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1 Introduction 
 
In order to interpret and calibrate geophysical exploration data, it is essential to know the variety of 
physical rock properties under in situ reservoir conditions. Therefore, this document shall provide 
basic information and understanding of the physical rock properties at high temperature and 
pressure conditions in order to design and develop proper exploration methods and interpret the 
results in geothermal terms with an interdisciplinary approach.  
 
This document is organized as follows. In chapter two we provide an overview of a new 
petrophysical database, compiled from existing literature data on rock physical properties. This part 
was prepared in collaboration with work package 6. The third chapter summarize the results of an 
extensive laboratory program to measure physical properties on rock samples from exhumed and 
active systems by laboratory investigations at temperatures up to 700°C. In chapter four, laboratory 
results are validated with in situ down-hole measurements of physical properties at virgin 
temperatures up to 340°C.  
 
 

2 Database of existing measurements of physical properties 
at reservoir temperature 

The database of petrophysical rock properties was generated in cooperation with WP6 and 
published in Deliverable D6.01. Here, the concept of the rock property database is summarized. A 
more detailed description can be found in D6.01 in Appendix 5.1. 

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. 
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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. 
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3 Measurements of geomechanical, electrical and hydraulic 
properties of rocks and electrical properties of pore fluids 
at conditions simulating high-enthalpy reservoirs  

3.1 Introduction 
 
The utilization of geothermal reservoirs needs detailed information of the underground from pore to 
regional scale. However, a realistic interpretation of geophysical surface measurements in terms of 
material properties in depth requires the knowledge of both the physical properties of the geothermal 
fluid and that of the rock interacting with the fluid at defined pressure and temperature conditions.  
Up to now, laboratory investigations at high temperature and pressure are limited to dry conditions 
and do not account for the effect of a pore fluid pressure on the physical properties of rocks, while 
experimental set-ups with the possibility of pore fluid flow are restricted to 250°C at maximum for 
technical reasons (e.g. Kristindottir et al., 2010). Thus, the aim of the ambitious, multi-faceted 
laboratory programme at the Université of Montpellier (UM) and GeoForschungsZentrum (GFZ) was 
to extend the existing petrophysical database (chapter 2) to temperatures higher 250°C up to 700°C. 
The provided data will be essential for the interpretation of geophysical investigations in magmatic 
environments (see IMAGE-WP4), and will allow for a better detection and exploration of 
unconventional very high temperature reservoirs, i.e. reservoirs, where supercritical fluids are 
expected to circulate.  
 
At the supercritical point, which is for pure water 374.21°C and 22.12 MPa, the physico-chemical 
properties of fluids change dramatically. Above the critical point the liquid – vapour phase boundary 
disappears and the physical properties of the single-phase fluid vary in response of changing the 
pressure and/ or temperature [Akiya & Savage, 2002; Freemantle, 2004; Jay-Gerin et al., 2008; 
McMillan & Stanley, 2010]. In particular, at a constant temperature small changes in pressure can 
result in densities, which vary continuously over a wide range from more gas-like to more liquid-like 
values. Additionally, even at liquid-like densities the viscosity remains low, which enhances the mass 
transfer and diffusion-controlled chemical reactions [Weingärtner and Franck, 2005] and causes 
mineral as well as fluid alterations. Also, ion mobility, ion concentration, and dielectric constant are 
affected by the change of physical state, what provokes the association of oppositely charged ions 
and precipitation of minerals [Quist & Marshall, 1966]. All this cause changes in the electrical 
resistivity of supercritical fluids and may have considerable effects on the resistivity and permeability 
of the percolated formation.  
 

3.1.1 Electrical conductivity 

The electrical conductivity is very sensitive to temperature, fluid composition and phase, but also to 
rock characteristics, such as porosity, pore space topology, mineralogy and alteration related to 
fluid-rocks interactions. There exists a broad experimental database on electrical properties of 
supercritical single component salt solutions (e.g. Quist et al., 1963; 1965; Quist and Marshall, 
1966; 1968; Ucok, 1979; Ho et al., 1994). However, to our knowledge, there exist no data for 
electrical properties of mixed brines, representing the composition of natural geothermal fluids.  
Also, the impact of fluid-rock interaction on the electrical properties of rocks and multicomponent 
fluids in a high temperature environment is scarcely investigated. Duba et al. [1997] and Milsch et al. 
[2010] studied the electrical resistivity of metashales and volcanic rocks in flow-through experiments 
up to 150 °C. Kuhlenkampff et al. [2005] and Llera et al. [1990] have investigated sandstones and 
volcanic rocks in the range of 25 – 250 °C. For near-critical and supercritical conditions, both the 
experimental database as well as theoretical assumptions becomes weak. Ucok et al. [1980] have 
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reported on resistivity measurements up to 350 °C; Fuji-ta et al. [2011] extended the temperature 
range up to about 830 °C to study the electrical response on dehydrating amphibolites, and Glover 
et al. [1990] have introduced an advanced experimental design for electrical conductivity 
measurements at temperatures up to 900 °C and up to 1 GPa confining and pore pressure. In this 
study only low-porosity - plutonic and metamorphic rocks are considered. So far, no data from 
magmatic environments and hydrothermally altered rocks existed under these conditions, as up to 
now no high temperature set-ups did exist which offer the possibility of pore pressure control. The 
main reason for the sparse data is the high technical complexity of appropriate experimental 
systems. 
It is worth to overcome the technical difficulties as these data measured at high temperatures and 
pressures can provide an important contribution regarding reservoir characterization.  
The aim of our contribution is: 

- to measure the intrinsic temperature-dependence of electrical conductivity of 
geothermal fluids up to supercritical conditions (31 MPa, 420°C) (GFZ) 
- to measure the electrical conductivity of fluid saturated rocks under controlled pore 
pressure, confining pressure and temperature (GFZ/ UM). Samples from active and fossil 
geothermal systems were considered. 
- to combine bulk rock properties and fluid properties and to evaluate the different 
contributions to electrical transport, i.e. contribution of fluid (conduction in the connected pore 
space), contribution of alteration minerals (electrochemical processes at the fluid-mineral 
interface - surface conduction), contribution of fluid-rock interactions and contribution of 
intrinsic mineral conduction (ionic or electronic mechanisms). 
 

3.1.2 Permeability 

The evolution of porosity and permeability under reservoir conditions is of crucial interest for 
predicting heat and mass transfers in unconventional reservoirs, where maximum temperatures that 
can be reached by fluids is directly dependent on the temperature of the permeable/impermeable 
transition (e.g. Fournier, 1999). Several models have shown the major importance of rock 
permeability on fluid flow in magmatic areas where heat sources are constituted by very hot 
geological bodies (cooling magmas and plutonic rocks). In particular, recent numerical models show 
that the presence of supercritical fluids at depth and the extension of supercritical zones are strictly 
dependent on the temperature of the brittle to ductile transition and on the absolute values of 
formation permeability (Scott et al. 2015). 
Rock permeability is strongly dependent on confining pressure, that is responsible for pore and 
crack closure and on temperature, which has a direct impact on rock matrix deformation. It is also 
very dependent on rock mineralogy, as mechanical characteristics of minerals will control the pore 
space evolution as a function of temperature and pressure. In magmatic rocks, and in particular 
volcanic rocks, pore space topology and mechanical properties of rock-forming minerals can be 
highly variable. Thus, prediction of permeability at depth is very uncertain. In addition, as for 
electrical conductivity, permeability measurements of such types of rocks under high temperature-
high pressure conditions – up to the brittle to ductile transition- are not investigated. Only indirect 
estimations of the transition temperature have been evaluated through deformation experiments by 
Violay et al. [2012], Violay et al. [2015] performed on fresh basaltic rocks. 
In this report, we present a set of measurements under extreme conditions in order to: 

- assess the evolution of permeability with temperature and pressure and consider the 
effect of mineralogy and pore space topology on permeability; evaluate the effect of 
mechanical and thermal damage on permeability (UM, GFZ). 
- evaluate the effect of fluid-rock interactions on permeability (GFZ), as dissolution-
precipitation processes may strongly affect the pore space. 
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3.1.3 Aim of the GFZ and UM contributions to the IMAGE project 

The aim of the UM contribution is to evaluate the effect of pressure and temperature on the rock 
properties during relative short-term experiments (a few hours) where fluid-rock interactions are 
supposed to be limited, and in conditions near the maximum temperature at which hydrothermal fluid 
may circulate (about 700°C, Violay et al., 2015). Experiments were performed under confining 
pressure corresponding to deep geothermal reservoirs (5 km, which correspond to ~150 MPa). For 
that purpose, the in-house Paterson apparatus at UM had to be adapted for measurements on 
centimetric samples, under pore fluid pressure (50 MPa), high confining pressure (150 MPa) and 
high temperature (up to 700°C). New measurements cells had to be developed, in particular a 
permeability device. Detailed information on the experimental set-ups and measuring procedures 
are described in Appendix 5.2.3.  
 
GFZ pursued two objectives: The main goal was the investigation of hydraulic and electrical 
properties of rocks as function of temperatures up to supercritical conditions. For this, an internally 
heated gas pressure vessel, configured for a maximum confining pressure of 60 MPa, was upgraded 
by a pore fluid pressure systems (ppore (max) = 40 MPa), which is now capable for the performance of 
high temperature long-term (2-3 weeks) flow-through experiments. The measuring cell allows for the 
use of relatively large sample volumes (l = 75 mm, d = 30 mm), what, on the other hand, limits the 
maximum working temperature up to now to 380 °C. Technical details as well as information on 
measuring procedures are given in Appendix 5.2.3. 
Beyond this, fluid systems have been studied to measure both the electrical conductivity of Islandic 
volcanic fluids in dependence of temperature as well the electrical conductivity of supercritical 
volcanic fluids in contact with volcanic rocks. This was done in a second self-developed flow through 
apparatus. Some of the results achieved with these two devices were released in two publications 
(Kummerow & Raab, 2015a, b).  
 
Physical properties have been measured on samples from different active or exhumed geothermal 
areas. 

1) Samples form drilled holes in Iceland, from high temperature fields (Reykjanes and 
Hengill). These samples have experienced very high temperature hydrothermalism and are 
representative of rocks that are potentially submitted to supercritical conditions. The 
Reykjanes field is a target for the IDDP-2 well that is planned to be drilled in end of 2016. 
This field is also intensively investigated using geophysical methods (WP4). The UM group 
have principally worked on these samples. Additional tests on fluid – rock interactions have 
been made at the GFZ. 
 
2) Samples from Elba Island (Italy), where deep metamorphic formations are considered 
as representative of the deep root of the Larderello Geothermal field, where supercritical 
conditions are expected. Preliminary experiments have been performed on these rocks (UM 
group). 
 
3) Samples from Geitafell volcano (Iceland) represent the exhumed root of a fossil deep 
geothermal reservoir and serve as proxy material of the recent Krafla hydrothermal system, 
as the geological setting is similar. These samples have been investigated by the GFZ. 
 
4) Samples from drilled holes in Krafla Geothermal field (holes KH1, KH3, KH5 and 
KH6). These samples have been selected in order to directly compare laboratory and 
geophysical investigations, in particular borehole geophysics performed in the frame of the 
IMAGE project. These samples have been jointly studied at the University of Montpellier, 
ISOR, and GFZ and their properties will be described for the most part in another report 
(Appendix 5.5). 
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3.2 High Temperature-High pressure experiments at Université of 
Montpellier. 

3.2.1 Samples 

3.2.1.1 Samples from active geothermal systems: Reykjanes and Hengill  

 
The University of Montpellier group focused its work on sample from Reykjanes peninsula and 
Hengill geothermal field, which are both active and exploited geothermal systems. Samples from five 
drilled holes in Reykjanes and Hengill Geothermal fields have been sent by ISOR to the University of 
Montpellier (Figure 1). These samples have been chosen for their high degree of alteration, 
supposed to represent high temperature conditions, possibly under supercritical conditions, in 
particular in the Reykjanes Geothermal system. In addition, they are representative of the lithology 
of the Icelandic upper crust, i.e. volcanic rocks deposited in typical Icelandic context (sub-glacial or 
sub-marine eruption) and plutonic rocks that representing magmatic intrusions. Table 1 summarizes 
the petrographic characteristics of the different samples. Extensive description of the samples, 
including petrographic description and petrophysical analysis can be found in Appendix 5.2.1. 

 
Figure 1. Location of drill holes in SW-Iceland, where the different samples used in this study come from. 
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Table 1. Sample location and principal petrographic characteristics. 
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3.2.1.2 Samples from Elba Island  

 
Metamorphic rocks are the host rocks of the deepest geothermal reservoir in the Larderello 
geothermal field. This reservoir has a great interest for geothermal exploitation as it is supposed to 
contain fluids at very high temperature/pressure-possibly under supercritical conditions (>25 MPa, 
400°C). 
However, interpretation of geophysical signals obtained in Larderello in terms of present day 
mineralization, fluid circulation, temperature, suffer from the lack of data regarding petrophysical 
properties of metamorphic rocks. Indeed such rocks are not well studied because, until now, they 
do not present economic interests.  
 
In this task, we propose to start a preliminary study on the some properties of Monte Calamita 
micaschist, a micaschist that is analogous to the one being present in the Larderello basement. 
One sample, MC1, have been sent to Montpellier by Domenico Liotta (University of Bari). Several 
other samples have been collected during a field trip in February 2015 in the Ginevro Mine. A field 
work and petrophysical study have been done in the frame of master internship by Gildas 
Beauchamps. 

Two samples have been selected for High-temperature and high-pressure investigations: MC1 and 
GIN-13. They are fresh, unaltered and non-mineralized biotite-rich micashists, composed of quartz, 
plagioclase (andesine), biotite and cordierite as accessory phase. Their porosity is lower than 1%. 
 
 
 

3.2.2 Petrophysical properties of volcanic rocks (Iceland) 

3.2.2.1 Permeability at HT-HP 

Sample permeability was measured first at high pressure in order investigate only the effect of 
pressure on the permeability and porous media. The experimental set-up is carefully described in 
Appendix 5.2.3. The use of plastic jacket at ambient temperature does not allow for measuring 
pressure and temperature effects on the same mini-core. On addition, at ambient temperature and 
even at high pressure, copper jacket is not soft enough to avoid parasitic fluid flow between the 
sample surface and the jacket. Effect of temperature can be investigated from about 200°C. 
 

3.2.2.1.1 Effect of pressure on permeability 

Experiments have been performed in the Paterson Press at room temperature (20°C  2°C). 
Confining pressure was increased first up to 40 MPa and then a constant pore pressure was fixed 
at 20 MPa (see Appendix 5.2.4, Table 2). Effective pressure, i.e., the difference between confining 
pressure and pore pressure was varied by varying confining pressure. In general, two cycles were 
imposed to the sample: one pressurization followed by a decompression and then a new 
pressurization. Permeability variations with pressure are represented in Figure 2 and will be 
discussed in Section 3.2.4. 
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Figure 2. Effect of effective pressure on permeability (constant pore pressure and variable confining 
pressure). Permeability units in y-axis may vary from one graph to other Investigated rock types: 
hyaloclastites (green symbols), dolerites (black symbols) and basalt (blue). 
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3.2.2.1.2 Effect of temperature on permeability 

Experiments have been performed in the Paterson Press at a given effective pressure. In the first 
run, the starting temperature is set between 100°C and 300°C as a minimum temperature is 
needed to soften the copper jacket and insure a good contact between the sample and the jacket. 
Two successive heating runs were usually performed in order to characterize irreversible changes 
within the samples during heating. Equilibration time refers to the time span at a given temperature 
before a measurement. During this duration, the sample may experience time-dependent 
mechanisms, such as chemical or mechanical destabilization (e.g., dehydration, creep). Table 2 in 
Appendix 5.2.4 show the experimental results and Figure 4 represent the evolution of permeability 
as a function of temperature. Results will be discussed in Section 3.2.4. 
 
 

 

Figure 3. Comparison of the effect of effective pressure on the permeability of different types of samples 
(first run). Hyaloclastites (in green) exhibit the lowest effect, while effects are stronger on dolerites (in black). 

100 MPa 
50 MPa 
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Figure 4. Effect of temperature on the permeability of Reykjanes and Hengill samples. Effective pressure is 
indicated in red. Hyaloclastites in green symbols, basalt in blue and dolerites in black symbols. For a given 
run, measurements are performed from low to high temperature. 

 

3.2.2.2 Deformation experiments 

 
Few deformation experiments in axial compression have been performed on two samples: RN-17B 
and NJ-17. The set-up and experimental conditions are presented in Appendix 5.2.3.1. These two 
samples have been chosen due their typical permeability evolution with temperature. RN-17B 
display a stable permeability with temperature up to 800°C, suggesting a stable porous network in 
respect to pressure and temperature, while NJ-17 show a strong decrease in permeability at 500°C. 
These observations suggest a typical mechanical behaviour of both rocks. Axial compression was 
performed on RN-17B at 700°C and an effective pressure of 100 MPa (Figure 5). The same type of 
experiment was performed on NJ-17 at 400°C and 500°C under the same effective pressure 
Figure 6 and Figure 7). For all the experiments, the strain rate was fixed at 10-5 s-1. 
 

 

100 MPa  

Figure 5. Strain-stress curve for sample RN-17B in axial compression at 700°C. 
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3.2.2.3 Electrical conductivity 

Electrical conductivity was measured in dry conditions in order to quantify the intra-mineral 
conduction, a contribution that can be very variable and temperature dependent given the complex 
mineralogy. Then the conductivity was measured under saturated conditions in order to investigate 
the contribution of electrolyte conduction and surface conduction. 

3.2.2.3.1 Dry electrical conductivity measurements at HP and HT 

  
Under dry conditions, conductivity was measured using the 2-pole configuration as described in 
Appendix 5.2.3.1 - Figure 10 (e.g. Ferri et al., 2013). Different heating cycles were performed for 
each sample in order to test the reversibility of the measurements. At some temperature steps, 
conductivity was measured as a function of time in order to test the sample equilibration (see 
Appendix 5.2.4, Table 3 and Figure 8). The logarithm of electrical conductivity is represented as a 
function of reciprocal temperature as conduction mechanisms in solids are in general thermally 
activated (Arrhenius law). 
 
 

Figure 6. On the left, strain-stress curve for sample NJ-17 in axial compression at 400°C. On the right, 
porosity reduction during axial compression 

Figure 7. On the left, strain-stress curves for sample NJ-17 in axial compression at 500°C.On the right, 
porosity reduction during axial compression. 
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3.2.2.3.2 Saturated electrical conductivity measurements at HP and HT 

 
In order to investigate electrical properties at supercritical conditions, we used the Paterson press 
and the two guard rings method to measure the samples impedances at high pressure and 
temperature (see Appendix 5.2.3.1- Figure 10 and 11 for technical description of the methods). We 
first measured resistivity on dry samples so as to access the minerals conduction behaviour with 
temperature. 
Three different types of salinities of saturating fluids were investigated: sea-water salinities (from 
3.8 S.m-1 to 6 S/m), low salinities (from 100 mS.m-1 to 130 mS.m-1) and near distilled water 
salinities (0.5 mS.m-1 to 15 mS.m-1).  Confining pressure was maintained at 100 MPa for all 
experiments and temperature was varied from ambient conditions to 600°C. The fluid pore 
pressure was let at 30 MPa. Total experiment duration was about 5 to 8 hours. This relatively short 
duration should limit the effects of fluid-rock interactions, as investigated in part 3.3.2 by the GFZ 
group on Icelandic samples.  
 
 
 
 
 
 

Figure 8. Electrical conductivity measured at a confining pressure of 100 MPa as a function of reciprocal 
temperature. 
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Distilled water measurements 
 
These measurements were performed in order to quantify the contribution of surface conductivity 
to the bulk conductivity (Figure 9). The conductivity of the fluid is so low that contribution of the fluid 
into the pore space is negligible compared to the bulk conductivity. Figure 9 represents the 
dependence of conductivity with temperature. In all the experiments, confining was 100 MPa and 
pore pressure was kept constant and equal to 30 MPa. 
 

 
Intermediate salinity measurements (see also Appendix 5.2.4-Table 5) 

 
High salinity measurements (see also Appendix 5.2.4 – Table 6) 
 
These measurements were performed in order to quantify the effect of fluid conductivity on bulk 
rock conductivity in the case where conduction by the fluid is expected to be dominant. The 
conductivity of the fluid is expected to be close to the one present in the Reykjanes Geothermal 
Field (sea water dominated). Results are plotted in Figure 11. 
 

Figure 10. On the left, normalized electrical conductivity in respect to room temperature conductivity 
at high pressure. On the right electrical conductivity as a function of temperature (K) measured at 
intermediate fluid conductivity. 

Figure 9. On the left, normalized electrical conductivity in respect to room temperature 
conductivity at high pressure. On the right electrical conductivity as a function of temperature (K) 
measured at low fluid conductivity. Confining pressure=100 MPa, pore pressure=30 MPa 
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3.2.3 Petrophysical properties of micaschit (Elba Island) 

 
Two sample have been selected for high temperature and high pressure experiments: MC1 and 
GIN13. They are biotite-rich micaschists with a very low porosity (about 1%, measured with a He 
porosimeter). The aim of the very preliminary experiments was to investigate the mechanical and 
electrical behaviour of these micaschist at high temperature, close to the supposed supercritical 
reservoir in the Larderello geothermal field.  

3.2.3.1 Deformation experiments 

 
Six experiments have been performed on the sample MC1 at a confining pressure of 100 MPa, a 
strain rate of 10-5 s-1 and temperature of 450 and 600°C. A pore pressure of 30 MPa was 
systematically imposed into the sample while the pore pressure evolution was recorded in order to 
record a possible dilatation or compaction of the sample during the experiments. When the sample 
dilates, additional pore space is created and pore pressure is expected to fill this new pore space, 
leading to a pore pressure decrease. Permeability was tentatively measured: even at ambient 
pressure, its value is very low, i.e. below 10-20 m2, a value that is below the resolution of our 
experimental set-up. 
Axial deformation experiments were performed using oriented samples: compressional 
deformation axis was oriented parallel, perpendicular or oblique to the foliation plane in order to 
detect a possible anisotropy of mechanical behaviour. 
Experimental parameters and measurements are given in Appendix 5.2.4 – Table 7. Peak stress is 
the maximum stress observed before the stress drop systematically observed on our 
measurements (Figure 12). Stress at 5% of finite deformation represents the stress observed 
during the steady state flow following the stress drop. This part of the stress-strain curves is related 
to sliding along the fault plane. The fracture angle was measured on post-run samples. 

Figure 11. Top: electrical conductivity as a function of temperature measured at high fluid 
conductivity.  Bottom, normalized electrical conductivity in respect to room temperature 
conductivity at high pressure. 
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Friction coefficient is the ratio between shear stress and normal stress calculated from deviatoric 
stress measured at 5% of finite deformation, confining and pore pressures and fracture angle.  

 

 

 

Figure 12. Stress-strain curves of the 6 experiments performed on the Elba micaschist MC1. Pore 
pressure evolution is also represented. In the sample names, the term -para-, -perp- and –obl- are 
referred to the sample orientation in respect to compression axis. 
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3.2.3.2 Electrical properties 

Electrical conductivity was measured under dry conditions using the 2-poles electrode 
configuration at a confining pressure of 100 MPa.   Conductivity was measured in the direction 
parallel and perpendicular to the foliation plane in order to detect a possible anisotropy. Different 
heating runs were performed for each sample. At 450°C and 600°C, conductivity was measured as 
a function of time in order to check the sample stability (Figure 13, Figure 14, Figure 15). 

 

 

 
 
 

Figure 13. Electrical conductivity of Elba micaschist GIN13 as a function of reciprocal temperature, 
measured along the direction perpendicular to the foliation. No time-dependent processes were observed 
for this sample. 

Figure 14. Electrical conductivity of Elba micaschist GIN13 as a function of reciprocal temperature, 
measured along the direction parallel to the foliation. In the run 1, a strong time-dependent increase of 
conductivity was observed at 450°C (1/T=0,0014K). 
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3.2.4 Discussion 

3.2.4.1 Permeability at high pressure and high temperature 

3.2.4.1.1 Samples from Reykjanes and Hengill 

 
The evolution of the permeability as a function of pressure displays a common decrease from 
ambient to highest pressure. This decrease is traditionally explained by a reduction of pore 
connections combined with a reduction of porosity. However, two major trends are observed in the 
samples (Figure 3).  
 
(1) On the one hand, the permeability of hyaloclastites display a moderate variation with pressure, 
from a quasi-constant permeability up to 120 MPa for RN-17B and RW-17B samples, to a linear 
decrease by a factor of 2 to 4 of the permeability (NJ-17, ÖJ-1). A small hysteresis is observed, i.e. 
the permeability measured at ambient pressure after a first run at the highest pressure is 
comparable to the one measured at the highest pressure. 
(2) On the other hand, dolerites and basalt display an important decrease of permeability over the 
effective pressure range, up to a factor of 100 for RN-19 sample. An important hysteresis is 
observed, showing that irreversible processes are responsible for permeability reduction. 
 
Such behaviour can be explained by the different nature of porosity among the samples, as shown 
by ambient conditions characterization (see Appendix 5.2.1 for a discussion on petrophysical 
properties of the samples). In hyaloclasites, pores are of intergranular nature, having a moderate 
aspect ratio as suggested for instance by acoustic results (see Appendix 5.2.1). Thus, their closure 
requires a rock matrix compaction that needs high mechanical stress. The linear decrease 
observed with pressure, as well as the slight hysteresis show that permeability reduction is mostly 
due to elastic deformation of the rock matrix. 
In dolerite, porosity is constituted by intragranular cracks and fractures localized at grain 
boundaries. Their aspect ratio is low, as shown by acoustic and electrical results, and closure of 
these cracks is efficient even at low effective pressure, showing a non-linear trend characterized by 
a rapid decrease of permeability between 0 and 40-50 MPa, followed by a linear trend. An 

Figure 15. Electrical conductivity of Elba micaschist MC1 as a function of reciprocal temperature. The terms 
–para- and –perp- are referred to sample orientation, measurement parallel to the foliation and 
perpendicular to the foliation, respectively. No time-dependent processes were observed for these samples. 
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irreversible closure of these cracks is observed, as ambient permeability is highly reduced after a 
first run at high pressure. This is a common behaviour observed in crystalline rocks where porosity 
is dominated by microcracks. 
Under pressures that correspond to deep geothermal reservoirs, such variation induces very large 
permeability contrasts. Hyaloclastites may have a relatively high permeability, between 10-15 and 
10-16 m2, while in dolerites and basalt, the porosity is dominated by intra and intergranular cracks 
allowing a low permeability, of about 10-18 to 10-19 m2  
 
At high temperature, different behaviours are observed (Figure 4): 
 

(1) In hyaloclastites, a quasi-linear permeability reduction is observed up to 500°C-
600°C for ÖJ-1 and NJ-17B, and even up to 800°C for RN-17B (Figure 4). The reduction 
factor is about 2 to 3 between ambient conditions and 500°C. A weak hysteresis is 
observed: in RN-17B, the ratio between the measured permeability at 500°C and the 
measured permeability at ambient temperature after the heating run is 1,5. 
 
(2) In the basalt NJ-17, a rapid and strong irreversible permeability reduction is 
observed as a function of time at 500°C and effective pressure of 100 MPa. About 1 hour is 
needed to reduce the permeability by a factor of 10. At 50 MPa, this reduction is observed 
at higher temperature. 

 
(3)  In dolerite, an increase of permeability is observed between 200 and 300°C. This 
increase is particularly strong in RN-19, where it reaches two orders of magnitude at an 
effective pressure of 100 MPa. At lower effective pressure (50 MPa), this increase is lower. 
The permeability increase is irreversible and permeability decreases slightly and linearly 
with temperature. 

 
 
Variations of permeability in hyaloclastites indicate that rock matrix and pore space is not 
influenced by temperature up to 600°C. Up to 800°C, nearly no permeability variation was 
recorded in RN-17B sample. This indicates that temperature dependent processes, such as creep 
of rock forming minerals, are not yet effective at these temperatures. If present, these processes 
would lead to a closure of pore and cracks when a confining pressure is imposed. In order to 
support this hypothesis, the sample RN-17B was deformed at 700°C under uniaxial compression 
at an effective pressure of 100 MPa. The strain-stress curve (Figure 5) displays an elastic loading 
followed by clear rupture and a constant stress deformation (about 350 MPa) due to sliding along a 
fault plane oriented at 35° from the compression axis, as seen on post-run sample. The peak 
stress is high (400 MPa) and friction coefficient is close to 0.8, a value consistent with the one 
generally obtained at low temperature (Byerlee, 1978) or at high temperature (700°C) in fresh 
basalts (Violay et al., 2015). This result is consistent with deformation experiments performed on 
fresh basalt that show that a basaltic matrix made of pyroxenes and plagioclase is still brittle and 
dilatant up to 800°C at laboratory strain rates (Violay et al., 2015). The massive presence of 
actinolite and epidote in RN-17B seems to not affect this behaviour. 
 
On the opposite, the sample NJ-17, a highly altered basaltic lava, exhibits a strong decrease of 
permeability that can be explained by irreversible processes such as creep of the rock matrix. To 
complete this observation, deformation experiments in axial compression have been performed on 
this sample (Figure 6). Strain-stress curves do not display a clear elastic loading, showing rapid 
and irreversible compaction behaviour over the whole strain range. The maximum stress is 
relatively low (200-350 MPa) for this temperature, and is strongly dependent on temperature (350 
MPa at 400°C and 250 MPa at 500°C). Volumetric measurements display an important decrease 
of porosity at 400°C and 500°C, which also show an important compaction behaviour. Post-run 
samples display a distributed deformation. 
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Compared to the other samples, in particular the hyaloclastites, this sample probably contains a 
highly deformable phase. Extensive presence of fine grained chlorite as alteration mineral in rock 
matrix may explain this behaviour, as chlorite, like other phyllosilicates, is expected to have a weak 
mechanical strength, although its intrinsic mechanical behaviour is poorly known. 
 
Finally, an anomalous behaviour is observed on dolerite where permeability increases at 
temperature of 200-300°C. This increase may be related to thermally induced stresses that lead to 
crack formation or crack re-opening. One hypothesis is that highly anisotropic dilatation of 
plagioclase crystals can lead to important local stresses that are able to reactivate closed fractures 
or create new fractures (e.g. Mainprice and Munch, 1993). Thermally induced cracking is 
commonly observed in rocks by heating a sample at room pressure (e.g. Vinciguerra et al., 2005 
for basalt, Darot et al., 1992 for granites). The combination of this effect and the fact that the 
dolerite RN-19 as a high grain size compared to other samples, may explain why this effect is only 
observed on this particular dolerite (and moderately observed in the dolerite RN-30). It leads to an 
increase of sample permeability. On a similar manner, microstructural observations on natural 
ophiolitic rocks suggest that the mechanism of anisotropic contraction is supposed to allow for 
cracks formation and fluid flow in the oceanic lower crust at very high temperature (>700°C) (e.g. 
Boudier et al., 2005). One important conclusion is that even at high pressure, these newly formed 
microcracks are preserved, indicating that a significant permeability can be maintained at in-situ 
conditions. 
 
Our results show that under pressures and temperatures where deep and hot geothermal fluids 
may circulate, a significant permeability can be expected in volcanoclastic rocks. Intrusions of 
magmatic bodies of doleritic compositions and microstructure constitute permeability barriers, while 
volcanoclastic rocks may be highly permeable, even at pressures corresponding to depth of 4 to 5 
km. However, in intrusive - low porosity rocks, such as dolerite, processes such as thermal 
cracking may be operant even at high pressure where a significant permeability can be expected. 
 

3.2.4.1.2 Micaschist from Elba Island 

 
A very preliminary investigation was performed on Elba Monte Calamita micaschist, a formation 
which is supposed to be representative of the deep reservoir in the Larderello geothermal field. As 
its permeability was too low to be directly measured on intact samples, deformation experiments 
have been performed in order investigate the mechanical behaviour of the micaschist. In particular, 
the aim of this study was to know if under high temperature conditions, up to 600°C, these biotite-
rich rocks were potentially brittle, dilatant and permeable. 
 
Deformation experiments performed at 100 MPa from 450°C to 600°C, under laboratory strain 
rates (10-5 s-1) show that the micaschist is always brittle under these conditions. After an elastic 
loading up to a strain of 1 to 2%, a clear rupture, followed by a stress drop, is seen on strain-stress 
curves (Figure 12). Peak stresses are relatively independent on sample orientation relative to the 
foliation plane, leading to a modest anisotropic behaviour of the samples (see Appendix 5.2.4 – 

Table 7). Stabilization of stress at strain higher than about 3% is related to frictional processes 
recorded on the newly created fault plane. Friction coefficient are nearly independent on sample 
orientation and consistent with the general Byerlee’s law. 
 
During some experiment, pore pressure decreases at the rupture, showing that new pore space is 
created and that the sample is dilatant. In some cases, pore pressure is constant. One hypothesis 
is that the pore pressure system is not connected to the fault zone into the sample, mostly because 
the sample is highly impermeable.  
 
To extrapolate these first investigations to reservoir rock conditions, effect on strain rate on rock 
deformation has to be studied, as natural strain rates are considerably lower than laboratory strain 
rates, leading to an overestimation of the brittle to ductile transition. 
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3.2.4.2 Electrical conductivity at high pressure and temperature 

 
We investigated electrical conductivity at elevated T and P conditions (100°C < T < 800°C and P 
up to 120 MPa) of drilled samples from the Reykjanes Peninsula (holes RN17B_hyaloclastites, 
RN19-RN30_dolerites), the Nesjavellir (holes NJ17_Basalts, NJ17B_hyaloclastites) geothermal 
fields. The sample ÖJ-1 was not investigated at high temperature-high pressure. From the different 
results obtained in dry and saturated conditions, different electrical behaviour have been observed 
on the various lithologies, showing that mineralogy and porous network are major parameters 
controlling electrical conductions. In this discussion, we will try to define the different processes 
leading to electrical conduction and define their relative importance. 
In a porous medium, comprising a solid matrix and a porous interconnected network saturated by a 
conductive electrolyte, three main types of electrical conduction can be distinguished: electrolytic 
conduction in the inner pore fluid present into the pore space, surface conduction at the interface 
between minerals and the electrolyte and semi-conduction in minerals.  
 

3.2.4.2.1 Dry conditions 

 
Semi-conduction in the solid matrix was examined by measuring electrical conductivity on dry 
samples. The measurements show for all the samples (Figure 8) a linear and reversible trend of 
the logarithm of conductivity as a function of 1/T up to 500-600°C. This behaviour is consistent with 
the Arrhenius law trend with temperature where one dominant conduction mechanism operates. 
The linear part of the curves was fitted by the Arrhenius equation: 
 

𝜎 =  𝜎0. exp (−
𝐸

𝑘. 𝑇
) 

 

Where  is the electrical conductivity, E is the minerals energy activation and k is the Boltzmann 
constant (k = 1.381.10-23 m².kg.s-2.K-1). The deduced apparent activation energies from the plots 
are: 
 
0.17 ev < ERN-17B < 0.45 ev, ERN-19 ≈ 0.26 ev, ERN-30 ≈ 0.19 ev, ENJ-17B ≈ 0.1 ev, ENJ-17 ≈ 0.23 ev. 
 
Except for the Hyaloclastite NJ-17B with very low activation energy, the other samples are quite in 
the same range. These relatively low activation energies correspond to electronic conduction 
through Fe2+-Fe3+ electron transfers in ferrous minerals such as actinolite and chlorite. In the same 
temperature range, Manthilake et al. (2016) report for chlorite an activation energy of 0,23 eV and 
Wang  et al. (2012), an activation energy of about 0,5 eV  for hornblende. Protons conduction may 
also contribute to this relatively low activation energy. 
Above 600°C (except for the basalt NJ-17 and the dolerite RN-19), we observe an irreversible 
increase of conductivity with a higher activation energy than the one observed up to 600°C. After 
reaching the maximum temperature, new cooling-heating runs display a linear conductivity 
variation with temperature and a very low activation energy. Conductivity values are systematically 
higher than the one measured in the first heating run. 
 
Possible origin of this increase is the appearance of a new phase due to the destabilization of the 
rock or the contribution of an ionic conduction whose activation energy is higher (e.g. Yang et al. 
2011). The irreversibility can be due to two distinct phenomena: 
 

- Dehydration: XRD analysis as well as thin sections observations on post-run samples 
have shown the disappearance of chlorite.  In these low-permeability rocks, the resulting 
dehydrating fluids can be stored in the pore space (grain boundaries, micro-cracks) through 
an interconnected network leading to an increase of conductivity. However, in these 
conditions, pore fluid pressure cannot exceed the confining pressure (100 MPa).  
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- Oxydation: dehydration may lead to oxidation of iron-bearing minerals, following the 
reaction Fe2+ + (OH)- = Fe3+ + H2 where hydroxyl (OH)- come from dehydration of minerals 
such as chlorite and actinolite. As mentioned by Wang et al. (2012) and Manthilake et al. 
(2016) for hornblende and chlorite, respectively, oxidation leads to an increase of 
conductivity by increasing Fe3+ - Fe2+ charge transfer and in some cases formation of 
conductive minerals such as iron oxide (magnetite) displaying very low activation energy 
(Mantilake et al., 2016). 

 
Absolute values of conductivity are about 2 orders of magnitude higher than dehydrated 
plagioclase-pyroxenes mixtures measured by Yang et al. (2011). However, considering that 
plagioclase and pyroxenes are probably hydrated in these rocks (i.e. water dissolved in the mineral 
interior), our values are slightly higher than the one obtained by Wang et al. (2011) in hydrated 
plagioclase and pyroxene mixture. Further comparison would require an evaluation of water 
content in the minerals. Combination of this possible effect and presence of alteration phase lead 
to a better understanding on the contribution of different conduction mechanism in the rock 
samples. In particular, under dry conditions, electrical conductivity may reach relatively high values 
because of dehydration processes linked to destabilization of alteration minerals at high 
temperature. 
 
 

3.2.4.2.2 Saturated conditions 

 
Electrical conductivity was also characterized at saturated conditions, over a wide gap of 
temperature and at different water salinities. Temperature varied from ambient conditions to 600°C. 
The fluid pore pressure was let at 30 MPa. Three different types of salinities were investigated: 
Sea-water salinities (from 3.8 S/m to 6 S/m), low salinities (from 100 mS/m to 130 mS/m) and near 
distilled water salinities (0.5 mS/m to 15 mS/m). 
 
Fontainebleau Sandstone. 
 
Fontainebleau sandstone was used to test the measurement method, as its behaviour regarding 
permeability and formation factor is almost constant over the whole pressure range and is 
measurable at ambient conditions. After determining its formation factor, and assuming that its 
surface conductivity is very low at room conditions (it is a clay-free sandstone), its electrical 
conductivity was measured using a saline water at 3,8 S/m. Electrical conductivity measurement of 
a water of the same composition was performed at GFZ up to 420°C at 31 MPa (Kummerow, pers. 
com). Thus, the electrical conductivity of the sandstone can be also modelled as the ratio of the 
fluid conductivity to the formation factor. 
 
Figure 16 shows the corresponding measurement of the electrical conductivity of the sandstone 
and the modelled one using electrical conductivity of the water alone and formation factor, 
assuming a constant formation factor. Rock electrical conductivity exhibits a bell curve as a 
function of temperature, which reveals the electrical behaviour of the saturating fluid (e.g. Quist 
and Marshall, 1968, Kummerow and Raab, 2015). Indeed when temperature increases, water 
density, constant dielectric and viscosity decrease (Figure 17). The sharp decrease of viscosity with 
temperature at earlier stage leads to increasing water ionic mobilities and is responsible for a linear 
increase of water conductivity. Near 250°C – 300°C, the slope of viscosity versus temperature 
diminishes considerably. This explains the plateau observed nearer these conditions of 
temperature. Due to a contribution of density decrease, the number of ions per unit volume 
decrease and thus above 400°C, water electrical conductivity strongly decreases.  
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In addition, this measurement displays an excellent agreement with models from room temperature 
to about 250°C, showing the validity of our measurement set-up. 
The gap observed at higher temperature between the tests achieved in the Paterson press (blue 
curve in Figure 16) with the model using the water resistivity measured in the set-up developed by 
Kummerow & Raab (2015) is supposedly due to the dissolution of quartz. Indeed, quartz solubility 
increases exponentially with temperature (e.g. Verma, 2000). Till 200°C, its impact can be 
considered as negligible for kinetics reason. Above this temperature, the dissolution may enhance 
the water conductivity by adding more electrical charge carriers. Surface conductivity may also 
play an increasing role due to important fluid-rock interaction at mineral interfaces.  
 
 
 

 

Figure 17. Water density, dielectric constant and viscosity variation in function of temperature (Quist et 
Marshall, 1968) 

Figure 16. Comparison between measured and modelled electrical conductivity on Fontainebleau sandstone 
(see text for details). 

pore fluid 
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Reykjanes and Hengill samples. 
 
Summary of the electrical conductivity on Icelandic samples is given in Figure 17, where 
measurements under dry and saturated conditions are presented. All the curves, except in dry 
conditions, describe a more or less bell curve. This behaviour is linked to water conductivity 
behaviour with temperature. Except from hyaloclastite NJ-17B (Figure 17b), there is a general 
increase of electrical conductivity with water salinity. This statement would agree with the fact that 
at higher water salinities, the surface conductivity contribution is more and more negligible in front 
of the water contribution. In the case of the hyaloclastite NJ-17B, the curves at low and high water 
salinities are more or less the same. This behaviour highlights the fact that surface conduction is 
dominant. CEC measurements achieved on this lithology (Table 1) show the highest values among  
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the various samples. We also observe a general trend which is another increase or plateau of 
electrical conductivity starting from nearer 450°C, whereas water electrical conductivity still 
decreases to very low values. Our interpretation is that when the fluid conduction and surface 
conduction decrease, above 450°C, it reaches a stage where minerals conduction (electronic 
conduction as described above) becomes more and more dominant. This could explain the 
increase or plateau observed at higher temperatures. Oxidation effects, that are supposed to lead 
to an increase of electrical conductivity in presence of dehydration products, may be also present 
in presence of a saturating fluid. As a comparison, these effects are apparently absent in the 
Fontainebleau sandstone, where conductivity is very low at temperature higher than 500°C. Glover 
and Vine (1995) have also reported such a difference between felsic and mafic rocks: in quartzite 
and granite, conductivity of the fluid saturated rocks decrease above 400°C, whereas in mafic 
rocks, conductivity increases slowly at high temperature. 
 
An important point in characterizing saturated rocks resistivity at supercritical conditions is to be 
able to quantify the influence of the surface/minerals conduction face to the electrolyte conduction. 
To achieve this aim, a precise knowledge of the formation factor evolution with temperature and 
pressure is needed. We observed previously that the samples behaved differently when taking into 
account temperature. To determine the influence of these structural changes on the formation 
factor, we need to focus on each temperature and measure at many salinities different rocks 
coming from the same borehole. This task is time consuming and literally impossible to achieve 
because of the limited number of samples in our possession. Therefore, we can qualitatively and 
quantitatively give a gap of confident on surface conductivity variation and degree of influence on 
overall rock conductivity. For this, we have chosen to determine surface conductivity into two 
different conditions, giving us intervals of variation: 
 
 

Figure 17. Resistivity as a function of temperature and salinity for Hyaloclastites RN-17B (a) - NJ-17B (b), 
Dolerites RN-19 (c) - RN-30 (d), and basalt NJ-17 (e). The light grey domain delimits the measurements 
under dry conditions for comparison. 

Figure 18. Deduced surface conductivity for sea-water salinity measurements for four lithologies 
assuming constant and variable formation factor F. Black curves represent conductivity measured at 
very low water salinities on the same sample. 
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- Constant formation factor during heating: For most of the rocks (except the dolerite 
RN-19), we observed a general decrease of permeability with temperature. Keeping a 
constant formation factor during the heating tends to underestimate the formation factor, 
thus underestimate the surface conductivity. We then have the surface conductivity lower 
bound. 
 
- Variable formation factor during heating: assuming an insulating matrix with 
cylindrical pore channels of the same tortuosity and diameter, a fluid flow equation 
associated to saturating electrolyte conduction through the pore channels lead to a 
permeability which is proportional to the inverse of the formation factor (Paterson, 1983). In 
practice, the formation factor varies less (Barnabé et al., 2016) due among others to pores 
connectivity. Considering k proportional with F-1, it gives the upper bound of surface 
conductivity. 
   

The calculation show that for sea-water measurements (Figure 18), we have a very narrow interval 
of variation of surface conductivity despite high variations of permeability and influence on 
formation factor. 
 

For the rocks with high initial CEC measurements (e.g. NJ-17, NJ17-B), surface conductivity 
values are high. Thus there is a direct link between CEC and surface conductivity behaviour with 
temperature. In addition, surface conduction depends on water salinity. Surface conduction 
deduced at sea-water salinity conditions is considerably higher than the one deduced from 
measurements at very low salinity. Indeed, surface conduction depends on its adsorption surface 
and on the number of cations present in the electrolyte willing to adsorb on the surface and create 
the conduction double layer. The more ions are present in the solution the more complete will be 
the double layer on pore surface and the higher will be the surface conductivity. 
 

 

Figure 19. Contribution of surface conductivity to the bulk rock conductivity as a function of 
temperature. 
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To quantify its contribution to rock conductivity, we plotted the ratio of surface conductivity with 
rocks conductivity versus temperature (Figure 19). The contribution of surface conductivity with 
temperature generally increases. Indeed, at supercritical conditions, the electrolyte properties of 
electricity transport are diminished. Given the results we obtained with dry samples, surface 
conduction is the main source of conductivity till nearby 450°C – 500 °C, after what we observe a 
decrease of surface conductivity contribution linked to strong variation of fluid properties at 
supercritical conditions. At higher temperature, as discussed previously, intra-mineral conduction 
begins to become significant. 
 

3.2.4.2.3 Electrical conductivity of Elba micaschist 

A very preliminary investigation was performed on Elba Monte Calamita micaschist, a formation 
supposed to be representative of the deep reservoir in the Larderello geothermal field. Electrical 
conductivity of Elba micaschist, a biotite-rich micaschist containing quartz and andesine 
plagioclase as dominant minerals and cordierite as accessory phase, was determined at high 
temperature (up to 600°C) and high pressure (100 MPa). 
 
The sample MC1 displays a linear increase of the logarithm of conductivity with reciprocal 
temperature during the second run (Figure 15). No change of conductivity with time was observed 
along the examined temperature range. During the second run, a small hysteresis is found, leading 
to a lower conductivity than the one measure in the first run. This effect is probably due to removal 
of moisture present in the sample in the first run and was described by other authors (e.g. Yang et 
al., 2011). 
Conductivity measured parallel to the foliation is higher by 1.5 orders of magnitude than the one 
measured perpendicular to the foliation. This important anisotropy decreases up to the maximum 
temperature (one order of magnitude at 600°C). 
Activation energy over the second run are of 0.21 eV and 0.35 eV in directions parallel and 
perpendicular to the foliation, respectively. These low activation energies suggest electronic 
transport, probably within biotite crystals, the only iron-bearing mineral present in the rock. 
Anisotropy of the rock is linked to the combination of a shape-preferred orientation of biotite 
crystals, which form a continuous network along the foliation plane and a highest electrical 
conductivity of this crystal compared to quartz and plagioclase. These conclusions are consistent 
with the ones found from measurements on biotite-rich gneisses (Fuji-ta et al., 2007). 
Comparison of the data with measurements on plagioclase (Yang et al., 2011) indicates that 
activation energy in plagioclase is higher by a factor of two to three than measurements in our 
samples. In plagioclase, conduction is due to sodium diffusion, but also to hydrogen diffusion when 
water is present as impurities in plagioclase, as water concentration influences the conductivity of 
plagioclase. 
 
Concerning GIN13, in direction parallel to the foliation, a strong time-dependent process as well as 
a quasi-constant conductivity with temperature reveal an experimental problem or very unstable 
mineral present in the sample (Figure 14) However, sample GIN13 displays a similar behaviour 
than the one observed in MC1 in the direction perpendicular to the foliation (Figure 13). Absolute 
value fall within the conductivity range and no hysteresis is found after a high temperature 
measurement. 
 

3.2.5 Conclusion 

 
The measurements of physical properties of different types of magmatic rocks highlight very 
different behaviours depending at a first order of lithology, i.e. rock composition and microstructure. 
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Permeability can be highly dependent on lithology. Hyaloclastites may exhibit a relatively constant 
and important permeability up to 800°C, whereas other types of rocks may have a very low 
permeability at 400°-500°C at a confining pressure of 100 MPa, corresponding to a depth of about 
4-5 km. Under reservoir conditions, observed processes such as thermal cracking may increase 
the permeability, whereas creep of the rock matrix may lower considerably the permeability. These 
variations of permeability have to be considered, as fluid flow will primarily control the amount of 
heat and mass transferred from heat sources, i.e. cooling magmas, and will also control the 
formation and preservation of supercritical fluids at depth (e.g. Fournier, 1999, Scott et al. 2015). 
 
Measurements of electrical conductivity highlight the role of alteration mineralogy, especially under 
high temperature conditions. Various processes operating at the mineral scale may explain 
conductivity variations with temperature, such as dehydration, oxidation, conduction at mineral/fluid 
interfaces. High temperature alteration minerals, from chlorite to epidote and actinolite, have a 
strong impact on rock conductivity at high temperature, whereas their impact at lower temperature 
is generally weak. Further analysis of these petrophysical data would require microscale analysis 
on post-run samples. In addition, an important parameter that has not been considered in our 
analysis is the potential presence of fluid-rock interactions in our experiments, which may for 
instance modify the fluid compositions and the electrical properties of the fluid-rock system, as 
apparently seen on the experiments performed on the Fontainebleau sandstone. These 
interactions will be carefully investigated in the next part (part 3.3) via independent measurements 
of fluid and rock properties and by analysing the fluid chemistry during high temperature 
experiments (GFZ). 
 
 

3.3 High Temperature – High Pressure experiments on fluid and rocks 
at German Research Centre of Geosciences (GFZ) 

 
For petrophysical measurements at the GFZ in total 13 samples from different localities in Iceland 
were kindly provided by ISOR (Figure 20). For resistivity and permeability measurements at 
simulated reservoir conditions a sample was taken from each location. Samples RN-17B is a 
borehole sample, selected from a geothermal well in the Reykjanes area, SW-Iceland. Another 
geothermal field of interest is Krafla in N-Iceland, where a further drill core (KH5-09) comes from. 
GG1-pDol was drilled surface-near from a fossil, exhumed geothermal system at Geitafell, SE-
Iceland. This area serve as proxy of the recent Krafla hydrothermal system, as the geological 
setting is similar. An overview of all samples, locations, depth of coring, and classification after 
information from ISOR is given in Table 1 in Appendix 5.2.2. 

Corresponding to the available rock samples from Krafla and Reykjanes, synthetic brines of Krafla 
composition (15.4 mM/l NaCl, 0.721 mM/l CaCl2, 0.643 mM/l K2SO4) and Reykjanes composition 
(369 mM/l NaCl, 34.4 mM/l CaCl2, 31.3 mM/l KCl, 0.21 mM/l NaSO4) were prepared after literature 
data from high-purity salts and degassed distilled water [Arnórsson et al., 2008]. Krafla fluid is a 
meteorically affected diluted solution with a fluid conductivity of σfl = 0.206 S/m at ambient 
conditions, while the Reykjanes fluid is of seawater concentration (σfl = 3.8 – 4.2 S/m). For the 

experiments, the fluids were stored in Teflon-lined reservoirs with a total capacity of 4 l. To 
minimise the oxygen content of the brines, they were flushed with nitrogen for 24 h and then put 
under nitrogen pressure permanentl to avoid corrosion of the flow through unit and the input of any 
impurities. 
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Figure 20.  Locations and principle characteristics of samples, which were studied at GFZ. Red sample 
labels refer to samples, which were chosen for HP-HT experiments.  

 

3.3.1 Experimental investigations of hydrothermal fluids at HP-HT  

3.3.1.1 Electrical conductivity of Krafla and Reykjanes fluids 

Fluid resistivity measurements have been performed in an externally heated flow-through system 
at various pressures and temperatures. (For details of the technical device and data acquisition 
see Appendix 5.2.3.) The critical point of pure water occurs at 374.21°C and 22.12 MPa. Phase 
diagrams of water and H2O-NaCl systems show that phase transitions in pure substances are 
sensitive to the presence of solutes [e.g. Driesner & Heinrich, 2007]. Hence, for the studied brines 
the temperature and pressure of the critical point was expected to be shifted upward.  

Accordingly, the electrical resistivity of the synthetic Krafla fluid was measured for increasing 
temperatures ranging between 23 – 380°C at a constant fluid pressure of 23 MPa. Due to its 
higher salt content the Reykjanes fluid was studied in a temperature range of 23 – 420°C at a 
constant pressure of 31 MPa. In both studies we assume the achievement of the critical point in 
the measuring cell, when the electrical resistivity increased abruptly up to the 2.5-fold within a few 
seconds.  

The results of the resistivity measurements are plotted in Figure 21a and Figure 22a (for data see 
also Appendix 5.2.4 – Table 10). For comparison, the resistivity of NaCl solutions of similar salinities 
are plotted (Quist & Marshall, 1968; Ucok, 1979). The consistency in the datasets points to a high 
reliability of our new measuring system. With increasing temperature, both, the resistivity of the 
Krafla as well as of the Reykjanes fluid, decreased to a minimum at 242°C and 245°C, respectively, 
and increased slightly at higher temperatures. At the critical temperature, which is for the Krafla 
fluid at 374.6°C, the fluid resistivity in the hot zone increased abruptly by 44 % within a few 
seconds. The critical point of Reykjanes fluid is also displayed by a soaring resistivity. However, 
compared to the Krafla fluid, here a less pronounced increase was observed. This can be 
explained by technical reasons, as here capillaries made of an Al-Si-O composite ceramic were 
used, which have been altered in the supercritical fluid. Details are given in section 3.3.2. 

Krafla 

Geitafell 

Reykjanes 

KH5-09 

GG1-pDol 

RN-17B 
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Figure 22. (a) Electrical resistivity of a synthetic Reykjanes brine in dependence of temperature. For 
comparison, resistivity data of Ucok (1979) for a 3 wt% NaCl solution measured at 31 MPa are plotted. Error 
bars of ± 5% are given. (b) Electrical resistivity of the Reykjanes fluid after exposure to supercritical 
conditions. Measurements were performed at room temperature and atmospheric pressure. 
 

At the end of each temperature step, which was held constant for several hours, the percolated 
fluid was released from the down-stream pump to ambient conditions and electrical conductivity 
was measured with a commercial conductivity sensor. As long as the Krafla and the Reykjanes 
solutions were in the fluid phase (below the critical temperature), the resistivity of the percolated 
fluid samples showed no changes with regard to the initial values of 0.21 S/m and 3.80 S/m.  
Above the critical point for the Krafla fluid collected from the down-stream pump a significant 
increase in resistivity by 24% was detected (Figure 21b). Obviously, the residence time of the fluid 
in the measuring cell is a vital factor for the loss of charge carriers. At two measuring points the 
flow rate of the Krafla fluid has been varied from our standard flow rate of 0.1 ml/min: a lower fluid 
conductivity has been obtained for a flow rate of 0.05 ml/min, which doubled the residence time 
from approximately 5 minutes to about 10 minutes, while for a flow rate of 0.3 ml/min at 378°C a 
slightly higher conductivity was measured. For decreasing temperatures resistivity data are 
reversible and no hysteresis was observed between heating and cooling cycles down to 100 °C 
(Figure 21a). However, at lower temperatures the resistivity of the cooled fluid in the measuring cell 

Figure 21. (a) Electrical resistivity of a synthetic Krafla fluid in dependence of temperature. For 
comparison, resistivity data of Quist and Marshall (1968) for a 0.015 molal NaCl solution along the 222 
bar isobar are plotted. Error bars of ± 3% are not presentable, because they are of the symbol’s size. 
(b) Electrical conductivity of the Krafla fluid after exposure to supercritical conditions. Conductivity 
measurements were performed at room temperature and atmospheric pressure. Note that exposure 
times vary with the applied flow rates and affect the conductivity values. 
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became considerably lower. This is probably attributed to the successive dissolution of salt 
precipitates in the fluid.  
For the Reykjanes fluid flow rates have been kept constant during the experiment and the flow was 
stopped only during the fluid release procedure at the end of each temperature step. The resistivity 
of the fluid collected from the down-stream pump had increased here only by about 5 %, which 
points to the input of new charge carriers and a strong influence of the measurements by electrode 
alteration at supercritical conditions.  
 

 

3.3.1.2 Discussion of fluid resistivity as function of temperature 

For the Krafla fluid, a diluted aqueous solution, the critical temperature is shifted only marginal from 
pure water (374.2°C), as for a temperature of 374.6°C resistivity measurements indicate 
supercritical conditions. For the Reykjanes fluid, a brine of nearly seawater concentration, the 
critical point was detected at much higher temperature (405.4°C). Generally, our measured data 
are in good agreement with those reported by Quist and Marshall [1968] for a 0.0149 molal 
aqueous NaCl solution (0.87 g NaCl/ 1000g H2O) and with those of Ucok [1979] for a 3 wt% NaCl 
solution (30 g NaCl/ 1000g H2O) both obtained for static conditions (without fluid flow). Slight 
deviations from literature data were observed and may be primarily due to variations in the fluid 
chemistry and electrolyte concentration.  
Following the interpretation of Quist and Marshall [1968] and Ucok et al. [1979] the temperature 
dependent decrease in fluid resistivity in the liquid state is controlled by a complex interaction of 
changes in viscosity, density, and dielectric permittivity of the solution. Up to 300°C the viscosity of  
 

 
Figure 23. Cation concentration in Krafla fluid exposed to different temperatures. The residence time of the 

fluids in the hot zone was 2 minutes at minimum and 10 min at maximum. 
 

water decreases sharply and causes a rapid increase in ion mobility and hence the decrease in 
electrical resistivity. At higher temperatures the viscosity reduction subsides considerably. 
Therefore, ion mobility does not increase as rapidly as observed at lower temperatures. Moreover, 
thermal expansion, accompanied by a decrease in the isobaric density of the solution, reduces the 
number of ions per unit volume and counterbalances the effect of ion mobility. Also, the dielectric 
constant decreases with decreasing fluid density, promoting the association between oppositely 
charged ions and the precipitation of salt. This effect is intensified when reaching the critical point, 
as for fluid pressures near the critical point (this study) the density decreases rapidly and causes a 
sharp increase in resistivity. The residual solubility for NaCl at the critical point is in the order of 
100 mg/l [Shaw et al., 1991]. Taking into account that the Krafla fluid contains 900 mg/l NaCl + 112 
mg/l K2SO4 + 80 mg/l CaCl2 and the synthetic Reykjanes fluid the 28-fold, there is a noticeable 
potential for salt precipitation. The removal of charge carriers due to the precipitation of salt is a 
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reasonable explanation for the observed decrease in conductivity measured in the fluids collected 
down-stream. ICP-MS analyses of the fluid samples show that samples exposed to temperatures 
above the critical point are depleted in Ca2+ (Figure 23). The concentration of Na+ is slightly 
reduced and that of K+ remains constant within the error. These observations are consistent with 
XRD analyses of the precipitates, found at the corundum capillaries and in the measuring cell itself, 
which were identified as CaSO3, NaCl, KCl minerals. However, the main phase is a stoichiometric 
mixture of all present ions. It is assumed that partly, precipitations of NaCl and KCl were dissolved 
in the cooling fluid due to their good solubility in water (358 g/l and 347 g/l, respectively). This 
again cause the lower resistivities of the percolated fluid compared to the fresh fluid during heating 
up, and is on the other hand, a reasonable explanation for the minor decrease in Na+ and K+ 
concentrations in the released fluids. In contrast, CaSO3 has only a minor solubility in water of 2 g/l 
at 20°C and preferentially precipitates, what substantially reduces the concentration of Ca+ in the 
released fluid. 
 

3.3.2 The influence of fluid-solid interaction on the electrical 

resistivity of fluids 

3.3.2.1 Preliminary tests 

Batch experiments have shown that the composition of fluids can significantly alter in dependence 
of permeability, temperature, pressure, chemical composition of the offered solid material, and the 
fluid solid contact area (Tsuchiya et al., 2015). This behaviour is intensified at supercritical  

 
 
Figure 24. Quartzite cores. The upper sample was exposed to supercritical water for 48 hours. The broken 
line traces its initial contour. For comparison, the lower core is the untreated twin sample. 

 
conditions. Above the critical point the mass transfer and diffusion-controlled chemical reactions 
are enhanced and cause the dissolution of solids, what can be clearly seen from a quartzite 
sample, we have tested in a flow-through experiment (Figure 24). The core with an initial diameter 
of 4.5 mm and an initial length of 33 mm was bathed by distilled water at a temperature of 376°C 
and a fluid pressure of 22.3 MPa. After 48 hours at supercritical conditions the quartzite was 
quenched and dismounted. However, only an exiguous remnant of the former cylindrical core was 
found in the measuring cell, while a remarkable portion of the sample obviously was dissolved. The 
test was performed at the beginning of the project, in the course of a series of material tests. Thus, 
neither resistivities were determined nor fluid samples have been taken.   

As mentioned above, for the electrical measurement on the synthetic Reykjanes fluid the 
electrodes and the thermocouple were glued into an Al-Si-O composite ceramic instead of an Al2O3 
ceramic. When reaching the critical temperature the resistivity began to incline rapidly, what is in 
agreement with published data [Quist and Marshall, 1968]. However, this increase was stopped 
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and abruptly inverted into a steep decrease of resistivities by 77 % (Figure 22a). This behaviour 
can be attributed to dissolution of the ceramic capillaries in the supercritical environment. At 
supercritical temperatures slight oscillations of resistivities around a mean value of 0.14 Ωm were 

observed. After 14 days of fluid circulation at supercritical conditions the adjustment of a constant 
flow rate and of the fluid pressure became difficult, indicating plugging at the down-stream capillary  

 

Figure 25. (a) Precipitations from the measuring cell from the reaction Reykjanes fluid – Al-Si-O-composite.  
SiO2 precipitates from chips, like in the middle of the image or possess a cauliflower texture (b). 
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Figure 26. (a) The untreated Al-Si-O composite ceramic capillary. (b) Cross-section of the capillary after the 
exposure to synthetic Reykjanes fluid for 14 days at p = 310 bar and Tmax = 415°C. (c) The SE-image reveals 
a zonation of the altered rim. (d) Detail of the outer rim of the altered capillary with reaction front. (e) Close-
up of the reaction front and the inner part of the altered rim. Note the change in texture from solid to fine-
acicular. (f) Inner capillary tube with thin alteration zone. 
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Table 2. SEM analyses of the capillary cross-section. 

 
 
system. Therefore, the experiment was stopped. As the fluid is channeled through a filter with 
particle retention size of 10 nm before it enters the down-stream pump, no solid material was found 
in the released fluid samples. However, after several weeks all fluid samples exposed to 
temperatures > 370°C have changed into a colloidal suspension.  

After disassembling of the system a considerable amount of scalings were found on top of the 
ceramic capillaries as well as in the measuring cell. XRD and SEM analyses of the scalings 
revealed that most of the particles were precipitations of SiO2 (Figure 25). However, also minor 
amounts of NaCl were identified, which has preserved its cubic habitus in the NaCl undersaturated 
fluid after cooling. SiO2 particles also were found in the fluid filter, which was clogged completely 
after the release of the fluid pressure. The high amount of Si originates from the composite material 
of the ceramic capillaries, which extended far into the hot zone of the set-up and underwent a 
pervasive alteration. Structural changes of the Al-Si-O composite ceramic were apparent already 
from macroscopic inspection. In cross-section, a white alteration rim stands out clearly from an 
unaltered inner zone (Figure 26b). From SEM analysis it is apparent that the outer rim is 
considerable depleted in Si and consists of a 700 µm thick porous layer of fine Al2O3 spicules with 
a low Si content (Figure 26e and Table 2). In contrast, at the inner capillary tube the alteration is 
much less pervasive and the reaction front extend into the material only by about 10 µm. As the 
capillaries were sealed with epoxy resin at the cold end, no fluid flow was possible and the fluid 
stagnated in the tube. As a result, alteration obviously has proceeded here much slower. Basically, 
the supercritical fluid did not affect the inner zone of the capillary and it still possesses the same 
massive texture and chemical signature as the untreated composite ceramic shown in Figure 26a. 

3.3.2.2 Experimental procedure 

To study the influence of fluid – solid interactions at supercritical conditions on the electrical 
properties of rocks in more detail, the fluid flow-through set-up, described in Appendix 5.2. was 
slightly modified and the sample area was extended to a total length of 12.8 cm to enlarge the 
sample volume. For this, shorter corundum electrodes (565 mm each) were placed in the set-up. 
Resistivity measurements were equal to the procedure described above. For the test we have used 
sample RN-17B, a hyaloclastitic breccia with a high porosity (13.64 %). In total 7 core fragments 
were placed in the measuring cell as it was impossible to prepare a single core of 120 mm at a 
diameter of 4.6 mm in maximum. As the fluid flow-through unit is operated without a confining 
pressure, the fluid was allowed to circulate around the sample, which had no contact to the 
electrodes. Hence, measured resistivities do not represent the bulk resistivity of the rock, but that 

of the system (measuring cell), which is at room temperature 0.917 m and thus, about an order of 
magnitude lower than the intrinsic rock resistivity. As the hyaloclastitic breccia was sampled at the 
Reykjanes geothermal field, the corresponding synthetic fluid was used as circulating fluid. For 
fluid saturation the system was evacuated by a vacuum pump and flooded with the synthetic 
Reykjanes brine at a pressure of 20 Pa. System resistivity was monitored for increasing 
temperatures in a range of 24 – 422°C at a constant fluid pressure of 31 MPa and a constant flow 
rate of 0.1 ml/min.  
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3.3.2.3 Results and Discussion 

The results are plotted in Figure 27a. Apparently, the measured system resistivities follow the 
characteristic trend described before. With increasing temperature the system resistivity decreased 

and exhibited a first minimum of 0.199 m at 297°C. Up to the critical temperature at 405.36°C the 

resistivity increased steeply to a maximum of 1.33 m, but dropped exhaustively by nearly 85 % to 

0.175 m, when the critical point was exceeded. Again a certain oscillation in the resistivity values 
was observed at supercritical conditions. Thus, the values given for supercritical temperatures are 
mean values for distinct temperatures. The oscillation of resistivities at supercritical conditions may 
indicate a dynamic interplay of ion depletion by mineral precipitation and the input of new charge 
carriers due to mineral dissolution.  

Fluid samples were taken for every temperature level that was held constant for at least 6 hours. 
Supercritical conditions have been applied for 48 h. The electrical conductivity of the cooled fluid 
samples were controlled by use of a commercial fluid conductivity sensor, before the fluid samples 
were chemically analysed with a mass spectrometer. Up to exposure temperatures of 380°C nearly 
constant fluid resistivities have been measured, whereas for higher temperatures significantly 
higher values were detected (Figure 27b). The fluid resistivity rose by 13 %, pointing to a depletion 
of charge carriers due to association of ions and precipitation of minerals. At supercritical stage the 
loss of charge carriers is partly counterbalanced by the dissolution of rock-forming minerals and 
the input of new charge carriers. Thus, for the fluid exposed to 422°C the resistivity has declined, 
but is still higher than in the initial fluid. At the end of the experiment, after switching of the furnace, 
still fluid was percolated through the measuring cell. The fluid collected during this phase shows a 
much lower resistivity compared to the initial values, what most probably displays the dissolution of 
the precipitates in the cooling fluid. 

Another indication for the dissolution of minerals is given by mass spectrogram analyses of the 
sampled fluids (Figure 28a). Especially, for Si a continuous increase in ion concentration is 
revealed for increasing temperatures, indicating a beginning mineral dissolution above 150°C. At 
near-critical conditions also Al and Pb as well as the rare earth elements (REE) are more 
intensively dissolved (Figure 28b). 

 

 

Figure 27. (a) Electrical resistivity of fluid saturated sample RN-17B (black dots) and of the surrounding fluid 
(synthetic Reykjanes fluid; blue dots) as function of temperature. (b) Electrical resistivity of a synthetic 
Reykjanes fluid exposed to sample RN-17B at different temperatures. Measurements were performed at 
room temperature and atmospheric pressure. The blue diamond represents the fluid flowing through the 
measuring cell during cooling of the system.  
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Figure 28.  Cation concentrations of main elements (a) and rare earth elements, REE (b) in fluids exposed to 
sample RN-17B at different temperatures.  

After the experiment the rock cores showed a dark-red colouring, which is especially pronounced 
at the fluid inflow (Figure 29b). No precipitates were found in the measuring cell. However, halite 
cubes were identified at the surface of the rock cores (Figure 29c). Despite these attachments, 
weighing of the dry sample cores before and after the percolation experiment revealed a mass loss 
of 2 wt%, what is a minimum estimate. Additionally, for the largest sample core porosity was 
determined before and after the treatment and indicates an increases in porosity by 2.5%.  

 

 

Figure 29. Cores of sample RN-17B (a), which were exposed to supercritical conditions for 48 h (b). Note 
the dark-red discolouration at the sample fragments. (c) Halite cubes precipitated on the sample surface. 
The lower figures show SEM images of the plagioclase minerals in the original material and in the treated 
sample. Red arrows mark dissolution features. 
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3.3.3 Experimental investigation of fluid-saturated rocks 

3.3.3.1 Measuring procedure 

To determine electrical and hydraulic bulk properties of rocks relatively large rock cores (l = 75 mm, 
d = 30 mm) were jacketed with gold tubes, connected to a fluid capillary system and placed in an 
internally heated gas-pressure vessel. Then, a low confining pressure (pconf = 6.5 MPa) was 
applied. For sample saturation the total system including test core, capillaries, valves and pressure 
sensors was evacuated. At a pressure of 20 Pa the system was flooded with the synthetic pore 
fluid delivered by the brine pump at a low injection rate (Q = 0.05 ml/min). Concurrently, the 
electrical resistivity was monitored. We assume full sample saturation, when the resistivity reached 
constant values. Then the flow was stopped, the set-up was connected to the downstream pump, 
and both the confining and the pore pressure were incrementally increased up to the pressures 
aspired during the experiment (pconf = 26 MPa, ppore = 22.2 MPa). The sample was allowed to 
equilibrate to experimental conditions for about 24 h before the experiment was started at isobaric 
conditions for increasing temperatures. At each temperature step the electrical and hydraulic 
conductivity of the sample were measured. The experiment was run as a discontinuous flow 
through experiment. That means, the fluid flow was stopped before the new temperature was set, 
to avoid a mixing of fluids that were exposed to the sample at different temperatures. After the 
sample was led to equilibrate to the new temperature, the resistivity was measured with a four-
electrode layout using a Zahner-Zennium impedance spectrometer. For details of the measuring 
procedure see Appendix 5.2.3). Before the flow was started again, fluid samples have been taken 
down-stream for further analyses. For this, the receiving pump has been drained down to 4 ml, the 
volume that was required to return to pore pressure level, before the valve between measuring cell 
and pump was opened again and the flow was re-started. For permeability measurements a 
certain flow rate was adjusted and kept constant for several hours until the differential pressure 
reached equilibrium (for details see Appendix 5.2.3). 
 

3.3.3.2 Sample material 

Resistivity and permeability measurements have been performed on two Icelandic samples. We 
have studied a dense quartz-gabbro from a fossil, exhumed supercritical system located at 
Geitafell (S-Iceland), which serve as proxy for the recent Krafla hydrothermal reservoir (N-Iceland).  
 
Based on SEM and XRD analyses the mineral composition of the gabbro comprises plagioclase 
(44 %), augite (24 %), hornblende (14 %), chlorite (13 %), magnetite (3 %), and quartz (2 %). The 
porosity of 1.2 % is predominantly associated to micropores in chlorite aggregates (Figure 30a). At 
ambient conditions the sample is impermeable. However, from microscopic healed cracks it is 
evident that the sample was permeable once and fluid transport in the fossil reservoir was 
presumably fracture dominated (Figure 30b). To increase the permeability of the studied core, 
partially these chlorite coated cracks have been re-opened prior to the experiment by thermal 
cracking under an inert gas (Ar) atmosphere. This procedure increased the porosity to 6.2 % and 
the permeability to 1.3 x 10-15 m2 at ambient conditions.  
 
A heterolithic volcanic breccia from Krafla well KH-5 was chosen for its high porosity at an 

acceptable permeability ( = 30.7 %, k = 9.64 x 10-15 m2), although its mineral composition is quite 
complex and comprises plagioclase (30 %), pyroxene (28 %), chlorite (15 %), orthoclase (13%), 
quartz (8 %), calcite (2%), actinolite (2%), and epidote (1%).  
 
As pore fluid for both rock samples synthetic Krafla fluid was used. 
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Figure 30. SEM images of the sample GG1-pDol. Two types of porosity can be identified: an intrinsic 
porosity, which is associated with chlorite aggregates (a) and an artificial porosity linked to grain boundaries 
and re-opend fractures after thermal cracking (b). Cracks are often coated with chlorite minerals. aug: augite, 
chl: chlorite, mag: magnetite, plg: plagioclase. 

 

3.3.3.3 Results and discussion on rock properties in dependence of 
temperature 

The isobaric electrical resistivities and permeabilities of a quartz-gabbro (GG1-pDol) from a fossil 
high enthalpy hydrothermal reservoir of the Geitafell volcano as well as a volcanic breccia (KH5-09) 
from the recent Krafla reservoir were measured as function of temperature in a discontinuous flow 
through experiment. The set-up of the Geitafell sample sustained damage at 350°C. However, the 
Krafla sample was exposed to supercritical conditions for ~4 h. The results are plotted in Figure 31 
and Figure 32 and are listed in Appendix 5.2.4 – Table 8 and 9. 
Both samples are very sensitive to the confining pressure, what is displayed by a reduction of 
permeability by factor 10 for sample GG1-pDol after the effective pressure was applied (Figure 31a). 
This can be most probably attributed to a reduction of porosity due to sample compaction. For the 
highly porous sample KH5-09 the permeability decreased even by about three orders of 
magnitudes (Figure 31b). Here, we cannot exclude an additional effect of an infinitesimal gas 
leakage of 0.005 ml/min and a reduction of effective permeability by a possible two-phase flow.  
Up to 200 - 250 °C the permeabilities decrease exponentially by 75 % and 61 %, respectively, 
although the percolating fluid becomes less viscous. However, above 250 °C the permeabilities 
suddenly increase significantly, before the decrease is continued at temperatures higher than 300 
– 325 °C and culminates to a sudden drop in permeability by about 50 %, after the critical 
temperature was applied.  
 

 
Figure 31. Permeability of a quartz-gabbro from Geitafell/ Iceland measured as function of temperature. 
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Figure 32. (a) Electrical resistivity of the fluid saturated quartz-gabbro (black dots) and of the pore fluid 
(synthetic Krafla fluid; blue dots) as function of temperature. (b) The temperature dependent resistivity of the 
Krafla fluid, measured in the fluid cell, is used to correlate it with the bulk resistivity of the rock, which gives 
the apparent formation factor.   
 

 
In contrast to the permeability reduction, with increasing effective pressure at room temperature we 
have observed nearly no influence on the electrical resistivity of the rock samples. With increasing 
temperatures the electrical resistivities decreased in a power law relationship and – different to the 
measurements on fluids - no increase in resistivity was observed until the critical temperature was 
applied (Figure 32a and c). However, this increase in resistivity at supercritical conditions is less 
pronounced and much less spontaneous than observed in the fluid experiments. 
 
The non-consistent behaviour of temperature dependence of permeability and resistivity indicates 
that the pore network contributing to the hydraulic and the electrical conductivity might not be 
identical. The fact that the permeability decreases for increasing pressure and at isobaric 
conditions with temperature points to structural changes in that specific pore network.  

For sample GG1-pDol, two different types of porosities have been identified by analysis of thin-
sections: a low intrinsic micro-porosity of 1.2%, which is preferentially associated to aggregates of 
fine chlorite needles and an artificial porosity (additional 5%) due to thermal cracking prior to the 
experiment, which is related to grain boundaries and the re-opening of pre-existing cracks. Shapiro 
[2003] subdivide the total porosity of a rock into a compliant porosity supported by cracks and grain 
contact vicinities with an aspect ratio less than 0.01, where the aspect ratio denotes the ratio of the 
minimum and maximum axis of a pore [e.g. Zimmermann et al., 1986], and a stiff porosity 
characterised by more or less isometric pores with aspect ratios typically larger than 0.1. Especially 
the compliant porosity can be largely affected by several factors, such as increasing pressure, 
temperature, and fluid-rock interactions. Thus, we assume that for the studied sample the 
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permeability is related to a crack-dominated pore network and the stiff pores do not provide a 
significant contribution [Shapiro et al., 2015]. The mechanism leading to the decrease in crack 
porosity at constant pressure conditions is not fully understood, yet. A reasonable explanation 
might be the reduction of the effective pore aperture by thermal expansion of rock-forming minerals, 
until the thermal stress is high enough to develop new cracks. However, the drop in permeability at 
supercritical conditions might be a hint for pore clogging due to the precipitations of minerals, 
which were found at the down-stream side of the sample. More information we expect from the 
analysis of thin-sections, which are still not available, yet. 

The network contributing to the electrical conductivity probably possesses higher aspect ratios, 
which alter only slightly with increasing pressure and temperature, while the degeneration of the 
compliant crack network seems not to affect the electrical properties of the rock. Generally, the 
current flow in a fluid saturated rock is mainly controlled by the electrolytic conduction of the pore 
fluid and by surface conduction at the interface between electrolyte and minerals [Waxman & Smits, 
1968; Revil & Glover, 1998]. At high fluid salinity (> 1 S/m), the current transport is dominated by 
fluid conduction, σfl, and depends on the pore structure, which is represented by the formation 

factor, F, [e.g.Nover, 2005; Einaudi et al., 2005], that arise from Archie’s relation [1942] 

 

𝜎𝑏 =
𝜎𝑓𝑙

𝐹
.      (15) 

 
For fluids with low salinity (< 1 S/m), like the Krafla fluid, there has been described an increasing 
contribution of surface conduction, σs, to the bulk conductivity of the formation, σb, especially when 

clay-rich or low porosity rocks are involved [Patnode & Wyllie, 1950] 
 

     𝜎𝑏 =
𝜎𝑓𝑙

𝐹∗ + 𝜎𝑠.      (16) 

 
Surface conductance becomes the dominating mechanism for current flow in porous media 
saturated with highly diluted fluids of a fluid conductivity of < 0.2 S/m [Waxman & Smits, 1968; 
Revil & Glover, 1998; Nover, 2005]. Hence, surface conductance is assumed to contribute 
significantly to the bulk conductivity of the studied samples. This is consistent with Figure 32b and d, 
which show the bulk conductivity of the rock normalised by the fluid conductivity at corresponding 
temperature. The linear decrease of the ratio indicates that the increase in sample conductivities 
with temperature is more pronounced than the observed conductivity increase of the Krafla fluid. 
Commonly, this exceeding conductance is attributed to electrochemical interactions at mineral 
surfaces [Ucok, 1979]. Another mechanism, which has to be taken into account, is the effect of 
chemical fluid-rock interactions. The release of additional ions from altered minerals should also 
increase the bulk conductivity, and consequently, the formation factor should become even lower. 
This was observed for the experiment with the Krafla sample for temperatures higher than 250°C.  
 
To estimate the influence of fluid-rock interactions, fluid samples have been taken at every 
temperature step for chemical analyses with ICP-MS in order to derive the concentration of Na, K, 
Ca, Mg, Si Al, Mn, Ti, Ni, Cr, Fe. The results for the experiment with the Geitafell sample are 
plotted in Figure 33. For the experiment with the Krafla sample the analysis is still outstanding. 
Generally, the extent of fluid-rock interactions depends on pressure, temperature, mineral 
compositions, exposure time and the specific surface area. Especially due to the low permeability 
of the studied rock sample, the contact area between fluid and formation is limited. Also the 
exposure time was limited to about 10 h and hence, the degree of fluid and rock alteration was low 
in this study.  
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Figure 33. Cation concentration in fluids percolated through a quartz-gabbro from Geitafell/ Iceland at 
different temperatures. Fluid samples were taken at ambient conditions. Note that at 350°C leakage of the 
fluid pressure system occurred and the period of exposure time of the fluid to the rock at this temperature 
level was low. 
 

Nonetheless, the concentration of Si and Al increase significantly by an order of magnitude with 
increasing temperatures, indicating a beginning mineral dissolution for temperatures > 200 °C, 
even though from resistivity measurements on sample GG1-pDol no clear alteration signature can 
be derived.  

Additionally, the conductivity of the expelled pore fluid was measured at room temperature and 
atmospheric pressure (Figure 34a). For experiment GG1-pDol we found only a slight decrease in 

resistivity from 4.85 m (prior to injection) to 4.74 m after the fluid was exposed to the rock 
sample. There were no hints for precipitations, as all filters and capillaries were still clean after the 
experiment. However, for experiment KH5-09 the resistivity in the percolated fluid increases 

considerably from 5.02 m prior to injection to 5.71 m after applying supercritical conditions and 
indicates a depletion of charge carriers. This observation is consistent with mineral precipitations 
found at the down-stream side of the sample.  
 

 
 
Figure 34. Electrical resistivity of the Krafla fluid after percolation through sample GG1-pDol (a) and sample 
KH5-09 (b) at different temperatures. Measurements were performed at room temperature and atmospheric 
pressure.   
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3.3.4 Conclusions and Summary 

In the framework of the project IMAGE at the GFZ two new flow-through apparatuses were built for 
applications at near- and supercritical temperatures to better understand fluid-driven processes in 
geological settings with a high heat flow. One facility enables flow through experiments on 
relatively large rock samples both under controlled confining and pore pressure. With the 
upgrading of the set-up with heat-resistant, chemically inert materials we have extended the 
temperature range of flow-through experiments from normally 250 °C up to 380°C. Electrical and 
hydraulic conductivity of samples from an active and a fossil geothermal reservoir in Iceland have 
been determined for increasing temperatures.   

Rocks, with their mineral content and microstructural constraints are more complex systems than 
geothermal solutions, and the conclusions, which can be made from the measurements on rocks 
are more ambiguous as several processes interfere with each other. For this reason, the 
petrophysical measurements were supplemented by a number of additional tests, which comprised 
chemical analyses of fluid and rock samples before and after the experiment as well as 
microstructural investigations of the original and percolated solids. 

Above all, the interpretation of rock resistivity data requires the knowledge of the intrinsic electrical 
fluid properties, which were not available in literature, as fluid systems simulating natural 
geothermal fluids were not studied so far. To close this gap, a second flow-through facility was 
developed to measure both the intrinsic electrical fluid properties in dependence of temperature 
and the effect of mineral dissolution/ precipitation on the fluid resistivity. This part of the study was 
adapted to the conditions of two geothermally exploited areas on Iceland – the Reykjanes and the 
Krafla field – that are characterised by meteoric and by seawater controlled fluid systems, 
respectively. Thus, for the first time, fluid systems, which emulate natural geothermal fluids, were 
studied up to supercritical conditions. The comparison with data for single component brines 
exhibits a high reliability of the new flow-through resistivity-measuring cell. 

In the “low” pressure range of supercritical conditions, decreasing fluid densities cause the 
decrease of dielectric constant, which, in turn, lead to the precipitation of minerals due to a 
promoted association between oppositely charged ions. Measurements of fluid resistivities in 
dependence of temperature performed in this study show, that the depletion in charge carriers is 
reflected in soaring resistivities, which remain on this level when permanently fresh fluid is 
delivered to the measuring cell. The opposite was observed in experiments, where fluid – solid 
interaction were allowed. In this case resistivities decreased abruptly. This becomes particular 
obvious, when the bulk resistivities of the fluid-rock system are normalised to the fluid resistivities, 
measured in attended experiments (Figure 32b and Figure 35). The data reveal that the 
conductivity of the bulk system increases nearly by factor 7, when supercritical conditions are 
applied. Changes in viscosity are already considered in the comparative measurements on the 
Krafla and Reykjanes fluid. Thus, the most plausible explanation for this behaviour is the massive 
release of charge carriers in combination with an increase in their mobility, what counterbalances 
the effect of mineral precipitation.  

The dramatic changes in resistivity within seconds indicate a significant and immediate increase in 
solubility of rocks and composite materials in contact with supercritical aqueous solutions and point 
to high reaction kinetics of this process. However, from SEM analyses it is apparent that the 
alteration of the solid material is most effective where fresh fluid continuously is flowing around the 
solid. In contrast, the same experimental runtime at the same pressure and temperature conditions, 
led to a much less pervasive alteration of the composite material, when the wetted surface was 
exposed to a stagnant fluid. In this case, the reaction seems to slow down considerably or even 
comes to an end, what is probably due to the adjustment of a chemical equilibrium and the 
stabilisation of the reaction front. 
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On the other hand, the loss in charge carriers by mineral precipitation is the most reasonable 
explanation for the drop of permeability at supercritical conditions. For the economic exploitation of 
supercritical reservoirs it is mainly of interest, how the competing processes of mineral precipitation 
and mineral dissolution affect the permeability of the production system. Our study shows that 
already after 4 hours at supercritical conditions the permeability of a rock decreases by about 50 %, 
while the operation of our fluid flow-through system died down completely after 14 days of 
permanent percolation of Si enriched fluid due to scaling of the fluid filters in the low temperature 
domain of the system. The possibility of similar effects should be taken into account for 
applications at the field scale. 
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Figure 35. Formation factor of the fluid-rock (RN-17B) system as function of temperature. 
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4 Validation of laboratory results with in situ down-hole 
measurements of physical properties at virgin 
temperatures up to 340°C 

 

4.1 Validation of the Influence of Cation-Exchange Capacity (CEC) on 
Resistivity Logs within Hydrothermal Systems 

 

Based on following report: 
Weisenberger T.B., Ingimarsson H., Hersir G.P. and Flóvenz Ó.G. (2016) IMAGE Task 3.3 - 
Physical Properties of Rock at Reservoir Conditions - Validation of the Influence of Cation-
exchange Capacity (CEC) on Resistivity Logs within Hydrothermal Systems. Iceland GeoSurvey, 
ÍSOR-2016/044, 44p. (Appendix 5.3.) 
 

4.1.1 Introduction 

Resistivity models based on TEM (Transient Electromagnetic) and MT (Magnetotelluric) data are 
widely used in geothermal exploration for conceptual modeling and to select sites for exploration 
drilling. Árnason et al. (1987a, b) showed that the structure of the resistivity model within the 
Nesjavellir high-temperature geothermal field in southwest Iceland mimic the dominant alteration 
mineralogy conditions in the subsurface. Thereby the typical observed boundary between the low-
resistivity cap and the underlying high-resistivity core in high-temperature systems can be related 
to changes in the secondary mineral inventory having different cation-exchange capacity (CEC), i.e. 
from smectite-dominated cap rock to the chlorite-dominated core (Árnason et al., 1987a, b; 
Árnason and Flóvenz, 1992; Flóvenz et al., 2012).  
Alteration minerals with a high CEC, in particular clay minerals favor the conduction of an electrical 
current between the pore fluid and the pore walls in the rock. The interface or surface conduction is 
caused by the highly-mobile ions that form a conductive layer on the surface of the pore walls. The 
mobility of ions is thereby related to the CEC of the mineral phase. The higher the CEC of the clay 
mineral the higher is the interface conduction.  
The aim of this task within the Integrated Methods for Advanced Geothermal Exploration (IMAGE) 
project is the validation of the influence of cation-exchange capacity on resistivity logs within 
hydrothermal systems. Four wells from three geothermal fields in Iceland were selected to 
compare the resistivity logs with measured CEC values. To study further the effect of surface 
conduction by cation-exchange capacity, seven core samples from different alteration facies within 
different geothermal systems in Iceland were measured to quantify the CEC. The selected samples 
have been studied previously with respect to their petrophysical parameters, the effect of the 
electrical interface conduction and relation to the fluid conduction/salinity (Flóvenz et al., 2005; 
Kulenkampff et al., 2005).  

4.1.2 Methods 

For the CEC measurements a representative aliquot of cuttings (4–5 g) from a particular depth was 
selected. The cuttings were washed to remove potential contamination of drilling mud and milled 
afterwards by using a ball mill. The CEC measurements were conducted according to the method 
described by Meier and Kahr (1999) by using 0.01 M copper triethylenetetramine (Cu-trien). The 
used wavelength of 578 nm is different from the 620 mm wavelength described in Meier and Kahr 
(1999). As shown in other studies (e.g. Ammann et al., 2005; Kaufhold and Dohrmann, 2003) the 
adsorption maximum of the copper triethylenetetramine complex lies at 578 nm. Calibration of the 
photometer was carried out according to the calibration method described by Kaufhold (2001), 
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using four different Cu-trien solutions. The water content of the samples was determined by the 
weight loss obtained after heating the samples for 2–3 days at 105°C. The CEC (meq/100 g) refers 
to the dry weight of the sample. 

4.1.3 Summary of results 

4.1.3.1 CEC and relation to alteration zones 

The CEC of all the studied wells shows a general trend of decreasing CEC values with increasing 
depth (e.g. well KJ-18 in Figure 36, Weisenberger et al., 2016). The trend can be related to the 
particular temperature at which the samples are equilibrated driven by fluid-rock interaction within a 
hydrothermal system. This equilibration results in a change in mineralogy (e.g. Kristmannsdóttir 
and Tómasson, 1978). The general decreasing trend of the CEC with depth can directly be 
correlated to the mineralogical composition of the distinct alteration zones. Considering alteration 
zones in the hydrothermal basaltic system in Iceland the index minerals of individual alteration 
zones follow a decrease in their property for cation-exchange. It is observed in all the studied wells 
that the CEC values decrease exponentially from the smectite/zeolites zone to the mixed-layer clay 
zone. At the transition depth from the mixed-layer clay zone to the chlorite or chlorite-epidote 
alteration zone, the CEC values are in the order of about 5 meq/100 g and the exponential trend 
changes to a linear trend.  

 

Figure 36.  North-south profile of the subsurface resistivity structure of the Krafla high-temperature 
geothermal system, NE-Iceland (left figure). The location of well KJ-18 is given including the resistivity log 
trend-line and the CEC results. The more detailed log profile of well KJ-18 is given to the right.  

4.1.3.2 CEC vs electrical resistivity 

A relationship between the CEC values and the electrical resistivity follows a general trend. Depth 
intervals with high electrical resistivity coincide with low CEC values and low electrical resistivity 
values correspond to high CEC values. Although, there is a relationship between CEC and 
electrical resistivity, the direct one-to-one correlation at a given depth is weak, when comparing 
adjacent samples within the oscillating resistivity logs. It should be kept in mind that there is a large 
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uncertainty in origin of the cuttings and consequently the depth. In contrast to the resistivity data, 
which have a resolution on a cm scale, cuttings are sampled during drilling at a 2 m interval. The 
long traveling time of the cuttings from the drill bit location to the surface, cross contamination and 
mixing affects, and possible human errors may cause a large uncertainty in the origin and depth of 
the samples. Therefore, the sample depth should be carefully considered.  
Differences exist when comparing geothermal systems that are associated with meteoric low-
saline fluid (Krafla and Hellisheiði geothermal systems, well KJ-18, HE-42 and HE-46) and sea-
water dominated geothermal systems (Reykjanes geothermal system, RN-15). The results of this 
study indicate that the conductivity is significantly higher for a given CEC within the saline 
Reykjanes geothermal system in contrast to meteoric water-dominated geothermal systems. This 
proofs the theory by Flóvenz and Karlsdóttir (2000) and Flóvenz et al. (2005) that samples from 
similar alteration zone can have significant different interface conductivity.  

4.1.3.3 Resistivity structure of high-temperature fields and its relation to the 
CEC 

High-temperature geothermal fields in volcanic areas of the world exhibit similar electrical resistivity 
structure (Flóvenz et al., 2012). A pilot study by Árnason et al. (1987b) showed that within the 
Nesjavellir geothermal system there is a low-resistivity cap over-coating an up-doming resistivity 
core.  
Figure 36 shows a north-south profile of the subsurface resistivity structure of the Krafla high-
temperature geothermal system, NE-Iceland that is based on 1D-inversion modeling of TEM data 
within a dense grid (Árnason and Magnússon, 2001). In addition, the location of well KJ-18 is given 
as well as the electrical resistivity log and results of the CEC measurements. The Figure shows a 
clear correlation between the subsurface resistivity model, electrical resistivity log, mineral 
alteration and the results of the CEC analysis. The high CEC values within the shallow parts are at 
a similar depth interval as the low-resistivity cap (red and orange color). The CEC within the high-
resistivity core are generally below a value of about 5 meq/100 g. The high resistivity at the top 
coincides with low CEC values. Flóvenz et al. (1985) related this resistivity contrast at the top of 
the smectite zone to the onset of interface conduction in the rock.  
The clear correlation between the low-resistivity cap, high-resistivity core and host rock alteration, 
in particular the formation of clay minerals within a specific depth interval that corresponds to a 
specific temperature interval < 230°C confirms the model by Árnason et al. (1987a, b) that was 
predicted for the Nesjavellir geothermal system. 
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4.1.3.4 Relationship between sample conductivity, fluid conductivity and 
CEC 

 
Figure 37.  The iso-electrical points as a function of CEC (blue dot is from unaltered rock, red dots from the 
chlorite zone and green dots from the smectite zone). A clear relationship is observed showing how the 
content of clay rich minerals moves the iso-electrical point to higher values of the pore fluid conductivity. 
 
Cation-exchange capacity measurements for the seven core samples that have been used 
previously for conductivity measurement by Flóvenz et al. (2005) and petrophysical measurements 
by Kulenkampff et al. (2005) do not show simple relation between the CEC values and the 
measured sample conductivity. This suggest that there is no simple relationship between the 
measured CEC values and the surface or interface conduction. However, a clear relationship 
between the CEC and the onset of the pore fluid conductivity on the sample conductivity is 
observed as the iso-electrical point is gradually moved towards higher values of the pore fluid 
conductivity with increasing CEC (Figure 37). In other words, the measured sample conductivity is 
more sensitive to the surface conductivity for rocks with low CEC values. For rocks with high CEC 
values only fluid with very high salinity and pore fluid conductivity will increase the actual sample 
conductivity. 
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4.2 Quantitative Impact of Hydrothermal Alteration on Electrical 
Resistivity Based on Cores from Krafla 

 
Based on following report: 

Lévy L., Hersir G.P. and Flóvenz Ó.G. (2016) IMAGE Task 3.3 - Physical Properties of 
Rock at Reservoir Conditions. Quantitative Impact of Hydrothermal Alteration on Electrical 
Resistivity Based on Cores from Krafla, ÍSOR-2016/043, 61p. (Appendix 5.4) 

 

The work (IMAGE Task 3.3 Physical Properties of Rock at Reservoir Conditions. Quantitative 
Impact of Hydrothermal Alteration on Electrical Resistivity Based on Cores from Krafla (NE-
Iceland) by Léa Lévy, Gylfi Páll Hersir and Ólafur G. Flóvenz; ISOR Report ÍSOR-2016/043) 
presented in this report results from a collaboration between Géosciences Montpellier and Iceland 
GeoSurvey (ÍSOR) within the IMAGE project Task 3.3 and a PhD project funded by the French 
University Paris Sciences et Lettres. The PhD work will be on-going until the fall 2018.  
Electrical conductivity and CEC are rock properties somewhere between chemistry, mineralogy 
and physics. The CEC represents the total number of chemically mobile cations per unit mass of 
minerals  
CEC, electrical conductivity, clay content, acoustic velocity and porosity are measured and 
analyzed on 70 Icelandic igneous core samples, with various alteration profiles, from the Krafla 
high-temperature low-salinity area. Five boreholes are used in this study (see Figure 38). While 
only CEC analysis was performed on drill-cuttings, CEC, mineralogical and petrophysical 
experiments were performed on cores. This extends the database of physical properties of rock 
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developed on sedimentary rock (Waxman and Smits, 1968), on deep pacific samples (Pezard, 
1990), on Hawaiian igneous samples with low temperature alteration (Revil et al., 2016) and on 10 
Icelandic samples from various sources (Flóvenz et al., 2005).  

 
Figure 38.  An aerial map of Krafla geothermal area (Víkingsson and Þorbergsson, ÍSOR) with a description 
of the boreholes used in this study. The rim of the caldera is represented in black and the studied wells are 
yellow circles. 

4.2.1 CEC 

The CEC is traditionally expressed in “milli equivalent”, that is mmol of electrons “mmol+” per 100 
grams of rock (N.B.: 1 mmol+/100g = 1 meq/100g = 964.85 Coulomb/kg). A protocol using Copper-
triethyletetramine (Meier and Kahr, 1999) was chosen at ÍSOR to measure the CEC on whole rock 
samples, as it enables to perform series of measurements with basic materials. The raw results are 
given for the four cored holes, as a function of depth, in Figure 39. 
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Figure 39.  CEC values for the cores as a function of depth. Measurements at ÍSOR in blue, at INRA in red. 

 
As the protocol used was originally designed to measure the CEC on pure clay samples, its 
applicability to a study on whole rock samples, containing both primary and alteration minerals, 
ranging from smectite-zeolites to chlorite-epidote-actinolite, is not trivial. A procedure was 
developed to determine the optimal ratio between the initial quantity of Cu-trien and the mass of 
sample. A ratio too high (mass of sample too low) leads to a meaningless difference between initial 
and final concentration, and thus an unreadable absorbance difference on the spectrophotometer; 
we call it the “photometric limitation”. A ratio too low (mass of sample too high) causes an 
excessive consumption of the reactant, leading to partial exchange with the exchange sites; we call 
it the “thermodynamic factor”. A large variability was observed for many samples when the initial 
ratio was modified, as shown in Figure 40. Three factors can explain this variability: (1) 
thermodynamics of reaction leading to partial exchange with Cu-trien (2) heterogeneity of the grain 
size between different experiments; (3) heterogeneity of the mineralogy between different uptakes 
of each sample. In order to test the relevancy of factor (1), an analytical expression of CECapp as a 
function of X (=2VCi/m), CEC0 (the total CEC) and K (the thermodynamics constant of a binary 
homovalent exchange, between Cu-trien(II) and Ca2+ for example), is calculated by solving a 2nd 
order polynomial equation. The solution is shown in Figure 40. 

 
Figure 40.  Variability of the CEC, measured with different amounts of sample. The analytical expression of 
CECapp, as a function of the initial ratio, the thermodynamic constant and the total CEC, is also given. 

 
As can be seen on Figure 24 ((a) to (d)), the thermodynamic factor does have an impact on the 
final CEC value, but in some cases (see Figure 24 (f)), the factors (2) and (3) mentioned above can 
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also play a role. As the variability in CEC, if due to the grain size of the powder, may be 
representative of the variability found in a core, it can shape an interval of confidence for the CEC 
of a specific mixture of rock, regardless the total surface exposed to fluid. The same applies to the 
variability attributed to mineral heterogeneity of a sample. 

 
Figure 41. Experimental CEC results (orange dots) fitted by the analytical expression of CECapp (red curve). 
(a) to (d) illustrate the importance of the thermodynamics effect. (e) shows an example where K is rather high 
and little variability is observed when changing the ratio. (f) shows an example of ambiguous CEC 
determination, where the variability is not only due to the thermodynamic factor 

 
CEC measurements from the cored holes are presented as a function of the smectite content 
(Figure 42) and of the electrical conductivity (Figure 43). CEC measurements of cuttings from well 
KJ-18 are compared to conductivity logs in Figure 44. 

 
Figure 42.  CEC and clay content for samples containing smectite. 
 
The smectite content in samples from KH-1, KH-3 and KH-6 (no smectite in KH-5) was calculated 
based on the XRD patterns, and more particularly the area under the smectite peak at 14 Å. The 
values are relative and not absolute, as an assumption was made a priori on the clay content of 
one sample: L24, showing the highest smectite peak area, was constrained to contain 50% of 
smectite. The percentage for other samples is dependent on this constrain. As can be seen on 
Figure 42, this assumption is equivalent to assuming that the clay fraction in all these samples has 
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an average CEC of 88.5 meq/100g (according to the slope of the linear regression), which is 
consistent with known values of CEC in smectite (Meunier, 2013). 

 

Figure 43.  Conductivity vs CEC. (a) At low salinity (b) At higher salinity. The color scale represents the 
dominating type of clay. On each plot, the regression coefficients in the upper part are for smectite and the 
coefficients in the lower part are for chlorite. 

 
Two distinct log-linear (y=a·xb) trends are observed: one for chlorite and one for smectite. This 
suggests that two different conduction processes occur in chlorite and smectite, possibly due to a 
difference between conduction in interfoliar sites and edge sites. The Mixed Layer Clay (MLC) 
group seems to behave similarly to the smectite, as the results are “included” in the smectite trend 
line (except for one point). 
The scattering observed is probably induced by the influence of porosity on the bulk conductivity – 
both on the surface conductivity and the formation factor. The two relationships (for chlorite and 
smectite) are more scattered at higher salinity, which can be explained by a decrease of the 
influence of surface conductivity (and thus CEC) on the bulk conductivity at higher salinity.  

 
Figure 44.  Comparison between borehole conductivity (from the 64'' resistivity log) and CEC from cuttings in 
borehole KJ-18. Pink = mainly smectite; Black = mainly chlorite. 

 
Cuttings were available every 2 meters, with a depth estimation uncertainty of up to 10 m. In order 
to compare the CEC measurements from cuttings with the resistivity logs from the 16/64 tool, 
caution is needed for depth matching. A depth range is considered for each cutting box, whose 
width varies between 2 m at the top and 10 m at the bottom. In this depth range, the resistivity may 
also vary: a resistivity uncertainty is thus considered for each CEC measurement, represented as 
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the vertical error bar on Figure 44. A log-linear trend is observed (y=a·xb), including both the 
smectite (mainly the pink samples) and chlorite samples (mainly the black samples). 

4.2.2 Minerals as geothermometers 

In KH-3 a mixture of chlorite and MLC is observed at 273 m and the temperature in the borehole 
does not exceed 45 °C. This section can be interpreted as inactive: chlorite formed at some point, 
when the temperature reached 230°C but the hydrothermal activity has ceased and there is no 
renewal of the hydrothermal fluid. 
In KH-5, laumontite was observed, overprinting epidote (L46 - Figure 46), indicating cooling in the 
reservoir. Actinolite was observed in thin sections (sample L73 - Figure 47) and confirmed by fine 
fraction XRD analysis on L73. 
 

 
Figure 45.  Sample L36 (KH-3 – 273 m). (a) Olivine alteration into chlorite (b) Precipitation of chlorite in 
vesicles. 

 
Figure 46.  Sample L46 (KH-5 – 279 m). (a) Epidote overprinted by laumontite (b) Laumontite crystal – 
precipitation in vesicle. 

 
Figure 47.  Actinolite, Epidote, Prehnite in L73 (KH-5-530 m). (a) Plane-Polar (b) Cross-Polar. 
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In KH-6, hints of recent transformation from smectite to MLC and zeolites to wairakite are seen 
(see Figure 48). Epidote had been observed with naked eye, while small actinolite peaks were 
observed in XRD patterns but the observation of thin sections led to the conclusion that smectite 
and zeolites were the dominating alteration in the whole borehole. It is likely that the whole system 
around KH-6 is still at a low-grade level of alteration, but high-temperature fluids are currently 
actively flowing at some depths (350 m and 500 m according to the temperature profile. Laumontite 
at 500 m is likely due to the hot fluid circulation at this depth.  

 
Figure 48.  KH-6. (a) Smectite-MLC in L91 (537 m) (b) Zeolite transforming into wairakite in L99 (594 m) (c) 
Mostly MLC in L100 (597 m) (d) MLC in L103 (707 m). 

4.2.3 Porosity 

Wet rock density, grain density and porosity were measured with the triple weighting method: 
samples were dried, saturated and immersed in water. Porosities between 2% and 40% are found 
with an average porosity of around 20%. Five types of lithology are distinguished (see Figure 49).  

(a) (b) 

(c) (d) 

(a) (b) 

(b) (a) 
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Figure 49.  Porosity vs (a) Bulk density (b) P-wave velocity (Vp) measured in saturated cores. 

4.2.4 Conclusions 

We have shown that the exchange between Cu-trien and the rock cannot be considered as “total”: 
it is often stopped before the totality of the sites have been replaced. The quantity of Cu-trien 
consumed, measured in one experiment, can thus be a poor indicator of the total number of 
exchange sites. However, with three measurements per sample and analytical modelling of the 
exchange, the precision can be greatly improved.  
The validity of relationships between different physical properties of rock – conductivity/CEC, 
CEC/clay content, and velocity/porosity – were investigated in the laboratory, using 70 core 
samples from the Krafla high-temperature geothermal area.  
The main result of this study is the log-linear relationship (y=a·xb) observed between the CEC and 
the electrical conductivity measured in the laboratory, with a different slope for samples containing 
mainly smectite or mainly chlorite. As conduction in smectite is higher than in chlorite, electrical 
soundings are a powerful way to locate the smectite zones. Smectite is an unstable transition 
crystal in the crystallization of chlorite. The presence of smectite therefore indicates, in most cases, 
an on-going hydrothermal activity.  
The main physical difference between smectite and chlorite is the role of interfoliars in smectite, 
dominating the total cation exchange phenomenon; in chlorite only edge sites participate in cation 
exchanges. Does it mean that the phenomenon linking the CEC to interface conduction is different 
for chlorite and smectite? 
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4.3 Resistivity vs Temperature during Heating up of Well KJ-18 in 
Krafla, NE-Iceland 

 
Based on following report: 

Vilhjálmsson A.M., Hersir G.P. and Flóvenz Ó.G. (2016) IMAGE Task 3.3 – Physical 
Properties of Rock at Reservoir Conditions. Resistivity vs Temperature during Heating up 
of Well KJ-18 in Krafla, NE-Iceland. Iceland GeoSurvey, ÍSOR-2016/045, 22p. (Appendix 

5.5) 

4.3.1 Background 

The report (IMAGE Task 3.3 – Physical Properties of Rock at Reservoir Conditions. Resistivity vs 
Temperature during Heating up of Well KJ-18 in Krafla, NE-Iceland. By Arnar Már Vilhjálmsson, 
Gylfi Páll Hersir and Ólafur G. Flóvenz. ISOR report, ÍSOR-2016/045) describes a series of 
resistivity logs measured both down and up well KJ-18 in Krafla high temperature geothermal area, 
NE-Iceland, vs temperature performed in October/November 2014 during heating up of the well 
after being cooled down. Well KJ-18 was vertically drilled in 1981 and has a TD of 2197 m. It is a 
non-productive well and predominantly used for monitoring or scientific purposes. Numerous 
experiments were carried out in the well within the IMAGE project (Integrated Methods for 
Advanced Geothermal Exploration) e.g. it was cooled down for several weeks to allow a VSP 
experiment in the well in 2014 as a part of the IMAGE project. 
Several resistivity and temperature logs were carried out on the 9th and 29th of October prior to 
turning off the injection in the early evening on October 29th, 2014. Thereafter, these 
measurements were done repeatedly with increasing time elapsing between measurement groups 
as the well heated up to the formation temperature. As a routine the group of loggings began by 
logging the temperature (down and up during the first 12 hours) followed by resistivity logs (down 
and up throughout the series). Resistivity was measured using normal E-log electrode set up both 
with the 16 and 64 inches voltage electrode separation (R16" and R64"). Table 3 is an overview of 
the temperature and resistivity logs which were carried out in the well during injection of cold water 
and after the injection had been turned off. All temperature profiles made downwards in the well 
from that period are shown in Figure 50 and selected R16" resistivity logs in Figure 51. 
  



 
 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03 
2016.11.04 
public 
66 of 70 

 

 
 

 

 66 

Table 3.  An overview of temperature (marked with T) and resistivity logs (marked with R) carried 
out in well KJ-18, with and without injection of cold water. 

 

Ref. 
  

Time Up/   
 

 

name year Date start end Down Comments 

 

In
je

ct
io

n
 o

n
 

R01 2014 09.10 11:05 12:04 D Injection 3.5 l/s 

ro
u

n
d

 #
1

 

R02 2014 09.10 12:15 12:23 U Skip (only 2197-2018 m) 

R03 2014 09.10 12:24 12:33 D Skip (only 2018-2197 m) 

R04 2014 09.10 12:35 13:29 U Injection 3.5 l/s 

R05 2014 09.10 13:31 13:34 D Skip (only 640-720 m) 

R06 2014 09.10 13:34 13:39 U Skip (only 720-640 m) 

T01 2014 29.10 12:59 14:45 D Injection 3.5 l/s 

ro
u

n
d

 #
2

 

T02 2014 29.10 14:45 15:47 U Injection 3.5 l/s 

R07 2014 29.10 17:27 18:37 D Injection 3.5 l/s 

N
o

 in
je

ct
io

n
 

R08 2014 29.10 20:07 21:22 U Injection stopped 18:38 

T03 2014 29.10 22:00 23:33 D   

T04 2014 29.10 23:34 01:00 U   

R09 2014 30.10 01:48 02:53 D   

R10 2014 30.10 02:55 03:55 U   

T05 2014 30.10 04:27 05:47 D   

T06 2014 30.10 05:50 07:12 U   

R11 2014 30.10 07:34 08:40 D   

R12 2014 30.10 08:44 09:52 U   

T07 2014 30.10 10:45 12:13 D   

R13 2014 30.10 13:48 15:07 D   

R14 2014 30.10 15:10 16:31 U   

T08 2014 30.10 17:11 18:38 D   

R15 2014 30.10 20:14 21:28 D   

R16 2014 30.10 21:23 22:30 U   

T09 2014 30.10 23:09 00:29 D   

R17 2014 31.10 02:04 03:09 D   

R18 2014 31.10 03:14 04:36 U   

T10 2014 31.10 05:05 06:43 D   

T11 2014 03.11 13:33 15:05 D   #3 R19 2014 03.11 16:21 17:42 D   

R20 2014 03.11 17:42 19:44 U   

T12 2014 05.11 11:15 12:36 D   #4 R21 2014 05.11 14:03 15:11 D   

R22 2014 05.11 15:12 16:20 U   

T13 2014 13.11 10:34 11:56 D   #5 R23 2014 13.11 14:03 15:09 D   

R24 2014 13.11 15:10 16:11 U   
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Figure 50.  Series of temperature profiles in KJ-18 during heating up of the well. Time and date of each 
profile is given in Table 1. All profiles are logged down the well. 
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Figure 51.  A selection of the R16” resistivity logs made downwards. Time and date is given in Table 1. 

 
 
Considering all the factors affecting the accuracy of the bedrock resistivity calculations, the results 
look quite good, especially for R16". In Figure 3, the resistivity and temperature are shown as a 
function of depth at four selected depths. As expected the resistivity decreases with increasing 
temperature, but further study and work is needed to derive empirical formula describing the 
relation of the two parameters.  
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Figure 52.  Resistivity and temperature as a function of time at four selected depths. 
 

4.3.2 Conclusion 

Resistivity has been measured in well KJ-18 in Krafla, NE-Iceland as a function of temperature 
while the well was heating up after being cooled down for several weeks. The resistivity profiles 
were corrected for depth, width and the conductivity of the fluid in the well. These are the first 
preliminary results showing clearly how the resistivity decreases with increasing temperature. 
Important lesson was drawn on how this work could be improved.  
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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 data-
assimilation 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: 
 

𝜌𝑐𝑡
𝜕𝑇

𝜕𝑡
= ∇. (𝑘𝑡∇T) + A − v⃗ ∇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 

nabla operator: (
𝜕

𝜕𝑥
,
𝜕

𝜕𝑦
,
𝜕

𝜕𝑧
 )
𝑇
, . is dot product, v⃗  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: 
 

𝑐ℎ
𝜕𝑃

𝜕𝑡
= ∇. (

𝑘𝑓

𝜇𝑓
(∇P +

(𝜌𝑓−𝜌0)

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], 𝑘𝑓is 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: 
 

𝑣𝑓⃗⃗⃗⃗ =  
𝑘𝑓

𝜇𝑓
(∇P +

(𝜌𝑓−𝜌0)

𝜌0
g∇z)     (Eq. 1.3) 

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

v⃗ = 𝜑
𝜌𝑓𝑐𝑓 

𝜌𝑐𝑡
𝑣𝑓⃗⃗⃗⃗        (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; Scheck-
Wenderoth 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‖�⃗� ‖

𝜆
    (Eq. 1.5) 

 

Where 𝜆 is the thermal diffusivity 
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 steady-
state 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: 
 

𝑪 𝝈 + 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): 
 

∫ (𝑩𝑫𝑩 𝑑𝑣)𝒅
v

+ ∫ 𝑵𝑇𝒃 𝑑𝑣
𝑉

+ ∫ 𝑵𝑇𝒕 𝑑𝑆
𝑆

= 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 Scheck-
Wenderoth 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. 

 

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

 
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). 

Rank 1
n = 2

Rank 2
n = 9

Rank 3
n = 29

Rank 4
n = 86

Rank 5
N = 390

Rank 6
N = 584

Soft rock  Hard rock

Magmatic

rock

Metamorphic

rock

Sedimentary

rock

Clastic soft

rock

Carbonatic

sedimentaryrock

Siliciclastic

sedimentary rock

Chemical / Biogene 

sedimentary rock

Pelite Psammite Psephite

Quartz-

sandstone
Arcose Sandstone

Grey-

wacke

Fine

sandstone

Middle

sandstone

Coarse

sandstone

Reference

1 2 3 4 5 6 7 8

10101 1 1 ub

10102 2 1 F

10104 10102 3 2 Ma Rock formed from magma American Geological Institute (1987)

10105 10104 4 3 Pl Macrocrysatlline rock derived from magma that solidified in great depthIUGS (1989)

52349 10105 21 4 Plmd Deep-seated ignious rock/ intrusive igneous rock, chemical classification and nomenclature by QAPF-classification for plutonic rocksBGS (1999), Bag & Streckeisen (1991)

10107 52349 22 5 Ql QAPF-classification for plutonic rocks, field 1a, Qz > 90 vol%, color index < 90 %BGS (1999)

10110 52349 23 5 G QAPF-classification for plutonic rocks, field 2, 3a, 3b, color index < 90 %BGS (1999)

10111 10110 24 6 akfG QAPF- classification for plutonic rocks field 2 BGS (1999)

10112 10110 25 6 SyG QAPF- classification for plutonic rocks field 3a BGS (1999)

10113 10110 26 6 MzG QAPF- classification for plutonic rocks fiel 3b BGS (1999)

10114 52349 27 5 GDr QAPF-classification for plutonic rocks, field 4, color index < 90 % BGS (1999)

10115 52349 28 5 To QAPF-classification for plutonic rocks, field 5, color index < 90 % BGS (1999)

10119 52349 31 5 qMz QAPF-classification for plutonic rocks, field 8* BGS (1999)

10127 52349 38 5 Sy QAPF-classification for plutonic rocks, field 7, color index < 90 % BGS (1999)

10128 52349 39 5 Mz QAPF-classification for plutonic rocks, field 8, color indey < 90 % BGS (1999)

10129 52349 40 5 MzDr QAPF-classification for plutonic rocks, field 9, An (PL) < 50 mol%, color index < 90 %BGS (1999)

10130 52349 41 5 MzGb QAPF-classification for plutonic rocks, field 9, An (PL) > 50 mol%, color index < 90 %BGS (1999)

10131 52349 42 5 Dr QAPF-classification for plutonic rocks, field 10, An (PL) < 50 mol%, 10 % < color index < 90 %BGS (1999)

10132 52349 43 5 Gb QAPF-classification for plutonic rocks, field 10, An (PL) > 50 mol%, 10 % < color index < 90 %BGS (1999)

Diorite (QAPF)

Gabbro (QAPF)

Syenite (QAPF)

Monzonite (QAPF)

Monzodiorite (QAPF)

Monzogabbro (QAPF)

Definition

Consolidated rock

Magmatic rock

Plutonic rock

Quartz-Monzonite (QAPF)

Alkali- Feldspar- Granite

Syenogranite

Monzogranite

Granodiorite (QAPF)

Tonalite (QAPF)

Plutonic rock, modal (QAPF)

Quartzolite (QAPF)

Granite (QAPF)

ID Paren

tal ID

Num

ber

Rank Petrographic name Abbrev

iation
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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. 

 

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 

Strat ID

Parent 

ID

Eonothem / 

Eon

Erathem / 

Era Period Series / Epoch Stage / Age

Numerical_Age 

Lower Boundary 

[Ma]

Num_Age 

Plus_Minus 

[Ma]

Chronostratigraphical 

Unit

129 102 Phanerozoic Mesozoic Cretaceous 145 Cretaceous

130 129 Phanerozoic Mesozoic Cretaceous Lower 145 Lower Cretaceous

131 130 Phanerozoic Mesozoic Cretaceous Lower Berriasian 145 Berriasian

132 130 Phanerozoic Mesozoic Cretaceous Lower Valanginian 139.8 Valanginian

133 130 Phanerozoic Mesozoic Cretaceous Lower Hauterivian 132.9 Hauterivian

134 130 Phanerozoic Mesozoic Cretaceous Lower Barremian 129.4 Barremian

135 130 Phanerozoic Mesozoic Cretaceous Lower Aptian 125 Aptian

136 130 Phanerozoic Mesozoic Cretaceous Lower Albian 113 Albian

137 129 Phanerozoic Mesozoic Cretaceous Upper 100.5 Upper Cretaceous

138 137 Phanerozoic Mesozoic Cretaceous Upper Cenomanian 100.5 Cenomanian

139 137 Phanerozoic Mesozoic Cretaceous Upper Turonian 93.9 Turonian

140 137 Phanerozoic Mesozoic Cretaceous Upper Coniacian 89.8 0.30 Coniacian

141 137 Phanerozoic Mesozoic Cretaceous Upper Santonian 86.3 0.50 Santonian

142 137 Phanerozoic Mesozoic Cretaceous Upper Campanian 83.6 0.20 Campanian

143 137 Phanerozoic Mesozoic Cretaceous Upper Maastrichtian 72.1 0.20 Maastrichtian
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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) 

Parameter 1 = excellent 2 = average 3 = poor 
4 = minimum 

requirement 

Geographic 

uncertainty 
≤ 100 m > 100m ≤ 1 km > 1 km ≤ 100 km ≤ radius of the earth 

Petrography or 

rock type 
Rank > 6 Rank = 6 Rank = 5 Rank ≥ 4  

Stratigraphy 

Stage / Age or 

lower or numerical 

age 

Series / Epoch 
System/Period or 

higher 
None 

Measurement 

conditions 

Measurement 

device AND 

temperature AND 

pressure AND 

degree of 

saturation available 

Measurement 

device AND 

temperature and 

pressure OR 

degree of 

saturation available 

Measurement 

device OR 

temperature and 

pressure OR degree 

of saturation 

available 

None 

Type of value Single value 

Mean value and n 

AND standard 

deviation or 

Minimum and 

Maximum 

Mean value and n Value, undefined 

 
  

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 thermal conductivity, based on lithological 
interpretation 

 

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.  

 

𝑘𝑚 = 358 + (1.0227 𝜆𝑖
20 − 1.882) (

1

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) 
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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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𝜙 = 𝜙0
−𝑘𝜎𝑧          (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

−𝑘𝑏𝜎𝑧       (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 poro-
perm 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 (source:  
http://www.agilegeoscience.com/journal/2011/3/7/rock-physics-cheatsheet.html). 
 

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 thermal-
mechanical 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.   
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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 thermo-

mechanical 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. 
 

zgρpS  S  SS  S  S vhH321 
  (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 topo-
graphy (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 non-
tectonic (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) earth-
quake 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. Drilling-
induced 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 cm3) 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. 

 WSM 2008 new data records WSM 2016
a
 

 A-E A-C A-E A-C A-E A-C 

Focal Mechanisms Single (FMS) 2307 1698 3261 2377 5284 3801 

Focal M. Inversion/Average (FMF, FMA) 58 22 156 79 213 98 

Borehole Breakouts (BO, BOC, BOT) 1590 680 664 289 1915 801 

Drilling Induced Fracture (DIF) 42 19 21 13 62 30 

Hydrofracs (HF, HFG, HFM) 101 79 21 5 119 75 

Geological (GFI, GFM, GFS, GVA) 188 156 127 27 315 183 

Overcoring (OC) 184 28 49 0 238 20 

Other Stress Indicator (BS, PC, SR) 36 3 17 0 53 3 

Sum 4506 2685 4316 2790 8199 5011 

a
 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 SHmax 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 SHmax 
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 (LAB), constrained by 
tomography data (modified from Tesauro et al., 2009).  
 

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 lithosphere-
asthenosphere 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: 
 

𝑘(𝑧) =

{
 
 

 
 

𝑘𝑆𝐸𝐷(𝑧) 𝑓𝑜𝑟 𝑧 ≥ 0 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝑈𝐶
𝑘𝑈𝐶(𝑧) 𝑓𝑜𝑟 𝑧 ≥  𝑧𝑡𝑜𝑝𝑈𝐶  𝑎𝑛𝑑 𝑧 <  𝑧𝑡𝑜𝑝𝐿𝐶
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: 
 

𝑘𝑈𝐶(𝑧) = 𝜆𝑖
0 ∙ (

1+𝑐∙𝜎𝑒𝑓𝑓𝑧

1+𝑏∙𝑇
)         (Eq. 7.2) 

 

𝑘𝐿𝐶(𝑧) = 𝜆𝑖
0 ∙ (

1+𝑐∙𝜎𝑒𝑓𝑓𝑧

1+𝑏∙𝑇
)         (Eq. 7.3) 

 

where 𝜆𝑖
0 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 

𝜆𝑙𝑎𝑡
25 (𝑇, 𝜎𝑒𝑓𝑓𝑧): 

 

𝑘𝐿𝑀(𝑧) = 𝜆𝑙𝑎𝑡
25 (𝑇, 𝜎𝑒𝑓𝑓𝑧)  + 𝜆𝑟𝑎𝑑(𝑇)        

              = (
298

𝑇+273
)
1/2

∙ (1 + 0.032 ∙ 𝜎𝑒𝑓𝑓𝑧) + 0.368 × 10
−9 ∙ (𝑇 + 273)3   (Eq. 7.4) 

  

where 𝜆𝑖
25 is the thermal conductivity [W m-1 K-1] 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: 
 
 

𝐴(𝑧) =

{
 
 

 
 

𝐴𝑆𝐸𝐷 = 𝐴𝑏𝑢𝑙𝑘 𝑓𝑜𝑟 𝑧 ≥ 0 𝑎𝑛𝑑 𝑧 < 𝑧𝑡𝑜𝑝𝑈𝐶

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: 
 

Q(0) ~ (TLAB − T0 +
1

2
((Ai ∙ ∆zi

2) + ⋯+ (An ∙ ∆zn
2))) ∗ ((�̅�i ∙

∆zi

zLAB
2) +⋯+ (�̅�n ∙

∆zn

zLAB
2))  (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, �̅�i 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 

production between the surface and depth z,  ∫ A(z)
z

0
 [W m-2], from the surface heat flow:   

 

Q(z) = Q0 − ∫ A(z)
z

0
                    (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: 
 

T(z) =  T0 +
Q(z)

k(z)
z −

A(z)

2k(z)
z2         (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. 
 
 
Layer 
 

 
Radiogenic heat production [μW m

-3
] 

 
Thermal conductivity [W m

-1
 K

-1
] 

 
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 calculated 
surface heat flow and equally distributed 
over the entire thickness of the upper 
crust (Pollack and Chapman, 1977; Eq. 
7.5) 
 

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

Lower crust 0.4 (Hasterok and Chapman, 2011) 
 
 

Variable (2.5 – 2.7): Pressure- and temperature-
dependent (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) 
 

 

 
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) + (𝒎
𝒂 −𝒎)𝑇 𝑪𝒎

−1 (𝒎𝒂 −𝒎)  (eq. 7.9) 
 

Where 𝒎𝒂 denotes the posterior (assimilated) model vector based on prior 𝒎 
 
with 
m n x 1  model vector 
dobs m x 1  data vector 

𝝐 m x 1  data error vector 
Cm m x m  model covariance 
Cd n x n  data covariance 
G m x n  linear(ised) measurement operator matrix 

𝒢(𝒎) m x 1  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):   
 

𝒎𝒂
𝒋 = 𝒎𝒋 + �̂�𝒎𝒅 (�̂�𝒅𝒅 + 𝑪𝒅)

−1 (𝒅𝒋 − �̂�𝒋)      (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.  �̂�𝒋 =  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 �̂�𝒅𝒅 are determined from the ensemble runs 
   
 

  �̂�𝒎𝒅 = 
𝟏

𝑵𝒆−𝟏
𝑴′ 𝑫′𝑻   

 

  �̂�𝒅𝒅 = 
𝟏

𝑵𝒆−𝟏
𝑫′ 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 = √𝜶𝒊𝑪𝒅
𝟎.𝟓
 𝒛𝒋 

b. Update the ensemble 𝒎𝒋 using eq. 2 with the scaled  𝜶𝒊𝑪𝒅 

 

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 Trans-
European 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.  
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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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5.2.1  Conventional core analysis at Université of Montpellier 

 Sample preparation 5.2.1.1

Sample preparation procedure has been established in order to allow mineral and 
petrophysical characterization of individual sample (Figure 1): 
 
(1) Thin sections of different orientations have been extracted from cores for optical 
microscopy analysis. Three orthogonal thin sections have been investigated in order to 
observe possible preferred orientation of minerals and cracks or pore elongation (Figure 1). 
Indeed, these preferred orientations may lead to possible anisotropic behaviour of the 
samples. Some thin sections were analysed using a Scanning Electron Microscope for 
chemical analysis (EDS – Energy Dispersive Spectroscopy technique) and crystallographic 
(EBSD – Electron BackScattered Diffraction technique) analysis (Géosciences Montpellier). 
Crystallographic orientations were measured in order to quantify the degree of possible 
anisotropy of the sample, as crystallographic preferred orientations of mineral are common in 
magmatic rocks where high temperature plastic deformation may occur. 
 
(2) A small piece of rock sample has been crushed and fine grain powders have been used 
for X-ray diffraction analysis (analysis performed at CEREGE – Université Aix-Marseille and 
Université of Montpellier) and Cation Exchange Capacity analysis - CEC (Laboratoire 
d’Analyses des Sols, Arras, France – titration with the Cobaltihexamine method). 
 
(3) Mini-cores of 1-inch in diameter have been extracted from the cores for petrophysical 
characterization at room conditions, i.e. porosity, permeability, electrical conductivity, 
acoustic velocities and high temperature-high pressure investigations. 

 

Figure 1. Procedure for sample preparation: (a) initial core extracted from borehole, (b) mini-core, and 
(c) thin section and powders for XRD and CEC analysis. TS: thin sections. 
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 Rock composition 5.2.1.2

5.2.1.2.1 Basalt Lava NJ-17  

NJ-17 sample was cored at a depth of 877m in the Nesjavellir - Hengill geothermal field. NJ-
17 sample is a basaltic lava with porphyric texture of altered epidote and plagioclase set in a 
fine-grained, not orientated dark brown groundmass with prismatic-needles of plagioclase 
and microcrysts of oxides and clinopyroxene ( 
Figure 2). XRD analyses indicate the presence of chlorite, quartz, calcite, and actinolite. Lava 
displays ellipsoidal/spherical to deformed pores. These small (50-100µm) pores are entirely 
filled with chlorite, whereas larger pores (up to 500µm) have chlorite rims and calcite and 
clinopyroxene, quartz or empty cores. Few large phenocrysts, hypidiomorphic are highly 
altered: (1) long prismatic needles plagioclase (up to 500 µm) or (2) tabular epidotes 
(cracked) and clinopyroxenes. In addition, the following observations have been made: 
- small veins are oriented N-S of thin-section, i.e. in direction of downhole, 

- cracks are not oriented, 

- lighter colored veins and dark brown/green cracks, 

- some rounded structures (former pores) are totally filled with orange-olive/brown mush 

including fine-grained epidote and clinopyroxene crystals, 

- possible orientation of light colored pores to the NE corner of the sample, 

- vesicle coalescence is observed, 

- irregular light colored veins connect pores with each other (filled with calcite and quartz), 

- where veins reach a pore, the dark brown mush chlorite-rims is often intersected/cut open. 

 

Mineral Thin section (PPL) Thin section (CPL) comments 

Calcite 

  

 

Calcite is xenomorphic 

and occurs in cavities. 

Crystals are medium-sized 

grains to few several 100 

µm (200-300 µm). It is 

slightly altered cracks 

(zick-zack) and diffuse 

tracks of fluid inclusions 

Quartz 

  

Quartz is hypidiomorphic 

to xenomorphic, 

exclusively present in 

vein/pore fillings in close 

contact to calcite. Small to 

medium-sized (~50 µm). 

Wavy extinction is 

observed in larger, 

xenomorphic crystals with 

arched borders. 

Chlorite 

  

Chlorite is present as (1) 

pore or (2) interstitial 

fillings. It is associated with 

rounded/prismatic hypidio- 

to xenomorphic (max. 10-

20 µm) crystals, which are 

dark brown (LN) and dark 

red-brown (LPA), high 

relief, rims bubbly which 
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are supposed to be 

amphibole. 

Epidote 

  

Epidote is mostly fine-

grained (max. 10-20 µm) in 

groundmass, xenomorphic, 

subgrains, with high 

birefringence of 2
nd

 order. 

Few larger (max 100 µm) 

tabular hypidiomorphic 

phenocrysts are present 

along cracks. 

Plagiocla

se 

  

Plagioclase is present as 

usually fine-grained 

hypidio- to xenomorphic 

needles in groundmass 

(10- 20µm). Several larger 

hypidiomorphic needles 

(100 µm long, 40 µm wide). 

It is highly altered. 

 

 
Figure 2. Microphotographs and petrographic observations of basaltic lava NJ-17. 

 
 

5.2.1.2.2 Hyaloclastite NJ-17B 

NJ-17 sample was cored at a depth of 1009 m (132 m below NJ-17) in the Nesjavellir - 
Hengill geothermal field. NJ-17B is an altered hyaloclastite (less than NJ-17), but with high 
degree of chloritization. The groundmass has fine-grained actinolite, chlorite, plagioclase, 
and oxides (Figure 3). Large elongated pores are filled with chlorite rims and calcite, 
clinopyroxene, and finally oxides and plagioclase in the pore centers. Irregular shaped oxide 
veins are present, extended by chlorite veins only. XRD analysis show the presence of five 
major phases ( 
Figure 2.6) of plagioclase, chlorite, calcite, actinolite, and augite. Actinolite has not been 
found as phenocrysts, and is probably included in the fine-grained groundmass in symbiosis 
with chlorite.  
 

Mineral Thin section (PPL) Thin section (CPL) comments 

Calcite 

  

Calcite crystals (< 

500µm) are 

xenomorphic. Fluid 

inclusions of irregular 

shape are present in 

calcite grains. They are 

not oriented. 
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Chlorite 

  

Fine-grained chlorite in 

the matix and as pore 

lining.  Acicular needles 

in pore centers alternate 

with oxide needles. 

Chloritization along 

calcite borders. 

Plagioclase 

  

Plagioclase is present as 

tiny prismatic needles in 

groundmass, having a 

length of maximum 50 

µm. 

 

Augite 

  

Augite: few large 

xenomorphic, highly 

fractured phenocrysts (= 

no pores) with signs of 

chloritization, many 

show deformed, waved 

lines. 

Oxide 

  

Oxides are present in 

the groundmass and as 

phenocrysts. 

Epidote 

  

Epidote is xenomorphic 

and present as pore 

filling. 

 

Figure 3. Microphotographs and petrographic observations of hyaloclastite NJ-17B. 

 

5.2.1.2.3 Hyaloclastite ÖJ-1 

ÖJ-1 sample was drilled in Ölkelduháls - Hengill area (SW-Iceland), at a depth of 797m. ÖJ-1 

sample is a hyaloclastitic tuff with hydrothermal texture. Pores and vesicles are mainly 

exclusively filled with chlorite. Interstitial fillings include chlorite, epidote, quartz, plagioclase 

and calcite. Sparse interstitial areas are not entirely filled with minerals (= holes). Rounded 

blasts have several mm-size large with darker rim. Large fine-grained blasts contain black 

oxides, nano-oxide/sulfide-needles that are unoriented. Few blasts have irregular-shaped 

cracks (several 100 µm long and few µm wide) filled with quartz. Large brown and greenish 
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(less abundant) fine-grained mush of xenomorphic prismatic needles with nano-subgrains 

composed of epidote possibly overgrown by chlorite are present. XRD analyses indicate the 

presence of six major phases: plagioclase, chlorite, calcite, actinolite, épidote, augite. 

5.2.1.2.4 Hyaloclastite breccia RN-17B  

RN17-B sample is a shallow marine volcanoclastic or hyaloclastic breccia drilled in 2008 in 

the production hole RN-17B at a depth of 2801.6 m. It shows a high degree of alteration in 

amphibolite facies. The hyaloclastite RN-17B displays a fine-grained inhomogenous texture 

and contains a groundmass and vesicular blasts. It is highly/pervasively altered and 

microcrysts of plagioclase, calcite, sphène and actinolite (Figure 4). The XRD and electron 

backscattered diffraction image (EBSD) analyses show the presence of four major phases: 

plagioclase, epidote, calcite, and augite. Plagioclase microcrysts have composition from 

andesine to albite. 

Mineral Thin section (PPL) Thin section (CPL) comments 

Blasts and 

groundmass 

  

 

Chlorite 

  

Chlorite fills vesicle and 

pores. 

Plagioclase 

  

Plagioclase are 

xenomorphic, seldom 

prismatic needles are 

observable. They are 

highly altered by 

inclusions, which are 

not orientated. Vague 

twinning/zoning are 

visible (no clear lines). 

Epidote 

  

Epidote is xeno- to 

hypidiomorphic. Their 

zonation is irregular. 

They fill pore and vein 

fillings. They are 

surrounded by reaction 

rim (greenish) 

 

Amphibole Amphiboles are present as acicular needles in the groundmass or as fine-grained to medium-

grained forming dense green blasts. 

Figure 4. Microphotographs and petrographic observations of hyaloclastite RN-17B. 
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5.2.1.2.5 Hyaloclastite breccia RW-17B  

RW-17B sample is a shallow marine volcanoclastic or hyaloclastic breccia drilled in 2008 in 

the production hole RN-17B at a depth of 2804m. It shows a high degree of alteration in 

amphibolite facies. This sample displays a pervasive hydrothermal alteration and contains 

vesicular and non-vesicular clasts. Intensive fine-grained epidote is present in a fine-grained 

plagioclase and amphibole matrix. The pore system is connected. Amphibole is present in a 

fine-grained matrix with medium-grained vesicle fillings of plagioclase and epidote (Figure 5). 

Some vesicles are empty in their center of thin section. XRD analyses exhibit the presence of 

three major phases: plagioclase, hornblende, and epidote. 

 

Mineral Thin section (PPL) Thin section (CPL) comments 

 

  

Groundmass and filled pores 

Epidote 

  

- coarse-grained, 

hypidiomorphic to 

xenomorphic 

- interstitial in veins or in 

pores 

 

Plagioclase 

  

- highly altered with 

inclusions. It is xenomorphic, 

display rounded borders and 

is cojoined with epidote in 

large pores/vesicles 

Hornblende 

  

 

Fine, distinct needles of  

radial/acicular shape. Few 

head-shots having 120° 

cleavage 

 

Figure 5. Microphotographs and petrographic observations of hyaloclastite RW-17B. 
 
 

5.2.1.2.6 Dolerite RN19 

As reported in Fridleiffson et al. (2010), RN-19 cores were drilled in 2005 at 2238 - 2248m 

depth. The sample investigated at UM is from a depth of 2246.2 m. This sample is a dolerite 
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showing a relatively weak alteration and interpreted as a part of a sheeted dyke complex. 

The texture is coarse-grained and magmatic. The sample is relatively fresh and contains no 

apparent pores and veins. The phenocrysts are plagioclase and clinopyoxene and coexist 

with chlorite, talc, oxide and quartz (Figure 6). XRD and SEM/EBSD/EDS analyses show the 

presence of three major phases: plagioclase, augite and chlorite and few minor phases: talc, 

actinolite and quartz. Plagioclase show intergranular and intragranular cracks and a 

composition from anorthite to andesine. Clinopyoxenes have augite composition. EBSD 

analysis show that plagioclase and augite do not display significant crystallographic 

orientations, as shown on stereograms (Figure 7). 

 

Mineral Thin section (PPL) Thin section (CPL) comments 

Plagioclase 

  

- hypidiomorphic, 

prismatic 

- 0.5-2.0 mm 

- Fractures/cracks  

- late stage mineral 

- smaller plagioclase 

grew inside epidotes- 

only in _1c-direction 

heads of plagioclase 

crystals with intensive 

cracks. 

Augite 

  

- hypidio- to 

xenomorphic- 

cassures/cracks 

- intersected by 

plagioclase growth 

 

Epidote 

  

- hypidiomorphic to xeno-

morphic 0.5 to 2.0 mm 

- often intersected by 

plagioclase or has plag-

microlite inclusions 

- contains cracks 

- altered or replaced by 

chlorite, and talc on 

edges and along cracks. 

Talc 

  

- Alteration/secondary 

mineral 

- Mostly interstitial in 

close contact/surrounded 

by opaque oxides and 

chlorite 

 

Quartz 
Hypiodiomorphic, wavy/oscillatory extinction. Often myrmekites are observed, suggesting 

reaction between quartz and plagioclase. 
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Figure 6. Microphotographs and petrographic observations of dolerite RN-19 

 

 

 

 

Figure 7. Stereograms representing crystallographic orientations of plagioclase (top) and augite 
(bottom) minerals (lower hemisphere, equal area projection) in sample RN-19. 

5.2.1.2.7 Microdolerite RN-30 

RN-30 sample comes from core drilled in the Reykjanes Peninsula at a depth of 2519 m. The 

sample is a microdolerite with plagioclases, clinopyroxene, epidote, quartz, and oxide and 

intensive chloritization (Figure 8). No orientation, foliation and pore system are observed. The 

texture is irregular/unregulated and is made of medium sized grains of magmatic origin. 

Minerals are intensively cracked and no crack orientations are observed on different thin 

sections. The order of alteration in mineral phases are (high to low): plagioclase, epidote, 

clinopyroxene, quartz. XRD analyses show the presence of augite, plagioclase and chlorite 

as major phases and quartz, hornblende as minor phases. The plagioclases have 

composition from bytownite to labradorite. Clinopyroxenes are augites. 

 

 
 

Oxides/ 

sulfides 

  

- interstitial fine-grained 

(oxides, see pic above) 

or larger 

hypidiomorphic ~100 

µm length 

- usually in contact to 

alteration minerals (e.g. 

chlorite) 

 

Amphibole - Present in contact with chloritization of epidote 

- Rims show irregular dissolution features 

Mineral Thin section (PPL) Thin section (CPL) comments 
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5.2.1.2.8 Samples from Elba Island (UM) 

Metamorphic rocks are the host rocks of the deepest geothermal reservoir in the Larderello 
geothermal field. This reservoir has a great interest for geothermal exploitation as it is 
supposed to contain fluids at very high temperature/pressure-possibly under supercritical 
conditions (>250 bars, 400°C). 
However, interpretation of geophysical signals obtained in Larderello in terms of present day 
mineralization, fluid circulation, temperature, suffer from the lack of data regarding 
petrophysical properties of metamorphic rocks. Indeed such rocks are not well studied 
because, until now, they do not present economic interests.  
 
In this task, we propose to start a preliminary study on the some properties of Monte 
Calamita micaschist, a micaschist that is analogous to the one being present in the 
Larderello basement. One sample, MC1, have been sent to Montpellier by Domenico Liotta 
(Universty of Bari). Several other samples have been collected during a field trip in February 

Plagioclase 

  

Intensively altered: 

inclusions and occasionally 

Chl-cracks/veins 

(perpendicular to twinning) 

- prismatic, hypidiomorphic 

 

Augite 

 
 

- cleavage 90° 

- LN: clear, yellow-greenish 

- LPX: brown-yellowish 

- oblique extinction 

 

Chlorite - large connecting network, filling interstitial/inter-mineral areas  

- often in contact to epidote and skeletal oxides/sulfides 

- small oxide-needle-veins on rims, along cracks 

Epidote 

  

- mostly xenomorphic , 

cracked 

- mostly head-cuts 

- intersected by 

plagioclase 

prisms/needles 

 

quartz - minor phase showing wavy/oscillatory extinction occasionally, often surrounded by chlorite 

Oxides 

  

- hypidiomorphic, 

opaque, skeletal shape 

- blueish-black shimmer 

in PPL, bright in reflected 

light 

- up to 200 µm 

 

Figure 8. Microphotographs and petrographic observations of dolerite RN-30. 
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2015 in the Ginevro Mine. A field work and petrophysical study have been done in the frame 
of master internship by Gildas Beauchamps. 

 
Two samples have been selected for High-temperature and high-ressure investigations: MC1 
and GIN-13. They are fresh, unaltered and non-mineralized biotite-rich micashists, 
composed of quartz, plagioclase (andesine), biotite and cordierite as accessory phase. Their 
porosity is lower than 1%. 
 

 Characterisation of petro-physical properties 5.2.1.3

 
Petrophysical experiments were performed in two steps: 
 

(i) a complete petrophysical characterization of the samples consisting in 
measuring porosity, acoustic velocities, electrical properties and permeability at 
room temperature (20 °C) and at low confining pressure (0.1 MPa to 20 MPa) was 
performed on large sample (25.4 mm in diameter and 20 - 40mm in length).  
These properties are fundamental to investigate the pore structure of the sample 
and to further orient high temperature/high pressure experiments, i.e. by defining 
experimental conditions and choosing the most relevant samples.  
 
(ii) Petrophysical measurements at high temperature/high pressure on selected 
samples in the Paterson press (see part IV). 

 
 

For ambient conditions characterization, mini-cores of 25.4mm in diameter and 20 – 30 mm 
in length were drilled from the rock samples. Their basal planes were then cut plan-parallel 
and the mini-cores were dried in an oven for 3 days at 70 °C. Porosity and mineral density 
were first determined using a home-made Helium porosimeter (Figure 9). This device acts as 
a pycnometer. The solid volume of the mini cores sample, i.e. the volume of the minerals, is 
measured from an isothermal decompression using two well-known volumes and completed 
with the ideal gas law. As the total volume of the cylindrical core is known, the pore volume is 
being obtained by a simple difference. Then, this method gives a relative porosity accuracy 
of 3 % at high porosity (> 5 %), and 20 % at low porosity (< 5 %). Mineral density has an 
accuracy better than 10 %. The main sources of errors are those due to the sample size 
measurements, the sensibility of the pressure transducer, and the relative errors of the 
known volumes.  
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For ambient conditions characterization, mini-cores of 25.4mm in diameter and 20 – 30 mm 
in length were drilled from the rock samples. Their basal planes were then cut plan-parallel 
and the mini-cores were dried in an oven for 3 days at 70 °C. Porosity and mineral density 
were first determined using a home-made Helium porosimeter (Figure 9). This device acts as 
a pycnometer. The solid volume of the mini cores sample, i.e. the volume of the minerals, is 
measured from an isothermal decompression using two well-known volumes and completed 
with the ideal gas law. As the total volume of the cylindrical core is known, the pore volume is 
being obtained by a simple difference. Then, this method gives a relative porosity accuracy 
of 3 % at high porosity (> 5 %), and 20 % at low porosity (< 5 %). Mineral density has an 
accuracy better than 10 %. The main sources of errors are those due to the sample size 
measurements, the sensibility of the pressure transducer, and the relative errors of the 
known volumes.  
  

Permeability was then measured using Argon as saturating fluid in a home-made 
permeameter at low confining pressure. The system is composed of two reservoirs 
(upstream and downstream) with two calibrated volumes, to limit errors on permeability 
measurements (Figure 10.). The confining pressure is less than 20 MPa, and we use water 
as a confining fluid. The pore pressure fluid is Argon. We use 3 different pressure sensors (0-
0.1 MPa, 0-1 MPa, 0-10 MPa). This allows adapting the pore pressure to the correct sensor, 
lowering errors on permeability due to the pressure sensors sensibility. The system is also 
composed of two flow rate sensors calibrated for Argon (a 0 - 0.0045 l/min sensor for low 
flow rate measurement, and a 0 - 0.3 l/min for higher flow rate) to adapt the measurements 
with the perfect sensor. The pressures and flow rates evolution with time are acquired and 
analysed directly on a homemade Labview program. 
 
 

 

 Electrical 
impedance

, Vp, Vs 

Figure 9. Left: The Helium porosimeter principle. In order to measure the pore volume of the mini 
core sample, an isothermal decompression is applied in two chambers of known volume V1 and V2 . 
Right: The ultrasonic and electrical conductivity set-up for measurements at room conditions. Two 
electrodes (or two piezo electrical) are positioned on the two opposite sides of the mini-core, allowing 
the electrical current transmission or seismic wave propagation.     
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Without the presence of an oven to control the ambient temperature, these measurements 
are then sensitive to any temperature fluctuation. In this way, the system does not suit very 
low permeable samples (nearer 10-19 m²). Low permeability sample leads to time-consuming 
measurements, with a non-neglecting influence of temperature fluctuations. However, this 
system remains suitable for permeability above 10-19 m2 with relative errors from about 5 %. 
Finally, ultrasonic velocities (longitudinal-Vp and transverse-Vs) were measured under dry 
conditions (Figure 9). Seismic wave propagation is studied using 2 piezoelectric transducers 
of 500 kHz resonance frequency. We apply a transmission wave technic with a transmitter 
and receiver. An electrical spike impulsion (amplitude -400 V, width 10 ns) is sent on the 
transmitter, and the acoustical wave transmitted through the rock is analysed on an 
oscilloscope (with 200 MHz of bandwidth and a sampling frequency of 2GHz). Seismic wave 
velocities are simply obtained dividing the length of the sample by the time of flight of P and 
S waves. The relative accuracy for the measured velocities is about 3%. 
 

The samples were then saturated with low-salinity (<100 S/cm) and degassed water after 
evacuating air-filled pores in a vacuum chamber (during 48 hours at a pressure less than 
10 mbars). Porosity was first measured using the classical triple-weight method, (with dry, 
saturated, and immersed mass) with a balance providing an accuracy of 10-2 g. This second 
method provides a better accuracy than the Helium pycnometer. Porosity and grain density 
have a relative error less than 5% for both measurements. Second, ultrasonic velocities were 
measured in saturated conditions, using the same procedure as for dried samples. Finally 
electrical conductivity was measured in a 2-pole configuration with 2 inox electrodes and a 
Solartron 1260 A impedance spectrometer available at Géosciences Montpellier. The applied 
voltage on the rocks was 100 mV at a frequency of 1000 Hz. Electrical conductivity of the 
saturating fluid was systematically changed by modifying NaCl content in the fluid in order to 
investigate the effect of fluid conductivity on bulk rock electrical conductivity. The samples 
were successively saturated with 6 solution of increasing salinity, from 10-4 g/l to 10 g/l. 
 

Figure 10. Schematic of the permeability set-up for room conditions characterization. Three pressure 
sensors are available (0-0.1 Mpa, 0-1 MPa, 0-10 MPa), with two Argon flow rate sensor (a 0-0.0045 
l/min sensor, and a 0-0.3 l/min sensor). The confining pressure can reach 20 MPa. Fluid pressure 
must be less than 1 MPa. Oultlet fluid pressure is the atmospheric pressure. 



 
 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03 Appendix 5.2.1 
2016.10.31 
public 
13 of 23 

 

 
 

 

 13 

5.2.1.3.1 Porosity and permeability 

 

Table 1). Variation of grain density, i.e. the density of the rock matrix and permeability is 
shown on  
. 
 
Table 1. Porosity measured by Helium expansion technique and triple weight method, grain density 
deduced from both methods and permeability measured at near ambient conditions (temperature of 
20 °C +/- 2 °C and a confining pressure of 10 MPa). 

 

Sample 
Name 

Drill 
core 

He 
porosity 
(%) 

He 
density 
g.cm

-3
 

He 
Grain 
density 
g.cm

-3 

TW 
porosity 
(%) 

TW grain 
density 
g.cm

-3
 

Porosity
(%) 

Permeability 
(mDarcy) 

NJ-17 _3 21.63 2.23 2.84 19.16 2.88 

19.4 

1.6 

0.0301 

NJ-17 _4 20.76 2.28 2.88 16.96 2.88 0.0262 

NJ-17 _5 17.59 2.36 2.87  2.26  

NJ-17 _6 18.29 2.34 2.86 17.21 2.85  

NJ-17 _9 18.28 2.32 2.84 18.09 2.84  

NJ-17 _10 21.49 2.21 2.82 20.57 2.82  

NJ-17 _11 18.39 2.31 2.83 17.07 2.84  

NJ-17 _12 18.47 2.34 2.87 16.68 2.86  

NJ-17B _1 12.13 2.50 2.85 12.20 2.86 

12.28 

1.8 

0.0015 

NJ-17B _2 14.54 2.45 2.87 14.64 3.17 0.0016 

NJ-17B _6 11.47 2.54 2.87 11.63 2.87  

NJ-17B _7 8.90 2.59 2.84 9.14 2.84  

NJ-17B _9 13.75 2.53 2.94 12.96 2.89  

NJ-17B _10 13.40 2.49 2.88 12.80 2.88  

NJ-17B _11 11.75 2.50 2.84 11.17 2.85  
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OJ-1 _1 25.06 2.14 2.85 23.65 2.83 

24.9 

1.51 

 

OJ-1 _3 23.84 2.17 2.85 22.31 2.82  

OJ-1 _4 24.45 2.14 2.84 23.53 2.82  

OJ-1 _5 24.45 2.14 2.84 23.36 2.83  

ÖJ-1 _8 28.15 2.13 2.97 27.41 2.97 0.135 

ÖJ-1 _9 24.38 2.13 2.82 25.86 2.92 0.1265 

ÖJ-1 _10 23.97 2.17 2.86 23.03 2.84  

RN-17B _1 9.59 2.71 2.99 13.16 3.00 

13.37 

2.8 

0.1033 

RN-17B _2 9.10 2.72 2.99 14.23 3.04 0.097 

RN-17B _6 14.25 2.61 3.04 13.00 3.02  

RN-17B _7 13.08 2.62 3.01 12.72 3.00  

RN-17B _8 13.68 2.58 2.99 12.64 2.97  

RN-17B _9 15.26 2.59 3.05 13.83 3.02  

RN-17B _10 17.63 2.49 3.02 16.68 3.00  

RN-17B _11 14.41 2.56 2.99 13.56 2.97  

RW-17B _2 10.94 2.72 3.06 14.61 3.06 

13.53 

1.65 

0.4393 

RW-17B _3 14.90 2.61 3.06 14.44 3.06  

RW-17B _4 12.39 2.60 2.97 11.53 2.96  

RW-17B _5 13.43 2.55 2.94 12.46 2.93  

RW-17B _6 15.35 2.46 2.91 15.02 2.95  

RW-17B _7 14.18 2.56 2.98 13.28 2.96  

RN-30 _3 2.85 2.92 3.01 3.26 3.02 

3.35 

0.44 
 

0.00065 

RN-30 _4 3.71 2.91 3.02 3.33 3.02 0.0042 

RN-30 _5 3.29 2.94 3.04 2.69 3.02  

RN-30 _6 3.22 2.94 3.03 2.62 3.01  

RN-30 _7 3.69 2.92 3.03 2.89 3.01  

RN-30 _9 2.62 2.95 3.03 2.59 3.01  

RN-30 _10 3.87 2.91 3.03 2.92 3.01  

RN-30 _11 3.52 2.93 3.03 2.91 3.02  

RN-19 _5 1.74 2.89 2.94 1.39 2.93 

2.885 

0.391 
 

0.135 

RN-19 _7 1.34 2.98 2.93 1.34 2.93 0.133 

RN-19 _8 1.51 2.77 2.94 1.51 2.93  

RN-19 _9 1.79 2.90 2.95 1.15 2.94  

RN-19 _10 2.37 2.88 2.95 0.85 2.02  

 
 
 

5.2.1.3.2 Mercury injection measurement for pore size 
characterization 

The mercury injection technique was achieved on samples of about 3 cm3 volume (Figure 11). 
This method is based on injecting mercury at different pressures. While measuring the 
intrusion volume of mercury for each pressure state. Considering that each pressure state Pi 
is linked with the capillary pressure threshold, needed to invaded pores of throat diameter ri, 
the gap of pressure achieved gives a general idea of the pore throat diameters in the 
samples. By analogy, using the interfacial tension ratio (water/air and mercury/air). The 
samples capillary pressure (water/air) can be achieved. In this mode, contact angles 
(mercury/air and water/air) are considered to be constant on the whole pore surface of the 
samples. 
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Figure 11. Mercury injection and pore throat size characterization for the 4 selected samples. 
 

5.2.1.3.3 Electrical conductivity 

 
In a porous medium, comprising a solid matrix and a porous interconnected network 
saturated by a conductive electrolyte. Three main types of electrical conduction can be 
distinguished: electrolytic conduction in the inner pore fluid present into the pore space, 
surface conduction at the interface between minerals and the electrolyte (e.g. Waxman and 
Smits. 1968; Revil and Glover. 1998), and semi-conduction in some minerals (mostly non-
silicates). This late contribution is supposed to be negligible at ambient temperature 
conditions, but may constitute an important contribution at high temperature. 
When the surface conduction component is negligible compared to the electrolytic 
component, the total conductivity of the porous media (Cbulk) can be regarded as proportional 
to that of the saturating fluid (Cfluid). This proportionality is the basis to define the electrical 
formation factor F. However fluid-rock interaction leads to formation of alteration minerals 
whose contribution to surface conduction is possibly of major importance 
When surface conduction becomes non negligible, a first-order model can be used to 
describe the bulk rock conductivity (Waxman and Smits. 1968): 
 

Cbulk =
C fluid

F
+CS  

 
Formation Factor F is an intrinsic quantity that characterizes the 3D topology of the pore 
space and describes the contribution of the pore space topology to the overall electrical 
resistivity of the fluid saturated rock. The surface conduction Cs becomes significant in the 
presence of altered phases (e.g. Waxman and Smits 1968; Pezard 1990; Revil and Glover 
1998). Electrolytic conduction related to the formation factor F is mainly related to pore 
volume electrical transmissivity. Electrical formation factor is related to sample porosity by 
Archie (1942) empirical equation 
 
 

F = F-m, 
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where  is the porosity and m is the cementation factor, indicating the degree of 
interconnection of the pores. For m close to 1 the porosity is of fissured type. For m close 2 
the porosity is of a granular and interconnected type. In low porosity igneous rocks, the 
electrical tortuosity is preferentially used to the cementation index (Walsh and Brace. 1984; 
Pape et al.. 1985; Katsube and Hume. 1987; Pezard. 1990; Ildefonse and Pezard. 2001), 
providing an alternate view at relationships between pore space and electrical transmissivity 
with: 
 

F =
t

F
, 

 

where  relates the geometrical complexity of the path followed by the electrical current in the 
fractured pore space or in a more general sense to the efficiency of electrical flow processes 
(e.g..Guéguen and Palciauskas. 1992). 
 
In order to evaluate the electrical properties of the samples and their relationship with 
alteration mineralogy and the geometry of the pore space, electrical conductivity was 
measured at ambient conditions as a function of fluid conductivity. From these 
measurements the different parameters defined in equations given above are calculated by 
fitting the experimental results. Electrical conductivity was measured under saturated 
conditions in a 2-pole configuration as a function of fluid conductivity. Fluid conductivity was 

varied from low salinity (<100 S/cm) to high salinity (about 5 S/m), a range that is supposed 
to cover the salinity of the saturating fluids in Icelandic geothermal reservoirs. Fluid 
conductivity was varied using different contents of dissolved NaCl. 
 
Ambient conditions characterization will constitute the starting point for the high-temperature 
investigations, where the evolution of formation factor and surface conductivity will be 
tentatively extracted from measurements.  
Electrical conductivity was measured as a function of fluid salinity on several mini-cores that 
correspond to the one presented in Table 2. Different parameters were deduced from these 
measurements and represented as a function of porosity in Figure 12. 
 
 
Table 2. Electrical properties calculated by electrical resistivity measurements on samples at ambient 
conditions. Saturating fluids of different salinities (el. conductivities) were used to deduce the formation 
factors and the surface conductivity. 

 

Sample 
Name 

Drill 
core 

TW 
porosity 
(%) 

Formation 
factor

 

Surface 
conductivity 
mS.m

-1 

Cementation 
factor 

Electrical 
tortuosity

 

CEC 
(cmol+/kg) 

NJ-17 _3 19.16 89.398 3.415 2.935 19.341  
 
 
10.7 

NJ-17 _4 16.96 121.966 2.848 3.056 25.325 

NJ-17 _5          

NJ-17 _6 17.21 112.256 2.983 2.779 20.533 

NJ-17 _9 18.09 96.569 4.420 2.689 17.648 

NJ-17 _10 20.57 70.055 5.285 2.764 15.054 

NJ-17 _11 17.07 104.165 2.809 2.743 19.153 

NJ-17 _12 16.68 118.200 2.644 2.825 21.829 

NJ-17B _1 12.20 131.887 8.602 2.315 16.002  
 
 
11.9 

NJ-17B _2 14.64 113.300 12.765 2.453 16.477 

NJ-17B _6 11.63 97.123 13.140 2.113 11.137 

NJ-17B _7 9.14 186.718 8.133 2.162 16.627 

NJ-17B _9 12.96 133.935 8.057 2.468 18.419 

NJ-17B _10 12.80 138.778 8.219 2.455 18.602 
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NJ-17B _11 11.17 167.907 7.752 2.393 19.729 

OJ-1 _1 23.65 32.753 3.085 2.521 8.208  
 
 
2.16 

OJ-1 _3 22.31 35.925 3.287 2.498 8.565 

OJ-1 _4 23.53 34.057 2.440 2.505 8.327 

OJ-1 _5 23.36 31.322 2.550 2.445 7.659 

ÖJ-1 _8 27.41 20.291 4.458 2.374 5.711 

ÖJ-1 _9 25.86 32.944 2.346 2.476 8.033 

ÖJ-1 _10 23.03 34.809 2.908 2.485 8.344 

RN-17B _1 13.16 57.223 0.488 1.726 5.485  
 
 
 
 
 
 
1.22 

RN-17B _2 14.23 56.511 0.334 1.683 5.140 

RN-17B _6 13.00 69.658 0.944 2.178 9.926 

RN-17B _7 12.72 69.168 0.558 2.083 9.046 

RN-17B _8 12.64 67.750 0.576 2.119 9.268 

RN-17B _9 13.83 56.921 0.451 2.150 8.688 

RN-17B _10 16.68 40.444 0.913 2.132 7.130 

RN-17B _11 13.56 57.325 0.485 2.090 8.261 

RW-17B _2 14.61 52.457 0.511 1.790 5.741 

RW-17B _3 14.44 59.419 0.368 2.146 8.856 

RW-17B _4 11.53 90.247 0.329 2.156 11.183 

RW-17B _5 12.46 80.853 0.421 2.188 10.861 

RW-17B _6 15.02 59.636 0.503 2.182 9.156 

RW-17B _7 13.28 74.081 0.484 2.204 10.507 

RN-30 _3 3.26 535.039 0.825 1.765 15.225  
 
 
 
2.37 

RN-30 _4 3.33 462.502 0.895 1.863 17.157 

RN-30 _5 2.69 648.793 0.450 1.897 21.377 

RN-30 _6 2.62 650.613 0.502 1.885 20.937 

RN-30 _7 2.89 442.322 0.565 1.846 16.304 

RN-30 _9 2.59 608.738 0.401 1.760 15.934 

RN-30 _10 2.92 528.822 0.488 1.929 20.482 

RN-30 _11 2.91 593.487 0.596 1.908 20.875 

RN-19 _5 1.39 244.001 0.511 1.356 4.237 

RN-19 _7 1.34 286.244 0.399 1.312 3.834  
 
2.32 

RN-19 _8 1.51 257.086 0.472 1.323 3.875 

RN-19 _9 1.15 262.865 0.423 1.386 4.714 

RN-19 _10 0.85 225.708 0.349 1.448 5.345 
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Figure 12 . Electrical surface conductivity, formation factor and tortuosity as a function of porosity for 
the various lithologies. 
 

5.2.1.3.4 Acoustic properties 

 
Ultrasonic properties were measured at ambient conditions in order to quantify the effect of 
mineralogy, microstructure, and pore space topology on velocities (Table 3). Figure 13 shows 
the effect of porosity on ultrasonic velocities (P and S) for the different lithologies under dry 
and saturated conditions. Effect of saturation on acoustic velocities is also shown in this 
figure. Elastic moduli were calculated according to general theory of elasticity (e.g. Guéguen 
and Palciauskas. 1994). 
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Figure 13. Top: Variation of P and S wave values under saturated (left) and dry, unsaturated 
conditions (right). Bottom: ratios Vsaturated/Vdry with lithology, porosity and saturation. Distilled water was 
used as the saturating fluid. 

 
 
Table 3. P and S waves measured at ambient conditions on dry and fully saturated samples (saturant 
is distilled water).  

Sample 
Name 

Drill 
core 

TW 
porosity 
(%) 

TW 
grain 
density 
g.cm

-3 

Vp dry 
Km.s

-1 
Vp sat 
Km.s

-1
 

Vs dry 
Km.s

-1 
Vs sat 
Km.s

-1
 

Poisson 
coef. 

Young 
modulus 
coef. 
GPa 

Shear 
modulus 
coef. 
GPa 

NJ-17 _3 19.16 2.88 4.41 4.25 2.5 2.17 0.323 11.791 11.975 

NJ-17 _4 16.96 2.88 4.3 4.36 2.35 2.2 0.330 10.195 12.408 

NJ-17 _5  2.26 4.4       

NJ-17 _6 17.21 2.85 4.2 4.3 2.41 2.12 0.339 11.376 11.502 

NJ-17 _9 18.09 2.84 4.3 4.3 2.64 2.12 0.338 14.923 11.379 

NJ-17 _10 20.57 2.82 4.3 4.07 2.31 1.96 0.348 9.065 9.484 

NJ-17 _11 17.07 2.84 4.33 4.36 2.75 2.08 0.353 16.855 10.985 

NJ-17 _12 16.68 2.86 4.21 4.35 2.63 2.15 0.339 15.220 11.812 

NJ-17B _1 12.20 2.86 4.6 4.7 2.72 2.36 0.331 16.152 14.832 

NJ-17B _2 14.64 3.17 4.3 4.37 2.6 2.16 0.339 16.309 13.383 

NJ-17B _6 11.63 2.87 4.67 4.53 2.75 2.32 0.322 16.519 14.337 

NJ-17B _7 9.14 2.84 4.6 4.79 2.71 2.35 0.341 16.312 14.900 

NJ-17B _9 12.96 2.89 4.54 4.49 2.7 2.34 0.314 15.881 14.517 

NJ-17B _10 12.80 2.88 4.5 4.41 2.54 2.37 0.298 13.240 14.866 

NJ-17B _11 11.17 2.85 4.45 4.6 2.65 2.16 0.360 15.494 12.383 

OJ-1 _1 23.65 2.83 3.8 3.89 2.31 2.09 0.297 10.346 10.526 

OJ-1 _3 22.31 2.82 3.94 3.96 1.76 2.08 0.309 3.791 10.553 

OJ-1 _4 23.53 2.82 4.06 3.97 2.38 2.24 0.265 10.418 12.089 

OJ-1 _5 23.36 2.83 3.86 3.96 2.36 2.07 0.313 10.882 10.300 

ÖJ-1 _8 27.41 2.97 3.8 3.95 2.49 1.89 0.352 12.951 8.704 

ÖJ-1 _9 25.86 2.92 4.03 4 2.42 2.18 0.288 11.139 11.601 

ÖJ-1 _10 23.03 2.84 3.7 4.03 2.42 2.05 0.324 12.451 10.248 
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RN-17B _1 13.16 3.00 5.2 5.03 3.19 2.76 0.285 24.075 20.911 

RN-17B _2 14.23 3.04 5.24 5.03 3.26 2.64 0.311 25.511 19.244 

RN-17B _6 13.00 3.02 4.97 4.99 2.88 2.43 0.345 18.441 16.352 

RN-17B _7 12.72 3.00 5.6 5.15 3.61 2.56 0.337 32.868 18.051 

RN-17B _8 12.64 2.97 5.4 4.84 2.86 2.47 0.324 15.687 16.655 

RN-17B _9 13.83 3.02 5.05 4.99 3.23 2.61 0.312 25.939 18.817 

RN-17B _10 16.68 3.00 5.3 4.5 2.95 2.41 0.299 17.301 15.581 

RN-17B _11 13.56 2.97 5.21 5.01 2.9 2.42 0.347 17.196 15.974 

RW-17B _2 14.61 3.06 4.7 4.74 2.77 2.41 0.326 17.393 16.078 

RW-17B _3 14.44 3.06 4.64 4.86 2.79 2.52 0.316 18.038 17.654 

RW-17B _4 11.53 2.96 5.08 5.04 3.21 2.59 0.321 25.331 18.487 

RW-17B _5 12.46 2.93 4.8 4.56 2.88 2.29 0.332 18.605 14.145 

RW-17B _6 15.02 2.95 4.55 3.82 2.89 2.03 0.303 19.712 11.034 

RW-17B _7 13.28 2.96 5.13 4.66 3.37 2.6 0.274 28.528 18.382 

RN-30 _3 3.26 3.02 4.7 5.61 2.95 2.9 0.318 23.675 24.920 

RN-30 _4 3.33 3.02 4.51 5.58 2.77 2.49 0.376 20.437 18.366 

RN-30 _5 2.69 3.02 4.76 5.75 2.27 2.4 0.395 9.283 17.127 

RN-30 _6 2.62 3.01 4.5 5.63 2.52 2.41 0.387 14.927 17.413 

RN-30 _7 2.89 3.01 4.51 5.68 2.1 2.15 0.417 7.671 13.692 

RN-30 _9 2.59 3.01 4.63 5.46 2.17 2.81 0.320 8.332 23.506 

RN-30 _10 2.92 3.01 4.52 5.76 2.98 2.94 0.324 25.223 25.610 

RN-30 _11 2.91 3.02 4.6 5.71 3.04 2.93 0.320 26.530 25.649 

RN-19 _5 1.39 2.93 3.6 5.65 2.2 2.4 0.390 12.653 16.883 

RN-19 _7 1.34 2.93 3.26 5.4 2 2.53 0.359 10.454 18.625 

RN-19 _8 1.51 2.93 3.8 5.78 2.33 2.62 0.371 14.181 20.051 

RN-19 _9 1.15 2.94 4.12 5.8 2.64 2.48 0.388 19.375 18.119 

RN-19 _10 0.85 2.02 4.1 5.85 2.61 2.44 0.395 12.960 12.050 

 
In order to compare velocities extracted from surface or downhole geophysics, experimental 
development was initiated to measure these ultrasonic velocities at high-temperature and 
high-pressure under controlled pore fluid pressure in the Paterson press. Because of 
experimental difficulties and delays. it was not possible to measure these properties under 
reservoir conditions. We hope to measure these properties before the end of the IMAGE 
project. 
 

5.2.1.3.5 Discussion 

 
Petrophysical properties were first determined at ambient conditions in order to establish 
relationships between lithology, microstructures and physical properties. This preliminary 
approach was used prior to the high pressure and high temperature measurements, giving a 
first physical evaluation of the reservoir in respect to seismic, hydraulic, or electrical events.   
For a reservoir characterization one of the most important parameter is the porosity 
(Guéguen and Palciauskas, 1994). In order to optimize the accuracy, porosity of the mini-
cored samples was measured by the triple weight method and with a helium porosimeter. 
The results obtained with these two methods show a very good correlation (Error! Reference 
source not found.a). The porosity ranges between 1% and 30%. The dolerites have the 
lowest porosities, which lie between 1 and 4%, as expected with a fresh magmatic rock. A 
narrow interval has been found for basalt porosities, varying between 18 and 21%. The 
basalts mini-cores are issue from the same core and are then quite homogenous. The 
hyaloclastites originate from various borehole and depth are the more heterogeneous 
samples. We have found a higher variability of their porosities, ranging between 9% and 30%. 
From the porosity and the sample volume we can deduce the apparent grain density, giving 
the average density of the minerals present into the rock (Error! Reference source not found.b). 
The grain density is clearly higher for the dolerite (nearly 3), due to the presence of pyroxene 
(density 3.5, content of about 30-40% in bulk rock) and calcitic plagioclase. Hyaloclastites 
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may contain the same minerals. Its grain density lie between 3.1 and 2.8, due to the 
presence of recrystallized calcite and higher content of alteration minerals into micro or 
macro pores. 
 
Seismic velocities of P and S waves (under dry or saturated conditions) all show a linear 
correlation with porosity. All these results display a linear decreasing trend of wave speed 
propagation with increasing porosity (Figure 13). These results show that the seismic 
velocities can be used for the determination of the porosity and/or the lithology, as it is 
classically done with sedimentary rocks in the petroleum industry (Domenico, 1984). This 
result can be interpreted at a first order by Willie’s law, which is generally used to 
characterize reservoirs with an intergranular porosity.  
 
The P velocities measured in dry or saturated sample is nearly the same for basalts and 
hyaloclastites. However, the P wave velocities in dry dolerites are much smaller than the 
overall linear trend, while saturated dolerite samples follow the above-mentioned general 
trend of seismic velocities. This different behaviour can be explained by the presence of 
micro-fissure porosity in dolerites, which stands in contrast to the inter-granular porosity 
microstructure of hyaloclastites (controlling the wave velocity decrease). This increase of the 
velocity for saturated dolerite is also observed with the S wave velocities, but it is much less 
noticeable as for P waves, because the S waves are less influenced by the presence of a 
liquid.  
 
Elastic wave velocity can be inverted to evaluate crack density and the aspect ratio of penny 
shape cracks. The crack density recovered from the Hudson (Hudson, 1981) elastic-wave 
velocity model is displayed in the Figure 14. The aspect ratio of the cracks is also displayed. 
These observations demonstrate that dolerites have a small density of crack and a planar 
shape, while the basalts and the hyaloclastites have a high density of crack with a more 
spherical shape (intergranular porosity).  
 

Figure 14. Left: crack density versus porosity and (right) crack aspect ratio versus porosity. These 
results are obtained from an inversion model from the seismic P and S wave velocities. 

 
These results have been confirmed quantitatively by pore size Mercury porosimetry 
measurements.  
 
Four samples were selected for a Mercury intrusion under pressure (400 MPa), giving the 
histogram of the pore size of a dolerite, a basalt, and two hyaloclastites (Figure 15). The 
basalt and the hyaloclastites have a dominant pore throat size between 0.01 µm and 1 µm 
(90%). the 10 % remaining between 1 µm and 100 µm. For the dolerites which are much less 
porous. the dominant pore size is slightly higher (100% of the porosity between 0.1 µm and 
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10 µm). This is a signature of the presence of micro pores, responsible of the wave velocity 
decrease observed in the unsaturated dolerite samples.  
 

 
The electrical conductivity of the rock 𝜎 measured at high fluid conductivity is proportional to 
the electrical conductivity of the saturating fluid 𝜎𝑓. The electrical properties of the saturated 

rocks (Harvey et al.. 2005; Gueguen and Palciauskas. 1994) are then investigated through 
the electrical formation factor F  (at high fluid conductivity. 𝜎 ≈ 𝜎𝑓/F), studying the 𝐹-porosity 

relationship (The Archie’s power law, 𝐹 = 𝜙−𝑚 ). This power law (Figure 12) provides an 
estimation of the cementation 𝑚 factor for the dolerites (1.5), the basalts (2.83), and the 
hyaloclastites (2.25). This increase of the cementation factor describes the change in the 
shape of conductivity channels, which is in good agreement with our previous seismic results. 
For the dolerites, which have the lowest porosities, the formation factor should increase 
drastically. However, the results are clearly below the power law trend observed for the 
hyaloclastites and the basalts. Then, the decrease of the slope of the 𝐹 -porosity curve 
reflects a decrease of the cementation factor at low porosity. This confirms again the 
presence of micro-crack porosity in dolerites. as it was noticed with the seismic wave 
velocities and Hg porosimetry results.   
At very low fluid conductivity, surface processes control the electrical properties. The 
resulting conductivity does not depend on the electrical conductivity of the fluid. and is called 

the surface conductivity (𝜎 ≈ 𝜎𝑠). This conductivity is due to the presence of the electrical 
double layer at the interface between the minerals and the fluid (Revil and Glover, 1998). 
This surface conductivity is then highly influenced by the presence of alteration minerals. 
Results obtained for the surface conductivity are displayed in the Figure 12, showing a clear 
increase of 𝜎𝑠 with the porosity. The increase of alteration with porosity is corroborated by 
Cation Exchange Capacity measurements (CEC) which confirm that the most alterated and 
oxide-rich samples are indeed the hyaloclastites, while our dolerite samples are fresher and 
have a lower surface conductivity. However, hyaloclastites from Reykjanes display a low 
CEC and a low surface conductivity, mostly because they only contain high temperature 
alteration minerals (epidote, chlorite, actinolite). 
 
 

Finally, sample permeabilities have been measured at low confining pressure (20 MPa) and 
ambient temperature. The relationship between the permeability and the porosity (Figure 17) 
is quite disordered. We find however an increase of the permeability by 3 orders of 
magnitude with increasing porosity.  There exists a good correlation between permeability 
and electrical formation factor over the different samples. 
 

Figure 15.  Mercury porosimetry results obtained with 4 samples. The pore volume percentage is 
plotted versus the pore size in µm. The dolerite with the lowest porosity has a dominant pore size 
compared to the others rocks which are more porous. 
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Figure 17.  (Left) Preliminary results for the variation of the permeability with porosity at low confining 
pressure (20 MPa) and ambient temperature (20°C). (Right) The permeability is plotted versus the formation 
factor. 
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5.2.2 Conventional core analysis (GFZ) 

For petrophysical measurements at the GFZ 13 samples from different localities in Iceland 
were kindly provided by ISOR. Two samples were selected from a geothermal well in the 
Reykjanes area, SW-Iceland, while a third sample from the same area was collected from a 
surface outcrop. Another geothermal field of interest is Krafla in N-Iceland, where a further 
drill core comes from. The remaining samples were drilled surface-near from a fossile, 
exhumed geothermal system at Geitafell, SE-Iceland. These samples serve as proxy 
material of the recent Krafla hydrothermal system, as the geological setting is similar. An 
overview of the samples, locations, depth of coring, and classification after information from 
ISOR is given in Table 1. 

For the measurements sample plugs of 75 mm length and 30 mm in diameter were extracted 
from the drilling cores and sample blocks. Pieces cut from the end faces were used both for 
the preparation of powder samples for X-ray diffraction (XRD) analyses and for the 
preparation of thin-sections. All samples were subjected to a baseline characterisation 
comprising a mineralogical and microstructural analysation, and the determination of rock 
physical parameters at room temperature and pressure (ambient conditions).  

 

Table 1. Sample list. 

 

 

5.2.2.1 Rock composition 

The mineralogical-microstructural characterisation of 13 samples from various locations on 
Iceland was done by light-optical investigations, by electron microprobe and XRD analyses. 
The sample material can be spatialised a fossil geothermal system in Geitafell (S-Iceland) as 
well as two recent Icelandic geothermal areas, the Krafla field in NE-Iceland and the 
Reykjanes field in the SW of Iceland. The samples comprise volcanic as well as plutonic 
rocks of basaltic, andesitic, and rhyolitic composition. All samples from Geitafell and Krafla 
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possess chlorite, pointing to a low-grade hydrothermal overprinting of the rocks. In all 
samples chlorite occurs in a Mg-Fe rich variety, however the amount of chlorite ranges 
between 5.8 – 25.3 wt%. For the samples from Reykjanes area only sample RN-30 contains 
chlorite, which was identified as Mg-Fe chlorite as well. The mineral compositions of the 
samples from Geitafell and Krafla are summarised in Table 2 a, those of the samples from 
the Reykjanes area are given in Table 2 b.  

The effusive rocks exhibit a glassy to microcrystalline texture with euhedral phenocrysts. The 
intrusive rocks are characterised by a fine to coarse-grained matrix. A number of samples 
are traversed by macroscopically visible cracks that are often lined with chlorite, but also 
quartz, calcite, and epidote were observed. In one sample (GG4-GrPhy) a crack was found 
sealed with a mix of magnetite, calcite, and hornblende. Most of the wider cracks are sealed, 
thus, generally, the samples are very dense and the pore network is basically restricted to 
hair-line fissures and micropores in altered feldspars and in chlorite minerals (Figure 1 a-c). 

Only four samples possess a higher porosity linked to voids with a relatively high aspect ratio: 
sample GG2-hrBa shows an interstitial porosity that is associated to chlorite aggregates 
(Figure 1 d). The borehole samples KH-5(09) and RN-17B are highly altered Figure 1 e) and 
sample GrPhy-L, a granophyre collected at the surface is characterised by loosened grain 
contacts, probably due to unloading during uplift (Figure 1 f). 

 
 

Table 2. a) XRD-analyses of samples from Geitafell and Krafla region. b) XRD-analyses of samples 
from the Reykjanes area. 
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Figure 1. Microprobe images of various samples from different Icelandic geothermal fields. In general, 
the sample material is very dense and possess a number of healed cracks (a). Recent porosity is 
restricted to hair-line fissures and micropores in altered feldspars and chlorites (b and c). Higher 
porosities were identified in highly altered or unloaded samples (d-f). 



 
 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03 Appendix 5.2.2 
2016.10.31 
public 
4 of 11 

 

 
 

 

 4 

 

5.2.2.2 Characterisation of petro-physical properties 

Porosity/ density 

The porosity and density of all samples were determined using the ISRM (International 
Society of Rock Mechanics) suggested triple weighing method, where the masses of the dry 
(mdry) and fluid saturated sample (msat) and that of the sample immersed in the fluid (mbuoy) 
are determined (ISRM, 1981). First, the samples were carefully cleaned and then dried in a 
vacuum oven at 60°C for one week. Subsequently, the samples were saturated under 

vacuum with distilled water. Density 𝜌 and porosity Φ were calculated from the following 
relations: 

     (1) 

     (2) 

      (3) 

     (4) 

where  and  are the core and pore volume, respectively and 𝜌fl denotes the fluid 

density.  

Most of the samples are very dense and possess a low (< 5 %) or even a very low porosity 
(< 1 %), which is predominantely associated with fine cracks and micropores. In contrast, in 
samples with Φ > 5 % pores with a higher aspect ratios predominate. Results are listed in 
Table 5.  

 

Formation factor and interface conductance 

The XRD and SEM analyses have shown that all samples from Geitafell and the sample from 
Krafla contain chlorite, partly in substantial quantities. It is known that the charge deficit at the 
surface of clay minerals cause the development of an electrical double layer at the interface 
between mineral surface and the electrolyte in the pore space, which induce an excess 
conductivity. As a result, the current flow in a rock is not only controlled by the electrolytic 

conduction of the pore fluid, σfl, but also by the surface or interface conduction, σs, which 

contribute to the bulk conductivity, σb [Waxmann & Smith, 1968; Flovenz et al., 2000; Durand 

et al., 2000]: 

  

𝜎𝑏 =
𝜎𝑓𝑙

𝐹
+ 𝜎𝑠                 (5)

  

 
with F representing the dimensionless formation factor [Archie, 1948]. From the equation it is 
obvious that the surface conductance becomes the dominating mechanism for current flow in 
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rocks saturated with highly diluted fluids (σfl < 0.2 S/m) [Waxman & Smits, 1968; Revil & 

Glover, 1998; Nover, 2005]. This is reflected in nearly constant bulk conductivities for a range 
of low fluid conductivities [Flovenz et al., 2000]. At higher fluid salinities the electrolytic 
conduction of the pore fluid should dominate the electrical properties of the rock, what is 

displayed in a linear relation between σb and σfl. 

To investigate the intrinsic electrical properties of the studied rock samples both the 
formation factor and the interface conductance were determined. For this, again the samples 
were dried in a vacuum oven at 60°C for one week and subsequently saturated with a highly 
concentrated NaCl solution (21.7 S/m) under vacuum. After 24 h the conductivity of the fluid, 
σfl, in which the samples were submerged, was monitored with a commercial conductivity 

sensor until equilibrium was reached. This took another 48 h. Then, the samples were placed 
in a plastic jacket. Both end faces were contacted with stainless steel disks, which act as 
current electrodes (Figure 2). The set-up was placed between two clamping jaws made from 
plastic, which were axially loaded with 1 bar to provide a good electrical contact between 
electrodes and the sample surface. Two M2 screws, which were screwed into the sample 
jacket and fixed at the sample surface, served as potential electrodes. The electrical 
conductivity of the sample σ was determined with an impedance spectrometer (Zahner-

Zennium electrochemical working station), which supplied an AC voltage with an amplitude 
of 200 mV at different frequencies ranging from 100 mHz to 10 kHz. The Zahner bridge 
measures the impedance, Z, and phase angle, Φ, at distinct frequencies. The sample 
resistance, R, is given by 

𝑅[Ω] = 𝑐𝑜𝑠𝜙 ⋅ 𝑍.      (6)
  

The bulk resistivity of the sample, 𝜌b, is calculated from sample resistance, the cross-
sectional area of the sample, and the distance between the potential electrodes, lp  
 

𝜌𝑏[Ω𝑚] = 𝑅 ⋅
𝜋𝑟2

𝑙𝑝
     (7) 

 
and can also be expressed as conductivity, σb, = 1/𝜌b.  

Other electrical parameters like cementation exponent and tortuosity were not considered 
here as most of the investigated rock samples show a complex porosity consisting of both 
intergranular pores with a high aspect ratio and crack related pore networks with low aspect 
ratios. For this reason, it has to be assumed that the cementation exponent, m, itself is a 
function of the porosity Φ and the standard approach of Archie (F = 1/Φm) is not valid here. 
Also, the evaluation of the electrical tortuosity, which is based on a simple spaghetti model, is 
an inappropriate approach to characterise the pore space, as the complexity of a 
3-dimensional fissured pore space cannot be reproduced adequately. 

After the equilibrium measurement, the fluid, in which the samples were stored, was diluted 
with distilled water and the fluid and rock conductivities were monitored again, until 
equilibrium was reached. It is assumed that at equilibrium fluid conductivity in the storage 
box and in the pore space of the samples is adjusted. Then, the procedure was repeated. 
Between each dilution step the samples had time up to 30 days to equilibrate with the new 
fluid. Occasionally, it has been observed that for dilute salt solutions with a conductivity 
< 1mS/m, sample conductivity increase again with increasing storage time of the sample in 
the saturation fluid. This behaviour was observed for the samples with the lowest porosities, 
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Figure 2. Left: log-log plot of bulk conductivities in dependence of fluid conductivities. For comparison 
porosity values are given. Right: Sketch of the measuring assemblage for the determination of 
formation factor and surface conductance at ambient conditions. 

 
so that these samples were stored separately of the rest at different equilibration time. The 
measured sample conductivities in dependence of pore fluid conductivities are shown in a 
log-log plot in Figure 2. Left: log-log plot of bulk conductivities in dependence of fluid conductivities. 
For comparison porosity values are given. Right: Sketch of the measuring assemblage for the 

determination of formation factor and surface conductance at ambient conditions., the values are 
given in  

Table 3 and 4. The formation factors are determined from linear plots of bulk conductivity 
versus fluid conductivities, where F is the reciprocal of the linear fitting lines of the data 
points measured at high fluid salinity (Error! Reference source not found. a), while the surface 
conductance is equal to the interception (Error! Reference source not found. b-d). The results 
are listed in  

Table 3. 

Formation factors have been calculated for only 5 samples. Sample KH-5(09) from the Krafla 
well shows the typical curve progression with a flat part at low fluid salinity and a steep part, 
inclining by 3 orders of magnitude at higher fluid salinities. From all samples KH-5 possesses 
the lowest formation factor (F = 19.4) and the highest value for surface conductance 
(σs = 59.7 µS/cm). This might be due to the high porosity of the altered hyaloclastite in 

combination with its high clay content.   

For two samples from the Reykjanes region (GrPhy-L, RN-17B) a steep and nearly linear 

b/fl relation was observed almost over the full range of used fluid salinities. This points to 

fluid conduction as the dominant contribution to current flow and results in formation factors 

of F = 35.6 and 58.1, respectively. Only for highly diluted pore fluids (fl < 1000 µS/cm) the 

curves flatten minimal and refer to only a minor interface conductance of s = 2.5 and 4.1 

µS/cm. It should be noted that in these two samples no chlorite was detected. 

Sample RN-30 from the Reykjanes field exhibits a similar characteristic like KH-5(09) with a 
flat and inclined part, but the rise of the curve is less pronounced here. 
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In contrast, all samples from Geitafell are characterised by a flat and almost linear trend of 
the σb/σfl relation for the whole range of electrolytic concentrations. The irregular curve 

progressions at high fluid salinities result in formation factors of 2000 and higher. Thus, they 
are not given here and only the surface conductance was determined from the interception of 
the fitting curves for the data measured at fluid conductivities < 5000 µS/cm.  For the 
Geitafell samples the σs values vary considerably, ranging between 8 – 57 µS/cm.  

 
 

From the data it is obvious that the sample with the highest clay content (GG2-hrBa) shows a 
surface conductance similar to that of the hyaloclastite (KH-5(09)), although its porosity is 
with 7.9 % only a third of that of KH-5(09). On the other hand, sample GG2-Dol possesses 
similar clay content as GG2-hrBa, but the interface conductance is only the half. Moreover, 
sample GG4-GrPhy has a significantly lower clay content (5.8 wt%) and a low porosity 
(2.8 %), but surface conductance is pronounced similar to GG2-hrBa. This may be due to 
cracks sealed with magnetite, which increase the matrix conductivity. For two samples from 
Geitafell (GG7-porDol, GG7-hrBa) an extremely low surface conductance (σs = 1.1 and 

0.5 µS/cm) was determined. Although these samples contain chlorite between 6 and 12 wt%, 
they are tight with a very low porosity of < 0.6 %, which allows almost no fluid flow and hence, 
these samples are virtually electrical insulators.  All this refers to a complex interplay 
between bulk conductivity, clay content, and microstructure. 
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Table 3. Electrical resistivities/ conductivities of rock samples from Geitafell in dependence of fluid 
conductivity. 

sample      σfluid 𝜌sample    σ sample   sample     σfluid 𝜌 sample    σ sample 

  [µS/cm]     [Ωm]         [µS/cm]     [µS/cm]     [Ωm]      [µS/cm] 

GG1-porDol 2.17 × 10
+5

 1.21 × 10
+2

 8.30 × 10
+1

   GG4-GrPhy 2.17 × 10
+5

 4.73 × 10
+1

 2.11 × 10
+2

 

 
1.74 × 10

+5
 3.24 × 10

+2 
 3.08 × 10

+1
   

 
1.74 × 10

+5
 6.24 × 10

+1
 1.60 × 10

+2
 

 
8.66 × 10

+4
 3.79 × 10

+2
 2.64 × 10

+1
   

 
8.66 × 10

+4
 7.14 × 10

+1
 1.40 × 10

+2
 

 
4.37 × 10

+4
 6.55 × 10

+2
 1.53 × 10

+1
   

 
4.37 × 10

+4
 8.91 × 10

+1
 1.12 × 10

+2
 

 
1.14 × 10

+4
 9.01 × 10

+2
 1.11 × 10

+1
   

 
1.14 × 10

+4
 1.06 × 10

+2
 9.42 × 10

+1
 

 
5.16 × 10

+3
 1.03 × 10

+3
 9.68 × 10

0
   

 
5.68 × 10

+3
 1.12 × 10

+2
 8.94 × 10

+1
 

 
5.68 × 10

+3
 9.86 × 10

+2
 1.01 × 10

+1
   

 
1.81 × 10

+3
 1.68 × 10

+2
 5.97 × 10

+1
 

 
2.64 × 10

+3
 1.06 × 10

+3
 9.40 × 10

0
   

 
1.04 × 10

+3
 1.78 × 10

+2
 5.61 × 10

+1
 

 
1.82 × 10

+3
 9.42 × 10

+2
 1.06 × 10

+1
   

 
9.29 × 10

+2
 1.79 × 10

+2
 5.59 × 10

+1
 

 
1.25 × 10

+3
 1.06 × 10

+3
 9.42 × 10

0
   

 
2.41 × 10

+2
 2.27 × 10

+2
 4.40 × 10

+1
 

 
1.04 × 10

+3
 9.77 × 10

+2
 1.02 × 10

+1
   

 
4.62 × 10

+1
 2.34 × 10

+2
 4.28 × 10

+1
 

 
9.29 × 10

+2
 1.04 × 10

+3
 9.65 × 10

0
   

    
 

2.41 × 10
+2

 1.23 × 10
+3

 8.12 × 10
0
   

    
 

4.32 × 10
+1

 1.33 × 10
+3

 7.53 × 10
0
   

    
    

  
    GG2-Dol 2.18 × 10

+4
 1.95 × 10

+2
 5.13 × 10

+1
   GG4-porDol 2.18 × 10

+5
 2.08 × 10

+2
 4.80 × 10

+1
 

 
9.43 × 10

+4
 2.17 × 10

+2
 4.62 × 10

+1
   

 
9.43 × 10

+4
 2.91 × 10

+2
 3.44 × 10

+1
 

 
7.46 × 10

+4
 2.36 × 10

+2
 4.23 × 10

+1
   

 
7.46 × 10

+4
 2.21 × 10

+2
 4.52 × 10

+1
 

 
4.19 × 10

+4
 2.59 × 10

+2
 3.86 × 10

+1
   

 
4.19 × 10

+4
 2.65 × 10

+2
 3.77 × 10

+1
 

 
2.53 × 10

+4
 2.77 × 10

+2
 3.61 × 10

+1
   

 
2.53 × 10

+4
 3.33 × 10

+2
 3.00 × 10

+1
 

 
1.20 × 10

+4
 3.29 × 10

+2
 3.04 × 10

+1
   

 
1.18 × 10

+4
 3.58 × 10

+2
 2.79 × 10

+1
 

 
4.64 × 10

+3
 3.37 × 10

+2
 2.97 × 10

+1
   

 
4.62 × 10

+3
 3.75 × 10

+2
 2.66 × 10

+1
 

 
9.83 × 10

+2
 3.62 × 10

+2
 2.76 × 10

+1
   

 
9.82 × 10

+2
 3.95 × 10

+2
 2.53 × 10

+1
 

 
1.04 × 10

+2
 3.71 × 10

+2
 2.69 × 10

+1
   

 
1.04 × 10

+2
 4.23 × 10

+2
 2.37 × 10

+1
 

    
  

    GG2-hrBa 2.17 × 10
+5

 2.55 × 10
+1

 3.92 × 10
+2

   GG7-hrBa 2.18 × 10
+5

 2.37 × 10
+2

 4.22 × 10
+1

 

 
1.74 × 10

+5
 2.94 × 10

+1
 3.40 × 10

+2
   

 
9.43 × 10

+4
 1.04 × 10

+3
 9.60 × 10

+0
 

 
8.66 × 10

+4
 3.64 × 10

+1
 2.74 × 10

+2
   

 
7.46 × 10

+4
 1.08 × 10

+3
 9.27 × 10

+0
 

 
4.37 × 10

+4
 4.83 × 10

+1
 2.07 × 10

+2
   

 
4.19 × 10

+4
 1.30 × 10

+3
 7.69 × 10

+0
 

 
5.68 × 10

+3
 7.73 × 10

+1
 1.29 × 10

+2
   

 
1.18 × 10

+4
 2.90 × 10

+3
 3.44 × 10

+0
 

 
1.83 × 10

+3
 9.64 × 10

+1
 1.04 × 10

+2
   

 
4.62 × 10

+3
 2.63 × 10

+3
 3.80 × 10

+0
 

 
9.29 × 10

+2
 1.19 × 10

+2
 8.44 × 10

+1
   

 
9.82 × 10

+2
 6.41 × 10

+3
 1.56 × 10

+0
 

 
1.37 × 10

+2
 1.68 × 10

+2
 5.93 × 10

+1
   

 
1.04 × 10

+2
 8.43 × 10

+3
 1.19 × 10

+0
 

 
5.93 × 10

+1
 1.73 × 10

+2
 5.77 × 10

+1
   

    
    

  
    GG3-Gab 2.17 × 10

+5
 7.13 × 10

+1
 1.40 × 10

+2
   GG7-porDol 2.18 × 10

+5
 2.65 × 10

+2
 3.78 × 10

+1
 

 
1.74 × 10

+5
 7.74 × 10

+1
 1.29 × 10

+2
   

 
9.43 × 10

+4
 2.25 × 10

+3
 4.45 × 10

+0
 

 
8.66 × 10

+4
 9.80 × 10

+1
 1.02 × 10

+2
   

 
7.46 × 10

+4
 2.17 × 10

+3
 4.60 × 10

+0
 

 
4.37 × 10

+4
 1.19 × 10

+2
 8.39 × 10

+1
   

 
2.41 × 10

+4
 3.25 × 10

+3
 3.08 × 10

+0
 

 
1.14 × 10

+4
 1.75 × 10

+2
 5.72 × 10

+1
   

 
1.18 × 10

+4
 6.61 × 10

+3
 1.51 × 10

+0
 

 
5.68 × 10

+3
 2.26 × 10

+2
 4.42 × 10

+1
   

 
4.64 × 10

+3
 5.54 × 10

+3
 1.81 × 10

+0
 

 
1.82 × 10

+3
 4.93 × 10

+2
 2.03 × 10

+1
   

 
9.83 × 10

+2
 1.09 × 10

+4
 9.19 × 10

-1
 

 
1.04 × 10

+3
 6.25 × 10

+2
 1.60 × 10

+1
   

 
1.04 × 10

+2
 2.45 × 10

+4
 4.08 × 10

-1
 

 
2.41 × 10

+2
 8.87 × 10

+2
 1.13 × 10

+1
   

    
 

4.49 × 10
+1

 1.28 × 10
+3

 7.82 × 10
0
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Table 4. Electrical resistivities/ conductivities of rock samples from Reykjanes and Krafla geothermal 
fields in dependence of fluid conductivities. 

sample    σFluid 𝜌Sample σ Sample   sample     σFluid 𝜌Sample σ Sample 

  [µS/cm] [Ωm] [µS/cm]     [µS/cm] [Ωm] [µS/cm] 

RN-17B 2.17 × 10
+5

 2.55 × 10
0
 3.92 × 10

+3
 

 
RN-30 2.17 × 10

+5
 1.93 × 10

+1
 5.17 × 10

+2
 

 
1.74 × 10

+5
 3.54 × 10

0
 2.82 × 10

+3
 

  
1.74 × 10

+5
 2.36 × 10

+1
 4.23 × 10

+2
 

 
8.66 × 10

+4
 5.41 × 10

0
 1.85 × 10

+3
 

  
8.66 × 10

+4
 4.41 × 10

+1
 2.27 × 10

+2
 

 
4.37 × 10

+4
 1.02 × 10

+1
 9.81 × 10

+2
 

  
4.37 × 10

+4
 7.30 × 10

+1
 1.37 × 10

+2
 

 
1.14 × 10

+4
 4.63 × 10

+1
 2.16 × 10

+2
 

  
1.14 × 10

+4
 1.98 × 10

+2
 5.05 × 10

+1
 

 
5.68 × 10

+3
 7.90 × 10

+1
 1.27 × 10

+2
 

  
5.68 × 10

+3
 3.62 × 10

+2
 2.76 × 10

+1
 

 
2.27 × 10

+3
 2.19 × 10

+2
 4.57 × 10

+1
 

  
1.83 × 10

+3
 6.58 × 10

+2
 1.52 × 10

+1
 

 
1.83 × 10

+3
 2.72 × 10

+2
 3.67 × 10

+1
 

  
9.29 × 10

+2
 1.01 × 10

+3
 9.87 × 10

0
 

 
9.29 × 10

+2
 4.83 × 10

+2
 2.07 × 10

+1
 

  
7.77 × 10

+2
 1.09 × 10

+3
 9.16 × 10

0
 

 
1.39 × 10

+2
 1.36 × 10

+3
 7.34 × 10

0
 

  
1.37 × 10

+2
 1.67 × 10

+3
 5.98 × 10

0
 

 
5.93 × 10

+1
 2.22 × 10

+3
 4.51 × 10

0
 

  
5.93 × 10

+1
 2.06 × 10

+3
 4.86 × 10

0
 

         GrPhy _1 2.17 × 10
+5

 1.88 × 10
0
 5.33 × 10

+3
 

 
GrPhy_2 2.17 × 10

+5
 1.61E+00 6.22 × 10

+3
 

 
1.74 × 10

+5
 2.30 × 10

0
 4.35 × 10

+3
 

  
1.74 × 10

+5
 2.06E+00 4.84 × 10

+3
 

 
8.66 × 10

+4
 3.90 × 10

0
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5.2.2.3 Permeability 

Hydraulic permeability, k, was measured at ambient conditions on fully water saturated 
samples. The samples were placed between two end caps with integrated fluid ports and 
were percolated parallel to the sample axis. For a defined up-stream and down-stream flow 
over the front faces, the cores were wrapped in Teflon tape and jacketed into heat-shrinkable 
tubes. A fine fluid distribution network is milled into the contact surface of the end caps to 
ensure a uniform wetting of the total sample front face.  

Most of the samples are very dense and sample percolation required flow rates of 
Q < 0.01 ml/min. These low flow rates could not adjusted with our laboratory fluid pumps. 
Thus, a simple set-up was used, where the fluid was channelled from a higher reservoir to 
the measuring cell and collected and weighed behind the sample (Error! Reference source 

not found.). The arising differential pressure was calculated from the height of the water level 
in the reservoir, h1, the height of the down-stream fluid capillary, h2, the density of the 
percolating fluid, 𝜌fl, and the acceleration of gravity, g: 

 
Δ𝑝 = (ℎ1 − ℎ2) ⋅ 𝜌𝑓𝑙 ⋅ g.     (8) 

 
To maintain a constant differential pressure fluid was continuously pumped into the reservoir. 
A level drain in the reservoir ensured a constant fluid level. The flow rate was determined 
from the fluid volume, which percolated through the sample in a given time, t: 

𝑄 =

𝑚𝑓𝑙
𝜌𝑓𝑙⁄

𝑡
 ,      (9) 

 
where mfl denotes the mass of the down-stream collected fluid. The measuring time comply 
with the permeability of the samples. It was 15 min for the permeable sample and up to 14 
hours for less permeable cores. However, for the majority of samples the permeability was 
so low that no flow rate could be determined even after several days of fluid loading. 

 

Figure 3. Schematic overview of permeability measurement at ambient conditions. 
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The permeability of a porous medium is given by Darcy’s law (1856): 

      

      

(10) 

 
 
with r and l are the sample radius and length, respectively, and η is the dynamic viscosity of 
the pore fluid. The measuring error is lower than 1%. Results are given in Table 5. 

Only for 6 samples a hydraulic conductivity could be determined, while the other 7 samples 
are tight with the hair-line cracks, which are regarded to be impermeable for water. Five 
samples possess a permeability in the range of 1.23 – 9.64 x 10-15 m2 (1.25 – 9.76 mD), 
indicating a good cross-linking of the observed interstitial micropores. In contrast, the 
granophyre from Reykjanes area, which has large pores with relatively high aspect ratios 
(see Figure 1 e and f) is characterised by a very good hydraulic conductivity with permeability 
up to two times higher (1.08 x 10-13 m2). 

  

 

Table 5. Baseline characterisation of the physical properties of various magmatic rocks from different 

locations on Iceland. [𝜌 = density, Φ = porosity, k = permeability, F = formation factor, σs = surface 

(interface) conductance] 
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5.2.3 Experimental set-ups for investigations of physical properties 

of rocks and fluids at simulated reservoir conditions up to 

supercritical temperatures 

 

5.2.3.1 Methods and experimental development at UM 

 
All the experiments at UM were performed in the Paterson Press apparatus. This apparatus 
was initially designed as a rock deformation machine (deformation in compression, tension or 
torsion) for high temperature (20-1200°C) and high confining pressure (0-500 MPa) 
investigations. It allows a measuring of physical properties under control of temperature 
distribution in the sample and confining pressure. The different elements constituting this 
apparatus are presented in Figure 1 and Figure 2. 
During a previous FP6-EC project (HiTI), many technical developments have been achieved 
(e.g., Violay et al., 2012). In particular, a pore fluid injection system has been developed in 
order to inject a fluid under pressure (up to 50 MPa) in the sample. An electrical conductivity 
measurement cell has been tested and calibrated (Violay et al., 2012, Ferri et al, 2013). 
During the IMAGE project, this measurement system has been improved in order to simplify 
the experimental procedure. In addition, we focus on the development of a permeability set-
up, a system that supposes to recover the fluids injected in the samples in order to create a 
fluid flow through the samples. From the relationship between fluid flow and fluid pressure 
evolution, permeability can be deduced by different methods.  
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Figure 1. Géosciences Montpellier’s Paterson Press (synoptic view). In yellow, low pressure system (Argon gas bottle). In orange and red, confining pressure 
system. Gas booster and intensifier are the two pressure amplificators. In blue, pore pressure system (pipes, pumps, valves), allowing the injection of argon 
gas or other types of fluids at the top and the bottom of the sample. Circles represent valves. Maximum temperature 1200°C, maximum confining pressure 300 
MPa, maximum pore pressure 250 MPa. High pressure pumps, pipes, valves and fluid injection system (fluid lead through coupled with a load cell) at the 
bottom of the sample have been designed and installed during the IMAGE project allowing measurement of permeability at high temperatures and pressures. 
Accurate evaluation of chamber volumes in the pore system has been performed in order to evaluate sample permeability by transient methods (see 
discussion for details). 
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Downstream pore pressure 

connector inluding a load cell 

for axial force measurement

 (P. Azais, 2014/2015)

Sample

Ceramic pistons

Ceramic pistons

Pore pressure pipe

Pressure

Vessel

End cap 

screw

End cap 

screw

Argon

Furnace

Figure 2. Schematic view of the pressure vessel and assembly. Left: general view of the vessel, top right, 
zoom on the assembly, bottom right, view of the downstream connector. The sample is sandwiched between 
ceramics pistons and is located at the center of a vertical furnace where thermal gradient are well controlled. 
A specific downstream pore pressure connector has been designed and constructed during the IMAGE 
project. 
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 Laboratory methods for determining 5.2.3.1.1

permeability (UM) 

We use 3 different methods for gas permeability characterization. These methods are widely 
used in most of the laboratory experiments, due to their high accuracy and a good 
accessibility. Therefore, they are well documented in the literature. They are called 
respectively: the steady-state method, the pulse decay method, and the harmonic method. In 
all cases, the flowing fluid used is argon. We use this inert gas to avoid fluid/rock 
interactions, and because of its flowing easiness in low permeable rocks compared to high 
viscosity fluids such as water. In the three methods, the evolution of the pore argon pressure 
is studied with time in the upstream and downstream reservoirs of the rock sample, allowing 
the determination of the permeability. Each of these methods is then characterized by 
different measurement processes, with different benefits and drawbacks, and with different 
permeability ranges and accuracy.  

The Klinkenberg effect, which is due to gas slippage at the fluid/pore wall interface, has to be 
taken into account for a permeability correction. At low mean pore pressure, the resistance to 
flow from drag is very low, resulting in gas slip conditions. In this case, permeability 
calculated from the general Darcy’s law will be too high and must be corrected using existing 
models (i.e., the Klinkenberg model) in order to obtain the same permeability as the one 
measured with a more viscous fluid. Inertial effects can also be present due to high flowrates, 
as the gas flowing through the porous media accelerates at pore throats and decelerates in 
pore bodies. It is a non-Darcy flow effect. All our measurements were calibrated so as to 
remain in the Darcy regime. 

 
Gas permeability by steady state method (Paterson press and ambient condition 
permeability device) 
 
Under steady-state gas flowing conditions, the pressure gradient over the sample is constant 
and is directly proportional to the fluid velocity. 
 

∇𝑃 =  −
µ

𝑘𝑎𝑝𝑝
 . 𝑣𝑥       (1) 

 
Where kapp is the absolute core permeability (apparent permeability) and µ is the fluid 
viscosity. 
Taking into account the gas slippage effect, the permeability is calculated as: 
 

𝑘𝑎𝑝𝑝 =  𝑘∞. (1 +
𝑏

�̅�
) =  2.

µ. 𝑞. 𝐿. 𝑃𝑖𝑛

𝑆. (𝑃𝑖𝑛
2 − 𝑃𝑜𝑢𝑡

2 )
    (2) 

With the mean pore pressure  

�̅� =  
𝑃𝑖𝑛 + 𝑃𝑜𝑢𝑡

2
   (3) 

where b is the Klinkenberg coefficient, k∞ is the Klinkenberg corrected permeability, q is the 
measured flowrate, Pin, out are the measured inlet and outlet pressure, and S and L are the 
sample section and length. The second term of eq. (2) is calculated by integrating eq. (1), 
Then, k∞ and b are the unknown and wanted parameters. 
To determine k∞ and b, we have to calculate the absolute core permeability for different flow 

rates q (or pressure gradient), and achieve a linear regression of k versus 1/�̅�. 
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The steady state and stationary method is generally used for very high permeable samples, 
and is not suitable for permeabilities lower than 10-2 mD. Due to transient effects, this method 
is often time consuming. With high accuracy pressure sensors and flow rate sensors, the 
sources of errors are only limited to leakages and temperature changes during the 
experiment.  
 
 
 

 
On the ambient permeability device, the steady state is achieved by applying a constant 
pressure at the inlet of the sample (the outlet being connected to the ambient pressure), until 
we reach the stabilization of the flow rate measured at the inlet of the sample (Figure 3). In 
the Paterson press, we impose a constant and known differential pressure through the inlet 
and the outlet syringe pumps, and we measure the pumps displacement with time. Steady-
state is reached when the inlet and outlet flow rates (calculated by the displaced volume with 
time) are the same. 
 
Gas permeability by the pulse decay method 
 
The pulse decay method is the more commonly used to determine low permeability. It is 
based on using the pressure decay over the sample in a time span, and with some 
assumptions, to determine low permeability. 
In this method, the sample is placed between a calibrated upstream reservoir and a 
calibrated downstream reservoir. At the beginning, the entire system is in equilibrium at an 
initial pore pressure. Then the sample and the downstream reservoir are isolated from the 
upstream reservoir in which the pressure is increased over a maximum of 5% of the initial 
equilibrium pressure. Then the upstream reservoir is reconnected to the system and 
permeability is deduced form the evolution of upstream and downstream reservoirs 
pressures as a function of time. 
Several assumption are considered in order to calculate the permeability: homogeneous and 
isotropic sample, perfect gas, one-directional fluid flow, no inertial and gravity effects, no 
pore compressibility effect, presence of the Klinkenberg effect. 
For this, the mass conservation equation is written as: 
 

𝛷
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌v) = 0  (4) 

With v =  𝑣𝑥 
By combining eq. (1, 2, 4) with the perfect gas law, we obtain the following transient flow 
equation: 
 
𝜕𝑃

𝜕𝑡
=

𝑘∞

𝛷.µ
 .

𝜕

𝜕𝑥
[(𝑃 + 𝑏).

𝜕𝑃

𝜕𝑥
]   (5) 

Figure 3. Schematic representation of the pressure head loss during a stationary permeability 
experiment where the flow rate (or the superficial velocity q = Q/S) and the pressure have reached a 
steady state. 
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This equation is not analytically resolvable. Furthermore, assumptions are made according to 
each different transient method to simplify the equation. 
For the pulse decay method, the assumptions are:  a very low porosity, no Klinkenberg 
effects, a constant gas compressibility 𝛽 during the decay, and an exponential decrease of 
the upstream reservoir pressure with time. With these assumptions, combined to the 
boundary conditions, permeability is expressed as: 
 

𝑘 =  
𝛼.𝜇.𝛽.𝐿

𝑆.(
1

𝑉𝑢𝑝
+

1

𝑉𝑑𝑜𝑤𝑛
)
  (6) 

 
Where α is the slope of the function ln(Pupstream-Pfinal) versus  time. 
 
Many sources of errors can be identified, such as: leakages, the upstream and downstream 
volumes determination, the temperature fluctuations, the Klinkenberg effects, and the 
pressure sensors. To neglect the Klinkenberg effects, we can apply a high initial pressure or 
mean pore pressure, because this effect varies with the inverse of pressure. This method is 
suitable for low permeability, from 10-17 m2 to 10-19 m2. Below these values, temperature 
effects become very influential. There are many studies in the literature that investigated the 
influence of the upstream and downstream reservoirs configuration (ratio and volumes),  
minimizing the error induced on permeability calculation (Dicker and Smits, 1988, Jones, 
1997, Wang and Hart, 1993). Although they must be very well calibrated, the ratio is critical 
for permeability calculation. As an example, if the upstream volume is very large compared to 
the downstream volume, the pressure decay will hardly exhibit an exponential decay leading 
to great errors on permeability calculation. Although the volumes must be large enough 
compared to the sample pore volumes, upstream and downstream volume have been 
chosen so that they could be as close as possible. 
Examples of pulse decay experiment at ambient conditions and high temperature conditions 
are presented is Figure 4. 
 
Gas permeability by the harmonic method 
 
This method differs from the steady state method in which that there is not a constant 
pressure applied at the inlet end of the sample, but a sinusoidal pressure wave. By this way, 
eq (5) is resolved using a fast Fourier transform following some assumptions (Fischer & 
Paterson, 1992, Faulkner, 1997, Larive, 2001). The data acquired are the input wave signal 
and the outlet pressure evolution (Figure 5). The most important parameters used to 
calculate permeability are the amplitude ratio between the input pressure and the outlet end 
sinusoidal wave pressure, and their phase difference. The difficulty of this method remains in 
calibrating the perfect wave period so as to have a good convergence of the numerical 
method with sufficient accuracy. This calibration takes into account the sample dimensions, 
the range of acceptable errors wanted, the range of permeability targeted and the amplitude 
of the input signal. 
Following Faulkner (1997) the range of convergence of the method and the errors on 
permeability have been evaluated. For the permeability evaluation, the confidence of the 
results can be related with two parameters, Ψ and γ. They depend on the period, the sample 
dimensions and the pore fluid properties. The period needed to perform permeability 
calculation will depend on these two values. In this method, the upstream volume is not 
important, because it is an input value. The downstream volume must be the lowest possible 
(lower than almost 5 cm3), to have a quick response to the input pressure excitation. Working 
at high mean pore pressure eliminates the Klinkenberg effect. 
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Figure 4. Example of the pressure head loss during an unsteady-state permeability experiment performed 
in the near-ambient conditions permeameter (top) and in the Paterson press (bottom). 
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Figure 5. Top: Example of a harmonic experiment where a sinusoidal pressure is applied on the 
upstream reservoir (blue curve). The oscillating response in the downstream reservoir (red curve) is 
attenuated and exhibits a phase difference. Bottom: Confidence of the experimental results for the 
permeability is represented in grey in a phase shift – Amplitude ratio representation, using two 
dimensionless parameters Ψ and γ. 

 
The benefit of this method also lies in the fact that system leakages can be corrected on the 
data acquired by the Fourier Transform. Following the wave periods, we can measure very 
low permeability, till 10-21 m2. Small temperature fluctuations have a neglecting influence on 
the calculation as we use an average of the data acquired on a minimum of 10 periods to 
calculate permeability. 
 

 Permeability set-up at HT-HP conditions 5.2.3.1.2

A new permeability device was constructed for measurements at high temperature – high 
pressure in the Paterson Press of the Laboratoire Geosciences Montpellier, during the 
IMAGE project. 
It consists of a sample placed in the HT-HP medium and connected to a set-up that controls 
pore pressure on both sides of it. In these two independent pore-pressure systems, fluid 

pressure and volume are controlled by two syringe-type pumps (Top Industrie ). A specific 
low-volume/high pressure (250 MPa) pump was bought in order to measure volume 
variations with high accuracy. The pumps and pipes can be used either with gas or liquid of 
various compositions (Figure 6). 
 
According to the methods of permeability calculation, a total control of the volumes and 
pressures at both ends of the sample is needed.  As mentioned above, upstream and 
downstream reservoirs volumes are more or less important depending on the permeability 
method used. For the steady state method, these volumes are unimportant, while for the 
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transient methods such as pulse decay, an accurate determination of the upstream and the 
downstream volumes is needed. For the harmonic method, a very low volume is needed at 
the outlet end of the samples in order to observe an optimal pressure signal.  
We calibrated the downstream and upstream volumes, with an isothermal decompression 
between these chambers and a calibrated reservoir by using the ideal gas law (Error! 

Reference source not found.7). The system is scalable as shown below shown in figure 7. 
For the pulse decay, an upstream volume of 19.8 cm3 and a downstream volume of 16 cm3 is 
calculated. For the harmonic method, the downstream volume is 3 cm3. 
 

Figure 6. The two syringe-type pumps home-made system, allowing controlling the upstream and 
downstream pore pressure (from 0 to 250 MPa) or the fluid flow rate through the rock sample. 
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Sample arrangement 
 
The sample is placed between ceramics buffers made of alumina and zirconia, drilled in their 
axis in order to bring pore fluid to the sample. Thanks to the use of a three-zone furnace, the 
hot zone is confined in a very narrow interval of a few centimeters corresponding to the 
sample length. Thermal gradients along the sample are lower than 5°C at the maximum 
temperature (800°C). Temperature is measured by a K or N-type thermocouple whose hot 
junction is situated at a distance of about 2 to 5 mm above the sample. A maximum 
uncertainty on the determination of sample temperature of about 5°C at 800°C is expected. 
This uncertainty decreases with temperature. 

 
 
Figure 7. Schematical sketch of the different chambers and valve on the upstream and downstream 
reservoirs. 
 

A specific fluid collector at the bottom part of the sample was designed, machined, and 
tested during the IMAGE project (Figure 2). It allows the collection of fluid from the high-
pressure medium and driving it to the pore pressure pumps. It is also designed to impose an 
axial force to the whole assembly and measure the axial force using an integrated load cell. 
This assembly allows for coupling deformation experiments in axial compression and 
permeability measurements under HT-HP conditions. 
 
Measurements are basically performed on sample diameters of 10 mm and 15 mm, and 
length of 20 to 40 mm. Diameters were extended to 22 mm and 25.4mm allowing for 
measurements on larger samples. Specific metallic and ceramic pistons have been designed 
for measurements with these diameters.  
Confining pressure (argon) and pore pressure were controlled independently. The samples 
were jacketed in an impermeable sleeve that allows separation of both media.  
Permeability were measured at ambient temperature as a function of pressure using plastic 
jackets in order to insure a perfect contact between samples lateral sides and jacket, 
avoiding parasitic fluid circulation. Different types of jacket were tested (nylon, PTFE, Viton), 
as they need to be impermeable to pressurized argon. Nylon behaves perfectly up to 
100 MPa, and was used in most of the experiments at room temperature/high pressure. 
At high temperature, up to 800°C, annealed copper jackets of thickness of 0.25 mm to 
0.35 mm were used. In some cases, the samples with poor surfaces (vacuoles, asperities), 
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were covered by a soft resin in order to reshape the surface and prevent jacket rupture at 
high pressure or temperature. 
 

Data acquisition and analysis 

The syringe pumps are controlled via a homemade Labview program which controls a 

National Instruments 6323 PCIe acquisition card. The acquisition card and a dedicated 
computer have been installed during the IMAGE project. Both motors can be directly 
regulated for constant pressure, constant displacement speed (constant flow rate) or 
sinusoidal pressure wave. Regulation algorithm, as well as engine capacity, allows for 
pressure regulation with an accuracy of 0.1 MPa. Absolute accuracy of pressure sensor is 
about 1%, the minimum pressure variation that can be recorded is 0.02 MPa. 
 
Programs allowing to access permeability calculations were implemented in Labview and 
Matlab (Figure 8). During the IMAGE project, we have created a homemade interface for 
controlling the experimental parameters and recording all the different properties measured 
in the experiments. Experimental parameters were analysed on a separated program that 
allows for calculating permeability in several conditions (Pulse decay, harmonic, steady 
state). These programs take into account the experimental conditions (pressure and 
temperature) so as to use the fluids properties at these conditions and calculate the related 
permeability. 
 
 

 
 

 Electrical conductivity 5.2.3.1.3

 
Electrical conductivity was measured at HP and HT in dry and saturated conditions in a 2-
pole configuration. The complex impedance of the sample was automatically measured as a 
function of frequency (from 10-1 to 106 Hz) with a Solartron 1260 impedance spectrometer. 
The sample conductivity was determined from the impedance and the geometrical 
characteristic of the cell. For a rock cylinder where electrodes are located on its basal planes, 
the electrical conductivity σ (S/m) is calculated from the resistance using the following 
equation: 
 

Figure 8. Top: Permeability calculation interface - harmonic program (RN-19-2, effective pressure = 

100 MPa, T = 550°C).  Bottom: a pulse decay program analysis.  
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𝜎 =
𝐿

𝑅 𝑆 
   (6)  

where R is the bulk resistance (Ohm), 𝐿 l is the length of the sample (m) and 𝑆 is the area of 
the rock (m2). The resistance corresponds to the impedance of the sample when polarization 
phenomena are expected to be still negligible, i.e. at a frequency (≈1000 Hz in general). An 
accurate investigation of impedance variations with frequency allows for resistance 
evaluation. A general uncertainty of 10 - 20% is generally observed on the resistance 
determination because of dispersive effects and electrode polarization. This leads to a similar 
uncertainty for electrical conductivity, given that other sources of uncertainty, such as 
geometrical characteristics of the sample and electrodes, are constrained with a much higher 
accuracy. 
 
Under dry conditions, a simple system, based on the one described in Ferri et al. (2013) was 
used (Error! Reference source not found. 9). Electrical conductivity was measured on cylindrical 
samples of 10 mm or 15 mm in diameter and 10-15 mm in length in two parallel electrodes 
geometry. Electrodes were nickel discs with thickness and diameter of 0.2 mm and 10 to 15 
mm, respectively. Samples were cut and polished to obtain two parallel faces and were dried 
(at 70°C for at least 48 hours). Samples were surrounded by a porous alumina ring of 2.5 
mm in thickness in order to insure an electrical isolation between the sample and the metallic 
jacket that isolate the assembly from confining medium. This device allows for 
measurements up to more than 800°C using a total diameter (sample + alumina ring) of 15 
mm and up to 800°C with a diameter of 22 mm.  

Figure 6. The two electrodes configuration system for rock electrical conductivity measurement in the 
Paterson press vessel. 

 
 
Under saturated conditions, the method developed in the Paterson press by Violay et al., 
2012, was applied. Measurement of the electrical conductivity of electrolyte saturated rocks 
at temperatures up to 700°C raises some particularly difficult experimental problems. They 
require that the fluid saturated sample is sleeved in an impermeable and deformable jacket 
serving to separate the confining pressure medium (high pressure argon) from the pore fluid 
saturated sample and to control these two pressures independently. This requires the use of 
metallic jackets, although it necessarily induces high leakage currents that could affect 
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electrical measurements. In a linear configuration, i.e. electrodes parallel to sample basal 
faces and current flow parallel to the sample axis, the leakage currents are reduced by using 
two parallel and circular guard-ring parallel electrodes (Glover and Vine, 1995) (Error! 

Reference source not found.10). Our system consists in two central emitter and collector 
electrodes and two guard-ring electrodes that surround the central electrodes. The guard-
ring electrodes collect the leakage currents and lead them to the ground, so that no leakage 
currents reach the collector and emitter electrodes. Numerical modelling as well as 
calibration tests on Fontainebleau sandstone were carried out in order to validate the method 
(Violay et al., 2012). During the IMAGE project, the device was considerably improved in 
order to reach higher temperatures (600-700°C) and to minimize preparation time. A 
preparation time of 2 to 3 days was necessary (electrode soldering, ceramic cleaning, 
reduction of electrical leakage, etc…) before starting an experiment. Because of the difficulty 
of obtaining reliable measurements, about 1 experiment over 2 failed. 
Determination of the sample conductivity is similar to the one performed under dry conditions 
(Equation 6), where A is the central electrode diameter and l is the sample length. The 
resistance is deduced from impedance variation with frequency. 
 
The sample has a diameter of 22 mm and a length of 5 mm to 15 mm. It is sandwiched 
between two nickel electrodes of 0.2 mm of thickness supported by alumina and zirconia 
pistons. Grade-316 Stainless steel tubes of 0.4 mm of thickness are used as the jacket 
material. Sealing of electrical connections and fluid pressure is done by high temperature O-
rings, which are situated far from the hotter part of the cell (maximum O-ring temperature is 
200°C). Then, the electrical cell is arranged in a large bore, home-made furnace and inserted 
in the pressure vessel of the Paterson press. The furnace dimensions have been chosen to 
optimise the temperature gradient and to limit the O-ring temperatures. Temperature was 
monitored by a sheeted K-type thermocouple, and thermal gradient over the sample is small 
(<5°C over the sample length). The pore fluid system consists of an automatic piston pump 

from TOP Industrie with 12 cm3 of fluid capacity that can be used with corrosive fluids and 
gas. The pore pressure is controlled with an accuracy of ± 0.05 MPa. 
Electrical impedance is systematically measured as a function of frequency in order to 
calculate the sample resistance. An example is given in Figure 11. 
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Figure 7. On the left, the two electrodes system with an additional pore pressure pipe in order to 
control the pore fluid pressure. On the right, the impedancemeter with two guard-ring electrodes that 
surround the central electrodes. From Violay et al. (2012). 

 

 
Figure 8. Example of impedance variation as a function of frequency at high pressure and different 
temperatures (Confining pressure: 100 MPa, pore pressure: 30 MPa). Left: Impedance modulus as a 
function of frequency. Right: Imaginary part of the impedance as a function of its real part (Argand 
diagram). In this diagram, measurements are represented from high frequency (HF) to low frequency 
(LF), respectively from the left side to the right side of the diagram. Resistance is taken as the real 
impedance when complex impedance approach zero (black arrow position). This arrow separates 
intrinsic properties of the sample at high frequency to the parasitic electrode polarization contribution 
at low frequency. 

 

 Deformation experiments 5.2.3.1.4
 
Some samples were deformed in axial compression in the Paterson press. The experimental 
details are provided for instance by Violay et al. (2012). 
Cylindrical samples of 10 mm in diameter and 20 mm in length were jacketed with copper or 
iron tubes after being dried over at least 3 days at 70°C. The assembly was then deformed in 
conventional triaxial experiments. Temperatures ranged from 400°C to 700°C, confining 
pressures (Pc) up to 130 MPa, and pore pressures (Pp) from 0 to 30 MPa. Argon was used 
as pore fluids in order to evaluate porosity variation during experiment. Deformation 

experiments were generally performed up to strains of 10% with constant strain rate ( ), 

where 10− 6 s− 1 ≤  ≤10− 4 s−1. Differential stresses were measured with an accuracy of 2 
MPa. To reduce jacket strength, copper was used at low temperatures (400 to 750°C), 
whereas iron jackets were used above that range. Corrections were applied to the measured 
force using jacket strengths estimated from Frost and Ashby (1982) and from the change in 
sample dimensions with deformation; displacement measurements were corrected for 
apparatus distortion. 
 
The variation of the sample porosity during an experiment was determined by measuring the 
fluid volume variation in the cell. If the sample is dilatant, new pore space is created. On the 
opposite, if the sample is compacted, pore volume decreases. Such increase or decrease in 
porosity can be recorded by maintaining a constant pore pressure using a syringe-type pump, 
which acts also as a volumometer. The displacement of the pump piston allows for 
evaluating the variation of the pore volume in the sample, following the procedure indicated 
by Fischer and Paterson, 1989. Correction was made for the difference in temperature 
between the sample and the volumometer by multiplying the ratio of the molar volumes of 
argon at high temperature and room temperature. The ratios were derived from Fischer and 
Paterson, 1989. 
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This measurement was achieved by using the low volume pump installed during the IMAGE 
project. Given the accuracy of the displacement sensor (0.01mm) and the piston diameter 
(7mm), a variation of 0.38 mm3 can be detected by this device, which corresponds to a 
variation of porosity of about 0.02%. 

5.2.3.2 Methods and experimental development at GFZ 

 HP-HT set-up for the measurement electrical 5.2.3.2.1
conductivity of fluids at high pressure and 
temperature 

Within the framework of IMAGE a tubular flow through apparatus (Figure 12) was 
constructed to study the electrical conductivity of fluids at sub- and supercritical conditions. A 
commercial stainless steel high-pressure tube of 1 m length was used as pressure vessel. 
For applying the temperature the pressure pipe is placed in a tube furnace of 0.8 m in length 
with a zone of constant temperature of approximately 0.25 m, whereby temperatures are 
constant at supercritical conditions within ± 0.2°C. Fluid pressure is monitored by a high 
precision, deadweight calibrated sensor with an accuracy of ± 0.02 MPa. For applications 
under highly corrosive experimental conditions the pressure pipe is equipped with a 
corundum ceramic liner having an inner diameter of 5 mm. To prevent cracking of the 
ceramic tube at high pressure, there is an annulus space between the inner diameter of the 
steel tube and the outer diameter of the ceramic tube. This gap is filled with distilled water, 
which is less corrosive than the brine. The annulus is sealed at both cold ends with an O-ring. 
To produce pressure equilibrium between inside and outside of the ceramic tube, a medium 
separator, placed outside the furnace, transfers the pressure of the brine in the ceramic tube 
to the distilled water in the annulus. The separator consists of a second stainless steel high-
pressure tube with a low friction PTFE piston between the two fluids. 

For electrical measurements two corundum capillaries (one twin-hole capillary and one four-
hole capillary) with an outer diameter of 4.6 mm and a length of 615 mm each are inserted 
from both ends of the ceramic lined pressure tube and are positioned symmetrically with an 
interspace of 27 mm in the hot zone of the pipe. This 27 mm vacuity serves as conductivity 
measuring cell. Two pairs of current and potential electrodes (Pt wire) are led pressure tight 
through the corundum capillaries. The temperature in the measuring cell is controlled by a 
Pt/Pt-Rh-thermocouple that is additionally installed in the four-hole capillary. This has the 
outstanding advantage of temperature control direct in the measuring cell. Pressure pipe and 
corundum liner are sealed into high-pressure T-fittings, while the corundum capillaries with 
electrodes pass through the fittings and are sealed into endcaps at the cold ends of the set-
up. Fluid flow is provided by a HPLC pump at the up-stream side, while a syringe pump, 
running in constant pressure mode, adjusted the fluid pressure. The measuring cell is fed 
with fluid via the annulus between liner and corundum capillaries. Low flow rates ensure an 
effective pre-heating of the fluid and provide constant temperatures in the measuring cell. At 
the up- and down-stream side cooling jackets are attached to the pressure pipe to prevent 

Figure 9. Schematic overview of the measuring cell and the electrode layout. Itot: total electrical current 
flowing in the system, Ileak: leakage current, Ifl: electrical current in the measuring cell, Rfix: fixed resistor, 
UR: voltage drop across the fixed resistor. 
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the ends of the capillaries (sealing) from over-heating. For every temperature step, fluid 
samples were taken for further analyses by draining the syringe pump. 

 Determination of electrical resistivity of fluids at 5.2.3.2.2
HP/HT 

Fluid resistivities were measured with a four-electrode resistivity measuring cell layout to 
eliminate polarisation effects at the electrodes, which cause contact resistance between 
current electrodes and fluid sample. Two oppositely oriented platinum electrodes were used 
to apply an AC voltage with an amplitude of 200 mV at a constant frequency of 100 Hz. The 
voltage drop over the measuring cell was picked off at two additional potential electrodes. To 
prevent a possible leakage current over the annulus between electrodes and ceramic tube to 
the stainless steel tube, we have used a guarded arrangement by putting the same potential 
to the measuring electrode and the stainless steel tube. Measurements with and without 
guard electrode revealed that for diluted solutions (0.2 S/m) resistivity values without guard 
electrode were constant 5 % lower than with guard. The difference in resistivities increase up 
to 30 % for measurements at higher salinities (4 S/m).  

For guarded measurements the current flowing in the measuring cell, Ifl, is determined from 
the voltage drop, UR, over a known resistance, R, connected in series with the fluid cell: 

𝐼𝑓𝑙 =
𝑈𝑅

𝑅
,      (11) 

with Ifl = Itot - Ileak. During operation, the potentials across the fixed resistance and the 
measuring cell were continuously logged for increasing temperatures at a constant fluid 
pressure and a flow rate of 0.1 ml/min. We assume equilibrated conditions in the measuring 
cell, when constant voltages were logged for at least 5 hours. The fluid resistivity, 𝜌fl, was 
calculated from the measured voltage drop, Ufl, and current flow, Ifl, across the measuring 
cell taking into account the geometry of the electrode layout of the measuring cell. 

𝜌𝑓𝑙 =
𝑈𝑓𝑙

𝐼𝑓𝑙
∙

1

𝑐
,      (12) 

The cell constant, c, was experimentally determined using distilled water, tap water, as well 
as 0.01 M and 0.1 M NaCl solutions at ambient conditions. No corrections were made for the 
temperature influence. Thus, the difference in the thermal expansion coefficient between 
ceramic and stainless steel leads to an underestimation of the resistivity by 3 % at 400°C 
assuming a hot zone with 0.6 m in total length. These are maximum values and the error is 
of course lower at lower temperatures. It was observed that the cell resistivity is constant for 
low fluid flow rates ranging between 0 and 0.3 ml/min. However, for higher flow rates cell 
resistivities deviate considerably. Hence, during resistivity measurements a flow rate of 
0.1 ml/min has been applied and kept constant for several hours. The fluid exposed to 
different temperatures is released and collected at the outlet valve. After it is cooled down to 
room temperature (23 °C) its salinity is controlled with a commercial fluid conductivity sensor 
as an indicator for any input or removal of free charge carriers.  

 

 

 HP-HT set-up to measure hydraulic and electrical 5.2.3.2.3
conductivity of rocks 

Besides the experiments with fluids, petrophysical measurements were performed with brine 
percolating through a rock sample at controlled pore pressure. To measure the electrical 
resistivity and the permeability of rocks at high temperatures in the framework of the IMAGE 
project an internally heated argon gas pressure chamber with five non-interrupted thermo-
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couple lines for a precise temperature control and feed throughs for electrical conductivity 
measurement was upgraded by a pore fluid pressure system. The vessel can be operated at 
pressures up to 60 MPa at temperatures of up to 400°C. The pore fluid system is controlled 
by two pumps. At up-stream side a HPLC pump injects synthetic formation brine into the 
sample, while a syringe pump at the down-stream side adjusts the pore pressure (Figure 10a). 
In detail, the measuring cell consists of a hollow cylindrical rock sample, which is 30 mm in 
diameter and 75 mm in length (Figure 10b). The core is placed between two ceramic buffer-
rods and jacketed with a chemically inert inner and outer gold tube. The ends of the outer 
gold tube are sealed pressure-tight to the buffers with Viton O-rings. For resistivity 
measurements a second  
 
 

 
Figure 10. (a) Schematic overview of the experimental device. (b) Close-up of the sample measuring 
cell. 

 
gold tube is installed in the central borehole. To heat up the sample we use a self-
constructed 2-zone resistance furnace, where both zones are independently controlled via 
thermocouples in direct contact to the heater elements. Two additional thermocouples in the 
center axis of the sample, and located near its ends, control the sample temperature. The 
electrical power, transferred in both furnace elements, comply with the temperatures 
measured in the sample. Thus, the temperature gradient along the sample can be limited to 
2°C at 400°C.   
 

Both ceramic buffers are equipped with O-ring sealed fluid ports to connect 1/16” fluid 
capillaries (Hastelloy). The inlet capillary is coiled around the furnace to preheat the fluid 
during its passage. Due to space limitations in the gas pressure vessel, the sample set-up is 
only 235 mm in total length. This means that O-ring and glue sealings are situated in a very 
short distance to the hot zone, which extend over a length of 100 mm. To prevent the 
sealings from over-heating, the temperature is diverted from the ends of the ceramic buffers 
by rings of cooling fins, made of massive aluminum.  

Before the performance of experiments with rock specimen, the flow-through facility was 
thoroughly tested and calibrated. Also, the complex design of the sample set-up, where fluid 
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ports, electrodes, temperature controls, and sealings are placed on the narrowest space, 
requires a precise and time-consuming preparation time. Thus, the data output was limited in 
this study. 

 

 Determination of electrical resistivity 5.2.3.2.4

Rock resistivity was determined as function of temperature with the cell, which is 
schematically shown in Figure 10b. A four-electrode layout in a coaxial arrangement has 
been used to avoid effects of contact resistance between measuring electrodes and sample. 
This contact or transition resistance result in significantly higher resistivities, if the potential 
would be measured over the current electrodes instead of two separate potential electrodes, 
what enlarge the uncertainty of measurement (Figure 11). The current is supplied to the 
sample via the gold tubes, which generates a radial electrical field. The voltage is detected 
with two additional potential electrodes that are placed in blind holes inside the rock sample. 
The resistivities were determined using the Zahner-Zennium impedance spectrometer. For 
details of the measuring procedure see 5.2.3.2.2. 

 
 
Figure 11. (a) Frequency spectra measurements of a rock sample with 2 electrodes (dashed lines) 
and 4 electrodes (solid line) for different temperatures. (b) Data were analysed for a frequency of 
1 kHz. Blue squares represent measurements with 4 electrodes, black dots were measured with 2 
electrodes. The datasets reveal a severe influence of the contact resistance on measured rock 
resistivities. 
 

For the calibration of the resistivity cell the volume reserved for the rock sample was filled 
one after the other with distilled water, tap water, and aqueous NaCl solutions of 0.1 and 
1 molarity and the cell resistivity was measured. The cell constant is given by the slope of the 
plot of cell resistivity versus corresponding fluid resistivity, 𝜌fl, which was measured as fluid 
conductivity, σfl, with a commercial fluid conductivity sensor. The cell constant, received from 

the calibration at ambient conditions, was used to calculate resistivities of rock samples at all 
temperatures applied during the experiment. Changes in the resistivity due to cooling effects 
during the percolation of the pore fluid were found to be about 0.1 % for a fluid percolation of 
0.05 ml/min over 9 hours. The experimental error on sample resistivities due to variations in 
the set-up dimension at elevated pressure and temperature, cooling effects of the flown pore 
fluid, and instrumental accuracy cumulates to ± 2 %. 

The set-up does not allow for the measurement of fluid resistivity at sample temperature. 
However, at each temperature step the conductivity of the fluids sampled at the outlet valve 
was measured with a commercial fluid conductivity sensor at ambient conditions.  
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 Determination of permeability 5.2.3.2.5

For the permeability measurement the sample was percolated with the pore fluid at flow rates 
ranging between 0.02 and 0.1 ml/min. However, it was found that the hydraulic equilibrium 
was highly disturbed by changes in the flow rates. Thus, preferentially we worked with a flow 
rate of 0.05 ml/min, which was kept constant for at least 9 h to ensure an equilibrated 
differential pressure. The differential pressure, Δp, which builds up between up-stream and 
down-stream side was measured with a differential pressure sensor in a range of 2 MPa 
(resolution = 0.01 MPa). The permeability was calculated after Darcy’s law, considering the 

given flow rate, Q, the fluid viscosity at experimental conditions, (T;ppore), the measured 
differential pressure Δp, and the known sample geometry, G: 
 

𝑘(𝑝,𝑇) =
𝑄∙𝜂(𝑇,𝑃𝑝𝑜𝑟𝑒)

Δ𝑝
𝐺,     (13) 

 
with 

𝐺 =
𝑙𝑠

𝐴
=

𝑙𝑠

𝜋(𝑟𝑠
2−𝑟ℎ

2)
,     (14) 

 
where ls is the length of the sample and A is the effective sample cross section, that is 
calculated from the sample radius, rs, and the radius of the central hole, rh. As fluctuations in 
flow rate are a severe error source in permeability determination the flow rate given by the 
injecting pump was crosschecked with the volume received at the downstream pump for a 
defined time interval. Differences in the flow rate were lower than 1 %. Additionally, the flow 
rate through the sample was corrected for the temperature difference between pump and 
sample with the help of the temperature and pressure dependent molar volumes taken from 
the NIST webbook [Lemmon et al., 2005]. Due to a lack of viscosity data for salt solutions at 

higher temperatures, the fluid viscosity (T;ppore) at the pore pressure and sample 
temperature was taken from NIST webbook as well, assuming that the viscosity of a 
0.016 molal aqueous salt solution does not differ significantly from those of pure water. The 
overall error on permeability measurements is assumed to be within ± 2 %. 
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5.2.4 Tables of physical properties at simulated reservoir 

conditions 

5.2.4.1 Rock properties 

 
Table 1. Experimental measurements of permeability as a function of effective pressure Peff for a 
given confining pressure (PC) and pore pressure (Pp). The terms HARM and PULSE refer to the 
measurement method, i.e. harmonic method or pulse method. 

 

NJ-17-1  NJ-17B-5 
PC 

(bars) 
Pp 

(bars) 
Peff 

(bars) 
kHARM 

x10
-18

 m
2
 

 PC (bars) 
Pp 

(bars) 
Peff 

(bars) 
kHARM 

x10
-19

 m
2
 

200 80 120 19.60  210 80 130 7.19 

400 200 200  9.52  400 200 200 6.00 

600 200 400  5.60  600 204 396 5.70 

800 205 595  3.88  800 204 596 4.24 

900 210 690  3.09  900 204 696 2.90 

1000 182 818  2.31  1020 204 816 2.60 

1200 188 1012  1.95  1200 204 996 2.10 

1400 190 1200  1.19  1400 200 1200 1.50 

1200 192 1008  1.35  1200 200 1000 1.98 

1000 196 804  1.80  1000 200 800 2.05 

900 196 704  2.00  900 200 700 2.65 

800 196 604  2.04  800 200 600 3.42 

600 196 404  2.40  600 200 400 3.20 

400 196 204  3.23  400 200 200 4.42 

1400 196 1204 1.70  1400 200 1200 1.20 

                                        Uncertainty= 10%                                                      Uncertainty= 15% 

 
 

ÖJ-1-6 
PC 

(bars) 
Pp 

(bars) 
Peff 

(bars) 
kPULSE 

x10
-17

 m
2
 

  220   82   138 11.50 

  400 200   200 10.70 

  600 200   400   8.79 

  800 200   600   7.41 

  900 200   700   6.09 

1000 200   800   5.83 

1200 200 1000   4.80 

1400 200 1200   3.38 

1200 200 1000   3.56 

1000 200   800   3.78 

  900 200   700   4.09 

  800 200   600   4.09 

  600 200   400   4.93 

  400 200   200   6.60 

1400 200 1200   3.03 

  220   82   138 11.50 

  400 200   200 10.70 

  600 200   400   8.79 

                                        Uncertainty= 8% 
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Table 2 continued. Experimental measurements of permeability as a function of effective pressure 
Peff 
 

RN-17B-3  RW-17B-1 

PC 
(bars) 

Pp 
(bars) 

Peff 
(bars) 

KPULSE 

x10
-16

 m
2
 

 
PC 

(bars) 
Pp 

(bars) 
Peff 

(bars) 
k PULSE 

x10
-16

 m
2
 

200 85 115 3.50  207 81 126 4.05 

400 205 195 2.87  410 200 210 3.96 

600 212 388 2.70  600 205 395 3.20 

800 204 596 3.00  800 204 596 3.02 

900 209 691 3.16  900 205 695 3.70 

1000 214 786 3.20  1012 205 806 3.80 

1200 207 993 2.39  1195 205 989 2.59 

1400 212 1188 2.20  1400 205 1195 3.60 

1240 205 1035 2.22  1200 206 994 3.84 

1000 210 790 2.71  1000 200 800 4.18 

900 216 684 2.70  808 205 603 3.96 

800 204 596 3.02  609 200 409 3.87 

600 209 392 3.41  400 200 200 4.20 

400 205 195 3.75      

1400 205 1195 2.21      

                                        Uncertainty= 5%  Uncertainty= 15% 

RN-19-6  RN-30-2 

PC 
(bars) 

Pp 
(bars) 

Peff 
(bars) 

kHARM 

x10
-18

 m
2
 

 
PC 

(bars) 
Pp 

(bars) 
Peff 

(bars) 
kHARM 

x10
-19

 m
2
 

200 85 115 18.60  200 100 100 18.00 

400 200 200 7.80  400 101 299 11.00 

600 200 400 2.13  500 101 399 7.45 

800 200 600 1.12  700 101 599 3.03 

900 200 700 0.90  800 101 699 2.00 

1000 207 793 0.71  1000 100 900 1.50 

1200 209 991 0.41  1200 100 1100 0.95 

1400 215 1185 0.18  1200 300 900 0.78 

1200 200 1000 0.38  1200 500 700 0.79 

1000 200 800 0.63  1000 500 500 1.13 

900 200 700 0.82  1000 300 700 1.37 

800 200 600 0.92  800 300 500 1.83 

600 200 400 1.63  800 500 300 2.70 

400 200 200 3.40  500 200 300 3.40 

1400 200 1200 0.19  500 100 400 3.10 

     400 100 300 3.60 

     1000 300 700 1.00 

     1200 300 900 0.72 

Uncertainty= 10%  
Uncertainty= 15 to 30%, increases with 

decreasing permeability 
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Table 3. Permeability values as a function of temperature. For several samples, experiments have 
been done under different effective pressure conditions. 

NJ-17-2  NJ-17-3 

T(°C) 
Peff  

(bar) 
k 

x10
-19

 m
2
 

Equilibration 
time 

 T(°
C) 

Peff 
(bar) 

k 

x10
-19

 m
2
 

Equilibration 
time 

200 1000 77.0 1 h  170 500 8.5 1h 

300 1000 63.0 36 min  300 500 7.0 - 

400 1000 65.0 10 min  300 500 7.0 1h 

400 1000 60.0 1 h  400 500 6.0 1h 

500 1000 35.0 10 min  500 500 5.5 1h 

500 1000 21.3 20 min  600 500 3.0 - 

500 1000 15.4 25 min  600 500 2.4 1h 

500 1000 9.3 30 min  30 500 7.1 - 

500 1000 6.1 50 min  170 500 8.5 1h 

500 1000 5.7 1 h  300 500 7.0 - 

600 1000 2.5 -  300 500 7.0 1h 

600 1000 2.1 1 h  400 500 6.0 1h 

400 1000 2.9 1 h      

200 1000 3.2 1 h      

400 1000 2.4 1 h      

600 1000 3.0 1 h      

200 1000 3.7 40 min      

33 1000 4.7 12 h      

200 1000 3.4 30 min      

400 1000 3.5 1 h      

600 1000 3.5 1 h      

700 1000 4.0 1h30      

200 1000 24.0 45 min      

uncertainty: 15%  uncertainty: 10% 

NJ-17B-8  NJ-17B-10 

T(°C) 
Peff  

(bar) 
k 

x10
-19

 m
2
 

Equilibration 
time 

 
T(°C) 

Peff 
(bar) 

k 

x10
-19

 m
2
 

Equilibration 
time 

150 1000 3.2 -  120 500 7.3 1h 
250 1000 2.2 -  200 500 4.4 - 
350 1000 0.6 -  200 500 11.1 1h 
31 1000 1.0 -  300 500 16.3 1h 

350 1000 0.6 -  400 500 9.9 13min 
450 1000 0.5 -  400 500 8.2 26min 
550 1000 0.4 -  400 500 7.3 39min 

     400 500 6.1 52mn 
     400 500 5.5 65mn 
     400 500 4.4 70mn 
     500 500 1.6 6min 
     500 500 1.3 12min 
     500 500 1.6 1h 
     600 500 0.9 - 
     30 500 1.7 - 

uncertainty: 20% to 50% at 10
-20

 m
2 

 uncertainty: 15% 

ÖJ-1-6  ÖJ-1-4 

T(°C) 
Peff  

(bar) 
k 

x10
-17

 m
2
 

Equilibration 
time 

 
T(°C) 

Peff 
(bar) 

k 

x10
-17

 m
2
 

Equilibration 
time 

200 1000 4.6 -  150 500 13.1 1h 
300 1000 3.0 -  200 500 11.8 1h 
400 1000 2.4 -  200 500 10.8 1h 
500 1000 2.5 -  300 500 8.4 1h 
32 1000 5.9 -  300 500 8.7 1h 

200 1000 3.6 -  400 500 6.7 1h 
300 1000 2.9 -  400 500 6.5 1h 
400 1000 2.5 -  500 500 6.3 1h 
500 1000 2.2 -  500 500 5.4 1h 

     600 500 4.1 1h 
     600 500 4.1 1h 
     32 500 14.4 1h 

uncertainty: 10%
 

 uncertainty: 10% 
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Table 4 continued. Permeability values as a function of temperature. For several samples, 
experiments have been done under different effective pressure conditions. 
 

RN-17B-3  RN-19-3 

T(°C) 
Peff  

(bar) 
k 

x10
-16

 m
2
 

Equilibration 
time 

 
T(°C) 

Peff 
(bar) 

k 

x10
-19

 m
2
 

Equilibration 
time 

200 1000 2.86 -  34 900 1.3 - 
300 1000 2.53 -  200 1000 0.1 - 
400 1000 1.83 -  300 1000 34.0 - 
200 1000 2.57 -  200 1000 43.5 - 
300 1000 2.07 -  33 100 75.0 - 
400 1000 1.60 -  200 1000 59.0 - 
500 1000 1.19 -  400 1000 31.5 - 
500 1000 1.17 -  500 1000 14.6 - 
500 1000 1.21 -  600 1000 7.0 - 
30 1000 2.81 -      

200 1000 1.93 -      
300 1000 1.69 -      
400 1000 1.31 -      
500 1000 1.22 -      
600 1000 1.11 -      
700 1000 0.92 -      
700 1000 0.93 -      
800 1000 0.83 -      

Uncertainty: 5%
 

 uncertainty: 15% 

RN-19-4  RN-19-8 

T(°C) 
Peff  

(bar) 
k 

x10
-16

 m
2
 

Equilibration 
time 

 
T(°C) 

Peff 
(bar) 

k 

x10
-19

 m
2
 

Equilibration 
time 

34 1000 2.0 -  150 700 2.7 20 min 
150 1000 0.5 -  150 700 0.3 40 min 
200 1000 0.3 -  150 700 0.2 1h30 
33 1000 0.3 -  200 700 0.2 1h 

200 100 0.2 -  250 700 0.3 10 min 
300 1000 24.7 -  250 700 0.2 1h 
400 1000 84.3 -  300 700 0.2 - 
500 1000 30.0 -  300 700 0.6 1h 
300 1000 39.0 -  350 700 1.6 40min 
100  67.0 -  400 700 1.7 1h 
200 1000 33.0 -  500 700 1.1  
400 1000 26.5 -  31 700 3.7  
600 1000 8.2 -      
400 1000 28.4 -      
32 951 90.0 -      

300 1000 8.0 -      
550 1000 2.7 -      

uncertainty: 15%
 

 uncertainty: 30% 

RN-30-1  RN-30-11 

T(°C) 
Peff  

(bar) 
k 

x10-19 m2 
Equilibration 

time 
 

T(°C) 
Peff 

(bar) 
k 

x10-19 m2 
Equilibration 

time 
300 1000 373.2 -  150 500 1.4 2h 
350 1000 32.0 -  250 500 3.4 - 
350 1000 15.0 17 min  250 500 4.0 1h 
350 1000 9.6 34min  350 500 5.3 3h 
350 1000 4.7 51 min  450 500 4.2 30min 
350 1000 4.4 1h 15  450 500 3.7 1h 
33 1000 5.5 -  550 500 0.9 - 

200 1000 2.9 20min  30 500 1.2 - 
200 1000 2.7 1h      
300 1000 0.9 1h      
400 1000 0.3 1 h 30      
500 1000 0.2 1h      
100 1000 0.9 -      
33 951 3.0 -      

uncertainty: 50%
 

 uncertainty: 20% 
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Table 5. Resistivity measurements of dry samples at high pressure and temperature conditions with 
no pore pressure. Equilibration time is the time span before the electrical measurement at a given 
temperature step. 

 

NJ-17-13 

T(°C) 
Peff 

(bar) 

 
Heating/
cooling 

LOG(Electrical 
conductivity(S.m

-1
)) 

Equilibration 
time (min) 

200 1000 Heating -5.45 - 
200 1000 Heating -5.32 15 
250 1000 Heating -5.13 - 
300 1000 Heating -4.77 - 
350 1000 Heating -4.22 - 
400 1000 Heating -3.71 - 
400 1000 Heating -3.70 45 
350 1000 Cooling -4.26 - 
300 1000 Cooling -4.56 - 
250 1000 Cooling -5.03 - 
200 1000 Cooling -4.93 - 
200 1000 Cooling -5.24 15 
250 1000 Heating -5.02 - 
320 1000 Heating -4.45 - 
350 1000 Heating -3.99 - 
400 1000 Heating -3.57 - 
450 1000 Heating -3.19 - 
500 1000 Heating -2.82 - 
500 1000 Heating -2.67 45 
400 1000 Cooling -3.38 - 
300 1000 Cooling -4.28 - 
200 1000 Cooling -4.63 - 
250 1000 Heating -4.37 - 
300 1000 Heating -3.93 - 
410 1000 Heating -3.16 - 
500 1000 Heating -2.64 - 
550 1000 Heating -2.36 - 
600 1000 Heating -1.97 - 
600 1000 Heating -2.03 30 
500 1000 Cooling -2.64 - 
400 1000 Cooling -3.17 - 
300 1000 Cooling -4.09 - 
200 1000 Cooling -4.51 - 
300 1000 Heating -3.71 - 
400 1000 Heating -2.98 - 
500 1000 Heating -2.48 - 
600 1000 Heating -2.00 - 
650 1000 Heating -1.84 - 
700 1000 Heating -1.79 - 
700 1000 Heating -1.81 30 
717 1000 Heating -1.75 20 
500 1000 Cooling -2.74 - 
400 1000 Cooling -3.45 - 
280 1000 Cooling -4.24 - 
240 1000 Cooling -4.39 - 
200 1000 Cooling -4.38 - 
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Table 6 continued. Resistivity measurements of dry samples at high pressure and temperature 
conditions with no pore pressure. Equilibration time is the time span before the electrical measurement 
at a given temperature step. 

 

RN-19-11 

T(°C) 
Peff 

(bar) 

 
Heating/
cooling 

LOG(Electrical 
conductivity(S.m

-1
)) 

Equilibration 
time (min) 

300 1000 Heating -4.77 - 
350 1000 Heating -4.43 - 
416 1000 Heating -3.94 - 
420 1000 Heating -3.88 - 

318.5 1000 Cooling -4.72 - 
305.2 1000 Cooling -4.77 60 

452.1 1000 Heating -3.64 30 

300 1000 Cooling -4.74 - 

551 1000 Heating -2.95 - 
551.7 1000 Heating -2.97  
550.9 1000 Cooling -2.96 30 
540.1 1000 Cooling -3.00 - 
302 1000 Cooling -4.51 - 
308 1000 Cooling -4.43 - 
295 1000 Cooling -4.56 - 
460 1000 Heating -3.39 - 
549 1000 Heating -2.98 - 
647 1000 Heating -2.44 30 
554 1000 Cooling -2.81 - 
431 1000 Cooling -3.42 - 
286 1000 Cooling -4.41 - 

NJ-17B-13 

T(°C) 
Peff 

(bar) 

 
Heating/
cooling 

LOG(Electrical 
conductivity(S.m

-1
)) 

Equilibration 
time (min) 

200 1000 Heating -2,67 - 
300 1000 Heating -2,52 - 
300 1000 Heating -2,53 20 
350 1000 Heating -2,42 - 
400 1000 Heating -2,36 - 
400 1000 Heating -2,35 30 
450 1000 Heating -2,26 - 
500 1000 Heating -2,16 - 
500 1000 Heating -2,14 30 
550 1000 Heating -2,03 - 
600 1000 Heating -1,89 - 
600 1000 Heating -1,87 10 
600 1000 Heating -1,85 45 
550 1000 Cooling -1,93 - 
500 1000 Cooling -2,01 - 
400 1000 Cooling -2,16 - 
300 1000 Cooling -2,26 - 
300 1000 Cooling -2,28 60 
400 1000 Heating -2,17 - 
500 1000 Heating -2,03 - 
600 1000 Heating -1,86 - 
650 1000 Heating -1,77 - 
700 1000 Heating -1,68 - 
700 1000 Heating -1,68 45 
600 1000 Cooling -1,83 - 
500 1000 Cooling -1,97 - 
400 1000 Cooling -2,11 - 
300 1000 Cooling -2,21 - 
300 1000 Cooling -2,20 20 
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Table 7 continued. Resistivity measurements of dry samples at high pressure and temperature 
conditions with no pore pressure. Equilibration time is the time span before the electrical measurement 
at a given temperature step. 

 

RN-30-12 

T(°C) 
Peff 

(bar) 

 
Heating/
cooling 

LOG(Electrical 
conductivity(S.m

-1
)) 

Equilibration 
time (min) 

200 1000 Heating -4.05 - 
300 1000 Heating -3.68 - 
300 1000 Heating -3.70 15 
300 1000 Heating -3.71 30 
350 1000 Heating -3.35 - 
400 1000 Heating -3.02 - 
400 1000 Heating -3.06 30 
400 1000 Heating -3.06 45 
350 1000 Cooling -3.36 - 
300 1000 Cooling -3.68 - 
300 1000 Cooling -3.66 20 
350 1000 Heating -3.29 - 
400 1000 Heating -3.04 - 
400 1000 Heating -3.07 20 
450 1000 Heating -2.79 - 
500 1000 Heating -2.54 - 
500 1000 Heating -2.57 20 
500 1000 Heating -2.57 45 
450 1000 Cooling -2.83 - 
400 1000 Cooling -3.03 - 
350 1000 Cooling -3.34 - 
300 1000 Cooling -3.56 - 
300 1000 Cooling -3.55 15 
400 1000 Heating -3.04 - 
500 1000 Heating -2.56 - 
550 1000 Heating -2.34 - 
600 1000 Heating -2.08 - 
600 1000 Heating -2.11 30 
600 1000 Heating -2.11 45 
550 1000 Cooling -2.31 - 
500 1000 Cooling -2.48 - 
400 1000 Cooling -2.77 - 
300 1000 Cooling -3.03 - 
300 1000 Cooling -3.13 30 
350 1000 Heating -3.05 - 
400 1000 Heating -2.88 - 
450 1000 Heating -2.67 - 
500 1000 Heating -2.47 - 
550 1000 Heating -2.27 - 
600 1000 Heating -2.10 - 
650 1000 Heating -1.70 - 
700 1000 Heating -0.95 - 
700 1000 Heating -1.30 30 
700 1000 Heating -1.35 60 
600 1000 Cooling -1.68 - 
500 1000 Cooling -1.88 - 
450 1000 Cooling -1.95 - 
400 1000 Cooling -2.00 - 
300 1000 Cooling -2.11 20 

 
 
 
 
 
 



 
 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03 Appendix 5.2.4 
2016.11.01 
public 
8 of 16 

 

 
 

 

 8 

 

Table 8 continued. Resistivity measurements of dry samples at high pressure and temperature 
conditions with no pore pressure. Equilibration time is the time span before the electrical measurement 
at a given temperature step. 

 

RN-17B-13 

T(°C) 
Peff 

(bar) 

 
Heating/
cooling 

LOG(Electrical 
conductivity(S.m

-1
)) 

Equilibration 
time (min) 

200 1000 Heating -4.03 - 
300 1000 Heating -3.81 - 
300 1000 Heating -4.33 15 
300 1000 Heating -4.33 30 
350 1000 Heating -3.87 - 
400 1000 Heating -3.72 - 
400 1000 Heating -3.83 30 
350 1000 Cooling -4.49 - 
300 1000 Cooling -4.69 - 
300 1000 Cooling -4.76 20 
350 1000 Heating -4.07 - 
400 1000 Heating -3.76 - 
450 1000 Heating -3.39 - 
500 1000 Heating -3.08 - 
500 1000 Heating -3.02 10 
500 1000 Heating -2.94 30 
450 1000 Cooling -3.26 - 
400 1000 Cooling -3.57 - 
350 1000 Cooling -3.74 - 
300 1000 Cooling -3.84 - 
300 1000 Cooling -3.85 15 
400 1000 Heating -3.40 - 
500 1000 Heating -2.81 - 
550 1000 Heating -1.94 - 
600 1000 Heating -1.74 - 
600 1000 Heating -1.69 15 
600 1000 Heating -1.65 45 
550 1000 Cooling -1.78 - 
500 1000 Cooling -1.88 - 
400 1000 Cooling -2.09 - 
300 1000 Cooling -2.17 - 
300 1000 Cooling -2.15 20 
400 1000 Heating -2.01 - 
500 1000 Heating -1.85 - 
600 1000 Heating -1.63 - 
650 1000 Heating -1.46 - 
700 1000 Heating -1.11 - 
700 1000 Heating -1.01 30 
600 1000 Cooling -1.18 - 
500 1000 Cooling -1.30 - 
410 1000 Cooling -1.37 - 
300 1000 Cooling -1.48 20 
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Table 9. Conductivity as a function of temperature at low fluid conductivity. 

 

RN-19-5 

T°C 
Peff 

(bar) 

 
Magnitude 
of Z (ohm) 

Standard 
deviation of ΙZΙ 

(%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 750 3.49E+05 36.31 0.0002 0.55 

106 750 71863 26.28 0.0011 0.55 
150 750 46427 21.93 0.0017 0.55 
200 750 31759 19.05 0.0025 0.55 
235 750 23677 18.68 0.0033 0.55 
303 750 23149 19.46 0.0034 0.55 
395 750 30171 19.53 0.0026 0.55 
442 750 70764 33.45 0.0011 0.55 
450 750 75097 34.20 0.0011 0.55 

 

RN-30-4 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 750 2.93E+05 30.5 0.0003 1.2 

106 750 63468 21.2 0.0013 1.2 
150 750 34210 18.2 0.0023 1.2 
200 750 20760 16.5 0.0038 1.2 
235 750 16058 16.0 0.0049 1.2 
303 750 12025 15.7 0.0066 1.2 
395 750 10931 16.3 0.0073 1.2 
442 750 13883 11.2 0.0057 1.2 
450 750 22205 17.5 0.0036 1.2 

 

NJ-17-4 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 750 16547 8.00 0.005 1.04 

105 750 2457.4 8.79 0.034 1.04 
150 750 1424.6 7.54 0.058 1.04 
200 750 960.71 7.89 0.086 1.04 
250 750 694.18 7.40 0.119 1.04 
300 750 562.39 6.79 0.146 1.04 
350 750 552.27 5.80 0.149 1.04 
400 750 769.89 7.00 0.107 1.04 
450 750 1825.4 6.29 0.045 1.04 

 

RN-17B-5 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 750 1.35E+05 24.9 0.0007 2.3 

100 750 53222 23.4 0.0019 2.3 
150 750 37158 21.4 0.0027 2.3 
200 750 25105 16.6 0.0039 2.3 
250 750 18525 14.4 0.0053 2.3 
300 750 16614 13.0 0.0060 2.3 
350 750 14008 14.3 0.0071 2.3 
400 750 13765 17.5 0.0072 2.3 
450 750 18726 25.0 0.0053 2.3 
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Table 10 continued. Conductivity as a function of temperature at low fluid conductivity. 

 

NJ-17-10 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 700 6.50E+03 5.63 0.023 14.2 

100 700 1470.1 7.24 0.104 14.2 
150 700 838.68 5.20 0.182 14.2 
200 700 514.73 6.50 0.296 14.2 
250 700 388.02 7.49 0.393 14.2 
300 700 333.49 7.99 0.457 14.2 
350 700 334.35 7.03 0.456 14.2 
400 700 564.92 5.27 0.270 14.2 
500 700 1501.8 11.18 0.101 14.2 
600 700 1094.1 12.19 0.139 14.2 

 

RN-17B-7 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 700 9.74E+03 36.61 0.018 14.8 

100 700 4262.5 21.95 0.042 14.8 
150 700 2648.9 20.12 0.067 14.8 
200 700 1911.5 18.23 0.093 14.8 
250 700 1437.1 13.86 0.124 14.8 
300 700 1260.5 11.85 0.141 14.8 
350 700 1160.9 11.35 0.153 14.8 
400 700 1705.9 16.45 0.104 14.8 
500 700 2245.4 34.17 0.079 14.8 
600 700 1227.8 31.24 0.145 14.8 

 

RN-17B-1 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 750 1.87E+04 28.53 0.005 0.92 

105 750 4848.9 21.82 0.018 0.92 
150 750 3151.2 19.80 0.027 0.92 
200 750 2391.5 14.30 0.036 0.92 
300 750 1138.8 10.06 0.075 0.92 
400 750 6331.7 34.51 0.014 0.92 
450 750 66242 31.00 0.001 0.92 
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Table 11. Electrical conductivity as a function of temperature for intermediate fluid conductivity. 

NJ-17-12 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivit

y (S.m-1) 

Initial water 
conductivity 

(mS.m-1) 
25 700 1.57E+04 12.20 0.010 126 

100 700 2769 9.34 0.057 126 
150 700 1664.7 7.05 0.095 126 
200 700 1068.5 1.56 0.147 126 
250 700 737.13 5.15 0.214 126 
300 700 654.15 6.88 0.241 126 
350 700 608.34 7.56 0.259 126 
400 700 802.78 8.55 0.196 126 
450 700 1942.8 1.99 0.081 126 
500 700 2.24E+03 13.47 0.070 126 
600 700 1834.6 6.77 0.086 126 

 

RN-17B-6 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 600 4.54E+03 < 7 0.015 130 

100 600 1981.7 < 7 0.033 130 
150 600 1385.7 < 7 0.047 130 
200 600 959.75 < 7 0.069 130 
250 600 719.71 < 7 0.091 130 
300 600 580.66 < 7 0.113 130 
350 600 579.03 < 7 0.114 130 
400 600 749.33 < 7 0.088 130 
500 600 939.32 < 7 0.070 130 
600 600 312.94 < 7 0.210 130 

 

NJ-17B-6 

T°C 
Peff 

(bar) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 600 2.19E+03 23.7 0.09 101 

100 600 750.39 29.4 0.25 101 
150 600 476.19 29.1 0.40 101 
200 600 316.51 19.9 0.60 101 
250 600 252.11 19.0 0.76 101 
300 600 166.20 18.6 1.15 101 
350 600 164.12 19.4 1.16 101 
400 600 213.26 20.0 0.89 101 
450 600 441.84 29.6 0.43 101 
500 600 442.71 25.4 0.43 101 
600 600 388.48 25.8 0.49 101 
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Table 6. Electrical conductivity as a function of temperature at high fluid conductivity. 

RN-17B-9 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(S.m
-1

) 
27 600 1937.63 14.4 0.076 6.46 

100 600 676.47 17.7 0.217 6.46 
150 600 475.63 11.5 0.309 6.46 
200 600 353.75 9.7 0.416 6.46 
250 600 297.04 12.1 0.495 6.46 
300 600 288.21 11.0 0.510 6.46 
350 600 322.98 11.0 0.455 6.46 
400 600 648.50 5.8 0.227 6.46 
450 600 732.08 24.9 0.201 6.46 
500 600 882.48 24.4 0.167 6.46 
550 600 856.18 24.3 0.172 6.46 
600 600 859.23 23.1 0.171 6.46 

RN-17B-8 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
27 500 2488.94 20.1 0.05 3.88 

100 500 704.02 19.6 0.18 3.88 
150 500 343.61 18.0 0.37 3.88 
200 500 264.82 19.5 0.48 3.88 
250 500 258.38 21.1 0.50 3.88 
300 500 332.61 22.6 0.39 3.88 
350 500 427.25 16.0 0.30 3.88 
400 500 1744.65 9.6 0.07 3.88 
500 500 1696.70 21.8 0.08 3.88 
600 500 2295.37 4.4 0.06 3.88 

NJ-17B-4 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
27 700 4270.2 4.68 0.025 3.36 
93 700 1072.8 4.34 0.098 3.36 

145 700 668.7 6.74 0.156 3.36 
195 700 477.4 8.23 0.219 3.36 
245 700 374.1 7.70 0.280 3.36 
300 700 354.1 6.14 0.296 3.36 
350 700 361.1 0.37 0.290 3.36 
400 700 468.8 0.79 0.223 3.36 
450 700 614.1 3.20 0.170 3.36 
492 700 1104.3 2.70 0.095 3.36 
550 700 1555.2 6.02 0.067 3.36 
600 700 4756.1 15.95 0.022 3.36 

NJ-17B-1 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
30 600 10212.9 9.9 0.03 3.92 

100 600 2386.3 37.7 0.14 3.92 
150 600 1296.2 48.3 0.26 3.92 
200 600 864.2 47.8 0.38 3.92 
250 600 705.1 49.2 0.47 3.92 
300 600 657.9 41.4 0.50 3.92 
350 600 746.3 26.5 0.44 3.92 
400 600 1478.4 9.8 0.22 3.92 
450 600 2048.7 8.1 0.16 3.92 
500 600 3021.8 7.6 0.11 3.92 
600 600 5332.3 10.4 0.06 3.92 
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Table 6 continued. Electrical conductivity as a function of temperature at high fluid conductivity. 

NJ-17-7 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of ΙZΙ 

(%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
23 700 1073.4 3.3 0.05 4.3 

100 700 308.1 9.1 0.15 4.3 
150 700 208.1 6.1 0.22 4.3 
200 700 186.5 4.7 0.25 4.3 
250 700 145.6 4.3 0.32 4.3 
300 700 136.4 11.9 0.34 4.3 
350 700 159.6 9.6 0.29 4.3 
400 700 195.1 1.2 0.24 4.3 
450 700 383.5 1.9 0.12 4.3 
500 700 722.2 4.2 0.06 4.3 
550 700 2066.3 14.2 0.02 4.3 
600 700 651.9 6.3 0.07 4.3 

NJ-17-8 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of ΙZΙ 

(%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
25 700 1837.12 33.93 0.051 3.6 

100 700 451.31 - 0.210 3.6 
150 700 298.06 34.47 0.317 3.6 
200 700 227.14 19.48 0.416 3.6 
250 700 194.99 20.01 0.485 3.6 
300 700 191.33 16.97 0.494 3.6 
350 700 213.16 13.79 0.444 3.6 
400 700 487.45 9.66 0.194 3.6 
450 700 827.38 9.05 0.114 3.6 
500 700 1117.33 16.64 0.085 3.6 
600 700 154.70 38.30 0.611 3.6 

RN-19-6 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of ΙZΙ 

(%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
27 700 15650.5 1.43E+01 0.009 7.04 

100 700 4363.1 2.21E+01 0.034 7.04 
150 700 3203.4 2.21E+01 0.046 7.04 
200 700 3291.6 1.61E+01 0.045 7.04 
250 700 2604.2 1.47E+01 0.057 7.04 
300 700 2389.3 1.07E+01 0.062 7.04 
350 700 2487.0 9.87E+00 0.060 7.04 
400 700 2587.4 5.21E+00 0.057 7.04 
450 700 4690.8 1.29E+00 0.032 7.04 
500 700 6835.5 5.70E+00 0.022 7.04 
550 700 18563.2 9.50E+00 0.008 7.04 
600 700 33299.5 1.29E+01 0.004 7.04 

RN-30-10 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of ΙZΙ 

(%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
24 700 47253.3 - 0.005 3.56 

100 700 11724.1 - 0.020 3.56 
150 700 7667.3 - 0.031 3.56 
200 700 5256.7 - 0.046 3.56 
250 700 2594.6 - 0.092 3.56 
300 700 2540.2 - 0.094 3.56 
350 700 2871.6 - 0.083 3.56 
408 700 4700.8 - 0.051 3.56 
450 700 17708.0 6.0 0.014 3.56 
500 700 16269.9 6.0 0.015 3.56 
545 700 18651.5 6.1 0.013 3.56 
600 700 25684.6 5.8 0.009 3.56 
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Table 6 continued. Electrical conductivity as a function of temperature at high fluid conductivity. 

 

Fontainebleau sandstone 1 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
24 600 419.05 15.5 0.54 3.73 

100 600 132.94 18.9 1.70 3.73 
150 600 93.93 15.8 2.40 3.73 
200 600 75.14 12.0 3.00 3.73 
250 600 58.10 9.1 3.86 3.73 
303 600 52.74 10.1 4.30 3.73 
350 600 53.47 9.6 4.20 3.73 
405 600 66.50 4.6 3.40 3.73 
443 600 117.00 6.1 1.92 3.73 
495 600 706.61 2.7 0.32 3.73 
545 600 122805.4 - 0.002 3.73 
600 600 245651.3 - 0.001 3.73 

Fontainebleau sandstone 2 

T°C 
Peff 

(Bars) 

 
Magnitude of Z 

(ohm) 

Standard 
deviation of 

ΙZΙ (%) 

Electrical 
conductivity 

(S.m
-1

) 

Initial water 
conductivity 

(mS.m
-1

) 
33 500 679.2 - 0.15 5.54 

100 500 318.3 - 0.32 5.54 
150 500 243.8 - 0.41 5.54 
200 500 212.3 - 0.47 5.54 
250 500 199.1 - 0.51 5.54 
300 500 197.7 - 0.51 5.54 
350 500 222.8 - 0.45 5.54 
400 500 323.7 - 0.31 5.54 
450 500 2522.2 - 0.04 5.54 
500 500 4880.7 - 0.02 5.54 
550 500 8058.7 - 0.01 5.54 
600 500 18891.9 - 0.01 5.54 

 
 
 
 
 
 

Table 7. Experimental parameters related to the six deformation experiments performed on the Elba 
micaschist MC1. In the sample names, the term -para-, -perp- and –obl- are referred to the sample 
orientation in respect to compression axis. 

 
Sample 
Name 

T (°C) Pore 
pressure 
(Mpa) 

Confining 
Pressure 
(MPa) 

Peak 
stress 
(MPa) 

Stress at 
5% (Mpa) 

Fracture 
angle (°)  

Friction 
coefficient 

MC1-para1 600 31.2 100 374 300 41 0.75 
MC1-perp1 600 30.0 100 325 178 45 0.56 
MC1-perp2 450 30.0 100 416 291 35 0.82 
MC1-perp3 600 30.0 100 319 245 41 0.69 
MC1-obl1 600 30.0 100 326 236 35 0.75 
MC1-obl2 450 31.5 100 289 269 33 0.83 
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Table 8. Electrical resistivity, 𝜌, formation factor, F, and permeability values, k, for sample GG1-porDol, 
measured in dependence of temperature. The sample was saturated with synthetic Krafla fluid. 

T pconf      ppore  Q 𝜌sample σsample F k k 

[°C] [MPa]    [MPa] [ml/min]  [Ωm] [S/m] 
 

[m
2
] [µD] 

25 25.0     22.2 0.10 1038.11 9.63 × 10
-4

 212.81 1.11 × 10
-15

 1.13 × 10
+3

 

25 25.0     22.2 0.05 1034.17 9.67 × 10
-4

 212.92 1.11 × 10
-16

 1.13 × 10
+2

 

50 25.5     22.2 0.05 719.01 1.39 × 10
-3

 218.54 8.64 × 10
-17

 8.75 × 10
+1

 

100 27.0     22.2 0.05 379.64 2.63 × 10
-3

 200.24 5.94 × 10
-17

 6.02 × 10
+1

 

150 26.0     22.2 0.05 247.16 4.05 × 10
-3

 179.10 3.26 × 10
-17

 3.31 × 10
+1

 

200 25.0     22.2 0.05 188.91 5.29 × 10
-3

 168.67 2.77 × 10
-17

 2.80 × 10
+1

 

250 25.0     22.2 0.05 177.99 5.62 × 10
-3

 161.81 7.34 × 10
-17

 7.44 × 10
+1

 

300 25.0     22.2 0.05 172.66 5.79 × 10
-3

 150.14 6.24 × 10
-17

 6.32 × 10
+1

 

350 22.6     22.6 0.05 148.68 6.73 × 10
-3

 122.88 
  

         

 
 
 
Table 9. Electrical resistivity, 𝜌, formation factor, F, and permeability values, k, for sample KH5-09, 
measured in dependence of temperature. The sample was saturated with synthetic Krafla fluid. 

T pconf      ppore  Q 𝜌sample σsample F k k 

[°C]  [MPa]    [MPa] [ml/min]  [Ωm] [S/m] 
 

[m
2
] [µD] 

27 40 22.5 0.02 85.66 0.0117 20.60 1.74 × 10
-17

 17.61 
38 40 22.5 0.02 73.40 0.0136 20.08 1.61 × 10

-17
 16.28 

50 40 22.5 0.02 60.31 0.0166 19.76 1.35 × 10
-17

 13.69 
66 40 22.5 0.02 47.69 0.0210 19.03 1.27 × 10

-17
 12.90 

82 40 22.5 0.02 40.28 0.0248 19.35 1.22 × 10
-17

 12.32 
106 40 22.5 0.02 31.79 0.0315 18.57 1.10 × 10

-17
 11.09 

122 40 22.5 0.02 28.42 0.0352 18.50 9.62 × 10
-18

 9.75 
165 40 22.5 0.02 22.42 0.0446 18.17 8.99 × 10

-18
 9.11 

210 40 22.5 0.02 18.02 0.0555 16.94 6.80 × 10
-18

 6.89 
255 40 22.5 0.02 14.75 0.0678 14.70 6.20 × 10

-18
 6.28 

275 40 22.5 0.02 13.37 0.0748 13.30 6.64 × 10
-18

 6.73 
295 40 22.5 0.02 12.59 0.0794 12.05 7.34 × 10

-18
 7.44 

320 40 22.5 0.02 12.37 0.0808 11.59 8.44 × 10
-18

 8.56 
295 40 22.5 0.02 12.35 0.0810 11.82 7.76 × 10

-18
 7.86 

330 40 22.5 0.02 11.48 0.0871 10.55 7.88 × 10
-18

 7.99 
337 40 22.5 0.02 11.50 0.0870 10.38 7.30 × 10

-18
 7.40 

345 40 22.5 0.02 11.51 0.0869 9.86 6.76 × 10
-18

 6.85 
355 40 22.5 0.02 11.53 0.0867 9.11 6.07 × 10

-18
 6.15 

362 40 22.5 0.02 11.61 0.0861 8.48 5.56 × 10
-18

 5.63 
374 40 22.5 0.02 11.83 0.0846 4.48 4.27 × 10

-18
 4.32 

375 40 22.5 0.02 18.81 0.0532 6.52 3.42 × 10
-18

 3.47 
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5.2.4.2 Fluid resistivities 

 
Table 10. Measured electrical resistivity of synthetic Krafla and Reykjanes fluid in dependence of 
temperature. 

synthetic Krafla fluid       synthetic Reykjanes fluid   

T Pfluid 𝜌 
equilibration 

time   T 
         
Pfluid 𝜌 

equilibration 
time 

[°C] [MPa] [Ωm] [h]   [°C] 
         
[MPa] [Ωm] [h] 

25.10 23.00 4.5741 46.70   25.10 31.30 0.2401 42.31 

61.50 23.00 2.6344 46.70   55.60 31.30 0.1536 29.35 

99.75 23.00 1.7854 28.08   81.10 31.10 0.1172 36.22 

147.68 23.00 1.3162 23.10   95.00 31.30 0.1041 17.05 

195.51 22.98 1.1162 72.62   101.00 31.30 0.0975 18.08 

242.85 23.02 1.0034 24.40   123.67 31.10 0.0899 18.80 

290.00 22.94 1.0046 17.50   149.07 31.30 0.0746 21.00 

334.92 23.01 1.0999 10.35   197.40 31.28 0.0633 20.53 

370.12 23.04 1.8124 18.10   245.33 31.10 0.0503 18.10 

374.71 23.01 14.3403 24.05   298.90 31.04 0.0616 23.55 

375.21 23.01 15.5550 26.05   349.50 31.10 0.0715 36.05 

377.00 22.96 14.7380 54.68   370.70 31.05 0.0893 19.78 

378.13 23.07 20.6880 75.62   381.60 31.06 0.1117 20.22 

    
  391.80 31.03 0.1618 23.75 

    
  397.40 31.05 0.2367 16.8 

    
  397.70 31.15 0.2440 14.05 

    
  398.50 31.08 0.2529 39.33 

    
  399.80 30.97 0.2726 19.5 

    
  401.40 31.03 0.2878 18.63 

    
  402.40 31.03 0.2999 26.2 

    
  403.20 31.04 0.3089 24.05 

    
  404.10 31.05 0.3218 22.71 

    
  405.36 31.08 0.6187 19.5 

          406.70 31.02 0.6801 46.35 
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1 Introduction 

Resistivity models based on TEM (Transient Electromagnetic) and MT 

(Magnetotelluric) data are widely used in geothermal exploration for conceptual 

modeling and to select sites for exploration drilling. Árnason et al. (1987a, b) showed 

that the structure of the resistivity model within the Nesjavellir high-temperature 

geothermal field in southwest Iceland mimic the dominant alteration mineralogy 

conditions in the subsurface (see Figure 1). Thereby the typical observed boundary 

between the low-resistivity cap and the underlying high-resistivity core in high-

temperature systems can be related to changes in the secondary mineral inventory 

having different cation-exchange capacity (CEC), i.e. from smectite-dominated cap rock 

to the chlorite-dominated core (Árnason et al., 1987a, b; Árnason and Flóvenz, 1992; 

Flóvenz et al., 2012).  

 

Figure 1.  Typical resistivity structure of a high-temperature geothermal reservoir showing a 

high-resistivity core beneath a low-resistivity cap based on 2D interpretation of a 

detailed multimethod DC resistivity survey from 1985 and 1986. The Figure also shows 

the alteration minerals in three wells and the isotherms derived from the estimated true 

formation temperature in each well based on numerous temperature logs obtained 

during and after drilling. The Figure shows a very clear correlation between the 

subsurface resistivity structure, on the one hand, and the alteration mineralogy and 
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true formation temperature, on the other hand. The section is from the Nesjavellir 

geothermal field, SW-Iceland (adapted from Flóvenz et al., 2012, after Árnason et al., 

1987b). 

Alteration minerals with a high CEC, in particular clay minerals favor the conduction 

of an electrical current between the pore fluid and the pore walls in the rock. The 

interface or surface conduction is caused by the highly-mobile ions that form a 

conductive layer on the surface of the pore walls. The mobility of ions is thereby 

related to the CEC of the mineral phase. The higher the CEC of the clay mineral the 

higher is the interface conduction. Nevertheless, electrical conductivity can also be 

affected by other parameters: (i) degree of fluid saturation, (ii) conductivity of the rock 

matrix, (iii) salinity of the pore fluid, (iv) water–rock interaction and alteration mineral 

assemblage, (v) temperature, (vi) porosity and pore structure of the rock and (vii) type 

of pore fluid like the content of water, steam, gas and oil (Flóvenz et al., 2012). 

The aim of this task within the Integrated Methods for Advanced Geothermal Explora-

tion (IMAGE) project is the validation of the influence of cation-exchange capacity on 

resistivity logs within hydrothermal systems. 

Four wells from three geothermal fields in Iceland were selected to compare the 

resistivity logs with measured CEC values. Well KJ-18 (2215 m deep) was selected from 

the Krafla high-temperature geothermal field in NE-Iceland (Figure 2). Several 

resistivity logs were carried out in well KJ-18, including resistivity time series during 

the heating-up of the well as a part of IMAGE (Vilhjálmsson et al., 2016). Well KJ-18 

was also used as a research well for several other IMAGE tasks (Árnadóttir, 2014; 

Halldórsdóttir, et al., 2014; Blischke et al., 2016; Hersir et al., 2016). Cuttings from two 

wells, HE-42 and  

HE-46, within the Hellisheiði geothermal system in the Hengill volcanic area in south-

west Iceland were selected (Figure 2). Well HE-46 was chosen as it exhibits a well-

defined low resistivity cap (Haraldsdóttir and Franzson, 2011) and the fact that a 

detailed petrographic and mineralogical study was carried out to refine the 

lithostratigraphy and alteration mineralogy (Snæbjörnsdóttir, 2011). Well HE-42 (3322 

m) was selected as in contrast to well HE-46, the resistivity log within the low 

resistivity cap shows a large degree of variation. The stratigraphy and alteration for the 

well was refined by Gunnarsdóttir (2012).  

The fourth well (RN-15) was selected from the Reykjanes geothermal field in southwest 

Iceland (Figure 2). Well RN-15 is also the target well for the IDDP-2 drilling, which is 

being drilled in the second half of 2016. The Reykjanes geothermal field contrasts to the 

other selected geothermal fields by a different fluid composition. The fluid within the 

Reykjanes geothermal field is sea-water modified fluid (Björnsson et al., 1972; Arnórs-

son, 1978; Óskarsson and Weisenberger, 2016), whereas fluids within the Krafla and 

Hellisheiði geothermal fields are low in salinity and of meteoric origin (Ármannsson, 

2016). 

To study further the effect of surface conduction by cation-exchange capacity, seven 

core samples from different alteration facies within different geothermal systems in 
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Iceland were measured to quantify the CEC. The selected samples have been studied 

previously with respect to their petrophysical parameters, the effect of the electrical 

interface conduction and relation to the fluid conduction/salinity (Flóvenz et al., 2005; 

Kulenkampff et al., 2005). Finally, as a part of IMAGE, CEC was measured for several 

core samples from Krafla (Lévy et al., 2016). 

 

Figure 2.  Simplified geological map of Iceland (Hjartarson and Sæmundsson, 2014) showing 

the location of the Krafla, Hellisheiði and Reykjanes geothermal fields (black solid 

circles). 
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2 Methods 

Cation-exchange capacity is a characteristic physicochemical property of zeolites and 

clay minerals. In clay minerals CEC is related to substitutions in the tetrahedral and/or 

octahedral sheet which creates a charge deficit known as the layer charges and to 

adsorption of dissociation of protons at crystal edges (Christidis, 2011). A distinction is 

made between permanent and non-permanent charges. In detail, the charge which 

results from structural substitutions is known as permanent charge and the charge 

from interrupted bonds between the structural cations and the oxygen of the OH 

groups of the tetrahedral and the octahedral sheet is known as the non-permanent or 

pH-depended charge (Christidis, 2011). The layer charge is balanced by interlayer 

cations, like Na, Ca, K, Mg and H, which are exchangeable (Christidis, 2011). 

Clay minerals show a strong preference for organic cations such as methylene blue, 

and organo-metal complexes that have been used as index cations to determine the 

CEC. Due to the large size of the molecules, methods based on the adsorption of 

organo-metal complexes and methylene blue are not influenced by the presence of 

zeolites as the large molecules cannot enter the cages and channels within the zeolite 

structural framework (Christidis, 2011). However, large molecules can exchange with 

cations at the crystal surface of zeolites, which is called external cation-exchange 

capacity (ECEC). Although adsorption of methylene blue cations is routinely used for 

clay minerals, determination of CEC is problematic (Ammann et al., 2005). Bergaya and 

Vayer (1997) developed the CEC determination of clay minerals by using [Cu(en)2]2+ 

(en = ethylenediamine). Meier and Kahr (1999) proposed the use of [Cu(trien)3]2+ 

complexes (trien = triethylenetetramine) for determination of CEC. According to 

Bergaya et al. (2006), the use of [Cu(en)2]2+ or [Cu(trien)3]2+ complexes is presently the 

most versatile method for determination of CEC of clay minerals. 

For the CEC measurements a representative aliquot of cuttings (4–5 g) from a 

particular depth was selected. The cuttings were washed to remove potential 

contamination of drilling mud and milled afterwards by using a ball mill. The CEC 

measurements were conducted according to the method described by Meier and Kahr 

(1999) by using 0.01 M copper triethylenetetramine (Cu-trien). Powdered rock samples 

(200 mg) were weighed into 50 mL beakers that contained 50 mL of deionized water 

and 10 mL of 0.01 M Cu-trien solution. After 3 minutes of reaction time, the suspension 

was centrifuged with a micro-centrifuge for 20 minutes at 2000 rounds per minute. The 

supernatant solution was carefully removed from the solid fraction and the remaining 

Cu-trien concentration of the supernatant was measured in a spectrophotometer at a 

wavelength of 578 nm. The used wavelength of 578 nm is different from the 620 mm 

wavelength described in Meier and Kahr (1999). As shown in other studies (e.g. 

Ammann et al., 2005; Kaufhold and Dohrmann, 2003; Steudel et al., 2009; Dohrmann et 

al., 2012) the adsorption maximum of the copper triethylenetetramine complex lies at 

578 nm. Calibration of the photometer was carried out according to the calibration 

method described by Kaufhold (2001), using four different Cu-trien solutions. The 

water content of the samples was determined by the weight loss obtained after heating 
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the samples for 2–3 days at 105°C. The CEC (meq/100 g) refers to the dry weight of the 

sample. 

Samples in all wells were selected based on the resistivity logs and lithostratigraphic 

succession. In well KJ-18, a total of 88 samples covering the entire depth of the well 

were analyzed. In well HE-42 and HE-46, 12 and 27 samples were selected, 

respectively. The samples were primarily selected within the clay and chlorite 

dominated alteration zones. In well RN-15, 18 samples were selected primarily within 

the clay and chlorite dominated alteration zones. 

Additionally, CEC was measured in seven core samples that had been used previously 

for electrical conduction measurements by Flóvenz et al. (2005). A description of the 

core samples based on information from Flóvenz et al. (2005) is given in Tables 1 and 2. 

Table 1.  A description of the seven core samples (data adapted from Flóvenz et al., 2005). 

Sample 
no 

Location Well no Year of 
drilling 

Rock type Alteration zones Sample 
depth (m) 

3a Hengill ÖJ-1 1994 Hyaloclastite Chlorite 795 

4 Nesjavellir NJ-17 1996 Basalt Chlorite 876/877 

9 Krafla K-2 1974 Basalt Chlorite 540 

47 Heiðmörk surface 2003 Basalt unaltered 0 

58 Krafla KH-1 1991 Basalt Smectite 187 

61 Krafla KH-1 1991 Hyaloclastite Smectite 195 

71 Reykjanesskagi surface 2003 Basalt unaltered 0 

Table 2.  The result of measurements of porosity and density for the core samples as well as the 

intrinsic formation factor and the interface conductivity of the seven core samples (data 

adapted from Flóvenz et al., 2005). 

Sample no 
Estimated in-situ 

fluid conductivity at 
25°C (μS/cm) 

Porosity 
(%) 

Density 
(g/cm

3
) 

Formation 
factor 

Interface 
conduction 

(μS/cm) 

Iso-
electrical 

point 

3a 808.0 20.3 2.46 39.7 30 993 

4 751.0 8.06 2.80 552 8 4416 

9 909.0 9.7 2.71 227 30 7945 

47 not saturated 8.33 2.89 100 5 0 

58 780.0 10.5 2.70 450 20 9000 

61 780.0 19.2 2.29 85 300 25550 

71 not saturated 11.7 2.82 72.6 5 0 
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Figure 3.  Cleaning fluid conductivity in μS/cm as a function of time. The samples were 

saturated repeatedly with water with conductivity of ~2 μS/cm.  

 

An additional sample treatment was carried out for the seven core samples before the 

cation-exchange capacity measurements were conducted. The samples were 

thoroughly washed and cleaned to remove precipitation, predominantly (NaCl) that 

formed while the samples dried in the core storage. This was done in a similar way as 

before. The core samples were crushed and the coarse-grained rock fragments were put 

repeatedly into distilled water. After a reaction time of 24 to 72 hours the fluid 

conductivity was measured and the fluid was replaced by distilled water (~ 50 ml) 

until the fluid conductivity reached a steady state. Figure 3 shows the cleaning 

progress with time. Steady state was reached after 1 to 3 weeks of continuous cleaning 

of the samples. Measurements conducted after each weekend show in general a 

slightly higher conductivity that results in undulation of the curve. The higher values 

are caused by the longer reaction time for dissolution. 
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3 Results 

3.1 Well KJ-18 in Krafla 

Results of the CEC measurements for well KJ-18 are given in Table 3. In general, the 

CEC values decrease with increasing depth (Figure 4). The measured CEC values 

mimic the general trend of the resistivity logs. High resistivity at shallow depth (< 140 

m) coincides with low CEC values (< 10 meq/100 g). The highest CEC values (> 40 

meq/100 g) concur with the low resistivity at a depth of about 140 to 230 m. Below a 

depth of 210 m the CEC values decrease exponentially and reach a steady-state level at 

about 1000 m depth. Below 1000 m only very limited variations of the CEC values are 

observed, the CEC values decrease slowly. However, the values at that depth are close 

to the detection limit.  

The elevated CEC values (> 5 meq/100 g) are in good agreement with the depth interval 

of the alteration zones that are characterized by clay mineral alteration (Figure 4). 

Nevertheless, the depth interval (> 650 m), for which resistivity time series during 

heating-up were carried out (Vilhjálmsson et al., 2016), coincides with low CEC values 

with very limited variations of the CEC. These variations cannot be synchronized with 

the variations of the resistivity curves.  

Figure 5 shows the depth interval (0–700 m) where CEC values are elevated compared 

to the deeper part. A general trend is visible. Samples that have high CEC values are 

found where the resistivity is low at the sample depth and adjacent samples having 

low CEC are found where the resistivity is high. 

For a given depth interval within the shallow part of the well (< 650 m), a correlation 

between lithological units and the CEC values is observed. For example, the high CEC 

values at a depth of 200 m correlate with a basaltic tuff unit, whereas the low values 

further down in the well profile are associated with a crystalline basaltic unit (Table 3). 

In general, when considering adjacent lithological units, glass-rich units (Stefánsson et 

al., unpublished) are characterized by high CEC values, whereas crystalline lithologies 

(Stefánsson et al., unpublished) are characterized by low CEC (Table 3).  
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Figure 4.  Profile of well KJ-18 showing electrical resistivity logs (R64 spacing), CEC (red 

squares & trend-line) and alteration zones. Green resistivity curve at shallow depth was 

measured during drilling in 1981. Resistivity series at depth were carried out during 

heating-up of the well in fall 2014 (Vilhjálmsson et al., 2016), whereas the color coding 

from cold to warm colors represents the time series during heating-up. 
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A large scattering in CEC is observed at the depth interval from 300 to 600 m. The large 

scattering can most likely be explained by cross contamination of the collected cutting 

samples. The caliper log (Stefánsson et al., unpublished) shows a large caving structure 

at about 200 m and possibly continuous caving caused cross contamination during 

further drilling towards the end of drilling phase 1. Samples below about 680 m do not 

show similar scattering behavior. The depth interval from 200 to 660 m was cased 

before drilling of phase 2 (Stefánsson et al., unpublished). 

Table 3.  Results of CEC measurements from well KJ-18 in Krafla. 

Depth 
(m) 

Mass (g) 
Water 

content 
(%) 

CCu-trien 
(mol) 

Ab-
sorbance 
(blank) 

Absorbance 
(super-natant 

solution) 

CEC 
(meq/ 

100 g) 

Lithology 
In-

trusion 
Alter-
ation 

74 0.2004 0.63 0.0101 0.264 0.254 3.8 BB 
 

Zeo-Sme 

90 0.5006 2.38 0.0101 0.262 0.236 4.1 BB 
 

Zeo-Sme 

100 0.5002 0.39 0.0101 0.262 0.221 6.3 BB 
 

Zeo-Sme 

116 0.2002 7.00 0.0101 0.264 0.131 54.7 BB 
 

Zeo-Sme 

130 0.2002 1.20 0.0101 0.264 0.242 8.5 F-m B 
 

Zeo-Sme 

160 0.2005 10.00 0.0091 0.225 0.127 43.9 BT 
 

Zeo-Sme 

170 0.2014 6.96 0.0101 0.264 0.127 56.0 BT 
 

Zeo-Sme 

200 0.2003 6.28 0.0101 0.262 0.141 49.7 F-m B 
 

Zeo-Sme 

210 0.2001 5.93 0.0091 0.225 0.100 53.7 BB 
 

Zeo-Sme 

236 0.1997 2.65 0.0091 0.225 0.166 24.5 F-m B 
 

Zeo-Sme 

270 0.1997 1.61 0.0091 0.225 0.186 16.1 BT 
 

Zeo-Sme 

286 0.2006 1.97 0.0091 0.225 0.182 17.7 GB 
 

Zeo-Sme 

302 0.2004 1.94 0.0091 0.225 0.187 15.6 GB 
 

Zeo-Sme 

320 0.2022 2.44 0.0091 0.226 0.174 21.2 F-m B (x) Zeo-Sme 

324 0.2000 1.44 0.0091 0.226 0.197 11.8 F-m B (x) Zeo-Sme 

332 0.2002 4.01 0.0091 0.226 0.147 33.1 BB 
 

Zeo-Sme 

340 0.5014 3.48 0.0101 0.262 0.163 15.8 BB 
 

Zeo-Sme 

348 0.2006 3.24 0.0101 0.264 0.204 23.7 BT 
 

Zeo-Sme 

384 0.2015 2.14 0.0091 0.226 0.175 20.8 F-m B (x) MLC 

390 0.2004 2.38 0.0101 0.264 0.208 21.9 M-c B (x) MLC 

400 0.2013 1.18 0.0091 0.226 0.199 10.9 M-c B (x) MLC 

418 0.2015 0.90 0.0091 0.226 0.204 8.9 BT/GB 
 

MLC 

434 0.2018 1.01 0.0091 0.226 0.205 8.5 GB 
 

MLC 

442 0.2004 1.27 0.0091 0.226 0.194 13.0 F-m B 
 

MLC 

452 0.2013 1.01 0.0091 0.226 0.194 12.9 F-m B 
 

MLC 

460 0.2013 0.45 0.0091 0.226 0.209 6.8 BT 
 

MLC 

470 0.2012 0.99 0.0091 0.226 0.197 11.7 F-m B 
 

MLC 

483 0.2014 0.47 0.0091 0.226 0.217 3.6 F-m B 
 

MLC 

500 0.2006 0.75 0.0101 0.264 0.245 7.3 M-c B (x) MLC 

506 0.2013 0.66 0.0091 0.233 0.210 9.0 F-m B 
 

MLC 
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Table 3.  (Cont.) 

Depth 
(m) 

Mass (g) 
Water 

content 
(%) 

CCu-trien 
(mol) 

Ab-
sorbance 
(blank) 

Absorbance 
(super-natant 

solution) 

CEC 
(meq/ 

100 g) 

Lithology 
In-

trusion 
Alter-
ation 

516 0.2010 1.63 0.0091 0.233 0.182 20.1 F-m B 
 

MLC 

520 0.2017 1.12 0.0091 0.233 0.197 14.1 M-c B (x) MLC 

530 0.2003 0.28 0.0091 0.233 0.224 3.5 BB 
 

MLC 

550 0.2000 1.55 0.0091 0.233 0.188 17.9 BB 
 

Chl-Ep 

560 0.2000 0.75 0.0091 0.233 0.208 9.8 F-m B 
 

Chl-Ep 

570 0.2006 1.32 0.0091 0.233 0.189 17.4 BB 
 

Chl-Ep 

582 0.1998 0.78 0.0091 0.233 0.204 11.4 BB 
 

Chl-Ep 

600 0.2003 0.34 0.0091 0.233 0.220 5.1 BB 
 

Chl-Ep 

610 0.2006 0.73 0.0101 0.264 0.246 6.9 M-c B X Chl-Ep 

628 0.2002 0.81 0.0091 0.233 0.205 11.0 M-c B X Chl-Ep 

640 0.2006 0.35 0.0101 0.264 0.261 1.1 M-c B X Chl-Ep 

652 0.2016 0.54 0.0091 0.233 0.211 8.6 M-c B X Chl-Ep 

682 0.2000 0.31 0.0091 0.233 0.222 4.3 M-c B X Chl-Ep 

700 0.2003 0.13 0.0091 0.233 0.226 2.7 M-c B X Chl-Ep 

712 0.2005 0.32 0.0091 0.233 0.223 3.9 F-m B X Chl-Ep 

720 0.9994 0.41 0.0101 0.264 0.238 2.0 BT 
 

Chl-Ep 

742 0.2003 0.30 0.0091 0.233 0.227 2.3 F-m B X Chl-Ep 

780 0.2000 0.38 0.0091 0.233 0.227 2.4 F-m B X Chl-Ep 

800 0.2001 0.39 0.0091 0.233 0.227 2.4 BT 
 

Ep-Amp 

810 0.9999 0.20 0.0101 0.262 0.211 3.9 BT 
 

Ep-Amp 

830 0.2001 2.29 0.0091 0.233 0.224 3.6 BT 
 

Ep-Amp 

850 0.2001 0.42 0.0091 0.234 0.222 4.7 BB 
 

Ep-Amp 

862 0.2003 5.41 0.0091 0.234 0.223 4.5 Ff X Ep-Amp 

870 0.2012 0.21 0.0091 0.234 0.225 3.5 BB 
 

Ep-Amp 

880 0.2008 0.08 0.0091 0.234 0.225 3.5 GB 
 

Ep-Amp 

900 0.2000 0.14 0.0091 0.234 0.228 2.3 Ff X Ep-Amp 

930 0.2007 0.28 0.0091 0.234 0.223 4.3 Ff X Ep-Amp 

978 0.2014 0.35 0.0091 0.234 0.228 2.3 BB 
 

Ep-Amp 

992 0.2013 0.18 0.0091 0.234 0.229 1.9 M-c B X Ep-Amp 

1000 0.2003 0.28 0.0091 0.234 0.226 3.1 BT 
 

Ep-Amp 

1042 1.0005 0.09 0.0101 0.262 0.252 0.8 GB 
 

Ep-Amp 

1080 0.9999 0.19 0.0101 0.263 0.250 1.0 F-m B 
 

Ep-Amp 

1100 1.0001 0.16 0.0101 0.263 0.238 1.9 Ff X Ep-Amp 

1130 1.0009 0.40 0.0101 0.263 0.216 3.6 GB 
 

Ep-Amp 

1180 0.9997 0.17 0.0101 0.263 0.244 1.5 M-c B X Ep-Amp 

1202 0.2005 0.32 0.0091 0.234 0.227 2.7 BB/M-c B X Ep-Amp 

1210 0.2008 0.34 0.0091 0.234 0.226 3.1 BB/M-c B X Ep-Amp 
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Table 3.  (Cont.) 

Depth 
(m) 

Mass (g) 
Water 

content 
(%) 

CCu-trien 
(mol) 

Ab-
sorbance 
(blank) 

Absorbance 
(super-natant 

solution) 

CEC 
(meq/ 

100 g) 

Lithology 
In-

trusion 
Alter-
ation 

1220 0.2002 0.34 0.0091 0.234 0.228 2.3 BB/M-c B X Ep-Amp 

1232 0.2011 0.33 0.0101 0.259 0.257 0.8 BGB/M-c B X Ep-Amp 

1240 0.2012 0.32 0.0101 0.259 0.256 1.2 M-c B X Ep-Amp 

1264 1.0010 0.21 0.0101 0.263 0.231 2.5 M-c B X Ep-Amp 

1266 1.0012 0.70 0.0101 0.263 0.224 3.0 M-c B X Ep-Amp 

1268 1.0000 0.43 0.0101 0.263 0.230 2.5 M-c B X Ep-Amp 

1310 0.2007 0.41 0.0101 0.259 0.257 0.8 M-c B X Ep-Amp 

1360 0.2011 0.27 0.0101 0.259 0.255 1.6 M-c B X Ep-Amp 

1370 0.2004 0.26 0.0101 0.259 0.257 0.8 M-c B X Ep-Amp 

1402 0.2003 0.32 0.0101 0.259 0.256 1.2 M-c B X Ep-Amp 

1430 0.2006 0.35 0.0101 0.264 0.256 3.1 M-c B X Ep-Amp 

1450 0.2008 0.26 0.0101 0.264 0.259 1.9 F-m B 
 

Ep-Amp 

1516 1.0000 0.17 0.0101 0.260 0.242 1.4 M-c B X Ep-Amp 

1570 0.9998 0.08 0.0101 0.260 0.248 0.9 M-c B X Ep-Amp 

1602 1.0013 0.33 0.0101 0.260 0.241 1.5 BT 
 

Ep-Amp 

1630 1.0009 0.17 0.0101 0.260 0.246 1.1 BT 
 

Ep-Amp 

1680 0.2004 0.18 0.0101 0.264 0.263 0.4 BT 
 

Ep-Amp 

1690 0.2014 0.29 0.0101 0.264 0.262 0.8 M-c B X Ep-Amp 

1756 0.9997 0.30 0.0101 0.260 0.226 2.7 M-c B X Ep-Amp 

1906 0.9992 0.18 0.0101 0.260 0.239 1.6 CB X Ep-Amp 

2110 0.9992 0.29 0.0101 0.264 0.236 2.2 CB 
 

Ep-Amp 

Abbreviation lithologies. BB: Basalt breccia; F-m B: Fine- to medium-grained basalt; BT: Basalt tuff; GB: 

Glassy basalt; M-c B: Medium-to coarse-grained basalt; CB: Coarse-grained basalt; Ff: Felsic fine-grained 

rock; X: intrusion, (x): possible intrusion. Alteration zones. Zeo-Sme: zeolite-smectite; MLC: mixed-layers 

clays; Chl-Ep: chlorite-epidote; Ep-Amp: epidote-amphibole. 
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Figure 5.  Profile of well KJ-18 showing electrical resistivity logs (left profile (green): 16-inch 

spacing; right profile (green): 64-inch spacing), CEC (blue squares and blue trend-

lines) within the depth interval from 0 to 700 m. Green resistivity curve at shallow 

depth was measured during drilling in 1981.  

 

Figures 6–8 show the correlation between the CEC for each measured sample with the 

electrical resistivity and conductivity, respectively, at a given depth. In general, a 

correlation between CEC and electrical resistivity and conductivity, respectively, is 

observed. A trend can be observed in many samples, particularly in the medium CEC 

range (5–30 meq/100 g) where large scattering is observed, indicating a weak 

correlation.  
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Figure 6.  Correlation between the CEC values and electrical resistivity at a given depth (left 

diagram: 16-inch spacing; right diagram: 64-inch spacing) for well KJ-18, Krafla. Red 

dots are resistivity data collected in 1981 in the depth interval of 0 to 650 m and the 

green dots are resistivity data, which were collected in fall 2014 below 650 m. 

 

 

 

Figure 7.  Correlation between the CEC values and conductivity (based on electrical resistivity 

data, 16-inch spacing) at similar depths for well KJ-18, Krafla. Red dots are resistivity 

data collected in 1981 in the depth interval from 0 to 650 m and the green dots are 

resistivity data, which were collected in fall 2014 below 650 m (see also the small 

rectangular for enlargement). 
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Figure 8.  Correlation between the CEC values and conductivity (based on electrical resistivity 

data, 64-inch spacing) at similar depths. Red dots are resistivity data collected in 1981 

in the depth interval of 0 to 650 m and the green dots are resistivity data, which were 

collected in fall 2014 below 650 m (see also the small rectangular for enlargement). 

 

3.2 Well HE-42 and HE-46 on Hellisheiði 

The results of the CEC measurements from well HE-42 and HE-46 on Hellisheiði are 

given in Table 4 and Table 5, respectively, and presented along the depth profile 

together with the electrical resistivity logs, and the alteration facies in Figure 9 

(Snæbjörnsdóttir, 2011; Gunnarsdóttir, 2012). The CEC values decrease exponentially 

with increasing depth. In well H-46 samples from the zeolite-smectite alteration zone 

are characterized by high CEC values. At the transition to the chlorite-epidote 

alteration zone, defined by Gunnarsdóttir (2012) for well HE-42 and Snæbjörnsdóttir 

(2011) for well HE-46, the CEC values level out and show only a very limited decrease 

with increasing depth and increasing hydrothermal alteration (Figure 9).  

The transition from the mixed-layer clay to the chlorite-epidote alteration zone in well 

HE-46 coincides with a sharp resistivity boundary. At about 600 m depth the resistivity 

log shows a sharp contrast with values increasing from about 8–10 Ωm to about 18–20 

Ωm. With increasing depth from about 600 m the resistivity shows a slightly 

decreasing trend down to about 1000 m where the resistivity reaches around 10 Ωm 

(Figure 9). Within the shallow part of the well (< 600 m), the CEC values decrease 

exponentially from ~ 40 meq/100 g to ~ 6 meq/100 g. At the depth range from 600 to 

1000 m, the CEC values only decrease very slightly to a minimum value ~ 2 meq/100 g. 
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Although the CEC results for well HE-42 show a similar trend as for well HE-46, the 

electrical resistivity log shows opposite trend within the chlorite-epidote alteration 

zone. 

A correlation between CEC values and electrical resistivity and conductivity are 

presented in Figures 10 and 11, respectively. For both wells, the correlation of the 

electrical resistivity and CEC gives a good fit. Correlation between the conductivity 

and the CEC shows a positive linear correlation for low CEC values. However, for 

higher CEC results the correlation is very weak or even absent. 

Table 4.  Results of CEC analysis from well HE-42, Hellisheiði geothermal system. 

Depth 
(m) 

Mass (g) 
Water 

content (%) 
CCu-trien 
(mol) 

Absorbanc
e (blank) 

Absorbance 
(supernatant 

solution) 

CEC 
(meq/100 

g) 

Alteration 
zone 

350 0.2009 0.90 0.01010 0.261 0.247 5.44 Zeo-Sme 

500 0.2001 2.95 0.01010 0.261 0.187 29.50 Zeo-Sme 

596 0.2003 3.10 0.01010 0.261 0.189 28.72 MLC 

700 0.2008 2.01 0.01010 0.261 0.209 20.46 MLC 

750 0.2008 1.00 0.01010 0.261 0.239 8.57 MLC 

780 0.2007 1.16 0.01010 0.261 0.236 9.76 MLC 

900 0.2002 1.12 0.01010 0.259 0.250 3.55 Chl 

950 0.2007 0.60 0.00910 0.234 0.220 5.46 Chl 

1000 0.2000 0.36 0.00910 0.234 0.228 2.34 Chl 

1120 0.2007 0.24 0.00910 0.234 0.229 1.94 Chl-Ep 

1220 0.2007 0.32 0.01010 0.259 0.256 1.17 Chl-Ep 

1240 0.2000 0.12 0.00910 0.234 0.233 0.39 Chl-Ep 

Abbreviation Alteration zones: Zeo-Sme: zeolite-smectite; MLC: mixed-layers clays; 

Chl: chlorite; Chl-Ep: chlorite-epidote; Ep-Amp: epidote-amphibole. 

 

Table 5.  Results of CEC analysis from well HE-46, Hellisheiði geothermal system. 

Depth 
(m) 

Mass (g) 
Water 

content (%) 
CCu-trien 
(mol) 

Absorbance 
(blank) 

Absorbance 
(supernatant 

solution) 

CEC 
(meq/100 g) 

Alteration 
zone 

230 0.2009 5.59 0.0091 0.230 0.128 42.6 Zeo-Sme 

280 0.2000 4.92 0.0091 0.230 0.132 40.8 Zeo-Sme 

320 0.2002 4.68 0.0091 0.230 0.135 39.4 Zeo-Sme 

360 0.2008 3.75 0.0101 0.256 0.187 28.2 Zeo-Sme 

360 0.2002 2.73 0.0091 0.230 0.171 24.0 Zeo-Sme 

380 0.2002 1.74 0.0091 0.230 0.182 19.3 Zeo-Sme 

400 0.2008 3.52 0.0101 0.256 0.184 29.3 Zeo-Sme 

430 0.2003 2.32 0.0091 0.230 0.169 24.7 MLC 

440 0.2007 2.25 0.0091 0.230 0.169 24.6 MLC 

460 0.2008 1.98 0.0091 0.230 0.186 17.7 MLC 
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Depth 
(m) 

Mass (g) 
Water 

content (%) 
CCu-trien 
(mol) 

Absorbance 
(blank) 

Absorbance 
(supernatant 

solution) 

CEC 
(meq/100 g) 

Alteration 
zone 

480 0.2007 1.50 0.0091 0.230 0.192 15.2 MLC 

500 0.2004 1.14 0.0101 0.256 0.228 11.2 MLC 

540 0.2008 1.47 0.0101 0.256 0.232 9.6 MLC 

580 0.2006 0.57 0.0101 0.256 0.239 6.7 MLC 

600 0.2002 0.40 0.0101 0.256 0.240 6.3 MLC 

Table 5.  (Cont.) 

Depth 
(m) 

Mass (g) 
Water 

content (%) 
CCu-trien 
(mol) 

Absorbance 
(blank) 

Absorbance 
(supernatant 

solution) 

CEC 
(meq/100 g) 

Alteration 
zone 

620 0.2009 0.39 0.0101 0.266 0.244 8.4 MLC 

650 0.2009 0.14 0.0101 0.266 0.257 3.4 Chl-Ep 

680 0.2004 0.22 0.0101 0.266 0.252 5.3 Chl-Ep 

800 0.2008 0.06 0.0101 0.266 0.258 3.0 Chl-Ep 

920 0.2008 0.10 0.0101 0.266 0.257 3.4 Chl-Ep 

980 0.2000 0.10 0.0101 0.266 0.260 2.3 Chl-Ep 

1100 0.2010 0.00 0.0101 0.281 0.269 4.3 Ep-Amp 

1190 0.2009 0.03 0.0101 0.281 0.271 3.6 Ep-Amp 

1260 0.2008 0.06 0.0101 0.281 0.272 3.2 Ep-Amp 

1460 0.2005 0.02 0.0101 0.281 0.272 3.2 Ep-Amp 

1480 0.2009 0.02 0.0101 0.281 0.275 2.1 Ep-Amp 

2000 0.2009 0.00 0.0101 0.281 0.275 2.1 Ep-Amp 

Abbreviation Alteration zones. Zeo-Sme: zeolite-smectite; MLC: mixed-layers clays; Chl-Ep: chlorite-

epidote; Ep-Amp: epidote-amphibole 
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Figure 9.  Profiles of the studied wells (HE-46 and HE-42) within the Hellisheiði geothermal 

system. Blue curves are electrical resistivity logs (16-inch spacing for HE-46 and 64-

inch spacing for HE-42). Red squares are CEC values and black lines are the calculated 

trend-lines. 
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Figure 10.  Correlation between the CEC values and electrical resistivity at a given depth for 

the studied wells from the Krafla, Hellisheiði, and Reykjanes geothermal systems. 

 

0

100

200

300

400

500

600

0 10 20 30 40 50 60

R
es

is
ti

vi
ty

 (
Ω

m
) 

CEC (meq/100 g) 

KJ-18 0-650 m

KJ-18 > 650 m

HE-42 (R64)

HE-46

RN-15 (R64)



 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03-Appendix5.3 
2016.10.31 
public 
23 of 40 

 

 

 

 

Figure 11.  Correlation between the CEC values and conductivity (based on electrical 

resistivity data, see Figure 10) at a given depth for the studied wells from the Krafla, 

Hellisheiði, and Reykjanes geothermal systems. 
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3.3 Well RN-15 on Reykjanes 

The results of the CEC measurements for well RN-15 on Reykjanes, SW-Iceland are 

given in Table 6 and presented in Figure 12, together with the electrical resistivity log 

and the first appearance of the alteration minerals epidote and actinolite (Jónsson et al., 

2010). No clay mineral analysis has been conducted so far for well RN-15 and, 

therefore, no detailed alteration facies model has been elaborated. 

Table 6.  Results of CEC analysis for well RN-15, Reykjanes geothermal system. 

Depth (m) 
Mass 

(g) 

Water 
content 

(%) 

CCu-trien 
(mol) 

Absorbance 
(blank) 

Absorbance 
(supernatant 

solution) 

CEC (meq/100 
g) 

270 0.2000 0.28 0.0092 0.227 0.141 35.0 

400 0.2006 0.42 0.0092 0.227 0.159 27.6 

450 0.2000 3.26 0.0092 0.230 0.158 29.8 

600 0.2003 3.21 0.0092 0.230 0.174 23.1 

700 0.2000 2.62 0.0092 0.230 0.168 25.5 

800 0.2003 2.06 0.0092 0.230 0.187 17.5 

850 0.2006 0.19 0.0092 0.227 0.196 12.6 

890 0.2000 2.06 0.0092 0.230 0.154 31.0 

940 0.2003 1.48 0.0092 0.230 0.215 6.1 

1030 0.2007 1.18 0.0092 0.228 0.222 2.4 

1080 0.2008 0.27 0.0092 0.227 0.225 0.8 

1130 0.2001 2.38 0.0092 0.227 0.195 13.3 

1170 0.2009 0.17 0.0092 0.227 0.221 2.4 

1220 0.2007 0.15 0.0092 0.227 0.219 3.2 

1320 0.2000 0.54 0.0092 0.228 0.227 0.4 

1500 0.2008 0.27 0.0092 0.228 0.22 3.2 

1650 0.2007 0.33 0.0092 0.228 0.226 0.8 

1880 0.2000 0.86 0.0092 0.228 0.225 1.2 

 

The results of the CEC measurements show in general a decreasing trend with 

increasing depth in the well (Figure 12 and Table 6). Samples at a depth of 890 and 

1130 m exhibit significant higher CEC values and higher H2O contents than the 

adjacent samples (see Table 6). Both depths are characterized by altered tuffs (Jónsson 

et al., 2010). Results from the CEC measurements show a pronounced decreasing trend 

down to 1000 m. Below that depth the CEC values level out, except the sample at 1130 

m that exhibits a significantly higher CEC than the adjacent samples. Only a weak 

relation is observed when CEC results are compared with the electric resistivity log. 

The sharp change in the resistivity log at 800 m is most likely related to the well design 

rather than to a major change in the mineralogy. The shoe of the production casing is 

located at 804 m (Jónsson et al., 2010) and the resistivity log above and below is 

composed of two individual wire-line loggings. Between 550 and 800 m the resistivity 
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log shows only a minor oscillation with values reaching a maximum value of 1 Ωm. In 

contrast, the electrical resistivity log between 800 and 1250 m shows a significant 

oscillation between about 1 and 15 Ωm. Within the depth interval of 1250 to 2000 m the 

resistivity log shows a sharp increase whereas the oscillation of the electrical resistivity 

log ranges between 5 and about 60 Ωm. 

The correlation between the measured CEC values and the electrical resistivity and 

conductivity is presented in Figures 10 and 11. Even though the correlation in well  

RN-15 shows similar trends as for the other wells, the pattern shows ultimate 

differences. When considering the correlation between electrical resistivity and CEC, 

samples with high CEC are characterized by low resistivity and samples with low CEC 

show high resistivity (Figure 10). But in contrast to the other wells that are 

characterized by meteoric, low salinity fluids the resistivity values are far lower within 

the sea-water dominated Reykjanes geothermal system. The correlation between 

calculated conductivity and CEC shows similar pattern (Figure 11). The higher the 

CEC the higher is the conductivity, even though the correlation is very weak. But in 

contrast to the meteoric-fluid dominated geothermal system the saline geothermal 

system is characterized by significantly higher conductivity. 
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Figure 12.  Depth profiles of well RN-15 in the Reykjanes geothermal system. Blue curve is the 

electrical resistivity log (64-inch spacing). Red squares are CEC values and the black 

line is the calculated trend-line. 
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3.4 The seven core samples 

The results of the CEC measurements for the seven analyzed core samples are 

presented in Table 7. The measured CEC values are in agreement with the alteration 

zones (see Table 7). Samples from the smectite alteration zone show the highest CEC 

values, whereas samples which are equilibrated within the chlorite alteration zone 

show significantly lower CEC values. For unaltered samples the CEC measurement do 

not show any ability for cation-exchange. 

 

Figure 13.  Core sample conductivity measurements at 1 Hz versus pore-fluid conductivity, 

adapted from Flóvenz et al. (2005) and the corresponding CEC results for the seven core 

samples (see also Table 7). 
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Table 7.  Results of CEC analysis of the seven core samples. 

Sample 
no 

Mass (g) 
Water 

content (%) 
CCu-trien 
(mol) 

Absorbance 
(blank) 

Absorbance 
(supernatant 

solution) 

CEC 
(meq/100 g) 

Alteration 
zone 

3a 0.2004 2.05 0.0091 0.234 0.232 0.8 Chlorite 

4 0.2006 0.83 0.0091 0.234 0.220 5.5 Chlorite 

9 0.2000 0.63 0.0091 0.234 0.222 4.7 Chlorite 

47 0.2007 0.45 0.0091 0.234 0.235 -0.4 unaltered 

58 0.2006 1.25 0.0091 0.234 0.208 10.2 Smectite 

61 0.2005 3.26 0.0091 0.234 0.180 21.7 Smectite 

71 0.2007 0.06 0.0091 0.234 0.237 -1.2 unaltered 

 

 

Figure 14.  Normalized values for the data in Figure 13 (adapted from Flóvenz et al., 2005) and 

the corresponding CEC results for the seven core samples (see also Table 7). 
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When comparing the sample conductivity (Flóvenz et al., 2005) and the CEC (Figure 

13) no clear relation is observed at low pore-fluid conductivity. In contrast, there is a 

clear relation visible when the sample conductivity and the pore fluid conductivity is 

normalized to the conductivity value of the lowest pore fluid conductivity (Figure 14). 

The correlation evidences the higher the CEC the higher is the critical threshold at 

which the fluid conductivity influences the sample conductivity. The critical threshold 

reflects the pore fluid conductivity at which the normalized sample conductivity in 

Figure 14 deviates from the horizontal trend. The critical threshold can be described by 

the iso-electrical point which is the value of pore fluid conductivity where the 

contribution from the surface (interface) conduction and pore fluid conduction are 

equal (Figure 15). 

 

Figure 15.  The iso-electrical points as a function of CEC (blue dot is from unaltered rock, red 

dots from the chlorite zone and green dots from the smectite zone). A clear relationship 

is observed showing how the content of clay rich minerals moves the iso-electrical point 

to higher values of the pore fluid conductivity. 
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4 Discussion 

4.1 CEC and relation to alteration zones 

The CEC of all the studied wells shows a general trend of decreasing CEC values with 

increasing depth. The trend can be related to the particular temperature at which the 

samples are equilibrated driven by fluid-rock interaction within a hydrothermal 

system. This equilibration results in a change in mineralogy, which is often 

accompanied with a gain or loss in elements during the fluid-rock interaction (e.g. 

Kristmannsdóttir and Tómasson, 1978; Schiffman and Fridleifsson, 1991; Weisenberger 

and Spürgin, 2009; Neuhoff et al., 2000; Weisenberger and Bucher, 2011). The 

temperature increases in the subsurface with increasing depth resulting in the 

formation of a distinct secondary mineral assemblage that can be grouped into distinct 

alteration zone or metamorphic facies at higher temperature conditions 

(Kristmannsdóttir and Tómasson, 1978; Neuhoff et al., 2000; Weisenberger and 

Selbekk, 2009). 

The general decreasing trend of the CEC with depth can directly be correlated to the 

mineralogical composition of the distinct alteration zones (Figure 4 and 9). Considering 

alteration zones in the hydrothermal basaltic system in Iceland (Kristmannsdóttir and 

Tómasson, 1978; Schiffman and Fridleifsson, 1991; Neuhoff et al., 2000; Weisenberger 

and Selbekk, 2009) the index minerals of individual alteration zones follow a decrease 

in their property for cation-exchange. For example, the smectite-zeolite zone is charac-

terized by their index minerals which are known to yield a high CEC (smectite: 60–120 

meq/100 g, Schiffman and Southard (1996); zeolites like chabazite: 390 meq/100 g, 

Pabalan and Bertetti, (2001)). The mixed-layer clay alteration-zone reflects the 

transition between the smectite and chlorite zone. Within the mixed-layer clay zone, 

clay minerals consist of so called mixed-layers clays that are interstratified mixed-

layered of smectite and chlorite (CEC: 5–15 meq/100 g, Meunier (2005)). The 

mineralogical composition of the mixed-layer clays changes with increasing 

equilibrium temperature and depth, respectively. The chlorite component of the 

interstratified smectite/chlorite clays increases coevally to an increasing equilibrium 

temperature and depth, respectively (e.g. Schiffman and Fridleifsson, 1991; 

Weisenberger and Selbekk, 2009). Similar trends have been observed for interstratified 

smectite/illite clays within petroleum systems. Within petroleum systems the smectite 

component in interstratified smectite/illite clays decreases with increasing temperature 

and depth, respectively (Srodon and Eberl, 1984). It has further been noticed that there 

is a linear correlation between CEC and the smectite component of the interstratified 

smectite/illite clay minerals (Hower and Mowatt, 1966).  

It is observed in all the studied wells (Figure 4 and 9) that the CEC values decrease 

exponentially from the smectite/zeolites zone to the mixed-layer clay zone. At the 

transition depth from the mixed-layer clay zone to the chlorite or chlorite-epidote 

alteration zone, the CEC values are in the order of about 5 meq/100 g and the 

exponential trend changes to a linear trend. The change in trend is quite visible within 
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well HE-42 and HE-46. The alteration sequence within those wells have been studied 

thoroughly with respect to their alteration mineralogy in addition to the limited 

mineralogical work that is carried out as a part of a standard drilling report 

(Snæbjörnsdóttir, 2011; Gunnarsdóttir, 2012) and may explain the slight mismatch 

within well KJ-18 and RN-15 for which no detailed alteration studies exist. When 

entering the chlorite-epidote or chlorite zone the CEC values are in general below 5 

meq/100 g and decrease very smoothly showing a linear trend. This indicates that the 

mineralogical composition of the host rock is not controlled by mineral phases yielding 

high CEC. The low CEC values in the deepest alteration zones are close to background 

values of the basaltic rocks (2.8 meq/100 g, Carroll, 1959). 

4.2 CEC vs electrical resistivity 

A relationship between the CEC values and the electrical resistivity follows a general 

trend (Figures 4, 9, 10 and 12). Depth intervals with high electrical resistivity coincide 

with low CEC values and low electrical resistivity values correspond to high CEC 

values. Although, there is a relationship between CEC and electrical resistivity, the 

direct one-to-one correlation at a given depth is weak, when comparing adjacent 

samples within the oscillating resistivity logs; for example, in Figure 5 that shows the 

electrical resistivity and CEC at a shallow depth interval in well KJ-18. The depth 

interval between 100 and 250 m, at which thick individual lithological units appear 

(Stefánsson et al., unpublished), shows a good one-to-one correlation between the 

measured CEC and electrical resistivity. However, below a depth of about 250 m only a 

very weak correlation or even no one-to-one correlation is visible (e.g. the depth 

interval between 350 and 450 m, and 550 and 620 m). This weak correlation is most 

likely caused by mixing of the cuttings caused by thin alternating lithological units (< 

10 m) and a caving structure at about 200 m depth (Stefánsson et al., unpublished). 

Furthermore, it should be kept in mind that there is a large uncertainty in origin of the 

cuttings and consequently the depth. In contrast to the resistivity data, which have a 

resolution on a cm scale, cuttings are sampled during drilling at a 2 m interval. The 

long traveling time of the cuttings from the drill bit location to the surface, cross 

contamination and mixing affects, and possible human errors may cause a large 

uncertainty in the origin and depth of the samples. Therefore, the sample depth should 

be carefully considered. In particular, within stratigraphic sequence of thin lithological 

units and the resulting resistivity patterns with small oscillations, the correlation 

between CEC and electrical resistivity has to be taken with some precaution. 
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Figure 16.  The general subsurface resistivity structure and alteration of a high-temperature 

geothermal system within the basaltic crust in Iceland summarized (adapted from 

Flóvenz et al. (2012); based on Flóvenz et al. (2005)). The depth scale is arbitrary. The 

actual depth scale depends on the temperature profile of the geothermal system at which 

the mineralogy equilibrated. 

 

Differences exist when comparing geothermal systems that are associated with 

meteoric low-saline fluid (Krafla and Hellisheiði geothermal systems, well KJ-18, HE-

42 and  

HE-46) and sea-water dominated geothermal systems (Reykjanes geothermal system, 

RN-15). The results of this study indicate that the conductivity is significantly higher 

for a given CEC within the saline Reykjanes geothermal system in contrast to meteoric 

water-dominated geothermal systems (Figure 11). This proofs the theory by Flóvenz 

and Karlsdóttir (2000) and Flóvenz et al. (2005) that samples from similar alteration 

zone can have significant different interface conductivity. Thereby the interface 

conductivity is a decisive parameter for the bulk resistivity for the sample at reservoir 

salinities (Flóvenz et al., 2005) (Figure 16). 

4.3 Resistivity structure of high-temperature fields and its 

relation to the CEC 

High-temperature geothermal fields in volcanic areas of the world exhibit similar 

electrical resistivity structure (Flóvenz et al., 2012). Figure 1 shows a typical resistivity 
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cross-section from the Nesjavellir high-temperature geothermal system within the 

Hengill volcanic area in southwest Iceland (Árnason et al., 1987b). The lithological 

inventory is almost entirely composed of rocks of basaltic composition and include 

lavas, scorias, hyaloclastites, and intrusions, whereas no correlation is found between 

the subsurface resistivity based on surface measurements and the basaltic lithology in 

the boreholes (Flóvenz et al., 2012). A pilot study by Árnason et al. (1987b, a) showed 

that within the Nesjavellir geothermal system there is a low-resistivity cap over-coating 

an up-doming resistivity core (Figure 1). Comparing the depth interval of the low-

resistivity cap and the alteration zones derived from classical petrographic cutting 

analysis during drilling showed that the low-resistivity cap coincides with the smectite 

alteration zone, whereas the high-resistivity core coincides with the chlorite alteration 

zone (Figure 1). 

 

Figure 17.  North-south profile of the subsurface resistivity structure of the Krafla high-

temperature geothermal system, NE-Iceland (left figure). The location of well KJ-18 is 

given including the resistivity log trend-line and the CEC results. The more detailed log 

profile of well KJ-18 is given to the right. The resistivity structure is based on 1D-

inversion modeling based on TEM soundings, adapted from Árnason and Magnússon 

(2001). 
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The study of CEC from wells KJ-18, HE-42 and HE-46 shows that the low-resistivity 

interval at shallow depth is associated with CEC values above a critical value of about 

5 meq/100 g (Figures 4 and 9). In particular, in well HE-46 the prompt increase in 

electrical resistivity at the facies boundary between mixed-layer clays and chlorite 

epidote alteration coincides with the critical threshold of 5 meq/100 g. However, this 

relation is not as obvious in well RN-15. 

Figure 17 shows a north-south profile of the subsurface resistivity structure of the 

Krafla high-temperature geothermal system, NE-Iceland that is based on 1D-inversion 

modeling of TEM data within a dense grid (Árnason and Magnússon, 2001). In 

addition, the location of well KJ-18 is given as well as the electrical resistivity log and 

results of the CEC measurements. The Figure shows a clear correlation between the 

subsurface resistivity model, electrical resistivity log, mineral alteration and the results 

of the CEC analysis. The high CEC values within the shallow parts are at a similar 

depth interval as the low-resistivity cap (red and orange color). The CEC within the 

high-resistivity core are generally below a value of about 5 meq/100 g. The high 

resistivity at the top coincides with low CEC values. Flóvenz et al. (1985) related this 

resistivity contrast at the top of the smectite zone to the onset of interface conduction in 

the rock.  

The clear correlation between the low-resistivity cap, high-resistivity core and host 

rock alteration, in particular the formation of clay minerals within a specific depth 

interval that corresponds to a specific temperature interval < 230°C confirms the model 

by Árnason et al. (1987a, b) that was predicted for the Nesjavellir geothermal system 

(Figure 1). 

4.4 Relationship between sample conductivity, fluid conductivity 

and CEC 

Cation-exchange capacity measurements for the seven core samples that have been 

used previously for conductivity measurement by Flóvenz et al. (2005) and 

petrophysical measurements by Kulenkampff et al. (2005) do not show simple relation 

between the CEC values and the measured sample conductivity (Figure 13). This 

suggest that there is no simple relationship between the measured CEC values and the 

surface or interface conduction. However, a clear relationship between the CEC and 

the onset of the pore fluid conductivity on the sample conductivity is observed as the 

iso-electrical point is gradually moved towards higher values of the pore fluid 

conductivity with increasing CEC (Figures 14 and 15). In other words, the measured 

sample conductivity is more sensitive to the surface conductivity for rocks with low 

CEC values. For rocks with high CEC values only fluid with very high salinity and 

pore fluid conductivity will increase the actual sample conductivity. 
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5 Conclusion 

Cation-exchange capacity analysis of four wells in three high-temperature geothermal 

systems in Iceland reveal a similar trend for the CEC values with increasing depth. The 

CEC values are highest within the smectite-zeolite alteration zone. The CEC values 

decrease exponentially with increasing depth down to the facies boundary between the 

mixed-layer clay and chlorite-epidote or chlorite alteration zones (Figure 4 and 9). At 

that depth the CEC values are in general less than 5 meq/100 g (HE-42 and HE-46, see 

Figure 9). For well KJ-18 this transition is slightly deeper and may represent an 

uncertainty of the alteration facies boundary. Below the facies boundary the CEC 

values decrease linearly with increasing depth. The depth interval having high CEC 

values (> 5 meq/100 g) coincides with the low resistivity in the resistivity logs and 

confirms the hypothesis by Flóvenz et al. (2012): ´The increase in resistivity from the 

smectite alteration zone to the chlorite zone is likely due to the higher CEC of smectite, as 

compared with chlorite´. Even though the CEC profile looks very similar for RN-15, the 

transition and relation to alteration facies boundaries is missing due to the lack of an 

alteration model. 

Comparing the electrical resistivity logs and the results of the CEC analysis reveals that 

samples that are characterized with high CEC values coincide with low resistivity at 

the same measured depth (Figures 4, 9 and 12). Samples with low CEC values are 

characterized by high electrical resistivity at similar sample depths (Figures 4, 9 and 

12). However, no one-to-one correlation is possible for samples with medium CEC 

values, which is most likely due to the uncertainty in cutting origin and possible cross 

contamination (Figures 10 and 11). 

Comparing the 1D subsurface resistivity model of the Krafla geothermal system, 

electrical resistivity logs and CEC measurements in well KJ-18 (Figure 17), a good 

correlation is found which confirms the model by Árnason et al. (1987b). The low-

resistivity cap coincides with the smectite-zeolite alteration zone and CEC measure-

ments yield high CEC (> 5 meq/ 100 g). The transition of the high-resistivity core is 

located at the alteration facies boundary between the mixed-layer clay and the chlorite-

epidote alteration zone and the mineral assemblages within the high-resistivity core 

are characterized by very limited cation-exchange properties. 

The CEC study of the seven core samples from various alteration zones previously 

studied by Flóvenz et al. (2005) and Kulenkampff et al. (2005) shows no simple relation 

between the CEC and the sample conductivity (Figure 13). However, a clear correlation 

is observed between CEC of the samples and the iso-electrical point of the samples 

showing that the CEC content of the rock controls the range of pore fluid salinity 

values where surface (interface) conduction dominates the pore fluid conduction 

(Figure 15).  
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6 Further recommendation 

Even though this study has shown and proven that the alteration mineralogy and, 

therefore, the cation-exchange capacity of the rock controls the electrical resistivity 

within hydrothermal systems a clear quantification of the relationship has not yet been 

established. On one hand this is related to the fact that there is a large bias in the depth 

origin of the cuttings samples. In fact, this is a major problem when having a highly 

oscillating electrical resistivity log, which has a resolution of the order of a few 

centimeters. Therefore, we recommend to study core samples. The study of core 

samples has the advantage that mixing of sample material can be excluded and the 

sample depth is more precise and can, therefore, be better constrained to the electrical 

resistivity log.  

Further, we suggest that the direct mechanism for surface conduction should be 

studied in more detail with respect to the complex CEC behaviour of the mineral 

phase. What is the relation between the surface conduction and the relation to the 

external and internal cation-exchange capacity? The CEC method simply measures the 

ability to “exchange” cations on the surface or within the crystal lattice. Nevertheless, it 

cannot distinguish how many cations were adopted by a vacancy position within the 

crystal lattice and the classic one-to-one cation-exchange reaction between the mineral 

phase and fluid. Within, shallow parts of geothermal wells zeolite dominated. 

Therefore, the portion of external cation-exchange capacity of zeolite species of the 

measured CEC by the Cu-trien method should be considered. 
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1 Introduction 

The work presented in this report results from a collaboration between Géosciences 

Montpellier and Iceland GeoSurvey (ÍSOR) within the IMAGE project Task 3.3, 

supported by the 7th Framework Programme of the European Union and a PhD project 

funded by the French University Paris Sciences et Lettres. The PhD work will be on-

going until the fall 2018.  

Electrical conductivity and CEC are rock properties somewhere between chemistry, 

mineralogy and physics. The CEC represents the total number of chemically mobile 

cations per unit mass of minerals (Meunier, 2013). A protocol using Copper-

triethyletetramine (Meier and Kahr, 1999) was chosen at ÍSOR to measure the CEC on 

whole rock samples (Weisenberger et al., 2016). Past studies on the link between 

electrical conductivity and CEC (Pezard, 1990; Revil et al., 2016) and (Waxman and 

Smits, 1968) used, respectively, Cobalti-hexamine (Cieselski et al., 1997) and conduc-

tance titration (Mortland and Mellor, 1954). The French laboratory of INRA (Institut 

National de Recherche en Agronomie) performs accredited measurements of CEC on 

soil samples. This laboratory has developed a method to increase the reliability of the 

results, based on the cobalti-hexamine method (Cieselski et al., 1997).  

The protocol chosen at ÍSOR was originally designed to measure the CEC on pure clay 

samples. Its applicability to a study on whole rock samples is not trivial. 

This report presents a protocol developed in-house, to test the reliability of the method 

described by Meier and Kahr (1999) on samples containing a mixtures of minerals, with 

up to 50% of smectite. Different initial ratios of reactants are tested and simple 

thermodynamic assumptions are made to describe with mathematical equations the 

exchange reaction. In most of the cases these equations are able to explain the high 

variability observed on the results. A method to find the optimal initial ratio is 

presented.  

Three additional physico-chemical properties of the rock (electrical conductivity, clay 

content and porosity) are systematically measured and analyzed for 70 Icelandic 

igneous samples from a low-salinity area, with alteration profiles ranging from low 

temperature smectite and zeolite to high-temperature chlorite, epidote and actinolite. 

This extends the database of physical properties of rock developed on sedimentary 

rock (Waxman and Smits, 1968), on deep pacific samples (Pezard, 1990), on Hawaiian 

igneous samples with low temperature alteration (Revil et al., 2016) and on 10 Icelandic 

samples from various sources (Flóvenz et al., 2005; Kristinsdóttir et al., 2010). 

Two different linear behaviors can be observed for smectite and chlorite, both in the 

conductivity-porosity and in the conductivity-CEC relationship.  
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2 Background 

This part consists of two distinct sections: (1) a presentation of the study area and the 

origin of the samples; (2) an extended definition of the Cation Exchange Capacity in 

clays and zeolites. 

2.1 Origins of the samples and boreholes logs 

The present study takes place within the Krafla central volcano, where intense volcanic 

activity creates hydrothermal systems of various intensities. Five boreholes were used 

in this study, whose location can be seen Figure 1. 
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Figure 1.  An aerial map of Krafla geothermal area (Víkingsson and Þorbergsson, ÍSOR). The 

rim of the caldera is represented in black and the studied wells are yellow circles. 

Borehole KJ-18 was drilled vertically in 1981, down to 2215 m depth, in the southern 

part of the Krafla caldera rim (Figure 1; Guðmundsson et al., 1983). This borehole is 

located above the top of a known region of superhot temperature that was discovered 

at the bottom of well KH-39 (Massiot et al., 2009). The temperature in the upper part of 

KJ-18 is lower than in the neighboring area (<185°C) but increases rapidly close to the 

bottom to about 300°C. Simultaneously with drilling and shortly after, cuttings were 

analyzed (Guðmundsson et al., 1983) and normal DC resistivity, neutrons and gamma 

logs were run (Stefánsson et al., unpublished from 1983). VSP soundings 

(Halldórsdóttir et al., 2014) and sonic log (Hersir et al., 2016a) were performed in the 

framework of the IMAGE project as well as several resistivity time series during the 
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heating of the well (Vilhjálmsson et al., 2016). Since the size of the retrieved drill-

cuttings was only of the millimeter scale, laboratory petrophysical measurements were 

difficult in this borehole. 

Four shallow cored boreholes, drilled between 1991 and 2006 and located close to the 

Krafla caldera rim, provide core material for petrophysical investigation. Well KH-1, 

drilled in 1991, is 200 m deep and reaches a maximum temperature of 174°C at the 

bottom; neutrons, gamma and resistivity logs were run. Well KH-3, drilled in 2002, is 

400 m deep but only one un-equilibrated temperature log, natural gamma and neutron 

logs are available to the bottom. This borehole is cold (measured maximum 

temperature is 45°C at the bottom). Well KH-5, drilled in 2006, is located on the 

southwestern rim of the caldera near the high-temperature exploited well KV-01 (not 

shown on Figure 1). Higher temperature alteration minerals were found in KH-5. The 

only logs in well KH-5 are of temperature, performed 4 days after drilling completion, 

and therefore not fully equilibrated. A maximum temperature of 155°C was observed 

at 305 m, lowering to 119°C at 570 m depth. Well KH-6 was drilled in 2007 to a depth of 

733 m. Only one temperature log exists, performed immediately after drilling 

completion, i.e. not equilibrated neither. It shows, however, a maximum value of 212°C 

at 350 m depth, declining below. No signs of high-temperature minerals, such as 

epidote or actinolite, have been confirmed (Gautason et al., 2007). Together, these 4 

shallow holes cover the diversity of rock types and alteration facies found in well KJ-

18. Yet, no geophysical logs were performed in KH-5 and KH-6 as liners were inserted 

shortly after drilling. 

The original cores from the four shallow boreholes have a diameter of about 4 cm. A 

hollow cylindrical head rotating at a speed of 730 rpm (Diamant Boart laboratory 

coring device) was used to drill transversally in the original cores and shape new cores 

with a 25 mm diameter. The edges of the „mini-cores” had, furthermore, to be sawed to 

obtain a cylindrical shape with parallel faces. A polishing step was needed in some 

cases to improve the cylindrical shape and reduce the error in the volume calculation. 

The edges of each core were kept after sawing to prepare (1) powder for XRD and CEC; 

(2) thin sections (see 3.2). 

Samples are, therefore, of two types: drill-cuttings of mm-scale from KJ-18 and cylin-

drical mini-cores of cm-scale from the cored holes (Figure 2). While only CEC analysis 

was performed on drill-cuttings, CEC, mineralogical and petrophysical experiments 

were performed on cores.  

 

Figure 2.  Core samples. 
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2.2  Extended definition of the Cation Exchange Capacity (CEC) 

Almost all minerals in contact with water adsorb and desorb spontaneously cations 

along pore surfaces. This phenomenon generates a so-called "relaxed electrical double 

layer", coating the mineral surface within the pore volume, usually referred to as the 

"variable charge" (Lyklema, 2001). In some clays and zeolites, negative charge arises 

from substitution of cations (Si, Al) in the mineral framework by other cations of lower 

valence. This additional charge, also referred to as "permanent charge", generates a 

"polarized electrical double layer" (Lyklema, 2001). Both types of charges constitute the 

CEC. For example the CEC in kaolinite, chlorite, muscovite or laumontite is only due to 

surface sites or „variable CEC“, whereas in smectite the contribution of surface sites 

compared to structural sites („permanent CEC“) is negligible (Leroy and Revil, 2009).  

The CEC is traditionally expressed in “milli equivalent”, that is mmol of electrons 

“mmol+” per 100 grams of rock (N.B.: 1 mmol+/100g = 1 meq/100g = 964.85 

Coulomb/kg). Several examples of CEC values for common mineral phases are given in 

Table 1. 

Table 1.  CEC values for common mineral phases. 

Mineral CEC (meq/100g) Source 

Smectite 80-120 

 

 

(Meunier, 2005) 

Chlorite 5-15 

Illite 25-40 

Kaolinite 5-15 

Heulandite 300 (Fridriksson et al., 2004) 

Laumontite 0.5 - 9 (Dyer, 1991) 

 

While soil scientists and chemists tend to focus on permanent charges, physicists are 

highly interested in both types of charges, as they participate in electrical current 

conduction and polarization. However, conduction caused by the permanent charge in 

interfoliars and channels has been much less studied (André Revil, personal communi-

cation, May 2016).  

2.2.1 Permanent CEC 

While clays are composed of both Si4O10 tetrahedral and Al2(OH)2 or Mg3(OH)2 

octahedral layers, zeolites are mainly formed of SiO4 tetrahedrons. Substitution of 

multivalent cations (Si(IV), Al(III)) by other cations of lower valence may take place in 
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tetrahedral (Al(III), Fe(III)) or octahedral (Fe(II), Mg(II)) structures during the genesis 

of the mineral, caused by the limited availability of some species. These substitution 

are felt as a negative surface charge manifested on the basal faces “interfoliars” of the 

clays and the 3D-channels of zeolites, the “permanent charge” (Lyklema, 2001). 

In clays the electro-neutrality of the structure is ensured by the presence of one of the 

following charge carriers in the interfoliar space (Meunier, 2013): (1) hydrated cations 

when substitutions cause a charge between 0 and 0.7 (e.g.: smectite); (2) free cations 

when the charge is between 0.7 and 1 (e.g.: illite and micas) and (3) positively charged 

layers such as brucite or gibbsite (e.g.: chlorite).  

In the first case, the charge, which has to be compensated, is small so the Coulombian 

bondings between interfoliar cations and layers are weak and the distance between 

two sheets is highly flexible. When in contact with aqueous solutions, hydrated cations, 

both monovalent and bivalent, can circulate in the interfoliar space; the replacement of 

free cations by hydrated cations causes swelling.  

In the second case, the Coulombian bondings are stronger than in the first case and 

only monovalent cations, water-free, can stay in the interfoliars. Contact with aqueous 

solutions will not exchange the cations in place as hydrated cations are too big to fit in 

their position (Alan Meunier, personal communication, June 2016). The smectite and 

illite/mica groups have both a 2:1 ratio of tetrahedral and octahedral layers.  

In the third case, the ratio is 2:1:1, standing for two silica-tetrahedral, one aluminum-

octahedral and one brucitic-octahedral layer. There is no interfoliar space in chlorite.  

Kaolinite, serpentine and berthierine are organized with a 1:1 ratio of tetrahedral and 

octahedral layers. The content of aluminum, magnesium or iron in the octahedral 

layers can vary. Even if substitutions may occur in this group, no charge is carried by 

the layers (Meunier, 2013). 

A schematic representation of these four types of clay is given in Figure 3. 

Finally, clays can be found as an interstratification of different types of clays: for 

example, illite/smectite or chlorite/smectite. In the second case, typical of Icelandic 

reservoirs (Kristmannsdóttir, 1979), the clay keeps the interfoliar CEC and swelling 

properties of smectite, at a smaller extent, as these phenomena can only happen in a 

fraction of the sheets. This type of clay is called mixed-layer Clay (MLC) and has a 

distinct XRD signature, as well as optical response when light is transmitted across the 

crystal structure. 
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Figure 3.  Clays’ crystal structure (a) Smectite (b) Kaolinite (c) Illite/Micas (d) Chlorite. 

 

In zeolites the most common cations compensating the structural charge are Ca2+, but 

K+, Na+ and, to some extent, Sr2+ are common. They are located inside the channels 

shaped by the aluminum-silicate framework (Þráinn Friðriksson, personal 

communication, September 2016). Zeolites can be divided into two groups: (1) zeolites, 

such as laumontite and scolecite, whose chemical formula is well defined and where 

only the water content can vary: the extraframework cations (other than Al and Si) 

cannot be replaced; (2) zeolites, such as heulandite and clinoptinolite, which exhibit a 

wide and continuous range of extraframework cation composition: the extraframework 

cations can be exchanged (Fridriksson et al., 2004). In the first case no cation exchange 

is possible inside the mineral – only on edge sites. In the second case, cation exchange 

is huge but limited to a certain size of cations. In particular, big organic molecules 

usually do not fit in the sites of the zeolites (Þráinn Friðriksson, personal 

communication, March 2016). A schematic representation of four zeolites is given in 

Figure 4. Si and Al tetrahedrons are respectively in grey and green. In the channels, the 

water molecules are represented in blue, white and grey, while the extraframework 

cations are represented as follows: in mordenite (a) K+, Ca2+ and Na+ are respectively 

purple, red and yellow; in laumontite (b) Ca2+ is red; in analcime (c) Na+ is yellow and 

in heulandite (d) Ca2+ is orange. 
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Figure 4.  Zeolites’ crystal structure (a) Mordenite (b) Laumontite (c) Analcime (d) 

Heulandite. Source: International Zeolite Association. 

 

2.2.2 Variable CEC and Relaxed Layer 

The relaxed layer is commonly represented as follow (Figure 5): (1) “Stern layer“ where 

chemical reactions occur between aqueous cations and surface sites; (2) “diffuse layer“ 

where electrostatic interaction compensate the remaining charge in the Stern layer; (3) 

the free electrolyte – aqueous solution where cations and anions are in such 

proportions that the electro-neutrality is ensured. Surface sites are attributed to the 

presence of hydroxyl groups, such as Si-OH “silanol“ and Al-OH “aluminol“, and their 

loosely bound protons H+. The thickness and density of the relaxed layer varies with 

the composition of the water. Depending on the pH, protons can be released in the 

electrolyte or adsorbed on the mineral‘s edges, creating respectively negative or excess 

charges. The charge resulting from protons loss or gain is called the variable charge. 
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Figure 5.  Electrical Triple Layer Model (Leroy and Revil, 2009). 

3 Methods and Observations 

In this section, laboratory measurements and results are developed. Then available 

borehole logs are briefly described. 

3.1 CEC 

3.1.1 Various measurement methods in the literature 

The standard method for CEC measurements of soil samples (including clays and 

zeolites) uses ammonium acetate to displace the exchangeable cations and saturate the 

exchange sites with ammonium (NH4+) by percolation. The adsorbed NH4+ is 

exchanged in turn and its concentration is determined to give the CEC. Two methods 

are common for NH4+ removal: direct distillation of the ammonium soil with an alkali 

solution (NaOH or MgO) or leaching of the ammonium ion from the soil (e.g. with 

NaCl, MgCl2, KCl or HCl solutions) and determination of ammonium in the leachate 

by distillation (Metson and Blackemore, 1964). In both cases the distillation can be 

performed with a Kjeldahl distillation apparatus (Metson and Blackemore, 1964). A 

critical washing procedure, which has to be adapted to the type of minerals in the 

sample, is used to remove the excess ammonium acetate after the saturation (Ammann 

et al., 2005). This method is laborious (Ammann et al., 2005). Moreover, the buffering 

capacity of neutral ammonium acetate affects the pH of the suspensions and thus the 

variable charge of minerals, as the CEC is measured at pH=7. If an important amount 

of pH-dependent charges is present, the CEC depends on the pH and the results is only 

valid at pH=7. Therefore, other methods were developed for clay and soil sciences, 

using unbuffered organic solutions, which can easily be titrated by spectrophotometry. 

CEC measurement by conductometric titration can be performed with a barium-

saturated soil and a standardized titrating solution containing sulfate anion (e.g. 
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MgSO4) to form insoluble barium sulfate. The specific conductance remains constant 

while the barium in the exchange complex is being titrated. After the barium has been 

titrated, conductance increases as increments of the titrating solution are added. The 

endpoint of the reaction is obtained from the intersection of the two linear portions of 

the curve (Mortland and Mellor, 1954). The main drawback of this extraction is the first 

step of barium saturation, as it requires repeated exchange procedures between barium 

and the original cations in the soil; this may accentuate undesirable secondary 

reactions such as the dissolution of calcite (Cieselski et al., 1997). 

Unbuffered extraction with Cobaltihexamine chloride “Co-hex” (Co(NH3)6)3+ is a 

single-step protocol, chosen by INRA (“Institut national de la Recherche 

Agronomique”) laboratory in Arras (France) for a routine use. The initial and final 

concentration is determined by spectrocolorimetry and the loss of Co-hex gives the 

CEC, with a so-called back titration (Cieselski and Sterckeman, 1997). 

The exchange with Copper ethylenediamine (Cu(EDA)2+) is also a single-step method 

applicable to a variety of clays. This complex remains unaltered in aqueous solutions 

for pH between 6 and 8 and is able to displace most exchangeable cations and heavy 

metals (Bergaya et and Vayer, 1997). However, Cu determination by atomic absorption 

spectroscopy is not sufficiently reliable to determine the CEC, as unavoidable errors 

are introduced during the dilution procedure. Indeed, results are obtained with an 

accuracy of about +/-5% for CEC > 100 meq/100g, and about +/- 10% for CEC values of 

20 meq/100g at the lowest. Spectrophotometric titration is not possible because the 

photometrical extinction of the Cu-EDA is too low (Meier and Kahr, 1999). Improved 

accuracy can be obtained by adding increasing amounts of Cu-EDA to tubes containing 

the same amount of clay (Bergaya and Vayer, 1997).  

Methylene blue can be used as a rapid qualitative procedure, but results are not 

reliable compared to other methods (Kahr and Madsen, 1994). 

The Cu(II) ion forms stable violet-blue complexes with the oligoamines triethylenete-

tramine (trien), tetraethyleneamine (tetren), and pentaethylenehexamine (penten). The 

maximum light extinction for these complexes varies slightly in the pH range of 5-10. 

The maximum absorption is not affected by other cations or anions for low 

concentration of salt (Cheng, 1962). The Cu(II) complex with triethylenetetramine is 

pure and allows an easy and rapid CEC determination by photometric analysis. The 

CEC values obtained with this method on Montmorillonite, Illite and Kaolinite are in 

good agreement with the standard ammonium acetate method – about 2% higher, 

which can be due to the  

pH-difference – without expensive equipment. However, this method should not 

replace the ammonium acetate method for certain materials, such as zeolites. 

3.1.2 The protocol developed at ÍSOR 

No CEC method seems to be developed in the literature for mixtures of minerals, 

which would lead to results as accurate as for pure phases. Past studies on the link 

between electrical conductivity and CEC used Co-hex (Pezard, 1990; Revil et al., 2016) 

or conductance titration (Waxman and Smits, 1968).  
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In this study a protocol was developed in-house to measure the CEC of samples 

containing both primary and alteration minerals, ranging from smectite-zeolites to 

chlorite-epidote-actinolite, based on the method described by Meier and Kahr (1999). 

This method, using the Copper-triethylenetetramine (Cu-trien) complex, enables to 

perform series of measurements with basic materials. 

The protocol used for the measurements in this report is described in the Appendix. 

The protocol has evolved throughout the study in order to improve its reliability as 

well as its efficiency. Based on the results of this study, further improvements to this 

protocol are discussed in the Chapter 4. 

A procedure was developed to determine the optimal ratio between the initial quantity 

of Cu-trien and the mass of sample (also called here-after “X”). A ratio too high (mass 

of sample too low) leads to a meaningless difference between initial and final concen-

tration, and thus an unreadable absorbance difference on the spectrophotometer. A 

ratio too low (mass of sample too high) causes an excessive consumption of the 

reactant, leading to partial exchange with the exchange sites. The proper ratio, which 

can be reached by modifying both the mass of sample and the volume of Cu-trien stock 

solution added within a certain range, can be calculated, using Table 4 and 5 in the 

Appendix. This procedure was adapted from a personal communication with N. Proix 

from INRA laboratory (September, 2015) and also inspired from (Bergaya and Vayer, 

1997). The INRA laboratory, using the Co-hex method, estimates that beyond 35% of 

consumption of the reactant, the exchange might not be total anymore; the mass has to 

be reduced or the reactant concentration increased.  

The theory behind the thermodynamic factor is detailed in chapter 4.1, as well as a 

modelling of this effect using experimental results.  

Besides the thermodynamic factor and the photometric limitation, different sources of 

errors can cause an uncertainty in the result: 

 Volume measurement with pipette, up to 0.05 ml uncertainty 

 Rock weighting: up to 0.5 mg uncertainty when filter paper is used. It can be 

more practical to weight the powder directly in the beaker. However, if the 

beakers were in the oven before the measurement takes place, it is best to leave 

them outside for 30 minutes in order to stabilize their weight.  

 Absorbance values, up to 0.004 uncertainty if the solution stays outside for 

some time 

 Division between tubes, average uncertainty 0.002, but up to 0.008. The division 

between tubes is necessary with the particular centrifuge at ÍSOR but adds 

a source of uncertainty to the measurement. When splitting the solution, the 

ratio Cu-trien/rock is modified and the equilibrium is shifted. This effect is of 

course limited because no significant stirring occurs after the splitting but a 

concentration difference between the tubes is often observed. 
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In the present work, the pH of the standard solutions ranges between 6.5 and 8.2. The 

pH of one sample post-centrifugation was measured to check if any variation was 

observed (sample L22; pH = 8.33 after reaction and pH= 8 before the reaction). 

Finally, the CEC values can be displayed either per 100 g of rock or per 100 g of dry 

rock, after removing the water content in the rock during the weighting step (step (2) in 

the protocol). The values per 100 g of dry rock are then higher, as the actual mass of 

rock in the reaction is lower.  

Examples of water content calculation are given in Table 2. About 1 g of rock was 

weighted in a beaker, dried at 105°C for 48 hours and the total mass measured again.  

Table 2.  Water content calculation for 4 samples 

ID  Beaker Tot Wet Tot Dry Mass wet Mass dry Water Water content Net/Brut 

 
 g g g g g g 

  
L02  79.6170 80.6295 80.5983 1.0125 0.9813 0.0312 3.08% 96.9% 

L04  80.9367 82.5780 82.5386 1.6413 1.6019 0.0394 2.40% 97.6% 

L05  81.7136 82.8825 82.8703 1.1689 1.1567 0.0122 1.04% 99.0% 

L06  76.3424 77.4793 77.4249 1.1369 1.0825 0.0544 4.78% 95.2% 

 

The values used in the rest of the report are based on the “wet rock” values (i.e. 

ignoring the drying step), as they seem more relevant given the purpose of the project. 

A discussion about this decision is given in chapter 5.1.3. 

3.1.3 Results and variability 

The measurements of cuttings from well KJ-18 are presented for comparison with 

conductivity logs in this report, and discussed further in (Weisenberger et al., 2016). 

The measurements of cores from the four other boreholes are described here. 

Between 2 and 9 measurements were performed for each sample, with a varying ratio 

X; the Cu-trien initial concentration was constant, while the rock mass was varying be-

tween 200 mg and 1000 mg, with a few measurements with 100 mg (X=200).  

A large variability was observed for many samples, when the initial ratio X was 

modified: the CEC, obtained with the same procedure, would decrease when the 

sample mass used in the experiment would be increased, for a constant Cu-trien 

quantity (i.e. a decreasing X). This phenomenon is illustrated in Figure 6. 



 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03-Appendix5.4 
2016.10.31 
public 
18 of 64 

 

 

 

- 18 - 

 

Figure 6.  Variability of the CEC, measured with different amounts of sample. The Cu-trien 

concentration was slightly varying from one experiment to another and was therefore 

taken into account on the abscissa. 

 

An error was inserted for each measurement, based on the following errors: volume, 

weight and absorbance difference and calibration quality. The error was overestimated, 

on purpose, in order to compare the laboratory error with the overall variability. The 

results of this comparison are displayed in Figure 7. Twenty-five samples have a vari-

ability greater than their average and fourteen samples have a variability greater than 

the maximum laboratory error. 
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Figure 7.  CEC variability vs error for each sample. Twenty-five green circles are above the red 

line (variability superior to average lab error) and fourteen black circles are above the 

red line (variability superior to max lab error). 

 

Three factors can explain this excess variability: (1) thermodynamics of reaction 

leading to partial exchange with Cu-trien (c.f. protocol in 3.1.2 and explanations in 4.1); 

(2) heterogeneity of the grain size between different experiments; (3) heterogeneity of 

the mineralogy between different uptakes of each sample.  

As partial exchange would affect more the apparent CEC when more exchange sites 

are involved in the reaction (i.e. greater CEC), the variability of each CEC value was 

plotted as a function of the mean CEC value for each sample in Figure 8.  

 

Figure 8.  Variation of the CEC uncertainty versus the mean CEC. 
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A trend of increasing uncertainty for increasing mean CEC value is observed. This 

result tends to emphasize the importance of the thermodynamic factor. An analytical 

demonstration of this assumption is developed in the chapter 4.1. The two other 

uncertainty factors are described in 5.1.1. In order to plot the most representative CEC 

values, the maximum CEC obtained for each sample is kept as a first approximation of 

the “true CEC”. All results with their laboratory error are displayed in Figure 9.  

 

Figure 9. CEC measurements of cores. Measurements at ÍSOR in black, with laboratory error 

bars; at INRA in red. 

 

Negative values were removed (obtained when ΔA < 0.004, i.e. the photometer 

detection limit). An additional CEC measurement, performed at INRA laboratory in 

Arras with its standardized method using Co-hex was performed on 5 samples. CEC 

results for the four cored holes are presented as a function of depth in Figure 10. 

A great difference can be observed for 3 samples (see Table 3). 

Table 3.  Difference in the CEC results performed with Cu-trien at ÍSOR and Co-hex at INRA, 

Arras, using the same sample size. 

Sample 
Value with Co-hex, 

compared to Cu-trien 

L06 2% higher 

L09 20% higher 

L46 similar (<2 meq/100g) 

L81 30% higher 

L99 10% higher 
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Two factors can explain these differences: (1) the cation used has a different sensitivity 

to minerals other than clays (e.g. zeolites); (2) the measurements performed at ÍSOR 

were not saturated enough with Cu(trien). The ratios 250 and 500 were never used in 

this study. 

Factor (2) is being checked with new measurements using an increased concentration 

of Cu(trien) in these three samples. Factor (1) is more difficult to investigate as no 

systematic comparison of the two methods was found in the literature. If a steady state 

is clearly reached in the measurements with Cu(trien) and the thermodynamic 

influence is ruled out as an explanation of this difference, then further comparison 

between ÍSOR‘s method and INRA‘s method could be made.  

 

Figure 10.  CEC values for the cores as a function of depth. Measurements at ÍSOR in blue, at 

INRA in red. 

 

3.2 Mineralogy 

The mineralogy of the four cored boreholes is described in the following reports: 

(Guðmundsson, unpublished from 1991; Jónsson et al., 2003; Gautason et al., 2007). 

However, more information about the alteration was needed to achieve the objectives 

of this project. Three different types of examinations were made: (1) observation of 

cores with naked eye and using a binocular microscope; (2) Analysis of powder with X-

Ray Diffractometry (XRD) and (3) studies using thin sections for transmission light.  

3.2.1 Methods 

The mineralogical content of each sample was analyzed by XRD. The measurement 

itself was performed at Géosciences Montpellier with a Philips X’Pert PRO Multi-



 

 
Doc.nr: 
Version: 
Classification: 
Page: 

 
IMAGE-D3.03-Appendix5.4 
2016.10.31 
public 
22 of 64 

 

 

 

- 22 - 

Purpose Diffractometer (MPD) and the spectral analysis at ÍSOR using the EVA 

BRUKNER software. The interpretation of XRD spectra can be ambiguous when it 

comes to distinguish between certain types of minerals: wairakite/analcime, 

smectite/chlorite/MLC. Moreover, the presence of a given alteration mineral can be 

uncertain, as the primary minerals in the sample often "absorb" 70–90 percent of the 

signal (Sigurður Sveinn Jónsson, personal communication, June 2016). Minerals present 

in low quantity cannot always be observed with enough certainty, like epidote, 

actinolite and prehnite.  

An additional analysis on the fine fraction of 9 samples was done, using ÍSOR‘s 

method for fine fraction separation. Chlorite, Smectite and MLC have distinct 

behaviors when air-dried, saturated with ethylene-glycol and heated to 500°C; they can 

be distinguished in most cases, when this procedure is followed. The classification 

between the three different clays in the rest of the report is based on the clay analysis 

and educated guess for the samples where only air-dried samples were analyzed. 1 

From the XRD spectra, a semi-quantitative analysis of the relative mineral content was 

done, based on peak areas and height. This allowed to determine – under some 

assumptions – the smectite content to help interpret the conductivity and velocity 

measurements. In samples containing chlorite, the chlorite content is more complicated 

to determine, as two peaks (at 14 Å and 7 Å) have to be taken into account. This task is 

still on-going. A first estimation was based on the height of the 14 Å peak only.  

A total of 35 thin sections were prepared at École Normale Supérieure (the French 

University responsible for the first author´s PhD). Some of them have been studied at 

ÍSOR but more studies are needed. Pictures are shown below in Figure 11 to Figure 17. 

3.2.2 Observations 

Five types of lithology, presented in Table 4, were distinguished, based on naked eye 

observations (and binocular microscope).  

KH-1 samples are very altered but contain only smectite and zeolite alteration down to 

188 m (Figure 11), while KH-3 contains chlorite at 273 m (Figure 12).  

Table 4.  Distribution of the lithological origin of the core samples. 

Type 
Number of 

samples 

Vesicular basalt 21 

Crystalline basalt 10 

Tuff/Hyaloclastite 14 

Basaltic/pillow 
breccia 

15 

Felsic 10 

                                                      

1 More clay analyses are planned at ÍSOR and in France at the Institut de Chimie des Milieux et 

Matériaux in Poitiers. 
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Figure 11.  Thin sections from borehole KH-1 (a) Smectite in sample L11 (69 m) (b) Stilbite 

and smectite in sample L14 (74 m) (c) Acicular zeolite crystals in sample L28 (167 m) 

(d) Smectite rim (yellowish) in sample L31. 

 

 

Figure 12.  Sample L36 (KH-3 – 273 m). (a) Olivine alteration into chlorite (b) Precipitation of 

chlorite in vesicles. 

 

In KH-5, epidote was abundantly observed with naked eyes but not detected in XRD 

spectra. Its presence is confirmed by thin sections observations (L46 - Figure 13, L47 - 

Figure 14, L67, L69 - Figure 15, L73 - Figure 16). Laumontite was observed with naked 

eyes, overprinting epidote in samples from KH-5 (L46 - Figure 13), indicating cooling 

(a) (b) 
(a) (b) 
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in the reservoir. Actinolite was observed in thin sections (sample L73 - Figure 16) and 

confirmed by fine fraction XRD analysis on L73. 

 

Figure 13.  Sample L46 (KH-5 – 279 m). (a) Epidote overprinted by laumontite (b) Laumontite 

crystal – precipitation in vesicle. 

 

 

Figure 14.  L47 (KH-5 – 288 m). (a) Epidote (colorful), wairakite (grey), quartz (yellow) (b) 

Wairakite. 

 

 

Figure 15.  L69 (KH-5 – 495 m). (a) Vein filled with chlorite and calcite (b) Epidote. 
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Figure 16.  Actinolite, Epidote, Prehnite in L73 (KH-5-530 m). (a) Plane-Polar (b) Cross-

Polar. 

 

In borehole KH-6, actinolite was expected according to XRD analysis but no sign of it 

was observed in the thin sections. Samples No. L81, L82, L85, L87, L91, L96, L99, L100, 

L102 and L103 were investigated and show only a low-grade alteration stage with 

plagioclases still unaltered and a lot of smectite. Hints of recent transformation from 

smectite to MLC is seen (e.g. L82, L91, L100 – see Figure 17). Similarly zeolites 

transformation into wairakite is observed (Sample L91 - Figure 17) and confirm the 

XRD run. Fine fraction XRD analyses performed on samples L81, L85, L96 and L102 

confirmed the thin sections observations that no actinolite was in these samples.  
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Figure 17.  KH-6. (a) Smectite-MLC in L91 (537 m) (b) Zeolite transforming into wairakite in 

L99 (594 m) (c) Mostly MLC in L100 (597 m) (d) MLC in L103 (707 m). 

3.3 Petrophysical measurements 

In this section, methods and data for all petrophysical parameters measured at 

Géosciences Montpellier are presented. A special section is dedicated to Electrical 

Conductivity.  

The length and diameter were measured with a digital caliper and uncertainties of 0.5 

and 0.3 mm were observed, respectively. 

A first series of measurements were performed on dry samples (oven at 60°C): Helium 

porosity (see Figure 18), P-waves dry, S-waves dry and Argon permeability. Then the 

samples were saturated with water at low salinity (30 μg/L) under vacuum pressure 

and a second series of measurements were performed: Porosity by Triple Weighting, P-

waves sat, S-waves sat and Electrical conductivity. The samples were then saturated 

with more saline water for new electrical measurements. At the time where the report 

is written the samples are being saturated with a third type of water, more saline.  

73 samples were measured initially but 3 didn’t survive the first saturation. 

3.3.1 Density and porosity 

Porosity represents the volume of voids within a given volume of rock, i.e. the fraction 

of voids. In igneous rock, voids have three main origins: cracks, vesicles and grain 

joints. The topology of the pore space controls mostly the electrical current (Pezard, 
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1990). While vesicles are not necessarily connected to each other, fractures and grains 

can create a large volume of "connected voids". Within the connected porosity, fluids 

and aqueous species may circulate. The so-called "electrical formation factor" F can be 

considered as the inverse of the connected porosity (André Revil, personal 

communication, April 2016). F is a purely geometrical parameter describing how the 

porous medium obstructs transport processes (Belghoul, 2008). 

Wet rock density, grain density and porosity were computed with the triple weighting 

method: samples were dried, saturated and immersed in water. The solid volume was 

measured using the Helium expansion technique (see Figure 18(a) and (Gibert et al., 

2016) for more details), while the total volume could be calculated from length and 

diameter. Both volumes would then yield another value for dry rock density, grain 

density and porosity. Results from both methods are compared in Figure 20 and a 

linear correlation between rock density and porosity can be observed in Figure 19. The 

distribution of porosity in all samples used in this study is represented in Figure 18(b).  

 

Figure 18.  (a) Helium porosimeter and (b) distribution of the “dry porosity” of 73 samples. 

Porosity between 2% and 40% are found with an average porosity of around 20%. 

 

Figure 19.  Density vs porosity - All cores included. 
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A good correlation between bulk density (solid + voids) and porosity is seen, which is a 

quality assurance of the measurements. 

 

Figure 20.  Comparison between dry and saturated measurements of mass and volumes (a) 

Solid density (b) Porosity. 

 

The porosity from triple weighting and helium porosimeter are in good agreement (see 

Figure 20(b)). The saturated porosity (from triple weighting) will be used in the report, 

as most of the rock properties of interest are on saturated rock in this study. 

3.3.2 Acoustic Velocity 

Acoustic velocities express the propagation rate of mechanical waves – compressional 

“P-waves“ and shear “S-waves“ – in a bulk environment, composed of solid minerals 

and fluid in pores and fractures, either gas or liquid. While P-waves tend to travel 

faster in water-saturated than dry environment, S-waves follow the reverse trend.  

P- and S-wave velocities (Vp and Vs) were measured at a frequency of 500 kHz for 

both dry and wet samples, using a digital oscilloscope, a pulse generator and coupled 

piezoelectric transducers. A coupling gel was used for Vp and honey for Vs. While P-

waves arrival is relatively easy to observe, S-waves arrival is often more ambiguous, 

yielding too high uncertainties. Orthogonal orientation of the transducers could clear 

the ambiguity in some cases. An uncertainty for the arrival has been accounted for in 

the error calculation and the results are presented with regard to saturated porosity, 

measured by the triple-weighting method (“TW”) in Figure 21. 

Five types of lithology are considered (see Table 5). The crystalline basalt group shows 

the lowest porosities, even though the maximum porosity reaches 23%. The 

hyaloclastite group shows the highest range of porosities, with most of the samples 

between 25% and 40%; two samples are, however, around 15%. Vesicular basalt and 

hyaloclastite follow a similar trend, but the velocity is generally higher for a vesicular 

basalt, at a given porosity.   
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Figure 21.  P-wave velocity (Vp) measured in saturated cores vs TW porosity.  

Table 5.  Equation Vp,sat = f(Porosity): slope, intercept and regression coefficients for the five 

regression lines corresponding to the five rock types. 

Rock type Slope Intercept Correlation 

Basaltic/Pillow breccia -8.27 6.11 0.82 

Crystalline basalt. dolerite. gabbro -7.64 5.70 0.79 

Felsic -7.74 5.97 0.98 

Tuff/Hyaloclastite -5.60 5.32 0.75 

Vesicular basalt -6.65 5.74 0.68 

3.3.3 Permeability 

Permeability indicates the velocity of fluid circulation in the connected porosity.  

In order to measure the permeability, argon gas was injected at different effective pres-

sures2 in the dry sample. The confining pressure is constant at 150 bars; the pore pres-

sure varies. The samples were jacketed in rubber to ensure that pore pressure in the 

sample stays below the applied confining pressure. If the equilibrium is reached 

quickly, the flow rate and pore pressure are measured once the steady state is reached. 

Three measurements at different gas pressures are needed to correct for the 

Klinkenberg effect: at low pore pressure, the resistance to flow from drag is very low, 

resulting in gas slip conditions at the fluid/pore interface; it is a non-Darcy flow effect 

(Gibert et al., 2016). Otherwise the so-called “pulse-test” method is used, a transient 

                                                      

2 Effective pressure is the difference between confining pressure and pore pressure. In this case, 

the effective pressure is varied by varying the confining pressure (see Gibert et al., 2016). 
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method which consists in comparing the Argon pressures in and out of the sample. In 

theory the best measurement is using the Paterson press in order to reach higher 

effective pressure, more representative of reservoir conditions (Gibert et al., 2016).  

Seventeen samples were measured but the rest of the samples will be measured once 

the electrical measurements are finished. The results are shown as a function of 

porosity (Figure 22). 

 

Figure 22.  Permeability measurements using Argon, presented as a function of porosity. 
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3.4 Electrical Conductivity 

While conductivity can be modelled with analytical equations, it is often the resistivity 

which is measured, both in the laboratory and in the field. We will use either, 

depending on which one is more appropriate.  

Electrical conductivity of rocks can be considered as the sum of three contributions (see 

Equation 1). The volume conduction of the so-called electrolyte in the pores, depends 

on the electrical formation factor F (function of the connected porosity) and the fluid 

conductivity (function of salinity and temperature). The surface conduction at the 

interface between water and minerals is mainly controlled by the clay content at the 

pore surface, through the so-called Cation Exchange Capacity (CEC), but other 

parameters such as the porosity, the solid density and the ionic mobility (included in 

F*) have an effect. Intra-mineral conduction, which may be significant above 300-400°C, 

is the third factor in Equation 1. 

Equation 1. Conductivity of rocks: 

𝜎0 =
𝜎𝑓

𝐹
+

𝜎𝑠

𝐹 ∗
+ 𝜎𝑚𝑖𝑛𝑒𝑟𝑎𝑙   𝑖𝑛 𝑆 · 𝑚−1 

𝜎𝑠 = 𝑓(𝐶𝐸𝐶, 𝜙, 𝜌𝑠) 

Empirical and analytical models have been developed to understand the meaning of 

electrical conduction in rocks. The first model (Archie, 1947) accounted only for the 

electrolyte contribution. A second model (Waxman and Smits, 1968) included a simple 

term by taking the clay contribution into account. Equations were later refined to better 

represent the porosity dependence of the conductivity (Flóvenz et al., 1985; Pezard, 

1990). A model of the complex conductivity of rocks was published in Vinegar and 

Waxman (1984), including the capacitance effects of the rock (as opposed to 

conductance effects). Measurements at very low frequency (down to 1 mHz) are 

necessary to obtain this information. Resistivity structure of high temperature 

geothermal areas in basaltic environments have been explained by Árnason et al. 

(1987), Árnason et al. (2000) and Flóvenz et al. (2012). 

In this study the purpose is to obtain the surface conductivity and the formation factor 

and correlate these results with CEC and porosity. To achieve that, the conductivity 

has to be measured for different salinities. 

Cores were first saturated with a fluid at 135 μS/cm until the fluid conductivity was 

stabilized. Electrical conductivity was deduced from impedance measurements at 1000 

Hz using a two electrodes configuration combined with a Solartron 1260 gain phase-

analyzer. At this frequency the electrode polarization effects are considered negligible. 

Then a new saturation fluid replaced the old one, with a fluid conductivity of 1000 

μS/cm and measurements were made again. The salinity is presently being increased to 

the next level. 

The conductivity ranges between 4·10-4 and 5·10-2 S/m. The results are presented and 

interpreted in 4.3.1.  
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A set-up and test phase is moreover on-going in Montpellier for complex conductivity 

measurements, down to 0.1 Hz (requiring a 4-electrodes set-up). 

3.5 Borehole logs 

Geophysical logs only exist for two of the cored boreholes, KH-1 and KH-3. In this 

report only the electrical log from KH-1 will be used to compare with core 

measurements. In KJ-18 the resistivity and neutron logs from 1981 and 2014, as well as 

the Sonic and VSP from 2014 are used. 

A 16/64 (“Normal DC”) resistivity tool was used for the resistivity measurements. An 

offset is found between the logs from 1981 and 2014, but this offset is not stable 

throughout the whole borehole. It has thus been decided to keep the raw logs for the 

rest of the study. In KH-1 a comparison between the borehole log and the conductivity 

measured in the laboratory on cores is shown in Figure 29. In KJ-18 the borehole logs 

are compared directly with the CEC measured on the cuttings. 

The Neutrons-Neutrons tool, used in well KJ-18, is sensitive to the presence of elements 

whose thermal absorption cross-section is of similar size to neutrons: mostly hydrogen, 

but also trace elements, e.g. B, Gd, Eu, Sm (Harvey et al., 2005). An algorithm 

developed at ÍSOR enables to calculate the porosity for igneous rock samples, but its 

reliability is not certain. This aspect is described in 4.5.2.  

A sonic tool was used to measured Vp and Vs in KJ-18 (Hersir et al., 2016a). Moreover, 

a Vertical Seismic Profile was achieved in this borehole (Hersir et al., 2016b) and its 

interpretation leads to another estimation of Vp – with less resolution but also less 

sensitivity to local casing issues. Sonic waves are sensitive to the presence of fluid, as 

they propagate much slower in fluids than in solids. P-wave velocity is often linearly 

correlated to density and porosity, for homogeneous types of rocks. This aspect is also 

developed in 4.5.2. 

A Wellcad file with several logs adjusted to the casing end (or relative to each other for 

Resistivity 1981/2004 and Gamma 1981/Neutrons 1981 – Sigurveig Árnadóttir, personal 

communication, October 2015) is available. An extract from this file is given in Figure 

23 for information purposes only. 
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Figure 23.  Snapshot from Wellcad showing the geophysical and lithological logs of KJ-18, with 

depth adjusted. From left: conductivity 16’’ then 64’’, then lithology, intrusions (red), 

CEC, alteration, temperature, Gamma in black, and Neutrons in dark blue. 

 

4 Interpretation 

4.1 Thermodynamics of the cation exchange reaction 

Cations exchange is a thermodynamic process. In other words, if all exchange sites in 

the mineral are initially occupied by cation C2 and the mineral dispersed in a solution 

containing an initial concentration of cation C1, an equilibrium state will be reached, 

with both cations in the mineral and liquid phase (Þráinn Friðriksson, personal 

communication, March 2016).  

When measuring the CEC of the mineral through the titration of C1, these implicit 

assumptions are made: (1) the thermodynamic constant of the exchange reaction is 

high enough to replace “all” (>99%) C2 in the mineral by C1; (2) C1 is in sufficient 

excess to reach a steady equilibrium state, i.e. a state where adding more C1 would not 
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change the equilibrium3. In the case where all C2 is removed, the difference between 

the initial and final concentration of C1 in the solution gives the total CEC of the rock. 

If only a partial exchange occurs, the titration provides an apparent CEC, lower than 

the total CEC. 

Most of the methods presented in 3.1.1 are only applied to pure mineral phases, except 

for the cobalti-hexamine method – used for soil and seldom whole rock samples – and 

the conductometric titration. If the exchange is “total” for pure clay samples, it won’t 

necessarily be total for a sample containing 50% of clay and 50% of other minerals – 

zeolites, plagioclases, pyroxene, epidote etc. For example, big organic molecules may 

fit well in clays while they barely enter zeolite rigid channels.  

The exchange between Cu-trien (method used at ÍSOR) and clays yields a stable 

equilibrium state with an initial ratio of 100 mmol+4 Cu-trien / 100 g of clay. If the same 

ratio is used in clinoptinolite (zeolite), the titration shows an exchange of 5 

mmol+/100g, whereas titration with NH4+ shows 160 mmol+/100g (Table 6). This 

shows that some minerals, such as clays, have a strong affinity for Cu-trien whereas 

others, for instance zeolites, do not.  

Table 6.  Comparison of CEC results with Cu-trien method and three other methods. Measure-

ments on pure phases - smectite, illite, kaolinite and zeolite - from (Meier and Kahr, 

1999). 

 

 

In order to understand if the exchange was total or partial in the experiments 

performed at ÍSOR, the simple chemical reaction represented in Equation 2 was used. 

                                                      

3 Cieselski et al. (1997) explicitely state that the ratio between the reagent absorbed (Co-hex in 

their case) and the reagent initially present has to fall between 0.05 and 0.35 in order to prevent 

a fall in the exchange yield. But there is no explicit mention of the equilibrium. 
4 “mmol+“ means “mmol of electrons“: 100 mmol+ of Cu-trien represents actually 50 mmol of 

Cu-trien as the cation Cu-trien has a valence of two. In other words, each mole of Cu-trien is 

equivalent to two moles of electrons (in terms of cation exchange). 
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The thermodynamic constant K is expressed with the activity of the reactants (left term 

of Equation 2) and products (right term of Equation 2).5  

Equation 2.  Dual exchange between Ca(II) and Cu-trien(II): 

 

The true CEC, the so-called CEC0, was then expressed as a function of the thermos-

dynamics constant K, the initial and final concentrations Ci and Cf, the mass m of rock 

and the volume V of solution (see Equation 3). 

Equation 3.  Expression of CEC0, based on the expression of K: 

 

In this expression of CEC0, the first term is CECapp as calculated in each experiment: 

𝐶𝐸𝐶 (
𝑚𝑒𝑞

100𝑔
) =

2𝑉(𝐶𝑖−𝐶𝑓)

𝑚
105 – this formula is used in the protocol given in Appendix. It 

can be observed at this step that if K is low, Ci and Cf must be similar in order for 

CECapp to remain close to CEC0. If K is high or if CECapp is low, CEC0 ~ CECapp. 

Otherwise the second term in the expression of CEC0 is unneglectable. 

In order to fit the experimental values of CECapp as a function of the initial ratio (X = 

2VCi/m), CECapp is expressed as a function of X, CEC0 and K, by solving the 2nd order 

polynomial equation (see Equation 4). 

                                                      

5 The activity of a sorbed species, commonly noted as X, is the ratio of the number of sites 

occupied by the species and the total number of sites available in the mineral. 
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Equation 4. Second-order polynomial equation resulting from thermodynamic 

equations: 

 

 

The solution is given in Equation 5.  

Equation 5.  Positive solution of the second order polynomial equation: 

 

 

Four examples illustrating this theoretical relationship between CECapp and X are 

shown in Figure 24. 
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Figure 24.  Four samples illustrating the importance of the thermodynamics effect. Red dots: 

experimental results. Red line: Model of the reaction according to the equation 

presented above. 

 

Two examples where the second term in CEC0 can be neglected are, moreover, shown 

in Figure 25. Examples where the interpretation remains ambiguous even after using 

this modelling are shown in the Appendix. They are likely due to heterogeneities. In 

this case, an uncertainty can be included, representative for the range where one can 

expect the macroscopic CEC for the sample. 
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Figure 25.  Two Samples where K is rather high and little variability is observed when 

changing the initial ratio X. For K = 40 the relatively small CEC is also responsible for 

this stability. 

 

4.2 CEC and clay content 

The smectite content in samples from KH-1, KH-3 and KH-6 was calculated based on 

the XRD diagrams (see 3.2.1), and more particularly the area under the smectite peak at 

14 Å. The values, given in 0, are relative and not absolute, as an assumption was made 

a priori on the clay content of one sample: L24, showing the highest smectite peak area 

(Net Area = 16157.6 Cps x 2-Theta °), was constrained to contain 50% of smectite. The 

percentage for other samples is dependent on this constrain.  

Figure 26 shows the linear correlation between the clay content, calculated as 

described, and the CEC, with a regression coefficient of 0.64 (in blue and grey) and a 

slop of 97.8 meq/100g. Sample L96, the furthest up from the regression line, was 

measured at ÍSOR, with a different device; the clay content for this sample is thus 

highly uncertain. The four other grey samples, a bit far from the regression line, 

correspond to samples where the smectite peak is slightly shifted to a higher angle 

(smaller inter-reticular distance). The clay content for these samples is also uncertain. 

In order to verify the validity of the first assumption (50% of smectite in the most 

altered sample), the clay content was independently calculated by dividing the CEC 

obtained by the CEC of pure smectite, assuming that the CEC of pure smectite is 100 

meq/100g – average value according to Table 1. The linear relationship (y=100∙x)6 

resulting from this calculation is shown by the orange line in Figure 26. The 

relationships resulting from the two independent assumptions are definitely very 

                                                      

6 The total CEC of a sample is the CEC of the pure clay phase multiplied by the clay fraction in 

the sample. 
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similar, which tends to validate these assumptions and to upgrade the values obtained 

for the clay content, to a status close to “absolute”. 

 

Figure 26.  CEC and Clay content for samples containing smectite. The clay content is inferred 

from XRD smectite peak areas (blue circles and blue linear regression) and CEC 

(orange line). 

 

4.3 CEC and conductivity comparison 

4.3.1 Relationships at the laboratory scale 

The conductivity is compared with the CEC in Figure 27. The CEC in this plot is based 

on the method developed above for samples with at least three measurements. For 

samples with one or two measurements, the CEC was estimated based on K=10 if none 

of the measurements was made with a satisfying ratio. The conductivity is calculated 

directly from the 1000 Hz impedance measurement. The regression coefficients of the 

exponential relationship between conductivity “y” and porosity “x” are displayed to 

illustrate qualitatively the change with an increased salinity and the difference between 

chlorite and smectite. 

Two distinct log-linear (y=a·xb) trends are observed: one for chlorite and one for 

smectite. This suggests that two different conduction processes occur in chlorite and 

smectite, possibly due to a difference between conduction in interfoliar sites and edge 

sites.  

The scattering observed is probably induced by the influence of porosity on the bulk 

conductivity – both on the surface conductivity and the formation factor. This aspect is 

detailed in 4.4. The two relationships (for chlorite and smectite) are more scattered at 

higher salinity, which can be explained by a decrease of the influence of surface 

conductivity (and thus CEC) on the bulk conductivity at higher salinity. The fluid 
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salinity where the fluid conductivity equals the surface conductivity and starts to 

dominate the bulk conductivity is called “isoelectric point” (Flóvenz et al., 2005).  

Given that the conductivity was measured at two different salinities only, the 

isoelectric point cannot be determined. The dominant conduction mechanism is 

therefore uncertain for each of the four curves (chlorite/smectite, low salinity/high 

salinity). It can however be stated that, for chlorite samples, at Cw = 1000 μS/cm almost 

no trend is observed, while at Cw = 135 μS/cm, a weak log-linear trend is seen.  

Flóvenz et al. (2005) found the following ranges for the isoelectric point on Icelandic 

basalt samples: 9000-25000 μS/cm for two samples in the smectite zone, 1000-8000 

μS/cm for three samples in the chlorite zone and close to 0 μS/cm for fresh lava 

samples. 

The Mixed Layer Clay (MLC) group seems to behave similarly to the smectite, as the 

results are “included” in the smectite trend line (except for one point). The MLC group 

could thus be considered as a part of the smectite group with a smaller smectite 

content than the whole clay content, with respect to CEC. In this case the MLC 

conduction behavior wouldn’t differ so much from a simple mixture chlorite-smectite. 

 

Figure 27.  Conductivity vs CEC. (a) At low salinity (b) At higher salinity. The color scale 

represents the dominating type of clay. On each plot, the regression coefficients in the 

upper part are for smectite and the coefficients in the lower part are for chlorite. 

 

4.3.2 CEC and conductivity comparison from borehole data 

In KJ-18 cuttings were available every 2 meters, with a depth estimation uncertainty of 

up to 10 m. In order to compare the CEC measurements from cuttings with the 

resistivity logs from the 16/64 tool (converted into conductivity), caution is needed for 

depth matching. No clear and constant offset appears between the geophysical logs 
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and the geology.7 Therefore, it was decided to consider, for each CEC measurement 

(and corresponding cutting box), a depth range8, whose width varies between 2 m at 

the top and 10 m at the bottom. In this depth range, the resistivity may also vary: a 

resistivity uncertainty is thus considered for each CEC measurement, represented as 

the vertical error bar on Figure 28. A log-linear trend is observed (y=a·xb), including 

both the smectite (mainly the pink samples) and chlorite samples (mainly the black 

samples). 

KH-1 is the only borehole in Krafla where both cores and resistivity logs are available 

at the same depth. Indeed, the log in KH-3 reach only a depth of 140 m; a study of 

cores above 140 m is on-going.  

 

Figure 28.  Comparison between borehole conductivity (from the 64'' resistivity log) and CEC 

from cuttings in borehole KJ-18. Pink = mainly smectite; Black = mainly chlorite. 

 

A difference of an order of magnitude is observed between the borehole conductivity 

(from the 64’’ tool) and the laboratory measurement (see Figure 29). Part of this 

difference is due to the difference in the saturating fluid, which is more saline and 

warmer in the borehole than in the laboratory – in-situ temperature of 100-160°C where 

the samples originate from versus room temperature of 20°C for the experiments. 

                                                      

7 The depth allocated to each cutting box is not the exact origin depth, but only the depth read 

by the driller when the cuttings have reached the surface. The difference between “read” and 

“real” depth increases with depth and can reach 10 meters. 
8 Instead of a discrete depth value. 
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Kulenkampff et al. (2005) showed that elevating the temperature from 20°C to 160°C 

could alone account for 5–10 fold increase in bulk resistivity. Moreover, the 

conductivity measured in the borehole includes the conductivity of the borehole fluid, 

in addition to the rock and saturating fluid. For a more rigorous comparison, the 

contribution of the borehole fluid could be simulated.  

 

Figure 29.  Comparison between borehole and laboratory conductivity in hole KH-1. 

 

4.4 Conductivity and porosity comparison 

As mentioned in 4.3.1 the conductivity is not only related to CEC, but also to the 

porosity. On Figure 30 the laboratory measurements of conductivity and porosity are 

compared, for two different salinities. The graphs show that the influence on porosity 

is greater at Cw = 1000 μS/cm but still present at lower salinity.  
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Figure 30.  Electrical conductivity vs Porosity. The different colors correspond to different 

types of clay. 
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Two distinct exponential trends (y=a·ebx) are found for smectite and chlorite, with a 

better correlation at higher salinity. The average trend lines are parallel at Cw =1000 

μS/cm, meaning that the “slopes”9 are similar and only the intercept is different. It 

could be interpreted as a sign of fluid conductivity dominating the bulk conductivity in 

both cases, with a higher baseline for the smectite samples, due to their stronger 

surface conductivity background. However, a direct comparison between the bulk 

conductivity, at a given salinity, and the porosity cannot be quantitative, given that the 

porosity influences the surface conductivity and the formation factor in a different 

way. Once conductivity measurements are made at more salinities, the surface 

conductivity and the formation factor can be derived and compared directly to the 

porosity.  

On this graph it can be observed that, for a given porosity, a sample with smectite has a 

systematically higher conductivity than a sample with chlorite. The variability in the 

pores connection (also called tortuosity and which cannot be derived without the 

formation factor) might be the main cause of the scattering observed. 

Unlike on the CEC/Conductivity correlation, the MLC samples are spread between 

smectite and chlorite – the samples in the smectite area of the graph likely contain a 

higher content in smectite layers as the samples in the chlorite area. 

4.5 Porosity and velocity comparison 

4.5.1 Micro scale 

According to the empirical Wyllie equation (Equation 6), sedimentary rocks where the 

porosity is exclusively composed of isotropic grain joints, the inverse of the velocity 

(also called “slowness“) is linearly correlated to the porosity (Mavko et al., 2009). In 

crystalline rocks, however, porosity is often attributed to cracks and fractures, which 

are highly anisotropic and influenced by increased confining pressures. 

Within the set of 70 samples, 2/3 of it is classified as hyaloclastite, pillow breccia or 

vesicular basalt, whose porosity share similar isotropic properties as grain joints. The 

other third is composed of crystalline rock, either basaltic or more andesitic to felsic 

(see Table 4). Laboratory measurements of slowness and porosity are presented in 

Figure 31(a). The samples with the highest clay content are shown in pink. All the 

samples above the upper line are pink, which may indicate that clay can overestimate 

the slowness for a given porosity (Regnet et al., 2015). However, many other samples 

with high clay content are spread within the two extreme lines. A least-square 

inversion was performed to find the parameters Vp-fl (fluid velocity) and Vp-0 (matrix 

velocity), with the constraint on Vp-fl being around 1.5 km/s. In (Christensen and 

Wilkens, 1982) a similar correlation on cores from Reyðarfjörður, East Iceland yields 

Vp-0 = 6.25 km/s, which is believed to be too slow for dense basalts and too high for the 

most porous rocks. The value 7.5 km/s found in this work is definitely too high, which 

                                                      

9 parameter “b” 
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leads us to conclude that Wyllie’s equation (Mavko et al., 2009) may not be valid for the 

whole set of samples.  

Equation 6.  Wyllie empirical equation: 

 

A velocity/porosity linear correlation, plotted in Figure 31(b), shows actually a better 

result. However, no empirical equation was found in the literature to fit linearly the 

velocity as a function of porosity (according to Wyllie’s equation it should rather be a 

hyperbola). 

 

Figure 31.  Correlation of Porosity with (a) P-waves slowness (b) P-waves velocity. The 

samples circled in pink have a high clay content. Black lines: results of the least square 

inversion, based on the Wyllie equation for (a). 

 

A method to determine the microcracks density in cores was developed in (Regnet et 

al., 2015). The method uses the Biot-Gassman theory, which enable to compute Vp,sat, 

based on Vp,dry-Vs-porosity-density (see Equation 7). Vp,sat, can then be compared to 

the measured Vp,sat (see Figure 32). The theoretical values are supposed to be similar 

to the measured values when the density of cracks is low, and lower when the density 

of cracks is high (J.B. Regnet, personal communication, April 2016). If they theoretical 

values are higher, it is attributed to laboratory error.  

In general, a good agreement is found between the theoretical and the measured 

Vp,sat: we find a linear correlation with a slope of 0.9 and a regression of 0.9; only a 

few samples show a negative deviation (in yellow) but are still close to the line y=x. 

The samples in grey have a positive deviation higher than 7%, which may indicate a 

high density of cracks. 
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Equation 7.  Biot-Gassman equations (Mavko et al., 2009): 

 

K is the bulk modulus of the rock (dry or saturated), K0 the bulk modulus of the solid 

(~ 50 GPa for a basalt), Kfl the bulk modulus of water (2.2 GPa), μ the shear modulus, ρ 

the density and φ the porosity. 

 

Figure 32. Comparison between Vp,sat calculated from Biot-Gassman theory and Vp,sat 

measured in laboratory. Red dots: dispersion inferior to 7%, grey triangles: dispersion 

superior to 7%. Yellow dots: laboratory error. 

 

4.5.2 Determination of porosity in borehole KJ-18 

Neutrons and Sonic logs are two geophysical methods usable for porosity 

determination even though they are sensitive to different phenomena.  

The porosity was first calculated from the neutron logs with a code written at ÍSOR. 

The code uses an oil & gas calibration with a coefficient to “adjust” for igneous rock. It 

is, however, likely that the calibration didn’t use directly igneous rocks samples 

(Svanbjörg Helga Haraldsdóttir, personal communication, May 2016). Moreover, the 

calibration was extrapolated for larger diameter size than what it was intended for 

(Stefánsson and Tulinius, 1983). Finally the large clay and zeolite (hydrous minerals) 

content in altered geothermal reservoirs can cause an overestimation of the porosity 

(Broglia and Ellis, 1990), as the interfoliar and intra-channels water molecules cannot 

be considered as a fluid content: these molecules stay in the mineral.  
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The porosity was also calculated from the raw delay time acquired by sonic logs 

(Hersir et al., 2016a). However, between 800 and 1000 m, Vp computed from the sonic 

logs seems unusually low (2.2 km/s), presumably due to casing leaks. Therefore, the 

porosity was also estimated based on the Vertical Seismic Profile (VSP) interpretation 

from Hersir et al. (2016b). The Vp/porosity linear regression was used, as it seemed 

more reliable than the slowness/porosity regression (cf. 4.5.1). 

 

Figure 33.  Porosity computed from (a) Neutron logs from 1981 in blue and 2014 in red (b) 

Neutron logs from 1981 in green, Sonic Vp in black and VSP Vp in grey. 

 

The porosity computed from the neutron logs from 1981 and 2014 is shown in Figure 

33(a). A comparison between porosities computed from the neutron logs (1981), Sonic 

and VSP is shown in Figure 33(b). The porosity estimated from Vp and Neutron 

absorption are relatively consistent between 600 and 800 m and below 1000 m. The VSP 

log shows great variations between 800 and 1000 m but seems to yield more realistic 

Vp values than the sonic logs in this section.  

The porosity seems to be overestimated by both signals, as it reaches values higher 

than 40% in some parts. It is likely due to the presence of cracks, clay and trace 

elements with a thermal cross-section in the range of neutron‘s. An improvement could 

be made distinguishing linear regressions for different rock types and using the 

lithology in KJ-18 to decide which regression to use.  
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5 Discussion 

5.1 Cation Exchange Capacity measurement 

5.1.1 Influence of grain size and other heterogeneities 

No sieving was performed when samples were prepared. It is likely that grains of 

significantly bigger size were mixed with grains < 250 microns in the experiments. 

Could that explain some of the variability observed in the results for similar 

experimental set-ups (same initial ratio Cu-trien/rock)? This hypothesis will be tested 

in the upcoming measurements using the exact same experimental set-ups, the same 

samples but two different grains sizes. 

However, the rock samples, neither in the petrophysical laboratory nor in the reservoir 

were grained. The conductivity is, therefore, measured on coarse portions of rock, 

where clay minerals might be locked in unexposed parts. The variability in CEC, if due 

to the grain size of the powder, may be representative of the variability found in a core. 

This variability can thus shape an interval of confidence for the CEC of a specific 

mixture of rock, regardless the total surface exposed to fluid. The same applies to the 

variability attributed to heterogeneity of a sample: to be comparable to the electrical 

conductivity in cores (and even more in the reservoir) the CEC value has to be as 

macroscopic as possible.  

5.1.2 Systematic pH measurement 

An additional step may be added in the protocol to systematically measure the pH of 

the solution before and after the reaction. For samples with a large lateral/basal 

surfaces (chlorite, zeolites), a higher pH leads to an increase in the negatively charged 

sites. Reversely an acidification (lower pH) translates as a decrease of negatively 

charged sites (Cieselski et al., 1997).  

Since there is a considerable pH difference between the pore fluids of low and high 

temperature areas, the pH-dependence of the CEC might be an important phenomenon 

to consider when comparing CEC and conductivity in the crust. 

5.1.3 Water content 

CEC of pure phases are usually presented per 100 g of dry rock in the literature. 

However, minerals in the reservoir are saturated with water. Moreover, the 

conductivity measurements in the laboratory are performed on saturated samples. 

Therefore, it might be relevant to simply keep the value per 100 g of wet rock for 

further comparison with electrical conductivity.  

For example, the standardized laboratory in Arras does not remove the water content 

for the CEC calculation of their traditional measurements (Proix, personal communi-

cation, September 2015).  
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To have comparable results it is better to decide at the beginning whether to include a 

drying step or not and be consistent throughout the whole study. As mentioned earlier, 

the results presented here are not adjusted for water content removal. 

5.2 Conduction in clays and zeolites 

As shown in 4.3.1 the conduction at low salinity is correlated with the CEC for samples 

containing chlorite and smectite, even if the correlation is weaker for chlorite. The 

relationships are, however, different. Does it mean that the phenomenon linking the 

CEC to interface conduction is different for chlorite and smectite? Conduction in 

chlorite can be explained by the triple layer models, as only edge-sites are present. Can 

the conduction in interfoliars be explained with the same model? Where would the 

Stern layer and the free electrolyte be?  

Is the interfoliar conduction negligible compared to surface sites conduction in 

smectite? Then why would the conduction in smectite samples be so high?  

The conduction in smectite seems undoubtable higher than in chlorite (see also Flóvenz 

et al. (2005)). Electrical soundings are thus a powerful way to locate the smectite zones. 

Observations in Iceland, starting with the work of Kristmannsdóttir (1979), have 

consistently shown that smectite can be found at rock temperature up to 200°C in a 

permeable reservoir and that chlorite becomes the dominant sheet silicate at rock 

temperatures exceeding 230-250°C. Therefore, if smectite find space and raw material 

to precipitate when a system cools down, it may be a reliable indicator of the current 

temperature and not only a witness of past temperature. Zeolites overprinting 

(laumontite on epidote for examples) is a mineralogical succession commonly observed 

in geothermal reservoirs. However, smectite overprinting has not been seen (Hjalti 

Franzson, personal communication, July 2016). Does this overprinting exist in the 

nature? In some thermo-chemical conditions chlorite can transform into MLC and 

smectite, but it cannot be only due to a temperature drop (Meunier, 2013). Whether it 

can happen in geothermal reservoir is still an open question. 

(Revil et al., 2002) showed that the correlation between CEC and conductivity is better 

when the CEC of zeolites is not accounted for in the correlation. Revil and coworkers 

conclude that no surface conductivity occurs in zeolite channels. This raises once again 

the question of the conduction in interfoliars: if a different type of interface 

conductivity occurs in the smectite interfoliars, what prevents this process from 

happening in zeolite’s channels? If conduction could happen in zeolites channels, 

would zeolites contribute to the overall conduction in rocks or would this contribution 

be negligible, given that zeolites precipitate in clusters instead of coating the pore 

surfaces?  

5.3 Formation temperature in hole KH-6 

In KH-6 a thorough analysis of XRD spectra and thin sections has been performed on 

cores below 400 m in order to correlate the unusual temperature profile (Figure 34) and 

alteration sequences (see 3.2.2 and in particular Figure 17). The presence of minerals 
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such as actinolite, epidote and wairakite was ruled out after the observation of thin 

sections: smectite and zeolites were found to be the dominating alteration in the whole 

borehole. Epidote had been assessed with naked eye, while small actinolite peaks were 

observed in XRD spectra (in particular in samples L96, L99, L102 and L103). But these 

peaks do not appear on the clay analyses (after clay separation) of L99 and L102, 

whereas they appear on L73 (sample from KH-5).  

 

Figure 34.  Temperature profile in KH-6. 

 

The presence of wairakite was also inferred from naked eye observation and XRD 

analyses. However, wairakite is complicate to differentiate from analcime, both in 

naked eye observation and XRD analysis on whole rock. An XRD analysis of pure 

“wairakite-analcime” from KH-6 will be performed at ÍSOR to determine whether it is 

wairakite or analcime. 
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It is, therefore, likely that the whole system around KH-6 is still at a low-grade level of 

alteration, but high-temperature fluids are currently actively flowing at some depths 

(350 m and 500 m according to the temperature profile (see Figure 34). The laumontite 

at 500 m is likely due to the hot fluid circulation at this depth. More samples from 

shallower depth (above 400 m) have been taken recently to pursue the investigation. 

More clay analyses and thin section observations are also planned to sort out the 

history of this borehole. 
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5.4 Origin of felsic formations in KJ-18 and the other boreholes 

Few samples in KJ-18 are silicic (between 850 and 950 m) and their origin remains 

unclear, whether it is extrusive or intrusive. It has been assumed that it was intrusive 

but the Gamma signals found in boreholes KJ-16 and KJ-17, located around KJ-18, 

indicate a certain consistency of this felsic layer throughout the three holes. The 

hypothesis of a felsic lava flow is thus not excluded. The televiewer analysis seems to 

confirm this possibility (Helga M. Helgadóttir, personal communication, December 

2015). It is rather unlikely that this potential felsic layer is connected to the Halarauð 

formation, given the depth’s gap with known Halarauð layers (down to 300 m at the 

deepest, compared to 900 m for the felsic section in KJ-18) but it could be another 

extrusive felsic event (Kristján Sæmundsson, personal communication, December 

2015). Halarauð samples found in KH-1 may be thus a good representative of felsic 

layers found in KJ-18. 

6 Conclusions 

A cheap and fast procedure for CEC measurements, using cuttings or cores and Cu-

trien, has been developed, yielding satisfying CEC values. We have shown that the 

exchange between Cu-trien and the rock cannot be considered a priori as “total”: the 

exchange is often stopped before the totality of the sites have been replaced, even if a 

subsequent quantity of Cu-trien is left in the solution. In other words, the affinity of the 

whole rock for Cu-trien compared to the previous cation in place (presumably Ca(II)) is 

not extremely strong. As a consequence, the quantity of Cu-trien consumed, measured 

in one experiment, can be a poor indicator of the total number of exchange sites. 

However, with three measurements per sample, the precision can be greatly improved, 

provided that the grain size and mineralogy remain reasonably homogeneous. A more 

thorough comparison with other CEC methods would improve the reliability of the 

results; it is, however, known that different methods yield somewhat different CEC 

results, given the complexity of the cation exchange equilibria.  

The validity of relationships between different physical properties of rock – conduc-

tivity/CEC, CEC/clay content, conductivity/porosity and velocity/porosity – were 

investigated in the laboratory, using 70 core samples from the Krafla high-temperature 

geothermal area.  

A linear relationship was found between the smectite content inferred from XRD and 

the CEC, while a semi-quantitative relationship was found for samples containing 

chlorite, especially because their clay content is more complicate to estimate. 

A log-linear correlation (y=a·xb) between CEC and conduction at low salinity was 

confirmed, with two different “slopes” (i.e. exponent b) for chlorite and smectite 

samples. This relationship could be used to estimate the conductivity of samples where 

no cores are retrieved, based exclusively on the CEC, and compare this theoretical 

conductivity to the borehole conductivity.  
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The comparison of laboratory and borehole conductivity in KH-1 shows a lower 

laboratory conductivity than the 16/64 conductivity, up to one order of magnitude, 

probably mostly due to much higher in-situ temperature compared to the laboratory 

temperature. Furthermore, the laboratory measurement is closer to the 64" than the 16" 

conductivity, as the latter accounts more for the borehole fluid. A direct comparison 

between 64" conductivity and CEC in KJ-18 yields a scattered, but promising, log-linear 

correlation. 

Similarly, an exponential correlation (y=a·ebx) between bulk conductivity and porosity 

was found in the laboratory at higher salinity, with the same “b” but a different “a” for 

chlorite and smectite. This relationship could be tested at the borehole scale in saline 

environments, such as Reykjanes, using resistivity and sonic logs.  

In hole KJ-18 the porosity was computed from sonic and neutron logs. The general 

trend is in good agreement, but no reliable porosity value could be obtained. Work is 

needed on the algorithm for neutron-porosity calculation, as it is likely lacking a 

calibration on igneous rock samples. As this regards, the porosity measurements on 

cores from KH-1 and KH-3 could be compared to the neutron logs in these boreholes. 

The sonic logs cannot be used in half of the borehole, due to casing; the VSP soundings 

can fix this problem in some sections of the borehole. 

The main difference between the electrical behavior of smectite and chlorite is the role 

of interfoliars in smectite, dominating the total cation exchange phenomenon; in 

chlorite only edge sites participate in cation exchanges. While conduction triggered by 

cation exchanges on edge sites can be explained by the electrical triple layer model, an 

analytical model to explain the conduction in interfoliars is still missing today. 
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Appendix 

Clay content calculation from XRD diagram and CEC 

Table 1.  Smectite peak areas and clay content for samples containing mainly smectite. In grey: 

6 samples where values are uncertain, in yellow: sample with the highest clay content. 

(Sigurður Sveinn Jónsson, personal communication, July 2016). 

ID Left Angle Right Angle Net Area Clay Frac CEC Clay Frac 

  2-Theta ° 2-Theta ° Cps x 2-Theta ° Area meq/100g CEC 

L02 5 8.01 2394.5 7% 14 14% 

L04 5 8.01 5317.9 16% 15.5 16% 

L05 5 8.01 1443.5 4% 7.1 7% 

L05 5 7.48 2378.6 7% 7.1 7% 

L06 5 8.01 7907.8 24% 32.5 33% 

L09 5 8.01 15376.4 48% 37 37% 

L10 5 8.01 8528.9 26% 25 25% 

L11 5 8.01 5483 17% 24 24% 

L12 5 8.01 1407.1 4% 9 9% 

L14 5 8.01 10938.3 34% 37 37% 

L15 5 8.01 5809.3 18% 20 20% 

L16 5 8.01 7470.3 23% 21 21% 

L19 5 8.01 4943.3 15% 24 24% 

L21 5 8.01 9240.6 29% 30 30% 

L22 5 8.01 11196.5 35% 26 26% 

L24 5 8.01 16157.6 50% 50 50% 

L25 5 8.01 3597.1 11% 14 14% 

L26 5 8.01 5172 16% 22 22% 

L28 5 8.01 7549.5 23% 33 33% 

L29 5 8.01 6399.2 20% 16 16% 

L30 5 8.01 4027.5 12% 10.3 10% 

L31 5 8.01 12337.1 38% 35.2 35% 

L35 5 8.01 10644.5 33% 21.2 21% 

L81 5 7.64 10398.3 32% 22 22% 

L85 5 8.01 724.7 2% 3.8 4% 

L96 5 8 5161.9 16% 32.5 33% 

L99 5 8.01 9628.8 30% 34 34% 
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Thermodynamic modelling of apparent CEC 

 

Figure 1.  Ambiguous CEC determination, likely due to heterogeneity of the sample or the 

grain size. 

 

 

Figure 2. The CEC is so low that the value of the thermodynamic constant does not have much 

importance. 
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Illustrations of the optimal choice of the Cu-trien/rock ratio 

 

Figure 3.  Distance between apparent and true CEC, given for K = 10, for different initial ratio 

X (50, 100, 250). 
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Figure 4. Consumption of reactant for different initial ratios. Red line: photometer detection 

limit. Grey line: initial absorbance. The total consumption has to be below 20% to fill 

99% of accessible sites. Blue line: “common” ratio X = 100. 

Protocol for CEC measurements 

Preliminary steps 

 Stock solutions with different concentrations of Cu-trien are prepared in 

advance, for the standards and the reaction. The different solutions 

prepared for this study are detailed in Table 2. 

 As the centrifuge contains six distinct holders, six samples are usually 

prepared in a row. Both the beakers and the centrifuge holders are 

numerated from 1 to 6, corresponding to each sample. 

 The absorbance is measured at 578 nm10. The spectrophotometer is 

calibrated with deionized water. At least three measurements per solution 

are performed, the first (two) ones being used to rinse the cuvette. If enough 

solution is available, the absorbance is measured until the value is stable. 

(1) The samples are grained to a “powder size”. No sieving is performed.11 

                                                      

10 The absorbance maximum of Cu-trien is at 578 nm, according to Kaufhold and Dohrmann 

(2003) and Ammann et al. (2005). The wavelength 622 nm in Meier and Kahr (1999) was chosen 

according to the maximum of another compound and thus ignored. 
11  Whether the grain size has a great influence on the result is discussed in 5.1.1. 
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(2) A mass of 200 mg is dispersed in 50 ml12 of deionized water (measured with a 

volumetric flask) and left in ultrasonic bath for at least 5 minutes.  

(3) 10ml13 of Cu-trien at ~ 0.01 mol/L14 (stock solution) are added with a pipette. 

The solution is mixed by magnetic stirring for at least 3 minutes. The cation 

exchange is supposed to occur in this step and only in this one. 

(4) The supernatant and the rock are separated in a centrifuge. The solution is 

divided into 4 to 6 plastic centrifuge tubes15 and all the tubes for one sample are 

placed in the corresponding holder. The centrifuge runs at 2000 rpm for 20 

minutes. 

(5) The spectrophotometer is calibrated with four standards of known concen-

trations, ranging from 4∙10-4 to 2.5∙10-3 mol/L (an example of standards prepara-

tion is given in Table 2). Their absorbance is measured, from the lowest to the 

highest concentration and an example of results is given in Table 3. 

(6) A blank solution of 60 ml is prepared by adding 10 ml of Cu-trien stock 

solution and 50 ml of water. The concentration deduced form this absorbance 

gives the initial concentration of Cu-trien for the calculations. 

(7) The centrifuge holders are removed from the centrifuges. From each tube, 3.8 

ml are extracted with a pipette and put in the spectrophotometer cuvette. Only 

one measurement can be made per tube, otherwise rock powder might enter 

the pipette and contaminate the sample. For each sample, measurements can 

vary due to the difference in concentration between tubes. The best use of these 

values is to take the average and the uncertainty. If one value is far from the 

others, then it can be removed from the average. 

(8) A first value of the apparent CEC is obtained for each of the six samples, using 

the formula below. The last step consists in analyzing the results and deciding 

which will be the next Cu-trien/rock ratio (X16, in meq/100g) for each sample, in 

order to improve the accuracy.  

𝐶𝐸𝐶 (
𝑚𝑒𝑞

100𝑔
) =

2𝑉(𝐶𝑖 − 𝐶𝑓)

𝑚
105 

                                                      

12 If the ratio X is superior to 100 meq/100g, then a volume of 35 ml of deionized water is used 

instead of 50 ml, and a volume of 25 ml of Cu-trien stock solution is added afterwards in step 

(3). 
13 Or 25 ml if the ratio X is superior to 100 meq/100g. See Table 4. 
14 The concentration of the Cu-trien stock solution depends on the preparation. The 

concentration used in the calculations is deduced from the absorbance measurement of the 

reacting solution “blank” (1:6 stock solution). 
15 The centrifuge at ÍSOR can only contain 10 ml tubes (i.e. 8 ml of solution in each tube), 

whereas the solution prepared for the absorbance measurements is 60 ml. As explained later in 

the report, this step is time-consuming and adds uncertainties. Using a centrifuge with 100 ml 

beakers (for example) would improve the reliability of the results, as well as simplify the overall 

process.  
16 The corresponding mass and volume for each X are in given in Table 4. 
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V is the volume of Cu-trien “stock” in ml; m is the mass in mg; Ci and Cf are the initial 

and final concentration of the 60 ml of solution, in mol/L. 

(9) Check the absorbance difference between initial and final concentration. If ΔA 

> 0.01, skip this step. Otherwise more rock is needed to observe a meaningful 

difference: 

a. Repeat the experiment with X = 50. The CEC obtained should be inferior 

to 5 meq/100g. 

b. If ΔA < 0.01 with X = 50, repeat the experiment with X = 20. The CEC 

obtained should be inferior to 2 meq/100g. 

(10) Check the fraction of Cu-trien consumed by the reaction. The 

thermodynamic constant K is rarely very high (> 100) with whole rock 

samples. Therefore, if the solution is not “saturated” with Cu-trien, some Cu-

trien will stay in the solution without filling all the accessible sites. In practice, 

if K=10, a 10% consumption causes a difference of 0.1 meq/100g between 

apparent and true CEC17; a 20% consumption causes a difference of 1 

meq/100g. Assuming K=10, two different ratios can be used next: 

a. For a 0.1-precision 

i. Use X=250 if 5<CEC<12 meq/100g 

ii. Use X=500 if CEC>12 

b. For a 1-precision18 

i. Use X=250 if 5<CEC<27 meq/100g 

ii. Use X=500 if CEC>27 

(11) Once two or more results have been obtained for the same sample, K 

can be reevaluated with the equations presented in 4.1. Figure 3 and Figure 4 

show a graphic representation of steps (9) and (10). 

More details on the protocol 

Table 2.  Preparation of Cu-trien stock solutions. 

Date Name CuSO4 (g) trien (g) Vtot (L) Conc (mol/L) 

24.9.2015 Std1 0.8132 0.7477 1 5.0949E-03 

24.9.2015 Std2 1.6351 1.5087 1 1.0244E-02 

24.9.2015 Std3 2.2088 2.0283 1 1.3839E-02 

14.12.2015 Std2 1.5962 1.4798 1.1 9.0915E-03 

17.2.2015 Std2 1.6048 1.975 1 1.0055E-02 

2.5.2016 Std2 1.6064 1.485 1.1 9.1496E-03 

3.5.2016 Std2 1.6022 1.4904 1 1.0038E-02 

                                                      

17 See 4.1 for equations and thermodynamic constant evaluation 
18 Tables 4 and 5 give more details on the CEC ranges for different K, X, precisions. 
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Table 3.  Example of preparation and absorbance measurement of standards. 

Name Stock solution Ratio m stock (g) m tot (g) Conc (mol/L) Absorbance 

StdE Std1 1:2 88.59 183.03 2.47E-03 0.371 

StdD (Blank) Std2 1:6 10 ml 60 ml 1.68E-03 0.255 

StdC Std3 1:10 10.84 107.32 1.40E-03 0.209 

StdB Std1 1:6 46.63 302.79 8.18E-04 0.124 

StdA StdB 1:2 89.93 179.49 4.10E-04 0.063 

Table 4.  Acceptable CEC ranges for the different experimental set-ups, assuming K=10. X is 

the initial ratio Cu-trien/rock expressed in mmol+/100g (2*V*C/m); m is the mass of 

rock; V is the volume of stock Cu-trien added to the solution. 

X M V (Cu-trien) V (water) CEC min CEC max CEC max 

meq/100g Mg ml ml meq/100g meq/100g (err<0.1) meq/100g (err<1) 

   
 ΔA>0.01 Conso < 10% Conso < 20% 

20 1000 10 50 0.8 2 
 

50 400 10 50 2 5 
 

100 200 10 50 5 8 27 

250 200 25 35 5 12 45 

500 100 25 35 8 27 65 

Table 5.  CECmax allowed for a precision of 0.1 or 1, with different K and X. 

K X CEC max (err<0.1) CEC max (err<1) 

1 

100 2 10 

250 3 15 

500 5 21 

10 

100 8 27 

250 12 45 

500 27 65 

100 

100 22 62 

250 34 115 

500 48 180 
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1 Introduction 

This report describes a series of resistivity logs measured both down and up the well in 

well KJ-18 in Krafla high temperature geothermal area, NE-Iceland, vs temperature 

performed in October/November 2014 during heating up of the well after being cooled 

down. Well KJ-18 was vertically drilled in 1981 and has a TD of 2197 m. It is a non-

productive well and predominantly used for monitoring or scientific purposes. 

Numerous experiments were carried out in the well within the IMAGE project 

(Integrated Methods for Advanced Geothermal Exploration) e.g. it was cooled down 

for several weeks to allow a VSP experiment in the well in 2014 as a part of the IMAGE 

project. 

Several resistivity and temperature logs were carried out on the 9th and 29th of October 

prior to turning off the injection in the early evening on October 29th, 2014. Thereafter, 

these measurements were done repeatedly with increasing time elapsing between 

measurement groups as the well heated up to the formation temperature. As a routine 

the group of loggings began by logging the temperature (down and up during the first 

12 hours) followed by resistivity logs (down and up throughout the series). Resistivity 

was measured using normal E-log electrode set up both with the 16 and 64 inches 

voltage electrode separation (R16" and R64"). 

Table 1 is an overview of the temperature and resistivity logs which were carried out in 

the well during injection of cold water and after the injection had been turned off. All 

temperature profiles made downwards in the well from that period are shown in 

Figure 1, and selected R16" and R64" resistivity logs in Figures 2 and 3. 

The research leading to these results has received funding from the European 

Community’s Seventh Framework Programme under grant agreement No. 608553 

(Project IMAGE). 
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Table 1.  An overview of temperature (marked with T) and resistivity logs (marked with R) 

carried out in well KJ-18, with and without injection of cold water. 

 

Ref. 
  

Time Up/   
 

 

name year Date start end Down Comments 

 

In
je

ct
io

n
 o

n
 

R01 2014 09.10 11:05 12:04 D Injection 3.5 l/s 

ro
u

n
d

 #
1

 

R02 2014 09.10 12:15 12:23 U Skip (only 2197-2018 m) 

R03 2014 09.10 12:24 12:33 D Skip (only 2018-2197 m) 

R04 2014 09.10 12:35 13:29 U Injection 3.5 l/s 

R05 2014 09.10 13:31 13:34 D Skip (only 640-720 m) 

R06 2014 09.10 13:34 13:39 U Skip (only 720-640 m) 

T01 2014 29.10 12:59 14:45 D Injection 3.5 l/s 

ro
u

n
d

 #
2

 

T02 2014 29.10 14:45 15:47 U Injection 3.5 l/s 

R07 2014 29.10 17:27 18:37 D Injection 3.5 l/s 

N
o

 in
je

ct
io

n
 

R08 2014 29.10 20:07 21:22 U Injection stopped 18:38 

T03 2014 29.10 22:00 23:33 D   

T04 2014 29.10 23:34 01:00 U   

R09 2014 30.10 01:48 02:53 D   

R10 2014 30.10 02:55 03:55 U   

T05 2014 30.10 04:27 05:47 D   

T06 2014 30.10 05:50 07:12 U   

R11 2014 30.10 07:34 08:40 D   

R12 2014 30.10 08:44 09:52 U   

T07 2014 30.10 10:45 12:13 D   

R13 2014 30.10 13:48 15:07 D   

R14 2014 30.10 15:10 16:31 U   

T08 2014 30.10 17:11 18:38 D   

R15 2014 30.10 20:14 21:28 D   

R16 2014 30.10 21:23 22:30 U   

T09 2014 30.10 23:09 00:29 D   

R17 2014 31.10 02:04 03:09 D   

R18 2014 31.10 03:14 04:36 U   

T10 2014 31.10 05:05 06:43 D   

T11 2014 03.11 13:33 15:05 D   #3 R19 2014 03.11 16:21 17:42 D   

R20 2014 03.11 17:42 19:44 U   

T12 2014 05.11 11:15 12:36 D   #4 R21 2014 05.11 14:03 15:11 D   

R22 2014 05.11 15:12 16:20 U   

T13 2014 13.11 10:34 11:56 D   #5 R23 2014 13.11 14:03 15:09 D   

R24 2014 13.11 15:10 16:11 U   
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Figure 1.  Series of temperature profiles in KJ-18 during heating up of the well. Time and date 

of each profile is given in Table 1. All profiles are logged down the well. 
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2 Resistivity profiles in well KJ-18 

Figure 2 shows a selection of the R16" downhole resistivity logs and Figure 3 the same 

selection of the R64" logs. In both cases resistivity decreases with time as the 

temperature in the well increases. This character is much clearer in the case of the R16" 

profiles than for R64" profiles. As can be seen in the R64" logs in Figure 3, there is 

practically no difference between logs R07, R09, R11 and R13 below 1700 m depth 

while each log can be identified in the R16" resistivity logs. This is due to the fact that 

the R16" measurements are much more sensitive to the conductivity in the borehole 

fluid than the R64" logs. In other words, the R64" logs measure the potential from 

currents that have their paths further into the formation rock than in the case of the 

R16" and the temperature increases much slower in the bedrock walls than in the 

borehole fluid. However, the R64" profiles seem to be less consistent than the R16" 

profiles (e.g. see Figures 8 and 11). 
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Figure 2.  A selection of the R16” resistivity logs made downwards. Time and date is given in 

Table 1. 
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Figure 3.  A selection of the R64” resistivity logs made downwards. Time and date is given in 

Table 1. 
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When comparing the R16" and R64" logs, an inconsistency is seen regarding depth 

determination. Highs and lows seem to be shifted from one log to another. In order to 

make the shift correction easier, a computer program based on correlation calculations 

was written. It can be assumed that the shifts for each pair of R16" and R64" logs are 

the same since the two measurements are made simultaneously. As the character of the 

R16" logs is much more complicated but does still show a consistency between 

individual logs, only the R16" logs are used in the depth correction. An example of the 

depth correction (z shift) is given in Figure 4. 

 

Figure 4.  An example of the depth correction (z shift) from 1350 m to 1370 m for one of the 

R16” resistivity profiles. The top part of the figure shows the correlation for different 

shifts (dz) while the bottom part shows the comparison of the data before and after the 

correction. Here R20 had to be shifted -1.6 m to be consistent with the character of R12 

within this 20 m interval.  
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It proved not to be enough to find only one shift value for each of the R16" resistivity 

profiles. The shift varies and is non-linear, possibly due to variations in the cable length 

because of temperature changes (see Figure 5). The shift was estimated every 5 m using 

different intervals (10, 20, 40 and 80 m). Then the data (different shifts for different 

intervals) were robust processed by removing outliers and smoothed. The clear 

character of the R16" profiles means that the depth correction is quite reliable. 

However, it is possible that there is a constant shift in the final result. All profiles were 

depth corrected using profile R08 as baseline since it was the first profile after the 

injection was turned off. Figure 6 shows a few R16" resistivity logs at a depth of 762–

782 m before and after depth correction.  

 

 

Figure 5.  Depth correction for R16” resistivity profiles between profile R08 and R10 at 

different depths. Note the high frequency variations on top of the low frequency ones. 
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Figure 6.  The R16” resistivity logs at a depth of 762–782 m before (to the left) and after (to the 

right) depth correction. 

 

One of the aspects that was checked during the inspection of the resistivity logs, was 

the impact of different mud pit ground connections. Figure 7 shows a comparison 

between three of the R16" resistivity logs, measured while injection was on for all cases. 

Therefore, one would expect that the profiles should be identical. However, that is not 

the case but the temperature in the well might have decreased a bit with injection time. 

The mud pit ground connection was not kept fixed at the same place in none of the 

three cases. The mud pit ground connection used for R07 was though kept fixed at the 

same place for the remaining measurements. 
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Figure 7.  Comparing the R16” resistivity profiles: R01, R04 and R07. 
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Figure 8.  Jumps in the resistivity logs for R16” (to the left) and R64” (to the right). The 

arrows show where the jumps taka place. The jumps appear 48” (1,2192 m) shallower 

in the R64” logs (since 64” – 16” = 48”). 

 

Figure 8 shows jumps of the resistivity profiles for R16" (to the left) and R64" (to the 

right). Interestingly enough, these jumps are at similar depths for both the R16" and 

R64" profiles, actually the difference is exactly 48" (122 cm) since 64"–16" = 48". This 

might be an effect of different gains in the resistivity equipment. The unconsistency of 

the R64” logs can also be seen in Figure 8 as the blue line (R07) is out of character and 

does not fit with the rest of the logs. The big difference between R23 and R19 is also 

suspicious.  

The resistivity profiles also have to be corrected (or calibrated) for the width of the well 

and the conductivity of the well fluid (from now on referred to as “width correction”). 

It would have been better to measure the conductivity prior to each resistivity 
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measurement but that was not done this time. The conductivity of the injection fluid 

was 208 µs/cm at a temperature of 14.5°C, according to Dakhnov (1962) that is 

equivalent to the resistivity value of 38.7 Ωm @ 23°C. That value was used when the 

influence of the well fluid was estimated (also taking the width of the hole into 

consideration). Since it is highly unlikely that the conductivity of the well fluid was 

constant at all depths and throughout all the measurements, the influence of different 

conductivity values in the width correction was estimated to see if it had a major 

impact or not. In October 2015 (a year after the experiment) samples were collected at a 

depth of 800, 875 and 1.000 m. Conductivity measurements showed: 577 us/cm @ 

25.7°C, 576 us/cm @ 25.3°C and 536 us/cm @ 23.2°C, respectively, which is roughly 

equivalent to 18.0 Ωm @ 23°C. The left hand side of Figure 9 shows the resistivity logs 

R07 and R19 before and after width correction (the ‘z’ means that the logs have been 

depth corrected). The right hand side of Figure 9 shows how different well fluid 

conductivity (resistivity) changes the bedrock resistivity. The difference is considerable 

but this is actually the worst case scenario, at shallower depths the resistivity was 

much lower and the difference unremarkable, and that is represented at approximately 

1892 m depth in Figure 9. 
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Figure 9.  To the left: The R16” resistivity profiles, R07 and R19 before and after width correc-

tion. To the right: Width correction for R16” resistivity log, R07, using two different 

fluid resistivities, compared to R07 uncorrected.  

The width measurement is also an important factor in the width correction. 

Comparison between caliper logs from 1981 and 2014 (see Figure 10) are not 

trustworthy. The device used in the caliper logging in the eighties was temperature 

dependent and thus the well seems to narrow downwards with increasing 

temperature. Modern caliper probes are, however, much less temperature dependent 

and as can be seen in the figure the 2014 log is much more consistent and realistic. 

Therefore, the 2014 log was used in the calculations above (see Figure 9). 
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Figure 10.  Caliper logs from 1981 and 2014 in KJ-18. The 2014 log was used in the width 

correction as the 1981 log used a caliper probe that was highly temperature dependent. 

 

 

To further underline the suspicions that the R64” logs are less reliable, the resistivity 

logs from October 2015 are shown in Figure 11. It can be seen that the resistivity 

measured down and up the hole are almost the same for R16” but there is an 

unexplained difference in the R64" logs. 
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Figure 11.  Resistivity profiles from October 2015, further revealing the inconsistency of the 

R64” resistivity profiles. The log reaches only a depth of close to 1400 m due to too high 

temperatures. The R16” resistivity profile is consistent, both up- and downwards while 

R64” differs substantially when logging up. 

 

 

Considering all the factors affecting the accuracy of the bedrock resistivity calculations, 

the results look quite good, especially for R16". In Figure 12, the resistivity and 

temperature are shown as a function of depth at four selected depths. As expected the 

resistivity decreases with increasing temperature, but further study and work is 

needed to derive empirical formula describing the relation of the two parameters.  
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Figure 12.  Resistivity and temperature as a function of time at four selected depths. 
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3 Conclusion 

Resistivity has been measured in well KJ-18 in Krafla, NE-Iceland as a function of 

temperature while the well was heating up after being cooled down for several weeks. 

The resistivity profiles were corrected for depth, width and the conductivity of the 

fluid in the well. These are the first preliminary results showing clearly how the 

resistivity decrease with increasing temperature. Important lesson was drawn on how 

this work could be improved. 
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