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By D. Bruhn (GFZ)

The progress within IMAGE became particularly evident 
at our last technical meeting held at TNO in Utrecht in 
March 2016: Work package 3 on the processes and pro-
perties is almost finished; in work package 4 on Explora-
tion Techniques for Magmatic geothermal systems final 
results are coming in, and work on the Integration of all 
information in work package 5 is well underway. All pre-
sentations of field work and data collection were focused 
on analysis of data, the actual field work is finished. We 
saw a lot of new results from modelling studies and new 
data from laboratory studies. This shift in topics from 
field studies to data analysis and modelling clearly show-
ed that we have entered the final phase of the project. 
We also received feedback from the reviews requested 
by the European Commission, which were generally po-
sitive on what has been achieved so far, but they also 
requested to bring all parts of the project to the same 
high level. 
We are on a good way to comply with this request. The 
modelling studies in work package 6 make good pro-
gress, and the exploration techniques to be tested in 
sedimentary and basement systems are organized, well 
under way or finished, despite the difficulties resulting 
from the reorganization of the consortium and the asso-
ciated change in locations for field work. Integration and

evaluation of all these methods will be final step. 
The reorganization required due to the change of indus-
try partners in the consortium and the resulting change 
in field sites allows us to perform the tests we proposed, 
and it led to a number of associated parties to IMAGE. 
These include two new industry partners, interested in 
testing our approaches at their sites – SIG in Geneva 
(represented by BRGM) and Stadtwerke Bad Waldsee, 
with Jörg Uhde from our previous IMAGE partner Axpo 
– and two academic partners, University of Geneva, as-
sociated to BRGM and SIG, and TU Delft, associated with 
TNO and GFZ.
Many of the project results resulted in publications and 
in contributions submitted as conference papers to the 
European Geothermal Congress to be held in Strasbourg 
on 19th-24th of September later this year. We are also 
planning a workshop for stakeholders in Brussels around 
the 9th of September (to be confirmed, follow our web-
site announcements www.image-fp7.eu). These events 
will give interested parties from industry and academic 
or public bodies the opportunity to get some in-depth 
information from the individual scientists who develo-
ped, improved or tested the different approaches applied 
in IMAGE. We hope to see many of you there and look 
forward to sharing and discussing our results with you.
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Preliminary fractal analysis of fracture spacing in the Basel-1 geothermal well (Switzerland)

M. J. Afshari Moein (ETHZ), B. Valley (University of Neuchatel), M. Ziegler (ETHZ)
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Development of a geological model 
for Enhanced Geothermal Systems 
(EGS) reservoir requires, besides re-
presentation of lithological domains, 
a characterization of the fracture 
network. This characterization inclu-
des a correct statistical distribution 
of fractures and fracture set proper-
ties. Such a geological model is cru-
cial for geomechanical simulations 
used essentially as a predictive tool 
that can assess the processes invol-
ved during the life-time of an EGS 
reservoir and its performance. Pre-
vious studies have identified fractu-
res from an acoustic image log run 
in the crystalline basement section 
of the Basel-1 well (Switzerland) and 
described fracture sets and fracture 
zone characteristics (Ziegler et al., 
2015). The histogram of the fractu-
res in 10 m bins can be seen in Fi-
gure 1. A fractal analysis of fracture 
intersections with the borehole is 
expected to improve our understan-
ding of the distribution of fractures in 
the crystalline basement. Using the 
Cantor’s Dust method, the fractal be-

havior of four major natural fracture 
sets intersected by the Basel-1 well 
were studied. These sets are diffe-
rently distributed between 2600 m 
and 5000 m (i.e., the logged depth) 
along the well below the rotary tab-
le of the rig. The obtained fractal di-
mensions (D) vary between 0.35 and 
0.6 for the four fracture sets. Low D 
values (closer to zero) indicate that 
the fractures of a set are more clus-
tered while higher values (closer to 
1) are less clustered. Similar D va-
lues ranging between 0.44 and 0.46 
for sets 1–3 in the interval between 
2600 m and 3000 m emphasize the 
role of the geological setting in the 
distribution of fractures. This classifi-
cation would be a step toward linking 
the fracture network to the obser-
ved stress heterogeneities and indu-
ced seismicity. It is expected to use 
stress heterogeneities as predictor of 
induced seismicity and fracture net-

Fig.: Histograms of all fractures (1164 fractures) and 
set 1–4 vs. depth in 10 m bins.

Updating the thermo-mechanical structure of the European lithosphere with subsurface temperature data

J. Limberger (UU), J.-D. van Wees (TNO/UU)

We developed an improved, physics-
based thermo-mechanical model of 
the European lithosphere. On the 
basis of geophysical data, the model 
is divided into a four layers consis-
ting of sediments, upper crust, lower 
crust and lithospheric mantle. Ther-
mal properties, including radiogenic 
heat production and temperature- 
and pressure-dependent bulk ther-
mal conductivity, are assigned on the 
base of the broad-scale lithological 
variation within the European crust. 
An Ensemble Kalman Filter (EnKF) is 
used to assimilate temperature data 
and improve the prior estimates of the 
thermal properties and the thermal 
field. One of the advantages of EnKF 
is that multiple model realisations 
yield uncertainties for both the ther-
mal properties and the thermal field. 
To have as much coverage of Europe 
as possible we compiled observation 

grids from the geothermal atlas and 
regional thermal models,  originally 
based on borehole data. Errors to 
these observation grids are assigned 
based on the number of wells inside 
each grid cell and the depth of the 
grid. The thermal model is also used 
together with compositional data to 
estimate the integrated strength of 
the lithosphere. The result is an up-
dated thermo-mechanical model of 
the European lithosphere with esti-
mated uncertainties for the thermal 
properties and the thermal field. The 
new thermal model allows to better 
explain the observed temperature 
variations within the upper crust (in-
cluding the sedimentary basins) and 
to assess the effect of differences in 
lithosphere structure, thermal pro-
perties, convective fluid flow and tec-
tonic processes. The mechanical mo-
del is a starting point for modelling 

the (local) stress field, which is im-
portant for the drilling and operation 
of geothermal wells. Identification of 
key processes and properties at mul-
tiple scales together with quantifica-
tion of model uncertainty will help to 
reduce the risks for geothermal ex-
ploration.

mohammad.moein@erdw.ethz.ch

j.limberger@uu.nl

Reference
Ziegler, M., Valley, B., Evans, K. F. (2015). Characte-
risation of natural fractures and fracture zones of the 
Basel EGS reservoir inferred from geophysical logging 
of the Basel-1 well.  World Geothermal Congress 
Melbourne, Australia, 19-25.  

Fig.: Crustal domain of the compositional model with the 
depth of the LAB in orange.

https://pangea.stanford.edu/ERE/db/WGC/papers/WGC/2015/31003.pdf


TNO reprocesses vintage seismic data for geothermal exploration of Dutch Dinantian carbonates

S. Carpentier and P. Steeghs (TNO)
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TNO has reprocessed vintage seis-
mic data for exploration of a new 
geothermal reservoir in the Nether-
lands. The new play involves a ther-
mal anomaly (~200°C at 4600 me-
ter) in combination with increased 
fracture permeability (~60 mD) at 
depths of 4600-5200 meter in Di-
nantian carbonates. If proven viable, 
the geothermal reservoir can be ex-
plored elsewhere in Europe. Vintage 
seismic data that have sampled this 
deep geothermal reservoir were not 
optimally processed for these large 
depths. Strong noise suppression 
together with edge preservation are 
necessary for revised reflection inter-
pretation and fault delineation. Thus, 
exploration risks will be greatly redu-
ced allowing economic exploitation of 
the geothermal reservoir.
Reprocessing was done on poststack 
2D and 3D active source surface seis-
mic datasets. The method is based 
on next-generation signal enhance-
ment algorithms from the video in-
dustry. The Non Local Means (NLM) 
algorithm (Bonar and Sacchi, 2015) 
acts as a multi-dimensional adaptive 

filter on seismic data in the spatio-
temporal domain. It averages a cen-
tral seismic sample exclusively with 
weighted contributions of neighbou-
ring samples having similar Gaussian 
neighbourhoods as the central samp-
le under consideration. The algorithm 
scores as one of the best denoising 
techniques on synthetic seismic data 
because of its superior random and 
coherent noise suppression, reflec-
tion continuity enhancement and 
edge preservation. We have put the 
algorithm to work on Dutch vintage 
seismic data for the IMAGE WP D7.1.
Results are very good: The figure 
shows the difference between origi-
nal 2D poststack data and the NLM 
reprocessed data. Indeed the repro-
cessed data have greatly reduced 
noise levels and retained the sharp-
ness in faults. The overall image of 
the carbonate platform at 5 km depth 
displays much more clarity. As a re-
sult, a subsequent new interpretation 
was done on the top of the carbona-
te platform and the bottom could be 
picked as well, a unique accomplish-
ment.

Fig.: Carbonate platform featuring on original vintage 
2D seismic section (top) versus NLM reprocessed vin-
tage 2D seismic section (bottom). Reflection continuity 
and fault sharpness are significantly improved.2D 
seismic section (bottom). Reflection continuity and fault 
sharpness are significantly improved. 

Reference
Bonar, D. and Sacchi, M., Denoising seismic data using 
the nonlocal means algorithm, Geophysics 77 (1), 2015.

stefan.carpentier@tno.nl
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3D-ambient noise Rayleigh wave tomography of Snæfellsjökull volcano, Iceland

A. Obermann (ETHZ)

After a very long review process, 
we have finally published our recent 
work on a 3D Rayleigh wave tomo-
graphy of the Snæfellsjökull volcano 
in Iceland.
From May to September 2013, 21 
seismic stations were deployed 
around the Snæfellsjökull volcano in 
Iceland. We cross-correlate the five 
months of seismic noise and mea-
sure the Rayleigh wave group velo-
city dispersion curves to gain more 
information about the geological 
structure of the Snæfellsjökull volca-
no. In particular, we investigate the 
occurrence of seismic wave anoma-
lies in the first 6 km of crust. Our 
study highlights three seismic wave 
anomalies. The deepest, located 
between approximately 3.3 and 5.5 
km depth, is a high velocity anoma-

ly, possibly representing a solidified 
magma chamber. The second ano-
maly is also a high velocity anomaly 
east of the central volcano that starts 
at the surface and reaches approxi-
mately 2.5 km depth. It may repre-
sent a gabbroic intrusion or a dense 
swarm of inclined magmatic sheets 
(similar to the dike swarms found in 
the ophiolites), typical of Icelandic 
volcanic systems. The third anomaly 
is a low velocity anomaly extending 
up to 1.5 km depth. This anomaly, 
located directly below the volcanic 
edifice, may be interpreted either as 
a shallow magmatic reservoir (typical 
of Icelandic central volcanoes), or al-
ternatively as a shallow hydrothermal 
system developed above the cooling 
magmatic reservoir.

anne.obermann@sed.ethz.ch

Reference
Obermann, A., Lupi, M., Mordret, A., Jakobsdóttir, S., 
Miller, S. 3D-ambient noise Rayleigh wave tomography 
of Snæfellsjökull volcano, Iceland, Journal of Volcanology 
and Geothermal Research, 317, 42-52, doi: 10.1016/j.
jvolgeores.2016.02.013.

Fig.: WE slice through the volcanic cone with low (hyd-
rothermal system) and high velocity anomalies (cooled 
magmatic reservoir at depth, intrusive body in the East).

https://drive.google.com/file/d/0B3nvhlIDhhTMXzhhWDh1RlBJS2s/view?pref=2&pli=1
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The new European Stress Database

O. Heidbach, M. Ziegler (GFZ), K. Reiter (TU Darmstadt), M. Rajabi (University of Adelaide) & the World Stress Map Team
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Fig.: European stress map 2016 with orientation of ma-
ximum horizontal stress SHmax of individual data records 
and mean SHmax orientation on a 1° grid. 

Introduction: The update of the Eu-
ropean stress database is integrated 
in the ongoing global effort to update 
the World Stress Map (WSM) for a 
new database release in mid-2016 for 
its 30th anniversary. The WSM project 
compiles the contemporary crustal 
orientation of the maximum horizon-
tal stress SHmax and information on 
the stress regime. Furthermore, the 
WSM quality ranking scheme assigns 
each data record a quality from A to 
E and thereby ensures comparability. 
The stress data are derived from a 
wide range of stress indicators such 
as borehole breakouts, drilling indu-
ced tensile fractures, hydraulic frac-
turing, focal mechanism solutions, 
overcoring and geological data. Assu-
ming that the vertical stress SV is a 
principal stress, the SHmax orientation 
determines the orientation of the 3D 
stress tensor and the stress regime is 
a measure of the relative stress ma-
gnitudes. Details of the data compila-
tion as well as details on the analysis 
procedure and quality assessment 
will be available at our website at 
world-stress-map.org.

European stress map: We added 
3663 new data records with 2423 of 
them having A-C quality. The resul-
ting new European stress map has 
now 4529 A-C quality data records 
which is almost double the amount 
in comparison to the last WSM da-
tabase release 2008 (Heidbach et 
al., 2010). In the stress map the 
lines represent the orientation of  
Shmax with the length dependent on 
the quality of the data record. The 
symbols represent the type of indica-
tor; line and symbol colours indicate 
the stress regimes with red for nor-
mal faulting (NF), green for strike-
slip faulting (SS), blue for thrust 
faulting (TF), and black for unknown 
stress regime (U). Thin lines show re-

lative plate motion trajectories of the 
Africa Plate w.r.t. to the Eurasia Plate. 
In addition to this work we also com-
pletely revised all stress data for Ice-
land and extended the data set from 
33 to 495 data records as reported 
in the previous IMAGE newsletter and 
published in Tectonophysics (Ziegler 
et al., 2016). 

Application and interpretation: 
The SHmax orientation allows e.g. to 
assess if faults are optimally oriented 
in the stress field and to predict the 
orientation of the fracture paths du-
ring stimulation. It is also an impor-
tant information for the planning of 
stable borehole trajectories. Further-
more, regional and local changes of 
the stress orientation can be used for 
the qualitative assessment of stress 
magnitudes or local stress sources 
(Heidbach et al., 2007). The new Eu-
ropean stress data set has a much 
better data coverage and enables us 
to identifying the regional and local 
variability of the stress pattern in 
more detail. We analysed the wave-
length of the European stress pattern 
by determining the mean SHmax ori-
entation of the maximum horizontal 
stress SHmax on a regular 1° grid. We 
used a constant search radius of 500 
km and determined the mean SHmax 
orientation with a distance and qua-
lity weight of the data. The results 
show that the Africa-Eurasia plate 
convergence is a key control of the 
overall stress pattern. However, the 
stress pattern shows in several regi-
ons significant variations of the mean 
SHmax orientation as well as in the 
tectonic regime. This is due to the 
complex tectonic setting in particular 
as a result of the indentation/collision 
of the Adriatic micro block, the Alpi-
ne topography as well as forces that 
control the movement of the Anatoli-
an and Aegean block.

oliver.heidbach@gfz-potsdam.de

References 
Heidbach, O., M. Tingay, A. Barth, J. Reinecker, D. 
Kurfeß and B. Müller, (2010), Global crustal stress 
pattern based on the World Stress Map database 
release 2008, Tectonophysics 482, 3-15, doi:10.1016/j.
tecto.2009.07.023. 
 
Ziegler, M., R. Mojtaba, O. Heidbach, G.P. Hersir, 
K. Ágústsson, S. Árnadóttir and A. Zang, (2016), 
The stress pattern of Iceland, Tectonophysics 674, 
doi:10.1016/j.tecto.2016.02.008, 101-113. 

Heidbach, O., J. Reinecker, M. Tingay, B. Müller, B. 
Sperner, K. Fuchs and F. Wenzel, 2007, Plate boundary 
forces are not enough: Second- and third-order stress 
patterns highlighted in the World Stress Map database, 
Tectonics 26, TC6014, doi:10.1029/2007TC002133.

http://www.sciencedirect.com/science/article/pii/S0040195109004132
http://www.sciencedirect.com/science/article/pii/S0040195116001049
http://onlinelibrary.wiley.com/doi/10.1029/2007TC002133/abstract
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Time-lapse seismic monitoring of the Reykjanes geothermal reservoir

C. Weemstra (TU Delft), H. Blanck (ISOR), Ó. Sigurðsson (HS Orka), A. Obermann (ETH), A. Verdel (TNO), P. Jousset 
(GFZ), E. Á. Guðnason, G. P. Hersir (ISOR)
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Fig.1: (a) Location of the area of interest. (b) Seismic sta-
tions on and close to the tip of the Reykjanes peninsula. 
The black dot indicates the location of injection well RN-20B.

A total of 54 seismic stations were 
deployed on and around the Rey-
kjanes peninsula in the context of 
IMAGE. This number includes se-
veral stations that were located on 
the southwestern tip of the peninsu-
la. The Reykjanes geothermal plant 
(RGP), which produces approximate-
ly 100 MW of electricity annually, is 
located right on this tip. This makes it 
an interesting area for seismic time-
lapse studies: the ongoing injection 
and production of water can lead 
to small mechanical and structural 
changes in the subsurface, which in 
turn might affect that subsurface‘s 
seismic response. We used crosscor-
relations computed from continuous 
recordings of ambient-seismic noise 
to test this hypothesis.

The crosscorrelation of ambient-
seismic noise between a pair of re-
ceivers yields an estimate of the 
medium‘s Green‘s function between 
those receivers (Shapiro and Cam-
pillo, 2004). In fact, under favorab-
le conditions, which are in practice 
only partly fulfilled, the exact Green‘s 
function of the medium is retrieved 
(Wapenaar and Fokkema, 2006). In 
other words, by simple crosscorrela-
tion a response can be created as if 
one of the receivers acts as a source, 
whose response is retrieved by the 
other receiver (the so-called `virtual-
source response‘).   

The seismic stations located on the 
tip of the Reykjanes peninsula have 
been operational between the start of 
April, 2014, and the end of August, 
2015. Additionally including seven 
seismic stations operated by the Ice-
land GeoSurvey (ISOR) on behalf of 
HS Orka, and one station operated 
by the Icelandic Meteorological Of-
fice (IMO), resulted in a total number 
of 26 seismic stations on, and close 
to the RGP (Figure 1). We used the 
continuous seismic recordings by 
these stations to compute time-lap-

se crosscorrelations. The time-lapse 
crosscorrelations were obtained by 
averaging individual crosscorrela-
tions, associated with one hour of 
data, over a period of 30 days. 

In our study, we focused on the “coda” 
of the retrieved (time-lapse) virtual-
source responses. The term coda 
refers to the later arriving, multiply-
scattered waves. The multiple scat-
tering implies that these waves have 
sampled the subsurface very densely 
and hence became highly sensiti-
ve to tiny mechanical and structural 
changes in that subsurface.  For each 
station pair, the waveform coherence 
(i.e., the degree of similarity) bet-
ween the coda of the time-lapse re-
sponses and the coda of a reference 
response was determined. The re-
ference response was computed by 
crosscorrelating the ambient seismic 
noise over the full period of time. The 
waveform coherence can be quanti-
fied by the correlation coefficient.  

The average of the crosscorrelation 
coefficients over the station couples 
close to the injection well is shown 
in Figure 3. We have only taken into 
account those station pairs for which 
the average correlation coefficient 
exceeds 0.8. We observe that the 
waveform coherence drops signifi-
cantly at the beginning of October 
(note that we have a temporal reso-
lution of 30 days only). This drop in 
coherence coincides with the start of 
injection in well RN-20B (Figure 2). 
Importantly, we do not observe this 
drop of the correlation coefficient for 
a subset of stations located far away 
from the injection well (Figure 4). The 
coincidence of the drop in coherence 
of the coda on the one hand, and the 
onset of injection on the other hand, 
raises a number of interesting ques-
tions which we will seek to answer in 
the period to come.

−25˚ −20˚ −15˚
63˚

64˚

65˚

66˚

b

a

0

500

1000

1500

2000

El
ev
at
io
n 
(m
)

−22.7˚ −22.6˚ −22.5˚

63.8˚

63.85

63.9˚

0 5
km

ISOR
IMAGE (BB)
IMAGE (SP)
IMO

b

kweemstra@gmail.com

References 
Wapenaar, K., & Fokkema, J. (2006). Green’s function 
representations for seismic interferometry. Geophysics, 
71(4), SI33–SI46. doi:10.1190/1.2213955.   
 
Shapiro, N. M., & Campillo, M. (2004). Emergence of 
broadband Rayleigh waves from correlations of the 
ambient seismic noise. Geophysical Research Letters, 
31(7), L07614. doi:10.1029/2004GL019491.

0

200

400

600

Pr
od

. r
at

e 
(l/

s)

Jan Apr Jul Oct Jan Apr Jul

0

50

100

150

In
j. 

ra
te

 (l
/s

)

Jan Apr Jul Oct Jan Apr Jul

Inj. depth: 1100.0 m
Well: RN−20B_INJ
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Fig.4 (right): Same as Figure 3, but for a different subset 
of stations.
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A method for temperature estimation in high-temperature geothermal reservoirs by using synthetic 
fluid inclusions

G. Ruggieri, A. Orlando and L. Chiarantini (IGG-CNR), T. B. Weisenberger (ÍSOR)  
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Fig.1: Materials used for the first set of experiments.

Introduction: Super-hot geother-
mal systems in magmatic areas are 
a possible target for the future geo-
thermal exploration either for the 
direct exploitation of fluids or as 
a potential reservoirs of Enhanced 
Geothermal Systems. Reservoir tem-
perature measurements are crucial 
for the assessment of the geothermal 
resources, however temperature de-
termination in the high-temperature 
(>380°C) zone of super-hot geother-
mal systems is difficult or impossible 
by using either mechanical tempera-
ture and pressure gauges (Kuster de-
vice) and electronic devices. In the 
framework of the IMAGE project, we 
developed a method to measure high 
reservoir temperature by the pro-
duction of synthetic fluid inclusions 
(F.I.) within an apparatus that will be 
placed in the high-temperature zone 
of geothermal wells. 

Results: A first set of experiments 
was carried out by placing gold cap-
sules, containing: i) a pre-fractured 
quartz fragment (devoid of natural 
fluid inclusions), ii) an alkaline, sa-
line aqueous solution (10 wt.% NaCl 
+ 0.4 wt.% NaOH) and iii) powdered 
silica, in an externally heated pressu-
re vessel (Fig. 1). Experiments have 
been performed at pressure-tempe-
rature conditions along the liquid/va-
pour curve of H2O or along the H2O 
critical isochore (i.e. 80-300 bars and 
280 - 400°C). The experiments show-
ed that synthetic F.I. (Fig. 2a,b) form 
within a relatively short time (even in 
48 hours). Homogenization tempera-
tures of the newly formed F.I. have 
been measured (Fig. 2c), and they 
were used for isochore computation 
from the Bodnar and Vityk (1994) 
equation assuming a total fluid salinity 
of 10.4 wt. % NaCl (Fig. 3). Trapping 
temperatures have been calculated 
from synthetic F.I. isochores conside-
ring the experimental pressure valu-
es (Fig.3). In all cases the difference 
between trapping and experimental 
temperature is < 7°C. 

A second set of laboratory expe-
riments was carried out by using a 
stainless steel micro-rector in which 
the gold capsules was inserted to-
gether with an amount of distilled 
water corresponding to the critical 
density of water. Thus the pressure 
within the micro-reactor varies with 
temperature along the H2O liquid-va-
pour curve or along the critical iso-
chore. These experiments were con-
ducted by leaving the micro-reactor 
within a furnace at temperature up to 
400°C and were aimed to reproduce 
the condition existing in a geother-
mal well. Also in this case synthetic 
F.I. formed in a relatively short time 
(even in 48 hours). However, the size 
of the furnace is comparable to the 
size of the microreactor, thus the lat-
ter is exposed to high thermal gra-
dient (up to 70°C), thus, convecti-
ve movement of H2O likely occurred 
during the experiments, setting the 
temperature at the site of the gold 
capsule between the highest and the 
lowest temperature values measured 
along the micro-reactor length. For 
example, during an experiment the 
maximum and minimum temperature 
were 400°C and 330°C, respectively; 
calculated trapping temperature of 
synthetic F.I. formed during this 
experiments are 366°C and close-
ly match the average values of the 
temperature along the micro-reactor 
length. 

Conclusions: Laboratory experi-
ments by using externally heated 
pressure vessel indicate that syn-
thetic F.I. recording their trapping 
temperature will form in quartz frag-
ments within a relatively short time 
(48 hours) at T approaching 400°C, 
when using alkaline saline solutions. 
Considering the encouraging labora-
tory results, an in-hole experiment 
have been planned in which the mic-
ro-reactor containing the gold capsu-
le (with the pre-fractured quartz and 
the solution) will be placed in a geo-
thermal well.

 ruggieri@igg.cnr.it

Reference 
Bodnar, R.J., Vytik, M.O., 1994. Interpretation of 
microthermometric data for H2O–NaCl fluid inclusions. 
In: Vivo, B.D., Frezzotti, M.L. (Eds.) Fluid Inclusions in 
Minerals: Methods and Applications. Virginia Polytechnic 
Institute, Blacksburg, pp. 117–130

Fig.2: A) Microphotograph of synthetic F.I. along a healed 
fracture in quartz; B and C) enlargement of a sector of 
Fig. 2A showing F.I. at room (B) and homogenization (C) 
temperature.  

Fig.3: PT diagram showing experimental conditions, ho-
mogenization temperature (Th), isochore and calculated 
trapping temperature of F.I. formed during an experi-
ment.
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Work package 3 - DELIVERED!

D. Liotta (Bari University)

What‘s new?
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WP3 was among the first activities 
to take place in IMAGE with contri-
butions from UNIBA and CNR (Italy), 
ISOR and HS-Orka (Iceland), GFZ 
(Germany) and UM (France), provi-
ding information on the physical and 
geological properties of HT- geother-
mal systems. The methodology was 
based on the study of the relation-
ships between geological structures 
and mineralizations in exhumed geo-
thermal systems, considered as ana-
logues of the active ones.  Although 
this approach is a routinely method in 
oil industry, it is still scarcely applied 
in geothermal exploration and needs 
to be tested.  The areas under study 
are located in Geitafell (Iceland) and 
Elba Island (Italy), as analogues of 
Krafla and Larderello, respectively.  
The scientific method joined geoche-
mical, structural and permeability 
analyses, in a synergic cooperation 
between field and laboratory studies. 
The integration among the resear-
chers was excellent, determining a 
common scientific effort, in a friendly 
context.  A new scientific european 
group was therefore formed. Gei-
tafell was studied collecting data at 
surface and in boreholes, these latter 
drilled in rocks close to the contact 
with the Neogene Geitafell gabbro, 
believed responsible for the local 
paleo-geothermal system. The aim 
was threefold: a) to recognize indi-
cations of paleofluids in superhot to 
supercritical conditions; b) to have 
indications on fluidpaths in the hos-
ting rocks; c) to have a more clear 
information on the permeability of 
the rocks. The results indicated that: 
a) paleofluids are meteoric; super-
critical conditions might have been 
reached close to the contact  with the 
gabbro;  (b) paleofluids circulation 
was mostly controlled by fault da-
mage zones; b) primary permeability 
of hosting rocks is negligible, while 
permeability in fractured zones can 
reach efficient values (about 10 -14 
m2).  Hydraulic fractures contributed 
to increase fracture connectivity and 
permeability (Fig.1). Elba island was 
analysed with same approach and 

aims: a) paleofluids are chemically 
different, depending on the structural 
level at which these have been coll-
ected:  samples from the deepest le-
vels, close to the Porto Azzurro Mes-
sinian magmatic intrusion, indicate 
P-T values compatible with supercri-
tical conditions; b) the circulation of 
fluids was mostly controlled by the 
intersection between damage fault 
zones of oblique to normal slip ver-
tical structures (transfer zones) and 
gently dipping normal fault structu-
res; c) primary permeability of rocks 
is negligible to scarce, depending  on 
the structural level at which these are 
located. Differently, permeability of 
fractured rocks (in the order of 10-
14 m2), made the geothermal sys-
tem efficient.  The contribute of hy-
draulic fracturing processes is highly 
notable (Fig.2).  Comparison with 
the present geothermal fields (Krafla 
and Larderello) indicates that: a) At 
Krafla, permeability is controlled by 
fractures, as well as in the Geitafell 
system; b) the measured permea-
bility in Krafla is in the same range 
of what it was measured in Geitafell; 
c) the origin of fluids is meteoric, as 
well;  d) the Larderello deep reser-
voir is a fractured level believed to be 
controlled by normal faults, mostly; 
e) here, the chemical composition of 
deep fluids is compatible with a mag-
matic origin, as well; b) the control of 
transfer shear zones define the main 
architecture of the Larderello system 
as well as it was recognized in Elba 
Island.  The fallout of this WP is defi-
ned by the fact that we have now the 
clear possibility to collect key-para-
meters in exhumed geothermal pro-
xies, to provide previsional and relia-
ble models for addressing exploration 
and exploitation of active systems. 
was recognized in Elba Island.  The 
fallout is that we have now the clear 
possibility to collect key-parameters 
in exhumed geothermal proxies, to 
define previsional and reliable mo-
dels in order to address exploitation 
in active systems.

References 
Liotta et al. (2015) - Coexistence of low-angle 
normal and high-angle strike- to oblique-slip faults 
during Late Miocene mineralization in eastern Elba 
Island (Italy). Tectonophysics 660,17–34.

Bianco et al. (2015) - Understanding of magmatic 
geothermal systems from studies of exhumed 
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Fig.1: Iceland: examples of paleo-hydrothermal 
circulations. (A) geologists collecting kinematic and 
structural data on a fault slip plane at Geitafell; (B) 
garnet hydrothermal minerals on shear plane testify 
circulation of geothermal fluids in fractures; (C) hyd-
raulic fractures in fault zones; (D) porous lava levels 
hydraulically connected with the brittle shear zones, 
are affected by hydrothermal circulation (E, F and G). 

Fig.2: Elba Island: examples of paleo-hydrothermal 
circulations. (A) lozange-shape shear zones with 
hydrothermal veins (black tourmaline, mostly), in 
the deepest outcropping part of Elba Island; (B) 
fault slip plane with tourmaline; (C) and (D) hyd-
raulic breccias at shallower and deeper structural 
levels, respectively; (E) oblique to normal vertical 
fault with hydrothermal shear veins. 

 domenico.liotta@uniba.it

https://www.deepdyve.com/lp/elsevier/coexistence-of-low-angle-normal-and-high-angle-strike-to-oblique-slip-C74pAKgnQ8
https://www.google.de/search?q=Bianco+et+al.+(2015)+-+Understanding+of+magmatic+geothermal+systems+from+studies+of+exhumed+systems+in+continental+and+oceanic+settings%2C+IMAGE+Mid-Term-Conference%2C+Pisa+12-13%2F10%2F2015.&ie=utf-8&oe=utf-8&client=firefox-b&gfe_rd=cr&ei=7Cp-V_S6C-aA8Qeh2rqwBQ
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Physical properties of rock: Quantitative impact of hydrothermal alteration on electrical conductivity 

L. Lévy, B. Gibert, P. Pézard, G. P. Hersir and Ó. G. Flóvenz (ÍSOR, UM)

What‘s new?
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Fig.1: Equation of electrical conductivity in rocks, inspired 
from Waxman & Smits (1968). λi and Ci are respectively 
the molar ionic conductivity and the concentration of ion i 
in the electrolyte; F is the electrical formation factor and 
F*is F divided by an empirical term, standing for ionic 
mobility; ρm is the grain density; φ is the porosity. Tem-
perature is directly affecting λi and F*, and indirectly CEC. 

Electrical conductivity of rocks, con-
sidered as the sum of volume and 
surface contributions, is dependent 
on different factors (Figure 1). Which 
parameters have the greatest influ-
ence at the borehole scale? How are 
they affected by temperature varia-
tions? Can the other parameters be 
considered as constant? To address 
these questions, laboratory measu-
rements on a wide variety of samples 
are performed and borehole logs ac-
ross heterogeneous formations ana-
lyzed. Five boreholes, located a few 
km away from the present produc-
tion field of the Krafla power plant, 
are used in this study. The deepest 
hole, K-18, is not cored but cuttings  
were retrieved while drilling and log-
ging data down to a depth of 2215m 
are available; four shallow cored 
holes (down to 700 m depth) cover 
the diversity of rock types and alte-
ration minerals found in K-18. Given 
the low salinity and temperature in 
the considered boreholes, interface 
conductivity is expected to dominate 
the conductivity signal. Thus, syste-
matic relationships between cation 
exchange capacity (CEC), porosity 
and conductivity are researched. Mo-
reover, the link between CEC and al-
teration is investigated, as alteration 
is a witness of temperature.
The CEC of 160 samples (90 from 
K-18 and 70 from the cored holes) 
was measured on rock powder 
through the titration of exchange si-
tes by an organic copper complex: 
Cu(II)-triethylenetetramine.This ca-
tion replaces all the adsorbed ca-
tions on clays and a small part of the 
cations on zeolites, due to its size 
and valence (Meier and Kahr, 1999). 
Therefore the results presented he-
reafter mainly reflect the CEC of the 
clay fraction. However, if the zeoli-
tes/clay ratio is high (as the case is 
with four of the samples), the CEC is 
attributed to surface-sites on zeoli-
tes. A petrophysical characterization 
of the 70 cores is on-going. P- and 
S-wave velocity (Vp and Vs), den-
sity and porosity were measured at 
room temperature and pressure. The 
mineralogy of these cores was ana-

lyzed by X-Ray diffactometry (XRD). 
Finally, electrical conductivity is being 
measured over a large range of fluid 
salinities to determine the interface 
conductivity and formation factor for 
each sample.

In K-18, a log-linear relationship bet-
ween laboratory CEC and borehole 
conductivity was observed. However, 
a large dispersion is found, revealing 
that other parameters, such as poro-
sity and pore space topology are also 
important to consider.  A linear fit 
between Vp (measured at 500 kHz) 
and porosity was obtained over the 
whole range of water-saturated rock 
samples. Slope and intersect derived 
from this fit may thus be used to infer 
porosity from the sonic log in K-18, 
performed at ~10 kHz. Neutrons logs 
are available but, while they are well-
suited for porosity estimation in se-
dimentary environments, they tend 
to overestimate porosity in volcanic 
environments, due to the presence 
of chemical elements (e.g. B, Gd, 
Eu, Sm) with absorption macrosco-
pic cross-sections close to neutrons 
(Harvey et al., 2005). The relation-
ship between alteration minerals and 
CEC in the cored holes is represen-
ted in Figure 2. Depths of alteration 
zones correspond to the first appea-
rance of a given mineral. A general 
trend of decreasing CEC with increa-
sing depth, and thus alteration tem-
perature, is observed, as in previous 
studies (see IMAGE Newsletter #3). 
However, some samples within the 
high-temperature alteration zones 
have a high CEC. Therefore the de-
tailed mineralogy of the whole set 
sample was studied, in particular to 
detect the presence of minerals re-
levant to the CEC signal in these 
anomalous samples; the most im-
portant “CEC-mineral” in each sam-
ple is given in Figure 2’s legend. It 
is clearly seen that high CEC values 
in high-temperature alteration zones 
occur when former minerals, such as 
chlorite, epidote, wairakite, actinoli-
te, have been overprinted by smecti-
te; this is typical for fossil geothermal 
systems. 

References 
Harvey, P.K, Brewer,T. S.,  Pézard, P.A. & Petrov,  V.A. 
(eds), 2005. Petrophysical Properties of Crystalline 
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and tetraethylenepentamine, Clays Clay Miner., 47, 
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Fig.2: CEC measurements compared to alteration in 
the four cored boreholes KH1, KH3, KH5 and KH6. The 
color gradient gives the first appearance of a particular 
alteration mineral. The legend informs on the presence of 
minerals relevant to CEC signal. (L. Lévy)

lea.levy@isor.is

The following question remains: Is 
this phenomenon important enough 
to increase the conductivity signal 
more than the reduction by tempera-
ture loss? Laboratory measurements 
of electrical conductivity at various 
temperatures will be carried out at 
Géosciences Montpellier to determine 
whether this CEC „anomaly“ can be 
inferred from the conductivity signal.

http://ebooks.geoscienceworld.org/content/petrophysical-properties-of-crystalline-rocks
http://www.pe.tamu.edu/blasingame/data/z_zcourse_archive/P663_03C/P663_03C_TAB_Ref_FormEval/SPE_01863_Waxman_Smits_Shaly_Sand_Sw_Relation.pdf
http://www.clays.org/journal/archive/volume%2047/47-3-386.pdf


Reykjanes ambient-noise seismic reflection interferometry

A. Verdel, H. Wedemeijer, J. Esteves Martins (TNO), C. Weemstra (TU Delft), H. Blanck (ISOR), Ó. Sigurðsson 
(HS Orka), P. Jousset (GFZ), G. P. Hersir (ISOR)
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Fig.: ANSI-processed reflectivities for station LFE (two traces on left) and modelled reflectivities. (TNO, 2016) 

Background: Ambient-noise seismic 
interferometry (ANSI), a recently de-
veloped geophysical exploration and 
monitoring method, is applied with 
the aim to image the structure un-
derneath Iceland’s peninsula Reyk-
janes. For this purpose, continuous 
particle velocity has been recorded 
by a deployment of broadband seis-
mometers on land. These recordings 
have been processed to retrieve 
primary reflected body waves (P-
waves), which  provide high-resolu-
tion velocity-versus-depth as well as 
subsurface structural information. 
This is expected to provide clues for 
improved detection of zones of high 
permeability, steam and magma, 
and, in addition, a better estimation 
of reservoir temperature.

Methodology: Early pioneering 1D 
‘daylight imaging’ results underlying 
ANSI (Claerbout, 1968) imply that 
zero-offset P-wave reflectivity can 
be approximated by auto-correlating 
and stacking transmission data for 
long periods of time, typically days or 
weeks (Draganov et al., 2007). It is 
assumed in this case that the lateral 
velocity variations in the subsurface 
are relatively small and that uncor-
related noise sources illuminate the 
subsurface from below. Under these 
assumptions, single-station auto-cor-
relations may provide local 1D struc-
tural acoustic-contrast versus depth 
information. The resolution depends 
on the frequency content of the noi-
se sources. If repeated for other pe-
riods of time, time-lapse variations 
of seismic reflection amplitudes may 
additionally be retrieved. Such time-
lapse variations can be due to both 
a change with time of the reflection 
coefficients themselves as well as the 
time-variant two-way travel times 
between layer boundaries; the lat-
ter would be the result of a change 
with time, within a layer, of seismic P-
wave velocity as a result of a change, 
with time, in pore fluid.

Example: In the figure an example 
is shown of a zero-offset reflectivi-
ty result (leftmost trace) in the fre-
quency band 3-8 Hz for broadband 
station LFE, located approximately 7 
km from the nearest coastline, after 
stacking 40 consecutive days of au-
to-correlated recorded noise (vertical 
component of particle velocity only). 
The second trace from the left shows 
the same result but after spectral 
whitening such that it can be easily 
compared with modelled reflectivi-
ty scenarios. It can be seen from a 
comparison with the third trace from 
the left that a velocity-depth model 
with a thick shallow high velocity lay-
er (Model 3) far better matches the 
station data than the results from the 
other two models shown. This type 
of velocity-depth information can be 
considered a useful local refinement 
of results from tomographic inversion 
of surface waves.
By applying the ANSI method to all 
stations, a sparse map of dominant 
zero-offset P-wave reflectivity in the 
upper few kilometres of the Reykja-
nes area is created. This approach is 
envisaged to provide insights with re-
gard to one of the key questions 

raised by field operator HS Orka: 
“Down to which depth do our geo-
thermal reservoirs extend?”
Outlook: A logical extension of the 
current data processing scheme is 
to cross-correlate station-pairs in 
this seismometer network: In order 
to improve the lateral resolution of 
the subsurface structure, identify-
ing non-zero-offset reflectivity in the 
pre-stack virtual source cross-corre-
lation panels, provides the opportu-
nity to obtain subsurface reflectivity 
versus depth point information at 
locations in-between the seismic sta-
tion positions. This has the potential 
of further reducing uncertainties in, 
for geothermal exploitation, relevant 
subsurface parameters, such as the 
spatial distribution of seismic velocity 
jumps.
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Application and validation of auxiliary chemical geothermometers using dilute thermal waters from the 
Litomerice area, Northwest Bohemia, Czech Republic  

B. Sanjuan, F. Gal (BRGM), H. Jirakova, V. Frydrych (GEOMEDIA), A. Tym (City of Litomerice)
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After an exhaustive literature review 
about the use of potential auxilia-
ry chemical geothermometers, only 
some thermometric relationships 
such as Na-Li, Na-Rb, Na-Cs, K-Sr,  
K-Mn, K-Fe, K-F and K-W for dilu-
te thermal waters discharged from 
granite reservoirs between 25 and 
150°C in more than sixty areas from 
Europe (Michard, 1990) were iden-
tified (Sanjuan et al., 2015). These 
thermometric relationships had to 
be applied and validated using dilute 
thermal waters located in the Litome-
rice area of the Eger Graben belon-
ging to the West European Rift Sys-
tem, in Northwest Bohemia, in the 
Czech Republic. 

Only the Na-Li, K-Mn, K-Fe and K-F 
relationships could be tested using 
water chemical compositions found 
in the literature data by GEOMEDIA. 
These compositions were associated 
with low-temperature waters (12-
31°C) of 5 deep boreholes (151-546 
m) penetrating the crystalline base-
ment. Due to the quasi-absence of 
chemical equilibrium reactions at low 
temperatures, only the classical Silica 
and the K-Mn and K-Fe auxiliary geo-
thermometers yield correct estima-
tions of deep temperature for these 
waters. All the thermometric relation-
ships could be applied and validated 
on the waters discharged from the 
deep PVGT-LT1 geothermal borehole 
(2111 m; about 56°C at the bottom-
hole), located in the Litomerice area, 
and from the Pravridlo thermal spring 
(about 42°C at its emergence), loca-
ted at Teplice, a neighboring city of 
Litomerice. For that, new samples of 
these fluids were collected by BRGM 
in November 2015, with the help of 
GEOMEDIA and Litomerice City. Ta-
king into account the very low ar-
tesian fluid flow-rate estimated in 
the PVGT-LT1 borehole (about 20l/h 
max.) and the on-site continuous flu-

id measurements using a multi-para-
meter probe (see Figure), we cannot 
consider the chemical composition of 
the water collected from this borehole 
as representative of the deep aquifer. 
The comparisons with the two previ-
ous chemical analyses (Sanjuan et 
al., 2015) and the observed changes, 
as well as the analyzed low silica con-
centrations, confirm this point. In or-
der to obtain a fluid sample represen-
tative of the deep aquifer, it would be 
necessary to extract a water column 
much longer than 2000 m (more than 
7 m3 of water), but this operation was 
not possible due to the very low fluid 
flow-rate (only 120 m of water - less 
than 0.5 m3 - were extracted during 
our intervention) and consequently, 
was abandoned as well as the objec-
tive to conduct a backflow tracer test 
from this borehole. Nevertheless, the 
deep temperatures estimated using 
the Na-Li, Mg-Li, Na-Cs, K-Fe and 
K-Mn auxiliary geothermometers, 
close to the measured temperature 
value (56°C), suggest that the corre-
sponding analyzed molar ratios, are 
probably representative of the deep 
water of this borehole. The chemical 
analyses of the dissolved gases sam-
pled in the PVGT-LT1 borehole show 
that CH4 (78%) and N2 (19%) are the 
predominant gases (CO2 is present at 
about 0.2%), and are in agreement 
with the low temperature measured 
at the bottom-hole and estimated 
using the auxiliary chemical geother-
mometers. If this water is not in che-
mical equilibrium with rocks, we can 
consider that a chemical steady-state 
between water and felsic rocks is at-
tained (Paces, 1975; see the concor-
dant temperature estimated using 
the corresponding Na-K-Ca relation-
ship proposed by this author). For 
the Pravridlo thermal spring, most of 
the auxiliary chemical geothermome-
ters suggest a temperature value of 
about 90 ± 20°C for the deep aquifer 

b.sanjuan@brgm.fr

in agreement with the Silica, Na-K, 
Na-K-Ca and Na-K-Ca-Mg classical 
geothermometers. In contrast to the 
Litomerice borehole, overall chemical 
equilibrium between water and rocks 
seems to be reached for this thermal 
water.   
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Fig.: Overview of the field operation. Left: IDRONAUT 
multi-parameter probe (T, conductivity, pH, Redox po-
tential, dissolved O2, chlorinity monitoring) and pool for 
discharging the pumped water; middle: borehole head 
and pumping system; right: material for physico-che-
mical monitoring and sampling water. (F. Gal, BRGM)

http://www.sciencedirect.com/science/article/pii/000925419090062C
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Arie Verdel, geophysicist 
at TNO, has joined the 
IMAGE project to develop, 
test and apply seismic in-
terferometry for reflected 
body wave retrieval and 
imaging from ambient 
noise for geothermal ex-
ploration and monitoring 
purposes. Formerly, he 

specialized in the research and development 
of new seismic acquisition, imaging and 
quantitative interpretation methods for oil 
and gas exploration.

Stefan Carpentier, geo-
physicist, works in the Sus-
tainable Geo Energy team 
at TNO. He conducts pro-
jects in seismic imaging 
and monitoring for durable 
and petroleum targets and 
has 14 years experience 
in geophysics; seismics is 
his particular expertise. He 

obtained his BSc, MSc and PhD in geophysics 
from Utrecht University. A subsequent post-
doc at ETH Zurich followed and 3,5 years in 
geophysical consultancy with T&A Survey.

O. Momodu-Oyewo, in-
tern at BRGM, is finishing 
her master degree in Ap-
plied Geophysics at the 
University Pierre and Ma-
rie Curie, Paris. She comes 
from Nigeria and studied 
petroleum reservoir in the 
University of Manches-
ter. She will collaborate to 

the acquisition of electrical data in the Rhi-
ne Graben near Strasbourg and process and 
analyze the results.  

Jacques Brives, intern at 
BRGM, is studying at Univer-
sity of Montpellier 2 in the 
Master of Earth Dynamics 
and Natural Hazards after a 
science degree at University 
of Bordeaux in Geosciences 
and Environment. He will 
participate to the acquisiti-
on of passive seismic in the 

Rhine Graben and reprocess the data in order 
to validate the use of ambient noise for produ-
cing Vs tomographic maps at the local scale. 

Thomas Dionisi, intern 
at BRGM, is a master stu-
dent in High Performance 
Computing at the Univer-
sity of Versailles. He will 
contribute to the develop-
ment of numerical mode-
ling and imaging tools for 
3D inversion of EM geo-
physical data. His contri-

bution will be mainly on the optimization and 
massive parallelization of the EM modeling 
engine.


