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1 Introduction
In geothermal exploration we need multiscale-multiphysics models integrating geophysics, geology
and geochemistry to predict temperature, permeability, stress, and seismogenic response prior to
drilling. In IMAGE a best-practice workflow will be developed and tested. The workflow consists of
a multiscale approach from lithosphere to local scales, taking into account relevant data and
models.
This document provides an outline of reference physics-based models, and underlying properties,
compositional reference models, boundary conditions and observational data constraints at EU
scale for thermal and mechanical characterization.
Evidently the multi-physics approach at EU scale, is – in principle – not different from simulating
processes active at regional to site scale. Local model refinement is generally targeted at
improving robustness through more detail in the modelled processes as well as better constraints
in model parameters and properties.
At the EU scale (but also more local scales) we use a lithological interpretation approach to drive
properties. This means we first interpret in a layered geometry the lithological composition (or
lithofacies) and from there derive the relevant properties for that particular lithology based on
databases and catalogues which hold in general for that particular lithology. For this reason we
define jointly with the modelling approach, in what way a lithological interpretation can be
translated to relevant properties that characterize a geometrically well-defined model unit.
For more local scale models, as the regional and local scale models defined for IMAGE, direct
measurements of physical properties may exist from within the volume of such a geological unit. In
this case, it is advisable to use this direct information together with sophisticated (physical and
empirical) laws to populate accordingly the entire geological unit.
The document is organized as follows. In this chapter we provide an overview of the constitutive
equations for thermo-mechanical models, and give an outline of the generic multi-scale approach
to bridge EU to local scale physics based models. In subsequent chapters we present novel digital
(property) datasets and catalogues which are of key importance for constraining and
parametrization of thermo-mechanical models at EU to local scales. These include:






IMAGE rock property database (chapter 2).
IMAGE generic property database (chapter 3)
catalogues for sediment and crustal composition (chapter 4)
European-Mediterranean stress database (chapter 5)
Reference temperature data (chapter 6)

In chapter 7 we present a temperature and rheological model at EU scale based on dataassimilation based on the structural and compositional input as well as temperature constraints.
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1.1 Thermal constitutive equations – relevant properties
In an Eulerian1 reference framework, the heat equation is:
𝜕𝑇

𝜌𝑐𝑡 𝜕𝑡 = ∇. (𝑘𝑡 ∇T) + A − v
⃗ ∇T

(Eq. 1.1)

where T is temperature [K or C°], 𝑡 is time [s], 𝜌 is density [m3 kg-1], 𝑐𝑡 is specific heat capacity [J
kg-1 K-1], kt is thermal conductivity [W m-1 K-1], A is radiogenic heat production [W m-3], ∇ is the
𝜕

𝜕

𝜕

𝑇

nabla operator: (𝜕𝑥 , 𝜕𝑦 , 𝜕𝑧 ) , . is dot product, v
⃗ is the advective velocity, which can be the velocity
of rock relative to a reference itself due to active tectonic deformation (e.g. Van Wees et al., 2009).
The advective velocity can also be a result of fluid flow inside pores or fractures, which can
strongly affect the thermal distribution (e.g. Guillou-Frottier et al., 2013; Cherrubini et al., 2014).
The fluid velocity is resolved from solving the Darcy flow equation:
𝑘

𝜕𝑃

𝑐ℎ 𝜕𝑡 = ∇. (𝜇𝑓 (∇P +

(𝜌𝑓 −𝜌0 )

𝑓

𝜌0

g∇z)) + Q

(Eq. 1.2)

where P is pressure [Pa], 𝑐ℎ is the bulk hydraulic storage capacity of the fluid [m3 Pa-1], 𝑘𝑓 is bulk
permeability [m2], 𝜇𝑓 is fluid viscosity [Pa s], Q is source term [m3 s-1], 𝜌𝑓 is the fluid density and 𝜌0
the reference density of the fluid, which can be arbitrarily chosen.

(𝜌𝑓 −𝜌0 )
𝜌0

g∇z relates to density

driven source terms. Through solving the pressure field in (Eq. 1.2), the fluid velocities can be
determined as:
𝑣𝑓 =
⃗⃗⃗⃗

𝑘𝑓
𝜇𝑓

(∇P +

(𝜌𝑓 −𝜌0 )
𝜌0

g∇z)

(Eq. 1.3)

And they can be incorporated in (Eq. 1.1) by adopting:
⃗ =𝜑
v

𝜌𝑓 𝑐𝑓
𝜌𝑐𝑡

𝑣𝑓
⃗⃗⃗⃗

(Eq. 1.4)

where 𝜑 is rock porosity [dimensionless] and 𝑐𝑓 is specific heat capacity [J kg-1 K-1] of the fluid. In
European and regional models the heat equations (Eq. 1.1; Eq. 1.2) can be solved in a coupled
manner to take into account the effects of fluid flow affecting the thermal structure. In most studies
it is found that thermal perturbations due to fluid flow can be significant but are most often
occurring locally in non-magmatic systems (Beglinger et al., 2012; Guillou-Frottier et al., 2012;
Cherrubini, 2014). In magmatic systems advective heat transfer (cf. Eq. 1.2) is commonly observed,
in which multi-phase flow needs to be taken into account.

1.1.1 Conceptual models, extent, boundary conditions
For the effect of fluid flow processes on timescales of 1000s to millions of years, it is commonly
assumed that (Eq. 1.2) can be solved for a steady-state solution, so that the left hand side of Eq.
1.2 is zero.

1

In an Eulerian model representation, the model discretization is fixed and mass and fluids move
through the model.
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To construct a present-day temperature model at European or large scale, Eq. 1.1 is typically
solved in a steady-state mode (Cloetingh et al., 2010; Limberger and Van Wees, 2013; ScheckWenderoth et al., 2014).
It is assumed that incorporating the effects of advective transport is not relevant on such large
scales as the advective effects of 𝑣 related to sedimentation, erosion and/or fluid flow have no
significant temperature effect. This is the case if the Peclet number is smaller than 0.1:
𝑃𝑒 =

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒

=

⃗‖
𝐿‖𝑣
𝜆

Where 𝜆 is the thermal diffusivity

(Eq. 1.5)
𝑘𝑡
𝜌𝑐𝑡

[m2 s-1] and L is the length scale [m]. In most settings in

Europe the velocities for sedimentation and erosion at the scale of a basin and crust up to 10 km
depth are indeed not sufficient to cause a significant thermal perturbation deviating from a steadystate approximation and therefore justify a conductive approach for constructing a thermal model
(cf. Cloetingh et al., 2010). This assumption is also justified by a good fit between temperatures
predicted by steady-state conductive simulations and observed temperatures (Scheck-Wenderoth
et al., 2014)
However, one should bear in mind that close to the surface (<300 m depth) temperature and heat
flow may be inconsistent with deeper heat flow and temperature, due to temperature fluctuations
related to oscillations of surface temperature at various temporal scales (glacial, seasonal, diurnal).
The penetration depth of these oscillations is approximated by the diffusion length 𝑙𝜆 [m]:
𝑙𝜆 = 2√𝜆𝑡

(Eq. 1.6)

1.2 Geomechanical constitutive equations – relevant properties
The constitutive equation for stress can in its most simplistic form be based on an elastic stress
solution:
𝑪𝝈+𝒃= 0

(Eq. 1.7)

Where C relates stress tensor components in vector 𝝈 and vector b denotes body forces and
traction forces on the boundary. Under the concept of minimum work in a finite element formulation
(e.g. Zienkiewicz and Taylor, 2000):
∫v (𝑩𝑫𝑩 𝑑𝑣)𝒅 + ∫𝑉 𝑵𝑇 𝒃 𝑑𝑣 + ∫𝑆 𝑵𝑇 𝒕 𝑑𝑆 = 0

(Eq. 1.8)

Where d is the vector of nodal displacements. The integrals over volume V and boundary S are
evaluated on an element level and summed over the elements. For each element, B is the strain
matrix, relating strain tensor components 𝜺 to nodal displacement d: 𝜺 = 𝑩𝒅, and N are shape
functions relating displacements u inside an elements to nodal displacements: 𝒖 = 𝑵𝒅. The matrix
D relates the stress tensor components 𝝈 to the strain components: 𝝈 = 𝑫𝜺. t denotes traction
forces. Equation 11 results in a set of linear equations, which is solved for nodal displacement d.
The matrix D incorporates two elastic material properties, i.e. the Young’s modulus and the
poison’s ratio. For earth processes, the initial situation is typically modelled through adopting zero
horizontal displacement and a calculation of initial stresses based on body forces only. For tectonic
deformation, plate boundary forces or displacement are incrementally enforced and subsequently
the stresses are evaluated. Upon failure, for brittle deformation the D matrix can be replaced by an
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elasto-plastic matrix (based on friction and dilatation angle). Alternatively, the equations and D
matrix can be modified to allow for creep.

1.2.1 Conceptual models, extent, boundary conditions
For models in IMAGE we focus on the top brittle basement and sediments, and therefore focus
towards adopting an elastic mode for the top 10 km of the earth’s crust. However it is evident that it
is important to take into account the effective crustal strength and rheological layering at depth (e.g.
Cloetingh et al., 2010; chapter 3) in order to understand and predict realistic stress variations
related to variations in crustal mechanical thickness. Existing elastic models for the earth’s crust
deployed rather homogeneous elastic properties.

1.3 IMAGE EU and regional model approach
To construct European to more local physics-based models, we build from a generic model
framework. This allows for data-assimilation of key observations such as temperature and stress
measurements, through updating a-priori assumptions on crustal and basin geometry, underlying
model properties, boundary conditions. To this end, we need a detailed understanding of:
1. geometry and properties of sediment and basement
2. deep-seated boundary conditions and crustal properties
3. data constraints (e.g. temperature and stress)
Key in the approach is that the properties are mapped in a layered geometrical skeleton (Figure
1.1). Within each layer a specific (mixed) lithological composition is assumed, which can be
translated to temperature and depth dependent properties (e.g. Bonte et al., 2012). The lithological
layering can be generally mapped from wells, and an integrated interpretation of geophysical data
(e.g. seismic reflection data) and generic aspects of depth and temperature dependence of rock
properties (e.g. Tesauro et al., 2009; Stolk, 2013).

1.4 Beyond state of the art
In IMAGE we build novel workflow solutions for 3D models at EU towards regional to local scales,
including
1. improved geometry and properties of sediment and basement,
2. inclusion of deep-seated boundary conditions and differentiated crustal properties,
3. advanced data-assimilation techniques to deal with data constraints.
The methodology for current models could be drastically improved by allowing for a more realistic
distribution of properties, in accordance with the existing variations in lithological composition of the
European crust. Therefore we:
 improve the model geometry by using more layers with different lithologies:
o Sediment (clastics, carbonates, …)
o Upper crust (felsic, mafic, …)
o Lower crust (mafic, ultramafic, … )
 (instead of using fixed values for properties), incorporate where possible the effect of
temperature, porosity, compaction, pore fluids, anisotropy.
 refine these models at regional scale by more detailed information on geometry and
properties.
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Figure 1.1: European to regional scale steady-state temperature model (after ScheckWenderoth et al., 2014). Surface and base of lithosphere correspond to fixed temperature
boundary conditions. Individual layers are marked by specific thermal properties.
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2 IMAGE rock property database
2.1 Abstract
Petrophysical rock properties are key to populate local and/or regional numerical models and to
interpret geophysical investigation methods. Searching for rock property values that have been
measured for a specific rock unit at a specific site might become a very time-consuming
undertaking. Meanwhile, a number of compilations of published data exist (e.g. Landolt-Börnstein,
PetroMod, Clauser and Huenges 1995, Schön 2004, 2011, Hantschel and Kauerauf 2009).
However, given that measured rock properties are still spread across these diverse compilations
plus newly published literature sources, still a complex literature review is unavoidable.
Furthermore, due to unwanted generalization of these data compilations and a respective lack of
detailed information on the sample location, petrography, stratigraphy, measuring method and
measurement conditions, it is difficult to use these data for specific locations or reservoir units.
Within the scope of the IMAGE project a new comprehensive database of physical rock properties
has been initiated. This database aims at providing information on published data – here
petrophysical properties – in one single compilation and is designed to allow for an easy access to
data relevant for geothermal exploration and reservoir characterization.
Collected data include hydraulic, thermophysical and mechanical properties and additionally
electrical resistivity and magnetic susceptibility. Each data point or sample is identified by an
unambiguous sample ID, based on the name of the first author of the original publication, the
publication year and a running number. Thus, a literature reference to the original publication is
always given. Furthermore, sample information like the type of location, geographic coordinates,
elevation and sampling depth are documented and linked with the stratigraphy and the petrography.
In addition, information on the experimental conditions of the different laboratory measurements is
given for additional quality control. Thus, the dependence of rock properties on such factors can be
taken into account for definitions of specific parameters relevant for modelling the subsurface or
interpreting geophysical data and to develop empiric generic models.
The status quo of the database will be published together with a publicly accessible web-based
inter-face to allow external users and scientists to perform specific queries. External users shall
also be given the opportunity to complement the database with their own measured rock properties.
Thus, the database will be continuously updated and at certain stages newly released by the
editors. The collected data will help researchers and users particularly in the early stages of new
geothermal projects to make a first assessment of the subsurface geothermal rock properties. This
will help planning future exploration needs and, in areas where the existing data density is
sufficient, even support direct modelling or exploitation projects. Additionally, the database will help
improving local and regional geoscientific studies with different focus on utilization of the
subsurface.

2.2 Introduction
Petrophysical rock properties are key to populate local and/or regional numerical models and to
interpret geophysical investigation methods. The robustness of predictive subsurface physical
models is critically dependent on the population of these models with physical rock properties. The
strategy to populate models with properties can differ. For regional and local scale models, direct
measurements of physical properties may exist for a single location within the volume of the
targeted geological unit. In this case, it is advisable to use this direct information together with
sophisticated (physical and empirical) laws to populate the entire geological unit accordingly.
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If single rock samples cannot be regarded as representative for a geological unit, such as for the
continental scale, a generalized lithological interpretation approach to determine properties is an
alternative. This means a first interpretation of the lithological composition in a layered geometry
(or lithofacies) can be constructed and from there the relevant properties for that particular lithology
based on generic databases and catalogues, which hold in general for that particular lithology can
be selected.
Individual rock types or petrographies typically exhibit a great variability of their properties due to
heterogeneous mineral compositions, variable textures and e.g. different porosity (Schön, 2015).
Collections of rock properties (e.g. Cermak and Rybach 1982, Clark 1966, Clauser and Huenges
1995, Landolt-Börnstein, PetroMod, Schön 2004, 2011, Hantschel and Kauerauf 2009, Aretz et al.
2015) are proof for their high variability, but often only limited information is available. This makes
it difficult to use these data for local or regional applications. Usually, these compilations only cover
certain rock types (unconsolidated vs. consolidated rocks) or geographic areas (e.g. Germany: FIS
Petrophysik hosted by the LIAG, Great Britain: BritGeothermal hosted by the British Geological
Survey, USA: National Geothermal Data System (NGDS) hosted by the USGS, Ireland:
IRETherm…) and do not collect the same set of information on the samples and the measurement
method.
To avoid (i) time-consuming literature research, (ii) problems arising from unwanted
generalizations and (Iii) missing complementary information needed for further interpretation of the
measured values, a comprehensive database was designed within the scope of the IMAGE project.
This database has been filled with a huge set of sample data both from research partners (in
particular TUDA and GFZ) and from literature. In the following, the philosophy, structure, contents
and future perspectives of this database will be described and discussed.

2.3

Contents and structure of the database

The aim of the IMAGE rock property database is that it is comprehensive, publically accessible and
only contains real measured rock properties from laboratory investigations. Therefore, it was
decided that it should only contain measurements that are lithologically defined and properly
referenced and thus unequivocally citable.
The data thus has to be publicly available for all researchers, meaning that only data from scientific
publications (books or peer reviewed journals) or proceedings (e.g. IGA Geothermal
Papers/Conference Database) as well as published research reports, (e.g. PhD theses and
dissertations or publicly available student’s theses) were included.
For each measured value, a set of meta-information is required to ensure that the data can later on
be used for interpretation, generalizations or modelling. The minimum input therefore is the
reference to the original source (citation), the location of the sample (including a radius of
uncertainty) and information on the petrography, rock type or detailed stratigraphic unit allowing for
the allocation of a possible lithotype.
The database is thus structured into three main pillars (Fig. 1). The first, named sample information,
contains all the meta information on the sample including the sampling location, the sample type
and dimensions as well as information on the petrography and stratigraphy of the samples. The
second, named quality control, includes all information relevant for the quality of a data set. And
finally the third contains the actual measured property value(s), the information on the
measurement (method, conditions etc.) and a field for specific remarks.
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Figure 2.1: Schematic structure of the IMAGE rock property database illustrating the main
three pillars: sample information, quality control and rock properties. Different input
parameters (small font) are grouped according to the property they belong to (italics).

2.3.1 Sample information
To distinguish different measurements on a single sample, performed at different measurement
conditions, every measurement is entered in a separate row of the table. In order to group
measurements done at the same sample, every sample gets a unique Sample ID. As all data come
from already published sources, the sample ID consists of the name of the first author and the year
of publication, together with a sequential number indicating the number of samples per publication.
In case of several references per author and year an additional letter (a,b,…) is introduced after the
year.
For example Fourier1822_1 stands for sample 1 within a publication of Fourier, J.B.J. (1822), or in
case of more than one publication per year Fourier1822a_1 would stand for sample 1 within a
publication of Fourier, J.B.J. (1822a).

2.3.1.1 Sampling Location
Generally, rock samples can be sampled in an outcrop, a quarry or a well. In case neither the
sampling location is given as outcrop, quarry or well, nor any coordinates are given in the
corresponding publication, the location type “area” is introduced. Furthermore, for every location
type, generally a name and a country are given.
Example: Type: Outcrop, Name: Flechtingen, Country: Germany.
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2.3.1.2 Location Coordinates
The location coordinates describe the Latitude and Longitude based on the UTM-System
(Universal Transverse Mercator) with the reference system WGS84 (alternatively ETRS89) of the
sampling point at the surface in degree, minutes and seconds in decimal numbers. Furthermore,
the elevation can be entered in metres above sea level (m.a.s.l.). In the case of a core sample
taken from a well, the Latitude and Longitude of the wellhead is given. In case of an area with
undefined sampling point, e.g. “sample from the Rhenish Massif”, a midpoint from the area is
defined and a radius of uncertainty for the sampling location is given in km. The area therefore is
given as a circle around the midpoint.

2.3.1.3 Sample Coordinates
For several samples at a single sampling location (e.g. an outcrop or a quarry), eventually
individual sample coordinates are given. For samples from a cored well, additionally, the depth of
the sample is given in measured depth (MD) and, if available true vertical depth (TVD).

2.3.1.4 Sample Information
Samples can have different shapes. Core samples do have different characteristics than a rock
block or crushed flakes, etc. The sample type, therefore, is entered in a separate column together
with available information about its length, height, width and, for cores, diameter. Additionally, the
original sample ID, if specified in the referenced publication, can be documented. This makes it
easier to search for a specific sample in a publication, which might have been used for further
measurements or more detailed descriptions by other authors subsequently.
Additional information is given for the date the entry has been generated in the database and the
name of the person who generated the entry.

2.3.1.5 References
The references are abbreviated according to the terminology introduced for the sample ID:
AuthorYear.pdf. At best, only primary references shall be used. In case the primary reference is
unavailable while the data point is extremely important, a secondary reference can be given.
Example: Fourier1822 for the publication of Fourier, J.B.J. (1822), or in case or more than one
publication per year Fourier1822a for the publication of Fourier, J.B.J. (1822a).

2.3.1.6 Measurement Conditions
For every data point, the measurement conditions can be entered. These are the temperature (K),
pressure (Pa), saturating fluid and the degree of saturation (%) as well as for the mechanical
properties additional information about the ambient stress field, σ1, σ2, σ3 (MPa), and the pore
pressure of the sample (MPa). For the sonic velocities (vp and vs) the frequency of the sonic pulse
and for the uniaxial compressive strength, the strain rate can be given as additional measurement
conditions directly in the property sections.

2.3.2 Petrography
The petrography or rock type classification is defined in a separate table directly connected to the
database. Its internal structure is based on a hierarchical subdivision of rock types, where the rock
description becomes more detailed with every rank of petrographic classification (Figure 2.2 and
Figure 2.3). The hierarchical subdivision is based on international convention, whereby
petrographic classifications from rank 1 to rank 4 can usually be identified from macroscopic
descriptions of well logs, cores and geological mapping. The petrographic classifications from rank
5 to rank 8 requires additional information on the modal composition, the geochemistry etc. which
can usually only be acquired by microscopic or comparable special investigations. The different
classifications and their ranks are directly correlated by the petrographic ID and the petrographic
parental ID. This makes it possible for example to incorporate all petrographies with higher ranks to
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a more general term with lower ranks (Figure 2.2). This is crucial for statistic evaluation of the
properties of different petrographies or rock types.
The classification generally corresponds to the subdivision provided by existing (and generic)
compilations such as provided by e.g. Hantschel and Kauerauf (2009), Schön (2011), Rybach
(1984), Clauser and Huenges (1995) and Clauser (2006).
Additionally, for each sample the original detailed description of the primary reference should be
documented if available (petrography in detail). Furthermore, details on the texture, homogeneity,
layering, consolidation state and the direction of measurement with reference to structural features
(such as bedding) can be documented.

Hard rock

Magmatic
rock

Soft rock

Metamorphic
rock

Carbonatic
sedimentary rock

Sedimentary
rock

Clastic soft
rock

Siliciclastic
sedimentary rock

Pelite

Chemical / Biogene
sedimentary rock

Psammite

Quartzsandstone

Arcose

Psephite

Sandstone

Fine
sandstone

Middle
sandstone

Greywacke

Coarse
sandstone

Rank 1
n= 2

Rank 2
n= 9

Rank 3
n = 29

Rank 4
n = 86

Rank 5
N = 390

Rank 6
N = 584

Figure 2.2: Example for a hierarchical identification of rock samples, which allows
connecting a lithological interpretation to specific sample values.
ID

Paren Num Rank Petrographic name
tal ID ber
1

10101
10102
10104
10105
52349
10107
10110
10111
10112
10113
10114
10115
10119
10127
10128
10129
10130
10131
10132

10102
10104
10105
52349
52349
10110
10110
10110
52349
52349
52349
52349
52349
52349
52349
52349
52349

1
2
3
4
21
22
23
24
25
26
27
28
31
38
39
40
41
42
43

2

3

4

5

Abbrev Definition
iation
6

7

for

Reference

8

1
1 Consolidated rock
2
Magmatic rock
3
Plutonic rock
4
Plutonic rock, modal (QAPF)
5
Quartzolite (QAPF)
5
Granite (QAPF)
6
Alkali- Feldspar- Granite
6
Syenogranite
6
Monzogranite
5
Granodiorite (QAPF)
5
Tonalite (QAPF)
5
Quartz-Monzonite (QAPF)
5
Syenite (QAPF)
5
Monzonite (QAPF)
5
Monzodiorite (QAPF)
5
Monzogabbro (QAPF)
5
Diorite (QAPF)
5
Gabbro (QAPF)

ub
F
Ma
Pl
Plmd
Ql
G
akfG
SyG
MzG
GDr
To
qMz
Sy
Mz
MzDr
MzGb
Dr
Gb

Rock formed from magma
American Geological Institu
Macrocrysatlline rock derived from magma that solidified in great depthIUGS (1989)
Deep-seated ignious rock/ intrusive igneous rock, chemical classification
BGS
and
(1999),
nomenclature
Bag & Streckeise
by QAP
QAPF-classification for plutonic rocks, field 1a, Qz > 90 vol%, color indexBGS
< 90(1999)
%
QAPF-classification for plutonic rocks, field 2, 3a, 3b, color index < 90 %BGS (1999)
QAPF- classification for plutonic rocks field 2
BGS (1999)
QAPF- classification for plutonic rocks field 3a
BGS (1999)
QAPF- classification for plutonic rocks fiel 3b
BGS (1999)
QAPF-classification for plutonic rocks, field 4, color index < 90 %
BGS (1999)
QAPF-classification for plutonic rocks, field 5, color index < 90 %
BGS (1999)
QAPF-classification for plutonic rocks, field 8*
BGS (1999)
QAPF-classification for plutonic rocks, field 7, color index < 90 %
BGS (1999)
QAPF-classification for plutonic rocks, field 8, color indey < 90 %
BGS (1999)
QAPF-classification for plutonic rocks, field 9, An (PL) < 50 mol%, color index
BGS (1999)
< 90 %
QAPF-classification for plutonic rocks, field 9, An (PL) > 50 mol%, color index
BGS (1999)
< 90 %
QAPF-classification for plutonic rocks, field 10, An (PL) < 50 mol%, 10 % BGS
< color
(1999)
index < 90 %
QAPF-classification for plutonic rocks, field 10, An (PL) > 50 mol%, 10 % BGS
< color
(1999)
index < 90 %

Figure 2.3: Exemplary excerpt from the rock classification table used for the IMAGE project.
Different ranks and their interconnection by petro ID and petro parental ID as well as their
connection to international definitions as indicated (after HLUG).
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2.3.3 Stratigraphy
The stratigraphy of each sample can be inserted into the database in two complementary ways.
The first way is to use the definitions of the international chronostratigraphic chart of the IUGS
v2015/01 (Cohen et al. 2013, updated) according to international standardization. In contrast, a
more detailed description of the local stratigraphic unit can also be documented if provided in the
primary reference. The chronostratigraphic units are correlated to each other in the table as
described for the petrographic classification by their stratigraphic ID and stratigraphic parental ID,
allowing for later statistical analysis of the properties of certain stratigraphic units.

Strat ID
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143

Parent Eonothem /
ID
Eon
102 Phanerozoic
129 Phanerozoic
130 Phanerozoic
130 Phanerozoic
130 Phanerozoic
130 Phanerozoic
130 Phanerozoic
130 Phanerozoic
129 Phanerozoic
137 Phanerozoic
137 Phanerozoic
137 Phanerozoic
137 Phanerozoic
137 Phanerozoic
137 Phanerozoic

Erathem /
Era
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic
Mesozoic

Period
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

Series / Epoch
Lower
Lower
Lower
Lower
Lower
Lower
Lower
Upper
Upper
Upper
Upper
Upper
Upper
Upper

Stage / Age

Berriasian
Valanginian
Hauterivian
Barremian
Aptian
Albian
Cenomanian
Turonian
Coniacian
Santonian
Campanian
Maastrichtian

Numerical_Age Num_Age
Lower Boundary Plus_Minus Chronostratigraphical
[Ma]
[Ma]
Unit
145
Cretaceous
145
Lower Cretaceous
145
Berriasian
139.8
Valanginian
132.9
Hauterivian
129.4
Barremian
125
Aptian
113
Albian
100.5
Upper Cretaceous
100.5
Cenomanian
93.9
Turonian
89.8
0.30 Coniacian
86.3
0.50 Santonian
83.6
0.20 Campanian
72.1
0.20 Maastrichtian

Figure 2.4: : Exemplary excerpt from the stratigraphy classification used for the IMAGE
project (after Cohen et al. 2013, updated). Different ranks and their interconnection by
stratigraphic ID and stratigraphic parental ID are indicated.

2.3.4 Properties included
The properties included in the IMAGE database can be grouped into hydraulic (or petrophysical),
thermophysical, mechanical and additional properties (Fig. 1) and were chosen due to their high
relevance for geothermal exploration (including the fields of geophysical exploration techniques
and subsurface numerical modeling).
A detailed definition of each property including some physical background and descriptions of the
measurement methods to determine the properties are described in an additional report
supplemented to the database. This report is intended to be an in-detail description and manual of
how to use the database and will be released as appendix of the corresponding publication in a
scientific journal.

2.4 Quality control
To provide information on the quality of each data point a set of key criteria: bibliographic reference,
geographic location, rock type or petrography, stratigraphy, measurement conditions and the
mathematical type of a value is automatically evaluated (Table 2.1). For each key criteria, three
different quality classes: excellent, average and poor are defined. A bulk quality index is calculated
according to the arithmetic mean of the quality classes of the different criteria, where values < 1.5
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are considered excellent, values ≥ 1.5 < 2.5 are considered average and values ≥ 2.5 are
considered poor.
Table 2.1: Quality indices defined by the input data available. (n = numbers of
measurements)
4
=
minimum
Parameter
1 = excellent
2 = average
3 = poor
requirement
Geographic
≤ 100 m
> 100m ≤ 1 km
> 1 km ≤ 100 km
≤ radius of the earth
uncertainty
Petrography
or
Rank > 6
Rank = 6
Rank = 5
Rank ≥ 4
rock type
Stage / Age or
System/Period or
Stratigraphy
lower or numerical Series / Epoch
None
higher
age
Measurement
Measurement
Measurement
device
AND device
AND device
OR
Measurement
temperature AND temperature
and temperature
and
None
conditions
pressure
AND pressure
OR pressure OR degree
degree
of degree
of of
saturation
saturation available saturation available available
Mean value and n
AND
standard
Type of value
Single value
deviation
or Mean value and n
Value, undefined
Minimum
and
Maximum

2.4.1 Geographic Uncertainty
Concerning the location of the sample, a geodetic accuracy of less than 100 m is considered to be
excellent quality, which should always be the case for outcrop samples or drill cores. If the
information on the location only contains a description of a geological unit in a certain region the
according size of the region is considered for the definition of the quality indices. If the location can
be constrained to a region with a radius of less than 1 km the quality is considered average
whereas if the radius of uncertainty is between 1 and 100 km it is considered poor.

2.4.2 Petrography or rock type
Based on detail of classification according to the rank (Table 2.1)

2.4.3 Stratigraphy
Based on detail of classification (Table 2.1)

2.4.4 Measurement conditions
See Table 2.1

2.4.5 Measurement parameter
See Table 2.1
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2.5 Status of database
Up to now, data that entered the database are either from published data collections or scientific
papers (234 references including students’ theses and scientific reports). So far, more than 60,000
data points from more than 35,000 samples from all over the world (Figure 2.5), but mainly located
in Europe (Error! Reference source not found.), were collected. The amount of samples from
ifferent petrographies shows, that all main rock types are represented: magmatic rocks: 13,576
samples; metamorphic rocks: 7,585 samples; sedimentary rocks 12,798 samples; clastic
sediments: 1,294 samples.

Figure 2.5: World map showing the location of all data points currently included in the
IMAGE rock property database (April 2016).
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Figure 2.6: Map of Europe showing the location of all data points located in Europe
currently included in the IMAGE rock property database (April 2016).
Table 2.2: Number of measurements of the different properties in the IMAGE rock property
database (April 2016).
Property

Number
of
Measurements

Grain and bulk density

10.355

Porosity

6.271

Permeability

3.649

Thermal conductivity

20.396

Specific heat capacity

4.765

Thermal diffusivity

1.654

Radiogenic heat production

2.037

P and S wave velocities

2.534

Electric conductivity

6.532

Mechanical properties

1.873

Additional properties

…

Total

> 60.967
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In its current version, the entries for some properties derive from just one single source. For
example the radiogenic heat production contained in the rock property database has been derived
from the compilation of Vilà et al. (2010) only. This compilation includes more than 2100
representative U, Th and K concentrations from all over the world (originally published in 102
studies). Based on this, Vilà et al. (2010) calculated values of radiogenic heat production for a
large variety of rock types. Of the original compilation (of Vilà et al., 2010), we have incorporated
into the database only those values that were associated with sufficient metadata. Radiogenic heat
production values that lack information on the sample location, specific rock type or the analytical
method have not been transferred into the rock property database.

2.6 Discussion
The current status of the database already shows a lot of benefits that such a compilation has, but
also some flaws, which will be topics for future amendments.
The minimum requirements for data to be integrated in the database guarantee the usability of a
datum and allows for all kinds of statistical, spatial, petrographic and stratigraphic analyses of the
data and also for generalizations, correlations of different properties and their dependency on the
measurement conditions. All the meta-information included in the database for each sample and its
properties provide a lot of added value compared to conventional databases. Furthermore, we
included an additional, partly automatic quality control, which allows for a quick evaluation of a
datum. The collection and its internal structure and the future online availability (Open access) will
enable a fast access to a large compilation of physical rock properties, which allows for a quick
identification of key references for rock parameters in: e.g. specific regions, for specific rock types,
measurement conditions or stratigraphies. The database brings along cross-correlations of
different petrophysical properties and with measurement conditions, which may help identifying
new empirical relationships. Furthermore, the variability of rock properties can be investigated in
more detail and can thus contribute to a better understanding of the limitations of generalization
and upscaling approaches.
On the other hand, it has to be stated, that such a database can never be complete and is always
prone to some uncertainties. It is very laborious to avoid data-input errors and to identify
measurement errors, which might be individual or systematic for some collections. It is furthermore
hard to identify errors in the rock classification (petrography, stratigraphy, lithological details),
wrong localizations etc. Additionally, such kind of a database can include values generated with
different measurement methods, which usually deliver data with different quality or uncertainties.
Thus, comparability is not necessarily given and statistic assessment is only representative if these
effects are considered. Fur subsequent applications, such as modelling, the spatial distribution of
the data has to be considered as well as the origin of the samples. E.g., the properties measured
from outcrop analogue samples, might differ considerably from those of the same formation at
reservoir depth and the in situ conditions (weathering, diagenesis, temperature, pressure,
saturating fluid…).

2.7 Conclusions and Perspectives
The database in its current state can be interpreted to derive new generalized properties for
different rock types, stratigraphic units or regions and best-practice approaches for regional and
site specific studies.
Furthermore, since for all data points the measurement conditions are included (if available), depth
or temperature dependencies can be assessed, which can lead to new generic approaches being
specific for certain regions, rock types or stratigraphic units. Thus, this database provides the
opportunity to combine exact data with generalized properties in a hybrid (specific and generic)
approach. Based on the location of all data points, it can be decided whether enough data is
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available for a region of interest so that the use of simplified generic models is not necessary
anymore. For different properties the amount of data is not yet very high and has to be the focus of
future literature research to extend the database (Table 2.2.2). Anyhow, we have to leave the
interpretation or utilization of this dataset to the experienced scientific user. To ensure a correct
use of the database an extended descriptive report including the reference list of all considered
publications will be published as supplementary material.
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3 IMAGE generic property database
In many cases the properties of sediments and crustal basement have not been measured, or
have been measured at pressures and temperatures that are not representative for the in-situ
conditions of the rock. In this chapter, we outline various approaches to constrain thermal and
mechanical properties of rock, including thermal conductivity, radiogenic heat production, porosity
and permeability and rheological parameters.
The different approaches have been harnessed in a generic property data base, which is
presented in section 3.6 and is digitally available.

3.1 Guidelines for
interpretation

thermal

conductivity,

based

on

lithological

For the thermal conductivity in EU scale models, generic equations are used adapted from
Sekiguchi (1984) and plotted in Fig. 3.1.

Figure 3.1: Relationship of matrix thermal conductivity as function of temperature and
calculated matrix conductivities at room temperature.
1

𝑘𝑚 = 358 + (1.0227 𝜆𝑖 20 − 1.882) (𝑇 − 0.00068) + 1.84

(Eq. 3.1)

where T is temperature in K, 𝜆𝑖 20 is the matrix thermal conductivity at room temperature, i denotes
vertical or horizontal. The matrix conductivity is determined from rock samples, correcting the
measured bulk thermal conductivity for porosity. Commonly, a geometric mixing law (Eq. 3.2) is
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assumed for the respective contributions of the solid and fluid parts of a rock to bulk thermal
conductivity (Hantschel and Kauerauf, 2009):
𝑘 = 𝑘𝑚 1−𝜙 𝑘𝑤 𝜙

(Eq. 3.2)

Depending on the rock type, other mixing laws might be more appropriate (see Fig. 3.3). The
temperature dependence of thermal conductivity (Sekiguchi, 1984) is commonly observed in bulk
thermal conductivity values of basement rock types, marked by low porosity (e.g. Fig 3.2). 𝑘𝑤 is
thermal conductivity of water, which is approximately 0.6 W m-1 K-1.
Hantschel and Kauerauf (2009), provide an excellent catalogue of 𝜆𝑖 20 values in their appendix of
thermal properties based on lithological definition.

Figure 3.2: Reduction of thermal conductivity as a function of temperature observed from
rock samples (after Clauser, 2006). Chemical sediments and physical sediments are the
dotted and solid brown lines, respectively. Glass rich and glass poor volcanic rocks are the
solid and dotted red lines. Feldspar rich and feldspar poor plutonic rocks are the solid and
dotted orange lines. Quartz rich and quartz poor metamorphic rocks are the solid and
dotted black lines.

3.1.1 Mixing of layers
Apart from mixing with fluid thermal conductivity, mixing occurs as a function of different mineral
composition, theoretically marked by different values for 𝜆𝑖 20 and associated 𝑘𝑚 . It is difficult to
develop models that can precisely predict the bulk thermal conductivity of porous rocks due to the
complex nature and irregularity of the internal rock structure especially for the fluid saturated porous
rocks (Abdulagatova et al., 2009).The fluid saturated porous rocks consist of several rock forming
minerals and saturation fluid where each has its own thermal conductivity. For example, sandstone
may consist of quartz and feldspar and is saturated with water, oil or gas (Zimmerman, 1989). The
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variation of thermal conductivity is usually dependent on porosity, saturation fluid, pressure of
saturation fluid, overburden pressure and temperature (Woodside and Messmer, 1961).
In sedimentary layers mixing yields different vertical and horizontal bulk conductivities (Fig. 3.3).

Figure 3.3: Modelling vertical and horizontal thermal conductivity based on pore conductivity
and matrix conductivities
The mixing law models are based on several averaging methods of the matrix and saturation fluid
thermal conductivities and porosity to give a mean value to the bulk thermal conductivity
(Abdulagatova et al., 2009; Fuchs et al., 2013). The most common models to calculate the bulk
thermal conductivity are the geometric, arithmetic and harmonic means. The arithmetic and harmonic
means depend on the direction of heat flow with respect to an anisotropic structure of components.
The arithmetic mean more reliably represents the heat flow parallel to the components, while the
harmonic mean is more suitable to model heat flow perpendicular to the components (Woodside and
Messmer, 1961; Fuchs et al., 2013).

3.2 Guidelines for radiogenic heat production, based on lithological
interpretation
Radiogenic heat production increases the heat flow from the mantle through the crystalline crust
and sediments. Thus, the surface heat flow is higher than the basal value by the amount of
generated heat. Radiogenic heat can be estimated from the gamma ray log or the measured
concentration of radiogenic elements (Schön, 2011; Rybach, 1973). The radiogenic heat
production to be adopted in a model can be estimated from U, Th and K concentrations (Rybach,
1973) as follows:
𝐴 = 0.01 𝜌𝑟 (9.52 𝑈 + 2.56𝑇ℎ + 3.48𝐾)

(Eq. 3.3)

Doc.nr:
Version:
Classification:
Page:

IMAGE-D6.01
2016.04.27
public
24 of 72

where 𝜌𝑟 is the rock density in kg m-3, U, Th and K are the concentration of uranium and thorium in
ppm, K is the concentration of potassium in % and A is the heat production in 𝜇𝑊 𝑚−3.
There is a strong correlation between petrology and radiogenic heat production. In general, felsic
rock types (e.g. granites) and shales are significantly more radiogenic than mafic rock types and
other sediments.
Hantschel and Kauerauf (2009) and Schön (2011) provide generic catalogues of U, Th and K values
for different lithologies.

3.3 Porosity-depth relationship
For most of the sedimentary lithology types, porosity systematically is reduced with increasing
burial (Fig. 3.4). Hantschel and Kauerauf (2009), Schön (2011) and Welte et al. (1997) provide
generic catalogues of porosity-depth relationships for different lithologies.

Figure 3.4: Compaction of sand, shale , sandstone, claystone and carbonates, marked by
different porosity-depth relationships (cf. D6.4 Annex 1), (from Schön, 2011 and Welte et al.,
1997).
Compaction is represented, for example, by Athy’s law:
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(Eq. 3.4)

Where 𝜙 is porosity, 𝜙0 is depositional porosity, k is a constant, and 𝜎𝑧 is overburden stress
(proportional to burial depth). This relationship works well for clastic sediments. Values for 𝜙0 , and k
have been listed in D6.4, Annex 2.
Alternatively Schneider’s relationship can be used (Hantschel and Kauerauf, 2009)
𝜙 = 𝜙1 + 𝜙𝑎 −𝑘𝑎𝜎𝑧 + 𝜙𝑏 −𝑘𝑏 𝜎𝑧

(Eq. 3.5)

The sum of ϕ1 , ϕa , and ϕb is the depositional porosity. Typically ϕa = ϕb .

3.4 Natural permeability and fluid flow
For clastic lithologies there is a good relationship between porosity and the log of permeability
(Figure 3.5), whereas for carbonate rocks this is not evident (Fig. 3.6). For carbonates these poroperm relationships can demonstrate relatively high permeability and porosities at large overburden
stress (depth). This may be largely related to fracture permeability which at depths to 5 km has
been proven to provide sufficient permeability for fluid flow convection and associated thermal
anomalies (e.g. Van Oversteeg et al., 2014; Fig. 12). Annex 3 of D6.4 of IMAGE provides a
bibliographic study on the discrimination and geological context of primary and fracture
permeability and its implications for geothermal prospectivity.

Figure 3.5: Commonly observed linear relationship between log (permeability) and porosity
(from Schön, 2011) or fractal relationships between log permeability and porosity for
different consolidated and unconsolidated clean and shaly sandstones (from Pape et al.,
2000).
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Figure 3.6: Permeability vs. porosity for various carbonate rocks (from Schön, 2011).

Figure 3.7: Permeability curves for various lithologies with piecewise linear (solid) and
Kozeny-Carman (dashed) relationships. The parameters are from D6.4, Annex 2 (from
Hantschel and Kauerauf, 2009).
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Figure 3.8: Deep carbonates in the Netherlands, most likely marked by fluid flow convection
as reflected by the thermal gradient (Van Oversteeg et al., 2014).

Figure 3.9: (a–c) Temperature distribution along a horizontal slice at −1000 m depth cutting
the (a) no-fault model (model 1), (b) impermeable fault model (model 2) and (c) permeable
fault model (model 3). (d–f) Temperature distribution along a horizontal slice at −3000 m
depth cutting the (d) no-fault model (model 1), (e) impermeable fault model (model 2) and (f)
permeable fault model (model 3). All temperature maps encompass the complete model
domain. Note the significant difference in the modelled temperatures in the proximity of the
faults for model 3 compared to the very similar model 1 and model 2 (from Cherubini et al.,
2014).
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3.5 Rheological parameters
For geomechanical models at different scales two poro-elastic properties (Young’s modulus and v)
and plastic deformation and creep parameters are needed. These can be measured in the lab or
may be derived from other data and rock composition, as outlined below.

3.5.1 Poro-Elastic properties
Young’s modulus and Poisson’s ratio can be derived from density and seismic velocities. Both hold
a close relation with lithofacies interpretation. In fact, the lithofacies interpretation of the deeper
crust is largely based on seismic velocities (Vp) and gravity (density). At EU scale the lithofacies
interpretation therefore is an excellent proxy to assess mechanical properties E and v.

Figure
3.10:
Key
relationships
between
elastic
parameters
http://www.agilegeoscience.com/journal/2011/3/7/rock-physics-cheatsheet.html).

(source:

3.5.2 Plastic deformation and creep
The deformation distribution in the earth is determined by the interplay of intraplate forces and the
rheological structure of the lithosphere (e.g. Ziegler et al.,1995; 1998). Therefore, the rheological
parametrisation of the earth is an important issue to be considered in models for stress prediction
in general and in geothermal exploration contexts (e.g. Cloetingh et al., 2010).
For rheology, it is assumed that the earth can behave either brittle, by faulting, or ductile
dependent on which deformation mechanism requires least differential stress, given the tectonic
setting (extension, strike slip, or compression).
The differential stress required for ductile deformation depends on composition, temperature, the
presence or absence of fluids, and sustained strain rates. These are constrained by power-law and
Dorn-law creep formula determined from lab experiments (e.g. Carter and Tsenn, 1987; Kirby and
Kronenberg, 1987; Table 3.1). Typically the differential stress is valid for a specific strain rate and
decreases exponentially with increasing temperature and depth.
The differential stress required for brittle deformation is largely independent from temperature and
composition of the rock, but increases from zero linearly with depth (Byerlee, 1978). Consequently,
at shallow depth rocks easily break and slide, whereas at larger depth and at increasing
temperature ductile deformation becomes the dominant deformation mechanism.
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Theoretical rheological models (e.g. Panza et al., 1980; Kusznir and Park, 1987; Stephenson and
Cloetingh, 1991; Van Wees and Beekman, 2000; Cloetingh and Van Wees, 2005) indicate that
thermally stabilized continental lithosphere consists of the mechanically strong upper crust, which
is separated by a weak lower crustal layer from the strong upper part of the mantle–lithosphere,
which in turn overlies the weak lower mantle–lithosphere. By contrast, oceanic lithosphere has a
more homogeneous composition and is characterized by a much simpler rheological structure.
Rheologically speaking, thermally stabilized oceanic lithosphere is considerably stronger than all
types of continental lithosphere. Atlantic-type continental margins are representative of marking the
transition from oceanic to continental lithosphere, and are the sites of thinned continental
lithosphere that was extended and heated during continental breakup. This has led to substantial
lateral variations in the mechanical strength of the lithosphere that are controlled by complex
variations in crustal thickness, composition of the lithospheric layers, and the thermal regime. The
strength of continental crust depends largely on its composition, thermal regime and the presence
of fluids, and also on the availability of pre-existing crustal discontinuities.
Figure 3.11 and 3.12 show an example of the construction of a strength model from compositional
input and a thermal model of the lithosphere. It highlights the rheological layering of the lithosphere
and the ability of strength models to identify mechanical structures to be included in stress models
and geomechanical analysis for geothermal exploration (e.g. Cloetingh et al., 2010).

Figure 3.11: Cartoon showing construction of strength models from thermal and
compositional model (from Cloetingh et al., 2010)
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Table 3.1: Power law and Dorn law creep parameters for sediments, crust and mantle (from
Tesauro et al., 2009). Numbers in brackets denote different sources of the data.

Figure 3.12 geotherms and corresponding strength models for the Jasz-I well in the
Pannonian basin at the onset of basin formation 20My before present (50mW curve) and
present day. The Pannonian Basin is marked by a shallow brittle crust (from Cloetingh et al.,
2010).
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3.6 IMAGE generic property database
Gathering data for green field geothermal regions, often lacking data on rock thermal-mechanical
properties, can be time-consuming and expensive. If there is need for a quick, first-order
assessment, or when the model area is very large and there are gaps in data availability, it can be
sufficient to use generic properties. For this purpose we have developed a generic property
database that can be used to gain insight in the thermal properties and mechanical strength that
one could expect for different basin settings, crustal geometries, and thermal-tectonic ages. To this
end, we have combined the thermal property tables from Hantschel & Kauerauf (2009) and
rheological properties (Tesauro et al., 2009) and coupled them with a simple 1D thermalmechanical model into a tool that can be used for the above described purposes.
The tool can be used to compare two different scenarios for crustal and sediment configuration. As
input the user can give estimates for the thickness of the layers including sediments, upper and
lower crust and the total lithosphere (Fig. 3.12). With a drop-down menu, different lithologies can
be selected for the sediments, automatically returning the corresponding thermal-mechanical
properties (Fig. 3.12). Thermal conductivity is temperature and pressure dependent throughout the
whole crust (Fig. 3.14) and is updated iteratively and automatically with a 1D steady-state thermal
solution (cf. Eq. 1.1). For the sediment layer compaction curves are calculated and used to
determine porosities and the subsequent bulk thermal conductivity by mixing the pore fluid with the
matrix thermal conductivity (cf. section 3.1; section 3.3; Fig. 3.14). Burial anomalies can be
included to take into account the effects of anomalous compaction, affecting thermal properties.
The temperature output is used together with the rheology to calculate strength profiles and give
an estimate of the integrated strength for compression and extension (cf. Table 3.1). Different
rheological properties can be chosen for upper and lower crust and lithosphere mantle by selecting
different rheologies from the drop-down menu (Fig. 3.13).
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Fig. 3.12: Screenshot from the input and selection fields of the thermal part of the generic
property tool. Fields in orange can be changed or selections can be made from a drop-down
menu.

Doc.nr:
Version:
Classification:
Page:

IMAGE-D6.01
2016.04.27
public
33 of 72

Fig. 3.13: Screenshot from the input and selection fields for the rheology part of the generic
property tool. Fields in orange can be changed or selections can be made from a drop-down
menu.
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Fig. 3.14: Screenshot from the output graphs of the generic property tool. Two scenarios
with a different lithology and thermal regime can be compared (orange and red). Upper
panels show full depth range. Lower panels show the upper 10 km in more detail, including
the thermal conductivity of the matrix (dashed orange and red) and pore fluid (blue)
compared to the bulk thermal conductivity (solid orange and red).
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4 Deep crustal structure and composition
At EU scale, there are various data sources for deep crustal structure and composition. Here we
adopt a layered structure approach. For the deep sediment and crust a recent compilation has
been presented in Tesauro et al., (2008; 2009), outlined in section 4.1. For the sediments the
variability in lithology and effect of burial anomalies is significant. In order to take variable geology
of sediments into account we discuss briefly relevant information in section 4.2.

4.1 Deep crustal geometry and composition
For EU reference models, for sediment and crustal geometry we rely on input from partners and
literature on sedimentary layering and crustal structure. Deep sediment, crustal and lithosphere
properties are largely based on geophysical evidence. For the EU reference models we adopt the
digital catalogue of layers (Fig. 4.1; Fig. 4.2) proposed by Tesauro et al. (2008; 2009), as well as
the lithotypes for the upper and lower crust (Fig. 4.3). With the corresponding rheological
parameters from Table 3.1., these lithotypes are used to differentiate between crustal domains for
estimating the strength of the lithosphere (section 7.3).

Figure 4.1: Input sediment thickness and Moho depth (After Tesauro et al., 2008)

Figure 4.2: Thickness of upper crust and lower crust (After Tesauro et al., 2009)
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Figure 4.3: Input lithological zonation of the upper crust (upper panel) and lower crust
(lower panel) after Tesauro et al. (2009).
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4.2 Geological variability in sediments
A detailed structure and compositional input for sedimentary basins is of key importance for thermomechanical models of deep portions of basins and crust (e.g. Ziegler et al., 1995; 1998; Van Wees
and Beekman, 2000).
There exists no unifying dataset in Europe of the deeper structure of basins in Europe, and it is
considered beyond the scope of IMAGE to pursue this at EU scale. At regional scale such models
are generally available or can be made (see deliverable D6.2).
On the other hand, surface geology is mapped in detail and globally available (e.g.
portal.onegeology.org), and has been used to compile various global datasets to spatially
differentiate lithotypes (Hartmann and Moosdorf, 2012; Fig. 4.4). In addition, hydrological
compilations (e.g. Gleeson et al., 2015), can shed light on porosity and permeability distribution at
shallow depths.

Figure 4.4: Lithological map of near surface geological formations. Modified from Hartmann
and Moosdorf (2012).
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5 The European-Mediterranean stress database
This chapter gives information of the progress of work for the analysis of the contemporary crustal
stress data analysis and compilation for Central Europe including the Mediterranean region. The
work is integrated into the effort to update the global database of the World Stress Map (WSM)
project (www.world-stress-map.org) in order guarantee the long-term and public availability of the
data. For the European part several hundred new borehole data were analysed and integrated as
well as a comprehensive compilation of new data from publications and using the network of the
IMAGE project. In total more than 4300 new stress data records were added to the database.
Using the resulting dataset with 8199 data records of the orientation of the maximum horizontal
stress (SHmax) and the tectonic stress regime, the stress pattern was analysed using a smoothing
scheme that gives reliable mean SHmax orientation on a regular grid. The resulting stress pattern
shows that the wave-length is short and that regional to local stress sources of topography, smaller
tectonic plates and active larger faults are superimposing the overall contribution of the relative
plate motion between Africa and Eurasia as a key control of the stress state.

5.1 Stress terms and definitions
The stress state is described with a second-order tensor ij that is symmetrical with six
independent components (e.g. Jaeger et al. 2007). After its transformation into the principal axis
system the off-diagonal shear components vanish and the three principal stresses S1, S2, and S3
remain. In the Earth’s crust it is assumed that one of the principal stresses is oriented vertically (SV)
corresponding to the vertical load of the overburden (Engelder 1992, Zoback and Zoback 1989). In
this case the other two principal stresses are horizontally oriented. They are called maximum and
minimum horizontal principal compressional stress SHmax and Shmin, respectively. Strictly speaking
this assumption is only true at the shear stress free Earth’s surface. However, it has been
observed that this assumption is still a good approximation at depth (Zoback and Zoback 1989).
The relative magnitudes of these principal stresses were used by Anderson (1951) to classify the
three main tectonic regimes (Fig. 5.1). In a normal faulting regime (NF) SV exceeds the horizontal
principal stresses (SV > SHmax > Shmin), in a strike-slip regime (SS) SV is the intermediate principal
stress (SHmax > SV > Shmin), and in a thrust faulting regime (TF) SV is the smallest principal stress
(SHmax > Shmin > SV).

Figure 5.1: The relative magnitudes can be used to distinguish the main tectonic regimes. Note that
the colour codes and the abbreviations for the tectonic regimes given here are used in the World
Stress Map project.

Besides the term tectonic regime, the term tectonic stress is frequently used in the geosciences
literature (Engelder 1992, Greiner and Illies 1977, Jaeger et al. 2007, Richardson et al. 1979,
Solomon et al. 1980, Zoback and Zoback 1989). Following the definition of Engelder (1992)
“tectonic stresses are usually horizontal components of the stress field which are a deviation from
a reference stress state as a consequence of natural processes on all scales from plate-wide to
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local”. A very commonly used reference stress state is the lithostatic stress state. In this case all
three principal stresses have the same magnitude.

S1  S2  S3

 SH  Sh  Sv  p  ρ  g  z

(Eq. 5.1)

with pressure p, rock density , depth z, and the gravitational acceleration g (Engelder 1992). A
material which has a lithostatic stress state is magma, for example. It has no shear strength and
thus behaves like a fluid. The deviation from the reference stress state is a consequence of natural
sources including (1) tectonic stresses (i.e. stresses that origin from tectonic plate motion such as
plate boundary forces, earthquakes, flexural forces), (2) residual stresses (e.g. folding, topography
induced, thermal stresses), and (3) near surface stresses (e.g. annual thermal stresses, moon
attraction). Furthermore, there are also man-made sources that contribute to the deviation from the
reference stress state. These sources are e.g. tunnelling, drilling, mining, excavations, building and
filling of dams, fluid injection (CO2 sequestration, hydro-fracturing for reservoir stimulation), and
production in georeservoir (Engelder 1992). Traditionally, tectonic stresses are often associated
with a stress state that is generated from the large-scale natural sources such as plate-boundary
forces (Hickman 1991, Zoback and Zoback 1989). Stresses from regional sources such as topography (excess of gravitational potential energy) as well as massive deglaciation after ice ages,
and local stresses from unloading due to erosion and sedimentation are often considered nontectonic (Engelder 1992).
However, the distinction between tectonic, i.e. plate-wide, regional, and local stresses can only be
made when the absolute or relative contribution of the various stress sources of the stress state is
quantified. Thus, the definition of tectonic stress is simplified if most constraints concerning scale
and source are removed from the definition. Tectonic stresses are usually horizontal components
of the stress field which are a deviation from a reference state as a consequence of natural
processes on all scales from plate-wide to local. In order to avoid misunderstanding the term
tectonic stress is not used in this thesis. Instead, the more general term stress state is applied in
order to indicate that the stress state this thesis refers to is always a superposition from all natural
stress sources (tectonic, plate-wide, regional, local etc.).

5.2 The World Stress Map project
The first regional comprehensive stress data compilations were available for Europe (Ahorner 1967,
Ahorner 1975, Greiner and Illies 1977, Illies and Greiner 1976, Illies and Greiner 1978,
Stephansson et al. 1987) and North America (Sykes and Sbar 1974, Sykes and Sbar 1973,
Zoback and Zoback 1981, Zoback and Zoback 1980). A key problem of these regional stress data
compilations was that they combined data from a wide range of stress indicators (e.g. overcoring,
hydrofrac in boreholes, borehole breakouts, geological indicators, earthquake focal mechanisms)
in one dataset. Since the different stress indicators represent very different rock volumes
(Ljunggren et al. 2003) an evaluation scheme was needed. Therefore, in 1985 the International
Lithosphere Programme formed a task group to develop a general quality ranking scheme for the
different stress indicators in order to establish a World Stress Map (WSM) by unifying the existing
regional stress maps in Europe, Canada and the United States. From this initiative the WSM
database developed into one of the fundamental global geo databases. The WSM project and its
database became internationally accepted by academia and industry likewise to be the standard
reference for the contemporary crustal stress information.
Since the first WSM database release in 1992, there has been an increase of the WSM database
from ~7700 to 21,750 data records in 2008 (Heidbach et al., 2008; 2009). Almost 17,000 of these
data records have A-C quality and are considered to record the SHmax orientation to within ± 25°. In
central Europe and the Mediterranean the first detailed analysis of the stress pattern was done by
Müller et al. (1992) based on approximately 1200 data records. In the WSM 2008 database release
about 4500 data records are available. However, given the structural complexity this number of
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data records is not sufficient to resolve the regional variability of the stress pattern (Heidbach et al.
2007, Tingay et al. 2005, Tingay et al. 2006) and further refinement was needed.

5.3 Stress indicator in the European stress data base
The present-day stress information is derived from four categories of stress indicators: (1) earthquake focal mechanism solutions, (2) stress-induced borehole breakouts, (3) in-situ stress
measurements and (4) geologic indicators. Each technique reflects the stress field of different rock
volumes ranging from 10-3 to 109 m3 and different depths ranging from near surface down to 40 km
depth. Within the upper 6 km of the Earth’s crust the stress field is mapped by a wide range of
methods with borehole breakouts as a major contributor. Below ~6 km depth focal mechanism
solutions are the only stress indicators available, except a few deep scientific drilling projects. In
order to avoid data that are mainly controlled by topography the minimum depth for stress data
incorporated in the stress database is 100 m.
Focal mechanism solutions
The majority of stress data is derived from earthquake focal mechanism solutions (77%). The
radiation pattern of seismic wave from an earthquake allows us to construct a focal mechanism
that consists of two perpendicular planes, the fault plane and the auxiliary plane. They divide the
volume into compressional and extensional quadrants. The orientation of these planes determine
the orientation of the compressional (P), intermediate (B), and extensional (T) axes. These
principal strain axes are used as proxies for the orientation of the principal stresses axes 1, 2,
and 3, but due to the uncertainties of this first-order approximation the quality of the stress
orientations derived from focal mechanism solutions is restricted to C-quality data (i.e. a deviation
of up to ±25° is assumed). Furthermore, when a focal mechanism solution is located in the vicinity
of a plate boundary, and the kinematics of the focal mechanism solution is similar to the plate
boundary kinematics, the event is omitted and flagged as a Possible Plate Boundary Event
indicating that the P-, B-, and T-axis of the focal mechanisms might predominantly reflect the
geometry and kinematics of the plate boundary, rather than the orientation of the regional stress
field (Heidbach et al., 2010). Stress orientation from a group of focal mechanism solutions (or
geologic fault-slip data), determined with stress inversion methods, are also included.
Borehole breakouts
Borehole breakouts are stress-induced elongations of the wellbore cross-section and are formed
when the circumferential stress concentration at the wellbore wall exceeds the stress required to
cause compressive failure of the formation. The elongation of the wellbore cross-section is the
result of compressive shear failure on intersecting conjugate planes. In vertical boreholes the
maximum stress at the borehole wall occurs perpendicular to SHmax. Similar to these borehole
breakouts drilling-induced tensile fractures are caused by tensile failure of the borehole wall and
form when the wellbore stress concentration is less than the tensile strength of the rock. Drillinginduced tensile fractures form parallel to the SHmax orientation in vertical boreholes. Borehole
breakouts are interpreted from oriented four- or six-arm caliper log data (e.g., the High-Resolution
Dipmeter Tool) or from acoustic or resistivity image logs (e.g., Formation Micro Imager,
Simultaneous Acoustic and Resistivity Imager).
In-situ stress measurements
Hydraulic fracturing is analogue to the drilling induced tensile fractures, but here the fractures are
artificially induced by pressurizing an isolated section of a borehole until a tensile fracture occurs.
Overcoring is a stress relief measurement that is quite common in mines and civil engineering
projects. Here the deformation (elastic relaxation) of a small rock specimen (a few cm 3) is
measured after its removal from ambient rock. With the knowledge of the elastic rock properties
the stress tensor is derived. Both methods have the potential – under ideal conditions – that the full
stress tensor can be deduced.
Geologic indicators
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The estimation of stress orientations from geological indicators is restricted to young data, i.e. from
Quaternary age. There is two major geological stress indicators: Igneous dikes and volcanic
alignments and fault-slip analysis. Analog to the hydraulic fracture, igneous dikes and volcanic
alignments grow in the plane of the SHmax orientation. In the fault-slip analysis striae or slickensides
on fault planes are used. To receive a stable stress inversion for the principal stress orientations
and their relative magnitudes, a sufficiently high number of slip directions from faults with different
orientations at a given local side is required (Sperner et al., 2003).

5.4 Quality-ranking of the data
The success of the WSM project is based on a standardized quality ranking scheme for the
individual stress indicators making them comparable on a global scale. The quality ranking scheme
was introduced by Zoback and Zoback (1991; 1989), refined and extended by Sperner et al. (2003)
and updated to its latest version by Heidbach et al. (2010). It is internationally accepted and
guarantees reliability and global comparability of the stress data. Each stress data record is
assigned a quality between A and D, with A being the highest quality and D the lowest. A-quality
means that the SHmax orientation is accurate to within ±15°, B-quality to within ±20°, C-quality to
within ±25°, and D-quality to within ±40°. For most methods these quality classes are defined
through standard deviation of SHmax. For example, an A-quality stress orientation estimate from
borehole breakouts requires the observation of at least 10 consistently oriented breakouts (with a
standard deviation <12°) in a single borehole with a total breakout length of over 300 m.
Furthermore, the quality ranking of all stress indicators facilitates the comparison of stress data
determined from different methods and depths. In general, A, B, and C quality stress indicators are
considered reliable for use in analysing stress patterns and the interpretation of geodynamic
processes.
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5.5 Compilation of the new database
The new European-Mediterranean stress database has been compiled based on (1) the analysis of
new borehole data or re-analysis of old data records, (2) a comprehensive compilation of data from
literature, (3) a compilation and harmonization of regional catalogues of earthquake focal
mechanisms as well as their comparison to the global compilations and (4) a re-assessment of all
old data records to guarantee that these are quality ranked with the same criteria. Table 5.1 shows
the total number of old data (n=4506) the increase of new data records reached within the IMAGE
project (n=4316) and the total number of data records that is now available (n=8199). Table 5.1
gives a detailed overview of the increase of data records from individual stress indicator groups.
Table 5.1. Number of stress data records according to stress indicator and data quality.

Focal Mechanisms Single (FMS)
Focal M. Inversion/Average (FMF, FMA)
Borehole Breakouts (BO, BOC, BOT)
Drilling Induced Fracture (DIF)
Hydrofracs (HF, HFG, HFM)
Geological (GFI, GFM, GFS, GVA)
Overcoring (OC)
Other Stress Indicator (BS, PC, SR)
Sum
a

WSM 2008
A-E
2307
58
1590
42
101
188
184
36
4506

A-C
1698
22
680
19
79
156
28
3
2685

new data records
A-E
A-C
3261
2377
156
79
664
289
21
13
21
5
127
27
49
0
17
0
4316
2790

WSM 2016
A-E
5284
213
1915
62
119
315
238
53
8199

a

A-C
3801
98
801
30
75
183
20
3
5011

Sum of data records from the WSM 2008 database release and new data does not equal the total number since double entries of
focal mechanisms and erroneous data entries were deleted from the WSM 2008 database. Furthermore, completely revised data
records in particular for borehole data from Germany and Switzerland were also marked as new data.

Fig. 5.2 shows the new stress map of the European-Mediterranean region with the A-C quality
stress data. The major increase of data records allows now a much detailed analysis of the stress
pattern in the region of interest. Furthermore, the rigorous application of the new WSM quality
ranking of 2008 and the re-analysis of key data from quite a number of boreholes increased the
reliability of the stress pattern analysis. Parts of the new compilation have already been published
in papers due to the review process and requirements of the national agencies and partners that
support us with data. In particular for Germany, Italy and Switzerland and Great Britain this effort
resulted in a major improvement of the understanding of the stress pattern (Heidbach et al. prep.,
Kingdon and Williams 2016, Montone and Mariucci 2016, Reiter et al. 2015, Williams et al. 2015).

5.6 Analysis of the stress pattern
For the analysis of the crustal stress pattern of the horizontal stress orientation only the A-C quality
data records displayed in Plate 1 of Fig. 5.2 are used. We used the established smoothing scheme
that is based on the statistics of bi-polar data (Mardia 1972) and explained in detail by Heidbach et
al. (2010) in order to estimate the mean SHmax orientation on a regular 1° grid. For the calculation of
the mean SHmax orientation at the grid points the data are quality- and distance-weighted. On the
map displayed in Plate 2 of Fig. 5.2 we only display the data that have a standard deviation of < 25°
of the mean SHmax orientation.
The key findings of Müller et al. (1992) that the mean SHmax orientation at least in central Europe is
parallel to the relative plate motion between Africa and Eurasia is still visible. However, the higher
resolution with the new data records also show that there are clearly substantial regional deviations
from this trend. These deviations show that there are regional to local stress sources due to
density and strength contrast in the upper crust. Topography, micro plates (Aegean, Anatolia),
active faults systems are superimposing the overall contribution of the relative plate motion
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between Africa and Eurasia. The map clearly reveals the impact of the Alpine mountain range, the
Dinarides and the Apennines as well as the regional and local changes due to the change of plate
boundary type of Africa-Eurasia from collision, to subduction, back-arc spreading and strike-slip
tectonics. In the intra-plate region not only the still active Rhine Graben alters the stress pattern,
but also inherited structures from past geological processes, i.e. the inherited strength and density
contrast seem to be still influence the stress field as well.
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Figure 5.2: Plate 1: Stress map of central Europe and the Mediterranean of data records with A-C
quality. Lines show the orientation of the maximum horizontal stress SHmax; line length is
proportional to the quality of the data records. Symbols in the centre of the lines denote the stress
indicator type. Colour code shows the tectonic stress regime with red normal faulting (NF), green
strike-slip faulting (SS) and blue thrust faulting (TF); black indicates unknown stress regime. Plate 2:
Smoothed stress pattern on a 1° grid. The shown mean S Hmax orientation is calculated with method
described in detail by Heidbach et al. (2010) using the statistics of bi-polar data (Mardia 1972). Data
for the mean SHmax orientation calculation are quality and distance weighted and only the mean S Hmax
orientation that have a standard deviation of < 25° are shown.
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6 Reference temperature data
6.1 Temperature data
Since 1970, several assessments of the geothermal resources of Europe have been done. Several
versions of the Atlases of Geothermal Resources in the European Community have been
commissioned by the European Union. These atlases include heat flow maps, locations of
temperature measurements (Fig. 6.1) and interpolated subsurface temperature maps of (parts of)
Europe (Haenel (Ed.), 1979; Haenel and Staroste (Eds.), 1988). The most recent atlas
commissioned by the EU was published in 2002 by Hurter and Haenel (Eds.) (2002) and used
temperature data from Hurtig (Eds.) et al. (1992) but also included new temperature data. The
temperature maps are based on Bottom Hole Temperature (BHT) and Drill Stem Test (DST)
measurements. Although all the geographical coordinates of the wells are included and in some
cases a measured heat flow is given, important information such as measurement depth, thermal
conductivity or actual measured temperatures are lacking. All the geothermal atlases use ground
level (GL) as datum for the depths. The depth notation used in this document is also relative to GL
unless specified differently.
Lacking the original temperature grids from the European geothermal atlases, several temperature
maps from the geothermal atlases have been digitized, in close cooperation with the EU funded
project GEOELEC. For this purpose, hard copies of the temperature maps of 1 km and 2 km depth
from Hurter Hurter and Haenel (Eds.) (2002) and 5 km depth from Hurtig (Eds.) et al. (1992) were
scanned to TIF format and the temperature contours were converted to vectors. Using ArcGIS the
contours were georeferenced to a WSG84 coordinate system and re-projected to a Web Mercator
(Auxiliary Sphere) projection. Using the Topo-to-Raster function from the Spatial Analyst Tool in
ArcGIS, the temperature contours were interpolated to a temperature grid with a resolution of 10 by
10 km.
From several national and regional geologic surveys temperature models were received, including
France, Germany, Ireland, the United Kingdom and the Netherlands. Apart from the UK, which only
provided a map of 1 km depth, the temperature models are relatively well constrained up to a
depth of 2 km (see Fig. 6.1). All of these models are in essence based on BHT data, but the model
approaches differ.
The temperature models of France, Germany, Ireland and the UK are based on a simple
interpolation and extrapolation methodology. The French and German models are based on 3D
Kriging geostatistical estimation (Bouchot et al., 2008; Bonté et al., 2010; Agemar et al., 2012). The
Irish model is based on natural neighbour interpolation and the deeper temperature intervals have
been generated by simple extrapolation of the average geothermal gradients observed in the
boreholes (Goodman et al., 2004). The UK model is based on interpolation of BHT data using a
minimum curvature algorithm (Busby et al., 2011).
The Dutch temperature model uses a more advanced approach that does not rely on simple
interpolation of the available 1293 temperature measurements, but uses a 3-step Runge-Kutta
finite difference approach with a finite volume approximation. This model approach covers the full
lithosphere, incorporates the effects of petrophysical parameters, including thermal conductivity
and radiogenic heat production and takes into account transient effects that affect temperature
such as sediment accumulation or erosion and crustal deformation (Bonté et al., 2012). For the
sediment infill, it is based on a detailed geological model of the Netherlands (TNO-NITG, 2004).
The digitized maps from the geothermal atlases and the temperature maps from the geological
surveys have been compiled into a temperature dataset (section 6.4), of which large parts are used
for the data assimilation described in section 7.2.
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Figure 6.1: Sediment thickness after Tesauro et al. (2008) with locations of the wells from
the geothermal atlas (Hurter and Haenel (Eds.) (2002)) and the international heat flow
database (Hasterok, in prep.).
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Figure 6.2: Compilation of temperature data between 1 km to 6 km depth (Limberger et al.,
2014).
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6.2 Surface temperature
For the surface temperature, data from the WorldClim-Global Climate Database based on Hijmans
et al. (2005), are used. This dataset contains mean temperatures from 24542 locations that
represent the 1950-2000 time period. To correct for the topography the ETOPO1 1 Arc-Minute
Global Relief Model of Amante and Eakins (2009) is used.

Figure 6.3: Mean annual surface temperature between 1950-2000 after Hijmans et al. (2005).
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6.3 Lithosphere-asthenosphere Boundary
The lithosphere-asthenosphere boundary (LAB) is the transition between the lithosphere and
asthenosphere. There are multiple definitions of the LAB, that do not necessarily coincide
(Artemieva, 2011), but the thermal LAB can be used in thermal models as a lower boundary
condition. The thermal LAB is defined as the transition between a dominantly conductive
Lithosphere and a dominantly convective Asthenosphere. Because it is a transition rather than a
sharp boundary, there is significant uncertainty in the temperature (1200 – 1330 C°) or in the depth
of the LAB. Tesauro et al. (2009) have used their crustal model (Tesauro et al., 2008) to correct for
the crustal effect in the tomography model of Europe (Koulakov et al., 2009) in order to better
constrain the LAB.

Figure 6.4: Thermal lithosphere-asthenosphere boundary
tomography data (modified from Tesauro et al., 2009).

(LAB),

constrained

by

6.4 Digital datasets
The temperature data compilation (Fig. 6.2) is digitally available through the digital supplement of
Limberger et al. (2014).
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7 Physics-based models of temperature at EU scale
Current EU temperature models (Limberger and Van Wees, 2013; Fig 7.1) consist of only two
layers: sediment and basement, each with fixed constant values for the thermal conductivity.
Values for the radiogenic heat production were derived by using the surface heat flow and the
depth of the Moho and only vary laterally (Limberger et al., 2014; Fig. 7.2). As boundary conditions
for the top and the bottom of the model, annual surface temperatures (Fig. 6.3) and heat flow at the
base of the crust were used, respectively. Along the vertical edges of the model, zero horizontal
heat flow was assumed. Temperatures derived from local temperature models are set as fixed
values in the corresponding grid cells.
The methodology for the current model can be drastically improved by allowing for a more realistic
distribution of the thermal properties, in accordance with the existing variations in lithological
composition of the European crust, and by adopting deep lithosphere temperature constraints in
accordance to the LAB (Fig. 6.3).

Figure 7.1: Construction of European temperature model (after Limberger and Van Wees,
2013).
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Figure 7.2: Conceptual temperature model (after Limberger et al., 2014). Temperature
constraints are taken from input temperatures compiled from borehole data and maps
(schematically indicated as T at 1000 and 2000 m respectively, cf. Fig. 6.1, 6.2). A basal heat
flow condition was determined from surface heat flow (SHF) data. The model is marked by a
layered structure of differentiated thermal properties. To obtain values for radiogenic heat
production A, the partition model of Pollack and Chapman (1977) was applied, assuming
that 40% of the surface heat flow is generated within the upper crust. No distinction is made
between sediments and the crystalline basement, resulting in a constant radiogenic heat
production with depth.

Data assimilation procedure
Both bottom temperature condition (LAB) and thermal properties of the layered structure (Figure 7.2)
can be updated within reasonable bounds in a data-assimilation procedure, adopting measured
temperatures as target observations. Outliers in the data allow the highlighting of non-conductive
thermal effects which may be related to heat advection, fluid flow and/or tectonic deformation.
Nonetheless measured temperatures should be critically evaluated and a weighting can be included
reflecting the accuracy of the type of measurement (cf. Rühaak et al., 2012).
The data assimilation procedure is schematically outlined in Figure 7.3, and will be further explained
in section 7.2. The procedure starts with a prior physics-based forward model of predicted
temperatures (based on assumptions on boundary conditions, thermal properties, parameterized by
distributions, marked by underlying uncertainties). The predicted temperatures show a misfit
compared to observations, which in turn are also marked by uncertainty. Through a data assimilation
method – here the Ensemble-Kalman Smoother Multiple Data Assimilation (ES-MDA) (Emerick and
Reynolds, 2013), the prior parametrization of the model is updated to provide a better fit with the data.
The updated model parametrization and associated temperature model is called posterior model.
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Figure 7.3: data assimilation approach seeking to update the bottom temperature condition
(LAB), radiogenic heat production (A), and thermal conductivity in accordance to
observations.
Below, we first describe in section 7.1 the prior model setup through outlining the determination of
the prior parametrization of the model, in terms of the geometry and parametrization. Subsequently,
in section 7.2, we describe the physics-based model and the data assimilation procedure in more
detail, and finally in section 7.3 the results.

7.1 Prior model
7.1.1 Geometry
The main geometry of our thermal model consists of four layers: sediments, upper crust, lower
crust, and lithospheric mantle. For the thickness of the sediments, upper crust, and lower crust we
follow the EuCRUST-07 crustal model (Fig. 6.1; Fig. 6.2), which is based on data from seismic
reflection, refraction and receiver functions studies (Tesauro et al., 2008). The depth of the
lithosphere is obtained from Tesauro et al. (2009).
The sedimentary layer is subdivided into lithotypes defined on the basis of the Global Lithological
Map (GLiM) from Hartmann and Moosdorf (2012) (Fig. 4.4). This model describes the surface
geology and is a good first-order approximation of the lithology of the sedimentary infill of the main
basins. Our sedimentary lithotypes are based on the main first and second level of lithological
classes from the GLiM. For each of these sedimentary lithotypes, a single lithology or a mixture of
lithologies was chosen to represent the thermal properties.
The upper crust and lower crust are subdivided into lithotypes from the EuCRUST-07 model
(Tesauro et al., 2009; Fig 4.3), while the lithospheric mantle is not subdivided into lithotypes.
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Figure 7.4 3D visualisation of the layered geometry and internal structure and composition
of the deep crust (top 60 km), based on lithotypes (Fig. 4.3) and including the lithosphereasthenosphere boundary in orange (Fig. 6.4).

7.1.2 Thermal conductivity
Throughout the whole model the thermal conductivity is temperature and pressure dependent,
resulting in a function that varies with depth:
𝑘𝑆𝐸𝐷 (𝑧) 𝑓𝑜𝑟 𝑧 ≥ 0 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝑈𝐶
𝑘𝑈𝐶 (𝑧) 𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑡𝑜𝑝𝑈𝐶 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝐿𝐶
𝑘(𝑧) =
𝑘𝐿𝐶 (𝑧) 𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑡𝑜𝑝𝐿𝐶 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝐿𝑀
{ 𝑘𝐿𝑀 (𝑧) 𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑡𝑜𝑝𝐿𝐶 𝑎𝑛𝑑 𝑧 < 𝑧𝐿𝐴𝐵

(Eq. 7.1)

where 𝑧 is the depth [m] and 𝑘𝑆𝐸𝐷 (𝑧), 𝑘𝑈𝐶 (𝑧), 𝑘𝐿𝐶 (𝑧) and 𝑘𝐿𝑀 (𝑧) are thermal conductivities [W m-1
K-1] as a function of depth for the sediments, upper crust, lower crust and lithosphere mantle,
respectively. 𝑧𝑡𝑜𝑝𝑈𝐶 , 𝑧𝑡𝑜𝑝𝐿𝐶 , 𝑧𝑡𝑜𝑝𝐿𝑀 and 𝑧𝐿𝐴𝐵 are the depths [m] of the top of the upper crust, lower
crust lithosphere mantle and the lithosphere-asthenosphere boundary. For the thermal conductivity
in the sedimentary layer we use the relationship defined by Sekiguchi (1984) (Eq. 3.1), for the
different sedimentary lithotypes.
For each lithotype we assume the surface porosity to be equal to the depositional porosities
defined by Hantschel and Kauerauf (2009) for different lithologies (D6.4, Annex 2). These surface
porosities are then combined with the corresponding compaction coefficients to calculate the
porosity at each depth. We assume that the pore fluid is pure water. The temperature-dependent
matrix thermal conductivity is calculated separately for each lithological component (Eq. 3.1), as
well as the temperature-dependent thermal conductivity of the pore fluid. Matrix conductivities of
shale and carbonates are also corrected for the change in anisotropy with increasing compaction.
We assume fixed densities for all but the sediment layer to calculate effective pressures. For the
sediment layer we use a weighted average of the densities of all lithologies per lithotype.
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We assume hydrostatic conditions for the pore fluid and we subtract the hydrostatic pressure from
the lithostatic pressure to obtain the effective pressure. Then the effective pressure gradient is
used for the calculation of the compaction curves. For the other layers we assume that the
effective pressure is equal to the lithostatic pressure to correct for the pressure dependency of the
thermal conductivity (Eq. 7.2; Eq. 7.3; Eq. 7.4).
The harmonic mean is taken from the different matrix thermal conductivities to obtain the bulk rock
matrix conductivity. The harmonic mean was chosen over the geometric mean because it is better
suited for horizontal layered systems such as the infill of sedimentary basins, which we try to
encompass in our single sedimentary layer (section 3.1.1). Finally, the bulk thermal conductivity is
obtained by using the geometric mean of the thermal conductivity of the bulk rock matrix and the
pore fluid (Eq. 3.2 ). An extra 5000 m of burial depth was added to the compaction calculation for
high topographic areas (>1 km above ground level) that have undergone extensive erosion or
areas marked as sedimentary by GLiM in cratonic regions (surface heat flow < 40 mW m-2). This
results in reduced porosities, leading to higher bulk thermal conductivities.
For the upper and lower crust, we use the temperature- and pressure-dependent relations
described by Chapman (1986) that are based on thermal conductivity measurements:
1+𝑐∙𝜎𝑒𝑓𝑓𝑧

𝑘𝑈𝐶 (𝑧) = 𝜆0𝑖 ∙ (

1+𝑏∙𝑇

1+𝑐∙𝜎𝑒𝑓𝑓𝑧

𝑘𝐿𝐶 (𝑧) = 𝜆0𝑖 ∙ (

1+𝑏∙𝑇

)

(Eq. 7.2)

)

(Eq. 7.3)

where 𝜆0𝑖 is the thermal conductivity [W m-1 K-1] at a temperature of 0 C° and at atmospheric
pressure, 𝑏 [K-1] and 𝑐 [km-1] are constants, 𝜎𝑒𝑓𝑓𝑧 is the effective lithostatic stress [MPa] and 𝑇 is
the temperature [C°]. With increasing temperature, the contribution of the radiative component of
the thermal conductivity increases compared to the lattice component (e.g. Hoffmeister, 1999).
This effect is especially relevant for the lithosphere mantle that consist mainly of olivine. We use
Schatz and Simmons (1972) for the temperature-dependent radiative contribution 𝜆𝑟𝑎𝑑 (𝑇) and
follow Xu (2004) for the temperature- and pressure-dependent lattice thermal conductivity
𝜆25
𝑙𝑎𝑡 (𝑇, 𝜎𝑒𝑓𝑓𝑧 ):
𝑘𝐿𝑀 (𝑧) = 𝜆25
𝑙𝑎𝑡 (𝑇, 𝜎𝑒𝑓𝑓𝑧 ) + 𝜆𝑟𝑎𝑑 (𝑇)
298 1/2
)
𝑇+273

=(

∙ (1 + 0.032 ∙ 𝜎𝑒𝑓𝑓𝑧 ) + 0.368 × 10−9 ∙ (𝑇 + 273)3

(Eq. 7.4)

-1
-1
where 𝜆25
𝑖 is the thermal conductivity [W m K ] of olivine at a temperature of 25 C° and at
atmospheric pressure, 𝑇 is the temperature [K] and 𝜎𝑒𝑓𝑓𝑧 is the effective lithostatic stress [GPa].

7.1.3 Radiogenic heat generation and partition model
Fixed values for the radiogenic heat generation 𝐴(𝑧) [μW m-3] are used throughout the lithosphere:
𝐴𝑆𝐸𝐷 = 𝐴𝑏𝑢𝑙𝑘 𝑓𝑜𝑟 𝑧 ≥ 0 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝑈𝐶
𝐴(𝑧) =

𝐴𝑈𝐶 =

𝑟 ∙ 𝑄0
𝐷𝑈𝐶

𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑡𝑜𝑝𝑈𝐶 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝐿𝐶

𝐴𝐿𝐶 = 0.4 𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑡𝑜𝑝𝐿𝐶 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝐿𝑀
{ 𝐴𝐿𝑀 = 0.02 𝑓𝑜𝑟 𝑧 ≥ 𝑧𝑡𝑜𝑝𝐿𝑀 𝑎𝑛𝑑 𝑧 < 𝑧𝐿𝐴𝐵

(Eq. 7.5)
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where 𝐴𝑆𝐸𝐷 , 𝐴𝑈𝐶 , 𝐴𝐿𝐶 and 𝐴𝐿𝑀 are the values of radiogenic heat generation [μW m-3] used for the
sediments, upper crust, lower crust and lithosphere mantle, respectively. For the sedimentary layer
fixed values for the radiogenic heat generation 𝐴𝑏𝑢𝑙𝑘 are used depending on the lithotype. For
most continental lithosphere, the ratio between the surface heat flow 𝑄0 [W m-2] and the radiogenic
heat generation in the upper crust abides the partition model of Pollack and Chapman (1977) (Eq.
7.5), where 𝑟 is a ratio [0 – 1] and 𝐷𝑈𝐶 is the thickness of the upper crust [m]. The ratio 𝑟 in the
partition model usually lies between 0.26 – 0.4 (e.g. Pollack and Chapman, 1977; Hasterok and
Chapman, 2011) for continental crust.
Surface heat flow measurements are often conducted at shallow depths (<1 km) inside wells,
where paleoclimatic perturbations or groundwater flow can have a strong effect on the heat flow
measurement. Recent erosion or sedimentation can also lead to overestimation or underestimation,
respectively. We therefore use the calculated surface heat flow (eq. 7.6, see next section for
details) instead of the measured surface heat flow to estimate upper crustal contribution to the
radiogenic heat production.
For 𝑟 we assume 0.4 for continental lithotypes, 0.1 for basaltic lithotypes, 0.05 for transitional
(continental-to-oceanic crust) lithotypes, and 0.01 for oceanic crust lithotypes. Fixed values are
assumed for the lower crust and lithospheric mantle (table 7.1). This assumption is based on the
presence of larger quantities of highly radiogenic felsic rocks in the continental lithosphere,
compared to the oceanic lithosphere. These radiogenic elements (section 3.2) are more abundant
in felsic rocks due to their lithophile behaviour during (partial) melting.

7.1.4 Thermal properties as a function of temperature, associated surface
heat flow, and pressure
The thermal properties are dependent on temperature. To correct the thermal properties for
temperature, the temperature is initially estimated using a multi-1D steady-state approach, where
the heat equation is solved. We start our model with a simple surface heat flow estimation based
on layer thickness, fixed thermal properties for all the layers, and the upper and lower boundary
conditions:
1
∆z
∆z
Q(0) ~ (TLAB − T0 + 2 ((Ai ∙ ∆zi 2 ) + ⋯ + (An ∙ ∆zn 2 ))) ∗ ((𝑘̅i ∙ z i 2 ) + ⋯ + (𝑘̅n ∙ z n 2 ))
LAB

LAB

(Eq. 7.6)

where 𝑄0 [W m-2] is the surface heat flow, TLAB the temperature [C°] at the LAB, and T0 the
temperature [C°] at the surface. 𝑛 is the total number of layers (in this case four) and 𝑖 is the layer
number. Ai is the radiogenic heat production value [W m-3] for layer 𝑖, ∆zi is the thickness [m] of
layer 𝑖, 𝑘̅i is the average thermal conductivity of layer 𝑖, and zLAB is the depth of the LAB (1200 C°).
The depth of the LAB is assumed to be equal to the thickness of the lithosphere.
Before the temperature can be computed, the heat flow is extrapolated downwards to obtain the
heat flow as a function of depth, Q(z) [W m-2], by subtracting the integral of the radiogenic heat
z
production between the surface and depth z, ∫0 A(z) [W m-2], from the surface heat flow:
z

Q(z) = Q 0 − ∫0 A(z)

(Eq. 7.7)

Using the calculated profiles for heat flow Q(z), thermal conductivity k(z) and radiogenic heat
production A(z), the temperature can be obtained by:
Q(z)

A(z)

T(z) = T0 + k(z) z − 2k(z) z 2

(Eq. 7.8)
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Since the updated properties are not entirely consistent with the initial surface heat flow and the
lower boundary condition, a binary search algorithm is used to ensure that after each iteration step,
the surface heat flow is updated to honour the lower boundary condition. The geotherms are then
recalculated using the updated heat flow, followed by the correction of the thermal properties. This
process is repeated for each 1D column until conversion (temperature at the LAB = 1200 C° ± 0.1
C°) is reached. The entire thermal model is run for five runs which take less than an hour in total.
Table 7.1: Overview of radiogenic heat production values and thermal conductivities used
per layer.
-3

-1

-1

Layer

Radiogenic heat production [μW m ]

Thermal conductivity [W m K ]

Sediments

Constant (0 - 2): different bulk values
depending on lithotype (Hantschel and
Kauerauf, 2009)

Variable (1 – 4): Bulk values per lithotype
(mixed lithologies) dependent on compaction,
and T-dependent (Sekiguchi, 1984)

Upper crust

Variable: 1% to 40% of the
surface heat flow and equally
over the entire thickness of
crust (Pollack and Chapman,
7.5)

Variable (1.5 – 3): Pressure- and temperaturedependent (Eq. 7.2, Chapman, 1986)

Lower crust

0.4 (Hasterok and Chapman, 2011)

Variable (2.5 – 2.7): Pressure- and temperaturedependent (Eq. 7.3, Chapman, 1986)

Lithospheric
mantle

0.02 (Hasterok and Chapman, 2011)

Variable (2.7 – 4): Lattice thermal conductivity
(Xu et al., 2004) and radiative thermal
conductivity (Schatz and Simmons, 1972) (Eq.
7.4)

calculated
distributed
the upper
1977; Eq.

Figure 7.5 An example of a radiogenic heat production (left panel), thermal conductivity
profile (central panel) and the resulting temperature profile (right panel). The effects of
compaction in the sediments and the temperature and pressure dependence of the thermal
conductivity can be clearly seen.
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7.2 Forward model and data assimilation
The forward thermal model solves the constitutive equation 1.1 for steady state conditions. The
equation is solved in 3D by a finite-difference approximation. The model volume extends over
mainland Europe and ranges to 100 km depth. The volume is discretized in horizontal direction at
20 km resolution and 1 km in depth resolution. The discretization of the problem results into a large
set of linear equations. These are solved by the Preconditioned Conjugate Gradient method (PCG)
that is more often used to solve the pressure equation for groundwater related problems (Guo and
Langevin, 2002). The PCG-method is an indirect method to solve linear equations iteratively and is
a good choice for large problems.
In the model, the surface temperature and LAB depths (see chapter 6) are used to constrain the
top and bottom temperature of the model, whereas the side boundaries are marked by zero heat
flux. The finite-volume cells are marked by spatially variable default thermal conductivity and
radiogenic heat production as outlined is section 7.1.

7.2.1 Model uncertainty
In order to describe prior uncertainty in the model parametrization, the thermal properties are
scaled by a truncated Log-Gaussian with a mean of 0, and standard deviation ln(SCALE) (and
truncation) resulting in a minimum scaling of 1/SCALE and maximum scaling of SCALE of the
original value.
For the bottom temperature, the temperature uncertainty is represented by a Gaussian distribution
with a mean of the LAB derived temperature, and standard deviation (and truncation) of 200 C°.
The Gaussian’s for scaling are applied to specific layers in the models (e.g. upper crust, lower
crust, sediments). Spatially, the Gaussian distributions are marked by a spatial correlation,
determined through a variogram.
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7.2.2 Data uncertainty
Observations correspond to temperatures sampled at borehole locations (Fig 6.1, up to 6 km depth)
and are sampled at regular distance from the maps (Fig. 6.2). The sampling resulted in 28917 grid
cells (20 by 20 km). Data uncertainty is represented by a Gaussian distribution. The standard
deviation is depth-dependent and corresponds to the amount of boreholes inside each grid cell of
the temperature maps (Table 7.2).
Table 7.2: Overview of standard deviation per depth level
Depth

No wells

1 – 5 wells per cell

>5 wells per cell

1

7

5

3

2

9

7

5

3

11

9

7

4

13

11

9

5

15

13

11

6

17

15

13
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7.2.3 Ensemble-Kalman Data Assimilation
The goal of inversion is to minimize the cost function of the form:
𝐽(𝒎𝒂 ) = (𝒢(𝒎𝒂 ) − 𝒅𝒐𝒃𝒔 )𝑇 𝑪𝒅 −1 (𝒢(𝒎𝒂 ) − 𝒅𝒐𝒃𝒔 ) + (𝒎𝒂 − 𝒎)𝑇 𝑪𝒎 −1 (𝒎𝒂 − 𝒎)

(eq. 7.9)

Where 𝒎𝒂 denotes the posterior (assimilated) model vector based on prior 𝒎
with
m
dobs
𝝐
Cm
Cd
G
𝒢(𝒎)

nx1
mx1
mx1
mxm
nxn
mxn
mx1

model vector
data vector
data error vector
model covariance
data covariance
linear(ised) measurement operator matrix
non-linear measurement operator (predicted value)

Where n is the number of degrees of freedom in the model parameters, and m the number of
observations. Typically n is much larger than m.
Ensemble smoother
In the ensemble smoother, the EnKF analysis equation to minimize (eq. 7.9) can be written as (e.g.
Emerick and Reynolds,2013):
̂𝒋)
̂ 𝒎𝒅 (𝑪
̂ 𝒅𝒅 + 𝑪𝒅 )−1 (𝒅𝒋 − 𝒅
𝒎𝒂 𝒋 = 𝒎𝒋 + 𝑪

(eq. 7.10)

For j = 1,2,…Ne with Ne denoting the number of ensembles. Each ensemble consists of a
stochastically sampled model parameter realization, and associated model forecast. So Ne model
runs are required for the number of ensembles. ̂𝒅𝒋 = 𝒢(𝒎𝒋 ) denotes forecasted values by the
thermal model at the observation points. 𝒅𝒋 = 𝒅𝒐𝒃𝒔 + 𝝐𝒋 , where 𝝐𝒋 = 𝑪𝒅 𝟎.𝟓 𝒛𝒋 , and 𝒛𝒋 ≈ 𝒩(0, 𝑰𝑵𝒅 ).
So 𝒛𝒋 are n uncorrelated samples of the normal distribution. The 𝑪𝒅 𝟎.𝟓 can be found from
eigenvalues and eigenvalue analysis. Alternatively, 𝝐𝒋 can be determined from adopting standard
sequential Gaussian simulation methodologies adopting covariance matrix 𝑪𝒅 . The model
parameters perturbations in the ensemble are determined in a similar way. So 𝒎𝒋 = 𝒎 + 𝝐𝒋 , where
𝝐𝒋 = 𝑪𝒎 𝟎.𝟓 𝒛𝒋.
̂ 𝒎𝒅 and 𝑪
̂ 𝒅𝒅 are determined from the ensemble runs
𝑪
̂ 𝒎𝒅 =
𝑪

𝟏
𝑴′
𝑵𝒆 −𝟏

̂ 𝒅𝒅 =
𝑪

𝟏
𝑫′
𝑵𝒆 −𝟏

𝑫′𝑻

𝑫′𝑻

Which are covariance matrix estimates, with
𝑴 = { 𝒎𝟎 , 𝒎𝟏 , . . , 𝒎𝑵𝒆 }, 𝑫 = { 𝒢(𝒎𝟎 ), 𝒢(𝒎𝟏 ), . . , 𝒢 (𝒎𝑵𝒆 )} ,
and primes denote column vectors consisting of anomalies with respect to the mean value of that
particular column.
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The ensemble smoother of eq. 7.10 gives a direct solution if a linear relationship exists between
model parameters and forecast. If that is not the case, such as for radiogenic heat production and
thermal conductivity, the ensemble smoother needs multiple iterations.
Emerick and Reynolds (2012) introduced a procedure to improve the data matches obtained with
an Ensemble Smoother (ES) for non-linear problems based on assimilating the same data multiple
times with an inflated covariance matrix of the measurement errors (Cd). This procedure – denoted
as ES-MDA – can be interpreted as an iterative ES, where the number of iterations Na has to be
chosen a priori. The ES-MDA method can be summarized as follows:
1. Choose the number of data assimilations, Na, and the multiplication coefficients of the data
covariance matrix 𝛼𝑖 , for i = 1,2,…Na
2. Initialize the ensemble model parameters 𝒎𝒋 , using sequential guassian simulation based
on model prior estimate m and parameter covariance matrix Cm
3. For i = 1 to Na
a. Perturb the ensemble of observations, replacing 𝑪𝒅 with 𝜶𝒊 𝑪𝒅 𝝐𝒋 = √𝜶𝒊 𝑪𝒅
b. Update the ensemble 𝒎𝒋 using eq. 2 with the scaled 𝜶𝒊 𝑪𝒅

𝟎.𝟓

𝒛𝒋

7.3 Results
The results of the forward thermal model and subsequent data assimilation have led to two new
thermal-mechanical models of Europe, but only the posterior model incorporates the temperature
data from wells. In the following sections we will discuss the prior and posterior model results
including: temperature, temperature misfits, thermal properties and the lithosphere strength. For
the posterior model, we have used the mean of the data assimilation runs. Areas that are expected
to have significant amounts of non-conductive heat transfer occurring (such as regions with active
tectonics or volcanism) will show large temperature misfits (section 7.3.3). Therefore, it is important
to realise that the data assimilation routine will incorporate part or all of these non-conductive heat
transfer effects in the model parameters by changing the model parameters within the predefined
bandwidth (section 7.2.1).

7.3.1 Temperature
Comparing the prior to the posterior modelled temperatures at 2 km depth (Fig. 7.7), where most
observations are available (see section 7.3.3), reveals a significant different distribution. Both
models share the same large-scale thermal features, such as the clear NW-SE striking TransEuropean Suture Zone, that separates the young and dynamic Phanerozoic Europe in the SW,
from the old and cratonic Precambrian Europe in the NE (Pharaoh, 1999). Inside the Phanerozoic
domain, the posterior model is characterised by higher temperatures, apart for the Alps, Dinarides
and the Bay of Biscay. At 2 km and 5 km depth (Fig. 7.7; Fig 7.8), important geothermal regions
such as the European Cenozoic Rift System, Pannonian Basin, Tuscany, Paris Basin and western
Anatolia show more clearly in the posterior model.
The depth of the thermal LAB (Fig. 7.9) follows a more erratic pattern and is generally more
shallow in the posterior model compared to the prior model. The largest differences are in and
around the Tyrrhenian Sea, in the western part of the Black Sea, the western Alps and around
Wales.

Doc.nr:
Version:
Classification:
Page:

IMAGE-D6.01
2016.04.27
public
66 of 72

Figure 7.6: Depth slices of the prior (left panel) and posterior (right panel) temperature
model at 2 km depth.

Figure 7.7: Depth slices of the prior (left panel) and posterior (right panel) temperature
model at 5 km depth.

Figure 7.8: Depth of the LAB of the prior (left panel) and posterior (right panel) model.
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7.3.2 Thermal Properties
The prior thermal conductivity at 2 km depth follows the lithotypes based on the surface geology
(Fig. 4.4). It is characterised by high values (>2.75 W m-1 K-1) where the upper crust is outcropping
at/or close to the surface (Armorican shield, Anatolia, Baltic Shield, East European Platform). Low
values (<2 W m-1 K-1) are found in the deep basins containing unconsolidated sediments, such as
the Southern Permian basin or Central European Basin System, Pannonian Basin, Po Basin,
Transylvanian Basin. The thermal conductivity of the posterior model, shows a more erratic pattern
but does not show significant changes in the distribution of the thermal conductivity.
The prior radiogenic heat generation in the upper crust (Fig. 7.10) is mostly controlled by the
thickness of the upper crust but also by the depth of the LAB. For most onshore regions, the model
yields values between 1 to 2 μW m-3.
For some regions the use of the partition model (Eq. 7.5) is unsuitable, yielding unrealistic values
(>10 μW m-3). Especially in offshore regions, such as in the Mediterranean and in the Atlantic
Ocean. Here, continental crustal domains (Fig. 4.4), with a high partition ratio of 0.4 (section 7.1.3),
border against (transitional to) oceanic crust or basaltic lithotypes, while the upper crust is still very
thin (<2 km) and the LAB very shallow (<80 km).
The data assimilation does not change the overall pattern of the upper crustal radiogenic heat
generation distribution of the posterior model significantly, but raises it in areas with a strong misfit
(Fig. 7.12; Fig. 7.13). Recent lithosphere thinning in the European Cenozoic Rift System and in the
Pannonian Basin (e.g. Dezes, et al., 2004; e.g. Horváth et al., 2006) results in a thinner upper crust
and a more shallow LAB’s. In combination with the used partition model this could cause the
elevated values (5 – 10 μW m-3). Crustal thinning by delamination (e.g. Bartol and Govers, 2014)
could explain the need for a strong increase of the posterior radiogenic heat generation in the
upper crust of Turkey. Below the Massif Central, crustal thinning caused by a possible mantle
plume (e.g. Sobolev et al., 1997) could explain the need for an increase of the posterior heat
generation.

Figure 7.9: Depth slices of the prior (left panel) and posterior (right panel) thermal
conductivity model at 2 km depth.
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Figure 7.10: Radiogenic heat generation in the upper crust for the prior (left panel) and
posterior (right panel) model.

7.3.3 Comparing prior and posterior model against observations
Subtracting the modelled prior temperatures from the temperatures of the dataset (section 6.1;
section 7.2.2), shows a mean and median misfit of -9.73 and -5.45, respectively (Fig. 7.11). This
indicates that, on average, the model is too cold in many regions. The posterior model yields a
much better fit with a mean and median misfit of -2.05 and -0.85, respectively.
To obtain an insight on the cause of these misfits, we have produced misfit maps for the depth
levels of 1 km and 2 km (Fig. 7.12; Fig. 7.13), that contain the largest amount of data (22905
observations).
Unsurprisingly, the strongest negative misfits at 1 km and 2 km of the prior model are most
profound in the geothermal regions that showed the largest temperature increase for the posterior
model in section 7.3.1. The largest positive misfits are located surrounding the Adriatic Sea and in
the northern part of Sicily and in Ireland. The Dinarides and large parts of Italy consists of thick
carbonate sediments. Large-scale fluid flow in these rocks, associated with karst, could be the
cause of these relatively low observed temperatures (e.g. Ravnik, 1995; Kooi, 2016). The misfit
between the observed and modelled temperatures in the southern part of Ireland could be caused
by an underestimation of the initial radiogenic heat production (Noller and Daly, 2015). Except for
western Anatolia, the posterior misfits at 1 km and 2 km are much smaller and are within the same
range as the errors for the observations.
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Figure 7.11: Observed temperatures at the x-axis from the dataset (section 6.1; section 7.2.2)
plotted against the modelled temperatures at the y-axis. A perfect model would reproduce
the dashed red line. N = number of observations. Mean and median and values are the mean
and median misfits obtained by subtracting the modelled temperatures from the observed.
Negative values indicate that the model is too cold. The left panel shows the forward
modelled prior temperatures. The modelled posterior temperatures on the right panel show
a strongly improved misfit after the data assimilation.

Figure 7.12: Maps of the prior (left panel) and posterior (right panel) temperature misfits at 1
km depth.
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Figure 7.13: Maps of the prior (left panel) and posterior (right panel) temperature misfits at 2
km depth.

7.3.4 Integrated strength of the lithosphere
Applying the approach described in section 3.5 on the prior and posterior thermal model (with
corresponding rheological properties that are based on the crustal lithotypes described in section
4.1), it is possible to calculate the strength (or yield stress) throughout the lithosphere. Integrating
the strength over the entire thickness of the lithosphere results in the integrated strength of the
lithosphere. Because ductile rheologies are so strongly dependent on temperature (Table 3.1; Fig.
3.14), the integrated strengths (Fig. 7.14; Fig. 7.15) are characterised by similar patterns as the
thermal models (Fig. 7.6; Fig. 7.7). For both compression and extension, the hotter posterior
thermal model results in a weaker crust, especially in Central Europe and Turkey. Compared to the
prior model, larger parts of Europe in the posterior model have a low strength, which has
implications for the depth and distribution of deformation and earthquakes.

Figure 7.14: Maps of the prior (left panel) and posterior (right panel) integrated strength
under compression.
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Figure 7.15: Maps of the prior (left panel) and posterior (right panel) integrated strength
under extension.
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