observe that the continuing convergence of different kinds of geomodelling, GIS, and visualisation software, has helped to make multi-scale geological models a
practical reality.

Figure 4 Application software that have influenced the development of 3D visualisation in
geosciences. Only a few examples are given (figure 3 from Jones et al., 2009).
A crucial aspect of the visualization platform is then the possibility to interact with the
representations/view of objects and a polymorphic behavior so that, from the user point of view,
selecting a data can be indistinctively selecting a table, a file in a file system tree or a 3D object.
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2.3.3 Modelling: interpret and produce new objects
The next logical step after exploring and analysing data is the elaboration of models that
summarize knowledge in a consistent way and fill space with information (cf. Figure 2). It is useful
to distinguish two broad kinds of models:
-

the production of scalar or tensor fields that most of the time involves interpolation to
provide a physical parameter value for any point in a given region of space,
the assembly of surfaces with geological meaning, typically delimiting geobodies and
often call structural models.

In the first kind of model, the focus is on the spatial distribution of the property under study and
geostatistics is often involved both in the characterization of the property distribution from available
sparse data (e.g. variography) and the production of continuous models of that data distribution
(kriging, simulations…). The discretization of the later can then be obtained through evaluation at
successive point locations, typically to produce a grid that visualisation techniques can handle.
In the second approach, the focus is more on the geometry of surfaces that represent geological
interfaces and the relationships involved in their assembly that we propose to coin geological
architecture. Since a few decades, various approaches, techniques and software have been
developed to model easily and quickly such 3D structural geometry. Figure 5 from Jessel (2015)
provides an tentative chronology of such initiatives. It introduces the distinction between geometric,
implicit and kinematic modelling techniques.

Figure 5: A history of Geological Modelling (Jessell 2015)
The kinematic technique aims at reproducing the tectonic history of the studied systems using
physical principles and mechanical laws. Yet, the intrinsic complexity of high-energy geothermal
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systems in magmatic settings makes this approach relatively unsuitable and it has not been
considered here.
The geometric approach, also termed explicit modelling, is characterised by a constructive process
which involves a lot of editing work: the modeller builds iteratively geometrical objects by
successive operations such as cutting, refining discrete objects such as surfaces and then manage
relations between the different objects through mutual cuts, truncations, attraction and/or thickness
constraints (G Caumon et al. 2009). A classical approach to build complex structural model with
fault networks is the preliminary definition of “pillars” which are curves both limiting the spatial
extent of objects and providing a skeleton to constrain their geometry. The model topology is thus
fixed at the very first step of the process (Collon and Caumon 2017). Pillar gridding was used for
the construction of the geological model in Krafla (cf. Annex 1).
In the implicit approach, surfaces are obtained as 3D contours – or level set - of an underlying
scalar field. The main differences between approaches essentially lie in:
-

-

the technique used to produce the scalar field out: e.g. co-kriging (e.g. Lajaunie,
Courrioux and Manuel, 1997; Calcagno et al., 2008), RBF (e.g. Hillier et al., 2014),
discrete optimization (e.g. Tertois, 2007; Caumon et al., 2013)… and the data that can
be used in the process (contact points, orientation data…) - noteworthy scalar fields
that are a target in the modelling of the spatial distribution of physical parameters
becomes here an intermediate object in the process which often hidden and has no
clear geological meaning,
the assembly rules of surfaces and the possibility to attach them geological meaning in
order to represent discontinuities such as fault networks and unconformities. These
rules carry information about the geological architecture and more generally the
geological history of deposits (which comes after which). A stratigraphic pile is a
convenient way to summarize these rules (e.g. Calcagno et al. (2008). The geological
scenario presented in figure 30 for Krafla modelling in Annex 1 is another example of
such a pile.

As a very general rule, explicit methods usually perform well in relatively simple sedimentary
contexts and/or shallow domain with a lot of data, whereas implicit methods are a more natural
choice in structurally deformed areas. It is more and more observed that their respective
advantages can be used in a complementary approach (Beaufils et al. 2016; Collon and Caumon
2017).
An example of categorical information that is challenging in the production of continuous model is
the observation of the presence of a geological formation without the observation of its boundaries.
The integration of such constraints is often expensive and require statistic tools to be handled
correctly (Aug 2004; Chilès et al. 2004). Recent attempt based on machine learning techniques
propose to overcome this problem but the results still lack geological realism (Gonçalves, Kumaira,
and Guadagnin 2017).
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Finally, it is important to distinguish the model that may be stored in a database from the
representation of the model. Models may be stored using the native format of the tool they have
been generated with (software project files) and they may be continuous object. Representations
are always discrete objects and can be handled by visualization tools. It is then better that
representations such as meshes can be generated on demand, depending on representation
and/or simulation purposes (Loiselet et al. 2016). As stated above in 2.3.1 two predicates may be
enough to generate representations of geological models.

2.4 Permeable structures in high temperature geothermal systems
Multi-scale geological structures exert a dominant control on convective processes that are
responsible for heat distribution high temperature magmatic settings. In particular, fault zones are
ubiquitous in these tectonically active areas where they act as corridors with a preferential location
of flow, spatial discontinuities and sharp contrasts in petrophysical properties. Their role has also
been acknowledged as a major control in the thermal structure of sedimentary basins where then
can connect aquifer levels (Simms and Garven 2004; Person et al. 2012; Magri et al. 2010).
Most of the time, feed zones of geothermal wells are found at the intersection of the well path and
fault zones or fractures (Grant and Bixley 2011). Fault zones are usually well identified in each well
by fluid loss. The heterogeneous distribution of aperture and permeability along the fracture
surfaces leads an overall reduction of the fracture transmissivity and flow channeling (de Dreuzy,
Méheust, and Pichot 2012), that, in the case of geothermal exploitation, will lead to non-uniform
temperature decrease of the reservoir. Then, the dynamic evolution of permeability linked to
thermal stress or chemical dissolution may concentrate even more the flow along preferential paths
and affect the overall lifetime of geothermal exploration (Guo et al. 2016).
As a matter of consequence, the geometry of fault and fracture networks is one of the important
features of geothermal reservoir static modelling. As stated above, methods based on the implicit
description of geometrical objects offer an efficient framework to quickly build complex structural
models with the occurrence of faults and fractures. Though such frameworks are implemented in
commercial off-the-shelf geomodelling software (GeoModeller, Gocad-SKUA, Leapfrog…), the
modelling of complex fault systems remains a challenging task (e.g. Caumon et al., 2015). An
alternative or complementary approach may be the generation of Discrete Fracture Network (DFN)
by deterministic or stochastic algorithms (cf. for example the work performed in the framework of
the IMAGE project by Armandine Les Landes et al. (2017)). Yet, when it comes to produce
conformable meshes of such complex geological models for the purpose of representation or
simulation (cf. example in Figure 6) the implicit nature of surfaces make volume meshing a nontrivial task (e.g. Courrioux, Guillen and Bourgine, 2012; Lopez, Courrioux, et al., 2015).
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Figure 6: Example of a conformable tetrahedral unstructured mesh generated on a static
geological model with a fault network (Lamentin area, Martinique island)
Some dynamic simulation tools can handle such meshes with lower dimension flow models in
fractures (e.g. Cacace and Jacquey, 2017; Xing, Masson and Lopez, 2017). When a continuous
3D permeability field is needed, several alternatives are possible:
-

to convert categorical information (such as revervoir quality) into a continuous variable
and interpolate it in 3D to produce a continuous scalar field (cf. example on Figure 7)
use a proxy function to compute a distribution of the permeability and produce a
continuous scalar field (cf. example on Figure 8 and Figure 9 where the distance to the
fault network of the geomodel has been used to compute the permeability).

Finally, alteration envelopes are often used as a proxy for the geothermal reservoir caprock (cf.
example of Krafla in Annex 1). Yet, their geometries can be relatively complex and may overlap as
they correspond to successive geological events and circulation phases. To this end, it is possible
that the concepts behind geological architecture for implicit modelling must be extended. Indeed, in
most implicit modeling algorithms, geological interfaces are currently assembled in a hierarchical
manner and cannot independently intersect.
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Figure 7: A categorical variable qualifying reservoir quality as inferred from water losses (0
– 25 – 50 – 100%) (reservoir column on the left of the figure) is treated as a continuous
variable along well then interpolated in 3D with geostatistics algorithms. Model of
Bouillante Geothermal field, Guadeloupe, made with Earth Vision (Sanjuan et al. 2004)
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Figure 8: 3D structural model of the Bouillante geothermal field area made with
GeoModeller (P. Calcagno et al. 2012)

Figure 9: Reservoir permeability computed on a Tough2 simulation grid with variable step
size as a function of the distance to the closest permeable fault in the geological model
represented in Figure 8. The simulated area is a subset of the geological model extent
centred around geothermal wells. (Hamm, Lopez, and Gille 2016)
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3 Description of the geomodelling work performed on Krafla
brownfield area (Iceland)
Annex 1 covers the geomodelling work performed on Krafla brownfield area, which is summarized
hereafter.
Krafla geothermal area is located in the Northern volcanic zone in NE-Iceland within the Krafla
caldera. Tectonic features of the area include plate boundary movements (rifting) as well as
fractures and faults associated with shearing stress in the area and the caldera itself. The area has
experienced intense volcanic activity with several eruptive periods in the last few thousand years.
The most recent activity was in 1975-1984 resulting in nine eruptive episodes.
The drilling history in Krafla spans around 40 years. Yet, of the 47 drilled wells, only 20 are used as
production wells, which is a low success rate in comparison to other high temperature geothermal
fields in Iceland. Challenges include the ubiquity of volcanic activity - two wells intersected magma
at shallow depth – and the presence of acidic geothermal fluids.
Several comprehensive conceptual models of the Krafla geothermal area have been made. The
first one was presented in 1977 and was mainly based on surface exploration data and data from
the first 11 wells. Maps showing gravity data and the results from 1D interpretation of resistivity
data were presented and lithology and flow paths as cross sections. A simplified tectonic map was
presented where emphasis was put on the connection between surface geothermal activity and
tectonic features. Maximum temperature was estimated using CO2/H2 ratio and the amount of H2 in
fumarole steam.
In the eighties, numerical modelling studies showed a good match with field data. At that time,
more detailed exploration work had been carried out regarding physical properties of the rock
(permeability, transmissivity, etc.). The effect of injection was estimated, the capacity of the area
was modelled and predictions made regarding power generation. The model also revealed a
clearer picture of the subsurface in some areas (Hveragil fault zone). In many respects, that model
is still valid today. In the late eighties, a simplified 2D simulation model of a sub-area (Hvíthólar)
was developed which was only based on three wells. Distribution of temperature and pressure
were simulated and the amount of up-flow and temperature were estimated.
A 3D numerical model was made in 1991 using TOUGH. Then, in 1996-1997, a conceptual model
was presented focusing on synchronization between the conceptual and numerical model.
Böðvarsson’s and Pruess conceptual model from 1982 was revised, focusing on the definition of
hot and cold fluids paths.
A reassessment of the conceptual model was presented in 2009, where size, temperature and
capacity of the reservoir were recalculated (Mortensen et al. 2009). More emphasis was put on
certain sub-areas that were likely to be more productive than other parts of the system. The latest
revision of the conceptual model was published in 2015 (Weisenberger et al. 2015). Only two new
wells had been completed between 2009 and 2015 (IDDP-1 and K-40). The study focused on
alteration zones and the re-interpretation of resistivity data in addition to the 3D visualization being
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upgraded and developed (Weisenberger et al. 2015). The last two revisions from 2009 and 2015
were partially based on 3D models that were developed in Petrel software.
In the framework of the IMAGE project, ÍSOR applied the Petrel 3D software to incorporate into the
Krafla conceptual model surface data, faults, lithology from a number of wells, alteration zones,
formation temperature (from borehole data), aquifers interpreted from temperature logs and
circulation losses, resistivity data, gravity, aero-magnetic and seismic data, pressure changes etc.
This has resulted in various 3D models; a geological facies model, a temperature model based on
well data, an alteration zones model, tomographic model and resistivity models.
The main emphasis in the construction of the Krafla geological static model, was put on revising
the geological model with the addition of lithological data, and geological interfaces such as faults
surfaces in the model and a possible basement. This update of the conceptual model was
compared to pre-existing data and interpretations. The structural framework of Krafla was also
considered and numerous datasets could be compared directly revealing structural similarities.

Figure 10: Modification of Figure 3, reflecting the subdivision of datasets in the Krafla
geological static model. Black labelled datasets have been imported to the model, greylabelled datasets are still lacking in the model.
Indeed, the careful analysis of different datasets revealed that the most striking features are NESW trending lineament and WNW-ESE trending lineament. The oblique rifting across the Northern
Volcanic Zone (NVZ) seems to influence the structural framework that shows an asymmetry across
the WNW-ESE trending lineament. Deep structures, e.g. rotation and en-echelon arrays that have
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been described in the Þeistareykir fissure swarm, are also observed in some subsurface datasets
from Krafla.
The deep structure recognized from subsurface data, can only be seen on surface up to a certain
extent. This indicates a deformation at a great depth affecting the system, that cannot be
recognized by surface mapping and confirms the importance of subsurface - surface interpolation.

The analysis of the work performed on the Krafla brownfield area identifies five main steps (cf.
Figure 11 and detailed description in Annex 1):
-

data acquisition and preparation
data import
data correlation/interpretation
3D modelling sensu stricto
quality/cross-checking and combined analysis of the results.

The first steps of the workflow are the most consuming and concern data. Yet they are very
important steps as modelling work is always much faster with clean data. It is noteworthy that the
whole process is far from being linear. Iterative work is essential to gain the most reliable model
results.
Following each step, quality control should be checked including listing of source, references, data
manipulation before importing those into the model, constraints, uncertainties and
advantages/disadvantages. Having datasets across all disciplines from different scientists requires
close integration and information sharing during the process. The model should be neither too
complicated nor too simplified. During the modelling process, simplification of the data is
unavoidable, as data gaps force general interpolations. Smoothing of data can remove relevant
information and it is, therefore, essential to keep track of such changes. Detailed low scale data
should always be preserved in the model even though they are not displayed in a regionally
extending section.
Comparing to the generic dataset given in Figure 3, Figure 10 gives an overview of the data that
have been imported into Petrel to build the Krafla geological static model. It shows how most input
datasets were used to build structural interpretations and a geo-property model. Experience has
shown that one of the important aspects of constructing models is a careful handling and
classification of the relevant data. As an example the lithology data come from various sources,
some of the well cuttings may have been analysed more thoroughly than others, e.g. with the help
of petrographic microscopes, and the borehole data may have gone through different procedures
through the years. As the model is referred to static data, e.g. geological and geophysical data that
build on the geological framework, no hydrological data were included. Furthermore, the lack of
petro-physical data measured directly from the rock did not allow any comprehensive model of
petro-physical parameters.
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Figure 11: Static model workflow as identified on the Krafla brownfield. Some steps are
closely linked to the choice of Petrel as the geomodelling software and the
geometric/explicit modelling technique.
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4 Description of the geomodelling work performed on
Larderello brownfield area (Italy)
Annex 2 to Annex 6 cover the geomodelling work performed on Larderello brownfield area, which
is summarized hereafter.

4.1 Introduction
The intrinsic complexity of geothermal systems is a major challenge in the exploration and
exploitation of a geothermal field. We tested a multidisciplinary approach for integrating, in three
dimensions, multidisciplinary data. This study presents a novel exploration workflow to image a
geothermal system in its large temporal and geometric dimensions, and to understand the physical
processes that control the spatial distribution of critical exploration parameters.
It is in such a scenario that we focused our research on the Larderello geothermal field (Tuscany,
Italy). The advantage to apply the workflow to the Larderello case study is that it is the oldest field
under exploitation in the world and a century of industrial and scientific research provided a large
amount of data and knowledge. The conceptual model of Larderello, as described by various
authors (the most recent model is described by Romagnoli et al. (2010)), results from surface
exploration (geological, geochemical and geophysical survey data) and from direct data obtained
by well drilling and logging. The models proposed in literature are essentially related to the shallow
crustal levels where the exploited hydrothermal reservoirs of the system are located (represented
in the upper part of Fig. 12).
The main aim of this study is the definition of an integrated 3D model of the Larderello system able
to describe not only the shallow crustal levels, but also the physical – chemical conditions at midcrustal levels, exploring in more detail the heat source and the deep-seated part of the system.
Due to the growing interest in the technological development of unconventional geothermal
resources at supercritical conditions, interdisciplinary geoscientific activities carried out in the frame
of IMAGE in WP2, WP3 and WP4, have been composed in a whole and integrated model.
This model refers to the south-western part of the field, here referred as Lago area, characterised
by the highest heat flow values and other anomalous data (the geological framework is detailed in
Annex 2).
Various open issues are still nowadays matter of research and of great industrial interest. First of
all, the polyphased tectonic evolution of the area is still matter of debate in literature (e.g.
Carmignani et al., 1994; Boccaletti, Gianelli and Sani, 1997). Tectonic fluids pathways, a critical
data for well siting, are not clearly figured out by the operator (despite hundreds of wells). Another
issue is the state of the hydrothermal fluid: nowadays the wells produce only superheated steam
with temperature exceeding 350 °C, but numerical models and geophysical resistivity studies
suggest the possible occurrence of a small fraction (not involved in circulation) of liquid state.
Moving toward deeper levels, the most debated element of the field is the “K-horizon”, a highly
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reflective seismic marker, locally bright spot, spatially discontinuous but recognized in the entire
Larderello-Travale area, which occurs at very shallow depth in correspondence of the Lago area.
The K-horizon’s high reflectivity and the high temperature foreseen at its depth suggest that it
could be the place for trapped, possibly magmatic and metasomatic, fluids at supercritical
condition. In literature, different interpretations have been proposed for this potential highly
fractured, fluid filled layer: a) the brittle/ductile transition and its reference 450 °C isotherm (Liotta
and Ranalli 1999); b) the metamorphic aureole at the top of a wide granitic intrusion (Bertini et al.
2006; Romagnoli et al. 2010) which is, instead, disregarded by other authors, e.g. Brogi et al.
(2003) ; c) a mixing of different phenomena also including the alpha-beta quartz transition, which
would have enhanced quartz-rich rock fracturing (Marini and Manzella 2005).
For the investigation of the entire Larderello system, including its deep-seated, supercritical
reservoir and heat source, we integrated data available from literature and the results of activities
performed in other tasks of the IMAGE project and duly described in the related reports. We
considered the results of the laboratory analogue modelling (Task 5.2) and the field analogue
modelling in the Elba Island (Task 2 and 3), as well as the geophysical surveys (magnetotellurics
and experimental resistivity tomography) of Task 4.6. These data were enriched by a novel seismic
analysis of K-horizon, in situ geological surveys, 3D geological and numerical modelling.
Here we describe the integrated workflow and the further improvement produced with respect to
the previous conceptual models proposed for the Larderello field.

4.2 Workflow
We systematized the available information coming from multiple geoscientific disciplines (e.g.
structural geology, geochemistry, petrology and geophysics) in order to characterize the main
elements of the geothermal system.
The proposed methodology of data integration is not a linear workflow with a final interpretation
obtained as a sum of the single contributions, but the different parts (e.g. modelling, surveys) share
information and treat the geothermal system as a whole complex system. As previously mentioned,
the methodology focuses on the potential deep-seated supercritical resources. In addition to the
conventional analyses related to the shallow levels (e.g. well logs, geological modelling,
geochemistry), we propose also specific activities to characterize in details the K-horizon and the
underlying heat source (Figure 12).
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Figure 12: Past (top) and actual (bottom, framed) conceptual model of Larderello
geothermal system.

4.2.1 The upper levels of the systems: hydrothermal reservoirs
The first step of the workflow was a collection of the datasets available for the Larderello field and
a critical review of the conceptual models proposed in literature. The datasets were organized both
in GIS and in the 3D environment provided by the Petrel software (Schlumberger). The 3D
geological model of Larderello, performed by CNR, was initially implemented by reviewing various
datasets available in literature or kindly provided by ENEL Green Power. For further details the
reader is referred to Annex 3. The 3D model integrating all the datasets was also used to constrain
the geophysical (Magnetotelluric and seismic) modelling and for the numerical thermal modelling.
During the development of the 3D model (in the early stage of the workflow), various hypotheses
emerged about the tectonic framework to be further verified by integrating other sources of data.
In the frame of the IMAGE project, an experimental survey for electrical resistivity measurement
was designed and carried out in the Lago area. The survey provided for the acquisition of
Magnetotelluric soundings coupled with an experimental surface-hole deep electrical resistivity
tomography SHDERT in extreme high temperature conditions. Beside the challenge for the applied
geophysics to accomplish the experiment, which was described in IMAGE Deliverable 4.06, very
useful information was retrieved. Indeed, the results of previous Magnetotelluric surveys acquired
in Larderello were confirmed, and a very low resistivity anomaly in the vapour-dominated
crystalline reservoir (theoretically highly resistive since the vapour phase would not reduce the
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resistivity of rooks) was recognized. Low resistivity at the depth of metamorphic units was
confirmed also by SHDERT data, which were acquired with an active electromagnetic method.
With this confirmation, the effect of electromagnetic noise on Magnetotelluric data was essentially
ruled out, and data could be interpreted with more confidence.
The information of low resistivity is important with regard to the physics of the fluids and the
tectonic pathways in correspondence of the exploited reservoir (the reader is referred for further
details to the deliverables D 4.6, D 5.6 and Annex 4). Particularly important is the correspondence
of the tectonic interpretation from resistivity models (Annex 4) and the new structural survey carried
out in the Lago area (Brogi and Liotta 2017). The two independent studies pointed out the role of a
large strike and oblique-slip faults system that possibly controls the hydrothermal circulation in this
sector of the Larderello field.

4.2.2 The deep levels of the systems: the K-horizon and the heat source
The deep structure has been imaged by passive (Batini et al. 1995; Vanorio et al. 2004; De Matteis
et al. 2008) and active (Romagnoli et al., 2010 and references therein) seismic data in the past,
and gravity method (Orlando 2005).
The seismicity of the Larderello field has a low magnitude, usually lower than 3 Mw. The maximum
peak of the hypocentre distribution exhibits positive correlation with the K-horizon. Recent 3D
microearthquake tomography (Vanorio et al. 2004; De Matteis et al. 2008) imaged the
seismological parameters (Vp, Vs distributions and the calculated Vp/Vs, Vp × Vs anomalies) in
the first 8 km of the crust. In the Lago area, the K-horizon lies within a low Vp zone and the
occurrence of over pressurized fluids cannot be ruled out due to the inherent resolution of the
tomography.
The lack of direct information related to the potential geothermal target at supercritical conditions
close to the K-horizon and the underlying heat source drove us to acquire data in an exhumed
fossil system. As the granitic intrusions are supposed to be the primary heat source of the deepseated geothermal system, in the frame of the IMAGE Project several studies have been
performed in the Elba Island, as a proxy of the actual geothermal system of Larderello. The
adopted methodology follows the classical approach of structural geology, petrography and fluid
inclusion studies, and the results are described in details in the deliverables D 3.02 and D 3.04.
The knowledge of the relationship between deep fluid flow and composition and crustal structures
was improved and the results were used to constrain the numerical simulations (see next section).
Fluid inclusion studies were carried out at different structural levels. At the deepest outcropping
levels (tourmaline+quartz veins in Paleozoic micaschist), the results indicate occurrence of a fluid
with salinities of 11-30 wt.% NaCl eq. and T up to 650°C and a late stage fluid with salinity
encompassed between 29% and 49% wt. NaCl eq. and T up to 420°C; these fluids also circulated
at shallow structural levels (hematite+quartz veins in Triassic quartzite), but their T tends to
decrease (T<470°C) whereas isotope analyses and salinity values (in some cases around 0wt. %
NaCl eq.) indicate a progressive contribution of meteoric water that mixed with the saline fluids of
magmatic derivations.
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Estimated fracture permeability of the rocks surrounding the magmatic emplacement resulted in
the range 10-13 -10-17 m2.
The information related to fracture and permeability conditions in Elba proxy was used to verify the
nature of the K-horizon in Larderello area. This study was based on a synthetic seismic modelling
approach. The 3D geological model developed in Petrel environment was used for a synthetic
seismic modelling (De Franco et al. 2016) and the results compared with a 2D seismic profile
(CROP 18a), crossing Lago area, acquired within the CROP project (Scrocca et al. 2003). The Khorizon was treated as a physical perturbed layer hosting hydrothermal circulation and various
hypotheses were tested. The results, which are described in details in Annex 5, allowed us to
hypothesize a productive geothermal horizon probably constituted by a “Physical perturbed layer”
that 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.
The results also highlighted the importance of executing a VSP analysis in order to increase the
resolution of surface seismic and rule out the presence of fluids.
In our interpretation, the K-horizon origin is hypothetically related to recent magmatic events. The
fluids of magmatic and thermo-metamorphic origin were trapped under near lithostatic (74 – 135
MPa) and high temperature (420 – 650°C) conditions, similarly to those studied in the fossil
geothermal systems of the Elba Island.
With regard to the heat source, an integrated analysis of magnetotelluric resistivity models (see D
5.6) and seismological studies (available in literature) provided useful information (for further
details see Annex 4). A mid-crustal low velocity body (LVB) in the centre of the geothermal area
was inferred by tomographic inversions of teleseismic and local earthquakes (Batini et al. 1995).
The top of the LVB is constrained at about 10 km depth by a reduction of the bulk velocity of the
order of 15 – 18 % as inferred by teleseismic travel-time residuals and by a low (< 5 km/s) Vp
anomaly. In correspondence of the low Vp anomaly, the resistivity models are characterized by
very low resistivity anomalies with values of about 100 ohm*m in a high resistivity host rock. Low
density is also highlighted by gravity models (Orlando 2005). The LVB was already interpreted as
the occurrence of a hot (low density and low velocity), partially molten (low resistivity) igneous
intrusion emplaced at mid-crustal level. In our integrated interpretation, the anomaly is related to
the middle-crustal magma chamber, derived by melt migration and collection linked to lower crustal
melting (see Figure 12).
It should be noted that the resistivity models highlighted also the role of a deep-rooted, NE
trending, fault system that possibly controlled both the hydrothermal circulation and the magma
emplacement.

4.2.3 The simulation of the physical processes
At the early stage of the workflow, thermodynamic numerical modelling of fluid rock interaction
processes was performed using SUPCRT92, TOUGHREACT PITZER 1.21 and PHREEQC 3.2
EOS 2 packages, compiling apposite thermodynamic databases (for both solid phases and gases)
as reported and discussed in deliverable D 3.2.
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Furthermore, simulation of magma emplacement was carried out by means of analogue modelling
in laboratory. The simple concept at the base of this activity is that supercritical fluids circulate very
close to magma intrusions and, possibly, within those fractures associated with the magma
migration and emplacement mechanism itself. The results are described in details in IMAGE
deliverable D5.8. A major result is the definition of a possible model for the storage of fluids around
igneous intrusions.
Another approach to study the heat source of the Larderello system was the development of a
thermal modelling that took into account the aforementioned activities. Our initial numerical
strategy was mainly based on the history matching of the detected past thermal climax controlled
by the Neogene-Pleistocene magma input, in order to forecast the present-day temperature
distribution around a hypothetic, and very recent magmatic intrusion (but similar in size,
emplacement temperature and other physical characteristics) at a depth of the order of 2.5 – 5 km.
We used a 3-D thermal model that numerically simulates the temperature variations in a layered
crustal section, induced by the occurrence of intrusive bodies over a time span of 5.3 Ma. The
results are described in details in the Annex 6.

4.3 Conclusions
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.
The conceptual model that emerged for Larderello is represented by a convective intrusive system
fed by a composite batholite. The occurrence of a unique molten intrusion with its top
correspondent to the K-horizon is disregarded.
We detected a still partial melted igneous intrusion beneath the Lago area acting as heat source,
and provided information on the geometry of the intrusion and on the physical processes acting in
the surrounding sectors.
Rigorous hypotheses were proposed for the physical condition at the depth of the K-horizon as
possible geothermal reservoir at supercritical conditions.
The final and wide conceptual model of the Larderello geothermal system achieved in the frame of
IMAGE is going to be verified by the deep exploration of the DESCRAMBLE project, at the present
time in the drilling phase, that will provide fluid composition and physical conditions at the depth of
K-horizon.
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5 Description of the geomodelling work performed on Pico Alto
greenfield area
Annex 1 covers the geomodelling work performed on Pico Alto greenfield area, which is
summarized hereafter.
The Pico Alto geothermal field is located on Terceira, one of the volcanic islands on the Azores
archipelago. Drilling of production wells has been ongoing in Pico Alto for ten years. The wells
have revealed a maximum reservoir temperature up to >240°C and well tests point out the capacity
to support a 50 MW e power plant over the estimated lifetime of a typical power generation project
(30 years). Therefore, Pico Alto seems to be a promising area for future power generation but short
drilling history while scarcity of data makes interpretation and well targeting difficult.
Although a heat source cannot be confirmed directly, a young volcanic activity is thought to serve
as a heat source for the geothermal system and its tectonic location. The interplay between
evolved rock formations and a complex structure means that Pico Alto is a promising target for
geothermal exploration (Sæmundsson et al. 2012).
Geothermal exploration was initiated in Pico Alto by the Laboratório de Geociências e Tecnologia
(LGT) in 1977-1979. A total of nine shallow (< 222 m) observation wells were drilled in the area
and a dipole-dipole resistivity survey was carried out (GeothermEx, 2010). An assessment of the
geothermal resource potential was made in 1980 using all existing data. Geothermal Energy of
New Zealand (GENZL) studied the geology and geochemistry in 1981. This resulted in a first
conceptual model in 1982.
Then, in the 80’s and 90’s geological and geothermal mapping was conducted by LGT, Idrogeo slr
and 3D Research. In particular, resistivity surveys indicated the presence of a low resistivity cap
near Furnas do Enxofre and drill sites for thermogradient wells were located. In 2000 GeothermEx
published a conceptual model for Pico Alto, presenting results and interpretations based on these
resistivity surveys, temperature and fluid distribution as well as pressure and phase conditions. In
2003, four thermogradient wells were drilled, reaching maximum depth of 600 meters. They
allowed evaluation of temperature distribution in the geothermal field. In 2006-2009, five production
wells were drilled. Testing of these wells revealed high temperature in the reservoir (>240°C), two
phase and steam dominated zones. Yet, permeability of the reservoir is low, due to highly altered
rocks. This means a relatively low productivity of the wells, ranging from 1 to 3 MW e for each well.
In 2016 another revision of the conceptual model was published by TARH and ÍSOR (Carvalho et
al. 2016), all post-1999 results were reviewed, including the AMT resistivity survey and flow tests
from the thermogradient and production wells. The focus of this latest revision was on joint
interpretation of geological, geophysical and geochemical data. This also included a study of the
climate, geomorphology and soil characterization, geological conditions and groundwater
hydrology
No data existed in Petrel at the time this work started, except for the DEM model and the aerial
GIS photo assemblage of Terceira. All available data were imported into Petrel and a first static
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geological model was constructed. In addition to the data compiled for the conceptual model that
was published by Carvalho et al. (2016), data were from provided by TARH and EDA, which
include:


surface mapping (faults, fissures and craters)



AMT resistivity data



location of seismic events (2003-2011)



gravity data, Bouguer, free air maps, density model



geophysical logs (pressure, temperature)



hydrothermal alteration zonation



lithological logs



grouping of feed zones

Figure 13 details the input data used to produce the Pico Alto geological static model. It can be
compared with the Figure 10 that corresponds to the case of the Krafla brownfield area. Though
there were much less data, the workflow depicted in Figure 11 was followed as much as possible.

Figure 13: Modification of Figure 3 that shows data used for the Pico Alto geological static
model. As previously, black labelled datasets have been imported to the model and greylabelled datasets are still missing in the model.
The work performed in the IMAGE project focused on generating 3D interpretations and models for
the available datasets. Borehole data were used for constructing an alteration model and
temperature model. Resistivity model and density model were built from shape files and bitmap
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images. Detailed values were available on lateral scale but the vertical resolution was relatively
poor. These models give good indications for large scale structural lineaments. Out of the four 3D
models that were generated, two represented large-scale variations around Pico Alto (resistivity
and density). Both of them revealed an anomaly where two structural trends meet; the Terceira rift
and the ENE-WEW trending lineament of Furnas do Enoxfre. As alteration and temperature
models were based on well data only, they only show variations on a small spatial extent that
corresponds to the drilled area.
No consistent 3D structural model could be built out of these intermediate models, which is
relatively frequent in greenfield areas. Furthermore, great variations in the quality of lithological
analyses and the lack of geophysical logs made the correlation between wells difficult. The model
would clearly benefit from additional well data and petrographic and isotope analyses. As the main
challenge in Pico Alto is mapping the permeability, additional studies would be need to produce a
3D structural model of fault and fracture networks that are prevalent controls for fluid paths.
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6 Conclusions and perspectives
“All models are wrong; the practical question is how wrong do they have to be to not be useful."
G. Box

6.1 General conclusions
Several static geological models have been built for the Krafla, Larderello and Pico Alto geothermal
systems. Though commonalties can be identified in the processes involved in the building of such
models, in many aspects the workflows are not unique and rather site specific because of the
variety of available data, the variety of data quality and the varying challenges that represent their
interpretation (cf. for example the K horizon in Larderello). At last, models are most of the time built
on purposes (at a given scale for example), which may imply substantial modification when
purposes change.
Because the subsurface is an uncertain and poorly known environment, building geological models
is an iterative and endless process. Any new data acquisition is a way to test the model and the
assumptions on which it is based. On each of the three studied sites, the geomodelling work led to
a more consistent and improved understanding of the area. This obviously raised new questions,
which explains that a frequent conclusion of a geomodelling work is the need for more data but one
of the main benefit of modelling is also to have identified the data that were lacking and/or to
propose new sampling locations.
As a general rule, it is observed that making a 3D geomodel by associating complementary
interpretations is an interesting perspective but giving the experts of each discipline the opportunity
to interact to produce a transdisciplinary interpretation is even more powerful. Indeed, geological,
geophysical, geochemical, hydrogeological… interpretations are not disconnected. Even if a
preliminary work has to be carried out separately by each discipline, the interpretation coming from
one can be fed by the others instead of putting them one after the other in a sequential workflow.
To do so, the methodology has to be object oriented, where the central object is the 3D geomodel.
In this light, the 3D model benefits from a common interpretation implemented jointly by all
geoscientists. In other words, they can compare, connect, discuss, and adapt their own
approaches for a mutual result in a GeoModelling environment. At the end, the model is not a
conglomerate of distinct interpretations but a transdisciplinary consensus shared by the
contributors.

6.2 Perspectives
6.2.1 Locate potential drilling site
In geothermal exploration, assumptions made during the geomodel construction mainly concern
the spatial distribution of physical parameters that control subsurface mass and energy transfers in
order to find hot permeable structures and achieve high flowrate producing wells.
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Overlay of several datasets is a classical operation in geographic information systems to provide a
qualitative analysis out of several maps. This operation may weight some inputs more than others
through use of an "index model" that reflects the influence of various factors upon a geographic
phenomenon (Wikipedia 2015). The application of this method to produce the favourability maps
was adapted for the estimation of conventional geothermal systems (Trumpy et al. 2015). This
method is a two steps approach where thematic maps are first created, classified, scored and
weighted. Then these maps are combined into a single favourability map. The classification of
each thematic map requires expert judgement and must be in line with geothermal exploration
goals. It seems interesting to extend this approach to produce 3D favourability cubes.

6.2.2 Improve the link with dynamic conceptual models
Magmatic systems are convective what naturally introduces circulation aspects and a link with
dynamic modelling, to be able to represent/compute the natural state of the system and its
response to exploitation. That raises classical problems concerning exports to simulation software
(interoperability), performance, inversion and algorithms needed to “close” the loop…
Building interactive conceptual models of geothermal reservoirs integrating static and dynamic
modelling in the same exploration workflow would then be a way to validate flow circulation
hypothesis of conceptual models and, therefore, reduce even more uncertainties. Once the
geological static model is built, one would then have to be able, first to produce conformable
meshes of such models, then to perform multiphase thermo-hydraulic simulations with phase
change on these meshes without numerical artefacts, both with acceptable computational times.
The production of good quality meshes in complex geological settings is still a largely non-trivial
task though some solutions exists (Botella et al. 2015; Gabriel Courrioux, Guillen, and Bourgine
2012; Lopez et al. 2015). Then, the second steps needs specific numerical schemes that can take
into account objects such as fault zones which may act as corridors for fluid flows and may be
represented as surfaces (e.g. Cacace and Jacquey, 2017; Xing, Masson and Lopez, 2017).

6.2.3 Quantifying uncertainties
Over the years, surface mapping with implicit modelling methods has proven an efficient
framework to achieve the building of structural models involving geological bodies of any shape
and with the occurrence of discontinuities. One of the strength of these methods, with respect to
geometric/explicit methods, is that the building of models are reproducible and can be automated:
a given set of parameters (and a given algorithm/software) will always produce the same model
(independently of the modeler). Then the parameters space can be explored using standard
techniques (e.g. Monte Carlo, Markov Chain Monte Carlo) producing several possible geological
models and opening the way to the exploration of related uncertainties.
It is also noteworthy that some of the implicit modelling methods, such as the co-kriging approach,
are designed in a fully probabilistic framework with the result that the probability of presence of all
modeled surfaces can be directly computed (Aug 2004; Chilès et al. 2004; G Courrioux et al.
2015).
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All these geological models can then either be inputs to flow simulations, in order to compute flow
paths and temperature distribution (e.g. Wellmann, Finsterle and Croucher, 2014) or used to
produce synthetic geophysical models (forward models) that can be usefully compared to available
geophysical data. Finally, as in the case of flow simulations, “closing the loop” opens the way for
joint inversion of 3D geological and geophysical data which is promising but still hardly achievable
on complex systems in acceptable computational time.
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Annex 1: A 3D geological static field model of the Krafla
geothermal area, NE-Iceland; constructing a workflow applied
to the Pico Alto geothermal area, Azores
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Abstract
Compiling and summarising multidisciplinary results from geothermal areas often proves to
be a complicated and challenging task. In such tasks, 3D models facilitate data comparison
and enable a better understanding of the systems involved, resulting in a better and risk
mitigated well targeting processes. This project involves 3D modelling of a geothermal field
that has been exploited for years. The Krafla geothermal field is located in NE-Iceland and
has a long history of research and exploitation. Here, the Krafla geological static model has
been updated using research data that have not been implemented to the model before. These
include recently acquired seismic data (location of quakes and tomography), 3D resistivity
model, aero-magnetic data and Bouguer and Free-air gravity maps. Borehole data (cuttings
analyses and geophysical logs), which have not been available in digital format before, have
been included. Furthermore, datasets were compared and cross-correlated through deep
structure sub-surface analysis. Lessons learned throughout the construction of the Krafla
model resulted in a proposed workflow which was then applied to the less known Pico Alto
geothermal area on Terceira Island, Azores. Pico Alto is a promising geothermal field in its
early stages of development. Five production wells have been drilled and exploration results
presented on maps and cross sections. Here, the existing data were visualised in a 3D model,
according to the workflow, in order to gain a better understanding of the Pico Alto
geothermal field. The two geological static models presented here provide a useful basis for
further research and model workflow applications.

Útdráttur
Samþáttun og samantekt gagna og rannsókna af jarðhitasvæðum er oft á tíðum flókið ferli.
Þrívíð líkangerð er mjög gagnleg við slíka vinnu, auðveldar samanburð og samtúlkun og
dregur um leið úr óvissu þegar kemur að staðsetningu jarðhitaholna. Í þessu verkefni er
útbúið þrívítt jarðfræðilíkan af jarðhitasvæði sem hefur lengi verið í vinnslu. Jarðhitasvæðið
í Kröflu á Norðausturlandi er vel þekkt og á sér langa sögu rannsókna og nýtingar. Þrívítt
jarðfræðilíkan af Kröflu var uppfært með eftirfarandi gögnum; nýjum skjálftagögnum
(staðsetningu skjálfta og hraðalíkani), þrívíðu viðnámslíkani, flugsegulkorti og
þyngdarkortum. Hluti jarðlagamælinga og svarfgreininga úr nokkrum borholum hafði ekki
fyrr verið til á tölvutæku formi og var þeim niðustöðum bætt við líkanið. Vinna við líkanið
varpar m.a. ljósi á áberandi stefnur sem sjást undir yfirborði og tengjast að öllum líkindum
jarðfræðigerð svæðisins. Sú reynsla sem hlaust af uppfærslu líkansins, var notuð til þess að
hanna ákveðið verklag sem hægt væri að nota á sambærilegum jarðhitasvæðum. Verklaginu
var að lokum beitt við líkangerð á minna þekktu jarðhitasvæði, Pico Alto, sem staðsett er á
eyjunni Terceira á Azor eyjum. Pico Alto er lítt þróað jarðhitasvæði sem lofar góðu sem
slíkt. Fimm vinnsluholur hafa verið boraðar og niðurstöður settar fram á tvívíðu formi.
Niðurstöður voru teknar saman og settar fram í þrívíðu jarðfræðilíkani með það að markmiði
að auka skilning á svæðinu. Líkönin tvö leiða að auki í ljós hvers konar rannsóknir gætu
gagnast í framtíðinni til þess að auka skilning og betrumbæta nýtingu jarðhitasvæðanna.
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Introduction
Locating heat sources and permeable zones is key to successful geothermal exploration and
utilization. Challenges in geothermal research are faced with and solved by a variety of
methods, which have been used through the years to reduce risks in well targeting. Different
disciplines within the geothermal branch are used to construct geological static models and
ensure their reliability. The purpose of such models is to come up with some answers to
geological questions that involve risk assessment, as every model is sensitive to its input
data and the assumptions made. Gathering data across all disciplines and their visualization
is crucial in putting constraints on these models. Observed anomalies have to be supported
by the different datasets. In order to understand the framework and behaviour of a
geothermal system, geothermal field models integrate datasets together allowing joint
interpretation of data.
In order to get results from models, as well as quality comparisons, it is important that
modelling projects are conducted systematically and generally with a similar approach. This
leads to the main objective of this study that concerns the development of a general workflow
for constructing a 3D geological static field model, which would be the basis for dynamic
reservoir field modelling. This study is conducted to develop and assess such a workflow.


Update the Krafla 3D geological static model, using additional data that have not
been presented before, within the proposed workflow. Compare results from
variety of datasets and interpret their relationship. This is mainly done with regards
to sub-surface structural interpretation.



Propose a workflow for constructing a 3D geological static field model, which is
based on lessons learned from the revision of the geological static field model of
Krafla and also through literature study and other field areas.



Apply the developed workflow to the Pico Alto Greenfield area, located on
Terceira Island, Azores.



Present the workflow’s applicability and comparison of the two geothermal field
areas, and make suggestions for future work based on the lack of data, lack of
understanding within each area, and the lack of conducted workflow segments.

As a part of the IMAGE project (presented in section 1.1) a working tool will be developed
to increase the geoscientific understanding of an area as a whole in a multidisciplinary way
and decrease reservoir development risks for the geothermal field operators.

19

1.1 The IMAGE project
ÍSOR, Iceland GeoSurvey, is one of the 24 partners (15 science and 9 industrial partners) of
the IMAGE project (Integrated Methods for Advanced Geothermal Exploration). IMAGE is
an ongoing four-year research project, which began in November 2013. The project is funded
by the European Union within the 7th Framework Program for Research and Technological
Development. The aim of the project is to develop reliable exploration and assessment
methods to image geothermal reservoirs by combining interdisciplinary results. The three
main aspects of the IMAGE project are described in the following three Work Packages
(IMAGE, 2013):


Advanced understanding of the processes and properties of geothermal systems that
control the spatial distribution of critical exploration parameters at European to local
scales and providing essential information about rock parameters of the system.



Improve well established exploration techniques (geological, geochemical and
geophysical) for imaging rock structures and detection beyond the current state of
the art and testing of novel methods.



Integrating all available data and demonstration of multidisciplinary approaches to
provide predictive models for site characterization and well siting, based on
conceptual advances, improved models and exploration techniques. Provide
recommendation for protocol for resource assessment and supporting models.

On this basis, the project work was divided into three sub-projects, one for Management and
Dissemination (SP1), one for Magmatic and Supercritical geothermal systems (SP2) and the
third one for Basement and Sedimentary geothermal systems (SP3). The sites in the
magmatic and supercritical contexts include Krafla (NE-Iceland), Larderello (Italy),
Reykjanes (SW-Iceland), and Pico Alto (Azores). The sub-projects SP2 and SP3 were subdivided additionally into 3 Work Packages (WP) each: WP3 and WP6: Processes and
Properties; WP4 and WP7: Exploration Techniques, and WP5 and WP8: Field Integration
(see, Figure 1).
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Figure 1 Structure and information flow of the IMAGE project. IMAGE includes two
subprojects (SP2 and SP3) and 6 subordinated Work Packages (WP3-8). In addition,
IMAGE includes SP1 dedicated to the overall project co-ordination, operation
management, including legal, financial and administrative issues, and dissemination
(IMAGE, 2013).
The Krafla geothermal field has played a crucial role in testing exploration methods and
exploration techniques within the IMAGE project. Well K-18 in Krafla has been used as an
exploratory well. It was not a promising production well since it did not cut workable feed
zones (Friðleifsson, 1981; Guðmundsson et al., 1981). In the summer of 2014, a VSP
(Vertical Seismic Profile) survey was carried out in two boreholes, K-18 and K-26 as a part
of Work Package 4.2. This resulted in seismic profiles in the wells reflecting velocity
contrasts below surface (Planke et al., 2016). The survey is discussed further in section 2.2.
In October 2014, Televiewer data were collected in well K-18 (Árnadóttir, 2014).
Televiewer aims at mapping tectonic features within the well. Sonic logging performed in
K-18 was a part of the VSP experiment done earlier that year (Hersir et al., 2016). Results
correspond quite well with the average VSP velocities (Planke et al., 2016).
Work Package 3.3 within IMAGE aimed at studying the impact alteration has on electrical
conductivity through measuring CEC (Cation Exchange Capacity). This was done by
studying core samples from well KH-1, KH-3, KH-5 and KH-6 in Krafla (Lévy et al., 2016)
as well as measuring CEC from drill cuttings in well K-18 (Weisenberger et al., 2016). CEC
is a good indicator of the quantity of clay, as the CEC of clay minerals-in particular of
smectite-is higher than the CEC of other minerals. Indeed a semi-quantitative correlation
between clay content and CEC is shown in Lévy et al. (2016) and a linear correlation
between smectite content and CEC is found in a study currently in progress by the same
authors. A correlation between CEC and conductivity is observed with the measurements on
core samples in Lévy et al. (2016). A relationship is also seen between the CEC
measurements on drill-cuttings and the resistivity logs in borehole K-18 (Lévy et al., 2016;
21

Weisenberger et al., 2016). Density, porosity, acoustic velocity and permeability of the cores
were also measured. A linear correlation was seen between bulk density and porosity, as
well as between P-wave velocity and porosity (Lévy et al., 2016). The latter correlation was
used to calculate the porosity based on sonic logs in K-18 (Lévy et al., 2016).
This MSc thesis is a part of Work Package 5 within IMAGE – Field Integration WP5.1:
“Integrated application in field models”. The objectives of WP5 are the integration of data
and results obtained in other WPs for developing a reliable methodology for exploration of
high temperature fields in magmatic environments. This includes the following:
• Develop and test a workflow for an existing field (Krafla, NE Iceland), and
apply that for the Pico Alto field on the Azores, which corresponds to an
unexploited magmatic system.
• Apply integrated tectonic and analogue models for the sites, in order to
increase spatial and temporal resolution of explorative concepts for the
emplacement of magmatic bodies, and fluid flow pathways as a function of
stress and structural evolution. This is performed in perspective of learning
from fossil sites and integrates tectonic stress, temperature, rheology and
tomography in explorative models (IMAGE, 2013, 21).
Task 5.1 aims at the following:
•

Develop workflow for a 3D model representation and visualization to bring
together multidisciplinary results based on characterization, exploration
results and modelling of known physical properties like resistivity and elastic
and mechanical behaviour in the temperature range 200 – 700°C. The
workflow will be constructed in Krafla and Larderello, and applied in the
Pico Alto field on the Azores.

•

Build a-priori 3D model for 2 selected Brownfields…

•

Update existing conceptual model with exploration results (IMAGE, 2013,
21).

1.2 On 3D geothermal field modelling
Modelling geothermal systems is useful to compile and summarize interpretations of
available geoscientific data. Its purpose is to gain a better understanding of the nature and
characteristics of the system to be able to target wells with greater success and to facilitate
the geothermal exploitation. The aim of 3D modelling is to enable mapping of the available
data in a three dimensional environment. By viewing more than one dataset at a time, well
targeting becomes easier and more reliable, as all the data can be selectively viewed from
anywhere within the model. Furthermore, filtering allows anomalies to be clearer and more
visible. 3D modelling techniques have been applied in several geological areas, at various
scales, for different purposes within the geothermal industry (Cumming and Mackie, 2010).
They have been developed and utilized in other industries as well, such as mining and oil
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and gas (Xu et al., 2014; Rivenæs et al., 2015). These modelling techniques have partially
been applied to various geothermal areas in Iceland e.g. for Krafla (Mortensen et al., 2009;
Weisenberger et al., 2015), Reykjanes (Khodayar et al., 2016), Hellisheiði (Gunnarsdóttir
and Poux, 2016) and Þeistareykir (Mortensen, 2012).
The 3D geological static model of Krafla has been updated in this MSc project. One of its
main objective was to develop a general workflow for constructing a 3D geological static
field model, which could be the basis for dynamic reservoir field modelling. Krafla is defined
as a Brownfield area (IMAGE, 2013), referring to a well-known geothermal system, where
substantial exploration experience has been gained and some geothermal development has
taken place. The drilling history in Krafla spans around 43 years, where challenges have
been faced that relate to the complexity of the system, with respect to geochemistry and
geological structure (Stefánsson, 1980). Of the 47 drilled deep wells, only 20 are currently
used as production wells (Hauksson, 2017), which is a low success rate in comparison to
other high temperature geothermal fields in Iceland (Sveinbjörnsson, 2014). Volcanic
activity in the area and shallow magma chamber(s) have led two wells to be drilled into
magma at shallow depth (Friðleifsson et al., 2014). Problems related to acidic geothermal
fluids have also been a challenge (Ármannsson et al., 1989). These issues and questions have
resulted in the development of technical solutions and methods to enable the mapping of
possible risks and challenges, e.g. the location of magma pockets and well design under
acidic conditions.
The resulting workflow of building a geological static field model of the Krafla area was
then applied to an area with a known geothermal system that has promising drill sites, namely
Pico Alto on Terceira Island, Azores. The area is in its early stages of geothermal
development, and is referred to as a Greenfield area, with limited data availability and no
long-term production history (IMAGE, 2013).
Building a workflow from a Brownfield requires an estimation of data collection and
processing. The resulting workflow depends on the scale and state of development of the
geothermal area, and advancement of the geological static model. The different stages of
modelling depend on data availability and geoscientific knowledge of the selected area. The
different main stages of a modelling progression are as follows (these terms will be used in
this thesis):
1) A conceptual model is defined as “a descriptive or qualitative model of a system or
section of a system that incorporates the essential physical features of the system and
is capable of matching the salient behaviour or characteristics of interest to the
modeller” (Grant and Bixley, 2011). They are useful to understand the large scale
picture of the system and can be used when only limited data are available. A
conceptual model is often summarized with a number of drawings and qualitative
descriptions outlining location of heat sources, possible flow paths and main
structure of the area (Figure 2). Since conceptual models are composed of concepts
and ideas, it is important to be aware of the bias of conceptualisation (Rivenæs et al.,
2015).
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Figure 2 A general understanding of a conceptual model of a high temperature system
(Axelsson, 2008).

2) As more data become available, a geological static model can be generated. It is
evidently a quantitative driven model, based on data rather than ideas. Figure 3 shows
an example of this, where interpreted faults, interpreted formation temperature model
and conductive areas based on low resistivity are visualized. Geological static models
have a higher data resolution as well as showing small scale features and therefore,
they have a higher level of confidence than conceptual models. Minimizing data
extrapolation avoids data to be over-estimated (Figure 4). Dynamic data (relative
permeability, pressure, fluid properties etc.) are not included.
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Figure 3 An example of a 3D geological static model. The model is data tied where
quantitative data is presented; interpreted formation temperature, interpreted faults, and
low resistivity anomaly (Mortensen et al., 2009).
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Figure 4 The figure shows how conceptualizationof data can bias the model.
Uncertainty increases further away from data (from orange to blue). This is important
in model construction and risk assessment (Moeck, 2005).
3) A dynamic reservoir model simulates both the natural and production response of
the geothermal system (Axelsson, 2013). It is based on the conceptual and the
geological static model and has the fourth dimension included; time dependent data.
These are used for forecasting and include e.g. production history data and pressure
changes in the system. With the development of a geothermal field, new borehole
and reservoir data will be acquired. Their results are brought back into the geological
static model, and the risk assessments updated, for example see the model feedback
loop in Figure 5.
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Figure 5 Probabilistic closed-loop 3D reservoir modelling workflow example from the
Petroleum industry (Singh et al., 2013).
Building a geological static model involves several stages (Figure 6):
a. Structural modelling, describing the tectonic framework, including faults and
geological formation zones that are tied to surface and sub-surface data
information.
b. Geo-property modelling showing detailed interpretation of borehole data and
surface geology to predict subsurface properties and characteristics of different
geological facies. This involves thin sections and laboratory analyses from wells,
well log measurements and well testing.
c. Petro-physical modelling representing reservoir properties such as formation
temperature, hydrostatic and lithostatic pressure, feed zones, focal point areas,
porosity and permeability.
d. Hydrological modelling describing the hydrological cycle in a specific area. Used
for understanding hydrologic processes e.g. the origin of recharge and fluid flow.
It is based on isotope analyses and major elements analyses of both spring water
and borehole fluid.
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The construction of a 3D geological static model containing complex geological structures
has many challenges. Interpolating field data can cause errors due to discontinuity of
structures and lithological boundaries in the subsurface which are difficult to predict in a
complex system. Therefore, the construction requires pre-processing, integration and quality
check of the data. Models’ reliability depends on the input data; accuracy of the
measurements, interpretation of individual data and the modelling process. Geological static
field models from active geothermal areas are constantly evolving. Hence, there is no such
thing as a final geological static field model and it should be updated continuously as new
information becomes available, e.g. information on additionally drilled wells, new
measurements or new technology implementations.
A well-organized workflow is crucial when constructing and revising a model. A workflow
allows documentation of the work during the modelling process that can be repeated if
parameters change.

Figure 6 Subdivision of main datasets used for the construction of 3D geological static
models. These lists are not a final product and could have additional items that are
relevant for other areas. Overlapped areas and red arrows represent integration between
datasets and models.
Since it is not a dynamic reservoir model, the geological static model built for this project in
Krafla does not describe changes in the physical conditions or energy transfers in the
geothermal system. Rather, the model emphasises the existing and present state conditions,
referred to as a set of static data, e.g. geological and geophysical database that build on the
geological framework, and would serve as a basis for a dynamic reservoir model that
includes time dependent parameters. The goal is to constrain the modelling parameters and
develop a model with sufficient details to represent the tectonic framework and stratigraphic
heterogeneity of the system. Interpolation over long distances, where there is lack of data is
minimized to optimize accuracy and reduce uncertainty in the model.
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2 The Krafla geological static model
This chapter outlines the geological background of the Krafla geothermal field as well as
researches that have been done in order to understand the nature and behaviour of the
geothermal field. Relatively long drilling history, and various researches that have been
performed in the area, provide large amount of data and information, from regional scale to
borehole scale. Some of these data will be presented here, but they have provided a base for
the construction of a geological static field model of the geothermal field.

2.1 Background
The existence of Iceland is the result of the interaction between the Northeast Atlantic rift
segments, marking the boundary of the Eurasian and North American plates, and its
interaction with the mantle plume below Vatnajökull glacier since approximately 30 Ma
(Hjartarson et al., 2017). These MOR (Mid Ocean Ridge) plume interactive processes form
a series of purely divergent or oblique rifting segments, also referred to as volcanic zones,
and the associated transform zones that link the different volcanic zones together (Einarsson,
1991; 2001; 2008) as a result of rift transfer events (Hjartarson et al., 2017). The rift transfers
cause segmentation and block formation across Iceland, the best known example being the
Hreppar block and the Tjörnes block (Figure 7) (Einarsson, 2008). Here, specifically the
Tjörnes block is of interest as it forms the western boundary of the Northern Volcanic Zone
(NVZ).
In general, the volcanic zones of Iceland are regions of active extension and volcanism. The
highest volcanic activities occur along the Eastern, Western and Northern Volcanic Zones
(EVZ, WVZ, NVZ). The WVZ is a dying rift system, and was most active 7-2 million years
ago, with a shifting activity towards the EVZ and NVZ which are directly linked to the
Iceland plume (Jóhannesson, 1981; Hjartarson et al., 2017). The Krafla geothermal field is
a part of the NVZ that extends from Öxarfjörður and Skjálfandi in the north, to Vatnajökull
in the south. The spreading vector of the Northern Volcanic Zone is N105°E and the total
spreading is 18.3 mm/yr (DeMets et al., 1994; LMÍ, 2017). There are five volcanic systems
in the NVZ; Þeistareykir, Krafla, Fremrinámur, Hrúthálsar and Askja (Jóhannesson and
Sæmundsson, 1998). The N-S trending plate boundary connects the central volcanoes
(Björnsson, 1985). Oblique spreading affects Iceland, resulting in the forming of transform
systems. Normal faults and fissures are formed where the segments are purely divergent, but
where the rift spreads obliquely, strike-slip tectonism and structures are formed. Fissures
and normal faults are grouped into fissure swarms. They are activated in rifting events, when
magma either leads to an eruption or solidifies as an intrusion (Einarsson, 2008). Two major
transform fault systems exist in Iceland; The Tjörnes Fracture Zone (TFZ) and South Iceland
Seismic Zone (SISZ) (Figure 7). The SISZ takes up the transform motion between the
Reykjanes ridge and the Western Volcanic Zone to the Eastern Volcanic Zone (Einarsson,
1991).
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Figure 7 The volcanic systems of Iceland (shaded yellow). Red points are earthquake
epicenters 1994-2007. RPR: Reykjanes Peninsula Rift, WVZ: Western Volcanic Zone,
SISZ: South Iceland Seismic Zone, EVZ: Eastern Volcanic Zone, CIVZ: Central Iceland
Volcanic Zone, NVZ: Northern Volcanic Zone, GOR: Grímsey Oblique Rift, HFZ:
Húsavík-Flatey Zone, ER: Eyjafjarðaráll Rift, DZ: Dalvík Zone. SIVZ South Iceland
Volcanic Zone. Kr, Ka, H, L, V mark the central volcanoes of Krafla, Katla, Hengill,
Langjökull, and Vestmannaeyjar (Einarsson, 2008).

The Tjörnes Fracture Zone formed 6 – 8.5 million years ago, when volcanic activity moved
from the Húnaflói rift zone to the Northern Volcanic Zone (Figure 8) (Sæmundsson, 1978;
Homberg et al., 2010; Hjartarson et al., 2017). The transform systems are characterized by
series of strike-slip fault systems that are responsible for the largest earthquakes in the latest
episodes, reaching a magnitude of 6-7 (Björnsson and Einarsson, 1981). Complex enechelon fault arrays and push up structures are common in these areas.

30

The Tjörnes Fracture Zone connects the offshore Kolbeinsey Ridge to the Northern Volcanic
Rift Zone (Einarsson, 1991; Stefánsson et al., 2008). The TFZ is composed of the Grímsey
Oblique Rift, the Húsavík-Flatey Fault and the Dalvík Lineament, which are NW orientated
seismic lineaments (Figure 9) (Einarsson, 1976; Sæmundsson, 1974). The Grímsey oblique
rift is the northernmost seismic zone, NW-SE oriented (Einarsson, 1976). It extends from
Kolbeinsey Ridge in the NW to Krafla Fissure Swarm in the SE. The Húsavík-Flatey Fault
is about 40 km south of the Grímsey Zone, limited by the Þeistareykir fissure swarm in the
SE (Sæmundsson, 1974; Guðmundsson et al., 1993; Mariotto et al., 2015). The southernmost
zone is the Dalvík Zone, about 30 km south of the Húsavík-Flatey Zone (Einarsson, 1976;
1991).

Figure 8 The TFZ transform zone (yellow arrow) is a consequence of the rift jump from
the Húnaflói rift zone (orange arrow) to the NVZ (Hjartarson et al., 2017).
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Figure 9 The fissure swarms of the Northern Volcanic Zone. Large earthquakes,
occurring on the TFZ are visualized as blue, green, yellow and red points (Hjartardóttir
and Einarsson, 2017).
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2.1.1 Structures on the Northern Volcanic Zone
At the junction between the TFZ and NVZ, faults are transformed from strike-slip faults into
tension faults. The Tjörnes Fracture Zone is WNW-ESE trending oceanic transform zone
with a dextral component (clockwise movement) (Sæmundsson, 1974). The Northern
Volcanic Zone, therefore, undergoes deformation of both types of boundaries and the stress
pattern is characterized by the interplay between the two (Figure 10). Tibaldi et al. (2016)
studied transform-rift junction in the Northern Volcanic Zone by mapping the geometry and
nature of faults and fractures in Guðfinnugjá, where Þeistareykir Fissure Swarm intersects
the Húsavík Flatey Fault (HFF). Features showed clear evidence of HFF propagating
towards the fissure swarm. They concluded that the geometry of the faults and fractures are
either evidence of the first stage of HFF crossing TFS or an older segment of HFF lying
below the Holocene lavas, not yet propagated upward (Tibaldi et al., 2016). Magnúsdóttir
and Brandsdóttir (2011) also pointed out this relationship and concluded that the Þeistareykir
Fissure Swarm triggered large earthquakes in the Húsavík Flatey Fault System.

Figure 10 Tectonic setting of NE-Iceland. Mapped structures (faults or fissures) show
interaction between both types of boundaries (Tibaldi et al., 2016).
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Repeated GPS measurements have revealed that the extension is not uniform across the NVZ
(Árnadóttir et al., 2009; Metzger and Jónsson, 2014; LMÍ, 2017), which strongly suggests
an oblique rift system with the Krafla caldera in the middle of an anomalous extension area
(Figure 11). Oblique systems occur where the angle between the rift axis and the extension
direction is < 90°. In these areas, offsets between fault segments, causing local deformation,
occur at all scales. Therefore, displacement is both parallel and perpendicular to the fracture
surface and both normal faulting and wrench faulting can be identified (Twiss and Moores,
1992; McClay and White, 1995).

Figure 11 The most recent GPS results from the National Land Survey of Iceland. The
gray shaded areas show individual fissure swarms with associated central volcanoes (red
ellipses). GPS stations are shown with blue points and the arrows represent horizontal
velocities in years 2004-2016 predicted from the ITRF2014 plate motion model (LMÍ,
2017).
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When a structural element dies out and
extension is taken up by another structural
element, a transform zone forms. Where
strike-slip faults are associated with other
structures, the stress is often taken up by
extension, oblique faulting and duplex
tectonic (Twiss and Moores, 1992). Wrench
faulting is a consequence of a strike-slip fault
and appears as a set of faults around the main
fault (Figure 12). Changes in local stress
regime can cause secondary structures such Figure 12 A wrench faulted area indicating
as normal faults, folds, thrust faults and joints the type and orientation of secondary
(Lacazette, 2017). In structural analyses done structures (Lacazette, 2017).
by Khodayar and Björnsson (2013) results
show dip-slip fractures striking NNE, ENE,
E-W, WNW and NW/NNW. The northerly fractures are the most common ones but E-W
fractures are the least frequent ones. The NNE and WNW components show both a sinistral
and a dextral component (Khodayar and Björnsson, 2013). Blocks in wrench systems
sometimes rotate along with the bounding faults in vertical plane where they often rotate
towards parallelism with the rift border faults (McClay and White, 1995). This is called block
rotation (Twiss and Moores, 1992). In Khodayar et al. (2015) the relationship between
resistivity bodies and structural interpretation is discussed. The resistivity bodies show
clockwise and anti-clockwise rotation at different depths and are controlled by WNW to NW
dextral lineaments as well as NNE to NE sinistral tectonics (Khodayar et al., 2015).
Khodayar (2014) performed a detailed structural mapping of the Þeistareykir Fissure Swarm.
Mapping showed normal faults concentrated in blocks that have moved in dextral motion
along a WNW trending strike-slip fault. They are interpreted as northerly pull-apart
structures (Khodayar, 2014). The interplay between the northerly striking lineaments and
WNW deformation is similar to pull apart structures associated with strike-slips. At greater
depth, the E-W lineament appears deepest – from 4000 m to the bottom of the model
(Khodayar et al., 2015).
Pull apart structure is a zone of extension and stepovers bounded by strike-slip resulting in
topographic depressions often filled with water or sediments (Figure 13) (Twiss and Moores,
1992). They have been observed in the NVZ, Höskuldsvatn and Botnsvatn are the best
known examples (Garcia and Dhont, 2005). Horsetail splays are generally associated with
strike-slip faults and curve away from the strike of the main fault (Figure 14). They are often
located at the tip of the main strike-slip fault. The fan distributes the deformation through a
large area (Twiss and Moores, 1992).
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Figure 13 Development of a pull-apart structure (Garcia et al., 2003, modified from Twiss
and Moores, 1992).

Figure 14 Structures that occur around strike-slip faults (Kim et al., 2004).
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2.1.2 Geological setting of the Krafla geothermal field
Krafla is located in the Northern Volcanic Zone. It consists of an active central volcano and
a NNE-SSW trending fissure swarm. The Krafla Fissure Swarm is 100 km long and 4 – 19
km wide (Sæmundsson, 1978; Hjartardóttir et al., 2012). The volcano features an 8 x 10 km
wide caldera which is elongated due to the rift (Figure 15). It is believed to have been formed
during a postglacial period about 100.000 years ago in an eruption producing semi-acidic
welded tuff (Halarauður). The caldera is not visible on the surface because it has been filled
with volcanic material (Sæmundsson, 1978; 1991). An inferred inner caldera is considerably
younger and probably formed after the area was covered with ice (Árnason et al., 2011).

Figure 15 A geological map of Krafla. Holocene lavas (< 11000 years) are visualised
as pink, blue and purple colours. Hyaloclastite ridges are brown and rhyolitic formations
are yellow. The first Holocene eruptive stage (11000 – 8000 years) erupted in the eastern
part (red stars) while dark blue lavas (8000 – 3000 years) erupted in the western part
(blue stars). Lavas younger than 3000 years (yellow stars) erupted in the eastern part
(Sæmundsson, 2008a). Abbreviations are explained in Appendix D.
37

As borehole data give only a small glimpse into the deeper layers of the caldera complex,
existence of the calderas is supported by the density variations of different formations,
resulting in gravity anomalies (Árnason et al., 2011).
The volcanic sequences reflect the environment at the time of volcanic activity. However,
volcanic activity has both taken place during glaciation and interglacial periods. The
volcanic sequences consist mainly of hyaloclastite formations and basaltic lavas, but rhyolite
is also present. Hyaloclastite and rhyolite ridges formed during glacial periods, but basaltic
lavas during postglacial times. The rhyolite ridges are mainly found at or outside the margins
of the caldera. Hyaloclastite is dominant down to 400-1500 m below sea level but intrusions
dominate at greater depths (Weisenberger et al., 2015). They are believed to have been
formed mainly by a pressure drop at the end of the last glaciation period. They are primarily
basaltic, but felsic or intermediate intrusions occur at variable depths. Melting of
hydrothermally altered basalt is suggested to be the source of most of the silicic intrusions
(Zierenberg et al., 2013) and thus, it could be suggested that this process aided the heat flow
to the surface.
During the Holocene, volcanic activity has mainly been in the form of fissure eruptions.
Until about 8000 years ago, it was limited to the eastern part of the fissure swarm. After this
period, the spreading shifted, for about 5000 years, to the western part of the outer caldera.
Around 3000 years ago, the volcanic activity shifted back to the eastern part of the fissure
swarm with a frequency of 300-1000 years. This resulted in extensive faulting and increasing
permeability in the shallow crust (Sæmundsson, 1991). The volcanic activity is episodic and
in historical time two rifting episodes have occurred – the Mývatn fires in 1724-1729 and
the Krafla rifting episode in 1975-1984. In the Mývatn fires, the activity was mainly in the
southern part of the caldera, while magma injection was mainly to the north during the Krafla
rifting episode. The Krafla rifting episode was characterized by long periods of inflation and
short deflation periods, where magma erupted to the surface or was intruded into the fissure
swarm. These periods caused stress changes in the magma chamber. Intense seismicity
above the magma chamber was followed by inflation periods. Tectonic features in the area
have been divided into three groups; NE-SW trending fissures and faults oblique to the plate
movements, WNW-ESE fractures and faults due to shearing stress, and irregularly trending
fractures and faults associated with the caldera (Sæmundsson, 1974; Björnsson, 1985;
Ármannsson et al., 1987).
2.1.3 Krafla geothermal power plant
The Krafla geothermal field is located in the eastern part of the caldera. The main production
area is aligned in a WNW-ESE direction, along an elongated intrusive complex (Einarsson,
1978; Sæmundsson, 1991). A total of 47 wells have now been drilled and currently the plant
produces 62 MWe from 20 production wells using double flash system (Figure 16)
(Weisenberger et al., 2015; Hauksson, 2017).
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A geothermal exploration program in Krafla was initiated in 1970 and the construction of
the power plant started in 1975. In the following years, exploratory wells were drilled in the
area, drill cuttings analysed (lithology and alteration) and downhole logging carried out. The
main geological formations were recorded as well as the location of feed zones in the wells
to map permeable zones. Chemical analyses were made on steam and water to monitor the
effect of magmatic gases on the chemistry of the reservoir fluids (Ármannsson and
Hauksson, 1980). Explorations soon revealed that the geothermal area in Leirbotnar consists
of two distinct zones, an upper and a lower zone. The upper zone is water dominated whereas
the lower zone is a two-phase system which feeds the upper zone (Ármannsson et al., 1987).

Figure 16 Historical overview of the exploitation of the Krafla geothermal field,
representing drilled wells, published models, major events and energy production. Modified
from Weisenberger et al., 2015.
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2.2 Previous field studies
Surface geological mapping
Extensive geological mapping has been carried out in the Krafla area. The first geological
investigation resulted in the location of the Krafla caldera rim, main faults, fractures and the
history of volcanic activity (Stefánsson, 1981). Geothermal manifestations were also
mapped. CO2/H2 analyses indicated that the hottest fluid, 245-285°C is below the Hveragil
gully (Stefánsson, 1981). Recent volcanism (during the last 3000 years) was mapped in the
eighties by age determination using tephrochronological methods (Sæmundsson, 1984).
Kristján Sæmundsson has studied the geological history of Krafla by mapping surface
formations. He described the geometry of the lava from the last 200000 years and supports
his interpretation using relative and absolute dating. Remnants from two interglacial periods
and two glacial periods are found in surface outcrops. Their formation is explained in the
context of climate periods and the caldera formation ~100000 years ago (Table 1)
(Sæmundsson, 1991).
The most recent geological map of the geothermal field was published by Sæmundsson in
2008 showing surface rock types, age and name of postglacial lavas, and tectonic and
volcanic surface features. A geothermal map was also published, showing surface
temperature, state of surface alteration, fumaroles, hot springs and steam emanations related
to the Krafla fires (Sæmundsson, 2008a; 2008b). These maps are an important base for the
geological static model of Krafla. Hjartardóttir et al. (2012) mapped in details the Krafla
Fissure Swarm by using aerial photos. The pattern was compared to fractures that were active
during the Mývatn fires and Krafla fires. They studied the relationship between the Krafla
Fissure Swarm and the caldera as well as the impact of the Húsavík Transform Zone on the
Krafla Fissure Swarm. By studying fracture density and geometry of faults and fissures they
concluded that the influence was considerable. They noticed a widening of the Krafla Fissure
Swarm at their intersection. Earthquakes during the Krafla rifting events (1975-1984)
propagated away from the Krafla Fissure Swarm, towards the Húsavík Faults, which
suggests a subsurface continuation of the Húsavík Transform Fault. The uncertainty in the
location of earthquakes used in this study is about 1 km in lateral plane, it is somewhat higher
for the absolute locations. Therefore, the offset observed between earthquakes and the fissure
swarm could be caused by uncertainties in the earthquake location (Hjartardóttir et al., 2012).
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Table 1 The geological history of the Krafla area. Pink shaded areas represent interglacial
periods and blue shaded areas glacial periods. Based on Sæmundsson, 1991.
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Borehole data and subsurface interpolations
2D stratigraphic and alteration profiles have been interpreted several times through the
drilling history of Krafla (Stefánsson, 1977; Ármannsson et al., 1987; Mortensen et al., 2009;
Weisenberger et al., 2015).
Alteration minerals
The type of alteration minerals formed depends on the temperature at which they become
stable (Figure 17). In high temperature geothermal systems in Iceland, alteration ranges from
zeolite facies to greenschist facies (Friðleifsson, 1991). Smectite and zeolites are low
temperature alteration minerals formed at 100-200°C. Towards the inner part, with
increasing temperature, zeolites disappear, at temperatures between 200°C and 230°C mixed
layer clays (MLC) prevail and are at last transformed into chlorite at 220-240°C. At higher
temperature, at around 230-250°C, epidote becomes abundant and at 280°C actinolite
becomes stable (Figure 17) (Kristmannsdóttir, 1979). By recording the depth of the first
appearance and extent of the minerals, former thermal condition of the system can be
determined. In most cases alteration minerals are stable even though temperature in the
system drops. Therefore, they record the minimum temperature the system has experienced
in the past. Formation temperature (estimated temperature in the reservoir) is, therefore,
important to compare to the alteration to investigate the thermal evolution of the reservoir.
Parameters affecting the alteration are temperature, pressure, lithology and subsurface
structure of the rocks (Flóvenz et al., 2012).
Chemical data
Chemical analyses provide information about the subdivision of the reservoir in Krafla,
locations of in-flow and up-flow, origin and formation of superheated steam, thermal
situation of the system, phase segregation and the existence of magmatic fluids. The origin
of recharge of the fluid was studied by Darling and Ármannsson (1989). They suggested that
more than one source was present; the fluid in the sub areas to the north was derived from
local precipitation and a deep inflow of possibly old fluids from far south (Darling and
Ármannsson, 1989). The geothermal field has been grouped into seven sub-areas based on
geochemistry and geography. These are: Upper Leirbotnar, Lower Leirbotnar, Leirhnjúkur,
Vítismór, Suðurhlíðar, Vesturhlíðar, Hvíthólar and Sandabotnar (Ármannsson et al., 1987;
Mortensen et al., 2009; Ármannsson et al., 2015).
Throughout the drilling history in Krafla, geophysical well logs have been gathered and used
for lithological correlation between wells. These data are presented in section 2.3.2.
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Geophysical and potential field data
Resistivity
Resistivity models are of great value in geothermal exploration. In high temperature areas,
resistivity is mainly controlled by the presence of alteration minerals – which is an indicator
of former fluid paths and temperature. All high-temperature systems in Iceland show similar
resistivity structure. A low resistivity cap (caused by low temperature alteration minerals)
marks the outer margins of the reservoir while resistivity increases with depth and towards
the interior of the reservoir (Árnason and Flóvenz, 1992).

Figure 17 To the left: Resistivity, temperature and alteration of the basaltic crust in Iceland
(Flóvenz et al., 2012). To the right: Max and min alteration temperature for different
minerals (Guðmundsson, 2005).
Resistivity measurements have been conducted in Krafla using several methods. Their
characteristics is presented in Table 2. From 1970 to 1984, some 120 measurements were
performed, using the Schlumberger and dipole-dipole method (Karlsdóttir et al., 1978;
Árnason and Karlsdóttir, 1996). Their interpretation gave a fairly detailed picture of the
resistivity structure in the uppermost 1 km of the subsurface. The model showed a low
resistivity anomaly inside the caldera (Karlsdóttir et al., 1978). In the eighties resistivity
measurements were conducted using TEM (Transient Electro-Magnetics) (Tulinius, 1980).
TEM and MT (Magnetotellurics) are the most common methods used today for resistivity
prospecting in high temperature geothermal fields. TEM soundings show the resistivity
distribution of the uppermost 1 km of the system while MT measurements reveal the
resistivity distribution at greater depths, several km (Hersir and Flóvenz, 2013). In 2000,
about 150 TEM measurements were made in the Krafla area. An MT resistivity program was
initiated in the area in 2005. MT soundings were carried out at the same location as the TEM
measurements and the two datasets were jointly inverted. Inverting TEM and MT data jointly
results in a more correct resistivity model due to the inherited static shift of the MT data
(Árnason et al., 2011).
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TEM and MT measurements acquired during 2004-2006 in Krafla have been 1D and 3D
inverted (Árnason et al., 2011; Rosenkjaer et al., 2015). The MT data reveal a conductor in
the uppermost few hundred meters, and a deep lying conductor at a depth of 8-12 km. Using
1D inversion, the resistivity distribution is only allowed to vary with depth. In 3D inversion,
the resistivity changes in all three directions. The 3D inversion requires good areal sounding
coverage (Flóvenz et al., 2012). A comparison between 1D and 3D resistivity is discussed
in section 2.4.2. The 3D inversion data show an ESE-WNW lying high resistivity structure
bordered by low resistivity on each side down to ~ 4 km depth. This is probably related to a
dike complex where high resistivity is thought to reflect fully crystallised rocks, while the
low resistivity could reflect partially molten rocks (Weisenberger et al., 2015).

Table 2 An overview of subsurface resistivity methods. They are either passive (using
natural signals) or active (source is controlled).
METHOD

EXPLORATION PROCEDURE
ACTIVE/PASSIVE
DEPTH (KM)
DC (DIRECT
0.5 – 1
Current is injected into the ground
Active
CURRENT)
through two electrodes, which
SCHLUMBERGER
produces an electrical field. The
potential difference between two
other electrodes is measured.
MT
1 – 10
Alternating current is induced in
Passive
(MAGNEOTELLURICS)
the ground by natural oscillations
of the Earth’s electromagnetic field.
The electrical field is measured on
the surface through electrical
dipoles (x, y) and the magnetic field
is measured using coils in three
directions (x, y, z).
TEM (TRANSIENT
0.5 – 1
A current is injected into a loop on
Active
ELECTROthe surface which creates a
MAGNETICS)
magnetic field. The current is
turned abruptly off and creates a
secondary magnetic field, which
decays with time depending on the
resistivity structure. The monitored
signal is the decaying magnetic field
at the surface caused by induced
currents at depth.
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Seismicity
Seismic studies give information about the structural pattern of the subsurface and
indications of the stress field in the area. Páll Einarsson studied the S-wave attenuation in
the Krafla area to delineate a magma chamber. He located the chamber at a depth of a 3-7
km and inferred it to have an irregular form (Einarsson, 1978). Einarsson and Brandsdóttir
(1980) interpreted seismic events during one of the deflation periods in the Krafla fires. They
concluded that areas of maximum earthquake activity and areas of maximum surface faulting
usually coincided. They also studied the stress field of the area and suggested the regional
stress to be stronger than the local stress (Brandsdóttir and Einarsson, 1979). Both refraction
and reflection surveys have been conducted in Krafla. The earthquakes are monitored via a
monitoring network on the surface and the arrival times determined from its waveform
dataset.
Brandsdóttir and Menke (2008) generated a travel time diagram of seismic waves that gave
some evidences about the average crustal structure. A 250 km long seismic refraction profile
was acquired in NW-Iceland. Compressional velocity in the range of 2.69-6.71 km/s was
found for the uppermost 17.8 km (Brandsdóttir and Menke, 2008). The profile is called FIRE
(Faroes-Iceland Ridge Experiment) and is shown on Figure 18. Brandsdóttir et al. (1997)
created 2D velocity models across the Krafla central volcano, interpreting a 40 km wide high
velocity dome beneath the Krafla volcanic system that reaches up to a depth of 11-14 km.
This high velocity structure becomes narrower towards the surface, possibly reaching the
magma chamber, where P-wave velocity delays and S- wave shadows are seen (Brandsdóttir
et al., 1997). P-waves are strongly attenuated in two areas in the 1D velocity model. They
are at 1300 and 1700 m depth and are caused by two thin, flat low lying velocity layers
(Figure 18). They do not exhibit strong S-wave attenuation. Therefore, they cannot be
explained by layers of magma. Based on comparison to borehole data from Ármannsson et
al. (1987), the layers are thought to be associated with high porosity, steam and water
charged geothermal aquifers. Brandsdóttir et al. (1997) estimated the thickness of the magma
chamber by the observed P-wave velocity delay. Its thickness is varying between 0.75 km
and 1.8 km, assuming a velocity through the magma about 3 km/s and a background velocity
of 5-6 km/s. Based on these interpretations, a volume range of 12 – 54 km3 is estimated by
assuming a tabular shape (Brandsdóttir et al., 1997).
Another refraction survey was conducted through Krafla on a smaller scale by National
Energy Authority, Geothermal division, in 1961-1963 and 1971-1973. Seismic waves were
generated in five lakes in the area; Víti, Höskuldsvatn, Mývatn, Sandvatn and Eilífsvötn
resulting in 13 refraction profiles. Only a preliminary interpretation of the data is available
(Figure 19) (Ágústsson, 2011).
As a part of the IMAGE project, a vertical seismic profile (VSP) experiment was performed
in Krafla. This was the first time this method was applied as an exploration technique in a
high temperature area in Iceland. The survey was carried out in two boreholes, K-18 and K26 in the summer of 2014. The project aimed at testing if zones of magma, supercritical
fluid, superheated steam and high permeability could be detected in the geothermal field.
Seismic waves were generated using an active source; air gun for the zero-offset seismic
signal excitation and dynamite explosives for the far-offset shots. Receivers were placed
inside the two selected VSP boreholes. Several different experiments were tested depending
on the distance of the seismic source from the two wellheads. A “zero offset” (source as
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close as possible to the wellhead) is the simplest and most common experiment. For K-18
and K-26, water pits were located 29 and 35m, respectively, away from the wellheads for
the zero-offset experiment (Kästner, 2015; Planke et al., 2016). Processing of data resulted
in reflection profiles down the wells giving inference to density contrasts below surface.
Processing from both air gun and dynamite sources resulted in good quality VSP data
(Planke et al., 2016). A good correlation was seen between zero-offset VSP data and
borehole data. Comparatively high reflections were detected in basalt and intrusive
sequences, whereas hyaloclastite and dolerite intervals were characterized by lower
reflections. No major fluid zones or steam caps were observed for the zero offset experiment
(Planke et al., 2016; Kästner, 2015). Interpretation of the data from the far-offset shots have
not been accomplished yet.
A passive seismic monitor network has been developed for the Krafla area and maintained
by the Science Institute of the University of Iceland, ÍSOR, Landsvirkjun and Meteorological
Office (IMO). The network was initiated by the Science Institute in 1974. IMO took over as
the SIL (South Iceland Lowland) network developed in the nineties (Einarsson and
Björnsson, 1987). Currently the network consists of 23 stations, including Námafjall and
Þeistareykir as well as six SIL stations (Blanck et al., 2017).

Figure 18 The W-E striking FIRE refraction profile, extending from Eyjafjörður (EY) in the
W, towards Reyðarfjörður (REY) in the E, crossing the Krafla volcanic system. The magma
chamber shows low P-wave velocity right within a higher P-wave velocity which is due to
intrusions or rising of the mantle. Adapted from Brandsdóttir et al. (1997).
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Figure 19 Velocity profiles from Krafla. The blue, green and red coloured profile are the
interpretation from National Energy Authority and the black dotted is from Brandsdóttir
et al. (1997). Taken from Ágústsson et al., 2011.

Location of earthquakes has been used to delineate the brittle-ductile boundary below Krafla.
Basalts in the oceanic crust start to become ductile at 700–800°C (Violay et al., 2012).
Results from Blanck et al. (2017) show that the main seismic activity occurs in six clusters
above 2.3 km. Most earthquakes occur between a depth of 2.5 to 4 km and vertical
distribution of events indicates location of brittle-ductile boundary at about 2.3 km depth.
Schuler et al. (2015) performed a 3D tomographic inversion of the Krafla central volcano.
Models of Vp and Vp/Vs ratio were presented and compared to other interpretations. Low Vp
anomalies coincide well with the S-wave shadows from Einarsson (1978). Other Vp lows do
match with low density postglacial eruptive products and high Vp bodies were believed to
indicate high-density intrusions. The Vp/Vs ratio model is useful for lithological and
rheological interpretations because the ratio reflects petrophysical properties of the rock.
High and low Vp/Vs ratios reflect higher or lower porosity and low Vp/Vs are close to the
rhyolite intrusion below IDDP-1 (Figure 20) (Schuler et al., 2015).
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Figure 20 A Vp/Vs ratio model of Krafla intersecting the two wells that have been drilled
into magma, IDDP-1 and K-39. The black points are hypocenter clusters, used to calculate
in situ Vp/Vs. (Schuler et al., 2015).
Gravity
Gravity anomalies are caused by lateral density variations i.e. basement depth variations, rim
of caldera, intrusive rock, alteration, porosity variations, faults or dikes. Gravity results have
been used to map the Krafla caldera and interpret its evolution (Johnsen, 1995; Árnason et
al., 2011). Bouguer and Free air gravity maps have been presented and reviewed several
times in the drilling history of Krafla. In 1967-1984 an extensive gravity survey was carried
out (Johnsen, 1995). The most recent Bouguer and Free air maps were published by
Magnússon (2016). The maps show gravity in the Krafla and Þeistareykir areas. A striking
Bouguer gravity high coincides fairly well with the caldera rims and is most likely related to
intrusions that are denser than the surroundings (Árnason et al., 2011). In the Bouguer map
(Figure 21), the most striking features are a NNE-SSW and ESE-WNW trending gravity
lows. The NNE-SSW low is along the fissure swarm but the latter one has been interpreted
as a transform graben filled with less dense rocks (Árnason et al., 2011).
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Figure 21 Bouguer gravity map of Krafla caldera and its surroundings. Inner and
outer caldera rims are visualized and black triangles mark measurement sites. The
main production area is located north of the WNW-ESE gravity low (Magnússon,
2016).
Aero magnetic anomaly data
The magnetic anomaly pattern of Iceland shows broad negative anomalies over all high
temperature geothermal areas, where data coverage exists (Serson et al., 1968). Negative
magnetic anomalies can indicate demagnetisation of magnetic minerals caused by high
temperatures and can also reflect structural changes (intrusions, younger lavas etc.). The
Science Institute of the University of Iceland performed an aeromagnetic survey in 1970
across the broader Krafla region using magnetometer developed by Þorbjörn Sigurgeirsson
(Einarsson and Björnsson, 1987). The map was published in 1971, revised in 1978 and has
not been updated since. It shows ESE-WNW and NNE-SSW trending magnetic lows running
through the production area and a significant magnetic low at Suðurhlíðar and Leirbotnar
(Figure 22). This anomaly coincides with geothermal manifestations on the surface and is
most likely caused by high temperature at some point and high degree of alteration
(Guðmundsson et al., 1971; Karlsdóttir et al., 1978).
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Figure 22 Aero-magnetic map of Krafla caldera showing the most distinct magnetic low
below Suðurhlíðar and Leirbotnar (Karlsdóttir et al., 1978).

2.2.1 Previous conceptual models
Several comprehensive conceptual models of the Krafla geothermal area have been made.
The first one was presented in 1977 and was mainly based on surface exploration data and
data from the first 11 wells (Stefánsson, 1977). Maps showing gravity data and the results
from 1D interpretation of resistivity data were presented and lithology and flow paths as
cross sections. A simplified tectonic map was presented where emphasis was put on the
connection between surface geothermal activity and tectonic features. Maximum
temperature was estimated using CO2/H2 ratio and the amount of H2 in fumarole steam
(Stefánsson, 1977; 1981). A report on modelling studies was presented by Guðmundur S.
Böðvarsson and Karsten Pruess in the eighties (Böðvarsson and Pruess, 1982). It describes
numerical modelling studies and showed a good match with field data. At that time, more
detailed exploration work had been carried out regarding physical properties of the rock
(permeability, transmissivity, etc.). The effect of injection was estimated, the capacity of the
area was modelled and predictions made regarding power generation. The model also
revealed a clearer picture on the subsurface around the Hveragil fault zone. In many respects,
that model is still valid today (Weisenberger et al., 2015).
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In the late eighties a simplified 2D simulation model of Hvíthólar sub-area was developed
using the SHAFT-79 program. This was only based on three wells; K-21, K-22 and K-23.
Distribution of temperature and pressure was simulated and the amount of up-flow and
temperature was estimated 10 kg/s and ~ 300°C hot fluid. Volume calculations were done
and the area estimated to last for less than 10 years (Tulinius and Sigurðsson, 1988). For a
more precise modelling it was decided to add the third dimension to the model in 1991 using
TOUGH. TOUGH created an opportunity to estimate the volume of the reservoir more
accurately as well as the capacity and reaction of the reservoir. More precise values for outflow and temperature were presented and the area estimated to last for at least 10-20 more
years (Tulinius and Sigurðsson, 1991).
In 1996-1997, a conceptual model was presented focusing on synchronization between the
conceptual and numerical model. Böðvarsson’s and Pruess conceptual model from 1982 was
revised, with the emphasis on defining fluid paths of hot and cold fluids. This was mainly
based on known permeable structures, barriers and surface manifestations, and temperature
and pressure measurements. The main conclusions drawn from the updated conceptual
model were that the Hveragil fault zone reached further to the south than in the previous
model (Björnsson et al., 1997). Following the revision, a detailed 3D simulation model was
constructed in TOUGH as well. Predictions were made assuming additional production in
the Suðurhlíðar sub-area (Tulinius and Sigurðsson, 1991; Björnsson et al., 1997). This led
to a proposed expansion of the Krafla power plant, requiring further exploration and drilling.
Following that a reassessment of the conceptual model was presented in 2009, where size,
temperature and capacity of the reservoir were recalculated. More emphasis was put on
certain sub-areas that were more likely to be productive than other parts of the system
(Mortensen et al., 2009). The latest revision of the conceptual model was published in 2015.
Only two new wells had been completed between 2009 and 2015 (IDDP-1 and K-40). Some
re-analyses were made on alteration and re-interpretation of resistivity data in addition to the
3D visualization being upgraded and developed (Weisenberger et al., 2015). The latest
revision was partially based on 3D models that were developed in Petrel, a software for 3D
mapping, modelling, and visualization.
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2.3 Input data and methods
Since the publication of the latest Krafla conceptual model in 2015 (Weisenberger et al.,
2015), additional measurements and re-interpretations of available datasets have resulted in
an update of various geophysical and geological parameters. During the acquisition of
available and recently acquired data and in the making of a preliminary version of a
workflow, it was decided to divide the data into two groups; surface geophysical data, and
subsurface borehole data. The added geophysical surface data are:








Location of seismic events from October 2013–November 2016 (Blanck et al., 2014,
2016, 2017);
Focal mechanism analyses from eight selected earthquakes in 2016 (Blanck et al.,
2017);
Seismic refraction profile data from 1971-1973 (Ágústsson et al., 2011);
Seismic tomography presenting Vp and Vp/Vs ratio models (Schuler et al., 2015);
3D inversion of resistivity (Rosenkjaer et al., 2015);
Aero – magnetic map (Karlsdóttir et al., 1978);
Bouguer and Free air gravity maps (Magnússon, 2016).

The borehole data include collected data during and after drilling for all boreholes:





Drill cutting analyses for lithology and alteration
Geophysical log data (drilling and wireline)
Feed zone interpretations for their locations and size estimation
Grouping of well quality based on enthalpy and energy production

New geophysical log data presented in this project are Televiewer logging results of well K18 (Árnadóttir 2014; Blischke et al. 2016) and VSP (Vertical Seismic Profile) profile from
well K-18 and K-26 (Planke et al., 2016). Lithology interpretation based on drill cuttings has
been included in digital format for all the wells, and additional data from well K-41 that was
drilled in 2016. All these datasets are used as a basis for the presently updated geological
static model.

2.3.1 Petrel software
The 3D reservoir modelling software used for this study is Petrel, a Windows based software
for 3D mapping, modelling and visualization (Schlumberger, 2014). Petrel is developed by
Schlumberger for reservoir modelling in the Petroleum industry, but is also used broadly in
the geothermal industry in Europe. The software is suitable for all reservoir modelling and
its functions can also be applied in geothermal interpretations, such as seismic reflection data
interpretation, geological, structural, petrophysical, and reservoir modelling. It helps to give
an insight into complex reservoirs and a better understanding of the modelled system. The
software provides different tools and modules for solving structural and stratigraphic
features. Input data have to be prepared for suitable import formats. The software allows
manual digitisation and data manipulations in 2D and 3D working environments. Therefore,
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it is easy to update models dynamically, when new information becomes available. Petrel
has been used for 3D modelling work by ÍSOR since 2008.

2.3.2 Input data
The subdivision of geophysical and borehole data is described in the following section, and
the sources and constraints on the different datasets are also discussed.
Surface geology
Surface geological mapping in Krafla is mainly based on field observations and aerial
photography. Sæmundsson (2008a, 2008b) mapped the geological and geothermal features
which have been imported into the Petrel database. The surface geological map displays
different rock formations, ages and names of sub- and postglacial extrusive and intrusive
deposits, surface tectonic features and topography. The geothermal maps show geothermal
manifestations and surface alteration features. These datasets provide key data and
constraints on structure, lithology, alteration and surface manifestations. Location and
geometry of tectonic features, such as faults, fractures and fissures, and variations in
lithology are important because of their variance in petro-physical and transmissivity
properties that control the geothermal upflow and the reservoir extent.

Surface geophysical data
Surface geophysical data include measurements made on the surface, reflecting the
subsurface structure. The geophysical techniques detect changes in physical properties that
might bring constraints on the thermal structure.
Location of seismic events
Micro-earthquake data of the Krafla area, spanning the period from October 2013 to
November 2016, were located and analysed by Blanck et al. (2014, 2016, and 2017). Their
locations have been imported into the model. These locations are based on a seismic network
run by ÍSOR, Landsvirkjun and the Icelandic Meteorological Office (IMO). A total of 23
stations are included in the network, most dense at the centre of the caldera. The distribution
of earthquakes shows the effects of injection and production boreholes, and is also used to
estimate the location of the brittle/ductile boundary, tectonic features, seasonal variations
and possible heat sources.
Focal mechanism
Focal mechanism describes the nature of a single earthquake. They were analysed for eight
selected earthquakes in Krafla (Blanck et al., 2016). The eight events were chosen based on
their location, from different clusters and different sub-areas inside the Krafla geothermal
field. The resulting dataset, including locations, dip azimuth and slip directions, was
imported into Petrel. The events were around and within the main production area spanning
a depth from 1,460 m down to 2,690 m. The focal mechanism shows different results as no
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obvious trend is seen in the data. The events show both normal faulting with different strike
directions, as well as oblique, and strike-slip faulting mechanism (Figure 23). It is worth
noting that the events are located at shallow depths, inside the caldera and above the magma
chamber. These factors, as well as geothermal activity can affect the results. Therefore, no
consistent regional trend can be identified from these data (Blanck et al., 2016) rather they
point towards the complex fault system of the area.

Figure 23 Focal mechanism of eight selected earthquakes. Only one event is almost purely
strike-slip. Others show normal faulting with portions of strike-slip (Blanck et al., 2016).

Seismic tomography
Seismic tomography was performed using 1,453 earthquakes from Þeistareykir and Krafla
volcanic systems spanning the period from 2009 to 2012 (Schuler et al., 2015). Arrival times
of P- and S-waves were used to construct a tomographic model. The model indicates slower
or faster seismic velocity regions in the system. Vp and Vp/Vs ratio models were obtained
using 3D tomographic inversion. Active and passive seismic data from Brandsdóttir et al.
(1997) were used for inversion at greater depth. The tomographic inversion including Pwave velocity and Vp/Vs ratio from Schuler et al. (2015) is imported to the Petrel model.
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Resistivity
Two resistivity models have been imported to the Petrel model, both the 1D and 3D
inversion. The 3D inversion presented here is based on 163 static shift corrected MT
sounding data (TEM data used for the shift correction), acquired by ÍSOR, Duke University
and Moscow State University in the summers of 2004–2006 (Árnason et al., 2011). The
location of the MT and TEM stations is shown in Figure 24. The data were interpreted using
different inversion codes published in Gasperikova et al. (2015) and Rosenkjaer et al. (2015).
WSINV3DMT, a 3-D inversion program for MT data was used for the resistivity modelling
presented here (Gasperikova et al., 2015). The inversion was obtained from an initial model
assuming homogeneous earth of 20 Ωm. The code does not allow to include the topography.
Static shift affects MT results and is caused by near surface resistivity in homogeneities and
topography (Árnason, 2015). TEM data are used for these corrections.
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Figure 24 Resistivity at 1000 m depth. Red triangles are MT stations and black triangles
TEM stations. Sub-areas are as follows: Hvannstóð (Hva), Leirhnjúkur (Lh), Vesturhlíðar
(Vh), Vítismór (Vm), Leirbotnar (Lb), Suðurhlíðar (Su), Vestursvæði (Ve), Hvíthólar (Hv),
Sandabotnar (Sa). Thick black lines mark outer and inner calderas.

56

Aero-magnetic
The aero-magnetic map of Krafla has been imported to Petrel. Digital data behind the map
were not available. For that reason, the map was imported as a jpg-file. The original map
covers the area of Krafla, Námafjall and surroundings (180 km2). Only data from the area
around Krafla was imported to Petrel, consistent with other datasets. The magnetic field is
represented in nTesla (Karlsdóttir et al., 1978).

Gravity
Gravity data are visualized by Bouguer and Free air gravity maps. The gravity data have not
been interpreted as spatial density variations. The Free air and Bouguer gravity datasets are
based on measurements from 1975-2015, using a background density of 2,510 kg/m3 for
Bouguer and terrain correction (Magnússon, 2016). In total 977 measurement points were
used in the maps, their distribution is largely based on accessibility in the field. A
topographic correction was calculated using a topographic model with a pixel size of 25 m.

Borehole data
Lithology and alteration profiles were established for the wells based on the analyses of
cuttings collected at 2 m interval during drilling. Data were achieved from reports for each
well. Depth correction of well logs and lithology had only been performed in some of the
wells, but that is not believed to affect the lithological model.

Lithology
Most of the cutting analyses had already been imported into the Petrel database. However,
no computerized data were available for the stratigraphy of 16 wells (Mortensen, 2009;
Weisenberger et al., 2015). These logs were prepared in digital form and added to the model.
Each lithological description has its own code, based on characteristics such as grain size,
fabric and colour (Appendix D). It is important to note that the quality of the description and
analyses of cuttings differs throughout the drilling history of Krafla. An example of that is
what was initially interpreted simply as an intrusion, would be interpreted as a coarse grained
basalt intrusion later on. Intrusions are formed at different times and cross-cut the volcanic
strata. Their formation is not planar. Therefore, it was decided to exclude the interpretation
of intrusions from the main lithology logs during the well correlation, but separate and
visualize them as an independent column. Correlations in between the lithology logs were
done with the aid of geophysical logs if available. This method has also been used
consistently in geothermal investigations in order to confirm or identify different rock
formations (Steingrímsson, 2011). Besides the VSP experiment resulting log data, additional
wireline borehole well log data of different physical properties vs. depth were included from
ÍSORs database, such as resistivity (RES), neutron-neutron (NN), gamma ray (GR), Caliper
(CAL), temperature (T), pressure (P), and borehole Televiewer (BHTV) data.
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Resistivity logs (RES16 and RES 64) indicate alteration state and compactness of the rock.
A constant electric current is injected and the response of normal electrodes is detected. The
normal electrodes, short (RES16”) and long (RES64”) are fixed on the logging probe. The
length represents the spacing of the two potential electrodes from the electrode situated near
the bottom of the probe. The response detected, varies with rock type and fluid content of
the lithological unit, whereas the current tends to flow more easily through fluid fillings,
pore space and altered rock. Temperature and water salinity can also affect the resistivity
(Flóvenz et al., 2012).
Neutron- neutron log (NN) is sensitive to the density of hydrogen nucleus near the logging
tool and reflects the rock matrix porosity. A neutron source is placed at the bottom of the
probe and emits high energy neutrons. Detectors on the probe record counts per second (cps)
down the well, which is later converted to API_NU (American Petroleum Institute standard
neutron log units). Water absorbs the neutrons which means that if the presence of neutrons
detected by the logging tool is low, the rock is most likely highly permeable or porous
(Steingrímsson, 2013a).
Gamma logs (GR) are indicative of the radioactivity of the rock, here specifically the natural
occurrence of radiation from potassium GR can be used as a lithology type differentiator, as
the concentration of radioactive isotopes is approximately ten times greater in felsic rock
than in basaltic rock (Hearst et al., 2000). Felsic formations are relatively rare in Icelandic
crust and observed felsic layers on gamma ray data stand out. Gamma logs are often run
together with neutron – neutron logs and are standardised as API-GU (American Petroleum
Institute standard gamma ray log units) (Steingrímsson, 2013a).
Caliper logs record variations in the borehole´s diameter. Therefore, they give an inference
about the formation strength. Two sets of Caliper log tool arms (X and Y) are pressed against
the borehole wall to measure the width in 2 dimensions within the borehole. The motion is
recorded in inches as a function of depth (Steingrímsson, 2011). A wide borehole indicates
softer and washed-out, or more broken depth intervals whereas narrow borehole indicate
rather stable and hard formations.
Temperature and pressure logs are fundamental in geothermal investigation. Temperature
logs provide data about reservoir temperature, location of feed zones, temperature gradient
and heat flow. Pressure is determined by pressure logs and is dependent on fluid circulation,
injection and production during drilling. These logs are run during and after drilling with the
aid of estimating formation temperature and reservoir pressure. Having pressure and
temperature logging data from several wells, maps showing distribution of formation
temperature and pressure can be drawn (Steingrímsson, 2013b).
Televiewer (BHTV) is a logging tool used to map permeable fractures in geothermal wells.
It produces an acoustic image of the borehole wall. The image represents reflectance and
roughness of the wall and the geometry in the well. Orientation, dip and strike is determined
(Steingrímsson, 2013a). Comparing Televiewer data with lithology log enables separation
of bedding and structural features as well as distinguishing intrusive features from the
bedrock (Blischke et al., 2016).
Vertical Seismic Profiling (VSP) was recently applied in geothermal investigation in Iceland
as a part of IMAGE. Its purpose is to map physical properties of the rock e.g. magma pockets,
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structural features, zones of supercritical fluids and superheated steam. A seismic wavelet is
detected down the well. Its propagation reflects physical properties of the rock, which then
can be used to correlate with other borehole datasets, and give an idea about the structure
close to the borehole (Planke et al., 2016).

Alteration
First detection of zeolites, smectite, mixed layer clays (interstratification of different clay
minerals; illite-vermiculite, illite-smectite, chlorite-vermiculite, chlorite-smectite, and
kaolinite-smectite) chlorite, epidote and actinolite were already available in the previous
Petrel model. They had been arranged into zones based on different reference temperature.
These zones are: Zeolite-smectite zone, mixed layer clay (MLC) zone, chlorite zone,
epidote-chlorite zone and epidote-actinolite zone (Table 3). These analyses are based on
XRD (X-ray diffraction), drill cuttings and petrographic analyses (Mortensen et al, 2009;
Weisenberger et al., 2015). For the updated alteration model, information about quartz and
disappearance of calcite have been added (Figure 25).

Table 3 Division of alteration minerals into alteration zones, based on reference
temperature. Based on Ásgrímsson (2005).
ZONE

REFERENCE
TEMPERATURE (°C)

ALTERATION MINERALS

ZEOLITE-SMECTITE

50-200

Low temperature zeolites, smectite

MIXED LAYER CLAY

200-230

Low temperature zeolites disappear and
smectite is transformed into chlorite.
quarz, wairakite, calcite, pyrite are also
present

CHLORITE

230

Smectite disappears and
becomes the dominant mineral

clorite

EPIDOTE CHLORITE

230-270

Prehnite, epidote, wollastonite, chlorite

EPIDOTE ACTINOLITE

270-350

Epidote, actinolite
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Figure 25 Alteration model for Krafla. Modified from Weisenberger et al., 2015. Updated
alteration zones; Quartz (upper dashed line) and disappearance of calcite (lower dashed
line) are also shown.

Feed zones
Locations of feed zones had already been implemented to the model (Mortensen et al., 2009;
Weisenberger, 2015). They are based on downhole temperature logging data, pressure logs
and circulation losses. They may also be identified through drill cutting analyses. Feed zones
have been grouped into 3 groups based on their size. They are located where the well crosses
a fracture or permeable lithological layer, and indicate the presence of geothermal fluid entry
into the well. They are of great importance when interpreting permeable structures and an
important addition to the large-scale structural interpretations.

Formation temperature
Temperature logs during warm up periods are available for each well. The logs were used as
a basis for a 3D formation temperature model that has been developed and imported into
Petrel (Mortensen et al., 2009); Halldórsdóttir et al., 2010). The model was created in 2009
and has not been updated since. Three wells, IDDP-1, K-40 and K-41, have been drilled after
that and are not incorporated into the model. The model shows variations between different
sub-areas in Krafla. The main upflow is located around the Hveragil fault, between
Suðurhlíðar, Vesturhlíðar and Leirbotnar sub-areas. The model shows clearly the division
between the Upper and Lower Leirbotnar systems except for two wells, K-06 and K-29 in
Leirbotnar. However, drawdown in well K-06 has been explained by the production in well
K-28, located north of K-06 and K-29. Well K-06 was not very productive and is, therefore,
only used for monitoring. A sudden temperature drop is observed west of well K-18, which
is the easternmost well in Suðurhlíðar sub-area, demonstrating the location of the boundary
of the geothermal system. Changes in the system such as pressure drawdown and effects
from older wells have not been accounted for in the model (Mortensen et al., 2009).
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3 Petrel’s output: 3D geological static
model
The data listed in section 2.3 have been digitally compiled and are imported in Petrel’s 3D
Krafla model. Since the data are from different dates periods in the research history of the
Krafla system (from the 1970s to 2016), they required quality assessment and in many cases
pre-processing. Table 4 gives an overview of the data models included. Detailed model
construction constraints and settings, such as cell size, numbers of layers etc., are found in
Table 1 in Appendix A.

Table 4 An overview of 3D models in the 3D Krafla geological static field model.
MODEL

BASE
LIMIT

TOP LIMIT

MODELLING
AREA
(KM)

MODEL
TYPE

SOURCE

GEOLOGICAL
MODEL

-2000

Topography

~ 2.7 x 2

Pillar
gridding

Mortensen et al., 2009;
Weisenberger et al.,
2015; well reports 19762016

ALTERATION
MODEL

-3000

Topography

~5.3 x
5.3

Simple
grid

Mortensen et al., 2009;
Weisenberger et al.,
2015; well reports 1976 –
2016.

FORMATION
TEMPERATURE
MODEL

-2000

Topography

5.6 x 5.6

Simple
grid

Mortensen et al., 2009

RESISTIVITY
MODEL (1D)

-15.000

Topography

12.4 x 10

Simple
grid

Árnason et al., 2011

RESISTIVITY
MODEL (3D)

-11.000

Topography

11.5 x
11.5

Simple
grid

Rosenkjaer et al., 2015

TOMOGRAPHIC
MODEL

-6000

1000 m

21.6 x 26

Simple
grid

Schuler et al., 2015

3.1.1 Geological model
The geological model is composed of a lithological and a structural model. The lithological
model gives an idea about the lateral and vertical heterogeneity of formations. The Krafla
geothermal area is complex both in terms of structure and lithology. Therefore, lithological
correlation throughout the area is not straightforward. As mentioned earlier the dominant
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formations in Krafla are basaltic lavas and hyaloclastite formations and their distribution is
not easy to implement into a 3D model, especially hyaloclastite formations from different
areas (Mortensen et al., 2009; Weisenberger et al., 2015). Petrographic analyses have not
been performed in all of the wells, which results in rather rough grouping of the geological
units. Contacts and boundaries are, therefore, not well constrained. However, the model
shows key lithofacies units that represent differences in the overall lithotype and
transmissibility. In areas where few wells have been drilled, the Petrel software extrapolates
the horizon created by a point set from other wells.
To avoid extrapolation over long distances, the subsurface geological models were limited
to the existence of the main production areas, namely the Leirbotnar, Suðurhlíðar,
Vesturhlíðar, Vítismór and Leirhnjúkur area (Figure 26). High well density minimizes error
and provides a better structural control for the model.
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Figure 26 The extent of the geological model is demonstrated as a grey shaded area. K-26
and K-18 are wells that were used in the IMAGE project. Sub-areas are the following:
Hvannstóð (Hva), Leirhnjúkur (Lh), Vesturhlíðar (Vh), Vítismór (Vm), Leirbotnar (Lb),
Suðurhlíðar (Su), Vestursvæði (Ve), Hvíthólar (Hv), Sandabotnar (Sa). Thick black lines
mark outer and inner calderas and orange dashed areas geothermal surface manifestations.
Lithological model
Construction of the lithological model was subdivided into three processes: Well correlation,
simple gridding and pillar gridding. Instead of performing these steps one after the other,
they were performed side-by-side, for quality control and cross checking. For well-to-well
correlation, boreholes were organized in a logical order within the 2D “Well Correlation
platform”. They were also divided into areas based on their elevation location. Well-to-well
correlations were performed from base to top, linking the boreholes by stratigraphic horizons
that subdivide the model into zones of formations with similar characteristics (Figure 27).
Viewing stratigraphic horizons in 3D with the lithological logs of each well, allow an
understanding of the geography and structure of each horizon.
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Formations
Series of different lithological models were created, using different constraints and settings.
While the model is constructed, an understanding of depositional environments and
underlying structural settings is very important to assess the origin and physical behaviour
of each formation unit. Hyaloclastite units form irregular ridges or mountains due to their
phreatic nature during sub-glacial eruptions, whereas basaltic lavas spread more laterally
filling and covering low areas during inter-glacial times. Horizon types are, therefore,
divided into four categories; erosional (intra-glacial and times of no eruptions),
discontinuous (e.g. hyaloclastite mounts), conformable (e.g. lava layers that follow the
underlying morphology), or base (e.g. the proposed base of the Krafla volcanic system,
sheeted intrusive rocks). The model in Figure 27 represents two hyaloclastite sequences, two
basaltic lava layers and three zones of infill sections that are composed of thin layers of
basaltic lavas, breccia, pillow lavas and tuff. As mentioned in section 2.3.2, intrusions are
not included in the model as a horizon. The lowest formation above the proposed basement
is, therefore, defined as lavas/intrusions unit, since it is likely that the number of intrusions
that cut the lava sequence at this depth increases at a later point in time.

Figure 27 A cross section showing the stratigraphy beneath the production area. The
colour coding key for the cuttings described in the wells is in Appendix D. Red colour
represents basaltic intrusions and yellow colour shows silicic intrusions. The section
strikes NE-SW (green line on the map).
The VSP seismic data from well K-18 recognized a strong signal at 1,800 m depth. Slightly
deeper, an increase is seen in resistivity logs and NN logs – indicating a denser or less porous
formations. The shift in NN and resistivity data was also recognized in other wells. As this
could indicate a different reflector in the strata, these shifts were picked and a horizon created
(Figure 28). This is implemented in the lithological model as “possible basement”. This term
is based on terminology from seismic surveys in sedimentary basins; “acoustic basement”
which is used for the deepest seismic reflector, often a bedrock overlain by stratified
sediments (Bruvoll et al., 2011). This rather dense rock formation could underlie the oldest
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formation within the caldera, formed during interglacial periods ~200000 years ago (Figure
29) including younger intrusions.
Until the glaciation, ~180000 years ago, lavas continued to form, as well as minor amounts
of hyaloclastites, forming the lower lavas in the lithological model (2). During the
progression of the glacier, tuff and breccia formed as well as thin layers of glassy and
finegrained basalt (3). As the glacier thickened for the next 50000 years, hyaloclastites
continued to form (4). The glacier retreat before the Eem interglacial period again caused
the formation of some breccias, thin tuffs and basaltic layers (5). During the Eem period (~
125000 -115000 years ago), lavas flowed on the ice free land (6).
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Figure 28 An example of a correlation panel where cutting analyses are grouped into zones of formation using correlation similarities and
geophysical logs. Reflectivity analysis data and P-wave velocity (km/s) from the VSP is shown in well K-18. Strong reflection is seen at ~1,300
m depth.
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Figure 30 A possible scenario of a generalized lithological section for the Krafla
area correlated to the geological history of Krafla by Sæmundsson (1991).

Figure 29 Numbers are representing relative age of individual formations,
described in Figure 29.
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As the next glacial period arrived another set of thin basaltic layers, tuffs, breccias and pillow
lavas were formed (7) followed by rather uniform tuff formations (8). The uppermost
formation (9) in the lithological model is composed of “mixed overburden” formed during
the Holocene. After the formation of the lava strata, basaltic, intermediate and silicic
intrusions have formed at various times and cut the lava strata. Other factors have affected
the structure of formations e.g. caldera collapse, subsidence due to the rifting, load of
volcanic material and glacial progression. Land has also been rising due to glacial retreat
and accumulation of magma below surface. Subsidence due to the rifting has been calculated
~20 m/10000 yrs. (Sæmundsson, 1991) resulting in 400 m subsidence during the geological
history of Krafla.
Two main phases of rhyolite volcanism in Krafla are identified. The earlier phase is related
to the caldera collapse ~100000 years ago, whereas the second phase is associated with a
glacial period and has been related to the emplacement of ring-dike structures when
Jörundur, Hlíðarfjall and Gæsafjallarani were formed (Sæmundsson, 1991; Jónasson, 1994).
An overview of silicic/intermediate formations is given in Appendix E. They are in the form
of tuff, breccia or crystallised rock and are most often in the lower part of the stratigraphy,
but are occasionally found near the top. An apparent silicic section is seen below Suðurhlíðar
and also in individual wells throughout the model. Felsic and intermediate tuff and breccia
have been analysed in wells K-6, K-35, K-37 and K-39 at a depth range between ~400 m a.sl
down to 600 mbsl.

Structural model
The structural model represents tectonic features within the geothermal area. Petrel offers a
structural interpretation module that allows incorporation of faults in a 3D grid. A total of
31 interpreted faults and fissures had been imported into Petrel as a part of the previous
conceptual models. Those were mainly based on surface mapping and borehole geological
data, supported by gravity data (Mortensen et al., 2009; Weisenberger et al., 2015). Only 11
of these faults and fissures were used for the structural model in this project. They were
selected based on comparison to other datasets: gravity, magnetics, seismicity, resistivity,
stratigraphy, feed zones, temperature, alteration and highly productive wells. Sudden
changes in these datasets across a tectonic feature might be caused by changes in fluid flow,
activated fault or geometry of the strata. By viewing tectonic features with regard to each of
these datasets, faults and fissures were evaluated and ranked (Table 5). The 11 faults and
fissures were imported into the model using pillar gridding, with a 100 m horizontal offset
limit that allows the forming of a fault escarpment within this set radius and fault trend. As
most faults did not appear to show major fault throws, a maximum fault displacement was
set to 40 m vertically.
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Table 5 Ranking of faults within the geo-static model. N-S fault III and N-S fault VI were picked as boundary faults in the model.
FAULT

BOUGUER
MAP

MAGNE
TIC

SEISMICITY

STRATIGRAPHY

MT/
TEM

HVERAGIL EXPLOSION

x

x

x

HIGH
ENTHALP
Y
x

KRÖFLUFJALL

x

x

x

x

HÓLSELDAR 3

x

x

VESTURHLÍÐAR CO2 _ W

x

x

x

x

x
x

NV-SA FAULT

x

NS FAULT V
NS FAULT IV
HÓLSELDAR FISSURE
DAL FIRES ERUPTIVE
FISSURE
N-S FAULT III

x

x
x

x

x

x

x

x

x
x

TEMPERATURE
x

MAIN
FEED
ZONES
x

x

x

6

x

x

4

x

7

3
x

5
4

x

x

x

x

x

x

x
x
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RANKING

4

x

N-S FAULT VI

ALTER
ATION

x

6

x

4
2
1

Geological facies model
Following the construction of the structural model described above, a preliminary geological
facies model was created (Figure 31). It was generated using sequential indicator simulation
that creates lithofacies values in all model cells. Therefore, it represents distribution of
lithological units in the area. As this model was constructed to focus on the in-situ
formations, intrusions were left out and the emphasis was on horizontal formations. First, all
well lithology logs were scaled up to fit the structural framework model grid cell distribution
for each main formation sequence. Variogram type, fraction and trends were set for each
lithofacies type within every zone, based on proportion curves. The model presented here is
more detailed than the pillar gridding structural model and is not as manually controlled. It
is important to note, however, that no faults are present in this model and its purpose is
mainly to cross check the geological model (Figure 32).

Figure 31 A Preliminary geological facies model of Krafla generated by scaling up
lithology from well logs and used to compare to the geological model presented in Figure
32.
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Figure 32 A comparison between the geological model, based on faults and correlations
between boreholes (N-W section), and the geological facies model, generated by scaling
up well logs (E-W section).
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Figure 33 A comparison of lithological log based on cutting analyses, including intrusions (to the left for each well), lithological log generated
from the geological facies model (in the middle) and lithological log generated from the lithological model (to the right). Generating different
models using different assumptions and building process is crucial to estimate the models reliability. Legend for different lithologies is found
in Appendix D.
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3.1.2 Resistivity
The most recent 3D resistivity inversion (Rosenkjaer et al., 2015) was used to compare
multi-disciplinary results and for joint interpretation. Figure 34 shows the 3D resistivity
model at different depths with reference to sea level. At great depths (-7000 m) two striking
conductors are seen below Leirhnjúkur (1) and east of Vesturhnjúkur (2) sub-areas. The
eastern one fades out at shallower depth (-3000 m) and another conductor, north of the
Vestursvæði (3), becomes more prominent (it is a bit vague at -7000 m). Conductors (1) and
(3) are more apparent at an even shallower depth (-3000 m). At -1000 m depth three
conductors are seen below Leirbotnar/Hvíthólar (4), and two additional conductors below
Sandabotnar (5). The resistivity highs show a curving towards the south. At -5000 m depth,
a WNW-ESE lying resistivity high starts to appear as well as a NE-SW lying resistivity high.
These lineaments are quite clear at -3000 m depth.

Log Ω m

Figure 34 The subsurface resistivity structure of Krafla based on 3D inversion. Blue
dashed lines delimit the resistivity highs but red circles the conductive areas. Sub-areas
are labeled as abbreviations on the map: Hvannstóð (Hva), Leirhnjúkur (Lh),
Vesturhlíðar (Vh), Vítismór (Vm), Leirbotnar (Lb), Suðurhlíðar (Su), Vestursvæði (Ve),
Hvíthólar (Hv), Sandabotnar (Sa). Black lines mark outer and inner calderas.
For a better understanding and easier comparison of the resistivity structures, trends in the
resistivity model were picked every 500 m using the Seismic interpretation module in Petrel.
A pseudo 3D seismic reflection data volume was generated, that contains the resistivity
model values instead of the seismic two-way-travel time. Structural trends were grouped and
coloured based on their strike. Blue coloured lineaments strike WNW-ESE, while red
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coloured lineaments strike NE-SW. Figure 35 shows how the interpreted S-wave shadows
as mapped by Einarsson (1978) are bordered by the WNW-ESE trending lineaments and low
resistivity.

Figure 35 Resistivity trends striking WNW-ESE (blue colored) and NE-SW (red colored).
Low resistivity (<0.7 Ωm) and S-wave shadows mapped by Einarsson (1978) are also
shown. The map is intersected below 600 mbsl.

Árnason et al. (2011) discussed the relationship between seismicity, resistivity and location
of S-wave shadows. Interpretations were based on earthquakes recorded in 2004-2005 and
1D inversion of resistivity data. Earthquakes were clustered inside in WNW-ESE direction;
one cluster inside the boundaries of a resistive core in the NE and another cluster where the
inferred transform graben runs through the calderas. They pointed out that most of the
earthquakes were located within the inner caldera but deep earthquakes (>3 km) were mainly
located outside the inner caldera. Lack of earthquakes below 3 km depth was explained by
temperature transition, from brittle (>600°C) to ductile (1100 -1200°C) rocks (Árnason et
al., 2011).
Figures 36 and 37 show the relationship between earthquakes recorded from 2014 to 2016
and the 3D resistivity model. Lateral distribution of earthquakes are more concentrated in
certain areas than in the 2004-2005 data, showing WNW-ESE trend and NW-SE trend. The
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Log Ω m

Figure 36 Resistivity at 2 km depth and earthquakes located above a depth of 2 km from
2014-2016. Blue dashed lines show the inferred transform graben mapped by Árnason et
al. (2011) and green dashed lines represent the parallel resistivity high.
reinjection wells; K-26 and K-39 are shown on the map. Comparison of injection rates and
seismic activity has been done in Krafla and a clear increase of seismic activity is noticed
during days of high injection rate (Blanck et al., 2014; 2016). Other factors affecting
earthquake distribution is heat extraction in the geothermal system and local tectonics.
Vertical distribution is consistent with Árnason et al.’s (2011) observation; showing the
majority of earthquakes occurring near the top of the S-wave shadows and a sudden decrease
of events below 3 km depth (Figure 37).
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Figure 37 The cross section shows how earthquakes are distributed below the production area and above the S-wave shadows (red shaded
areas). Red earthquakes: 1.1 – 2 km, blue earthquakes: 2.1-3 km and black eartquakes: > 3 km. Earthquakes are also concentrated within the
high resistivity.
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Comparison of resistivity models
After interpreting the structural lineaments in Petrel, a comparison between the two available
resistivity inversion models in a horizontal plane becomes more easy. As Figure 38 shows,
the main trends picked from the 3D inversion model do not match very well with the 1D
inversion resistivity model. The NE-SW trend is not as distinct in the 1D inversion and
instead of the two main conductors in the 1D inversion, the 3D inversion contains three main
conductors. In both cases the low resistivity is well constrained inside the inner caldera and
also the well-defined conductor below Leirhnjúkur. A brief summary of the results of the
1D inversion by Árnason et al. (2011) is listed in Table 6 and the results compared with the
3D inversion.

Figure 38 The 1D resistivity inversion model (at -2000 m) displayed with the trends from
the 3D resistivity inversion (blue: WNW-ESE direction, red: N-S direction). The resistivity
high beneath Vítismór, Leirbotnar and Suðurhlíðar observed in the 3D inversion, does not
match very well with the 3D inversion.
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Table 6 Results from the 3D inversion compared with the main results from the 1D inversion
by Árnason et al., 2011. Earthquake distribution is also revised from Árnason et al., 2011.
1D RESULTS

CONSISTENT WITH 3D
RESULTS?

A CONDUCTOR IN THE UPPERMOST FEW HUNDRED METERS
UNDERLAIN BY HIGHER RESISTIVITY

Yes

DEEP CONDUCTOR DOMES UP UNDER AND NORTH AND
LEIRHNJÚKUR

Yes

DEEP CONDUCTOR DOMES UP UNDER VÍTI AND KRAFLA

Not as prominent

THE TWO MAIN CHIMNEYS COINCIDE WITH THE MAGMA
CHAMBERS

No

THE TWO UP-DOMING CONDUCTORS ARE CONFINED WITHIN THE
INNER CALDERA

Yes

AT THE DEPTH OF ~2 KM BSL. RESISTIVITY STARTS DECREASING
WITHIN THE INNER CALDERA

Yes

DEEP CONDUCTORS REACH CLOSEST TO THE SURFACE NW OF
MOUNT KRAFLA

Yes

DEEP CONDUCTORS REACH CLOSEST TO THE SURFACE NORTH OF
LEIRHNJÚKUR

Yes

DEEP CONDUCTORS REACH CLOSEST TO THE SURFACE UNDER
LEIRHNJÚKSHRAUN

Yes

SEISMICITY IS CONFINED WITH THE INNER CALDERA

Yes

SEISMICITY IS LESS WITHIN THE TRANSFORM GRABEN

No

THE SEISMICITY IS SHALLOW AND CLUSTERS OVER THE UP DOMING
CONDUCTORS

Yes

THE SEISMICITY EXTENDS TO GREATER DEPTH AWAY FROM THE UP
DOMING CONDUCTORS

Yes

DEEP EARTHQUAKES ARE MAINLY OUTSIDE THE INNER CALDERA

Yes
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3.2 Combined results
The first part of the thesis has described the modelling process and data compilation of the
latest revision of the Krafla geological static model. The revision is based on earlier
conceptual models, as well as new and old data, that had not been implemented to the model
before. A comprehensive integration of multi-disciplinary results was performed to be able
to estimate the applicability of the different datasets. A brief correlation between geophysical
and geological datasets was conducted in order to increase the understanding of the subsurface tectonic controls in the Krafla field area. Those sub-models that were built in this
project were limited to the highest data density area to minimize data extrapolation errors.
3.2.1 Krafla data summary
Since the latest publication of a conceptual model in 2015, various data have been
implemented into this project that include:










Location of seismic events from October 2013 to November 2017 and analysis of
focal mechanism from 2016
Seismic refraction profile data
Seismic tomography
Resistivity model based on 3D inversion of MT data
Aero-magnetic map
Bouguer and Free air gravity maps
Additional results from drill cutting analysis (lithology, alteration)
Additional geophysical log data
Grouping of feed zones, enthalpy and energy production

These datasets have provided information for the updated sub-models in the Krafla
geological static model.


Interpreted faults and structural lineaments were ranked based on their influence on
other datasets. The 11 best ranked structural lineaments and fault zones were used
for the structural model. Using them, as well as additional borehole data and revised
correlation between wells, resulted in an updated structural model. By scaling up
lithology interpretations of the wells and using sequential indicator simulation, a
geological facies model was built. Although the building process and assumptions
were different, the two models coincide overall quite well and were used to cross
check each other. The geological model was put into context with the geological
history of Krafla as published by Sæmundsson (1991).



A comparison was made between the resistivity models based on 1D inversion
(Árnason et al., 2011) and 3D inversion of MT data (Rosenkjaer et al., 2015). The
most conductive areas are at similar places, except for the conductive anomaly north
of Vesturhlíðar and Hvíthólar.
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The relationship between seismicity and resistivity originally put forward by
Árnason et al. (2011) was included and revised using newly acquired seismic dataset
and another recently made resistivity model. Distribution of earthquakes within the
calderas was added as well.

Subsurface and surface lineaments from different datasets were considered. Although not
apparent at the surface, the WNW-ESE lying structure seems to play a crucial role in the
deformation at greater depths.
3.2.2 Structural lineaments, fault and fracture zones
Curewitz and Karson (1997) suggested in a global survey, that hot springs are generally
associated with faults or fault intersections. Feed zones in wells often correspond to faults
and, therefore, it is extremely important to understand the structural framework of
geothermal areas.
The apparent WNW-ESE striking subsurface lineament that is seen in various datasets in
Krafla has been argued for by specialists that don’t agree with this structure. In section 2.1.1,
structures on the NVZ are presented, with the aim of giving an insight into the stress pattern
and tectonic control of the NVZ. Documenting relationships between related tectonic
features can provide important information on the stress field. In this section, possible
explanations will be discussed by comparing the large scale and small scale picture and look
into the link between datasets that have been presented here.
In Figure 39, the asymmetrical rifting seen in GPS data from LMÍ (2017) is shown as well
as the main structural elements that form on the junction between the TFZ and NVZ. The
dextral strike-slip component that has been documented and interpreted as a consequence of
the TFZ is marked as red dashed lines, but other apparent structural lineaments that are not
following the trend of the fissure swarm are marked as yellow dashed lines. The blue arrows
represent the total movement of tectonic blocks indicating an uneven structurally segmented
and oblique opening of this area. Around the KFZ and ÞFZ, the apparent total movement is
nearly zero, which could indicate that different segments are possibly pushing against the
rift motion, causing the total movement to be cancelled out. This could be a consequence of
the interplay between the dextral moment of the TFZ and the opening component of the rift.
A complex system was noted for the Þeistareykir fissure swarm structural setting, where
both components were observed, sinistral and dextral components (section 2.1.1) (Khodayar
and Björnsson, 2013).
Although Krafla is not heavily vegetated or covered by sediments, young lavas cover the
majority of the area, making a surface–sub-surface interpolation difficult. Using the
integration of all available datasets, a series of sub-surface structural lineaments can be
recognized. Here, the structural lineaments are identified in 3D space and anomalies related
to them.
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Figure 39 The tectonic framework of the Krafla geothermal field. Orientation and
magnitude of the plate movements are visualized as blue arrows (from LMÍ, 2017) and
mapped structural lineaments that are not parallel to the fissure swarm. The horizontal
movement is least around Krafla and Þeistareykir (Tibaldi et al., 2016).

Surface lineaments
Fumaroles and mud pools in Krafla are primarily associated with the WNW-ESE intrusive
complex cross-cutting the caldera (Sæmundsson et al., 1991). This reflects the presently
most active area. The intrusive complex is most likely related to the shallow magma
chamber, based on the mapped S-wave shadows by Einarsson (1978). Craters and fissures
are lined up in a NE-SW and N-S direction (Figure 40), where the red dashed lines represent
the difference in strike to the south of the caldera and towards the north.
Surface mapping of faults shows mainly NE-SW lying lineaments but NNW-SSW trending
faults have been mapped in the Suðurhlíðar sub-area and Leirbotnar (blue dashed lines on
Figure 40) (Karlsdóttir et al., 1978). The landscape around Krafla shows an apparent WNWESE component that becomes more apparent towards the NNW.
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Figure 40 The figure to the left shows how geothermal manifestations are aligned in the WNW-ESE direction (red shaded areas within purple
dotted lines) and how surface tectonic features strike differently north of and south of the calderas (red dotted lines). On the figure to the right,
light blue dashed lines show the NNW-SSW to WNW-ESE trending faults and fissures as well as the magma chamber. Dark blue dashed lines
show the inferred transform graben mapped by Árnason et al. (2011) and green dashed lines represent parallel resistivity high. The sub-areas
are labeled as abbreviations on the map: Hvannstóð (Hva), Leirhnjúkur (Lh), Vesturhlíðar (Vh), Vítismór (Vm), Leirbotnar (Lb), Suðurhlíðar
(Su), Vestursvæði (Ve), Hvíthólar (Hv), Sandabotnar (Sa). Black lines mark outer and inner calderas and blue points mark well tops.
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Subsurface lineaments
Bouguer map and lithology
The Bouguer gravity map shows an anomaly trending WNW-ESE running through the
caldera south of the main production area and widens to the east. This is discussed by
Weisenberger et al. (2015), where alternatively this pattern is interpret as a graben that cuts
through the calderas and a change in spreading direction around Krafla. It is pointed out
that this trend is the same as in other low gravity lineaments in the Húsavík transform fault
system. In addition to the WNW-ESE lineament seen on the Bouguer gravity map, another
gravity low trending NNE-SSW is seen. In Weisenberger et al. (2015) it is stated that these
density contrasts are at shallow depths, and are, therefore, interpreted as an inner caldera.
Moreover, the trend shows a discontinuity and an offset across the WNW-ESE graben
(Figure 41).

Figure 41 A Bouguer gravity map modified from Magnússon (2016). Black triangles
represent gravity stations and blue dashed lines the inferred transform graben mapped by
Árnason et al.(2011). Green dashed lines represent a high resistivity area. Purple lines
show the NNW-SSE trend of low gravity and the red line shows the location of the lithology
cross section in Figure 42.
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A lithological cross section crossing the margins of that implied graben zone is displayed
on Figure 42. The geometry of the formations shows a tilt towards the graben and a sudden
drop in depth to lavas and intrusions from 500 mbsl. to 1000 mbsl. Borehole data have
revealed the existence of a fault between well K-06 and K-07 with a relief change of 300
m towards the southwest (Karlsdóttir et al., 1978). This indicates that the WNW-ESE fault
zone has a normal fault component.

Figure 42 NNE-SSW cross section of the geological model, showing a sudden drop in
lavas and intrusion with depth between K-06 and K-07 and a tilt towards the graben. The
figure to the right shows the location of the cross section.

Resistivity
The two general trends seen in the resistivity model are as previously described; a NNESSW trend along the fissure swarm and another one trending WNW-ESE through the main
production area. The most striking features are the offsets across the WNW-ESE
lineaments and the curving of the resistivity high, towards the south (Figure 43 a,b).
The interpreted lineaments in the resistivity data indicate structures striking in a NE-SW
direction (black) and in a WNW-ESE direction (blue) (Figure 43c) as well. This, combined
with the interpreted surface faults (red) and fissures (pink), indicates an even more complex
and segmented structure within the caldera than previously described (Karlsdóttir, 1978;
Árnason et al., 2011, Weisenberger et al., 2015).
Figure 43c shows how deep structures based on the resistivity data (blue and black) do not
reach to the surface, and the main trend of the surface faults and fissures that reach down
to -2500 m line up perpendicularly to the deep structure interpretation. However, two
fissures (1) and (2) show this WNW-ESE and NNW-SSE trend, indicating that this
structure also affects surface deformations.
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1)

2)

Figure 43 Figure a) shows resistivity at -2000 m depth. The purple dashed lines delimit the
NW-SE trending resistivity low, that shows an offset across the WNW-ESE trending
lineament. White dashed line shows the trend of the resistivity high, curving towards the
south. Figure b) shows the same structure at -1000 m depth. Figure c) shows the deep
structures mapped on the resistivity data. The main trends strike N-W (black) and WNWESE (blue). Evaluated faults (red) and fissures (pink) in the structural model are also
visualized. Two of the fissures strike WNW-ESE to NW-SE, labelled 1) and 2).
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The cross-section in Figure 44 displays the resistivity across the inferred buried graben. A
sudden drop in resistivity is around well K-06, where the depth to intrusions increases. The
high resistivity zone is, therefore, underlain by the mapped S-wave shadows and the low
resistivity within the inferred buried graben. Intrusions are generally reflected by high
resistivity whereas partial melting and presence of fluids decreases the resistivity.

Figure 44 A resistivity cross section across the boundary of the inferred buried graben.
Low resistivity is observed within the inferred graben where depth to intrusions increases.
Legend for lithological logs is found in Appendix D.
Aero-magnetic, temperature, alteration
The aero-magnetic map is in a general agreement with the resistivity model (Figure 45).
An aero-magnetic anomaly trending WNW-ESE passes through the Leirhnjúkur, Vítismór
and Suðurhlíðar sub areas. A polygon that encircles a magnetic low (<51000 nT) was
created from the aero-magnetic map in order to compare this pattern with other datasets.
As the figure shows, the orange shaded area (51000-51500 nT) is trending NE-SW (red
dashed outline). It meets with the WNW-ESE trending magnetic low (parallel to the green
dashed outline). North of this lineament, the magnetic anomaly suddenly increases (see
Figure 22 in section 2.2). As magnetic anomalies either reflect structural changes or high
temperature at some point, this discontinuation indicates some structural feature that
changes the rock type and stage of the system north of the lineament. At the junction of the
two trends, the magnetic field becomes even lower (<51000 nT), where the formation
temperature model shows the highest temperature, possibly indicating the present main
upflow of the geothermal area (Figure 46).
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Figure 45 Resistivity (3D inversion) at 1000 m depth. Blue dashed lines show the inferred
transform graben mapped by Árnason et al. (2011) and the green dashed polygon
represent parallel resistivity high. Low magnetic values are outlined by an orange (51000
- 51500 nT) and blue polygons (< 51500 nT). The magnetic low is underlain by the WNWESE trending resistivity low (see green dashed lines) but one conductor is seeen below
the NE-SW trending magneitc low.
Figure 47 displays how low temperature alteration (zeolite-smectite zone) extends to a
greater depth when crossing the inferred buried graben, and high temperature alteration is
seen at shallower depth in Leirbotnar and Suðurhlíðar, where the high resistivity core is
located. It should be noted that the data control is not as good along the inferred buried
graben as in Leirbotnar and Suðurhlíðar, where the main production area is located.
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Figure 46 A cross section of the formation temperature model underlain by
an aero-magnetic low polygon (51000 – 51500 nT). Orange shaded area
represents 51000-51500 nT and blue shaded area represents <51000 nT.

Figure 47 Formation temperature at 1000 m bsl. and alteration zones
crossing the WNW lineament. The blue dashed lines represents the inferred
buried inner graben mapped by Árnason et al., 2011 and the green dashed
lines represent the lineament seen in resistivity and aero-magnetic data.
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Seismicity
In addition to apparent earthquake clusters described by Blanck et al., (2014, 2016, and
2017) the WNW-ESE and NW-SE trend is also observed in all the earthquake datasets.
Shallow lying earthquakes (0.4-1 km) from 2014, show a N-S trend in seismicity south of
the WNW-ESE lineament. This trend is not continuous to the north, whereas the NNWSSE trend appears to continue further to the west (Figure 48). The earthquake activity
appears to occur beneath the main production area and the field production induced
seismicity should be kept in mind. However, the north-southerly trends that reach away
from the production area more likely indicate natural earthquakes that relate to fault zones
that were not triggered by the geothermal production. This could not be seen as clearly in
the interpreted earthquakes records from 2016 and 2015.

Figure 48 Seismicity in the uppermost 1 km from Oct 2013 – Oct 2014. The
reinjection wells, K-26 and K-39 are highlighted. Yellow shaded are shows the Swave shadows, black thick lines mark inner and outer calderas and well tops and
paths are also shown (blue). Greed dotted lines show N-S to NE-SW trending
seismicity clusters north and south of the WNW-ESE trending lineament.
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Combined interpretation:
In conclusion, the discussed datasets were compared in order to increase the understanding
of how known lineaments seen on surface and subsurface data from the Krafla field might
fit into the large scale tectonic picture of the NVZ. The most apparent features are as
follows:


A WNW-ESE lineament that was observed in the resistivity, Bouguer gravity, aeromagnetics, seismicity, lithology, surface tectonics and geothermal manifestations.
This also coincides well with the extent of the S-wave shadows, which are
elongated in a WNW-ESE direction due to the extension along the fissure swarm
(Sæmundsson, 1991). As noted in Einarsson (1978) the S-wave shadows are related
to magma, in some kind of a magma chamber. Whether it is a massive body of
molten magma or a number of small chambers, pockets or sills has not be clarified
so far. Therefore, the high resistivity could be related to an intrusive complex,
resulting in high temperature and low magnetic anomaly. The parallel gravity low
coincides with breccia dominant graben and deep intrusions. However, as only well
K-06 provides information about the lithology in the graben it is not ambiguous and
uncertain to draw an extensive conclusion from that observation. The NNW-SSE
to WNW-ESE trending faults and fractures nevertheless indicate that the tectonics
are not only controlled by simple orthogonal rifting.



The NE-SW lineament were observed in the resistivity, Bouguer gravity, aeromagnetics, seismicity and mapped surface tectonic features. This is parallel to the
rift and is most likely caused by the opening component of the NVZ.



Bending of WNW-ESE trends towards NW-SE direction was observed in the
resistivity data and surface tectonic interpretations (Figure 43). Such patterns might
be a consequence of the interplay between NE-SW trending shallower structures
and WNW-ESE trending deep structures. Such rotations are also known in oblique
rifting systems (section 2.1.1) and rotation towards parallelism with the rift border
faults strengthens that analogue to a possibly right-oblique system (McClay and
White, 1995).



The discontinuations of the NE-SW lineaments across the WNW-ESE lineament
were observed in the resistivity, Bouguer gravity, aero-magnetics, seismicity and
surface tectonic elements, such as interpreted faults and fissures. This discontinuity
showed a segmentation and a left stepping fault system. A possible explanation for
this is also the consequence of an oblique rifting across the NVZ (Figure 49).
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Figure 49 A segmentation of faults of oblique rifting when the angle between the rift axis
and the extension direction is 60° (from the sandbox model) (McClay and White, 1994).

Based on these observations, the deep structure recognized from subsurface data, can only
be seen on surface up to a certain extent. Observations of a rotation and en-echelon fault
arrays can most likely be explained by oblique rifting around Krafla. Oblique rifting can
cause transform wrench fault structures that consist of a combination of localised strikeslip faults and normal faults, see section 2.1.1 (McClay and White, 1995). These “damage
zones” can create permeable fracture networks that weaken the rock and allow geothermal
fluids to rise and travel along fault and fracture zones. The junction of these two different
lineaments (WNW-ESE and NE-SW) is, therefore, a pre-requisite for an efficient
geothermal system. As detailed structural mapping still remains to be accomplished in
Krafla, these scenarios that have been described here could provide a base for further
research studies that would improve the understanding of the Krafla geothermal system,
and also serve as an analogue for other high temperature field areas.
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4 Workflow
The main objective in this project was updating and developing a 3D geological static field
model of a Brownfield, the Krafla geothermal area, NE-Iceland and based on that
experience to construct a workflow and apply to a Greenfield, the Pico Alto Geothermal
Area. To avoid giving misleading information in the different models, they were tied to
available datasets, both with respect to lateral and vertical extent, from a regional scale to
borehole data scale.
All the data presented here have been prepared for the Petrel 3D modelling software.
Therefore, the workflow is based on that process and does not necessarily apply to other
modelling software. The general workflow for constructing such a geological static field
model is presented in Figure 50. It is noteworthy that the process is not linear. Iterative
work is essential to gain the most reliable model results.

4.1 Modelling steps – From paper to a 3D
digital geological static model
The workflow is comprised of five principal steps (Figure 50) that will be described in
detail in the following text. These are:
1)
2)
3)
4)
5)

Data acquisition and preparing
Data importing
Data correlation
Run 3D model
Combined results

Following each step, quality control should be checked including listing of source,
references, data manipulation before importing those into the model, constraints,
uncertainties and advantages/disadvantages. The priority of datasets is dependent on the
state of development of the geothermal system (Cumming, 2009). Having datasets across
all disciplines from different scientists requires close integration and information sharing
during the process. The model should neither be too complicated nor too simplified. During
the modelling process, simplification of the data is unavoidable, as data gaps force general
interpolations. Smoothing of data can remove relevant information and it is, therefore,
essential to keep track of such changes. Detailed low scale data should always be preserved
in the model even though they are not displayed in a regionally extending section.
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Figure 50 The principal steps that build up the workflow.
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4.1.1 Data acquisition and preparing
This phase is in many cases the most time consuming one, but at the same time a very
important one, as the phase creates the basis for the work that follows. It depends on the
modelling software, how much the data have to be processed in regards to data quality,
interpretation certainty, formatting issues, such as depth determination, coordinate system,
points and commas etc. In Petrel, all depth values should be listed in (-) if defined as MD
(measured depth) and values below sea level should be listed in (-) if defined as Z. The
input data should also be converted to a suitable coordinate system. Datasets should be
prepared as ASCII files, including location (x, y, z or well name, MD) and a property value
(such as temperature, resistivity etc.). If additional information exist, it should be imported
as well.
4.1.2 Data import
For importing well data, either continuous well logs or discrete point well data are defined.
This is dependent on the downhole data interval. For discrete data (lithology, alteration,
intrusive intervals, feed-zones, etc.) “Point well data” are selected. For continuous data
(temperature, caliper, gamma etc.) “Well logs” are selected. Data that are not confined to
a certain well, such as seismic, MT and gravity data, are imported as “Petrel points with
attributes”. Coordinate values and depth values are defined alongside the property value.
For quality control of the imported data it is important to have the original displays or
interpretation included for a direct comparison. Here, maps or figures can be imported
selecting “Bitmap image” for all selected figures, where the files are either bmp, jpg, tiff,
tif, gif or png. The positioning of these images can be selected for selected 3D location
points in any horizontal or vertical position.
4.1.3 Well correlation
Well correlations are performed prior to the construction of the 3D grid. This is an iterative
process and requires several rounds of correlations and a quality control. Detailed
lithological logs can be simplified to indicate the main units that are correlated within the
“Well section window”, and form the basis of the static model zonation. Wells have to be
lined up in reference to sea level and in logical order, such as closest offset wells, or wells
along a geological trend. Correlations should then be compared with earlier work if
available and geological history should be kept in mind during the correlation process.
“Well tops” datasets are created in the process, including a top of each formation in each
well or selected surface location.
For better consistency assessment of a first path well correlation data set, a horizon is
created for each well top using the “Make surface” tool that creates a 3D surface of the
selected well top point set. A review of these control horizons in a 3D or an intersection
window, allows a quick detection of anomalous data points or “bull’s eyes” that are not
related to zone thickness changes or cross fault intersection trends. The well formation top
correlation data set is then revised and edited until the best fit of points to horizons has
been reached and bull’s eyes and horizons crossing have been eliminated.
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4.1.4 3D modelling
Each 3D model data grid is built from an evenly or unevenly distributed x, y, z and property
data point, line, or 2D grid data set. The 3D grid construction is composed of several steps.
It can be created using “simple grid” or complex “pillar gridding”. The simple grid method
is used for most data types, except for fault modelling or segmented field model areas.
Pillar gridding requires faults or segment separators for generating a 3D grid that is tied to
a fault block or complex structure, e.g. distinct permeability or facies segment subdivisions.
In both cases, x and y increment and model boundaries are defined, as close to the data
distribution as possible. For the model´s lateral extent, an outline polygon is created. For
the vertical distribution limits, top and base limit are defined by constant depth values or
known 2D horizon grid data, e.g. topography as the top horizon. Relevant interpolation
algorithms depend on data density and size of input data. Several model interpolation
algorithms should be run for every dataset and they compared with the original data for
input data – model output quality control.
Simple grid
Simple gridding is used when faults are not implemented as a first path overview model,
or fault or field segmentation of a model does not apply for a selected data set. Simple grid
geological model was created from lithological correlations in Krafla before implementing
the faults, in order to make sure correlations succeed. Simple grid models can either be
made using horizons/well tops created by points, or layers created to achieve the final cell
thickness in the model (scaling up well logs). When horizons are used to build the model,
they are given horizon types that are defined based on the formations’ nature and geometry.
When a simple grid is built from upscaled logs, layering is set based on thickness and
variety within every formation. Models quality is again based on data coverage and it
should be kept in mind that each cell only includes one value. The next step is “scaling up
well logs”. Upscaling averages the values within the cell which means a decrease in data
resolution. Different average methods are defined, based on data distribution. To assign
values to all the other grid cells, Property modelling (Facies modelling/Petrophysical
modelling) is used. The interpolation between cells is done using variety of methods. An
overview table for the interpolation methods can be found in Appendix B.
Pillar gridding
Pillar gridding is the process of generating the grid from given horizons and faults or
segments. Fault geometry and distance from the fault is also set, which means Petrel
extrapolates that distance back into the fault plane. Pillar gridding was used for the
construction of the geological model in Krafla. Zone and layer modelling, facies modelling
and upscaling method function similar to the process described for the simple grid
modelling process.
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4.1.5 Combined results
Data compilation and combining results are important for the modelling process. For a
better understanding and quality control, datasets should be viewed together and possible
causes for anomalies considered.
By delimiting anomalies in one dataset, comparison with other datasets becomes easier.
This is crucial when surface and subsurface data are combined. During the construction of
the Krafla geological static mode, resistivity structural trend picking allowed easier
comparison with other models. The same applies to the magnetic low and the main trend
of the Bouguer gravity map e.g. For the overall interpretation it is important to keep in
mind that even though the modelling area is small, it is only one piece of a puzzle of a
larger system. Therefore, studies from other nearby areas and large scale studies should
always be considered with the small scale studies.
Smooth and “good looking” models can look convincing but they are not always the best
solution, as nature is not smooth and simple. They can indicate lack of data and a high
degree of extrapolations. Scale and spatial resolution is also important to consider, when
interpreting and comparing data sets. Resolution of large-scale MT data is not enough to
distinguish single fault features in any detail, except large scale structural lineaments.
Smaller-scale data sets, e.g. such as local seismic reflection surveys, or borehole televiewer
data are, therefore, important to support less detailed datasets.
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5 A 3D modelling of the Pico Alto
geothermal field on Terceira,
Azores
The Pico Alto geothermal field is located on Terceira, one of the volcanic islands on the
Azores archipelago. Drilling of production wells has been ongoing in Pico Alto for eleven
years. The wells have revealed a maximum reservoir temperature up to >240°C and well
tests have point out the capacity to support a 50 MW power plant. Therefore, Pico Alto
seems to be a promising area for future power generation but short drilling history and few
data make interpretation and well targeting difficult. Therefore, Pico Alto serves as a
Greenfield in this project. Here, the drilling history of Pico Alto is outlined and available
data (shape files, bitmap images, well logs etc.) presented on a 3D scale.

5.1 Geological setting
The Azores archipelago is located east of the triple junction formed by the Eurasian, North–
American and Nubia micro-plates (Figure 51). This location causes both complex tectonic
framework and complicated strain distribution. Different spreading rate of the plates results
in a WNW-ESE trending zone of deformation; Azores–Gibraltar Fault Zone (Luis et al.,
1994). The Terceira rift runs through the archipelago striking WNW-ESE and belongs to

Figure 51 Geological setting of the Azores archipelago. The Azores are spread along the
WNW-ESE trending Terceira rift that runs through the Terceira island (orange
arrow)(Montensinos et al., 2003).
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the western segment of the fault zone. The spreading is ultra-slow, only a half rate of 4
mm/yr (Searle, 1980).
5.1.1 Terceira
Terceira is one of the nine islands on the archipelago. Wide variety of rock formations and
geological structures are seen on the island. Four volcanoes are present on the island; Serra
do Cume, Guilherme Moniz, Pico Alto and Santa Barbara (Figure 52) (Nunes, 2000). The
Basaltic Fissural Zone is located west of these volcanoes (Nunes et al., 2016). Volcanic
products from this volcanic complex, mainly formed in Quaternary times, include
pyroclastic deposits, evolved lava flows and basaltic lava flows (Nunes et al., 2016). Major
structural lineaments have been mapped and recognized by GPS and InSAR data; trending
NNW-SSE, ENE-WSW/NE-SW and WNW-ESE/NW-SE, parallel to the Terceira Rift
(Marques et al., 2014; Nunes, 2015). The ENE-WSW lineament of Furnas do Enoxfre
across the island runs obliquely to the Terceira Rift and has been related to a transform
system of the Africa/Nubia-Eurasia plate boundary (Marques et al., 2105). Three basaltic
eruptions have taken place on Terceira island since the islands settlement in the mid 1,400.
The one in 1761 occurred on-land, east of Santa Bárbara Volcano and the other two in 1867
and 1998-2000 off-shore (Montensions et al., 2003). The volcanism is controlled by NWSE to W-E fractures, and has shown both Hawaiian and Strombolian style resulting in
formation of scoria cones, eruptive fissures and emission of aa and pahoehoe lava flows
(Nunes et al., 2014).

5.2 Pico Alto geothermal field
The Pico Alto geothermal field is located on the intersection between the Pico Alto caldera,
Guilherme Moniz caldera and the Basaltic Fissural Zone. At greater depth, the system
interacts with the Santa Bárbara Volcano formations (Figure 52). Although a heat source
cannot be confirmed directly, the young volcanic activity is thought to serve as a heat
source for the geothermal system and its tectonic location (GeothermEx, 2010). The Pico
Alto caldera is elongated in the direction of the Pico Alto volcanic system and has produced
sheets of ignimbrite, dated 19,000 and 23,000 years BP as well as trachytic, trachydacites
and rhyolite. Basaltic lavas have erupted from the Pico Alto plumbing system, suggesting
a layered magma chamber. (Nunes, 2015). The Guilherme Moniz Volcano is mainly
composed of pyroclastic deposits but also trachytes, rhyolites and trachydacites (Nunes,
2015). An interplay between evolved rock formations and a complex structure means that
Pico Alto is a promising target for geothermal exploration (Sæmundsson et al., 2012).
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Figure 52 A geological map of Terceira island showing main geological formation and surface tectonics. 1: Serra do Cume Volcano, 2:
Guilherme Moniz Volcano, 3: Santa Bárbara Volcano, 4: Pico Alto Volcano; 5: Basatlic Fissural Zone, including the 1761 A.D lava flow
(yellow). Dotted areas include trachyte domes and coulées. a: volcanic and tectonic lineament, b: fault scarp, c: crater rim, d: caldera rim,
e: basaltic eruptive centre, f: silicic eruptive centre, g: eruptive fissure, h: fumaroles, i: thermal waters spring. The red line shows the trend
of the Terceira Rift, white circles indicate the geothermal wells (Nunes, 2000).
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Figure 53 A SW-NE geological cross section through the Pico Alto Geothermal Field
which is located between the two volcanoes; Pico Alto and Santa Bárbara. Two wells are
seen, TG-B and PA 4 (TARH and ÍSOR, 2016). The section location is shown on Figure
53.

5.2.1 Previous studies
Geothermal exploration was initiated in Pico Alto by the Laboratório de Geociências e
Tecnologia (LGT) in 1977-1979. A total of nine shallow (< 222 m) thermogradient (TG)
wells were drilled in the area and a dipole-dipole resistivity survey was carried out
(GeothermEx, 2010). An assessment of the geothermal resource potential was made in
1980 using all existing data. The electrical potential was estimated based on surface
manifestations and characteristics of the volcanoes (Johnston, 1980). Geothermal Energy
of New Zealand (GENZL) studied the geology and geochemistry in 1981. This resulted in
a conceptual model in 1982 (GENZL, 1982).
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Figure 54 The Pico Alto production area. The map shows the geometry of surface
formations as well as tectonic features. Red lavas are from the 1761 eruption, light pink
colour represents basaltic lava flows and dark pink pyroclasts. Gray coloured lavas are
trachyte and pumice deposits. Green formations south of the production area belong to
Guilherme Moniz Volcano. The blue line represents the cross section on Figure 52. Red
square indicates the extent of the exploration area (Nunes, 2016).

Geological and geothermal mapping was conducted by LGT (Laboratory of Geosciences
and Technology), Idrogeo slr and 3D Research snc in 1981-1998. This project was based
on field work and aerial photography, interpretation of the volcanic stratigraphy, and the
tectono-stratigraphic evolution of the island (Geoterceira, 2011). Geochemical samples
were collected from fumaroles and steam in the Furnas do Enxofre area as well as cold
water sampling throughout the island. The geological map was revised by adding tectonic
elements. Radon, mercury and helium from soil samples were analysed. Fluid chemistry
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data were collected in 45 springs on the island and their temperature measured. Finally, 18
MT resistivity soundings were carried out in the north-central part of the island (Idroego
and 3R Research, 1994).
In 1982 they continued their work and measured gravity resulting in a Bouguer gravity
map. A DC Schlumberger and a MT resistivity survey was carried out in 1982 (GENZL,
1982), and in 1999 – 2000, additional resistivity surveys were performed that included 624
AMT stations. Theses studies indicated the presence of a low resistivity cap in the vicinity
of Furnas do Enxofre (GeothermEx, 2000a; Geosystem, 2000). Based on this survey, drill
sites for thermogradient wells were located.
A conceptual model for Pico Alto was published by GeothermEx in 2000, presenting
results and interpretations based on the resistivity surveys, temperature and fluid
distribution as well as pressure and phase conditions (GeothermEx, 2000a). In 2003, four
thermogradient wells were drilled, reaching maximum depth of 600 meters. They allowed
evaluation of temperature distribution in the geothermal field. In 2006-2009, four
production wells (PA) were drilled. Testing of these wells revealed high temperature in the
reservoir (>240°C), two phase and steam dominated zones. An electrical potential of 50
MWe over the estimated lifetime of a typical power generation project (30 years) was
suggested. Permeability of the reservoir is low, due to highly altered rocks. This means a
relatively low productivity of the wells, ranging from 1 to 3 MWe for each well
(Geoterceira, 2011). Results and conclusions of previous work and studies are summarised
and published by Geoterceira in 2011 and followed by proposing the location of the main
heat source, boiling and fluid paths distribution in the system, as well as possible locations
of permeable zones. This feasibility study was reviewed by ÍSOR in 2011, and included a
review of geological, geophysical, geochemical and reservoir engineering data,
considering advantages and disadvantages of each dataset. Following this review
suggestions were made concerning future well sites and data acquisition.
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Thus, a gravity survey was performed by Montensinos et al. (2014) using 174 stations,
publishing new Bouguer and Free air gravity maps, as well as density contrast model using
3D gravity inversion of the complete Bouguer anomaly data (Montensinos et al., 2014). In
2016 another revision of the conceptual model was published by TARH and ÍSOR, and a
detailed review of all results presented after 1999 was presented, including the AMT survey
and flow tests from the TG and PA wells. The emphasis of this latest revision was on joint
interpretation of geological, geophysical and geochemical data. This also included a study
of the climate, geomorphology and soil characterization, geological conditions and
groundwater hydrology (Carvalho et al., 2016).
A total of 664 earthquake events were recorded from April 2003 to March 2011 on Terceira
by the Azores University. Only 6 stations, covering the whole island (~400 km2), were used
for the survey. Two alignments were seen on the data; one related to the Furnas do Enoxfre
lineament (ENE-WSW) and another one aligned in WNW-ESE direction (Nunes, 2014).

5.2.2 Input data
The following datasets are used for the construction of the 3D Pico Alto static data model
and are mainly based on geological and geophysical results from the TARH and ÍSOR
(2016) conceptual model. As previously – datasets are grouped into surface data and
subsurface data. They are presented in Table 7.
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Table 7 An overview for input data for the Pico Alto geological static field model.
Dataset
Aerial image

Type

Source

Comment

Bitmap

USGS

Craters, caldera,
faults

Shape
files

Nunes, 2015

Resistivity

Bitmap;
shape
files

GeothermEx,
2000a;
Geosystem,
2000

Data are only available for -500 m,
-250 m, 0 m, 100 m, 250 m and 500
m. No values are available between
these depths.

Earthquakes

ASCI file points

Nunes, 2014

Only 6 stations covering the whole
Terceira

Gravity data; Free
air, Bouguer,
density contrast
based on gravity
inversion

Bitmap;
shape
files

Montensinos
et al., 2014

Rugged features of the terrain
made measurements difficult.
Thus, the observations were
complemented with previously
acquired gravity data.

Well paths

ASCI file

Geoterceira,
2011

Pressure

ASCI filewell log

Egilson et al.,
2014

Only available for well PA2, PA3
and PA 4

Fluid temperature

ASCI file well log

GeothermEx
Inc., 2009;
Egilson et al.,
2014

Available as well logs and contour
data (temperature distribution).

Alteration

ASCI file –
points

GeothermEx
Inc., 2009;
Mateus et al.,
2014; EDA,
2017

Different sources give varying
results. Both were imported but
kept separated in Petrel. Merged
zoning is presented here, an
unpublished work by EDA.

Lithology

ASCI file –
points

Nunes, 2015;
Geotherceira/
GeothermEx,
2007

Lavas are highly altered that affects
quality of analyses

Feed zones; large
(1), small (2)

ASCI file points

GeothermEx,
2010

Based on circulation losses and
temperature fluctuations.

DEM topography
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5.2.3 3D grid compilation
3D simple grid models were created for alteration, fluid temperature, resistivity and density
(Table 8). Data, including reports, papers, shape files and figures were provided by João
Carlos Carreiro Nunes (TARH) and António Luís Peixoto Franco (EDA). Although
lithological logs were imported to Petrel, no lithology model could be created with a degree
of certainty. Well to well correlations were not possible, due to lack of information on the
formation types. They are highly altered and their lateral distribution is limited due to high
viscosity. The lack of lithological wireline log data made it also unreasonable to attempt to
correlate in between boreholes as well. Namely, the lithological origin have not been
analysed from the well cuttings. With such a limited database, a lithology or facies model
would include too many assumptions, and could introduce interpretation errors. The focus
is, therefore, on the comparison with the existing 3D simple grid data sets and the wellbore
locations in reference to each other.

Table 8 An overview for 3D models in the Pico Alto geological static model.
MODEL

BASE
LIMIT
(M)

TOP LIMIT
(M)

MODEL
AREA
(M)

MODEL
TYPE

SOURCE

INTERPOLATIO
N

ALTERATION
MODEL

-1500

Topography

0.6 X
2.1

Simple
grid

EDA,
2017

-

FLUID
TEMPERATURE
MODEL

-1500

600

0.6 x 1.1

Simple
grid

Egilson et
al., 2014;
Geotherm
Ex Inc,
2009

Kriging

RESISTIVITY MODEL
(AMT)

-550

Topography

13 x 7.5

Simple
grid

Geosyste
m, 2000

Kriging

DENSITY

-1500

1000 m

12.6 x
12.6

Simple
grid

Montensi
ons et al.,
2014

Kriging
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Alteration
The alteration model input is based on two different sources; Mateus et al. (2014) and well
logs from GeothermEx (2010). No XRD analyses are available. Data from Mateus et al.
(2014) are based on thin sections and binocular analyses of drill cuttings that are only
present for PA wells. A first path alteration data from GeothermEx (2010) are available for
the PA and TG boreholes, and are based on binocular analyses. Alteration minerals that are
indicators of specific temperature ranges or permeability were imported to the model, and
are grouped by their purpose within the model (Table 9). As the different input datasets
were not very consistent in comparison, it is clear that the Pico Alto project would benefit
from a detailed petrological analysis.
Table 9 Alteration minerals detected in PA wells. Source 1: GeothermEx; Source 2:
Mateus et al., 2014.
Mineral

Source

Clays
Oxides
Silica
Quarz+Calcite
Chlorite
Chlorite/Smectite
Calcite
Pyrite
Epidote
Sericite
Zeolites
Anhydrite
Silicification
Carbonatation
Sericitization/ilitization
Chloritization

1
1, 2
1
2
1
2
1, 2
1, 2
1, 2
1
2
2
2
2
2
2

Temperature
indicator
x

Feed zone
indicator
x

x
x
x
x

x
x

x
x

Alteration zoning in the model is based on information from EDA, where data from
binocular analyses and thin section analyses are joined according to António Franco-EDA
RENOVÁEIS, S.A. (personal communication May, 24th 2017). First appearance of epidote
in PA 4 and PA 1 was first detected at 1229 m measured depth only (for PA 4) and 1673
m depth (for PA 1), respectively, causing the epidote zone to drop towards the NE and SW
(Figure 54).
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Figure 55 Alteration zoning in PA wells. The cross section is striking WNW-ESE
(yellow line on the figure to the right). The first appearance of epidote is observed in
PA 3; at 868 m depth whereas it is found deep in PA 4 (1229 m) and PA 1 (1337 m).
This causes the epidote zone to rise around PA 3.
Fluid temperature
The fluid temperature model is based on information and data published in reports by ÍSOR
and GeothermEx. Temperature logging was done by ÍSOR in 2013-2014 for four
production wells; PA2, PA3, PA4 and PA8. These were continuous logs measured in static
conditions (no flow). (Egilson et al., 2014). The resolution of the logs from GeothermEx,
2010 is slightly lower with a sample rate of 25 meters. These logs were used to calculate
the fluid temperature model for PA1 and the four thermogradient wells (GeothermEx,
2010).
Figure 55 shows the highest temperature observed in the northern part of the exploration
area, around PA 3 and PA 8, whereas the temperature is lower in the southern part. The
highest temperatures has been detected in well PA 3 and PA 8 (283°C and 293°C).
Figure 56 displays comparison of alteration and fluid temperature. Epidote is formed at
temperatures higher than 230°C. As noted before, the first appearance of epidote varies
between wells, but alteration reference temperature and fluid temperature coincide quite
well.
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Figure 56 A fluid temperature model based on logging from Egilson et al. (2014) and
GeothermEx (2010). The highest temperature is observed in in PA 1, PA 3 and PA 8.

Figure 57 A comparison between alteration cross section (NE-SW) and fluid temperature
(E-W). Well PA 4 shows the lowest temperature of the PA wells and also the deepest first
appearance of epidote,at 1229 m measured depth.
It is worth noting that these alteration zones are only composed of an interpretation of a
few alteration minerals, resulting in a wide range of alteration reference temperatures. The
fluid temperature model is based on few data and high temperature is concentrated around
high temperatures in individual wells (PA 3 and PA 8). Therefore, it would be difficult to
compare or explain with certainty whether or not the geothermal system is heating up or
cooling down.
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Feed zones were imported to the Petrel model, based on well log temperature fluctuations
and circulation losses (GeothermEx, 2010). They were available for the production wells
and grouped into small (1) and large feed zones (2), by GeothermEx based on their relative
size (Figure 57). Small feed zones (1) are based on < 10 l/s of circulation losses during
drilling whereas large feed zones are based on losses >10 l/s during drilling or that
significant temperature inflections seen on the temperature logs. On Figure 58, large feed
zones (orange) and small feed zones (green) are visualized with temperature. Large feed
zones were dominant in wells PA 8 and PA 2.

Figure 58 Temperature cross sections and feed zones in wells based on temperature
fluctuations and circulation losses (green points: small, orange points: large).

Resistivity
The pseudo 3D AMT resistivity model was constructed from shape files that contain the
contour line data sets made up of a series of depth level resistivity maps (GeothermEx.,
2000a; Geosystem, 2000). These maps represent resistivity distribution at -500 m, -200 m,
0 m, 200 m and 500 m a. sl. All contour lines for each map were digitised in Petrel and
converted to point sets with each point´s x, y, z and resistivity value. Each map contour set
was double checked with the map image input. The resulting 3D simple grid model matches
quite well with bitmap image input data (Figure 60). The vertical resolution of the model
was not good, since shape files were only available every 200 – 300 m. A drastic shift is
seen in the model at 400 m a.sl. which is due to the high resistivity contrasts and lack of
resistivity values between 500 m and 200 m a.sl (Figure 59).
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Figure 59 Shape files and figures representing AMT values at certain depths..

Figure 60 Resistivity model constructed from shape files and an example of a
cross check to make sure the model is consistent with cross sections. A drastic
shift in resistivity between 500 m and 200 masl is due to lack of data in this depth
range. Two conductive areas are seen in the data, the northern one is observed
at all depth values and is located below the exploration area.
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The resistivity data reveal a conductive anomaly, which is elongated in WNW-ESE
direction, parallel to the Terceira rift, and close to the junction of the Terceira rift and the
lineament of Furnas do Enoxfre (Figure 60). There is no apparent small scale trend
connecting the surface tectonic features and the resistivity lineament. The exploration area
is located at the north-eastern border of this conductive anomaly.

Figure 61 The resistivity structure of Pico Alto geothermal field at sealevel. The inferred
calderas are visualized as black thick lines. The large scale tectonic lineaments; Terceira
rift and the lineament of Furnas do Enoxfre are visualized as blue thick lines. Blue thin
lines show volcanic tectonic lineaments, red eruptive features are domes and black eruptive
features show craters.
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Gravity
Bouguer, Free air and complete (residual) Bouguer gravity anomaly maps were obtained
using gravity data distributed over two zones around the exploration area; Zone A (174
stations) and Zone B (229 stations) (Figure 61). Good data coverage within zone A
increases reliability and enables a fairly good resolution of the anomalies. The complete
Bouguer gravity anomaly map was used in the inversion, meaning that regional effects had
been accounted for. The 3D inversion of gravity data shows spatial density variations, thus,
providing information on the subsurface structure of Pico Alto (Montensinos et al., 2104).
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Figure 62 A complete Bouguer anomaly map. Measurement sites are represented as red
triangles. Terceira rift and the lineament of Furnas do Enoxfre are visualized as blue
thick lines. Blue thin lines show surface eruptive features, red eruptive features are domes
and black eruptive features show craters. The map covers the whole Zone B, but Zone A
is within the pink square. The large scale tectonic lineaments; Terceira rift and the
lineament of Furnas do Enoxfre are visualized as blue thick lines. Blue thin lines show
volcanic tectonic features, red eruptive features are domes and black eruptive features
show craters.
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The density simple grid 3D model was also constructed from shape files that contain the
contour line data sets of a series of depth level density maps. These depth level maps were
at -1500 m, -1000 m, -750 m, -500 m, -250 m, 0 m, 100 m and 200 m a.sl. They are based
on a study done by Montensinos et al., 2014. The digitised contour lines were converted
from lines to point data files in ArcGIS, similar to the resistivity contour line shape files.
The model matched quite well with figures (Figure 62), except for gaps in the figures,
representing no values that were not implemented into the model.

Figure 63 Density model constructed from shape files and an example of a cross check to
make sure the model is consistent with cross sections. The density contrast values used in
the model correspond to a discrete set of values between -300 and 300 kg/m3.

Figure 64 A horizontal section of temperature model visualized with the density model.
Higher temperature is observed within the high density.
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A low density trend is observed in the south-eastern corner of the exploration area at the
junction of the Terceira rift and NNE-SSW trending fault. North of the NNE-SSW trending
fault higher density is seen. Low density anomalies are observed in the inferred calderas of
Pico Alto and Guilherme Moniz. Figure 64 shows that the highest temperature is observed
within the gravity high. In Montensinos et al. (2014) it has been suggested that this could
be associated with the geothermal activity.

Figure 65 Density at sealevel. The inferred calderas are visualized as black thick lines.
The large scale tectonic lineaments; Terceira rift and the lineament of Furnas do Enoxfre
are visualized as blue thick lines. Blue thin lines show surface eruptive features, red
eruptive features are domes and black eruptive features show craters. A low density is
observed of the junction of Terceira rift and the lineament of Furnas do Enoxfre, and low
density is observed within the exploration aera.
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Seismicity
Earthquakes recorded between April, 2003 and March 2011 were imported to Petrel. A
total of 664 events were recorded in this time period and most of them occurred in the
geothermal exploration area. They were grouped based on their size and depth distribution.
Earthquakes from the research area are shown on Figure 65. The yellow points show
earthquakes with magnitude <1, green points show earthquake with magnitude ranging
from 1,1-2 and the red points show earthquakes greater than 2. Due to few seismic stations,
the error of location are estimated >100 m (Nunes, 2014).
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Figure 66 Earthquakes recorded from April, 2003 to March, 2011. The
yellow points show earthquakes with magnitude less than one, green
points show earthquake with magnitude ranging from 1,1-2 and the red
points show earthquakes greater than 2.
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5.3 Summary
In the third part of this thesis, the workflow presented in chapter 3 was applied to the Pico
Alto geothermal field. No data existed in Petrel before this thesis work had started, except
for the DEM model and the aerial GIS photo assemblage of Terceira. All accessible data
were imported to the model and the first static geological model was constructed. In
addition to the data compiled for the conceptual model that was published by ÍSOR and
TARH in 2016, data were received from João Carlos Carreiro Nunes (TARH) and António
Luís Peixoto Franco (EDA), which include:
1.
2.
3.
4.
5.
6.
7.
8.

Surface mapping (faults, fissures and craters)
AMT resistivity data
Location of seismic events (2003-2011)
Gravity data, Bouguer, Free air maps, density model
Geophysical logs (pressure, temperature)
Hydrothermal alteration zonation
Lithological logs
Grouping of feed zones

The main effort was put into generating 3D models from the available datasets. Borehole
data were used for constructing an alteration model and temperature model. Resistivity
model and density model were built from shape files and bitmap images. Detailed values
were available on lateral scale, but the vertical resolution was not as good. However, these
models give good indications for large scale structural lineaments.
Out of the four 3D models that were generated, two represented large scale variations
around Pico Alto (resistivity and density). Both of them reveal an anomaly where two
structural trends meet; the Terceira rift and the ENE-WEW trending lineament of Furnas
do Enoxfre. The two remaining models, alteration and temperature, only show variations
within the drilled area, as they were based on well data only.
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6 Workflow comparison and future
work
As one of the main objectives of this thesis is rather to generate an approach for
constructing a geological static model, than to make an effort of solving individual
problems, many questions have come up during the process that cannot be answered here.
Throughout the modelling process for both Krafla and Pico Alto geothermal fields, data
comparison and compilation revealed where gaps of data or understanding need to be filled,
which would result in a more coherent and reliable model.
Subdivision of datasets that build up the geological static model was presented in Figure 6
in chapter 1.2. This was built from literature studies from other geothermal areas as well as
petrological studies. As every model is dependent on its input data, the applicability of a
workflow is also determined by available data for each area.
The main emphasis in the construction of the Krafla geological static model, was revising
the geological model with the addition of lithological data, evaluation of faults in the model
and the addition of a possible basement. As this was a revision of a conceptual model,
updated data was compared to pre-existing data and interpretations. The structural
framework of Krafla was also of interest in this project. Numerous datasets could be
compared directly and structural similarities pointed out.
As no 3D data from Pico Alto were available in Petrel before this work started, the
modelling emphasis was different. Due to limited data available for the Pico Alto
geothermal field, data didn’t allow the same data comparison as for Krafla. The
applicability of the workflow was mainly in the form of technical methods, namely step 1,
2 and 4 in the workflow. The main effort was generating 3D models and sorting and listing
different data sources.
Much work remains to be done for both areas and suggestions for future work that came
up during the model construction, is listed in the following sections. Figure 6 in section 1.2
was adjusted to each geothermal area, where the input datasets that were included in the
model are labelled with a black fontand datasets that could reveal more information but do
not exist are labelled grey.
6.1.1 Krafla geological static model
In this project, various datasets have been compiled and visualized for better representation
and understanding of both the large scale and small scale pictures of the Krafla geothermal
area. Figure 67 gives an overview of the data that have been implemented to the Krafla
geological static model. It shows how most input datasets were used for structural
interpretations and a geo-property model. Most input data are lacking in the petro-physical
model and the hydrological model.
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Figure 67 Subdivision of datasets in the Krafla geolocial static model. Black labelled
datasets have already been imported to the model, but grey labelled datasets are still lacking
in the model but would serve as important parameters for a more comprehensive model.

120

Future work and modelling suggestions
Although a large amount of data are available for the Krafla geological static model, much
work remains to be done in understanding the system and many explanations are required.
Several follow-up studies become apparent such as the following:
1) For a deeper understanding of the internal structural conditions of this complex
field, a study of the structural field and borehole data is necessary, which might
result in a better understanding of the structural elements and stress field
orientations of the Krafla area. A structural analysis would result in a more detailed
geological static field model as well as a better understanding of the correlation
between potential flow paths and reservoir connectivity. Lithology, BHTV
(borehole-televiewer) or fault plane solution data, from the inferred transform
graben, would give more information on the geological structure.
2) Furthermore, it is necessary to implement geochemistry and production data into
the newly updated structural model, and run additional tracer tests. A
comprehensive comparison of known production data (flow, T/P logs) to the
structural and lithological model would enable a reservoir volume estimate and
highlight potential exploration areas.
3) In order to construct a more detailed lithological model, an additional petrographic
comparison and analyses of all borehole data would be useful. This would include
using existing borehole data analyses and newly acquired borehole data. Reanalyses of felsic formations in Krafla could also support the existence of the inner
caldera.
4) A 2D or 3D interpretation of the gravity data, constrained by borehole data and
seismic studies would result in a model of subsurface density distribution. The
results could be used to constrain the 3D resistivity model.
5) Petro-physical analyses data such as density, porosity and permeability, compared
with pressure (hydrostatic/lithostatic), and present state formation temperature
reservoir model, would reveal information of super-critical reservoir conditions in
the reservoir.
6) After the successful VSP experiment in the IMAGE project, it seems to be a good
idea to continue subsurface imaging of the Krafla field or any other high
temperature field through borehole seismics. This includes near offset surface
receiver lines for imaging structures between boreholes and near field subsurface
structures that are not visible on the surface. The broad borehole and potential field
data interpolation methods provide a good general understanding of the structural
settings of the field. However, they cannot support the smaller and secondary
structural elements. The VSP method could, therefore, prove to be a valuable and
risk decreasing method for borehole targeting and understanding of the internal
reservoir geological structures.
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6.1.2 Pico Alto geological static model
Figure 68 shows the input data in the Pico Alto geological static model, listed on the flow
chart. No coherent model can be built from these input data, which is no surprise, working
with data from a Greenfield area.

Figure 68 Subdivision of datasets within the Pico Alto geolocial static model. Black labelled
datasets have already been imported to the model, but grey labelled datasets are still lacking
in the model but would serve as important parameters for a more comprehensive model.

Future work and modelling suggestions
For a more comprehensive geological-static model for Pico Alto geothermal field, the
following suggestions are made:
1) Different qualities of lithological analyses and lack of geophysical logs made the
correlation between wells difficult. A revision of the lithology in the PA wells
exists. It is needed for the TG wells, specifically for a better understanding of the
geological architecture and extent of the individual formation zones. Additional
well data and petrographic and isotope analyses would be crucial to provide a better
correlation tool.
2) As the main challenge in Pico Alto is mapping the permeability, interpretations of
faults and fissures would benefit from a structural interpretation field study, seismic
monitoring resulting in seismicity fault plane analysis, additional tracer tests, and
further borehole data acquisition, such as a structural log analysis of BHTV data.
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Having surface faults and fissures interpreted, provides information on possible
fluid paths and allows more integration between datasets and consideration of Pico
Alto within the large tectonic framework.
3) As a support for the structural interpretation, more precise earthquake location
would be useful, including analyses of focal mechanism.
4) Although the AMT resistivity model coincides quite well with temperature
distribution, its depth of penetration is very shallow. An MT survey and
accompanied 3D resistivity model reaching to greater depths would be useful.

6.2 Conclusion
The main product of the revision of the Krafla geological static model was the workflow
that was applied to the Pico Alto geothermal Greenfield. Although the availability of data
was different for the two areas, the workflow was applied with success, and provided
additional information about the two geothermal fields. The main conclusions of this study
are the following:


The resulting workflow, developed from the construction of the Krafla geological
static model was applied to the geothermal field in Pico Alto. Five principal steps
are presented in the workflow. Although, the same workflow was followed during
the construction of the two geological static field models, the output models were
different and restricted by the available data.



An agreement is seen between the different datasets in Krafla, where the most
striking features are NE-SW trending lineament and WNW-ESE trending
lineament. The oblique rifting across the NVZ seems to influence the structural
framework that shows an asymmetry across the WNW-ESE trending lineament.
Deep structures, e.g rotation and en-echelon arrays that have been described in the
Þeistareykir fissure swarm, are also observed in some subsurface datasets in Krafla.



The exploration area in Pico Alto is also located at a junction of two different
lineaments. Large scale data show a clear anomaly at the junction of the Terceira
rift and the lineament of Furnas do Enoxfre.



For both areas, the geological model gives a static overview that is essential for
geo-scientists that collect and interpret data, but also for clients to see data coverage
and estimate the models reliability. Having a certain approach for listing and
treating data, as well as a platform where all results are brought together saves time
and results in a faster way of comparing data.

For the two geological static models, there are still gaps that need to be filled with further
researches and modelling work. As there is no such a thing as a final geothermal field
model, the workflow could be run again with additional knowledge with the aim of
improving the models.
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Appendix A
Table 10 3D sub-models within the Krafla Geological static model
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Vertical
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Comments (use, contstraints)
Uncertainties: Different interprets,
depth corrections, model manually
controlled (faults, horizons etc.).
Useful for well targeting and design,
what fault and geological units the
well path will intersect.

uth

Faults are excluded from the model.
Mainly automatically controlled, by
scaling up well logs. Useful to
compare to the main geological
model
and
allows
further
calculations and interpretationsabout physical properties of the rock
(porosity etc).
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evolution of the system
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increasing
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surface
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The grid spacing in the model tested
with 1, 2, and 3 km wide grid nodes,
but depth spacing was denser near
surface because of higher density of
earthquakes in the top 3 km. The grid
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spacing 500 meters. The spacing is
doubled towards the edges of the
model.
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Appendix B
Table 11 Interpolation algorithms used in the modelling work. They are all stochastic algorithms.
Interpolation
Kriging

Kriging (Gslib)

Kriging interpolation

Closest

Functional

Sequential indicator
simulation

Description
Uses a variogram expressing the
spatial variability of the input data.
Error of estimation is low. Gives the
user control of advanced settings.

The same method as Kriging but
using external files and the Gslib
excutable. Search radius in fraction
of variogram. Gives the user
control of advanced settings.
Data points are smoothly
connected. Considers data only
within the variogram type. Works
in XYZ.
Assigns the values of the closest
input point to each cell in the
model. An orientation can be set so
that the search around the cell is
weighted in a specific direction.
Creates a 3D function. The cell
values are interpolated with a
weighted distance to the input
data.
The result is dependent on
upscaled well log data, defined
variogram, random seed, frequency
distribution and trends in 1D, 2D
and 3D.
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Constraints
Not suitable for large input data.
Gives the value with the highest
propability for each point (reduces
high values and increases low) can
cause errors. Relatively fast because
transfer to external algorithms is not
required.
Slower than Kriging because it uses
external executable

Relatively fast because transfer to
external algorithms is not required.

Medium fast and can fail with too few
input points. The algorithm will
create values higher and lower than
the min/max values of the input data.
Most appropriate to where either the
shape of facies bodies is uncertain or
where number of trends control the
facies type. Local variations away
from input data can cause
uncertainties.

Appendix C
Legends for the geological map by Sæmundsson, 2008a.
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Appendix D
Geological code for Krafla
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Appendix E
Silicic formations in Krafla
DEPTH

WELL

LITHOLOGY

64.55

K-35

8

Intermediate Tuff

-621.00

IDDP-1

9

Intermediate Breccia

-1155.00

IDDP-1

9

Intermediate Breccia

-1207.00

IDDP-1

9

Intermediate Breccia

41.17

K-35

9

Intermediate Breccia

-230.14

K-35

9

Intermediate Breccia

573.40

K-36

9

Intermediate Breccia

563.40

K-36

9

Intermediate Breccia

556.00

K-38

9

Intermediate Breccia

547.00

K-38

9

Intermediate Breccia

-1667.18

KS-01

9

Intermediate Breccia

-1679.91

KS-01

9

Intermediate Breccia

-1690.84

KS-01

9

Intermediate Breccia

-1709.09

KS-01

9

Intermediate Breccia

-1714.57

KS-01

9

Intermediate Breccia

-437.00

IDDP-1

10

Medium grained intermediate rock

-445.00

IDDP-1

10

Medium grained intermediate rock

-459.00

IDDP-1

10

Medium grained intermediate rock

-467.00

IDDP-1

10

Medium grained intermediate rock

-479.00

IDDP-1

10

Medium grained intermediate rock
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-543.00

IDDP-1

10

Medium grained intermediate rock

-649.00

IDDP-1

10

Medium grained intermediate rock

-1177.00

IDDP-1

10

Medium grained intermediate rock

-377.00

K-05

10

Medium grained intermediate rock

-1340.80

K-19

10

Medium grained intermediate rock

-74.00

KV-01

10

Medium grained intermediate rock

-241.00

KV-01

10

Medium grained intermediate rock

-1131.00

KV-01

10

Medium grained intermediate rock

-1143.00

KV-01

10

Medium grained intermediate rock

-1159.00

KV-01

10

Medium grained intermediate rock

-247.00

KV-01

11

Coarse grained intermediate rock

392.50

K-06

12

Acidic Tuff

372.50

K-06

12

Acidic Tuff

340.50

K-06

12

Acidic Tuff

-289.41

K-37

12

Acidic Tuff

-295.35

K-37

12

Acidic Tuff

-314.16

K-37

12

Acidic Tuff

-327.11

K-37

12

Acidic Tuff

-330.57

K-37

12

Acidic Tuff

-366.41

K-37

12

Acidic Tuff

-383.08

K-37

12

Acidic Tuff

-400.60

K-37

12

Acidic Tuff

-408.48

K-37

12

Acidic Tuff

-425.94

K-37

12

Acidic Tuff

-569.48

K-39

12

Acidic Tuff
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-581.67

K-39

12

Acidic Tuff

-595.61

K-39

12

Acidic Tuff

290.00

KV-01

12

Acidic Tuff

-845.62

K-36

13

Acidic Breccia

347.31

K-37

13

Acidic Breccia

-415.47

K-37

13

Acidic Breccia

-579.93

K-39

13

Acidic Breccia

-588.64

K-39

13

Acidic Breccia

-593.87

K-39

13

Acidic Breccia

295.04

K-07

14

Fine/medium grained acidic rock

-948.00

K-18

14

Fine/medium grained acidic rock

-1061.00

K-18

14

Fine/medium grained acidic rock

-1214.00

K-18

14

Fine/medium grained acidic rock

-247.19

K-20

14

Fine/medium grained acidic rock

-263.44

K-20

14

Fine/medium grained acidic rock

-270.65

K-20

14

Fine/medium grained acidic rock

-312.72

K-20

14

Fine/medium grained acidic rock

-328.73

K-20

14

Fine/medium grained acidic rock

-342.94

K-20

14

Fine/medium grained acidic rock

-350.04

K-20

14

Fine/medium grained acidic rock

-359.79

K-20

14

Fine/medium grained acidic rock

-365.99

K-20

14

Fine/medium grained acidic rock

-369.52

K-20

14

Fine/medium grained acidic rock

-374.83

K-20

14

Fine/medium grained acidic rock

-382.79

K-20

14

Fine/medium grained acidic rock
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-393.38

K-20

14

Fine/medium grained acidic rock

-396.47

K-20

14

Fine/medium grained acidic rock

-404.85

K-20

14

Fine/medium grained acidic rock

-412.77

K-20

14

Fine/medium grained acidic rock

-420.69

K-20

14

Fine/medium grained acidic rock

-515.85

K-20

14

Fine/medium grained acidic rock

-521.05

K-20

14

Fine/medium grained acidic rock

-543.54

K-20

14

Fine/medium grained acidic rock

-897.47

K-20

14

Fine/medium grained acidic rock

-921.50

K-20

14

Fine/medium grained acidic rock

-943.67

K-20

14

Fine/medium grained acidic rock

-957.51

K-20

14

Fine/medium grained acidic rock

-265.40

K-31

14

Fine/medium grained acidic rock

-445.40

K-31

14

Fine/medium grained acidic rock

-1024.66

K-32

14

Fine/medium grained acidic rock

-466.35

K-33

14

Fine/medium grained acidic rock

495.10

K-34

14

Fine/medium grained acidic rock

-480.32

K-36

14

Fine/medium grained acidic rock

-682.69

K-36

14

Fine/medium grained acidic rock

-699.69

K-36

14

Fine/medium grained acidic rock

-828.74

K-36

14

Fine/medium grained acidic rock

-842.24

K-36

14

Fine/medium grained acidic rock

-491.86

K-37

14

Fine/medium grained acidic rock

274.00

KV-01

14

Fine/medium grained acidic rock

271.00

KV-01

14

Fine/medium grained acidic rock

145

267.00

KV-01

14

Fine/medium grained acidic rock

261.00

KV-01

14

Fine/medium grained acidic rock

249.00

KV-01

14

Fine/medium grained acidic rock

41.73

K-20

15

Coarse grained acidic rock

-429.10

K-25

15

Coarse grained acidic rock

-452.10

K-25

15

Coarse grained acidic rock

146

Doc.nr:
Version:
Classification:

IMAGE-D5.01
2017.09.22
public

Annex 2: The concept of geothermal play: the Convective
Intrusive type in the frame of Italian and USA fields
This Annex is largely based on the published article of Santilano et al. (2015), and the Chapter 2 of
the Ph.D thesis by Alessandro Santilano (2017).
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A2. The concept of geothermal play: the Convective Intrusive
type in the frame of Italian and USA fields
A2.1 Introduction
Geothermal energy is a renewable and eco-compatible resource suitable for base-load power and
thermal production. The basic concept of this resource is the use of the Earth’s heat for electrical
power production or directly as thermal energy. In the last years this source has been of interest for
governments, companies and research institutes worldwide that are working for the increase of
geothermal power and heat production.
Although geothermal energy has been exploited for many decades in several countries, a clear and
unique classification of geothermal systems has not been accepted worldwide, probably due to the
strong variability of geological, geophysical and thermodynamic conditions. We can clearly
distinguish conventional and unconventional geothermal resources, based on the feasibility of the
exploitation with current available technologies. Nowadays, the consolidated technologies require
the withdrawal of a fluid (i.e. hydrothermal fluid) that efficiently transfers the heat from the
underground to the surface; i.e. the conventional resources are found in the hydrothermal systems.
The genesis of geothermal systems can be related to various geological settings and it is challenging
to frame the features of these processes in a standardized system.
In the past, many authors proposed a classification of geothermal systems and resources, based
mainly on temperature (e.g. Muffler, 1979; Sanyal et al., 2005). Recently Moeck et al. (2014)
proposed an alternative scheme to classify geothermal systems, in the frame of “Geothermal Plays”,
based on geological characteristics. The “play” concept hails from the oil and gas exploration and
corresponds to: “...model in the mind of the geologist of how a number of geological factors might
combine to produce petroleum accumulation in a specific stratigraphic level of a basin” (Allen P.A.
and Allen J.R., 2005). It is hard to import this concept to geothermal exploration due to the possible
development of geothermal systems in many geodynamic settings with extremely various geological
characteristics worldwide. On the other hand, we agree with Moeck (2014) on the need of a clear
and widely accepted new catalogue of Geothermal Plays to support the geothermal exploration
activities at least in their very first activities. Merging different opinion and scientific discussions
during a recent workshop held by the International Geothermal Association (IGA) in Essen, Germany
(IGA, 2013), it has been attempted to classify the Geothermal Plays as follows:








Convective, volcanic field, divergent margins;
Convective, volcanic field, convergent margins;
Convective, Intrusive, extensional;
Convective, Intrusive, convergent;
Convective, Extensional domains fault controlled;
Conductive, Intracratonic basin;
Conductive, Foreland basin/orogenic belt;
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Conductive, Basement (igneous and metamorphic).

A2.1.1 Chapter overview
This chapter is aimed to understand: i) the common features of Convective and Intrusive Plays since
they host some of the most productive geothermal fields in the world, and ii) why the Larderello
system, the focus in this thesis by EM geophysics, can be attributed to this type of plays. For a
detailed description of the Larderello field the reader is referred to the Part III of the thesis.
Hereby, we present a critical review and discussion on the structural setting, the heat source and
the reservoir characteristics of three important geothermal fields in exploitation since decades:




Larderello (Italy);
Mt. Amiata (Italy);
The Geysers (USA).

We classify them as Convective and Intrusive Play types and we stress the similar geological
features that could depict this type of play.
The Larderello and Mt. Amiata fields, both located in Tuscany (Italy), are two large convective
geothermal systems with similarities but also many differences. Larderello is one of the few vapordominated systems worldwide, where the first geothermal power plant was installed in 1913. The Mt.
Amiata geothermal area is located close to the homonymous extinct volcano (0.3-0.2 Ma) and is
characterized by a liquid-dominated system. The Geysers field is located in California (USA) close
to the Clear Lake volcanic field and is the most productive vapor-dominated geothermal system in
the world, exploited since the 1960s.
In the debate regarding the classification and its indicators we argued that these prospective
resources are hardly classified on the base of both tectonic setting and stratigraphic features and
we proposed other criteria, which will be described.

A2.2 Structural setting
A2.2.1 Larderello and Mt. Amiata geothermal fields
The geothermal fields of Larderello and Mt. Amiata (southern Tuscany, Italy) are located in the inner
part of the Northern Appennine, a sector of the Apennine orogenic belt developed as a consequence
of the Cenozoic collision between the European (Corso–Sardinian block) and the Adria plates
(Boccaletti et al., A2011). The southern Tuscany is characterized by a shallow Moho discontinuity
(20-25 km depth), a reduced lithosphere thickness due to uprising asthenosphere and the
delamination of crustal lithosphere (Gianelli, 2008). Many authors proposed a tectonic evolution of
Northern Apennine due to two main deformational processes: i) a first one related to eastward
migrating compressional tectonics and ii) a subsequent extensional tectonics eastward migrating
which affects the inner part of the orogenic belt since at least Early Miocene (Carmignani et al., 1994;
Jolivet et al., 1998; Brogi, 2006 and reference therein). Alternative models were proposed to describe
the tectonic evolution of inner Northern Apennine (Boccaletti et al., 1997; Bonini and Sani, 2002).
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These studies revealed a complex tectonic evolution during Miocene-Pleistocene with alternating
compressive and extensional tectonics events but suggest a prevalent contribution of compressive
tectonics till Pleistocene Epoch, in contrast with an uninterrupted regional extensional tectonics
active since at least Early Miocene as suggested by other authors. After Pleistocene, southern
Tuscany is characterized by active extensional tectonics as inferred by borehole breakout analysis
(Montone et al., 2012). Considering Quaternary tectonics, recent studies suggested an important
role of strike-slip faults and step-over zones controlling the magma emplacement in the inner
Northern Apennine (Acocella et al., 2006) and in the Mt. Amiata area (Brogi and Fabbrini, 2009).
Batini et al. (1985) presented a seismological study of Larderello area, showing an intense seismic
activity of low magnitude, partially induced, that could be correlated with seismically active structures.

A2.2.2 The Geysers geothermal field
The Geysers-Clear Lake geothermal field is located in northern California, between the San Andreas
fault system and the Coast Range thrust (Stanley and Rodriguez al., 1995). This region belongs to
the California Coastal Ranges, and its geological features are a consequence of the eastward
subduction of the Farallon oceanic plate underneath the North America continental plate since Late
Mesozoic time. The tectonic evolution of the region is quite complex. The late Mesozoic subduction
system along western North America was replaced, in the Eocene period, by the Mendocino Triple
Junction that evolved in the San Andreas transform system (Stanley and Rodriguez, 1995).
The Geysers Geothermal field is located between NW trending right-lateral strike-slip faults that
belong to the San Andreas Fault system and exhibits a normal and strike-slip faulting (Boyle et al.,
2013). The analysis of seismicity (Oppenheimer, 1986; Boyle et al., 2013) indicates that most of the
fault plane solutions show extensional and strike-slip component. However, above 1 km depth
reverse component is present.

A2.3 Heat source and thermal regime
A2.3.1 Larderello and Mt. Amiata geothermal fields
The geodynamic setting and the magmatic activity produce a huge geothermal anomaly in southern
Tuscany with maximum peaks centered in the Larderello and Mt. Amiata areas with values of heat
flow up to 1000 mW/m2 (Baldi et al., 1994). The heat source of Larderello and Mt. Amiata geothermal
fields is related to shallow igneous intrusions belonging to the Tuscan Magmatic Province (TMP)
according to many authors (see Gianelli, 2008 and references therein). Geophysical data (gravimetry,
seismic reflection, seismology and MT) and thermal numerical modelling support the hypothesis of
deep buried still molten igneous intrusions below the geothermal systems of southern Tuscany
(Foley, 1992; Baldi et al., 1994; Batini et al., 1995; Bernabini et al., 1995; Gianelli et al., 1997;
Manzella et al., 1998; Mongelli et al., 1998; Gianelli, 2008). Various models relate the genesis of this
magmatic activity in the inner part of Northern Apennines to the west-dipping subduction,
delamination and eastward rollback of the Adriatic lithosphere. Both the magmatism and the
extensional tectonics migrated from West to East following the eastward migration of the collisional
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front. The Larderello intrusive bodies, cored in several deep wells, can be classified as two-mica
granites ranging in composition from monzogranites to syeno-monzogranites, with ages ranging
from 3.8 Ma to 1.3 Ma (Dini et al., 2005). Gianelli and Puxeddu (1994), summarized the geophysical
evidence of the batholith beneath Larderello area: i) a Bouguer gravity low (20-25 mGal minimum
peaks), ii) a thermal anomaly (heat flow values >120 mW/m2) over an area of 600 km2, iii) P-wave
delays (up to 1 sec), iv) lack of hypocentres below 7-8 km and v) mineralogical evidence in a deep
geothermal well (post-tectonic occurrence of corundum, sanidine and biotite-tourmaline level).
Mt. Amiata is a young (0.3-0.2 Ma) extinct volcano belonging to the TMP made up by trachytes,
trachylatites and olivine-latites (Gianelli, 2008). The volcanic edifice hosts an important reservoir of
cold and drinkable water and lay over impermeable, clayey units. As for Larderello, the hightemperature hydrothermal circulation occurs in two deep-seated non volcanic reservoir. Major bodies
of intrusive rocks were never crossed by deep wells in Mt. Amiata, but the heat source may be
related to shallow intrusions inferred by geophysical data (Bernabini et al., 1995; Manzella et al.,
1998; Finetti, 2006). This allows us to consider this geothermal play as intrusive.

A2.3.2 The Geysers geothermal field
The heat source of The Geysers geothermal field corresponds to a Quaternary pluton complex (>100
km3) of batholithic dimension known as “felsite” that occurs only in the subsurface and is clearly
affiliated geochemically and mineralogically with the Cobb Mountain volcanic centre of the Clear
Lake volcanic field (Hulen and Nielson, 1996; Dalrymple et al., 1999). Movement of the Mendocino
Triple Junction is widely believed to be the cause of northward migrating, late Tertiary and
Quaternary volcanism in the California Coast Ranges (Stanley and Rodriguez, 1995). A slab window
is assumed to favour asthenosphere upwelling and basic magmas emplacement that in turn have
fractionated, melted or assimilated continental crust producing felsic magma (Hulen and Nielson,
1996). According to Dalrymple et al. (1999), the Geysers Plutonic Complex (GPC) crystallized at
1.18 Ma and suggests a further heat source, in addition to the intrusive mass of the GPC, to explain
the observed thermal evolution of the complex. Based on deep wells data, Hulen and Nielson (1996)
distinguished three type of rocks constituting the igneous body: i) granite, ii) microgranite porphyry
and iii) late granodiorite. The presence of batholith is supported by: i) a Bouguer gravity low (-24
mGal minimum peaks), ii) a thermal anomaly with heat flow values grater than 168 mW/m2 over an
area of 750 km2 and values in the range 335-500 mW/m2 over an area of 75 km2 centered on the
field, iii) P-wave delays (up to 1 sec), iv) lack of hypocentres below 5-7 km depth and v) the
occurrence of a thick aureole of biotite-tourmaline rich hornfels around the felsite (Walters and
Combs, 1989; Gianelli and Puxeddu, 1994; Nielson and Moore, 2000 and reference therein).
Both the huge vapor-dominated reservoir and the upper portion of the “felsite” are oriented NW-SE,
sub-parallel to the right-lateral San Andreas Fault and related wrench faults. In fact, Hulen and
Norton (2000) considered the emplacement of the “felsite” possibly related to pull-apart extension.
The presence of a batholith or multiple silicic magma chambers at depth are supported by
geophysical evidence, but a shallow intrusion cyclically replenished by new magma (at least each
500,000y) is required to keep the present-day heat-flow and thermal anomaly (Erkan et al., 2005).
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A2.4 Reservoir characteristics
2.4.1 Larderello and Mt. Amiata geothermal fields
There are differences and similarities between the Larderello and Mt. Amiata geothermal reservoirs.
Both areas host two reservoirs, the shallow being hosted in sedimentary units and the deep in
crystalline rocks. At Larderello superheated steam is present to depth over 3.5 km and with
temperatures exceeding 350°C, whereas the deep reservoir of the Mt. Amiata geothermal fields is
in two-phase (liquid+vapour mixture) state with temperatures of 300-350°C (Barelli et al., A2010). In
the upper levels (shallow reservoir), the Larderello reservoir consists of several rock types:
sandstone, marls, radiolarites, and, more commonly, Mesozoic micritic limestone and anhydrite
dolostone. The deep reservoir consists of phyllite, micaschist, skarn, hornfelses and granite. Similar
rocks form the reservoir of the Mt. Amiata geothermal field: Mesozoic limestone and anhydrite
dolostone (shallow reservoir) and phyllite, quartzite and dolomitic marbles (deep reservoir) (Pandeli
et al., 1988). Strong reflectors in the metamorphic complexes have been explained with rock
fracturing and presence of fluids (Batini et al., 1983; Cameli et al., 1995). Gianelli and Bertini (1993)
report the occurrence of a hydrothermal breccia at 1090 m depth and suggest that natural hydraulic
fracturing could have been occurred within the system. Hydraulic fracturing may also be a present
day mechanism of rock fracturing at Larderello. Also at Mt. Amiata, in the deep reservoir, the
occurrence of hydrothermal breccias (Ruggieri et al., 2004), lead us to assume a similar process of
permeability enhancement. Coupled with this process it is clear that faults and densely fractured
zones play a fundamental role for the permeability of the reservoir, considering that primary
permeability is extremely low. Barelli et al. (2010) highlights that the shallow and deep reservoirs of
Mt. Amiata system are in piezometric equilibrium as pointed out by the hydrostatic pressure
distribution. Thermal springs and diffuse gas discharge are abundant in both Larderello and Amiata
geothermal fields and surrounding areas, with fierce manifestations in Larderello (Duchi et al., 1986;
Minissale et al., 1991; Minissale et al., 1997, Frondini et al., 2009).

A2.4.2 The Geysers geothermal field
At The Geysers the geothermal fluids are hosted principally by highly deformed, late Mesozoic age,
subduction-trench-related metasedimentary and meta-igneous rocks of the Franciscan complex.
The system is disrupted by high-angle generally northwest-trending faults related to the still-active
San Andreas fault and low- to moderate-angle thrust faults. The Franciscan rocks at The Geysers
are intruded by a northwest-trending, Plio-Pleistocene, multi-phase, felsic pluton, which actually
hosts a portion of the steam reservoir, and underwent further mineral recrystallization due to the
intrusion and related fluids. The configurations of the felsite and reservoir coincide, strongly
suggesting that the intrusion critically influenced steam-field evolution (Hulen and Nielson, 1993).
The two reservoirs (shallow and deeper “High Temperature Zone”) produce steam at temperatures
in the range 235-342°C at depth of approximately 500-2500 m b.g.l. and the permeability is mainly
related to rock fractures. Recent experimental redrilling and deepening of an abandoned well were
able to significantly increase the flow rate of a low permeability level at 3350 m depth and 400°C
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temperature, and, practically, create an EGS demonstration project into the High Temperature Zone
(Garcia et al., 2012). Geothermal surface manifestation are widely diffused counting several thermal
springs in the surrounding area (Donnelly-Nolan et al., 1993).

A2.5 Discussion
In our opinion a worldwide-accepted temperature-based classification of geothermal resources is
needed, because it provides a quantitative evaluation of power production. On the other hand, in
agreement with the definition of geothermal play of Moeck (2014), in the first stage of exploration it
is useful to take into account a catalogue of plays based on geological features. But we argue: are
geological features clear enough for characterizing favourable conditions for geothermal resources?
The comparison of the main geological conditions among the Larderello and Mt. Amiata (Italy), The
Geysers (USA) geothermal fields, led us to identify common features that may characterize the
Convective and Intrusive Play. The most important common feature of this type of Play is the
effectiveness of the heat source represented by shallow plutonic intrusions, although nowadays for
the Mt. Amiata field the magmatic contribution is only inferred, as it was inferred in Larderello and
The Geysers at the beginning. This is a crucial point and the term Intrusive for a play is not so
immediate to apply. For example: recent acidic intrusions are considered to be the heat source of
Larderello and Mt. Amiata geothermal systems (Bertini et al., 2006; Gianelli, 2008), whereas in the
conceptual model of the Larderello geothermal area of Brogi et al. (2003, and references therein)
the geothermal area is located in a “basin and range”-like structure, the magmatic contribution as
heat source being minimized and depicting an overall scenario of a fault-controlled system.
The efficacy of the heat source is a leading issue. In fact, with regard to the Italian and American
fields the available information nowadays endorses the effectiveness of buried intrusion older than
1 Ma. Mathematical models exclude the possibility that intrusions of any reasonable, even large, size
can supply enough heat and are able to feed large geothermal systems for more than 1 Ma (Norton
and Knight, 1977; Calore et al. 1981; Cathless and Erendi, 1997). A continuous magma, and
therefore heat, feeding is therefore necessary to maintain a geothermal system of the size of
Larderello or The Geyser. In our opinion, the term “Intrusive” should be accompanied by the term
“Young”. We can define young an intrusion at least coeval, or younger than the last tectonic phase
affecting the geothermal area and if isotopic dating is available it should be younger than
approximately 1Ma.
The age of the magmatism is used also for the catalogue of geothermal play proposed by IGA and
IFC (2014), which, however, lacks a clear distinction of volcanic and intrusive plays. In our opinion a
system fed by young intrusions with the geothermal reservoir hosted into the associated volcanites
has different features with respect to a “convective, intrusive” play, with reservoir hosted in
sedimentary and crystalline units. The geothermal plays characterized by intrusions approximately
older than 1 Ma and without evidence of partial melt in the upper crust could be included into a
“amagmatic play”, to be eventually sub-classified. Geochemical data on surface manifestations
should be considered for supporting the cataloguing activities because they provide useful
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information about the hypothesis of magmatic contribution helping in discriminating the intrusive and
amagmatic systems.
Of course, large or composite batholiths are better heat source than small dikes or laccoliths, which
cannot induce thermal anomaly for a long period of time. The volume of the intrusion, however, is
not a good discriminating parameter, because during the exploration it is difficult to define its size.
So, to further distinguish the intrusive plays on the basis of the size of the intrusion is in our opinion
of not practical use.
Another important issue is the convective heat transfer that implies the circulation of a thermovector
fluid. This condition distinguishes the conventional system exploitable by the current technologies
from the conductive unconventional geothermal systems that require engineering stimulation. The
three geothermal systems, here considered, are classified as Convective since they show a wide
and effective hydrothermal circulation, even complex, considering the presence of more than one
reservoir for each field. In our analysis we could count on geophysical data and well logs for fields
in operation. Considering an initial stage of exploration for a play, without geophysical data, it is
difficult to assess the regime of heat transfer at depth. A preliminary indication could be provided by
the number and type of geothermal manifestations in the surrounding areas. Surface manifestations
(e.g. hot-springs and gas discharge) are common in the three fields of interest, disregarding the fluid
phase in the reservoir (steam-dominated in Larderello and The Geysers and liquid-dominated in
Amiata). In the considered cases, the low permeability layer acting as cap-rock is a low permeability
sedimentary or crystalline unit, and the abundance and distribution of natural manifestations, as well
as the hydraulic head of steam or brine, are strictly related to the depth of the reservoir and the faults
and fractures regime.
Attempts at evaluating the steam fraction in geothermal reservoir have been proposed by D’Amore
and Truesdell (1979) but its applications before drilling and during the geochemical survey of natural
manifestation is problematic. In any case the presence of steam phase is not a discrimination for
intrusive or a fault-controlled geothermal systems. For example Mt. Amiata is an intrusive geothermal
system with liquid-dominated reservoirs.
The comparison of these fields drove us to exclude lithological and stratigraphic conditions as key
parameters to classify the plays. A geothermal reservoir can be hosted in various typologies of
sedimentary and crystalline rocks. What really matters is the rock permeability.
What makes things even more complex is the geodynamic and structural setting, which may spatially
vary in stress regime (from compressive to extensional or strike slip) and in time (polyphasic tectonic).
In areas rich of data such as those we analysed the tectonic evolution is still under debate in the
scientific community. We have shown that Larderello and Mt. Amiata are located in the inner sector
of an active orogenic belt that undergone extensional tectonic since Miocene or Pleistocene (non
univocal consensus about timing) and some authors suggested the importance of recent strike-slip
faults during the emplacement of plutons that represent the heat source.
The main elements in common in the three fields, which we used for the classification are the
hydrothermal circulation and the known or inferred plutonic heat source respectively identifying the
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convective and intrusive terms. We observe that there are two other common parameters in the four
areas: i) relevant seismic activity and ii) high heat flow. It is known that geothermal fields are common
in tectonically active areas and earthquake swarms could be associated to areas of recent volcanic
or geothermal activity (Sibson, 1996). The heat flow values depict huge thermal anomalies in the
surrounding areas of the Larderello, Mt. Amiata, and The Geysers fields with maximum values
centred on the field in exploitation.

A2.6 Summary
We compared the main geological features of Larderello, Mt. Amiata and The Geysers geothermal
fields in order to describe the common elements that could be useful for the classification of
Geothermal Plays based on the terminology proposed for the IGA Workshop held in Essen, Germany
(IGA, 2013). We classified these fields as Convective and Intrusive Plays. The first term would
indicate the presence of a reservoir suitable for economically exploitation with current technologies
without engineering stimulation. The Intrusive term is correlated with the plutonic heat source that
feeds wide and highly productive geothermal systems. We do not adhere to the proposal to split this
play in different kinds, depending on the tectonic setting. Considering that a play should be defined
in an unambiguous way, and should help in classifying resources and planning exploration decisions,
we conclude that recognized resources, such as those we analysed, and even more so the
prospective resources, can hardly be classified on the base of tectonic setting. We explained that
geodynamic and structural setting are still debated in such well known fields, and a tectonics-based
classification of Geothermal Plays couldn’t simplify the exploration planning. The structural survey
remains a milestone in a geothermal exploration project to understand tectonics evolution and to
assess the faults and fractures systems that control hydrothermal circulation. Indeed, tectonic
processes are of main importance in the genesis and evolution of a geothermal system.
With regard to the classification of Geothermal Plays we suggest to simplify the classification of the
Convective Plays distinguishing Volcanic, Young Intrusive and Amagmatic. The role of the tectonic
settings is reduced for our classification purposes, which can be subjective and therefore leading to
ambiguous conceptual models. Beside highlighting the importance of geochemical data for inferring
magmatic heat source, we identify two more features that are common in the four field: i) they are
seismically active and ii) they show high heat flow values and wide thermal anomalies. These
features might be used for a sub-classification.
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Annex 3: The 3D geological model of the Larderello-Travale
geothermal system
This Annex is largely based on the Chapter 6 of the Ph.D thesis by Alessandro Santilano (2017).
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A3. The 3D geological model of the Larderello-Travale
geothermal system
A3.1 Introduction
The geological modelling represents an essential activity in the frame of the geothermal exploration
of a play. The reliability of the model is strictly related to the quantity and quality of the direct
(geological and well) data and indirect geophysical data.
The main objective of this chapter is to describe the 3D geological modelling of the Larderello
geothermal system that we performed in Petrel (Schlumberger) environment. Particularly, we
reviewed and integrated various datasets available in literature or kindly provided by ENEL Green
Power.
Geological structures are three-dimensional and the fully 3D geological modelling improves
significantly the integration of different sources of data and their interpretation. Considering the
geophysics and in particularly MT, it is important to constrain the inverse problem with a reliable
model. Once estimated the geophysical parameters, the integrated geological model is of help for
the interpretation, and allows to consider the system as a whole.
In our opinion, an essential technical issue for the correct modelling of geological bodies is the preprocessing of available data to be suitable for the integration in a 3D environment. This activity is
challenging in plays with really complex geology with available datasets that often differ in terms of
original interpretation by different authors. Indeed, the main effort was the homogenization of the
different source of data (discordant, in some cases) that have been proposed in the last decades of
exploration of the Larderello field. Our dataset refers mainly to stratigraphic well logs, geological
profiles and interpreted seismic data.

A3.1.1 Overview on the study areas
The model can be divided into three different sectors (figure A3.1):




Regional model
Travale-Radicondoli model (hereafter also Travale)
Lago Boracifero model
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Figure A3.1- Study areas for the 3D geological modelling. The blue area represents the regional
model, the red area represents the Travale model and the green area represents the Lago
Boracifero model. The coordinates are in WGS1984-UTM32N.

We built the regional model in order to realize a first-order approximation of the geology over wide
areas in southern Tuscany. This model was used as a-priori information for the inversion of the old
MT dataset, acquired by ENEL GP in 1992 for crustal studies across southern Tuscany, that has
been re-processed and inverted in this research and published in Santilano et al. (2015c).
Travale-Radicondoli and Lago Boracifero (Boraciferous Lake) correspond to the eastern and southwestern sectors of the Larderello field, respectively. The models of these two areas were used as apriori information for the inversion of the recent MT datasets and then for the geothermal
interpretation. These areas represent two of the most productive zones of the whole field. The Lago
Boracifero represents the main area of study where a new MT dataset was acquired. The Travale
model was built due to the availability of underground data and geophysical data.

A3.2 Historical perspective of the field
Larderello is a small town located in southern Tuscany (Italy) along the “Colline
Metallifere“ (Metalliferous Hills), an important mining and industrial area of the Tuscan “Maremma”
geographic area. Here, the geothermal energy, in its modern meaning, was born.
The impressive geothermal manifestations of this area and its Earth resources favoured early human
settlements. Many historical studies described the strict relationship among the inhabitants and the
geothermal energy since the Pre-historic Time (Burgassi, 1987). During this period, the Etruscans
and the Romans after, exploited the thermal energy (e.g. balneology) and the epithermal deposits
(mines and quarries).
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In historical time, during a survey for natural resources prospecting, the scientist Targioni
Tozzetti (1769) published the first description of the “Lagoni” (steaming pool): “They are places
where water pool, coupled in the Earth interior with volatile mineral acids, Sulphur, Alum, Vitriol and
salt...absorb a great heat and spring out boiling in a terrifying way, with horrible noise, with hot and
wet vapour, dense as fog, with sulphur smell...”. After this description, in 1777, the chemist U.F.
Hoefer discovered the boric acid by analysing the water from the “Lagoni” of Monterotondo Marittimo
(Ciardi and Cataldi, 2005).
The exploitation of the boric acid from hydrothermal fluids can be considered the first
industrial utilization of geothermal energy, economically sustainable since 1812. Allegrini et al. (1992)
identifies three main periods of industrial use: i) hydrothermal fluids as raw material, ii) hydrothermal
fluids as source of thermal energy for the production cycle of boric acid and iii) hydrothermal fluids
as source for thermal energy and for electrical power production.
In 1904 the experiment designed by Piero Ginori Conti was successful turning on five lamps
using the thermal energy of the hydrothermal fluids from a well drilled in Larderello. In 1913 the first
geothermal power plant in the world was in operation with the name of “Larderello 1”.
Nowadays, the exploitation of the geothermal resources for power production in the LarderelloTravale field (LTGS) is carried out by ENEL GP on six mining leases. The research and technological
progresses drove the exploration deeper into the Earth. The exploitation started from the shallow
carbonate reservoir and continued into the deeper crystalline geothermal reservoir, after pioneering
deep drilling projects in the ‘80s. The field is one of the few examples of superheated steam system
on Earth with about 50 °C of superheating (Bertani, 2005). The scientific research and the exploration
is now focused on the possibility to exploit deep-buried hydrothermal fluids in supercritical conditions.
In these decades the quality of data increased significantly, starting from the first geothermal wells
handmade drilled in the XIX Century to the recent directional drilling up to 4500 meters deep. The
geophysical resistivity measurements evolved in this period from Direct Current (DC) surveys to the
MT soundings for deeper imaging of the electrical resistivity. Regarding seismic, the acquisition of
2D seismic profiles was substituted with the acquisition of wide 3D seismic surveys that allowed a
significant reduction of the mining risk, i.e. the drilling of dry unsuccessful wells. Other geophysical
data have been acquired, e.g. gravimetry, passive seismic and thermometry.
Superheated steam at Larderello feeds an installed capacity of 795 MWe (Bertani, 2015). Since
2010, after regulation modifications, many research permits have been released by Tuscany Region
to other operators around the present mining leases at Larderello as well as in the Mt. Amiata
geothermal field (about 75 km far from Larderello).

A3.3 The integrated database
An enormous amount of geological and geophysical data have been acquired by the private
operators (mainly ENEL GP) and research institutes, for this field. In order to compute the integrated
3D geological model of the Larderello-Travale field, we firstly designed and developed a database
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in GIS environment (ArcGIS, ESRI), as much as possible comprehensive, considering topographic,
geological and geophysical data (figure A3.2).
A wide and detailed bibliographic search was accomplished for collecting the data available in
scientific literature. The part of the Italian Geothermal Database (BNDG), that is managed by the
CNR-IGG (Barbier et al., 2000; Trumpy and Manzella, 2016, Geothopica website), covering the study
areas was included. In addition, we included the dataset, kindly and confidentially provided by ENEL
GP in the frame of European projects. During this stage, proper coordinate transformations and
spatial operations were performed. Topographic bases (ISPRA web site; Tuscan Region web site;
Minambiente web site) were firstly organized.
With regard to geology, the database includes different geological maps at different scales, both
raster and vector, such as the geological cartography of the Tuscan Region at scale 1:10.000
(Tuscan Region web site). The geological maps of the CARG (Geological CARtography) Project at
scale 1:50.000 (ISPRA web site) were used, too.
We also reported the traces of geological or interpreted seismic profiles that have been analysed
from literature. Vector contour maps of the geometry of geological or seismic surfaces were
computed. Geological surfaces from the interpretation of 3D seismic data were considered for the
Travale area (kindly and confidentially provided by ENEL).
The main source of data that allows a constrained 3D reconstruction of the geological structures at
depth are the stratigraphic well logs, that represent the only direct underground information. Our GIS
database counts 195 deep geothermal wells, located in the Travale and Lago Boracifero areas; the
main data e.g. well head coordinates, year of drilling, total measured depth, stratigraphy were stored.
The well dataset from the Italian Geothermal Database partially lack the information on the deviation
paths. For this reason, we considered only the wells data coupled with deviation paths or pseudovertical wells whose vertical and horizontal off-set is supposed to be negligible. The well data
provided confidentially by ENEL GP and complete of deviation path and geophysical logs are located
mainly in the Travale area. It is worthwhile to highlight that the stratigraphic logs are actually the
synthetic stratigraphic well logs reported in the BNDG or provided by ENEL GP, whereas the original
data, i.e. the master logs, are not available.
Finally, the database includes the information about the Magnetotelluric and TDEM dataset acquired
or used in this study.
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Figure A3.2- Schematic geological map, modified from the geological maps at scale
1:10000 (Tuscany Region website) and overview of the information layers of the
GIS database. 1) Quaternary deposits; 2) Igneous rocks; 3) Neoautochthonous
terrigenous deposits (Miocene-Pliocene); 4) Ligurian and sub-Ligurian Flysch
complex (Jurassic-Eocene); 5) Tuscan Nappe formations (Upper Triassic-Miocene);
6) Calcare Cavernoso and anhydrites (Triassic); 7) Metamorphic Units (TriassicPaleozoic); 8) Traces of geological or geophysical profiles; 9) Deep geothermal
wells. The coordinates are in WGS1984-UTM32N.

A3.4 The conceptual model
A3.4.1 Geothermal background, tectonics and heat source
We considered the Larderello-Travale (LTGS) as a “Convective intrusive geothermal play” following
the classification from Moeck (2014). For a detailed description of the concept of geothermal play
and the geological background of the Larderello-Travale system we refer to the Chapter 2. Hereafter,
we summarize the main geological features with a focus on the Lago Boracifero sector.
The field is located in the inner part of the Northern Appennine, a sector of the Apennine. The tectonic
pile locally crops out along ridges separated by Neogene late-to post-orogenic basins filled with
continental to marine sediments (hereafter referred also as “Neoautochthonous or M-P-Q”, from
Miocene, Pliocene and Quaternary). The Appenninic tectonic pile includes the Ligurian and subLigurian oceanic units (Jurassic–Eocene), hereafter referred also as “Ligurids or Ligurian Complex”,
overlying the “Tuscan Nappe” and “the Tuscan metamorphic units”, derived from the deformation of
the Adriatic palaeomargin, Palaeozoic to Miocene in age (Bertini et al., 2006). The Tuscan Nappe in
southern Tuscany, particularly in Larderello, is strongly delaminated locally completely absent.
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The productive areas of Larderello and Travale, in the West and East respectively, are located
approximately 15 km apart and are characterized by similar geological setting. With regard to the
deep geothermal system, they represent two exploited areas of an enormous unique vapourdominated reservoir hosted in crystalline rocks, with an approximated horizontal extension of 400
km2.
We would briefly focus on the tectonics of the study area in the proximity of the Lago Boracifero
sector. According to the model proposed by Carmignani et al. (1994) after the collisional event, a
subsequent extensional tectonics eastward migrating affected the inner part of the orogenic belt
since at least Early Miocene. An essential role is supposed to be played during this period by crustal
transfer faults of regional importance that accommodated the Appennines extension processes
(Liotta, 1991), throughout Wrench tectonics. Many authors claimed the possible role in controlling
the magma emplacement in the inner Apennines along the transfer zones (e.g. Dini et al., 2008). In
figure A3.3 we showed a simplified structural map of southern Tuscany in which are highlighted the
dominant extensional structures parallel to Appennine strike (N130E) and the Antiappenninictransverse faults. In Lazzarotto (1967) for the first time the possible occurrence of segments of such
transfer faults were recognized in the Larderello area in proximity of the Cornia River. In the years
the presence or the importance of this fault in the evolution of the geothermal fields of Larderello
were quite disregarded. In Costantini et al. (2002), as results of the drawing of the CARG geological
map of Italy, the authors supposed that a fault in the proximity of the Cornia River could be a segment
of a transfer fault.

Figure A3.3- On the left, simplified structural map (modified from Brogi et al., 2005)
of southern Tuscany showing: 1) the main extensional structures forming the
Neogene Basins; 2) the magmatic rocks, 3) the metamorphic units, the ) Miocene
and Pliocene transfer zones and 6) the ages of the main magmatic bodies. A zoom
on the right is shown form the structural sketch of the Massa Marittima Geological
Map (CARG Project, Costantini et al., 2002).

The geodynamic setting and the Neogene to Quaternary magmatic activity produced a huge
geothermal anomaly in southern Tuscany, with maximum peaks centred in the Larderello area with
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values of heat flow up to 1000 mWm-2 (Baldi et al., 1994). It should be noted that the peaks of heat
flow, geothermal gradient and also of the Helium isotope (R/Ra) values are centred in the Lago
Boracifero sector (Magro et al., 2003; Bellani et al., 2004), i.e. the study area of this thesis.
Geophysical data and thermal numerical modelling support the hypothesis of deep buried still molten
igneous intrusions (see Chapter 2)
The LTGS is one of the few examples in the world of vapour-dominated system, being characterized
by superheated steam at depths over 3500 meters b.g.l. with temperature exceeding 350 °C and
pressure up to 70 bar (Romagnoli et al., 2010). The hydrothermal circulation occurs into two
geothermal reservoirs. The shallow reservoir consists of several rock types, but Mesozoic limestone
and anhydrite dolostone are predominant. The deep reservoir consists of phyllite, micaschist, gneiss,
skarn, hornfelses and granite.
The primary porosity of the rocks hosting the hydrothermal circulation is almost homogeneous and
very low (1-5%), whereas the secondary permeability is strongly heterogeneous, due to the variability
of the fracture networks and can locally reach values greater than 5 mD (Arias et al., 2010).
Strong seismic reflectors in the metamorphic complex have been explained with rock fracturing and
the presence of fluids (e.g. Casini et al., 2010a). 2D seismic and recent 3D seismic surveys clearly
detected two important seismic markers: i) H-horizon and ii) K-horizon. The H-horizon is a
discontinuous high amplitude reflector, bright-spot type, corresponding to highly productive intervals
(Bertini et al., 2006) and represents the mining target. Indeed, its detailed imaging allowed the abrupt
decrease of the mining risk.
The K-horizon is a high amplitude and locally bright-spot type reflector, more continuous and deeper
than the H-horizon. The origin and nature of the K-horizon is still debated in literature; a recent
interpretation suggests the presence of supercritical fluids at the top of young igneous intrusion
(Bertini et al., 2006, Gianelli, 2008). It was not yet drilled, but it represents the target of a deep
exploration project, inside the Lago Boracifero area as possible deep-seated supercritical reservoir.
The San Pompeo-2 geothermal well is supposed to have reached the proximity of the K-horizon,
when a main blow-out of the well occurred and forced the operator to close the borehole.
The enormous amount of thermal energy is efficiently stored into the deep-seated reservoirs, thanks
to the cap-rock of the system. At Larderello, the seal is composed by sedimentary rocks belonging
to the Ligurian/Sub-Ligurian domain (Jurassic-Eocene), that tectonically overlay the carbonates and
the crystalline rocks, and by the Neoautochthonous basin deposits.
Isotopic studies on discharged steam at Larderello indicated a predominant meteoric origin. The
recharge supplies 1/3 of the steam production in the field, while the rest comes from the boiling of
deep seated fluids (Panichi et al., 1974; Celati et al., 1991).
Few considerations are summarized below in order to point out the scientific relevance of the Lago
Boracifero sector:


High temperature hydrothermal circulation is here exploited, with temperature up to 350
°C;
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A regional culmination of the seismic K-horizon occurs in this sector reaching depths of
about 3-4 km;
Very high temperature and high pressure systems possibly at supercritical condition are
inferred at or close the depth of K-horizon, and are shallow enough to be explored with
current technologies; expected temperature > 400°C and pressure > 290 bar.

A3.4.2 Stratigraphy
An up-scaling of the stratigraphic features was necessary to improve the modelling. We followed the
concept of Litho-Electrical units proposed by Santilano et al. (2016a). We grouped the geological
units considering first of all similar lithological and tectono-stratigraphic evidences and then the
electrical resistivity of rocks. This approach is useful for using the geological model as a-priori
information to constrain Magnetotelluric inversion.
The tectono-stratigraphic complexes, occurring in southern Tuscany, were abundantly studied in
literature (e.g. Cameli et al., 1993; Batini et al., 2003; Brogi et al., 2005 and reference therein). The
main features of the stratigraphic setting at Larderello-Travale are widely accepted in the scientific
community. Some issues are still matter of debate and for the computation of the 3D models we had
to critically analyse the available data and try to validate our assumptions. We refer particularly to
the boundary between the sedimentary “Tuscan Nappe” and the Paleozoic “Tuscan metamorphic
units” (hereafter also referred as “metamorphic basement or basement”). For this particular aspect,
we analysed the stratigraphic logs of selected wells from the Lago Boracifero and Travale areas and
literature data. A pioneering study by Gianelli et al. (1978), firstly recognized the Tectonic Wedges
Complex (hereafter referred also as TWC) as tectonic wedges of Paleozoic phyllites, metamorphic
Triassic “Verrucano” and carbonates. At a regional scale in Tuscany, the dolostone and anhydrites
of “Burano Formation” are considered the base of the Tuscan Nappe. Our analysis drove us to
consider suitable for the modelling the stratigraphic setting proposed by Pandeli et al. (1991),
specifically for the area of interest. The concept is that, at Larderello, the Triassic dolostone and
anhydrites similar to “Burano Fm.” and “Calcare Cavernoso” are included into the TWC. This
complex seems to be related to the main structural highs of the geothermal reservoir (corresponding
to our study areas) and is embedded between the Tuscan Nappe or Ligurids and the “basement”.
Hereby, we described the simplified stratigraphy that we adopted as benchmark for the 3D geological
modelling areas:








Neoautochthonous Complex (Miocene - Quaternary);
Ligurian Complex (Jurassic - Oligocene);
Tuscan Nappe (Triassic to Miocene);
Tectonic Wedges Complex (Paleozoic-Triassic);
Metamorphic Basement (Pre-Cambrian? – Paleozoic):
o Phyllitic Complex
o Micaschist Complex
o Gneiss Complex
Intrusive Complex (Pliocene – Quaternary?)
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The Neoautochthonous units are composed by Miocene to Quaternary deposits, mainly related to
marine, lacustrine and to continental environments, represented by conglomerates, sandstone, clays,
marls and evaporites. The origin and nature of this basins is still debated in literature, if caused by
extensional or compressive (thrust-top basins) tectonics. This aspect is out of the aim of the thesis
and for a detailed description we refer to (Carmignani et al., 1994; Bonini et al., 2001 and reference
therein). The analysis of the stratigraphic well logs revealed up to 670 meters of Neoautochthonous
deposits along the V.C.-4 geothermal well in the Lago Boracifero area. In the Travale area more than
1100 meters has been reported in the well logs near Radicondoli.
Many studies have been carried out on the Ligurian Complex (Nirta et al., 2005; Pandeli et al., 2005;
Marroni and Pandolfi, 2007 and reference therein). The genesis is related to the convergence
tectonics that caused the closure of the Ligurian-Piedmont Ocean since Late Cretaceous. Due to the
polyphased tectonics the tectono-stratigraphy is really complex. The units widely crop out in southern
Tuscany and in literature they are divided into three main domains, geometrically from the top
downward: i) Internal unit; ii) External unit and iii) Sub-ligurian units. The Internal domain is mainly
represented by the Jurassic ophiolite sequence of Jurassic age representing the base of a
sedimentary cover. The External units and the Sub-ligurian units represent the ocean-continent
transition. The main lithologies are shales, siliceous limestones, marly limestones and calcareous
arenites. For the modelling purpouses, these three domains can be modelled as a whole complex,
due to the general behaviour as impermeable cap-rock and a low electrical resistivity response in
the areas of study.
The Tuscan Nappe represents a sedimentary succession deposited since Triassic to Miocene on
the continental paleomargin of the Adria Plate. The succession was strongly delaminated by tectonic
processes (the so called “Serie Ridotta”). The scientific community is still debating on the nature of
this processes, if related to compression or extensional tectonics (e.g. Decandia et al., 1993; Finetti
et al. 2001). The issue is not a central topic of this study, but the matter of fact, for the 3D modelling,
is that the Tuscan Nappe has a complex geometry at depth. Usually, the Nappe is characterized by
locally large thicknesses that abruptly decrease laterally up to the complete tectonic omission,
showing a well known boudinage-like shape.
In southern Tuscany, the base of the sedimentary Tuscan Nappe is composed by Triassic evaporites,
dolostone and limestone (Burano Fm. and Calcare Cavernoso). As described previously, in the study
areas these units were included in the TWC complex, for tectonic considerations. The RhaetianLiassic formation of the Tuscan Nappe was rarely involved in the TWC, and for this reason our
conceptual model considers this layer the base of the Tuscan Nappe. The succession continues
upward with the shelf limestone Jurassic in age. Pelagic deposits, Jurassic to Oligocene, end with
the marls and clays of the “Scaglia Toscana Fm”. Siliciclastic turbidite deposit, Miocene in age,
known as “Macigno Fm” represents the higher unit of the Nappe. The wide outcrops of the Tuscan
Nappe carbonates occur near the Travale and Montieri towns in the Travale area, and near
Monterotondo Marittimo for the Lago Boracifero area. These outcrops are supposed to be the local
recharge of the geothermal system.
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The Tectonic Wedges Complex is widely present in the two study areas and is embedded between
the Tuscan Nappe or Ligurids and the “basement”. It is composed by a pile of alternating tectonic
slices (wedges) of Burano and Calcare Cavernoso-like sedimentary rocks and low-grade
metamorphic clastic sequences, Triassic (Verrucano) and Paleozoic in age (Pandeli et al., 1991).
This complex has been widely cored by the deep geothermal wells. As exhaustive example for the
two areas of Lago Boracifero and Travale, we reported the stratigraphy from the geothermal well
Castiglioni-1 (figure A3.4). In this case the Tuscan Nappe is absent (due to tectonic processes) and
at the base of Ligurids a succession of tectonic wedges in direct (tectonic) contact occurs. The TWC
succession starts with a 20 m thick layer of Burano-like rocks and continues up to the involvement
of the Paleozoic basement.

Figure A3.4- Geothermal well Castiglioni-1. The stratigraphy is that of Pandeli et al.
(1991) and Italian Geothermal Database. The related Tectono-stratigraphic units
and the location of the well are reported.

The Metamorphic basement is composed by three main complexes: i) Phyllitic Complex; ii)
Micaschist Complex and iii) Gneiss Complex. The lithological characteristics are described in the
review of the geological features of the Larderello field proposed by Bertini et al. (2006).
Phyllitic Complex is composed mainly by metagreywacke and subordinately by carbonate–
siliciclastic metasediments (Cambrian–Devonian). Micaschist Complex, consisting of micaschist with
minor amphibolite, is probably Precambrian to Early Palaeozoic in age. This first two complexes
have been recognized as part of the Monticiano-Roccastrada Unit by other authors (e.g. Brogi et al.,
2005). The Gneiss Complex, includes gneisses with minor amphibolite layers probably Precambrian
to Early Palaeozoic in age.
With regards to the Intrusive Complex, the Larderello igneous bodies have been cored in several
deep wells. The rocks range in composition from monzogranites to syeno-monzogranites, with ages
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ranging from 3.8 to 1.3 Myr (Dini et al., 2005); present partially melted igneous intrusions possibly
occur (see Chapter 2). The interpretation of some authors implies the presence of a very large recent
batholite (e.g. Romagnoli et al., 2010; Arias et al., 2010).

Figure A3.5- The conceptual model of the Travale-Larderello field. a) Schematic
sketch of the tectono-stratigraphic and hydrogeological complexes (modified from
Arias et al., 2010 and Romagnoli et al., 2010). b) Schematic cross-section of the
interference between the local recharge and the deep primary steam and its
influence on the steam discharged by the geothermal wells at Larderello-Travale
(from Romagnoli et al., 2010). c) Seismic reflections related to the highly productive
H-horizon within the metamorphic basement (from Casini et al., 2010b). d)
Schematic conceptual model of the Travale area (modified from Casini et al.,
2010b).
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In figure A3.5 we summarized the principal characteristics of the LTGS in order to depict the
conceptual model.

A3.5 The 3D modelling
A3.5.1 Input data
The 3D geological models of the study areas were computed in Petrel environment (Schlumberger),
a software commonly adopted for the exploration and management of oil and gas fields and
secondarily deep geothermal fields. Part of the database, designed in 2D GIS environment and
briefly described in Section A3.3, was processed in order to develop a 3D database. The data used
as input for the 3D geological modelling are listed in Table A3.1.
The workflow is conceptually very simple, being composed by the following steps:





develop a 3D database
set the constrain points from the input data
computation of the top of each unit by 3D geostatistical tools
build the 3D geological model, based on the 3D reconstruction of the top of the units

Table A3.1- Summary of the input data used for the 3D geological modelling. The model of interest for each
source of data is listed.

DATA

TYPE

SOURCE

DEM

Vector (from
raster)

Geoportale Nazionale
(Minambiente web site)

Geological map 1:10.000

Vector

Tuscan Region web site
CARG Project (ISPRA web
site)

Geological maps 1:50.000
Raster
Top of the metamorphic
basement
Vector
Top of the Carbonate reservoir Vector
Vector (from
Top of K-Horizon
raster)
Geological cross-sections
Interpreted deep seismic
profile CROP 18A
Top of Phyllitic and Igneous
Complexes from 3D seismic
data
K-Horizon from 3D seismic
data
Well data and stratigraphic
well tops (101)
Well data stratigraphic well
tops (89)

MODEL
RegionalLago BTravale
RegionalLago BTravale
Lago B.

Bertani et al., 2005
Geothopica web site

Regional
Regional

Raster

Cameli et al., 1998
Scientific articles, CARG
Project (ISPRA web site)

Regional
Lago BTravale

Raster

Brogi et al., 2005

Lago B.

Vector
Vector

ENEL GP (confidentially in the
frame of European Projects)
ENEL GP (confidentially in the
frame of European Projects)
BNDG (Barbier et al. 2000,
Trumpy and Manzella, 2016)
ENEL GP (confidentially in the
frame of European Projects)

Travale
Lago BTravale
Lago B.
Lago BTravale
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Technically, one of the main effort was the homogenization of the different source of data that we
collected. Let examine the principal source of data, i.e. the stratigraphic well logs, that represents
the only direct information on the subsoil. The database counts 195 deep geothermal wells, located
in the Travale and Lago Boracifero areas. The oldest well in database, San Edoardo 1, was drilled
in the late ‘20s and some other wells in the ‘30s. Most of the wells were drilled in the ’60s, ‘70s and
‘80s and some wells in the ‘90s. It is clear that different interpretation could result. The scientists that
managed the Italian Geothermal Database accomplished a first attempt to homogenize the dataset,
but in this study we tried to frame the stratigraphies, reported in the BNDG into our conceptual
stratigraphy (figure A3.6).

Figure A3.6- Wells correlation from the Lago Boracifero area. Seven wells (from
Italian Geothermal Database) are considered: Badia 1 (BA1), Castiglioni 1 (CA1),
San Edoardo 2(SE2), San Martino 4 (SM4), Monterotondo 21-15-20 (M21-M15-M20).
See the map for location. The simplified stratigraphy is plotted: Neoautochthonous
(Miocene to Quaternary, M-P-Q), Ligurian Complex (LC), Tuscan Nappe (TN),
Tectonic Wedges Complex (TWC), PC (Phyllitic Complex). The horizontal distance
between wells is shown in meters as well as the Measured Depth.

Each well was imported in Petrel coupled with the data on stratigraphy known as “well tops”, i.e. the
depth of the top of a unit (figure A3.7a). The “well tops” are considered the data that mostly control
the interpolation for computing each tops. Most of the wells has maximum measured depth MD less
than 2000 meters, whereas about 50 wells are deeper than 2000 meters up to 4500 meters (MD).
Mainly for the Travale area, ENEL GP provided in a confidentiality agreement the more detailed well
stratigraphies, coupled with the information on the deviation well path. In addition, we were allowed
to use also as input data the 3D reconstruction of the top of the K-horizon, the top of wide igneous
intrusion, and the top the Phyllitic Complex. These geometries were the results of a wide 3D seismic
survey described in Casini et al. (2010a-b).
Different sources of data have been used for constraining the reconstruction at depth of the 3D
geometries (figure A3.7b-c). With regard to the Lago Boracifero model, we imported in 3D the deep
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geological cross-sections available in literature. We refer for example to the CROP 18A, a deep
seismic profile, interpreted by Brogi et al. (2005) or the integrated geological profiles by Romagnoli
et al. (2010). Other information available in literature such as the contour maps of geological and
seismic surfaces was used, too.

Figure A3.7- Overview of input data for 3D modelling. a) Example of stratigraphic
well tops near Monterotondo Marittimo town. b) Different source of input data
(Lago Boracifero area): Well tops for the bottom of Neoautochthonous Complex, on
the right the integrated geological cross-section (from Romagnoli et al., 2010; and
on the left the geological cross-section of the geological map 1:50.000 “Foglio 306,
Massa Marittima” (ISPRA web site). c) Conversion from raster data to constrain
points: example from the Travale area for the top of Micaschist Complex (the
section is from Romagnoli et al., 2010).
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Coupled with the underground information, we implemented also the dataset on surface. The vector
geological map, simplified according to our classification, was used to create the constrain points of
the outcropping units.

A3.5.2 Horizons interpolation and 3D Grid
In Table A3.2 we listed the units modelled for the three areas: Travale, Lago Boracifero and
regional model. Briefly, for the regional model we realized a first-order approximation of the geology
over wide areas in southern Tuscany. We considered the K-horizon (from Cameli et al., 1998) as
lower boundary, then we modelled the metamorphic basement (from Bertani et al., 2005) and the
top of the Tuscan Nappe (from BNDG). The topography represented the top of the impermeable
cap-rock (Ligurian Complex and Neoautochthonous) except for the local outcrops of the Tuscan
Nappe or the basement.
The Lago Boracifero and Travale models represent the detailed reconstructions of the complex
geology of the two sectors of the LTGS field. The whole stratigraphy, from the Neoautochthonous to
the Intrusive Complex, has been modelled by integrating different sources of data, previously
described.
Table A3.2- List of units modelled for each area of study.

UNIT
Neoautochthonous Complex
Ligurian Complex
Tuscan Nappe
TWC
Phyllitic Complex
Micaschist Complex
Gneiss Complex
Igneous Complex
K-Horizon (base of the model)
Neoautochthonous and Ligurian Complexes (Imperable cap-rock)
Tuscan nappe + TWC (Shallow reservoir)
Metamorphic basement (Deep reservoir)

MODEL
Lago B-Travale
Lago B-Travale
Lago B-Travale
Lago B-Travale
Lago B-Travale
Lago B-Travale
Lago B.
Travale
Regional-Lago BTravale
Regional
Regional
Regional

The computing of the top of a unit implied the interpolation of the input data (constrained points). As
previously stated, the main input data are represented by the stratigraphic well tops. The tool “global
adjustment by well tops“ in Petrel allows the use of different interpolation methods for reconstructing
the surface (corresponding to the top of the unit). We preferred to use the “convergent method”, that
is the general algorithm used to build most of the surfaces in Petrel. Only for some surfaces the
adoption of the “moving average” algorithm produced more reliable results, e.g. for the tops of the
Micaschist Complex for the two areas. This is based upon an inverse distance weighting; we adopted
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the quadruple inverse distance, giving higher weight to points near to the grid nodes. The grid
resolution for the tops of the tectono-stratigraphic units is 250 meters.
The last step was the reconstruction of the 3D grids; i.e. the 3D geological models. Different methods
can be used for the 3D gridding in Petrel environment, some of them requiring the reconstruction of
faults geometries (e.g. Santilano et al., 2016a). For our purposes, the “simple grid” method appeared
suitable. The tools take into account the geometries of the tops of each units and the stratigraphic
role: i) “base”, to truncate the above horizons, ii) “erosional”, to truncate the below horizons, iii)
“discontinuous”, acting both as base and erosional and iv) “conformable”, truncated by other horizons.
Finally, the 3D geological models at regional scale and of the Travale and Lago Boracifero areas
were computed with a resolution of 250 meters (figure A3.8).

Figure A3.8- 3D geological models. In grey-scale format is shown the regional
model, in colour-scale are shown the Lago Boracifero and Travale models.

A3.6 Discussion on the 3D models
Some clear evidences can be pointed out from the 3D modelling. Firstly at regional scale, the
structural high of the metamorphic basement occurs below the two sectors of the field, Lago
Boracifero and Travale. Secondly and most important, the dome-like shape of the seismic K-horizon
reaches its lowest depth below the Lago Boracifero area that is in one of the hottest sector of the
field with the highest heat flow values.
With regard to the two areas of study, it can be stated that the integration of the different source of
data produced reliable 3D geological models in a complex tectono-stratigraphic setting. In figure
A3.9 we show an example of resulting geometries from the gridding, with respect to the direct
information of well tops along two profiles. We stress that the boudinage-like geometry of the Tuscan
Nappe, widely discussed in literature, was also depicted in our models.
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Figure A3.9- Resulting models compared with the stratigraphic well logs. The
location of wells and the traces of the two perpendicular profile are shown.

In the Travale area the Gneiss Complex was not modelled due to a wide Pliocene (probably to
Quaternary) igneous intrusion (cooled in the shallow level) that was intruded in the proximity of this
complex. The size of this intrusion is highly debated in the scientific community. The database in this
sector is that of ENEL that considers a very wide intrusion at depth. Most probably the structure is
that of a very complex composite batholite. The lowest Gneiss Complex was drilled in very few wells
in the Travale area, and the distinction between Intrusive and Gneiss complex is out of the resolution
of our model. Conversely, in the Lago Boracifero area the Gneiss Complex was drilled abundantly
and we modelled all the units except for the Intrusive Complex. Indeed, in this area the intrusion
seems to occur mainly close or below the K-horizon that represents the base of the model.
Finally, we highlight that the models do not consider at the moment the faults, although we recognize
the role of the fault modelling in geothermal exploration. With the quality and quantity of data used
for implementing the models, the resulting surfaces accommodate the displacement of the main
structures. The final models are reliable and suitable to be used as a-priori information for the
Magnetotelluric inversion and for the further data interpretation.
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Larderello-Travale field
This Annex is based on the Chapter 9 of the Ph.D thesis by Alessandro Santilano (2017).
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A4. MT Interpretation and integrated model of the LarderelloTravale field
A4.1 Introduction
For the study of the Larderello-Travale field we estimated the electrical resistivity distribution at depth
along selected magnetotelluric profiles by using a common 2D deterministic inversion algorithm
implemented in the WinGLink software package. The dimensionality analyses (see Chapter 7)
pointed out a very complex 3D structure dominating the field, in particular at low frequencies, but
important 2D structures were found in the proximity of the Cornia River (Lago Boracifero sector) and
in the Radicondoli Basin (Travale sector). The 2D analysis of 3D data has limits that should be taken
into account. Only a wise 2D interpretation of 3D MT data can be suitable for a reliable geological
interpretation; for a review of this issue we refer the reader to the work of Ledo (2005).
The inversion schemes are iterative procedures that allow the estimation of model
parameters, starting from an a-priori model. Berdichevsky and Dmitriev (2002) stated that to get a
solution of MT inversion closed to the global minimum as much as possible, the reliability of the apriori model appears to be important. This particular aspect is also related to the function to be
minimized having different local minima where the solution can possibly converge.
We focused on the understanding of the reliability of the a-priori model for the inversion
procedure. For this reason we implemented and tested the 2D inversion starting from three sets of
a-priori models: i) homogeneous, ii) geological (i.e. geologically-constrained) and iii) interpolation of
1D optimized models.
A strength of our study is the use of a detailed 3D geological model that was populated with resistivity
values coming from the quantitative analysis of resistivity well logs.
It should be noted that the information on resistivity from well logs refers to a very small volume of
rocks investigated in the surroundings of the borehole. The MT methods, treating the EM induction
in the Earth as diffusive, returns an average response of electrical properties on wide investigate
volumes. Differences among the resistivity models from well logs and the MT estimated models from
MT were recognized in some previous studies in the area (e.g. Manzella et al., 2010) but a unique
explanation was not figured out. For this reason, we tested the a-priori information from an accurate
analysis on the collected EM data throughout the PSO approach.
It is interesting to compare the 2D inversion models in these three cases, since each one is referred
to a different level of information. A-priori model from data analysis (in this case from PSO optimized
model) can be useful for the prospecting of geothermal greenfield, for whom no subsoil data are
available. In figure A4.1 a schematic view of the selected MT profiles is shown coupled with some
toponyms that will be used in the following description and discussion.
A focus on the Lago Boracifero is hereby presented being the main area of interest.
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Figure A4.1- Schematic view of the MT profiles selected for the 2D inversion.
Toponyms and some wells are shown. For detail on the geological maps the reader
is referred to the figure A4.2.

A4.2 Meshing
The 2D meshes were generated with finer size of cells in the central and detailed zone (between the
first and last MT soundings), incorporating also the topography. The boundary effects were removed
by extending laterally and downwards the meshes with an increasing size of the cells. The effects of
the Mediterranean Sea, located from 20 km to 40 km from the study areas, were taken into account
in each model with a electrical resistivity of 0.3 Ωm.

A4.3 Initial models
For each MT profile, three resistivity models were implemented and tested as starting model for the
2D inversion:




Homogeneous halfspace;
Resistivity distribution by assigning resistivity values to different units of the geological
model (later Geological model);
2D model obtained from interpolation of 1D resistivity distribution of PSO optimization
(later PSO model).

A4.3.1 Homogeneous halfspace
The homogeneous a-priori model is a halfspace with a homogeneous electrical resistivity of 100 Ωm
(with except for the Mediterranean Sea) implemented on the previously described 2D mesh.

Doc.nr:
Version:
Classification:
Page:

IMAGE-D5.01
2017.09.22
public
Annex 4: 3 of 22

A4.3.2 A-priori from geological model
The implementation of the a-priori models from geological information required some effort. First of
all, the detailed 3D geological models for the Lago Boracifero and Travale area were built (see detail
in Chapter 6). Six slices, corresponding to the MT profiles, were extracted from the 3D models. At
this stage the available information was strictly related to the geometry of the geological units. The
assignment of a resistivity value for each unit was required.
We have verified that the range of resistivity values commonly adopted in literature for such
kind of rocks (particularly the crystalline rocks) are not suitable for the MT study of the Larderello
system (Chapter 8). For this reason, we accomplished a detailed analysis on the resistivity logs
acquired in deep geothermal wells located in the Travale sector. As an example, the deep resistivity
well log of Radicondoli-7bis well is shown in figure A4.2; this log was previously published in Giolito
et al., (2009). The other well logs used in this research are available confidentially and cannot be
shown here.

Figure A4.2- Resistivity well log measured along the Radicondoli-7 bis. The well
tops are shown, too.

The resistivity log of the Radicondoli-7bis is quite peculiar since very low resistivity values were
measured along the borehole with mean values of Granite and Micaschist complexes lower than
1000 Ωm. This response cannot be considered representative for the granites of the whole field,
since higher values were measured along other boreholes.
The dataset of resistivity logs consists of DLL/IL measurements, with resolution of the
centimetres order, that we imported and visualized in 3D (Petrel environment), along the deviated
path of six boreholes: Radicondoli-20-29-7bis, Montieri-4, Travale Sud-1 and Chiusdino-4. Therefore,
we extracted from the whole geophysical logs, those resistivity values inside a certain stratigraphic
unit modelled in three-dimensions. We computed simple statistical parameters among the values
measured in the boreholes and belonging to a certain unit (figure A4.3).

Doc.nr:
Version:
Classification:
Page:

IMAGE-D5.01
2017.09.22
public
Annex 4: 4 of 22

Figure A4.3- Histograms from DLL/IL measurements along six geothermal wells
located in the Travale sector. The resistivity values for the TWC and Phyllitic
Complex are shown.

This analysis allowed the definition of data-driven value, the median in this case, to be assigned to
each stratigraphic unit (Table A4.1).
Table A4.1- Electrical resistivity values assigned to each stratigraphic unit of the 3D
geological models based on the analysis of DLL/IL well logs.

Unit
Neoautochthonous Complex
Ligurian Complex
Tuscan Nappe
TWC
Phyllitic Complex
Micaschist Complex
Gneiss Complex
Igneous Complex

Resistivity (Ωm)
3
15
100
600
700
2000
3000
3000

It is clear that some factor, such as mineralogy, temperature and hydrothermal circulation, operates
for the decreasing of the overall resistivity, particularly evident in the TWC (Tectonic Wedges
Complex) and Phyllitic Complex.
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With regard to the Phyllitic complex, high (expected) resistivity values occurred with
interbedded thin layers having resistivity lower than 1-3 Ωm, probably related to the presence of
graphite (e.g. see Pandeli et al., 1991 for the mineralogical composition of the geological unit). In
figure A4.2, along the Radicondoli-7bis, an interval with very low resistivity values (< 1 Ωm at about
-1800 m) is observed in the Phyllitic Complex. According to the synthetic well logs stratigraphy this
unit is characterized by layers of graphitic phyllites and a productive fracture. More recently, in the
frame of a H2020 Project (DESCRAMBLE), a resistivity well log was acquired in the Venelle-2
(centre of the Lago Boracifero area) and the results revealed very low resistive response in the
Phyllitic complex. Since the Venelle-2 logs were available only after we finished the models, this
information was used only as confirmation of our analysis.
With regard to the Micaschist Complex, the only DLL/IL available was recorded in the
Radicondoli-7bis in a short interval with total loss of circulation (with productive fractures) and an
intense decrease of resistivity occurred. Following the indication of ENEL GP within the I-GET EU
Project and based on their analysis of other resistivity logs, we used a value of 2000 Ωm for our
inversions, which is slightly higher than the median value computed from available well logs.
Regarding the Igneous Complex, the resistivity values distribution is multimodal
demonstrating a strong heterogeneity in this unit. No data were available for the Gneiss Unit and
taking into account the lithology and literature data, a reasonable value of electrical resistivity, i.e.
3000 Ωm, was assigned.
The geological profiles were extracted from the 3D models, and populated with the computed
resistivity values. They defined the a-priori models (from geology) for the 2D inversion of MT data.
As an example, the model for the Profile 5 is shown in figure A4.4.

Figure A4.4- A-priori model along the Profile 5. It represents a 2D section of the
geological model populated with the resistivity values.

Due to the very deep extension of the mesh grid along z, we simulated two cases. In the first case
the Crust-Mantle (Mohorovičić) discontinuity was taken into account with a value of 30 Ωm at a depth
of 22 km. In the second case we added also the Upper-Lower Crust discontinuity with a resistivity of
100 Ωm at a depth of 12 km. The depth of these two surfaces were retrieved from studies on the
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geodynamics of Appennines and the resistivity values from general tectonophysics studies (Jones,
1992; Armadillo et al., 2001; Accaino et al., 2006; Korja, 2007; Di Stefano et al., 2011). We did not
insert in the model also the K-horizon interface since at the moment we do not have any clear
physical information about its nature (only its bright-spot seismic response). Considering the Khorizon as a possible target for our geophysical study, we decided to not constrain the inversion with
some a-priori (not validated) information on this marker.
We must keep in mind that the investigated volume of geophysical well logs is orders of
magnitude smaller than that of Magnetotellurics, and the attributed resistivity values must be
considered only as starting value for our inversion. The response of MT measurements is indicative
of the volumetric averages of the Earth resistivities due to the diffusive propagation of EM fields.
Indeed, in many cases a strict relation among the two kinds of resistivity (DLL/IL and MT)
measurements can be misleading.

A4.3.3 A-priori from PSO models
As a way to constrain the inversion using only MT information we also tested the use of a-priori
models based only on the MT data and not on geology. Here we adopt the result of the 2D sections
(from interpolation of 1D) to be used as a-priori models for the deterministic 2D inversion. In figure
A4.5 the interpolation of PSO models is shown for the Profile 3.

Figure A4.5- A-priori model along the Profile 3. It represents a 2D interpolation of
1D models obtained with the Particle Swarm Optimization procedure.

A4.4 2D inversion: setting parameters
The 2D inversion was performed along six profiles crossing the available EM datasets (STuscany_92, Trav-Rad_04/07, Larderello_2016) by using the inversion algorithm published in Rodi
and Mackie (2001) and implemented in the WinGLink software package. The algorithm employs a
nonlinear conjugate gradients (NLCG) scheme and solves the not quadratic objective function
discarding the iterated linearized approach and applying a NCLG variant. The algorithm proposed in
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Rodi and Mackie (2001) computes a regularized solution (Tikhonov and Arsenin, 1977) as the model
minimizes the following objective function Ψ :
𝑇

𝑇

𝛹 (𝒎) = (𝒅 − 𝐹(𝒎)) 𝑽−1 (𝒅 − 𝐹(𝒎)) + λ 𝒎𝑇 𝑳

𝑳𝒎

[Eq. A4.1]

where V is the error variance matrix and λ is the Lagrangian multiplier. L can be a first or second
order operator, for example Lm can represent the gradient or the Laplacian of resistivity. F is the
forward operator; i.e. the nonlinear system of equations that describe the MT field for certain model
parameters.
The numerical simulation; i.e. the forward modelling, is computed by finding 2D finite difference
solutions to Maxwell’s equations as described in Mackie et al. (1988). Obviously, Maxwell’s
equations decouple into Transverse Electric (TE) and Transverse Magnetic (TM) polarizations.
Before proceeding with the modelling, we must to distinguish the TE and TM polarities for the XY
and YX component of Z for each sounding. We accomplished this aspect by taking into account the
strike direction ranging from N30W to N30E for the Lago Boracifero sector (see details in Chapter 7)
and N40W for Travale with the further information in some cases of the direction of principal E and
H fields obtained by tensor decomposition (La Torraca et al., 1986).

Figure A4.6- L-curve graph for the Profile 1. The roughness of the model is plotted
versus the data misfit for six inversion with different Lambda (λ) value. The
maximum curvature indicates the optimal trade-off between the terms of the
objective function.

We provide hereafter a brief description of the user-defined parameters we set for the 2D inversion
of the six profiles in the Lago Boracifero and Travale sectors. Among the three kinds of a-priori
models the main difference in the inversion parameters setting is that for the homogeneous starting
model we chose to solve for the smoothest model while for the inversions with starting models from
PSO and geology we chose to solve for the smoothest variation away from the a-priori model. The
role of the Lagrangian multiplier is fundamental in the regularized 2D inversion. The parameter
represents the trade-off that properly balances the two terms of the minimization function; i.e. fitting
the data, achieving the minimum difference between modelled and observed data and the effect of
the reference model. The proper selection of λ is not trivial; here a L-curve criterion is adopted and
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a value λ = 3 was chosen. In figure A4.6 we show the L-curve graph obtained for the Profile 1. Of
course, larger values of λ produced smoother models with a worse data fit and higher NRMS values.
The regularization can be accomplished by minimizing the integral of the Laplacian |∇2(m)|2 or the
Gradient |∇(m)|2 of the model specifying uniform (equal dimensions of the model) or standard grid;
the uniform grid produces smoother results. We ran different inversions in order to test the
effectiveness of such regularization parameters, observing in few cases significant differences. The
results from the minimization of the Gradient of the model and the use of standard grid seemed to
be the most reliable, also in terms of RMS, and were chosen for the interpretation of inversion models.
In figure A4.7, the comparison among different settings is showed for the Profile 3.

Figure A4.7- Comparison of different inversions on the same profile. On the left the
Laplacian is minimized (Standard grid), in the middle the Gradient (Uniform grid) as
well as on the right with a Standard grid. The corresponding RMS values are
shown.

Six decades of data were inverted, with lowest frequency of 10-3 Hz. The error threshold for apparent
resistivity and phase was set to 5%. The inversions iterated at maximum 100 times (or less if a RMS
threshold was reached).

A4.5 Results
A4.5.1 Results from inversion without external constraints
Let first analyse the results of the 2D inversion along the six profiles starting from a homogeneous
halfspace of 100 Ωm. The joint TE and TM inversions are shown in figure A4.8.
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Figure A4.8- Resulting models from the 2D inversion of the six MT profiles in the
Larderello-Travale geothermal field. Here the homogeneous starting models were
used to invert jointly TE and TM polarizations. The RMS values are also shown.

The resulting models appear very smooth and lack the necessary resolution for imaging the
subsurface, especially in complex structures such as in Larderello. It is clear that to fit the data a
strong reduction of resistivity is required along the profiles also at depth of crystalline rocks. With
regard to the Lago Boracifero an important structure with a decrease of resistivity to 50-100 Ωm is
highlighted, located mostly in the central part of the profiles. Some other shallow low resistivity
structures coincident with Neogene basins seems to be oversized. In the Travale sector (Profiles 5
and 6), the Radicondoli Basin is duly imaged and a general low resistivity is imaged along the whole
Profiles, with slight higher values in Profile 5.

A4.5.2 Results from inversion constrained with geological data
As previously described, in order to constrain the inversion and improve the resolution for imaging
the deep structures, models from the 3D geology were used as a-priori information. For each MT
profile two hypotheses were tested: with or without a high conductive Lower Crust. We preferred to
consider the models without the Lower Crust interface, since they produced lower RMS. In figure
A4.9 the results are shown for the constrained inversion using geological a-priori information and
inverting jointly TE and TM polarizations.
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Figure A4.9- Resulting models from the 2D inversion of the six MT profiles in the
Larderello-Travale geothermal field. Here the geological information was used to
constrain the joint TE and TM inversion. The RMS values are shown as well as
indication of low resistivity anomalies (C1-C8).

The resistivity models clearly indicate that low resistivity anomalies occur at depth of the vapourdominated reservoir hosted in crystalline rocks and also at deeper level in spite of we constrained
the inversion with deep high resistivity layers. With regard to the Lago Boracifero sector, i.e. the
profiles 1-4, four main sub-horizontal layers can be recognized with the following resistivity: 1) 3-30
Ωm, 2) 40-200 Ωm, 3) 2500-5000 Ωm, 4) 100-400 Ωm. As expected, the low resistivity shallow layer,
with values in the range of 3-30 Ωm, corresponds to the Neoautochthonous and Ligurian Complexes.
In the right-end side of Profile 1 and 2 the size of this layer is overestimated, probably due to the
large distance between the MT stations.
The underlying layer, characterized by resistivity values in the range of 40-200 Ωm, is located at a
structural level coincident with the Tuscan Complex, TWC and most of the Phyllitic Complex. The
bottom of this layer is located at a depth quite variable with an average of 2500 m b.g.l.
The third layer, characterized by resistivity values in the range of 2500-5000 Ωm, corresponds mainly
to the Micaschist, Gneiss and Intrusive complexes. In this latter case, we observed a good match
between the MT response and the average resistivity value estimated from geophysical well logs.
Finally, at depth higher than 7 km , a general decrease of resistivity is observed with values locally
lower than 400 Ωm.
All the MT profiles in the Lago Boracifero sector show a very important sub-vertical structure crosscutting the main layers previously described and characterized by low resistivity, with average values
of about 150 Ωm. In figure A4.9 this vertical structure is indicated as C1 to C4. For example, subvertical structure, in the Profile 1 (C1), is mainly located below the Lagoni Rossi and the Cornia River
clearly cross-cutting the high resistive third layer. At deeper levels the low resistivity anomaly seems
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to occur also below the zones of Venelle-2 and San Pompeo-2 geothermal wells (figure A4.1, for
location).
In the Profile 4 the anomaly seems wider at depth compared to the other profiles. We further
investigated this important sub-vertical structure, by inverting single TE or TM mode, taking as
example the Profile 1. With regard to the 2D interpretation of 3D data, Ledo (2005) stated that the
polarization less affected by 3D effects depends on the relative position between the 3D structure
with respect to the regional 2D strike. In our case the 3D body is parallel to the regional 2D strike
direction and the TM mode is the less prone to error, according to Ledo (2005). For the Lago
Boracifero sector the assumption of the occurrence of a 3D body elongated parallel to the strike
direction is based not only on the MT data analysis but is also supported by the analysis of
independent data (e.g. seismic data, see Section A4.6). Briefly, an anomalous low velocity (P waves)
and low density body is recognized at mid crustal level in the area of interest by seismological and
gravimetric studies (e.g. Baldi et al., 1994; Batini et al., 1995), being interpreted as partially melted
body. Information on its elongation can be retrieved by analysing the depth of the K-horizon (Cameli
et al., 1998), NE-SW elongated in the area, parallel to the supposed Cornia Fault and to the 2D
strikes from MT dimensionality analysis (as described in Section 7.4). In figure A4.10 the results of
inversion of single TM and single TE modes are shown for the Profile 1, almost perpendicular to the
2D regional structure. The inversion parameter setting is the one already described for the joint TE
and TM inversions of all profiles.

Figure A4.10- 2D inversion of single TE mode (on the left) and single TM mode (on
the right) of Profile 1.

It is evident in figure A4.10 that the TM inversion reproduces the low resistivity anomaly C1, which
is not imaged by TE inversion results, with much lower RMS than those obtained by the joint TE and
TM and single TE mode inversion (figure A4.9 and A4.10).
With regard to the Travale sector, i.e. Profile 5-6, some clear features can be pointed out. First of all,
a significant difference between the Profile 5 and Profile 6 occur. The Profile 5 is characterized by a
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local anomaly (C5, figure A4.9) at deep levels (< 3000 m b.g.l.) located in a more general high
resistive volume, corresponding to the third layer described for the Lago Boracifero sector. The
Profile 6 shows a widespread reduction of resistivity at deep levels with average values of 150 Ωm
(C8). With the exception of few local areas along the profile, the third resistive layer (usually up to
3000-5000 Ωm) seems to be missing. Another important feature of this sector is the Radicondoli
Basin, filled with high conductive siliciclastic sediments, that is very well imaged in the two profiles
(C6 and C7).

A4.5.3 Results from inversion constrained with PSO resistivity distribution
Hereafter we present the results of 2D inversion constrained with the PSO models with a focus on
the Lago Boracifero area that represents the main area of interest. Although the 1D models can be
easily obtained by conventional inversion, we implemented and used the Particle Swarm
Optimization algorithm. As stated in the previous chapter, the advantage is the exploration of the
global space solution and the possibility to compute a-posteriori analysis on the density functions of
the solution.
The inversion settings are the same used for the computation of the inversions previously described;
the results for all profiles are shown in Appendix C.
In comparison to the inversion from homogeneous halfspaces of figure A4.8, the inversion models
constrained with the PSO approach provided the necessary resolution for imaging the complex
subsurface structure of the Larderello system. The results are quite consistent in terms of RMS,
which are even lower than the corresponding ones obtained by geologically constrained inversions.
As an example we show in figure A4.11 the results obtained by joint TE and TM modes inversion
along Profile 1 and 3. The final RMSs are 3.85 and 3.81 respectively. The inversion models image
low resistivity anomalies (C1 and C3) in the central sector of the profile. In this case the resolution
appears even higher than for geologically-constrained inversions, so that the anomalies differentiate
into C1a-b and C3a-b.
The main structure still appears sub-vertical with low resistivity in the central part of the Profiles (C1a
and C3a), in the proximity of the Cornia River and Lagoni Rossi, with average resistivity of 200 Ωm.
In addition, we identified two other separate and important low resistivity structures (C1b-C3b) at
deeper depth, about 7-8 km for both Profile 1 and Profile 3. C1b and C3b are located below the
Venelle-2 well and the T. Massera, with a strong decrease (< 200 Ωm) of resistivity at 12 km in Profile
3.
We performed a sensitivity test on the inversion model of Profile 1, in two steps, starting from the
resulting inversion model in figure A4.11. First, we increased the resistivity of the medium comprised
between C1b and C1a (i.e. the narrow conductivity anomaly). Then, we increased the resistivity of
C1b and C1a. We computed the forward model and compared the results with the observed data.
Since a progressively higher RMS was obtained, we concluded that the low resistivity structures are
required to properly fit the data.
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Figure A4.11- Joint Inversion of TE and TM mode along the Profile 1 (on the left)
and Profile 3 (on the right) starting with optimized a-priori models.

Other important anomalies located at the depth of crystalline rocks, up to 4 km b.g.l., are recognized
in the right-end side of Profile 1 and Profile 3 in the zones of Carboli wells and the Fattoria
Vecchienne (see figure A4.1 for location), respectively C1c and C3c. Important geological structures
and hydrothermal circulation were pointed out from seismic data and wells in correspondence of
these anomalies, particularly C1c. However, it should be considered that the C1c anomaly is due to
a decrease of apparent resistivity in a frequency band that resulted particularly noisy and its
interpretation can be misleading.

A4.6 Discussion on the geothermal interpretation and the integrated
model
The aim of this work was to improve the knowledge on the deep structures of the Lago Boracifero
sector (Larderello field) being of interest firstly for its geological complexity and also for the possibility
to explore deep-seated unconventional geothermal resources. The results from homogeneous apriori models appear very smooth and lack the necessary resolution for imaging the subsurface. The
adoption of the 3D geological model and geophysical well logs for constraining the 2D inversion
allowed the increase in resolution to image the deep structure of the Larderello-Travale field.
In addition to the conventional inversions of MT data, we tested the effectiveness of global
optimization algorithms (PSO) in 1D, used also for driving the 2D inversion. We had to admit that the
resulting 2D inversion models exceeded our expectations in the sense that we were able to refine
the unconstrained inversion and even to improve the reliability of the models with respect to the
results constrained with geological information. This conclusion is based not only on the lower RMS
values that were achieved, but above all on the integrated analysis with other dataset such as
seismic data, as showed in the next subsections. The results here showed indicate the suitability of
such data-driven approach to improve the resolution of the 2D inversion, and are considered as

Doc.nr:
Version:
Classification:
Page:

IMAGE-D5.01
2017.09.22
public
Annex 4: 14 of 22

benchmark for the interpretation of the field. The approach can be of help for the geophysical
prospecting of geothermal greenfield lacking other source of subsoil data.

A4.6.1 The shallow level of the Lago Boracifero sector: cap-rock and reservoir
In the Lago Boracifero sector, the upper units are very conductive due to lithology of the
Neoautochthonous and Ligurian Complexes. Their corresponding resistivity values resulting from
inversion was in the range of 3-30 Ωm, in perfect agreement with the DLL/IL logs.
The intermediate structural levels (up to 2500 m b.g.l.) coincident mainly with the TWC and most of
the Phyllitic Complex are characterized by resistivity values in the range of 40-200 Ωm (mostly 100
Ωm). These values are far from the corresponding measured DLL/IL values of the Travale area wells.
Indeed, the representativeness of resistivity well logs or the effectiveness of the MT methods in
Larderello has been debated in the scientific community.
It is possible, in our opinion, that the widespread low resistivity of Phyllites is due to the presence of
interbedded layers of interconnected graphite. Along the wells, these layers are recognized by the
logs measurement as thin and very conductive layers alternated to extremely resistive ones. Instead,
being the magnetotellurics a diffusive method, it provides averaged resistivity values over very large
volumes. A high interconnection grade of the graphite would produce a reduction of the averagedout MT resistivity, and this hypothesis deserves a consideration. As mentioned previously, a recent
experimental surface-hole deep ERT (along the Venelle-2), yet unpublished, confirmed a very strong
reduction of resistivity values in these metamorphic rocks. The design of the experiments and its
preliminary results were presented in Capozzoli et al. (2016) and Santilano et al. (2016b).
On the other hand, in the Lago Boracifero area the Micaschist, Gneiss and Intrusive rocks are
characterized by high resistivity values in the range of 2500-5000 Ωm as expected. Large low
resistivity anomalies, with values of about 150 Ωm, locally interrupt the resistive metamorphic units.
These anomalies appear sub-vertical in the 4 profiles, Profile 1 to Profile 4, and seem related to a
structure elongated N30E.
For a detailed interpretation from a geothermal standpoint, we firstly focused on the Profile 1 and
Profile 3 constrained with optimized models (PSO). The cap-rocks of the geothermal system
(Neoautochthonous and Ligurian Complexes) are well imaged by their high electrical conductivity.
The Tuscan Nappe and TWC show a quite homogeneous average low resistivity, as well as the
Phyllitic Complexes with some local exception. No clear indication on local anomalies possibly due
to hydrothermal circulation can be pointed out in these units due to the homogeneous distribution of
the resistivity, with the exception of two important zones characterized by a reduction of resistivity: i)
the Carboli area in the Profile 1 as well as the ii) Vecchienne area in the Profile 3. This aspect is
quite interesting because the Carboli C geothermal well is a highly productive zone of superheated
steam with temperature higher than 400 °C at 4000 m b.g.l.
Moving deeper, we recognize the Micaschist, Gneiss and Intrusive complexes, characterized by an
abrupt increase of resistivity of one order of magnitude, up to 4000 Ωm, with respect to the units
above. At intermediate structural level, about 3000-5000m b.g.l., local low resistivity anomalies are
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clearly imaged below the most important productive areas as for example the Cornia River, Lagoni
Rossi (Profile 1-3), Carboli (Profile 1-2), Serrazzano (Profile 4). It is clear that the zones with a high
concentration of productive wells, therefore with an intense hydrothermal circulation, are
characterized by low resistivity anomalies. We stress that not the entire metamorphic reservoir
showed such anomalies; which were clearly identified mainly in the most productive areas.
These observations open the old challenge of interpreting the low resistivity anomalies in Larderello,
where hydrothermal circulation occurs at vapour state and in crystalline rocks (resulting with a
theoretical high bulk resistivity). This open challenge was discussed in various studies such as
Manzella et al. (2010) in the frame of the I-GET project in the Travale area (see details in Chapter
7).
Since at depth of reservoir, the occurrence of melt is excluded due to the relative low temperatures
(up to 420 °C), the decrease of resistivity in the Micaschist, Gneiss and Intrusive complexes would
suggest a strong influence of the hydrothermal circulation. This interpretation can imply two main
processes: i) the occurrence of a minor contribution of liquid-phase in the vapour dominated reservoir
(hypothesis not confirmed by well tests) and/or ii) the effect of more or less pervasive hydrothermal
alteration.
The hypothesis of a minor contribution of liquid-phase in the reservoir was not proposed here for the
first time but some authors suggested this model in literature (e.g. Manzella et al., 2010 and
reference therein). The thermodynamic model by Truesdell and White (1973) on the production of
superheated vapour in the geothermal system foresees the occurrence of a liquid phase relatively
immobilized in small pores, while the vapour is the main phase circulating in fractures and controlling
the pressure. Bertani et al. (1999) published the results of experiments and observations on the
Monteverdi sector of the Larderello field, stating that a high amount of adsorbed water inside the
pore network of the rocks, in the order of 2 g/kg, might occur. The surface conductivity effect can
influence the bulk resistivity. In the Travale sector, the geophysical logs of Radicondoli-7bis well
showed a decrease of resistivity in granites (<1000 Ωm) hosting an intense high temperature
hydrothermal steam circulation. Mineralogical analysis from well samples did not show pervasive
alteration in granites (Giolito et al., 2009; Manzella et al., 2010). Since the conductive alteration
minerals were sparse and not interconnected, the authors considered this a minor effect, and
believed more in the dominant role played by the liquid phase occurring in small pores in the reservoir.
When conductive minerals are involved, they can play an important role in the reduction of the
electrical resistivity. The very complex and multi-stage evolution of such processes in Larderello (e.g.
Ruggieri and Gianelli, 1999 and references therein) results in a tough challenging problem. The
hydrothermal and metasomatic parageneses in different sectors of the field were depicted by various
authors. Bertini et al. (1985) defined the most common assemblage in the reservoir of the hottest
sectors: K-feldspar, epidote, chlorite, quartz, sulphides, hematite, anhydrite and barite. Cavarretta et
al. (1980) described similar assemblages for specific wells. As an example in Serrazzano
Sperimentale-1 the main mineral phases of alteration in the basement units are K-feldspar, epidote,
chlorite, pyrrhotite, with the occurrence of pyrite, chalcopyrite, galena and quartz.
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Regarding the Lago Boracifero sector, Boiron et al., 2007 reported the analysis of metasomatic
paragenesis on well cores. At depth of 2900 meters in the San Pompeo-2 well (located along Profile
1), abundant graphite was recognized in the Micaschist Complex. This particular factor can strongly
influence the resistivity distribution at depth. Indeed, the possible formation of graphite also related
to high temperature alteration is a point to be further investigate.
Summarizing, we were able to image a strong reduction of resistivity locally in the Micaschist and
Gneiss basement, corresponding to the hottest sectors of the Larderello field, with an active vapour
dominated circulation. At this stage, we are not able to evaluate precisely the contribution of a
process rather than another, but we must limit to a description of the processes possibly implied in
this reduction. The distribution of resistivity we estimated in the reservoir of Lago Boracifero sector
is probably due to the interplay of such different processes that are related with the multi-stage
hydrothermal circulation and metasomatic processes linked to the emplacement of shallow intrusive
bodies. With regard to the Phyllitic Complex the analyses suggest also a role of lithology (graphitic
members) for the widespread low resistivity response.

A4.6.2 Effect of melting phase on resistivity
At mid-crustal level, below 6 km depth, a further reduction of resistivity is recognized in all the MT
Profiles in the Lago Boracifero area. These anomalies can be ascribed to the partially melted granitic
intrusion that act as heat source of the field. Considering this assumption, the heterogeneous
distribution of resistivity at this depth can be in part explained as different percentage of melting in
the rock volume.
We carried out an analysis by using the SIGMELT software published by Pommier and Le Trong
(2011). Firstly, the electrical conductivity of the felsic melt was estimated to be 0.104 S/m accordingly
to some specific parameters, e.g. SiO2, Na2O and water content of the Larderello granites (from Dini
et al., 2005).
Based on the numerical modelling scheme by Schmeling (1986b) (see Chapter 3), the estimated
bulk resistivity of the two-phase system was computed as function of different melt fraction; using
resistivity reference values of ~10 Ωm for melt and 3000 Ωm for the solid matrix, respectively.
In the MT profiles we imaged the supposed igneous intrusions with resistivity values mostly in the
range of 50-200 Ωm, which means an approximate residual melt fraction in the range of 4-13 vol.%,
with dominant fraction of 5-6% (figure A4.12). The occurrence of completely cooled igneous intrusion,
or with a melt fraction lower than 4%, cannot be imaged due to the similar resistivity values of
surrounding rocks in the order of 3000 Ωm (Micaschist and Gneiss).
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Figure A4.12- Computed electrical resistivity of a partially molten rock as a function
of melt fraction following the two phases mixing models by Schmeling (1986b) and
implemented in SIGMELT (Pommier and Le Trong, 2011). The conductivity of the
melt was estimated as 0.104 S/m with a resistivity of the surrounding rocks fixed to
3000 Ωm. The range of resistivity for the mid-crustal anomaly in Larderello is
shown.

The presence of a shallow intrusion at 8-10 km depth was inferred also by low seismic velocity
anomalies, low density and extremely high heat flow value in the Lago Boracifero area, as described
in Chapter 2. A more detailed discussion about corresponding depth and location of resistivity and
seismic velocity reduction due to the occurrence of magmatic melted intrusions will be provided in
the holistic approach of the following paragraphs.

A4.6.3 Tectonic implication of the resistivity models
Another important aspect that can be pointed out from the MT modelling is the role of faults in
controlling the hydrothermal circulation of the Larderello field. This is not trivial considering that even
detailed 3D reflection seismic results and decades of exploration did not led to a commonly accepted
structural model. Our analysis cannot account for imaging a single fault or a single fracture system
at the scale of a well, due to the small number of soundings and above all due to the intrinsic low
resolution of the MT methodology.
On the other hand, the results drove us to identify the main geological structures that in our opinion
could strongly control the evolution of the geothermal area of Lago Boracifero.
We particularly refer to the Cornia Fault that is imaged as a wide sub-vertical low resistivity structure
located along the homonymous river. In the proximity of this structure the following elements are
recognized: i) the depocentre of a Neogene tectonic basin, ii) a wide, sub-vertical low resistivity
anomaly at the depth of the Micaschists and Gneisses, iii) the apex of the mid-crustal resistivity
anomaly that we ascribed to igneous intrusion and iv) the upwelling of temperature. Other elements
related to this area are: i) the geometrical apex of the dome-like shape of the K-horizon, ii), a seismic
anomaly with low P-wave velocity (Batini et al., 1995), and iii) the occurrence of many productive
areas such as the Val di Cornia or Lagoni Rossi wells.
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The MT results led us to interpret this structure as a fault that controlled the magmatic activity in this
specific sector and possibly controls the hydrothermal circulation, along a very wide (some
kilometres) shear zone oriented N30E. The importance of this fault was initially claimed by Lazzarotto
(1967) but in the following years the fault was not taken into particular account in the geothermal
exploration analysis. The focus on a detailed structural setting of this shear zone can be speculative,
with the actual data, but deserves attention both at geothermal and structural viewpoints. Some
authors (see Costantini et al., 2002 for a review) considered this structure a segment of a transfer
fault of crustal importance that accommodated the differential extension of the Apennines along
antithetic direction. The continuity toward Larderello (NE) of this structure cannot be excluded.
Another important low resistivity structure was identified in correspondence of Carboli wells, where
the hydrothermal circulation is enhanced as stated by the occurrence of high productivity. It should
be noted that in correspondence of this resistivity structure, a fault was recognized by other authors
and reported in a deep geological section (Romagnoli et al., 2010). In this particular sector, however,
the MT data quality is too low to produce highly reliable and detailed interpretation, as for the Cornia
Fault, and our interpretation is less constrained.

A4.6.4 Correlation with seismic models
In figure A4.13 we summarize one of the main result of this study, i.e. the Cornia Fault imaged by
the Profile 1 and its correlation with seismic studies in the area.
The P-wave anomaly, as derived from 3D tomography of local earthquakes (Batini et al., 1995), is
showed for values lower than 5000 m/s. The authors related the reduction of P-wave velocity to the
occurrence of an intrusive still partial melted body. The CROP18 interpreted Profile (Brogi et al.,
2005) is overlapped on the MT Profile 1 since the traces coincide. The correspondence of mid-crustal
electrical resistivity anomaly with the low seismic velocity body is striking.
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Figure A4.13- MT Profile 1 plotted in 3D and compared with other geophysical data: Comparison
between the MT Profile 1 (a) and Profile 3 (b) and the anomaly of seismic low velocity (Batini et al.,
1995) here filtered for the values below 5 km/s; b) MT plotted in 3D with the geological map; c)
comparison between the Profile1 and the deep seismic profile CROP 18a (Brogi et al., 2005),
particularly the intrusive rocks (MR) imaged by the seismic reflection data are highlighted in red.

A control of the sub-vertical structure (i.e. Cornia Fault) in favouring (as regional mechanical
discontinuity) the emplacement of intrusive bodies in this area, can be supposed. We would stress
that the direct evidences (e.g. well cores of Monteverdi, Carboli wells) and geochemical (e.g. Dini et
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al., 2005) and geophysical models indicated the occurrences of more intrusive bodies with a
polyphased evolution. The occurrence of a low resistivity anomaly interpreted as intrusive and
partially melted body does not exclude the occurrence of surrounding cooled magmatic rocks or with
a fraction melt lower than 4%, since they cannot be imaged by MT.
The resistivity model in the other MT profiles, particularly in Profile 4 (toward Larderello), show a
wider low resistivity anomaly, in terms of spatial extension, at mid-crust depth. This aspect seems in
accordance with seismological studies. Particularly interesting is the clear correspondence of the
Low Velocity Zone (LVZ) resulting from the inversion of teleseismic travel time residuals (Foley et
al., 1992; Batini et al., 1995) and the wide low resistivity anomaly at 7 km depth of the Profile 4. The
model parameters of the inversion of teleseismic data are the velocity perturbations with respect to
a reference model (see the cited papers for details). In order to visualize the LVZ, which according
to the authors, is elongated NE-SW, we filtered the values of seismic velocity perturbation in the
range of -4 to -16%, excluding the values in the range of 8 to -4%. In figure A4.14 we show the
comparison between the MT Profile 4 (from PSO) and the LVZ after filtering out the zone of minor
reduction.

Figure A4.14- Comparison between the MT Profile 4 and the seismic Low Velocity
Zone (LVZ) from the inversion of teleseismic travel time (Foley et al., 1992; Batini et
al., 1995). The model parameters of the inversion of teleseismic data are the
velocity perturbations with respect to a reference model (see the cited papers for
details). The points represent the values of seismic velocity perturbation; the
values in the range of -4 to-16% are shown.

Finally, it should be noted that the K-horizon was a possible target of our study, but we cannot image
any peculiar feature in proximity of this seismic reflector. This could be due to the possible absence
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of electrical resistivity contrast or the small thickness of the “layer”, whatever is its geological
meaning.

A4.6.4 Impact on the conceptual model of the Lago Boracifero area
The resistivity models we achieved from the inversion of MT data have a great impact on the
conceptual model of the Lago Boracifero area.
First of all, the Micaschist and Gniess complexes, that were imaged for their highly resistive response,
show significant reductions of resistivity, one order of magnitude, in correspondence of the most
productive sectors such as Lago Boracifero and Lagoni Rossi. Although the information from well
tests clearly indicates the vapour phase of the hydrothermal fluids in the reservoir, the resistivity
anomalies imaged in the resistive crystalline reservoir seems to imply a relation with the
hydrothermal circulation. The processes we discussed are the hydrothermal alteration, the
occurrence of very high conductive minerals (such as graphite) and the possible contribution of a
liquid phase in the pores and fractures of the rocks hosting the hydrothermal reservoir.
In addition, the final models highlighted the fundamental role of a large tectonic structure, i.e. the
Cornia Fault, antithetic respect to the Northern Apennine. In our opinion, this fault played an
important role in the evolution of the field, favouring both the hydrothermal circulation and the
emplacement of magma bodies, being possibly deep-rooted in the Crust.
The results can be also intended as a valid support to the petrological model (e.g. Dini et al., 2008)
that implied the emplacement of magma along the transfer lineaments of the Northern-Central
Apennines. Our theoretical computations on the two-phase mixing model implied a melt fraction of
about 5-6% (even higher) for the resistivity anomalies at mid crustal depth.
In figure A4.15 the final conceptual model we built at the end of our study is shown, and corresponds
to that of a “young intrusive convective” geothermal play as described in Annex 2. We support the
idea of a composite batholith (Gianelli, 1994) with a polyphased evolution composed of older
completely cooled granitic intrusions and local partial melted bodies acting as the actual heat source
of the Larderello geothermal field. In figure A4.15, we conceptually used the shape of the intrusion
depicted for the Elba Island, which is considered a fossil proxy of the Larderello system (Dini et al.,
2008; 2016).
With regard to the possible occurrence of deep-seated supercritical fluids, we could not find any
clear evidence of a resistivity change corresponding to the K-horizon (only in some zones of Profile
2 and Profile 4). We cannot exclude that supercritical fluid are present, but their effect is too weak
for MT exploration. This could be due to the relatively small thickness of the layers hosting the fluids
and/or to the relatively minor change of resistivity with respect to the surrounding units. Hence, the
detection of the intrusive and partially melted bodies is the indirect information that MT can provide.
In the Lago Boracifero sector we detected a partially melted intrusion at shallow depth confirming
the other geophysical and geochemical evidences of shallow intrusion in this area. It should be noted
that the mid-crust anomalies are detected also in the northern (toward Larderello) and southern
(toward Frassine) zones of the investigated area and seems particularly wide in the northern area
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(below Profile 4, see figure A4.8, characterized by a large production of hydrothermal fluids from the
deep reservoir. The MT results indicate that it could be worth to investigate also the southern sector
immediately close to the Lago Boracifero (e.g. Frassine area) which is not very explored, since it is
characterized by large deep low resistivity anomalies similar to those of other productive part of the
hydrothermal reservoir.

Figure A4.15- Conceptual model of the Lago Boracifero sector from the interpretation of the MT
Profile1: 1) productive wells in the proximity of the trace profile (max distance 800 m), 2) main
geothermal manifestation, 3) main faults, 4) supposed occurrence of completely cooled intrusion
that cannot be imaged by resistivity anomaly, 5) granitic intrusion with residual melt fraction
higher than 4%, imaged by a wide resistivity anomaly, 6) Active hydrothermal, vapor-dominated
circulation and multi-stage hydrothermal alteration.

Doc.nr:
Version:
Classification:

IMAGE-D5.01
2017.09.22
public

Annex 5: 3-D geological-geophysical model and synthetic
seismic reflection modelling along CROP18A line in the
Larderello area

Doc.nr:
Version:
Classification:
Page:

IMAGE-D5.01
2017.09.22
public
Annex 5: 1 of 11

A5. 3-D geological-geophysical model and synthetic seismic
reflection modelling along CROP18A line in the Larderello area
A5.1 Introduction & summary
Exploration strategies of geothermal reservoirs may significantly benefit from the development of
synthetic seismic reflection profiles by confirming the possibility to detect prospective features on
acquired seismic reflection data and to calibrate geological-geophysical interpretation and model
reconstructions. To be elaborated a synthetic seismic reflection profile requires a conceptual
geological model of the subsurface structure and physical properties, which is an objective of the
WP5 task of the IMAGE FP7 European project.
The Larderello geothermal field is characterized by a shallow and by a deep reservoir. The latter is
hosted in the metamorphic basement (Batini et al., 2003; Bertini et al., 1996). In seismic reflection
profile, the deepest reservoir is characterized by a strong amplitude reflective signal, the well-known
K-horizon, widely observed in several seismic lines (Batini et al., 1978, Accaino et al., 2005,
Romagnoli et al., 2010) and probably drilled by the San Pompeo 2 well (Gianelli et al., 1997).
In this work, geological and geophysical available data have been integrated to develop a new 3D
geological-geophysical model of the portion of the Larderello geothermal field drilled by the San
Pompeo 2 well. The geological-geophysical 3D modeling was performed using Petrel software.
The 3D model has been used to generate a 2-D model for the synthetic seismic modeling of the
main seismic units up to the k-horizon along the CROP-18A seismic reflection line acquired within
the CROP project. (Scrocca et al., 2013).

Figure A5.1 CROP18A seismic line location
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Figure A5.2 CROP18A Stack section
The main aims of the modeling and work activities are:
• Calibrate seismic lines (here CROP18A) starting from a 3D geological-geophysical model.
• Contribute to the definition of a conceptual reservoir model of the area based on a rock
physics model.
Derive the seismic response of the integrated model and implications in seismic processing,
interpretation and actions for geothermal exploration of the area.

A5.2 Modeling
The exploding reflector modeling seismo-acoustic approach, developed in Matlab by the CREWES
consortium and partly modified by us in this project, has been used to generate the synthetic seismic
stack sections.
The exploding reflector generates the seismograms for a velocity model defined by pixel (15x15 m)
with constant velocity value. The positions of receivers were located at the CDP position of the line
(30 m). The wavefield is propagated in depth using a finite difference algorithm, and is then
convolved with the input wavelet (Ricker wavelet with 25 Hz of central frequency) to produce the
seismogram at the receiver. The finite difference algorithm uses a nine-point approximation of the
Laplacian operator and assumes the absorbing boundaries on the three sides of the model (bottom,
right and left). Time step modeling was set to 0.1 ms, and the Courant maximum number was about
~0.2. The synthetic waveforms were sampled at 500 Hz, CROP18A data at 250 Hz.
The geological units defined for the velocity model are respectively the Neogene Unit, the Ligurian
Flysch Complex, the Tuscan Units plus the Tectonic Wedge Complex, the Metamorphic Units and
K-horizon. Using the velocity ranges of the previous units reported in literature (Batini et al., 1978,
Accaino et al., 2005), we have assigned to these units Vp values of 2700 m/s, 3850 m/s, 5700 m/s
and 4900 m/s.
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Range
Batini et al (1979)

Neogene Unit

2700

2600-2800

Ligurian Flysch Complex

3850

3000-4700

Tuscan units and Tectonic Wedge Complex

5700

FT2 4000-4500 – FT1 5000-6500

Metamorphic Unit

4900

4400-4900 (up to 5500 in Bertani et al., 2005)

K-Horizon

4300-5700

Batini et al 2002 - Vanorio, GRL 2004, Tinivella et al. 2005

Table of modelled units interval velocity and literature ranges

The unit interfaces were derived, along the trace of the CROP18A line, from the 3D-geologicalgeophysical model with a 2D interpolation, with a mesh-grid 50x50 m respectively along the line and
the depth directions. In order to construct the seismic model, the 2-D interfaces were interpolated
using a bi-cubic spline with a spacing of 15 m.

Figure A5.3 Modeled seismic response - K-horizon derived from 3D geological-geophysical
model
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Figure A5.4 Modeled seismic response K-horizon wedge

Calibration of the line was performed comparing the line drawing of modeled stack response with
that corresponding on seismic data stack for all reflected events. In general, the 2D velocity model
extracted from 3D geological-geophysical model along the CROP line was acceptable for all main
seismic horizons (k-orizon1. For K-horizon the best fit has been attained introducing a geometry
perturbation (wedge like K-horizon2) only in correspondence of S. Pompeo 2 well area.

Figure A5.5 Line drawings comparison – Processed seismic data stack with superimposed
modeled line drawing responses
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Further the line calibration, we re-process the seismic stack section with aim to improve the migration
of the stack section. For the migration we used the 2D velocity model used for line calibration. In
general, the migration processing evidenced that the migration velocity model (mainly for deeper
horizons like K-horizon) could be more complex in order to correctly migrate the reflectivity features
observed in the area (Riedel et al. 2015). In fact, in the Tuscan geothermal area the productive
horizons exhibit some peculiar reflective seismic features. They are quite continuous with laterally
variation of reflectivity and sometime have a bright spot signature; more than single reflection events
they present a diffused reflectivity spatially and vertically localized (generally extended 2-5 km in
space and 100-500 ms TWT in time) and generally assuming a “lozenge” pattern below the top of
the area with diffused reflective events.

Figure A5.6 CROP 18A Migrated line

Previous seismic reflectivity modeling of the productive horizons based on VSP measurements and
AVO seismic analysis indicated that productive horizons are actually constituted by fractures of about
ten meters and characterized by velocity variation of about 30-40% with respect the averaged
velocity value of reservoir rocks. Furthermore, the VSP data indicate that locally the productive
horizons are characterized by more complex velocity structure at short wavelength, which are not
resolvable with surface seismic (Cameli et al., 2000).

This evidence allows us to hypothesize that the K-horizon might not be associated with a lithological
boundary, as also claimed by Riedel et al. (2015). This hypothesis is also supported by the geological
evidences of the Elba-Stagnone exposed area which could be representative of the deepest level of
the Tuscan geothermal system, and it is supposed to be an analogue of the structural level of the
seismic K-horizon. The results of geological studies of the IMAGE project (Reference Liotta) in this
area suggest that the K-horizon could be characterized by a permeability in the range 10-9 and 10-18
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m2, and by fluid inclusions, which are: a) hypersaline multiphase (29-49 wt.% NaCl eq.); Th (<400°C)
and b) saline two-phase (16-29 wt.% NaCl eq.); Th (up to 600°C).

Figure A5.7 Construction of conceptual seismic model of productive horizon

Following this hypothesis, productive horizon is modelled as an area inside the deeper reservoir unit
by a “physical perturbed layer PPL” characterized by a randomized velocity distribution. This
randomized velocity distribution is assumed to be Gaussian, symmetric or asymmetric, with a mean
velocity assumed equal to the velocity of reservoir rock. The maximum of velocity perturbation was
calculated on the basis of a rock physical model as explained in the next.
We set the perturbation wavelength of 15 m and the thickness values of 100 m, 500m and 1000 m.
In the synthetic modeling we also test the influence of frequency source (resolution issue) and the
dependence of the response for a high perturbation wavelength of 100 m.

In order to insert a velocity perturbation consistent with a rock physical model we assume the
pressure confining pressure equal to the lithostatic charge and pore pressure equal to hydrostatic
charge and the effective pressure as their difference. The temperature is assumed equal to 350°.
The assumed pressures are consistent with those observed in the S. Pompeo 2 well. To calculate
the range of the expected velocity perturbations inside the reservoir unit we use the Kuster-Toksöz,
and its Berrymann's generalization, using the literature value for brine velocity and density (Batzle &
Wang, 1992) and as also derived in the Larderello area by Tinivella et al. (2005). The effective
velocities are derived based on scattering theory considering a penny crack shape.
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Figure A5.8 Calculation of maximum velocity perturbations derived from rock physical
model.
The maximum velocity decrease expected in the hypothesis of a reservoir characterized by casual
brine inclusions is about 30-40% for the two hypothesized reservoir rock mean velocity about 5900
m/s and 4900 m/s as proposed respectively by Tinivella et al. (2005) and Batini et al. (2002). This
maximum value of perturbation is also assumed for assigning the positive perturbations in the
symmetric velocity distribution.

Figure A5.9 Example CROP18A seismic response randomized (Gaussian symmetric velocity
distribution) metamorphic productive horizon 500 m thick
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Figure A5.10 Example CROP18A seismic response randomized (Gaussian asymmetric
velocity distribution) metamorphic productive horizon 500 m thick

Figure A5.11 Example CROP18A seismic response randomized (Gaussian asymmetric
velocity distribution) gneissic productive horizon 500 m thick
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A5.3 Conclusions
Despite an acceptable calibration of the line CROP18A with homogeneous units, the seismic
modeling allows to hypothesize a productive geothermal horizon probably constituted by a “Physical
perturbed layer - PPL”.

The homogeneous unit seismic response indicates that:



the deeper reflected events are significantly influenced by the articulated shallow morphology
of Neogene and Ligurian units
the wedge geometry allows the fit of the line-drawing performed on the stacked section
related to the top of the productive K-horizon.

The responses with the PPL model indicate that:
•
PPL could explain the reflectivity features and pattern of productive horizons observed in the
Tuscan geothermal area.
• asymmetric velocity distribution (a general decrease in velocity in PPL) generates a pseudolayer which exhibits both reflection events at the top and bottom of PPL (sometime observed
as typical pattern of reflectivity).
• In the case of thin layer (about 100 m) to observe diffuse reflectivity the PPL must be
characterized by symmetric randomized velocity distribution, otherwise it exhibits a response
similar to a homogeneous layer.
• Both symmetric and asymmetric velocity distribution with PPL thicknesses greater 100 m
generally shows responses characterized by diffuse reflectivity.
A significant improvement, fine tuning, of this modeling could derive by the availability of laboratory
reservoir rock velocity measurements in (dry rock) and in the hypothesized physical-chemical
conditions.

This work hypothesis has several implications and allow us to make the following considerations:


It justifies the reason of the difficulty in the processing of seismic lines due the problem of
velocity reconstruction using velocity analysis from surface seismic and as a consequence in
the migration of seismic lines.



It must pay attention in the interpretation of seismic lines: in general, the response of the
randomized model, due to constructive and destructive interferences, is not directly and
univocally connected with the micro and mesoscale structures of the reservoir. As a
consequence, only the macro-scale pattern can be recognized (see the reconstruction of the
top of physical transitional layer).



In terms of the exploration risk reduction, based on surface seismic prospecting, it could be
claimed that the diffused high reflectivity zone could not be productive: in fact it depends on
the actual structure at the microscale, which cannot be directly reconstructed in detail from
processing of surface seismic data (see the best performance of VSP vs surface seismic).
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A good seismic exploration strategy could consist in an increase of the resolution of surface
seismic, which must be integrated with VSP measurement in the observed diffuse reflectivity
zone detected by surface seismic.
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1. Introduction
Due to the growing interest in the technological development of unconventional geothermal resources,
interdisciplinary geoscientific activities have been focused on the southwestern part of the Larderello-Travale
Geothermal Area (LTGA), i.e. the Lago Boracifero locality, also referred as Lago area (Fig. 1). In the LTGA, two
main geothermal reservoirs exist: the “shallow reservoir” hosted in the evaporite-carbonate units (about 0.7 – 1.0 km
b.g.l. on average and with temperature from 150°C to 260°C) and the “deep reservoir” hosted in the metamorphic
succession and Neogene granitoids (about 2.5 – 4.0 km b.g.l. and with temperature from 300°C to 350°C) [1,2]. Fluids
dominantly of meteoric origin at vapor phase circulate in both reservoirs [3]. The meteoric recharge occurs through
the carbonate outcropping formations; besides a lateral input from the regional aquifers surrounding the hydrothermal
reservoirs is also assumed, presumably induced by the actual exploitation process [2,3].
In the Lago area, the occurrence of high temperature and high pressure fluids hosted below the hydrothermal
systems currently under exploitation has been established in the frame of a deep exploration program carried out in
the early 1980s. In particular, the San Pompeo 2 well encountered fluids with a temperature > 400°C and reservoir
pressure far above 24 MPa, in a fractured zone at about 2900 m [4]. The main objective of this well was to verify
whether exploitable fluids exist in correspondence to the anomalies detected by reflection seismic surveys. In fact, the
2D and 3D seismic exploration activities carried out in the last decades provided evidences of two distinct seismic
markers, referred to as “H-horizon” and “K-horizon”, discontinuously characterizing the entire LTGA. Drilling data
show that in some cases (especially in the Travale area) the H-horizon is located in correspondence of the thermometamorphic aureole of Neogene granitoids [5] and many wells produced super-heated steam from this level. The
deeper K-horizon has similar amplitude pattern, but locally showing bright spot features, and a more continuous spatial
extension with respect to H-horizon. The nature and the origin of the K-horizon are still under debate [4,6,7], as it has
not yet been drilled with the presumable exception of the San Pompeo 2 well. The thermobaric conditions extrapolated
at this level (P ≈ 30 MPa and T > 400°C) do not seem to be compatible with the deep geothermal reservoir so far
exploited characterized by a sub-hydrostatic pressure controlled by its current super-heated steam condition [2]. In
order to improve the understanding of the physical conditions in the zone corresponding to the K-horizon, we
systematized the available information from different geoscientific sources, briefly discussed in the following.

Fig. 1. (a) Location of the area of study. The sub-volcanic mafic (yellow stars), acid intrusive (red stars) and extrusive (cyan stars) centers and
their ages (in Ma) are showed. The out-of-area magmatic sites referred to in the text are also reported (small stars) along the map borders; (b)
Bouguer anomaly map of the Larderello-Travale Geothermal Area together with the heat flow isolines of the regional anomaly (in mW/m2,
modified from [20]). The studied boreholes and the NW-SE cross-section (A–B) are reported. Red circles are the deep wells of Table 1 (BD-1:
Badia 1, CCbis: Carboli CBIS, LU-1: Lumiera 1, MV-5: Monteverdi 5, MV-7: Monteverdi 7, SM-1: San Martino 1, SP-2: San Pompeo 2, SA-22:
Sasso 22, SE-3: Selvaccia 3, SS-1: Serrazzano Sperimentale 1 and VC-11: Valle Cornia 11). Yellow circles are additional wells used for the
reconstruction of the Neogene-Pleistocene composite granitoid.
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Fig. 2. (a) Schematic crustal section below Larderello-Travale Geothermal Area and magma emplacement conceptual model, (b) structuralstratigraphic framework and the modelled geological surfaces, (c) Temperature evidences from the mineral assemblage of the Plio-Quaternary
HT-LP metamorphism (Bt: Biotite, Crd: Cordierite, Chl: Chlorite, Mus: Muscovite, Cor: Corindum).

Table 1. 40Ar/39Ar, K/Ar and Rb/Sr ages of Larderello biotite (Bt), Muscovite (Mus) and Tourmaline (Tour) of Metamorphic (Met) or Magmatic
(Mag) origin. The available in-hole temperatures (T) are also reported.
Well

Depth (m)

Badia 1

3450

Carboli CBIS

4200

Carboli CBIS

4304

Lumiera 1

2237

T (°C)

425
425

Age (Ma)

Method

Mineral

Reference

1.6

40

Ar/ Ar

Met. Bt

[31]

1.2

40

Ar/39Ar

Mag. Mus

[32]

1.3

40

39

Ar/ Ar

Mag. Mus

[32]

3.3

40

Ar/39Ar

Met. Mus

[33]

39

39

Monteverdi 5

2843

330

3.8

40

Mag. Bt

[34]

Monteverdi 7

3483

335

3.8

K/Ar

Mag. Bt

[35]

Ar/ Ar

Met. Bt

[31]

Ar/39Ar

Met. Mus

[33]

Ar/ Ar

San Martino 1

2722

3.0

40

San Pompeo 2

2718

2.5

40

San Pompeo 2

2962

> 420

1.3

K/Ar

Hyd. Tour

[36]

San Pompeo 2

2962

> 420

1.6

K/Ar

Hyd. Bt

[36]

Sasso 22

2502

350

3.1

K/Ar

Met. Bt

[37]

Sasso 22

2636

3.5

K/Ar

Met. Bt

[37]

Sasso 22

3530

3.3

Rb/Sr

Met. Bt

[37]

Sasso 22

3800

3.2

K/Ar

Met. Bt

[37]

Sasso 22

4028

3.1

Rb/Sr

Met. Bt

[37]

Selvaccia 3

3506

3.6

40

Met. Bt

[33]

Serrazzano Sperimentale 1

2242

280

1.6

Rb/Sr

Met. Bt

[37]

Serrazzano Sperimentale 1

2242

280

2.5

K/Ar

Met. Bt

[37]

Valle Cornia 11

2946

340

2.9

K/Ar

Met. Bt

[36]

400

39

Ar/39Ar
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2. Magma emplacement conceptual model
The geothermal anomaly characterizing the LTGA should be therefore framed in the magmatic and tectonic
evolution of the inner Northern Apennines, also characterised by the so-called Tuscan magmatic province [10]. It
consists of a series of mafic to acid intrusive and extrusive centers scattered through the southern Tuscany and the
Tuscan archipelago (Fig. 1). The emplacement time spans from 14.2 Ma at Sisco (Corsica) to 0.3 – 0.2 Ma at Mt.
Amiata (Italy). Due to the spatial and temporal evolution of the post-collisional phase of the inner Northern Apennines,
the two monzogranitic plutons partially exposed in the western (Mt. Capanne, 6.9 Ma old) and eastern (La Serra-Porto
Azzurro, 5.9 Ma old) sectors of the Elba Island represent an exceptional example of exhumed fossil geothermal
systems developed from the cooling of plutonic masses. As the granitic intrusions are supposed to be the primary heat
source of the deep-seated geothermal systems in southern Tuscany, in the frame of the IMAGE Project several
structural, petrological and fluid inclusion studies have been performed in the Elba Island, as a proxy of the actual
geothermal system of Larderello [11].
Fieldwork and laboratory analyses provided data for the fossil magmatic system, e.g. fracture networks and relation
with the mineralization in the hosting rocks, the physical (temperature and pressure) conditions and the composition
of the fluids circulating from the early magmatic until the final hydrothermal stages. These data represented essential
constraints to perform a geothermal characterization of the actual magmatic system existing below the Larderello area.
In this context, a conceptual model of magma emplacement has been refined and a schematic crustal section
representative of the LTGA is shown in Fig. 2.
The variable partial melting of the mantle is responsible for the successive injections of mafic magmas into the
continental crust, which in turn induced an increase of isotherms, crustal anatexis and a variable degree of mafic-acid
magma mingling. The produced hybrid melt emplaced at middle-crustal levels (the “Plutons” in Fig. 2) and fed the
magmatic system. The intermittent injections of mafic magma through the entire crust furnished the heat to sustain
the prolonged cooling time at the different emplacement levels.
Considering the tectonic and magmatic framework in which the actual geothermal system is located, the Larderello
magma source is assumed to fall in this general context, although the granite samples reached through boreholes do
not exhibit petrographic, geochemical or isotopic features indicating a mass contribution of mantle-derived magmas.
These latter are, however, suggested by the mantle signature of He isotopes data [12] and the findings of hybrid
granites with mafic enclaves, or mafic intrusive bodies in future drillings cannot be ruled out [10].
3. Geothermal exploration proxies
In our study, the characterization of the structural setting represented a key activity. We realized in Petrel
environment a 3D geological model, covering an area of 14 × 14 km2, by the integration of the available stratigraphic,
structural and seismic information [13]. The structural-stratigraphic framework as well as the modelled geological
surfaces are summarized in Fig. 2. The geological and structural setting results from the interplay among thinning of
the previously over-thickened crust and lithosphere, extensional tectonics and magmatism. The 3D reconstruction of
the shallow geological structures was based on seismic profiles, borehole data from the National Geothermal Database
[14], structural and geological information, whereas the main deep crustal features have been constrained by active
source seismic data acquired within the CROP Project [15,16], seismic tomography, magnetotelluric survey [17,18],
Bouguer anomaly [19] and heat flow data. The geophysical observations allowed to set the depth of the Mohorovičić
discontinuity around 22 – 25 km [20 and references therein] and to estimate the lithosphere to be about 40 km thick
[21]. The effects of regional extension, magmatic intrusion, uplift and fluid circulation are responsible for the high
background heat flow in the order of 200 mW/m2 (Fig. 1) with two main local maxima, one centered close to the Lago
and Larderello areas (up to 1000 mW/m2), and another (up to 500 mW/m2) in the Travale area, to the east of Larderello
[22].
The seismicity of the LTGA has a low magnitude (< 3) and a cut-off depth set at about 8 km (although few events
have a hypocentral depth of 10 – 15 km). The maximum peak hypocenter distribution exhibits positive correlation
with the K-horizon and due to the high temperatures (i.e. > 400°C), this reflective horizon was interpreted as a
kinematically active rheological boundary separating the upper brittle from the lower ductile crust [23]. Recent 3D
microearthquake tomography [24,25] imaged the seismological parameters (the Vp, Vs structure and the deduced
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Vp/Vs, Vp × Vs anomalies) in the first 8 km of the crust. The K-horizon lies within a low Vp zone; some earthquake
clusters are visible within the underlying high velocity (Vp) structure. The low Vp/Vs values dominating the exploited
hydrothermal reservoir are interpreted as due to steam-bearing formations, whereas other higher and sparse Vp/Vs
values at shallow depths and characterized by low Vp ×Vs, are probably related to either condensation or recharge
zones. The analysis of the Vp ×Vs image suggests that the K-horizon [23] delineates a transition zone towards
formations with a relatively lower crack accumulation and/or porosity. Despite no high Vp/Vs ratios have been
identified along the K-horizon, the presence of overpressurized fluids cannot be ruled out due to the inherent resolution
of the tomography images. A middle-crustal low velocity body (LVB) in the centre of the geothermal area was inferred
by tomographic inversions of teleseismic and local earthquakes. The top of the LVB is constrained at about 10 km
depth by a reduction of the bulk velocity of the order of 15 – 18 % as inferred by teleseismic travel-time residuals [8]
and by a low (< 5 km/s) Vp anomaly [9]. The Bouguer anomaly map (Fig. 1) highlights a wide low gravity anomaly
with values lower than 25 mGals that encompass the whole LTGA, with local gravity minima of 15 mGals (e.g. in the
Lago area). In spite of the dense carbonate formations outcropping in the area, a deep and low-density source is
required to justify this gravity anomaly. Several authors [e.g. 26,27] recognized, in the CROP (deep crustal) reflection
seismic profiles, zones with homogeneous velocity distribution and low contrast of acoustic impedance (i.e.
transparent areas). The shallow transparent areas have been associated to felsic magmatic bodies, also encountered in
local geothermal boreholes, whereas the deep transparency correlates with the top of the LVB (Fig. 3). Furthermore,
the inversions of previously and newly acquired MT measurements [28,29] revealed a deep low resistivity anomaly
in correspondence of the LVB (Fig. 3). The LVB may be interpreted as the occurrence of a hot (low density and low
velocity), partially molten (conductive), isotropic magma body (transparent seismic facies) emplaced at middle-crustal
level.

Fig. 3. (a) Portion of the interpreted CROP 18-A seismic section; (b) resistivity structure along the NW-SE section (A-B) in the area of study (see
Fig. 1). The Low Velocity Body (LVB, velocity model from [8]) and the studied deep boreholes are also reported.

At Larderello Neogene-Pleistocene granitoids were drilled within the metamorphic basement in some deep wells.
The granite emplacement produced thermo-metamorphic aureoles with characteristic mineral assemblages (Fig. 2) as
function of the distance from the heat source and type of the hosting rock [30]. The granitic system can be described
as a magmatic complex built up over an approximate time span of about 2.5 Ma (from 3.8 to 1.3 Ma) by multiple
intrusions of isotopically and geochemically distinct anatectic magmas. In Table 1 the available geochronological data
are summarized (see Fig. 1 for borehole locations). A reconstruction of the Neogene-Pleistocene composite granitoid
is here proposed based on the occurrence of a thermal metamorphic rim in deep drillings and direct evidences of
drilled dikes and/or laccolites (Fig. 4). The characterization of fluids trapped as inclusions above the studied magmatic
system (Elba Island and Larderello) gave indications on their sources (magmatic, metamorphic and meteoric) and
useful information regarding the evolution of the hydrothermal system. In particular, the metamorphic (aqueous-
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carbonic) and magmatic (Li-rich brines) fluids, representative of the magmatic stage, were trapped under near
lithostatic (74 – 135 MPa) and high temperature (420 – 650°C) conditions [10,30]). If the K-horizon origin is
supposedly related to recent magmatic events, the early stage fluids of magmatic and thermo-metamorphic origin, as
those studied in the fossil geothermal systems of the Elba Island and Larderello, image the actual, or very recent,
physical condition determining the reflective horizon.
Table 2. Thermo-physical properties of rocks and melts used in the numerical simulation.
Lithothermal Units

Porosity

TC [W/(m K)]

Density [kg/m3]

Heat Capacity
[J/(kg K)]

Radiogenic Heat
[µW/m3]

Cover (Neogene & Ligurian)

0.1

2.5

2400

900

1.0

Tuscan

0.06

3.0

2700

850

0.5

TWC

0.05

3.5

2800

900

0.8

Metamorphic basement

0.01

3.0

2770

850

2.0

melt

-

2.5

2500

1300

-

solid

-

3.0

2650

850

2.0

Intrusive bodies

4. Numerical modelling
Once a conceptual model consistent with the available data has been created, it can form the framework of a
subsequent numerical model. Our initial numerical strategy was mainly based on the history matching of the detected
past thermal climax controlled by the Neogene-Pleistocene magma input, in order to forecast the present-day
temperature distribution around a hypothetic, and very recent magmatic intrusion (but similar in size, emplacement
temperature and other physical characteristics) at a depth of the order of 2.5 – 5 km. We used a 3-D thermal model
that numerically simulates the temperature variations in a layered crustal section, induced by the occurrence of
intrusive bodies over a time span of 5.3 Ma (Fig. 4). The thermal evolution of the model is governed by the heat
transfer equation:

C p

T
 k  2T  A  Q
t

(1)

where ρ is the density, Cp is the specific heat, T is the temperature, t is the time, k is the thermal conductivity, A is the
radiogenic heat generation and Q is the magmatic heat source. The heat equation is solved by the FEM method and
we applied specific temperature-dependent thermal properties to the rocks [38] (Table 2), a constant surface
temperature, a fixed heat flux at the base of the model (70 mW/m2) and a temperature-dependent heat flux across the
intrusion boundaries. The latter is calculated according to Newton’s law of cooling [39]:
Q  h  Tmag  T  f t 

(2)

where Q is the heat flux, h is the convection heat transfer coefficient, Tmag is the magma emplacement temperature
and T is the external temperature. Distinct heat sources, located inside the modelled domain (Fig. 4), provided the
thermal loading. The duration of each magmatic event is modelled multiplying the heat source term (Eq. 2) with an
arbitrary pulse function f(t) (Table 2). Since the end of the magmatic event, the release of latent heat of crystallization
(L) has been taken into account by incorporating an effective specific heat (Ceff) instead of the true specific heat (Cp)
for the temperature interval of crystallization (ΔTm):

Ceff  C p 

L
.
Tm

(3)
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The middle-crustal heat source (i.e. the LVB) was assumed active from the Pliocene to the present time. We
supposed that the heat sources could maintain themselves by a continuous replenishment of heat induced by
intermittent injections of mafic magmas from below. According to Dini et al. [10], the middle-crustal melts emplaced
under lithostatic conditions for temperature close to 850°C. At shallow levels, the emplacement of the granitoids,
nowadays cooled, took place through successive, randomly distributed, magma injections. In a first approximation,
the emplacement of the Neogene-Pleistocene composite granitoid in the time interval 3.8 – 1.3 Ma was modelled as a
single thermal event. Following our initial hypothesis, we assumed that the upper portion of the K-horizon mimics the
shape of a recent intrusion and we positioned its top few hundred meters (i.e. 500 m) below the seismic marker. This
intrusion emplaced below the Neogene-Pleistocene granitoids and induced a continuous heat input in the time interval
1.3 – 0.3 Ma. This recent magma body partially intruded the old granitoids as shown in Fig. 4.
Although the top surfaces of the crustal granitoids are constrained by direct and/or geophysical evidences, the
bottom surfaces are highly undetermined. The uncertainties regarding the real volume of the granitoids influence the
cooling time and the amount of latent heat released during the crystallization. Nevertheless, the main parameters
controlling the thermal climax reached above the Neogene-Pleistocene granitoids are the distance from the top of the
intrusive body and its emplacement temperature.

Fig. 4. (a) 3D view of the modelled domain beyond the volume of interest in order to avoid the effects of the finite, thermally insulating, lateral
boundaries in the heat diffusion. (b) 3D geometry of the study area, (c) numerical mesh, (d) 2D section from the 3D model (profile A-B of Fig.
1). The heat sources are: 1) deep roof of the system, 2) middle-crustal granitoid, 3) Neogene-Pleistocene composite granitoid and 4) recent
granitoid. The projected locations of some boreholes and the position of the core samples of San Pompeo 2 well are shown.
Table 3. Thermo-physical properties of melts and duration of magmatic events used in the numerical simulation.
Heat source properties

Duration (Ma b.p.)

Liquidus (°C)

Solidus (°C)

L (kJ/kg)

Tmag (°C)

Middle-crustal pluton

5.3 - 0

850

550

500

850

Shallow granites (old)

3.8 – 1.3

850

550

500

650

Shallow granites (recent)

1.3 – 0.3

850

550

500

650

The borehole temperatures measured along the San Pompeo 2 well in the metamorphic basement were used as
thermal constraints to validate the numerical results to the actual time (Fig. 5). The thermal evolution was compared
with the petrological information of three deep core samples, used as control points (core 1: –2189 m b.s.l., core 2: –
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2380 m b.s.l. and core 3: –2700 m b.s.l.), coming from the same well. Those metamorphic samples have characteristic
mineralogical assemblages for increasing temperatures from 490±40°C (core 1 and 2) to 600±30°C (core 3). Fig. 5
shows the simulated temperature vs time for the three, above mentioned, control points. The present-day depth of the
core samples does not correspond to the past position as the LTGA experienced an average Pliocene uplift rate of
about 0.2 mm/yr [33]. Because of this uplift, the displayed temperature curves refer to the three control points that
move upward during time. When the deep heat source emplaced 5.3 Ma ago at the middle-crustal level (10 – 15 km),
it induced in the shallower levels (i.e. 2.5 – 3.5 km) only a smooth temperature increase of about 80°C in a time
interval of 1.0 Ma. Successively, from 3.8 to 1.3 Ma, the shallow magma emplacement controlled the rapid
temperature increase of the rocks and the attainment of the thermal climax. At the end of this phase, we assumed a
new magma input, which continuously supplied heat for 1.0 Ma. The modelled temperature decrease is partially due
to its slightly deeper emplacement level. Finally, the cooling phase during the last 0.3 Ma is responsible of the
temperature decrease down to actual values of 350 – 400°C in the depth interval 2700 – 2100 m b.s.l.

Fig. 5. Modelled thermal evolution of the area around the San Pompeo 2 well. Continuous lines are the temperature (left axis) vs time
experienced by the core 1, 2 and 3 of the same well during the last 5.3 Ma. Dashed lines are the depth (right axis) vs time trajectories of the same
core samples resulting from an average Pliocene uplift rate of 0.2 mm/yr. The ages of the main magmatic (red), thermo-metamorphic (green) and
hydrothermal (cyan) events are also reported.

5. Conclusions
The developed conceptual model is a representation of the current best understanding of the studied geothermal
system, consistent with all known data and information. The analysis of these geoscientific data allowed defining the
main elements for the numerical model. Our basic numerical approach represent an initial model that can be refined
and improved as more data becomes available. Actually, the validation procedure based only on the thermal and
petrological data coming from the San Pompeo 2 well. Therefore, the results are representative of a sector around the
selected borehole rather than the whole area of study.
The main conclusions are the following:
• The middle-crustal magmatic body, i.e. the LVB constrained by the geophysical data at about 10 km
depth, cannot explain alone the observed thermal anomaly. The actual temperatures and the thermal
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climax recorded by the metamorphic cores rely to the emplacement of magmas at shallower levels (most
likely in the depth range 2.5- 5 km).
Although there is no direct evidence of the location of the actual magmatic intrusions, the measured
temperature in the San Pompeo 2 well are consistent with the possible existence of a cooling magmatic
intrusion that roughly mimic the shape of the deep seismic marker (the K-horizon).
The study of the Elba Island granitoid, as a proxy of the Larderello deep-seated geothermal system, gave
us the correct thermal constraints (e.g. the magma emplacement temperature) to develop our initial
numerical model.
Based on the numerical results, a temperature above the supercritical point nearby the K-horizon is
envisaged.
Although a continuous heat supply has been modelled, due to the average uplift rate of 0.2 mm/yr the core
samples experienced a rather monotonous cooling from their thermal climax (3.8 Ma) to the present.
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ABSTRACT
Geothermal exploration aims at locating favourable areas for exploitation. To reach this goal, various disciplines are implemented.
Among the most common ones are geology, geophysics and geochemistry. Data are generally acquired in the field, such as
geological observations, gravimetric surveys or thermal sources sampling. These data are interpreted to characterize the geometry,
and the properties of the studied zone. They provide separate but complementary information to understand the area explored.
However, combining geological, geophysical and geochemical interpretations is not an easy task.
In such a context, one of the main difficulties lies in how to mix all the information to infer a coherent geothermal conceptual
model. Merging them in the same space can help their combination to lead to a consistent understanding. First of all, this
methodology allows to check the location of separate figures and to ensure their coherence. Moreover, it makes possible to build an
overall interpretation based on various information. GeoModelling in 3-dimensions is an interesting candidate for this job because it
allows to input materials from various origins to achieve an interpretation of the geothermal area.
GeoModelling provides a common platform for interpretation during the exploration phase of a geothermal project. The final model
can be completed through successive stages bringing new information at each step. For instance, a preliminary 3D geomodel can be
based on very rough data from bibliography, even before any field work dedicated to the exploration. In a second time, geological
data can be observed on the ground and incorporated in the model to refine the interpretation. The process can be continued using a
gravimetric survey to improve the model at depth. Then, magnetotelluric resistivity can be injected in the model to infer possible
fluid occurrence. Finally, location and properties of geothermal springs can be displayed in the 3D model to complete the
interpretation. This kind of interdisciplinary workflow leads to a coherent geomodel filled by geology, geophysics and
geochemistry.
Making a 3D geomodel by associating complementary interpretations is an interesting perspective but giving the experts of each
discipline the opportunity to interact in a democratic process is even more powerful. Indeed, geological, geophysical, and
geochemical interpretations are not disconnected. Even if a preliminary work has to be carried out separately by each discipline, the
interpretation coming from one can be fed by the others instead of putting them one after the other in a sequential workflow. To do
so, the methodology has to be object oriented, where the central object is the 3D geomodel. In this light, the 3D model benefits
from a common interpretation implemented jointly by geologists, geophysicists and geochemists. In other words, they can compare,
connect, discuss, and adapt their own approaches for a mutual result in a GeoModelling environment. At the end, the conceptual
model is not a conglomerate of distinct interpretations but a consensus shared by the contributors.
The methodology described above is illustrated with two examples. These case-studies show how 3D GeoModelling is helpful to
infer a democratic interpretation during the exploration phase. Beyond the interpretation for exploration, the geomodel can be
enhanced during the next phases, when new data are acquired, to provide an up-to-date image of the investigated region. Such a 3D
model can also be used to mesh the geometry of the zone and to compute dynamic simulations.
1. INTRODUCTION
The main objective of geothermal exploration is to target favourable zones for successful drilling in the scope of future resource
exploitation. Drilling is the only way to access directly the subsurface structure and parameters, at least along the borehole
(lithology, temperature, permeability, etc.) However, considering the high investment needed for a drilling campaign, various
techniques are used to investigate the subsurface prior to any drilling (Flovenz et al., 2012). The major ones for interpreting
geological structures of the underground are geological field observation, exhumed analogues and seismic or gravimetric
measurements. Parameters such as temperature or permeability can be inferred from hydrogeology, geochemistry or geophysical
electric methods investigations.
Each of the methods described above gives a piece of knowledge. Gathering these pieces is a key for a comprehensive
interpretation (Noorollahi et al., 2008; Shako and Mutua, 2011; Witter and Phillips, 2012; Higuchi et al., 2013; Calcagno et al.,
2014). That is why, as much as possible, data coming from various disciplines are combined to enhance the understanding of a
geothermal area. But often the more available are the sources of data; the more complex is the interpretation. In this paper we
propose a collaborative way to combine multi-sources data to achieve an interpretation shared by the specialists of each discipline.
The principle is illustrated by two case-studies.
2. DEMOCRATIC INTERPRETATION
The word "democratic" is used in this paper for synthetizing two major ideas. On one hand, the geothermal interpretation benefits
from the input of multiple scientific fields. On the other hand, these disciplines collaborate for a cooperative and cohesive
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interpretation of the geothermal area. Such a shared interpretation will be easier to produce if the experts have a common platform
to help them for exchanging.
2.1 3D GeoModelling
3D geological modelling is dedicated to the representation of the solid Earth using surface and underground data in a computer
aided process (Houlding 1994; Mallet 2002; Wu et al. 2005). Numerous packages implement several methodologies to achieve 3D
geological models. Indeed, 3D geomodelling is based on integrating and combining data and aims at representing 3-dimensional
structures. In that sense, 3D geomodelling is a good candidate to help geothermal explorers.
We focus here on building 3D static models that represent a georeferenced interpretation of the subsurface structure. Data such as
geological measurements on the field, gravimetric and seismic surveys can be combined to infer the geological formations and their
shapes. The resulting structural framework can be the cradle for locating and associating results from electric methods and
geochemistry to enhance the interpretation and design a conceptual model of the geothermal area.
2.2 Principle for a democratic interpretation
As stated above, 3D geomodelling enable multi-disciplinary data combination. In the meantime, we look for a way helping the
experts to collaborate and – even more important – to interact. Building a 3D geomodel allows to shape and to visualize a current
knowledge and to update it when new data or interpretation are available. The classical protocol followed to aggregate data is the
workflow procedure (Maxelon et al., 2009; Moretti et al., 2010). Let's take an example where four scientific fields contribute in the
exploration phase: geology, gravimetry, magnetotellurics, and geochemistry. Typically, in a workflow, the contributions from each
of the scientific fields are added one after the other in a sequential process to complete the final model (Fig. 1).

Figure 1: Workflow is the classical way for combining data. The 3D geomodel is the final result of sequential
interpretations.

Associating data in a workflow methodology satisfies the forecasted objective to combine multi-discipline contributions. However,
scientific fields are used chronologically and independently; making difficult common reasonings. Moreover, the closer to the final
model a scientific field is, the bigger impact it may have, i.e. "the one who is right is the last one who spoke".
Merging the contributions from the fields instead of simply aggregating them is a step forward. The interpretation of a given
discipline may benefit from the interpretation of another discipline, with no chronological preference. For instance, the geological
interpretation could benefit from the magnetotellurics interpretation or vice versa. In that case, the geomodel is no more only the
final result of the integration process but the geomodel is the main and central object of the interpretation process (Fig. 2).

Figure 2: The 3D geomodel is the central part of the democratic interpretation. Scientific fields cooperate and interact to
enhance the interpretation.

The democratic interpretation (Fig. 2) is an iterative and interactive practice where making the geomodel is the way for crossinterpretation of the scientific disciplines. It requires an interactive geomodel generation platform to achieve such a cooperation in
real time.
This principle is illustrated in the two following case-studies.
3. CASE-STUDIES
These case-studies regard the geothermal exploration phase. A multidisciplinary approach is used to complete a consensual
geothermal interpretation. In both cases, 3D geomodels are used to make easier the interaction between the disciplines involved in
the geothermal exploration.
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3.1 Interpretation combining knowledge from geological field and seismic marine: The 3D fault model of the Bouillante
geothermal province
The Bouillante area is located on the West side of the Guadeloupe Island (French West Indies); a region well known for geothermal
resources. This sector is a key geodynamic area (e.g. Bouysse et al. 1988; Feuillet et al., 2002) at the junction of two regional fault
systems: i) a major submarine N160°E strike-slip fault belonging to the normal-sinistral Montserrat-Bouillante-Les Saintes system,
only detected offshore (Thinon et al., 2010), and ii) the western end of the interpretative ESE-WNW Bouillante-Capesterre normal
fault which is probably a major fault of the E-W Marie-Galante graben system (Fig. 3a). At the junction, faults observed on the
field mainly elongate along the E-W direction (Bouchot et al., 2010) whereas offshore structures interpreted from marine seismic
lines shows a larger range of directions (Thinon et al., 2010).
Onshore, data consist in faults observed and measured during field work (Fig. 3a). Due to outcrops poor accessibility, these data are
mainly located on the coast where sea erosion is intense. Inland, some structures are interpreted from previous works mainly based
on topography (e.g. Feuillet et al, 2002). Offshore, location and dip of the faults are derived from the acoustic basement offset
interpreted in 52 seismic profiles representing about 180 km long in total (Fig. 3b).

Figure 3: Example of the onshore and offshore knowledge in the Bouillante geothermal province. a. Picture of the Anse
Machette inland outcrop at the north end of the Bouillante bay (Bouchot et al., 2010); view from W, see box in b. for
location. Box: Regional structural setting of the Guadeloupe Island (modified from Thinon et al., 2010). Thick
square: location of the 3D fault model. BCF: Bouillante-Capesterre fault system. b. A Geoberyx03 very high
resolution marine seismic profile opposite to the Bouillante bay; see box on the left hand side (Thinon et al., 2010).

The challenge is to mix knowledge from the sea and from the Island to infer a coherent structural model of the faults at the scale of
the Bouillante geothermal province that includes both inland and sea domains. To achieve this goal, marine and ground geologists
worked conjointly, applying the following methodology:
-

E-W structures observed onshore were as much as possible a guide to interpret and to connect E-W structures offshore.
Faults crossing the coastline are identified both offshore and onshore to gather a unique set of data to model geometry
(e.g. the Bouillante fault on Fig. 4a)

Finally, a coherent fault interpretation of the zone combining data and observations from the sea and from the ground is built
through a 15 km x 16 km 3D model down to 2 km vertical extension (Fig. 4b). The Bouillante geomodel is achieved using the
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potential field interpolation and geological rules methods developed in BRGM (Lajaunie et al., 1997; Calcagno et al, 2008) and
implemented in the 3D GeoModeller(1) software.

Figure 4: Two views of the fault model achieved for the Bouillante geothermal province (see Fig. 3a for location). The
coastline (white crosses) separates onshore and offshore domains. a. The Bouillante fault (yellow surface) is
constructed from onshore field observation (dark blue point), onshore interpretation (red points) and offshore
seismic profiles interpretation (light blue points). View from WSW. b. The final 3D interpretation reveals three main
families of faults (yellow, green, and blue). View from SSE.

The 3D fault model of the Bouillante geothermal province presented here (Fig. 4b) is the final state of numerous iterations.
Preliminary models were constructed to test various hypotheses for interpreting faults. These intermediary models were modified,
rejected or refined conjointly by the experts but they are not shown here. Such an iterative process lead to the final model presented
above. Even if the methodology is deterministic - i.e. a single model is presented - the evolution of the interpretation is intrinsic to
the final model.
This work is fully detailed in Calcagno et al. (2012) where the 3D interpretation of the faults is presented and discussed as well as
the implication for exploring the Bouillante geothermal province.
3.2 Inter-disciplinary mutualisation: geology, gravimetry, magnetotellurics, and geochemistry
Note: This case-study refers to a confidential exploration project; let's call it the x-area. No mention of location or values of the
parameters are displayed in the text and figures of this section. The main geological body in the x-area is a granitic formation. This
case-study is used to illustrate a methodology that can be reproduced elsewhere.
The exploration of the x-area starts by a bibliographic compilation. Since the very beginning, a preliminary 3D geomodel is built to
gather information on geological structures (Fig. 5a). This step allows to display the existing information in the same framework
where the bibliographic data are checked and turned into a coherent interpretation. This preliminary 3D geomodel is used to prepare
the fieldworks stage by helping to target interesting places for investigation.
Then, the acquisition on the field allows to enhance the previous geological interpretation. These new field data imply changes in
the whole 3D model. Even if they are measured on the ground, they also impact the interpretation at depth. On the x-area, the
location and dip of faults are revised, a contact aureole is observed around the granite body, springs are located, and an altered zone
is identified and interpreted in the underground (Fig. 5b).
In the next step, a gravimetric survey is completed on the zone to obtain a Bouguer anomaly map of the x-area. Densities are
associated to the geological formations of the geomodel. Then, the Bouguer anomaly is combined with the geological bodies of the
geomodel in an inversion process based on the Monte Carlo algorithm (Guillen et al., 2008). The result of the inversion contributes
to refine the 3D interpretation in a common work done by geologists and geophysicists, while keeping coherence with the
observations of the previous stage (Fig. 5c).
A last survey is performed on the x-area to measure the magnetotelluric signal. Afterwards, data are turned into a 3D resistivity
interpretation and input in the geomodel. Here, the cooperative interpretation derived from geology and gravimetry is upgraded
with the resistivity contribution. On top of that, information from springs' fluid analysis helps the final interpretation. All the
material is shared by geologists, geophysicists and geochemists. A conceptual model forecasting the hydrothermal behaviour of the
x-area is collectively achieved by the experts (Fig. 5d).
The interpretations and hypothesis made by the experts in their own fields were gathered, pooled, and confronted to lead to a
consensual interpretation. The successive 3D geomodels of the x-area (Fig. 5) were completed using the potential field
interpolation, the geological rules, and the gravity data inversion methodologies developed in BRGM (Lajaunie et al., 1997;
Calcagno et al, 2008; Guillen et al., 2008). They are implemented in the 3D GeoModeller (1) software.
4. CONCLUSION AND PERSPECTIVES
Several disciplines are involved in the exploration phase of a geothermal project. The more they can interact, the better is the final
interpretation and the better constrained is the conceptual model of the geothermal area. It was shown here that achieving a 3D
4
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geomodel is a good way to gather and share most of the information in a common platform. Moreover, starting this geomodel since
the very beginning of the exploration allows to use it as a framework for planning field work and updating the interpretation of the
area.

Figure 5: The x-area is modelled in 3-dimensions. The progress in the interpretation is illustrated here in the same vertical
cross-section. The main geological feature is a granitic body (purple). Light blue dots locate the springs observed in
the field. Stars show the mutual involvement of experts and data: geology (green), gravimetry (white),
magnetotellurics (red), geochemistry (blue). a. The preliminary 3D geomodel is built from bibliography knowledge.
b. The geological data acquired in the field are used to refine the interpretation. Fault dips are changed, an altered
area is interpreted in the middle of the section (red border and lighter colours), and springs are located. c. The
gravimetric survey inversion leads to shorten the "nose" of the granite, and to interpret a new basement (brown). d.
Resistivity computed from a magnetotelluric 3D survey is superimposed to the geological/gravimetric interpretation
(coloured curves) to infer a conceptual model of the x-area, shared by all the experts.

Beyond the multi-disciplinary integration, it has been demonstrated the added-value of experts working together to revise their own
interpretation depending on the ones of the others. Instead of a sequential workflow process where the scientific fields are quite
disconnected, it has been introduced the democratic interpretation concept where disciplines interact. The democratic interpretation
leads to a cooperative interpretation validated by all the experts. Two examples – the Bouillante geothermal province and the so
called x-area – have been used to illustrate how the mutual work on a shared 3D geomodel enhances the interpretation in the
exploration phase.
In this light, the experts and their interaction are even more important than the data themselves. The extra time spent on the
collaborative effort is awarded by a conceptual model shared and validated by the community. On a tool point of view, the
approach requires a flexible and interactive platform to enhance in real-time the geomodel during common work sessions.
Other disciplines than the ones cited above can be integrated in the process; hydrogeology for instance. Even if some do not directly
contribute to the design of the 3D geomodel, they can use it as knowledge support. In addition, a current model can be enhanced
and turned into an up-to-date interpretation if new data are available after the exploration phase. Another perspective is to use such
static 3D geomodel describing the inter-disciplinary interpretation for dynamic simulation purpose.
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FOOTNOTE
(1)
3D GeoModeller is a commercial software developed by BRGM and Intrepid Geophysics. For further information visit:
http://www.geomodeller.com.
REFERENCES
Bouchot, V., Sanjuan, B., Traineau, H., Guillou-Frottier, L., Thinon, I., Baltassat, J.M., Fabriol, H., Bourgeois, B., Lasne, E, 2010,
Assessment of the Bouillante geothermal field (Guadeloupe, French West Indies): toward a conceptual model of the high
temperature geothermal system, in WGC-2010 - World Geothermal Congress - Bali - Indonesia - 25-30/04/2010
Bouysse, P., Mascle, A., Mauffret, A., Mercier De Lepinay, B., Jany, I., Leclere-Vanhoeve, A., Montjaret, M. C., 1988,
Reconnaissance des structures tectoniques et volcaniques sous-marines de l'arc récent des Petites Antilles, Marine Geology,
81, 261-287.
Calcagno, P., Baujard, C., Guillou-Frottier, L., Dagallier, A., Genter, A., 2014. Estimation of the deep geothermal potential within
the Tertiary Limagne basin (French Massif Central): An integrated 3D geological and thermal approach. Geothermics, Volume
51, 496–508.
Calcagno, P., Bouchot, V., Thinon, I., Bourgine, B., 2012, A New 3D Fault Model of the Bouillante Geothermal Province
Combining Onshore and Offshore Structural Knowledge (French West Indies). Tectonophysics, 526–529 (2012), 185–195.
Calcagno, P., Chilès, J.P., Courrioux, G., Guillen, A., 2008, Geological modelling from field data and geological knowledge, Part I
– Modelling method coupling 3D potential-field interpolation and geological rules. Physics of the Earth and Planetary
Interiors, 171, 147–157.
Feuillet, N., Manighetti, I., Tapponier, P., Jacques, E., 2002, Arc parallel extension and localization of volcanic complexes in
Guadeloupe, Lesser Antilles, J. Geophys. Res., 107(B12), 2331.
Flóvenz, Ó.G., Hersir, G.P., Sæmundsson, K., Ármannsson, H., Friðriksson, Þ., 2012, 7.03 - Geothermal Energy Exploration
Techniques, In Comprehensive Renewable Energy, edited by Ali Sayigh, Elsevier, Oxford, 51-95, ISBN 9780080878737.
Guillen, A., Calcagno, P., Courrioux, G., Joly, A., Ledru, P., 2008, Geological modelling from field data and geological knowledge,
Part II, Modelling validation using gravity and magnetic data inversion, Physics of the Earth and Planetary Interiors, 171, 158–
169.
Higuchi, S., Nishijima, J., Fujimitsu, Y., 2013, Integration of Geothermal Exploration Data and Numerical Simulation Data using
GIS in a Hot Spring Area. Procedia Earth and Planetary Science, Volume 6, Pages 177-186.
Houlding, S.W., 1994, 3D Geoscience Modeling; Computer Techniques for Geological Characterization. Springer-Verlag, Berlin,
Germany.
Lajaunie, C., Courrioux, G., Manuel, L., 1997, Foliation fields and 3D cartography in geology; principles of a method based on
potential interpolation. Mathematical Geology 29, 571–584.
Mallet, J.L., 2002. Geomodeling. Oxford University Press, Oxford, New York.
Maxelon, M., Renard, P., Courrioux, C., Brändlid, M., Mancktelow, N., 2009, A workflow to facilitate three-dimensional
geometrical modelling of complex poly-deformed geological units. Computers & Geosciences 35, 644-658.
Moretti, I., Charry, G.R., Morales, M.M., Mondragon, J.C., 2010, Integrated exploration workflow in the south Middle Magdalena
Valley (Colombia). Journal of South American Earth Sciences, 29, 187-197.
Noorollahi, Y., Itoi, R., Fujii, H., Tanaka, T., 2008, GIS integration model for geothermal exploration and well siting. Geothermics,
Volume 37, Issue 2, 107-131.
Shako, L., Mutua, J., 2011, Geo-Scientific Data Integration to Evaluate Geothermal Potential using GIS. Kenya Geothermal
Conference, Nairobi, November 21-22, 2011.
Thinon, I., Guennoc, P., Bitri, A., Truffert, C., 2010, Study of the Bouillante Bay (West Basse-Terre Island shelf): contribution of
geophysical surveys to understanding of the structural context of Guadeloupe (French West Indies − Lesser Antilles). Bull.
Soc. géol. Fr., t. 181, N°1, 51-65.
Witter, J. D., Phillips, N., 2012, Integrated 3D Geophysical Inversion and Geological Modelling for Improved Geothermal
Exploration and Drillhole Targeting. GRC Transactions, vol. 36, 831-834.
Wu, Q., Xu, H., Zou, X., 2005. An effective method for 3D geological modeling with multi-source data integration. Computers &
Geosciences 31, 35-43.

6

