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By D. Bruhn, GFZ

“Amazing! Our project is really almost done.” This is 
what the IMAGE consortium realised at the most recent 
General Assembly, held in Oslo/Norway on 12th-14th of 
October. The meeting was hosted jointly by our project 
partners from IFE and VBSP, Jiři Muller and Sverre Plan-
ke at the University of Oslo. Presentations and project 
reports confirmed that feeling of having accomplished 
something, most project goals are reached, results are 
currently written up, presented at conferences and pub-
lished as scientific articles in journals. Some of the acti-
vities are dedicated to finalising PhD theses, which have 
contributed beautifully to the progress of IMAGE. Partici-
pants of the meeting got the opportunity to see some of 
the regional geology on a field trip organised by Sverre 
on the last day of the meeting (see photos on page 12). 
Project results are not only presented to the scientific 
community but also to stakeholders from industry, who 
had the chance to hear about the project in general and 
to talk directly with several project partners, both from 
academia and from industry, at a dedicated workshop 
organised by EGEC in Brussels in September. We also 
learnt that sometimes results from our work are eagerly 
expected even ahead of time, as happened in Iceland, 

where the consortium currently drilling the IDDP2 well 
at Reykjanes was asking to get additional information 
on the very deep subsurface at the tip of the peninsula 
from our passive seismic measurements. The next tech-
nical meeting in April 2017, hosted by Electricidade dos 
Açores (EDA) at Ponta Delgada, will be another opportu-
nity to share our methodological approach with industry 
stakeholders, as our hosts – new in the consortium – are 
planning to learn about our experiences for their own 
project developments. Thus the technical meeting will be 
a dissemination event at the same time. The big event 
will eventually be our final conference held in Akureyri 
in Northern Iceland in the first week of October 2017. 
Please check the announcements on our project web-
site carefully. The event is planned as an international 
conference on geothermal exploration, where we share 
our results and hope to hear about recent progress from 
other places and projects as well. Field trips to visit the 
IDDP2 drill site at Reykjanes and to the newest geo-
thermal power plant in Iceland at Theistareykir, which 
will start operations around that time, will complement a 
hopefully exciting programme. Looking forward to see-
ing you all there …
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Wishing you all a peaceful Christmas &
a healthy and prosperous Year 2017 !



Characterization with Electromagnetic and Passive Seismic Techniques – Application to the Strasbourg Area

M. Darnet, P. Wawrzyniak, N. Coppo, F. Bretaudeau, O. Momodu-Oyewo (BRGM)

What‘s new?  
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The use of electromagnetic techniques 
in non-magmatic context is generally 
considered of limited value, because of 
depth limitations and noise. The sub-
task 7.4 aims at developing resistivity 
technique for geothermal exploration 
in sedimentary basins, especially inno-
vative Magneto-Telluric (MT) and Con-
trolled Source EM (CSEM) concepts. A 
field scale trial has been performed by 
BRGM in a highly industrialized area 
near Strasbourg in spring 2016 (Fig.1). 
Preliminary results shows resistivity 
images up to 3 km depth have been 
recovered with CSEM data (Fig.2) and 
deeper with MT data. Despite robust 
noise processing techniques, many 
CSEM (10 out of 25) and MT (5 out of 
10) sites still suffer from high level of 
noise and cannot be interpreted.

Fig.1: Left panel. Map of the survey. Pink balls: MT/
CSEM measurement points, Black lines: transmitter 
dipole cables, Red lines: CSEM profiles, Green lines: 
presumed faults for geological modeling. Strasbourg is 
on the eastern part of the map.
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Structural control on fluid pathways close to shallow magma intrusions: clues from analogue models

D. Montanari (CNR-IGG)

The concept at the base of activities 
accomplished in the frame of the task 
5.2 was that fluids at the supercri-
tical conditions could circulate within 
the fractures associated with the 
magma migration and emplacement. 
To get insights into these processes 
we resorted to analogue modeling, 
by reproducing in the lab the deve-
lopment of fault networks associated 
with the emplacement of magma at 
shallow crustal levels. The modelling 
approach evidenced that the empla-
cement of shallow magmatic bodies 
can result in the growth of dome-
shaped forced folds, with an associ-
ated development of tensional and 
compressional deformation in the 
host-rock (Fig.1). Downward propa-
gating normal faulting formed to ac-
commodate the uplift associated with 
forced folding of the supra-intrusion 
overburden. Normal faults affecting 
the model surface are generally cha-
racterized by a limited vertical throw, 
and affect only the outer, upper part 
of the broad dome and scarcely ex-
tend into depth. Conversely, in all the 
models upward-propagating reverse 
faults crosscut throughout the sand 

pack, propagating from the analogue 
magma up to the model surface. Al-
beit lacking of a detailed characteri-
zation, similar folds and faults have 
been described around the world 
from both field and seismic interpre-
tation studies, often providing the 
pathways for mineral-bearing hydro-
thermal fluids sourced from shallow 
magma intrusions. 
The model results suggest that the 
inward-dipping annular reverse faults 
are expected to significantly influence 
the distribution and migration of su- domenico.montanari@igg.cnr.it

Fig.1: Analogue modelling-based conceptual cartoon showing the possible location of supercritical geo-
thermal fluids. 

Fig.2: Resistivity cross section from interpolated 1D 
inversion of CSEM data along profile P1.

percritical geothermal fluids near the 
edge of the magma intrusions. These 
structures can there-fore be consi-
dered possible targets for high tem-
perature geothermal exploration. We 
propose that these findings should 
be taken in consideration during field 
work, numerical modeling and par-
ticularly seismic interpretation for 
achieving a better understanding and 
tuning of the integrated conceptual 
model concerning the circulation of 
supercritical fluids.

m.darnet@brgm.fr
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Local models for the area of Strasbourg (Upper Rhine Graben)

J. Freymark (GFZ), C. Dezayes, T. Guillon, A. Armandine les Landes (BRGM)

freymark@gfz-potsdam.de

The Upper Rhine Graben is an estab-
lished geothermal site, where a solid 
experience with standard exploration 
tools and a database exists. Based on 
a detailed geological study combining 
well and seismic data, a local 3D struc-
tural model of the Strasbourg area has 
been built by BRGM (please contact 
C. Dezayes for more information). It 
differentiates 7 geological formations 
and several faults and was used as a 
base for the 3D thermal calculation. 
The 3D conductive thermal model was 
calculated by GFZ (please contact J. 
Freymark) using the same method 
as applied to the regional model of 
the Upper Rhine Graben presented in 
IMAGE Newsletter no. 03. In detail, 
measured thermal properties (thermal 
conductivity and radiogenic heat pro-
duction) were assigned to each model 
unit and the conductive heat equation 
for steady-state conditions was sol-
ved using a 3D finite element method. 
Thereby, the lower thermal boundary 

condition was provided by the regional 
model (Freymark et al. 2016).
Furthermore, a regional stress model 
has been built by BRGM (please con-
tact T. Guillon) in order to (a) under-
stand the regional tendencies, and 
(b) to infer the boundary conditions 
for smaller-scale models. Building a 
stress model can give information on 
areas where mechanical conditions 
would favour the presence of geother-
mal resources (e.g., less compressed 
structural blocks or fault zones prone 
to opening). 
In addition, a regional hydraulical mo-
del has been built by BRGM (please 
contact A. Armandine les Landes). 
This flow model can be used to stu-
dy groundwater circulations and their 
potential role in the understanding of 
thermal anomalies (upflow of deep 
and hot fluids) at the local scale such 
as observed around the city of Stras-
bourg.
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Fig.: 3D geological model for the area of Strasbourg 
(Base of the Tertiary sediments, © BRGM)

Reference
Freymark, J.; Sippel, J.; Scheck-Wenderoth, M.; Bär, 
K.; Stiller, M.; Fritsche, J.-G.; Kracht, M. (2016) - The 
deep thermal field of the Upper Rhine Graben. Tectono-
physics. DOI: 0.1016/j.tecto.2016.11.013.

Multi-stage 3D geomechanical modelling approach in the Bavarian Molasse Basin

M. Ziegler, O. Heidbach, M. Scheck-Wenderoth (GFZ); J. Reinecker (Geo-T), A.M. Przybycin (BfG)

domenico.montanari@igg.cnr.it

Knowledge of the contemporary in-si-
tu stress field of the earth’s crust is an 
important parameter for the safe and 
sustainable exploration, drilling, and 
exploitation of geothermal systems. 
However, information on the in-situ 
stress state is rare and sparsely dis-
tributed. Furthermore is the available 
stress data subject to uncertainties. 
Therefore calibrated 3D geomechani-
cal-numerical models are applied to 
estimate the stress state in a prospec-
tive area.
The challenge in this approach is the 
large size of the model which is requi-
red to include data records for calib-
ration compared to the small size of 
the actual area of interest. Here it is 
beneficial to apply a multi-stage mo-
delling approach which consists of two 
or more models of different sizes. We 
present such a 3D geomechanical-nu-
merical modelling approach which (1) 
includes the available data records in a 
regional model and (2) keeps the high 

resolution reservoir geometry in a lo-
cal model. The workflow enables us to 
successfully calibrate the stress state 
within the local model on stress data 
entirely provided by the calibrated re-
gional model. In addition, we are able 
to conduct several model runs to first 
order assess the impact of the uncer-
tainties in the input parameters on the 
model results. 
To exemplify our workflow we apply 
a two-stage approach in the Bavarian 
Molasse Basin with a regional model 
(70x70 km²) of the greater Munich 
area and a local reservoir model (9x9 
km²) of a generic potential reser-
voir site (Fig.1). We chose this area 
as it already has deep hydrothermal 
reservoirs which are exploited and 
used for power generation and/or dis-
trict heating in several instances with 
even more projects in planning stage. 
Therefore the regional model is like-
ly to be useful for further geothermal 
projects as well.

Fig.1: The regional model with a coarse and the local 
model with a fine discretization.

Reference
Ziegler, M. et al. A multi-stage 3-D stress field model-
ling approach exemplified in the Bavarian Molasse Basin 
Solid Earth, Copernicus GmbH, 2016, 7, 1365-1382
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Physical properties of supercritical fluid-rock systems

J. Kummerow, S. Raab (GFZ)

What‘s new? 
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Fig.1: (a) Formation factor of a volcanic breccia from 
Krafla well KH5 in dependence of T, which defines the 
relationship between bulk conductivity (σb ), fluid con-
ductivity (σfl ), and surface conductance (σs ).  
(b) Sample permeability vs. T. 

Introduction: Geo-electrical surveys 
are frequently used to explore geo-
thermal reservoirs, as the electrical 
conductivity of the subsurface is, in 
addition to lithological factors (mine-
ralogy, porosity), sensitive to several 
indicative parameters such as tempe-
rature, nature of pore fluids (phase, 
salinity), and fluid-rock interactions. 
The calibration and thorough inter-
pretation of these data requires the 
knowledge of both the physical pro-
perties of rocks and those of the in-
teracting fluid at defined temperature 
(T) and pressure (p) conditions. Thus, 
laboratory studies at simulated reser-
voir conditions provide a link between 
the field data and material properties 
in depth. However, due to the high 
technical requirements, so far, expe-
rimental set-ups with the possibility of 
pore fluid flow are restricted to 250 °C 
at maximum. Hence, up to date there 
is a lack of calibration data for high-
enthalpy reservoirs with T >250 °C. 
To close this gap, in the framework of 
IMAGE at GFZ we have developed two 
unique flow-through systems to quan-
tify (1) hydraulic and electrical proper-
ties of rock cores from different active 
and exhumed geothermal areas on 
Iceland up to supercritical conditions 
and (2) to measure the electrical re-
sistivity of geothermal fluids, as they 
significantly govern the electrical pro-
perties of a rock and the knowledge of 
their intrinsic T-dependence is a pre-
requisite for a reliable interpretation of 
rock resistivities.

Experimental approach: Hydrau-
lic and electrical properties of rock 
cores (l = 75 mm, d = 30 mm) were 
studied up to supercritical conditions 
(Tmax= 380 °C) during long-term (2-3 
weeks) flow-through experiments in 
an internally heated gas pressure ves-
sel. Resistivities are measured with a 
4-electrode layout. In a second flow-
through facility both the intrinsic elec-
trical fluid properties in dependence of 
temperature (Tmax= 420 °C) and the 
effect of mineral dissolution/ precipita-
tion on the fluid resistivity were mea-
sured. This set-up consists basically 
of an externally heated pressure tube 

lined with a ceramic pipe, into which 
two pairs of current and potential elec-
trodes and a thermocouple are sealed. 
Corresponding to the available sample 
material the study was adapted to the 
conditions of two geothermally exploi-
ted areas on Iceland – the Reykjanes 
and the Krafla field. Petro- and fluid 
physical measurements were sup-
plemented by a number of additional 
tests, which comprised chemical ana-
lyses of fluid and rock samples as well 
as microstructural investigations.

Results and Conclusion: Both 
physical and chemical data indicate 
only slight fluid-rock interactions at 
T <250 °C and the decrease in bulk 
resistivity is most probably domina-
ted by a T-dependence of the surface 
conductance (Fig.1a, Fig.2). At high-
er temperatures, the decreasing fluid 
density causes the decrease of diel-
ectric constant, which in turn, lead to 
the precipitation of minerals due to a 
promoted association between oppo-
sitely charged ions. This is intensified 
at the critical point, indicated by soa-
ring resistivities, when regarding pure 
fluids. The opposite was observed in 
experiments, where fluid–solid inter-
action were allowed. In this case, the 
conductivity of the bulk system, which 
is the reverse of the resistivity, has in-
creased nearly by factor 7 within se-
conds. This points to a massive release 
of charge carriers due to an extensive 
increase in rock solubility (Fig.2), what 
counterbalances the effect of mineral 
precipitation. From SEM analyses it is 
apparent that the alteration of the solid 
material is most effective where fresh 
fluid is continuously flowing around 
the solid, while stagnant fluids led to 
a much less pervasive alteration of 
the solid. In this case, solid dissolution 
seems to slow down considerably or 
even comes to an end, what is probab-
ly due to the adjustment of a chemical 
equilibrium and the stabilisation of the 
reaction front. On the other hand, we 
have observed a drop in permeabili-
ty, when supercritical conditions were 
applied (Fig.1b). Mineral precipitation 
is the most reasonable explanation for 
this decrease in permeability. 

juliane.kummerow@gfz-potsdam.de

Fig.2: ICP-OES analysis of fluid samples, which have 
interacted with rock material at different T.
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Analogue field work: link between the field measurements and the model input data

M. Peter-Borie, C. Dezayes (BRGM); J. Siaut, B. Valley (University of Neuchâtel)

What‘s new? 

IMAGE Newsletter N° 5, December 2016

Arial photo of the Eclépens quarry (courtesy by HOLCIM 
group).

On the field, numerous data and 
information on the rock mass are 
available and can be measured by 
the geologist, but knowing, which 
are useful for local models and nu-
merical simulation, is not often ob-
vious. In particular, discontinuities 
play an important role in the rock 
mass behavior (mechanical and hyd-
rogeological behavior), and numeri-
cal simulation need to take into ac-
count the discontinuities. According 
to the characteristics of the problem 
to be addressed, the discontinuities 
are considered either explicitly, for 
example with Discrete Fracture Net-
work approach (DFN) that could also 
be used for transport and flow mo-
deling in a fractured/faulted media 
and for mechanical and/or thermal 
modeling of complexes zones such 
as fault zones. Either the fractured 
media is homogenized and modelled 
using an equivalent continuum ap-
proach. In both cases, practical me-
thods are required to capture the 
complex statistics of the field data 
and to transfer the information to 
quantitative models like local DFN 
model.

The key question is which data are 
required to be transferred from field 
information to quantifiable values in 
order to feed local model. The dis-
continuities properties that are ty-
pically measurable in the field and 
believed to have the greatest influ-
ence on the rock mass behavior are: 
orientation,  size (here size refers to 
the extension of the discontinuity), 
frequency, surface geometry, gene-
tic type, and infill material.

Although this kind of information can 
be measured by the geologist, there 
is still a gap between the descripti-
ve methods of the geologist (whate-
ver the substrate of the data: aerial 
photographs and satellite images, 
outcrops, borehole logging…) and 
the required quantitative data for 
modeling. This gap may be bridged 
by applying mathematical methods 

sorted in three main themes, corre-
sponding to the three main steps of 
the workflow that is developed here: 
upstream work, data acquisition on 
field and post-treatment. 

A demonstration application has 
been performed in the Eclépens 
quarry, in Switzerland, where the 
rock faces are easily accessible. This 
site belongs to the internal edge of 
the folded Jura. This edge is mainly 
constituted by calcareous rocks with 
marls from lower Cretaceous. The 
anticline structure of Mormont out-
crops Mesozoic rocks within the Mo-
lasse Basin. The main interest of this 
study is the La Sarraz fault system, 
which outcrops in this quarry. This is 
a dextral strike-slip fault conjugated 
to the most important N-S dextral 
fault of Pontarlier. In this quarry, the 
vertical strike-slip faults linked to 
the main fault oriented NW-SE and 
probably currently active, offers an 
interesting site to acquire structural 
data in limestones. These fault zo-
nes are probably continuous under 
the Molasse Bassin and can be cons-
tituted potential geothermal targets.

An area of the quarry has been cho-
sen in order to compare two fracture 
measurement methods: the scanline, 
directly on the outcrop, and the pho-
togrammetry. The both acquisition 
methods give similar results for ori-
entations, spacing and density. How-
ever, some differences can be linked 
to the scale observation. Therefore, 
the scanline method brings more de-
tail for the small structures, whereas 
the photogrammetry method allows 
to better sample large structures 
and their relations with the whole 
outcrop. Also, some data like infills 
or fracture roughness cannot be as-
sessed with photogrammetry only.  
The combination of both methods 
provides in this case in optimal frac-
ture data acquisition. Thus, for each 
data acquisition situation, it is im-
portant to identify the most approp-
riate method and their limits. 

c.dezayes@brgm.fr

As a way forward, we recommend to 
make a good screening of the need 
for modelling and adapt transfer me-
thod. The acquisition by photogram-
metry can be used to give data in 
non-accessible areas, particularly in 
the highest part of the cliffs or dan-
gerous outcrops. Whereas scanline 
give more precise data, particularly 
about mineralization, movement of 
fault.



Reykjanes subsurface by 3D ambient-noise tomography from Surface-wave cross-correlation

J.C. Martins (TNO), C. Weemstra (TUDelft), A. Verdel (TNO), E. Ruigrok (UU) 
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Fig.1: Retrieved surface-wave arrivals at positive and 
negative times between 0.1 and 0.5 Hz. The x-axis 
represents the sorted station-pair distances and y-axis 
represents time (causal and acausal according to the 
direction of the propagation of the surface-wave).

In geothermal exploration, the im-
portance of detailed subsurface struc-
tural knowledge together with the 
requirement of economically and logi-
stically attractive methods make pas-
sive seismic tomography a promising 
choice. The number of successful to-
mography studies at a regional scale 
has been growing rapidly. Within the 
IMAGE project, two studies over diffe-
rent volcanic areas in Iceland proved 
the capability of looking at the sub-
surface using ambient noise Rayleigh 
wave tomography (Obermann et al., 
2016) and P and S wave tomography 
from local earthquakes (Jousset et 
al., 2016).
The choice of which technique one 
should explore for subsurface ima-
ging is intimately related with the 
goal and with the required seismic 
‚illumination‘. Within the passive-
seismic context, the illumination has 
the origin in earthquakes or the hum-
ming (microseism ambient noise) of 
the Earth. Seismic tomography using 
seismic waves generated by earth-
quakes is widely used, with the down-
side of relying on the earthquake fre-
quency and location distribution, as 
well as on precise S-waves first ar-
rival picks. However, these disadvan-
tages are compensated by the use of 
S and P wave velocity, as opposed to 
ambient-noise seismic interferometry 
where we only invert for S-wave. The 
S-wave seismic tomography by ambi-
ent-noise is an alternative for places 
where the previous requirements fail 
to exist. The counterpart being that 
it requires a homogeneous source of 
microseism ambient noise arriving 
from all directions.
Iceland is a privileged area of interest 
regarding illumination for tomogra-
phic seismic imaging: high number 
of earthquakes with a relatively good 
spatial distribution, and microseism 
ambient noise with high SNR in direc-
tions that can be compensated by the 
combined use of the causal or acau-
sal emergent surface-waves (Martins 
et al., submitted). An opportunistic 
approach, given the beneficial illumi-

nation (earthquakes and microseism 
ambient noise) in Iceland, is to com-
bine both active and passive seismic 
techniques for an improved subsur-
face model, while mutually compen-
sating each technique’s pitfalls. 
Here we show some results of S-wave 
tomography using ambient-noise 
seismic interferometry by cross-cor-
relation for further combination with 
the previously published results of 
(Jousset et al., 2016). We use the 
vertical component of the 30 broad-
band seismometers out of the total 
54 seismometers deployed in Rey-
kjanes peninsula within the IMAGE 
project framework. First, we extract 
the surface waves by cross-correlati-
on. In Figure 1 we show the resulting 
Green’s function from where the sur-
face waves emerge. After the Green’s 
function’s estimation, we compute 
an averaged dispersion curve in the 
frequency domain using all the cross-
correlated pairs in the ambient noise 
frequency band (between 0.1 and 0.5 
Hz). We use this average dispersion 
curve to guide the picking of discrete 
frequencies in the time-domain while 
using the causal or acausal side of the 
Green’s functions according to which 
of the parts has higher SNR. Figure 2 
depicts the dispersion curve obtained 
by using MASW technique (Park et al., 
2007). Finally, we do the tomography 
using a Tikhonov regularisation and 
an additional statistical regularisation 
to get a measure of the quality of the 
inverted results. In Figure 3 we show 
an example of the first tomographic 
results for four different frequencies.

joana.estevesmartins@tno.nl

Martins, J. E., Ruigrok, E., Draganov,D., Hooper, A., 
Hanssen, R., White, R. S., Soosalu, H., (submitted), 
Imaging Torfajokull volcano with seismic interferometry 
and surface-wave tomography. 

Park, C.B., Miller, R.D., Xia, J. and Ivanov, J., 2007. 
Multichannel analysis of surface waves (MASW)—ac-
tive and passive methods. The Leading Edge, 26(1), 
pp.60-64.

Fig.2: Average phase velocities over the whole seismic 
array.

Fig.3: Tomographic results over different frequency 
values showing velocity variations of velocity w.r.t. a 
reference velocity.

References 
Obermann, A., Lupi, M., Mordret, A., Jakobsdóttir, 
S.S. and Miller, S.A., 2016. 3D-ambient noise Rayleigh 
wave tomography of Snæfellsjökull volcano, Iceland. 
Journal of Volcanology and Geothermal Research, 317, 
pp.42-52.

Jousset, P., Verdel, A., Ágústsson, K., Blanck, H., 
Franke, S., Metz, M., Ryberg, T., Weemstra, C., Hersir, 
G. and Bruhn, D., 2016, April. Seismic tomography and 
ambient noise reflection interferometry on Reykjanes, 
SW Iceland. In EGU General Assembly Conference 
Abstracts (Vol. 18, p. 13795).
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Towards the location of time-lapse changes at depth

A. Obermann (ETHZ)

What‘s new?
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We investigated the sensitivity of 
coda waves to velocity perturbations 
localized in slabs of finite thickness 
in 3-D heterogeneous elastic media 
(Fig.1). We addressed two problems. 
First we evaluated the contribution 
of surface and body wave sensitivi-
ty to a change at depth. Second we 
compared the cases of a perturbati-
on in horizontal and vertical slabs to 
address, for instance, the origin of 
the velocity changes detected after 
large earthquakes.
We ran numerical wavefield simula-
tions in media with different degrees 
of heterogeneity that contain a thin 
layer with a slightly perturbed veloci-
ty at different depths. For all different 
model heterogeneities heterogenei-
ties, we could relate the depth sensi-
tivity of coda waves to a combination 
of body- and surface-wave sensiti-
vity. Analogous to the 2-D case, we 
found a universal behaviour of the 
partition ratio of body and surface 
waves versus the normalized lapse-
time (Fig.2). With the universal par-
tition ratio we can create 3-D sensiti-
vity kernels as a combination of 2-D 
and 3-D kernels. Imaging with such 
3-D kernels that are critical for depth 
location, could significantly improve 
our understanding of the nature of 
the medium variations revealed by 
seismic monitoring.                                                                             

Fig.1: (a) Heterogeneous model used in the simulations (x, y) = 10 km, z = 6 km. The red star 
marks the source position and the black inverted triangles mark some exemplary receiver positions. 
(b) Synthetic seismograms recorded without (φ, blue) and with perturbed layer (φ’ , red) at the 
surface in a medium with 20 per cent velocity fluctuation.

Reference
Obermann, A., Planès, T., Hadziioannou, C., Campillo, M. Lapse-time dependent coda wave depth 
sensitivity to local velocity perturbations in 3-D heterogeneous elastic media, Geophysical Journal 
International, 207, 59-66, doi: 10.1093/gji/ggw264

Fig.2: Evolution of the partition coefficients for different degrees of heterogeneity in 3-D (a) and 
2-D. The time axis has been normalized by the transport mean free time (a measure of hetero-
geneity). Displayed in red are the partition coefficients α for the surface wave sensitivity, and in 
blue 1 – α for the body wave sensitivity.

anne.obermann@sed.ethz.ch
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Upfront predictions of natural fracture permeability for geothermal exploration

J. ter Heege, S. Carpentier (TNO)

What‘s new? 
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The occurrence and properties of na-
tural faults in geothermal reservoirs 
are key in determining reservoir flow 
properties, and thereby the success 
of many geothermal projects. Accor-
dingly, exploration for new geother-
mal sites will benefit from site-spe-
cific data on fault-related factors like 
damage zone fracture density, con-
nectivity and permeability. In most 
cases, such data is lacking during 
geothermal exploration, but existing 
knowledge can be used to constrain 
typical fault zone architectures, spa-
tial distribution of permeability and 
characteristics of damage zone frac-
ture populations. The characteristics 
of natural fault zones can vary widely 
depending on local geological and tec-
tonic settings. Studies have provided 
some generic fault scaling relations 
that can be used to constrain fault 
zone characteristics, such as dama-
ge zone width, fracture density and 
dominant fracture orientation. Accor-
dingly, typical fault zone permeability 
models can be constructed even if si-
te-specific (subsurface) data on fault 
zone characteristics is lacking. The 
relationship between fluid flow and 
faulting has been studied extensively. 
Most fault zones consists of a specific 
architecture with different structural 
units, i.e. a single or multiple fault 
cores and damage zones, surrounded 
by intact reservoir rock. Permeability 
may vary considerably in each of the-
se structural units, and the characte-
ristic architecture of a fault zone will 
determine the permeability in and 
around fault zones.

This study addresses these issu-
es by (1) derivation of an analytical 
model for the bulk permeability of 
geothermal reservoirs where flow is 
controlled by faults and fractures, 
(2) incorporation of fault and fracture 
distributions and properties in the 
model that are derived from seismic 
data and used in combination with 
existing data and generic relations 
from literature, and (3) applying the 
model to a potential geothermal play 
to optimize geothermal doublets in 
geothermal reservoirs upfront.

Fault zones are modelled with a typi-
cal architecture consisting of 3 struc-
tural units, i.e. a fault core, a damage 
zone and surrounding intact reservoir 
matrix (Fig.1). Permeability is mo-
delled using 3D permeability tensors 
that describe non-isotropic permea-
bility in each of the structural units. 
Permeability of intact reservoir rock 
includes anisotropy due to sedimen-
tary layering. Damage zone permea-
bility is based on fracture density and 
orientation, and includes the effect of 
decreasing fracture density with in-
creasing distance from the fault core. 
The permeability of the fault core can 
include anisotropy due to fabric in the 
fault gouge. Fault zone permeability 
can be described by combining per-
meability of the fault core, damage 
zone and intact reservoir including 
typical dimensions of each structural 
unit as well as distance and orientati-
on between geothermal doublets. 

The model is applied to a potenti-
al geothermal play in a fractured 
Dinantian carbonate platform near 
Luttelgeest in the northern onshore 
regions of the Netherlands. Fault po-
pulations in the carbonate formation 
were analysed using a combination 
of (1) post-stack reprocessing of 2D 
and 3D seismic data, (2) generati-
on of envelope, instantaneous pha-
se and coherence attributes, and (3) 
autotracking of Dinantian reflectors 
and faults. Together with generic 
fault scaling relations, and existing 
data and models for permeability of 
reservoir, fractures and fault gouge, 
the fault population data is used to 
derive a model for bulk permeability.

The bulk permeability model can be 
used to analyse the geothermal po-
wer for a doublet system consisting 
of a surface heat exchanger, an injec-
tion well (“injector”) and a production 
well (“producer”) that is placed in the 
vicinity of a fault zone. Implications 
for the optimum design of geother-
mal doublet systems placed around 
fault zones are discussed. 

Fig.1: Fault zone model, permeability along vector vi, 
study area, seismics, and fault data. 

 jan.terheege@tno.nl

 
It is shown that produced geother-
malower can be considerably enhan-
ced if doublets are placed in optimum 
orientation with respect to existing 
damage zone fracture populations. 
Therefore, optimization of geother-
mal doublet designs in geothermal 
reservoirs that are crosscut by fault 
zones help de-risking geothermal ex-
ploration and exploitation.
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Tracer Laboratory Studies at Supercritical Conditions

S. Opsahl Viig, P. A. Hubred, Ø. Brandvoll, O. B. Haugen (IFE); I. Nardini (CNR), J. Muller (IFE) 
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Fig.1: Picture of experimental setup for thermal stability 
experiments at supercritical water conditions.

Tracers are molecules which behave 
like sensors when injected in small 
quantities. By monitoring their beha-
viour, we can study processes which 
they are part of. Tracers are used 
in oil and gas industry to characte-
rize and monitor dynamical behavi-
our of hydrocarbon reservoirs. The 
tracer test is an essential reservoir 
management tool used to investiga-
te geometry of flow paths between 
different wells (both in exploration 
and production phases) and to esti-
mate residual oil saturation. In such 
a test, the tracer is injected into an 
injection well, and its reappearance 
is monitored in a production well over 
a period of time which varies from 
few days till several months. The po-
tential use of tracers by geothermal 
industry is even greater. The tracer 
field tests in geothermal reservoirs 
are useful when monitoring develop-
ment of preferential flow paths, and 
preparing reinjection strategies in or-
der to maintain sustainability of the 
reservoir. When coupled with numeri-
cal modelling, the tracer data can be 
used to estimate reservoir rock volu-
me and overall heat transfer surface. 
Tracers are usually injected in small 
quantities, because they can be de-
tected in minor concentrations of the 
order of parts per trillion (ppt). For 
this reason, the use of traces is more 
or less harmless to the environment.

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

In order to advance to SC conditions, 
IFE’s conventional laboratory faci-
lities for tracer static and dynamic 
experiments had to be adjusted to 
tolerate high temperatures and pres-
sures at SC conditions. The reactor 
for static experiments which could be 
used to measure stability of vapour 
tracers at such condition is displayed 
in Figure 1. Tracers chosen for these 
experiments was a family of perflu-
orinated cyclic hydrocarbons (PFC) 
used extensively by oil and gas in-
dustry (see Figure 2). The results of 
these experiments have shown that 
PFCs are indeed stable around critical 
point of water (374 C, 218 atm) for 
more than 2 months.

After these encouraging results we 
proceeded with dynamical experi-
ments by passing the tracers through 
a column containing porous materi-
als. This “home-made” equipment 
which tolerates SC is displayed in 
Figure 3. Results from such experi-
ments should indicate if there is an 
interaction of the tracers with the po-
rous matrix when they move through 
the geothermal reservoir. Surprisingly 
the PFC did not pass through the co-
lumn packed with crushed rock from 
Krafla field on Iceland. We repeated 
the same experiments, replacing the 
Krafla rock with silica sand. This time 
we could detect all tracers after they 
passed through the column. These 
results suggest that the tracers inter-
acted with porous matrix when they 
passed through the column packed 
with Krafla crushed rock. However 
the PFC tracers can still pass through 
Krafla fissured medium where the 
flow is governed by open fractures.
The more details of our experiements 
including the conclusion, outlook of 
the future and the results of field 
studies at Krafla field performed by 
BRGM, CNR, ISOR and LV are descri-
bed in deliverable D4.5. 

jiri@ife.no

Fig.2: Structural formula for three common PFCs; per-
fluoromethyl cyclohexane (PMCH), 1,2-perfluorodimethyl 
cyclohexane (1,2-PDMCH) and perfluoromethyl cyclopen-
tane (PMCP).

Fig.3: Experimental setup for dynamic experiments with 
selected tracer candidates. The system consists of a piston 
cylinder containing the tracer mixture, a pump, a packed 
column inside a heating unit, a coil for cooling water prior 
to sampling, a backpressure regulator and a sampling unit.

Fig.4: IFE laboratory tracer team. From Left: Sissel, Øy-
vind, Benny and Per Arne.
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Introduction: A method based on 
the production of synthetic fluid in-
clusions (F.I.), by using stainless 
steel micro-rectors to be placed to in 
geothermal wells, was elaborated for 
high-temperature (T) reservoirs. La-
boratory experiments demonstrated 
that synthetic F.I. form within a rela-
tively short time (even in 48 hours) 
and that their trapping T gives a good 
estimate of experimental T (Ruggieri 
et al., 2016; Newsletter N. 4). After 
these encouraging results, an in-hole 
experiment has been carried out in a 
geothermal well within the Krafla geo-
thermal field (North Iceland) (Fig.1).

Results: Bore-hole test was perfor-
med by lowering two micro-reactors 
in the KJ-35 geothermal well, at 
about 1750 m below the ground le-
vel. The micro-reactors, inserted in 
a bigger stainless steel tube, were 
lowered on July 5th 2016, with a 55 
m/min rate, and they were recovered 
after ~69 h using the same rate. The 
micro-reactors hosted gold capsu-
les which contained: i) pre-fractured 
quartz fragments in which synthetic 
F.I. will be trapped, ii) the solution 
that will be trapped in synthetic F.I. 
(an aqueous solution with 9.1 wt.% 
NaCl and 0.4 wt.% NaOH), and iii) 
powdered silica. The micro-reactors 
were partially filled with an amount 
of distilled water such that the P-T 
conditions in the micro-reactors will 
follow the liquid-vapor curve of H2O 

and critical isochore of H2O above the 
critical point of H2O. 
Synthetic F.I. formed in all quartz 
chips recovered from the gold cap-
sules (Fig.2a). Homogenization T of 
newly formed synthetic F.I. varies 
from 338 to 342 °C (Fig.2b,c). Trap-
ping T (between 339 and 343 °C) 
were computed by the intersections 
between isochores of synthetic F.I. 
and the liquid-vapour curve of water 
(see details in Ruggieri et al., 2016; 
Newsletter N. 4).

Conclusions: In Figure 3 trapping T 
of synthetic F.I. are compared with 
the T in KJ-35 well (around 336 °C) 
measured by ÍSOR with conventional 
method at 1750 m depth a few weeks 
before the experiment (June 23rd). 
The difference of T is of only 3-7 °C, 
indicating that the proposed method 
is highly valuable for estimating T in 
geothermal wells.
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Fig.1: Final recover of the tube containing the micro-
reactors of the experiment accomplished at KJ-35 well 
(Krafla, Iceland). 

Fig.2: Sequence of micro-photographs showing the beha-
viour during microthermometric analyses of one synthetic 
F.I. produced in the KJ-35 geothermal well. a) at room T, 
b) just before Th, c) F.I. just homogenized.

Fig.3: Temperature vs. depth profile measured in KJ-35 
well and T estimated on the basis of synthetic F.I. at a 
depth of 1750 m. 



Imaging deep structure with electrical resistivity: Larderello Geothermal test site 

A. Manzella (CNR-IGG), Enzo Rizzo (CNR-IMAA), Valeria Giampaolo (CNR-IMAA), Alessandro Santilano (CNR-IGG)
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Introduction: In the past, many 
geological and geophysical data were 
collected in Larderello, the oldest 
field in the world under exploitation 
for power production, but several cri-
tical issues on deep features of the 
field are still matter of debate, e.g., 
permeability distribution in the hyd-
rothermal reservoir and the presence 
of fluids at supercritical condition at 
depth. Although electrical resistivity 
in-vestigation is well known for its 
important contribution to the cha-
racterization of geothermal systems, 
previous Magnetotelluric (MT) sur-
vey results in the Larderello area left 
unsolved questions, mainly related 
to the difficulty to interpret low re-
sistivity anomalies in dry-steam re-
servoirs. At the time, the resolution 
capacity of MT data was considered 
questionable, and data quality could 
not exclude a bias or a noise effect. 
In this context, new geophysical ex-
plorations were carried out in a test 
site with an integrated approach of 
Direct Current (DC) and MT electrical 
resistivity methodologies, both. In 
the chosen test area heat flow shows 
the highest values and partial melting 
condition is supposed to be very shal-
low, as supported by the observati-
on of low velocity anomalies of local 
and remote earth-quake tomography 
and low density anomalies of gravity 
data. A deep reservoir at supercriti-
cal condi-tion is also hypothesised at 
shallow (4-5 km) depth.

Results: In order to support acquisi-
tion of a MT survey in the Larderello 
field, previous MT data were reana-
lysed and two-dimensional inversions 
were performed along E-W profiles 
crossing the area of interest. Then, 
22 new MT soundings were acquired 
in the area, distributed on an irregu-
lar 3D network spanning 10x10 km2. 
In order to improve the quality of 
the MT data potentially affected by 
near-field noise effect of the electri-
fied railways, we installed a perma-
nent remote station in the Capraia 
Island. Furthermore, the integration 

of geological, geophysical and well 
data was performed in Petrel envi-
ronment (Schlumberger) in order to 
improve the 2D inversion of MT data 
by setting a well-constrained a-priori 
model and to check inversion results 
supporting the interpretation. The 
analysis of the data integration con-
firmed that MT data image low re-
sistivity inhomogenities at the depth 
of the crystalline basement, which 
is composed by electrical resistive 
units.
In order to constrain the resistivity 
response at the depth of the deep 
reservoir hosted in the crystal-line 
units, we designed a new experi-
mental high resolution Surface-Hole 
Deep Electrical Resistivity Tomogra-
phy (SHDERT) in the area surroun-
ding a borehole accessible thanks 
to the support of the op-erator Enel 
Greenpower, that is located in the 
central sector of the MT survey area. 
The borehole was accessible down to 
1.6 km with a temperature up to 250 
°C and a metallic casing down to 1 
km. We designed an in-hole electrical 
cable both to stand high temperature 
and to have flexible metallic elec-tro-
des to be located along the open-hole 
portion (1050 m-1600 m). In details, 
we carried out the SHDERT by using a 
dipole transmitting station that injec-
ted a direct current (5-10 A) into the 
ground and a multichannel receiver 
to record the drop of potential. The 
injected dipoles were located only 
on the surface and the receiver ones 
were distributed both in the borehole 
and on the surface to cover an area 
around 16 km2. The crucial task was 
the data processing, considering the 
large distance between the transmit-
ter and receiver systems that stron-
gly reduces the signal to-noise ratio, 
and ad-vanced statistical packages 
were used. After DC data processing 
and modelling, SHDERT provided a 
high resolution 3D resistivity distri-
bution that was used for constrai-
ning the MT data down to the depth 
of the deepest electrode (1.6 km). 
The investigated volume appeared 

manzella@igg.cnr.it

very conductive both at the depth of 
shallow, sedimentary units and at the 
level of crystalline basement (Fig. 1).

Conclusions: MT data modelling, 
constrained by SHDERT and geologi-
cal information, provided integrated 
2D resistivity models (Fig.2). As ob-
served in the past, resistive crystal-
line units appear locally conductive 
and deep crustal level also show low 
resistivity values. This distribution 
has been checked with a 3D forward 
MT modelling.
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Fig.1: 3D deep electrical resistivity tomography results. 
The showed sections are located on the Google map 
image on the right. The resistivity is in Ωm.

Fig.2: 2D TETM inversion model along one profile, using 
the geological information and SHDERT resistivity distri-
bution as a priori constraint.



Impressions from Norway 

General Assembly, 12th-14th of October 2016.  
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